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Preface

One of the most important problems in probability theory is the investigation of
the limit distribution of partial sums of appropriately normalized random variables.
The case where the random variables are independent is fairly well understood.
Many results are known also in the case where independence is replaced by an
appropriate mixing condition or some other “almost independence” property. Much
less is known about the limit behaviour of partial sums of really dependent random
variables. On the other hand, this case is becoming more and more important, not
only in probability theory, but also in some applications in statistical physics.

The problem about the asymptotic behaviour of partial sums of dependent ran-
dom variables leads to the investigation of some very complicated transformations
of probability measures. The classical methods of probability theory do not seem
to work for this problem. On the other hand, although we are still very far from a
satisfactory solution of this problem, we can already present some nontrivial results.

The so-called multiple Wiener—It6 integrals have proved to be a very useful tool
in the investigation of this problem. The proofs of almost all rigorous results in this
field are closely related to this technique. The notion of multiple Wiener—Itd inte-
grals was worked out for the investigation of non-linear functionals over Gaussian
fields. It is closely related to the so-called Wick polynomials which can be consid-
ered as the multi-dimensional generalization of Hermite polynomials. The notion of
Wick polynomials and multiple Wiener—Itd integrals were worked out at the same
time and independently of each other. Actually, we discuss a modified version of
the multiple Wiener—Itd integrals in greatest detail. The technical changes needed in
the definition of these modified integrals are not essential. On the other hand, these
modified integrals are more appropriate for certain investigations, since they enable
us to describe the action of shift transformations and to apply some sort of random
Fourier analysis. There is also some connection between multiple Wiener—Ito inte-
grals and the classical stochastic It6 integrals. The main difference between them is
that in the first case deterministic functions are integrated, and in the second case
so-called non-anticipating functionals. The consequence of this difference is that no
technical difficulty arises when we want to define multiple Wiener—It6 integrals in
the multi-dimensional time case. On the other hand, a large class of nonlinear func-
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viii Preface

tionals over Gaussian fields can be represented by means of multiple Wiener—It6
integrals.

In this work we are interested in limit problems for sums of dependent random
variables. It is useful to consider this problem together with its continuous time
version. The natural formulation of the continuous time version of this problem
can be given by means of generalized random fields. Consequently we also have to
discuss some questions about them.

I have not tried to formulate all the results in the most general form. My main
goal was to work out the most important techniques needed in the investigation
of such problems. This is the reason why the greatest part of this work deals with
multiple Wiener—It6 integrals. I have tried to give a self-contained exposition of this
subject and also to explain the motivation behind the results.

I had the opportunity to participate in the Dobrushin—Sinai seminar in Moscow.
What I learned there was very useful also for the preparation of this Lecture Note.
Therefore I would like to thank the members of this seminar for what I could learn
from them, especially P. M. Bleher, R. L. Dobrushin and Ya. G. Sinai.

Preface to the Second Edition.

This text is a slightly modified version of my Lecture Note Multiple Wiener—lIté in-
tegrals with applications to limit theorems published in the Lecture Notes in Math-
ematics series (number 849) of the Springer Verlag in 1981. I decided to write a
revised version of this Lecture Note after a special course I held about its subject
in the first semester of the academic year 2011-2012 at the University of Szeged.
Preparing for this course I observed how difficult the reading of formulas in this
Lecture Note was. These difficulties arose because this Lecture Note was written at
the time when the TgX program still did not exist, and the highest technical level
of typing was writing on an IBM machine that enabled one to type beside the usual
text also mathematical formulas. But the texts written in such a way are very hard
to read. To make my text more readable I decided to retype it by means of the TgX
program. But it turned out that a real improvement of the text demands much more
than producing nice, readable formulas. To make a really better version of this work
I also had to explain better the results and definitions together with the ideas and
motivation behind them. Besides, I had to make not only more readable formulas,
but also more readable explanations. The reader must see at each point of the dis-
cussion what is just going on, and why. In the new version of this work I tried to
satisfy these demands. Naturally, I also corrected the errors I found. At some points
I had to insert a rather long explanation in the proof, because I met such a statement
which seemed to be trivial at the first sight, but its justification demanded a detailed
discussion. I hope that these insertions did not make the work less transparent.
There appeared many new results about the subject of this Lecture Note since its
first appearance. The question arose naturally whether I should insert them to the
new edition of this work. Finally I decided to make no essential changes in the text,
to restrict myself to the correction of the errors I found, and to give a more detailed
explanation of the proofs where I felt that it is useful. In making such a decision I
was influenced by a Russian proverb which says: ‘Luchshe vrag khoroshego’. I tried
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to follow the advice of this proverb. (I do not know of an English counterpart of this
proverb, but it has a French version: ‘Le mieux est I’ennemi du bien’.)

I made one exception. I decided to explain those basic notions and results in
the theory of generalized functions which were applied in the older version of this
work in an implicit way. In particular, I tried to explain with their help how one
gets those results about the spectral representation of the covariance function of sta-
tionary random fields that I have presented under the names Bochner’s theorem and
Bochner—Schwartz theorem. This extension of the text is contained in the attach-
ments to Chapters 1 and 3. In the first version I only referred to a work where these
notions and results can be found. But now I found such an approach not satisfactory,
because these notions and results play an important role in some arguments of this
work. Hence I felt that to make a self-contained presentation of the subject I have to
explain them in more detail.

The first edition of this Lecture Note appeared long time ago, but the main ques-
tion discussed in it, the description of the limit behaviour of appropriately normal-
ized partial sums of strongly dependent random variables remained an open prob-
lem. Also the method applied in this work remained an important tool in the study
of such problems. Hence a self-contained explanation of the theory which provides
a good foundation for this method is useful. By my hopes this Lecture Note contains
such an explanation, and therefore it did not become out of date. This was the main
argument for myself to write a new version of this work where I tried to present a
better and more accessible discussion.

I would like to write some words about the last chapter of this work, where some
results are discussed that seemed to be important at the time of writing the first
version. I would mention two of them which later turned out to be really important.
The first one is the Nelson—Gross inequality which later played an important role in
the theory of the so-called hypercontractive and logarithmic Soboliev inequalities.
The second one is a method for construction of non-trivial self-similar fields worked
out in a paper of Kesten and Spitzer. Several important limit theorems are based on
the ideas of this paper. It is worth mentioning that it was Roland L’vovich Dobrushin
who called my attention to these results, and he emphasized their importance. So I
would like to finish this preface with a personal remark about him.

This work is the result of some joint research with Roland L’vovich Dobrushin.
Although the book was written by me alone, Dobrushin’s influence is very strong
in it. I have learned very much from him. It is rather difficult to explain what one
could learn from him, because it was much more than just some results or mathe-
matical arguments. There was something beyond it, some world view which is hard
to explain. If I could give back something from what I had learned from him in this
Lecture Note, then this would justify the work on it by itself.

Budapest, 15 August 2013

Péter Major






Chapter 1
On a Limit Problem

We begin with the formulation of a problem which is important both for probability
theory and statistical physics. The multiple Wiener—It6 integral proved to be a very
useful tool at the investigation of this problem.

Let us consider a set of random variables &,, n € Z,, where Z, denotes the V-
dimensional integer lattice, and let us study their properties. Such a set of random
variables will be called a (v-dimensional) discrete random field. We shall be mainly
interested in so-called stationary random fields. Let us recall their definition.

Definition of Discrete (Strictly) Stationary Random Fields. A set of random vari-
ables &,, n € Zy, is called a (strictly) stationary discrete random field if

(5"1 ye '75"/() é (énl-ﬁ-mv--'aénk—‘rm)

forallk=1,2,... and ny,...,ng, m € Zy, where A denotes equality in distribution.

Let us also recall that a discrete random field &,, n € Z,, is called Gaussian if for
every finite subset {ni,...,m} C Zy the random vector (&,,,...,&,, ) is normally
distributed.

Given a discrete random field &,, n € Z,, we define for all N = 1,2,... the new
random fields

ZN=Ay" Y &, N=12,..., nei, (1.1)
JjeBY
where

BY={j: jez,, nIN<jD<mD+1)N,i=12,... v}

and Ay, Ay > 0, is an appropriate norming constant. The superscript i denotes the
i-th coordinate of a vector in this formula. We are interested in the question when
the finite dimensional distributions of the random fields ZY defined in (1.1) have
a limit as N — oo. In particular, we would like to describe those random fields Z;,
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n € Zy, which appear as the limit of such random fields ZY. This problem led to the
introduction of the following notion.

Definition of Self-similar (Discrete) Random Fields. A (discrete) random field &,,
n € Zy, is called self-similar with self-similarity parameter o if the random fields
ZN defined in (1.1) with their help and the choice Ay = N satisfy the relation

EngeenrCn) 2 (2,20 (1.2)

forallN=1,2,... andny,...,n; € Zy.

We are interested in the choice Ay = N% with some o > 0 in the definition of
the random variables Z,’iv in (1.2), because under slight restrictions, relation (1.2)
can be satisfied only with such norming constants Ay. A central problem both in
statistical physics and in probability theory is the description of self-similar fields.
We are interested in self-similar fields whose random variables have a finite second
moment. This excludes the fields consisting of i.i.d. random variables with a non—
Gaussian stable law.

The Gaussian self-similar random fields and their Gaussian range of attraction
are fairly well known. Much less is known about the non-Gaussian case. The prob-
lem is hard, because the transformations of measures over RZv induced by for-
mula (1.1) have a very complicated structure. To get interesting results in some cases
we shall define the so-called subordinated fields below. (More precisely, we define
the fields subordinated to a stationary Gaussian field.) In case of subordinated fields
the Wiener—Itd integral is a very useful tool for investigating the transformation
defined in (1.1). In particular, it enables us to construct non—Gaussian self-similar
fields and to prove non-trivial limit theorems. All known results are closely related
to this technique.

Let X,,, n € Zy, be a stationary Gaussian field. We define the shift transformations
Tn, m € Zy, over this field by the formula 7,,,X,, = X,,.,, for all n, m € Z,. Let S
denote the real Hilbert space consisting of the square integrable random variables
measurable with respect to the c-algebra B = %#(X,,, n € Zy). The scalar product
in A is defined as (§,1) = E&En, &, n € . The shift transformations 7y, m € Z,,
can be extended to a group of unitary shift transformations over . in a natural
way. Namely, if & = f(X,,,...,X,,) then we define 7, = f( Xy, 4m, .- -, Xnpm)- It
can be seen that ||| = ||T,,&||, and the above considered random variables & are
dense in 7. (A more detailed discussion about the definition of shift operators and
their properties will be given in Chapter 2 in a Remark after the formulation of
Theorem 2C. Here we shall define the shift 7,,&, m € Z,, of all random variables &
which are measurable with respect to the c-algebra #(X,, n € Z,), i.e. & does not
have to be square integrable.) Hence 7, can be extended to the whole space 7 by
L, continuity. It can be proved that the norm preserving transformations 7,,, m € Zy,
constitute a unitary group in 7, i.e. Ty, = T, T, for all n,m € Z,, and Ty = 1d.
Now we introduce the following

Definition of Subordinated Random Fields. Given a stationary Gaussian field X,,,
n € Zy, we define the Hilbert spaces 7¢ and the shift transformations T,,, m € Zy,
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over £ as before. A discrete stationary field &, is called a random field subordi-
nated to X, if &, € 7, and Ty,&,y = &y for all n,m € 7.

We remark that &, determines the subordinated fields &, completely, since &, =
T,.&o. Later we give a more adequate description of subordinated fields by means of
Wiener-Ito integrals. Before working out the details we formulate the continuous
time version of the above notions and problems. In the continuous time case it is
more natural to consider generalized random fields. To explain the idea behind such
an approach we shortly explain a different but equivalent description of discrete
random fields. We present them as an appropriate set of random variables indexed
by the elements of a linear space. This shows some similarity with the generalized
random fields to be defined later.

Let @,(x), n € Zy, n = (ny,...,ny,), denote the indicator function of the cube
[n) — %,nl + %) X e X [y — %,nv + %), with center n = (ny,...,ny) and with edges
of length 1, i.e. let 9,(x) = 1, x = (x1,...,x,) ERY,if nj— 5 <x; <n;+ 1 forall
1 < j<v,and let @,(x) =0 otherwise. Define the linear space @ of functions on
RY consisting of all finite linear combinations of the form ¢ ¢y, (x), n; € Zy, with
the above defined functions ¢, (x) and real coefficients c¢;. Given a discrete random
field &,, n € Zy, define the random variables & (@) for all ¢ € @ by the formula
§(9) = Xc;&; if @(x) = Lcj@y;(x). In particular, &(@,) = &, for all n € Zy. The
identity &(c1@ + c2y) = ¢1E(@) + 28 () also holds for all ¢,y € & and real
numbers ¢ and ¢;.

Let us also define the function @VAV) (x) = ﬁ(p(%) for all functions ¢ € @ and
positive integers N = 1,2, ..., with some appropriately chosen constants Ay > 0.
Observe that é((p,gN’AN )) = ZN with the random variable Z) defined in (1.1). All
previously introduced notions related to discrete random fields can be reformulated
with the help of the set of random variables & (@), ¢ € ®. Thus for instance the
random field &,, n € Z, is self-similar with self-similarity parameter ¢ if and only if

E(@WN) £ E(p)forallp € ®and N =1,2,.... (To see why this statement holds
observe that the distributions of two random vectors agree if and only if every linear
combination of their coordinates have the same distribution. This follows from the
fact that the characteristic function of a random vector determines its distribution.)

It will be useful to define the continuous time version of discrete random fields
as generalized random fields. The generalized random fields will be defined as a set
of random variables indexed by the elements of a linear space of functions. They
show some similarity to the class of random variables & (@), ¢ € &, defined above.
The main difference is that instead of the space @ a different linear space is chosen
for the parameter set of the random field. We shall choose the so-called Schwartz
space for this role.

Let . = ., be the Schwartz space of (real valued) rapidly decreasing, smooth
functions on RY. (See e.g. [16] for the definition of .#,. I shall present a more de-
tailed discussion about the definition of the space .% together with the topology
introduced in it in the adjustment to Chapter 1.) Generally one takes the space of
complex valued, rapidly decreasing, smooth functions as the space .7, but we shall
denote the space of real valued, rapidly decreasing, smooth functions by . if we
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do not say this otherwise. We shall omit the subscript v if it leads to no ambiguity.
Now we introduce the notion of generalized random fields.

Definition of Generalized Random Fields. We say that the set of random variables
X(9), ¢ € .7, is a generalized random field over the Schwartz space % of rapidly
decreasing, smooth functions if:

(a) X(a1Q1+a2@2) = a1X(@1)+axX(@2) with probability 1 for all real numbers
ay and ay and @) € ., @ € .. (The exceptional set of probability 0 where this
identity does not hold may depend on ay, ay, @) and ¢,.)

(b)  X(@,) = X(@) stochastically if ¢, — @ in the topology of ..

We also introduce the following definitions.

Definition of Stationarity and Gaussian Property of a Generalized Random
Field and the Notion of Convergence of Generalized Random Fields in Dis-

tribution. The generalized random field X = {X(¢), ¢ € .} is stationary if

X(o) 4 X (T, ) for all ¢ € .7 and t € RY, where T;@(x) = @(x —1). It is Gaus-

sian if X(@) is a Gaussian random variable for all ¢ € 7. The relation X, LA Xo
as n — oo holds for a sequence of generalized random fields X,,, n =0,1,2,..., if

X,(0) EA Xo(@) for all ¢ € .7, where 2 denotes convergence in distribution.

Given a stationary generalized random field X and a function A(¢) > 0, > 0, on
the set of positive real numbers we define the (stationary) random fields XtA for all
t > 0 by the formula

_ X
X @) =X(9)). pes,  where () =AW "o (). (3
We are interested in the following

Question. When does a generalized random field X* exist such that X2 2 x* as
t— o (orast—0)?

In relation to this question we introduce the following

Definition of Self-similarity. The stationary generalized random field X is self-

similar with self-similarity parameter o if X*(¢) A X (@) forall o € S andt >0
with the function A(t) = t%.

To answer the above question one should first describe the generalized self-
similar random fields.

We try to explain the motivation behind the above definitions. Given an ordinary
random field X (¢), # € RY, and a topological space & consisting of functions over R"
one can define the random variables X (¢) = [pv @ (1)X (¢)dt, ¢ € &. Some difficulty
may arise when defining this integral, but it can be overcome in all interesting cases.
If the space & is rich enough, and this is the case if & = .7, then the integrals
X(9), ¢ € &, determine the random process X (). The set of random variables X (¢),
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¢ € &, is a generalized random field in all nice cases. On the other hand, there are
generalized random fields which cannot be obtained by integrating ordinary random
fields. In particular, the generalized self-similar random fields we shall construct
later cannot be interpreted through ordinary fields. The above definitions of various
properties of generalized fields are fairly natural, considering what these definitions
mean for generalized random fields obtained by integrating ordinary fields.

The investigation of generalized random fields is simpler than that of ordinary
discrete random fields, because in the continuous case more symmetry is available.
Moreover, in the study or construction of discrete random fields generalized random
fields may play a useful role. To understand this let us remark that if we have a
generalized random field X (@), ¢ € ., and we can extend the space .¥ containing
the test function ¢ to such a larger linear space .7 for which @ C 7 with the
above introduced linear space @, then we can define the discrete random field X (¢),
¢ € @, by a restriction of the space of test functions of the generalized random
field X (@), ¢ € .7. This random field can be considered as the discretization of the
original generalized random field X (@), ¢ € .7

We finish this chapter by defining the generalized subordinated random fields.
Then we shall explain the basic results about the Schwartz space . and generalized
functions in a separate sub chapter.

Let X(¢), ¢ € .7, be a generalized stationary Gaussian random field. The for-
mula ,X(9)) = X(T;¢), T;¢(x) = ¢(x — 1), defines the shift transformation for all
t € R¥.Let . denote the real Hilbert space consisting of the Z = Z(X(¢), ¢ € .7)
measurable random variables with finite second moment. The shift transformation
can be extended to a group of unitary transformations over .7 similarly to the dis-
crete case. This will be explained in more detail in the next chapter.

Definition of Generalized Random Fields Subordinated to a Generalized Sta-
tionary Gaussian Random Field. Given a generalized stationary Gaussian ran-
dom field X (@), ¢ € .7, we define the Hilbert space J¢ and the shift transforma-
tions T;, t € RY, over F as above. A generalized stationary random field E(@), ¢ €
&, is subordinated to the field X (@), ¢ € .7, if (@) € A and T,E (@) = E(T,9)
forall o € .7 andt € RY, and E[E@,) — E(9)]> — 0 if ¢, — @ in the topology of
.

1.1 A Brief Overview About Some Results on Generalized
Functions

Let us first describe the Schwartz spaces .#” and .’¢ in more detail. The space .7¢ =
(-#y)¢ consists of those complex valued functions of v variables which decrease at
infinity, together with their derivatives, faster than any polynomial degree. More
explicitly, ¢ € .¢ for a complex valued function ¢ of v variables if

Qa1+

ki ka
X ce 7(p
! Vooxd . oxlY

(x]a"'rxv) Sc(k17"'7kV)ql7"'aqV)
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for all point x = (x1,...,xy) € R¥ and vectors (ki,...,ky), (q1,...,qv) with non-
negative integer coordinates with some constant C(kj,...,ky,q1,...,qy) which may
depend on the function ¢. This formula can be written in a more concise form as

WDIo(x)| < Clk,q) withk= (ki,...,ky) and ¢ = (q1,...,qv),

k ki ky

q1+++ay
where x = (x1,...,xy), x* =x'---x} and DY = 9

oxIl ax1v -
space . are defined similarly, with the only differe]nce that they are real valued
functions.

To define the spaces . and .’ we still have to define the convergence in them.
We say that a sequence of functions ¢, € .7 (or ¢, € .%’) converges to a function

o if

The elements of the

lim sup (1+ [x*)"|D?@, (x) — D7 (x)| = 0.
=% yeRV
forall k=1,2,... and ¢ = (q1,...,qv). It can be seen that the limit function ¢ is
also in the space . (or in the space .%).
A nice topology can be introduced in the space .’“ (or .#’) which induces the
above convergence. The following topology is an appropriate choice. Let a basis of
neighbourhoods of the origin consist of the sets

Ulk.g.€) = {p: max(1+ ) IDIg(x)| < e}

withk=0,1,2,..., 9= (q1,...,qy) with non-negative integer coordinates and € >
0, where |x|?> = x} + -+ x2. A basis of neighbourhoods of an arbitrary function
@ €.7° (or ¢ €.7) consists of sets of the form ¢+ U (k, g, €), where the class of sets
U(k,q,€) is a basis of neighbourhood of the origin. The fact that the convergence
in . has such a representation, (and a similar result holds in some other spaces
studied in the theory of generalized functions) has a great importance in the theory
of generalized functions. We also have exploited this fact in Chapter 6 of this Lecture
Note. Topological spaces with such a topology are called countably normed spaces.

The space of generalized functions .’ consists of the continuous linear maps
F: % —CorF: Y°— C,where C denotes the linear space of complex numbers.
(In the study of the space ./ we omit the upper index c, i.e. we do not indicate
whether we are working in real or complex space when this causes no problem.) We
shall write the map F(¢), F € . and ¢ € .% (or ¢ € .°) in the form (F, @).

We can define generalized functions F € .’ by the formula

(F,(p):/m(p(x)dx forallp € & oroe .

with a function f such that [ (14 |x|?)~P|f(x)|dx < o with some p > 0. (The upper
script ~ denotes complex conjugate in the sequel.) Such functionals are called reg-
ular. There are also non-regular functionals in the space .#’. An example for them
is the d-function defined by the formula (8, ¢) = ¢(0). There is a good description
of the generalized functions F € ./, (see the book 1. M. Gelfand and G. E. Shilov:



1.1 A Brief Overview About Some Results on Generalized Functions 7

Generalized functions, Volume 2, Chapter 2, Chapter 4), but we do not need this
result, hence we do not discuss it here. Another important question in this field not
discussed in the present note is about the interpretation of a usual function as a
generalized function in the case when it does not define a regular function in .
because of its strong singularity in some points. In such cases some regularization
can be applied. It is an important problem in the theory of generalized functions to
define the appropriate generalized functions in such cases, but it does not appear in
the study of the problems in this work.

The derivative and the Fourier transform of generalized functions are also de-
fined, and they play an important role in some investigations. In the definition of
these notions for generalized functions we want to preserve the old definition if nice
regular functionals are considered for which these notions were already defined in

classical analysis. Such considerations lead to the definition (%F, o) =—(F, g—;’;)

of the derivative of generalized functions. We do not discuss this definition in more
detail, because here we do not work with the derivatives of generalized functions.

The Fourier transform of generalized functions in §’ appears in our discussion, al-
though only in an implicit form. The Bochner-Schwartz theorem discussed in Chap-
ter 3 actually deals with the Fourier transform of generalized functions. Hence the
definition of Fourier transform will be given in more detail.

We shall define the Fourier transform of a generalized function by means of a
natural extension of the Parseval formula, more explicitly of a simplified version of
it, where the same identity

_ 1 —
[ T = s | Tz

is formulated with f(u) = [pv €/ f(x)dx and §(u) = [pv €' g(x)dx. But now
we consider a pair of functions (f,g) with different properties. We demand that f
should be an integrable function, and g € .7¢. (In the original version of the Parseval
formula both f and g are L, functions.)

The proof of this identity is simple. Indeed, since the function g € .¥¢ can be
calculated as the inverse Fourier transform of its Fourier transform g € .¢, i.e.
glx) = ﬁ [ e ¥ g(u) du, we can write

[T@etas = [ 707 | e [ gwan] as
- [ {(2;) / umd} du

e | Tt du

Let us also remark that the Fourier transform f — £ is a bicontinuous map from
€ to . (This means that this transformation is invertible, and both the Fourier
transform and its inverse are continuous maps from .#¢ to .%¢.) (The restriction
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of the Fourier transform to the space . of real valued functions is a bicontinuous
map from % to the subspace of .7 consisting of those functions f € . for which
f(=x) = f(x) for all x € RV.)

The above results make natural the following definition of the Fourier trans-

form F of a generalized function F € .7,
(F,p)= (2m)"(F,@) forall ¢ €.7°.

Indeed, if F € .7 then F is also a continuous linear map on ., i.e. it is also an
element of .¥”. Besides, the above proved version of the Parseval formula implies
that if we consider an integrable function f on R" both as a usual function and as a
(regular) generalized function, its Fourier transform agrees in the two cases.

There are other classes of test functions and spaces of generalized functions stud-
ied in the literature. The most popular among them is the space & of infinitely many
times differentiable functions with compact support and its dual space &', the space
of continuous linear transformations on the space &. (These spaces are generally
denoted by 2 and 2’ in the literature, although just the book [16] that we use as our
main reference in this subject applies the notation ¢ and #” for them.) We shall
discuss this space only very briefly.

The space Z consists of the infinitely many times differentiable functions with
compact support. Thus it is a subspace of .. A sequence ¢, € Z, n=1,2,...,
converges to a function ¢, if there is a compact set A C RV which is the support
of all these functions ¢,, and the functions ¢, together with all their derivatives
converge uniformly to the function ¢ and to its corresponding derivatives. It is not
difficult to see that also ¢ € 2, and if the functions ¢, converge to ¢ in the space Z,
then they also converge to ¢ in the space .. Moreover, & is an everywhere dense
subspace of .. The space 2’ consists of the continuous linear functionals in 2.

The results describing the behaviour of 2 and 2’ are very similar to those de-
scribing the behaviour of . and .. There is one difference that deserves some
attention. The Fourier transforms of the functions in 2 may not belong to &. The
class of these Fourier transforms can be described by means of some results in com-
plex analysis. A topological space 2 can be defined on the set of Fourier trans-
forms of the functions from the space Z. If we want to apply Fourier analysis in the
space 2, then we also have to study this space 2 and its dual space Z”'. I omit the
details.



Chapter 2
Wick Polynomials

In this chapter we consider the so-called Wick polynomials, a multi-dimensional
generalization of Hermite polynomials. They are closely related to multiple Wiener—
1t6 integrals.

Let X;,t € T, be a set of jointly Gaussian random variables indexed by a param-
eter set 7. Let EX; = 0 for all # € T. We define the real Hilbert spaces 7] and 77
in the following way: A square integrable random variable is in .77 if and only if
it is measurable with respect to the o-algebra B = A(X;, t € T), and the scalar
product in JZ is defined as (§,n) = EEN, &, n € 7. The Hilbert space 54 C A
is the subspace of .7#” generated by the finite linear combinations Y c;X;;,7; € T. We
consider only such sets of Gaussian random variables X; for which .77 is separable.
Otherwise X;, t € T, can be arbitrary, but the most interesting case for us is when
T =% or Zy,and X;, t € T, is a stationary Gaussian field.

Let Y},Y,,... be an orthonormal basis in .77{. The uncorrelated random variables
Y},Y»,... are independent, since they are (jointly) Gaussian. Moreover,

BY1,Ys,...) = B(X, 1 €T).

Let Hy,(x) denote the n-th Hermite polynomial with leading coefficient 1, i.e. let
H,(x) = (—1)"6"2/ 2%(6_)‘2/ 2). We recall the following results from analysis and
measure theory.

Theorem 2A. The Hermite polynomials Hy,(x), n=0,1,2,..., form a complete or-
thogonal system in L (R, B, ﬁe’xz/ 2 dx). (Here A denotes the Borel G-algebra
on the real line.)

Let (X;, Z;,uj), j=1,2,..., be countably many independent copies of a prob-
ability space (X, 2", ). (We denote the points of X; by x;.) Let (X, 2", u>) =

oo

[T (X;, Z;, 1 ). With such a notation the following result holds.
1

Jj=
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Theorem 2B. Let ¢o, @1, ..., @o(x) = 1, be a complete orthonormal system in the
Hilbert space Ly(X, 2", (). Then the functions 1 @x;(x;), where only finitely many
=1

indices k; differ from 0, form a complete orthonormal basis in Ly(X”, 2™, u%).

Theorem 2C. Let Y1,Ya, ... be random variables on a probability space (22,7 ,P)
taking values in a measurable space (X, Z"). Let & be a real valued random variable
measurable with respect to the c-algebra #(Y,,Ya,...), and let (X, 2°) denote
the infinite product (X X X X --- , 2" X X x ---) of the space (X, Z") with itself.
Then there exists a real valued, measurable function f on the space (X, Z%) such
that§ Zf(Yl,YQ,...).

Remark. Let us have a stationary random field X,(®), n € Z,. Theorem 2C en-
ables us to extend the shift transformation 7,,, defined as 7,,X,(®) = X1m(®),
n, m € Zy, for all random variables & (@), measurable with respect to the o-algebra
B(Xy(w), n € Zy). Indeed, by Theorem 2C we can write £ () = f(X,(®), n € Zy),
and define 7,,§ (@) = f(Xytm(®), n € Zy). We still have to understand, that al-
though the function f is not unique in the representation of the random vari-
able & (), the above definition of 7,,& (@) is meaningful. To see this we have to
observe that if f1(X,(®),n € Zy) = fo(Xy(®),n € Zy) for two functions f; and
f>» with probability 1, then also fi (X,4m(®),n € Zy) = fo(Xpim(®), n € Zy) with
probability 1 because of the stationarity of the random field X,,(®), n € Zy. Let us

also observe that & (w) 4 T,& () for all m € Zy. Besides, T, is a linear operator
on the linear space of random variables, measurable with respect to the c-algebras
PB(Xn, n € Zy). If we restrict it to the space of square integrable random variables,
then 7, is a unitary operator, and the operators T,,, m € Z,, constitute a unitary
group.

Let a stationary generalized random field X = {X (¢), ¢ € .} be given. The shift
T;& of a random variable &, measurable with respect to the c-algebra Z(X(¢), ¢ €
) can be defined for all + € R similarly to the discrete case with the help of
Theorem 2C and the following result. If & € B(X (@), ¢ € .) for a random vari-
able &, then there exists such a countable subset {@y, 2,...} C .7 (depending on
the random variable &) for which & is Z(X(@;),X(¢,),...) measurable. (We write
(o) = f(X(1)(®),X(¢2)(®),...) with appropriate functions f, and @ € .,
@ €.7,..., and define the shift 7;& as ;& (w) = f(X(T¢1)(0), X (T;2)(®),...),
where T,¢(x) = @(x —t) for ¢ € .#.) The transformations 7;, r € R”, are linear op-
erators over the space of random variables measurable with respect to the c-algebra
B(X(p), ¢ € ) with similar properties as their discrete counterpart.

Theorems 2A, 2B and 2C have the following important consequence.

Theorem 2.1. Let Y1,Y>,... be an orthonormal basis in the Hilbert space 7] de-
fined above with the help of a set of Gaussian random variables X;, t € T. Then
the set of all possible finite products H;, (Y;,)---H; (Y, ) is a complete orthogonal
system in the Hilbert space € defined above. (Here H;(-) denotes the j-th Hermite
polynomial.)
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Proof of Theorem 2.1. By Theorems 2A and 2B the set of all possible prod-

ucts [T Hy, (xj), where only finitely many indices k; differ from 0, is a com-

j=1
o 7,\'5/2
plete orthonormal system in L, | R, %, [] eﬁdxj . Since B(X;, t €T) =
=1
A (Y1,Ya,...), Theorem 2C implies that the mapping f(x;,x2,...,) = f(¥1,12,...)
w0 —x2)2
is a unitary transformation from L, | R”, %%, [] %dxj to . (We call a
j=1

transformation from a Hilbert space to another Hilbert space unitary if it is norm
preserving and invertible.) Since the image of a complete orthogonal system un-
der a unitary transformation is again a complete orthogonal system, Theorem 2.1 is
proved. a

Let 7%, C 5¢,n=1,2,..., (with the previously introduced Hilbert space 7¢)
denote the Hilbert space which is the closure of the linear space consisting of the
elements P,(X;,,...,X;, ), where P, runs through all polynomials of degree less than
or equal to n, and the integer m and indices ¢y, ...,t, € T are arbitrary. Let %) =
H~o consist of the constant functions, and let .7, = 7%, © Hep_1, n=1,2,...,
where © denotes orthogonal completion. It is clear that the Hilbert space .77 given
in this definition agrees with the previously defined Hilbert space J41. If &,..., &, €
A, and P,(xy,...,xy) is a polynomial of degree n, then P,(&y,...,&y) € H4y.
Hence Theorem 2.1 implies that

H = A+ A+ A 2.1

where + denotes direct sum. Now we introduce the following

Definition of Wick Polynomials. Given a polynomial P(xy,...,x,) of degree n and
a set of (jointly) Gaussian random variables &, ..., &, € F, the Wick polynomial
:P(&y,....&y): is the orthogonal projection of the random variable P(&y,. .., &)
to the above defined subspace .74, of the Hilbert space 7 .

It is clear that Wick polynomials of different degree are orthogonal. Given some
&1, &n € A define the subspaces %, (&1,...,En) C Hp,n=1,2,..., as the
set of all polynomials of the random variables &;,...,&, with degree less than or
equal to n. Let #%o(&1,...,En) = F4(E1,....En) = H, and 7, (E1,....En) =
Hen(Ery.o &) © Hep_1(&1,...,En). With the help of this notation we formulate
the following

Proposition 2.2. Ler P(x1,...,Xn) be a polynomial of degree n. Then the random
polynomial : P(&,...,&yn): equals the orthogonal projection of P(&,...,&y) to
I (81, Em)-

Proof of Proposition 2.2. Let : P(&y,...,&,): denote the projection of the random
polynomial P(&;,...,&,) to 74,(&1,...,&y). Obviously

P(é],---,ém)*:P(gl,...,ém)I ef%énfl(él;"'7§m)gjf§n71-
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Hence in order to prove Proposition 2.2 it is enough to show that for all n € J#%,,_;

E:P(&,....,6,): =0, (2.2)

since this means that : P(&;,...,&,): is the orthogonal projection of P(&,...,&,) €
e%én to %nfl.
Let €,&,... be an orthonormal system in .74, also orthonormal to &;,...,&,,

m oo .

andsuchthat &y, ..., &, €,8&,... formabasis in 4. If n = [] 51.[" 1 sf’ with such
=1 j=1

exponents /; and k; that }_/; +) k; <n— 1, then (2.2) holds for this random variable

1 because of the independence of the random variables &; and €;. Since the linear

combinations of such 7 are dense in %, formula (2.2) and Proposition (2.2) are
proved. a

Corollary 2.3. Let &y, ..., &, be an orthonormal system in 74, and let

P X], 5 X ZC/h dm® xj';n
be a homogeneous polynomial, i.e. let j| + - - - j,, = n with some fixed number n for
all sets (j1,...,jm) appearing in this summation. Then
P(glv" ) chl ~~~~~ JnHjy 61) jm(ém)'

In particular,
DE" =H,(E) iféesh, and EE? =1.

