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Non-central convergence of multiple integrals
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Abstract: Fix v > 0, denote by G(r/2) a Gamma random variable with parameter v /2, and
let n > 2 be an even integer. Consider a sequence {Fj},>1 of square integrable random vari-
ables, belonging to the nth Wiener chaos of a given Gaussian process and with variance con-
verging to 2v. We prove that {F}}>1 converges in distribution to 2G(v/2) — v, if, and only if,
E(F}) — 12E(F?) — 1202 — 48v. Observe that, if v > 1 is an integer, then 2G(rv/2) — v has
a centered x? law with v degrees of freedom. Our approach involves the techniques of Malli-
avin calculus recently developed by Nualart and Ortiz-Latorre (2007). We also obtain some
multidimensional non-central limit theorems, as well as several equivalent conditions in terms of
Malliavin derivatives and norms of contraction operators. Our results should be compared with
the main findings by Nualart and Peccati (2005), where it is shown that a normalized sequence
of multiple Wiener-Ito integrals converges in law to a Gaussian random variable if, and only if,
the sequence of their fourth moments converges to 3.

Key words: Gaussian processes; Malliavin calculus; Multiple stochastic integrals; Non-central
limit theorems; Weak convergence.
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1 Introduction and main results

Let $ be a real separable Hilbert space and, for n > 1, let H®" (resp. $®") be the nth tensor
product (resp. nth symmetric tensor product) of §). In what follows, we write

X ={X(h):hen (1.1)

to indicate a centered isonormal Gaussian process on §). For every n > 1, we denote by I,, the
isometry between H" (equipped with the norm v/n!||-|| gen ) and the nth Wiener chaos of X. Note
that, if 9 is a o-finite measure space with no atoms, then each random variable I,,(h), h € $H°",
has the form of a multiple Wiener-Ito integral of order n. For n,m > 1, f € §°, g € HO™
and p=0,...,n Am, we denote by f ®, g € HB+m=2p) and fépg € HOM+tm=2p) "regpectively,
the pth contraction and the pth symmetrized contraction of f and g (a formal discussion of the
properties of the previous objects is deferred to Section [).
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It is customary to call “Central Limit Theorem” (CLT in the sequel) any result describing the
weak convergence of a (normalized) sequence of nonlinear functionals of X towards a Gaussian
law. Classic references for CLTs of this type are the works by Breuer and Major (1978), Major
(1981), Giraitis and Surgailis (1985) and Chambers and Slud (1990); the reader is also referred
to the survey by Surgailis (2003a) and the references therein. More recently, Nualart and Peccati
(2005) proved the following result (here, and for the rest of the paper, we shall denote by .47(0, 1)
the law of a Gaussian random variable with zero mean and unit variance).

Theorem 1.1 Fiz an integer n > 2 and a sequence { fi}x>1 C H™ such that
T il = lim B[,(f)%) = 1. (12
Then, the following three conditions are equivalent:
(i) limy—oo E[In(fr)*] = 3;
(ii) for everyp=1,...,n =1, limy_ || fx ®p fellge2m-» = 0;
(ili) as k — oo, the sequence {I,,(fi)}k>1 converges in distribution to N ~ A47(0,1).

Theorem [I.1] is proved in Nualart and Peccati (2005) by means of a stochastic calculus result,
known as the Dambis, Dubins and Schwarz Theorem (see e.g. Revuz and Yor (1999, Ch. V)).
In particular, Theorem [L.] implies that the convergence in distribution of a sequence of multiple
stochastic integrals towards a Gaussian random variable is completely determined by the asymp-
totic behavior of their second and fourth moments. As such, Theorem [[.1] can be seen as a drastic
simplification of the classic “method of moments and diagrams” (see for instance the previously
quoted works by Breuer, Major, Giriaitis, Surgailis, Chambers and Slud). In a subsequent pa-
per, Peccati and Tudor (2005) proved a multidimensional version of Theorem (see Theorem
b.1] below for a precise statement). Thanks to the chaotic representation property of Gaussian
processes, this result has paved the way for the derivation of CLTs involving sequences of general
functionals of X (not necessarily with the form of a multiple stochastic integral). Since then, the
results by Nualart and Peccati (2005) and Peccati and Tudor (2005) have been applied to differ-
ent frameworks, such as: p-variations of fractional stochastic integrals (Corcuera et al. (2006)),
quadratic functionals of bivariate Gaussian processes (Deheuvels et al. (2006)), self-intersection
local times of fractional Brownian motion (Hu and Nualart (2006)), approximation schemes for
scalar fractional differential equations (Neuenkirch and Nourdin (2007)), high-frequency CLTSs
for random fields on homogeneous spaces (Marinucci and Peccati (2007a,b) and Peccati (2007)),
needlets analysis on the sphere (Baldi et al. (2007)), and estimation of self-similarity orders (Tu-
dor and Viens (2007)). In Peccati and Taqgqu (2006) one can find some generalizations of Theorem
[L1] to the framework of the stable convergence towards mixtures of Gaussian random variables.
The recent paper by Nualart and Ortiz-Latorre (2007) contains a crucial methodological break-
through, showing that one can prove Theorem (as well as its multidimensional extensions) by
using exclusively results from Malliavin calculus, such as integration by parts formulae and the
duality properties of Malliavin derivatives and Skorohod integral operators. In particular, Nu-
alart and Ortiz-Latorre prove that, for every n > 2 and for every sequence {I,,(fx)}r>1 satisfying
(L.2), either one of conditions (i)-(iii) in Theorem is equivalent to the following: as k — oo,

||D[In(fk)]||?§ —n in L% (1.3)



where D is the usual Malliavin derivative operator (see Section [).

The principal aim of this paper is to prove several non-central extensions of Theorem [L].
Our main result is the following, which can be seen as a further simplification of the method of
moments and diagrams, as applied to the framework of a non-Gaussian limit law. It should be
compared with other non-central limit theorems for non-linear functionals of Gaussian fields, such
as the ones proved by Taqqu (1975, 1979), Dobrushin and Major (1979), Fox and Taqqu (1985)
and Terrin and Taqqu (1990); see also the survey by Surgailis (2003b) for further references in
this direction.

