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Abstract

Fix an integer p > 1 and refer to it as the number of growing domains. For each ¢ €
{1,...,p}, fix a compact subset D; C R% where d,...,d, > 1. Letd = d1 +- - -+d, be
the total underlying dimension. Consider a continuous, stationary, centered Gaussian
field B = (B;),cre With unit variance. Finally, let ¢ : R — R be a measurable function
such that E[p(N)?] < oo for N ~ N(0,1).

In this paper, we investigate central and non-central limit theorems as ¢1,...,t, —
oo for functionals of the form

Y(ti,...,tp) := / »(Bg)dx.
t1 Dy XXty Dy

Firstly, we assume that the covariance function C' of B is separable (that is,
C=0C®...0C, with C; : R% — R), and thoroughly investigate under what
condition Y (¢4, ...,t,) satisfies a central or non-central limit theorem when the same
holds for ftiDi @(Béi))dwi for at least one (resp. for all) i € {1,...,p}, where B®

stands for a stationary, centered, Gaussian field on R% admitting C; for covariance
function. When ¢ is an Hermite polynomial, we also provide a quantitative version of
the previous result, which improves some bounds from [31].

Secondly, we extend our study beyond the separable case, examining what can be
inferred when the covariance function is either in the Gneiting class or is additively
separable.
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Limit theorems for p-domain functionals of stationary Gaussian fields

1 Introduction

Gaussian fields are widely used to model random quantities arising in different
applications, see e.g. [16, 8, 11, 7]. These random quantities may depend for instance
on space z; € R* and time x5 € R, (e.g. [11]) or more generally on several variables
x1, T2, T3, ... belonging to (possibly non-Euclidean) spaces of different dimensions (e.g.
[3, 20, 211]).

Throughout this paper, we consider a continuous, stationary, real-valued, centered
Gaussian field B = (B, ),cg« With unit variance, where d > 2. We denote by C : RY — R
the covariance function of B, defined as

Cov(Bg, By) = C(z — y), z,y € R%

We also consider a non constant measurable function ¢ : R — R satisfying E[¢?(N)] <
oo for N ~ N(0,1). As is well-known, ¢ admits an Hermite decomposition (see, e.g. [23,
Section 1.4]) of the form

¢ =E[p(N)]+ Y agH, with R > 1such thatag # 0, (1.1)
q=R

where H, is the ¢gth Hermite polynomial and a, = a4(¢) = %]E [p(N)H4(N)]. The integer
R > 1is called the Hermite rank of .

Finally, we consider a family of compact subsets D; C R%, 1 < i < p, satisfying
Vol(D;) > 0 for each i. The number d = d; + - - - + d,, is called the total dimension.

The main object of interest of our paper is the additive functional

Y(t1,...,tp) == / ¢(Bg)dx forty,...,t, > 0. (1.2)
t1 Dy X Xtp, Dy

We remark that the integral in (1.2) is well defined thanks to the continuity assumption
made on B as well as the square integrability of ¢ with respect to the standard Gaussian
measure (see e.g. [18, Proposition 3]).

Under sufficient conditions ensuring that Var(Y (¢4, ...,%,)) > 0 forevery ty,...,t, > 0
large enough, we study the limit in distribution as ¢;,...,?, — oo of the normalized
version of the functional Y'(¢1,...,t,) defined as

Py e Yt oty) B ()], w3

VVar(Y(ty, ..., tp))

While the case p = 1 has been extensively studied since the eighties (see e.g. the
seminal works [6], [9], [32], [35]), not much literature can be found when the integration
domain of (1.2) does not grow uniformly with respect to all its directions (that is, when
p > 2 and when t4,...,¢, go to infinity at possibly different rates). In fact, the extended
class of functionals (1.2) has aroused interest only in the past decade (see e.g. [31], [29],
[4], [16], [2], [30]), because of the more and more important role that spatio-temporal
functionals of random fields or random fields with separable covariance function (e.g.
the fractional Brownian sheet) play now in applications.

In our work, the number p of growing domains and their dimensions d; can be
arbitrary. This is why we refer to (1.2) as a p-domain (rather than a spatio-temporal)
functional. To give at least one explicit motivation for studying the asymptotic behavior
of this type of functionals, let us consider the case where ¢ = 1(, ). It corresponds to
the excursion volume of B at level a € R in the observation window ¢, Dy X --- X t,D,,
namely

Y(tl,...,tp) = Vol ({(l’l,...7l‘p) et1Dy x ... % tpr : B(ml,
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which is a (random) geometrical object that has been extensively studied in the literature,
see e.g [1, 16]. Our approach offers more flexibility than the usual one (corresponding
to p = 1), as it gives the possibility to study the excursion sets of B when the parameters
are in domains ¢, Dy, ...,t,D, that can grow at different rates.

In a broader setting, the aim of the present work is to enhance our understanding of
the asymptotic behaviour of p-domain functionals associated with stationary Gaussian
fields, when the covariance function has a specific form. In particular, we will show how,
in some cases, this asymptotic behaviour can be simply obtained from that of 1-domain
functionals, explaining in a new light and in a more systematic way some results from
the recent literature (e.g. those contained in [31]).

1.1 Separable case

In this section, we investigate the asymptotic behavior of (1.3) when we assume that
the covariance function of B is separable.

A covariance function C : R — R is said separable when it can be written as
C=01®...®C)p, that is, when

p
O(.Z‘l,...,:(:p):HCj,(l‘i), .riERdi, 1<:1<p, (1.4)

i=1

for some functions C; : R% — R satisfying C;(0) = 1 for each i. It is easy to check
that C' is non-negative definite if and only if C; is non-negative definite for every i.
Also, by stationarity of B on R4, we have that C; is the covariance function of the
field B := (B, .. 0;.....u,) )z, cre; fOT any fixed values of z;, j # i. Since we are only
interested in distributions, we can define the marginal functionals

Y;(t:) ::/D (B{)dz;, i=1,...p, (1.5)
t

14

and their normalized versions

oD, (1.6)

with the convention that, for any given i, the values of x;, j # 4, in (1.5) are arbitrary but
fixed.

Let us denote by % the convergence in distribution. The main result of this section is
the following.

Theorem 1.1. Let ¢ : R — R be a measurable function satisfying E[¢*(N)] < oo for
N ~ N(0,1), with Hermite rank R > 1. Let B = (B,),cgra be a real-valued, continuous,
centered, stationary Gaussian field with unit-variance. Let C : R¢ — R be the covariance
function of B, assume it is separable in the sense of (1.4), and also that it satisfies, for
each i:

Cf>0 and C;e | LM®R%).
M=1

Let us consider Y given by (1.3) and f’l given in (1.6). Then, the following two assertions
are equivalent:

(@) Yi(t;) 4 N(0,1) as t; — oo for at least one i € {1,...,p};

() Y(t1,...,t,) S N(0,1) asty, ... t, — cc.
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Remark 1.2. The integrability assumptions on C; for Theorem 1.1 to hold may be
removed when ¢ = H,; moreover, in this case we also have quantitative results for
the convergence in distribution (see Subsection 3.1).

Remark 1.3. Given a discrete stationary centered Gaussian field B = (Bj)peze with
unit variance, the definition of separable covariance function C : Z¢ — R is similar,
ie. C(z) =[]_, Ci(z) with C; : Z% — R for i = 1,...,p, whereas the functionals (1.2)
and (1.5) are defined as follows:

Y(nlv"'anp) = Z @(Bk% Y;(nl) = Z SD(Bk'l ----- kp)7
ke(TTh_,[0,n;]%)NZd ki€[0,n;]%iNZ%
where n; € N for every ¢« = 1,...,p. In this setting, analogous results to Theorem 1.1

could be obtained, see e.g. Remark 3.4 where we highlight that Proposition 3.3 directly
translates with straightforward modifications for a discrete Gaussian field.

Remark 1.4. The previous result provides a large class of fields B with long-range
dependence, i.e. with covariance function C' ¢ L%, such that the functional V; :=
Y(t,...,t) exhibits Gaussian fluctuations around its mean. See e.g. Example 4.6. We
refer to [18] and the references therein for a deeper analysis and further examples of
this phenomenon.

Since central limit theorems for 1-domain functionals have been extensively explored
in the literature, it is not difficult to imagine how useful and powerful the implication
(a) = (b) in Theorem 1.1 can be. It is noteworthy that a specific instance of this
implication had previously been observed in the papers [31] and [29]; however, it was
restricted to a very specific context — rectangular increments of a fractional Brownian
sheet — and was not part of a comprehensive systematic investigation, as we undertake
in this work.

Since Theorem 1.1 establishes that (1.2) displays Gaussian fluctuations (if and only)
if at least one of its marginal functionals does, a natural question arises: what happens
when none of the Y;(¢;)’s exhibits Gaussian fluctuations? We investigate this problem in
the classical framework of regularly varying covariance functions.

Given two functions f and g, we write f(x) ~ g(z) to indicate that

lim f(z)g(z)™t = 1.

llzl|—0

Recalling that R denotes the Hermite rank of ¢ (see (1.1)), we consider the following
conditions:

» C; is regularly varying with parameter —3; € (—d;/R,0), that is
Ci(z:) = pillzill) = Li(llz:[D =l =7 Bi € (0,di/R), (1.7)
where L; : (0,00) — R is slowly varying, i.e. L;(rs)/L;(s) — 1 as s — oo, Vr > 0.

+ C; admits an absolutely continuous spectral measure G;(d)\;) = g;(\;)d\; on R%,
and for some constant ¢; > 0 we have

gi(N) ~ G L/ DIIx) P as [l — 0. (1.8)

If (1.7)-(1.8) hold and R > 2, then it is known that fﬁ»(ti) converges in distribution to a
non-Gaussian random variable (see Theorem 2.4). In the following Theorem 1.6, we give
conditions so that Y has non-Gaussian fluctuations either. We introduce the new limiting
object as follows. For any i = 1,...,p we define the o-finite measure v; on R% as

vi(dax;) == ||a]|P % day,
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assuming 0 < §; < d;/R. We define v as the product measure v; X ... X v, which is again
a o-finite measures on R?. The so-called multiple Rth Wiener-Itd integral with respect to
v, denoted by I, g can then be constructed as in [19], see also Section 2. Now, we set

Hglb..fp = L.r (fR.D:x...xD,) ’
I \/Var (I.r (fR.D1x...xD,))

where fr p,x..xp, : (R") — C is given by

JR.D1x..xD, (AL, .., AR): :/ em At AR gy (1.9)
D1><.H D

XLDp

Remark 1.5. For p = 1, we recover a Hermite random variable. For this reason, the
previous object may be seen as a p-domain Hermite random variable.

