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Abstract

We first review recent work on stable and multistable random processes and their
localisability. Then most of the thesis concerns a new approach to these topics
based on characteristic functions.

Our aim is to construct processes on R, which are o(x)-multistable, where the
stability index au(x) varies with x. To do this we first use characteristic functions
to define ou(x)-multistable random integrals and measures and examine their prop-
erties. We show that an oi(x)-multistable random measure may be obtained as the
limit of a sequence of measures made up of o-stable random measures restricted
to small intervals with o constant on each interval.

We then use the multistable random integrals to define multistable random
processes on R and study the localisability of these processes. Thus we find con-
ditions that ensure that a process locally ‘looks like’ a given stochastic process
under enlargement and appropriate scaling. We give many examples of multi-
stable random processes and examine their local forms.

Finally, we examine the dimensions of graphs of a-stable random functions
defined by series with o-stable random variables as coefficients.
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Preface

The main part of this thesis studies stable and multistable random measures and
integrals leading to the construction of multistable random processes. We then
consider the local form of these processes. We give many examples of stable
processes and end by examining the dimensions of graphs of a-stable random
functions.

In Chapter 1, we give some general background to aspects of probability the-
ory including notation and terminology that we will refer to throughout the thesis.
We discuss o-stable random variables and vectors, o-stable random integrals and
measures, O-stable random processes and their properties. We review character-
istic functions which characterise random variables and vectors and consider the
characteristic functions of o-stable random variables and vectors.

In Chapter 2, we review recent developments on stable and multistable random
processes and their localisability. We first recall notions of localisability and the
local forms of a process. If a process X (7) is enlarged about a point u by scaling
by some 4 and the enlarged process converges to a limiting process, we say X is
localisable at u. Thus if the limit (in an appropriate sense)

X(u+rt)—X(u)

lim =Y(t
r—0 rh ( )

for some process Y, we say that X is h-localisable at u with local form Y. A
multistable process is a process such that the local form at x is an a(x)-stable
random process, so it is a process whose local stability index o(x) varies with
x. We review some existing constructions of multistable random processes and
conditions for their localisability.

By defining stochastic integrals in term of characteristic functions in Chapter
3, we give a new construction of an a(x)-multistable ‘random measure’ which
we denote by My (). We examine the properties of this ‘random measure’. In
particular we show that a multistable random measure M,(,) may be obtained as
the limit of a sequence of random measures M,,, each of which is an independent
sum of the restriction of o-stable random measures to a large number of small
intervals with a constant on each interval. The local forms of ou(x)-multistable
random measures are considered at the end of this chapter.

Our construction of o(x)-multistable random measures leads to a new defini-
tion of o(x)-multistable random processes in term of characteristic functions and
stochastic integrals. In Chapter 4, we define and study the localisability of these
processes. The first half of this chapter considers conditions for localisability of
general processes. The second half contains many examples of o.(x)-multistable
random processes defined by stochastic integrals. We apply our theorems to prove
the localisability of these examples under certain conditions.



We look at a-stable processes from a different viewpoint in Chapter 5. We let

Fa(r) = Y AP~ Drsin(0fr),
k=1

where A1,A»,... are a sequence of identically independently distributed o-stable
random variables, when 0 < h, D <2 and A > 1. Then {Fy(¢),7 € R} is an o-stable
random function. The function F4 has a ‘fractal’ graph and we consider the box-
counting dimension and Hausdoff dimension of this graph. We use a potential-
theoretic method to get an almost sure lower bound for the Hausdoff dimension
and obtain a Holder inequality which leads to an almost sure upper bound for the
box-counting dimension. Under certain conditions, the Hausdoff dimension and
box-counting dimension of graph(Fy) equal min{1,D} almost surely.



Chapter 1

General background to probability

1.1 Introduction

In this chapter, we give some general background to aspects of probability the-
ory that we will refer to throughout the thesis. In particular, this will set up the
terminology and notation to be used later.

First we review basic properties of probability theory and random processes.
We then discuss a-stable random variables and vectors leading on to o.-stable inte-
grals, measures and processes. This is in preparation for the multistable processes
discussed in the later chapters. The last part of this chapter gives some examples
of stable processes. We will develop these examples by introducing multistable
versions in Chapters 2 and 4.

1.2 Basic probability theory

We first discuss random variables, random vectors and their distribution and char-
acteristic functions. This leads to random processes which play a major part in
this thesis. The final subsection recalls some standard definitions and properties
of convergence. Much of this material may be found in [10].

1.2.1 Random variables and random vectors

Let Q be a non-empty set called a sample space. Let F be a sigma-field of subsets
of Q, that is F is closed under the operations of taking countable intersections,
countable unions and complementation. The sets of F' are called events.

A probability measure P on (Q,F) is a function P : F — [0, 1], such that

) P0)=0,P(Q)=1;

2)If Ay,A, ... is a collection of disjoint members of F', so that A;NA; = 0 for
all i # j, then

P(AjUAU...) =P(A;) +P(A2) +...,



that is [P is countably additive on the sets of F.

Definition 1.2.1. A triple (Q,F,P), comprising a set Q, a 6-field F of subsets of
Q and a probability measure P on (Q,F), is called a probability space.

We assume throughout this thesis that we are working on some appropriate
underlying probability space (Q,F,P) that will not always be mentioned specifi-
cally.

Definition 1.2.2. A random variable is a function X : Q — R such that {® € Q :
X(w) <x} € F for each x € R. Equivalently, {® € Q : X(®) € B} € F for every
Borel set B C R.

The higher dimensional analogue of a random variable is a random vector.

Definition 1.2.3. An n-dimensional random vector is a n-dimensional vector of
random variables, that is a function X : Q — R" such that {® € Q: X (w) € B} € F
for every Borel set B C R".

From now on, we will use {X < x} to denote the event {® € Q : X(o) < x}
where X is a random variable, and {X € A} to denote the event {m € Q: X (w) € A}
where X is a random variable or vector.

The distribution function of a random variable or random vector X describes
the probability distribution of the values taken by X.

Definition 1.2.4. The distribution function of a random variable X is the function
F =Fx: R —[0,1] given by

F(x) = Fx(x) =P(X <x).

If we have two random variables, their joint distribution indicates the depen-
dence between them.

Definition 1.2.5. Let X and Y be random variables. The joint distribution function
of X and Y is the function F = Fxy: R* — [0, 1] given by

F(x,y) =Fxy(x,y) =P(X <x,Y <y).

The distribution function of a random vector can be considered as the joint
distribution of its component random variables.

Definition 1.2.6. The distribution function of a n-dimensional random vector X =
(X1,X2,...,Xy) is the function F = Fx, .. x,: R" — [0, 1] defined by

F(x)=Fx,..x,(x1,...,x) =P{X; <xj,i=1,...,n},

where x = (x1,...,x,) € R".. Thus F may be regarded as the joint distribution
function of X1,X2,...,X,.



There are several different senses of equality of two random variables or ran-
dom vectors. The following definitions are given in increasing order of strength.

Definition 1.2.7. Two random variables (random vectors) X and Y, not necessar-
ily on the same probability space, are equal in distribution if they have the same
distribution functions. Equivalently, they are equal in distribution if

P(X€A)=P(Y €A)
for all Borel sets A CR (A CR"). We write X 4 Y to mean that X and Y are equal
in distribution.

Definition 1.2.8. Two random variables (random vectors) X and Y on the same
probability space are equal almost surely if and only if

P(X#Y)=0.
We write X = Y to mean that X and Y are equal almost surely.

The distribution of a random variable can often be expressed in terms of a
density function.

Definition 1.2.9. If the distribution function of a random variable X may be ex-
pressed as

Fx) =P(X < x) = / 1 Flw)du

for some integrable f : R — [0,00), we call f the (probability) density function of
X.

We often want to consider the average or mean of a random variable.
Definition 1.2.10. The expectation or mean of a random variable X on a proba-

bility space (Q,F,P) is

E(X) = wEQX((o)dIP’((o)

provided this integral exists.

If X has a probability density function f, then

E(X)= [ xr@ds,

provided the integral exists. If two random variables have the same probability
distribution they will have the same expectation if it is defined.
Let A be an event and let 14 : Q — R be the indicator function of A; that is

1a(x) =1ifx €A;

8



14(x) = 0 if x € A°.

Note that
E(14) =P(A).

Note also that
m m
E(Zx):ZEm)
i=1 i=1

for random variables X1, X>,...,X,, provided these expectations exist.
Probably the most important distribution is the normal or Gaussian distribu-
tion.

Definition 1.2.11. The normal or Gaussian distribution with mean u and standard
deviation ¢ > 0, denoted by N(u,6?), is defined by the density function

)= e { -,

where —oo < x < oo, If =0 and 6> = 1 then

- e (1)

is the density function of the standard normal distribution.

Intuitively, two events are independent if the occurrence of one event does not
affect the occurrence of the other.

Definition 1.2.12. Two events A and B are independent if and only if
P(ANB) =P(A)P(B).

More generally, an arbitrary collection of events are independent if and only
if for any finite subcollection A1,A3, ... ,A,, we have

P (m) [T
i=1 i=

This leads to the definition of independence of random variables.

Definition 1.2.13. Two random variables (random vectors) X and Y are called
independent if the events {X € A} and {Y € B} are independent events for all
Borel sets A,BC R (A,B CR").

More generally, an arbitrary collection of random variables (random vectors)
are independent if and only if for any finite subcollection X1,X3,...,X,, and any
Borel sets Ay,...,A, we have that {X; € A1},...,{X, € Ay} are independent
events.



Note that if Xi,...,X, are independent and fi,..., f, are continuous, then
fi(X1),..., fa(X,) are independent, since {fi(X;) € A;} = {X; € f;'(A;)} for all
i=1,...,n.

Lemma 1.2.14. If two random variables X and Y are independent, then
E(XY)=EX)E(Y)
provide these expectations exist.

Proof. See [10, Lemma 9, Section 3.3]. O

We now recall the definitions of the characteristic functions of random vari-
ables and random vectors, which play a central part in this thesis.

Definition 1.2.15. The characteristic function of a random variable X is the func-
tion ¢ : R — C defined by

0x () = 0(0) = E(e%Y) = E(cos8X) +iE(sin6X),
forall ® € R, where i = /—1.

Characteristic functions are essentially Fourier transforms, since

0x (6) = / X (©) gp () — / 9 £ (x)dx,

if X has a density function f.
Characteristic functions have several very useful properties, including that
they factorise for independent random variables.

Theorem 1.2.16. Every characteristic function ¢ satisfies
1) $(0) =1, |6(0)| < 1 forall 6;

2) 0 is uniformly continuous on R.

Proof. See [10, Theorem 3, Section 5.7]. O
Theorem 1.2.17. X,X>,...,X,, are independent random variables if and only if
0x,+--+x, (0) = 0x,(0)9x,(8) ... 0x,,(6),

forall ® € R.

Proof. See [10, Theorem 5, Section 5.7]. L]

Characteristic functions of random vectors may be defined similarly, using a
scalar product.

10



Definition 1.2.18. The characteristic function of a random vector X = (X1,Xz,...,Xy)
is a function ¢ : R" — C defined by

Ox ()

0(9)
= 0(0q,...,6,)

- afenfifon])

forall ® = (81,6,,...,0,) € R".
Properties similar to those for random variables hold.

Theorem 1.2.19. Every characteristic function ¢ satisfies
1) ¢(0,...,0) =1, |0(8)| <1 forall ® = (01,6,,...,0,);

2) ¢ is uniformly continuous on R”".
Proof. See [10, Theorem 3, Section 5.7]. O
Theorem 1.2.20. X{,X>,...,X,, are independent random vectors if and only if
0x,+-+x,, (8) = 0x,(0)0x,(6) ... ¢x,,(6),
forall € R".
Proof. See [10, Theorem 5, Section 5.7]. []

Corollary 1.2.21. If Xy,...,X, are independent random variables, then the char-
acteristic function of the random vector X = (X1,Xa,...,X,) can be written as

0x(0) = 0x,.x,(01,...,6)
_ E(gi):;!:,ejx,)

— HE <ei91Xj> ,
j=1

for 6 = (91,...,9]') e R"

Proof. Since Xj,...,X, are independent random variables, by Lemma 1.2.14 we

have
N/ n .
]E<ele:191Xj) = E Heler.i
j=1
n .
_ HE(ele.in>'
j=1

11



An important property of characteristic functions is that they uniquely deter-
mine the distribution of a random variable or random vector.

Proposition 1.2.22. Let XY be random variables (random vectors). Then
0x(6) = 0 (8)

forall ® € R (6 € R") if and only iinY.

Proof. See [10, Corollary 3, Section 5.9] for details. L]

1.2.2 Random processes

Most of this thesis is concerned with random processes or stochastic processes on
R. In this section we review some notions relating to general processes.

Definition 1.2.23. Let T be a set (usually T is R, RT,R" or a set of functions).
A stochastic process or random process on T is a collection of random variables
indexed by T on some probability space, that is {X(t),t € T}, where X(t) is a
random variable for each t.

When the meaning is clear, we may refer to a process X or X(z). Very often
we consider random processes {X(7), € R} on the reals and think of 7 as ‘time’.

There are many kinds of processes, we concentrate on specific types which are
relevant to later chapters of this thesis.

Definition 1.2.24. Let {X(¢),t € T} be a stochastic process. The finite-dimensional
distributions of X are the family of joint distributions of the vectors (X (t1),X (t2), ..., X (t,)),
where t1,t2,...,t, € T. Thus, the vector (X(t1),X(t2),...,X(t,)) has distribution
function F; : R" — [0, 1] given by

Fipn () =P(X (1) <x1,X(2) <250, X (tn) < xn)
where x = (x1,X2,...,X%,) € R".

Definition 1.2.25. We say that two stochastic processes {X (t),t € T} and {Y (t),t €
T}, which may be defined on different probability spaces, are equal in finite di-
mensional distributions if for all t1,t,...,t, € T,

X(01),X(82), .. X(t)) L (Y(11),Y (12),...,Y (ta))-

We denote this by {X (t),t € T} 14 {Y(t),t €T} or just X(t) 14 Y(1).

It is useful to express this in terms of equality of characteristic functions.

12



Corollary 1.2.26. Let {X(t),t € T} and {Y(t),t € T} be stochastic processes.
Then

if and only if

Ox (1)), X (1) (O15 -+, 00) = Oy (1)), ¥(1,) (01, -, 0n),
forall0y,...,0, €c Randall t1,ty,...,t, €T foralln € N.
Proof. The result follows directly from Proposition 1.2.22. 0

Many interesting processes on R are stationary, that is their finite-dimensional
distributions are invariant under time shifts.

Definition 1.2.27. A process {X(t),t € R} is called stationary if

X)X (e + 1),

forall h € R, that is the vectors

d
(X (1) X (1), X (1)) L (X (11 +R), X (24 ), X (10 + 1)),
foralln e N, ty,tp,...,t, e Rand h € R.

Another frequent property is that of the increments being invariant under time
shifts.

Definition 1.2.28. A process {X(t),t € R} has stationary increments if for all
h,a € R,

X(t+h) - X10) "2 X(t+a+h)—X(t +a),
that is the vectors
(X(t1+h)—=X(t1),..., X (tn + 1) =X (1))
i (X(tl +a+h)_X(tl+a)7"'7X<tn+a+h)_X<ln+a))7
foralln e N, t1,ty,...,t, € Rand a,h € R.

Definition 1.2.29. A process {X(t),t € R} on R is said to have independent in-
crements if foralln e Nand t) <t) <tz3 <ty < ... <thy_1 < to, the increments

X(t)—X(),X(ta) —X(13),...,X(t2q) — X (t24—1) are independent.

Note that a process with stationary independent increments that is continuous
on the right is called a Lévy process.

Self-similar processes will play an important role in our development.

13



Definition 1.2.30. A process {X(t),t € R} on R is self-similar with index & > 0

if, for all r > 0,

X(rt) 14 X (1),

that is foralln > 1, t1,tp,...,t, € T and all r > 0,

d
(X(r),X(r12),.... X (rty)) = ("X (1), X (12),...,/" X (1,)). (1.1
Note that there are obvious analogues to Definitions 1.2.27 to 1.2.30 for pro-
cesses {X(t),t € R™} on the non-negative reals.
The best known example of a self-similar process with stationary independent
increments is Brownian motion, sometimes called the Wiener process.

Definition 1.2.31. Brownian motion or the Wiener process, B = {B(t),t > 0} on
R is a stochastic process characterised by:

1) B(t) is continuous with B(0) = 0 almost surely;

2) B has independent increments,

3)B(t+h)—B(t) is N(O,h) forall t,h > 0.

Since the distribution B(t + h) — B(t) depends only on A, it may be shown

that B(r + h) — B(t) " B(t +a+h) — B(t +a), for all £,h,a > 0. Thus B has

stationary independent increments. It may also be shown using (1.1) that B is a
1/2-self-similar process.

An alternative approach will be considered in Section 1.4.3 where we consider
Brownian motion as a stochastic integral from which these properties may be
derived.

