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ABSTRACT

This article investigates general scaling settings and limit distributions of functionals
of filtered random fields. The filters are defined by the convolution of non-random
kernels with functions of Gaussian random fields. The case of long-range dependent
fields and increasing observation windows is studied. The obtained limit random
processes are non-Gaussian. Most known results on this topic give asymptotic pro-
cesses that always exhibit non-negative auto-correlation structures and have the
self-similar parameter H € (%, 1). In this work we also obtain convergence for the

case H € (0, %) and show how the Hurst parameter H can depend on the shape of
the observation windows. Various examples are presented.

KEYWORDS
Filtered random fields; long-range dependence; self-similar processes; non-central
limit theorem; Hurst parameter

AMS CLASSIFICATION
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1. Introduction

Over the last four decades, several studies dealt with various functionals of random
fields and their asymptotic behaviour [4-6, 10, 11, 14, 19, 22, 41, 43]. These function-
als play an important role in various fields, such as physics, cosmology, telecommu-
nications, just to name a few. In particular, asymptotic results were obtained either
for integrals or additives functionals of random fields under long-range dependence,
see [2, 11, 23, 24, 29-31] and the references therein.

It is well known that functionals of Gaussian random fields with long-range de-
pendence can have non-Gaussian asymptotics and require normalising factors differ-
ent from those in central limit theorems. These limit processes are known as Her-
mite or Hermite-Rosenblatt processes. The first result in this direction was obtained
in [39] where quadratic functionals of long-range dependent stationary Gaussian se-
quences were investigated. The pioneering results in the asymptotic theory of non-
linear functionals of long-range dependent Gaussian processes and sequences can be
found in [10, 37, 41-43]. This line of studies attracted much attention, for exam-
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ple, in [35] it was shown that the limiting distribution of generalised variations of a
long-range dependent fractional Brownian sheet is a fractional Brownian sheet that
is independent and different from the original one. Some statistical properties of the
Rosenblatt distribution, as well as its expansion in terms of shifted chi-squared distri-
butions were studied in [44]. The Lévy-Khintchine formula and asymptotic properties
of the Lévy measure, were also addressed in [23]. Some weighted functionals for long-
range dependent random fields were considered and limit theorems were investigated
in a number of papers, including [15, 16, 30].

Linear stochastic processes and random fields obtained as outputs of filters are
popular models in various applications, see [3, 17, 18, 45]. In engineering practice
it is often assumed that a narrow band-pass filter applied to a stationary random
input yields an approximately normally distributed output. Of course, such results are
not true in general, especially when the stationary input has some singularity in the
spectrum and the linear filtration is replaced by a non-linear one.

We recall the classical central-limit type theorem by Davydov [9] for discrete time
linear stochastic processes.

Theorem 1.1. [9] Let V(t) = >_,;c7 Gi—;&j, t € Z, where &; is a sequence of i.i.d
random variables with zero mean and finite variance (the {£;} are not necessarily
Gaussian) Suppose that G is a real-valued sequence satisfying ZjeZ G? < oo and

let X\ => V(). If Varx\® = r2HL2(r) as r — oo, where H € (0,1) and the
functzon .C( ) is a slowly varying at infinity, then

[rt]

XDty = HE ZV u(t), t >0, asr — oo,
r

in the sense of convergence of finite-dimensional distributions, where By (t), t > 0, is

the fractional Brownian motion with zero mean and the covariance function By (t,s) =
S (P +|sPPH — |t —s*), ¢, s>0, 0<H < 1.

One can obtain an analogous result for the case of continuous time.

Theorem 1.2. Let V(¢ fR (t—s)&(s)ds, t € R, be a linear filtered process, where
&(t), t €R, be a mean- square contmuous wide-sense stationary process with zero mean
and finite variance. Suppose that G( ), t € R, is a non-random function, such that
Jp G*(t)dt < oo. Let X9 = = [y V(s)ds. If VarX(c) r?HL2(r), as 7 — oo, where
H e (0 1) and L(-) is slowly varymg at infinity, then

1 rt
X(t) = "’Hﬁ(r)/o V(s)ds e Bg(t), t >0, as r — oo,

i a sense of convergence of finite-dimensional distributions.

The equivalence of the statements for the discrete and continuous time follows from
the results in Leonenko and Taufer [24] and Alodat and Olenko [2].

It was Rossenblatt [38] (see also Major [28], Taqqu [41]) who first proved that for a
discrete-time Gaussian stochastic process {{;, j € Z}, with zero mean and long-range
dependence and the k-th Hermite polynomials H,, the non-linear filtered process
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Vilt) = 3 G Hal§)),

JEZ
satisfies the non-central limit theorem, that is for some normalising A, it holds

1 [rt]

T ZV,{(S) Tt Y. (t), t >0, as r — o0,
T s=1

where Y (t) is a self-similar process with the Hurst parameter H € (0,1) (non-
Gaussian, if kK > 2).

The limit processes Y (t), t > 0, are given in terms of x-fold Wiener-1t6 stochastic
integrals, and are the fractional Brownian motions with the Hurst parameter H € (0, 1)
if k=1.

The aim of this paper is to give an extension of the results of Rossenblatt [38],
Major [28], Taqqu [41] for the case of random fields. Motivated by the theory of renor-
malisation and homogenisation of solutions of randomly initialised partial differential
equations (PDE) and fractional partial differential equations (FPDE) (see, e.g. [1, 25—
27]), we study the asymptotic behaviour of integrals of the form

T

d_l/ V(z)dz, te€]0,1], asr — oo,
A(rtr/n)

where V(z), x € R", is a random field, A C R™ is an observation window and d, is
a normalising factor. The case when the limit process is self-similar with parameter
H € (0,1) is considered.