Theorem 1.6. Let ¢ : R — R be a measurable function satisfying E[¢?(N)] < oo for
N ~ N(0,1), with Hermite rank R > 1 (in particular, we have ar # 0, see (1.1)). Let
B = (B,).cre be a real-valued, continuous, centered, stationary Gaussian field with
unit-variance. Let C': R* — R be the covariance function of B, assume it is separable in
the sense of (1.4), and satisfies

C®>0 and (1.7)-(1.8) hold VYie {1,...,p}.

Let us consider Y given by (1.3). Then, asty,...,t, — oo, we have

d
Y(t,. . tp) 5 sgn(ar) Hy 5ol (1.10)

In particular, the limit (1.10) is not Gaussian as soon as R > 2.

Theorem 1.6 represents a generalization from 1-domain to p-domain of the celebrated
Dobrushin-Major-Tagqu (see Theorem 2.4). We remark that depending on the choice of
the domains, the function f can be computed explicitly (see e.g. Remark 2.5). In the
particular case of the rectangular increments of a fractional Brownian sheet, we note
that Theorem 1.6 for p = 2 is already proved in [31] and [29].

Remark 1.7. Analogous results (both central and non-central) hold if we fix some of
the domains, i.e. considering t1Dq X --- X t,—1Dp_1 X Dy and Y (¢1,...,%,—1,1). In this
setting, it is possible to prove the following.

e Under the same assumptions of Theorem 1.1, the following two assertions are
equivalent:

(@) Yi(t;) < N(0,1) as t; — oo for at leastone i € {1,...,p — 1};
(b) Y(ty,... tp_1,1) 5 N(0,1) asty,... t,_1 — o

* Analogously to Theorem 1.6, if (1.7)-(1.8) hold fori =1,...,p — 1 and cf >, if
G, is the spectral measure of C), then the convergence of Theorem 1.6 still holds
replacing v, with G, namely

~ sgn(ag)/,
Y(tl,...,tp_l,l) i} g ( R) V1 X Xvp_1XGp, R (fR,Dlx...xDp)
\/V&I‘ (Iulx...xup,lep,R (fR,Dlx...xDp))

s astl,...,tp_l — 0Q.

The proofs of these facts follow from similar arguments to the ones of Theorem 1.1 and
Theorem 1.6 (see Section 3).
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1.2 Non separable case

It is easy to construct examples illustrating that the normal convergence of functionals
Y;(t;) is in general not enough to determine the behavior of Y (1, ... ,tp) when the
separability of the covariance function (1.4) is dropped. See Example 5.1 for such a
situation.

This is why we examine in Section 5 what can happen when we go beyond the
separable case, by investigating two different classes: Gneiting covariance functions
(Section 5.1) and additively separable covariance functions (Section 5.2).

Although not separable, the covariance functions belonging to the Gneiting class
are wedged between two separable functions. It is therefore not surprising that a
comparable phenomenon can still be proven in this context, see Theorem 5.1.

In contrast, the situation in the additively separable case is much more complicated.
We still manage to prove a kind of “reduction” theorem, see Theorem 5.2, with however
a big difference: the marginal functionals to be considered in the additively separable
case are really different from the Y;’s of Theorem 1.1.

We refer to Section 5 for details.

1.3 Plan of the paper

The paper is organized as follows. Section 2 contain some needed preliminaries. In
Section 3 we prove Theorem 1.1 and Theorem 1.6. In Section 4 we provide several
examples where our results apply, and we compare them with the existing literature.
In Section 5 we go beyond the separability assumption by investigating two other
frameworks. Finally, in the Appendix we prove some auxiliary results.

2 Preliminaries

In this section we briefly present selected results on Malliavin-Stein method and
classical results for 1-domain functionals.

2.1 Elements of Malliavin-Stein method

Theorem 1.1 is proved using the Fourth Moment Theorem by Nualart and Peccati
(see [26]) and its quantitative version by Nourdin and Peccati (see [23, Theorem 5.2.6]).
For all the missing details on Malliavin calculus we refer to [25] or [23].

Let us fix a probability space (2, 7, P). Consider a continuous, stationary, centered
Gaussian field B = (B, ),cg+ With unit variance and covariance function C : R — R. We
assume that F is the o-field generated by B. By continuity and stationarity of B, the
covariance function C is continuous. As a result, Bochner’s theorem yields the existence
of a unique real, symmetricl, finite measure G on R? endowed with the Borel o-algebra
B(RY), called the spectral measure of B, satisfying

C(x) = / TN G(dN), zeRL (2.1)
Ra
We define the real separable Hilbert space
H:=L*G) = {h ‘RT = C: [ |AN)PG(dN) < 00, h(\) = h(—/\)} , (2.2)
R4

where | - | denotes the complex norm, endowed with the inner product?

o) = [ HOTNIGIN) = [ BA)(-NG(@N)

1In the sense that G(A) = G(—A) for every A € B(R?).
2Note that (h, g)4 is real for every h, g € H, because G is symmetric and h, g are even.
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Thanks to [23, Proposition 2.1.1] we may consider an isonormal Gaussian process X on
H, with covariance kernel

E[Xc(h)Xa(g)] = (h, g)n-

We are going to construct an explicit isomorphism. By (2.1), the field (X¢ (es)),cpgas
where e, := e!¥), is stationary and Gaussian, with covariance function C' and spectral
measure GG. Hence, the two fields share the same distribution, that is

d

(Xc (€2))pera = (Bz)eera- (2.3)

Since we study limit theorems in distribution, we assume from now on that B, = X (e,)
for any = € R?. For g > 1, we also define the qth Wiener chaos as the linear subspace of
L?(Q2) generated by {H,(Xg(h)) : h € H}, and for every h € H such that ||h[j = 1, we
define the gth Wiener-It integral as

I,(h®7) = Hy(Xc(h)), (2.4)

where h®? : (R%)? — R is such that

h®q(x1,...,asq) = Hh(ml). (2.5)

=1

~

By density, the definition of I, can be linearly extended to every function in the space
HO? = L2((R%)?,G®9) of the symmetric functions in H®? = L2((R4)4, G®Y). This fact
implies the following equality, which will be crucial in the next sections. Recalling (2.3)
and (2.4), we may write

/DHq(Bm)d:vi/DHq(Xg(em))Lm:/DIq (e59) dz = I,(f),

where f: (R%)? — R is defined as

FOL, ) ::/ ef’Q(Al,...,Aq)dI:/ el@AatF2a) g
D D

In the following, we write I , when we need to explicitly refer to the gth Wiener-It6
integral acting on H®? with respect to the measure G.

Forqe N, r=1,...,9q — 1 and h, g symmetric functions with unit norm in H, we can
define the rth contraction of h®? and ¢®? as the (generally non-symmetric) element of
H®292" given by

h®a R g®q — (h, g>;_[ p®a-T ® g®q—7'.

We then extend the definition of contraction to every pair of elements in H®9. We will
denote the norm in this space by || - ||,.
We are finally ready to state the celebrated Fourth Moment Theorem.

Theorem 2.1 (Fourth Moment Theorem, [26]). Fix ¢ > 2, consider (h;);~o C H®Y and
assume that E[I,(h:)?] — 1 ast — co. Then, the following three assertions are equivalent:

e I,(h:) converges in distribution to a standard Gaussian random variable N ~
N(Oa 1):'

e E[I,(h)*] — 3 = E[N4], where N ~ N(0,1);

e ||ht @ hi|l2g—2r = 0ast — oo, forallr=1,...,q— 1.
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We will also need a quantitative version of the Fourth Moment Theorem, which can
be stated as follows (see [23, Theorem 5.2.6 and (5.2.6)]). Let us denote by dry (resp
dw) the total variation (resp. Wasserstein) distance (see [23, Appendix C] for a rigorous
definition).

Theorem 2.2. Fix ¢ > 2 and consider h € H®9. Then

3 Ky q 4 ~
E[I,(h)*] — 3E[I,(R)*]* = a2:7“7“!2 <r) (2q—2r)!||h®th§q,2T
r=1
q—1 2
_ 2 (4 9 2q —2r ~ 9
UG R (LTI RS G [[ERT S

and, with N ~ N(0,1),

drv (1, (1), N) < L1, (1)) = SELL, (2

(1, (). N) < =BT, ()] = SELL ()P

2.2 Classical results for 1-domain functionals

In this section, we state the two most popular results in the framework of limit
theorems for 1-domain functionals. The first result, the celebrated Breuer-Major theorem,
was first proved in [6] in a discrete version, and then extended to several settings. Here
we state the continuous version of the result. Its proof can be found e.g. in [27].

Theorem 2.3 (Breuer-Major). Let B = (B;),cr« be a real-valued, continuous, centered
Gaussian field on R?, assumed to be stationary and to have unit-variance. Let C' denotes
its covariance function. Let ¢ : R — R be a measurable function satisfying E[p?(N)] < oo,
N ~ N(0,1), with Hermite rank R. Let us consider

Y(t) = /tD o(By)de,

where D C R? is a compact set, andt > 0. IfC € L®(R?), then, ast — oo,

Y(t) -EY(#)] a 2
— @z N(0,07),
where o* = Vol(D) Y_% . qla? [1,. C(x)%dx > 0. In particular, if 7* > 0, then Var(Y (t)) ~
0?t? and a central limit theorem holds for (Y (t) — E[Y (t)])/+/Var(Y ()).

The idea behind Breuer-Major theorem is that if the fields is not “too correlated”
at infinity (precisely, if [;,|C(z)["dz < o0), then the fluctuations of the functional ¥’
are Gaussian. Conversely, if this is not the case, then one can have non-Gaussian
fluctuations (this does not mean that we necessarily have non-Gaussian fluctuations,
see e.g. [18]). The following Theorem 1.6 provides a non-central limit theorem for
functionals of Gaussian fields having a regularly varying covariance function, see (1.7),
satisfying (1.8). In the discrete case, a first proof for functionals with Hermite rank
R = 1,2, was given by Taqqu in [34], and then generalized to any R by Dobrushin and
Major in [9]. The following sticks to the continuous case and a proof can be found e.g. in
[15].