Finally in this section we state the Kolmogorov Existence Theorem or Kol-
mogorov Extension Theorem which will enable us to assert the existence of ran-
dom processes that have given families of finite-dimensional distributions. This
theorem may be expressed in a number of equivalent forms. Here we give a ver-
sion in terms of the distributions of random vectors.

Theorem 1.2.32. Let T be a set (usually R,R*,R" or a set of functions). For
eachk € Nandty,tp,... .ty €T let X;, . 4 be a random vector in R, Suppose that
these random vectors satisfy the consistency conditions:

1) for any k € N and permutation ® of {1,2,... ,k}, with Q be the k X k matrix
corresponding to the permutation w, that is [Q); j = 1 if j = ©(i) and 0 otherwise,

we have
d

4 -1 .
Xt17~--,lk =0 (Xt‘rt(l)»-"atn(k))’
2) for all k,m € N, writing P : R&™ — RX for the projection
P(X1,. ey Xhy Xkt 1y - - -5 Xkbm) = (X1, .., Xk), we have

d
le,...,z :P(th,.

K ..,tk7tk+17...,tk+m)'

14



Then there exists a probability space (Q,F,R) and a stochastic process X
defined on this probability space, such that for allk € N andt,,... .ty €T,

d
(X(t1)7 cee 7X<tk>) = th,...,tk~
Proof. See [2, Theorem 36.2] for the details of the proof. [

Often the finite-dimensional distributions of a process are specified in terms
of characteristic functions, so it is useful to express Theorem 1.2.32 in terms of
characteristic functions.

Corollary 1.2.33. Let T be a set (usually R,R*,R" or a set of functions). For
eachk e Nandty,ty,... .ty €T let . 4 (01,...,0k) be the characteristic function
of a k-dimensional random vector. Suppose that these characteristic functions
satisfy the consistency conditions:

1) for every permutation 7@ of {1,2,...,k},

q)l‘n(]),...,ln(k) (eﬂ:(l)7 DR 7e1t(k)) == ¢t1,,..7[k(el PR 7ek>

forall® = (0y,...,08;) € RK;
2)forallk,me Nandt),tp,....txam €T,

¢t1,...7tk(917' .. 7ek) - ¢t1,...,tk7tk+],...7tk+m(ela RS ekaoa e 70)

(where ‘0’ is taken m times) for all (01,0,,...,0;) € RX,
Then there exists a probability space (Q,F,P) and a stochastic process X de-
fined on this probability space, such that, for allk € Nandt|,... .ty €T,

q)t],---,l‘k(el?' o 7ek) = (I)X(Z]).,...,X(tk) <617 ) ek);

forall®y,...,0¢ € R, where Ox 1, .. x(z,) IS the characteristic function of the ran-
dom vector (X(t1),...,X(tx)). In other words, there is a probability space on
which there is a stochastic process X such that the characteristic functions of the
finite-dimensional distributions of X are given by ¢y, .. ;.

Proof. For each 1y,...,1 let X;; , be a random vector with characteristic func-
tion ¢, 4. Write - for the dot product and 8 = (61,...,8;). Then with Q the
matrix of the permutation 7, from condition 1)

E(exp(ie'xth...,tk)) = E(exp(iQ(e).th(l)“”"tﬂ(k)))
= E(exp(i0- Q" (Xiy,)..ta)))-

. .. . d _
By the uniqueness of characteristic functions, X, .., = Q I(X[n(l)r-wln(k))'

Let P : R¥ _ R¥ be the projection onto the first k coordinates, then condition
2) implies
E(exp(ie 'Xll ,~~-Jk)) = E(exp(ie ’ P(th 7-~~atk+m)))7

15



. .. . d
for 8 = (01,...,0;). By the uniqueness of characteristic functions, X, =

P(th,.,.7tk7tk+1,.,.7tk+m)-

Thus the Kolmogorov Existence Theorem (Theorem 1.2.32) implies that there
is a probability space on which there is a stochastic process X such that ¢, . ; is
the characteristic function of its finite-dimensional distributions. L]

1.2.3 Convergence properties

There are several senses in which a sequence of random variables or random vec-
tors may be convergent.

Definition 1.2.34. Ler X,X1,Xs,... be random variables (random vectors) with
respective distribution functions F,F\,F;,.... We say that X, converges to X in
distribution or in law, written X, 4 x, if Fn(x) — F(x) atall x € R (R") at which
F is continuous.

Equivalently, X, 4, X if

lim [ g(x)dFn(x) = / 2(0)dF ().

m—oo JxeRn xeRn
for all continuous bounded g : R" — R,
Equivalently, X, 4x if
lim P(X,, €A) =P(X €A)

m—oo

for all continuity sets A C R", that is Borel sets A such that the boundary of A is
an event of probability 0.

Definition 1.2.35. Let X,X,X5,... be random variables (random vectors) on
the same probability space. We say that X,, converges to X in probability or

stochastically, written X, LA X, if

lim P(|X — X,,| > €) =0,

m—oo
foralle > 0.

Definition 1.2.36. Let X, X1,Xa,... be be random variables (random vectors) on
the same probability space. We say that X,,, converges to X almost surely, written
Xn B X, if

PloeQ: X,(0) - X(0)}) =1.

There are a number of inter-relationships between these definitions of conver-
gence.
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Proposition 1.2.37. Let X,X1,X,... be random variables (random vectors) on
the same probability space.

1) If X 23 X then X, 2 X ;

2)If X B X then X, - X;

3) I X L0 then X, 2 0.

Proof. See [18, Theorem 5.16]. ]
We will also need the following result of Kolmogorov.

Proposition 1.2.38. Let X,X1,X>, ... be a sequence of independent random vari-
ables on the same probability space. If 23‘0:1 X; L, X then Z;-":l X; 2X.

Proof. See [13, Theorem 6.1]. O

We have already noted that characteristic functions determine the distribution
of random variables or random vectors. The next theorem, Lévy’s Continuity
Theorem, says that pointwise convergence of characteristic functions essentially
determines convergence in distribution.

Theorem 1.2.39. Lévy’s Continuity Theorem
Suppose that X1,Xa, ... is a sequence of random variables (random vectors)
with corresponding characteristic functions 01,02, . ...

1) If X, 4 x for some random variable (random vector) X with characteristic
function §, then ¢,(0) — ¢(0) for all 6;

2) Conversely, if ¢(0) = lim,—.$,(0) exists for all © and is continuous at
0 = 0, then ¢ is the characteristic function of some random variable (random

vector) X and X, 4 x.

Proof. See [10, Theorem 5, Section 5.9]. O

1.3 Stable random variables and stable random vec-
tors

In this section, we introduce stable random variables and stable random vectors
which underlie stable and multistable integrals and processes.

Definition 1.3.1. A random variable X is said to have stable distribution if for
every pair of positive numbers A and B, there is a positive number C and a real

number D such that
AX| +BX> £ CX +D, (1.2)

where X\ and X, are independent copies of X. We call X strictly stable if (1.2)
holds with D = 0. If X and —X have the same distribution, then X is symmetric.
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Theorem 1.3.2. For any stable random variable X, there is a number o, 0 < o0 < 2
such that the number C in (1.2) satisfies

C*% =A%+ B*. (1.3)
Proof. See [8, Section VI.1]. O

The number a is called the index of stability and we say that X is a-stable.
A simple example to illustrate Theorem 1.3.2 is a Gaussian random variable.

Example 1.3.3. If X ~ N(u,Vv), that is a normal random variable with mean u
and variance v?, then X has a stable distribution with o, = 2.

Proof. Let X and X, be independent copies of X, then
AX| +BX; ~ N((A+B)u, (A> + B*)'/?v),

which implies (1.2) holds with C = (A2 + B?)"/? and D = (A + B — C)u. Thus the
normal distribution is a 2-stable distribution. O]

The next proposition is a useful consequence of Definition 1.3.1, and indeed
provides an equivalent definition.

Proposition 1.3.4. If a random variable X has an o-stable distribution then for
any n > 2, there is a real number D,, such that

Xi 4+ X+ .+ X, Lnllex 1 p,, (1.4)
where X1, X,...,X,, are independent copies of X.

Proof. This follows from Definition 1.3.1 by induction. [

The following characterisation of stable random variables in terms of charac-
teristic functions is fundamental to the theory.
Recall that sign(x) = x/|x| (x # 0) and sign(0) = 0.

Proposition 1.3.5. A random variable X has stable distribution with index of sta-
bility 0 < o < 2 iff there are 6 > 0, —1 < B < 1, and u € R such that the charac-
teristic function of X has the following form:

E(expi6X) = exp{—c*6|*(1—iP(signtan(mat/2))+iub}, o0 # 1,
E(expi6X) = exp{—o]|0|(1+iB(2/m)(sign6)In|6|)+iub},cc=1. (1.5)

The parameters G, } and u are unique.

Proof. See [9, Section 34]. O
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Notice that (1.5) gives a characterisation of a stable random variable by four
parameters, the stability index 0 < o. < 2, the scale 6 > 0, the skewness —1 < <1
and the shift u € R. We denote the corresponding stable distribution by

S(X(Ga Bnu) .
Lemma 1.3.6. If X), X,,...,X,, have independent identical distributions Sy(G,0,0),
then p
Xi+Xo+ ...+ X, = n'/%X; (1.6)

that is it has the distribution Sq(n'/%c,0,0)
Proof. This follows immediately from (1.4). [
We now recall some properties of the stable distributions.

Lemma 1.3.7. Let X be an o-stable random distribution with 0 < o0 < 2. For all
B>1
P(X >B) <caf™%,

where cq, depends only on Q.
Proof. See [17, Property 1.2.15]. 0

Lemma 1.3.8. Let X ~ Sy (0,B,u) with 0 < o < 2. Then

E[X|P < eo,
for0 < p <o, and
E|X|P = oo,
for p > .
Proof. See [17, Property 1.2.16]. 0

From Lemma 1.3.8, we can see that if a < 1, X does not have finite expecta-
tion.

Lemma 1.3.9. Let X ~ Sq(0,B,u) with oo # 1. Then X is strictly stable iff u = 0.
Let X ~ S1(0,B,u). Then X is strictly stable iff p = 0.

Proof. See [17, Property 1.2.6 and Property 1.2.8]. [
Lemma 1.3.10. A distribution X ~ So(0,B,u) is symmetric iff = 0 and u = 0.

Proof. See [17, Property 1.2.5]. [
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Note that every symmetric stable random variable is strictly stable. In this
thesis, we will generally only require the case of symmetric, and thus strictly
stable distributions when u =3 = 0, so (1.5) becomes

E(expifX) = exp{—0%|6|*}, (1.7)
and in particular that characteristic function is real.

Example 1.3.11. The characteristic function of a normal distribution X ~ N(0,1) ~
$>(271/2,0,0) is

E(expifX) :exp{—%ez}. (1.8)

The next lemma shows the behaviour of the scale of the sum of two indepen-
dent stable random variables.

Lemma 1.3.12. Let X| and X, be independent random variables with X; ~ S¢(0;,0,0),
i =1,2. Then Xi + X3 ~ S(6,0,0), with 6 = (% 4 c3)!/%.

Proof. See [17, Property 1.2.1]. [

We now introduce stable random vectors, which extend stable random vari-
ables to RY.

Definition 1.3.13. A random vector X = (X1,Xa, ...,Xy) is said to be a stable ran-
dom vector in RY if for any positive numbers A and B there is a positive number
C and a vector D € RY such that

AXWD 1 Bx@ Lex 4D, (1.9)

where XV and X are independent copies of X. If X = (X1,Xa,...,X4) and
—X = (—X1,—X2,...,—Xy) have the same distribution then X is symmetric. If
D =0, then X is a strictly stable random vector.

We generally will work with symmetric, and thus strictly stable random vec-
tors throughout this thesis.
The following theorem is an analogue of Theorem 1.3.2.

Theorem 1.3.14. Let X = (X1,X,...,Xy) be a stable random vector in RY. Then
there is a constant o € (0,2] such that, in (1.9), C = (A% +B*)'/% Moreover,
any linear combination of the components of X of the type Y = ):izl by Xy is an
a-stable random variable.

Proof. See [17, Theorem 2.1.2]. O
Definition 1.3.15. A random vector X in R? is called o-stable if (1.9) holds with
C = (A%+B*)l/,
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As with a-stable random variables, we can characterise O-stable random vec-
tors by their characteristic functions. As we mentioned before, we only consider
the symmetric strictly stable case.

There is a characterisation of characteristic functions of o-stable random vec-
tors with independent components.

Proposition 1.3.16. Let X = (X1,X2, ..., Xy) be a symmetric o.-stable random vec-
tor in RY with X; ~ Sq(6,0,0) independently for j = 1,...,d. Then the charac-
teristic function of X is

d
¢(9)E¢(91,92,...,9d):exp{—ZGﬁeﬂa}, (1.10)
j=1

for®; R, j=12,....d.

Proof. Since X1,...,X,; are independent, we have
d d
Eexp{iZGij} = E[]exp{i0;X;}
j=1 j=1
d
= HEeXp{ierj}
j=1
d
= TTew{-ot0,}
j=1

d
= exp{— Y (53-‘|6]-]°‘} :
=

]

A basic example of a symmetric o-stable random vector is a multivariate nor-
mal distribution.

Example 1.3.17. If X = (X1,X2,...,Xy) with X; ~ N(0,1) independently for j =
1,...,d, then the characteristic function of X is:

d d
. 1
Eexp{l ZIGij} = exp{—i 2193} .
Jj= Jj=

Proof. This follows directly from Proposition 1.3.16 and Example 1.3.11. [
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1.4 Stable random processes

Let {X(t),t € T} be a stochastic process, where T is a set. For our purposes, T
will be R, R™, R” or a set of functions. Recall the finite-dimensional distributions
of {X(t),t € T} are the joint distributions of the vector (X (1), X(©2), ..., X(t,)),
where t1,t,...,t, €T.

We now can introduce the definition of an a-stable stochastic process.

Definition 1.4.1. An a-stable stochastic process {X(¢),t € T} is a process such
that every vector (X (t1),X(t2),...,X(tg)) withd > 1 and t),t3,...,t; € R is o-
stable. X is strictly stable or symmetric if all these vectors are strictly stable or
symmetric respectively.

Example 1.4.2. Brownian motion is a 2-stable process.

Proof. This may be deduced from Definition 1.2.31 by considering the multivari-
ate Gaussian vector of increments. 0

Since we will mainly concentrate on symmetric stable processes in this thesis,
we will write “stable” to mean “symmetric stable”, unless otherwise stated.

1.4.1 Stable stochastic integrals

We will be particularly concerned with processes on R that are defined by stochas-
tic integrals. We first define families of functions that will be a-stable integrable.

Definition 1.4.3. For 0 < o <2 let
Fo={f:R—R: fis Lebesgue measurable, /]f(x)|°‘dx <o}, (L.11)

(Note that for the purpose of this thesis the control measure, that is the measure
of integration in (1.11), will always be Lebesgue measure, see [17, Chapter 3].)
For a,b € R, and f1, fo € Fo we have

/\afl(x)+bf2(x)|“dx < c/|af1(x)|°°dx+c/|bf2(x)|°°dx
= clal* [ 10"+ clbl* [ |00

< oo

where ¢ = max {20‘_1, 1} (see Lemma 3.2.2 for a generalisation). Thus af] +
bf, € Fuo, which implies ¥ is a linear space.

We define a stable integral to be a stochastic process {I(f), f € Fo} indexed by
Fo, by using characteristic functions to define the finite-dimensional distributions
and then applying the corollary of Kolmogorov’s Existence Theorem (Corollary
1.2.33) to show this defines a process on {I(f),f € Fu}-
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Definition 1.4.4. Given d > 1 and f1, f>,..., fa € Fa, define a probability mea-
sure Py, ¢ on the random vector (I(f1),1(f2),...,I(fa)) by the characteristic
function

o

i fi(x)

Y

d
017t (£)(O15-,0a) = 0py £, (81,...,04) = exp {—/
=

(1.12)
for (81,0s,...,0,) € RY.

The next Proposition shows that (1.12) defines a stochastic process on F.

Proposition 1.4.5. There exists a stochastic process {I(f), f € Fo} whose finite-
dimensional distributions are given by (1.12).

Proof. First we note that for each fi,..., fz, (1.12) is indeed the characteristic
function of a random vector, see [17, Section 3.2]. We now apply Kolmogorov’s
Existence Theorem to the space of functions ¥, to show the consistency of the
distribution given by these characteristic functions. Note that for any permutation

(n(1),m(2),...,m(d)) of (1,2,...,d), we have
dx}

.

q)fn(l) ..... n(d)(en(1)7"'7en(d)) = exp{—/

Lo
= eXP{—/i 0,f;(x)

= ¢f17~~~7fd(el"“’e ),

{—/ ilejfj(x) dx}
n d
= exp{—/ gejfj(x)-f— Z 0fi(x

and for any n < d,

q)f17'~-~,fn<el7"‘7en) - eXp

o
)| dx
i=n+1
= ¢f1a"'7fn7"'7fd(el’"'79’1707"'70)'

By the corollary to Kolmogorov’s Existence Theorem (Corollary 1.2.33), there
is a stochastic process defined on %, which we denote by {I(f),f € Fo} with
finite-dimensional distributions given by (1.12). [

Definition 1.4.4 also ensures that {I(f), f € %} is a linear functional.

