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1 Introduction and main result

Normalized sums of i.i.d. random variables satisfy the usual central limit theorem. But it is now
well-known that this is not necessarily the case if the i.i.d. random variables are replaced by a
stationary sequence with long-range dependence, that is, with a correlation which decays slowly as
the lag tends to infinity. We want to investigate whether similar non-central results hold in the free
probability setting.

We are motivated by the fact that there is often a close correspondence between classical
probability and free probability. For example, the Gaussian law has the semicircular law as an
analogue, hence the notion of a stationary semicircular sequence with a given correlation function.
Multiple Wiener-Ito6 integrals which span the so-called Wiener chaos have multiple Wigner integrals
as an analogue, with Hermite polynomials being replaced by Tchebycheff polynomials. We will see
that the notion of Hermite rank is to be replaced by the Tchebycheff rank and that long-range
dependence in the free probability setting also yields non-standard limits which are somewhat
analogous to those in classical probability. In classical probability, the limits can be represented by
multiple Wiener-It6 integrals. In free probability, they are represented by multiple Wigner integrals
with similar kernels. Finally, the Hermite processes that appear in the limit in the usual probability
setting are replaced, in the free probability setting, by non-commutative Tchebycheff processes.

Before stating our main results, let us describe their analogue in the classical probability
framework. Let Y = {Y; : k € Z} be a stationary Gaussian sequence on a probability space
(Q,F, P), with E[Y;] = 0 and E[Y}?] = 1, and let p(k — ) = E[Y;Y]] be its correlation kernel.
(Observe that p is symmetric, that is, p(n) = p(—n) for all n > 1.) Let Ho(y) = 1, Hi(y) = v,
Ho(y) = y?> — 1, H3(y) = > — 3y, ..., denote the sequence of Hermite polynomials (determined by
the recursion yHy = Hyy1 + kHyi_1), and consider a real-valued polynomial @ of the form

Qy) = asH(y), (1.1)

with ¢ > 1 and a4 # 0, and where only a finite number of coefficients a, are non zero. The integer
q is called the Hermite rank of ). Finally, set

[nt] [nt]
W@, 1) => Qi) = asy Hy(Yi), t>0. (1.2)

k=1 s2q k=1
The following theorem is a summary of the main findings in Breuer and Major [1], Dobrushin
and Major [5] and Taqqu [15, 16]. Here and throughout the sequel, the notation ‘f.d.d.” stands for

the convergence in finite-dimensional distribution.
Theorem 1.1. Let Q be the polynomial defined by (1.1) and let W, (Q,-) be defined by (1.2).
1 If > cn |p(R)|? is finite, then, as n — oo,

W@, ) f.dd. Zs!ag Zp(k‘)s X B, (1.3)

\/ﬁ s$2q keZ

with B a classical Brownian motion.

2. Let L : (0,00) — (0,00) be a function which is slowly varying at infinity and bounded away
from 0 and infinity on every compact subset of [0,00). If p has the form

pk) =k PL(k), k>1, (1.4)



with 0 < D < %, then, as n — oo,

W, (Q,-) fdd. aq

ni=aD/2[,(n)a/? \/(1 —Py1 - ¢D)

Here, Ry_yp/2 4 1s the qth Hermite process of parameter 1 — qD/2, defined as

Ry_qpj2.4(t) = e(a, D) /Rq [/0 (H(S — yz)IDQH) ds

1=1

X Rl—qD/Zq' (15)

dBy, ...dB,,,

with ¢(q, D) an explicit positive constant depending on q and D and such that
E[Rl_qD/27q(1)2] = 1, and the above integral is a multiple Wiener-Ité stochastic integral with
respect to a two-sided Brownian motion B.

For background on the notions of Hermite processes, see Dobrushin and Major [5], Embrechts
and Maejima [0], Peccati and Taqqu [14], and Taqqu [15, 16, 17]. A slowly varying function at
infinity L(x) is such that lim,_,o, L(cz)/L(z) = 1 for all ¢ > 0. Constants and logarithm are slowly
varying. A useful property is the Potter’s bound (see [3, Theorem 1.5.6, (ii)]): for every § > 0,
there is C'= C(J) > 1 such that, for all z,y > 0,

<o) G) '}

When p is given by (1.4), then

) <oo ifD>1/q
é‘p(k)‘ {:oo if0<D<1/q "

When D > 1/q, one says that the process X has short-range dependence. When 0 < D < 1/q, one
says that it has long-range dependence. In the critical case D = 1/q, the series may be finite or
infinite, depending on the precise value of L; this is the reason why we do not investigate this case
further in Theorem 1.1 nor in the forthcoming Theorem 1.2.