Theorem 1.2 Let the previous notation prevail, fiz v > 0 and let F(v) be a real-valued random
variable such that

—iX v
INF(v)\ _ ¢
E (e > ( = 21,)\) , AeR. (1.4)

Fiz an even integer n > 2, and define

Cp = ! 5 = ! 5 (1.5)

Then, for any sequence {fi}r>1 C HO™ verifying

the following siz conditions are equivalent:
(1) limg oo ElL(fi)?] = BIF()?) = 80 and limy o0 BlIu(fi)"] = E[F()"] = 480 + 120%;
(ii) limg oo E[In(fr)4] — 12E[L,(f1)?] = 120% — 48v;

(ifl) mg—oo [|fx®n/2fk — cn X fillgen = 0 and  limg_oo || fx®pfrllge2m-n = 0, for every
p=1,...,n —1 such that p # n/2;

(iv) imp—oo | fx®@njafr — cn X fillgen = 0 and limg_oo [[fx @p fillgeem-n = 0, for every
p=1,...,n —1 such that p # n/2;

(v) as k — oo, HD[In(fk)]H% —2n1,(fx) — 2nv in L2, where D is the Malliavin derivative
operator;

(vi) as k — oo, the sequence {I,(fx)}r>1 converges in distribution to F(v).

Remark 1.3 1. The limit random variable F(v) appearing in formula ([1.4) is such that
F(v) faw 2G(v/2) — v, where G(v/2) has a Gamma law with parameter v/2, that is,
G(v/2) is a (a.s. strictly positive) random variable with density

T3

g(x) = Wl(o,oo) (),

716—90

where I' is the usual Gamma function. Note that the following elementary relations have
been implicitly used:

E(F(v)) =0, E(F()?*) =2v, E(F)) =8v, E(F)*) =48v+12/% (1.7)



. When v > 1is an integer, then F(v) has a centered x? law with v degrees of freedom. That
is,

L
F(v) = 3N = 1), (1.8)
where (N, ..., N,) is a v-dimensional vector of i.i.d. .4#°(0,1) random variables.

. When n > 1 is an odd integer, there does not exist any sequence {I,(fx)}r>1, with
{fi}e>1 C 9", such that I,,(f) has bounded variances and I,,(fx) converges in distri-
bution to F'(v) as k — oo. This is a consequence of the fact that any multiple integral of
odd order has a third moment equal to zero, whereas E(F(v)?) = 8v > 0.

. The only difference between point (iii) and point (iv) of the above statement is the sym-
metrization of the contractions of order p # n/2. We will see that one cannot dispense
with the symmetrization of the contraction of order n/2. Note also that (iii) and (iv) do
not depend on v; this means that, when applying either one of conditions (iii) and (iv), the
dependence on v is completely encoded by the normalization assumption ([L.4).

. In Section [] we will specialize Theorem [[.9 to the case of sequences belonging to the second
chaos of X. In particular, we will show (see Corollary [£.3) that Theorem [[.7 yields the

following implication: if F' is a random variable in the second chaos of X and if F Law

2G(v/2) — v with v > 0, then necessarily v is an integer, and therefore F' has a centered x>
distribution with v degrees of freedom. This characterization should be compared with the
well-known fact that a chaos of order > 3 does not contain any centered Gamma random
variable. See e.g. Janson (1997, Ch. VI), as well as Corollary p.g below. The reader is also
referred to Neveu (1968) and Dellacherie et al. (1992) for further characterizations of the
Wiener-It6 chaoses associated with general Gaussian processes.

. In Proposition B.4 we will use Theorem in order to provide simple examples of sequences
{I,,(fx) }r>1 verifying both ([L.6) and either one of the equivalent conditions (i)—(vi) of
Theorem [.3, for a given even integer n > 4 and a given integer v > 1.

. As shown in Section [J, Theorem admits several multidimensional extensions, that can
be used to obtain weak convergence results towards more general laws in the second Wiener
chaos of X.

Before going into details, we shall provide a short outline of the techniques used in the proof
of Theorem [[.4. We will prove the following implications

(vi) — (1) — (ii) — (iil) < (iv) — (v) — (vi).

The double implication (vi) — (i) — (ii) is trivial. The implication (ii) — (iii) is obtained by
combining a standard version of the multiplication formula between multiple integrals with a
result based on the integration by parts formulae of Malliavin calculus (see Lemma R.1] below).
The proof of (iii) < (iv) is purely combinatorial, whereas that of (iv) — (v) relies once again on
multiplication formulae. Finally, to show (v) — (vi) we will adopt an approach similar to the one
by Nualart and Ortiz-Latorre (2007). Our argument goes as follows. Let us first observe that a
sequence of random variables {I,,(f)}x>1 verifying ([.G) is tight and therefore, by Prokhorov’s

4



Theorem, it is relatively compact. As a consequence, to show the implication (v) — (vi) it is

sufficient to prove that any subsequence {I,(fi/)}, converging in distribution to some random
Law

variable F,, must be necessarily such that F,, = F'(v). This last property will be established
by means of Malliavin calculus, by proving that condition (v) implies that the characteristic
function ¢ of F, always solves the linear differential equation

(1= 2iN)p(\) + 200 doo(A) =0, A ER, ¢ (0) = 1. (1.9)

Since the solution of ([[.9) is given by the application A s E{e** ()} the desired conclusion will

follow immediately.

The paper is organized as follows. In Section P we present some preliminary results about
Malliavin calculus and second chaos random variables. Section [ contains the proof of Theorem
3. Section [ focuses on sequences of random variables in the second chaos of X. Section [ is
devoted to multidimensional results, examples and further refinements.

2 Preliminaries

2.1 Wiener chaos and Malliavin calculus

The reader is referred to the monograph by Nualart (2006) for any unexplained notion or result
discussed in this section. Let $ be a real separable Hilbert space. As in formula (@), we denote
by X an isonormal Gaussian process over $). Recall that, by definition, X is a collection of
centered and jointly Gaussian random variables indexed by the elements of §, defined on some
probability space (€2,.%, P) and such that, for every h,g € 9,

E[X(h)X(9)] = (h.g)s (2.10)

We will systematically assume that % is generated by X. It is well-known (see e.g. Nualart
(2006, Ch. 1)) that any random variable F belonging to L2(Q,.%, P) admits the following chaotic
expansion:

n=0

where Iy(fo) := E[F], the series converges in L? and the kernels f,, € §®", n > 1, are uniquely
determined by F. Observe that a random variable of the type I,,(f), f € $©", has finite moments
of all orders (see e.g. Janson (1997, Ch. VI)). As already pointed out, in the particular case where
9 = L2(A, o, 1), where (A, o7) is a measurable space and y is a o-finite and non-atomic measure,
one has that §°" = L2(A", &/®", ™) is the space of symmetric and square integrable functions
on A™. Moreover, for every f € 9", I,,(f) coincides with the multiple Wiener-It6 integral (of
order n) of f with respect to X (see again Nualart (2006, Ch. 1)). For every n > 0, we write J,,
to indicate the orthogonal projection operator on the nth Wiener chaos associated with X. In
particular, if F € L2(Q,.#, P) is as in (R.11]), then J,F = I,,(f,) for every n > 0.



