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Fine Gaussian fluctuations on the Poisson space, I:
contractions, cumulants and geometric random graphs

by Raphagl Lachiéze-Rey and Giovanni Peccati
Université Paris Descartes and Université du Luzembourg

Abstract: We study the normal approximation of functionals of Poisson measures having the
form of a finite sum of multiple integrals. When the integrands are nonnegative, our results
yield necessary and sufficient conditions for central limit theorems. These conditions can always
be expressed in terms of contraction operators or, equivalently, fourth cumulants. Our findings
are specifically tailored to deal with the normal approximation of the geometric U-statistics
introduced by Reitzner and Schulte (2011). In particular, we shall provide a new analytic
characterization of geometric random graphs whose edge-counting statistics exhibit asymptotic
Gaussian fluctuations, and describe a new form of Poisson convergence for stationary random
graphs with sparse connections. In a companion paper, the above analysis is extended to general
sequences of U-statistics with rescaled kernels.
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1 Introduction

This paper concerns the normal approximation of random variables living inside a fixed sum of
Wiener chaoses associated with a Poisson measure over some Borel measure space. Our main
theoretical tools come from the two papers [20, 2], respectively by Peccati et al. and Peccati
and Zheng, where the normal approximation of functional of Poisson measures is studied by
combining two probabilistic techniques, namely the Stein’s method and the Malliavin calculus of
variations.

We shall focus on analytical conditions implying that a given sequence of random variables
satisfies a central limit theorem (CLT), where the convergence in distribution takes place in the
sense of the Wasserstein distance (see Section [L.I). One of the main points developed in our
paper (see Theorem is that these conditions can be effectively expressed in terms of possibly
mixed contraction operators (see Section [2.2). When specialized to random variables such that
each kernel in the Wiener-Itd representation has a constant sign, our results yield necessary
and sufficient conditions (see Theorem that extend to the Poisson framework the class of
‘fourth moment theorems’ proved by Nualart and Peccati in a Gaussian setting (see [16]). More
to the point, the use of contraction operators allows one to neatly distinguish the contribution
of each chaotic projection to the CLT, as well as to deduce joint CLTs for these projections
starting from the asymptotic normality of their sum (see Proposition .

As discussed below, random variables having Wiener-It6 kernels with constant sign appear
quite naturally in problems arising in stochastic geometry. In particular, we shall use our results
in order to provide an exhaustive characterization of stationary geometric random graphs with
asymptotic Gaussian fluctuations (see Theorem . This family of geometric graphs contains
e.g. interval graphs and disk graphs — see e.g. [4, 5, 6l 10, 12, 23]. Our characterization of



geometric random graphs involves ‘diagonal subsets’ of Cartesian products, that are reminiscent
of the combinatorial conditions for CLTs used by Blei and Janson in [2], in the framework of
CLTs for finite Rademacher sums (see also [15, Section 6]). As a by-product of our analysis (see
Theorem 7 we shall illustrate a new form of Poisson convergence for random graphs with
sparse connections.

In the companion paper [7], further geometric applications are provided, in particular to
general U-statistics with rescaled kernels.

We stress that one of our main motivations comes from a remarkable paper by Reitzner and
Schulte [26], laying the foundations of a general theory for CLTs involving U-statistics based
on Poisson point processes. In particular, one of the crucial insights of [26] concerns the use of
a formula by Last and Penrose (see [8]), providing explicit expressions for Wiener-Ité chaotic
decompositions in terms of difference operators (see 2.9)). It is interesting to note that Last
and Penrose’s formula is the Poisson analogous of the so-called ‘Stroock formula’ of Malliavin
calculus, which is in turn an important tool for proving CLTs involving non-linear functionals
of Gaussian measures (see e.g. [14, Corollary 2.7.8] for a discussion of this point). We shall see
that our findings complement and extend the results proved in [26] in several directions. See
also Decreusefond et al. [5], Ferraz and Vergne [0], Minh [II] and Schulte [28] for some related
results.

1.1 Poisson measures

Throughout the paper (Z, %, ) is a measure space such that Z is a Borel space, 2 is the
associated Borel o-field, and p is a o-finite Borel measure with no atoms. We write 2, = {B €
Z : u(B) < oo} to denote the subclass of 2 composed of sets with finite measure. Also, we shall
write n = {n(B) : B € Z,} to indicate a Poisson measure on (Z,Z) with control p. In other
words, 7 is a collection of random variables defined on some probability space (€2,.%#, P), indexed
by the elements of 2, and such that: (i) for every B,C € Z, such that BNC = @, the random
variables n(B) and n(C) are independent; (ii) for every B € 2, n(B) has a Poisson distribution
with mean p(B). We shall also write 7(B) = n(B) — u(B), B € Z,, and ) = {)(B) : B € Z,}.
A random measure verifying property (i) is usually called “completely random” or “independently
scattered” (see e.g. [19] for a general introduction to these concepts).

Remark 1.1 As it is customary, by a slight abuse of notation, we shall often write x € 7 in
order to indicate that the point z € Z is charged by the random measure 7(-).

In this paper, we shall focus on sequences of random variables {F), : n > 1} having a finite
Wiener-1t6 chaotic decomposition, that is, such that

Fu=3 1), n>1, (1.1)

where the symbol I, indicates a multiple Wiener-16 integral of order ¢; with respect to 7, the
integer k£ does not depend on n, and each fi(n) is a non-zero symmetric kernel from Z% to R (see
Section below for details). We will be specifically concerned with the forthcoming Problem
Recall that, given random variables U,Y € L'(P), the Wasserstein distance between the
law of U and the law of Y is defined as the quantity

dw(U,Y)= sup |E[f(U)] - E[f(Y)]
feLip(1)

)



where Lip(1) indicates the class of Lipschitz real-valued function with Lipschitz constant < 1.
It is well-known that the topology induced by dy, on the class of probability measures on the
real line, is strictly stronger than the one induced by the convergence in distribution.

Problem 1.2 Find analytic conditions on the kernels { fi(n)} ensuring that the sequence

ni= e, n 21,
\/ Var(Fy,)

converges in distribution, as n — oo, to a standard Gaussian random variable N ~ .4#7(0, 1), in
the sense of the Wasserstein distance. Determine under which assumptions these conditions are
also necessary, and find explicit upper bounds for the sequence

2 n

dw(Fn,N), n > 1.

We will deal with Problem in Section [3] where it is shown that a convenient solution
can be deduced by using contraction operators. Among other features, these operators provide a
neat way to deal with the product of multiple stochastic integral, and virtually replace the use of
diagram formulae — see e.g. [19]. As anticipated, we will see that, in the specific case of random
variables as in 1) such that fi(n) > 0, our results lead to necessary and sufficient conditions
that are analogous to the so-called ‘fourth moment theorems’ for sequences of multiple integrals
in a Gaussian setting — see [16].

Remark 1.3 Problem is also explicitly studied in [26, Section 4]|. In particular, Theo-
rem 4.1 in [26] provides bounds in the Wasserstein for random variables having a finite chaotic
decomposition, where the bounds are expressed in terms of expectations of inner products of
multiple integral stochastic processes. On the other hand, Theorem 4.7 in [26] provides an
analytic bound, involving sums over partitions, for the normal approximation of absolutely con-
vergent U-statistics. Here, we call ‘analytic bound’ any upper bound only involving deterministic
transformations of the kernel determining the U-statistic, without any additional probabilistic
component.

As anticipated, we shall apply our main theoretical results to the study of geometric random
graphs satisfying a CLT. An introduction to this subject is provided in the next section. Further
geometric applications of our results (in particular to U-statistics with rescaled kernels) can be
found in the companion paper [7].

1.2 Random graphs

Let the notation introduced in the previous section prevail. In what follows, we shall denote
by W (as in ‘window’) a measurable subset of Z such that u(W) < co. We first introduce the
notion of a geometric random graph based on the restriction of the Poisson measure 7 to W, and
on some symmetric set H C Z X Z.

Definition 1.4 (Random geometric graphs) Let H C Z x Z be such that p?(H) < oo, H
is symmetric (that is, for every (z,y) € H, one also has (y,z) € H) and H is non-diagonal (that
is, H does not contain any pair of the type (z,z)).