Theorem 2.4 (Dobrushin-Major-Taqqu). Let B = (B, ),cre be a real-valued, continuous,
centered, stationary Gaussian field with unit-variance. Let ¢ : R — R be a measurable
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function satisfying E[¢?(N)] < oo, N ~ N(0,1), with Hermite rank R and Rth coefficient
ar # 0, see (1.1). Let us consider

where D is a compact set with Vol(D) > 0 and t > 0. Let C : R? — R be the covariance
function of B and suppose that (1.7)-(1.8) hold for C with parameter —f € (—d/R,0).

Then, ast — oo, we have
~. d sgn(ar)ly r (fr,D)

YO Rt o (o))

where v is the measure on R? defined as v(dx) := |z|°~4dz, and fr p is defined as

fr.p(M,. ..., AR) ;:/ @A+ +AR) 700
D

In particular, the limit I, g (fr,p) is not Gaussian as soon as R > 2.

Remark 2.5. The previous theorem shows that the limit I, i (fr,p) depends on R, d,
§ and the domain D. In fact, the integrand is fr p(A1,...,Ar) = F[1p](A1 + -+ Ar),
where F[1p] is the Fourier transform of the indicator function of the compact set D. The

most common choices for D are the rectangles D = szl[O, u;], u; € Ry, with Fourier

transform
d Uj iz d ei)\juj _ 1
ﬂmmfgﬁe“m:ﬂuj,

Jj=1

and domains D = {z € R?: ||z|| < u}, u € R,, with Fourier transform

u

a2
ﬂbW%wwmwk)Qw>,

where J;/, is a Bessel function of the first kind and order d/2, and c; is a positive
constant, see e.g. [18, Section 2.2].

3 Proof of Theorems 1.1 and 1.6

We split the proofs of Theorems 1.1 and 1.6 in four subsections. In Subsection 3.1,
we prove Theorem 1.1 when ¢ = H,, under weaker assumptions, providing also a
quantitative result. In Subsection 3.2, we extend Theorem 2.3 to p-domain functionals.
Finally, in Subsection 3.3 and 3.4 we prove Theorem 1.1 and Theorem 1.6, respectively.

3.1 Proof of Theorem 1.1 when ¢ = H,,
When ¢ = H,, the functional (1.2) is given by

Y(ti,...,tp) =Y (t1,...,t)[q] == / H,(B;)dz. (3.1)
t1D1X... tpD

p

Therefore, see Section 2, we may express it as follows
/ Hy(By)dx = I,(f(t1,...,tp)), (3.2)
t1 D1 X...Xtp, D

where I, : H®? — L?(12) stands for the gth Wiener-It6 integral (2.4), and f(t1,...,t,) €

H®4 is given by
flta, ... tp) = / e2dz.
t1 Dy X...Xt, D

p
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Let us recall the definition of the marginal functionals (1.5), and, accordingly, set

V(e = 1o / ()90 ) = L), T=Lop

Proposition 3.1. Let B = (B, ),cre be a real-valued, continuous, centered, stationary

Gaussian field with unit-variance. Let C : R* — R be the covariance function of B and
assume it is separable in the sense of (1.4). Then

Var(Y(ty, ..., t,)[q]) = ()™ HVar(Yi(ti)[q]). (3.3)

Moreover, the following holds: if there exists i € {1,...,p} such that

Yi(t:)[a % N(0,1)  ast; — oo,

then B
Y(ti,....t)d 5 N0,1)  asty,....t, — .

Proof. Note that Var(Y;(t;)[q]) = ¢!|| fi(t:)||2. As a result, (3.3) follows from the separabil-
ity of C":

Var(Y (t1,...,tp)[q]) = q!/ Clxr —y1,.. -, xp — Yp)idzy .. . dzpdys ... dyp
(t1D1>< Xt Dp)2

—H/ —yi)'dzidy; = (¢)'~ pHVar Na)).  (3.4)
t;D; )2

If ¢ = 1 everything is Gaussian and there is nothing more to show. Thus, let us assume

that ¢ > 2 and let us compute the norm of the rth contraction of f(ti,...,t,) with itself,
forr=1,...,9—1:
£t tp) @ fltr e tp)13g—2r = (3.5)

= / Clx—2)"Cly —u)"Clz—y)! "C(z —u)?! "dedydudz
(t1 D1 X+ XtpDp)*

= H/ (25 — 2)"Ci(yi — wi)"Ciws — yi)*"Ci(2 — ws) " dwidyidugdz;,
t.D

where z; denotes the projection of z onto the ith block of R? = [[/_, R%. Let us define
f= ﬁ By linearity, it immediately follows that Y (t1,...,t,)[q] = I,(f(t1,...,t,)) and
Yi(t:)[q] = I,(fi(t:)). Then, combining (3.5) and (3.3), we obtain

||f(t1""7tp) ®T f(t17 ||2q 2r — HHfl ®7‘ f’b )l|§q72r' (36)
Since for every f € H® andr =1,...,q — 1, we have

we obtain
”f(tla ce ’tp) Sr f(tl’ cet atp)”%q—Qr < mln{”fl(tl) S fi(ti)H%q—%‘ =1, >p}'

It remains to apply Theorem 2.1 to conclude that, if )N/i(ti) — N(0,1) as t; — oo, then

1£i(t:) @p fi(t)||2g—2r — O for all r € {1,...,q — 1}, implying that ||f(t1,...,t,) @,
d

Flt1, .. tp)ll2g_2r — O forall r € {1,...,q — 1}, implying finally that Y (t1,...,t,) -
N(0,1). O
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The following result provides the converse implication of Proposition 3.1, under
additional assumptions.
Proposition 3.2. Let B = (B,),cr« be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Let C : R* — R be the covariance function of B and
assume it is separable in the sense of (1.4). Finally, assume either that C? > 0 or ¢ = 3.
Then, the following holds: if

Y(ty, ... t,)[a) % N(0,1)  asty,...,t, — oo,

then there exists at least one i € {1,...,p} such that

Yit)la % N(0,1)  ast; — cc.
Proof. When ¢ = 1, we have that Y and the f@-’s are Gaussian, meaning that the statement
is correct but empty.

So, let us assume from now on that ¢ > 2 and that Y (¢,,... L tp)[d] 4 N(0,1). By
the Fourth Moment Theorem 2.1 one has that || f(ty, . .. tp) @ Flta,. .. 2 tp)|l2g—2r — 0 as
t1,....,tp > oo foranyr e {1,...,¢ —1}.

When ¢ = 2, there is only one contraction to consider. Looking at (3.6), we deduce
that at least one of the factors in (3.6) must go to 0 which, by Theorem 2.1, implies that
at least one among the Y;(t;)’s must have a Gaussian limit.

Consider now the case where ¢ = 3. By Fubini, we have for everyi=1,...,p

I1fi(t:) @1 fit)3 = |1 fi(t:) 2 fi(ta),

and (3.6) allows again to conclude.
Finally, let us suppose that ¢ > 4 and C'? > 0, that is either ¢ even, or ¢ odd and C' > 0.
Since the second contraction satisfies

1f(tr, .. tp) @ Ftr, ... tp)|l2ges — 0, asty,...,t, — oo,
we deduce from (3.6) that there exists ¢ € {1,...,p} such that
1 £it:) @2 fi(ti)||34—4 — 0 @s t; — .

Let us show that this is sufficient to conclude about the asymptotic normality of Y; (¢;)]q]
when C'? > 0. For this, let us consider a positive sequence (at,):, >0 with a;;, — oo as
t;, — oo (the exact expression of a;, will be made precise later) and define the subset A,
of R4 by

Ay, = {(xi»ymumzi) € R+ |Cy(ws — 2:)Ci(yi — wi)| < ag,|Cilzi — yi)Ci(zi — Uz)|} .
We can then write, forevery 3 <r < ¢ —1:

1£i(t:) ®@r fi(t:)134_ar =
= / Ci(xs — 2:)" Ci(ys — ui) " Ci(xi — y3)T "Ci(zi — ) "dwidy;dudz;
(¢:D4)*

< / |Ci(xs — 2:)"Ci(ys — ui) " Ci(xs — y3)?T "Ci(zi — uy)? "|dasdy;duidz;
(tiDi)4ﬂAti

+ / |Ci(zs — 2:)"Ci(ys — wi) " Ci(xi — ) "Cizi —ug)T"|
(tiD:i)*N(RA4i\Ay,)

dxidy;du;dz;
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< aZ_z/ Cix; — 21)°Cilys — wi)?|Cilai — yi) | |Ci(zs — wi) |9 2 daidy;dusdz;
(t:D;)*
+ at_i(q_r)/ |Ci (x5 — 2:)|?|Ci(yi — wq)|dasdy;duidz;
(tiDy)
=aj / Ci(m; — 2)°Cily; — wi)*Cilzi — ;) 2Cy(2 — wi) T *da;dy;duidz;
(t:Di)*
+ a;(q#)/ Cl({L‘Z — zz)qCZ(yl — uz)quldyzduldzz
(tiDy)*
= af 2| fi(ts) @2 Filti)3gma + ag, IS (e II3-
Summarizing, we have, for every r € {3,...,q — 1},
I filt:) @, fi(ti)H%qur < a:if2||fz‘(ti) ®s filt |34 + ay, S, (3.8)

- ~ 2
Now, let us choose a;, = (||fi(ti) ®a2 fi (ti)|\2q_4) 2=7 and observe that a;, — oo as t; — 0.
Plugging into (3.8) allows to obtain, for every r € {3,...,q — 1},

~ ~ ~ ~ 2(g—r)
1fi(t:) @r fiti)|I3g—2r < 2(I1fi(ti) @2 fiti)ll2g-a) > — 0 ast; — oo,

But this convergence of the rth contraction to zero also holds for » = 1, since the norms
of the 1-contraction and the (¢ — 1)-contraction are equal. Finally, the desired conclusion
follows from the Fourth Moment Theorem 2.1. O

Proposition 3.3. Let the same notations and assumptions of Proposition 3.1 prevail. In
particular N ~ N(0,1). Then, the following estimate holds:

dry (Y (ty, ..., t)[g H\/ [Vilq]*] — (3.9)
dw (Y (t1, ..., tp)]d], H,/

where ¢, = \/ i rr'Q(z)4(2q —2r)l.