Let {eg, k > 1} be a complete orthonormal system in . Given f € H®" and g € H°™, for

every p=0,...,n A m, the pth contraction of f and g is the element of H®F™m=20) defined as
oo
f®pg= Z (frei ®...Q€i,)qer (9,6 D...® €;,)gop. (2.12)
ily-'wiP:l

Note that, in the particular case where $ = L2(A, o7, 1) (with p non-atomic), one has that

f®pg:/ Flt, o tnp, S5 8p) G(tn—pit, - s tmpn—2p, S15 - - -5 Sp)dp(s1) . .. dp(sp).
Ap

Moreover, f®og = f®g equals the tensor product of f and g while, for n = m, f®,g = (f, g) gon-
Note that, in general (and except for trivial cases), the contraction f ®, ¢ is not a symmetric
element of §®(+m=2p)  Ag indicated in the Introduction, the canonical symmetrization of f ®pg
is written fé)pg.

Let . be the set of all smooth cylindrical random variables of the form

F:g(X(¢1)7"'7X(¢n))

where n > 1, g : R™ — R is a smooth function with compact support and ¢; € §. The Malliavin
derivative of F with respect to X is the element of L?(£, $)) defined as

pF = 32 (X (p1),.... X(60)

0x;
i=1 g

In particular, DX (h) = h for every h € §). By iteration, one can define the mth derivative D™ F
(which is an element of L(Q, §®™)) for every m > 2.

As usual, for m > 1, D™? denotes the closure of .# with respect to the norm || - [|,2, defined
by the relation

m
I1EI5s = E[F?] + ) B[ID™F|5e].
i=1
The Malliavin derivative D verifies the following chain rule: if ¢ : R® — R is in ‘ﬁbl and if
{Fi}i=1,..n is a vector of elements of DY2, then ¢(F, ..., F,) € DY2 and

n
0
Dg(F,....F) =Y v (F,...,F,)DF;.
We denote by § the adjoint of the operator D, also called the divergence operator. A random
element u € L2(€2, §) belongs to the domain of §, noted Domd, if, and only if, it verifies
|E(DF,u)g| <c,||F|2 forany F € .7,

where ¢, is a constant depending uniquely on w. If u € Domd, then the random variable §(u) is
defined by the duality relationship (called “integration by parts formula”):

E(F§(u)) = BE(DF,u)sg, (2.13)



which holds for every F' € DY2. We will moreover need the following property: for every F € D2
and every u € Domd such that Fu and Fo(u) + (DF,u)g are square integrable, one has that
Fu € Domd and

§(Fu) = Fé(u) — (DF,u)s,. (2.14)

The operator L is defined through the projection operators {J,}n>0 as L = > 7 —ndy,
and is called the infinitesimal generator of the Ornstein-Uhlenbeck semigroup. It verifies the
following crucial property: a random variable F is an element of DomL (= D??2) if, and only if,
F € DoméD (i.e. F € DY? and DF € Domd), and in this case:

O0DF = —LF.

Note that a random variable F' as in (B-1])) is in D12 if, and only if,

o0

> allfallfen < oo,

n=1

and, in this case, E[|DF|] = ZnZIannH%Qn. Of course, if § = L2(A, .o/, ) (with p non-
atomic), then the derivative of a random variable F' as in (R.11)) can be identified with the
element of L?(A x ) given by

DyF =Y nly1(fu(-a)), a€ A (2.15)
n=1

The following Lemma will be used in Section [

Lemma 2.1 Fiz an integer n > 2 and set F = L,(f), with f € §®™. Then, for every integer
s = 0, we have

S 2\ _ n s+2
E(F*|DFI3) = =B (F**2).

Proof. We can write:
1
s+1

1
- - 1E((SDF % FS‘H) by integration by parts (B-13)
S

E(F*|DF3)

E(F*(DF,DF)g) =

E((DF,D(F*t1))g)

= j_ 1E(FS‘FQ) by the property 6D = —L (which implies DF = nF).
s

O



2.2 Second chaos random variables

In this subsection we focus on elements of the second chaos of X, that is, random variables of the
type F' = I (f), with f € $92. These results will play an important role in Section . Observe

that, if f = h®@h, where h € § is such that ||A[|q = 1, then I3 (f) = 1 (h)* -1 ' N2 1, where
N ~ #(0,1). To every kernel f € $92 we associate two objects:

1. The Hilbert-Schmidt operator
Hf:9H— 9 g— fR19. (2.16)

In other words, Hy transforms an element g of § into the contraction Hyg = f ®1 9 € 9
(as defined in formula (R.19)). We write {\ fvj}j21 and {e fJ}j}l’ respectively, to indicate
the eigenvalues of Hy and the corresponding eigenvectors (forming an orthonormal system

in 9).

2. The sequence of auxiliary kernels
{f@ fip> }c56®2 (2.17)
defined as follows: f ® f f, and, for p >
rel r=(ref ) e f. (2.18)

In particular, with the notation of the previous section, f ®§2) f=f®1f.

The relations between the objects introduced in (R.16) and (R.1§) are explained in the next
proposition (the proof is standard and omitted, see e.g. Section 6.2 in Hirsch and Lacombe

(1999)).

Proposition 2.2 Let f € H2.

(1) The series Z] 1 fj converges for every p = 2, and [ admits the expansion

(o.0]
F=2 g erg@epy, (2.19)
j=1

where the convergence takes place in HO2,

(2) Forp > 2, one has the relations
Tr(HY) = (f @0V £, f)gee = ZA“, (2.20)

where Tr(H]zc’) stands for the trace of the pth power of Hy.



In the following statement we collect some facts concerning the law of a real-valued random
variable of the type I (f). We recall that, given a random variable F' such that F |F|P < oo,
Vp = 1, the sequence of the cumulants of F, written {r, (F')} -, is defined by the relation (in
the sense of formal power series):

In E(e*F) = i ()" kp (F), peR, (2.21)

(see e.g. Shiryayev (1984), or Rota and Shen (2000)). For instance, 1 is the mean, and ks is the
variance.

