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Abstract

The main result of the article is the rate of convergence to the Rosenblatt-type distributions
in non-central limit theorems. Specifications of the main theorem are discussed for several
scenarios. In particular, special attention is paid to the Cauchy, generalized Linnik’s, and
local-global distinguisher random processes and fields. Direct analytical methods are used
to investigate the rate of convergence in the uniform metric.
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1. Introduction

This paper studies local functionals of homogeneous random fields with long-range de-
pendence, which appear in various applications in signal processing, geophysics, telecom-
munications, hydrology, etc. The reader can find more details about long-range dependent
processes and fields in [7, 10, 12, 17, 37] and the references therein. In particular, [7] dis-
cusses different definitions of long-range dependence in terms of the autocorrelation function
(the integral of the correlation function diverges) or the spectrum (the spectral density has
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a singularity at zero). The case when the summands/integrands are functionals of a long-
range dependent Gaussian process is of great importance in the theory of limit theorems
for sums/integrals of dependent random variables. It was shown by Taqqu [32, 33| and
Dobrushin and Major [6] that, comparing with the central limit theorem, long-range depen-
dent summands can produce different normalizing coefficients and non-Gaussian limits. The
volumes [7] and [28] give excellent surveys of the field. For multidimensional results of this
type see [12, 15, 17]. Some most recent results can be found in [13, 21, 27].

Despite recent progress in the non-central limit theory there has been remarkably little
fundamental theoretical study on rates of convergence in non-central limit theorems. The
rate of convergence to the Gaussian distribution for a local functional of Gaussian random
fields with long-range dependence was first obtained in [15]. This result was applied to
investigate the convergence of random solutions of the multidimensional Burgers equation
in [16]. The only publications, which are known to the authors, on the rate of convergence
to non-Gaussian distributions in the non-central limit theorem are [3, 18]. These publica-
tions investigate particular cases of stochastic processes. The Hermite power variations of a
discrete-time fractional Brownian motion were studied in [3]. The article [18] investigated
the specific one-dimensional case of the Cauchy stochastic process and some facts used in
the paper require corrections. To the best of our knowledge, the rate of convergence has
never been studied in the general context of non-central limit theorems for non-Gaussian
limit distributions. This work was intended as an attempt to obtain first results in this
direction.

Our focus in this paper is on fine convergence properties of functionals of long-range
dependent Gaussian fields. The paper establishes the rate of convergence in limit theorems
for random fields, which is also new for the case of stochastic processes. It also generalizes
the result of [18], which was obtained for a stochastic process with a fixed Cauchy covariance
function, to integral functionals of random fields over arbitrary convex sets. In addition, the
paper corrects some proofs in [18]. Specific important examples of the Cauchy, generalized
Linnik, and local-global distinguisher random processes and fields, which have been recently
used to separate a fractal dimension and the Hurst effect [10], are considered.

To estimate distances between distributions in the limit theorems for non-linear trans-
formations of Gaussian stochastic processes Nourdin and Peccati proposed an approach
based on the Malliavin calculus and Stein’s method, see [23, 24] and the references therein.
The cases of the standard normal distribution and the centred Gamma distribution were
considered and the limit theorems for the weakly dependent case were obtained. In [3] the
Malliavin calculus and Stein’s method were applied to obtain error bounds for Hermite power
variations of a fractional Brownian motion. Central and non-central limit theorems for the
Hermite variations of the anisotropic fractional Brownian sheet and the distance between a
normal law and another law were studied in [30] and extended to the multidimensional case
in [4]. However, to the best of our knowledge, there are no extensions of these results to
more general classes of covariance functions in the multidimensional case considered in this
paper. In contrast we use direct analytical probability methods to investigate the rate of
convergence in the uniform (Kolmogorov) metric of long-range dependent random fields to
the Rosenblatt-type distributions.



The class of Rosenblatt-type distributions is contained in the wide class of non-Gaussian
Hermite distributions, which can be defined by its representation in the form of multiple
Wiener-Ito stochastic integrals with respect to the complex Gaussian white noise random
measure. The Rosenblatt distribution is a specific element from this class, which has been
widely used recently in the probability theory and also appeared in a statistical context as
the asymptotic distribution of certain estimators. There are power series expressions for the
characteristic functions of the Rosenblatt distribution. For a comprehensive exposition of
the Rosenblatt distribution and process we refer the reader to [9, 19, 32, 34, 35, 36]. The
approach presented in the present paper seems to be suitable even in more general situations
of the Hermite limit distributions.

The results were obtained under assumptions similar to the standard ones in [31] and
the references therein. Rather general assumptions were chosen to describe various asymp-
totic scenarios for correlation and spectral functions. Some simple sufficient conditions and
examples of correlation models satisfying the assumptions are discussed in Sections 5 and 6.

As a bonus, some other new results of independent interest in the paper are: the bound-
edness of probability densities of the Rosenblatt-type distributions, asymptotics at the origin
of the spectral densities of the Cauchy, generalized Linnik, and local-global distinguisher ran-
dom processes and fields, and the representation of the spectral density of the local-global
distinguisher random processes.

The article is organized as follows. In Section 2 we recall some basic definitions and
formulae of the spectral theory of random fields. Section 3 introduces the key assumptions
and auxiliary results. The main result is presented in Section 4 and its specifications to
various important cases are demonstrated in Section 5. Discussions and short conclusions
are presented in Section 6.

Some computations in Examples 3 and 4 were performed by using Maple 15.0 of Waterloo
Maple Inc. and verified by Mathematica 9.0 of Wolfram Research, Inc.

2. Notations

In what follows |-| and ||-|| denote the Lebesgue measure and the Euclidean distance in R?,
respectively. We use the symbols C' and ¢ to denote constants which are not important for
our exposition. Moreover, the same symbol may be used for different constants appearing
in the same proof.

