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Abstract: In [14], Nualart and Peccati showed that, surprisingly, the convergence in distribution
of a normalized sequence of multiple Wiener-1t6 integrals towards a standard Gaussian law is
equivalent to convergence of just the fourth moment to 3. In [3], this result is extended to a
sequence of multiple Wigner integrals, in the context of free Brownian motion. The goal of the
present paper is to offer an elementary, unifying proof of these two results. The only advanced,
needed tool is the product formula for multiple integrals. Apart from this formula, the rest of the
proof only relies on soft combinatorial arguments.
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1 Introduction

The following surprising result, proved in [14], shows that the convergence in distribution of a nor-
malized sequence of multiple Wiener-1t6 integrals towards a standard Gaussian law is equivalent
to convergence of just the fourth moment to 3.

Theorem 1.1 (Nualart-Peccati) Fiz an integer p > 2. Let {B(t)}icjo,r) be a classical Brown-
ian motion, and let (F),)n>1 be a sequence of multiple integrals of the form

Fn:/ Fultr,-. t)dB(t) ... dB(t,), (1.1)
0.7]7

where each f, € L*([0,T]P;R) is symmetric (it is not a restrictive assumption). Suppose moreover
that E[F2] — 1 as n — oco. Then, as n — oo, the following two assertions are equivalent:

(i) The sequence (F,) converges in distribution to B(1) ~ N(0,1);

(ii) E[FY — E[B(1)*] = 3.

In [14], the original proof of (i7) = (i) relies on tools from Brownian stochastic analysis. Precisely,
using the symmetry of f,, one can rewrite F), as

T t1 tp—1
Fn:p!/o dB(tl)/O dB(tg).../O AB(t) fultrs - 1),
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(n)

and then make use of the Dambis-Dubins-Schwarz theorem to transform it into F,, = 3 (Fn) where

B is a classical Brownian motion and
2

U%>:¢24Tﬁ1<éhd3@g“.é%1dB@ﬁﬂxhwn¢w>. (1.2)

2
Therefore, to get that (7) holds true, it is now enough to prove that (i) implies (F},) L 1, which
is exactly what Nualart and Peccati did in [14].

Since the publication of [14], several researchers have been interested in understanding more
deeply why Theorem 1.1 holds. Let us mention some works in this direction:

1. In [13], Nualart and Ortiz-Latorre gave another proof of Theorem 1.1 using exclusively the
tools of Malliavin calculus. The main ingredient of their proof is the identity D = —L, where 0,
D and L are basic operators in Malliavin calculus.

2. Based on the ideas developed in [7], the following bound is shown in [8, Theorem 3.6] (see

also [11]): if E[F?] =1, then
1 2 p—1

sup |P[F, EA——/e“/Qdu‘<2 ~——V|E[F4Y -3|. 1.3

AGQ(R)[n ]\/%A on |E[F] =3 (1.3)

Of course, with (1.3) in hand, it is totally straightforward to obtain Theorem 1.1 as a corollary.

However, the proof of (1.3), albeit not that difficult, requires the knowledge of both Malliavin
calculus and Stein’s method.

3. By using the tools of Malliavin calculus, Peccati and I computed in |9] a new expression for
the cumulants of F},, in terms of the contractions of the kernels f,. As an immediate byproduct
of this formula, we are able to recover Theorem 1.1, see [9, Theorem 5.8] for the details. See also
[5] for an extension in the multivariate setting.

4. In [6], Theorem 1.1 is extended to the case where, instead of B(1) ~ N(0, 1) in the limit, a
centered chi-square random variable, say Z, is considered. More precisely, it is proved in this latter
reference that an adequably normalized sequence F,, of the form (1.1) converges in distribution
towards Z if and only if E[F} — 12E[F3] — E[Z*] — 12E[Z3]. Here again, the proof is based on
the use of the basic operators of Malliavin calculus.

5. The following result, proved in |3], is the exact analogue of Theorem 1.1, but in the situation
where the classical Brownian motion B is replaced by its free counterpart S.