Proposition 2.3 Let F = I, (f), with f € H°2.

(1) The random variable F' admits some exponential moments, hence the law of F' is determined
by its moments or, equivalently, by its cumulants.

(2) The following equality holds:
F= Z Arj (N?—1) (2.22)
where {Nj},5, is a sequence of i.i.d. A4(0,1) random variables, and the series converges

in L2.

(3) For every p > 2,

kp (F) =201 (p—1)! x Te(HY) = 207" (p— 1) i X . (2.23)

Proof. Part (1) of the statement is proved e.g. in Slud (1993). Relation (R.29) is an
immediate consequence of (B.19), of the identity I (ef; ® es;) = I (e f,j)2 — 1, and of the fact
that the {es;} are orthonormal (implying that the sequence {I; (ef;)};>1 is i.i.d. .47(0,1)). To
prove (R.23), first observe that (£.23) implies that

e HAs

o0
zuF
1;[ 1= 21,u)\fj

Thus, standard computations give

, 1
lnE(ewF) = —mz/\f,j—521n(1—2m>\f7j)
i=1 j=1
1o (2ip)? S P - p—1(W)p S P
SO S0 SIS SERLe S o)
p=2 J=1 p=2 j=1



We can now identify the coefficients in the series (R:21)) and (P.24), so to deduce that x; (F) =
E(F) =0, and
2r—1

- p _’ip(F)
D Np=

P = p!
thus obtaining the desired conclusion. [

Proposition P.3(2) is also proved in Janson (1997, Ch. VI, Theorem 6.1). In particular,
Proposition P.3(2) shows that centered x? random variables are the basic building blocks of any
element of the second Wiener chaos of X (see also Neveu (1968, Ch. VII)). Moreover, by using
(B:20) it is easily seen that (R.23) coincides with the usual “diagram formulae” for the cumulants
of double Wiener-Ité integrals: in particular, for p > 3 the coefficient 2P~ (p — 1)! counts the
number of non-flat, Gaussian and connected diagrams over the partition of {1,...,2p} given by
{{1,2},{3,4},...,{2p — 1,2p}} (see Surgailis (2003a)). An alternate (combinatorial) proof of
(:23) can be found in Fox and Taqqu (1985). As a particular case, (R.29) gives immediately
that, if N ~ 47(0,1), then

kp(N2—1)=2"1(p— 1), p>2. (2.25)

Moreover, since the random variable F(1) (as defined in ([L.4)) is such that F'(1) MY ON2 1 one
can combine (R.21)) and (R.25) to deduce that, for every v > 0,

kp(F() =22 p— 1) xv, p=2. (2.26)

3 Proof of Theorem 122

Throughout this section, n > 2 is an even integer, and {I,(f%)}r>1 is a sequence of multiple
stochastic Wiener-It6 integrals of order n, such that condition ([.4) is satisfied for some v > 0.

3.1 Proof of (vi) — (i) — (ii)

Since the sequence {I,,(fx)}x>1 lives inside the nth chaos of X, and since condition ([.§) is in
order, we deduce that, for every p > 0,

Sup E (I, (fu)"] < o0 (3.27)

(see e.g. Janson (1997, Ch. V)). This implies immediately that, if {I,(fx)}r>1 converges in
distribution to F'(v), then, for every integer p > 3, E(L,(fx)?) — E(F(v)?). The implications
(vi) — (i) — (ii) are therefore a direct consequence of ([.7).

3.2 Proof of (ii) — (iii)

Suppose that (ii) holds. We start by observing that, due to the multiplication formulae between
stochastic integrals (see Proposition 1.1.3 in Nualart (2006)), we have

n—1 2
L(f0)? = n [ fellen + 3 <Z> Lony (FiB0fi) (3.28)
p=0

10



and

n—1 2
n—1 ~
ID[L(fo)]lI = nnt || fellgen + 02> (p—1)! <p B 1) Iytn—p) (FE®pfr) (3.29)
p=1
(see also Nualart and Ortiz-Latorre (2007, Lemma 2)). Relation (B.2§) gives immediately that

2
E [L,(f1)?] = n! (n/z)!<n72> (fres Fe®nj2.fr) syom- (3.30)
On the other hand, we deduce from Lemma P.1] (specialized to the case s = 2) that
3
B [1(f0)*'] = 2B [ IDU(F0]13] (3.31)
and therefore, thanks to (B.2§)—(B.29),

E[L(w"] = 3[nlfilEe.] + (3.32)

3"712 ,n—12'n2 e = 2
ﬁ};n (p—l).<p_1> p.<p> (2n—2p).ka@;pkaﬁ@Q(nw_

In what follows, given two (deterministic) sequences a (k) and b (k), we write a (k) = b (k) when-
ever a (k) —b (k) — 0. Since (ii) and ([[.§) hold, we deduce from (B-30)—(B-33) and condition ([[.G),
that

E [L/(f)'] = 12 E [I.(fx)"] (3.33)
2 2
~ 1207 — 48] + % S -1 (Z - i) P! (Z) (2 — 20)! || u@p fi| o2
p:17"'7n_1

pF#n/2
_ 2 2 _
+24n! ka‘”?’)@n +3n(n/2 —1)! (7;;2 _11> (n/2)! <n72> n ka®n/2kai®n
2
120t /20 (,),) Ui oo il

Elementary simplifications give

n

_ 2 2 ~
2ant ol +3n (/2= 01 [0 ) () w1 wail e
2
—12n! (n/2)! <n72> (fir f©@ny2fr) gon
2
= 2n! || fil2on + §( |)2< /2> ka®n/2ka;,®n 12n! (n/2)! ( 7}2> (Fir Fe©ny2fr) gom
1) 2 5
2\/_\/_fk_\/j( ') \/;fk n/2fk :3 ( ') ka®n/2fk kaanﬁ‘Xm’

2 [(n/2)] o 2[0/)F
where ¢, is defined in ([.§). This yields the desired conclusion.
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3.3 Proof of (iii) < (iv)

We can assume that n > 4. We shall introduce some further notation. Fix an integer M > 1,
and denote by Gaps the group of the (2M)! permutations of the set {1,...,2M }. We write 7y to
indicate the identity (trivial) permutation. Given a set A and a vector a = (a1, ..., asps) € A*M,
for every m € Gops we denote by a, = (a,r(l), ...,a,r(zM)) the canonical action of 7 on a. Note
that, with this notation, one has a = a,,. For every r =0,...., M and for 7,0 € Gaps, we write

T~y O

whenever the set {7 (1),....,7 (M)} N{o(1),....,0 (M)} contains exactly r elements. For every

2
m € Goyr, there are exactly M !2(]‘f ) permutations ¢ such that m ~, 0. The double implication
(iii) <> (iv) in the statement of Theorem is a consequence of the following result.