The parameter H plays an important role in analysing stochastic processes and
can be used for their classification. In particular, stochastic processes can be classi-
fied according to the range of H to the Brownian motion (H = 0.5), a short-memory
anti-persistent stochastic process (H € (0,0.5)) and a long-memory stochastic process
(H € (0.5,1)). These three cases correspond to the three types of behaviour called %
noise, ultraviolet and infrared catastrophes by Taqqu [40]. The literature shows a va-
riety of limit theorems with asymptotics given by non-Gaussian self-similar processes
that exhibit non-negative auto-correlation structures with parameter H € (0.5,1),
see [15, 20, 30, 31, 41, 43] and references therein. However, there are only few results
where asymptotic processes have H € (0,0.5). In the case H < 0.5 processes exhibit a
negative dependence structure, which is useful in applied modelling of switching be-
tween high and low values. Also, such processes have interesting theoretical stochastic
properties. For example, in this case the covariance is the Green function of a Markov
process and the squared process is infinitely divisible, which is not true for the case
H > 0.5, see [12, 13].

The example of a non-Gaussian self-similar process with H € (0,0.5) was given by
Rossenblatt [38] where the asymptotic of quadratic functions of a long-range Gaussian
stationary sequence was investigated. The result was generalised in [28] for sums of
non-linear functionals of Gaussian sequences. In this paper we extend these results in
several directions for more general conditions and derive limit theorems for functionals
of filtered random fields defined as the convolution

Viz):= | G(lly —=[))S(&(y))dy,

Rn
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where G(-), S(-) are non-random functions and &(-) is a long-range dependent ran-
dom field.

In the limit theorems obtained in this paper the asymptotic processes have the self-
similar parameters H € (v(A),1), where v(A) > 0 depends on the geometry of the
set A C R™. In the one-dimensional case n = 1, y(A) = 0 which coincides with the
known results in the literature.

The rest of the article is organised as follows. In Section 2 we outline the necessary
background. In Section 3 we introduce assumptions and give auxiliary results from the
spectral and correlation theory of random fields. In Section 4 we present main results
on the asymptotic behaviour of functionals of filtered random fields. In Section 5 we
present some examples. Conclusions and some future research problems are presented
in 6.

2. Notations

This section gives main definitions and notations that are used in this paper.

In what follows | - | and || - || are used for the Lebesgue measure and the Euclidean
distance in R™, n > 1, respectively. The symbols C, € and § (with subscripts) will
be used to denote constants that are not important for our discussion. Moreover, the
same symbol may be used for different constants appearing in the same proof.

Definition 2.1. A real-valued function h : [0,00) — R is homogeneous of degree (3 if
h(az) = aPh(zx) for all a, > 0.

Definition 2.2. [7] A measurable function £ : (0,00) — (0,00) is slowly varying at
infinity if for all ¢ > 0, lim,_,o L(tr)/L(r) = 1.

By the representation theorem [7, Theorem 1.3.1], there exists C' > 0 such that for
all > C the function £(-) can be written in the form

L(r) = exp (Cl(r) + /C ' @g“)du>

where (;(-) and (2(+) are such measurable and bounded functions that (2(r) — 0 and
¢i(r) = Cop, (Cy < 00), when r — oo.

If £(-) varies slowly, then r*L(r) — oo, and r~*L(r) — 0 for an arbitrary a > 0
when r — oo, see Proposition 1.3.6 [7].

Definition 2.3. [7] A measurable function g : (0,00) — (0, c0) is regularly varying at
infinity, denoted g(-) € R, if there exists 7 such that, for all ¢ > 0, it holds that

lim g(tr)

=1t".
r—00 g(r)

Theorem 2.4. [7, Theorem 1.5.3] Let g(-) € R;, and choose a > 0 so that g is locally
bounded on [a,0).
If 7 > 0 then

sup ¢(t) ~ g(z) and inf g(t) ~ g(z), x — oo.
a<t<z t>x
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If 7 <0 then

sup g(t) ~ g(x) and inf g(t) ~g(x), x— oc.
t>x a<t<z

Definition 2.5. The Hermite polynomials H,,(x), m > 0, are given by

ot = -1 () 25 o (),

The first few Hermite polynomials are
Ho(z) =1, Hy(z) =z, Hy(z) = 2> — 1, H3(x) = 2° — 3.
The Hermite polynomials H,,(z), m > 0, form a complete orthogonal system in
the Hilbert space L (R, p(w)dw) = {S: [p S*(w)d(w)dw < 0o}, where ¢(w) is the
probability density function of the standard normal distribution.

An arbitrary function S(w) € La (R, ¢(w)dw) possesses the mean-square convergent
expansion

S(w) :Zm, Cj:= /RS(w)Hj(wM(w)dw. (1)

|
[

By Parseval’s identity

Definition 2.6. [43] Let S(w) € L2 (R, ¢(w)dw) and there exists an integer x > 1,
such that C; =0 for all 0 < j <k —1, but C; # 0. Then & is called the Hermite rank
of S(-) and is denoted by HrankS(-).

It is assumed that all random variables are defined on a fixed probability space
(Q,5,P). We consider a measurable mean-square continuous zero-mean homogeneous
isotropic real-valued random field & (x), = € R™, with the covariance function

B(r) :=E0)(z), xeR" r=lz.

It is well known that there exists a bounded non-decreasing function ® (u), v > 0,
(see [15, 46]) such that

B(r)= /000 Sy (ru) d® (u) ,

where the function S, (-), n > 1, is defined by

_ n .
Sy, (u) == 20"=2/2p (5) J(n_g)/Q(U)U(Q 2 w0,
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where J(,_2)/2(+) is the Bessel function of the first kind of order (n —2)/2, see [20, 46].
The function @ (-) is called the isotropic spectral measure of the random field ¢ (x),
r € R".

Definition 2.7. The spectrum of the random field {(z) is absolutely continuous if
there exists a function f(u), u € [0,00), such that

u" tf(u) € Li([0,00)), ®(u) = 271"/2/F(n/2) /Ou 2" f(2)dz.