We consider a measurable mean square continuous zero-mean homogeneous isotropic
real-valued random field n(z), € R? defined on a probability space (2, F, P), with the
covariance function

B(r) := Cov (n(x).n(y)) = / " Ya(r2) dd(2), 7,y € RY,

where 7 := ||z — y||, ®(-) is the isotropic spectral measure, the function Yy(-) is defined by
d
Yy(z) := 22721 (5) Jiaoyja(z) 237D2 0 2 >0,
J(a—2)/2(+) is the Bessel function of the first kind of order (d — 2)/2.
3



Definition 1. The random field n(z), x € RY, as defined above is said to possess an abso-
lutely continuous spectrum if there exists a function f(-) such that

®(z) = 27201 (d/2) /OZ u ™ fu)du, z>0, um'f(u) € Li(Ry).

The function f(-) is called the isotropic spectral density function of the field n(x).

The field n(x) with an absolutely continuous spectrum has the isonormal spectral repre-

sentation
oa) = [ PFIRDW N,

where W (-) is the complex Gaussian white noise random measure on R
Consider a Jordan-measurable convex bounded set A C R? 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 » > 0, that is |A(r)] = r¢|A|.
Consider the uniform distribution on A(r) with the probability density function (pdf)
| AT Xagm(®) @ € R?, where x ,(-) is the indicator function of a set A.

Definition 2. Let U and V be two random vectors which are independent and uniformly
distributed inside the set A(r). We denote by ay(2), 2 > 0, the pdf of the distance ||[U — V||
between U and V.

Note that ¥ap)(2) = 0 if 2 > diam {A(r)}. Using the above notations, we obtain the
representation

/ / (|l — yll) dedy = |ARPE Y(|U — V) =
A(r) JA(r)

5 9 diam{A(r)}
N / (=) dar (=) dz, (1)

where 7'(+) is an integrable Borel function.
Remark 1. If A(r) is the ball v(r) := {z € R?: ||z|| < r}, then

d+1 1
¢v(r)(z) = dT_dZd_lfl—(z/2r)2 <%, 5) , 0<2< 2,
where
I = s | uP T (L)' 0,1, p>0, ¢>0
H(p’q) F(p) F(q) 0 w ( U) U, lu 6( ) ]’ p ) q 9

is the incomplete beta function, see [12].



Remark 2. Let Hi(u), k > 0, u € R, be the Hermite polynomials, see [28]. If (&,..., &) is
2p-dimensional zero mean Gaussian vector with

1, ifk=y;
0, otherwise,

then

E HHk fj m; £]+p Hém] k r
The Hermite polynonnals form a complete orthogonal system in the Hilbert space
2
Ly(R, ¢(w) dw) = {G : / G?*(w)p(w) dw < oo} . olw):=e 7 /2.
R

An arbitrary function G(w) € Lo(R, ¢(w) dw) admits the mean-square convergent ex-
pansion

 C;H;(w
Glo) = > DB i [ Gl wotw) du. 2)
i 7 R
By Parseval’s identity
— = [ G*(w)p(w) dw.
Z o= [ Cww) (3)

Definition 3. [32] Let G(w) € La(R, ¢(w)dw) and assume there exists an integer r > 1
such that C; = 0, for all 0 < j <k —1, but C, # 0. Then k is called the Hermite rank of
G(-) and denoted by HrankG.

Definition 4. [1] A measurable function L : (0,00) — (0,00) is called slowly varying at
infinity if for allt > 0,
. L(\t)
TPV
By the representation theorem [1, Theorem 1.3.1], there exists C' > 0 such that for all
r > C the function L(-) can be written in the form

L(r) = exp ( et ) @

where (;(+) and (3(-) are such measurable and bounded functions that (5(r) — 0 and (;(r) —
Co (|Co| < 00), when r — oo.

If L(-) varies slowly and a > 0 then r*L(r) — oo, r*L(r) — 0, when r — o0, see
Proposition 1.3.6 [1].




3. Assumptions and auxiliary results

In this section we list the main assumptions and some auxiliary results from [21] which
will be used to obtain the rate of convergence in non-central limit theorems. The detailed
discussion of the main assumptions is given in Section 6. We also prove the boundedness of
the pdf of the Rosenblatt-type distributions.

Assumption 1. Let n(z), € R%, be a homogeneous isotropic Gaussian random field with
En(z) = 0 and the covariance function B(x) such that

B(0) =1, B(z) =En(0)n(x) = [lz[|~* L([|=I),
where L(]||-]|) is a function slowly varying at infinity.

In this paper we restrict our consideration to a € (0,d/k), where k is the Hermite rank
in Definition 3. For such « the covariance function B(x) satisfying Assumption 1 is not
integrable, which corresponds to the case of long-range dependence.

Let us denote

K, = / G(n(z))dz and K, ,:= Ce H.(n(z))dz,
A ERUNG
where C} is defined by (2).

Theorem 1. [21] Suppose that n(z), x € R?, satisfies Assumption 1 and Hrank G(-) = x >
1. If there exists the limit distribution for at least one of the random variables

Kr Krn
and ’

vVark, V/Var K.’

then the limit distribution of the other random variable exists too and the limit distributions
coincide when r — 00.

Remark 3. By the property lim, ., Var K, /Var K, , = 1 (see [21]) Theorem 1 holds if the
first random variable is replaced by K, /\/Var K, ..

Assumption 2. The random field n(z), v € R?, has the spectral density

FAM) = eald, @) [IN° L (ﬁ) Fe(AD, (5)
where e(t) = t*4L (1/t) - O (min (tV, 1)), as max (¢,1/t) — +oo,
ca(d, ) == a (d_Ta)

" ()
and L(||-]]) is a function which is locally bounded slowly varying at infinity and satisfies for
sufficiently large r the condition
L(tr)
L(r)

where v >0, ¢ > 0, and v are constants.