Proposition 3.1 Let n > 4 be an even integer, and let {fr} C HO™ be a sequence of symmetric
kernels. Then, the following two conditions are equivalent:

(A) kaépfk‘uﬁ(gﬁ(nfp) - Oy b= 15 sy T — 1} p 7é ’I’L/2,
(B) ”fk ®p kafJ@ﬂ("*P) _>07 p:17"'7n_17 p#n/Q

Proof. Since [|fx ®p frllgo2m-r = kaépkaﬁm(n—p)a the implication (B) = (A) is trivial.
Moreover, since

ka ®p fk||5§®2(n—p) = ||fk ®nfp fk||5§®2p (334)

for every p =1,...,n — 1, to show that (A) = (B) it is sufficient to prove that (A) implies that,
Vp=1,..,5 —1,

| fx Qp fk”g®2(n—p) — 0. (3.35)

Thanks to (B.34), and since f, ®n_1 fr = fx®n_1fr, we immediately deduce that (A) implies that
(B.33) holds for p = 1. This proves the implication (A) = (B) in the case n = 4, so that from
now on we can suppose that n > 6. The rest of the proof is done by recurrence. In particular,
we shall show that, for every ¢ = 2,...,§ — 1, the following implication holds: if (A) is true and

if (B.39) holds for p =1,...,q — 1, then
115 ®q fill goam-a = [k @n—g frllgozs — 0.

Now fix ¢ = 2,..., §—1, suppose (A) is verified, and assume that (B.33) takes place for p = 1,...,q—
1. To simplify the discussion, we shall suppose (without loss of generality) that $ = L? (4, u),
where p is o-finite and non-atomic. Start by writing

kaé’n—qfkuzmq = Sk @nq Ji> [k@nqfr) 5020

1
B @ W;@q /Azq F On—q Jr (aﬁo) X [ BOn—q T (aw) ,U2q (da) .

Now, if m ~g my or m ~, 7, one has that

oy J @nma fi (amy)  fi @nmg fi (ar) 12 (da) = || fr @n—q fill ez

12



On the other hand, if m ~, mg for some p =1,...,¢ — 1, then

» Fre @n—q fr (any) X fx @n—q fr (ar) 1*? (da) (3.36)

B /A2( —p) Fr @p fre (agizinn) fx @p i (Qge—mm) W27 (da) (3.37)

where (W[Q("*p”, 0[2("*””) C Gy(n—p) is any pair of permutations of {1,...,2(n — p)} such that

AL2o-p) L 2np)]

(g—p)

Now, thanks to the recurrence assumption, and by Cauchy-Schwarz, we deduce that the expression
in (B.37) converges to zero as k — oo, thus yielding that

. ~ 2 . 2 q!2 2
0 = klggo ka®n—qfkuﬁ®2q = klggo W | fx ®n—q fk”55®2q
. 2 2
= khm g 1k ®q frllgeam—a -
—00 ( p )
This concludes the proof. 0

3.4 Proof of (iv) — (v)

Suppose that (iv) holds. By using (B.29), we infer that E[||D[I,(fx)]l3] = nn!”ka%@n — 2nw.
Moreover, by taking into account the orthogonality between multiple stochastic integrals of dif-
ferent orders and by using the multiplication formulae for multiple Wiener-It6 integrals, we have

n—1

2
n/2 — 1) n!<fk®n/2fk,fk>ﬁ®n

B[O AIB] = 22— 1t
and . .
E(IDUAIIIS) = o= 02 (" 7 1) @0 = 20018yl
p=1
Now define ¢, according to ([L.H), and observe that (iv) and ([L.]) imply that
tim £y fellden = lm fleo filon = (2ved)/nl and T (fiBy i fi)gon = (2e) /.

Thus, under (iv) one has that, as k — oo,

E(|DILa(fi)]l? = 2nLa(fi) — 200)?
= E[|| DIL (fi)||I*]4n B Ly (fi) | DILa (fi)]II?)
B + dn'y? = an BIIDIL (]I

—1\*
—dv*n*4+22vnt (n/2 - 1)1? <n72 B 1)

—1\?
—Scornd(n/2 — 1)!( " ) +8n%v 4+ 4n?? —8n?? = 0.

n/2—1

13



3.5 Proof of (v) — (vi)

Now we assume that (v) holds. We start by observing that condition ([L) implies that the
sequence of the laws of the random variables {I,(fx)}r>1 is tight (since it is bounded in L?).
By Prokhorov’s Theorem, we deduce that {I,,(fi)}r>1 is relatively compact so that, to prove

our claim, it is sufficient to show that any subsequence {I,(fx/)} converging in distribution to

some random variable F is necessarily such that Fi Law F(v), where the law of F(v) is defined

by formula ([.4). From now on, and only for notational convenience, we assume that {I,(fx)}
itself converges to Fi,. Also, for any k > 1, we let ¢p(\) = E(ei)‘ln(f k)) denote the characteristic
function of I,(fy), so that ¢} (\) = iE(L,(fk) eMn(ft)). On the one hand, by the Continuous
Mapping Theorem, we have that

I fi)eMnI) 225 oMo,

Since boundedness in L? implies convergence of the expectations, we also deduce that P (N) —
¢ (A\) for any A € R. On the other hand, we can write

oL\ = %E((SD[In(fk)] X ei)‘I”(fk)) since 6D = —L,
=~ B((DUL ()], D" U))5) by integration by parts (2T,
n
A

= 2 B DI, ()12,
Since (v) is in order, we deduce that
Ge(N) + 2N B(eMrUR L (f1)) + 22w B (eMrUr)) — 0.

As a consequence, ¢, must necessarily solve the linear differential equation ([.9), yielding

_ e o INF(v)
Poo(A) = (7\/@) = B(eM®), NeR.

This concludes the proof of Theorem [[.2.

3.6 Further remarks

(I) When v > 1 is an integer, one can use Theorem [[.]] in order to obtain examples of sequences
of multiple integrals {I,,(fi)}x>1, where n > 4 is even, satisfying either one of conditions (i)—(vi)
in Theorem [[.2 This fact is summarized in the following statement.

