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Abstract

Functionals of random fields have always been a central topic in probability theory,
since its inception as a subject of study. The latter include, among others, partial
sums of random variables and geometric quantities associated to random functions
on manifolds. In this thesis, we investigate the asymptotic probabilistic behaviour
of integral functionals of weakly stationary random fields on expanding Euclidean
domains, with a special focus on additive (or nonlinear) functionals of stationary
Gaussian fields.

In Chapter 1 we first introduce the main mathematical objects and tools encoun-
tered in this work, concluding with an overview of the state of the art and our new
contributions related to the main research questions of this thesis. The two main
questions are the following: first, as the integration domain expands, does a central
limit theorem hold? Second, given two expanding integration domains, what is the
asymptotic covariance between their integral functionals?

Chapter 2 contains the paper "Spectral central limit theorem for additive func-
tionals of isotropic and stationary Gaussian fields", written in collaboration with Ivan
Nourdin. In this chapter, we prove that a large class of additive functionals of station-
ary, isotropic Gaussian fields satisfies a central limit theorem if an easily verifiable
condition on the spectral measure holds. This result brings to light a new class of
"strongly correlated" Gaussian fields whose additive functionals satisfy a central limit
theorem. This fact contradicts the intuition forged in the last four decades, starting
from the seminal works by Breuer, Dobrushin, Major, Rosenblatt and Taqqu.

Chapter 3 contains the paper "Fluctuations of polyspectra in spherical and Eu-
clidean random wave models", written in collaboration with Francesco Grotto and
Anna Paola Todino. Our main result provides the variance rate of any additive func-
tional of Euclidean (Berry’s random wave model) and spherical random waves, a
problem that was left as a conjecture ten years ago. To do this, we exploit a relation
between random waves and Pearson’s random walks.

Chapter 4 contains the paper "Asymptotic covariances for functionals of weakly
stationary random fields". Here we compute the asymptotic covariances of integral
functionals of weakly stationary random fields on expanding domains under assump-
tions that encompass the ones in the literature, deriving an explicit formula that
involves the directional derivative of the cross covariogram of two domains.

Chapter 5 contains the preprint "Limit theorems for p-domain functionals of
stationary Gaussian fields", written in collaboration with Nikolai Leonenko, Ivan
Nourdin and Francesca Pistolato. In this chapter we consider more general families
of additive functionals, which we call p-domain functionals, including as a special
case spatio-temporal functionals and 1-domain functionals considered in the previous
chapters. In this setting, we are able (under suitable assumptions) to reduce the
study of p-domain functionals to that of some 1-domain functionals, explaining some
recent findings in the literature in a new light.
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CHAPTER

Introduction

In this chapter, we highlight what are the novel ideas of this thesis. To do this, we
proceed as follows. In Section 1.1 we define the main mathematical objects of the
thesis. In Section 1.2 we provide a concise introduction to the needed mathematical
tools. In Section 1.3 we give an overview of the state of the art related to our main
research questions. Finally, in Section 1.4 we present our contributions in a concise
form, comparing them with the existing results of the previous section.

1.1 Mathematical objects

In this section, we introduce the main mathematical objects of the thesis: functionals
of random fields and the classes of random fields whose functionals will be studied.
In particular, we deal with functionals of random fields in Subsection 1.1.1, invariant
random fields in Subsection 1.1.2 and Gaussian fields in Subsection 1.1.3.

1.1.1 Functionals of random fields

Fix a probability space (2, F,P), a set £ and a measurable space (S,S). We start
with the definition of S-valued random field on E.

Definition 1.1.1. A S-valued random field A on F is a function
A:QxE— S, (w,z) = Az(w), 1.1

such that A, := A,(-) is a S-valued random variable for every = € E.

Equivalently, a S-valued random field on E is a collection of S-valued random
variables A = (A.).cE, or a S¥-valued random variable, where S” is the set of

1



2 Chapter 1. Introduction

all the functions F — S equipped with the product sigma-algebra. Since the three
definitions are equivalent, we will use them interchangeably.

Terminology. In this manuscript, a random variable is a measurable function
(Q,F) = (R,B(R)), where B(R) denotes the Borel sigma-algebra. Moreover, unless
otherwise stated, random objects (variables, vectors, fields) are all real-valued. Al-
ternatively, if they take values in a measurable space (.5, S), we call them S-valued
random objects. For example, a random field on E is a R¥-valued random variable.

Random fields can model virtually every uncertain quantity A, that depends on
a variable x in a given window of values E. In applications, they appear whenever
an exact prediction is impossible. For instance E may represent a time interval, a
space domain, a set of space-time configurations, a set of indices associated with
individuals in a given population, or every possible inputs of a neural network with
random weights.

The second definition of this thesis is that of functional of a random field, which
we state here in full generality.

Definition 1.1.2. Let A be a random field on F, seen as a R”-valued random variable
A Q — R¥, with realizations in Im(A) := {A(w) : w € Q} C R¥. A functional of A
is a random variable Y = f o A, where f : U — R, with Im(A) C U.

Examples of functionals of random fields abound in the literature, and arise in
every kind of application. We focus here on three examples, which can well highlight
their omnipresence.

Example 1.1.1 (Sums of random variables). As a first example, just consider a
sequence Aj, Ag, ... of random variables on the same probability space. A = (A4;);en
is obviously a random field on N. An example of functional of A is the sum of the
first n € N elements of A, namely

Y,:=> A neN. (1.2)
=1

In this case Y,, = f, o A, where f,(a1,a9,...) = a1 + --- + an, is a functional of A
for every n € N, see Definition 1.1.2. The study of Y;, as n — oo has always been
a central topic in probability, since its inception as a subject of study; just think of
the law of large numbers, or the classical central limit theorem. For less classical
examples, see e.g. [IL71; MPU19; Pel90].

Example 1.1.2 (Geometric functionals in R%). Let A be a random field on R¢. In
this case, numerous functionals have been studied in the literature. Under suitable
regularity assumptions on A, we have that Im(A) C L} _(R%), so that one can consider
for example a continuous version of (1.2)

Yt::/ Aydz, t>0, (1.3)
tD

where D is a compact domain in R?. Note that integral functionals can also be
used to investigate the large domain geometry of random fields in growing domains,
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studying Y; as ¢ — co. Indeed, if for example A, = 1, ..y(B:), where B is a random
field on R% and a € R, then Y; is the so called excursion volume of B at level ¢ in a
growing window ¢ D, namely

Y, = Vol ({z €R?: B, > a} NtD).

The latter has been extensively studied in the literature, see e.g. [DER20; KS18; LO14;
MN24; Not21]. Moreover, many other classes of geometric functionals have been
investigated, some of which do not admit a representation (1.3). Some examples
are topological quantities related to the excursion (random) set {z € R?: B, > a},
such as its number of connected components, see e.g. [BMM22; NS16; NS20], or
other functionals related to lower dimensional random sets, like the number of zeros,
the number of critical points, or the lower dimensional volume of level sets, see e.g.
[DEL21; GS23; NPV23; NPR19; PV20; Vid21].

Example 1.1.3 (Functionals of random waves). Let (M, g) be a compact Riemannian
manifold without boundary. Fix an orthonormal basis {t»,} of L?(M), composed by
eigenfunctions of the Laplace-Beltrami operator A, so that

Agy, = Ny, (¥5,k) = Gjie.

The monochromatic random wave A* = (A)),cn is the random field on (M, g)
defined as the random linear combination

A= > i,

AGEMNA+H]]

where 71,79, ... are i.i.d. standard Gaussian random variables. Geometric function-
als of random waves have been extensively studied in the literature on different
manifolds, see e.g. [Cam19; CMR23; Die+23; GP23; MW14; Tod19; Zel09]. A
relevant fact proved by Canzani and Hanin in [CH15; CH18] (see also [Gas23]) is
that, under suitable assumptions on M, monochromatic random waves are locally
approximated by a random field on R4™(M) | the so-called Berry random wave model,
which will be formally defined at the end of the section. As a consequence, one
may try to reduce the small scale study of Riemannian geometric functionals of
monochromatic random waves, as A — oo, to that of Euclidean geometric functionals
of Berry’s random wave model. This has been done for example in [CH20; Die+23].

Throughout the thesis we will be interested in the following heuristic question:
given a random field A on F and a family of functionals Y = (¥});~¢ of A, what is
the probabilistic behavior of Y; as t — oo?

To be more precise, different features will be analyzed, such as the mean, the
variance, or the distribution of Y; as ¢ — oo. In Example 1.1.1, for instance, if
Aq, Ao, .. are i.i.d. (independent and identically distributed) with mean m € R and
variance o2 € (0, 00), then the mean and variance of Y,, are

E[Y,] = mn, Var(Yy,) = no?,
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and the classical central limit theorem ensures that, as n — oo,

Yn*E[Yn] _ 1 Ai—m

Yo BN _ 1 ¢ 4 N(0,1),
N R o MO

where N(0, 1) is a standard Gaussian and % denotes the convergence in distribution.
At this point of the discussion, the definition of central limit theorem follows naturally.

Definition 1.1.3. Let A be a random field on E. Let Y = (Y});~0 be a family of
functionals of A. Assume that for ¢ sufficiently large Var(Y;) € (0,00). Then, Y
satisfies a central limit theorem (CLT) if

Y, — ElY;
ti[t]ﬂN(O,l), ast — oo.
Var(Y;)

In order to prove central limit theorems (or other asymptotic results) for a
family of functionals of A, we need assumptions on its distribution. The rest of this
subsection is devoted to introducing the two main classes of random fields whose
functionals are considered in this thesis: invariant random fields and Gaussian fields.

1.1.2 Invariant random fields

A very popular class of assumptions for random fields are invariance properties, such
as stationarity (invariance by translations) and isotropy (invariance by rotations).
These properties can all be defined through the action of a certain group (G, +) on
the index set E' of the random field.

In the classical CLT, for example, since A1, As, ... are i.i.d., A is invariant with
respect to the action of any group acting on N. Let us give the precise definition.

Definition 1.1.4. Let A be a random field on E. Let (G, +) be a group acting on
E (from the left). A is said G-invariant if its finite dimensional distributions are
invariant under the action of G (from the left), thatis,Vn € N,V z¢,...,z, € E,

1B

(Azyy. o Azy) = (Agzys -5 Agay,) Vg € G,

where - denotes the group action and 2 the equality in distribution.

Depending on the group G acting on F, one can have many different kinds of
invariance, see e.g. [Mal13; MP11]. In particular, the invariance property that stands
out above all the others in this thesis is that of stationarity.

Definition 1.1.5. Let A be a random field on E. Suppose that E has a group structure
(E,+), and consider the standard (left) action on itself, namely g - = = g + x for every
g,r € E. A is said stationary if A is F-invariant, thatis,Vn e N,V z1,...,2, € E,

(Agys- s Au)) L (Agiars - Agra,) Vg€ E. (1.4)

The easier cases to visualize stationarity are E € {R?, Z%}, equipped with the sum
operation. Indeed, in the latter situations A stationary means that the distribution of
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A is invariant by translations'. We shall also consider the following weaker version
of stationarity.

Definition 1.1.6. Let A be a random field on E. Suppose that E has a group structure
(E,+), and consider the standard (left) action on itself, namely g - = = g + « for every
g,x € E. A is said weakly stationary if for some function K : £ — R we have

E[A;] = E[A4,], Cov(Az, Ay) = K(z —y), Vo,y € E.

If this is the case, K is said the covariance function of A.

Another important invariance property for random fields on R? (or S9~1) is
isotropy, i.e. invariance by rotations.

Definition 1.1.7. Let A be a a random field on E = R? (or E = S%~'). Consider
the special orthogonal group G = SO(d) of rotations, equipped with the standard
matrix multiplication, and acting on F with the left multiplication g - x = gz, for
¢ matrix in SO(d) and x € E. A is said isotropic if A is SO(d)-invariant, that is,
VneN, Vzy,...,z, € F,

(Agyr i An)) L (Agays .. Age,) Vg € SO(d).

For some examples of anisotropic random fields, see e.g. [EF20; Xia09]. In the
following, especially to prove central limit theorems for functionals of A = (A4;),cRrd,
we assume that A is stationarity and/or isotropic. When these assumptions are
removed, another type of invariance is usually required, for instance self-similarity
(i.e. scale invariance, see e.g. [HLX23; Jar+23]).

1.1.3 Gaussian fields

We start with the definition of Gaussian field. From now on, to specify that a random
field is Gaussian, we shall denote it by the letter B (instead of A).

Definition 1.1.8. A random field B on F is said to be a Gaussian field on F if
its finite dimensional distributions are Gaussian, thatis,Vn e N,V z1,...,z, € E,
(Bgy, ..., Bz,) is a Gaussian (random) vector.

Gaussian fields are popular among random fields for two main reasons. First, they
often turn out to be scaling limits of families of random fields, see e.g. [NPR19, p.100]
or [EF20, (2.1)], hence their interpretation as good models in many applications.
Second, their Gaussian finite dimensional distributions are known explicitly and
satisfy very convenient analytical properties, such as being completely determined by
the mean function m : £ — R,

and the covariance kernel C : £ x £ — R,

C(z,y) := Cov(By, By).

Following this idea, one may also say that a random field A on E € {R4, N} is stationary if (1.4)
holds for every z1,...,x,,g € E, even if (E, +) is not a group.
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Combining this with Kolmogorov existence theorem, we have the following.
Fact 1. Let F be a set. Then, the following statements are equivalent:

1. C : E x E — R is a non-negative definite kernel on F, that is, Vn €
N, Vzxi,..., 2, € E,V a1,...,a, € R,

n
Z aiaj C(mi,xj) Z 0.
i,7=1

2. There exist a Gaussian field B on E with covariance kernel C.

Since the distribution of a Gaussian field B is completely characterized by its mean
function m and its covariance kernel C, also the invariance properties considered
in the previous section can be expressed in terms of m and C. In particular, if B
is a Gaussian field on F, and (F,+) has a group structure, then B is stationary if
and only if it is weakly stationary, with constant mean function m : £ — R, and
covariance function C' : £ — R,

C(I‘—y) = C($7y>7 V%?JEE-

In the same vein, if B is a Gaussian field on R¢ (or S?~1), then B is isotropic if and
onlyif Va,y € E,Vg € SO(d)

m(z) =m(g-z), C(z,y)=C(9-z,9y). (1.5)

Note that if B is on S9!, then (1.5) implies that C(z,y) only depends on the
(spherical) distance between = and y, which is generally not true (considering the
Euclidean distance) for an isotropic field B on R?. However, if B is a stationary
Gaussian field on R?, with constant mean function m and covariance function C,
then B is isotropic if and only if the covariances depend only on the distances, that
is, Vz,y € R?,

Clz,y) = Clz —y) = p(lz — yl),

where |- | denotes the standard Euclidean norm. In this case, the function p : Ry — R
is called the isotropic covariance function of B.

A Gaussian field that will often recur in the thesis is Berry’s random wave model,
which is defined as follows.

Definition 1.1.9. The (d-dimensional) Berry random wave model is the unique (in
distribution) stationary, centered (i.e. with m = 0), isotropic Gaussian field on R?
with isotropic covariance function

o) =ty = (1) (2) )

where I" denotes the Gamma function, and J, is the Bessel function of the first kind
of order v, defined as

LS (DR ey
Ju(r) '—’gmr(mMQ) '
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Berry’s random wave model can be also characterized as the limit in finite dimen-
sional distributions of a superposition of J independent plane waves with fixed wave
number 1, as J — oo; or the unique isotropic centered Gaussian field B with unit
variance satisfying AB + B = 0, see e.g. [NPR19].

As we anticipated in Example 1.1.3, this Gaussian field, introduced by Berry in
[Ber77], arises as the local scaling limit of random waves on a class of manifolds,
hence its importance in applications. A crucial fact is that its covariance function,
x — bg(|z|), is the Fourier transform of the uniform distribution on S%~!, a property
that will be exploited several times in the sequel.

1.2 Mathematical tools

This section is devoted to the introduction of the main mathematical tools which
will be applied in the thesis. In particular: in Subsection 1.2.1 we focus on the
spectral representations for the covariance functions of invariant random fields; in
Subsection 1.2.2 we focus on chaotic decompositions and Fourth Moment theorems
for functionals of Gaussian fields; in Subsection 1.2.3 we define cross covariograms
and discuss their properties and importance.

1.2.1 Spectral representations

In this subsection, we introduce one of the main tool of this thesis: spectral represen-
tations. We start with the definition of non-negative definite function.

Definition 1.2.1. Fix a group (E,+). A symmetric function C : E — R is non-
negative definiteon EifVne N, Vzy,...,2, € E,V ay,...,a, €R,

n
Z aiaj C(xz — iL'j) Z 0.
i,7=1

Equivalently, a non-negative definite function C' on a group F is the covariance
function of a stationary centered Gaussian field B on E (see Fact 1), namely

C(z) = E[ByB.] = E[ByByy.] VazcE. (1.6)
Using this fact, we easily obtain these useful properties.

Proposition 1.2.1. Fix a group (E,+). Let C,C4,...,C,, be non-negative definite
functions on FE and a1, . ..,a, > 0. Then:

1. C(0) > 0and |C(z)| < C(0).
2. a;C1+ -+ a,Cp and [}, C; are non-negative definite functions on E.
3. If E is a metric space, then C' is continuous if and only if C' is continuous in 0.

Proof. 1. follows by (1.6) and Cauchy-Schwarz inequality. 2. follows by the fact that
a1C1+- - -+a,Cp and []iL; C; are the covariance functions of linear combinations and
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products (respectively) of n independent stationary Gaussian fields with covariance
functions C;. Finally, 3. follows by (1.6), observing that

(C(2) = C(z + )| = [E[Bo(B. — Bo1a)l| < /C0)y/2(C(0) — C(h).

The most important theorem of the subsection is Bochner’s theorem.

Theorem 1.2.2 (Bochner). Let C' : R? — R be a non-negative definite function on R¢,
with C continuous and C'(0) = 1. Then C'is the Fourier transform of a unique Borel
probability measure G on R%, namely

C(z) = / e GQ(da). (1.7)
Rd

Note that Bochner’s theorem has been generalized by Yaglom in [Yag60] for
non-negative definite functions on every group F satisfying very general assumptions,
see also [Mal13, Theorem 2.18]. We only consider the Euclidean case F = R¢ for
simplicity, since we will not focus on other cases.

In probabilistic terms, Bochner’s theorem ensures that the covariance function
C : R% — R of a stationary Gaussian field, if continuous, is the characteristic function
of a random vector A, where A ~ G. Moreover, considering the random norm |A| ~
and the random direction A := 1 A0 /|A| ~ o, with p, o probability measures on
R, S?! respectively 2, then we have

C(z)=E

8iA<Z’X)] — /OO M(d’l’)E leir<z,X)
0

IA| = r] . (1.8)

In particulay, if |A|, A are independent, we can write

C(z) = /0 b p(dr) /S | oldo) etz |

Definition 1.2.2. Let B = (B,),cgs be a stationary Gaussian field on R? with
continuous covariance function C : R? — R, C(0) = 1. The spectral measure of B is
the unique probability measure G on R? associated to C through (1.7). The isotropic
spectral measure of B is the unique probability measure p on R, associated to
C through (1.8). The spherical spectral measure of B is the unique probability
measure o on S%~! associated to C through (1.8).

If a given Gaussian field B = (B,),cga is stationary, then recall that it is isotropic
if and only if its covariance function is radial, namely

C(z) = p(l2)

where the function p : Ry — R is said the isotropic covariance function of B.
Moreover, C' is radial if and only if C'(z) = C(Pz), or equivalently PA ~ A, for every

Ifd =1, then S° = {—1,1} and 0 = 1(61 + 6_1).
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P € SO(d). Furthermore, since the latter is equivalent to say that the spherical
spectral measure o is the uniform probability measure on S¢~!, we obtain the
following result, the so-called Schoenberg theorem.

Theorem 1.2.3 (Schoenberg). Let B = (B;),cr« be a stationary Gaussian field with
continuous covariance function C : R? — R, C(0) = 1, spectral measure G, isotropic
spectral measure i, and spherical spectral measure o. Let v be the uniform probability
measure on S%!. Then B is isotropic if and only if ¢ = v. Moreover, by (1.8), if B is
isotropic with isotropic covariance function p : R; — R, we have

p(r) = /OOO ba(rs)u(ds), (1.9

where by is the characteristic function of v = o. In particular, we have

b = [ e =r(5) (5) Il =l
Sd—l 2 2 2

where J 4 is the Bessel function of the first kind and order g — 1

(1.9) could be seen as the isotropic version of (1.7), obtained fixing the spherical
spectral measure o equal to the uniform distribution on the sphere. The two spectral
representations by Bochner, (1.7), and Schoenberg, (1.9), play a crucial role in the
sequel, for two main reasons:

* (1.7) is our gateway to Fourier analysis. Indeed, it allows to rewrite impor-
tant quantities related to functionals of B in terms of Fourier transforms and
integrals with respect to the spectral measure G. The variance of [, B,dz, for
example, which has the form

/ N dy
D

v ([ )= [

may (and will) be estimated under suitable conditions on G and D.

2
G(dN),

* (1.9) is used in Chapter 2, to estimate the decay of p under suitable conditions
on u, see in particular Lemma 2.3.2. We conjecture that one may deduce similar
results for C when B is not isotropic, i.e. when ¢ is not the uniform distribution
v, assuming that the spherical spectral measure o is "regular" enough. This may
be done using estimates for the decay of the Fourier transform of measures
supported on surfaces, see e.g. [Ste93, p.348, Theorem 1].

Remark 1.2.1. We conjecture that some of the arguments that we are going to use
in the sequel, based on (1.7) and (1.9), can be extended from non-negative definite
functions C : R — R to harmonizable non-negative definite kernels C : R¢xR¢ — R
of the form

C(x,y) = /R /R OGN, X)), (1.10)

where G is a non-negative definite bimeasure of bounded variation, see e.g. [Swi02].
Such a class of kernels is much more general than the class of translation-invariant
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kernels C(z,y) = C(x — y), which corresponds to the just discussed case of non-
negative definite functions. In the latter case, G is supported on the diagonal A =
and coincides with the spectral measure G of C. In other words, we conjecture
that representations of the form (1.10) would allow to extend some of the results
presented in this thesis from stationary Gaussian fields to non-stationary Gaussian
fields with harmonizable covariance kernel C. Nevertheless, these possible extensions
are not immediate and would require novel ideas, which are left for future research.

1.2.2 Chaotic decompositions and Fourth Moment theorems

In this subsection, we introduce some concepts and results which will allow in
the sequel to decompose the functional of a Gaussian field as the sum of easier
functionals, the so-called chaotic components, and reduce the study of the functional
to the one of its chaotic components.

Isonormal Gaussian Processes

Let us begin by introducing isonormal Gaussian processes, a special class of Gaussian
fields on Hilbert spaces. In the following we denote by H a real separable Hilbert
space with inner product (-, -)3; and induced norm || - ||%.

Definition 1.2.3. An isonormal Gaussian process on 7 is a Gaussian field I =
(I(h))pen satisfying two properties:

I is centered, thatis E[I(h)] = 0 Vh € H.

e I:H — L%(Q) is an isometry, that is, I has covariance kernel
C(h,g) = (I(h), 1(9)) L2y = EU(M)I(9)] = (h,g)ns  Vh,g € H.

Remark 1.2.2. Given a real separable Hilbert space H, we can always construct an
isonormal Gaussian process on #, see e.g. [NP12, Proposition 2.1.1]. However, this
construction is generally abstract. The effectiveness of isonormal Gaussian processes
as mathematical tools comes from the fact that one can identify a Gaussian field B
with a subset of an isonormal Gaussian process I = (I(h))xey, Where the Hilbert
space H is suitably chosen depending on B and on the problem we are dealing
with, see e.g. the construction provided in Proposition 1.2.4 and [NP12, Examples
2.1.3-2.1.7] for other instructive examples. Then, once B is identified as a subset of
I, we can use powerful tools on I to study functionals of B.

In this thesis, we only deal with isonormal Gaussian processes as global environ-
ments containing stationary Gaussian fields on R?. In particular, a construction based
on the spectral measure of a starting Gaussian field on R¢ is the following.

Proposition 1.2.4. Let B = (B,),cra be a centered, stationary Gaussian field, with
continuous covariance function C' : R? — R and spectral measure G. Let us consider
the real separable Hilbert space

L*(G) = {h :RY—C : y Ih(V)2G(dN) < 0o, h(N) = h(—)\)} : (1.11)
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where | - | denotes the complex norm and - the complex conjugate. Consider an isonormal
Gaussian process I = (I(h))per2(c) (recall Remark 1.2.2). For z € R%, let e, € L*(G)
be defined as e, (\) := ¢®). Then B can be identified with a subset of I as follows

(Bo)wert = (I(ex))pert € (I(W)nerz(a)-

Proof. The fact that the inner product (h, g)2(¢) is real follows by the symmetry
of G and the fact that h, g are even. The fact that B has the same distribution of
(I(ez))zecra follows by Bochner’s theorem and the definition of 1

E[B,B,]=C(z —y) = /R , ex(N)ey(NG(dA) = (ex. €y) 12(c) = ElI(ex)I(ey)].
O

Proposition 1.2.4 allows to identify a stationary Gaussian field B on R? with
a subset of an isonormal Gaussian process on L?(G). This construction will be
important in the sequel, in particular for proving non-central limit theorems for
functionals of B.

Note that, by definition of isonormal Gaussian process, I : H — L?(Q) is linear
and closed, since

E[(I(h)—1(9)*| = Ih—gl}  VhgeH.

This property is crucial, and may be considered as the first step to represent function-
als of Gaussian fields in terms of operators acting on Hilbert spaces. If we consider
linear combinations of a stationary Gaussian field B with continuous covariance
function, for example, then by Proposition 1.2.4 and the linearity of / we have

4

a1By, + -+ anBy, = I(a1ez, + -+ + aneg,, ), z; € RY, q; € R.

Moreover, since I is closed, if [;, |By|dx is well defined and in L*(€2), then

/DBxdxi/Dl(ex)dx:IUDexdm).

Such functionals of B, as well as all those which can be represented as evaluations of
I in an element of #, are said to be linear functionals of B. Note in particular that
every linear functional is Gaussian.

As we are going to see, every square integrable functional of B can actually be
written in terms of operators acting on Hilbert spaces.

Hermite polynomials, Wiener chaoses and Wiener-Ito integrals

In Definition 1.2.3, L%(Q) is the space of square integrable random variables on
(Q, F,P), the underlying probability space on which I is defined as a Gaussian field.
From now on, we will implicitly assume that

F=o(l)=0o(I(h),heH),
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or equivalently that L?(Q) = L?(Q, o(I),P) is the space of square integrable function-
als of I. Under this assumption, every functional of I in L?(Q2) can be decomposed as
the sum of orthogonal elements in "easier" Hilbert subspaces, called Wiener chaoses.
The qth Wiener chaos is defined as the closed linear subspace of L?()

L L2(Q
, = span{H, (I(h), h €, Thl =11 2.

where H, is the gth Hermite polynomial, defined by the recurrence relation
Ho(xz) =1, Hi(z)==x, Hy(x) =xHy1(z) — (¢ — 1)Hy—2(x). (1.12)

Note that Hy = R and Hy = I = (I(h))penu-

As stated in the following proposition, the family of Wiener chaoses (Hy),en plays
in L%(Q) the same role that the orthogonal basis of Hermite polynomials (H,)gen
plays in L?(R,v(dx)), where  is the standard Gaussian measure

—x2/2

dr .
V2T v

v(dz) =

Terminology. In the sequel, integrating by parts with respect to a standard Gaussian
random variable N ~ N(0, 1) ~ v will mean

E[f(N)N] = /R f(2) 2y (d) = /R F'(@)y(dz) = E[f(N)],

for f absolutely continuous with f’ € L!(R,v(dxz)) (see e.g. [NP12, Lemma 1.1.1]).

Proposition 1.2.5. Let (H,)4en C L?(R,~(dx)) be the family of Hermite polynomials
and (Hy)qen C L*(Q) be the family of Wiener chaoses. Then:

* For Ny, Ny ~ N(0, 1) jointly Gaussian, we have the isometry property

E [Hq(Nl)Hp(NQ)] = l{q:p} q!(E[NlNQ])q. (113)

* (H,)qen is an orthogonal basis in L*(R,~(dz)) and L*(2) coincides with the
direct sum of (H,)4en, namely

L*(Q) = P H,. (1.14)
q=0

Proof. First of all, note that by definition of Hermite polynomials one can easily prove
by induction that H;(x) = qH,—1(z) for ¢ > 1. Now let us prove that E[H,(N)] = 0,
N ~ N(0,1) for ¢ > 1. For ¢ = 1 the claim is trivially true. For ¢ > 2 we have by
definition of Hermite polynomial

E[H,(N)] = EINH,1(N)] — (¢ — DE[H, »(N)] =0, (1.15)

where the last equality follows by integration by parts and H,(z) = ¢H,—1(z). Now
we can prove the isometry property (1.13). Let us assume without loss of generality
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that ¢ < p and proceed by induction on ¢. If ¢ = 0, then (1.13) is (1.15). If ¢ > 1, by
definition of H, and inductive hypothesis we have

E[Hq(Nl)Hp(N2)] = E[NlHq—l(Nl)Hp(NQ)}-

Then the proof of (1.13) is concluded observing that (N1, N3) has the same dis-
tribution of (Nl, pN1 + \/WN{), where N is an independent copy of N; and
p = E[N1Ns]. Indeed, integrating by parts with respect to Ny and recalling that
H,(x) = qH,1(z), we obtain (here we use the convention H_; = 0 if ¢ = 1)

BIH, (N0 Hy(N2)] = B | NuHy 2 (N0 H, (o841 27)

= (¢ — DE[Hq—2(N1)Hy(N2)] + ppE[Hg—1(N1) Hp—1(N2)]
= pPE[Hq—l(Nl)Hp—l(NQ)]-

To prove the second part of the statement, we need to show that (H,),>1 is dense in
L*(R,~(dz)) and span{H,(I(h)), ¢ € N, h € H, ||h||zx = 1} is dense in L*(R). These
facts follow by standard considerations, mainly based on the density of monomials in
L*(R,~(dx)), the linearity of I : H — L?(f2) and the fact that H, is a polynomial of
degree q for every q € N, see e.g. [NP12, Proposition 1.1.5, Theorem 2.2.4]. O

The previous ensures that, just as for a function ¢ € L*(R,~(dx)) we can write

1

= 1 [ e Hy()(da), (1.16)

o0
= Z aqgHy, Qg :
q=0
similarly for every functional Y € L?(2) we have the orthogonal decomposition

Y=3 Y[g, Ylq:=proj_(Y), (1.17)
q=0 !

where the projection Y[q] € H,(B) of Y is said the gth chaotic component of Y and
(1.17) is said the Wiener-Itd chaotic decomposition of Y.

Let us now focus on the single chaotic components. Note that Y[0] = E[Y] since
Hy = R. Moreover, Y[1] = I1(h;) for some hy € H since H; = I. Thus, I : H — H;
is an isomorphism between H and the first Wiener chaos. Thanks to this fact, one can
study the first chaotic component as an element of 7. In the same vein, we would
like to study the gth chaotic component (¢ > 2) as an element of an Hilbert space. To
do this, we introduce multiple Wiener-It6 integrals.

Let #®4 be the Hilbert space obtained as the ¢-fold tensor product of H, generated
by the set {h1 ® --- ® hq : h; € H, ||hs|lx = 1}, endowed with the standard tensor
inner product (-, -), and norm || - |4, satisfying

q
(h1 ® - @ hg, 1 ®"'®9q>q = H<hi79i>-
i=1

Let H®? be the symmetrized g¢-fold tensor product of H, defined as the Hilbert
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subspace of H®? generated by the set

HRa
H® = span{Sym(h1 ® --- @ hg) : hi € H, ||hills =1} .

Here Sym is the symmetrization operator defined as

1
Sym(h1®®hq):a E ha’(l)®"‘®ho‘(q)7
toESy

where S, is the group of all the permutations of {1, ..., ¢}. In order to define Wiener-
It6 integrals, we use the following classical polarization formula, whose proof can be
found e.g. in [Flo97].

Lemma 1.2.6 (Polarization formula). For ¢ > 1 and hg, h1, ..., hy € H, we have

Sym(hi ® -+ @ hg D 1. eqlho +ethy + -+ + eghg) ¥

1
)= 244
q: €;==+1

where h®? := h ® - -- ® h, or in other words

1
Sym(h1 XX hq) =—FKE [61 ... Sq(ho +etht +---+ thq)®q]

=
where €1, . .., ¢, are independent Rademacher random variables®. In particular
HRP4q
H®? =span{h® : h € H, |h|lx =1} . (1.18)

Definition 1.2.4. Let the notations above prevail. Fix ¢ > 1. The qth Wiener-Ito
integral with respect to the isonormal Gaussian process [ is the unique linear closed
operator I, : H®? — H, such that for every h € H, ||h| = 1,

Io(h®?) = Hy(I(h)).

In particular, I,/+/q! is an isomorphism and H®?, H, are isomorphic Hilbert spaces.

Proof of Definition 1.2.4. Let us prove that the previous definition is well posed and
that 1,/+/q! is an isomorphism between the Hilbert spaces H®? and H,. First, we
define the gth Wiener-It6 integral I, on g¢-fold tensors h®9, ||h|| = 1, as

Io(h®?) = Ho(I(h)),

and extend by linearity the definition to span{h®9, ||| = 1}. Then, recalling the
isometry property of Hermite polynomials we have

E[I4(v1)14(v2)] = ¢! (v1, v2)q, (1.19)

Vv1,v2 € span{h®?, ||h| = 1}. Thus, by (1.18) we can extend I, to an operator
I, : H®1 — H,, such that the isometry property (1.19) holds for every vy, vy € H%.
Moreover, by definition of Wiener chaos H, and again (1.19), we have that every

3Actually the result holds more in general for €y, . . ., ¢, independent with mean 0 and variance 1,
see [Flo97].



1.2. Mathematical tools 15

element in H, can be written as I,(v) for some v € H®9. We have proved that 1,/+/¢!
is a surjective isometry, i.e. an isomorphism . O

Combining the Wiener-It6 chaotic decomposition (1.17) and the just proved
fact H, = (I;(h))nenoq, We are finally able to decompose every square integrable
functional Y of an isonormal Gaussian process I, i.e. Y € L?(12), as the infinite sum
of Wiener-It6 integrals evaluated in elements of H®?, namely

Y =E[Y]+ > Ii(hg) (1.20)
q=1

for some unique symmetric tensors (h4)52;, hy € H?. This representation plays a
crucial role in the study of square integrable functionals of Gaussian fields. Indeed,
one can often reduce the study of Y to the one of the single chaotic components
I,(hg), which are usually much easier to deal with.

Contractions and product formula

Formula (1.20) is very general, but also abstract. In other words, even if every
functional Y € L?(Q) is uniquely determined by the tensors h, € H®9, the latter
are not always easy to derive. One of the most powerful tools to solve this kind
of issues is the product formula, which allows to write the product of Wiener-1t6
integrals I,(f)I,(g) as the sum of Wiener It integrals evaluated in the symmetrized
contractions of f and g. As a consequence, the product formula also allows to derive
explicit expression for the powers and moments of Wiener-I1t6 integrals. In order to
introduce this important formula, we first need the definition of contraction.

Definition 1.2.5. Let p,q > 1, 1 <r < p A gq. Let (e;);en be an orthonormal basis of
H. Let f € H®? and g € H®P, with orthogonal expansions

[ = Z Jir,ig€is ® - @ €4y, g = Z 9j1,0dp €1 @ 00 D €5,

i1,eeeyiqEN Jise-sJpEN

where the coefficients f;, . ;, and g;, .. ;, are invariant by permutations of the indices.
Let us use the notation

(fer, @ Qeyp,) = Z Jit,ig€is @ - Q€4
11,...,igEN

The rth contraction of f and g is the tensor f ®, g in H®¥PT9~2" defined as

f®7‘g:: Z <fuek1®"‘®ekr><gﬂek1®"'®ek,«>'
k1,...,kr€N

Remark 1.2.3 (Some useful inequalities). For » = 0, we formally define f®yg = f®g.
Moreover, for the rth contraction of f € H®? with itself, we have by Cauchy-Schwarz
inequality (see e.g. [NP12, (B.4.3)])

1f ®r fllzg-20 < If ®0 fllzg = IF17-
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Combining the previous and the equivalence (see e.g. [NP12, Lemma 6.2.1])

|f @ gHngpf%‘ = (f ®q—r [, 9 @p—r g)2r,

which for f = g provides the symmetry || f ®; fll2g—2r = ||f ®¢—r |2, We also obtain
1F @ gllgsp—2r < 1 @q-r fll2rllg @pr gll2r < IF17 95

Remark 1.2.4. Note that for a ¢-fold tensor product hf?q and a p-fold tensor product
h3P, h1, hy € M, the rth contraction hY9 ®, h3? coincides with

K29 @, hSP = (hy, ho) YT @ RSP (1.21)

Moreover, thanks to Lemma 1.2.6, the rth contraction ®, may be also defined
imposing (1.21) for every h{?, h5?, hi,hy € H. Indeed, one can linearly extend
the definition (1.21) to f € span{h®%, ||h|| = 1}, g € span{h®P,||h|| = 1}, and
then prove the relations in Remark 1.2.3 for every f € span{h®? ||h|]| = 1}, g €
span{h®?. ||h| = 1}, to extend the bilinear operator f ®, g to f € H®, g € H®P by
density (see (1.18)).

We are finally ready to state the product formula.

Theorem 1.2.7 (Product formula). Let ¢,p > 1. Then, for f € H®? and g € HP, we
have

Iq(f)lp(g) = Z T! <7qa> (f) Ip+q72r(f®rg) )
r=0

where f®,g is a concise notation for Sym(f ®, g). In particular, if ey, ..., e, are
orthonormal in H, the formula implies

k k

H Hpi(I(ei)) = H Ipi(ez@pi) = Ip1+~~+pk (e?m(g cee ®€§pk)'
i=1 =1

Proof. By Lemma 1.2.6, Remark 1.2.4, since /,, Sym are linear and I, is closed, it
is enough to prove the result for f = h¥% and g = h3”, h; € H, ||hi|| = 1. Here we
prove the result only for ¢ = 1, see e.g [Nua06, Proposition 1.1.3] for the inductive
extension to ¢ > 1. For ¢ = 1, we have to prove

I(hl)Ip(hgap) - p+1(h1®h§®p) +p[p—1(h1®lh§®p) (1.22)
= Lpy1(l®h5P) + p (ha, ho) L1 (5P 1).

First of all, note that if h; = ho the result trivially follows by definition of Her-
mite polynomial and Wiener-It6 integral. Suppose now that the result holds when
(h1,ha) = 0. Then, by a Gram-Schmidt argument (writing hy = h} + (hy, h2)hs) and
linearity of all the operators that come into play, the result holds true for general h;.
Thus, without loss of generality we can prove (1.22) for (hj, he) = 0. By Lemma 1.2.6
and the definitions of Wiener-Ito integral and Hermite polynomial, I, (hi®h5?)
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can be rewritten as (when p = 1 the third addend is 0)

1

(p+1) (I(hl)Ip(thp) +pI(h2) Iy (M®h" ™) —p (p — 1)Ip—1(h1®h§®p_2)) .

Thus, for p = 1 the result is true. For p > 2, assume that (1.22) holds for &k < p — 1.
Then the proof is conluded if the following holds

I(ha) L (n®hs" ") = (p = DI (n@h5" %) = I(hn)Iy(hy").

