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Abstract

Here I prove non-central limit theorems for non-linear functionals of vector
valued stationary random fields under appropriate conditions. They are the
multivariate versions of the results in paper [7]. Previously A. M. Arcones
formulated such a result in Theorem 6 of his paper [1]. But there are serious
problems with his result. I explain these problems in the main text. In this
paper I present the right formulation of the multivariate version of the non-
central limit theorem in paper [7] together with its correct proof. To do this
first the theory of the Gaussian stationary random fields described in the
work [10] had to be generalized to the case of vector valued random fields.
This was done in my work published in two subsequent papers [11] and [12].
Here 1 prove the multivariate version of the result about non-central limit
theorems in paper [7] with their help.
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1. On the motivation for this research.

In this paper the following problem is considered.

Let us have a d-dimensional vector-valued Gaussian stationary random
field X (p) = (X1(p), ..., Xa(p)), p € Z¥, where Z" denotes the lattice points
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with integer coordinates in the v-dimensional Euclidean space R” and a func-
tion H(z1,...,x4) of d variables with arguments z, € R”, 1 < s < d. We
define with their help the random variables Y (p) = H(X:(p), ..., Xa(p)) for
all p € Z¥. Let us introduce for all N =1,2,... the normalized sum

Sy = Aﬁl Z Y(P)

pEBN

with an appropriate norming constant Ay > 0, where
By={p=00W,....p"ez’: 0<pW < Nforall1<j<wv} (1.1)

(In this paper I shall denote the coordinates of a v-dimensional vector by
superscript, because the subscript will be used for the indices of the elements
in a set of v-dimensional vectors.) In this paper a non-Gaussian limit theorem
is proved for these normalized sums Sy with an appropriate norming constant
Ay if this vector-valued Gaussian stationary random field X (p), p € Z”, and
the function H(xy,...,x4) satisfy certain conditions. Paper [7] contains such
limit theorems for non-linear functionals of scalar-valued stationary Gaus-
sian random fields, and here their natural multivariate generalizations are
presented.

A. M. Arcones formulated such a result in Theorem 6 of paper [1], but I
found his discussion unsatisfactory. Here I briefly explain the main problems
related to his proof.

The main result of Arcones about non-central limit theorems for non-
linear functionals of vector-valued stationary random sequences is contained
in Theorem 6 of [1] and in its extension formulated in Remark 7. Arcones
presented the limit in this theorem as the distribution of a random variable
defined in formula (3.9) of this paper. My main problems are related to this
formula. It contains Wiener—Ito integrals whose definitions are missing. Such
integrals were defined previously with respect to the random spectral measure
of of a scalar-valued stationary random field. So to formulate this result the
Wiener—Ito6 integrals with respect to a vector-valued random spectral measure
must be defined. Moreover, first the definition of the vector-valued spectral
measures must be introduced.

There are also some other problems with the formulation of this result.
One of them is that the Wiener—Ito integrals in formula (3.9) are taken in
the cube [—m,7]", and not on the whole space R”. This is a more serious
error, than it may seem at first sight. In a good proof of Theorem 6 it must



be clarified why the condition 1 < r < é had to be imposed in it. The
reason for this condition is that the random variable defining the limit distri-
bution in formula (3.9) must be meaningful. They are meaningful only if the
Wiener—Ito integrals appearing in it exist, and this implies the condition that
the square of the absolute value of the kernel functions in these Wiener—Ito
integrals must be integrable. But the convergence or divergence of these inte-
grals depends on the behavior of these kernel-functions in the neighbourhood
of infinity. Thus the restriction of the integral to [—m,7]” in formula (3.9)
throws out the necessity of condition 1 < r < é from Theorem 6.

In short, in my opinion the proof of the multivariate generalization of the
result in [7] must be started from the very beginning. First the basic results
about the behavior of vector-valued stationary random fields must be worked
out. This is missing from Arcones’ paper.

Let me remark that although Arcones’ proof of the non-central limit the-
orem for non-linear functionals of vector-valued Gaussian random fields was
problematic, the proof of its counterpart about the central limit theorem for
such linear functionals under appropriate conditions was correct. Moreover,
in the study of this result he proved an important estimate in Lemma 1 of
his paper which was applied also in this work.

This paper consists of five sections and two appendices. In Section 2 the
basic notions and results of papers [11] and [12] are recalled. Section 3 con-
tains the main results of this paper. In Section 4 the preparatory lemmas
needed in the proof of the basic theorems are presented. Section 5 contains
the proof of these results. In Appendix A the background of the limit the-
orems of this paper is discussed. In Appendix B I prove that not only the
finite dimensional distributions of the stochastic processes considered in The-
orem 3.4 converge, but their distribution also weakly converge to their limit
in the Skorochod space on [0, 1]".

Remark: Tt was professor Herold Dehling who asked me to clarify the proof
of Theorem 6 in Arcones’ paper [1]. The goal of this work together with the
preliminary papers [11] and [12] was to answer Dehling’s question. It turned
out that to settle this problem first the theory of vector-valued stationary
Gaussian random fields has to be worked out. This theory is similar to the
theory of scalar-valued Gaussian random fields, but there are also some essen-
tial differences between them. Hence the theory of vector-valued stationary
Gaussian random fields cannot be considered as a simple generalization of
the theory in the scalar-valued case. I am grateful to professor Dehling for



calling my attention to this problem.

2. On some properties of vector-valued Gaussian stationary ran-
dom fields.

In this section I present the most important results of [11] and [12] needed
in this paper. At this point I do not give their detailed formulation. I shall
present them in a more detailed form when they appear in our investigation.

We are working with a d-dimensional vector-valued Gaussian stationary
random field X (p) = (Xi(p), ..., Xa(p)), p € Z", where Z" denotes the lattice
points with integer coordinates in the v-dimensional Euclidean space R” with
expectation £X;(0) = 0 for all 1 < j < d. The distribution of such random
fields is determined by their covariance function r; ;(p) = EX;(0)X;(p) =
EX;(m)Xy(m+p), 1 <j,j <d mpelZ.

In a result of [11] it was shown that this covariance function r;; (p),
1 < 4,4 < d, can be presented in the following way. For all 1 < j, 7/ < d there
is a complex measure G on the torus [—m,7)” with finite total variation
such that r; +(p) = [ PG, ;i(dx) for all p € Z¥, and G = (G} j1)1<jjr<d 18
an even, positive semidefinite matrix valued measure on the torus [—m, 7)".
G is called the spectral measure of the random field X (p), p € Z". (A
d-dimensional matrix valued measure G = (G, /)1<jj'<d, is called even if
G (—A) =G (A) forall 1 <j,j" < d and measurable sets A.) For a more
detailed discussion see Section 2 in [11].

In Section 3 of [11] I also defined a d-dimensional vector-valued random
spectral measure Zg = (Zg1,...,%c.q) corresponding to a d-dimensional
matrix valued spectral measure GG together with a random integral with re-
spect to it in such a way that the random integrals X;(p) = [ €'®® Z5 ;(dx),
peZ’, 1< 5 <d, define a d-dimensional Gaussian stationary random field
with matrix valued spectral measure G. Besides, I gave the basic properties
of a random spectral measure Zg corresponding to a spectral measure G.
These properties determine the distribution of the random spectral measure
as a function of the spectral measure to which it corresponds.

Once these results are proved it is not difficult to generalize them to
the case of vector-valued Gaussian stationary random fields defined on the
lattice %Z” with some K > 0. We define the covariance function r; j(p) =
EX;(0)X;(p) = EX;(m)Xy(p+m), 1 < 4,5 <d, p,m € +Z" also in
this case. There exists a spectral measure G = (Gjj)1<j<a, defined on
the torus [— K'm, K7)” which is a d-dimensional matrix valued even measure,
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and satisfies the identity r;;(p) = [€'®9G;;(dx) for all p € +Z” and
1 < j,7" < d. There is also a vector-valued random spectral measure Zg =
(Za i, .-, Zaa) corresponding to this spectral measure G such that X;(p) =
[P0 Zg;(dx), 1 < j <d,p € £Z", is avector-valued Gausssian stationary
random field on %Z” with expectation zero and spectral measure G.

It is useful also to consider vector-valued Gaussian stationary random
fields defined in the space R”. It turned out that it is even more useful to
work with vector-valued generalized Gaussian stationary random fields.

X(p) = (X1(9), ..., Xa(p)) with parameter set p € S

(instead of Z” or R”), where S denotes the class of real valued functions in
the v-dimensional Schwartz space. The definitions applied in the theory of
generalized random fields were explained in Section 4 of [11] together with
the notions needed to understand them.

In [11] generalized vector-valued Gaussian stationary random fields were
also constructed, and their properties were explained. Results similar to those
of Sections 2 and 3 in [10] about ordinary vector-valued Gaussian stationary
random fields were proved for them. Generalized vector-valued stationary
Gaussian random fields were constructed with the help of their spectral mea-
sure which were also defined.

The spectral measure of a generalized vector-valued stationary random
field X (¢) = (X1(p),..., Xa(¥)), ¢ € S, has properties similar to that of an
ordinary vector-valued stationary random field, but there are some important
differences between them. It is a d x d even, positive definite matrix valued
function G = (Gj,j’)lﬁj,j’ﬁd with G(A) = (Gj,j’(A)>1§j,j’§d7 A C RV, defined
on the bounded, measurable subsets of the v-dimensional Euclidean space
R” whose restriction to the measurable subsets of any finite cube [—K, K]¥
is a matrix valued measure with coordinates that are complex measures with
finite total variation. On the other hand, sup |G, ;(A)|, where supremum is

A

taken for all bounded, measurable sets A need not be finite. Only the weaker
condition

/(1 + |x]) "G, ;(dx) < oo for all 1 < j < d with some number r > 0,

(2.1)
is imposed. This property is called moderate increase at infinity. (It is
enough to impose this condition only for the diagonal terms G; ;. Actually,
they imply together with the positive definiteness property of the spectral



matrix G sufficiently good estimates for the non-diagonal terms G; j, j # j',
too. See e.g. formula (3.2) in [11].)

The definition and construction of spectral measures of vector-valued gen-
eralized Gaussian stationary random fields was done in the following way.

Let us consider an even, positive definite matrix valued function G =
(Gjj')1<jj'<a where for all 1 < j 7/ < d such a set function G, ;/(A) is
defined on the bounded and measurable sets A C R” which has moderate
increase at infinity, and its restriction to a finite cube [— K, K" is a complex
measure with finite total variation. If there exists a generalized vector-valued
Gaussian stationary random field X (¢) = (X1(p),..., Xa(p)), ¢ € S, with
the additional property EX;(¢) =0, 1 < j <d, for all ¢ € S such that the
identity

EX;(0) Xy () = /@(ﬂ?)w(ﬂf)Gj,j'(W% 1<j,j/<d, forallp, €S

holds, where ™ denotes Fourier transform, and overline means complex con-
jugate, then this set of matrix valued functions G = (G} j)1<j /<4 is called
the spectral measure of this generalized random field X (¢), ¢ € S.

For any set of matrix valued functions G(A) = (G, )1<jr<a(A) with the
above properties there exists a generalized vector-valued Gaussian stationary
random field X (p), ¢ € S, with expectation zero whose covariance function
EX;(@) Xy (), p, ¢ € S, satisfies the above conditions. This means that a
matrix valued function with the above properties is the spectral measure of a
generalized, vector-valued Gaussian stationary random field. Moreover, the
distribution of this random field is determined by its spectral measure.

Given the spectral measure G = (G )1<j<a Of a generalized random
field, such a vector-valued random spectral measure Zg = (Zga,- .., Z¢.q)
can be constructed for which X;(¢) = [¢(x)Zg, (dx), 1 < j <d, ¢ € S,
is a generalized Gaussian stationary random field with spectral measure G
and EX;(p) =0forall 1 <j <dand p €S. We say that such a random
spectral measure is adapted to the generalized spectral measure G. The basic
properties of the random spectral measures adapted to a generalized spectral
measure also were proved. Their distribution is determined by the spectral
measure to which they are adapted.

The introduction of the random spectral measures corresponding to the
spectral measures of generalized Gaussian stationary random fields turned
out to be useful for us. This class of random spectral measures is much larger
than the class of random spectral measures corresponding to the spectral
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measure of a classical vector-valued Gaussian random field. The limit in the
limit theorems of this paper could be expressed by means of a sum of multiple
Wiener—Ito integrals with respect to such a random spectral measure.

In the subsequent part of the works [11] and [12] my goal was to give
a good representation of those random variables with finite second moment
which are measurable with respect to the o-algebra generated by the random
variables of the underlying vector-valued random field and to present a useful
formula for their shift transforms. Such results turned out to be very useful
in the study of the limit theorems I was interested in. A good representation
can be given with the help of multiple Wiener—It6 integrals with respect to
vector-valued random spectral measures introduced in Section 5 of [11].

To define multiple Wiener-1t6 integrals I considered the matrix valued
spectral measure G = (G} j1)1<;j7<a Of a d-dimensional Gaussian stationary
random field, (ordinary or generalized one), and took a random spectral
measure Zg = (Zga, ..., Zaga) corresponding to it. In Section 5 of [11] I
defined for all n > 1 and sequences of integers ji, ..., 7, with the property
1<js<dforalll <s<naset K,j. . =Knj in(Gjjs---sGj,j,) of
complex number valued functions with arguments in R™. (In the terminology
of this paper K, ;, ;. is a subset of the class of complex valued functions
f(zq,...,x,) of n variables with arguments z;, € RY, 1 < s < n). I defined
the n-fold Wiener-It6 integral

Ln(f’jla c. ,jn) = /f(l’l, c. 7ZEn)ZG’j1(dl’1) Ce ZGJn(dCL’n)

for the functions f € K, ;, . ;.. (The definition of the set of functions
K, ... ;. is recalled in Section 4 of this paper before the formulation of
Proposition 4A.) Then I proved the most important properties of these ran-
dom integrals.

In Section 6 of paper [11] I proved a technical result, called the diagram
formula about the expression of the product of two multiple Wiener—It6 in-
tegrals as a sum of multiple Wiener-It6 integrals.

These results were exploited in paper [12]. Here I recalled the notion of
Wick polynomials which turned out to be a useful tool in our investigations.
Wick polynomials are natural multivariate generalizations of Hermite poly-
nomials. Their definition together with their most important properties was
recalled from [10] in Section 2 of [12]. Section 2 of [12] also contains an impor-
tant formula about the expression of Wick polynomials by means of multiple
Wiener—Ito6 integrals and another important formula about the calculation of
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the shift transforms of a random variable presented in the form of a sum of
multiple Wiener—Ito integrals. This made possible to reformulate our limit
problems to limit problems about sums of multiple Wiener—Ito integrals. A
result in Section 3 of [12] was proved in order to investigate such problems.
It plays an important role in the investigation of this paper, hence I recalled
it in Proposition 4A of this paper.

3. Formulation of the main results.

In this section I present the main results of this paper. I shall compare
both the formulation of the conditions and the proof of the results with those
appearing in the study of the analogous results in the scalar-valued case. But
[ shall refer to [10] instead of [7] in this comparison, because in that work
the proofs are worked out in more detail.

I shall work with such random fields for which EX;(p) =0forall 1 < j <
d and p € Z". Besides this property I shall impose two kinds of conditions
in this paper. The first of them deals with the covariance function r; j (p) =
EX;(0)X;(p), 1 <j,j <d,pe€Z", of the vector-valued Gaussian stationary
random field X (p) = (X1(p), ..., Xa(p)), considered in this paper, the second
one with the function H(z1,...,z4) which appears in the definition of the
random sums whose limit behavior is investigated.