Proposition 3.2 Let m > 2 and v > 1 be integers and, for i = 1,...,v, let {gi}r>1 C HO™, be
a sequence of kernels such that: (i) as k — oo, m!Hg}CH%(@m — 1, (i) {Im(g/lﬁ)}k% converges in
distribution to N ~ A(0,1), and (i) for every fixed k, the random variables I,,(g;,), i = 1,...,v,
are mutually independent (of course, condition (iii) is immaterial when v = 1). Then, the
sequence {Iom (fi) i1, where fir, = Y 0| gi®gl € HO?™, converges in distribution to F(v) Law
SY ((NZ —1), where (Ny,...,N,) is a vector of i.i.d. A (0,1) random variables.

14



Proof. Since Im(g};) converges in law to N, we deduce from Theorem [[.]] that, for every p =
L...,m—1, limg o |98 ®p g,iHﬁ@g(m_p) = 0. The conclusion is once again a consequence of the
multiplication formulae for multiple Wiener-It6 integrals, yielding

v v m—1 v
S In(gh)? = Zm' [P p‘( > Lo(m—p) (94@p1) + D Lom(9:804)-
i=1 i=1 p=1 i=1

Since Y71 Tom (93 ©g) = Tom(fx) (by linearity) and ||g/,®pgk | ge2mm-n < |9}, @p gi | go20m-r), the
conclusion is immediately obtained. -

Remark 3.3 When k is fixed, a necessary and sufficient condition implying that the variables
I (gk) i =1,...,v, are mutually independent is that gk ®1g), = 0 for every i # j. See e.g. Ustiinel
and Zakai (1989)

(IT) For n > 4, it is not possible to replace the condition limy_, ka:®n/2fk; —cn X frllgen =0
in Points (iii) and (iv) of Theorem [[.3 with its “non-symmetrized” version

Jim | fe @ny2 fi = en X fillgen = 0. (3.38)
Suppose indeed that n > 4 and that the kernels {fj }x>1 verify (B-3§), and moreover

n!| fillgen — 2 (3.39)
I fx ®p frllgoan-m — 0, for p=1,..,n—1withp+#n/2. (3.40)

Then, by reasoning as in Section B.J, it is not difficult to show that conditions (B.3§)-(B.40)
necessarily imply that

215k @2 el = ( 17) 1Bl = 0

which is absurd, since one would also obtain ka ®@n /2 kaﬁ@m — ¢ || frll gen — 0, kaén/2fkf”f)®n
—Cn || frllgen — 0 and || fill gon — v/2v/nl.

(I1I) Plainly, relation (B.32) holds for multiple integrals of any order n > 2 (with n not necessarily
even). Such an expression should be compared with the following formula, proved in Nualart and
Peccati (2005, p. 183): for every n > 2 and every f € §©",

|4

EL()] = 3021/l +27),2 (17 @p Fle20-n (3.41)

2
+ ( Z ) Hf®pr5§®2(n P)

Note that it would be much more difficult to use (B.41)) in order to prove the implication (ii)
— (iii) of Theorem [L.9, since (B.4]) involves the norm ||f ®,,/5 f|lgen of the non-symmetrized
contraction f &y f.
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4 Second chaos sequences

In this section, we specialize the content of Theorem to the case of sequences belonging to the
second Wiener chaos of X. The first result provides a further characterization of the non-central
convergence of the elements of the second chaos, based on the discussion contained in Section P.3.

Theorem 4.1 Let {I> (f)}>y, with fi € H92, be such that limy .. ||fk\|%®2 = v. Then, as
k — oo, the siz following conditions are equivalent:

(i) Io(fx) converges in distribution to F(v), as given by ([1.4);

(ii

)

) Ell (fi)'] — 480 + 1202, and B[l (fy)°] — 8v.
(iii) E[L (fi)'] — 12E[L (f)’] — 1207 — 480
)

)

(V) ([ @Sk = frll g2 = 1fk @1 fr = fill goz — 0;

v Ap i — A2 )2 — 0, where, for k > 1, {\f, ;}._. stands for the sequence of the
j 1\ A fr,d fk,] Srrd j=1
eigenvalues of the operator Hy, , as defined in formula );

(vi) for everyp >3, 32, Ny 5 — v

Proof. The equivalence of (i), (ii), (iii) and (iv) is a direct consequence of Theorem [[.9 and of
the fact that co = 1 (see formula ([.§)). To prove the equivalence of (iv) and (v), we use relation

(B19) to deduce that

o0
Tk ®1 [ = Z)\?Ek,j €frri & €fijo
j=1

where {ey, ; }j>1 is the sequence of the eigenvectors of Hy, . It is therefore immediate that

o0

|fx ®1 fk—ka%m:Z()\fk,g Afk,J) , (4.42)

j=1

which yields the desired implication. We are left with the double implication (v) « (vi). To prove

this, suppose first that (v) holds and observe that, by assumption, >°°2, )\?ek ; ||f]gH%®2 ez

The proof of (v) — (vi) can now be achieved by recurrence. Indeed, if > 322, )\2+m — v for some

m = 0, then

(e o] e e}

24+-m-+1 24+m| __ m—+1 )
Afkvj _Z)\fk,] - Z)\fk,] (Afkvﬂ AfW)
j=1 j=1 j=1
o0 o0 2
2m+2 2 A
S )\fk,j Z <)\fk J Afkv]) -0,
Jj=1 J=1

thus yielding that (iv) — (v). To see that (vi) — (v), just write
Z(Aflmj fk] Z)‘fk]+z)\fk] 22)‘1%]
j=1
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O

A first consequence of Theorem [L.1] is the following simple characterization of centered y?2
random variables (with any number of degrees of freedom) in the second chaos of X.

Corollary 4.2 Fiz an integer v > 1. Let Iy (f), with f € $92, be such that E(Io (f)2) =
2 HfH%@,g = 2v. Then, the following conditions are equivalent:

(i) I2(f) faw F(v), where F(v) has a centered x? distribution with v degrees of freedom (see

4);
(i) E[l (f)"] — 12E[I2 (f)*] = 120* — 48v;
(iil) f=f® f;

(iv) there exists ht € 9, i =1,..,v, such that |ht|lg = 1, (K, h)g =0 (i # j), and L5 (f) =
S b (heh') =37 (Ii(h')? = 1).