We now state our main result, which may be regarded as a non-commutative counterpart of
Theorem 1.1. Some of the terms and concepts of free probability used here are defined in Section
2 which introduces free probability in a nutshell.

Let X = {X}) : k € Z} be a stationary semicircular sequence on a non-commutative probability
space (7, p), assume that ¢(X;) =0 and p(X?) =1 and let p(k — 1) = (X3 X)) be its correlation
kernel. (Observe that p is symmetric, that is, p(n) = p(—n) for all n > 1.) Let Up(z) = 1,
Ui(z) =z, Us(x) = 22 — 1, Us(x) = 23 — 2z, ..., denote the sequence of Tchebycheff polynomials of
second kind (determined by the recursion Uy = Ug41 + Ug_1). For a presentation of polynomials
in the classical and free probability setting, see Anshelevich [1]. Consider a real-valued polynomial
Q@ of the form

Q) =Y a,Us(), (1.7)
s2q

with ¢ > 1 and a4 # 0, and where only a finite number of coefficients a, are non zero. The integer
q is called the Tchebycheff rank of (). Finally, set

] ]

Va(@,1) =Y Q(Xy) = > as Y Us(Xy), t=0. (1.8)
k=1 1

s=q k=

Our main result goes as follows:



Theorem 1.2. Let Q) be the polynomial defined by (1.7) and let V,,(Q,-) be defined by (1.8).

1 If > en |p(R)|? is finite, then, as n — oo,

Vn(Q, ) f,i)d. Zagzp(k)s xS, (1.9)

\/ﬁ s$2q keZ

with S a free Brownian motion, defined in Section 2.7.

2. Let L : (0,00) — (0,00) be a function which is slowly varying at infinity and bounded away
from 0 and infinity on every compact subset of [0,00). If p has the form (1.4) with 0 < D < %,
then, as n — o0,

Va(Q,)  fdd aq
Ry_yp)aq- 1.10
W=D Ly Ji-D)1-D) X Ri-gp/2,4 (1.10)

Here, Ri_4p/2q is the qth non-commutative Tchebycheff process of parameter 1 — qD/2,
defined by a multiple Wigner integral of order q. It is given in Definition 3.5.

Let us compare Theorem 1.1 and Theorem 1.2. The fact that (1.9) relies on the free Brownian
motion S implies for example that the marginal distribution of S is not Gaussian but is the
semicircular law defined in Section 2.6, which has, in particular, a compact support. The notion
of free independence is very different from the classical notion of independence as noted in Section
2.5. The resulting multiple integrals are then of a very different nature. Also, since the Hermite
and Tchebycheff polynomials are different, the decomposition of the polynomial @) in Tchebycheff
polynomials is different from its decomposition in Hermite polynomials and, consequently, its
Tchebycheff rank can be different from its Hermite rank. This implies that even the order of
the multiple integral in the limit may not be the same.

In the non-commutative probability context, the exact expression of the underlying law is of
relatively minor importance. Moments are essential. In fact, convergence in law can be defined
in our setting through convergence of moments. Also, in the classical probability setting, one can
consider a function Q(z) in (1.2) which is not necessarily a polynomial. One could possibly do so
as well in the non-commutative probability setting.

The methods of proof of Theorems 1.1 and 1.2 are different. The proof of the central limit
theorem in Theorem 1.2 does not need to rely on cumulants and diagrams as in the classical case
(see [1]). It uses a transfer principle established recently in [13] and stated in Proposition 5.1. The
proof of the non-central limit theorem in Theorem 1.2 is much simpler than in the classical proof of
Dobrushin and Major [5] and Taqqu [15, 16] because it is sufficient here to establish the convergence
of joint moments. Such an approach breaks down in the classical case when g > 3 because, there,
the joint moments do not characterize the target distribution anymore.

We proceed as follows. In Section 2, we present free probability in a nutshell and define multiple
Wigner integrals. In Section 3, we introduce the non-commutative fractional Brownian motion,
the non-commutative Rosenblatt process and more generally the non-commutative Tchebycheff
processes, and study some of their basic properties. We compute their joint moments in Section 4.
Theorem 1.2 is proved in Section 5.



2 Free probability in a nutshell

2.1 Random matrices

Let (Xi;)i,j>1 be a sequence of independent standard Brownian motions, all defined on the same
probability space (2, F, P). Consider the random matrices

An(t) = (X\i/g) > I<ij<n

An(t) + An()"

/2 )
where A, (t)* denotes the transpose or adjoint of the matrix A, (t). Thus, M,(t) is self-adjoint.
For each t, A,(t) and M,(t) both belong to 7, the set of random matrices with entries in
L>*=(Q) = Np>1LP(Q2), that is, with all moments. On .@7,, consider the linear form 7, : &, — R
defined by

and

M, (1) = (2.11)

(M) = B [%mM)] , (2.12)

where F denotes the mathematical expectation associated to P, whereas Tr(-) stands for the usual
trace operator. The space (7,,7,) is the prototype of a non-commutative probability space.