Remark. Although we have defined the Wick polynomial (of degree n) for all poly-
nomials P(&,...,&,) of degree n, we could have restricted our attention only
to homogeneous polynomials of degree n, since the contribution of each terms
c(jl,...jm)éll' --.Elm of the polynomial P(&y,...,&Ey) such that Iy +---+1, <n
has a zero contribution in the definition of the Wick polynomial : P(&y,...,&,): .

Proof of Corollary 2.3. Let the degree of the polynomial P be n. Then

gl’ 7 chl ----- 2Jm Jl ...Hjtrz(gm) 6’%%"*1(513"'7§m)7 (23)
since P(&1,...,xm) — chl ~~~~~ m “ (&1)---Hj,(&n) is a polynomial whose degree is
lessthann.Letnzé‘j1 o Zl<n—1 Then

=

ET]H]'](&I) jm ém HEé IH/, éz = 7
since [; < j; for at least one index i. Therefore

EnY cj...inHj (&) -Hj,(&m) = 0. (2.4)
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Since every element of J#,_(&;,...,&y,) can be written as the sum of such
elements 7, relation (2.4) holds for all n € 7#%,_1(&;,...,&x). Relations (2.3)
and (2.4) imply Corollary 2.3. a

The following statement is a simple consequence of the previous results.

Corollary 2.4. Let &1, &,, ... be an orthonormal basis in 7. Then the random vari-
ables Hj, (&1)---H;, (&), k=1,2,..., j1 +---+ jx = n, form a complete orthogonal
basis in 7.

Proof of Corollary 2.4. 1t follows from Corollary 2.3 that
Hj (&1)---Hj (&) =: lj' 5,!" €A, forallk=1,2,...

if ji 4+ --- 4 jx = n. These random variables are orthogonal, and all Wick polyno-

mials : P(&;,...,&,): of degree n of the random variables &;,&,, ... can be repre-
sented as the linear combination of such terms. Since these Wick polynomials are
dense in 77, this implies Corollary 2.4. a

The arguments of this chapter exploited heavily some properties of Gaussian
random variables. Namely, they exploited that the linear combinations of Gaussian
random variables are again Gaussian, and in Gaussian case orthogonality implies
independence. This means in particular, that the rotation of a standard normal vector
leaves its distribution invariant. We finish this chapter with an observation based on
these facts. This may illuminate the content of formula (2.1) from another point of
view. We shall not use the results of the subsequent considerations in the rest of this
work.

Let U be a unitary transformation over .. It can be extended to a unitary trans-
formation % over ¢ in a natural way. Fix an orthonormal basis &1,&;,... in 4,
and define 1 =1, 42/5/11 éjl,’z = (UE;,)"--- (UE;,)*. This transformation can
be extended to a linear transformation % over ¢ in a unique way. The trans-
formation % is norm preserving, since the joint distributions of (&;,,&;,,...) and
(UE;,,U¢;j,,...) coincide. Moreover, it is unitary, since U&;,U&,, ... . is an orthonor-
mal basis in J4. It is not difficult to see that if P(xy,...,x,) is an arbitrary polyno-
mial, and Ny, M2...,Nm € J4, then ZP(Ny,...,Mm) = P(UN,...,UNy). This re-
lation means in particular that the transformation %/ does not depend on the choice
of the basis in 7. If the transformations % and %, correspond to two unitary
transformations U; and U, on 7, then the transformation %% corresponds to
U, U,. The subspaces .77Z, and therefore the subspaces .7, remain invariant under
the transformations % .

The shift transformations of a stationary Gaussian field, and their extensions to
A are the most interesting examples for such unitary transformations U and % . In
the terminology of group representations the above facts can be formulated in the
following way: The mapping U — % is a group representation of U (.41 ) over ¢,
where U (./7) denotes the group of unitary transformations over /%] . Formula (2.1)
gives a decomposition of 77’ into orthogonal invariant subspaces of this representa-
tion.






Chapter 3
Random Spectral Measures

Some standard theorems of probability theory state that the correlation function
of a stationary random field can be expressed as the Fourier transform of a so-
called spectral measure. In this chapter we construct a random measure with the
help of these results, and express the random field itself as the Fourier transform
of this random measure in some sense. We restrict ourselves to the Gaussian case,
although most of the results in this chapter are valid for arbitrary stationary random
field with finite second moment if independence is replaced by orthogonality. In the
next chapter we define the multiple Wiener—Itd integrals with respect to this random
measure. In the definition of multiple stochastic integrals the Gaussian property will
be heavily exploited. First we recall two results about the spectral representation of
the covariance function.

Given a stationary Gaussian field X,,, n € Zy, or X(¢), ¢ € ., we shall assume
throughout the paper that EX,, = 0, EX> = 1 in the discrete and EX(¢) = 0 in the
generalized field case.

Theorem 3A. (Bochner.) Let X, n € Zy, be a discrete (Gaussian) stationary ran-
dom field. There exists a unique probability measure G on [—m, )" such that the
correlation function r(n) = EXoX, = EX;Xjin, n € Ly, k € Zy, can be written in
the form

r(n) :/ei(””c)G(dx)7 3.1
where (-,-) denotes scalar product. Further G(A) = G(—A) forall A € [—m, 7).
We can identify [—m, )" with the torus RV /277, . Thus e.g. —(—7,...,—7) =
(—m,...,—7).

Theorem 3B. (Bochner-Schwartz.) Let X(¢), ¢ € .7, be a generalized Gaussian
stationary random field over ¥ = .#,. There exists a unique o-finite measure G on
RY such that

EX(OX(y)= [p0)F(x)G(dx)  forallp.yes,  (2)

15
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where ~ denotes Fourier transform and~ complex conjugate. The measure G has the
properties G(A) = G(—A) for all A € ", and

/(1 +1x])7"G(dx) < e with an appropriate r > 0. (3.3)

Remark. The above formulated results are actually not the Bochner and Bochner—
Schwartz theorem in their original form, they are their consequences. In an Adjust-
ment to Chapter 3 I formulate the classical form of these theorems, and explain how
the above results follow from them.

The measure G appearing in Theorems 3A and 3B is called the spectral measure
of the stationary field. A measure G with the same properties as the measure G
in Theorem 3A or 3B will also be called a spectral measure. This terminology is
justified, since there exists a stationary random field with spectral measure G for all
such G.

Let us now consider a stationary Gaussian random field (discrete or general-
ized one) with spectral measure G. We shall denote the space L, ([—x,7)", 4",G)
or Lr(RY,%",G) simply by ch. Let 77 denote the real Hilbert space defined by
means of the stationary random field, as it was done in Chapter 2. Let Z{° denote
its complexification, i.e. the elements of .77 are of the form X +iY, X,Y € /7, and
the scalar product is defined as (X; +i¥1,X, +iY2) = EX| Xo + EV1Y, +i(EY1 X, —
EX;Y,). We are going to construct a unitary transformation / from L% to 7. We
shall define the random spectral measure via this transformation.

Let ¢ denote the Schwartz space of rapidly decreasing, smooth, complex val-
ued functions with the usual topology of the Schwartz space. (The elements of .7¢
are of the form @ + iy, @, v € ..) We make the following observation. The finite
linear combinations chei(”=") are dense in L2G in the discrete field, and the functions
@ € .7¢ are dense in Lé in the generalized field case. In the discrete field case this
follows from the Weierstrass approximation theorem, which states that all contin-
uous functions on [—7, )" can be approximated arbitrary well in the supremum
norm by trigonometrical polynomials. In the generalized field case let us first ob-
serve that the continuous functions with compact support are dense in Lé. We claim
that also the functions of the space & are dense in L2, where 9 denotes the class of
(complex valued) infinitely many times differentiable functions with compact sup-
port. Indeed, if ¢ € Z is real valued, @(x) > 0 for all x € RV, [@(x)dx =1, we
define ¢;(x) =@ (%), and f is a continuous function with compact support, then
f* @, — f uniformly as t — co. Here * denotes convolution. On the other hand,
f*@ € P forallt >0.Hence 2 C . is dense in L.

Finally we recall the following result from the theory of distributions. The map-
ping @ — @ is an invertible, bicontinuous transformation from .“ into .#“. In
particular, the set of functions ¢, ¢ € .7, is also dense in LZG.

Now we define the mapping

1(Lene™) =Y aX, (3.4)
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in the discrete field case, where the sum is finite, and

—~

Io+iy)=X(¢)+iX(y), ¢, ye.s (3.5)
in the generalized field case.
Obviously,
HZC,,@“””O ;G = chnfm/ei("*m)’xG(dx)
=YY crlnEXiXp = E|Y eaXo|?,
and

lo-+ivl}, = / (@) P(x) — i (x)F(x) + P (0)P(x) + ¥ (x) ¥ (x)] G( )
= EX()” —iEX (@)X (y)+iEX(y)X(9)+EX(y)*
= E(X(@)+iX(y)])*.

This means that the mapping / from a linear subspace of L%; to £ is norm preserv-
ing. Besides, the subspace where I was defined is dense in L2, since the space of
continuous functions is dense in LZG if G is a finite measure on the torus R /277,
and the space of continuous functions with a compact support is dense in L (R") if
the measure G satisfies relation (3.3). Hence the mapping / can be uniquely ex-
tended to a norm preserving transformation from L%; to 7. Since the random
variables X, or X(¢) are obtained as the image of some element from Lé un-
der this transformation, 7 is a unitary transformation from L% to J4°. A unitary
transformation preserves not only the norm, but also the scalar product. Hence
[ f(0)g(x)G(dx) = EI(f)I(g) for all f, g € LE,.

Now we define the random spectral measure Zg(A) for all A € Y such that
G(A) < oo by the formula

ZG(A) =1(xa),

where x4 denotes the indicator function of the set A. It is clear that

(i) The random variables Zg(A) are complex valued, jointly Gaussian random
variables. (The random variables Re Z;(A) and Im Zg(A) with possibly different
sets A are jointly Gaussian.)

(i) EZg(A) =0,

(ili) EZg(A)Zg(B) = G(ANB),

n n
iv) Y Zg(A))=Zg ( U Aj> ifAy,...,A, are disjoint sets.
j=1 j=1

Also the following relation holds.
V) Zg(A) =Zs(—A).
This follows from the relation

) I(f)=I(f-) forall f € L%, where f_(x) = f(—x).
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Relation (v') can be simply checked if f is a finite trigonometrical polynomial
in the discrete field case, or if f = @, ¢ € .7¢, in the generalized field case. (In
the case f = @, ¢ € /¢, the following argument works. Put f(x) = @; (x) + i®>(x)
with @1, ¢, € 7. Then I(f) = X(¢1) +iX(@2), and f_(x) = @1 (—x) —iPo(—x) =
$1(x) +i(—@2(x). hence I(f-) = X (1) +iX (— ¢2) = X (¢1) — X (¢2) = I(f).) Then
a simple limiting procedure implies (v') in the general case. Relation (iii) follows
from the identity EZG(A)Zg(B) = EI(xa)I(x5) = [ xa(x)x5(x)G(dx) = G(ANB).
The remaining properties of Zg(-) are simple consequences of the definition.

Remark. Property (iv) could have been omitted from the definition of random spec-
tral measures, since it follows from property (iii). To show this it is enough to check
thatif Ay,...,A, are disjoint sets, and property (iii) holds, then

E (g Zoih)) 76 (U A,.>> (z Zalhy) 7 (U A,.)) o

Now we introduce the following

Definition of Random Spectral Measure. Let G be a spectral measure. A set of
random variables Zg(A), G(A) < oo, satisfying (i)—(v) is called a (Gaussian) random
spectral measure corresponding to the spectral measure G.

Given a Gaussian random spectral measure Zg corresponding to a spectral mea-
sure G we define the (one-fold) stochastic integral [ f(x)Zg(dx) for an appro-
priate class of functions f. Let us first consider simple functions of the form
f(x) = X cixa, (x), where the sum is finite, and G(A;) < oo for all indices i. In this
case we define

/ F(0)Zo(dx) = ¥ ciZa(Ay).

Then we have

2
E’ / F)Zo(dn)| =Y ciciG(AiNA;) = / fW[G(dy). (3.6

Since the simple functions are dense in L2, relation (3.6) enables us to define
[ f(x)Zg(dx) for all f € LZ via Ly-continuity. It can be seen that this integral satis-
fies the identity

E [ 10)Z6(dx) [ s0Za(dx) = [ £(x)s6)G(a) (¢

for all pairs of functions f,g € L%;. Moreover, similar approximation with simple
functions yields that

[ 0zatdn) = [ F=)zo(ay @8
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for a function f € L. Here we exploit the identity Zg(A) = Zg(—A) formulated in
property (v) of the random spectral measure Zg.

The last two identities together with the relations (3.1) and (3.2) imply that if we
define the set of random variables X,, and X (¢) by means of the formula

X, = / dIZ6(dx), ne Ly, (3.9)

and

X(9) = [9WZo(dr), g7, (3.10)

where we integrate with respect to the random spectral measure Zg, then we get
a Gaussian stationary random discrete and generalized field with spectral mea-
sure G, i.e. with correlation function given in formulas (3.1) and (3.2). To check
this statement first we have to show that the random variables X,, and X (¢) defined
in (3.9) and (3.10) are real valued, or equivalently saying the identities X, = X,

and X(¢) = X(¢@) hold with probability 1. This follows from relation (3.8) and
the identities e/ = ¢(in=%) and @(x) = ¢(—x) for a (real valued) function
@ € .. Then we can calculate the correlation functions EX,X,, = EX,X,, and
EX(¢)X(y) = EX(¢)X(y) by means of formula (3.7), (3.9) and (3.10).

We also have

/ f(x)Zg(dx) =1(f) forall f e L%

if we consider the previously defined mapping (1) with the stationary random fields
defined in (3.9) and (3.10). Now we formulate the following

Theorem 3.1. For a stationary Gaussian random field (a discrete or generalized
one) with a spectral measure G there exists a unique Gaussian random spectral
measure Zg corresponding to the spectral measure G on the same probability space
as the Gaussian random field such that relation (3.9) or (3.10) holds in the discrete
or generalized field case respectively.

Furthermore

PB(Xn, n € Zy) in the discrete field case,
BX (@), ¢ € .7) in the generalized field case.
G.11)

#(26l), 6(4) <) = {

If a stationary Gaussian random field X,,, n € Zy, or X(¢), ¢ € ., and a random
spectral measure Zg satisfy relation (3.9) or (3.10), then we say that this random
spectral measure is adapted to this Gaussian random field.

Proof of Theorem 3.1. Given a stationary Gaussian random field (discrete or station-
ary one) with a spectral measure G, we have constructed a random spectral measure
Z¢ corresponding to the spectral measure G. Moreover, the random integrals given
in formulas (3.9) or (3.10) define the original stationary random field. Since all
random variables Zg(A) are measurable with respect to the original random field,
relation (3.9) or (3.10) implies (3.11).
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To prove the uniqueness, it is enough to observe that because of the linearity and
L, continuity of stochastic integrals relation (3.9) or (3.10) implies that

Z6(4) = [ 200Za(d) = 1)

for a Gaussian random spectral measure corresponding to the spectral measure G
appearing in Theorem 3.1. a

Finally we list some additional properties of Gaussian random spectral measures.

(vi) The random variables ReZg(A) are independent of the random variables
ImZG (A)

(vii)  The random variables of the form Zg(A U (—A)) are real valued. If the sets
AU (—A)),..., Ay U(—A,) are disjoint, then the random variables Zg(A}).. ..,
Zi(Ap) are independent.

(viii)  The relations ReZg(—A) = ReZg(A) and ImZg(—A) = —ImZ(A) hold,
andif AN (—A) = 0, then the (Gaussian) random variables Re Z5(A) and ImZ(A)
are independent with expectation zero and variance G(A)/2.

These properties easily follow from (i)-(v). Since Zg(-) are complex valued
Gaussian random variables, to prove the above formulated independence it is
enough to show that the real and imaginary parts are uncorrelated. We show, as
an example, the proof of (vi).

EReZ6(A)mZo(B) = 1-E(Zo(A) + Zo(A)) (Za(B) ~ Zo(B))

= LE(Z6(A) + Z6(~A))Zo(~B) - Zo(B))

4i
1 1
= LGAN(-B) ~ £G(ANB)
+1G((-A)N(-B) ~ £G((~A)NB) =0

for all pairs of sets A and B such that G(A) < e, G(B) < oo, since G(D) = G(—D)
for all D € Y. The fact that Zg(AU (—A)) is real valued random variable, and the
relations ReZg(—A) = ReZg(A), ImZg(—A) = —ImZ;(A) under the conditions
of (viii) follow directly from (v). The remaining statements of (vii) and (viii) can be
proved similarly to (vi) only the calculations are simpler in this case.

The properties of the random spectral measure Zg listed above imply in particular
that the spectral measure G determines the joint distribution of the corresponding
random variables Zg(B), B € %"
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3.1 On the Spectral Representation of the Covariance Function
of Stationary Random Fields

The results formulated under the name of Bochner and Bochner—Schwartz theorem
(I write this, because actually I presented not these theorems but an important con-
sequence of them) have the following content. Given a finite, even measure G on
the torus RY /277, one can define a (Gaussian) discrete stationary field with corre-
lation function satisfying (3.1) with this measure G. For an even measure G on RY
satisfying (3.3) there exists a (Gaussian) generalized stationary field with correlation
function defined in formula (3.2) with this measure G. The Bochner and Bochner—
Schwartz theorems state that the correlation function of all (Gaussian) discrete sta-
tionary fields, respectively of all stationary generalized fields can be represented in
such a way. Let us explain this in more detail.
First I formulate the following

Proposition 3C. Let G be a finite measure on the torus R [2nZ,, such that G(A) =
G(—A) for all measurable sets A. Then there exists a Gaussian discrete stationary
random field X,, n € Zy, with expectation zero such that its correlation function
r(n) = EXiXiyn, 0,k € Ly, is given by formula (3.1) with this measure G.

Let G be a measure on R satisfying (3.3) and such that G(A) = G(—A) for all
measurable sets A. Then there exists a Gaussian stationary generalized random field
X(9), ¢ € .7, with expectation EX (@) = 0 for all ¢ € .7 such that its covariance
Sunction EX(@0)X (), 0,y € .7, satisfies formula (3.2) with this measure G.

Moreover, the correlation function r(n) or EX(Q)X(W), ¢,y € ., determines
the measure G uniquely.

Proof of Proposition 3C. By Kolmogorov’s theorem about the existence of ran-
dom processes with consistent finite dimensional distributions it is enough to prove
the following statement to show the existence of the Gaussian discrete stationary
field with the demanded properties. For any points ny,...,n, € Zy there exists a
Gaussian random vector (X, ,...,X,,) with expectation zero and covariance ma-
trix EXy; Xy, = r(nj —ny). (Observe that the function r(n) is real valued, r(n) =
r(—n), because of the evenness of the spectral measure G.) Hence it is enough to
check that the corresponding matrix is positive definite, i.e. Y cjcxr(nj—ng) >0
Jok
for all real vectors (ci,...,cp). This relation holds, because Y cjcir(nj —ng) =
ik
[1Xc;ei)|>G(dx) > 0 by formula (3.1).
J

It can be proved similarly that in the generalized field case there exists a
Gaussian random field with expectation zero whose covariance function satis-
fies formula (3.2). (Let us observe that the relation G(A) = G(—A) implies that
EX(¢)X(y) is a real number for all ¢, y € ., since EX ()X (y) = EX(@)X(y)
in this case. In the proof of this identity we exploit that f(x) = f(—x) for a real val-
ued function f.) We also have to show that a random field with such a distribution
is a generalized field, i.e. it satisfies properties (a) and (b) given in the definition of
generalized fields.
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It is not difficult to show that if ¢, — ¢ in the topology of the space .7, then
E[X(¢n) = X(9)]* = [@a(x) — (x)|?G(dx) — 0 as n — e, hence property (b)
holds. (Here we exploit that the transformation ¢ — ¢ is bicontinuous in the
space .#.) Property (a) also holds, because, as it is not difficult to check with the
help of formula (3.2),

ElaiX(¢1) +axX(2) — X (@(a191 + a22))?
—_~ 2
— [ |10+ @2pa() ~ (@191 Fa2) (5)| Gaix) =o0.

It is clear that the Gaussian random field constructed in such a way is stationary.
Finally, as we have seen in our considerations in the main text, the correlation
function determines the integral [ f(x) G(dx) for all continuous functions f with a
bounded support, hence it also determines the measure G. a

The Bochner and Bochner—Schwartz theorems enable us to show that the cor-
relation function of all stationary (Gaussian) random fields (discrete or generalized
one) can be represented in the above way with an appropriate spectral measure G.
To see this let us formulate these results in their original form.

To formulate Bochner’s theorem first we introduce the following notion.

Definition of Positive Definite Functions. Ler f(x) be a (complex valued) func-
tion on Zy (or on RY). We say that f(-) is a positive definite function if for all

parameters p, complex numbers ci,...,cp and points X1, ...,xp in Zy (or in R¥) the
inequality
p P
Z Z ciCrf(xj—x¢) >0
j=lk=1
holds.

A simple example for positive definite functions is the function f(x) = &),
where ¢ € Z,, in the discrete, and r € RV in the continuous case. Bochner’s theorem
provides a complete description of positive definite functions.

Bochner’s Theorem. (Its Original Form.) A complex valued function f(x) de-
fined on Zy is positive definite if and only if it can be written in the form f(x) =
[ "G (dx) for all x € Z, with a finite measure G on the torus R” /2nZy. The
measure G is uniquely determined.

A complex valued function f(x) defined on R" is positive deﬁmte and continuous
at the origin if and only if it can be written in the form f(x) = [ €Y G(dx) for all
x € RY with a finite measure G on RY. The measure G is uniquely determined.

It is not difficult to see that the covariance function r(n) = EX; Xy, (EX, = 0),
k,n € Zy, of a stationary (Gaussian) random field X, is a positive definite func-
tion, since Y. ¢;cr(nj —ni) = E| L ¢;jX,y;|* > 0 for any vector (cy,...,c,). Hence

Jk J
Bochner’s theorem can be applied for it. Besides, the relation r(n) = r(—n) together

with the uniqueness of the measure G appearing in Bochner’s theorem imply that
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the identity G(A) = G(—A) holds for all measurable sets G. This implies the result
formulated in the main text under the name Bochner’s theorem.

The Bochner-Schwartz theorem yields an analogous representation of positive
definite generalized functions in .’ as the Fourier transforms of positive general-
ized functions in .. It also states a similar result about generalized functions in the
space 2'. To formulate it we have to introduce some definitions. First we have to
clarify what a positive generalized function is. We introduce this notion both in the
space .’ and 2, and then we characterize them in a Theorem.

Definition of Positive Generalized Functions. A continuous linear functional F €
S (or F € 9') is called a positive generalized function if for all such ¢ € . (or
¢ € ) test functions for which @(x) > 0 for all x € R¥ (F, @) > 0.

Theorem About the Representation of Positive Generalized Functions. All pos-
itive generalized functions F € %' can be given in the form (F,@) = [ @(x)u(dx),
where [ is a polynomially increasing measure on RV, i.e. it satisfies the relation
J(1+1x>)"Pu(dx) < oo with some p > 0. Similarly, all positive generalized func-
tions in 9’ can be given in the form (F,9) = [ @(x)u(dx) with such a measure |1
on RV which is finite in all bounded regions. The positive generalized function F
uniquely determines the measure [l in both cases.

We also introduce a rather technical notion and formulate a result about it. Let us
remark that if ¢ € . and y € ., then also their product @y € .7, In particular,
0p = ||* € 7 if ¢ € .7¢. The analogous result also holds in the space 2.

Definition of Multiplicatively Positive Generalized Functions. A generalized
function F € " (or F € 9') is multiplicatively positive if (F,p®) = (F,|@|?) >0
forall € 7 (orin @ € 9).

Theorem About the Characterization of Multiplicatively Positive Generalized
Functions. A generalized function F € /' (or F € 2') is multiplicatively positive
if and only if it is positive.

Now I introduce the definition of positive definite generalized functions.

Definition of Positive Definite Generalized Functions. A generalized function F €
" (or F € 2') is positive definite if (F,@ x ¢*) > 0 for all ¢ € .7° (of ¢ € ),
where ¢@*(x) = ¢(—x), and * denotes convolution, i.e. @ @*(x) = [ @(t)Q(t — x) dr.

We refer to [16] for an explanation why this definition of positive definite gen-
eralized functions is natural. Let us remark that if ¢,y € .7, then @ x y € .7¢,
and the analogous result holds in &. The original version of the Bochner—Schwartz
theorem has the following form.

Bochner-Schwartz Theorem. (Its Original Form.) Let F be a positive definite
generalized function in the space . (or 9'). Then it is the Fourier transform of
a polynomially increasing measure [L on R", i.e. the identity (F,@) = [ ®(x)u(dx)
holds for all ¢ € 7 (or ¢ € D) with a measure | that satisfies the relation [(1+
|x|2) P u(dx) < oo with an appropriate p > 0. The generalized function F uniquely
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determines the measure . On the other hand, if U is a polynomially increasing
measure on RY, then the formula (F,@) = [ @(x)u(dx) with ¢ € .7 (or ¢ € P)
defines a positive definite generalized function F in the space . (or 9').

Remark. 1t is a remarkable and surprising fact that the class of positive definite gen-
eralized functions are represented by the same class of measures g in the spaces .7’
and 2’'. (In the representation of positive generalized functions the class of mea-
sures u considered in the case of 2’ is much larger, than in the case of .%”.) Let us
remark that in the representation of the positive definite generalized functions in &’
the function ¢ we integrate is not in the class Z, but in the space 2 consisting of
the Fourier transforms of the functions in 2.

It is relatively simple to prove the representation of positive definite general-
ized functions given in the Bochner-Schwartz theorem for the class .. Some
calculation shows that if F is a positive definite generalized function, then its
Fourier transform is a multiplicatively positive generalized function. Indeed, since
the Fourier transform of the convolution ¢ * y(x) equals ¢(¢)(¢), and the Fourier
transform of @*(x) = @(—x) equals ¢(¢), the Fourier transform of ¢ % ¢*(x) equals
@(t)P(t). Hence the positive definitiveness property of the generalized function F
and the definition of the Fourier transform of generalized functions imply that
(F,pp) = (2m)V(F,@ * ¢*) > 0 for all ¢ € 7. Since every function of .7¢ is
the Fourier transform ¢ of some function ¢ € .#¢ this implies that F is a mul-
tiplicatively positive and as a consequence a positive generalized function in .%.
Such generalized functions have a good representation with the help of a polynomi-
ally increasing positive measure y. Since (F, @) = (27) Y (F, @) it is not difficult
to prove the Bochner-Schwartz theorem for the space " with the help of this fact.
The proof is much harder if the space 2’ is considered, but we do not need that
result.

The Bochner—Schwartz theorem in itself is not sufficient to describe the cor-
relation function of a generalized random field. We still need another important
result of Laurent Schwartz which gives useful information about the behaviour of
(Hermitian) bilinear functionals in .¥’“ and some additional information about the
behaviour of translation invariant (Hermitian) bilinear functionals in this space. To
formulate these results first we introduce the following definition.

Definition of Hermitian Bilinear and Translation Invariant Hermitian Bilinear
Functionals in the Space .7¢. A function B(Q, V), ¢,y € ¥, is a Hermitian bi-
linear functional in the space /° if for all fixed y € ¢ B(Q, V) is a continuous
linear functional of the variable ¢ in the topology of ., and for all fixed ¢ € S
B(@,y) is a continuous linear functional of the variable y in the topology of /€.

A Hermitian bilinear functional B(@,y) in . is translation invariant if it does
not change by a simultaneous shift of its variables ¢ and v, i.e. if B(¢(x), y(x)) =
B(o(x—h),y(x—h)) forall h € R".

Definition of Positive Definite Hermitian Bilinear Functionals. We say that a
Hermitian bilinear functional B(Q,y) in /¢ is positive definite if B(@,®) > 0 for
all p € .7¢.
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The next result characterizes the Hermitian bilinear and translation invariant Her-
mitian bilinear functionals in .¢.

Theorem 3D. All Hermitian bilinear functionals B(¢, W) in . can be given in
the form B(@,y) = (F1,0x)y(y)), @,y € /€, where F is a continuous linear
functional on .7 x ¢, i.e. it is a generalized function in .%5,,’.

A translation invariant Hermitian bilinear functional in ¢ can be given in the
form B(Q,y) = (F,o*xy*), @,y € .S, where F € ., y*(x) = Y(—x), and *
denotes convolution.

The Hermitian bilinear form B(@, ) determines the generalized functions Fj
uniquely, and if it is translation invariant, then the same can be told about the gen-
eralized function F. Besides, for all functionals F\ € 575, and F € ' the above
formulas define a Hermitian bilinear functional and a translation invariant Hermi-
tian bilinear functional in .7 respectively.

Let us consider a Gaussian generalized random field X (¢), ¢ € ., with expec-
tation zero together with its correlation function B(@,w) = EX@)X (y), @,y € 7.
More precisely, let us consider the complexification X (@1 +i@2) = X (¢1) +iX (¢2)
of this random field and its correlation function B(¢, y) = EX (@)X (y), ¢,y € ./°.
This correlation function B(@, ) is a translation invariant Hermitian bilinear func-
tional in ¢, hence it can be written in the form B(@,y) = (F,¢ * y*) with an
appropriate F € .. Moreover, B(@, ) > 0 for all ¢ € ., and this means that the
generalized function F € .’ corresponding to B(¢, ) is positive definite. Hence
the Bochner—Schwartz theorem can be applied for it, and it yields that

EX(©)X(¥) = [ 9w (0)G(dx) = [ p()¥(x)G(dx) forall g, y € 7

with a uniquely determined, polynomially increasing measure G on RY. Now we
complete the proof of Theorem 3B with the help of these results.

Proof of Theorem 3B. We have already proved relations (3.2) and (3.3) with the help
of some results about generalized functions. To complete the proof of Theorem 3B
we still have to show that G is an even measure. In the proof of this statement we
exploit that for a real valued function ¢ € .# the random variable X () is also real
valued. Hence if ¢,y € .7, then EX(¢)X (w) = EX(¢)X(y). Besides, ¢(—x) =

@(x) and W¥(—x) = ¥(x) in this case. Hence

forall @,y € .7, where G (A) = G(—A) for all A € 8" This relation implies that
the measures G and G~ agree. The proof of Theorem 3B is completed. a






Chapter 4
Multiple Wiener-Ito6 Integrals

In this chapter we define the so-called multiple Wiener—It6 integrals, and we prove
their most important properties with the help of Itd’s formula, whose proof is post-
poned to the next chapter. More precisely, we discuss in this chapter a modified
version of the Wiener—It6 integrals with respect to a random spectral measure rather
than with respect to a random measure with independent increments. This modi-
fication makes it necessary to slightly change the definition of the integral. This
modified Wiener—It0 integral seems to be a more useful tool than the original one or
the Wick polynomials in the study of the problems in this work, because it enables
us to describe the action of shift transformations.

Let G be the spectral measure of a stationary Gaussian field (discrete or gener-
alized one). We define the following real Hilbert spaces %Zél and %, n=12,....
We have f, € 2 if and only if f, = fu(x1,...,x,), x; €RY, j=1,2,...,n,isa
complex valued function of n variables, and

(a) f;l(*xla"'afxn):fn(xlv"';xn)s
(b) ”fn”2 =/ |fn(x17«-->xn)|2G(dX1) ..G(dxy) < oo,

Relation (b) also defines the norm in #%. The subspace /2 C / contains
those functions f, € 2 which are invariant under permutations of their arguments,

ie.

©  falxz(1ys-- - Xz@m)) = falx1,...,x,) for all & € IT,, where II, denotes the
group of all permutations of the set {1,2,...,n}.

The norm in :}fé’ is defined in the same way as in %%’ Moreover, the scalar
product is also similarly defined, namely if f, g € JZ7, then

(£.0) = [ 1, m)glon, ) Gldx) .. Gl

:/f(xl,...,xn)g(—xl,...,—xn)G(dxl)...G(dx,,).

27
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Because of the symmetry G(A) = G(—A) of the spectral measure (f,g) = (f,g),
i.e. the scalar product (f,g) is a real number for all f, g € j?é‘ This means that
%ZG” is a real Hilbert space. We also define 29 = L%ZGO as the space of real constants
with the norm ||c|| = |c|. We remark that JZ is actually the n-fold direct product
of %”Gl while J2! is the n-fold symmetrical direct product of %”Gl Condition (a)
means heuristically that f;, is the Fourier transform of a real valued function.
Finally we define the so-called Fock space Exp .77 whose elements are se-
quences of functions f = (fo, f1,...), fu € #¢ foralln=0,1,2,..., such that

=

1
AP =}, Il <

n=0

Given a function f € 2 we define Sym f as
1
Sym f(x1,...,%,) = ] Y FCra) X))

Clearly, Sym f € s, and
[Sym fI| < [I£1]- 4.1

Let Z; be a Gaussian random spectral measure corresponding to the spectral
measure G on a probability space (Q2,.<7,P). We shall define the n-fold Wiener-Itd
integrals

1 _
o(f) = - / Ful61s 5 Za(dxy) .. Zo(dxy) - for f, € S

and

IG(f) = iIG(fn) for f = (f(),fl,...) € Exp 7.
n=0

We shall see that I(f,) = I(Sym f,,) for all f, € %_”G” Therefore, it would have
been sufficient to define the Wiener—Itd integral only for functions in J7%. Nev-
ertheless, some arguments become simpler if we work in 7. In the definition of
Wiener-It6 integrals first we restrict ourselves to the case when the spectral measure
is non-atomic, i.e. G({x}) = 0 for all x € R". This condition is satisfied in all inter-
esting cases. However, we shall later show how one can get rid of this restriction.

First we introduce the notion of regular systems for some collections of subsets
of RY, define a subclass 7 C 72 of simple functions with their help, and define
the Wiener-Ito integrals for the functions of this subclass.

Definition of Regular Systems and the Class of Simple Functions. Let
2 ={4A;, j==%1,£2,...,£N}

be a finite collection of bounded, measurable sets in R" indexed by the integers
£1,...,£N. We say that 2 is a regular system if Aj = —A_j, and A;NA; =0 if
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j# L forall j,l =41,£2,...,£N. A function [ € %’?G” is adapted to this system
D if f(x1,...,Xn) is constant on the sets Aj, x Aj, X --- x A, ji==+l,...,£N,
[=1,2,...,n, it vanishes outside these sets and also on those sets of the form A;, X
Aj, x---x A}, for which j; = :tjllforSf)me 1#£1.

A function f € j‘fé‘ is in the class %”G" of simple functions, and a (symmetric)
Sfunction f € HL is in the class f%%" of simple symmetric functions if it is adapted
to some regular system 9 = {A;, j==*1,...,=N}.

