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On the Gaussian approximation of vector-valued multiple
integrals

Salim Noreddinef] and Ivan Nourdin[[]
Unwversit Paris 6 and Université Nancy 1

Abstract: By combining the findings of two recent, seminal papers by Nualart, Peccati and
Tudor, we get that the convergence in law of any sequence of vector-valued multiple integrals F,
towards a centered Gaussian random vector N, with given covariance matrix C, is reduced to just
the convergence of: (i) the fourth cumulant of each component of F,, to zero; (i) the covariance
matrix of F, to C. The aim of this paper is to understand more deeply this somewhat surprising
phenomenom. To reach this goal, we offer two results of different nature. The first one is an
explicit bound for d(F, N) in terms of the fourth cumulants of the components of F'; when F'is a
R?-valued random vector whose components are multiple integrals of possibly different orders, N
is the Gaussian counterpart of F' (that is, a Gaussian centered vector sharing the same covariance
with F') and d stands for the Wasserstein distance. The second one is a new expression for the
cumulants of F' as above, from which it is easy to derive yet another proof of the previously
quoted result by Nualart, Peccati and Tudor.

Keywords: Central limit theorem; Cumulants; Malliavin calculus; Multiple integrals; Ornstein-
Uhlenbeck Semigroup.

2000 Mathematics Subject Classification: 60F05; 60G15; 60H05; 60HO7.

1 Introduction

Let B = (By)icjo,r] be a standard Brownian motion. The following result, proved in [fd, B,
yields a very surprising condition under which a sequence of vector-valued multiple integrals
converges in law to a Gaussian random vector. (If needed, we refer the reader to section
for the exact meaning of f[QT}q f(ty, ... tg)dBy, ...dBy,.)

Theorem 1.1 (Nualart-Peccati-Tudor) Let qy,...,q = 1 be some fized integers. Con-
sider a R¥-valued random sequence of the form

Fn - (Fl,nu---7Fd,n>

= (/ fl,n<t17-"7tq1)dBt1"'dthlu---u/ fd,n(tl,...,tqd)dBtl...dthd) ,
(0,771 (0,779
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where each f;, € L*([0,T]|%) is supposed to be symmetric. Let N ~ A3(0,C) be a centered
Gaussian random vector on R with covariance matriz C. Assume furthermore that

lim E[F,,Fj,| =C; foralli,j=1,....d. (1.1)

n—oo

Then, as n — oo, the following two assertions are equivalent:
(Z) Fn ﬂ N;
(ii) Yi=1,...,d: E[an] — 3E[Fl2n]2 — 0.

This theorem represents a drastic simplification with respect to the method of moments.
The original proofs performed in [[], § are both based on tools coming from Brownian
stochastic analysis, such as the Dambis, Dubins and Schwarz theorem. In [f], Nualart and
Ortiz-Latorre gave an alternative proof exclusively using the basic operators §, D and L
of Malliavin calculus. Later on, combining Malliavin calculus with Stein’s method in the
spirit of [], Nourdin, Peccati and Réveillac were able to associate an explicit bound to
convergence (i) in Theorem [T}

Theorem 1.2 (see [@]) Consider a R%-valued random vector of the form

F = (F,.... F)
- (/ fl(tl,...,tql)dBtl...dthl,...,/ fd(tl,...,tqd)dBtl...dthd>,
[0,T]a1 [0,T]%

where q1,...,qq = 1 are some given integers, and each f; € L*([0,T]%) is symmetric. Let
C = (Cij)i<ij<da € Ma(R) be the covariance matriz of F, i.e. C;; = E[F;F;]. Consider a
centered Gaussian random vector N ~ Ay(0,C) with same covariance matriz C. Then:

di(F.N) = sup [E[h(F)] = B[R(N)]| <[|C7|op [Cll5)* Ac(F), (1.2)

heLip(1)

with the convention ||C~1|,, = +oo whenever C' is not invertible. Here:
- Lip(1) is the set of Lipschitz functions with constant 1 (that is, the set of functions
h:RY— R so that |h(z) — h(y)| < ||z — yllge for all z,y € RY),

- [|Cllop = sup,eraygoy |Cx||ra/||7||[re denotes the operator norm on Ma(R),

- the quantity Ac(F) is defined as

Ac(F):=,|> E

i,j=1

1 2

4;

where D indicates the Malliavin derivative operator (see section J) and (-,-) r2jo.1r7) s the
usual inner product on L*([0,T7).



