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Abstract: The subject of this work is the multivariate generalization of
the theory of multiple Wiener—It6 integrals. In the scalar valued case this
theory was described in paper [11]. Our proofs apply the technique of this
work, but in the proof of some results new ideas were needed. The motiva-
tion for this study was a result in paper [1] of Arcones where he formulated
the multivariate version of a non-central limit theorem for non-linear func-
tionals of Gaussian stationary random fields presented in paper [6]. We
found the proof in paper [1] incomplete and wanted to give a full proof.
We did it in paper [13], but in that proof we needed a detailed descrip-
tion of the properties of non-linear functionals of vector valued stationary
Gaussian fields. Here we provide the foundation needed to carry out that
proof.
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1. Introduction. An overview of the results.

Let X (p) = (X1(p), ..., Xa(p)), p € Z¥, where Z¥ denotes the lattice points with
integer coordinates in the v-dimensional Euclidean space R”, be a d-dimensional
real valued Gaussian stationary random field with expectation EX(p) = 0,
p € ZY. We define the notion of Gaussian property of a random field in the
usual way, i.e. we demand that all finite sets (X (p1),...,X(pr)), p; € Z",
1 < j < k, be a Gaussian random vector, and we call a random field X (p),
p € ZV, stationary if for all m € Z¥ the random field X ™) (p) = X (p + m),
p € ZY, has the same finite dimensional distributions as the original random
field X(p), p € Z”. In most works only the case v = 1 is considered, but since
we can prove our results without any difficulty for stationary random fields with
arbitrary parameter v > 1 we consider such more general models.

Our goal is to work out a good calculus which provides such a representation
of the non-linear functionals of our vector valued Gaussian stationary random
field which helps us in the study of limit theorems for such functionals. To
understand what kind of limit theorems we have in mind take the following
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example which is discussed in Section 8 of this paper.
Let us have a function H(z1,...,x4) of d variables, and define with the help
of a d-dimensional vector valued Gaussian stationary random field

X(p) = (X1(p), ..., Xa(p), peZ”,

and this function the random variables Y (p) = H(X1(p),...,Xa(p)) for all
p € Z". Let us introduce for all N = 1,2,... the normalized sum

Sy =45 Y Y(p) (1)

pEBN

with an appropriate norming constant Ay > 0, where
By={p=(p1,---»pv): 0<pr <N foralll<k<v}.

We are interested in a limit theorem for these normalized sums Sy with an
appropriate norming constant Ay as N — oo. We are interested in the case
when there is a relatively strong dependence between the elements of the random
field X (p), p € Z¥, and new kind of limit theorems can appear.

A. M. Arcones studied a similar problem in paper [1|. He considered only
the case v = 1, but this is not a serious restriction. The main point is that
he investigated the non-linear functionals of vector valued stationary Gaussian
random sequences, and such problems were not studied before. He was interested
both in the question when the above defined normalized sums Sy satisfy the
central limit theorem with the usual normalization Ay = VN, and when we
get a new kind of limit theorem with an unorthodox normalization.

First he proved a classical central limit theorem if the covariance function
r(p), p € Z!, of the underlying vector valued Gaussian stationary random se-
quence tends to zero sufficiently fast at infinity, and the function H(z1,...,24)
satisfies some nice properties. This result can be considered the multivariate
generalization of the result in [3], and the proof is based on a refinement of the
arguments of this paper. Then he presented in Theorem 6 a non-central limit
theorem for Sy which can be considered as the multivariate generalization of
a non-central limit theorem for the random sums Sy proved in [6] under ap-
propriate conditions for a scalar valued Gaussian stationary random field, i.e.
in the case d = 1. However, I found the proof (and formulation) of this result
incomplete.

In the proof of [6] a crucial point was the representation of the random
variables Sy in the form of a multiple Wiener-It6 integral with respect to the
random spectral measure of the underlying stationary random field. With its
help we could carry out a limiting procedure that enabled us to express the
limit by means of a multiple Wiener—It6 integral. We did this in the scalar
valued case. A detailed explanation of this approach is given in [11]. But the
results applied in this approach were proved only in the scalar valued case. In
the proof of Arcones which is based on similar arguments one would need the
vector valued version of the notions and results discussed in [11]. But they were
not available.
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I wanted to replace Arcones’ discussion about Theorem 6 of his paper with a
full proof of this result. It turned out that to do this first I have to work out the
multivariate version of the theory presented in [11] which dealt with the scalar
valued case. This is the subject of the present paper. It can be considered as a
continuation of the research of It6 in [10] and of Dobrushin in [5].

It6 considered a Gaussian random field in [10] whose elements could be ex-
pressed as random integrals with respect to a Gaussian orthogonal random mea-
sure. He defined multiple random integrals (called later Wiener—It6 integrals in
the literature) with respect to this orthogonal random measure, and expressed
all square integrable random variables measurable with respect to the o-algebra
generated by the elements of the Gaussian random field as a sum of such mul-
tiple integrals. This notion turned out to be useful, because it helped in the
study of the non-linear functionals of the Gaussian random field. In particular,
he found a very useful relation between the multiple random integrals he defined
and Hermite polynomials.

Later Dobrushin worked out a version of this theory in [5], where he studied
the non-linear functionals of a stationary Gaussian random field. In such a case
a spectral and a random spectral measure can be defined in such a way that
the elements of the stationary Gaussian random field can be expressed as the
Fourier transform of the random spectral measure. Dobrushin introduced the
multiple random integral with respect to this random spectral measure, and
studied its properties. He proved that this new integral has similar properties
as the original multiple integral introduced by It6. This new integral turned out
to be useful, because it made possible to combine It6’s theory with the Fourier
analysis. A detailed discussion of these theories can be found in my work [11].

We would like to apply Dobrushin’s theory if we are dealing with vector
valued stationary Gaussian random field. But we cannot do this in a direct way,
because Dobrushin’s theory applies some results which are valid in their original
form only for scalar valued random fields. So we have to work out the vector
valued version of this theory, and this is the subject of the present work.

First we have to find the multivariate version of the spectral and random
spectral measure, and this is the subject of Sections 2 and 3. Moreover, we need
later the notion of spectral measure and random spectral measure corresponding
to stationary generalized random fields, and this is the subject of Section 4. (The
precise definition of the notions mentioned in this introduction will be given in
the more detailed discussion of the main text.)

Then I define the multiple Wiener—Ito integrals with respect to the coordi-
nates of a vector valued random spectral measure in Section 5. In Section 6 I
prove the diagram formula which enables us to express the product of two multi-
ple Wiener—Ito6 integrals as the sum of appropriately defined multiple Wiener—It6
integrals. This result has an important role in Section 7 which has two main
subjects. The first one is to create a useful relation between multiple Wiener—
It6 integrals and the multivariate generalization of Hermite polynomials, the
so-called Wick polynomials. The second subject of Section 7 is a useful repre-
sentation of the shift transformation of a random variable given in the form of
a multiple Wiener—Ito integral. These results enable us to work out a method
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in Section 8 to prove new type non-central limit theorems, in particular to give
a correct formulation and proof of Theorem 6 of Arcones paper [1]. Next I give
a more detailed description about the content of the subsequent sections.

1.1. A more detailed description of the results.

In working out the multivariate version of the theory in [11] first I characterize
the distribution of the vector valued Gaussian stationary random fields X (p) =
(X1(p),...,Xa(p)), p € Z¥, with expectation zero. This is the subject of the
second section of this work. Because of the Gaussian and stationary property
of such a random field its distribution is determined by the correlation function
r;(p) = EX;(0)X; (p) for all 1 < j,j" < d and p € Z". We are interested in
the description of those functions 7 j/(p) which can appear as the correlation
function of a vector valued stationary random field.

In the scalar valued case a well-known result solves this problem. The corre-
lation function r(p) = EX(0)X(p), p € ZY, of a stationary field X (p), p € Z",
can be represented in a unique way as the Fourier transform of a spectral mea-
sure, and the spectral measure can be characterized. Namely, we call the finite
(non negative), even measures on the torus [—m, )" spectral measures. For any
correlation function r(p) of a stationary field there is a unique spectral measure
p such that r(p) = [ €P®) pu(dzx) for all p € Z¥, and for all spectral measures p
there is a (Gaussian) stationary random field whose correlation function equals
the Fourier transform of this spectral measure p.

In Section 2 we prove a similar result for vector valued stationary random
fields. In the case of a vector valued Gaussian stationary random field X (p) =
(X1(p),-..,Xa(p)), p € Z", we have for all pairs of indices (j,5'), 1 < 7,5 <d,
a unique complex measure G, j» on the torus [—m, 7)" with finite total variation
such that 7; j(p) = EX;(0) X,/ (p) = [ €P?G; ;+(dx) for all p € Z¥. This can
be interpreted so that the correlation function r; ;/(p), 1 < j,j' < d, p € Z¥, is
the Fourier transform of a matrix valued measure (G, ;/), 1 < j,j' < d, on the
torus [—m,7)”. We want to give, similarly to the scalar valued case, a complete
description of those matrix valued measures on the torus [—m, 7)” for which the
correlation function of a vector valued Gaussian stationary random field can be
represented as its Fourier transform. Such matrix valued measures will be called
matrix valued spectral measures.

As I have mentioned, the coordinates of a matrix valued spectral measure
are complex measures with finite total variation. The scalar valued counterpart
of this condition is the condition that the spectral measure of a scalar valued
stationary random field must be finite. Another important property of a matrix
valued spectral measure is that it must be positive semidefinite. The meaning of
this property is explained before the formulation of Theorem 2.2, and Lemma 2.3
gives a different, equivalent characterization of this property. Let me remark
that in the scalar valued case the spectral measure must be a measure (and
not only a complex measure), and this fact corresponds to the above property
of matrix valued spectral measures. Finally, a matrix valued spectral measure
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must be even. This means that its coordinates are even, i.e. for all 1 < 7,7’ <d
and measurable sets A on the torus G;;(—A) = G, ;/(A), where the overline
indicates complex conjugate.

Theorem 2.2 states that the above properties characterize the matrix valued
spectral measures. Let me remark that there are papers, (see e.g. [4], [8] or [15])
which contain the above results, although in a slightly different formulation at
least in the case v = 1. Nevertheless, I worked out their proof, since I applied a
different method which is used also in the later part of the paper.

In Section 3 I consider the vector valued random spectral measures which cor-
respond to a matrix valued spectral measure (G, /), 1 < j,j’ < d. They are sets
of vector valued random vectors (Z¢ 1(A), ..., Zg,a(A)) defined for all measur-
able subsets A C [—m, )" on the torus with some nice properties which enable us
to define random integrals with respect to them. Let me remark that all random
variables Z¢ ;(A),1 < j <d, A C [-m,m)", are complex valued. The correlation
function of a vector valued Gaussian random field X (p) = (X1(p), ..., Xa(p)),
p € Z, can be expressed as the Fourier transform of its matrix valued spectral
measure. One of the main results in Section 3 states that a random spectral mea-
sure (Zg 1, - .-, Za,q) can be constructed in such a way that its Fourier transform
expresses the random field itself. More explicitly, X;(p) = [ €P*) Z¢ ;(dz) for
all pe Z¥ and 1 < j < d. I have listed some properties of this random measure
(Zga,---,Za,q) which determine its distribution, and we call a vector valued
random measure with such properties a vector valued random spectral measure
corresponding to the matrix valued spectral measure (G, ;/), 1 < 7,5 < d. We
can prove that the Fourier transform of a vector valued random spectral measure
corresponding to a matrix valued spectral measure is a vector valued Gaussian
stationary random field with this matrix valued spectral measure.

Besides the result that for all matrix valued spectral measures (G, ;/), 1 <
7,5 < d, there exists a vector valued random spectral measure corresponding to
it T also proved some important properties of the random integrals with respect
to a vector valued spectral measure in Section 3. I also proved that if a vector
valued Gaussian stationary random field X (p) = (X1(p),...,Xa(p)), p € Z*,
is given, we fix some parameter 1 < j < d, and take the real Hilbert space
consisting of the closure of finite linear combinations ), ¢, X;(px) with real
number valued coefficient ¢; in the Hilbert space of square integrable random
variables, then each element of this Hilbert space can be expressed as the integral
of a function on the torus [—m, 7)” with respect to the random spectral measure
Za,j- The functions taking part in the representation of this Hilbert space also
constitute a real Hilbert space. A more detailed formulation of this result is
given in Lemma 3.2.

It may be worth discussing the relation of the results in Section 3 to their
scalar valued correspondents. The results about the existence of random spec-
tral measures for scalar valued Gaussian stationary random fields give a great
help in proving the results in Section 3. In particular, these results provide the
definition of the random spectral measures Zg ;, and determine their distribu-
tion for all 1 < j < d. The definition of Zg ;, and the properties determining
its distribution depend only on the measure G, ;. On the other hand, we had
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to carry out some additional work to prove those properties of a vector valued
spectral random measure which determine the joint distribution of their coor-
dinates. The complex measures G; ;; with j # j’ appear at this point of the
investigation.

The fourth section deals with a special subject, and our motivation to study it
demands some explanation. Here we consider vector valued Gaussian stationary
generalized random fields.

We could have considered the continuous time version of vector valued sta-
tionary random fields where the parameter set is ¢ € R” and not p € Z". We
did not discuss such models, we have considered instead vector valued Gaus-
sian stationary generalized random fields. This means a set of random vectors
(X1(p),...,X4(v)) with some nice properties which are indexed by an appro-
priately chosen class of functions. The precise definition of this notion is given in
Section 4. We have constructed a large class of Gaussian stationary generalized
random fields, presented their matrix valued spectral measures, and constructed
the vector valued random spectral measures corresponding to them. In [11] the
notion of Gaussian stationary generalized random fields was introduced and in-
vestigated in the scalar valued case. Some useful results were proved there. It
was shown (with the help of some important results of Laurent Schwartz about
generalized functions) that in the scalar valued case the class of Gaussian, sta-
tionary generalized random fields constructed in such a way as it was done in the
present paper contains all Gaussian stationary generalized random fields. (Here
I consider two random fields the same if their finite dimensional distributions
agree.) This result is probably also valid in the case of vector valued generalized
random fields, but I did not study this question, because I was interested in a
different problem.

Although the theory of generalized random fields is an interesting subject
in itself, I was interested not so much in their properties, I was investigat-
ing them for a different reason. I was interested in the matrix valued spectral
measures of vector valued Gaussian stationary generalized random fields and
the vector valued random spectral measures corresponding to them and not in
the Gaussian, stationary generalized random fields which were needed for their
construction. They behave similarly to the analogous objects corresponding to
(non-generalized) Gaussian stationary random fields. We can work with them
in the same way. Nevertheless, there is a difference between these new spectral
and random spectral measures and the previously defined ones which is very
important for us. Namely, the coordinates of a matrix valued spectral measure
corresponding to a non-generalized random field are complex measures with fi-
nite total variation, while in the case of generalized random fields the matrix
valued spectral measures need not satisfy this condition. It is enough to demand
that the corresponding matrix valued measures have locally finite total varia-
tion, and the matrix valued spectral measures are semidefinite matrix valued
measures with moderately increasing distribution at infinity. (The definition of
these notions is contained in Section 4.)

The above facts mean that we can work with a much larger class of ran-
dom spectral measures after the introduction of Gaussian stationary general-



Péter Major/Vector valued Gaussian random fields 7

ized random fields and random spectral measures corresponding to them. This
is important for us, because in the limit theorems we are interested in the limit
can be expressed by means of multiple Wiener—It6 integrals with respect to
random spectral measures constructed with the help of vector valued Gaussian
stationary generalized random fields.

Sections 2—4 contain the main results about the linear functionals of vector
valued Gaussian stationary random fields we need in our investigation. They are
also needed in the study of non-linear functionals of vector valued stationary
Gaussian fields, which is the subject of the remaining part of this work. Here I
work out some tools which are useful in the study of limit theorems with a new
type of non-Gaussian limit.

In Section 5 multiple Wiener—Itd integrals are defined with respect to the
coordinates of a vector valued random spectral measure (Zg 1,...,Zq,q). We
define for all numbers n = 1,2,..., and parameters ji,...,J, such that 1 <
Jr <dforall 1 <k <nand all functions f € K, j,.... 5, where ICp, 4, ;. is a
real Hilbert space defined in Section 5 an n-fold Wiener—It6 integral

Ln(fld1s -5 dn) =/f(w1,~~,xn)ZG,jl(dwl).~~Zc,jn(dffn),

and prove some of its basic properties. The definition and proofs are very similar
to the definition and proofs in scalar valued case, only we have to apply the
properties of vector valued random spectral measures.

There is one point where we have a weaker estimate than in the scalar valued
case. We can give an upper bound on the second moment of a multiple Wiener—
1t6 integral with the help of the Ly norm of the kernel function of this integral
in the way as it is formulated in formula (23], but we can state here only
an inequality and not an equality. The behaviour of Wiener—Ito integrals with
respect to a scalar valued random spectral measure is different. If we integrate
in this case a symmetric function, and we may restrict our attention to such
integrals, then we have equality in the corresponding relation. This weaker form
of the estimate (23) has the consequence that in certain problems we can get
only weaker results for Wiener—Ito6 integrals with respect to the coordinates of
a vector valued random spectral measure than for Wiener-Ito integrals with
respect to scalar valued random spectral measures. But as it turns out we can
work well with multiple Wiener—It6 integrals with respect to the coordinates of
a vector valued spectral measure.

The multiple Wiener—It6 integrals were introduced in order to express a
large class of random variables with their help. More precisely, we are inter-
ested in the following problem. Let us have a vector valued Gaussian stationary
random field X(p) = (X1(p),...,Xa(p)), p € Z”. Their elements can be ex-
pressed as the Fourier transforms of a vector valued random spectral measure
Za =(Zga,---,2Za,a)- Let us consider the real Hilbert space H defined in the
second paragraph of Section 5 with the help of this vector valued stationary
Gaussian random field. We would like to express the elements of this Hilbert
space in the form of a sum of multiple Wiener—It6 integrals with respect to the
coordinates of the vector valued spectral measure Zg.



Péter Major/Vector valued Gaussian random fields 8

Let H; denote the linear subspace of H generated by the finite linear com-
binations of the random variables X;(p), p € Z¥, 1 < j < d, (with real val-
ued coefficients). It follows from Lemma 3.2 that the random variables £ €
H1 which can be written as the sum of one-fold Wiener—It6 integrals & =
Z?Zl [ fi(x)Zq,;(dxj) with some functions f; € Ki;, 1 < j < d consti-
tute an everywhere dense linear subspace in H;. Besides, we can define for all
n =20,1,2,... some appropriate orthogonal subspaces H,, of the Hilbert space
H such that H is the direct sum H = Ho + Hi + Ho + - -+ of these subspaces.
This result is described in Section 7 in more detail. In the case of scalar valued
random fields it was proved (see [11]) that all elements of #,, can be expressed
as an n-fold Wiener—Ito integral. We would like to prove a similar result for
vector valued fields. This is one of the main subjects of the investigations in
Sections 6 and 7.

In the case of vector valued Gaussian stationary random fields we can prove
only a weaker result. We can write the elements of a dense linear subspace of
H,, in the form of a sum n-fold Wiener—ito integrals. This subspace contains
all polynomials of the random variables X;(p), 1 < j < d, p € Z”. On the
other hand, we can write the presentation of these elements in a more or less
explicit form. The reason for being able to do this only for the elements of a
dense subspace of H,, is related to the weakness of the estimate (23) mentioned
before.

In Section 6 I formulate and prove the multivariate version of a classical
result. I describe the product of two multiple Wiener—It6 integrals as the sum
of multiple Wiener—Itd integrals with respect to the coordinates of a vector
valued random spectral measure. The formulation and proof of this result is
similar to that of the corresponding result in the scalar valued case. In this
result we define the kernel functions of the Wiener-It6 integrals appearing in
the sum expressing the product of two Wiener—It6 integrals with the help of
some diagrams. Hence this result got the name diagram formula. I wrote down
the formulation of the diagram formula in the case of vector valued random
spectral measures in detail. On the other hand, I gave only a sketch of proof of
the diagram formula, because it is actually an adaptation of the original proof
with a rather unpleasant notation. I concentrated on the points which explain
why the diagram formula has such a form as we claim. Besides, I tried to explain
those steps of the proof where we have to apply some new ideas. I hope that the
interested reader can reconstruct the proof on the basis of these explanations
by looking at the original proof.

Section 6 also contains a corollary of the diagram formula, where I formulate
this result in a special case. I formulated this corollary, because in this work we
need only this corollary of the diagram formula.

Section 7 has two main subjects. One of them is the multivariate version
of It6’s formula which enables us to rewrite Wick polynomials in the form of
multiple Wiener—It6 integrals, the other one is a useful formula which expresses
the shift transformations of a random variable given in the form of a multiple
Wiener—It6 integral. Although the introduction and investigation of the shift
transformations were introduced only in Section 7, their investigation is a most
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important subject of the present work. We can prove the limit theorems we are
interested in with the help of the representation of the shift transformations
given in Section 7.

In the original version of Itd’s formula the Hermite polynomial of a standard
normal random variable or the product of Hermite polynomials of independent
standard normal random variables is expressed in the form of a multiple Wiener—
It6 integral. Its multivariate version is a similar result about Wick polynomials.
Wick polynomials are the natural multivariate versions of Hermite polynomials
of standard Gaussian random variables.

In Section 7 first I recall from [11] the definition of Wick polynomials to-
gether with their most important properties. Given a homogeneous polynomial
of order n of some random variables U, € H; we define the Wick polynomial
corresponding to it as it is written down in this section. In Theorem 7.2 and
in its corollary we express a Wick polynomial of order n as a sum of Wiener—
It6 integrals of order n if the random variables U, appearing in the definition
of this Wick polynomial are given in the form U, = [¢,(2x)Zq,;, (dx) with
some parameter 1 < j, < d and ¢, € Ky ;,. The proof of the original version
of Itd’s formula was based on the diagram formula and the recursive relation
H,(z) = zH,_1(x) — (n — 1)H,_2(x) for Hermite polynomials. The multi-
variate version of It6’s formula is proved with the help of the corollary of the
diagram formula formulated in Section 6 and a multivariate version of the above
mentioned recursive formula for Wick polynomials which is proved in Proposi-
tion 7.1.

Next I recall the definition of the shift transformations and show how the shift
transformations of a random variable given in the form of a multiple Wiener—
It6 integral can be calculated. This result is interesting for us, because as the
corollary of Theorem 7.2 and Proposition 7.3 indicate, a large class of random
variables can be written in the form of a sum of multiple Wiener-It6 integrals.

The formula for the calculation of the shift transform for Wiener—Ito integrals
is very similar to the analogous result about the shift transformations of a
Wiener—It6 integral with respect to a scalar valued random spectral measure.
This result, formulated in Proposition 7.4, states that if

Ve [ o) Ze g dnn) . Zoy, (o),

then its shift transformation T, equals
Ty — /ei(“’“*“'”")h(xl, e zn) Ze g (dr1) .. Za, (dan).

for all u € Z¥.

In Section 8 a method for proving limit theorems for non-linear functionals of
vector valued Gaussian stationary fields is discussed. The example mentioned at
the start of this Introduction is considered. Some standard arguments show that
in this problem we can restrict our attention to the case when the random vari-
ables Y(p) = H(X1(p),...,X4(p)) in the normalized sum we are investigating
are Wick polynomials.
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Thus we consider in Section 8 the above limit problem in the special case
when Y(p) = H(X1(p),...,Xa(p)) is a Wick polynomial (for all parameters
p € Z"). In this case we can rewrite the normalized sums Sy in a useful form
with the help of the multivariate version of It6’s formula and our result about the
representation of the shift transformation of multiple Wiener—It6 integrals. We
rewrite these normalized sums in such a form that provides a heuristic argument
for the proof of a limit theorem.

Our goal is to find a result that enables us to make a precise proof on the
basis of this heuristic argument. The main result of Section 8, Proposition 8.1
may help us to carry out such a program. Besides, we prove another result in
Lemma 8.2 that simplifies a little bit the conditions of Proposition 8.1.

In a subsequent paper [13] I shall prove a multivariate version of the limit
theorem in [6] with the help of the present paper. In that proof I shall apply
Proposition 8.1, and the main problem is to check its conditions. The result in [6]
was proved with the help of the scalar valued version of the results in this work.
In that proof it had to be shown that the conditions of the scalar valued version
of Proposition 8.1 hold under appropriate assumptions. We did it by proving a
relation between the behaviour of the correlation function and spectral measure
of a stationary random field. In the proof of the multivariate generalization of
the result in paper [6] it will be shown that a similar relation holds also between
the behaviour of the correlation function and spectral measure of a vector valued
stationary random field.

2. Spectral representation of vector valued stationary random fields

Let X(p) = (X1(p),...,Xa(p)), p € Z¥, where Z" denotes the lattice of points
with integer coordinates in the v-dimensional Euclidean space R”, be a d-
dimensional real valued Gaussian stationary random field with expected value
EX(p) =0, p € Z". Let us first characterize the covariance matrices R(p) =
(rj;7 (), 1 < 4,5/ <d, p e Z" of this d-dimensional stationary random field,
where r; j/(p) = EX;(0) X,/ (p) = EX;(m)X;(p+m), 1 <j,j <d, pmeZ".

In the case d = 1 we can characterize the function R(p) = EX(0)X (p), (in
this case j = j/ = 1, so we can omit these indices) as the Fourier transform
of an even finite (and positive) measure G on the torus [—m,7)”, called the
spectral measure. We are looking for the vector valued version of this result.
Before discussing this problem I recall the definition of the torus [—m, 7).

The points of the torus [—m,7)" are those points x = (z1,...,z,) € R” for
which —m < z; <7foralll < j <wv.But if a coordinate of x in this set equals ,
then we consider this point the same if we replace this coordinate by —. In such
a way we can identify all points of this set by a point of the set [—m, 7)” C R”.
We define the topology on the torus on [—m,7)" as the topology induced by

v
the metric p(z,y) = > (|z; — y;j| mod 27) if z = (z1,...,2,) € [-m,m)” and
j=1
y = (y1,...,y) € [—m,m)”. These properties of the torus [—m, )" must be
taken into account when we speak of the set —A = {—z: x € A} for a set
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A C [—m,m)” or of a continuous function on the torus [—m, 7).
Later we shall speak also about the torus [—-A, A)” for arbitrary A > 0. This
is defined in the same way, only the number 7 is replaced by A in the definition.

It is natural to expect that there is a natural definition of even positive
semidefinite matrix valued measures also in the d-dimensional case, d > 2, and
this takes the role of the spectral measure in the vector valued case. To define
this notion first I prove a lemma. Before formulating it I recall the definition of
a complex measure with finite total variation, since this notion appears in the
formulation of the lemma. We say that a complex measure on a measurable space
has finite total variation if both its real and imaginary part can be represented
as the difference of two finite measures. I also recall Bochner’s theorem, more
precisely that version of this result that we shall apply in the proof.

