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Abstract

We prove necessary and sufficient conditions for the asymptotic normality of multiple
integrals with respect to a Poisson measure on a general measure space, expressed
both in terms of norms of contraction kernels and of variances of carré-du-champ
operators. Our results substantially complete the fourth moment theorems recently
obtained by Dobler and Peccati (2018) and Dobler, Vidotto and Zheng (2018). An
important tool for achieving our goals is a novel product formula for multiple integrals
under minimal conditions.
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1 Introduction

A “fourth moment theorem” (FMT) is a probabilistic statement, implying that a
certain sequence of (centred and normalised) random variables verifies a central limit
theorem (CLT) as soon as the sequence of their fourth moments converges to 3, that is,
to the fourth moment of the one-dimensional standard Gaussian distribution. Well-known
examples of FMTs are de Jong-type theorems for degenerate U-statistics [2], as well
as the class of CLTs for multiple stochastic integrals with respect to Gaussian fields
discussed e.g. in [10, Chapter 5].

The aim of the present paper is to provide an analytical study of FMTs for sequences
of multiple stochastic integrals with respect to a general Poisson random measure, thus
substantially extending and refining the FMTs recently proved in [4, 5], both in the
one-dimensional and multi-dimensional cases.

The main contribution of our work is the proof of necessary and sufficient conditions
for a FMT to hold, expressed both in terms of norms of contraction kernels and of
variances of carré du champ operators. In analogy to what happens on a Gaussian
space (see e.g. the hundreds of applications of FMTs for Gaussian fields listed on the
website [1]), we expect that our use of contraction kernels will make the results of
[4, 5] even more amenable to analysis. Our main findings appear below in Theorem 3.1
(one-dimensional case) and Theorem 3.4 (multi-dimensional case).
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Fourth moment theorems and product formulae

The crucial technical tool in order to achieve our goals - that we believe has a
clear independent interest — is a novel product formula for multiple Poisson Wiener-
It6 integrals (see Theorem 2.2 below) under minimal conditions, refining standard
product formulae on the Poisson space (see e.g. [6, Proposition 5]) that typically require
additional L3-integrability assumptions on some family of contraction kernels.

For the rest of the paper, every random object is defined on a common probability

space (2, #,P), with E denoting expectation with respect to P. We use the symbol 2,
in order to indicate convergence in distribution of random variables.

2 A new general product formula on the Poisson space

We start by providing a rough description of the technical setup, that is needed in
order to state and understand our main results. We refer to Section 4, as well as to [6],
for precise definitions and more detailed discussions.

Let us fix an arbitrary measurable space (2, %) endowed with a o-finite measure pu.
Furthermore, we let %, := {B € & : u(B) < oo} and denote by n = {n(B) : B € £}
a Poisson random measure on (£, %) with control u, defined on a suitable probability
space (92, F,P). We recall that this means that: (i) for each finite sequence B;,...,B,, €
Z of pairwise disjoint sets, the random variables n(B1),...,n(B,,) are independent, and
(ii) that for every B € %, the random variable 7(B) has the Poisson distribution with
mean p(B). Here, we have extended the family of Poisson distributions to the parameter
region [0, +o0] in the usual way. For B € %, we also write 7(B) := n(B) — p(B) and
denote by 7 = {f(B) : B € Z,} the compensated Poisson measure associated with 7.
Throughout this paper we will assume that .# = o(n).

In order to state our main results, we have to briefly recall the following objects,
arising in the context of stochastic analysis for Poisson measures. By L, we denote the
generator of the Ornstein-Uhlenbeck semigroup associated with 7, and by dom L C L?(PP)
we denote its domain. It is well-known that —L is a symmetric, diagonalizable operator
on L?(P) which has has the pure point spectrum INy = {0, 1, ... }. Closely connected to L
is the symmetric, bilinear and nonnegative carré du champ operator I', which is defined
by