Definition of Wiener-It6 Integral of Simple Functions. Let a simple function f €

;fg’ be adapted to some regular systems 9 = {A;, j*£1,...,£N}. Its Wiener-Ito
integral with respect to the random spectral measure Zg is defined as

[ fensm)Zatdn) . Zo(dw) “2)
=nll(f)= Y, [, x)Z6(4)) - Z(4),),
ey

where xj, € A, ji==*1,...,£N,[=1,...,n

We remark that although the regular system & to which f is adapted, is not
uniquely determined (the elements of & can be divided to smaller sets), the in-
tegral defined in (4.2) is meaningful, i.e. it does not depend on the choice of Z.
This can be seen by observing that a refinement of a regular system & to which
the function f is adapted yields the same value for the sum defining n!lz(f) in
formula (4.2) as the original one. This follows from the additivity of the random
spectral measure Zg formulated in its property (iv), since this implies that each
term f(xj,,...,x;,)ZG(4;},)---Zg(4j,) in the sum at the right-hand side of for-
mula (4.2) corresponding to the original regular system equals the sum of all such
terms f(xj,,...,xj,)Zg(A ;; ) Zg(A j’;,) in the sum corresponding to the refined par-
tition for which A;.,l XX Ay CAj XX A,

By property (vii) of the random spectral measures all products

Z6(4j,) - Zc(A;,)

with non-zero coefficient in (4.2) are products of independent random variables.
We had this property in mind when requiring the condition that the function f van-
ishes on a product Aj, x --- x A; if j, = £y for some [ # I'. This condition is
interpreted in the literature as discarding the hyperplanes x; = x; and x; = —xp,
1,I'=1,2,...,n,1 #1, from the domain of integration. (Let us observe that in this
case, — unlike to the definition of the original Wiener—It6 integrals discussed in
Chapter 7, — we omitted also the hyperplanes x; = —x; and not only the hyper-
planes x; = x;/, [ # I, from the domain of integration.) Property (a) of the functions
in 7% and property (v) of the random spectral measures imply that I (f) = IG(f).

i.e. I(f) is a real valued random variable for all f € 7. The relation
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ElG(f) =0, forfejﬁfé‘, n=1,2,... (4.3)
also holds. Let /72 = ) ﬂfi’”é‘. If fe ;fé’, then Sym f € #, and

I6(f) = Ig(Sym f). (4.4)

Relation (4.4) follows immediately from the observation that Zg(A;,)---Zg(4;,) =
Z6(An(jy)) - - Z6(Agyj,) for all T € IT,. We also claim that

1 2
Elg(f)* < 2 lIfI - for f e g, (4.5)
and |
Elg(f)* = SIfI* for [ e g (4.6)

More generally, we claim that

1 1 -
ElG(f)Ig(h) = H(f,g) = ;/f(xl,---,xn)g(xl,---,xn)G(dx1)~--G(dxn)
for f,g € A0 4.7

Because of (4.1) and (4.4) it is enough to check (4.7).
Let 2 be a regular system of sets in R, ji,..., j, and ki, ...k, be indices such
that j; # +jp, k; # Lkp if 1 # !'. Then

EZG(Aj) - Zg(4),)Z6(Ax ) - Z6(Ar,)

_ G<A/1)G(Ajn> if {j17"'7j71}:{k17"'akn}7
0 otherwise.

To see the last relation one has to observe that the product on the left-hand
side can be written as a product of independent random variables because of prop-
erty (vii) of the random spectral measures. If {ji,..., j,} # {ki,...,k,}, then there
is an index [ such that either j; # 4ky for all 1 <[’ < n, or there exists an index
', 1 <1' <n, such that j, = —kp. In the first case Zg(4j,) is independent of the
remaining coordinates of the vector (Zg(4,,),...,Z6(4;,),Z6(Ax,),- -, Z6(Ax,))s
and EZg(Aj,) = 0. Hence the expectation of the investigated product equals zero,
as we claimed. If j; = —ky with some index /', then a different argument is needed,
since Zg(A),) and Zg(—A},) are not independent. In this case we can state that since
Jp#Ejif p#1L and kg # £ if g # I, the vector (Z(A),),Zg(—A},)) is indepen-
dent of the remaining coordinates of the above random vector. On the other hand,
the product Zg(Aj,)Zg(—A;,) has zero expectation, since EZg(Aj,)Zg(—A4;,) =
G(Aj,N(—A4j,)) = 0 by property (iii) of the random spectral measures and the rela-
tion A;, N (—A;,) = 0. Hence the expectation of the considered product equals zero
also in this case. If {ji,..., jn} = {ki,...,kn}, then
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EZG(Aj)+Z6(Aj,)Z6(Ax) -+ Zo(Ar,) HEZG A;)Z(Aj) =16(4;).
1=

Therefore for two functions f,g € ji%" we may assume that they are adapted to
the same regular system & = {A;, j = £1,...,£N}, and

Elo(F)lo(s) = Elo(NTa(s) ( ) ) 3D M T T8 P oy
EZG(A}) -+ Z6(4,,)Z6(Ak) -+ Z6(Ax,)

< ) Zf Xjpsee s X, )8(Xjp X5, )G(A),) - G(A;,) - n!

= [ xR G ) - Gldn) = ().

We claim that Wiener—It6 integrals of different order are uncorrelated. More ex-
plicitly, take two functions f € J#2 and f € " such that n # n'. Then we have

Elg(Alg(f)=0 if fe A", f e, and n#n. (4.8)

To see this relation observe that a regular system & can be chosen is such a way that
both f and f’ are adapted to it. Then a similar, but simpler argument as the previous
one shows that

EZG(Aj) - Zg(A),)Z6(Ak ) - Z6(Ax, ) =0

for all sets of indices {ji,...,j,} and {ki,...,k, } if n # n’, hence the sum express-
ing El(f)Ic(f’) in this case equals zero.

We extend the definition of Wiener—Ito integrals to a more general class of kernel
functions with the help of the following Lemma 4.1. This is a simple result, but
unfortunately it contains several small technical details, and this makes its reading
unpleasant.

Lemma 4.1. The class of simple functions jfc" is dense in the (real) Hilbert space

%ZC?, and the class of symmetric simple function %A”C? is dense in the (real) Hilbert
space L.

Proof of Lemma 4.1. 1t is enough to show that %”é’ is dense in the Hilbert space /7%,
since the second statement of the lemma follows from it by a standard symmetriza-
tion procedure.

First we reduce the result of Lemma 4.1 to a Statement A and then to a State-
ment B. Finally we prove Statement B. In Statement A we claim that the indicator
function y4 of a bounded set A € " such that A = —A can be well approximated

by a function of the form g = yp € /%, where yg is the indicator function of an ap-
propriate set B. Actually we formulate this statement in a more complicated form,
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because only in such a way can we reduce the statement about the good approx-
imability of a general, possibly complex valued function f € JZ7 by a function in

g€ jfg to Statement A.

Statement A. Let A € 2" be a boPnded, symmetric set, i.e. let A = —A. Then for
any € > 0 there is a function g € . such that g = x with some set B € 2", i.e.
g is the indicator function of a set B such that the inequality ||g — xa|| < € holds with
the norm of the space %2(;1 (Here x4 denotes the indicator function of the set A, and
we have x4 € H#7.)

If x4 € 2%, and Ay is such a set for which the set A can be written in the form
A=A;U(—A)), and the sets A; and —A; have a positive distance from each other,

ie. p(A,—Ay) = XeAlir}lygiAlp(x,y) > §, with some 0 > 0, where p denotes the

Euclidean distance in R"V, then a good approximation of y4 can be given with such
a function g = ¥py(_p) € %_’g‘ for which the sets B and —B are separated from
each other, and the set B is close to Aj. More explicitly, for all € > 0 there is a
set B € 2" such that B C Af/z ={x: p(x,A1) < g}, 8 = Xpu(—p) € H(, and
G"(A1AB) < % Here AAB denotes the symmetric difference of the sets A and B,
and G”" is the n-fold direct product of the spectral measure G on the space R"™. (The
above properties of the set B imply that the function g = ¥, p) € %_”é’ satisfies the
relation ||g — xall < €.)

To justify the reduction of Lemma 4.1 to Statement A let us observe that if two
functions f| € % and f> € S} can be arbitrarily well approximated by functions

from ffé’ in the norm of this space, then the same relation holds for any linear
combination ¢y f1 + ca f> with real cos:fﬁcients c1 and c;. (If the functions f; are ap-
proximated by some functions g; € jfé’, i = 1,2, then we may assume, by applying
some refinement of the partitions if it is necessary, that the approximating func-
tions g1 and g, are adapted to the same regular partition.) Hence the proof abAout the
arbitrarily good approximability of a function f € %ZG" by functions g € %’6” can
be reduced to the proof about the arbitrarily good approximability of its real part
Re f € /7 and its imaginary part Im f € JZ%. Moreover, since the real part and
imaginary part of the function f can be arbitrarily well approximated by such real
or imaginary valued functions from the space JfG” which take only finitely many
values, the desired approximation result can be reduced to the case when f is the
indicator function of a set A € %" such that A = —A (if f is real valued), or it
takes three values, the value i on a set A| € A", the value —i on the set —A, and
it equals zero on R" \ (A U(—A})) (if f is purely imaginary valued). Besides, the
inequalities G"(A) < oo and G"(A) < o hold. We may even assume that A and A
are bounded sets, because G"(A) = Iggr:o G"(AN[—K,K]"), and the same argument

applies for Aj.
Statement A immediately implies the desired approximation result in the first case
when f is the indicator function of a set A such that A = —A. In the second case,

when such a function f is considered that takes the values +i and zero, observe that
the sets Ay = {x: f(x) =i} and —A; = {x: f(x) = —i} are disjoint. Moreover,
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we may assume that they have positive distance from each other, because there are
such compact sets Ky C A;, N =1,2,..., for which Al/igl’G”(A \ (KyU(—Kn)) =0,
and the two disjoint compact sets Ky and —Ky have positive distance. This en-
ables us to restrict our attention to the approximation of such functions f for which
Ay ={x: f(x) =i} =Ky, —A; = {x: f(x) = —i} = —Ky with one of the above
defined sets Ky with a sufficiently large index N, and the function f disappears on
the complement of the set A; U (—A;). To get a good approximation in this case,
take A; = Ky and apply the second part of Statement A for the indicator func-
tion Y4 = Xkyu(—ky) With the choice A} = Ky. We get that there exists a function

8= Xpu(-B) € %_”é’ such that B C A(f/ % with a number & > 0 for which the rela-
tion p(Ky,—Ky) > 6 holds, and G"(A; AB) < §. Then we define with the help of
the above set B the function g € /' as g(x) =iif x € B, §(x) = —iif x€ —B
and g(x) = 0 otherwise. The definition of the function g(-) is meaningful, since
BN (—B) =0, and it yields a sufficiently good approximation of the function f(-).

In the next step we reduce the proof of Statement A to the proof of a result called
Statement B. In this step we show that to prove Statement A it is enough to prove the
good approximability of some very special (and relatively simple) indicator func-

tions xp € 7 by a function g € F2.

Statement B. Let B = D1 x --- x D,, be the direct product of bounded sets D; € %"
such that Dj N (—Dj) =0 for all 1 < j < n. Then for all € > 0 there is a set F' C
BU(—B), F € #" such that xr € 7, and || xp_p) — Xr|| < €. with the norm of
the space %;g

To deduce Statement A from Statement B let us first remark that we may reduce
our attention to such sets A in Statement A for which all coordinates of the points in
the set A are separated from the origin. More explicitly, we may assume the existence

n
of a number 1 > 0 with the property ANK(n) =0, where K(n) = U K;(n) with
j=1

Kim)={(x1,....0): x; €RY,I=1,...,n, p(x;,0) <n}. Tosee oﬁrrightto make
such a reduction observe that the relation G({0}) = 0 implies that lir% G"(K(n)) =
n—

0, hence lirr%) G"(A\K(n)) = G"(A). At this point we exploited a weakened form of
n—
the non-atomic property of the spectral measure G, namely the relation G({0}) = 0.

First we formulate a result that we prove somewhat later, and reduce the proof of
Statement A to that of Statement B with its help. We claim that for all numbers € > 0,
& > 0 and bounded sets A € %" such that A = —A, and AUK (1) = 0 there is a finite
sequence of bounded sets B; € %"V, j==+1,...,+N, with the following properties.
The sets B; are disjoint, B_; = —Bj, j = %1,...,£N, each set B; can be written
in the form B; = D\ x - x DY) with D\ € ", and D7 (D)) = 0 for all
1 <j<Nand1 <k<n, the diameter d(B;) = sup{p(x,y): x,y € B;} of the sets

_ N
Bj has the bound d(B;) < 6 forall 1 < j <N, and finally the set B= |J (B;UB_})

J=1
satisfies the relation G"(AAB) < €.
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Indeed, since we can choose € > 0 arbitrarily small, the above result together with
the application of Statement B for all functions XB;U(~B))> 1 < j <N, supplies an

N
arbitrarily good approximation of the function Y4 by a function of the form } xr, €
j=1

%’g in the norm of the space %%1 Moreover, the random variable }AZII XF; € jfé’
. J

agrees with the indicator function of the set |J F}, since the sets Bj, j = £1,...,£N,
=1

are disjoint, and F; C B;UB_;. '

If the set A can be written in the form A = A; U (—A;) such that p(A;,—A;) > 8,
then we can make the same construction with the only modification that this time
we demand that the sets B; satisfy the relation d(B;) < § with some & < g for all
1 < j < N.We may assume that AN (B;UB_;) # 0 for all indices j, since we can
omit those sets B; UB_; which do not have this property. Since d(B;) < g asetB;
cannot intersect both Ay and —A;. By an appropriate indexation of the sets B; we

N

have B; C A>?and B_; C (—A;)%/? forall 1 < j < N. Then the set B= | (B;NF)
j=1

and the function g = xp(_p) satisfy the second part of Statement A.

To find a sequence B;, j = %1,..., =N, for a set A such that A= —A, and AU
K(n) = 0 with the properties needed in the above argument observe that there is
a sequence of finitely many bounded sets B; of the form B; = D(lj )% x DS,] ),
ng) € $”,1 < j<N with some N < e, whose union B = (UB; satisfies the relation
G"(AAB) < §. Because of the symmetry property A = —A of the set A we may
assume that these sets B; have such an indexation with both positive and negative
integers for which B; = —B_;. We may also demand that B;NA # 0 for all sets B;.
Besides, we may assume, by dividing the sets DE’ ) appearing in the definition of the

sets B; into smaller sets if this is needed that their diameter d (ng )) < max (%, g)

This implies because of the relation ANK(n) = 0 that Dl(" 'n (—Dl(" >) =0 for all j
and 1 </ < n. The above constructed sets B; may be non-disjoint, but with the help
of their appropriate further splitting and a proper indexation of the sets obtained in
such a way we get such a partition of the set B which satisfies all conditions we
demanded. For the sake of completeness we present a partition of the set B with the
properties we need.

Let us first take for all 1 <[ < n the following partition of RV with the help of

the sets ng ), 1 < j < N. For a fixed number / this partition consists of all sets Dﬁ”

of the form D\ = N Flrj.j ), where the indices r are sequences (r(1),...,r(N))
1<j<n

of length N with r(j) = 1,2 0r3,1 < j <N, and F, ) = D), F?) = —p}) | F%) =
RY\ (Dl(j v (—Dl(j ))) Then B can be represented as the union of those sets of the

form DEP X oo X Dﬁz) which are contained in B.
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Proof of Statement B. To prove Statement B first we show that for all € > 0 there is a
regular system 2 = {A;, [ = +1,...,+N} such that all sets Djand —D;, 1 < j<n,
appearing in the formulation of Statement B can be expressed as the union of some
elements A; of 7, and G(A;) < € forall A; € 2.

In a first step we prove a weakened version of this statement. We show that there
is a regular system & = {A;,l = £1,...,£N'} such that all sets D; and —D; can
be expressed as the union of some sets A of 2. But we have no control on the mea-
sure G(A]) of the elements of this regular system 2. To get such a regular system
we define the sets A(g;, 1 < [s| <n) =D{' N (=Dy)é' N---ND& N (—D,)é for
all vectors (&, 1 < |s| < n) such that & = +1 for all 1 < |s| < n, and the vector
(&, 1 < |s| < n) contains at least one coordinate +1, and D' = D, D~! =RV \ D
for all sets D € %". Then taking an appropriate reindexation of the sets A’ (g, 1 <
|s| < n) we get a regular system & with the desired properties. (In this construc-
tion the sets A’(g, 1 < |s| < n) are disjoint, and during their reindexation we drop
those of them which equal the empty set.) To see that & with a good indexation
is a regular system observe that for a set A] = A’(g, 1 < |s| < n) € ¥ we have
—Al =A(e_;,1 < |s| <n) € 2, and A/ N (—4]) C D;N(=D;) = 0 with some
index 1 < j <n. (We had to exclude the possibility A; = —A;.)

Next we show that by appropriately refining the above regular system & we can
get such a regular system 2 = {A;,[ = £1,...,£N} which satisfies the additional
property G(4;) < € for all A; € . To show this let us observe that there is a finite

n
partition {Ey,...,E;} of J (DjU(—D;)) suchthat G(E;) < &forall 1 < j<I. In-
=1

deed, the closure of D= |J (D;jU(—D);)) can be covered by open sets H; C R such
=1

that G(H;) < & for all sets H; because of the non-atomic property of the measure G,
and by the Heyne—Borel theorem this covering can be chosen finite. With the help of

n
these sets H; we can get a partition {Ey,...,E;} of |J (D;U(—D;)) with the desired
j=1

properties.

Then we can make the following construction with the help of the above sets E;
and A]. Take a pair of elements (A],A’ ;) = (A],—4/), of 2, and split up the set A
with the help of the sets E; to the union of finitely many disjoint sets of the form
A j=A/NE;. Then G(4; ;) < & for all sets A; j, and we can write the set A’ ; as the
union of the disjoint sets —A; ;. By applying this procedure for all pairs (A/,A’ )
and by reindexing the sets A; ; obtained by this procedure in an appropriate way we
get a regular system 2 with the desired properties.

To prove Property B let us write BU (—B) as the union of products of sets of the
form A;, x --- x A;, with sets A,j € 9,1 < j < n. Here such a regular system &
is considered which satisfies the properties demanded at the start of proof of State-
ment B. Let us discard those products for which /; = £ for some pair (j, j'), j # j’.
We define the set F' about which we claim that iAt satisfies Property B as the union of
the remaining sets Ay, X --- x A, . Then yr € j_‘fG" Hence to prove that Statement B
holds with this set F' if € > 0 is chosen sufficiently small it is enough to show that
the sum of the terms G(4;,)---G(4,,) for which I; = £[; with some j # j is less
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than n> €M™, where M = max G(D; U (—D;)) = 2max G(D,). To see this observe
that for a fixed pair (j, /), j # j/, the sum of all products G(4;,)---G(4;,) such
that [; =1  can be bounded by gM" ! and the same estimate holds if summation
is taken for products with the property [; = —/ ;. Indeed, each term of this sum can

be bounded by £G" ! [1 A, |.and the events whose G"~ ' measure is con-
1<p<n,p#j
sidered in the investigated sum are disjoint. Besides, their union is in the product set

[1 (D,UD_,), whose measure is bounded by M"~!. Lemma 4.1 is proved.
1<p<n,p#j
O

As the transformation /;(f) is a contraction from % into L»(£2,.47, P), it can

uniquely be extended to the closure of S ", ie. to Q. (Here (2,4,P) denotes
the probability space where the random spectral measure Zg () is defined.) At this

point we exploit that if f € #%, N =1,2,..., is a convergent sequence in the
space 7%, then the sequence of random variables I;(fy) is convergent in the space
L, (2,47, P), since it is a Cauchy sequence. With the help of this fact and Lemma 4.1
we can introduce the definition of Wiener—It0 integrals in the general case when the
integral of a function f € %Zé' is taken.

Definition of Wiener-Ito Integrals. Given a function f € L%Zé’ with a spectral mea-

sure G choose a sequence of simple functions fy € %ﬂc" N =1,2,..., which con-
verges to the function f in the space (. Such a sequence exists by Lemma 4.1.
The random variables I;(fy) converge to a random variable in the Ly-norm of the
probability space where these random variables are defined, and the limit does not
depend on the choice of the sequence fy converging to f. This enables us to define
the n-fold Wiener—Ito integral with kernel function f as

/'f(xl,...,x,,)zc(dxl)...zG(dxn) = nllg(f) = lim nllo(fy),

where fy € S, N =1,2,..., is a sequence of simple functions converging to the
Sfunction f in the space .

The expression Ig(f) is a real valued random variable for all f € %‘, and rela-
tions (4.3), (4.4), (4.5), (4.6), (4.7) and (4.8) remain valid for f, f" € S or f € H

instead of f, f' € ;fé’ or f € %%’ Relations (4.6), and (4.8) imply that the trans-
formation Ig: Exp G — Ly(Q,47,P) is an isometry. We shall show that also the
following result holds.

Theorem 4.2. Let a stationary Gaussian random field be given (discrete or gen-
eralized one), and let Zg denote the random spectral measure adapted to it. If we
integrate with respect to this Zg, then the transformation lg: Exp 75 — 5, where
FC denotes the Hilbert space of the square integrable random variables measur-
able with respect to the 6-algebra generated by the random variables of the random
spectral measure Zg, is unitary. The transformation (n!)l/ 2l HE — I, is also
unitary.
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In the proof of Theorem 4.2 we need an identity whose proof is postponed to the
next chapter.

Theorem 4.3. (Itd’s Formula.) Let ¢1,...,¢,, @; € #5, 1 < j<m, be an
orthonormal system in Lé. Let some positive integers Ji,...,Jjm be given, and
let ji+---+ jm = N. Define for all i = 1,... N the function g; as g; = @y for
Jit o1 <i<ji+-+Jjs, 1 <s<m. (Inparticular, g; = @1 for 0 <i < ji.)

Then
i, ([ onzetan) )t ( [ onio)Zatan)

= [ #100)--gwlow) Za ) - Za o)
= [ Svm g1 (o) -+~ g () Zo(d) -+ Zo ().

(Hj(x) denotes again the j-th Hermite polynomial with leading coefficient 1.)

Proof of Theorem 4.2. We have already seen that I is an isometry. So it remains to
show that it is a one to one map from Exp 75 to .7#’ and from JZ7} to J2;.

The one-fold integral I(f), f € 54, agrees with the stochastic integral I(f)
defined in Chapter 3. Hence I(¢'™)) = X(n) in the discrete field case, and
I6(9) = X(9), ¢ € .7, in the generalized field case. Hence Ig: ) — 4 is

a unitary transformation. Let @1, ¢,,... be a complete orthonormal basis in %ﬂGl
Then &; = [@j(x)Zg(dx), j=1,2,..., is a complete orthonormal basis in 7.
1t6’s formula implies that for all sets of positive integers (ji,..., ji) the random

variable H;, (1) ---Hj, (&y) can be written as a ji + - - - + j,,-fold Wiener—Ito inte-
gral. Therefore Theorem 2.1 implies that the image of Exp 7 is the whole space
H, and Ig: Exp G — € is unitary.

The image of J# contains 7%, because of Corollary 2.4 and It6’s formula. Since
these images are orthogonal for different n, formula (2.1) implies that the image of
St coincides with .77;. Hence (n!)]/ 2 HE — J; is a unitary transformation.
O

The next result describes the action of shift transformations in 7. We know by
Theorem 4.2 that all € J# can be written in the form

=1
n=fo+ Y J/fn(xl,”.,xn)ZG(dxl)...ZG(dx,,) 4.9)
n=1""

with f = (fo, f1,-..) € Exp.%4; in a unique way, where Z is the random measure
adapted to the stationary Gaussian field.

Theorem 4.4. Let 1 € S have the form (4.9). Then

Tn=fo+ Y - / ) f (1) Zg (d) - Zg (o)
n=1""
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for allt € RY in the generalized field and for all t € Z in the discrete field case.

Proof of Theorem 4.4. Because of formulas (3.9) and (3.10) and the definition of the
shift operator 7; we have

T, ( / ei("’x)Z(;(dx)> =T,Xy = Xoys = / N z6(dx), t €Ly,
and because of the identity 7, (x) = [ e“Y)@(u—1)du = 1) §(x) for ¢ € .~

1 ([ omzatan ) = Tx(9) = X(10)
_ /'ei@vx)(p(x)zc(dx), pecs. teR,

in the discrete and generalized field cases respectively. Hence

7 ( / f<x>zc<dx>) = [ pwzo(a) i £ AL

for all# € Z, in the discrete field and for all 7 € R” in the generalized field case. This
means that Theorem 4.4 holds in the special case when 1) is a one-fold Wiener—It6
integral. Let f1(x),..., fn(x) be an orthogonal system in 7. The set of functions
e 1 (x), ..., e f,,(x) is also an orthogonal system in .. (t € Zy in the dis-
crete and ¢ € RV in the generalized field case.) Hence It6’s formula implies that
Theorem 4.4 also holds for random variables of the form

0=, ( [ (X)ZG(dx)> H, ( / fm<x)zc<dx>>

and for their finite linear combinations. Since these linear combinations are dense
in s Theorem 4.4 holds true. a

The next result is a formula for the change of variables in Wiener—Ito integrals.

Theorem 4.5. Let G and G' be two non-atomic spectral measures such that G is
absolutely continuous with respect to G', and let g(x) be a complex valued function
such that

g(x) = g(_x)a
_ dG(x

~—

For every f = (fo, f1,--.) € Exp G, we define

fri(xla"'a-xn):fn(-xla--'7-xn)g(x1>"'g(-xn), Vl:1,2,...7 f(;:f()

Then f' = (fy, fi,.--) € Exp Y, and
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- 1
fOJrZ/an(xla--wxn)z(;(dxl)...Z(;(dxn)
n=1 :
A v | ,
:fo+Z—'/fn(xl,...,xn)ZG/(dxl)...ZG/(dxn),
n=1"1

where Zg and Zg are Gaussian random spectral measures corresponding to G
and G'.

Proof of Theorem 4.5. We have || f1||g = || fullG> hence f' € Exp #¢. Let @1, @2, . ..
be a complete orthonormal system in 7. Then @[, ¢}, ..., @;(x) = @;(x)g(x) for
all j =1,2,... is a complete orthonormal system in %”Gl,. All functions f, € 2
can be written in the form f(x1,...,x,) = YX.¢j,,....;,Sym(@;, (x1)--- @j,(x,)). Then

[ sym@ix0)-++ 91, (6)Zo(dx1) .. Zo(. )

and
/Sym(@;1 (1) @, (6))Zg (dx1) .. Zgy i)

by means of 1td’s formula we get that f and f” depend on a sequence of independent
standard normal random variables in the same way. Theorem 4.5 is proved. a

For the sake of completeness I present in the next Lemma 4.6 another type of
change of variable result. I formulate it only in that simple case in which we need it
in some later calculations.

Lemma 4.6. Define for all t > 0 the (multiplication) transformation T;x = tx either
from RV to RV or from the torus [—m,m)" to the torus [—trm,tx)". Given a spec-
tral measure G on R* or on [—m, )" define the spectral measure G, on R¥ or on
[—tm,t7)¥ by the formula G,(A) = G(%) for all measurable sets A, and similarly
define the function fi;(x1,...,xx) = fi(tx1,...,txg) for all measurable functions fi
of k variables, k =1,2,..., withx; € RV orxj € [—x,n)" forall 1 < j <k, and put
for = fo- If £ = (fo, f1,-..) € ExpHG, then fi = (for, fis,---) € Exp Hg,, and

f0+i/%fn(xlvnchn)ZG(dxl)...ZG(d}Cn)

n=1

(==} 1 o
éf()’t—‘r Z E/fn,t(xlw-~7xn)ZG,(dx1)--~ZG,(dxn)7
n=1""

where Zg and Zg, are Gaussian random spectral measures corresponding to G
and G'.

Proof of Lemma 4.6. 1t is easy to see that f; = (fos, fis,...) € Exp7,. Moreover,
we may define the random spectral measure Zg, in the identity we want to prove by
the formula Zg, (A) = Zg(%). But with such a choice of Zg, we can write even =

instead of 4 in this formula. O
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The next result shows a relation between Wick polynomials and Wiener—It6 in-
tegrals.

Theorem 4.7. Let a stationary Gaussian field be given, and let Zg denote the ran-
dom spectral measure adapted to it. Let P(xy,...,Xp) = ZCJ] _____ JnXjy 0 Xj, be a ho-
mogeneous polynomial of degree n, and let hy, ... h,, € jf (Here jy,...,j,aren
indices such that 1 < j; <mforall 1 <l <n. Itis possible that Ji=jralsoifl #1.)
Define the random variables &j = [ hj(x)Zg(dx), j =1,2,...,m, and the function
f’(ul g ,u,,) = chh-n,jnhjl (ul) . 'hjn (Mn) Then

P(Er,... En /Pul, ) Z6(dur) .. Z6(diy).

Remark. If P is a polynomial of degree n, then it can be written as P = P + P, where
Py is a homogeneous polynomial of degree n, and P; is a polynomial of degree less

than n. Obviously,
(éla 75 ) (617 ém):

Proof of Theorem 4.7. 1t is enough to show that
S /hn ur) - hj, (un)Zg(duy) ... Zg(dun).

If hy,....¢hy € ijl are orthonormal, (all functions h; have norm 1, and if [ # I,
then A; and hy are either orthogonal or h; = hy), then this relation follows from a
comparison of Corollary 2.3 with It6’s formula. In the general case an orthonormal
system Ay, ..., h,, can be found such that

(ngE

hj: CjA]Jlk, j:1,...7m

k=1

with some real constants ¢;. Set Ny = [ h;Zg(dx). Then

2Gj Gy = <icj1,knk>'“ (i%k?ﬁ)z
k=1

= Z C}l Ky ijkn : nkl e rlk,,:
kiyenik

Z C]l kl c]m n/hkl ul hk (un)ZG(dM]) ZG(du’l)
LS

= /hjl ur) hj, (un)Zg(duy)...Zg(duy)

as we claimed. O

We finish this chapter by showing how the Wiener—It6 integral can be defined if
the spectral measure G may have atoms. We do this although such a construction
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seems to have a limited importance as in most applications the restriction that we
apply the Wiener—Itd integral only in the case of a non-atomic spectral measure G
causes no serious problem. If we try to give this definition by modifying the original
one, then we have to split up the atoms. The simplest way we found for this splitting
up, was the use of randomization.

Let G be a spectral measure on RV, and let Z¢ be a corresponding Gaussian spec-
tral random measure on a probability space (Q,.e7, P). Let us define a new spectral
measure G = G x ), ~1yon RY*!, where 7L L denotes the uniform distribution

on the interval [—7, j] If the probability spacez(.Q </, P) is sufficiently rich, a ran-
dom spectral measure Zg corresponding to G can be defined on it in such a way
that Zs(A x [—%,4]) = Zg(A) for all A € Y. For f € /2 we define the func-
tion f € jiz” by the formula f(yy,...,y.) = f(x1,...,x,) if y; is the juxtaposition
(xj,uj), x; 6 RY,u; €R', j=1,2,...,n. Finally we define the Wiener-It6 integral
in the general case by the formula

/f(xl,...,xn)Zg(dxl)...ZG(dx,,):/f(yl,...,yn)Zé(dyl)...Zé(dyn).

(What we actually have done was to introduce a virtual new coordinate u. With the
help of this new coordinate we could reduce the general case to the special case
when G is non-atomic.) If G is a non-atomic spectral measure, then the new defini-
tion of Wiener—Ito6 integrals coincides with the original one. It is easy to check this
fact for one-fold integrals, and then Itd’s formula proves it for multiple integrals. It
can be seen with the help of 1t6’s formula again, that all results of this chapter re-
main valid for the new definition of Wiener—It6 integrals. In particular, we formulate
the following result.

Given a stationary Gaussian field let Zg be the random spectral measure adapted
toit. All f € £ can be written in the form

FOnsx) =Y i in @i (1) - @, () (4.10)

with some functions @; € S, j=1,2,.... Define ; = [ ¢;(x)Zg(dx). If f has the
form (4.10), then

/f(xl,...,xn)Zg(dxl) ZG dxn ZCJI, - éh éj": .

The last identity would provide another possibility for defining Wiener—Itd integrals
also in the case when the spectral measure G may have atoms.






Chapter 5

The Proof of 1t6’s Formula: The Diagram
Formula and Some of Its Consequences

We shall prove 1t6’s formula with the help of the following
Proposition 5.1. Let f € S and h € 7. Let us define the functions

f>k<h(xly--~7xk717xk+17" ’ /f Xlyeoes ) )G(d)Ck) k:17"'an7

and
Sh(xt, o xar1) = fxr, ooy %0) A(Xng1)-
Then f xh, k=1,...,n, and fh are in %ZG"*I and %ZC’;H respectively, and their
k
norms satisfy the inequality || f X< h|| < ||f|| - ||| and || fh]| < ||f]| - ||1]]. The relation
k

nllG(f)lg(h) = (n+ 1)U (fh)+ Zn: n—1)Ug(f p x h)

holds true.

We shall get Proposition 5.1 as the special case of the diagram formula formu-
lated in Theorem 5.3.

Remark. There is a small inaccuracy in the formulation of Proposition 5.1. We con-
sidered the Wiener—Ito integral of the function f x h with arguments xy,..., xz_1,
k

X415 - - » Xn, While we defined this integral for functions with arguments x,...,x,_1.
We can correct this inaccuracy for instance by reindexing the variables of f x & and
k

working with the function

(f X h) (x1,....%0—1) = f X B(Xgy (1) -+ > X (k=1)sXag (k1) - - - Xy (n))

1nstead0ff><h where o (j) =jfor1 <j<k—1,and og(j)=j—1fork+1<
j<n.

We also need the following recursion formula for Hermite polynomials.

43
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Lemma 5.2. The identity
Hn(x) =xH, (x) - (ni I)Hn72(x) fOV n= 1327 L)

holds with the notation H_1(x) = 0.
Proof of Lemma 5.2.

—(_ nxz/Zﬁ —x%/2 _ 2/Zi —x%/2
Hy(x) = (—1)"e” 2 (%) e (Hn,l(x)e )

X Hyi () — % 1 (%),

Since %Hn,l (x) is a polynomial of order n — 2 with leading coefficient n — 1 we

can write
d

n—3
JHp1(x) = (1= DHya(x) + ) ¢jH; ().
j=0

To complete the proof of Lemma 5.2 it remains to show that in the last expansion
all coefficients c; are zero. This follows from the orthogonality of the Hermite poly-
nomials and the calculation

/e_xz/ij(x)%anl(x)dx = */anl(x)%(e_xz/ij(x))dx

= /efxz/an_l(x)PjH(x) dx=0

with the polynomial P (x) = xH;(x) — %Hj (x) oforder j+1for j<n—3. O

Proof of Theorem 4.3 via Proposition 5.1. We prove Theorem 4.3 by induction with
respect to N. Theorem 4.3 holds for N = 1. Assume that it holds for N — 1. Let us
define the functions

flxr,.oxv—1) = g1(x1) - gn—1(xn-1)
h(x) = gn(x).