The function f(-) is called the isotropic spectral density of the field £ (z).

The field € () with an absolutely continuous spectrum has the following isonormal
spectral representation

€)= [ e TTATW (@), &)

where W (-) is the complex Gaussian white noise random measure on R, see [15, 20,
46).
Note that by (2.1.8) [20] we get E (H,,,(£{(x))) = 0 and

E (Hpn, (§(@)) Hin, (§))) = omym! B™ (lz —yl), 2, y € RY,
where 4,2 is the Kronecker delta function.

Definition 2.8. A random process X (t), t > 0, is called self-similar with parameter
H > 0, if for any a > 0 it holds X (at) 2 a X (t).

If X(t), t > 0, is a self-similar process with parameter H > 0 such that E(X (¢)) =0
and E(X?(t)) < oo, then B(at,as) = a* B(t, s), see [20].

3. Assumptions and auxiliary results

This section introduces assumptions and results from the spectral and correlation
theory of random fields.

Assumption 1. Let £(z), = € R™, be a homogeneous isotropic Gaussian random field
with E&(z) = 0 and the covariance function B(z), such that B(0) = 1 and

B(x) =E((0)& (@) = =7 Lo (l=]]) , >0,

where Lo (|| - ||) is a function slowly varying at infinity.

If « € (0,n), then the covariance function B(z) satisfying Assumption 1 is not
integrable, which corresponds to the long-range dependence case [4].

The notation A C R"™ will be used to denote a Jordan-measurable compact bounded
set, such that |A| > 0, and A contains the origin in its interior. Let A(r), r > 0, be
the homothetic image of the set A, with the centre of homothety at the origin and the
coefficient r > 0, that is |A(r)| = r"|A| and A = A(1).
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1
2
3
4 Let S(w) € Ly (R, ¢(w)dw) and define the random variables K, and K, , by
5
6 K o g _ G
; pi= (€(x))dr and K, := — Hy (&£ (x)) de,

A(r) R JA(r)
8
9 L
10 where Cj, is given by (1).
11 Theorem 3.1. [22] Suppose that &(x), x € R", satisfies Assumption 1 and
12 HrankS(-) = k > 1. If a limit distribution exists for at least one of the random
13 variables K, //VarK, and K, ./\/VarK,,, then the limit distribution of the other
1: random variable also exists, and the limit distributions coincide when r — oo.
16 By Theorem 3.1 it is enough to study K, , to get asymptotic distributions of K.
1; Therefore, we restrict our attention only to K. .
19 Assumption 2. The random field & (z), = € R™, has the isotropic spectral density
20
21 B 1
2 PO =ex () 12 (7).
2 A
24
25 where a € (0,n), ¢ (n,a) == T (252) /29721 (%), and L(|| - ||) ~ Lo(|| - |) is a
26 locally bounded function which is slowly varying at infinity.
27
28 Note that Assumptions 1 and 2 are connected by the so-called Tauberian-Abelian
29 theorems [21]. In applications these two assumptions are usually considered to be
30 equivalent and hence one of them might be sufficient in modelling various random data
31 that exhibit long-range dependence properties. For example, if the spectral density
32 f(-) is decreasing in a neighbourhood of zero and continuous (except at zero), then by
33 Tauberian Theorem 4 [21] the both assumptions are simultaneously satisfied. However,
34 in the general case, this equivalence is not true [4]. Therefore, the both assumptions
35 are essential for formulating general results in this paper. One can find more details
36 on relations between Assumptions 1 and 2 in [5, 21].
37 The function K (x) will be used to denote the Fourier transform of the indicator
22 function of the set A, i.e.
40 )
41 Ka (x) := / Wy, x e R™. (3)
42 A
43 . ‘ .
44 Theorem 3.2. [22] Let & (z), x € R"™, be a homogeneous isotropic Gaussian random
45 field. If Assumptions 1 and 2 hold, o € (0,n/k), then for r — oo the random variables
46
v Xon(8) = L) [ (o) do

A(r)

49
50 converge weakly to
51
52
>3 ”/2 ! W (dAy) -+~ W (dAx)
54 X,A»;(A) = (TL, a) - KA ()\1 + -4 )\H,) ”)\1”(n—a)/2 . ||)\’{H(n—oc)/2 .
55
56 / . . . : . .
57 Here wa denotes the multiple Wiener-1t6 integral with respect to a Gaussian white
58
59 7
60
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noise measure, where the diagonal hyperplanes \; = +£X;, 4, j =1,...,K, © # j, are
excluded from the domain of integration.

Assumption 3. [15] Let ¥(z) = ¥(||z||) be a radial continuous function positive for
|z|| > 0 and such that for o € (0,n/k)

hm// HxH HyH)dxdyE(O’oo)_
00 )|z =yl

Let u(||A]]) == c1(n,a) L(1/]|A]]), where L£(-) is from Assumption 2. In [20] and
Section 2.10 [15] the case when the function w(||A]|) is continuous in a neighbourhood
of zero, bounded on (0,00) and u(0) # 0, was studied. It was assumed that there is a
function J(||z||) such that for all ¢ € [0, 1]

K
/ Il
R 515

Hd)\ < 00

J=1

/ ei<’\1+"'+A*"m>1§ )dx
NG

and

2

lim
r—=00 [pnw

o (lel) f full I H . )i
(& T X
/A(tl/") ( H (@)

< TT Il TLax =o.
i=1 j=1

Under these assumptions the following result was obtained.