By using the inductive hypothesis on the LHS and the defintion of Hermite polynomial
on the RHS, both sides are equal to

I(h)I(ho)Tp-1 (A"~ = (p = DI (7)o (h57 )

and the proof is concluded. O

Fourth Moment theorems and related results

A consequence of the product formula is that in a fixed chaos ¢ we are able to derive
explicit expressions for powers and moments of I,(f) in terms of f. Thus, one may
use the method of moments to study the distribution of ,(f;) as t — oo, where
(ft)r>0 € H®4. Fortunately, thanks to Nualart and Peccati, we do not need to study
every moment, but only (the second and) the fourth. Indeed, these authors proved
in [NPO5] a surprising result on the asymptotic behavior of Wiener-It6 integrals in a
fixed Wiener chaos: the convergence in distribution to a Gaussian random variable
N(0,0?) is equivalent to the convergence of only the second moment to o2 > 0 and
of the fourth moment to 302. From that time to the present, the so-called Fourth
Moment theorem of Nualart and Peccati has been extended, adapted and applied in
many different contexts, see e.g. [Azm+16; Cam+16; DP17; DP18; HMP24; NPQ9;
Nou+16; NPO5; PTO5; Zhe19].

Theorem 1.2.8 (Fourth Moment Theorem). Let I be an isonormal Gaussian process
on H. Fix ¢ > 2 and consider (I,(fi))i>0 C Hy with (fi)i=0 € H®. Suppose that
Var(I,(f)) = ¢'| ft”i — 02 € (0,00). Then, the following assertions all are equivalent:

* Iy(f) = N(0,07).

- E|L(f1)"] = 30%.

* max ||ft ®r ft”2q72r — 0.
r=1...,q—1

There are many proofs of the Fourth Moment Theorem. Here we refer in particular
to the proof in [Noul1], which consists in a recursive use of the product formula to
compute the moments of I,(f;) and a combinatorial manipulation of the obtained
expressions. In particular, one obtains (see e.g. [Noull][Lemma 4.1])

cla) _max_ /i @ il SEL() -3 <) _max_ 1fr @ fillyar
- - (1.23)
for some constants ¢/(¢) > ¢(q) > 0, which explains the equivalence between the last
two conditions of the Fourth Moment Theorem.
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The following multidimensional version of Theorem 1.2.8 was proved by Peccati
and Tudor in [PTO5]. In particular, it asserts that, for Wiener-It6 integrals, componen-
twise convergence to Gaussian random variables is equivalent to joint convergence
to Gaussian random vectors.

Theorem 1.2.9 (Multidimensional Fourth Moment Theorem). Let I be an isonormal
Gaussian process on ‘H. Fixn > 2, q1,...,q, > 1 and consider (15, (fit),--.,1q,(fnt))s
with fi; € H®%, t > 0. Finally, assume that the following limits exist finite for
i,j€{l,...,n}

oij = hm COV( Iy, (i), q]-(fj,t)) < 00. (1.24)

Let N = (Ny,...,N,) be a centered Gaussian vector with covariance matrix (1.24).
Then, the following assertions are all equivalent:

d
* (I (fit)s s Lg(fr)) = .
* Fori=1,...,n, we have E {Iq(f@t)ﬂ — 304

The previous result is not only particularly useful to prove multidimensional
central limit theorems for functionals of Gaussian fields, but also, combined with the
chaotic decomposition (1.20), to prove central limit theorems for general functionals
of Gaussian fields, see e.g. [NP12, Theorem 6.3.1].

Another important generalization of Theorem 1.2.8 are quantitative bounds for
the normal approximation. The first quantitative Fourth Moment Theorem was
proved by Nourdin and Peccati in [NPO9]. In particular, these authors considered
the Fortet-Mourier, Wasserstein, Kolmogorov and total variation distances. In the
following, for simplicity, we only state the result for the total variation distance
between the laws of two random variables F7 and F5, defined (with a slight abuse of
notation) as

dTv(Fl,FQ) = sup |IP)(F1 S E) — ]P(FQ S E)|
EcB(R)

For the proof of the next statement, see e.g. [NP12, Theorem 5.2.6].
Theorem 1.2.10 (Quantitative Fourth Moment Theorem). Let I be an isonormal
Gaussian process on H. Fix ¢ > 2 and let I,(f) € H, be a functional of I in the

qth Wiener chaos, with f € H®9. Suppose that Var(I,(f)) = ¢'|f||2 > 0. Then, if
N ~ N(0,1), we have

drv (\/\%, ) < 2“ \/ (1.25)

Note that the bound (1.25) may be combined with (1.23), obtaining

drv (Ll(f),N) </ (q) max I.f @ fll2g—2r
Var(1y(f)) Tt

an expression which is particularly useful in applications. Regarding the proof of
Theorem 1.2.10, we remark that Nourdin and Peccati actually proved in [NP0O9] a
more general version of the previous result, providing a bound for dyy (F, N) for
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every F' € L?(Q) with square integrable Malliavin derivative. This condition is
equivalent to ask that

> a1 foll2 < o0, (1.26)
q=1

where the f, are the symmetric tensors uniquely associated to F' through its chaotic
decomposition (1.20). To prove these general bounds under assumptions on the
Malliavin derivative of F, they introduced the so-called Malliavin-Stein method,
which is nowadays very popular and well-developed, and has been extended and
applied in different frameworks, see e.g. [APY21; LPS16; Led12]. In a nutshell, this
method consists of two main steps:

* Exploiting Stein’s method to bound dry (F, N) with an expression that explicitly
depends only on F, i.e.

drv(F,N) < sup |E[f'(F)] - E[F f(F)]|,
fe€Fry
where Fry is a suitable set of absolutely continuous functions. The dependence
on N ~ N(0,1) is implicit, hidden in the expression of the bound. Indeed, by
Stein’s lemma (see e.g. [NP12, Lemma 3.1.2]), F' is Gaussian if and only if
E[f'(F)] — E[F f(F)] = 0 for every f differentiable with f' € L*(R,~v(dx)).

* Expressing the bound obtained in the previous step in terms of Malliavin opera-
tors, see e.g. [NP12][Proposition 5.1.1]. This yields bounds for general classes
of Malliavin differentiable random variables. In particular, as an application,
one obtains the quantitative Fourth Moment Theorem 1.2.10.

In this thesis, mentioning the Malliavin-Stein method, we intend to refer to results
such as Theorem 1.2.10, obtained as a consequence of the two steps above.

Application to additive functionals of Gaussian fields

We conclude the section with an important application of the previous results: addi-
tive functionals of Gaussian fields.

Let us consider a stationary, continuous Gaussian field B = (B,),cpa, With
B, ~ N(0,1), covariance function C : R? — R and spectral measure G. The spectral
measure G is well defined by Bochner’s theorem, because every stationary, continuous
Gaussian field has continuous covariance function. By Proposition 1.2.4, we can
identify B with a subset of an isonormal Gaussian process I on H = L?(G), so that

(Br)yers £ (I(ea))pepa:  eal) =€),

Moreover, we have:

* %4 can be identified with the space L?((R?)9, G®7) of complex-valued even
functions that are square integrable with respect to the product measure G®Y;

* %7 can be identified with the space L2((R%)%, G®9) of symmetric functions in
L2((R%)?, G®9), where f : (R?)9 — C symmetric means

f()\l,...,)\q):f()\g(l),...,)\g(q)) VO‘ESq.
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In particular, note that the ¢-fold tensor product e¥? can be seen as the function
€29 : (RH9 — C, defined as e29(\y, ..., \,) = /@A),

Consider now a function ¢ € L?(R,y(dz)) and a compact domain D C R¢, with
Vol(D) > 0. We define the family of additive functionals Y = (Y;):~0 of B as

Y; = / ©(By)dz, t > 0.
tD

By (1.16) and (1.13), the chaotic decomposition of Y; (see (1.17)) is
Y —EY] =) aq/ H,(B,)dx (1.27)
=1 tD

where we recall that a, and H, are (respectively) the ¢th coefficient of ¢ and the
gth Hermite polynomial appearing in (1.16). Moreover, by Definition 1.2.4 (recall
I(ey) L B, ~ N(0,1) = |lez|| = 1) and the continuity of I,, we obtain

Y, —EYi] =Y I(fer),
q=1

with f,; € H®? identifiable with the symmetric function f,; : (R%)? — C

For = / 2z, O A = FILinl O + - 4 A,
tD

where F denotes the Fourier transform. This last identification will be particularly
useful to prove non-central limit theorems for Y.

In this setting, one can often reduce the study of Y; to that of its chaotic compo-
nents Io(fq:) = aq [,p Hq(By)dz. Thus, recalling the aforementioned Fourth Moment
theorems, it becomes important to study the contractions f,; ®, fq.,

Jap @r fqu = / dl"/ dyC(z —y)" el @ e?q_’",
tD tD

with squared norm

Ifaa @ fuillr = [ Cle =) Clu— 07Ol — Oy — )7 dedydude.
t

(1.28)
This expression can then be combined with the Nualart-Peccati, Peccati-Tudor and
Nourdin-Peccati Fourth Moment theorems to prove central limit theorems for 7,(f,).
This fact will be crucial for many of the coming discussions.

1.2.3 Cross covariograms

We conclude this section with the last simple (but crucial) tool of this thesis: cross
covariograms. For all the missing details and proofs, we refer to [Gal11].

Definition 1.2.6. Let D, L. C R be compact sets. The cross covariogram of D, L is
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the function gp 1, : R? — R defined as
gp,.(2) = Vol(DN(L+z)) =1p *1_(2), z e RY.

The covariogram of D is the function ¢gp := gp p.

Covariograms and cross covariograms are scale-invariant (g;p +1,(z) = tdg p,.(2/t))
and uniformly continuous (with compact support D — L). Moreover, gp is a Lipschitz
function if and only if its perimeter is finite, and gp , is Lipschitz with Lipschitz
constant Per(D) APer(L) if Per(D) APer(L) < oo, where we recall that the definition
of (generalized) perimeter is

Per(D) := sup{/ divp(z)dz : ¢ € CHRELRY), |l@lle < 1}. (1.29)
D

See Section 4.2.2 for additional details and properties.

The reason why we introduce them is that they play a fundamental role in our
analysis. If we consider the gth chaotic component [, , H,(B,)dz considered in
(1.27), for instance, we know that its variance is

Var(/ H,( d:r)—q'/ / C(a — )dxdy—q'/ C(2)gun(2)dz.

In other words, its variance can be written only in terms of C' (which depends only
on the Gaussian field B) and g;p (which depends only on the domain). Analogously,
one could write the covariance for two domains D, L only in terms of C and g;p 1.

Cov(/ H,(B da:/ Hy( dy)—q'/ Cl(2)gtp 1 (2)dz. (1.30)
tD

This fact, combined with the properties of cross covariograms, will allow us to derive
the exact asymptotics for the (co)variances as ¢ — oo, under simple and general
assumptions on C, D, L (that encompass the classical assumptions in the literature).

A less immediate fact is that also the norms of the contractions (1.28), which
have to be estimated to apply Fourth Moment theorems to [, H,(B,)dz, can be
rewritten only in terms of C and cross covariograms, namely

C(u)"C(v)"C(w)T"Clu+v+w)"" gp,(—w),D, (w)(V)du dv dw, (1.31)
R3d
where D;(u) := tD NtD + u. This expression, combined with Bochner’s theorem,
yields a reformulation of (1.28) in terms of the spectral measure G of B and Fourier
transforms of cross covariograms, an idea which will allow us to prove central limit
theorems under general assumptions on G.

1.3 Research questions and existing results

In this section, we introduce our main research questions, giving an overview of the
state of the art related to them.
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From now on, our study concentrates on functionals of the form
/ Azdz, t>0, (1.32)
tD

where A = (A;),cga is a weakly stationary random field and D C R? is compact. In
this section, we focus on the existing results related to our main research questions:

Question 1 (CLT for additive functionals of Gaussian fields). If A, = ¢(B,) for some
stationary Gaussian field B = (B;),cpd, Bz ~ N(0,1), and ¢ € L*(R,~(dz)), the
functionals in (1.32) are the additive functionals of B previously introduced,

Y: ::/ o(Bg)dx, t>0.
tD

In this setting, we ask ourselves: does Y = (Y;);~0 satisfy a central limit theorem?
We mainly deal with Question 1 in Chapter 2 and Chapter 5.

Question 2 (Asymptotic covariances). Given a family of compact sets D of R? and
D, L € D, can we compute the asymptotic covariances of ([, , Azdz) ,_,? That is,
can we compute the limit

Aydz [, Ayd
lim Cov <ftD ”“",ftL y y) , (1.33)

for some r; — oo suitably chosen so that the previous limit is finite and not identically
0 for every D, L € D? We mainly deal with Question 2 in Chapter 3 and Chapter 4.

Note that the two questions are very related to each other. Indeed, Question 2
with D = L corresponds to the study of the asymptotic variance of [, A,dx, which
is usually the first step to study the fluctuations of the functionals in Question 1.
Moreover, multi-dimensional central limit theorems for additive functionals of Gaus-
sian fields can often be obtained (thanks to Theorem 1.2.9) by a simple combination
of CLTs as in Question 1 and exact asymptotics of the covariances in Question 2.

We split the exposition in three parts: in Subsections 1.3.1-1.3.2 we focus on
the existing results related to Question 1 and Question 2 when A has short memory
and long memory, respectively; in Subsection 1.3.3 we focus on Question 1 for more
general families of p-domain functionals.

1.3.1 Functionals of random fields with short memory

In this section, we analyze situations where A exhibits short memory. Short mem-
ory for random fields is defined in many different ways in the literature, see e.g.
[Mak+21] and the references therein. Heuristically, the common denominator among
all these definitions is the low global dependence (or correlation) between the ran-
dom variables composing the random field, where the "threshold" to not exceed
depends on the problem under study.

In order to speak about short memory, we need to measure (or classify) the
dependence or the correlation between the random variables of A. A popular way
to do this are strong mixing conditions, see e.g. [IL71; Pel90]. When A is weakly
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stationary, one may also classify the memory of A in terms of its covariance function
K : R? — R, see the upcoming Definition 1.3.1. Of course, whatever reasonable
definition of short memory we choose, the extreme case of the classical central
limit theorem, in which the random variables in A are all independent, should
correspond to "zero" memory. Likewise, the opposite extreme case, where all the
random variables are equal, should correspond to "infinite" memory.

The concept of short memory is convenient because it allows to give an immediate
interpretation of many central limit theorems’ statements. To give few examples, just
consider the classical central limit theorem, where the independence of the random
variables is assumed (i.e. zero memory), or the upcoming Breuer-Major theorem.
In all these results, one assumes that the random field satisfies some kind of short
memory condition (independence in the classical CLT, C' € L* in Theorem 1.3.1).

In our setting, where A is a weakly stationary random field, the most popular
definition of short memory is the following, see e.g. [Azo09; Lav06; WC10].

Definition 1.3.1. Let A = (A;),cre be a weakly stationary random field, with
measurable covariance function X : R? — R. We say that A has short memory if

/ |K(2)|dz < oo. (1.34)
Rd

Terminology. Short memory is sometimes referred to as short-range dependence
(or weak dependence). These terms are often used interchangeably, see for example
[LavO6; WC10]. When we are dealing with Gaussian fields, we also use them
interchangeably. Since in our analysis the weakly stationary random field A is not
necessarily Gaussian, we use the word "memory" (with a slight abuse of terminology
when d > 2, since memory is intuitively associated with time) instead of "dependence",
to specify that (1.34) is in general not a condition on the low global dependence of
the random variables in A, but rather on their low global correlation. We avoid the
term "short-range correlation" because it does not seem to be a common nomenclature
in the literature.

Let us start considering Question 1 when A has short memory. If A, = ¢(B,),
with B = (B;), g« Stationary Gaussian field, B, ~ N(0,1), and ¢ € L*(R,~(dz)),
the functionals in (1.32) are additive functionals of B, namely

Y = / o(By)dz, t>0. (1.35)
tD

Since p € L?(R,~(dx)), we have
¢ = E[p(N)] + Z agHg, agr # 0,
q=R

and .
Var(p(N)) = > qlag <oco, N~ N(0,1). (1.36)
q=R

R :=inf{g > 1 : a4 # 0} is said the Hermite rank of ¢. To avoid trivialities, we
assume that ¢ is not constant, so that R is a well defined finite integer.
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If K, C are the covariance functions of A and B (respectively), by (1.13) we have
K(z) =Y qlalC(z). (1.37)
q=R

In this setting, the most important and celebrated theorem is Breuer-Major theorem,
first proved in [BM83] for discrete Gaussian fields and extended in many different
directions, see e.g. [BH02; CNN20; NNP21; NPY19; NZ20].

Theorem 1.3.1 (Breuer-Major). Let B be a stationary Gaussian field with B, ~ N(0,1)
and covariance function C : R? — R, ¢ € L?(R,~(dz)) with Hermite rank R < oo and
consider the family Y = (Y;)4~0 defined in (1.35). If C € LE(R?), then

Y; —E[Yy] 4
T%N(0,0’z), ast — oo.

Moreover, if 0% := Vol(D) [pa K(2)dz > 0, then Var(Y;) ~ 0%t and Y satisfies a CLT.

C € L®(R?) implies* that K € L'(R%), i.e. that A, = ¢(B,) has short memory
in the sense of Definition 1.3.1. Moreover, since B is Gaussian, C € L is also a
condition on the low global dependence of the random variables in B, where the
"low" depends on the Hermite rank R of ¢, i.e. from the considered functional . Thus,
Breuer-Major theorem provides Gaussian fluctuations in short memory situations.

Let us now deal with Question 2. If A has short memory, by (1.34) we have the
following fact: for every D, L C R¢ compact sets,

Jip Asdz [;; Aydy
COV( A2 )2 — Vol(DN L) y K(z)dz, ast—oco. (1.38)

This simply follows by dominated convergence theorem and

Cov ( /tD Aydz, /tL Aydy> _ /tD /tL K(x — y)dudy = 1 /R K (2)gn(2/t)dz

where we recall that gp ;, denotes the cross covariogram of D and L.
Thus, we have two possible situations:

o If [paK(2)dz = 0, then r, = t%/2 is not a correct choice to compute the
asymptotic covariances, since (1.38) is identically 0 for every D, L compact.

o If [pa K(2)dz >0, thenr, = t%/2 is a correct choice for computing the asymp-
totic covariances. In this case, up to a scaling factor, the asymptotic covariance
structure is that of a Gaussian noise (see [AT07, p.24]), i.e. Vol(D N L).

The above analysis provides an additional possible interpretation of the short
memory of A in terms of the asymptotic covariances (when [, K(z)dz > 0°): if D, L
are disjoint, then [, A,dx and [,; A,dy (once suitably rescaled) are asymptotically
uncorrelated.

“This follows by (1.36) and ||C||oc < 1. Note that the converse implication is not true in general.
*See Example 4.4.1 for a situation where [, K (z)dz = 0.
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1.3.2 Functionals of random fields with long memory

Following the trend in the literature, if A has not short memory, i.e. K ¢ L!'(R?), we
say that A has long memory. When this is the case, we usually need more specific
assumptions on K in order to answer Question 1 and Question 2. The most classical
family of non-integrable® covariance functions considered in the literature is that of
radial and regularly varying functions with index —f € (—d,0),

K(2) = k(|z]) = L(|2])|= 77, B e (0.), (1.39)

where ¢ : R, — R is slowly varying, i.e. ¢ is definitively positive and ¢(rs)/¢(s) — 1
as s — oo, Vr > 0. An explicit example is given by Cauchy covariance functions, of

the form 1

HE = e

Let us consider Question 1 in the long-memory situations (1.39). Consider again
A, = ¢(B;), where K is the covariance function of A. The main theorem in this
setting is the following Theorem 1.3.2. In the discrete case, a first proof for functionals
with Hermite rank R = 1, 2, was given by Taqqu in [Taq75], and then generalized to
any R by Dobrushin and Major in [DM79]. The following sticks to the continuous
case and a proof can be found e.g. in [LO14].

B € (0,d).

Theorem 1.3.2 (Dobrushin-Major-Taqqu). Let B be a stationary Gaussian field with
B, ~ N(0,1) and covariance function C' : R? — R. Consider ¢ € L*(R,~(dz))
with Hermite rank R < oo, Rth coefficient ar # 0, see (1.16). Consider the family
Y = (Y2)¢>0 defined in (1.35). Suppose that C satisfies the following conditions:

* (C'is radial and regularly varying with index —f € (—d/R,0), i.e.

C(z) = (2)|z] 77, B € (0,d/R). (1.40)

* The spectral measure G of C' is absolutely continuous, i.e. G(d\) = g(\)d\, and
the spectral density g satisfies the following condition for some constant ¢ > 0

g ~ el (DY) AP as A 0. (1.41)

Then, as t — oo, we have

7t) d sgn(ar)lyv.r (fr,D)
\/Var (I,r (fr,D))

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

frp(A1,.. ., AR) ;:/ Ci(m’)‘ﬁ'"“’%)dw?
D

®Note that if § > d, then K € L'(R?) and we fall in the previous case of short memory. If § = d,
then K ¢ L'(R?), but one has a CLT, and asymptotic covariances as in the short memory case. The
case 8 = d may be considered a critical case between short and long memory, at least for the class of
covariance functions (1.39).
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and I, i is the Rth Wiener-It6 integral acting on HO¥, where H, := L?(v) is defined as
in (1.11). In particular;, I, r (fr,p) is not Gaussian as soon as R > 2.

Remark 1.3.1 (The extra spectral condition (1.41)). Note that the extra condition
on the spectral density (1.41) is not needed in the discrete version of Theorem 1.3.2
proved by Taqqu and Dobrushin-Major. To the best of our knowledge, the continuous
version of the result, i.e. Theorem 1.3.2, has never been proved without assumption
(1.41). For more details on the relation between assumption (1.40) and (1.41) see
[LO13]. In many situations, e.g. when C' is a Cauchy covariance function, the two
conditions both hold (see [LO13, Example 3]).

Combining relation (1.37) and assumption (1.40), we have that (1.39) is satisfied
and A has long memory. Thus, Theorem 1.3.2 provides non-Gaussian fluctuations in
long-memory situations, as soon as R > 2. This phenomenon is opposite to the one
in the previous subsection, where Theorem 1.3.1 gives Gaussian fluctuations in short
memory situations.

Let us now consider Question 2 in the long memory situations (1.39). Since
K(z) = k(|2]) is radial and regularly varying with index —3 € (—d,0), for D, L. C R?
compact we have

Jip Azdz [, Aydy y\t
Cov(tilk( )1/2’t‘tlk 1/2 // —dx dy—>/ / |;U—y| ﬂdmdy,

where the convergence follows by dominated convergence theorem and Potter’s
bounds for regularly varying functions (see Theorem 4.2.5). In particular, this means
that r, = t%(t)"/? is a correct choice for computing the asymptotic covariances
(1.33), since [, [; |z — y|Pdzdy € (0,00) for every D, L compact with positive
volume. When d = 1 and D = [0,s], L = [0,r], then the asymptotic covariance
structure is the one of a fractional Brownian motion, see Remark 4.1.2.

This provides an additional possible interpretation of the long memory of A in
terms of the asymptotic covariances: if D, L are disjoint and A satisfies (1.39), then
[ip Azdx and [,, A,dy are not necessarily asymptotically uncorrelated.

1.3.3 p-domain functionals of random fields

A possible extension of Question 1 is the following: consider B = (B;),cre and ¢ as
in Question 1, with d > 2, but instead of integrating on a uniformly growing domain
tD as in (1.35), let us consider the p-domain functional

Y(ti,....tp) ::/ ©(By)dx, t,...,tp = 00
t1D1 % tiDp

where 2 < p < d, the compact sets D; C R% have positive Lebesgue measure,
di+---+d,=d,and ty,...,t, can grow possibly at different rates. The two main
reasons to study this extended class of functionals are random field with separable
covariance functions and spatio-temporal models.
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Random fields with separable covariance function

In several applications, the covariance function C' of B is assumed to be separable,
that is, it can be written as C = C; ® - - - ® C), where C; is a non-negative definite
function on R%. An example which has been studied in deep, see e.g. [PR16; RST12],
are the Hermite variations of the rectangular increments of a fractional Brownian
sheet, corresponding to ¢ = H,, p = 2 and C; of the form

Cilws) = 5 (Joi + 125 4 s — 12— 2P Hy € (0,1).

1
2
In [RST12], the authors observed” that Y (¢1,t) satisfies a CLT as t1,ty — oo if and
only if H; < 1 — 1/2q for at least one i. In particular, the authors exploited the
Malliavin-Stein method introduced by Nourdin and Peccati (see Subsection 5.2.1) to
study quantitative limit theorems. This work was followed by several papers, see e.g.
[Brell; PR16]. Other examples of separable models in hydrology and fluid dynamics
can be found e.g. in [Chr92, Chapter 5].

Spatio-temporal models

In applications, B may model a random quantity of interest depending on several
(also non-Euclidean) variables z1,...,z,, see e.g. [AO18; BPP22; Chr92; Gne02;
LRM23; MRV21] A very important class of these models are spatio-temporal ones,
corresponding to p = 2 and dz = 1. In this case, Y (¢1,t2) is said a spatio-temporal
functional and t; D1, to D+ are respectively the space, time observation windows. An
explicit example is the excursion volume of B as the space/time windows grow at
different rates. Apart from the separable case previously discussed, there are also
many models where C' is not separable. A very popular alternative is represented
for example by Gneiting covariance functions, introduced in [Gne02]. Some recent
works going in this direction, i.e. studying spatio-temporal functionals for Gaussian
fields with separable/Gneiting covariance functions, are [LRM23; LRM24].

1.4 New results of the thesis

In this last section, we focus on the main contributions of this thesis, presenting in
a concise way the main results of the next four chapters and comparing them with
the ones considered in the previous section. Each of the next four subsections is
respectively based on Chapters 2, 3, 4, 5, which are themselves reproductions of the
following papers/preprints:

* Chapter 2 contains the paper [MN24], "Spectral central limit theorem for
additive functionals of isotropic and stationary Gaussian fields", written in
collaboration with Ivan Nourdin. Ann. Probab. (2024), 52(2), 737 — 763.

* Chapter 3 contains the paper [GMT24], "Fluctuations of polyspectra in spherical
and Euclidean random wave models", written in collaboration with Francesco
Grotto and Anna Paola Todino. Electron. Comm. Probab. (2024), 29, 1-12.

"This was done in the discrete case in [RST12], but can be translated in the continuous case.
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* Chapter 4 contains the paper [Mai24], "Asymptotic covariances for functionals
of weakly stationary random fields". Stoch. Proc. Appl. (2024), 170, 104297.

* Chapter 5 contains the preprint [Leo+24], "Limit theorems for p-domain func-
tionals of stationary Gaussian fields", written in collaboration with Nikolai
Leonenko, Ivan Nourdin and Francesca Pistolato. arXiv (2024+): 2402.16701.

For all the missing details in the next subsections, we refer to Chapters 2-5.

1.4.1 Chapter 2: Spectral central limit theorem for additive functionals
of isotropic and stationary Gaussian fields

In Chapter 2 we deal with Question 1, that is, we study under which conditions the
family Y of additive functionals defined in (1.35) satisfies a CLT.

The binary intuition forged starting from the seminal works of Breuer, Dobrushin,
Major, Taqqu (see Theorem 1.3.1 and Theorem 1.3.2), is that Y satisfies, in general
(i.e. except possibly in "special" cases), a central limit theorem when B has short
memory, and a non-central limit theorem when B has long memory and R > 2.

With "special cases" we mean for example the critical case 5 = d/R in (1.40), for
which we have long memory in the sense of Definition 1.3.1, but usually Gaussian
fluctuations (see, e.g., [BM83, Theorem 1°], [NN20, Section 5] and [NNT10, Theorem
1]). Another Gaussian field that may be considered "special" is the Berry random wave
model, for which Theorem 1.4.1 provides Gaussian fluctuations in a long memory
context (when R = 2). Berry’s random wave model may be considered special in the
sense that it represents Euclidean random waves. Indeed, Gaussian fluctuations in a
long memory context were already observed for random waves on the sphere, see
e.g. [MW14; Tod19].

The first novelty of Chapter 2 consists in showing that this surprising phenomenon
(Gaussian fluctuations in a long memory context with R > 2) can occur in a large
variety of situations. More specifically, we prove in Theorem 1.4.1 that Y satisfies
a CLT under an easily verifiable condition on the negative moment of the spectral
measure of B, without assumptions on the covariance function. Thanks to it, we
construct a family of situations showing that the binary intuition related to memory
and limit theorems for Y is wrong in general® and not only in special cases.
To highlight the fact that the main assumption in Theorem 1.4.1 involves only the
spectral measure, we decided to refer to it as a spectral CLT.

Note that this also brings to light a second novelty introduced in Chapter 2: we
are able to prove central limit theorems for Y even when the covariance function is
not available, or has not a convenient mathematical expression.

Let us state the main result of the chapter in a concise and simplified form.

Theorem 1.4.1 (Spectral CLT). Fix d > 2, let B = (B;),cpa be stationary, isotropic,
with covariance function C : R¢ — R and isotropic spectral measure . Let ¢ be as in
(1.16), with Hermite rank R and second Hermite rank R’ (as defined in (2.4)). Suppose
that 3k > 0 with ag, # 0 and that (R, R’) ¢ {(1,3)} U{(2k+1,n) : k > 1,n € N}.

8For a class of examples, see Section 2.6.
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Finally, when R € {1, 2}, suppose that D is "nice" (see Theorem 2.1.2). If the following

spectral condition holds
> p(ds)
/0 /R < 00, (1.42)

then Y satisfies a CLT, with the following variance rate

td Jial<t) CE(z)dr  if Reven
Var(V;) < { ¢4 f{\w|<t} CF(z)dx ifR=1and R € {2,4} .
td ifR=1and R' > 5

If we consider the 2-dimensional Berry random wave model B = (B,),cr2 and
R = 2, then the covariance function is neither in L?(R%) nor regularly varying, but
instead has the following oscillating asymptotic behavior (see [Kral4])

C(2) = Jo(lz]) = \EW (1 +0 (|z|—3/2)) 2| = 0o, (1.43)

This makes it hard to deal with it in computations, see e.g. (1.31). On the other
hand, the isotropic spectral measure of Berry’s random wave model is the easiest we
can think about: the degenerate measure i, = §;. Thus, by applying Theorem 1.4.1
for R € {1,2,4} and Theorem 1.3.1 for R > 5, taking ¢ and D as in the statement of
Theorem 1.4.1, Y satisfies a CLT with variance rates

t3 ifR=2or(R=1and R =2)
Var(Y;) < { t?log(t) ifR=4or(R=1and R =4) . (1.44)
t2 if R>50r(R=1and R > 5)

In view of the binary intuition discussed above, a CLT is expected when R > 4,
but surprising in the long memory case R = 2, and with surprising variance rate in
the cases with R = 1. This does not happen only for Berry’s random wave model
because it is "special", but whenever C' ¢ L%(R?) and (1.42) holds.

To prove Theorem 1.4.1, we proceed dividing the analysis in two cases: R > 4
and R < 2 (note that R # 3 by assumption). Since if C € L® we can use Breuer-
Major Theorem 1.3.1, we assume that C' ¢ LT(R%). Then we can use reduction
theorems (see in particular Proposition 2.2.2) to reduce the study from a general ¢
to p = Hp (or ¢ = Hi, R’ > 2 if R = 1). At this point, recalling Theorem 1.2.8,
(1.28) and (1.31), we need to show that for R even the following converges to 0 for
everyr=1,...,R—1,

Jasa C(u) Cw)" C(w) "= Clu+ 0+ )" gy py(ug () o du
(et CF )i (2)d2)2 |

To do this, we study separately the two following cases:

* If R > 4 even, then we can show (by using Schoenberg’s theorem) that
C(z)|z|*" is bounded. Thus, we can use techniques exploited e.g. in [NPR19,
Lemma 8.1] to show that the previous converges to 0.

e If R = 2, then C(z)|z|%? is not necessarily bounded, and we exploit Bochner’s
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and Schoenberg’s spectral representations, together with Fourier analysis, to
find a bound in terms of spectral measures and the Fourier transforms of cross
covariograms, showing that (1.31) converges to 0. To do this, the starting idea
is rewriting the "annoying factor" C(u + v + w) using Bochner’s theorem,

Jra G(dz) fgoa dudv C(u) C(v)e ) [ duw C(w)e ™ g ) by (v)
(Jot CE(2)gip(2)d2)? ’

recalling that gp,(—w),p,(u) = 1D, (—w)*1—p,(u) and finally using the convolution
theorem and other Fourier analysis results to simplify the expression.

* If R =1, we reduce the study from ¢ to ¢ — arHp with Hermite rank R’ > 2,
and use the arguments above.

As we anticipated in section 1.2.1, one may probably extend Theorem 1.4.1 to
non-isotropic Gaussian fields with "regular" spherical spectral measure, or maybe
to non-stationary harmonizable Gaussian fields, probably under analogous (but
different) spectral conditions.

We conclude with an important remark, that also introduces the next subsection.

Remark 1.4.1. The reason why we need to exclude some cases in Theorem 1.4.1,
assuming for instance that R is not odd, or that the even chaoses are not all null, is
the tricky nature of the odd chaoses, due to the possible oscillating behavior of the
covariance function (see e.g. the asymptotics (1.43) of the Berry field). Indeed, by
(1.27) the variance of additive functionals of Gaussian fields is

Var (/tD go(Bx)da;> = éag Var (/D Hq(Bx)dx> .

Thus, since
Var (/ Hq(Bx)CkU) = q!/ C(2)gip(2)dz,
D R4

one can easily intuit why the variance rate is easier to derive when C'? > 0 and harder
otherwise, at least if we want to work for general C. Indeed, even in the apparently
simple case C9 € L'(R?), reasoning as in (1.38) we have

Var < / Hq(Bx)dx> ~ gt Vol(D) [ C(2)dz,
D Rd
which is useless without knowing that [, C9(z)dz # 0. If B is the Berry random
wave model, for example, then the positivity of [, C9(z)dz for every ¢ > 5 odd was
left as a conjecture in [MW14].

1.4.2 Chapter 3: Fluctuations of Polyspectra in Spherical and Euclidean
Random Wave Models

In Chapter 3, we focus on Question 2 when d > 2, D = Lisaball and A, = H,(B,),
where B is the Berry random wave model. As we just discussed in Remark 1.4.1, this
problem was still open for general ¢ odd. Moreover, we also deal with the "spherical
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version" of this question. More precisely, we study

VfR(q, A) = Var (/ Hq(UA(x))dx> = Var </ Hq(B)\m)dx> , A= 00
BE(R) BE(R)

and
Vd“?R(q,f) = Var </ Hq(Tg(x))dx> , £ — oo,

B5(R)
where BF(R), B%(R) are Euclidean/spherical balls of radius R > 0 and (Uy(2)),cgd»
(Ty(x)),ege are Euclidean/spherical random wave models, defined as follows:

* The Euclidean random wave model Uy(z), A > 0, x € R%, is Uy(z) := By,
where B is the Berry random wave model (see Definition 1.1.9).

e The (hyper)spherical random wave model T;(x), ¢ € N, = € S, is the only (in
distribution) Gaussian field on S% with covariance function

ETy(2)Ty(y) = Gas(cosd(z,y)) =,y € S, (1.45)

where G, ¢ is the Gegenbauer polynomial of degree ¢ (see [Sze39, p. 4.7]).

Uy and T can be also defined in terms of random linear combinations of Laplace
eigenfunctions, similarly to how we defined monochromatic random waves in Exam-
ple 1.1.3 (see Chapter 3 for more details).

The main result of the chapter is the following theorem, that provides a complete
picture of the asymptotic variances of the above polyspectra for d > 2 and ¢ > 2 (the
case ¢ = 1 is apart, because the variances defined above are 0 infinitely many times).

Theorem 1.4.2. Let d,q > 2, R > 0. There exist finite positive constants cf]l such that:

* (Euclidean) as A — oo,

)\l—d q= 2’
Vir(a,A) = g VoU(BE(R))(1 + 0ga(1)) - { A2 log(\) g =4,d=2,
A all other d > 2,q > 3,
* (Hyperspherical) as { — oo, if R € (0, ),
A q=2,
Vir(a,0) = cqoa(BS(R)(1 + 04,a(1)) - § €72 log(¢) ¢ =4,d =2,
¢ all other d > 2,q > 3,

where o4 is the volume measure on S¢, and when R = « (that is in the case of
polyspectra obtained integrating over the whole S9),

glfd qg= 27
(2log(t) q=4,d=2
VS,r 7, 0) = 2¢%qwi_1wa(1 + 044(1)) - ’ '
anl@ ) = 2@ warwa(l +0qall)) 4 ¢, ¢ both odd,

=4 all other d > 2,q > 3.
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Some of the previous asymptotic variances were already known in the literature,
see Remark 3.1.3. Before Theorem 1.4.2, the missing cases corresponded to ¢ > 5
odd. In these situations, we have

d
cg=cd | CUz)dz,
Rd

where C is the covariance function of the Berry random wave model and ¢y is a
positive constant depending only on d. Our main contribution consists in showing
that [, C(z)dz is positive for every ¢ > 3 odd. To prove this, we exploit a relation
between the latter and Pearson’s random walks. The Pearson’s random walk X g is a
random variable defined as the sum of ¢ independent random variables uniformly
distributed on S¢~!. Thus, if C is the covariance function of the d-dimensional Berry
random wave model, i.e. the characteristic function of X{, we have that C1 is the
characteristic function of X g. As a consequence, Kluyver’s formula (see Lemma 3.2.1)
implies

C(z)dz = f{(0),

Rd

where fg is the density of X g, i.e. the spectral density associated to C'%, which exists
for ¢ > 2. Thus, the proof is reduced to showing that fg (0) is positive, which is done
relying on technical results in the context of Pearson’s random walks.

We conclude with the following remark, that also introduces the next subsection.

Remark 1.4.2. Recall Question 2. Theorem 1.4.2 (Euclidean statement) allows to
compute the asymptotic variance of [, , A, dx if A, = Hy(B,), B is the Berry random
wave model and D = L is a ball. For ¢ > 5, we have C? € L!, i.e. A has short
memory, and we can obtain the exact rate for VfR(q, t) combining (1.38) and the
positivity of [, C?(z)dz mentioned above. For ¢ € {2,3,4}, C? ¢ L'(R?) and C? is
not regularly varying. This means that A has long memory, but we can not compute
the asymptotic variance as we did in Section 1.3.2. Despite this, we are able to
compute the asymptotic variance of [, H,(B,)dx with ad-hoc techniques. Since
these techniques only partially rely on the specific covariance structure of the Berry
random wave model, a natural question arises: can we use analogous techniques
to compute the asymptotic (co)variances of other random fields? This question is
thoroughly investigated in Chapter 4.