Then

J = /gl(xl)~--gN(xN)ZG(dx1)...ZG(de)

N—1

= NUg(fh) = (V= DU (Nlo(h) = ¥ (N=2)Hg(f xh)
k=1

by Proposition 5.1. We can write because of our induction hypothesis that



5 The Proof of 1t6’s Formula: The Diagram Formula and Some of Its Consequences 45

J =Hj, (/(pl(x)ZG(dx)) --Hj (/(Pml(x)ZG(dx)>

s [ ontoizo(an) [ guizetan
(jm—DH;, (/(p1 (x)ZG(dx)> H; (/ (pm_l(x)Zc;(dx))

Hio ([ ontzatan).

where Hj,_»>(x) = H_(x) = 0if j,, = 1. This relation holds, since

f>k<h(xla---7xk71axk+1a~~-;fol) :/gl(xl)'"ngl(fol)(Pm(xk)G(dxk)

_{0 if k<N—jn
L) gkt (k1) 8kt (K1) g1 (av—1) N — i <k < N—1.

Hence Lemma 5.2 implies that
0 =T ([ orzatan) [ ([ outorzetan) [ izt
=02 ( [ ontozata) )| =TT, ( [ oozota)).

as claimed. O

Let us fix some functions h; € S22 ,..., hy, € %Zé"". In the next result, in the so-
called diagram formula, we express the product n;!IG(h1) - - - ny UG (hy) as the sum
of Wiener—Ito integrals. This result contains Proposition 5.1 as a special case. There
is no unique terminology for this result in the literature. We shall follow the notation
of Dobrushin in [7]. We introduce a class of diagrams y denoted by I'(ny,...,n)
and define with the help of each diagram 7 in this class a function 4, which will
be the kernel function of one of the Wiener—Itd integrals taking part in the sum
expressing the product of the Wiener—Itd integrals we investigate. First we define
the diagrams y and the functions hy corresponding to them, and then we formulate
the diagram formula with their help. After the formulation of this result we present
an example together with some figures which may help to understand better what
the diagram formula is like.

We shall use the term diagram of order (ny,...,n,) for an undirected graph of
ny + - -+ ny, vertices which are indexed by the pairs of integers (j,/), [ =1,...,m,
j=1,...,n;, and we shall call the set of vertices (j,1), 1 < j < n; the [-th row of the
diagram. The diagrams of order (ny,...,n,,) are those undirected graphs with these
vertices which have the properties that no more than one edge enters into each ver-
tex, and edges can connect only pairs of vertices from different rows of a diagram,
i.e. such vertices (j1,/1) and (ja,lp) for which /y # l,. Let I =I"(ny,...,n,,) denote
the set of all diagrams of order (ny,...,ny).
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Given a diagram y € I" let |y| denote the number of edges in y. Let there be
given a set of functions hy € J3",..., hy € ;" Let us denote the variables of
the function #; by x(; ;) instead of x;, i.e. let us write hy(x( sy, ..., X, 1)) instead
of hy(x1,...,Xy,). Put N =ny +---+n,. We introduce the function of N variables
corresponding to the vertices of the diagram by the formula

m
h(xns L=1,...om, j=1,...,m) =[x, i=1,....m). 5.1
=1

For each diagram y € I' = I'(ny,...,n,) we define the reenumeration of the
indices of the function in (5.1) in the following way. We enumerate the variables
X(jy in such a way that the vertices into which no edges enter will have the numbers
1,2,...,N —2|y|, and the vertices connected by an edge will have the numbers p
and p+|y|, where p =N —2|y| +1,...,N —|y|. In such a way we have defined a
function i(xp,...,xy) (with an enumeration of the indices of the variables depending
on the diagram 7). After the definition of this function A(xy,...,xy) we take that
function of N — |y| variables which we get by replacing the arguments XN |yl+p DY
the arguments —xy_,|y|4p, | < p <y in the function A(xy,...,xy). Then we define
the function /1y appearing in the diagram formula by integrating this function by the

Y
product measure [ G(dxy_sjyj4p)-
p=1

More explicitly, we write

hy(xl, . ,XN,ZM) = / cee /h()q gooe 7)CN,M7 —XN,2|},|+1 yesey —xN,m)
G(de,szl)...G(de,m). (5.2)
The function &y, depends only on the variables xj, ..., Xy 5y, 1.e. it is independent

of how the vertices connected by edges are indexed. Indeed, it follows from the
evenness of the spectral measure that by interchanging the indices s and s+ 7y of two
vertices connected by an edge we do not change the value of the integral /. Let
us now consider the Wiener—It6 integrals (N —2|y|)!/g(hy). In the diagram formula
we shall show that the product of the Wiener—It6 integrals we considered can be ex-
pressed as the sum of these Wiener—Itd integrals. To see that the identity appearing
in the diagram formula is meaningful observe that although the function /1, may de-
pend on the numbering of those vertices of ¥ from which no edge starts, the function
Symhy, and therefore the Wiener—It6 integral /;(hy) does not depend on it.

Now I shall formulate the diagram formula. Then I make a remark about the
definition of the function /y in it and discuss an example to show how to calculate
the terms appearing in this result.

Theorem 5.3. (Diagram Formula.) For all functions hy € H;",..., hy € 5",
ni,...,nm = 1,2, ..., the following relations hold:

A) hye 22 and 1)l < T |1 yerl
(A) hye A, , and [|hy|| < H1H jllforallyeT.
j:



5 The Proof of 1t6’s Formula: The Diagram Formula and Some of Its Consequences 47

(B) mg(hi)--nnll(hm) = ¥ (N—2|y])Ug(hy).
yel’

Here I' =T (n,...,ny), and the functions hy agree with the functions hy defined
before the formulation of Theorem 5.3. In particular, hy was defined in (5.2).

Remark 1. In the special case m = 2, nj = n, np = 1 Theorem 5.3 coincides with

Proposition 5.1. To see this it is enough to observe that i(—x) = h(x) for all h € 3.

Remark 2. Observe that at the end of the definition of the function &, we replaced the
variable xy_ |y, , by the variable —xy 5y, and not by xy_s|y|, ,. This is related to
the fact that in the Wiener—Ito integral we integrate with respect a complex valued
random measure Zg which has the property EZG(A)Zg(—A) = EZg(A)Zg(A) =
G(A), while EZG(A)Zg(A) =0if AN (—A) = 0. In the case of the original Wiener—
1t integral considered in Chapter 7 the situation is a bit different. In that case we
integrate with respect to a real valued Gaussian orthonormal random measure Z,
which has the property EZfL (A) = u(A). In that case a diagram formula also holds,
but it has a slightly different form. The main difference is that in that case we define
the function hy (because of the above mentioned property of the random measure
Zy,) by replacing the variable xy_ 1, by the variable xy 2|y, -

To make the notation in the diagram formula more understandable let us consider
the following example.

Example. Let us take four functions hy = hy (x1,X2,x3) € J3, hy = hy(x1,x2) € A5,
hy = /’l3()€1,)€2,)€3,)€4,)€5) S %(}:5 and hy = h4(X1,X2,X3,X4) S e%/ﬂé, and consider the
product of Wiener-It6 integrals 3!/ (h1)2!1G(h2)5!16(h3)4!1G(hs). Let us look how
to calculate the kernel function £, of a Wiener—Ito integral (14 —2[y|)!Ig(hy), v €
I'(3,2,5,4), appearing in the diagram formula.

We have to consider the class of diagrams I'(3,2,5,4), i.e. the diagrams with ver-
tices which are indexed in the first row as (1,1), (2,1), (3,1), in the second row as
(1,2), (2,2), in the third row in as (1,3), (2,3), (3,3), (4,3), (5,3) and in the fourth
row as (1,4), (2,4), (3,4), (4,4). (See Fig. 5.1.)

11) (2.1) (3.1)

1.2) (2.2)
(1.3) (2.3) (3.3) (4.3) (5.3)

a4 24 @B4 449

Fig. 5.1 The vertices of the diagrams y € I'(3,2,5,4).
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Let us take a diagram y € I'(3,2,5,4), and let us see how we can calculate the
kernel function 4y of the Wiener—It6 integral corresponding to it. We also draw some
pictures which may help in following this calculation. Let us consider for instance
the diagram y € I'(3,2,5,4) withedges ((2,1), (4,3)), ((3,1),(1,3)), ((1,2),(2,4)),
((2,2),(5,3)), ((3,3),(3,4)). Let us draw the diagram y with its edges and with
such a reenumeration of the vertices which helps in writing up the function A(-)
(with N = 14 variables) corresponding to this diagram 7y and introduced before the
definition of the function hy.

The function defined in (5.1) equals in the present case

By (x(1,1),%(2,1),%(3,1) ) 2 (X(1.2) s X(2,2) )3 (X(1.3), X(2.3), X(3.3) X(4.3) 1 X(5.3))
ha(X(1.4),%(2.4):%(3.4) X (4.4))-

The variables of this function are indexed by the labels of the vertices of y. We made
a relabelling of the vertices of the diagram 7y in such a way that by changing the
indices of the above function with the help of this relabelling we get the function
h(-) corresponding to the diagram 7. In the next step we shall make such a new
relabelling of the vertices of y which helps to write up the functions iy, we are
interested in. (See Fig. 5.2.)

13

Fig. 5.2 The diagram 7y we are working with and the reenumeration of its vertices.

The function A(-) (with N = 14 variables) corresponding to the diagram ¥ can be
written (with the help of the labels of the vertices in the second diagram) as

h(x1,x2,...,X14)

= hi(x1,x5,X6)ho(x7,x8)h3(X11,%2,%9,%10,X13 ) 14 (X3,X12,X14,X4).

Let us change the enumeration of the vertices of the diagram in a way which cor-
responds to the change of the arguments xy |y, , by the arguments —xy_|y| - This
is done in the next picture. (In this notation the sign (—) denotes that the variable
corresponding to this vertex is —xy_|y|4, and not xy |y, . (See Fig. 5.3.)

With the help of the above diagram we can write up the function
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R(X1, - XNy —XN=20p 415+ -+ —XN—|y])
corresponding to the diagram 7 in a simple way. This yields that in the present case

the function £, defined in (5.2) can be written in the form

hy(x1,x2,x3,x3) = /"'/hl(xl,x5»x6)h2(x77x8>h3<_x67x27x97_XSa_x8>

]’l4()€3, —X7, —X9,X4)G(de)G( dXG)G( dX7)G( dxg)G( dX9).

3 7,(-) 9,(-) 4

Fig. 5.3 The diagram applied for the calculation of /. The sign — indicates that the corresponding
argument is multiplied by —1.

Here we integrate with respect to those variables x; whose indices correspond to
such a vertex of the last diagram from which an edge starts. Then the contribution of
the diagram 7 to the sum at the right-hand side of diagram formula equals 4!/ (hy)
with this function /.

Let me remark that we had some freedom in choosing the enumeration of the
vertices of the diagram y. Thus e.g. we could have enumerated the four vertices of
the diagram from which no edge starts with the numbers 1, 2, 3 and 4 in an arbitrary
order. A different indexation of these vertices would lead to a different function
hy whose Wiener—itd integral is the same. I have chosen that enumeration of the
vertices which seemed to be the most natural for me.

Naturally the product of two Wiener—It6 integrals can be similarly calculated,
but the notation will be a bit simpler in this case. I briefly show such an example,
because in the proof of Theorem 5.3 we shall be mainly interested in the product of
two Wiener—Ito integrals.

Example 2. Take two Wiener—Itd integrals with kernel functions i; = hj (x,x2,x3) €
%Z(? and hy = hy(x1,X2,X3,%4,X5) € %—”C?, and calculate the product 3!/ (h1)5g(h2)
with the help of the diagram formula.

I shall consider only one diagram y € I"(3,5), and briefly explain how to calculate
the kernel function /4, of the Wiener—Itd integral corresponding to it. Let us consider
for instance the diagram 7y € I'(3,5) which contains the edges ((2,1),(3,2)) and
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((3,1),(5,2)). Then the same calculation as before leads to the introduction of the
diagram (Fig. 5.4).

1 5 6
2 3 5(-) 4 6,(-

Fig. 5.4 A diagram y with reenumerated vertices that shows how to calculate the function .

This picture yields the following definition of the diagram £, in the present case.
hy(xl,xz,xs,m):/ B (x1,x5,%6 ) 2 (X2, X3, —x5,x4, —X6) G(dxs5) G(dx).

Proof of Theorem 5.3. It suffices to prove Theorem 5.3 in the special case m = 2.
Then the case m > 2 follows by induction.

We shall use the notation n; = n, np, = m, and we write x1,...,X,+,, instead of
X(1,1)s > X(n,1):X(1,2) - - - »X(m,2)- It is clear that the function &, satisfies Property (a)

of the classes jiZG" =21 defined in Chapter 4. We show that Part (A) of Theo-
rem 5.3 is a consequence of the Schwartz inequality. The validity of this inequality

means in particular that the functions £y satisfy also Property (b) of the class of

. n-m—2
functions 2 "1,

To prove this estimate on the norm of £y it is enough to restrict ourselves to such
diagrams 7y in which the vertices (n,1) and (m,2), (n—1,1) and (m—1,2),...,
(n—k,1) and (m —k,2) are connected by edges with some 0 < k < min(n,m). In
this case we can write

|h'}’('x17"'7xn7k717xn+17"'axn+m7k71)|2
= ’/hl(xl,...,xn)hz(xn+1,...,x,1+m_k_1,xn_k,...,xn)
2

G(dx,—y)...G(dxy)

< [, 0)PG(dxi) .. Gld)

/ |h2(xn+1 yeee 7xn+m) |2G(dxn+mfk) s G(dxn+m)
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by the Schwartz inequality and the symmetry G(—A) = G(A) of the spectral mea-

sure G. Integrating this inequality with respect to the free variables we get Part (A)

of Theorem 5.3. R
In the proof of Part (B) first we restrict ourselves to the case when h; € ji%”

and hy € %”G’" Assume that they are adapted to a regular system 2 = {A;, j =

+1,...,£N} of subsets of R"” with finite measure G(4;), j = £1,...,£N. We may

even assume that all A; € 7 satisfy the inequality G(A;) < € with some &€ > 0 to be

chosen later, because otherwise we could split up the sets A; into smaller ones. Let

us fix apoint u; € A; in all sets A; € . Put K; = sup |h;(x)], i =1,2, and let A be a
X

cube containing all A;.
We can write

1= n!IG(h1)m!IG(h2) = Zlh] (ujl geee ,ujn)hz(ukl gene ,ukm)
Z6(4j)) -+ Z6(4;,)Z6(Ax ) -+ Z6(Ax,,)

with the numbers u;, € A;, and u, € Ay, we have fixed, where the summation in
Y’ goes through all pairs ((ji,.-.,jn), (kis---.km)), Jp, kr € {£1,...,£N}, p=
l,....n,r=1,...,m,suchthat j, #+j;and k, # £krif p#£ porr#Fr.

Write

I = Z thl(ujl"' : 7ujn)h2(uk]?' . 7ukm>
'}’EF
Z6(Aj,) - Z6(A;,)Z6(Ax) - Z6(A,),

where Y7 contains those terms of ¥ for which j, =k, or j, = —k, if the vertices
(1,p) and (2,r) are connected in ¥, and j, # £k, if (1,p) and (2,r) are not con-
nected. Let us define the sets

A =A(y)={p: pe{l,...,n}, and no edge starts from (p,1) in y},
Ay = Ay(y) ={r: re{l,...,m}, and no edge starts from (r,2) in y}

and

B=B(y) ={(p,r): pe{l,...,n}, re{l,...,m},
(p,1) and (r,2) are connected in ¥}

together with the map o: {1,...,n}\A; — {1,...,m}\ A, defined as
a(p)=r if(p,r)eB forall pe{l,...,n}\A. (5.3)

Let X7 denote the value of the inner sum Y7 for some y € I in the last summation
formula, and write it in the form

r=xl+x]

with
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= thl(”jw g, o (ug, . .. u,) H Zg(A Jp H Z6(Ak,)

PEA] rcA,

[T E(Zs(a),)Z6(44,))

(p.r)eB
and
Zg = thl (uj17 ujn)hz uk17 U H ZG Jp H ZG Ak
PGAl reA,
I1 Zb(AhJZC(AbJ“E‘< I1 Zb(Ah)Zc(Ah)>].
(p.r)eB (p.r)EB

The random variables 27 and Zy are real valued. To see this observe that if the
sum defining these expressions contains a term with arguments A; , and Ay, , then
it also contains the term with arguments —A; and —Ay,. This fact together with
property (v) of the random spectral measure Zg and the analogous property of the

functions /1 and A, imply that EY EY and ZY 5. X7. Hence these random variables
are real valued. As a consequence, we can bound (n +m—2|y|)g(hy) — £] and X]
by means of an estimation of their second moment.

We are going to show that £7 is a good approximation of (n+m —2|y|)!Ig(hy),
and X7 is negligibly small. This implies that (n+ m — 2|y|)!IG(hy) well approxi-
mates X7. The proofs are based on some simple ideas, but unfortunately their de-
scription demands a complicated notation which makes their reading unpleasant.

To estimate (1 +m — 2|Y|)!g(hy) — Z] we rewrite X as a Wiener—Ito integral
which can be well approximated by (n+ m — 2|y|)!Ig(hy). To find the kernel func-
tion of this Wiener—Itd integral we rewrite the sum defining ZE/ by first fixing the
variables u jpo D€ Ay, and uy,, r € Az, and summing up by the remaining variables,
and after this summing by the variables fixed at the first step. We get that

Y .
21 - Z h’)/,l(.][h pEAlakrv rGAZ)
Jp: 1<]jp|<N for all peA,
kr: 1<|k;|<N for all reA,

I1 zs(4),) [ Ze(aAr,) (5.4)

PEA] reAy

with a function hy,; depending on the arguments j,, p € Ay, and k,, r € A3, with
values j,,k, € {£1,...,£N} defined with the help another function %y described
below. The function &y, also depends on the arguments j,, p € Ay, and k,, r € A,
with values j,,k, € {£1,...,£N}. More explicitly, formula (5.4) holds with the
function &y, defined as

hy1(jp, P € AL kr,r €A2) =0 (5.5)
if the numbers in the set {£j,: p € A{}U{=£k,: r € A»} are not all different, and

h}',l(j]% )4 EAla kr7 r EAZ) = h}’,2(j]77 )4 EAla kr7 r EAZ) (56)
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if all numbers +j,, p € Ay, and *k,, r € A, are different, where we define the
function h%z(jP, p € Ay, ky, 7 € Ay) for all sequences Jp» P €Ay and k,, r € A,
with j,,k, € {£1,...,£N} (i.e. also in the case when some of the arguments j,,
p € Ay, or k., r € Ay, agree) by the formula

. )1
h%z(-][” pEAl,kr,r€A2> :Zy' h1<uj1,...,uj”>h2<uk|,...,ukm)

-1 E(Zs(4),)Z6(A,))- (5.7
(p,r)eB

The sum Z"*l in formula (5.7) which depends on the arguments j,, p € Ay, and k,,
r € Ay, is defined in the following way. We sum up for such sequences (ji,..., ja)
and (ki,...,k,) whose coordinates with p € A| and g € A, are fixed, and agree
with the arguments j, and k, of the function &y, at the left-hand side of (5.7) and
whose coordinates with indices p € {1,...,n} \A; and r € {1,...,m} \ Ay satisfy
the following conditions.

Put C = {£j,, p € Ai} U{+tk,, r € A>}. We demand that all numbers j, and
k, with indices p € {1,...,n} \ Ay and r € {1,...,m} \ Ay are such that j, k. €
{£1,...,£N}\ C. To formulate the remaining conditions let us write all numbers
re{l,...,m}\A;inthe form r = a(p), p € {1,...,n}\ A; with the map o defined
in (5.3). We also demand that only such sequences appear in the summation whose
coordinates k, = kg, satisfy the condition k() = +j, forall p € {1,...,n} \ A;.
Besides, all numbers +j,, p € {1,...,n} \ A;, must be different. The summation
in Y'! is taken for all such sequences j,, p € {1,...,n} and k,, r € {1,...,m},
whose coordinates with p € {1,...,n}\A; and r € {1,...,m} \ A, satisfy the above
conditions.

Formula (5.7) can be rewritten in a simpler form. To do this let us first observe
that the condition kg (,) = &, can be replaced by the condition ky(,) = —j) in it,
and we can write G(A;, ) instead of the term EZg(A;,)Zg(4y,) (with (p,r) € B) in
the product at the end of (5.7). This follows from the fact that EZg(4;,)Zg(Ay,) =
EZG(Ajp)2 =0if kr = jp and EZG(Ajp)ZG(Ak,) = EZG(AijG(—Ajp) = G(Ajp) if
kr = — j,. Besides, the expression in (5.7) does not change if we take summation for
all such sequences for which the number j, with coordinate p € {1,...,n} \ A takes
all possible values j, € {£1,...,+N}, because in such a way we only attach such
terms to the sum which equal zero. This follows from the fact that both functions /4,
and h; are adapted to the regular system 2, hence hy (uj,,...,u;,)ha(uy, ;. .., uk,) =
0 if for an index p € {1,...,n}\ Ay j, = £/, with some p # p' or j, = —k, with
some (p,r) € B, and the same relation holds if there exists some ' € A, such that
Jp=Tky.

The above relations enable us to rewrite (5.7) in the following simpler form. Let
us define that map o~! on the set {1,...,m}\ A, which is the inverse of the map o
defined in (5.3), i.e. @~ !(r) = p if (p,r) € B. With this notation we can write
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hy2(jp, P €A1, kr, ¥ € A7)

= Z hl(uj.,u-,ujn)hz(uk,,V€A2,*Mja,.(r)7”€{1,~~~,m}\A2)
Jp,PE{L..n\AY,
1<[jp| <N for all indices p
G(Ajp). (5.8)
pe{l,...n}\Ay

Formula (5.8) can be rewritten in integral form as
hy2(jps P € AL kry 17 € A2) (5.9)
- /hl(ujp, pEAL xp pell,....n}\A)

ho(ug,, v € Az, —xg1(p, 7 € {1,...,m} \A2) H G(dxp).
pe{lonh\A;

We define with the help of hy; and &y, two new functions on R(ntm=2y))v
with arguments xi,...,%,,, 2|y- The first one will be the kernel function of the
Wiener—Ito integral expressing X7, and the second one will be equal to the func-
tion hy defined in (5.2). We define these functions in two steps. In the first step
we reindex the arguments of the functions hy y and A2,y to get functions depend-
ing on sequences ji, ..., ju1m-2ly- For this goal we list the elements of the sets
Ap and A as A] = {pl,...,pn,m} with 1 < p; < py<--- < Pn|y <1 and
Ay = {rh...,rm,m} with 1 <7y <rp <+ <7Fpy_|y < m, and define the maps
Bi: Ar = {1,...,n—y|} and Br: Ay — {n—|y|+1,...,n+m—2|y|} by the
formulas Bi(p;) =1if 1 <I<n—7y, 1 <I<n-—|y, and Bo(r;) =1+n—1y,
1<I<m—|y,if n—|y|+1 <I<n+m-—2]y]. We define with the help of the
maps f; and B, the functions

hy3(its s nrm—2ly) = By Ggy )5+ JBy(a=171)) KBa (1) 5+ - KBy (m— 1))

and

hyaGits - dnem—2y) = Py2 gy () s-> JBy (0= 11)) KBa (1) 5+ - KBy (m—1y1) )

where the arguments of the functions /y 3 and hy 4 are sequences ji,..., jutm—2jy
with jy € {£1,...,£N} forall | <s<n+m—2y|.

With the help of the above functions we define the following functions £, 5 and
h%ﬁ on R(n+m72|y\)v'

hy3(jts-- s dnem—2)y)  ifx1 € 4,
hys(X15 - Xpym2)y) = forall 1 <I<n+m-—2y|
0 otherwise,

and
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hya(ins - dnim-apy)  ifxi €4,
hy6(X1,- -\ Xnam—2)y) = forall 1 <I<n-+m-—2|y|
0 otherwise.

It follows from relation (5.5) and the definition of the function £y 5 (with the help

of the definition of the functions hy,; and hy3) that hy 5 € A0, and it is adapted to
the regular system . Then relations (5.4) and the definition of /5 also imply that
5 = (n+m—2|y) g (hy).

On the other hand, I claim that the function £ defined in (5.2) satisfies the iden-
tity hy = hy 6. At this point we must be a bit more careful, because we did not define
the function 4y in a unique way. The function we get by permuting the indices of
its variables could be also considered as the function /. This causes no problem,
because we are interested not in the function %, itself but in the expression I (hy)
which does not change if we reindex the variables of the function /. We shall define
the function A, with a special (natural) indexation of its variables, and we prove the
identity iy = hy ¢ for this function.

To prove the desired identity first we recall the definition of that function
h(x1,...,X+m) (depending on the diagram ) which was applied in the definition
of hy. Here we shall use a notation similar to that applied in the definition of the
function fy¢.

PutA; = {pl,...,pn,m}, 1< pP1<pr<---< Pn—|y|>

{1,...,71}\141 :{q17"'aQ|y|}7 1 SCII <gy<-- <q|}/|,

and A, = {rl,...,rm,m}, 1<rn<m<---< Fi—|y)»
{]7""m}\A2: {q/17aq‘/y\}7 1 Sqll <q/2 < <q‘/'y‘7

and define with their help the following functions. Define the function () on the
set {I,...,n} as B(k)=sifk=ps €Ay, and B(k) =n+m—=2y|+tifk=1 €
{1,...,n} \ Ay. Define similarly the function §(-) on the set {n+1,...,n+m} as
O(k)=s+|ylifk—n=gq;€Ax. Ifk—n=1 € {1,...,m}\ Ay, then there is an edge
(I;,1]) € B of the diagram 7, and we define §(k) = n— |y| +¢ with the index  of the
number /; in this case.

With the help of the above notations we can define the function i(xy,. .., X,1m)
which takes part in the definition of /1y in formula (5.2) as

h(xl, . 7xn+m) = hl(x[;m, e ,Xﬁ<n>)h2(x(3(n+1), . ,x5(n+m)).

To define the kernel function of the integral in (5.2) observe that the set {5 (n+
1),...,8(n+m)} agrees with the set {n—|y|+ 1,...,n+m =2y} U{n+m—|y| +
1,...,n+m} = CiUG,. Put §(k) = §(k) if 8(k) € Cy and §(k) = (k) — || if
6(k) € Cy. Let us also introduce €(j) =1 if n—|y+1<j<n+m—2|y|, and
e(j)=—1lifn+m—2|y|+1 < j <n+m—|y|. With such a notation we can write
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h(.XI s Xnbm—|y)y T Xnbm—2|y| 1 T )H»mfm)
= h1(xp(1) - Xp(n) )12 (E(8 (4 1))x5 0y 1)s -, €(B(n+mM))X5(, )

as the kernel function in the integral (5.2) defining the function /y(xy, ... ,xn+m_2m)
in the present case.

By formula (5.2) we can calculate the function Ay (xy,... ,me,zm) by inte-
grating the above defined function A (xy, ... s Xntm—|yls —Xntm—2)y+ 1> s —Xntm—|y|

with respect to the measure G(dxy_s|y11)---G(dxy_y ). By comparing this for-
mula with the definition of the function /4, defined in (5.9) together with the defini-
tion of the functions iy 4 and hy ¢ with its help one can see that the identity iy = hy
holds.

We want to compare I (hy,s5) with Ig(hye). For this goal we have to understand
where the functions /5 and hy¢ differ. These are those points (xi,... ,xn+m,2m)
where the function 4,5 disappears while the function /1y does not disappear. Ob-
serve that in such points (x1, ..., %,4,_2|y) Where x; € A, 1 <I <n+m—2ly|, with
such indices j; for which the numbers =+ j;, | <1 < n+m—2|7|, are not all different
the function hy s disappears, while the function A, may not disappear. But even
the function 6 disappears if some of the numbers in the set {+i,...,£j,— |y}
or in the set {£j,_|y41,-- .,ijwm,zm} agree. This fact together with the iden-
tity 1y = hy and the relation between the functions 4,5 and iy (implied by the
definition of the function /y; in formulas (5.5) and (5.6)) yield the identity

hy(xl, e 7xn+m72\y|> =hys (x1,- - 7xn+m,2m) +hy7 (x1,... axn+m72\y\)
with
hy77 (xl yoee 7xn+m—2|ﬂ)
hy(x1,. .« Xppm—2|y)  if there exist indices j;, 1 <|j;| <N,
1 <l<n+m-=2|y|suchthatx; € A, 1 <l <n+m—-2|y|,

all numbers =+ jy, ..., & j, 2|y are different,
all numbers =+ j, _|yj11,-- -, £Jjuym—2|y are different,

and {:l:jlv RN :l:]nf\y\} n {ijn7|y\+l IRERS! ijnerfZM} #0
0 otherwise.

Since I! = (n+m—2|y)Us(hys), we have

(n+m—2[y)Ug(hy) — Z] = (n+m—2|y))Us(hy7),

and
E(E] = (n+m=2[y)"c(hy))* < (n4+m=2[¥) | hy2 () ||?
with the norm || - || in %é‘+m_2|ﬂ,
On the other hand,

Sup|Ay7 (X1, Xy | < SUP Ay (X1, Xsmapy)| < K KoL,
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with K| = sup|hi|, Ko = sup|hy|, and L = G(A), where A is a fixed cube containing
all A;. Hence

E(Z] = (n+m—20y)Ue(hy))? < Ci|lhys|?
<GYG(4))-G(4,

Jn+m—2h/\)

< Csqu(A /) < Ce, (5.10)

where the summation ¥ goes for such sequences ji, ..., j, ym—2lys 1 < |ji] <N for
all 1 <1 <n+m—2y|, for which all numbers +ji,...,+j,_|, are different, the
same relation holds for the elements of the sequence £ j, |yi11,- -, L jnim—2|y> and

{1 E ey} O Ednm 15 -+ > Tngm—2jy| } 7 0

The constants Cy, C; and C may depend on the functions /Ay, h, and spectral mea-
sure G, but they do not depend on the regular system &, hence in particular on the
parameter €. In the verification of the last inequality in (5.10) we can exploit that
each term in the sum Y is a product which contains a factor G(4;)? < eG(4;).

Here an argument can be applied which is similar to the closing step in the proof of
Lemma 4.1, to the final argument in the proof of Statement B.

Now we turn to the estimation of E (Zg )2. Tt can be expressed as a linear combi-
nation of terms of the form

Z (jpokry jpokey pop € {1,... 0}, e {1,...,m}) (5.11)
= E(( I[1zs(a;,) T] Za(aw) T] Zo(4;,) T1 ZG(%))
PEA] reAy pEA] FEA

[ [T Zs(a;,)Z6(A,)—E [] ZG(Ajp)ZG(Ak,)l
(

p.r)EB (p,r)eB

[ [T Z6(4,)Z6(a) —E T] Zs(4j)Zs Akr)D

(p,F)€B (p.F)eB

where 2;' depends on such sequences of numbers j,, k., j5, k; with indices 1 <
p,p <nand 1 <r7<m for which j, k., js kr € {£1,...,£N} for all indices
p.r,p and 7, j, =k, or j, = —k, if (p,r) € B, otherwise all numbers +j,, +k,
are different, and the same relations hold for the indices j; and k; if the indices
p and r are replaced by p and 7. Moreover, the absolute value of all coefficients
in this linear combination which depend on the functions % and &, is bounded by
sup [/1 (x)|* sup |2 (x)[*.

We want to show that for most sets of arguments (jp, k, j, k7) the expression
237 equals zero, and it is also small in the remaining cases.

Let us fix a sequence of arguments j,, k,, jz, k7 of 237/ , and let us estimate its
value with these arguments. Define the sets
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o ={j,: pEAI}U{k,: r€A} and o = {j;: pEA Uk FEAL}

We claim that 237/ equals zero if o7 # —.o/ .

In this case there exists an index / € .7 such that — ¢ .o7. Let us carry out the
multiplication in (5.11). Because of the independence properties of random spectral
measures each product in this expression can be written as the product of inde-
pendent factors, and the independent factor containing the term Zg(4;) has zero
expectation. To see this observe that the set A; appears exactly once among the
arguments of the terms Zg(A;,) and Zg(4y,), and none of these terms contains
the argument —A; = A_;. Although —I ¢ o7, it may happen that [ € <7. In this
case the product under investigation contains the independent factor Zg(A;)? with
EZG(A))> =0.1f [ ¢ 7, then there are two possibilities. Either this product con-
tains an independent factor of the form Zg(4;) with EZg(A;) = 0, or there is a
pair (p,7) € B such that (jz,k7) = (+/,=£l), and an independent factor of the form
ZG(A[)ZG(:EA,[)ZG(:EA[) with the property EZG(AI)ZG(ﬂ:A,[)ZG(iAI) =0 ap-
pears. Hence E;’ = 0 also in this case.

Let
F= | {pk} and F= ] {(s.ki}.
(p.r)eB (p.F)eB

A factorization argument shows again that the expression in (5.11) equals zero if the
sets # U (—%) and & U (—.%) are disjoint.

In the proof of this statement we can restrict ourselves to the case when &/ =
—</ . In this case +.¢ is disjoint both of .# U (—.%) and .% U (—.%), and the prod-

uct under investigation contains the independent factor [] Zg(4;,)Zc(Ax,) —
(p,r)eB

E TI Zs(Aj,)Z(Ar,) with expectation zero.
(p.r)eB

Finally in the remaining cases when .% U (—.%) and .% U (—.% ) are not disjoint,
and o7 = —.<7 the absolute value of the expression in (5.11) can be estimated from
above by

Ce[]G(4),)G(A,)G(A),)G(A) (5.12)

with a universal constant C < o depending only on the parameters n and m, where
the indices jp, k;, j5, k7 are the same as in (5.11) with the following difference: All
indices appear in (5.12) with multiplicity 1, and if both indices / and —/ are present
in (5.11), then one of them is omitted form (5.12). Moreover, for all j, one of terms
G (Aijp) really appears in this product, and the analogous statement also holds for
all indices k;, j; and k7. The multiplying term € appears in (5.12), since by carrying
out the multiplications in (5.11) and factorizing each term, we get that all non-zero
terms have a factor either of the form

EZG(A)*Zg(—A)? = E(ReZg(A)? +1mZg(A)?)?
= EReZg(A)* + EImZg(A)* + 2ERe Z(A)’EImZg(A)* = 8G(A)?
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or of the form (E|Zg(A))?)* = G(A)% and G(A) < € for all A € 2. (We did
not mention the possibility of an independent factor of the form EZg(A)* or
EZG(A)3Zg(—A) with A € 2, because as some calculation shows, EZg(A)* = 0
and EZg(A)3Zg(—A) =0.)