Proof. In view of the previous discussion, the only non-immediate implication is (iii) — (iv). To
prove this, we can use (.49) to deduce that, if (iii) is verified, then, for every j > 1, A\s; = )\%j.
Since Z;’il )\%7 j=V by assumption, we deduce immediately that there exist indices j7i, ..., j; such
that Af ;- = 1, for every a = 1,...,v, and Ay ; = 0 for every j ¢ {ji,...,j;}. The conclusion is
obtained by using formula (R.19). -

For instance, Corollary [£.9 yields that two centered x? random variables in the second chaos
of X (even with a different number of degrees of freedom) are independent if, and only if, they
are non-correlated. Indeed, any two centered x? random variables F' and G in the second chaos
of X have necessarily the form

Mo M A Ko K :
F=1, (Zﬂ@f’) =2 (W’ =1) and G=5 |3 g eg | =3 (h(g) -1,
i=1 i=1 Jj=1 Jj=1

where M, K > 1 are integers. As a consequence,

E(FG)=2<ZfZ®fZ,Zg]®g]> NI
i=1 j=1

He2 i=1 j=1

and the last sum is zero if, and only if, I1(f?) and I1(g’) are independent for every i, j such that
1<i<Mand1<j<K.

The next result, which is a consequence of Theorem [L1], implies that any centered Gamma
random variable in the second chaos of X must necessarily be a multiple of a centered 2.

Corollary 4.3 Let I (f), with f € H°2, be such that E(Iy (f)*) = 2HfH25®2 = 2u, for some

v>0. If IL(f) Law 2G(v/2) — v, where G(v/2) is a Gamma random variable with parameter
v/2, then necessarily v is an integer, and I (f) has a x? distribution with v degrees of freedom.
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Proof. By arguing as in the proof of Corollary [l.3, one sees immediately that the relation

I (f) Law 2G(v/2) — v implies that, for every j > 1, As; = A?‘,j’ that is, Ay ; is either 0 or 1.

Since, by assumption,
o0
2
> s = l5ee = v,
j=1

we deduce that v must necessarily be an integer. The conclusion follows.

Further results on second chaos sequences are contained in the next section.

5 Multidimensional results

For the sake of completeness, we start by stating the following multidimensional generalization
of Theorem [[.1, proved in Peccati and Tudor (2005):

Theorem 5.1 For d > 2, fix d integers 1 < ny < ... < ng. Consider a sequence of random
vectors of the form

Fy, = (Im(fli)’ ’Ind(flgl))

where fi € HOM. For every 1 <i,j < d, assume that limy_ E[Inj (f,g)]nl(fi,)] = 0i;, where 0;;
is the Kronecker symbol. Then, the following two conditions are equivalent:

(i) as k — oo, the sequence {Fj}r>1 converges in distribution to a standard centered Gaussian
vector Ng(0,1q) (1q is the d x d identity matriz),

(i1) for every j =1,...,d, as k — oo, the sequence {Inj(fg)}k>1 converges in distribution to a
standard Gaussian random variable A4 (0,1).

The content of Theorem [.4 can be extanded to the multidimensional case, as shown in the
following statement. The proof is obtained by simply mimicking the arguments displayed in
Nualart and Ortiz-Latorre (2007, proof of Th. 7), and it is therefore omitted.

Theorem 5.2 Letr > 1 and s > 1 be integers, and fix r+s integers ni, ..., Mp, Myt 1,y Nprg = 1
such that ny,y, is even and = 2 for every w = 1,...;s. Let also v1,...,vs > 0 be strictly positive
real numbers. Consider a sequence of random vectors of the form

Ik = (Inl (f]i)’ T ’Inr(f]:)’Inr-Fl (fl:—i_l), RN (fl:—i_s)’)

where fi € HOM, i =1,...,r+s. We suppose the following: (A) for every i, limy_ o nz'||!)‘],’€\|)2§®nz =
€, where €; equals 1 or 2v;, according as 1 < i <r, orr+1<i<r+s, and (B) for every pair
(i,4) such that i # j

lim E(D[L,, ()], DI, ()% = 0. (5.43)

k—o00

Then, the following two conditions are equivalent, as k — 0o:
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(i) the sequence {I}ir>1 converges in distribution to
(N1,...,N.,F(1n),...,F(vs)),

where (N1,..., N, F(v1),...,F(vs)) denotes a (r + s)-dimensional vector of independent
random variables, such that each Ny, ¢ = 1,...,r, has the law A (0,1) and each F(v;),
¢ =1,...,s, has the law specified by formula (I.4) in the case v = vy;

(ii) for every j =1,...,r, the sequence {Inj(f;z)}k>1 converges in distribution to N ~ A4(0,1),
while, for every ¢ =r+1,...,r+ s, the sequence {Ine(f;f)}k>1 converges in distribution to
F(vy).

Remark 5.3 In Lemma 6 of Nualart and Ortiz-Latorre (2007), it is proved that, if one as-
sumes that condition (ii) in the previous statement is true for every 1 < i < r, and if moreover
E(Ly, (fi)In;(f1)) — dij; 1 < i # j < r, where ;5 is the Kronecker symbol, then (5.43) is
automatically verified for every 1 < i # j < r.

Our applications of Theorem f.9 will be mainly based on the following relation, proved in
Nualart and Ortiz-Latorre (2007, Lemma 6): for every n,m > 1 and every f € §°" g € HO™,

T 2n)2(n 4+ m— 2r)! ~
E<D[In(f)]7 D[Im(g)b?é = (n _ T)'Q(fn jr)'z(y?_)l)'z ”f®7’g”?7)®(n+m—2r)
— ! ! !

n?m!%(n +m — 2r)! 9
< 2 onem g = Dl @ olhenenn.

r=1

(5.44)

The first consequence of Theorem p.9 is a “stable convergence” generalization of Theorem [[.9
in the case of integrals of even order n > 4.

Proposition 5.4 Let n > 4 be an even integer, and let {I,(fx)}r>1 be a sequence of multiple
integrals verifying ([[.§) and satisfying either one of conditions (i)-(vi) of Theorem [[.3. Then,
as k — oo, the pair (I,(fr), X) converges in law to (F(v),X), where F(v) Law 2G(v/2) — v is
independent of X.

Proof. According to Theorem p.3 and the inequality (p.44), it is sufficient to prove that, for
every h € 9,
| fr @1 h”g@(nﬂ) — 0.

