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Preface

The theoretical aspects of Time Series Analysis in the Gaussian context have been well
understood since the end of the Second World War, more than 60 years ago. Linear
transformations (or filters) preserve the Gaussian property and hence fit well in that
framework. Norbert Wiener wanted to extend the theory to the non-linear world by
considering non-linear transformations of Gaussian processes, while requesting that
the output of the non-linear filters preserve the finite variance-covariance property,
which is one the hallmarks of Gaussian processes. Kiyoshi Itd attempted to do the
same thing in Japan. This extension is now known as the “Wiener chaos” and the cor-
responding stochastic integrals as “Wiener-1t0 stochastic integrals”. The versatility of
the non-linear theory, however, turned out to be more limited than what was hoped
for. It is not easy, for example, to write down the distributions of the random variables
that live in this Wiener chaos. This mathematical challenge led several researchers to
develop ad-hoc graphical devices, known as diagram formulae, allowing to derive mo-
ments and cumulants of chaotic random variables by means of combinatorial identities.
Although these tools are not always easy to manipulate, they have been successfully
used in order to develop not only new types of central limit theorems where the limit
is Gaussian but also non-central limit theorems where the limit is non-Gaussian.

This is a book about combinatorial structures in the Wiener chaos. The combina-
torial structures involved in our analysis are those of lattices of partitions of finite sets,
over which we define incidence algebras, Mobius functions and associated inversion
formulae. As discussed in the text, this combinatorial standpoint (which is originally
due to Rota and Wallstrom [132]) provides an ideal framework in order to system-
atically deal with diagram formulae. Several applications are described, in particular
recent limit theorems for chaotic random variables. An explicit computer implemen-
tation into the Mathematica language completes the text.

Chaotic random variables play now a crucial role in several areas of theoretical
and applied probability. For instance, the fact that every functional of a Gaussian pro-
cess or a Poisson measure can be written as a series of multiple integrals (the so-called
“Wiener-Itd chaotic representation property”) is one of the staples of Malliavin calcu-



XII Preface

lus and of its many applications, for example, to stochastic partial differential equa-
tions or stochastic calculus. In a recent series of papers (that are described and analyzed
in the book), essentially written by Nourdin, Nualart, Peccati and Taqqu, it has been
shown that the properties of chaotic random variables are the key elements for deriving
very general (and strikingly simple) convergence results for non-linear functionals of
Gaussian fields, Poisson measures or Lévy processes.

The goal of this monograph is to render this subject more accessible. We do this
in a number of ways. We provide many examples to illustrate the theory and we also
implement many of the formulas in Mathematica, so that the user can get a concrete
feeling for the various topics. The theoretical exposition is rigorous. We have tried to
fill in many of the steps in the proofs we provide, and when proofs are not given, we
include detailed references. The bibliography, for example, is rather extensive, with
more than 150 references. Our emphasis is on the combinatorial aspect of the subject
because it is through combinatorics that the various objects are related. We start with
describing partitions of a integer, of a set, the relations between them, we continue with
moments and cumulants and cover a number of graphical descriptions of the various
diagram formulae. When considering stochastic integrals, we do not always eliminate
diagonals as is usually done, but we consider integrals where an arbitrary subset of
diagonals has been eliminated, and we specify the explicit relations between them.
The stochastic integrals include not only multiple integrals with respect to a Gaussian
measure but also multiple integrals with respect to Poisson measures.

As anticipated, the subject is very much in flux with new limit theorems being
developed and further applications, for example, to the Malliavin calculus. Although
we do not cover these subjects, we provide an overview of various directions that are
being pursued by researchers. This survey provides a basis for understanding the new
developments.

The readership we have in mind includes researchers, but also graduate students
who are either starting their research or are already working on a doctoral thesis. For
a detailed description of the contents, please refer to the introduction and its subsec-
tion 1.1 “Overview”. The Contents, which include the title of the sections and subsec-
tions, also provide a good overview of the covered topics.

Acknowledgements. Part of this book has been written while the authors were vis-
iting the Department of Mathematics and Applied Statistics of Turin University, in
June 2007. The authors heartily thank Pierpaolo de Blasi, Massimo Marinacci and Igor
Priinster for their kind hospitality and support. Giovanni Peccati acknowledges sup-
port from ISI Foundation—Lagrange Project. Murad S. Taqqu acknowledges support
by the National Science Foundation under grants DMS-0706786 and DMS-1007616
at Boston University. We thank Florent Benaych-Georges, Domenico Marinucci and
Marc Yor for a careful reading of an earlier draft of this manuscript, as well as for valu-
able suggestions. Finally we want to thank David Jeffrey Hamrick and Mark Veillette
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who developed the Mathematica code, and without whom the computer applications
would not have existed.

Luxembourg/Boston, August 2010 Giovanni Peccati
Murad S. Taqqu






1

Introduction

1.1 Overview

The aim of this work is to provide a unified treatment of moments and cumulants asso-
ciated with non-linear functionals of completely random measures. A “completely ran-
dom measure” (also called an “independently scattered random measure”) is a measure
 with values in a space of random variables, such that ¢(A) and ¢(B) are indepen-
dent random variables, whenever A and B are disjoint sets. Examples are Gaussian,
Poisson or Gamma random measures. We will specifically focus on multiple stochastic
integrals with respect to the random measure . These integrals are of the form

[ Hrezetdn) - oldzn) (1L

and
f(zla ceey Zﬂ)‘ﬂ(d‘zl) e (p(dzn)a (1.1.2)
>0

where f is a symmetric function and ¢ is a completely random measure (for instance,
Poisson or Gaussian) on the real line. The integration is not over all of R™, but over a
“diagonal” subset of R™ defined by a partition o of the integers {1, ..., n} as illustrated
below.

We shall mainly adopt a combinatorial point of view. Our main inspiration is a
truly remarkable paper by Rota and Wallstrom [132], building (among many others)
on earlier works by Itd [40], Meyer [76, 77] and, most importantly, Engel [26] (see also
Bitcheler [9], Kussmaul [59], Linde [64], Masani [73], Neveu [79] and Tsilevich and
Vershik [159] for related works). In particular, in [132] the authors point out a crucial
connection between the machinery of multiple stochastic integration and the structure
of the lattice of partitions of a finite set, with specific emphasis on the role played by
the associated Mobius function (see e.g. [2], as well as Chapter 2 below). As we will
see later on, the connection between multiple stochastic integration and partitions is
given by the natural isomorphism between the partitions of the set {1,...,n} and the

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011



2 1 Introduction

diagonal sets associated with the Cartesian product of n measurable spaces (a diagonal
set is just a subset of the Cartesian product consisting of points that have two or more
coordinates equal).

For example, going back to (1.1.1), if n = 3 and

o={{1,2},{3}}

in (1.1.1), then one integrates over z1, 23, z3 € R> with
21 =2, 22 F 243

If
o = {{1}7 {2}7 {3}}7

then the integration is over

2 F 2, nF 2B, 2F 2

(commonly denoted z; # z; # 23). In (1.1.2), one integrates over “ > ¢ ”, that is, over
all partitions that are coarser than o. For example, if n = 3 and 0 = {{1,2},{3}},
then “> ¢ ” indicates that one has not only to integrate over z; = 2, 2, #* 23, but
also on the hyperdiagonal z; = 2, = z3 (corresponding to the one-block partition
{{1,2,3}}). If n > 2, the integrals (1.1.1) and (1.1.2) are non-linear functionals of ¢,
and thus, even if ¢ is Gaussian, these integrals are non-Gaussian random variables.

As we will see in Chapter 5, a crucial element of our analysis is given by random
variables of the type (1.1.1), where the integration is performed over a set without diag-
onals, that is, where all the coordinates z; are different. Random variables of this type
belong to the so-called Wiener chaos associated with the random measure (. Chaotic
random variables play now a crucial role in several areas of theoretical and applied
probability. For instance, we will see that they enjoy several remarkable connections
with orthogonal polynomials, such as Hermite and Charlier polynomials; also, we will
show that every square-integrable functional of a Gaussian process or of a Poisson
measure can be written as a series of multiple integrals over non-diagonal sets (the so-
called “Wiener-1t6 chaotic representation property”). This last fact is one of the staples
of Malliavin calculus (see [93, 94, 21]) and of its many applications e.g. to stochastic
partial differential equations or stochastic calculus. In a recent series of papers (that
are described and analyzed in the last chapters of this book), it has been shown that the
properties of chaotic random variables are fundamental in deriving convergence results
for non-linear functionals of Gaussian fields, Poisson measures or Lévy processes.

The best description of the approach to stochastic integration followed in the
present work is still given by the following sentences, taken from [132]:

The basic difficulty of stochastic integration is the following. We are given
a measure ¢ on a set .S, and we wish to extend such a measure to the prod-
uct set S™. There is a well-known and established way of carrying out such
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an extension, namely, taking the product measure. While the product mea-
sure is adequate in most instances dealing with a scalar valued measure, it
turns out to be woefully inadequate when the measure is vector-valued, or,
in the case dealt with presently, random-valued. The product measure of a
nonatomic scalar measure will vanish on sets supported by lower-dimensional
linear subspaces of S™. This is not the case, however, for random measures.
The problem therefore arises of modifying the definition of product measure
of a random measure in such a way that the resulting measure will vanish on
lower-dimensional subsets of S™, or diagonal sets, as we call them.

As pointed out in [132], as well as in Chapter 5 below, the combinatorics of parti-
tion lattices provide the correct framework in order to define a satisfactory stochastic
product measure.

As discussed in detail in Chapter 8, part of the results presented in this work extend
to the case of isonormal Gaussian processes, that is, centered Gaussian families whose
covariance structure is isomorphic to some (real or complex) Hilbert space. Note that
isonormal Gaussian processes have gained enormous importance in recent years, for
instance in connection with fractional processes (see e.g. the second edition of Nu-
alart’s book [94]), or as limit objects (known as Gaussian Free Fields) appearing e.g.
in the theory of random matrices and random surfaces (see [129] and [139] for some
general discussions in this direction).

To make the notions we introduce concrete, we have included an Appendix to
this survey. It is devoted to a Mathematica' implementation of various formulae. We
stress, however, that no knowledge of the Mathematica language is required. This is
because we provide in the Appendix detailed instructions and examples. This unusual
addendum may be welcome, in particular, by graduate students and new researchers
in this area.

As apparent from the title, in the subsequent chapters a prominent role will be
played by moments and cumulants. In particular, the principal aims of our work are
the following:

— Put diagram formulae in a proper algebraic setting. Diagram formulae are
mnemonic devices, allowing to compute moments and cumulants associated with
one or more random variables. These tools have been developed and applied in a
variety of frameworks: see e.g. [141, 151] for diagram formulae associated with
general random variables; see [10, 12, 34, 68] for non-linear functionals of Gaus-
sian fields; see [150] for non-linear functionals of Poisson measures. They can be
quite useful in the obtention of Central Limit Theorems (CLTs) by means of the
so-called method of moments and cumulants (see e.g. [66]). Inspired by the works
by McCullagh [74], Rota and Shen [131] and Speed [145], we shall show that all
diagram formulae quoted above can be put in a unified framework, based on the

' Mathematica is a computational software program developed by Wolfram Research, which
is used widely in scientific and mathematical fields.
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use of partitions of finite sets. Although somewhat implicit in the previously quoted
references, this clear algebraic interpretation of diagrams is new. In particular, in
Chapter 4 we will show that all diagrams encountered in the probabilistic literature
(such as Gaussian, non-flat and connected diagrams) admit a neat translation in the
combinatorial language of partition lattices.

— Illustrate the Engel-Rota-Wallstrom theory. We shall show that the theory de-
veloped in [26] and [132] allows to recover several crucial results of stochastic
analysis, such as multiplication formulae for multiple Gaussian and Poisson inte-
grals see [49, 94, 150]. This extends the content of [132], which basically dealt
with product measures. See also [28] for other results in this direction.

— Shed light the combinatorial implications of new CLTs. In a recent series of
papers (see [69, 82, 86, 87, 90, 95, 98, 103, 106, 109, 110, 111]), a new set of tools
has been developed, allowing to deduce simple CLTs involving random variables
having the form of multiple stochastic integrals. All these results can be seen as
simplifications of the method of moments and cumulants. In Chapter 11, we will
illustrate these results from a combinatorial standpoint, by providing some neat
interpretations in terms of diagrams and graphs. In particular, we will prove that
in these limit theorems a fundamental role is played by the so-called circular dia-
grams, that is, connected Gaussian diagrams whose edges only connect subsequent
TOWS.

We will develop the necessary combinatorial tools related to partitions, diagram and
graphs from first principles in Chapter 2 and Chapter 4. Chapter 3 provides a self-
contained treament of moments and cumulants from a combinatorial point of view.
Stochastic integration is introduced in Chapter 5. Chapter 6 and Chapter 7 deal, re-
spectively, with product formulae and diagram formulae. Chapter 8 deals with Gaus-
sian random measures, isonormal Gaussian processes and the relationship between
corresponding multiple integrals and Hermite polynomials. In Chapter 9 we describe
Hermitian random measures and spectral representations and define the Hermite pro-
cesses. In Chapter 10 we introduce Charlier polynomials and relate them to multiple
integrals with respect to a Poisson random measure. Chapter 11 and Chapter 12 deal
with CLTs on Wiener and Poisson chaos respectively. There are two appendices®. Ap-
pendix A describes the Mathematica commands. These are also listed in the Contents.
Finally, Appendix B contains tables of moments and cumulants.

2 The index does not include the appendices.
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1.2 Some related topics

In this survey, we choose to follow a very precise path, namely starting with the basic
properties of partition lattices and diagrams, and develop from there as many as pos-
sible of the formulae associated with products, moments and cumulants in the theory
of stochastic integration with respect to completely random measures. In order to keep
the length of the present work within bounds, several crucial topics are not included (or
are just mentioned) in the discussion to follow. One remarkable omission is of course
a complete discussion of the connections between multiple stochastic integrals and or-
thogonal polynomials. This topic is partially treated in Chapters 8 and 10 below, in the
particular case of Gaussian and Poisson fields. For recent references on more general
stochastic processes (such as Lévy processes), see e.g. the monograph by Schoutens
[137] and the two papers by Solé and Utzet [143, 144]. Other related (and missing)
topics are detailed in the next list, whose entries are followed by a brief discussion.

—  Wick products. Wick products are intimately related to chaotic expansions. A com-
plete treatment of this topic can be found e.g. in Janson’s book [46].

— Malliavin calculus. See the two monographs by Nualart [93, 94] for Malliavin
calculus in a Gaussian setting. The monograph by Di Nunno, @ksendal and Proske
[21] provides an introduction to Malliavin calculus with applications to finance.
A good introduction to Malliavin calculus for Poisson measures is contained in
the classic papers by Nualart and Vives [100], Privault [120] and Privault and Wu
[125], as well as in the recent monograph by Privault [122]. A fundamental con-
nection between Malliavin operators and limit theorems has been first pointed out
in [96]. See [82, 86, 106] for further developments.

— Hu-Meyer formulae. Hu-Meyer formulae connect Stratonovich multiple integrals
and multiple Wiener-Ito integrals. See [94] for a standard discussion of this topic in
a Gaussian setting. Hu-Meyer formulae for general Lévy processes can be naturally
obtained by means of the theory described in the present book: see the excellent
paper by Farré€ et al. [28] for a complete treatment of this point.

— Stein’s method. Stein’s method for normal and non-normal approximation can be
a very powerful tool in order to obtain central and non-central limit theorems for
non-linear functionals of random fields. In Chapter 3, we will only scratch the
surface of this topic, by proving two basic results related to Stein’s method, namely
the Stein’s Lemma for the normal distribution, and the Chen-Stein Lemma for the
Poisson distribution. Some further discussion is contained in Chapter 11. See [147]
for a classic reference on the subject and [15] for an exhaustive recent monograph.
See [86, 87, 90] for several limit theorems involving functionals of Gaussian fields,
obtained by means of Stein’s method and Malliavin calculus. See [106, 114] for
applications of Stein’s method to functionals of Poisson measures.

— Free probability. The properties of the lattice of (non-crossing) partitions and the
corresponding Mobius function are crucial in free probability. See the monograph
by Nica and Speicher [80] for a valuable introduction to the combinatorial aspects
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of free probability. See Anshelevich [3, 4] for some instances of a “free” theory of
multiple stochastic integration. The paper [53], by Kemp er al., establishes some
explicit connections between limit theorems in free probability and the topics dis-
cussed in Chapter 11 below.



2

The lattice of partitions of a finite set

In this chapter we recall some combinatorial results concerning the lattice of partitions
of a finite set. These objects play an important role in the obtention of the diagram for-
mulae presented in Chapter 5. The reader is referred to Stanley [146, Ch. 3] and Aigner
[2] for a detailed presentation of (finite) partially ordered sets and Mobius inversion
formulae.

2.1 Partitions of a positive integer

Given an integer n > 1, we define the set A (n) of partitions of n as the collection of
all vectors of the type A = (Aq, ..., A\g) (k > 1), where:

(i) A;is aninteger forevery j =1,..., k;
i) My =X =2 A 2 1 (2.1.1)
@AY A+ -+ e =n.

We call k the length of A\. It is sometimes convenient to write a partition A =
(Al oy Ag) € A(n) in the form

A= (1727 ).

This representation (which encodes all information about \) simply indicates that, for
every i = 1,...,n, the vector A contains exactly r; (> 0) components equal to i.
Clearly, if A = (A1, ..., A\g) = (1272 - .. n™) € A(n), then

Iri+---+nr,=n 2.1.2)

and ry + - - - + r,, = k. We will sometimes use the (more conventional) notation
A n instead of A € A (n).
G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -

A survey with computer implementation.
© Springer-Verlag Italia 2011
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Example 2.1.1 (i) If n = 5, one can, for example, have 5 =4+ lor5=1+1+
1 + 1 + 1. In the first case the length is kK = 2, with A\| = 4 and A\, = 1, and
the partition is A = (1'2°3%4!5%). In the second case, the length is k& = 5 with
Al = ... = As = 1, and the partition is A = (1°2°3°4%50) .

(i) One can go easily from one representation to the other. Thus A = (12233042)
corresponds to

n=(1x2)+(2x3)+(3x0)+(4x2)=16,
that is, to the decomposition 16 =4 +4+2+ 2+ 2+ 1 + 1, and thus to

A= (>\17)\2a)‘37)\47>\57>\6;)\7) - (47472';2’27 17 1) .

Remark. Fixn > 2 and k € {1,...,n}. Consider a partition of n of length k, say A =
(A1, ey Ag), and write it in the form A = (17272 . . . "), Then, one has necessarily
that r; = 0 forevery j > n — k + 1 (or, equivalently, n < j + k — 2). Indeed, if
r; > 0 for such a j, then there would exist Aq~ € A such that n < Ag« + k — 2. This
contradicts the inequality n = A; + - - -A\x > Ay« + k — 1, which results from the
fact that \ is composed of k strictly positive integers whose sum equals n. This fact
implies that, for fixed n > 2 and k € {1, ...,n}, every partition A € A(n) of length k
has the form

A= (1"2" - (n—k+ 1) (n—k+2)° - n°), (2.1.3)

thus yielding immediately the following statement.

Proposition 2.1.2 There exists a bijection, say (3, between the subset of A(n) com-
posed of partitions with length k and the collection of all vectors (11, ..., "m—k+1) Of
nonnegative integers such that

4+ rpgr1 =k and lri4+2rm+---+n—k+ 1) rp_gr1 =n. (2.1.4)

The bijection is obtained as follows: if (1,...,7n_r11) verifies (2.1.4), then 3~
(1, ey Tn_k+1) is the element of A(n) of length k given by (2.1.3).

A vector of nonnegative integers (ry, ..., 7y, ) verifying ry + - - - + r,,, = k is
customarily called a weak m-composition of k (see for example Stanley [146, p. 15]).

Example 2.1.3 Consider the case n = 4 and k = 2. Then, there exist only two vectors
(r1,72,73) of nonnegative integers satisfying (2.1.4) (that is, such that | +7, +73 = 2
and r; 4+ 2r, 4+ 3r; = 4), namely (1,0, 1) and (0,2,0). These vectors correspond
respectively to the partitions \; = (3,1) = (1'2°314%) and \, = (2,2) = (1°223%4%),
Proposition 2.1.2 implies that A; and X, are the only elements of A(4) having length 2.
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2.2 Partitions of a set

Let b denote a finite nonempty set and let
P(b) be the set of partitions of b.

By definition, an element 7 of P (b) is a collection of nonempty and disjoint subsets of
b (called blocks), such that their union equals b. The symbol || indicates the number
of blocks (or the size) of the partition 7.

Notation. For each pair ¢, j € b and for each 7 € P (b), we write
1~ .7
whenever ¢ and j belong to the same block of .

We now define a partial ordering on P (b). For every o, € P (b), we write
o<

if and only if

each block of o is contained in a block of .

Thus,

If o<m then |o|> ||

Borrowing from the terminology used in topology one also says that 7 is coarser
than o. It is clear that < is a partial ordering relation, that is, < is a binary relation on
P (b), which is also reflexive, transitive and antisymmetric, that is:

(i) o < o, forevery o € P(b) (reflexivity);
(i1) if o < mwand ™ < p, then o < p (transitivity);
(iii) if o < 7 and 7 < o, then ¢ = 7 (antisymmetry);

(see also Stanley [146, pp. 97-98]).

Example 221 (i) Ifb = {1,2,3,4,5}, 7 = {{1,2,3},{4,5}} and o = {{1,2},
{3},{4,5}}, then, 0 < 7 because each block of ¢ is contained in a block of 7.
We have 3 = |o| > |7| = 2.
() Ifr = {{1,2,3},{4,5}} and ¢ = {{1,2},{3,4,5}}, then 7 and o are not
ordered.
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Moreover, the relation < induces on P (b) a lattice structure. Recall that a lattice
is a partially ordered set such that each pair of elements has a least upper bound and a
greatest lower bound (see the forthcoming remark for a definition of these two notions,
as well as [146, p. 102]). In particular, the partition

ocAm, omeP(Db),

called meet of o and T, is the partition of b such that each block of o A 7 is a nonempty
intersection between one block of o and one block of 7. On the other hand, the partition

oVvm, omeP(b),

called join of o and m, is the element of P (b) whose blocks are constructed by taking
the non-disjoint unions of the blocks of o and m, that is, by taking the union of those
blocks that have at least one element in common.

Remarks. (a) Whenever m; < 7, onehas |m;| > |m,|. In particular, |0 A 7| > |0 V 7.

(b) The partition o A 7 is the greatest lower bound associated with the pair (o, 7).
As such, o A is completely characterized by the property of being the unique element
of P (b) such that: (i) o A7 < o, (ii) c A7 <, and (iii) p < o A7 forevery p € P (b)
such that p < o, 7.

(c) Analogously, the partition o V 7 is the least upper bound associated with the
pair (o, 7). It follows that o V 7 is completely characterized by the property of being
the unique element of P (b) such that: () 0 < oV, (i) 7 < oV, and (ili)) o V7 < p
for every p € P (b) such that o, w < p.

Example 2.2.2 (i) Take b = {1,2,3,4,5}. If 7 = {{1,2,3},{4,5}} and 0 =
{{1,2},{3},{4,5}}, then, as noted above, o < 7 and we have

cANmT=0 and oV T =m.

A graphical representation of 7, 0, 0 A wand o V 7 is:
T= 123 45
c= 12 3 45
ohmT = 12 3 45

cVom= 123 45

() f = = {{1,2,3},{4,5}} and o0 = {{1,2},{3,4,5}}, then 7 and & are not
ordered and

onm={{1,2},{3},{4,5}} and oVvw={b}=1{{1,2,3,4,5}}.
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A graphical representation of 7, 0, 0 A mand o V 7 is:

oNT

oVm

123 45

12 345

12 45

12345

(iii) A convenient way to build o V 7 is to do it in successive steps. Take the union of
two blocks with a common element and look at it as a new block of 7. See if it

shares an element with another

block of o. If yes, repeat. For instance, suppose

that 7 = {{1,2},{3},{4}} and 0 = {{1,3},{2,4}}. Then, 7 and o are not

ordered and

o AT ={{1},{2},{3},{4}} and oV ={{1,2,3,4}}.

One now obtains o V 7 by noting that the element 2 is common to {1,2} € 7
and {2,4} € o, and the “merged” block {1,2,4} shares the element 1 with the
block {1,3} € o, thus implying the conclusion. A graphical representation of 7,

o,0 Nmand o V 7 is:

oNT

oVm

Notation. When displaying a partition 7w of {1, ...,n} (n > 1), the blocks by, ..., by € 7
will always be listed in the following way: b; will always contain the element 1, and

min{i:iebj} <min{i:i€bj+1}, j=1,.,k—1.

Also, the elements within each block will be always listed in increasing order. For

instance, if n = 6 and the partition 7

involves the blocks {2}, {4}, {1,6} and {3, 5},

we will write 7 = {{1,6},{2},{3,5},{4}}.

Definition 2.2.3 The maximal element of P (b) is the trivial partition

1={b}.
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The minimal element of P (b) is
the partition 0, such that each block of 0 contains exactly one element of b.
Observe that M = 1 and ‘ﬁ’ = |b|, and also 0 < 1. Thus if b = {1,2,3}, then

0={{1},{2},{3}} and 1={1,2,3}.

Definition 2.2.4 The partition segment (or interval) [o, 71| in P (b), with o < 7, is the
Sfollowing subset of partitions of b:

o] ={peP () :0<p<m7}.

Plainly,

2.3 Partitions of a set and partitions of an integer

We now focus on the notion of class, which associates to a segment of partitions a
partition of an integer.

Definition 2.3.1 The class of a segment [0, 7| (0 < 7), denoted ) (o, ), is defined as
the partition of the integer |o| given by

A(o,m) = (1727 - |o|"1e1), (2.3.5)

where r;, i = 1,...,|0|, indicates the number of blocks of 7 that contain exactly i

blocks of 0. We stress that necessarily |o| > ||, and also

lo| = 1r1 +2ry+-- -+ |o| 1o and |7| =711+ - 470
The lenght of A (o, ) equals |r|.

Example 2.3.2 (i) If 7 = {{1,2,3},{4,5}} and 0 = {{1,2},{3},{4,5}}, then
since {1,2} and {3} are contained in {1,2,3} and {4,5} in {4,5}, we have 1
block of 7 (namely {4,5}) containing 1 block of ¢ and 1 block of 7 (namely
{1,2,3}) containing 2 blocks of 0. Thus ry = 1,7, = 1, r; = 0, that is,
A (o, m) = (1'2'3%), corresponding to the partition of the integer 3 = 2 + 1.

(i) In view of (2.1.1), one may suppress the terms r; = 0 in (2.3.5), and write for
instance A (o, 7) = (1'2°3?) = (1'32) for the class of the segment [0, 7], as-
sociated with the two partitions o = {{1},{2},{3},{4},{5},{6},{7}} and
7 ={{1},{2,3,4},{5,6,7}}.
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From now on, we let
[n] ={l,---,n}, n>1 (2.3.6)

With this notation, the maximal and minimal element of the set P ([n]) are given,
respectively, by

1= {[n]} = {{1,...n}} and O0={{1},...{n}}. 23.7)

Now fix a set b, say b = [n] = {1,--- ,n} with n > 1 and consider the partition
0 = {{1},...,{n}}. Then, for a fixed A = (172 -.-n"™) F n, the number of

partitions 7 € P (b) such that A (f), 7r) = M\ is given by

n!

N [7«1,.7.1.,7«”} A @) e ) D)

This is the number of partitions 7 containing exactly r| blocks of size 1, r, blocks of
size 2, ..., m, blocks of size n. Equation (2.3.8) follows from the following fact. Fix
i = 1,...,n. If 7 contains r; blocks of size ¢, then the elements in each block can be
permuted within the block, yielding (i!)" possibilities and, in addition, the posiiton
of the r; blocks can be permuted as well, yielding ;! possiblities (see, for example,
[146] for more details). The requirement that A (6, 7r) == (1"2"...n"™) simply
means that, for each ¢ = 1, ..., n, the partition 7 must have exactly r; blocks containing
1 elements of b. Recall that the integers ry, ..., r, must satisfy (2.1.2), namely 1r; +
e 4nr, =n.

Example 2.3.3 (i) For any finite set b, one has always that

A (6, i) - (1020 . \b|1> :
because 1 has only one block, namely b, and that block contains |b| blocks of 0.
(i) Fixk > 1andletbbesuchthat|b] = n > k+1.Consider A = (1127 - - - n™) k-
n be such that r, = r,_; = 1 and r; = 0 for every j # k,n — k. For instance,
ifn =5and &k = 2, then A = (1021314050). Then, each partition 7 € P (b)
such that A (0, 7r> = ) has only one block of k elements and one block of n — k

elements. To construct such a partition, it is sufficient to specify the block of k
elements. This implies that there exists a bijection between the set of partitions

m € P (b) such that A ((A)7 7r) = ) and the collection of the subsets of b having

exactly k elements. In particular, (2.3.8) gives

m - (Z) TR (nn! k)
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(i) Let b = [7] = {1,..,7} and A = (1'23394959%697°). Then, (2.3.8) im-

plies that there are exactly 3!(72!!)3 = 105 partitions # € P (b), such that

A (ﬁ, 7r) = \. One of these partitions is {{1}, {2,3},{4,5},{6,7}}. Another
is {{1,7},{2},{3,4},{5,6}} .

(iv) Letb = [5] = {1,...,5}, 0 = {{1},{2},{3},{4,5}} and 7 = {{1,2,3},
{4,5}}. Then, 0 < 7 and the set of partitions defined by the interval [o, 7] is
{O—u’n—vplap27p3}’ where

p1 = {{172}7{3}7{475}}
P2 = {{173}7{2}7{475}}
pP3 = {{1}7{273}7{475}}

The partitions p;, p, and p; are not ordered (i.e., for every 1 < i # j < 3, one
cannot write p; < p;), and are built by taking unions of blocks of ¢ in such a
way that they are contained in blocks of 7. Moreover, A (o, m) = (1'2°34%57),
since there is exactly one block of 7 containing one block of ¢, and one block of
m containing three blocks of .

(v) This example is related to the techniques developed in Chapter 6. Fix n > 2, as
well as a partition v = (71,...,7%) € A(n) such that v, > 1. Recall that, by
definition, one has thaty; > v, > --+ > 7y, and y; + - - - + 7y, = n. Now consider

the segment [(), 7r] , where

0={{1},{2},....{n}}, and
m={L...n}t,{nm+L.onm+rnt, {n+-+wma1+1,....,n}}.

Then, the jth block of 7 contains exactly ~y; blocks of 0, for every j = 1,..., k,

implying that the class of the segment [0, 7] coincides with (71, ..., % ). For in-
stance, when vy, > v, > ... > 7 (that is, all the v, s are different), one has that

the class A (f), 7r) is such that \ ((), 7T) = (vivi_1 -+ 1) = . after suppress-

ing the indicators of the type r°.

The following statement is a consequence of (2.3.8) and of Proposition 2.1.2.

Proposition 2.3.4 Letn > land k € {1,...,n}. Then, the number of partitions of [n]
having exactly k blocks is given by

n!
S(n, k) = 2.3.9
(n, ) Z (I et 2Dyl e (n— k4 D)mn—krip, gyl 2.39)

TlseesTn—k+1

where the sum runs over all vectors on nonnegative integers (11, ..., 'n_k+1) satisfying
4+ rpprr =kandlri +2ry - +n—k+ 1) rp_g1 =n
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Proof. By Definition 2.3.1, a partition € P([n]) has k blocks if and only if A ((), 7r)
has length k. Since A (6, 7r> is a partition of the integer n, then using Proposition 2.1.2

one deduces that 7 € P([n]) has k blocks if and only if A (6, 7r> has the form of the
right-hand side of (2.1.3), for some vector on nonnegative integers (71, ..., 7p—g+1)
satisfyingry + -+ + g1 = kand 1ry +2r5 - - - +(n — k+ 1) ry_g41 = n. The
proof is concluded by using (2.3.8).

Remark. One defines customarily S(0,0) = 1 and, forn > 1, S(n,0) = S(n, k) =0,
for every k > n. The integers

S(n,k), mn,k>0, (2.3.10)

defined by these conventions and by (2.3.9), are called the Stirling numbers of the
second kind. See, for example, [158, Ch.8] and [146, p.33] for some exhaustive pre-
sentations of the properties of Stirling numbers. See Section 2.4 for a connection with
Bell and Touchard polynomials.

Example 2.3.5 (i) Foreveryn > 1,onehas that S(n, 1) = 1, thatis, there exists only
one partition of [n] containing exactly one block (i.e., the trivial partition {[n]}).
To see that this is consistent with (2.3.9) in the case k = 1, observe that the only
integer solution to the system

rn+---4+r,=1, and 17y +2r, - - - +nry =N,
isgivenbyr; =---=r,_; = 0and r, = 1, and in this case
n! ]
(It (2D 7yl o (nl)rr,! -

By a similar route, one also checks that S(n,n) = 1.

(i) Fix n > 3. We want to compute S(n, 2), that is, the number of partitions of [n] con-
taining exactly two blocks. This case corresponds to £ = 2, and one has therefore
to consider the system

i+t rp1 =2, and Ir; +2r, - +(n—1)r,_; =n.

When n is even, this system has exactly n /2 solutions, obtained by choosing either
rny2 = 2 and rp = 0 elsewhere, or r; = r,,_; = 1 and r; = 0 elsewhere, for some
j = 1,..,n/2 — 1. On the other hand, when n is odd the system has exactly
(n — 1)/2 solutions, obtained by choosing r; = r,_; = 1 and r; = 0 elsewhere,
for some j = 1, ..., (n — 1)/2. Using (2.3.9), we therefore deduce that

(/21 n 1/ n
S(n,2) = Z (]) + 5 (n/2>’ if n is even,

Jj=1

(n=nf2
S(n,2) = (> if n is odd.
(n,2) = > ;

=1
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For instance S(3,2) = (?) =3,54,2) = (‘1‘) + é(g) =4+3=7,and

s (5)+(2) s 0-1s

The following statement contains a useful identity.

Proposition 2.3.6 Fix n > 1. Let f be a function on P([n]) such that there exists a

function h on A(n) (the set of the partitions of n) verifying f(m) = h(\(0, 7)) (that
is, f only depends on the class \(0, 7)), one has

> im= X [h]ao

7={bi,...,br }EP([n]) A=(1712"2..n™n )Fn

The proof of Proposition 2.3.6 is elementary and left to the reader.

2.4 Bell polynomials, Stirling numbers and Touchard
polynomials

We will now connect some of the objects presented in the previous sections (in partic-
ular, the Stirling numbers of the second kind introduced in (2.3.9)) to the remarkable
classes of Bell and Touchard polynomials. These polynomials will appear later in the
book, as they often provide a neat way to express combinatorial relations between
moment and cumulants of random variables. See, for example, [13, Ch. 11] for an ex-
haustive discussion of these objects, as well as [119, Ch. 1] and [146, p. 33] and the
references therein.

Definition 2.4.1 Fixn > 1. Forevery k € {1, ...,n}, the partial Bell polynomial of
index (n, k) is the polynomial in n — k + 1 variables given by

n' €T 71
B (1500 Enpp1) = Z !(1?)

TlyeeyTn— k41 TI!TZ! e Tn—k-t,-]
Tn—k+1
Tn—k+1
((nk+1)!) (2.4.11)
n r ——
N Z |:>\i| xl Koo X ‘rn—k,-t,-lv (2412)

A=(1712"2...n" )
A has length k&

where the first sum runs over all vectors on nonnegative integers (11, ..., Tn_j+1) sat-
isfyingry + -+ rp_kr1 =kand lry +2ry - - - +(n —k+ 1) rp_g11 = n, and the
n

\ } is defined in (2.3.8). The nth complete Bell polynomial is the polynomial

symbol [
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in n variables given by

n

Bu(@1, e n) = Y Bug(@1, ooy Tngp1) (2.4.13)
k=1

— 3 {Z} 2T XXl (24.14)
A=(1"12"2.n"n )Fn

Finally, the collection {T,, : n > 0} of the Touchard (or exponential) polynomials
(in one variable) is defined as: Ty = 1 and

To(x) =Y _ S(n,k)a*, n>1, (2.4.15)
k=1

where the Stirling number of the second kind S(n, k) is defined in (2.3.9).

Remarks. (a) In view of (2.3.8), the polynomial B, in (2.4.11) is ob-
tained by multiplying each monomial zi' x --- x z," ' by a coeffi-
cient equal to the number of partitions 7 € P([n]) such that A(0,7) =
(17272 - (n— k+1)™=*+ (n — k +2)° - - - n°). Due to this construction, equal-
ities (2.4.12) and (2.4.14) are direct consequences of Proposition 2.1.2.

(b) A more general class of Touchard polynomials (in several variables) is dis-

cussed, for example, in [13, Sect. 11.7].

Example 2.4.2 (i) By reasoning as in Example 2.3.5-(i), one deduces that, for every
n>1, Byi(x1,...,2n) =y and By, (21, ..., ) = zT.
(ii)) By reasoning as in Example 2.3.5-(ii), one sees that, for every n > 3,

(n/2)—1 n 1/ n
Bpa(x1, .y p) = Z (j)le‘nj“rz(n/z)xi/z»

Jj=1

if n is even, and

(n=)/2
Bmz(I],...,,In) = Z (j)l‘jl‘n_j,

=1

if n is odd.
(iii) Putting Points (i) and (ii) together, we can compute the third complete Bell poly-
nomial Bs(x,x,, z3), namely

By (21,22, 23) = B3 (21,22, 23) + B3 (21, 22, 3) + B3 3(21, 22, 73)

3
=z3+ 32122 + 7.
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The following statement establishes some relations between Bell and Touchard
polynomials, as well as between these polynomials and Bell numbers. The proof fol-
lows almost immediately from Definition 2.4.1 and relation (2.3.9), and is left to the
reader as an easy exercise.

Proposition 2.4.3 For every n > 1, one has that, for every k € {1,...,n},

B (2, ...;x) = S(n, k)z". (2.4.16)
Moreover,
T.(z) = B,(z,...,x), (2.4.17)
and
T.(1) = By, (2.4.18)

where B, = Y _, S(n,k) = |P([n])| is the so-called nth Bell number, counting
the number of partitions of [n].

To conclude, we present two remarkable relations involving Touchard polynomi-
als. The proof is deferred to Section 3.3, where they will be deduced (quite elegantly)
from moments and cumulants computations (see Proposition 3.3.2).

Proposition 2.4.4 The class of Touchard polynomials enjoys the following relations:
for every n > 0,

Tpir(2) = @ kz: (Z) Te(z) == g (Z) Tp(), (2.4.19)

and

T +y) =Y (Z) Ti(2) T (v). (2.4.20)
k=0

The second inequality in (2.4.19) follows from the identity () = (,,”,). Observe
that relation (2.4.20) is equivalent to saying that the sequence of polynomials {7}, :
n > 0} is of the binomial type. See, for example, [56, Sect. 4.3], and the references

therein, for an introduction to polynomial sequences of the binomial type.

Example 2.4.5 (i) Weuse relation (2.4.19) in order to compute the first few Touchard
polynomials. One has: Ty(z) = 1, and

Ti(z) = aTy(z) =
Thy(z) = 2(To(z) + Ty(z)) = = + 22
Ti(z) = 2(To(z) + 2T (x) + Tr(x)) = = + 32° + 2°.

In view of (2.4.18), this also provides the explicit value of the first Bell numbers,
namely B; = 1, B, = 2 and B3 = 5. This means that there is exactly one partition
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of the set [1], and that there are exactly 2 and 5 partitions, respectively, of [2] and [3].
In particular, the partitions of [2] are {{1},{2}} and {[2]}, whereas the partitions
of [3] are

{00 {28 33 {1h 42,30} {{1,2}, {3}}, {{1,3},{2}} and {[3]}.
(i1) Thanks to (2.4.18), equation (2.4.19) (in the case x = 1) yields a well-known
recursion formula for Bell numbers, i.e.

n

Bup1=Y (Z) B, n>0,

k=0

where one sets by convention By = 1.

2.5 Mobius functions and Mobius inversion on partitions

We now state several properties of the Mdbius function associated with the lattice
of partitions of a finite set. These properties are used throughout the book. The next
Section 2.6 contains some general facts on Mobius functions associated with arbitrary
(finite) partially ordered sets.

For o, m € P (b), we denote by p (o, m) the Mdbius function associated with the
lattice P (b). It is defined as follows. If ¢ £ 7 (that is, if the relation o < 7 does not
hold), then i (o, w) = 0.If ¢ < m, then the quantity u (o, 7) depends only on the class
A (o, ) of the segment [0, 7], and is given by

plo,m) = (=D)"""2H=23H)™ - (n—1)H)™ (2.5.21)

1
= (=" (G, (2.5.22)
where n = |o|, r = ||, and A (o, 7) = (1™2"2 - .. n™) (that is, there are exactly r;
blocks of 7 containing exactly ¢ blocks of o). Since 0! = 1! = 1, expressions (2.5.21)
and (2.5.22) do not depend on the specific values of r; (the number of blocks of 7

containing exactly 1 block of o) and r, (the number of blocks of 7 containing exactly
two blocks of o).

Example 2.5.1 (i) If b =n > 1and o € P (b) is such that |o| = k ( < n ), then
i (0, i) = (—D* (k-1 (2.5.23)

Indeed, in (2.5.21) rp, = 1, since 1hasa single block which contains the k blocks
of o. In particular, ((), {b}) =pu (0, i) =(=D)"""(n=1N
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(ii) Forevery m € P (b), one has p (7, 7) = 1. Indeed, since (trivially) each element
of 7 contains exactly one element of m, one has A (m, ) = (11712030 .. n?).

(iii) Fix n > 2 and let b C [n] be such that 0 < |b| < n. Consider a partition 7 €
P([n]) such that b is a block of 7, and write 7’ in order to indicate the partition of
[7]\b (i.e. of the complement of b) composed of the blocks of 7 that are different
from b. Then, denoting by 1 and 1, respectively, the Mobius functions associated
with P([n]) and P([n]\7), one has that

w(0, ) = (=DPI=I(|b] = 1) x 1/ (0, 7). (2.5.24)

Equality (2.5.24) can be deduced by a direct inspection of formula (2.5.22) or,
alternatively, as an application of the forthcoming Proposition 2.6.6.

The next result is crucial for the obtention of the combinatorial formulae found in
Chapter 3 and Chapter 5 below. For every pair of functions G, F : P (b) — C one has
that, Vo € P (b),

G (o) = Z()gwga F (m) (resp. G (o) = Zagwgi F(n)) (2.5.25)
if and only if, V& € P (b),

F(7) = Yt<ocn (0,m) G (o) (resp. F(m) =3 ,<ihn(m,0)G(0)),
(2.5.26)

where 1 (-, ) is the Mobius function given in (2.5.21). Relation (2.5.26) is known as
the Mobius inversion formula associated with P (b). For a proof of the equivalence be-
tween (2.5.25) and (2.5.26), see the next section (general references are, for example,
[146, Sect. 3.7] and [2]). To understand (2.5.26) as inversion formulae, one can inter-
pret the sum ) 5 F (7) as an integral of the type foa F () dm (and analogously
for the other sums appearing in (2.5.25) and (2.5.26)).

2.6 Mobius functions on partially ordered sets

We now present a short discussion on Mobius functions associated with general par-
tially ordered finite sets. As anticipated, this discussion implicitly provides a proof of
the inversion formula (2.5.26), as well as some useful additional identities. The reader
is referred to the already quoted references [2] and [146] for further details.

2.6.1 Incidence algebras and general Mdbius inversion

Let P be a finite partially ordered set with partial order <. We write < y to indicate
that x < y and = # y. For instance, P could be a set of subsets, with < equal to the
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inclusion relation C. In our context, P = P (b), the set of partitions of b, and < is the
partial order < considered above. The incidence algebra associated with P, denoted
by Z(P) is the collection of all those functions f : P x P — C such that f(z,y) =0
whenever z £ y, endowed with the convolution operation

(fxg)@y) = D fl,2)g(zy). (2.6.27)

z:x=2=y

Two elements of Z(P), denoted by ¢ and ¢, play special roles in our discussion.
The delta function § is defined by the relation: §(x,y) = 1 if and only if z = y
Note that § is the (left and right) neutral element with respect to the convolution *,
meaning that f «d = 0 x f = f forevery f € Z(P). The zeta function ( is defined as:
((x,y) = lif z <y, and = 0 otherwise.

In Section 2.5 the Mobius function p was defined through relations (2.5.21)—
(2.5.22). We define here through Proposition 2.6.1, and we will show that (2.5.21)—
(2.5.22) hold.

Proposition 2.6.1 The function { admits a (right and left) convolutional inverse, that
is, there exists a unique function u € Z(P) such that

Crxpu=pxC=0. (2.6.28)
Moreover, the function p is completely determined by the following recursive rela-
tions:
w(z, ) Vr € P,
1(@,y) = = Yy 1 (@,2), Yoy e Pia<y,
=< (2.6.29)
p(y) ==y 1(2,y), Yo,y € Pz <y,
w(z,y) Vz,ye P:x Ay.

Proof. It is clear that (2.6.29) univocally defines an element of Z(P) (see Section 2.6.2
below for more details on this point). It is therefore sufficient to prove that a function
w € I(P) verifies relation (2.6.29) if and only if it satisfies (2.6.28). In order to prove
this double implication, the crucial observation is that, by virtue of (2.6.27), for every
f € Z(P) and for every = < v,

> F@z) = (f*)(x,y)

r=z=y

and

> Fzy) = Cx Hlay),

r=2z=xy

and, in particular, (f x {)(z,z) = (¢ * f)(z,z) = f(z,z). It follows from these
relations that a function u € Z(P) verifies (2.6.29) if and only if both (u * ¢)(x,y)
and (¢ * p)(x,y) equal 1 or 0, according as x = y or x # y. This is equivalent to



22 2 The lattice of partitions of a finite set

saying that p verifies (2.6.29) if and only if ( x u = p+ ¢ = 4, thus yielding the desired
conclusion.

Remark. It is not difficult to prove (see, for example, [ 146, Proposition 3.6.2, p. 114])
that for a function f € Z(P) the following four properties are equivalent:

(1) f(z,x) #£ 0 forevery z € P;

(i) f has arightinverse in Z(P);
(iii) f has a left inverse in Z(P), and
(iv) f has a two-sided inverse in Z(P).

Property (iv) means that there exists a function g € Z(P) such that g is both the left
and right inverse of f. It is easily seen that such a function g is unique.

The convolutional inverse x appearing in formulae (2.6.28)—(2.6.29) is called the
Mobius function associated with P. In particular, when specializing (2.6.29) to the case
where P is equal to P(b) (that is, to the collection of all partitions of the finite set b,
endowed with the partial order <), one obtains that the Mobius function p associated
with P(b) is completely characterized by the relations

w(o,o)=1 Vo € P(b),

plom)==3 c,cnb(o,p), Yo,meP(b) o<, (2.6.30)
plom)==>, ,catt(psm), Yo,m€P(b): 0 <m, e
plo,m) =0 VomeP(b):ofm,

where we write ¢ < 7 to indicate that ¢ < 7 and 0 # 7 (and similarly for p < ).
It is now a routine combinatorial computation to check that the function u : P(b) x
P(b) — C, defined in (2.5.21)—(2.5.22), verifies (2.6.30), and therefore coincides with
the convolutional inverse of the zeta function associated with P(b). See Section 2.6.3
below for a direct proof of the fact that (2.5.21) the Mobius function of P(b).

Example 2.6.2 Consider the set b = {1,2,3}. In this case, one has that P(b) contains
exactly five elements, namely: 0 = {{1},{2},{3}}, 1 = {b}, m = {{1,2},{3}},
m = {{1},{2,3}} and w3 = {{1,3},{2}}. Note that the three non-trivial partitions
my,m,, w3 are not ordered. According to the definition of the Mdbius function given
in Section 2.5, one has that 1(0,1) = (—1)?2! = 2 and pu(m;, 1) = p(0,7;) = —1
(¢ = 1,2,3), yielding the relations

p(0,1) = —[u(m,1

:U'(O,Wi) = /‘(WD i) = */U'(Wiaﬂ—i) (Z = 172a3)7

that are consistent with (2.6.29).
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Relation (2.6.28) yields a general version of the inversion formulae stated in

(2.5.26).

Proposition 2.6.3 (General Mobius inversion) Let P be a partially ordered set. For
every pair of functions G, F' : P — C one has that, Vy € P,

G(y) = ZF(JC) (resp. G (y ZF (2.6.31)

Ty y=z

if and only if, Vx € P,

v)=> p(,2)Gy) (resp. F(z)=Y p(x,y)Gy) (2632

y=x =y
where (i is the Mobius function associated with P.

Proof. The fact that the left hand side of (2.6.31) is equivalent to the left hand side of
(2.6.32) is a consequence of the relations

S uly ) Y F@ =Y Fw) S pya) = 3 F)(Cu)(we) = Fla),

y=z u=y u=x u=y=xx u=x

and

S plur)Gu)=> Gu) > u =) Gu) () (u,y) = G(y),
=y u=<x u=y u=xr=y u=xy

where we used the fact that u * ( = ( * p = . Analogously, one has that

S uy) S P =Y Fu) 3 aley) =3 Flu)usQ)(a,u) = Fa),

=y y=u z=u z=Xy=u z=u

and

S waw)Gu) =S G Y pleu) =3 Gu)(C )y, u) = Gly),
vz o=u y=u y=e=u v=u

thus proving the remaining parts of the statement.

Observe that relation (2.6.29) can be reformulated as follows: for each x <y,

ooy =Y ulw2) {0 o7y, (2.6.33)

<2<y z=<z<y ,u(x,x)(:l)lfx:y,

which will be used in the sequel. In the next section, we shall demonstrate that either
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one of the two equalities appearing in (2.6.33) completely determines (by recursion)
the function p.

2.6.2 Computing a Mébius function

Let P be a finite partially ordered set, with partial order < and M6bius function g. In
this section, we shall describe a recursive procedure which allows to deduce the values
of u from either one of the two systems

_JOoifx £y,
D ulzy) = { Loy (2.6.34)
z=2z3y
and
_JOoifxz £y,
> opla,z) = { Lifo—y (2.6.35)
z=z=y

As already done in Definition 2.2.4 (in the special case P = P(b)), given x < y
we define the segment (or interval) [z, y] as

v,y £{z €P:x =<z =<y}

We also define the length of [x,y] as the largest integer ! such that there exist
P0, P1s ---, pr € P verifying

T=pyo<p1=p2=:"=<pP=Y.

If x = y, then the length of [x,y] = {} is defined to be zero by convention. Note
that the length of a segment is always well-defined, since the partially ordered set P is
finite; moreover the length of a segment is always < |P| — 1. If the length of [z, y] is
1, then one says that y covers x (that is, y covers x if and only if z < y and there is no
z € Psuchthatz < z < y).

Example 2.6.4 Let P = P([4]) and 7 = {{1},{2},{3,4}} € P([4]). Then, the
interval [, 1] (recall that 1 = {[4]} is the maximal partition) contains 7, 1, as well as
the three partitions

T = {{1’2}’ {3’4}}7 T = {{1}7 {25374}}a 3 = {{1’354}5 {2}}

Since 7y, 7, and 73 are not ordered, one deduces that the length of [, i] is 2. Observe
that 1 covers ;, fori = 1,2, 3.
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A recursive procedure for computing 1. We focus on (2.6.34). By construction, one
has that u(x, z) = 1 for every « € P. Moreover, if y covers z, then (2.6.34) becomes
w(z,y) + ply,y) = 0, thus yielding p(z,y) = —1. Now fix an integer [ > 1, assume
that the values of u(x,y) are known for every 2 < y such that the length of [z, y] is
< [, and consider a pair v < v such that [u, v] has length [ 4 1. Then, (2.6.34) implies
that
wu, v) = — Z p(z,v).
u<z=v

Since the right hand side of the preceding equation only involves pairs z < v such that
[z, v] has length at most [, this procedure completely determines the value of p(u, v).
By recursion on [, it also determines the whole Mobius function pi. Note that one could
equivalently use relation (2.6.35).

2.6.3 Further properties of Mobius functions and a proof of (2.5.21)

Consider two finite partially ordered sets P, (, whose order relations are denoted, re-
spectively, by <p and <. The product of P and @ is defined as the Cartesian product
P x @, endowed with the following partial order relation: (z,y) <pxq (', v’) if, and
only if, x <p 2’ and y =0 y'. Products of more than two partially ordered sets are
defined analogously. Note that product of lattices are again lattices. We say (see, for ex-
ample, [146, p. 98]) that P and () are isomorphic if there exists a bijection ¢ : P — Q)
which is order-preserving and such that the inverse of v is also order-preserving; this
requirement on the bijection 1) is equivalent to saying that, for every x, 2’ € P,

z <p ' ifand only if Y (z) =g ¥ (2). (2.6.36)

Of course, two isomorphic partially ordered sets have the same cardinality. The fol-
lowing result is quite useful for explicitly computing Mobius functions. It states that
the Mobius function is invariant under isomorphisms, and that the Mobius function of
a lattice product is the product of the associated Mobius functions. See, for example,
[146, Sect. 3.8] for more applications of these results.

Proposition 2.6.5 Let P, () be two partially ordered sets, and let pp and jug denote
their Mobius functions. Then,

1 If P and @ are isomorphic, then

e (2,y) = po (¢ (), 4 (y))

for every x,y € P, where 1) is the bijection appearing in (2.6.36).
2 The Mobius function associated with the partially ordered set P x Q) is given by:

HPxQ [(JZ, y) ) (xlay/)] = up (JC,JZ/) X HQ (yvy/)-
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Proof. Point 1 is an immediate consequence of (2.6.29). Point 2 follows from the fact
that, for every pair of partially ordered sets P and () with zeta functions (p and (g,
one has that (by definition)

Cpxel(a,y), (@' y)] = Cp(x, 2")Ca (v, y),

whenever (z,y) <pxqg (¢/,y).

We will implicitly apply Proposition 2.6.5 to deduce formula (2.5.21), as well as
in the proof of Theorem 6.1.1. In both instances, it will be used in combination with
the next statement. Its proof will be illuminated by an example.

Proposition 2.6.6 Let b be a finite set, and let 1,0 € P (b) be such that:

i) o<m
(ii) the segment [o, ] has class (A1, ..., \x) F |o].

Then, [0, 7| is a partially ordered set isomorphic to the lattice product of the k sets

P(N]),i=1,.. k.

Proof. To prove the statement, we shall use the fact that each partition in [o, 7] is
obtained by taking unions of the blocks of ¢ that are contained in the same block of 7.
Focus on a partition p € [0, 7]. We want to map it to a partition of integers. To do this,
observe first that (A, ..., \g) is the class of [o, 7] if and only if for every i = 1, ..., k,
there is a block b; € 7 such that b; contains exactly A; blocks of o. In particular,
k = |r|. We now construct a bijection 1, between [o, ] and the lattice products of the
P ([Ai])’s, as follows:

i) fori=1,..,k writeb; ;,j = 1,..., \;, to indicate the blocks of ¢ contained in b;;
ii) for every partition p € [0, 7] and every i = 1, ..., k, construct a partition ¢ (¢, p)
of the set of integers [\;] = {1, ..., \;} by the following rule:
forevery j,1 € {1, ..., \;} , one has

I~ !
(that is, 7 and [ belong to the same block of { (i, p)) if and only if

the union b; ; U b; ; is contained in a block of p;

iii) define the application ¢ : [o, 7] — P ([M]) x - - - X P ([Ax]) as

p=v(p)=(C(1,p),..C(k,p)). (2.6.37)

It is easily seen that the application ¢ in (2.6.37) is indeed an order-preserving bijec-
tion, verifying (2.6.36) for P = [o, 7] and Q@ = P ([M1]) x - - - X P ([Ax]).



2.6 Mobius functions on partially ordered sets 27

Example 2.6.7 Let p = [4] = {1,2, 3,4}, and consider the following two partitions
in P(b):

o ={{1,2},{3},{4}} = {b1, b2, b5},
m=1=1{1,2,34}.

The segment [0, 7] is such that [0, 7] = {0, 7, ™y, 73, 1}, where

m = {{1,2,3},{4}}
T = {{152a4}v{3}}
T3 = {{152}’{3’4}}

Since the only block of 7 contains 3 blocks of o, namely b, b;, b3, one has \; = 3
(here, k = |7r| = 1). Consider now the mapping

¢:loym = P(3]) = P({1,2,3})

which associates to a partition p € [o, 7], the partition of [3] = {1, 2,3}, which puts
J and [ in the same block if and only if the blocks b; and b; are contained in the same
block of p. Then

(o) = ¢{bi,ba, b3} = {{1}, {2}, {3}}
C(m) = ¢{b1 Uby, b3} = {{1,2},{3}}
C(m) = ¢{bi Ubs, by} = {{1,2},{3}}
C(ms) = ({bi, by Ubs} = {{1},{2,3}}
C(1) = ¢{brUb Ubs} = {{1,2,3}}.

Observe that ¢ is an order preserving bijection. For instance, 73 < 7 and {(m3) < (7).