Let us express E (Zg )? as the linear combination of the quantities X7, and let us
bound each term 237 in the above way. This supplies an upper bound for £ (Eg )2 by
means of a sum of terms of the form (5.12). Moreover, some consideration shows
that each of these terms appears only with a multiplicity less than C(n,m) with an
appropriate constant C(n,m). Hence we can write

n+m
n
E(X])’ <K{K;C(n,m)Ce Y Y, "G(Aj,)--G(4A;,),
r=1ji,jr

where the indices ji,...,j, € {£1,...,£N} in the sum Y are all different, and
Kj=sup|hj(x)|, j=1,2. Hence

n+m
E(Z))? <Cie ) GA) <Ce

r=1

with some appropriate constants C| and C,. Because of the inequality (5.10), the

identity n!lg(h;)m!lg(hy) = Y, (217—5—27%) and the last relation the inequality
yer

2
E (n!IG(hl)m!Ig(hg) - Y (n+m—2Jy]) !Ig(hy)>

yel’

2
—E (Z (=7 +z]- (n+m—2|7|)!lc(hy))>

yel

<G (Z E((m+n—2[y)'g(hy) = Z])? +E(227)2> < Cye
yel'
holds. Since € > 0 can be chosen arbitrarily small, Part B is proved in the special
case hj € ji”G" hy € ji’”c’”.
If h; € j@G" and hp € L%%’”, then let us choose a sequence of functions &, € %A”G"
and hp , € ;fcm such that 41, — hy and hy , — hy in the norm of the spaces %ZG” and
S respectively. Define the functions /,(r) and hy(r) in the same way as hy, but

substitute the pair of functions (hy,h2) by (hi,h2) and (hy », hy, ;) in their definition.
We shall show with the help of Part (A) that

E|lg(h)Ic(h) —IG(er)IG(hQJN — 0,

and
E|I(;(hy) —Ig(hy(r))| —0 forallyel’
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as r — oo. Then a simple limiting procedure shows that Theorem 5.3 holds for all
h € jfé’ and h) € %Gm.
We have

E|lg(h)Ic(h) —IG(hl,r)IG(hZ,r)l
< E|(Ig(h1 — h1,))Ig(h2)| + E|lg(h1 ,)Ig(ha — ha )|

1
e (= 2 ol 2 4 o = 2 ) = 0

and by Part (A) of Theorem 5.3

E|Ig(hy) — I6(hy(r))| < Ell(hy) — I (hy(r))| 4+ E |l (hy(r)) — Ig(hy(r))|
< by = hy(r) | 12 4 [y (r) — Iy (1) 1/2
<k = b | 2R |2 4 (|2 = B |2y )12 = 0.

Theorem 5.3 is proved. ad

We formulate some consequences of Theorem 5.3. Let I C I" denote the set of
complete diagrams, i.e. let a diagram y € I if an edge enters in each vertex of y. We
have EI(hy) =0 forall ye I'\ I, since (4.3) holds forall f € 7%, n>1.1fyel,
then I(hy) € 2. Let hy denote the value of I(hy) in this case. Now we have the
following

Corollary 5.4. For all hy € HS",..., hy € A"

Eng(hy) - nplg(hw) = Y hy.

yel

(The sum on the right-hand side equals zero if I is empty.)

As a consequence of Corollary 5.4 we can calculate the expectation of products
of Wick polynomials of Gaussian random variables.

Let X j, EXj =0, 1 <k<p, 1< j<n, be asequence of (jointly) Gaus-
sian random variables. We want to calculate the expected value of the product
of the Wick polynomials X1+ Xiny: » 1 <k < p, if we know all covariances
EXy jX; ; =a( k,j), 1 <kk,<p,1<j<m,1<j<iy. For this goal let
us consider the class of closed diagrams I'(ki,...,k,), and define the following
quantity y(A) depending on the closed diagrams 7y and the set A of all covariances
EX jX; j = a((k, j), (k, ]))

vA) = [1 a((k.j), (k7). yeT.
((k,7),(k,j)) is an edge of ¥
With the above notation we can formulate the following result.

Corollary 5.5. Let X j, EX;, J =0, 1<k<p 1 <j<ny beasequence of Gaussian
random variables. Let a((k, j), (k, J)) EXk,ij,1<kk<p 1<j<nm,1<j<
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;. denote the covariances of these random variables. Then the expected value of the
product of the Wick polynomials : Xy 1 -+ Xy ., 1 <k < p, can be expressed as

E(]’p[:Xk,l---kak:): Y 4
k=1 ,

with the above defined quantities Y(A). In the case when I (ky, ... ,k,) is empty, e.g.
if ky + - - - +kp is an odd number, the above expectation equals zero.

Remark. In the special case when X; | = --- = Xg,, = X, and EXk2 =1 for all
indices 1 < k < p Corollary 5.5 provides a formula for the expectation of the
product of Hermite polynomials of standard normal random variables. In this case
we have a((k, j), (k,])) = a(k,k) with a function a@(-,-) not depending on the ar-
guments j and j, and the left-hand side of the identity in Corollary 5.5 equals
EH, (Xy)---Hy,,(X,) with standard normal random variables X,...,X, with cor-
relations EX;X; = a(k, k).

Proof of Corollary 5.5. We can represent the random variables X; ; in the form
Xi.j = Y.ck,j,p&p With some appropriate coefficients ¢ j ,, where §1,&,,... is a se-
P

quence of independent standard normal random variables. Let Z(dx) denote a ran-

dom spectral measure corresponding to the one-dimensional spectral measure with

density function g(x) = 5= for |x| < 7, and g(x) = 0 for |x| > 7. The random in-

tegrals [e'P*Z(dx), p = 0,41,42,..., are independent standard normal random

variables. Define /y ;(x) = ch‘,jme"”x, k=1,...,p, 1 <j<ng. The random vari-
P

ables X; ; can be identified with the random integrals [/ ;j(x)Z(dx), k=1,...,p,
A g
1 < j < my, since their joint distributions coincide. Put /i (x1, ..., X, ) = TT A j(x;).
j=1
It follows from Theorem 4.7 that
Xt Xt = [ a0 Z(d3) . Z(d) = m (i)
for all 1 <k < p. Hence an application of Corollary 5.4 yields Corollary 5.5. One

only has to observe that ["_ hy,j(x) I 7(x) dx = a((k, j), (k,j)) forallk,k=1,...,p
and 1 < j <ny. O

Theorem 5.3 states in particular that the product of Wiener—Itd integrals with
respect to a random spectral measure of a stationary Gaussian fields belongs to the
Hilbert space .7 defined by this field, since it can be written as a sum of Wiener—
1t6 integrals. This means a trivial measurability condition, and also that the product
has a finite second moment, which is not so trivial. Theorem 5.3 actually gives the
following non-trivial inequality.

Let hy € G ..., hy € HE". Let [I'(ny,ni,...,np,ny)| denote the number of
complete diagrams in I" (ny,ny,...,n,,n,), and put
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Clhy,... ) = \C(n1,n1,. . iy )|
nile !
In the special case 1 = -+ = ny, = nlet C(n,m) = C(ny,...,ny). Then

Corollary 5.6.

E [(mYs(h))* - (nn'I6(hm))?
<C(n,. o) E(ni g () -+ (nmE (I ().

In particular,

E [(nl6(h)*"] < Clnm) (E(mli())"  if he .

Corollary 5.6 follows immediately from Corollary 5.4 by applying it first for the
sequence A, hy, ..., hy,hy, and then for the pair A, h; which yields that

E(njlg(hj))* = njll|hjl|*, 1< j<m.

One only has to observe that |hy| < [|41]|?+ - |/hx||? for all complete diagrams by
Part (A) of Theorem 5.3.

The inequality in Corollary 5.6 is sharp. If G is a finite measure and h; € H',.. .,
hy, € He" are constant functions, then equality can be written in Corollary 5.6. We
remark that in this case Ig(hy),...,Ig(h,) are constant times the n;-th,..., n,-th
Hermite polynomials of the same standard normal random variable. Let us empha-
size that the constant C(ny,...,n,) depends only on the parameters ny,...,n, and
not on the form of the functions 4, ..., h,,. The function C(ny,...,n,) is monotone
in its arguments. The following argument shows that

Clni+1,n2,...,ny) >C(ny,...,ny)

Let us call two complete diagrams in I (ny,ny,...,ny,n,) or in I'(ny + 1,1y +
1,...,nm,ny) equivalent if they can be transformed into each other by permuting the
vertices (1,1),...,(1,ny) in ['(ny,ny,...,ny,ny) or the vertices (1,1),...,(1,n; +
1) in I'(ny + 1,n; + 1,...,n,ny). The equivalence classes have n;! elements in
the first case and (n; + 1)! elements in the second one. Moreover, the number of
equivalence classes is less in the first case than in the second one. (They would
agree if we counted only those equivalence classes in the second case which contain
a diagram where (1,n; + 1) and (2,n1, 1) are connected by an edge. Hence

1 - _
n—l!|F(n1,n1,...7nm,nm)\ < m\F(m+1,n1+1,...,nm,nm)|

as we claimed.
The next result may better illuminate the content of Corollary 5.6.
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Corollary 5.7. Let &, ..., & be a normal random vector;, and P(xy,...,x;) a poly-
nomial of degree n. Then

E[P(,....60""] < Clnm)(n+1)" (EP(&1,....&)%)"
with the constant C(n,m) introduced before Corollary 5.6.
The multiplying constant C(n,m)(n+ 1)™ is not sharp in this case.

Proof of Corollary 5.7. We can write &; = [ f;(x)Z(dx) with some f; € !, j=
1,2,...,k, where Z(dx) is the same as in the proof of Corollary 5.5. There exist
some h; € 7/, j=0,1,...,n, such that

P&, 8 Z]'I

Then

2m
EP(&1,..., &) = (Z]‘I ) n+1’"E

m!
<@+D)" Y Clprpa) (BP0 <En!1<hn>2>”"ﬁ
prtetpp=m presbe

= !
<(n+1)"C(n,m) Y. (EI(ho)*)"---(EI(nlhy)*)"" ‘L‘
p1tetpp=m P1:Pn

= (n+1)"C(n,m) [Y.E(j!(h;))*]" = (n+1)"C(n,m) (EP(&1,..., &))" .

a






Chapter 6

Subordinated Random Fields: Construction of
Self-similar Fields

Let X,,, n € Zy, be a discrete stationary Gaussian random field with a non-atomic
spectral measure, and let the random field &,, n € Z,, be subordinated to it. Let Zg
denote the random spectral measure adapted to the random field X,,. By Theorem 4.2
the random variable &y can be represented as

&= f0+gk]!/fk(xla-~~axk)ZG(dx1) - Zg(dxy)

with an appropriate f = (fo, f1,.-.) € Exp# in a unique way. This formula to-
gether with Theorem 4.4 yields the following

Theorem 6.1. A random field &,, n € Z, subordinated to the stationary Gaussian
random field X,,, n € Zy, with non-atomic spectral measure can be written in the
form

(=] 1 " A
Ei=fot+ Z 2l /el((”7"]+"'+xk)fk(x1,...,xk)ZG(dxl) .. Zg(dxy), neZy, (6.1)
k=1"""

with some [ = (fo, f1,...) € Exp G, where Z¢ is the random spectral measure
adapted to the random field X,. This representation is unique. It is also clear that

formula (6.1) defines a subordinated field for all f € Exp 7.

Let G denote the spectral measure of the underlying stationary Gaussian random
field. If it has the property G({x: x, =u})=0forallu € R' and 1 < p <v, where
x = (x1,...,xy) (this is a strengthened form of the non-atomic property of G), then
the functions

fk(xl,...,xk) :fk(xl,...,xk))zal(xl—|—~--+xk), k=1,2,...,

are meaningful, as functions in the measure space (R, %%V G*), where j,(x) =
; v ip) . .. .
ellmy) 7 ¢ ix(m’l, n € Zy, denotes the Fourier transform of the indicator function
p=0

65
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\4
of the v-dimensional unit cube [] [n(f’),n(m + 1]. Then the random variable &, in
p=1
formula (6.1) can be rewritten in the form

—_— )
E=fot Y E/xn(xl+~~~+xk)fk(x1,...,xk)Zg(dxl)...Z(;(dxk), nez,.
=1 K

(6.2)
Hence the following Theorem 6.1’ can be considered as the continuous time version
of Theorem 6.1.

Theorem 6.1'. Let a generalized random field E(@), ¢ € .7, be subordinated to
a stationary Gaussian generalized random field X(¢), ¢ € .. Let G denote the
spectral measure of the field X(@), and let Zg be the random spectral measure
adapted to it. Let the spectral measure G be non-atomic. Then & (@) can be written
in the form

E0)=for 90)+ X g1 [ Bttt ), )2 (). Zo(d),
k=1""

(6.3)
where the functions fj. are invariant under all permutations of their variables,

fk(_-x17"'7_-xk):fk(xla"'a-xk)a k:]725"'7

and
=1
ZE/(1+|x1+~~+xk|2)_"|fk(x1+-~+xk)\2G(dx1)...G(dxk)<<><> (6.4)
=15

with an appropriate number p > 0. This representation is unique.
Contrariwise, all random fields £ (@), ¢ € .7, defined by formulas (6.3) and (6.4)
are subordinated to the stationary, Gaussian random field X (@), ¢ € ..

Proof of Theorem 6.1'. The proof is based on the same ideas as the proof of The-
orem 6.1. But here we also adapt some arguments from the theory of generalized
functions (see [16]). In particular, we exploit the following continuity property of
generalized random fields and subordinated generalized random fields. If ¢, — ¢ in
the topology of the Schwartz space .7, and X (@), ¢ € .7, is a generalized random
field, then X (¢,) = X (@) stochastically. If X (@), ¢ € ., is a generalized Gaussian
random field, then also the relation E[X(¢,) — X (¢)]> — 0 holds in this case. Simi-
larly, if £(@), @ € ., is a subordinated generalized random field, and @, — @, then
E[E(@,) — E(9)]*> — 0 by the definition of subordinated fields.

It can be seen with some work that a random field & (@), ¢ € ., defined by (6.3)
and (6.4) is subordinated to X (¢). One has to check that the definition of &(¢) in
formula (6.3) is meaningful for all ¢ € .7, because of (6.4), & (T;¢) = T£ (@) for all
shifts 7;, t € RV, by Theorem 4.4, and also the following continuity property holds.
For all € > 0 there is a small neighbourhood H of the origin in the space .# such that

if @ = @ — @, € H for some @, ¢, € .7 then E[E(y) — &(@)]*> = EE(9)? < €2
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Since the Fourier transform ¢(-) — @(-) is a bicontinuous map in .%, to prove
the above continuity property it is enough to check that EE ()2 < &2 if ¢ € H for
an appropriate small neighbourhood H of the origin in .%. But this relation holds
with the choice H = {¢: (1+ |x|?)?|o(x)| < %2 for all x € RV} with a sufficiently
large K > 0 because of condition (6.4).

To prove that all subordinated fields have the above representation observe that
the relation

=1
E(p) = q"”"’*,; H/ly(,,,k(xl,...,xk)zG(dxl) - Zo(dx) 6.5)

holds for all ¢ € . with some (¥ 0,%,1,...) € Exp.# depending on the func-
tion ¢. We are going to show that these functions ¥, x can be given in the form

‘P(p,k(xl,...,xk) :fk(xl,...,xk)o(i)(xl +~~~+xk), k= 1,2,...,
with some functions f; € 2V, and
Y0 = fo-P(0)

for all ¢ € . with a sequence of functions fy, f,... not depending on ¢.

To show this let us choose a @y € .7 such that @y(x) > 0 for all x € R¥. (We
can make for instance the choice @y(x) = ¢~ **).) We claim that the finite linear
combinations Y a,¢o(x —t,) = Y.a,T;,¢o(x) are dense in .. To prove this it is
enough to show that if the Fourier transform {J of a function y € .¥ has a compact
support, then in every open neighbourhood of v (in the topology of the space .&)
there is a function of the form Y a,@o(x —1,). Indeed, this implies that the above
introduced linear combinations constitute a dense subclass of .#, since the functions
y with the above property are dense in .. (The statement that these functions
y are dense in .7 is equivalent to the statement that their Fourier transforms {
are dense in the space .¥ C .7 consisting of the Fourier transforms of the (real
valued) functions in the space .#.) We have ¥ € .7 for such functions y, where
¢ denotes the Schwartz-space of complex valued, at infinity strongly decreasing,
smooth functions again, because @(x) # 0, and ¥ has a compact support. There

exists a function y € . such that § = % (Here we exploit that the space of Fourier

transforms of the functions from .& agrees with the space of those functions f € .7¢
for which f(—x) = f(x).) Therefore y(x) = x * @o(x) = [ x(t)@o(x — ) dt, where
* denotes convolution. It can be seen by exploiting this relation together with the
rapid decrease of ¥ and @y together of its derivatives at infinity, and approximating
the integral defining the convolution by an appropriate finite sum that for all integers
r> 0, s > 0 and real numbers € > 0 there exists a finite linear combination (x) =

Vrs.e(x) = X ap@o(x—1,) such that (14 |x|*)|y(x) — §(x)| < € for all x € RY, and
P

the same estimate holds for all derivatives of y/(x) — y(x) of order less than r.
I only briefly explain why such an approximation exists. Some calculation en-
ables us to reduce this statement to the case when y =  * ¢y with a function y € Z,
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which has compact support. To give the desired approximation choose a small num-
ber & > 0, introduce the cube A = A(8) = [—6,6)” C R” and define the vectors
k(6) = (2k16,...,2ky8) € RY for all k = (ky,...,ky) € Zy. Given a fixed vector
X € RY let us define the vector u(x) € RY for all u € RV as u(x) = x+ k(6) with that
vector k € Zy for which x+k(6) —u € A, and put @, (u) = @o(u(x)). It can be
seen that §(x) = x * @y .(x) is a finite linear combination of numbers of the form
@o(x — 1) (with fy = k(0)) with coefficients not depending on x. Moreover, if § > 0
is chosen sufficiently small (depending on r,s and €), then Y(x) = . ¢(x) has all
properties we demanded.

The above argument implies that there is a sequence of functions ., which
converges to the function y in the topology of the space .. As a consequence, the
finite linear combinations Y. a,®o(x —1,,) are dense in ..

Define

_ ‘I’(po,k(xh...,xk)

Foo,0
X)) = — . k=1,2,..., and fo= -2
Jielxrs ) Y E——— fo

P0(0)°
If (x) =Y apo(x—1,) = Ya,T;,¢o(x), and the sum defining ¢ is finite, then by
Theorem 4.4

E(p) = (Y ap) fo-@0(0)+ i %/Zal’ei(lp’xﬁmﬂ")(f’o(xl 44 xg)
k=1"" 4
.fk(-xlv"-axk)ZG(dXI)...ZG(d_xk)

=fo-®(0)+ i % /(I)(xl + o x) fie(xn, -y xk) Za(dxy) - Za (daxg).
=k

Relation (6.5) holds for all ¢ € .7, and there exists a sequence of functions @;(x) =
Zag,j)(po(x — t,(,j)) € . satisfying (6.3) such that ¢; — ¢ in the topology of .. This
P

implies that imE[&(¢;) — &(9)]* — 0, and in particular EIG(¥px — @;xfi)*> — O
with (f)j_’k(xl,...,xk) = (I)j(xl +--- +xk) as j — oo forall k =1,2,.... In the sub-
sequent steps of the proof we restrict the domain of integration to bounded sets A,
because this enables us to carry out some limiting procedures needed in our argu-
ment. We can write that

/A W 1 (61 s35) — @561 20 fixr, o) PGdxy ) .. Gldxg) — O
as j — oo for all k and for all bounded sets A € R. On the other hand,
//; |90t + -+ x0) = @1+ ) P felwr, -0 PG (dn) .. Gdxy) = 0,
since @;(x) — @(x) — 0 in the supremum norm if ¢; — ¢ in the topology of ., and
the property @ (x) > 0 (of the function @y appearing in the definition of the function

fx) together with the continuity of @y and the inequality ElG(@fi)? < oo imply
that [, [fi(x1,-..,xx)|?G(dx1)...G(dx;) < e on all bounded sets A. The last two
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relations yield that
'I’¢7k(x1 e ,xk) = (Z)(xl 4+ erk)fk(x], - ,xk), k=1,2,...,

since both sides of this identity is the limit of the sequence

(T)j(xl+---+xk)fk(x1,...,xk), j=12...

in the LZGk norm, where G’;‘ denotes the restriction of the measure G* to the set A.
A
Similarly,
Vo0 = ¢(0) fo.

These relations imply (6.3).

To complete the proof of Theorem 6.1’ we show that (6.4) follows from the
continuity of the transformation F: @ — &(¢) from the space .¥ into the space
Ly(Q,47,P).

We recall that the transformation ¢ — @ is bicontinuous in .#’“. Hence for a
subordinated field &(¢), @ € .7, the transformation ¢ — & (@) is a continuous
map from the space of the Fourier transforms of the functions in the space .7 to
L,(, .47, P). This continuity implies that there exist some integers p > 0, r > 0 and
real number & > 0 such that if

aX|+---+xv

2Np | 2
I+ RD" S

Px)| <6 forallsy+---+sy<r (6.6)

then EE(@)? < 1.

Let us choose a function ¥ € . such that y has a compact support, y(x) =
y(—x), y(x) >0forallx € RV, and y(x) = 1 if |x| < 1. (There exist such functions.)
Define the functions @y, (x) = C(1+ [x|*)Py(%). Then ¢, € ., since its Fourier
transform @,, is an even function, and it is in the space .¥ being an infinite many
times differentiable function with compact support. Moreover, @, satisfies (6.6) for
allm=1,2,... if the number C > 0 in its definition is chosen sufficiently small. This
number C can be chosen independently of 7. (To see this observe that (1 + [x?|) ™7

together with all of its derivatives of order not bigger than r can be bounded by
Cp.r)

THRPP with an appropriate constant C(p,r).) Hence

1 o
E‘E((pm)z :Zﬁ/m’m(xl +"'+xk)|2|fk(X],-" ,xk)\zG(dm)...G(dxk) <1
forallm=1,2,....

As @ (x) — C(|1 4 |x|?)7P as m — o0, and @ (x) > 0, an m — oo limiting proce-
dure in the last relation together with Fatou’s lemma imply that

CZ%/(] +|x1 +-~~+xk)\2)7p|fk(x1,--- ,xk)|2G(dx1)...G(dxk) <.

Theorem 6.1 is proved. O
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We shall call the representations given in Theorems 6.1 and 6.1" the canonical
representation of a subordinated field. From now on we restrict ourselves to the case
EE, =0 or EE(@) = 0 respectively, i.e. to the case when fy = 0 in the canonical
representation. If

E(p)= i %/(])(xl +o ) filxn, - xk) Za(dxy) . Zg(dxy),
k=1""

then

(o) :];k],At(vt) /@’(l(xl+---+xk))fk(x1,~~-,Xk)ZG(dxl)mZG(dxk)

with the function ¢/ defined in (1.3). Define the spectral measures G; by the formula
G;(A) = G(tA). Then we have by Lemma 4.6

=1 Y _ X X
&g ék;ﬁA(t) '/(P(xl 4o X)) fi (71,,7’{) Zg,(dxy) ... Zg, (dxy).

If G(tB) = t**G(B) with some k > O forallt >0and B € A", fi(Ax1,...,Ax;) =
AVTRE=O £ (xq,...,x¢), and A(t) is chosen as A(t) = t%, then Theorem 4.5 (with the

choice G'(B) = G(tB) = t>G(B)) implies that & (¢") 4 &(@). Hence we obtain the
following

Theorem 6.2. Let a generalized random field & (@) be given by the formula
© 1
E(p)=1Y, E/(P(xl o x) fi(x1s - x) Zg (dxy) - - Zg (dx). (6.7)
k=1

If fe(Axy, ..., Ax) = AV TR £ (xy, ... x;) for all k, (x1,...,x;) € RY and A >0,
G(AA) = A**G(A) for all 2 > 0 and A € B, then & is a self-similar random field
with parameter O.

The discrete time version of this result can be proved in the same way. It states
the following

Theorem 6.2, If a discrete random field &,, n € Z, has the form
© 1 [
&=) E/xn(m o) fi (e, ) Ze(dxa) - Zo(dxy),  n € Zy, (6.8)
= K

and fi(Ax1,...,Ax;) = AV fi(xy, ... xp) for all k, G(AA) = A*YG(A), then &,
is a self-similar random field with parameter Q.

Theorems 6.2 and 6.2’ enable us to construct self-similar random fields. Never-
theless, we have to check whether formulas (6.7) and (6.8) are meaningful. The hard
part of this problem is to check whether
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Z%/m()ﬂ ) Pl o) PG lday ) .. Gld) < oo

in the discrete time case or whether
1 -
Yo / 16001+ 4 P15 PG(dx) .. G(dx) < 0o forall @ €.
in the generalized field case.
It is rather hard to decide in the general case when these expressions are finite.
The next result enables us to prove the finiteness of these expressions in some inter-

esting cases.
Let us define the measure G

_ 2k—v, [ X v
G(A)_/A\x\ a(|x|> dr, Ac®, 6.9)

where a(-) is a non-negative, measurable and even function on the v-dimensional
unit sphere Sy_1, and k¥ > 0. (The condition k¥ > 0 is imposed to guarantee the
relation G(A) < oo for all bounded sets A € %".) We prove the following

Proposition 6.3. Let the measure G be defined in formula (6.9).

(a) If the function a(-) is bounded on the unit sphere Sy _1, and % > 2K >0, then

D(n) = / (1 - +2x0)|2G(dx1) ... G(dx) <o forall n€ Zy,
and
Dg) = [ 196+ +0)PG(dx)...Gldx)
gc/(l+|x1+---+xk)|2)*PG(dx1)...G(dxk) <oo
forall ¢ € .7 and p > % with some C = C(@, p) < oe.
(b) If there is a constant C > 0 such that a(x) > C in a neighbourhood of a point
X0 € Sy_1, and either 2k < 0 or 2x > %, then the integrals D(n) are divergent,

and the same relation holds for D(®) with some ¢ € ..

Proof of Proposition 6.3. Proof of Part (a).
We may assume that a(x) = 1 for all x € S, _;. Define

J,qk(x):/+ N ey PV g P Vdxy . dx, xERY,
X1+ =x

for k > 2, where dx; ... dx; denotes the Lebesgue measure on the hyperplane x| +
-+ +x = x, and let J 1 (x) = |x|**~V. We have

Jer(Ax) = [A[CEHEY g (x), = APV ea(x), x€RY A >0,
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because of the homogeneity of the integral. We can write, because of (6.9) with
ax)=1
= [P (610

= [ 160R () d
R

We prove by induction on k that

and

Tiek(x) < C(ic, k) [P (6.11)

with an appropriate constant C(,k) < eoif ¥ > 2Kk > 0.
Inequality (6.11) holds for k = 1, and we have

]Kk /]K‘k 1 )|x y|2K vdy
for k > 2. Hence

Tex() < Click=1) [ DYy XV ay

_ C(K}k— 1)|x|21(k7v/‘y‘(2x(k71)7v

2K—V
since [ [y|(xk=1)-v \7\ -y dy < oo,

The last integral is finite, since its integrand behaves at zero asymptotically
as Cly[**=D=V_at the point e = ‘i—‘ € Sy 1 as Goly — e|>™ and at infinity as
G3|y|?*=2". Relations (6.10) and (6.11) imply that

2K—V

x dy = C(K,k)|x|2'(k*"7

=Y
[

1

v
< [ 1370V RLe2Kh—Y gy < /// g o S
P < [P v € [P T s

v
1
< C//// x(l) 2kk—v dx
T Sl max |x<f\| | Elﬂx(’)\z
<I<V

— i C///

"
—0 ~/\x(l)\: max |x(![, 27 <|x(1)]<2p+! \/\x(l)\: max [x(],[x(D|<1
P 1<i<v 1<I<v

The second term in the last sum can be simply bounded by a constant, since B =

{x:| )| = max [x{], |x1) <1}C{x x| <+/V},and |x(! |2"k"H

1<I<v 1+\x TR0 =
const. |x|***~V on the set B. Hence

o0 B oo 1 v
D(n) < Cy Zozp(mck v) [/w e dx] +Cy < oo,
fom
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We have |@(x)| < C(1+ |x*|)~? with some C > 0 and D > 0 if ¢ € .7. The proof
of the estimate D(¢) < oo for @ € . is similar but simpler.

Proof of Part (b). Define, similarly to the function Jy ; the function

X X,
Jika(x) = / Ix1|**Va (1) P Va <k> dxy...dx;, x€RY,
x|+ X=X |xl| ‘xkl

for k > 2, where dx; ... dx; denotes the Lebesgue measure on the hyperplane x| +
-+ xp = x, and put J; 4(x) = x> Va(). We can prove by induction with respect

Ix]
to k that

“y B
Jicsea(x) Z/ )Ixyl2K Vdy

. , JK,k—l,a(y)a<
vi (-l <l<(+a)l lx—y

> C(K,k,a(~))/ 1 1 R0 =Y |y 2Ry gy
yi (z-o)kl<lyl<(z+a)l|

with the choice of some number 0 < o < % and

X — —
Ieaa) = [ drcratla(E22 Yoy
v f>2x o=yl
> Clkal) [ =y ay
yioy[>2x

with some coefficient C(x,k,a(-)) if ﬁ‘ is close to such a point xo € Sy_; in whose

small neighbourhood the function a(-) is separated from zero. Hence by an argument
similar to the one in Part (a) we get the inequality

> C(k,k)[x|* =V if ¥ > 2K >0,
J"”‘v“(x){zoo if Kk <Oor2k>Y

for such vectors x € RV.
Since |, (x)|> > 0 for almost all x € RY,

D(n) = / 120(0) [ pa (6) dx = o0

under the conditions of Part (b). Similarly D(@) = oo if |@(x)|* > 0 for almost all
x € RY. We remark that the conditions in Part (b) can be weakened. It would have
been enough to assume that a(x) > 0 on a set of positive Lebesgue measure in Sy_j.
O

Theorem 6.2 and 6.2’ together with Proposition 6.3 have the following

Corollary 6.4. The formulae
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& =§1/zn<x1 cor T1 (= ()

=1
Z(dxy) ... Zg(dxy), ne Ly,

and

5((1,):%/@()“4_...4_“ ﬁ(w K+ (v—a)/k bk<|Z|)>
Zg(dxy)... Zg(dxy), RIS

define self-similar random fields with self-similarity parameter o if G is defined by
formula (6.9), the parameter . satisfies the inequality % < o <V, and the functions
a(-) (in the definition of the measure G(-) in (6.9)) and by (-),..., by(-) are bounded
even functions on Sy_1.

The following observation may be useful in the proof of Corollary 6.4. We can
replace &, by another random field with the same distribution. Thus we can write,
by exploiting Theorem 4.5,

M
f— Z)Zn()ﬁ + 4 x0)Zg (dxy) .. . Zg(dxy), n€Zy,

with a random spectral measure Zg corresponding to the spectral measure G'(dx) =
b( ) x| 72K H2V=2/kG(dx) = a( a)b( M) x|~V F2(v=®)/k gx_1In the case of gener-
ahzed random fields a similar argument can be applied.

Remark 6.5. The estimate on Ji ; and the end of the of Part (a) in Proposition 6.3
show that the self-similar random field

. L X1+ X
30 —k;l/qo(xl+---+xk>|x1+---+xk|pu(|)

x1+...+xk|
k

H(xllK+<va)/k'bk(|i§|>)ZG(dxl) ZG(dxk), (peY,

=1

and

M
& = Z/Zn(xl+---+Xk)IX1+--~+Xk|Pu(
k=1

k

H(|xl|K+(va)/k'bk<|z|)>ZG(dxl) Zg(dxy), n€Zy,

=1

x1+...+xk
|xl+..‘+xk‘

are well defined if G is deﬁned by formula (6.9), a(-), b(-) and u(-) are bounded
even functions on Sy_, 2 < o < V,and ot — p < Vv in the generalized and "2 <
o — p < v is the discrete random field case. The self-similarity parameter of these
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random fields is & — p. We remark that in the case p > 0 this class of self-similar
fields also contains self-similar fields with self-similarity parameter less than %

In proving the statement of Remark 6.5 we have to check the integrability
conditions needed for the existence of the Wiener—Itd integrals & (@) and &,. To
check them it is worth remarking that in the proof of Part (a) of Proposition 6.3
we proved the estimate Jg x(x) < C(k,k)|x|***~Y. We want to apply this inequal-
ity in the present case with the choice k = % Then arguing similarly to the
proof of Part (a) of Proposition 6.3 we get to the problem whether the relations
[ 170 () P|x[ 2P T2 =9~V dx < oo and [ [@(x)]?|x[2P T2V =9V dx < w0 if @ € .7 hold
under the conditions of Remark 6.5. They can be proved by means of the argument
applied at the end of the proof of Part (a) of Proposition 6.3.

The following question arises in a natural way. When do different formulas
satisfying the conditions of Theorem 6.2 or Theorem 6.2’ define self-similar ran-
dom fields with different distributions? In particular: Are the self-similar random
fields constructed via multiple Wiener—It6 integrals of order k > 2 necessarily non-
Gaussian? We cannot give a completely satisfactory answer for the above question,
but our former results yield some useful information.

Let us substitute the spectral measure G by G’ such that % = |g>(x)%

g(—x) = g(x) and the functions \xl\”‘ﬂ"’“)/"b(‘j—;‘) by b(‘i—ﬁ')g(xl)\xlr"*("’“)/k
in Corollary 6.4. By Theorem 4.4 the new field has the same distribution as the
original one. On the other hand, Corollary 5.4 may helps us to decide whether two
random variables have different moments, and therefore different distributions. Let
us consider e.g. a moment of odd order of the random variables &, or &(¢) defined
in Corollary 6.4. It is clear that all #, > 0. Moreover, if by (x) does not vanish for
some even number k, then there exists a /1, > 0 in the sum expressing an odd mo-
ment of &, or &(¢). Hence the odd moments of &, or &(¢@) are positive in this case.
This means in particular that the self-similar random fields defined in Corollary 6.4
are non-Gaussian if by is non-vanishing for some even k. The next result shows that
the tail behaviour of multiple Wiener—Ito integrals of different order is different.

Theorem 6.6. Let G be a non-atomic spectral measure and Z¢g a random spectral
measure corresponding to G. For all h € [ there exist some constants Ky > K> >
0 and xo > 0 depending on the function h such that

K" < p(|I6(h)] > x) < e K"

for all x > x.