Theorem 1.2 (Kemp-Nourdin-Peccati-Speicher) Fiz an integer p > 2. Let {S(t)}ejo,m) be
a free Brownian motion, and let (F),)n,>1 be a sequence of multiple integrals of the form

ﬂ:/ Falty, .. tp)dS(t) ... dS(L),
0.7

where each f, € L*([0,T]P;R) is mirror symmetric (that is, satisfies fn(t1,...,tp) = faltp, ..., t1)
for all ty,...,t, € [0,1]). Suppose moreover that E[F?] — 1 as n — oo. Then, as n — oo, the
following two assertions are equivalent:



(i) For all k >3, E[F¥] — E[S(1)¥];
(ii) E[F3] — E[S(1)}] = 2.

The proof of Theorem 1.2 contained in [3] is based on the use of combinatorial features related to
the free probability realm, including non-crossing pairing and partitions.

Thus, there is already several proofs of Theorem 1.1. Each of them has its own interest, be-
cause it allows to understand more deeply a particular aspect of this beautiful result. On the other
hand, all these proofs require at some point to deal with sophisticated tools, such as stochastic
Brownian analysis, Malliavin calculus or Stein’s method.

The goal of this paper is to offer an elementary, unifying proof of both Theorems 1.1 and 1.2.
As anticipated, the only advanced result we will need is the product formula for multiple integrals,
that is, the explicit expression for the product of two multiples integrals of order p and ¢, say, as
a linear combination of multiple integrals of order less or equal to p+ ¢. Apart from this formula,
the rest of the proof only relies on ‘soft’ combinatorial arguments.

The level of our paper is (hopefully) available to any good student. From our opinion however,
its interest is not only to provide a new, simple proof of a known result. It is indeed noteworthy
that the number of required tools has been reduced to its maximum (the product formula being
essentially the only one we need), so that our approach might represent a valuable strategy to
follow in order to generalize Theorem(s) 1.1 (and 1.2) in other situations. For instance, let us
mention that the two works [10, 2| have indeed followed our line of reasoning, and successfully ex-
tended Theorem 1.2 in the case where the limit is the free Poisson distribution and the (so-called)
tetilla law respectively.

The rest of the paper is organized as follows. Section 2 deals with some preliminary results.
Section 3 contains our proof of Theorem 1.2, whereas Section 4 is devoted to the proof of Theorem
1.1.

2 Preliminaries

2.1 Multiple integrals with respect to classical Brownian motion

In this section, our main reference is Nualart’s book [12]. To simplify the exposition, without loss
of generality we fix the time horizon to be T' = 1.

Let {B(t)}c[0,1] be a classical Brownian motion, that is, a stochastic process defined on a
probability space (€2, .%#, P), starting from 0, with independent increments, and such that B(t) —
B(s) is a centered Gaussian random variable with variance ¢ — s for all ¢t > s.

For a given real-valued kernel f belonging to L?([0,1]?), let us quickly sketch out the con-
struction of the multiple Wiener-1t6 integral of f with respect to B, written

L(f) = / Fte,. . tp)dB(ty) ... dB(t,) (2.4)
[0.1)7



in the sequel. (For the full details, we refer the reader to the classical reference [12].) Let
DP C [0, 1]P be the collection of all diagonals, i.e.

D? = {(t1,...,t,) € [0,1]P : t; = t; for some i # j}. (2.5)

As a first step, when f has the form of a characteristic function f =14, with A = [ug,v1] X ... X
[up, vp] C [0,1]P such that AN DP = (), the pth multiple integral of f is defined by

I(f) = (B(v1) = B(u1)) - .. (B(vp) — B(up))-

Then, this definition is extended by linearity to simple functions of the form f = Zle aily,,

where A; = [uf,v}] x ... X [ul,v}] are disjoint p-dimensional rectangles as above which do not
meet the diagonals. Simple computations show that

E[L,(f)] (2.6)

L) = L) 2.7)

Elly(9)L,(f)] = pXg, f)r2qor)- (2.8)

Here, f € L?([0,1]7) denotes the symmetrization of f, that is, the symmetric function canonically
associated to f, given by

~ 1
Fltr, .. ty) = o D ey ta)- (2.9)

" EG)

Since each f € L?(]0,1]?) can be approximated in L?-norm by simple functions, we can finally
extend the definition of (2.4) to all f € L?([0,1]?). Note that, by construction, (2.6)-(2.8) is still
true in this general setting. Then, one easily sees that, in addition,

E[I,(f)I4(9)] = 0 for any p # q, f € L*([0,1]7) and g € L*([0, 1]). (2.10)

Before being in position to state the product formula for two multiple integrals, we need to
introduce the following quantity.