1.4.3 Chapter 4: Asymptotic covariances for functionals of weakly sta-
tionary random fields

In Chapter 4 we answer to Question 2. More precisely, given a measurable, weakly
stationary random field A on R¢ with covariance function K : R¢ — R, our goal
is giving the minimal assumptions on K and D (a class of compact sets of RY) to
compute the asymptotic covariances

ftD Ap du ftL Ay dy

Tt Tt

lim Cov (

t—o00

) . D,LenD, (1.46)
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where r; — oo is chosen so that the previous limit is finite and not identically 0 for
every D, L € D.
To do this, let us consider the integral covariance function w : R, — R,

and note the following facts:

« If K € L'(R?) and [z K(2)dz # 0, then we saw in Subsection 1.3.1 that
r = t%?2 is a correct choice for computing the asymptotic covariances. Moreover,

also r; =t/ thl /? is a correct choice and we have ¥ D, L compact
Az d A, d
lim Cov [ 4 ey Jur 1) =vol(DNL), D, LeD. (147)
t—o0 td/th/ td/Q,wt/

* If K(2) = k(|z|) is radial and regularly varying with index —3 € (—d,0), see
(1.39), then we saw in Subsection 1.3.2 that r; = tdk:(t)l/2 is a correct choice
for computing the asymptotic covariances. Moreover, by Proposition 4.2.4
ry =t thl /% is also a correct choice, and we have V D, L compact

lim Cov (ftDA”Cdx ftLAydy) = (d_ﬁ)/ / lz —y| Pdrdy.  (1.48)
DJL

t—00 td/2wtl/2 ’ td/2wtl/2 Wd—1

Thus, in both the classical situations analyzed in Subsections 1.3.1-1.3.2, we have
that w, is regularly varying (with index 0 in the first case and (d — ) € (0,d) in
the second case) and r; = t%/ thl /? is a correct choice for computing the asymptotic
covariances. For this reason, we may conjecture that if w; is regularly varying, then
we can compute (1.46) with rate r; = td/ thl 2 We prove that this is the case in the
two following situations:

Case 1. K is radial and D is the class of all compact sets in R? with finite perimeter
(recall the definition of perimeter given in (1.29)), i.e. for some & : R, — R we have

K(z2) = k(|z]), D={D CR%: D compact, Per(D) < co}. (1.49)

Case 2. D is the class of closed balls centered at a fixed point =y € R?, namely
D={{zeR: |jz—m|<r}:reRy}. (1.50)
The main result of Chapter 4 is the following.

Theorem 1.4.3. Let D be a collection of compact sets in R? and A = (A;),cpa be a
measurable, weakly stationary random field with covariance function K : R* — R.
Furthermore, let K and D satisfy the assumption (1.49) or the assumption (1.50), and
assume that w is regularly varying with index o € (—1, d], that is

wy = 0Vt e R, (1.51)
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where { : R, — R is slowly varying. Then, for all D, L € D, we have as t — oo

A,d Ad o
Cov(ftD g $>% ! / a6 / dl(—ngL(w)>l“- (1.52)
Sd—l 0 dl ’

td/thl/2 75d/2wtl/2 Wd—1

Theorem 1.4.3 allows to compute the asymptotic covariances (1.46) under as-
sumptions on K that encompass the classical ones discussed in Subsections 1.3.1-
1.3.2. Note that (1.52) is a new expression for the asymptotic covariances that
generalizes (1.47)-(1.48), see Remark 4.1.2 for the details.

Moreover, combining Theorem 1.4.1, Theorem 1.4.3 and the Peccati-Tudor Fourth
Moment Theorem 1.2.9, we can prove new multi-dimensional central limit theorems
for additive functionals of Gaussian fields, assuming only (1.51). If for instance B is
Berry’s random wave model, ¢ € L?(R,y(dz)) with az # 0in (1.16) and A, = »(B,),
then wy is regularly varying with index o« = 1 and we have (see Example 4.4.5 for
the details)

Agdx f.dd.
(f?/) =G = (G(D)) pep,,
14 2wy DeDo

d.d. e . . . .
where "%% denotes the convergence in finite dimensional distributions, Dy is a
suitable class of compact sets with finite perimeter and G is a centered Gaussian field
on Do with covariance kernel

| ] 1 ]
E(G(D)G(L)] = —— /D/L|x—y|1 Uy = W/Rng,L(znzl 1qz,

For other examples and applications of Theorem 1.4.3, see Sections 4.4-4.5.

1.4.4 Chapter 5: Limit theorems for p-domain functionals of stationary
Gaussian fields

In the last Chapter 5, we deal with the p-domain generalization of Question 1
introduced in Subsection 1.3.3, that is, we study the fluctuations of

Y(ti,....tp) = / ©(By)dx, t,...,tp = 00 (1.53)
t1D1><4-~><tpr

where 2 < p < d, the compact sets D; C R% have positive Lebesgue measure,
di+---+d,=d,and t,...,t, can grow possibly at different rates.
We start assuming that the covariance function C' : R¢ — R is separable, that is

p
C(ml,...,xp)IHCi(l‘i), l‘iERdi,
=1

where C; : R% — R are non-negative definite functions on R%, with C;(0) = 1.
In this setting, we thoroughly investigate under what conditions the study of the
fluctuations of (1.53) can be reduced to that of its marginal functionals Y;(¢;),

Yi(t:) = /tD ¢(BW)da;,
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where B is a stationary centered Gaussian field on R% with covariance function C;.
The main theorem of Chapter 5 is the following.

Theorem 1.4.4. Let B = (B,),cga« be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Consider ¢ € L*(R,~(dx)) with Hermite rank R > 1.
Let C : R% — R be the covariance function of B, assume it is separable, and also that it

satisfies, for each i:
o

CR>0 and C;e |J LMR%).
M=1
Let us consider Y given by (5.3) and Y; given by (5.6), the rescaled versions of Y, Y;.
Then, the following two assertions are equivalent:

(@ Yi(t;) 4 N(0,1) as t; — oo for at least one i € {1,...,p};
®) Y(ti,....ty) 3 N(0,1) asty, ... t, — oo

The implication (a) = (b) in Theorem 1.4.4 ensures that the p-domain func-
tional (1.53) has Gaussian fluctuations if one of the 1-domain marginal functionals
does. This criterion is quite useful because, contrarily to p-domain ones, 1-domain
functionals have been extensively studied in the literature, see e.g. Subsections
1.3.1-1.3.2 and the references therein. It is noteworthy that a specific instance of
this implication had previously been observed in the papers [RST12] and [PR16];
however, it was restricted to a very specific context — rectangular increments of a frac-
tional Brownian sheet — and was not part of a comprehensive systematic investigation,
as we undertake in Chapter 5.

The theorem is proved relying on a p-domain version of Breuer-Major Theorem
1.3.1 when C € L and reducing the problem to ¢ = Hp if C ¢ L.

Indeed, in the particular case ¢ = H,, the equivalence in Theorem 1.4.4 is true
without integrability assumptions on C. Moreover, exploiting Theorem 1.2.10 and
some inequalities involving the fourth moment in a fixed Wiener chaos, if ¢ = H,
we prove that (see Proposition 5.3.3)

~ p ~
dpy (Y (t1, ..., tp), N) < ¢q [ VE[Yi(t:)4] - 3. (1.54)
=1

This inequality also allows to improve some bounds for the Hermite variations of the
rectangular increments of the fractional Brownian sheet obtained in [RST12], see
Example 5.4.1 for the details.

Note that Theorem 1.4.4 also brings to light another large class of Gaussian fields
for which the intuition "long memory and R > 2 imply Gaussian fluctuations" is
wrong (recall the discussion at the beginning of Subsection 1.4.1). Indeed, if we take
for instance R = 2, C; € L(R?) and C; of the form (1.39) if i # 1, then combining
Theorem 1.3.1 on Y; and Theorem 1.4.4 we have Gaussian fluctuations even if we
are in a long memory setting.

Conversely, when C; is of the form (1.39) for every i, we are able to prove
a generalization of Theorem 1.3.2 (see Theorem 5.1.2) for p-domain functionals,
ensuring non-Gaussian fluctuations as soon as R > 2.
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It is worth noting that all our results obtained assuming that C' is separable may
be adapted to situations where some of the domains are fixed, see Remark 5.1.4.

When C' is not separable, it is easy to construct examples illustrating that the
normal convergence of the functionals Y;(¢;) is in general not enough to determine
the behavior of ?(tl, ..., tp) (see Example 5.5.1).

For this reason, we go beyond separability, studying two non-separable classes of
covariance functions (in the specific case ¢ = H,):

* Gneiting covariance functions, of the form
C(wl,l'g) = CQ(.’L‘Q)Cl (.%'102((132)2/dl) R T € Rdl,xg c Rd2 ,

where C1, C5 have "nice" properties. In this case, C' can be wedged between
two separable covariance functions. This fact allows to prove Theorem 5.5.1,
that brings to light a comparable phenomenon to the one observed in the
separable case.

* Additively separable covariance functions, of the form
C(ﬂ?l,xg) :K1($1)+K2($2), 1 ERd1,$2 GRdQ,

where K7, K> are positive covariance functions on R% R4, In this case, we
are still able to prove a kind of "reduction" theorem (see Theorem 5.5.2), but
with marginal functionals completely different from the Y;’s of Theorem 1.4.4.

In particular, a remarkable fact observed in the additively separable case (see
Example 5.5.2) is that Y (1, t2) has (or has not) Gaussian fluctuations depending on
the growth rates ¢1, to. This is very different from what we observe in the separable
case, where the interplay between the growth rates of the domains plays no role.



CHAPTER 2

Spectral central limit theorem for
additive functionals of isotropic
and stationary Gaussian fields

This chapter contains the paper [MN24], "Spectral central limit theorem for additive
functionals of isotropic and stationary Gaussian fields", written in collaboration with
Ivan Nourdin. Ann. Probab. (2024), 52(2), 737 — 763.

2.1 Introduction

Fix a dimension d > 2, and consider a real-valued almost surely continuous Gaussian
field (B;),cg« defined on RY. Assume furthermore that B is stationary, that is, there
is a function C : R¢ — R such that

Cov(By, By) = C(x —y), =,y<R? 2.1

and suppose that B, ~ N(0,1) for all z € R? or, equivalently, that E[B,] = 0 and
c(0) =1.

As a second ingredient, consider a measurable function ¢ : R — R such that
E [p(N)?| < o0, for N~ N(0,1). (2.2)

37
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Our object of interest in this paper is
Y: :/ o(Bg)dz, t>0, (2.3)
tD

where D C R? is compact with Vol(D) > 0 and tD := {tz|z € D}. Well-posedness of
(2.3) as a random variable in LQ(Q) is ensured by Proposition 2.2.1 and the almost
sure continuity of (B,),cre. We also observe that the continuity of B, together with
its stationarity, implies' the continuity of its covariance function C, a property that
will be needed to evoke Bochner’s theorem later in (2.14).

Studying the asymptotic behavior of functionals of the form (2.3) dates back from
the eighties, with seminal works by Breuer and Major [BM83], Dobrushin and Major
[DM79], Rosenblatt [Ros60] and Taqqu [Taq79]. Since then, limit theorems for (2.3)
have been constantly investigated, and represent nowadays a central theme in the
modern probability theory.

We note that many interesting geometric quantities associated with the Gaussian
field (B, ),cre can be represented as functionals of the form (2.3). For instance, the
choice p = 1(_ ) (resp. ¢ = 1, ), u € R corresponds to the volume of the lower
(resp. upper) level sets of (B,),cpd.

Since (2.2) holds, we can decompose ¢ in Hermite polynomials (see, e.g., [NP12,
Section 1.4]) as

¢ =E[p(N)]+ > agH,, with R > 1 such thatag # 0, (2.4)
q=R

where H, denotes the gth Hermite polynomial and a, = a,(¢) = %IE [(p(N)Hy(N)| €
R. The integer R > 1 is called the Hermite rank of ¢. We also define the second
Hermite rank R’ > 2 of ¢ as the Hermite rank of ¢(x) — E[p(N)] — arHg(z) (if
o(x) =E[p(N)] + agHg(z), we set R = 00).

In the present paper, we are more specifically interested in the asymptotic behavior
of

Yy —my

, t— o0, (2.5)
Ot

where we have Y; € L?(Q) for all ¢, and where we note m; = E[Y;] and o, =
v/Var(Y;) > 0. For simplicity, to ensure that oy > 0 for all ¢, we will assume for the
rest of the paper the existence of some k > 1 such that asy;, # 02, or equivalently that
 is not an odd function. As an illustration of what may happen when ¢ is odd, see
(2.22).

Throughout all the paper, for two functions f, g : Ry — R, we write
f(t) < g(t) (2.6)

to indicate that f(¢) = O(g(t)) and g(t) = O(f(¢)) as t — oo.

'Indeed, since |Bo(Bs+n — Be)| < B§ + B2 + B2, by applying the generalized dominated
convergence theorem we have C(z + h) — C(z) = E [Bo(Byz4n — Bz)] = 0as h — 0.
*This comes from the fact that o7 = Var(Y:) = > ; glag [, > Oz — y)dudy.
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2.1.1 Previous results

Given its importance in our paper, we start with the celebrated Breuer-Major theorem,
stated here in its continuous form.

Theorem 2.1.1 (Breuer, Major [BM83]). Let B = (B,),cpra be a real-valued continu-
ous centered Gaussian field on R?, assumed to be stationary and to have unit-variance.
Let ¢ : R — R be such that E[p(N)?] < co with N ~ N(0,1), let R be the Hermite
rank of ¢, consider Y; defined by (2.3), and recall the definition (2.1) of the covariance
function C.

If [a |C(2)|dx < oo, then t*%(Yt —EY3) lay N(0,0?) where
o2 = Vol(D) Z q!ag/ C(z)4dz > 0. 2.7)
=R Re

In particular; if ¢ is not odd, then o > 0, o7 =< t¢ and

Y _
LT ey N (0, 1).

Ot

To describe the asymptotic behavior in the case where C' ¢ L#(R9) (that is, when
we cannot apply the Breuer-Major Theorem 2.1.1), we have to be more precise on the
behavior of C at infinity. In the papers studying limit theorem for (2.5) in a general
framework (i.e. not for a particular model), it is often (if not always) assumed that

C(z) = ]w\_’BL(]a:\), 2.8)

with 5 € (0,00) and L : Ry — R slowly varying (that is, satisfying L(Ar)/L(\) — 1
as \ — oo, for every fixed r > 0). The following three different situations (i)-(ii)-(iii)
then occur:

1. If 3 > 4 then C € L?(R?) and we say that we are in the short-memory case.
We deduce from Breuer-Major Theorem 2.1.1 that t=%/2(Y; —E[Y;]) ¥ N (0, 02).

2. If B = £ we are in a critical case. Although C' ¢ L¥(R?), fluctuations of Y;
around its mean are still asymptotically Gaussian (see, e.g., [BM83, Theorem
1’1, [NN20, Section 5] and [NNT10, Theorem 1]).

3. If 8 < 4 then C ¢ LF(R?) and we say that we are in the long-memory case.
A theorem of Dobrushin and Major [DM79] asserts that ¢~ (@~ L=1/2(¢)(Y; —

E[Y:]) %Y 7 where, up to a multiplicative constant, Z is the Hermite distribution
of order R and self-similarity index H € (0,1) (with H depending only on /).
Since we do not use it in the sequel, we do not give its precise definition here.
(The interested reader can e.g. consult [Tud13].) Let us only stress here that
the Hermite distribution of order R belongs to the Rth Wiener chaos, and so is

not Gaussian as soon as R > 2.
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2.1.2 Motivating examples

The intuition we can naturally develop from the previous (i)-(ii)-(iii) (and that
represents the common intuition forged by the papers written on the subject over
the last forty years) is that Y; defined by (2.3) displays Gaussian (resp. non-Gaussian)
fluctuations when the Gaussian field B has short (resp. long) memory, and this
whatever the function ¢ with Hermite rank R > 2. (The case R = 1 is apart.®)

As anticipated, we will show in this paper that this intuition can be wrong, and
not only marginally or in critical cases. We will indeed state a central limit theorem
(Theorem 2.1.2 below) whose conclusion is valid provided that a certain spectral
condition is satisfied. As we will see, this may lead to Gaussian fluctuations in a
long memory context, in total contrast with Dobrushin and Major [DM79] (see (iii)
above).

Recently, Berry’s Random Wave Model (BRWM) has attracted a lot of attention.
It is defined as follows. Choose the dimension d = 2 and consider the centered
continuous Gaussian field B on R? with covariance E[B, B,] = C(z—y) = Jo(|Jz—yl),
with Jy the Bessel function of the first kind of order 0O (see Section 2.2.2 for its
definition and some properties); in particular, we have

Clz) = \/fm—é cos <|x _ D +0(le}) asfe] - o, 2.9)

see e.g. [Kral4, Theorem 4]. This field, called in this way in honor of Berry who
introduced it in the seminal paper [Ber77], can be seen as a universal Gaussian field
emerging as the local scaling limit of a number of random fields on two-dimensional
manifolds, see e.g. [Die+23] and the references therein. It is widely regarded
as a popular model for the Laplacian eigenfunctions (with large eigenvalue t?) of
classically chaotic billiards, hence its importance in quantum mechanics. Indeed,
integrating ¢ (B,) over tD is the same as integrating ¢(B;,) over the fixed domain
D, after a change of variable. As we will see, our Theorem 2.1.2 will allow to
prove the Gaussian fluctuations of [}, ¢(B;,)dx for many functionals that were never
investigated in the literature, in particular for the cases R = 2 and R = 1 in (2.10),
enriching the knowledge on the geometric properties of the Berry’s random wave
model. Indeed, to the best of our knowledge, so far Gaussian fluctuations were
proved only for (2.3) under the assumption R > 4 (see e.g. [Not21]), or for nodal
set volumes (see [NPR19]), where the latter cannot be expressed in the form (2.3).

If we compare (2.9) with (2.8), it is like we have 3 = % and that we had replaced
the slowly varying function L in (2.8) by the bounded and oscillatory function
cos(- — 7). As we will see, this replacement is all but insignificant in the presence
of long memory. Indeed, taking for example D compact such that D = D and
with smooth 0D and non-vanishing Gaussian curvature, if we apply our main result
(Theorem 2.1.2 below) for R € {1,2,4} and Breuer-Major theorem for R > 5, we
obtain (recalling that R, resp. R/, denotes the Hermite rank, resp. the second Hermite

3The case where R = 1 is apart since, whatever the memory, we generally obtain Gaussian
fluctuations. But this is for different reasons that we understand better in the functional version: in the
short memory case the limit is a standard Brownian motion, while in the long memory case the limit is
a fractional Brownian motion.
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rank, of the non-odd function ¢):

t3 if R=2or(R=1and R =2)
of < { t?log(t) ifR=4or(R=1and R =4) (2.10)
t2 if R>50or(R=1and R > 5)
and v
LMY A (0,1) ast — oo (2.11)
Ot

Indeed, Gaussian fluctuations (2.11) and asymptotics (2.10) follow directly from
(2.9) and the Breuer-Major Theorem 2.1.1 when R > 5, because in this case we
have [p, |C(x)|®dz < co. The case R = 4 is comparable with the situation (ii) in the
model (2.8), since 8 = % = %; Gaussian fluctuations (2.11) and asymptotic (2.10)
displaying a logarithmic correction are then not surprising, since in agreement with
what is usually observed in critical cases. In constrast, the fact that we still have
Gaussian fluctuations in (2.11) with unconventional rate when R € {1,2} is very
surprising. Indeed, since § = % <1< % in this case, we are in the long-memory
case where non-Gaussian fluctuations are usually the rule, see (iii). This last case
turns out to be the most important, since R = 1 and R = 2 are the most common
values in applications.

As we will see, what we just described (Gaussian fluctuations in a long memory
framework) for BRWM is not an isolated phenomenon. In fact, we are going to
state and prove Theorem 2.1.2 (our main result), which not only explains in a clear
way the phenomenon observed for BRWM, but also bring to light an easy-to-check
condition on the spectral measure of a general Gaussian field B (see (2.20) below)
to imply Gaussian fluctuations for Y;.

We conclude this section by emphasing that Gaussian fluctuations in presence of
long memory have already been observed in the literature in other (non-Euclidean)
contexts, in particular for integral functionals of random Laplace eigenfunctions on
the sphere S?, see [MW14] for more details.

2.1.3 Main result

In order to state Theorem 2.1.2, we have to introduce a certain number of further
quantities and notations. We continue to let B, ¢ and Y; be as described in (2.1),
(2.2) and (2.3) respectively, and we recall the Hermite decomposition (2.4) of ¢
defining its Hermite rank R and its second Hermite rank R’.

Fix ¢t > 0 and ¢ > R, and set

Yq,t:/ Hy(B,)dz. (2.12)
tD

Using (2.4) , we immediately get that

o0
V; =EYi]+ Y agYq:, t>0. (2.13)
q=R

Moreover, a direct computation (making use of the isometry properties of Hermite
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polynomials, see, e.g., [NP12, Section 1.4]) yields that
Var(Yy:) = q!tde,

where

o= [ C@ap (3 )= [ C)gp ()0,
R4 t {|2|<diam(D)t} t

with gp(z) the covariogram of D at z € R?, defined as the Lebesgue measure of
DN (z+ D), and diam(D) := sup{|z —y| : z,y € D} < oo since D is compact. When
C € LY(R?), we deduce by dominated convergence (using that ||gp||.o < Vol(D) and
gp(%2) — Vol(D) as t — oo for all fixed z € R?) that

Vgt — Vol(D)/ C(2)%dz > 0.
Rd

Since our field B is stationary and its covariance function C' is continuous,
Bochner’s theorem yields the existence of a finite measure G on R? such that

C(x) = / AT G(dN), (2.14)
Rd

with (-,-) the usual scalar product on RY. The measure G is called the spectral
measure of B, and it will be our gateway towards the Fourier analysis techniques
developed in the sequel.

At this stage, let us make a further assumption on B, by supposing that it is also
isotropic. In our framework, this is equivalent to suppose that the quantity C(z)
only depends on the norm |z|, namely that there is a function p : Ry — R such that

C(x) = p(lz]), = eR%

Now, set
u(s) =G({|z| <s}), se€(0,00). (2.15)

Since u is increasing and bounded, it defines a finite measure on R, , called the
isotropic spectral measure of B. Because C(z) only depends of |z|, we can write,
with wg = [g4-1 d€ (5%~ being the unit sphere of R%):

1 1 .
- = C(ré)de = — d AT G (dN
o) = o [ ctode= - [ a [ @r0Gay
= /Rbd(r|)\\)G(d/\)—/ ba(rs)u(ds), (2.16)
d 0
where .
bd(])\]):/ "8 e (2.17)
Wy Jgd—1

By d-dimensional polar coordinates, we readily find (see [Sch38, page 815]) that

ba(r) = car'™2Ja_,(r), >0, (2.18)
2
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with J, denoting the Bessel function of the first kind of order v (see Section 2.2.2)
and ¢, > 0 a constant depending only of d.

We are at last in a position to state our main result, which we have decided to
call the spectral central limit theorem, because it leads to Gaussian fluctuations
on the one hand (hence ‘central’) and the main assumption we have to check is the
spectral condition (2.20) on the other hand (hence ‘spectral’).

Theorem 2.1.2 (Spectral CLT). Fix d > 2, let B = (B;),cra be a real-valued con-
tinuous centered Gaussian field on R%, and assume that B is stationary, isotropic and
has unit-variance. Let ¢ : R — R be not odd and such that E[p(N)?] < oo with
N ~ N(0,1), let R (resp. R’) be the Hermite rank (resp. second Hermite rank) of ¢,
where (R, R') ¢ {(1,3)} U{(2k + 1,n) : k > 1,n € N}. Consider Y; defined by (2.3),
where D C R? compact and Vol(D) > 0. Set m; = E[Y;] and o, = \/Var(Y;) > 0, and
recall the definition (2.15) of the isotropic spectral measure . Set

Wq,t :/ C(z)1dz, (2.19)
{lzl<t}
and assume that the following spectral condition holds
/ s_%,u,(ds) < 0. (2.20)
0

Finally, when R = 2 assume that |F[1p|(x)| = O (W) as |x| — oo, and when R =1

assume that |F[1p](x)| = o (M%/Q) as |xz| — oo, with F the Fourier transform (since
we assumed D to be compact, these two assumptions are satisfied for example when
D = D and dD is smooth with non-vanishing Gaussian curvature, see e.g. [BHIO3].
Then we have:

thwp, if R even
of < tlwp,; if R=1and R €{2,4}
td ifR=1and R' > 5
and
Yi — my lay

— N(0,1) ast— oc.
Ot
By a simple Fubini argument, we observe that the spectral condition (2.20) is
equivalent to

/ s_l_%,u(s)ds < 0. (2.21D)
0

When p(r) = r=#L(r) with 8 € (0, %) and L slowly varying as r — oo, we have
w(s) ~ sPL(s™1) as s — 0, see [Leo99, Thm 1.4.3]. We deduce that (2.20)-(2.21)
is not satisfied, which is of course perfectly consistent with the conclusion of the
Dobrushin-Major noncentral limit theorem [DM79].

Also, let us observe that the assumption "¢ is not odd" is equivalent to "3 k& > 1
such that ag, # 0", and so is needed only in the case where R = 1 and R’ > 5.
Moreover, the cases not covered by our Theorem 2.1.2 are R > 3 odd, (R, R') = (1, 3)
and ¢ odd. In these situations, very peculiar things can happen. Consider for example
o(z) = x, which gives ; = ft p Bedz. Using (2.29), (2.14) and Fubini we have, with
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F the Fourier transform,

Var(¥;) = / O)an(=)dz = /R Flanl (NG (@A),

Using that ¢;p = 1;p * 1_;p we obtain

d
Var(Y;) = const/ |§\|d|t)\\d\]-"[lp](t)\)|2G(d/\). (2.22)
Rd

In particular, for D = {|z| < 1} ¢ R and Berry’s Random Wave Model B = (B,)cp2
we get (using (2.26))
02 = Var(Y;) = const t2J2(t);

although Y; is Gaussian the conclusion of Theorem 2.1.2 cannot hold in this case, the
limit of Y*;itmt being ill-defined due to the fact that Card{¢: oy = 0} N [T, 00) = +00
forall T > 0.

To understand the significance of our spectral CLT, let us go back to BRWM and
explain how Theorem 2.1.2 together with Breuer-Major theorem allow to prove
(2.11). Since C(z) = p(|z|) = Jo(|z|), it follows immediately from the representation
(2.16) that the isotropic spectral measure associated with BRWM B = (B,) cpg2 is
u = 01, with §; the Dirac mass at 1. In particular, the spectral condition (2.20) is
obviously satisfied, whatever the value of R. The convergence (2.11) thus follows
from the Breuer-Major Theorem 2.1.1 (see also (2.9)) if R > 5 and from Theorem
2.1.2 in all the other cases in (2.10).

2.1.4 Possible natural extensions of Theorem 2.1.2

As a natural extension of the present work, it would be interesting to study the
joint convergence associated with Theorem 2.1.2. More precisely, taking D+, ..., D,
compact domains in R, is it possible to identify conditions that resemble those in
Theorem 2.1.2 ensuring that the random vector

(/tD1 o(Bg)dx, . .. ,/t ) go(Bx)dx)

converges, after proper normalization, to a Gaussian random vector? In other words,
can we prove a multivariate spectral central limit theorem? Such an extension is not
immediate, because the spectral condition (2.20) alone looks too general to capture
the asymptotic behavior of the covariances between the components of the random
vector. A partial answer to this question (covering also Berry’s model) will be given
in the forthcoming work [Mai24] by the first author. Note that a multivariate result
was obtained in the particular case of the nodal length of Berry’s model restricted to
a finite collection of smooth compact domains Dy, ..., D,, of the plane in the recent
paper [PV20].

A further stronger generalization of Theorem 2.1.2 would be to prove a functional
spectral central limit theorem. This problem has been investigated in the particular
case of nodal set volumes in [NPV23] by ad hoc techniques. In our general framework,
we believe however that proving such a functional extension would require novel
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ideas that go beyond the scope of the present paper.

2.1.5 Plan of the paper

Apart from Section 2.6 that illustrates a use of Theorem 2.1.2, the rest of the paper
is fully devoted to the proof of this latter. More precisely, after a few needed
preliminaries given in Section 2.2,

1. in Section 2.3 we will first consider the situation where the Hermite rank R
of ¢ is even and bigger or equal than 4. As we will see, in this case we have
that [, |C(z)|®dz = O(log t), meaning that we are somehow in the ‘domain
of attraction’ of the Breuer-Major theorem 2.1.1.;

2. we will then deal with the remaining cases, namely R = 2 in Section 2.4 and
(R =1, p non-odd and R’ # 3) in Section 2.5. We regard this part as the most
important contribution of this paper, especially since among the Hermite ranks,
R =1 and R = 2 are the most common values encountered in practice. They
turn out to be also the most difficult cases. To deal with them, we will have to
introduce novel ideas, by making heavy use of Fourier techniques in a way that,
to the best of our knowledge, has never been introduced before this work.

2.2 A few preliminaries for the proof of Theorem 2.1.2

2.2.1 Well-posedness of Y;

The following proposition explains why the random variable Y; defined by (2.3) is
well-defined for all ¢.

Proposition 2.2.1. Let B = (B,),cpra be a real-valued continuous centered Gaussian
field on RY, assumed to be stationary and to have unit-variance. Let D C R? be compact
with Vol(D) > 0 and let ¢ : R — R be such that E[p(N)?] < co with N ~ N(0,1).
Consider the Hermite expansion of o given by (2.4), and set

en = E[p(N)] + Z agHy, n 2> R.
q=R

For each fixed t > 0, the sequence ftD on(Bz)dx, n > R, is a.s. well-defined and
converges in L*(Q). The limit is noted Y; and we write, possibly with a slight abuse of
notation:

Yt:/ ©(By)dx.
tD

Proof. That [,, on(B.)de is a.s. well-defined is because ¢D is compact, ¢, is a
polynomial and B is continuous. For any n,m > R and ¢ € N, we have (since
|C(2)| < C(0)=1,a0 =E[p(N)]and a; =0if g € {1,..., R —1})

10,m0m () / qla2C(x — y)tdady| < Vol(tD)?qla?,
(tD)?
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with 302, Vol(tD)?qlaZ = Vol(tD)?E[p(N)?] < oo by assumption. Then, by domi-
nated convergence we obtain as n,m — oo

nAm
E [/ gon(Bx)d:c/ cpm(By)dy} =y q!ag/ C(z — y)idxdy
tD tD q=0 (tD)?2

—  E[p(N)]*Vol(tD)? + > q!ag C(z —y)ldzdy.
=R (tD)?

Thatis, { [,;, on(Bz)dz}, ., is an L?(€2)-Cauchy sequence, and the desired conclusion
follows. - O

2.2.2 Bessel functions and Fourier transform of the indicator of the unit
ball

The Bessel function J,,, v > 0, is defined by the series

() SRy
0= (5) RV R

and it is a solution to the ODE
t2J(t) + tJ (1) + (t* — v*) T, (t) = 0.

It satisfies the classical Schléfli’s representation

Tt =1 / cos(v0 — tsin 0)dg — ST / ~vo—tsinhf g9 (2.23)
T 0 7T 0
as well as the Mehler-Sonine formula
(t/2)” / Lo 2\w—1
J(t) = ————— w51 — Y~32ds. 2.24
0= Jrw+D ), o o) 2ds (@24

Schlifli’s representation (2.23) immediately implies that .J,, is bounded on R.
This, combined with an inequality found e.g. in [Kral4] (see also the references
therein), leads to

sup Vt|J,(t)| < oo forall v > 0, (2.25)
teR 4
a simple property that we will use several times in the forthcoming proof of Theorem
2.1.2.

The Fourier transform of the indicator of the unit ball is given by

F [l{mgl}} (y) :/ ei<m’y>d:€.

{l=|<1}

Since F [1{|Z|§1}} is rotationally symmetric, we can write, with oy the volume of the
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unit ball {|z| < 1} C RY,
F [1{|x\§1}] (y) = F [1{|x|§1}} ((0,...,0,]yl))

1
d—1 .
= /(1—x§)2ad_1ewd|ydxd

~1
d+1>

. 1fr< Py (), (2.26)

the last equality being a consequence of (2.24).

2.2.3 Reduction to the Rth chaos

In the short memory case, that is when C' € L%(R?), the Breuer-Major theorem 2.1.1
yields Gaussian fluctuations for Y;. In its modern proof given by [NPP11] (see also
[NP12, Chapter 7]) the chaotic expansion of Y; — m; is considered, namely

—my = agYqs, (2.27)
=R

and the proof goes as follows. It is first shown that t_dat2 — 02 in (2.7) by means of
the isometry property of Hermite polynomials. Then, it is proved using the Fourth
Moment Theorem (see [NP12, Theorem 5.2.71) that t~%/2Y,, lay N(0,02) for all

law

¢ > R from which it is deduced that t*%(Yt —my) — N(0,3 552 ° pazoy) thanks to
[NP12, Theorem 5.2.7]. In particular, we observe that no term is asymptotically
dominant in (2.27): they all contribute to the limit.

As the following result will show, the situation is totally opposite in the critical
and long memory cases (when R is even): here, it is the term Yy alone which is
responsible of the limit.

Proposition 2.2.2 (Reduction to the Rth chaos). Let B = (B,),cga« be a real-valued
continuous centered Gaussian field on R?, and assume that B is stationary and has
unit-variance (note that d > 2 and isotropy are not required here). Let ¢ : R — R be
such that E[¢(N)?] < oo (with N ~ N(0,1)) and have Hermite decomposition (2.4)
and Hermite rank R, and consider Y; defined by (2.3), where D C R? compact and
Vol(D) > 0. Set m; = E[Y;], oy = /Var(Y;) > 0, and recall the definition (2.1) of
C(x) and the definition (2.12) of Yy

If Ris even, if t—*Var(Yg,) — oo and if [4|C(z)|Mdx < oo for some M > R+ 1
then, as t — oo, we have o7 < Var(Yg:) and

aw Y aw
Yie/\/Var(Ye:) =% N(0,1) = tTm“ N(0,1). (2.28)

Proof. We have

Var(Y, ) = / E[Hy(By)Hq(By))dxdy = q!/ C(z — y)ldzdy.
(tD)? (tD)?



Chapter 2. Spectral central limit theorem for additive functionals of isotropic
48 and stationary Gaussian fields

Applying the change of variable z = y — = and then Fubini, we obtain that
Var(Yy:) = q!tde,

where

Vgt = / C(2)9p (Z) dz, (2.29)
{|2|<diam(D)t} t

where diam (D) = sup{|z — y| : z,y € D} < oo (because D is compact) and gp(z) is
the covariogram of D at 2 € RY, that is, gp(r) is the Lebesgue measure of DN (z+ D).

Also, set
Byt = / C()[ g (Z> dz, (2.30)
{|z|<diam(D)t} ¢

and observe that vg; = g, > 0 since R is even.

For any ¢ > R, we have
Var(Yy.) _ qlvg,t
Var(Yr:) Rlogp:

Applying Cauchy-Schwarz inequality we obtain, for ¢ > R,

(2.31)

ot Jzizdimpyg [€(2)"90(F)dz

UR,t VRt
_R R .
_ f{\ZISdiam(D)t} 1C(2)|72|C(2)|2gp (5) dz
VRt
- z 1/2 _
[ Jizizanmy [CEP 9p () d=\ " (5 5y 1/
) VR VRt

Applying Cauchy-Schwarz again, but this time with 2¢ — R > R instead of ¢ > R, we

obtain )

_ 1/2 _ 1
V2g—R,t < V4q—3R,t
VR, N VRt

By iterating the process, we get, for every n > 3

~ 1/2 - 1 ~ o
Vgt < <U2q—R,t> < <v4q—3R,t> <. < <UR+2”(qR),t> .
VRt VRt VRt VRt
When ¢ > R, we have R + 2"(¢ — R) > 2", so we may and will choose n large
enough so that R + 2"(q — R) > M for all ¢ > R (recall from the statement of
Proposition 2.2.2 that M is an integer supposed to be such that [, |C(z)|Mdz < c0).
Using |C(z)] < C(0) = 1 and gp(z) < Vol(D) for all z € R?, we deduce that

Vpton(g—r)t < Vol(D) [pa |C(x) ]de. Combining all these facts together, we finally
get that

L

no _ 1
< (Vol(D) |C(:x)|Md:r>2 v ? forallg> R, (2.32)
Rd ’
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Since Var(Y;) = Y02 a2 Var(Yy,), we deduce
1
Var(Y}) o ( / M ) S — g
—_— — Vol(D C(z)|"d ! 2 2.33
‘Var(YRyt) Rl ol( |C ()" dx qz%l agg! | vgi . (2.33)

from which it comes that Var(Y;) ~ a%Var(Yg,) ast — oo, since vgy = 4t~ Var(Yg,) —
oo by assumption.

To conclude the proof of Proposition 2.2.2, it remains to prove (2.28). Using the
decomposition

Do ()
Var(Yt) Var(Yg,)

sgn(ar)(Y; —my —arYrt)  Yi—my { 1 Var(Y;) }

+
ary/Var(Yg,) v/ Var(Y) lag| | Var(Yg,)

we get that

2

Y: —  Yry

———— —sgn(aR) ———

vVarY} \/ Var(Yr )

2
E[(Y; — m¢ — arYr¢)?] 1 Var(Y;)
< 2 : +2(1- (2.34)

a%Var(YR,t) lar| \| Var(Yr+)

Since E [(Yt —my — aRYR,tﬂ = Zf;iRH a?l Var(Y; ), we deduce from (2.31) and
(2.32) that

E[(Yt —my — aRYR,t)Q]
a%%Var(YR,t)

1 n
< Bz (Vol /yc \de> (Z qla)URt,

q=R+1

and this tends to zero as t — co. By plugging this into (2.34) and taking into account
that (2.33) holds, we deduce that

Y, Y; 2
S — sgn(aR)¢ L—(>Q) 0 ast— oo,
Var(Y;) Var(Yg+)
from which the implication (2.28) now follows easily. O

2.2.4 Elements of Malliavin calculus and the Fourth Moment theorem

To obtain the N (0, 1) distribution in the limit in Theorem 2.1.2, we rely on the Fourth
Moment Theorem of Nualart and Peccati (see [NP12, Theorem 5.2.7]). Before stating
and reformulating it in our framework, we start with some notions on Malliavin
calculus. For all the missing details we refer to [NP12] and [Nua06].
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The Wiener-Ito integral

Let B = (B,),cg« be a real-valued continuous centered Gaussian field on R?, and
assume that B is stationary with unit-variance. Define

2
H = span{B,, x € Rd}L @,

Since H is a real, separable Hilbert space, there is an isometry ® : # — L?(R,). If
we set e, := ®(B,) for every x € R, we have

E[B.By] = C(z — y) = (ex, ey) 12(R,)-

Consider now the Gaussian noise W = {W (h),h € L*(R;)}, i.e. a family of centered
Gaussian random variables with covariance given by

EW(h)W (9)] = (b, 9) 2R )-

Since in this paper we are only interested in distributions, we can assume without
loss of generality that (B;),cre = (W (ez))zerd-

For ¢ > 1, we also define the gth Wiener chaos as the linear subspace of L?(Q)
generated by {H,(W(h)),h € L?(Ry)}. For every h € L*(Ry) with [|2]| 2, ) = 1,
we define the gth Wiener-Ito integral

Io(h®?) = Ho(W (R)),

where h®7 : RY — R is defined by

R (zq,... xq) = H h(zy).

r=1

Note that the definition of I, can be extended to every function in the space L?(R%)
of symmetric functions in L?(R%) so that I, : L%(R%) — L?(Q) is a linear map,
because span{h®?, h € L*(R. )} is dense in L2(RY%) (see, e.g., [Flo97]).

Contractions and the Fourth Moment Theorem

For g € N, r € {1,...,q — 1} and hy, he symmetric functions with unit norm in
L?*(R,), we can define the rth contraction of h?q and h?q as the (non-symmetric)
element of L*(R%7"*") given by

WY @ hy? = (hiyho) o, by T @ hy T

Here again this definition can be extended (taking the closure in Lz(R?F)) to every
hi,hg in LZ(RY). We will denote the norm in the space L*(R%) as |-||,. We can
finally state the celebrated Fourth Moment Theorem, proved in [NPO5] by Nualart
and Peccati.