Remark. By inspection of the preceding proof of Proposition 2.6.6, one sees that,
if o < 7 are two partitions as in the statement of Proposition 2.6.6, then the segment
[0, 7] is alattice (with respect to the partial order relation <) with minimal and maximal
elements given, respectively, by o and 7. Recall that a lattice is a partially ordered set
P such that each pair z, z € P has aleast upper bound (denoted by xV z) and a greatest
lower bound (denoted by x A 2).

We shall now provide a self-contained proof of (2.5.21), which is inspired by the
discussion contained in [80, Ch. 10]. Our arguments hinge on the following general
lemma.

Lemma 2.6.8 Let P be a finite lattice, with partial order < and Mdbius function .
Denote by 0 and 1, respectively, the minimal and maximal element of P. Then, for
every z # 0, one has that

> w(0,z)=0. (2.6.38)

z:xVz=1
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Proof. From (2.6.34) one infers that

5(1:\/271) - Z /L(tvi) = Z :u‘(tvi)C(xat)C(th)v

zVz=<t=<1 0=<t=<1

where the second equality derives from the fact that z V z < tif and only if z < ¢ and
z = t. Using these relations, we deduce that

Z /“L((A)vx) = Z [1,((),33)5(33 Vz, i) = Z M((),Ji) Z :u(t’ i)C(x7t)<(Z7t)

z:azvz=I 0=2=1 0=2=i 0=<t=<i
= Z u(t, i) Z :u(ov z)C(z,t) = Z p(t, i)(ﬂ * C)(O’ t)
2=<t=<1 0<z<t 2=t=<1
= Y u(t.1)5(0,t) =0,
z=t=1i

since yu % ¢ = 6 and 0 < z by assumption.

Proof that (2.5.21) defines the Mébius function of P (b). Our general definiton of
the Mobius function led to formula (2.6.35). We now want to show that this implies
formula (2.5.21) for the Mobius function of P(b). Without loss of generality, we can
assume that b = [n] for some integer n > 1. Also, we shall use the notation y;, j > 1,
to indicate the quantity u(f), i), whenever p is the Mobius function associated with
the lattice P([j]). We first show that iy = 1, o = —1 and p3 = 2. Indeed, P([1])
contains a single element - = {{1}} and hence (2, ) = 1. On the other hand P([2])
contains only 0 and 1 and hence (2.6.35) implies 0 = 1(0,0) + p(0,1) = 1 + yo,
yielding p; = —1. Finally, P([3]) = {0, 7, m, 73,1}, where m; = {{1,2},{3}},
m = {{1,3},{2}} and m3 = {{1},{2,3}}. Formula (2.6.35) implies therefore that
0 = 1(0,0) + (0, 7;), that is, p(0,7;) = —1, for i = 1,2,3. To conclude, use the
fact that
0= Y p0z2)=1-1-1-1+pu0,1),
0=<2=<1

implying p3 = p(0,1) = 2. Now consider two partitions 0,7 € P([n]) such that
o < m, and the segment [0, 7] has class (A1, ..., A\x) F |o]. Using Proposition 2.6.5 and
Proposition 2.6.6, one has the decomposition

k
7T) = H KX -
i=1
It follows that, in order to prove (2.5.21), it is sufficient to show that, for every j > 1,
pi = (=177 = 1)L (2.6.39)

We already pointed out that (2.6.39) is true for j = 1,2, 3 so that we can assume that
j > 4. According to Lemma 2.6.8, for every partition p € P([j]) such that p > 0, one



2.6 Mobius functions on partially ordered sets 29

has that
> u(0,7) =0. (2.6.40)
Tr:Ter:T
We now want to explicitly compute the left-hand side of (2.6.40) when p =
{1}, {2}, ..., {7 —2},{j —1,7}}, thatis, when p is the partition obtained by merging
the last two blocks of 0. In this case, the class {r:7Vp= i} is given by the following
union:

{roavp=1}=1U{ma: AC[j —2]},
where the 74 are defined as follows:
- 7(-@:{{17277j_27.7}7{j_1}}’

- ﬂ-[j*Z] = {[] - 1]a{]}} = {{17 7] - 1}7 {J}}’
- ma={Au{j -1}, {7} U ([j —2\A)}, forevery A # 0, [j — 2].
Since each partition 74 has one block of size |A| + 1 and one block of size 1 + (j —
2 —|A|) = j — |A] — 1, applying again Proposition 2.6.5 and Proposition 2.6.6 one
sees that

(0, T4) = pya|+1 Mj—|A]-1-
Plugging these expressions into (2.6.40) yields

0= Z M((),ﬂ') =W+ Z N(()JTA)
7'r:7'r\/p:i Ag[j—Z]
M+ Z KA1 Bj—|A|—1
AC[i—2]

Jj—2 -2
NjJrZ( k )Mk+1 Hj—k—1-

We thus get an expression of j; in terms of y;, [ < j — 1, valid for j > 4. We now
conclude the proof of (2.6.39) (and therefore of (2.5.21)) by induction. Suppose that
W = (—1)1*1(l — 1) forevery | < j — 1, where j > 4: then,

= _ _
== 3 () YD 12— k2 = (1 G-

k=0

This concludes the proof. u






3

Combinatorial expressions of cumulants
and moments

We recall here the definition of cumulant, and we present several of its properties.
A classic discussion of cumulants is contained in the book by Shiryaev [141]; see
also the papers by Rota and Shen [131], Speed [145] and Surgailis [151], as well as
Pitman [119, pp. 20-23] and the references therein. From now on, we assume that
every random variable is defined on a common suitable probability space (2, F,P).
The symbol E indicates the mathematical expectation associated with the probability
measure P.

3.1 Cumulants

For n > 1, we consider a vector of real-valued random variables X, = (X, ..., X,
such that E | X;|" < oo, Vj = 1,...,n. For every subset b = {ji,...,jx} C [n] =
{1,...,n}, we write

Xy = (X, Xj,) and Xb=X; x---xX; (3.1.1)

%)

where x denotes the usual product. For instance, Vm < n,
Xim) = (X1, s X)) and X = X x -0 x Xy,
Remark. X, is a vector of random variables, whereas X is a random variable.

For every b = {41, ..., jx} C [n] and (21, ..., z) € R¥, we let

k
9%, (21, ., 25) =E [exp <iZz@Xﬂ>] .
=1

The joint cumulant of the components of the vector X, is defined as
ak
821 s 8zk

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011

Y (Xy) = (—=i)F Ingx, (215 s 2k) |2=..—21—0 » (3.1.2)
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thus

. " <
X (X1, X)) = (—i)F 021 - - D2 InE lexp <2221Xl>‘|
=1

We recall the following facts.

z1=...=2z,=0

(i) The application X, +— x(X;) is homogeneous, that is, for every h =
(hl, ...,hk) S Rk,

X (thjw sy thjk) = (nglhf) XX (Xb) .

(ii) The application X; — x (Xp) is invariant with respect to the permutations of b.

(iii) x (Xp) = 0, if the vector X, has the form X, = X, U Xy, with ¥, 0" # &,
b NV’ = & and Xy and X, independent.

(v) Y = {Y;:j € J} is a Gaussian family and if X{,,) is a vector obtained by
juxtaposing n > 3 elements of Y (with possible repetitions), then (X[n]) =0.

Properties (i) and (ii) follow immediately from (3.1.2). To see how to deduce (iii)
from (3.1.2), just observe that, if X, has the structure described in (iii), then

Ingx, (21, ..., 2x) =Ingx,, (ze: je € V') +1Ingx,, (z¢:je€b”)
(by independence), so that
ak
|
D2y - D2 ngx, (21;..., 2k)
6k ak

= 1 (ze i geed
0z - - - Oz 9%, (Zz I )+azl~~3zk

since we are taking derivatives over non-existent variables.

Finally, property (iv) is proved by using the fact that, if X,; is obtained by
juxtaposing n > 3 elements of a Gaussian family (even with repetitions), then
Ingx, (21, .., 1) has necessarily the form »; a (1) 2 + >, ; b (i, j) zizj, where a (k)
and b (4, j) are coefficients not depending on the z;’s. All the derivatives of order higher
than 2 are then zero.

When |b| = n, one says that the cumulant x (X}), given by (3.1.2), has order n.
When X,; = (X1, ..., X,) is such that X; = X, Vj = 1,...,n, where X is a random
variable in L™ (IP) (that is, E| X |™ < c0), we use the notation ,, and write

lngxh,/ (Zg :jg < b”) = 0,

X (Xpp) = X (X, X) = X0 (X) (3.1.3)

and we say that x,, (X) is the nth cumulant (or the cumulant of order n) of X. Of
course, in this case one has that

871,
Ingx (2) ,

o (X) = (=" .
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where gx (z) = E[exp (izX)]. Note that, if X, Y € L™ (P) (n > 1) are independent
random variables, then (3.1.2) implies that

Xn (X + Y) = Xn (X) + Xn (Y) )
since X, (X 4 Y') involves the derivatives of
InE [exp (iz (X +Y))] =InE[exp (12X)] + InE [exp (i2Y))

with respect to z. In particular, by setting Y to be equal to a constant ¢ € R, one obtains
the remarkable properties that
X1I(X+¢)=E(X+¢)=EX)+c=x1(X) +¢, (3.1.4)
Xn(X +¢)=xn(X), n>2, (3.1.5)

since xn,(c) = 0 for every n > 2.

Example 3.1.1 Let N be a Poisson random variable with parameter x > 0, that is,
P[N = k] = e ®2%/k!, for every integer k& > 0. Then, elementary computations
show that gy (z) = exp[z(e®* — 1)], thus yielding x,,(N) = z, for every n > 1.

3.2 Relations involving moments and cumulants

We want to relate expectations of products of random variables, such as E [ X X, X3],
to cumulants of vectors of random variables, such as x (X1, X7, X3). Note the dissym-
metry: moments involve products, while cumulants involve vectors. We will have, for
example,

X (X1, X2) =E[X1 0] - E[X)] E[X5],

and hence
X(X[,Xz) = COV (X],Xz),

the covariance of the vector (X, X5). Conversely, we will have
E[X1X5] = x (X1) x (X2) + x (X1, X2) .
Thus, using the notation introduced above, we will establish precise relations be-
tween objects of the type

XXp)=x(X;:j€b) and E [Xb} =E [ X;].

We can do this also for random variables that are products of other random variables:
for instance, to obtain x (Y1Y>,Y3), we apply the previous formula with X; = 1Y,
and X; = Y3, and get x (V1Y3,Y3) = E[V1Y2Y3] — E [Y1Y3] E [Y3]. We shall also state
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a formula, due to Malyshev, which expresses x (Y1Y3, Y3) in terms of other cumulants,
namely in this case

x (V1Y2,¥3) = x (Y1, Y3) x (Y2) + x (1) x (Y2, Y3) + x (Y1, Y2, V3) .

The next result, first proved in [62] (for Parts 1 and 2) and [67] (for Part 3), contains
three crucial relations, linking the cumulants and the moments associated with a ran-
dom vector X,,;. We use the properties of the lattices of partitions, as introduced in
the previous chapter.

Proposition 3.2.1 (Leonov and Shiryaev [62] and Malyshev [67]) For every b C

],
1
E[X'] = > X (X)X (X)) 5 (3:2.6)
w={b1,...,bx }€P(b)
2.

XXe)= Y ()T - DEXY)-EXY); (327)
o={ai,..., ar}EP(b)

3. Yo = {by,...by} € P (b),

Y (Xbl,...,Xb’“) - Z X (X)) x (Xt,). (3.2.8)

7={t1,...,ts }€P(D)
TVo=I

Remark. To the best of our knowledge, our forthcoming proof of equation (3.2.8)
(which is known as Malyshev’s formula) is new. As an illustration of (3.2.8), consider
the cumulant x (X,X,, X3), in which case one has o = {b1, b}, with b, = {1,2}
and by = {3}. There are three partitions 7 € P ([3]) such that 7V o = 1 = {1,2,3},
namely 7, = 1, 7, = {{1,3},{2}} and 73 = {{1},{2,3}}, from which it follows
that

X (X1X2, X3) = x (X1, X2, X3) 4+ x (X1, X3) x (X2) + x (X1) x (X2, X3) .

Proof of Proposition 3.2.1. The proof of (3.2.6) is obtained by differentiating the
characteristic function and its logarithm, and by identifying corresponding terms (for
more details on these computations, see [141], [131, Sect. 6] or [145]). We now show
how to obtain (3.2.7) and (3.2.8) from (3.2.6).
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Relation (3.2.6) implies that, Vo = {ay, ...,a,} € P (b),

[TEX=) = > x(Xp) x(Xe,)- (32.9)
j=1 ‘n':{bl,...,bk}go
TeP(b)

We can therefore set

G (o) = HE[X“J]

and
F(ﬂ-) = X(Xbl) T X(ka)

in (2.5.25) and (2.5.26), so as to deduce that, for every m = {b1, ..., b5} € P (b),

X (Xp,) - x (Xpy,) = > p(om) HE [X%]. (3.2.10)

o={ai,...,ar} <7

Relation (3.2.7) is therefore a particular case of (3.2.10), obtained by setting 7 = 1
and by using the equality p (O’, i) = (—1)“”71 (lo] = 1)!, which is a consequence of
(2.5.21).

To deduce Malyshev’s formula (3.2.8) from (3.2.7) and (3.2.9), write Xbi =Y.

Ve
j = 1,..., k (recall that the X% are random variables defined in (3.1.1)), and apply
(3.2.7) to the vector Y = (Y7, ..., Y}) to obtain that

x (X LX) = x (Y, Ye) = x (Y) (3.2.11)

- > (=) (= DIE(Y?) - E(YPr).

B={p1,...,pr}EP([K])

Write o = {by, ..., by }, and observe that o is a partition of the set b, while the partitions
[ in (3.2.11) are partitions of the first k£ integers. Now fix

Be{pt,....or} €P([K])-

For i =1, ...,, take the union of the blocks b; € ¢ having j € p;, and call this union
u;. One obtains therefore a partition 7 = {uy, ..., u,} € P (b) such that || = |8] = r.
Thanks to (2.5.21) and (2.5.23),

(1) (- l)!:u(ﬁ,i> :,u(w,i) (3.2.12)

(note that the two Mobius functions appearing in (3.2.12) are associated with different
lattices: indeed, 4 (ﬁ, i) refers to P ([k]), whereas p <7r, i) is associated with P (b)).
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With this notation, one has also that E (Y?!) - - - E(YPr) = E(X“) .- - E(X%r), so
that, by (3.2.9),

E(YP)---E(YP)=E(X"“).. - E(X") = Z X (X)) x (Xe) -
T={t1,...,ts }<m
TEP(b)
(3.2.13)

By plugging (3.2.12) and (3.2.13) into (3.2.11) we obtain finally that

X(Xblw"?ka) = Z /~L<7T7i) Z X(th)X(th)

aﬁ‘n’ﬁi T={t1,..., tspir<mw

= 3 XXX Y w(wd)
TEP(b) WE[T\/U,i]

= > x(Xy)-x (X)),

T:rVo=1

where the last equality is a consequence of (2.6.33), since

N lifrve=1
) 1) - ! 2.14
i (ﬂ’ {O otherwise. 3 )

TFE[T\/O',I}

For a single random variable X, one has (3.1.3): hence, Proposition 3.2.1 implies:

Corollary 3.2.2 Let X be a random variable such that E | X|" < cc. Then,

E[X"] = Y X () g (X) (32.15)
w={b1.....bx }€P([n])
= > [ﬂ x D (X)) x - ox [ (X)]™ (3.2.16)
A=(1"1272--.n"n)n
!
= Z (ll)Tl . .Tl(nl)rnr '[Xl(X)]Tl X e X [Xn(X)]rn (3.2.17)
Iry 4 drp=n > : n:
;>0
n—I1 n—1
= ( . >xs+1(X) x E(X"s7h), (3.2.18)
s=0
Xn (X) = -1 = DIE (X9l - E (X)) (3.2.19)
(%) > yte-nE(

where in (3.2.16) we used the notation of formula (2.3.8), with the convention that
ha(X))” = 1.
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Proof. Formulae (3.2.15) and (3.2.19) follow immediately from Proposition 3.2.1.
Equality (3.2.16) is a consequence of Proposition 2.3.6 in the special case f(m) =
Xiby| (X)X (X), whenever 7 = (b1, ..., by). Equation (3.2.17) is a more explicit
expression of (3.2.16). Finally, equation (3.2.18) can be deduced from (3.2.16) by re-
cursion ofr, alternatively, as a consequence of the following elementary computations:

B = (i) o)l
=i [ mer®) ax)|

n—1 s+1 n—l—s
=[S (M) e e < i >]

s=0

z=0

where gx(z) = Elexp(izX)], and d‘f(, gx(z) = 1 (by convention). Indeed, for s =
0,....n—1,

s ds+l
(—i)* ™! dystl Ingx(2)|.20 = Xs+1(X) and
_\n—1l-—s dnil 5 _ ]E ansfl
(i) ()l = B,

Remark. In [88] it is shown that formula (3.2.18) can be used in order to derive ex-
plicit expressions for the cumulants of random variables defined on Wiener space,
based on infinite-dimensional integration by parts formulae. The expressions derived
in [88] represent an actual alternative to the ones obtained in Chapter 7 by means of
combinatorial devices. Several generalizations of (3.2.18) are discussed in the paper
by Barbour [6].

Example 3.2.3 (i) Formula (3.2.7), applied respectively to b = {1} and to b =
{1,2}, gives immediately the well-known relations
X(X)=E(X) and x(X,Y)=E(XY)-E(X)E(Y) = Cov (X,Y).
(3.2.20)

X(Xl,Xz,X3) = E(X]Xng) — ]E(Xle) (X3)
—E(X1X5)E(X;) —E(X2X3)E(X,)
+2E (X)) E(X,)E(X5),

so that, in particular,
X3 (X) =E (X?°) - 3E (X?)E (X) +2E(X)’.

(ii) Let G,y = (G, ...,Gyr), n > 3, be a Gaussian vector such that E (G;) = 0,
i =1,...,n. Then, for every b C [n] such that |b| > 3, we know from Section 3.1
that

X (Go) =x(G;:i€b)=0.
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By applying this relation and formulae (3.2.6) and (3.2.20) to G}, one therefore
obtains the well-known relation (sometimes called Wick formula)

E[G) X Gy X -+ X Gy] (3.2.21)
_ ) i iy er(n) B (G Gj) - E(Gi Gy ), neven
, n odd.

Observe that, on the RHS of (3.2.21), the sum is taken over all partitions 7 of
[n] such that each block of 7 contains exactly two elements. A little inspection
shows that, for n even, the number of such partitions is given by the double
factorial (n — 1)!!, which is defined as 1!! = 1 and, for n > 4,

=Dl =mn-1)xMn—-3)x-x3x1 (3.2.22)

(for instance: 3!! = 3, 5!l = 15, and so on). Using this fact and taking G[n] such
that G; = G, i = 1, ...,n, where G is a centered Gaussian random variable with

variance o2, one deduces from the previous computation the well known fact that

n o™ x(n—1)!!, neven
E[G"] = {07 o odd. (3.2.23)

Relation (3.2.23) implies in particular that the moments of G satisfy the following
recurrence relation: for every n > 2

E(G™) =n x o® x B(G™Y). (3.2.24)

We conclude this section by showing an interesting consequence of relation
(3.2.24), known as Stein’s Lemma, providing a useful characterization of one-
dimensional Gaussian distributions. Note that this result is the basis of the so-called
Stein’s method for normal approximations. The reader is referred to the survey by Chen
and Shao [14] for an introduction to the subject. Stein’s Lemma should also be com-
pared with the forthcoming Chen-Stein Lemma 3.3.3, providing a characterization of
the Poisson distribution.

Lemma 3.2.4 (Stein’s Lemma) Let G be a Gaussian random variable with zero
mean and variance o> > 0, and let W be any real-valued random variable. Then,
W' G if and only if, for every smooth function h verifying E|h/(G)| < oo, one has
that

E[Wh(W)] = 0 x E[h/(W)]. (3.2.25)

Proof. If W is a centered Gaussian random variable with variance o2, then integration
by parts (or a Fubini argument) shows that relation (3.2.25) is verified. To prove the
reverse implication, assume that W verifies (3.2.25) for every test function £ as in the
statement. By selecting h(z) = z™, n > 0, we see that relation (3.2.25) implies that
E(W) = 0, E(W?) = 02, and, for every n > 3,

E[W™H] =n x o® x E]W"~ 1.
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By virtue of (3.2.24), we therefore deduce that E(W™) = E(G™) for every n > 1, and
the conclusion follows from the fact that the normal distribution is determined by its
moments (see the forthcoming Lemma 3.2.5).

For the sake of completeness, we shall provide a self-contained proof of the fact that

the Gaussian distribution is determined by its moments. Given a probability measure
v on R, we denote by

o (1) z/Rx”V(dx), n>0,

the sequence of its moments (whenever they are well-defined).

Lemma 3.2.5 Let o > 0and let g, denote the centered Gaussian probability distribu-
tion of variance o, that is, g, (dz) = (2m0?)~"/2e=%" 129"z Then, g, is determined
by its moments. This means that, if v is another probability measure (having moments
of all order) verifying m,,(v) = my(go) for every n > 1, then necessarily v = g,.

Proof. Let v be as in the statement. We have to show that, for every ¢t € R,
Jp e v(dz) = [; e g, (dx). Since my(v) = my(g,) for every k, we can write,
thanks to Taylor’s expansion and the triangle and Cauchy-Schwarz inequalities,

/ itx (dl’) /eitmgg(x)
R R
n .
itx (Ztﬂ?)
= /R D DR
k=0
§/ V(d:r)Jr/
R R
1/2 g2 1/2
|ﬁ$‘2n+2 / |t$‘ n
< d g0(d
_</ (n+1)2 v(dr)) + (1) go (d)
\/|t|2"+2 m2n+2 \/|t|2n+2 m2n+2 (9) \/|t|2"+2m2n+2 9o)

for every n > 1. The conclusion is obtained by observing that, thanks to Stirling’s
formula,

v(dx) +

‘tx|n+l
(n+1)!

|tx|"+1

(n+1)! 90 (dz)

t2n+2 t 2n+2 2 nn
P a(0) o x (24 1)

= =0

where we have used the notation (3.2.22).
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3.3 Bell and Touchard polynomials and the Poisson distribution

We now want to connect Corollary 3.2.2 to the class of Bell and Touchard polyno-
mials introduced in Definition 2.4.1. We start with a statement reexpressing formulae
(3.2.16) and (3.2.19), respectively, in terms of complete and partial Bell polynomials.

Proposition 3.3.1 Ler X be a random variable such that E|X|™ < oo, and write
m; = E(X7) and q; = x;(X), j = 1,...,n. Then,

E(X") = Bn(q1, - qn) (3.3.26)
Xn(X) =) (=1 (k= D)!Bpg(mi, ... mp k1), (3.3.27)
k=1

where B,, and B,, }, are, respectively, the nth complete Bell polynomial (see (2.4.13))
and the partial Bell polynomial of index (n, k) (see (2.4.11)).

Proof. Formula (3.3.26) is a direct consequence of (3.2.16) and (2.4.14). To see that
(3.3.27) also holds, rewrite (3.2.19) as

_ n r T —
WX =YD e S [N xomi |
k=1 A=(1T1272...n" " )n,
A has length k

(3.3.28)
so that the conclusion is deduced from (2.4.12).

In what follows, for every > 0, we shall denote by N(z) a Poisson random
variable with parameter x. The following statement provides an elegant connection
between the moments of the random variables N (z) and Touchard polynomials.

Proposition 3.3.2 For every n > 0, one has that
E[N(z)"] = Tn(z), = >0, (3.3.29)

where T, is the nth Touchard polynomial, as defined in (2.4.15). In particular formulae
(2.4.19) and (2.4.20) hold.

Proof. The statement is trivial in the case n = 0. Fix n > 1 and observe that, accord-
ing to Example 3.1.1, one has that xx(N(z)) = z, for every k > 1. Plugging this
expression into (3.3.26) in the case X = N(z), one deduces that

E(N(2)") = Bu(z,...,z) = By i(z,...,x) = Ty (x),
k=1

where the last two equalities follow from (2.4.13) and (2.4.17). We shall now use
properties of the Poisson distribution to prove Proposition 2.4.4, namely that (2.4.19)
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and (2.4.20) are verified. To see that (2.4.19) holds, we use (3.2.18) and the fact that
Xk(N(z)) = « for every k to deduce that

n

) =BV = 3 () x BN =23 () st

k=0
To prove (2.4.20), fix x,y > 0 and let N’(y) be a Poisson random variable with pa-
rameter ¥, independent of N (z). Since E[e=(V@+N' W] = exp [(z + y)(e* — 1)],
one has that N(x) + N’(y) has the same law as N (x + y). It follows that

n . n n—
7o ) = EIVG) + V)" = 3 () JEIN @ N )
k=0

By independence, E[N (z)X N’ (y)"~*] = E[N (z)*] x E[N (y)"*] = T (2)Tr—r(y),
and the proof is concluded.

Remarks. (a) By virtue of (2.4.18), and since P[N(1) = k] = e~!/k!, specializ-
ing (3.3.29) to the case x = 1 yields the following remarkable summation formulae
involving the Bell numbers B,, = T),(1): for every n > 1,

1 o= k"
B, = . 3.
n= > 1 (3.3.30)
k=1
Formula (3.3.30) was first proved by Dobiriski [22] in 1877.

(b) Formula (3.3.29) may be also used to deduce an explicit expression for the
generating function of Bell numbers. Indeed, for every = > 0 one has that

— " a " s N@)™ | i) aet )
;Tn(x)n! fnZ::O]E[N(x) ] =E ;::0 o =E[etN@] =¢ ,
(3.3.31)
implying, by setting x = 1, .
t" t
> B, =€l (3.3.32)
"0 n

Reading backwards the chain of equalities (3.3.31), one deduces in particular that, for
every z,t > 0,
t’ﬂ tn
lim T,(z) | = lim E[N(2)"] | =0. (3.3.33)

n—00 n!  n—oo n!

As a further illustration, we will now use Proposition 3.3.2 to deduce a short proof
of the so-called Chen-Stein Lemma, providing an elegant characterization of the Pois-
son distribution. The reader is referred, for example, to the survey by Erhardsson [27]
for an introduction to the powerful Chen-Stein method for Poisson approximations
and its many applications. Note that Lemma 3.3.3 is usually proved by solving a finite
difference equation. Also, one should compare with the previously discussed Stein’s
Lemma 3.2.4.
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Lemma 3.3.3 (Chen-Stein Lemma) Let Z be a random variable with values in N.

Then, Z has a Poisson distribution with parameter x > 0 if and only if, for every
bounded function f : N — N,

E[Zf(Z)] = «E[f(Z + 1)]. (3.3.34)

Proof. If Z has a Poisson distribution with parameter x, then for every bounded f

0 ok > xJJrl
E[Zf(Z)=e ") kf(k) ), =e D _fG+1)", =aE[f(Z+1)],
k=1 :

J=0

where we used the change of variable ; = k — 1, thus showing that (3.3.34) is ver-
ified. Now suppose that Z is an integer-valued random variable satisfying (3.3.34),
and write N (z) to indicate a Poisson random variable with parameter x. Approximat-
ing the monomial @ — a” (n > 1) by means of the truncated (bounded) functions
a — a"l(agm), m > 1, one deduces by monotone convergence that relation (3.3.34)
continues to hold whenever f is a polynomial. Choosing f(a) = a™,n > 0,in (3.3.34),
one obtains therefore

E[Z"t"] = 2E[(Z IZ( ) E[Z"F].

Since E[Z°] = 1 = Ty(x) by definition, we deduce from the recurrence rela-
tion (2.4.19) that E[Z"] = T,(z) = E[N(z)"], for every n > 1. To conclude,
we shall prove by a direct argument that the Poisson distribution is characterized
by its moments. Indeed, applying the triangle inequality and the standard estimate
et — S0 (t;:l)k | < [tu|™*!/(n + 1)! we deduce that, for every real ¢ and every
integer n,

‘E[eitN(a:)] _ E[eitZ].

n k n k
< B[N @) ;)E[Nmk];! + B[] ];E[N(w)’“]z,
< |E[ itN( )} *zn:]E[N( )k]tk + |E[ th] —Xn:E[Zk]tk
a ’ k=0 ’ k! ‘ k=0 k!

< EIN@)" ] e R[Zm e
= (n+1)! (n+1)!
E[N(x)n+1] X |t|n+1

=2 0
(n+1)! -
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where the convergence to zero takes place (by virtue of (3.3.33)) as n — oc.

Remark. By inspection of the preceding proof, one sees immediately that relation
(3.3.34) continues to hold for Z Poisson of parameter = and for real-valued functions
f with polynomial growth and not necessarily with values in N.

As above, for every x > 0 let N (x) be a Poisson random variable with parameter
x. Formula (3.3.29) yields in particular that, for every n > 0, there exists a polynomial
of degree at most n, denoted by T;,, such that

T, (z) = E[(N(z) — x)"], x> 0. (3.3.35)

Of course, Ty(x) = 1 and Tj(x) = 0. The next statement uses relation (3.3.34) to
deduce a complete characterization of the family {7}, : n > 0}.

Proposition 3.3.4 Foreveryn > 1,

n—I1
Topi(x) =2 ( ) (3.3.36)

Proof. One has that

Toi1(z) = E[(N(2) — 2)(N(2) — 2)"] = E[N (2)(N(z) - 2)"] — 2Ty (x).

By applying (3.3.34) to the function f(a) = (a — x)", we deduce that

B[N (@)(V(2) "] = aB{(N () + 1~ 2| =2 Y 1) Tila)
k=0

Tpii(z) = no (Z)Tk(x) — 2Ty (z) = x:z:é (Z)Tk x

E

Example 3.3.5 Using (3.3.36), one deduces that

Tz(x) = zTp(z) == (3.3.37)
T3(z) = x[Tp(x) + 2T ()] = x

() = z[Ty(z) 4+ 3Ty (z) + 3Ty (x)] = = + 3z

Ts(z) = z[To(x) + 4T (z) + 6Tx(x) + 4T5(x)] = = + 102

Remark. The polynomials T,, are sometimes called centered Touchard polynomials.
They provide the centered moments of the Poisson distribution. See Privault [123] for
several generalizations of formula (3.3.36).

Another interesting combinatorial property of the family {Tn} is given in the next
statement.
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Proposition 3.3.6 Foreveryn > 1 the quantity T, (1) equals the number of partitions
of [n] that have no singletons (that is, the partitions with blocks of size at least 2).

Proof. Using (3.1.4)—(3.1.5) and Example 3.1.1, one sees that x;(N(1) — 1) = 0 and
Xn(N(1) = 1) = x, (N (1)) for every n > 2. Combining these facts with the identity
(3.2.15) yields

Tn(l) = E[(N(l) - l)n} = Z 1{7r has no singletons} »
weP([n])

from which we deduce the conclusion.

Example 3.3.7 We can, for example, combine Proposition 3.3.6 with (3.3.37) and
deduce the following facts:

(i) there is only 75(1) = 1 partition of [2] and T3(1) = 1 partition of [3] with no
singletons (in both cases, it is the trivial partition 1);
(i) there are exactly T4(1) = 4 partitions of [4] with no singletons, namely: 1,
(11,20, (3,431 (41,3}, (2,4} } and {{1,4}, 12,3}
(iii) there are exactly T5(1) = 11 partitions of [5] without singletons (list them as an
exercise).
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Diagrams and multigraphs

In this chapter, we translate some of the notions presented in Chapter 2 into the lan-
guage of diagrams and multigraphs, which are often used in order to compute cu-
mulants and moments of non-linear functionals of random fields (see, for example,
[10, 12, 34, 35, 68, 150, 151]). We will have, in particular, the correspondence indi-
cated in Table 4.1, as will be explained in the sequel.

Table 4.1. Correspondence

Diagram Multigraph
aVeo=1 connected connected
TAo=0 non-flat no loops

We will consider, in addition, Gaussian and circular diagrams.

4.1 Diagrams

Consider a finite set b. A diagram is a graphical representation of a pair of partitions
(m,0) € P(b), such that 7 = {by,...,b} and ¢ = {¢1,...,%;}. It is obtained as
follows.

1. Order the elements of each block b;, fori =1, ..., k.

2. Associate with each block b; € 7 a row of |b;| vertices (represented as dots), in
such a way that the jth vertex of the ¢th row corresponds to the jth element of the
block b;.

3. Foreverya = 1, ...,1, draw a closed curve around the vertices corresponding to the
elements of the block t, € o.

We will denote by I" (7, o) the diagram of a pair of partitions (7, o).

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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S

O]

Fig. 4.1. A simple diagram

J

Fig. 4.2. A diagram built from two three-block partitions

Example 4.1.1 (i) Ifb=[3] = {1,2,3}and 7 = 0 = {{1,2},{3}}, then I" (7, 0)
is represented in Fig. 4.1.
(i) Ifb = [8], and 7 = {{1,2,3},{4,5},{6,7,8}} and 0 = {{1,4,6},{2,5},
{3,7,8}}, then I" (7, o) is represented in Fig. 4.2. Hence, the rows in I" (7, o)
indicate the sets in 7 and the curves indicate the sets in o.

Remarks.

(a) We use the terms “element” and “vertex” interchangeably.

(b) Note that the diagram generated by the pair (7, o) is different, in general, from the
diagram generated by (o, ).

(c) Each diagram is a finite hypergraph. We recall that a finite hypergraph is an object
of the type (V, E), where V is a finite set of vertices, and E is a collection of (not
necessarily disjoint) nonempty subsets of V. The elements of E are usually called
edges. In our setting, these are the blocks of o.

(d) Note that, once a partition 7 is specified, the diagram I" (7, o) encodes all the
information on o.

Now fix a finite set b. In what follows, we will list and describe several type of di-
agrams. They can be all characterized in terms of the lattice structure of P (b), namely
the partial ordering < and the join and meet operations V and A, as described in Chap-
ter 2. Recall that 1 = {b}, and 0 is the partition whose elements are the singletons
of b.
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SO

j

Fig. 4.3. A non-connected diagram

>

j

Fig. 4.4. Dividing a non-connected diagram

©®

Fig. 4.5. A connected diagram

Connected Diagrams. The diagram I” (7, o) associated with two partitions (7, o) is
said to be connected if

7r\/0:i,

that is, if the only partition p such that 7 < p and o < p is the maximal partition 1.

The diagram appearing in Fig. 4.2 is connected, whereas the one in Fig. 4.1 is not
(indeed, inthiscase r Vo =nVrm =7 # 1). Another example of a non-connected
diagram (see Fig. 4.3) is obtained by taking b = [4], 7 = {{1,2},{3},{4}} and
o ={{1,2},{3,4}}, so that m < o (each block of  is contained in a block of ¢) and
TVo=o#l1.

In other words, I" (7, 0) is connected if and only if the rows of the diagram (the
blocks of m) cannot be divided into two subsets, each defining a separate diagram.
Fig. 4.4 shows that the diagram in Fig. 4.3 can be so divided, and thus is disconnected
(non-connected).

The diagram in Fig. 4.5, which has the same partition 7, but o = {{1, 3,4}, {2}},
is connected.

Note that we do not use the term ‘connected’ as one usually does in graph theory
(indeed, the diagrams we consider in this section are always non-connected hyper-
graphs, since their edges are disjoint by construction).
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%
5

Fig. 4.6. A non-flat diagram

Fig. 4.7. A Gaussian diagram

Non-flat Diagrams. The diagram I" (7, o) is non-flat if
TNO = 6,

that is, if the only partition p such that p < 7 and p < o is the minimal partition 0.
It is easily seen that 7 A 0 = 0 if and only if for any two blocks b; € w, t, € o,
the intersection b; N, either is empty or contains exactly one element. Graphically, a
non-flat graph is such that the closed curves defining the blocks of o cannot join two
vertices in the same row (thus having a ‘flat’ or ‘horizontal’ portion). The diagrams
in Fig. 4.1-4.3 are all flat (not non-flat). Observe that the diagram in Fig. 4.2 is flat
because it has a flat portion: the block {3,7,8} of o has (7,8) as a flat portion. The
diagram in Fig. 4.5 is non-flat. Another non-flat diagram is given in Fig. 4.6, and is
obtained by taking

b=17], 7= {{1,2,3},{4},{5,6,7}} and o = {{1,4,5},{2,7},{3,6}}.

Gaussian Diagrams. We say that the diagram I (7, o) is Gaussian, whenever every
block of o contains exactly two elements. Plainly, Gaussian diagrams exists only if
there is an even number of vertices. When a diagram is Gaussian, one usually repre-
sents the blocks of o not by closed curves, but by segments connecting two vertices
(which are viewed as the edges of the resulting graph). For instance, a Gaussian (non-
flat and connected) diagram is obtained in Fig. 4.7, where we have taken

b=16], 7= {{1,2,3}, {4} ,{5,6}} and o0 = {{1,4},{2,5},{3,6}}.

Whenever a block a = {4, j} is such that ¢ € b; and j € b, where by, b, are blocks
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of m, we shall say that a links b; and b,. For instance, in Fig. 4.7, the blocks {1,2,3}
and {5, 6} of 7 are linked by the two blocks of o given by {2,5} and {3, 6}. In the
terminology of graph theory, a Gaussian diagram is a non-connected (non-directed)
graph. Since every vertex is connected with exactly another vertex, one usually says
that such a graph is a perfect matching.

Circular (Gaussian) Diagrams. Consider two partitions 7 = {by,...,bx} and 0 =
{t1, ..., t;} such that the blocks of ¢ have size |t,| = 2 for every a = 1, ..., l. Then, the
diagram I" (7, o) (which is Gaussian) is said to be circular if each row of I" (7, 0) is
linked to both the previous and the next row, with no other possible links except for
the first and the last row, which should also be linked together. This implies that the
diagram is connected.

Formally, the diagram I" (7, o), where 7 = {by,...,b;} and 0 = {t1,...,t;}, is
circular (Gaussian) whenever the following properties hold (recall that ¢ ~, j means
that 7 and ;7 belong to the same block of o):

(a) forevery p =2,...,k — 1 there exist j; ~ %1 and j, ~ %, such that ji, jo € by,
1 € bp,1 and 7, € prrl;

(b) foreveryp=2,....,k —1andevery j € by, j ~, % implies that ¢ € b,_; U by 1;

(c) there exist j; ~, 41 and j, ~ i, such that j, jo € by, i1 € b1 and i, € by;

(d) forevery j € by, j ~ ¢ implies that ¢ € by U bg_1;

(e) there exist j; ~, i1 and j, ~, i, such that ji,j, € by, 7 € by and i; € by, (Vi)
for every j € by, j ~, i implies that ¢ € by U b,.

Example 4.1.2
(i) A circular diagram is obtained by taking b = [10] and

T = {{1,2},{3,4},{5,6} {7’8}a{97 10}}
o ={{1,3},{2,9},{4,6},{5,7},{8,10}},

which implies that I” (7, o) is the diagram in Fig. 4.8.
To illustrate condition (a) above for this example, consider p = 2, that is the
second block b, = {3,4} of w. Then there is j; = 3, j, = 4inby and alsoi; =1
in by and i, = 6 in b3 such that j; ~, i1 and j; ~ 95.

*——=e o—o

Fig. 4.8. A circular diagram
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(ii)
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*——=e o—o

Fig. 4.9. A circular diagram with rows of different size

Another example of a circular diagram is given in Fig. 4.9.
It is obtained from b = [12] and

= {{1,2,3},{4,5},{6,7},{8,9},{10,11,12}}
o= {{1,4},{2,11},{3,10},{5,7},{6,8},{9,12}}.

We can now express various formulas involving moments and cumulants in terms
of diagrams. We shall do this here and in the sequel.

Example 4.1.3

®

(ii)

Malyshev’s formula (3.2.8) can be expressed in terms of connected diagrams as
follows:
For every finite set b and every o = {by, ..., by} € P (b),

X (X, X = > X (X)) - x (Xq,). 4.1.1)

T={t1,....ts }EP(D)
I'(o,7) is connected

Suppose that the random variables X, X, X3 are such that E |Xi|3 < 00,
i = 1,2,3. We have already applied formula (4.1.1) in order to compute the
cumulant x (X;X,, X3). Here, we shall give a graphical demonstration. Re-
call that, in this case, b = [3] = {1,2,3}, and that the relevant partition is
o = {{1,2},{3}}. There are only three partitions 71, 7,73 € P ([3]) such
that I" (o, 71), I'(0,72) and I'(o,73) are connected, namely 7, = 1, 7, =
{{1,3},{2}} and 5 = {{1},{2,3}}. The diagrams I" (o, 71), I" (0,72) and
I' (o, 3) are represented in Fig. 4.10. Relation (4.1.1) thus implies that

X (X1 X2, X3) = x (X1, Xo, X3) + x (X1, X3) x (X2) + x (X1) x (X2, X3)
= X(X],Xz,X3) + COV (X],X3)E(X3) +E(X1) COV (X27X3) N

where we have used (3.2.20).
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Fig. 4.10. Computing cumulants by connected diagrams

RS
R

Fig. 4.11. Two partitons: one non-crossing (above) and one crossing (below)

Remark. Another class of partitions admitting a neat graphical representation is the
collection of non-crossing partitions. Given n. > 2, we say that a partition 7 € P([n])
is non-crossing if one cannot find integers 1 < p; < q; < p» < ¢ < n such that
P1 ~x P2, @1 ~= 2 and p; and p, are not in the same block as ¢; and ¢,. To under-
stand the terminology, one has to represent a partition = € P([n]) as follows: (i) draw
the elements of [n] as dots on the same line, (ii) supply each dot with a vertical line un-
der it, and (iii) join the vertical lines of the elements in the same block with a horizontal
line. The partition 7 is non-crossing if and only if the lines involved in this represen-
tation can be drawn in such a way that they do not cross. Consider for instance the
two partitions of [4] depicted in Fig. 4.11. The upper partition is {{1,4}, {2,3}}, and
it is non-crossing, whereas the lower partition is {{1,3},{2,4}}, which is crossing.
One customarily denotes by NC'(n) the class of non-crossing partitions of [n]. Note
that P(n) = NC(n), for n = 2,3, and that one has NC'(n) C P([n]), with strict in-
clusion, for every n > 4. One remarkable feature of the class NC'(n) is that it can be
endowed with a lattice structure analogous to the one of P(n). Non-crossing partitions
play a crucial role in free probability, where they are used, for example, to define the
concept of free cumulant. The reader is referred to the monograph by Nica and Spe-
icher [80] for a detailed introduction to the combinatorics of non-crossing partitions in
the context of free probability.
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4.2 Solving the equation o A 7 = 0

Let 7 be a partition of [n] = {1,...,n}. One is often asked, as will be the case in
Section 6.1, to find all partitions o € P ([n]) such that

oAT =0, (4.2.2)

where, as usual, 0 = {{1}, ..., {n}}, that is, 0 is the partition made up of singletons.
The use of diagrams provides an easy way to solve (4.2.2), since (4.2.2) holds if and
only if the diagram I" (7, o) is non-flat. Hence, proceed as in Section 4.1, by (1) or-
dering the blocks of 7, (2) associating with each block of 7 a row of the diagram, the
number of points in a row being equal to the number of elements in the block, and (3)
drawing non-flat closed curves around the points of the diagram.

Example4.2.1 (i) Letn = 2and 7 = {{1},{2}} = 0. Then, ; = 7 = 0 and
o, = 1 (as represented in Fig. 4.12) solve equation (4.2.2). Note that P ([2]) =
{0’1 s 02}. )

(i) Letn =3 and 7 = {{1,2},{3}}. Then, 0y = 0, 0, = {{1,3},{2}} and o3

{{1},{2,3}} (see Fig. 4.13) are the only elements of P ([3]) solving (4.2.2).

(iii) Letn = 4 and 7 = {{1,2},{3,4}}. Then, there are exactly seven o € P ([4])
solving (4.2.2). They are all represented in Fig. 4.14.

(iv) Letn =4 and 7 = {{1,2},{3},{4}}. Then, there are ten o € P ([4]) that are
solutions of (4.2.2). They are all represented in Fig. 4.15.

In what follows (see, for example, Theorem 7.1.3 below), we will sometimes be
called to solve jointly the equations ¢ A ™ = 0 and 0 V m = 1, that is, given T, to

®

O]

Fig. 4.12. Solving o A m = 0 in the simplest case

®

Fig. 4.13. Solving 0 A 7 = 0 in a three-vertex diagram
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Fig. 4.14. The seven solutions of o A 7 = 0 in a four-vertex diagram
ﬁ
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Fig. 4.15. The ten solutions of o A = = 0 in a three-row diagram

®
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find all diagrams I" (7, o) that are non-flat (c A 7 = 0) and connected (o VV 7 = 1).
Having found, as before, all those that are non-flat, one just has to choose among
them those that are connected, that is, the diagrams whose rows cannot be divided
into two subset, each defining a separate diagram. These are: the second diagram
in Fig. 4.12, the last two in Fig. 4.13, the last six in Fig. 4.14, the sixth to ninth of
Fig. 4.15. Again as an example, observe that the second diagram in Fig. 4.15 is not
connected: indeed, in this case, # = {{1,2},{3},{4}}, 0 = {{1},{2},{3,4}}, and
TVo={{1,2},{3,4}} #1.

4.3 From Gaussian diagrams to multigraphs

A multigraph is a graph in which (a) two vertices can be connected by more than one
edge, and (b) loops (that is, edges connecting one vertex to itself) are allowed. Such
objects are sometimes called “pseudographs”, but we will avoid this terminology. In
what follows, we show how a multigraph can be derived from a Gaussian diagram.
This representation of Gaussian diagrams can be used in the computation of moments
and cumulants (see [35] or [68]).
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Fig. 4.16. A multigraph with three vertices

Fig. 4.17. A multigraph built from a circular diagram

Fix a set b and consider partitions m, o € P (b) such that I" (7, o) is Gaussian and
m = {by, ..., bx }. Then, the multigraph I" (7, o), with k vertices and |b| /2 edges, is
obtained from I" (7, o) as follows.

1. Identify each row of I" (7, o) with a vertex of I" (7, o), in such a way that the ith
row of I" (, o) corresponds to the ith vertex v; of I' (7, o).

2. Draw an edge linking v; and v; for every pair (z,y) such that € b;, y € b; and
T~ Y

Example 4.3.1 (i) The multigraph obtained from the diagram in Fig. 4.7 is given
in Fig. 4.16.
(i) The multigraph associated with Fig. 4.8 is given in Fig. 4.17 (note that this graph
has been obtained from a circular diagram).

The following result is easily verified: it shows how the nature of a Gaussian dia-
gram can be deduced from its graph representation.

Proposition 4.3.2 Fix a finite set b, as well as a pair of partitions (w,0) C P (b) such
that the diagram I" (7, o) is Gaussian and |7| = k. Then,

1. I'(m,0) is connected if and only if I (, o) is a connected multigraph.

2. I' (w,0) is non-flat if and only if I' (m, ) has no loops.

3. I' (m,0) is circular if and only if the vertices vy, ..., U, off (m,0) are such that: (i)
there is an edge linking v; and v;4 for every i = 1,....k — 1, and (ii) there is an
edge linking vy, and v;.
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Fig. 4.18. A non-connected flat diagram and its multigraph

As an illustration, in Fig. 4.18 we present the picture of a flat and non-connected
diagram (on the left), whose multigraph (on the right) is non-connected and displays
three loops.

This situation corresponds to the case b = [8],

T = {{172}7{37475}7{67778}}7 and
o= {{1,2},{3,4},{5,8},{6,7}}.

Section 4.4 provides a summary, as well as intuitive explanations.

4.4 Summarizing diagrams and multigraphs

The diagram I'(m, o) is:
Table 4.2. Diagrams

connected aVo=1 if the rows of 7 cannot be divided into two subsets, each
defining a separate diagram

non-flat TAoc=0 if the closed curves defining the blocks of o do not have
a horizontal portion

Gaussian if each block of o contains exactly two elements

circular if each row is linked to both the previous and next row
(with no other links)
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The multigraph corresponding to a Gaussian diagram (7, o) is:

connected nVo=1 if the multigraph is connected
non-flat TAo=0 if the multigraph has no loops
circular if the edges connecting the vertices form a cycle

Intuitive explanation for diagrams

1.

Connected diagrams: o V = = 1. Suppose that the rows of 7 can be divided into
two subsets, each defining a separate subdiagram. Then there is no way of joining
together the elements of these two subdiagrams in order to get o V 7 = 1. This is
the case, for example, in Fig. 4.1 where 7 = 0 = {{1,2}, {3}}, so that their join
equals {{1,2},{3}} andnot 1 = {1,2,3}. The diagram is therefore not connected.
On the other hand, there are no such problems with the diagram of Fig. 4.5 which
is connected.

Non-flat diagrams: o N\ ™ = 0. Since the blocks of  are depicted horizontally, if
o had some of its blocks partially horizontal as well, then 7 and ¢ would have that
part in common, and thus one would not have o A 7 = 0. In Fig. 4.2, the points 7
and 8 lie in a partly horizontal block of ¢ and hence o A 7 will not contain them as
singletons.

. Gaussian diagrams. As it will turn out, partitions o with blocks of size strictly

greater than 2 are often not present in a Gaussian context, for instance in the con-
text of moments and cumulants (see, for example, Corollary 7.3.1). This is why
diagrams I'(m, o), where every block of ¢ has exactly two elements are called
Gaussian.

. Circular diagrams. Circular diagrams are easily recognizable because the blocks

of o form a cycle (this is readily apparent in the multigraph representation). They
appear in the formulas for moments and cumulants of a Gaussian chaos of order
q = 2. For instance, the diagram in Fig. 4.8 is circular. See also the multigraph
representation in Fig. 4.17.
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Wiener-Ito integrals and Wiener chaos

We will now introduce the notion of a completely random measure on a Polish space
(Z, Z), as well as those of a stochastic measure of order n. > 2, a diagonal measure
and a multiple (stochastic) Wiener-1to integral. All these concepts can be unified by
means of the formalism introduced in Chapters 2—4. We shall merely remark that the
domain of the multiple stochastic integrals defined in this chapter can be extended
to more general (and possibly random) classes of integrands. We refer the interested
reader to the paper by Kallenberg ans Szulga [51], as well as to the monographs by
Kussmaul [59], Kwapieri and Woyczynski [61, Ch. 10] and Linde [64], for several
results in this direction.

5.1 Completely random measures

Diagonals and subdiagonals play an important role in the context of multiple integrals.
The following definitions provide a convenient way to specify them. In what follows,
we will denote by (Z, Z) a Polish space, where Z is the associated Borel o-field. A
Polish space is a complete separable metric space. The fact that we endow Z with the
Borel o-field Z makes (Z, Z) a so-called Borel space. Typical examples include R¢
with the Euclidean metric, the space C'[0, 1] of continuous functions on [0, 1] with the
sup-norm metric and the space C[0, c0) of continuous functions on [0, c0) with the
topology of uniform convergence on bounded sets (see, for example, [32]).

Definition 5.1.1 For every n > 1, we write (Z", 2") = (Z®", Z9"), with Z' = Z.
For every partition m € P ([n]) and every B € Z™, we set

Z”é{(zl,...,zn)EZ":zi:zj ifand only if i~ j} and

B, 2BnZ". (5.1.1)

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011



58 5 Wiener-1t6 integrals and Wiener chaos

Recall that ¢ ~, j means that the elements ¢ and j belong to the same block of the
partition 7. Relation (5.1.1) states that the variables z; and z; should be equated if and
only if 7 and j belong to the same block of 7.

Example 5.1.2 (i) Since 0 = {{1},...,{n}}, no two elements can belong to
the same block, and therefore Bj coincides with the collection of all vectors
(215 ..., 2n) € B such that z; # z;, Vi # j.
(ii) Since 1 = {{1,...,n}}, all elements belong to the same block and therefore

BT = {(Zl,...,Zn) S B =2 =.. = Z’n}

A set such as Bj is said to be purely diagonal.
(iii) Supposen =3 and 7w = {{1},{2,3}}. Then, B, = {(21,22,23) € B : 2z = 23,
Z1 7& Zz}.

The following decomposition lemma (whose proof is immediate and left to the
reader) will be used a number of times.

Lemma 5.1.3 For every set B € Z",
B =Usep(n)Bo = U, >5Bo-

Moreover B, N B, = @ if m # 0.

One has also that

(Apx o x Ap)p = (ML A) X - X (N7 Ad) g3 (5.1.2)
S -~ -
n times
indeed, since all coordinates are equal in the LHS of (5.1.2), their common value must
be contained in the intersection of the sets.

Example 5.1.4  As an illustration of (5.1.2), let A; = [0,1] and 4, = [0,2] be
intervals in R!, and draw the rectangle A; x A, = [0,1] x [0,2] € R2. The set
(A1 x Az)j (thatis, the subset of A; x A, composed of vectors whose coordinates are
equal) is therefore identical to the diagonal of the square (A; N A4;) x (4; N Ay) =
[0, 1]°. The set (A; x A,); can be visualized as the thick diagonal segment in Fig.
5.1

We shall now define a “completely random measure” , often called an “indepen-
dently scattered random measure”. It has two characteristics: it is a measure and it
takes values in a space of random variables. It will be denoted with its arguments as
¢ (B,w), where B is a Borel set and w is a point in the underlying sample space (2.
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Fig. 5.1. A purely diagonal set

The “size” of ¢ will be controlled by a non-random, o-finite and non-atomic measure
v, where

v (B) =K (B)*.

The measure v is called the control measure of ¢. The fact that v is non-atomic means
that v ({z}) = 0 forevery z € Z.

The measure ¢ will be used to define multiple integrals, where one integrates either
over a whole subset of ZP, p > 1, or over a subset “without diagonals”. In the first
case we will need to suppose E | (B)|” < oo; in the second case, one may suppose
as little as Ep (B )2 < 0o, which is a good reason for working with multiple integrals
where one excludes diagonals. In the first case, since p > 1 will be arbitrary, we shall
suppose that E ¢ (B)[” < oo, Vp > 1, that is, ¢ € N,>1LP (P). We now present the
formal definition of .

Definition 5.1.5 (1) Let v be a positive, o-finite and non-atomic measure on (Z, 2),
and let

Z,={B€Z:v(B) < o} (5.1.3)

A centered completely random measure (in N> LP (P)) on (Z, Z) with control mea-
sure v, is a function ¢ (-, ), from Z, x (2 to R, such that

(i) forevery fixed B € 2, the application w — ¢ (B,w) is a random variable;

(i) foreveryfixed B € Z,, ¢ (B) € Ny>1 LP (P);

(iil) for every fixed B € Z,, E[p (B)] = 0;

(iv) for every collection of pairwise disjoint elements of Z,,, B, ..., By, the variables
@ (B)) yeey ¢ (Bn) are independent;

(v) forevery B,C € Z,,

E[p(B)¢(C)] =v(BNC). (5.1.4)

(Note that this implies that E[p(2)?] = v(2) = 0, and therefore that p(J) = 0
a.s.-IP.)
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(2) When ¢ (+) verifies the properties (i) and (iii)~(v) above and ¢ (B) € L* (P),
VB € Z, (so that it is not necessarily true that ¢ (B) € L? (P), p > 2), we say that ¢
is a completely random measure in L* (P).

Remark. In what follows, we will systematically assume that v = 0, that is, that there
exists C' € Z such that v(C') > 0 and also that v is non-atomic. A Borel space Z can
be either finite, countable or have the cardinality of the continuum (see, for example,
Dudley [24, Th. 13.1.1] for more details). Since we assume that v is non-atomic, we
conclude that Z has the cardinality of the continuum, and hence that (Z, Z) is Borel-
isomorphic to ([0, 1], B([0, 1])), where B([0, 1]) stands for the Borel o-field of [0, 1].
Recall that (Z, Z) is Borel-isomorphic to ([0, 1], B([0, 1])) if and only if there exists a
bijection f from Z onto [0, 1] such that f and f~! are both measurable.

Two crucial remarks on additivity. (a) Let By, ..., B, ... be a sequence of disjoint
elements of Z,,, and let ¢ be a completely random measure on (Z, Z) with control v.
Then, for every finite N > 2, one has that va\,[:1Bn € Z,, and, by using Properties
(iii), (iv) and (v) in Definition 5.1.5, one has that

E <¢ (ULBi)) =D ¢ (Bn)> =v (U Bn) =Y v(Bn) =0, (5.15)

n=1 n=1

because v is a measure, and therefore it is finitely additive. Relation (5.1.5) implies in

particular that
N

¢ (UN1Bn) =) @ (B,), as-P. (5.1.6)

n=1

Now suppose that U>° | B,, € Z,. Then, by (5.1.6) and again by virtue of Properties
(iii), (v) and (vi) in Definition 5.1.5,

N 2
E (4,0 (Uflclen) - Z ¥ (Bn)>

n=1

E[(e (Ui — ¢ (U B)]

=v(UGinnBa) — 0.

N—o0

because v is o-additive. This entails in turn that
0 (U By) =307 ¢ (By), as.-P, (5.1.7)

where the series on the RHS converges in L? (P), and hence a.s. because the summands
are independent (this is a consequence of Lévy’s famous “Equivalence Theorem” —see,
for example, [24, Th. 9.7.1, p. 320]). Relation (5.1.7) simply means that the application

Z, — L*(P): B ¢(B),
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is o-additive, and therefore that every completely random measure acts like a o-
additive measure with values in the Hilbert space 2 (P). See, for example, Engel
[26], Kussmaul [59] or Linde [64] for further discussions on vector-valued measures.
(b) In general, it is not true that, for a completely random measure ¢ and for a fixed
w € {2, the application
Z,—>R:Br ¢(B,w)

acts like a o-additive real-valued (signed) measure. The most remarkable example of
this phenomenon is given by Gaussian completely random measures. This point is
related to the content of Section 5.11.