Theorem 3.3. [15] If Assumption 3 holds, then the finite-dimensional distributions
of the random processes

1
Y}’“(t) = rnfna/219(7a)uli/2(0) /A(rtl/ﬂ) 19(”1'”)}]% (f(:ﬂ)) dx (4)

converge weakly to finite-dimensional distributions of the processes

, o II5=, W(dX))
Y. (t) := Kapimy (M 4+ A0 ’{Jfl 7
e ( ) [T Al

as r — 0o, where a € (O,min (%, "T‘H)) and Ka ()\; 5) = [\ N0 (2 da.
4. Limit theorems for functionals of filtered fields

This section derives the generalisation of Theorem 3.3 when the integrand () H, (-)
n (4) is replaced by a filtered random field.
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Assumption 4. Let h : [0,00) — R be a measurable real-valued homogeneous func-
tion of degree 8 and ¢ : [0,00) — R be a bounded uniformly continuous function such
that g(0) # 0 in some neighbourhood of zero and [5, h?(||ul])g*(||u)du < cc.

We define the filtered random field V' (z), z € R", as

V@ = [ 6y He)dy = [ GUDHE+ i)y, 6)

where

1

G([l«) = G /]R e h(||ul)g(|lul)du (6)

is the Fourier transform of h(-)g(:).

Remark 1. The weight function G(-) is introduced by using the Fourier transform
of the product of h(:)g(:). This factorisation represents two types of behaviour: the
function h(-) gives homogeneous behaviour of degree 3, where the bounded function
g(+) is used to incorporate all other features. In the following, it will be shown that
the limit process depends on the parameters 8, ¢g(0) and h(0). Namely, the degree
[ determines the normalisation in the non-central limit theorem up to a constant
multiplier that involves ¢(0) and h(0).

Remark 2. Note that from the isonormal spectral representation (2) and the It6
formula

Holelo ) = [ e ormn TL R0 T W@y (™)
j=1 j=1

it follows that

Vi) = [ GOl [ TLVAnsD LT W@

=

!
:/ ez(>\1+~.-+>\mx)/ .€z<>\1+-~+>\my (lylHd H( (1A 1] W(d>\j)>

:/ g, f[\/ 7l TT W(ar

where G(-) is the Fourier transform of the function G(-) that is defined by (6) and the
stochastic Fubini’s theorem [36, Theorem 5.13.1] was used to interchange the order of
integration.

By (6) and Assumption 4 the isonormal spectral representation of V(x) is

URL: http:/mc.manuscriptcentral.com/gssr
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V(z) = / O AT RN+ A+ 4 A) ]1:[1 VUG E W(d;)

nk

nK

! K K
—h(l)/ MM Ny AP+ D) TTVFUNID T W ().
j=1 j=1

Therefore, it follows that the covariance of V (x) is

Cov(V(x),V(y)) = hg(l)/ e e

xg® (I + -+ Ael) TTFUA DA (8)
j=1

Remark 3. By the homogeneity of h(-) and Lemma 3 in [22] it holds

_ DA _ .
Ti(e) = [ 1Ka W PESEEE =20 [ JKa () Pt <o

for a € (0,n —28) and 5 < n/2.

Lemma 4.1. If 11,...,7«, k> 1, are positive constants such that it holds
Yor T <n—28 and f <n/2, then

- | / [Ka 4+ M) Pl + -+ Al Ty dy 3
Tlyovoy Ti) i= 00
T R P e
Proof. For k =1 we have 71 € (0,n — 2/3) and by Remark 3 we get the statement of
the Lemma. 3

For k > 1, let us use the change of variables A\,_1 = A\x—1/]||u||, where u = A+ Ap—1.
Then, we get

I,{(T],...,TH):/( )\KA()\l—I-"-—f—)\,i_g—i-u)]Q
Rn(r—1

X/ AL+ -+ Moo + 2PNy A\ - dA_sdu
re [As—t [P u = Ao [P (AP [ AT

_/ </ A (M4 Aomz +0) P+ Mo+ PTTST
n \ JRn(s-2)

[[AL][7=7 - - (A | T ][ e =

10
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dS\n—l )
X — — oy du (9)
AT s

Note that the second integrand in (9) is unbounded at [ Aeall = 0 and Aeo1 = u/ul
(in this case [|Ax—1]| = 1). If we split R into the regions Ay := {X\e—1 € R" : [[Ac1]| <
3h Ag = {1 € R L < |Ai]| < 3}, and Az = {\o—1 € R": [[Ao_1|| > 2}, then
the last integral in (9) can be estimated as

Te—N

dS\m—l u ~
= = — < sup  ||— — Ak
A [Py R wy b L I

. o - - dMe_1
o L N e L =
Ay Aw_1E€EA, Ay H Tull - An—lH

Tr_1—N || X ~ 1\~ " 1/2
o |H)‘f€*1H — ™" dAg-1 < <2> /0 p1"Ldp

-
Az

1 Tk—1—N . ) -
+ (2) / ”)‘f{—luﬂg*nd)\,{_l +/ pT,Q_1*1 (p i 1)7',@777, dp
A2y 3/2

[l |

1 Te—1—N  p5/2 ] dﬁ
<C+ (3 7l ———— =C <o,
soe(3) e [ o

where Ay — ﬁ ={AeR": A+ ﬁ € As} C vn (5), vy (r) is a n-dimensional ball
with centre 0 and radius r.
Hence, by (9) and Remark 3 using recursion one obtains

IH(T17 cee 7Tn) < CIH—l(T17 ey T—2,Tp—1 + Tf{)

< e §011<i7}'> <C ’KA (U)|2du < 00 (10)

= e Jul =228 S

which completes the proof. O

Lemma 4.2. The following integral is finite

K

T = / GO+ 4+ AP TT U AN < oo,

=1

Proof. As f(-) is an isotropic spectral density we can rewrite J,; as

11
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k—1

A 2
Te= [ [ 16 a) + AP = Aalhe [T FUNIDN
n(k—1 n i=1
5 K—1
= [ [P pou o ae) TLA0 - Adax. (1)
n(k—1 n z:l
Note that |G[2(-) € L ( ™) and f(-) € L; (R™). Hence, by Young’s theorem [8] it
follows that G3(-) = (  f)(-) € L1 (R™). Therefore, using convolutions as in (11)
we obtain
K—2
To= [ [ GH0u A= decaldades TT A= Ny
S i’ i=1

K—2
= 2 % Y.
_ /R - / (G )+ +>\H_2)ZH1f(|| Nl dA

K—2
=/ GEM+ -+ A2) [T FU=NilDdxi = - =
Rt JRe i=1

=/ GZ_ (M) F( = Ml)dh < oo,

where GJH( )= (G2 * f)(-) € Ly (R™) by Young’s theorem and recursive steps. [
Now we proceed to the main result.