1—

<Ct)rd > 1, (6)




Remark 4. For d = 1 Assumption 2 is similar to the conditions employed in [31] and the
references therein to describe the asymptotic behaviour of the spectral density at zero. For
example, the conditions (5) and (6) are the equivalents of Assumptions 3 and 4 in [31]. Some
sufficient conditions for Assumption 2 are discussed in Remark 6 and [31].

Remark 5. For d > 1 the situation is more complex. Under some additional conditions
(for example, monotonicity and essential positivity) Assumptions 1 and 2 are linked by
Abelian and Tauberian theorems. However, they do not imply each other in general, consult
20, 26]. Thus, to investigate the rate of convergence we need both assumptions. Moreover,
Assumption 2 provides more detailed information about the asymptotic behaviour of the
spectral density at zero than one can obtain from the corresponding Tauberian theorem.

The following Lemma shows that (6) can be replaced by a ”stronger” condition.
Lemma 1. The condition (6) is equivalent to
L(tr)
L(r)
Proof. The condition (6) implies that, for each t > 1, L(¢tr)/L(r) =1 = O (r~%), as r — oo,
where O (r~%) may be different for different values of ¢. Notice that r~7 has positive decrease

because its upper Matuszewska index (refer to Section 2.1.2 [1]) is —¢ < 0. Then, by the
representation theorem for slowly varying functions with remainder, see Corollary 3.12.3 [1],

‘1— <C/rt t>1, ¢>0. (7)

L(r)=C(1+C(r)), as r — oo, (8)
where C(r) = O (r~9). Therefore, by (8)
L(tr) sup [C'(r) = C (tr)] _ C C

1— = < — _— = -4
ilzl? L(r) 1+C(r) —ra * i‘é? (tr)e O(r™), r— oo,
and the condition (6) can be replaced by (7). O

Remark 6. An example of a sufficient condition for (6) is that L(-) is differentiable and its
derivative satisfies
|1L'(r)| = O(L(r)/r'™), = +o0. (9)

Indeed, by Theorem 1.5.3 [1], there exist ro > 0 and C' > 0 such that for all r > rq it
holds

L(t’f’) T(t - 1) SUDyerrt] LI(U) L/(U)
1— < . <7r(t—1) sup
‘ L(r) L(r) ( )ue[m] L(u)
u® SUDye[r,rt] uiéL(u) tito
- ’ <C t>1.
* uiﬁ,prﬂ r r0L(r) T B

Notice, that (9) can be rewritten as |In'(L(r))| = O(r~179), as r — +oo. Therefore, if
the function ¢ (-) is differentiable in (4) we obtain the sufficient condition
Ga(r)
r

¢ (r) + =001, r— +oo.
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A few simple examples of functions satisfying the condition (6) for sufficiently large r

are L(r) = ag, L(r) = (ag +a; 9", and L(r) = agexp(a;/r?), where ag > 0, a; and ay
are constants. The function L(r) = Inr does not satisfy the condition (6).
Remark 7. Note that Assumption 1 implies L(t) = O(t%), t — +0. Therefore, if Assump-
tion 1 holds true then the condition e(t) = t* 4L (1/t) - O (min (t?,1)) is equivalent to
e(t) = O (t7%) , when t — +00. Hence, the condition (5) is equivalent to f([|A[|) = O™,
when ||[A|| = +oo. Thus, if Assumption 1 is fulfilled then for the case ||A|| — 400 one can
use f(|Al]) = O(J|A]|~?) instead of the condition (5) in Assumption 2.

Let us denote the Fourier transform of the indicator function of the set A by
Ka(x) ::/ @ du, xR (10)
A

Lemma 2. [21] If 7,..., 7, k > 1, are such positive constants that y ., 7, < d, then

o dh

[Ka(Ar + 0+ ) - — <
/Rd“ AT Al

Theorem 2. [21] Let n(z), x € R, be a homogeneous isotropic Gaussian random field with
En(x) = 0. If Assumptions 1 and 2 hold, then for r — oo the finite-dimensional distributions

of
Xy = r(m)/Q_dL_”‘ﬂ(r)/ H.(n(z))dx
A(r)

converge weakly to the finite-dimensional distributions of

' W(dAy) ... W(d\,)
Xo(A) =5 (da) [ Ka(u+e+ ) —— a7
’ A ]| @72 (A2

where fﬂédﬁ denotes the multiple Wiener-Ito integral.

Definition 5. The probability distribution of Xo(A) will be called the Rosenblatt-type dis-
tribution.

It is a generalization of the Rosenblatt distribution to arbitrary set A. Consult [9, 19,
32, 34, 35, 36] on various properties and applications of the Rosenblatt distribution.

Lemma 3. The Rosenblatt-type distribution has a bounded probability density function:
d
Sup px,(a) (2) =sup —P (Xa(A) < 2) < +00.
z€R z€R AZ

Proof. By Theorem 1 in [5] (also consult [25] for some recent results) it follows that the
probability distribution of X5(A) is absolutely continuous. To show that X3(A) has a
bounded density we will use Theorem 2 of [5] which is valid for general measurable spaces.

8



In our case it requires the existence of linearly independent functions hy(-), ha(-) € Ly (R?)

such that
Ka(M + A2) hi( M )h ()\ )

> dAidAg > 0 (11)
O PV ¥
and
Tdy
/ ) Vic (A1, Az, Az, Ag) (A1) ha(A2)ha(As)ha(Ag) HP\HT >0, (12)
R4 e
where VK(/\ly /\27 /\37 /\4) = KA(AI + )\Q)KA()\?) + /\4) — KA(/\l + /\3)KA(/\2 + )\4)
Let us choose
_ GIANNY? Jaa (N - 64AY)

1O A0 =, ) (S22 e (13

where Ay is a positive number, v(A) is the Euclidean ball of radius Ay, and ¢;{A} > 0,
j = 1,2. For convenience, we will also use the definition (13) in the case Ag = +00 assuming
that Xv(Jroo)()\) = 1.