Proposition 1.4.6. If f1, f> € Fo, then for all real numbers a; and as,
laif1 +azf2) = ail(f1) + a2l (f2)

almost surely.
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Proof. See [17, Property 3.2.3]; this is shown in a more general setting in Propo-
sition 3.2.6 of Chapter 3. 0

Proposition 1.4.7. For f € ¥y, the random variable 1(f) has distribution I(f) ~
Sa <(f |f (X)|O°dx)1/ a,0,0) and characteristic function

Eexp{i0l(f)} = exp{—/|ef(x)|°‘dx}. (1.13)

Proof. This follows from (1.12) taking d = 1 and f; = f, and (1.7). O

From (1.12),if f1, f2, ..., fa € Fa, the characteristic function of random vector

(I (f1),1(f2),....,I1(f1)) is given by
dx}. (1.14)

In particular, this implies that the random vector (I(f1),I(f2),.--,1(fq)) is sym-
metric o-stable, by Proposition 1.3.5.

d
Eexp{i ; 0,1(fj)} = exp {—/

d
; 0;fj(x)

1.4.2 o-stable random measure

Let (R, E, L) be the Lebesgue measure space, where L is Lebesgue measure and
E is the o-field of Lebesgue measurable sets. Let

Fo={A€E: L(A) < o}

be the measurable subsets of R of finite Lebesgue measure.

Let (Q,F,P) be the probability space underlying the process {I(f),f € Fuo}
and L°(Q) be the set of all real random variables on (Q, F,P).

We define a-stable random measure to be a family of random variables on the
sets of £y that have measure-like properties.

Definition 1.4.8. The set function
My : Eyg— LO(Q)

such that for A € ‘Ey
Mo (A) =1(14),

where I(.) is the a-stable integral, is called o-stable random measure.

Given an o-stable random measure My, it is natural to write
| rwaa(x) = [ f@dma(o =1(£), (115
for f € Fy.
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Proposition 1.4.9. If My, is an a-stable random measure then
Ma(A) ~ Su ((£(4))/,0,0).

for A € Ey with characteristic function

E(expiOMq(A)) :exp{—/ \9\“dx}. (1.16)
A

Proof. This follows from Proposition 1.4.7 and Definition 1.4.8. 0

In the notation of (1.15), the characteristic function (1.13) becomes

E (expie / f(x)dMa(x)) - {— / 0 f(x)|°‘dx}, (1.17)

for f € Yq.
Standard measures are countably additive on a c-field. We give an analogous
definition for random measures.

Definition 1.4.10. We say that a set function M : Fy — L is 6-additive or count-
ably additive if whenever A1,As,...,Ar € ‘Ey are disjoint and U;f’:lAj € Fy, then

M(DAJ) = iM(Aj)
j=1 j=1

almost surely.

Independence on disjoint sets is also a useful property and we call this being
independent scattered.

Definition 1.4.11. We say that a set function M : Fy — LY is independent scattered
if whenever A1,A»,..., A € Ey are disjoint, then the random variables M(A),M(A3),....M(Ay)
are independent.

It may be shown from Definitions 1.4.4 and 1.4.8 that the o-stable measure
My 1s a ‘random measure’ that is independent scattered and c-additive.

Proposition 1.4.12. M, is independent scattered.
Proposition 1.4.13. M, is G-additive.

The proof of these propositions can be found in [17, Section 3.3]. Proofs in a
more general setting are given in Chapter 3.

Note that a 2-stable measure is just a Wiener measure or Brownian noise.

The next lemma on translation and scaling of random measures will be used
in our discussion of various examples.
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Lemma 1.4.14. Let My, be a-stable measure, T € R and ¢ > 0. For f1, f>,...,fs €
To, we have

(/oo N (X—T)dMoc(x)7/_o;f2(X—T)dMoc(x),...,/_:fd(x—’t)dMa(x))

d

d (/_ifl(x)dMa(x),/_ifz(x)dMa(x),...,/_:fd(x)dMa(x)), (1.18)

and

( | fitevamao,.... [ fd(cx)dMa(x))

£ (|c|—1/°‘ | pama), . el Zfd<x>dMa<x>). (1.19)

Proof. For f; € o, 0 € R and j = 1,2,...,d, we consider the characteristic
function of the vector

(/ Fi(x—T)dMe(x /fzx )Mo (x /fdx tha())

We have
d o w | d o
E<expi{29j/ fj(x—’c)dMa(x)}) _ exp{—/ Y 6;fi(x—1) dx}
=1 7 —j=1
w | d o
= eXP{—/_M Zejfj(y) dy}

- & (eni{ £or [ soramn }).

after setting y = x — T, which is the joint characteristic function of

(/ J1(x)dMo,(x /fz )dMo,(x /fd )dMo(x ))

Thus (1.18) is true.
For (1.19), we consider the joint characteristic function of

uMm

(/_iﬂ(cx)dMa(x) /°° frex)dM(x) / fa(cx)dMg(x )) .
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Then

d o w | d o
E<expi{j;ej/wfj(cx)dMa(x)D — exp{—/w j_Zlejfj(cx) dx}

oo | d
- exp{— [ X ilel 0
j=1

—o0

dy}
d w0

= E (expi{ GjIC\l/a/ fj()’)dMoc()’)}> ;
.:l —0Q0

J

after setting y = cx, which is the joint characteristic function of

(174 [ Aa)amao.lel % [ p0aato)c el [ fate)imao)
[

1.4.3 Examples of a-stable processes

We now introduce some examples of o-stable processes which are discussed in
[17]. We will meet generalisations of many of these in Chapters 2 and 4.

Example 1.4.15. Symmetric o.-stable Lévy motion.
Let

Lat) = [ TogdMal
- [ M)
0
0.1

fort >0, where My, is symmetric o.-stable measure on [0,).

(1.20)

Then {Ly(7),t > 0} is an o-stable process. Thus,
Ly(0) =0a.s.

Lalt) ~ La(s) = [ dMo(x) = Malls:1) ~ Sal |t = 51'/%,0,0),
s0if0<t1 <ty <--- gtn,; < t,, then
(La(t2) — Lo (1), La(13) — La(t2), s Lo(tn) — La(tn_1))
L (My[t1,0],Ma|tr.13), ..., Maltn_1,1a]) ,

is a vector with independent components since My, is independent scattered. Thus
symmetric Ly, has independent increments. It may be checked from Lemma
1.4.14 that it is 1/o-self-similar, which means the process, Ly (), with a param-
eter 1/o has the identical probability distribution as a properly rescaled process,
|c|'V/*Lg(ct). The symmetric a-stable Lévy motion has stationary increments.

27



Example 1.4.16. Moving average processes.
Let g € Fo where O < o < 2, and define

X(t) = /:og(t—x)dMa(x) (1.21)

fort e R.

Then {X(¢),r € R} is an a-stable process that is stationary. To see this note
that, by Lemma 1.4.14, for T > 0, we have the joint distribution

X(t41) = /w 2(t +7— x)dMo(x)
14 /oo g(t —x)dMy(x)
= X(1).

using (1.18).
A specific example of a moving average process is the Reverse Ornstein-
Uhlenbeck process.

Example 1.4.17. Reverse Ornstein-Uhlenbeck process.
Let A > 0 and 0 < o < 2. The process

X(t) = /t " e M M (x) (1.22)

fort € R is well defined, since [~ e Ma—1)0 gy — ﬁ < oo,

For s > t, ’
X (1) — e Ms0x (5) = / M0 dM (x), (1.23)
t

e MX (1) — e MX (s) = / Ce MMy (x),

and the reverse Ornstein-Uhlenbeck process has independent increments. When
o = 2, the reverse Ornstein-Uhlenbeck process is the stationary independent in-
crements Gaussian process.

Example 1.4.18. Log-fractional stable motion.
Let 1 < o < 2. The process

Aqlt) = /_ Z(1n|z x| — In|x))dMq(x), (1.24)

fort € R is called log-fractional stable motion.

Log-fractional stable motion is 1/a-self-similar and has stationary increments.
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Example 1.4.19. Well-balanced linear fractional stable motion.
Let0<a<2,0<h<land h# 1/a. Then

Lanlt) = [ (0= V= (<)) aMa ), (1.25)

fort € R is an a-stable process, that is h-self-similar with stationary increments.

We verify these properties, since they are relevant to our later work.
For well-balanced linear fractional stable motion to be well-defined, we must

have -
[ Je—l o

We need to check the integral does not diverge at x =0, x = and x = —oo.
If 4 > 1/a, the integrand is bounded near O and . If h < 1/at, as x /' 0

(=

o
dx < oo,

o o

~ |t

= |(_x)+|h0€—1’

which is integrable near O since 2ot > 0. Similarly the integral converges near
x=1. Asx — —oo,

o
(=0 (0

h—1/o
o _ |(_x)h1/oc (1+L) _(_x)hfl/ot

’(_x)hl/oc (1 n (h— l/a)f) (=)t V/a

o

Q

X

o
~ ¢ (_x)h—l/(x—l ‘

— c(_x)hoc—l—(x’

where c 1s independent of x, so as & < 1 the integral converges at —oo.

Thus -
h—1 h—1
/_J(r—x)+ /a_(—x)+ o

which implies well-balanced linear fractional stable motion is well-defined.
We can see the self-similarity by considering finite-dimensional distributions.
By Lemma 1.4.14, for t € R and ¢ > 0, we have the joint distribution

X(cr) 744 /_ i (et =) /% — ()% aMa ()

[ (o) (e ) )

o)

fdd ch_l/“(l/C)_l/a/i ((t—x)ﬁ_l/a—(—x)ﬁ_l/a> dMy(x)

B [ (= () aMat

T4 ().

o
dx < oo,
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To show that well-balanced linear fractional stable motion has stationary in-
crements, for T € R, we consider the distribution of (X(¢) — X (0), —o0 < t < o0)
and the distribution of (X(t+1¢) — X(T), —o0 <t < o0). From (1.25) and using
Proposition 1.4.6 and Lemma 1.4.14, we have

X(t+1)—X(7)

o B R L e L LA

—o00

01 (=) = () )

fad /_: ((r — Xt (—x)i_l/a> dMa(x)

X x (1) - x(0),

oo

(=0 = (=) dba(v)

taking f;(x) = (tj —x)" /% — (—x)"""* for j=1,2,...,d in Lemma 1.4.14,

A particular instance of Example 1.4.19 is fractional Brownian motion.

Definition 1.4.20. Ler 0 < h < 1 and h # 1/2. Standard fractional Brownian
motion {By(t),t € R} can be defined by

By(t)=C /_ Z (=" = (=) o), (1.26)

where C is a constant chosen so that the variance £ (Bh(l)z) =1

It may be shown that Bj, is a Gaussian process, such that for #;,#, € R
E(Bh(tl) —Bh(tz))z = ‘tl —l‘2|2h. (1.27)

From Example 1.4.19, fractional Brownian motion exists when 0 < & < 1,
h # 1/2 and it is a 2-stable self-similar process with stationary increments. For
h = 1/2 we have the 2-stable Lévy motion

t
By ja(t) = /O dM>(x) = M>[0,1] (1.28)

fort > 0 and 0
Byja(t) = — / dM>(x) = M1, 0] (1.29)
t

for t < 0, which is standard Brownian motion or the Wiener process.
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Chapter 2

Review of localisable processes and
multistable processes

2.1 Introduction

In this chapter we recall the notion of localisability of a process, that is when a
process X (¢) is enlarged by scaling about a point ¢ = u and the enlarged process
approaches a limiting process called the local form of the process. We then review
recent work on the construction of processes with given local form, and we review
some possible constructions of multistable processes.

2.2 Localisable random processes

We first define convergence of a sequence of processes in finite-dimensional dis-
tributions and then define localisability.

Definition 2.2.1. Let Y, Y1, Ya,... be random processes on R. We say that Y,, con-

. o . N . fdd , .
verges to Y in finite-dimensional distributions, written Y,, — Y, if forallt| ,t, ...ty €
R,

(Yu(t1), Ya(12), - Y1) 5 (Y (11), Y (12), .. Y (1)),

d . ., . . .
where — denotes convergence in distribution of a sequence of k-dimensional vec-
tors.

Intuitively, a process Y (¢) is h-localisable at u if scaling the process by a factor
" whilst time is scaled by a factor r converges to a unique process as 7 \, 0.

Definition 2.2.2. A process Y (t) defined on R is h-localisable at u for some h > 0
if
Y(u+rt)—Y(u)
rh

2.1)
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converges in finite-dimensional distributions to a non-trivial process int as r \, 0.
We denote the limiting process by Y, = {Y,(t),t € R} called the local form of Y at
u. Thus

Y(u+rt)—Y(u) dd ,

5 o), 2)

asr\,0, fort e R.

There are many processes which are localisable, perhaps the most well-known
one is index-A fractional Brownian motion with local form itself.

Example 2.2.3. Fractional Brownian motion
Let By, denote index-h fractional Brownian motion. For all u € R, By, is h-
localisable at u with

Bh(u+ri])1—3h(u) @Bh(t) = (By).(1), (2.3)

fort e Rasr™\,0.

Proof. As we have noticed in (1.26), fractional Brownian motion By, is self-similar
and has stationary increments. Thus for r > 0, and u,t € R,

Bu(u+rt) —Bu(u) "X By(rt) — B4(0)

= By(r)
T ).
Thus
Bh(u+r;])1—Bh(u) fdd Bi(t). 2.4)
SO
Bh(u—i—rZ—Bh(u) @ma’ 2.5)
as r \, 0. [

This example generalises to any self-similar stationary increment processes.

Proposition 2.2.4. An h-self-similar process {Y (t),t € R} with stationary incre-
ments is h-localisable at all u € R with Y, =Y.

Proof. Since Y is an h-self-similar process with stationary increments, for r > 0,
and u,t € R, noting that Y (0) = 0 almost surely,

Y(utr)—Y(u) "Z y(r)—v(0)

9y

T4y ().
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Hence
Y(u+rt)—Y(u) fad

] = Y (1), (2.6)
SO y y
t —
) “ T way ), @)
r
as r \, 0, so Y is localisable at u with local form Y, =Y. [

A generalization of fractional Brownian motion is multifractional Brownian
motion, where the similarity index 4 of fractional Brownian motion is replaced by
h(t), so that & varies with time 7.

Definition 2.2.5. A function f: R — R is called a Holder function of exponent
B > 0O, if there exists ¢ > 0, such that for each x,y € R and |x —y| < 1, we have

F@) = FO) < elr—yIP.
A definition of multfractional Brownian motion can be given as follows.

Definition 2.2.6. Multifractional Brownian motion.

Let h: R — (0,1) be a Holder function of exponent 3 > 0. Fort € R, the
following random process, denoted by By, is called multifractional Brownian
motion with functional parameter h(t),

By =C [ (=0t P (P iy, @)

where C is a constant and M is 2-stable measure or Wiener measure.

Note that in Definition 2.2.6, we make the convention that

h(t)—1/2 h(t)—1/2
(1=t = (7Y

+ = I[O,t](x)a

for h(t) =1/2,¢t > 0 and
(t =) (0T = 1 (),

for h(t) = 1/2,1 <0, to allow By, to be defined when A(r) = 1/2.
The theorem below states that multifractional Brownian motion is localisable.

Theorem 2.2.7. Let h: R — (0,1) be a Hélder function of exponent 0 < 3 < 1
and suppose h(t) < B for all t € R. Then Multifractional Brownian motion

By =C [ (=02 (0 i), @9)
is h(u)-localisable at all u € R with the local form
fdd
(Bi())u(t) = B (1),

where By, is index h(u) fractional Brownian motion.

Proof. Different approaches to this can be found in [15, Proposition 5], [1, Theo-
rem 1.7] or [7, Theorem 3.3], see also Proposition 4.3.7. U]
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2.3 Localisable stable processes

In 2008, Falconer, Le Guével and Lévy Véhel [6] studied moving average stable
processes which provide many examples of localisable processes.
Recall the space of functions

Fo={f:f is measurable and /|f(x)|°‘dx < oo}, (2.10)

Moving average processes are stationary processes defined by moving average
stochastic integrals, see Example 1.4.16.

A sufficient condition for localisability of moving average processes is as fol-
lows.

Proposition 2.3.1. Let 0 < oo < 2 and let My, be a symmetric O.-stable measure on
R. Let g € ¥y and let X be the moving average process

X(t) = / a(t —x)dMe(x), @.11)

t € R. Suppose that there exists a jointly measurable function h(t,z), such that
h(t,.) € Fo, and

o

dz=0 (2.12)

}5%/ 'g("(t +Zr)v) —glrz) h.2)

forallt € R, where Y+ 1/0. > 0. Then X is (Y+ 1/a)-localisable with local form
X, ={[h(t,z)dMu(z) :t € R} atall u € R.

Proof. See [6, Proposition 2.1]. [
For convenience, we make the convention that
Ly = =1y (2.13)
A particular example of (2.11) is the reverse Ornstein-Uhlenbeck process.