Bochner’s theorem. Let f(p), p € Z¥, be a positive definite function on Z",

N N
i.e. such a function for which the inequality > > z;Zj f(p; —p;r) > 0 holds
j=14'=1
for any set of points p; € Z¥, and complex numbers z;, 1 < j < N, with
some number N > 1. Then there exists a unique finite measure G on the torus
[—7,m)" such that

flp) = / PG (dx)  for all p € ZV.
[_71—,71-)1'

If the function f is real valued, then the measure G is even, i.e. G(—A) = G(A)
for all A C [—m,m)".

Next I formulate the following lemma.

Lemma 2.1. Let X(p) = (X1(p),..., Xa(p)), p € Z", be a d-dimensional sta-
tionary Gaussian random field with expectation zero. Then for all pairs 1 <
J.j" < d the correlation function r; ;(p) = EX;(0)X, (p), p € Z¥, can be writ-
ten in the form

rig(p) = EX;(0)X;0(p) = EX;(m) X (m + p) = / S Gy(dr) (2)

[_7‘-77")’/

with a complex measure G, j» on the torus [—m,m)" with finite total variation.
The function r; y(p), p € Z¥, uniquely determines this complex measure G j
with finite total variation. It is even, i.e. Gj j(—A) = G; j:(A) for all measurable
sets A C [—m, m)". The relation G j(A) = G,/ (A) also holds for all1 < j,j" <
d and A C [—-m,m)".

Remark. Let us remark that given a d-dimensional stationary random field with
expectation zero, there exist also such d-dimensional stationary random fields
with expectation zero which are Gaussian, and have the same correlation func-
tion. As a consequence, in Lemma 2.1 we could drop the condition that the
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stationary random field we are considering is Gaussian. The same can be said
about the other results of Section 2. I imposed this condition, because later, as
we work with random spectral measures and random integrals with respect to
them the Gaussian property of the underlying random field is important.

Proof of Lemma 2.1. By Bochner’s theorem we may write
75.5(P) =/ P0G, (de), pel”,
[771-17‘-)”

for all 1 < j < d with some finite measure G;; on [—m, ). We find a good
representation for r; ;/(n) if j # j’ with the help of following argument.
The function

5/ (P) = E[X;(0) +iX; (0)][X;(p) — iX; ()]
= EB[X;(0) + X5 (0)][X;(p) + i X5 (p)],

p € ZY, is positive definite, hence it can be written in the form

BIX, 0+ X, O ()~ Xy o) = [ &0
with some finite measure Hj ;; on [—m,m)". Similarly,
E[X;(0) + X5 (0)][X;(p) + X (p)] = /[ : ' PIK; o ((da)

with some finite measure K ;s on [—m,m)”. Hence
EX;(0)Xy(p) = SEX;(0) +1Xy (0)][X;(p) - Xy (p)]

S EIX(0) + X O0)][X5(0) + X50(p)]

(1414)
2

= /[ : P0Gy (dr)

[EX;(0)X;(p) + EX;:(0) X (p)]

. ; 144
with G (dz) = 3[iH; 5 (da) + K o (do)] = S52(G 5(do) + Gy jo(da)].

In such a way we have found complex measures G, ;s with finite total variation
which satisfy relation (2). Since this relation holds for all p € Z”, the function

rj.i(p), p € Z", determines the measure G, j» uniquely.

Since 7, j/(p) is real valued, i.e. 7; j(p) = rj,;:(p), it can be written both in
the form

5.4 (p) = /[ ) ' PG i (da)
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and
7,5 (P) =/[ . e—i(p,z)wz/[ . ' PG 5 (— da).

Comparing these relations we get that G, ;/(A) = G, ;(—A) for all measur-
able sets A C [—m,m)". Similarly, the relation r; ;(p) = 7;;/(—p) implies

that G j(A) = G, (—A) = G, (A) for all measurable sets A C [—m,m)".
Lemma 2.1 is proved.

Since all complex measures G; -, 1 < j,5' < d, have finite total variation
by Lemma 2.1 there is a finite measure p on the torus [—m,7)" such that all
these complex measures G j» are absolutely continuous with respect to p, and

the absolute value of the Radon-Nikodym derivatives g, j/(z) = %(x) is
integrable with respect to u. The properties of the measures G; ;» proved in
Lemma 2.1 imply that the d x d matrix (g, ;:(z)), 1 < j,7’ < d, is Hermitian for
almost all z € [—m, 7)” with respect to the measure . We shall call the matrix
valued measure (G;;(A)), A C [—m,m)", positive semidefinite if the matrix
(g5,5:(x)), 1 < j,j" <d, is positive semidefinite for almost all € [—m, 7)” with
respect to p. More precisely, we introduce the following definition.

Definition of positive semidefinite matrix valued, even measures on
the torus. Let us have some complex measures G, 1 < j,7' < d, with fi-
nite total variation on the o-algebra of the Borel measurable sets of the torus
[—m,m)”. Let us consider the matriz valued measure (G, ), 1 < j,j' < d. We
call this matriz valued measure positive semidefinite if there exists a (finite) pos-
itive measure p on [—m, )" such that all complex measures G; jr, 1 < j,7 < d,
are absolutely continuous with respect to it, and their Radon—Nikodym deriva-

tives g; j/(x) = diif’ (x), 1 < 4,5 <d, constitute a positive semidefinite matriz
(9j,57()), 1 < 4,5 <d for almost all x € Z" with respect to the measure p. We
call this positive semidefinite matriz valued measure (Gj;), 1 < j,j' < d, on
the torus even if G, j/(—A) = G ;1 (A) for all measurable sets A C [—m,m)" and
1<j,j <d

Later we shall speak also of positive semidefinite matriz valued, even measures
on a torus [—A, A)Y for arbitrary A > 0 which is defined in the same way,
only the complex measures G and the dominating measure p are defined on

[—A, A

Remark. Here T am speaking about measures with finite total variation, although
such (complex) measures are called generally bounded measures in the literature.
Actually, we know by Stone’s theorem that any bounded signed measure can be
represented as the difference of two bounded measures (with disjoint support).
Nevertheless, I shall remain at this name, because actually we prove directly the
finite total variation of the measures we shall work with in this paper. Besides,
(in Section 4) I shall define complex measures on R” with locally finite total
variation, and I prefer such a name which refers to the similarity of these objects.
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(The complex measures with locally finite total variation are not measures in
the original meaning of this word, only their restrictions to compact sets are
complex measures.)

The next theorem about the characterization of the correlation function of
a d-dimensional stationary Gaussian random field with zero expectation states
that the correlation functions r; ;/(p), 1 < j,j’ < d, p € Z¥, can be given in the
form (2) with the help of a positive semidefinite matrix valued, even measure
(Gj,j7), 1 < 4,5 <d, on the torus [—m, 7)”. Moreover, it will be shown that we
have somewhat more freedom in the definition of positive semidefinite matrix
valued measures on the torus. If the coordinates of a matrix valued measure
(Gj,57), 1 < 4,k < d, are complex measures with finite total variation, and
this matrix valued measure satisfies the definition of the positive semidefinite
property with some measure p, then this measure p can be replaced in the
definition by any such finite measure on the torus with respect to which the
complex measures G; ;- are absolutely continuous. More explicitly, the following
result holds.

Theorem 2.2. The covariance matrices of a d-dimensional stationary random
field X(p) = (X1(p),...,Xa(p)), p € Z¥, with expectation zero can be given in
the following form. For all 1 < j,j" < d there ezists a complex measure G ;i
with finite total variation on the v-dimensional torus [—m,m)" in such a way that
for all 1 < j,j" < d the correlation function r;(p) = EX;(0)X;(p), p € Z¥,
is given by formula (2) with this complex measure G; j. The d x d matriz G =
(Gj,j1), 1 <4, <d, whose coordinates are the complex measures G, j» has the
following properties. This matriz is Hermitian, i.e. the measures G; jo satisfy the
relation G ;(A) = G; j/(A) for all pairs of indices 1 < j, j' < d and measurable
sets A C [—m,m)", and the measures G j are even, i.e. Gj j(—A) = G; j/(—A)
forall1 < 4,7 < d and A C [—m,m)". For all pairs (j,7'), 1 < j,7/ < d,
the function r; ;(p), p € Z¥, defined by formula (2) uniquely determines the
complex measure G j with finite total variation. Besides, G j: has the following
property.

Let us take a finite measure p on the torus [—mw, )" such that all complex
measures Gj ;o are absolutely continuous with respect to it, (because of the finite
total variation of the complexr measures Gj ;o there exist such measures), and
put gj i (x) = gjj0.u(T) = diﬁ"' (x). Then the matriz (g, (x)), 1 <j,j' <d, is
positive semidefinite for almost all © € [—m,m)" with respect to the measure L.

Conversely, if a class of complex measures G on [—m,m)", 1 < j,j' <d,
have finite total variation, and (G; ), 1 < j,5' < d, is a positive semidefinite
matriz valued, even measure on the torus, then there exists a d-dimensional
stationary Gaussian field X (p) = (X1(p), ..., Xa(p)), p € Z¥, with expectation
EX;(p) = 0 and covariance EX;(p)X;/(q) = rjj(p — q), where the function
.5 (p) is defined in (2) with the complex measure G; j: for all parameters 1 <
43,5 <d and p,q € Z".

v

Remark. We shall call the positive semidefinite matrix valued, even measure
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(Gj,j7), 1 < 4,5 <d, on the torus [—m, m)” with coordinates G, ;s satisfying re-
lation (2) the matrix valued spectral measure of the correlation function r; ; (p),
1<j4,7 <d, pe€Z” In general, we shall call an arbitrary positive semidefinite
matrix valued, even measure on the torus [—m,m)"” a matrix valued spectral
measure on the torus [—m, m)". (More generally, later we shall call for any A > 0
a positive semidefinite matrix valued, even measure on the torus [—A, A)” a
matrix valued spectral measure on this torus.) We have the right for such a
terminology, since by Theorem 2.2 for an arbitrary positive semidefinite matrix
valued, even measure on the torus [—m, )" there is a vector valued stationary
Gaussian random field on Z" such that this positive semidefinite matrix valued,
even measure is the spectral measure of its correlation function.

Proof of Theorem 2.2. The statements formulated in the first paragraph of The-
orem 2.2 follow from Lemma 2.1. Next we prove that the matrix (g, i/ (z)),
1 < 4,7 <d, whose elements are defined as the Radon—-Nikodym derivatives of
the complex measures G ;- with respect to a measure . satisfying the conditions
of Theorem 2.2 is positive semidefinite for p almost all z.

We prove this by first showing with the help of Weierstrass’ second approxi-
mation theorem that

[ v @ptan 20 )

for any continuous, d-dimensional vector-valued function
v(xz) = (vi(x),...,v4(x)) on the v-dimensional torus [—m, )", where g(x) de-
notes the d x d matrix (g; ;-(z)), 1 < j,j’ < d, and v*(x) is the conjugate of the
vector v(x).

To prove (3) let us first observe that by Weierstrass’ second approximation
theorem for all € > 0 there exists a number N = N(¢g) and d trigonometrical
polynomials of order N

(7)) = >, Gy, €, 1< j<d, € [-m,m)

s=(81,---,50)
—N<sp<N, 1<k<v

for which
sup |onj(z) —vi(z)| <e foralll <j<d.
TE€[—m,m)V
Let us also define the random vector Yy = (Yn 1, .., Yn,q4) with coordinates

YNJ = Z aj1517"'1sl/Xj(S)’ 1<j<d,

5=(51,---,50)
—N<sp<N, 1<k<v

Then we have because of the relation EX;(s)X;/(s') = [ eis=5"2) g ) ()l da)

d

d d d
0<E[> Vg | [ D Yvg | =D D 95,5 (@)on 5 (@)on (@)l d).
j=1

j=1 j=1gr=1"1=mm)"
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Hence

/[ . oy (2)g(x)viy (2)pu(dz) >0

and we get relation (3) from it with the help of the limiting procedure N — oo.

Let us choose a vector a = ((117 ...yaq) € R? and a non-negative continuous
function u(x) on the torus [— ) Let us apply formula (3) with the choice
of the function v(z) = am/ ag+/u(z)). With this choice formula (3)

yields that
v(z)g(x)v*(x dx) = w(x)he(x dx
OS/[M),, (x)g(2)v™ (x)u( dz) /[”) (@)ha(z)p( dr)

with the function h,(z) = ag(x)a*. Since this inequality holds for all non-
negative continuous functions this implies that h,(z) > 0 for almost all x with
respect to the measure p. Moreover, since h, () = ag(x)a* is a continuous func-
tion of the parameter a for a fixed number z € [—m,7)” this also implies that
g(x) is a positive semidefinite matrix for almost all 2 with respect to the mea-
sure . We have proved that the covariance matrix of a vector valued stationary
field has the properties stated in Theorem 2.2.

Next I show that if we have a class of complex measures G ;- with finite total
variation such that (G ;) is a positive semidefinite matrix valued even measure
on the torus, and the functions r; ;/(p), p € Z¥, are defined by formula (2)
with these complex measures G j/, then there exists a vector-valued stationary
Gaussian field X (p) = (X1(p),. .., Xa(p)) with expectation zero and covariance
function EX,;(0)X;/ (p) = r; (p).

First I show that for all N > 1 there is a set of Gaussian random vectors
X(p) = (X1(p), ..., Xa(p)), with parameters p = (p1,...,p,), =N < p; < N for
all j =1,...,d, such that EX;(p)X;(¢q) = ;5 (p—q)) for all p= (p1,...,pv),
q=(q1,---,q,) with =N <p,, ¢, <N, 1 <s<v.

Let us observe that the covariances r; ;j(p) defined by (2) are real-valued,
since G j/(A) = G; j/(—A). To show that there exists a set of Gaussian random
vectors with the desired covariance we have to check that the covariance matrix
determined by the coordinates of these random vectors is positive semidefinite.
This means that for all sets of complex numbers

An ={ajp=0jp,..p,: 1<j<d, =N <ps <N, forall 1 <s<v}

d d
I(AN) =% > > a; i qri g (p—q) > 0.

Jj=13'=1 " p=(p1,...,pv) q=(q1,---,qv)
—N<ps<N, 1<s<v —N<gs<N, 1<s<v
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This inequality holds, since

d d
UEOREN 53 S BEED SENNRIFELL FIE

Jj=1j'=1 p=(p1,---,pv)
—N<ps<N, 1<s<v

> ajpe’®®) | p(dr)

p=(p1,....pv)
—N<ps<N, 1<s<v

d d
:/ DD bi(@)gg (@b () | pldz) >0,

j=1j'=1

where b;(z) = > a; pe' ™) This expression is really non-negative,

p=(DP1,--Dv)
—N<ps<N, 1<s<v

since the matrix g; j/(x) is positive semidefinite for p-almost all z, and this im-
plies that the integrand at the right-hand side of this expression is non-negative
for p-almost all x.

Since the distribution of the above sets of Gaussian random vectors are con-
sistent for different parameters N it follows from Kolmogorov’s existence theo-
rem for random processes with consistent finite distributions that there exists a
Gaussian random field X (p), p € Z¥, with EZ, = 0, EX;(p)X;/(q) = 75, (p—q),
where 7; i (p) is defined by formula (2) with our matrix valued spectral measure
G =(G,;),1<4j,j <d. Insuch a way we constructed a stationary Gaussian
random field with the desired properties. Theorem 2.2 is proved.

In the next lemma I give a different characterization of positive semidefinite
matrix valued, even measures on the torus [—m, 7).

Lemma 2.3. Let us have a class of complex measures G, 1 < j,j < d,
with finite total variation on the torus [—m,m)". Let us define with their help
the following o-additive matriz valued function on the measurable subsets of the
torus [—m,m)". Define for all measurable sets A C [—m,m)" the d x d matriz
G(A) = (G,,57(A)), 1 < 4,5 < d. This matriz valued function is a positive
semidefinite matriz valued, even measure on the torus [—m,m)" if and only if
the matriz (G, (A)), 1 < j,j" < d, is positive semidefinite, and G; j(—A) =
Gj ;' (A) for all measurable sets A C [—m, )" and 1 < j,7' <d.

Proof of Lemma 2.3. It is clear that if (G, ;) is a positive semidefinite matrix
valued, even measure, then the matrix (G ;/(A)) with

G (4) = /A gy @u(de), 1<j. <d,
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is a positive semidefinite matrix, and G; ;(—A) = G; ;:(A) for all measurable
sets A C [-m,m)” and 1 < 5,5 < d.

On the other hand, it is not difficult to see that if the above properties hold,

d d
then > > [wvj(x)vj (x)Gj j(dx) > 0 for all vectors v(z) = (vi(z),...,vq(x)),
j=1j'=1

where v;(-), 1 < j <d, is a continuous function on the torus [—m,7)". If p is a
finite measure on [—m, )" such that all complex measures G, j/, 1 < j,j <d,
are absolutely continuous with respect to it with Radon-Nikodym derivative
g;.;(x), and we denote the matrix (g, (z)), 1 < j,7° < d, by g(z), then the
above inequality can be rewritten in the form [v(z)g(z)v*(z)u(dz) > 0. In
the proof of Theorem 2.2 we have seen that this implies that g(z) is a positive
semidefinite matrix for p almost all z € [—m, 7)”. Lemma 2.3 is proved.

Let me also remark that the proof of Lemma 2.3 also implies that if the
definition of positive semidefinite matrix valued, even measures holds with some
finite measure u on the torus with the property each the complex measure Gj ;,
1 < 4,7’ < d, is absolutely continuous with respect to it, then the conditions
of this definition also hold with any measure p on the torus with the same
properties.

Given a positive semidefinite matrix valued even measure G = (G ), 1 <
J,7" < d, on the torus [—m, 7)Y, there is a natural candidate for the choice of
the measure p on the torus [—m,7)” with respect to which all measures G, v,
1 < 4,j" < d, are absolute continuous. We shall prove an estimate in formula (5)
which implies that the measure py = Z?Zl G, j, i.e. the trace of the matrix
valued measure G has this property. Later this measure will be our choice for
the measure p.

Let me remark that the proof of Lemma 2.3 yields another characterization of
positive semidefinite matrix valued measures on the torus. I present it, although
I shall not use it later.

A matrix valued measure G = (G, /), 1 < j,j" < d, on the torus such that
Gj;i(A) = G ;(A) for all 1 < j,j" < d and measurable sets A C [—7,7)" is
positive semidefinite if and only if

d d -
Z Z / uj(x)uj (x)Gj 0 (dr) >0
j=14=1"1=

)Y

for all vectors u(x) = (u1(x), ..., uq(x)) whose coordinates are continuous func-
tions on the torus [—m, )"

~—

3. Random spectral measures in the multi-dimensional case

If X(p) = (X1(p),...,Xa(p)), p € Z¥, is a d-dimensional stationary Gaussian
random field with expectation zero, then its distribution is determined by its
correlation functions r; ;/(p) = EX;(0)X;/(p), 1 < j,j' < d, p € Z". In The-
orem 2.2 we described this correlation function as the Fourier transform of a
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matrix valued spectral measure G = (G, /), 1 < j,j' < d. In the case of scalar
valued stationary fields there is a continuation of this result. A so-called random
spectral measure Zg can be constructed, and the elements of the stationary ran-
dom field can be represented as an appropriate random integral with respect to
it. This result can be interpreted so that the elements of a scalar valued sta-
tionary random field can be represented as the Fourier transforms of a random
spectral measure. We want to find the multi-dimensional version of this result.

The results about scalar valued stationary fields also help in the study of
vector valued stationary random fields. Indeed, since the j-th coordinates X;(p),
of the random vectors X (p), p € Z, define a scalar valued stationary random
field we can apply for them the results known in the scalar valued case. This
enables us to construct such a random spectral measure Zg ; for all 1 < j < d
for which the identity X;(p) = f[_ﬂm)y e'P®) 7 i(dx) holds for all p € Z". The
distribution of the random spectral measure Zg ; depends on the coordinate
Gj,; of the matrix valued spectral measure G, which is the spectral measure
of the stationary random field X;(p), p € Z". For a fixed number 1 < j < d
the properties of the random spectral measure Zg ; and the definition of the
random integral with respect to it is worked out in the literature. I shall refer
to my Lecture Note [11], where I described this theory.

Nevertheless, the results obtained in such a way are not sufficient for us.
They describe the distribution of the random spectral measure Zg ; for each
1 < j <d, but we need some additional results about their joint behaviour. To
get them I recall the results in [11] which led to the construction of the random
spectral measures Zg ;, and then I extend them in order to get the results we
need to describe their joint distribution.

I explain how we define simultaneously all random spectral measures Zg ;,
1 < j < d, by recalling the method of [11] with some necessary modifications in
the notation to adapt this method to our case.

We construct the random spectral measure Zg; for all 1 < j < d in the
following way. First we introduce two Hilbert spaces Kf ; and H{ ;, and define
an appropriate norm-preserving invertible linear transformation 7j from K ; to
HS ;- (Here, and in the next discussion I apply the superscript ¢ in the nota-
tion to emphasize that we are working in a complex, and not in a real Hilbert
space.) The Hilbert space K ; consists of those complex valued functions u(x)
on the torus [—m,m)" for which f[—mﬂ)" lu(z)|*G,,j(dx) < oo, and the norm
is defined in this space by the formula ||lullf ; = f[fﬁyﬂ)y lu(z)|?G,,j(dx). The
Hilbert space H{ ; is defined as the closure of the linear space consisting of the
linear combinations _ ¢,, X, (ps) with some (complex valued) coefficients ¢,
and parameters p; € Z¥ in the Hilbert space H¢. The Hilbert space H¢ consists
of the complex valued random variables with finite second moment, measur-
able with respect to the o-algebra generated by the random variables X (p),
1<j<d,peZ’ and the norm | -||1 ; in it is determined by the scalar product
defined by the formula (£, n) = E£7, £,n € HE. First we define the transforma-
tion T only for finite trigonometrical sums in Kf ;. We define it by the formula

T; (> epe'P®)) = 3¢, X;(ps). We showed in [11] that we have defined in
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such a way a norm-preserving linear transformation from an everywhere dense
subspace of Kf ; to an everywhere dense subspace of H{ ;. This can be extended
to a norm-preserving invertible linear transformation 7} from Kf ; to H{ ; in a
unique way. We define the random spectral measure Zg ;(A) for a measurable
set A C [—m,m)" by the formula Zg ;(A) = T;(Ia(-)), where I4(-) denotes the
indicator function of the set A.

It follows from the results of [11] that for any 1 < j < d the measure G; ;
determines the distribution of the random spectral measure Zg ;, (i.e. the joint
distribution of the random variables Z¢ ;(A1),... Zg j(An) for all N > 1 and
measurable sets Ay C [—m,m)¥, 1 < k < N). Next we shall study the joint
distribution of the random fields Zg ; for all 1 < j < d, i.e. the joint distribution
of the random variables Zg j(A1),... Zq j(An) for all N > 1, measurable sets
A C[-mm)”, 1<k < N and 1 <j <d. In particular, we shall show that the
joint distribution of the random fields Zg ;, 1 < j < d, are determined by the
matrix valued spectral measure G = (G /), 1 < j,j' < d. The joint distribution
of these random fields are determined by the matrix valued measure G, and not
only by their diagonal elements G ;, 1 < j <d.

To investigate the joint behaviour of the random spectral measures Zg j,
1 < j < d, first we define two Hilbert spaces K{ and H together with a norm-
preserving and invertible transformation between them. The elements of the
Hilbert space K{ are the vectors u = (ui(z),...,uq(x)) with u;(z) € Kf;,
1 < j < d. To define the (semi)-norm in K§ we introduce a positive semidefinite
bilinear form (-, -)g on it. To make some subsequent discussions simpler I make
the following convention in the rest of the paper. Given a positive semidef-
inite matrix valued measure (Gj;/), 1 < 4,7/ < d, on the torus [—m, )", I
fix a finite and even measure p on [—m,7)" such that all complex measures
G; ;j» are absolutely continuous with respect to it, and I denote by g, j/(x) their
Radon—Nikodym derivative with respect to p. With the help of this notation
we define (-,-)o in the following way. If u(x) = (u1(z),...,uq(z)) € K and
v(x) = (v1(x),...,v4(x)) € K, then

d d
(u(@) v(@))o = ZZ/uj(x)vj’(x)Gj,j’(dw) (4)
j=1j'=1
d d
- ZZ/gj,j’(x)uj(z)vj/(m),u(dx)
J=1j/=1

with the matrix g(z) = (g;,;/(x)), 1 < 4,7 < d, where v*(x) denotes the column
vector whose elements are the functions v (z), 1 < k < d.

To show that the integral in the definition of (u(zx),v(x))o is convergent let
us observe that

lgj.jr(@)* < gjj(x)g; j+(x) for almost all 2 with respect to the measure u (5)
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for all 1 < j,5' < d, because g(x) is a positive semidefinite matrix for almost
all z. This fact together with the Schwarz inequality imply that

[ e @

S/[ ) |uj(z |\/QJ,J V95050 (@) |vjr (z) | p( dz)
’ 1/2
é(/{ : Iuj($)|2gj,j($)u(dfﬂ)> (/ : vj’(iv)lzgjaj/(x)u(dx)>

< 0

1/2

for all pairs 1 < j,j' < d and u; € K5 ; and vy € Kf ;. This implies that the
integral in (4) is finite. Moreover, the last inequality implies that

p 1/2\ 2
u(x), u(x < u;(x QGj,j dx
(), u(z)o g(/[)| @G ))
< dz ‘u] | G]j dx dZHu]“Oj (6)

—7\' ﬂ-)l/

for all u(z) = (u1(x),...,uq(r)) € K.
Observe that (u(x), u(x))o > 0, because g(z) is a positive semidefinite matrix,
which implies that w(z)g(z)u*(x) > 0 for almost all z with respect to the

measure p. In such a way we can define the norm || - || in K§ by the formula
llullo = (u(z),u(z))o. We identify two elements u and v in Kf if |ju — v|jo = 0.
Next we define the Hilbert space H§ with the norm || -||; on it. The elements

of H{ are the vectors £ = (&1, ...,&a), where §; € H{ ;, 1 < j < d, and we define
b
the norm on it by the formula [|€]|? = E‘Z?Zl gj‘ it €= (&,...,6) € HS.