Let tp > ... >t; >ty = 0. A celebrated theorem by Voiculescu [20] asserts that the increments
M, (t1), My (t2) — My (t1), ..., My (tr) — My (tx—1) are asymptotically free, meaning that

Tn (Ql(Mn(tzl) — Mn(til—l)) . Qm(Mn(tzm) — Mn(tim—l))) —0 asn— o0,

for all m > 2, all iy,... 4y, € {1,...,k} with iy # da, i9 # i3, ..., im—1 # im, and all real-valued
polynomials Q1, ..., @, such that 7,,(Q;(M,(t;) — My(t;—1))) — 0asn — oo for each i = 1,...,m.
Let t > 0. The celebrated Wigner theorem [21] can be formulated as follows: as n — 0o, M, (t)

converges in law to the semicircular law of variance ¢, that is, for any real-valued polynomial Q,

2Vt
! t Q(z)\V 4t — z2dz.

ol

In the same way as calculus provides a nice setting for studying limits of sums and as classical
Brownian motion provides a nice setting for studying limits of random walks, free probability
provides a convenient framework for investigating limits of random matrices. In the setting of
free probability, free independence (see Section 2.5) replaces independence, increments have a
semicircular marginal law (see Section 2.6) and thus, free Brownian motion (see Section 2.7) which
has these properties, can be used to study random matrices M, (t) for large n. Conversely, one may
visualize free Brownian motion as a large random matrix M, (t).

2.2 Non-commutative probability space

In this paper, we use the phrase “non-commutative probability space” to indicate a von Neumann
algebra o/ (that is, an algebra of operators on a complex separable Hilbert space, closed under
adjoint and convergence in the weak operator topology) equipped with a trace ¢, that is, a unital
linear functional (meaning preserving the identity) which is weakly continuous, positive (meaning
©(X) > 0 whenever X is a non-negative element of o/; i.e. whenever X = YY™ for some Y € &),
faithful (meaning that if ¢(YY*) =0 then Y = 0), and tracial (meaning that ¢(XY') = ¢(Y X) for
all XY € &7, even though in general XY # Y X). We will not need to use the full force of this
definition, only some of its consequences. See [11] for a systematic presentation.



2.3 Random variables

In a non-commutative probability space, we refer to the self-adjoint elements of the algebra as
random variables. Any random variable X has a law: this is the unique probability measure p on
R with the same moments as X; in other words, u is such that

/R Q(a)du(z) = p(Q(X)), (2.13)

for any polynomial Q. (The existence and uniqueness of u follow from the positivity of ¢, see [11,
Proposition 3.13].) Thus ¢ acts as an expectation. The 7, in (2.12), for example, play the role of
. Also, while there is a classical random variable X € R with law u, there is, a priori, no direct
relationship between X and X.

2.4 Convergence in law

We say that a sequence (Xi,...,Xkn), n = 1, of random vectors converges in law to a random
vector (X1,o0,- -+ Xkoo), and we write

law

(Xl,m N ,ka) — (Xl,ooa N ,kao),
to indicate the convergence in the sense of (joint) moments, that is,

nh—>nc10 (%2 (Q(le, e 7Xk,n)) = (Q(XLOO, . 7Xk,oo)) s (2.14)
for any polynomial @ in k non-commuting variables. In the case of vectors, there may be no
corresponding probability law i (x, . x,) asin (2.13), see [11, Lecture 4].

We say that a sequence (F,) of non-commutative stochastic processes (that is, each F, is a one-
parameter family of self-adjoint operators F,(t) in the non-commutative probability space (<7, ¢))
converges in the sense of finite-dimensional distributions to a non-commutative stochastic process

F, and we write

f.d.d.
_>

F, Fe,

to indicate that, for any k£ > 1 and any t1,...,t > 0,
law
(Fa(t)s- -, Fu(tr)) = (Foo(t1), - - -, Foo(tr)-

2.5 Free independence

In the non-commutative probability setting, the notion of independence (introduced by Voiculescu
in [19]) goes as follows. Let .@,..., %, be unital subalgebras of 7. Let X1,...,X,, be elements
chosen from among the .«7’s such that, for 1 < j < m, two consecutive elements X; and X;;1 do
not come from the same <7, and such that ¢(X;) = 0 for each j. The subalgebras .4, ..., <, are
said to be free or freely independent if, in this circumstance,

Random variables are called freely independent if the unital algebras they generate are freely
independent.  Freeness is in general much more complicated than classical independence.
Nevertheless, if X,Y are freely independent, then their joint moments are determined by the



moments of X and Y separately as in the classical case. For example, if X,Y are free and m,n > 1,
then by (2.15),
P((X™ = p(X™MD(Y™ = p(Y™")1)) =0.