The following condition is imposed about the covariance function

1y (p) = EX;(0) X5 (p).

y rig(0) = a; g (F) Pl L(|pl) . 1)
im sup — = )
T=00y,: pezv,|p|>T Ip|=*L(|p|)

for all 1 < j,5/ < d, where 0 < o < v, L(t), t > 1, is slowly varying at
infinity, bounded in all finite intervals, and a; j(¢) is a real valued continuous
function on the unit sphere S,_1 = {z: = € R”, |z| = 1}, which satisfies the
identity a;j/(x) = a; j(—x) forall z € S,y and 1 < j, 5’ < d.

I construct a vector-valued Gaussian stationary random field which sat-

isfies relation (3.1).

Example for a stationary random field with covariance function satisfying
relation (3.1). 1 shall construct a stationary random field whose covariance
function satisfies (3.1). I will do this by defining the spectral measure of such



a random field. To do this I recall some results about the Fourier transform
of generalized functions from the literature.

In the v-dimensional space R” the Fourier transform of the homogeneous
function |z|* (as the Fourier transform of a generalized function) is C|p|=*~
with some coefficient C'= C(\,v) > 0. (See the list of Fourier transforms at
the end of the book [8].) The value of this coefficient C'(\, v) is known, but
it has no importance for us.

On the other hand, if u(z), x € RY, is a sufficiently smooth function,
concentrated in a compact domain, and u(0) = 1, then the Fourier trans-
form of |z[*u(z) equals [ e/@P |z u(x)de = C(\,v)|p|~*7"(1 + §(p)) with
sup 6(p) = 0 as T'— oo.

Ip|>T
In the following construction the above property of the Fourier transform

of |z|*u(z) will be exploited. Define some functions g; ;(z), 1 < j,j' < d,
x € [—m,m)", in the following way. Take a non-negative, smooth function
u(z) concentrated in the cube [—m, )" such that u(—xz) = u(x), and u(0) = 1.
Put g;;(z) = |z|*u(zx), for 1 < j < d, and g; () = €;5|z|* u(z) for 1 <
J,7" < dif j # j" with a sufficiently small real valued coefficient ¢, ;s such that
g7 = €. (One could choose a complex valued coeflicient ¢; j; too, but this
would demand a more complicated argument.) I claim that (g;;(x))1<j<ds
x € [m,m)”, with the above defined functions g;;(-) is a spectral density
function, and the covariance function r;;/(p), 1 < 4,57/ < d, p € Z¥, of a
stationary random field with this spectral density satisfies relation (3.1) with
Ip|=%, L(p) =1, a;; (%) =C(a—vr,v), and qa; <‘%|> =¢;;C(a—r,v) for
J#FJ

Indeed, relation (3.1) holds with such a choice, because r;;(p) is the
Fourier transform of g;(x). We still have to check that (g;; (%))i<jj<a
is a spectral density matrix. The main point is to show that this matrix
is positive definite. This property holds, since this matrix has the form
|z|* Y u(x)(I 4+ D(e)) with a small matrix D(e), where I denotes the identity
matrix.

Remark: There is a natural generalization of the results of the present pa-
per. One may consider such vector-valued stationary Gaussian random fields,
where the partial sums of different coordinates have a limit with different
normalization. They satisfy limit theorems similar to those of the present
paper, but the different behavior of the different coordinates must be taken
into consideration in the choice of the normalization.



Such more general models were considered in the paper [15] of Sanchez
de Naranjo, who considered models whose covariance matrices satisfy a gen-
eralized version of relation (3.1). Namely, they satisfy the relation

Qs o p
i (p) ~ pl"7 ay. (H) Ly ()

with such an exponent «;; and slowly varying function L;;(-) which may
depend on the indices j and j'. With a good choice of these quantities an
interesting generalization of the results of the present paper can be obtained.
Such results can be proved by means of a natural generalization of the argu-
ments of the present paper, but since this would demand a lot of space and
the introduction of many new quantities I omit their discussion here.

Next I explain the condition imposed on the function H(z1,...,z,4) that
appears in the limit theorems of this paper. In the scalar-valued case such
stationary random fields were considered for which EX? = 1, First the special
choice H(z) = Hy(x) was considered, where Hy(x) denotes the k-th Hermite
polynomial with leading coefficient 1. Then it was shown that our limit
problem with a function H(x) whose expansion by the Hermite polynomials
has the form H(z) = Y 0, ¢;H;(x) with starting index k& in the summation
can be simply reduced to the special case when H(z) = ¢y Hy(x). Similar
results will be proved for vector-valued models. In this case such vector-
valued Gaussian stationary random fields X (p) = (Xi1(p), ..., Xa(p)),p € Z*,
will be considered whose covariance functions satisfy besides condition (3.1)
also the relation

EX(0)=1forall 1 <j<d, and EX;(0)X;(0) =0
ifj#£4, 1<4,5 <d (3.2)

First I show that this new condition does not mean a real restriction of our
problem.

Let X(p) = (X1(p),...,Xa(p)), p € Z", be a vector-valued Gaussian
stationary random field with expectation EX;(p) =0, p € Z%, 1 < j < d,
and take the random variables X;(0), ..., X4(0) in it. An appropriate number
1 < d < d can be chosen, and d' random variables X}(0) = S X(0),
1 < j < d, can be defined with appropriate coefficients ¢;;, 1 < j < d,
1 <1 < d, with the following properties. EX7}(0)X,(0) =d;;, 1 <j,5' <d,
where 9, = 0 if j # j/, and d,;, = 1, and the random variables X;(0),
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1 < j < d, can be expressed as the linear combmatlons of the random
variables X[(0), 1 <[ < d', ie. X;(0) = Zl 14, X[(0) forall 1 < j <d
with appropriate coefficients d;;.

Let us define the vector-valued random field X'(p) = (X{(p),..., X (p))
as Xi(p) = S e Xi(p), 1 < j < d, with the same coefficients ¢;; as in the
definition of X%(0) for all p € Z”. Then it is not difficult to see that X’(p),
p € 77, is a d’-dimensional Gaussian stationary random field whose elements
have expectation zero, and it satisfies relation (3.2) (with parameter d’ in-
stead of d.) Moreover, if the covariance function of the original random field
X (p) satisfied relation (3.1), then the covariance function of this new ran-
dom field also satisfies this condition with appropriate new functions a (|p‘)

Besides, it is not difficult to find such a function H'(z1,...,z4) for Wthh
H'(X{(p),...,Xy(p) = HXi(p),...,Xa(p)) for all p € Z". This means that
with the introduction of this new random field X'(p) = (X{(p)..., X5 (p))
our problem can be reformulated in such a way that our vector-valued sta-
tionary Gaussian random field satisfies both relations (3.1) and (3.2). We
shall work with such a new d’-dimensional random field X’(p) and function

H'(xy,...,z4), only the sign prime will be omitted everywhere.
First that case will be considered when we fix a positive integer k, and
the function H(x1,...,x4) has the form
H(zy,...,xq) = HO(x,...,24) (3.3)
= > ChiyeshaHiy (1) -+ + Hy,y(2a)
(k1 ka), k>0, 1<5<d,
ki1+-+kq=k

with the previously fixed number k, the coefficients ¢y, .., are real numbers,
and Hy,(-) denotes the Hermite polynomial of order k; with leading coeffi-
cient 1. The function H'(xq,...,zs) preserves this property of the function
H(zy,...,x4) when the previously mentioned transformation is applied, only

different coefficients ¢, appear in its expansion.
K1, kg

Remark: Although I shall not apply the observation of this remark, it may
be worth mentioning that if (X,...,Xy) is a d-dimensional random vec-
tor with standard normal distribution then H(Xj,..., X ) with a function
H(zy,...,zq) having the form (3.3) is a Wick polynomial of order k of the
random vector (Xi,...,X4). (See e.g. Corollary 2C in [12] or Corollary 2.3
in [10].) In general, one can say that Hermite polynomials play an important
role in limit theorems for non-linear functionals of scalar-valued Gaussian
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random fields. In the case of non-linear functionals of vector-valued Gaus-
sian random fields, Wick polynomials take their role.

In scalar-valued models, i.e. in the case d = 1 a non-central limit theorem
was proved if H(z) = Hi(x), k > 2, and the covariance function r(n) =
E XX, satisfies condition (3.1) (with d = 1) with 0 < o < 7. This result
was formulated in Theorem 8.2 of [10]. In this result the limit was described
by means of a k-fold Wiener—Ito integral with respect to an appropriate
random spectral measure. This random spectral measure corresponds to the
spectral measure that appeared in Lemma 8.1 of [10] as the limit of a sequence
of appropriately normalized versions of the spectral measure of a stationary
random field X (p), p € Z¥, whose covariance function satisfies condition (3.1)
with d = 1. Here I prove a multivariate version of Theorem 8.2 of [10] with
the help of a multivariate version of Lemma 8.1 in [10] formulated below.

This generalization of Lemma 8.1 in [10] is a limit theorem for a sequence
of appropriately rescaled versions of the coordinates G ; of a spectral mea-
sure G = (G} j)1<jj/<a With some nice properties. In this limit theorem the
vague convergence of complex measures is considered. Before the formulation
of this result I recall the definition of this convergence from Section 3 of [12].
In this definition the notion of complex measures with locally finite total
variation appears. I explain its meaning in a remark after the definition.

Definition 3.1. Let GV, N =1,2,..., be a sequence of complex measures
on R” with locally finite total variation. We say that this sequence GWN)
vaguely converges to a complex measure G on RY with locally finite total
variation if

lim / f(z) GM)(dz) = / f(x) GO (da)

N—o0

for all continuous functions f on RY with a bounded support.

Remark: In the above definition the notion of complex measures with lo-
cally finite total variation appeared. This notion was introduced in Section 4
of [11] together with the notion of vector-valued Gaussian stationary gener-
alized random fields and their matrix valued spectral measures. A complex
measure with locally finite total variation is such a complex valued function
on the bounded measurable subsets of R” whose restriction to the measurable
subsets of a cube [—T,T]" is a complex measure with finite total variation
for all T' > 0.

The above definition of vague convergence slightly differs from the classi-
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cal one presented e.g. in Section 8 of [10] (before Lemma 8.1 of this paper),
where the vague convergence of locally finite (non-negative) measures is con-
sidered. The locally finite measures were defined on all measurable subsets of
R”. Here we deal with complex measures, because we also want to study the
non-diagonal elements G ;/, j # 7, of a matrix valued spectral measure, and
they are complex (i.e. not necessary real valued) measures. A non-negative
locally finite measure always can be extended to a measure on all measurable
subsets of R, while there are locally finite complex measures which do not
have this property. This fact was taken into account in the introduction of
the above definition.

The next Proposition 3.1 contains the multivariate version of Lemma 8.1
in [10].

Proposition 3.1. Let G = (G, ;/)1<jj7<a be the matriz valued spectral mea-
sure of a d-dimensional vector-valued stationary random field whose covari-
ance function r; ;(p) satisfies relation (3.1) with some parameter 0 < a < v
and slowly varying function L(-). Let us define the following rescaled versions
of the coordinates G 1, 1 < j, 7" < d, of this matriz valued spectral measure:

N¢ A
CM(A) = ——G,y (=), AeB, 1<jj<d 3.4
7, ( ) L(N) V) N ) € ’ >1) =a ( )
for all N = 1,2,... where B¥ denotes the o-algebra of the Borel measur-
able sets on R”. Then Gg,) is a complex measure with finite total variation
concentrated in [—Nw, Nm)¥.

For all pairs 1 < j,j" < d the sequence of complex measures Gg}f/) defined

in (3.4) tends vaguely to a complex measure G\, onR” with locally finite total

V)
©)

variation. These complex measures G 5, 1 < J,j" < d, have the homogeneity

property
G(O)

5’

(A) = t’o‘Gg)j), (tA) for all bounded, measurable sets A € B,
1<4,5'<d, andt > 0. (3.5)

The complex measure G;f)j), s determined by the number 0 < a < v and
functions a;;(-), a;;(-), ay;(-) and aj ;(-) defined in formula (3.1) on the
unit sphere S,_1. This implies that for all spectral measures G that satisfy

relation (3.1) with the same parameter a and functions a; i (-), 1 < j,j’ <d

the vague limit of the compler measures G%,) is the same for all 1 < j,j' < d.
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Finally, there exists a vector-valued generalized Gaussian stationary ran-
dom field on RY whose matriz valued spectral measure is G©) = (G;g?/)lng/gd

with the complex measures (Gg»f)])/)lgj’jlgd defined in this Proposition.

Remark: In Proposition 3.1 such a spectral measure (G§f)].),)1§j7j/§d of a
generalized Gaussian stationary random field was defined whose elements
satisfy the homogeneity property formulated in (3.5). Such spectral measures
of generalized random fields play an important role in the construction of the
limit fields in our limit theorems. This fact will be discussed in Appendix A
in more detail.

In the following Theorem 3.2 I formulate the multivariate version of The-
orem 8.2 in [10]. In its formulation the result of Proposition 3.1 is applied

where a matrix valued spectral measure G(©) = (G(-O)

ij)1<ijr<d is constructed
under some conditions which are imposed also in Theorem 3.2. Theorem 3.2
is a limit theorem where the limit is defined by means of a sum of multiple
Wiener—Ito integrals with respect to a vector-valued random spectral mea-
sure that corresponds to the matrix valued spectral measure G(©) constructed
in Proposition 3.1. Let me remark that I formulated this result also in pa-
per [11]. But in that work it was not proved. That work contained only a
heuristic argument which indicated why it is natural to expect such a result.
Its goal was to indicate the usefulness of the theory worked out in [11] and
[12].

Theorem 3.2. Fiz an integer k > 1, and let X(p) = (X1(p),..., Xa(p)),
p € ZY, be a vector-valued Gaussian stationary random field whose covari-
ance matriz v (p) = EX;(0)X;/(p), 1 < 4,5 <d, p € 2, satisfies both re-
lation (3.1) with some number a such that 0 < a < 7 and relation (3.2). Let
H(xy,...,xq) be a function of the form given in (3.3) also with the previously
fixed number k. Define the random variables Y (p) = H(X1(p), ..., Xa(p)) for
all p € ZV together with their normalized partial sums

1
- Nv—Fa/2[(N)k/2 Z Y(p),

pEBN

SN

where the set By was defined in (1.1). These random variables Sy, N =
1,2,..., satisfy the following limit theorem.

Let G = (Gjj)1<jji<a denote the spectral measure of the above consid-
ered vector-valued Gaussian stationary random field X (p), p € Z¥, and let

14



GO = (Gg-?j),)lgj’jfgd be the matriz valued spectral measure constructed with
the help of the spectral measure G in Proposition 3.1, i.e. let G(O) be the
vague limit of the sequence G deﬁned in (3.4) for all 1 < j, 5’ < d. Let
Zow = (Zgo 15+ Zgo) g) be a vector valued random spectral measure which

corresponds to this matriz valued spectral measure G(©).
Then the sum of multiple Wiener—Ito integrals with the coefficients cy, . 1,
appearing in (3.3)

i +etald) _ 4
Sy = > Chrk / l (3.6)
1= I1 :

0
(ktyeka), 520, 1<5<d, )
ki1+-+kq=k

Z6O j(1ktka)(AT1) - ZGo) b,k (ATE)

ezists, where the notation x, = (:z,'](gl), o ,ac](gy)) eER”, p=1,...,k, is applied,
and the indices j(s|k1, ..., kq), 1 < s <k, are defined as j(s|ky, ..., kq) =r if
S ku <8< ki, 1<s<k 1<r<d. (Forr—1=0 the convention
28 k, =0 1s applzed in this definition.) The normalized sums Sy converge
mn dzstmbutzon to the random variable Sy defined in (3.6) as N — c.