Definition 2.1 For symmetric functions f € L*([0,1]?) and g € L?([0,1]%), the contractions
f@rge LX([0,17*>) (0 <r < min(p,q))
are the (not necessarily symmetric) functions given by
f@rg(tas. .. tprg—2r) =

o Flt, oo s tpery S5 87)9(Ep—rtty - oo s tpg—2rs S15 - -+ Sp)dST .. . dSy.
0,1

By convention, we set f @9 g = f ® g, the tensor product of f and g.

The symmetrization of f ®, g is written f®, g. Observe that f ®pg = fépg = (f, g>L2([O71}p)
whenever p = ¢. Also, using Cauchy-Schwarz inequality, it is immediate to prove that

1f ®r gllz2o,11p+a-2r) < 1 fll 220,107y 191l 22 (0,19

4



for all » =0,...,min(p,q). (It is actually an equality for » = 0.) Moreover, a simple application
of the triangle inequality leads to

||f®r QHLQ([O,l}Hq—m«) < |\ f @ g||L2([071]p+q72'r).

We can now state the product formula, which is the main ingredient of our proof of Theorem
1.1. By taking the expectation in (2.11), observe that we recover both (2.8) and (2.10).

Theorem 2.2 For symmetric functions f € L%([0,1]P) and g € L*([0,1]%), we have

Loh = 3 () (“)r-artse .11

r=0

2.2 Multiple integrals with respect to free Brownian motion

In this section, our main references are: (i) the monograph [4] by Nica and Speicher for the
generalities about free probability; (i) the paper [1] by Biane and Speicher for the free stochastic
analysis. We refer the reader to them for any unexplained notion or result.

Let {S(t)}te[o,1) be a free Brownian motion, that is, a stochastic process defined on a non-
commutative probability space (<7, E), starting from 0, with freely independent increments, and
such that S(¢) — S(s) is a centered semicircular random variable with variance ¢t — s for all ¢ > s.
We may think of free Brownian motion as ‘infinite-dimensional matrix-valued Brownian motion’.
For more details about the construction and features of S, see |1, Section 1.1] and the references
therein.

When f € L?([0,1]?) is real-valued, we write f* to indicate the function of L?([0, 1]?) given by
f*(t1, ... tp) = f(tp,...,t1). (Hence, to say that f, is mirror-symmetric in Theorem 1.2 means
that f, = f¥.) We quickly sketch out the construction of the multiple Wigner integral of f with
respect to S. Let DP C [0,1]P be the collection of all diagonals, see (2.5). For a characteristic
function f = 14, where A C [0,1]P has the form A = [u1,v1] X ... X [up, vy] with AN DP = (), the
pth multiple Wigner integral of f, written

Ip(f) = 0.1 f(tl’ s ’tp)ds(tl) s ds(tp)v

is defined by
I(f) = (S(v1) = S(w)) ... (S(vp) = S(up))-

Then, as in the previous section we extend this definition by linearity to simple functions of the
form f = Zle a;1y,, where A; = [uf,v]] x ... x [ul,v}] are disjoint p-dimensional rectangles as

P> Up
above which do not meet the diagonals. Simple computations show that
ElL,(f)] = 0 (2.12)
ElL,(N(9)] = {f.9)r2(01)- (2.13)

By approximation, the definition of I,(f) is extended to all f € L?([0,1]?), and (2.12)-(2.13)
continue to hold true in this more general setting. It turns out that

E[I,(f)I4(9)] = 0 for p # q, f € L*([0,1]7) and g € L*([0,1)7). (2.14)

Before giving the product formula in the free context, we need to introduce the analogue for
Definition 2.1.



Definition 2.3 For functions f € L*([0,1]P) and g € L*([0,1]%), the contractions
fge LX[0,1P772) (0 <7 < min(p,q))
are the functions given by

f /7‘,\ g(tl, Ce ’tp+q—2fr) =

o Flt, oo tpery S5 87)9(Sry ooy STy tprids - o tprg—2r)dST . . . dSy.
0,1]"

By convention, we set f A g = f ® g, the tensor product of f and g.

Observe that f A g = (f,9")r2(j0,17) Whenever p = q. Also, using Cauchy-Schwarz, it is immedi-

ate to prove that || f ~ gllz2o,1jp+a-2y < If 20,1 |91l 22(0,1]0) for all 7 = 0,..., min(p,q). (It
is actually an equality for » = 0.)