Notation. We consider the spaces (Z, Z) and (2™, Z™) = (Z®™, Z®™). Do not con-
fuse the subset Z* in (5.1.1), where 7 denotes a partition, with the class 2]’ in the
forthcoming formula (5.1.8) (see also (5.1.3)), where v denotes a control measure.

Now fix a completely random measure ¢ on (Z, Z). We want now to define a
corresponding measure ¢! on (Z", Z™) and we want that measure to have the nice
properties stated in the next definition. If !} has these nice properties, then we will
say that the underlying measure ¢ is a “good” measure. We start by defining ¢! on
rectangles. For every n > 2 and every rectangle

C:CIX--'XCn,CjEZV,

we define
‘P[n] (C) £ ‘p(cl) X X 90(07l)a

so that the application C' — ¢} (C') can be extended to a finitely additive application
on the ring of finite linear combinations of rectangular sets in Z™ with finite »™ mea-
sure, with values in the set of o (p)-measurable random variables. In the next definition
we focus on those completely random measures such that the application ¢! admits
a unique infinitely additive (and square-integrable) extension on Z" (more precisely,
on the class of those elements of Z™ having finite " measure). Here, the infinite ad-
ditivity (also called o-additivity) is in the sense of the L' () convergence. Note that
we write " to emphasize the dependence of ) not only on n, but also on the set
[n] = {1, ...,n}, whose lattice of partitions will be considered later. The basic idea is
as follows: the completely random measure ¢ is defined on Z; it will be “good” if it
induces a measure on Z" with the nice properties listed in the following definition.

Definition 5.1.6 Forn > 2, we write
Zy={CeZzZ": v"(C) < o} (5.1.8)

A completely random measure o, verifying points (i)—(v) of Definition 5.1.5, is said to
be good if, for every fixed n > 2, there exists a (unique) collection of random variables

oMl = {go[”] (C):Ce Z"}
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such that

i {eM(C):Cezr}CL?(P);
(ii) for every rectangle C =C| x ---x Cy, C; € Z,,

e (C) = (C1) -+ ¢ (Chn); (5.1.9)

(i) o™ is a o-additive random measure in the following sense: if C € ZD is such
that C = U2, C}, with the {C; } disjoints, then
o™ (C) = Z o™ (C}), with convergence (at least) in L' (P).  (5.1.10)

Jj=1

Remarks.

(a) The notion of a “completely random measure” can be traced back to Kingman’s
seminal paper [55]. For further references on completely random measures, see
also the two surveys by Surgailis [151] and [152] (note that, in such references,
completely random measures are called “independently scattered measures”). The
use of the term “good”, to indicate completely random measures satisfying the re-
quirements of Definition 5.1.6, is taken from Rota and Wallstrom [132] . Existence
of good measures is discussed in Engel [26] and Kwapien and Woyczynski [61,
Ch. 10]. For further generalizations of Engel’s results the reader is referred, for
example, to [51] and [133].

(b) We will sometimes write

olll = .

Note that, in the case n = 1, the g-additivity (5.1.7) of ¢ = ¢!!l in the a.s. sense
follows from point (v) of Definition 5.1.5. In the case n > 2, the assumption that
the measure ¢ is good implies o-additivity in the sense of (5.1.10).

(c) The o-additivity of the measures o) immediately implies the following continu-
ity property. Let {C, C}, : k > 1} be a collection of elements of Z* such that,
@A) either C; C C, C C5 C ...and C = UCy,or (i) C; D C, D C3 D ...
and C' = N;Cy. Then, as k — oo, the sequence ¢[™(C},) converges to ¢(C') in
L'(P). The proof of this fact follows from (5.1.10) and an argument analogous to
the non-random case.

Example 5.1.7 The following two examples of good completely random measures
will play a crucial role in the subsequent sections. Note that, in this book, we are not
going to provide a complete proof of the fact that a given measure is good (the reader is
referred to [26] and [61, Ch. 10] for a full treatment of this point). However, in Section



5.1 Completely random measures 63

5.8 we shall provide some hints about the arguments one must use in order to prove
that a measure is good, in the special case of measures generated by Lévy processes on
the real line. Note that, by a Borel isomorphism argument similar to the ones already
used in this section, one can always represent a completely random measure (CRM)
on a Polish space with non-atomic control in terms of a CRM on the real line.

®

(ii)

(iii)

A centered Gaussian random measure with control v is a collection G =
{G(B) : B € Z,} of jointly Gaussian random variables, centered and such that,
forevery B,C € Z,,E[G(C) G (B)] = v (C N B). The family G is clearly a
completely random measure. The fact that GG is also good is classic, and can be
seen as a special case of the main results in [26]. Some details can be found in
Section 5.8.

A compensated Poisson measure with control v is a completely random measure
N ={N (B): B € Z,}, as in Definition 5.1.5, such that,

VB e Z,, N(B)'Y N(B)—v(B),
where N (B) is a Poisson random variable with parameter
v(B) =EN (B) = EN (B)*.

The fact that N is also good derives once again from the main findings of [26].
A more direct proof of this last fact can be obtained by observing that, for al-
most every w, Nn] (-, w) must necessarily coincide with the canonical product
(signed) measure (on (Z™, Z™)) associated with the signed measure on (Z, Z)
given by N (;w) = N (-,w) — v (-) (indeed, such a canonical product measure
satisfies necessarily (5.1.9)).

A w-based proof as at Point (ii) cannot be obtained in the Gaussian case. Indeed,
if G is a Gaussian measure as in Point (i), one has that, in general, for almost
every w, the mapping B — G (B,w) does not define a signed measure. As an
example, consider the case where G is generated by a standard Brownian motion
{W; :t €10,1]} on [0, 1], in such a way that G([0,¢]) = W; (note that the paths
of W are assumed to be almost surely continuous). Then, the fact that G is a
signed measure with positive probability, would imply that the mapping ¢t — W,
has finite variation with positive probability (this is a standard property of signed
measures). However, this is inconsistent with the well-known fact that

n

Jm (W - we) =1

k=1

where the limit is in the sense of the convergence in probability. Note that this
last relation is a very special case of Theorem 5.11.1 below.
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5.2 Single Wiener-Ito integrals

Let ¢ be a completely random measure in the sense of Definition 5.1.5, with control
measure . Our aim in this section is to define (single) Wiener-1t6 integrals with respect

to .

Proposition 5.2.1 Let © be a completely random measure in L* (IP), with o-finite con-
trol measure v. Then, there exists a unique continuous linear operator h — ¢ (h), from

L? (v) into L? (P), such that
o (h) =Y cjo(By) (5.2.11)
j=1
for every elementary function of the type

h(z) =) ¢ilp, (2), (5.2.12)
j=1

where c; € R and the sets B; are in Z,, and pairwise disjoint.

Proof. In what follows, we call simple kernel akernel h as in (5.2.12). For every simple
kernel h, set ¢ (h) to be equal to (5.2.11). Then, by using Properties (iii), (v) and (vi)
in Definition 5.1.5, one has that, for every pair of simple kernels h, h/,

E [y (h) o ()] = /Z h() W (2)v (d2). (5.2.13)

Since simple kernels are dense in L? (1), the proof is completed by the following (stan-
dard) approximation argument. If b € L*(v) and {h,, } is a sequence of simple kernels
converging to h, then (5.2.13) implies that {¢(h,,)} is a Cauchy sequence in L*(P),
and one defines (k) to be the L?(P) limit of ¢(h,,). One easily verifies that the def-
inition of ¢(h) does not depend on the chosen approximating sequence {h}. The
application h +— (h) is therefore well-defined, and (by virtue of (5.2.13)) it is an
isomorphism from L? (v) into L? (P).

The random variable ¢ (h) is usually written as
/ h(2)p(dz), / hdy or If (h), (5.2.14)
z z

and it is called the Wiener-1t6 stochastic integral of h with respect to . By inspection
of the previous proof, one sees that Wiener-1t6 integrals verify the isometric relation

Elp(h)¢(9)] = [,h(2)g(2)v(d2) = (9.h) 12,y » Vg, h € L*(v). (52.15)
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Observe also that
Ep (h) =0.

If B € Z,,, we write interchangeably ¢ (B) or ¢ (1p) (the two objects coincide,
thanks to (5.2.11)). For every h € L? (v), the law of the random variable ¢ (h) is
infinitely divisible (see Section 5.3).

5.3 Infinite divisibility of single integrals

Let ¢ be a completely random measure in the sense of Definition 5.1.5, with control
measure v. Our aim in this section is to give a characterization of the single Wiener-
It6 integrals, as appearing in Proposition 5.2.1, as infinitely divisible random variables.
Since these integrals have mean zero and finite variance, we do not use the most gen-
eral representations of infinitely divisible distributions but only those corresponding
to random variables with mean zero and finite variance. Infinitely divisible laws are
introduced in many textbooks, see, for example, Billingsley [8], Sato [136] or Steu-
tel and van Ham [148], to which we refer the reader for further details. We recall the
definition.

Definition 5.3.1 A random variable X is said to be infinitely divisible if, for any
n > 1, there are i.i.d. random variables X; ,, j = 1,...,n, such that the following
equality in law holds:

XN X, (5.3.16)
j=1

Proposition 5.3.2 Ler ¢ be a completely random measure on the Polish space (Z, Z),
with non-atomic control v. Then, for every B € Z,, the random variable p(B) is
infinitely divisible.

Proof. We can assume that v # 0. As already observed in a remark following Defini-
tion 5.1.5, since v is non-atomic and Z is a Polish space whose Borel o-field is given
by Z, there exists a one-to-one mapping f : (Z,Z) — ([0, 1], 8([0, 1])) such that f
and f~! are both measurable. For every A € B([0, 1]), write v7(A) = v(f~1(A)). It
is clear that v is a Borel non-atomic measure on ([0, 1], B([0, 1])), and also that the
collection of random variables

or ={vs(A): Ae B([0,1]), vy(4) < oo},

where ¢ (A) = @(f~!(A)), is a completely random measure on ([0, 1], B([0,1]))
with control v (as defined in Definition 5.1.5). Since, for every B € Z,, one has
that v¢(f(B)) = v(B) < oo and ¢(B) = ¢¢(f(B)), it is therefore sufficient to
prove that, for every A € B([0, 1]) such that v;(A) < oo, the variable ¢ (A) has an
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infinitely divisible law. To show this, fix such a set A and, for every integer n > 1,
write Ay, = AN [0, }],and A; , = An (!, *“t'],i=1,...,n — 1. By construction,
one has that, for a fixed n, the random variables @(Ai,n) are independent. Moreover,
by additivity, for every n,

n—1
0r(A) = r(Ain). (5.3.17)
1=0

If the pf(Ain), ¢ = 0,1,...,n — 1, were identically distributed, then (5.3.16) would
be satisfied and we would conclude that ¢ (A) is infinitely divisible. To reach this
conclusion in our situation, note that, since vy is non-atomic, the mapping ¢ +— vy (AN
[0, ¢]) is continuous and hence uniformly continuous on [0, 1], since [0, 1] is a compact
interval. Therefore, for any € > 0 one has that (by Chebyshev’s inequality),

_mmax _ Pllos(Ain)| > €

max;—o,...,n—1 Vf(Ai,n)

€2
maxi—o,...n—1[Vf(AN[0, (i +1)/n]) — v (AN[0,i/n])]
€2

_>()7

as n. — oo. In addition, one has trivially that Z?;OI ¢ ¢(A;,,) converges in distribu-
tion to s (A). We can now use Khintchine’s Theorem (see below) in the special case
Xin = ¢s(4;,) and S = ¢y(A), and deduce immediately that ¢ ;(A) is infinitely
divisible and so is therefore ¢(B) for every B € Z,,.

In the previous proof, we have used the so-called Khintchine’s Theorem, that we
state (for the sake of completeness) in a form that is adapted to our framework. For a
proof, see for example, Sato [136, Th. 9.3, p. 47].

Theorem 5.3.3 (Khintchine’s Theorem) Let {X;, :n>1, i=0,...,n—1} bean
array of real valued random variables such that, for a fixed n, Xo n, X1 n,.os Xn—1,n
are independent. Assume that, for every € > 0,

lim  max 1IE”(|XML| >e€) =0,

n—o0 1=0,1,...,n

—1 .
and that, as n — oo, the sums S,, = Z?:o Xin, m > 1, converge in law to some

random variable S. Then, S has an infinitely divisible distribution.

Having established that ¢ (B) is infinitely divisible, we shall now determine its
so-called Lévy-Khintchine representation. Using the one for infinitely divisible distri-
butions with finite variance (see, for example, Billingsley [8, Th. 28.1]), we have that,
for every B € Z,, there exists a unique pair (¢? (B) ,ap) such that ¢ (B) € [0, 00)
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and ap is a measure on R satisfying

ap ({0}) =0 and /xzag (dz) < oo, (5.3.18)
R

and, for every 6 € R,

E [exp (i0¢ (B))] = exp [, B L[ (exp (i6x) — | — ibx) ap (do)| .
(5.3.19)

The measure o is called a Lévy measure, and the components of the pair (¢*(B), ag)
are called the Lévy-Khintchine characteristics associated with o (B). Also, the expo-
nent
2 2
_© (f) 0 + /]R (exp (i0z) — 1 —ifx) ap (dz)

is known as the Lévy-Khintchine exponent associated with ¢ (B). Plainly, if ¢ is Gaus-
sian, then ap = 0 for every B € Z, (the reader is referred, for example, to [136] for
an exhaustive discussion of infinitely divisible laws). The representation (5.3.19) is
valid for infinitely divisible distributions with mean zero and finite variance.

The following result relates higher moments of the random variable ¢(B) to the
“moments” of the measure ap.

Lemma 5.3.4 Foranyk > 3
E|p(B)|* < oo ifand only if / lz[*ap(dr) < oc. (5.3.20)
R

Proof. This a consequence of a result by Wolfe [163, Th. 2].

Proposition 5.3.2 states that ¢(B) is infinitely divisible. The next proposition states
that p(h), h € L?(v),is also infinitely divisible and provides a description of the Lévy-
Khintchine exponent of ¢ (h). The proof is taken from [108] and uses arguments and
techniques developed in [127] (see also [60, Sect. 5]). Following the proof, we present
an interpretation of the result.

Proposition 5.3.5 For every B € Z,, let (¢* (B),ag) denote the pair such that
¢ (B) € [0,00), ap verifies (5.3.18) and

c*(B)#?

Dy /R (exp (0) — 1 — i62) (dw)}

(5.3.21)

E [exp (i8 (B))] = exp {
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Then, the following holds:

1.

3.

The application B +— ¢ (B), from Z,, to [0, c0), extends to a unique o-finite mea-

sure ¢* (dz) on (Z, Z), such that
& (dz) < v (dz),

where v is the control measure of .
There exists a unique measure o on (Z x R, Z x B(R)) such that

Oz(BXC’):OéB(C),
forevery B € Z,and C € B(R).

There exists a function
oy Z x B(R) — [0, 0]
such that
(i) forevery z € Z, p, (z,-) is a Lévy measure' on (R, B (R)) satisfying
/:I:zpl, (z,dz) < o0
R
(ii) for every C € B(R), py (-, C) is a Borel measurable function;
(iii) for every positive function g (z,x) € Z @ B(R),
/ / z,2) py (z,dx) v (dz) / / z,x)a(dz,dx).  (5.3.22)
For every (0,z) € R x Z, define
62 :
K,(0,z) =— ) o (2) +/ (e — 1 —i0z) p, (2,dz), (5.3.23)
R

where

then, for every h € L* (v)

/|K Oh (2),2)| v (dz) <
and

E [exp (ifp (h))] (5.3.24)

= exp {— 5 /Zh2 (2) 02 (2) v (dz)

+/Z/]R (eieh(z)x — 1 —ibh () 1:) Py (z,dx)l/(dz)] .

" That is, p, (z,{0}) = 0 and [, min (1,2%) p, (2,dz) < 0o
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Sketch of the proof. The proof follows from results contained in [127, Sect. II]. Point
1 is indeed a direct consequence of [127, Proposition 2.1 (a)]. In particular, whenever
B € Z is such that v (B) = 0, then E[p (B)*] = 0 (due to Point (vi) of Defini-
tion 5.1.5) and therefore ¢? (B) = 0, thus implying

A2 < .

Point 2 follows from the first part of the statement of [127, Lemma 2.3]. To establish
Point 3 define, as in [127, p. 456],

v (B) = & ( /mm 1,2%) ap (dz) = & /mln (1,2%) a (B, dz),

(5.3.25)
whenever B € Z,,, and observe (see [127, Definition 2.2]) that v (-) can be canonically
extended to a o-finite and positive measure on (Z, Z). Moreover, since v (B) = 0 im-
plies ¢ (B) = 0 a.s.-PP, the uniqueness of the Lévy-Khinchine characteristics implies
as before v (B) = 0, and therefore

v(dz) < v(dz).

Observe also that, by standard arguments, one can select a version of the density
(dv/dv) (z) such that
(dy/dv) (z) < o0

for every z € Z. According to [127, Lemma 2.3], there exists a function p : Z X
B (R) +— [0, 00], such that:

(a) p(z,-)is a Lévy measure on B (R) for every z € Z;
(b) p(-,C) is a Borel measurable function for every C' € B (R);
(c) for every positive function g (z,z) € Z @ B(R),

/Z/Rg(z,w)p(%dw)v(d@ :/Z/Rg(z,x)a(dz,d:r). (5.3.26)

In particular, by using (5.3.26) in the case g (z,2) = 15 (2) 2* for B € Z,,,

/B/szp (z,dx) v (dz) = /szaB (dz) < oo,

since ¢ (B) € L? (P), and we deduce that p can be chosen in such a way that, for every

z € 4,
/mzp(z,dm) < 0.
R

Now define, for every z € Z and C € B (R),

o0 = (G ) .0,
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so that i
pu (z.d2) v (d2) = p(2,dw) ")) (2) v(d2) = p (2. d2) 7(dz), (53.27)

and observe that, due to the previous discussion, the application p, : Z x B(R) —
[0, oo trivially satisfies properties (i)-(iii) in the statement of Point 3, which is therefore
proved.

To prove Point 4, first define (as before) a function h € L? () to be simple if

= Z aiqu‘, (Z)
=1

where a; € R, and (By, ..., B,,) is a finite collection of disjoint elements of Z,. Be-
cause of (5.3.21), the relations (5.3.24) hold for such a simple kernel i(z).

Of course, the class of simple functions (which is a linear space) is dense in
L? (v), and therefore for every L? () there exists a sequence h,,, n > 1, of simple
functions such that [, (hy (2) — h (2))*v (dz) — 0. As a consequence, since v is
o-finite there exists a subsequence ny, such that h,,, (z) — h(z) forv-a.e. z € Z (and
therefore for y-a.e. z € Z) and moreover, for every B € Z, the random sequence
¢ (1ghy,) is a Cauchy sequence in L? (IP), and hence it converges in probability. In
the terminology of [127, p. 460], this implies that every h € L? () is p-integrable,
and that, for every B € Z, the random variable ¢ (h1p), defined according to
Proposition 5.2.1, coincides with [ h (z) ¢ (dz), i.e. the integral of i with respect to
the restriction of ¢ (-) to B, as defined in [127, p. 460]. As a consequence, by using
a slight modification of [127, Proposition 2.6]* (which basically exploits the fact that
(5.3.24) is trivially satisfied by simple kernels, and then proceeds by approximation),
the function Ky on R x Z given by

2
Ky (0,z2) = —i ot (2) +/ (e — 1 —ibz) p(z,dx),
R

where 0} (z) = (dc?/dy) (2), is such that [, |Ko (0 (z),z)|7 (dz) < oo for every
h € L* (v), and also

E [exp (i8¢ (h))]

o)
_ / [ 2 V02 () + /R (e — 1 — o (z)x)p(z,dw)]v(dz)
_ /Z Ko (0h (2),2) 7 (d2). (53.28)

The fact that, by definition, K, in (5.3.23) verifies
K, (0h(2),2) = Ko (0h(2), 2) 32 (2), Vz€ ZNheI?(v),v0 R,
yields (5.3.24).

2 The difference lies in the choice of the truncation.
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Interpretation of Proposition 5.3.5 The random variable ¢(h) can be viewed as a
“sum” of random variables h(z)¢(dz), each with its own Lévy measure. To make
this statement precise, it is best to look at ¢(1p), where B be a given set in Z,,. The
characteristic function of the random variable ¢(B) or (1) involves the Lévy char-
acteristic

(*(B), ap),

where ¢?(B) is a non-negative constant and ap(dx) is a Lévy measure on R. We
want now to view B € Z, as a “variable” and thus to extend ¢*(B) to a measure
c*(dz)on (Z, Z),and ap(dz) to ameasure a(dz, dxr) on Z® B(R). Consider first a .
According to Proposition 5.3.5, it is possible to extend « g (dx) to a measure «(dz, dx)
on Z ® B(R), which can be expressed as

a(dz,dx) = p,(z,dz)v(dz) = p(z,dz)v(dz), (5.3.29)

by (5.3.27), where both p, and p are functions on Z x B(R). The functions p,, and p
are both Radon-Nykodim derivatives: p, (z, dx) is the Radon-Nykodim derivative of
a(dz, dx) with respect to the control measure of v(dz) of ¢(dz), and p(z, dx) is the
Radon-Nykodim derivative of «(dz, dx) with respect to the Lévy measure defined in
(5.3.25). Observe, however, that p enters only in the proof, and not in the statement
of Proposition 5.3.5. Thus, in view of (5.3.29), the measure «(dz, dx) is obtained as a
“mixture” of the Lévy measures p, (z, -) and p(z, -) over the variable z, using respec-
tively either the control measure v or the Lévy measure -y as a mixing measure.

A similar approach is applied to the Gaussian part of the exponent in (5.3.21),
involving c?(B). The coefficient ¢*(B) can be extended to a measure c?(dz), and this
measure can be moreover expressed as

A(dz) = o (2)v(dz), (5.3.30)

where o2 is the density of ¢? with respect to the control measure v of . This allows us
to represent the characteristic function of the Wiener-It6 integral () asin (5.3.24). In
that expression, the function h(z) appears explicitly in the Lévy-Khintchine exponent
as a factor to the argument 6 of the characteristic function. One would obtain the Lévy-
Khintchine characteristics by making a change of variables, setting for example, u =
h(z)x and v = x.

Example 5.3.6 (i) If ¢ = G is a centered Gaussian measure with control measure
v, then o = 0 and ¢? = v (therefore 02 = 1) and, for h € L? (v),

E [exp (i0G (h))] = exp [—922 /Z % (z)u(dz)]
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~

(i) If ¢ = N is a compensated Poisson measure with control measure v, then
(-)=0and
oy (z,dz) = 6 (dx)
forall z € Z, where 8 is the Dirac mass at z = 1. It follows that, for h € L? (v),

E [exp (z@J\Af (h))} = exp [/Z (ewh(z) —1—146h (z)) v (dz)} . (5331

(iii) We are interested in the random variable

//ulB N (du,dz),

where (Z, Z) is a Polish space and N is a centered Poisson random measure on
RxZ

(endowed with the usual product o-field) with o-finite control measure
v (du, dz). The random variable ¢ (B) describes the sum of Poisson jumps of
size v during the “time” interval B (if Z C Ry).

Define the measure p on (Z, Z) by

//ulB v (du,dz) .

B ¢(B // ulp (z du ,dz), (5.3.32)

Then, the mapping

where B € Z,, = {B € Z: u(B) < oo}, is a completely random measure on
(Z, £), with control measure p. In particular, by setting

kg (u,z) =ulp(2),

one has that the characteristic function of N (k) is given by (5.3.31), with v/(dz)
replaced by v(du, dz). Thus

E [exp (i8¢ (B))] = E |exp (0N (kp) )|
= exp // ( 0kp(wz) _ 1 _ jfkp (u,z)) u(du,dz)}
= exp // ( 0ule(z) 1 —ifulp (z)) V(du,dz)}
(e

= exp // O 1 —ifu) 1p (2) v (du,dz)} (5.3.33)

= exp / (e — 1 —ifu) ap (du)], (5.3.34)
L/R
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where

ap (du) = /Z 15 (2) v (du,dz) (5.3.35)

(compare with (5.3.19)). A key step in the argument is (5.3.33).

Keep the framework of Point (iii). When the measure v is a product measure
of the type v (du,dz) = p(du) 5 (dx), where § is o-finite and p (du) verifies
p({0}) = 0and [; u?p (du) < oo (and therefore ap (du) = 3 (B) p (du)), one
says that the completely random measure  in (5.3.32) is homogeneous (see, for
example, [105]). In particular, for a homogeneous measure ¢, relation (5.3.34)
gives

E [exp (i0p (B))] = exp [ﬂ (B)/]R (ew“ —1—ifu)p(du)|. (5.3.36)

From (5.3.36) and the classic results on infinitely divisible random variables (see,
for example, [136]), one deduces that a centered and square-integrable random
variable Y is infinitely divisible if and only if the following holds: there exists a
homogeneous completely random measure ¢ on some space (Z, Z), as well as
an independent centered standard Gaussian random variable G, such that

law

Y = aG+ ¢ (B), forsomea > 0and B € Z.
Let the framework and notation of the previous Point (iii) prevail, and assume
moreover that:
(D) (Z,2) = ([0,00),B([0,00))), and

(2) v (du,dx) = p(du) dz, where dz stands for the restriction of the Lebesgue
measure on [0, 00), and p verifies p ({0}) = 0 and [, u?p (du) < oc.

Then, the process
tr—><p([0,t]):// uN (du,dz), t>0, (5.3.37)
R J[0,1]

is a centered and square-integrable Lévy process (with no Gaussian component)
started from zero: in particular, the stochastic process ¢ — ¢ ([0, ¢]) has indepen-
dent and stationary increments. Let

X(t) = @0([0>t])7 t >0,

denote this process. It has the following interpretation. In view of (5.3.37), if the
Poisson measure N has a point in the box (du, dt), then the process X (¢) has a
jump of size u in the time interval (¢,¢ + dt).
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(vii) Conversely, every centered and square-integrable Lévy process Z; with no Gaus-

sian component is such that Z; faw © ([0, ¢]) (in the sense of stochastic processes)

for some ¢ ([0, t]) defined as in (5.3.37). To see this, just use the fact that, for ev-
ery t,

E [exp (16Z;)] = exp [t/ (e — 1 —ifu) p (du)| , (5.3.38)
R

where the Lévy measure verifies p ({0}) = 0 and [ u?p (du) < oo, and ob-
serve that this last relation implies that ©([0,¢]) and Z; have the same finite-
dimensional distributions. This fact is the starting point of the paper by Farré et
al. [28], concerning Hu-Meyer formulae for Lévy processes.

Remark. Let (Z, Z) be a Polish space. Point 4 in Proposition 5.3.5 implies that ev-
ery centered completely random measure ¢ on (Z, Z) has the same law as a random
mapping of the type

<p:B|—>G(B)—|—/R/Zu13(z)]\7(du,dz),

where GG and NN are, respectively, a Gaussian measure on Z and an independent com-
pensated Poisson measure on R x Z.

Example 5.3.7 (i) (Gamma random measures) Let (Z, Z) be a Polish space, let A >

0 (interpret A as a “rate”) and let N be a centered Poisson random measure on
R x Z with o-finite control measure

v(du,dz) =

PNy dus (d2).
u

where (3 (dz) is a o-finite measure on (Z, Z). Now define the completely random
measure ¢ according to (5.3.32). By using (5.3.35) and the fact that

exp (—Au)

ap (du) = 3(B) Luso du,

one infers that, for every B € Z such that 5 (B) < oo and every real 6,
E [exp (i (B))]
o -
= exp {5 (B) / (e — 1 — i) &P M) du}
0

u

— exp [5(3) /0 h (e““@u - 1) eXpi_“) du] exp (—i0A~13 (B))

1
T (1= ix19)P® exp (—iAT'08 (B)), (5.3.39)
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thus yielding that ¢ (B) is a centered Gamma random variable, with rate A (mean
1/)) and shape parameter 3 (B). To verify (5.3.39), observe that, if a is a suitable
constant, then

/ e 1e*“du = z/ (/ ei“"’”dx> e “du
0

u 0 0
a poo ) L |
_ Z/ / e—(l—wc)ududx _ Z/ o dx = —ln(l — ia).
o Jo 0o 1—1ix

The completely random measure ¢ (B) has control measure (3, and it is called a
(centered) Gamma random measure. Note that ¢ (B) + 3 (B) > 0, a.s.-P, when-
ever 0 < 3(B) < oo because it gives us back the usual non-centered Gamma
measure. See, for example, [37, 38, 45, 157], and the references therein, for recent
results on (non-centered) Gamma random measures.

(ii) (Dirichlet processes) Let the notation and assumptions of the previous example
prevail, and assume that 0 < 3 (Z) < oo (that is, 3 is non-zero and finite). Then,
v (Z)+ £ (Z) > 0 and the mapping

¢ (B)+3(B)
©(Z)+B(2)

defines a random probability measure on (Z, Z), known as Dirichlet process with
parameter (3. Since the groundbreaking paper by Ferguson [30], Dirichlet pro-
cesses play a fundamental role in Bayesian non-parametric statistics: see, for ex-
ample, [44, 75] and the references therein. Note that (5.3.40) does not define a
completely random measure (the independence over disjoint sets fails): however,
as shown in [104], one can develop a theory of (multiple) stochastic integration
with respect to general Dirichlet processes, by using some appropriate approxima-
tions in terms of orthogonal U-statistics. See [119] for a state of the art overview
of Dirichlet processes in modern probability.

(iii) (Compound Poisson processes, I) Keep the framework and assumptions of for-
mula (5.3.38), and assume that p(-) = A x 7(+), where A > 0 and 7 is a probability
measure on R, not charging zero and such that f]R am(dx) = 0. Then, Z; has the
same law (as a stochastic process) as the following compound Poisson process

B—s (5.3.40)

Ny
tP=YY;, t>0, (5.3.41)

j=1

where N = {N; : t > 0} is a standard Poisson process with parameter )\, and
{Y; : j > 1} is an ii.d. sequence with common law equal to 7, independent of
N. To see this, observe that P; is a process with independent increments, define

#(0) = /R e (dx)
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to be the characteristic function of 7, and finally exploit independence to write
E [ew PO YJ}

~E[3(0)"]
= exp [M(7(6) — 1)]

= exp {)\t/(ew”} —1—0z)mw(dx)
R
=E [e9%]. (5.3.42)

(iv) (Compound Poisson processes, II) This is an exercise for you: consider a com-
pound Poisson process P; as in (5.3.41), except that this time we assume that
w({0}) > 0, that is, the “weights” Y; can be zero with positive probability. Show
that P, has the same law as a process Z; as in (5.3.38), with p given by:

p(A) = A xm(An{z:z > 0}).

5.4 Multiple stochastic integrals of elementary functions

We now fix a good completely random measure ¢, in the sense of Definition 5.1.6 of
Section 5.1. We defined there the corresponding random measure ¢! on Z”.

We now consider what happens when (™l is applied not to a set C € Z7 but to
its restriction C;, where 7 is a partition of [n] = {1,...,n}. The set C is defined
according to (5.1.1), namely C,; is the subset of points z = (21, ..., 2,,) € Z™ such that
z; = zj if and only if ¢ ~, 7. We shall also apply ©[™ to the union Uo>rCo.

It will be convenient to express the result in terms of C, and thus to view @[ (C),
for example, not as the map ") applied to C.;, but as a suitably restricted map applied
to C.

This restricted map will be denoted Stﬁ’[”]

where “St” stands for “Stochastic”. In this way, the restriction is embodied in the map,
that is, in the measure, rather than in the set.
Thus, fix a good completely random measure ¢, as well as an integer n > 2.

Definition 5.4.1 For every © € P ([n]), we define the two random measures:*

st2 (o) 2 oMl (c), Cez (5.4.43)

3 From here on (for instance, in formula (5.4.44)), the expressions “oc > 7 and “m < ¢” are
used interchangeably.
4 Here, we use a slight variation of the notation introduced by Rota and Wallstrom in [132].

They write St and ¢!, instead of StZ’'™! and Sti;[rn] respectively.
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and
St (C) 2 oI (UpnaCo) = 3,5, SEET(0), Cezl (5444

that are the restrictions of ™, respectively to the sets 23} and Us>n 27, as defined
in(5.1.1).

The notation St#[") (together with Sti;[r"] (C)) will be used extensively. It lists:

(i) ¢ = the random measure on Z;

(i1) n = the dimension of the space Z™;
(iii) [n] ={1,--- ,n} = the set of indices involved;
(iv) 7 = the partition which describes the restriction of the map to Z7.
In particular, one has the following relations:

° Sti’ﬁ[n] = "] because the subscript “ > 0~ involves no restriction. Hence, Sti’é[n]

charges the whole space, and therefore coincides with " (see also Lemma 5.1.3);
° Stg"'["] does not charge diagonals (it charges the whole space minus its diagonals);

o Stf’[n] charges only the full diagonal set Zi”, namely {z) =2 = =z, };
o forevery o € P ([n]) and every C € Z), Stg’in] (C) = sti’ﬁ[n] (cnzm.
When n = 1, we write
sty =se (@)=l (€)= ¢(C). Ce 2z, (5.4.45)

and, more generally,

st () = s (f) = (F) = o (f), felPw) (5.4.46)

Observe that (5.4.45 and 5.4.46) are consistent with the trivial fact that the class P ([1])
contains uniquely the trivial partition {{1}}, so that, in this case, | =0 = {{1}}.

We now define the class £ (v™) of elementary functions on Z™. This is the collec-
tion of all functions of the type

f(zn)=> kilc, (zn), (5.4.47)
=1
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where k; € R and every C; € Z} has the form C; = C’jl. X oo+ X CJ’»L, C’f € Z,
(£ =1,...,n). Forevery f € £ (v™) as above, we set

sl (f) = [ fasepl =N ksl (5.4.48)
Zn o
and we say that St2'" ( f) (resp. Sté;[r"] (f)) is the stochastic integral of f with respect

to S (resp. St "l (). For C € Z7, we write interchangeably Al (C) and
stz (1¢) (resp. Stg () and St“;[rn] (1¢)). Note that (5.4.44) yields the relation

sy (1) = 3o st ()

o>

Stg;[r”] (f) = fdstZ;
Z’rl

sy, (5.4.49)

We can therefore apply the Mobius formula (2.5.26) in order to deduce the inverse
relation

ST () = Soon i (1,0) ST (1), (54.50)

(see also [132, Proposition 1]).

Remark. The random variables St2™ (f) and Sti;[r"] (f) are elements of L? (P) for
every f € £ (v™). While here f is an elementary function, it is neither supposed that
f is symmetric nor that it vanishes on the diagonals.

5.5 Wiener-Ito stochastic integrals

We consider the extensmn of the integrals St¥’ [l (f) to non-elementary functions f
inthe case 7 = 0 = {{1},...,{n}}. In view of (5.1.1) and (5.4.43), the random
measure St%a’["] does not charge diagonals (see Definition 5.1.1, as well as the subse-
quent examples). The fact that one does not integrate on diagonals yields an important
simplification.

We start with a heuristic presentation. While relation (5.2.14) involves a simple
integral over Z, our goal here is to define integrals over Z™ with respect to Stg’[n]. In

this case, instead of writing

szl ()= [ paset

as in (5.4.48), we often write

Iy (f) = . (21 zn) @ (dzy) - - @ (dzp) . (5.5.51)
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Thus our goal is to define multiple integrals of functions f : Z" — R, of the form
(5.5.51).

Since the integration is over Zg* we are excluding diagonals, that is, we are asking
that the support of the integrator is restricted to the set of those (21, ..., 2, ) such that
z; # zj forevery i # j, 1 <4, j < n. To define the multiple integral, we approximate
the restriction of f to Z; by special elementary functions, namely by finite linear com-
binations of indicator functions 1¢, ...xc,, » where the C’s are pairwise disjoint sets
in Z,,. This will allow us to define the extension by using isometry, that is, relations of
the type

E[17 (] = nt [ f(aseza)v(dan) - v (dan)
zn

=n! F 21y zn) v (day) - - v (day) . (5.5.52)
zr

Note that the equality (5.5.52) is due to the fact that the control measure v is non-
atomic, and therefore the associated deterministic product measure never charges di-
agonals. It is enough, moreover, to suppose that f is symmetric, because if

1
f(zla"'azn) = n! Z f(zw(l)7"'7'zw(n)) (5553)

Twes,

is the canonical symmetrization of f (&,, is the group of the permutations of [n]), then
15 (f) = I3 (f). (5.5.54)

This last equality is just a “stochastic equivalent” of the well-known fact that inte-
grals with respect to deterministic symmetric measures are invariant with respect to
symmetrizations of the integrands. Indeed, an intuitive explanation of (5.5.54) can be
obtained by writing

L7 (f)= [ fdel™ =/nf [1zgd¢["q

n
Z

and by observing that the set Zj is symmetric>, so that I (f) appears as an integral
with respect to the symmetric stochastic measure 1z, del™.

From now on, we will denote by Z¢,, = Z (the dependence on v is dropped,
whenever there is no risk of confusion) the symmetric o-field generated by the elements
of Z of the type

C= U Cu1y X Cya) X -+ X Cy(n), (5.5.55)
weS,

> Thatis: (21, ..., 2n) € Zg" implies that (2y,(1), -+, Zw(n)) € Z; forevery w € &y,
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where {C; : j = 1,...,n} C Z, are pairwise disjoint and &,, is the group of the per-
mutations of [n]. The label “s” stands for “symmetric”. We stress that, by definition,
the class Z',, is a o-field, whereas Z,} is not.

Remarks.

(a) We use the symbol “~ differently for sets and functions. On sets, it corresponds
to union over all permutations, see (5.5.55), whereas, for functions it involves a
division by the number of permutations (see (5.5.53)).

(b) One can easily show that Z7' is the o-field generated by the symmetric functions
on Z" that are square-integrable with respect to v™, vanishing on every set Z
such that 7 # 0, that is, on all diagonals of Z" of the type {z;, = - - - = Zi; b
1< <--- <y <

By specializing (5.4.43)-(5.4.49) to the case m = 0, where

st (f) =12 (f),

we obtain an intrinsic characterization of Wiener-Ité6 multiple stochastic integrals, as
well as of the concept of stochastic measure of order n > 2. The key is the following
result, proved in [132, p. 1268].

Proposition 5.5.1 Let ¢ be a good completely random measure.
(A) Forevery f € £ (V™),

where fis given in (5.5.53). In other words, the measure St g”[n] is symmetric.
(B) The collection

{St olloy:oe Zﬁ} (5.5.57)
is the unique symmetric random measure on Z,} verifying the two following properties:

(i) St g’[n] (C) = 0 for every C' € Z such that C C Z" for some 7 # 0;
(ii) for every set C as in (5.5.55), one has

ste (C) =8t (15) =nlp (C) x 9 (C2) x -+ x 9 (Cn).
(5.5.58)

Remark. Note that St g’[n] is defined on the class Z”, which also contains non-

v
symmetric sets. The measure St i[nl

C € 2, the following equality holds:

is “symmetric” in the sense that, for every set

st (€)= 86571 (Cu) s as-P,
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where w is a permutation of the set [n], and

Cy = {(217...7zn) SAE: (Zw(1)7 ...,zw(n)) € C}.

Thus, the result does not depend on which permutation one considers.

Notation. For n > 2, we denote by L2 (v™) the Hilbert space of symmetric and square
integrable functions on Z" (with respect to ™). We sometimes use the notational
convention: L2 (v') = L? (v') = L*(v). We write

Eso (V") (5.5.59)

to indicate the subset of L2 (v™) composed of elementary symmetric functions van-
ishing on diagonals. We also write

50 (Vn)

to indicate the subset of L? (v™) composed of elementary functions vanishing on di-
agonals. This means that:

(@) &0 (v™) is the class of functions of the type f = Z;n:l ki1

and every 5j C Zg has the form (5.5.55), and
(ii) & (v™) is the class of functions of the type f = 37", k;j1c,, where k; € R and
every C} is the Cartesian product of n disjoint subsets of Z with finite v measure.

& where k; € R

The index 0 in &; o (v™) refers to the fact that it is a set of functions which equals 0 on
the diagonals. Since v is non-atomic, and v™ does not charge diagonals, one deduces
that & o (") is dense in L2 (v™). More precisely, we have the following:

Lemma 5.5.2 Fixn > 2. Then, & (V") is dense in L? (v™), and Eso (V") is dense in
L (v™).

Proof. Since, for every h € L2 (v) and every f € & (v™), by symmetry,

<h7 f>L2(1/”) = <ha f>L2(l/”)9

it is enough to prove that & (v™) is dense in L? (v™). We shall only provide a detailed
proof for n = 2 (the general case is absolutely analogous, albeit it requires a more
involved notation). To prove the desired claim, it is therefore sufficient to show that
every function of the type

h(z1,22) = 1a(21) 15 (22),

with A, B € Z,,, is the limit in L? (1/2) of linear combinations of products of the type
1p, (21) 1p, (22), with Dy, D, € Z, and Dy N D, = (). To do this, define

C] = A\B, Cg = B\A andC3 :AQB,
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so that

h = 101 102 =+ 101 1C3 =+ 1(;3102 =+ 103103.
If v (C5) = 0, there is nothing to prove. If v (C3) > 0, since v is non-atomic, for
every N > 2 we can find disjoint sets C5 (i,N) C Cs,i = 1,...,N, such that
v(Cs (i, N)) = v (C5) /N and UY_,C5 (i, N) = Cs. It follows that

Lo (2) 10 () = Y Loy (21) 1o (22)
I<iZG<N
N

+ Z LYGNINp! (z1) o6, (22)
i=1

= h (Z],Zz) + hy (2172’2) .
Plainly, h; € & (v™), and

N 2
I/(O )
||h2||2LZ(V" z : 03 7’ N ]\]3 .

Since N is arbitrary, we deduce the desired conclusion.

The proof of the following result can be deduced from (5.5.58) is left to the reader.

Proposition 5.5.3 Let the above assumptions and notations prevail.

1. One has that, Vn,m > 1,
@,[m] ®,[n] _ n
E Sty (f)St5 (9)| = nm x 0! . f(zn)g(zn)v" (dz,), (5.5.60)

Vi€ &oWwm)andVg € Eso (V"), where 6y, = 1 if n = m, and = 0 otherwise
(if, for example, n = 1, then the result holds for f € L*(v), by using definition
(5.4.46)).

2. Itfollows from (5.5.60) that, for every n > 2, the linear operator f — St g”[n] (f),
from Es o (V™) into L? (P), can be uniquely extended to a continuous operator (in
fact, an isometry) from L2 (v™) into L? (P). This extension enjoys the orthogonality
and isometry properties given by (5.5.60).

We can now present the crucial definition of this section.

Definition 5.5.4 (Wiener chaos) For every f € L2 (v"), the random variable
St g’["} (f) is the multiple stochastic Wiener-Ité integral (of order n) of f with re-
spect to . We also use the classic notation

seel () =12 (f), feLi(m). (5.5.61)
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Note thatN'f € L* (v™) and Vg € L2 (v"),

E (12 (£) I£ (g)] = G X 1 / F(20) g (20) " (dz) (5.5.62)

n

Forn > 2, the random measure
®s[n] . n
{St() (C).CGZV}

is called the stochastic measure of order n associated with ¢. When f € L* (v™) (not
necessarily symmetric), we set

L7 (f) = 17(f), (5.5.63)

where fis the symmetrization of f given by (5.5.53). For a completely random measure
, the Hilbert space

Ce={If(f):fe L2}, n>1,
is called the nth Wiener chaos associated with .

We have supposed so far that ¢ (C) € LP (P), Vp > 1, for every C € Z, (see
Definition 5.1.5). We shall now suppose that ¢ (C) € L* (P), C' € Z,. In this case,
the notion of “good measure” introduced in Definition 5.1.6 and Proposition 5.5.1 does
not apply since, in this case, ©[™) may not exist. Indeed, consider (5.1.9) for example
with C) = ... = C,, € Z,. Then, the quantity

E[¢ (@) =Elo()P"

may be infinite because we are not assuming anymore that moments higher than 2 exist
(see also [26]). It follows that, for n > 2, the multiple Wiener-It6 integral cannot be
defined as a multiple integral with respect to the restriction to Z. (? of the “full stochastic

measure” @[, Nonetheless, one can always proceed as follows, by focusing on sets
that are pairwise disjoint, by using isometry and considering integrals where one does
not include the diagonals.

Definition 5.5.5 Let @ be a completely random measure in L* (IP) (and not necessarily
in LP (P), p > 2), with non-atomic control measure v. Forn > 2, let

I (f) =n! i’}/k x {so (ka)) @ (Cz(k)) oy (C,(f)) } (5.5.64)
k=1

for every simple function

P
fe Z%lé(m €&o("),

k=1
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where every C® is as in (5.5.55) (in particular, the C®) are pairwise disjoint). It is
easily seen that the integrals I¥ (f) defined in (5.5.64) still verify the L* (P) isometry
property (5.5.62). Since the sets of the type C generate Z', and v is non-atomic, the
operator I¥ () can be extended to a continuous linear operator from L2 (V") into
L* (P), such that (5.5.62) is verified. When f € L* (V™) (not necessarily symmetric),
we set

157 (f) = L3 (f), (5.5.65)
where fis given by (5.5.53).

Remark. Of course, if ¢ € N,>;L? (P) (for example, when ¢ is a Gaussian measure
or a compensated Poisson measure), then the definition of 1Y obtained from (5.5.64)
coincides with the one given in (5.5.61).

5.6 Integral notation

We have already introduced in (5.5.51) the notation I, which is used when integration
over the diagonals is excluded. In the general case, one can use the following integral
notation which is quite suggestive: for every n > 2, every o € P ([n]) and every
elementary function f € £ (v"),

SET () = [0 [ty zn) 0 (d21) -+ 0 (d20),

and
SEM () = o g f Bt zn) 9 (1) - 0 (d2).
For instance:
o ifn=2f(z,2)=fi(21) fr(z) ando = 0 = {{1},{2}} then

L(f) = st (f) = / PRICIEACEICORCE

o ifn=2,f(z1,2)=fi(z)fr(z)andoc =1 = {1,2}, then
P = [ e he ) ¢ ld);
o ifn=2,
S () = S 1y () + 8170y, (1)

= f(21,22) p (dz1) p (dz2) + f(z1,22) ¢ (dz1) ¢ (d22)

215#22 zZ1=22

:/ f(z1,22) ¢ (dz1) p (d22) 5
ZZ
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o ifn= 37 f (21722723) = fl (21722) fZ (23) and 0 = {{172} ) {3}}’ then

st Bl (f) = /zgsm fi(z1,22) f2(23) o (d21) ¢ (dz2) ¢ (d23) 5

zZ1=23

o ifn=3and f(21,2,2) = fi (s1,2) f> (23) and & = 1 = {{1,2,3}}, then

st (f) = / fi (21, 72) fa (23) @ (d21) @ (dz2) o (dlzs)

Z1=z22=%3

5.7 The role of diagonal measures

We now provide the definition of the diagonal measures associated with a good mea-
sure (.

Definition 5.7.1 Let ¢ be a good random measure on the Borel space (Z, Z), with
non-atomic control measure v. For every n > 1, we define the mapping

C — A?(C) A St}/’a[”](g X oo X g)’ CeZz, (5.7.66)
n times

to be the nth diagonal measure associated with .

Observe that A? is a measure on (Z, Z) which is defined through the measure St%“["]

on (Z™, Z™). Recall also that Stf’["} “equates the diagonals”, so that, for example, if
C=1[0,T7], T > 0, then
270 2850 x 0) = [ plda)pldz).
217222

The measure A¥ may be random or not, depending on the ¢, as we will see in the
sequel. The following statement (corresponding to Proposition 2 in [132]) is one of
the keys of the subsequent discussion. It shows that a stochastic measure associated
with a partition can be represented as the product of the diagonal measures attached to
the blocks of that partition.

Proposition 5.7.2 Let p be a good completely random measure. Then, for every n >
2, every Cy,...,Cy, C Z,, and every partition w € P ([n]),

SOy x - % Cy)

s

b
= I1 st (cy % x 0y (5.7.67)
b:{il,...,iw‘}Eﬂ'
_ I1 Stf’”b”(sﬂlkbilCik) X X (ﬂLbLICikl) (5.7.68)
b={1’,|,...,i|b‘}€7r \br;mes
= I a4y (niLe.). (5.7.69)

b:{il,...,iw‘ }€7T
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Proof. Recall that St iﬂn] > S el , by (5.4.44). To prove the first equality,
just observe that both random measures on the LHS and the RHS of (5.7.67) are the
restriction of the product measure Sti’ﬁ[ " to the union of the sets Z such that o > .

Equality (5.7.68) is an application of (5.1.2).

The next result, which can be seen as an abstract version of a famous formula by
Kailath and Segall [50] (see also the subsequent Section 5.8), provides a neat relation
between diagonal and non-diagonal measures. It corresa)onds to Theorem 2 in [132].
It also relates completely non-diagonal measures St“” of order n to those of lower
orders.

Theorem 5.7.3 (Abstract Kailath-Segall formula) Let ¢ be a good completely ran-
dom measure. Then, for every n > 2 and every C4, ...,Cp, € Z,,
St (O x - x Cy) (5.7.70)
b ,[n—|b
- Z 1= (] = 1)! A (ﬂLLCu) St¢ [n—]b]] (Cijx - xCj ) s

where: (i) the sum runs over all subset b = {i, ..., } of [n] containing 1, and (ii) we

used the convention St%a7[o] =1.

Proof. According to (5.4.50) in the special case ™ = (), one has the relation

Stg’[n] = Z I ((),0) St;’g"].

oc€P([n])

Combining this identity with Proposition 5.7.2 (relation (5.7.69)), yields therefore

sem(cy x - = > w(0e)  II A (nidc.).

17677( ] a:{il,.“,i‘ﬂ}eo'

Now fix a subset b of [n] containing 1, as well as a partition o € P([n]) such that
b € 0. We denote by b¢ = [n]\b = {ji,..., jn—|p|} the complement of b, and by o
the partition of b composed of the blocks of ¢ that are different from b. According to
equation (2.5.24) (writing ' for the Mgbius function associated with the lattice P (b°))

one has that p (6,0) = (=D)I=1(|o| = 1)1/ (0, 0") (if b = [n], one sets by convention

1/(0,0') = 1). As a consequence, one can write
St(Cy x - C)
_ b
= 3 P - g (L ey)

bCln]:1€b

Z 1 (0,0") H ATZ\ (ﬂ}illctl) .

o’ €P(b°) a={ti,.wstja fE0!
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We now use once again Proposition 5.7.2 to infer that

Sowe) TT ap (nhcn) =se e <) cp),s

o’ €P(b°) a:{tl,...,tm}ed

thus obtaining the desired conclusion.

Corollary 5.7.4 LetC € 2, fixn > 2, and, for j > 2 write C®7 for the jth Cartesian
product of C (with C®' = C). Then,

n k 1 —1 _ ,
se2 'l (con) Z (=D A¢ (0 s ((J@("—k)), (5.7.71)
=1

with the convention Stg”[o] =1.

Proof. Observe that, for every function g on N,
> o =32 (3 ot
bCn]:1€b k=1

Since (5.7.70) and (5.1.2) imply that
Stg’v[n] (C®n) _ Z g(|b|),
bC[n]:1€b
with

g(b)) = (=)= (o] — 1)1 A7 (€) s (C®<n—|b\>)7

the desired conclusion is deduced after elementary simplifications.

5.8 Example: completely random measures on the real line

As usual, our reference for Lévy processes is the book by Sato [136]. Consider a cen-
tered square integrable Lévy process on the positive half-line, written X = {X; : ¢ >
0}. We shall assume that X has finite moments of all orders, that is, E|X:|" < oo,
for every n > 1. According to the discussion developed in the Example 5.3.6, we can
assume, without loss of generality, that

X, = 0G([0,1]) + ¢([0,1]), (5.8.72)

where ¢ > 0, G is a Gaussian measure over R with control given by the Lebesgue
measure, and ¢ is an independent completely random measure on R of the type
(5.3.37). In particular, the Poisson measure N on R x R has homogeneous control
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p(du)dz, and the measure p verifies p({0}) = 0 and (since X has finite moments of
all orders) [ |z|"p(dx) < oo, for all n > 1. Note that the application

tis Wy =G ([0,4]), t >0,

defines a standard Brownian motion started from zero. Recall that this means that W, is
a centered Gaussian process with covariance function given by E(W; W) = min(s, t).
In particular, one has that W = 0, and (due, for example, of a standard application of
the Kolmogorov criterion — see, for example, [128]) W; admits a continuous modifi-
cation. We write x,, (X (t)), n > 1, to indicate the sequence of the cumulants of X,
(so that x1(X (t)) = E[X¢] = 0) and introduce the notation

K, =0+ / 2?p(de), K, = / 2" p(dx), n > 3. (5.8.73)
R R

By using the relation

2

E [exp (i0X;)] = exp { 5

2
t+t / (e — 1 —i0u) p (du)|, (5.8.74)
R
as well as the fact that p has finite moments of all orders, it is easy to show, by succes-
sive differentiations of the argument of the exponential, that

Xn(X (1)) = Knt, n > 2.
‘We now introduce the notation
px(A) = 0G(A) + p(A),

for every set A C R of finite Lebesgue measure, and we observe that the mapping
A+ @x(A) defines a completely random measure with control

aldz) = {02 + /Ruzp(du)} dx = K,dz,

that is, a multiple of Lebesgue measure. The measure ¢ x is good, in the sense of
Definition 5.1.6. A complete proof of this fact can be found, for example, in [26] or
[61, Ch. 10]. Here, we merely note the following key step in showing that ¢ x is good
(see, for example, [61, Lemma 10.1]), namely that for every rectangle of the type C' =
C) x -+ x Cp,n > 2, and where the C; C R have finite Lebesgue measure, one has
that

Elpx (C1) - - 0(Cn)] < a™(C).

The existence of the product measures cp[;] follows from some (quite technical) conti-

nuity argument. In what follows, for n > 2, we shall provide a characterization of the

e[l «completely non-diagonal”) and Apx (“diagonal”).

two stochastic measures St 5
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To do this, introduce recursively the family of processes

t
P21, PV & x, PV 2 / Py_dPy, n>2, (5.8.75)
0

where P;_ = limp1o P;1 and the integrals have to be regarded in the usual It6 sense,
so that each P("™) is a square-integrable martingale with respect to the natural filtration
of X. Write, as usual, AX, = X, — X,_, s > 0. Classic results on Lévy processes
(see [99] or [136]) also imply that, for every n > 1, the variation processes

xV2x, xP e+ Y (AX)2 XM 2 YT (AX)", n>3, (5.8.76)

0<s<t 0<s<t

are square-integrable (non-centered) Lévy processes, such as the mapping
toy ™ a x™ Kt

defines a square-integrable martingale (with respect to the natural filtration of X') with
independent increments. The martingales Y(”), n > 1, are known as Teugels martin-
gales , and play a fundamental role in Nualart and Schoutens’ theory of Lévy chaos
(see [99]), as well as in the Hu-Meyer formulae proved by Farré et al. in [28].

The following statement contains the announced characterization of diagonal and
non-diagonal measures using iterated integrals, defined in the Itd sense, that is, as in-
tegrals with a random integrand. The arguments used in the proof, in particular the
connection with a formula by Kailath and Segall [50], are strongly inspired by [28]
(see, in particular, the first ArXiv version of [28]).

Theorem 5.8.1 Fixn > 2, and let the above notation and assumptions prevail. Then,
for every finite T' > 0,

1. st2< (o, 7)) = nd PV, and
2. A%((0, 7)) = X\,

Proof. By construction of the Itd integral, it is immediately seen that P:(Fn) can be
obtained as the L*(IP) limit of linear combinations of random variables of the type

X(0) x (X () = X(01=)) x - (X (ta) = X(tn1-)),

where 0 <t <t < --- <t, <T,so that the proof of the first point in the statement
is a consequence of Proposition 5.5.1 and of the fact that intervals of the type (¢;, t;+1]
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generate the Borel o-field of R . To prove Point 2, we use a famous identity proved
by Kailath and Segall in [50], stating that

n 1 n— — n—
P = (VXY — PN o () P X))

(this relation can be proved by an iterate use of Itd formula). By virtue of Point 1, this
formula can be rewritten as

ox.[n] ny N (CDFE =1y o ox k] (n—k)
stex "l (o, 7 )_kz ey XSt ([o,T] )
=1

so that the desired conclusion is obtained (for example, by recursion on n) as an ap-
plication of formula (5.7.71).