The indexation of the terms Zgw) sk, k) (drs) in formula (3.6) can
be described in a simpler form. In the first k; arguments x4,...,zy,, ie.
for 1 < s < ki Zgw 1(dxs), is written, in the next k, arguments, i.e. for
ki +1 < s < ki + ky Zgo o(dwg) is written, and so on. In the last kg
arguments, i.e, when ky + -+ kg1 +1 < s < k, (k = ki + -+ + kq),
Zgo 4(dxg) is written.

In Theorem 3.2 the limit of Ay, ZPGBN H(X1(p),...,Xa(p)) is described
if the expansion of the function H (Il, ..., Zq) is a linear combination of prod-
ucts of Hermite polynomials with different arguments, and all these products
are polynomials of order k. The next Theorem 3.3 which is the multivariate
version of Theorem 8.2" in [10] states that a similar result holds if the function
H(zxq,...,x4) is the linear combination of products of Hermite polynomials,
but some of these products may be polynomials of order higher than k.

Theorem 3.3. Let us consider a vector-valued Gaussian stationary random
field X(p) = (Xa(p),....Xa(p)), p € Z", that satisfies the conditions of
Theorem 3.2 and a function of the form

H(zy,...,xq) = H(O)(:Bl,...,md) —I—H(l)(:vl,...,.rd),
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where HO(zy, ..., x4) was defined in (3.3), and

H(l)(xl, Cey ) = Z Chey o dog Hiy (1) -+ - Hiy(24) (3.7)

- =J =%

ki+-+kg>k+1

with real valued coefficients cy, ., such that

.....

(k1,ekq), k>0, 1<j<d,

ky kg >k+1

Define the random variables Y (p) = H(X1(p), ..., Xa(p)) for all p € Z¥ and
their normalized partial sums

1

SN - Ny—ka/QL(N)k/2 Z Y(p)’ N — 1’2’ el
pPEBN
with this function H(xq,...,xq). The random variables Sy converge in dis-

tribution to the random variable Sy defined in formula (3.6) as N — oo.

Actually condition (3.8) in Theorem 3.3 means that
E[HM(X,(0),...,X4(0)%] < oc.

Finally, I prove a finite-dimensional version of Theorem 3.3 together with
a functional limit theorem version of this result. To formulate it, I define the
parameter sets

By(t) = By(tW, ... t¥) (3.9)
= {p=0pW,....p")ez": 0<p¥ <NtV forall 1 <1< v}.

forall N =1,2,... and t = (tM) ... t®)) € [0, 00)”. With this notation, the
following result holds.

Theorem 3.4. Let us consider the same vector-valued Gaussian stationary
random field X (p) = (X1(p), ..., Xa(p)), p € ZV, and function H(xy,...,xq)
as in Theorem 3.3. Define the random variables Y (p) = H(X1(p), ..., Xa(p))
for all p € 7V together with the random fields

SN(t)ZNVka/ZlL(N>k/2 YY) (3.10)

peEBN(t)
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with parameter set t = (M, ... t") € [0,00)", where the set By(t) was
defined in (3.9). The finite dimensional distributions of the random fields
Sn(t) converge to that of the random field Sy(t), t = (), ..., t™)) € [0,00)¥,
defined by the formula

it @)+ +x§!)>_1
So(t) = Z ..... / = (311
=1 & 1’1 :

)

ZG<0),j(1\k1 ..... k:d)( dzy). .. ZG<0),j(k:\l~c1 ..... kd)< dﬂ?k)

J =Y, 1),

if the limit N — oo is taken. In particular, the expression Sy(t) defined
in (3.11) as a linear combination of Wiener-Ité integrals is meaningful. Sim-
ilarly to Theorem 3.2 the notation x, = (:cél), .. (V)) p=1,...,k, is ap-
plied, and the indices j(s|k1, ..., kq), 1 < s <k, are defined in the same way

as in formula (5.6).

A referee proposed to show that also a strengthened form of Theorem 3.4
formulated in the next Corollary holds. I shall present the proof of this result
in Appendix B. I shall omit some technical details of the proof, and in the
case v > 1 I shall apply a result whose formulation I did not find in the
literature. I chose such an approach, because a detailed proof would demand
the elaboration of many complicated technical details which are not related
to the subject of this paper.

Corollary 3.5. Let us consider the restriction of the random fields Sy(t)
defined in (3.10) to the unit cube [0,1]", i.e. the random fields Sy(t) defined
on the parameter set t = (tM .. t@)) 0 <t < 1,1 <1 < wv. The
distributions of these random fields converge weakly to the distribution of the
random field Sy(t), t € [0,1] in the Skorochod space on [0,1)" as N — oo.
Moreover, the trajectories of So(-) are continuous functions on [0, 1]”.

The limit random field Sy(t), t € [0,€ o0), defined in (3.11) has the
following two important properties. It is a self-similar random field with
stationary increments. I recall the definition of these properties, and show
that the random field Sp(¢) has them. Appendix A contains a more detailed
discussion about the construction of self-similar random fields with stationary
increments.

First I recall the definition of the self-similarity, and show that Sy(t),
t € [0,00)", is a self-similar random field.
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Definition of the self-similarity property. A vector-valued random
field S(t) = (Si(t),...,Sn(t)), t € [0,00)", is called self-similar with self-
similarity parameter B if S(ut) 2 uPS(t) for all u > 0, where 2 means that
the finite dimensional distributions of the two random fields agree.

The limit random field Sy(t), ¢t € [0,00)", defined in (3.11) is self-similar
with parameter v — ka /2. This self-similarity property can be proved by ex-
ploiting that by formula (3.5) in Proposition 3.1 the spectral measure G has
the homogeneity property G (uA) = u*G©(A) for all u > 0 and bounded,
measurable sets A C R”. This implies that

(ZG(O),l(UAl)u N ZG(O)7d(UAd)) é (Ua/2ZG(O)71(A1>, e 7ua/2ZG(O)7d(Ad>)

for all u > 0 and bounded, measurable sets A; € R”,..., Ay € R”. We will
also apply the fact that the kernel functions

) l l
v ezt(l)(:r(l)+---+z;€)) -1

fe(zy, .. xy) = — l
=1 z(:vg) +-- T+ x/(ﬁ))

:Xt(xl—i_—f—mk)y

in the Wiener-Ito integrals in (1.13), (with the notation ¢t = (tM) ... +®)

e

(v) :
i), 1< j < k), have the property

and z; = (

fut(z1, .. xp) = u” fi(uxy, ... uxy)

for all u > 0, t € [0,00)", ; € R", 1 < j <d. (I remark that x,(-) denotes
the Fourier transform of the indicator function of the rectangle [0, ¢] C R”.)

The self-similarity property of the random field Sy(¢), ¢ € [0, 00)", can be
proved with the help of the above observations.

I also recall the definition of the property that a v-dimensional (possibly
vector-valued) random field X (¢), t € [0, 00)¥, has stationary increments. To
formulate this notion first I introduce the definition of the increment of a
random field defined on [0, 00)” on a v-dimensional rectangle.

Let us consider for all s = (s, ..., s®)) € [0,00)” and t = (t) ... t)) €
[0, 00)” the rectangle (s,s+t] = @(sW, s +1W], and let I((s,s+1]) denote

=1
the indicator function of this rectangle.

To define the increment X ((s,s + t]) of the random field X (¢) in the
rectangle (s,s + t| let us make the following observation. Given two points
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s = (sM,...,s") € [0,00), t = (tW, ..., t®)) € [0,00), and a set V C
{1,...,v} we define the point B(s,t,V) € [0,00)" as

O =50 4 +0 for l e V.
B(s,t,V) = (uY, ..., u")) with " oo oreey
ul) =sO for 1 € {1,...,v}\ V.
Put n(V) = v — |V, where |V| denotes the cardinality of the set V. Then
the identity I((s,s +t])= > (=1)"¥)I((0, B(s,t,V]) holds.

Because of the above identity we define the increment X ((s, s+t]) in the
rectangle (s,s + t], s,t € [0,00)", of the random field X(¢), ¢ € [0,00)", in
the following way. We define X ((0,¢]) = X (¢) in the special case s = 0, and
in the general case, s,t € [0, 00)",

X((s,s+th= > (-1)"X(B(s,t,V)).

Finally, we call a random field X (¢), t € [0, 00)", a random field with station-
ary increments if for all s € [0, 00)" the random field X ) (t) = X ((s, s + t]),
t € [0,00)", has the same distribution as the random field X (), t € [0, 00)".
I briefly explain why the random field Sy(t), ¢ € [0, 00)", defined in (3.11)
has stationary increments.
By applying the formula expressing the increment X ((s, s+t]) for X (t) =
So(t) and relation (3.11) we get the following expression for the random

variable S5 (t) = So((s, s + t]):

v eitO @ +etal’) g
Z itk / H 0 0

(k1,...kq), k>0, 1<j<d = i@ 4ty

.....

ki+-+kqg=k
eis(l)(:vil)-l-'"—l-zg))z

S(t)

el =J =W

The kernel-functions in the stochastic integrals in this formula can be
rewritten as

is® ({0 4 gall))

. l l
Vit (@ reral)
e

— ]
=1 z(x§)—|—~--+x,(€))

. l l
v ezt<l)(:c(1)+-~~+x§€)) -1

= 61(5,I1++Ik) H

i)+ a))
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Besides, let us define ZGS” = (ZGng, e ch‘”,d) as

( G(o) (dZL‘) G(o)d( d[E)) ( is2) Z GO, (d(ﬁ) '(s’x)Zg(o%d(dx)),

which means that Z ) (4) = [, e®Zg0 ;(dx) for all 1 < j < d and
measurable, bounded sets A C R”. Then Z GO is a vector-valued random
spectral measure corresponding to the same matrlx valued spectral measure
GO = (Ggf)] )1§j,g’§d as Zao) = (ZG(O)J’ cee ZG(O),d>- I claim that the follow-
ing identity also holds:

/ei(s’xﬁ'“”’“)h(azl, o Tp) Loy (dry) . Zg j, (day)
_ /h(a:l,...,:c VZgo  (dn)... Zyo  (dey)  (3.12)

for all sets of indices (ji, ..., k) with 1 < j; < dfor 1 < s < k if the function
h(xy,...,z;) belongs to that set of functions for which the above integrals
exist. Hence,

v ’Lt(’) (Z)+ +w(l))_1
s = S / o) TT

0)
(k1 eeska), hy 20, 1<5<d, i)+
k1+-+kq=Fk

ZG<o) (1K1, (d$1) ZG<0> 3 (klk1,.. (dxk)

v €Zt(l>( il)+~~-+x§€l ) _ 1
= E Cky,....kq H 0!

D)
(k1) by >0, 1<5<d, i@+ )
kit tkg=k
260 s,k 921 - 260 g, gy (dTR)- (3.13)

This identity together with formula (3.11) and the fact that Z ) is a random

spectral measure corresponding to the same spectral measure G as Zg)
imply that the random field Sy(t), t € [0, 00), has stationary increments.

It remained to prove (3.12). It holds for k = 1, since it holds in its special
case when h(z) is the indicator function of a bounded measurable set A,
and then because of the properties of the (one-fold) stochastic integrals this
identity can be extended to general funtions h(x).

In the special case when the function A(+) in (3.12) has the product form
h(xy,...,x,) = hi(x1) - - - hg(zg) this identity can be proved with the help of
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the multiple version of 1t6’s formula (see Theorem 2.2 in [12]). By applying
this formula for both sides of (3.12) they can be written as : Uy - Uy:
and : Vi ---Vj: respectively with U; = fei(sl’ml)h(xl)ZG(m’jl(dxl) and V, =
fh(xl)ZGgO)’jl(dxl>, 1 <1<k, where : ---: denotes Wick polynomial. By
the already proved case k =1 of (3.12) U; = V] for all 1 <[ < k, hence the
two above defined Wick polynomials are equal, and the identity (3.12) holds
in this case.

Then identity (3.12) also holds if h(xy,..., ) is a finite linear combina-
tion of products of the previous form. Such linear combinations are dense in
Ly-norm in the space of functions for which the above Wiener-Ito integrals
exist. Hence the properties of the Wiener-It6 integrals enable us to prove
formula (3.12) in the general case by means of a limiting procedure.

4. Preparatory results for the proof of the main theorems.

This section contains the proof of Proposition 3.1 and the elaboration of a
method that helps in proving the theorems of this paper. In the application of
this method the normalized random sums Sy appearing in the formulation
of Theorem 3.2 are rewritten in the form of a sum of multiple Wiener-Ito
integrals with respect to a vector-valued random spectral measure. Then
Proposition 3.1 of paper [12] is recalled, and it is shown how the sums of
Wiener-Ito integrals expressing the random sums Sy can be investigated
with its help.

Proof of Proposition 3.1. Proposition 3.1 is proved by means of an adaptation
of the proof of Lemma 8.1 in [10]. The same argument works, only some steps
of the proof must be modified in a natural way. I do not work out all details,
I only briefly remark what kind of modifications are needed.

The diagonal elements G ;, 1 < j < d, of the matrix valued spectral
measure G are spectral measures. Hence Lemma 8.1 of [10] implies that for

any 1 < j < d the measures Gég) converge vaguely to a locally finite measure
Gg?j) determined by the function a;;(-) and the number o which appears in
relation (3.5).

For the non-diagonal elements G, j # j’, this argument cannot be
applied, because G j» is a complex measure with finite total variation which
may be not a (positive) measure. In this case it can be exploited that G is a

21



positive semidefinite matrix valued measure. Hence the 2 x 2 matrix

o Gii(A)  Gj(A)
A7) = ( Gjri(A) Gy y(A) )

is positive semidefinite for all pairs 1 < j, 7' < d, j # j', and measurable sets
A C R”. This implies that the quadratic forms

(LDG(Al, )1, 1) = Gj;(A) + Gy (A) + G0 (A) + Gy j(A)
and
(L,0)G(A]j, )1, =) = Gj;(A) + Gy (A) —i[G 1 (A) — Gy j(A)]

are non-negative numbers for all measurable sets A C R”. Therefore the
set-functions R, ;/(-) and S; /() defined as R;;/(A) = G;;(A) + Gy y(A) +
Gjjr(A) + Gy ;(A) and Sj5(A) = Gj;(A) + Gy j1(A) —i[Gjj(A) — Gy ;(A)]
for all measurable sets A € [—m, )" are finite measures. Their Fourier trans-
forms equal 7)) (p) = [ €PIR; ;(dx) = r;;(p) + 150,30 (p) + 155 (p) + 50 5(p)
and %) (p) = [ €P9)S; ;(dx) = r;5(p) + 105 (p) + ilry () — 1y05(P)], D €
Z¥. These Fourier transforms satisfy the following relation, similar to for-
mula (3.1).