Theorem 2.2.3 (Fourth Moment Theorem). Fix g > 2, consider (h;)¢~o C L2(R%) and
assume that E[1,(h;)?] — 1 as t — oo. Then the following assertions are equivalent:
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* I,(ht) converges in distribution to a standard Gaussian N ~ N (0, 1).
* E[I,(h)}] — 3 = E[N*%], where N ~ N(0,1).
* ||ht @ hillgy o, = 0ast — oo, forallr=1,...,q— 1.

An important consequence of the previous result (in our framework) is the
following.

Theorem 2.2.4. Let B = (B,), g« be a real-valued continuous centered Gaussian field
on R% and assume that B is stationary and has unit-variance. Assume that D C R% is
compact with Vol(D) > 0. Recall the definition (2.1) of C. Fix also q > 2, recall the
definition (2.12) of Y, + and assume Var(Y, ;) > 0 for all t large enough. If we have, for
any r € {1,...,q— 1}, that

td

T /{ s COICWI O +y+ 2)11 drdyd= 235
q, u|<diam

converges to 0 as t — oo, then Yy ,//Var(Yy+) lay N(0,1) as t — oc.
Proof. Let us first write Y, ; as a ¢-th multiple Wiener-Ito integral with respect to B:

Yy, — /tD H,(By)dz — /tD H,y (W (ey))dz = /tD I,(29)dz = I,(f1y),

where

ft,q = / equ!E.
tD

Since by definition

ftq ®r ftq= /tD /tD C"(x — y)egqfre;?q*rd:pdy,

we obtain

||ft7q ®7' ft»q 3(1—27”
= / C(xl — xg)rC(.TQ — x4)rC($1 — $2)q—7‘
(tD)*
XC(.%'3 — :c4)q_rdx1dx2dx3dx4.

Applying the change of variable = = x5 — 1, y = x9 — x4, 2 = 21 — X2, a = x4 (Whose
Jacobian is equal to 1) and using the symmetry of C, we get that

[ft.q ©r ft,qﬂgq_% < Vol(D)

4 /{| o (D)t’g(x)’T‘C(y)’T\C(Z)\q_T\C(JJ+y+z)\q_’"dxdydz_

The Fourth Moment Theorem asserts that Y, ;/,/Var(Y;,,) converges in distribution
to N(0,1) if (and only if) [|ftq ®r frqlly, o, /Var(Yes) — O forallr =1,...,q
1. The desired conclusion thus follows from (2.35) and the previous bound for
| ft.q @7 ft,qlliq_gr- O
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2.3 Proof of Theorem 2.1.2 when R > 4 even

This section is devoted to the proof of Theorem 2.1.2 when R > 4 is even, which is
equivalent to say that % < % and R even. It represents the ‘easy’ part of Theorem
2.1.2.

To ease the exposition, we write in the following proposition the statement
obtained when, in Theorem 2.1.2, we suppose that % < % and R even.

Proposition 2.3.1. Fix d > 2, let B = (B,),cgra be a real-valued continuous centered
Gaussian field on R?, and assume that B is stationary, isotropic and has unit-variance.
Let ¢ : R — R be such that E[p(N)?] < oo with N ~ N(0,1), let R be the Hermite
rank of ¢ and consider Y; defined by (2.3), where D compact and Vol(D) > 0. Set
my = E[Y] and o, = /Var(Y;) > 0, and recall the definition (2.15) of the isotropic
spectral measure j and the definition (2.19) of wgr+:

WRt = / CE(2)dz.
{l=1<t}

If (2.20) holds, if R even and % < % (i.e. R > 4 and R even), then atQ = tdw}u and

Y_ A
LY N(0,1) ast — oo

Ot

The goal of this Section 2.3 is to prove Proposition 2.3.1. As we will see, it will
be a direct consequence of Lemma 2.3.2 and Proposition 2.3.3 below.

We start with Lemma 2.3.2.

Lemma 2.3.2. Let p and p be associated as in (2.16) and consider an exponent
g€ (0, %] If 7 s Pu(ds) < oo, then SUD,cR, P p(r)| < oo.

Proof. Since p(|z|) = E[ByB,] for all z € R?, we deduce from Cauchy-Schwarz that
|p| is bounded by 1, and thus sup,.c[o 71 °|p(r)| < oo for all fixed T > 0.
On the other hand, using the representation (2.16), we can write

0t = [ ot M5

But J4 , is bounded and satisfies J4_,(u) = O(u=1/?) as u — oo (see (2.25)). So
2 2

SUPycR, uP|bg(u)| < oo, and the desired conclusion follows. O

Now, let us state and prove Proposition 2.3.3, which may be of independent
interest.

Proposition 2.3.3. Let B = (B;),cra be a real-valued continuous centered Gaussian
field on R%, and assume that B is stationary and has unit-variance (note that we did
not assume isotropy and d > 2). Let ¢ : R — R be such that E[p(N)?] < oo with
N ~ N(0,1), let R be the Hermite rank of ¢ and consider Y; defined by (2.3), where
D compact and Vol(D) > 0. Set m; = E[Y;] and oy = \/Var(Y;) > 0, and recall the
definition (2.1) of the covariance C' and the definition (2.19) of wp .
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If R is even, if lim;_,oc wr = 00 and if

sup ]aﬁ\d/R‘C(:c)‘ < 00, (2.36)
z€R

then o? < twg and
Yi — my lay

— N(0,1) ast— oo. (2.37)

7

Proof. The proof is divided into several steps. Recall the definition (2.12) of Y ;.

Step 1. We claim that if R even, then
VRt = WRt, (238)

where vp; is defined by (2.29). To prove it, below we let ¢ > 0 denote a constant
independent of ¢ whose value can change from one instance to another. Using (2.29),
we have on the one hand

1 z
VRt = jt_dVar(Yth) = / C(z)RgD () dz
Rl {|2|<diam(D)t} t

< VOI(D)wR,diam(D)t < CWRt

where the last equality follows from the so-called doubling conditions at the origin
for non-negative positive definite functions (see [GT19]).

On the other hand, gp is uniformly continuous (in particular continuous in 0)

according to [Gall1l]. We deduce that gp (%) > Vol(D) — $Vol(D) = $Vol(D) for

all z € {|z| < dpt} for some ép > 0 depending only on D and for every ¢ > 0. As a

result,
/ C(2)%gp (Z) dz
{l=|<épt} i

1
§V01(D)wR,5Dt > CWR¢,

1 _
VRt = Et dVar(YRt)

v

Y

where the last inequality follows again from the doubling conditions proved in
[GT19]. The announced claim (2.38) follows.

Step 2. Since wg; — 00, it follows from Step 1 that t‘dVar(YR,t) — 00. More-
over, since (2.36) holds, we have that [, |C(z)|""'dz < co. Applying Proposition
2.2.2, we obtain that o7 = tdwR,t and also that (2.37) will follow if we prove that

Yri/y/Var(Yrs) — N(0,1).

Step 3. In this last step, we prove that Yr,/\/Var(Yr:) — N(0, 1), which will
complete the proof of Proposition 2.3.3, see the conclusion of Step 2. To do this, we
use Theorem 2.2.4, following the same approach as in [NPR19, Lemma 8.1]. Fix
a contraction index r € {1,..., R — 1}. Using the inequality v"v*~" < u® + v for
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u,v € Ry, we have

/{ < dam(DYy IC(@)["|CW)"IC()[FTIC(x + y + 2)| " dwdydz

2 / C@)"ICW)EIC( +y + )7 dedyd=
{|u|<diam(D)t}3

< CWrtWRIWR— 7t

IN

where the last inequality follows from the change of variable a« = =z + y + z and
doubling conditions in [GT19], and

Wyt = / |C(z)]%dz.
{lzI<t}

We deduce that (2.35) is bounded by

td 2 WRt

< @r,twR,t@R—r,t -0 (t_d'wr,twR—r,t>
VRt

where the big O comes from (2.38). We deduce from (2.36) that w,: = O (td_d%>
for ¢ < R. Using this last fact, we get

~ o~ _gr 3 JR—r
O tfdwmwpﬁr’t _ O t*dtd thd d R :O 1
WR,t WR,t WR,t

and then (2.35) converges to 0 as ¢ — oo. Therefore, the convergence Yz ;//Var(Yr;) —
N(0,1) follows from Theorem 2.2.4, and completes the proof of Proposition 2.3.3. [

We can now proceed with the proof of Proposition 2.3.1, that is, the proof of
d ~ d-1

Theorem 2.1.2 when R > 4 and R even (or equivalently, 7 < 5= and R even).

Proof of Proposition 2.3.1. If wr+ is convergent, then the result follows applying the
Breuer-Major theorem 2.1.1. So we can assume that wg; — co. Now, by comparing
the statements of Proposition 2.3.1 and Proposition 2.3.3, we see that we are left
to check that, if (2.20) holds with 4 < -1, then (2.36) holds. Since this is a
mere application of Lemma 2.3.2 with g = %, the proof of Proposition 2.3.1 is
complete. O

2.4 Proof of Theorem 2.1.2 when R = 2

This section is devoted to the proof of Theorem 2.1.2 when R = 2. It requires the
introduction of novel ideas with respect to the existing literature, mainly Fourier
arguments.

To ease the exposition, we write in the following proposition the statement ob-
tained when, in Theorem 2.1.2, we additionally suppose that R = 2 and | F[1p](x)| =

1

0 (m).
Proposition 2.4.1. Fix d > 2, let B = (B,),cga be a real-valued continuous centered
Gaussian field on RY, and assume that B is stationary, isotropic and has unit-variance.
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Let ¢ : R — R be such that E[p(N)?] < oo with N ~ N(0, 1), and assume that ¢ has
Hermite rank R = 2. Consider Y; defined by (2.3), where D compact and Vol(D) > 0.
Set my = E[Y;] and oy = \/Var(Y;) > 0, and recall the definition (2.15) of the isotropic
spectral measure . and the definition (2.19) of wg.

If | F[1p](z)| = O (W) as |z| — oo*, with F the Fourier transform, and if the
spectral condition holds

/OO sfg,u(ds) < 00 (2.39)
0

then o? < t%wq; and

Y, —
- lﬂ>NN(0,1) ast — oo.

7

Before proving Proposition 2.4.1 (which is the goal of this section), let us recall
the definition (2.12) of Y5, and let us state and prove some preliminary results. We
start with Lemma 2.4.2, reformulating in a spectral form the norm of the contractions
introduced in section 2.2.4. Note that the following result has an analogous version
for a general rth contraction in the case Y, ;, but we skip this unnecessary extension
for the sake of brevity.

Lemma 2.4.2. Let B = (B;),crd be a real-valued continuous centered Gaussian field
on R%, and assume that B is stationary and has unit-variance (note that we did not
assume isotropy and d > 2). Assume that D C R% is compact with Vol(D) > 0, recall
the notions introduced in section 2.2.4 and write

Y2,t = /D Hg(Bz)dx = I2 (ft) 5
t

where

fi = / e®?dzx.
tD
Recall the definition (2.1) of C and define

Cy(u) := C(u)1{jy/<diam(py}(u), t>0, ue€R? (2.40)
and for D c R? compact
Di(u) :==tD N (tD +u), uecRY (2.41)

Finally, recall the definition (2.14) of G. Then

) 2
o1 sl = [ Gldo) [ anFCia =) [ Cuw)e™) F [1p, 0] (r)duf242)

where F is the Fourier transform, and

Co(w)e ™ F [1p, | (m)dw = | FIC)(@ = 2)F[Lin)(y — 2)F[Lip](2)dz.

Rd Rd
(2.43)

*Since we assumed D to be compact, this happens for example when D = D and D is smooth
with non-vanishing Gaussian curvature, see e.g. [BHI03].
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Proof. Proceeding exactly as in the proof of Theorem 2.2.4, we have

ool = [ Clar—a)Cle — 2l - 22
(tD)*
XC(l‘g — l‘4)dl‘1dﬂ?2dl‘3dl‘4.
Applying the change of variable u = 1 — 3, v = £3—x4, W = T4 — 2, 2 = T2 We have:

To=2, T4 =wW+To=w+z,23=v+x4 =v+w+zandzy = u+tz3 =ut+v+w+z.
Then

If: @1 fill?

= | C(u)C(v)C(w)C(u+ v+ w)

X (/ Lip(z)Lip(w+2)Lip(v+w+2)Lip(u+v+w+ z)dz) dudvdw
R4

= [, CCOO@)Cu+v+w)

X (/ L,p(2)Lip(—w+ 2)Lip(—v —w+ 2)Lip(—u —v —w + z)dz) dudvdw
R4

= |, CCEC@0C(u+v+w)

X (/Rd 1tDﬂ(tD+w)ﬂ(tD+w+v)ﬂ(tD+u+v+w)(z)dz> dudvdw

_ /R Cow)Co(0)Co(w)C (4 v + )
xVol((tD —w)NtD N (tD +v) N (tD + u + v))dudvdw,

where in the last equality we used the translation invariance of the Lebesgue measure
(subtracting w) and the definition (2.40), justified by the fact that tD N (tD + a) is
empty when |a| > diam(D)t. Now recall the definition (2.41). We have

If: @1 £l

— /de Cy(u)Cy(v)Ci(w)C(u + v + w) Vol (Dy(—w) N (Dy(u) 4 v)) dudvdw

= N Cy(u)Cy(v)Ci(w)C(u + v + w) (1Dt(—w) * I,Dt(u)) (v)dudvdw,
R

where in the last expression we used that
Vol (D (—w) N (Dy(u) + v))

= / 1, () () Lpy) (2 = 0)d2 = (1p,(cuy * 1_pyw)) (V).
Rd

Now, using the spectral representation (2.14)

Clutv+w)= / e Tt vt ) (dy),
R4
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we have that

| f+ @1 ftHg (2.44)
= G(da:)/ dudwCi(u)Cy(w)e @t / TV Oy (v)
Rd R2d Rd
X (1Dt(—w) * 1—Dt(u)) (U)dU.

Fix 2, u and w, and let us focus in (2.44) on the integral with respect to v. Using the
properties of the Fourier transform F with respect to convolution and products, we
can write

/R I C0) (A, * 1 py () W)dv = FICr - (L, * 1-py)] (@)
= (FIC) * FLpy(-w) * 1-pyw)) (@) = (FIC] * (Fllp, ) F1-p,w))) (@)

= e FlCJ(z — y) FLp,(—uw)l () F1_p, )l (y)dy.

Putting everything in (2.44), we get
If: @1 fill5 = / G(dx) / dudwCy(u)Cy(w)e @ vt (2.45)
Rd R2d
< [ FICile = D F Lo, o)) FIL ] )
Exchanging integrals in (2.45) yields

If: @1 fill?
— [ G(ax) / Ay FIC(x — )
R4 R4

< ([ dwCi(w)e ™ Flip, )] ([ duCilu)e @ Fl1_p,w))
(. )(L )

2
o Co(w)e! ) F(1p, ()] (y)duw

)

- [ 6taw) | avFicie—y)

which is exactly (2.42). Now, let us focus on the term fRd Ct(w)e”x’w}' 1 Dt(_w)] (y)dw
in (2.42). Using again basic Fourier analysis and Fubini theorem, we obtain

» Cy(w)e ™) F[1p, (_yl(y)dw = y Colw)e ™) F 1, Lo ] (y)duw
_ w ei(m,w> . ., o (2)de N
= Rdct( ) </Rd]:[1D](y )]—‘[1[) ]( )d>d
= 9 Ct(w)ei<:c,w> (/Rd Fl1p)(y — Z)f[ltD](Z)ei<w,z>dZ> du

~ [ Fuwlty - 27l

= [ FlCil(z — 2)F[Lipl(y — 2) F[Lip](2)dz,

Ct(w)e“z_z’wdw) dz
R4
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which is exactly (2.43). ]

Lemma 2.4.3. Fix d > 2, let B = (B,),cpa be a real-valued continuous centered
Gaussian field on R%, and assume that B is isotropic, stationary and has unit-variance.
Assume that D C R is compact with Vol(D) > 0. Recall the definition (2.1) of C, the
definition (2.14) of G, the definition (2.19) of w4, the definition (2.40) of C; and the
definition (2.41) of D;(u). If the spectral condition (2.39) holds, then

2
T F[C(z — L (w)e @) F —w w
R G(d )/lfr oI lel/2 dy| FIC( y)| ‘/Rdc (w) [1Dt( )](y)d

< const w3/ 2 24,

Proof. First, call

2

= T (T — t(w et@w) —w w
= Lo [ wiFGle | [ e F )

Using polar coordinates, we can write

. diam(D) '
FC(x) = / C(u)ez<x’u>du _ td/ dT‘p(T‘t)T‘d_l / cirt@8) 49,
{|u|<diam(D)t} 0 gd—1

Thanks to (2.17)-(2.18) and (2.25) we have for |z| > 1

; t
‘/ em’e)dé" = const ]a:\lfg Jgil(‘ﬂfD‘ < const|:1:]1*g\x|*% < const,
gd—1 2 |$’
We deduce
t diam(D) t diam (D
FlCi@] <t | \<>|f viEl) ety
t dlam(D)t _ t oa diam(D)t
Coni $a-1 ; |p(r)|r%dr < Coni‘ tT /0 p?(r)ri=tdr
const d—1 1/2 const d-1 q1/9
= |l‘| z Rdlam(D)t — |J}’ z Wt

where the last inequality follows from the doubling conditions in [GT19]. With this
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estimate, we have that I satisfies:

1 < [ G / dy | F[Cil(z — )|
Rd y—x|>|z|/2

2
X

/Rd dth(w)e“x’w}—[lDt(fw)](y)

= G(d
const-t%w}%/? ( a:)/ dy
’ R4 |x‘ R4

2

IN

| awCiw)e = Fl1p, o))
a1 172
= const-t 2 th/ dudwCi(u)Cy(w)
7 JR2d

G(dz)
) ( } (m) <>> [ A Lol 0)F 1))

:=C(u+w)

IA

const.tdglelﬁ/ dudw|Cy(u)Cy(w)C (u 4 w)|
R2d

x1/Vol(tD 1 (¢D + w))y/Vol(tD N (tD +u))

< const - ¢29~ /2/ dudw|Cy(u)Cy(w)C (u + w)],
R, R2d
where in the third inequality we used Cauchy-Schwarz inequality and Plancherel
theorem.
Recall now that [, \:c\_%G(dw) = fooo s_%u(ds) < oo by assumption, see (2.39).
G(d’\), see (2.14), and the associated

VIl
(ds)

isotropic spectral measure is ji(ds) = N Since fo s~ 2u (ds) = [;°s -5 a(ds) <

By definition, the spectral measure of C' is

oo, we deduce from Lemma 2 3 2 that sup,cp, =n |p( )| = sup,cpa |u] 2 \C( )| <

oo, that is, C'(u) < const [u|~“Z" . Using the inequality |ab| < a + b, this yields

I < const'tgd_éwll%/f/ dudwC?(u)|C(u + w)|
" J{|ul,lw|<diam(D)t}

1/2

3 1 —
< const - ﬁd_in,tmeam(D)t C(z)|dz

/{|z|§2diam(D)t}

2diam(D)t
34_1 3/2 d-1 2
< const - t2% 2w3/t / r 2 dr = const - thwi’%/t
0

where in the last inequality we used again doubling conditions in [GT19]. O

Lemma 2.4.4. Let B = (B,),cra be a real-valued continuous centered Gaussian field
on R%, and assume that B is stationary and has unit-variance (note that we did not
assume isotropy and d > 2). Assume that D C R is compact with Vol(D) > 0. Recall
the definition (2.1) of C, the definition (2.14) of G, the definition (2.19) of wy, the
definition (2.40) of C; and the definition (2.41) of D(u). If | F[1p](z)| = O (III%/Q
|z| — oo®, with F the Fourier transform, and if the analogous of the spectral condition
(2.39) holds (note that here the isotropic spectral measure p is not defined, because B is

) as

>Since we assumed D to be compact, this happens for example when D = D and D is smooth
with non-vanishing Gaussian curvature, see e.g. [BHI03].
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not necessarily isotropic, but G is defined)
d
|z|"2G(dx) < o0,
Rd

then

2
G(dz FC(z — L (w)e ) F —w w
R (dz) /y|2|z|/2 dy|F[Ci]( Y| ’/]Rd Ci(w) [1Dt( )](y)d

3/2
< const wQ/t £,

Proof. First, by (2.43) in Lemma 2.4.2, we can write

2
I7I: = dx dy|F|Ci|(z — (w)e"™ ) Fl1p, dw
' R4 <t )/|y>|x/2 w7l =) ’/Rd Clw) 100 l(3)

= G(dx)
R4

/ dy| FICi(x — y)| \ / FIC)(@ - 2 F[Lipl(y - 2)FLip)(2)dz
ly|>|x|/2 R4

Using Cauchy-Schwarz inequality two times (first with respect to y, then with respect
to z) and then Plancherel theorem, I7 satisfies, with ||-||, the L?-norm:

1 < |FiGl, [ 6l

/R d=FIC(x = 2)FLn)(y — 2)FLeo)(2)

< IFCl, [ Glan)
o\ 1/2
4 2 2
S ( [ Al FCHE [ = Fo =) ol o) )
1/2
_ 3 - 2, 2 2
- el | e >( [ ol « ) <y>\)
1/2
< IFicl [ G(dx>( sup \ﬂlm1\2*rﬂ1m]|2<y>>
R4 ly|>x[/2
1/2
([ |10l el )]
<

1/2
IIf[CdH%/Rd G(dx) ( sup [F[1ip][* If[ltD]l2(y)>

ly|>x]/2

< ([ 1Fnlwr )

1/2
= const - t4|| F[Cy]||5 /Rd G(dx) < sup | F[1;p]|* * | F[Lep]|? (y)) )

ly|>|x|/2
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where the last inequality comes from Young convolution inequalities and the last
equality from Plancherel theorem.

Since by assumption |F[1p](x)| = O (W) as |z| — oo, in particular

sup,epd |2|%2|F[1p](x)| < co. We deduce, for all ¢ > 0 and all y € R?, that
[FLenl(y)]* = | F1p](ty)|* < const t]y| ™.

This implies

sup [ F[Lp]* * [F[Lp]* () = sup

/Rd IFILp]l? (y — 2) |F[Lip]? (2)dz

ly|>|| /2 ly| >l /2
td
< comst- - sup / FLp] (y — 2)dz + / FlLp]? (2)dz
2| 11> Jel/2 |/ 1212214 ly—z|>|z|/4
td 9 2d
< const - W/Rd |F[1:p]|” (2)dz = constw.
We deduce that
G(dx)
IT < const- 2| F[Cy |3 Tl
_ 2. 3/2 G(dx) 0a 3/2 [ G(dx)
= const-t wR,diam(D)t/Rd TUWZ < const - t*wp ; et 42

where the last equality comes from Plancherel theorem and the last inequality from
doubling conditions in [GT19].

Since [pq |x|_%G (dr) < oo by assumption, our bound for /7 is

2d, 3/2
II < const-t Wpy-

and the proof is concluded. O
Now we can proceed with the proof of Proposition 2.4.1.

Proof of Proposition 2.4.1. First, we assume without loss of generality that wy; — oo,
since otherwise the statement follows from theorem 2.1.1. Moreover, throughout all
the proof we freely use that vy ; =< wo,, see (2.38).

Starting from now, the proof is divided into three steps.

Step 1: Reduction of the proof. We claim that it is enough to check that
Ya:/4/Var(Ya;) — N(0, 1) in order to prove Proposition 2.4.1. Indeed, since (2.39)

holds and given that ¢ > 421, we deduce from Lemma 2.3.2 that sup, cp N {r% p(r)} <
oo. Proposition 2.2.2 implies the statement on ¢? and justifies that we are left to
prove that Y5,/,/Var(Y;) — N(0,1).

As done in the proof of Proposition 2.3.1, in order to prove the convergence
Y2:/y/Var(Yas) — N(0,1) we make use of the Fourth Moment Theorem ([NP12,
Theorem 5.2.7]); this requires checking that the only involved contraction goes to
zero. To do this, we will use the novel ideas from Fourier analysis introduced in
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Lemma 2.4.2, Lemma 2.4.3 and Lemma 2.4.4.
As in the proof of Theorem 2.2.4, we can first rewrite Y5 ; as a double Wiener-Itd
integral with respect to B:

Yg,t = Ig(ft), where ft = / ef?zdx,
tD

with e, such that B, = I;(e,). We know from the Fourth Moment Theorem stated in
section 2.2.4 that Y5, /,/Var(Y>;) — N(0,1) if and only if || f; @1 f¢|, /Var(Ya,) — 0.

Step 2: A two-term error bound for the norm of the contraction. Here we apply
Lemma 2.4.2. Noting that for z,y € R? either |z — y| > |z|/2 or |y| > |z|/2, we
deduce from (2.42) and (2.43) the following two terms error bound:

I ®1 i3

2
G(dx FlC(x — w)e T I _ w
< /Rd (dz) /x_y|>x|/2 dy | F[C( )l ’/]Rd Ci(w) [1Dt( w)](y)d

2

T (x — L (w)et®w) —w w
w6t [ alFCHE | [ e FlLn )

=I+1II.

Step 3: The norm of the contraction divided by the variance goes to 0. To conclude
the proof of Proposition 2.4.1, we will now check (see the conclusion of Step 1) that
| fr @1 ftll /Var(Ya,.) — 0. From (2.38), we have

Var(Ya,) < tYwp. (2.46)

We deduce from Step 2, Lemma 2.4.3 and Lemma 2.4.4, that

3/2
w < const - ad L2 = const - ——
< 2 ’
Var(Y2+)? Wh wll%/,?

and the right-hand size goes to 0, since we assumed at the beginning of the proof
that wy; — oo. O

2.5 Proof of theorem 2.1.2 when R =1

This section is devoted to the proof of Theorem 2.1.2 in the remaining cases, namely
¢ non-odd, R =1 and R’ # 3.

To ease the exposition, we write in the following proposition the statement
obtained when, in Theorem 2.1.2, we additionally suppose that we are in the cases
just mentioned above.

Proposition 2.5.1. Fix d > 2, let B = (B,),cgra be a real-valued continuous centered
Gaussian field on R%, and assume that B is stationary, isotropic and has unit-variance.
Let ¢ : R — R be not odd and such that E[p(N)?] < oo with N ~ N(0,1). Assume
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¢ has Hermite rank R = 1 and let R' > 2, R’ # 3, be its second Hermite rank.
Consider Y; defined by (2.3), where D is compact and Vol(D) > 0. Set m; = E[Y;] and
oy = /Var(Y;) > 0, and recall the definition (2.15) of the isotropic spectral measure i,
the definition (2.12) of Y, and the definition (2.19) of wq ;. Assume that the spectral
condition holds

/OO s~ (ds) < oco. (2.47)
0

and that |F[1p|(x)| = o (m%/?) as |x| — oo ©, with F the Fourier transform. Then

o | ttwryy  ifR €{2,4}
o = d . /
t ifRF>5
and
Y — My law

— N(0,1) ast— oo.
Ot

Proof. Set p(x) = ¢(x) — agp — aix. By the very definition of R’, the function ¢ has
Hermite rank R'. Let us define

oo
Y, = / P(By)dx = Z Yo =Y, —ElY}] —a1Y1, (2.48)
tD q=R'
and its variance

67 = Var(Y;) = > aVar(Yyy) = o} — aiVar(Y1,). (2.49)
q=R'

The proof is divided into two steps.

Step 1: CLT for Y;. We claim that 57 =< t%wg , and

v _
LY N(0,1) ast — oo (2.50)

Ot

First of all, observe that (2.47) implies (2.20) for R’ > 2. Moreover, note that we can
have three different situations:

* If R > 5, then by (2.47) and Lemma 2.3.2 we have sup,cp, r%|p(r)| =

supycrd [u] T |C(u)] < 00, C € LE (R?), and the claim follows immediately by
Theorem 2.1.1 and the fact that ¢ is not odd.

» If R’ = 4, then the claim follows by Proposition 2.3.1.

« If R = 2, since |F[1p](z)| = o(ﬁ) as |z| — oo implies |F[1p](z)| =

O (W) as |z| — oo, then the claim follows by Proposition 2.4.1.

5Since we assumed D to be compact, this happens for example when D = D and D is smooth
with non-vanishing Gaussian curvature, see e.g. [BHI03].
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Step 2: CLT for Y;. We claim that oy ~ 7; as t — oo and

Y, —my g ?
Ot Gt
The proof of Proposition 2.5.1 thus follows as soon as these two claims are shown to
be true. From (2.22) we have

E

— 0. (2.51)

G(d))

G [EN Y FLD] (M)

t~War(Y14) = const/
R4

Then, combining (2.47), dominated convergence theorem and the fact that | F[1p](x)| =
0 (m%/g) as || — oo, we have that Var(Y; ;) = o(t%) as t — occ. Since in Step 1 we
proved that 57 =< t? or 67 =< t%wpg;, we have by (2.49) that ; ~ 0. It remains to
prove (2.51). By orthogonality of chaotic projections we have

S 2
Yi—m Yy
J¢ 31&
Since Var(Y;+) = o(t%), the first addend converges to 0. On the other hand, the
second term vanishes because 5; ~ o; as t — oo.

E

Var(Y; G 2
~gYuli (3

Var(Y;)

2.6 An example of application of Theorem 2.1.2

In this section, we illustrate a possible use of Theorem 2.1.2. In order to introduce
our class of fields of interest, recall the definition of the Bessel function J,, given in
Section 2.2.2 and define, for every v > 0, the normalized Bessel function function
pv 1 10,00) — Ras

Ju(r)

TV

pu(r) = cu

)

where ¢, is chosen so that p,(0) = 1.
Note that ps_, is equal to the function b; defined in (2.18), and in particular
poZbQZJowﬁendZZ
Throughout this section, we define the Bessel Gaussian field of order » and
dimension d as the real-valued continuous centered Gaussian field BY = (BY),cpa
with covariance function
E[BYBY] = p,(|z — yl).

In particular, d-dimensional Berry’s Random Wave Model is defined as the Bessel
Gaussian field of order % — 1 and dimension d.

The existence of the Bessel Gaussian field of order v and dimension d > 2 is
neither obvious, nor always true. The following result provides a complete picture,
and also shows that d-dimensional Berry’s Random Wave Model appears to be the

critical case for the existence of the Bessel Gaussian field.
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Proposition 2.6.1. Fix d > 2 and v > 0. There exists a Bessel Gaussian field B¥ =
(BY),cra of order v and dimension d if and only if v > ¢ — 1. In this case, the isotropic
spectral measure associated to B (see (2.16)) is

gy d .
(as) = { Cows" A=) Honds - fr>s -1 (2.52)
51(d$) I:fV =3 = 1

where cq,, > 0 is chosen so that y, is a probability measure.

Proof. Observe that p, has representation

24y
pu(r)=cy JT( r) = const X Z ';—; _125/ —i—/li))
Combining this representation with [GMO18, Proposition 2.2], one has that p,, is not
positive definite when v < % — 1, showing that the Bessel Gaussian field does not
exist in this case.

The statement for the critical case v = % — 1 immediately follows from (2.16)
and (2.18), after observing that pd_y = by-

For v > % — 1, one can actually check that y, given in the statement is the

distribution of the square root of the Beta random variable 3(%,v — 4 + 1). Then,
using Fubini and b; = ps_, we have
2

1 1 /o0  1\k
[ oot = ot [ (32 VR 00
B o0 kT d/2) 2k 1
= constz k+d/2 7 (> /0 . (dr)

(v+ 1) (=1)F /t\%
= COnSt Z m <> = py(t)7

where the second-last equality comes from the fact that the £-th moment of a random
variable B(4,v — 4 + 1) is

I'd/2+k)I'(v+1)

rd/2)T(v+k+1)

This means (see (2.16)) that p, defines a Bessel Gaussian field when v > %l — 1 and
that its spectral measure is y, as defined in the statement.

The fact that any Bessel Gaussian field is continuous can be proved using standard
results, see e.g. [AT07, Theorem 1.4.1]. O

Now let us apply our Theorem 2.1.2 to the Bessel Gaussian field with parameter
v > 4 — 1 and dimension d > 2.
Corollary 2.6.2 (Spectral CLT applied to BY). Fix d > 2 and v > % — 1. Let
BY = (BY),cra be a Bessel Gaussian field on R%. Let ¢ : R — R be not odd and such
that E[p(N)?] < oo with N ~ N(0,1), let R be the Hermite rank of ¢ and consider Y;
defined by (2.3), where B = BY and D is compact, Vol(D) > 0. Set m; = E[Y;] and
= /Var(Y;) > 0. If R = 2, assume that | F[1p](z)| = O (lx%m) as |z| — oo. Then,
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if R =2 or R > 4, we have that 0? < t%wg, and

Y, —
LY N(0,1) ast — oo

Ot
Proof. Using standard asymptotics for Bessel functions (see e.g. [Kral4]), one has

cos(r — ay) 1
pu(r) = e Y O (r”+3/2> as r — 0o

for some constants ¢, and a,. Then, it follows that

2t d1 2t dr
qpd=1g. _
/0 lpy ()97 dr = O /1 P ast — oo.

Since v > % — 1, when R > 5 we have that |p|?(r)r?~! is integrable, and the result
follows by Breuer Major Theorem 2.1.1. For R = 2 and R = 4, the result follows by a
direct application of Theorem 2.1.2, since the negative moment of order d/R of p,
exists for every d > 2 and R > 2. O

Remark 2.6.1. For simplicity, in the previous statement we did not consider all the

cases which can be solved applying our Theorem 2.1.2. For example, the spectral

condition (2.20) for R = 1 is not verified by u, if v > % — 1, but holds in the

d-dimensional Berry case v = % — 1. Moreover, relying on a slight variation of the
proof of Proposition 2.5.1, it would have not been very difficult to also cover the

non-critical cases where v € [g -1, % - %) We skip the details for the sake of brevity.



CHAPTER

Fluctuations of polyspectra in
spherical and Euclidean random
wave models

This chapter contains the paper [GMT24], "Fluctuations of polyspectra in spherical
and Euclidean random wave models", written in collaboration with Francesco Grotto
and Anna Paola Todino. Electron. Comm. Probab. (2024), 29, 1-12.

3.1 Introduction and Main Results

A Random Wave model (RW) can be defined as a random field on a Riemannian
manifold given by a random linear combination of eigenfunctions of the Laplace-
Beltrami operator at a fixed frequency, or within a small frequency bandwidth. The
study of such stochastic objects dates back to the works of Berry and Zelditch [Ber77;
Zel09] and it is now a well-established area of research, in which properties of nodal
sets of RWs and the comparison with their deterministic counterpart have garnered
significant focus (cf. [Wig23] for a recent survey). In homogeneous spaces such as R¢,
the hypersphere S¢ or the hyperbolic space H¢ (cf respectively [GP23; MN24; MP11]
for specific discussions), RWs also appear naturally in the spectral decomposition
of isotropic Gaussian random fields, that is Gaussian fields whose law (thus, its
covariance function) is invariant under isometries of the underlying manifold, as
detailed in [CL12].

In this note, we focus on Gaussian RWs on Euclidean space R¢ and on the
(hyper)sphere S¢ ¢ R**!. Our main result, Theorem 3.1.1, establishes asymptotics

67
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for (variances of) polynomial transforms of those RWs. In particular, we complete the
high-frequency asymptotic description of the so-called polyspectra, that is integrals
of Hermite polynomials of the RWs on fixed space domains: the case of Hermite
polynomials of large odd order was left as a conjecture on hyperspheres in [MR15;
MW14] and was not discussed in works (such as [MN24; NPR19]) in the Euclidean
case (see Remark 3.1.3 for a precise comparison with previous results). Polyspectra
constitute the elementary objects in the Wiener chaos decomposition of functionals
of Gaussian RWs, therefore their asymptotics play a crucial role in the Wiener chaos
approach to limit theorems.

In order to prove Theorem 3.1.1 we will exploit a peculiar relation with uniform
random walks on Euclidean space, and the well-established theory of those random
processes. To some extent, this resembles a connection with short random walks
considered in the case of random spherical harmonics in [MP08; MP10].

Notation

We regard the d-dimensional sphere S% = {z € R%*! : |z| = 1} as an embedded
manifold of codimension 1; we denote by o, the induced volume measure and by
wg = 04(S?%) = 2x(d+D/2 )1 (%) the total volume. The geodesic distance on S¢ is
given by d(z,y) = cos~!(z - y), = - y denoting the canonical scalar product in R%*+1.

We denote by BY (x, R) C R? the ball of radius R in R? centered at the point z.
When the context allows it, we lighten notation omitting dependencies, writing for
instance Bp to denote a ball of radius R whose center can be chosen arbitrarily. The
same applies to geodesic balls B3 (z, R) C S%. The symbol y 4 denotes the indicator
function of a set A.

The symbol C' denotes a positive constant, possibly differing in any of its oc-
currences, and depending only on eventual subscripts, as in C, ;. Landau’s O and
o symbols have their usual meaning, with constants involved in upper and lower
bounds depending again only on eventual subscripts, as in O, (1).

3.1.1 Random Wave Models

Berry’s model, that is the RW model on Euclidean space R?, is the centered Gaussian
random field Uy (z), A > 0, 2 € RY, with covariance function

E [Ux(2)Ux(y)] = ja(Nz —yl), 2,y €RY, (3.1

where j, is (a multiple of) the Fourier transform of the volume measure o4_; of S%~1,
regarded as a generalized function on the ambient space R¢,

1 -0 v12¥ d
w0gsy 1(0) = 2 J(jz—y|), v=rvi=—c—1, (3.2
T o) = A v == 51, 02

Ja(|z]) =

J,, being the Bessel function of first kind and order v. In particular, ja(r) = Jo(r)
and js(r) = sinc(r) = % Notation v = d/2 — 1 will remain valid throughout the
paper.

The Gaussian field U, is named after M. Berry, who introduced it in order to
describe local behavior of high frequency eigenstates in quantum billiards [Ber77;
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Ber02]. It arises as a central limit of random linear combinations of planar waves on
R4 of the form

N
\/>Zcos Az -yi+¢i), zeRi N = oo,

with the y;’s and ¢,’s being i.i.d. uniform random variables respectively in S~ and
[0,27] (¢f [Ber02; NPR19]). Samples of U, are themselves smooth \?-eigenfunctions
of the Laplace operator.

Random (Hyper)Spherical Harmonics, that is the RW model on the sphere S,
consist in the centered Gaussian random field 7;(z), £ € N, 2 € S¢, with covariance

-1
l
:V> PV (cosd(z,y)) z,y€ S (3.3)

E [Ty(2)Ty(y)] = Gae(cosd(z,y)) = (
where G, ¢ is the normalized Gegenbauer polynomial of degree ¢ (see [Sze39, p. 4.7]),
the right-hand side providing an alternative representation in terms of Jacobi poly-
nomials. This random field can be regarded as the analog of Berry’s model on R¢.
Indeed, the role of Euclidean planar waves is played on the sphere S? by hyperspher-
ical harmonics, that is Laplace-Beltrami eigenfunctions

Vemabmer, .y © C®(SY), LeN, AgaVipma+l(l+d—1)Yma=0,

forming a complete orthonormal basis of L?(S¢, o4), spanning at each fixed ¢ € N
a distinct eigenspace! of dimension 7 4 = 2e+21 L (Hd 2) The Gaussian field 7} has
the law of a random superposition of waves at a fixed wavenumber:

Ne,d

Ty(x) ~ > agmaYema(z), @€ s

m=1

with {ag7m7d}7$ﬁ1 being i.i.d. Gaussian variables N (0, wq/n¢,4). The index ¢ parametrizes
the spectrum of Laplace-Beltrami operator on S¢ through ¢(¢ 4 d — 1), thus in the
limit / — oo it plays the same asymptotic role of A\ — oo in the Euclidean setting,
where \? is the eigenvalue of the wave z — "7,

3.1.2 Polyspectra

Relevant geometric functionals of U, such as the (d — 1)-dimensional volume of the
nodal set {U), = 0}, depend in general also on derivatives (i.e. the gradient) of the
random field. However, already in the case of integral functionals of the form

Fy = / F(Ux(z))dz, F:R—R,A>0,DcR? (3.4)
D

(and the analog for spherical RWs on measurable subsets D C S¢) the description
of the asymptotic behavior as A — oo is not trivial, essentially because covariance

In fact, the arbitrary choice of an orthogonal basis of the eigenspace relative to £(¢ + d — 1) is
irrelevant in our scope.
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functions do not satisfy integrability conditions allowing direct applications of basic
results (e.g. [BM83]), and they oscillate between positive and negative values.