Theorem 4.3. Let & (x), © € R™, be a random field satisfying Assumptions 1, 2 and
functions g(-) and h(-) satisfy Assumption 4. Then, for r — +oo the finite-dimensional
distributions of

B+ra/2—n p—K/2
Xenlt) = —— L7 () / V(z)de, tel01],
(2m)ey" " (n, o) g(0)h(1) JA(rer/m)

converge weakly to the finite-dimensional distributions of

A+ -+ NPT W(dN)
[T5— (1| e/ ’

where o € <0, ";26> and B < %

Remark 4. By the representation (8) in Remark 2 of the covariance function of V' (z)
we obtain

12
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Cov (X, x(t), Xy k(s)) =

B+ra/2—n n/2
(= L) / / Cov (V(2), V(y)) dedy
9 (2m)ne)’ " (n, a)g(0)h(1 A(rtt/n) J A(rst/m)

12
13 _ 7ﬁ+ﬁa/2 np— H/2 7, / / / A b A —y)
14 (27-[-)7’14 K// 0 A(Ttl/n 7‘81/" nk

18 <AL+ AelPP P A+ Al TT £ D dA dady
J=1

23 I N S ) / / / it A a1 gy
24 ( ) /2 O e rtt/n) J A(rst/n)

<A+ -+ AP g2+ -+ M) TT £ DN
j=1

oNOYTULT D WN =

33 B ,,,,B—l—na/?ﬁ—n/Z(T)
@2m)nc? (n, 2)g(0

2 K
) o [ Ka(Ous 2 T
) i=1

39 XK (A4 4 M) rsV/m) A+ - 4 Ml PP (I + -+ Ml T ds-
j=1

42 In particular, the variance of X, .(t) is

2
B+ra/2 p—kK/2
45 Var (X,,.(t) = [ — H/f (r) t2/ AL+ -+ Al ??
(2m)mey" " (n, a)g(0) ne

50 < [Ka (M + -+ Xt P+ + Al TT £UN Dd
j=1

53 Similarly, we get

ne

2> Cov (Xu(t), Xu(s)) = ts/ Ka((+ -+ A )V Ka (A + - + An) s1/7)

59 13
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X[ 4+ AP TT Il
j=1

and

2 AL+ AP TTT dA

Var (Xq(t)) = t2/ RA(u 4+ A )]

[T Al
Remark 5. Note that for a > 0 we have
! A1+ 4+ AallP TTG=y W (dNy)
Xy(at) = at/ Ka((A1+ -4 Ag) (at)t/m _ J=
s ( ) Hj:l ”)‘j||(n_a)/2
Using the transformation S\j = al/ "X, j = 1,...,k, and the self-similarity of the

Gaussian white noise we get

e [T KA((M 4 4 N) A+ -+ )P E -
X,{(at) — tal—fj-i-(,m)/ A(( 1 - ’f)~ )H 12 HH W(a_?d)\j)
e | [[Aj][(n=e)/ j=1
= X (),
Thus, X,(t) is a self-similar process with the Hurst parameter H =1 — £ — g

Proof. By (5) the process X, ,(t) admits the following representation

_ pBtra/2—n p— H/2(T) N N
Kol = s o) Do (o, G+ ) )

By (7) we obtain

Tﬂ+ma/2—n£—m/2 (7,)
Xrn t) = G
) (t) (2%)”0’;/2(71,&)9(0)}1(1) /A('I’tl/") </n (lyll)

x[// ittt Ae,zty) ﬁ,/ FUIN jﬁW(d&)}dy)dm. (12)

By Assumption 2 it follows [[_; \/f(l|Aj[]) € L2 (R™"). By Assumption 4, (6) and
Parseval’s theorem G(-) € La(R™). So, one can apply the stochastic Fubini’s theorem
to interchange the inner integrals in (12), see Theorem 5.13.1 in [36], which results in

,8+/$a/2 np— K/Q N
Xrw(t) = K/2 / 1 / it +>\M$>G()‘1 +ot Ag)
&P (n, A(ret/) SR
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< T[T/ £ANID TT W (dh;)da. (13)
j=1 g=1

Note that by Lemma 4.2 the integrand in (13) belongs to Lo(R™). Then, it follows
from the stochastic Fubini’s theorem, and Assumption 4 that

rﬁ+na/2—n£—n/2(r) /

Xr,n(t) = KA(,,tun)()\l + -+ AH)H)\I 4+ )\H”ﬁ

&2 n,a)g(0)  Jrn

K

<g(Ix+ -+ ) TT/ AN TT W),
j=1 j=1

where KA(Ttl/n)()\) = fA(rtl/") etN) .
Note that Ka(ps/n)(A) = tr"Ka (Artl/"), where Ka(+) is given by (3). Therefore,

rBtra/2 p—k/2 (’l“) //

X,x(t) =t
¢t (n, a)g(0)

Ea((a+ -+ M) it /™) A + -+ Ay )P

nk

K

xg(Ih -+ Xl TT /UMD TT W (ary).
j=1 J=1

Using the transformation A\0) = rAj, j = 1,...,k, and the self-similarity of the
Gaussian white noise we get