It is the norm induced by the scalar product (£,n); = (ZJ 1 §j) (ZJ 1 m)

for £ = (&1,...,&q) € HS and np = (1, ...,nq) € HS. We identify two elements
&€ HS and p e HS if || —n|l1 =0.
Observe that

d d d d
€Nz = G SZZ (El& P2 (Bl )M ? (7)
j=1 = j=17j'=1
d d d k
= [ Do@EIGH) [ D@V <dY Bl =a> |43,
j=1 j'=1 j=1 j=1

for a vector £ = (&1,...,8&q) € HS
We define the operator T' mapping from K{ to H{ by the formula

Tu= T(ul, . ,’U,d) = (T1U1, e ,Tdud)
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for u = (u1,...,uq), u; € KY ;, with the help of the already defined operators
T;, 1 < j < d. We show that Tu = T'(u1,...,uq) = (Thu,...,Tyug) for u =
(ug,...,uq) € K is a norm preserving and invertible transformation from K§
to H$. To prove this let us first observe that because of inequality (6) and
Weierstrass’ second approximation theorem the finite linear combinations

i(p,x) i(p,x)
E C1,p€ . E cdpe

PEAN ;DGAN

where Ay = {p = (p1,...,0): — N <ps <N, forall 1 < s < v}, constitute
an everywhere dense linear subspace in K¢, and because of the inequality (7)
the finite linear combinations

Z cl,le Z cd,de

PEAN PEAN

=T Z clﬁpei(p’”)“.., Z cd’pe"(”’l') (8)

pEAN pEAN

constitute an everywhere dense linear subspace in H{ if N = 1,2,..., and the
coefficients ¢;,, 1 < j < d, p € Ay, are arbitrary complex numbers. Hence
the following calculation implies that 7' is a norm preserving and invertible
transformation from Kf to H{.

If
u(z) = Z 1P Z cape'®®)
pEAN pEAN
and
v(z) = Z C'Lpei(p’m) Z , t(zu
PEAN pEAN
then
(u(z),v(x))o :< Z c1,e®) Z cq @)
pEAN pEAN
Z 4 pe_i(p’m), s Z 6& pe—i(p»z) >
pEAN pEAN o
d d
— Z Z Z C] SC 57 t/ gjvj/ (x)el(s—t7$)u(dx)
j=1j'=1s€AN teAy [=m,m)™

d d
=E Z ;s X;(s) Z ZC},thj/(t) = (Tu(z), Tv(z));.

j=1s€An j'=1t€An
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We shall define the random variables Zg ;j(A) for all indices 1 < j < d
and measurable sets A C [—m,7)", by the formula Zg ;(A) = Tj(Ia(x)) with
the above defined operators Tj, 1 < j < d, where I4(-) denotes the indicator
function of the set A C [—m,m)”. Next I formulate some properties of this class
of random variables. These properties will appear in the definition of random
spectral measures. All sets appearing in the next statements are measurable
subsets of the torus [—m, 7).

(i) The random variables Z¢ ;(A) are complex valued, and their real and imagi-
nary parts are jointly Gaussian, i.e. for any positive integer N and sets Ag,
1 < s < N, the random variables Re Z¢ ;(As), Im Z¢ ;(As), 1 < s < N,
1 < j < d, are jointly Gaussian.

(i) EZg,j(A)=0forall1<j<dand A,

(iii) EZG](A)ZG #(B)=G, #(ANB) for all 1 <j,j <d and sets A, B.

(iv) Z Za,i(Ag) = Zg (U AS> if Ay,..., A, are disjoint sets, 1 < j < d.

s=1
(v) ZGJ( ) =Zg,;j(—A) for all 1 < j < d and sets A.

Properties (i)—(v) were proved in the one-dimensional case e.g. in [11]. The
only difference in checking its several dimensional version is that we have to
apply the multi-dimensional operator T from K$ to H$ to prove property (i),
and to apply the same mapping 7" in proving Property (iii). Here we exploit that
(u,v)o = (Tu, Tv);. We apply this identity with the vector u € K§ whose j-th
coordinate is I4(x), and the other coordinates are zero and the vector v € K
whose k-th coordinate is Ip(x) and the other coordinates are zero. Property (v)
can be proved as the special case of the following more general relation.

(v') Tj(u) = Tj(u_) for all 1 < j < d and u € Kf, where u_(z) = u(—x).

Property (v') can be proved by first proving it in the special case when u(x)
is a trigonometrical polynomial, and then applying a limiting procedure.

Next we define the vector valued random spectral measures corresponding to
a matrix valued spectral measure.

Definition of vector valued random spectral measures on the torus.
Let a matriz valued spectral measure G = (G, ), 1 < j,j' < d, be given on the
torus [—m,m)¥ together with a set of complex valued random variables indexed
by pairs (j, A), where 1 < j <d, and A is an element of the o-algebra A

A={A: AC|[—nm,m)" is a Borel measurable set}

of the Borel measurable sets of the torus whose joint distribution depends on
the matriz valued spectral measure G. To recall this dependence we denote the
random variable indezed by a pair (j, A), 1 < j <d, A€ A, by Zg ;j(A). We call
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the set of random variables Zg ;(A), 1 < j < d, A € A, a d-dimensional vec-
tor valued random spectral measure corresponding to the matrix valued spectral
measure G on the torus [—m,m)" if this set of random variables satisfies prop-
erties (i)—(v) defined above. Given a fixed parameter 1 < j < d we call the set
of random variables Zg j(A), A € A, the j-th coordinate of this d-dimensional
vector valued random spectral measure, and we denote it by Zg ;. We denote
the wvector valued random spectral measure Zg j(A), 1 < j < d, A € A, by
Ze=(Zgna,---,Zc.d)-

More generally, if a matriz valued spectral measure G is given on the torus
[ B, B)” with some number B > 0 together with a set of complex valued random
variables Zg ;(A), where 1 < j < d, and A is a Borel measurable set on the
torus [—B, B)Y which satisfies properties (i)—-(v) defined above, then we call this
set of random variables a d-dimensional vector valued random spectral measure
corresponding to the spectral measure G. We call the set of random wvariables
Za,j(A), Ac A, for a fired 1 < j < d the j-th coordinate of this vector valued
spectral measure, and denote it by Zg ;. We denote the vector valued spectral
measure by Zg = (Zga,...,2G,4).

Remark: If G = (G, ), 1 < j,j' < d, is a matrix valued spectral measure,
Za = (Zga,---,2Za,4) is a vector valued spectral measure corresponding to it,
then G ; is a scalar valued spectral measure for any 1 < j < d, and Zg ; is a
scalar valued random spectral measure corresponding to it.

It follows from the above considerations that for any d-dimensional matrix
valued spectral measure there exists a d-dimensional vector valued random spec-
tral measure corresponding to it. We can define the random integral with respect
to it by means of the method applied in the scalar valued case.

We shall define the random integrals of the functions f € Kf ; with respect to
the random spectral measure Zg j, 1 < j < d. First we define these integrals for
elementary functions. They are finite sums of the form Ziv:l csla, (x), where
Ay, ..., Ay are disjoint sets in [—m, 7)Y, and ¢5, 1 < s < N, are arbitrary
complex numbers. Their integrals with respect to the random spectral measure
Za,j, 1 < j <d, are defined as

N N
/ (Z cslla, (x)) Zgi(do) = ciZa j(As).

As it is remarked in [11], property (iv) implies that this definition is meaningful,
the integral of an elementary function does not depend on its representation.
Then a simple calculation with the help of (iii) shows that for two elementary
functions u and v

E (/u(x)ZGJ(dx)/U(x)ZGJ(dx)) - /u(x)@aj,j(dx), 1<j<d
(9)

This implies that the integral of the elementary functions with respect to the
random spectral measure Zg ; define a norm preserving transformation from
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an everywhere dense subspace of the Hilbert space of Kf ; to an everywhere
dense subspace of the Hilbert space of H{ ;. This can be extended to a unitary
transformation from Kf ; to H{ ; in a unique way, and this extension defines
the integral of a function u € Kf ;. It is clear that relation (9) remains valid for
general functions u,v € Kf ;. Moreover, it is not difficult to see with the help
of (iii) that it can be generalized to the formula

B ( [ utezestd) [ o2 (an)) = [ i@y () (0)

ifueK§;andveKs;, 1<jj <d
It is clear that

E/u(x)ZGJ(dm) =0 foralluek;;, 1<j<d (11)

Another important property of the random integrals with respect to Zg ; is
that for all 1 < j <d

/u(x)ZG’j(daj) is real valued if u(—z) = u(x) for p almost all z € [—m,m)".
(12)

This relation holds, since [u(x)Zg j(dz) = [u(z)Zg ;(dz) if u(—z) = u(z).
We get this identity by means of the change of variables x — —z with the help
of relation (v).

In the next Theorem I formulate the results we have about random spectral

measures and random integrals with respect to them.

Theorem 3.1 Given a positive semidefinite matriz valued, even measure G =
(Gjj7), 1 < 4,5 <d, on the torus [—m,m)" there exists a vector valued random
spectral measure Zg = (Zga,.-.,2Z¢c,4) corresponding to it. We have defined
the random integrals [u(x)Zg j(dz) for all1 < j < d and u € K ;. This is a
linear operator which satisfies relations (10), (11), (12), and the formula

X,(p) = /[ | o (), 15 Sd peT, (13)

defines a d-dimensional vector valued Gaussian stationary field whose matrix
valued spectral measure is G = (G;;), 1 < j,57° < d. Moreover, if a d-di-
mensional vector valued Gaussian stationary random field is given with this
matriz valued spectral measure, then the random integrals in formula (15) taken
with respect to the random spectral measure that we have constructed with its
help through an operator T in this section equals this vector valued Gaussian
stationary random field.

Proof of Theorem 3.1. We have already proved the existence of the vector val-
ued random spectral measure, and we constructed the random integral with
respect to it. It satisfies formulas (10) and (11). The random variables X, (p)
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defined in (I3) are real valued by and Gaussian with expectation zero.
Hence we can show that they define a Gaussian stationary sequence by calcu-
lating their correlation function. We get by formula (10) that EX;(p) X, (¢) =
f[—ﬂﬂr)“ e'P=4:2) G, i (dx), and this had to be checked. If the random spectral
measure is constructed in the way as we have done in this section, then a com-
parison of the random integral we have defined with its help and of the oper-
ator T shows that [u(z)Zq ;(dx) = Tj(u(x)) for all u € Kf ;. In particular,
S ey P 7o i(dx) = Tj(e'P®) = X;(p). This identity implies the last
relation of Theorem 3.1. Theorem 3.1 is proved.

Formula (12) and Theorem 3.1 make possible to define for all 1 < j < d a
real Hilbert space Ky, ; consisting of appropriate elements of Kf ; for which the
operator Tj is a norm preserving invertible transformation from Ky j to the real
Hilbert space H1 ; consisting of the real valued functions of the Hilbert space

1,j- More precisely, the following statement holds.

Lemma 3.2. Let (G, /), 1 < j,j’ < d, be a matriz valued spectral measure on
the torus [—m,m)", and let (Zga,--.,Za.q) be a vector valued spectral measure
corresponding to it. Define the d-dimensional vector valued Gaussian station-
ary field (X1(p), ..., Xp(d)) by formula (13) with the help of this vector valued
random spectral measure. Define for all 1 < j < d the set of complex valued
functions K1 ; on the torus [—m,m)" as

Kij= {u: /\u(x)|2Gj,j(dx) <00, u(—x)=u(x) forall x € [—w,w)”}.

Then K1 ; is a real Hilbert space with the scalar product

(u,v) = /u(x)@Gj7j(d:c), u,v € Ky 5.

Let Hi; be the real Hilbert space consisting of the closure of the finite linear
combinations ij:l cxX;(pr), P € Z¥, with real coefficients ¢y in the Hilbert
space H of random variables with finite second moments in the probability space
where the random spectral measures Zg ; exists. (We define the scalar product
in H in the usual way.) Then the map Tj(u) = [uw(z)Zg ;(dz), u € Ky, is
a morm preserving, invertible linear transformation from the real Hilbert space
K1,; to the real Hilbert space Hi ;.

Proof of Lemma 3.2. The space K1 ; is a real Hilbert space, since the change
of variable  — —z in the integral (u,v) = [u(z)v(r)G;;(dx) implies that
(u,v) = (u,v) for all u,v € Ky ; because of the evenness of the measure G, ;.
Clearly e'(P?) ¢ K1, for all p € Z¥. The class of functions K ; agrees with the

_ v(@)+u(—a)
2

class of functions which have the form u(x) with some v € K7 ;.
As a consequence the set of finite trigonometrical polynomials chei(p’“@),

pr € Z¥, with real valued coefficients ¢, is an everywhere dense subspace of
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K1 ;. Since T;(3" cxe!®+®)) = 3" ¢ X (p.), the transformation T; maps an ev-
erywhere dense subspace of K1 ; to an everywhere dense subspace of H; ;. Be-
cause of formulas (10) and (12) T; is a norm preserving transformation in Ky ;.
Hence T} is an invertible, norm preserving transformation from Ky ; to #Hi ;.
Lemma 3.2 is proved.

I would remark that the transformation 7 on K; ; defined in Lemma 3.2 is
the restriction of the previously defined transformation T; on K ; to its subset
K1,5. I make also the following remark.

Lemma 3.3. The positive semidefinite matriz valued, even measure G(A) =
(Gj;7(A), 1 <j4,j <d, Ae|—mm)", determines the distribution of a vector
valued spectral random measure Zg ;, 1 < j < d, corresponding to it.

To prove this lemma we have to show that for any collection of measurable
sets Aj,..., Ay, the matrix valued measure G(A) determines the joint distribu-
tion of the random vector consisting of the elements Re Z¢ ;(A4s), Im Zg ;(As),
1 <s< N,1<j<d. Since this is a Gaussian random vector with expec-
tation zero, it is enough to check that the covariance of these random vari-
ables can be expressed by means of the matrix valued measure G(A). Since

ReZg ;(A) = 4ZG'j(A)J2rZG’j(A) and Im Zg ;(A) = —Zc’j(A);iZG‘j(A) we can calcu-
late these covariances with the help of properties (iii) and (v) of vector valued
random spectral measures.

Finally I prove an additional property of the vector valued random spectral
measures which will be useful in the study of multiple Wiener—Ito integrals.

(vi) The random variables of the form Zg ;(A U (—A)) are real valued. Let a
set AU (—A) be disjoint from some sets By U (—By),..., B, U (=By).
Then for any indices 1 < 7,5’ < d the (complex valued) random vector
(Zg,j(A), Za,j(A)), is independent of the random vector consisting of the
elements Zg ;(Bs), 1 <s<mn,1<k<d.

Proof of property (vi). It follows from property (v) that Zg ;(A U (—A)) =
Za,;(AU(—A)), hence Z¢ ;(AU(—A)) is real valued. To prove the second state-
ment of (vi) it is enough to check that under its conditions the (real valued)
random variables Re Z¢ j(A) and Im Zg ;(A) are uncorrelated to all random
variables Re Zg ;(Bs), ImZg ;(Bs), 1 < s < n, 1 < k < d. This relation
holds, since by the conditions of (vi) (+A) N (£B,) = 0, hence relation (iii)
implies that EZq j(£A)Z¢g j7(£Bs) = 0 for all sets Bs, 1 < s < n, and in-
dices 1 < 4,5/ < d. On the other hand, all covariances can be expressed as
a linear combination of such expressions, since by relation (v) Re Zg j(+A) =
Ze,j(£A)+Za i (£4) _ Zej(£A)+Zc i(FA)

5 5 , and a similar relation holds also for
Im Zg j(£A), Re Zg j(£B,) and Im Z¢ j/(£B;), 1 < s <n, 1 <j <d.
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4. Spectral representation of vector valued stationary generalized
random fields

In Sections 2 and 3 we discussed the properties of vector valued Gaussian sta-
tionary random fields with discrete parameters, which means a class of Gaussian
random vectors X (p), p € Z¥, with some nice properties. Similarly, we could
have defined and investigated vector valued Gaussian stationary random fields
with continuous parameters, where we consider a set of random vectors X ()
indexed by t € RY which have some nice properties. But we do not discuss
this topic here. Here we define and investigate instead so-called vector val-
ued Gaussian stationary generalized random fields X (¢) = (X1(p), ..., Xa(¢)),
parametrized with a nice linear space of functions .

Actually I am interested here in the vector valued Gaussian stationary gener-
alized random fields not for their own sake. We shall construct a class of vector
valued, Gaussian stationary generalized random fields. We shall show that their
distribution can be described by means of a matrix valued spectral measure. We
can also construct a vector valued random spectral measure in such a way that
the elements of our vector valued generalized random field can be expressed in
a form that can be considered as the Fourier transform of this random spec-
tral measure. These matrix valued spectral measures and vector valued random
spectral measures slightly differ from those defined in Sections 2 and 3, but since
they are very similar to the corresponding objects defined for stationary random
fields with discrete parameters it is natural to give them the same name.

The results that we shall prove are very similar to the results we got about
vector valued random fields with discrete parameters. The main difference is
that we can construct a larger class of matrix valued spectral measures and
vector valued random spectral measures by means of generalized random fields.
We shall need them, because in our later investigations we shall deal with such
limit theorems where we can express the limit by means of these new, more
general objects. On the other hand, these new vector valued random spectral
measures behave similarly to the previous ones. In particular, the later results
of this paper about multiple Wiener—It6 integrals also hold for this more general
class of vector valued random spectral measures. Let me remark that we met a
similar picture in the study of scalar valued Gaussian random fields in [11], so
that here we actually generalize the results in that work to the multi-dimensional
case.

In the definition of vector valued generalized random fields we shall choose
the functions of the Schwartz space for the class of parameter set. So to define
the vector valued generalized random fields first I recall the definition of the
Schwartz space, (see [7]).

We define the Schwartz space S of real valued functions on R” together
with its version §¢ consisting of complex valued functions on R”. The space
S¢ = (8”)¢ consists of those complex valued functions of v variables which
decrease at infinity, together with their derivatives, faster than any polynomial
degree. More explicitly, ¢ € S¢ for a complex valued function ¢ defined on R”
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for all points = (z1,...,z,) € R” and vectors (k1,...,k,), (q1,-..,q,) with
non-negative integer coordinates with some constant C(ki,...,k,,q1,...,q)
which may depend on the function . The elements of the space S are defined
similarly, with the only difference that they are real valued functions.

To complete the definition of the spaces S and §¢ we still have to define the
topology in them. We introduce the following topology in these spaces.

Let a basis of neighbourhoods of the origin consist of the sets

(xlw"vxu) Sc(k17"'7kV7QI7"'7QV)

U(kvpvg) = @: SOGS7 (max ) Sup(1+|$|2)k|Dq¢(x)| <e
Oqu%;, %é?éi%gsgy *

with k = 0,1,2,..., p = 1.2,... and ¢ > 0, where |z|> = 22 + --- + 22, and
DI — 91t tav
- 8x(111...8wf,"
function ¢ € 8¢ (or ¢ € S) consists of sets of the form ¢ + U(k,q,c), where
the class of sets U(k, q,¢€) is a basis of neighbourhood of the origin. Actually we
shall use only the following property of this topology. A sequence of functions

on € 8¢ (or @, € S) converges to a function ¢ in this topology if and only if

for ¢ = (q1,...,q,). A basis of neighbourhoods of an arbitrary

lim sup (1+ |2[*)*|D9p,(z) — Dip(z)| = 0.

n—oo TERY

for all k = 1,2,... and ¢ = (q1,...,¢,). The limit function ¢ is also in the
space S¢ (or in the space S).

I shall define the notion of vector valued generalized random fields together
with some related notions with the help of the notion of Schwartz spaces. A
d-dimensional generalized random field is a random field whose elements are
d-dimensional random vectors

(X1(¢)7 s 7Xd((p)) = (Xl (Q0,0J), s 7Xd(<paw))

defined for all functions ¢ € S, where & = §” is the Schwartz space. Before
defining vector valued generalized random fields I write down briefly the idea of
their definition. This is explained in [11] and [12] in more detail.

Given a vector valued Gaussian stationary random field

X(t) = (X1(t),...,X4(t), teR”,

we can define with its help the random field X (¢) = (X1(¢),...,Xa(®)),
v eS8, Xi(p) = [e)X;(t)dt, 1 < j < d, indexed by the elements of the
Schwartz space, and this determines the original random field. We define gen-
eralized random fields with elements indexed by ¢ € S as such random fields
which behave similarly to the random fields defined by means of such integrals.



Péter Major/Vector valued Gaussian random fields 30

Definition of vector valued generalized random fields. We say that the set
of random vectors (X1(p), ..., Xa(p)), ¢ € S, is a d-dimensional vector valued
generalized random field over the Schwartz space S = S” of rapidly decreasing
smooth functions if:

(a) Xj(a1p+ a2) = a1 X;(p) + a2 X (W) with probability 1 for the j-th coordi-
nate of the random vectors (X1(p), ..., Xa(p)) and (X1(¢),..., Xq(¥)).
This relation holds for each coordinate 1 < j < d, all real numbers a; and
as, and pair of functions @, ¥ from the Schwartz space S. (The exceptional
set of probability 0 where this identity does not hold may depend on aq,
as, ¢ and .)

(b) X;(¢n) = X,(p) stochastically for any 1 < j < d if ¢, = ¢ in the topology
of S.

We also introduce the following definition. In its formulation we use the

notation 2 for equality in distribution.

Definition of stationarity and Gaussian property for a vector valued
generalized random field. The d-dimensional vector valued generalized ran-
dom field X = {(X1(p) ..., Xa(v)), ¢ € S} is stationary if

(X1(9) -+, Xa(9)) 2 (X1 (Tip) - .., Xa(Trp))

forall o € § and t € RY, where Typ(x) = o(x —t). It is a Gaussian random
field if (X1(g), ..., Xa(p)) is a Gaussian random vector for all p € S. We call
a vector valued generalized random field a vector valued generalized random field
with zero expectation if EX;(p) =0 for all p € S and coordinates 1 < j < d.

In the definition of stationarity and Gaussian property we imposed a condi-
tion for a single random vector. But because of the linearity property of general-
ized random fields formulated in property (a) of their definition and the fact that
if we have N random vectors &1,...,&n and 11, ...,y such that the linear com-

binations Z aré&y and Z agnr have the same distribution for any coefficients

ak, 1 <k < N then the Jomt distribution of the random vectors £1,...,&y and
N1, ...,Nnn agree imply that an analogous statement holds about the properties
of the joint distribution of several random vectors in a vector valued station-
ary random field. Indeed, if we take N random vectors (X1(pg),--., Xa(pr)),
1 < k < N, then their joint distribution agrees with the joint distribution of
their shifts (X1 (Tipk), .-, Xa(Trer)), 1 <k < N, for any t € R”. This follows
from the fact that

N N
S an(Xi(pr), -, Xaler) £ D (X1 (Tepn), - Xa(Trpr))
= k=1
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for all ¢ € R¥ and coefficients ax, 1 < k < N, for a d-dimensional vector val-
ued stationary generalized random field because of the linearity property of the
generalized random fields and the properties of the operator T;. A similar ar-
gument shows that the joint distribution of some vectors (X1 (¢x), - - ., Xa(vr)),
1 <k < N, in a vector valued Gaussian generalized random field is Gaussian.

I shall construct a large class of d-dimensional vector valued Gaussian sta-
tionary generalized random fields with expectation zero. I shall construct them
with the help of positive semidefinite matrix valued even measures on R”. In
the next step I write down this definition. The main difference between the
definition of this notion and its counterpart defined on the torus [—m,7)” is
that now we consider such complex measures which may have non-finite total
variation. We impose instead a less restrictive condition. We shall work with
complex measures on R” which have locally finite total variation. For the sake
of completeness I give their definition.

Definition of complex measures on R” with locally finite total varia-
tion. The definition of their evenness property. A complex measure on
RY with locally finite total variation is such a complex valued function on the
bounded, Borel measurable subsets of R¥ whose restrictions to the measurable
subsets of a cube [T, T|” are complex measures with finite total variation for all
T > 0. We say that a complex measure G on R with locally finite total variation
is even, if G(—A) = G(A) for all bounded and measurable sets A C R”.

Let me remark that not all complex measures with locally finite total variation
can be extended to a complex measure on all measurable subsets of R”. On the
other hand, this can be done if we are working with a (real, positive number
valued) measure. Next I formulate the definition we need in our discussion.

Definition of positive semidefinite matrix valued measures on R” with
moderately increasing distribution at infinity. The definition of their
evenness property. A Hermitian matrixz valued measure on RY is a class of
such Hermitian matrices (G, ;(A)), 1 < 4,5 < d, defined for all bounded,
measurable sets A C R for which all coordinates G, j/(-), 1 < j,7' < d, are
complex measures on R” with locally finite total variation. We call a Hermitian
matriz valued measure (G;;:(-)), 1 < j,j' < d, on RY positive semidefinite if
there exists a (o-finite) positive measure p on RY such that for all numbers
T >0 and indices 1 < j, j' < d the restriction of the complex measures G, j/ to
the cube [=T,T]" is absolutely continuous with respect to p, and the matrices
(9j,57()), 1 < 4,5" < d, defined with the help of the Radon—Nikodym derivatives
gj.5(x) = ddzj' (x), 1 < 4,5 <d, are Hermitian, positive semidefinite matrices
for almost all x € RY with respect to the measure p. We call this Hermitian
matriz valued measure (G;;/(-)), 1 < j, 77 < d, on RY even if the complex
measures G j with locally finite variation are even for all 1 < j, 5" <d.

We shall say that the distribution of a positive semidefinite matriz valued
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measure (G;;:(-)), 1 < j, 7" < d, on RY is moderately increasing at infinity if

/(1 +|z])7"G,(dx) < oo foralll < j < d with some number r > 0. (14)

Remark. We can give, similarly to Lemma 2.3, a different characterization of
positive semidefinite matrix valued, even measures on R”. Let us have some
complex measures G -, 1 < 7,7 < d, on the o-algebra of the Borel measurable
sets of R” such that their restrictions to any cube [T, T]”, T > 0, have finite
total variation. Let us consider the matrix valued measure (G; ;/(A)),1 < 4,5’ <
d on R” for all bounded, measurable sets A C R”. This matrix valued measure
is positive semidefinite and even if and only if it satisfies the following two
conditions.

(i.) The dxdmatrix (G, ;(A)), 1 < j,j < d, is Hermitian, positive semidefinite
for all bounded, measurable sets A C R”.

(ii.) Gj,;(—A) = G;:(A), for all 1 < j, 7" < d and bounded, measurable sets
ACR”.

This statement has almost the same proof as Lemma 2.3. The only dif-
ference in the proof is that now we have to work with such vectors v(x) =
(vi(x),...,va(z)) whose coordinates v;(x) are continuous functions on R” with
bounded support, 1 < j < d. Let me also remark that the following statement
also follows from this proof. If a matrix valued measure (G, ;/(A)), 1 < j,j’ <d,
on RY satisfies the conditions in the definition of positive semidefinite matrices
with some o-finite measure y on R” with respect to which all complex measures
G ;,; are absolutely continuous, then it satisfies these conditions with any o-finite
measure g on R” with the same property.

Before constructing a large class of vector valued Gaussian stationary gen-
eralized random fields I recall an important property of the Fourier transform
of the functions in the Schwartz spaces S and S¢, (see e.g. [7]). Actually this
property of the Schwartz spaces made useful their choice in the definition of
generalized fields.

The Fourier transform f — f is a bicontinuous map from S§¢ to S¢. (This
means that this transformation is invertible, and both the Fourier transform
and its inverse are continuous maps from S°¢ to §¢.) (The restriction of the
Fourier transform to the space S of real valued functions is a bicontinuous map
from S to the subspace of &¢ consisting of those functions f € &¢ for which
f(=z) = f(x) for all z € R".)