Remark 3.1.1. The covariance function (3.1) depends on \|x — y|, therefore the high-
frequency limit for functionals of the form (3.4) is equivalent to a (fixed-frequency)
large domain limit. Indeed, the random fields B)(-) ~ B;(A-) have the same law, and
thus integral functionals

1
/ FO)r ~ 55 [ F(O (@),
D AD
are also equidistributed. There is no equivalent infinite-domain limit on the compact
S,

Since the RWs we consider are Gaussian random fields, functionals of the form
(3.4) can be studied considering their Wiener chaos expansion. Hermite polynomials,
H,(t) = (=1)"¢™(t)/o(t), n € N, form an orthogonal basis of L*(R, ¢(t)dt), ¢
being the p.d.f. of the standard Gaussian variable. If F' € L*(R; (x)dz), the Wiener
chaos decomposition of F) is given by (cf. [NPR19])

K=Y 5 [ rot@e0d) ([ o)) .

q=0 ¢

The stochastic terms [, H,(Ux(x))dz in the decomposition are called polyspectra:
Fourth Moment Theorems —by now a standard tool in Gaussian analysis, c¢f. [NP12]-
allow to deduce Central Limit Theorems for single polyspectra and functionals of the
above form as A — oo, provided that asymptotics of variance and fourth cumulants
are available.

3.1.3 Variance Asymptotics

For d,q > 2, R > 0, we will write:
Vr(q,\) = Var ( / Hq(U,\(x))dx> . A>0,
BE(zo,R)
Vir(q,0) = Var (/ Hq(Tg(x))dad(x)> , (eN.
BS($07R)

Remark 3.1.2. The case ¢ = 0 needs no discussion. As for ¢ = 1, it turns out that
both VfR(l, A) and Vd*?R(l, ¢) have an oscillatory behavior as A\, ¢ — oo and they can
vanish (see respectively [MN24; Tod19] in the two geometrical settings). Anyways,
when ¢ = 1 the polyspectrum is a Gaussian variable, and the study of its variance is
simpler, so we will omit that case in our discussion.

Our main result is the following:

Theorem 3.1.1. Let d,q > 2, R > 0. There exist finite positive constants cg such that:
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* (Euclidean) as A\ — oo,

A q=2
V(g A) = clglwawa 1 RN (1 + 040(1)) - { A2 log(A) g =4,d =2 ,
A all other d > 2,9 > 3
* (Hyperspherical) as { — oo, if R € (0, ),
A q=2,
Vior(a:0) = calwi—10a(BR)(1 + 0ga(1)) - { €2 log(t) q=4,d=2,
¢ all other d > 2,q > 3,

and when R = w (that is in the case of polyspectra obtained integrating over the

whole S%),
A q=2,
(~2log(t) q=4,d=2
VS,r 7. 0) = 2¢%q\wi_1wa(l + 044(1)) - ’ ’
n(06) = 2eq@lwa-rall + 0gall)) -4 g,¢ both odd,
=4 all other d > 2,q > 3.

The proof of Theorem 3.1.1 is the content of the forthcoming Section 3.3.

Remark 3.1.3. Let us clarify the relation of Theorem 3.1.1 with the previous litera-
ture.

* (Euclidean case) [NPR19] proved the result in dimension d = 2 for even
g > 2 and upper bounds for odd ¢ > 3, for integration domains D C R? with
boundary of class C''; [Not21] generalizes the discussion to arbitrary d > 2
and even ¢ > 2; for d > 2 and even ¢ > 2 [Mai24] considers compact domains
D c R? with finite perimeter, treating the larger class of weakly stationary
random fields and establishing asymptotics for covariances of functionals;

* (case of S%) [MW11; MW14] proved the above asymptotics on the whole S?
(case R = 7) leaving as an open problem the positivity of cg for odd ¢ > 5;
[Tod19] discussed the case R < 7 for ¢ = 2 and provided upper bounds for
larger g > 3;

e (Hyperspherical case) concerning polyspectra over the whole S¢ (R = 7), in
larger dimension the above asymptotic was established for all even ¢ > 2 in
[MR15] and for ¢ = 3 [Ros19], leaving positivity of cg forodd ¢ > 5 as a
conjecture (see [MR15, p. 2386]).

The remainder of this note is organized as follows. Section 3.2 details the relation
between variance of polyspectra and the density of uniform random walks, and
introduces results on the latter that we can exploit to control the former. We prove
Theorem 3.1.1 in Section 3.3.
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3.2 Pearson’s Random Walk

Let X4, n =1,2,... denote the uniform random walk on RY, that is
Xd=Uf+-- -+ U,

with (Uf)ken a sequence of i.i.d. uniform random variables on S?~' C R%. The
stochastic process X¢ is known as Pearson’s Random Walk, because of a very early
mention in [Pea05].

Much is known on Pearson’s random walk: in particular, its distribution and
moments for a small number of steps n are of interest in Number Theory because of
their relation with Mahler measures. We can thus rely on the series of works [BSV16;
BSW13; Bor+11; Bor+12], to which we refer for a comprehensive background on
the matter and the related literature.

The basic result on the distribution of X,, for small n is a representation formula
for the p.d.f. dating back to the seminal work [KIu06].

Lemma 3.2.1 (Kluyver’s Formula). For n > 2 the law u& of X¢ is absolutely continuous
with respect to Lebesgue’s measure on R? and its density is a radial function, i.e.
pg(dz) = fi(|lzl)dz with fi(|I-]]) € L*(R).

The (Euclidean) distance from the origin HXgH is absolutely continuous with respect
to Lebesgue’s measure on (0, 00), and its density is given by

oo
pl(r) = (V,)lu /0 (1Y ja(tr)gat) e, 7 >0, v=2 1.

To be precise, the integral in Kluyver’s formula has to be regarded as an improper
integral that either converges to a non-negative number (for large enough d, n even
absolutely) or diverges to +oco (see Remark 3.2.2 below). We refer to [BSV16,
Theorem 2.1] for a proof of Lemma 3.2.1 and a thorough general discussion. Let us
note that f' and p¢ are related by

Wit /S Td—lf;l(r)dr = / ug(dx) =P (Xg € Bs> =P (||Xg|| < S) = /S pg(r)dr.
0 Bs 0 (3.5)

3.2.1 Random Walks and Polyspectra

Before we outline further properties of Pearson’s random walk to be used in the
last Section, let us explain heuristically how one is led to consider this apparently
unrelated object in studying RW’s polyspectra. The following computation concerns
the Euclidean case only, and has no direct analog in the case of hyperspherical RWs.
Nevertheless, in the high-frequency limiting regime the Euclidean and hyperspherical
RW models turn out to exhibit the same behavior. It holds

VE(. ) = ¢ / / Ja\z — yl)idady,
Br JBg
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since j4(Alx — y|) is the covariance function of U,, and if X,Y are two centered
jointly Gaussian variables E [H,(X)H,(Y)] = ¢'E [XY]?. By (3.2), the function

jullal) = Pl = [ ) (3.6

can be represented as the Fourier transform of n¢. Hence we can write

ViEr(a,N) = ¢! /Rd /Rd X0 XEn0) [uf)(z — y)?dady

N\2d
= (J!/ / XBan (x)><QZ+B*R(Z)F[/L‘11 s % pd)(2)dxdz,
Rd JRd )\ N——
q times

where we recognize the ¢-fold convolution of . with itself as the law p of X¢. As
A — o0, indicator functions in the last displayed equation converge pointwise to 1 on
R, therefore we expect —at least intuitively— that the limiting integral

[ Fludie)dz = £
Rd

plays a relevant role in determining the asymptotic behavior of VfR(q, A). By (3.5)
and Kluyver’s formula we can also write

d
wa—1f(0) = lim Ar) 1 " )% dt = pd_; (1)
d—1Jq - 50 Td_l - (V!)24V 0 Jd - pq—l ’

therefore the crucial objects appear to be the integrals

o0 d
I¢ = /0 ja() ¢ at = [()Z!)12(41V)’ (3.7)
and these numbers can a priori take any value in [0, co].

In fact, I, g coincides with the coefficient cg appearing in Theorem 3.1.1 in the cases
d > 2,q > 3 except d = 2,q = 4. Before we prove it in the last Section, we need
to discuss finiteness and positivity of the I g’s, that is the task for which we need to
resort to previous results on Pearson’s random walk.

3.2.2 Density of short random walks

We report an explicit expression for the densities p4 and a recursion formula allowing
to treat the density at higher n. Representations for p%, n = 3,4, in terms of
hypergeometric functions are available in [BSV16, Equations (74), (79)]. We recall
that v = d/2 — 1 in all its occurences.
Lemma 3.2.2. [BSV16, Lemma 4.1] For d > 2 and 0 < r < 2 it holds

2
(%)

Lemma 3.2.3. [BSV16, Theorem 2.9] Let d,n > 2, r > 0 and define ¥&(r) =

pa(r) = (4 =) Py (r).
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pl(r)/r?=1. It holds, for n > 3,

2 v
Ve (r) 1 / Yl 1+ 2sr + 1"2) (1-s%)""2ds, re(0,n). (3.8)

Corollary 3.2.4. For any d > 2 and n > 3, 1% is strictly positive (possibly infinite) on
(0,m).

Proof By induction on n, the case n = 2 follows by definition of )¢ and Lemma
3.2.2. Assume now that ¢)¢_,(r) > 0 for r € (0,n — 1) (by definition it vanishes for
r > n — 1); by (3.8) if the open set

{se(-1,1): 9%, (\/1—|—287"—|—7"2> >0} ={sec(-1,1): 14+ 2sr+72 < (n—1)}

is not empty, then ¢ (r) > 0. This is in fact the case, because p(s) = 1 + 2sr + 72
is increasing and continuous and p(—1) = 1 —2r + 72 = (r — 1)2 < (n — 1)? for
r < n. O

Moving back to the specific integrals Ig we are interested in, we combine the
latter Corollary and the following approximation result on Bessel functions to show
that they are both positive and finite.

Lemma 3.2.5. [Kral4, Theorem 4, Equation 6] Let d > 2. There exist constants 4 > 0

such that
2
0 < supr®/? [J,(r) — \/ — cos (r — @q)| < co. (3.9
r>0 r
In particular by (3.2),
Ja(r) = Car= D2 cos(r — o) + Og(r~WH12), 1 — o0, (3.10)

Lemma 3.2.6. For any d > 2,q > 3 except the single case d = 2,q = 4, I;l € (0,00) is
positive and finite.

Proof. By Corollary 3.2.4, for all d > 2, ¢ > 3 it holds

A v,

n = e T e

Concerning finiteness, by (3.10) and (3.7) we have
1< C, /1 Pd=1)(1-0/2) 4.

in particular, the integral in (3.7) is absolutely convergent if ¢ > d%‘ll. We are left to
discuss the cases d = 2,3, ¢ = 3, since we are excluding d = 2,q = 4 (see Remark
3.2.2 below). A classical result on Bessel functions (cf. [Wat95, Section 13.46])
implies I3 = f’ and I§ = [t !sin(t)*dt = 7 /4 is easily computed reducing it to
Dirichlet’s integral. O
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Remark 3.2.1. The following exact expressions

L2 12w , VAU ()P ()T () P (35)
™3 (2v)!
can be deduced respectively from [BSV16, Proposition 4.3] and [Bor+12, Theorem

5.1] (concerning the asymptotics of pc(r) as r — 0). To the best of our knowledge,
no representation is available in the general case.

Remark 3.2.2. In the case d = 2, g = 4 excluded from Lemma 3.2.6, one can prove
by means of Lemma 3.2.5 that I7 = [ Jo(t)*tdt = +o0, coherently with the fact
that the density p3(1) = I3 = +oo is not finite. This is actually the only case of a
density p¢, d,n > 2, taking value +oco at some point, as for larger n the regularizing
effect of the multiple convolution defining the law of Pearson’s random walk prevails
(cf. again [BSV16]).

3.3 Fluctuation Asymptotics and Integration Domains

3.3.1 Variance of Euclidean Polyspectra

We first rewrite the variances we are interested in as integrals of a single variable.

Lemma 3.3.1. Let R > 0, Bp = BF (2, R) C R? a ball of radius R centered at a
(fixed, arbitrary) point zo € R% and f € L}OC(R); it holds

/ f(lz = yl)dwdy = " Fr)Wa r(r)r®=tdr, (3.11)
Br J Br 0
where, denoting by m, Lebesgue’s measure on RY,

War(r) = waama(B(z, R) N B(y, R)), |z —y|l=r, (3.12)
whose value does not depend on the choice of points x,y € R%.

The proof is a consequence of the fact that translations on R? are isometries of
the whole space: it holds

/Rd /R XBR($)XBR(y)f(|$—y|)dl‘dy:/Rd /R X85 (2)X Btz () f(|2])ddz,

from which (3.11) follows moving to polar coordinates for z. It is easy to observe that
War : [0,00) = [0,00) is supported by [0, 2R], it is differentiable on (0, 00) \ {2R}
and Wd,R = wd,lmd(BR), Wd’R(QR) =0.

Proof of Theorem 3.1.1, Euclidean part. In sight of Lemma 3.3.1 it holds,

2R
V(@ \) = /B /B ja(Mz — y])dzdy = ¢! /0 Ja O W (1) dr. (3.13)
R R



Chapter 3. Fluctuations of polyspectra in spherical and Euclidean random
76 wave models

For ¢ = 2, (3.10) implies that, as A — oo,

2R 2
ViR(2,A) = Cd/ COS(A}\Z; 2a) War(r)dr + Oar ()\1(1) = Oy 2eRll) +)\Odd_’lf(1)7
0
the second step following by expanding 2 cos(#)? = 14-cos(26) and applying Riemann-
Lebesgue lemma to oscillatory terms.
We also treat separately the case d = 2,¢ = 4, since it involves a logarithmic
discrepancy with the general case ¢ > 3. (3.10) implies that, as A — oo,

2R cos(Ar — @g)* 1 log(\) + op(1
%?R(LL’ )\) = Cd/(; ()\2’rd>Wd,R(r)d7" + OR <)\3> = CR()AQR(>7

where, as in the case ¢ = 2, the last equality follows by 8 cos(#)* = 3 + 4 cos(26) +
cos(40) and Riemann-Lebesgue lemma.
Finally, we consider the general case ¢ > 3, excluding d = 2, ¢ = 4. By (3.13),

2R 2R
Viir(g, ) = q!/o Ja(Ar)ard=! (/ —WQ,R(S)%) dr

2R s
= —¢q! Wir(s) </ jd()\r)qrd_ldr> ds
0

q! 2R SA
= Ad/o _Wé,R(S) (/0 jd(r)qrdldr> ds,

integrating by parts in the second step. Since [W; p(r)| is bounded and supported
by [0, 2R], the thesis follows by dominated convergence and Lemma 3.2.6 (implying
convergence of the inner integral on the right-hand side as A — o). O

3.3.2 Variance of Hyperspherical Polyspectra

The forthcoming computations are in fact close analogs of the ones in the previous
paragraph, only in a perhaps less familiar geometrical setting. The change of variables
of Lemma 3.3.1 takes on S? the following form, with flat translations of R? being
replaced by isometries of S¢.

Lemma 3.3.2. Let R € [0, 7], Br = B(x0, R) C S% a ball of radius R centered at a
(fixed, arbitrary) point o € S, and f € L'(R); it holds

/ fld(z,y))doi(z)dog(y) = /Wf(r)Wd’R(r) sin(r)®tdr, (3.14)
Br /BgR 0

where
Wa,r(r) = wa_104(B(z, R) N B(y, R)), d(z,y) =r, (3.15)

whose value does not depend on the choice of points x,y € S

The proof is conceptually analogous to the one of Lemma 3.3.1. First, let us
recall that the isometry group of S¢ can be identified with that of linear orthogonal
transformations of the ambient R%*!, and it acts transitively on S¢. The volume oy
and the spherical geodesic distance are invariant under isometries, that is [yo4 =
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ocq0I = o4 and d(a,b) = d(I(a),1(b)) for any isometry I : S — S9 and points
a,be 5S4

Proof. We first observe that for any isometry I : S — S¢ it holds
od(B(Iz,R)N B(Iy,R)) = 04{z : d(Ix,2),d(Iy,z) < R}
=0y {z cd(x, I712),d(y, I 12) < R} =oq{Iw : d(z,w),d(y,w) < R}
= I;'oq{w: d(z,w),d(y,w) < R} = 04(B(z,R) N B(y, R)),

therefore the right-hand side only depends on d(z,y), as it is a function of z,y
invariant under isometries. In particular, W, g(r) in (3.15) is well-defined.

For any two points z,y € S? we can choose isometries I, I, : S¢ — S such that
I,xo = x and Iyzg = y. Letting z = I, [ 29, by Fubini-Tonelli Theorem it holds

/Sd /Sd x{z € Br} x{y € Br} f(d(z,y))doq(z)doa(y)
- / dUd(z)f(d(x(),z))/ dog(x)x {z € Br} x{l.z € Br},
s5d o

where the inner integral can be rewritten as follows: since I 'z = I %z,

/d x{x € Br} x{lsz € Br}dog(z) = oq{z : d(x,x¢),d(Ixz,20) < R}
S’
= I;%/;O—d {1‘ : d(.’L'(), I:c_lx())v d(z,];lxo) < R}
= 0y {I;%r s d(zo, I, o), d(2, I M) < R}
=og{w: d(zp,w),d(z,w) < R},

thus in particular it only depends on d(zy, z), thanks to the argument at the beginning
of the proof. Since the volume element of S reduces to

/ h(d(xo, 2))doa(z) = wa_y / h(r)sin(r)=1dr, b e L}([0,]),
5d 0
for radial functions, combining the above equations concludes the proof. O

The function Wy  : [0,7] — [0,00) is differentiable, and attains its maximum
value in Wy z(0) = wq_104(B(20, R)) and minimum in Wy z(7) (which, unlike the
Euclidean W, r(2R), does not vanish in general). We can now proceed to complete
the proof of Theorem 3.1.1 by reducing ourselves to the computations performed in
the Euclidean case thanks to the following:

Lemma 3.3.3 (Hilb’s Asymptotic Formula). [Sze39, Theorem 8.21.12] Let d > 2,
¢ e N. Given a € (0,7), for all § € (0, a) it holds:

v 1/2
(i1 8) G s (cos §) = (% . (F(€ L+ 2/2) <Sii 9) JV(L9)+5(0)>, (3.16)

where L = { + 5 and §(0) < Caa(x(0,1/0)(0)0" 20 + X(1/6.0) (O)VOC /).
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Corollary 3.3.4. Let d > 2, ¢ € N. For all a € (0,7) it holds, as ¢ — oo,

" Cdelfd q=72
/ Gae(cosr)i(sinr) L dr = (14-0(1)) Clog(0)/0* q=4,d=2 (3.17)
0
1d/ed all other d > 2,q¢ >3

with Ig being as in Lemma 3.2.6 and C, Cy > 0 positive constants.

Remark 3.3.1. The limit case a = 7 can be reduced to the one with a = 7 /2 splitting
the integration domain in half and exploiting the following symmetry property: for
alld > 2,

gd,ﬁ(t) = (_1)£gd,€(_t)7 teRleN.

In particular, the integral in Corollary 3.3.4 identically vanishes if « = = and both
q, ¢ are odd. If this is not the case, then the thesis of Corollary 3.3.4 holds with an
additional factor 2 on the right-hand side.

Corollary 3.3.4 actually collects computations already appeared in [MR15; MW11;
Wig10]. Because of this and the similarity with computations in the previous para-
graph, we only present a sketch of the proof.

Proof. We first observe that as { — oo,

D(0+d/2) AN
— g =1+, ( , ) = (L4 o(1)). (3.18)

When ¢ = 2, Lemma 3.3.3 and (3.18) imply

a vyl 2 a
/0 Ga.e(cos r)2(sinr)?tdr = 1 5521/') (1+ 0(1))/0 J,(Lr)?rdr

10 <€d12 /0 17, (Lr)|6(r) sin(r)dr> .

The thesis now follows by applying Lemma 3.2.5 in the same fashion of the Euclidean
case (the remainder term on the right-hand side is proved to be O(¢~%)). The analysis
of the case d = 2, ¢ = 4 is similar, we refer again to [Wig10] for full details.

As for the remaining cases, by Lemma 3.3.3, (3.18) and the definition of j; in
(3.2),

jd(Lr)qrdfldr

a a v+q/2—(d—1)
VI P\ avta
/0 Ga(cosr)d(sinr)® dr (1+0(1))/0 <sinr>

+0 (quu/ (sinr)~%[.J,(Lr)|916(r) (sin r)dldr> .
0
The remainder term can be shown to be O(¢~(¢+2)A(a(d/2=1/2)=1)) — ,(¢~4) by means

of Lemma 3.2.5 (changing variables and splitting the integration domain similarly to
the previous case). The thesis now follows if

a r qu+q/2—(d—1) oo
/ ( ) Ja(Lr)ir®tdr = (1+ 0(1))/ Ga(r)ritdr, 0 — oo,
0 0

sinr
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which can be proved with the same computation exploiting integration by parts we
used at the end of the proof of Theorem 3.1.1, Euclidean case, that is replacing Wy
of that computation with x(g ,j(r)(r/ sin r)?+4/2=(d=1), O

Proof of Theorem 3.1.1, Hyperspherical part. Let R € (0, 7) (the case R = 7 is dealt
with similarly, by Remark 3.3.1). By Lemma 3.3.2,

Vo r(g, ¢) = Var ( Hq(Te(Sﬁ))dad(fﬁ)>

Br

= ¢! / Gae(,y)? dog(x) dog(y) = g! / Ga,e(cosr)? sin(r) Wy p(r)dr.
Bgr JBpg 0

Integrating by parts as in Section 3.3.1 we rewrite:

/7T Ga,e(cosr)?(sin r)d*1Wd7R(r)dr = WCLR(?T) /7r Gae(cosr)?(sin r)dildr
0 0

s T
- / (/ Ga,e(cos s)%(sin s)dlds) W g(r)dr.
0 0
The thesis now follows from Corollary 3.3.4. We observe in particular that when
we are not in the cases ¢ = 2 nor in the one d = 2,¢ = 4, by Corollary 3.3.4 and
dominated convergence we have

o7 / Ga,e(cosr)?(sin r)d_lwdﬂ(r)dr
0

{—00 z " s %
% IIWyR(m) — I¢ /0 War(r) dr = I§Wy (0). O






CHAPTER

Asymptotic covariances for
functionals of weakly stationary
random fields

This chapter contains the paper [Mai24], "Asymptotic covariances for functionals of
weakly stationary random fields". Stoch. Proc. Appl. (2024), 170, 104297.

4.1 Introduction

Fix a probability space (2, F,PP), a dimension d > 1 and let A = (A;),cre be a
measurable random field on (92, 7, P), that is,

A: (0,F) x (RY,B(R?)) — (R,B(R)), (w, &) — Ay (W),

is a measurable function, where B(RY) denotes the Borel sigma-algebra on R?. In
addition, assume that A is weakly stationary, i.e.

E [AIE] = E[Ay]’ COV(Amv Ay) = K($ - y)v V.Z', Yy € Rda

with covariance function K : R? — R. Note that under the above assumptions K
is measurable and bounded, hence locally integrable. Therefore, we can define the
integral covariance function w. : Ry — R as

wy 1= / K(z)dz, t>0, “4.1)
{l=1<t}

81
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where | - | denotes the Euclidean norm on R,
In this paper, we will focus on functionals of A of the form

(/ Axdx) , ast — oo, (4.2)
tD DeD

where D is a suitable class of compact sets in R?. The well-posedness of (4.2) under
the above assumptions is ensured by Proposition 4.2.1.

The asymptotic behavior of (4.2) has been extensively investigated in probability,
and plays an important role in many applications. In Statistics, for instance, function-
als of the form [, A,dx are often involved in parameter estimation, and ¢D plays
the role of an increasing observation window, see e.g. [DOV22; MY22].

Moreover, note that (4.2) may represent non-linear functionals of stationary
Gaussian fields, that will be discussed in more detail in Section 4.4. The latter
corresponds to the choice A, = ¢(B,), where B = (B,),cra is a stationary Gaussian
field and ¢ : R — R is a function which varies depending on the framework. Just to
mention two examples (among many), ¢ could be a polynomial in view of statistical
applications, see e.g. [RST12; TV09], or an indicator function if one is interested
in the geometry (and in particular the excursion volumes) of B, see e.g. [LRM23;
LO14; MN24].

The goal of this paper will be to give the minimal assumptions on K and D in
order to compute exactly the asymptotic covariances of (4.2), i.e. the limit

j;fD Agdx f;tL Aydy

Tt Tt

t—o00

lim Cov ( ) , D,LeD, 4.3)

where r; — oo is chosen so that the limit (4.3) exists finite (and not identically equal
to 0 for all D, L € D) for every D, L € D. The problem (4.3) often arises when
studying the fluctuations of (4.2), in particular in the case of non-linear functionals
of stationary Gaussian fields (see Section 4.4). Indeed, the first step to prove limit
theorems for (4.2), i.e.

Jip(Az — ElAs])de 4 Z2(D), as t — oo,

Tt

where Z (D) is a limiting random variable, is usually to study the asymptotic variance
of j; p Azdx, which corresponds to (4.3) when D = L. Moreover, to extend such
results to a multi-dimensional setting, i.e.

( fip,(Ae ~E[AD)dr [y (As ~ E[Aw])dx> .

S (Z(Dy),...,Z(Dy)),  ast— oo,
Tt Tt

it is often necessary to compute (4.3) for D = D; and L = Dy, foralli,j =1,...,n.

A number of different methods have been used in the literature to compute (4.3),
such as:

* Spectral representations and Fejer-type kernels or approximate identity for
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convolutions, see e.g. [ALS15].
* Spectral representations and Abelian-Tauberian theorems, see e.g. [LO13].
* When K is radial, the method of geometric probabilities, see e.g. [LRM23].

e A direct approach. By Fubini’s theorem one has !

Cov </ Axda:,/ Aydy> :/ / K(z — y)dzdy. 4.4)
tD tL tD JtL

In this paper, we will focus on this latter direct approach, combining it with regularity
conditions for cross covariograms developed in [Galll] and standard properties
of regularly varying functions. This method will allow to compute (4.3) under
assumptions that encompass the classical ones found in the literature.

4.1.1 Classical assumptions, existing literature, motivating examples

To highlight the main novelty introduced by this paper, let us look at the classical
assumptions considered in the literature.

The first classical assumption, probably the most popular in the literature (see
e.g. [BHO2; BM83; CNN20; KS18; LO14; NPP11]), is

K e L}Y(RY), (4.5)

see also Section 4.4.1. In this case, it is well known that for every D, L. C R compact,
choosing r; = t%/2, we have

[ip Azdz [, Aydy
td/2 7 4d/2

t—o0

lim Cov (
Rd

) = Vol(DNL) K(z)dz, (4.6)
where the latter follows by (4.4), a change of variable z = 2 — y and dominated
convergence. Then, we have two possibilities:

o If [za K(2)dz = 0, then ry = t%/2 is not a correct choice for computing the
asymptotic covariances, since the limit is identically 0 for every D, L compact
(see also Example 4.4.1).

o If [pa K(2)dz # 0, then r, = t%/2 is a correct choice for computing the asymp-
totic covariances (4.3), as well as r; = %/ thl /2 (recall the definition (4.1) of w
and note that K € L'(R%)), and we have

. [ip Aedz [, Aydy
tliglo Cov ( 2/2 VR ;/2 77 | = Vol(DNL). 4.7)
t% 2wy, t% 2w,

The second classical assumption, which covers some of the cases where K ¢
L'(R%), is K radial and regularly varying with index —3 € (—d, 0) (see e.g. [ALO15;

'Here the equality is ensured by Proposition 4.2.1.
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DM?79; LO14; Ros60; Taq79]), namely

14
K@) =kl = ) se 0. (48
for some k : R, — R, where | - | is the Euclidean norm in R% and ¢ : R, — R

is a slowly varying function, (i.e. ¢ is definitively positive and ¢(rs)/¢(r) — 1
for s > 0, as r — oo, see the seminal book [BGT89] or Section 4.2.1 for more
details). In this case, it is a standard fact that for every D, L C R¢ compact, choosing
re = tU(£)/2 = 195 0(£)1/2, we have

) [ip Asdx [, Aydy t\x y\ P
tlﬂilocov<tdk( £)1/27 1dk(1)1/2 Hoo// TP dy_//'” y|"dwdy,
4.9

where the latter follows by (4.4), Theorem 4.2.5 and dominated convergence (see
also Remark 4.2.1). This means that r; = t?k(t)'/2 is a correct choice to compute the
asymptotic covariances (4.9). Moreover, by Theorem 4.2.4 we have 2

Wd—1

(d—p)

t=Pu), ast — oo,

t
wy = wd_l/o k(r)yrd=tdr ~ (;Jd__lﬁ) tk(t) =

which implies that r, = t4/2w,”

Ayd Ayd
lim Cov (ftD v i Ay y) =< //|:r:—y| Bdzdy. (4.10)
d—1

t—00 td/thl/2 ’ td/thl/2

is also a correct choice, and

Summarizing, and excluding the case K € L'(R?), [,, K(2)dz = 0, we have:

1. Under both assumptions, r; = td/ 2wtl /2

asymptotic covariances.

is a correct choice for computing the

2. Under both assumptions wy is a regularly varying function, with index: o =0
if K € L'(RY) ), Jga K(2)dz # 0; a =d — 3 € (0,d) if K is radial and regularly
varying with index 6 € (—d,0).

The intuition we can develop from (i)-(ii) is: if w; is regularly varying, then
e = td/ 2wt1 /? is a correct choice for computing (4.3). This fact will be proved
in our main result, Theorem 4.1.1, together with an explicit expression for the
asymptotic covariances (see (4.16)), which generalizes (4.7) and (4.10) for D, L in
a suitable class D of compact domains (see (4.13) and (4.14)).

It is important to note that, excluding the case K € L'(R?), [, K(z)dz = 0, our
assumption "w, regularly varying" (see (4.15)) in Theorem 4.1.1 is strictly more
general than the two forementioned classical assumptions. This is the main
novelty provided by this paper.

In fact, in many cases (see e.g. [GMT24, Lemma 2.6], [LO13, Example 5],
or [MN24, Section 6]) the covariance function K is neither integrable nor radial

2Here wo = 2 and wq_ is the surface area of the sphere S~! in R? when d > 2.
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and regularly varying, but the integrated covariance function w is regularly vary-
ing. Consider, for instance, the situations where K is not absolutely integrable,
but limy oo wy = [pa K(2)dz € (0,00); or wy ~ t%, o > 0, but K is not radial and
regularly varying. Some explicit examples will be given in Section 4.4.3.

The case K € L*(R?), [4 K(z)dz = 0 was not considered in the discussion above,
since even if it falls under the first classical assumption, one is not able to compute
the asymptotic covariances with (4.6). However, if w is regularly varying, Theorem
4.1.1 allows to derive an expression for the asymptotic covariances, with the rate
re =t/ 2wt1 /2 An explicit example (see Example 4.4.1) will be given in Section 4.4.1.

As mentioned above, the main novelty provided by Theorem 4.1.1 is the compu-
tation of (4.3) in many cases which do not fall under the two classical assumptions.

However, as we will better explain in Section 4.4, Theorem 4.1.1 can also be
combined with the Peccati-Tudor theorem [PT05] to prove new multi-dimensional
central limit theorems for non-linear functionals of Gaussian fields.

An example of this fact, that stands out for its importance in quantum mechanics,
is the Berry’s random wave model, a Gaussian field whose functionals have been
extensively studied in the literature (see Section 4.4.3 and the references therein).
Recently, it was proved in [MN24] that a large class of functionals of this field (and
of many other fields satisfying a specific spectral condition) in the form (4.30) have
Gaussian fluctuations. Nevertheless, the authors were not able to extend their result
to a multi-dimensional central limit theorem (see also [MN24, Section 1.4]). This
paper also aims to partially fill this gap. Indeed, as we will better explain in Section
4.4.3, by means of Theorem 4.1.1 we will prove new multi-dimensional central limit
theorems for the Berry’s random wave model (see in particular Example 4.4.3 and
Example 4.4.5), using the fact that w is regularly varying (i.e. (4.15) holds) even if
K does not always satisfy the forementioned classical assumptions.

4.1.2 Main result

In order to state our main result, we need to introduce some notations, quantities
and assumptions.

We denote by "Vol” the Lebesgue measure and by "Per” the perimeter in general-
ized sense in R?, defined for D C R? measurable as (see [Gall1])

Per(D) = sup { [ divilz)d o € CHRORY, ol <1}
D

where C}(R? R?) is the set of continuously differentiable functions with compact
support. Note that, denoting by H?~1(0D) the (d — 1)-Hausdorff measure of the
topological boundary 9D, we have Per(D) < H?1(0D), which becomes an equality
under additional assumptions on D (see [Gall1] for more details).

Furthermore, for f : R — R and r > 0,

f(rf)do
gd—1
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is the integral of # — f(rf) (when defined) with respect to the uniform measure
on S 1 and wy_; = J ga—1 d0 is the surface measure of S%!. (For d = 1 we use the
formalism

@ fro)do = f(r)+ f(—r), wo = 2.) (4.11)

For D, L € D, we consider the cross covariogram gp j, : RY 5 R,
gp,.(2) = Vol(D N (L + 2)), (4.12)

which, by Proposition 4.2.2, is such that all its directional derivatives

d d—1
ang/(le)? 0eS s

are well-defined in L!'(R,) and bounded by Per(D) A Per(L).

Finally, we will always assume to be in one of the following cases:

Case 1. K is radial and D is the class of all compact sets in R? with finite perimeter,
i.e. for some k£ : Ry — R we have

K(z) =k(]z]), D={D CR%: D compact, Per(D) < co}. (4.13)
If d = 1, K is always radial.

Case 2. D = D,, is the class of the closed balls centered at a fixed point zy € R,

namely
D:{{xeRd:\x—x0|§r}:r€R+}. 4.14)

We are now ready to state our main result.

Theorem 4.1.1. Let D be a collection of compact sets in R and A = (A;),cra be a
measurable, weakly stationary random field with covariance function K : R? — R.
Furthermore, let K and D satisfy the assumption (4.13) or the assumption (4.14), and
assume that w in (4.1) is regularly varying with index o € (—1,d), that is

we = g(t)ta Vt S ]R+ (415)

where { : R — R is slowly varying (see Definition 4.2.1 and Lemma 4.2.3).
Then, for all D, L € D, we have as t — oo

Ad Agd 1 o
Cov (ftD z Juw x> — /d 1 d9/ dl (-ng,L(w)> 1% (4.16)
Sa= 0

/2017 7 4d/2qp ! Wd—1 dl

Remark 4.1.1. (Restriction of the parameter o) Note that in Theorem 4.1.1 we
consider a € (—1,d] instead of o € R. This happens for different reasons:

* a > —1 is assumed for technical reasons. For example, if D = L = {|z| < 1} C
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R?, we have for all # € S?~! and some constant ¢; > 0

d—1

1 d—1
gD,D(le) = Cd/ (1 — T‘Z) ’ dr 1[072}(”,

L
2

d—1
d ¢ IN%) 2
— 9p.0(18) = Ed (1 - (2> ) Lio,21(0),

implying that the RHS of (4.16) is not a finite integral if « < —1. Anyway; if
(4.15) holds with o < —1, another scaling could yield a different limit.

* Since |K(z)| < K(0) < o for every z € R, we have
| < / K (2)|d> < const K (0)¢,
{l=I<t}

implying that w; can not be regularly varying with index o > d.

Remark 4.1.2. (Comparison to known covariance structures) Before going on, it
is worth discussing analogies and differences with some known covariance structures,
highlighting when (4.16) can be seen as their generalization. First of all, note that
whend =1, D = [0,s] and L = [0, 7] with » > s > 0, then for [ > 0 we have

go.r(l) = (s—1)1pq(0)
gD,L(_l) = Sl[O,T—S](l) + (T - l)l[r—s,r] (l)
*E(QD,L(Z) +9p,0(=1)) = 1jq) + Ljp—s (1)

dl
and the RHS of (4.16) becomes

- 19di edl) = —— (gotl atl _ . glatl) 1
2 </o i / ) 2(a +1) (s +r [r—s|**) (4.17)

In (4.17) we observe the covariance structure of a fractional Brownian motion
(BH) >0 with Hurst index H = %1, Note that this is also the covariance structure of
other (non-Gaussian) stochastic processes, like the Hermite process (see e.g. [Tud13,
Section 3]).

For o = 0, the RHS of (4.16) has the special form
Vol(DN L), (4.18)

which is the covariance structure of a Gaussian noise (a set-indexed generalization
of the Brownian motion, see e.g. [AT07, Section 1.4.3]). Note that if D is fixed and
u,v > 0, (4.16) becomes

(j;fDul/d Apdx ftDvl/d Aydy

lim Cov
t—o0

L4/ , /2 ) = Vol(D) min{u, v},

which is, up to a scaling factor, the covariance structure of a Brownian motion (see
also (4.37)). This rescaling is used in the literature to prove multidimensional central
limit theorems (to a Brownian motion) for functionals of Gaussian fields, see e.g.
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[1L89, Theorem 2.3.1] and the discussion in Section 4.4.1.
For o > 0, the RHS of (4.16) coincides with

1 o oo
/ 0 / dl (—ng,L(w)) O / a0 / digp 1(10)1°" (4.19)
Wd—1 Jgd-1 0 dl Wd—1 Jga-1 0
__« / ap.1.(2)]2]*dz, (4.20)
wWi—1 JRrd

where the first equality follows integrating by parts and the second passing from
polar to standard coordinates. Note that

[ ovaltaz= [ ([ 1n@st-2de) stz = [ [ eyl tdody.
R4 R4 Rd DJL

Thus, (4.19) is exactly the RHS of (4.10) with 8 = d — «, which is perfectly consistent
with the discussion in Section 4.1.1.
Finally, choosing d > 2, D = [0,s] and L = [0, 7], with r, s € R4, we have:

* If « = 0, then (4.18) is the covariance structure of a d-dimensional Brownian
sheet.

e If « # 0, then the RHS of (4.16) is not the covariance structure of a d-
dimensional fractional Brownian sheet (see e.g. [Wan07] for the definition).