Remark. As the proof of Theorem 6.6 shows the constant K> in the upper bound
of the above estimate can be chosen as K, = C,(Elg(h)?)~'/™ with a constant C,,
depending only on the order m of the Wiener—It6 integral of I;(h). This means
that for a fixed number m the constant K> in the above estimate can be chosen as
a constant depending only on the variance of the random variable I;(%). On the
other hand, no simple characterization of the constant K; > 0 appearing in the lower
bound of this estimate is known.
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Proof of Theorem 6.6. (a) Proof of the upper estimate.
We have
P(|IG(h)| > x) < PNE(IG(h)|*Y).

By Corollary 5.6
E(I(h)[*") < C(m,N)[E(I6(h)*)]¥ < C(m,N)CY

with the coefficient C(m,N) appearing in this result, and by a simple combinatorial
argument we obtain that

C(m,N) < (ZNm—125’3!]\)]1;\1/1_3)...17

since the numerator on the right-hand side of this inequality equals the number of
complete diagrams |I"(m,...,m)| if vertices from the same row can also be con-
——

2N times
nected. Multiplying the inequalities

(2nM —2j—1)2Nm—2j—1—2N)---(2Nm—2j—1—-2N(m—1)) < (2N)"m!,
j=1,...,N, we obtain that
C(m,N) < (2N)"V.

(This inequality could be sharpened, but it is sufficient for our purpose.) Choose a
sufficiently small number o > 0, and define N = [ax®/"], where [-] denotes integer
part. With this choice we have

P(I(h)] > x) < (x22a)" )Y = €1 (2a)"]N < e K"

if a is chosen in such a way that C; (2a)™ < %, K, = %, and x > xy with an appro-
priate xog > 0.

(b) Proof of the lower estimate.

First we reduce this inequality to the following statement. Let Q(xi,...,xx)
be a homogeneous polynomial of order m (the number k is arbitrary), and & =
(&1,...,&) a k-dimensional standard normal variable. Then

PO(E,... &) > x) > e K" (6.12)

if x > xp, where the constants K > 0 and xo > 0 may depend on the polynomial Q.
By the results of Chapter 4, Ig(h) can be written in the form

Kl yeens k
Igthy= ), CjiH; () Hj (&), (6.13)
Jrteetji=m
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where &;,&,,... are independent standard normal random variables, Cfll fl’ are ap-
propriate coefficients, and the right-hand side of (6.13) is convergent in L, sense. Let
us fix a sufficiently large integer k, and let us consider the conditional distribution
of the right-hand side of (6.13) under the condition &1 = xx11,&0 = Xk 12, .- -,
where the numbers xi1,Xz12,... are arbitrary. This conditional distribution coin-
cides with the distribution of the random variable Q(&;, ..., &, X1 1, %12, ... ) with
probability 1, where the polynomial Q is obtained by substituting &1 = xty1,
&i42 = X—2, ... into the right-hand side of (6.13). In particular,

Q(éla" 'a§k7xk+17xk+27 .. )

is a random polynomial with finite second moment, and as a consequence with finite
coefficients for almost all vectors (X 1,%x12,...) with respect to the distribution of
the vector (&xi1,Ext2,...). Itis clear that all these polynomials

01, &y X1 X042, - - )

are of order m if k is sufficiently large. It is sufficient to prove that

_g2/m
P(|Q<€1?"'7§kaxk+laxk+2a"')| >)C) Z e Kx

for x > x¢, where the constants K > 0 and xo > 0 may depend on the polynomial Q.
Write

081,y Ses X1, X425+ ) = Q1 (S, 8) + Q2(&1, -, k)
where Q) is a homogeneous polynomial of order m, and Q, is a polynomial of
order less than m. The polynomial Q, can be rewritten as the sum of finitely many

Wiener-It6 integrals with multiplicity less than m. Hence the already proved part of
Theorem 6.6 implies that

_GKx2/(m=1)
P(Q2(E1,- &) > x) < e ™
(We may assume that m > 2). Then an application of relation (6.12) to Q; implies
the remaining part of Theorem 6.6, thus it suffices to prove (6.12).

If Q(+) is a polynomial of k variables, then there exist some & > 0 and 8 > 0

such that
A <‘Q<xl,,xk)‘ > a> > B,
x| x|

k
where [x|> = ¥ x?, and A denotes the Lebesgue measure on the k-dimensional unit
j=1
sphere Sy 1. Exploiting that || and % are independent, é—‘ is uniformly distributed

. 2 . .
on the unit sphere Sy_1, and P(|&| > x) > ce™™ for a k-dimensional standard normal
random variable, we obtain that

P(|O(&,....&)| >x) Zﬁp<|§|m > f) >e_KX2/m,

o
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if the constants K and x are sufficiently large. Theorem 6.6 is proved. a

Theorem 6.6 implies in particular that Wiener—Ito6 integrals of different multiplic-
ity have different distributions. A bounded random variable measurable with respect
to the o-algebra generated by a stationary Gaussian field can be expressed as a sum
of multiple Wiener—It6 integrals. Another consequence of Theorem 6.6 is the fact
that the number of terms in this sum must be infinite.

In Theorems 6.2 and 6.2" we have defined a large class of self-similar fields. The
question arises whether this class contains self-similar fields such that the distribu-
tions of their random variables tend to one (or zero) at infinity (at minus infinity)
much faster than the normal distribution functions do. This question has been un-
solved by now. By Theorem 6.6 such fields, if any, must be expressed as a sum of
infinitely many Wiener—Itd integrals. The above question is of much greater impor-
tance than it may seem at first instant. Some considerations suggest that in some
important models of statistical physics self-similar fields with very fast decreasing
tail distributions appear as limit, when the so-called renormalization group transfor-
mations are applied for the probability measure describing the state of the model
at critical temperature. (The renormalization group transformations are the transfor-
mations over the distribution of stationary fields induced by formula (1.1) or (1.3),
when Ay = N%, A(t) = t* with some ¢.) No rigorous proof about the existence
of such self-similar fields is known yet. Thus the real problem behind the above
question is whether the self-similar fields interesting for statistical physics can be
constructed via multiple Wiener—It6 integrals.



Chapter 7
On the Original Wiener-Ito Integral

In this chapter the definition of the original Wiener—It6 integral introduced by It6
in [19] is explained. As the arguments are very similar to those of Chapters 4 and 5
(only the notations become simpler) most proofs will be omitted.

Let a measure space (M,.# , 1) with a o-finite measure {1 be given. Let i satisfy
the following continuity property: For all € > 0 and A € .#, 11(A) < oo, there exist
some disjoint sets B; € .#, j=1,...,N, with some integer N such that j1(B;) < €

N
forall 1 < j<N,and A= |J B;. We introduce the following definition.

j=1
Definition of (Gaussian) Random Orthogonal Measures. A system of random
variables Zy, (A), A € A, L(A) < o, is called a Gaussian random orthogonal mea-
sure corresponding to the measure L if

(i)  Zu(Ar),...,Zu(Ax) are independent Gaussian random variables if the sets
Aje M, n(Aj) <oo, j=1,....k are disjoint.
(ii) EZy(A) =0, EZ,(A)* = u(A).
k k
(iii)  Zy | U Aj> = Y. Z,(Ax) with probability 1 if Ay,..., A are disjoint sets.
= =1

J

Remark. There is the following equivalent version for the definition of random or-
thogonal measures: The system of random variables system of random variables
Zy(A),A € M, n(A) < o, is a Gaussian random orthogonal measure correspond-
ing to the measure u if

(i) Zu(A1),...,Zu(Ay) are (jointly) Gaussian random variables for all sets A; €
MLN(Af) <oo, j=1,... k.
(i) EZu(A)=0,and EZ;(A)Zy(B) = u(ANB)ifA,B € A, u(A) < oo, U(B) <

It is not difficult to see that properties (i), (ii) and (iii) imply relations (i’) and (ii’).
On the other hand, it is clear that (i’) and (ii’) imply (i) and (ii). To see that they also
imply relation (iii) observe that under these conditions

79
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k X 2
E lzﬂ (UA,-) — Zzﬂ(Ak)l =0
j=1 J=1

if Ay,..., Ay are disjoint sets.

The second characterization of random orthogonal measures may help to show
that for any measure space (M,.# 1) with a o-finite measure U there exists a
Gaussian random orthogonal measure corresponding to the measure (. The main
point in checking this statement is the proof that for any sets Aj,..., Ay € 4,
H(Aj) < oo, 1 < j<k, there exists a Gaussian random vector (Z, (A1), ..., Zu(Ax)),
EZ,(A;) = 0, with correlation EZ, (A;)Z,(Aj) = u(A;iNA;) forall 1 <i,j <k. To
prove this we have to show that the corresponding covariance matrix is really posi-
tive definite, i.e. Y ¢;¢;(A;NA;) > 0 for an arbitrary vector (cy,...,cx). But this fol-

i,j

2
>0

lows from the observation ¥ ¢;Cjxa,na; (X) = X ¢iCjxa; (X) X4, (x) = ‘ZQ’XA,- (x)
ij ' ij i
for all x € M, if we integrate this inequality with respect to the measure (U in the

space M.

We define the real Hilbert spaces £, n = 1,2,.... The space Jii" consists of
the real-valued measurable functions over (M X -+ X M, # X --- X ) such that

n times n times

AP = [ 170 PR(dx) () <

and the last formula defines the norm in 1%7“”. Let %" denote the subspace of %7#"
consisting of the functions f € 17“" such that

f(xl, .. ,x,l) = f(xﬂ:(l)a ... ,xﬂ<n>) for all & € II,.

Let the spaces %7“0 and %0 consist of the real constants with the norm |[¢|| = |c|.
Finally we define the Fock space Exp.%#} which consists of the sequences f =
(fosf15--)s fn € K, n=0,1,2,..., such that

=)

1
IF12 = X LAl <

n=0

Given a random orthogonal measure Z,; corresponding to i, let us introduce the
o-algebra . # =0 (Zy(A): A€ M, 1(A) <o0).Let J denote the real Hilbert space
of square integrable random variables measurable with respect to the o-algebra .%.
Let <, denote the subspace of 7" that is the closure of the linear space containing
the polynomials of the random variables Z, (A) of order less than or equal to n.
Let %, be the orthogonal completion of J#<,_; to J#<,. (The norm is defined as
|€|I> = EE? in these Hilbert spaces.)

The multiple Wiener—It6 integrals with respect to the random orthogonal measure
Zy, to be defined below, give a unitary transformation from Exp.#, to 2. We
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shall denote these integrals by [’ to distinguish them from the Wiener—Ito integrals
defined in Chapter 4.

First we define the class of simple functions J_ﬁ/u” - 17”". A function f € Ji;”" isin

J if there exists a finite system of disjoint sets Ay,..., Ay, with Aj € ./, u(A;) <
oo, j=1,...,N, such that f(xi,...,x,) is constant on the sets A; x --- x A; if the

indices ji, ..., j, are disjoint, and f(xi,...,x,) equals zero outside these sets. We
define
[ 7 5 Zu(d0) o Za ) = T 33, (A Za(4)

for f € J_ifﬂ", where x; € A, k= 1,...,N. Here again, it can be seen with the help
of the additivity property (iii) of the random orthogonal measure Z, that the above
definition of the Wiener—Itd integral of simple functions is meaningful, although
the simple function f does not determine uniquely the sets A; appearing in this
definition. .

Let %AH" = l_/u” N z%/””. The random variables

/fxl, ) Zu(dx1) .- Zy(dxy),  f €A,
have zero expectation, integrals of different order are orthogonal,

I(f)=1,(Symf), andSymfe 47 if f e A,

1 .
EL(f) < —IIfIPif £ e 2y, (7.1)

and (7.1) holds with equality if f € Ji}u".

It can be seen that J_i/u" is dense in Jii{’ in the L, (™) norm. (This is a statement
analogous to Lemma 4.1, but its proof is simpler.) Hence relation (7.1) enables us
to extend the definition of the n-fold Wiener—Itd integrals over Jii{l. All the above
mentioned relations remain valid if f € %] is substituted by f € 7", and f € K,
is substituted by f € J£". We formulate [td’s formula for these integrals. It can be
proved similarly to Theorem 4.3 with the help of the diagram formula valid for the
classical Wiener—It6 integrals studied in this chapter.

Theorem 7.1. (It6’s Formula.) Let ¢1,...,Q,, ¢; € ,/“i/”l for all 1 < j <m, be

an orthonormal system in Lﬁ. Let some positive integers ji,...,Jjm be given, put
Jj1+--+jm =N, and define foralli=1,...,N

=@ for1<i<ji, and gi=@s forji+--+js1 <i<jit-+Js

Then
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%(/wammm)wm(/%mawﬂ
—/g1 x1) - gn(en) Zu(dxr) ... Zy(dxy)

:/ Sym{g1 (x1) - g ()] Zu(dxr) . .. Zu ().

(Let me remark that the diagram formula (Theorem 5.3) also remains valid for
this integral if we replace —x; is by x; and G(dx;) by u(dx;), N=2|y|+1< ;<
— |7/, in the definition of 4y in formula (5.2).)

It can be seen with the help of Theorem 7.1 that the transformation

I Expty —

where I (f) = ¥ I, (fa), f= (fo,f1,...) € Exp#y is a unitary transformation,
n=0
and so are the transformations (n!)!/ ZIL from " to ;.

Let us consider the special case (M, .#,u) = (RY,2",A), where A denotes the
Lebesgue measure in R. A random orthogonal measure corresponding to A is called
the white noise. A random spectral measure corresponding to A, when the Lebesgue
measure is considered as the spectral measure of a generalized field, is also called a
white noise. The next result, that can be considered as a random Plancherel formula,
establishes a connection between the two types of Wiener—It6 integrals with respect
to white noise.

Proposition 7.2. Let f = (fo, f1,-..,) € ExpJ#), be an element of the Fock space
corresponding to the Lebesgue measure in the Euclidean space (RY,2"). Then
= (5. f1,---,) € ExpJ, with the functions fi = fo and f, = 2m)"™/2f,
n=12,..., (where f(uy,...,u,) = vae Sa(x1, .oy x0)dxy .. dx, with x =
(X1, %) and u = (uy,...,u,)), and

ii,/fn (X1, 5 %0) Zy (dx1) ... Zy (dxy)
- Z /fn Uiy yun) Zy(duy) ... Zy (duy),

where Z; (dx) is a white noise as a random orthogonal measure, and Z (du) is a
white noise as a random spectral measure.

Proof of Proposition 7.2. We have
@R Pl = fall3.

hence f' € Exp 74,.
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Let @1, ¢,... be a complete orthonormal system in Li. Then @], @5, ... isalsoa
complete orthonormal system in L2, and if

fn(xlv"'vxn) - ch|7-~'7jn(pjl (xl) Q) (Xn),

then
Salwr, ) =Y e, @5 () - @, (un).

Hence an application of Itd’s formula for both types of integrals, (i.e. Theorems 4.3
and 7.1) imply Proposition 7.2. ad

Finally we restrict ourselves to the case v = 1. We formulate a result which reflects
a connection between multiple Wiener—It6 integrals and classical Itd integrals. Let
W(t), a <t < b, be a Wiener process, and let us define the random orthogonal
measure Z(dx) as

Z(A):/)(A(x)W(dx% AcCab), Ac B

Then we have the following

Proposition 7.3. Let f € f%/x"[a by where Ala,b) denotes the Lebesgue measure on
the interval [a,b). Then

//f(xl, ) Z(dn) .. Z(dxy) (7.2)

_ n!/ab (/[ ( (/” (/alzf(tl,...,tn)W(dtl)) W(dt2)> ) W(dt,,)) .

Proof of Proposition 7.3. Given a function f € %7/1”[“ by let the function f be defined
as

f — f('xlw--axn) if.XI<x2<...<xn
Tty o) = {0 otherwise.

It is not difficult to check Proposition 7.3 for such a special function f € Jf/{‘[a b) for
which the above defined function f is the indicator function of a rectangle of the

n
form [] [a;,b;) with constants a < a; < by < ax < by <--- <a, < b, <b. Here
j=1

we exploit the relation I'(f) = n!I’(f). Beside this, we have to calculate the value

of the right-hand side of formula (7.2) for these simple functions f € %}An[a,b)' A

n
simple inductive argument shows that it equals [] [W(b;) —W(a;)]ifa <a; <b; <
j=1
ay < by <---<a, <b, <b, and it equals zero otherwise. Then a simple limiting
procedure with the help of the approximation of general functions in jéj{l[a b) by the

linear combinations of such functions proves Proposition 7.3 in the general case. O
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As a consequence of Proposition 7.3 in the case v = 1 multiple Wiener—Itd in-
tegrals can be substituted by It6 integrals in the investigation of most problems. In
the case v = 2 there is no simple definition of Itd integrals. On the other hand, no
problem arises in generalizing the definition of multiple Wiener—Itd integrals to the
case vV > 2.



Chapter 8
Non-central Limit Theorems

In this chapter we investigate the problem formulated in Chapter 1, and we show
how the technique of Wiener—It0 integrals can be applied for the investigation of
such a problem. We restrict ourselves to the case of discrete random fields, although
the case of generalized random fields can be discussed in almost the same way. We
also present some generalizations of these results which can be proved in a similar
way. But the proof of these more general results will be omitted. They can be found
in [9]. First we recall the following

Definition 8A. (Definition of Slowly Varying Functions.) A function L(¢), t €
[f0,0), 20 > 0, is said to be a slowly varying function (at infinity) if

Jim =00

T =1 forall s>0.

We shall apply the following description of slowly varying functions.

Theorem 8A. (Karamata’s Theorem.) If a slowly varying function L(t), t > fo,
with some ty > 0, is bounded on every finite interval, then it can be represented in

the form
L(t) = a(t) exp{/t: ‘E(Ss)ds} ,

where a(t) — aog # 0, €(t) is integrable on any finite intervals [ty,t], and €(t) — 0
ast — oo,

Let X,,, n € Zy, be a stationary Gaussian field with expectation zero and a corre-
lation function

r(n) = EXoX, = |n| " %a <:|) L(|n]), n€Zy, ifn#(0,...,)), (8.1)

where 0 < a < v, L(t), t > 1, is a slowly varying function, bounded in all finite
intervals, and a(¢) is a continuous function on the unit sphere ., _, satisfying the

85
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symmetry property a(x) = a(—x) for all x € .#,_;. Let G denote the spectral mea-
sure of the field X, and let us define the measures Gy, N = 1,2,..., by the formula

GN(A):LIZN)GC?]), AcB, N=12,.... (8.2)

Now we recall the definition of vague convergence of not necessarily finite mea-

sures on a Euclidean space.

Definition of Vague Convergence of Measures. Let G, n=1,2,..., be a sequence
of locally finite measures over RY, i.e. let G,(A) < oo for all measurable bounded
sets A. We say that the sequence G, vaguely converges to a locally finite measure G
on RY (in notation G, = Gy) if

lim [ £(x)Gu(dx) = [ £(x) Go(d)
for all continuous functions f with a bounded support.
We formulate the following

Lemma 8.1. Let G be the spectral measure of a stationary random field with a
correlation function r(n) of the form (8.1). Then the sequence of measures Gy de-
fined in (8.2) tends vaguely to a locally finite measure Gy. The measure Gg has the
homogeneity property

Go(A) =1 %Go(tA) forall A€ B* andt >0, (8.3)

and it satisfies the identity

; V1 —cosxl)
\% i(t,x) 1 ROeATT
2 / e ]I;[l oy Gold) (8.4)
. a X+t
:/[ | (l_x(l)|)'--(1—|x(v))<+x+tt|a>dx, forallt € R".
J=1av X

Remark. One may ask whether there are stationary random fields with correla-
tion function satisfying relation (8.1), or more generally, how large the class of
such random fields is. It can be proved that we get a correlation function of the
form (8.1) with the help of a spectral measure with a spectral density of the form
g(u) = |u|°‘_"b(‘—zl)h(|u|), u € RV, where b(-) is a non-negative smooth function on
the unit sphere {u: u € R, |u| = 1}, and h(u) is a non-negative smooth function
on R! which does not disappear at the origin, and tends to zero at infinity suffi-
ciently fast. The regularizing function /(|u|) is needed in this formula to make the
function g(-) integrable. Results of this type are studied in the theory of generalized
functions.
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At a heuristic level the class of spectral measures G(-) which determine a corre-
lation function r(-) satisfying relation (8.1) can be described in the following way.
They are such measures G for which the asymptotic identity G(B,) ~ Cx* holds
with some constant C > 0 for the (small) balls By = {v: |v| < x} as x — 0, and
the effect of the singularities of the measure G outside the origin is in some sense
small. At this heuristic level we disregarded the possibility of a factor L(]x|) with
a function L(-), slowly varying at the origin. Thus heuristically we can say that the
asymptotically homogeneous behaviour r(n) ~ Cn~% of the correlation function at
infinity corresponds to the asymptotically homogeneous behaviour G(B,) ~ Cx% of
the spectral measure G corresponding to it in the neighbourhood of zero together
with some additional restrictions about the singularities of the spectral measure G
outside zero which guarantee that their influence is not too strong. These considera-
tions may help us to understand the content of one of the most important conditions
in the subsequent Theorem 8.2.

We postpone the proof of Lemma 8.1 for a while.
Formulae (8.3) and (8.4) imply that the function a(¢) and the number « in the
definition (8.1) of a correlation function r(n) uniquely determine the measure Go.

(x())2
since they determine its Fourier transform. Hence they also determine the mea-
sure Gy. (Formula (8.3) shows that Gy is a locally finite measure). Let us also re-
mark that since Gy(A) = Gy(—A) for all N =1,2,... and A € £", the relation
Go(A) = Go(—A), A € A" also holds. These properties of the measure Gy imply
that it can be considered as the spectral measure of a generalized random field. Now
we formulate

v .
Indeed, by formula (8.4) they determine the (finite) measure Hl 1—cosx!/) Go(dx),
j=

Theorem 8.2. Let X, n € Zy, be a stationary Gaussian field with a correlation
function r(n) satisfying relation (8.1). Let us define the stationary random field &; =
H(X;), j € Zy, with some positive integer k, where Hy(x) denotes the k-th Hermite
polynomial with leading coefficient 1, and assume that the parameter & appearing
in (8.1) satisfies the relation 0 < o0 < % with this number k. If the random fields Z%,
N=1,2,..., n € Zy, are defined by formula (1.1) with Ay = NY~**/2L(N)¥/? and
the above defined &j = Hy(X;), then their multi-dimensional distributions tend to
those of the random field Z;,,

7 :/;z,,(xl+---+xk)zGO(dx1)...zGo(dxk), neLy.

Here Zg, is a random spectral measure corresponding to the spectral measure Go
which appeared in Lemma 8.1. The function %,(-), n = (nV,... .n\")), is (similarly
to formula (6.2) Chapter 6) the Fourier transform of the indicator function of the
v
v-dimensional unit cube T[] [n?),n(P) 4-1].
p=1
Remark. The condition that the correlation function r(n) of the random field X,,, n €
Zy, satisfies formula (8.1) can be weakened. Theorem 8.2 and Lemma 8.1 remain
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valid if (8.1) is replaced by the slightly weaker condition

lim sup r(n) =1,
T5% 0 weLy nl=T |n|~%a (ﬂ) L(n|)

where 0 < a < v, L(t), t > 1, is a slowly varying function, bounded in all finite
intervals, and a(r) is a continuous function on the unit sphere ., _1, satisfying the
symmetry property a(x) = a(—x) for all x € 7, ;.

First we explain why the choice of the normalizing constant Ay in Theorem 8.2
was natural, then we explain the ideas of the proof, finally we work out the details.

It can be shown, for instance with the help of Corollary 5.5, that EH(&)Hi(n) =
E:E%: :nk = kI(EEN)X for a Gaussian random vector (€,7) with EE = En =0
and EE? = En? = 1. Hence

k! k! j—1 )
E(Z,) =1 Z ~— Y li—iTd )L(IJ—II)",
AN icp A =1

N j.1eBY

with the set Bg’ introduced after formula (1.1). Some calculation with the help of
the above formula shows that with our choice of Ay the expectation E(ZY)? is sep-
arated both from zero and infinity, therefore this is the natural norming factor. In
this calculation we have to exploit the condition kot < v, which implies that in the
sum expressing E (ZY )2 those terms are dominant for which j — I is relatively large,
more explicitly which are of order N. There are const. N>V such terms.

The field &,, n € Zy, is subordinated to the Gaussian field X,,. It is natural to write
up its canonical representation defined in Chap. 6, and to express ZV via multiple
Wiener-It6 integrals. Itd’s formula yields the relation

£ = Hy </ei(j’X>Zg(dx)> = /e"<f»x1+"'+"k)zc(dx1)...zc(dxk),

where Z is the random spectral measure adapted to the random field Xj,. Then

1 o
Ziv = i Z /el<j’xl+m+xk)ZG(dxl)...Zg(dxk)
N jeBy
1 v elN(xg L +x,({))_l
/ i) [T S Zg(dn) ... Zo(dxe)-
AN j=1 e xl +etx) 1
Let us make the substitution y; = Nx;, j = 1,...,k, in the last formula, and let

us rewrite it in a form resembling formula (6.8). To this end, let us introduce the
measures Gy defined in (8.2). By Lemma 4.6 we can write

Z, é/fN(yla---v}’k)Zn()’l 4 y6) Zay (dV1) - .- Zgy, (dyi)
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with 0 )
v iU J
o) =11 ll(y(l.)+ +y’<‘.)) :
j=1 (exp{iﬁ(yl’ +oty! )} — 1) N
where ¥,(-) is the Fourier transform of the indicator function of the unit cube
Iv] [n) n() 4 1). (It follows from Lemma 8B formulated below and the Fubini
J=1
theorem that the set, where the denominator of the function fy disappears, i.e. the
set where y(lj) + - —I—y,((]) = 2INw with some integer [ # 0 and 1 < j < v has zero
Gy X --- X Gy measure. This means that the functions fy are well defined.) The
functions fy tend to 1 uniformly in all bounded regions, and the measures Gy tend
vaguely to Gg as N — o by Lemma 8.1. These relations suggest the following lim-
iting procedure. The limit of ZY can be obtained by substituting fiyy with 1 and Gy
with Gp in the Wiener-Ito integral expressing Z». We want to justify this formal
limiting procedure. For this we have to show that the Wiener—Itd integral express-
ing Z is essentially concentrated in a large bounded region independent of N. The
Ly-isomorphism of Wiener—Itd integrals can help us in showing that. We shall for-
mulate a result in Lemma 8.3 which is a useful tool for the justification of the above
limiting procedure.

Before formulating this lemma we make a small digression. It was explained that
Wiener—Itd integrals can be defined also with respect to random stationary fields
Z¢ adapted to a stationary Gaussian random field whose spectral measure G may
have atoms, and we can work with them similarly as in the case of non-atomic
spectral measures. Here a lemma will be proved which shows that in the proof of
Theorem 8.2 we do not need this observation, because if the correlation function
of the random field satisfies (8.1), then its spectral measure is non-atomic. More-
over, the measure G has an additional property which guarantees that the function
fv(1,-..,y,) introduced in (8.5) can be defined in the space R*Y with the product
measure Gy X --- X Gy.

(8.5)

Lemma 8B. Let the correlation function of a stationary random field X,, n € Zy,
satisfy the relation r(n) < Aln|~%* with some A > 0 and a > 0 for alln € Z,, n # 0.
Then its spectral measure G is non-atomic. Moreover, the hyperplanes x) =1 have
zero G measure forall 1 < j < v andt € R".

Proof of Lemma 8B. Lemma 8B clearly holds if o > v, because in this case the
spectral measure G has even a density function g(x) = ¥ e ™r(n). On the

ne sy
other hand, the p-fold convolution of the spectral measure G with itself (on the torus

RY/2wZy) has Fourier transform, r(n)?, n € Z", and as a consequence in the case
p > ¥ this measure is non-atomic. Hence it is enough to show that if the convolution
G * G is a non-atomic measure, then the measure G is also non-atomic. But this is
obvious, because if there were a point x € R¥ /2wZy such that G({x}) > 0, then the
relation G * G({x+x}) > 0 would hold, and this is a contradiction. (Here addition
is taken on the torus.) The second statement of the lemma can be proved with some
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small modifications of the previous proof, by reducing it to the one-dimensional
case. O

Now we formulate a result that helps us in carrying out some limiting procedures.

Lemma 8.3. Let Gy, N = 1,2,..., be a sequence of non-atomic spectral measures
on RY tending vaguely to a non-atomic spectral measure Gy. Let a sequence of mea-
surable functions Ky = Ky(x1,...,x;), N=0,1,2,..., be given such that Ky € %%‘N
for N =1,2,.... Assume further that these functions satisfy the following proper-
ties: For all € > 0 there exist some constants A = A(g) > 0 and No = Ny(€) > 0 and
finitely many rectangles Py, . .., Py with some cardinality M = M(&) on R¥ such that
the following conditions (a) and (b) formulated below with the help of these numbers
and rectangles are satisfied. (We call a set P € 2" a rectangle if it can be written
in the form P = Ly X - -- X Ly with some bounded open sets Ly € ", 1 < s <k, with
boundaries L of zero Gy measure, i.e. Go(dLs) =0 forall 1 <s <k.)

M
(a)  The function Ky is continuous on the set B=[—A,A]"\ U P;, and Ky — Ky
j=1

uniformly on the set B as N — . Besides, the hyperplanes x, = LA have zero
Go measure forall 1 < p <w.

(b) s Kn(xts .0 PGy (dxt)...Gu(dn) < & if N =0 or N > No, and
Ko(—x1,...,—x;) = Ko(x1,...,x¢) forall (x1,...,x;) € R*V.

Then Ky € H ko, and
@
/KN(xl,...,xk)ZGN(dxl)...ZGN(dxk) —>/Ko(xl,...,xk)ZGO(dxl)...ZGO(dxk)

as N — oo, where = denotes convergence in distribution.

Remark. In the proof of Theorem 8.2 or of its generalization Theorem 8.2' for-
mulated later a simpler version of Lemma 8.3 with a simpler proof would suffice.
We could work with such a version where the rectangles P; do not appear. We for-
mulated this somewhat more complicated result, because it can be applied in the
proof of more general theorems, where the limit is given by such a Wiener—It6 in-
tegral whose kernel function may have discontinuities. Thus it seemed to be better
to present such a result even if its proof is more complicated. The proof applies
some arguments of Lemma 4.1. To work out the details it turned out to be useful to
introduce some metric in the space of probability measures which metricizes weak
convergence. Although this may look a bit too technical, it made possible to carry
out some arguments in a natural way. We can tell with the help of this notion when
two probability measures are close to each other.

Proof of Lemma 8.3. Conditions (a) and (b) obviously imply that

/|K0(x1,...,xk)|2G0(dx1)...Go(dxk) < o,
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hence Ky € %ZC’;‘O. Let us fix an € > 0, and let us choose some A > 0, Ny > 0 and
rectangles Py, ..., Py which satisfy conditions (a) and (b) with this €. Then

2
E {/[1 st ) K (e 30 Zy (1) - Z ()

< k!/Rkv\B Ky (x1,- . ox0) PG (dnr ) ... Gy (dog) < €3 (8.6)

for N =0or N > Ny, where xp denotes the indicator function of the set B introduced
in the formulation of condition (a).

Since B C [~A,A]X, and Gy = Gp, hence Gy x --- x Gy(B) < C(A) with an
appropriate constant C(A) < oo forall N =0, 1,.... Because of this estimate and the
uniform convergence Ky — Ky on the set B we have

2
E U(KN(xl,...,xk) Kot e i) AB (1 e oxt) Zy (1) .- Zesy (o)

gk!/B|KN(x1,...,xk)—Ko(xl,‘..,xk)|2GN(dx1)...GN(dxk)<83 8.7)

for N > N; with some N; = N (4, €).
First we reduce the proof of Lemma 8.3 to the proof of the relation

/Ko(xl,...,xk)xB(xl,...,xk)ZGN(dxl)...ZGN(dxk)
—@>/K()(xl,...,xk)XB(xl,...,xk)ZGO(dX])...ZGO(ka) (8.8)

with the help of formulas (8.6) and (8.7), and then we shall prove (8.8). It is simpler
to carry out this reduction with the help of some metric on the space of probability
measure which induces weak convergence in this space. Hence I recall some classi-
cal notions and results about convergence of probability measures on a metric space
which will be useful in our considerations.

Definition of Prokhorov Metric, and Its Properties. Given a separable metric
space (X,p) with some metric p let % denote the space of probability measures
on it. The Prokhorov metric pp is the metric in the space ./ defined by the formula
pr(u,v) =inf{e: u(A) <Vv(A%)+e forall A € o'} for two probability measures
u,v €., where A® = {x: p(x,A) < €}. The above defined pp is really a metric
on . (in particular, pp(U,v) = pp(Vv, L)) which metricizes the weak convergence
of probability measures in the metric space (X,p), i.e. Uy 5 wo for a sequence of
probability measures N = 0,1,2,... if and only "f]}/if}op”(“m“o) =0.

The results formulated in this definition can be found e.g. in [13]. Let us also
recall the definition of weak converges of probability measures on a metric space.

Definition of Weak Convergence of Probability Measures on a Metric Space.
A sequence of probability measures [, n=1,2,..., on a metric space (X,p) con-
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verges weakly to a probability measure | on this space, (in notation W, — W) if
lijn J fx)un(dx) = [ f(x)u(dx) for all continuous and bounded functions on the
n—yoo

space (X, p).

I formulated the above result for probability measures in a general metric space,
but I shall work on the real line. Given a random variable & let (&) denote its

distribution. Let us remark that the convergence Ey EA &y as N — o of a sequence
of random variables, &, &1, &, ... is equivalent to the statement p(Ey) = u(&o)
or pp((&n), (&) — 0 as N — oo. Hence by putting Ey = k!, (Kn(x1,...,X¢)),
N=0,1,2,... we can reformulate the statement of Lemma 8.3 in the following way.
For all € > 0 there exists some index N, = Ny(€) such that pp(1 (&), u(&o)) < 4e
forall N > Nj.

To reduce the proof of Lemma 8.3 to that of formula (8.8) first we show that for
three random variables &, & and 1 such that P(|n| > &) < & the inequality

pr(L(E+n),1(E)) < pp(n(€),u(&)) +e (8.9)

holds. B
As pp is a metric we can write pp((& + 1), 1(&)) < pp(u(E + 1) u(E)) +
<e

pr(u(&),1(&)), and to prove (8.9) itis enough to show that pp(u(E+n),u(&))
ifP(In|>¢)<e.