Next I formulate the following result.

Theorem 4.1 about the construction of vector valued Gaussian sta-
tionary generalized random fields with zero expectation. Let (G /),
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1 < 4,5 < d, be a positive semidefinite matriz valued, even measure on RY
whose distribution is moderately increasing at infinity.

Then there exists a vector valued, Gaussian stationary generalized random
field (X1(g), ..., Xa(p)), ¢ € S, such that EX;(p) =0 for all p € S, and given
two Shwartz functions ¢ € S and ¢ € S, the covariance function r; y/(p,¢) =
EX;(0)X,; (v) is given by the formula

ri. (0,0) = BX;(0) X, () = / B@)(2)C, o (dx) for all g, €S, (15)

where ~ denotes Fourier transform, and ~ is complex conjugate.

Formula (15) and the identity EX;(p) = 0 for all ¢ € S determine the
distribution of the vector valued, Gaussian stationary random field
(X1(p), - Xa(p))-

Contrariwise, for all 1 < j,j' < d the covariance function EX;(p)X; (¢),
v, €S, determines the coordinate G ;. of the positive semidefinite, even ma-
triz (G, ;). 1 < 34,5 <d, with moderately increasing distribution at infinity for
which identity (15) holds.

Let me remark that the moderate decrease of the distribution of the positive
semidefinite matrix (G ), 1 < j,j" < d, together with inequality (5) and the
fast decrease of the functions ¢ € S at infinity guarantee that the integral in (15)
is convergent.

Condition (14) which we wrote in the definition of moderately increasing
positive semidefinite matrix valued measures appears in the theory of generalized
functions in a natural way. Such a condition characterizes those measures which
are generalized functions, i.e. continuous linear maps in the Schwartz space.

In [11] we have proved with the help of some important results of Laurent
Schwartz about generalized functions that in the case of scalar valued models,
i.e. if d = 1 the covariance function of every Gaussian stationary generalized
random field with expectation zero agrees with the covariance function of a
Gaussian stationary generalized random field constructed in the same way as
we have done in Theorem 4.1. (In the case d = 1 the formulation of this result
is simpler.) It seems very likely that a refinement of that argument would give
the proof of an analogous statement in the general case. I did not investigate
this question, because in the present paper we do not need such a result.

Remark. Similarly to the case of vector valued stationary fields with discrete
parameter we shall introduce the following terminology. If (G; ), 1 < 4,5’ < d,
is a positive semidefinite, matrix valued even measure with moderately increas-
ing distribution at infinity, and there is a stationary generalized random field
(X1(p),..., Xa(¥)), ¢ € S, whose covariance function

g (0,0) = EX;(0) X (¥), 1<4,5 <d, o9 €S,

satisfies relation with this matrix valued measure G, then we call G the
matrix valued spectral measure of this covariance function r; j/ (¢, 1). In general,
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we shall call a positive semidefinite matrix valued even measure on R” with
moderately increasing distribution at infinity a matrix valued spectral measure
on R”. We have the right for such a terminology, because by Theorem 4.1 for
any such matrix valued measure there exists a Gaussian stationary generalized
random field such that this matrix valued measure is the matrix valued spectral
measure of its covariance function.

Let me remark that the diagonal elements G ; of the matrix valued spec-
tral measure of the correlation function r; ;s (¢, ) of a vector valued stationary
random field may have non finite measure on R”, they have to satisfy only re-
lation (14). As a consequence, we can find a much richer class of matrix valued
spectral measures by working with generalized random fields than by working
only with classical stationary random fields. As we shall see also vector val-
ued random spectral measures corresponding to these matrix valued spectral
measures can be constructed. Actually we discussed vector valued stationary
generalized random fields in this paper in order to construct this larger class
of matrix valued spectral and vector valued random spectral measures. We are
interested in them, because they appear in the limit theorems we shall prove.

Proof of Theorem 4.1. Let us observe that the function 7 j/ (¢, 1) defined in (15)
is real valued. This can be seen by applying the change of variables x — —zx in
this integral and by exploiting that G, ;/(—A4) = G, ;/(A), and p(—z) = §(z),
Y(—x) = 1(z), since this calculation yields that 5.5 (@, ) =155 (@, ). Let us
also remark that r; j: (¢, ¥) = 1 ; (¥, ), since by formula (15) and the property
G,/ (A) = Gy ;(A) of the matrix (G;;/(A4)), 1 < j,j < d, for all measurable
sets A C R” we have r; j/(p,%) = rj (¢, ¢), and we know that both side of
this identity is real valued.

First we show that for all positive integers N and functions ¢ € S, 1 < k <
N, there are some Gaussian random vectors (X1 (¢g), ..., Xa(¢r)), 1 <k < N,
with expectation zero and covariances EX; (i) X/ (¢r) = 75,5/ (@k, pir) for all
1 < 34,7 <d, 1< kK < N, on an appropriate probability space, where
7.5 (¢k, ) is defined at the right-hand side of formula (15) with our matrix
valued measure (Gj /), 1 < j,7' < d and with the choice ¢ = ¢, ¥ = ir.

We prove this statement if we show that the matrix with elements

diiw.Goky =Tig (Prser), 1<4,7 <d, 1<kk <N,

is positive semidefinite. To prove this result take any vector (a;x, 1 < j <
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d,1 <k < N), and observe that
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where 1;(z) = ]ﬁ:l ajkpr(x), 1 < j < d, P(x) = (Y1(z),...,va(x)), and g(x)

denotes the matrix (g;;/(z)), 1 < 7,5/ < d. In this calculation we applied for-
mula (15), the representation G; j/(dx) = g, j(x)p(dx) and finally the fact that
g(x) is a semidefinite matrix for p almost all x.

Then it follows from Kolmogorov’s existence theorem for random processes
with consistent finite distributions that there is a Gaussian random field

(X1(9), .-, Xa(p), ¢e€S8,

with zero expectation such that EX;(¢)X;/ (¢) = r;j(p,9) for all functions
p €S, (WeSand 1< jj <d. Besides, the finite dimensional distributions
of this random field are determined because of the Gaussian property. Next we
show that this random field is a vector valued generalized random field.

Property (a) of the vector valued generalized random fields follows from the
following calculation.

Ela1 X;(p) + a2 X;(¢) — X; (a1 + agy)))?
— [ (@6@) + axi(e) - (aro+ az0)(a)

(maw+aMuwwmw+@waGmww=o

by formula (15) for all real numbers a1, as, 1 < j < d and ¢, € S.
Property (b) of the vector valued generalized random fields also holds for this
model. Actually it is proved in [11] that if Pn =@ in the topology of the space

S, then E[X;(py) — = [|¢n(z) — ¢(2)|*G; ;(dx) — 0 as n — oo, hence
property (b) also holds (The proof is not dlfﬁcult It exploits that for a sequence
of functions ¢, € S¢, n=0,1,2,..., ¢, = o as n — oo in the topology of ¢

if and only if ¢,, — @o in the same topology. Besides, the measure G ; satisfies
inequality (14).)

It is also clear that the Gaussian random field constructed in such a way is
stationary.

It remained to show that the covariance function r; j/ (¢, ¥) = EX;(p) X (¢)
determines the complex measure G ;.. To show this we have to observe that
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inequality (5) holds also in this case, hence the Schwarz inequality implies that
[+ 1) lgss@lntd) < 0o forall 1 <4 <d

for a positive semidefinite matrix valued measure with moderately increasing
distribution, i.e. this inequality holds not only for 5 = j'. Then it follows from
the standard theory of Schwartz spaces that the class of Schwartz functions is
sufficiently rich to guarantee that the function r; j/ (¢, ¢) determines the complex
measure G ;. Theorem 4.1 is proved.

Next we construct a vector valued random spectral measure corresponding
to a matrix valued spectral measure (G, /), 1 < j,j° < d, on R”. We argue
similarly to Section 3, where the vector valued random spectral measures cor-
responding to matrix valued spectral measures on [—m, )" were considered. In
the construction we shall also refer to some results in [11].

Let us have a vector valued, Gaussian stationary generalized random field
X = (Xi(¢),..., Xa(p), p € §, 1 < j < d, with a matrix valued spectral
measure (G /), 1 < 7,5 < d. First we define for all 1 < j < d some (complex)
Hilbert spaces K ;, H{ ; and a norm preserving, invertible linear transformation
T between them in the following way. K7 ; consists of those complex valued
functions u(z) on R for which [ |u(z)|?G; ;(dx) < oo with the scalar product
(u(z),v(x)) = [u(z)v(r)G; (dz). To define the Hilbert space H{ ; let us first
introduce the Hilbert space H = H° of (complex valued) random variables with
finite second moment on the probability space (£2,.4,P) where our stationary
generalized random field is defined. We define the Hilbert space H¢ in the space
consisting of these random variables with the usual scalar product (£, 1) = E£7
in H¢. The Hilbert space H{ ; is defined as the closure of the linear subspace of
¢ consisting of the complex valued random variables X;(¢)+iX; (), ¢,¢ € S.

—~—

First we define the operator T; for functions of the form ¢ + i, ¢, € S.
We define it by the formula

Ti(p + i) = Xj(p) +iX;(¢), @, P €S, (16)

Some calculation which was actually carried out in [11] shows that the set of

functions ¢ + i), ,9 € S, is dense in Kf ;, and the transformation 7}, defined
in (16) can be extended to a norm preserving, invertible linear transformation
from Kf ; to HT ;. (In the calculation leading to this statement we apply for-
mula, with the choice j' = j.)

Then we can define the random spectral measure Zg ;(A), similarly to the
case discussed in Section 3, by the formula Z¢ ;(A) = T;14(-)) for all bounded
measurable sets A C R”. To determine the joint distribution of the spectral
measures Zg ; we make the following version of the corresponding argument in
Section 3.

We define the following two Hilbert spaces Kf and HS together with a norm
preserving linear transformation 7" between them.
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The elements of the Hilbert space K are the vectors v = (ui(x),. .., uq(x))
with u;(z) € Kf;, 1 < j < d. We define the scalar product on Kf with
the help of the following positive semidefinite bilinear form (-,-)o. If u(xz) =
(u1(x),...,uq(x)) € K§ and v(z) = (v1(x),...,vq(x)) € K, then

i / (2)Gjj (dr)

14

d
Z/g” wj(@)vj (2)p( dz) =/U($)g(w)v(w)*ﬂ(dx)

M&

(u(@),v(@))0 =

<.
Il

I
Mg_

1j

<.
I

with the matrix g(z) = (g, (), 1 < j,j' < d, where v*(z) denotes the column

vector whose elements are the functions Uj/(x), 1 < 5/ < d. Actually here we
simply copied the corresponding definition in Section 3 for the discrete time
model, and we can also prove that K§ is a Hilbert space with the scalar (-, -)g
in the same way as it was done in Section 3.

The construction H§ and the proof of its properties is again a simple copy-
ing of argument made in Section 3. The elements of H{ are the vectors £ =
(€1,---,&a), where {; € H{ ;, 1 < j < d, and we define the norm on it by means

of the scalar product (§,n); = F (Z?zl §j> (Z?:l 77j) for £ = (&1,...,&4) € HS
and n = (N1,...,nq) € HS. We identify two elements £ € HS and n € HS if
€ = n|l1 = 0. Then the argument of Section 3 yields that H$ is a Hilbert space
with the scalar product (-, -);.

We define the operator 1" from K to H{ again in the same way as in Section 3.
We define it by the formula

Tu="T(uy,...,uq) = (Thu1,...,Tquq)

for u = (u1,...,uq), u; € K ;, with the help of the already defined operators
T7;,1 <5 < d We want to show that it is a norm preserving and invertible
transformation from Kf to #{. Here again we apply a similar, but sightly dif-
ferent argument from that in Section 3. We exploit that if we take the class of
vectors

W ={w=(u1 +iv1,...,uqg+ivg): u; €S, v; € Sforall 1 <j<d}

then the class of vectors

—_~

W = {(u1 +iv1,...,uqg +ivg): (ug +ivy,...,uq +ivg) € W}
is an everywhere dense subspace of K. and the class of vectors
W(X) ={((X1(ug +iv1),..., Xa(ug +ivg)): (ug +ivy,...,uqg+ivg) € W}

is an everywhere dense subspace of H$. (Here again the sign ~ denotes Fourier
transform.)
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Take two vectors (u11+iv11,. .., uq1+ivq1) € Wand (u1 2+1v1,2,...,Uq2+
ivg,2) € W. The desired property of the operator T will follow from the following
calculation.

—_—~ =

((ur + vy,

—_~—

oo g +van), (Ui + 012, .., Ug2 + Va2))o

/ (51 (2) + 103,(2)) (g 2() + G070 2(2)) Gy ()
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1) +iXi(v11), .- Xa(ug) +1Xa(van)),
Xi(ur2) +iX1(v12), ..., Xa(ua2) +iXq(va2)))1,
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<(U171 + 7;’01,1, s U4 1+ Ud71), (ULQ + Z"Ul,g, sy U4+ Ud72)>0
= ((Th(ur,1 +iv1,1),-.., Ta(ua1 + ivq)),
(T1(u12 +1v12)), ..., Ta(ugz +iva2)))1-

This means that the operator T maps the everywhere dense subspace W of K§
to the everywhere dense subspace W (X) of 7§ in a norm preserving form. This
implies that 7" is a norm preserving, invertible transformation from K§ to Hf.
Now we turn to the definition of the vector valued random spectral measures
corresponding to a matrix valued spectral measure on R”.
Let a vector valued, Gaussian stationary generalized random field

X(@):(X1(¢)>7Xd(50))a pES,

be given with a matrix valued spectral measure (G, /), 1 < j,j’ < d, on R".
(We take such generalized, stationary random fields which were constructed in
Theorem 4.1.) Let us consider the operators T;, 1 < j < d, and T constructed
above with the help of these quantities. We define, similarly to the case of Gaus-
sian stationary random fields with discrete parameters discussed in Section 3
the random variables Zg ;(A) = T;(Ia(z)) for all 1 < j < d and bounded, mea-
surable sets A C R”. (These functions I4(-) are clearly elements of the Hilbert
space Kf ; for all < j < d). Tt can be proved with the help of the properties
of the operator T that these random functions satisfy properties (i)—(v) formu-
lated in the definition of random spectral measures on the torus, considered in
Section 3. The argument applied in Section 3 holds also in in this case. In par-
ticular, property (v) can be proved with the help of property (v'). Property (v')
can be proved with some work, and actually this was done in [11]. We prove (v')
by checking it first for functions u € S¢.

The above result makes natural the following definition of vector valued ran-
dom spectral measures corresponding to a matrix valued spectral measure on
R¥. This is very similar to the definition of vector valued random spectral mea-
sures on the torus.
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Definition of vector valued random spectral measures on R”. Let G =
(Gj;), 1 <4,7 <d, be a matriz valued spectral measure on R”. We call a set
of complex valued random variables Z¢ ;(A) depending on pairs (j,A), where
1<j<d, Ae A, and A is the algebra

A={A: A is a bounded Borel measurable set in R"},

a d-dimensional vector valued random spectral measure corresponding to the ma-
triz valued spectral measure G on R if this set of random variables Zg ;(A),
1<j<d, A€ A, satisfies properties (i)—(v) introduced in Section 3 in the defi-
nition of vector valued random spectral measures on the torus. Given a fized in-
dex 1 < j < d, we call the set of random variables Zg ;j(A), A € A, with this in-
dex j the j-th coordinate of this matrix valued spectral measure, and we denote it
by Zg ;. We denote a d-dimensional vector valued random spectral measure cor-
responding to the matriz valued spectral measure G by Zg = (Zga, ..., ZG.,4)-

We have shown with the help of the arguments applied in Section 3 that
for any d-dimensional matrix valued spectral measure on R” there exists a d-
dimensional vector valued random spectral measure corresponding to it.

We can define the random integral [ f(x)Zg ;(dz) of the functions f € Kf
with respect to the random spectral measure Z¢ ;, 1 < j < d, corresponding
to the matrix valued spectral measure (G, ;/), 1 < j,j’ < d, of a Gaussian sta-
tionary generalized field in the same way as we defined these random integrals
with respect to random spectral measures corresponding to a spectral measures
on the torus [—m,7)” in Section 3. First we define these integrals for elemen-
tary functions which are defined in the same way as it was done in Section 3.
Then following the calculation of that section we can define these integrals for a
general function f € Kf ;, and it can be seen that formulas (10), (11) and (12)
remain valid for them. In particular, the random integrals [ ¢(z)Z¢ ;(dz) are
(meaningful and) real valued random variables for all ¢ € S, and

E ( [ ez [ zZ(x)ZG,j«dx)) = [ @) (i)

for all p,9 € S and 1 < j,j' < d. This identity together with relation (10) and
the fact that the above considered random integrals are linear operators imply
that the set of random variables

X;(p) = / 5(@)Z,(dz), €S, 1<j<d, (17)

constitute a vector valued Gaussian, stationary generalized random field with
spectral measure (G /), 1 < j,j" < d.

This implies that the natural version of Theorem 3.1 remains valid if we
consider a matrix valued spectral measure (G, ;/), 1 < j,j' < d, on R”. Then
there exists a random spectral measure Zg = (Zg 1, - - -, Za,4) corresponding to
it, and we have defined the random integrals [u(z)Z¢q ;(dz), 1 < j < d, with
respect to it for all u € K{ ;. The class of random variables, X;(¢), ¢ € S,
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1 < j < d, defined in constitute a vector valued, Gaussian stationary
generalized random field with matrix valued spectral measure (G, /), 1 < j,j’ <
d. Moreover, if a d-dimensional vector valued Gaussian stationary random field
is given with spectral measure (G;;/), 1 < j,j' < d, then we can consider
the random spectral measure (Zg 1, ..., Zg,q) constructed in this section with
the help of this random field. This random spectral measure has the property
that the random field given by the random integrals defined in formula with
their help agrees with the original vector valued Gaussian stationary generalized
random field.

We can formulate a natural version of Lemma 3.2 where we consider a matrix
valued spectral measure (G; /), 1 < 7,5’ <d, on R” instead of a matrix valued
spectral measure on the torus [—m, 7)”. In this version of Lemma 3.2 we define
Ki; as

Ki; = {u: /|u(x)|2Gj7j(dx) <00, u(—z)=u(zx) forall z e R”} ,

with the scalar product (u,v) = [u(z)v(z)Gj (dz), u,v € Ky ;, and H; ; as
the closure of the linear space consisting of the random variables X;(¢), ¢ € S,
in the Hilbert space H. This version of Lemma 3.2 states that £y ; and Hi ;
are real Hilbert spaces, and Tj(u) = [ u(x)Zg,;(dz) is a norm preserving and
invertible transformation from Ky ; to Hy ;.

The proof of this version of Lemma 3.2 is very similar to the proof of the
original lemma. The main difference is that now we show that the class of
functions ¢ with ¢ € & is a dense linear subspace of K; ;, and the transformation
T;(@) = [ @(x)Zg,;(dx) = X;(¢), ¢ € S, is a norm preserving transformation
from an everywhere dense subspace of K; ; to an everywhere dense subspace of
Hij-

The natural version of Lemma 3.3 also holds. It states that a matrix valued
spectral measure (G, /), 1 < j,7' < d, on R” determines the distribution of a
vector valued random spectral measure Zg ;, 1 < j < d, corresponding to it.
The proof of this version is the same as the proof of the original lemma. The
only difference is that now we consider the random spectral measure Zg ;(A)
for all measurable, bounded sets A C R”.

Finally T would remark that property (vi) of the random spectral measures
also remains valid for this new class of random spectral measures, because its
proof applies only properties (i)—(v) of random spectral measures.

5. Multiple Wiener—It6 integrals with respect to vector valued
random spectral measures

Next we want to rewrite the random variables with finite second moments which
are measurable with respect the o-algebra generated by the elements of a vector
valued Gaussian stationary random field in an appropriate form which enables
us to rewrite also the random sums defined in (1) in a form that helps in the
study of their limit behaviour. In the scalar valued case, i.e. when d = 1 we
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could do this with the help of the introduction of multiple Wiener—It6 integrals.
We could rewrite with their help the random sums (1) in a form that provided
great help in the study of the limit theorems we were interested in. Next we
show that a similar method can be applied also in the case of vector valued
Gaussian stationary fields. To do this first we have to define the multiple Wiener—
It6 integrals also in the vector valued case. We start the definition of multiple
Wiener—it6 integrals in this case with the introduction of the following notation.

Let X(p) = (X1(p),...,Xa(p)), EX(p) = 0, p € Z", be a vector valued
stationary Gaussian random field with some matrix valued spectral measure
G = (Gj), 1 < 4,5 <d Let Zg = (Zga,...,Z¢c,a) be a vector valued
random spectral measure corresponding to it which is chosen in such a way
that X;(p) = [€®P®Z5 ;(dz) for all p € Z¥ and 1 < j < d. Let us consider
the (real) Hilbert space M of square integrable random variables measurable
with respect to the o-algebra generated by the random vectors X (p), p € Z".
More generally, let us consider a (possibly generalized) matrix valued spectral
measure G = (G, ;7), 1 < j,j’ < d, and a vector valued random spectral measure
Ze = (Zga,---,Z¢.q) corresponding to it, where the matrix valued spectral
measures G and vector valued random spectral measures Zg ; are defined
either on the torus [—m, 7)” or on R”, and consider the (real) Hilbert space H of
the square integrable (real valued) random variables, measurable with respect
to the o-algebra generated by the random variables of the vector valued random
spectral measures Zg with the usual scalar product in this space. We would like
to write the elements of the Hilbert space H in the form of a sum of multiple
Wiener—It6 integrals with respect to the vector valued random spectral measure
Z . I shall construct these Wiener—It6 integrals in this section, and I prove some
of their important properties.

As a discussion in Section 7 will show we cannot write all elements of H in
the form of a sum of Wiener—It6 integrals, but we can do this for the elements
of an everywhere dense subspace of H. In particular, if we consider finitely
many random variables X;(p), 1 < j < d, p € Z¥ of a discrete or X;(¢),
1< <d, pe8”, of ageneralized vector valued stationary Gaussian random
field, then all polynomials of these random variables can be written as the sum
of Wiener—It6 integrals. Such a result will be sufficient for our purposes. In
the subsequent discussion I impose a technical condition about the properties
of the matrix valued spectral measure G = (Gj ;) I shall be working with. I
assume that it is non-atomic. More precisely, I assume that we are working with
such a dominating measure p for the coordinates of the matrix valued spectral
measures G; ;- for which p({z}) =0 for all z € R".

First I define for all n = 1,2,... and 1 < j; < d for the indices 1 < s < n
the n-fold multiple Wiener—It6 integral

In(f|jl77]n) :/f((El,...,iCn)ZGJl(d.’L'l)...ZG’jn(dl'n)

with respect to the coordinates of a vector valued random spectral measure
Ze = (Zga,-.-,2ZG,4), corresponding to a matrix valued spectral measure
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G = (Gj;), 1 < 4,77 < d. We shall define these Wiener-Ito integrals func-
tions with kernel functions f € Ky, ;, ... ;. in a (real) Hilbert space Ky, j,... ;. =
Knjiiin(Giy s+, Gy, ) defined below.

We define Ky, 51,50 = Knrroiju (Gjra- -« Gy, ) as the Hilbert space
consisting of those complex valued functions f(x1,...,z,) on R™ which satisfy
the following relations (a) and (b):

(a) f(=z1,...,—xn) = f(z1,...,2,) for all (z1,...,2,) € R,
) 1P = J1f @1, n) PGy, () - - Gy, () < o0

We define the scalar product in K, j, .., in the following way. If f, g €
’Cnajlvuwjn’ then

{f,9) Jg(@1s - wn) Gy gy (da) . G, (dag)

Il
—
\
"

=

= /f(ml, o xn)g(—ze, .. —20) Gy, (day) Gy g, (day,).

Because of the symmetry G, ;,(A) = Gj, ;,(—A) of the spectral measure
(f,9) = (f,g), i.e. the scalar product (f,g) is a real number for all f, g €
Kn jr,....jn- This means that Ky, j, . ;. is a real Hilbert space, as I claimed. We
also define the real Hilbert space Ky for n = 0 as the space of real constants
with the norm ||c|| = |¢].

Remark. In the case n = 1 the above defined real Hilbert space Ky ; agrees with
the real Hilbert space K1 ; introduced in Lemma 3.2.

Similarly to the scalar valued case, first we introduce so-called simple func-
tions and define the multiple integrals for them. We prove some properties of
this integral which enable us to extend its definition by means of an Ly extension
for all functions f € KCj,,.. ;.. We define the class of simple functions together
with the notion of regular systems.

Definition of regular systems and the class of simple functions. Let
D={Ay, k==+1,+2,...,£N}

be a finite collection of bounded, measurable sets in R” indexed by the integers
+1,..., £N with some positive integer N. We say that D is a reqular system
if Ay = —A_p, and A, NA = 0 if k # 1 for all k,1 = £1,+2,...,£N. A
function f € Ky j,,... 5. is adapted to this system D if f(x1,...,xy) is constant
on the sets Ay X Apy X --- XAy, ky==%1,...,£2N, 1 =1,2,...,n, it vanishes
outside these sets, and it also vanishes on those sets of the above form for which
ky = +ky for somel £ 1.

A function f € Ky j,,... 4, @5 in the class Ien,j1 ,,,,,, of simple functions if it
is adapted to some regular system D = {Ay, k==+1,...,£N}.
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Definition of Wiener—It6 integrals of simple functions. Let a simple
function f € Ky j,,....5, be adapted to some regular system

D={Ay, k==+1,...,£N}.

Its n-fold Wiener—Ité integral with respect to Zg = (Zg,---,2Z¢,4) with pa-
rameters ji,...,9n, 1 < jx < d for all 1 < k <mn, is defined as

/f(l'lw-wxn)ZG,jl(dxl)-~-ZG,jn(dmn) (18)
= In(f|j17 e Jn)
= > fluky e w)Zag (k) - Za, (A,
ki==+1,..., N
1=1,2,....n

where uy € Ag, k==+1,...,£N.

Although the regular system D to which f is adapted is not uniquely determined
(e.g. the elements of D can be divided to smaller sets), the integral defined
in (18) is meaningful, i.e. its value does not depend on the choice of D. This
can be proved with the help of property (iv) of vector valued random spectral
measures defined in Section 3 in the same way as it was done in the scalar
valued case in [11]. (Let me also remark that here I defined the random integral
I,(flj1,---,Jn) with a normalization different from the normalization of the
corresponding expression I (f) introduced in [11]. Here I omitted the norming
term )
n!

Because of the definition of simple functions the sum in does not change if
we allow in it summation only for such sequences ki, ..., k, for which k; # +kp
if [ # I’ This fact will be exploited in the subsequent considerations.

Next I formulate some important properties about the Wiener—It6 integrals
of simple functions. Later we shall see that these properties remain valid in the
general case.