9 (p) = al (&)lpl~L(|p])
lim sup — =0 (4.1)
T=oop. pezv,|p|>T Ip|=L(|p|)

both for s = 1 and s = 2 with some functions afj)/() which can be expressed
by means of the functions a; ;(-), a; (), aj;(-) and aj ;(-). The only differ-
ence from formula (3.1) is that the continuous function, lej)/(') may be com-
plex valued. (I also remark that the symmetry property a;;(u) = aj ;(—u)
yields that afj),(—u) = ag?)] (u). On the other hand, ag.}]?,(-) is a real valued
(

j’lj),(—u) = a;l} (u). These relations correspond to the
fact that rfj), (p), s = 1,2 are Fourier transforms of real valued measures.)
As R;;/(-) and S;;/(-) are real valued positive measures on the torus
[—m, )" (a property which may not hold for G; /(-)), and their Fourier trans-
forms satisfy relation (4.1) which is similar to (3.1) we can adopt the proof

of Lemma 8.1 in [10] to show that they have properties similar to those

function, for which a
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of the diagonal elements G, ;(-). The main differences is that the function
a;;(-) must be replaced by a§}]?,(~) and afj),(-) in the formulas describing these
properties.

More explicitly, define the measures R;f;[,)(-), and S](.’]A.f,) (+) as

My N (A Mgy N g (A
Rj,j/ (A> - L(N)RJJ (N>7 Sj,j’ (A) - L(N)S]J (N

for all measurable sets A C [-Nm, Nm)” and N = 1,2,.... I claim that these

measures converge vaguely to some locally finite measures Rﬁl(-) and S](g),()
with some homogeneity property on R”.

In the adaptation of the proof of Lemma 8.1 in [10] let us introduce the

measures ,ug\}) and ug\Q,), N=1,2,... as

ug\l,)(A):/|KN(x)|2R§§,)(d:x), AeB, N=12. .
A
and
Mgim):/|KN(x)\25§3V,><dx), AcB. N=1.2..
A

with the function Kx(-) defined as

v

= § ipz/N) — | | -
}(N(x)-—-pJ e"\P = pq(€Mﬂ”/N _»1), N = 1,2,...

pEBN Jj=1

I claim that both for s = 1 and s = 2 the sequence of measures ME? converge

weakly to a measure ués) as N — oo whose Fourier transform depends on

the function agsj),() and parameter o appearing in formula (4.1).

This can be proved by calculating the Fourier transforms of the measures
,ug\s,) and by showing that they have a limit which is a continuous function.
More precisely, Lemma 8.4 in [10] must be applied, which yields a modified
version of this method. The reason for this modification is that we can

calculate the Fourier transforms of the measures ,ug{;), s = 1,2, only in the

points &, p € Z”. On the other hand, the measures pﬁ) are concentrated
in the cube [-N7, N7)”. Lemma 8.4 in [10] provides such a version of the
characteristic function method which works in such cases.

The calculations needed to prove the above properties of the measures
ug\?), s = 1,2, are carried out in the proof of Theorem 8.2 in [10]. Actually, a

more general result is proved there. I omit the details.
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2(7)

Let us define the continuous function Ko(r) = []}_, T)_l on R”. In
all compact subsets of R” the functions Kx(z) converge to Ky(x) in the

supremum norm as N — oo. The proof of Lemma 8.1 in [10] shows on the
basis of this property that the limit measures ,u(()s), s = 1,2, have the follow-
ing representation. There are measures H ((;)/ and K (0)/ such that u(()l)(A) =

[ 1 Ko(z |2H]((;),( dx), and u(g) fA | Ko(7)PK; (dm) for all measurable
sets A C R”. Moreover, H j’j, and K j’j, are loeally ﬁnlte measures, and they

are the vague limits of the sequences of measures R(N,) and S (N,) respectively.

The measures H; © ;and K , are determined by the limit measures ug ) and

,u(() ), hence also by the parameter a and functions aﬁ-}(-) and aj’j,(-) in(4.1).

The argument of the proof in Lemma 8.1 of [10] enables us to show that (3.5)
holds if the complex measure Gg»?j) is replaced by the measure H ](3), or K ]((;),
in it.

Since the complex measure G j; can be expressed as a linear combination
of the measures G; ;, G j, R; j and S} j» the properties proved for them imply
the statements formulated about the behavior of G ;» in Proposition 3.1.

To complete the proof of Proposition 3.1 we still have to show that
(G © 1 )1<j.j<a 1s the spectral measure of a generalized vector-valued stationary

Gaussmn random field. By Theorem 4.1 of [11] (G( ))1<“/<d is the spectral
measure of a vector-valued generalized Gaussian stat1onary random field if
it is a positive definite matrix valued even measure on R” whose distribution
is moderately increasing at infinity, i.e. it satisfies relation (2.1). It follows
from Lemma 3.2 in [12] and the already proved part of Proposition 3.1 that
this system is a positive semidefinite matrix valued even measure on R”. The
validity of relation (2.1) follows from the fact that G has locally finite total
variation, and it satisfies relation (3.5). O

Now I turn to the representation of the normalized random sums in the
form of a sum of multiple Wiener—It6 integrals. To do this let us first consider
the random variable Y (0) = H(X;(0),..., X;4(0)) defined with the help of the
function H(x1,...,24) = HO(zy,...,14) introduced in (3.3) and a vector-
valued Gaussian stationary random field X (p) = (X1(p),. Xd( ), p €L,
with covariance function r;;/(p) = EX;(0)X;(p), 1 < 4,5/ < d, p € Z",
which satisfies relation (3.1) with some parameter 0 < a < ¥ together Wlth
its shifts Y (p) = H(X1(p), ..., Xa(p)), p € Z", and express them as a sum of
Wiener-1to integrals.
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This will be done with the help of the results in [11] and [12].

Let G = (G} /)1<jj/<a be the matrix valued spectral measure of the sta-
tionary random field X (p) = (X1(p), ..., Xa(p)), p € Z¥, and let us consider
that vector-valued random spectral measure Zg = (Zg.1,...,ZG.q) COrre-
sponding to this spectral measure for which X;(p) = [ ¢®®) Zg ;(dz) for all
p € Z" and 1 < j < d. By the results of [11] there exists such a vector-valued
random spectral measure.

The random variable Y'(0) = H(X;(0), ..., X4(0)) will be rewritten in the
form of a sum of Wiener—Ito integrals with the help of the multiple version
of Itd’s formula presented in Theorem 2.2 of [12], more precisely by the
corollary of this result. As Y'(0) is a Wick polynomial of the (independent)
random variables X;(0) with standard Gaussian distribution, and X;(0) =
[ Za;(dy), 1 < j < d, this formula yields the desired expression for Y (0).
Let me remark that by Lemma 8B of [10] condition (3.1) implies that the
diagonal elements G;;, 1 < j < d, of the matrix valued spectral measure
G = (G, j)1<j<a are non-atomic. Hence the multiple Wiener—Ito integrals
with respect to the coordinates of the vector-valued random spectral measure
Zag = (Zga, ..., Zga) whose sum expresses Y (0) in the next formula are
meaningful.

The above results yield the identity

Y(0) = H(X(0),...,X4(0)) = HO(X(0),...., Xa(0))

- Z © Chy,..., k’Xm(O)kl o 'Xd(o)kd:
(1 onrkiq), 5 >0, 1<5<d,
ki+-+kg=k
d kit-tk;
- Y eI I Zestdw),
(k1 yoenrkig), ;>0 1<5<d, j=1 \ s=ki+-+kj_1+1
kit tka=k
kytotk; ey
where for j = 1 we define IT Zaj(dys) =[] Zaa(dys), and if k; =
8:k1+~--+kj_1+1 s=1
I
0 for some 1 < j < d, then we drop the term I Zg j(dys) from

s=ki+-+kj_1+1
this expression. (Here : P(X7(0),...,X4(0)): denotes the Wick polynomial
corresponding to P(X;(0),..., X4(0)), where P(z1,...,24) is a homogeneous
polynomial.)
Since Y'(p) = T,Y (0) with the shift transformation T, for all p € Z”, the
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previous identity and Proposition 2.4 in [12] yield the formula
Y(p) = T,Y(0)

[T

d
= Z Ckl,...,kd/ei(p’yl+"'+yk)H H Za,;(dys)
=1

(kl,...,kd), k:jZO, 1<5<d, S:kl—‘rm—‘rkj_l—i-l
Kyt kg=h

for all p € Z”. By summing up this formula for all p € By we get that

g 1
N — Ny_ka/2L(N)k/2 Z Ckl,...,kd
(k15.0ka), kj >0, 1<j<d
ki+--+kq=k

[R—

WO +ty®) _q 4
/H WO ++y®) _ 1 H H Za(dys) |

J=1 s=ki4--+kj_1+1

where we write y = (y,...,y™) for all y € [—7, 7).
The above sum of Wiener-Ito integrals can be rewritten with the change
of variables z, = Ny,, 1 < s <k, in the form

N
Sy = E Chykig S (1 + -+ )
(k1,..,ka), k>0, 1<5<d,
k1+--+kq=Fk
Jap—

H H Zow ;(dxs) |, (4.2)

j:1 S=k1+'~-+kj_1+1

where

ﬁ zm(l) -1

4.3)
mt(l) N __ (

oy V(e = 1)
is a function on [-N7, N7)”, and Zgw) ;(A) = éva)/f/z Zg j(4) for all mea-
surable sets A C [-Nm,N7)” and j = 1,...,d. In formula (4.3) the
notation z = (2M,... 20) is applied for all z € R”. Let us observe
that (Zgwv) 1, - -+, Zguv 4) is a vector-valued random spectral measure on the

torus [ N7, N7)” which corresponds to the matrix valued spectral measure
G = (G‘gi\]-[/))]_gjyjlgd on the torus [-Nm, Nm)¥, defined by the formula

N* [ A
G%)(A) = V) (N) on the measurable sets A C [-Nm, N7)”
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for all 1 < 7,4 < d, where G = (G, ;)1<jj<a is the matrix valued spec-
tral measure of the original vector-valued stationary random field X (p) =
(X1<p)7 s 7Xd(p>>7 pe z.

In formulas (4.2) and (4.3) the normalized random sum Sy investigated
in Theorem 3.2 is written in the form of a sum of k-fold multiple Wiener—It6
integrals. Let us observe that the kernel functions ck17,__7kdi(x1 + o+ xg)
of these Wiener—It6 integrals satisfy the relation

T e Y@ @) = o b)) (44)
for all indices ky,...,kq such that k; > 0,1 <j<d,and ky +---+ ks =k

with the function
v iz -1

0 o e
f(x) = 511 0 (4.5)
defined on R”, and this convergence is uniform in all bounded subsets of R*".
On the other hand, Proposition 3.1 states that the elements of the ma-

trix valued spectral measures GV) = (G(-N/))lgj7j/§d vaguely converge to the

JJ
elements of a matrix valued spectral measure G(©) = (Gé?j)/)gj,j/gd on R”.
In (4.2) we integrate with respect to a vector-valued random spectral mea-
sure corresponding to the matrix valued spectral measure (Gg,))lgj,jzgd of
a generalized vector-valued Gaussian stationary random field. Hence it is
natural to expect that the random variables Sy converge in distribution to
the random variable

S() = Z /Ckl,...,kdfo(xl + -+ C(]k)

(k1;-.5ka), k520, 1<j<d,

K+t ka=k
[ap—
II I  Zeosldey) |, (46)
J=1 \s=ki++kj_1+1
where (Zgw) 1, - .., Zgwo 4) is a vector-valued random spectral measure on R”

corresponding to the matrix valued spectral measure (Gg'?j)/)lgj,j’Sd- This is
actually the statement of Theorem 3.2 with a slightly different notation.

I shall formulate such a result in the following Proposition 4A which helps
to justify the above heuristic argument. It states that this argument yields
a correct result if some additional conditions are also satisfied. Theorem 3.2
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will be proved with the help of this Proposition 4A which is a reformulation
of Proposition 3.1 in [12].

Before the presentation of Proposition 4A I recall from Section 5 of [11]
the definition of that class of functions which can be chosen for the kernel
function of a multiple Wiener—Ito integral with respect to a vector-valued
random spectral measure. This class of functions appears in the formulation
of Proposition 4A.

Let us consider the matrix valued spectral measure G = (G, ;/)1<;j<d
with non-atomic measures G;;, 1 < j < d, of a vector-valued Gaussian
stationary random field. (We can consider the spectral measure both of an
ordinary or of a generalized random field.) In [11] T have defined a real Hilbert
space Krji.ir = Kk in(Gjrirs - -+, Gy j.) depending on the diagonal ele-
ments G 1, ...,Ggq of the spectral measure G and on a sequence of integers
(J1,---,Jk) of length k such that 1 < j, < d for all 1 < s < k. This Hilbert
space has the property that the k-fold Wiener—Ito integral

[ m0) Ze (do) . Z )
with respect to a vector-valued random spectral measure

Za=(Zaa,. .., Zca)

corresponding to the matrix valued spectral measure G is defined for the
kernel functions

f($1, cee 7xk) S ’Ck,jlw“vjk(Gjlajl’ s 7ij:jk>‘

(In papers [11] and [12] I worked with Wiener-It6 integrals of order n, while
here I work with Wiener—Ito integrals of order k. Hence I use a slightly
different notation here.)

We have f € Ky . . (Gjis--., Gy j.) for a complex number valued
function f(z1,...,x,) with arguments x5 € R”, 1 < s < k, if it satisfies the
following conditions (a) and (b):

(a) f(—z1,...,—xk) = f(z1,...,24) for all (zy,...,7) € R¥,
() IAI* = J1f (1, 2 PGy i () - - G (dien) < 00
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The scalar product in Ky, (Gj, 41, -, Gy, j.) is defined in the usual way.
If f, g c Kk,jl,--ﬂk (Gj1,j17 cey ijJk)’ then

<fag> :/f(x17"‘7$k>g(x17""xk)Gjlyjl(dxl)"'ijvjk(dl‘k)'

In the formulation of Proposition 4A we take for all N = 1,2,... a
matrix valued non-atomic spectral measure G = (Gg,))lgjﬁjlgd on the
torus [—Anm, Aym)” with a parameter Ay such that Ay — oo as N — oc.
We also take some functions

N N N
hjl,...,jk (xh s vxk) € ICth---Jk = ’Ck,jh---,jk (Ggl,;lv R ng,j)k)
on the torus [—Anm, Aym)” for all sets of indices (j,...,Jx) such that 1 <
Js <d, 1< s<k,and N =1,2,.... Besides, we fix forall N =1,2,... a
vector-valued random spectral measure Z v = (ZG(N)’]_, cee ZG(N)7d) on the
torus [—Aynm, Aym)¥ corresponding to the matrix valued spectral measure

G = (G;-’];[/))lgj’jlgd and we define with the help of these quantities the

sums of k-fold Wiener-Ito integrals

SN = Z /hﬁ7---,jk ($1, e ,xk)Zg(N)Jl(de'l) e Zg(N)Jk(d:Bk),
(J1,0,3%)
1<js<d, for all 1<s<k
(4.7)
N =1,2,.... We want to find some good conditions under which these ran-

dom variables Sy converge in distribution to a random variable Sy, expressed
similarly as a sum of k-fold multiple Wiener—Ito integrals.

This will be done with the help of the following Proposition 4A which
agrees with Proposition 3.1 in paper [12].