When the covariance matrix C' of I is not invertible (or when one is not able to check
whether it is or not), one is forced to work with functions A that are smoother than the one
involved in the definition ([[.9) of dy(F, N). To this end, we adopt the following simplified
notation for functions A : R — R belonging to C*:

9*h

(1.4)

Theorem 1.3 (see [B]) Let the notation and assumptions of Theorem [[.3 prevail. Then:

dy(F,N) := sup |E[h(F)] - E[h(N)]| < 5 Ac(F), (1.5)

A" [loo <1
with Ac(F) still given by ([I.3).
Are the upper bounds ([.3)-([.F) in Theorems [[.4 and [[.3 relevant? Yes, very! Indeed,

we have the following proposition.

Proposition 1.4 (see [8]) Let the notation and assumptions of Theorem [[1] prevail. Re-
call the definition (I.3). Then, asn — oo, Ac(F,) — 0 if and only if E[F}, ] —3E[F}? > —
0 for all 1.

In the present paper, as a first result we offer the following quantitative version of Propo-

sition [4.

Theorem 1.5 Let the notation and assumptions of Theorem [[.3 prevail, and recall the
definition ([I.3) of Ac(F). Then:

Ao(F) < 9(B[F}] - 3E[FY, B2, BIF] - 3E[F27, BFY) (1.6)
with 1 : (R x Ry)? — R the function defined as
d
1/1(1’17 Y1, -, Td, yd) = Z 1{‘11':‘11'}

= r
27.]:1 -

qiNg;—1 7
p> W(wqj—2r>!(;)|xi|1/2}. (L7)

Since, for each compact B C (0,00)¢, it is readily checked that there exists a constant
CB.q1....q, > 0 so that

d
2+ Y 1{qi¢qj}{\/§\/y_j\:ci\1/4

ij=1

d

( sup )¢($1>y1, 3 T, Ya) S CBgygg Z (lal* 4[] 72)
Ylyeey Yd =1

3



we immediately see that the upper bound ([[.g), together with Theorem [[.J, now show in
a clear manner why (77) implies (i) in Theorem [.1]

In a second part of this paper, we are interested in ‘calculating’, by means of the basic
operators D and L of Malliavin calculus, the cumulants of any vector-valued functional
F of the Brownian motion B. (Actually, we will even do so for functionals of any given
isonormal Gaussian process X ). In fact, this part is nothing but the multivariate extension
of the results obtained by Nourdin and Peccati in [J].

Then, in the particular case where the components of F' have the form of a multiple
Wiener-1t6 integral (as in Theorem [[.7), our formula leads to a new compact representation

for the cumulants of F' (see Theorem [L.G just below), implying in turn yet another proof
of Theorem [[.]] (see section [L.3).

Theorem 1.6 Let m € N\ {0} with |m| > 3. Write m = 1 + ... + Iy, where l; €
{e1,...,eq} for each i. (Up to possible permutations of factors, we have existence and
uniqueness of this decomposition of m.) Consider a R-valued random vector of the form

F = (F,...,F)

_ (/ fl(tl,...,tql)dBtl...dthl,...,/ fd(tl,...,tqd)dBtl...dthd),
[0,T]71 (0,794

where q1, .. .,qq = 1 are some given integers, and each f; € L*([0,T]%) is symmetric. When
li. = e;, we set \, = j, so that F'* = Fy_for allk=1,...,|m|. Then:

Hm<F> = (qu\ |m‘ Z qu r2,... 7T\m\—1)<f>\1®7’2f>\2 s (ér\m\,lfk\m\,p fA\m\>L2([07T]q>‘\m\ )’
where the sum Y runs over all collections of integers ro,. .., 1)y -1 such that:
(i) 1L<r; <q foralli=2,... |m|—1;

g T ANy 1 T )
2 )

(ZZ) T2—|—...+T’|m|_1:

+ qr,t---tagx ml—
(iii) 9 < M c To A T2 < %}.
(1) T3 < qay + Do — 272, - V=1 < @, + Wz — 22 — o0 = 2725
and where the combinatorial constants c,i(ra, ..., 1s) are recursively defined by the relations

Q)\l_l q)\2_1
= —1)!
Cqi(r2) = @o(r2 — 1) (r2 _ 1) (r2 _ 1)’

and, for s > 3,

I
cotlray o osms) = qAS(r,»s—n!(‘“l+ s T21 M1 )

—1
X (q:s_ ) )ch(rg, ceyTs1).



The rest of the paper is organized as follows. Section 2 gives (concise) background
and notation for Malliavin calculus. The proof of Theorem is performed in Section
3. Finally, Section 4 is devoted to the study of cumulants, and contains in particular the
proof of Theorem [L.4.

2 Preliminaries on Malliavin calculus

In this section, we present the basic elements of Gaussian analysis and Malliavin calculus
that are used throughout this paper. The reader is referred to [ for any unexplained
definition or result.