Example 2.3.2. Reverse Ornstein-Uhlenbeck process
Let A >0and 1 <o < 2 and let My, be a-stable measure on R. The stationary
process

X(t) = / exp(—A(x—1))dMq(x),
t
t € Ris 1/o-localisable with X)(t) = [§ dMq(z) = My[0,t] at all u € R.

To see this, it is easily checked that (2.12) holds with g(x) = exp(Ax) and
h(t,z) =1)94(z), when ¢ > 0. With our convention (2.13), the case ¢ < 0 is similar.
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We define asymmetric linear fractional a.-stable motion for 0 < o < 2 by
Lapp s ()= [ Pan(b™ b7 1. 20dMa(x)
wheret € R, b",b~ € R, h # 1 /o and

pan(btbmx) = b (-0 (i)

b (=" (=), s

where My, is symmetric o-stable measure see [6]. If b = 1 and b~ = 0, this is
the well-balenced linear fractional stable motion of Example 1.4.19.

Proposition 2.3.1 may be used to show that, with appropriate conditions on
g(x) near x = 0, the process X has asymmetric linear fractional o.-stable motion
as its local form.

Proposition 2.3.3. Let 0 < o < 2, g € Fo and My, be an o.-stable symmetric ran-
dom measure on R. Let Y be the moving average process

Y () = / 2(t — x)dMo (%),

t €R. Ifthere exist ¢ ,cg ,Y,a,c,N € Rwithc>0,m>0and 0 <y+1/a<a<1
such that

%QH@’ (2.15)
and
gs;r)—+c0 (2.16)
as r\, 0 and
81+ 1) — g(u)] < clicf|uf"™ (2.17)

forallu € R and || <m, thenY is (y+ 1/a)-localisable at all u € R, with local
form
(@) Yy=L

o y+1/ae ¢
if y#0, and
(b) Yy=(cg —¢y)La
if Y= 0, where Lq, is the o.-stable Lévy motion as defined in Example 1.4.15.

Proof. It may be shown that conditions (2.15) and (2.16) imply that (2.12) holds,
taking A(t,z) = Pay+1/alcq o - 1,2) When i # 1/2, and when h = 1/2, we make
the same convention as Definition 2.2.6, so that conclusion follows from Proposi-
tion 2.3.1. See [6, Proposition 3.1] for details. O
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2.4 Processes with prescribed local form and multi-
stable processes

Many phenomena from physics, medicine, geography and finance have a highly
irregular form. We seek stochastic processes which model such phenomena. The
local regularity (or ‘volatility’ in finance language) may vary with time, and this
can be allowed for by varying the local scaling factor, that is by using a process
with varying local form. The best known example is multifractional Brownian
motion where the scaling exponent varies, see Definition 2.2.6. Another possi-
bility is to vary the local stability index. Thus we get multistable processes, that
is localisable processes with o-stable local form, but where the index of stability
ou(r) varies with time.

Falconer and Lévy-Véhel [7] presented a general method for constructing
stochastic processes with prescribed local form. In particular they not only con-
structed multistable processes where the local stability index o varies, but also
multifractional multistable processes, where both the local stability index o and
the local scaling factor & vary. We review some approaches to constructing multi-
stable processes, and we present a new approach in Chapters 3 and 4.

Let U be an interval with u an interior point. Let {X (¢,u) : t € U } be localisable
with local form X/ (., u) over a range of u. It is useful to have conditions that ensure
that the diagonal process {X (z,7) : t € U } looks locally like {X (z,u) : t € U} when
t is close to u, in the sense of having the same local forms.

Let {X(t,v) : (t,v) € U x U} be a random field and let Y be the diagonal
process Y = {X(¢,t) : t € U}. The following theorem gives a sufficient condition
for Y to be h-localisable at u with local form Y,(.) = X (.,u) where X/ (.,u) is the
local form of X,,(.,u) at u.

Theorem 2.4.1. Let U be an interval with u an interior point. Suppose that for
some 0 < h <n < 1 the process {X(t,u) :t € U} is h-localisable at u € U with
local form X (.,u) and that

P(|X(v,v) =X (v,u)| > [v—u|") — 0 (2.18)

asv—u. ThenY = {X(t,t) :t € U} is h-localisable at u with Y,)(.) = X}(.,u).
In particular, this conclusion holds if for some p > 0 andn > h

E(1X (v,v) =X (v,u)|?) = O(|v — u["7) (2.19)
asyv — u.

Proof. See [7, Theorem 2.3] for the proof of localisability. If (2.19) holds, Markov’s
inequality implies (2.18). 0

This theorem can be used to prove the localisability of multifractional Brow-
nian motion (Theorem 2.2.7). With (2.19), this can be shown by checking that,
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there exist ¢ > 0, p > 0,m < 1 such that A(.) < 1 and such that for u,v € R,
E(|Bj) (v,v) = Bpyyy (v, ) [P) < c|v —ulP.

This diagonal approach allows the construction of “multistable processes”,
that is processes with each local form an o-stable process, but with the stability
index o dependent on ¢.

It is natural to call a stochastic process {X(¢),t € R} multistable if for almost
all u, X is localisable at u with X/ an a-stable process for some o0 = o(u) where
0 < o(u) <2 (see Chapter 4).

In the next two subsections, we review some existing constructions of multi-
stable processes, and in Chapters 3 and 4 we present an alternative approach to
constructing multistable processes.

2.4.1 Poisson representation of multistable processes

As indicated above, one way to set up a multistable process is to use a random
field X (z,v). Such a random field may be given by a sum over a suitable Poisson
point process, as was done in [7].

We use a Poisson point process on R?, denoted by IT. Thus IT is a random
countable subset of R? such that, writing N(A) for the number of points in a mea-
surable A C R?, the random variable N(A) has a Poisson distribution with mean
£?(A), where £ is plane Lebesgue measure on R?, and with N(A1),N(A,),...,N(A,)
independent for disjoint A1,A,,...,A, C R?.

Thus N is an independent scattered c-additive random set function on R? such
that, for each set A in R?, the random variable N(A) has a Poisson distribution
with mean £2 (A),ie.,

P(v(A) =k = e 2

where k =0,1,2,.... See [12] for details of Poisson point processes.
Define the space ¥, of measurable functions on R, for 0 <a <b <2 by

Fap={f:f is measurable with / |f(x)|“’bdx < oo}, (2.20)

where

@I =max (|FC1 @) @21)

If 0 <o <2 is fixed with My symmetric a-stable random measure on R,
it may be shown that the stochastic integral (1.15) can be written as a Poisson
process sum

I(f) = / FR)dMo(x) =c(0) Y f(X)y<—1/o> (2.22)

(X,y)ell
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where ¥ <~1/%> = gign(Y)|Y|~'/* and

—1/o
c(o) = <2a—1r(1 Sy cos(%ﬂ:oc)) : (2.23)

for o # 1, and

c(1) = 17 (2.24)
T
see [17, Section 3.12].

Crucially with this representation, the underlying Poisson process IT does not
depend on ., so by varying o in (2.22), we may vary the stability index o. Thus

for suitable f, we may define a random field

Xtv)= Y fvx)y<"V/ew>, (2.25)
(X,Y)ell

with diagonal section

Y)=X(t,0)= Y f(t,0,X)y<"1e0>, (2.26)
(X,Y)ell

Note that f must satisfy certain conditions to ensure almost everywhere conver-
gence of (2.25), see [7, Sections 8 and 9].

If we choose f so that X (.,u) takes a given form at u € R, then under certain
conditions results such as Theorem 2.4.1 will give that ¥/(.) has the same local
form. We give some examples of this, starting with the following multistable
version of Proposition 2.3.1 given in [6].

Proposition 2.4.2. Let U be a closed interval with u an interior point. Let O :
U — (a,b) C (0,2) satisfy

jau(v) —o(u)] < kv —ul,
wherev € U and 0 <M < 1. Let g € ¥, and define

Y(t)= Y gX—ry="1/0> (2.27)
(X,Y)ell

where t € R. Assume that g satisfies

lim
r—0

t,2) dz=0 (2.28)

/ ‘g(r(t +233 —g(rz) h(

for jointly measurable functions with h(t,.) € F, p for allt, where 0 <y+1/0(u) <
N <1 ThenY is (Y+ 1/0(u))-localisable at u with local form

it = [ h(0.2)aMog)2), (2.29)

where t € R and My, is 0(u)-stable measure.
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Proof. See [6, Theorem 4.1]. ]

This proposition can be applied to give a multistable version of the reverse
Ornstein-Uhlenbeck process.

Example 2.4.3. Multistable reverse Ornstein-Uhlenbeck process.
Let A > 0and o.: R — (1,2) be continuously differentiable, Let

Y)= Y exp(-MX —1)y<"1/0> (2.30)
(X,Y)ell X >t

wheret € R. ThenY is 1 /a(u)-localisable at all u € R with

Pile) = (o) ! [ Mg €) = Moo 0. @31

wheret € R.

Proof. With our convention in (2.13), this follows by taking g(x) = exp(Ax) and
h(t,z) = 1)94(z). See [6, Proposition 4.3] for details. O

For more general (i.e. not moving average) processes, we quote the following
result that gives conditions for a diagonal process to be localisable using the Pois-
son process representation. This is typical of a number of results of this type, see

[7].

Theorem 2.4.4. Let U be a closed interval with u an interior point and let 0 <
a <b<2. Let X be the random field

X(tv)= Y fvx)y<"l/ew> (2.32)
(X,Y)ell

where t,v € U, f(t,v,x) is jointly measurable with f(t,v,.) € Fap for all t,v € R
and o.: U — (a,b). Suppose X(.,u) is h-localisable at u for h > 0. Suppose that
sup,cyy [ |f(t,u,x)|%Pdx < oo, and for some M > h

lou(v) — au(u)| < ky|v —u (2.33)

forallv e U, and
/ £ (2,v,%) — £(t,u,x)|*Pdx < kp|v — u[" (2.34)

forallt,yeU. ThenY = {X(t,t) :t € U} is h-localisable at u with local form
Vo) =X,(.,u).

Proof. See [7, Theorem 5.2]. O

Theorem 2.4.4 may be used to construct some specific multistable processes.
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Example 2.4.5. Multistable Lévy motion
Let a.: R — (0,2), and define

Y(t)= Y 1, (X)y<—H/or)> (2.35)
(X,y)ell

fort €R. ThenY is 1/a(u)-localisable at u with
Y,={/ Lo (2)dMy)(2), tE€ R} = Loy), where Ly, is 0(u)-stable Lévy mo-
tion.

Proof. With our convention in (2.13), take f(z,v,x) = 1jg;(x) in Theorem 2.4.4,
see [7, Theorem 5.4] for details. O

We now indicate multistable analogues of Example 1.4.19 and Example 1.4.18.

Example 2.4.6. Linear fractional multistable motion.
Let a.: R — (0,2). Define

Lonat)= Y, (ft—X"71e0 - x|p=t/edyy<—1/a>, (2.36)
(X,Y)ell

for t € R. Then Ly, is h-localisable at all u € R, where h # 1/a(u), with
(Lagyn)u = a(u)Loy) py Where Lo, is linear ou)-stable motion, see Example

1.4.19.

Proof. Take f(t,v,x) = |t —x|"~1/%¥) — |x|"=1/%(") in Theorem 2.4.4, see [7, The-
orem 5.3] for detalils. L]

Example 2.4.7. Log-fractional multistable motion
Let o.: R — (1,2) and be continuously differentiable. Define

Agy()= Y (Inft—X|—In|X|)y<"1/0)>, (2.37)
(X,Y)ell

t €R. Then Agy) is 1/0u(u)-localisable at all u € R, with (Ag(r))y = Aa(u), Where
Aqu) is log-fractional a(u)-stable motion, see Example 1.4.18.

Proof. Take f(t,v,x) =log |t — x| —log|x| in Theorem 2.4.4, see [7, Theorem 5.5]
for details. =

2.4.2 Series representation of multistable processes

Recently Le Guével and Lévy Véhel [14] constructed multistable processes using
a series representation which generalises the construction of [17, Section 3.10] for
stable stochastic integrals, and we indicate this very briefly here.
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Let o € (0,2) and (E,E,m) be a finite measure space. Let (I';);>; be a se-
quence of arrival times of a Poisson process, let (V;);>1 be a sequence of identi-
cally independently distributed random variables distributed on E with distribu-
tion function /it = m/m(E), and let (;);>1 be a sequence of identically indepen-
dently distributed random variables with distribution P(y; = 1) = P(y, = —1) =
1/2. Assume that the three sequences (I';);>1, (V;)i>1 and (7;);>1 are independent.
Then for f € Fq,

/f )dM(x CZm*“V(L (2.38)

where C is a constant that is independent of f , where [ f(x)dMy(x) is as defined
in (1.15). This leads to an alternative series definition of an o-stable process,

CZ’YZ I/OL ‘/lat

for all € R, where C is a constant, see [17, Section 3.10.1] for details.

In [14], this is extended by varying o to give multistable processes, as in (2.43)
below. The following theorem gives conditions for the diagonal section of a ran-
dom field expressed in this way to have a desired local form.

Theorem 2.4.8. Let o.: R — [a,b] C (0,2) be C. Let f(t,u,.) € Fo for (t,u) € R?,
Consider the random field

CZ% V(A7) (239)

where C is a constant and V;, Y; and T'; are as above. Assume that X (t,u) as a
process in t is h-localisable at u with local form X)(.,u). Let U be an interval
with u an interior point. Assume that

1) The family of functions v — f(t,v,x) is differentiable for all v,t € U and all
xinE,

2) and
sup | sup <| f(t,w,x)|“<W>> din(x) < oo, (2.40)
reU JE welU
3) and
sup | sup (\ f’(r,w,x)|°°<W>) din(x) < oo, (2.41)
reU JE welU
where f'(t,w,x) is the derivative of f with respect to w.
4) and
sup [ sup [| (e, w0 log | Flemw 0] |4 dix) <o (242)
teU JE welU
Then
Y(t) =X CZy, VD £ (11, V) (2.43)

is h-localisable at u with local form Ybﬁ() =X/ (.,u).
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Proof. See [14, Theorem 3.3]. []

In the above, m needs to be a finite measure on E to specify the distribution
of the V;, whereas we might wish to work, say, with Lebesgue measure on R.
However, if m is a o-finite measure one can transform m to a finite measure and
multiplying the terms of (2.39) by a function of V; and u, see [14].

2.4.3 General remarks

Poisson representation and series representation provide two different ways to
construct multistable processes.

Using the representation by sums over Poisson processes, the stochastic inte-
gral I(f) with respect to M, can be expressed conveniently as (2.22). Notice that
the stability index o occurs only as an exponent of Y, and the underlying Poisson
process does not depend on @, so varying the exponent gives a natural approach to
set up a multistable process. However, f must satisfy certain conditions to ensure
almost sure convergence of (2.25) and (2.26). Whilst for 0 < a(r) < 1, we get
absolute convergence almost surely, for 1 < a(r) < 2, the proof of convergence is
more delicate.

Using the series representation, the stochastic integral /(f) can be written as
(2.38). This representation is quite complicated to manipulate, and a disadvantage
1s that results are obtained for finite measures m and then extended. Nevertheless,
series representation is convenient for computational purposes, see [14].

We will give another construction of multistable processes in Chapters 3 and
4 by defining the stochastic integrals in terms of characteristic functions. In some
ways this is more fundamental, in that it relates to the characteristic function def-
inition of stable random variables and vectors. Localisability of processes con-
structed in this way will be discussed in Chapter 4.
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Chapter 3

Multistable random measures

3.1 Introduction

In this chapter we use Lévy’s Continuity Theorem and Kolmogorov’s Extension
Theorem to construct multistable integrals and measures. Thus, given 0 < o(x) <
2, we show that there is a random measure My, that ‘looks like’ an o/(x)-stable
measure near x. We investigate convergence properties and show that an o(x)-
multistable measure may be approximated by independent sums of a-stable mea-

sures (0 constant) restricted to small intervals.

3.2 Definition of o(x)-multistable measure and inte-

gral

Recall that for 0 < a < b <2 we write

@I =max {|F I, £ ()}

and define the space of the functions

Fap = {f : f is measurable with /|f(x)|“’bdx < oo},

Lemma 3.2.1. For any constant ¢

[legtoieax < max{lel*, e’} [ lg(x)

Proof. For any constant c,
[legtolear = [ max{leg(o),egx) "}
< max{lel[cl’} [ max{lg(x)I",|g(x)"}x

= max{lel’, e’} [ Ig(n)|**dx,

@b gy
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as required. O

Lemma 3.2.2. There is a constant c| depending only on a and b such that for all
8 he _[Fa,b

s+ td < er [l dzrer [z G2)

Proof. Let g,h € ¥,;. For p > 1, by Minkowski’s inequality, we have

/\g(x)+h(x)‘pdx < [(/‘8(X)|pdx)l/1)+ (/\h(x”pdx)l/p]p
= (/ lg(x)|Pdx+ / !h(xﬂpdx),

using that for a,b > 0 and p > 1, we have (#)p < @ by Jensen’s inequality.
ForO0< p <1,

/!g(x)+h(x)]pdx§/|g(x)]1’dx+/]h(x)|l’dx-

So,

1660+ htotax <m0 ( [l [ o).