Proposition 4A. Let us consider for all N = 1,2,... the sum of k-fold
Wiener—Ité integrals Sy defined in formula (4.7) with the help of a vector-

valued random spectral measure Zgqny = (ZG(N)71, . 7ZG(N),d) corresponding
. . N
to some non-atomic matriz valued spectral measure GWN) = (G§j,))1§j7j/§d

defined on a torus [—An, Ax)" such that Ay — 00 as N — oo and functions

N (N) (N)
hjlrn:jk <x1’ T ’J;k) < Ick:jlv--’jk (Gjlyjl’ T ij,jk)'

Let the coordinates GE.Z.[,), 1 < 4,5 <d, of the matrixz valued spectral mea-

sures GIN) = (GE»SQ)lSjJ’Sd converge vaguely to the coordinates Gg-?j), of a
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non-atomic matriz valued spectral measure G = (G(O)

g h<ig<d on R” for
all 1 < 4,7 < das N — oo, and let Zgo) = (Zow 1s---5Zco 4) be a
vector-valued random spectral measure on R corresponding to the matriz val-

ued spectral measure G = (G(.O))lgj,jlgd. Let us also have some functions

7,3’
h) @y, k) onRY foralll < j, <d, 1< s <k, such that these func-
tions and matriz valued spectral measures satisfy the following conditions (a)

and (b).

(a) The functions hS, _; (x1,...,xzx) are continuous on R* for all 1 < j, <
d, 1 <s <k, and for all T > 0 and indices 1 < j, < d, 1 < s <
k, the functions hﬁw’jk(arl, ..., Tg) converge uniformly to the function

h) (@1, .. ) on the cube [T, T]* as N — oc.

(b) For all € > 0 there is some Ty = To(e) > 0 such that
N N
/R S BY (@ a) PG (day) . G (day) < €% (4.8)
foralll1 <75, <d, 1<s<k,and N=1,2... if T > T.

Then

_ (0) 0)
----- Jk ’Ckvj17"'7jk (Gj17j17 Tt ijvjk)’

h?hm,jk (:El, - ,J}k) S le‘,jl

inequality (4.8) holds also for N =0, the sum of random integrals

S() = Z /h?h--,jk (1‘1, Ce ,l’k)Zg(o)’jl(dl'l) e ZG(0)7jk(dxk)

(J1,++3%)
1<js<d, for all 1<s<k

(4.9)
exists, and the random variables Sy defined in (4.7) converge to Sy in dis-
tribution as N — oo.

(In the formulation of Proposition 4A I took the natural identification
of the torus [—Ay, Ay)” with the cube [-Ay, Ay)” in the space R”. Thus,
I considered the functions h;, () as functions on R* which disappear
outside [—Ay, Ay)*, and the complex measures Gg,) as complex measures
on R” concentrated on [—Ay, Ay)”. In such a way the vague convergence
mentioned in the formulation of Proposition 4A is meaningful.)
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In the proof of Theorem 3.2 we want to show with the help of Propo-
sition 4A that the sequence of random variables Sy, N = 1,2,..., defined
in (4.2) converge to the random variable S; defined in (4.6) as N — oco. To
do this we rewrite these formulas with a different indexation in such a way
that the indices in the definition of the random variables Sy and S; fit to
the indices in the definition of the random variable of the random variables
Sy and Sy appearing in the formulation of Proposition 4A. These random
variables were defined in formulas (4.7) and (4.9).

In formulas (4.2) and (4.6) summation is taken for terms with indices
(k1,...,kq) such that ks > 0,1 < s <dand ky + -+ + kg = k, while in the
corresponding expressions in formulas (4.7) and (4.9) in Proposition 4A it is
taken for terms with indices (ji,...,jx) such that 1 < j, <d, 1 < s <k.

An important difference between the indexation in the two cases is that
in (4.2) and (4.6) only a special subset of the indices in formulas (4.7)
and (4.9) appear. Namely, if s < s, and we compare the indices j and
J' in the terms Zgw) ;(dv,) and Zgw) ;(dry) belonging to these indices s
and ¢ in formula (4.2) or (4.6), then we find that j < j'. Hence such a
reindexation of the indices in (4.2) and (4.6) will be made, where the set
J of the new indices is only a subset of the indices (ji,...,Jjx) appearing
in formulas (4.7) and (4.9). Summation will be taken only for the elements
of J in these formulas.

More explicitly, the terms in the sums in (4.2) and (4.6) will be reindexed
with such indices (ji,...,jx) for which the relation 1 < j; < jo < -+ <
Jr < d holds. This is a subset of the set of indices (ji,...,jx) appearing in
formulas (4.7) and (4.9). To carry out the desired reindexation a one to one
map will be defined between the sets

jZ{(jl,...,jk): 1§j1§j2§“'§jk§d}
and
K={(ky,....,kq): ks>0foralll <s<d, ki+---+ky=k}.
Put

for all (j1,...,5k) € T ks(j1,...Jx) = the number of such elements j,
for which j, = s, forall 1 <s<d. (4.10)

This is a one to one map from J to K whose inverse is
for all (ky,...,ka) € L Js(ky,...,kg) =minp: ky +---+k, > s,
forall 1 <s<k. (4.11)
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We shall apply these maps.

With the help of this correspondence between the sets J and K the
random sums Sy in (4.2) can be rewritten in a form where summation is taken
for the sequences (ji,...,jx) € J instead of the sequences (ki,...,kq) € K,
and k(j1, ..., k) is written instead of kg, 1 < s < d.

The expression Sy defined in (4.2) can be rewritten as

k
Sv= Y. /%(jl ..... ikalid @44 2) [] Zoow 5, (dacs)

(15085 s=1
1< <<jp<d

(4.12)
for all N =1,2,... with the functions fV(z) defined in (4.3) and the indices
ks(jis---,Jk), 1 < s <d, defined in (4.10).

To show why formula (4.12) holds let us rewrite formula (4.2) (with the
help of the one to one map we defined between the sets K and J) in the form

Sy = Z /Ck1 ..... kdi(xl + -t $k)H ZG<N),jS(k1 ..... kd)(d$8)'

el =J =%

kvt k=

(4.13)
To understand why formula (4.13) holds we have to show that in (4.13)
the term Zgw) ,(dvg) with u = jg(ki,...,ks) had to be chosen. It can
be seen from (4.2) that this number u must be chosen in such a way that
ki+- -4 ky1+1<s<k +---+k, Then a comparison of this condition
with the definition of the mapping from I to J in (4.11) shows that u =
Js(k1 ... kq).

Then if we rewrite the formula at the right-hand side of (4.12) by replacing
the arguments (kq,....kq) € K by the arguments (j1,...,jx) € J with the
help of the transformation we defined from 7 to IC, and then we exploit that
the transformation we defined from C to J is its inverse transformation, we
get that formula (4.13) implies (4.12).

Relation (4.12) can be rewritten in the form

SN = Z /hﬁ 7777 jk(xl,...,I’k)ZG(N)Jl(d.Tl)...ZG(N)J]C(dxk)
(J1,++53k),
1<j1<<jr<d
(4.14)
with
R g (@1 T0) = (i) obalin ) S (@1 2g), (415)
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where the indices kg(j1,...,jk), 1 < s < d, are defined in (4.10). Similarly,
the random sum Sy in (4.6) can be rewritten in the form

k
So= ) /C’ﬁ(a& ..... isekalinenan SO @1+ 2) [ | Zow 5, (da)

(jl 7777 Jk)? s=1
1<j1<<jx<d

with the function f°(x) defined in (4.5) or in the following equivalent form.

So= Y / B (o) Zow g () - Zgo s, (day) (4.16)
(jl 1111 .]k)u
1<51 << <d
with
h?l 77777 I (1‘1, Ce ,[L’k) = Ck1(j1 ..... T ka1 jk)fo(ﬂfl + 4 ZL‘k) (417)

5. Proof of the main theorems.

Theorem 3.2 will be proved by means of the application of Proposition 4A
for the sequences Sy defined in (4.14), (4.3), (4.15) and (4.10) for N =
1,2,..., and in (4.16), (4.5), (4.17) and (4.10) for N = 0. To do this we
have to show that under the conditions of Theorem 3.2 the conditions of
Proposition 4A are also satisfied with such a choice. Then the application
of Proposition 4A implies Theorem 3.2. (I would remark that the random
variable Sy defined in formula (3.6) as the limit in Theorem 3.2 agrees with
the random variable Sy defined in (4.6), which is the same as the limit we
get in the application of Proposition 2A with the above written choice. Only
it is written there in a different form.)

To check the conditions of Proposition 4A let us first observe that it fol-
lows from Proposition 3.1 that the (non-atomic) elements Gg,) of the spectral

measures GN) vaguely converge to the (non-atomic) complex measures Ggoj)/

of a spectral measure G as N — oo for all 1 < j,5/ < d. It is also
clear that the functions hY . (1,...,2;) defined in (4.15) for all 1 < j; <

.....

< jr < dand N = 1,2,... satisfy the condition hé\lf .... (T, m) €
N N
lck‘,jl ..... Ik (G( ) R ng»;k)

It follows from (4.4), (4.15) and (4.17) that condition (a) of Proposi-
tion 4A holds with the functions and measures chosen in the proof of The-
orem 3.2. We still have to prove relation (4.8) in condition (b) of Propo-
sition 4A. This will be done with the help of the following Proposition 5.1.

(Actually in Proposition 5.1 we prove a result slightly sharper than we need.)
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Proposition 5.1. Let us fir an integer k > 1, and let G = (G;j)i<jjr<d
be the matriz valued spectral measure of a vector-valued stationary random
field X (p) = (X1(p), ..., X,p(d)), p € Z¥, defined on the torus [—m,m)" with
such correlation function r;j(p) = EX;(0)X;(p), 1 < j,j' <d, p e Z”, that

satisfies relation (8.1) with some 0 < a < . For all N = 1,2,... let us

consider the measures (G%))lggd defined in formula (3.4) together with the

measures “g‘i\j.)..,jk defined for all sets of indices jy, ..., jr such that1 < js < d,

1 <5<k, on R® by the formula

(V) (A):/|hN(x1,...,a:k)\2G(-N)(dwl). G\™) (dzy), AeB™,
A

Foji ...

J1.g1 C Y JkeJk
(5.1)
with
v i((r(l)+~~~+m(l)) .
e\ k 1
hn(zi, .. xn) = N2+ -+ a) = , (9.2
N (21 k) =" (2 k) :lEJl: N(ei((xy)Jr-"erg))/N _1) (5.2)
where we use the notation x = (M, ... ™) for a vector v € R”. These

(V)
measures fu; "

i on R*.

Proof of Theorem 3.2 with the help of Proposition 5.1. As we have seen
to prove Theorem 3.2 it is enough to check that the measures GOV) =
(G;-i}f/))lgj,jlgd and functions hﬁ]k defined before satisfy the conditions of
Proposition 4A, since this enables us to apply this result. Moreover, we have
proved the validity of all of these conditions except formula (4.8) in condi-

tion (b) of Proposition 4A. But the validity of this condition follows from
(N)

(0)
1

converge weakly to a finite measure p;’

Proposition 5.1, since this result implies that the measures p; ’ .,
1,2,..., defined in (5.1) and (5.2) are uniformly tight. This fact together with

the definition of the measures uﬁv)]k and the identity hﬁjk (X1, ..., 28) =
Chir (o) ook Gt segi) PN (T1, - -, 7)) imply that relation (4.8) holds. Theo-
rem 3.2 is proved. [

It remains to prove Proposition 5.1.

Proof of Proposition 5.1. Most calculations needed in the proof of Proposi-
tion 5.1 were actually carried out in the proof of Theorem 8.2 of [10]. Only
some slight modifications are needed in the proof. In some steps I shall refer
to the corresponding part in the proof of Theorem 8.2 in [10] and omit the
details of the calculation.
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I compute for all N =1,2,... the Fourier transform

QO%V) jd(tl’ e 7tk) = /6 (1) (s xk))ﬂ’gl ) jk(d'xl’ e ,dl‘]g)

..........

(N)

of the measures y;, ” ; defined in (5.1) and give a good asymptotic formula

for it. More premsely I do this only for such coordinates (t,...,tx) of the
function 9051) (t1, ..., t;) which have the form ¢, = & with some p, € 27,
[l =1,... k. But as it is explained at the end of thls proof, even such

a result is sufficient for us. In the calculation of the formula expressing

gogiv) J(t1, ... 1) Texploit that the function hy(zy,...,7;) defined in (5.2)

can be written in the form

hn(x,. .., @ ——Zexp{ (u,z1 + - —i—xk)}

uEBN

Hence, and because of the definition of the spectral measures (Gg) ()1<jir<d
n (3.4)

1 1
A sdtne i) = i [ew (i nmn) 4o+ ()}

.....

> exp{i (“J_V”,x1+---+xk)}c:m(dx ). G (day)

u€EBN vEBN
U — U+ Ps
~e 3 3 (I o s () pean
uEBNUEBN s=1
~ Na— kaL )k Z Z Tivg (W —=v4p1) 15 5 (U —v+pp)
uEBN vEBN

if ¢, = & with some p; € Z¥, 1 <[ < k. This identity can be rewritten by
taking the summation at the right-hand side of the last formula first for such
pairs (u,v) for which u — v = y with a fixed point y € Z” and then for the
lattice points y € Z¥. By working with x = % instead of y we get that
i

t1, .ty @) An(dx)

.....

20N EON] rpn (N + 1)) (N + 1)
:(1_ )”'(1_ ) NI NI
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where Ay is the measure concentrated in the points of the form z = £
with such points p = (p1,...,p,) € Z" for which —N < p, < N for all
1 <l<v,and Ay(z) = N~ for each point x with this property. (Here such
a calculation is applied which is similar to that in the proof of Theorem 8.2

of [10] when formula (8.20) of that work was rewritten in another form.)

Let us extend the definition of gpﬁ_)”,jd(tl, oo ty) toall (K. .. tg) € RM
by defining it as

gog-i\j)“’jd(tl, o tk) = gogiv)“ (%, Ce %) , theR"forall1 <<k,
where p; = pi(t;) is defined as the integer part [t;N] of t;, N, 1 <[ < k, i.e.
p € Z¥, and pl(s) < tlS)N < pl(s) + 1if tl(s) > 0, and pl(s) -1< tl(s)N < pl(s) if
1 <0,1<s<wv.

Let us also extend the definition of the function fj(lN)ch (t1,...,tg,x) to
(t1,... ty,x) € R® x [—1,1]" by means of the formula

f](lj\f)yjk (tlv s 7tk’a ZL‘)
O A O P A O D B N (e 0
N N ) "N-eL(N) N—<L(N)
for t;, e R, 1 <1 <k, and = € [—1,1]", where p; = p(t) is defined as
before, and ¢ = q(x) is defined as ¢ = (¢V,..., ¢")) € Z¥ with ¢ € Z¥, and

¥ < :L‘l(s) < q® +1.
We have

N N
(p;‘lv)“’jd (t17 st 7tk> = /[‘ ] f.](l,)y‘]k (tl, “e ,tk, ill') dl’ (5-3)
_171 v

for the functions ™) (-) and fV)(-) with this extended domain of definition,
where dx denotes integration with respect to the Lebesgue measure.