We can now state the product formula in the free context, which turns out to be simpler
compared to the classical case (Theorem 2.2).

Theorem 2.4 For functions f € L*([0,1]P) and g € L*([0,1]9), we have

min(p,q)

LN = Y Iprg-2(f ~9). (2.15)

r=0

3 Proof of Theorem 1.2

Let the notation and assumptions of Theorem 1.2 prevail. Without loss of generality, we may
assume that F[F?] = 1 for all n (instead of E[F2] — 1 as n — oo). Moreover, because f, = f,
observe that ||fn\|%2([071]p) = E[F?] =1.

It is trivial that (¢) implies (7). Conversely, assume that (i¢) is in order, and let us prove that
(7) holds. Fix an integer k > 3. Iterative applications of the product formula (2.15) leads to

Th—
FY=L(f)" = Y Ipon—om (fn ™5 ), (3.16)
(P50 —1)EAL
where
A, = {(rl,...,rk,l) €{0,1,...,p}* 1y <2p— 21, 13 < 3p—2r1 — 2r9,...,

Tk—1 < (k‘ — 1)p— 27“1 — ... 27”]6,2}.

In order to simplify the exposition, note that we have removed the brackets in the writing of f,, ~
Tk—1 . .. . .. . .
..~ fn. We use the implicit convention that these quantities are always defined iteratively from
the left to the right. For instance, f, ~~ fn ~ fn ~> fn actually stands for ((fn A fn) A In) 2 f.
By taking the expectation in (3.16), we deduce that

BFf = > AL (3.17)

(Tl,...,rk_l)GBk



with By, = {(rl,...,rk,l) €A 2r +...+2rp_1 = k:p}. We decompose Bj, as Cj, U Ej,, with
Cr = BN {0,p}*"! and Ej, = By, \ Cy. We then have, for all k > 3,

E[F,,’f] = Z fn NS fn + Z fn oo Tkt fn. (3.18)

(Tl,...,kal)Eck (Tl,...,rkfl)GEk

Lemmas 3.2 and 3.4 imply together that the first sum in (3.18) is equal to E[S(1)*]. Moreover,
by Lemma 3.1 and because (i) is in order, we have that ||f, —~ fallz2(o,1)20-2r) — 0 for all
r=1,...,p— 1. Hence, the second sum in (3.18) must converge to zero by Lemma 3.5. Thus, (7)

is in order, and the proof of the theorem is concluded. 0

Lemma 3.1 We have E[F3] =2+ Zf;} | frn — fn||%2([071}2p,2r).

Proof. The product formula (2.15) yields F2 = S°P_, Iop_2,(fn —~ fu). Using (2.13)-(2.14), we
infer

p—1

E[Fé] = ||fn ® fn”%2([071}2p) + (Hf'n”%?([oJ}p))Z + Z<fn ~ fm (fn ~ fn)*>L2([O,1]2P*2’“)

r=1

p—1 p—1
= 2an||%2([071}p) + Z Il fr fn||%2([071}2p—2r) =2+ Z Il fr fn||%2([o,1}2p—2r)a

r=1 r=1

since an||%2([07up) =1 and

fr fu(ti, ... tap—ar)

= [ } fn(tla e ,tp_T, S1y-- ,Sr)fn(ST, ..y ST, tp—?"-‘,—la e ,tgp_gr)dsl e dST
0,1]"

= 0.1 fn(sm ey Slatp—ra N ,tl)fn(tgp_gr, N ’tp—'r-‘,-l’ Slyeeny sr)dsl N dST
0,1]"

- fn /T\ fn(t2p72ra o atl) = (fn /T\ fn)*(tly- .- 7t2p72r)-

Lemma 3.2 For all k > 3, the cardinality of Cy coincides with E[S(1)].

Proof. By dividing all the r;’s by p, one get that

.
&

1,

Cy Cp = {(7“1,...,7”k_1) e {0, 1}y <2—2r, r3<3—2r —2rg, ...,

rk_lgk—l—er—...—Qrk_g, 2T1+...+2Tk_1:]€}.

On the other hand, consider the representation S(1) = I1(1[1)). As above, iterative applications
of the product formula (2.15) leads to

S(1)k = 1—1(1[0,1})k = Z Ti—2pi—.—2m_ (L0,1] AL L0,1]),

(le---ka—l)egk



where

A = {(7”1,...,?”]671)6{0,1}]671 o< 2—2r1, 13 <3 —2r; —2r9,...,
kalgk‘—l—QTl—...—QTk,Q}.