[(F,G) = %(L(FG) — FLG — GLF) :

for all F,G € dom L such that also F'G € dom L. For p € INy we denote by C, :=
ker(L + pId) the so-called p-th Wiener chaos associated with 1. Here, we denote by Id
the identity operator on L?(PP). It is a well-known fact that, for p € IN, the linear space C,
coincides with the collection of multiple Wiener-Ité integrals I,(f) of order p with respect
to 7). Here, f € L?(uP) is a square-integrable function on the product space (Z?, ZP P).
Moreover, for a constant ¢ € R we let Ip(c) := c. Then, since the kernel of L coincides
with the constant random variables, we also have Cy = {Ij(c) : ¢ € R}. Multiple
integrals have the following two fundamental properties. Let p, ¢ > 0 be integers: then,

1) I,(f) = Ip(f), where f denotes the canonical symmetrization of f € L?(;?), i.e., with
$, the symmetric group acting on {1,...,p}, we have

1
f(Zl,...,zp) = 17 Z f(zﬂ.(l),...,zw(p));

TES),

2) I,(f) € L*(P), and E[I,(f)I,(g)] = 6,4 P! (f, ), where 5, , denotes Kronecker’s delta
symbol.
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The Hilbert subspace of L?(u?) composed of yP-a.e. symmetric kernes will henceforth be
denoted by L?(uP). It is a crucial fact that every F' € L?(IP) admits a unique representa-
tion

F=E[F]+Y L(f), (2.1)
p=1

where f, € L?(u?), p > 1, are suitable symmetric kernel functions, and the series
converges in L?(IP). Identity (2.1) is referred to as the chaotic decomposition of the
functional F € L?(IP). Hence, multiple integrals are in a way the basic building blocks of
the space L?(P). Note that (2.1) can equivalently be written as

L2(]P) = @ Cp )
p=0

where the sum on the right hand side is furthermore orthogonal.

The following analytic notion of a contraction kernel will also be crucial for the
statements of our results. Fix integers p,q > 1 as well as symmetric kernels f € L?(uP)
and g € L?(u9). For integers 1 < <r < p A ¢ we define the contraction kernel f ] g on
Zptq—r—l by

(f *i’ g)(yla e ayrflvtlv cee 7tpfrvsla .. '7Sq7r)

Z:/l(f<'r17"wxlaylw"7y""*l’t1""’tp7’r)
zZ

'g(xla'"7xl7y1a"'7y’r‘fl7sla"';Squ))dﬂl(l.lv"'axl)’
Ifl=0and 0 <r <pAgq, then we let

(f*g W1, Yr 1, tpery S1, - -5 Sqr)
=f(y1,- s Yrs b1y tper) - 9(W1, o Yy ST, oy Sqr) -

In particular, if /| = r = 0, then f *) g = f ® g reduces to the tensor product of f and g,
given by
(fRg)(t1,. . tp, 815, 8q) == f(t1,.. . tp) - g(s1,...,8q) -

More generally, whenever 0 < [ = r < p A ¢, then one customarily writes f ®, g for
f *I g. In this case, a simple application of the Cauchy-Schwarz inequality shows that
f ®,. g € L?(uPT2727), This however, does not hold for | < r, in general. For instance,
we have f ) f = f?, which is in L?(p®) if and only if f € L*(u?). As shown in our paper
[3], the contraction kernel f x7 g is always pP*t9-""!-a.e. well-defined as a function on
zZptg—r=l

Contraction kernels play a major role in this article because they naturally arise in
the following classical product formula on the Poisson space that is taken from [6]. It
was first proved under less general conditions in [12].