Tﬁ+na/2£fn/2 r /
Xpelt) =t ()/

Ka((AD 4. \®))gl/n
& (n, a)g(0) all o)

nk

K K

x(r‘lH)\(l) 4ot A(%)H)ﬁ H \ /f(”)\(j)H/r)g(r—lu)\(l) I /\(H)H) H W(d)\(j)/r)

Jj=1 Jj=1

Kka/2 p—K /2 —nkK/2 /
— ¢! £2 r)r / KA(()\(l) RS )\(n))tl/n)H)\u) NI )\(H)Hﬁ
¢t (n,)g(0)  Jere

Tﬁ(afn)/2£fn/2 (7,.)

x TLVFIADN/ g (AW -+ XD TTW D) = 7

j=1 j=1

/ K
x / Ka((AD 4 XA ND o 3O T UAD | r)o=n /A0

15
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K

| / (1) 4.y AR g1/m
Xg(T_IH)\(l)-i-"'—l-)\(H)H)HW(CD\(J)): t)/ Ka (()\ + '—|—)\ )t )

9(0 [Tj=; A (rmed/2

J=1

) [[AM 4 AW |5H\/c r/IAD)/L(r)g(r AW + -+ AD|) T W(dAW).

j=1

By the isometry property of multiple stochastic integrals

KA (()\(1) 4t /\(N))tl/”) |2
[T5=; @

Ry = E (Xy0(t) — Xu(£))® = t2/ |

x|[A® 4.+ )\(K)HM(QT()\(D, N\ ) 1)2d>\(1) e dA)

where

g(r AW 4 g AWy |1 j
9(0) jl;[lﬁ(r/HA( )/L(r)

Q (1, AW) =

Note that by Assumptions 2, 4, and properties of slowly varying functions
Q-(A\D, ..., \®)) converges to 1 pointwise, as r — 0.
Let us split R™ into the regions
By = {(\V,... AW) e R™ DD <1, if gy = -1,
and AV || > 1, ifpy=1,5=1,...,x},

where pu = (p1,...,px) € {—1,1}" is a binary vector of length . Then, we can
represent the integral R, as

2/ ’KA (()\(1)++>\(H))t1/n) ‘2
R, =t . A
pef-1,13+B Hj:l H)\(J)Hn a

x|[AD - +>\(“)H2ﬂ(Qr(/\(1),...,/\(“)) _ 1)2d,\(1) o d\)
If ()\(1), el )\(")) € B, we estimate the integrand as follows

’KA(()\(U RS )\(K))tl/n) 2

D) . a0))?8 (1 )y _ 1)?
H;v:l”)\(j)”n—a A%+ [T (Qr (AP, A — 1)
2’KA )‘() +)‘(H) tl/n k) (128 K
< Al IR0 O @200 ) 1)
‘]:
16
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C2[KA((AW 4 - AR gl

) (|28
e I e
J:

rt (%) (r YO L(r

9? 7"’“55( )

where 0 is an arbitrary positive number.
Using the boundedness of the function ¢(-), we can write

’KA(()\(U RS )\(H))tl/”) |2
[1j=1 XD

IAD . )\(Fu)H%’(QT(/\(U7 NN C) 1)2

2| Ka (AW 4 -+ AW)¢l/m)

K) |28
= T Hm = i [A® 4 A0

><<1+c( - HW,,MH (r/IAD ) £(r /| A H))

)\17 7 “] 1 rujaﬁ( )
By Theorem 2.4

SUP| A& |1<1 (T/”)\(j)H) (T/H/\ H)

Jim =L (r) =1L
and
i SR >1 (r/IAD) L (r/|AD]))
im =1.
r—00 rOL(r)
Therefore, there exists ro > 0 such that for all » > ry and (/\(1), . ,)\(“)) € B,

|Ka (AW 4+ AR

tt/m)
I ”)\ )||n—o ’ H)\(l) +- A(”)HM(QT()\(U’ ) g 1)2
j=1

2| Ko (A®) + _|_)\('€) £1/n) |2 1128

k) |28
[15_, [AG)||n—a—ns AW o AP (14)
]:
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By Lemma 4.1, if we choose § € (0, — a}), the upper bound in (14) is
an integrable functlon on each B, and hence on R™ too. By Lebesgue’s dominated
convergence theorem R, — 0 as r — oo, which completes the proof. O

5. Examples

The objective of this section is to investigate the Hurst parameter H of the limit
process X, (t) in Theorem 4.3. The section provides simple examples where the range
(7(A), 1) for H is explicitly specified depending on the observation window A C R™.

Recall that H =1 — £ — g and Z; (ko) is defined as

| KA (N) 2dX

’ia C/ ||)\Hn N\ [|n—ka—23 "

Example 5.1. Let n = 1 and A has the form A = [-b,a] C R, where a,b > 0.
Using (3) one obtains

a i eiaA o e—ibA
K[_bﬂ} ()\) = /be)‘ dr = T

Note that as A — 0 it holds |K|_y 4 ()| = b+ a < oco.
Now, as A — oo

giaA _ o—ibA B
K? )\ == < = —.
‘ [ b,a]( )‘ i\ = |Z>\| |)\|
Let 11 =19 = -+- = 7, = a. Then, by (10) Z.(«,...,«) can be estimated as

|K_p,a) (N) [PdA dX
T(a,....a) < CTy(ka) = C : <cC __
(Oé OZ) 1(/‘ia) & ’)\ll_ﬁa_Q'B 1 /|,\|<CO |)\|1—na—26

d\ o dp *  dp
+C'2/ SC/ —i—C/ —_—. (15)
IA|>Co |)\‘3—mx—2,8 0 pl—Na—QB o pS—Ha—Qﬂ
Note that the two conditions 1 — ka — 28 < 1 and 3 — ke — 23 > 1 are required to
guarantee that, integrals in (15) are finite. The first condition implies 1 — % — § < 1
andthesecondonel———ﬁ>0 So I (a,...,a) < o0 if H € (0,1).