We will need the following asymptotic properties of the Bessel function of the first kind,
see (8.402) and (8.451) [11],

~d/2

2
Jaja(z) ~ \/ECOS(Z—W(d—i—l)/ZL), z =00, Japa(z) ~ ST (42 1 1) z— 0.

By the definition (13),

o h(-,Ap) € Ly (Rd) , 7 = 1,2, are radial functions with compact supports for which
(A, Ao) = NP2 by, Ag) € Ly (RY) N Ly (RY), when Ay < +o0;

o hj()\ Ag) € Ly (RY), when Ay = +oc.

Therefore, substituting (10) and (13) into (11) and (12) and legitimately changing the
order of integration, for Ay < +00 we get

KA(A1 + A2) ha(A1, Ag)hi (A2, Ao)
I(Ay) = dA;d)
( 0) R2d H)\lu(d—a)ﬁ H)\ZH(d—a)/? 1242

A p (A, Ag)ha(As, Ao) 2 2
d o . d)\ld)\g du = / hl(u, Ao) du, (14)
//RM I\ [ A, A< )

and similarly

dA;
|>\ || (d—a)/2

:%

Ih(Ap) == / ) Vi (A1, A2y Az, Ag) ha (A1, Ag)ha (A2, Ag)ha(As, Ag)ha(Ag, Ao)
R4

_ /A (Zlm,AO))Qdu /A (Z2<U,AO))2du— ( /A Zl(u,Ao)ﬁz(u,Ao)du)Q, (15)

9



where Bj(~, Ap) are the Fourier transforms of ﬁj(-, Ap), j=1,2.
Notice, that for Ag = +o0o we get, see [26],

(AN [ dAGAAD s
o= (2) Lo g 9= b, i<tz o)

By the definition (13),

}Nlj()\, Ao) — ilj()\, +OO> in LQ(Rd), when Ay — 4o00.

Hence, (14), (15), and (16) yield

I(Ay) — /A a +oo)>2 du — /A (Xv(elm})(u))g du = [o(6{A}) N A

and
Io(Ag) = [o(6{A}) N A - v ({A}) N A] = v (min (6{A}, L{A}) N AJ?

when Ay — +o0.
If ({A} := diam{A} and (2{A} is a such radius that |[v(le{A}) N A] = |A|/2, then

I(Ag) = |A] >0 and Iy(A4g) — |A]*/4 > 0.

Hence, there exists Ay < +oo such that the conditions (11) and (12) are satisfied for h;(\) =
h;i(A, Ap), j = 1,2. Finally, we complete the proof noting that h;(X, Ag), j = 1, 2, are linearly
independent functions. O]

Definition 6. Let Y; and Y be arbitrary random wvariables. The uniform (Kolmogorov)
metric for the distributions of Y1 and Y5 is defined by the formula

p(Y1,Y2) = sup|P(Y; < 2) — P (Y2 < 2)].

z€R
The following result follows from Lemma 1.8 [29].

Lemma 4. If X, Y, and Z are arbitrary random variables, then for any e > 0 :

p(X+Y,Z) < p(X,Z)+p(Z+e,2)+ P(Y] 2 ).

4. Main result

In this paper we consider the case of Rosenblatt-type limit distributions, i.e. k = 2 and
a € (0,d/2) in Theorem 2. The main result describes the rate of convergence of K, to
X3(A), when r — oo. To prove it we use some techniques and facts from [2, 18, 21].

10



Theorem 3. If Assumptions 1 and 2 hold, g < d/2 — «, and Hrank G = 2, then for any

: d—2
> < 3 min (a(dfaa),%1> ,

(G X)) =0l ), 7o

where Cy is defined by (2) and

- 2 . 2 +1 -t
M = min — .
! % d—2a d+1—-2a v

Remark 8. The order of convergence s depends on the three parameters «, v, and g. Recall
the meaning of these parameters: « is a long-range dependence parameter, ¢ gives the order
for the upper bound of the slowly varying (with remainder) function L(;), and v describes
the magnitude of deviations of the spectral density from cy(d, ) ||A|** L (1/]|A]]) at the
origin.

Proof. Since Hrank G = 2, it follows that K, can be represented in the space of squared-
integrable random variables Ly () as

C: C;
K, =K, 248, = 72/ Hy(n(z))dz + Y 73/ H;(n(x)) dz,
A(r) >3 J: JAaw)

where C} are coefficients of the Hermite series (2) of the function G().
Notice that EK, > = ES, = EX,(A) =0, and
2 Kr,2

Cord—aL(r)

It follows from Assumption 1 that |L(u)/u®| = |B(u)| < B(0) = 1. Thus, by the proof
of Theorem 4 [21],

XT,Q -

02 diam{A}
Var S, < |Afr2d3e Z —f / 233 (r2) Ya(2)dz
J: Jo

j=23

02 diam{A} L2 L
_ ‘A’2r2(dfa)L2 (7,) Z j_i /0 27204 LQ((C?)) (T(;;;) 1/1A<Z) dz. (17)
=3 7

We represent the integral in (17) as the sum of two integrals /; and I, with the ranges
of integration [0,r=%1] and (r="', diam {A}] respectively, where 3 € (0, 1).