Let $ be a real separable Hilbert space. For any ¢ > 1, let $%7 be the ¢th tensor
power of $), and denote by $H®? the associated gth symmetric tensor power. We write
X ={X(h),h € H} to indicate an isonormal Gaussian process over § (fixed once for all),
defined on some probability space (2, F, P). This means that X is a centered Gaussian
family, whose covariance is given by the relation E'[X(h)X(g)] = (h, g)s. We also assume
that F = o(X), that is, F is generated by X.

For every ¢ > 1, let H, be the qgth Wiener chaos of X, defined as the closed linear
subspace of L*(Q, F, P) generated by the family {H,(X (h)),h € $,||h|l, = 1}, where H,
is the gth Hermite polynomial given by

We write by convention Hy = R. For any ¢ > 1, the mapping I,(h®?) = ¢!H,(X (h)) can
be extended to a linear isometry between the symmetric tensor product $H®? (equipped
with the modified norm /¢! ||-| 4e,) and the gth Wiener chaos H,. For ¢ = 0, we write
Iy(c) = ¢, ¢ € R. For ¢ = 1, we have I;(h) = X (h), h € ). Moreover, a random variable
of the type I,(h), h € $®4, has finite moments of all orders.

In the particular case where $ = L?([0,T]), one has that (B;)icjo.r] = (X(l[o,t]))te[oﬂ
is a standard Brownian motion. Moreover, §¢ = L2([0,7T]?) is the space of symmetric
and square integrable functions on [0, 7%, and

q(f) =. f(tl, ceey tq)dBtl e dth, f € S")Qq,

(0,774

coincides with the multiple Wiener-Ito integral of order ¢ of f with respect to B, see [{]
for further details about this point.

It is well-known that L*(Q) := L?*(Q, F, P) can be decomposed into the infinite or-
thogonal sum of the spaces H,. It follows that any square integrable random variable
F € L*(©Q) admits the following so-called chaotic expansion:

F=) 1(fo), (2.8)

NE

Ji
o



where fy = E[F], and the f, € 99, ¢ > 1, are uniquely determined by F. For every
g = 0, we denote by J; the orthogonal projection operator on the gth Wiener chaos. In
particular, if F' € L*(2) is as in (23), then J,F' = I,(f,) for every ¢ > 0.

Let {ex}r>1 be a complete orthonormal system in $. Given f € H®? and g € $H%, for

every 7 = 0,...,p A g, the contraction of f and g of order r is the element of $&P+a—2r)
defined by
f®.g= Z (fe, ®...0¢€ )ger R(g,6, ®...Q e€;)gor. (2.9)

1500y ir=1

Note that the definition of f ®, g does not depend on the particular choice of {eg}rs1,
and that f ®, ¢ is not necessarily symmetric; we denote its symmetrization by f®,g €
HOP+a=2) - Moreover, f ®y g = f ® g equals the tensor product of f and g, whereas
[ ®q9=(f,9)s2« whenever p = q.

It can be shown that the following product formula holds: if f € H%” and g € H9,
then

L) =S (O) (7)1t (210)

r
r=0

We now introduce some basic elements of the Malliavin calculus with respect to the
isonormal Gaussian process X. Let S be the set of all cylindrical random variables of the
form

F=g(X(6),...,X(6)), (2.11)

where n > 1, g : R" — R is an infinitely differentiable function such that its partial
derivatives have polynomial growth, and each ¢; belongs to $). The Malliavin derivative of
F with respect to X is the element of L*(€, §) defined as

DF — 99
i=1 I

(X(¢1), .-, X(¢n)) @i

In particular, DX (h) = h for every h € §). By iteration, one can define the mth derivative
D™F, which is an element of L*(, H°™), for every m > 2. For m > 1 and p > 1, D™P
denotes the closure of & with respect to the norm || - ||, ,, defined by the relation

IEIE, = ENFFI+ Y EIDFlle] -
i=1
One also writes D> =, ., ﬂp21 D™P. The Malliavin derivative D obeys the following

chain rule. If ¢ : R* — R is continuously differentiable with bounded partial derivatives
and if F'= (Fy,...,F,) is a vector of elements of D2 then p(F) € D"? and

Dy(F) = i g;i (F)DF, (2.12)



The conditions imposed on ¢ for (B.19) to hold (that is, the partial derivatives of ¢ must be
bounded) are by no means optimal. For instance, the chain rule combined with a classical
approximation argument leads to D(X (h)™) = mX (h)™ 'h for m > 1 and h € §.