Example 5.2. Let A be an n-dimensional ball of radius 1, i.e. A = v(1) C R™. In
this case

Kv(l) ()\) = / 6i</\’x>d.%'.
v(1)

Note that as [|Al| — 0 it holds [K, ) (A) | < C < oo.

18
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Now, as ||[A|| = oo we obtain

Jns2 (M) C
Koy (M) | =C =T
W YRR YRS
Let 11 =1 =--- = 7 = a. Then, by (10) Z:(«, ..., «) can be estimated as

| K1y (A) [PdX d\
@awwwgc/sa/ e
( . Al ni<c, A28
d\

C oo
’ dp dp
e /A>co Tazwa—zmet = © /0 oTra—38 + /C pnmm} - (16)

The two integrals in (16) are finite provided that 1—ka—28 < 1 and n—rka—25+2 >
1. It follows that 1 — ;L <1 — 52 — B <1, ie He (3 — 5-,1), where n € N. Note

2n 2n n T2
that for n = 1 the Hurst index H € (0,1) and one obtains the same result as in

Example 5.1. For n > 1 we get v(v(1)) = 3 — 5= < 3.

Example 5.3. Let n =2, A = [(1) = [-1,1]? C R2. In this case

sin )\1 sin /\2

1 1
K, = K — Z‘(>\1-731+>\2$2) — )
o) (M) o1y (A1, A2) /_1 /_16 dzydxs —

Note that |K|:|(1) ()\1, /\2) | < C. When min()\l, )\2) > Cy > 0 we get

C

K )\ 7>\ Sia
| D(l)( 1 2)| |)\1||>\2|

and if/\j >Cy>0, \;<Cy, i, j€ {1,2}, 1 # j, then

sup |K|:|(1) ()\1, /\2) | < - —. (17)

C
Aiyij |21

Let us split R? into the regions
AL = {(A1,A2) € R?: [\q] < Co, A2 < Col,
A/2 = {()\1,)\2) S R2 : |)\1| < Co, |>\2| > C(]},
Ay = {(A1, A2) € R? 1 [\] > Co, [he| < G},

Al = {(M1, A2) €R%: |\ | > Co, |No| > Co},

where Cy > 0.
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Then 7;(ka) can be written as
4 .
=317 (ka), (18)
=1

Ko, (V))2dA .
WhereI fA,H/\”(;)W,]:L...A.

We will consider each term in (18) separately. The term I{l)(-) can be estimated as

2
Wy [ Eop () dA1d)
4 (“a)—/,W,m_zg<C i 1

PYEY e
2
< c</ f“l>
nl<Co (AP

The last integral is finite provided that 1 — £* — 5 < 1, i.e. H < 1.
Using (17) the term If )() can be est1mated as
Knay (A) [2dA dAidX
I§2)(HOK) — / % < C/ 1 21-%-5
. A Ay [Aa* (IAal[A2])™ =

c/ / A
IA1]<Co |>\1 B IA2|>Co AP~ 7F

The last integrals are finite provided that —f <land 3—5*—p3 > 1.1t follows
that H € (0,1). Similarly, one obtains If”)( ) < oo when H € (0, 1).
Now, for the term If4)(~) we obtain

Ko (A 2dA
70 (s0) = / % < / dAyd) I
A Ay AP 2] (Al Ae]) 2

2
Pal>Co [A2|77 2 7

The last integral is finite provided that 3 — £* — 5 > 1. It follows that H > 0.

By combining the above results for (18), one obtains Z; (ka) < co. Therefore, using
71 = T3 = - -+ = T, = « and the inequality (10) we obtain that the result of Theorem 4.3
is true when H € (0,1).

6. Discussion and possible extensions

In this paper, we studied the asymptotic behaviour of integral functionals of filtered
random fields defined on increasing observation windows A(r) C R™, r > 0. These
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integral functionals are defined as convolutions of non-random kernels with non-linear
transformations of long-range dependent fields. It was shown that the limits are non-
Gaussian self-similar processes. The explicit form of the Hurst parameter H of the
obtained limit processes was obtained. The parameter H was given for several examples
on the set A. It was demonstrated that the range (y(A),1) for H depends on the
geometric properties of A and, contrary to the majority of results available in the
literature, H can take values in the interval (0, 3).

The weight function G(-) given in (6) is defined as the Fourier transform of the prod-
uct of h(-)g(-). The radial function h has a homogeneous behaviour of degree 8 > 0.
It would be interesting to obtain similar results for other classes of weight functions.
Furthermore, all results in this paper were obtained for integral functionals of scalar
random fields. It would be interesting to generalise these results for the case of integral
functionals of vector random fields. For this case, one can use the recent reduction
approaches introduced by Olenko and Omari [32, 33]. Another possible extension is to
consider random fields defined on hypersurfaces in R™ such as a spheres. In this case
one has to generalise recent asymptotic results obtained by Olenko and Vaskovych [34].
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The Authors’ Response to Reviewer 1

We appreciate the amount of time and effort that you have given to this paper. We have revised the manuscript
to reflect your suggestions. We made all required changes and corrections as listed below.

The authors should include a Final Comment section, where they discuss the extension of the derived results to
more general frameworks, beyond the family of functions G considered, for filtering.

We added Section 6:

6. Discussion and possible extensions

In this paper, we studied the asymptotic behaviour of integral functionals of filtered random fields defined on in-
creasing observation windows A(r) C R™, r > 0. These integral functionals are defined as convolutions of non-random
kernels with non-linear transformations of long-range dependent fields. It was shown that the limits are non-Gaussian
self-similar processes. The explicit form of the Hurst parameter H of the obtained limit processes was obtained. The
parameter H was given for several examples on the set A. It was demonstrated that the range (v(A),1) for H depends
on the geometric properties of A and, contrary to the majority of results available in the literature, H can take values
in the interval (0, 3).