It follows from relation (3.1) and the fact that & is very close to x, and
% is very close to t;, for all 1 <[ < k if N is large that for all parameters
ty,...,tr and € > 0

N 0
£ (et w) = fO (et )

holds uniformly with the limit function
0
fj(l,)...,jk (t17 Tt tk’ x)

@151 <|x+t1|> L i <\x+tk\>

=(1—zOD ... (1= |z¥
(1= ). (1= a2 R
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k
on the set x € [—1,1]V \ U{z: |+t <¢e}.
=1

Some additional calculation shows that for small £ > 0 integration on the
domain

[—1,1]" \ ([—1, 1\ (s e+t < g}>

=[-1,1" N (U{x |z + ] < 5})

gives a negligible contribution to the integral in formula (5.3) (with param-
eters ji,...,Jk and tq,...,tg), or to the integral that we get if the kernel
function fj(lN) in the integral in (5.3). Hence the
relation

] 0
. 18 replaced by f ng,)---,jk

N 0 0
(p§'17~)~~,jk (tr, .o te) = 90;‘1?..4% (t,o o te) = /[ | fjgl,)myjk (t1, ..ty ) d
_171 14

(5.4)
holds for all (¢y,...,t) € R as N — oo, and QDE??M,J-,C(M, ..., 1) is a contin-
uous function. This calculation was carried out in that part of the proof of
Theorem 8.2 in [10] which followed the discussion of Lemma 8.4. Hence here
I omit it.

By a classical result of probability theory if the Fourier transforms of a
sequence of finite measures on R* converge to a function continuous at the
origin, then the limit function is also the Fourier transform of a finite measure
on R*” and the sequence of probability measures whose Fourier transforms
were taken converge to this measure. In the proof of Proposition 5.1 this
result cannot be applied, because we have a control on the Fourier transform

of ,uxv)]k only in points of the form (t1,...,tx) with ¢, = & and p, € Z",

N
1 <1 < k. But the measures ugiv)% have the additional property that they

are concentrated in the cube [~ N7, N7)¥. Lemma 8.4 of [10] can be applied,

and it shows that relation (5.4) and the continuity of the limit function

gpg?) i (t1, -+ -, i) together with the above mentioned concentration property

(V) (V)

15k 15wk

to a finite measure /‘§?)3k This result also implies that this finite measure
(0)

t;,.;, has the Fourier transform gog(l))]k (t1,. .., tr). ]

of the measures p imply the weak convergence of the measures p
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To prove Theorem 3.3 with the help of Theorem 3.2 it is enough to show
that if a function H™(-) satisfies (3.7) and (3.8), and the Gaussian stationary
random field X (p) = (Xi1(p), ..., Xa(p)) satisfies (3.1) and (3.2), then

1
Nv—ka/2],

) ST HOX (), ..., Xa(p)) =0 as N oo,  (5.5)

pEBN

where = denotes convergence in probability. I shall prove that even the
second moments of the normalized sums in (5.5) tend to zero as N — 0.
The following Lemma 5A which agrees with Lemma 1 of [1] (only with a
slightly different notation) helps in the proof of this statement.

Lemma 5A. Let X = (Xy,...,Xy) and Y = (Y1,...Yy) be two Gaussian
random vectors with expectation zero such that EX;X; = EY;Y; = §;,
1<y4,j/<d, and letr;; = EX;Y;, 1 < j, 5’ <d. Take a number k > 1 and
a function HW(zy,. .. x4) that satisfies relations (3.7) and (3.8). Assume

that
d d
1) = max (( sup Z |rj,j/|) , < sup Z |7“j’j/|>> <1.
1<j<d 55— 1<y’'<d " —
7'=1 j=1
2

IEHO(X,,..., X)HOW,, ..., V)| <M E[HO(X,, ..., X)] .

Then

Proof of Theorem 3.3. It follows from relations (3.1), (3.2) and Lemma 5A
together with the inequality £ [H® (X;(0),... ,Xd(()))]2 < oo which holds
because of (3.8) that for two elements X (p) = (X1(p), ..., Xa(p)) and X (q) =
(X1(q), ..., Xa(q)), p,q € ZV, of our vector-valued Gaussian stationary ran-
dom field there exists some threshold index ng > 1 and constant 0 < C' < 0o
such that

|[EHD(X1(p), ... Xa(p)) HD(X1(q), - .., Xa(q))]
< Clp— g ¥ L(|p — )"

if |p — q| > ng. On the other hand,

|IEHY(X1(p), ... Xa(p)) HV(X1(q), - .., Xalq))|
< E[HO(X,(0),...,X,0))] < &y
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for all p,q € Z" with some C; < oo by the Schwarz inequality and rela-
tion (3.8). Hence we get by summing up the above two inequalities for all
q € By with a fixed p € By, and applying the first inequality if |p — ¢| > ng
and the second one if |p — ¢| < ng that

EHY(Xy(p), ..., Xa(p)) ( > HY(Xi(g), - ,Xd(q)) ‘

qe€BN
< 02(1 + le-i-a—(k-i-l)a)

for all p € By and ¢ > 0 with an appropriate Cy = Cy(¢) > 0. Since
v — ka > 0 we get by summing up the last inequality for all p € By that

> HOX(p), ... ,Xd(p))] —0 as N — oo.

Indeed, it can be seen that for all ¢ > 0 the expression in the last formula
can be bounded from above by C(g)N~%*¢ with § = min(v — ka,a) > 0
and a constant C'(¢) > 0 depending only on €. This implies formula (5.5).
Formula (5.5) together with Theorem 3.2 yields Theorem 3.3. O

Proof of Theorem 3.4. The proof of Theorem 3.4 is very similar to that of
Theorems 3.2 and 3.3. Hence I only briefly explain it.

It is enough to show that for any positive integer K, parameters tq, ..., tx,
t, € [0,00)”, 1 < p < K and real constants C1,...,Ck the linear combina-
tions fo:l C,Sn(t,) converge to fozl CySo(t,) in distribution as N — oo,
since this implies that the random vectors (Sy(t1),. .., Sn(tx)) converge in
distribution to the random vector (Sy(t1), ..., So(tk)) as N — oo. Moreover,
similarly to the proof of Theorem 3.3 the proof of Theorem 3.4 can be reduced
to the case H(xy,...,1q) = HO(zy,..., 24) with a function HO(zy,. .., z,)
which satisfies relation (3.3).

In the first step of the proof the linear combinations fo:l CpSn(ty), N =
0,1,2,..., are written in the form of a sum of k-fold Wiener-1t6 integrals with
respect to the coordinates of an appropriate vector-valued random spectral
measure. This can be done, first by writing the random variables Sy/(t) for
all t € [0,100)"” in the desired form. The random variables Sy(t) are written
in such a form in (3.11). In the case N = 1,2,... the right expression of
Sn(t) in the form of a sum of Wiener—It6 integrals can be found similarly to
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the method applied in the proof of Theorem 3.2. We can write, similarly to
the proof of formulas (4.2) and (4.3)

Sn(t) = Z /Ckl,...,kdi(t, T+t )

(k1,..,ka), k>0, 1<5<d,
k14 +hg=k

[

H H ZG(N)J'( dl’l)

Jj=1 \I=ki+-+k;j_1+1

with o
v M oL _

exp {z N } 1
M) =1] ~ :

N (exp {ixz®} —1)

where z = (M., 2®) e RV, t = (tW), ... t®)) € R, the number [tV N]
in the definition of the function f¥(¢, 1, ..., ;) is the smallest integer which
is not smaller than t“ N, and Zgwv ; agrees with the spectral measure that
appeared in formula (4.2).

It is not difficult to see that, similarly to relations (4.4) and (4.5) the
limit relation

holds with the function

v 6it<l)z(l) 1
o) =1]

=1

ix®)

for all (xq,...,2;) € R®, and for a fixed parameter ¢t € R” this convergence
is uniform in all bounded subsets of R*".
With the help of the above considerations the proof of Theorem 3.4 can
be reduced, similarly to the proof of Theorem 3.2 to the following statement.
Fix some number K, real constants C',...,Ck and points tq,...tx with
t, € [0,00)”, 1 < p < K together with some constants ¢, _j, with parame-
ters k; > 0,1 < j <d, and k; +-- -+ kg = k which agree with the coefficients
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in the sum (3.3). Let us define with their help the random sums

K
Sy = Z /(Zcp% ..... kdi(tp7$1+“'+$k)>
p=1

= =J =W

Fy ot hah
d k1+-4k;

H H Zgw ;(dwy) (5.6)

Jj=1 \I=ki+-+k; _1+1

with the above defined functions f™)(¢,zy,...,2;) forall N =1,2,..., and

K
So = Z / (Z Cpclﬂ ..... kdfo(tp, Ty+ -+ l’k)>
p=1

bl =J =W

ki+-+kq=k
d ki+--+k;

H H Zgo j(dxy) (5.7)

Jj=1 \I=ki+-+k;j_1+1

with the previously defined function fO(¢,z1,...,2x). The sequence of ran-
dom variables Sy defined in (5.6) converge in distribution to Sy defined
in (5.7) as N — oo.

This statement can be proved, similarly to Theorem 3.2 with the help of
Proposition 4A. First the random variables Sy, N = 1,2,..., and Sy must
be rewritten in a form in which Proposition 4A can be applied. They can be
rewritten in the form of a sum of multiple Wiener—Ito integrals indexed by
sequences of integers ji, ..., jx such that 1 < j; < .- < jp < d. The random
variable Sy in (5.6) can be rewritten as

K
Sy = Z / <Z CpChi(jtenit) ek Gt J’k)fN(tp’ Tt xk))

(jl:"'7.jk)7
1<j1<<jx<d

ZG(N)’]-1 ( del) ce ZG(N)’jk(dl'k) (58)
forall N =1,2,..., and the random variable in (5.7) as

K
So = Z / (Z CpChi (it et oo kd(j,~--,jk)f0(tp’ it xk))

(15+50k)s
1< < <gip<d

ZG(O),jl ( d:l:’l) Ce ZGf(o)J-k(dxk), (5.9)
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where the indices ks(j1,...,jk), 1 < s < d, are defined in (4.10).
The random integrals in formulas (5.8) and (5.9) have kernel functions of
the form

hN sk (xl’ s 7xk) = h;'\ll...,jk,tl,..,,tK (5'717 cee 733k>

- Z Cpckl(j1,---Jk),---vkd(jl,---,jk)fN(tP7 Ty A+ k) (5.10)

fo(r )all N =0,1,2,.... Let us define for all N = 0,1,2,... the measures
N
ioede &5
N
/“L§1,),Jk(A) - ’LLJL) Jhkot1yeet (A) <5'11>
J I st on e ) PG () G ()

where the integral is taken for all measurable sets A € B*.

We want to show with the help of Proposition 4A that the distributions
of the random variables Sy, N = 1,2, ..., defined in (5.8) converge weakly
to the distribution of the random variable Sy defined in (5.9). (In partic-
ular, the sum of Wiener-Ito integrals in (5.9) is meaningful.) This implies
Theorem 3.4.

To prove this convergence we have to show that the functions Y . N =

J1seJk?
0,1,2,..., defined in (5.10) and the measures (G(N))lgjgd, N=012,...,

JsJ
satisfy the conditions of Proposition 4A. The main point is to prove rela-

tion (4.8) in condition (b) of Proposition 4A. To prove this we show that the
measures ,ugiv)%, N =1,2,..., defined in (5.11) are tight, i.e. for all ¢ > 0
there exists a T'= T'(¢, j1,. .., Jk, t1, - - ., tx) such that

() RPN [T, T <& forall N=1,2,....

’u]h Tkt ey

Because of the Schwarz inequality and the definition of the functions
A dediotre (X1, -, ) the proof of this tightness property can be reduced
to the justification of the subsequent inequality written in formula (5.12).

To formulate this inequality let us define for all + = (¢*V,...,t®)) €
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[0,00)”, and N =1,2,... the measure iy, on R* by the formula

pn(A) = /A|fN(t,x1+---+xk)|2a§f;1(dx1) G (day)

2
/ v exp{[tlm(xg)—l—---—i-xg))}—l
A11N<6Xp{ LW 4. —|—x(l))} 1)
G (dzy)...G™) (dxy)

J1 Jl( JksJk

for all A € B*. The inequality
pn (R \ [T, T]*) < ¢ (5.12)

holds for all N = 1,2,...,if T" > Ty(e, t) with an appropriate threshold index
To(e, t) > 0.

I claim that the measures py; converge weakly to a measure pg; on R
as N — oo. This convergence implies the above inequality. This convergence
can be proved similarly to Proposition 5.1. Namely, we can write

-1 N (exp {z—(x(ll) +"'+$1(¢l))} _ 1>

1 1
=3 2 exp{l'ﬁ(u,xﬁ---wk)},

uwEBN(t)

where the set By(t) was defined in (3.9). With the help of this formula the
Fourier transform of the measure py,; can be calculated in all points of the
form v = (u1,...,ux), us = &, p, € Z¥, 1 < s < k. This can be done
similarly to the corresponding calculation in Proposition 5.1. Then a good
asymptotic formula can be proved for this Fourier transform with the help of
relation (3.1), and this implies the above mentioned convergence. Here again
the method of proof in Proposition 5.1 is applied. I omit the details.

This implies that condition (b) of Proposition 4A holds in our model. The
proof of the remaining conditions is much simpler. Similarly to the proof of
Theorem 3.2 it can be shown with the help of Proposition 3.1 that the spectral
measures (G§f¥,))1§j7j/§d satisfy the required convergence property. Finally, it
is not difficult to check that the functions h}}  defined in (5.10) satisfy

-Jk
condition (a) of Proposition 4A. O
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Appendix A. On the background of the limit theorems of this
paper.

In Theorem 3.4 a limit theorem was proved for the normalized partial
sums of the elements of a stationary random field. The limit was a self-
similar random field with stationary increments. Similar results may hold in
the general case. It is natural to expect that if the normalized partial sums of
the random variables in a stationary random field have a limit, then this limit
is a self-similar random field with stationary increments. Hence in the study
of limit theorems for partial sums of a stationary random field it is useful first
to look for self-similar random fields with stationary increments, and then
to find a large class of stationary random fields, for which the limit of the
(appropriately) normalized random sums belong to one of these self-similar
random fields with stationary increments. Such an approach was followed in
paper [7] where limit-theorems were proved with limits that belong to the
class of self-similar random fields constructed before in paper [6]. In Ap-
pendix A T explain how the vector-valued versions of the self-similar random
fields with stationary increments appearing in [6] can be constructed, and
how limit theorems can be proved where these random fields appear as the
limit.

The self-similar random fields with stationary increments will be con-
structed with the help of such spectral measures G = (G j/)1<j j/<a Which
have the homogeneity property G;;(tA) = t*G;;(A), 1 < j,j" < d, with
some parameter o > 0 for all £ > 0 and measurable, bounded sets A C R”.
This homogeneity property will imply that the random fields we construct
with their help will be self-similar. On the other hand, the coordinates G; ;
of a homogeneous spectral measure G are not integrable functions. As a
consequence, G cannot be the spectral measure of an ordinary stationary
random field, and we have to work with the spectral measure of generalized,
stationary random fields. Some properties of generalized random fields must
be recalled in our construction. Next I explain its details. First I construct
Gaussian, and then non-Gaussian self-similar random fields with stationary
increments.

We consider a generalized stationary random spectral measure Zg =
(ZGa, .-, Zga) corresponding to the spectral measure G we are working
with. The Gaussian generalized random field corresponding to this random
spectral measure Zg consists of the random vectors

Za(p) = (Zaa(e), -+, Za,a(w))
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with coordinates Zg (¢ fgo x)Zg j(dx), 1 < j < d, where the function
©(+) is an element of the Schwartz space S, and ¢ denotes its Fourier trans-
form. On the other hand, the random vectors Zg(¢) can be defined for a
larger class of arguments. They can be defined for those real-valued func-
tion ¢ on R” for which the random integrals Zg ;(¢) = [ ¢(2)Zg ;( dx) exist,
Le. []p(x)]?G (dr) <ooforalll <j<d.