L.(flj1,- -, jn) is a real valued random variable for all f € K, j, .. (19)

Indeed, I,(f|j1,---,Jn) = In(flj1,---,Jn)) by Property (a) of the functions in
Knji.....;. and property (v) of the random spectral measures defined in Section 3,
hence holds. It is also clear that I@n J1,....n 18 @ linear space, and the mapping
f—= L.(flj1,---,Jn) is a linear transformation on it.

The relation

EL(flj1, -, jn) =0 for f€Kn i ifn#0 (20)

also holds. (In the non-zero terms of the sum in we have the product of
independent random variables with expectation zero by property (vi) of the
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random spectral measures described also in Section 3.) Next I express the co-
variance between random variables of the form I,,(f|j1,...,Jn). To do this first
I introduce the following notation. Let II(n) denote the set of all permutations
of the set {1,...,n}, and let 7 = (w(1),...,m(n)) denote one of its element.

Let us have a positive integer n > 1, and two sequences ji,...,J, and
Froeeosdnn 1 <Jjsyjl <dforalll <s <d.Let f € Ky j, andh € Ko jr o
I shall show that

Lo(flgus -+ dn) In (P51 - -5 ) (21)
Z /f Ty Z)A(Zr(1)s s Tr(n))
mell(n)

Gjlaj;,l(l)(dxl) e Gjmj;,l(n)(dx")'
On the other hand, if n # n/, and f € I@n,jl,m,jn, h e K"'7j17~~;j,’/’ then
EL(flit,- s dn)La (h(|3%, - -, jh) = 0. (22)

Next I show the following inequality with the help of formula (21I).

E|In(f\j17...,jn)|2 < n!/|f(m1,...xn)|2Gjl,j1(dx1)...Gjmjn(dxn)
= ol fuginll? (23)

for all f € ’én,jl,...,jn-
Indeed we get by applying (21) for f = h € K, j, ., together with rela-
tion (5) that

ElL(fljnr- i) < S0 / @1 o) @rgryse o )] (24)

7T€H(n
n 1/2
I (93050 @G5, 10y (@) ) ().

On the other hand, we get with the help of the Schwarz inequality that

n 1/2
J15G1 i@y, sz T (55,005 5,0 20
s=1
p(der) ... p(den) (25)

1/2
< </|f(gcl7 |2ngé’jé xg)p(dry) .. (dxn)>
n 1/2
</ @1y s () H D1 (yrin—1o (Ts)p(dz1) .. M(divn)>
s=1
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for all m € II(n). Let us also observe that the map T from R™ to R™, defined
as

T(l’l, N ,.Z‘n) = (l‘ﬂ.(l), N 7.7;.“.("))
is a bijection, and it is a measure preserving transformation from
(R™, Gy gy X+ X Gy, 5,) = (R™, g5, (1) -+ G, (@0 p(dn) - p(d) )
to
(Rnvajﬂfl(n,jﬂ—l(l) XX G

= (Rnyﬂgj.,rfl(le.,rfl(l) (',1:1) T gjﬂfl(nwj.,r—l(n) (‘/I;n)lu’( dxl) et /’L( dxn) )

jwfl(n)’jﬂ*l(n))

To see this it is enough to check that if A= A; x --- x A,, then
(Gra X xGpp)(A) = HGz,z(Az),
=1

TA = Aﬂ.—l(l) X X Aﬂ'*l(n)7

X x G )(TA)

Jn=1(n)Jr=1(n)

n
=T1Gs 10y (Ar1@) = (Gra X - X G n)(A),
=1

(Gj,r—l(l),jﬂ—l(m

The last identity together with the bijective property of 71" imply that it is
measure preserving.

Because of the measure preserving property of the operator 7" we can write
that

/ @, 2a) 2 [ 0505, @)l dn) - o dern) (26)

=/lf(%(1),.-~,$ﬂ(n))|2Hgjwfl(s),jwfl(s)(xs)ﬂ(dml)-~-M(d$n)~
s=1

Relation (23) follows from relations (24), (25) and (26).

To prove formulas (21) and first we prove the following relations. Let
a regular system D = {Ag, k = £1,£2,...,£N} be given, choose an integer
n > 1, some numbers ji,...,J, and j;...,j) such that 1 < j,, 5. < d, 1 <
s < d, together with two sequences of numbers k1,...,k, and [y,...,[, such
that ks, ls € {£1,...,£N} for all 1 < s < n, and they also satisfy the relation
ks # tkg, and Iy # +ly if s # s'. T claim that under these conditions

EZGj,(Ak) - Z6,5,(Ak,) Za 3y (D) - Za j;, (Ar,) =0 (27)
if {k1,... kn} # {01, ..., 1,}. On the other hand, if

lp=knp foralll <p<n (28)
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with some permutation 7 € II(n), then

EZcj (Aky) - Za,j, (Ak,) 26 ji (A1) -+ Za,j, (A,)
= Gjl’j;.—l(m (Akl) e Gjn:j;__l(n> (Akn) (29)

Let me remark that there cannot be two different permutations = € II(n) satis-
fying relation (28)), since by our assumption also elements of the set {k1, ..., kn}
are different, and the same relation holds for the set {11,...,0,}.

To prove we show that under its conditions the product

Za.j (Aky) - Za g, (Ak, ) Za g1 (A ) -+ Za g1 (A,)

can be written in the form of a product of two independent terms in such a way
that one of them has expectation zero.

Since {k1,...,kn} # {l1,...,ln}, there is such an element k; for which ks # I;
for all 1 < ¢ < n, and also the relation ks # +k; if s # t, holds. If the relation
ks # =£l; also holds for all 1 < t < n, then Zg ;, (Ag,) is independent of
the product of the product of the remaining terms in this product because of
property (vi) of vector valued random spectral measures given in Section 3, and
EZq ;. (Ak,) = 0. Hence relation (27) holds in this case.

In the other case, there is an index s’ such that Iy, = —k,. In this case the
vector

(Zcj.(Ar.) Za g, (A1) = (Zaj.(Dk.) Za,j, (=A,))
= (Z6,.(Ak.), Za 5, (Ak,))
is independent of the remaining terms, (because of property (vi) of the vector

valued random spectral measures). In last the relation we exploited that —A; , =
Ay, ). Hence

EZg;,(Ax) 2G5, (A,) = EZg j,(Ax,) Za,j, (—Ak,) =0,

and relation (27) holds in this case, too.
To prove (29) let us observe that under its condition the investigated product
can be written in the form

26,5,(Ak,)  Z6,5,(Ak,) Za gy (D) -+ Za i, (A,)

=1 Z,(8,)2c5 ., (Aw,).

p=1

The terms in the product at the right-hand side are independent for different

indices s, and EZG,jp(Ak:p)ZG,j;_l(m (Ag,) = Gjp,j;_l(p(Akp)' Formula (29)) fol-

lows from these relations and the independence between the terms in the last

product. (Here we use again property (vi) of the random spectral measures.)
To prove formula (21) let us take a regular system

D={Ay, k=+1,...,+N}
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such that both functions f and h are adapted to it. This can be done by means
of a possible refinement of the original regular systems corresponding to the
functions f and h. Then we can write by exploiting (19) and (27) that

ELy(fljrs - dn) In(h(131, -5 3n) = ELo(fld1s - Gn) In(R(1315 - 37)
= Z Z f(ukl,...ukn)h(ukﬂ(l),...,ukw(n))

TFEH(TL) (k17-"k71.)7 (lly~~l'n)
kp==£1,..., +N, p=1,...,n
lp=kr(p) P=1,...,n

EZcj, (Ax,) - Za,j, (Ax,) Za j (D) -+ Za,ji, (A,),

where uy € Ay for all k=+1,...,£N.
The expected value of the product at the right-hand side of this identity can
be calculated with the help of (29), and this yields that

= > > Flutnys - g, Yy, -,

x€Il(n)  (ki,ekn), (Liseln)
kp==£1,...,£N, p=1,...,n
lp:k‘.,r(p), p:l,...,n

Gjl,j;fl(l) (Ap,) - Gjmj;,l(n) (Ak,)

- Z /f(xla~~-$n)h(xﬂ(1)""’xﬂ("))

well(n)

G

1! 1, (420) - Gy (dn).

Formula (21) is proved.
The proof of (22) is based on a similar idea, but it is considerably simpler. It
can be proved similarly to relation (27) that for n # n’

EZcj(Bk) - 26, (B, ) Za g (Bu) -~ Za g, (B, ) = 0 (30)
if we define this expression by means a regular system
D={Ag, k=+1,42,...,£N},

some numbers ji,...,J, and ji...,j.,, all of them between 1 and d, together
with two sequences of numbers kq,...,k, and ly,...,[l,» such that ks, €
{£1,...,£N} for all these numbers, and they satisfy the relation ks # kg,
and lg # +lg if s # s'. Then, if we express

EL(flits- s o) It (R(151 - - ) = ELo(£l1, s dn) e (B(LT -5 d70)

similarly as we have done in the proof of (29) we get such a sum where all terms
equal zero because of (30). This implies relation (22).

To define the Wiener—Ito integral for all functions f € Ky, j,
following result.

jn. We need the

,,,,,
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Lemma 5.1. The class of simple functions Ién,jl,...,jn is a dense linear subspace
of the (real) Hilbert space Ky, j,.... ;.-

Lemma 5.1 is the multivariate version of Lemma 4.1 in [11]. (A more trans-
parent proof of this result was given in the Appendix of [12].) Actually, we do
not have to prove Lemma 5.1, because it simply follows from Lemma 4.1 of [11].
By applying this result for G = Z?Zl Gj,; we get that all bounded functions of

Kn jr,....jn are in the closure of ’Cn,jl,.--,jw But this implies that all functions of
Kn,j,....jn are in this closure.

Let us take the Lo norm in the Hilbert space #. Then we have for all f €

Kojiyoogn In(fli1,-- -5 dn) € H, and by formula

UL (Flis- - du)ll = [B@n(Flivs- - dn)D] > < Vil fageoi |-

Hence Lemma 5.1 enables us to extend the Wiener—It6 integral I,,(f|j1,...,Jn)
for all f € K, 4, ,....5,- Moreover, relations (19)—(23) remain valid in the Hilbert
space KCp, j,.....5, after this extension.

Remark. In (23) we have given an upper bound for the second moment of a
multiple Wiener—It6 integral, but we cannot write equality in this formula. In
the scalar-valued case we had an identity in the corresponding relation. At least
this was the case if we took the Wiener—Ito integral of a symmetric function. On
the other hand, working only with Wiener—Ito integrals of symmetric functions
did not mean a serious restriction. This relative weakness of formula (23) (the
lack of identity) is the reason why we cannot represent such a large class of
random variables in the form of a sum of Wiener—It6 integrals as in the scalar
valued case. (See the discussion in Section 7 about this problem.)

I would mention that there is a slightly stronger version of Lemma 5.1 which
is useful in the study of the last section of this paper, when we are interested in
the question under what conditions we can state that a sequence of Wiener—Ito
integrals converges to a Wiener—It6 integral. Here is this result.

Lemma 5.2. For all functions f € Ky, j,,... 5, and numbers € > 0 there is such a
simple function g € Ky j,....;. for which ||f — g|| < & in the norm of the Hilbert
space Ky j, ..., and there is a regular system D = {Ay, k==+1,£2,...,£N}
to which the function g is adapted, and the boundary of all sets Ax, € D has
zero p-probability with the measure u we chose as the dominating measure for
the complex measures G j» in our considerations.

Lemma 5.2 also follows from the results of [11] or [12].
Finally, I would make the following small remark. If we define a new func-

tion by reindexing the variables of a function of h € Ky, j, ... ;. by means of a
permutation of the indices, and we change the indices of the spectral measure
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Za,j, in the Wiener-It6 integral I,,(h|ji,...,Jn) in an appropriate way, then
we get a new Wiener—Ito integral whose value agrees with the original integral
I,(hlj1, ..., jn)- More explicitly, the following result holds.
Lemma 5.3. Given a function h € K, ..., and a permutation © € II(n)

define the function hy(x1,...,2n) = MZr@), ..., Tr(m)). The following identity
holds.

/h(:l?l, N 7xn)ZG,j1 ( dﬁCl) N ZG,jn,(dxn)
= /hﬂ—(xl, . axn)ZG,jw(l) ( dl’l) e Zij'rr(n) ( dl’n) (31)

(In particular, h, € K
tity are meaningful.)

Tord(1)0endim(my + LRUS the integrals on both sides of the iden-

Proof of Lemma 5.3. This identity can be simply checked if h is a simple function.
It is enough to observe that if h(xy,...,2,) = hi(x1) - hy(x,) with some
x; € Ay, g(;(+) is some function on R¥, 1 < < n, then

/h(w1,---7wn)ZG,j1(d$1) -Za,j, (dn) =H (@) Za,;,(Ak,),
hﬂ(:r’lw'wml):hl('rﬂ'l)“'hn(xﬂ'n)?

/hﬂ(xl,...7xn)zg,jﬂ(l>(dx1)...Zg,jﬂ(n) dr,) = [ [ Man)Za ., (Dk, )
=1

and the last two Wiener—Ito integrals equal. Then a simple limiting procedure
implies it in the general case. Lemma 5.3 is proved.

We saw in [11] that in the scalar valued case the value of a Wiener—It6
integral [ f(z1,...,2n)Zc(dz1) ... Zg(dx,) does not change if we replace the
kernel function f by the function we get by permuting its variables x1,...,x,
in an arbitrary way. Lemma 5.3 is the generalization of this result to the case
when we integrate with respect to the coordinates of a vector-valued random
spectral measure.

Remark. A consequence of the result of Lemma 5.3 shows an essential difference
between the behaviour of multiple Wiener—Ito integrals with respect to scalar
and vector valued random spectral measures. It follows from the scalar valued
version of Lemma 5.3 that in the scalar valued case the Wiener—Ito integral of
a kernel function agrees with the Wiener—it6 integral of the symmetrization of
this kernel function. This has the consequence that in the scalar valued case
we can restrict our attention to the Wiener—It6 integrals of symmetrical func-
tions which do not change their values by any permutation of their variables.
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It can be seen that any random variable which can be written as the sum of
Wiener—It6 integrals can be written in a unique form as a sum of Wiener—Ito
integrals of different multiplicity with symmetric kernel functions. The analo-
gous result does not hold in the vector valued case. Indeed, if there is some
linear dependence among the the coordinates of the underlying vectors in a
vector valued stationary random field, then such functions f; can be found for
which Z;i:l J fi(x)Za,j(dx) = 0, and not all kernel functions f; disappear in
the above sum. This shows that the unique representation of the random vari-
ables by means of a sum of Wiener—Ito6 integrals may not hold in vector valued
models.

6. The diagram formula for the product of multiple Wiener—It6
integrals

Let us consider a vector valued random spectral measure (Zg 1, ..., Z¢,q4) cor-
responding to the matrix valued spectral measure (G;;/), 1 < j,j' < d, of a
vector valued stationary Gaussian random field with expectation zero (either
to a discrete random field X (p) = (X1(p),...,Xa(p)), p € Z”, or to a general-
ized one X (¢) = (X1(¢), ..., Xa(®)), ¢ € §¥). Let us assume that the spectral
measure G -, 1 < 7,5’ <d, is non-atomic, and take two Wiener-Ité integrals

[n(hl |j1, e ,_]n> = /hl(Il, . ,"En)ZGle ( dll?l) - ZG,jn (dxn) (32)
and
Imh2|ji, PN 7j;n) = /hg(.Il, e 7:Em)ZG,j1 ( dl‘l) e ZG’j;n (dl‘m) (33)

with some kernel functions hy € Ky, 5, ... 5, and hy € Ky
{1,...,d}foralll1 <s<nand1<t<m.

Actually we formulate our problems in a slightly different form which is
more appropriate for our discussion. We take two functions hq(z1,...,z,) and
ho(Zpt1,- .-, Tntm) in the space R™+7)v “and define the function

héo) (z1,...,2m) by the identity

.,
et where js, j; €

héo)(gch...ﬂcm) =ho(@) 1y @) i (T1, 0 @) = (@1, T )

We assume that hy € Ky 5,40 héo) S IC,,LJL___,%. Then we define the Wiener—

It6 integrals (32) and (33) with the kernel functions hy and héo). In formula (33)
we should have written the function héo), but we omitted the superscript (©).

I shall present a result in which we express the product of these two Wiener—
It6 integrals as a sum of Wiener—Ito integrals with different multiplicities. This
result is called the diagram formula, since the kernel functions of the Wiener—Ito
integrals appearing in this sum are expressed by means of some diagrams. This

result is a multivariate version of the diagram formula proved in Chapter 5 of
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[11]. In that work also the product of more than two Wiener—Ité integrals is
expressed in the form of a sum of Wiener—integrals. But actually the main point
of the proof is to show the validity of the diagram formula for the product of
two Wiener—Ito integrals, and we shall need only this result. So I restrict my
attention only to this case. Actually we need the diagram formula only in a
special case. The result in this special case will be given in a corollary.

To express the product of the two Wiener—Ité integrals in formulas (32)
and (33) as a sum of Wiener—It6 integrals first I introduce a class of coloured
diagrams I' = T'(n, m) that will be used in the definition of the Wiener—It6 in-
tegrals we shall be working with. A coloured diagram v € T" is a graph whose
vertices are the pairs of integers (1,s), 1 < s < n, and (2,¢), 1 <t < m. Each
vertex is coloured with one of the numbers 1,...,d. The colour of the vertex
(1,5) is js, 1 < s < n, and the colour of the vertex (2,t) is j;, 1 <t < m. The
set of vertices of the form (1, s) will be called the first row and the set of vertices
of the form (2,¢) will be called the second row of a diagram v € T". The coloured
diagrams « € I' are those undirected graphs with the above coloured vertices
for which edges can go only between vertices of the first and second row, and
from each vertex there starts zero or one edge. Given a coloured diagram ~ € T’
we shall denote the number of its edges by |7/

I shall define for all coloured diagrams v € I'" a multiple Wiener—It6 integral
depending on 7. The diagram formula states that the product of the Wiener—Ito
integrals in and (33) equals the sum of these Wiener-It6 integrals.

In the formulation of the diagram formula I shall work with the functions
hi(z1,...,2,) and ha(Tpi1,-- -, Tnim) in R?T™ The function
ho(Zpi1, ..., Znim) i the function which appeared in the definition of the kernel
function héo) (1, ..., Tm) in the Wiener—Itd integral in (33). We define with their
help the function

H(x1,. .., Tpam) = hi(x1, .. xn)ho(Tnsty oy Tntm)- (34)

We shall define the kernel functions appearing in the Wiener—ito integrals in
the diagram formula with the help of the functions H(z1,...,Zntm). In the
definition of these kernel functions I shall apply the following natural bijection S
between the coordinates of the vectors in R"*™ i.e. the set {1,...,n+m} and
the vertices of the diagrams of v € T'.

S((L,k)=kfor1<k<n, and S((2,k)=n+kforl1<k<m. (35)

To simplify the formulation of the diagram formula I shall introduce the follow-
ing notation with the help of the colours of the diagrams.

JLk)=gk, 1<k<n and J(2,0)=j, 1<I<m. (36)

First I give the formal definition of the Wiener—Ito integrals that appear in
the diagram formula, and then I give an informal explanation of this definition
by briefly indicating the picture behind it. Then I describe the diagram formula
with the help of the Wiener—It6 integrals corresponding to the diagrams v € T'.
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To explain this result better I shall present an example after its formulation,
where the product of two Wiener—It6 integrals is considered, and I show how to
calculate a typical term in the sum of Wiener—It6 integrals which appears if we
apply the diagram formula for this product.

Let us fix some diagram v € I'. I explain how to define the the Wiener—It6
integral corresponding to v in the diagram formula. First I define a function
H,(z1,...,%pntm) which we get by means of an appropriate permutation of
the indices of the function H defined in (34). This permutation of the indices
depends on the diagram .

To define this permutation of the indices first I define a map 7', which maps
the set {1,...,n + m} to the elements in the rows of the diagrams. This map
depends on the diagram ~.

To define this map first I introduce the following sets depending on the dia-
gram -:

Ar=A1(7) = {r,. ooy 1< <re < <7y < (37)
no edge of v starts from (1,rg), 1<k <n—|y|},

A2:A2(’y) = {t17...,tm_|7|2 1<t <t2<"'<tm_h| <m (38)
no edge of v starts from (2,t;), 1<k<m-—|y|}

and

B=B() = {(n,wi),...,(0ywp): 1SS0 <va <--ovpy <1
((1,vg), (2,wg)) is an edge of |y], 1 <k <|v|}. (39)

Let us also define with the help of the set B the sets

Bl ( ) {’Ul,...,’U|,y|}, BQZBQ('Y):{wl,...,rLUI,YI} (40)

with the numbers vy and w; appearing in the set

B= B(’Y) = {(vlvwl))v ) ('U\'y\vw\’yl))}'
Now, I define the map T, in the following way.

Ty(k) = (L,rg) for 1<k <n—hl, (41)
Ty(n— v+ k)= (2,tg) for 1 <k <m— |y,
Ty(n+m—2p|+k) = (1,0) for 1<k <y,

Ty(n+m— |y +k) = (2,wy) for 1 <k< |y,

In formula (41) we worked with the numbers r, tx, vi and wy, defined in (37)—
(40). It has the following meaning. The first n—|v| indices are given in increasing
order to the vertices from the first row from which no edge starts. Then the
vertices of the second row from which no edge starts get the next m — || indices
also in increasing order. Then the |y| vertices from the first row from which an
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edge starts get the subsequent |v| indices in increasing order. The remaining ||
vertices from the second row from which an edge starts get the indices between
n+m—|y|+1 and |n+ m|. They are indexed in such a way that if two vertices
(1,vg) and (2, wy) are connected by en edge then the index of (2, wy,) is obtained
if we add || to the index of (1, vy).

I define with the help of the function T, and the map S(-) defined in (35)
the permutation

(k) =S(Ty(k)), 1<k<n+m

of the set {1,...,n + m}. Next I introduce the Euclidean space RZ*™ with
elements z(y) = (z(¥)1, ..., Z(Y)n+m) by reindexing the arguments of the Eu-
clidean space R"*™ where the functions hy(x1, ..., 2,) and ha(Tpi1,- -, Tnim)
are defined in the following way.

("L‘(’Y)la s 7'27(7)”-‘1-7”) = (:C‘ITA,(l)? s 7x7r~,(n+m))

with (()1, .- 2(Vnem) € RET™ and (21, ..., Tppm) € R*T™. Tt will be sim-
pler to define the quantities needed in the definition of the Wiener—It6 integral
corresponding to the diagram ~ as functions defined in the space RZ*”. First
we define the function H, as

Hoy(x(9)1, -5 2(V)ntm) (42)
= H(z(Y)1,- - ax(V)nfl’ylvm('Y)n+m72\'y\+1a e 7x(7)n+m*|’y|7
(V) n—jy 415 - s T(Vnpm—2iy1 115 TV (nrm— |y 415+« - Z(V) )
= h1(@(V)1s - Ty TV 7y (nbm—2ly | +1)5 - > Z(Vntm— 1))
hQ('r('Y)nfMJrlv e 7$(7)n+m72\'y\+1a x(’Y)nerfl'lerlv e (V) ntm)-

Next I define the function hy(z(¥)1,- .., 2(¥)ntm—|)) which we get by re-
placing the arguments =(v)n4m—|y|+k BY —Z(V)ntm—2|y|+k) in the function H.,
defined in formula (42) for all 1 < k < ~, i.e. I define

Bv(x('V)la e 7$(7)n+mf|'y|) (43)
= Hy(z(7)1,--- ax(’)’)n+m—\'¥\v _x(')’)n+m—2|'y|+1’ S _x('Y)n+m—\’Y|)
= H(I('Y)h sy ’I(FY)H—\’Y\?x(’Y)n+ﬂ’L—2|7|+1v s ax(FY)n-‘rm—l'y\v
33(7)n7|v|+17 e ax(’}/)n+mf2|7|+17
—$(7)n+m—2|y|+1a s _x('y)n—&-m—\'ﬂ)
= hi(@(Y)15- - vx(V)n—l'yh$(7)7L+7n—2h\+17 e >$(7)n+m—|’vl)
hZ(x('Y)nthla s vx(’Y)n+mf2|'y|+1a
_‘/I:(,Y)n+m72|'y|+la ces —f(’Y)n+m)7M)~

In the next step I define the function }:L,Y(I(’}/)l, oy (V) ngm—2]y)- This will be
the kernel function of the Wiener—It6 integral which corresponds to the dia-
gram v in the diagram formula if we express it as a Wiener—It6 integral with
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respect to the variables x(¥)1, ..., (V) n4ym—2yy|-

}:l’y(z’y)la s 7z(7)n+m—2|’y|) = /ﬁv(x(7)17 cee ax(7)7z+7rz—\’y\) (44)
el

11 Gais—r tnam—ziyiem).a(s—1 mam—iv 40 (A2 (V) nrm—2)y 1)
k=1

17l
= /h’v(l'(’y)l, cee ax(’y)n+m—\’y\) H ijk Ty, ( d‘r(’Y)n+m—2|'y|+k)
k=1

with the function J(-) defined in (36), the indices vi, and wy, defined in (39) and
the function 7', defined in (41).

I shall show that the Wiener—Ito integrals

In+m—2\fy\ (E’y|jrl yoe 7j7“n,h|ajz,£1 yoe ’jémfh\) (45)

n+m—2|v|

[ amzo) T Zassso (st
k=1
:/ ’Y(I(’Y)lv--~7I(7)n+m—2|7\)

n—|vyl m—|v|

H Za,j,, (dz(v)k) H ZG,j;l(dx(W’)ern—w\)
k=1 =1

>

>

exist for all v € T', and these Wiener—It6 integrals appear in the diagram formula.
The numbers 7 and ¢; in this formula were defined in (37) and (38).

In formula (45) we integrated with respect to the coordinates z(7)s, 1 < s <
n + m, of the vectors in the Euclidean space Rg*m. If we replace the variables
z(7y)s by x5 in (45), then we get a Wiener—it6 integral in the space R"*" which
has the same value. This means that the following relation holds.

In+m—2|'y|(ﬁ’y|j7’17 s 7j7’n,m aji/ila s 7ji/tm,M) (46)
= n+m—2|'y|(h’y|jr17 cee vjrn,M 7j£17 s 7ji/tm,|7‘)
= /h'y(xla e 7xn+m—2\’y\)
n—vl| m—|v|
1T Ze,., (dz) T] Za gy, (dripn—y))
k=1 =1
with
h’y(‘rlv oo 7xn,+m,—2\’y\) B’y(x(’y)lv s 7x(7)n+m—2\’y\)
= (@, 1) Ty (b2l

Before describing the diagram formula I explain the content of the above
defined formulas.
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Let us fix a diagram v € T', and let us call a vertex of it from which no edge
starts open, and a vertex from which an edge starts closed. We listed the open

vertices from the first row in increasing order as (1,71),...,(1,7,-4/), and the
open vertices from the second row as (2,t1),...,(2,t,—_|4). We listed the closed
vertices from the first row in increasing order as (1,v1),...,(1,v,). Finally we
listed the closed vertices from the second row as (2,w1),...,(2,w,), and we

indexed them in such a way that the vertices (1,vy) and (2,wy) are connected
by an edge for all 1 < k < ~.