(a) The random geometric graph based on n, W and H is the undirected random graph
G =G W,H) = (V.€),

such that: (i) the vertices of G are given by the class V. =nnNW ={zx e n: 2z € W},
and (ii) a pair {z,y} belongs to the set £ of the edges of G if and only if (z,y) € H. We
observe that, since H is non-diagonal, G has no loops, that is: G does not contain any
edge of the type {z,z}.

(b) Assume in addition that Z is a vector space. The random geometric graph at Point (a) is
said to be stationary if there exists a set H C Z such that

H:{(:v,y)EZQ:x—yeﬁ}.

Note that, since H is symmetric, one has necessarily that H = —H; moreover, since H
has no diagonal components, 0 ¢ H.

Example 1.5 (i) The class of random geometric graphs introduced above generalizes the
notion of a Gilbert graph, obtained by taking Z equal to some metric space (endowed with
a distance d) and H = {(21,22) € Z? : 0 < d(w1,32) < 6}, 6 > 0. In this case, the
random geometric graph G is obtained by connecting two vertices vi,v9 € n N W if and
only if d(v1,v2) < 9. See e.g. [23].

(i) If Z = R? and H = {(z1,22) € Z? : 0 < |lz1 — @2||[ga < &}, then the corresponding
geometric random graph is stationary with H = B(0,)\{0}, where B(0,6) C Z stands
for the open ball of radius § centered at the origin. Graphs of this type are customarily
called interval graphs when Z = R, and disk graphs when Z = R? — see e.g. |4, 5, 6, 10} 12]
for recent developments on the subject.

In Section [4] we shall use our general results in order to deal with the following problem.

Problem 1.6 Fix a set W C Z, as well as a function g : W x W — R. Consider the following
objects: (i) a collection of Poisson measures 1y, A > 0, with o-finite and non atomic control
measures gy such that px(W) < oo and px(W) 1 oo, as A — oo, and (ii) a collection of
non-diagonal non-negligible symmetric sets Hy C Z x Z, A > 0. Characterize those classes
{px, Hy : A > 0} such that the random variables

F(97W;77)\)H)\) = Z g(xay)v A> 07 (12>
{z,y}eg)\

(where G = (V)\,&)) is the geometric random graph based on 1y, W and H)) verify the limit

relation

F(g,Wsinx, Hy) — E[F(g, W, Hy)]
v/ Var(F(g, W;ny, Hy))

F(g,Winy, Hy) = Law N #(0,1), (1.3)

as A — oo.

Remark 1.7 (i) In many examples and applications, one considers sets Hy such that a( HyN
(WxW)) | 0,as A\ = oo, for some fixed measure o on W x W. Heuristically, the fact that
ux(W) 1 oo and a( HyN (W x W)) | 0 ensures that the following phenomenon takes place:
as A grows, more and more vertices and edges are added to the geometric graph, whereas
old edges are deleted as a consequence of the asymptotic negligibility of Hy N (W x W).
Solving Problem [I.6] in this framework is equivalent to characterizing all sequences of
random geometric graphs such that the addition of vertices and the cancellation of edges
compensate, thus generating asymptotic Gaussian fluctuations.

4



(ii) In the case of Gilbert graphs on Z = R? Problem has been studied in [26] Section
6.2], in the special case where each py is proportional to the Lebesgue measure, with a
proportionality constant diverging to infinity.

Remark 1.8 Assume that, for every x € 7, there exists a random radius R, such that all the
y connected to x in the random graph lie in the ball with center z and radius R,. Then, the
variable F' = F(1,W;ny, Hy) in (1.2)) is stabilizing, meaning that F' can be written in the form

F= Zf(%ﬁ),
xeN

where ¢ is such that £(x,7n) is not modified by adding or removing a finite number of points to
n outside the ball with center x and radius R, (see [9] for more details on this topic). In our
case, to fit our framework, &(x,n) should be defined as

) = sy £ 2+ {20} €6)),

where #A indicates the cardinality of A. The CLTs presented for instance in [l 24] cover well
this case.

The rest of the paper is organized as follows. In Section [2] we discuss several background
results concerning Poisson measures, Wiener chaos and U-statistics. Section [3|contains our main
abstract results concerning the normal approximation of random variables having a finite chaotic
decomposition. Section [ focuses on random graphs and on several analytical characterizations
of associated CLTs. An Appendix (see Section [5|) provides some basic definitions and results of
Malliavin calculus.

2 Preparation

2.1 Multiple integrals and chaos

As before, (Z, %, i) is a non-atomic Borel measure space, and 7 is a Poisson measure on Z with
control .

Remark 2.1 By virtue of the assumptions on the space (Z, 2, u), and to simplify the discus-
sion, we will assume throughout the paper that (2, %, P) and n are such that

n
Q= széZj,nENU{oo},zj cZy,
j=1
where §, denotes the Dirac mass at z, and 7 is defined as the canonical mapping
(w,B) =»n(B)(w) =w(B), Be%Z, weq.

Also, the o-field .# will be always supposed to be the P-completion of the o-field generated by
7.



Throughout the paper, for p € [1,00), the symbol LP(u) is shorthand for LP(Z, 2, ). For an
integer ¢ > 2, we shall write LP(u?) := LP(Z9, 2°®4, u?), whereas L% (u?) stands for the subspace
of LP(u?) composed of functions that are p9-almost everywhere symmetric. Also, we adopt the
convention LP(u) = LE(p) = LP(p') = LE(p') and use the following standard notation: for
every ¢ > 1 and every f,g € L?(u9),

<f7 g>L2(,uq) - /;q f(zla "’7Zq)g(217 "’7Zq)uq(dzl7 "‘7dzq)7 ”fHLQ(;ﬂ - <f f>2/22(ﬂq

For every f € L?(u?), we denote by fthe canonical symmetrization of f, that is,

f(371,--., q q|2f q))

where o runs over the ¢! permutations of the set {1,...,q}. Note that HfHLQ(Mq) < 1 fllz2euay (to
see this, use for instance the triangular inequality) .

Definition 2.2 For every deterministic function h € L?(u), we write

L(h) = (k) = /Z h(=)i(dz)

to indicate the Wiener-Ito integral of h with respect to 7. For every q¢ > 2 and every f € L2(u9),
we denote by I,(f) the multiple Wiener-Ito integral, of order g, of f with respect to 7. We also
set I,(f) = I,(f), for every f € L?(u?) (not necessarily symmetric), and Io(b) = b for every real
constant b.

The reader is referred for instance to the monograph [19], by Peccati and Taqqu, for a com-
plete discussion of multiple Wiener-1t6 integrals and their properties (including the forthcoming

Proposition and Proposition .

Proposition 2.3 The following equalities hold for every q,m > 1, every f € L%(u4) and every
g€ Li(u™):

L. E[Iq(f)] =0,
2. E[I,(f)Im(9)] = ¢, 9) 12(ua)1(¢=m) (isometric property).

The Hilbert space composed of the random variables with the form I,(f), where ¢ > 1 and
f € L2(u9), is called the gth Wiener chaos associated with the Poisson measure 1. The following
well-known chaotic representation property is an essential feature of Poisson random measures.
Recall that .7 is assumed to be generated by 7.

Proposition 2.4 (Wiener-It6 chaotic decomposition) Every random variable
F € L*(Q,.%,P) := L*(P)

admits a (unique) chaotic decomposition of the type
(o)
Fl+)) Li(f), (2.4)
i=1

where the series converges in L*(P) and, for each i > 1, the kernel f; is an element of L2(u').



2.2 Star contractions and multiplication formulae

We shall now introduce contraction operators, and succinctly discuss some of their properties.
As anticipated in the Introduction, these objects are at the core of our main results.

The kernel f L g on ZPT97"=! associated with functions f € L2(uP) and g € L2(u?), where
p,g=21l,r=1,....pAgandl=1,...,r, is defined as follows:

f*fn GV Yl by o g 81,5 oo Sq—r) (2.5)
= /l /’Ll(d’zla "'adzl)f(zla see s B Vs ey Y=l ULy e - >tp*7“)
z
XG(Z1y e e s 2V ooy Vrely STy s o5 Sqer)-

Roughly speaking, the star operator ‘*ﬁ, " reduces the number of variables in the tensor product
of f and g from p+q to p+q—r—1: this operation is realized by first identifying r variables in f
and g, and then by integrating out [ among them. To deal with the casel =0 forr =0,...,pAgq,
we set

f*gg(Pyl?"'ap)/’r’vtlﬂ'"7tp—7’78177'-'78q—7‘>
= f(ﬁylw-'a’)/?"vtlﬂ'"7tp—7“)g(717"'77T73177"'78q—T)7
and
f*gg(tl,,...,tp,sl,,...,sq):f®g(t1,,...,tp,sl,,...,sq) = f(t1,,--,tp)g(S155---,8q)-

By using the Cauchy-Schwarz inequality, one sees immediately that f . g is square-integrable
for any choice of 7 = 0,...,p A q, and every f € L2(uP), g € L2(u).