This inequality holds, since {w: &(w) € A} C {w: &(w)+n(w) € A%} U
{w: |n(w)| > €}, and as a consequence P(§ € A) < P(E+n € A°) +P(|n| >
€) < P(E+mn € Af)+e¢forany set A € B if P(|n| > €) < €. By the definition of
the Prokhorov metric this means that the desired inequality holds.

Put

£V = kg, (Ko(x1, ... ox)x(x1, - x0)),
EP = Kl (K (x1, - o) — Ko (X1, %)) X8 (X1 X0
EX) = kg, (1— xp(x1, .. ox)) Kn(x1, - x0),

Env = kg, (Ky)

forall N =0,1,2,.... With this notation it follows from relation (8.8) and the fact
that the Prokhorov metric metricizes the weak convergence that

pr((EM), u(El) <e it N> Nj(e)

with some threshold index N{ (&). Formulas (8.6) and (8.7) together with the Chebi-
shev inequality imply that P(|§1£,2)| >¢€)<eand P(|§,5,3)| >¢g) <eif N> Nj(e)
or N = 0 with some threshold index N} (¢). Besides, we have &, = é(gl) + 553) and

év = 5,5,1) + 5,5,2) + 5,&,3) for N =1,2,.... The above mentioned properties of the
random variables we considered together with relation (8.9) imply that
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pr(H(En). (&) = pr(n &N + &P+ D), nEN + 7))
wEW v eP v e uE ) +e
nEy + &7 >7 (&) +2¢
n(E) . nEs))) +3e < 4e

if N > Nj(€) = max(Nj (g),N;(€)). Hence Lemma 8.3 follows from (8.8).

IN

(u(
p(1(
p(1(
p(1(

INIA
'O'O'O

To prove (8.8) we will show that Ky (x1,...,x;)xs(x1,-..,xx) can be well approx-
imated by simple functions from ffcko in the following way. For all &' > 0 there

exists a simple function fyr € 7 such that

/3

E [ (Koxt, o) Zu(ts. o) = f (ot o) *Goldt) . Gold) < S
(8.10)
and also
e’
E/ K() X1, xB(xl, )—fgz(xl,...,xk))zGN(dxl)...GN(dxk) S o
(8.11)

if N > Ny with some threshold index No = Ny (&', Ko(-) x5(+)). Moreover, this simple
function f,/ can be chosen in such a way that it is adapted to such a regular system
2 ={4;, j==1,...,£M} whose elements have boundaries with zero Gy measure,
ie. Go(dAj) =0forall 1 < |j| <M.

To prove (8.8) with the help of these estimates first we show that this function
fer € jZ”G"O satisfies the relation

/fgr XlyenoyX, ZGN(dxl) ZGN(dxk —>/f£/ Xlyenns k)ZGo(dxl)n-ZGo(dxk)

(8.12)
as N — co. In the proof of (8.12) we exploit that we can take such a regular sys-
tem 2 = {A;, j==+1,...,+=M} to which the function fy € %”éco is adapted and
which has the property Go(dA;) =0 for all j = £1,...,£M. Besides, the spec-
tral measures Gy are such that Gy N Go. Hence the (Gaussian) random vectors
(Zgy(4)), j==1,...,£M) converge in distribution to the (Gaussian) random vec-
tor (Zg,(4;), j==%1,...,£M) as N — oo. The same can be told about such random
variables that we get by putting the arguments of these random vectors to a continu-
ous function (of 2M variables). Since the integrals in (8.12) are polynomials of these

random vectors, we can apply these results for them, and they imply relation (8.12).
Put

Ko(x1y - sxi) X (X1, xk) = fer (X1, x0) = ho(x1, -+, ). (8.13)

By relations (8.10), (8.11) and the Chebishev inequality P(|k!Ig,(ho)| > €') < €
and P(|k!Ig, (ho) > €') < € if N > Ny. Since Ig, (Ky(x1,..., %) XB(x1,..., %)) =
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Iy (fer(x1,. . x%) + (ho(x1,...,x¢)), N =0,1,2,..., the above relations together
with formulas (8.12) and (8.9) (with the number €’ instead of €) imply that

limsup pp(p (k! (Ko(-) x5(+))), (k! G, (Ko(-) x5("))))

N—o0
= lilrvnjgppp(u(k!IGN (fer(-) +ho(0))), (k! gy (fer (-) +ho(+))))
= lilrvnj:ppp(u(k!lcN(fsf(-)) +klgy (ho("))), (k! G, (fer(+)) + kG, (ho(-))))
< lignjippp(u(k!lcN(fef(-))%u(kllco(fgf(-)))) +2¢' =2¢.

Since this inequality holds for all & > 0 this implies relation (8.8). To complete the
proof of Lemma 8.3 we have to justify relations (8.10) and (8.11).

Relation (8.10) is actually a version of Lemma 4.1, but it states a slightly stronger
approximation result under the conditions of Lemma 8.3. The statement that for all
€’ the function Koy (-) x5 (+) can be approximated with a simple function fer(x1,. .., x;)
which satisfies (8.10) agrees with Lemma 4.1. But now we want to choose such a
simple function f,» which is adapted to a regular system 2 = {A;, j==+1,...,£M}
with such elements that have the additional property Go(dA;) = 0 for all indices ;.
A function f,s with these properties can be constructed by means of a slight modi-
fication of the proof of Lemma 4.1. We exploit that in the present case the function
Ko(-)xg(-) is almost everywhere continuous with respect to the product measure
G’(j = Go X --- X Gp. This property is needed in the first step of the construction,

k times
where we reduce the approximation result we want to prove to a slightly modified
version of Statement A.

In this modified version of Statement A we want to find a good approximation
of the indicator function of such sets A which satisfies not only the properties de-
manded in Statement A, but also the identities Go(dA) = 0 and Gp(dA;) = 0 hold
for them. On the other hand, we demand the identity Go(dB) = 0 also for the set
B whose indicator function is the approximating function in Statement A. To carry
out the reduction, needed in this case we approximate the function Ko(-)xz(-) with
such an elementary function (a function taking finitely many values) whose level
sets have boundaries with zero G’S = Gy X --- X Go measure. This is possible, since
the boundaries of these level sets consist of such points where either the function
Ko(-)xs(+) takes the value from an appropriately chosen finite set, or this function
is discontinuous. At this point we exploit that the function Ko(-)xz(+) is almost ev-
erywhere continuous with respect to the measure Gy.

To complete the reduction of the proof of (8.10) to the new version of Statement A
we still have to show that if the set A can be written in the form A = A; U (—A;)
such that Ay N (—A;) = 0, and Gﬁ(aAl) =0, then for all > 0 there is some A| =
Al(n) C Aj such that GS(A\ (Al U (—Al)) <n, p(Al, —A_l) >0, and Gﬁ(agl) =0.
Indeed, there is a compact set K C A such that Gk(Al CK)< g Then also the
relation p(K,—K) = 6 > 0 holds. By the Heine—Borel theorem we can find an open
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set G such that K € G C K%/3 with K%/% = {x: p(x,K) < ¢}, and G§(9G) = 0.
Then the set A; = A; N G satisfies the desired properties.

After making the reduction of the result we want to prove to this modified version
of Statement A we can follow the construction of Lemma 4.1, but we choose in each
step sets with zero Gy x - -+ X Gp boundary.

A more careful analysis shows that the function constructed in such a way sat-
isfies also (8.11) for N > Ny with a sufficiently large threshold index Ny. Here we
exploit that Gy 2 Gy. This enables us to show that the estimates we need in the con-
struction hold not only with respect to the spectral measure Gy but also with respect
to the spectral measures Gy with a sufficiently large index N. We can get another ex-
planation of the estimate (8.11) by exploiting that the function Ag(xy,...,x;) defined
in (8.13) is almost everywhere continuous with respect to the measure Gg X - - - X Gy.
It can be shown that the vague convergence has similar properties as the weak con-
vergence. In particular, the above mentioned almost everywhere continuity implies
that

lim /ho(xl,...,xk)GN(dxl)...GN(dxk) :/ho(xl,...,xk)Go(dxl)...Go(dxk).

N—roo
O

Remark. In Lemma 8.3 we proved the convergence of Wiener—Ito integrals with re-
spect to random spectral measures Zg, corresponding to spectral measures Gy on
the Euclidean space R under appropriate conditions. There is a natural version of
this result which we get by considering Wiener—It6 integrals k!/;,, (Kx) on the torus
of size 2Cy 7 with some numbers Cy — oo as N — o. To find a good formulation of
the result in this case observe that the torus R¥ /277, can be identified with the set
[-Cym,Cym)¥ C RY in a natural way. This identification enables us to consider the
spectral measure Gy as a measure on [—Cy7,Cy 7)Y and the function Ky as a func-
tion on this set, which can be extended to a function on RY, periodic in all of its co-
ordinates with periodicity 27wCy. With such a notation we demand in this version of
Lemma 8.3 that Gy — Go, and conditions (a) and (b) hold with these (non-atomic)
measures Gy and functions Ky. This version of Lemma 8.3 can be proved in almost
the same way. We can reduce its proof to the verification of formula (8.8), and after
this it has no importance whether we work in R or in [-Cy7,Cy 7).

Now we turn to the proof of Theorem 8.2.

Proof of Theorem 8.2. We want to prove that for all positive integers p, real numbers
cl,...,cpandny € Zy,l=1,...,p,

14 N 7 p

*
Y ciZy = Y ey,
=1 =1

since this relation also implies the convergence of the multi-dimensional distribu-
tions. Applying the same calculation as before we get with the help of Lemma 4.6
that
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p
ZC[ZZ = ZC[/ Z e ixrt Jrxk)ZG(d)Cl) Zg(dxk)
=1

J EBN

and

ZC;an /KN X1yeenyX ZGN(dxl) ZGN(dxk)

with
K, (X X ) = 71 E C E exp i *‘] X1+ +x
N\ALy -5 Xk NV[ ‘ I N7 1 k

p
= fn(xr,.0x ZCIan X1+ X)) (8.14)

with the function fy defined in (8.5) and the measure Gy defined in (8.2), The
function )Z,,( ) denotes again the Fourier transform of the indicator function of the
unit cube H[ ).nD 1), n=(nM,...n).
j_
Let us define the function

P
Ko(xi,. o) = Y efn (k1 + -+ )
i=1

and the measures Wy on RV by the formula

)= [ R (x1,ee 50 POy(d) ... G (),
Ae B andN=0,1,.... (8.15)

In the case N = 0 Gy is the vague limit of the measures Gy.

We prove Theorem 8.2 by showing that Lemma 8.3 can be applied with these
spectral measures Gy and functions Ky. (We choose no exceptional rectangles P;
in this application of Lemma 8.3.) Since Gy 2 Gy, and Ky — Kp uniformly in all
bounded regions in RV itis enough to show, beside the proof of Lemma 8.1, that the
measures Uy, N =1,2,..., tend weakly to the (necessarily finite) measure o which
is also defined in (8.15), (in notation y ~ o), i.e. [ f(x)un(dx) = [ f(x)uo(dx)
for all continuous and bounded functions f on R¥V. Then this convergence implies
condition (b) in Lemma 8.3. Moreover, it is enough to show the slightly weaker
statement by which there exists some finite measure fiy such that iy — fo, since
then fip must coincide with Ly because of the relations Gy 2 Gy and Ky — K uni-
formly in all bounded regions of RXY, and Kj is a continuous function. This implies
that uy — po, and o = fo.

There is a well-known theorem in probability theory about the equivalence be-
tween weak convergence of finite measures and the convergence of their Fourier
transforms. It would be natural to apply this theorem for proving uy — fip. On the
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other hand, we have the additional information that the measures uy, N =1,2,...,
are concentrated in the cubes [~N7, Nm)¥V, since the spectral measure G is con-
centrated in [—7, 7). It is more fruitful to apply a version of the above mentioned
theorem, where we can exploit our additional information. We formulate the follow-
ing

Lemma 8.4. Let i, Iy, ... be a sequence of finite measures on R such that iy (R"\
[~Cy7,Cym)') =0 for all N = 1,2,..., with some sequence Cy — % as N — oo
Define the modified Fourier transform

ont)= [ {i(SE20) fiav(an. ver

where [tCy| is the integer part of the vector tCy € R!. (For an x € R! its integer part
[x] is the vector n € Z; for which xP) —1 < nP) <xP) ifx(P) >0, and xP) < nP) <
xP) 41 ifxP) <0 forall p=1,2,...,1) If for all t € R the sequence on (1) tends
to a function Q(t) continuous at the origin, then the measures Ly weakly tend to a
finite measure Ly, and @(t) is the Fourier transform of L.

I make some comments on the conditions of Lemma 8.4. Let us observe that if
the measures py or a part of them are shifted with a vector 2rCyu with some u € Z;,
then their modified Fourier transforms @y (#) do not change because of the periodic-
ity of the trigonometrical functions ¢///¥=)_ j € 7,. On the other hand, these new
measures which are not concentrated in [—CNrc,CNit)’ , have no limit. Lemma 8.4
states that if the measures (i are concentrated in the cubes [fCNﬂ:,CNﬂ')l, then the
convergence of their modified Fourier transforms defined in Lemma 8.4, which is
a weaker condition, than the convergence of their Fourier transforms, also implies
their convergence to a limit measure.

Proof of Lemma 8.4. The proof is a natural modification of the proof about the
equivalence of weak convergence of measures and the convergence of their Fourier
transforms. First we show that for all € > 0 there exits some K = K(€) such that

un(x: xeR' x| >K)<e forall N>1. (8.16)

As @(t) is continuous at the origin there is some § > 0 such that
€
|(p(07...,0)—<,o(z,0,...,0)\<5 if || <§. (8.17)

We have
0 <Re[pn(0,...,0) — @n(,0,...,0)] <2¢x(0,...,0) (8.18)
forall N =1,2,.... The sequence in the middle term of (8.18) tends to
Re[p(0,...,0) — ¢(,0,...,0)]

as N — oo, The right-hand side of (8.18) is a bounded sequence, since it is conver-
gent. Hence the dominated convergence theorem can be applied for the functions
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Re[on(0,...,0) — @n(7,0,...,0)]. Then we get because of the condition Cy — oo
and relation (8.17) that

[6CNl/Cn 1
lim —=Re[on(0,...,0) — @y (2,0,...,0)]dt
N—roo o
_/ =Re[op ,O)—(p(t,O,...,O)]dt<§
with the number d > 0 appearing in (8.17). Hence
o tim [T L Relon(0,...00 0,....0)|d
5 > lim A 5 e[on(0,...,0) — on(,0,...,0)]dt
[6CN1/C 4
— lim <1/ N NRe[l_el[ICN]x(l)/CN]dt> un (dx)
N—roo o 0
[6CN]—
1 ijx(1>/CN
i [ty b R [ s

Jj=0
[6Cy]—1

. 1 i ix(D)
> limsu / —_— Re {1 — e /CN} dx
NHoop {x]>k} 6Cy j;) H(dx)

| L1 1 eildcylx /ey .
llr\?j:p/{\x(')bK} o0Cy ¢ 1 —eixV/Cy ()

with an arbitrary K > 0. (In the last but one step of this calculation we have exploited
1 [SCN]*] (1)
that 57 j);o Re[l — /N > 0 for all x1) € R!)
Since the measure iy is concentrated in {x: x € R/, [x{!)| < Cyx}, and

| gilscuntcy  Re (iemix!/20w (1 ey )
Re =

1_exW/oy l'(efix(l)/ZCN _ eix<1>/2cN)
1 Cyrm
I ~ W)
sin | —
2Cy

zlul

if [x()| < Cy, (here we exploit that | sinu| > 2 |u] if |u| < ). hence we have with

the choice K = <%

1
)uN<dx> > limsup -y (5] > K).
N—roo 2

£ > limsu 1 T
2 N~>oop {xW|>K} Sx(1)

As the measures iy are finite the inequality uy(|]x(")| > K) < & holds for each in-
dex N with a constant K = K(N) that may depend on N. Hence the above inequality
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implies that formula (8.16) holds for all N > 1 with a possibly larger index K that
does not depend on N.

Applying the same argument to the other coordinates we find that for all € > 0
there exists some C(€) < oo such that

1y (Rl \ [—C(e),C(s)]’) <& forallN=1,2,....
Consider the usual Fourier transforms
v lt) = /Rl A0y (dx), teR.
Then

69 _ OO0 (i)

on(t) — Qn(t §28+/
vl =l Jirce e

<26+ 28 L RY
Cy

for all € > 0. Hence @y (1) — @n(t) — 0 as N — oo, and @y (t) — @(r). (Observe that
pn(RY) = @n(0) — @(0) < o0 as N — oo, hence the measures iy (R') are uniformly
bounded, and Cy — o by the conditions of Lemma 8.4.) Then Lemma 8.4 follows
from standard theorems on Fourier transforms. O

We return to the proof of Theorem 8.2. We apply Lemma 8.4 with Cy = N and
| = kv for the measures (y defined in (8.15). Because of the middle term in (8.14)
we can write the modified Fourier transform @y of the measure iy as

p P
()% tla o chrc lI/N t+n,— ng, ~-7tk+nr*ns) (819)

r=1s=1
with

w%mm=éja%Qmew+mwﬁ

Y Y exp{ ( X1+ +xk>}GN(dx1)...GN(dxk)

uEBN VEBN

N2v kth k Z Z ru—v+ji)-r(w—v+j), (8.20)

uEBN VEBN

where j, =[t,N],t, €R",p=1,... k.

The asymptotical behaviour of yy(#1,...,#) for N — oo can be investigated by
the help of the last relation and formula (8.1). Rewriting the last double sum in the
form of a single sum by fixing first the variable = u —v € [-N,N]YNZ,, and then
summing up for / one gets
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l[/N(l‘l, . ,tk) = /[ | 1]vf]\[(l‘], . ,tk,x)dx
with

fN(t17"'7tk7x)

_ (1 - nx“wu) (1 - [|x<v>N1> (V] +j1) (BN + i)
N N N=%L(N) N-%L(N) ’

(In the above calculation we exploited that in the last sum of formula (8.20) the
number of pairs (u,v) for which u —v=1= (I;,...,1,) equals (N —|[;])--- (N —
Itv])-)

Let us fix some vector (f1,...,%) € R¥. It can be seen with the help of for-
mula (8.1) that for all € > 0 the convergence

fN(tl,...Jk,x)—>f0(t1,...,tk,x) (8.21)

holds uniformly with the limit function

X+ X+1g
“(mm) a(|x+zk\) 8.22)

foltrseostiox) = (1= &V (1= M) x+1]% 7 x|

k
onthesetx e [—1,1]V\ U {x: |[x+1,| > €}
p=1

We claim that

l[IN(tl,...,tk) — l//o(tl,...,l‘k) = /[71 l]vfo(tl,...,l‘k,x)dx,

and yy is a continuous function.

This relation implies that uy —» to. To prove it, it is enough to show beside
formula (8.21) that

/‘Ht |<£f0(t1,...,tk,x)dx <C(e), p=1,....k, (8.23)
p

and
/ lfn(tr, .. ti,x)|dx < C(e), p=1,....k, andN=1,2,... (8.24)
Jxtpl<e

with a constant C(€) such that C(g) — 0 as € — 0.
By formula (8.22) and Holder’s inequality
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1/k
=C H {/ |x+l‘1|kadx}
1<i<k,i#£p L/xe[=1L1]Y

1/k
{/ |x+tp|_kadx] / SC’SV/k_a
[x+1p|<e

/‘H ‘<£fo(t1,...,tk,x)dx
X ip

with some appropriate C > 0 and C' > 0, since v —ka > 0, and a(-) is a bounded
function. Similarly,

. /k
Jr(BeN] + i) ]
[yt x)|de < / ——d. ;
/|x+tp\<e L ko)l dx H |: xe[-1,1)y N7KCL(N)k )

1<I<k, I#p

[r([xN] —|—jp)|k 1/k
|:/X+t17SS ]VkaL(]V)kdx] : (825)

It is not difficult to see with the help of Karamata’s theorem that if L(¢),7 > 1, is a
slowly varying function which is bounded in all finite intervals, then for all numbers
N > 0and K > 0 there are some constants K; = K;(1,K) > 0,and C=C(n,K) >0
together with a threshold index Ny = No(1, K) such that

<Cu™" ifuN>K;, u<K, and N > Np.

Hence formula (8.1) implies that

[r([(xN] + [uN]) = [r([xN] + ji)| < CNTOL(N)[x+1|~%"
if x+4| <KandN >Np. (8.26)

Relation (8.26) follows from the previous relation and (ref(8.1)) if |[xN] + [t;N]| >
K. It also holds if |[xN] + [#;N]| < K;, since in this case the left-hand side can be
bounded by the inequality |r([xN] + [1;N]| < 1, while the right-hand side of (8.26) is
greater than 1 with the choice of a sufficiently large constant C (depending on 1 and
K1). This follows from the relation |x+7|~% 1 = N*™M|N(x+1¢)|7% 1 > C;N**t"
if |[xN] + [t;N]| < K7, and L(N) > N7

We get with the help of (8.26) that

N
/ r]i,[xi\g;]{]p)y dx<B |x+t,,|_k(a+n)dxgB’sv_k(OH'n)
[x+1p|<e [x+1p|<e
Nk
JRLC R
xe[-1,1]y NRL(N)K

for a sufficiently small constant 7 > 0 with some constants B, B’, B” < o depending
onnandiz,, 1 <p<k.

Therefore we get from (8.25), by choosing an 1 > 0 such that k(o +n) < v, that
the inequality
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X'Hp <&

holds with some C < . The right-hand side of this inequality tends to zero as
€ — 0. Hence we proved beside (8.21) formulae (8.23) and (8.24), and they have the
consequence that Yy (r1,...,%) — Wo(r1,...,%). Since y(ty,...,1;) is a continuous
function relation (8.19) with Lemma 8.4 imply that the measures y introduced
in (8.18) converge weakly to a probability measure as N — oo, and as we saw at the
beginning of the proof of Theorem 8.2 this limit measure must be L.

Hence we can apply Lemma 8.3 for the spectral measures Gy and functions
Kn(), N=0,1,2,..., defined in Theorem 8.2. In this application of Lemma 8.3
we choose no rectangles Py. The convergence Gy — Gy follows from Lemma 8.1.
Conditions (a) and (b) also hold with the choice of a sufficiently large number A =
A(€). The hard point of the proof was the checking of condition (b). This follows
from the relation iy — to. Thus we have proved Theorem 8.2 with the help of
Lemma 8.1. a

It remained to prove Lemma 8.1.

Proof of Lemma 8. 1. Introduce the notation

v jx(j) _ 1

Kv(x)=]] ¢

- N=12,...,
PN TN 1)

and
v ixt) -1

Kor) =] %

=1 [x(])

Let us consider the measures iy defined in formula (8.15) in the special case k = 1
with p =1, ¢; = 1 in the definition of the function Ky (), i.e. put

an(4) = [ IKn(PGy(dr), A€, N=1.2....
A

We have already seen in the proof of Theorem 8.2 that iy — ty with some finite
measure U, and the Fourier transform of p is

a m)
1) = 1_U>m1_w>lﬁLd
R =

Moreover, since |Ky (x)|> — |Ko(x)|* uniformly in any bounded domain, it is natural
to expect that Gy = Go with Go(dx) = m Ho(dx). But Ko(x) = 0 in some points,

and the function Ko(-)~2 is not continuous in these points. As a consequence, we
cannot give a direct proof of the above statement. Hence we apply instead a modified
version of this method. First we prove the following result about the behaviour of
the restrictions of the measures Gy to appropriate cubes:

For all 7 > 1 there is a finite measure G} concentrated on (—7 7, Tx)" such that
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lim / F(x) Gy (dx) = / F(x) GE (dx) (8.27)

N—oo

for all continuous functions f which vanish outside the cube (—T 7, T7)".
Indeed, let a continuous function f vanish outside the cube (—T7,T7)" with
some T > 1. Put M = [2]. Then

[ rwotan) = J B [ () Guta
— i |7 (37 ) Kol s

~ene | f(zrx»Ko(x)rzuo(dx)

/f < dx) asN —
= Ho 0,
|1<O (= |2 2T

because f(5x)|Ky (x)| 2 vanishes outside the cube [, 7]", the limit relation

S K] = FRT) Koo

holds uniformly, (the function Ko(-)~2 is continuous in the cube [—7,7]"), and
Unr 5 Uo as N — oo. Hence relation (8.27) holds if we define Gg as the restric-

tion of the measure |K(< ) oy Ho (4) to the cube (—T7,Tx)". The measures G}

appearing in (8.27) are consistent for different parameters 7', i.e. Gg is the restric-
tion of the measure G " to the cube (=T, Tx)" if T' > T. This follows from the
fact that [ f(x)GJ (dx) = [ f(x)G%' (dx) for all continuous functions with support in
(=T,T)Y. We claim that by defining the measure Gy by the relation Go(A) = G (A)
for a bounded set A and such number 7 > 1 for which A C (=Tw,Tw)" we get
such a locally finite measure Gq for which Gy % Gy. The above mentioned vague
convergence is a direct consequence of (8.27) and the definition of Gy, but to give a
complete proof we have to show that Gy is really a (c-additive) measure.

Actually it is enough to prove that the restriction of Gy to the bounded, mea-
surable sets is ¢-additive, because it follows then from standard results in measure
theory that it has a unique c-additive extension to Z8". But this is an almost direct
consequence of the definition of Gg. The desired o-aditivity clearly holds, since if
A= J A,, the set A is bounded, and the sets A,,, n = 1,2, ..., are disjoint, then there

n=1

is a number T > 1 such that A C (—Tx,Tx)", the same relation holds for the sets
Ay, and the o-additivity of G} implies that Go(A) = ¥, Go(An).
n=1
As Gy 2 Gy, and |Ky(x)|*> = |Ko(x)|* uniformly in all bounded regions, the

relation fty — fip holds with the measure fiy defined as fip(A) = [, |Ko(x)|*Go(dx),
A€ P, Since Uy > Uy the measures (o and fip must coincide, i.e.
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Ho(@) = [ Ko Goldx), A€ 2",

Relation (8.4) expresses the fact that ¢y is the Fourier transform of py.

It remained to prove the homogeneity property (8.3) of the measure Gy. For this
goal let us extend the definition of the measures Gy given in (8.2) to all non-negative
real numbers u. It is easy to see that the relation G, BN Gy as u — oo remains valid.
Hence we get for all fixed s > 0 and continuous functions f with compact support
that

. . sL(S)
| £@Go(ax) = Jim [ £(3)Gutax) = fim ~7 52 [ 121G (a9

=@ [ fs0Go(ax) = [ 7@)s7Go (") .

This identity implies the homogeneity property (8.3) of Gy. Lemma 8.1 is proved.
O

The next result is a generalization of Theorem 8.2.

Theorem 8.2'. Let X, n € Zy, be a stationary Gaussian field with a correlation func-
tion r(n) defined in (8.1). Let H (x) be a real function with the properties EH(X,,) =0
and EH(X,,)? < oo. Let us consider the orthogonal expansion

HO) = Y (), Yjt <o (8.28)
j=1

of the function H(-) by the Hermite polynomials H; (with leading coefficients 1).
Let k be the smallest index in this expansion such that ¢, # 0. If 0 < kot < v for the
parameter o in (8.1), and the field Z is defined by the field &, = H(X,), n € Zy,
and formula (1.1), then the multi-dimensional distributions of the fields Z\ with
Ay = NV %22 L(N)X/2 tend to those of the fields ciZ:, n € Ty, where the field Z; is
the same as in Theorem 8.2.

Proof of Theorem 8.2'. Define H'(x) = ¥ ¢;H;(x) and ¥¥ = ﬁ Y H'(X;).Be-

j=k+1 IeBY
cause of Theorem 8.2 in order to prove Theorem 8.2’ it is enough to show that

E(YN)? 50 asN — oo,
It follows from Corollary 5.5 that EH (X, )H;(Xn) = 8;1j/(EXuXi)! = 8;,j!r(n—
m)/, where 0j;=0if j#1,and §;; = 1 if j = I. Hence
e, .
E0YP =1 ¥ it ¥ sl
N j=k+1 s,t€BY

Some calculation yields with the help of this identity and formula (8.1) that
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1

E(YN)? ==
A

n

[O(NZV_UH_I)(XL(N)H_I) + O(Nv) 0.

(Observe that we imposed the condition Zc? J! < e which is equivalent to the con-
dition EH(X,)? < .) Theorem 8.2’ is proved. O

Let us consider a slightly more general version of the problem investigated in
Theorem 8.2’. Take a stationary Gaussian random field X,, EX, = 0, EX,% =1,
n € Zy with a correlation function satisfying relation (8.1), and the field &, = H(X,),
n € Zy, subordinated to it with a general function H(x) such that EH(X,) = 0 and
EH(X,)? < . We are interested in the large-scale limit of such random fields. Take
the Hermite expansion (8.28) of the function H(x), and let k be the smallest such
index for which ¢ # 0 in the expansion (8.28). In Theorem 8.2’ we solved this prob-
lem if 0 < ko < v. We are interested in the question what happens in the opposite
case when kot > v. Let me remark that in the case kot > v the field Z;, n € Z,y,
which appeared in the limit in Theorem 8.2" does not exist. The Wiener-Itd integral
defining Z; is meaningless, because the integral which should be finite to guarantee
the existence of the Wiener—Ito6 integral is divergent in this case. Next I formulate a
general result which contains the answer to the above question as a special case.

Theorem 8.5. Let us consider a stationary Gaussian random field X,, EX, = 0,
Ean =1, n € Zy,, with correlation function r(n) = EXyXytn, m,n € Zy. Take a
function H(x) on the real line such that EH(X,) = 0 and EH(X,,)* < . Take the
Hermite expansion (8.28) of the function H(x), and let k be smallest index in this
expansion such that ¢, # 0. If

Y Ir(n)f < e, (8.29)
nelsy

then the limit

lim EZ)(H)*=lim N Y Y F(i—j)=ofl!

N—oo N—oo
ieBY jeBN

exists for all indices | > k, where ZY (H)) is defined in (1.1) with Ay = NY/2 and &, =
H,(Xy,) with the l-th Hermite polynomial H;(x) with leading coefficient 1. Moreover,
also the inequality
o> =Y cjllof <o
I=k
holds.

The finite dimensional distributions of the random field Z (H) defined in (1.1)
with Ay = N¥/? and &, = H(X,) tend to the finite dimensional distributions of a
random field 6Z; with the number & defined in the previous relation, where Zy,
n € Zy, are independent, standard normal random variables.

Theorem 8.5 can be applied if the conditions of Theorem 8.2’ hold with the
only modification that the condition kot < v is replaced by the relation kot > v.
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In this case the relation (8.29) holds, and the large-scale limit of the random field
ZN . n € 7, with normalization Ay = N v/2 is a random field consisting of indepen-
dent standard normal random variables multiplied with the number ¢. There is a
slight generalization of Theorem 8.5 which also covers the case k&t = v. In this re-

sult we assume instead of the condition (8.29) that Y. r(n)* = L(N) with a slowly
nEBN

varying function L(-), where By = {(n1,...,ny) €Zy: —N<n; <N, 1< j<v},
and some additional condition is imposed which states that an appropriately defined

finite number 62 = A}im o7, which plays the role of the variance of the random
—o0

variables in the limiting field, exists. There is a similar large scale limit in this case
as in Theorem 8.5, the only difference is that the norming constant in this case is
Ay = NY/2L(N)'/2. This result has the consequence that if the conditions of The-
orem 8.2" hold with the only difference that kot = v instead of k& < v, then the
large scale limit exists with norming constants Ay = N/ 2L(N) with an appropri-
ate slowly varying function L(-), and it consists of independent Gaussian random
variables with expectation zero.

The proof of Theorem 8.5 and its generalization that we did not formulate here
explicitly appeared in paper [3]. I omit its proof, I only make some short explanation
about it.

In the proof we show that all moments of the random variables ZY converge to
the corresponding moments of the random variables Z; as N — co. The moments of
the random variables ZY can be calculated by means of the diagram formula if we
either rewrite them in the form of a Wiener—It6 integral or apply a version of the
diagram formula which gives the moments of Wick polynomials instead of Wiener—
1t6 integrals. In both cases the moments can be expressed explicitly by means of the
correlation function of the underlying Gaussian random field. The most important
step of the proof is to show that we can select a special subclass of (closed) diagrams,
called regular diagrams in [3] which yield the main contribution to the moment
E(ZN)M, and their contribution can be simply calculated. The contribution of all
remaining diagrams is o(1), hence it is negligible. For the sake of simplicity let us
restrict our attention to the case H(x) = Hi(x), and let us explain the definition of
the regular diagrams in this special case.

If M is an even number, then take the partitions {ki,k2}, {k3,ka},. .., {knr—1,kn }
of the set {1,...,M} to subsets consisting of exactly two elements, to define the
regular diagrams. They are those (closed) diagrams for which we can choose one of
the above partitions in such a way that the diagram contains only edges connecting
vertices from the k»;_-th and k;j-th row with some 1 < j < M where {koj_1,ko;}
is an element of the partition we have chosen. If M is an odd number, then there is
no regular diagram.

In Theorems 8.2 and 8.2" we investigated some very special subordinated fields.
The next result shows that the same limiting field as the one in Theorem 8.2 appears
in a much more general situation.

Let us define the field
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Z / i(naxyt4j) ()Cl7 o J')Zg(dxl)...ZG(de), nEZV, (8.30)

where Zg is the random spectral measure adapted to a Gaussian field X,,, n € Z,,
with correlation function satisfying (8.1) with 0 < o < {.

Theorem 8.6. Let the fields ZY be defined by formulae (8.30) and (8.1) with Ay =
NY—@/2L(N)*/2 The multi-dimensional distributions of the fields Z tend to those
of the field o (0,...,0)Z; where the field Z is the same as in Theorem 8.2 if the
following conditions are fulfilled:

(i) og(x1,...,x¢) is a bounded function, continuous at the origin, and such that
o (0,...,0) #0.
(ii)
—(j-ka 2
oo Do |
Z l /= — / ’a] (%,’%)’2% Z ei(l/N7xl+"'+xj>
" ] o jeBY

GN(dxl) . ..GN(de) — O,

where Gy is defined in (8.2).

Proof of Theorem 8.6. The proof is very similar to those of Theorem 8.2 and 8.2’
The same argument as in the proof of Theorem 8.2' shows that because of condi-
tion (ii) &, can be substituted in the present proof by the following expression:

1 .
é,’l = E /e’(”*"1+"‘+xk)(xk(x1,. .. ,xk)Zg(dxl) .. .Z(;(dxk), ne”Ly.