In formula (41) we defined the map 7', from the set {1,...,n+m} to the set
of vertices of the diagram ~ with the help of the above listing of the vertices.
First we considered the open vertices from the first row, then the open vertices
from the second row, and then we finished with the closed vertices first from
the first and then from the second row. We defined in (42) the permutation .,
of the set {1,...,n + m} by applying first the map the map T, and then the
map S defined (35). We defined the function H, in (43) with the help of this
permutation. We have introduced a Euclidean space RZY“”” whose elements we
get by rearranging the indices of the coordinates of the Euclidean space R**™
where we are working with the help of the permutation 7., and we have defined
our functions in this space.

We defined the function H., on the space R;H‘m as the product of the functions
h1 and ho with reindexed variables. In the function h; first we took the variables
z(7)s = T, (s) With those indices 7 (s) which correspond to the open vertices
of the first row, and then the variables with indices corresponding to the closed
vertices of the first row. We defined the reindexation of the variables in the
second row similarly. First we took those variables whose indices correspond to
the open vertices and then the variables whose indices correspond to the closed
vertices of the second row.

The variables

x(7)n+m72\'ﬂ+k = Try(n+m—2|y|+k) and 'r(r)/)nerf\’y\Jrk = Lry (n+m—|v|+k)

in the function H,, are variables with indices corresponding to vertices connected
by an edge. So in the definition of the function h, in (44) I replaced in H.,
the variable corresponding to the endpoint of an edge from the second row
of the diagram ~ by the variable corresponding to the other endpoint of this
edge, and multiplied this variable by —1. Thus the variables z(V)n{m—2jy|+& =
Ty (ntm—2y|+k)s L <k < |7, of the function h, correspond to the edges of the

diagram ~y. I defined the function fLA, by integrating the function Ev by these
variables. The variable J:(fy)n+m,2|7|+k = T (n+m—2||+k) corresponds to the
k-th edge of the diagram, and we integrate this variable with respect to the
measure G, j: , that is with respect to the measure G, whose coordinates
are the colours of the endpoints of the k-th edge.

Finally we define the Wiener-It6 integral corresponding to the diagram -~
with kernel function Bv- We integrate the argument x(y); with respect to that
random spectral measure Zg ; whose parameter agrees with the colour of the

vertex corresponding to this variable. Thus we choose Zg j,, (dz(v)x) for 1 <
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k<n-—|yland Zg, (dx(y)r) if n—|v|+1 <k <n+m—2]y|. We can

fh—nt|y _
replace this Wiener—It6 integral defined in with kernel function }_L»Y by the
Wiener-It6 integral defined in (46) with kernel function h..
Next I formulate the diagram formula.

Theorem 6.1. The diagram formula. Let us consider the Wiener—Ito in-
tegrals In(h1lji, -, dn) and Iy (haljl, ..., Jl,) introduced in formulas (32) and
(33). The following results hold.

(A) The function fLA, defined in ({4) satisfies the relations

ey € Kotme2031ry ooy iy oot

9
=y

and ||fLA,|| < |[ha|l|h2ll for all v € T. Here the norm of the function

hi in Kpj, ... i, the norm of ho in ]Cm,j; _____ ji.» and the norm of i:Lﬂ, m
Rontm—2{3 ]y eeodny ity et 18 taken.
B)
Lu(halju, o du) T (halhs - ) (47)
= Z In+m72|7|(h7|jrl, . ’anfw\ ’j7€1’ ... ,jgmiw).

yel’

The terms in the sum at the right-hand side of formula (47) were defined
in formulas (42)—(45). The Wiener-Ité integral

I . . .7 ./
In+m72\'y\ (h'y|.77"17 e 7.7rﬂ,_‘,y|ajt1 P 7.7tm7|,ﬂ)

in formula (47) can be replaced by the Wiener—Ité integral

In+m—2\’y\ (h’y|j7‘17 s »j'r‘n,hpjzlfl g ’jém—h\)

defined in (46).

To understand the formulation of the diagram formula better let us consider
the following example. We take a five dimensional stationary Gaussian random
field with some spectral measure G; ;/(z), 1 < j,j° < 5, and random spectral
measure Zg j(dz), 1 < j < 5, corresponding to it. Let us understand how
we define the Wiener—Ito integral corresponding to a typical diagram when we
apply the diagram formula in the following example. Take the product of two
Wiener—It6 integrals of the following form:

I3(h1‘2,3,5) :/h1(.131,$2,J,‘3)ZG,2(d$1)ZG73(d.Z‘Q)ZG75(dJ?3)
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and

I4(h2|1,5,4,1) = /h2($1,$2,1‘3,$4)
Zaa(de)Zas(des)Za a(des)Za o (ds),

and let us write it in the form of a sum of Wiener—It6 integrals with the help of
the diagram formula.

First I give the vertices of the coloured diagrams we shall be working with
together with their colours.

(11,2 (12,3 (135
o [ ] ([

o [ ] ([ o
201 225 23,4 242

F1G 1. the vertices of the diagrams together with their colours

Next I consider a diagram -« which yields one of the terms in the sum ex-
pressing the product of these two Wiener—It6 integrals. I take the diagram which
has two edges, one edge connecting the vertices (1,2) and (2,4), and another
edge connecting the vertices (1, 3) and (2, 1). Let us calculate which Wiener—It6
integral corresponds to this diagram ~.

11,2 12,3 (13,5
o

) [ )
201 (225 234 (24,2

Fic 2. a typical diagram
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Next I take this diagram v, and I show not only the indices and colours of its
vertices, but for each vertex I also tell which value T, (k) it equals. Here T (k)
is the function defined in formula (41).

(L) =Ty1),2  (1,2)=T,(4),3  (1,3) =T(5),5

(271) :T’Y(7)71 (2,3) :T’Y(3)74

Fic 3. the previous diagram and the enumeration of their vertices with the help of the function
Ty

To define the the Wiener—It6 integral corresponding to this diagram let us
first consider the function

H(zi,...,27) = hi(x1, x2, x3)ho (24, x5, 26, T7)

defined in (34). Simple calculation shows that the function 7, (-) = S(T,(-)) has
the following form in this example. 7, (1) =1, 74(2) =5, 74(3) = 6, m4(4) = 2,
my(5) = 3, my(6) = 7, m,(7) = 4. This also means that the coordinates of the
vectors in the Euclidean space ]RZY which we get by reindexing the coordinates
of the vectors in R” have the form

@M1, (V)2 2(7)3, 2(7)4, (V)5 2(V)6, ©(V)7) = (21, T35, T6, T2, T3, T7, T4).
Then we can write the function H., and h., defined in (42) and (43) as

Ho(x(V)1,- -, 2(7)7) = ha(@ (7)1, 2(7)4, 2(7)5) b2 (2(7)2, 2(7)3, 2(7)6, 2(7)7),

Py ()1, -+, 2(7)s5) = ha(z (7)1, 2(7)4, 2(7)5) ha (2(7)2, (V) 3, —2(7)4, —2(7)5)-
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Then we have

hoy(2(7)1,2(7)2, 2(7)3) =/717(1?(7%-~-’$(7)5)G3,2(d$(7)4)G5,1(d33(7)5)7
and
I3(hy[2,5,4)

= /Ew(x(’y)l, ()2, 2(V)3) Za,2(dx(V)1) Za,5(dx(y)2) Za,a( dz(y)s)

is the multiple Wiener—It6 integral corresponding to the diagram « in the di-
agram formula. To understand the definition of the function Bv and of the
Wiener-It6 integral Ig(i_z,y) let us observe that the first edge of the diagram
connects the vertices (1,2) and (2,4) with colours 3 and 2, hence in the defini-
tion of h., we integrate the argument x(vy)s by Gsa(dz(v)4), the second edge
connects the vertices (1,3) and (2,1) with colours 5 and 1, hence we integrate
the variable z(v)s by Gs.1(dz(7)s). In the definition of the Wiener integral the
variable z(7); corresponds to the vertex S~*(m., (1)) = (1,1) which has colour 2,
hence we integrate the variable z(v)1) by Zg 2(dz(7y)1). Similarly, we define the
variable z(v)s by the measure determined by the colour of S~!(m,(2)) = (2,2)
which is 5, i.e. we integrate by Zg 5(dz(7)2). Finally S~(m,(3)) = (2,3) has
colour 4, and we integrate the variable z(v)s by Zg 4(dz(7)s).

The Wiener-It6 integral I3(h.|3,1,3) can be rewritten with the help of for-
mula (46) in the following form.

I3(37|2, 5, 4) = Ig(h»y|2, 574) = /h.y(il'l,1’2,$3)ZG’2(dxl)ZG’s(d.’EQ)ZGA(dl’g)
with

hy(x1, 22, x3) :/h1($1,$4,$5)h2($2,$3,—1‘4,—335)G3,2(d$4)G5,1(d$5)-

This expression can be calculated similarly to Ig(?L—Y|2,5,4), only we have to
replace z(7y)s everywhere by x4 in the calculation.

I formulate a Corollary of the diagram formula in which I consider that special
case of this result when the second Wiener—It6 integral defined in formula (33)
is a one-fold integral. In this case it has the simpler form

Il(h2|ji) = /hg(l’l)ZG,ji(dﬂfl) with hQ € ]Cl,ji' (48)
Here again we formulate the problem in the following way. We take a pair of

functions hq(x1,...,2,) and ho(x,41) on R™*+D¥  Then we define a function
hgo) (1) on R! by the formula h(zo)(xl) = ho(p41) if 1 = @, p1. We integrate
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the function héo)(x) in formula (48), but we omit the superscript (%) in our
notation. We assume that hy € Ky 5, ... 5., and ho € ICL]»{.

In the next Corollary I express the product of the Wiener—It6 integrals given
in (32) and (48) as a sum of Wiener-It6 integrals. This formula will be needed
in the proof of the multivariate version of It6’s formula in the next section.

The diagram formula in this case has a simpler form, since the second row of
the diagrams we are working with consists only of one point (2,1). Hence there
are only the diagram o € I' that contains no edges, and the diagrams v, € T,
1 < p < n, which contain one edge that connects the vertices (1,p) and (2,1).

Corollary of Theorem 6.1. The product of the Wiener—Ité integrals
In(hilju, .. jn) and Ii(heljy)
introduced in formulas (32) and (48) satisfy the identity
Lu(haljvs - ) Ta (heljh) (49)
- /h%(xl,...,xn+1)ZG,j1(dx1)-~-ZG7jn(da:n)ZG7ji(dxn+1)

n—1

n p—1
+Z/h%(x1, ostnt) [T Zes, (o) [] Zesons (devs)
p=1 s=1 s=p

n
= Tng1(hyolits- o dnsd1) + D Inc1 (b, s s Gt pts - )
p=1

where hyy (z1,. .., Tpg1) = hi(@1,. .., Tn)ha(@Tny1), and for 1 <p <n

ho, (21,0 Tpo1) = /hlnp (z1,..., "En)hg(zn)ijji (dzy,)

with hy q, (71, -+ Tn) = h(Tr, (1), Try(n)), where mp(k) =k if 1 <k <p—1,
mp(p)=n, and mp(k) =k -1 if p+1<k<n.
To make the definition of formula complete I remark that for p =1 we

0 n—1
put [[ Zg,;,(dzs) =1 and forp=n [] Zg;, (dzs) = 1.
s=1 s=n

Proof of the Corollary. We get the result of the corollary by applying Theo-
rem 6.1 in the special case when the second Wiener—Ito integral is defined by
formula (48) instead of (33). We have to check that in this case the function
h., corresponding to the diagram vy agrees with the function k., defined in the
corollary, and to calculate the functions h. defined in (44) for the remaining
diagrams v,, 1 < p < n. In this case 7, (k) = kfor 1 <k <p—1, 7, (k) =k+1
forp<k<n-1m,(n)=p, 7y, (n+1)=n+1, hence

(x(’Yp)la cee 7x(7p)n+1) = (1'1, sy Tp—1,Tp41y .- - 7xnaxp,mn+1)»

and

B”/p (x('yp)l» cee 7x(7p)n+1) =Mh (33('71)>1» s x(')’p)n)h2(_33(7p>n)
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for 1 < p < n. On the other hand, ho(—x) = ho(z), since hy € K1,j;- Thus

}:L’yp (x('}’p)la e ax(Vp)n—l)
= [ M) a)ams, ) Bl Iy (o))

Then simple calculation shows that for v = «, the kernel function h, = h,, in
formula (46) agrees with the function ., defined in the corollary for all 1 < p <
n, and Theorem 6.1 yields identity (49) under the conditions of the corollary.
The corollary is proved.

The proof of Theorem 6.1 is similar to the proof of the diagram formula (The-
orem 5.3 in [11]). It applies the same method, only the notation becomes more
complicated than the also rather complicated notation of the original proof,
since we have to work with spectral measures of the form Gj, ;, and random
spectral measures of the form Zg ;, or Zg ; instead of the spectral measure
G and random spectral measure Zg. Hence I decided not to describe the com-
plete proof, I only concentrate on its main ideas and the formulas that explain
why such a formula appears in the diagram formula. The interested reader can
reconstruct the proof by means of a careful study of the proof of Theorem 5.3
in [11].

A sketch of proof for Theorem 6.1. The proof of Part A is relatively simple.
One can check that the function h., satisfies relation (a) in the definition of the

functions in lCner,QM’jrl e by edl given in Section 5 by exploiting
formula (44]), the similar property of the functions hy and hs together with the
symmetry property G, j/(—A) = G, j(A) for all 1 < j,j' < d and sets A of the
spectral measure G.

To prove the inequality formulated in Part A let us first rewrite the definition
of h, in (44) by replacing all measures of the form G; ;(dx) by g, j/ (x)u(dx) =
G; j:(dz), where p is a dominating measure for all complex measures G, j/, g;.;/
is the Radon-Nikodym derivative of G ;; with respect to p, and observe that
the inequality (5) and formula and (44) imply that

|B’Y(x(7)1a s ax(fY)n+m72\'y|)|
< /hl(zﬂ'w(l)7 s Ty (n=y]) s Loy (nbm—2]y|+1)5 - - - 71‘7r7(n+m—\"/\+1))
ho (T, (n—|7141)> - - > T (nm—2171)»
L, (ntm—|2y|+1)s -+ s _xﬂ,y(n+m—|’y|))

[7]
II \/ iy i (xﬂw(n+m*2lvl+k))\/ ity i, (T (ntm—2]y|+k))
k=1

(AT (ntm—2]|+k))-

We get by applying the Schwarz inequality, the evenness of the measures G ;
and by replacing the measures of the form g; ;(x)u(dx) or g; j(x)u(dx) by the
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measures of the form G; ;(dz) and G/ j/(dz) that

ol

v(x(ly)la ~7x(7)n+m—2|'y|)|2
< /lhl(%(l)w--’%(nfww%(n+mf2|v|+1>7---a$w7<n+mf|v|+1>)|2
[
H G]'uk 7jvk ( dajﬂ'*y (n+777,72|’7|+k))
k=1
/ 72T, (n—j7141)> - - T, (nm—2i7])

2
Ly (ndm—|2y|+1)s - - _xﬂ,y(n+m—|fy|))|
ol
I Gis, o (dn im—aiim)-
k=1

Let us integrate the last inequality with respect to the product measure

n—|vl| m—|y]|
II G\, Cdz(i) T G; g, (de(Y)n—jy141)
k=1 =1
n—|vl m—|y|
= 11 Giorn () TT Gt (dem, nmpr))-
k=1 =1

A careful analysis shows that the inequality we get in such a way agrees with
the inequality formulated in Part A of Theorem 6.1. Indeed, we get at the
left-hand side of this inequality ||h,| with the norm formulated in Part A of
Theorem 6.1, and the right-hand side equals the product ||hy]|||hz||. We got the
same integrals as the integrals defining these norms, only we integrate by the
variables of the functions h; and hs in a different order. We also have to exploit
that the measures G ; are symmetric, hence the value of the integrals we are
investigating does not change if we replace the coordinate xj by —zj in the
kernel function for certain coordinates k.

Next I turn to the proof of Part B of Theorem 6.1. First we prove this result,
i.e. identity (47) in the special case when both h; and hg are simple functions.
We may also assume that they are adapted to the same regular system

D={A,, p=+1,42,..., N},

and by a possible further division of the sets A, we may also assume that the
elements of D are very small. More explicitly, first we choose such a measure
p on R” which has finite value on all compact sets, all complex measures Gy, ;,
1 < k,l < d are absolutely continuous with respect to u, and their Radon-
Nikodym derivatives satisfy the inequality |%(m)\ <1 for all x € R”. Fix a
small number € > 0. We may achieve, by splitting up the sets A, into smaller sets
if it is necessary, that p(A,) < e for all A, € D. Let us fix a number u, € A, in
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all sets A, € D. We can express the product I,(h1|j1, ..., Jn)Im(haljl, - j0)
as

/
I= In(hl‘jla s a]n)lm(h2|jia ce a.];n) = Z hl(upl’ s 7upn)h2(u(h7' .- 7u(1m)
265, (Bp) -+ 26,5, (Bp,) 251 (Bg,) -+ Za jr, (Ag,,)-
The summation in the sum " goes through all pairs ((p1,...,pn), (@1, qm))

such that pg, ¢ € {£1,..., =N}, k=1,...,n, 1 =1,...,m, and py # £py, if
k?ék‘, andql #iql*ifl;él.

Write
v
I = ZZ hl(upl""’upn)hz(uQI""’U’QnL)
~el’
26,5\ (Ap,) 26,5, (Bp, ) Za j1 (Ag) -+ Za ,jr, (Ag,,)-
where 3.7 contains those terms of Y’ for which p, = ¢ or pp = —¢q if the

vertices (1, k) and (2,1) are connected in v, and px # +¢q; if (1,%) and (2,1) are
not connected in 7.
Let us introduce the notation

Y
o= Z ha(up,, ... up, )ho(uqy, .- uq,,)
Zaj (Bpy) -+ 265, (Bp, ) 265, (Bay) -+ Za g, (Dg,,)-
for all v € T'.

We want to show that for small ¢ > 0 (where ¢ is an upper bound for the
measure p of the sets D, € D) the expression X7 is very close to

) (50)

for all v € T. For this goal we make the decomposition X7 = X] + X3 of 37
with

Y
D) = Y haup, . ho(ug, s ug,) [ Zeg (Do) T Zegi(Aa)
keA; leAs

) (k1;£3 E (ZGJk (Apk)ZG,jl’ (qu))

_ I . . .7 .7
Iy = Injm—2)y| (hyljos s - - - 2oy Jwr e Jwg, gy

and
] =3"-%7,

where the sets Ay, A3 and B were defined in formulas (37), (38) and (39).

It is not difficult to check that both ] and ¥J are real valued random
variables. We want to show that X7 is close to the random variable I, introduced
in (50) while 3] is a small error term. To understand the behaviour of 3] observe
that

E(Z,ji(Dp, )ZGJ[ (Aq) = E(Za,;,(Ap, )ZG,jl’ (=Ag) =0
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if A,, = A, (and as a consequence if A, N (—Ay) =0), and

E(Zijk (Apk)ZG,j{ (Am) = E(ZG>jk (Apk)ZGJ{ (*Am) = Gjmj{ (Apk)

if A, = —A,. In the case (k,l) € B one of these possibilities happens.
These relations make possible to rewrite X7 in a simpler form. It can be
rewritten in the form of a Wiener-It6 integral of order n + m — 2|y| with in-

tegration with respect to the random measure [[ Zg j, (dzy) [ Zg j;(dai).
k€A, leA;
Then we can rewrite this integral, by reindexing its variables in a right way to

an integral very similar to the Wiener-It6 integral (45]) (with the same parame-
ter 7). The difference between these two expressions is that the kernel function
hfy of the Wiener—It6 integral expressing Y] is slightly different from the kernel

function h. appearing in the other integral. The main difference between these
two kernel functions is that there is a small set in the domain of integration
where hfy disappears, while Ev may not disappear. But the two Wiener-It6 in-
tegrals are very close to each other. An adaptation of the argument in the proof
of Theorem 5.3 in [11] shows that

E(X] - 1,)? < Ce

with an appropriate constant C' > 0.
We also want to show that ] is a negligibly small error term. To get a good
upper bound on E(X])? we write it in the form

~
ZQ hl(upu"'7upn)h2(qu"'>uqm)
hl(uﬁlv'-wuﬁn)hQ(u(h?;"au@m) ~
S (prs @i Py ars Kok € {1,...,n}, L1e{l,...,m})

with

Y3 (prs > P> ap, Kok € {1,...,n}, LI {1,...,m})

:E< H Za,j, (Apk) H ZG,j{(qu) H ZGJ;; (Apz;) H ZG,j{(Aqi)

k€A, leAz k€A, leA,
H 2a. i Apk)ZG»]l - K H ZG,Jk Pk ZG,JZ(A )

L(k,1)eB (k,l)eB ]

I Zes(20)Ze(Ag) —E T] Zes(Bp)Zasi(Ag) )
L(k.l)eB (k,l)eB

where we sum up in Yo for such sequences of indices py, qi, pi, 1, k. k €
{L..ony, LEe {1, ...,m}, pe,pg, @i, qr € {£1,...,£N} which satisfy the fol-
lowing properties. For all indices k, [, k and I, pp = q; or pr, = —q; if (k,l) € B,
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and similarly p; = q; or p;, = —¢; if (k,I) € B. Otherwise all numbers +p;, and
+q; are different, and similarly otherwise all £pg and +g; are different.
We get a good estimate on E(X3)? by giving a good bound on all terms

S (prs @5 Py ap, ko k€ {1,...,n}, LI €{l,...,m}) (51)

in the formula expressing it. This can be done by adapting the corresponding
argument in Theorem 5.3 of [11]. This argument shows that for most sets of
parameters pg, gk, P, g7 the term in (51) equals zero. More explicitly, it is equal
to zero if A # —A with

A={pp: ke A}U{q: 1€ Ay}, and A= {py: ke A}U{qg: [ € Ay},

and it also equals zero if F U (—F) and F U (—F) are disjoint, where

F= U pway amd F= {J {ppah

(k,l)eB (k,)eB

These statements can be proved by adapting the corresponding argument in
Theorem 5.3 of [11]. More precisely, in the proof of the first statement we still
need the following additional observation. If (X,Y,Z) is a three-dimensional
Gaussian vector with EX = EY = EZ = 0, then EXYZ = 0. (In the proof
of Theorem 5.3 in [11] we needed this statement only in a special case when it
trivially holds.)

To prove this statement let us apply the following orthogonalization for the
random variables X, Y and Z. Write Y = aX +n, Z = 1 X + Bon + (, where
X,n, ¢ are orthogonal, (jointly) Gaussian random variables with expectation
zero. Then they are also independent, hence EXYZ = EX(aX + n)(51 X +
Ban + () = 0.

In the remaining cases the expression in can be estimated (again by
adapting the argument of Theorem 5.3 in [11]) in the following way.

E’Sy(pk7ql7pk7qi7 k7]5 e {1""’n}’ Z7Z6 {1""7m})
/
< CEH N(Apk)M(Alq)M(Apg)H(qu)

with some constant C' (not depending on ¢) and the measure p dominating the
complex measures G with the properties we demanded at the start of the
proof. The sign ’ in the product H/ means that first we take the sets A, , Ay,
A,,, Ay, for all parameters k,k € {1,...,n} and [, € {1,...,m}, then if a set
A appears twice in the sequence of these sets we omit one of them. Then if both
the sets A and —A appear for some set A, then we omit one of them from this
sequence. Then we take in [[ the product of the terms u(A) with the sets A
in the remaining sequence.

It can be proved with the help of the estimates on the terms in (51) (see

again Theorem 5.3 in [11]) that

E(X])? < Ce.
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It is not difficult to prove part B of Theorem 6.1 with the help of the estimates
on E(X] — 1,)? < Ce and E(X})? < Ce if hy and hy are simple functions.
One only has to make an appropriate limiting procedure with ¢ — 0. Then we
can complete the proof of Theorem 6.1 similarly to the proof of Theorem 5.3
in [11] by means of an appropriate approximation of Wiener—It6 integrals with
Wiener—It6 integrals of simple functions. In this approximation we have to apply
Lemma 5.1 and the properties of the Wiener—It6 integrals, in particular the
already proved Part A of Theorem 6.1.

7. Wick polynomials and their relation to Wiener—It6 integrals

In the case of scalar valued stationary Gaussian random fields (i.e. if d = 1)
there is a so-called Ité formula (see Theorem 4.3 in [11]) which shows an im-
portant relation between Wiener—Ito integrals and Hermite polynomials. Here 1
shall present its multivariate version, where Wick polynomials take the role of
the Hermite polynomials. Wick polynomials are the natural multi-dimensional
generalizations of Hermite polynomials. I shall also discuss an important con-
sequence of the multivariate version of the It6 formula. It enables us to present
the shift transforms of a random variable given in the form of a sum of multiple
Wiener—It6 integrals in such a way that helps us in the study of limit theorems
for non-linear functionals of a vector valued stationary Gaussian field.

First I recall the definition of Wick polynomials and some results about their
most important properties. Here I follow the discussion in Section 2 of [11].

Let X¢, t € T, be a set of jointly Gaussian random variables indexed by a
parameter set 7', and such that EX; = 0 for all ¢ € T. We define the following
real Hilbert spaces H; and H. A square integrable (real valued) random variable
is in H if and only if it is measurable with respect to the o-algebra B = B(X;, t €
T), and the scalar product in H is defined as (¢,7) = E{n, &, n € H. The Hilbert
space H1 C H is the subspace of H generated by the finite linear combinations
> cj Xy, t; € T, with real coefficients. We consider only such sets of Gaussian
random variables X; for which H; is separable. Otherwise X;, t € T, can be
arbitrary, but the most interesting case for us is when T'= Z" x {1,...,d}, and
the original Gaussian random variables we are working with are the coordinates
X,(p),j€A{1,...,d},p € Z¥ of a vector-valued Gaussian stationary field X (p) =
(Xl(p)v ce 7Xd(p))a pe zv.

To define the Wick polynomials and to get their most important properties
we need the following result formulated in Theorem 2.1 of [11].

Theorem TA. Let Y1,Ys,... be an orthonormal basis in the Hilbert space H1
defined above with the help of a set of Gaussian random variables Xy, t € T.
Then the set of all possible finite products H; (Y1,)--- H;, (Y1) is a complete
orthogonal system in the Hilbert space H defined above. (Here, and in the sub-
sequent discussion H;(-) denotes the j-th Hermite polynomial with leading coef-
ficient 1.)