[ 160+ < max(2 1 ([ letoltas+ [ par ).

SO

J1s+hwetas < [lg)hieart [+l
< ja([lewrars [par) + e ( [lewpars [ncopa)
< ¢ (/|g(x) “’bdx+/|h(x) “’bdx)

where ¢; = 2max {2471 2671 1}, O

Lemma 3.2.3. ¥, is a linear space.

Proof. If f,g € F4pand c € R, then f+g, cf € F,, by Lemma 3.2.1 and Lemma
3.2.2. O

44



We define the multistable stochastic integral I(f) of a function f € ¥, by
specifying the finite-dimensional distributions of / as a stochastic process on the
space of functions ¥, and then using the Kolmogorov Extension Theorem to
show that the process is well-defined. Let o : R — [a, b] be Lebesgue measurable,
and assume 0 < a < b < 2.

Given f1, f2,..., fa € Fap» the following proposition shows that we can define
a probability distribution on the vector (I(f1),1(f2),...,I(fs)) € R? by the charac-
teristic function ¢y, . r, defined by (3.3). The crucial point about this definition is

that ou(x) varies with x, unlike in Proposition 1.4.5.

Proposition 3.2.4. Letd € N and f1, f>, ...

¢f1,...fd (61; "'79d)

for(el,ez,...,

on the random vector (I(f1),1(f2), .-,

yJa € Fap, then

onf o)
el [

ifi(x)

1(fa))-

Proof. First, we consider o(x) given by the simple function

) =Y ol (1)
k=1

ox)

dx (3.3)

04) € RY, is the characteristic function of a probability distribution

(3.4)

where a < oy < b and Ay, are disjoint Lebesgue measurable sets with Uj" | Ay = R.

For0y,...,08, €R

ox)

expq —

d
> i1i(x)

= exp

Ze]f]

d

1 i1i(%)
d
Y. 6filx)
j=1

d
Z 0,/j(x)

o(x)

Olx

dx

)
dx(}x](
dx} .

(3.5)

M4, (x

k

(04
Now, exp {— Ik ‘Z§:1 0;fi(x)1a,(x) ‘ ‘ dx} is the characteristic function of the oy-

stable random vector (/(fi14,),. ..,
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product of the characteristic functions of m oy-stable random vectors. Thus it is
the characteristic function of a random vector given by the independent sum of 0y-
stable random vectors, see Theorem 1.2.20. Hence (3.3) is a valid characteristic
function of a random vector (I(f1),...,I(f,)) in the case when a(x) is a simple
function (3.4).

Now let a < a(x) < b be measurable, and take a sequence of simple functions
o,(x) (p=1,2,...) witha < a,,(x) < b such that o, (x) — o(x) pointwise almost
everywhere. Then

d o (x) d a(x)
2 0ifi| =L 8ifix)
j=1 j=1
pointwise almost everywhere, for all 6;,...,0; € R.

Since f1,... fa € Fap, the linear combination 2?21 0;fi € Fap, s0

oy (x) a,b

<

d d
Y 6;fi(x) Y 6;fi(x)
=1 =1

a,b
dx < oo, using Lemma 3.2.3. By the dominated conver-

with [ ‘2?21 0,f;(x)
gence theorem,

d (%) d o(x)
/Ze,-fj(x) dx—>/ Y 6ifi(x)| dx, (3.6)
Jj=1 Jj=1
and so
d 0t (x) d ()
exp /Zlejfj(x) dx p — exp /Zejfj(x) dx » (3.7)
j= Jj=1

as p — oo, forall 0y,...,0; € R.
For fi,...,fa € Fap, using that a < o(x) < b and Lemma 3.2.2,

d OL(x) d Ll.,b
/Zejfj(x) dx < /Zejfj(x) dx
= =1
d b b
< C1Z/|9j P fi(x) 7 dx
=
d b b
< e Y max{10,1% 10"} [ 17;)|“*dx
=
d b
< ¢ max{|6;]*]6,]"}
=
— 0
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as 0; — 0, where ¢ and c are independent of 6;. Thus (3.3) is continuous at
Oy (x)
0. From (3.5) exp {— Ik ‘Z‘le 0;f (x)‘ r dx} is a valid characteristic function

for all p. Applying Lévy’s continuity theorem (Theorem 1.2.39) to (3.7), there
is a probability distribution on the random vector (I(f1),1(f2),...,I(fa)), whose
characteristic function is given by (3.3). [

Theorem 3.2.5. There exists a stochastic process {I(f),f € Fap} whose finite-
dimensional distributions are given by (3.3), that is with Oy, 1(r,) = Ofi....fu

forall fi,...,fs € Fap

Proof. We know that (3.3) is a valid characteristic function for all fi,...,f; €
Fap- We now apply Kolmogorov’s Extension Theorem and Corollary 1.2.33 to
the space of functions ¥, to show (3.3) defines a stochastic process on %, ,.
Note that for any permutation (n(1),7(2),...,n(d)) of (1,2,...,d), we have

a(x)
q)fn(l),...,n(d)(en(l)?'-';en(d)) = exp —/ Zen(”fn(])(x) dx
j=1
d 0(x)
= exp —/ Zejfj(x) dx
j=1
¢f1,...,fd(91,...,6d),
and for any n <d,
n a(x)
Oy fu(01,..,0,) = exp —/ Zejfj(x) dx
j=1
n o(x)
= exp —/Z,fl +Z()fl dx
Jj=1 i=n—+1

= 1~,~-~-fn7 ,fd( O)'

This shows the consistency of the probability distributions given by (3.3). By
the corollary of Kolmogorov’s Extension Theorem (Corollary 1.2.33), there is a
stochastic process on ¥, which we denote by {I(f),f € F,5}, whose finite-
dimensional distributions are given by the characteristic function (3.3). [

We call I(f) the a(x)-multistable integral of f. We now check the linearity of
the integral.

Proposition 3.2.6. If f1, > € F,p and ay,a2 € R,

Haifitarfa) =all(fi) +al(f2) as. (3.8)
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Proof. We show that

I(alfl —f—azfz) — all(fl) —1—a21(f2) =0 as.

For all real 6 we have

E (exp{i®[I(a1fi +arfo) —aril(f1) —a2l(f2)]})
=E (exp{i[0I(aifi +axfo) — (@10)I(f1) — (a20)I(f2)]})

= exp {— / 10(a1 fi +axf2) + (—a10) fi + (—aze)f2|°‘(")dx}

= exp{0}
=1,

where we have used (3.3) with functions (a; fi +axf2), fi, f>» and variables 9,
—a10, —ay0, so I(a fi + arf2) — (a1)I(f1) — (a2)I(f>) = 0 almost surely by the
uniqueness of characteristic functions. [

Let o : R — [a,b] be measurable where 0 < a < b < 2. Analogously to [17,
Section 3.3] for a-stable measures, we define the o(x)-multistable random mea-
sure M in terms of o.(x)-multistable integrals of indicator functions. With(Q, F,P)
the underlying probability space, we write £°(Q) for the set of all real random
variables defined on Q. Let £ be Lebesgue measure on R and E the Lebesgue
measurable sets. Let

Fo={A€E:L(A) <o}

be the sets of finite Lebesgue measure. As usual, 14 is the indicator function of
the set A.

Definition 3.2.7. We define the o(x)-multistable random measure M : £y — L°(Q)

by
M(A) = I(14), (3.9)
where I is the process of Proposition 3.2.5, noting that [ |14]%? < oo, if A € Fy, s0
14 € Fap-
It is natural to write

[ F@aMe) =105, f € Tun, (3.10)

since there are many analogues to usual integration with respect to a measure.
Clearly

/ 1A (x)dM(x) = M(A). 3.11)
From (3.8), [ f(x)dM(x) is linear, i.e.

/ (a1 f1(x) + ar o (x)) dM(x) = a1 / AX)AM(x) +ar / H)dM(x).  (3.12)
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With this notation the characteristic function (3.3) may be written

d d
E<6XPi<Z Gj/fj(x)dM(x)>) = E(expi( Gjl(fj)>>
j=1 j=1

d o(x)
— exp —/ Y 0,i(x)| dxy (3.13)
j=1
for f; € ¥4 . Taking f; = lAj in (3.13) with A; € E,
d d ox)
E (exp{iZGjM(Aj)}> =exp —/ Y 0j14,(x)| dxp. (3.14)
j=1 j=1
In particular, for A € ‘&
E (expi®M(A)) = exp{—/ \e\“<X>dx}. (3.15)
A

We need to show that the multistable measure M is independent scattered and
o-additive, recall Definitions 1.4.10 and 1.4.11. We modify the proofs in [17,
Section 3.3].

Theorem 3.2.8. M is independent scattered.

Proof. Let A1,A2,...,.Aq € By withA;NA; =0if i # j. Then

d
E(exp{iZGjM(Aj)}> = exp _/
j=1

dx » by ((3.14)

since A are disjoint

=1

B d B oux)

- Jgexp{ /AJW dx}
d

= J]E(exp{i6;M(A;)})

By Theorem 1.2.17 M(A1),M(A), ..., M(A,) are independent, so M is indepen-
dent scattered. O]

49



Theorem 3.2.9. M is 6-additive, that is if A1,A,...€ ‘Ey are disjoint and U;":l Aje
Fo then

a.s.

<
Py
(-

BN
t/

|

~
—

[
C

Y
b

A by (9

I

~
—~
1~

(=

b
<
N~—

I(14,) by (3.8)

I
1~

~.
Il
_

|
1=

M(A;) by (3.9).

.
Il
—_

Now let .
B = UAj S
j=1

where A1,A,... € Ey is a countable family of disjoint sets. Then
k oo
B:UAJU< U Aj>7
j=1 j=k+1

S0 since U’J‘-ZIA jand U;-":k 114 are disjoint and in Ey, it follows from above that

k I
M(B) = M(UAj> +M< U A,~>
j=1 Jj=k+1

- iM(Aj)+M( O Aj>. (3.16)
j=1

j=k+1

Now we consider the characteristic function of M (U ki1 Aj > As ox) € [a,b],
where 0 < a < b <2, we get

(o]

0</\91U @ dx < max{le]”, 0Py £( | 4)).
Jj=k+1
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Since limy—e L(U74114/) =0,

fim 161,091 =0

Thus
lim E (exp{iGM( U Aj)}) = gijgoexp{—/\elu;om,;j\a@)} by (3.15)

j=k+1
— : (0]
= exp{_gﬂ/‘elujﬁkﬂh‘ (X)}

= exp(0)
=1

Y

C oy .. . . oo d
which is the characteristic function of the random variable 0, so M (U7 A;) —

0 as k — oo by Lévy’s continuity theorem (Theorem 1.2.39).
By (3.16) we get M(B) —Z’;ZlM(Aj) 4.0 and so M(B) —Z’]‘.ZIM(AJ-) 20

as k — oo by Proposition 1.2.37. Thus limy_,c le‘-zl M(A;) £ M(B), and since the
summands M (A ;) are independent, this implies convergence a.s. See Proposition
1.2.38.

Thus M is c-additive. 0

3.3 Convergence of sequences of multistable mea-
sures

In this section, we will obtain conditions for convergence of a sequence of multi-
stable measures with different multistable indexes.

Theorem 3.3.1. Let o, (x), o(x) be Lebesgue measurable with 0 < a < o, (x), 0(x) <
b <2 forall x € R. Let M,,, M be the associated O,,-multistable and o.-multistable
measures as in Definition 3.2.7. Suppose o, (x) — ox) for almost all x € R. Then

M, @M as n — oo, that is for allm € N and A1,A,,...,A, € ‘Eo,

(Ma(A1), Mu(A2), oo, Ma(Am)) 5 (M(A1), M(A2), ..., M(A,,))

Proof. LetAy, As,...,.Ay € Fy, 01,02,...,0,, €R, and 8; # 0, and consider the joint
characteristic function of M,,,

E (expi{j:llﬂjMn(Aj)}) = eXp _/
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dx by (3.14) .

Z Glej(x)
j=l1
(3.17)



For the measure M,

E <expi{ie,M(Aj)}> = exp —/

J=1

ox)

dx by (3.14) .

Y 0;14,(x)
j=1

(3.18)

Since o, (x) — a(x) for almost all x, we have
Oy ()C) (X(X)

lim

n—oo

m
Olej (x)
j=1

Z Glej ()C)
j=1

for almost all x € R.

Write
m a m b
€ = max (Z w) ,(2 re,-\)
j=1 j=1

Then for all n and all x € R
O (x)

< CIA(X)

Z elej(X)
j=1

where A = U;-”ZlAj € Fo. Then

/

oy (x)

A(x)dx

Z Glej(x)
j=1

dx < C / 1
CL(A)
< oo,
Now we can apply the dominated convergence theorem to get

ox)
dx.

Oy ()
lim dx = /

n—oo

Z elej (x)
j=1

Z elej(x)
j=1

This implies
Oy (x)

lim exp —/ dx | =exp —/
n—oo

By Lévy’s continuity theorem (Theorem 1.2.39), since (3.18) is already the char-
acteristic function of a random vector and therefore is continuous at 0,

ox)

dx

Z Glej(x)
j=1

Z Glej(x)
j=1

(M(A1), Mp(A2), oo My(A)) S (M(A), M(A2), ..., M(Ap))
as n — oo, ]

We will use this result in the next section on approximation of o.(x)-multistable
measures.
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3.4 Approximation by sums of stable measures

To get a feel for ou(x)-mutistable measures, we show that, for a continuous o(x),
the o(x)-multistable measure M defined in Section 3.2 may be approximated by
random measures that are the sum of many independent o-stable measures defined
on short intervals.

Assume in this section that a : R — [a,b] C (0,2] is continuous. We may
define an o(x)-multistable measure M on the sets Fy as in Section 3.2. We now
use the same procedure but with piecewise constant functions o,(x) to obtain
approximating measures M,. We will arrange for the restriction of M, to each
interval [r27",(r+1)27") to be an o (r27")-stable measure independently for all
r. We will show that when n is large M,, is close in distribution to M.

Definition 3.4.1. For each n let o, : R — [a,b] C (0,2) be given by
oy (x) =o(r27") ifx e [r27",(r+1)27") for r € Z.

Let My, = My, () be the o, (x)-multistable measure obtained from this o, (x) as
in Section 3.3. In particular M,, has finite-dimensional distributions given by the

characteristic function
Oy ()
dx} . (3.19)

E(expi{iﬂjMn(Aj)}> — exp{ —/

That M,, is independent scattered and G-additive, follows from Theorem 3.2.8
and Theorem 3.2.9 with o(x) replaced by o, (x).

We show how to decompose M,, as an independent sum of measures on the
intervals [r27",(r+1)27")). Let M, , denote the restriction of o(r2~")-stable
measure to the interval [r27", (r+1)27")),

d
Z Glej (x)
j=1

Mo (A) = Mo oy (AD[27, (74 1)277)) = Moy (AN 277, (74 1)277),
(3.20)
where M ,9-n) is 0(r27")-stable measure.

Theorem 3.4.2. We have that M,, is a random measure given by the sum of inde-
pendent random measures

My(A) =) M, (A), (3.21)

rez
almost surely for A € .

Proof. By Theorem 3.2.8, My, (,) 1s independent scattered, so since that the sets
AN[r27",(r+1)27") are disjoint for distinct r, we have that

)

Mg, (AN[P27" (r+1)27")) = My »(A)
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are independent for distinct r from the definition of independent scattered.
Let A € Ey, then by Theorem 3.2.9 and (3.20)

My, (A) = Mocn(x) (A)

Mq, () (U AN[r27" (r+ 1)2‘”))

rez

Q
A

Z:ZMo‘n(x) (A N [r2_”, (r+ 1)2—n))

Y M,.(A),

rez

Q
&

as required. 0

The fact that the random measures M,, approximate M follows from the result
of Section 3.3.
fdd

Theorem 3.4.3. Let o: R — [a,b], 0 < a < b <2 be continuous. Then M,, — M
as n — oo,

Proof. For each n we have o, (x) = a(r27") for all x € [r27",(r+1)27"). Since

o(x) is assumed continuous we have

lim o, (x) = ou(x)

n—oo

for all x. Thus by Theorem 3.3.1, it follows that M, fad M as n — oo, O]

3.5 Local behaviour of o(x)-multistable measure

One would expect, partly because of the results of the previous section, that an
o.(x)-multistable measure looks like an o.(u)-stable measure in a very small inter-
val around u. In this section, we make this idea precise.

Definition 3.5.1. Foru c R, r >0, let T, , : R — R be

xX—u
Ty r(x) = .

r

This induces a mapping TLfr on random measures, given by

[rwamtane = [r () auer

-
1(f<'_”)). (3.22)
r
In particular (3.9) implies that

(T M)(4) = M(T,, (4)) = I(1;,1,0)

u,r

for A € ‘Ey.
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We now show that the a(x)-multistable random measure M = M) “looks
like” the ou(u)-stable measure My, near u.

We firstly introduce a lemma which will be useful in the proof of our next
theorem.