Proposition 2.1 (Classical product formula). Let p,q > 1 be integers and assume that
f € L3(uP) and g € L?(u?). If, for all integers 0 <r <pAqand 0 <1 <r— 1 one has that
[+l ge L?(upta—r=1), then

L(f)I,(9) = %r! (f) (ﬁ) Z (;) Lysqeri(f 5L g). 2.2)

r=0 =0

Note that the sum appearing on the right hand side of (2.2) is not orthogonal, since
it is not arranged according to the orders of the integrals. Introducing the parameter
m = r + [, satisfying the restrictions

0<r<m<2r<2(pAgq),
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we can rewrite (2.2) as follows:

B(N(9) = E_j' ) m§zj (a7 )
RRIUINIEE

m=0 r=[3]

2(pAq)

= Z Ip+q—m(hp+q—m)a (2.3)

m=0

where the symmetric kernel hp44_r,, 0 < m < 2(p A q), is given by

= () ()" Ju 7

r=[%]
mApAq p!q!
2 w9 e

From the classical product formula given in Theorem 2.1 we can conclude the validity
of (2.3) only under the assumption that all the contraction kernels f+] g, 0 <1 <r < pAg,
be in L? which implies that also the h,,_., are in L?. Note also that, under such a
restriction, the sum in (2.3) is orthogonal.

The first theoretical result of this paper is a new general product formula, showing
that (2.2) continues indeed to hold under the minimal assumption that 1,,(f)1,(g) € L*(P).
In particular, this implies that h,;,_m, as given in (2.4) is always in L?(uPT7~™) even
though this might not be the case for the individual contractions f x"~" ¢g appearing in
the defining equation (2.4). Moreover, we also show that the converse is true as well, i.e.
that I,(f)I,(9) € L?(P) whenever each kernel h,,_, is in L?(uPT7=™),

Theorem 2.2 (General product formula on the Poisson space). Suppose that p,q > 1 are
integers, select f € L?(u?) and g € L?(u9), and define F := I,,(f), G := I,(g). Then, the
product FG is in L*(P) if and only if, for each 0 < m < 2(p A q), the kernel h,, ,_, given
by (2.4) is in Lz(up”*m). In this case, F'G has the finite chaotic decomposition

2(pAq)
FG = Z Ip+q7m(hp+q7m)- (2.5)

m=0
Remark 2.3. (a) An immediate consequence of Theorem 2.2 is that the product of two
multiple integrals with respect to 7} either has a finite chaos decomposition of order
at most p+ q or none at all. To the best of our knowledge this fact has not been noted
so far.

(b) Identity (2.5) in particular holds, whenever F,G € L*(P).

(c) A similar product formula as in Theorem 2.2, but under less general conditions, can
be found in [11, Chapter 6].

3 An extension of the fourth moment theorem

In the recent paper [4], under mild integrability conditions, we proved the bounds
2
dw(F,N) < <\/>+2> VE[F4] -3, (3.1)
7T
dic(F,N) < 15.6y/E[F*] — 3, (3.2)

ECP 23 (2018), paper 91. http://www.imstat.org/ecp/
Page 4/12


http://dx.doi.org/10.1214/18-ECP196
http://www.imstat.org/ecp/

Fourth moment theorems and product formulae

where F = I,,(f) € C, is a multiple Wiener-It6 integral with respect to  such that E[F?] =
1, N is a standard normal random variable and dyy and dx denote the Wasserstein and
Kolmogorov distances, respectively (see e.g. [10, Appendix C] and the references
therein). The above mentioned integrability conditions could be successfully removed
for the Wasserstein bound (3.1) in the paper [5]. In particular, one has the following
sequential FMT: Suppose that, for eachn € IN, p, > 1 is an integer, f,, € L?(uP") is a
kernel and F,, = I, (f.) is a multiple integral such that
lim E[F?] :nli_{rolopn!”fnﬂg =1 and nleréoE[F,‘f] =3;

n— oo

then, (F,)nen converges in distribution to the standard normal random variable N.

In what follows, we will state and prove a substantial refinement of such a result,
in the crucial case of a sequence of multiple stochastic integrals belonging to a fixed
chaos, that is, such that p, = p > 1. In order to do this, for n > 1, we need to define the
auxiliary kernels

(n) = (p)? TTs
hop) = 5 (fox7° f2), 0<m<2p. (3.3)
e 2] ((p—s))7(2s —m)!(m — s)!

The next statement is one of the main achievements of the paper.