Proof of Proposition 3.3. Recall the result of Theorem 2.2, namely

drv (V(t1, ..., t,)ld] \/]E V(tr,....tp)la))4] -3,
and
E[(Y(t1,..-.t)la)*] =3 (3.10)
3 9= 1 q 4 o
= I (7) a2 )BT s
=1
7\ 2
=S () i e Fe
r=1
2qg — 21\, ~ o~
+ ( ‘v >||f(t1..‘,tp)®rf(t1...,tp)|§qQT}.
We deduce
~ 2 — 1
dTV(Y(tlv cee atp)[q]v N) < ﬁ\/E[(Y(tlv cee ’tp)[Q]) ] -3
EJP 29 (2024), paper 136. https://www.imstat.org/ejp
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= Cq T:{I}?D;_l ||f(t1 s 7t10) S f(tl s 7tp)|‘§q—27"

But, thanks to (3.6) and recalling (3.7), we have

p_fmax 1f(tr o tp) @ f(tr o tp) 130 = max | H [1£i(t:) @ fiti) 15420

)

p
<TT,_max  1Fit) @ FiCt:)]3g-r-
=1 ’

Also, as a consequence of the second equality in (3.10) (with fﬁ instead of )7), we have
1fi(t:) @ fi(ti)|34_or < B[Yilq]"] - 3,
and the desired conclusions now easily follows. O

Remark 3.4. In Example 4.1 below we will use the previous result to improve the bound
for the central convergence of the rescaled gth Hermite variation of the rectangular
increments of the fractional Brownian sheet obtained in [31].

Remark 3.5. Rates of convergence for smooth distances can be obtained by means of
Malliavin-Stein method for more general functions ¢. In the case where CT € L!(R%),
where R is the Hermite rank of ¢, (equivalently C/* € L'(R%) for every i = 1,...,p),
several statements can be found in [24], where no additional smoothness of the function
o is required. However, we remark that in this case all the terms of the chaotic
expansion of the functional contribute to the limit. Conversely, when C; ¢ LT(R%)
for some i = 1,...,p, then a bound in Wasserstein distance could be proved. Indeed,
Proposition 3.8 shows how to control E[(Y — Y[R])2], see e.g. (3.15). However, we again
have a non-trivial contribution of every term of the chaotic decomposition, leading to a
sub-optimal and less meaningful rates.

3.2 A Breuer-Major theorem for p-domain functionals

In this subsection, we provide an extension of the celebrated Breuer-Major theorem
from the classical setting of 1-domain functionals (see Theorem 2.3) to the setting of
p-domain functionals.

Theorem 3.6. Let B = (B,),cre be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Let ¢ : R — R be a measurable function satisfying
E[p?(N)] < 0o, N ~ N(0,1), with Hermite rank R > 1. Let us consider Y as in (1.3). Let
C : R? = R be the covariance function of B and assume it is separable in the sense
of (1.4). IfC; € LR(R%) for anyi € {1,...,p}, then, as ty,...,t, — oo,

Y(ty,...,t,) —E[Y (L, ...

>tp)] d, 2
0,72 T/ — N(0,0%),
2R 7%

where »
o2 = Z a?]q! HVO](DZ-) . Cl(z;)dz;.
>R i=1 R

Moreover, if 02 > 0 then

Var(Y (ty,...,tp)) ~ o2 t{* ...t

and we have a central limit theorem for (1.3), that is

Y(tl,...,tp)iN(O,l) astl,...,tp—>oo.
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Remark 3.7. The previous theorem may be seen as a Breuer-Major theorem for p-
domains. Its proof follows from similar arguments to the ones in [23, Theorem 7.2.4].
However, we observe that the separable assumption allows us to recover the rate of the
variance as a function of the (possibly distinct) growth rates of the domains.

Proof of Theorem 3.6. We proceed as in the proof of [23, Theorem 7.2.4], using [23,
Theorem 6.3.1]. First of all, we have

Y(tl, e ,tp) - E[Y(tl, ey tp)] o EEO:R Qq ft1D1><~--><tpr I{q(B»L)dJj

/2 el /2 e

= Z Iq(fq(th s >tp))>
q=R

where o
. Qq j;lDlx---xtpr € Idx
folti, ... tp) = NG 7.7
| Z

To conclude the proof we only need to check the conditions (a)-(d) of [23, Theorem 6.3.1].
Condition (a): We need to check that

2q] := i ! 2
ol =, D gflfy(ty )]
exists in [0, 00) for each ¢ > R. Since C; € LE(R%) (implying C; € LI(R%)) for every
i € {1,...,p}, the change of variable z; = x; — y; yields

(t: D;)? R

~ t;-ii VOI(Dz) Clq(Zz)dZ“ as t; — oo.
R%i

Combining the previous equivalent with the separability of C, we obtain

[T Jiu,p,y2 Ci (i — yi)daidy;
Afitr, . )P = R - o%lg)

as ty,...,t, — oo, where

p
o’lq] := qla’ H Vol(D;) Cl(z;)dz;.
i=1 R

Condition (b): We need to check that

Z o?[q] < oco.

Since ||Ci|looc < 1 foreveryi=1,...,p, we have

ggz[fﬂ < gq!ai ﬁ <V01(Di)/]Rdi |Ci(Zi)RdZ> .

i=1

Thanks to Var(p(N)) = 322 ; glag < oo, the claim follows.
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Condition (c): We need to check that for every ¢ > Rand everyr =1,...,q—1
£ty o stp) @ foltr, o tp)|> =0 asty,...,t, — oc.

Since C' is separable, we deduce from (3.5) that

||fq(t1a-~~7tp) Qr fq(tlv--- ”2 HHfuq @ fl,q( i)||2a

where f; ,(t;) is given by

fralt)i= [ (eld)Pod;
t; D

i

Therefore, it is enough to prove that

| fiq(t:) @r fiq(t:)]* — 0 (3.12)

for at least one i € {1,...,p} as ¢; — oo. But (3.12) is actually true for any i € {1,...,p},
see indeed point (c) in the proof of [23, Theorem 7.2.4] (which uses that C; € L (R%)).

Condition (d): We need to check that

o
Jim sup Y qlllfy(t )P =0
—00 tl,,,_,t,,Zlq:NJrl

By (3.11) and since ||Ci||oo < 1 foreveryi=1,...,p, we have

o0

sup Y [t 1))

t17~--»tp21 q:N+1

- 2 f=1 f(t-p, )2 Ci (i — yi)da;dy;
= Sup Z qlag N RN
bty >l ST ety
o] p
< Z q!a3 H (Vol(Di)/ C’,-(zi)|Rdz,-> —0 as N — oo,
¢=N+1 i=1 R4
where (Z;’O:NH q!ag) — 0 being the tail of a convergent series. O

3.3 Reduction to Rth chaos and proof of Theorem 1.1

The chaotic decomposition of (1.2) is

Y(ty,... ty) = B[Y (L, ...

)]+ D agY (t, .. tp)dl,

>R

see (3.1)-(3.2). In particular, this decomposition gives

Var(Y (ty, ..., t, Za Var(Y (t1,...,t,)[q])- (3.13)

In order to prove Theorem 1.1, we reduce the study of the functional f’(tl, ...,tp) to that
of Y(t1,...,t,)[R], the normalization of Y (¢4, .. .,t,)[R], thanks to the following extension
of [18, Proposition 4].
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Proposition 3.8. Let B = (B,),cr« be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Let ¢ : R — R be a measurable function satisfying
E[¢?(N)] < oo, N ~ N(0,1), with Hermite rank R. Let us consider Y as in (1.3), and
?[R] as above. Let C : RY — R be the covariance function of B, and assume that it is
separable in the sense of (1.4) and that it satisfies the following two hypotheses:

1. C® >0, thatis, CI* > 0 foreveryi =0,...,p;
2. for some j € {1,...,p}, we have C; € Uy, _p .y LM(R%) \ L#(R%).

Then, with sgn(ar) denoting the sign of the Rth Hermite coefficient in (1.1),
- _ 2
E [(sgn(aR)Y(tl, )R - Y (. ,t,,)) } 0 asty,....t, — oo

Proof. We divide the proof in three steps.

Step 1: upper and lower bounds for the variance. By assumption, there exist j and
M > R+ 1 such that C; ¢ L#(R%), but C; € LM(R%). Since CJ* > 0 by assumption,
by doubling conditions for non-negative definite functions (see [12]) and properties
of covariograms (see [10]), reasoning exactly as in the first step of the proof of [18,
Proposition 9], there exist two positive constants ¢; > ¢y > 0 such that

02/{ ‘ }Cf(zj)dzj < t;dj Var(Y;(t;)[R]) < cl/ Cf(zj)dzj.
lz;lI<t

{llzsl<t;}

In particular, this implies

t Y Var(Y;(t))[R]) » 0o ast; — . (3.14)

Step 2: we prove that Var(Y (t1,...,t,)) ~ akVar(Y (t1,...,t,)[R]) as t1,...,t, — oo.
Since |C| < 1 and by assumption Cf > 0 fori € {1,...,p}, we have that, for any ¢ > R
and any j € {1,...,p},

Var(Y(t,....t,)a]) @ v Jopoe Cf (@i — yi)dwidy;

Var(Y(tl, ‘e ,tp)[RD R! i f(t D;)? CZR(QJZ — yi)d]}idyi

@ Juyp,2 O (@ —vi)daidy; V(v (t;)la)
=R f@sjp 12 Oty — yj)dajdy; — Var(Y (t;)[R])”

Now, by applying Cauchy-Schwarz n times, we obtain
1/2
S, pyy2 €5 (w5 = yj)djdy; - f@ pyy2 |Cj(@; — ;) P4~ Fdajdy;
f(tij)2 CjR(x yj)dxjdy; t]D )2 C (xj —yj)dz;dy;

_ 1/4
S, 0,2 |Ci(@s — y) |93 dady;
f(f D)2 Y ( — y;)dx;dy;

\ /\

S, 0,2 O = yj)dajdy;

n 1/2"
d f{\|1]\|<d1am(D )i} |C(2))| T+ dz;
f(t_7D'7)2 CR( — yj)dx;dy;

Vol(D

n 1/2™
< (f(t p,2 1G5 —y‘)\R+2 (q_R)dﬂfjdyj> !
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n 1/2"
Vol(Dj)t; +4 R f{\llﬁjl\ﬁdiam(Dj)tj} Cj(z)| " dz;
Var(Y;(t;)[R])

where the last inequality follows by a change of variable x; — y; = z;, and the fact that
q¢— R > 1. Since C; € L*?"(R%) for n sufficiently large, we deduce from (3.14) for
every ¢ > R

Var(Y (t1,...,tp)[q]) ; /2"
Var (Vg < e (57 Ve e )

where ¢ > 0 depends on R and n but not on q. Combining this with (3.13), we get

o0

<o 3 ata) (0 varrenim))

q=R+1

Var(Y (ty,...,tp)) 2

Var(Y (t1,...,t)[R]) n

Using (3.14), this implies Var(Y (¢1,...,t,)) ~ a%Var(Y (t1,...,t,)[R]) as t1,...,t, — cc.