Remark 2.5 For every 1 <p < qandevery r=1,...,p,
[ asgpaerr = [ (g et g (2.6
Zp+q—r VA
for every f € L2(uP) and every g € L2(u9)

The next statement contains an important product formula for Poisson multiple integrals
(see e.g. [19] for a proof).

Proposition 2.6 (Product formula) Let f € L2(yP) and g € L?(u9), p,q > 1, and suppose
moreover that f «\. g € L2(uPT9"=Y) for everyr =1,...,pAq andl =1,...,r such that | # r.
Then,

B =S () () (7 ) tars (759). (2.7

r=0 =0

with the tilde ~ indicating a symmetrization, that is,

1
f*ﬁ* g(:Ela"'yxp-i-q—T—l) = —Zf*i g(ma(l)a"- y Lo(p+ —T—l))?
(ptg—r—< rr

where o runs over all (p + q —r —1)! permutations of the set {1,....,p+q—1r —1}.



2.3 About the Malliavin formalism

For the rest of the paper, we shall use definitions and results related to Malliavin-type operators
defined on the space of functionals of the Poisson measure 1. Our formalism coincides with the
one introduced by Nualart and Vives in [I7]. In particular, we shall denote by D, §, L and L™,
respectively, the Malliavin derivative, the divergence operator, the Ornstein-Uhlenbeck generator
and its pseudo-inverse. The domains of D, ¢ and L are written domD, domd and domL. The
domain of L~! is given by the subclass of L?(P) composed of centered random variables. For the
convenience of the reader we have collected some crucial definitions and results in the Appendix
(see Section . Here, we just recall that, since the underlying probability space € is assumed
to be the collection of discrete measures described in Remark then one can meaningfully
define the random variable w — F(w) = F(w +6;), w € Q, for every given random variable F’
and every z € Z, where §, is the Dirac mass at z. One can therefore prove that the following
neat representation of D as a difference operator is in order.

Lemma 2.7 For each F' € domD,
D,F =F,—F, a.e.-u(dz).

A complete proof of Lemma 2.7 can be found in [17].

2.4 U-statistics

Following [26, Section 3.1], we now introduce the concept of a U-statistic associated with the
Poisson measure 7.

Definition 2.8 (U-statistics) Fix & > 1. A random variable F' is called a U-statistic of order
k, based on the Poisson measure 7, if there exists a kernel f € L!(u*) such that

F= > fla,...,z), (2.8)

k
("Elv--wzk)en;,g

where the symbol 7];1 indicates the class of all k-dimensional vectors (x1, ..., zx) such that z; € n
and z; # x; for every 1 < ¢ # j < k. As made clear in [26] Definition 3.1], the possibly
infinite sum appearing in must be regarded as the L'(P) limit of objects of the type
Z(xl,-..,xk)EniﬂAn f(x1,...,x1), n > 1, where the sets A,, € Z* are such that u*(4,) < oo and

A, 1+ ZF as n — oo.

Plainly, a U-statistic of order one is just a linear functional of 7, with the form
> @)= [ s@ntds)
ren Z

for some f € L'(u). The following statement, based on the results proved by Reitzner and
Schulte in [26], collects two crucial properties of U-statistics.

Theorem 2.9 (See [26]) Let F € L'(P) be a U-statistic as in (2.8). Then, the following two
properties hold.

(a) The expectation of F is given by

E[F] = L f(zl,...,zk),uk(dzl,...,dzk). (2.9)



(b) If F is also square-integrable, then necessarily f € L2(u*), and the Wiener-Ito represen-
tation (2.4) of F' is such that f; =0, fori > k+ 1, and

k

Z) . f (@15 T 205 2) ,uk_"(dzl,...,dzk,i) (2.10)
Zk—i

o =

for every i = 1,..., k. In particular, fr = f. For each i = 1,...,k, one has that f; €
Ls(p') N L3 (1)

One should note that formula (2.10) follows from an application of the results proved by
Last and Penrose in [§].

2.5 U-statistics and random graphs

In this paper, we will be interested in characterizing the Gaussian fluctuations of U-statistics
having a specific support. In particular this allows one to deal with the set of ‘local U-statistics”
introduced by Reitzner and Schulte in [26, Section 6]. Recall that a set H € Z* is called
symmetric if the following implication holds: if (z1,...,mx) € H, then (2, (), ...,xo.(k)) € H for
every permutation o of {1,...,k}.

Definition 2.10 (Support of a U-statistic) Let £k > 2, and let H C Z* be a measurable
symmetric set. A U-statistic F as in ([2.8) is said to have support in H if the function f is such
that

f(l’l, ,$k) = 0, V((lil, ,xk) §é H.

Example 2.11 (Local U-statistics) Let Z be a metric space. Then, the class of local U-
statistics, as defined in [26] Section 6], coincides with the family of U-statistics having support
in a set of the type H = {(xl, woyxg) s diam({xy, ...,z }) < 5} for some 6 > 0. Here, the symbol
diam(B) is shorthand for the diameter of B.

We shall now point out a well-known connection between U-statistics and hypergraphs.
Recall that a hypergraph of order k > 2 is a pair (V, ), where V' = (v1, ..., vy,) is a set of vertices,
and £ = (E1, ..., Es) is a collection of (possibly non-disjoint) subsets of V' (called edges), such
that each E; contains exactly k elements; in particular a hypergraph of order 2 is an undirected
graph.

Remark 2.12 (U-statistics as graph statistics) (i) Let k > 2, let I’ be a U-statistic as
in (2.8), and assume that f = 1y x 1g, where W C Z* is some set (usually called a
‘window’) such that z*(W) < co. Then, the random variable 7 F counts the number of
edges in the random hypergraph (V, £), obtained as follows: V' =n N W, and the class of
edges & is composed of all subsets {z1, ..., 25} C V such that (z1,...,z) € H.

(ii) If k = 2, Z is some metric space (endowed with a distance d) and H = {(z1,z2) € Z? :
d(z1,72) < 6} and f = 1y x 1p, then the random variable $F counts the number of
edges in the undirected graph whose vertices V' are given by the points of W charged by 7
and such that two vertices vy, vy are connected by an edge if and only if 0 < d(v1,v2) < 4.
These are the ‘Gilbert random graphs’ discussed in Example i).

To conclude, we present the notion of a stationary U-statistic. It will play an important role
in Section [l



Definition 2.13 (Stationary U-statistics) Fix k& > 2, assume that Z is a vector space, and
let F' be a U-statistic of the type (2.8]), having support in a symmetric set H). We shall say
that F is stationary if there exists H C Z*~1 such that

H = {(z1,...,m1) : (xo — T1,23 — 21, ..., — 1) € H}. (2.11)

Example 2.14 Consider the case k =2, Z = R? and H = {(21,22) € Z? : ||x1 — 22||pa < §}.
Then, the corresponding U-statistic F is stationary, with H = B(0, §), where B(0,§) C Z stands
for the open ball of radius § centered at the origin. See Example [1.5(ii).