Theorem 3.1 (Extended fourth moment theorem). Fix an integer p > 1 and let F,, =
I,(fn), n € N, be a sequence in C,, such that lim,_,, E[F?] = 1, with f,, € L(uP) for
n € N. Let N ~ N(0, 1) be a standard normal random variable. Consider the following
conditions:

(i) F, 2 N asn — .
(if) limy_eo B[F}] = 3.
(ifi) limy oo || |la = 0 forallm = 1,...,2p — 1 and limy_seo|| f ®» fall2 = 0 for all

2p—m
r=1,...,p—1.

2
(iv) E[F}] < oo for n large enough, and I'(F,,, F,,) Lz p (or, equivalently,

lim,, s oo Var(F(Fn, Fn)) =0).

V) limy,oolhSy) |lo = 0 forallm =1,...,2p — 1.

Then, we have the implications
(iii) & (i) & (iv) & (v) = ().
Moreover, if the sequence (F}),cn is uniformly integrable, then the conditions (i)-(v) are
equivalent.
Remark 3.2. It is very interesting and quite surprising that condition (iii) and the

seemingly weaker condition (v) in Theorem 3.1 are indeed equivalent.

Proof of Theorem 3.1. (ii)<(iii): Using the content of Theorem 2.2, a straightforward
generalization of equation (43) from [4] and identity (5.2.12) from the book [10] yield
2p—1

E[F] - BF? = 3" KRB + @0)| fo ® full3 (3.4)
k=1
2p—1 p—1 » 2
= 3 o= I + 2021 + 7 X (7)) ol
m=1 r=1
2p—1 p—1

2
(p> | fn @ full2, (3.5)

=200)° 1 £all3 + D 20— m)ig I3+ 0D ()

m=1 =1

ﬂ
Il
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where A"

9p—m is defined in (3.3). Now, observing that, by assumption,

lim E[F7] = lim p!|fa]2=1,
n—00 n—00

we conclude from (3.5) that (ii) and (iii) are indeed equivalent.
(ii)=-(iv): By Lemma 3.1 of [4] we have the inequality

(2p — 1)

Ap? (E[Fé] - 3E[F5]2) > Val"(p_lr(Fn> Fn)) )

which immediately implies the claim.
(iv)=(i): By Part 2 of [5, Remark 5.2] (that we can apply, since (iv) ensures that
E[F%] < oo for large n) we have the bound

E[F}] - 3E[F2)? < gvar(an,Fn)) ,

proving the implication.
(iv)=-(v): Using Theorem 2.2, from the computations on page 1895 in [4] (that we can
apply since, under (iv), one has that ]E[F;‘;] < oo for large n), we have

2p—
Var(p~'T'(F,, Fy)) Z (2p — m)! RS |13, (3.6)

and the desired implication follows.
(v)=>(iv): Using again Theorem 2.2, we see that, under (v), F;, € L*(IP) for n large enough,
so that we can apply once again (3.6) to deduce the claim.
(ii)=-(i): This is an immediate consequence of the fourth moment bound (3.1).
Finally, assume that the sequence (F%),cn is uniformly integrable and that (i) holds.
Then, we have

lim E[F}] =E[N =3

n— oo

so that condition (ii) is satisfied. This concludes the proof. O

3.1 Multivariate extended fourth moment theorems

In [5, Corollary 1.8] the following Peccati-Tudor type theorem on the Poisson space
was proved:
Proposition 3.3. Fix a dimension d € IN as well as positive integers p1, ..., pq. Moreover,
for each n € NN, suppose that F(") .= (F(") ...,F(")) is a random vector such that
F,gd) =1, ( (")) € Cp,, where f,g") € L%(pP*), k = 1,...,d. Furthermore, suppose that
V = (V(¢,7))1<4,j<a is a nonnegative definite matrix such that the covariance matrix ¥,, of
F™) converges to V as n — oo. Also, suppose that N = (Ny,...,Ny)” is a d-dimensional
centered Gaussian vector with covariance matrix V. If lim,,_, ]E[(F,E”))‘l] =3V (k,k)?
forall1 < k < d, then, as n — oo, the random vector F(") converges in distribution to N.