We denote by o the adjoint of the operator D, also called the divergence operator. A
random element u € L?(£2, ) belongs to the domain of §, noted Domd, if and only if it
verifies |E(DF, u)g| < ¢, ||F||12(q) for any F' € DY?, where ¢, is a constant depending only
on u. If w € Domd, then the random variable §(u) is defined by the duality relationship

E[Fé(u)] = E(DF,u)g, (2.13)
which holds for every F' € D2,
The operator L is defined as L = Z;io —qJ,;. The domain of L is

DomL = {F € L*(Q) : i(fE[(JqF)z] < oo} = D*2,

There is an important relation between the operators D, § and L. A random variable F'
belongs to D%? if and only if F' € Dom (6D) (i.e. F € D'?* and DF € Domd) and, in this

case,
§DF = —LF. (2.14)

For any F' € L*(), we define L™'F = 3", —%JQ(F). The operator L™! is called the
pseudo-inverse of L. Indeed, for any F' € L*(2), we have that L™'F € DomL = D?? and

LL'F =F — E[F]. (2.15)

We end up these preliminaries on Malliavin calculus by stating a useful lemma, that is
going to be intensively used in the forthcoming Section {.

Lemma 2.1 Suppose that F € DY? and G € L*(Q). Then, L7'G € D*? and we have:
E[FG] = E[F|E[G]+ E[(DF,—DL™'G)g]. (2.16)
Proof. By (B14) and (£.13),
E[FG] — E[F|E[G] = E[F(G — E[G])] = E[F x LL"\G] = E[F§(—DL'G)),

and the result is obtained by using the integration by parts formula (E-T3). ]

3 Proof of Theorem 5

The aim of this section is to prove Theorem [.J. We restate it here for convenience, by
reformulating it in the more general context of isonormal Gaussian process rather than
Brownian motion.



Theorem [I.§ Let X = {X(h), h € H} be an isonormal Gaussian process, and qq, . .., q1 =
1 be some fized integers. Consider a R%*-valued random vector of the form

F = (Fl,...,Fd) = ([q1<f1>7"'7[q¢1<fd>)’

where each f; belongs to HO%. Let C = (Cij)1<ijca € Ma(R) be the covariance matriz of
F, i.e. C;j = E[F;F};], and consider a centered Gaussian random vector N ~ A4(0,C)
with same covariance matriz C'. Then

Ac(F) < 6(EIFY) — 3E[F2R, BIF?), .. BIF!) - 3E[F2P, BIF2) (3.17)
with Ac(F) given by (I3), and where 1 : (R x R, )4 — R is the function given by ([I1).

In order to prove Theorem [[.3, we first need to gather several results from the existing
literature. We collect them in the following lemma. We freely use the definitions and
notation introduced in sections [[] and [.

Lemma 3.1 Let F' = I,(f) and G = I,(g), with f € H°? and g € H°7 (p,q > 1).
1. If p = q, one has the estimate:

1 2
E (E[FG] ) (DF, DG)ﬁ) (3.18)
p2 p—1 1 4
< B =02(P71) - 2015 S S + L 9yl
r=1
whereas, if p < q, one has that
2 2
1 12 q— 1 | 2
E 5<DF, DG)g | | <p! b1 (¢ = P fl5erllg ®g-p gllgo2 (3.19)
2 p*l 2 2
p -1\ (q—-1
Y= 02(P21) (F2)) a2t @ Sl + g 24 ).

r:l

2. One has the identity:

p—1 2
E[F*) = 3E[F? = > pP <f) {Ilf ®r fllzemm-2r + <2§ 270)||f@mfllg,@gp }
r=1
(3.20)

Proof. Inequalities (B.1§)-(B.19) correspond to [, Lemma 3.7] (see also [, Proof of Lemma
6]), whereas identity (B:20) is shown in [[], page 182]. However, for convenience of the
reader (and also because the notation used in [[]] is not exactly the same than our), we

provide here a detailed proof of (B:13), (B-19) and (B-20).

8



1. Thanks to the multiplication formula (B.I(), we can write

(DF,DG)s = pq{lp-1(f), 1-1(9))

pAq—1 B _
= g Z 7”'( )(q . 1) Ipig—2-2r(f®r119)
- pqz (r—1)! (f_i) (q_i)[erq?r(f@rg)-

It follows that

E <a ~“Yoor DG)5)2 (3.21)

q

2
o+ p? 3P (7’—1)'2(1’71) ( ) (p+q—2r)le®,,gHﬁ®(p+q . i p < g,

( E[F ]) +p? Z ( )'2(p 1) (2p—2r)"‘f®rg"jﬁ®(2p o if p=gq.