4.1.3 Plan of the paper

The rest of the paper is organized as follows. In Section 4.2 we ensure the well-
posedness of (4.2), prove (4.4) and give some preliminaries about cross covariograms
and regularly varying functions. In Section 4.3 we prove Theorem 4.1.1. In Section
4.4 we apply Theorem 4.1.1 to prove multi-dimensional central limit theorems for
non-linear functionals of stationary Gaussian fields, giving several examples. Finally,
in Section 4.5 we show that (4.3) for A with continuous covariance function K can
be reduced to the same problem for a radial, continuous covariance function Kjs,,
providing a class of non-Gaussian, non-stationary, weakly stationary random fields
where this reduction principle can be applied.

4.2 Preliminaries for the proof of Theorem 4.1.1

The goal of this section is to ensure the well-posedness of (4.2), prove (4.4) and give
preliminary results on cross covariograms and regularly varying functions.

4.2.1 Well-posedness of (4.2) and proof of (4.4)

The following proposition explains why (4.2) is well posed and (4.4) holds.

Proposition 4.2.1. Fix d > 1 and let A = (A;),cre be a measurable (in the sense
that (w,x) — Az (w) is measurable), weakly stationary random field, with covariance
function K : R* — R. Then:



4.2. Preliminaries for the proof of Theorem 4.1.1 89

1. We have
P (/ |Ag|ldz < 00, ¥V D CR? compact) =1
D

which implies that (4.2) is well defined.

2. For every D, L. C R? compact we have

Cov (/ Axdas,/Aydy> :/ /K(ﬂz—y)dxdy,
D L DJL

which implies (4.4).

Proof. For simplicity, since A is weakly stationary, let us use the notation m := E[A4,],
V 2 € R%. Note that the function (w,z,y) — |Az(w) — m||A,(w) — m| is measurable
because we are assuming that (w, z) — A,(w) is measurable. Moreover, we have

1
Ay = mllAy —m| < 5 (JAs = ml + |4, - m]*).
which implies
1
E { / / A, —ml|A, - m|dxdy] < 5 (Vax(4,) + Var(4,)) Vol(D)Vol() (4.21)
DJL
— K(0)Vol(D)Vol(L) < oo, (4.22)

In particular, for D C R¢ compact we have

]E[/D|Ax—m|dx] <E (/D]Ax—m|da:)2]

1/2
=E {/ / |Ay —m||Ay, — m|d:ndy} < 00,
DJD

implying that for almost every w € () the function z — A,(w) is integrable on
the compact D. To prove that for almost every w € 2 the function =z — A, (w) is
integrable on every compact set of R? (i.e. the almost sure local integrability stated
in (i), note that as n — oo

Q= {w e / | Az (w)|dz < oo}
{lz[<n}
N Qoo = {w €N: / | Az (w)|dz < 00, VD C RY compact} :
D

1/2

Thus, since P(€2,,) = 1 for every n € N, we have P(Q2.) = 1 and (i) is proved.
Since (4.2) is now well defined by (i) and (4.21) holds, by Fubini-Tonelli we

obtain
Cov < /D Aydz, /L Aydy) _E [ /D /L (A, — m)(4, —m)d:ndy}

:/ /Cov(Ax,Ay)da:dy:/ /K(:r—y)dxdy,
DJL DJL

for every D, L compact domains, which concludes the proof of (ii). O



Chapter 4. Asymptotic covariances for functionals of weakly stationary random
90 fields

4.2.2 Cross covariograms

First of all, let us recall the definition (4.12) of the cross covariogram gp ;, of two
compact sets D, L in R?. In particular, when D = L, denote by gp the covariogram
of D

gp(2) :=gp,p(2) = Vol(D N (D + z)), z e R4,

Moreover, for a bounded set E C R?, recall the definition of diameter

diam(F) := sup |z —y| < oo. (4.23)
zyek

Let us now list some properties related to cross covariograms, which are easily derived
from the results in [Gal11] and will be needed in the sequel.

Proposition 4.2.2. Consider D, L compact sets in R%. Then we have:

~

. 9p,.(2) = g.p(—%) and in particular gp is symmetric.

N

. For every z,h € R?
l9p,.(z +h) — gp,1(2)] < 2min{gp(0) — gp(h),gr(0) — gr(h)}.

3. gp,1.(2) = 01if |z| > diam(D U L). In particular, since diam(D U L) < oo, gp.1,
has compact support.

4. Per(D) < oo if and only if gp is Lipschitz continuous (with Lipschitz constant
Per(D)/2).

5. If Per(D) < oo or Per(L) < oo, then gp 1, is Lipschitz with Lipschitz constant
Per(D) A Per(L). Moreover, all the directional derivatives of gp,j, exist almost
everywhere and are bounded by Per(D) A Per(L). In addition, for every 6 € S¢!
the function r — gp,1,(r8) is absolutely continuous and we have

diam(DUL)
gD,L(rQ) = / <_dlgD7L(l0)> dl, Vr > 0. (424)
Proof. (i) follows from Vol(D N (L + z)) = Vol((D — z) N L) and (ii) from
[Vol(DN (L4 z+h)) —Vol(DN (L+ z))| < / 1r42(x) — 1pysyn(z)|de
Rd
— [ @) = a0 Pds
R4
= [ el) + Liein(e) = 2oL (o) dn = 2(g2(0) ~ g(1)
R
and using (i). (iii) simply follows by definition, since gp 1(z) # 0 is possible only
ifze D—LC (DUL)—(DUL), and (iv) is proved in [Galll, Theorem 14].
Regarding (v), the fact that gp 7, is Lipschitz with Lipschitz constant Per(D) A Per(L)

easily follows from (iv) and (ii). As a consequence, for every fixed § € S¢! the
function

[ — gD,L(le)
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is Lipschitz, its derivative exists almost everywhere and is bounded by Per(D)APer(L).
Moreover, the fact that every Lipschitz function is absolutely continuous, together
with (iii), implies (4.24).

O

4.2.3 Regularly varying functions

Definition 4.2.1. A measurable function 4 : R, — R is said regularly varying if / is
positive on [a, o) for some « > 0 and if we have, for all [ > 0

—= = g() ast — oo.

In particulay, if ¢ = 1 then h is said slowly varying.

Definition 4.2.1 is one of the equivalent definitions used for regularly varying
functions, as explained in Lemma 4.2.3 (see [BGT89, Section 1.4]).

Lemma 4.2.3. Consider a measurable function h : R, — R. Then the following
statements are equivalent:

1. his regularly varying.
2. his regularly varying with limit g(l) = (%, for some a € R.
3. h(l) = £(1)I* for some o € R and ¢ : Ry — R slowly varying.
If (one of) the three statements hold, we say that h is regularly varying with index c.

The following proposition says that the condition (4.15) in Theorem 4.1.1 is more
general than the classical assumption "K (z) = k(|z|) with k regularly varying with
index 8 € (—d,0)", discussed in Section 4.1.1.

Proposition 4.2.4. [BGT89, Proposition 1.5.11] If k : Ry — R is regularly varying
with index —f € (—d, 0) and locally bounded on R, then

d
% — (d—p) ast— oo
fo k(r)rd=1ldr
and wy == wg_1 [} k(r)rd=1dr is regularly varying with index o = d — 3.

A fundamental tool for the proof of Theorem 4.1.1 will be Potter’s theorem (see
e.g. [BGT89, Theorem 1.5.6]).

Theorem 4.2.5. (Potter’s Theorem) If h : Ry — R is regularly varying with index
a € R, then forevery A > 1,06 > 0,3 X = X(h, A, ) > 0 such that

X
\h(1t)/h(t)] < Amax{l®T0 1970} WI> = V> X



Chapter 4. Asymptotic covariances for functionals of weakly stationary random
92 fields

Remark 4.2.1. (Justifying equation (4.9)) Note that if £ : R, — R is measurable,
bounded and regularly varying with index —3 € (—d, 0), by Theorem 4.2.5 we have
for D, L C R compact sets

k(t|lx — B _
1{|z_yzx/t}1D<x>1L<y>W < e1p(@)1p(y) max {[o — y| 770, |z — y[ 70}

where X, ¢ > 0 are suitable constants. Moreover, since 3 € (0, d), choosing 6 > 0
small enough, the function on the RHS is integrable in R??. Therefore, by dominated
convergence theorem, we have as ¢t — oo

k(tlx —
//1{|x yEX/ T (‘ dxdy%//lx— y| P dzdy.

This last fact, together with

k(tlz —yl) 1 1
1 < =
/ / Uo—ylX/0 gy ) dxdy < c RO~ ) —0,  ast— oo,

concludes the proof of (4.9).

Corollary 4.2.6. Consider K : R? — R measurable, bounded function and w : R, — R
as defined in (4.1). Assume that w is regularly varying with index o > —1. Then for
every U € (0, 00)

U U
/ |wig fwy|dl — / 1*dl ast — oc.
0 0

Proof. First of all, observe that by Potter’s Theorem 4.2.5, choosing A = 2 and
§=21>0,3X=X(w,A,0) = X(K,a) > 0 such that

(e3 o — X
|y /1] gzmax{zgil,z%} vi> T, V> X, (4.25)

with [ — max{l ER e } integrable on [0, U] because o > —1. Moreover, since w is
of the form (4.1), for 0 <l < X/t we have

K
maxpeps |[K(@)] - s VO <1< X/t.

<
|wlt/wt| = |wt|

Putting all together, we obtain

U X/t U
/ |wlt/wt|dl:/ |wlt/wt|dl—|—/ g ]l
0 0 X/t

Note that w; = £(¢)t® with a > —1, so £(¢)t!T* — oo and

X/t max,cpa | K ()] max,cpa | K ()]
dl < TER _ Xd-‘rl — rER _ Xd+1 — O
[y o < B @] !

Moreover, by (4.25) and dominated convergence theorem we have

U U
/ leowefr|dl — / o,
X/t 0
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which concludes the proof. O

4.3 Proof of Theorem 4.1.1

Proof. (of Theorem 4.1.1) By Proposition 4.2.1 and the change of variable x = z,
y = x — z, we have

[ip Acdz [, Aydy
Cov ( +d/2qp 1/2 T 4d/2q, 1/2 (4.26)

_ //K d:cdy
dz
= /K gtDtL )
dz

- oo (5) &
/{|z§diam(DuL)t} ()9 t) w

where gp 1, is defined in (4.12), diam(D U L) is defined in (4.23) and the last equality
follows from (iii) of Proposition 4.2.2 and

gipar(2) = Vol(tD N (tL + 2)) = t*Vol (D n (L + i)) =tlp 1 (i) .

Passing to polar coordinates (if d = 1, recall the notation (4.11)), we have

/ K(2)gp.L ( > dz
{|z|<diam(DUL)t}
diam(DUL)t r
—/ dé?/ drr® YK (r0)gp.1, (9) ,
Sd—1 0 ’ t

and since D, L € D have finite perimeter in both Case 1. (4.13) and Case 2. (4.14),
by (v) in Proposition 4.2.2 the covariance (4.26) becomes

0 V<ftDA Ldx ftLA dy)

1d/20p 1127 4df24,1/2
diam(DUL) d tl
— wtl/ d@/ dl (—(gDL(ze))> (/ rd_lK(TG)dr>.
Sd—1 0 dl ’ 0

Now we distinguish the two cases in the statement of Theorem 4.1.1.

Case 1. If K(z) = k(|z|) for some k : Ry — R, then K(rf) = k(r) and we have
(recall the definition (4.1) of w)

Cov <ftDA oAz [ Ay dy)

/2,127 yd)2,1/2

1 diam(DUL) d wy
= db dl | —— 10
Wi—1 /Sd—l /0 ( dl (90,1 ))) Wy
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Case 2. If D, L are balls centered in the same point z, € R?, then gp,.(rf) =
gp,(rd’) for every 0,0 € S9! and by a Fubini-Tonelli argument (and (v) in Proposi-
tion 4.2.2) we have, for all ¢/ ¢ §4-1

Cov <ftD Aedr Jyy, Aydy> (4.27)
td/thl/Q td/thl/Q

diam(DUL) , g N\ w
= /0 <—dl(gD,L(l9))> Edl

1 diam(DUL) d wyy
= do dl | —— 16 —
Wd—1 /Sd—l /0 ( dl (9D,L( ))) Wi

which is equal to what we obtained in Case 1.

Since the expression for the covariance is the same in both cases, to prove (4.16)
(and conclude the proof of Theorem 4.1.1) we only need to show

diam(DUL) d wy
df dl | —— 16
/Sdl /0 ( a1 ))> we

diam(DUL) d
— d9/ dl (—(gD L(l@))) ¢ ast— oo, (4.28)
Sd—1 0 dl ’

where « is the index of regular variation of w;. First of all, note that wy; /w; — [* for
every | > 0, because w is regularly varying with index «, implying the point-wise
convergences (for almost every [ > 0,6 € S¢1)

Ft(l,e) = (—Z(QDVL(ZH») % — F(l,&) = (—jl(gD7L(l9))) la, ast — oo

Wt

and
M, (1) := Per(D) A Per(L) |wy /w| — M(1) := Per(D) A Per(L) 1%, ast — oo.

Moreover, by Proposition 4.2.2 the inequality

10,6 = |~ 5 an.08)) ) 2

" < My(l) := Per(D) A Per(L) |wy /wy]

holds for almost every [ > 0,6 € S?~!, and by Corollary 4.2.6 we have

diam(DUL) diam(DUL)
/ df / dl My(1) — df / dIM ().
Sd—1 0 Sd—1 0

Putting all together, by the generalized dominated convergence theorem we obtain

diam(DUL) diam(DUL)
/ de/ dl Ey(1,0)dl — de/ dLF(l,0), ast— oo,
Sd—1 0 Sd—1 0

which is exactly (4.28). O
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4.4 Non-linear functionals of stationary Gaussian fields

In this section, we show how Theorem 4.1.1 can be applied in the setting of non-linear
functionals of stationary Gaussian fields to obtain multi-dimensional limit theorems.
Through several examples, we will also compare the results obtained to the ones
found in the existing literature.

Let B = (B;),cre be a continuous, centered, stationary Gaussian field with
B, ~N(0,1)Vxe R% and (continuous) covariance function

C:RY'= R,  Cov(B,By) =C(z—y), |C(2)<C(0)=1. (4.29)

Denote again by D a collection of compact sets in R? and consider the non-linear
functional® of B

o(By)dz, DeD, t>0, (4.30)
tD

where tD := {tz : x € D}, ¢ : R — R is not constant (to avoid trivialities),
¢ € L*(R,~(dx)), [ ¢(x)y(dz) = 0 and ~ is the standard Gaussian measure on R.
Then, we consider the L?-decomposition of ¢ (see e.g. [NP12, Section 1.4])

[e.e]
p = Z aqgHy,
q=1
where H, is the g-th Hermite polynomial and
oo
2
o172 R (dz)) = Zq!a§ < 0. (4.31)
q=1
Therefore, A, := ¢(B,) can be expressed as
o
Ay = (P(BI) = Z aqu(BI)> ar # 0,
q=R

where R = inf{q > 1: a, # 0} < oo denotes the Hermite rank of ¢ and the equality
holds in L?(2) sense. Moreover, we have the isometry property (see e.g. [NP12,
Section 1.4])

E[Hy(Bz)Hr(By)] = ¢!C%(x — y)dgr

where 0, is the Kronecker delta. As a consequence, the covariance function K (x —
y) = Cov(Ay, Ay) of A = (Az),cpra is

K(z) = Z q!ang(z). (4.32)
q=R

Note that A is obviously weakly stationary and K is continuous, because uniform
limit of continuous functions (thanks to (4.31) and (4.29)). Moreover, w in (4.1) in

3(4.30) is always well-posed in the L2-sense, see e.g. [MN24, Proposition 3].
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this case is

wy = / K(z)dz = Z agwq,t, t>0, (4.33)
{l=1<t} =R

where we additionally introduced the notation

Wyt = q!/ Cl(z)dz.
{lzI<t}

Now we can finally understand what new results we obtain in this setting applying
Theorem 4.1.1, dividing the study in different cases.

4.4.1 The Breuer-Major case.

If C € LE(R?), we are in the Breuer-Major case. Since C' € L¥(R?) implies K €
Ll(Rd) (see (4.29) and (4.32)), reasoning as in (4.6) we get

<ftD o(By)dx ftL ©(By)dy

lim Cov
t—o0

e , 473 ) =Vol(DNL) K(z)dz. (4.34)

R4

Note that if D is fixed and u, v € [0, 1], we have

(ft[)ul/d ¢(By)dx ftDvl/d @(By)dy

lim Cov
t—o0

L7 , 7 ) = Vol(D) min{u, v} y K(z)dz,
which is, up to a scaling factor, the covariance function of a Brownian motion (see
also (4.37)). Moreover, we have the following fundamental result, proved for the
first time in the discrete setting by Breuer and Major in their seminal paper [BM83],
and extended to different settings by several authors, see e.g. [BH02], [CNN20],
[IL89], [LO14], [NPO9], [NPP11], [NZ20].

Theorem 4.4.1. (Breuer-Major) If C € L%(R?), then

/2 / o(By)dz =¥ N(0,2Vol(D)) (4.35)
tD
where ~
o = K(z)dz = Z q!ag/ C(z)dz > 0.
R4 q=R Rd

Note that also multi-dimensional (see e.g. [NZ20, Theorem 1.2]) and stronger
type (see e.g. [CNN20, Theorem 1.1]) central limit theorems of the form

(t‘d/2 / cp(B:c)dq:) 9 06— (0G(D)) penr (4.36)
tD DeD!
have been proved in the literature, where G is a Gaussian noise, with
Cov(G(D),G(L)) = Vol(DN L),

and D' is a suitable class of compact sets. In particular, considering D’ = {Du'/¢,u €
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[0,1]} with fixed D = {z € R?: |x| < 1}, we have (see [IL89, Theorem 2.3.1])
<td/2 / ¢(Bx)dx> M NG (D)W = (oVOl(D)Wo)yerp s (437)
tDut/d u€l0,1] ’

where W is a standard Brownian motion.

If 2 > 0, then (4.15) holds with o = 0 and Theorem 4.1.1 implies

ftD ¢(By)dzx ftL o(By)dy
td/Zwtl/Q ’ td/thl/2

lim Cov (

t—o0

> =Vol(DN L), (4.38)

which is (4.34). Moreover, Theorem 4.4.1 (and its multi-dimensional generaliza-
tions) ensure Gaussian fluctuations, which are not guaranteed by Theorem 4.1.1.
Nevertheless, our Theorem 4.1.1 allows to obtain the asymptotic covariances (4.38)
in many other situations (see e.g. Example 4.4.3 and 4.4.4), whenever (4.15) holds
with a = 0, i.e. w; is slowly varying.

Conversely, if 02 = 0, (4.34) and (4.35) only imply that ¢%/2 is not the correct
normalization if we hope in a non-degenerate limit in distribution (see also the
discussion in Section 4.1.1). However, w; could be regularly varying, allowing us to
apply Theorem 4.1.1. This is exactly what happens in the following example.

Example 4.4.1. (Breuer-Major case, 02 = 0.) Fix d = 1, consider a fractional
Brownian motion (W}?),cr with Hurst index H € (0,1/2) and recall its covariance
structure )

Cov (WL Wyl = 3 (e + [y — o — yP).

Furthermore, consider the associated continuous, stationary Gaussian process B =
(Bz)4erd, defined by
H H

Note that we consider the 1-increment process B instead of W because B is station-
ary (hence weakly stationary, and we can apply Theorem 4.1.1), while W is not
even weakly stationary (it only has stationary increments). A standard computation
yields that the covariance function C' : R — R of B is given by

1
Cz) = 5 (114227 4 [1 = 2 — 2227
2
and C € L'(RY), because as |z| — oo we have (by Taylor expansion)
C(z) ~2H(2H —1)|2|*?%72,  2H -2¢€ (-2,-1).

If we choose o(z) = xz, then [, ¢(B,)dz = [, Bydx is Gaussian for every ¢t > 0.
The important fact to note in this example is that

o? = K(z)dz = C(z)dz =0,
R4 R4

implying that (4.34) and the Breuer-Major theorem only say that t%/? = t/2 is not



Chapter 4. Asymptotic covariances for functionals of weakly stationary random
98 fields

the correct normalization. Indeed, as t — oo we have

¢ t
wy = wl’t:2/ C(z)dz:/ 11+ 22 41— 227 — 22242
0 0

1
= ST ((t +1)2H L (g 1)2HHL 2t2H+1) ~ 2H2H-1

which means that wy is regularly varying with index o = 2H — 1 € (—1,0). Therefore,
applying Theorem 4.1.1 we obtain that the correct normalization is t!/ 2wlt1 2

V2Ht" and VD, L € D

(LDB . dy) 7 1/00 _ﬁ(gD L) + gp,L (=) 1dl
0

$1/24,1/2 7 41/2,,1/2 2 dl

which, if D = [0,7] and L = [0, s, is the covariance function of a fractional Brownian
motion with Hurst index H € (0,1/2) (see Remark 4.1.2).

4.4.2 The long memory case.

Another frequent assumption is C'(z) = p(|z|) radial with p regularly varying with
index —f3 € (—d/R,0) (see e.g. [LO13] for some examples), that is:

p(r) = —= r>0,

with ¢: Ry — R slowly varying (see Section 4.2.3). In this case, we say that we are
in the long-memory case. As |z| — oo, we have

K(2) = k(|z]) = ZQ'G p(|2]) ~ Rlagp(|z]) = Rlaj, PR

implying that k£ : Ry — R is regularly varying with index —Rf € (—d, 0). Therefore,
reasoning as in (4.9) we obtain

. [ip ©(Bz)dz [, o(By)dy _RB
tlg&Cov( tdkz( )1/2 , 1kt )1/2 = /QDL( )| 2] dz

_ //]a;— Y| " dady, (4.39)
and a correct normalization turns out to be

()2 ~ \JRUaZ 1 0RI2(1), ast — oo,

i.e. the one usually observed in the long memory context (see e.g. [LO14]). Note
that C ¢ L7 (RY), so we are not in the Breuer-Major case, and

o0
= Z agww ~ a%wRﬂg ast — oo, (4.40)
=R
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which by Proposition 4.2.4 is regularly varying with index o« = d — RS € (0, d). For
this reason, we can apply Theorem 4.1.1, obtaining

B.)d B,)d
lim Cov (ftD p(Ba)dw J,p o(By) y) - / / |z — y|* Ydady,
Wd-1 Jp JL

t—oo td/2wtl/2 ’ td/2wtl/2

which is exactly (4.39) (indeed, w; ~ %tdk(t) by Proposition 4.2.4).

The first limit theorems in the long memory context were proved in the seminal
works [DM79], [Ros60], [Taq79] and then extended in many directions. What
happens in this case is that (4.30) (suitably normalized by t?k(t)) has asymptotically
an Hermite distribution of order R, which is not Gaussian if R > 2. Moreovetr,
the result can be extended to multi-dimensional (and stronger type) central limit
theorems, see e.g. [LO14].

Summarizing, if B has a radial covariance function C(z) = p(|z|) with p regularly
varying with index —3 € (—d/R, 0), then we can compute the asymptotic covariances
of B using (4.39) or Theorem 4.1.1 (since w; is regularly varying with index o« =
d — Rf3). Moreover, the forementioned limit theorems apply, yielding an Hermite
limiting distribution. However, Theorem 4.1.1 allows to obtain the asymptotic
covariances in many other situations in which (4.39) does not hold, whenever w;
is regularly varying with index « > 0 and k is not regularly varying (see Example
4.4.5).

4.4.3 The Berry’s case.

The Berry’s random wave model is a Gaussian field which arises as the local scaling
limit of a variety of random fields on two-dimensional manifolds, see [Die+23] for
the details. It was first introduced by Berry in [Ber77], and is used in quantum
mechanics to model the Laplace eigenfunctions of classically chaotic billiards with
large eigenvalue (see also [NPR19] and the references therein). It is defined as
a smooth, stationary, centered Gaussian field B on the plane (d = 2) with radial
covariance function

C(z) = p(|z]) = Jo(|2]),
where Jj is the Bessel function of the first kind of order 0 (see e.g. [Kral4]), with
series expansion
N2
()

Jo(r) = Z ((;,1))2

Jj=0

and asymptotic behavior

2 .
Jo(r) = /=772 cos (7“ — W) + O (r_%) asr — oo. (4.41)
™ 4
Note that p? is not regularly varying. This means that we can not use Proposition
4.2.4 to prove that w,, is regularly varying, as we did in Section 4.4.2. Nevertheless,
this latter fact is given by the following lemma (for ¢ # 1) and is a consequence of

the results in [GMT24].

Remark 4.4.1. For ¢ = 1, wy is not regularly varying. To prove this fact, consider
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J1, the Bessel function of the first kind of order 1 (see e.g. [Kral4]), with series
expansion
ARSI VANt
0= ()£ 552 )
2 jzoj!(j +1)I\2

and asymptotic behavior

2
Ji(r) = \/;ré cos (r — iﬂ') +0 (1“7%) as r — oo.

Note that using the series expansions of .Jy and .J; we have

& (1)) = Jolryr

Therefore, since

! [2
Wy = 277/ Jo(r)rdr = Ji(t)t =27 Z¢2 cos (t - 37r> +0 (f%) ast — oo,
0 m 4

w1 ¢ is not a regularly varying function, and Theorem 4.1.1 can not be applied to com-
pute the asymptotic covariances of [,,, Hi(B,)dx = [, Bydz and [,; H\(B,)dx =
ft 1, Bedzx (recall that H;(x) = z is the first Hermite polynomial).

Nevertheless, with a different argument, something can be said about the variance
of [, Bydx = [, Hi(B,)dx. Indeed, we have the formula (see e.g. [Sch38])

1 )
C(z) = Jo(|z]) = / @0 qp.
Sd—1

Wd—1

and after applying Fubini-Tonelli theorem we obtain

Var </ Bxda,‘) :/ / Jo(|z — y|)dzdy =
tD tD JtD

1 t2d
/ FlLip]2(6)d6 = / FILp)(t0)db,
Wd—1 Jgd-1 gd—1

Wd—1

where F denotes the Fourier transform. Therefore, if |F[1p](z)| = o(|z|~%/?), we
have

Var (/ Bacdx) = o(t?), ast— oo.
tD

This fact will be needed in Example 4.4.6.

Lemma 4.4.2. Let (B;),cr2 be the Berry’s random wave model, and recall the notation
introduced in the first part of Section 4.4. Then for q > 2, as t — oo, we have

ct ifqg=2
wge~ | clog(t) ifqg=4 :
c ifq=3o0rq>5

where ¢ € (0, 00) depends on g, but does not depend on t.

Proof. In the sequel, let ¢ be a positive constant which may change value. For ¢ = 2
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even, by (4.41) and the trigonometric identity 2 cos?(x) = 1 + cos(2x) we have

w27t227r/0tjg(7“)7"d7“20 </1t0082(7"—7r/4)d7"+0 (/Ot Cf))
=c (t—1+/1tcos<2r—w/2>dr+o(/ﬁ))

=c (t+ O(log(t))) ~ ct.

For ¢ = 4, by (4.41) and the trigonometric identity 8 cos*(x) = 2(1 + cos(2x))? =
2 + 4 cos(2z) + 2 cos?(2x) = 2 + 4cos(2x) + 1 + cos(4x), we have

w4,t:2w/0tJ§(r)rdr:c ([derO(/otg))
=c (310g(t)+4/1tcos(2r—7r/2)dr+/1tc08(47‘—7f)d7°+0 (/Ot g))

= ¢ (log(t) + O(1)) ~ clog(t).

If ¢ > 6 is even, wg; > 0, wy, increasing in ¢, and wy; = O(1) (see Remark 4.4.2).
Therefore, we have w,; ~ ¢ > 0 for some positive constant ¢ > 0.

If ¢ > 3 is odd, the fact that w,; converges to a positive constant is more difficult
to see, and is proved in [GMT24] by means of Pearson’s random walks. O

Remark 4.4.2. Note that since |C'(z)| = |Jo(]z])| < 1 and (4.41) holds, we have

1
‘JS(T)‘ <c (1 /\7"5/2>’ r >0,

where c is a positive constant. Moreover, since |C(z)| = |Jo(|z|)| < 1 we have

o0  dr
/]Rd |C’q(z)|dzg/Rd‘C5(z)’dz:27r/0 ’Jg(r)‘rdrgc/l W<oo, q>>5.

Therefore, we obtain the uniform bound
Zagwq,t < ||90H?;2(R+,7(d$)) /Rd ‘C’E’(x)’ dx < 0. (4.42)
q=>5

Combining Lemma 4.4.2 with Theorem 4.1.1, we are now able to compute the
asymptotic covariances

lim Cov
t—o00

<ftD @(Bz)dx ftL SO(By)dy>

td/Qwi/Q ’ td/le}/Q

where B = (B;),cr2 is the Berry’s random wave model, for a large class of functions
o and compact domains D, L. If we further apply [MN24, Theorem 2] and the Peccati-
Tudor multi-dimensional fourth moment theorem (see [PT05]), we are able to prove
multi-dimensional central limit theorems for functionals of the Berry’s random wave
model. All these facts are explained in the upcoming Examples 4.4.2-4.4.6. Before
we move on to the latter, to ease the exposition, let us state a simplified version of
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the Peccati-Tudor theorem in our context.

Theorem 4.4.3. [PTO5, Proposition 1] Let B = (B;),cra be a continuous, centered,
stationary Gaussian field with covariance function C. Let D’ be a class of compact sets
in R%. Assume that the following three conditions hold:

1. Var ([,, Hy(Bz)dx) > 0, for every D € D’ and t large enough.

2. Forevery D € D'
ftD Hy(By)dx lay N,

V/Var ([, Hy(By)dx)

where N ~ N (0, 1) has a standard Gaussian distribution.

3. Forevery D, L € D', we have

Jip Hy(By)de J,, Hy(By)d )%b
; (D, L),
<\/Var ([ip Hy(Bz)dx) \/Var(ftLHq(By)dy)

where b(D, L) is a constant depending only on D and L.

Then, as t — oo we have the multi-dimensional central limit theorem

ftD Hq(Bx)d$ ) fid'G—
= (G(D)) pepr
<\/Var (i Ho(Bu)dz) )

where G is a centered, set-indexed Gaussian field with covariances
Cov(G(D),G(L)) =b(D, L).

Example 4.4.2. (Berry with R > 5.) If R > 5, then C € LR(R2) and we are in
the Breuer-Major case of Section 4.4.1. In particular, by Lemma 4.4.2 we have that
o2 > 0 and wy is slowly varying (see (4.42)). Therefore, the asymptotic covariances
are given by (4.34) or (applying Theorem 4.1.1) by (4.38), and Gaussian fluctuations
follow by multi-dimensional Breuer-Major theorems of the form (4.36)-(4.37).

Example 4.4.3. (Berry with R = 4.) When R = 4, note that K(z) = k(|z|) is radial,
non-integrable and k is not regularly varying, implying that we are not in the classical
cases discussed in Sections 4.4.1 and 4.4.2. Despite this, w, is slowly varying (see
Lemma 4.4.2, (4.33) and (4.42)) and in particular

wy ~ ajwyy ~ c log(t) ast — oo,

where ¢ is a positive constant. Then, Theorem 4.1.1 can be applied to obtain the
asymptotic covariances

2)d y)d
lim Cov (ftD‘p 72 =, Ju 2B . y) = Vol(DN L), (4.43)
td/2wt td/Zwt

for every D,L € D, where D is the class of compact sets with finite perimeter
introduced in (4.13). Moreover, by using reduction techniques (see e.g. the proof of
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[MN24, Proposition 4]) in (4.44) and the spectral CLT [MN24, Theorem 2] in (4.45),
we have for D C R? compact with Vol(D) > 0:

2
B.)d Hy(B,)d
( Jup P (Ba)de n(aa Jup Ha(Bo)de ) S0 (4.44)
\/Var ([ip ¢(Bz)dzx) \/Var ([;p Ha(By)dx)
and B
Jip T1(Ba)dw  tay N(0,1). (4.45)
\/Var ([, Ha(B,)dz)
Combining (4.43), (4.44), (4.45) and Theorem 4.4.3 with D’ = D, we obtain
B.)d d.d.
Jip @Bty (446
td/th/ Dep

where G = (G(D)) pep is a Gaussian noise with covariances given by (4.43). Note
that we have proved (4.46) on D, excluding the compact sets with infinite perimeter,
since in the latter cases Theorem 4.1.1 can not be applied as in (4.43) to verify
condition (iii) of Theorem 4.4.3. Note also that (4.46) could have been obtained (for
a less general class of domains A defined in [PV20]) combining the results proved in
[PV20] for the nodal lengths of the Berry’s random wave model and the reduction
principle in [Vid21].

Example 4.4.4. (Berry with R = 3.) If a4 # 0, then w; ~ aiw47t and we can reason
exactly as in Example 4.4.3. So we can assume that R = 3 and a4 = 0. If this is the
case, by Lemma 4.4.2, (4.33) and (4.42) we have that w; converges to a positive
constant, so that it is slowly varying. Then, by Theorem 4.1.1 we have for every D, L
in the class D of compact sets with finite perimeter (see (4.13))

Jip e(Ba)dz [, o(By)dy
/2 1/2
75d/2wt/ 75d/2wt/

t—o00

lim Cov ( > = Vol(DNL).

Note that in this case C' ¢ L3(R?), so we are not in the Breuer-Major case, where
the covariances can be obtained for D, L compact domains as in (4.34). In fact, in
this case [, C*(z)dz is only conditionally convergent, but not absolutely convergent.
Nevertheless, excluding compact domains with infinite perimeter, we can compute
the asymptotic covariances using Theorem 4.1.1.

To the best of our knowledge, limit theorems in the case R = 3 and a4 = 0 have
never been proved.

Example 4.4.5. (Berry with R = 2.) When R = 2, we have (by Lemma 4.4.2, (4.33)
and (4.42)), ¢ being a positive constant,

Wy ~ a§U)27t ~ct ast — oo.

Again, we are not in the classical cases discussed in Section 4.4.1 or 4.4.2, but wy is
regularly varying with index o« = 1. Then, by Theorem 4.1.1 we have for every D, L
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in the class D of compact sets with finite perimeter (see (4.13))
, fip e(Be)dz [, ©(By)dy d
tllglo Cov ( oy ,51/2 T 751/2 =5 /Sl d@/ dl <_dl'gD L(l@)) [ (4.47)

/ / dedy (4.48)
T 2r Llz—y

For the last equality, see Remark 4.1.2. Note that the integral on the RHS of (4.47) is
finite, since gp ;, has bounded derivative and compact support if D, L are compact
sets with finite perimeter (see Proposition 4.2.2).

Let us define the following class of compact sets:

Do := {D C R? compact : Vol(D) > 0, |F[1p](z)| = O(|z|~¥?) as |z| — oo},

where F denotes the Fourier transform. For example, D € Do when D is compact,
D = D and D is smooth with non-vanishing Gaussian curvature, see [BHIO3]. By
using reduction techniques (see e.g. the proof of [MN24, Proposition 4]) in (4.49)
and the spectral CLT [MN24, Theorem 2], we obtain for every D € Do :

2
Sp$B)dr L Jip Ha(By)da 4.49
(\/Var ([ip ¢(Be)dzx) on{ 2)\/Var (ftDHQ(Bz)dl')) -0 49
and
Jup Ho(Be)dw __ tay N(0,1). (4.50)
\/Var ([.p H2(Bg)dx)

Moreover, combining (4.47), (4.49), (4.50) and Theorem 4.4.3 with D’ = DN Dy,
we obtain the multi-dimensional central limit theorem

<ftD ©(By)dx

fdd.
1/2 =
td/ 2w,

) (G/(D))DEDﬁDoa (4'51)
DeDNDo

where the set-indexed Gaussian field G’ = (G'(D)) pepnp,, has covariances given by
(4.47). Note that the restriction on D in (4.51) is needed to exclude the compact sets
with infinite perimeter, since in the latter cases Theorem 4.1.1 can not be applied as
in (4.47) to verify condition (iii) of Theorem 4.4.3. Moreover, the restriction on Do
in (4.51) is needed to conclude (4.50) by means of Theorem [MN24, Theorem 2],
verifying the condition (ii) in Theorem 4.4.3.

Example 4.4.6. (Berry with R = 1.) If ¢ is linear, then ¢(z) = a1z = a1 H(2),
where H;(z) = x is the first Hermite polynomial and a; # 0 by definition of Hermite
rank R. In this case, w; = a%wu is not regularly varying, see Remark 4.4.1. Therefore,
we can not apply Theorem 4.1.1 to compute the asymptotic covariances.

Let us now assume that ¢(x) is not linear, splitting the functional as follows

/ cp(BQC)dx:al/ Hl(Bx)daH—/ O(By)dz,
tD tD tD

where ¢ := ¢ — a1 H; # 0 because ¢ is not linear (i.e. 3¢ > 2 with a, # 0). In
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addition, recall the notation D for the class of compact sets with finite perimeter, and
consider

D, := {D C R compact : Vol(D) > 0, | F[1p](x)| = o(|[~*/?) as [x] — oo} .

For example, D € D, when D is compact, D = D and dD is smooth with non-
vanishing Gaussian curvature, see [BHIO3].

Then, we can study the asymptotic covariances and multi-dimensional fluctuations
of [.;, ¢(By)dx, as we did in the previous examples, following two steps:

1. We observe that as t — oo (note that the equality holds by definition of ¢)

2

. ftD o(By)dx B ftD O(Bg)dx (4.52)
42 o 1/2 42 o o 1/2 .
t ( ) aqwq,t) t ( q=2 aqqut)
_ Var (ftD CllHl(Bx)dI) 0 VD eD,. (4.53)
14320 ) aZwg,y ’ ’

In fact, by Remark 4.4.1 we have (note that t = O (td PO agwq,t) by Lemma
4.4.2, since 3¢ > 2 with a, # 0)

Var <a1/ Hl(Bx)dx> =0 (td Z agw%t) , VD € D,.
tD q=2

2. Since the asymptotic L?-equivalence (4.52) holds, the problem of studying
the asymptotic covariances and the multi-dimensional Gaussian fluctuations
of [, ¢(Bz)dx is reduced to the same problem for [, ¢(B,)dx. Hence, since
 has Hermite rank greater or equal than 2, one can solve the problem using
the results in the previous examples. For instance, if the Hermite rank of ¢ is 2,
then by Example 4.4.5 we have

P(Bz)dz dd.
ftD - 173 f—> (G'(D))pepnpo-
td/Q( 00 2. ) /

=2 "q "t DeDNDo

and combining the latter with (4.52) we obtain (note that D, C Do, so we add
an additional restriction on the class of domains in order to use (4.52)).

.d.d.
” 4% (G'(D)) peprm,

DeDND,

where the set-indexed Gaussian field G’ = (G'(D))pepnp, has covariances
given by (4.47).

Remark 4.4.3. Note that all the arguments above could be generalized to prove
analogous multi-dimensional central limit theorems for the d-dimensional Berry’s
random wave model (and partially extended to a larger class of fields, see [MN24,
Section 6]). We only focused on the case d = 2 for the sake of brevity.
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4.5 Non-radial covariance functions.

When d > 2, the covariance function K of the field A could be non-radial, but
Theorem 4.1.1 can still be applied taking D as the set of balls centered at a fixed
point, see (4.14).

The goal of this section is showing that the problem (4.3) for non-radial, con-
tinuous K can be reduced (for D, L balls centered at a fixed point) to the same
problem for a radial covariance function Kjs,, which will be defined in the sequel.
This reduction principle will be proved in Proposition 4.5.1.

In order to state Proposition 4.5.1, we need to introduce some additional quanti-
ties.

Let A = (A;),cra be a measurable, weakly stationary random field with continu-
ous covariance function K : R? — R, K(0) = 1. By Bochner’s theorem, there exists a
unique, symmetric, Borel probability measure G on R such that

K(z) = /R , TN G(dN).