~ ~ 2
Step 3: E <sgn(aR)Y(t1, Lt R Y (.. ,tp)) } — 0. To prove this last step,

considering the decomposition

Y(ty,...,t,) —sgn(ar)Y (t1,...,t,)[R]

_ sgn(ag) (Y (t1,...,tp) —EY (t1,...,t,)] — aRY(tl, .., tp)[R])

ary/Var(Y (t1,...,tp )[
Y(tl,...,t ) E[Y(t1,7 Var tl,...7tp))
|aR| 7

+

SVar(Y (b)) Var(Y (t1, - t) [R))
we get that

E {(?(tl, oty —sgn(ag)Y (4, . .. ,tp)[R])T (3.15)

E(Y(t1,...,tp) —E[Y (t1,...,tp)] —arY (t1,...,t,)[R]))?
a®Var(Y (t1,...,t,)[R])

<2

2
1 Var(Y (t1,...,tp))
+2 <1 ag] Var(Y(th--wtp)[R]))

By the previous step, the second addend converges to 0. Regarding the first addend,
since by (3.13) we have

o0

E (Y(tl,...,t,,)—]E[Y(tl,...,tp)]—aRY(tl,...,tp)[RW] = Z a2 Var(Y (t1,...,t,)[q)),
q=R+1

we deduce from the previous step that

E[(Y (t1,...,ty) — E[Y(t1,...,t,)] —arY (t1,...,tp)[R]))?]

— 0.
a%Var(Y (t1,...,t,)[R])
This concludes the proof of Step 3 and Proposition 3.8. O
We are now in a position to prove Theorem 1.1.
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Proof of Theorem 1.1. Let us recall that B = (B;),cre is a stationary and continuous
Gaussian random field, and that its covariance function is

C(x) = Ci(z1) ... - Cplap), zi€RY i=1,...p,

where C; : R% — R is a non-negative definite function such that C;(0) = 1 for every
1=1,...,p.

The functionals Y (1, . ..,t,) and Y;(t;) are well-defined when C¥ is positive. Indeed,
by the decomposition (3.13) and the formula (3.4), we get that their variances are strictly
positive.

Let us now distinguish two cases:

(i) The first one is when C; € L(R%) for every i. In this case, each functional Y;(t;)
satisfies Theorem 2.3, hence ﬁ(ti) has a Gaussian limit. Moreover, Theorem 3.6 applies,
too, and we can conclude the same for }7(t1, e tp).

(44) Secondly, let us suppose that for at least one i one has C; € LM (R%) \ L®(R%)
with M > R. Then, by Proposition 3.8, it is equivalent to study the limit in distribution of
Y (ty,...,t,)[R] only. Being in a fixed chaos and because CJ > 0, both Proposition 3.1
and Proposition 3.2 apply. Hence, if there exist j (possibly equal or distinct from ¢)
such that z(tj)[R] converges in distribution to a standard Gaussian, we can deduce the
same for the functional Y (¢, ...,t,)[R], and vice-versa. To conclude, it remains to show
that }7j(tj) converges in distribution to a standard Gaussian random variable if and only
if Y;(t;)[R] does. When C; € LE(R%), it is a consequence of the usual Breuer-Major
theorem (Theorem 2.3), since in this case both f@-(tj) and ?}-(tj)[R] are converging to
N(0,1). When, on the contrary, we have C; € LM(R%) \ LE(R%), it is a consequence of
the reduction theorem proved in [18, Proposition 4]. O

3.4 Proof of Theorem 1.6

We state two results on Wiener-It6 integrals, which are needed for our proof of
Theorem 1.6. We note that they should not be considered as new, but rather as a
generalization of well-known results contained in, e.g., [19]. However, for completeness
we provide their detailed proofs in the Appendix.

Lemma 3.9 (Change of variable formula). Let v,/ be real, o-finite measures on R?
endowed with the Borel o-algebra B(R?) and let us define the real separable® Hilbert
spaces H, := L?(v),H, := L?(') as in (2.2). Let us suppose that

v(dz) = |a(z)|*V (dx)

where a is a complex valued, even function (i.e. a(—x) = a(z)). Then, for every h € H,“?
we have
Lg(h) = 1y 4(a®h),
where a®1 is as in (2.5).
Lemma 3.10. Let us denote by I, the Wiener-It6 integral acting on H®?, with respect

to the Lebesgue measure dr on RY. Then, for every h € H®? = L2((R%)?,dr) and
51,...,84 > 0, we have

I,(h) faw (91_(1/2 e s;q/QIq (iz(sl, e sd)) ,

where h(sy,...,sq) € H®9 is such that

h(s1,...,84)(z1,...,xq) == h(x11/51, -, T1d/Sds - - -, Tq1 /515 - - Tqd/Sd)-

3Note that if v is real, o-finite and symmetric, then 7, is a real separable Hilbert space, and we can consider
an isonormal Gaussian process on it, as well as every notion and result introduced in Section 2.1 for L2(G).
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Proof of Theorem 1.6. We divide the proof in four steps. In the sequel, ¢ will denote a
positive constant which may vary depending on the instance.

Step 1: Reduction to the Rth chaos. Since C* > 0 and C; € Uy _pq LM (R%) \
LT(R%) for every i, by Proposition 3.8 we are left to study the limit in distribution of

Y(ti,....t,)[R].

Step 2: Variance analysis. It is a standard fact (see e.g. [14], [15], [13] or [17]) that
if (1.7) holds for 7, then

Var(Y;(t:)[R]) ~ ¢ Li(t;) Bt2%~FP as t; — cc.

We conclude that

Var(Y (t1,...,1p)[R]) = (R,)% [ Var(vi(t)[R]) ~ ¢ T La(ts) "3 4~
' i=1 i=1

Step 3: A suitable expression (in law) for Y (t1, .. .,t,)[R]. Recall the definition (1.9).
By assumption (1.8), we have G;(d);) = g;(\;)d); for every i. Let us define g : R — R

as
p

g(x,...,zp) = Hgl(:(:z)

i=1

We get from Lemma 3.9 that

Y(t1,...,tp)[R] = Ia,rR(fR,t, Dy x---xt,D,) faw Ir((V9) 2 fRty Dy xoxt, D, )

where [y is the Rth Wiener-It6 integral with respect to the Lebesgue measure. By
applying Lemma 3.10, we also obtain

p Rd; QR
IR((\/§)®RfR,t1D1><---><tpr) = (H t?'_Q) Ir (( g(t17---atp)) fR,D1><~»-><Dp>
i=1

where g(t1,...,t,) : R? — R, is given by

P

g(t1, .. tp)(@1, .. mp) = Hgi(mi/ti).
i=1
Then, we have obtained the following expression in distribution for Y (¢, ... )[R

RR
Y(t ¢ )[R] law Ir (( g(tla...7tp)) fR,Dlx...XDp)
Toe-oslp an

\/Val" (IR <( g(tlv""t”)>®R‘fR’D1XNXDp>>.

Step 4: Proving the L? convergence. The last step of the proof consists in showing
the following L? convergence:

In <( g(ti,... ,tp))®R fR,D1><~~~><Dp)

\/Var (IR (( gt ... ,tp))®R fR,D1><»~~><Dp>)
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L) IrR((V9) ¥R fR.D1x-xD,) Ly xooxvy, R (FR.Dyx-x D)
War(IR<W>®RfR,D1x...xDP>) war vyt (Fr.Dox D))

)

where the equality in distribution follows from Lemma 3.9 and where

P
() = [T llaal .
i=1

By the previous steps, it is enough to prove that for some positive constant ¢ we have

P R(g;—dy) R/2 QR
CHti T Li(ty) IR ( g(tlv“'atp)) IR, Dy x--xD,

=1
2
L_(>Q) IR ((\/y)(g)RfR,Dlxmep) .

It is equivalent to show that

P R p
Bi—d;
(HQti(/\liw-w/\qi)) fr.puxx, Mo AR) TTTT Il (3.16)
i=1

j=1li=1

L2 Rd R
((—>) )fR,D1><-~>< >\13-"7 HH||)\j’L| bl

j=1li=1

where the @y, : (R%)® — C are defined as

R
Qu. (M- Ari) = | [T e “Pie VL ()i (N /),
=1

and ¢; are some positive constant. In particular, we will prove (3.16) with the constant
¢; given by assumption (1.8). To prove (3.16), we proceed by induction on p. If p =1,
then (3.16) reduces to

dM\1...d\g1
T2, A=

and this convergence is shown in the proof of [15, Theorem 5]. Now, let us assume
that (3.16) holds for p — 1, and let us prove the result for p. For this, note that zy — 1 =

(z—1)(y—1)+ (x — 1) + (y — 1), implying

(HQQ()\M,...,ARZ ) —1= ((HQt Ah,...,ARi)> 1) (Qtp(xlp,...,ARp)1>
+ ((H Qti(/\m...,)\m)) —~ 1) + (Qtp(xlp,...,ARp) - 1).

Then, by applying the triangular inequality in L?((R¢)%), we get that (3.16) holds by
inductive hypothesis. O

)

10O A =1 i, O A

4 Examples

In this Section we collect some examples.
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Example 4.1 (Hermite variations of a fractional Brownian sheet (fBs)). Let us consider a
fBs
W(Lﬂ = (Wa,B)(wl,wz)ElRi

with parameter (o, 3) € Ri and its rectangular increments:

Royay =Wl o — WP W oy + WA

z1,22+1 — "V axi+l,x0 T1,T2"

The field R defined as above is a stationary centered Gaussian field, with covariance
function given by
COV(RﬂChﬂEz’ Ry1,y2) =Ta ($1 - yl)rﬁ($2 - y2)

where .
ro(u) = 3 (Ju+ 1" +u— 17 —2u*),  weR, H e (0,1). (4.1)

Notice that the covariance function of R is separable in the sense of (1.4). Moreover,
ro (resp. rg) is the covariance function of the process defined as the (one-dimensional)
increments of a fractional Brownian motion (fBm) with Hurst index « (resp. (3). We
briefly recall some results about this process, see e.g. [23]. A fractional Brownian motion
WH = (WH),cr of Hurst index H, is a centered Gaussian process such that

E[Wﬁwylf] = (|x1|2H+|yl‘2H_ |$1 _y1|2H)7 T1,Y1 €R.