Let H<p, C H, n =1,2,..., (with the previously introduced Hilbert space
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‘H) denote the linear subspace of the Hilbert space H 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
ti,...,tm € T are arbitrary. Let Ho = H<o consist of the constant functions, and
let Hp, =H<n ©H<pn—1,n=1,2,..., where © denotes orthogonal completion.
It is clear that the Hilbert space H; given in this definition agrees with the
previously defined Hilbert space Hi. If &,...,&, € H1, and P,(z1,...,2,) is a
polynomial of degree n, then P,(&1,...,&m) € H<y,. Then Theorem 7A implies
that

H=Ho+H1+Ha+---, (52)

where + denotes direct sum. Now I present the definition of Wick polynomials.

Definition of Wick polynomials. Let P(x1, ..., %) be a homogeneous poly-
nomial of degree n, and let a set of Gaussian random variables &1, ...,&, € Hi
be given. The Wick polynomial : P(&1,...,&m): determined by them is defined
as the orthogonal projection of the random wvariable P(&1,...,&y,) to the above
defined subspace H,, of the Hilbert space H.

In the sequel we shall use the notation : P(&1,...,&,,): for the Wick polyno-
mial corresponding to a homogeneous polynomial P(z1,. .., z,,) with arguments
&1,.-,&m, & € Hy for all 1 < j < m. It may happen that a random variable ¢
can be expressed in two different forms as a homogeneous polynomial of some
random variables from Hi, i.e. ( = Pi(&1,...,&m), and ¢ = Py(&1,...,&m), and
P, # P,. But in such a case : P(&1,...,&m): =:P(&,...,&m): , i.e. the value
of a Wick polynomial does not depend on its representation.

It is clear that Wick polynomials of different degree are orthogonal. Given
some &1,...,&n € Hi define the subspaces H<pn(&1,...,&m) C Hep, 1 =
1,2,..., as the set of all polynomials of the random variables &1,...,&,, with
degree less than or equal to n. Let H<o(&1,--.,&m) = Hol&1, - .., &m) = Ho, and
Hn &1y sbm) = Han(&y oo &m) © Hen—1(&1, - -, &n). With the help of this
notation I formulate the following result given in Proposition 2.2 of [11].

Theorem 7B. Let P(x1,...,z,) be a homogeneous polynomial of degree n.
Then : P(&1,...,&m): equals the orthogonal projection of P(&1,...,&m) to
Hn(fla e 7§m)

This result has the following important consequences formulated in Corollar-
ies 2.3 and 2.4 in [11].

Corollary 7C. Let &1, ...,&n be an orthonormal system in Hy, and let

_E . Cd1 ]
P(:L‘h...,l'm) - Cjryejm® Ty

be a homogeneous polynomial, i.e. let j1+- - -+ jm = n with some fired number n
for all sets (ji1,...,Jm) appearing in this summation. Then

P& Gm) =D g H (60 Hy, (6m)-
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In particular,
16" = Ho() if €€ Ha, and BE =1,

Corollary 7D. Let &1,&5, ... be an orthonormal basis in Hy. Then the random
variables H; (&1)---Hj, (&), k =1,2,..., j1 + -+ + jr = n, form a complete
orthogonal basis in H.,.

In the proof of the It6 formula for scalar valued stationary random fields we
needed, besides the diagram formula, the following important recursive formula
for Hermite polynomials which is contained e.g. in Lemma 5.2 of [11].

H,(z) =xH,—1(x) — (n —1)H,_o(x) for n=1,2,..., (53)

with the notation H_q(z) =0 in the case n = 1.
In the next result I formulate a multivariate version of this formula for Wick
polynomials.

Proposition 7.1. Let Uy, ..., Uy+1, n > 1, be elements in Hi. Then
5U1 "'Unl Un+1 (54)

:IUl "'UnUn+1I +ZZU1 "'U571U5+1"'UnUn+12 EUSUn+1.

s=1

In the special case n =1 this formula is meant as Uy Uy =: U Uy: + EULUs.

Proof of Proposition 7.1. Formula (54) clearly holds if all random variables Uj,
1 <j<n+1agree, and EU? = 1, since in this case the left-hand side of (54)
equals Uy H, (Uy), while its right-hand side equals H,,1(U1) + nH,_1(Uy) by
Corollary 7C, and these two expressions are equal by formula (53). A somewhat
more complicated, but similar argument shows that this formula also holds if the
sequence Uy, ..., U, consists of some independent random variables V...,V
with standard normal distribution, the random variable V,, is contained in the
sequence Uy,. .., U, with multiplicity {,, 1 < p < k, and finally U, is either
one of these random variables V,,, 1 < p < k, or it is a random variable Vi1
with standard normal distribution which is independent of all of them.

Indeed, if U,41 = V, with some 1 < p < k, then the left-hand side of (54)
equals

Hy, (V1) -+ Hi, (Vi) Vp,

while the right-hand side equals

Hy, (Vi) Hi, (Vp—1)Hip1 (Vo) Hiy oy (V1) -+ Hiy (Vi)
+lp Hy, (V1) -+~ Hy,, (Vp—1)Hi, 1 (V) Hi,p oy (Vp1) -+ Hip (Vi)
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by Corollary 7C. A comparison of these expressions together with relation (53)
imply that identity (54) holds in this case. If U,,11 = Vi1, then the left-hand
side of (54) equals

Hy, (Vi) Hyy (Vi) Vit

and the right-hand side also equals Hy, (V1) - - - H, (Vi) Viq1. Hence formula (54)
holds in this case, too.

In the general case we can choose some independent Gaussian random vari-
ables 71, ..., Z,, in Hy with variance 1 in such a way that our random variables
Ui, ..., Unt1 can be expressed as their linear combination, i.e. U, = > )", ¢,17;
with some coefficients ¢; ,,. We have already seen that formula (54) is valid in
the special case when all random variables U, equal one of the random variables
Zj, ie. if U, = Zjp) with some 1 < j(p) < m for all 1 < p < n+ 1. Since the
expressions of both sides of (54) are multi-linear functionals on the n-fold direct
product Hy X - - X Hq, this implies that formula (54) also holds for the random
variables Us, ..., U,+1. Proposition 7.1 is proved.

We can prove the following multivariate version of I1t6’s formula with the help
of Proposition 7.1 and the diagram formula for multiple Wiener—It6 integrals
for vector-valued Gaussian stationary fields.

Theorem 7.2. Multivariate version of Ité’s formula. Let us have some
vector valued Gaussian stationary random field with a vector valued random
spectral measure Zg = (Zg,- .., Za.q4)- Let us consider some functions func-
tions @, € Kl’jp, 1<p<n, 1<, <d, and define with their help the random
variables Uy = [ @p(x)Za,;,(dx) € Hi, 1 < p < n. The identity

Uy Uy = / o1 (@1)p2(x2) - pn(En) Z gy (A1) Zes o (dia) -+~ Doy, (diry)

(55)
holds.

Proof of Theorem 7.2. Relation (55) clearly holds for n = 1. We prove by in-
duction that it holds for n 4 1 if it holds for £ < n. In the proof we apply the
Corollary of Theorem 6.1 with the choice

hi(z1,...,2,) = <P1($1)"'<Pn($n)
hg(l‘) = (,Dn+1($),

and the random spectral measure Zg i+ is chosen as Zg v = Zg ; where
. »J1 ) K sJ1 . sIn+1
Za,j,., is the random spectral measure appearing in the definition of Uy,41. We
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can write with this choice

/ 1(21) -~ on(n) Za gy () -+~ Za () / i1 (1) 25, ()

:/901(551)""Pn(xn)sé’nﬂ(iﬂnﬂ)za,jl(d$1)"'ZG,jnH(dﬂJnH)

+Y  EUUnp /<P1($1) “ Pp-1(Tp—1)Pp+1(2p) - Pn(Tn-1)

p=1
Zaj(do1) - Za,j, (drp-1)Za,j,,, (dxy) - Zg 5, (dTp-1),

since formula (49) gives this identity with the above choice of hy and hy. To see
this observe that

@1(21) - Pp—1(@p—1)@pr1(p) - - Pn(Tn_1)
/‘P (@n)Pn(nt1)Gpoj s (din)
331)

*Pp— 1(35;0 1)90p+1(1‘p) : @n(afn—l)EUpUn+1

h.yp(xl,...,mn_l) =

= ¢

for 1 < p < n, since by formula and the relation U, 11 = U, 41

/@p(x)¢n+1($)Gjp;jn+l(dx) = EUPUTL-H?

and
Py, (1, Zng1) = @1(x1) - O (T0) Ong1(Tng1)-

This formula together with our induction hypothesis imply that

/ o1(21) - o (En)mss (Ens1) 2oy (A1) - Zea g (dins)

=:UyUp: Upgr = U1+ Up1Upyr - Ut EUUn 1.
p=1

In the case n = 1 this formula means that
/¢1($1)<P2(5€2)Zc,j1(dx1)ZG,j2(dx2) =UUy — EULUs.

By comparing this formula with (54) we get that the statement of Theorem 7.2
holds also for n + 1. Theorem 7.2 is proved.

In Theorem 7.2 we rewrote some Wick polynomials of special form as multiple
Wiener—It6 integrals. This enables us to express a sum of such Wick polynomials
as the sum of Wiener-Ito integrals. This implies that all Wick polynomials of
random variables from some H; ;, 1 < j < d, can be written in the form of
a sum of Wiener—It6 integrals. In the next simple corollary of Theorem 7.2 1
describe this result in a more explicit form.
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To formulate this result let us introduce the following notation. Let us fix
some numbers n > 1 (the order of the homogeneous polynomial we are consid-
ering), m > 1 and some functions p;(z) € K1, 1 <j <d, 1 <k <m, and
define the random variables

Eon = /soj,k<:c>zc,j(dx>7 l<j<d 1<k<m.

Then &, € Hi,j. (We defined the real Hilbert space #; ; in the formulation
of Lemma 3.2. Lemma 3.2 stated that the elements of H; ; can be given in the
form of the above integral.)

In the next corollary we consider homogeneous polynomials of these random
variables ¢, 1, and express the Wick polynomials corresponding to them in the
form of a sum of multiple Wiener—It6 integrals.

Corollary of Theorem 7.2. Let us consider a homogeneous polynomial
P(zj, 5, 1<js<d, 1 <ks<m foralll<s<n)

= Z ajl;kl7---jnvknmjlvklxj2yk2 e xjnakn
1<js<d for all 1<s<n
1<ks<m for all 1<s<n

of order n of the variables x;, ., with indices 1 < j, < d and 1 < kg < m for all
1 < s < n and real coefficients aj, k,.....5, kn
If we replace the variables x;, k—s by the random variables

Ejake = /sﬁjs,ks(x)ZG,js(dw)

in this polynomial (we assumed that ¢; i € Ki;), then we get the following
homogeneous polynomial of some jointly Gaussian random variables.

P&, ks 1<js<d, 1 <ks<m foralll <s<n)
= Z g1k oo kon S k1 € ks~ S e

1<js<d for all 1<s<n
1<ks<m for all 1<s<n

With the help of this expression we can define the Wick polynomial
Pk, 1<Js <d, 1<ks<m foralll<s<n):.

This Wick polynomial can be expressed as a sum of Wiener—Ité integrals in the
following way.

Let us consider for all sequences of indices {(js,ks),: 1 < s < n} with
1<js<d, 1 <ks;<d for all1 < s <n the function

Fivkroonken (X155 T0) = 05y ke (1) - 04y e (T0) € Ky
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and the Wiener—Ito integral

f]hkh Jnok |]17 ~~a,7n)
/ Fivtroinon @1 20) Za gy (d2n) - Z, (diy).

The identity

P&, ks 1<js<d, 1 <ks<m foralll <s<n):

= > Ay koo ko I (Fiy er i o

1<js<d for all 1<s<n
1<ks<m for all 1<s<n

jla"'7jn)

holds.

Remark. Theorem 4.7 of [11] contains a version of this result for scalar valued
fields.

Proof of the Corollary of Theorem 7.2. By Theorem 7.2 we have

Ay s oo o S kr € ke Skt = Gk ke In (Fiy b e 15+ 5 )
for all sequences of indices (js, ks), 1 < s < n. By summing up these inequalities
for all sequences of indices we get the proof of the corollary.

With the help of the above corollary we prove the following result.

Proposition 7.3. For alln > 1 and functions f € Ky, j,,... 5, with some indices
1<js<d, 1 <s<mn, L,(flj1,---,Jn) € Hn for the n-fold Wiener—Ito integral
I.,(f|41,- -, Jn). Besides, the set of all sums of n-fold Wiener—Ité integrals i.e.
the set of all sums of the form

Z In(fjl,...,jnula~"7jn)a

1<js<d for all 1<s<n

where fj,..j
Hy,.

€ Knji.....jn constitute an everywhere dense linear subspace of

n

Proof of Proposition 7.3. We shall prove Proposition 7.3 by induction with re-
spect to n. By Lemma 3.2 Proposition 7.3 holds for n = 1. Indeed, by this result
every random variable of the form £ = Z?Zl &; with some §; € H;; can be
written as the sum of one-fold Wiener—Ito integrals, and the random variables
of this form constitute an everywhere dense linear subspace of ;.

If the statements of Proposition 7.3 hold for all m < n, then we can say
for one part that L,(f|ji,...,Jn) € H<n, because this relation holds if f is a
simple function, i.e. if f € ]&n,jl,---,jn, and since ’én,jl,..v,jn is dense in KCpy 5, ... jn
and we defined the Wiener—It6 integral by the extension of a bounded opera-
tor in the general case, the above property remains valid for general functions
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f € Knji,...j.- Moreover, we know that IL,(f|j1,...,jm) is orthogonal to any
Wiener-1t6 integral of the form I, (h|ji,...,Jj,,) with m < n because of rela-
tion (22). Then I,,(f|j1,--.,jn) is also orthogonal to any linear combination of
such integrals. But these linear combinations constitute an everywhere dense set
in H,, by our inductive hypothesis. Hence I,(f|j1,-- -, jn) is orthogonal to the
whole space H,, for all 0 < m < n — 1, and this implies that it is contained in
the Hilbert subspace H,,. It follows from the corollary of Theorem 7.2 that the
sums of Wiener—It6 integrals considered in Proposition 7.3 are dense in H,,, and
they constitute a linear subspace. Indeed, this corollary implies that all Wick
polynomials of order n can be expressed as a sum of such integrals, and the
Wick polynomials of order n are dense in H,,. Proposition 7.3 is proved.

Remark. In Proposition 7.3 we expressed a dense subset of H,, as a sum of n-fold
Wiener—It6 integrals, but we did not express all elements of H,, in such a form.
But even this weaker result suffices for our purposes.

In the case of scalar valued stationary random fields the situation is different.
In that case we can express all elements of H,, as an n-fold Wiener—Ito inte-
gral, and actually we can say somewhat more. There is a so-called Fock space
representation of all elements h € H, which represents the elements h € H
in the form of a sum of multiple Wiener—It6 integrals of different multiplicity.
Moreover, this result has some useful consequences about the properties of this
representation.

We cannot prove a similar result in the vector valued case. The main problem
is that while in the case of scalar valued models if have a sequence of random
variables hy € H,, N =0,1,2,..., such that hy — hg with some hg € H,, in
the norm of H,, as N — oo, then these random variables can be expressed as
the n-fold Wiener—It6 integrals of some functions ky € IC,, for which ky — ko
in the norm of IC,,, in the case of vector valued models we do not have a similar
result.

Next we consider a stationary Gaussian field X (p) = (X1(p),...,Xa(p)),
p € Z¥, whose elements can be written in the form X;(p) = [ €'®®) Z; ;(dx)
by means of the random spectral measure Zg = (Zg.1, - .., Zg,q) of this random
field for all p € Z¥ and 1 < j < d. Let us consider a random variable Y € H,
which can be represented as the n-fold Wiener—It6 integral of some function
h e ’Cn,j17...,j”7 i.e.

Y:/h(ml,...,xn)ZG,jl(dxl)...ZGJ"(d:L“n). (56)

I shall express the shift transforms 7,,Y, u € Z¥, of Y given in formula (56) in
a form which can be considered as a Fourier type random integral.

To do this first I recall the definition of shift transforms T, v € Z", in a
stationary random field X (p) = (X1(p),...,X4(p)), p € Z".

Given some element X;(m), m € Z", 1 < j < d, of the random field, and
u € Z¥, we define the shift transform of X;(m) by T, as T, X;(m) = X (u+m).
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More generally, given any measurable function h(X;(m),m € Z¥,1 < j < d), we
define the shift transform of the random variable Y = h(X;(m), m € Z¥, 1 <
J <d), by the formula T,,Y = h(X;(m+u), m € Z¥, 1 < j < d). This transfor-
mation was discussed in the scalar valued case in [11]. It can be seen, (similarly
to the argument in that work) that the definition of this transformation is mean-
ingful, (i.e. the value of T,,Y does not depend on the choice of the function h
for which Y = h(X;(m), m € Z", 1 < j < d)), and we have defined in such a
way unitary (linear) transformations T, u € Z”, on ‘H for which T, T, = T4

In Lemma 3.2 I have shown that each random variable U; € H; ; can be
written in the form U; = [ h(z)Zq, j(dx) with some function h(z) € Ky ;. On
the other hand, I claim that for all © € Z*

TuUjZ/ei(u’x)h(m)ZG}j(dw) if U; :/h(x)zg,j(da:) (57)

with some h € Ky ;. Indeed, relation clearly holds if h(x) = €' with
some p € Z", since in this case U; = X,(p) and T,,U; = X,;(p + u). But this
implies that relation (57) holds for all finite trigonometrical polynomials of the
form h(z) = 3 ce’P?) | and for the closure of these functions with respect to
the Ly norm determined by the measure Gj ;, i.e. for all h € Ky ;.

In Proposition 7.4 I present a similar formula about the shift transform of a
random variable Y given by formula (56). This result is useful in the study of
limit theorems related to non-linear functionals of a stationary Gaussian field.

Proposition 7.4 about the representation of shift transformations. Let

a vector valued stationary Gaussian random field X (p) = (X1(p), ..., Xa(p)),
p € ZY, be given with a vector valued random spectral measure

Z¢=(Zgn,.--,Zc.a) such that X;(p) = /ei(p’m)ZGJ(dx)
forallp e Z¥ and 1 < j < d. Let Y € H, be the random variable defined in

formula (56) with the help of this vector valued random spectral measure Z¢g and
some function h € Ky, 4, ... ;.- Then

TuY:/eiw’m"'m)h(xl,...,xn)ZGm(dxl)...Zg,jn(dxn) (58)

for allu e .

Proof of Proposition 7.4. Formula (58) holds in the special case if n = 1, and
h(z) € K1,j, since in this case Y = [ h(z)Zg,;(dz), and

Y = / ¢ () Zer 5 di)
by formula )

I claim that formula also holds in the case when the random variable
Y is given by formula (56]) with a kernel function of the form h(z1,...,2,) =



Péter Major/Vector valued Gaussian random fields 75

01(x1) - - - pn(xy) defined with the help of some functions ¢, (z) € Ky ;,,1 < s <
n. Indeed, in this case Y =:U; - U,: with Us = [ ¢s(2)Z¢,;.(dz), 1 <s<mn,
because of Theorem 7.2. On the other hand, I claim that

T:Up- Uy =:(T,UL) - (TLU,):

To see this let us observe that by Theorem 7B :U; --- U, : is the orthogonal
projection of the product U;---U, to the Hilbert subspace H, (U,...,U,).
Similarly, : (T,,Uy) - - - (T, U,) : is the orthogonal projection of (T,Uy) - - - (T Up)
to the Hilbert subspace H.,(T,Ux,...,T,U,). Since the vectors (Uy,...,Up,)
and (T,U,...,TyU,) have the same distribution, and the Wick polynomial
corresponding to their product can be calculated in the same way this implies
that if :Uy---U,: = g(Ut,...,U,) with some function g, then

H(TLUL) -+ (TuUn): = g(TuUs, ..., TuUy)

with the same function g. (In the present case g(x1,...,x,) is a polynomial of
order n.) On the other hand,

TuiUl"'UnZ = ug(UlaaUn) :g(TuUl,,TuUn)

in this case. The above argument implies the desired identity.
Thus we can state that if Y is defined by formula with a function

hz1, ... xn) = @1(x1) - on(zy)
with the above properties, then
T.Y = (T ,Up) - (T.U,):
= /ei("’x1+"'+x”)h(3§1, o) Za g (dzy) ... Zaj, (dzy)
because of Theorem 7.2 and the relation T,,Us = [ €' (2)Z¢ ;. (dz) for all
indices 1 < s < n.

From the result in the previous case follows that relation (58) also holds if YV’
is defined by (56) with a function h(x1,...,x,) of the form of a finite sum

Wy, @) = Y o1k(@1)@a k(@) - o)
k

with s, € K15, 1 <s<n.
Since functions of the above form are dense in Iy, ;... j., T\ is a unitary
operator, and both (linear) transformations

h(x1,...,zn) = ei(“’$1+"'+mﬂ')h(a:1, cey )

and h — I,(h|j1,...,Jn) are of bounded norm, it is not difficult to see that
Proposition 7.4 holds in the general case. Proposition 7.4 is proved.



Péter Major/Vector valued Gaussian random fields 76

8. On the proof of limit theorems for non-linear functionals of
vector valued Gaussian stationary random fields

Let X(p) = (X1(p),...,Xa(p)), p € Z¥, be a d-dimensional vector valued
Gaussian stationary field, and let a function H(xy,...,z4), H: R? — R,
of d variables be given. Let us define with their help the random variables
Y(p) = H(X1(p),...,Xa(p)) for all p € Z”, and introduce for all N = 1,2,...

the normalized random sum

Sv =45 YY) (59)

pEBN

with an appropriate norming constant Ay > 0, where
By={p=(p1,.---»pv): 0<pr <N foralll<k<v}. (60)

Let us also fix the vector valued random spectral measure (Zg 1, ..., 2ZG.qd)
on the torus [—,7)" for which X;(p) = [P Zg ;(dr), 1 < j<d,peZ”.
We are interested in the question what kind of limit theorems may hold for
the normalized sums Sy defined in (59) as N — oo with appropriate norming
constants Ay . Here we are interested in the case when the correlation functions
rii(p) = EX;(0)X;(p), 1 < 4,5 < d, tend to zero slowly as |p| — oo. This
means strong dependence of the random variables in the stationary random
fields. In such cases we can get limit theorems with a non-Gaussian limit.

We have studied the above problem in [6] for scalar valued stationary random
fields, i.e. in the case d = 1, and we have proved some new kind of limit theorems.
Let me remark that at the same time M. Taqqu also proved similar results with
the help of a different method, see [16]. I do not discuss Taqqu’s work, because
here I am interested in the question how to generalize the method in [6] to
prove limit theorems also for non-linear functionals of vector valued Gaussian
stationary random fields.

In Theorem 6 of [1] M. A. Arcones formulated a limit theorem about non-
linear functionals of vector valued Gaussian stationary fields, and he referred
in his proof to paper [6], which is explained in [11] in more detail. However, as
I explained in the introduction, I do consider Arcones’ proof satisfactory, and
I want to give a correct proof. The goal of this paper is to work out the tools
needed to apply the method of [6] in the multivariate case.

The previous part of this paper was about the discussion of the notions
and results we need to adopt the method of [11] when we are working with
multivariate models. In this section I explain how to generalize the method
of [11] to prove limit theorems when we are working with functionals of vector
valued Gaussian stationary fields. I shall give the proof of the results formulated
by Arcones in paper [13]. Here I work out the tools we need in the proof of
these results. They are a rather direct adaptation of some results in [11] to the
multivariate case.
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In the first step of this discussion I rewrite the limit problem we are interested
in in a different form. Let us observe that we have X;(p) = T, X;(0) with the
shift transformation 7T}, for all p € Z¥ and 1 < j < d, hence Y (p) = T,,Y(0), and
we can rewrite the sum in (59) in the form

Sy = Ay Y T,Y(0). (61)

pEBN

As it will turn out the crucial point in the investigation of our limit theorems is
the study of limit theorems in the special case when Y (0) is a Wick polynomial,
and here we restrict our attention to this case.

Let Y (0) be a Wick polynomial of order n which has the form

Y(O) = Z Ay ,..., kXm (O)kl to Xd(o)kd
(k1yeerka)
ki+-+ka=n
with some real coefﬁcients Ay .., . Then by the corollary of Theorem 7.2 and
the identities X,;((0) = [Ii(z ZGj dx), 1 < j < d, where I;(-) denotes the
indicator functlon of the torus [—m, )Y, the random variable Y(0) can be written
in the form

d ki+-+kj

Y)= > akl,,__,kd/ﬂl(xl)...ﬁl(;cn)]'[ 11 Za.(dxy) |,

(k1,...ka) J=1 \t=ky+-+hk;_1+1
ki+-+ka=n

kyteotk;
where for j = 1 we define 11 Zg,i(dxy) = Zg(dzy), and if
t:k)1+'--+k}j71+1 t=1
ki tk;
kj = 0 for some 1 < j < d, then the product I Zg,(dxs) is omitted
t=ki+-+kj_1+1

o
o

from this expression.
By Proposition 7.4 we can write

d ki+-+k;

TY0)= > k. / elpmtten) TT 11 Za.;(day)
(kl, ka) §=1 \t=k1+-+kj_1+1
+tkg=n
(62)
for all indices p € Z".
We get by summing up formula (62) for all p € By with our choice of Y(0)
that

v ZN(I(I)+ +x(l)) -1

Sy = A ag H
N 1ee0sk (L)Jr +I(L))

(kh ka)
k14 +/€d n

-1

kit tkj

d
11 11 Zgj(dzy) |,

J=1 \t=ki+--+k;_1+1
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where we write z = (z(,...,2®) for all € [—m, 7). (The set By was
defined in (60).) We can rewrite the above integral with the change of variables
yi = Nz, 1 <1 <mn, in the following form.

d [
— N
Sy = 2 : /hk17--~7kd(y1""ayn)]:[ H Zg(N),j(dyt) )
(k1,....ka) G=1 \t=ky+-+kj_1+1
kit tka=n

(63)
where

v )

Y =
Civeha 1072 Yn) = Ok E N(ei@+-+uD)/N _q)

is a function on [-N7, Nm)”, and Zgw) ;(A) = N"/”A;/”ZGJ(%) is defined
for all measurable sets A C [-N7, N7)” and j = 1,...,d. Here we use the nota-
tion ys = (ygl), e ,yg'/)), 1 < s < n. Let us observe that (Zgw) 1,--., Zgw) q)
is a vector valued random spectral measure on the torus [—Nm, N7w)” corre-
sponding to the matrix valued spectral measure G(V) = (G(N,))7 1<y, <d,

J»J
on the torus [~ N, N7)¥), defined by the formula
v/n - n A o .
GS',]}]')(A) = N>/ AR Gj,j’(ﬁ)a 1<j,5 <d,

for all measurable sets A C [-Nm, Nm)¥, where G = (G, /), 1 < 4,7/ < d,
is the matrix valued spectral measure of the original vector valued stationary
random field X (p) = (X1(p), ..., Xa(p)), p € Z”. On the other hand, hthu_’kd €

Kongrooin (G 1 GN) ) with o= s i by + - 4 kg <p < kg + - + K,
1< s<d. (For s =1 we define k; +--- 4+ ks—1 =0.)