3 Normal approximations for finite chaotic expansions

3.1 Framework

We shall tackle Problem by focussing on the normal approximation of random variables F
having the form

k

F=E[F]+) I,(f), (3.12)

i=1
where:
— k > 1is an integer;
— the integers ¢;, i = 1, ..., k, are such that 1 < q1 < g2 < --- < q;

— the symbol I, indicates a multiple Wiener-Ito integral of order ¢, with respect to a centered
Poisson measure 17 = n — u, where 7 is a Poisson measure on the Borel measurable space
(Z,%), with deterministic and o-finite control measure y;

— each kernel f; is a nonzero element of L2(u%), and the class {f; : i = 1,..., k} verifies in
addition the forthcoming Assumption

Assumption 3.1 (Technical assumptions on integrands) Let the notation of Section
prevail. Every random variable of the type (3.12)) considered in the sequel of this paper is such
that the following properties (i)-(iii) are verified.

i) For every i = 1,...,d and every r = 1, ...¢;, the kernel f; x2~" f; is an element of L?(u").
i K

ii) For every i such that ¢; > 2, every contraction of the type (21, ..., 290, —r_1) > |fi| %
qi T
il (21, ---, 22g,—r—1) 18 well-defined and finite for every r = 1,...,q;, every [ = 1,...,r and
qi y y
every (21, ..., 22g;—r—1) € Z2ai—r—1,

(iii) For every i,j = 1,...,d such that max(g;, q;) > 1, for every k = [¢; — ¢;| V 1,...,qi + qj — 2
and every (r,1) verifying k = ¢; +¢q; —2 —1r —,

/ [\// (fi(zv ) *gd fj(Z, ))2 duk :u(dz) < o0,
Z Zk

where, for every fixed z € Z, the symbol f;(z,-) denotes the mapping (z1,...,24-1) —
fi(Z, Ry eeey qul)-
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Remark 3.2 According to [2I, Lemma 2.9 and Remark 2.10], Point (i) in Assumption
implies that the following properties (a)-(c) are verified:

(a) for every 1 <i < j <k, forevery r=1,...,¢; A gj and every [ = 1,...,r, the contraction
fi %L fj is a well-defined element of L?(pdiT4s -l

(b) for every 1 <i < j<kandevery r=1,..,q, fi*0 f; is an element of L?(u%+%");

(c) for every i = 1,...,k, for every r = 1,...,¢;, and every [ = 1,...,7 A (¢; — 1), the kernel
fi %L f; is a well-defined element of L?(u?%~7=1).

In particular, the multiplication formula ({2.7)) implies that every random variable F' verifying
Assumptionis such that I,(f;)? € L?(P) for every i = 1, ..., k, yielding in turn that E[F%] <
oo. Following a similar route, one can also show that, under Assumption the random variable
(DF, —DL_1F>L2(M) is square-integrable (and not merely an element of L!(P)).

Remark 3.3 Assumption imply that Assumptions A-B-C in [2I] are verified, so that the
computations therein can be directly applied in our framework.

Remark 3.4 For instance, Assumption [3.1] is verified whenever each f; is a bounded function
with support in a rectangle of the type B x - -+ x B, where u(B) < co.

3.2 A general bound
Let F be a random variable as in (3.12) such that E[F?] =02 > 0 (0 > 0) and E[F] = m € R,

and consider a Gaussian random variable N ~ .4 (m,0?) with the same mean and variance.
Then, a slight modification of |20, Theorem 3.1] (the modification resides in the fact that we
consider an arbitrary variance o?) yields the following estimates:

dw (F,N) < B1(F;0) < By(F;0), (3.13)
where
1
B\(F;0) = ~E [0 = (DF,~DL™"F)12,|] (3.14)

+012/ZE[(DZF)2|DZL1F”M(dz)a

By(Fi0) = %\/E (0% = (DF,~DL1F) 12,)?] (3.15)

o5 /Z E(D.F)|D. L™ FlJu(dz).

The next statement shows that By (F; o) can be further bounded in terms of the contractions
introduced in Section 2.2

Theorem 3.5 Let F' and N be the random variables appearing in (3.13))-(3.15). Then, there
exists a universal constant Cy = Co(q,-..,qx) € (0,00), depending uniquely on q1, ..., qx, such
that

By(F;0) < Cy x Bs(F;0), (3.16)

11



where

Bs(F;0) (3.17)

1
= 2 Lo ot sty + g5 5ty + 0 i -

In the previous expression, max ranges over all 1 <1 < k such that ¢; > 1, and all pairs (r,1)
such that r € {1,...,¢;} and 1 <1< r A (g —1), whereas max ranges over alll <i<j<dand

all pairs (r,1) such thatr € {1,...,¢;} andl € {1,...;m}. When q1 = 1, one can replace Hf1HL4(“)
in the previous bound by the smaller quantity

If117

MPALE () (3.18)

[ f1llz2 ()
Proof of Theorem [3.5] Without loss of generality, we can assume that m = 0. Also, throughout
this proof, we write F; = I,,(f;) and o2 = E[I,(f))%] = qi!||fi||%2(“qi), i=1,...,k, in such a way
that 02 = E[F?] = Y% | E[F?] = Y% | 02, Now write

k
VE (02— (DF, ~DL7'F)12))?] < 3 1451\/E (67 — (DF, ~DL7'F)) 12,))?]
i=1

+ > JE[(DE,~DLEF) 1)),
1<i#j<k

so that one can directly apply [2I, Proposition 5.5 and deduce that there exists a constant
a=a(q,...,qr) such that

VE (02 = (DF, ~DL-'F) 12,)?]
<a {mlax | fi % fiHL?(#?qi*T'*l) + max 15 % fj”Lz(Hqﬁqr“’)} :
To conclude, observe that
k 2/ k
/E[(DZF)Q‘DZL_lFHu(dz) < / E <Z|DZFZ-\> (ZVDZL_IE'I) p(dz),
4 Z i=1 i=1

so that |21, Proposition 5.6] implies that there exists a constant b = b(q, ..., gx) such that

-----

Taking C’o = a+ b yields the desired conclusion. The last assertion in the statement comes from
the fact that, when ¢1 =1, [, E[(D.F)?|D,L™ F|ju(dz) = ||f1HL3(M [

Remark 3.6 According to [21, Lemma 2.9|, for every quadruple (i, 7,7,1) entering the expres-
sion of max in (3.17)), the following estimate holds:

i Fil1% 2 o=ty < i fill 2 uzaimr—ty X 15 %0 £l 2 20—y (3.19)

As already discussed in the Introduction, random variables of the form (3.12)) such that
fi = 0 play a crucial role in the context of U-statistics based on Poisson measures. In particular,
we shall unveil some useful connections between the quantity Bs(F';o) and the fourth cumulant

of F.
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3.3 Estimates for positive kernels

The following statement concerns random variables of the form (3.12), in the special case where
E[F] =0, k=1 and the multiple stochastic integral has a nonnegative kernel.

Proposition 3.7 (Fourth moment bound, I) Consider a random variable F' as in (3.12)),
with the special form F = I,(f), ¢ > 1, where f >0 and E[F? = q‘HfHLQ(Mq =02>0. Then,

1
Bs(F;o) = - {mlax Il f *i, fHLz(qu—r—l) + Hf”%‘l(;ﬂ)} J

and there exist universal constants ¢y = c1(q) < C1 = C1(q), depending uniquely on q, such that

c1 X Bs(F;0) < /E[F4] —30* < Cy x Bs(F;0). (3.20)

Proof. Using the multiplication formula (2.7)), together with ([2.6]) and the positivity assumptions
on f, one sees that F? can be written in the following form

F? = 0%+ Ly(f ) f) + R,

where R is a random variable orthogonal to the constants and to Io,(f x) f) and such that

I {maxc||f £ FIBqamrty + 11 un) f < BUR <K {maxc | 4 FIZaq0rty + 1 g | -

for some universal positive constants J, K depending uniquely on ¢q. The conclusion is obtained
by using the relation

q—1 |4 —~

Bl (f *8 f)? = (261)'Hf*0 fHL2(M2q) =20" + Z W!Hf*g f”%2(u2q—2p)7

where we have used [19], formula (11.6.30)]. ]

The following general bound deals with random variables of the form (3.12)) and with positive
kernels.

Proposition 3.8 (Fourth moment bound, II) Let F be as in (3.12), with k > 1, and as-
sume moreover that E[F| = 0, and E[F? = 0% > 0, and f; > 0 for every i. Then, there exists
a universal constant Cy = Ca(q1, ..., qx), depending uniquely on qi, ..., qx, such that

l
fomoc i il + s, 13 b < Con/ BT =527 (3.21)

Proof. Write as before F; = I,,(f;), and 0? = E[F?], i =1,...,k. We can now write
k
E[F] =30* = Y {E[F}]-30]}

+ 6 Z {E[F22E72] _U 0 }+ Z E[FilFizF‘isFM]
1<i<j<k (11,92,13,i4)EVy

= W+Y + 2,

where V stands for the collection of those (i1,is,43,i4) € {1,...,k}*, such that one of the
following conditions is satisfied: (a) i1 # o = i3 = i4, (b) 41 # iy = i3 # 4 and iy # i1,
(c) the elements of (i1,1i2,13,44) are all distinct. Applying the multiplication formula and
exploiting the fact that each f; is nonnegative, we immediately deduce that Y > 0 and Z > 0,
so that the desired conclusion follows from Proposition [ |
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3.4 Conditions for asymptotic Gaussianity

The first part of the following statement provides sufficient conditions for Central Limit The-
orems, that are directly based on Theorem As indicated in the subsequent parts, these
conditions become necessary whenever the involved kernels are nonnegative.