By taking the expectation, we deduce that

E[S(1)"] = Z Lo~ --- = 1o = Z 1 = #Cy, = #C.

(r1yeeri—1)ECK (r1eri—1)ECK

d

Remark 3.3 When k is even, it is well-known that E[S(1)*] is given by Caty, /o, the Catalan
number of order k/2. There is many combinatorial ways to define this number. One of them is
to see it at the number of paths in the lattice Z? which start at (0,0), end at (k,0), make steps
of the form (1,1) or (1,—1), and never lies below the z-axis, i.e., all their points are of the form
(i,7) with j > 0.

Let the notation of the proof of Lemma 3.2 prevail. Set s; =1 — 2r;. Then

~ b
Ck

iy

(1—52),14-51-{—822 (1—53),

N =
N | —

{(517---75/%—1) e {1,111 145 >

B R e o (1—sk1),1+81+...+8k1:0}.

N =

It turns out that the set of conditions

spe{-1,1}, j=1,....,k—1
l4+si+...4+8=23(1—sj41), j=1,...,k—2 (3.19)
1—1—81+...—|—8k,1:0,

is equivalent to

spe{-1,1}, j=1,...,k—1
l+si+...+8 >0, j=1,....,k—2 (3.20)
1+81+...+8k_1:0.

Indeed, it is clear that (3.19) implies (3.20). Conversely, suppose that (3.20) is in order, and let
j€{l,...,k—2}. Because 3(1 —s;41) < 1, one has that 1+ s1 +... +s; > 3(1 — s;41) when
l1+s1+...+s; =21 If14+s+...4+s; =0 then, because 1 + 51 + ... + sj41 > 0 (even if
j =k —2), one has sj11 = 1, implying in turn 14+ s1 +... +s; > 2(1 — s;41) = 0. Thus

=%
E:

Ck

1

{(81,...,8k_1) e{-1, 1} 14520145 +5 >0,

oyl +s1+ o+ S0 20,1481+ ...+ S :0},
and we recover the result of Lemma 3.2 when k is even. (The case where k is odd is trivial.)

Lemma 3.4 We have f, ~~ ... = fn=1forallk >3 and all (r1,...,rp_1) € C.



Proof. 1t is evident, using the identities f, A fn=fn® frn and

fn /PL fn - /[YO l]p fn(tl, o .. ,tp)fn(tp7 “ee 7t1)dt1 “ee dtp = ||fn‘|%2([071]p) - 1.

O
Lemma 3.5 As n — oo, assume that || f, —~ Tallz2(o,120-2r) = 0 forallr =1,...,p —1. Then,
as n — oo we have f, LR fn =0 forall k >3 and all (r1,...,7-1) € Ej.

Proof. Fix (ri,...,7k-1) € Ek, and let j € {1,...,k — 1} be the smallest integer such that
r; €{1,...,p—1}. Recall that f, *~ fo = fn ® fn. Then

T Tk—1
[fo S
= ‘fnﬁl\r]/:lfnﬁj\fnrﬁlTﬁ:lfJ

((fo® o ® f) A o 22 E ] (using fu A fa = 1)
1(fn@ oo ® fa) @ (fa A falllz2oago | Fall 2o (by Cauchy-Schwarz, for a certain g)

= |fn A ol (because ||fn‘|%2([071]p) =1)
— 0 asn — oo.

N

4 Proof of Theorem 1.1

We follow the same route as in the proof of Theorem 1.2, that is, we utilize the method of moments.

(It is well-known that the N(0,1) law is uniquely determined by its moments.) Let the notation

and assumptions of Theorem 1.1 prevail. Without loss of generality, we may assume that E[F?] =

1 for all n (instead of E[F2] — 1 as n — 00). Moreover, observe that p!anH%Q([O’l}p) = E[F?]=1.
Fix an integer k£ > 3. Iterative applications of the product formula (2.11) leads to

lezc = Ip(fn)k = Z Typ—2r1—..—2ry 4 (f’flém s é"'k—lfn) (4.21)
(r1,esTh—1)EAR
M ip—2ry —...—2r;
XHTj!<p)<Jp 1= ]1>’
- T‘j T‘j
7=1
where

A, = {(7“1,...,7”k_1) € {0,1,...,p}k*1 g < 2p—2rq, r3 < 3p—2r1 —2r9,...,

ree1 < (k—1Dp—2r —... — 2rk_2}.