G is called the spectral measure of A (or associated to K'). In other words, K is the
characteristic function of A, where A ~ G is a random variable with values in R¢.
Note that we can always write

K(z)=E {awm} —E [ez’muz,ﬁq 7

where [A| ~ pand A :=1 A0 A/|A| ~ o are respectively the random norm and the
random direction of A. We will refer respectively to the probability measures p on R
and o on S~ as the isotropic spectral measure and spherical spectral measure
of A (or associated to K or G).

Remark 4.5.1. Let us denote by v the uniform probability measure on S¢~!. Note
that K is radial if and only if 0 = v. Indeed, K is radial, i.e. K(z) = K(Pz) for every
P orthogonal matrix, if and only if PA ~ A for every P orthogonal matrix, that is
A is uniformly distributed on $%~! (i.e. & = v). In particular, given a probability
measure y on R, there is a unique continuous, radial covariance function with
isotropic spectral measure y (and spherical spectral measure v).

Thanks to Remark 4.5.1, we can now give the crucial definition of this section.

Definition 4.5.1. Let A = (A;),cr¢ be a weakly stationary random field with
continuous covariance function K : RY — R, isotropic spectral measure p and
spherical spectral measure o, that is

K(z) = /0 h p(dr) /S | oldo) ird2),

The isotropic covariance function of A is the only continuous, radial covariance
function Kj, : R? — R with isotropic spectral measure ;, namely (see Remark 4.5.1)

Kiso(z) Z—/O /L(dT‘) /Sd_l I/(de) ei(rH,z)’
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where v(df) = df/wq_, is the uniform probability measure on S9!,
The main result of this section is the following.

Proposition 4.5.1. Let A = (A,),crae be a measurable, weakly stationary random field
with continuous covariance function K : R? — R and isotropic covariance function Kig,.
Then we have (recall the definition (4.1) of w)

w = [ K@di= [ K@d—w 0 @59
{]z|<t} {l=1<t}

and for D, L balls centered at the same point

//K(x—y)dmdy:/ /Kiso(x—y)dxdy. (4.55)
DJL DJL

In particular, if wy = w* is regularly varying with index o € (—1,d] (see (4.15)), by
Theorem 4.1.1 we have, for D, L balls centered at the same point (see (4.14)), ast — oo

Cov ftDAmd:L' ftLAxdx _ fthtLK(:E—y)dmdy
td/2wg/2 ’ td/2wtl/2 tdwy,

o J;ED j;fL Kiso(:x - y)dxdy
B tdapiso

1 00 d X
— o /sdlda/o dl <—dlgD,L(l9)>l . (4.57)

(4.56)

Proof. By Fubini, we have

N /Sdl o(df) /Ooo dr) F(1gz1<](rf),

where F denotes the Fourier transform. Since F[1y.|<;(rf) is a radial function (i.e.
does not depend on 6) and o, v are probability measures on S¢~!, we have

[, tan) [ ntan) Firgacloo) = [ vao) [ uan Fgicoleo)
:/ Kiso(2)dz = wi*°,
{l=I<t}

where the last equality follows again by Fubini. Therefore, (4.54) is proved. As a
consequence of (4.54) and (4.27), we also obtain (4.55). Moreover, (4.56) follows
by (4.54), (4.55) and a direct application of Theorem 4.1.1. O

Proposition 4.5.1 allows to reduce the problem (4.3) for K non-radial (and D, L
balls centered at the same point) to the easiest problem (4.3) for Kj,, radial.

Note that we can also make the argument in the opposite direction: if Kjs, is a
radial covariance function and we can check (4.15) for Kjg,, then by Proposition 4.5.1
we can apply Theorem 4.1.1 not only for random fields with covariance function
Kiso, but for every random field with isotropic covariance function Kjg,.
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To be more concrete about the possible applications of Proposition 4.5.1, we
conclude with the following example.

Example 4.5.1. Fix d > 2 and consider the non-Gaussian random field A = (A4;),cpd
given by the rescaled sum of N independent random waves with random phases ;,
random directions ¢; and random wavenumbers k;. Namely, we have

5 N
A, = “N ; cos (ki(x, 0;) + ¢i), (4.58)
where 1,601, k1,..., 0N, 0N, ky are all independent and foralli = 1,..., N we have:

¢; is uniformly distributed on [0, 27]; §; ~ o symmetric probability measure on S~ 1;
k; ~ u probability measure on (0, c0).

Note that when o is the uniform distribution on S%! and p = 4, for some
constant k£ > 0, random fields of the form (4.58) are called random superposition
of independent waves, and have been extensively studied as good local models for
wavefunctions (i.e. eigenfunctions of the Laplacian), see e.g. [Ber77; NPR19; PV20;
Vid21].

Moreover, note that A is not stationary, since A, and A, have not the same
distribution in general. For instance, if N = 1, in general Ay = cos(y;) has not the
same distribution of A, = cos(k1(z,0:1) + ¢1) for every x # 0.

However, A is weakly stationary, implying that Theorem 4.1.1 can be applied to
compute the asymptotic covariances of functionals of A. Indeed, we have

E[A,] = V2NE [cos (k1(z,01) + ¢1)]

= V2N | E[cos (k1 (z,0:))] E [cos(p1)] —E [sin (k1 (z, 61))] E [sin(e1)] | =0
=0 =0

and

Cov(Az, Ay) =E[AAy] = 2E [cos (ki (z, 61) + 1) cos (k1 (y, 01) + ¢1)]

= 2E [cos (k1 (z,01)) cos (k1 (y,01))| E [COSQ(Lpl)}

—_——
=1/2

+ 2E [sin (k1 (z, 61)) sin (k1 (y, 61))] E [SinQ(gol)]
=1/2
— 2E [cos (k1 (z, 01)) sin (k1(y, 01))] E [cos(p1) sin(p1)]
=0
— 2 [sin (k1 (z, 01)) cos (k1(y, 61))] E [sin(¢1) cos(p1)]
=0

= E [cos (k1{z — y,01))] .

Therefore, denoting by K the covariance function of A, by the symmetry of 6, we
have

K(z) =E][cos (ki(z,61))] =E [eikl(z’91>} = / =0 (1 x o) (dr, db),

R+ x Sd—1
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implying that the isotropic (resp. spherical) spectral measure of A is i (resp. o). By
Proposition 4.5.1 the integral covariance function w defined in (4.1) does not depend
on the spherical spectral measure. In other words, whatever is the distribution of
the random directions 61, ..., 0y fixed in the definition (4.58) of A, one can apply
Theorem 4.1.1 with the isotropic covariance function of A, i.e.

Kiso(2) = / 0 (4 v) (dr, dB),
Ry x §d—1

where v is the uniform probability measure on S%~!. More precisely, whatever is the
covariance function K, whatever is the spherical spectral measure o, if Kjy, satisfies

wjtso - / Kiso(2)dz = £(t)t°, a € (=1,d,
(1<t}

with ¢ : R} — R slowly varying, we have for D, L balls centered at the same point
(see (4.14)),as t — oo

[ip Azdx [i7 Azda 1 ° d o
Cov (td/Q(w%SO)l/Q’ td/Q(wiSO)1/2 - W1 /Sdl da/() dl <dlgD,L(l9)> 1.

t







CHAPTER

Limit theorems for p-domain

functionals of stationary Gaussian
fields

This chapter contains the preprint [Leo+24], "Limit theorems for p-domain function-
als of stationary Gaussian fields", written in collaboration with Nikolai Leonenko,
Ivan Nourdin and Francesca Pistolato. arXiv (2024+): 2402.16701.

5.1 Introduction

Gaussian fields are widely used to model random quantities arising in different
applications, see e.g. [Chr92; DR07; Gne02; LRM23]. These random quantities may
depend for instance on space z; € R% and time z, € R, (e.g. [Gne02]) or more
generally on several variables z1, z2, x3, ... belonging to (possibly non-Euclidean)
spaces of different dimensions (e.g. [BPP22; MRV21; MRV24]).

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

Cov(B;, By) = C(x — 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 decomposi-
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tion (see, e.g. [NP12, Section 1.4]) of the form

¢ =E[p(N)]+ > aqH,, with R > 1 such that ag # 0, (5.1
q=R

LE [p(N) H,(N)]. The

where H, is the gth Hermite polynomial and a; = a4(¢) =

integer R > 1 is 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) = / go(Bx)dx for tl,...,tp > 0. (5.2)
t1D1><---><tpr

We remark that the integral in (5.2) is well defined thanks to the continuity assump-
tion made on B as well as the square integrability of ¢ with respect to the standard
Gaussian measure (see e.g. [MN24, Proposition 3]).

Under sufficient conditions ensuring that Var(Y (t1,...,t,)) > Oforeveryti,... ¢,
> 0 large enough, we study the limit in distribution as t1, ...,t, — oo of the normal-
ized version of the functional Y (¢1,...,t,) defined as

ity e Y00 t) B (1, )] 5.3)

Var(Y (11, 1))

While the case p = 1 has been extensively studied since the eighties (see e.g. the
seminal works [BM83], [DM79], [Ros60], [Tag79]), not much literature can be found
when the integration domain of (5.2) does not grow uniformly with respect to all its
directions (that is, when p > 2 and when ¢,, ..., go to infinity at possibly different
rates). In fact, the extended class of functionals (5.2) has aroused interest only in the
past decade (see e.g. [RST12], [PR16], [Brel11], [LRM23], [AO18], [PS17]), 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 (5.2) 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
t1Dy x -+ x t,D,, namely

Y(t1, ... tp) = Vol ({(:131, cosy) €D X X tyDy  Blay py > a}) ,

which is a (random) geometrical object that has been extensively studied in the
literature, see e.g [AT07]. 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
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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 [RST12]).

5.1.1 Separable case

In this section, we investigate the asymptotic behavior of (5.3) 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=0®...®C), thatis, when

P
Clar,...,xp) = [[Ci(zi), = €R%, 1<i<p, (5.4)
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 R¢, we have that C; is the covariance function of the
field BY := (B(y, ;. .5,))a,cra: fOr any fixed values of z;, j # i. Since we are only
interested in distributions, we can define the marginal functionals

V)= [ pBEdw. =1 (5.5)

and their normalized versions

= Yi(t) —E[Yi(t)]
Yilt) = = Amma)

i=1,...p, (5.6)

with the convention that, for any given i, the values of z;, j # i, in (5.5) are arbitrary
but fixed.

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

Theorem 5.1.1. Let ¢ : R — R be a measurable function satisfying E[p?(N)] < oo for
N ~ N(0,1), with Hermite rank R > 1. Let B = (By),cga 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 (5.4), and also that it satisfies, for
each i: -
CR>0 and C;e |J LMR%).
M=1

Let us consider Y given by (5.3) and Y; given in (5.6). 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) 3 N(@0,1) asty,... t, — .

Remark 5.1.1. The integrability assumptions on C; for Theorem 5.1.1 to hold may
be removed when ¢ = H,; moreover, in this case we also have quantitative results
for the convergence in distribution (see Subsection 5.3.1).
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Remark 5.1.2. Given a discrete stationary centered Gaussian field B = (By);,cz« With
unit variance, the definition of separable covariance function C : Z¢ — R is similar,
ie. C(z) =1, Ci(z) with C; : Z% — R for i = 1,...,p, whereas the functionals
(5.2) and (5.5) are defined as follows:

Y(ny,..., np) = Z ©(By), Yi(ni) = Z @(Bku ,,,,, kp)’
ke([T7_, [0n3)4)nzd ki €[0,n;]% NZ%
where n; € Nforevery: = 1,...,p. In this setting, analogous results to Theorem 5.1.1

could be obtained, see e.g. Remark 5.3.1 where we highlight that Proposition 5.3.3
directly translates with straightforward modifications for a discrete Gaussian field.

Remark 5.1.3. 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 Y; :=
Y(t,...,t) exhibits Gaussian fluctuations around its mean. See e.g. Example 5.4.3.
We refer to [MN24] 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 5.1.1 can be. It is noteworthy that a specific
instance of this implication had previously been observed in the papers [RST12] and
[PR16]; 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 5.1.1 establishes that (5.2) 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(z) ~ g(z) to indicate that
limy ;-0 f(x)g(z)~! = 1. Recalling that R denotes the Hermite rank of ¢ (see (5.1)),
we consider the following conditions:

* (; is regularly varying with parameter —g; € (—d;/R,0), that is
Ci(z:) = pill=il)) = Lallzs)ll=l % Bi € (0,di/R), (5.7

where L; : (0,00) — R is slowly varying, i.e. L;(rs)/L;(s) — 1 as s — oo,
vr > 0.

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

i) ~ aLi(L/ DI as [l = 0. (5.8)

If (5.7)-(5.8) hold and R > 2, then it is known that E(ti) converges in distribution
to a non-Gaussian random variable (see Theorem 5.2.4). In the following Theorem
5.1.2, we give conditions so that Y has non-Gaussian fluctuations either.



5.1. Introduction 115

Theorem 5.1.2. Let ¢ : R — R be a measurable function satisfying E[p?(N)] < oo for
N ~ N(0,1), with Hermite rank R > 1 (in particular, we have ap # 0, see (5.1)). Let
B = (B;),cra 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 (5.4), and satisfies

ct>0  and (5.7)-(5.8) hold Vi€ {1,...,p}.

Let us consider Y given by (5.3). Then, as t1,...,t, = oo, we have
f/(tl; o 7tp) i} Sgn(aR)Iulx...xyp,R (fR,tlDlx...xtpr) , (5.9)
\/V?ﬂ" (Iz/1><...><1/p,R (fR,tlDlx...xtpr))
where fr4, Dy x..xt,p, : (R?)T — C is defined by
TRt D1x..xt, Dy (AL, o, AR) 3=/ el At AR g (5.10)
tlDlX...tiDp
the product measure vy x ... x v, on R is defined by v;(dz;) = ||z;||%~%dx; and

I x...xv,,r denotes the Rth Wiener-Ité integral with respect to a o-finite measure (see
Section 5.2). In particular, the limit (5.9) is not Gaussian as soon as R > 2.

Theorem 5.1.2 represents a generalization from 1-domain to p-domain of the
celebrated Dobrushin-Major-Taqqu (see Theorem 5.2.4). We remark that depending
on the choice of the domains, the function f can be computed explicitly (see e.g.
Remark 5.2.1). In the particular case of the rectangular increments of a fractional
Brownian sheet, we note that Theorem 5.1.2 for p = 2 is already proved in [RST12]
and [PR16].

Remark 5.1.4. Analogous results (both central and non-central) hold if we fix some
of the domains, i.e. considering t1D; X --- X t,_1Dp—1 X D, and Y (¢1,...,tp—1,1).
In this setting, it is possible to prove the following.

* Under the same assumptions of Theorem 5.1.1, the following two assertions
are equivalent:

(@) Yi(t;) LN N(0,1) ast; — oo for at least one i € {1,...,p—1};
) Y(t1,... tp1,1) 5 N0, 1) asty,... t,_1 — oo.

* Analogously to Theorem 5.1.2, if (5.7)-(5.8) hold for : = 1,...,p — 1 and
Cf >0, if G, is the spectral measure of C,, then the convergence of Theorem
5.1.2 still holds replacing v, with G}, namely

> ) d Sgn(aR)Iulx...xup_lep,R (fR,D1><...><Dp)

Y(tl, ey tp, 1) —
\/V3r (Iylx...xup_1 xGp,R (fR,D1><---><Dp))

sty s tpo1 — 00,

The proofs of these facts follow from similar arguments to the ones of Theorem 5.1.1
and Theorem 5.1.2 (see Section 5.3).
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5.1.2 Non separable case

It is easy to construct examples illustrating that the normal convergence of functionals
Y;i(t;) is in general not enough to determine the behavior of Y (¢y,...,,) when the
separability of the covariance function (5.4) is dropped. See Example 5.5.1 for such
a situation.

This is why we examine in Section 5.5 what can happen when we go beyond the
separable case, by investigating two different classes: Gneiting covariance functions
(Section 5.5.1) and additively separable covariance functions (Section 5.5.2).

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 5.5.1.

In contrast, the situation in the additively separable case is much more compli-
cated. We still manage to prove a kind of “reduction” theorem, see Theorem 5.5.2,
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 5.1.1.

We refer to Section 5 for details.

5.1.3 Plan of the paper

The paper is organized as follows. Section 5.2 contain some needed preliminaries. In
Section 5.3 we prove Theorem 5.1.1 and Theorem 5.1.2. In Section 5.4 we provide
several examples where our results apply, and we compare them with the existing
literature. In Section 5.5 we go beyond the separability assumption by investigating
two other frameworks. Finally, in the Appendix we prove some auxiliary results.

5.2 Preliminaries

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

5.2.1 Elements of Malliavin-Stein method

Theorem 5.1.1 is proved using the Fourth Moment Theorem by Nualart and Peccati
(see [NPO5]) and its quantitative version by Nourdin and Peccati (see [NP12, Theorem
5.2.6]). For all the missing details on Malliavin calculus we refer to [Nua06] or
[NP12].

Let us fix a probability space (2, F,P). Consider a continuous, stationary, centered
Gaussian field B = (B,),cre 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, symmetric!, finite measure G on R? endowed with the
Borel o-algebra B(R?), called the spectral measure of B, satisfying

C(z) —/ ei<x’)‘>G(d)\), z e RY. (5.11)
]R‘i

'In the sense that G(A) = G(—A) for every A € B(R?).
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We define the real separable Hilbert space
H = L*G) = {h ‘RY - C: [ |hN)PG(dN) < 0o, h(N) = h()\)} . (5.12)
R4

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

(hugh = [ WONGOGN = [ HNa(-NG(@N). (5.13)

Thanks to [NP12, Proposition 2.1.1] we may consider an isonormal Gaussian process
X on H, with covariance kernel

E[Xa(h)Xa(9)] = (h, g)n- (5.14)

Moreover, by (5.11), the field (X¢ (ez)),cge> Where e, := ¢il@) is stationary and
Gaussian, with covariance function C' and spectral measure GG. Hence, the two fields
share the same distribution, that is

(X6 (€2))pert = (Be)pepe- (5.15)

Since we study limit theorems in distribution, we assume from now on that B, =
X (ey) for any = € RY. For ¢ > 1, we also define the qth Wiener chaos as the linear
subspace of L?*(Q) generated by {H,(X¢(h)) : h € H}, and for every h € H such
that ||h|| = 1, we define the qth Wiener-It6 integral as

1,(h®9) = Hy(Xa(h)), (5.16)

where h®9 : (R%)? — R is such that
q
hE(wy, .. xq) = [] hm). (5.17)
I=1

By density the definition of I, can be linearly extended to every function in the space
HOY = L2((R%)9, G®9) of the symmetric functions in H®4 = L2((R%)?,G®9). This
allows one to write

/D H, (B,)dx = I,(f), (5.18)

where f : (R%)? — R is given by
FO, - A) = / M At A) g (5.19)
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.

Forq e N,r =1,...,¢ — 1 and h, g symmetric functions with unit norm in H,
we can define the rth contraction of h®7 and ¢g®? as the (generally non-symmetric)

*Note that (h, g) is real for every h, g € H, because G is symmetric and h, g are even.
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element of H®24=2" given by
h®1 @, g% = (h,g)}, h%T " @ g®I". (5.20)

We then extend the definition of contraction to every pair of elements in H®4. We
will denote the norm in this space by | - ||,.
We are finally ready to state the celebrated Fourth Moment Theorem.

Theorem 5.2.1 (Fourth Moment Theorem, [NPO5]). Fix q > 2, consider (h;)~o C
H®? and assume that E[I,(h:)?] — 1 as t — oo. Then, the following three assertions
are equivalent:

* I,(ht) converges in distribution to a standard Gaussian random variable N ~
N(0,1);

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

* ||ht ®@p hill2g—2r = 0ast — oo, forallr=1,...,¢— 1

We will also need a quantitative version of the Fourth Moment Theorem, which
can be stated as follows (see [NP12, Theorem 5.2.6 and (5.2.6)]):

Theorem 5.2.2. Fix ¢ > 2 and consider h € H®4. Then

q—1 4
E[I,(h)Y] — 3E[I,(h)?]* = 2 > rrl? <z> (2 — 2r)!|h@rhl|3,_o, (5.21)
r=1
« 2(4 ’ 2 2q —2r S 112
= > d 1h @ hllgor+{ | I1h&rhll2(522)
—l r q r
and, with N ~ N(0,1),
2
drv (I,(h), N) < %\/E[Iq(h)ﬂ — 3E[I,(h)2]2. (5.23)

5.2.2 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 [BM83] 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 [NZ20].

Theorem 5.2.3 (Breuer-Major). Let B = (B;),cgra 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[@?(N)] < 0o, N ~ N(0, 1), with Hermite rank R. Let us consider

Y (t) :—/ o(By)dx, (5.24)
tD
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where D C R? is a compact set, and t > 0. If C € L%(R?), then, as t — oo,

Y(t) - EY ()]

a7 45 N(0,02), (5.25)

where 0 = Vol(D) Y22 s qla2 [pa C(x)%dz > 0. In particular, if o* > 0, then
Var(Y (t)) ~ ot 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 < 00), then the fluctuations of the functional
Y 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. [MN24]). The following Theorem 5.1.2 provides a non-central limit theorem
for functionals of Gaussian fields having a regularly varying covariance function, see
(5.7), satisfying (5.8). In the discrete case, a first proof for functionals with Hermite
rank R = 1,2, was given by Taqqu in [Taq75], and then generalized to any R by
Dobrushin and Major in [DM79]. The following sticks to the continuous case and a
proof can be found e.g. in [LO14].

Theorem 5.2.4 (Dobrushin-Major-Taqqu). Let B = (B;),cra be a real-valued, con-
tinuous, centered, stationary Gaussian field with unit-variance. Let ¢ : R — R be a
measurable function satisfying E[p?(N)] < oo, N ~ N(0, 1), with Hermite rank R and
Rth coefficient ar # 0, see (5.1). 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 (5.7)-(5.8) hold for C with parameter — € (—d/R,0).
Then, as t — oo, we have

F) S sgn(ar )l g (fr.D) 7
V/Var (I.r (fr.p))

(5.26)

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

fro(M, .., AR) == / elmAit+AR) go. (5.27)
D
In particular, the limit I, g (fr, p) is not Gaussian as soon as R > 2.

Remark 5.2.1. The previous theorem shows that the limit /,, g (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 0, wi], u; € Ry,
with Fourier transform

. -1
Flipl(\) = H J ez/\jxjdmj = | I L7
j=17/0 j=1 i
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and domains D = {z € R?: ||z|| < u}, u € R,, with Fourier transform

u \ /2
FIpIN) = ca Jua(ullA]) (W) ,

where J; /5 is a Bessel function of the first kind and order d/2, and cq is a positive
constant, see e.g. [MN24, Section 2.2].

5.3 Proof of Theorems 5.1.1 and 5.1.2

We split the proofs of Theorems 5.1.1 and 5.1.2 in four subsections. In Subsection
5.3.1, we prove Theorem 5.1.1 when ¢ = H,, under weaker assumptions, providing
also a quantitative result. In Subsection 5.3.2, we extend Theorem 5.2.3 to p-domain

functionals. Finally, in Subsection 5.3.3 and 5.3.4 we prove Theorem 5.1.1 and
Theorem 5.1.2, respectively.

5.3.1 Proof of Theorem 5.1.1 when ¢ = H,

When ¢ = H,, the functional (5.2) is given by
Yoo st)) = Yt t)ld] ::/ Hy(B)dr.  (5.28)
t1D1><‘..><tpr
Therefore, see Section 5.2, we may express it as follows
/ Hy(By)dx = I,(f(t1,...,tp)), (5.29)
t1D1><...><tpr

where I, : H®? — L?(2) stands for the qth Wiener-Ito integral (5.16), and
f(t1,...,tp) € H®?is given by

f(ti,. . tp) == / e2dz. (5.30)
t1 D1 X...Xtp Dy

Let us recall the definition of the marginal functionals (5.5), and, accordingly, set
Yi(t)lal = I, ( / (e&%@qdm) = I,(fi(t), i=1....p.  (5.31)
tiD,L'

Proposition 5.3.1. Let B = (B;),cpa 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 (5.4). Then

Var(Y (t1,...,t,)[q]) = (g P HVar(Yi(ti)[q}). (5.32)
i=1

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

Yi(ti)la] % N(0,1)  ast; — oo, (5.33)
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then
Y(t,... t)]g 3 N(@©0,1)  asty,....t, — . (5.34)

Proof. Note that Var(Y;(t:)[q]) = q![|fi(t:)]|2. As a result, (5.32) follows from the
separability of C':

Var(Y (t1,...,tp)[q]) = q!/ Clz1—y1,- .. xp — yp)ldax dy (5.35)
( 1D % ><tpr)2

= H /(tiDi)2 Ci(z; — y;)dxidy; = (q!)l—p UVar(Y(t )al)

(5.36)

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,...,¢ — 1:

£ty tp) @ f(try o ) [13g—2p = (5.37)
= / Clx—2)"Cly—u)"Clx—y)""C(z — u)? "dedydudz (5.38)
t1D1>< tiDp)

= / —2) " Ci(ys — i) Ci(x; — ;)T " Ci(2 — ;)T " daydy;duidz;,
t:D;)
(5.39)
where 1:1 denotes the projection of z onto the ith block of R? = [T?_, R%. Let us define

f= Hfll By linearity, it immediately follows that Y (t1,...,t,)[q] = I,(f(t1,...,tp))
and Y;(t;)[q] = I,(fi(t:)). Then, combining (5.37) and (5.32), we obtain

Hf(tl?""tp) S f(tlv"' H2q—27“ H Hfl ®7 fl tl)”?q 2r (540)
Since for every f € H®? andr =1,...,q — 1, we have
we obtain

17t tp) @5 F(trs s t)Bg oy < min{[|fi(ts) @0 Filti)3 2r 1= 1.....p}.

(5.42)

It remains to apply Theorem 5.2.1 to conclude that, if Y;(¢;) — N(0,1) as t; — oo,

then || f;(t;) @y fi(ti)||2q_2r — Oforallr € {1,..., q—1}, implying that || f(t,...,t,)®,

f(ty,... Jtp)|l2g_2r — Oforallr € {1,...,q—1}, implying finally that Y (¢, ..., t,)
N(0,1).

0 =

The following result provides the converse implication of Proposition 5.3.1, under
additional assumptions.

Proposition 5.3.2. Let B = (B,),cga be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Let C' : R* — R be the covariance function of B and
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assume it is separable in the sense of (5.4). Finally, assume either that C? > 0 or ¢ = 3.
Then, the following holds: if

Y(ty, ... tp))a] 5 N(©0,1)  asty,....t, — oo, (5.43)

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

Yi(t)lg 3 N(©0,1)  ast; — oo. (5.44)

Proof. When ¢ = 1, we have that Y and the Y;’s are Gaussian, meaning that the
statement is correct but empty.

So, let us assume from now on that ¢ > 2 and that Y (¢4, ..., ,)[q] 4 N(0,1). By

the Fourth Moment Theorem 5.2.1 one has that || f(t1,...,t,) @ f(t1,. .., tp)|l2g—2r —
Oasty,...,t, »ooforanyre{l,...,q—1}.

When ¢ = 2, there is only one contraction to consider. Looking at (5.40), we
deduce that at least one of the factors in (5.40) must go to 0 which, by Theorem 5.2.1,
implies that at least one among the Y;(¢;)’s must have a Gaussian limit.

Consider now the case where ¢ = 3. By Fubini, we have forevery i =1,...,p
I1fi(t:) @1 fulta)ll3 = [1Filt) @2 fi(ts)[13, (5.45)

and (5.40) 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

Hf(tl,...,tp) ®2 f(t17"'7tp)||2Q74—>07 asty,...,tp, = o0, (5.46)
we deduce from (5.40) that there exists i € {1,...,p} such that
1£i(t:) ®2 fi(t:)||3,—s — 0 as t; — oo. (5.47)

Let us show that this is sufficient to conclude about the asymptotic normality of
Yi(ti)[g] when C? > 0. For this, let us consider a positive sequence (a, ), >0 with
ai; — oo as t; — oo (the exact expression of a;, will be made precise later) and define

the subset A;, of R4% by

Ay, = {(@iyi s, 20) € RM (s — 20)Cilys — w)| < ag,|Cilai — i) Cilzs — i) -
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We can then write, for every 3 <r < ¢ — 1:

1£i(t:) @ filti)lI3g—2r = (5.48)
= / CZ(CIZZ — Zi)TCZ'(yZ' — ’U,Z)TCZ(xZ — yi)qfrCi(Zi — ui)q*rdazidyiduidzi (5.49)
(t:Ds)*

< / |Ci(xi — 2)"Ci(yi — wi)"Ci(wi — y;:) "Ci(zi — wy)?"|dasdy;duidz;
(t D )4I"IAti
(5.50)
+ / |Ci(x5 — 2)"Ci(ys — wi) Ci(x; — i) " Ci(2 — ;)T " |dwsdy;dudz;
(tiDi)4m(R4di \Atz)
(5.51)
< GZ_Q/ Ci(w; — 2)*Cilyi — ui)*|Ci(ws — 1) |9 %|Cizi — w;) |9 *daidyidu;dz;
(tiDy)4
(5.52)

+ a’ti (qr)/ |CZ (l‘l — zz)]q|Cl(yl — UZ)|qdl‘ZdylduZdZZ (553)
(tiDi)*

= a;-?/ Ci(xi — 2)°Ci(yi — wi)*Ci(w; — i) 2Cy(25 — wy) " 2dydyiduidz;
(tiDy)*

(5.54)

+ a;(q_”/(t . Ci(z; — 2)1C;(yi — wy)¥dz;dy;du;dz; (5.55)

= i filts) @2 Jilt)IBya + o, NS (5.56)
Summarizing, we have, for every r € {3,...,q¢ — 1},

1its) @ Filt)By-ar < a1 ilts) @2 Jilti) By + a7, (5.57)

~ ~ 2
Now, let us choose a;; = (|| fi(t;) ®2 fi(ti)||2g—4)> 7 and observe that a;, — oo as
t; — oo. Plugging into (5.57) allows to obtain, for every r € {3,...,q — 1},

2(qg—r

1Fi(t:) @ fiti)lI3g—2r < 2(/1fit:) @2 ﬁ(ti)ll2q74)ﬁ) — 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 5.2.1. O

Proposition 5.3.3. Let the same notations and assumptions of Proposition 5.3.1 prevail.
In particular N ~ N(0, 1). Then, the following estimate holds:

dry (Y (t1, ..., tp)[q], N) < ¢q ﬁ E[Yi[q]4] - 3, (5.58)
=1

where ¢, = \/% S) r’r!2(g)4(2q —2r)l.
Proof of Proposition 5.3.3. Recall the result of Theorem 5.2.2, namely

dry (Y (t1, ..., tp)[q], N) < jg\/IE[(f/(tl, ot a)d] - 3, (5.59)
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and
E[(Y (t1,...,tp)[q])] — 3 (5.60)
q—1 4 B o
= z Z rr!? q) (2 = 2r)U | f(ty .. tp)@rf(t1 - tp) I3y ar (5.61)
= Z Q'2< ) {”f tp) ®7‘ f(tl e 7tp)”§q—2r (562)
2 — 2 .
+ ( Z ) 1t tp) @ f(tr s )3y ) (5.63)
We deduce
dry (Y (t1, ..., t)[a \/E Y(t,....t)a)* -3 (5.64)
< Cq r:{n.fné—l Hf( 1-- p) O f(tl s 7tp>||%q—2r' (5.65)

But, thanks to (5.40) and recalling (5.41), we have

H}ai; 1Hf( tp) Or f(tl--'atp)ngq—% :T max HHfz i) Or fz )H%q—%
(5.66)
p ~
H Hfz )®r fi(ti)H%q—%'
) (5.67)

Also, as a consequence of the second equality in (5.60) (with Y; instead of V), we
have

1fit:) ©r filti)|34—2r < E[Yilg]"] -3,

and the desired conclusions now easily follows. O

Remark 5.3.1. In Example 5.4.1 below we will use the previous result to improve
the bound for the central convergence of the rescaled ¢qth Hermite variation of the
rectangular increments of the fractional Brownian sheet obtained in [RST12].

5.3.2 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 5.2.3) to the setting
of p-domain functionals.

Theorem 5.3.4. Let B = (B,),cra be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Let ¢ : R — R be a measurable function satisfying
E[p%(N)] < oo, N ~ N(0,1), with Hermite rank R > 1. Let us consider Y as in (5.3).
Let C : R? — R be the covariance function of B and assume it is separable in the sense
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of (5.4). If C; € LE(R%) foranyi € {1,...,p}, then, as t1,...,t, — 0o,

Yt it)) —E[Y(t1,... . t)]
R P= 5 N(0,07%), (5.68)
tl .. ;tp
where )
o® =Y alq' [ Vol(Ds) Ci(z)dz. (5.69)
>R i=1 Réi
Moreover, if 0? > 0 then
Var(Y (ty,... 1)) ~ o2t ...t (5.70)

and we have a central limit theorem for (5.3), that is

Yt . ty) S N(0,1) asty,....t, — oo.

Remark 5.3.2. The previous theorem may be seen as a Breuer-Major theorem for
p-domains. Its proof follows from similar arguments to the ones in [NP12, 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 5.3.4. We proceed as in the proof of [NP12, Theorem 7.2.4], using
[NP12, Theorem 6.3.1]. First of all, we have

Y(tl, . ,tp) — E[Y(tl, . ,tp)] o Z?;R aq j;ﬁ1D1><-..><tpr Hq(Bx)dx (5 71)
42 dp)2 - /2 dp/2 '
t Lty ty Lt

=Y Ly(fqtr, - 1)), (5.72)
=R

where o
. aq ft1D1><~~-><tpr 2 Ydx
fq(tla---vtp) = di/2 dp/2
/2l

To conclude the proof we only need to check the conditions (a)-(d) of [NP12, Theorem
6.3.1].

Condition (a): We need to check that

Q[q] = hm Q'qu(tlaatp)HZ

t1,...,tp—00

exists in [0,00) for each ¢ > R. Since C; € L(R%) (implying C; € L(R%)) for
every i € {1,...,p}, the change of variable z; = z; — y; yields

/ CHx; — yi)daidy; = tfli C¥(z) Vol(D; N (D; + zi/t;))dz; (5.73)
(tiD;)? R

~tEVOID;) | Ci(z)dz,  asti— oo, (5.74)
R4
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Combining the previous equivalent with the separability of C, we obtain

17— J )2 Cf (i — yi)dzidy;
q!qu(tl?""tp)HQ = ' 2 (t Dd1/2 p/g —>02[Q]7 (575)

as tiy,...,t, = 0o, where

p
02[q] = q!ag H Vol(D;) - CH(z)dz;.
i=1 i

Condition (b): We need to check that

> o?lg) < oo
q=R
Since ||C||c < 1 foreveryi =1,...,p, we have
(e 9] o0 P
AR AR! (Vol(Dz-) /R ) |C¢(zi)|Rdz>.
q=R v

=R i=1

Thanks to Var(p(N)) = X2 g q'a < 00, the claim follows.
Condition (c): We need to check that for every ¢ > Rand everyr =1,...,q—1

| fy(tey- - stp) @p folta, .o tp) |2 =0 asty,...,t, — oo.

Since C is separable, we deduce from (5.37) that

||fq(tlv---vtp) O fq(tlw-- ||2 HHfz,q Qr fz,q( ')||2a
where f; 4(t;) is given by

fi,q(ti) = / (6:(132))®qu,
t; D; i
Therefore, it is enough to prove that

”fzq( )®T fzyq( )H2 —0 (5.76)

for at least one ¢ € {1,...,p} as t; — oo. But (5.76) is actually true for any
i € {1,...,p}, see indeed point (c) in the proof of [NP12, Theorem 7.2.4] (which
uses that C; € LE(R%)).

Condition (d): We need to check that

oo

lim sup Z q!qu(t1,...,tp)H2 =

N
—00 t17 7tp>].q:]\[_,'_1
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By (5.73) and since ||Cj||cc < 1 for everyi =1,...,p, we have

Sup Z q'qu tla-"7til7)H2
t5etp q N+1
_ 9 7, 1f(t D;)2 — Y 1AYq
= sup Z qlag d1/2 dp/2

t1,.0tp>1 g=N+1

o0 2
< Z q!ag H (Vol(Di)/ \Ci(zi)|Rdzi> —0 as N — oo,
g=N+1 i=1 R

where (Zgi Ni1 q!ag) — 0 being the tail of a convergent series. O

5.3.3 Reduction to Rth chaos and proof of Theorem 5.1.1

The chaotic decomposition of (5.2) is

Yty tp) =E[Y (tr, ... tp)] + D agY (tr, ..., 1p)[d], (5.77)
q>R

see (5.28)-(5.29). In particular, this decomposition gives

Var(Y(ty,..., 1 Za Var(Y(t1,...,tp)[q])- (5.78)

In order to prove Theorem 5.1.1, we reduce the study of Y (¢1,...,t,) to that of
Y(t1,...,tp)[R], the normalization of Y (¢1,...,t,)[R], thanks to the following exten-
sion of [MN24, Proposition 4].

Proposition 5.3.5. Let B = (B,),cra be a real-valued, continuous, centered, stationary
Gaussian field with unit-variance. Let ¢ : R — R be a measurable function satisfying
E[p%(N)] < oo, N ~ N(0, 1), with Hermite rank R. Let us consider Y as in (5.3), and
Y[R] as above. Let C : R? — R be the covariance function of B, and assume that it is
separable in the sense of (5.4) and that it satisfies the following two hypotheses:

1. CF >0, that is, CF > 0 for every i = 0,...,p;
2. forsome j € {1,...,p}, we have C; € U3j—pi1 LM (R%) \ LE(R%).
Then, with sgn(ar) denoting the sign of the Rth Hermite coefficient in (5.1),
E [(sgn(aR)f/(tl, )R]~ V(... ,tp)>2] 50 asti,....t,— oo, (5.79)
Proof. We divide the proof in three steps.
Step 1: upper and lower bounds for the variance. By assumption, their exist j
and M > R+ 1 such that C; ¢ LE(R%), but C; € LM (R%). Since Cf* > 0 by

assumption, by doubling conditions for non-negative definite functions (see [GT19])
and properties of covariograms (see [Gall1]), reasoning exactly as in the first step of
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the proof of [MN24, Proposition 9], there exist two positive constants ¢; > ¢ > 0
such that

e / CR(z)dz; < £ Var(Y; (1;)[R]) < e / CF(2;)dz;.
{ll=;lI<t;} Ulzjll<t;}

In particular, this implies

t; Y Var(Y;(t))[R]) 0o ast; — cc. (5.80)

Step 2: we prove that Var(Y (t1,...,tp)) ~ axVar(Y (t1,...,tp)[R]) as t1, ..., t, —
oo. Since |C| < 1 and by assumption CF > 0 for i € {1,...,p}, we have that, for any
g>Randanyje{1,...,p},

Var(Y (t1,...,tp)[q]) i‘ b f(tz‘Di)2 CH(zi — yi)dz;dy;
Var(Y(ty,...,t4)[R]) Rl 13 f(tiDi)Q CE(z; — yi)da;dy;

q! Jaypy)2 € (@i = yi)dejdy; — Var(Y (t;)q))
TR [, poy2 Cfix; —yj)dasdy; — Var(Y(t;)[R])

(5.81)

(5.82)

J

Now, by applying Cauchy-Schwarz n times, we obtain

3 1/2
f(tij)2 C.;](:Ej — y;)dw;dy; < f(tij)2 |Cj(xj — ;) [P~ Fdajdy;
Jit,py2 €@ = yi)dajdy; =\ [, p,ye CF (w5 — ) dajdy;

_ 1/4
f(tij)2 |Cj(j — yj)[*7 da;dy;
Jit; p,y2 Cf (@ — yj)dwjdy;

<.
n(_ 1/2m
< f(tij)2 ‘Cj(xj - yj)’R+2 (@ R)dxjdyj
< f(tij)2 CJR(:E]- — y;)dxjdy;
<

n 1/2n
S les I <diam(De. |C;(2)| 2" dz;
yrol(Dj)t;lg f{H 511 <d (Dj)t;} I\ J

Jit; p,y2 Cf (g — yj)dejdy;

= | Vol(D;)t}' R!

n 1/2?’1,
Sz <diam(p,yeyy 1Ci ()|
Var(Yj(t;)[R])

where the last inequality follows by a change of variable z; — y; = z;, and the fact
that ¢ — R > 1. Since C; € LE2"(R%) for n sufficiently large, we deduce from
(5.80) forevery ¢ > R

Var(Y (t1,...,tp)[q])
Var(Y (t1,...,t)[R])

< aq! (1 Var vy ) [RD)

i
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where ¢ > 0 depends on R and n but not on ¢q. Combining this with (5.78), we get

Var(Y (t1,...,1p)) 2
Var(Y (ty, ..., tp)[R]) “n

<e ( 3 agq!>( b var(Y; () [RD) L (5.83)

q=R+1

Using (5.80), this implies Var(Y (1, ...,t,)) ~ axVar(Y (t1,...,t,)[R]) asty, ..., t, —

Q.