The weight function G(-) given in (6) is defined as the Fourier transform of the product of h(-)g(-). The radial
function h has a homogeneous behaviour of degree § > 0. It would be interesting to obtain similar results for other
classes of weight functions. Furthermore, all results in this paper were obtained for integral functionals of scalar
random fields. It would be interesting to generalise these results for the case of integral functionals of vector random
fields. For this case, one can use the recent reduction approaches introduced by Olenko and Omari [32, 33]. Another
possible extension is to consider random fields defined on hypersurfaces in R™ such as a spheres. In this case one has
to generalise recent asymptotic results obtained by Olenko and Vaskovych [34].

We also corrected several other minor misprints.

We believe that the manuscript has been greatly improved and hope it has reached Stochastics journal’s standards.
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The Authors’ Response to Reviewer 2

We appreciate the amount of time and effort that you have given to this paper. Your comments were very helpful in
directing our attention to areas that required clarification and corrections. We have revised the manuscript to reflect
your suggestions.

We made all required changes and corrections as listed below.

e | would suggest the authors insert a Remark to explain the role of g.

oNOYTULT D WN =

We added a Remark and now it is written:

9 “Remark 1. The weight function G(-) is introduced by using the Fourier transform of the product of h(-)g(:).
10 This factorisation represents two types of behaviour: the function h(-) gives homogeneous behaviour of degree 3,
1 where the bounded function g(-) is used to incorporate all other features. In the following, it will be shown that the
12 limit process depends on the parameters 3, g(0) and h(0). Namely, the degree 5 determines the normalisation
13 in the non-central limit theorem up to a constant multiplier that involves g(0) and h(0).”

15
16 We also corrected several other minor misprints.
17
18 We believe that the manuscript has been greatly improved and hope it has reached Stochastics journal’s standards.
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The Authors’ Response to Reviewer 3
We appreciate the amount of time and effort that you have given to this paper. We have revised the manuscript

to reflect your suggestions.
We made all required changes and corrections as listed below.

e Line 23, page 13: Add “to” after “is equal”
Now it is written as:

In particular, the variance of X, () is...

e Line 10, page 18: absolute value of a+b may be replaced by a + b # 0
Now 1t is written as:
Let n =1 and A has the form A = [—b,a] C R, where a,b > 0.

e Several places in the paper: “Note, that” may be replaced by “Note that”, without the comma between “Note”
and “that”.

We replaced ”Note, that” by ”Note that”.

We also corrected several other minor misprints.

We believe that the manuscript has been greatly improved and hope it has reached Stochastics journal’s standards.
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The Authors’ Response to Reviewer 4

We appreciate the amount of time and effort that you have given to this paper. Your detailed comments were very
helpful in directing our attention to areas that required clarification and corrections. We have revised the manuscript
to reflect your suggestions.

We made all required changes and corrections as listed below.

e P. 2, line 40. Replace “stationary in the wide sense” with ”wide-sense stationary”.

Now it is written: “Let V(t) = [, G(t — s)&(s)ds, t € R, be a linear filtered process, where {(t), t € R, be a
mean-square continuous wide-sense stationary process with zero mean and finite variance. .. ”.

P. 6, line 20. Explain what do you mean by the field with absolutely continuous spectrum.

Now 1t is written:

“Definition 2.7. The spectrum of the random field £(x) is absolutely continuous if there exists a function f(u), u €
[0,00), such that

u" L f(u) € L1([0,00)),  ®(u) = 202 /T(n/2) /Ou 2" f(2)dz.”

P. 7, line 8. replace “denote” with “define”.
Now it is written: “Let S(w) € La (R, ¢(w)dw) and define the random variables K, and K, , by,...”

P. 7, line 11. The domain of integration is A(r). Is it the same as A(r) in line 57

The two integrations have the same domain A(r). The notation is corrected. Now it is written:

“K, = S (x))de and K,,:= Cr

— Hy (§ () d, ”
A(n) WRNG

P. 7, line 32. If I understood correctly, Assumptions 1 and 2 are related by means of Abelian and Tauberian
theorems. It could be good to add a paragraph with a short explanation of the subject for a non-specialist.

We have added a short paragraph and a reference. It is written as:

“Note that Assumptions 1 and 2 are connected by the so-called Tauberian-Abelian theorems [21]. In applications
these two assumptions are usually considered to be equivalent and hence one of them might be sufficient in
modelling various random data that exhibit long-range dependence properties. For example, if the spectral density
f () is decreasing in a neighbourhood of zero and continuous (except at zero), then by Tauberian Theorem 4 [21]
the both assumptions are simultaneously satisfied. However, in the general case, this equivalence is not true [4].
Therefore, the both assumptions are essential for formulating general results in this paper. One can find more
details on relations between Assumptions 1 and 2 in [5, 21].”

The following reference was added

[21] N. Leonenko and A. Olenko, Tauberian and Abelian theorems for long-range dependent random fields,
Methodol. Comput. Appl. Probab. 15 (2013), pp. 715-742.

P. 10, line 25. What do you estimate here?

Now it is written: “Then, we get ... using recursion one obtains ...”

P. 13, line 23. Delete “equal”.

Now it is written: “In particular, the variance of X, . (t) is

2

P. 16, line 20. Replace “pointwise converges to 1, when” with “converges to 1 pointwise, as”.
Now 1t s written as:

“Note that by Assumptions 1, 2, and properties of slowly varying functions Q.( AV, ... A\¥)) converges to 1
pointwise, as r — 00.”

We also corrected several other minor misprints.

We believe that the manuscript has been greatly improved and hope it has reached Stochastics journal’s standards.
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