The previous results can be extended in order to deduce characterizations of more
general objects of the type

X (f) = stex (),

where f is symmetric on R’} and square-integrable with respect to the Lebesgue mea-
sure. In particular, in this framework, one has that

e8] t— ty— tn—1—
I:fx (f) = n'/ |:/ / . / f (tl, 7tn) dth s dXt2:| dth,
0 0 0 0

(5.8.77)
where the RHS of (5.8.77) stands for a usual It6-type stochastic integral, with respect
to X, of the stochastic process

t— tr— tn—1—
tt—»v(t):n!/ / / ft,yntn)dXy, - - dXy,, t>0.
0 0 0

Equality (5.8.77) can be easily proved for elementary functions that are constant on
intervals, and the general results are obtained by standard density arguments. Note in
particular that v (¢) is predictable with respect to the natural filtration of X and also

that
E [/Ooovz(t)dt} < oo.
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5.9 Chaotic representation

When ¢ is a Gaussian measure or a compensated Poisson measure, multiple stochastic
Wiener-It6 integrals play a crucial role, because of the chaotic representation property
enjoyed by (. Indeed, when ¢ is Gaussian or compensated Poisson, one can show that
every functional F' (¢) € L? (P) of ¢, admits a unique chaotic (Wiener-Itd) decom-
position

F(p)=E[F (o) + > I (fa)s fa€ Ly ("), (5.9.78)

n>1

where the series converges in IL? (P) (see for instance [20], [46] or [66]), and the ker-
nels {f,} are uniquely determined up to negligible sets. For a proof of the chaotic
expansion (5.9.78), see Theorem 8.2.1 below for the case where ¢ is Gaussian, and
Corollary 10.0.5 below for the Poisson case.

Remark. The unicity of the kernels {f,,} appearing in (5.9.78) is a consequence of
the isometry formula (5.5.62). Indeed, if {f],} is another sequence of kernels verify-
ing

F=E[F+) I7(f1)

n>1

then one has

0= E[(F — F)Z] = Zn'an - fr/LHZLZ(V")’

n>1

thus implying f,, = f/,, v™-almost everywhere, for every n.

Formula (5.9.78) implies that random variables of the type I? (f,) are the
basic “building blocks” of the space of square-integrable functionals of . As
already pointed out, for a completely random measure ¢, the space CY =
{I2(f): f € L (v™)}, n > 1, is the nth Wiener chaos associated with ¢. We set
by definition

Cf =R
(that is, C’(f is the collection of all non-random constants) so that, in (5.9.78),
E[F] € Cf.

Observe that relation (5.9.78) can be reformulated in terms of Hilbert spaces as follows:
L*(Po(9) =EPCy.
n=0

where @ indicates an orthogonal sum in the Hilbert space L? (P, o (¢)).
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Remarks

(i) If ¢ = G is a Gaussian measure with non-atomic control v, for every p > 2
and every n > 2, there exists a universal constant ¢, , > 0, such that the following
hypercontractivity property takes place:

E(|1S (1] " < B 16 (7] -, (5.9.79)

Vfe Lﬁ (v™) (see [46, Ch. V and Ch. VI]). Moreover, on every finite sum of Wiener
chaoses EB;-":OCJ-G and for every p > 1, the topology induced by L? (P) convergence
is equivalent to the L°-topology induced by convergence in probability, that is, con-
vergence in probability is equivalent to convergence in L?, for every p > 1 (see, for
example, [138]). We refer the reader to [20], [46] or [94, Ch. 1] for an exhaustive
analysis of the properties of multiple stochastic Wiener-Itd integrals with respect to a
Gaussian measure G.

(i) The “chaotic representation property” is enjoyed by other processes. One of
the most well-known examples is given by the class of normal martingales, that is,
real-valued martingales on R having a predictable quadratic variation equal to ¢. See
[20] and [65] for a complete discussion of this point. See [99] for a chaotic represen-
tation, based on Teugels martingales, associated with general Lévy processes on the
real line.

5.10 Computational rules

We are now going to apply our setup to the Gaussian case (¢ = () and to the Poisson
case (p = N=N- v). We always suppose that the control measure v of either G or
N is non-atomic. Many of the subsequent formulae can be understood intuitively, by
applying the following computational rules:

Gaussian case:
G (dz)* = v (dz) and G (dz)™ = 0, for every n > 3. (5.10.80)
Poisson case:

(N (dz))" = (N (dz))™ = N (dz), for every n > 2. (5.10.81)

5.11 Multiple Gaussian integrals of elementary functions

Suppose ¢ is Gaussian. The next result appears in [132, Example G, p. 1272, and
Proposition 2, 6 and 12].
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Theorem 5.11.1 Let ¢ = G be a centered Gaussian completely random measure with
non-atomic control measure v. For everyn > 2 and every A € Z,, (see (5.1.3)):

Str(Ax - x A) 2 A (4) = { (5.11.82)

n
~ -
n times

(as before, the measure AS (-) is called the diagonal measure of order n associated
with G). More generally, for everyn > 2, 0 € P ([n]) and A4, ..., A, € Z,,

st (4 x - x 4,)

_{o, ifIbeo:|b >3

Mo—ijyea v (AN AP TTE G (45,), otherwise, (5.11.83)

and

St& (A x - x A)

o, ifIbeo:|p>3
T\ Mo gigye v (A A SESH (A x5 Ay), otherwise,
(5.11.84)

where ji, ..., ji are the singletons contained in o\ {b € o : |b| = 2}.

Proof. Although relation (5.11.82) is classic (see, for example, [132, Proposition 6]),
we shall give a direct proof. First of all, thanks to a Borel isomorphism argument sim-
ilar to the one used in the proof of Proposition 5.3.2 (see also the remarks following
Definition 5.1.5), we can assume without loss of generality that Z = [0, 1], and that v
is a non-atomic Borel measure on Z. Now fix a set A € Z, (that is, ¥(A) < oo) as in
(5.11.82). For every integer k > 1, write Aoy = AN [0, ], and 4;, = AN (}, "t'].
i=1,...k — 1, so that Zf;ol v(A; ) = v(A). By construction, one has that, for a
fixed k, the random variables ¢(A; ) ~ N(0,v(A; 1)) are Gaussian and independent.
Now define

k—1

ACR &S (Ak x Aig), k=1
i=0

Observe that A*) is a subset of Z x Z and that A; = Ng>; A®*). Since the ran-
dom measure ga[zl is continuous on monotone sequences (see Point (c) in the remarks
following Definition 5.1.6) one has that A§* (A) is the limit in L' (P) of the sequence

k—1

(p[z] A(zk 24,0[2] ik X Aig) = Z‘P(Az kr)27 k=1,

7=
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where we have used (5.1.9), as well as the fact that the rectangles A; , x A, are
disjoint for every fixed k. Since E[p(A; x)*] = 3v(A; x)?, we have

=2 v(A;x)® <2v(A)  max Av(din)} =0,

i=0,...,k—

as k — oo, since the mapping t — v(A N [0,¢]) is uniformly continuous on [0, 1]
(because the measure v is non-atomic). This proves (5.11.82) in the case n = 2. To
prove (5.11.82) in the general case, fix an integer n > 3, and observe that, by an
argument similar to the one above, the quantity AS (A) is the limit in L!(PP) of the
sequence

>
|
—_

e(Aik)", n>1.

-
I
S

Then, (5.11.82) follows from the fact that

k—1 k—1 k—1
E|Y o) < STElp(A) <03 n(ai
=0 =0 =0
n_1
< NE
< Oxv(A)x [ _max {v(An)}]* " =0,
as k — oo.

Formula (5.11.83) is obtained by combining (5.11.82) and (5.7.67). To prove
(5.11.84), suppose first that 3b € o such that |b| > 3. Then, by using Mgbius inversion
(5.4.50),

StUG’[n] (A ><-~-><An)=ZM(U>/))Stg;;[n] (A x---x Ap) =0,

o<p

where the last equality is due to (5.11.83) and to the fact that, if p > ¢ and o contains
a block with more than two elements, then p must also contain a block with more than
two elements. This proves the first line of (5.11.84). Now suppose that all the blocks
of o have at most two elements, and observe that, by Definition 5.4.1 and (5.1.9),

HG(Aje) = Stgé[k](Ajl X X Aj).
=1
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The proof is concluded by using the following relations:
St& Il (A x - x Ay)
=" wlo, p)StEI (A x - x Ay

o<p
=[] vind)> wop) [ vANnA)x
b={i,j}€0 o<p b={r,l}ep\o

where we write b = {r,l} € p\o to indicate that the block b is in p and not in o
(equivalently, b is obtained by merging two singletons of ). Indeed, by the previous
discussion, one has that the partitions p involved in the previous sums have uniquely
blocks of size one or two, and moreover, by Mobius inversion,

> wop) [ vArnA) x
o<p b={r,l}ep\o

X Stgé[m] (Au X X Aim)l{{il},...,{im}are the singletons of p}

S ulo% o) T (AN A) x

o*<p* b={r,l}ep*

G,[m
X StZO[ ](A’Ll X X Aim)l{{il},...,{im}arethe singletons of p* }
PNNYCAL:
Z w1(0,p )Stzp[*](Ajl XX Ajy)
0<p*
G,k
=565 (A, x x4y,

where o* and p* indicate, respectively, the restriction of o and p to {ji, ..., jx }, where
{j1}, .-y {Jr} are the singletons of o (in particular, c* = 0). Note that the fact that

(o, p) = p(o™, p*) = p(0,p*)

is a consequence of (2.5.21) and of the fact that p has uniquely blocks of size one or

two.°

Example 5.11.2 (i) One has Stfé["] (A x -+ x A,) = G (A1) -+ G (Ay), which

follows from (5.11.83), since 0 = {{1},...,{n}}, but also directly since the
symbol “ > 0 ” entails no restriction on the partition. In integral notation (f is
always supposed to be elementary)

Stgé["] (f) = F (215 20) G (d2)) - - - G (dzn) -

zn

6 Thanks to F. Benaych-Georges for pointing out this argument.
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(ii)

(iii)

@iv)
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On the other hand, there is no way to “simplify” an object such as
Stg’[n] (A; x -+ x A,,), which is expressed, in integral notation, as

SN =19 (0= [ Flnen) Glda) -+ Gldz),
aAte it

For n > 3, one has

G,[n G,[n
Stzi[ o XX Ay) = St A x x A,) =0,
since the partition 1 contains a single block of size > 2. In integral notation,

SE () = / F (o1 2n) G (d21) - - G (d2n) = 0.

Z|=-=2n

When n = 1, however, one has that

stcl! (f)/Zf(z)G(dz)~N<0,/Zf2du>.
When n = 2,
St7P (f) = /Zf (2,2) v (d=)

Letn =3 and o = {{1},{2,3}}, then St?’m (A; x A; x A,,)) =0, and there-
fore
Stngm (Al X A2 X A3)
= St (A; x Ay x As) + 8651 (A) x 4y x A3)
= St (A x Ay x A3) = G (A) v (4; x A3).

In integral notation:
S =50 (1) = [ [ feza)v(an) G o).
Letn =6,and o = {{1,2},{3},{4},{5,6}}. Then,
SEEI (A) x o x Ag) = v (A1 N A2) v (As N Ag) G (A3) G (As)

whereas

Stf’[é] (Al X ... X A6) =V (A1 N Az) v (A5 N A6) St()G,[Z] (A3 X A4) .

These relations can be reformulated in integral notation as

s = [ [ ] 1wy} 6o
s () - [ #{ [ | @@y | 6 @) 6 @),
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(v) Letn =6,and o = {{1,2},{3},{4},{5},{6}}. Then,
StEIT Ay x oo x Ag) = v (A N A2) G (A3) G (A4) G (As) G(Asg)
and also

StSU (A; x ... x Ag) = v (A1 N Ay) St (A3 % Ay x As x Ag).

5.12 Multiple Poisson integrals of elementary functions

A result analogous to Theorem 5.11.1 holds in the Poisson case. To state this result in
a proper way, we shall introduce the following notation. Given n > 2 and o € P [n],
we write

Bi(o)={bco:|b|=1}, (5.12.85)

to denote the collection of singleton blocks of o, and
B, (o) ={b={i1,....0s} €0 : £ =|b] > 2} (5.12.86)

to denote the collection of the blocks of o containing two or more elements. We shall
also let

PB,(0) = the set of all 2-partitions of B, (o), (5.12.87)

that is, PB, (o) is the collection of all ordered pairs (R;; R,) of non-empty subsets of
B, (o) such that Ry, R, C B, (0), RiN Ry, = &, and R U R, = B, (0); whenever
B, (0) = @, one sets PB; (0) = 2.

We stress that PB; () is a partition of B, (¢); the fact that B; (o) is also a subset
of the partition o should not create confusion.

Example 5.12.1 (i) Letn = 7,and o = {{1,2},{3,4},{5,6},{7}}. Then,

B, (J) = {{172}7{374}7{576}}

and PB; (o) contains the six ordered pairs:

({12}, {3,413 {{5,63)) 5 ({{5,6}}: {{1,2},{3,4}})
({{1,2}.{5,6}}:{{3,4}}) : ({{3.4}};:{{1.2}.{5.6}})
({{3,4}. {5,611 {{1,2}}) + ({{1,2}}:{{3,4},{5,6}}).
For instance, the first ordered pair is made up of Ry = {{1,2},{3,4}} and
R, = {{5,6}}, whose union is B; (o).

Gi) Ifn = Sand o = {{1,2,3},{4},{5}}, then B, (0) = {{4},{5}}. B, (o) =
{{1,2,3}} and PB, (o) = 2.
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(iii) If n =7and o = {{1,2,3},{4,5},{6},{7}}, then B (0) = {{6},{7}} and
B, (o) = {{1,2,3},{4,5}}. Also, the set PB; (¢) contains the two ordered
pairs

({1,2,3};{4,5}) and ({4,5},{1,2,3}).

We shall now suppose that ¢ is a compensated Poisson measure.

Theorem 5.12.2 Let p = N bea compensated Poisson measure with non-atomic
control measure v, and let N (-) = N (-) + v (+). For everyn > 2 and every A € Z,,

S (A x - x A) 2 AN (4) = N (4) (5.12.88)
n times

( Afy (+) is the diagonal measure of order n associated with N ). Moreover, for every
Ay, A, € Z,

Stf’["] (A X+ x Ap) =N (A N+ NAy). (5.12.89)
More generally, for everyn > 2, 0 € P ([n]) and Ay, ..., A, € Z,,

St];j"] (A x -+ x Ap) (5.12.90)

k
- I1 N (A, nnA) [N (45,

b:{’il,.‘.,ig}EBz(o’) a=1
where {{j1},...,{jr}} = Bi1 (o), and also
StV (A x - x Ay) (5.12.91)
= > 11 v(A; N---NA4;,) x (5.12.92)
(R1;R2)€EPB; (o) b={i1,...,i[}ER1

N.[|Ra|+K]

X St ( X
0 b={ei,....,em }ER

(Aelﬂ--~ﬂAem)><Ajl><-~-><Ajk>

(5.12.93)
N,[|By(0)|+k]

+ St ( X
0 b={i1,...,ig }€B, (o)

(A, Nn---NA4;,) x A ><~~~><Ajk>
(5.12.94)
+ [T vannd)se ™My, xx4;,),
b:{ih...,iz}eBz(O’)

(5.12.95)
where {{j1},...,{jx}} = B (o) and where (by convention) ¥ = 0, Il = 0 and
St (13\/,[0] = 1. Also, |R;| and |B; (0)| stand, respectively, for the cardinality of R, and
B; (0), and in formula (5.12.93) we used the notation

b:{eh,_?izm}eRz (Ael n--- ﬂAem) = bg%z(ﬂeebAe) = (meeblAe) X oo X (ﬂeeb‘Rz‘ Ae),
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where by, ....,b|g,| is some enumeration of Ry (note that, due to the symmetry of

St év’“Rsz}, the choice of the enumeration is immaterial). The summand appearing

in formula (5.12.94) is defined via the same conventions.

Remarks. (a) When writing formula (5.12.94), we implicitly use the following con-

vention: if B, (¢) = &, then the symbol X (A; N---NA;,) is immaterial,
b={i1,...,ie }€B2(0)

and one should read

i Koy (i (1 VA ) X Ay XX Ay = Ay XX Ay = ApXe X A,

(5.12.96)
where the last equality follows from the fact that, in this case, £ = n and
{jla "'7jk?} = {17 ’n} = [n] .
To see how the convention (5.12.96) works, suppose that B, (0) = . Then,
PB;,(0c) = & and consequently, according to the conventions stated in Theorem

5.12.2, the lines (5.12.92)—(5.12.93) and (5.12.95) are equal to zero (they correspond,
respectively, to a sum and a product over the empty set). The equality (5.12.91) reads
therefore

StV (A x - x Ay) =

st N0 X AN NAL) X Aj X x Ay ) (51297
0 b:{il,...,ig}EBz(a)( : )X Ao Ay ) )
By using (5.12.96) one obtains

5 VoIn! < A A
0 b:{ilnn,i({}eBz(O—)( 1 “)X g5 X x Aj,

= 6N (A % x A) = SETI (A X x Ay),

Noin) _

entailing that, in this case, relation (5.12.91) is equivalent to the identity St P

N[n]
Sty

(b) If k£ = 0 (that is, if By (¢) equals the empty set), then, according to the con-
ventions stated in Theorem 5.12.2, one has

Sté\”““] — Sté\”[o] —1.

This yields that, in this case, one should read line (5.12.95) as follows:
I1 (A NN A)SE (A 5ok Ay
b={i1,...,ie} €B1(0)

_ H v(A;, N---NA4;,).
b={i1,...,is} €By(c)
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(c) If £ = 0, one should also read line (5.12.93) as

St{v»[\RZHk] X A, NN A, A XX A
0 b={ei,..., em}GRz( ! m) g X X i

and line (5.12.94) as

G N 1B2(o) | +4] (
0 b={i1,...,ie }€B,(0)

_ i NIBa(o)]]
spmen (

(Ailﬁ---ﬁAie) XAJ‘I X"'XAjk>
A, N-NAL) ).

b:{il,...,’i(}GBz(U)( ! 2)>

Proof of Theorem 5.12.2. To see that (5.12.89) must necessarily hold, use the fact
that v is non-atomic by assumption. Therefore,

Iv, n ]/\\7, 1
StIA s x Ay = (A N A F (AN N 4y)
=NAN--NA)+v(A N NA)=NAN---NA).

Observe also that (5.12.89) implies (5.12.88). Equation (5.12.90) is an immediate con-

sequence of (5.7.67), (5.12.88) and (5.12.89). To prove (5.12.91), use (5.12.90) and the
relation

N=N+v,
to write
S0 (A x - x A)
n R k R
=11 1II [N(Ailm---mA”)+u(Ailm---mAiz)}HN(AJ-Q),
=2 b:{’il ..... ’Lz}GU a=1

and the last expression equals

Z H V(Ailﬂ"'ﬂAik)X

(R1;R,)€PBy (o) b={i1,...,ir } ERy

x 20 b:{el

T b={i, ...,ig}GBz(o)( ! o) XA X A
N[k
+ I1 I/(Ailﬂ~~~ﬁAu)StZ()[](Ajl><-~><Ajk),

b={i1,...,ig} €Ba(0)

since N
N,[n S S
Stz(;)[ LA x - x A) = N(A) - N(Ay).
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The term before last in the displayed equation corresponds to R; = &, R, = B, (o),
and the last term to R; = B, (0) and R, = &. By definition, these two cases are not
involved in PB; (o). The last displayed equation yields

> 11 v(A; NN A4;,) x

(R1;R2)€PB;(0) b={i1,...,50c} ERy
« St N,[| Ry |+k]

>0
<_b—{el,..?,(em}€Rz(Ael N---N Aem) X Aj| X oo X Ajk:| 1Zf|)R2|+k>
N.[IB2(0)|+k]
+St26 2
X A N---NA; A oox A 11 .
<_b_{i1,...,ig}€B2(0')( i i) X Aj X X ]Ic:| Z(\JBz( )|+k)
N,k
+ I1 V(Ai1ﬂ~--ﬂAie)St>6[]([AjlX---XAjk]IZéc).
b={i1,...,ie} €Ba(0) B

Since, by definition,

N [[Ra+4] RV ,
e ([b_{el,..?,(em}eRZ(Ae‘ A A”‘} 1Z§R2'+k>

— st ViRl +H A N NA )X Ay x - x Ay, ),
0 b:{el,...,em}ERg( 1 m)x Jlx x Jk

and
N [IB2(0)|+]
St >0

X A; -0 A, A x-x A |1 .
([b—{i],...,ig}EBz(G‘)( 1 z) X Ag X X ]k:| Z(le( )|+k>

_ g MlIBa(0) 4+ (

0 b= (Ailm"'ﬂAig)XAjlX"'XAjk>a

X
----- i }€B2(0)

and

St JZV(;[H ([Ajl Xoeee X AJR] 125“) = St fl (Ajl Xoeee X Ajk)?

0

one obtains immediately the desired conclusion.
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Remark on the integral notation. It is instructive to express the results of Theorem
5.12.2 in integral notation. With f (21, ...,2,) = g (21) - - - g (2n), formula (5.12.90)
becomes

/ g(z1) gz ) (dz) - dzn
UWZO.Z;‘
R k
- 11 / DN (d2) N(dz>> ,
bEa,|b|>2
where k = |B; (0)| . Again with f (21, ..,2,) = g (2 g (zn), (5.12.91)-(5.12.95)

become

[ a0 g G N N @)

o

IR | G R E AN

(R1,Rz)EPB2 bERl

></ gz g (21m,) | I= 2') (21msf+1) 9 (24 k)
217 ¢Z\R2|+k
]/\7 (le) e N (dZ\Rsz)

+ 1{B2(U):{b|7...,b|B2(g)| }} x

8 / gz g (Z|Bz<o>\)‘b"3“")'| 9 (#%Ba(o) 1)
217 #Z‘BZ(U)H’“

9 (21Batoy6) N (dz1) -+ N (27, 44)

+H/ v / 9(2)---g () N (d=) - N (dz),

beB, (g) 17 F 2k

where k = |B; (0)|.

Example 5.12.3 The examples below apply to a compensated Poisson measure N ,
and should be compared with those discussed after Theorem 5.11.1. We suppose
throughout that n > 2.

(i) When o =0 = {{1},..., {n}} one has, as in the Gaussian case,
StV (A x - x A) = N (A) -+ N (An)

because the symbol “ > 0 entails no restriction on the considered partitions. In
integral notation, this becomes

S ) = [ Sz N (@) N (dz).
AL



(ii)

(iii)
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The case of equality (5.12.91) has already been discussed: indeed, since o = 0,
and according to the conventions stated therein, one has that

B, (J) =PB, (J) =,

and therefore (5.12.91) becomes an identity given by (5.12. 95) namely

StN ! () = StN ! (). Observe that, in integral notation, St() ) (+) is ex-
pressed as

s (f) :/ F (ot onzn) N (d21) - - N (d2).
21 F e FEzn

Suppose now o = 1 = {{1,...,n}}. Then, (5.12.91) reduces to (5.12.89). To see
this, note that & = 0 and that B, (i) contains only the block {1, ...,n}, so that
PB, (0) = &. Hence the sum appearing in (5.12.92) vanishes and one has

SV (A 2 x A =St (A A A 4 (AN A)
=NAN--NA)+v (AN NA)=NAN---NA,).

In integral notation,

(dz1) - -+ N (dzn)

9]
o+
-z
=
—
=
I
B
I
i
N
3
~
o
2>

_ /Zf(z,...,z)N(dz).

This last relation makes sense heuristically, in view of the computational rule
~ 2
(N (dm)) = (N (dz))* — 2N (dz) v (dz) + (v (dz))* = N (dz)

since (N (dz))* = N (dz) and v is non-atomic.
Letn =3ando = {{1},{2,3}},sothat B, (¢) = {{2,3}} and PB; (¢) = @.
According to (5.12.90),

StV (A x Ay x A3) = N (A1) N (43 0 43). (5.12.98)
On the other hand, (5.12.91) yields
SEY B (A x Ay x Ay) =St P (A) x (A N A3)) + N (An) v (A2 N As).

(5.12.99)
In integral form, relation (5.12.98) becomes

N[3] //f 21,2, 22) (dzl)N(de),
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and (5.12.99) becomes
StN-Bl(f) = / f(21,22,23) N (dz1) N (dz) N (dz3)
21#£ 20, 22=23
= / f(zlszaZZ)j\}(d21)]/\}(d22)
Z1#£2

+ | flz1,2,2) N (dz)v(dz).
ZZ

This last relation makes sense heuristically, by noting that

N (dz1) N (dz) N (dz) (dz1) N (d2)

= ]/\} 21
= N (dz1) N (dz) + N (dz1) v (dz) .

We also stress that St,l,v’m (f) can be also be expressed as

StV B (f) = IV (g) + TN (g2) (5.12.100)

where
g1 (z,y) = f(z,y,y)
and

gumzéfm%mw@w

The form (5.12.100) will be needed Ilater. Since, by (5.12.89),

St%v’m (A x Ay x A3) = N (A NAy;NA;) and since, for our o, one
has Stgt;m =sto Bl 4 St%v’m, one also deduces the relation

N (A) N (4N A43) =
St2 P (A x (42N A3) + N (A N Ay N A3) + N (A) v (4,0 43)

or, equivalently, since N=N + v,

N(A)N (4N 4;) =

Stév’[zl (Al X (Az N A3)) + l/(Al NAN A3) + ]/\\T(Al NAN A3) .
(5.12.101)

We will see that (5.12.101) is consistent with the multiplication formulae of next
chapter.
(iv) Letn = 6,and o = {{1,2},{3},{4},{5,6}}, so that

B, (U) = {{172}7{5a6}}
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and the class PB, (o) contains the two pairs
({1,2};{5,6}) and ({5,6};{1,2}).
First, (5.12.90) gives
St (A) x . x Ag) = N (A1 N Ay) N (As N Ag) N (A3) N (Ay) .
Moreover, we deduce from (5.12.91) that

Sté_v’[ﬂ (Al X ... X Aﬁ) =V (Al N AQ) Stév’m ((A5 N A6) X A3 X A4)

N3]

+v (A5 N A(,) St() ((A] N Ag) x Az X A4)

+8607H (A1 N Ay) X (A5 N Ag) x A3 x Ag)
+v (A N Ay) v (As N Ag) Stév’[z] (A3 x Ay).
The last displayed equation becomes in integral form

StN191 (1)

= %1:22, Z5=2Z6, 237324 f (217 A 26) N (dZ]) Tt N (d26)
23 F£ 21, 24721

23F£ 25, 24725

- / f (w,w, .y, 2 2) v (dw) N (dz) N (dy) N (dz)
TAEYF2
+ / f (w,w, 2,9, 2) N (dw) N (dz) N (dy) v (dz)
WHETFEY,Z
+ / £ (w,w,z,y, 2, 2) N (dw) N () N (dy) N (dz)
WATAYFZ

—|—/ f (w,w, .y, 2,2) v (dw) N (dz) N (dy) v (dz) .
JTFEY,Z

105

Indeed, let us denote the RHS of the last expression as (I)+(I1)+(I11)+(IV).

For (I) and (II), we use (5.12.92)—~(5.12.93) with R, = {{1,2}} and R,
{{5,6}} and k = 2, which corresponds to the number of singletons {3}, {
For (I11), we use (5.12.94), with k + |B, (0)| = 2+ 2 = 4, and B; (0)
{{1,2},{5,6}}. For (5.12.95) we use k = 2 and our B; (o).

4}.

Letn =6,and o = {{1,2},{3},{4},{5},{6}} Here, B, (¢) = {{1,2}} and

the class PB; (o) is empty. Then,

St201T (A) % oo x Ag) = N (A1 N Ay) N (A3) N (A4) N (A5) N (4g)
and also

St(];\?’[é] (Al X ... X Aé) =V (A1 N Az) Stév7[4] (A3 X A4 X AS X Aé)

N4

+St6 ((A] n Az) X A3 X A4 X A5 X A6) .
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In integral form,

St 17 ()
6 o~
= =z, 21,20, 23, 24, 25, Z N (dz,;
/zl;ézzjl,jizs,...,ﬁ f (21,22, 23, 24, 25 6)11 (dz;)
zi#2;, 3<i#j <6 =

6
= oiie 36 f (21,21, 23, 24, 25, 26) V (d21) HN(dzj)

zi#zj,3<i#£5<6 Jj=3
6
A2y =36 f(21,21,23724,25,26)N(dzl)HN(de)~
iz, 3] <6 J=3

Corollary 5.12.4 Suppose that the Assumptions of Theorem 5.12.2 hold. Fix o €
P ([n]) and assume that |b| > 2, for every b € o. Then,

E[St{f”[”] (A ><-~-><An)} = ﬁ II v@un---na;).
m=2be{ji,....jm €T

(5.12.102)

Proof. Use (5.12.91)—(5.12.95) and note that, by assumption, £ = 0 (the partition o
does not contain any singleton {j}). It follows that the sum in (5.12.92) vanishes, and
one is left with

E@@memx%ﬂ

_E [St N, [k+[B2(0)]] (
0 b={i,...,ie }€B;(0)

+ H V(Ailﬂ"'mAig)
b={i1,....ie}€Ba(0)

= H V(Ailﬁ--'ﬂAig),

b={i1,...,ig }EB1 (o)

(A;,N---NA4,;,) X Aj ><~--><Ajk>}

which is equal to the RHS of (5.12.102).

5.13 A stochastic Fubini theorem

A stochastic Fubini theorem allows one to interchange deterministic and stochastic
integrals. The following result is taken from [117].

Theorem 5.13.1 Ler ¢ be a completely random measure on (Z, Z) with non-atomic
control v, let (S, u) be a measure space and f(s,xy,...,x) be a deterministic func-
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tion such that

1 ls) =
S

1

/ ( f(s7x1,...,xk)zl/(dxl)...l/(dmk))z pu(ds) < oo.  (5.13.103)
5 \Jrr

Then,
([ stsm@) = [ { [ o mntas)fotan) . otin
(5.13.104)
:/{ lf(s,xh...,xk)cp(dml)...ga(dxk)}u(dS)
s LRk
:/SI,‘:(f(S,-))u(ds), a.s.-P. (5.13.105)

Remark. The sense in which the right-hand side of (5.13.105) is defined, is explained
in the proof below. If 11(S) < oo, note also that the condition (5.13.103) is implied by

/ f(s,zy, ..., xp)*v(dy) ... v(dey)p(ds) < oo. (5.13.1006)
S JRFK

For convenience, we include a “prime” in (5.13.104) and (5.13.105) to indicate that
one does not integrate on hyperdiagonals x; = x, for i £ £.

Proof. Under (5.13.103), the right-hand side [q I (f(s,))u(ds) of (5.13.105) can
be defined in a natural sense through approximating elementary functions. One can
choose a sequence of elementary functions

kn
n
fn(svxlw")xk) = E am;n,l,_“’nle”XAﬁlX...XA:’L’R‘ (57x17"')xk7)a
m,ni,...,np=1
where ay, ., = 0if any two indices n; and n; are equal, such that

/S o, 2 peds) < o0

and

J U8G5 = £l oy tts) = 0.
Indeed, to show that such a sequence exists, it is enough to construct it for a function

Ipxa(s,xr,...,zn) = 1g(s)la(zy,...,xn).
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This is the same as constructing elementary functions

kn
n
Gn(@1, ..o ) = E an, o lag xooxap (2155 @),
Nyeeynp=1
where a;; . = 0if any two indices n; and n; are equal, such that |[g, || 12 (rr) <

oo and |[14 — gnllL2rry — oc. How this can be done is explained, for example, in
Nualart [94, p. 10]. The integral [ I7(f(s,-))u(ds) is now defined as the limit of
Js I (fn(s,-))p(ds) in the L' (P)-sense. The limit exists since

E‘[qff(fm(s,-))u(dS)—/szf(fn(&-))u(dS)

g/mwmw»—n@»ww
S
1/2
< [ (BUE Gt = £ulsP) ()
EJMW/WM@J—h@mewM@HQ
S

as m,n — 0, and it does not depend on the approximating sequence.

With the above definition of [ I} (f (s, -))u(ds), the proof of (5.13.105) is now el-
ementary. The relation (5.13.105) clearly holds for the elementary functions f,, above.
As n — 00, its right-hand side converges to [ I (f(s,-))u(ds) by the definition
above. For the left-hand side, observe that

Lﬂamm—énwwm>

/uw»—mmwmw
S

L2(RF) a ’ L2(R¥)

sAmm»—n@wmwwwﬂaa

where we have used the generalized Minkowski’s inequality. Therefore, as n — oo,
the left-hand side converges to I} ( [ f(s,-)u(ds)) in the L*(P)-sense.

See Section 11.5 for an example involving an explicit use of stochastic Fubini
theorems.
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Multiplication formulae

6.1 The general case

The forthcoming Theorem 6.1.1 applies to every good completely random measure
. It gives a universal combinatorial rule, according to which every product of mul-
tiple stochastic integrals can be represented as a sum over diagonal measures that are
indexed by non-flat diagrams (as defined in Section 4.1). We will see that product for-
mulae are crucial in order to deduce explicit expressions for the cumulants and the
moments of multiple integrals. As discussed later in this chapter, Theorem 6.1.1 con-
tains (as special cases) two celebrated product formulae for integrals with respect to
Gaussian and Poisson random measures. We provide two proofs of Theorem 6.1.1:
the first one is new and it is based on a decomposition of partially diagonal sets; the
second consists in a slight variation of the combinatorial arguments displayed in the
proofs of [132, Th. 3 and Th. 4], and is included for the sake of completeness. The the-
orem is formulated for simple kernels to ensure that the integrals are always defined,
in particular the quantity St2'™, which appears on the RHS of (6.1.2).

Theorem 6.1.1 (Rota and Wallstrom) Let p be a good completely random measure
with non-atomic control v. For ny,n,, ...,ni > 1, we write

n=mny+---+n,
and we denote by m* the partition of [n] given by

o ={{1,.. o}, {m+ 1. n+m}t, . {n+..+npg_1+1,....,n}}.
(6.1.1)
Then, if the kernels fi, ..., fi are such that f; € E0 (V™) (j = 1, ..., k), one has that

k

k
[T G =TIse™ = Y st (i@ hoo-- @0 fi),

j=1 j=1 o€P([n]):oAT*=0
(6.1.2)

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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where, by definition, the function in n variables fi ®¢ fr ®o - - - ®¢ fr € €M)
(sometimes called the tensor product of fi, ..., fi is defined as

J1®0 f2®0 - @0 fr (21,72, .02 $n1+ Anj_i+1s ---7$n1+...+nj) )

u:j;r

(no =0). (6.1.3)

First proof. From the discussion of the previous chapter, one deduces that
k
H Stg’[n-’] (f;) = St;,ﬁ[n] [(f1 @0 - -~ @0 fi) Lax],

where
A" ={(21,...,2n) € 2" z; # 2;, Vi # jsuch that i ~- j},

that is, A* is obtained by excluding all diagonals within each block of 7*. We shall
prove that
A = U zy. (6.1.4)
c€P([n]):icAm*=

Suppose first ¢ is such that 0 A 7% = 6, that is, the meet of o and 7* is given by
the singletons. For every (21, ..., 2,) € Z» the following implication holds: if i # j
and ¢ ~r- 7, then ¢ and j are in two different blocks of o, and therefore z; # z;.
This implies that Z” C A*. For the converse, take (z1, ..., z,) € A*, and construct a
partition o € P ([n]) by the following rule: ¢ ~, j if and only if z; = z;. For every pair
i # j such that ¢ ~~ j, one has (by definition of A*) z; # z;,sothato A7* = 0, and
hence (6.1.4). To conclude the proof of the theorem, just use the additivity of Sti’()[n}
to write

St%5" (1 @0 @0 fi) Lacl = 3 865" [(Fi @0+ @0 fir) 1]

oAT*=0

= Z St (fi @0 @0 fa)

oAT*=0

by using the relation
86257 [() 12,] = st .

Second proof (see [132]). This proof uses Proposition 2.6.5 and Proposition 2.6.6. To
simplify the discussion (and without loss of generality) we can assume that n; > n, >
- > ng. For j = 1, ..., k we have that

s ()= X n(0o)sE ),

o€P([n;])
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where we have used (5.4.50) with 7= = 0. From this relation one obtains

& k
IECSTAED DRED DR | (ICEA LA
j=1

o1 €P([m]) o €P([nk]) 7=1

= Y wu(0p) st (e @0 o), (6.1.5)
pEP([n]):p<m~

where 7 is defined in (6.1.1). To prove equality (6.1.5), recall the definition of “class”
in Section 2.3, as well as Example 2.3.3-(v). Observe that the segment {(A), 77*] has class

(ny,...,ng), thus yielding (thanks to Proposition 2.6.6) that {(A), n*} is isomorphic to
the lattice product of the P ([n;])’s. This implies that each vector

(01, .y0r) € P([n1]) X - -« x P ([ng])
has indeed the form
(Ulv ) 076) = ¢_l (p)

for a unique p € {(A), r*}, where ) is a bijection defined as in (2.6.37). Now use, in
order, Part 2 and Part 1 of Proposition 2.6.5 to deduce that

ﬁ,u ((),aj) =pu (6, (o1, ...,ak)) =pu ((A),wf1 (p)) =pu (ﬁ,p) . (6.1.6)

j=1
Observe that

0= {1}, fns}} in u(0,0),
whereas

0= ({1}, {n}} in p(0,p).

Also, one has the relation
H St2 (f;) = StZ (fr@o - @0 fi). (6.1.7)

by the definition of St;’lgn] as the measure charging all the diagonals associated,
through the map 1, with the blocks of all the partitions o; (j = 1, ..., k). Then, (6.1.6)
and (6.1.7) yield immediately (6.1.5). To conclude the proof, write

> <07P> St (f1 @0 - - @0 i)

pEP([n]):p<m~

Z u<67p>ZS'ﬂ»f’[n] (f1 ®o - - ®o fr)

pEP([n]):p<m> v=p

= Z Stf’["](f1®0"~®0fk) Z M(()’P>'

YEP([n]) 6§p§ﬂ'*/\'y
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Since, by (2.6.33),
A 0 if 7 Ay #0
07 ) = . A
. Z M( P {11fﬂ'*/\’y:0.
0<p<m*Ay

relation (6.1.2) is obtained. |

Remark. The RHS of (6.1.2) can also be reformulated in terms of diagrams and in
terms of graphs, as follows:

Z St& M (f1 @0 f2 @0 - - ®0 fr),

oc€P([n]):I'(m*,0) is non-flat

where I (7*, ) is the diagram of (7*, o), as defined in Section 4.1, or, whenever every
I' (7*, o) involved in the previous sum is Gaussian,

Z Stw (fl ®o fr Qo R0 fr),

a€P([n]):I"(7*,0) has no loops

where I’ (m*, o) is the graph of (7*, o) defined in Section 4.3. This is because, thanks
to Proposition 4.3.2, the relation 7* A ¢ = 0 indicates that I" (7*, o) is non-flat or,
equivalently in the case of Gaussian diagrams, that I" (7*, ') has no loops.

Example 6.1.2 (i) Set kK = 2 and n; = ny = 1 in Theorem 6.1.1. Then, n = 2,
P(12) = {O,i} and 7 = {{1},{2}} = 0. Since 0 A0 = O and 1 A 0 = 0,
(6.1.2) gives immediately that, for every pair of elementary functions f, f>,

IF (F1) X IF (f2) = 627 (fr @0 fo) + St2P (1 @0 £2)
= (v ) +StP% (g ). (6.18)

Note that, if ¢ = G is Gaussian, then relation (5.11.82) yields that
StiG’[z] (fl ®o fZ) = / fl (Z) f2 (Z) v (dz) ,
z

so that, in integral notation,

fl X I1 (f2) =

//21#2 (21) f2 (22) G (dz1) G (dz2) + /f1 ) f>(2) v (dz).

On the other hand, if ¢ is compensated Poisson, then

$6% (00 ) = [ 7 RGN (@),
Z



6.1 The general case 113

so that, by using the relation N = N+, (6.1.8) reads

Y () % IF ()
—Iz (fi ®0 f2) /fl ) f2(2) N (dz) /fl ) f2(2) v (dz)

//ZW&Z2 (21) f2 (22) N (dz1) N (dz2)

5/maﬁ@Nwa+/ﬁ@ﬁ@www

=I§ummf»+IﬁUJﬂ+/}m@ﬁu@vw@.

(ii) Consider the case k = 2, ny = 2and n, = 1. Then,n = 3, and 7* =
{{1,2},{3}}. There are three elements o}, 03, 03 € P ([3]) such that o; A7* =
0, namely oy = 0, 0, = {{1,3},{2}} and 03 = {{1},{2,3}}. Then, (6.1.2)
gives that, for every pair fi € ¢ (V) , f> € € (v),

If (f) X IF (f2) = St2F (fr @0 f2) + StEP (£ @0 ) + StEP (fi @0 1) -
= St2F (1 @0 £2) + 2865 (1 @0 )
where we have used the fact that, by the symmetry of f;, St¥’ Bl (fi®o f2) =
Stﬁ;m (f1 ®0 fa).

When ¢ = G is a Gaussian measure, one can use (5.11.84) applied to o, to
deduce that

CB (f1 @0 f2) = [ / fi (- v(dz)]

or, more informally,

Uineor) = [ [ AEDRE @) 6@,
so that one gets

IzG(fl) XIIG (fz)
Wﬁ%ﬁ+%[/ﬁ f(2) v (dz)

:///;ﬁ 2 fi(z1,2) f2(23) G (dz1) G (dz) G (dz3)
+2/Z/Zf1 (Z/,Z)fZ(Z)V(dZ)G(dz'),
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(iii)
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When ¢ = N is compensated Poisson, as shown in (5.12.100), formula
(5.12.91), applied to o, yields

StN[3](f1®of2 [/ fi (- v(d )}‘F@]v L1 @ f],
where f1 ®) f2 (2/,2) = f1 (¢, 2) f2 (2).

Consider the case k = 3, n; = n, = n3 = 1. Then,n = 3, and 7* =
{{1},{2},{3}} = 0. For every o € P ([3]) one has that ¢ A 7* = 0. Note
also that

P ([3]) = {Oapl>P27P37 i} ’
where
p1 = {{1a2}7{3}}’ P2 = {{1,3},{2}}, pP3 = {{1}7{273}}’
so that (6.1.2) gives that, for every f1, f2, f3 € £ (v),
IF (f) IV (R)IT (fs) = Stg’m (fr @0 fr @0 f3) + StEPL(fi @0 fo 0 f3)
+8625) (1 @0 f2 @0 f3) + SEEL(fL @0 f2 @0 f3)
+St}p’[3] (fi ®0 f2 @0 f3) -

In particular, by taking f| = f, = f3 = f and by symmetry,

IY(f) =
St}f’m (f ®o f @0 f)+ St}o’m (f @0 f @0 ) +3St5F (f @0 f @0 f) -
(6.1.9)
When ¢ = G is Gaussian, then St&F) = 0 by (5.11.82) and

St2 Bl (f @0 f @0 F) = |IfIP IC (£). so that (6.1.9) becomes

I7 (1) f®of®of)+3||fH I7 (f)
2175227523

+3/Zf(z) u(dz)x/zf(z)G dz

When ¢ = Nis compensated Poisson, from (5.12.88), then

Urearenn) = [1EP N =17 (7)+ [ v
by (5.12.100), and also

SENBL(f @0 f @0 f) = IFIPIN () + IV (f @0 f),
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where
FPeof(e)=1 () (),
so that (6.1.9) becomes

V() = IV (foo f oo f) + 1N () + /Z £ (2) v (d2)
AP () + I (2 @0 f)

///7& L 01 Ga) e) ¥ ) R (02) ()
[ 16 (Fev)@+3 [ 1@Pv@x [ 16N @)
+//ZI¢Z2 72 (1) f(z2) N (dz1) N (dz).

General applications to the Gaussian and Poisson cases are discussed, respectively,
in Section 6.4 and Section 6.5.

6.2 Contractions

As anticipated, the statement of Theorem 6.1.1 contains two well-known multiplica-
tion formulae, associated with the Gaussian and Poisson cases. In order to state these
results, we shall start with a standard definition of the contraction kernels associated
with two symmetric functions f and g.

Roughly speaking, given f € L? (v?) and g € L2 (1), the contraction of f and g
on ZPta—r=l(r =0,...,g Apandl =1, ...,r), denoted

f+lg

is obtained by reducing the number of variables in the tensor product
f(x1, ey 2p) G (Tpt1, ooy Tpig) as follows:

r variables are identified, and of these, [ are integrated out with respect to v.

The formal definition of f . g is given below.

Definition 6.2.1 Let v be a o-finite measure on (Z, Z). For every q,p > 1, f €
L?(vP), g€ I? (v?) (not necessarily symmetric), r = 0,...,qApandl =1,...,r, the
contraction (of index (r,1)) of f and g on ZP+9="=! is the function f+..g of p+q—r—I
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variables defined as follows:
f*fn 9V, Y= bty ST, e, Sqer)
. Flz, oo 2LV e Yo by e Epey) X (6.2.10)
X G(Z1y ooy ZU Yy oo s Vel STy v+ s Sq_r)l/l (dzy...dz)
and, forl = 0,

Fx G(Viy e s Yrrtly e e sty S1yeee s Sqor) (6.2.11)
= f(AY/la"‘7’7’F7t17"'7tp7?”)g(’yla"'a’y’r‘7817"’7Sq77‘)7

so that
f*gg(tl,...,tmsl,...,sq) = fti,...,tp)g(s1,...,5q).

For instance, if p = ¢ = 2, one gets

Fgtnts) = F(rt)g(v.8), frig(ts)
/f (2,t) g (2,8) v (dz) (6.2.12)

frg(y) = /Zf(z,v)g(z,’y)V(dZ), (6.2.13)
f*%g://f(21,2’2)9(21,22)I/(dzl)V(dZQ). (6.2.14)
ZJZ

One also has

frr g (@, Tpygor) (6.2.15)

F (21, 2, @1y ooy Tp—r) G (21, oy Zry Tp—rgly ooy Tppqar) V (dz1) - - v (d2y)
.

but, in analogy with (6.1.3), we set

*,. = @,
and consequently write
FHrg (@1, s Tprgazr) = f @ g (1, s Tprgar) » (6.2.16)
so that, in particular,
fx9="1®0g.

The following elementary result is proved by using the Cauchy-Schwarz inequal-
ity. It ensures that the contractions of the type (6.2.16) are still square-integrable ker-
nels.
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Lemma 6.2.2 Let f € L? (v?) and g € L? (v?). Then, for everyr =0, ...,p A q, one
has that f ®, g € L* (vPTa=2).

Proof. Just write

Zpt+qg—2r

= / < f(ala"'7a7‘7zla"'azp—?“)
grt+a—2r \Jzr

2
G(Q1s ey Qry Zprg1y ooy Zptqr) V' (da, ...dar)) VP2 (dzyy dZpyq—r)

2 2
< I lz2ry X N9l 72y -

6.3 Symmetrization of contractions

Suppose that f € L* (v?) and g € L (1), and let “~ ” denote symmetrization. Then
f = fand g = g. However, in general, the fact that f and g are symmetric does not
imply that the contraction f ®,. g is symmetric. For instance, if p =g = 1,

Feug(s.t)= ) [F(s)9 (1) +(5) F (1))

ifp=q=2

— 1

Forats =, [ (F@s)gt)+oGs) flab]v o).

In general, due to the symmetry of f and g, forevery p,q > landeveryr =0, ..., pAq
one has the relation

— 1
f Rr g (tl, ey tp+q—27‘) = (p+q72r) X

p—r

X Z /r f (birssip_ryrar) 9 (b(irip_ e ar) V7 (day)

1<i1 < <ip_r<p+q—2r

where we used the shorthand notation

t(ilw--vip—r) = (ti”'"’tip—?‘)
t(il,nwip—r)c = (tla RS tp-‘rq—Z?“) \ (til7"'7tip77')
a. = (ar,...,a,)

V" (da,) = V" (day,...,da,) .



118 6 Multiplication formulae

—_~—

Using the definition (6.2.10), one has also that f . g indicates the symmetrization
of f *i g, where | < r. For instance, if p = 3, ¢ =2, =2 and [ = 1, one has that

f*ig(s,t)=f*ig(s7t)=/f(z,s,t)g(w)l/(dZ),
Z

and consequently, since f is symmetric,

—_~—

F*g(s,t)=f*lg(st)= ;/ [f (z,8,t)g(2,8)+ f(z,8,t)g(z,t)]v(dz).
z

6.4 The product of two integrals in the Gaussian case

The main result of this section is the following general formula for products of Gaus-
sian multiple integrals.

Proposition 6.4.1 Let o = G be a centered Gaussian measure with o-finite and non-
atomic control measure v. Then, for every q,p > 1, f € L2 (vP) and g € L2 (v7),

IS (IS (g)=> ! (f) (g) 1%y 0 (f®r9), (6.4.17)
r=0

where the contraction f ®,. g is defined in (6.2.16), and for p = q = r, we write
I§ (f®9)
=f®pg= /Zp f (21, 2p) g (21500 2p) v (d21) - - - v (d2p)
= ([, 9) 2 wr)-

Remark. In formula (6.4.17), f and g are assumed symmetric, while the contraction
f ®, g s in general not symmetric. Since, however, that IS (h) = I (k) (see formula
(5.5.63)) this does not matter. One could, in fact, replace f ®, g with ﬁér/g As usual,
the symbol “ ~ ” indicates a symmetrization.

Proof of Proposition 6.4.1. We start by assuming that f € & (v?) and g €
Es.0 (1), and we denote by 7* the partition of the set

p+a=A{l..p+q}
given by
Tt = {{17 "'7p} ) {p +1,..,p+ Q}} :
According to formula (6.1.2)
ENIEG= S sEll(feeg).

o €P([p+q]):oAT*=0
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Every partition o € P ([p + g]) such that ¢ A 7 = 0 is necessarily composed of r

(0 < r < p A q) two-elements blocks of the type {i,j} where i € {I,...,p} and

jeA{p+1,...,p+q}, and p + g — 2r singletons. Moreover, for every fixed r €

{0, ...,p A g}, there are exactly r! Py (1 partitions of this type. To see this, observe
r)\r

that, to build such a partition, one should first select one of the p) subsets of size r
r

of {1,...,p}, say A,, and a one of the <q> subset of size 7 of {p + 1,...,p + ¢}, say
r

B,., and then choose one of the 7! bijections between A, and B,. When r = 0, and
therefore o = 0, one obtains immediately

St Pl (f @ g) = I§+q (f ®09)-

On the other hand, we claim that every partition o € P ([p + ¢]) such that o A 7* = 0
and o contains > 1 two-elements blocks of the type b = {4, j} (with i € {1,...,p}
andj € {p+1,...,p+ ¢}) and p + g — 2r singletons, satisfies also

SO (f @0 g) = SO (f @, 9) = IS, L, (f®rg).  (64.18)
We give a proof of (6.4.18). Consider first the (not necessarily symmetric) functions
fo = 1A1><--~><Ap and go = 1Ap+l><"'><Ap+q7
where A; € Z,,1 =1, ...,p + q. Then, one may use (5.11.84), in order to obtain
o [e] C;7 —2r
Stga[zﬂrq] (f° ®0¢°) = H V(AimAj)St() [+ ](Ajl XX As

Jp+qflr)
b={i,j}€c

9

= St()G,[p+q72T] H V(Az ﬁAj) 1Aj]><"'><A
b={i,j}€0c

Jp+q—2r

where {{j1}, ..., {Jip+q—2r} } are the singletons of o (by the symmetry of St?[pﬂ*zr]

we can always suppose, here and in the following, that the singletons {7}, ..., {jp—r}
are contained in {1,...,p} and that the singletons {j,—,+1},..., {jp+q—2r} are in
{p+1,.,p+q}).

We now need to consider elementary symmetric functions, that is, functions in & o
(as defined in (5.5.59)). For every pair of permutations w € &, = &,, (the group of
permutations of [p] = {1,...,p}) and v’ € &, 1| ;44 (the group of permutations of
theset[p+ L,p+¢l ={p+1,...,p+ ¢}), we define

o, w __ )
f - ]-Al X X AW

and
!
o,w
g =1 40 o qw’
Ap+l>< XAP‘HI’
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where
A;v = Aw(j), J=1..,p,

(and analogously for w’). Observe that f°* and go’“}/ are not in & o, but

f=> Y adg= > g,

wWESG ) WEB p41,p+q]

are. To express St5"P+ (f ®o g), note that

Stg’[vaq] (fo,w Q0 go’w ) (6.4.19)
— G,[p+q—2r] w w’
s I o (a0 )t o o
b={i,j}€o 1 - Jp—r+1 ip+q—2r
_ qt Gilpt+a—2r] w w' )T
= St() H 14 A’L M A] 1A";_u XX AW ><A’Vl_ul ><"~><A?-“/ 3
1 Ip—r Ip—r+1 Ip+qg—2r

b={i,j}€0

by (5.5.56), and where IU stands for the symmetrization of the indicator function of a
set U. Observe that (by using (6.2.16))

Z Z H V<A;*UQA}U/)1A;U[ XX AL AW X AR

, Jp—r+1 Jp+q—2r
WEB ] W EB (11 ptq) b={i\j}EC . S
= f Qr g.
Since (6.4.19) gives

Stg P (f @0 g)

g s T vfarnay)

weBp wESpi1,prq b={ij}€0

1A}‘I’><-»~><A}“ wa X x AW >

r+1 Ip+q—2r
= St g,[p+q_2r] (f Qr g) = I;g;+q—2r (f r g) Ip+q 2r (f Qr g) ’

we obtain (6.4.18), so that, in particular, (6.4.17) is proved for symmetric simple func-
tions vanishing on diagonals.

The general result is obtained by using the fact that the linear spaces & ¢ (17)
and &; o (1) are dense, respectively, in L? (v?) and L? (v?). Indeed, to conclude the
proof it is sufficient to observe that, if {f;} C &5 (v?) and {gx} C &5 (V) are
such that f, — f in L? (v?) and g, — g in L? (v9), then, for instance by Cauchy-
Schwarz, IE (fx) IqG (gx) — IE (f) IqG (g) in any norm L* (P), s > 1 (use, for ex-
ample, (5.9.79)), and also

fe®r g — f®rg
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in L2 (VPW’ZT), so that
I]?Jrq 2r (fk Qp gk) - I;?Jrqur (f r g)
in L? (P). Observe finally that

I[?—‘rq 2r (f Qr g) Ip+q 2r (f r g)

by virtue of formula (5.5.63).

Other proofs of Proposition 6.4.1 can be found, for example, in [66], [20] or [94,
Proposition 1.1.3].

Example 6.4.2 (i) When p = ¢ = 1, one obtains
IF (N7 (9) = 17 (F®og) + I5 (f @1 9) =I5 (f ©0.9) + (£, 9) 12 »

which is consistent with (6.1.8).
(ii) When p = ¢ = 2, one obtains

1§ (1) I (9) = I (f @0 9) + 415 (f 1 9) + (£.9) 1209 -

(iii) When p = 3 and ¢ = 2, one obtains
L?(ﬂlf(g)=1?(f®mg)+6lgtf®1g)+619(f®zg%
where f ®, g (2) = [, f (z,2,9) g (x,y) v (dz) v (dy).

Example 6.4.3 Let’s compute E [Ig(f)]4 for f € L2(vP). By (6.4.17) and (5.5.65),

we have . 5
) = (") 15 (For7),

B[S ()] = ZOZ r!(f)zr’(f,) w1, (750 0) 18,0 (7o )
=3[ o275

by the orthogonality relation (5.5.62). The term r = 0 equals (2p!) H f®of ‘

L2(v2p=2r)

L2(v?p)
and the term with » = p equals

P |7 ey pf\

L2(v0)

2
=@w[mﬁwwumwwywwm}:wﬂmmww
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since f ®, f = f ®, f is a scalar. Hence,

B[] = 0 1z + 200 |70 7]

L?(v?p)
p-] »\> 2 —~ 2
| _ |
+ ; ! <T) ] (2p — 2r)! H 7o f‘ prrey . (6420
Note that while f is symmetric, the function
f®0f(x17"' y Tps Y1, 7yp) = f(xla"' axp>f(yl7"' 7yp)
is not necessarily symmetric. For example, if f(z1,22) = x; + 22, then f ®q

f(z1,22,91,92) = (21 + 22)(y1 + y2) is not symmetric in the four variables.