- - 2
Step 3: E [(sgn(aR)Y(tl, )[Rl -Y(t,. .. ,tp)) ] — 0. To prove this last

step, considering the decomposition

Y(t,...,t,) —sgn(ag)Y (t1, ... t,)[R] (5.84)
_sgn(ar)(Y(ts- -y tp) = E[Y (b1, tp)] — arY (b1, .. 1) [R]) (5.85)
aR\/Var(Y(tl, . tp)[R])

LYl ty) — E[Y(tl,...,tp)]{ \/ Var(Y (t1,...,tp)) }
\/Var tl, )) ’aR‘ Var tlv"‘? )[R]) 7
(5.86)
we get that
E {(?(tl, ) —sen(aR) Yt ,tp)[R])Q}
< 2IE[(Y(tl,...,zt ) —E[Y(t1,...,tp)] —arY (t1,...,tp)[R]))?] (5.87)

aiVar(Y (t1,...,tp)[R])

2
Var tl,...,t ))
2 <1_|aR\ \/Var Y.t )[R])) ' (5.88)

By the previous step, the second addend converges to 0. Regarding the first addend,
since by (5.78) we have

o

E (Y(tl,...,tp)—E[Y(tl,...,tp)]—aRY(tl,...,tp)[R])z} = > aZVar(Y(t1,...,tp)[d]),
q=R+1

we deduce from the previous step that

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

a%Var(Y (t1,...,t,)[R)]) — 0. (5.89)

This concludes the proof of Step 3 and Proposition 5.3.5.

We are now in a position to prove Theorem 5.1.1.

Proof of Theorem 5.1.1. Let us recall that B = (B,),cga is a stationary and continu-
ous Gaussian random field, and that its covariance function is

C(z) = Cy(x1) ... - Cplxy), i €R¥ i=1,...p, (5.90)
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where C; : R% — R is a non-negative definite function such that C;(0) = 1 for every
1=1,...,p.

The functionals Y (¢4, ...,t,) and Y;(t;) are well-defined when C* is positive.

Indeed, by the decomposition (5.78) and the formula (5.36), 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 func-
tional Y;(¢;) satisfies Theorem 5.2.3, hence i/v;(ti) has a Gaussian limit. Moreover,
Theorem 5.3.4 applies, too, and we can conclude the same for Y (ty, ... ,t,).

(i1) Secondly, let us suppose that for at least one i one has C; € LM (R%)\ LE(R%)
with M > R. Then, by Proposition 5.3.5, it is equivalent to study the limit in
distribution of ?(tl, ...,tp)[R] only. Being in a fixed chaos and because CJR >0,
both Proposition 5.3.1 and Proposition 5.3.2 apply. Hence, if there exist j (possibly
equal or distinct from i) such that Y;(t;)[R] converges in distribution to a standard
Gaussian, we can deduce the same for the functional Y (¢, .. ,tp)[R], and vice-versa.
To conclude, it remains to show that Y;(t;) converges in distribution to a standard
Gaussian random variable if and only if Y;(¢;)[R] does. When C; € LF(R%), it is a
consequence of the usual Breuer-Major theorem (Theorem 5.2.3), since in this case
both }7j(tj) and ffj(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
[MN24, Proposition 4]. O

5.3.4 Proof of Theorem 5.1.2

We state two results on Wiener-It6 integrals, which are needed for our proof of
Theorem 5.1.2. We note that they should not be considered as new, but rather as
a generalization of well-known results contained in, e.g., [Maj81]. However, for
completeness we provide their detailed proofs in the Appendix.

Lemma 5.3.6 (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?(V) as in (5.12). Let us suppose that

v(dx) = |a(z) >V (dz) (5.91)

where a is a complex valued, even function (i.e. a(—z) = a(x)). Then, for every
h € H,°? we have

where a®9 is as in (5.17).

Lemma 5.3.7. Let us denote by I, the Wiener-It6 integral acting on H®9, with respect
to the Lebesgue measure dx on RY. Then, for every h € H®? = L2((R%)?,dz) and
81,...,8q > 0, we have

I,(h) 2 s 92 s P (ﬁ(sl, o sd)) ,

®*Note that if v is real, o-finite and symmetric, then H,, 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
5.2.1 for L*(G).
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where h(sy,...,sq) € HO? is such that

h(sl, .. .,sd)(xl, e ,wq) = h(l’n/sl, v ,mld/sd, e ,wa/sl, .. .,qu/sd). (592)

Proof of Theorem 5.1.2. 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; € U3g_p.q LM (R%) \
LE(R%) for every i, by Proposition 5.3.5 we are left to study the limit in distribution
of Y(ti,...,tp)[R].

Step 2: Variance analysis. It is a standard fact (see e.g. [LO13], [LO14], [Leo99]
or [Mai24]) that if (5.7) holds for 4, then

Var(Y;(t:)[R]) ~ ¢ Li(t;) " 2%~ as t; — oo.

We conclude that

Var(Y(th, ..., t,)[R]) = (Rl)lpl T Var(¥i(t:) [R) ~ [ Li(ts) %25
: i=1 i=1

Step 3: A suitable expression (in law) for Y (t1,...,t,)[R]. Recall the definition
(5.10). By assumption (5.8), we have G;(d);) = gi(\;)d\; for every i. Let us define
g:RY - R, as

glxr, ..., xp) = H gi(x;).
i=1
We get from Lemma 5.3.6 that
1
Y(t,....tp)[R] = Ig.R(fRty Dy xxt,0,) = IR((V9)PF fRty Dy x5ty D, )5

where I is the Rth Wiener-It6 integral with respect to the Lebesgue measure. By
applying Lemma 5.3.7, we also obtain

P Ra 9R
IR((VO) R frts Dy sty D) = <H tfz 2 ) I (( g(t, ... 7tp)) fR,Dlx--~><Dp>
i1

(5.93)
where g(t1,...,t,) : R — R, is given by
p
g(tr, . tp) (@, . ap) = [ gilwi/ti)-
i=1
Then, we have obtained the following expression in distribution for Y (¢, . .. tp)[R]:

®R
B 1 Ir (( gt .- 7tp)) fR,D1><~~><Dp>
Y (t1,...,tp)[R] F . (5.94)

\/Var (IR (( gti,... atp))®R fR,D1><---><Dp>>
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Step 4: Proving the L? convergence. The last step of the proof consists in showing
the following L? convergence:

QR
I (Yot t)) " Sroiesn) gy Il s,

\/Var (IR <( . 7tp)>®R fR,D1x~~xDp>> \/Var (Ir((Vd)®E fR.Dix-xD,))

law L xxcvy,R (fR, D1 x--xD,)
\/Var (Iz/1><~~-><up,R (fR,D1><~~~><Dp>)
(5.95)

where the equality in distribution follows from Lemma 5.3.6 and where ¢'(z) :=
[T7_, ||z]|%~%. By the previous steps, it is enough to prove that for some positive
constant ¢ we have

P R(Bi—d;) QR

CHt’L 2 Lz(t’L)_R/QIR (( g(t1,7tp>) fR,Dlx-nxDp) (5-96)
=1

L2(Q
S 1n (V)R frpysexD, ) - (5.97)

It is equivalent to show that

p R p
(HQti(/\u,--- )) fR.Dy>xDy (A1, -y A HH ji (5.98)
i=1 j=1i=1
R p
1.2 RdR
BVt iy (s, AR HH ji (5.99)
j=1i=1

where the Q;, : (R%) — C are defined as

R
Qt;,(Miy -, ARi) 1 = \l LT 1A /till=Bic L () gi(Aji /),

Jj=1

and ¢; are some positive constant. In particular, we will prove (5.98) with the
constant ¢; given by assumption (5.8). To prove (5.98), we proceed by induction on
p. If p = 1, then (5.98) reduces to

dM1...d\Rr1
S A ]|dr A

/( 1Qt; M1y, Ar1) — 12| frpy(Mts -, Ar1) 2
]R 1

and this convergence is shown in the proof of [LO14, Theorem 5]. Now, let us
assume that (5.98) holds for p — 1, and let us prove the result for p. For this, note
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thatzy —1=(z—1)(y — 1)+ (x — 1) + (y — 1), implying

P p—1
(H Qtiw,...,ARi)) ~1= ((H thAu,...,ARi)) - 1) (Qtpwp,...,ARp) ~ 1)
i=1 1=1

(5.100)
p—1

+ ((H Qt; (M, - - - J\Ri)) - 1) (5.101)
i=1

+ (Qtp()\lpa ) )\Rp) - 1) . (5.102)

Then, by applying the triangular inequality in L?((R%)), we get that (5.98) holds by
inductive hypothesis. O

5.4 Examples

In this Section we collect some examples.

Example 5.4.1 (Hermite variations of a fractional Brownian sheet (fBs)). Let us
consider a fBs
Wb — (I/Voc,ﬁ)(th)eRi (5.103)

with parameter (o, §) € R%r and its rectangular increments:

Ry 1= Wal’f—l,m—kl B Wal,fﬂ2+1 o Waf—/?-l,m + Wi (5.104)

€T xT x T1,r2°

The field R defined as above is a stationary centered Gaussian field, with covariance
function given by

Cov(Ry, 205 Ry, o) = ra(z1 — y1)r(r2 — ¥2) (5.105)
where
1
ru) = 5 (lu+ 127 4 = 1P = 2uP),  weR, He(0,1). (5.106)

Notice that the covariance function of R is separable in the sense of (5.4). More-
over, r, (resp. rg) is the covariance function of the process defined as the (one-
dimensional) increments of a fractional Brownian motion (fBm) with Hurst index
a (resp. ). We briefly recall some results about this process, see e.g. [NP12]. A
fractional Brownian motion W# = (W/?),cg of Hurst index H, is a centered Gaussian
process such that

EWAWH =2 (|on P + [ P — |on = P7), 2p eR. (5.107)

N | —

Its increment process
Xy =WE -wl, uweRy (5.108)

U

is known as fractional Gaussian noise. It is a centered, stationary Gaussian process
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with covariance function as in (5.106). Note that (5.106) is regularly varying with
parameter 2H — 2 (see [NP12, (7.4.3)], or [Mai24, Example 1]), i.e. it behaves
asymptotically as

ri(u) = H2H — Dul*" 72 + o(ju[*72), as |u| — . (5.109)

Breuer-Major theorem (see Theorem 5.2.3) and [NP12, Theorem 7.4] allow us to
deduce that the sequence

Yy =Y HyXi), N=>1, (5.110)

under a proper renormalization, converges to a Gaussian distribution if H < 1—1/2q.
Moreover, in [NPO9] and [BNO8], the authors quantify the convergence in total
variation distance.

Theorem 5.4.1 (Theorem 1.1, 1.2 in [BNO8]). If H € (0,1 — 1/2q) and Vy =

YiN’ then
Var(Yn)
NT2 if H e (0,3%)
NH-1 ifH € {1 M}
drv (Va, N(0,1)) < 272q=2 =: -g(q, H,N).
v(VNn, N(0,1)) < cpq NP2 (%71—%) crq-9(q )
(log N)~1/2 if H= —2%1

(5.111)
In the previous, cy 4 a positive constant, that may vary, only dependent on q and H.

If H>1—1/2q, we have convergence towards a non Gaussian distribution (see
[DM79D).
In [RST12], the authors show that a proper renormalization of

N—-1M-1
Vwar =Y > Hy(Reym), N.MeN (5.112)

x1=0x2=0

converges to a Gaussian distribution as N,M — oo when o < 1 —1/2gor § <
1 — 1/2¢*. Moreover, they bound the total variation distance between Vv and its
Gaussian limit.

Theorem 5.4.2 (Theorem 3.1 in [RST12]). Let us denote by c, g a generic positive
constant which depends on «, 3 and g, but which is independent of N and M. We have

(1) Ifboth0 < o, B < 1 —1/2¢q, then XN/N,M converges in law to N (0, 1) with normal-
ization ¢(o, B, N, M) = ,/&N“q_l/QMﬁq_l/Q. In addition

drv (Vv .ar, N(0,1))

< CapVN=1 4 N20-2  N20q=20+1 4 N1 \[26-2 4 [20a—24+1,
(5.113)

“More precisely, they showed it for the Hermite variations of the field N®M* Rf‘/ﬁ, ;/m- However,

by self-similarity of the process R (see [RST12, Definition 2.3]), the two share the same law.
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(2) f0<a<1-1/2gand 8 =1—1/2q, then VN’M converges in law to N (0, 1) with
normalization p(a, 3, N, M) = ﬁNO‘q_lﬂMq_l(log M)~1/2. In addition

dry(Vivar, N(0,1)) < ca,py/ N1+ N2a=2 4 N2a0-20+1 4 (log M)~
(5.114)
If0< B <1—1/2qand o =1 — 1/2q, then we get an analogous estimate as the
previous one.

(3) Ifboth o = 3 =1 — 1/2q, then Vi 5 converges in law to N (0,1) with normaliza-
tion p(a, B, N, M) = , /ﬁm—l (log N)~Y/2M19=Y(log M)~1/2. In addition

dry (Vivar, N(0,1)) < ca/(log N)=1 + (log M) L. (5.115)

(4) Ifa<1—1/2qand 8 > 1—1/2q, then XN/NM converges in law to N (0, 1) with
normalization ¢(c, 3, N, M) = ﬁN‘lq*l/QMq*I. In addition®

dTV(VN,MaN(Oa 1)) < caﬁ\/N—l 4+ N2a=2 1 N2aq—2q+1 | pf—(289—2q+1),
(5.116)

(5) Ifa=1-1/2gand § > 1 —1/2q, then VN,M converges in law to N (0, 1) with
normalization ¢(c, 3, N, M) = ﬁN‘I—l(log N)~Y2M91, In addition

dry (Vaar, N(0,1)) < capy/(log N) =1 + M (200201 (5.117)

Our Theorem 5.1.1 translates in the discrete setting, too, and returns the same
qualitative phenomenon described above. Moreover, by using the bounds obtained
in the proof of [NP09, Theorem 4.1], Proposition 5.3.3 allows us to improve the
previous rates.

Corollary 5.4.3. Recall the definition of g in (5.111).
(1) Ifboth 0 < o, 3 < 1—1/2q, then

dTV(‘A/;N,MaN(Oa 1)) < Ca,B,q g(q7 «, N) ' g(Q7/87M) (5118)

2) Ifa<1—-1/2qand § > 1 — 1/2q, then

dTV(‘f?N,My N((): 1)) < Ca,B,q g(CL «, N)7 (5119)

where c,, 3 4 are constants depending on «, (3, q that may differ from the ones in [RST12,
Theorem 3.1], and the normalization terms are as before.

Example 5.4.2 (Tensor product of regularly varying covariance functions). Let us
define a centered Gaussian field B = (B;),crae With separable covariance function as

>The exponent in red is the correction of a typo in [RST12, Theorem 3.1].
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in (5.4), with p > 2 and C; : R* — R defined as

1
Ci(z) i = ——— o, >0, +1=1,...,p. 5.120
Z(IZ) (1 + Hl'zH2)B7'/2 B’L 4 p ( )
Let us consider the quadratic variation of this field, that is, the functional Y (¢1, ..., t,)[2]

as in (5.29) as well as its rescaled version Y. The parameters [3; determine the be-
havior of the functional. Indeed, combining Theorem 5.2.3 and Proposition 5.3.1, it
is enough to have 3; > d;/2 for at least one i for Y (¢, .. .,t,)[2] to have a Gaussian
limit. Moreover, by the application of Proposition 5.3.3, we may also deduce an upper
bound for the rate of convergence in total variation. For a fixed i satisfying 3; > d;/2,
an upper bound for the rate of convergence in total variation distance of Y;(¢;)[2]
(recall (5.6)) towards a Gaussian distribution is given by the rate of convergence to 0
of the norm of the contraction:

2 t;di if B; > d;
(V@1 F(8)]12 < (f\mllsn Ci(:”i)dx") _ 2~ if 3 — = g(Bi, t:)?
I fit)on fit)]2 < @ = < log(t;)°t; if 8; = d; =:9(Bi, t;)",
' =20 if B; € (di/2,d;)

(5.121)
where we denote by < the inequality up to a positive constant. From the above
equivalence and (5.58), we obtain that, if 5; > d;/2,

dry (Yi(t:)[2], N(0,1)) < g(Bis ti)- (5.122)

Denoting J = {i € {1,...,p} : B; > d;/2}, we can deduce that

drv (Y (t1, ..., t)[2], N(0,1)) <[] 9(Bi, ta)- (5.123)
ieJ

Example 5.4.3 (Gaussian fluctuations in a long-range dependence setting). Let us
define a centered Gaussian field B = (B, )r2 with separable covariance function

1 1

C = . —
(o0.22) = AT B (T [P

(5.124)

Let us consider
Y(tl,tQ) = / HQ(Bx)dJ}, t1,to > 0, (5.125)
t1D1 Xta Do

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

@)
_ Ho(B?)d
Va(ts) = Jizp, H2(Bz )z , (5.126)

\/Var (fthg HQ(B:(EQ))dl‘)

see also (5.5), where (Bg(CZ))R is centered Gaussian field with covariance function
Cy(ze) = W, exhibits Gaussian fluctuations as t — oo by Theorem 5.2.3.
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Hence, by Theorem 5.1.1 also Y (¢, t2) does.

5.5 Going beyond the separability assumption

While the separability assumption holds true in numerous applications (see, e.g.,
[Chr92, Chapter 5] for examples in hydrology and fluid dynamics, or think of the
many frameworks where the fractional Brownian sheet arises, see, e.g., [@Z01;
SW17]), 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 5.1.1 in the non separable context.

Example 5.5.1 (Separability matters!). Let us consider p = 2, d; = dy = 1, and
thus d = 2. Fix R > 2 and consider a € (1/R,2/R). Let B = (B;)ra be a centered
stationary Gaussian field with unit-variance and covariance function C : R — R as

Cy = 2D gy g0, (5.127)

[l

with L a slowly varying function, such that C is continuous in 0. Assuming that C'
satisfies (5.8), since o < %, Theorem 5.2.4 applies to the functional

Yt 1)[R] = /t oy (B2} (5.128)

and we obtain that Y (¢, ¢)[R] is asymptotically not Gaussian. However, both Y; ()[R]
and Y5(t)[R] constructed as in (5.6) have Gaussian fluctuations as ¢ — co. Indeed,
they both have covariance functions as follows:
L(|z; :
Cilan) = 20Ty (5.129)

)
||

and since o > 1/R, they both satisfy Theorem 5.2.3. This shows how the convergence
of both functionals Y;(¢;) is in general not enough to determine the behavior of
Y (t1,...,tp), when the separability of the covariance function (5.4) is not satisfied.

In what follows, we drop the separability assumption by examining two different
classes: Gneiting covariance functions (Section 5.5.1) and additively separable
covariance functions (Section 5.5.2). We will explore whether, akin to the separable
case, it is possible to simplify the asymptotic study of Y'(¢1,...,t,) given by (5.2) by
reducing it to that of simpler functionals Y;(t;).

5.5.1 Gneiting covariance functions

The class of Gneiting covariance functions was first introduced by Gneiting in [Gne02].
These functions are very popular in many applications, including geostatistics, envi-
ronmental science, climatology and meteorology. A Gneiting covariance function
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C : R? — R has the form

C(z1,22) =9 (”952||2) e 2 (1][,(||T;|2|||2)

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

), 1 € RN 2o e R, (5.130)

(-)"™(t) >0  VneN, t>0,

and ¢ : [0,00) — R, has completely monotone derivative. The fact that (5.130)
defines a non-negative definite function on R%+92 if d, = 1 was proved in [Gne02],
and can be extended to d2 > 1 using similar arguments. Assuming that B is
a centered Gaussian random field with unit-variance and covariance function as
in (5.130), we may infer that C'(0,0) = ¥(0)~%/2(0) = 1, and suppose, without
loss of generality, that ¢(0) = ¥(0) = 1. As a consequence, the Gaussian fields
(BS),ertr = (Buyo)s,ern and (BS),, cpds = (Bo,sa) ez have the following
covariance functions

Ci(1) = Clar, 0) = ¢ ([l ) (5.131)
Caez) i= C(0.2) = () 7. (5.132)

For this reason, we rewrite (5.130) as
C(z1,x9) = Ca(z2)Cy <$1Cg(x2)2/d1) , z1 € RY, 29 € R%, (5.133)

From the expression (5.133), since C (1), C2(z2) are positive and non-increasing in
the norms ||z1]|, ||z2||, we deduce that

Ca(z2)C1(21) < C(1,22) < Co(22)Ch (561 @(Dﬁ?/dl) ; (5.134)

where D5 denotes the domain of the variable x5, and

. ) 9\ —d1/2
Co(Do) = _inf  Cy(ws) = (diam(Dy)?) ™. (5.135)
Therefore, C'(x1, x2) is wedged between two separable covariance functions, C;(x1)C2(x2)
and C1(z1 Ca(D9)%4)Cy(x2). This suggests that the Gneiting case may be studied
combining the bounds (5.134) and Theorem 5.1.1. We will partially formalize this
intuition in Theorem 5.5.1, 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 (5.134). These extensions are left for
future research.

Analogously to the version of Theorem 5.1.1 explained in Remark 5.1.4, Theorem
5.5.1 allows to reduce the study of

Y(tl,tg)[q] = / Hq(Bw)da;, as t; — oo,
t1 D1 Xta Do

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

Yi(ti)lal = /tD Hy(BY)dz;, ast; — oo,

(3

where D; C R% are compact sets with Vol(D;) > 0 and (Bg(c?)xieRdi are Gaussian
fields with covariance functions C;, as defined in (5.131).

Theorem 5.5.1. 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, and
assume that C'is a Gneiting covariance function, see (5.130)-(5.133). Let Y (¢1,t2)[q],
Yi(t:)[q] be defined as above, and Y, Y; their normalized versions (see e.g. (5.3)). Fix
j € {1,2}. Then, the following holds:

Yi(t)lg S N(0,1),  ast; - oo

implies
Y(t,t2)[g] 5 N(0,1),  ast; — oo

where ty, is fixed, for k # j.

Proof of Theorem 5.5.1. 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 5.2.1. First, recall that

Var (Y (t1,t2)[q]) = q!/ CYx — y)dzdy.
(tlDl Xt2D2)2

Thus, by (5.134) and (5.32), we have
Var (Y1 (t1)q]) Var (Ya(to)[a]) < q! Var (Y (t1,£2)[a]) - (5.136)

For the sake of brevity, let use denote h(z9) := Ca(29)*%. We have

1f(t1,t2) @ flt1,t2)] = / Co (2 — y2)" Caz2 — u2) " Co(2 — 22)T "Coya — u2)?™"
(tlDl Xt2D2)4

x C1((z1 — y1)h(x2 — y2)) " C1((21 — ur)h(z2 — u2))"

x C1((x1 — z1)h(x2 — 22)) T "C1((y1 — u1)h(y2 — u2))? "dx dy dz du.
(5.137)
If we fix ¢; and let t5 — oo, we get from 0 < C7 < 1 that

£ (t1,t2) ®r f(t1,t2)]|* < || f2(t2) @, fo(ta)]|* Vol(t1.D1)*. (5.138)
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If we fix t5 and let t; — oo, setting A := @(thg)Q/dl < 00, by (5.134) we obtain

| f(t1,t2)@f(t1,t2)]|* < / Co(xg — y2)" Ca(z2 — uz) " Co(xa — 22)7 "Co(ya — u2)®™ "
(t1D1 ><t2D2)4
(5.139)
x C1((z1 —y1)A)"C1((z1 —u1)A)" Cr((z1 — 21)A)T"Cr((y1 —ur) AT

(5.140)
dx dy dz du
(5.141)

= A_4d1 / CQ(:L'Q — yQ)TCQ(ZQ — ’U,Q)TCQ([EQ — ZQ)q_TCQ(yQ — UQ)q_r

(AtlDl ><t2D2)4

(5.142)
X Cr(z1 —y1)"Ci(z1 —ur) " Cr(x1 — 21)7 "Cr(yr — w)? "da dy dz du
(5.143)
< A Vol(t Do) Y| (1) @ f1(11)]7, (5.144)

where in the last inequality we used that A < 1 and the positivity of the integrand.
Applying the Fourth-Moment Theorem 5.2.1 leads to the desired conclusion. O

5.5.2 Additively separable covariance functions

In this subsection we consider additively separable covariance functions of the
form
C(:L‘l,l‘g) = Kl(l‘l) + KQ({L‘Q), xr] € Rdl, X9 € RdZ, (5.145)

where K7 and K> are the covariance functions of two stationary, continuous, centered
Gaussian fields (B(l))meRd1 and (B(Q))IQGR@, with K;(0), K2(0) > 0. From the
point of view of applications, the study of Gaussian fields with additively separable
covariance function (5.145) 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 is comparable to the separable case (see (5.134)), here
reduction theorems have to be developed in a different way. In this case, we define
the marginal functionals as

BY

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

Tl Vol(t,D;)?

(5.147)

Theorem 5.5.2. Let B = (B,),cra 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 (5.145), with K1, K> > 0. Let Y be as
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in (5.3). Fori = 1,2, let A;(t;)[¢] be as in (5.146), A, its normalized versions (see e.g.
(5.3)), and recall the definition (5.147) of ~ [q). Finally, assume that

—_

q]
q]

il
Al

2

—0 as t1,t9 — o0.

2

Then, the following holds:
Ay(ts)g) & N(0,1), as ty — oo,

if and only if
Yi(ts,t2)[g] % N(0,1), asty,ty — oo

Remark 5.5.1. Note that, by symmetry, the roles of K; and K5 can be exchanged

in the statement of Theorem 5.5.2, obtaining an equivalence between A (¢1)[q] 4
~ 2
N(0,1) and ¥ (1, t2)[a] > N(0,1) as t1, 5 — oo, if 22"

— 0.
¢, 1]

Remark 5.5.2. To ease the computation of the quotients 7/ [¢], i = 1,2, as noted in
Equation (5.188), assuming that K; is both non-negative and non-negative definite,
one can observe that

_ Juelzey B (i) das

vi,la) = v (5.148)

Just like Theorem 5.1.1 and Theorem 5.5.1, Theorem 5.5.2 should be interpreted
as a reduction theorem, since it allows to reduce the asymptotic problem of a 2-
domain functional Y (¢1, t2)[¢] 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 7; [q] in (5.147) (see also Example 5.5.2). In order to prove
Theorem 5.5.2, we state and prove the following lemma.

Lemma 5.5.3. Under the notations and assumptions of Theorem 5.5.2, we have that
Var(Y (t1,t2)[q]) = Vol(t,D1)? Var(As(t2)[q]) + Var(A1(t1)[q]) Vol(taDs)?
q—1 2
+ Z (Z) Var(Ai(t1)[k]) Var(Aa(t2)[q — k). (5.149)
k=1

In addition, assuming q > 2, we have that

Var(Y (t1,t2)[q])
Vol(t,D1)2 Var(As(t2)[q])

—1 as ty,to — oo. (5.150)
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Proof. Recall ¢ > 2. Applying Newton’s binomial formula, we may write

Var(Y (6. t2)la) = o! [ Cla — y)Tdudy (5.151)
(t1D1 Xt2D2)2
= q!/ (Ki(x1 —y1) + Ka(xo — y2))da1daadyi dy: (5.152)
(t1D1 Xt2D2)2
q
=>4 (Z) / Ky (1 — 1) daidy, - / Ko(zg — y2)* Fdaadys,
k=0 (t1D1)? (t2D2)?

(5.153)

which is (5.149). Now assume that 17, [¢] /72 [¢] — 0. Then, as t1,t; — oo

Var(Y (t1,t2)[q])
VOl(t1D1)2 Var(AQ(tQ) [Q])

— 1.

Indeed,
Var(Aj(t1)[q]) Vol(t2D2)? _ 'Ytll [q]
Vol(t1 D1)2 Var(As(t2)[q]) — 72 [d]

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

—0

Var(A;(t;)[k]) = k! / KF(z; — yi)dasdy; < Vol(t:D;:)2 9 0/9 Var(A4;(t;)[q])*9.

(t:D;i)?
(5.154)
Therefore, the proof is concluded by observing that, for £ > 0, we have

Var(Ax(t1)[F]) Var(As(t2)[q — k) _ Var(Ai(t2)[g])*/7 Vol (t2D2) /1~ [g]*/ 0
Vol(ty Dy1)? Var(Aa(t2)[q]) ~ ~ Vol(t1D1)?#/4 Var(As(ta)[q])*/4 — +3 [q]*/4 .
(5.155)
O

Proof of Theorem 5.5.2. By assumption, 7{ [q]/77[g] — 0. By Lemma 5.5.3, as
t1,t9 — oo we have

Var(Y(tl, tg) [q}) ~ VOl(t1D1)2 Var(Ag (tg) [q])
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Regarding contractions, by using the Newton binomial formula, we have

1£(t1,t2) @ f(tr,t2)]|? (5.156)
= / Clx—y)"Co(z—u)"Clx—2)T"Co(y —uw)? "dzx dy dz du (5.157)
(t1D1 Xt2D2)4

= / dx dy dz du (5.158)
(t1D1 Xt2D2)4

(K1(z1 —y1) + Ka(xa —y2)) (K1(21 — ur) + Ka(z2 —u2))”  (5.159)

X (Ki(z1 = 21) + Ko — 22)) 7" (K (yr — w) + Ko(y2 — u2))"™"
(5.160)

T g r r\({g—r\({q—r
= 5.161
22 ) 60

/( y Ki(x1 —y1)" Ky (21 — u1)P2 Ky (21 — 20)F Ky (y1 — w1)™ day dyy dzy dug
t1D1

(5.162)
/( D Ko(xa — y2)" M Ko(22 — ug)" M2 Ka(wg — 22)17" P Ky (y2 — ug) ™" day dys dzo dus
ta2 D2
(5.163)

" L r r\({g—r\({qg—r
= Z Z 1{(’*317k27k37k4)7ﬁ(070»070)} <k1> <k2>< ks k4 (5.164)

k1,k2=0 k3,k4=0

/(‘ )4 Kl(xl — yl)lel(zl — ul)szl(xl — zl)k3K1(y1 — ul)k4 (5.165)
t1D1

/ Kz — y2)" M Ky(2g — ug)"F2 Ko (g — 22) 7" 5 Ko (yp — ug)? "M
(t2D2)*

(5.166)
+ Vol(t1 D1)*| fa(t2) @ fa(ta)l|* (5.167)
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Moreover, we have

- - r\(r\fa—r\[{q—T
DD Ylkikoksk )#(0,0,0,0)}( ) ( ) ( (5.168)
k1,k2=0 k3,kq4=0 PR kl k2 k3 k4

/( . Ki(x1 — )" Ky (21 — )2 Ky (21 — 20)P K1 (y1 — w1)® day dyy dzy duy
t1.D1

(5.169)
/(t Dy K2<1'2 - y2)r—k1K2<22 - UQ)T—/CQK2($2 — zQ)Q—r—k3K2(y2 _ u2)q—r—k4
2D2
(5.170)

T q—r
S D D M(kikaks k) £(0000)) < T) <T> (q . T) (q a T) X (5.171)
k1 ,k2=0 ks, k=0 B k1) \ k2 k3 k4

X / Ki(zy — yl)k1+k3dﬂf1dy1/ Ko(x2 — y2) " F3dpodys
(t1D1)? (taD2)?

(5.172)
X / K1(21 — U1)k2+k4d2’1dul/ KQ(ZQ - UQ)qibik‘LdZQdUQ,
(t1D1)? (t2D2)?
(5.173)

where the last inequality follows from the positivity of K;, K» and Lemma 5.5.4
applied to every term of the sum. Then, using Jensen as in the proof of Lemma 5.5.3,
we obtain that, as ¢, s — 00,

SNt te) @ f(t1t2)3—0r || F(t1,t2) @r f(t1,t2)]?

1f(t1, t2) @y f(t1, t2) | 3g—ar = (4!)

Var(Y (11, £2))2 ™ Vol(t1D1)* Var(As(t2))2
(5.174)
_fa(t2) @ fa(ta)]?
= A (5.175)
r q—r 1 (k1+ks3)/q 1 (k2tka)/q
1, 1d] " [q]>
+ 0 1 , — !
(kl,%::o kg,%;zo {(k1,k2,k3,k4)#(0,0,0,0)} (’Yt22 M) <%22 4]
(5.176)
t2) @ fo(t2)3g—ar .~ ~
~ (¢!)? | f2(t2) @7 fa(t2)]l54—2 — 1Falts) @ Falt) 2 o 5.177)

Var(Ag (tg))Q

Therefore, the proof is again concluded by means of the Fourth Moment theorem
5.2.1. O

We conclude the section with an example.

Example 5.5.2. Let us consider a Gaussian random field B = (B,),cgd,+d, With
covariance function of the form (5.145), choosing

1 1
L Ko(xo) = .
O mpEpe ) = g, pee

Ki(x1) = (5.178)
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and consider its quadratic variation, that is

Y (t1,t2)[2] :/ Hy(By)dz. (5.179)
t1D1 xXta Do

Suppose that 5; € (0,d;/2)and 2 > da/2. Note that K satisfies both (5.7) and

(5.8) (see [LO13, Example 3]). Then, by Theorem 5.2.4 the functional Ay (t1)[2],

see (5.146) properly normalized, is not asymptotically Gaussian; on the other hand,

Ay(t2)[2] is asymptotically Gaussian, thanks to Theorem 5.2.3. Note that, up to

constants, recalling Remark 5.5.2,

—2
7t11 [2] ~ tl ﬁl
w2l y®

(5.180)

Therefore, we may observe two different behaviors depending on the choice of the
rate for ¢; and to: applying Theorem 5.5.2, whenever tfzﬁ Y=o(ty d2) we have that
Y (t1,t5) is not asymptotically Gaussian; conversely, when ¢, %2 = o(tfw ') we have a
Gaussian limiting behavior.
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Appendix

Proof of Lemma 5.3.6. The following proof is merely a reformulation of [Maj81,
Theorem 4.5] with our notation. Since h € HY4, we have the equality

(e e

h = Z Ciy,...iig Oym(e;; ® -+ ® e, ),

i1nyig=1

where {e;}9°, is an orthonormal basis of #, and Sym is the symmetrization operator.
If we define €(z) := e;(z) a(x) € L%(V'), then {e]}°, is an orthonormal basis of H,,

and we obtain
[ee)

a®lh = Z Cir,ig Sym(ej, @ -+~ @ €] ).

lq
11,0yl =1

Applying the operators I, , and I, , we obtain

o0

I, 4(h) = Z Cit,onnsig Lug (Sym(es; ® -+~ ®@e;,))

i1,eyig=1

and
o0

IV’,q(CL@q h) = Z Cit,iq 10/ g (Sym(egl Q- ® egq)) '

i1,eyig=1
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Therefore, we conclude by means of product formula (see e.g. [NP12]), observing
that

o0 o0
d
Iy,q(h) = Z Ci1,...,inV(ei1) ...X,,(eiq) = Z Ci17._.7inZ‘1 .. -Niq
i1 yeensiq=1 i1 yeeeriq=1
and
o0 d [e.e]
I,//7q(a®qh) = Z Ci17-~~:inV(€;1) e XV(e;q) = Z Ci17~"7ini1 x 'Niq’
i1 eenyig=1 i1 yeenyiq=1

where {N;}22, is a sequence of i.i.d. standard Gaussian random variables. O

Proof of Lemma 5.3.7. Acting as in the proof of Lemma 5.3.6, we have

o0

L) = D iy X(ei () .. X(e3,(4)),

i1 yeyig=1

where {e;}2°, is an orthonormal basis of # . Note that using the multi-index notation
s = [I; 5% for s € N¢ and o € R, also the family {s~'/2¢;(-/s1, ..., /54)}32; is an
orthonormal basis of H),. Therefore, the two Gaussian families (X (e;(-))):2; and
(X (s~ Y2e;(-/s1,...,-/54)))2, share the same law, and, by extension, the following
random variables are equally distributed:

[e.9]

I(h() ' ST iy X(s7 e, (51, 5a)) X(s7 2, (-/81,- - 1/54))-

i1yeyig=1

(5.181)
Moreover, by product formula (see e.g. [NP12]), we have that

[e.e]

S i, X(s ™%, (/51,0 v /5a)) - X (572, (+/515- ., /5a)) 4 I(s~%h(sy,. ..

i1 yig=1
(5.182)

By linearity, I,(s 2 h(s1,...,54)) = s~ 21,(h(s1,...,54)), which concludes the proof.
O

Lemma 5.5.4. 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 € N,
there exists a positive constant ¢, depending on K, D and the exponents k;, i = 1,2, 3,4,
satisfying for all t > 0 the following inequality:

Kz —y)MK(z—uwh2K(r - 2)BK(y — v dedydzdu
(tD)*
<c K(z —y)" ks dedy K(z —u)* *dzdu. (5.183)
(tD)? (tD)?

Proof First, by using the inequality z%y® < x%t? 4+ y2*?  the LHS of the inequality
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(5.183) can be bounded by

2 K(z—y)"1+ks K (z—u)? M dedydzdut-2 K (z—y)"1+ks K (y—u)*? 1 dedydzdu.

(tD)* (tD)*
(5.184)
Then, by the change of variable « = z — y and b = y — v 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 1% Vol(tD N (tD — a) N (tD — b))dadb
(tD—tD)2
< Vol(tD)? / K(a)"*sdq / K(b)*2tkadp. (5.185)
tD—tD tD—tD
To conclude, we need to show that
Vol(tD) / K(a)"+ksda < K(z —y)"tks dady. (5.186)
tD—tD (tD)?

By positivity of the integrand and the doubling conditions for non-negative definite
functions that are also non-negative proved in [GT19], we deduce that

/ K(a)"*sda < / K(a)*1*ksda < / K(a)"*sdq.
tD—tD {llzl|<t-diam(D)} {ll=zll<t}
(5.187)

Reasoning as in [MN24, Proof of Proposition 9, Step 1], we have that

" /{n I< }K(a)k1+k3da vy K(w - y)* ™ dedy, (5.188)
z||<t ¢

which is enough to conclude. O
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