In order to simplify the exposition, note that we have removed all the brackets in the writing of
fn®ri - ®r, fn. We use the implicit convention that these quantities are always defined itera-
tively from the left to the right. For instance, f,, @y, frn®ry frn®rs fr stands for ((fn,®pr, fn) @y fr) @rg fr-

9



By taking the expectation in (4.21), we deduce that

k-1 .
~ ~ P\ [(Jp—2r1—... —2r;
E[F,] = > Fo@ry o @ < [ ] m!(rj)( J > (4.22)
j=1

rj
(Tl,...,rk_l)GBk

with By = {(rl,...,rk_l) €A 2r 4+ ...+ 2rp = k:p}. Combining (4.22) with the crude
bound (consequence of Cauchy-Schwarz)

1fn@r full2qo,pze-2ry < fnll 2oy = 1/P! < 1,

we have that E[EF*] < # By, that is, for every k the kth moment of F), is uniformly bounded.

Assume that (7) is in order. Because of the uniform boundedness of the moments, standard
arguments implies that E[Fi] — E[B(1)%]. Conversely, assume that (ii) is in order and let us
prove that, for all £ > 1,

E[F¥] = E[B(1)*] asn — occ. (4.23)

The cases k = 1 and k£ = 2 being immediate, assume that k > 3 is given. We decompose By as
Cy U E), with Cy, = B N {0,p}k_1 and Fy = By \ Cx. We have

k—1 .
~ ~ —2r1 — ... —2r;_
E[F)] = > BB fa < [] rﬂ(‘jp ! J 1) (4.24)

. 7“j
(P15 —1)€ECK Jj=1
Al p\ [(jp — 2r 2r
~ ~ —2ry — ... —2r; 1
2 IO B S H "3’ (Tj> ( T >
(r17"'7Tk—1)€Ek ]:1

By Lemma 4.1 together with assumption (ii), we have that || f, ®r fnllz2(0,1)20-2r) (as well as
||fn®7‘fnHLQ([OJ]Q;D—QT)) tends to zero for any r =1,...,p — 1. Lemmas 4.2 and 4.3 imply together

that the first sum in (4.24) converges to FE[B(1)¥], whereas the second sum converges to zero by

Lemma 4.4. Thus, (4.23) is in order, and the proof of the theorem is concluded. .

Lemma 4.1 We have
pil p 2 p 2 ~
piry=3+Y (*) [<p!>2||fn o Fulisgoan-on + 007 () @0 = 2005 ol
r=1

Proof (following [14]). Let m € Gg),. If r € {0,...,p} denotes the cardinality of {m(1),...,7(p)} N
{1,...,p} then it is readily checked that r is also the cardinality of {7w(p 4+ 1),...,7(2p)} N {p +
1,...,2p} and that

A} 2 fn(th v utp)fn(tfr(l)7 s 7t7r(p))fn(tp+17 v ut2p)fn(t7r(p+1)7 s 7t7r(2p))dt1 v dt2p

= A} jer-2 fn X fn($17 cee 7$2p72r)2dx1 cee d$2p72r = an Qr an%Q([O,l]QP—QT)' (425)
p—27

10



Moreover, for any fixed r € {0,...,p}, there are (113)2(]9!)2 permutations m € Gg, such that
#{r(1),...,m(p)} N{L,...,p} =r. (Indeed, such a permutation is completely determined by the
choice of: (a) r distinct elements x1,...,z, of {1,...,p}; (b) p — r distinct elements x,41,..., )
of {p +1,...,2p}; (c) a bijection between {1,...,p} and {z1,...,2p}; (d) a bijection between
{p+1,...,2p} and {1,...,2p} \ {z1,...,2p}.) Now, recall from (2.9) that the symmetrization of
fn ® fn is given by

fnéfn(thn t2p ' Z fn ﬂ(p))fﬂ(tﬂ'(p+1)7"'7tﬂ'(2p))’

’ 7r€(‘52

Therefore,

~ 1
an®fn||%2([0,1]2p) = (2p)|2 Z /[O 1 fn(tn(l)a s 7t7r(p))fn(t7T(P+1)7 s 7t7r(2p))