Under the assumptions of Proposition 3.3, for n € N and k£ = 1,...,d, define the
(n)

symmetric kernels h, 2pp—ms 0 <M < 2py, by
MApL 2
M m = 2 (o 2 fa).

s=[2] (v k_s)) (25— m)l(m — s)!

With this notation at hand we can state our multivariate extended fourth moment
theorem:
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Theorem 3.4 (Extended Multivariate FMT). Fix a dimension d € IN as well as positive
integers py, . .., pa. Moreover, for each n € N, suppose that F(™) .= (F™ . ,Fé"))T is
a random vector such that F\" = I, (f") € C,,, where f™ € L2(ur*), k = 1,...,d.
Furthermore, suppose that V = (V(i,7))1<: j<a is @ nonnegative definite matrix such
that the covariance matrix %,, of F(™) converges to V as n — oo. Suppose that N =
(Ny,...,Ny)T is a d-dimensional centered Gaussian vector with covariance matrix V.
Consider the following conditions:

() F™ 25 N asn — .
(i) Forallk=1,...,d: lim, o0 E[(F{™)*] = 3V (k, k)2.

(i) Forallk=1,...,d: lim, oy, _,.l2=0forallm=1,...,2p, — 1 and

limy, ool /™ @, f( | = 0 forallr = 1,...,pp — 1.

(iv) For n large enough, Fé") IS L4(IP) forevery k = 1,...,d and, again forallk = 1,...,d,
2
r(F™, F™) 25 pv (k, k) (or; equivalently, lim,, o Var(D(F™ F{™)) = 0).

() Forallk=1,...,d: limu oo, . ll2=0forallm=1,...,2p; — 1.

Then, we have the implications
(iii) & (i) & (iv) & (v) = (1);

moreover if, for each k = 1,...,d, the sequence ((F,S”))‘l)ne]N is uniformly integrable,
then all the conditions (i)-(v) are equivalent.

Proof. The equivalence of items (ii)-(v) can be proved similarly as in the proof of The-
orem 3.1. One only has to extend the arguments to general positive variances of the
coordinates of V. That (ii) implies (i) follows from Proposition 3.3. Finally, the fact that
(i) implies (ii) under the assumption of uniform integrability follows as in the previous
proof. O

4 General Poisson point processes and technical framework

Here we describe our theoretical framework by adopting the language of [6] (see
also [8]).

Let (Z,%) be an arbitrary measurable space endowed with a o-finite measure p
and denote by N, = N,(Z) the space of all o-finite point measures y on (£, %) that
satisfy x(B) € No U {+o0} for all B € %. This space is equipped with the smallest o-field
N = Ny (Z) such that, for each B € %, the mapping N, > x — x(B) € [0,+o0] is
measurable. It is convenient to view the Poisson process 7 as a random element of the
measurable space (N, .4, ), defined on an abstract probability space (2, 7, P). Without
loss of generality we may assume that 7 = o(n). Moreover, we denote by F(N,) the
class of all measurable functions § : N, — R and by £°(Q) := £°(Q, F) the class of
real-valued, measurable functions F' on (). Note that, as F = o(n), each F € L°() can
be written as F' = f(n) for some measurable function f. This f, called a representative
of I, is IP,-a.s. uniquely defined, where P, =P o n~! is the image measure of P under
n on the space (N,, 4,). For F' = f(n) € £L°(Q) and 2 € Z we define the add one cost
operators D}, z € Z, by

DIF :=§(n+6.)—f(n).
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It is straightforward to verify the following product rule: For F,G € £°(Q) and 2 € Z one
has

DI (FG)=GD}F+ FD!G+ DfFDIG. (4.1)

More generally, if m € IN and 21, ..., 2z, € Z, then we define inductively Dg) = Djl
and
D™ F:=Df (D" F), m=>2.