If r < p < qthen

||f®rg||,26®(p+q72r) < ||f ®7" g”%@(zﬂrq*?r) - <f ®p—r fag ®q—r g>5§®2r
< |If Qp—r fllgexllg Qg—r gllseer
1
< 3 (1 @p—r FllZer + 19 @g—r gllze2r) - (3:22)
If r=p < q, then
1/@p gllze0-n < If ©p glliewmn < fI3enllg @ep gllse. (3.23)

By plugging these two inequalities into (B.21]), we deduce both (B.I§) and (B.19).

2. Without loss of generality, in the proof of (B.20) we can assume that §) is a L*-space
of the form $ = L*(A, A, uu). Let o be a permutation of {1,...,2p} (that is, o € Gy,), and
let f € 9. Ifr € {0,...,p} denotes the cardinality of {o(1),...,0(p)} N{1,...,p} then
it is readily checked that r is also the cardinality of {o(p+1),...,0(2p)} N{p+1,...,2p}
and that

p Qs ) Fto@ys s to@) [ (Epits ooy top) f(Loprnys - -+ s Logap) ) dp(te) - - - dp(tap)

— /A2 ] F @ [, ap_on)2dp(y) . . dp(xop—2p) = || f @ fll3e2n- (3.24)

Moreover, for any fixed r € {0, ..., p}, there are (i’n’)z(p!)2 permutations o € Gy, such that
#{o(1),...,0(p)}N{1,...,p} =r. (Indeed, such a permutation is completely determined
by the choice of: (a) r distinct elements xy, ...,z of {1,...,p}; (b) p—r distinct elements
Trg1,-.-,2p of {p+1,...,2p}; (c) a bijection between {1,...,p} and {z1,...,2,}; (d) a



bijection betwenn {p+1,...,2p} and {1,...,2p} \ {z1,...,2,}.) Now, observe that the
symmetrization of f ® f is given by

fRf(t ... ty) = 2 D Floyse s to) f (boprn)s - toian).
€62y,
Therefore,
1f@f e = Gom 2 [, Ftese s to)f(tarn, - totan)
) 0,0'€62 P

Xf( o’ (1) to"(p))f<t0"(p+1)7 B 7ta’(2p)>d:u<t1> s d:u<t2p)
= o > Flt o tp) F(tpsts - - tap)

) €62y, A2p
Xf<to(1)7 . 7t0(p))f<to(p+1)7 . ,ta(2p))dﬂ<t1) - dp(tap)
1 &
= oot [ty oot
2p)! ; ;62 " [t p)f Ly %)
— oGy

{o(1), 0 I, - p}=r
Xf(to(1)7 s 7t0(p))f(t0(p+1)7 s 7t0(2p))dlu(t1) s du(tQP)

Using (B-24), we deduce that

p—1

2
I s = 2071V + 9 3 (1) 15 0 St (3.25)

r=1

On the other hand, we infer from the product formula (R.10) that

p

F2=1,(f)% = Zr!(f)glzpzr(fcérf)-

r=0
Using the orthogonality and isometry properties of the integrals I, this yields

P

B = S0 (") o= 2005B P

r=0

p—1 4
@SS o + O fllen + (1) (p) (2 — 200 Pooioran
r=1

r

By inserting (B29) in the previous identity (and because (p!)*| fll4e, = E[F?]?), we get

(B20). .

10



We are now ready to prove Theorem [[J. If Z € L*(2), as usual we write y4(Z) =
E[Z*] — 3E[Z?)? for the fourth cumulant of Z. We deduce from (B:20) that, for all p > 1,
fenandre{l,...,p—1}, one has x4(I,(f)) > 0 and

% (L),

Therefore, if f,g € HP, inequality (B-1§) leads to

If & f||,26®2p—2r <

b (E“p<f>’p<g>1— §<D1p<f>7Dfp<g>>ﬁ)] < [X4<Tp<f))+x4<1p<g>>}2%

P
< Sbam =) X (7).

r=1 "
(3.26)
On the other hand, if p < ¢, f € H®? and g € H, inequality (B-I9) leads to

E (% <Dlp(f),DIq(g)>ﬁ)2] = q_zE G <D[P<f)7D[q(g)>ﬁ)2]

p

p—1
E[L,(f)*]\/ x4 QLPQZTQPHJ—?T
r=1

12

q p!?
- [W ) + G o))

p—1

Bl xalla(0) + 5 >0+ a—20)!

r=1

x [(3)2X4(1p(f)) + (f)gm(fq(g))] ,

2
so that, if p # ¢, f € HP and g € H?, one has that both F {(% (D[p(f),D[q(g»ﬁ) }

N

/N

and l(% (DL,(f), DIq(g))ﬁ>2} are less or equal than
E[L,(f)"1/xaL4(9)) + ElLy(9)"]1y/ xa(1(f)) (3.27)

1 pAG—1 q 2 D 2
L3 g2 [() i+ (7) X4([q(9))] .
r=1
Since two multiple integrals of different orders are orthogonal, on has that
Cij = E[FF;] = Ell,(fi)lq,(f;)] = 0 whenever g; # ;.