By the definitions of the contractions of order 1 and n — 1, one has that
1fe @1 hllgem-1 = (fs @n-1 frsh ® h)gez < |Lfx ®n-1 fullge2[IA]G — O,

where the last convergence is a consequence of Point (iv) in Theorem [[.3, and of the fact that
n > 2.
O

Remark 5.5 When n = 2, the statement of Proposition .4 is not true in general. As a coun-
terexample, one can consider a sequence Is(fx), k > 1, such that fr = h ® h for every k, and
||h]ls = 1. The stable convergence of sequences in the second chaos of X is discussed in the
forthcoming Proposition p.7.
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Proposition .4 can be reformulated by saying that I,,(fx) converges o(X)-stably to F(v) (see
e.g. Jacod and Shiryayev (1987) for an exhaustive discussion of stable convergence). Moreover,
Proposition .4 yields a refinement of a well-known result (see e.g. Janson (1997, Ch. VI,
Corollary 6.13)), stating that Wiener chaoses of order n > 2 do not contain any Gamma random
variable (our refinement consists in a further restriction on moments).

Corollary 5.6 Fiz a real v > 0 and an even integer n > 4. Let I,,(f) be such that E(I,(f)?) =
2v. Then, L,(f) cannot be equal in law to 2G(v/2) — v, where G(v/2) stands for a Gamma
random variable of parameter v/2, and E(I,(f)*) — 12E(IL,(f)3) > 1202 — 48v.

Proof. According to Proposition [.4, if I,,(f) was equal in law to 2G(v/2) — v (or if E(L,(f)*) —
12E(L,(f)?) = 1202 — 48v), then I,(f) would be independent of X. Plainly, this is only possible
if f =0, which is absurd, since ||f||2y)®n = 2v/n!. The fact that E(I,(f)*) — 12E(I,(f)?) cannot
be less than 1202 — 48y derives from a straightforward modification of the calculations following

formula (B.33). O

The following result characterizes the stable convergence of double integrals. The proof (omit-
ted) is analogous to that of Proposition [5.4.

Proposition 5.7 Fiz v > 0. Let the sequence {Is(fi)}r>1 be such that E(Ix(fx)?) — 2v and ei-
ther one of conditions (i)—(vi) of Theorem [[.] are satisfied. Then, for every h € $, (I1(h), I>(fx))

converges in law to (I1(h), F(v)), where F(v) Law 2G(v/2) — v is independent of I, (h), if, and
only if,
(fr ®1 fr, h @ h) g2 — 0. (5.45)

In particular, ([5.43) is verified for every h € $ if, and only if, Io(fy) is asymptotically independent
of X.

The next result gives sufficient conditions under which one can have a neat non-CLT, anal-
ogous to the central result of Theorem f.I. Note that, in the following statement, all multiple
integrals have different orders, so that no covariance conditions are assumed. Observe also that
the second part of condition (f.46) below can be replaced by either one of the equivalent conditions

(i)—(vi) of Theorem [[.3.

Proposition 5.8 For d > 2, fix d strictly positive reals vy, ...,vg > 0, as well as d even numbers
2 <ny <...<ng. Suppose that 2n; # n; for every i # j. Consider a sequence of random vectors
of the form

I, = (Inl(fli)’ s ’Ind(flgl))

where f,é € 9. Assume finally that, for every 1 <i < d,

Jim E[L,(f)%] =2v; and lim E[I,(fi)"] — 12E[L,,(fi)*] = 1207 — 48v;.  (5.46)

k—oo

Then, as k — oo, the sequence {I}}i>1 converges in distribution to

(F(Vl), e ,F(Vd)) s

where (F(v1),...,F(vyq)) denotes a vector of independent random wvariables such that, for i =
1,...,d, the variable F(v;) verifies ([[.4) for v = v;.
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Proof. The conclusion follows once we show that the asymptotic condition (f.43) holds for every
1 <i#j <d. Thanks to (b.44) one has that

n;
; ; Soni®n2(ng +nj — 2r)! , ;
E (D[Inz(fli)LD[InJ (flg)b?’) < E (nz Z_ T)J!Q(njl_ T)?Q(T _ 1),2 Hflzc Qr f]i”i@(m-%nj—w)'
r=1

Using the definitions of the contractions, we also have
17 @r FN2 etnisny 20 = (Fh @nir fis F @y sy
which yields, by the Cauchy-Schwarz inequality:
152 ©r L1 miins—2n < i @nimr fillgoar | ] ©njmr [l gor. (5.47)

In the case 1 <r < n; — 1, the RHS of equation (p.47) tends to zero as k — oo by Theorem [[.3,
because, on one hand, either n; —r € {1,...,n; — 1} \ {Z}orn; —r € {1,...,n; — 1} \ {&}
(recall that n; # n; for every i # j) and, on the other hand, for ¢ € {7, j}:

sup || fi @np—r Fillgear < sup||fillgen, < +oo.
k>1 k>1
In the case r = n; < nj, one has that the RHS of equation (f.47) equals

£l &ons 1F7 @ny—ns fLllgo2ms

which tends to zero as k — oo, because n; —n; € {1,...,n; — 1} \ {3} (recall that 2n; # n;
for every i # j). These two facts imply that E(D[Inl(fi,)],D[InJ(fg)])% tends to zero as k — oo,
which yields the announced result. O

We conclude this section by pointing out that, due to representation (2.29), Theorem .4 and
Proposition p.§ can be used to study the convergence of functionals towards more general laws
in the second chaos of X. A simple illustration of this fact is the following result.

Proposition 5.9 Let no > ny > 2 be even integers such that no # 2nq. For i = 1,2, consider

a sequence {In,(fi) k=1, with fi € §°™, such that condition (B.48) is satisfied for vy = vy = 1.

Then, as k — oo, the sequence
1

§X(In1 (fkl;)_INQ (fl?))’ k>17

converges in law to N x N’ where N, N’ are two independent A (0,1) random variables.
Proof. Proposition p.§ implies immediately that (In1 ( f,%) — 1, ( f,f)) converges in law to N2 —
(N")2, and the result is obtained by using the elementary identity in law

1 w
SN2 = (V')?) 2N« N

Remark 5.10 Suppose that the sequences {I,,,(fi)}x>1, i = 1,2, are such that ([.3) is verified,
and that either one of conditions (i)-(iii) of Theorem [L.] holds. Then, according to Theorem [.1],
the product I, (f1) x In,(f?) also converges in distribution to N x N’.
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