21500 5Zm 22500 52Zm

It is easily seen that

pe L F =3 (- V(43 6) 4.2)

JC[m] icJ

which shows that the mapping Q x Z™ > (w,21,...,2m) — D,E’l'f)

L F(w) € Ris F®
#®m_measurable. Moreover, it also implies that D™ . F = ngji)w,%(m)zr for each
permutation o of [n].

For an integer p > 1 we denote by L?(;”) the Hilbert space of all square-integrable
and real-valued functions on Z? and we write L2(uP) for the subspace of those functions
in L2(u?) which are pP-a.e. symmetric. Moreover, for ease of notation, we denote by ||-||2
and (-, -) the usual norm and scalar product on L?(uP) for whatever value of p. We further
define L*(1°) := R. For f € L*(i?), we denote by I,,(f) := I/(f) the multiple Wiener-It6
integral of f with respect to 7. If p = 0, then, by convention, I(c) := ¢ for each ¢ € R.
We refer to Section 3 of [6] for a precise definition and the following basic properties
of these integrals in the general framework of a o-finite measure space (2,2, ). If
F = I,(f) for some p > 1 and f € L%(yP), then P-a.s. and for p-a.e. z € Z one has

D}F =pl, 1 (f(z, )) . (4.3)

In particular, for p-a.e. z € Z and P-a.s., DI F is a multiple Wiener-It6 integral of order
p — 1. If, on the other hand, p = 0, then it is easy to see that DJ F' = 0.

As recalled above, for p > 0 the Hilbert space consisting of all random variables Ip( ),
f € L?(uP), is called the p-th Wiener chaos associated with 7, and is customarily denoted
by C),.

From Theorem 2 in [6] (which is Theorem 1.3 from the article [9]) it is known that,
for all F € L*(P) and all p > 1, the (uP-a.e. unique) kernel f, in (2.1) is explicitly given
by

1
folz1,e oy 2p) = =E[DP _F|, z,...,5,€Z2. (4.4)

p! Z1s--3%p

Identity (4.4) will be an essential tool for the proof of Theorem 2.2.

5 Proof of the product formula

For the proof of Theorem 2.2 we will need the following auxiliary result that provides
us with a sufficient condition for an integrable random variable F to be in L*(P).

Lemma 5.1. Suppose that F € L'(P) is such that there exists an M € IN such that
(a) For pM*-a.a. (z1,...,2x41) € ZM+1 one has DU Y F =0,

(b) Forallm = 1,...,M and p™-a.a. (z1,...,2m) € 2™, D™ . F e LY(P) and the
(v™-a.e. defined) function (z1,...,2m) — ]E[Dgrf.)..,sz] is in L?(p™).

Then, F € L*(P).
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Proof. The proof relies on the following L'-version of the Poincaré inequality on the
Poisson space (see [7, Proposition 2.5], as well as [6, Corollary 1]: For F € L*(PP) one
has
EF) < (EIF)? + | E[(DIF)]u(d:) (5.1)
z
with both sides possibly being equal to +00. The lemma can now be concluded by
iterating (5.1):

E(F) < (BIF)? + [ B[(DLF]ulda)

zZ
< (B + [ (BDLF]) ulden) + [ B[0Pt d)
M
<. S (BIF)+ D /m(E[Dg’l'f?.ﬂmF})Qw(dzl,...,dzm)

M+1 27, M+1
[ EDS D, P o)

M
= (BIF)*+ ) / (B[DU . F]) i (den, .. dzm) < +00.

m=1

Note that we have used assumption (a) for the last equality and (b) in order to use (5.1)
iteratively as well as for the final inequality. O

We now provide a detailed proof of Theorem 2.2, which has a purely combinatorial
nature and does not make any use of recursive arguments.

Proof of Theorem 2.2. We first make the following important observation: whenever

F = I,(f) and G = I,(g) are as in the statement of the theorem, for all k£ € Ny and p*-a.a.
fixed (z1,...,2) € Z¥ we have that Di’f)zk (FQ) is P-a.s. a (finite) linear combination

of products of two multiple Wiener-It6 integrals of orders less than p and ¢, respectively.
This easily follows iteratively from (4.1) and (4.3). In particular, all summands appearing

.....