Lemma 3.5.2. Let o: R — R™, let u € R and suppose

1
lo(u) —a(v)|=o0 (—) (3.23)
|log [u —v||
as v — u. Let [z1,22] C R be a bounded interval. Then
lim /o) —1/autrz) _ ¢ (3.24)
r—0

uniformly for z € |21,z and

lim 7! —outra)/ad) — (3.25)

r—0
uniformly for z € [z1,22).

Proof. Note that since o is continuous so bounded away from 0 on compact in-
tervals, there is a constant ¢ such that for r sufficiently small,

|10grl/oc(u)—1/0c(u+rz)‘ _ |a(u+rz)_a(u)||logr|

|ou(ue)ou(u + rz)|
< |logr| ( ! )
< ¢ rlo| ——

|log |rz||
|logr|
= o(l)
|log |r| +log |z||
— 0
as r — 0 uniformly for z € [z1,z;]. The proof of (3.25) is similar. O

Here is our result on the local form of multistable measures.

Theorem 3.5.3. Let o.: R — [a,b] C (0,2] be continuous with o(x+r) — a(x) =

0(@) uniformly on bounded intervals and let u € R. Then for all functions

S50y fa € Fap with compact support, the vectors
(r—l/oc(u) /fl (x)d(T:er)(x),..,,r—l/oc(u) /fd(x)d(T;f,M)(x))
([ Mg 0. [ b)) 26

as r — 0. In particular

__L
roow ((Tu#er) (A1)7 EERE (Tu#er) (Ad)) i) (M(x(u) (A1)7 s 7Moc(u) (Ad)) (3.27)
as r — 0, for all bounded sets Ay, ...,Aq € Fy.
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Proof. Let fi, f2,..., fm € Fa,» be functions with compact support, say in [—zo, zo].
Let6; € R, j=1,2,...,m, and consider the characteristic functions.

E <expiiﬂjr“<1"> / fj(x)d(Ter)(x)>

= (explzer“ /f]

by (3.22) (3.28)

n 1
= exp —/ Zejr‘awfj ) by (3.13)
j=1
m L orztu)
= exp —/ Zﬁjr () f
j=1
m o(rz-+u)
o orz+u)
= exp —/ Y 6fi(z) P dz | (3.29)
j=1
on writing *—* = z.
By Lemma 3.5.2 we have
_ (rz+u)
limr o =1

r—0

uniformly for all z € [z, z0], and lim,_,o0(rz+u) = o(u) also uniformly for all
z € [—20,20] since o is continuous.

We note that
orztu)

ifi(z)

< L9117 “’<cZ|f, )|

j=
where c¢ is independent of r. Thus for r sufficiently small,

orztu) i
1 06(&+u)

m
T §2c2|fj(z)“b
=1

Y

> i1i(2)

for z € [—z0,20], s0 as f i € Fap, we can apply the dominated convergence theorem
to get

o)
dz.

o(rz+u)

1— (r +u

lim ifi(2) r ) dz= ifi(2)
= =1 =1
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Thus from (3.29)

o(u)

hmE<explZGr afu) /f )) = exp| — 3 ifi(x) dx
=1

J
= E (expiiej/fj(x)dMa(u)(x)>.
=1

We conclude by Lévy’s continuity theorem (Theorem 1.2.39) that (3.26) holds,
and then letting f(x) = 14, that (3.27) holds. O
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Chapter 4

Multistable processes and
localisability

4.1 Introduction

In this chapter, we study the localisability of the multistable processes. The first
part of the chapter considers sufficient conditions for the general processes defined
by stochastic integrals to be localisable. The second part contains a number of
examples of localisable processes.

4.2 The localisability of multistable processes

In this section, we first state our main theorem on localisability. We then derive a
number of lemmas concerning the spaces ¥, 5, and then prove the theorem.

4.2.1 Localisability theorem

Recall from Definition 2.2.2 that a stochastic process Y is localisable at u if Y has
a unique non-trivial scaling limit at u, thatis Y = {Y (¢) : r € R} is h-localisable at
u with local form ¥, = {Y,(z) : t € R} if

Y(u+ r’t)l— Y (u) fdd Y/(0)

asr — Q.

Definition 4.2.1. A stochastic process {Y (t),t € R} is multistable if for almost
all u, Y is localisable at u with Y, an o-stable process for some o. = o(u) where
0<ofu) <2.
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In this chapter, we consider multistable processes defined by stochastic inte-
grals, thatis forr € Rand f € %,

Y0 = [ FeaM), @)
where M is a(x)-multistable measure as in Definition 3.2.7. Thus by (3.13) and

(4.1), for (t1,t2,...,t5) € R? and (01,0,,...,8,) € R?, the characteristic function
of the random vector (Y (#1),Y (t2),...,Y(24)) is

d d
E (expiZGjY(tj)> _ E (expi; / f(tj,x)dM(x)>

j=1
= exp —/

For a stochastic process Y, it is natural to ask what conditions are sufficient
for Y to be localisable. The following theorem, which is a multistable analogue of
Proposition 2.3.1, gives some conditions.

o(x)

d
Z ij(t]-,x) dx
=1

Theorem 4.2.2. Let
Y(0)= [ fe.0)dm(x),

where M = My is Ou(x)-multistable measure and o.: R — [a,b] C (0,2) is con-
tinuous. Assume that f(t,.) € F,p for all t and

ab
dz=0 (4.2)

i flu+rt,u+rz)— fu,u+rz)
hm/' ph—=1/0(u+rz) _h(t’z)

r—0

for a jointly measurable function h(t,z) with h(t,.) € Fap for all t. Then'Y is
h-localisable at u with local form

Y, = {/h(l,z)a’M(x(u) (z):te R} 4.3)

where M, is O(u)-stable measure.

4.2.2 Lemmas

In order to prove Theorem 4.2.2, we need several lemmas.

Lemma 4.2.3. If B : R — R is a measurable function with 0 < a < B(z) < b and
8(z) € Fap, then

/|g(Z)|B(Z)dZ < /|g(z)|"’bdz < oo, (4.4)
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Proof. We have

[18@F%: = [ le@POdet [ g Pz
lg(z)[<1 lg(z)[>1
< [ @l [ el
)<l g(z)[>1

Z/!g

<

since g(z) € Fap O
Lemma 4.2.4. Let g, k be Lebesgue measurable functions. If 0 < p < 1, then

\ [ls@rdz— [ W] <
and if p >1

1/p 1/p|P
(fre@r) ([ wer)
Proof. T 0 < p <1, since (x] +x2)? < xf —i—x’z) for all x1, x, > 0, we have

/|g(z)|pdz = /Ig 7) —k(z) +k(z)|Pdz
< /Ig !”dz+/|k )Pz,

[1s@rdz— [ k@Irdaz < [ 18 - k()Prd

In the same way,

[ k= [1s@)rd < [ 196 -k,
[1s@ra [wora] < [lse)-rora

For p > 1, (4.6) immediately follows from the reverse triangle inequality for the
norm ||| = | f(z)"dz] /7. =

Lemma 4.2.5. If0 < ¢ <d and p,t: R — [c,d] are continuous, then

[ 1@Paz— [l e < fe-al [ et

for all measurable g : R — R.

/ 18(z) —k(2)|Pdz, (4.5)

/ |g(z) — k(z)|Pdz. (4.6)

which implies

SO

(lldz, 4.7
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Proof. By the mean value theorem, for all x > 0, |x¢ — x| < |c—d||log |x|| max{x¢, x4} ,s0

[P [ @
[ mantlele(@) e [ min{ls2). s

= [ ls@r = lg@)1]az
< [le-dlltoglg(a)ll1g(2)

IN

c,ddZ

O

Lemma 4.2.6. Let 0 < a < band 0 < < 1/2(b—a). Then there is a number M,
such that for all c,d witha+d<c<d <b—3andall f € T4,

/ £ (2)[““|log |f (2) ldz < M, / 1/ (2)|*"dz. (4.8)
Proof. We can find M; such that for all x

Mymax{|x%, [x"} > max{|x|**®, |d"~°}log|x|

>
> max{|x|°, x|} log|x]l,

ifa+8 <c¢<d<b-—3. Taking x = f(z) and integrating we get inequality (4.8).
0

The following proposition will lead us to the proof of Theorem 4.2.2.

Proposition 4.2.7. Let [a,b] C (0,2], and g : Rt x R — R with g(r,.) € Fu for
allr > 0. Letk € F,p and let B : R — [a, b] be continuous with $(0) € (a,b). If

lin(l)/ \g(r,2) — k(z)|*Pdz = 0, 4.9)

then
tim [ lg(r,2)Pdz = [ k(z) POz (4.10)

Proof. We may assume k(z) is not almost everywhere 0, otherwise the result fol-
lows immediately from Lemma 4.2.3. Let € be given. Choose M such that

/ |k(z)|“Pdz <€, 4.11)
|z|>M

so in particular,
/| . k(z)|POdz < . (4.12)
Zl=Z
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By (4.9) we may take ry such that forall 0 <r <ry
/ 18(r2) —k(z)|*Pdz < e. 4.13)
|z|>M

By Lemma 4.2.3 and Lemma 3.2.2,if 0 < r < ry,

[ PPz < [ gtz
2| >M |z[>M
< lerd) k@) Pdzter [ k)| ds
|| =M || =M
< 2cg, (4.14)

by (4.11) and (4.13) where c¢; depends only on a and b.
For the other part of the integrals,

[ e Paz— [ k() PO
|z|<M |z|<M

< ‘/ )Pz [ g2 P 0z
|z|<M |z]<M

= —|—Iz( )

[ JsafOz— [ k()P0
|z| <M |z|]<M

We show that [ (r),lr(r) — 0 as r — 0. Let € > 0 be given. We first estimate /;.
Since B(0) € (a,b), we may find d such that a+ < B(0) < b— 0. Let M| be given
by Lemma 4.2.6 for this a,b and d. Let ¢ be given by Lemma 3.2.2 for this a and
b. Choose ¢, d such that

a+d<c<P(0)<d<b-3

and
\c—d\clMl/\k(z)Wdz <e 4.15)

Using the continuity of 3, let 0 < r, < rj be such that if 0 < r < r; and |z]| <M
then B(rz) € [c,d]. By Lemma 4.2.5, Lemma 4.2.6 and Lemma 3.2.2 we get

L(r) < |e— (r2)|ldz

< fe—dMy [ Ig(n2)[*0dz

= Je—diM | |(g(r2) —K(z) +k() "

o= dients ( [ Itar2)~k(2)

2) \“’bdz>
e+e

2¢, (4.16)

IN

IN
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provided 0 < r < r3 for some 0 < r3 < 1, using (4.9) and (4.15).

For I, by (4.9) and Lemma 4.2.3 with 3(z) replaced by B(0), lim,—o J, < [8(r,2) —

k(z)[P©dz =0, so by Lemma 4.2.4

[ lsr Pz [ kPO,
|lz|]<M |lz|<M

asr—0,s0L(r) <eif 0 <r <rqforsome0 < ry <rj3.
Now if 0 < r < ry4, then

[Pz [P0z

[ e [ kPO
|z|=M |z|=M
< 2ciet+e+2e+¢€

= (2C1 + 4)8,

IN

_|_

using (4.12), (4.14), (4.16) and (4.17). Since € is arbitrary, (4.9) implies (4.10).
[

4.2.3 Proof of the localisability theorem

Now we come to the proof of Theorem 4.2.2.

Proof. Fix u € R. We consider the characteristic function of the finite-dimensional
distributions of r (Y (u+rt) —Y(u)). Let®; € Rand t; € R for j = 1,2,...,m.

Then, using (3.13),

E (expi f 0, (Y (utrt;) — Y(u)))
j=1

J

= E (expii ejrh/(f(u+rtj,x) —f(u,x))dM(x))
j=1
o(x)
= exp —/
= exp —/

Gjr_h(f(u+rtj,x) — f(u,x))

ngE

.
Il
—_

Gjr_h(f(u+rtj,rz+u) — f(u,rz+u))

(ngE

~.
[N

= exp —/ Gjr_h+l/°°(rz+”)(f(u+rtj,rz—Ht)—f(u,rz+u))
j=1

J
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orztu)

(4.17)

[, ez Paz— |
|z|<M lz|]<M

Ik(2)|P@dz

(4.18)

orz+u)

dz

Y

(4.19)




after setting x = rz+ u.
Defining

= [ . 2)aMog ), (4.20)

its finite-dimensional distributions are given by the characteristic function

m ou)
E (expi Z GjZ(tj)> =exp{ —

dz ;. (4.21)
=1

m
Y 6h(1),2)
=1

We now use Proposition 4.2.7, taking

m
flu+rtj,rz+u)— f(u,rz+u)
- Z« 0 h—1/a(rztu) ’ (4.22)
Z h(t;,z), (4.23)
and
B(x) = a(u+x). (4.24)
Observe that
/ g(r,2) —k(z)|*Pdz — 0, (4.25)
as r — 0, by (4.2) and Lemma 3.2.2. Thus by Proposition 4.2.7, since
B(0) = o(u) € (a,b) we have
m orztu)
/ Z Gjr_hH/a ) (F(u+ rtj,rz+u) — f(u,rz+u)) dz

—

~.

ou)

M=

-/

asr — 0.
Since the exponential function is continuous, (4.19), and hence (4.18), is
pointwise convergent to (4.21) as r — 0. Thus by the Lévy’s Theorem (Theorem
1.2.39), r (Y (u+rt) — Y (u)) iy Z(t) as r — 0, since (4.21) is a characteristic

function, it is continuous at 0.
Thus Y is h-localisable with local form Y, given in (4.3). O

0,h(t),2)

1

.
I

4.3 Examples

We give a number of examples to illustrate Theorem 4.2.2. Some of these are
considered in [7, Section 5] using the Poisson process definition of multistable
processes.
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Remember that in (2.13) we made the convention that
Ly = —1pu)s (4.26)
if v < u which we will also use in the following examples.

Example 4.3.1. Multistable Lévy motion.

Let
V() = [ Lo (0)dMu (x) = Magq [0.1], @27)
where a: R — (0,2) is continuous. Let u € R and suppose that as v — u,
o) o) =0 (o) @29
u)—o(v)|=o , .
|log [u—v]|

ThenY is 1/ol(u)-localisable at u with local form

= { / Lo (2)dMy(2), T € R} = Lou), (4.29)

where Ly, is a o(u)-stable Lévy motion.

Proof. Let f(t,x) = 1jp,(x). Forz > 0 and u > 0, we have

flutrtutrz) = fluutrz) = Loy (utrz) =1L, (u+rz)
1[u,u+rt] (u + I’Z)
= 1jy(2).
When ¢t >0, u <0; <0, u>0and t <0, u <0, applying (4.26) the same

argument gives f(u+rt,u+rz) — f(u,u+rz) = 1j,(z).
Then taking h(t,z) = 1jg4(z) in Theorem 4.2.2,

a,b
dz

fu+rt, u—l—rz) fu,u+rz)
o | ’ e o0
- mr—>0/

= 0,

a,b

1[O,t] ( ) dz

Flja(u)—1/a(utrz) Lio (2)

since /@) =1/a{u+r2) _, 1 a5 r — 0 uniformly for z € [0,7] by Lemma 3.5.2, so
the integrand converges to O uniformly. By Theorem 4.2.2, we conclude that Y is
1/a(u)-localisable at u with local form (4.29). H

Here is a weighted version of the previous example.
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Example 4.3.2. Weighted multistable Lévy motion.
Let

Y(0)= [ Wil (0)dMug (), (430

where o: R — (0,2) is continuous and w : R — R is continuous. Let u € R,
o(u) € (a,b) and suppose that as v — u,

() — av)| = o <m> 31

Then'Y is 1 /o(u)-localisable at u such that w(u) # 0 with local form

YI,: = {/W(M)I[O,t} (Z)dMOL(u) (Z)a re R} = W(M)L(x(u)a (4.32)

where Ly, is a 0(u)-stable Lévy motion
Proof. Let f(t,x) = w(x)1jg,(x). For > 0and u > 0, we have
flutrtu+rz) = fluu+rz) = wlu+rz)ljgupp(u+rz) —wlu+rz)l, (u+rz)

= W(u + rz)l[u,u—&-rt} (” + I’Z)
= w(u+rz)lp,(z).

With the convention (4.26), the other three cases give the same answer.
Then

flutrt,u+rz) — fuu+rz ab
hmr—>0/‘ 1/0( l)/oc(u—Erz) ) _W(u)l[o’,] (Z) dz
— w(u+rz)1(2) @b
= hm,_,o/ ol —1joutr2) —w(u)lpy(z)| dz. (4.33)

By Lemma 3.5.2 we have r!/®(#)=1/&{u+r2) _, | a5 p — 0 uniformly for z € [0,],
and since w is a continuous function, w(u + rz) — w(u) as r — 0 uniformly for
z € 0,¢], so (4.33) equals 0. By Theorem 4.2.2, we conclude that ¥ is 1/a(u)-
localisable at u with local form (4.32). ]

Note that the multistable process (4.30) has independent increments Y (¢y) —

Y(t1) = [w(x ) [t zz( )dM(x(u)(x>~

We now consider multistable reverse Ornstein-Uhlenbeck motion. Notice that
in the multistable cases, we get a curious restriction on the range of o(x).