DN | =

Its increment process
X, =W, —WH weR;

is known as fractional Gaussian noise. It is a centered, stationary Gaussian process
with covariance function as in (4.1). Note that (4.1) is regularly varying with parameter
2H — 2 (see [23, (7.4.3)], or [17, Example 1]), i.e. it behaves asymptotically as

ra(u) = H2H — 1)|ul*" 72 + o(|u*?72), as |u| — co.

Breuer-Major theorem (see Theorem 2.3) and [23, Theorem 7.4] allow us to deduce that
the sequence

N-1
Yy =Y Hy(Xx), N>1,
k=0

under a proper renormalization, converges to a Gaussian distribution if H < 1 —1/2q.
Moreover, in [22] and [5], the authors quantify the convergence in total variation
distance.

Theorem 4.2 (Theorem 1.1, 1.2 in [5]). If H € (0,1 — 1/2¢] and Vy = ﬁ then
ar N
N-1/2 ifH e (0,3
. NH-1 ifH e |4, %3]
Va, N(0,1)) < = -g(¢, H,N). (4.2
TV( N> ( ) )) >~ CHyq NHQ*GH’l/Q iFH e (gg:g’l . ziq) CH,q g(Q7 ) ) ( )
(log N)='/2 if H=1— 5

In the previous, cy,q a positive constant, that may vary, only dependent on g and H.
If H > 1—1/2q, we have convergence towards a non Gaussian distribution (see [9]).
In [31], the authors show that a proper renormalization of

N—-1M-1
V=Y. Y Hy(Re s,), NMeN (4.3)

x1=0x2=0
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converges to a Gaussian distribution as N, M — oo when a <1 —1/2gor 8 <1 —1/2¢*.
Moreover, they bound the total variation distance between Vi js and its Gaussian limit.

Theorem 4.3 (Theorem 3.1 in [31]). Let us denote by c, g a generic positive constant
which depends on «, 8 and q, but which is independent of N and M. We have

(1) Ifboth0 < «, 8 < 1—1/2¢, then VN,M converges in law to N (0, 1) with normalization
pla, B, N, M) = |/ SE-N*a-1/2)ffa-1/2 [y addition

dry (Vi.ar, N(0,1))
< Caﬁ\/N_l + N20—2 4 N2aq—2¢+1 4 \f—1 4 \[26-2 4 \[2Bq—2q+1,

(2) If0<a<1—1/2¢and 8 =1-1/2q, then ‘N/N’M converges in law to N(0,1) with
normalization p(a, 3, N, M) = | -L—Nea=1/2\fa=1(1og M)~1/2. In addition

Salp

dry (Vi N(0,1)) < co g/ N—T 4+ N20—2 4 N2aa—2a+1 4 (log M)~1.

If0< 8 <1—-1/2g and o = 1 — 1/2q, then we get an analogous estimate as the
previous one.

(3) If botha =3 =1-—1/2q, then ‘7N7M converges in law to N(0,1) with normalization
o(a, B,N, M) =, /%Nq_l(log N)~Y2M3~(log M)~'/2. In addition

dry (V.ar, N(0,1)) < ca.5y/(log N) =1 + (log M)~1.

(4) If« < 1—1/2¢ and 8 > 1 — 1/2q, then Vy y converges in law to N(0,1) with
normalization ¢(«, 3, N, M) = %N“qfl/Qqul. In addition®

dTV(VN,M,N(O, 1)) < C0“5\/‘]\[—1 + N2a—2 + N2ag—2q+1 + M—(28q—2g+1)

(5) Ifao =1—1/2¢q and § > 1 — 1/2q, then XN/NVM converges in law to N(0,1) with
normalization ¢(c, 3, N, M) = 1/ﬁNq_l(log N)~'/2M4=1, In addition

dry (Vaar, N(0,1)) < casy/ (log N) =1 + M~ (@Aa-20+D)

Our Theorem 1.1 translates in the discrete setting, too, and returns the same qual-
itative phenomenon described above. Moreover, by using the bounds obtained in the
proof of [22, Theorem 4.1], Proposition 3.3 allows us to improve the previous rates,
by replacing a sum of powers or logarithmic functions of N and M with their product.
This results in a smaller bound and, more interestingly, clarifies that the growth rate of
every domain (the sums in (4.3)) contributes multiplicatively to the speed of convergence
rather than additively.

Corollary 4.4. Recall the definition of g in (4.2).
(1) Ifboth0 < o, 3 <1—1/2q, then

dTV(‘A/:N,MaN(Oa 1)) S Ca.ﬂ,q g(qvavN) : g(QvﬁvM)

4More precisely, they showed it for the Hermite variations of the field N® M BRE"/’J[; /M However, by

self-similarity of the process R (see [31, Definition 2.3]), the two share the same law.
5The exponent in red is the correction of a typo in [31, Theorem 3.1].
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(2) Ifa <1—1/2gand 8 >1—1/2q, then
dTV(f/N,M7 N(0,1)) < capq9(qg,0,N),

where c, 3,4, are constants depending on «, 3, q that may differ from the ones in [31,
Theorem 3.1], and the normalization terms are as before.

Example 4.5 (Tensor product of regularly varying covariance functions). Let us define
a centered Gaussian field B = (B,),cr« With separable covariance function as in (1.4),
with p > 2 and C; : R* — R defined as

1
Ci(z) = ————— B;>0, i=1,...,p.
A (e PEEIE g
Let us consider the quadratic variation of this field, that is, the functional Y (¢1,...,%,)[2]

as in (3.2) as well as its rescaled version Y. The parameters 3; determine the behavior
of the functional. Indeed, combining Theorem 2.3 and Proposition 3.1, it is enough to
have 3; > d;/2 for at least one i for Y (1, ... ,tp)[2] to have a Gaussian limit. Moreover,
by the application of Proposition 3.3, we may also deduce an upper bound for the rate
of convergence in total variation. For a fixed 7 satisfying 8; > d;/2, an upper bound
for the rate of convergence in total variation distance of fﬁ(tl)[2] (recall (1.6)) towards
a Gaussian distribution is given by the rate of convergence to 0 of the norm of the
contraction:

(f C-(x-)d:v-)2 t;h if i > d;

TN o Tz < \leilise ViG] N2mdiif B — g, =: g(Bi, t:)°

||f7,(t1,) ®1 fz(tz)HQ < tdi = IOg(tl) ti if 61 - dz =. g(ﬂl7tl) )
i g if B € (di/2,d;)

where we denote by < the inequality up to a positive constant. From the above equiva-
lence and (3.9), we obtain that, if 5; > d;/2,

drv (Yi(t:)[2], N(0,1)) < 9(Bi, ti).
Denoting J = {i € {1,...,p} : B; > d;/2}, we can deduce that

dTV(Y(tla v 7tp)[2]7 N(07 1)) S Hg(ﬂivti)‘
i€

Example 4.6 (Gaussian fluctuations in a long-range dependence setting). Let us define
a centered Gaussian field B = (B, )rz with separable covariance function

1 1
(Lt [z )4 (14 |22[?)3/2

C(!I?l, (EQ) =
Let us consider

Y(tl,tg) = / HQ(B;C)CZJZ, tl,tg > O,
t1 D1 XtoDo

where Hs is the second Hermite polynomial and D; C R are compact sets. Then, R = 2.
We have that C ¢ L?(IR?), hence we are in the long-range dependence case. However,
the marginal functional

Jin, Ho(B?)da
\/Var (ft2D2 HQ(BQ(E))dx)
2)

see also (1.5), where (B, )R is centered Gaussian field with covariance function Cs(zs) =
exhibits Gaussian fluctuations as to — oo by Theorem 2.3. Hence, by Theo-

Ya(ts) =

1
(Atfa2[?)3/2
rem 1.1 also Y'(¢1,¢2) does.
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5 Going beyond the separability assumption

While the separability assumption holds true in numerous applications (see, e.g.,
[7, Chapter 5] for examples in hydrology and fluid dynamics, or think of the many
frameworks where the fractional Brownian sheet arises, see, e.g., [28, 33]), there also
many instances where it does not.

In this section, we aim to examine what can happen when we go beyond the separable
case. First, let us give a counterexample that shows that we cannot always expect a
result as simple as Theorem 1.1 in the non separable context.

Counterexample 5.1 (Separability matters!). Let us consider p = 2, d; = d2 = 1, and

thus d = 2. Fix R > 2 and consider o € (1/R,2/R). Let B = (B;)r« be a centered

stationary Gaussian field with unit-variance and covariance function C' : R¢ — R as
C(l‘) — L(H.%‘H) = Rd \ {0}7

]l

with L a slowly varying function, such that C' is continuous in 0. Assuming that C'
satisfies (1.8), since a < %, Theorem 2.4 applies to the functional

Y (t,1)[R] = / Hi(B,)dz

t(Dl XDg)

and we obtain that 17(75, t)[R] is asymptotically not Gaussian. Considering the two induced
covariance functions Cy(z1) := C(z1,0) and Cs(x2) := C(0, z2), we may construct two

stationary centered Gaussian random fields (B;Efi))wieRdi, i = 1,2, having C; as covariance

function and the corresponding additive functional Y;(¢)[?] on the domain D;, as also
described in (1.6). However, both Y7 (¢)[R] and Y>(¢)[R] have Gaussian fluctuations as
t — oo. Since

with « > 1/R, they both satisfy Theorem 2.3. This counterexample shows how the
convergence of both functionals Y;(¢;) is in general not enough to determine the behavior
of Y(¢1,...,t,), when the separability of the covariance function (1.4) is not satisfied,
even in the particular case t; =ty = t.