It follows from Assumption 1 that |L(u)/u®| = |B(u)| < B(0) = 1 and we can estimate
the first integral as

A 6/2 2 r—h1
" L?(rz) SUPg< sy 872 L (5)
—2a <s<r —§ —2a
5L S/o 2 20 Ya(z)dz < ( L) /0 27027 Mpa(2) dz,
11




where ¢ is an arbitrary number in (0, min(a, d — 2av)).
By Assumption 1 the function L (-) is locally bounded. By Theorem 1.5.3 [1], there exist
ro > 0 and C > 0 such that for all r > rq

SUPg<s<r s"2L (s) <C
rO/2L(r) -

Using (1) we obtain

—B1 —-B1 _ P
r C r Cr B1(d—2a—46)
-0 2« d—2a—1-46
2027 "YPa(2)d2 < —/ p dp = :
| ()42 <177 J, CESTEIN

Applying Theorem 1.5.3 [1] we get

sup

519 iam{A
I, < SUDy1-61 <s<r-diam{A} © L (S) . L(S) ' /d { }27(5+2a)wA(z) dz
- TJLQ (T) r1=B1 <s<r-diam{A} 5% 0

when r is sufficiently large.
Notice that by (3)

— _/G2 w)dw < +o0.
J:
y>3

Hence, for sufficiently large r
Var S, < Crz(d‘o‘)LQ(r) (T—ﬁl(d—za—é) +o (T—(a_5)(1_51))) ‘
Choosing 3 = 7%~ to minimize the upper bound we get

Var S, < Cr2d=o) [2(y)y~ "=+

It follows from Lemma 3 that

p(X2(A) + ¢, X5(A)) < esup pxya) (2) <eC.

z€R

Applying Chebyshev’s inequality and Lemma 4 to X = X, ., Y = and Z =

Xo(A), we get

__ 250
Cord=aL(r)?

< P (Xr,Qa XQ(A)) + C <5 + 572 T_a(§:§a>+5> ’

for sufficiently large r.

12



. _ald—2q) C .
Choosing € :=r 3@-2) to minimize the second term we obtain

2 KT _cv(d72o¢)_i_(S
N T~ < 3d—a) 1O
P (02 TdaL(r)7X2(A)> < p (X2, Xo(A)) +Cr (18)

Applying Lemma 4 once again to X = X(A), Y = X, o — X5(A), and Z = X3(A) we
obtain

IO(XTQ,XQ(A)) &1 C + P{|Xr72 — X2(A)| 2 51}

<
< g C+e*Var (X, — Xp(A)). (19)

Below we show how to estimate Var (X, 5 — X2(A)).
By the self-similarity of Gaussian white noise and formula (2.1) [6]
: W (dA)W (dA,)

D
Xr,? = CQ(da CY) KA(/\I + )\2)621”(/\17 /\2) o “a )
R2d [ Aa]| 2 | Aq |42

where

1/2
QA1 Ao) ==L (r) & (d, @) {HAlHd‘“ el 1 <M) / (M)] |

,
Notice that

! W (dX)W (dA2)
X2<A> - CQ(da a) KA<>‘1 + >‘2) H)\lu(d—a)/? H)\2H(d—a)/2.

R2d

By the isometry property of multiple stochastic integrals

_EXn - %) / [Ka( +22)2 (Qr(A1, d2) = 1)°
c(d, a) R2d A e
Let us rewrite the integral R, as the sum of two integrals I3 and I, with the regions
A(r) = {(M,A2) € R* o max(||Ai]], [[A2]]) < 77} and R**\ A(r) respectively, where
v € (0,1). Our intention is to use the monotone equivalence property of regularly varying
functions in the regions A(r).

First we consider the case of (A, \2) € A(r). By Assumption 2 and the inequality
|[vVab— 1| < |1 —a| + |1 — b|, for sufficiently large r, we obtain

Qr(A1, Ag) — 1] < 1-% n 1_% +CLE|5?> (HA?}II)“

R, : dA; dAs.




By Lemma 1, if ||);|| € (1,77), j = 1,2, then for arbitrary S > 0 and sufficiently large

) | oo | E(ED e

L(T) B L(T’) L (II;H) - L(T) rd
: *r g
+ 7" L +
< o Ml FPIlear (uw) <||Aj||> < o Nl
- rd B2 L(r) - rd
SUP.cor) 2L (2) _ I (20)
rP2 L(r) - rd
By Lemma 1 for [|A;|| <1, j = 1,2, we obtain
L (551)
1 C
1— < = 21
L(r) |~ re (21)

Hence, by (20) and (21)

= ()
L)
4+ Oy <||)\1||(u1+1)(q+ﬁz) + ||)\2||(#2+1)(Q+52)>

for (A1, A\2) € A(r) N B, where

v 2 T
H) +O(IIMII)Q L II/\2H>
L

r

Q- (A1, A2) — 1’2 <C (H 1”)

B, = {(A1,\) € R* 1 ||N]| < 1, if py = =1, and ||N]| > 1, if ;= 1,5 = 1,2},

p= (p1, p2) € {—1,1}? is a binary vector of length 2.
By Lemma 2, for r > 1

7nzq/ [KaQut+ AP dhdde _ C
OBy T e T

when 4y € {—1,1}.
Similarly, by Lemma 2 we obtain
2
7’2‘1/ |KA (A1 + A2) [P dAidAg < %
(

d— d—a—2q—
AWNBG, 1y AT Ao T2 T R

when py € {—1,1}, ¢ € (0,d/2 — ), @ > 0, and (5 is sufficiently small.
By properties of slowly varying functions [1, Theorem 1.5.3]

. SUP| |y ||<1 <m) L (m) T (2) _ .
hied = L(r) roo VL) '
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Hence, it holds for sufficiently large r that

) 2 T
I E (1) P
r L2(r)  — '