6.5 The product of two integrals in the Poisson case
We now focus on the product of two Poisson integrals.

Proposition 6.5.1 Ler p = N be a compensated Poisson measure, with o-finite and
non-atomic control measure v. Then, for every q,p > 1, f € Eso(VP) and g €
gs,O (Vq)y

0@ =S0() ()% ()ifaatrto @520

1=0
Formula (6.5.21) continues to hold for functions f € L? (v?) and g € L* (v?)
such that

f*ﬁ, geL? (l/q“’*“l) ,Vr=0,...pANq, VI =0,.. 7

Sketch of the proof. We shall only prove formula (6.5.21) in the simple case where
p = q = 2. The generalization to general indices p,q > 1 (left to the reader) does
not present any particular additional difficulty, except for the need of a rather heavy
notation. We shall therefore prove that

F(Hif(g) = ir! (i) C) ; (Z) IV, (f+g) (6.5.22)

r=0
= I} (f 4 g) (6.5.23)
4 (g + 1 ()] (6.5.24)

+2 {Izﬁ(f $9) + 20N (%5 9) + (f.9) ooy | - (65.25)
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Moreover, by linearity, we can also assume that

f = 1A1><A2 + 1A2><A1 and g = 1B1><Bz + 1Bz><B]’
where A} N A; = B; N B, = &. Denote by 7* the partition of [4] = {1,...,4} given
by
™ = {{1’2} ) {374}} >
and apply the general result (6.1.2) to deduce that
LY ()5 (9) = > S (f ©0g) .-

c€P([4]):onm*=0

We shall prove that
S sthl(f @ g) = (6.5.23) + (6.5.24) + (6.5.25).
o €P([4]):oAm*=0
To see this, observe that the class
{G‘ eP(4):onT" :6}

contains exactly 7 elements, that is:

(i) the trivial partition 0, containing only singletons;
(ii) four partitions oy, ..., 04 containing one block of two elements and two singletons,
namely

o1 = {{1’3}’{2}7{4}}’ 02 = {{174}’{2}’{3}}
o3 = {{1}.{2,3} ,{4}} and o4 = {{1},{2,4},{3}}:

(iii) two partitions o5, 0g composed of two blocks of two elements, namely
os ={{1,3},{2,4}} and os = {{1,4},{2,3}}.
By definition, one has that
S (f @0 g) = I (F 43 9) = IV (f 0 9),

giving (6.5.23). Now consider the partition o}, as defined in Point (II) above. By
using the notation (5.12.86), one has that B, (07) = {{1,3}}, |B2(01)] = 1 and
PB; (o)) = @. It follows from formula (5.12.91) that

St (f @0 9) = S H (1ayxts + Layxa) @0 (Lpixs, + Looxs,)
= Stév’m(l(AmBl)xAszz + 1(anBy)x A x B T 1(4nB)x A x B,
+ L0 xaxB,) + v (AN Bp) St ?’[2] (La,xB,)
+ 0 (AN B St (Lage,) + v (420 B SEN P (L)

+v (Az N Bz) St é\L[Z] (1A]><Bl) .
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Observe that

St é\f)[:;] (1(A10B1)><A2><Bz + 1(A1ﬂBz)><A2><B[ + 1(A2ﬂB[)><A1><Bz
+ 1(AzﬂBz)><A1><B1) = Ijlv(f *(1) g)’

and moreover,

v (A NDB) StN 2 (La,xB,) + v (A1 N By) St {v,[z] (Laxm,) +

(AzﬂBl)St (1A]><Bz)+I/(A2ﬂBz)St (1A1><Bl)

= 2N(f*19)112 (f*lg)-
By repeating exactly same argument, one sees immediately that
N4 _ N,
Stal ) (f ®o g) - Stai o (f ®o g)’

for every for ¢ = 2, 3, 4 (the partitions o; being defined as in Point (II) above) so that
the quantity
Z StN L(f®0g9)

equals necessarily the expression appearing in (6.5.24). Now we focus on the partition
o5 appearing in Point (III). Plainly (by using once again the notation introduced in
(5.12.86)),

B, (05) = {{173} ) {274}}a
|B; (05)| = 2, and the set PB, (o5) contains two elements, namely
({{1,3}};{{2,4}}) and ({{2,4}};{{1,3}})

(note that we write {{1,3}} (with two accolades), since the elements of PB; (o) are
pairs of collections of blocks of o, so that {{1,3}} is indeed the singleton whose only
element is {1,3}). We can now apply formula (5.12.91) to deduce that

S (f @0 9) (6.5.26)
= StN’H] ((La,xa, + 1A2><A1) ®0 (1p,xB, + 1B,xB,))
=2 [ (4 0B S (Laem,) + v (40 B2 St (La,0m)

<AmBl>s e (L) + v (420 B St (14|

+ St P08 x (4B + Lans)x(asns) + Lans)x (45

+ 1(AzﬂBz)><(A1ﬁBl))
V<A1 ﬂBl)V(AZ mBz) +V(A1 mBz)l/(Az ﬂBl)
V(AzﬂBl)l/(Al mBz)-l-l/(AzﬁBz)I/(A] OBl).
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One easily verifies that

v (A0 B ST (Lo, + v (A0 B St (Lays,)
+ 0 (A0 B St (Laya) + v (A1 By) St (14, 0,)
=217 (1 #h g) = 217 (f 43 ). (6.5.27)
and moreover
1 anB)x(A:nB,) T 1(AinBy)x (A:nB1) T L(anB)x(A4inBy) T LanBy) x (AinBY)

=fg=[f*g, (6.5.28)

since f and g are symmetric, and

<f7 >L2 ) :V(A]ﬂBl)V(AzﬂBz)"FV(AlﬂBg)V(AgﬁBl) (6.5.29)
+I/(A2ﬂB1)I/(A1mB2)+V(Asz2)V(A1ﬁBl).

Since, trivially, St(75 4 (f®og) = St(],\g’ o (f ®o g), we deduce immediately from

(6.5.26)—(6.5.29) that the sum Stc,5 (f ®o g)+StN 4 (f ®o g) equals the expression
appearing in (6.5.25). This proves the first part of the Proposition. The last assertion
in the statement can be proved by a density argument, similar to the one used in order
to conclude the proof of Proposition 6.4.1.

Other proofs of Proposition 6.5.1 can be found for instance in [49, 150, 158].

Example 6.5.2 (i) When p = g = 1, one obtains
NI (9) =LY (f@og) + 1Y (f 1 9) + {f,9)12
(ii)) When p =2, and ¢ = 1, one has

(NI (g) = 1Y (F@0g) +210 (£} ) + 217 (£ +1 9)
/// f(21,2) g (23) N (dz1) N (dz) N (dz3)
21F2#23

+ 2//Zl#2 F(21,2) g (21) N (d2) N (dz2)

+2/(/f (21, (dx)>ﬁ(dzl).
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Diagram formulae

We now want to derive a general formula for computing cumulants and expectations
of products of multiple integrals, that is, formulae for objects of the type

E 17 (f1) x - x IE, (fr)] and x (I7 (f1) o I, (fi)) -

7.1 Formulae for moments and cumulants

As in the previous sections, we shall focus on completely random measures ¢ that are
also good (in the sense of Definition 5.1.6), so that moments and cumulants of stochas-
tic measures over Cartesian products are well-defined. As usual, we shall assume that
the control measure v is non-atomic. This last assumption is not enough, however, be-
cause while the measure v (A) = E¢ (A)* may be non-atomic, for some n > 2 the
mean measure (concentrated on the “full diagonal”)

(A? (A)) 2 E [Stf’["] (A)} —E [0®" {(21, - 2m) €A 2 = - - = 2,}]

may be atomic. We shall therefore assume that ¢ is “multiplicative”, that is, that this
phenomenon does not take place for any n > 2.

Proceeding formally, let ¢ be a good random measure on Z, and fix n > 2. Recall
that Z” denotes the collection of all sets B in Z%" such that v®" (B) = v™ (B) < oo
(see (5.1.3)). As before, for every partition w € P ([n]), the class Z7 is the collection
of all m-diagonal elements of Z” (see (5.1.1)). Recall also that Stf’[n] is the restriction
of the measure p®" = cp["] on Z (see (5.4.43)). Now let

<St7f’["]> (C)=E {St;f’[”] (C)} , Cez, (7.1.1)
AT (A) = ¢ (4), (7.1.2)
Az (A) =se(Ax . xA), Aez, (7.1.3)
n times
(A7) (A) = E[A7L (A)], AecZ,. (7.1.4)

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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Thus, A¥ (A) denotes the random measure concentrated on the full diagonal z; =
-+« = z, of the ntuple product A x - - - x A, and (-) denotes expectation.

Definition 7.1.1 We say that the good completely random measure @ is multiplicative
if the deterministic measure A — (A¥) (A) is non-atomic for every n > 2. We show
in the examples below that a Gaussian or compensated Poisson measure, with non-
atomic control measure v, is always multiplicative.

The term “multiplicative” (which we take from [132]) originates from the fact that
 is multiplicative (in the sense of the previous definition) if and only if for every

partition 7 the non-random measure <St7f ’["]> () can be written as a product mea-

sure. In particular (see Proposition 8 in [132]), the completely random measure ¢ is
multiplicative if and only if for every 7 € P ([n]) and every Ay, ..., A, € Z,,

() (Ay x - x Ay) = [T (se ) (j}e(bAj) : (7.1.5)

bem

where, for every b = {jy, ..., jx } € 7, we used once again the notation _XbAj = Aj %
Jje
-+ x Aj, . Note that the RHS of (7.1.5) involves products over blocks of the partition

m, in which there is concentration over the diagonals associated with the blocks. Thus,
in view of (5.1.2) and (7.1.3), one has that

() 4y -+ an) = TT {48 (esdy), (7.1.6)

bem

that is, we can express the LHS of (7.1.5) as a product of measures involving sets in
Z,,. Observe that one can rewrite relation (7.1.5) in the following (compact) way:

<Stﬁ’[”]> -® <Stf=“b”> . (7.1.7)

ben

Example 7.1.2 (i) When ¢ is Gaussian with non-atomic control measure v, relation
(7.1.5) implies that <Stﬁ’[”]> is 0 if 7 contains at least one block b such that

|b| # 2. If, on the other hand, every block of 7 contains exactly two elements,
we deduce from (5.11.82) and (5.11.84) that

[n] _ . ,
<St§f >(A1 XX Ay) = b {H}e v(4,NA4,;), (7.1.8)
=1?,] iy

which is not atomic. We conclude that ¢ is multiplicative.
(ii) If ¢ is a compensated Poisson measure with non-atomic control measure v, then

<Stf’["] > is 0 whenever 7 contains at least one block b such that |b| = 1 (indeed,
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that block would have measure 0, since ¢ is centered). If, on the other hand, every
block of 7 has more than two elements, then, by Corollary 5.12.4

<Stf’["]> (Ar x - x Ay) = f[ [I v@in-n4,), 719

k=2b={j1,....jx }ET

which is non-atomic. Hence, ¢ is multiplicative. See [132] for (quite pathologi-
cal) examples of non-multiplicative measures.

Notation. In what follows, the notation

e.[1b] s (10l L
an(zl,...,zn)(®<5ti >(dzl7...7dzn) ®<St1 >(f) (7.1.10)

bemw bem

will be used for every function f € £ (v™). !

The next result gives a new universal combinatorial formula for the computation
of the cumulants and the moments associated with the multiple Wiener-Itd integrals
with respect to a completely random multiplicative measure.

Theorem 7.1.3 (Diagram formulae) Let ¢ be a good completely random measure,
with non-atomic control measure v, and suppose that o is also multiplicative in the
sense of Definition 7.1.1. For every ny,...,ni > 1, we write n = nj + - - - + ng,
and we denote by T* the partition of [n] = {1, ...,n} given by (6.1.1). Then, for every
collection of kernels f, ..., fi, such that f; € E o (v™7), one has that

Bz (F) 15 (0] = % @ (5P (hrse fa w0+ 50 £
{oEP([n]):aAﬂ-*:()} beo
(7.1.11)
and

XI5 (F) - I5 () = Y. @ <St9107“b‘]> (fi ®0 f2®0 -+ @0 fr)

oA =0 bEo
ovrn*=l

(7.1.12)

" The integral [, f{d ® <Stf'“b”>} in (7.1.10) is well defined, since the set function
bem

(%) <St}0’HbH> (+) is a o-additive signed measure (thanks to (5.1.10)) on the algebra gen-
berw
erated by the products of the type A; X - - - X A,, where each A; isin Z,.
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Proof. Formula (7.1.11) is a consequence of Theorem 6.1.1 and (7.1.5). In order to
prove (7.1.12), we shall first show that the following two equalities hold

X (Irfl (fi),-- 'alrfk (fk))
l
S (eI I 1%, (5

m* <p=(r1,...,r1)EP([n]) j=1 a{ni+-+ne_1+1,...,n1+4ny, }Cr;
(7.1.13)
S Y () T @) (s s g,
m* <p=(r1,...,r)€P([n]) v<p bey
ol (7.1.14)

where n; + ny = 0 by convention.
The proof of (7.1.13) uses arguments analogous to those in the proof of Malyshev’s
formula (4.1.1). Indeed, one can use relation (3.2.7) to deduce that

X(IE (F), I8 (f) = Y. (—1 'HE IT . (f2)

o={z1,...,z1 }€P([K]) acx;
(7.1.15)
Now observe that there exists a bijection

P ([k]) — [W*, i} co— pl7),

between P ([k]) and the segment {77*, i}, which is defined as the set of those p €
P ([n]) such that 7* < p, where 7* is given by (6.1.1). Such a bijection is realized as
follows: for every o = {x1,...,2;} € P ([k]), define p(?) € [ﬂ'*, i} by merging two
blocks
{4+ 4+nea+1l..,m++ng.t and
{4+ + 1,0+ )

of 7 (1 < a # b < k) if and only if a ~, b. Note that this construction implies that
o] = [p(?| =1, so that (2.5.23) yields

-nta- 1)!=u(a,i) :u(p("),i) (7.1.16)
(observe that the two Mobius functions appearing in (7.1.16) refer to two different

lattices of partitions). Now use the notation p(?) = {r@, s rl(g)} to indicate the

blocks of p(?): since, by construction,

l l
ITE|II 2z (o | = T1E I1 2 ()]s
J=l ace; J=l a:{m+---+na71+1,...,n1+~-+na}§T§U)
(7.1.17)
we immediately obtain (7.1.13) by plugging (7.1.16) and (7.1.17) into (7.1.15).
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To prove (7.1.14), fix p = {ry, ..., } such that 7* < p. For j = 1, ..., we write
7* (4) to indicate the partition of the block r; whose blocks are the sets {n; + - - - +
Ng—1+1,...,n1 + -+ + ny} such that

{ni+--+ne1+1,..,n+--+n.t Crj. (7.1.18)
According to (7.1.11),

E 11 I? (fa)

a{ni+-+ne—1+1,..., ni+-4ng }Crj
= > @ (8671 (f2r,0)).
{JGP(U)WAW*Q)zé}bEU

where the function {®,, o f } is obtained by juxtaposing the |7* ()| functions f, such
that the index a verifies (7.1.18). Now observe that v € P ([n]) satisfies
v<p and yAT* =0,

if and only if v admits a (unique) representation as a union of the type

l
=U0(J)

where each o () is an element of P (r;) such that o (j) A 7* (j) = 0. This yields

ﬁ > Q@ (5t7) ({@r,00))

I=H{oeP(r))ionm=(j)=0} b€

Z ® <Stf’“b‘]> (fi®0- R0 fr)-

v<p bey
YA =0

This relation, together with (7.1.16) and (7.1.17), shows that (7.1.13) implies (7.1.14).
To conclude the proof, just observe that, by inverting the order of summation in
(7.1.14), one obtains that

X (L5 (1) s I8, (fr) Z ®<Stw Hb”> (fi®o---®o fr) Z ,u(pﬂ)

~yAT*=0 bEY T Vy<p<i

-y ® <Stf*”b”> (fi ®o - - ®0 fi)

yAT*=0 bev
T Vy=1

where the last equality is a consequence of the relation
lLifr* vy =1
1)=
Z X H (p, { 0 otherwise,
m*Vy<p<l

which is in turn a special case of (2.6.33).
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Remark. Observe that the only difference between the moment formula (7.1.11) and
the cumulant formula (7.1.12) is that in the first case the sum is over all o such that
o Am* =0={{1},...,{n}}, and that in the second case ¢ must satisfy in addition
that o vV * = 1 = {[n]}.
Moreover, the relations (7.1.11) and (7.1.12) can be restated in terms of diagrams
by rewriting the sums as
> = > DI > :

{UE”P([n]):U/\Tr*:ﬁ} oc€P([n]):I'(7*,0) is non-flat oAn*=0 o€P([n]):I'(n™,0) is non-flat
ovr*=1 and connected

where I" (7*, o) is the diagram of (7*, o), as defined in Section 4.1.

7.2 MSets and MZeroSets

We shall now provide a version of Theorem 7.1.3 in the case where ¢ is, respectively,
Gaussian and Poisson. For convenience, using the same notation as that in (6.1.1), let
ni,...,ngk > 1 besuch thatn; 4+ - -+ ni = n and

™ ={{l,..,m}, {4+ 1. n+n}, .., {ni+ ...+ + 1,...,n}} € P([n)).
Now define
M([n],7*) 2 {o— eP(n)):ova =landoAr* = ()} (7.2.19)

MO ([n], ) 2 {aep([n]):am* :6} (7.2.20)
and
M, ([n],7*) & {0 € M([n],7*):|b| =2, Vb€ o} (7.2.21)
MY ([n],7*) & {c € M([n],n*): |b| =2, VbE o} (7.2.22)
Mss ([n],7*) & {o e M([n],7*): |b| > 2, Vb€ o} (7.2.23)
ML, ([n],7*) & {oc e M°([n],7*):|b]| >2, Vbea}. (7.2.24)

Note that these definitions do not involve the specific form of 7* € P ([n]). By using
the formalism of diagrams I" and multigraphs I introduced in Chapter 4, one has that

M ([n],7*) ={o € P([n]): I' (7", 0) is connected and non-flat} (7.2.25)
M ([n],7*) ={o € P([n]) : ' (z*,0) is connected} (7.2.26)
My ([n],n*)={oc € P(n]): I'(x",0) is connected, non-flat and Gaussian }

(7.2.27)
- {a e P([n]) : ' (n*,0) is connected and has no loops}
M5 ([n],7*) = {o € P([n]) : ' (7*,0) is non-flat and Gaussian} (7.2.28)
- {a € P(n]): I' (7", 0) has no loops} .
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Clearly,
Mo ([n],7*) € M3 ([n], =),
Mz ([n],7*) € M>2([n],7"),
My ([n],7*) € M2, ([n], 7")

The sets M; ([n],7*) and M9 ([n] , 7*) appear in diagram formulae when ¢ is Gaus-
sian (Section 7.3). The sets M, ([n] ,7*) and M, ([n] ,7*) appear when ¢ is the
compensated Poisson measure N (Section 7.4).

7.3 The Gaussian case

The following corollary to Theorem 7.1.3 provides the diagram formulae in the case
where ¢ is a Gaussian measure.

Corollary 7.3.1 (Gaussian measures) Suppose ¢ = G is a centered Gaussian mea-
sure with non-atomic control measure v, fix integers ny,....,n, > 1 and let n =
ny + - - - + ng. Write ©* for the partition of [n] appearing in (6.1.1). Then, for any
vector of functions (fi, ..., f) such that f; € L2 (v™), j = 1,...,k, the following
relations hold:

1. if My ([n],7*) = @ (in particular, if v is odd), then x (IS (f1),- -+ IS (fr)) =
0;
2. if My ([n],7*) # @, then

XIS (), IS (f) = Y Fordv™?, (7.3.29)

eeMs([n],m) Y 2"

where, for every o € M, ([n], %), the function fs x, of n/2 variables, is obtained
by identifying the variables x; and x; in the argument of fi ®q - - - Qo f1, (as given
in (6.1.3)) if and only if i ~, j;

if M3 ([n],7*) = @ (in particular, if n is odd), then E (IS (f1) - - IS (fx)) = 0;
4 fMY(n],7) £ 2,

“w

E(Ig (f) - 19 (f) = D fondv™?. (7.3.30)

ceMy([n]x) " 2"
Remark. As noted in (6.1.3), one has that
fi®o @0 fulwr, s )

= f1{&1, s Ty ) X f2(Zny g1y ooy Trgamy) X oo X f(Tnydeeodnp_ 115 oo Tn)-
(7.3.31)

One obtains the function f, j,, of n/2 variables, by identifying in (7.3.31) the variables
z; and x; if and only if 7 ~; j.



134 7 Diagram formulae

Example 7.3.2 Consider the function of n = 6 variables given by

f1 @0 fo @0 f3(z1, 22, 33, T4, 5, T6) = f1(21, 22, 23) fa(24) f3(25, T6)
for which =* = {{1,2,3},{4},{5,6}} is the 7 in Fig. 47. If ¢ =
{{1,4},{2,5},{3,6}} asin Fig. 4.7, then

fo3 = filz1, 22, 23) fo(xr) f3 (22, 23).

Proof of Corollary 7.3.1. First observe that, since ¢ = G is Gaussian, then
<St ?’Hb”> = 0 whenever |b| # 2. Assume for the moment that f; € & o (v"9),
7 =1, ..., k. In this case, we can apply formula (7.1.12) and obtain that

X (IS (f1)- - I (fi)
— Z ®<StG (el > fi®o f»®0 - Qo fr)

{o:onT*=0; beo
ovr*=1;|b|=2Vbes}

= Z ®<St?’“b”>(f1 ®o fr®o - Do fr),

cEM,([n],7*) bET

where we have used (7.2.21). The last relation trivially implies Point 1 in the statement.
Moreover, since, for every B,C € Z,,

<St ?*m> (BxC) = <St ?,m> (BNC)x (BNC)) = (AF) (BN C),

7.3.32
one deduces immediately that the support of the deterministic measure () <St( |b]>)
is contained in the set e

Z%, ={(21,.,2n) 1 2i = zj forevery i, j such that i ~; j}.
Since, by (5.11.82) and (7.3.32),
<St f’”b”> (BxC)=v(BNC), (7.3.33)

for every B, C € Z,, we infer that

® <St |b\]> (fi®0 fr @0+ ®p fr) = ® <St ?,[\b|]> (f,) = fo,den/z.

beo beo zZn/
(7.3.34)

where the function f, ; is defined in the statement. To obtain the last equality in
(7.3.34), one should start with functions f; of type

fi (zl,...,znj) = lcl(j)><~-~xc,(fj) (Zlv~-~72nj) ,
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where the C’éj ) e Z,, are disjoint, and then apply formula (7.1.8), so that the extension
to general functions f; € & o (¢™) is obtained by the multilinearity of the application

(f17’ 7fk)’_> fo’kdl/n/2
Zﬂ

To obtain (7.3.29) for general functions fi, ..., fi such that f; € L? (v™i), start by
observing that & o (¥™7) is dense in L2 (v™), and then use the fact that, if a sequence
flr), ey ,gr), r > 1, is such that f]m € & (™) and f]m — fjin L2 (v™) (j =
1,..., k), then

(15 (A7) 516 (50) = x T8 ) 1S ()

by (5.9.79), and moreover

/ f(r)dyn/2 - f kdl/n/z
Zn/2 Zn/?

where f (r)  1s constructed from f1 sy ,gr), as specified in the statement (a similar
argument was needed in the proof of Proposition 6.4.1). Points 3 and 4 in the statement

are obtained analogously, by using (7.1.11) and thus

E (L (h) - I ()
Z ®<SV ‘b|> fi®o f2®0 - @0 fr)

{o:oAT*=0; bET
[b|=2 Vbeo}

Z ®<StGHb|> J1®o0 f2®0--- R0 fr),

geM([n],7*) bEo

and then by applying the same line of reasoning as above.

Example 7.3.3 (i) We want to use Corollary 7.3.1 to compute the cumulant of the
two integrals

IS () = | fi(z10020) G (d2) - G (dzn,)

zm
0

InG2 (fZ) = n f2 (Zla“'aznz)G(dzl)"'G(dznz)v

z"
that is, the quantity
X (15 (f) 15 (F2) = E (LS () I (f2)) -
Here, 7* € P ([n + ny]) is given by

o ={{1,..,n},{ni+1,....,n +n2}}.
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(ii)

7 Diagram formulae
It is easily seen that
M, ([ny +ny],7%) #@ ifandonly if n; = n,.
Indeed, each partition M, ([n + na], 7*) is of the form
o={{inia} i1 €{l,csm}in € {n 4+ 1,uny +m2}} (7.3.35)

(this is the case because o must have blocks of size |b| = 2 only, and no blocks
can be constructed using only the indices {1,...,n;} or {n; +1,...,n1 + ny},
since the corresponding diagram must be non-flat). In the case where n; = n;,
there are exactly n! partitions as in (7.3.35), since to each element in {1, ..., n; }
one attaches one element of {n; + 1, ..., n; + n, }. Moreover, for any such o one
has that

) fopdv™/? = fifadv™, (7.3.36)
zZn/2 VAQ

where n = n; + n; and we have used the symmetry of f; and f, to obtain that

fg,z (Z], ,Zg) = f<772 (Z],...,an) = f] (Z], ...,an) fz (Z],...,an) .

From (7.3.30) and (7.3.36), we deduce that

E (I3 (f) I3 (£2)) = Lnj=ny X! | fifadi™,
Zm
as expected (see (5.5.62)). Note also that, since every diagram associated with
7* has two rows, one also has

My ([n1 + o], ) = M3 ([n1 + o], 7*),

that is, every non-flat diagram is also connected, thus yielding (thanks to (7.3.29)
and (7.3.30))

X (IS*] (f1) 7IrCLT; (f2)) =E (InGI (F)IS (f).

We fix an integer £ > 3 and setn; = ... = n; = 1, that is, we focus on functions
f3»3 =1,..., k, of one variable, so that the integral I IG ( fj) is Gaussian for every
j, and we consider x (I (f1),...., I (f)) and E [IT (f1) ...IT (f)]. In this
case,n; +---+n, = k,and 7* = {{1},...,{k}} = 0. For instance, for k = 6,
7* is represented in Fig. 7.1.

In that case M, ([k], 7*) = @, because all diagrams will be disconnected. One
of such diagrams is represented in Fig. 7.2.

(Exercise: give an algebraic proof of the fact that M, ([k] ,7*) = @). It follows
from Point 1 of Corollary 7.3.1 that

X (IE (f1) I (f1) = 0
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Fig. 7.1. A representation of the partition 0

e
:

Fig. 7.2. A disconnected Gaussian diagram

(this is consistent with the properties of cumulants of Gaussian vectors noted in
Chapter 3).

Now focus on M ([k], 7*). Recall that, according to (7.2.28), a partition o €
P([k]) is an element of M) ([k],7*) if and only if the diagram I"(7*, o) (see
Section 4.1) is Gaussian and non-flat. If k is odd the class M9 ([k] , 7*) is empty,
and, for k even, M) ([k] ,7*) coincides with the collection of all partitions

a:{{ihjl},...,{i;;,jx;}} e P ([k]) (7.3.37)

whose blocks have size two (that is, M3 ([k] , 7*) is the class of all perfect match-
ings of the first k integers). For o as in (7.3.37), we have

fok (Zl,n-,Zl;) = I £ f).

{i1,1} €0
=1 k)2

Points 3 and 4 of Corollary 7.3.1 yield therefore

E (IIG (fr) - I (fk))

= sz{mm} <<<<< {inj20dn 2} yEPURD Iz fufndv - [, fir 2 firpdv; k even
0, kodd. ’
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Fig. 7.3. A three-block partition

! —

Fig. 7.4. The two elements of M, ([4], ")

which is just a special case of (3.2.21), since E (IC (f;) I (f;)) = [, fi [, dv.
For instance, if £ = 4, one has that

E (16 (fi) - 1€ (f2) = /Z fi fad /Z ffadv + /Z fifadv /Z fofad

/Zf1f4dV></Zf2f3dV-

(iii) Consider thecase k =3, n; =2,n =n3 = 1. Here,n = n; +ny + n3 = 4,
and

71'* == {{172}7{3}a{4}}

The partition 7* is represented in Fig. 7.3.
The class M, ([4] ,7*) contains only two elements, namely

o ={{1,3},{2,4}} and o, = {{1,4},{2,3}},

whose diagrams are given in Fig. 7.4.

Since the rows of these diagrams cannot be divided into two subsets (see Sec-
tion 4.1), they are connected, and one has M, ([4] ,7*) = M9 ([4] ,7*), that is,
cumulants equal moments by (7.3.29) and (7.3.30). Moreover,

for3(21,22) = fi(21,22) f2 (1) f5 (22)
for3 (z1,22) = fi(21,22) f2 (22) f3 (21) .
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Fig. 7.5. A four-block partition

It follows that
X (157 (F) AT (R) AT () = E (I () IT () 1T (f3))
= /Zz{fm,3 (21,22) + for 3 (21, 22) 107 (21, d22)

22/ fi(z1,22) fo (1) f3 (22) V2 (21, dz)
ZZ

where in the last equality we have used the symmetry of f;.
We want to use Point 1 and 2 of Corollary 7.3.1 to compute the kth cumulant

Xk (I () =X (I (f) - I (F),
k times.

for every k > 3, that is, cumulants of multiple integrals of order 2. This can be
done by specializing formula (7.3.29) to the case: k > 3 andn; = ny = ... =
ny = 2. Here, n = 2k and

™ ={{1,2},{3,4},...., {2k — 1,2k} };

for instance, for k = 4 the partition 7* can be represented as in Fig. 7.5.
Now consider the set M, ([2k], 7*). Recall that the blocks of its partitions have
only two elements. It contains for example the partition

o ={{1,2k},{2,3},{4,5},....,{2k — 2,2k — 1}} € P ([2k]).
For k = 4, one has
o ={{1,8},{2,3},{4,5}.{6,7}},

whose diagram appears in Fig. 7.6.
Note that such a diagram is circular, and that the corresponding multigraph looks
like the one in Fig. 4.17. Therefore,

for e (215 21) = f(21,22) f (22, 23) - - f (2k—152%) f (2k,21) . (7.3.38)
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Fig. 7.6. A circular diagram with four rows

It is not difficult to see that M, ([2k], 7*) contains exactly 28! (kK — 1)! ele-
ments and that the diagram I" (7*, o) associated to each o € M; ([2k] ,7*) is
equivalent (up to a permutation, or equivalently to a renumbering of the rows) to
acircular diagram (see Section 4.1). It follows that, forevery o € M, ([2k], 7*),
one has that

fo,k (Zb ey Zk) = fd*,k (Zb ceey Zk) s

where f,+ 51 is given in (7.3.38). This yields the classic formula (see, for exam-
ple, [31]):

xk (I57(f)) (7.3.39)
:2’671 (k* l)!/Zkf(Zl,Zz)f(Zz,Z3)“~
o f(ze—t,2k) f (2, 21) v (d2y) - - - v (day)

7.4 The Poisson case

The following result provides diagram formulae for Wiener-Itd integrals with respect
to compensated Poisson measures. It is stated only for elementary functions, so as not
to have to deal with convergence issues. The proof is similar to the one of Corollary
7.3.1, and it is only sketched. We let M, ([n],7*) and M2, ([n], 7*) be defined as
in Section 7.3. -

Corollary 7.4.1 (Poisson measures) Suppose o = N is a centered Poisson measure
with non-atomic control measure v, fix integers ny, ...,ni > landletn = ny+---+ng.
Write * for the partition of [n)| appearing in (6.1.1). Then, for any vector of functions
(ft, s fo) such that fj € €0 (V™9), j =1, ..., k, the following relations hold:

1. if M>y ([n],7*) = @, then x (I{X (f1),-- .,[ﬁ (fk)) —0;
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2. if M, ([n], %) # O, then

X (If? (f1),- Iﬁi (fk)) = > /Zm fordv!, (7.4.40)

gEM >, ([n],7*)

where, forevery o € M, ([n], ©*), the function f, i, in |o| variables, is obtained
by identifying the variables x; and x; in the argument of i ®q--- R fi, (as defined
in (6.1.3)) if and only if i ~, j;

3. i MLy (In],7%) = 2, then B (I (f1) -+ I, (fu) = 0;

4. if M2, ([n],m*) # 2,
E (I}X (f1) - ﬂi (fk)) = > fordvl. (7.4.41)
ceM,([n]x) 27!

Sketch of the Proof. The proof follows closely that of Corollary 7.3.1. The only
difference is in evaluating (7.1.6). Instead of having (7.1.8) which requires considering
M, and M3, one has (7.1.9), which implies that one must use M, and M2,

Remark. Corollaries 7.3.1 and 7.4.1 are quite similar. In the Poisson case, however,
fo.1 depends on |o| variables, whereas in the Gaussian case it depends on n/2 vari-
ables.

All kernels appearing in the following examples are symmetric, elementary and
vanishing on diagonals. This ensures that multiple integrals have moments of all or-
ders, because they are sums of products of independent Poisson random variables (for
infinitely divisible random measures, however, one needs additional moment condi-
tions on the Lévy-Khintchine measure, as noted below).

Example 7.4.2 We apply Corollary 7.4.1 in order to compute the cuamulant
X (I8 () 1 (1) = E (I () I8 (1)
where ny,ny > 1 are arbitrary. In this case, 7* € P ([n; + ny]) is given by
o ={{1,..,n},{ni+1,...0n +na}}.
Moreover,

M ([ + o], 7%) = Mo ([ + o], %)
= M>;y ([ng +mo],7") = ./\/lozz ([ 4+ na], 7*)

(indeed, since any diagram of 7* is composed of two rows, every non-flat di-
agram must be necessarily connected and Gaussian). This gives, in particular,
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Fig. 7.7. A three-row partition

Jsf) J)es4

=

Fig. 7.8. The four elements of M >,([5], 7*)

Ms>; ([n1 +ng],7*) # @ if and only if n; = ny. The computations performed in
the Gaussian case thus apply and therefore yield

x (B0 () L () = B (LY (W I (£2) = Ly x it | ufadi™,

yAQ!

which is once again consistent with (5.5.62).

Example 7.4.3 Consider the case k = 3,n; = n, =2,n3 = 1. Here,n = n; +ny +
ny = 5, and 7* = {{1,2},{3,4},{5}}. The partition 7* can be represented as in
Fig. 7.7.

The class M2, ([5],7*), of o’s such that o A 7* = 0, contains four elements, that is,

o1 = {{1a375}7{274}}’ 0y = {{174}’{2’375}}
03 = {{1a3}v{234a5}} and o4 = {{17475}7{273}}7

whose diagrams are given in Fig. 7.8.

Since all these diagrams are connected, the class M, ([5],7*) coincides with
M2, ([5], 7). Note also that, since the above diagrams have an odd number of ver-
tices, M3 ([5], 7*) does not contain partitions o whose diagram is Gaussian. Thus,

for3(z1,2) = fi(21,22) f2 (21, 22) f3 (1)
for3 (21,22) = fi (21, 22) f2 (22, 21) f3 (22)
Jos3 (21,22) = fi(21,22) f2 (21, 22) f3 (22)
fou3(21,22) = fi(21,22) f2 (22, 21) f3 (21) -

For instance, f,, 3 (21,22) has been obtained by identifying the variables of
f] (Il,ﬂfz) fz (56371‘4) f3 (15) aAS T = X3 = T5 = 2] and Ty = T4 = 23. By exploiting



7.4 The Poisson case 143

Fig. 7.9. The elements of M%,([5], 7*)

the symmetry of f; and f>, one deduces that the four quantities

/22 foi3 (z1,22) V2 (dz1,dz), i=1,...,4,
are equal. It follows from (7.4.40) and (7.4.41) that
X (Izﬁ (). I () 1Y (f3)> =E (Izﬁ (I (f) 1Y (f3)>
= 4/22 {1 (z1,22) fo (21,22) f3 (1)} V2 (dz1, dz2)
Example 7.4.4 Consider the case k = 4 andn; = 1,7 = 1,...,4. Here, 7* = 0=
{{1},{2},{3},{4}}, and consequently 7* can be represented as a single column
1 =

of four vertices. The class M, ([4],7*) contains only the maximal partition
{{1,2,3,4}}, whereas M%, ([5],7*) contains 1 and the three elements

o = {{1,2},{3,4}}, 0o = {{1,3},{2,4}}, and
03 = {{1’4}7{273}}'

The diagrams associated with the class /\/lo22 ([5],7*) = {17 01,072, 03} are repre-

sented in Fig. 7.9.
Now take f; = f fori = 1,...,4, where f is an elementary kernel. One has that

fis2) = f(2)°
fosa(zi,2) = f(210) (), §=1,2,3.

It follows from (7.4.40) and (7.4.41) that

(T Oaf 0 aF 0T 0) = (170) = [ 1) v
B(17 (") = [ 1) v

+3 g f(21)? f (22)* V2 (dz,dz) .



144 7 Diagram formulae

Example 7.4.5 LetY be a centered random variable with finite moments of all orders,
and suppose that Y is infinitely divisible and such that

E [exp (i0Y)] = exp { /R (e — 1 —ifu) p(du)| , (7.4.42)

where the measure p is such that p ({0}) = 0 and [, [u[*p (du) < oo for every k > 1
(see Lemma 5.3.4). Then, combining (7.4.42) and (3.1.2), one deduces that

xi (Y) :/ukp(du), k> 2, (7.4.43)
R

(note that x; (Y) = E(Y) = 0). We shall prove that (7.4.43) is consistent with
(7.4.40). Indeed, according to the discussion contained in Section 5.3, one has that

1 ~
Y“é”// N (du, dz) = IV (f),
R JO

where f (u,z) = ul, (v), and N is a centered Poisson measure on [0,1] x R, with
control p (du) dz. It follows that

xe (V) = @ (£) = x(IY () e I (£): (7.4.44)

k times
The RHS of (7.4.44) can be computed by means of Corollary 7.4.1 in the special case
wheren; =1 (Vj=1,...,k),n=Y;n; =k,and7* =0 = {{1},...,{k}}. One has
clearly that 1 is the only partition such that the diagram I" (6, i) is connected, so that

Mz (K], 7) = {1} = {{1,.. k}}.
Since
i (w, ) = uF 1 (2)
we can now use (7.4.40) to deduce that

wirf (= [ | i () p () = / da [ otan = [ o).

Example 7.4.6 As an explicit example of (7.4.43), consider the case where Y is a
centered Gamma random variable with shape parameter ¢ > 0 and unitary scale pa-
rameter, that is,

—ifa

E [exp (i0Y)] = (167 9y =P [a /0 T (e 1~ igu) eudﬂ :

Thus, p(du) = alg,=eyu™'e”“du. It follows that, x; (Y) = E(Y) = 0 and, for
k>2,
k —udu
xe (Y)=a [ u"€ =al'(k) =a(k—-1).
R

u
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From Gaussian measures to isonormal
Gaussian processes

We now return to the Gaussian framework and start this chapter by relating multiple
stochastic integrals to Hermite polynomials and prove a corresponding chaotic decom-
position. We then generalize our setup, by replacing Gaussian measures by isonormal
Gaussian processes.

8.1 Multiple stochastic integrals as Hermite polynomials

In this section, ¢ = G is a completely random Gaussian measure over the Polish space
(Z, Z). We denote by v the o-finite control measure of G, and, forn > 1, I f indicates
the multiple stochastic integral of order n with respect to G (see (5.5.61)).

Definition 8.1.1 The sequence of Hermite polynomials {H, : ¢ > 0} on R, is defined
via the following relations: Hy = 1 and, for ¢ > 1,

dqe 2, zeR
T

For instance, Hy (x) = 1, Hy (v) = 2*> — 1 and H5 (z) = 2° — 3.

z2 dq 22
2

Hy(z) = (=1)"e

Remark. Di Nunno, @ksendal and Proske [21], Karatzas and Shreve [52] and Kuo
[57] define the Hermite polynomials as we do. Nualart [94] defines them differently,
by dividing each of our H, by ¢!.

Exercise. Prove that, for ¢ > 1, the qth Hermite polynomial verifies the equation
H,(x) = (61)(z), =z€eR, (8.1.1)

where 1 stands for the function which is constantly equal to one, and §? is the gth
iteration of the operator d, acting on smooth functions f as 6 f(x) = z f(z) — f'(x).
The operator J, sometimes called the divergence operator, plays a crucial role in the

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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so-called “Stein’s method” for normal approximations. See, for example, the role of
the operator § in Stein’s Lemma 3.2.4.

Recall that the sequence {(q!)fl/ 2 H, : ¢ > 0} is an orthonormal basis of
L*(R, (277)_1/ 2 g’/ 2dx). Several relevant properties of Hermite polynomials can
be deduced from the following formula, valid for every 0, x € R,

2 X n
exp (Gm - 92 ) = Z oy Hn (z). (8.1.2)
n=0

For instance, one deduces immediately from the previous expression that

d
gy (@) = nHuy (), n=1 (8.1.3)
Hyyi(z) = 2Hy (z) —nHpy (7)), n> 1 (8.1.4)
One has also
2l
H = e — 1M(—1)kpn—2k >
@)= 3 (5 )@k e o

where we use the double factorial symbol as before, i.e. (2k—1)!l =1-3-5---(2k—1).

Remark. It is sometimes convenient to use a more general type of Hermite polynomi-
als, denoted by H,,(z, p), n > 0, involving a parameter p > 0. These polynomials are
orthogonal with respect to the Gaussian density function with mean zero and variance
p, namely

22

/ H,(x,p)Hp,(z, p) Jamp v dr =n!p"dpm, n,m >0, (8.1.5)

where d,,,,, is the Kronecker delta. Their generating function is

L, _ - Hn(x,p) n
exp (Hx — 2p0 ) = T;) nl 0. (8.1.6)
The generalized Hermite polynomials also satisfy
2 dP 22
H(o,p) = (=p)e® 1 ™5, 0 >0,

. 0 . .
with d‘io equal to the identity operator, and are expressed as

[n/2]
Hy(z,p) = Z (;;) 2k — D(=p)kazn=2k n > 0.

k=0
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The first few are

Ho(z,p) = 1,
Hi(z,p) = x
Hy(z,p) = a* = p,
Hiy(z,p) = x° — 3xp.
Observe that
a "H,(azx,ad*) = H,(z). (8.1.7)

For more information, see Kuo [58]. Here, we shall work with the Hermite polynomials
H, (x) that are obtained from H,, (z, p) by setting p = 1.

The next result uses (6.4.17) and (8.1.4) in order to establish an explicit relation
between multiple stochastic integrals and Hermite polynomials.

Proposition 8.1.2 Let h € L? (v) be such that I”ll 2y = 1 and, for n > 1, define
RE" (21, 2n) = h(21) X - X h(zn), (21,0, 20) € 2"

Then,
IS (h®™) = H,, (IF (h)) = H, (G (b)) . (8.1.8)

Proof. Of course, Hy (I{ (h)) = I (h) = G(h), so the statement holds for n = 1.
By the multiplication formula (6.4.17), one has therefore that, for n > 2,

IG (h®™) 1€ (h) = IS, (h®™H) 4 IS | (R®"7),
and the conclusion is obtained from (8.1.4), and by recursion on n.

In the following corollary we do not suppose that the random variable X = I%(h)
has unit variance.

Corollary 8.1.3 For everyn > 1 and every h € L*(v), one has that
Hy (17 (h). 17 32,) = 17 (B®™). (8.1.9)

Proof. Let X = IlG(h) Then, by (8.1.7) and Proposition 8.1.2,

. X
Hn(X7 ||h’H%,2(l/)) = Hh“LZ(V) Hn <h|| >
L (v)

h n

R,
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Corollary 8.1.4 For every jointly Gaussian random variables (U, V') with zero mean
and unitary variance,

0 if m#n
E|[H, H =
Hn (U) o (V)] {n!]E [UV]" if m=n.
Proof. By using the relation (5.5.62), we have E[IS (h®")IS (¢®™)] =
nl (h®",g%™) 12 (,ny = n!(h, g)]2 (), and hence the result follows from (8.1.8).

Remark. Consider a discrete-time stationary Gaussian stochastic process {X; : j >
0} with mean zero, unit variance and covariance r(k) = EX X}, decreasing to 0
as k — oo. Then the covariance of the process {Y; : j > 0}, defined for some fixed
n>2asY; = H,(X;),is

Ro(k) = EH, (X5 ) Ha(X;) = nlr (k),

which decreases much faster as k& — oco. Suppose, for example, that {X; : j > 0}
has covariance r(k) ~ k=P as k — oo, with D < 1 so that Zj_foo r(k) = oo.
Such a sequence is said to have long-range dependence or long memory (see [154]).
Then the covariance of {Y; : j > 0} is such that R,,(k) ~ nlk="P as k — oo, and
hence Zj_foo n(k) = oo only if D < 1/n, for example, D < 1/2 when n = 2.
The original sequence {X; : 7 > 0} must have had particularly strong dependence to
ensure that {Y; : j > 0} remains long-range dependent.

8.2 Chaotic decompositions

By combining (8.1.2) and (8.1.8), one obtains the following fundamental decomposi-
tion of the square-integrable functionals of G.

Theorem 8.2.1 (Chaotic decomposition) For every F € L*(P,o(Q)) (that is,
E(F?) < 00), there exists a unique sequence {f, : n > 1}, with f,, € L (v"), such
that

[FI+ Y 19 (fa), (8.2.10)

where the series converges in L* (P).

Proof. Fix h € L? (v) such that Al 2y = 1, as well as 6 € R. Then, G(h) is
Gaussian with mean zero and variance 1. By using (8.1.2) and (8.1.8), one obtains that

exp<9G ) i  Ha —1+Z G(rem). @211
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o o (s - 7] =1,

one deduces that (8.2.10) holds for every random variable of the form F =
exp (HG (h) — 0;), with f,, = ?:, h®™, The conclusion is obtained by observing that

Since

the linear combinations of random variables of this type are dense in L? (P, o (GQ)),
as well as using the fact that random variables admitting the chaotic decomposition
8.2.10 are an Hilbert space (just use the orthogonality and isometric properties of mul-
tiple integrals).

Remarks. (1) By inspection of the proof of Theorem 8.2.1, we deduce that the linear
combinations of random variables of the type IS (h®"), with n > 1 and ||h|| . v =
1, are dense in L* (P, o (G)). This implies in particular that the random variables
IS (h®™) generate the nth Wiener chaos C,, (G).

(2) The first proof of (8.2.10) dates back to Wiener [162]. See also Nualart and
Schoutens [99] and Stroock [149]. See, for example, [20, 46, 61] for further references
and results on chaotic decompositions.

8.3 Isonormal Gaussian processes

We shall now generalize some of the previous results to the case of an isonormal Gaus-
sian process. These objects have been introduced by R.M. Dudley in [24], and are a
natural generalization of the Gaussian measures introduced in Section 5.1. In partic-
ular, the concept of isonormal Gaussian process can be very useful in the study of
fractional fields. See, for example, Pipiras and Taqqu [115, 116, 118], or the second
edition of Nualart’s book [94]. For a general approach to Gaussian analysis by means
of Hilbert space techniques, and for further details on the subjects discussed in this
section, the reader is referred to Janson [46].

Let §) be a real separable Hilbert space with inner product (-, -) . In what follows,
we will denote by

X=X(®)={X(h):heH}

an isonormal Gaussian process over $). This means that X is a centered real-valued
Gaussian family, indexed by the elements of §) and such that

E[X (h) X (k)] = (h, h’)ﬁ, Yh,h' € 9. (8.3.12)
In other words, relation (8.3.12) means that X is a centered Gaussian Hilbert space
(with respect to the inner product canonically induced by the covariance) isomorphic

to 9.
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Example 8.3.1 (Euclidean spaces) Fix an integer d > 1, set § = R? and let
(e1, ..., eq) be an orthonormal basis of R? (with respect to the usual Euclidean inner
product). Let (Z1, ..., Z4) be a Gaussian vector whose components are i.i.d. N (0, 1).
For every h = Z?:] cje; (where the c; are real and uniquely defined), set

d
X (h)=>¢;Z;
j=1

and define
X ={X(h):heR}.
Then, X is an isonormal Gaussian process over R¢. Observe, in particular, that

EX(h)? =30, & = (h,h)s.

Example 8.3.2 (Gaussian measures) Let (Z, Z, ) be a measure space, where v is
positive, o-finite and non atomic. Consider a completely random Gaussian measure
G = {G(A): A€ Z,} (as defined in Section 5.1), where the class Z, is given by
(5.1.3). Set

9 =L (ZZv);

and thus, for every h, h' € 9,

(h,h)sy = / BB (2)0(dz).
z
Also, for every h € ), define
X (h) = I (h)

to be the Wiener-It6 integral of i with respect to G, as defined in (5.2.14). Recall that
X (h) is a centered Gaussian random variable with variance given by ||h||§6 Then,
relation (5.2.15) implies that the collection

X={X(h):hel*(Z2Z2,v)}
is an isonormal Gaussian process over L? (Z, Z,v).

Example 8.3.3 (Isonormal spaces built from covariances) Let Y = {Y; : ¢t > 0}
be a real-valued centered Gaussian process indexed by the positive axis, and set

R (s, t) = E[Y,Y]
to be the covariance function of Y. This process is not isonormal. However, one can
embed Y into some isonormal Gaussian process as follows:

(i) define £ as the collection of all finite linear combinations of indicator functions
of the type 14, t > 0;
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(ii) define ) = $Hr to be the Hilbert space given by the closure of £ with respect to
the inner product

(f,h)g = ZaiCjR (si,t5),
s

where f =3 a;ilp s, and h =}, ;1) are two generic elements of &;
(iii) for h = Zj cjlp,y,) € E,set X (h) = Zj ciYis
(iv) for h € Hg, set X (h) to be the L? (P) limit of any sequence of the type X (h,,),
where {h,,} C € converges to h in )r. Note that such a sequence {h,, } neces-
sarily exists and may not be unique (however, the definition of X (h) does not
depend on the choice of the sequence {h,,}).

Then, by construction, the Gaussian space
{X (h):hen}

is an isonormal Gaussian process over . See Janson [46, Ch. 1] or Nualart [94] for
more details on this construction.

Example 8.3.4 (Fractional Brownian motion) As a particular case of the previous
example, consider the fractional Brownian motion { By (t) : ¢ > 0}, where 0 < H <
1, and whose covariance is

R(s.t) = E(Bu(s)Bu(t) = )

with o > 0. It is a Brownian motion if H = 1/2. Define the Hilbert space $ and
the process {X (h) : h € $} as in the previous example. Then, {X(h) : h € H}is
isonormal. One customarily denotes it as { By (h) : h € 9H}.

{27 421 s —¢PHY, (8.3.13)

Example 8.3.5 (Even functions and symmetric control measures) Other classic ex-
amples of isonormal Gaussian processes (see, for example,, [12, 34, 66, 151]) are given
by objects of the type
Xpg={Xg(¥): ¢ € Hpp},
where (3 is a real non-atomic symmetric measure on R (that is, 3 (dx) = (§ (—dx)),
and
95 = L% (R, df) (8.3.14)

stands for the collection of real linear combinations of complex-valued even functions
that are square-integrable with respect to (3 (recall that a function ¢ is “even” or “Her-
mitian” if ¢ (x) = 1 (—x)). The class Hg s (the “E” stands for even) is indeed a real
Hilbert space, endowed with the inner product

(¢1’¢2)5 = /R'L/h (l’) 1/}2 (7%) ﬂ (dl’) € R. (8.3.15)
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This type of construction is used in the spectral theory of time series (see Chapter 9
for more details).

Example 8.3.6 (Gaussian Free Fields) Let d > 2 and let D be a domain in R4,
Denote by H(D) the space of real-valued continuous and continuously differentiable
functions on R that are supported on a compact subset of D (note that this implies that
the first derivatives of the elements of H(D) are square-integrable with respect to the
Lebesgue measure). Write H (D) in order to indicate the real Hilbert space obtained
as the closure of Hy(D) with respect to the inner product

(f9) = [, V#@)- Vg(a)da,

where V indicates the gradient. An isonormal Gaussian process of the type X =
{X(h) : h € H(D)} is called a Gaussian Free Field (GFF). The reader is referred
to the survey by Sheffield [139] for a discussion of the emergence of GFFs in sev-
eral areas of modern probability. See Rider and Virdg [129] for a connection with the
“circular law” for Gaussian non-Hermitian random matrices.

Example 8.3.7 (Obtaining a Gaussian process on R from a an isonormal Gaus-
sian process) Let X = {X (h) : h € $} beisonormal. Foreacht > 0 select a function
ht € 9. Then, the process X; = X (h;) is Gaussian with covariance

]E(XtXS) = <ht, hs>f)~
For instance, consider the case ) = L?(R, dx) and define, for H € (0, 1),
W ()= (t—2)"72 = (—)7'2 2 eR,

for H # 1/2, as well as hi/z(x) = 1j9,4(x) for H = 1/2. Then, forevery H € (0, 1),
the centered Gaussian process X (hfI ), t > 0, has a covariance which is a multiple of
the RHS of (8.3.13) (that is, X (h/) is a multiple of a fractional Brownian motion of
Hurst index H). Check this as an exercise!

8.4 Wiener chaos

We shall now show how to extend the notion of Wiener chaos (as appearing in Sec-
tion 5.9 Section 8.2) to the case of an isonormal Gaussian process. The reader is re-
ferred to [94, Sect. 1.1] for a complete discussion of this subject. We need some further
(standard) definitions.

Definition 8.4.1 From now on, the symbol Ao, will denote the class of those se-
quences o = {«; : i > 1} such that: (i) each «; is a nonnegative integer, (ii) o is
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different from zero only for a finite number of indices i. A sequence of this type is
called a multiindex. For o € A, we use the notation |a| = ), ;. For ¢ > 1, we
also write

Aswg={aec A i ]a] =¢}.
Notation. Fix ¢ > 2. Given a real separable Hilbert space ), we denote by
H®9  the qth tensor power of §

and by
$H®9  the gth symmetric tensor power of $)

(see, for example, [46]). We conventionally set H®! = HO! = .

We recall four classic facts concerning tensors powers of Hilbert spaces (see, for
example, [46]).

(i) The spaces $®7 and H©? are real separable Hilbert spaces, such that $®9 C
57)®q .

(i) Let {ej : j > 1} be an orthonormal basis of $; then, an orthonormal basis of
$®4 is given by the collection of all tensors of the type

€4 & ®€jq, jl>"'7jd > 1.

(>iii) Let {ej : j > 1} be an orthonormal basis of §) and endow $H®4 with the inner
product (-, -) »®aq; then, an orthogonal (and, in general, not orthonormal) basis
of H© is given by all elements of the type

e(j1,.rJq) = sym{ej1 [ ®ejq} , 1 <51 << jg <00, (84.16)

where sym {-} stands for a canonical symmetrization. Exercise: find an or-
thonormal basis of $©4.

The following identification is often used (see, for example, [46, Appendix E] for a
discussion of this point).

Lemma 8.4.2 If § = L*(Z,Z,v), where v is o-finite and non-atomic, then $H%4
is isomorphic (as a Hilbert space) to L (Z9,29,0%) and $®1 is isomorphic to
L% (79,29 v%), where L2 (Z9, 29, v9) is the subspace of L* (24, 29, 1) composed
of symmetric functions.

Now observe that, once an orthonormal basis of § is fixed and due to the sym-
metrization, each element e (jy, ..., j4) in (8.4.16) can be completely described in terms
of a unique multiindex o € A 4, as follows: (i) set o; = 0 if ¢ # j, for every
r=1,...q, (i) set a; = k for every j € {ji, ..., jq } such that j is repeated exactly k
times in the vector (ji, ..., jq) (k > 1).
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Example 8.4.3 (i) The multiindex (1,0,0, ....) is associated with the element of $
given by e;.

(ii) Consider the element e (1,7,7).1In (1,7,7) the number 1 is not repeated and 7 is
repeated twice, hence e (1,7,7) is associated with the multiindex o € A3
such that oy = 1, @7 = 2 and a; = 0 for every j # 1,7, thatis, a =
(1,0,0,0,0,0,2,0,0,...).

(iii) The multindex « = (1,2,2,0,5,0,0,0,...) is associated with the element of
91 givenby e(1,2,2,3,3,5,5,5,5,5).

In what follows, given a € A 4 (¢ > 1), we shall write e («) in order to indicate
the element of $H®7 uniquely associated with a.

Definition 8.4.4 For every h € $, we set I;X (h) = X (h). Now fix an orthonormal
basis {ej : j > 1} of 9: for every ¢ > 2 and every h € 7 such that

h= Z cat (@)

€A q

(with convergence in 9, endowed with the inner product (-, -) H@a) We set

IX(h)y= Y ca]]Ha, (X (e)), (8.4.17)

a€Aq q J

where the products only involve the non-zero terms of each multiindex o, and H,, in-
dicates the mth Hermite polynomial. For q > 1, the collection of all random variables
of the type I ;( (h), h € 999, is called the qth Wiener chaos associated with X and is
denoted by Cy (X).. One sets conventionally Cy (X) = R.

Example 8.4.5 (i) If h = e (a), where a = (1, 1,0,0,0, ...) € Ao, then
X (h) = Hy (X (e1)) Hi (X (e2)) = X (1) X (e2) .
(i) o= (1,0,1,2,0,...) € As4, then
¥ (h) = Hi (X (1)) Hi (X (e3)) Ha (X (e4))
= X (e1) X (e3) (X (es)? — 1)
= X (e1) X (e3) X (e4)* — X (e1) X (e3).
(iii) If o = (3,1,1,0,0, ...) € Ao s, then
I (h) = H3 (X (e1)) Hy (X (e2)) Hy (X (e3))
= (X ()’ =3X (1) X (e2) X (e3)
= X (1)’ X (e3) X (e3) —3X (e1) X (e2) X (e3).
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The following result collects some well-known facts concerning Wiener chaos and
isonormal Gaussian processes. In particular: the first point characterizes the operators
1, ;( as isomorphisms; the second point is an equivalent of the chaotic representation
property for Gaussian measures, as stated in formula (5.9.78); the third point estab-
lishes a formal relation between random variables of the type I &X (h) and the multiple
Wiener-It6 integrals introduced in Section 5.5 (see [94, Ch. 1] for proofs and further
discussions of all these facts). Compare with Section 5.9.