This observation will be used implicitly in the rest of this proof.
Let us now assume first that F'G € L?(P). Then, we know that a chaotic decomposition
of the form
FG =) Ii(h)
k=0
exists, with hy = E[FG] and hy, € L2(u*) for each k € N. In [4, Lemma 2.4] we already

proved that hy = 0 for all £ > p 4+ q. However, this will also easily follow from the
arguments used in the present proof. From (4.4) we immediately get that

_ L

k'JE[Dg’f}__,Zk(FG)] , keN,z,...,z, € 2. (5.2)

hk(zl, .. .,Zk)

In order to get more explicit expressions for the h; we introduce the following operators:
For a pair (X,Y) € £9(Q) x £°(Q2) and z € Z, define

DL(Xx,Y):= (DfX,Y),

DE(X,Y):=(X,D}Y) and

DB(X,Y):= (D} X, DIY).
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More generally, if W = (W1,...,W,,) € {L, R, B} is a word of length |IW| = m in the
alphabet {L, R, B} and z1, ..., z, € Z, then we let

w W
DMI(X,Y) =DM (X,Y),
if m = 1 and, for m > 2, we define inductively

DY . (X.Y):=DI(DY] . (X)),

Z1ye9@m 224000528 m
where W/ = (Wa, ..., W,,).
Then, with the multiplication operator K : £°(Q) x £°(Q) — L£°(Q) defined by
K(X,Y):= X -Y the product rule (4.1) implies that
p® L (FG)= > KDWY _(FQ), (5.3)

Z14y.+43%k Z14.+43Rk
W=k
where the sum runs over all words W of length k. Hence, (5.2) can be written as

1

Pz, cm) = Y E[K(DE) L (R.G)]. (5.4)
W=k

For a word W = (Wy,...,W,,) € {L,R,B}™ as above we define its characteristic

x(W) = (W), r(W),b(W)) by letting

(W) = [{i € [m] : W; =L},
r(W):=|{i € [m] : W; = R}| and
b(W) := |[{i € [m] : W; = B}|.

We call two words W = (Wh,..., W,,),V = (V4,...,V;) € {L, R, B} equivalent, and
write W ~ V, if x(W) = x(V). For each m > 1 this clearly defines an equivalence
relation on the set of words of length m and W ~ V if and only if there is a permutation
7 of [m] such that V' = (W, q),..., Wr(n)). In what follows we will write W for the
equivalence class of the word W. Note that the random quantity K (D[Z‘iv]zA (F, G)) is
either equal to 0, if (W) + b(W) > p or if (W) + (W) > ¢, or else is a product of
quantities of the type (p)p—sIs(v) and (q)q—rI¢(v), where I (u) and I;(v) are two multiple
integrals, s = p — (W) — b(W), t = q — (W) — b(W) and the kernels u € L?(x®) and

v € L*(u') depend on the variables zi,..., 2 (as usual, we use the notation (n),, =
nn—1)-...-(n—=m+1) = (nfiin)' to indicate the falling factorial, defined for integers
0<m<n).

Note that, by orthogonality of multiple integrals of different orders, we have

E[I;(u) I (v)] = 658! / W(xy, .. x)0(x1, .. xs)du’ (21, ..., 2s) .

s

In particular, E[/,(u)l;(v)] # 0 only if s = ¢.