Thus, by using (B-20)-(B.27) together with \/z1 + ... + z,, < \/T1+...+/Tp, We eventually
get the desired conclusion (B.17).

11



4 Cumulants for random vectors on the Wiener space

In all this part of the paper, we let the notation of section | prevail. In particular, X =
{X(h), h € $H} denotes a given isonormal Gaussian process.

4.1 Abstract statement

In this section, by means of the basic operators D and L, we calculate the cumulants of
any vector-valued functional F' of a given isonormal Gaussian process X.

First, let us recall the standard multi-index notation. A multi-index is a vector m =
(my, ..., my) of N4 We write

d d
8 m s e m m;
Im)| :;mi, a,:a—ti, I =M 9, o :1133 .
By convention, we have 0° = 1. Also, note that |z™| = y™, where y; = |z;| for all 4. If
s € N%, we say that s < m if and only if s; < m; for all . For any i = 1,...,d, we let
e; € N be the multi-index defined by (e;); = d;;, with d;; the Kronecker symbol.

Definition 4.1 Let F = (Fy,. .., Fy) be a R*-valued random vector such that E|F|™ < oo
for some m € N?\ {0}, and let pp(t) = Ele’“Fra], t € R?, stand for the characteristic
function of F. The cumulant of order m of F is (well) defined by

fim(F) = (=0)"10™ log ¢r (1) 1=o.
For instance, if F;, F; € L*(Q2), then k., (F) = E[F}] and ke, 1., (F) = Cov[F;, F}].
Now, we need to (recursively) introduce some further notation:
Definition 4.2 Let F' = (Fy, ..., Fy) be a R-valued random vector with F; € DY for each

i. Let ly,lo,... be a sequence taking values in {e1,...,eqt. We set I, (F) = F"'. If the
random variable Ty, ;. (F) is a well-defined element of L*(Q) for some k > 1, we set

I

-----

Tyeens lk+1 .....
Since the square-integrability of Ty, _; (F) implies that L™'T,
the definition of ', ;, ., (F') makes sense.

The next lemma, whose proof is left to the reader because it is an immediate extension

of Lemma 4.2 in [J] to the multivariate case, gives sufficient conditions on F ensuring that
the random variable I';, _; (F) is a well-defined element of L*().

Lemma 4.3 1. Fiz an integer j > 1, and assume that F = (F,...,Fy) is such that
F, € D3 for all i. Let ly,ly,...,l; be a sequence taking values in {ey,... ,eqs}. Then,

1, (F) € DomL C D"“2,

.....

-----

.....

well-defined and finite.

2. Assume that F' = (Fi,..., Fy) is such that F; € D> for all i. Let ly,ls,... be a
sequence taking values in {ey, ..., eq}. Then, for all k > 1, the random variable T},
1s a well-defined element of D,
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We are now ready to state and prove the main result of this section, which is nothing
but the multivariate extension of Theorem 4.3 in [f].

Theorem 4.4 Let m € N4\ {0}. Write m = Iy + ... + Ly where l; € {e1,.... eq}
for each i. (Up to possible permutations of factors, we have existence and uniqueness of
this decomposition of m.) Suppose that the random vector F' = (F, ..., Fy) is such that
F, € Diml2™ for all i. Then, we have

Em(F) = (Jm| = 1)! E[Fll _____ om| (F)} (4.28)

Vo € Gy, E[Fll ..... Lm| (F)} = E[Flau) ~~~~~ la(\m\)<F>}'

Proof of Theorem [[-]. The proof is by induction on |m|. The case |m| =1 is clear because
ke, (F) = E[F;] = E[I'c,(F")] for all j. Now, assume that ([.2§) holds for all multi-indices
m € N¢ such that |m| < N, for some N > 1 fixed, and let us prove that it continues to
hold for all the multi-indices m verifying |m| = N + 1. Let m € N¢ be such that |m| < N,
and fix j = 1,...,d. By applying repeatidely (B.I6]) and then the chain rule (B:13), we can
write

E[F™%] = E[F™ x T, (F)]
E[(DF™, —DL™'T, (F))s]
E[F™ ' (DF", —DL™ T (F))s)]

— E[F"E[,, (F)] + E[F™ T, (F)]

= EFTE,(F)] + E[F" B[, (F)]+ Y BIF" T, 0, (F)