Proposition 8.4.6 1. For every ¢ > 1, the qth Wiener chaos Cy (X) is a Hilbert
subspace of L* (P), and the application

hi— IX (h), he§,

defines a Hilbert space isomorphism between $©4, endowed with the inner product
q'(+, )goqe, and Cy (X).

2. Foreveryq,q' > Osuchthat q # ¢, the spaces Cyq (X)) and Cy (X) are orthogonal
in L* (P).

3. Let F be a functional of the isonormal Gaussian process X satisfying E[F(X)?] <
oo: then, there exists a unique sequence {fy : ¢ > 1} such that f, € $©, and

PoEF) + 31X (f),

where the series converges in L* (P).

4. Suppose that § = L? (Z, Z,v), where v is o-finite and non-atomic. Then, for q >
2, the symmetric power 9 can be identified with L* (Z4, Z4,v%) and, for every
f € $H%4, the random variable I, ;{ (f) coincides with the Wiener-1té integral (see
Definition 5.5.4) of f with respect to the Gaussian measure given by A — X (14),
Ae Z,.

Remark. The combination of Point 1. and Point 2. in the statement of Proposition 8.4.6
implies that, for every q,q" > 1,

E [ (A I ()] = Lo=gd! (f, ) gea

(compare with (5.5.62)). One can also prove (see, for example, Janson [46, Ch. VI])
that the hypercontractivity property (5.9.79) extends to the framework of isonormal
Gaussina processes. This means that, for every p > 2 and every n > 2, there exists a
universal constant ¢, , > 0, such that

1/2

Y e E [Igf ( f)z] : (8.4.18)

E([1X (D]

for every f € §O™.
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8.5 Contractions, products and some explicit formulae

We start by introducing the notion of contraction in the context of powers of Hilbert
spaces.

Definition 8.5.1 Consider a real separable Hilbert space 9, and let {e; : i > 1} be
an orthonormal basis of §). For every n,m > 1, every r = 0,...,n A m and every
f € 5°" and g € HO™, we define the contraction of order r, of f and g, as the
element of HE" T2 given by

oo

f®7‘g: Z (f)eil ®"'®€ir)f)®7~®(g,€il ®"'®€iT)5®r7 (8519)

i1,eein=1

and we denote by f ®,. g its symmetrization. This definition does not depend on the
chosen orthonormal basis {e; : i > 1}. Observe that

(f’ €, Q@ ® 6ir)f)®r c ﬁ@(nfr) and (g, e ® - ® eir)‘ﬁ@r c ﬁ@(mfr).

Remark. One can prove (Exercise!) the following result: if § = L?(Z, Z,v), f €
HOn = [2(Z", 2", v") and g € HO™ = L? (Z™, Z™, v™), then the definition of
the contraction f ®,. g given in (8.5.19) and the one given in (6.2.16) coincide.

Example 8.5.2 Let §) be a real separable Hilbert space, and let {e; : i > 1} be an
orthonormal basis of §). Suppose that f, g are two elements of $©2 given by

oo

f= 2 alini) (e ®e;) g= Y bliniz)(e; ®ep)

i1,52=1 i1,52=1

where the applications (i1,7;) — a(i1,42), b(i1, 1) are symmetric. We want to com-
pute f ®; g according to Definition 8.5. First of all, one has that, for every i > 1

(f.ei)s Za (t,j)e; €9 and  (g,e)q = Zb(@j)ej €9,
j=1 j=1
from which one infers that

forg=Y Y (fie)s@(ge)o =2 lz a(i, j1)b(i, j2)

Gi=1ja=1 Ji=1j=1 Li=1

(ejl ® ejz)'

The following result extends the product formula (6.4.17) to the case of isonormal
Gaussian processes. The proof (which is left to the reader) can be obtained from Propo-
sition 6.4.1, by using the fact that every real separable Hilbert space is isomorphic to a
space of the type L? (Z, Z,v), where v is o-finite and non-atomic (see Lemma 8.4.2).
An alternative proof (by induction) can be found in [94, Ch. 1].
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Proposition 8.5.3 Ler X be an isonormal Gaussian process over some real separable
Hilbert space $). Then, for everyn,m > 1, f € H°" and g € H°™,

=3 (") (1) o0, 8520
r=0

where the contraction f ®,. g is defined according to (8.5.19), and for m = n = r, we
write

I (f @0 g) = (f,9) gen -

We stress that one can obtain a generalization of the cumulant formulae (7.3.29) in
the framework of isonormal Gaussian processes. To do this, one should represent each
integral of the type |, g/ f»dv™/?, appearing in (7.3.29), as the inner product between
two iterated contractions of the kernels { fnj }, and then use the canonical isomorphism
between §) and a space of the form L? (Z, Z,v). However, the formalism associated
with this extension is rather heavy (and not really useful for the discussion to follow),
and is left to the reader.

Example 8.5.4 We focus once again on isonormal Gaussian processes of the type
Xp ={Xp(¥) : ¥ € Hg 3}, where the Hilbert space g g is given in (8.3.14). In
this case, for d > 2, the symmetric power Sﬁg,dﬁ can be identified with the real Hilbert
space of those functions 1), that are symmetric on R¢, square integrable with respect
to 3, and such that ¢g (21, ..., 24) = 14 (—x1, ..., —x4) . The bar indicates complex
conjugation. For every ny,...,n; > 1, one can write explicitly a diagram formula as
follows:

X (Ifflﬁ (wl) [ '717)5195 (¢k)) = Z ¢adﬁn/2,

ceMs([n],r+) VR

where M ([n], 7*) is defined in (7.2.21) and 1), is the function in (n; + - - - +ny) /2
variables obtained by setting x; = —x; in ¥ ® - - - ®g g if and only if ¢ ~, j. The
field X is often defined in terms of a complex Gaussian measure (see [12, 34, 66]).
This example is further expanded and discussed in the forthcoming Chapter 9.






9

Hermitian random measures
and spectral representations

The aim of this chapter is to analyze more deeply the class of random variables en-
countered in Example 8.5.4. In particular, we shall consider complex-valued functions
1), to which we associate real-valued (multiple) stochastic integrals. This type of con-
struction is used in the spectral theory of time series and, in particular, in the context
of self-similar processes (see e.g., [12, 23, 34, 66, 151, 153]).

We will proceed in two different ways. The first, already outlined in Example 8.5.4,
involves isonormal processes and does not require the construction of a Gaussian mea-
sure (for the convenience of the reader, we will rewrite the content of Example 8.5.4
in more detail). The second involves building the integrals in the usual way, starting
with elementary functions and a complex Gaussian measure.

9.1 The isonormal approach

Consider first the “isonormal” approach. As before, we shall define the isonormal
Gaussian process as

Xp={Xp () : ¢ € HEp},

where [ is a real non-atomic symmetric measure on R, where the symmetry consists
in the property that

B (dr) = B (—dz), ©.1.1)

and where
955 = Lp(R,dB) 9.1.2)

stands for the collection of linear combinations with real-valued coefficients of
complex-valued and Hermitian functions that are square-integrable with respect to [3.
Recall that a function v is Hermitian, or (equivalently) even, if

¥ (z) =9 (-x),

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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where the “bar” indicates complex conjugation. The fact that we consider a class of
Hermitian functions ensures that ) g 3 is a real Hilbert space, endowed with the scalar
product

($1,42) = /R 1 () (2) B (d) = /R Ui (2 (—) B(dz) . ©O.13)

This scalar product is real-valued because (11, 1),) 5 = (11, 1) g- 1t follows from
Example 8.5.4 that the Gaussian integral I; (1)) is well-defined and is also real-valued
since g g is a real Hilbert space. We shall denote it here

Li(Y)

to indicate that its argument ¢ belongs to H i s = L% (R, d3). In addition the chaos of
any order ¢ is defined as well, via Hermite polynomials, as in (8.4.17), as well as the
full chaotic expansion as in Theorem 8.4.6. Now consider a chaos of order ¢ > 2. By
adapting the last point in the statement of Proposition 8.4.6, one sees that the symmetric
power Y)%?ﬁ can be identified with the real Hilbert space of those functions 1), that are
symmetric on RY, square integrable with respect to 39 but here, in addition, such that

Vg (X1, oy Tg) =Yg (—21, oo, —2q) -
For every n,...,n; > 1, one can write explicitly diagram formulae as follows:
X (T @) T () = Y add", 9.1.4)
seMy([n],n+) VB

and

E (fm (1) - Ty (wk)) = bedB™?, (9.1.5)

n/2
seMY([n],x+) 'R

where M, ([n] , 7*) and M ([n] , 7*) are defined in (7.2.21) and (7.2.21) respectively,
and 1),; is the function in n/2 variables, where

n:nl+...+nk7
obtained by setting x; = —x; in

(Y1 @0 -+ @0 V) (1, .y Tn)
= %(3317 ~-~7$n1) X ¢2($n1+1, ---7xn1+n2) X X wk($n1+-»~+nk,1+la ,.Tn)
(9.1.6)

if and only if 7 ~, j. Compare these diagrams formulae with those in Corollary 7.3.1
and equation (9.1.6) with (7.3.31).
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One can also define contractions as in Relation 6.2.10. Let’s focus for example
on the operator ®,., which we denote ®,. in this context. If f € L?g(RP,d?(3) and
g € L*g(R",d?(3), then

f®rg (21,0 Tpyg_or) 9.1.7)

= (f('vxla "'7xp7r) ) g('vmpfrJrlv ~'71'p+q72'r’)16

= f (Zlv ey By Ll "‘7xp7’l“) g (_Zl7 ceoy 727y Tp—r1, '~'7$p+q72r)
Rr
B (dz1) - - B (dzr).

We can now state the formula for the product of two integrals corresponding to
the one in Proposition 6.4.1. Let ¢,p > 1, f € L?5(RP,dP/3) and g € L?5(RY,d%03).
Then

L(HI(g) = ! (f) (i) Lysg—2r (f®r9), (9.1.8)
r=0

where the contraction f®,.g is defined in (9.1.7), and for p = ¢ = r, we write

Io (f@rg) = (f.9) 13, 5m)
= f®7‘g

= a flzty e ze)g (=21, —20) B(d2z1) - - - B (dzr) .

There is nothing to prove. One just has to adapt to the scalar product of the Hilbert
space.

9.2 The Gaussian measure approach

The field X g appearing in the previous paragraph is often defined in terms of a complex
Gaussian measure. In what follows, we shall briefly sketch this construction; the reader
is referred to [66, Ch. 3] for an exhaustive discussion (see also the classic references
[12, 34]). We start with a definition.

Definition 9.2.1 Let 3 be a Borel non-atomic symmetric measure (see (9.1.1)) on the
real line. A Hermitian (complex) Gaussian measure with control measure 3 is a col-
lection of complex-valued random variables {/W(A) : B(A) < oo} defined on some
probability space (2, F,P), and such that:

(i) The random variables W(A) = Wi(A) + i/V[72(A), B(A) < oo, are jointly
complex Gaussian.

(i) E(W(A)) = 0.
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(iii) The following identity takes place for every A, B of finite measure (3:

EW (A)W(B) = B(AN B), (9.2.9)

@iv) The following symmetry property is satisfied:

W(dz) = W(—dz), (9.2.10)
or, equivalently, W(A) = /W(—A) for every set A of finite measure (3, where
the set — A is defined by the relation: for every real x, one has that —x € — A if
and only if ¢ € A.

Remark.

(a) To explicitly build a Hermitian complex Gaussian measure W with symmetric
control (3, one can proceed as follows. Consider first two independent, real-valued,
centered completely random Gaussian measures (say W and W¥) on R, each
one with control measure given by the restriction of 5/2 on R . Then, for A C R
such that B(A) < 400, define Wi (A) = W2(ANR,) + WO((—A) NR,), and
/WZ(A) = WYANRL) — WY((—A) NR,). It is immediate to verify that the
complex-valued random measure ﬁ/\ = ﬁ/\l + in satisfies properties (i)-(iv) of
Definition 9.2.1.

(b) Reasoning as in formula (5.1.7), one also deduces from Point (iii) of Definition
9.2.1 that W is o-additive. Further useful properties of Hermitian Gaussian mea-
sures are collected in Section 9.6.

If 4 is simple and Hermitian as above, namely if

P = E lev"'achlAle"'lqu

=%l N
where the ¢’s are real-valued, A;, = —A_;, and A;, N A;, = 0 if i # ¢, one sets
L) = D> e, WA W(A,,).
Ji=%l,- EN

The double prime in Z” indicates that one does not sum over the hyperdiagonals, that
is, one excludes from the summation terms with j; = +j, for i # £. The following
integral notation is then used:

"

~ —

Iq(w) = - Y(xy, - >$q)W(d$1) Tt W(dxq)a
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where | " refers to the fact that diagonals are excluded. One notes that the integral is
real-valued because

"

~ — —

I,(¥) = (1, xq) W(dzy)--- W(dag)
= | W(—wr,e —wg) W(—day)- W (—dzy) = I,(v).

and also that
Elp(lbl)jq(wZ) = 0p,q4! (1/)1»1/}2)L2E(Rq,dq,@) :

One then defines fq (¢) for ¢ € L? g(R?,d?[3) by the usual completion argument (see
again [66, Ch. 4]).

Remark. We described two methods for defining the integral fq. The first one, which
uses the isonormal approach is the most direct and elegant. The second, which starts
with defining the integral through simple functions is more explicit. It can be made
simpler if one only defines the Gaussian integral fl and then defines fq through Hermite
polynomials.

9.3 Spectral representation

The preceding representations are used extensively in times series analysis, where one
relates a “time” representation to a “spectral” representation. This terminology will
make more sense below, when we consider stochastic processes. Our aim, at this point,
is to relate the Gaussian “time integral” I;(h) where h € L*(R, d£) to the “spectral
integral” T (v)) where ¢ € L% (R, df3), in such a way that

L(h) "2 T (y), 9.3.11)

with equality in distribution. Both integrals are normal with mean 0 and common vari-
ance. Here

n(h) = /R h(E)W (de)

where £ is real-valued, dWV is a real-valued Gaussian measure with Lebesgue control
measure dv(§) = d&, and

L) = / BV (dN)

where 1) is Hermitian and AW is complex Hermitian Gaussian measure with Lebesgue
control measure d3(A) = dA (see Definition 9.2.1). We stress that the measure dW
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verifies (9.2.10) and the control measure dj satisfies (9.1.1). What is special here is
that the function v is taken to be the Fourier transform of h, namely

1
V27

Since h is real, 1) is Hermitian. Parseval’s relation gives:

P(N) /R e B(E)dE. (9.3.12)

1122 = /Rh(ﬁ)zl/(df) = /R [WNPBAA) = [[$]]L25)- (9.3.13)
One relates multiple integrals in a similar way:

Proposition 9.3.1 Let h € L*(R?,d%) and ) € L%, (R?,d?)), defined by

1 )
PO A = /]R HENTHEADR (g, g g (93.14)

Then
law 7
Iy(h) = ]q(l/’)-
More generally, if h; € L*(R?, d’€) has Fourier transform v; € L3(R7, 7)), j =
1,---,q, then

(). L)) "2 (T, L) ).

To prove this proposition, start with (9.3.11) and then proceed as in Proposition 8.4.6
(see also [153]).

9.4 Stochastic processes

In the context of time series analysis, a process can be both defined in “the time do-
main” and in “the spectral domain”. One considers then two Hilbert spaces L? (IR, d¢)
and L2,(R, d)), both with Lebesgue control measure. Let T be some set, typically
T =R, T =R, orT = Z. Consider the following stochastic process labeled by
teR:

I,(h) = /R ho(Ery- 1 E) AW (1) ---dW(E,), t € T,

where W is a real-valued Gaussian random measure with Lebesgue control measure
on R and h; € L?*(RY%,d%). The prime indicates that one does not integrate over
hyperdiagonals. Let v; denote the Fourier transform of h; defined as in (9.3.14). It
follows from Proposition 9.3.1 and the linearity of the integral that for any n > 1 and
ti,- ,tn €T,

(Fale)s o Ialhe,)) "2 (L), Ty(n,)),
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where

T, () :/R GiEr, - ) AW(E) - dW(E,), tET,

where W has Lebesgue control measure: d3(A\) = dA and satisfies (9.1.1). Both
I,(ht), t € T and fq(wt), t € T are representations of the same stochastic process.
The representation I, (h;) which involves a real-valued integrand A is said to be in the
time domain, whereas the representation fq(wt), which involves Fourier transforms,
is said to be defined in the spectral domain.

9.5 Hermite processes

We shall use Hermite processes to illustrate the preceding discussion. The Hermite
processes { X, i (t), t € R} are self-similar processes with parameter

1/2< H <1,
that is, for any ¢ > 0,

{Xpu(ct), t e R}Y'2 {F X, p(t), t € R}, (9.5.15)
where "% indicates here equality of the finite-dimensional distributions. They have
stationary increments and are represented by multiple integrals of order ¢ and hence
are non-Gaussian when ¢ > 2. They have representations both in the time domain and
in the spectral domain, which are as follows (see [153]):

(a) Time domain representation: for ¢ € R,

/ t 4 Ho_3
Xq,H(t)zaq,Ho/IR /OH(S—gj);’ 2ds 3 AW (&) ... dW(E,).  (9.5.16)
q j=1

(b) Spectral domain representation: for t € R,

" ei(AlJr...Jr)\q)t 1 q 1 - L
[T dW () ... dW(A,).

Jj=1

law
X,mgt) =05
Q7H() q7HO/l\Rq Z()\1++)\q)

(9.5.17)

1-H 1
Hy=1- € (1 - ,1) (9.5.18)
2q

Here

ensures that the integrands are indeed square-integrable. If the Hermite process X p
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is normalized so that E(X, ;(1)? = 1, then

[ (q(Ho— 1)+ 1)(2q(Ho — 1) + )I'(3 — Hy)e 172

et T ( q[I(Ho— ))I'(2— 2H0)]q2 ) (9.5.19)
HQH — 1)]1(; + l;H)q 1/2
- (q![F(; _ l—H)F(Z(l—H))]q> =Aqn, (9.5.20)
and
1/2
[ (q(Ho—1) +1)(2q(Ho — 1) 4+ 1)

be,H, = (q![ZF(Z — 2H,) sin((Hyp — ;)w)]tI) (9.5.21)

_ ( (qH(2H - 1)

@20 (*" ) sin(() - 1

1/2
=B, H- 9.5.22
qH)']'r)]q> q,H ( )

For more details see [117, 153, 154] and for additional representations, see [117].
The Hermite processes have the same covariance as fractional Brownian motion,
namely (8.3.13). In fact, the Hermite process of order ¢ = 1 is nothing else than frac-
tional Brownian motion, introduced in Example 8.3.4 and in that case Hy = H. One
thus obtains the following representations of fractional Brownian motion:
(a) Time domain representation of fractional Brownian motion: for t € R,

AI,H/R{/()t<s—£>f‘3ds} dw (¢)

A g

= H_’l/sz{(tf)f_l/z(é)f‘”z}dW(g). 9.5.23)

X1, 1(t)

(b) Spectral domain representation fractional Brownian motion: for ¢ € R,

At
X ®' B [ O W am ) 9.524)
R Z
These representations are not unique. Representations (9.5.23) and (9.5.24) are
valid for 0 < H < 1, H # 1/2. For more details see [25, 135, 154].

9.6 Further properties of Hermitian Gaussian measures

Here are some of the propertles of the complex Hermitian Gaussian measure W =
W1 + sz, where W1 and Wz denote respectively the real and imaginary parts w.
Recall that 3 denotes its symmetric control measure (see Definition 9.2.1), and rela-
tion (9.2.9)).
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Proposition 9.6.1 (a) E(W\(A))Z/\: 0ifAN(—A)=0.
(b) EW,(A)W,(B) = 0 (that is, W and W, are independent).
(©) EWF(4) = EW3(4) = EIW(A)P = ) 4(4) f A0 (~4) =0
d W\(Al), /W(Az), . ,/W(An) are independent if A} U (—A)),..., A, U (—A,)
are disjoint.
Proof.
(@) E(W(A)? =EW (AW (-A) =p(AN(=A4)) =0if An(-A)
(b) EW,(A)W,(B)

0.

= JE(V(A) + V() (W(B) + W(B))

= J[E(T(A) + W(~4)) (W (B) ~ W (-B))

= JI3(ANB)  B(AN (~B)) + B((~A) N B) — A(~A) N (~B))] =0

by (9.1.1).
() If AN (—A) = 0, then by (a) and (b),

0 =E(W(A)* = E(Wi(A))? + 2iW) (A)Wa(A) — (Wa(A))*
= E(Wi(4))* — E(W(A)).
On the other hand, by (9.2.9),
B(A) = E[W(A)P = E(W1(A))? + E(W>(4)).
(d) If A and B are such that A U (—A) are B U (—B) are disjoint, then

EW (AU (—A)W(B U (~B)) = B((AU (~A)) N (B U (~B))) = 0.

9.7 Caveat about normalizations

Let dv(€) = d€, dB(\) = d and set
1
B \/27r

with h € L?*(R,dv) and ¢ € L% (R, dS3). There are, unfortunately, different conven-
tions for choosing the multiplicative constant in front of the Fourier transform integral.
To illustrate this, let ¢ > 0 and define

P(N) /R e h(€)de (9.7.25)

Ya(A) = J;T /R e h(&)de, (9.7.26)
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that is
Ya(A) = ap(N). (9.7.27)

The normalization constant a is typically chosen to be either
2r, V2w, 1, or 1/\/2’7T.

If a = 1, then ¥, () = ¥(A). If @ # 1, then for this choice not to have an effect on
Parseval’s relation (9.3.13), namely

||h||2LZ(u) = H7/)||2L2(5),

one should choose as control measure

Ba(d)) = a™23(dN),

so that
2 — 2 _ -1 2
910 = [ [HOORB@N) = [ la™ 0B
= [ BaOVPALN) = 50,

To shed light on the potential problems define the Fourier transform as (9.7.26)
with some a # 1 and let { = 1,. We shall examine the different ways of defining

I(¢).

(i) One can define T (¢) as fR ¢ d/V[7a, where /V[7a has a control measure 3,. This is the
best perspective since E|I(h)|* = |[hll; = [[¢[I5 = [I¢/|%, . This means that one
works with L2, (R, df3,) rather than L% (R, d3).

(ii) If the measure 3 has a special significance, for example if it is Lebesgue measure,
then one often wants to continue using it. One can then define I (¢) as usual, namely
as [ ¢ dW where W has control measure 3. One then loses the isometry with the
time domain since EI(h)2 = [|hl3:,, = 0135 = a 2l¢2s) # ISl 2oy
but this point of view is acceptable, specially if one tends not to refer to a “time
representation” of the type I(h), where h is real-valued. It is, however, necessary
to keep constantly track of the factor a.

The following example provides an illustration.

Example 9.7.1 Suppose v(d§) = d€, f(d)\) = dX and define the Fourier transform
of h(€) € L*(R, d¢) as

) = /]R FNR(E)de, ©.728)

that is, ¢ is our 1), with a = 1/+/27, a common choice in time series analysis. If we
take the point of view (i), and define

i) = / VAT, (\)



9.7 Caveat about normalizations 169

with
EldW,(\)|* = Ba(d)\) = a™2d)\ = 27 d),

then we have
law 7 .
I(h) "= 1),  thatis, (A7) = ICHZ20s,)- (9.7.29)

But if we take point of view (ii) instead and define
() = / CONT (V) 9.7.30)
R
with E|dW (\)[2 = dA, then by (9.7.27),

I(n) ' a7 'I(¢) = 2m)*1(Q) (9.7.31)

and the isometry is lost.

Now extend all these definitions to many variables and focus on the formula
(6.4.17) for ]/'\p(f)IAq(g). The best is to take point of view (i) and suppose that the inte-
grals T are defined with respect to Wa, in which case, one needs to replace each 5(d\)
in (9.1.7) by B4(d\) = a=2d\ = (27)d). In this case, by (9.1.7),

f®’r‘g(xla e 7xp+q72r) -
(2m)" F, Az, Tpey)
R'V‘
Cg(=A e = A, Tty e Tpgge2r )AL L ANy,

and (6.4.17) continues to hold.
Alternatively, if we take point of view (ii), namely that the integrals [ are defined
with respect to dW, then relation (6.4.17) should be replaced by

PAq

T T r p q\+
L (f) 1 () =) (2m)"7! (T) (r) Ipiq—2r (f®r9), (9.7.32)
r=0
where
f®rg($17 cee v$p+q727‘) = (9733)
f(/\lv ceey /\ra {O PRI 71'[1—7’)9(*)\13 teey 7)\% Tp—rt1y--- 7xp+q—2r)d>\1 e d)\r
RT

A direct way to check (9.7.32), under point of view (ii), is to replace in formula
(6.4.17), f € L% (RP) and g € L%(RY) by aPf and a%g respectively, and f®,g
by a?T92" f®,.g, where a = (27r) "'/ and f®,.g is as in (9.7.33).

While the resulting formula for IAp( f )fq(g) is the same as if one had considered
integrals with respect to W\a, the perspective is different.
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Some facts about Charlier polynomials

In this short chapter, we present some explicit connections between Poisson random
measures and Charlier polynomials.

There is not a unique accepted definition of Charlier polynomials. We shall con-
sider here two related sets of polynomials, namely {c,(z,a) : n > 0} and {C,,(x,a) :
n > 0}. The first is considered, for example, by Ogura [101] and Roman [130]. The
second appears in Kabanov [49] and Surgailis [150].

The Charlier polynomials ¢, (z,a), z = 0,1,2,..., a > 0, are orthogonal with
respect to the Poisson distribution with mean a, that is,

x

00
_,a i

ch(xva)cm(l'va)e ax! = an(;nm

=0

(0 is the Kronecker delta), and have generating function

Z Cn(x'7 a)t” — et (1 + t) . (10.0.1)
n! a

n=0

They satisfy the recurrence relation: co(x,a) = 1,
Cns1(r,a) = a 'ze,(x — 1,a) — cp(z,a) (10.0.2)

(see [101, Eq. (5)] or [130, Eq. 14.3.0]). There are several other recurrence equations
(see [130, p. 121]). Following again [101], these polynomials can be nicely described
in terms of the backward shift operator B f(z) = f(x — 1) and the Poisson probability

function .

I(z,a) = e

N E z=0,1,..,

as

cn(z,a) = (iB - 1) en—1(x),

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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which gives (10.0.2), and also

cn(z,a) = (m

a

B—l)nl,

(compare with formula (8.1.1) for Hermite polynomials). Expanding the right-hand
side of the previous expression, using the binomial expansion, yields

en(@,a) = é(_n"—r(’;) ("’”f)rl
" 2\ 20
=S ()

where (¥ = 1, 2() = 2Bl = z,2® = (¢B)?1 = ¢B(zB)1 = 2Bz = z(z — 1),
and in general
2" = @Bl =a(x—1)---(x—r+1).

Thus, the first few Charlier polynomials are

co(z,a) =1

ci(z,a) = —a (a—z) = T
a

c(z,a) = a=*(ah2 — x — 2ax + %) = ) 2% 41
2 9 - - az a
c(z,a) = —a’(a® — 2z — 3ax — 3dx + 32% + 3ax? — 2°

(©) )

R R L
a’ a? a

Remark. A slight modification of ¢, (z,a) is given by Engel [26], who defines
K,(z,a) = (—a)"c,(z,a)/nl.

The second set of Charlier polynomials is defined from the first by setting

Cp(z,a) =a"cp(zr+a,a), n>0, z=—a,—a+1,... (10.0.3)
Its generating function is
Z Cn(‘q;7a) t" = eita’(l + t)era. (10.0.4)
n!
n=0

The first few are Cy(z,a) = 1, Cy(z,a) = x, Cy(z,a) = 2* — z — a. We call the
polynomials C,, “centered Charlier”. The polynomials C,, are particularly suitable for
centered Poisson variables. Thus, if NV is Poisson with mean ¢ and N = N — a, then
the orthogonality relation becomes
E[Cy(N,a)Cpn(N,a)] = E[Cy(N — a,a)Cyy(n — a,a)]
= a*"Elcy(N,a)cm(N, a)]

n
= nla 5n7n
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(compare with (8.1.5)). Call J(t) the generating function (10.0.4), and observe that its

right-hand side verifies
oJ

ot
Applying this relation to the left-hand side yields the recursion relation

(14+1t),, =(z—at)

Cpti(z,a) = (x —n)Cp(z,a) —anCph_i(z,a), n > 1. (10.0.5)

Remark. The polynomials G, (¢, z,\) considered by Kabanov in [49] equal
Gn(t,z,A) = Cp(x, \t)/nl.

We now present a statement relating Charlier polynomials and multiple integrals.

Proposition 10.0.2 Let N be a centered Poisson measure over (Z, 2), with o-finite
and non atomic control measure v. Then, for every B € Z such that v(B) < oo, and
everyn > 1, one has that

~

Cn(N(B),v(B)) = IN(1§") = / 15(z1) - 15(z)N(dz) ... N(dzy).

’ (10.0.6)
Proof. The result is true for n = 1, since If\A’(lB) = N(B) = C(N(B),v(B)). Itis
also true for n = 0 since, in this case, both sides of (10.0.6) are equal to 1 (by conven-

tion). The proof is completed by induction on n, as an application of the multiplication
formula (6.5.21). This formula applied to f(zi, ..., z,) and g(z;) yields

NIV () = I8 (F 23 9) +n[IN (f 0 9) + I\ (f #1 9)).

If f(21,020) = 197 (21, 00y 20) = H?:1 15(z;) and g(21) = 1p(21), we get f %)
g= 12("+1), fxg=1%"and fxlg = 12("71) x v(B). Plugging these expressions
into the previous computations, yields therefore

") = IYAFIN 1) —n[1Y A5 +v(B)L, (15"
(N(B) = n)IN (15") = v(B)nIy (15"

(N(B) = n)Cn(N(1p),v(B)) = v(B)nCp (N (1), v(B))
Crt1(N(15),(B)),

N
In+l

by using the induction hypothesis and the recurrence relation (10.0.5).

Example 10.0.3 One has that

IN(15 ®1p) = C(N(B)) = N(B)? — N(B) - v(B).
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Consider now the set

Bl'x...x B =(By x - xBy) x -+ x (B % ... x By),
~ ~ - ~ ~ -
i) times i) times
where i + ... + i = n. It is the tensor product of B repeated i; times, B, repeated
1, times,..., By repeated ¢j, times. As shown in the next statement, if the sets B; are
disjoint, then the multiple Poisson integral of the indicator of B}' x ... x B}* can be
expressed as a product of Charlier polynomials.

Proposition 10.0.4 Assume that the sets By, ..., By are disjoint and of finite v mea-

sure. Then,
k

wonpin) =[] Cio (N(Ba). v(Ba)). (10.0.7)

a=1

Proof. One has clearly that 1 Bil s x BiF = 1%?‘ ® - ® 1%1’“. In view of Proposition

10.0.2, it is therefore sufficient to show that

k
Mg - 015r) = [[ ¥ ag). (10.0.8)

a=1

To prove relation (10.0.8), observe that the functions 15, a = 1, ..., k, have mutually
disjoint supports, so that, for b # a, contractions of the type 1®l“ i 1%2” equal zero
unless 7 = [ = 0 (in which case one has 15’ +) 15" = 1%1“ ® 15*). An iterated
application of the multiplication formula (6.5.21) yields therefore that

k
T 05 = 1 054415 = 17 05 -2 150

n

thus concluding the proof.
We conclude the chapter with a proof of the fact that Poisson measures enjoy a
chaotic representation property.

Corollary 10.0.5 Let the notation and assumptions of this chapter prevail. Then, the
completely random measure N enjoys the chaotic representation property (5.9.78).

Proof. Proposition 10.0.4 and formula (10.0.4) imply that every random variable of
the type F' = [,y y(1+1t,) V(@) (O where the Cy, are disjoint, can be repre-
sented as a series of multiple integrals. Since the linear span of random variables such
as F is dense in L?(c(N),P), the proof is concluded by using the fact that random
variables enjoying the chaotic decomposition (5.9.78) form a Hilbert space.

Remark. Hence any random variable in L2(o(N),P) has the chaotic expansion
(5.9.78). Contrary to the Gaussian case, however, where each term IS (f,)) can be
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expressed as a sum if products of Hermite polynomials (see, for example, (8.4.17)),
here I (f,,)) cannot, in general, be expressed as a sum of products of Charlier polyno-

mials, unless, for example, when f, = ].Biil Koo BE as in Proposition 10.0.4. This is

because [, f(z)G(dz) is Gaussian when G is a Gaussian measure, but [, f(2)N(dz)
is, in general, not Poisson, and hence its powers cannot be readily expressed in terms
of Charlier polynomials.
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Limit theorems on the Gaussian Wiener chaos

In a recent series of papers (see [69, 82, 86, 87, 90, 95, 98, 103, 110, 111] for the
Gaussian case, and [106, 107, 108, 109, 114] for the Poisson case) a set of new results
has been established, allowing to obtain neat Central Limit Theorems (CLTs) for se-
quences of random variables belonging to a fixed Wiener chaos of some Gaussian or
Poisson field. The techniques adopted in the above references are quite varied, as they
involve stochastic calculus (see [98, 103, 111]), Malliavin calculus (see [82, 95, 110]),
Stein’s method (see [86, 87, 90, 106]) and decoupling (see [108, 107, 109]). However,
all these contributions may be described as “drastic simplifications” of the method of
moments and cumulants (see, for example, [12, 66], as well as the discussion below)
which is a common tool for proving weak convergence results for non-linear function-
als of random fields.

The aim of this chapter (and of the following) is to draw the connection between the
above quoted CLTs and the method of moments and cumulants into further light, by
providing a detailed discussion of the combinatorial implications of the former. This
discussion will involve the algebraic formalism introduced in Chapters 2—4, as well as
the diagram formulae proved in Chapter 7.

This chapter mainly focuses on random variables belonging to a Gaussian Wiener
chaos, whereas Chapter 12 deals with random objects in a Poisson chaos.

In order to appreciate the subtlety of the issues faced in this chapter, in the next
section we list some well-known properties of the laws of chaotic random variables.

11.1 Some features of the laws of chaotic random variables
(Gaussian case)

We now consider an isonormal Gaussian process X = {X (h) : h € $} over some
real separable Hilbert space §). Recall (see Chapter 8) that the notion of isonormal
Gaussian process is more general than the one of Gaussian measure: indeed, as shown
in Example 8.3.2, the linear space generated by a Gaussian measure can be always

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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embedded into an isonormal Gaussian process. For every ¢ > 1, random variables of
the type I ;( (f), f € 99, are defined via formula (8.4.17) (these objects compose
the gth Wiener chaos associated with X). We also recall that, if H = LZ(Z ,Z,V),
where (Z, Z) is a Polish space endowed with its Borel o-field, and the measure v is
non-atomic and o-finite, then, for every g > 2, the symmetric tensor product $®¢ can
be identified with the space L2(v4) of symmetric and square-integrable functions on
Z1. Also, in this case one has that I.* (f) = I, f (f), where G is the Gaussian measure
(with control v) A — G(A) = X (14), where A € Z is such that v(A4) < oco.
The following remarkable facts are in order.

e For every integer ¢ > 1 and every kernel f € $©7 such that f # 0, the law of
the random variable 1, ;( (f) is absolutely continuous with respect to the Lebesgue
measure. This fact is proved by Shigekawa in [140] by means of Malliavin-type
operators. Actually, in [140] something more general is actually shown, namely:
if the random variable Y is not a.s. constant and it is equal to a finite linear com-
bination of random variables of the type I ;JX (f), then the law of Y is absolutely
continuous with respect to the Lebesgue measure.

e If ¢ = 2, then there exists a sequence {; : ¢ > 1} of i.i.d. centered standard Gaus-
sian random variables such that

LX) =) _x(g-1), (11.1.1)
i=1

where the series converges in L? (P), and {); : i > 1} is the sequence of eigen-
values of the Hilbert-Schmidt operator (from $) into §) given by

h— f®: h,

where ®; indicates a contraction of order 1. In particular, I;* (f) admits some
finite exponential moment, and the law of ;X (f) is determined by its moments. A
proof of these facts is given, for example, in Janson [46, Ch. VI], see in particular
Theorem 6.1 in [46].

e Ifq > 3, the law of [, ;( (f) may not be determined by its moments. A complete
discussion of this point can be found in the fundamental paper by Slud [142].

e For every ¢ > 2, a non-zero random variable of the form I ;( (f) cannot be Gaus-
sian. A quick proof of this fact can be deduced from formula (11.2.7). Indeed, if
IX (f) was non-zero and Gaussian, then one would have that x4 (X (f)) = 0 and
therefore, thanks to (11.2.7), f ®, f = 0 forevery p = 1, ..., ¢ — 1. A little inspec-
tion shows that this last condition implies that f = 0, thus yielding a contradiction.
Another way of proving the non-Gaussianity of multiple integrals consists in prov-
ing that a non-zero random variable of the type [, ;ZX (f), g > 2, has some infinite
exponential moments. This approach is detailed, for example, in [46, Ch. VI].

e For ¢ > 3, and except for trivial cases (for instance, f = 0), there does not exist a
general explicit formula for the characteristic function of I, ;( ().
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11.2 A useful estimate

The main result discussed in this chapter is the forthcoming Theorem 11.4.1, providing
neat necessary and sufficient conditions ensuring that a sequence of random variables
inside a fixed Gaussian Wiener chaos converges to a normal distribution. We shall pro-
vide a new combinatorial proof of this result, which is based on a simple estimate for
deterministic integrals built from connected and non-flat diagrams. The formal state-
ment of such an estimate is the object of the present section.

Fix integers ¢, m > 2. We recall some notation from Section 7.2. The partition
7* € P([mq]) is given by

7 ={b1, by, ... bm} = {{1,...,q}, {a + 1,....2¢}, ... {(m — 1)g + 1,...,mq}}

(11.2.2)
(compare with (6.1.1)). The class M;([mg],7*) is the collection of all those o €
P([mgq]) such that ¢ A 7* = 0, ¢ V 7* = 1, and every block of & contains exactly
two elements (compare with (7.2.21)). Recall that, according to (7.2.27), a partition
o € P ([mg]) is an element of M, ([mg],n*) if and only if the diagram I" (7*,0)
(see Section 4.1) is Gaussian, connected and non-flat, which is equivalent to saying
that the multigraph I (7*, o) (see Section 4.3) is connected and has no loops. Observe
that M, ([mq], 7*) = 0 if the integer mq is odd.

Now consider a function f € L2 (), where v is some non-atomic o-finite measure
over a Polish space (Z, Z). Fix m > 3. Recall that we defined the m-tensor product
function m
[0 @0 f (@1, Tmg) = T F@G-1)gr1s s i0)- (11.2.3)

~ ~ =1
m times J

According to the conventions of Chapter 6 and Chapter 7, for every m > 2 such that
myq is even and every o € M, ([mg], m*), one can define a function

(xla ey xmq/2) = fa,m(xlv ey xmq/Z)a
in mq/2 variables by using the following procedure:
— build the tensor product f ®g - - - ® f appearing in formula (11.2.3);

— identify two variables x; and x; in the argument of f ®q - - - ®¢ f if and only if ¢
and j are in the same block of o.

See Example 7.3.2.
The main findings of this chapter are based on the following results.

Proposition 11.2.1 Let the above notation prevail. Fix integers m > 2 and q > 3 such
that mq is even, and consider a function f € L2(v9). Then, there existsr = 1,...,q—1
such that

‘/ fo mdqu/Z
Zmaq/2 ’
where f ®, f indicates the contraction of f of order r, given by (6.2.16).

< @ fllz2waa—ey X | F 1Ty (11.2.4)
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The proof of Proposition 11.2.1 is deferred to Section 11.6.

We now state the following formula (proved in [98]) which gives an explicit ex-
pression for the fourth cumulant of a random variable of the type I ;( (f), f € 99,
q=>2:

Proposition 11.2.2 Let I(f( (f), f € H%9, q>2. Then

X4 (IQX (f)
—E[1X(f)Y] -3 E[1X())])° (11.2.5)
=E [ (5] ~ 3 @)1 £ e (11.2.6)
q—1 4
_ (q") 2 2q —2p — 12
= 2 (! (g 7p)!)2 {”f p fﬁ@Z(QP)—i_( g—p ) Hf (S f‘ ﬁ@z(q—p)} .

(11.2.7)

The proof of Proposition 11.2.2 can also be found in Section 11.6.

As pointed out in Section 11.1, formula (11.2.7) can be used in order to prove that,
for every isonormal Gaussian process X, every ¢ > 2 and every f € $§®9, the random
variable I, ;( (f) cannot be Gaussian (see also [46, Ch. 6]).

Corollary 11.2.3 Fix q > 2 and f € $H°9 such that E [I;( (f)z} = 1. Then neither

can the distribution of I;* (f) be normal nor can we have E {I;( (f)ﬂ =3.

Proof. If either I.* (f) had a normal distribution or if E {I X(f )4] = 3, then, accord-

ing to Proposition 11.2.2, forevery p = 1, ..., ¢ — 1, we would have f ®, f = 0. Thus,
for each v € $H®@—P) we obtain

0= (f ®p fﬂ) ® U)f3®2(q—p) = H(fvv)yy@(qu) ||Zﬁ®p )

which implies f = 0, contradicting E [ X (f)°] = 1.

11.3 A general problem

In the present chapter and the next, we will be interested in several variations of the
following problem.

Problem A. Let ¢ be a completely random Gaussian or Poisson measure, with control
measure v, where v is a o-finite and non-atomic measure over some Polish space
(Z,2).Ford>landq,...,qq > 1, let {f](n) :7=1,...,d, n> 1} be a collection
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of kernels such that f;n) € L2(Z%,2% v%) (the vector (qi, ..., qa) does not depend
on n), and

1m E 1 (7)1 (£7)] = cGo). 1<ii<d (11.3.5)
where the integrals 17 (fi(n)> are defined via (5.5.61) and C = {C (i,j)}isad x d
positive definite matrix. We denote by N (0, C) a d-dimensional centered Gaussian
vector with covariance matrix C. Find conditions on the sequence ( fl(”), e f[yl)),
n > 1, in order to have the CLT

F, & (1;; ( f")) s 17 (fé")» 9% N, (0,C), n — oo. (11.3.9)

We observe that, if ¢; # ¢; in (11.3.8), then necessarily C (4, j) = 0 by Point 2 in
Proposition 8.4.6. The relevance of Problem A comes from the chaotic representation
(5.9.78), implying that a result such as (11.3.9) may be a key tool in order to establish
CLTs for more general functionals of the random measure (. As noted above, if ¢ is
Gaussian and ¢ > 2, then a random variable of the type 1.7 (f), f # 0, cannot be
Gaussian.

Plainly, when ¢ is Gaussian, a solution of Problem A can be immediately de-
duced from the results discussed in Section 7.3. Indeed, if the normalization condition
(11.3.8) is satisfied, then the moments of the sequence {F, } are uniformly bounded
(to see this, one can use (5.9.79)), and the CLT (11.3.9) takes place if and only if every
cumulant of order > 3 associated with F',, converges to zero when n — oo. Moreover,
an explicit expression for the cumulants can be deduced from (7.3.29). This method
of proving the CLT (11.3.9) (which is known as the method of cumulants) has been
used e.g. in the references [10, 12, 34, 68, 71, 72], where the authors proved CLTs for
non-linear functionals of Gaussian fields with a non trivial covariance structure (for in-
stance, sequences with long memory or isotropic spherical fields). However, such an
approach (e.g. in the study of fractional Gaussian processes) may be technically quite
demanding, since it involves an infinity of asymptotic relations (one for every cumu-
lant of order > 3). If one uses the diagram formulae (7.3.29), the method of cumulants
requires that one explicitly computes and controls an infinity of expressions of the type
f Zma/2 I a}mdqu/ 2 where the partition o is associated with a non-flat, Gaussian and
connected diagram (see Section 4.1).

Remarks. (i) We already observed that, except for trivial cases, when ¢ is Gaussian
the explicit expression of the characteristic function of a random variable of the type
I g’ (f), ¢ > 3, is unknown. On the other hand, explicit expressions in the case ¢ = 2
can be deduced from (11.1.1); see e.g. [46, Ch. VI] [98, p. 185].

(i1) Thanks to the results discussed in Section 7.4 (in particular, formula (7.4.40)),
the method of cumulants and diagrams can be also used when ¢ is a completely random
Poisson measure. Clearly, since (7.4.40) also involves non-Gaussian diagrams, the use
of this approach in the Poisson case is even more technically demanding.
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In the forthcoming sections we will show how one can successfully bypass the
method of moments and cumulants when dealing with CLTs on a fixed Wiener chaos.

11.4 One-dimensional CLTs in the Gaussian case

The following two results involve one-dimensional sequences of chaotic random vari-
ables, and are based on the main findings of [98] (for Theorem 11.4.1) and [86, 89]
(for Theorem 11.4.3). Observe that the forthcoming statement is expressed in the gen-
eral language of isonormal Gaussian processes — and therefore applies in particular to
Gaussian measures.

Theorem 11.4.1 (The fourth cumulant condition — see [98]) Fix an integer ¢ > 2,
and define random variables of the type Ij((f) according to (8.4.17). Then, for every
sequence {f(”) in > l} such that ™ € $©4 for every n, and

lim ¢! Hf(")

n—oo

Y lmE {I&X (f<”>)2] —1, (11.4.10)

H®a n—oo
the following three conditions are equivalent

1 limy oo xa (IX (fM)) =05
2. foreveryr =1,...,q — 1,

=0, (11.4.11)

i (n) (n)
lim Hf @ f 2

n—oo

where the contraction ™ ®, f™ is defined according to (8.5.19);
3. as n — oo, the sequence {I;IX (f(")) in > 1} converges in distribution towards
a centered standard Gaussian random variable Z ~ N (0, 1).

Remark. The normalization condition (11.4.10) ensures that the limit distribution of
I;( (f(”)) is not degenerate.

Proof. We shall prove the implications:
1)=2)=0C)=(1.).

[(1.) = (2.)] The desired implication follows immediately from the identity (11.2.7).
[(2.) = (3.)] By virtue of Lemma 3.2.5, we know that the centered standard Gaussian
distribution is determined by its moments (and therefore by its cumulants). Since mul-
tiple stochastic integrals are centered by construction and the normalization condition
(11.4.10) is in order, to prove the desired implication it is sufficient to show that, for
every m > 3, the sequence ., (Z, ;( (f ("))), n > 1, converges to zero. We will write
down the proof in the special case § = L?(Z, Z,v), where v is o-finite and non-
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atomic, so that one has that I;((f(”)) = IqG(f(”)), where G is a Gaussian measure
with control v. Also, the contraction f(™ ®,. f(") is obtained according to (6.2.16). In
this case, we may use the explicit expression (7.3.29) and deduce that, for n > 1 and
mgq even,

Xm(IG(f(n))) _ / (n) deq/Z’
d Zmaq/2

JGMz( [mgq],m)

where the functions fé"% are constructed following the procedure described in Section
11.2. According to Proposition 11.2.1, one has that, for every o € M;([mg], 7*), the

estimate
/ £, dymar
Zmaq/2

holds for some » = 1,...,q — 1. Again by virtue of the normalization condition
(11.4.10), this yields the desired conclusion. The case of a general Hilbert space $)
can be dealt with by means of an isomorphism argument: the details are left to the
reader (see e.g. [98, Sect. 2.2] for a full discussion of this point).

[(3.) = (1.)] In view of (8.4.18) and of the normalization condition (11.4.10), one
has that, for every m > 3, the sequence E(|I;*(f (n))|™) is bounded. It follows in
particular, given (11.2.5), that if (3.) is in order, then E(ZX (f("))*) must converge to
E(Z*) = 3, readily yielding the desired conclusion.

<17 @00 O g0y X N,

The equivalence of (1.), (2.) and (3.) in the previous statement has been first proved
in [98] by means of stochastic calculus techniques. The paper [95] contains an alternate
proof with additional necessary and sufficient conditions, as well as several crucial
connections with Malliavin calculus operators (see e.g. [94]). As already observed, by
(11.2.6), one has that

E|1X (5] > 3E | ¥ mY]’
unless f (") = 0 since the expression in (11.2.7) is non-negative. Observe that condi-
tion (1.) in the previous statement holds if and only if

Jim E [IX (f(”)> } = 3.

Remark. It is the condition (11.4.11) which is most often used in practice. It is there-
fore desirable to state explicit expressions for || f ®; f||¢2a—r, Whenever $ = L*(v),
where v is a positive, non-atomic and o-finite measure on some Polish space (Z, Z).
In this case, one has indeed that

f Or f(aq—rv a;—r) - . f(aq—r; br)f(a;—ra br)Vr (dbr) 3
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and hence since f is symmetric,

1f ®r FllZaguae-n)
2
:/ / ( f<aq—rvbr>f<bma’q-r>vr<dbr>>”qT(daq_mq’"(da'q_»
za-r Jza-r \Jzr
L b g ) 5 b))

(11.4.12)
Vi7" (dag_,)v?" (daj,_,) v" (db,) V" (db},)

2
- / . / . (/Z _, f@a-rbr)f <b’maq-r>v“<daq_r>> V" (db,)v" (db,)
= If ®qg—r fllZ2(0r) - (114.13)

Other characterizations of the quantity ||f ®, f ||2Lz(yz<q_r)) are provided in Lemma
11.7.3 below.

Example 11.4.2 Suppose g = 4, then for r = 1,

If ©1 fl72 00
2
= /26 [/Zf($1,1‘2,$37y)f(l‘4,$5,1‘6ay)l/(dy):l Hu(dxi)

= f(331»33275!7379)f(334>$5,3?673/)><
ZS

6
x f(z1,22,23,9) f (24,25, 76, Y/) y(dy)y(dy’)Hu(dxi)
i=1

3

2
f(-Tl y L25 X3, y)f(xl y L2, X3, y/) H V(dxl)‘| l/(dy)l/(dy,)

i=1

-,

2
=|f®; f”LZ(VZ) ;

73

and for r = 2,
2
||f 02)) f||L2(V4)

(@, 22, y1,92) (23, 24,91, 42) X
ZS

2 4
X f (21,22, 91, 93) f (w3, 24,01, 03) [ [I(dy;)w(dy))] ] v(das).
j=1 =1

Moreover, || f @3 fll 2,2 = [If @1 fll 26y
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Remark. Theorem 11.4.1, as well as its multidimensional generalizations (see Section
11.8 below), has been applied to a variety of frameworks, such as: quadratic functionals
of bivariate Gaussian processes (see [19]), quadratic functionals of fractional processes
(see [98]), high-frequency limit theorems on homogeneous spaces (see [69, 70]), self-
intersection local times of fractional Brownian motion (see [39, 95]), Berry-Esséen
bounds in CLTs for Gaussian subordinated sequences (see [86, 87, 90]), needleets anal-
ysis on the sphere (see [5]), power variations of iterated processes (see [85]), weighted
variations of fractional processes (see [83, 91]) and of related random functions (see
[7,17D).

We now recall that the toral variation distance between the law of two general
real-valued random variables Y and Z, is given by

dry (Y, Z) =sup [P(Y € B)—P(Z € B)|,

where the supremum is taken over all Borel sets B € BB (R). Observe that the topology
induced by drv, on the class of probability measures on R, is strictly stronger than the
topology of weak convergence, and thus lim,, , drv (Y, Y) = 0 is a stronger result
than Y,, law - Indeed, taking B = (—o0, z] shows that lim,, . d7v(Y,,Y) = 0
implies Y, fay Y, but the converse is in general not true. For example, take P(Y,, =
1/n) = 1. Then, Y,, converges in law to 0, but

dry (Y, 0) > [P(Y, <0)—P0O<0)|=[0—1]=1.

See e.g. Dudley [24, Ch. 11] for a discussion of other relevant properties of dry .

The following statement provides an explicit upper bound in the total variation
distance for the normal approximations studied in Theorem 11.4.1. Note that, for the
sake of simplicity, we only deal with chaotic random variables with variance 1 (the
extension to a general variance is left to the reader as an exercise).

Theorem 11.4.3 (see [86, 89]) Let Z be a standard centered normal random variable.
Let ¢ > 2 and f € $H® be such that ¢!\ f|§e, = E[(I;(f))’] = 1. Then, the
following estimate in total variation holds:

dTV (I;( (f) 7Z)

d—1 4
a=1\ "1 oI
SR SR Cy N T I URAE
qg—1 4
S2\/ 3 X\/E[ff(f)}& (11.4.15)

As usual, in the previous equation the symbol f ®,. f stands for the symmetrization of
the contraction f Q. f.
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Remark on Stein’s method. The upper bound (11.4.14) is proved in [86], by means
of Malliavin calculus (see e.g. [94]) and the so-called Stein’s method for normal ap-
proximations (see e.g. [14, 147]). The inequality (11.4.15) is proved through a direct
computation in [89]. The main idea behind Stein’s method (for normal approxima-
tions in the total variation distance) is the following. Fix a standard Gaussian random
variable Z and, for every Borel set A C R, consider the so-called Stein’s equation

14(z) —P(Z € A) = W(x) —zh(z), z€R. (11.4.16)

A solution to (11.4.16) is a function h that is almost everywhere differentiable and
such that there exists a version of h' verifying (11.4.16) for every real x. It is not
difficult to prove that, for every A, (11.4.16) admits a solution, say h 4, such that |h 4| <
\/7/2 and |h/4| < 2. Now replace in = in (11.4.16) by a random variable T and take
expectations on both sides:

1A(W) —P(Z € A) = W (W) — Wh(W),
P(W € A) —P(Z € A) = EW (W) — EWh(W).

Then recalling the definition of the total variation distance dry given above, yields
the following remarkable estimate:

Stein’s bound. For every real-valued random variable W

drv (W, Z) < sup [E(W (W) — Wh(W)), (11.4.17)
h

where the supremum is taken over the class of smooth bounded functions h
such that |h'| < 2.

Observe that the bound (11.4.17) provides an alternate proof of Stein’s Lemma 3.2.4 in
the case o = 1. Indeed, if W is such that E(h/ (W) —Wh(W)) = 0 for every smooth h,
then dpy (W, Z) = 0, meaning that W has a centered standard Gaussian distribution.
The bound (11.4.14) is obtained in [86] by means of the so called ‘integration by parts
formula’ of Malliavin calculus, namely by using the fact that, if W = T (f (f), then

E(Wh(W)) = ;E(h’(W)IIDWH%),

where the Malliavin derivative of W, written DW, has to be regarded a random ele-
ment with values in §). Applying the previous identity to (11.4.17), and recalling that
the supremum is taken over smooth bounded functions h such that |h’| < 2, one infers
that

1
drv(IX(f),Z) < 2E|1 — qIIDI;f(f)II% : (11.4.18)

The estimate (11.4.14) is then deduced by explicitly assessing the expectation on the
RHS of (11.4.14).
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11.5 An application to Brownian quadratic functionals

Let Wy, t € [0, 1] be a standard Brownian motion on [0, 1] starting at zero. One has

1 1172 1
w. dt
E Lt = = 00,
o 1 o ¢

but since standard Brownian motion satisfies the following law of the iterated loga-
rithm (see [52]):

W, o . W -
\/2tloglog(1/t) o \/2tloglog(1/t)
the following stronger relation holds:

1 2
W
/ S dt =00 as.
o ¢

This phenomenon has important consequences in the theory of the so-called “enlarge-
ment of filtrations”. See e.g. Lemma 3.22, p. 44 in [47] for a discussion of this fact and
for alternate proofs.

In what follows we shall use Theorem 11.4.1 to establish the following CLT which
states that the deviation of f: t‘thzdt from its mean log l, adequately normalized,
becomes Gaussian as € converges to zero.

My o a.s,

Proposition 11.5.1 Ase | 0,

U Wtdt—lo (1” w7 ~ N(0,1). (11.5.19)
2\/log c

Proof. Recall that W, = I;X (L0,4)), where X is the isonormal Gaussian process (on
$ = L*([0,1],dx)) generated by W. Using the multiplication formula in Proposi-
tion 8.5.3, we deduce

W2 =IX L) (L) = I (Lo, ®1 L) + I (Lo, @0 Lo,g))
=t+ (L. ®0 Ljo4))-
AS a COnSequenCe
| 2 !
W, 1 dt
/ tzt dt — log . = / 12)((1[07t] () 1[07t])] 2 (11.5.20)

€
We now want to apply the stochastic Fubini’s Theorem 5.13.1 in order to change the
order of integration. This is possible because

1/2 1 1
dt dt
/ {/ / 1j0,4(2)1p0,4(y )dl“dy} 2 =/ {/ 1[o,t]($)d4 2
€ 0
/1 dt
= < 00.
e U
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Thus relation (11.5.20) becomes

1
dt
/6 I (1,4 @9 Loa) p = LX(fo),
where
o) = [ tpa@oams = L <
€ :L" = x = —_ y
Y j [0,t] [0,6]\Y 2 sVyVe
because fal t72dt = (11 — 1. Here “V” denotes the usual maximum: x Vy V € =

max(x, y, €). Therefore

1 b2 1 x5
R e | =G,

2\/1og .

where

In view of Theorem 11.4.1 it is now sufficient to show that

2||f6||%2([0,1]2,dxdy) = E[Iéx(fﬁ)z]

= 2/01 /01 dady fo(z,y)

— 1, (11.5.21)

and
2

1 1 1
||fe 1 f6||2LZ([O,t]2,dxdy) = / / dl'dy (/ dee(l',Z)fg(Z,y)> — 0.
0 0 0

e—0
(11.5.22)
We first show that relation (11.5.21) holds:

1 T 1 2
| fell> = 2/ / (x\/e — 1) dydx  (by symmetry)
0o Jo
1 1 2
- 2/ ( —1) wdx (11.5.23)
0o \rVe
1
= / v , tx—2 N dx
0o \(zVe) xVe

= A+ B+ Ce

where

1 €
d d 1
A = / x+2/ T = 2loge+1=2log +1
€ 0 € €

T
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B.=2 /lxd;cl
[/ d:c+/0 ) } 4(1 =€) — 2e.