More precisely, in what follows we shall fix integers £k > 1 and 1 < ¢1 < ¢2 < ... < g (not
depending on n), and consider a sequence {F(”) :n > 1} of random variables with the form

k

FO =N 1, (f™), n>1 (3.22)
i=1

each verifying the same assumptions as the random variable F' appearing in (3.12)) (in particular,

Assumption is satisfied for each m). We also use the following additional notation: (i)
02(n) = E[(FM)2], (ii) £V = I, (f"), i = 1,...,d, and (iii) o?(n) = E[(F\"))?].

K3 7

Remark 3.9 In the statement of Theorem [3.10] we implicitly allow that the underlying Poisson
measure 7 also changes with n. In particular, one can assume that the associated control measure
= pn explicitly depends on n. This general framework is needed for the geometric applications
developed in Section [

Theorem 3.10 Let {F(")} be a sequence of random variables as in 1' and assume that
there exists 0 > 0 such that lim, oo 02(n) = 2. Let N ~ A4 (0,0?%).

1. For every n, one has the estimate

2/m

(n) < (n). vern
dw(F ,N)\C()XBg(F 70(n)>+0’(n>\/0’

lo(n) — o?|. (3.23)
In particular, if B3(F™:o(n)) — 0, as n — oo, then dy (F™ N) — 0 and therefore
FO AN

2. Assume that fz»(n) > 0 for every t,n. Then, a sufficient condition in order to have that
B3(F™:g(n)) — 0 is that E[(F™)*] — 36*(n) — 0.

3. Assume that fi(n) > 0 for every i,n, and also that the sequence (F(”))4, n > 1, is uni-
formly integrable. Then, the following conditions (a)—(c) are equivalent, as n — oo: (a)
dw (F™ N) =0, (b) B3(F™;0(n)) = 0, and (c) E[(FM™)Y] - 30%(n) — 0.

Proof. 1. Let N,, ~ A4 (0,0%(n)), n > 1. Then, one has that (see e.g. [14, Proposition 3.6.1])

Qi (N, N) < Y27

v 2’
on)Vo

lo%(n) — o

)

so that the desired conclusion follows from Theorem as well as the inequality
dy (F™, N) < dyw (F™ | N,,) + dyy (Ny, N).

2. If B[(F™)4] — 30%(n) — 0, then relation (3.21)) implies that

(m) (1 p(n) ()12
{mlaXHfz * f; HL2(/L2qi_T_l)+i£11?.).(,kai HL4(M%)} — 0.
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Using (3.19), we see that the last relation implies that B3(F();c(n)) — 0, so that the desired
conclusion follows from Point 1 in the statement.
3. In view of Point 1 and Point 2 in the statement, we shall only prove that (a) = (c). To

Law

prove this implication, just observe that F( 5" N and {(F(™)*} is uniformly integrable,
then necessarily E[(F(™)* — E[N*] = 30%, so that the conclusion follows from the fact that
o%(n) — o2 [ ]

Remark 3.11 (i) A sufficient condition in order to have that the sequence {(F(™)*} is
uniformly integrable is the following: there exists some € > 0 such that

sup E|F™|4€ < o0
n=>1

(ii) As proved in [16], a ‘fourth moment theorem’, such as the one appearing in the statement
of Theorem [3.10] holds for general sequences of multiple Wiener-Ito integrals with respect
to a Gaussian process. In particular, in the Gaussian framework one does not need to
assume that the integrands have a constant sign. Proving analogous statements in a
Poisson setting is quite a demanding task, one of main reasons being the rather intricate
multiplication formula . Some previous partial findings in the Poisson case can be
found in Peccati and Taqqu [I8] (for sequences of double integrals) and in Peccati and
Zheng [22] (for sequences of multiple integrals having the form of homogeneous sums).

The following result shows that, under the assumptions of the previous statement, the con-
dition B3(F™;0(n)) — 0 always implies that the components of F' verify a multi-dimensional
CLT. To do this, we shall use some estimates taken from [21] (see, in particular, Table 2, p.
1505, therein). Given a thrice differentiable function ¢ : R¥ — R, we set

82
i = max su —\T)]|.
l¢7lloe 1<) Sin<h pop 8%8:57;2@( )
3
" = max sup |- (o).
1<i1<ig<is<k yepk | 0T, 0%;,0%4,

Proposition 3.12 Let the assumptions and notation of Theorem[3.10 prevail, and suppose that
Bg(F(”);J) — 0, asn — oo. Let Ny; ~ A(0,02(n)), i = 1,....k, Then, for every thrice
differentiable function ¢ : R¥ — R, such that ||¢" ||, ||¢""||eo < 00, one has that

Elp(F™, ... F'")] = Elo(Nn1, ..., Nas)] — 0, 1 — oo
Proof. According to |21I], the following estimate takes place:

\E[p(F™, ..., F")] = Elp(Nu, ..., Nu )|

k
k
<S¢ lloey| D El(07(n)1izj — (DF;, —DL™'Fy) 12(,)?]

,j=1

k 2/ k
1 -
- 4||ga'"||oo/ZE (ZlDzm) (ZIDZL 1El) u(dz),
i=1 i=1

so that the conclusion follows from ([3.16)).
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4 Random geometric graphs: from Gaussian to Pois-
son fluctuations

4.1 Framework

Our aim is now to tackle Problem[I.6] Throughout this section we shall work under the following
slightly more restrictive setting (we use the notation of Problem .

— For every A > 0, the control measure of 1y is ux(dz) = A x 0(dz), where 0 is a o-finite
non-atomic measure on (Z, Z&).

— The symmetric function g : W x W — R is bounded (this assumption can be relaxed —
see the discussion below).

In the forthcoming Section we will show that the normal approximation of the ran-
dom variables F(g, W;nx, Hy) (as defined in ((1.2))) can be completely characterized in terms of
some diagonal restrictions of Cartesian products of the sets Hy. Among several consequences,
this remarkable phenomenon implicitly provides a new geometric interpretation of contraction
operators.

Definition 4.1 (Sets with diagonal restrictions) Given the sets Hy, A > 0, defining the
random variables F'(g, W;ny, Hy) and F'(g, W;nyx, H)), respectively in 1} and (|1.3)), we define
the following four sets

H)(\l) = {(.%'1,.7}2,.1’3) VAR (xl,xQ) € H,, ($1,$3) S H)\} C Z?’;
H)(\Q) = {(.%'1,.%2,21?3,.1‘4,:B5) AR (xl,xi) € Hy, Vi =2, ...,5} C Z5;

- H,(\S) = {(z1,22,23,24) € Z* : (w1,32) € H),(v2,23) € Hy, (v3,24) € Hy, (74,71) €
Hy} C Z%

— H§4) = {(z1, 22, w3, 24, 25) € Z° : (21,m2) € Hy, (22,23) € Hy, (23, 24) € Hy, (T4, 75) €
H,\} C Z°.

We shall also use the following quantities, defined for every A > 0:
(i)
Vi(g) = VEA(9) + Vaa(9)

= 4>\3/ g %1 g(w1, w2, 23)0° (d1, dv, dus) + 2>\2/ 9° (w1, 22)0%(d1, dua);
w3na (" W2NH),

(ii) Ax(g) = >\5/2\/fW5QH§2> [ g(a1,2:)05(dw1, ..., das);

(ili) Ba(g) = /\2\/fw4mH§3> 9(x1,22) (23, 24)9(21, 24) g (22, 73)0* (d1, ..., d4);

(iv) Ci(g) = >\3/2\/fW30H§1> 92(v1, 22) g% (w1, v3)03 (dz1, do, dvs);
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(V) Dal9) = M/ fianu, 9" (01, 22)6%(da, da);

(vi) Ex(g) = >\5/2\/fW50H§4) g9(x1, 22)g(21, 23)9(22, 24) 9(23, 75)0° (d21, ..., d5).
The following expressions are obtained by setting g = 1:
(") VR(1) = V2(1) + V(1) = a0 1 1Y) + 20202 (W2 0 Hy);

(ii") Ax(1) = A3/2/05(W5 N HP);

(iii’) Bx(1) = AQ\/W;
(iv)) Cx(1) = /2y /e3(w3n H);
(v)) DA(1) = \WOA(W2 N Hy);
(vi") Ex(1) = A3/24/65(W5 n HY).
4.2 General conditions and bounds

We start with a general estimate.