Therefore, by Lemma 2 we obtain for sufficiently large r

- |Ka(A1 + A2)[2dAdAs
L<or ™ Yy / a0+ Ao
pe{—1,132 /ANBy A" A2l (n2+1)(g+B2)

a7

+C sup  sup < Cr72 4 O p20=nHs, (22)

2u
p2€{=1,1} [[Az[|<r7 r

It follows from Assumption 2 and the specification of the estimate (23) in the proof of
Theorem 5 [21] for k = 2 that for each positive § there exists ro > 0 such that for all r > r,
(A1, A2) € By, and pp € {—1,1}, it holds

Ko+ 2)1P (@0 0) =1)* _ ClEAQ+ M) [Kal+ )
I ol R e Y G P

Hence, we can estimate I, as shown below

L <2 / / KA+ )2 (Qr (A, Ao) = 1) dAidg
4 d—o d—a
R |Auf|>r AT {12

cof [ Htioura.
R Iaaliser AT (A

Ka(M + X))
/ / |d—i(—61 jl_mg dAidA,
[|A2|[#2>1 J || A1 ]|>rY H)\1|| H>\2H

K 2
<C max // da_L a(@)l ———d\du
s e e T z
[ K a (u

dAdu

.u26{1 -1}

=(C max / / '
p2€{0.1=1} Jpa [Jul|72 (QH)& IMll> =7 [E¥Y i Tul ~ Hdaw&
Taking into account that for 0 € (0, min(a, d/2 — «))
dA;
Sup / d—a—p2d < C’
u€R\ {0} J R H)‘ Hd—a—é u oy
! lull — 1
we obtain
I, <C |KA(U)|2 d)\ldu
4= GIR)aixfl} d—2a—(p2+1)4 _ d—c—6 d—a—p2d
M2 Ly [|ul| <r7o ||u” [IA1]|>rY—"0 H>‘1H o “u” . )\1
u

15



| Ka(u)|?du
+C max / :
B0 -1} Jjufs o [Jul| 7207 H2 D0

where 7o € (0,7).
By Lemma 2, there exists ry > 0 such that for all » > 7y the first summand is bounded

by

Ka(w]*d dA
C  max / ‘ ﬁg“z’( -:fl)& / 2d—2;_5_ 5 < CT‘_(’Y—VO)(d—Qa—Q(S)‘
pa€{0 11} Jga [|f| T s [ =

Therefore, for sufficiently large r,

[ Ka(u)? du

I, < C'r—(r—70)(d—2a-2) + C/ e r—

ufj>r0 ||u|

(23)

By the spherical Lo-average decay rate of the Fourier transform [2] for § < d + 1 — 2«
and sufficiently large r we get the following estimate of the integral in (23)

/ [ KA (u ]2du / / | Ka(zw)l® d "
[[uf|>r70 Hqu om0 = z>r0 Jgd-1 zl—2a- 25

< C/ dz :Crﬂo(dﬂ—mfza)’ (24)
N z>r70

Sd2—2a-25
where S°! := {z € R?: ||z|]| = 1} is a sphere of radius 1 in R
Combining estimates (18), (19), (22), (23), (24), and choosing &, := r~#, we obtain
2K _ald=2q) s
__2%r x,(A)) <c ( Naay 0 =B 4 pm20(1-n)+2648 | .—2q+28
p<CgTd_O‘L(7’) o ))_ r +r P +r +r
+T*(7*Vo)(d72a726)+26 + T*’Yo(d+172a726)+2,3) '
Therefore, for any 37 € (0,324) one can choose a sufficiently small § > 0 such that
2K _ald=2a) =
2Ry <ont ( (a-e) —*) 25
p(CQT’daL(r)’ 2( ))— AT +ros, ( )

where

sy = sup min (3,2v(1 —7) —28,2q — 26, (v — 7)(d — 2a) — 25, 7%(d + 1 — 2a) — 2f3) .
v§(>0?1)
’YOE(Ov’Y)

Note, that for fixed v € (0,1)

v(d —2a)(d+ 1 —2a)
2d + 1 — 4o ’

sup min ((y —70)(d — 2),70(d + 1 — 20)) =
Y0€(0,7)

16



and

. v(d - 2a)(d + 1 — 2a) 2 2 1\ !
20(1 — =2 =
Vzl(g)l)mln(v( 7) 2d+ 1 — 4o d—20¢+d+1—20¢+v

Thus, sq = supgomin (5, 2 — 28) = 54/3.
Finally, by (25) and 3r < 31 we obtain the statement of the theorem. O

Remark 9. The obtained results and the methods of [29, §5.5] provide a theoretical frame-
work for generalizations to non-uniform estimates of the remainder in the non-central limit
theorem.

5. Examples

Theorem 3 was proven under rather general assumptions. In this section we present some
examples and specifications of the results of Sections 3 and 4.

Ezample 1. If A is the ball v(1) in R, then

a2 a2zl

d
a2 eR

Y

Kool = [ e = 2m)
v(1)

]

and we obtain

!/
T+ A2l) W (AW (dAs)
Xa(o(1) = (2" ex(d, ) [ d J
e A 27 I g [P

Ezample 2. If A is the multidimensional rectangle [a,b] := {z € R? : z; € [a;,b;], j =
1,..,d} and a; <0 <b;, 7=1,...,d, then

d
Kpap) (z) = / @) dy = H
[a,b]

=1

ezbjxj — elajtj

Zlb

and

/ f[ eibi(A1j+A2;) _ giaj(Adiz+Az;) ) W(d)\lg) W(d/\gj)

Xy([a,b]) = ca(d 0 / . 2 ,
i(Aaj + Agg) A7 g 2

RQd

where A\, = (A1, ooy Ama) , m =1, 2.