We are interested in those generalized spectral measures G = (G j1)1<jj/<d
for which the random vector Zg () exists for all those functions ¢ which are
the indicator functions ¢, = I((s, s + t]) of some rectangle (s,s +t] C R”
with s = (s, ..., s") e R and t = (t, ..., t™)) € [0, 00)". These random
vectors exist if the spectral measure G = (G} j1)1<j j/<q satisfies the inequality

—— z — cos(tWz®
[ G @G = | (H . ”) G da) < oo
. (A1)

for all t € [0,00)” and 1 < j < d.

If condition (A.1) holds for a spectral measure G, then we take a random
spectral measure Zg = (Zga,. .., Zqa) corresponding to it, and define the
random vectors

7O = (Z),...,ZzZ91), 1<j<d tel,c), (A.2)

with ZJ(G)(t) = Z;(1((0,t])), t € [0,00)", 1 < j < d. These random vectors
define a vector-valued Gaussian random field with stationary increments.
The property of stationary increments follows from the argument at the end
of Section 3. (See in particular formulas (3.12) and (3.13) in it.) Moreover,
I claim that if the spectral measure G has the homogeneity property with
some parameter «, then this random field is self-similar with self-similarity
parameter § — «.

To see this self-similarity observe that because of the homogeneity prop-

erty of G we get for any v > 0 that the set of random vectors
260 (A) = (ZGA(A), ., Zg(A)
defined by the formula Z(Guz (A) = u=%Zq ;(uA), 1 < j < d, for all bounded,

measurable sets A C R” define a random spectral measure
Z(G”) = (qu, e Zéuzl) which corresponds to the same spectral measure G
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as the random spectral measure Zg. Hence

20 = Zo, 00 u) = [ 10700 @), (a2
- / (0, 8)) (uz) Zes 5 )

woer [ ) )24 dn) 2 20

forallt € R, u > 0and 1 < j < d, where 2 means that the expressions
at the two sides of the equation have the same distribution. (In the above
construction of the random field Z()(t), t € [0,00)", I adapted the argu-
ments of [6] to this problem, but I omitted an important point from the
considerations of that paper. I have not introduced a topology in the space
of functions, and have not investigated the continuity of the functionals with
respect to it.)

It can be proved similarly, that for any K > 0, vectors t; € R, real
valued coefficients ¢;, indices 1 < 75, < d for all 1 < [ < K and number

K
u > 0 the following relation holds. The random variables CZZ](-IG) (t;) and
=1

K
w2y CZZ;ZG)(utl) have the same distribution. This means that the ran-
=1

dom field Z(¥)(t), t € [0,00)", defined in (A.2) with the help of a spectral
measure G with the above properties is self-similar with self-similarity pa-
rameter v — g.

Let us introduce the random vector e = (1,...,1) € Z, and define the
vector-valued discrete random field X (p) = (XU (p),..., XD (p)), p € Z¥,
with coordinates XY (p) = Zg,;(I((p — e,p])), 1 < j < d, where G is a
homogeneous spectral measure with homogeneity parameter o which satisfies

relation (A.1). This is a Gaussian stationary random field, and > X(p) =
pEBN

Z@(Ne).
This relation together with the self-similarity property of the random field
Z9(t), t € [0,00)", imply that for any real-valued coefficients ¢;, 1 < j < v,

d .
the normalized random sums 27 > Y(p) with Y (p) = > ¢;X@(p), p €
peEBN j=1
7Y, have the same distribution for any N = 1,2,.... This means that these

random variables Y (p) satisfy Theorem 3.2 with k£ =1 and L(p) = 1. It can
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be seen similarly that these random variables Y'(p) also satisfy Theorem 3.4
with k=1 and L(t) = 1.

It remains to decide when a homogeneous spectral measure G satisfies
condition (A.1). We get an example for it with the help of the spectral
measure GG of a stationary random field whose covariance function satisfies
relation (3.1) with 0 < a < v. In Proposition 3.1 a homogeneous spectral
measure G(© with homogeneity parameter a was constructed with the help
of this spectral measure GG. Moreover, by Theorem 3.4 the random variables
So(t) defined in formula (3.11) of Theorem 3.4 in the case k = 1 with the
help of the spectral measure G exist for all ¢ € [0,00)", and this implies
that the above spectral measure G©) satisfies relation (A.1).

Actually, it is rather difficult to find a complete description of the homoge-
neous spectral measures satisfying relation (A.1). But there are homogeneous
spectral measures which do not belong ot the class of homogeneous spectral
measures constructed in Proposition 3.1.

To find spectral measures that satisfy relation (A.1) observe that the
inequality

7 2(1 — cos(tD D)) - 1
<K, —_—
H (zD)2 = tlu 1+ (z0)2
holds with some constant K, < oo depending on ¢t = (¢ ... t®)) € [0, 00)"
for all x € R”. Hence relation (A.1) holds for all ¢ € [0,00) and 1 < j < d if

v 1 -
It can be shown that for any 0 < o < v 4+ 1 the homogeneous spectral
measures G whose elements G, j;, 1 < j, 7/ < d, have a density function of the

form g; /() = |z|*Va; (%) with a bounded function a; ;(-) on the unit

sphere of R” have homogeneity parameter «, and they satisfiy relation (A.3),
hence relation (A.1), too. To see this observe that in the case of such a

density function relation (A.3) means that [ (H m> |z[* dz < oo.
=1

If 0 < a < v, then this inequality holds since in this case |z|*™" <

C I |#®]©@=? with some constant C' > 0. If v < a < v + 1, then the
1=1]

v (a—v)/2
inequality |z|*™" < (H ((lz] D)2 + 1)) provides this inequality.
=1

47



The above example implies that there are homogeneous spectral measures
with homogeneity parameter v < oo < v+ 1 which satisfy relation (A.1). Asa
consequence, there are (self-similar Gaussian) random fields with stationary
increments which satisfy Theorem 3.4 for k = 1 with norming constant N*~2
also in the case ¥ < a < v + 1. In this case the exponent in the norming

(0% 14

constant is v — § < &. Thus we got limit theorems which do not appear

among the results of this paper.

By a natural adaptation of the previous method a larger class of self-
similar random fields with stationary increments can be constructed with the
help of homogeneous spectral measures when multiple Wiener—Ito integrals
are applied in the construction. The random fields appearing as the limit
field in Theorem 3.4 also belong to this class of random fields.

In this construction we fix some integer £ > 1, take a spectral measure
(Gj.j7(+))1<j,j7<a which has the homogeneity property with some parameter a,
and consider a random spectral measure Zg = (Zg.1, - . ., Za,a) corresponding
to this spectral measure. We define with the help of this random spectral
measure Z the random variables Z¢ ;, .. ;. ((s, s+t]) for all rectangles (s, s+t]
with s € R”, t € [0,00)", and indices 1 < j, < d for all 1 <u < k by means
of the k-fold Wiener—Ito integral

Zog (5.5 1)) = / (55 + )@+ + )
ZG,jl(dx1> . ZG’,jk(dxk)

/ v il O+t 0) @V 4tal) _ is® @4 tal)

1 ; (;ﬁ” TR x,ﬁ”)
ZG,jl(d'Tl) C. ZG,jk( d.l’k),

provided that this Wiener—Ito integral exists, i.e. if

Klisooosint) = [ [1GsF )+t )]

Gjl( dxl) SR ij(d$k)
/ vo2 <1 — cos(t(l)(xgl) 4ot xl@)))
B 2
=1 (ﬂ” + e+ xl(l)>
Gy (day)... Gy (dug) <o (Ad)
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forallt € [0,00) and 1 < j, <d, 1 <u <k.
For a spectral measure G of a generalized random field which satisfies
relation (A.4) take a random spectral measure Zg = (Zg1, ..., Zg.a) corre-

sponding to it, and define with its help the following vector-valued random
field Z()(t) for t € [0, 00)" with values in R?":

29ty = {29 (1), 1<j.<d forl<u<k}
with Z9 . (t) = Za, .5, ((0,1]) for t € [0, 00).

It can be seen similarly to the case k& = 1, that Z(%)(¢) is a vector-
valued random field on [0, 00)” with stationary increments, and if the spectral
measure (G has the homogeneity property with parameter o, then Z(@(.) is
self-similar with parameter v — %O‘

Let us define (similarly to the definition of the discrete valued random
field X (p), p € Z”, in the case k = 1), the discrete vector-valued random
field S(p) in the case k > 2 by the formula

S(p) = {SU(p), 1<j,<dforalll<u<k}, peZ,

with SUL38)(p) = Zg,,. . ((p — e, p]). Take arbitrary real-valued coeffi-
cients ¢;, ., with 1 < j, < d for all 1 < u <k, and define with their help
the random field Y (p), p € Z¥, by the formula

Yp) = > clin.o g ST (p).
(J15edk): 1<ju<d
for 1<u<k
It can be seen similarly to the case k = 1, that if the spectral measure G is
homogeneous with parameter «, then Z(t) is self-similar with self-similarity
parameter v — %a, and the normalized partial sums made with the help of the
stationary random field Y (p), p € Z”, satisfy Theorem 3.4 with the norming
constants NV ~*e/2,

It remains to check when a homogeneous spectral measure G satisfies
relation (A.4). Proposition 3.1 together with Theorem 3.4, more explicitly
with its statement about the existence of the multiple Wiener-Ito integrals
defined in (3.11) yield an example for such spectral measures. To get them,
let us first fix some integer k > 1. If the covariance function of a stationary
random field satisfies relation (3.1) with 0 < a < 7, then by applying an
appropriate vague limit procedure for the spectral measure of this random
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field a spectral measure G(©) is defined in Proposition 3.1, and it satisfies
relation (3.5), i.e. it is homogeneous with parameter . Moreover, by the
existence of the expression (3.11) it also satisfies relation (A.4) with this
number k.

Homogeneous spectral measures that satisfy relation (A.4) with k-fold
integrals for a fixed k£ can be defined also in the following way.

Let us consider a spectral measure G = (Gj)1<j js<¢ Whose coordi-

nates Gjj, 1 < 7,57/ < d, have density functions of the form g;;(z) =

|z|* Y a; , € R”, where the functions a; () are bounded functions

X
||
on the unit circle of R”, and let 0 < a < ¢ with some number k. Then the
spectral measure GG is homogeneous with homogeneity parameter «, and I
claim that this spectral measure satisfies relation (A.4) if k-fold integrals are
taken in it. I present a short explanation of this result, but without a full
proof.

An estimate will be proved with the help of the following inequality. If
a < v, then |z|*" < C H |z(| 712/ with a constant C' depending only on

«a and v. It can be proved with the help of this inequality that

. . - 1
K(jis- v jint) < c/ 11
=1 (1+ (a:ﬁ” SR “’) )
|z |77 | day - dag
1+a/v | —1+a/v
< |:B | |$ | dxgl) e dm,(f)

(oG]

It can be proved that the integrals at the right-hand side of this formula are
finite if =1+ % < -1+ % for the exponents in this expression, i.e. if a < 7.
I omit the proof of this statement, but I remark that it implies that under
the above conditions K (j1,...,jk,t) < 0o, hence relation (A.4) holds.

The goal of Appendix A was to explain the background of the results in
this paper. First I concentrated on the explanation of the definition of the
self-similar random fields which appear as the limit in our limit theorems.
This was based on the theory of multiple Wiener-Ito integrals for several di-
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mensional stationary Gaussian random fields, in particular on the properties
of the random spectral measures of generalized Gaussian random fields.

The proof of the limit theorems consisted of two steps. In the first step
the normalized random sums we wanted to study were rewritten as sums of
Wiener-It6 integrals. This could be done with the help of the multivariate
version of 1t6’s formula formulated in Theorem 2.2 of [12]. Then it was useful
to rewrite the sums of these random integrals in a more appropriate rescaled
form which suggests what kind of limit theorems can be expected. These
steps of the proof were done in Section 4 after the proof of Proposition 3.1.

These formulas together with the result of Proposition 3.1 gave a heuristic
argument about the form of the limit theorems in this paper. But a rigorous
proof demands a more careful analysis. This could be done with the help
of Proposition 4A. In particular, the existence of the Wiener—It6 integrals
appearing in the definition of the limit random field could be proved with
the help of this proposition. Let me also remark that Proposition 4A could
be applied for k-fold integrals only if formula (3.1) holds with 0 < a < 7.
This was the reason for this condition in Theorems 3.2-3.4 of this paper.

If the conditions of Theorems 3.2-3.4 hold, but with a parameter o > ¥,
then the random integrals defining the limit in these theorems do not exist.
In such cases the central limit theorem holds with the classical normalization.
This follows from the result of [3] in the scalar-valued and from its multi-
variate generalization in Theorem 4 of [1] in the vector-valued case. This
problem is discussed in Appendix B of [12].

In this paper limit theorems were proved for non-linear functionals of
stationary Gaussian random fields. I try to give a short overview about
papers which deal with similar problems. The scalar-valued version of the
results in this paper was proved in [7]. M. S. Taqqu proved similar results in
paper [17]. Both papers contain non-central limit theorems for sequences of
non-linear functionals of (scalar-valued) stationary Gaussian random fields.
Taqqu’s result has no multivariate version, and I do not know how such a
result can be proved.

Paper [3] contains a result which tells when the classical central limit
theorem holds for sequences of non-linear functionals of stationary Gaussian
random fields similar to those considered in [7]. The book [13] generalizes this
result. A. M. Arcones wanted to generalize both the central limit theorem
of [3] and the non-central limit theorem of [7] for non-linear functionals of
vector-valued Gaussian random fields. He proved the central limit theorem
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part of these results in Theorem 4 of his paper [1]. He claimed to have also
proved the multivariate version of the non-central limit theorem in [7] in
Theorem 6 of his paper. But I found the proof (and also the formulation) of
this result problematic. The goal of the present paper was to formulate and
prove the right multivariate version of the result in [7].

Sanchez de Naranjo also dealt with the problem of non-central limit the-
orems for non-linear functionals of vector-valued Gaussian random fields in
paper [15]. His results seem to be correct, but the proof contains serious gaps.
He formulated several results in the vector-valued case without proof. These
results are plausible generalizations of their scalar-valued counterparts, but
some of them cannot be proved by an adaptation of the proof in the scalar-
valued case. Hence I consider these proofs incomplete.

Let me also remark that H. C. Ho and T. C. Sun proved an interesting
result in [9]. They proved a result which can be considered as an interesting
mixture of the central and non-central limit theorem for non-linear function-
als of stationary Gaussian random fields. They considered a two-dimensional
vector-valued stationary Gaussian random process (X,,Y,,), n € Z, together
with two non-linear functionals which are of such type as the non-linear func-
tionals applied in [7]. They investigated the joint distribution of two random
sequences which are obtained when linear functionals defined in the same
way as in the earlier mentioned papers are applied both for the sequence
X,, n € Z, and the sequence Y,,, n € Z. In Theorem 1 of their paper they
investigated the case when the first sequence satisfies a non-central and the
second sequence satisfies a central limit theorem. They proved under some
additional conditions that the joint distributions of these sequences also have
a limit, and the two coordinates of this limit are independent. (The processes
X, and Y, need not be independent.) I would remark that the usual proofs
of the central and non-central limit theorem apply different methods. This
indicates that the proof of this result in [9] demanded new ideas.