Theorem 4.2 (General bound for geometric graphs) Let the previous assumptions and
notation prevail, and let N ~ A4°(0,1). Then, there exists a universal constant C, not depending
on A, such that, for every A > 0,

~ CO
dW(F(ga Wa TIx, HA)7N) <
Vi(9)

If the class {ﬁ(g, Winn, H))Y : X > 0} is uniformly integrable, then the RHS of (4.24) converges
to zero, as X\ — oo, if and only if the CLT (1.3)) takes place.

x max{Ax(g), Br(9), Cx(9), DA(9), Ex(9)}- (4.24)

Proof. In what follows, we write F\ = F(g, W;n\, Hy) and F\ = ﬁ(g,W; M, H)y) to simplify
the notation. Last and Penrose’s formula ([2.10)) implies that the random variable F) admits the
following chaotic decomposition

Fy = E[F\] + Li(f10) + I2(fan) == E[F\] + Fix + Fy, (4.25)

where fi\(2) = 2X [, L, nwxwy (2, 9)g(x,y)0(dy) and fox(x1,2) = Ly, now xw) (21, T2)g(21, 22).
Routine computations imply then that

7

VA(g) = Var(Fi ), i=1,2. (4.26)
It follows that

Fy = Ii(f1/Va(9)) + I2(f2/Va(9)).
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The upper bound (4.24)) is now obtained by using (3.17)), as well as the following relations, that
can be proved by a standard use of the Fubini Theorem:

445(9) = Hfl,/\H%Al(M),
Ba(g) = |f2r*1 fanllizga)s
Ca(g) = lfor*z forllz2(uy)s
Dy(g9) = Hf2,>\‘|%4(#§)7
2E)(9) = |fix*1 foallzzge):

The last assertion in the statement follows from a direct application of Theorem [3.10 -

The next two statements provide simplified bounds in case one of the two elements of the
chaotic decomposition of F(g, W;ny, Hy) converges to zero, as A — oo. The proof (which is
standard and left to the reader) uses (4.26) as well as the following basic estimate: if @, R, S
are three random variables in L!(P), then

dw(Q + R, S) < dw (R, S) + E[|Q]].

Proposition 4.3 (Dominating first chaos) If

v
Veal9) —0, as A — oo, (4.27)

Via(g)

then there exists a constant C1, independent of X\, such that, for \ large enough,

\% 1
2,>\(9) 4

Vialg) ~ Vi(9)

dw (F(g,W;nx, Hy), N) < Cy { X maX{AA(Q)}} - (4.28)

If the class {ﬁ(g, Winx, Hy)* : X > 0} is uniformly integrable, then the RHS of 1} converges
to zero, as X\ — oo, if and only if the CLT (1.3)) takes place.

Proposition 4.4 (Dominating second chaos) If

Via(g)
Vaa(g)

then there exists a constant Co, independent of A, such that, for \ large enough,

—0, as \— oo, (4.29)

F V;
dw (F'(g, Wiy, Hy), N) < 02{ 1a(9) |

1
Vorlg)  VE(9) maX{BA(g),CA(g)vDA(g))}}. (4.30)

If the class {f(g, Winx, Hy)* : A > 0} is uniformly integrable, then the RHS of 1' converges
to zero, as X\ — oo, if and only if the CLT (1.3)) takes place.
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4.3 Edge counting in stationary graphs

For the rest of the section, we fix an integer d > 1. For every A > 0, we define the set
Q= [—%)\1/ d %)\1/ 414 We now specialize the framework of the previous two sections to the
following setting

Z=RY W=Q, g¢g=1, pn=A\, (4.31)

where ¢ is the Lebesgue measure on R?. We shall assume that, for every A > 0, the symmetric
non-diagonal set H) has the form

Hy={(z,y) :x —y € Hy},
for some set H verifying
((HyNQq) >0 (4.32)
For every A > 0, we shall write
Fy\=F(1,Qum, Hy) and Fy=F(1,Qum, H), (4.33)

where we used the notation introduced in 1'1) With this notation, each %F  is a sta-
tionary U-statistic (see Definition [2.13)), counting the number of edges in the stationary random
graph based on H) (see Definition [1.4)). The chaotic decomposition of F) is written

Fy, = E[F)\] + FL/\ + F27,\,

where we have adopted the same notation as in (4.25)). Since g = 1, Problem becomes the
following: characterize all collections of sets {H\} such that the CLT (1.3) takes place, and
assess the rate of convergence in the Wasserstein distance.

Remark 4.5 For every A > 0, one has the equality in law

L
AE> 1w A0, (4.34)
Z,YENNQN,T#Y

where 7 is a random Poisson measure with Lebesgue intensity, and G is a measurable subset
of R? defined by the relation

Hy = )\_l/dé)\, (4.35)
so that
((GrN@Qy) > 0. (4.36)

Remark 4.6 (Asymptotic equivalence notation) Given two mappings A — vy, A — 0y,
we write vy < d, if there are two positive constants C,C” > 0 such that Cy, < 6y < C'v, for A
sufficiently large. We write ) ~ dy if dy > 0 for A sufficiently large and ay/dy — 1.

One of the main points developed in the present section is that the asymptotic Gaussianity
of the class {F\} results can be effectively studied by using the occupation coefficient of H y,
defined as

1/}()\) = E(F)\ N Ql) = M, A> 0. (437)

Q)
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We also write W = W =W = Qg4 and W = Q14 (this is the largest set such that W—-W C W)
and define, for A > 0,

DN) = L(H\NW) = W A >0, (4.38)
YN\ ==L H\NW) = %g?”), A > 0. (4.39)

In order to obtain necessary and sufficient conditions for asymptotic normality, we will often
work under the additional assumption that

~ A~

P(A) < P(A). (4.40)

In this case, one has trivially that ¥()) < (X)) =< ¥()), and the value of ¢ is only relevant up
to a fixed multiplicative constant.

Remark 4.7 (O-regularity) Assume that the geometric rule defined by G does not depend
on A, i.e.: Gy = G for some fixed measurable set G, in such a way that each set Hy is obtained
by rescaling G by a factor A=%/¢. Then, condition is implied by the following stronger
assumption: ¥ (aX) < () for every a > 0. In the terminology of [25] Section 2.2|, this is
equivalent to saying that ¢ is O-regular.

In view of using the bounds appearing in Theorem [.2] we have the following crucial esti-
mates:

Theorem 4.8 Let the previous notation and assumption prevail, set V; x(1) =V, i =1,2, as
well as Ay = A\(1), B = BA(1),...,Ex = E\(1) — see Section[4.1] The following estimates are
in order for every fized A > 0:

27 (N) < ATV, = 2077D% < 2% (),
27p(N)? < ATPVE, = ATP0F < 2% ()2,
27PN < ATPAR < 2% (V)

ATBY < 2%p(N)?,

27U (N < ATOER < 24 (0)*

Proof. We introduce the changes of variables denoted by ¢, i = 0,1,2,3, 4, where

O (21, 22 T1,u =T — T2),

1
90( )(901,902, €3 961,“:1?1*932,0:961*5'33)7

3
go()(xl,xg,xg, T4 T1,U =T — T,V = Tg — T3, W = Ty — Tq),

)=(
) = (
90(2)(331,3:2,1‘3,:134, x5) = (T1,u = X1 — L9,V = T] — T3, W = T] — XTg4,2 = T] — T5),
)= (
)= (

4
90( )(x17x27x37:c47x5 1, U =21 — T2,V =T2 — T3, W =T3 — T4,2 = T4 — x5)'
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Using the notation introduced in Definition [4.1 we have

(W?NHy) = 1 = dzidry = 1 _— dzxidu,
( A) /2 z1—zocH ), WX104L2 /¢<0>( 2 ueH, ar1au
3 (WY _ _ —
f(w ﬂH/\ )—/ 31$1_x2€H)‘1£1_$36H)\d$1d$2dx3 —/p(l)( ) 1u€H>\ veH dxyidudv,
W’ (2 _ — — -
ﬂ( ﬂH/\ )_/ 1:v1—x2€H>\11$1—x3€H>\1z1—a:4€HA1x1—z5€ﬁ>\dx1d$2d‘r3dx4dx5

1u€HA 1v€H>\ 1w€HA €Ty dxidudvdwdz,

xlf.'tzGF)\ 11'273336?)\ 1$37146ﬁ)\ 1x47$1€ﬁ>\ d$1dﬂf2d.%'3dl’4

/so<2)(W5)

1ueﬁ,\ 1veﬁ,\ 1weﬁA ]-u_H,_i_weﬁ)\ dxidudvdw,

1 1 1 1 dl’1d$2d1‘3d$4dl‘5

T1—22€H \ " xo—23€EH \ " w3—T4€H )\ ~z4—15€H )

N /<p(4)(W5) 1“6HA 1U€H>\ 1w6HA 2CH dzidudv.