Therefore

~ 2 2 1
2||feH2 = 1 [A6+B€+Ce] ~ 410g1 (210g ) — L.

4 log € e—0

We need now to prove Relation (11.5.22).

| fe ®1 f6||%2([0,t]27d:rdy)

= /01 /01 dzdy </01 dzﬁ(x,z)ﬂ(z,y)>
- l;gl 2/1 /1 dwdy </1 dzf;(x,z)ﬁ(y,z)>
et b L () ()
X/()d’z/(z VzVe )(2 \/y\/e )

1
= 2/ dxldxzdx3dx4< 1> < 1>
16 (log 1)” Jio1p# Va3 Ve T2V a3 Ve

1
X —1 —1
1 VaygVe TV xgVe
To prove that D, — 0 as ¢ — 0, one has to write

fo= 2.1

where the sum sums over the set G4 of all 4! permutations of [4] = {1,2,3,4} and

2

2

=D..

TEG,

S =A{Zr(1) > Tr) > Ta3) > Tr@) ),

and show that, for each ™ € Gy,

1
g 1) /SW(...)HO.
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We shall only do this for 7 equal to the identity permutation, i.e. 7 () = i,i = 1,2,3,4.

In this case [, = fIl>$2>w3>w4 so that

/ d$1d.§(’2d.§(‘3dl‘4( )( )()()

2 1 2
d d d ds -1 -1
= fran e [T [P (1) (L)
1 x2
= [ dx -1 —1) 2d
/0 o <.7J1\/6 )/0 <x2\/e ) 2 12
1! 1 g 1
< d -1 ~ 1
_2/0 xl(xl\/e )xl Oge

using the computations for (11.5.23).

Proposition 11.5.1 can be extended to fractional Brownian motion, denoted here BtH
(see Nualart and Peccati [98, Proposition 7]).

Proposition 11.5.2 [f1/2 < H < 1, then

1 1 dt 1 law
Vh 1 (/(nyﬁH+l—kge>-—akHZ
0g . €

where Z ~ N(0,1) and kg > 00 is a constant depending only on H.

11.6 Proof of the propositions

We prove here the two key propositions used in the proof of Theorem 11.4.1, namely
Proposition 11.2.1 and Proposition 11.2.2.

We start with a detailed proof of Proposition 11.2.1 for a specific choice of m, ¢
and 0. We will then provide an argument allowing to show Proposition 11.2.1 in the
general case. Note that the general proof given at the end of the section is only sketched,
since all the necessary ideas are already contained in the first part. The reader is invited
to fill in the missing details as an exercise.

Proof of Proposition 11.2.1 in a specific case. We shall provide a proof of Propo-
sition 11.2.1 in the specific case ¢ =4, m = 5 and

0= {{17 19}’ {27 20}7 {377}7 {4’ 8}’ {5’ 10}7 {67 11}’ {9’ 15}7 {127 16}7
{13,17},{14,18}}

(this situation corresponds to the connected diagram in Fig. 11.1). In particular, our
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Fig. 11.2. Dividing a diagram

aim is to show that, for every f € Li,(z/q ),

fa,SdVIO
Z10

which proves the statement for r = 2.

To do this, first divide the five blocks of 7* into two groups, namely A = {b;,b,}
(the first two rows of the diagram) and B = {b3, b4, bs} (the last three rows of the
diagram). Then, remove from the diagram every segment corresponding to a block of
sigma linking a block of A and a block of B. This procedure is illustrated in Fig. 11.2.

Now consider the two blocks of 7* in A (resp. the three blocks of 7* in B), and
build a function F4 (resp. F'p) in 4 variables according to the following procedure:

<N f @2 Ffllewsy < 11320,

— build the 2-tensor (resp. 3-tensor) product f ®¢ f(x1,...,x3) (resp. f ®o f Qo
f(xy, . z12));

— identify two variables x; and x; in the argument of f ®q f (resp. f ®o f ®o f) if
and only if {4, j} is a block of o that has not been removed,;

— integrate the identified variables with respect to v and let the remaining variables
free to move.

The two functions F'4 and F'g thus obtained are:

FA(ZlaZ27Z37Z4) = /Z/Zf(Z1,22,$7y)f(23,Z4,$,y)V(dl“)V(dy)

= f® f(21, 22,23, 2),
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Fp(21, 22, 23, 21)
////fx 21,22, Y) f(v,w, 2, y) f (v, w, 23, z4)v(da)v(dy)v(dv)v(dw).
An iterated use of the Cauchy-Schwarz inequality, implies in particular that
1Fs 2w < 111200 (11.6.24)
To see this, note that
F3 (21, 22, 23, 2a)
< ( . fz(v,w,x,y)l/(dv)l/(dw)z/(dx)u(dy)) 91(21, 22)g2(23, 24)
= 1 £ 720091 (215 22)92(23, 24),
where
91(z1,22) = /Zz F (@, y, 21, 22)v(de)v(dy)

92(23,24) = . fz(v,w,23,z4)1/(dv)u(dw),

so that
HFBH%Z(VA) = /4F]é(ZhZz,Z},Z4)V(d21)I/(de)V(dZ3)V(dZ4)
Z

<Nz /Z2 91(2172‘2)1/(6121)V(d22)/Z2 92(23, z4)v(dz3)v(dzg)

= [1£11%200)-

Now label the four dots in the upper and lower parts of the diagram by means of
the integers 1, 2, 3, 4 (as done in Fig. 11.3), and draw again the four blocks of ¢ linking

Fig. 11.3. Linking A and B
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A and B, represented as dashed segments in Fig. 11.3. These dashed segments define
a permutation 3 of the set [4] = {1, 2, 3,4}, given by

B(1) =3, B(2) =4, B3) =1, B(4) =2,

and one has that

2 10
/ fo.m dvmil? = / Josdv
Zmaq/2 Z10

:////FA(ZI’ZZ’23’Z4)FB(2B(1)aZ,B(2),Zﬁ(3)726(4))
zZJZJZJZ
v(dz)v(dz)v(dzs)v(dz).

Since F4 = f ®; f, we can use the Cauchy-Schwarz inequality and the estimate
(11.6.24) to deduce that

'/ fo,SdVlo
Z10

yielding the desired conclusion.

1/2
< (IF @2 Flian x IFBlen)

<If @2 Fllzsy * 1 F 1200

Proof of Proposition 11.2.1 in the general case. Let mq be even. Since the dia-
gram ['(7*, o) is non-flat and connected, there exist two blocks of 7*, say b; and b;,
that are connected exactly by r blocks of o, for some » = 1,...,q — 1 (note that, if
two blocks of 7* were connected by ¢ blocks of o, then I'(7*, o) would not be con-
nected). By partitioning the blocks of 7* (or, equivalently, the rows of I'(7*, o)) into
two subsets A = {b;, b;} and B = {by, : k # i, j}, and by reasoning as in the first part
of this section (in particular, by repeatedly applying the Cauchy-Schwarz inequality),
one sees that

/ fo,m dqu/z
qu/Z

= / f@r f(21, 000 22920 ) FB(21, oy 22920 )V(d21) - - - v(d22g-2r),
Zquzr
for some function Fj : Z?972" — R verifying

1Pl < 175Gy

The conclusion follows from the Cauchy-Schwarz inequality.
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Proof of Proposition 11.2.2. ' Our starting point is the formula for E [I ;]X (f )}4
given in (6.4.20), which we rewrite as

— (2
E (X (F)]* = @) 17120 + 20 | F @0 7]

q—1
2.
p=l1

L2(v29)

| q ’ 2 _ | riy
p-<p) (2q — 2p)! Hf®pf‘

2

(11.6.25)

L2 (v2a-2p) :

—_ 2
The key is to evaluate H f®of HLZ( ' Call IT,, the set of the (2¢)! permutations of

{1,...,2q}, whose generic elements will be denoted by 7, or 7’. On such a set, we
introduce the following notation: for p = 0, ..., ¢ we write

if the set
(7 (1)o7 (@) N (7 (1) e () (11.6.26)

2
contains exactly p elements. Note that, for a given m € II,,, there are (q!)2 (q)
b
permutations 7’ such that
P

7w~
This fact is clear for p = 0,q. To prove it forp = 1,...,¢ — 1, fix 7 € II;, and
observe that, in order to build a permutation 7’ such that 7’ e m, one has first to spec-
ify the following: (i) the p elements of {m(1),...,m(q)} that will be in common with

{n’(1),...,7"(q)} (this can be done in Z different ways), (ii) the ¢ — p elements

of {m(¢+1),...,m(2q)} that will be compose the remaining part of {#'(1), ..., 7'(¢)}

q
q—p
mine which integers will be in the first ¢ places and the last ¢ places of 7’: in order
to completely specify 7’ it is the necessary to chose (a) the order in which the first ¢
integers will appear (this can be done in ¢! different ways), and (b) the order in which
the last g integers will appear (that can be again done in ¢! different ways). Putting (i),
(i), (a) and (b) together, we obtain the coefficient (¢!)? (g)z.

(this can be done in = <q) different ways). Operations (i) and (ii) deter-
p

An important observation is that if 7/ £ m, that is, if the first ¢ elements of 7 and
7’ have exactly p elements in common, then necessarily the last ¢ elements of 7 and
7’ will also have exactly p elements in common. For example, if ¢ = 4 and p = 2,
then a particular outcome for 7 and 7’ is:

m 1234 5678
7’ 5634 1278

' We focus on the case %9 = [ (v?), where v is non-atomic, for convenience.
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where the last first four elements have 3,4 in common and the last four have 7,8 in
common.
For convenience set g = f ® f, that s,

g(zla"' ,qu) = f(zla"' 7Zq)f<zq+17"' azZq)a

and observe that

~ 1
g(zla"' 7Z2q) - (2 )' Z g(’zﬂ(l)7"' 7Z7r(2q))'
q " melly,

In order to compute

1
~112
”g” = ((2(])')2 Z Z /qu g(zﬂ'(l)a T 7Z7r(2q))g(237r’(1)7

nelly w'ellyy

2w 2q))V(dz1) - - v(dzag),

we need to evaluate the above integral. In view of the observation made above, this
integral, when m X 7' (p = 1,...,q — 1), equals

2 (Zﬂ'(l)? te aZTr(q))f(Zﬂ'(q+l)7 tt 7Z7r(2q))f(27r/(l)a v 7271"(11))

X f(Zﬂ’(q—i-l); cee ,Zﬂ./(zq))l/(dzl) s l/(dZQq)
:/ { Gy s Za()) f (2 1y, oo 7Zw’(q)):|
Z2q—2p Zp
X [/Z f(zngrnys s Zn ) f (Zar g1y 7Zw’(2q)):| v(dz1) -+ v(dzy)

=/ Fop flz1, - 29-2p) [ Qp fl21,- -+, 22g—2p) ¥(d21) - - - v(d22g—2p)
Z2q—2p

= [If ©p FllZ2(20-20- (11.6.27)

This is easy to evaluate if 7’ S rorn L 7, because in these cases, | f ®),
F1Z2 2020y = 1 £ 11720y For example, if p = 0,

(f ®0 f)z(zla"' 7221]) = f2(217"' 72(1) f2(2q+17"' 722(1)'

Since
1 1 S
_ 11.6.28
((2(])')2 W;Y:Zq 7\"%&1 ((zq)')z TFGXH:ZG w%ﬂ' : 7\'%:71' : p=l 7"%:7" | ( |
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we get that the first two terms in the parenthesis contribute

2q 2 > ) 1122 ey = (2 )) 2 20)2(" (1 £ 11720

welly

2(q!)?
= (29)! Hf||L2(Vq (11.6.29)
2
since (q!)? (q) equals (¢q!)*> when p = 0 or q.
p
We now focus on the sum Zw,gﬁ wherep =1,...,q — 1. By (11.6.27), for such
ap?

Z/ 9(Zr(1), > Zr29))9(Zrr (1) 2 2g) )V (d21) - - v (d22g)

' 2

2
= ST B FIRa ey = (01 ( ) 1 @p FIBan oy
Hence, the secgn:;erm in (11.6.25) equals
CONF S0 FI20) = <zq>!||§||iz ) (11.6.30)
2
=P W+ oy 5 S @(2) 1S o
nell, p= 1
=2(q") ||fHL2(u‘1) +Z ol — 2||f ®o fHLz(UZq )

We now consider the last term in (11.6.25) which will be left essentially unchanged.

Its coefficient is

o) o= L) o= ) G2

We therefore get
B (5] = 3@ I e

q—1 4
(4" —2p
T = (g - p))? {||f®,,f||Lz(qu 2p)+< )Hf pf‘

L2 (v2a— 2;.)} ’
Remark. What is remarkable is that in (11.6.30) we get a factor of 2(gq!)? Hf||Lz(Vq
which adds to the factor (q!)? ||f||L2(Vq) in (11.6.25) to give 3(q!)? Hf||L2(Vq)
3(E[LX(f )]2)2, which is exactly what we need for the 4th cumulant of the normal

distribution.
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11.7 Further combinatorial implications

We focus here on some interesting combinatorial implications of Theorem 11.4.1, in
the special case ) = I? (Z,Z,v), with v a o-finite and non-atomic measure over a
Polish space (Z, Z). According to Proposition 8.4.6, in this case the random variable
IX (f), where f € L} (2%, 29,1%) = L3 (v?), is the multiple Wiener-Ito integral of
f with respect to the Gaussian measure A — G(A) = X (14) — see Definition 5.5.4.
The implication (1.) = (3.) in Theorem 11.4.1 provides the announced “drastic sim-
plification” of the methods of moments and cumulants. However, as demonstrated by
the applications of Theorem 11.4.1 listed above, condition (11.4.11) is often much eas-
ier to verify. Indeed, it turns out that the implication (2.) = (3.) has an interesting
combinatorial interpretation.

To see this, we shall fix ¢ > 2 and adopt the notation of Section 11.2. One should
note, in particular, that the definition of 7* given in (11.2.2) depends on the choice
of the integers m, ¢, and that this dependence will be always clear from the context.
Given m > 2, we will also denote by

M5 ([mq], 7)
the subset of M, ([mg] ,7*) composed of those partitions o such that the diagram
I'(n*,0)

is circular (see Section 4.1). We also say that a partition o € M$ ([mq] , 7*) has rank
r(r =1,...,q — 1) if the diagram I" (7*, o) has exactly r edges linking the first and
the second row.

Example 11.7.1 (i) The partition whose diagram is given in Fig. 7.6 is an element
of
M5 ([8],77)

and has rank r = 1 (there is only on edge linking the first and second rows).
(ii) Consider the case ¢ = 3 and m = 4, as well as the partition 0 € M, ([12],7*)
given by

o={{1,4},{2,5},{3,12},{6,9},{7,10} ,{8,11}}.

Then, the diagram I' (7*,0) is the one in Fig. 11.4, and therefore o €
M5 ([12],7*) and o has rank r = 2.

The following technical result links the notions of circular diagram, rank and con-
traction. For ¢ > 2 and 0 € M5 ([4¢],7*), let f, 4 be the function in 2¢ variables
obtained by identifying z; and x; in the argument of the tensor product (11.2.3) (with
m = 4)if and only if ¢ ~, j.
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Fig. 11.4. A circular diagram

Example 11.7.2 If ¢ = 3 and 0 € M5 ([12],7*) is associated with the diagram in
Fig. 11.4, then

Joa(w1, 12, 23,26, 07, 28) = f(21, 22, 23) f (21, 22, %6) f (27, T3, T6) f (27, T3, 3).

Relabeling the variables, one obtains
Joa(1, 22, 03, 04,75, 76) = f(21, 22, 23) f (21, T2, T4) f (75, T6, T4) [ (5, T4, 3).

Lemma 11.7.3 Fix f € L2 (v9), ¢ > 2, and, forr = 1,...,q — 1, define the con-
traction f ®, f according to (6.2.16). Then, for every o € M5 ([4q], 7*) with rank
red{l,..,qg—1},

[ FoPt = 1 &0 Iy = 1 @4mr sy (173D

Proof. It is sufficient to observe that f is symmetric by definition, and then to use the
relation (11.4.13), as well as a standard version of the Fubini theorem.

Remark. Formula (11.7.31) implies that, for a fixed f and for every ¢ €
M5 ([4g] , 7*), the value of the integral [,., fo.4dv*? depends on o uniquely through
r (or ¢ — r), where r is the rank of o.

By using Lemma 11.7.3, one obtains immediately the following result, which pro-
vides a combinatorial description of the implication (2.) = (3.) in Theorem 11.4.1.

Proposition 11.7.4 For every q > 2 and every sequence {f(") tn > 1} C L? (v9)

such that q! Hf(”) Hi}( — 1 (n — o), the following relations are equivalent:

va)

1. asn —

/ f(n dqu/2 — 0’ Ym > 37 (1 1732)
aeMz([mq] 7‘_*) Zmq/2

2. for every partition o € M5 ([4q],7*), as n — oo,

/ Fda o, (11.7.33)
z2a
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Proof. Thanks to formula 7.3.29, one deduces that

Jy B2 = (55 (1))

where [, ;( ( f (”)) is the multiple Wiener-Ito integral of f(™) with respect to the Gaus-
sian measure induced by X, and ¥, indicates the mth cumulant. It follows that, since

q! Hf(") HzLZ(Vq) =E {I;( (f("))z] — 1, relation (11.7.32) is equivalent (by virtue of

ocEM;([mq],m*)

Lemma 3.2.5) to I¥ (f(™) '“4 7 ~ N (0,1). On the other hand, one deduces from
Lemma 11.7.3 that (11.7.33) takes place if and only if (11.4.11) holds. Since, accord-
ing to Theorem 11.4.1, condition (11.4.11) is necessary and sufficient in order to have

I f ( f (”)) lay Z, we immediately obtain the desired conclusion.

Corollary 11.7.5 Fix q > 2 and suppose that the sequence {f(”) in > 1} c L2 (v9)

is such that q! Hf(”)HZLZ(Vq) — 1 (n — oo). Then, IX (f™) w7 N(0,1) if and
only if (11.7.33) takes place.

Proof. As pointed out in the proof of Proposition 11.7.4, since the normalization con-
aiion o1 1],
the sequence [ qX ( ) ), n > 1, converges in law to a standard Gaussian random vari-
ables. The implication (2.) = (1.) in the statement of Proposition 11.7.4 yields the
desired result.

— 1 is in order, relation (11.7.32) is equivalent to the fact that

Remarks. (1) Corollary 11.7.5 implies that, in order to prove a CLT on a fixed Wiener
chaos, it is sufficient to compute and control a finite number of expressions of the type
f 724 fﬁ”)duz‘l, where o is associated with a connected Gaussian circular diagram with
Sfour rows. Moreover, these expressions determine the speed of convergence in total
variation, via the upper bound given in (11.4.14).

(2) In view of Lemma 11.7.3, relation (11.7.31) also implies that: (i) for g even,
(11.7.33) takes place for every

o € M;([4q],7")

if and only if for every r = 1, ..., ¢/2, there exists a partition 0 € M$ ([4q], 7*) with
rank r and such that (11.7.33) holds; (ii) for ¢ odd, (11.7.33) takes place for every
o € M5 ([4q], ) if and only if for every r = 1, ..., (¢ + 1)/2, there exists a partition
o € M5 ([4q],7*) with rank r and such that (11.7.33) holds.

11.8 A multidimensional CLT

The paper [111] (but see also [90, 96, 103]) contains a complete solution of Problem
A in the Gaussian case, for every vector of dimension d > 2. For such an index d, we
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denote by V the set of all vectors (i1, 2,13,14) € (1,..., d)4 such that at least one of
the following three properties is verified:

(a) the last three variables are equal and different from the first;

(b) the second and third variables are equal and different from the others (that are also
distinguished);

(c) all variables are different.

Formally:

(@) 01 # iy =13 =ia3
(b) i1 # 1p = i3 # 14 and i4 F# i1}
(c) the elements of (i1, ..., i4) are all different.

In what follows, X = {X (h) : h € $} indicates an isonormal Gaussian process over
a real separable Hilbert space ).

Theorem 11.8.1 Letd > 2 and qi, ..., qq > 1 be fixed and let

{Fj=1,00d n=1}

be a collection of kernels such that fj(n) € H®% and the normalization condition
(11.3.8) is verified. Then, the following conditions are equivalent:

1. as n — oo, the vector F,, = (I;f (fl(")), B by (fd )) converges in law

towards a d-dimensional Gaussian vector N4 (0, C) = (N, ..., Ng) with covari-
ance matrix C = {C' (i,5)};
2.
4
X (f(n)
el X n(n")
i=l1,...,d
d : d 4
=3(> cti+2 Y, C(,4)| =E (ZN) ,
i=1 1<i<j<d i=1

and

hm E

qu(w)

=K HNZ-Z]

=1

Y (i1,12,13,14) € Vg;
3. forevery j = 1,...,d, the sequence I;;f (fj(")
Nj, that is, towards a centered Gaussian variable with variance C (§, j) ;

) n > 1, converges in law towards
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5.¥i=1,...d

lim H M e, fm 0, (11.8.34)

§®2(a;—7) -
Vr=1,..,q; — L.

The original proof of Theorem 11.8.1 uses arguments from stochastic calculus. See
[90] and [96], respectively, for alternate proofs based on Malliavin calculus and Stein’s
method. In particular, in [90] one can find bounds analogous to (11.4.14), concerning
the multidimensional Gaussian approximation of F',, in the Wasserstein distance. The
crucial element in the statement of Theorem 11.8.1 is the implication (3.) = (1.), which
yields the following result.

Corollary 11.8.2 Let the vectors ¥, n > 1, be as in the statement of Theorem 11.8.1,
and suppose that (11.3.8) is satisfied. Then, the convergence in law of each component
of the vectors ¥, towards a Gaussian random variable, always implies the joint con-
vergence of ¥, towards a Gaussian vector with covariance C.

Thanks to Theorem 11.4.1, it follows that a CLT such as (11.3.9) can be uniquely
deduced from (11.3.8) and from the relations (11.8.34), involving the contractions of
the kernels fj(").

When $ = L?(Z, Z,v) (with v non atomic), the combinatorial implications of
Theorem 11.8.1 are similar to those of Theorem 11.4.1. Indeed, thanks to the impli-

cation (5.) = (1.), one deduces that, for a sequence (fl("), e fdn)>, n > 1, asin
(11.3.8), if

Lo () v =0, vo e M5 (l4a)).7),
Z245 s
then, the joint cumulants of order > 3 converge to zero, namely
S fae o,
seMs([(M],m+) Y M

for every integer M which is the sum of ¢ > 3 components (g;,, g, ..., gi,) of the
vector (g, ..., ¢m ) (With possible repetitions of the indices 4y, ..., i¢), with

FI— {{1,...,q,;l},...,{q1 + ot G, + l,...,M}} e P (M),

and every function f éflg), in M /2 variables, is obtained by identifying two variables x,,

and x}, in the argument of fi(ln) ®o -+ Qo fz-(en) if and only if a ~ b.

As already pointed out, the chaotic representation property (5.9.78) allows to use
Theorem 11.8.1 in order to obtain CLTs for general functionals of an isonormal Gaus-
sian process X . We now present a result in this direction, obtained in [39], whose proof
can be deduced from Theorem 11.8.1.
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Theorem 11.8.3 (see [39]) We consider a sequence {F,, : n > 1} of centered and
square-integrable functionals of an isonormal Gaussian process X, admitting the
chaotic decomposition

— X n
Fu =315 (£57), n=1.
q=1

Assume that

2
. . k
o limy_ oo imsupy oD s nyy ¢! Hfé )‘ qon 0,
2
e foreveryq>1,1lim,_ ¢! Hfé") =0y,
5@‘1
o Y .l0r 50 <00,
. (n) (n) o o B
o foreveryq > 1, lim, . qu ®r fq R 0O,vr=1,...,q—1.
Then, as n — oo, F), i g N (0,02), where N (0,02) is a centered Gaussian

random variable with variance o2.
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CLTs in the Poisson case:
the case of double integrals

We conclude this monograph by discussing a simplified CLT for sequences of double
integrals with respect to a Poisson random measure. Note that this result (originally
obtained in [109]) has been generalized in [106], where one can find CLTs for se-
quences of multiple integrals of arbitrary orders — with explicit Berry-Esséen bounds
in the Wasserstein distance obtained once again via Stein’s method.

In this chapter, (Z, Z,v) is a Polish measure space, with v o-finite and non-atomic.
Also, N {N (B) : B € Z,} is a compensated Poisson measure with control
measure given by v. In [109], we have used some decoupling techniques developed in
[107] in order to prove CLTs for sequences of random variables of the type:

Fy =1V (f<")) >, (12.0.1)

where f(") ¢ L2 (VZ). In particular, we focus on sequences { F}, } satisfying the fol-
lowing assumption

Assumption N. The sequence f(”), n > 1,1in (12.0.1) verifies :

N.i (integrability) Vn > 1,

1

2
/ f™ (2, v(dz) € L*(v) and {/ ™ (2 dz)} cL'(v);
(12.0.2)
N.ii (normalization) Asn — 0o,

2 [ [ 10 v @) v ) - 1 (1203)
zZJZ

N.iii (fourth power) Asn — oo,

//fm) (2,2) v (d2) v (d2') — 0 (12.0.4)
zZJZ

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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(in particular, this implies that f(") € L* (1/2)).

Remarks. (1) The conditions in (12.0.2) are technical : the first ensures the existence
of the stochastic integral of [, f(™) (z, )2 v (dz) with respect to N; the second allows
to use some Fubini arguments in the proof of the results to follow.

(2) Suppose that there exists a set B, independent of n, such that v (B) < oo and
f) = 15 ae—dv?, ¥n > 1 (this holds, in particular, when v is finite). Then, by
the Cauchy-Schwarz inequality, if (12.0.4) is true, then ( f (")) converges necessarily
to zero. Therefore, in order to study more general sequences ( f (")), we must assume
that v (Z) = +o0.

The next theorem is the main result of [109]. It concerns convergence of the second
Wiener chaos.

Theorem 12.0.4 Let F, = IN (f() with f™ € L2(1?), n > 1, and suppose that
Assumption N is verified. Then, for every n > 1,

FM 8 Fm e L2,

and
O f e L2(17),
and also :
1. if
H OMEID o 0 and wa RO o -0, (12.0.5)
then
F, ™ N(0,1), (12.0.6)

where N (0, 1) is a centered Gaussian random variable with unitary variance;
2. if F, € L*(P), ¥n, a sufficient condition in order to have (12.0.5) is

X4 (Fr) = 0; (12.0.7)
3. if the sequence {Ff; in > 1} is uniformly integrable, then the three conditions

(12.0.5), (12.0.6) and (12.0.7) are equivalent.

Remark. See [18] and [105] for several applications of Theorem 12.0.4 to Bayesian
non-parametric survival analysis.

We now give a combinatorial interpretation (in terms of diagrams) of the three
asymptotic conditions appearing in formulae (12.0.4) and (12.0.5). To do this, consider
the set [8] = {1, ..., 8}, as well as the partition 7* = {{1,2},{3,4},{5,6},{7,8}} €



12 CLTs in the Poisson case: the case of double integrals 205

RIENG
1

Fig. 12.1. Three diagrams associated with contractions

P ([8]). We define the set of partitions M > ([8],7*) C P ([8]) according to (7.2.23).
Given an element ¢ € M, ([8],7*) and given f € L? (v?), the function f,4, in
|o| variables, is obtained by identifying the variables x; and x; in the argument of
f R0 f R0 f® [ (as defined in (6.1.3)) if and only if 7 ~, j. We define three partitions
01,02,03 € M>, ([8],7*) as follows:

o = {{1,3,5,7},{2,4,6,8}}
oy = {{1,3,5,7},{2,4},{6,8}}
03 = {{17 3} ) {47 6} ) {577} ) {27 8}} .
The diagrams I" (7*,01), I' (7*,0,) and " (7*,03) are represented (in order) in
Fig. 12.1.
One has therefore the following combinatorial representation of the three norms

appearing in formulae (12.0.4) and (12.0.5) (the proof is elementary, and left to the
reader).

Proposition 12.0.5 For every f € L2 (V*), one has that

| [ 16 v @) = 1 = [ fns v @ s)

/ {/ &2 dz)] v(d) = f= fHZLZ(V) = /Zfa'z,4 (z) v (dz)

/Z2 [/Zf(z,z’)f(z,z”)z/(dz)ru(dz’)z/(dz”) = || f* fHZLZ(V)

_ /Z Fous (2) v (d2).

In particular, Proposition 12.0.5 implies that, on the second Wiener chaos of a
Poisson measure, one can establish CLTs by focusing uniquely on expressions related
to three connected diagrams with four rows. Similar characterizations for sequences
belonging to chaoses of higher orders can be deduced from the main findings of [106].






Appendix A

Practical implementation using Mathematica

The purpose of this appendix is to illustrate some of the set partitions and diagram
formulae we have encountered. We do this through a practical implementation of these
formulae by using the software program Mathematica'?. The source code and more
detailed examples are contained in a companion Mathematica notebook. This notebook
can be downloaded by using the link:

http://extras.springer.com, Password: 978-88-470-1678-1

To view the notebook you may use the free Mathematica Reader which you can down-
load from the Internet or you can use the Mathematica program itself. The Mathemat-
ica program (version 7.0 or later) must be installed on your computer or remotely
through your system if you want to execute the source code.

A.1 General introduction

The filename of a Mathematica notebook ends with a “.nb”. Place the notebook and
the style file StyleFile978-88-470-1678-1.nb in the same folder. This style file formats
the notebook nicely but it is not absolutely necessary to have it.

In Windows, double-clicking on the notebook will open the notebook and start
Mathematica (or the Mathematica Reader). It is best to begin by executing the entire
notebook because some functions depend on previously defined functions. To exe-
cute the entire notebook (on Windows), press Control-A (to select all the cells in the
notebook), followed by Shift-Enter. (On a Mac, press Command-A followed by Shift-
Enter.) These actions will execute all of the function definitions and examples in this
notebook. This may take a little time. You will see “Running” on the top left of the

' Mathematica is a computational software program developed by Wolfram Research.
2 For further references on the use of Mathematica in the context of multiple stochastic inte-
grals, see for example, [54], [155].

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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notebook. After the execution has completed, you will be able to apply the functions
created in this notebook to new set partitions or to create additional examples of your
own. You may type, paste, or outline a command and then press Shift-Enter to execute
it. You may do this in the present notebook or, preferably, in a new notebook that you
would open.

Please note that the execution of any of these functions requires the use of the
Combinatorica package in Mathematica (which can be activated by executing the line
Needs [“Combinatorica”]. We automatically execute this package in this note-
book.

To type a command, simply type the appropriate function and the desired
argument and press Shift-Enter to execute the cell in which the command is located.
Mathematica will label the command as a numbered input and the output will be
numbered correspondingly. One can recall previous outputs with commands like %5,
which would recover the fifth output in the current Mathematica session. Unexecuted
cells have no input label.

Warning. Some of the functions in this notebook use a brute-force methodology.
The number of set partitions associated to a positive integer n grows very rapidly,
and so any brute-force methodology may suffer from combinatorial explosion. Unless
you have lots of time and computational resources at your disposal, it may be better
to investigate examples for which n is small.

Comment about In[ ] and Out[ ]. Mathematica, after execution of a command,
automatically numbers it, for example, “In[1]:=". The output lines are also numbered,
for example, the corresponding output line will start with: “Out[1]=". Here, we sym-
bolically start a command input line with “/n:=" and the corresponding output starts
with “Out="". Thus, in the sequel do not type, for example, “In:=" nor “In[269]:=",
as this is automatically generated by Mathematica after you execute the command by
pressing Shift-Enter.

Comments about the time it takes to evaluate a function. To evaluate the time
it takes to simulate 1,000,000 realizations of a standard normal random variable, type:

In := RandomReal[NormalDistribution[0, 1], {1 000 000}]; // AbsoluteTiming
Out= 0.2187612, Null

The semicolon suppresses the display of the output (except for the timing result),
which is generated by AbsoluteTiming. The first part of the output is the number of
seconds it took Mathematica to generate 1,000,000 realizations of a standard normal
random variable. The output was suppressed, which is why the symbol Null appears
in the second position.
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Comments about the function names. We typically give the functions long, in-
formative names. In practical use, one may sometimes want to use a shorter name. For
example, to have the function Chi do the same thing as the function CumulantVector-
ToMoments, set:

In := Chi = CumulantVectorToMoments

A few similar functions may have different names because they are used in dif-
ferent contexts. This is the case, for example, of the functions MeetSolve, PiStarMeet
Solve and MZeroSets.

Comments about typing Greek symbols. To type symbols, such as y and x,
either copy and paste them with the mouse from somewhere else in the notebook or
type respectively \[Mu] and \[Kappa]. Mathematica converts these immediately to
greek.

Comments about Mathematica notation. In Mathematica, a set partition is
denoted in a particular way, for example, {{1,2,4}, {3}, {5}} is a set partition of
the set {1,2,3,4,5}. The trivial, or maximal, partition consisting of the entire set
is denoted {{1,2,3,4,5}} and the set partition consisting entirely of singletons is

denoted {{1}, {2}, {3}, {4}, {5}}.

Comments about hard returns. Mathematica ignores hard returns. Therefore, if
the input line is long, one can press “Enter” in order to subdivide it.

Comments about stopping the execution of a function. Hold down the “Alt”
key and then press the “.” key, or go to the menu at the top, choose “Evaluation” and
then choose “Abort Evaluation.”

Comments about the examples below. The examples are particularly simple.
Their only purpose is to illustrate the Mathematica commands. The Mathematica out-
put will sometimes not be listed below, because it is either too long or would require
complicated formatting.

A.2 When Starting

Type first the following two commands:
In := Needs [“Combinatorica”] ; Off[First::first]

The first command loads the package Combinatorica. The second command shuts off
an error message that does not impact any of the function outputs. These commands
will be executed in sequence.
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Note: These two commands are listed at the beginning of the notebook. They will
be automatically executed if you execute the whole notebook.

A.3 Integer Partitions

A.3.1 IntegerPartitions

Find all nonnegative integers that sum up to an integer n, ignoring order; this is a
built-in Mathematica function.

» Please refer to Section 2.1.

Example. Find all integer partitions of the number 5. The output {3, 1, 1} should
be read as the decomposition 5 =3 4+ 1 + 1.

In := IntegerPartitions[5]

Our= {{5},{4,1},{3,2},{3, 1, 1},{2,2,1},{2, 1, L, 1}, {1, 1,1, 1, 1}
Example. Count the number of integer partitions of the number 5.

In := Length[IntegerPartitions[5]]
Out= 7

A.3.2 IntegerPartitionsExponentRepresentation

This function represents the output of IntegerPartitions in exponent notation; namely,
1727 ... n™ where r; is the number of times that integer ¢ appears in the decompo-
sition, ¢ = 1, ..., n.

Example. Find all integer partitions of the number 5, and express them in
exponent notation. Thus 5 = 3 + 1 + 1 is expressed as {122°3'495%} since there are 2
ones and 1 three.

In := IntegerPartitionsExponentRepresentation[5]

Out= {{1020304951}  [1120304150} = 110213140501 = 112203140503

{1 122304050}7 {1321304050}7 {1520304050}}
A.4 Basic Set Partitions

» Please refer to Section 2.2.
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A.4.1 SingletonPartition

Generates the singleton set partition of order n, namely 0 = {{1},{2},---,{n}}.
This is a partition made up of singletons.

Example. Generate the singleton set partition of order 12.

In := SingletonPartition[12]

Our= {{1},{2}, {3}, {4}, {5}, {6}, {7}, {8}, {9}, {10}, {11}, {12}}

Example. Same example with grid display.

In := Grid[SetPartitions[3], Frame — All]

Out= {1,2,3}
{1} {23}
{1.2} {3}
{1.3} {2}
{13 {2} {3}

A.4.2 MaximalPartition

Generates the maximal set partition of order n, namely 1 = {{1,2,...,n}}.
Example. Generate the maximal set partition of order 12.
In := MaximalPartition[12]

Out=" {{1,2,3,4,5,6,7,8,9,10,11,12}}

A.4.3 SetPartitions

Enumerates all of the set partitions associated with a particular integer n, namely all
set partitions of {1,2,--- ,n}; this is a built-in Mathematica function.

» Please refer to Section 2.4.
Example. Enumerate all set partitions of {1,2,3}.
In := SetPartitions[3]

Our= {{{1,2,3}}, {{1},{2,3}}, {{1,2},{3}}, {{1,3},{2}},
{1 {25 {31}
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A.4.4 PiStar

Generates a set partition of {1,2,--- ,ny + - -+ 4+ ng}, with k blocks, the first of size
n, and the last of size n, that is,

* :{{1’... 7n1}7{n1 +17... M _A'_nz},... ’{n1+...+nk71+1’... 7n}}
» Please refer to Formula (6.1.1).
Example. Create a set partition 7* with blocks of size 1, 2,4, 7, and 9.

In:= PiStar[{1,2,4,7,9}]
Oour= {{1},{2,3},{4,5,6,7},{8,9,10,11,12, 13, 14},
{15,16,17,18,19,20,21,22,23}}

A.S Operations with Set Partitions

A.5.1 PartitionIntersection

Finds the meet o A 7 between two set partitions o and 7; each block of o A 7 is a
non-empty intersection between one block of o and one block of 7.

Example. Find the meet between the set partitions {{1,4,5},{2},{3}} and
{{1,2,5}, {3}, {4}}

In := PartitionIntersection [{{1,4,5},{2},{3}},{{1,2,5},{3},{4}}]
Our=" {{1,5},{2}, {3}, {4}}

Example. If the partitions ¢ and 7 are not of the same order, then PartitionInter-
section returns a message.

In := PartitionIntersection[ SingletonPartition[8], {{1, 2, 5, 6, 7}, {3}, {4}}]
Out= Error

A.5.2 PartitionUnion

Finds the join o V 7 between two set partitions o and 7; that is, the union of blocks of
o and 7 that have at least one element in common.

Example. Find the join between the set partitions {{1,4,5},{2},{3}} and
{{1,2,5}, {3}, {4}}

In := PartitionUnion [ {{1,4,5}.{2}.{3}}, {{1,2,5}.{3}.{4}} ]
Out= {{1,2,4,5},{3}}
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A.5.3 MeetSolve

For a fixed set partltlon 7, find all set partltlons o such that the meet of 7 and o is the
singleton partition 0, that is, o A 7w = 0.

» Please refer to Section 4.2.

Example. Find all set partitions o such that the meet of o and {{1,4,5}, {2}, {3}}
is the singleton partition 0.

In:= MeetSolve[{{1,4,5},{2},{3}}]

Out=" {{{1},{2,3,4},{5}}, {{1},{2,5}.{3.4}}, {{1},{2,3,5},{4}},
{1} {243, {3,531, {{1,2}, 3,4}, {5}}, {{1.2},{3,5}, {4}},
{({1,2,35, {4}, {5}}, {{1,3},{2,4}, {5}}, {{1.3},{2,5},{4}},

H{1h {24 {34}, {5}, {1} {2}, {3, 5}, {4}}, {{1}.{2,3}, {4}, {5}},
({142,453}, {5} {{1h.{2,5} {3}, {4}}, {{1,2}, {3}, {4}, {5}},
(1,35, {28 {4}, {5}, {1}, {2}, {3}, {4}. {S}}}

The output also displays the number of solutions (namely 17).

A.5.4 JoinSolve

For a fixed set partltlon «, find all set partltlons o such that the join of 7 and o is the
maximal partition 1, that is, o V 7 = 1.

Example. Find all set partitions o such that the join of o and {{1,4,5},{2},{3}}
is the maximal partition 1.

In:= JoinSolve[{{1,4,5},{2},{3}}]

our= {{{1,2,3,4,5}}, {{1},{2,3,4,5}}, {{1,2},{3,4,5}},
{{1,2,3},{4,5}}, {{1,3},{2,4,5}}, {{1,2,3,4},{5}},
{1,5},{2,3,4}}, {{1,2,5},{3,4}}, {{1,3,4},{2,5}},
{{1,2,3, 5}, {4}}, {{1,4},{2,3,5}}, {{1,2,4},{3,5}},
{{1,3,55,{2,4}}, {{1},{2,3,43,{5}}, {{1},{2,5},{3,4}},
{13,42,3, 55, {4}}, {{1},{2,4},{3,5}}, {{1,2},{3,4}, {5}},
{1,2}, 13,55, {4}}, {{1,2,3}, {4}, {5}},
{131, 42,43, {53}, {{1,3},{2,5}, {4}}}
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A.5.5 JoinSolveGrid

Display the output of JoinSolve in a grid.

Example. Find all set partitions o such that the join of o and {{1,2},{3,4}} is
the maximal partition 1.

In:= JoinSolveGrid[{{1,2},{3,4}}]
Out= " {1,2,3,4}

{1 {2,3,4}
{1,3,4} {2}
{1,2,3} {4}

{1,4}  {2,3}
{1,2,4} {3}
{1,3}  {2,4}

{1y {23} {4
{24 {3
(L3} {2} {4
{4 {2} {3}

A.5.6 MeetAndJoinSolve

For a fixed set partition 7, find all set partitions ¢ such that the join of 7 and o is
the maximal partition 1 AND the meet of 7 and ¢ is the singleton partition 0. that is,
cAm=0andoVT=1.

Example. Find all set partitions o such that the join of o and {{1,4, 5}, {2}, {3}}
is the maximal partition 1 and such that the meet of o and {{1,4,5}, {2}, {3}} is the
singleton partition 0. Include the timing of the computation.

In := MeetAndJoinSolve [{{1,4,5},{2},{3}}] // AbsoluteTiming
Out={0.2031250, {{{1},{2,3,4},{5}}, {{1},1{2,5},{3,4}},
{11,{2,3,50 {41}, {{1},{2,4},{3,5}}, {{1,2},{3,4},{5}}
{123, {3,5},{4}}, {{1,2,3}, {4}, {5}}
{133, {2,45, {51}, {{1,3},{2,5}, {4}}}}

The output in the first position is the number of seconds it took to generate the rest
of the output. The number of solutions will also be specified (namely 9).
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A.5.7 CoarserSetPartitionQ
This is a built-in Mathematica function; CoarserSetPartitionQ[o, 7] yields “True” if

the set partition 7 is coarser than the set partition o; that is, if ¢ < 7, i.e., if every
block in ¢ is contained in a block of 7.

Example. Is the set partition 7 = {1,2}, {3,4}, {5} coarser than the set partition

o={{1,2,3,4},{5}}?

In:= CoarserSetPartitionQ[{{1,2, 3,4}, {5}}, {{1,2},{3,4}, {5}}]
Out= False

A.5.8 CoarserThan

For a fixed set partition 7, find all set partitions o such that ¢ > m, i.e., all set
partitions such that every block of 7 is fully contained in some block of .

Example. Find all of the set partitions o such that o > {{1,2}, {3,4}, {5}}.

In:= CoarserThan[{{1,2},{3,4},{5}}]
Our=" {{{1,2,3,4,5}},{{1,2},{3,4,5}},{{1,2,3,4},{5}},
{{1,2,5},{3,4}}, {{1,2},{3,4},{5}}}
A.6 Partition Segments

A.6.1 PartitionSegment

For set partitions o and m, find the partition segment [o, 7], that is, all set partitions p
such that o < p < 7.

» Please refer to Definition 2.2.4.
Example. Find all of the set partitions p such that
{13, {2}, 3}, {4, 5} =o < p <7 ={{1,2,3},{4,5}}.
In := PartitionSegment[{{1}, {2}, {3}, {4,5}}, {{1,2,3},{4,5}}]
Our= {{{1,2,3},{4,5}}, {{1},{2,3},{4,5}}, {{1,2},{3},{4,5}},
{33421 {4, 53}, {13,423, {3}, {4, 5}}}

The output also specifies the number of partitions in the segment (namely 5).
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A.6.2 ClassSegment

For set partitions ¢ and 7, with o < 7, obtain the “class” of the segment [, 7], namely
Ao, ) = (127 - |g|"e1),

where r; is the number of blocks of 7 that contain exactly ¢ blocks of ¢ (terms with
exponent zero are ignored in the output).

» Please refer to Definition 2.3.1.

Example. Compute the class segment when ¢ = {{1,2},{3},{4,5}} and
m={{1,2,3},{4,5}}.

In:= ClassSegment[{{1,2},{3},{4,5}}, {{1,2,3},{4,5}}]
Out= (12"

This is because only one block of 7 (namely, {4,5}) contains one block of ¢ and
one block of 7 (namely, {1,2,3}) contains two blocks of o. The answer could be more
fully written as (1'2!39).

A.6.3 ClassSegmentSolve

Given a partition o, find all coarser partitions 7 with a specific class segment A(o, 7) =
(1272 .- |o|"let) written as {{1,71},{2, 72}, ,{|o], 7o} } With r; > 0 or merely
r; > 0. We want r; blocks of 7 to contain exactly ¢ blocks of o, fort =1, ..., n.

Input format. ClassSegmentSolve[o, A(o, 7)]

Example. Find the set of all partitions 7 such that the class segment of
o= {{1,2},{3},{4,5}} and 7 is equal to A(o, 7) = (1'2!). We want r; = 1 block
of 7 to contain one block of ¢ and r, = 1 block of 7 to contain two blocks of o.

In:= ClassSegmentSolve[{{1,2}, {3}, {4,5}}, {{1, 1}, {2, 1}}]
Our= {{{1,2},{3,4,5}}, {{1,2,3},{4,5}}, {{1,2,4,5},{3}}}

If = = {{1,2},{3,4,5}}, then {1,2} contains the block {1,2} in ¢ =
{{1,2},{3},{4,5}} and {3,4,5} contains the blocks {3} and {4,5} of 0.
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A.6.4 SquareChoose

For a list of non-negative integers {ry, 2, ..., 7, }, with 1r; 4+ 2r; +--- + nr, = n,
compute

nl_ n . n!
{/\} B {Tl, ...,rn} n (ll)r1 7! (ZI)T2 Tl (n!)rn rnl

If one relabels the integers and denote by {71, 77, - , 71}, with & < n and k equal to
the greatest integer in [n] such that 7, > 0, then 1y + 275 + - - - 4+ k7, = n, and

m - {7"1;-717%} T ann 7"1!(2!)”771'!2! e (R )

» Please refer to Formula (2.3.8).

Example. For the list {1,3,0,0,0,0,0} or the list {1, 3} compute

7!
(AN AN GH

SquareChoose[{1, 3,0, 0, 0, 0, 0, 0}]
SquareChoose[{1,3}]

In:
In:

The output is 105 in both cases.

A.7 Bell and Touchard polynomials

» Please refer to Section 2.4.

A.7.1 StirlingS2
Obtain the Stirling numbers S(n, k) of the second kind, where 1 < k < n. This is a

built-in mathematica function. Recall that

n!
S ,k’ - r r 9
(n, k) Z (AN et 2Dt (n— k4 D)me—ktip, !
TlyeesTn—k+1
where the sum runs over all vectors on nonnegative integers (71, ..., 7, k1) satisfying
4+ Tk =kand lry +2rp - - +(n—k+ 1) rp_pr1 = n.

» Please refer to Proposition 2.3.4.
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Example. Get S(3,2).

In := StirlingS2[3, 2]
Out= =3

Example. Get all the Stirling numbers of the second kind for n = 10.

In := Table[StirlingS2[10, k], k, 10]
Out= 1,511, 9330, 34105, 42525, 22827, 5880, 750, 45, 1

Example. Make a table of the Stirling numbers of the second kind forn =1, ..., 10
andk=1,...,n.

In := Table[If[n >=k, StirlingS2[n, k]], {n, 1, 10}, {k, 1, 10}] // MatrixForm

Out= 1 Null Null Null Null Null Null Null Null Null
1 1 Null Null Null Null Null Null Null Null
1 3 1  Null Null Null Null Null Null Null
1 7 6 1 Null Null Null Null Null Null
1 15 25 10 1 Null Null Null Null Null
1 31 90 65 15 1 Null Null Null Null
1 63 301 350 140 21 1 Null Null Null
1 127 966 1701 1050 266 28 1 Null Null
1 255 3025 7770 6951 2646 462 36 1 Null
1 511 9330 34105 42525 22827 5880 750 45 1

The output has “Null” in the upper quadrant since the S(n, k) are either not defined or
are set equal to 0 when k& > n.

A.7.2 BellPolynomialPartial

Generate the partial Bell polynomials B, (1, ..., £n—g+1), defined for 1 < k < n.
Recall that

Bn,k('rh ey xn—k-{-l) =
S e () (20
rilral o V1 n—k+1)!
T1seeTn—k+1 12 n—ktl ( )
where the sum runs over all vectors on nonnegative integers (71, ..., 7 —g+1 ) satisfying

ri4-+rp_pr1r =kand lr; +2rp - - +(n—k+ 1) rp_gr1 = n.

» Please refer to Definition 2.4.1.
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Input format. BellPolynomialPartial[n, k, z] where | < k < n and z is a vector of
length at least n — k + 1 (the extra components are ignored). The index & can also be
“All”. This outputs By, 1, - - , By, in alist.

Example. Generate the partial Bell polynomial n = 4,k = 2 and 3 variables
x1,22, 23, x4 . These form a vector and must be inserted with curly brackets.

In := BellPolynomialPartial[4, 2, {x1, 22, 23}]
Out= 3x2* +4xla3

The output should be read as 323 + 4x15.

Example. Numerical computation with n = 70, k = 50, and the variables taking
consecutive numerical values.

In := BellPolynomialPartial[40, 33, {1,2,3,4,5,6,7,8}]
Out=794559498748278120

Example. Numerical computation with n = 70, k = 50 , and the variables taking
consecutive numerical values, defined through a table.

In := BellPolynomialPartial[70, 50, Table[i, {i, 1, 70 - 50 + 1}]]
Out= 15438518873468196487426757812500000000000000000000

A.7.3 BellPolynomialPartialAuto

Automatically generates symbolic form of BellPolynomialPartial[n, k] without having
to input a vector. Moreover k can be ‘All’, in which case the outputis By, 1, -+ , By »,
in a list.

Example. Generate the partial Bell polynomial n = 4, k = 2 but with unspecified
variables.

In := BellPolynomialPartial Auto[4, 2]
Out= 323 + 4z 1133

Example. Generate all the partial Bell polynomials with n = 4.

In := BellPolynomialPartial Auto[4,“All”’]
Out={z4, 396% + 4z 172, 695%953» x?}
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A.7.4 BellPolynomialComplete

Generate the complete Bell polynomial of order n, that is,

§ n LT T
Bn(xl,x27...7xn): |:T :|x11x22...xnz
1y

s T
|
n: T2 T
— . . . €T, X <. n
Z (AN 2Dyl (), n
where the sum is over all non-negative ry, 7y, - ,r, satisfying 1r; + 2r, + --- +

nr, = n.
» Please refer to Definition 2.4.1.

Input format. BellPolynomialComplete[z] where x is a vector. The length of the
vector determines the value of n.

Example. Generate the complete Bell polynomial with 4 variables =1, 22, 23, z4.
These form a vector and must be inserted with curly brackets.

In := BellPolynomialComplete[{x1, 22, 23, z4}]
Out= 1%+ 621222 + 322% + 4123 + 24

The output should be read as =} + 623z, + 323 + 4223 + 24.
Example. Generate the complete Bell polynomial with 4 identical variables.
In := BellPolynomialComplete[{z, x, x, x }]

Out= x4+ 72* + 623 + z*

A.7.5 BellPolynomialCompleteAuto

Automatically generates a symbolic form of complete Bell polynomial of order n.
There is no need to input a vector.

Input format. BellPolynomialCompleteAuto[n].
Example. Obtain the complete Bell polynomial of order 4.

In := BellPolynomial Complete Auto[4]
Out= x‘l‘ + 6x%x2 + 39:% +4x1x3 + T4
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Example. Make a table of Complete Bell polynomials of order 1 to 6.

In := TableForm[Table[BellPolynomialCompleteAuto[n], n, 1, 6],
TableHeadings — “n=17, “n=2", “n=3", “n=4", “n=5", “n=6", None]
Out=

n=1 T

n=2 3 + 1,

n=3 :1:? + 3z120 + 23

n=4 :1:‘1l + 6x%x2 + 31‘% +4x1x3 + 24

n=5 xf + 10.1‘?.’1'}2 + 15x1x§ + 10.’1?%.’133 + 10223 + Sx124 + TS

n=6 x¢ + 152}y + 452323 + 1523 + 202323 + 607 2225 + 1023

+15x%x4 + 152,24 + 6125 + X6

A.7.6 BellB

Gives the complete Bell polynomial when all the arguments are identical and computes
the Bell number of order n. These are buit-in mathematica functions.

Input format. BellB[n, x] where n is a non-negative integer and x is a scalar. This is
equivalent to BellPolynomialComplete[{z, z, .., z, x}] with the scalar 2 appearing n
times.

Example. Get BellPolynomialComplete[{z, =, z, x}] using BellB[4, z].
In:= BellB/4,z]
Out= z + 72> + 62° + a*

Input format. BellB[n].

This is the Bell number of order n. It is equivalent to
BellPolynomialComplete[{1, ..., 1}] with 1 appearing n times and also equiva-
lent to T}, (1), where T, is the Touchard polynomial.

Example. Get BellPolynomialComplete[{1, 1, 1, 1}] using BellB[4].

In := BellB[4]
Out= 15

Example. Get the Bell numbers up to 20.

In:= Table[BellB[k], {k, 20}]

Out= {1, 2, 5, 15, 52, 203, 877, 4140, 21147, 115975, 678570, 4213597,
27644437, 190899322, 1382958545, 10480142147, 82864869804, 682076806159,
5832742205057, 51724158235372 }
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Example. Compute the sum of SquareChoose of over all values of its non-negative
arguments, that is:

n n!
Z |:’I“1, ...,’rn:| - Z (U)Tl 7‘1! (2|)7‘2 ,rz! .. (TL!)T" Tn!

This amounts to evaluate the corresponding complete Bell polynomial with the
variables x all equal to 1 or BellB[n]. Do it for n = 5.

In := BellB[5]
Out= 52

A.7.7 TouchardPolynomial

Obtain the Touchard polynomial T;,(x) of order n, where z is a scalar. It is, in fact,
identical to BellB[n, x]. The Touchard polynomial of order n is equal to the moment
of order n of a Poisson with parameter z.

» Please refer to Definition 2.4.1.

Input format. TouchardPolynomial[n, 2] where n is a non-negative integer and x is
a scalar.

Example. Get the Touchard polynomial of order n = 4.

In := TouchardPolynomial[4, x]
Out= x4+ 72* + 623 + z*

Input format. TouchardPolynomial[n, x, “All”]. This generates a full list of Touchard
Polynomials of order 0 up to order n.

Example. Get the Touchard polynomial of order 0 up to order 5.

In := TouchardPolynomial[5, x, “All”]
Out= ={1,z,z+2°, v+32°+2>, v+ 72> +6x° +2*, o+1522 42523 +102* +-2°}
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A.7.8 TouchardPolynomialTable

Generates a table of Touchard polynomials from order 0 to n.

Example. Get a table of the Touchard polynomials of order 0 up to order 5.

In := TouchardPolynomialTable[5]
Out= Tn

n

0 1

1 T

2 x + 22

3 x+322 423

4 x + 72% + 627 + 2*

5 x4+ 1527 + 2523 + 102* + 2°

A.7.9 TouchardPolynomialCentered

Computes the centered Touchard polynomial of order n. It is equal to the moment of
order n of a centered Poisson with parameter x.

» Please refer to Proposition 3.3.4.

Input format. TouchardPolynomialCentered[n, 2] where n is a non-negative integer
and x is a scalar.
Example. Get the Touchard polynomial of order n = 5.

In := TouchardPolynomialCentered[5, x]
Out= x + 1022

Input format. TouchardPolynomialCentered[n, x, “All”]. This generates a full list of
centered Touchard polynomials of order 0 up to order n.
Example. Get the centered Touchard polynomial of order 0 up to order 5.

In := TouchardPolynomialCentered|5, z;, “All”|
Out={1,0,z,2,r + 32%,x + 102?}
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A.7.10 TouchardPolynomialCenteredTable

Generates a table of centered Touchard polynomials from order 0 to n.

Example. Get a table of the centered Touchard polynomials of order 0 up to
order 5.

In := TouchardPolynomialCenteredTable[5]
Out=

W N = o 3
8 8 o — N

4 g+ 322
5 x+ 1022

A.8 Mobius Formula

» Please refer to Section 2.5.

A.8.1 MobiusFunction

For set partitions ¢ < 7, compute the Mobius function

plom) = (=" @) @Y™ ((n—1)H™
n—1

— n—1

= (—1)n—T H (j!)"‘j+1 — (_l)n—r H (j!)Tjﬂ ,

j=0
where n = |o|, r = ||, and A (o, 7) = (1"2"2 - .- n™) (that is, there are exactly r;
blocks of 7 containing exactly ¢ blocks of o).