T o €6y,
X fn(tn (1) - )fn( 7 (p+1)s ﬂ/(Qp))dtl . .dtgy
= In tla"'7tp)fn(tp+17""t2p)
2p ' ﬂg@: /[0 1]2»
an(t“(l)’ T 7T(p )fn( (p+1)» 7r(2p))dt1 cee dt2p
1 p
- | Z Z / fn(t17---7tp)fn(tp+17...,t2p)
r=0 €62y [071}2p
{W(l),...,ﬂ'(p)}ﬂ{l,...,p}:T
an(tn(1)7 oo 7T(p )fn( (p+1)s 7r(gp))dtl . odtgy.
Hence, using (4.25), we deduce that
. p—1 D 2
(2p)!||fn®fn||%2([071}2p) = 2(29!)2”]071”[1{2([071}@ + (p!)Q z; (7”) an Qp fTLH%?([O’l}?P*?T)
r=
p—1 D 2
= 2+ (p!)2 Z <T‘) | fr. ®r f?’l”%?([()’l}?pf?'r)' (4.26)
r=1

The product formula (2.11) leads to F2 = >7_ r!(? ) Inp—2r (@ fn). Using (2.8)-(2.10), we infer

P

4
E[Fé] = Z(T')2<f> (QP—27”)!||fn®rfn||%2([o,1}2p—2r)

r=0

p—1 4
~ p ~
Ml + 1+ 3002 (1) (@ = 2000 gpn-oy
r=1
By inserting (4.26) in the previous identity, we get the desired result.
Lemma 4.2 Asn — oo, assume that

I fn @ fallzzoajze-2r) =0, r=1,....,p—1. (4.27)

11



Then, for all k > 3 and all (r1,...,75_1) € Ck, we have

k—1 (j—2?“1/p—---—27’j—1/17
ri/p

fnérl cee érk_lfn — H 1(ip—2ri——2r, 1 as n — 0.
= ()X )

Ty

d times

~ —
Proof. In all the proof, for sake of conciseness we write f©? instead of f,®...®f,. (Here, “d
times” just means that f,, appears d times in the expression.) It is readily checked that f§d = fd

so that, according to (2.9),

f;zg)d ®p fn(tla"'atdp p = Z 0.1]7 fn m(1)s - W(d) fn( (dp—p+1)» - tw(dp))
SICP

an(tdp—p-i-h . 7tdp)dtdp—d+1 e dtdp.

Let 7 € Ggp. When {n(jp —p+1),...,7(jp)} #{dp —p+1,...,dp} forall j =1,...,d, it is
readily checked, using (4.27) as well as Cauchy-Schwarz, that the function

(tl’ s ’tdpfp) = 0.1 f?’l(tﬂ(l)7 . ) f'n( (dp—p+1)s -+ tﬂ'(dp))

an(tdp—p-i-h v 7tdp)dtdp—d+1 <o dtdp

tends to zero in L2([0,1]%~P). Let g, be the set of permutations 7 € &g, for which there exists
(at least one) j € {1,...,d} such that {w(jp—p+1),...,7(jp)} ={dp—p+1,...,dp}. We then
have

f;’?d ®p fn(tla"')tdp p ~ dp ' Z [0 1];0 fn ﬂ'(l . ﬂ'(d ) fn( dp p+1) tﬂ'(dp))
T/ gy

an(tdp—p-i-h v 7tdp)dtdp—d+1 s dtd;n

where, here and in the rest of the proof, we use the notation h, =~ g, (for h, and g, two
functions of, say, ¢ arguments) to mean that h, — g, tends to zero in L?([0,1]?). Because a
permutation 7 of 2y, is completely characterized by the choice of the smallest index j for which
{r(jp—p+1),...,7(jp)} = {dp—p+1,...,dp} as well as two permutations 7 € &, and 0 € Spq_p,
and using moreover that f, ®, f, = ||fn\|%2([071]p) = é and that f,, is symmetric, we deduce that

?d Xp fn(th v 7tdp—p) ~ Z fn o(1l)r- -+ a(d ) fn( (dp—2p+1)> - ta(dpfp))
O'Ede —p
d @1 Bd-1)
~ d n ( 17”’7tdp—p): d (t17"'7tdp—p)'
(%) ()
(4.28)