1<ii<|m]| 1<iq ,ig<|m|
11,12 different

BIFMER(F)+ 3 E[F™E[L 0, (F)

+ Z E[Fmilil 7112]E[]‘—‘€j7li1 lig (F)]

1<y ,ig<|m|
11,22 different

m—l;, —...—l;
1 Um|—
+...4+ E E[F =BT 1 0 (F)]
WRAKS RARAS] ‘m‘ 1
1< iy -1 S|
11,eeey i\m\—l pairwise different

.....
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so that, using the induction property,

m-e; m 1 m—L: 1
BIF™9] = BIF"|we(F)+ > BIF™ "] <he,, (F)

1< <|m|

o 1
+ Z E[Fm fi lz2]§"’€6j+li1+li2 (F)

1<iqig<|ml
11,22 different

m—li, —.—l; 1
Tt Z ElF ‘m‘il]mﬁeﬁln*"”ﬂm\—l (F)

1<i1 oy 1 S|

B gy Z‘m‘ _ 1 pairwise different

......

. BIF™ )~ ke, oo (F) #B, + |m|!E[Te, ... 1, ()

Kl
s<m
[s|<m—1
Here, B, stands for the set of pairwise different indices 7y,...,4 € {1,...,|m|} such that
liy +...+ i, = s, whereas #B; denotes the cardinality of Bs. Also, let D; = {i =
1,...,/m| : l; = e;} and observe that m = (my,...,my) with m; = #D,. For any
s < m, it is readily checked that #B, = (”;11) . (Tj) |s|!. (Indeed, to build a multi-index
s = (81,...,84) so that s < m, one must choose s; indices among the m; indices of D

up to sy indices among the my indices of Dy, and then the order of the factors in the sum
iy +. .+ i .) Therefore,

BIEmee] = 3 (M) (M) B g (F) 4 BB (F)

< S1 Sd
\S|S<\n7:—1
m m s
- > (811) (de) BIF"™ ) keyeaF) + MBI oty (F)] = iy (F)
s<m
- Z (7:1) (T:d) (=) =H " gp(0) x (=i) I+ 09 log ¢ (0)
s<m 1 d

+|Tn|!E’[Ferli1 ----- li‘m‘ (F)] - "{ej—l—m(F)

......
-----

leading to

.....

implying in turn that (.2§) holds with m replaced by m + e;. The proof by induction is
concluded. 0
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4.2 The case of vector-valued multiple integrals

We now focus on the calculation of cumulants associated to random vectors whose com-
ponent are in a given chaos. In (f.29) (and in its proof as well), we use the following
convention. For simplicity, we drop the brackets in the writing of f\, &, ... @TWH fA‘m‘fl,
by implicitely assuming that this quantity is defined iteratively from the left to the right.
For instance, f®,9®sh@-k actually means ((f®.9)@sh)@.k.

For convenience, we restate Theorem [[. (in the more general context of isonormal
Gaussian process).

Theorem 4.6 Let m € N\ {0} with |m| > 3. Write m = 1 + ... + ljny, where l; €
{e1,...,eq} for each i. (Up to possible permutations of factors, we have existence and
uniqueness of this decomposition of m.) Consider a R-valued random vector of the form

F = (Fl,...,Fd) = ([q1<f1>7---7[q¢1<fd>)7

where each f; belongs to H2%. When I, = e;, we set N\, = j, so that F'* = F), for all
k=1,...,|m|. Then:

KVWL(F) = (qA\m\>!<‘m| - 1>' Z Cq7l<r27 B 7T\m\—1)<f>\1®7’2f)\2 B ®T\m\71f>\\m\717 fA‘m‘>ﬁ®q)\‘m‘ >
(4.29)
where the sum Y runs over all collections of integers ro, ..., T|m—1 such that:
(i) 1<r; <qy foralli=2,... |m|—1;
.. qx, +-tq 174
(i) 7o+ . A T = & A‘;‘ L e
+ot
(iii) ry < 7%1;%2 s e T2 < D P2 qu‘m‘_Q ;
(1) T3 < qay + Do — 272, - V=1 < Qr, + Do — 272 = oo = 22
and where the combinatorial constants c,i(ra, . .., 1s) are recursively defined by the relations

Q)\l_l q)\g_]-
_ — 1)
cutra) =ante - 0(M T (M)

and, for s > 3,

Cqi(ra, ... 1g) = q,\s('rs—l)!(

q,\1+...+q,\s—27’2—...—2rs1—1)

rs — 1
B, — 1
x(: B 1)cq7l(r2,...,rsl).