Using the inclusions
W2 C <p(0)(W2) cC W2,
W3 C S0(1)(‘/1/3) C W37
W5 C @ (W) C WS,
PP W) W,
WB C W(4)(W5) C W5,

and

1 51 = . uvweR?

1em oem, 1 m, 1 ueﬁ)\ vEH )\ TwEH )

UGH)\ 'UGH)\ ’UJGH)\ U+U+'LUEF)\

/N
[y

we have

COV x (HAnW)) = 279(N) < A2VE, < (W x (HyNW)) = 2%5(N)
B x (HxnW)2) = 2790(N)2 < A3CE < BW x (H) N W)2) = 294)(N)?
BV x (HxNW)H) = 27\ < AN 5A2 < (W x (Hy N W)H) = 2% (N

3

OO x (HynW)) =274 (M) S ATPE2 < O(W x (Hyn W) = 29 (\)*

and the result follows.

The next statement is one of the main findings of the paper: it gives an exhaustive charac-
terization of the asymptotic behavior of F), whenever (4.40) is in order.
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Theorem 4.9 Let {H)y : A\ > 0} be a family of subsets of R satisfying and let ¥, 1 be
defined according to 74.39. Assume in addition that 1s satisfied, and consider a
random variable N ~ A4°(0,1). The quantities introduced in Section satisfy the following
relations: there exist constants0 < k < K < oo, independent of A\, such that

V12/\ 1 —~1/2
=2 = (N, A= ATV2 and
Via Via

Emax(A™Y2 (A2 (M) 7V A2 (0) < Vig max(By, Cy, Dy, Ey)

2,2
< Kmax(v/(0), A2 (A2p(0) 72, A2 (0))).

Furthermore, one can choose K in such a way that the following properties (i)—(iil) are verified.

(i) If Mp(X) = oo, the first chaos projection Fy x dominates and
Var(F ) ~ Var(Fy) < A*9(\)? — oo,
and
dw (Fx, N) < K X7Y/2,
(i) If Mp(A) < 1,
Var(F)) =< Var(F ) < Var(Fy ) < A,
and
dw (Fx, N) < K X712,

In this case one has also that, as A — oo, the pair

( Fi ) Fs )
Val"(F17)\)1/2 ’ Var(F27>\)1/2 ’

converges in distribution to a two-dimensional Gaussian vector (N1, Na), such that N; ~
A(0,1) and Ny, Na are independent.

(ili) If Ap(X) = 0, then the second chaos projection Fy ) dominates,
Var(Fy) ~ Var(Fyy) =< A9()),
and

dW(F/MN) < /\71/)(/\)

Moreover, one has that F\ converges in distribution to N if and only if X>(\) — oo (or,
equivalently, Var(Fy) — 00).
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Proof of Theorem , Theorem and assumption yield
Via = 2D3 < N*p())

Viy=CX =A%)

A3 = NP

B} < 23V

E3 =< A5\

(i) We assume Ap(A) — oo. Applying (4.24)), one deduces that

. 1
dw (F,N) < VngmaX(AA,B,\,CA,DA,E,\)
17
KV
< SapragE M OCE N XU, A (0), A (1))

K

<
VA

for A large enough. Notice that does not yield a better bound because 1(\) < 1.

(ii) Applying again (4.24), the conclusion is deduced from Point (i), because A\)(\) > ¢ for
some constant ¢ > 0 and for A large enough. The last statement at Point (ii) follows from an
application of Proposition [3.12

(iii) Using (4.24) again yields

~ 1
dw (F,N) < 557055 max( 20, ()72, 072, dp(N)'2)

K
< —
AV(A)

for A large enough, because A\(\) — 0. To conclude the proof, we have to show that, if A2¢(\)
does not diverge to infinity, then Fy does not converge in distribution to N. To prove this
negative result, one could apply the product formula to prove that, whenever A\2¢()) is
not diverging to infinity and is bounded away from zero, there exists a sequence A,, n > 1, such
that A\, — oo and sup,, E[F fn] < 00, so that the desired conclusion is deduced from the last
part of Theorem (the case when A\%¢)()) is not bounded away from zero can be dealt with by
a direct argument). However, the statement of the forthcoming Theorem is much stronger,
and it is therefore not necessary to spell out the details of these computations. [ |

Corollary 4.10 Assume that the geometric rule defined by G (see ) does not depend on
A, in such a way that Gy = G for some fized measurable set G. Assuming (see Remark
, one has that F converges in distribution to N ~ A(0,1), with a rate at most of the order
A~ Y2 with respect to dyy .

Proof. We are in one of the following situations:

1. If G has finite positive Lebesgue measure, () =< $(X) =< £(G)/€(Qy) = A~L. It corre-
sponds to the case (ii) in Theorem meaning the two chaoses codominate. It follows
that F)\ converges to the normal law with a rate at most of the order of A~1Y/2 with respect
to dw .
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2. If G does not have finite measure, () < £(G N Q,) — oo and we are in the situation
of Point (i) of Theorem that is: the first chaos dominates. We therefore deduce that

dw (Fy, N) < KA~Y2)
for some K > 0, and the conclusion follows.

|

As announced, we shall now deal more thoroughly with the case where A%¢()\) does not

diverge to infinity. In the proof of the next statement we shall use the following notation: if X

is a random variable with finite moments of every order, then we write {xm,(X) : m > 1} to

indicate the sequence of its cumulants (see [19, Chapter 3| for an introduction to this concept).
For instance, x1(X) = E[X], x2(X) = Var(X), and so on.

Theorem 4.11 (Poisson approximations) Let the assumptions and notation of Theorem
prevail, and assume in addition that Mp(\) — 0 and the mapping X — A*(\) does not diverge
to infinity, as X\ — oo. Then, for every sequence {\,} such that lim,_,oo A\, = 00, there ezists a
subsequence {n(k) : k = 1} such that the following properties (i)-(iii) hold.

1) limg_oo Var(£) = limy_, o Var(Fy = 2¢, where ¢ is a nonnegative constant pos-
n(k) »\n(k)
sibly depending on the subsequence {n(k)}, and we have used the notation (4.25)).

(ii) If c=0, then E[]Z*:',\n(k)\] — 0, as k — 0.

(iii) If ¢ > 0, then Fo ) and therefore Fxoo — E[FMW]’ converges in distribution to X =
2P(c/2), as k — oo, where P(c/2) indicates a centered Poisson random variable with
parameter c/2.

In particular, the family {ﬁA} does not verify a CLT as A — oc.

Proof. Since Var(Fy) ~ Var(Fy ») =< A%)()), Point (i) is immediately deduced from the Bolzano-
Weierstrass theorem. Point (ii) follows from a direct application of Campbell’s Theorem (see
[27, Theorem 3.1.3]), yielding that, as A — oo,

E[F/\n(k)]

—— = N/ Y (Ary) — 0.