In what follows, we drop the separability assumption by examining two different
classes: Gneiting covariance functions (Section 5.1) and additively separable covariance
functions (Section 5.2). We will explore whether, akin to the separable case, it is possible
to simplify the asymptotic study of Y (¢1,. .., t,) given by (1.2) by reducing it to that of
simpler functionals Y;(¢;).

5.1 Gneiting covariance functions

The class of Gneiting covariance functions was first introduced by Gneiting in [11].
These functions are very popular in many applications, including geostatistics, envi-
ronmental science, climatology and meteorology. A Gneiting covariance function
C : R? — R has the form

2
Clov o= o 1t o (el

where ¢ : [0,00) — (0,00) is a completely monotone function, that is

), z1 € RY, 2y € R%, (5.1)

(-1)"™(#) >0 VneN,t>0,
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and ¢ : [0,00) — R4 has completely monotone derivative. The fact that (5.1) defines
a non-negative definite function on Rét+d2 if d, = 1 was proved in [11], and can be
extended to d; > 1 using similar arguments. Assuming that B is a centered Gaussian
random field with unit-variance and covariance function as in (5.1), we may infer that
C(0,0) = (0)~%/20(0) = 1, and suppose, without loss of generality, that ¢(0) = 1(0) = 1.
As a consequence, the Gaussian fields (Bg(gll))mlew1 = (B2,,0)z,ers and (ng))mzew2 =
(Bo,a2)z,erd: have the following covariance functions

Cy(z1) == C(21,0) = ¢ (|l21]?) ; (5.2)

—d;
Co(2) 1= C(0,32) = 1 (||z2]2) "/
For this reason, we rewrite (5.1) as
C(I’l,zg) = CQ(I’Q)Cl (1102(1‘2)2/d1> , xr1 € Rdl,IQ € Rdz. (53)

From the expression (5.3), since Cy(z1), C2(z2) are positive and non-increasing in the
norms ||z1]|, ||zz2]|, we deduce that

’

CQ(IQ)Cl(Il) < C(l‘l,zg) < 02(932)01 (131 @(DQ)Z/dl) s (54)

where D, denotes the domain of the variable x5, and

Cy(Dy) = —h/2

. . 2
sz(IDnzf—Dz) Ca(2) = 1 (diam(D3)?)
Therefore, C(x1,x2) is wedged between two separable covariance functions, the product
C4(21)Cs(x2) and the function Cy (2 @(Dg)Q/dl )Cs(x2). This suggests that the Gneiting
case may be studied combining the bounds (5.4) and Theorem 1.1. We will partially
formalize this intuition in Theorem 5.1, and we conjecture that the latter could be
extended to more general functionals, growing domains and classes of non-separable
covariance functions satisfying properties analogous to (5.4). These extensions are left
for future research.

Analogously to the version of Theorem 1.1 explained in Remark 1.7, Theorem 5.1
allows to reduce the study of

Y(tl,tg)[q] = / Hq(BI)dI, ast; — o0,
t1 D1 XtoDo

for only one index ¢ € {1,2} (i.e. only the i-th domain is growing), to that of the respective

marginal functional

Y;(t:)]q] :/D Hy(B{)dz;,  ast; — oo,
t;D;

where D; C R% are compact sets with Vol(D;) > 0 and (B,(fl))% cr: are Gaussian fields
with covariance functions C;, as defined in (5.2).

Theorem 5.1. Let B = (B,),cr« be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Let C : R — R be the covariance function of B, and
assume that C is a Gneiting covariance function, see (5.1)-(5.3). Let Y (¢1,t2)[q], Yi(t:)[q]
be defined as above, and SNf }7, their normalized versions (see e.g. (1.3)). Fix j € {1,2}.
Then, the following holds:

Yilty)la] 5 N(0,1),  ast; oo
implies
?(tl,tg)[q] iN(O,l), as tj — 00
where t, is fixed, for k # j.
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Proof of Theorem 5.1. The case ¢ = 1 is trivial because everything is Gaussian, so let
us focus on ¢ > 2. We will show the convergence by means of the Fourth Moment
Theorem 2.1. First, recall that

Var (Y (t1,t2)[q]) = q!/ Clz — y)dzdy.

(t1 D1 xt2D2)?

Thus, by (5.4) and (3.3), we have

Var (Y1 (t1)[q]) Var (Ya(t2)[q]) < ¢! Var (Y (t1,t2)[q]) -

For the sake of brevity, let use denote h(x3) := Co(x2)%/%. We have

1f(t1,t2) @p f(t1,t2)]?
= / Co(za — y2)"Ca(22 — u2)"Ca(ma — 22)T "Co(y2 — u2)?™"
(tlDl Xt2D2)4

x C1((z1 — y1)h(z2 — y2))"C1((21 — u1)h(22 — ua))"
x C1((z1 — 21)h(z2 — 22)) T "Ci((y1 — w)h(y2 — u2))* "dz dy dz du.

If we fix ¢; and let t; — 0o, we get from 0 < 'y < 1 that

1 (t1,t2) @ f(t1,t2)|1* < || f2(t2) @r f2(t2)]| Vol(t1 D)™

If we fix t5 and let t; — oo, setting A := @(thg)Q/dl < o0, by (5.4) we obtain

£ (t1,t2) @p f(t1,t2)]?

< / dx dy dz du
(tlDl Xt2D2)4

X Oy(w2 — y2)"Ca(z2 — u2) " Co(wa — 22)17"Co(y2 — ug)?™"
x Ci((z1 —y1)A)"Ci((z1 —u1)A)" Ci((z1 — 21)A) 7 "Cr((y1 — ur)A)T"

=A"4h / Co(x2 — y2)" C2(22 — u2)" Co(w2 — 22)T "Co(y2 — uz)®™"
(AtlDl ><t2D2)4

X C1(z1 —y1)"Cr(z1 —u1) " Cr(zr — 21)T "Cr(yr —wr)? "dx dy dz du
< A7 Vol (ta Do) (| f1(t1) @4 f1(t1)]]7,

where the first inequality is due to (5.4) and (5.2), which imply C; (z1h(z2)) < C(z1A) for
all z; € R%, i = 1,2; the equality in the middle follows by change of variable 2 < Ax; and
the last inequality follows since C < 1 and recalling the definition of || f1(¢1) ®, f1(t1)]%.
Applying the Fourth-Moment Theorem 2.1 leads to the desired conclusion. O

5.2 Additively separable covariance functions

In this subsection we consider additively separable covariance functions of the
form

C(x1,x2) = Ki(z1) + Ko(x2), 21 € RY, 25 € R%, (5.5)

where K; and K> are the covariance functions of two stationary, continuous, centered
Gaussian fields (BM), cga, and (B®), cga,, with K7(0), K>(0) > 0. From the point of
view of applications, the study of Gaussian fields with additively separable covariance
function (5.5) is motivated by the fact that they can model the sum of two independent
Gaussian fields. Unlike the Gneiting class considered in the previous subsection, which
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is comparable to the separable case (see (5.4)), here reduction theorems have to be
developed in a different way. In this case, we define the marginal functionals as

B

We introduce new quantities to describe the interplay between the growth rates of the
volumes and the variances, that are the quotients

B Jt:poye Ki (@i — yi)daidy;
B Vol(t; D; )2

(5.7)

Vi ldl :

Theorem 5.2. Let B = (B,),cre be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Let C : R* — R be the covariance function of B, and
assume it is additively separable in the sense of (5.5), with K1,K5 > 0. Let Y be as
in (1.3). Fori = 1,2, let A;(t;)[q] be as in (5.6), A, its normalized versions (see e.g. (1.3)),
and recall the definition (5.7) of v [¢]. Finally, assume that

Al
Al

q]
q]

)

—0 astl,tg — 0Q.

)

Then, the following holds:
As(ts)g) % N(0,1), asty — oo,
if and only if
Yi(ts, ta)lg) 5 N(0,1), asty,ts — cc.
Remark 5.3. Note that, by symmetry, the roles of K; and K> can be exchanged in the
statement of Theorem 5.2, obtaining an equivalence between A ()[q] 4N (0,1) and

_ 2
Y(t1,t2)[g] 5 N(0,1) as tq,ta — oo, if 1’1'2 {fﬁ
t1

— 0.

Remark 5.4. To ease the computation of the quotients 'y§ [q], i = 1,2, as noted in
Equation (5.10), assuming that K; is both non-negative and non-negative definite, one

can observe that f )
Kl (x;)dz;
i [|z]| <t; 1\ g
7i,lg) < =1 ]];d :

Just like Theorem 1.1 and Theorem 5.1, Theorem 5.2 should be interpreted as a
reduction theorem, since it allows to reduce the asymptotic problem of a 2-domain
functional Y (¢1,t2)[q] to that of a 1-domain functional. The difference here is that the
marginal functionals to be considered in the additively separable case are not the same
considered for the separable and Gneiting classes. Moreover, unlike the latter cases, here
the growth rates of the integration domains come into play by means of the quotients
%Z [¢] in (5.7) (see also Example 5.6). In order to prove Theorem 5.2, we state and prove
the following lemma.

Lemma 5.5. Under the notations and assumptions of Theorem 5.2, we have that

Var(Y (t1,t2)[q]) = Vol(t1D1)? Var(Az(t2)[q]) + Var(Ai (t1)[g]) Vol(t2 D2 )

+k_1 (Z> Var(As (t2)[K]) Var(Az(t2)lg = k). (5.8)

In addition, assuming q > 2, we have that

Var(Y (t1,12)[q])
Vol(t1D1)? Var(As(t2)[q])

— 1 asty,to — o0.

EJP 29 (2024), paper 136. https://www.imstat.org/ejp
Page 27/33


https://doi.org/10.1214/24-EJP1197
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Limit theorems for p-domain functionals of stationary Gaussian fields

Proof. Recall ¢ > 2. Applying Newton’s binomial formula, we may write

Var(Y (11, £2)[q)) = ¢! / Cla - y)tdady
(tlDl Xt2D2)2

= q!/( I )2(K1(CL‘1 — 1) + Ka(x2 — y2)) deydaody  dys
t1 D1 Xt2 Do

q
- Z‘ﬂ(i) / Ky (z1 —y1) deydy; - / Ky (w3 — y2)" " dwadys,
k=0 (t1D1)? (t2D2)?

which is (5.8). Now assume that 7/ [g]/77,[¢] — 0. Then, as t1,t; — oo

Var(Y (t1,t2)[q])
Vol(t1D1)2 Var(As(t2)[q])

— 1.