Then a natural modification in the proof of Theorem 8.2 implies Theorem 8.6. The
main point in this modification is that we have to substitute the measures (y defined
in formula (8.15) by the following measure fiy:

NN
Ae B,

2
:/A|KN(X1,.. s ‘ ‘(Xk( ! .. xi()’ GN(dxl)...GN(dxk),

and to observe that because of condition (i) the limit relation uy — o implies that
fiy = [0 (0, ..., 0) Pp. 0

The main problem in applying Theorem 8.6 is to check conditions (i) and (ii).
We remark without proof that any field &, = H(X;, 4n, ... s Xsptn)s S15--038p € Ly
and n € Z, for which EE? < oo satisfies condition (ii). This is proved in Remark 6.2
of [9]. If the conditions (i) or (ii) are violated, then a limit of different type may
appear.

Finally we quote such a result without proof. Actually the proof is similar to
that of Theorem 8.2. At this point the general formulation of Lemma 8.3 is useful.
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(See [25] for a proof.) Here we restrict ourselves to the case v = 1. The limiting
field appearing in this result belongs to the class of self-similar fields constructed in
Remark 6.5.

Leta,,n=...,—1,0,1,..., be a sequence of real numbers such that

a, =C()n B o BN ifn>0

an =CQ2)|n| P~ +o(jn| F-Y) ifn<0 —1<p<l (8.31)

Let X,,, n=...,—1,0,1,..., be a stationary Gaussian sequence with correlation
function r(n) = EXoX, = |n|*L(|n|), 0 < a < 1, where L(-) is a slowly varying
function. Define the field ,,n=...,—1,0,1,..., as

&= anH(Xnin). (8.32)

m—=—oo

Theorem 8.7. Let a sequence &, n=...,—1,0,1,..., be defined by (8.31) and
(8.32). Let 0 <ka < 1,0<1—f— %O{ < 1, and let one of the following conditions
be satisfied.

(a) 0<PB<1,and f a, =0.

b) 0>B>-1.

(¢) B=0,C(1)=—-C(2),and ¥, |ay+a_,| <eo.
n=0

Let us define the sequences ZY by formula (1.1) with Ay = N'=B=*¢/2[(N)K/2 and
the above defined field E,. The multi-dimensional distributions of the sequences ZY
tend to those of the sequences D™*Z*(a, B,a,b,c), where

Zy(oBkb,c) = [T+ x)

[b\xl oo lP el 4 -+ x| Psign (x + - erk)}
b | (@020 |02 W (dxy) . W (diy),

W (-) denotes the white noise field, i.e. a random spectral measure correspond-
ing to the Lebesgue measure, and the constants D, b and c are defined as D =
2I'(o)cos(§ ), and

b=2[C(1)+C(2)][ (—B)sin(E 1), and c =2[C(1) —C(2)]T (—B) cos(EL )
in cases (a) and (b), and

b= Y ap andc=C(1)in case (c).

n=-—oo



Chapter 9
History of the Problems: Comments

Chapter 1.

In statistical physics the problem formulated in this chapter appeared at the investi-
gation of some physical models at critical temperature. A discussion of this problem
and further references can be found in the fourth chapter of the forthcoming book
of Ya. G. Sinai [34]. (Here and in the later part of Chapter 9 we did not change the
text of the first edition. Thus expressions like forthcoming book, recent paper, etc.
refer to the time when the first version of this Lecture Note appeared.) The first ex-
ample of a limit theorem for partial sums of random variables which is considerably
different from the independent case was given by M. Rosenblatt in [29]. Further
results in this direction were proved by R. L. Dobrushin, H. Kesten and F. Spitzer,
P. Major, M. Rosenblatt and M. S. Taqqu [7], [8], [9], [25], [30], [31], [35], [38].
In most of these papers only the one-dimensional case is considered, i.e. the case
when RY = R', and it is formulated in a different but equivalent way. In most of

]

Nt
these works the joint distribution of the random variables A;,l y & 7,0 <t <oo, was
=
considered. '

Similar problems also appeared in the theory of infinite particle systems. The
large-scale limit of the so-called voter model and of infinite particle branching
Brownian motions were investigated in papers [2], [6], [18], [24]. It was proved
that in these models the limit is a Gaussian self-similar field with a non-typical nor-
malization. The investigation of the large-scale limit would be very natural for many
other infinite particle systems, but in most cases this problem is hopelessly difficult.

The notion of subordinated fields in the present context first appeared at Do-
brushin [7]. It is natural to expect that there exists a large class of self-similar
fields which cannot be obtained as subordinated fields. Nevertheless the present
techniques are not powerful enough for finding them.

The approach to the problem is different in statistical physics. In statistical
physics one looks for self-similar fields which satisfy some conditions formulated
in accordance to physical considerations. One tries to describe these fields with the
help of a power series which is the Radon—Nykodim derivative of the field with

109
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respect to a Gaussian field. The deepest result in this direction is a recent paper
of P. M. Bleher and M. D. Missarov [1] where the required formal power series is
described. This result enables one to calculate several critical indices interesting for
physicists, but the task of proving that this formal expression defines an existing field
seems to be very hard. It is also an open problem whether the class of self-similar
fields constructed via multiple Wiener—It6 integrals contains the non-Gaussian self-
similar fields interesting for statistical physics. Some experts are very skeptical in
this respect. The Gaussian self-similar fields are investigated in [7] and [33]. A more
thorough investigation is presented in [11].

The notion of generalized random fields was introduced by I. M. Gelfand. A
detailed discussion can be found in the book [16], where the properties of Schwartz
spaces we need can also be found.

In the definition of generalized fields the class of test functions . can be substi-
tuted by other linear topological spaces consisting of real valued functions. The most
frequently considered space, beside the space .7, is the space Z of infinitely many
times differentiable functions with compact support. In paper [7] Dobrushin also
considered the space .¢’" C .%, which consists of the functions ¢ € .7 satisfying
the additional relation [x(’"...x(")" ¢ (x)dx = 0, provided that j; +---+ j, < r.
He considered this class of test functions, because there are much more continuous
linear functionals over . than over .#, and this property of .”” can be exploited
in certain investigations. Generally no problem arises in the proofs if the space of
test functions .7 is substituted by .” or 2 in the definition of generalized fields.

Two generalized fields X (¢) and X (¢) can be identified if X (¢) 2x (o) for all
¢ € .. Let me remark that this relation also implies that the multi-dimensional
distributions of the random vectors (X (¢y),...,X(@,)) and (X(¢y),...,X(@,)) co-
incide for all ¢,..., ¢, € .. As . is a linear space, this relation can be deduced
from property (a) of generalized fields by exploiting that two distribution functions
on R" agree if and only if their characteristic functions agree.

Let .7’ denote the space of continuous linear functionals over ., and let .7 be
the o-algebra over .’ generated by the sets A(@,a) ={F: F €., F(¢) <a},
where ¢ € .7 and a € R' are arbitrary. Given a probability space (.7, %71, P), a
generalized field X = X (¢) can be defined on it by the formula X (¢)(F) = F(¢),
@ €., and F € .9’ The following deep result is due to Minlos (see e.g. [16]).

Theorem. (Minlos.) Let (X (@), ¢ € .77) be a generalized random field. There exists
a probability measure P on the measurable space (., /1) such the generalized
field X = (X (@), ¢ € .7) defined on the probability space (S, .o/ o1, P) by the formula
X(@)(F)=F(9), o € ., F €., satisfies the relation X () é)_((go) forall ¢ €
.

The generalized field X has some nice properties. Namely property (a) in the def-
inition of generalized fields holds for all F € .. Moreover X satisfies the following
strengthened version of property (b):

(t)  1imX(¢,) = X(@) in every point F € .’ if ¢, — ¢ in the topology of ..
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Because of this nice behaviour of the field X (¢) most authors define generalized
fields as the versions X defined in Minlos’ theorem. Since we have never needed
the extra properties of the field X we have deliberately avoided the application of
Minlos’ theorem in the definition of generalized random fields. Minlos’ theorem
heavily depends on some topological properties of ., namely that .7 is a so-called
nuclear space. Minlos’ theorem also holds if the space of test functions is substituted
by & or . in the definition of generalized fields.

Let us finally remark that Lamperti [22] gave an interesting characterization of
self-similar random fields. Let X (¢), € R', be a continuous time stationary random

process, and define the random process Y (1) = %, t > 0, with some o > 0.

Then, as it is not difficult to see, the random processes Y (¢), ¢ > 0, and Yi’é’), >0,
have the same finite dimensional distributions for all # > 0. This can be interpreted
so that Y (¢) is a self-similar process with parameter ¢ > 0 on the half-line > 0.
Contrariwise, if the finite dimensional distributions of the processes Y (¢) and Ylﬁ‘ét),

t > 0, agree for all u > 0, then the process X (t) = Xe((f,t ) ,tERY s stationary. These

relations show some connection between stationary and self-similar processes. But
they have a rather limited importance in the investigations of this work, because here
we are really interested in such random fields which are simultaneously stationary
and self-similar.

Chapter 2.

Wick polynomials are widely used in the literature of statistical physics. A detailed
discussion about Wick polynomials can be found in [12]. Theorems 2A and 2B are
well-known, and they can be found in the standard literature. Theorem 2C can be
found e.g. in Dynkin’s book [14] (Lemma 1.5). Theorem 2.1 is due to Segal [32]. It
is closely related to a result of Cameron and Martin [4]. The remarks at the end of
the chapter about the content of formula 2.1 are related to [26].

Chapter 3.

Random spectral measures were independently introduced by Cramer and Kol-
mogorov [5], [21]. They could have been introduced by means of Stone’s theo-
rem about the spectral representation of one-parameter groups of unitary operators.
Bochner’s theorem can be found in any standard book on functional analysis, the
proof of the Bochner—Schwartz theorem can be found in [16]. Let me remark that
the same result holds true if the space of test functions .7 is substituted by 2.
There is an object, called the fractional Brownian motion, which is a popular
topic of many investigations, and which can be studied by means of the method of
this chapter. In particular, the results of Chapter 3 imply their existence. A fractional
Brownian motion with Hurst parameter H, 0 < H < 1, is a Gaussian process X (1),
¢ > 0, with continuous trajectories and zero expectation, i.e. EX(r) =0 for all # > 0,
and with covariance function Ry (s,t) = EX ()X (t) = 5(s*" + 11 — |t — 5! for
all 0 < s, < oo. Let us explain that the correlation of a fractional Brownian motion
has a natural representation as the correlation function of the discretized version of
an appropriately defined Gaussian stationary generalized self-similar field. In the
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subsequent argument the representation of (generalized) stationary Gaussian fields
turned out to be very useful.

To find this representation observe that a fractional Brownian motion with Hurst
parameter H has the self-similarity property EX (as)X(at) = a* EX(s)X(t) for
all a > 0, and simple calculation shows that it also has the following station-
ary increments property: E[X (s +u) — X (u)][X (t +u) — X (u)] = EX ()X (¢) for all
0 <s,t,u < oo. Hence we can construct a fractional Brownian motion X (¢) by defin-
ing first an appropriate stationary, Gaussian generalized self-similar field X (¢),
¢ € .71 in the space of the real valued functions of the Schwartz space, and then
by extending it to a larger parameter set (of functions), containing the indicator
functions o, of the intervals [0,7] for all 7 > 0. Finally we define the process X (r)
as X (1) =X (¥(0.))-

More explicitly, let us define for a parameter ¢ the stationary generalized Gaus-
sian field X (@), ¢ € .#’!, with zero expectation and spectral density |u|~>%, i.e. put
EX(0)X(w) = [ @(u)@(u)|u|~>*du, and introduce its (discretized) extension to a
function space containing the functions |, for all 7 > 0. Then we have

_ _ _ eisu -1 e—itu -1
EX (Xj0,9)X (X[0.1) = /Z[O.s](u)Z[o,t](“)\Mrmdu:/ P _7m|'4|_2ad’47
provided that these integrals are convergent.

The above defined generalized fields exist if 2c¢ > —1, and their discretized ex-
tension exists if —1 < 2o < 1. The first condition is needed to guarantee that the
singularity of the integrand in the formula expressing the covariance function is not
too strong in the origin, and the second condition is needed to guarantee that the
singularity of this integrand is not too strong at the infinity even in the discretized
case.

Simple calculation shows that the covariance function of the above defined ran-
dom field satisfies the identity EX(¢,)X (v,) = a 29 EX (@)X (y), with the
functions @,(x) = @(ax), W,(x) = y(ax), and similarly, we have EX (as)X (at) =
a2 EX (5)X (1) for all a > 0. Besides, the Gaussian stochastic process X (¢), > 0,
has stationary increments, i.e. E[X (s+u) — X (u)][X (t +u) — X (u)] = EX (s)X (¢) for
all 0 < s,f,u < oo. This follows from its construction with the help of a stationary
Gaussian random field.

The above calculations imply that with the choice o = H — 1/2 we get the co-
variance function of a fractional Brownian motion with Hurst parameter H for all
0 < H < 1, more precisely the correlation function of this process multiplied by
an appropriate constant. Indeed, it follows from the stationary increments property
of the process that E(X () — X (s))> = EX(t — s)?, if t > s, and the self-similarity
property of this process implies that EX (s)X (1) = $[EX(s)> + EX () —E(X(t) —
X(s))?] = SEX(1)?[s?H +2H — | — 5|?H].

Actually the results of Chapter 3 also provide a representation of this process by
means of an integral with respect to a random spectral measure. This representation
has the form

itu
—1
X(t):/eT\urH“/Zz(du), >0,
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with the random spectral measure Z(-) corresponding to the Lebesgue measure on
the real line. Here we omit the proof that such a stochastic process also has a version
with continuous trajectories.

Chapter 4.

The stochastic integral defined in this chapter is a version of that introduced by It6
in [19]. This modified integral first appeared in Totoki’s lecture note [39] in a special
form. Its definition is a little bit more difficult than the definition of the original
stochastic integral introduced by Itd, but it has the advantage that the effect of the
shift transformation can be better studied with its help. Most results of this chapter
can be found in Dobrushin’s paper [7]. The definition of Wiener—It6 integrals in the
case when the spectral measure may have atoms is new. In the new version of this
lecture note I worked out many arguments in a more detailed form than in the old
text. In particular, in Lemma 4.1 I gave a much more detailed explanation of the
statement that all kernel functions of Wiener—Itd integrals can be well approximated
by simple functions.

Chapter 5.

Proposition 5.1 was proved for the original Wiener-Itd integrals by Itd in [19].
Lemma 5.2 contains a well-known formula about Hermite polynomials. The main
result of this chapter, Theorem 5.3, appeared in Dobrushin’s work [7]. The proof
given there is not complete. Several non-trivial details are omitted. I felt even neces-
sary to present a more detailed proof in this note when I wrote down its new version.
Theorem 5.3 is closely related to Feynman’s diagram formula. The result of Corol-
lary 5.5 was already known at the beginning of the XX. century. It was proved with
the help of some formal manipulations. This formal calculation was justified by
Taqqu in [36] with the help of some deep inequalities. In the new version of this
note I formulated a more general result than in the older one. Here I gave a formula
about the expectation of products of Wick polynomials and not only of Hermite
polynomials.

I could not find results similar to Corollaries 5.6 and 5.7 in the literature of prob-
ability theory. On the other hand, such results are well-known in statistical physics,
and they play an important role in constructive field theory. A sharpened form of
these results is Nelson’s deep hypercontractive inequality [28], which I formulate
below.

LetX;,t € T,and Y, € T' be two sets of jointly Gaussian random variables on
some probability spaces (£2,.7,P) and (,</',P"). Let #] and .7 be the Hilbert
spaces generated by the finite linear combinations } ¢;X;; and }Y.¢ ]Y,; Let us de-
fine the o-algebras # = o(X,,t € T) and B’ = 6(Yy,t' € T') and the Banach
spaces L,(X) =L,(2,%,P),L,(Y)=L,(R2',%',P"),1 < p <oco.Let A be alinear
transformation from .7 to .7 with norm not exceeding 1. We define an operator
I'(A): L,(X) = Ly(Y) forall 1 < p,p" < oo in the following way. If 17 is a homo-
geneous polynomial of the variables X,

[1yols v j
n=YCluh XX n, €T,
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then

LA):n: = ZCE'IIL (AX, )/t (AX,,): .

It can be proved that this definition is meaningful, i.e. I'(A): n: does not depend
on the representation of 17, and I'(A) can be extended to a bounded operator from
Li(X) to Li(Y) in a unique way. This means in particular that I"(A)¢& is defined for
allé € L,(X), p > 1. Nelson’s hypercontractive inequality says the following. Let A
be a contraction from .74 to .. Then I'(A) is a contraction from L, (X) to L,(Y)

for 1 < g < p provided that
_1\ /2
Al < (Z_J : ©.1)

If (9.1) does not hold, then I"(A) is not a bounded operator from L, (X) to L,(Y).

A further generalization of this result can be found in [17].

The following discussion may help to understand the relation between Nelson’s
hypercontractive inequality and Corollary 5.6. Let us apply Nelson’s inequality in
the special case when (X,,7 € T) = (Y, t' € T’) is a stationary Gaussian field with
spectral measure G, g = 2, p = 2m with some positive integer m, A = ¢ - 1d, where
Id denotes the identity operator, and ¢ = (2m — 1)~'/2. Let #° and £ be the
complexification of the real Hilbert spaces .7 and .7;, defined in Chapter 2. Then
Ly(X) = ¢ = A + A+ --- by Theorem 2.1 and formula 2.1. The operator
I'(c-1d) equals ¢" - 1d on the subspace . If h, € H#;, then Ig(hy) € 7, hence
the application of Nelson’s inequality for the operator A = ¢ - Id shows that

1/2m 1/2m 1/2

(EIG(hn)z’") =c " (E(F(c . Id)IG(hn))2’") <c™" (EIG(h,,)Z)
i.e.

Elg(hy)*" < ¢ (Elg(h)*)" = (2m—1)" (Elg(hy)*)"

This inequality is very similar to the second inequality in Corollary 5.6, only the
multiplying constants are different. Moreover, for large m these multiplying con-
stants are near to each other. I remark that the following weakened form of Nelson’s
inequality could be deduced relatively easily from Corollary 5.6. LetA: 4 — ]
be a contraction ||A|| = ¢ < 1. Then there exists a 5 = jp(c) > 2 such that I'(A) is a
bounded operator from L, (X) to L, (Y) for p < p. This weakened form of Nelson’s
inequality is sufficient in many applications.

Chapter 6.

Theorems 6.1, 6.2 and Corollary 6.4 were proved by Dobrushin in [7]. Taqqu proved
similar results in [37], but he gave a different representation. Theorem 6.6 was
proved by H. P. Mc.Kean in [27]. The proof of the lower bound uses some ideas
from [15]. Remark 6.5 is from [25]. As Proposition 6.3 also indicates, some non-
trivial problems about the convergence of certain integrals must be solved when
constructing self-similar fields. Such convergence problems are common in statis-
tical physics. To tackle such problems the so-called power counting method (see
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e.g. [23]) was worked out. This method could also be applied in this chapter. Part (b)
of Proposition 6.3 implies that the self-similarity parameter & cannot be chosen in a
larger domain in Corollary 6.4. One can ask about the behaviour of the random vari-
ables §; and & (¢) defined in Corollary 6.4 if the self-similarity parameter o tends
to the critical value ¥. The variance of the random variables &; and &(¢) tends to
infinity in this case, and the fields §;, j € Zy, and §(@), ¢ € .7, tend, after an ap-
propriate renormalization, to a field of independent normal random variables in the
discrete, and to a white noise in the continuous case. The proof of these results with
a more detailed discussion appeared in [10].

In a recent paper [20] Kesten and Spitzer have proved a limit theorem, where
the limit field is a self-similar field which seems not to belong to the class of self-
similar fields constructed in Chapter 6. (We cannot however, exclude the possibility
that there exists some self-similar field in the class defined in Theorem 6.2 with the
same distribution as this field, although it is given by a completely different form.)
This self-similar field constructed by Kesten and Spitzer is the only rigorously con-
structed self-similar field known for us that does not belong to the fields constructed
in Theorem 6.2. I describe this field, and then I make some comments.

Let B; () and B;(t), —oo < < o0, be two independent Wiener processes. (We say
that B(r) is a Wiener process on the real line if B(¢), t > 0, and B(—t), t > 0, are two
independent Wiener processes.) Let K (x,71,12), x €R L 11 < 1o, denote the local time
of the process B at the point x in the interval [f],1,]. The one-dimensional field

Z, :/K(x,n,n—i—l)Bz(dx), n=...,—1,0,1,...,

where the integral in the last formula is an It6 integral, is a stationary self-similar
field with self-similarity parameter %.
To see the self-similarity property one has to observe that

K(/ll/zx,lh,ltz) éll/zK(x,tl,tz) for alleRl, t1 <ty,and A >0

because of the relation By (Au) A 712, (u). Hence
n—1

Y 7,402 /K(n—l/%c,o, 1)By(dx) & n3/4/K(x,o, 1) Ba(dx) = 2,
=0

The invariance of the multi-dimensional distributions of the field Z, under the trans-
formation (1.1) can be seen similarly.
To see the stationarity of the field Z, we need the following two observations.

(@)  K(x,s,1) LK(x+ n(s),0,t —s) with n(s) = —B1(—s). (The form of 7 is not
important for us. What we need is that the pair (17,K) is independent of B;.)
(b) If a(x), —oo < x < oo, is a process independent of B,, then

/a(x+u)32(dx)é/a(x)Bz(dx) foralluc R'.
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It is enough to show, because of Property (a) that

/K(x+n(s),o,z—s)32(dx)é/K(x,o,z—s)Bz(dx).

This relation follows from property (b), because the conditional distributions of the
left and right-hand sides agree under the condition 1(s) = u, u € R'.
The generalized field version of the above field Z, is the field

Z((p):—/[K(LOJ)Lf;fdt] Ba(dx), ¢c.7.

To explain the analogy between the field Z, and Z(¢) we remark that the kernel of
the integral defining Z, can be written, at least formally, as

d
K1) = [ ) () 2K ) du

although K is a non-differentiable function. Substituting the function Xinn+1) by
¢ € ., and integrating by parts (or precisely, considering %K as the derivative of
a distribution) we get the above definition of Z(¢).

Using the same idea as before, a more general class of self-similar fields can
be constructed. The integrand K (x,n,n+ 1) can be substituted by the local time of
any self-similar field with stationary increments which is independent of B,. Nat-
urally, it must be clarified first that this local time really exists. One could enlarge
this class also by integrating with respect to a self-similar field with stationary in-
crements, independent of B;. The integral with respect to a field independent of the
field K (x,s,t) can be defined without any difficulty.

There seems to be no natural way to represent the above random fields as ran-
dom fields subordinated to a Gaussian random field. On the other hand, the local
times K (x,s,¢) are measurable with respect to By, they have finite second moments,
therefore they can be expressed by means of multiple Wiener—It6 integrals with re-
spect to a white noise field. Then the process Z, itself can also be represented via
multiple Wiener—It6 integrals. It would be interesting to know whether the above
defined self-similar fields, and probably a larger class of self-similar fields, can be
constructed in a simple natural way via multiple Wiener—It6 integrals with the help
of a randomization.

Chapter 7.

The definition of Wiener—It6 integrals together with the proof of Theorem 7.1 and
Proposition 7.3 were given by Itd in [19]. Theorem 7.2 is proved in Taqqu’s pa-
per [38]. He needed this result to show that the self-similar fields defined in [9] by
means of Wiener—It6 integrals coincide with the self-similar fields defined in [38]
by means of modified Wiener—Ito6 integrals.
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Chapter 8.

The results of this chapter, with the exception of Theorems 8.5 and 8.7 are proved
in [9]. Theorem 8.5 is proved in [3] and Theorem 8.7 in [25]. The latter paper was
strongly motivated by [30]. Lemma 8.3 is formulated in a more general form than
Lemma 3 in [9]. The present formulation is more complicated, but it is more useful
in some applications. Let me explain this in more detail. The difference between
the original and the present formulation of this lemma is that here we allow that the
integrand Ky in the limiting stochastic integral is discontinuous on a small subset
of R, and the functions Ky may not converge on this set. This freedom can be
exploited in some applications. Indeed, let us consider e.g. the self-similar fields
constructed in Remark 6.5. In case p < 0 the integrand in the formula expressing
these fields is not continuous on the hyperplane x; + - - - +x,, = 0. Hence, if we want
to prove limit theorems where these fields appear as the limit, and this happens e.g.
in Theorem 8.7 then we can apply Lemma 8.3, but not its original version, Lemma 3
in [9].

The example for non-central limit theorems given by Rosenblatt in [29] and its
generalization by Taqqu in [35] are special cases of Theorem 8.2. In these papers
only the special case H,(x) = x*> — 1 is considered. Later Taqqu [38] proved a result
similar to Theorem 8.2/, but he needed more restrictive conditions. The observation
that Theorem 8.2’ can be deduced from Theorem 8.2 is from Taqqu [35].

The method of [29] and [35] does not apply for the proof of Theorem 8.2 in the
case of Hi(x), k > 3. In these papers it is proved that the moments of the random
variables ZY converge to the corresponding moments of Z:. (Actually a different
but equivalent statement is established in these papers.) This convergence of the

moments implies the convergence ZY =4 Z if and only if the distribution of Z; is
uniquely determined by its moments.

Theorem 6.6 implies that the 2n-th moment of a k-fold Wiener—Itd integral be-
haves similarly to the 2kn-the moment of a Gaussian random variable with zero ex-
pectation, it equals e(*102)/2+0(") Hence some results about the so-called moment
problem show that the distribution of a k-fold Wiener—It6 integral is determined by
its moments only for k = 1 and k = 2. Therefore the method of moments does not
work in the proof of Theorem 8.2 for Hy(x), k > 3.

Throughout Chapter 8 I have assumed that the correlation function of the under-
lying Gaussian field to which our fields are subordinated satisfies formula (8.1). This
assumption seems natural, since it implies that the spectral measure of the Gaussian
field satisfies Lemma 8.1, and such a condition is needed when Zg,, is substituted
by Zg, in the limit. It can be asked whether in Theorem 8.2 formula 8.1 can be sub-
stituted by the weaker assumption that the spectral measure of the Gaussian field
satisfies Lemma 8.1. This question was investigated in Section 4 of [9]. The investi-
gation of the moments shows that the answer is negative. The reason for it is that the
validity of Lemma 8.1, unlike that of Theorem 8.2, does not depend on whether the
spectral measure G has large singularities outside the origin or not. The discussion
in [9] also shows that the Gaussian case, that is the case when Hy(x) = H;(x) = x in
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Theorem 8.2, is considerably different from the non-Gaussian case. A forthcoming
paper of M. Rosenblatt [31] gives a better insight into the above question.

The limiting fields appearing in Theorem 8.2 and 8.6 belong to a special subclass
of the self-similar fields defined in Theorem 6.2. These results indicate that the self-
similar fields defined in formula (6.7) have a much greater range of attraction if
the homogeneous function f, in (6.7) is the constant function. The reason for the
particular behaviour of these fields is that the constant function is analytic, while
a general homogeneous function typically has a singularity at the origin. A more
detailed discussion about this problem can be found in [25].
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1t6’s formula for Wiener—Ito integrals with
respect to a random orthogonal measure
77

K
Karamata’s theorem 81
M

Minlos’s theorem 106

modified Fourier transform 92

multiplicatively positive generalized function
23

N

Nelson’s hypercontractive inequality 108
(0]

one-fold stochastic integral 18

P

positive definite function 21

positive definite generalized function 23

positive definite Hermitian bilinear functional
24

positive generalized function 22

Prokhorov metric in the space of probability
measures 87
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R

random field (generalized) subordinated to a
generalized stationary Gaussian random
field 5,62

random field subordinated to a stationary
Gaussian random field (discrete case)
2,61

random spectral measure adapted to a Gaussian
random field 19

regular system of sets in RV~ 29

S

Schwartz space of generalized functions. 6

self-similar (discrete) random field 2

self-similar random field (generalized field)
4

self-similarity parameter 2,4

shift transformation (discrete random field)
2,10

shift transformation (generalized random field)
10

Index

simple function 29,77

slowly varying function 81

space of test functions in the Schwartz space
of generalized functions 3,6

spectral measure of a stationary random field
(for discrete and generalized random
fields) 16

stationary (discrete) random fields 1

stationary random field (generalized field) 4

v
vague convergence of measures 82
w

weak convergence of probability measures
87,91

white noise 78

Wick polynomials 11

Wiener—Itd integral 36

Wiener-Itd integrals with respect to a random
orthogonal measure 76



Acronyms

2  The space of infinitely differentiable functions with compact support

2" The space of generalized functions on the space of test function 2

d(A) The diameter of the set A

Exp % and Exp %),  The Fock space

G(-) The spectral measure of a stationary discrete or generalized random field

G, — Gy The vague convergence of the locally finite measures G, to the locally
finite measure G

H,(x) The Hermite polynomial of order n with leading coefficient 1

2  The (real) Hilbert space of square-integrable random variables measurable
with respect to the c-algebra generated by the random variables of a previously
defined Gaussian random field

2 The smallest subspace of the Hilbert space .7 containing the elements of the
underlying Gaussian field

H~, The smallest subspace of the Hilbert space .7 containing the polynomials
of order less than or equal to n of the random variables in the underlying Gaussian
field

;  The orthogonal completion of the subspace .7¢%,_; in the Hilbert space .7¢%,,

hy(-)  The kernel function of the Wiener—Ito integral appearing in the diagram
formula and depending on the diagram y

%ZC? The space of functions which can be the kernel function of an n-fold Wiener—
1t6 integral with respect to a random spectral measure Zg with spectral measure G

¢ The subspace of %ch consisting of symmetric functions

2 n

¢ The subspace of 3?6” consisting of simple functions

%%’ The subspace of 7} consisting of simple (and symmetric) functions

I(fn) The normalized Wiener—Itd integral of the kernel function f;, of n variables
with respect to the random spectral measure Zg

qu” The class of function which can be the kernel function of an n-fold Wiener—
It6 integral with respect to a random orthogonal measure Z;,

" The subspace of Jéi[‘ consisting of symmetric functions
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fi/“" The set of simple functions appearing in the definition of n-fold Wiener-Itd
integrals with respect to a random orthogonal measure Z,

2 The Hilbert space of square integrable random variables measurable with re-
spect to the c-algebra generated by the random variables Z, (A) of a random
orthogonal measure Z;

<, The subspace of .Z" generated by the polynomials of the random variables
Z,(A) of the orthogonal random field Z,, which have order less than or equal to
n

J,  The orthogonal completion of the subspace .#<,_; in the Hilbert space . %<,

:P(&,...,&):  The Wick polynomial corresponding to the polynomial
P(xy,...,x,) and Gaussian random vector (&;,...,&,)

. The class of test functions in the Schwartz space

¢ The class of complex number valued test functions in the Schwartz space

&’ The Schwartz space of generalized functions

Sv—1 The v-dimensional unit sphere

Sym f The symmetrization of the function f

T, and T;  The shift operator with parameter m € Z, and t € RV

X (@) The value of the generalized field X (-) at the test function ¢

Zi() The (Gaussian) random spectral measure corresponding to the spectral
measure G

Z(dx) The (Gaussian) random spectral measure whose spectral measure is ﬁ
times the Lebesgue measure on [—7, )

Zu(-)  The random orthogonal measure corresponding to the measure [

Zy  The set of lattice points in the v-dimensional space with integer coordinates

I'(ny,...,n,) The space of diagrams in the diagram formula

I’ The space of closed diagrams

|yl The number of edges in a diagram y

U, — u  The weak convergence of the probability measures i, to the probability
measure U

Ey EA &  The convergence of the random variables Ey to the random variable &,
in distribution, i.e. the weak convergence of the distributions of &y to the distri-
bution of &,

IT, The group of permutations of the set {1,...,n}

Pp(i,v)  The Prokhorov metric of the probability measures u and v

x4(-)  The indicator function of the set A.

J#n(x)  The Fourier transform of the indicator function of the unit cube

[T [0, nP) + 1), where n = (n(),... nP))
=1
e ' The orthogonal completion of a subspace of a Hilbert space
Fourier transform
Convolutions
Identity in distribution
Stochastic convergence
Wiener-Itd integral with respect to a random orthogonal measure
Integer part of a real number x
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Abstract:
Chapter 1

We formulate the main problems discussed in this paper together with the most im-
portant notions needed in their discussion. In particular, we introduce the notion of
generalized random fields and also explain at a heuristic level why their introduc-
tion is useful for us. We finish this chapter with a sub-chapter that contains a short
summary about some useful results in the theory of generalized functions.

Chapter 2

We introduce the notion of Wick polynomials which are natural multi-variate ver-
sions of Hermite polynomials. We present their most important properties, and with
their help we give a decomposition of the Hilbert space of square integrable random
variables measurable with respect to a stationary Gaussian random field to the direct
sum of orthogonal, shift invariant subspaces.

Chapter 3

We present the correlation function of a Gaussian stationary field as the Fourier
transform of a spectral measure and construct with its help a (Gaussian) random
spectral measure. Then we express a stationary Gaussian field itself as the Fourier
transform of this random spectral measure. We also describe the most important
properties of spectral and random spectral measures. The proofs heavily depend on
a classical result of analysis about the representation of so-called positive definite
functions as the Fourier transform of positive measures and on its version about gen-
eralized functions. Hence we finish this chapter with a sub-chapter where we discuss
these results, called Bochner and Bochner—Schwartz theorems in the literature.

Chapter 4

Here we introduce the multiple Wiener—itd integrals with respect to a Gaussian ran-
dom spectral measure and prove some important results about them.

Chapter 5

Here we prove the most important result about multiple Wiener—Itd integrals, the
so-called diagram formula together with some of its consequences. In the diagram
formula we rewrite the product of Wiener—It6 integrals in the form of a sum of
Wiener-It6 integrals and also give a formula (with the help of some diagrams) about
the calculation the kernel-functions of the integrals appearing in this sum.

Chapter 6

We give a complete characterization of the so-called subordinated random fields of a
stationary Gaussian random field. This result enables us to construct new, non-trivial
(subordinated) self-similar random fields, i.e. such random fields which may appear
as the limit random field in limit theorems. To tell whether the formulas defining
these subordinated random fields are meaningful or not we have to decide whether
certain classical integrals are convergent or divergent. Hence this chapter contains
some results in this direction.
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Chapter 7.

Here we discuss the original Wiener—Ito6 integrals with respect to a random orthogo-
nal measure. We give their most important properties and also present some results
about their relation to the Wiener-Itd integrals with respect to a random spectral
measure and to the classical It6 integrals of stochastic processes.

Chapter 8.

Here we present some non-trivial limit theorems where the limit is a non-Gaussian
self-similar field. The results of the previous chapters may explain at a heuristic
level why such results should hold. But a rigorous proof demands much extra work
whose consequences may be interesting in themselves.

Chapter 9.

Here we summarize the content of the previous chapters. We explain the history of
the results, give the necessary references to them, and also discuss the underlying
motivations. We also present some results which are related to the subject of this
work only in an indirect way, but they give a better insight into it.