15



Proof. It f € 7 and g € $H%? (p,q > 1), the multiplication formula yields
(DI(f),=DL™'I,(9))s = p{Lp-1(f): I-1(9))4

Pt p—1\ (q—1
= q Z T'( . )( , )Ip+q_2_2r(f®r+1g)

- qg(r —1)! (f: 1) (z - 1) Lpygor(f@rg).  (4.30)

Thanks to (f.30), it is straightforward to prove by induction on |m/| that

Loyt (F) (4.31)
Ay [QA1+~~~+QA‘M‘71*27’2*---*27’\771\71]/\%‘7”‘
= Z Z Cq,l(TQa"'7T|m|)1{r2<qk1;qA2}'--
7’2:1 T"m‘:l
) 1{7’2+---+7’\m\—1<4ﬂl+m+2qA‘m\—_1 }I‘“l*-*‘“\m\‘2”2‘---—27’\m\ (Su®rafrs - ®T\m\fkwm\)'
(4.32)
Now, let us take the expectation on both sides of (f.33). We get
Ko (F)
= (Im| = DBy, g, (F)]
ENTAYP [QA1+---+QA‘m‘71*2T2*~~~*2T\m\71Mqu‘
= (Im| - 1)! Z Z Cq7l(7“2,...,T|m|)1{r2<q>\142rq>\2}...
7"2:1 T“m‘:l
X1{7»2+___+7»‘m‘_1<w} {r2+m+r‘m‘:w} X f)q ®r2f>\2 e ®T\m\f)‘\m‘ .

Observe that, if 2ry + ... + 27, =g\, + ... + D and 7y, < gy + ..+ D1 — 2ry —
e QT‘m‘,l, then

27/.‘771‘ = QA‘m‘ + (Q)q +. QA‘m‘,l - 2T2 e T QT‘m‘—l) 2 QA‘m‘ + T|m|7

that is, rjy, > @Ay > SO that ry, = Ay - Therefore,
)

K (F
(]/\1/\q>\2 [QAI-F...‘H]/\‘m‘_l—27’2—-..—2T‘m‘_1}/\q>\‘m‘
= m—llg E Ca1(Ta, ..., Tl +
(‘ | ) q,l( 2 ’ |m|) {r2<q)\12q>\2}
ro=1 r‘m‘zl
X]- qx, t---Fax 1 G\, t--tay
{rat A1 <— LI R T S —“" jm|

X(f)qémfm s éér‘m‘_lf)\‘m‘_la f)\‘m‘>

E M) 2

9

which is the announced result, since cq (72, ..., Tjpmj-1, q,\‘m‘) = (q,\‘m‘)!cql(rQ, e Thml-1) O
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4.3 Yet another proof of Theorem [I1]

As a corollary of Theorem [L.6, we can now perform yet another proof of the implication
(i) — (i) (the only one which is difficult) in Theorem [L.]. So, let the notation and
assumptions of this theorem prevail, suppose that (iz) is in order, and let us prove that
(7) holds. Applying the method of moments/cumulants, we are left to prove that the
cumulants of F, verify, for all m € N¢,

0 if [m| #2

: as n — 00.
Cy ifm=e; +e

Em(Fn) = kp(N) = {
Let m € N2\ {0}. If m = e; for some j (that is, if and only if |m| = 1), we have
K (Fy) = E[F;,) = 0. If m = e; +¢; for some ¢, j (that is, if and only if |m| = 2), we have
km(Fyn) = E[F;, F;,] — Ci; by assumption ([[.1)). If |m| > 3, we consider the expression
(E29). Thanks to (B.20), from (i) we deduce that || f;, @ finllL2(o16) = 0 as n — oo
for all i, whereas, thanks to ([L1), we deduce that qz'!||fi7n||%2([07’]“]ql') = E[F},] — Cj; for all
i, so that sup,,~ || fin| £2(o,m«) < oo for all i. Let ra, ..., 7),—1 be some integers such that
(1)—(iv) in Theore~m [.g are satisfied. In particular, 7y < w. From (B.223)-(B:23), it
comes that ||f)\17n®7»2f)\27n||L2([O’T]q>\l+q>\2—2r2) — 0 as n — oo. Hence, using Cauchy-Schwarz
inequality successively through

9@ bl 20 770+a-2r) < lg @ Bl 20420y < gl 20,9 |2l 220,790
whenever g € L2([0,T]F), h € L2([0,T])9) and r = 1,...,p A q, we get that
<f)\17n®7'2f)\2,n e @T\m\—l f)\‘m‘,l,n7 fA‘m“n>L2([O7T}q/\\m\) — 0 as n — 0.

Therefore, k,,(F,) — 0 as n — oo by (£.29). O
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