Ezample 3. Let us consider n(z), z € RY, with the covariance function of the form

L—gss llzll”, el < 1
B(Ilwll)z{ o (26)

ezl el > 1

which was proposed as a local-global distinguisher model in [10]. It was shown in [10] that
(26) is a valid correlation function when a > 0, 6 € (0,(3 —d)/2],d =1, 2.

17



The local-global distinguisher model obviously satisfies Assumption 1 and the condi-

tion (6) with L(t) = 7%=, ¢ > 1.

In the case of long-memory stochastic processes, i.e. d =1 and a € (0,1/2), taking the
inverse Fourier transform of B(-) we obtain

1 (sin(A) 0 ) 1 al3 a [N

a1l « 6 116 3 |\
AT sin (ma/2 T = 0)) = Gy ay (5 Toigat 5%"” 4” )) ’

where 1 Fy(a; by, be; 2) is the generalized hypergeometric function [11, §9.14] defined by

— (@), j
Pt 2) = 3 e o

((I)j = F(CL —|—])/F(a), ] S No =NU {O}, —a ¢ No.
The power series expansion of f(||A]]) gives

o
m(1+0)(a—1)

6T (1 — «)sin (ma/2)
(0 + )

FAND = A+ +0(1)

9 oa— o— —Q
= ea(Lia) - AN N O,

when [|[A]] — 0. Hence, v =1 — a.
Now we consider the case ||A|| — 400. By the asymptotic expansion of 1 F; (a; by, be; 2)
in trigonometric form [38] we obtain

1L oa13 a AP\ _VAT(G-%) e —2 -1

0 116 3 |\ )
B+ 4+ -2 | =0(|) .
12<2+2a2)2+27 4 (” || )
Vir3-8)  _ in (ra/2)T(1 implies f(|A]) = O (1/[A), wh
,m—sm(ﬂa/) (1 — a) implies f([[A]) = O(1/[[Al), when
IAl = +oo. By Remark 7 Assumption 2 holds true for the local-global distinguisher pro-
cesses.

Therefore

Ezample 4. Assume there exists to > 0 such that L(t) = ag for all ¢ > ¢ in Assumption 2.
Since the parameter ¢ is arbitrary in (6), the only condition on ¢ in Theorem 3 is
qg € (0,d/2 — a). As a consequence, taking ¢ arbitrarily close to d/2 — o makes ¢ >

18



(2(d —2a) "' +2(d+1—2a)" + v )", because (2(d — 2a) ' +2(d+1—2a) " + v 1)

< d/2 — a.. Thus, we get in the definition of s in Theorem 3
4 =2(2d—20)" +2(d+1—2a) " +07) 7 (27)

For instance, let us consider Example 3 with d = 1 and v = 1 — a. Figure 1 displays the

graphs of o;((c(li—_io;) and 271 /3, plotted as functions of the variable «.. In this case
1 . (a(l—-2a) a(l — 2a)
< -mn|—— 1 | = ——=.
3 -« 31 —a)
0.16 -
ol —2a)
3—3«
0.14 -
L
3 "
0.12
0.10—-
0408—-
0.06
0.04
0.02
o T
o 0.1 0.2

Figure 1: Graphs of /3 and % for d =1.

Ezample 5. Let us consider n(z), z € RY, with the covariance function of the form

B(lzl) = (1+[|®)~", 6>o0.

In geostatistics, it is known as the Cauchy covariance function [10, 22, 37].
The corresponding spectral density has the form, see [22, Proposition 2.4],

Y

PN = ore s

Ka_y([[AD); (28)

where K,(+) is the modified Bessel function of the second kind.
It follows from the representation B (||z]|) = |lz|| " (1 + HLIZH_Q)ie that, in the notations

of the paper, o = 20, L(t) = (1 +t_2)_0, and the Cauchy covariance function satisfies
Assumption 1. The considered case of long-range dependence corresponds to the region
0 < 6 < d/4. By Remark 6 the slowly varying function L(-) satisfies the condition (6) for
¢ <min(2,d/2 — «).
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To verify the condition (5) we note that

FUND = ea(d, 260) AP~ (1 4+ NP + (1D,

where

(A1) = £ = eald, 20) [P (1 + IAP) (29)

-0
We will use the asymptotic expansions of the functions (1 + ||)\||2) and f(||\]]) for
IA|l = 0. By the binomial series expansion we get

0 = [0 ; 00 +1
I =3 () == o+ O o)
=0

Note that the condition of long-range dependence 6 € (0, d/4) implies positivity of d/2—6.
First we consider the case d/2 — 6 ¢ N. By the asymptotic expansions of f(||A]|) given in
22, Proposition 3.2] and Euler’s reflection formula I'(2)['(1 — 2z) = 7/sin (72) we obtain

_ 1 (/22 (A /2)%
F = 2472 T'(6) sin (m(£-9)) jZ:; (j!F G+0-45) JIr(+%52- 0)>
_ 1 (AL/2)2= (IAl/2)72
207 T (O)sin (x (4 —0)) \T(0—52) T (1+0-%2)

1 - 20—d 1A
EYEERY R - ) = co(d, 20) ||\l <1 + 22+ 20— d) + ..

229 dF (0 _ _) -2
ra g W ) . Cly

Therefore, by the substitution of (30) and (31) into (29) for d/2 — 6 € N we obtain
e(t) =t2=4L(1/t)- O (t¥), t — 0, where

v = min (2,d —20) =

32
0<d/4 ( )

d—20, ifd=1,2, ord=3and € (1/2,3/4);
2, if d >4, ord=3and§ e (0,1/2).