Indeed,
Var(A, (1)[g]) Vol(t2D2)? _ 4, [dl
Vol(ty Dy)? Var(Aa(t2)[q]) 72 1d]

by assumption. By Jensen inequality in ¢; and recalling that K; > 0, we have that

— 0

Var(A;(t;)[k]) = k! / KF(2; — yi)dxsdy; < Vol(t;D;)* 9= R/a Var (A, (t;)[q])*/ 2.
(t:Di)?

Therefore, the proof is concluded by observing that, for £ > 0, we have

Var(A;(t1)[k]) Var(Ax(t2)[q — k]) < Var(A; (t1)[q])*/9 Vol(ty Do)?#/4 _ Vi, [q]F/a
Vol(t1D1)? Var(Aa(t2)[g]) ™ Vol(t1Dy)?k/a Var(As(ta)[g])*/7  ~7 [q]*/a

— 0.

O

Proof of Theorem 5.2. By assumption, v}, [q]/77,[qg] — 0. By Lemma 5.5, as t1,t; — co we
have

Var(Y (t1,12)[q]) ~ Vol(t,D1)* Var(As(t2)[q]).

Regarding contractions, by using the Newton binomial formula, we have

[ f(t1,t2) @ f(t1,t2)]?

= / Clx—y)"Ca(z —u)'Cx — 2)I7"Ca(y — u)? "dx dy dz du
(tlDl Xt2D2)4

= / dx dy dz du
(t1 D1 xtaDg)*

(Ki(z1 —y1) + Ka(22 — y2))" (K1(21 — u1) + Ka2(22 — u2))"
x (Ki(z1 = 21) + Kao(w2 — 22))7 " (K1 (y1 — w1) + Ka(y2 — u2))"™"

£ 06
k1,k2=0 k3,ks=0 kl k2 k‘3 k-4
/ dxy dyy dzy duy
(t1D1)*
Kl(fEl - yl)lﬁKl(Zl - ul)szl(xl . Zl)kgKl(yl _ u1)k4

/ X dLL'Q dy2 dZQ d’LL2
(t2D2)

Ky (g — y2)" " Ka(z2 — ug) M Ky (g — 22)* " Koy —ug)?™ "™
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- — T r q—r q—r
= Z Z 1{(k1,k27k3,k4)§£(0,0,070)} ky ko ks k4

kl,k‘QZO k37k4=0
/ d.]?l dy1 le dU1
(t1D1)*
Ki(z1 —y1)" Ky (21 — w)*2 Ky (21 — 20)" Ky (g1 — up)™
/ dCEQ dyg dZQ dUQ
(t2D2)*

Ko(zg — y2)" M Koz — )" "2 Ko (g — 20) 7" Ky (yg — ug)?™ " F4

+ Vol(t1D1)%| fa(t2) @, fa(t2)||?.

Moreover, we have

{(k1,k2,k3,k4)7#(0,0,0,0)}
k1, ka=0 k3, ka=0 k) \ke ks ka

/ dxl dy1 le du1
(t1D1)*
Ki(z1 — )" K1 (21 — u1)P2 Ky (21 — 20)" Ky (y1 — uq)*
/ dﬁCQ dy2 dZQ dUQ
(t2D2)*

Ka(xg — y2) " Ka(22 — ug)" " Kap(wg — 22)07" " Ka(yp — ug)? "

r q—r
T T q—r q—rT
N Z Z L (k1 ko ks ka) #(0,0,0,0)} <k1> (k2) ( ks ) ( k4 ) X

k1,k2=0 k3,k4=0

X / Ki(z1 — yl)k1+k3d$1dy1/ Ky(wa — y2) 9 M1 Fsdmadys
(t1D1)? (t2D2)?

X / Kl (2’1 — ul)k2+k4d21du1 / KQ(ZQ — UQ)q_k2_k4d22dU,2,
(t1D1)? (t2D2)?

where the last inequality follows from the positivity of K, K5 and Lemma 5.7 applied to
every term of the sum. Then, using Jensen as in the proof of Lemma 5.5, we obtain that,
as ty,ts — 00,

G 1 (t1,t2) @ f(t1,t2) 13,2,
Var(Y(tl, t2))2

||f(t17t2) S f(tlatQ)”%qu’l’ = <Q')
St te) @ f(ta,t2) 1P
VOl(t1 D1)4 VaI‘(Ag (tg))2

_ f2(t2) @ fo(t2)|I?
Var(A2 (tg))z

r —r k1+k ko+k
o 3 X i gy PR 4 g PR/
+ Z Z {(k1,kz,ks,ka)#(0,0,0,0)} 2 [d]

2
k1,k2=0 kg, ks=0 Vi, ld] Vi

-~ (q|)2 ||f2(t2) Qr f2(t2)H§q72T
' V&I‘(Ag(t2))2

= ||f2(t2) r f2(t2)||§q,27~-
Therefore, the proof is again concluded by means of the Fourth Moment theorem 2.1. O

We conclude the section with an example.
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Example 5.6. Let us consider a Gaussian random field B = (B;),cg +4, With covariance
function of the form (5.5), choosing

1 1

K = K =
A TN TR A (W P EE
and consider its quadratic variation, that is
Y (b, 62)[2] = / Hy(B,)da.
t1 D1 Xt Do

Suppose that 5; € (0,d;/2) and B2 > d2/2. Note that K; satisfies both (1.7) and (1.8)

(see [14, Example 3]). Then, by Theorem 2.4 the functional Algl)[Q], see (5.6) properly

normalized, is not asymptotically Gaussian; on the other hand, A, (¢2)[2] is asymptotically

Gaussian, thanks to Theorem 2.3. Note that, up to constants, recalling Remark 5.4,
w2 5

AP
Therefore, we may observe two different behaviors depending on the choice of the rate
for ¢; and t5: applying Theorem 5.2, whenever tl_w1 = o(tgdz), we have that Y (¢1, t2)
is not asymptotically Gaussian; conversely, when ¢, d — o(tl_QB ') we have a Gaussian
limiting behavior.

Appendix

Proof of Lemma 3.9. The following proof is merely a reformulation of [19, Theorem 4.5]
with our notation. Since h € H29, we have the equality

oo

h = Z Ciy,.oig Sym(es, @ - ®e;,),

where {¢;}22, is an orthonormal basis of #, and Sym is the symmetrization operator. If
we define ¢(z) := e;(z) a(x) € L%(V'), then {€,}5°, is an orthonormal basis of H,, and

1=
we obtain
o

a®1h = Z Ciy,onig Sym(e;, @ -+~ @€ ).
i1yeesig=1
Applying the operators I, , and I,/ , we obtain

o0

L) = Y7 iy o (Symles, @ ® ¢3,))

Pyeeyig=1

and

oo

L 4(a®h) = Z Ciryonsig L' g (Sym(e;1 ® - ® e;q)) )

i1yeyig=1

Therefore, we conclude by means of product formula (see e.g. [23]), observing that

d
IV,q(h) = Z C711,..4,in1/(ei1)--~Xy(€7;q) = Z 6117___7inil ~-~Niq
i1,y ig=1 i1,y ig=1
and
oo oo
I 4(a®1h) = i Xu(el ) X (e ) 2 i Ni N
V”Q(a’ ) - Cityyig u(eil)”- V(eiq) = CiyyernigdVig -+ - NGy
i1, iq=1 i1, iq=1

where {N;}:°, is a sequence of i.i.d. standard Gaussian random variables. O
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Proof of Lemma 3.10. Acting as in the proof of Lemma 3.9, we have

oo

L) = D iy Xl () X (e, (),

1yemyig=1

where {e;}2, is an orthonormal basis of 7). Note that using the multi-index nota-
tion s* = [[,s® for s € N? and a € R, also the family {s~/2¢;(-/s1,...,/s4)}32; is
an orthonormal basis of 7{,. Therefore, the two Gaussian families (X(e;(+)))52; and
(X (s~ Y?ei(-/s1,...,-/54)))32, share the same law, and, by extension, the following ran-
dom variables are equally distributed:

(oo}

I,(h(")) 12 S iy X(sT e (s, /8)) X(s7V%i,(-/s1,- -, /54)).

Moreover, by product formula (see e.g. [23]), we have that

o0

S iy X(s7 e (51,0 /50)) - X (s e, (/51,5 /5a))

P1yeenyig=1

L I(s % h(s1,...,5q)).
By linearity, Iq(g‘%fz(sl, cey 8d)) = §—%Iq(ﬁ(sl, ...,84)), which concludes the proof. 0O

Lemma 5.7. Let K : R? — R be a non-negative definite function such that K > 0.
Suppose that D C R? compact with Vol(D) > 0. Then, for every ki, ko, ks, ks € NN,
there exists a positive constant c, depending on K, D and the exponents k;, i = 1,2, 3,4,
satisfying for all t > 0 the following inequality:

K-y K(z —u)?K(z — 2)" K(y — u)*dedydzdu
(tD)*

<c K(z —y) ke dedy K(z —u)ktkidzdu.  (5.9)
(tD)? (tD)?

Proof. First, by using the inequality z%y® < 2%T° + 3%*?, the LHS of the inequality (5.9)
can be bounded by

2 K(z —y) R K (2 — uw)*2 R dedydzdu
(tD)*

+2 K(z —y)" P K (y — u)*2 ™ dedydzdu.
(tD)*
Then, by the change of variable a = x —y and b = y — u and compactness of the domain D,

we may also bound the second term in the previous equation, up to a positive constant,
by

Vol(tD) / K (a)*1+ks K (b)*2 % Vol(tD N (tD — a) N (tD — b))dadb
(tD—tD)2

K(a)’ﬁ“%da/ K (b)*2+kadp.
tD—tD

< Vol(tD)? /

tD—tD

To conclude, we need to show that

Vol(tD) / K(a)k1tksdg < K(z —y)"t*edady.
tD—tD (tD)2
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By positivity of the integrand and the doubling conditions for non-negative definite
functions that are also non-negative proved in [12], we deduce that

/ K(a)k1+k3da S/ K(a)k1+k3da §/ K(a)k1+k3da.
tD—tD {llz|<t-diam(D)} {llzl<t}

Reasoning as in [18, Proof of Proposition 9, Step 1], we have that
td / K(a) 3 da < K(z — y)" e dady, (5.10)
{llzlI<t} (tD)?
which is enough to conclude. O
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