Var(F,\n(k))l/Z n(k) n(k)

We shall prove Point (iii) by using the method of cumulants. First of all, we observe that since
/\i(k)d’()‘n(k)) is bounded and bounded away from zero, one has that V12,)\n(k) = /\31,11()\)2 — 0,
that is: as k — oo, the limits of By mand Fy o — E[FAn(k)} coincide. We recall that the
law of the random variable X = 2P(c¢/2) is determined by its moments or, equivalently, by its
cumulants (see e.g. [19, pp. 42-43]). Standard computations imply that x1(X) = 0 and, for
every m = 2, xm(X) = 2™ lc. Writing n = n(k) to simplify the notation, we are therefore left
to show that, for every m > 3,

Xm(I2(fan,)) — 2" e, (4.41)

where f5  is the kernel appearing in formula . Our proof of is based on the use of
the so-called ‘diagram formulae’ for multiple Poisson integrals as stated in [19, Corollary 7.4.1]
(observe that this statement only deals with simple kernels: however, one can immediately extend
this result to our framework by using e.g. Surgailis [30, Theorem 3.1]). Fix m > 3, and introduce
the following notation and definitions. We shall write [2m] = {1,2,...,2m} and indicate by 7
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the partition of [2m] given by mo = {{1,2},{3,4},...,{2m —3,2m — 2}, {2m — 1,2m}}. Given a
partition 7 of [2m], we write |7| to indicate the number of blocks of w. The function (f)x, in
|| variables, is obtained as follows: (1) consider the function

O(z1, ..., Tom) = for(x1,22) X for(xs, x4) X -+ X fox(T2m—1,T2m),

given by the juxtaposition of m copies of f5 x, and (2) identify two variables x;, 2; in the argument
of @ if and only if i and j are in the same block of 7. According to [19, Corollary 7.4.1], one has
therefore that

Xm(L2(f20,) = Y Al (far, )r dl™,

TEMm (Ret) I

where the symbol M,,, stands for the class of those partitions 7 of [2m] satisfying the following
properties: (a) every block of 7 contains at least two elements, (b) given any two blocks by € 7
and by € m, the intersection by N by contains at most one element, and (c) the diagram I'(mg, 7),
as defined in [I9, Section 4.1], is connected in the sense of [19, p. 47]. There are exactly 2™~1
partitions m € M,, such that |r| = 2, and for any such partition one has that

A (for)x A0 = || fox, 172 ((r002) — ©
(Rl
On the other hand, if 7 € M,,, and |r| > 3, a change of variables analogous to the ones defined
in the proof of Theorem yields that, for some constant C' independent of n,

OSNT | g o) Al < CNTHORIT = CXLY 0n) X Atp Q) 772 =0,

thus concluding the proof. [ |

Remark 4.12 To the knowledge of the authors, two types of general results already existed
for such stationary Poissonian graphs U-statistics. In [26], the authors introduced the concept
of a U-statistic in the Poisson chaos and derived general results for local U-statistics, dealing
with compact sets Hy, A > 0, but possibly growing unboundedly. In the case where the kernel is
an indicator function, condition is more general and covers all the cases, see for instance
Example for a comparison. The other relevant literature concerns stabilization functionals,
as emphasized in Remark where CLTs are proved for instance in [I], retrieving the results
of Theorem in the case G, C K for some random compact set K C R? with assumptions on
the decay properties of K.

4.3.1 Examples

We now present some explicit examples. The notation of Section [.3] will prevail throughout this
section.

Example 4.13 (Disk graph) Assume
é)\ = B(Oa T)\)

for some 7\ > 0, meaning two points of 7 in Q) are connected whenever their distance is
smaller than ry. It yields ¥(\) < ri /A (It is easy to verify that lb is satisfied). Then F) is
asymptotically normal iff )\rgl\ — 00, and

dw (Fy, N) < CA™ Y2 max(1,r, ).
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Remark 4.14 The authors of [26] have found after Th. 6.3. a variance of the order
max(A363%, \26%) = max(A3(\)2, A2(N))

that corresponds exactly to the results of Th. (6x = A~ Vdry = p(\)/? in their notation).
They obtained convergence to the normal law if §y — 0 and A%/ 3(5f\l — 00, whereas Example
yields a CLT whenever A\?1)(\) — oo, dealing with the case dy, >> 0 and with the case
A Vd << 8y << XY6D and gives a negative answer if 5y, < CA~Y/4 for some C' > 0.

Example 4.15 We present here examples of geometric stationary graphs with arbitrarily long
connections and behaviors spanning the whole spectrum of possibilities indicated in Theorem
In all cases, condition (4.40) is easily checked. We define G C R? as in Fig. [1} symmetric
with respect to all axes, and consider different choices for f, a monotone function R} +— R%.
We set G = a\G with different values for oy > 0. We refer the reader to Fig. [2] for results of
simulations, where different values for A have been used.

(a) If f(z) = 1/z, ay = 1, then A\p(\) < log(\), whence there is a CLT with an upper bound
of the order of A=/2 (Situation (i) of Theorem , see Fig.

(b) If f(z) = 1/22, ay = 1, then M\p(A\) < 1, whence there is a CLT with an upper bound of
the order of A=1/2 (Situation (ii) of Theorem , see Fig.

(c) If f(x) = 1/22, ay = A~Y4, then M\p(N) < A~'/2) whence there is a CLT with an upper
bound of the order of A~/ (Situation (iii) of Theorem , see Fig.

(d) If f(z) = 1/z, ay = A", then Ap()\) < log(A\)A~!, whence there is a CLT with an upper
bound of the order of log(\)~! (Situation (iii) of Theorem , see Fig.

(e) f(z) = 1/2% ay = A~Y/2. According to Theorem F converges in distribution to a
multiple of a Poisson random variable, see Fig. 2¢

In all cases, the convergence to a normal law goes hand in hand with the almost sure
convergence of the number of connections to infinity, and with the convergence of the variance
to infinity. In the case (d), the convergence is very slow, the number of connections behaves
asymptotically like a Poisson law with parameter log()), due to the long-range connections
within the point process. In the case (e), the asymptotic properties of G\ do not yield long
range connections and the number of connections converges towards a Poisson-type limit.
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Figure 1: General form of G, = {(z,y) : ly| < |f(z)] and |z| < |f(y)|}.
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5 Appendix: Malliavin operators on the Poisson space

We now define some Malliavin-type operators associated with a Poisson measure 7, on the Borel
space (Z, %), with non-atomic control measure pu. We follow the work by Nualart and Vives
[17].

The derivative operator D.

For every F € L?(P), the derivative of F, DF is defined as an element of L?(P;L?(u)),
that is, of the space of the jointly measurable random functions u : © x Z — R such that

E[[,uln(dz)] < oco.

Definition 5.1 1. The domain of the derivative operator D, written domD, is the set of all
random variables F € L?*(P) admitting a chaotic decomposition such that

Z kk!”fk”%?wk) < o0,

k>1

2. For any F € domD), the random function z — D, F is defined by

D.F =) kI (fr(z."))

k>1
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The divergence operator J.

Thanks to the chaotic representation property of 7, every random function v € L?(P, L?(p))
admits a unique representation of the type

u. = Ii(fil(z,"), z € Z, (5.42)
k>0

where the kernel f is a function of k + 1 variables, and fi(z,-) is an element of L2(u¥). The
divergence operator §(u) maps a random function u in its domain to an element of L?(P).

Definition 5.2 1. The domain of the divergence operator, denoted by domd, is the collection
of all u € L*(P,L*(p)) having the above chaotic expansion satisfied the condition:

Z(k + 1)!ka||2L2(u(k+1)) < o0
k>0

2. For w € domd, the random variable 6(u) is given by

S(u) =Y Irr1(fr),

k>0
where fk is the canonical symmetrization of the k 4+ 1 variables function fi.
As made clear in the following statement, the operator § is indeed the adjoint operator of D.
Lemma 5.3 (Integration by parts) For every G € domD and u € domd, one has that
E[GH(u)] = E{DG, 1) 12(,)
The proof of Lemma [5.3|is detailed e.g. in [17].

The Ornstein-Uhlenbeck generator L.

Definition 5.4 1. The domain of the Ornstein-Uhlenbeck generator, denoted by domlL, is
the collection of all F € L?(P) whose chaotic representation verifies the condition:

Z ka!”ka%Q(“k) < o0
k>1

2. The Ornstein-Uhlenbeck generator L acts on random variable F' € domL as follows:

LF == kIi(f)-

k>1

The pseudo-inverse of L.

Definition 5.5 1. The domain of the pseudo-inverse of the Ornstein-Uhlenbeck generator,
denoted by L™, is the space L(P) of centered random variables in L*(P).

2. For F =" Ix(fx) € LA(P) , we set
k=1

L' F=-)" llclk(fk).

k>1
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