Now we investigate the case | := d/2 — 6 € N. Proposition 3.2 [22] implies

£ = (Z p UL AP
- 2 o o
DN e IR ¢(l+]+1))> e
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22— 1)1 222(1 = 2)! 2In(|Al] /2) — (1) =¥+ 1
( |<|A||”) ) ||/\T|2’2) b oy 20N 0) = v >+“,)
1M (=11 In([AID A
2(2+20—d) T 24214 1 g)l(L —g) el

where 9(z) :=I"(z)/T'(2) is the digamma function.
Hence, for d/2 — 0 € N we get

= ¢y(d, 20) | AP <1 +

96, if 6=1/2,d=3:
U:{ 5, if 0=1/2,d=3; (33)

2, otherwise,

where § is an arbitrary non-negative number.
Now we consider the case ||A|| = 4o00. By (28) and the asymptotic property K,(t) =

O(et), t — +oo, see [11, (8.451.6)], we obtain f(|N]) = O (HAH_d) , when ||\ — +o0.
Thus, by Remark 7 Assumption 2 holds true for the Cauchy model.
If d/2 — o < 2, then ¢ can be chosen close to d/2 — a and (27) holds. For g = 2 it follows

from (32) and (33) that the inequality 2v(1 — ) — 25 < 2¢g — 2 holds true for all v. Hence,
by the definition of 3¢, we can choose s as in (27).

Ezample 6. Let us consider n(z), z € RY, with the covariance function of the form
o\—0
B(llel) = (L +[l«I")", o €(0,2], 0>0,

which is known as the generalized Linnik covariance function [8, 14, 22]. Cauchy and Linnik’s
fields are important particular cases of this model.

The Cauchy model with ¢ = 2 was considered in Example 5. Therefore, we will only
investigate the case o € (0,2) and 6 > 0. Note, that the asymptotic expansion of f (||A]|)
for o € (0,2) differs from the expansion for ¢ = 2. That is why we consider these two cases
of the generalized Linnik model separately.

For o € (0,2) the spectral density has the form, see [22, Proposition 2.4],

”)\H* K (1M w) w du
A I .
FUAD =~z T [ T

Analogously to the case of the Cauchy field, a = 6o, 0o < d/2, L(t) = (1+t°)",
and the generalized Linnik covariance function satisfies Assumption 1. By Remark 6 the
condition (6) holds true with ¢ < min(c,d/2 — «).

Note that

P = ea(d, 00) [N~ (1 + 1M + (A,

e(IAI) = UM = ea(d, 00) A%~ 1+ A7)~
9(e+ 1)

o\—0 o o
(LA 7 =1 =0 A + IAIP7 + ..., Al = o.
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By the asymptotic expansions of f(||A]]), see [22, Proposition 3.9], we obtain

FIAD = 5 (””%F(é@) Ry I )

DO+ 1D (=5=2) (AN 2r (9) T (*59)
X F(@) ( . > ot (1= xy, (d/o —6)) iyt

(D™FT (0 +1)

+ o0+o—d o(0+1)
(eig=). 1 (25

where d + 2Ny :={m: m =d +2j, j € Ny}.
Therefore, (t) = t2=2L (1/t) - O (t¥), t — 0, when 0 < d/2 and

||)\|| ol0+o—d
X ar (00 + ) I (A (45 +o

d—o6, ifoe(df(B+1).2), 6 (0,1), d=1,2,3:
v="_0o—06 ifo=d/(@+1), ¢ (max(0,d/2—1),1), d=1,2,3; (34)
o, ifd>4, oroe(0,d/(#+1)) and d=1,2,3,

where ¢§ is an arbitrary non-negative number.
Now we consider the case ||| — +4o00. By [22, Proposition 3.4] we get f(||A]]) =

O <||/\||_d_a> , IMNl = +oo. Hence, by Remark 7 Assumption 2 holds true for the gener-

alized Linnik model.

If d/2 — « < o, then g can be chosen close to d/2 — « and (27) holds. For ¢ = o by (34)
we obtain that the inequality 2v(1 — ) — 28 < 2g — 24 holds for all v. Hence, it follows
from the definition of 3¢ that »; can be given by (27).

Figure 2 displays the graphs of a(cfi 2;; and s /3 for d =2, q =0 =7/4, v = 17/12,
0=1/3,andd=3,g=v=0 =1, plotted as functions of the variable o = 6. Notice, that

contrary to Example 4 and the case d = 2 the order 37 /3 is smaller than 3('3 20) for d = 3

and the values of « close to d/2.

Remark 10. Due to the strict inequality for > in Theorem 3 the constant d, appearing in
expressions (33) and (34) for v, can be chosen equal to zero.

6. Concluding Remarks

We have investigated the rate of convergence to the Rosenblatt-type limit distributions in
the non-central limit theorem. The results were obtained under rather general assumptions
allowing specifications for various scenarios. In particular, special attention was devoted to
the Cauchy, generalized Linnik, and local-global distinguisher random processes and fields.
We use direct analytical probabilistic methods which have, in our view, an independent
interest as an alternative to methods in [3, 23, 24]. The analysis and the approach to the
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Figure 2: Graphs of 5 /3 and %((2:2;;) for d = 2 and 3.

rate of convergence in non-central limit theorems are new and extend the investigations of
the rate of convergence in central limit theorems in the current literature.

In the one-dimensional case the rate of convergence of K, o obtained in the proof of The-
orem 3 is analogous to the result for the discrete fractional Gaussian noise in [3]. However,
Theorem 3 additionally estimates the rate of the term S,., which allows to consider the class
of all functions of Hermite rank 2. Moreover, the obtained results are valid for the multidi-
mensional case and more general classes of covariance functions and random processes.

It is possible to extend the results to wider classes of slowly varying functions with
remainder, see [1, §3.12], whose bounds are different from (6) (the detailed discussion on the
condition (6) is given in Remarks 6 and 7). However, for such classes the rate of convergence
would be different (depending on the remainder) from the following results. Assumption 2
was chosen to ensure a polynomial convergence rate.
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