Example 4.3.3. Multistable reverse Ornstein-Uhlenbeck motion.
Let

Y1) = /t " exp(—Mx—1))dMgy (x), (4.34)
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where o: R — [a,b] C (1,2) is continuous and 1 < /b <a<b <?2. LetucR
and suppose that as v — u,

() — av)| = o <m> | (4.35)

ThenY is 1/olu)-localisable at u with local form

Y = { / 10 (2)dMe)(2), 1€ R}. (4.36)
Proof. Let f(t,x) = exp(—A(x —1))1}; ) (x). Then fort > 0,

flu+rt,u+rz) — f(u,u+rz)

= exp(—M(rz— 1)) 1[4 s o) (U + 1z) —exp(—Arz) 1), o) (u + r2)
(=Ar(z=1))1 o0 (2) — exp(—Arz)1)g o) (2)

= exp(—Ar(z—1))1}; o) (2) —exp(—Arz) 1| o) (z) — exp(—=Arz) 1o ) (2)
(=Arz)(exp(Art) — 1)1} o) (z) — exp(—Arz) Lo, (2). (4.37)

With the convention (4.26), the same argument implies that (4.37) holds for r <O0.
We take h(t,z) = —1j)(z) in (4.2). Consider

/ St rtl /uocJr rzl /a(ﬁz)u *r2) +1j0,(2) " dz
ab
ab
o e e e I
[ et o

= 0n1(1) +9r2(0),

say.
For ¢,.1(¢), by Lemma 3.5.2 we have

rl/oc(u)f ljo(utrz) _, 1,

exp(—Arz)(exp(Art) — 1) — 0

and
exp(—Arz)1j,)(z) — Loz (2)
all uniformly as r — O for z € [—|¢|, |¢|]. Thus ¢,.1(r) — 0 as r — 0.
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For ¢,2(t), we have

0ralt) = /| )

exp(—Arz)(exp(Art) — 1) |*? p
o)1 /ourrz) N

a,b
rfl/cH»l/bexp<_7\‘rz>(exp(}\,r[> — 1) dZ

< bl [T exp(=hr2) (exp(hrt) — 1)]*P dz

1=b/a . " lexp(=Arz) (exp(hrt) — 1)[“dz

1r1b/“|exp(krt)—1]“/| lexp(—Aarz)|dz
t

A
2
<

2P Pl (|t ) exp(—Aart]) (Ara) ™!
a—b/a

VARVAN

c3r

for fixed ¢, where c1, ¢, and c3 are independent of r < 1, say. Notice thata —b/a >
0 since a > /b, so

Or2 (1) =0
asr — 0.
Thus
a,b
+10(2)| dz=0.

. flu+rt, u+rz) fluu+rz)
lim
r—0 pl/ou)—1/a(u+rz)

By Theorem 4.2.2, we conclude that Y is 1/0(u)-localisable at u with local form
(4.36). [

The next example is linear fractional multistable motion. Recall from (2.14)
that asymmetric linear fractional a-stable motion is given by

Lansts / Poun(b™ b7, 1,3)dMoy(x) (4.38)
wheret € R, b*,b~ € R, and

Pan(b® b 5) =0 (1= = () e (= (-,
(4.39)

where My, is a symmetric a-stable random measure (0 < a < 2). Note that by the
convention after Definition 2.2.6, if 7 — 1 /o = 0 then

pa,h(bﬂb*,t,x) = (b+ — bi)l[(m (x)

ift >0, and
p(x,h(b+ab_7t7x) = _<b+ _b_)l[LO](x)

if + < 0. Then (4.38) is an «-stable process, see Example 1.4.19 and (2.14). We
introduce a multistable analogue of this.
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Definition 4.3.4. Let a: R — [a,b] C (0,2). We define linear fractional ou(x)-
multistable motion by

Loy np+ b (1) = / Pa() (BT, b7, 1,x)dMq ) (x) (4.40)
wheret € R, bT,b~ € R, and

e (R I ) N () e G K B
(4.41)

where My(x) is an o(x)-multistable random measure.

To ensure that (4.40) is well-defined, we need to show that
Pox),n(bT,b7,t,.) € Fap. This may be done as in Example 1.4.19. However, we
separate out the convergence at o as a lemma.

Lemma 4.3.5. Let o R — [a,b] C (0,2) be continuous, t € R and 0 < h < 1+
1/b—1/a. For any givent € R and € > 0, we can choose M sufficiently large such
that

a,b
/|Z>M )(t _Z)Tl/a(rzw) B (_Z)Tl/a(rzw) dz<e (4.42)

forall r > 0.

Proof. Given t, for M > max{|f| + 1,2|¢|}, we get, for z < —M, using the mean
value theorem,

(t _ Z)il:l/oc(rz+u) B (_Z)iz:l/oc(erru) (t . Z)h—l/oc(rz+14) . (_Z)h—l/oc(rz—i-u)

_ (h— l/a(rz+u))t(w_z)h—l/oc(rz—i-u)—l

where w = w(z) € (0,7) or (z,0) depending on the sign of . Hence there is a
constant ¢, such that for all z < —M,

(t _Z)ﬁ_—l/(x(rz—i-u) _ (_Z)Z—l/u(mﬂi) < olw _Zlhfl/oc(rzﬂt)*l
< C2|W—Z|h_1/b_l
< C3|t —Z|h_1/b_1-
Thus
b
/ ‘(t _Z)ﬁ_—l/(x(rz—i-u) _ (_Z)Z—l/a(rz—m) a dz
|z|>M

< C4/ |I—Z|(h_l/h_1)adz
lz|>M
< oo,

since (h—1/b—1)a < —1. Thus this integral is convergent at e uniformly in r,
as required. 0
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Corollary 4.3.6. Let o.: R — [a,b] C (0,2) be continuous, t € R and 0 < h <
1+1/b—1/a. Then pa(x%h(bﬂb*,t, ) € Fap

Proof. By Lemma4.3.5, we have [ |pgy) (07,07 ,1,x) |4t dx convergent at oo, and
it is clearly convergent at x = 0 and x = ¢. Thus p(x(x)’h(bﬂ b=,t,.) € Fap. 0

‘We now show that linear fractional multistable motion has linear stable motion
as its local form. We consider the case when b* = 1 and b~ = 0, the argument is
similar for other b™ and b~

Proposition 4.3.7. Linear fractional multistable motion.

Let
v = [ [e=0 - 0l aMgg (o)
= /poc(x),h(l7O>t7x)dMoc(x)(x)
= Lo n1,0(), (4.43)
where a: R — [a,b] C (0,2) is continuous. If
1Ja—1/b<h<1+1/b—1/a, (4.44)

then'Y is h-localisable at each u € R with local form

RO = { fe-al - 0 a0, rer]
= Lou)n1,0(t) (4.45)
Proof. Let f(t,x) = (t —x)}fl/a(x) - (—x)ifl/a(x), then

flu+trt,u+rz) — f(u,u+rz)
rh—1/o(u+rz)
(rt i rz)ifl/(x(ll‘i*rz) . (_rz)ﬁfl/oc(u+rz)

rh=1/o(u+rz)

,,.hfl/ot(qurz) ((l _ Z){l‘_—l/oc(u—krz) . (_Z)lj_—l/oc(u-‘rrz))

ph—1/o(u+rz)

_ (t _Z):z_—l/oc(u—l—rz) B (_Z)ﬁz_—l/(x(u—i—rz).
We apply Theorem 4.2.2 with h(r,z) = (t — Z)Z_]/a(u) — (—z)ﬁ_l/a(”). Thus
we need to consider
fl/t—l—l’t,l/t—l—l’z —fu,u+rz h—1 u h—1 u b
[| et S SIS (a1 )| e
a,b

_ / ’(l _Z)fj:l/oc(u+rz) . (_Z)ifl/oc(qurz) o ((l‘ _Z)lj:l/ot(u) B (_Z)fj:l/oc(u)) dz
= [lo@)rdz, (4.46)
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say, given ¢ and u. We consider the domain of the integration in several parts. Let
e>0.
First using Lemma 3.2.2 and Lemma 4.3.5, we can choose M sufficiently large,

so that
[ o)
lz|>M

for all 0 < r < rp, for some ry > 0.
Ifh<1/a(u+rz),

wbiz < ¢, (4.47)

(h—1/o(u+rz))a>(h—1/a(u+rz))b> (h—1/a)b > —1.

Hence, for |t —z| < 1, |(¢ —z)i_l/a(”+rz)|“vb < max{1,(t —z)ﬁ"l/")b}, S0 we
may find & such that [, _5(z —z)f’fl/a(uﬂz”“’bdz < € for all r. Similarly
ﬁz‘<5(—z)i_l/a(u+rz) <eforall rand f,_, (¢ —z)i_l/a(u) < e and

f|Z‘<5(—Z):l__l/ M) < ¢ if §is small enough. Thus we can take 8 sufficiently small
such that

/ 104()[*bdz < dee, (4.48)
(lz]<®)U(|z—t]<8)

using Lemma 3.2.2, for all 0 < r < ry.
Now let A = {z: 8 <|z| <M and § < |z—1|}. Then, uniformly for z € A,

o(u+rz) — ou)

and so
(_Z)li—l/oc(u—i—rz) R (—Z)ﬁ__l/a(u)
and
(t _Z)Z—l/a(u-krz) _ (I—Z)ﬁ_l/(x(u).

Thus 0,(z) is bounded and continuous on A with

0(z) =0

uniformly.
By the bounded convergence theorem,

/A 10,(2)|“Pdz — 0 (4.49)

asr— 0.

Combining (4.47), (4.48) and (4.49), we conclude that [ |¢,(z)|*’dz — 0 as
r — 0, so applying Theorem 4.2.2 to (4.46), we conclude that Y is h-localisable at
u with local form (4.45). ]

We now generalise Proposition 2.3.3 to multistable processes.
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Proposition 4.3.8. Let o.: R — [a,b] C (0,2) be continuous, and let

Y (1) = / F(1,2)dM o) (5), (4.50)

fort € R, where f(t,.) € Fop fort € R. Let p and h satisfy 1/a—1/b < h <
p+1/b—1/awith p < 1. Let u € R and suppose there are numbers C(J)’, ¢y such

that
%Hc;{, ast,x — u witht > x; (4.51)
—X X
f(t,x)

G 1ot Cor AShX U with t < x. (4.52)

Suppose also that there is ¢ > 0, such that
[£00) = f(n2)] < clw—v|P|x— |10, (4.53)

for all x,v.w such that |x —v| > 2|w —v|.
ThenY is h-localisable at u € R with local form

Yu/ = {/p(x(u),h(cgacaatvz)dM(X(u)(Z)v re R}
= Loc(u),h,car,ca' (454)

Proof. To use Theorem 4.2.2 we want to show (4.2) is satisfied with h(z,z) =
pa(u)ﬁ(ca“,cg,t,z). This is clearly true when ¢ = 0, so assume ¢ # 0. As in [6,
Proposition 3.1], we decompose

rh—1/o(u+rz) (l’(l _ Z))hfl/(x(qurz

f(u+rt,u+rz) |l— h—1/o(u+rz)
(r(z_t))h—l/(x(u+rz) Z|

. f(u,u+rz) ‘Z|h71/0c(u+rz)1
(rz)hfl/oc(u+rz)

+ t, ‘|— - ) + + t; + — u-r:
flutrtutrs) = flutrs) - flutrtutre) =gt

1{t<z}

{z>0}

f(u7u+rZ) h—1 U
_(_rz>h—l/a(u+rz) o /et Z)l{z<0}~(4-55)

For fixed  and z, since o is continuous, as r — 0,

f(u+rt,u+rz)—f(u,u—|—rz) + h—1/a(u
yh=1/a(u+rz) — % =2 ot

Li>z

+C6|t _Z|h_l/a(u)1{t<z}
_C(—)i—|Z|h—l/0c(u)1{ZZO}

—cg 2" g

= p(x(u),h (C(J)ra Ca ) l’,Z), (456)
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SO

flu+rt,u+rz)— f(u,u+rz) L ab
‘ rh—1/0(u+rz) —Paun(cy o t:2)|  —0

pointwise.
We now apply the dominated convergence theorem. For fixed ¢ # 0 let |z| <

2|t|, we consider the first term of (4.55).

t

flu+rtu+rz) h—1/o(u+rz) + h—1/o(utr2)
r(l_z)hfl/oc(u+rz)‘t_z| Tz < (leol T+ 1)l =2 g

< o)t —z" V1, (4.57)

for all 0 < r < ry, for some ¢, and rg > 0. Note that f\Z|S2lt\ |t —z\(h_l/“)b < oo,
sinceh < 1/a—1/b.

Similarly the other three terms in (4.55) raised to the power b are dominated
by integrable functions for |z| < 2|¢| for all 0 < r < ry, say.

If |z| > 2]¢|, then letting w = u+ rt,v = u and x = u+ rz in (4.53), we have
lx—v| >2lw—v]|, so

b
St rtuct 1) — f (et rg) [+ [P et~/ |

ph—1/o(u+rz)

ph—1/o(u+rz)

= o3l \zyhl/omrz)p‘“’b
< 04“Z|h—1/(x(u+rz)—p‘a’b
< cslg|h1/b=Pa (4.58)

where ¢3, ¢4 and c¢s5 depend only on z. Since (h— 1/b— p)a < —1, this has a finite
integral on |z| > 2|¢|. Thus by Lemma 3.2.2

ab
h—1/a)b h—1/a)b
< crcglt — 2"V <o+ creql2] PV o

flu+rt,u+rz) — fu,u+rz)
ph=1/o(u+rz)

h—1/b—p)a

+esz]¢ L1215

where c¢ and ¢7 only depend on ¢, and this is integrable.
Since [ |p0c(,4)7h(car ,Cy »1,2)|*Pdz < oo, the dominated convergence theorem
gives

a,b
- pa(u),h(cgvcaatvz) dz — Oa

/‘f(u—l—rt,u—l—rz)—f(u,u—i—rz)

rh—1/o(u+rz)
so the result follows from Theorem 4.2.2. ]

Note that Proposition 2.3.3 is a special case of this, taking a(x) = a., f(z,x) =
g(t —x) and letting v = x+u and w = x+ u + h in Proposition 4.3.8.

73



Chapter 5

The dimensions of graphs of
o-stable Weierstrass functions

5.1 Introduction

The Weierstrass function F : [0,1] — R is defined as

A2k gin(Wkr), (5.1)

s

F(t) =

k=1

where A > 1 and D < 2. Itis a continuous function and when 1 < D < 2 is nowhere
differentiable. As we can see, the Weierstrass function is constructed from a series
of rapidly increasing frequency terms and it is known to have a fractal graph. A
natural question to ask is what is the dimension of the graph. The graph of the
Weierstrass function has box-counting dimension D if 1 < D < 2 and is believed to
have Hausdoff dimension D but finding a lower bound of the Hausdorff dimension
has proved difficult. See [5] and [11].

In this chapter, we introduce o-stable Weierstrass functions, that is a random
version of the Weierstrass function, by including an o-stable random amplitude
with each term. We prove that the box-counting and Hausdoff dimensions of
the graphs of a-stable Weierstrass functions equal D almost surely under certain
conditions. These random functions provide specific examples of the o-stable
random processes discussed earlier.

5.2 Background to fractal dimensions

We first recall a series of standard definitions and lemmas relating to dimensions
of a set. See [4, 5, 16] for more details.

We write |U| = sup{|x —y| : x,y € A} for the diameter of a set A C R", and
take the diameter of the empty set to be zero.
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Definition 5.2.1. For F a subset of R", a d—cover {U;} | of F is a finite or
countable collection of sets such that

F C U;

s

i=1

with |U;| < & for all i.

Definition 5.2.2. Let s > 0. For any 8 > 0, we define the 8-premeasure #3 (F) of
F CR"as

H (F) = inf{i \Ui|* : {U;} is a &-cover ofF} , (5.2)
i=1

where the infimum is taken over all —covers of F.

From this definition, we can see as d decreases, the class of permissible covers
of F in (5.2) is reduced. Therefore, the infimum #(F') increases as 8 — 0, and
so it approaches to a limit, which may be zero or infinity.

Definition 5.2.3. For s > 0, we define s—dimensional Hausdorff measure of F C
R" to be
H(F) :%im}[s‘(F). (5.3)
—0
There is a critical value at which #*(F) jumps from zero to infinity as s in-
creases. We define this value to be the Hausdorf{f dimension of F .

Definition 5.2.4. The Hausdorff dimension of a set F C R" is
dimgF =inf{s > 0: H*(F) =0} = sup{s : H*(F) = oo}. (5.4)

Thus
o ifQ<s<dimygF

H(F) :{ 0 ifs>dimyF. (5-3)

When s = dimg F, #H*(F) may equal zero, infinity or be a positive finite real
number.

For a nonempty bounded set F C R”, let Ng(F) be the smallest number of sets
with diameter at most & which cover F.