Let us observe that

lim h{c\g,...,kd(yl’ RN TS hgl,...,kd(yla ceesYn)

N—oo
with the function

voeily ety

hY ey =ay,. ..
k1,....kq (yl yn) k1,...,kaq 11 i(yy) T yg))
defined on R™, and this convergence is uniform in all bounded subsets of R™".
It is natural to expect that if the matrix valued spectral measures G(V) =
(G;f}f,)), 1 < 4,7/ < d, converge to a matrix valued spectral measure (GS-?J?,),
1 < 4,7 <d, defined on R” in an appropriate sense, then a limiting procedure
in formula supplies the limit theorem

SN — So
ki+-+kj
= Z /hloél ..... kq (yla s 7yn) H H ZG(O),]'( dyt) s
(K1, ka) =1 \t=ki+-+kj_1+1
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in distribution as N — oo, where (Z0) 1, .., Zgw 4) is a vector valued random

spectral measure on R” corresponding to the matrix valued spectral measure
(0) <y

(Gj), 1<5,5 <d

Next I explain how to work out a precise method to prove limit theorems
on the basis of the above heuristic argument. In the scalar valued case this was
done in Lemma 8.3 of [11], and here I prove the vector valued variant of this
result.

In the formulation of Lemma 8.3 of [11] we had to introduce a generalization
of the notion of weak convergence of measures when we work with locally finite
measures, i.e. with measures whose restriction to any compact set is finite. Here I
introduce a slight generalization of this notion, called vague convergence in [11],
to the case when we are working with complex measures of locally finite total
variation. (The definition of complex measures on R with locally finite total
variation was explained in Section 4.)

Definition of vague convergence of complex measures on R” with lo-
cally finite total variation. Let Gy, N =1,2,..., be a sequence of complex
measures on R with locally finite total variation. We say that the sequence
G N vaguely converges to a complex measure Gy on RY with locally finite total
variation (in notation Gn > Go) if

lim / J(2) G (da) = / £(z) Go( dz) (64)

N—o00

for all continuous functions f on R” with a bounded support.

I shall take a sequence of sums of n-fold Wiener—It6 integrals, and then I
formulate Proposition 8.1 which states that under some appropriate conditions
these random integrals have a limit, and this limit is also expressed explicitly in
Proposition 8.1. Besides the representation of non-linear functionals of vector
valued Gaussian stationary fields by means of Wiener—Ito integrals this is our
main tool to prove the limit theorems with non-Gaussian limit for non-linear
functionals of vector valued Gaussian stationary fields.

For all N = 1,2,... take a sequence of matrix valued non-atomic spectral
measures (G;ﬁ,)), 1< 4,5 <d, on the torus [~Aym, Axym)” with parameter Ay
such that Ay — oo as N — oco. Let us also take some functions

hY @, an) € Ky, = Kongreoin (G G

J1se J1.J1° Jnsdn

on the torus [~Aym, Aym)” for all 1 < ji, <d,1 <k <n,and N =1,2,....
For all N =1,2,... fix a vector valued random spectral measure

N
(ZG(N),D ceey Zé(]?f)_’d)
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on the torus [—An7, Ax7)Y corresponding to the matrix valued spectral mea-

sure (G;{}I,)), 1 < 4,7 < d. Let us define with the help of these quantities the
sums of n-fold Wiener—It6 integrals

N = Z /h;\lf“--vjn(zl""’x")ZG(N),Jd(dxl)"'ZG(N),jn(dxn)a
(j17"'1j7l)
1<jr <d for all 1<k<n
(65)
N =1,2,.... In the next result I show that under appropriate conditions these

random variables Zy converge in distribution to a random variable Z; expressed
in the form of a sum of multiple Wiener—Ito integrals.

Proposition 8.1. Let us consider the sums of n-fold Wiener—Ito integrals Zn
defined in formula (65) with the help of certain vector valued random spectral

measures (Zgw) 1, -+, Zg) q) corresponding to some non-atomic matriz val-
ued spectral measures (ngj,)), 1 < 4,7 <d, defined on tori [—An,AN)" such

that Ay — oo as N — oo, and functions

WY (@ wn) € Ky g (G G,

J1se J1,91° ? " Jnsdn

Let the coordinates G;Z,), 1 < 4,7 <d, of the matriz valued spectral measures
(Gg-f}/,)), 1< 34,5 <d, converge vaguely to the coordinates Gg.?j), of a mon-atomic

matriz valued spectral measure (Gg?},), 1<4,7<d, onR” forall1<j,j <d

as N — oo, and let (Zgw 1,---, 2w q) be a vector valued random spectral

measure on R corresponding to the matriz valued spectral measure (Gg-?j?,), 1<
j,5" < d. Let us also have some functions hjol,_..an foralll < jp < d, 1<
k < n, such that these functions and matriz valued spectral measures satisfy the
following conditions.

(a) The functions b9, (
d, 1 <k <mn, and for all T > 0 and indices 1 < j, < d, 1 < k <
n, the functions hﬁ _____ n (x1,...,2n) converge uniformly to the function
B i (x1,...,xn) on the cube [=T,T]™ as N — oc.

(b) For all e > 0 there is some Ty = Ty(g) > 0 such that

Z1,...,&n) are continuous on R™ for all 1 < j <

N N
/RM\[T - BY (@ z)PGSNY) (day) . G (day) < €2

(66)
foralll1 <jp,<d,1<k<n,and N=1,2... if T > 1Ty.
Then inequality (66) holds also for N =0,
0 0
hglv--w]’n € IC’rL,jl,...,jn = ]Cnvjlv--wjn (G§1?j1’ U G.g’!L{j7l)7 (67)
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the sum of random integrals

Zo = > /hghm’jn(g;l,...,xn)zg<o)7j1(dm1)...ZGm),jn(dxn)

(jlv---vjn)
1<j<d, for all 1<k<n

(68)
exists, and the random variables Zy defined in (65) satisfy the relation Z z Zy

as N — oo, where LB denotes convergence in distribution.

Remark 1. A complex measure G;f;’,) with finite total variation defined on the
torus [—Anm, Aym)? can be identified in a natural way with a complex mea-~
sure on R” which is concentrated on its subset [—Anw, Aym)”. We take this

identification of Gg»f}[,)

formula with Gy = G;g’) and Gy = Gg?}, in the definition of the vague
N)
v

with a complex measure on R” when we give meaning to

convergence of the complex measures G§ to Gg-?]?, as N — oo.

Remark 2. Proposition 8.1 together with the previous consideration suggest
when we can expect the appearance of a non-central limit theorems for non-
linear functionals of vector valued stationary Gaussian random fields and how
to prove such a result.

To prove such limit theorems first we present the non-linear functionals we
are working with in the form of a finite sum of multiple Wiener-It6 integrals
and then we rewrite them with an appropriate rescaling. We try to find such
a rescaling where the random spectral measures which appear in the random
integrals correspond to such spectral measures which have a (vague) limit, and
also the kernel functions in these integrals have a nice limit satisfying condi-
tion (a) of Proposition 8.1. We can prove a non-central limit theorem if the
functions and measures appearing in the definition of this multiple Wiener—It6
integrals satisfy a compactness type condition formulated in condition (b) of
Proposition 8.1. This condition plays a very important role in this result. If it
does not hold, then a different situation arises. In such cases we can get a central
limit theorem with standard normalization, see e.g. Theorem 4 in [1], [3] or the
discussion of this problem in a more general setting in the book [14]. It may be
worth mentioning also the paper [9], where Ho, H. C. and Sun, T. C. proved
an interesting result about the limit distribution of a linear functional of a sta-
tionary Gaussian process into R?, where the first coordinate of the limit was
Gaussian and the second coordinate was non-Gaussian. It may be interesting to
find the natural multivariate generalization of this result.

I shall adapt the proof of Lemma 6.6 in [12] to the multivariate case. This is a
simplified version of the proof of Lemma 8.3 in [11]. The latter result is actually
a slightly more general scalar valued version of Proposition 8.1. We could have
proved also the generalization of Lemma 8.3 in [11]| to the multivariate case.
But the formulation of Proposition 8.1 in the present form is sufficient for our
purposes.
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Proof of Proposition 8.1. First I show that relation holds also for N = 0.

To see this let us first show that the measures ,u( ) g N=12,..., defined as

N ny
W / WY () PG (d). . GV, (diy), AcC R™,
converge vaguely to the locally finite measure ug?) ;,, defined as
0 0 0 nv
i) = [, ) PG (do) o G (o), A R™,
if N = oo.

Indeed, it follows from the vague convergence of the measures G(N to G(O

as N — oo and the continuity of the function h( ) _j, that this relation holds if

we replace the kernel function \hN PG xn)\Q by [hY (@1, @)]?

in the definition of the measures ug _jn- Then condition (a) of Proposition 8.1

implies that this relation also holds with the original definition of the measures

i

Next I state that the measure u( ) is finite, and the measures u(]\f)__’ i
converge to it not only vaguely but aiso weakly Indeed, condition (b) implies
that the sequence of measures uﬁv ;,, 18 compact with respect to the topology
defining the weak convergence of finite measures, hence any subsequence of it
has a convergent sub-subsequence. But the limit of these sub-subsequences can

be only its limit with respect to the vague convergence, i.e. it is u( ) ..jn- This

implies that u( ) ;,, 1s a finite measure, and the sequence of measures uﬁv) i
converges also Weakly to it.

Finally the properties of the functions hjv and their convergence to

17~--1jn7
h?1,~~~,jn formulated in condition (a) imply that also the symmetry property
(=, —my) =AY (21,...,2,) holds, hence relation (67

valid, and the random integral Z deﬁned in is meaningful.

Then I reduce the proof of the relation Zx z Z to the proof of the following
statement.
Under the conditions of Proposition 8.1

Z / J1s-e3dn xla"-;xn)xT(xl,...7l’n) (69)

(.717 1Jn)
1<j, <d, for all 1<k<d

ZG(N)’jl(dZL'l) N ZG(N),jn(dxn)
D
= Z /hgl’ @)X (T, )

(J1,-+e20n)
1<, <d, for all 1<k<d

Zgo 4, (dr1) .. Zgo j, (dzn),

as N — oo, where xr(z1,...,z,) is the indicator function of the cube [T, T|™".
We state formula (69) for all such 7' > 0 for which the boundary of the cube
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[T, T]™ has zero measure with respect to the measure pg x - -+ X po, where
—_——

n times
to is the dominating measure of the complex measures G\ ]),, 1< 4,9 <d,
with locally finite total variation which appears in the deﬁmtlon of semidefinite
matrix valued even measures introduced in Section 4 if this definition is applied

for the matrix valued spectral measure (G;OJ),).
To prove this reduction let us observe that by formulas (23) and (66)

E|:/[1XT(I17-"3 )}hﬁ, ,jn(xlw"axn)
2
ZG(N)J] ( d.%'l) .o ZG(N)Jn(dan)

<n! Y (a2 PG (d G (dzy) < nle
—”/M oy P s PG (). G () < e

for all sequences (ji,...,7n), 1 < jr < d, 1 <k <n,and N =0,1,2,... if
T > Ty(e). Hence

E{ 3 /[1—XT(xl,...,xn)]h;{wjn(xl,...,xn)

(F15e-5dn)
1<j, <d for all 1<k<n

2
Zaw g, (dey) .. Zgw 4, (day)| < d'nle? (70)

forall N =0,1,... if T > Ty(e).

Since Gy},) N G§O]) for all 1 < j < d as N — oo, hence for all T > 0 there
is some number C(T') such that G%)([—T, T)) <C(T) for all N =1,2,... and
1 < j < d. Because of this estimate and the uniform convergence hﬁ B

7.7’77/
RY . on any cube [T, T]™ we have
J1se-dn

F [/[hﬁ]n (T1,...,2pn) — h?l ,,,,, in (1, zn)]xr (X1, oy Zn)
2
ZG(N)J-1 ( d$1) . ZG(N),jn<d$n)

<ol [ ) <A ()P
[ TT]nu
)
¢ (dry)... G (dwy,) < €2

for all T > 0 and (j1,..-,7n), 1 < jpr < d, 1 <k < n, if N > N; with some
N; = Ni(T,¢). Hence

E{ 3 / @z =S (. z)] (TD)

1<j1,...,dn<d

xr(z1,... ,xn)ZGW),jl(dfl) e Zc(N),jn(den) < d"e?
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for all T > 0 if N > N; with some N; = Ny(T,¢).
Let us define the quantities

UN = UN(T) = Z / hﬁ7.._,jn(1‘1,...,an)XT(xh...,Z‘n)

1<j1,0dn<d
ZG(N)J‘l ( d.’El) “e ZG(N)Jn(dmn)v

and

VN =VN(T) = Z hgl,,,,,j”(wh-~-’l’n)XT<$1,---axn)

1§j17---1jn§d

ZG(N),jl(dxl) ‘e ZG(N),j,L(dIn)’

N = 1,2,.... We introduce the definition of Vy = Vx(T) also for N = 0,
where we replace the spectral measures Zgv ;, N > 1,1 < j <d, by Zgw) j,

1 < j <d, in the definition. We can reduce the proof of the relation Zy 3 Zy
to formula in the following way. By formula we can state that

‘E(eitZN _ eitUN)| < E|(1- eit(Zn,—UN))| < B|(t(Zn — Uy)|
< t(E(Zx — Un)HY2 <|t|(d™n!)*/ 2.

for all t € R! with the random variable Zy defined in (65) if T > T, and
N > No(e). Similarly, |E(e"*VN —eVn)| < |t|(E(Ux —Viv)?)Y/? < |t|d™/%¢ for all
t € R and N > Ny by inequality (71). Finally, Ee!''y — Eeit?o for all t € R!
with Zy defined in (68) if relation (69) holds. These relations together imply
that |Ee?N — Feit?o| < C(t)e if N > Ny(t,e) with some numbers C(t) and

No(t, ). Since this inequality holds for all € > 0, it implies that Zy =2 Z. (In
formula (69) we imposed a condition on the parameter T > 0. We demanded that
the boundary of [T, 7]™ must have measure zero with respect to the product
measure of ug. It causes no problem that we can apply the above argument only
for parameters T' with this property.)

We shall prove (69) with the help of some statements formulated below. To
formulate them let us first fix a number 7" > 0 such that the boundary of the
cube [-T,T]™ has zero measure with respect to the measure pg X -+ X fig.

—_——

n times
Observe that
N N
S (@ @)X (@1, 2n) € Ky (G GO

forall T > 0 and N = 0,1,2,.... I claim that for all € > 0 and (j1,...,7n),
1 <jr <d,1<k<n, there is a simple function

i €Knjr (GO GO

J1sedn Ji,J17? Jnsdn

such that it is adapted to such a regular system D = {Ay, k = +1,...,+M}
whose elements have boundaries with zero uo measure, i.e. ug(9Ax) = 0 for all
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1<kl <M, A, C[-T,T)" for all 1 < |k| < M, (we choose a regular system
D in such a way that all functions f7 . with a fixed parameter ¢ > 0 are
adapted to it), and the functions f7 . satisfy the following inequalities.

/ |h?1,..‘,jn (xl, e 7xn)XT('T17 e 75677,) - f;l’.“’jn (:’El, e ,.”L'n)|2
GO (dry)...G\, (day) < &2 (72)

Ji,J1 InsJ

for all 1 < jx <d, 1 <k < n, and also the inequalities

/|h21 ,,,,, @ m X (@) — [ (@1 1)

M) (dxy)...G¢

J15J1

M (dan) < € (73)

hold for all 1 < j, <d, 1 <k <n, and N > Ny with some Ny = Ny(e,T).
I also claim that >

as N — oo, where

YN = YN(E T)

I
M
—
§"

cdn .’,Cl, N 7$n)ZG(N),j1(dl'1) . ZG(N)Jn(d:L‘n)

.....

for N =0,1,2,.

Let me remark that the condition that all simple functions f5  , (with a
fixed parameter € > 0) are adapted to the same regular system D causes no
problem. By an appropriate refinement of those regular systems to which they
are adapted we get such a regular system. Moreover, this refinement can be done
in such a way that the sets A in the new regular system preserve the property
that their boundaries have zero py measure.

Relation (69) can be proved with the help of relations (72), and (74)

similarly to the reduction of the relation Zy B Z, to formula (69). Indeed, one
gets from inequalities (72), (23) and the definition of the quantities Vy and Yy,
by applying an argument similar to the proof of relation (70) that

E(Vy — Yy)? < nlnte?

and also
E(Vy — YN)2 < niple?
if N > Ny(e,T) by (73) and (23).
Then we can show with the help of these relations similarly to the reduc-

tion of the relation Zy 3 Zy to formula (69) that |EeitVx — EelYV| <
|EeYN — EeitYo| < ¢ and |Ee®0 — Eef®™Vo| < ¢ if N > Ny(e,t,T) with some
threshold index Ny(e,,T"). Here in the first and third inequality we apply the
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last two inequalities which were consequences of (72) and (73), while the second
inequality follows from (74). Since these relations hold for all € > 0 they imply

that Fe®™~ — Ee'"0 for all t € R! as N — oo, i.e. Vy z Vo as N — oo, and
this is formula (69) written with a different notation.

It remains to prove (72), (73) and (74). Relation (72) is a direct consequence
of Lemma 5.2. Then formula (73) follows from some classical results about vague
(and weak) convergence of measures. Since we are working in the proof of (73)
in a cube [T, T|™ it is enough to know the results about weak convergence to
carry out our arguments.

Let us observe that since the restrictions of the measures Gg{;’) to [T, T)”
tend weakly to the restriction of the measure Ggoj) to the cube [-T,T]" a
N — o0, we can also say that the restrictions of the product measures Gg 1)1 X

- X G;i\’;n to the cube [—T,T]™ converge weakly to the restriction of the

product measure Gg»??jl RS G; ., on the cube [-T,T]™, as N — co. On

the other hand, the function

HQ i (xyy e xn)

= \h‘;l’ @)X (@, ) = f5 (e ) |2
is almost everywhere continuous with respect to the measure GO x...xGW.

g < Jnsdn®
By the general theory about convergence of measures these properties 1mply that

/Hg,,__jn(xl,...,g; )G (dr1)... G (day)

—>/H (@1 2)CO (dar)... O (day)

Jise-dn J1,J1 InsIn

as N — oo. (Such a convergence is proved for probability measures e.g. in [2].
A careful analysis shows that this result remains valid for sequences of finite
but not necessarily probability measures. Let me remark that here we are work-
ing with (real, non-negative) measures.) The last relation together with (72)
imply (73).

To prove relatlon (74) first we show that G(N)(A ) — G( (Ag) as N — oo
forall 1 < j,j < d and Ay € D with the regular system D we are working with.
(Let me recall that the boundary of all sets A, € D has zero po measure.)

This relation immediately follows if j = j/ from the facts that G(N) -G joj) ,

G;?j (0A) =0 for all 1 < |k| < M, and Gg-’j) is a locally finite measure for all
N =0,1,2,....If j # j', then we have to apply a more refined argument, since
in this case we only know that G;Jj,) is a complex measure with locally finite
total variation. In this case we will exploit that the matrix valued measures
(G(N)) 1 < 4,7 < d, are positive semidefinite. This implies that the Radon—
Nikodym derivatives g( ./ of the complex measures Gj 7 with respect to the
dominating measure py have the following property. For all N =0,1,2,... and
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1 < j,j <d such that j # j’ the 2 x 2 matrices

(N) (N)
.. xz),
oM (@lj, ) = ( RN A )

9505 (€) ngj i (x)

are positive semidefinite for py almost all x € R”. Let us deﬁne for all non-
negative functions v(z), x € R” the vector S(z|v) = (\/v(x), /v(x)). By ex-
ploiting that the matrices g(¥)(z|j, j/) are positive semldeﬁnlte we get that

Jo@)[GS (dx) + GN) (de) + GV (dw) + G, (da)]
= [ S(z|v)g™ (x5, )5 (x[v)* un (dz) > 0

for all functions v such that v(z) > 0, z € R”. Hence H( ,) = [G] j G(N) +
G(N) + G( ] is a locally finite measure on R”. Moreover HJ( p? )Y HJ((;)/ as N —
oo. This 1mphes that H(N)(Ak) — H(O) (Ag), therefore G N)(Ak)—i—G( )( Ay) —
G(O) (Ag) + G(O) (Ag) as N — oo for all A, € D.

We get sumlarly by working with the vectors R(z|v) = \/7 F
instead of the vectors S(z|v) = (1/v(z), \/7 for all functions v(z) > 0, x €
R”, that K(N) [G; ; —HG]];]) sz]\j])—l—G], ] is a alocally finite measure for all
N=012...,and K7 % K9 as N — co. Thus K\ (A) — K% (A),
therefore G;?(Ak) G( )(A ) — G( )(Ak) Gg,?j(Ak) as N — oo for all
Ay € D. These relations imply that ij}],)(Ak) — G;?},(Ak) for all A, € D.

Let us define for all N = 0,1,2,... and our regular system D = {Ag, 1 <
|k| < M} the Gaussian random vector

ZN( ) (RGZG(N) ](Ak) ImZG(N) (Ak) ‘k| S ]\47 1 S j S d)

I claim that the elements of the covariance matrices of the random vectors
Zn(D) can be expressed by means of the numbers G] ;i (Ak) 1<kl < M and
1 < j,7' <d, and the covariance matrices of Zy (D) converge to the covariance
matrix of Zy(D) as N — .

To prove these relations observe that

Zaw j(Ak) + Zaw ;(Ak)
2 )

Zaw j(Ak) = Zaw j(Ag)
21 ’

Re ZG(N) (Ak)

Im ZG(N) J (Ak) =

and Zgw) j(Ar) = Zgw j(—Ak) = Zgo j(A_k). In the last identity we ex-
ploited also the properties of the regular systems D. Also the properties of the
regular systems imply that if Ay, A; € D, then we have either Ay NA; = Ay
or A NA; = (. The first identity holds if I = k and the second one if
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[ # k. Hence we have either EZgw) ;(Ar)Zgmv (A1) = G;f}[,)(Ak) if k=1
or EZgw j(Ak)Zamv j(Ar) = 0 if k # [. These relations imply that we can
express all covariances

ERe ZG(N) J (Ak)Re ZG(N) g’ (Al), ERe ZG(N)J (Ak)lm ZG(N) g’ (Al)
and ETm Zgo j(Ar)Im Zgov i (A)

with the help of the quantities GEIX,) (Ap), 1<34,7 <d, 1 <|k|] <M. The con-
vergence of the numbers G;f}[,) (Ag) to Gg?j),(Ak) also implies that the covariance
matrices of Zn (D) converge to the covariance matrix of Zy(D) as N — oo.
The convergence of the covariance matrices of the Gaussian random vec-
tors Zn (D) with expectation zero also implies that the distributions of Zy (D)
converge weakly to the distribution of Zy(D) as N — oo. But then the same
can be told about any continuous functions of the coordinates of the random
vectors Zn (D). Because of the definition of the Wiener-It6 integrals of sim-
ple functions the random variables Yy in formula (74) are polynomials, hence
continuous functions of the coordinates of the random vectors Zx (D). Besides,
these polynomials do not depend on the parameter N. Hence the previous results

imply that formula (74) holds. Proposition 8.1 is proved.

To simplify the application of Proposition 8.1 we also prove the following
lemma.

Lemma 8.2. Let us have a sequence of matrix valued spectral measures (Gg{}f,)),
N =1,2,..., 1< 4,5 <d, on the torus [-Anm, AN7T|" such that Ay — oo,
and G;f}],) S G;?j), with some complex measure (G;-?J?,)) with locally finite total
variation for all 1 < j,j' < d as N — co. Then GO = (G;?},), 1<4,5' <d, is
a positive semidefinite matriz valued even measure on R”.

Remark. Lemma 8.2 can be considered as the multidimensional version of the
statement that the limit of locally finite measures on R” with respect to the
vague convergence is a locally finite measure.

Proof of Lemma 8.2 We have to show that (GSOJ),)7 1 < 4,5 <d, is a pos-
itive semidefinite matrix valued measure. To do this take a vector v(z) =
(v1(x),...,v4(x)) whose coordinates vi(z), 1 < k < d, are continuous func-
tions with compact support. We have

d d d d
. N 0
Jim S5 [ @6 =305 [ @6 ) >0
j=1j/=1 j=1j/=1
(75)
The identity in (75) holds, since Gg{;’,) S Gg?}, for all 1 < 4,5 < d. The inequal-

ity at the end of (75) also holds, because (G;Zf,)), 1 < 4,4 <d, is a positive
semidefinite matrix valued measure for all N = 1,2,..., and this implies that



Péter Major/Vector valued Gaussian random fields 89

the left-hand side of (75) is non-negative for all N = 1,2,.... Thus we got
that if g( ) ,(x) is the Radon—Nikodym derivative of G\ j), Wlth respect to some
domlnatlng measure fi in the point z € R¥ for all 1 < 7,7 < d, we take the
d x d matrix ¢(© (z) = (gfj),( )), 1 < j,5" <d, and the coordinates of the vector
v(z) = (v1(x),...,v4(x)) are continuous functions with compact support, then

/ 0(2)g® (@)v* (@) ol dr) > 0.

In the proof of Theorem 2.2 we have shown that this relation implies that (Gg-?]?,),
1< 4,4 <d, is a positive semidefinite matrix valued measure.

We still have to show that the complex measure G;?j), with locally finite
variation is even for all 1 < 4,5’ < d. To do this fix a pair 7,7 of indices,
1< 34,5 <d, and define for all N =0,1,2,... the complex measure (G’)(-N) by
the relation (G’)( (A4) = G(N (—A) for all bounded, measurable sets A C R”.
It is not difficult to see that not only G(N) — G(O) but also (G')(N) (@9,

as N — oo. The evenness of the measures Gg‘,j') for N = 1,2,... means that
G(N, = (G') ) for all N = 1,2,. . By taking the limit N — oo we get that
G(O), = (G’ )(0) This means that G( ) is an even complex measure with locally

3,
ﬁnlte variation. Lemma 8.2 is proved

Proposition 8.1 is a useful tool to prove non-central limit theorems for non-
linear functionals of vector valued Gaussian stationary random fields. In the
application of this result we have to check some properties of the matrix valued
spectral measure of a Gaussian stationary random field with some nice proper-
ties. In [6] we met a similar problem about scalar valued Gaussian stationary
random fields. In that paper we have proved that if the correlation function of a
scalar valued Gaussian stationary random field has some nice properties, then its
spectral measure satisfies the properties needed in the proof of our non-central
limit theorem. In the generalization of this result to vector valued stationary
random fields we must get a good control on the behaviour of a matrix valued
spectral measure of a vector valued stationary random field if its correlation
function has some nice properties. Such a result is proved in paper [13], where
we prove the multivariate version of the result in paper [6].
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