Input format. MobiusFunction[o,7].

Example. Evaluation of the Mobius function with o = {{1}, {2}, {3,4}, {5, 6},
{7},{8,9}} and m = {{1,2},{3,4,5,6,7,8,9}}.

In := MobiusFunction[{{1}, {2}, {3,4},{5,6},{7},{8,9}}, {{1,2},
{3,4,5,6,7,8,9}}]
Out= 6
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Let’s check this result with ClassSegment.

In:= [{{1},{2},{3,4},{5,6},{7}. {891}, {{1,2},{3.4,5,6,7.8,9}}]
Out= (2'4")

Thus , = 1,74 = 1,n = 6,7 = 2 which explains why p(o,7) = (—1)%2
(3H! =e.
A.8.2 MobiusRecursionCheck

Verify that the Mobius function recursion

;L(U,W):Z - EE: wlo,p),

o<p<m

holds; in the output, the number in the first coordinate is ;4(o, 7) and the number in
the second coordinate is — > . (7, p); they should be equal.

Example. Check the Mobius function recursion when o = {{1},{2}, {3}, {4}}
and 7 = {{1,2,3,4}}.

In := MobiusRecursionCheck [{{1}, {2}, {3}, {4}},{{1,2,3,4}}]

The output is {—6, —6}, confirming equality.

A.8.3 MobiusInversionFormulaZero

Compute the Mobius inversion formula given by

Fm)= Y u(o,m)G o)

0<o<m
where F' and G are functions taking set partitions as their arguments.
Input format. MobiusInversionFormulaZero[r].

Example. Let 7 = {{1,2,3},{4,5}}. Forall 0 < o < 7, obtain the Mobius
function coefficient 1 (o, 7) and print G(o).

In := MobiusInversionFormulaZero[{{1, 2,3}, {4,5}}]
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Out=Number of partitions in the segment = 10

o w(o,m) G(o)

{{1,2,3},{4,5}} 1 G[{{1,2,3},{4,5}}]
H1h42,3h{4,51r -1 GH{{1},{2,3},{4,5}}]
{1,2},{3},{4,5}} -1 G[{{1,2},{3},{4,5}}]

{3 {2h {451 -1 GI{1,3},{2},{4,5}}]
12,3045, {5}y -1 GI{{1,2,3},{4},{5}}]
{1521, {31{4,5) 2 GH{1},{2},{3},{4,5}}]
{13423 {45, {5} 1 GI{{1},{2,3}, {4}, {5}}]
{12}, {35, {4}, {5}} 1 GK{1,2}, {3}, {4}, {5}}]
{1,35, {21, {4, {5}} 1 GR{1,3},{2}, {4}, {5}}]
(Hh 2 354 {5} -2 GIR{1},{2}, {3}, {4}, {5}}]
Here G is not specified so the output merely lists the various terms in the sum.
For example, in the output, the term corresponding to o = {{1},{2,3},{4,5}} is

(_1)CX{{1}3{2a3}v{475}})
The function MobiusInversionFormulaZero is also useful for computing

G(m)= Y F(o).

Ogagw

Merely ignore p(o, 7) and replace G(o) by F (o).

A.8.4 MobiusInversionFormulaOne

Compute the Mobius inversion formula given by

Fr)= Y u(m0)G (o)

r<o<l

where F' and G are functions taking set partitions as their arguments.
Input format. MobiusInversionFormulaOne|[].

Example. Let 7 = {{1,2,3,},{4,5}}. Forall 7 < ¢ < 1, obtain the Mobius
function coefficient i (7, o) and print G (o).

In:

MobiusInversionFormulaOne[{{1, 2,3}, {4,5}}]
Out= Number of partitions in the segment = 2

o w(o,m) G(o)
({1,2,3,4,5)})  —1  G[{{1,2,3,4,5}}]
{L2,35{4,51 1 G{{1,2,3},{4,5}}]
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The output has 2 terms only in this case:

(=DG{{1,2,3,4,51}] + (VG[{{1,2,3}, {4, 5}}].

The function MobiusInversionFormulaOne is also useful for computing

G(m)= > Fl(o).

wgagi

Merely ignore (o, ) and replace G(o) by F'(o).

A.9 Moments and Cumulants
» Please refer to Chapter 3. Recall the notation:
For every subset b = {ji, ..., jx} C [n] = {1,...,n}, we write

Xjk) and XbZle X oo X X

Jio

X, = (X;

190

where x denotes the usual product. For instance, Vim < n,
X[m] = (X], ..,Xm) and X[m] = Xl X oo X Xm

The function names below acquire their meaning when read from left to right. Thus,
the function MomentToCumulants expresses a given moment in terms of cumulants.
In practice, this function is used to transform cumulants into moments.

A.9.1 MomentToCumulants
Express the moment of a random variable in terms of the cumulants.

Input format. To express E[X™] in terms of cumulants, use MomentToCumu-
lants[m].

» Please refer to Formula (3.2.16).

Example. Express the third moment E[X?] of a random variable X in terms of
cumulants.

In := MomentToCumulants[3]
Out= x1[X]? +3x1 [ X]x2[X] + x3[X]

Notation: y;[X]? denotes the third power of the first cumulant of X
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A.9.2 MomentToCumulantsBell

Use complete Bell polynomials to express a moment in terms of cumulants. One can
use either the function MomentToCumulantsBell or directly BellPolynomialComplete.

» Please refer to Proposition 3.3.1.
Input format. MomentToCumulantsBell[x] where x is a vector (of cumulants).

Example. Express the sixth moment of a random variable X in terms of cumulants
(using Bell polynomials). Let k1, - - - | k6 denote the cumulants.

In := MomentToCumulantsBell[{k1, k2, k3, k4, k5, k6}]
Out= k1°+ 15k1%k2 + 45k1%k2% + 15k2% + 20k1°k3 + 60k 1k2k3 + 10k32 +
15k1%k4 + 15k2k4 + 6k1K5 + k6

In := BellPolynomialComplete[{ k1, k2, k3, k4, k5, k6}]
Out= k1° + 15k1%k2 + 45k12k22 4 15k23 + 20k13k3 + 60k1k2k3 + 10k3% +
15k1%2k4 + 15k2k4 + 6k1k5 + k6

Example. Express the second moment of a random variable X in terms of cu-
mulants (using complete Bell polynomials). Let x;[X], x2[X] denote the cumulants.
This example demonstrates that the arguments can be any expression.

In := BellPolynomialComplete[{x[X], x2[X]}]
Our=" x1[X]* + xa[X]

Example. Express the sixth central moment of a random variable X in terms of
cumulants (using complete Bell polynomials). Let k1, - - - , k6 denote the cumulants.
This amounts to supposing that the mean, that is, the first cumulant k1 = 0.

In := BellPolynomialComplete[ {0, k2, k3, k4, k5, k6}]
Out=15k23 + 10k32 + 15k2k4 + k6

Example. In the previous example, suppose that the random variable X is
normalized to have mean O and variance 1. This amounts to setting k1 = 0 and
k2 =1.

In := BellPolynomialComplete[{0, 1, k3, k4, k5, k6}]
Out= 15+ 10k32 + 15k4 + k6
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Example. Obtain the sixth moment of a standard normal. This amounts to setting
in addition all cumulants higher than 2 equal to 0.

In := BellPolynomialComplete[{0, 1,0,0,0,0}]
Out= 15

Remark. From now on, we shall sometimes adopt the notation x;[X| = k;, j =
1,2, ...

Example. Display the results in a table (up to order 5). For a more involved table
use MomentToCumulantsBellTable.

In := Column[Table[ BellPolynomialComplete[ Table[Subscript[\[Kappal], i], i, 1,

1.3, 1,511
The output is a table:

K1

n% + Ky

Ii? + 3K1Ky + K3

/41‘ + 6&%&2 + 3/{% 4+ 4K1K3 + Kg

/{? + 10&?/@2 + 15&1%;% + 10/@%&3 + 10Kk2Kk3 + SK1K4 + K5.

A.9.3 MomentToCumulantsBellTable

Express moments in terms of cumulants and display the result in a table.

Input format. MomentToCumulantsBellTable[~] , where x is a vector of cumu-
lants.

Proceed interactively. How many rows do you want to see?
In:= NumRows =5
Out= 5

Sometimes you may need to clear the previous definitions of p and x. To type
these symbols copy and paste them with the mouse from somewhere else in the
notebook or type respectively as \[Mu] and \[Kappa].

In:= ClearAll[y, K]
Input is a list of cumulants, for example:

In := Kk =Table[Subscript[x, i], i, 1, NumRows]
0Mt= {K17I{27I{3;K’45K/5}



230 Appendix A. Practical implementation using Mathematica

Then, you make a table by plugging this into MomentToCumulantsBellTable:
In := MomentToCumulantsBellTable[ ]

Out= n

n
1 K1

2 K+ Ky

3 /f? + 3K1Ky + K3

4 K} + 6K3K) + 3K3 + 4k K3 + Ky

5 ﬁ? + 10&?%2 + 1551,%;% + 10&%&3 + 10K2Kk3 + SK1K4 + K5

To obtain centered moments, make the first element of your input equal to 0:
In := \[Kappa][[1]]=0
Out= 0

Check the value of the vector « and generate the table:
In:= &K

Out= {0, Ky, K3, K4, Ks }

In := MomentToCumulantsBellTable[x]

Out= Lin

n
1 0

2 R2

3 R3

4 3K3+ Ka
5 10k2K3 + K5

A.9.4 CumulantToMoments

Express the cumulant of a random variable in terms of moments.

» Please refer to Proposition 3.3.1.

Input format. To express X, [X] in terms of moments, use CumulantToMoments[m].
» Please refer to Formula (3.2.19).

Example. Express the third cumulant x3[X] of a random variable X in terms of
moments.

In := CumulantToMoments[3]
Out= 2E[X)* - 3E[X]E[X?] + E[X?]

Notation: E[X]* denotes the third power of the first moment of X.
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A.9.5 CumulantToMomentsBell

Use partial Bell polynomials to express a cumulant in terms of moments.
Input format. CumulantToMomentsBell[x] where x is a vector (of moments).

Example. Express the moments in terms of cumulants (using partial Bell polyno-
mials).

In := CumulantToMomentsBell[{m1, m2}]
Out= —ml1* +m2

Example. Display the conversion results in a table (up to order 5). For a more
involved table use CumulantToMomentsBellTable.

In := Column[Table[ CumulantToMomentsBell[Table[Subscript[\[Mu], i], i, 1,
1.5, 1,511
The output is a table:

1

—47 +

243 = 3papn + p3

—6pt + 120310 — 313 — Apnpis + pa

24113 — 6043 p1a + 301113 + 203 p13 — 102 pa3 — Spay g + pis-

A.9.6 CumulantToMomentsBellTable

Express cumulants in terms of moments and display the result in a table.

Input format. CumulantToMomentsBellTable[u:] , where 1 is a vector of moments.

Proceed interactively. How many rows do you want to see?
In := NumRows =5
Out= 5

Sometimes you may need to clear the previous definitions of i and k. To type these
symbols copy and paste them with the mouse from somewhere else in the notebook or
type respectively as \[Mu] and \[Kappa].

In:= ClearAll[y, K]
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Input is a list of moments, for example:
In := = Table[Subscript[u, i], i, 1, NumRows]
Out=" {1, pi2, p3, pa, pis }

Then, you make a table by plugging this into CumulantToMomentsBellTable:

In := CumulantToMomentsBellTable[ ]

Out= o
1 2
2 —5 + 12
3 2p3 = 3 + p3
4 —6pt + 1203 11y — 33 — dpaptz + pia
5 2443 — 60473 1y 4 3041145 + 205 a3 — 10213 — Spn pia + pis

To obtain a table involving centered moments and cumulants, make the first ele-

ment of your input equal to 0:
In:= \[Mu][[1]]=0
Out= 0

Check the value of the vector 11 and generate the table:
In:= pu

Out= {07/1427/4@7//647//65}

In := CumulantToMomentsBellTable[ ]

Out= Kn

n
1 0

2 M2

3 3

4 3ps+
5 —10pap3 + pis

A.9.7 MomentProductToCumulants

Express the expected value of the product of random variables X? = X
where b = {j1,...,jr} C [n] = {1,...,n}, in terms of cumulants.

» Please refer to Formula (3.2.7).

X

Ji”

Jk >
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Example. Express the expected value EX {12} = EX| X, in terms of cumulants.
In := MomentProductToCumulants [X, {{1,2}}]
Our= x[Xi]x[X2] + x[X1, X3

A.9.8 CumulantVectorToMoments

Express the cumulant of a random vector X; = (Xj,...
b={j1,..,Jrx} € [n] = {1,...,n}, in terms of moments.

, Xj.), where

» Please refer to Formula (3.2.6).

Example. Express the cumulant of Xy 53 = (X1, X») which is the covariance of
X and X, in terms of moments.

In := CumulantVectorToMoments[X, {{1,2}}]
Out=" —E[X|]E[X;] + E[X, X5

A.9.9 CumulantProductVectorToCumulantVectors

Express the joint cumulant of a random vector (Xj,,Xy,, - ,Xp,) wWhere
{b1,b2,-+- ,bp} C [n], in terms of cumulants of random vectors whose compo-
nents are not products (Malyshev’s formula).

» Please refer to Formula (3.2.8).

Example. Express the cumulants x[X; X;, X3] in terms of cumulants of random
vectors whose components are not products.

In := CumulantProductVectorToCumulantVectors[ X, {{1,2}, {3}}]
Our= X (X2)x (X1, X3) + x(X1)x (X2, X3) 4 x (X1, X2, X3)

A.9.10 GridCumulantProductVectorToCumulantVectors

Display the output of CumulantProductVectorToCumulantVectors in a grid.

Example. Display in a grid CumulantProductVectorToCumulantVectors of
X[X1 X2 X5, Xy

In := GridCumulantProductVectorToCumulantVectors [ X, {{1,2,3}, {4}}]
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Out= Number of terms in summation = 10

X [Xo] x [X3] x [X1, X4
X [X1, Xa] x [X2, X5]
X [X0] x [X3] x [X2, X4
X [X1, Xs] x [Xa, X4
X [ X0 x [Xa] x [X3, X4
X [X1, Xo] x [X3, X4
X [X5] x [ X7, Xa, X
X [Xo] x [X7, X5, X4
X [Xi] x [X2, X3, X4
X (X1, Xo, X3, X4)

+ 4+ + + F+ o+ o+

A.9.11 CumulantProductVectorToMoments

Express the joint cumulant of a random vector (X 6 X% ... X)) where
{b1,b2,- -+ ,br} C [n], in terms of moments.

Example. Express the cumulants x[X; X,, X3] in terms of moments.

In:= CumulantProductVectorToMoments[X, {{1,2},{3}}]
Out= —]E[Xl Xz]]E[X3] + E[Xl X2X3]

A.10 Gaussian Multiple Integrals

A.10.1 GaussianIntegral

This function can be used to compute multiple Gaussian integrals
[ F@1z)Glde) - Glda)
over a set partition o and

. flxy, ..., xn)G(dxy) - - - G(dxy,)

over all partitions at least as coarse as o, where f(x, ..., z,) is a symmetric function,
for example, g(x;)---g(z,), and where G is a Gaussian measure with control
measure v. This function generates the set partition data necessary to compute
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multiple Gaussian integrals. This data is listed under two lists: “control measure v”
and “Gaussian measure G”. The output is “The integral is zero” when this is the case.

» Please refer to Theorem 5.11.1.

Example. When computing the multiple Gaussian integral over a set partition
with a block size greater than or equal to three, the integral is zero.

In := GaussianIntegral[{{1,2,3},{4,5},{6,7}, {8}}]
Out= The integral is zero.

Rules for interpreting the data listed in output:

Rule 1. To obtain a Gaussian multiple integral over o, equate the variables listed
under “control measure v and integrate them with respect to v; the variables listed
under “Gaussian measure G’ are integrated with respect to G over the off-diagonals.

Rule 2. To obtain a Gaussian multiple integral over “> ¢”, equate the variables
listed under “control measure v’ and integrate.

Example. Obtain the block data necessary to decompose the multiple Gaussian
integral over a particular set partition.

In:= Gaussianlntegral[{{1,3}, {4,5}, {6}, {7},{2}}]

Out=

Gaussian measure G
Control measure v

{6}
4
’ {2

The output lists {1, 3}, {4,5} under “control measure v”” and it lists {6}, {7}, {2}
under “Gaussian measure G”.

Interpretation: Let o = {{1,3}, {4,5}, {6}, {7}, {2}}. Integrating g(z,) . . . g(x7)
over o gives:

([s@m@) [ gessenee)ein,

If one integrates it over “> ¢” instead, one obtains

(/QZ(I)V(dx))Z(/g(a:)G(dx)f.
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Integrating a symmetric function f(xy,--- ,27) over o gives
/ f(@3, 23, 25, 05, 22, T6, T7)V(d33) v (d25) G (d22 ) G (dwe ) G (d7).
TLFTeFTT
If one integrates it over “> ¢” instead, one obtains

/f(x3,ch,ac5,a:s,mz,xﬁ,x7)V(dm3)u(dm5)G(dx2)G(da:6)G(dm).

A.11 Poisson Multiple Integrals

We first define some functions which are useful for the evaluation of Poisson multiple
integrals. Please refer to the main text.

A.11.1 BOne
For a given set partition o, find By (), that is, isolate the blocks of ¢ that are singletons.
» Please refer to Formula (5.12.85).

Example. Find all of the singleton blocks of {{1,2}, {3,4}, {5}}.

In:= BOne[{{1,2},{3,4},{5}}]
Our= {{5}}

Example. The set partition {{1,2,3}, {4,5}} has no singleton blocks.

In:= BOne[{{1,2,3},{4,5}}]
Out= {}

A.11.2 BTwo

For a given set partition o, find B, (o), that is, isolate the blocks of ¢ that are not
singletons.

» Please refer to Formula (5.12.86).
Example. Find all the blocks of {{1,2}, {3,4}, {5}} that are not singletons.

In := BTWO[{{I,Z},{3,4},{5}}]
our= {{1,2},{3,4}}
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A.11.3 PBTwo

For a fixed set partition o, find B,(0); viewing By(o) as a set, find all ordered
partitions of B, (o) with exactly two blocks, called R; and R;.

» Please refer to Formula (5.12.87).

Example. For the set partition [{{1,2}, {3,4}, {5,6},{7}}], find
BZ([{{L 2}’ {37 4}7 {57 6}7 {7}”)

In:= PBTwo[{{l,2},{3,4},{5,6},{7}}]

Out= R1 R2

{12} {{3,4},{5,6}}

{3:41  {1.2},{5,6}}

{{s,6}}  {{1,2},{3,4}}
{1.2}1,{3,4}3  {{5,6}}
{25 {5,6;3  {{3,4}}
{{3,4}, {5,633 {{1,2}}

Example. For the set partition {{1,2}, {3}}, PB2({{1,2},{3}}) is empty.
In:= PBTwo[{{1,2},{3}}]

Our=" pi R2

A.11.4 PoissonIntegral

Let N (dx) be a Poisson measure with control measure v and let N be the correspond-
ing compensated Poisson measure, that is,

N(dz) = N(dz) — EN(dz) = N(dz) — v(dz).

The function “PoissonIntegral” can be used to compute multiple Poisson integrals

/f(ml,...,xn)ﬁ(dxl)---ﬁ(dxn)

over a set partition o, where f(z1,...,x,) is a symmetric function, for example,
g(@1) - g(xn).

» Please refer to Theorem 5.12.2, Formula (5.12.91).
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This function generates the set partition data necessary to compute multiple Pois-
son integrals, namely
Rl ) R27 Bl ) B2'

Rules for interpreting the output. The integral of a symmetric function over
o with respect to a product of compensated Poisson measures N is a sum of K + 2
terms, where K is the number of rows in the display (R;, R, By). They are obtained
as follows:

(1) The variables with indices in R; are identified and integrated over v; the vari-
ables with indices in a block of R, are identified. These identified variables, together
with the variables with indices in By, are integrated over N on the off-diagonals. This
is done for each row of the display (R;, Ry, By).

There are two other terms:

(2) The variables with indices in blocks of B, are identified. These identified
variables, together with the variables in B, are integrated over [NV on the off-diagonals.

(3) The variables with indices in each block of B, are identified and integrated
over v; the variables with indices in B; are integrated over IV on the off-diagonals.

Example. Decompose a Poisson integral on o = {{1,2}, {3,4}, {5}, {6}}.
In := PoissonIntegral[{{1,2}, {3,4}, {5}, {6}}]

The output is a chart with two groups of outputs. The first gives (R;, R,, By ). The
second gives B,, B;. The first group (R, R,, By) is as follows:

{2 {3,430 {{5)1{6}}
{343 {n23 {51 {6},

the first column corresponding to R, the second to R,, the last to B;. The second
group B,, B is as follows:

{1.2},{3,4}}  {{5}.{6}}-
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This corresponds to the following decomposition:
[ st gla) Ride) -+ Bdae) =
2( [ Pamtdn) [ Plengles)gto Nde) ¥ des) Ndoo)
T4£T5F£ T
+f 2 (02)07 (2:)9 )9 ) N () K () K () N ()
TyFT4FT5FT6
2 ~ ~
([ Pwtdr) [ glas)gleoN dos) N de).
T5F£T6

Integrating a symmetric function f(xy,--- ,z7) over o gives
/ f(l‘l, s ,$6)N(dl‘1) s ﬁ(dxé) =
2/ f(x2, 2, 4, x4, x5, xé)y(dxz)]’\\T(dm)ﬁ(dxs)l\?(dxé)
T4FATSFT6
+/ f (@2, @2, 24, T4, 35, 26) N (da2) N (dag) N (das) N (dae)
TyFT4F£T5FT6

—|—/ fla2, 22, T4, T4, 5, 26 ) (da )v(das) N (das) N (dag).
T5F£T6

A.11.5 PoissonIntegralExceed

This function can be used to compute multiple Poisson integrals

i f(@1, o zn)N(dzy) - - - N(day,)

over all partitions at least as coarse as o, where f(xy, ..., z,) is a symmetric function,
for example, g(z;) - - - g(x,,), and where N is a compensated Poisson measure with
control measure v.

» Please refer to Theorem 5.12.2, Formula (5.12.90).

This function generates the set partition data necessary to compute multiple
Poisson integrals, namely B, B.

Rules for interpreting the output. Equate the variables in each block of B, and
integrate them with respect to the uncompensated Poisson measure N; the variables
listed in B are integrated with respect to the compensated Poisson measure V.
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Example. Decompose a Poisson integral over > ¢ where

g = {{17 2 3}7 {47 5}7 {6}7 {7}}
In := PoissonIntegralExceed[{{1,2,3},{4,5},{6},{7}}]

The output is a chart listing B,, and B as follows:
{1,2,3},{4,51 {6}, {7}}-
This corresponds to the decomposition
[ sl glanNidan)-- Nidor) =
>0
3 2 AT 2
[Nty [ PN [ oanFid)
Integrating a symmetric function f(x1,--- ,z7) over > o gives
f(@y, oy n)N(day) - - N(day) =
>0

/f(I3, 3, 3, T3, 5, Tg, ©7) N (da3 )N (das) N (dag) N (d7 ).

A.12 Contraction and Symmetrization

» Please refer to Section 6.2 and Section 6.3.

A.12.1 ContractionWithSymmetrization

In the product of two symmetric functions of p and ¢ variables, respectively, identify
r variables in each function and symmetrize the result.

Input format. ContractionWithSymmetrization|p, ¢, r|, where < min{p, ¢}.
Example.
In := ContractionWithSymmetrization[2, 2, 1]

The input function is f(x1,x2)g(x3, z4). The output is a chart corresponding to

(1/2)(f (21, 22)g(21, 23) + f21,23)9(21,22)).
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A.12.2 ContractionIntegration

In the product of two symmetric functions of p and ¢ variables, respectively, identify
r variables in each function, and integrate [ of these r variables. The integrated

variables are designated by an overtilde, e.g. 1.
Input format. ContractionIntegration|p, ¢, r, {], where I < r < min{p, q}.

Example. The input function is f(x1,x3,23)g(x4, xs). Identify one variable and
integrate it.

In := ContractionIntegration[3,2, 1, 1]
Our= {{1,2,3},{1,4}}

The output corresponds to [ f(z1, 22, 23)g(z1, z4)v(dzy).

A.12.3 ContractionIntegrationWithSymmetrization

In the product of two symmetric functions of p and ¢ variables, respectively, identify
r variables in each function, integrate [ of these r variables, and then symmetrize the
result.

Example. The input function is f(z, 2, 23)g(x4, z5). Identify one variable,
integrate it and then symmetrize the result.

In := ContractionIntegrationWithSymmetrization|[3, 2, 1, 1]

The output gives the number of terms (namely 3) and displays a chart correspond-
ing to

(1/3)/f(1‘175”27963)9(5”173?4) + f(@1, 22, w4)g(w1, 23) + f (21,23, 74) (21, 32)v(d21).

A.13 Solving Partition Equations Involving 7*

Some of the functions here are similar to earlier ones which involved an arbitrary set
partition 7. Here, we are interested in partitions 7 of the form

ﬂ-* :{{17 77L1},{7’L1+17"' ,TL]+TL2}7...,{TL1+"'+nk71+17"' 7n}}7

as defined in Section A.4.4. The input is a list (nq, ..., ny) of positive integers defin-
ing 7*.
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A.13.1 PiStarMeetSolve

For a finite sequence of positive integers, generate a unique set partition 7* whose
block sizes are equal to these integers, and then find all set partitions ¢ such that
o A7* is the singleton partition 0. The result is used in Rota and Wallstrom’s Theorem.

Input format. PiStarMeetSolve[list], where ‘list” is a list of positive integers that
defines the set partition 7.

Example. For the sequence {2,2}, generate 7* and find the meets of 7* that give
0, that is, all partitions o such that 0 A 7 = 0.

In := PiStarMeetSolve[{2,2}]

Here 7* = {{1,2}, {3,4}}. The output gives the number of solutions (namely 7)
and lists them:

Our= {{{1,4},{2,3}}, {{1,3},{2,4}}, {{1},{2,3},{4}},
H13:42,43 (33, {{1,35{25 {43, {{1,43, {2}, {3}},
{1}:{25, {3}, {4}}}

A.13.2 PiStarJoinSolve

For a finite sequence of positive integers, generate a unique set partition 7* whose
block sizes are equal to these integers, and then find all set partitions o such that
o V 7* is the maximal partition 1.

Input format. PiStarJoinSolve[list], where ‘list” is a list of positive integers defining
the set partition 7.

Example. For the sequence {2, 2}, generate 7* and find the joins of 7v* that give 1,
that is, all partitions ¢ such that o V 7* = 1.

In := PiStarMeetSolve[{2,2}]

Here 7 = {{1,2},{3,4}}. The output gives the number of solutions (namely
11) and lists them:

Owr= 213]={{{1,2,3,4}}, {{1},{2,3,4}}, {{1,3,4},{2}}, {{1,2,3},{4}},
{141,423 ({1,241, {33}, {{1,3},{2, 4}, {{1},{2,3},{4}},
H13:42,45 (33, {135 {21, {43}, {{1,4}1,{2}, {3}}}
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A.13.3 PiStarMeetAndJoinSolve

For a finite sequence of positive integers, generate a unique set partition 7* whose
block sizes are equal to these integers, and then find all set partitions ¢ such that
o A m* is the singleton partition 0 and o \V 7* is the maximal partition 1. This function
is used in diagram formulae.

Example. For the sequence {2,2}, generate 7* and find the intersection of the
meets of 7* that give 0 and the joins of 7* that give 1, that is, all partitions o such
thatoc A7m* =0ando V7* = 1.

In := PiStarMeetAndJoinSolve[{2,2}]

Here 7* = {{1,2},{3,4}}. The output gives the number of solutions to the meet
and join problem (namely 6) and lists them:

Our= {{{1,4},{2,3}}, {{1,3},{2,4}}, {{1}.{2,3},{4}},
({142,435 33 {135 {21 {43}, ({141, {2}, {3}}}

A.14 Product of Two Gaussian Multiple Integrals

A.14.1 ProductTwoGaussianIntegrals

Computes the product If (HI, qG (g) of two Gaussian multiple integrals, one of order
p > 1 and one of order ¢ > 1; the function f has p variables and the function g has ¢
variables; both f and g are symmetric functions. Namely it computes

IS @) =S () (“)t6ira 200

T r
r=0

In the displayed output of the function,

coefficient = r! (p) <q>
r)\r

Observe that IC, , (f®,g) is equal to If, . (f = g) where ~ denotes
symmetrization.

» Please refer to Proposition 6.4.1.

Input format. ProductTwoGaussianIntegrals[p, ¢].
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Example. The input functions are f (1) and g(x;). Compute 7 (f)I(g).
In := ProductTwoGaussianIntegrals[1, 1]

The output is a chart corresponding to

If (f®0g) + I (f @1 9) =

/ F(@n)g(a2)G(di )G (di) + / f(@)g(z)v(dz).
T1#£T2

A.15 Product of Two Poisson Multiple Integrals
A.15.1 ProductTwoPoissonIntegrals

Computes the product IZJF (NI, qﬁ (g) of two Poisson multiple integrals, one of order
p > 1 and one of order ¢ > 1; the function f has p variables and the function g has ¢
variables; both f and g are symmetric functions. Namely it computes

oo =5n(?)(%) > () s it

r=0
In the displayed output of the function,

o =7 () () 0)

Observe that Iﬁq_r_l (f*L g)) is equal to I]{\Z—q—r—l (f L g) where ~ denotes
symmetrization.

» Please refer to Proposition 6.5.1.

Input format. ProductTwoPoissonIntegrals[p, g].
Example. The input functions are f(z;) and g(z,). Compute [ lﬁ (HT lﬁ (g)-
In := ProductTwoPoissonlIntegrals[1, 1]

The output is a chart corresponding to
LY (f&0g) + 1Y (f ) g) + 15" (f %1 9)

F(@)g(y) N (dz) N (dy) + / f(@)g(@) N (da) + / F(@)g(@)v(dz)

TFy

= [ F@)e(w) N (dz)N(dy) + / f(@)g(x) N (dz).

z#y
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A.16 MSets and MZeroSets

These sets appear in diagram formulae involving Gaussian and Poisson multiple in-
tegrals. They have similar structure. Given a list (ny,--- ,ny) of positive integers,
let n = ny + -+ + ny and let 7* be the special partition of [n] = {I,...,n} de-
fined in Section A.4.4. The MSets and MZeroSets are a collection of set partitions of
[n] ={1,...,n}.

The sets My ([n],7*) and M) ([n],7*) appear in diagram formulae when
the random measure is Gaussian (see Section 7.3). The sets Mx; ([n],7*) and
MY, ([n] ,7*) appear when the random measure is compensated Poisson (see Section
7.4). They are respectively subsets of M ([n],7*) (involving meet and join) and
M° ([n] ,7*) (involving meet only).

» Please refer to Section 7.2.

Input format. FunctionNamel[list], where “list” is a list (ny,...,nx) of positive
integers.

Example. Let the list be (2,2) so that 7* = {{1,2}, {3,4}}. Find the MSets and
MZeroSets.

A.16.1 MSets

This function produces the same output as PiStarMeetAndJoinSolve. It provides the
set partitions in M ([n],7*), namely all set partitions o such that ¢ A 7* = 0 and
oVt =1.

A.16.2 MSetsEqualTwo

This function produces all solutions to PiStarMeetAndJoinSolve containing partitions
only of size two. It provides the set partitions in M, ([n] , 7*).

A.16.3 MSetsGreaterEqualTwo

This function produces all solutions to PiStarMeetAndJoinSolve containing no single-
tons. It provides the set partitions in M > ([n], 7*).

A.16.4 MZeroSets

This function produces the same output as PiStarMeetSolve. It provides the set parti-
tions in M° ([n], 7*), namely all set partitions o such that o A 7* = 0.
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A.16.5 MZeroSetsEqualTwo

This function produces all solutions to PiStarMeetSolve containing partitions only of
size two. It provides the set partitions in M9 ([n] , 7*).

A.16.6 MZeroSetsGreaterEqualTwo

This function produces all solutions to PiStarMeetSolve containing no singletons. It
provides the set partitions in M2, ([n], 7).

Example. (See above.) The (full) output also indicates the number of solutions.

In:= MSets[{2,2}]
Our=- {{{1,4},{2,3}}, {{1,3},{2,4}}, {{1},{2,3},{4}},
{13:42,43, 33} ({135 21 4], ({143, {2}, 331}

In:= MSetsEqualTwo[{2,2}]
Our= {{{1,4},{2,3}}, {{1,3},{2,4}}}

In := MSetsGreaterEqualTwo[{2,2}]
Owr={{{1,4},{2,3}}, {{1,3},{2,4}}}

In:= MZeroSets[{2,2}]
Our= {{{1,4},{2,3}}, {{1,3},{2,4}}, {{1},{2,3},{4}}, {{1},{2,4}, {3}},
{13525 {43) {143, {2}, {333}, ({13, {2}, {3}, {4}}}

In:= MZeroSetsEqualTwo[{2,2}]
Ow={{{1,4},{2,3}}, {{1,3},{2,4}}}

In := MZeroSetsGreaterEqualTwo[{2,2}]
Our=- {{{1,4},{2,3}}, {{1,3},{2,4}}}

Example. A case where the cardinality of 7* is odd and, therefore, the output is
empty when executing MZeroSetsEqualTwo.

In := MZeroSetsEqualTwo[{2,2, 1}]
Our= :={}
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A.17 Hermite Polynomials
A.17.1 HermiteRho

Computes Hermite polynomials with a leading coefficient of 1 and parameter p >
0. They are orthogonal with respect to the Gaussian distribution with mean zero and
variance p. The generating function is e*~ 2Pt
These polynomials are defined by:
o2 dh P

Hy(z,p) = (—p)e e, n=>0,

and satisfy

Ln/2]
Hy(z,p)= Y (2’;) 2k — D(=p)kaz=2* n > 0.
k=0

» Please refer to Section 8.1.

Example. Compute the Hermite-Rho polynomial of order 5 with a leading
coefficient of 1.

In := HermiteRhol[5, z, p]
Out= > — 1023p + 152p°

A.17.2 HermiteRhoGrid

Display the Hermite-Rho polynomials up to order n, using a leading coefficient of 1
for each polynomial.

Example. Make a grid of the first 11 Hermite-Rho polynomials (that is, go up to
order 10).

In := HermiteRhoGrid[10]
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The output is a chart:

0 1
1 =z
2 —p+a?
3 3pr+a
4 3p° —6pa* + 2t
5 15p°x — 10p2® + 2°
6 —15p° +45p%2% — 15pz* + 2°
7 —105p°z + 105p%2> — 21pa° +
8 105p" — 420p°2% 4 210p%2* — 28pa® + 2°
9 945p*x — 1260p° x> 4 378p%x° — 36px” 4 2°
10 —945p° 4+ 4725p%x% — 3150p°z* + 630p°2% — 45p2® + 210,

A.17.3 Hermite

Computes Hermite polynomials with a leading coefficient of 1. These polynomials are
obtained by setting p = 1 and are defined as

dac"e 2, xeR.

z2 dn z2
2

H,(z)=(-1)"¢

Example. Compute the Hermite polynomial of order 5 with a leading coefficient
of 1.

In := Hermite[5, x] // TraditionalForm
Out= 2° — 102° + 152

A.17.4 HermiteGrid

Display the Hermite polynomials up to order n, using a leading coefficient of 1 for
each polynomial.

Example. Make a grid of the first 11 Hermite polynomials.

In := HermiteGrid[10] // TraditionalForm
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200 -
100 -
| T~ . | . f |
-4 -2 - 4
~100 -
200

Fig. A.1. Hermite polynomial with n = 5

The output is a chart:

1

x

2t —1

2 — 3z

z* — 6% +3

> —102° + 152

28 — 152% + 4522 — 15

x’ —212° + 10523 — 1052

2% — 282 +2102* — 4202° + 105

2° — 3627 + 3782 — 1260x> + 945z

210 — 4528 + 6302 — 31502 + 472522 — 945.

O 0 9 & »n B~ W N = O

—_
(=]

Example. Plot Hs(x) for —5 < 2 < 5. The output is Fig. A.1.
In := Plot[Hermite[5, x], {x, -5, 5}]
Example. Plot Hy(x) fork =0,--- ;6 and —5 < z < 5. The output is Fig. A.2.

In := Plot[Evaluate[Hermite[#, x] & /@ RangelO, 6, 1]], {Xx, -5, 5}, PlotStyle —
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60 -

out[793]=

—40

Fig. A.2. Hermite polynomials with 1 <n < 6

A.17.5 HermiteH
The built-in Mathematica function HermiteH[n,x] is defined as

2 d"” 2
HermiteH —(—1)"e" -,
ermiteH[n, z] = (—1)" e dan©

One has:

H,(z)= 2_"/2HermiteH[n, \;:2} .

In := HermiteH|2, z]
Out= =2+ 42?

A.17.6 HermiteHGrid

Displays HermiteH as a chart. For example,
In := HermiteHGrid[3]

The output is a chart:

0 1

1 2x

2 —2+4a?

3 —12x + 8a3.
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A.18 Poisson-Charlier Polynomials
A.18.1 Charlier

Computes the Poisson-Charlier Polynomials. They are orthogonal with respect to the
Poisson distribution with mean a. These polynomials ¢, (x, a), defined for n > 0 and
a > 0, satisfy the orthogonality relation

k !
e n!

ch(kaa)cm(kaa)ei K = Onm
k=0

and the recursion relation

co(z,a) =1

Cnt1 (T, a) = ailxcn(k —1,a) —cy(x,a), n>1

» Please refer to Chapter 10.

Example. Compute the Poisson-Charlier polynomial withn = 8 and a = 1.
In := Charlier[8, x, 1] // TraditionalForm
Out= 18—-36x"+5182°%—38362° +15659x* — 3486023 +386182> — 16072z +1
Example. Compute the Poisson-Charlier polynomial with n = 2 and @ > 0.
In := Collect[Charlier[2, x, a], x] // TraditionalForm
2
Ou= 54 (=)~ 2zt

(“Collect” gathers together terms involving the same powers of x. )

A.18.2 CharlierGrid

Displays the Poisson-Charlier polynomials up to order n with Poisson mean a > 0.

Example. Make a grid of the Poisson-Charlier polynomials for 0 < n < 5.

In := ChalierGrid[5, a] // TraditionalForm
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Out=

1
T

a

2

MR C RS
D (A=) (A2 a1
(S - B A (U )2 (S-S - a1

o 10 5,4 4 (354 30 , 10),3 50 55 30 _ 10) .2 4 (24 430 ;20 4 10 4 5.
et @)t + @+ a4+ + (R -0 -0 - )P QRS E )]

Example. Plot the Poisson-Charlier polynomial with n = 5 and a = 1/2 over the
rval —1 < x < 3.
In := Plot[Charlier[5, x, 0.5], {x, -1, 3}, PlotRange — All]

Example. Plot the Poisson-Charlier polynomials with a = 1 and 1 < n < 6 over
interval —1 < z < 1. The output is Fig. A.3.

In := Plot[Evaluate[Charlier[#, x, 1] & /@ Range[l, 6]], {x, -1, 1}, PlotStyle —

out[8odl= . ., .

=20

Fig. A.3. Poisson-Charlier polynomials with 1 <n < 6
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A.18.3 CharlierCentered
These polynomials are defined by
Cp(z,a) = a"cp(z + a,a).

They are orthogonal with respect to the centered Poisson distribution with parameter
a>0.

Example. Compute the centered Poisson-Charlier polynomial with n = 3.

In := Collect[CharlierCentered[3, x, a], x]
Out= 2a+ (2 —3a)z — 32% + 2

Example. Compute the centered Poisson-Charlier polynomial with n = 3 and
a=1.

In := CharlierCentered[8, x, 1] // TraditionalForm
Out= 2% — 2827 +2942° — 14282° + 30592* — 142823 — 332622 + 29042 — 7

Example. Plot the centered Poisson-Charlier polynomials with ¢ = 1 and
1 < n < 6 over the interval —1 < x < 1. The output is Fig. A.4.

In := Plot[Evaluate[CharlierCentered[#, x, 1] & /@ Range[1, 6]], x, -1, 1, Plot
Range — All]

Out[808]=

Fig. A.4. Centered Charlier polynomials witha =land 1 <n <6
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A.18.4 CharlierCenteredGrid

Displays the centered Poisson-Charlier polynomials up to order n.

Example. Make a grid of the centered Poisson-Charlier polynomials for
0<n<5s.

In := ChalierCenteredGrid[5, a]
Out=

0 1

1 =z

2 F-z-a

3 2 =32+ (2-3a)z+2a

4 z*— 62’ + (11 — 6a)z” + (14a — 6)x + 3a” — 6a

5 2’ —10z" + (35 — 10a)z’ + (50a — 50)2” + (154> — 70a + 24)x — 20a” + 24a

6 a° —152° + (85 — 15a)z* + (130a — 225)a° + (45a* — 375a + 274)2”
+(—165a" + 404a — 120)z — 15a° + 130a”> — 120a



Appendix B

Tables of moments and cumulants

In the following tables, w,, and x,, denote respectively the nth moment and nth cumu-
lant of a random variable X . If X has mean zero, then ; = x; = 0 and p,, and x,, are
said to be “centered”. If, in addition, X has variance one, then p, = k; = 1 as well,
and p,, and k,, are said to be “centered and scaled”.

List of tables:

1. Centered and scaled Cumulant to Moments
2. Centered Cumulant to Moments

3. Cumulant to Moments

4. Centered and scaled Moment to Cumulants
5. Centered Moment to Cumulants

6. Moment to Cumulants

G. Peccati, M.S. Taqqu: Wiener Chaos: Moments, Cumulants and Diagrams -
A survey with computer implementation.
© Springer-Verlag Italia 2011
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Centered and scaled Cumulant to Moments

n Kn =

1 0

2 1

3 3

4 =34 1

5 —10p3 + ps

6 30 — 10p3 — 1504 + s

7 210u3 — 35u3ps — 21 s + w7

8 —630 + 56003 + 42014 — 3513 — 564315 — 28116 + s

9 —7560p3 4 56003 + 25203 114 + 756415 — 126 1ap65 — 841316 — 3617 + 1o

10 22680 — 3780013 — 18900414 4 420043 11a + 31503 + 50403115 — 1262 +
1260[1(, — 210#4#6 — ]20/,63”7 — 45/13 + H10

12 —1247400 + 33264003 — 9240043 + 124740014 — 83160043 s — 31185045 +

1155043 — 49896013 115 + 5544043 prafis + 1663242 — 831606 + 1848043 116 +

27720416 — 46202 + 1584043 117 — 7925447 4+ 297045 — 49514 ps — 220443 1o —
66110 + p12

13 —32432400u3 + 14414400,&% + 2162160013 14 — 1201200/4%#4 — 2702700#3#;2;
+120120p3 papts + 720725 e — 15444007 + 34320/1%#7 + 51480pap7 — 17166147
+25740/1,3p,8 — 1287/1,5[1,8 =+ 4290/1,9 — 715#4,[1,9 — 286/1,3#10 — 78#11 + u13

14 97297200 — 37837800013 + 3363360015 — 11351340044 +
151351200463 114 + 3783780015 — 630630013 143 — 315315045 + 6054048013 115 —
336336043 s — 151351203 papis — 227026812 + 252252412 + 756756046 —
504504043 116 — 3783780114 p16 + 21021072 j16 + 33633611315 116 + 8408442 —
21621603 17 + 24024003 pap7 + 1441440507 — 171643 — 270270p8 +
60060443 115 + 90090414 15 — 3003 116415 + 40040413419 — 20021519 + 60064110 —
1001 peapro — 364pspn — 9y + g



Centered Cumulant to Moments 257

Centered Cumulant to Moments

n Kn =

1 0

2 142

3 "3

4 =33 + pa

5 —10p2p3 + ps

6 303 — 1043 — 1502 s + pe

7 210p3p3 — 35p3pta — 21 piaopus + g

8 —630u3 + 560pa403 + 42003 04 — 3513 — 56315 — 282 s + i

9 —756073 p3 + 5603 + 252012 3 pia + 75643 15 — 126414 p15 — 84 16 — 361217 + o

10 22680u5 — 37800u3 13 — 1890013 p1a + 420003 g + 3150043 + 50400213 115 —
1262 + 126003 16 — 210416 — 12043117 — 452118 + fe10

11 4158001303 — 924004013 — 20790043 1305 + 1155033 — 4158043 s +
9240415 15 + 13860412 p1apts 4 924042 13 116 — 46241516 + 198013147 — 330pap17 —
165138 — SSp2 00 + 11

12 —1247400u5 + 332640043 113 — 9240043 + 12474003 14 — 83160023 14 —
3118503 43 + 1155043 — 498960443 f13 pas + 5544003 praps + 166320 4% —
8316045 116 + 1848043 116 + 2772042 p1aps — 462418 + 158402 p3pi7 — 79257 +
2970#«%/18 — 495 paps — 22039 — 662 110 + fL12

13 —3243240043 113 + 1441440003 13 4 2162160043 3 pog — 120120003 14 —
27027002 13 13 + 324324043 15 — 2162160412 143 s — 162162013 praps +
9009013 15 4+ 72072132 — 1081080143 a3 s + 120120413 prafis + 720724 prs prs —
15444003 17 + 3432003 17 + 514804 prapir — 17166 pe7 + 257401 3 g —
1287 s s + 4290u§,u9 — T15pap9 — 286310 — T8 pinn + f413
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Cumulant to Moments

n Kn =

1 o

2 —ui + 2

3 203 — 3pipa + pa

4 —6u1 + 12072 — 33 — iz + s

5 2443 — 60743 12 + 30p1 143 + 2047 s — 10papu3 — Spuapua + pis

6 —12048 + 360t 2 — 2703 13 + 3003 — 1203 ps + 12001 pops — 1042 +

30t pa — 15p2p1a — 6pu1 s + pis

7 720p] — 252043 pi2 + 252043 115 — 630701 13 + 8401 ps — 12604 pio s + 2103 13 +
140413 — 21043 pta + 2101 prapra — 35p3pta + 42003 ps — 21 piopus — Tpu pis + pi7

8 —504045 + 2016045 12 — 2520041 113 + 100803 13 — 6303 — 672003 s +
13440463 pioprs — 5040401 113 13 — 168043 113 4 560402143 + 168047 p1a — 252013 iy s +
42013114 + 56041 p13 pa — 35145 — 336411 s + 33601 pipis — 56315 + 56413 s —
28/1,2;15 — 8,11/1117 + us

9 4032047 — 181440u] pr 4 27216043 113 — 15120043 3 4 226801 113 + 604804 13 —
15120003 popis 4+ 9072003 p3 i3 — 7560463 13 + 2016043 p13 — 1512001 pia g3 +
56043 — 15120763 14 4 3024043 o pua — 113401 pi3 p1a — 756013 113 p1a +
252040 3 pog + 63041 13 + 302415 s — 45363 papus + 7563 s + 10081 13 15 —
12614115 — 504423 6 + S04 piapis — 84puapis + 7203 p7 — 36217 — g s + pao

10 —362880u1° + 181440015 1 — 317520008 13 + 226800041 143 — 56700013 13 +
2268013 — 6048004] 113 + 181440043 piapi3 — 1512000463 123 113 + 3024001 43 i3 —
25200041 13 + 30240043 12 13 — 37800313 — 168001 13 + 15120048 g —
37800014 2 pra + 22680043 143 114 — 18900423 p1g + 1008003 p13 14 —
7560081 2 p13 pta + 420003 pra — 945003 13 + 3150p0 5 — 3024003 ps +
6048011 p1apus — 2268041 i3 s — 1512075 i3 pus + 50402 puapus + 252041 prapis —
1262 4 50407 p16 — 756013 pajts + 1260763 s + 168041 1306 — 210404116 —
720763 7 + 720p1 prapr — 120p3 407 + 90t s — 45p2p15 — 10401 o + pio
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11

12

13

14

Hn =

K3
34+ Ka
10Kk3 + ks
15 + 1063 + 15k4 + K
1053 + 35Kk3k4 + 21 K5 + K7
105 4 280k3 + 210k4 + 35K3 + 56K3K5 + 28k6 + Ks
1260k3 + 280&% + 1260k3k4 + 378ks + 126Kk4k5 + 84Kk3ke + 36K7 + Ko

945 + 630053 + 3150k4 + 2100K3 k4 + 1575K2 + 2520k3k5 + 126K2 + 630k6 +
210k4kK6 + 120Kk3K7 + 45K8 + K10

1732553 + 15400K3 + 34650k3k4 + 5775k3K3 + 6930ks5 + 4620K3 K5 +
6930k4k5 + 4620K3K6 + 462K5K6 + 990K7 + 330K4K7 + 165K3K8 + 55K9 + K11

10395 + 138600k3 + 154003 + 519754 + 138600K3 K4 + 51975k3 + 5775K3 +
83160k3k5 + 27720K3K4k5 + 8316&% + 13860k¢ + 9240&%:‘% + 13860Kk4K6 +
4625(2, + 7920k3Kk7 + 792k5K7 + 1485kK8 + 495K4Kk8 + 220K3K9 + 66K10 + K12

270270k3 4 600600%3 + 900900k3 k4 4+ 200200k3 K4 + 45045033 + 135135k5 +
360360K3 ks + 270270k4k5 + 45045k3 ks + 36036k3k2 + 180180k3k6 +
60060k3K4K6 + 36036K5K6 + 25740K7 + 17160&%&7 + 25740k457 + 1716K6K7 +
12870k3k8 + 1287 Kkskg + 2145Kk9 + 7T15Kak9 + 286K3K10 + 78K11 + K13

135135 + 31531503 + 1401400K3 + 945945k, + 6306300x3 k4 + 1576575K3 +
1051050k3 K3 + 525525k3 + 2522520k3 k5 + 560560K3 k5 + 2522520K3K4K5 +
378378k2 4 126126k4k2 + 315315k6 + 840840k3 k6 + 630630k4k6 +
105105;@%&6 + 168168Kk3K5K6 + 42042&% + 360360k3%57 + 120120K3 K457 +
72072ksk7 + 171662 + 45045k5 + 30030K3 K5 + 45045k4k58 + 3003K6k5 +
20020K3kK9 + 2002K5K9 + 3003K10 + 1001 Kar10 + 364K3K511 + 91 K12 + Kia
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Centered Moment to Cumulants

n Hn =

1 0

2 K2

3 K3

4 3&% + Ka

5 10Kk2K3 + K5

6 15,%% + 10&% + 15K2K4 + K6

7 105K3 k3 + 35K3k4 + 21 Kaks + K7

8 1053 + 280k243 + 210834 + 35K3 + 56k3k5 + 28kake + s

el

1260k3 k3 + 280K3 + 1260k2Kk3k4 + 378K3 ks + 126Kk4k5 + 84k3k6 + 36K2K7 + Ko

10 945k3 + 6300k3 K3 + 3150K3 K4 + 2100k3 k4 + 1575K2K5 + 2520k k3K5 + 126K2 +
630k3 k6 + 210k4k6 + 120K3kK7 + 45KaKs + Ko

11 17325k3K3 + 15400k, K3 + 34650K3 K354 + 5775kK3K5 + 6930K3 ks + 4620K3 ks +
6930Kk2K4K5 +4620K}2/£3Iis+462&5I€6+99OH§H7+330/€4H7+165K3Hg+551€2/€9+n11

12 10395k5 + 138600k3 K3 + 15400K35 + 51975k3 K4 + 138600k2K3 K4 + 51975363 +
5775k3 + 83160K3K3k5 + 27720K3k4k5 + 8316K2Kk% + 13860K3 K6 + 9240K3 K6 +
13860k2k4k6 + 4622 + T1920k2k3k7 + T92ksk7 + 1485K3 ks + 495k4ks +
220K3K9 + 66K2K10 + K12

13 270270k3K3 4+ 6006003 K3 + 900900k3 Kk3k4 + 20020053 kg + 450450k, k353 +
135135k3 K5 + 360360K2K3 k5 + 270270K3 kaks + 45045k3 K5 + 36036K352 +
180180k3 K3k + 60060k3K4k6 + 36036255k 4+ 25740K3 K7 + 17160K2 K7 +

25740k k4k7 + 1716K6K7 + 12870k2Kk3K8 + 1287 Kskg + 2145&%/@9 + 715K4K9 +
286k3k10 + T8K2Kk11 + K13

14 135135k) + 3153150k3 k% + 1401400k2K3F + 9459455 k4 + 6306300K5 K3 K4 +
15765753 K3 4+ 1051050K3 K3 + 525525k, k5 + 25225203 k3 ks + 560560k3 ks +
2522520k, k3k4ks 4+ 378378k3K2 + 126126k4k2 + 315315K3 K6 + 840840k2K3 k6 +
630630K3K4rcs + 105105K3 16 + 168168k3ksK6 + 42042k2K2 + 3603603 K37 +
120120k3K4k7 + 72072k2k5K7 + 1716K3 + 4504553 K5 + 30030K3 K8 +
45045K,k4k8 + 3003Kk6K8 + 20020K2K3K59 + 2002K5K9 + 3003}-@%/@10 +
1001K4K10 + 364K3611 4+ 9 K2K12 + K14
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Moment to Cumulants

11

fn =
K1
li% + K2
K] 4 3K1k2 + K3
K? + 6&%&2 + 35% +4K1K3 + K4
Ku? + 10&?&2 + 15&1#@% + 10&%5;3 + 10Kk2K3 + SK1K4 + K5

Ii? + 15&‘1‘&2 + 45&%5% + 15/{3 + 20&?53 + 60K K2K3 + 10/{% + 15/<;%/<;4 + 15k2K4 +
6K1K5 + Ke

K]+ 21Ky + 105K3K3 4+ 105153 + 35K K3 + 21063 Kkak3 + 105K3K3 + T0kK1 K3 +
35&?&4 + 105k1K2Kk4 + 35K3K4 + 21&%&5 + 21 Koks + TRike + K7

kS 4+ 28k8 Ky + 210k K3 + 4202 K3 + 105K5 + 56K7 K3 + 560K Kkaks + 840k Kak3 +
280k3 K3 + 280kak3 + T0k ks + 420K3 Kok + 210K3 K4 + 280k 1 K3k + 35K3 +
56&?&5 + 168K1Kk2K5 + 56K3K5 + 28&%&6 + 28kKoke + 8Kk1Kk7 + Kg

K136k ka+378K] ka+1260k3 K3 +945k1 K3 +84KS k3 +1260k T kak3+3780k3 K3 ks +
126053 13 +840k3 K3 42520k Ko k3 +280K3 + 126k3 ka+ 126053 K ka+ 1890k K3 Ka+
12602 k34 + 1260k2k3K4 4+ 315k1K3 + 126K ks + 756K kaks + 378K ks +
504/{1H3H5+126I€4I€5+84/€%KJ5+252/€1l€21i6+84l€3H6+361€%H7+36l€2ﬁ67+9l€1l€g+1€9

K10+ 45K3 K0 + 630KSK3 + 31501 K3 + 47253 K5 + 945K5 + 120K] K3 +
252053 Kaks 4+ 12600k3 k2 k3 + 12600k k3 ks + 2100k K2 + 1260052 kK3 +
6300K3K3 + 2800k K3 + 21068 Ky + 31503 koka + 9450K3 K3 K4 + 3150K3 K4 +
4200K3 K3k + 12600k ko kska + 2100K3 K4 + 15756365 4+ 1575k2k3 + 25263 ks +
2520K3 Kaks 4+ 3780k k3 ks + 2520k k3 ks + 2520k2k3ks + 1260k kaks + 12652 +
210k ke + 1260k% Kkaks + 630K3 6 + 840k Kkaks + 210k4ks + 120K3 K7 +
360Kx1Kk2k7 + 120K3K57 + 455%"58 + 45K72k8 + 1051K9 + K10

kI 55Kk 4 990K K3 + 693053 K3 4+ 17325k3 K5 + 10395k1 K5 + 165K K3 +
46208 kK3 + 34650k K3 Kks + 69300k K3 ks + 17325k K3 + 4620k7 K3 +
462003 k23 + 69300k k3K3 + 1540052 K3 + 15400K243 + 330K] k4 +
69303 k2k4 + 346503 K3k + 34650k K3 k4 + 11550k kaka + 6930053 Kak3ka +
346505%/{3#;4 + 23100&1&§n4 + 57755?53 + 17325/<;1/<52/<¢ﬁ + 5775&3&% +

4625 ks + 6930k Kakes + 20790k3 K3 ks + 69303 ks + 924053 kaks+
27720k k2 k3ks + 46202 ks + 69303 kaks + 6930k kaks + 1386k K2 +

46253 ks + 4620K3 Kkaks + 6930k K3k + 4620k K3k + 4620k K3 K6 +
2310k 1 kaks 4+ 462ksk6 + 330K K7 + 1980K% Kak7 4+ 990K3 K7 + 1320k 1 K3K7 +
330k4K7 + 165&?&8 + 495Kk 1 Kok + 165K3Kk8 + 55/{%&9 + 55kak9 + 11K1K10 + K11
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