Definition 5.2.5. The lower box-counting dimension of F is

log N5 (F)

dimg F = li 5.6
dimg I = M = 05 (5.6)
and the upper box-counting dimension of F' is
S —logNs(F
dimg F = Tim 2226 (F). (5.7)
§—0 —logd
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If the two values are equal, the common value is called the box-counting dimen-
sion or box dimension of F and we write

dimpF = %{1})% (5.8)
Lemma 5.2.6. For any bounded, nonempty set FF C R"
0 < dimy (F) < dimg (F) < dimg (F) <n
Proof. See [5]. O

The potential theoretic method is one of the main techniques used to find lower
bounds for Hausdoff dimensions of sets. We say u is a mass distribution on F if u
is a Borel measure with 0 < u(R") < eo and u(R"\F) =0

Definition 5.2.7. For s > 0, we define the s—energy I (,u) of u by

// Ix y|s . (5.9)

The following proposition relates the existence of mass distributions with fi-
nite energy to Hausdoff measures and dimensions.

Proposition 5.2.8. Let F be a subset of R".

1) If there is a mass distribution u on F with I;(u) < co, then H*(F) = o and
dimgF > s.

2) If F is a Borel set with H*(F) > 0, then there exists a mass distribution
on F with I (i) < e forall 0 <t <s.

Proof. See [5]. ]

5.3 Dimensions of Weierstrass-type graphs

The Weierstrass function

Z AP Dksin(Akr), (5.10)
where A > 1 and 1 < D < 2 has a fractal graph, graph(F), and it is a long-standing
problem to find its Hausdorff dimension, dimy (graphF). It is known that

dimy (graphF) < dimg (graphF) = dimp (graphF) = D

but finding a lower bound for the Hausdoff dimension has proved difficult. How-
ever, it is possible to introduce random versions of the Weierstrass functions
whose Hausdoff dimension can be found almost surely.
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The Weierstrass function F can be randomized in several ways including the
following:
with a random phase added to each term

Fo(1) = Y. AP~ Dksin(A (1 + 6y)),
k=1

where 01,0,, ... are independent uniformly distributed random variables on [0, 27];
with a random amplitude for each term

Fa(t) = ¥ AMPDksin(dkr),
k=1

where A1,A», ... are independent identically distributed random variables.

Hunt proved that the graph of Fg has Hausdorff dimension D almost surely in
[11]. Here we study the dimensions of the graph of F4 where the Ay are indepen-
dent symmetric o-stable random variables. The function F4 provides a realisation
of an a-stable process, since (F4(t1),...,Fa(ty,)) will then be an o.-stable random
vector for all #1,...,1,.

The next theorem is the main theorem of this chapter. We will use the rest of
the chapter to prove it.

Theorem 5.3.1. Let 0 < o < 2 and Ay be independent identically distributed
symmetric Q-stable random variables. Let N > 1. Then the random function
Fr:[0,1] - R

Fa(t) = ¥ AAPDksin(dkr) (5.11)
k=1

is continuous, and has

dimg (graphF}y ) = dimy (graphFy ) = 1, (5.12)
almost surely when D < 1, and

dimg (graphFy ) = dimy (graphFy) = D (5.13)
almost surely when 1 < D < 2.

The lower bound of the Haudorff dimension comes from a potential-theoretic
approach, and the upper bound of the box-counting dimension depends on a ran-
dom Holder condition.

5.3.1 Continuity and upper bounds for dimensions

We use the Weierstrass M-test to show that Fy is almost surely continuous.
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Lemma 5.3.2. Weierstrass M-test

Let fi : [a,b] — R be a sequence of functions, and suppose that there exists a
sequence ay > 0 with the property that | fi(t)| < ay forallk > 1 and t € [a,D]. If
Y i, ak is convergent, then Y';° | fi(t) is uniformly convergent for t € [a,b].

Proof. See [3, Theorem 3-4c]. O

Lemma 5.3.3. With probability one, the random function Fy defined in (5.11) is
continuous.

Proof. Consider

= Y AAPDksin(Mfr) (5.14)
k=1
where the Ay are independent identically distributed o-stable random variables
with o > 1 for all &.
Since Ay, is an o-stable random variable, by Lemma 1.3.7,

P(|Ac] = B) < B,
for all B > 1 with ¢ independent of k and . Take 0 < & < 2 — D, then
P(|Ag| > W) < eA koo,

Since A < 1, we have Yo AR oo By the Borel-Cantelli lemma, with
probability 1, there is a random Ky such that

P(|A] > M) =
for all k > K, that is
A < AR,
for k > Kp.
Let
fiet) = AP DK sin (W)
and

= |4 AP~k
so |fx(t)] < Cy for all t € R. But

ick < Z|A NP2k Z |Ag| AP~k
k=1

k=Kp+1

< max|Ak|Z7uD2 + Z (M)A (D-2)k

0 k=Ko+1
= max ’Ak|z7~D2 n Z 2 (D-2+8)k
L...K k=Ko+1

< oo,
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almost surely.
By the Weierstrass M-test, we have that, almost surely, (5.14) is uniformly
convergent on R, so F4(¢) is continuous. O

The case of D < 1 is less interesting in that F is smooth.

Lemma 5.3.4. When D < 1, Fy is differentiable almost surely with
Fi(t) = Y AAP D cos(Mf1),
k=1

and
dimy (graphF4 ) = dimp(graphFy) = 1

almost surely.
Proof. Let

(Fa)a(t) = ¥ AP~ Dhsin(aks),
k=1

then (Fy ), is differentiable with

(Fa)u(t) = ¥ AhlP~Dkcos(dbr),
k=1

and
lim (Fa)u(r) = Fa (7).

Since Ay, is an o-stable random variable, by Lemma 1.3.7,
P(|Ak| = B) < B,
for all B > 1 with ¢ independent of k and . Take 0 < & < 1 — D, then
P(|Ax| > AR®) < Ak,

Since A9 < 1, we have Y AR oo By the Borel-Cantelli lemma, with
probability 1, there is a random Ky such that

P(|A| > A*®) =0,

for all k > K, that is
A < AR,

for k > K.
Let
fie(t) = AP~ Dk cos (A1)
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and
Cr = |Ag[AP~DE,

so | fx(t)| < Cy for all r € R. But

[} KO o
Z Ck < Z |Ak|}\'(D71)k_'_ Z ’Ak‘k(Dfl)k
k=1 k=1 k=Ko+1

Ko oo
< max |Agl ZK(D_])’H- y (A3)kp (- Dk
k=1

1,...K o

Ko oo

— max ’Ak| Z;L(D—l)k_i_ Z )L(D—H—S)k
LKoo D k=Ko+1

< oo,

almost surely.
By the Weierstrass M-test, we get lim,, ..(Fa ), (t) = X5 AiA P~ Dk cos(Wer)
converging uniformly almost surely. Thus Fy4(¢) is differentiable with

Fi(t) = ¥ AAP D cos(Mfr).
k=1

Finally, we note that the graph of a differentiable function has dimension 1.
]

Next we show that F satisfies an almost-sure Holder condition.

Lemma 5.3.5. Holder condition
Let 1 <D <2andlet 0 <m <2—D. Then with probability one, F4 : [0,1] — R
satisfies
|Fa(t+h) — Fa(1)| < B|h|" (5.15)

if |h| < Hy for some random Hy > 0 and B > 0.

Proof. Since Ay, are identically distributed o-stable random variables, by Lemma
1.3.7,
P(|Ar] = B) < cp™,

for all B > 1 where c is a constant. Take p = (A%)* for 0 < & < 2 — D, then
P(|Ax| =A%) < (W)~

Since A~% < 1, we have Y ARG < oo, By the Borel-Cantelli lemma, with
probability one there exists Ky such that,

P(|A] > 2%) =0,

80



for all k > Ky. This implies
Al <2,

for all k > Ky, so
X(D_z)k’AH < }L(D—Z—H‘;)k,

for all k > K.
For such Ky, suppose 0 < h < Hy = A %0 and let k; be the integer such that
ARt < p <A %1 Then

\Fo(t+h)—Fa(t)] = i AMP= 2K (sin(AX (1 + ) — sin(A¥r))
k=1

Z ALK sin(A (1 + h)) — sin(A¥1)| | Ag]

IN

VAN

ki
Z MO | |A ] +2 Z AP=2K 4,
k=1 k=ki+1

(D-1)k " 5 (D-2+E)k
max |A Zk \h|+2k kZ )
1+1
k(D*I)kl A1) (D-2+%)
max A5+ 2T e
Cilhl|A]'"P + co|n)>~P~%)

Cs|h|>~P=9)

IN

IA A

where C;, C3 are random constants, ¢, is a constant and this valid for 0 < & <
A% = Hy. By choosing & sufficiently small, we have forall 0 <m <2 —D

|[Fa(t+h) = Fa(t)] < Blh|"
as required. 0

A standard property on the dimension of graphs leads to our upper bound on
the box-counting dimension.

Proposition 5.3.6. Let Fy : [0,1] — R be a continuous function. Suppose that for
some hg >0

|Fa(t) —Fa(u)| <clt—ul**  (0<t,u<1 and |t —u| < hy)
where ¢ > 0 and 1 < s < 2. Then dimg (graphFy) < s
Proof. See [5, Corollary 11.2]. ]

Corollary 5.3.7. Let Fy be the function (5.11) with A > Mid 1 <D<2. Then
with probability one, dimy (graphF') < dimg (graphF’) < dimg (graphFy) < D.
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Proof. Combining the almost-sure Holder condition of Lemma 5.3.5 and Propo-
sition 5.3.6, we get o
dimg (graphFy) < D,

almost surely, with the other inequalities from Lemma 5.2.6. U

5.3.2 Lower bounds for dimensions

There are several difficulties in estimating the lower bound of the dimension of
graph(Fy):

1) The a-stable random variables A; have infinite variance when o0 < 2 and
infinite expectation when o < 1.

2) When we estimate F4 (1 + h) — F4(t), we get terms of the form

sin(AK(¢ + ) — sin(Wr) = 2sin (xkg) cos <7J< (t + g))

and cos (M (¢ + %)) can be very small, giving ‘flat’ parts of the graph which have
to be removed.

Lemma 5.3.8. Fork=1,2,..., let Ay be independent identically distributed sym-
metric O-stable random variables, and let a; be real numbers such that Z =
Y i arAx is convergent in distribution. Then for all r > 0,
P(Z| <r) <
||
for all k, where ¢ > 0 is independent of r.

Proof. Note that Z is symmetric o-stable with the distribution of (Y7, |ax|%) oy,
Then

- —1/a
PZ<r) =P |A1\§r(2|ak|°°)

k=1

< P(JA1] < r/lal)

cr
S T
|ay|

for all k, since the a-stable random variable A has bounded density. (See [17,
Section 1.6]) ]

We will need the following estimate.

Lemma 5.3.9. Let s > 1 and Z be a random variable satisfying

P(|Z| <r)<ar
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forall r > 0, for some a > 0. Then
E ((22 +h2)7s/2) < calh|',

with ¢ independent of h and a.

Proof. Let F be the distribution function of |Z|, so F(z) < az for all z > 0. Then
for an appropriate constant ¢ independent of 4 and a, on integrating by parts

]E((Zz+h2)_s/2> = /Ooo(zz+h2)_s/2dF(z)

" -
< /0 W[5 dF (2) + /W dF(2)

< [RTF(R) + 2 F ()12 +s/:z_s—1F(z)dz
< Za\hHh\“rs/'hTZSIazdz
< Za\hlls—l—as/'}:zsdz
< calh|'™
as required. 0

We will let Z = F4(t + h) — Fx(t), and bound the probability P(|Z| < h) for
h > 0 in order to bound E <(Z2 +h2)_s/2> using Lemma 5.3.9. Then we show

that there is a random mass distribution on the graph Fy, which has finite s-energy
almost surely. By the potential theoretic criterion (Lemma 5.2.8), F4 will have
dimension at least s almost surely.

Proposition 5.3.10. With the notation above, for 0 <o <2and 1 <D <2
dimy (graphFy) > D
almost surely.

Proof. Fix t and h for the time being and write
Z=Fy(t+h)—Fs(t) =) Z,
k=1

where Z; = AtAMP=2K(sin(M(r + h)) — sin(Af7)).
Since A1,A3,... are independent a-stable random variables with o > 1, then
by Lemma 5.3.8, for » > 0 and all £

r

IND=2K(sin (M (1 + h)) — sin(Mer) )|

P(1Z] <r) < e (5.16)
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where c; is a constant.
Let € > 0 be a small number and choose a constant b such that 0 < bA™¢ < 1t /4.
Given 0 < h < bA~(178) let k be the integer such that,

pA-kED+E) gy < pp —k(14e), (5.17)

Using that sinx > (2v/2x)/mif 0 < x < /4, we get,

w=wlk,t,h) = |[MP=2X(sin(A¥(r +h)) —sin(Ar)) ’

a1

> 2x<02>’<ﬁnm 2k r+h )

AP=Dkp cos (k (t+§)> ,

where ¢, does not depend on k, ¢ and A.
Let Sy be the union of intervals

>

(5.18)

| T

Sk: U F[YZTC—(—

5~ bA ) nm+ (E
N—=—oo

o br k).

For k > 1 suppose ¢ € S and bA~(K+D(1+8) < j < p)=*(148) " Then for some
integer n

nm— (g — o) < Wk < a4 (g e

SO
T by e ke, T by e
—(==Z < < S .
nm (2 2k )_k(t+2)_nn+(2 2% )
This implies
ke, 1 T by ke \/_b ke o
cos(A*(t + 2)) cos(2 27» )| = |si n(2?» > —A

For some integer ko to be defined later, if # € (N, Sk and pA- kD48 < <
bA—*1+8) where k > ko, by (5.18) and (5.17) we have

czk \/—bk ke

_ C3(7» k)(l D+€)h
> C4h(1—D+s)/(1+e)+1

w(k,t,h)

Y

) (5.19)

for some constants ¢3 and c4.
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Lett € Ny, Sk and 0 < i < hy = bA %+ then by (5.16) and (5.19)

c\r
P(z<r) < cqh(1-D+e)/(14€)+1
= csrh P17/ TR (5.20)

where cs is independent of /2 and r. Thus if r € S = (i, Sk)N[0,1] and 0 < 2 <
ho, by Lemma 5.3.9, taking a = csh(P—1-8)/(148)=1 ye have
E((E+h) - B0 +1)2) = E((Z2+r))
< CCSh(D—l—E)/(1+8)—1h1—S
— C6h(D7178)/(1+8)7S, (521)

where cg is independent of 4.
Consider the set § = ((;_, Sk) N[0, 1]. Then

1
1—072 E=-1— — > =,
= 1—A¢" 2

where ¢7 > 0 is a constant and L is Lebesgue measure, by choosing ky large
enough.

We may lift Lebesgue measure restricted to S onto the graph of Fy to get a
random mass distribution ug, on Fy, that is

ur,(B) = L{t:t € Sand (t,F4(t)) € B}
for any Borel B C R2, with 1/2 < uf, (graphFy) = L(S) < 1. By (5.21),

E/ / (Fa(e) = Fa(u) | + |t — uf*) ™ drdu
€8 Jue0,1],|r—ul<ho
_ ]E/ / ([Fa(t +h) — Es ()2 + h2) =" dhds
8 J1+he(0,1),|h|<hg
_ / / E(([Fa(t+h) = Ea ()P +12)7*/%) dhs
teS Jt+hel0,1],|h|<hg

< 2C6/ / |h|_s+(D_]_8)/(l+€)dhdt
teS J1+hel0,1],|h|<hg

o h(l)—s+(D—1—£) /(1+€)

IA

< oo (5.22)

for some cg > 0,if 1 —s+(D—1—¢)/(1+¢€) > 0.
For all s < D we may choose € small enough, so that
l—s+(D—1—¢)/(1+€)>0,so(5.22) is valid. Thus

/ / (1Fa(t) = Fau)|* + [t — ul*) ™/ dtdu < oo
teS Juel0,1],|t—u|<hg
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almost surely.

Since
/ / (1Fa(t) — Ea(u) > + |t — u[*) =/ *dtdu < o
teS Ju€esS,|t—u|>hg

always, we get

//!t u|dug, (t)dug, (u / / (|Fa(t) — Fx(u) >+ |t —u|*) ™ 2dtdu < o
eSJues

almost surely.
Thus the finite measure uf, is supported by graph(F4) and has finite s-energy
almost surely, so by the energy criterion (Lemma 5.2.8), we get

dimy (graphFy) > s

for all s < D, so dimy (graphFy) > D almost surely. O]

5.4 Proof of the theorem

We now get Theorem 5.3.1 by combining the earlier results.

Proposition 5.4.1. With probability one,
dimy (graphFy ) = dimp(graphFy) = 1
when0<D<1land0 <o <2.

Proof. By Lemma 5.3.3 and Lemma 5.3.4, when D < 1, the random function Fy
is a continuous and differentiable, so

dimy (graphFy ) = dimp(graphFy) = 1.
O
Proposition 5.4.2. With probability one, when 1 <D <2 and 0 < o < 2, we have
dimy (graphFy ) = dimg(graphFy) =
Proof. By Lemma 5.3.6 and Proposition 5.3.10,
D < dimy (graphF}) < dimg (graphF) < dimg (graphFy) < D,
almost surely, so
dimy (graphFy ) = dimg(graphFy) = D
almost surely. [

Together these two propositions give Theorem 5.3.1.
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