Donatas Surgailis proved results about similar problems, and they are
also worth mentioning. He proved limit theorems for non-linear functionals
of a new class of stationary stochastic processes which contains non-Gaussian
processes, too. I would mention paper [16] from his works. Here he proved
results whose proof demanded new ideas. The main point of his approach
was the application of Appell polynomials. He showed that they have several
properties similar to those of the Hermite polynomials, and he could prove
new results with their help about models that could not be investigated by
earlier methods.
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Finally I briefly mention a field of research where similar limit theorems
are proved with the help of essentially different arguments. This research de-
serves special attention because of its importance. This is the theory about
the KPZ (Kardar—Parisi-Zhang) universality classes and the problems re-
lated to them. Many important problems can be studied with their help.
On the other hand, the application of this theory demands hard analysis.
An overview about it can be found in paper [4] together with a long list of
literature.

Appendix B. Proof of Corollary 3.5.

Proof of Corollary 3.5. We want to show that for all pairs ¢ > 0 and
n > 0 there exists some § = d(g,7) > 0 and threshold index Ny = Ny(e,7)
such that for all N > N, the inequality

P sup |Sn(t) —Sn(s)|>e | <n (B.1)
(s,t): s,t€[0,1]”
[t—s|<d
holds for the random field Sy(t), t € [0, 1], defined in (3.9) and (3.10).
Inequality (B.1) means that the random fields Sy (t), t € [0, 1], intro-
duced in Theorem 3.4 satisfy besides the limit theorem formulated in Theo-
rem 3.4 also the tightness condition for probability measures in the space of
continuous functions C([0,1])",C). It can be seen that these two properties
together imply the desired functional limit theorem.

First T show that relation (B.1) can be replaced with the following set of
simpler inequalities.

Define for all 1 < j < v and ¢ > 0 the following set V' (4,d) consisting of
pairs of vectors (s,t), s € [0,1]” and ¢ € [0, 1]".

V(5,0) = {(s,t): s = (sW, ..., s, t = (sW) ... U= 0 g1 50y,
0<sP<1foralll <Il<vw, and s¥) <tV < min(l,s(j) +9)}.

Then
P sup |Sn(t) = Sn(s)|>e| <n foralll <j<vw (B.2)
(s,£)EV (5,6)
if 6§ <d(e,n) and N > Ny(e,n) with some d(e,n) > 0 and Ny(g,n).
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To see the possibility of such a reduction let us first observe that inequal-
ity (B.1) follows from its following formally weaker version.

For all ¢ > 0 and 1 > 0 there exists some 6 = §(e,n7) > 0 and Ny =
Ny(e,n) such that

P sup |Sn(t) — Sn(s)| >e | <n (B.3)
(s,t): 0<sP <l <1,
for all 1<j<v, [t—s|<é

if N > N,.
Indeed, for a pair of vectors (s,t), s € [0,1]", t € [0,1]", define the vector

s* = S*(S, t) - (Injn(s(l)7 t(l))’ o 7min($(1/)’ t(y))),

and consider the pairs (s*,s) and (s*,¢). Let us apply relation (B.3) with
parameters 0 and Ny corresponding to the parameters $ and 7. If the pair
(s,t) satisfies the conditions appearing in the supremum of (B.1) with these
parameters, then the pairs (s*,s) and (s*,t) satisfy the conditions in the
supremum of (B.3) with the same parameter . Also the relation |Sy(t) —
Sn(s)| < |Sn(s) — Sn(s*)|+ [Sn(t) — Sn(s*)| holds. Hence inequality (B.3)

with the above chosen 6 and Ny implies that

sup  [Sn(t) — Sn(s)| < sup [Sn(s) = Sn(s")]
(s,t): st€[0,1]” (s*,8): 0<(s*) W<,
[t—s|<d for all 1<j<v, |s—s*|<§
+ sup [Sn(t) — Sn(s")| < e

(s*,t): 0<(s*) D <<,
for all 1<j<v, [t—s*|<d

with probability more than 1 —n if N > Ny. This means that relation (B.3)
implies relation (B.1).

Relation (B.2) can be reduced to reation (B.3) in a similar way. To
do this let us first define for a pair of vectors s = (s ... s™) € [0,1]",
t= (W ... t®) € [0,1]” and number 1 < j < v the vector s(j) = s(j, s,t) =
Wt 50 s (for j =1 s(1) = (s, ..., s")) = 5), and con-
sider the pairs of vectors (s(j),s(j + 1)), 1 < j < v — 1. Observe that
(s(4),s(7+ 1)) = (s(4,s,t),s(j + 1,s,t)) € V(4,6) if the pair (s,t) satisfies
the relations [t — s| < d and 0 < sV < t0) < 1forall 1 < j < v. Let
us choose a 0 > 0 and Ny in such a way that inequality (B.2) holds with
parameters £ and g with this number § and N > N,. Let us take those
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pairs of vectors (s,t) which satisfy the conditions imposed in the supremum
of formula (B.3) with this number 6. We have seen that

{(s(4,5,t),s(j +1,5,1): 0<sD <tV <1,
forall 0 <1<, |t —s| <o} CV(4,9).
v—1
The identity Sy (t) —Sn(s) = Y. [Sn(s(7+1,s,t)) —Sn(s(J, s,t))] also holds.
j=1
These relations imply that with our choice of §

-1

sup Sw(t) Z S [S(t) ~ Suls)| < ¢

(s,t): 0<s <<, =1 t)ev(4,06)
for all 1<j<v, [t—s|<d

with probability more than 1 — 7 if N > Ny. This means that (B.2) implies
(B.3).

Next I present an inequality with the help of the random variables
H(Xi(p),...,Xa(p)) instead of Sy(t) which implies inequality (B.2). For
this goal I introduce the following notations.

For all pairs of vectors r = (r,...,r®) and s = (s,...,s®)) with
integer coordinates such that 0 < 7 < s0) < N forall 1 < j < v let us
define the rectangle Dy(r, s) by the formula

Dy(r,s) = {p=0",....0"): pe2",
r@ < pl) < s0) for all 1 < j < v},

and introduce for all § > 0 and 1 < 7 < v a set Dy(6, ) consisting of the
above defined rectangles Dy (r, s) with some additional properties. We define

Dy(d,7) = {DN(TS)' r® =0forl#j, 0<rU <N,
0<s <Nforalll<I<w, and 0 < s — 79 <N},

Inequality (B.2) follows from the relation

>, H(Xi(p),...,Xa(p))

Dn(r,s)
P sup e >e | <n
Dy (r.s)€D (6.4) Nv=kal2[(N)k/2
forall1<j<vw (B.4)
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if 6 < (e, n) with some d(e,n) > 0. Here, and also in the remaining part of
the proof H(xy,...,x4) is a sum of the form

H(w,. .. va) = HO(z, . wa) + HO(xy, .., 20),

with functions H©®(-) and HW(-) defined in formulas (3.3) and (3.8).

In formulas (B.4) and (B.2) very similar expressions are estimated. The
main difference between them is that in (B.2) random variables of the form
|Sn(t) — Sn(s)| are considered with arguments s,¢ € [0, 1]”, while in (B.4)
random variables of the form ‘SN (%) — Sy (%)’ with arguments 3 and +,
where s and r are vectors with integer coordinates with values between 0
and N. This is a sort of discretization, and in the reduction of (B.4) to (B.2)
it has to be shown that this discretization has a negligible effect in the case
of a large sample size N.

This can be seen with the help of the following observation. If N is large,
then because of the definition of the random field Sy (¢) for all ¢ € [0, 1]” there
exists a vector r = (r(M ... r®) with integer coordinates r(), 0 < rl) < N,
such that Sy(t) = Sy (%), and ¢t and % are very close to each other.

Inequality (B.4) will be proved by means of a good estimate on the tail

distribution of the random variables Y. H(Xi(p),...,Xq(p)) for the

peDpN(1,s)

rectangles Dy(r,s). These expressions will be estimated by means of an
argument similar to the proof of Theorem 3.3. To do this let us first re-
mark that Lemma 1 of [1] implies the following result, too. The inequality
in Lemma 5A holds also in the case when the function HW (xy,...,z,) is
replaced in it by H(xy,...,74), and the coefficient ¢/**! in the upper bound
is replaced by /.

This modified version of Lemma 5A yields that there exists a threshold
index ng and some constant C' > 0 such that if the parameters p and ¢ of
two elements X (p) = (X1(p),..., Xu(p)) and X(q) = (X1(q), ..., Xa(q)) of
our random field satisfy the inequality [p — q| > ng, then

|[EH(X1(p), ... Xa(p))H(X1(q), ..., Xa(@))] < Clp — q| **L(|]p — q|)".

Let us observe that for such pairs p and ¢ also the inequality

Ip—q| " L(jp — q|)*

<C¢ I V=1L = qDD" + Lo g <py)

j: 1<j<v
() g 20
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holds with some C' > 0 and D > 0, where I,.py denotes the indicator
function of the set {x: z < D}. Hence the previous estimate has the
consequence

|[EH(X1(p), ... Xa(p))H(X1(q), - ... Xa(q))|
< I Y =217 (Lp? = 49D + Ly _go)i<pp)

Jjr 1<g<v
P g0 £0
if |p — q| > ng. This inequality is more appropriate for us than the previous
one.
On the other hand, the inequality

|EH(X1(p), .-, Xa(p))H(X1(q), - - -, Xa(q))]
< EH?*(X1(0),... X4(0)) < G

also holds for all p,q € Z” with some C; < oo because of the Schwarz
inequality and relation (3.8).

The last two inequalities imply that for any rectangular Dy (r,s) C By
and p € Dy(r, )

EH(X:(p),.... Xap) | Y. H(Xi(q),.... Xa(q))

q€DN (r,s)

<Oy H (1 + (sU) — p)yI=ha/v (5() _ r(j))k/v) (B.5)

J=1

with an appropriate constant Cs. Indeed, these inequalities imply that

EH(Xy(p),- -, Xa0)) | D> H(Xi(9),--. Xa(q))

qEDN(Tas)
y $() _p()
<cl[[1+2 3= @) (LD + o)
and
() _p(@)
Z <q(J))*’m/V(L(q(J))k/V + [{qng})
q=1

< C'(1+ (sW) — pl)yi=ka/v p(G) _ () yk/vy
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with some C” > 0, since ka/v < 1 by the conditions of Theorem 3.4. These
relations imply (B.5).

By summing up inequality (B.5) for all p € Dy(r,s), and applying an
appropriate normalization we get that

2

E| > H(Xip),. .. Xalp) (B.6)

pEDN(r,s)

Y (s0) — D)) 4 (s0) — pli)Y2oRau [ (sG) _ p))bly
< CZH < N2—ka/uL(N>k/V > ’

1
NQl/fk:aL(N)k

j=1

I claim that if 1 < sU) — 70 < N for some 1 < j < v and 1 > 0 chosen
so small that g = %0‘ +n < 1, then

(S(]) — T(J)) + <S(‘7) . T(j))Zika/VLQS(j) . /r-(]))k/’/ < C S(j) . T(j) 2_ka/l’_77
NQ—ka/VL(N)k/V = T
(B.7)
with some C' = C(n) > 0.
Indeed,
j i ; NN\ 2—ka/v—n B
(D -r) (DD (s0) — payrefun1 N
N2—ka/uL(N)k/u N L(N)k/u
() _ p)\ 2 ke/vm
S T
< |l ——
< (=)

if n > 0 is chosen so small that %O‘ +n <1, and

) — pUN2-ka/v ] (o(5) _ ()Vk/v @) _ () 2—ka/v—n
(s ) (s ) s
N2—ka/uL(N)k/u - (T)

S(‘j) . r(]) n L(S(‘]) _ T(‘])) k/l/ < C S(J) _ T(]) 2—]{201/1/—77
N L(N) = N :

These two inequalities imply (B.7).

Let us choose a sufficiently large number D > 0 (whose value does not
depend on N and §), and introduce the quantity dy(p) = % foralll <p < N.
With such a notation we can get the following inequality with the help of
relations (B.6) and (B.7).
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Take some rectangle Dy(r, s) C By. Then we have for any A > 0

>, H(Xi(p),...,Xa(p))

PEDN(r,s)

NV—ka/2L(N)k/2

P

> A (B.8)

2

E| > H(Xup),...,Xap))
< i pEDN(T,S)
— )\ N2ufkaL(N)k

) 2-p
Oy o () — pN2Rermn g e ) -

< )\—H ( ) < EH dN(p(]))

=1 J=1 \pU)=r@) 41

with g =% 4+ < 1.

With the help of formula (B.8) one can get such a maximum-type in-
equality which implies formula (B.4).

In the case v = 1 Theorem 10.2 of Billingsley’s book [2] can be applied.
In this case this result together with formula (B.8) imply that

>, H(Xi(p),..., Xa(p))

u<p<lv
P

> A\
(u,v):s7"u<%<v§s NV_ka/QL(N>k/2
2-p _
Zd _Dz_ﬂKn s—r\27"
= )\2 NP DY N
r<p<s

for any pairs 0 < r < s < N with some K > 0. In particular,

S OH(X(p), ..., Xa(p)) .
u< L <v
r — W P
(u,0): rs<uf<v§r+5 NV—ka/2L(N)k/2 S

for any interval [r,r + d] C [0, 1] with § > 0,
Since the exponent of § in the last inequality equals 2 — 8 > 1 it is not
difficult to see that this relation implies inequality (B.4) in the case v = 1.

99



Indeed, we get (B.4) by applying this inequality with the choice A = ¢ for
the intervals [kd, (k 4 2)d] for all 0 < k < ¢ with a sufficiently small § > 0.
Then inequality (B.4) implies inequality (B.1), too.

There is a multivariate version of the inequality cited from Billingsley’s
book [2] also in the case ¥ > 1 which, together with formula (B.8) imply
inequality (B.4) in the general case. This inequality implies for any v > 1
that if inequality (B.8) holds for all rectangles Dy(r, s), then

>, H(Xi(p),...,Xalp)

€Dy (u,v)
P sup a > A (B.9)

Dy (u,w): NV_ka/QL(N)k/Q

Dy (u,v)CDn (r,s)
2-8 -
K { DBV Y/ s) — )\ 2T
<SI X ave)| =——TII(—~—

A2 N A . N

j=1 r(])<p(])§5(]) j=1

with some K > 0, D > 0 and § = kja +n < 1. (Here we are working with
the previously defined dy(p) = £.)

Indeed, although I did not find this result in the literature there is such
a generalized version of the inequality quoted from Billingsley’s book which
states that if inequality (B.8) holds, then it implies inequality (B.9), too.
This can be proved for instance by means of induction with respect to the
dimension v by exploiting that this result holds for v = 1. In the proof we

have to exploit that the upper bound in (B.8) has a special product form.

Let us fix some parameter 1 < j < v, a number 0 < § < 1 an integer
0 <r < N, and define with their help, similarly to the definition of Dy (4, j)
the set of of rectangles
Dn(0,7,7) = {Dn(u,v): v =0, and 0 < v < N for [ # j,
and r < u) <o) <p 4+ No}.

The following inequality is a special case of (B.9).

>, H(Xi(p), ..., Xa(p))

P sup pEDN (u,v)
D(u,0)€Dy (6,57 Nv—ke/2[(N)k/2

- K /) — pi)\ 2P
— A2 N ’

> A




Inequality (B.4), hence inequality (B.1) can be proved with the help of
the last inequality in the same way as it was done for v = 1. Actually, in that
proof a special case of this inequality was applied. Since, as it was mentioned
at the start of the proof relation (B.1) together with Theorem 3.4 imply the
desired weak convergence Corollary 3.5 is proved. [
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