According to these facts, letus fix 0 < k < p+qgaswellasaword W = (Wy,...,Wy) €
{L, R, B}* of characteristic (W) = (I,7,b) such thatp > [ +b, ¢ >r+bandp—1=q—r.
Note that we have the identity k¥ = [ + r + b. We now aim at expressing

1
Y () = o Z;IE[K(DLY}W% (F, G))}
vew

in a more explicit way. Firstly, it is clear from the definitions and from (4.2) that AW is a

symmetric function of the variables z1, ..., 2; € Z. Indeed, we claim that
1o ——
w_ _ Pg e pelh
M= g — e 9) e
ECP 23 (2018), paper 91. http://www.imstat.org/ecp/
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In order to see this, for o, ™ € $;, we define the following relation: Let

By :={1,...,b}, By:={b+1,...,b+1} and

By :={b+1+1,....b+1+7r=k}.
Then, we write ¢ ~ « if and only if (¢ o 771)(B;) = B; for all j = 1,2,3. Equivalently,
o ~ 7 if, and only if, for all i € [k] and all j = 1,2 31tholdsthata( ) € Bj < w(i) € Bj.

This clearly defines an equivalence relation on . It is easily checked that for o € 3 its
equivalence class [o] has cardinality

|[o]| = |B1]! - | B! - | Bs|! = blilr!

and, hence, there are exactly m := 57 u 7 équivalence classes. Let oy, . .., 0, be a complete
system of representatives for the relation ~. It is easy to see that
I—b
(f*p )(zl,...,zk kj' Z 0(1)7--'7za(k))
oES
bl & i
= 7l Z(f *ﬁil g)(zai(l),...,zgi(k)). (56)
Toi=1

Now let a: {L,R, B} — {0,b,b+ [} be defined by a(B) := 0, a(L) := b and a(R) := b+ .
For each V € W we define a permutation oy € S, as follows: Fori € {1,...,k} let

:|{j€{1,...7i} : VjZVi}’

and define oy (i) := a(V;) + n;. It is easy to see that oy is indeed a permutation on
{1,...,k} and that the mapping V ~ [oy/] is a bijection from W to the set of equivalence
classes with respect to ~. Moreover, note that from the isometry formula for multiple
integrals, for each V € W we have

B[K (DY) . (F.G)| = 0o (@rivlo = 1= 0N T 9) Copys s o)

_ (p—1—10)plq! p—l—b
o _l_b)!(q_r_b)!(f*p U 9) oy () Zov (k)

|
:#(f )(ng(l),...,zgv(k)),

where we have used that p — | — b = ¢ — r — b. Together with (5.6) this gives

v b7l -
(f *ﬁ_ﬁ “9) (21, ) = l:! Z(f *Z_i *9) (Zou1)s -+ > Zoi (k)
=1

_ brlitp — 1= b)! 3 E{K(D[V] zk(F»G))]

19'k! SRR
P Vew
blr!ll(p — 1 — b)!
= #hw(zh ), (5.7)
pq

proving (5.5). Finally, observing that the characteristic x(W) = (I(W),r(W),b(W)) of
a word W = (Wq,...,Wy) of length k is determined by /(W) and b(W) (since r(W) =
k — (W) — b(W)) we obtain that

AgAk p—b -
e = qu: pZ]l{k I—b=q—(p—1)} pig! (F+21 b g)
o —l=b=q—(p—)} 777 R Y -
b=0 1=0 Mg—p+D)bl(p—1—10)!
pmi/\kpz/\q p!q! (f/s\'; )
]1{k+s p—b=q—s} x5 q).
g — s)bl(s — b)!
b=0 s=b (p—5)!(q — )!b!(s — b)!
ECP 23 (2018), paper 91. http://www.imstat.org/ecp/
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Finally, for m = 0,1,...,2(p A ¢) and with the change of variable k = p + ¢ — m we can
rewrite this as

mApAq

plq! s

toren = 2 Gl im0 6
-2

proving the forward implication of the theorem.

For the converse implication we make use of Lemma 5.1 with F replaced by FG €
Ll(]P) and with M = p+q. Indeed, it is easy to see from (4.1) that condition (a) of Lemma
5.1 is satisfied with this choice of M. Moreover, the first part of condition (b) follows
from the observation made in the beginning of this proof and the second part holds true

by the assumptions on the kernels h,1 4, m =0,...,2(p A ¢) and by a combination of
the identities (5.2) and (5.8). O
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