Because the right-hand side of (4.28) is a symmetric function, we eventually get that

~ d ~

®d ~ ®(d—1

n ®panp!(dp) n( )7
p
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with the convention that f,,‘?o = 1. On the other hand, we have f,,‘?déofn = f,,‘?d@fn = f?(dﬂ) by
the very definition of f®?. We can summarize these two last identities by writing that, for any
r € {0,p},

_ ( d ) _

SRy f A —'T/d’; fRatizer/e), (4.29)
T'(r)

N 1 o _ (T11/P) ®(2—27’1/P)

ow, let k > 3 and (ry,...,7,—1) € Ck. Thanks to (4.29), we have f,®,, fn = oy I ,

1

1\ (2-2r1/
(rl/p)( 7’27110 p) f§(3—2r1/p—27"2/p)7

(7'1)! (7;?1) (7‘2)! (2p;22r1)

and so on. Iterating this procedure leads eventually to

fném fnémfn ~

k-1 (j72r1/p7---*27'j71/p)

= = N Ti/p
Jn®ry o By Jn R H (r-)'(jp—2:“1—...—27’j—1) ’ 0
J=1\177" T
which is exactly the desired formula. The proof of the lemma is done. .

Lemma 4.3 For all k > 3, we have

k-1 ,.
E[B(l)k] — Z H (]—27”1/]9—.--—27“3'_1/]))'

r
(r1,.re—1)€CK J=1 ]/p

Proof. The identity is clear when k is an odd integer, because Cj = () in this case. Assume now
that k is even. Consider the representation B(1) = I1(1jg 1)) Iterative applications of the product
formula (2.11) leads to

B = L(1pqy)" = Z Te—ar .2, (L0, ®ry -+ O 1p01))
(r1 1) EAL
k-1 ,.
J—2r —...—2rj4
) H ( Ty )7
7=1
where
Ay = {(ri,...,rk1) € {0,101 g <2 -2, 13 <3 —2r —2r9,...,
Te—1 gk—1—2r1—...—2rk_2}.

By taking the expectation, we deduce that

k-1 ,.
E: = = —2ry — ... —2r;_
E[B(l)k] = 1[071}®T1 .. '®Tk711[071} X | | (J 1 7 1>7
—

~ rj
(Tl,...,rkfl)eck

<
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with

Cr = {(r1,o o rp-1) € {0,131 g 2 - 20y, 73 <3 — 211 — 219, ..,
Thk—1 gk—l—QT‘l—...—QT‘k_g, 2T1+...+2’I”k_1 :k}.
It is readily checked that 1[071} éﬁ e ém_l 1[071] = 1[071}®7_1 .. '®7“k—11[0,1} = 1for all (7”1, e ’kal) S
C'.. Hence
Mo 2r
— 1 — ... — i1
BB = 3 H( — )
(r1esr—1)E€C, =1 !
k=1 ,.
_ Z H(]—Qm/p—...—?rjl/p>
(riyer—1)€C, j=1 Tj/p
which is the desired conclusion. 0
Lemma 4.4 As n — oo, assume that ‘|f?’l®7’f?’l||L2([071}2p72'r) — 0 forallr=1,...,p—1. Then,

as n — 0o we have fn@)?«l .. érk—lfn — 0 for all k > 3 and all (r1,...,rx—1) € F.

Proof. Fix k > 3 and (r1,...,75-1) € E}, and let j € {1,...,k — 1} be the smallest integer
such that r; € {1,...,p — 1}. As in the proof of Lemma 4.2, when h,, and g, are functions of ¢
arguments let us write h, ~ g, to indicate that h, — g, tends to zero in L%([0,1]9). Recall from

~ ~ = d_
(4.29) that f&1®,f, ~ ﬁ F2E=D  Phen
P

|[fn@ry - ©ry_y fo
|f?’1®7’1 “e ®7’]’_1 fn®'rj f’n®7’]’+1 e ®7’k—1 f7‘L|

Q

Nl (fa® - .- ®fn)@(Fr®r, o)l L2 (0,119 fnu’;gg'[&hP) (by Cauchy-Schwarz, for a

chn@r]an (because ||fn‘|%2([0,1]p) = ;% <1
— 0 asn— oo.

NN

c‘(fn(é . éfn)érjfn@)rHl .. é’m_lfn‘ (for some constant ¢ > 0 independent of n)

certain q)
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comments.
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