By expanding (and using the linear property of ¢), we get
e(X™Y"™) = o(X™)p(Y"), (2.16)

which is what we would expect under classical independence. But, by setting X1 = X3 = X —¢(X)1
and Xo = X4y =Y — ¢(Y) in (2.15), we note that two consecutive X; do not belong to the same
subalgebra and hence, by (2.15), we also have

P((X = (XD — p(V)1)(X — p(X))(Y — ¢(Y)1)) = 0.
By expanding, using (2.16) and the tracial property of ¢ (for instance (XY X) = p(X?Y)) we get
PXYXY) = oY) 0(X?) +o(X)?p(Y?) — p(X)?p(Y)?,

which is different from ¢(X?)p(Y2), which is what one would have obtained if X and Y were
classical independent random variables. Let us note, furthermore, that the relation between
moments and cumulants! is different from the classical case (see [11, identity (11.8)]).

2.6 Semicircular distribution

The semicircular distribution S(m,o?) with mean m € R and variance o2 > 0 is the probability
distribution

1

2mo?

S(m, %) (dz) = V4o? — (x —m)? 1{|z—m|<20} d. (2.18)

If m = 0, this distribution is symmetric around 0, and therefore its odd moments are all 0. A
simple calculation shows that the even centered moments are given by (scaled) Catalan numbers:
for non-negative integers k,

m—+20
/ (x —m)*S(m, 0?)(dx) = Cro?*,

m—2o0
1 (2
Ck_k:+1<k>

(see, e.g., [11, Lecture 2]). In particular, the variance is o while the centered fourth moment is 20
The semicircular distribution plays here the role of the Gaussian distribution. It has the following
similar properties:

where

1. If S ~ S(m,0?) and a,b € R, then aS + b ~ S(am + b, a’5?).

! Cumulants have the following property which linearizes independence:
Fn(X+Y, ., X+Y)=kn(X,..., X))+ krn(Y,...,Y), n>1 (2.17)

Relation (2.17) holds in classical probability if X and Y are independent random variables and it holds in free
probability if X and Y are freely independent (see [11, Proposition 12.3]). Since the classical notion of independence
is different from the notion of free independence, the cumulants k., in classical probability are different from those in
free probability.



2. If S1 ~ S(mq,0%) and Sy ~ S(ma, 03) are freely independent, then S1+Ss ~ S(my +ma, o3+
2

03).
The second property can be readily verified using the R-transform. The R-transform of a random
variable X is the generating function of its free cumulants. It is such that, if X and Y are
freely independent, then Rxy(z) = Rx(z) + Ry(z). The R-transform of the semicircular law
is Rg(m,o2)(2) = m + 02z, z € C (see [11, Formula (11.13)]).

2.7 Free Brownian Motion

A one-sided free Brownian motion S = {S(t)}+>0 is a non-commutative stochastic process with the
following defining characteristics:

(1) S(0) = 0.

(2) Forty >t; > 0, the law of S(t2)—S(t1) is the semicircular distribution of mean 0 and variance
to — t1.

(3) For all n and t,, > -+ >ty > t; > 0, the increments S(t1), S(t2) — S(t1), ..., S(tn) — S(tn-1)

are freely independent.

A two-sided free Brownian motion S = {S(t)}+er is defined to be

[ S if ¢ >0
S(t)_{S;(—t) itt<0

where S7 and S5 are two freely independent one-sided free Brownian motions.

2.8 Wigner integral

From now on, we suppose that L?(RP) stands for the set of all real-valued square-integrable functions
on RP. When p = 1, we only write L?(R) to simplify the notation.

Let S = {S(t)}ter be a two-sided free Brownian motion. Let us quickly sketch out the
construction of the Wigner integral of f with respect to S. For an indicator function f = 1y, |, the
Wigner integral of f is defined by

/Rl[um] (x)dS(x) = S(v) — S(u).

We then extend this definition by linearity to simple functions of the form f = Zle i Ly, i)
where [u;, v;] are disjoint intervals of R. Simple computations show that

¢< /R f(:z:)dS(:z:)) ~ 0 (2.19)
o ([ r@as < [o@is@) = (G, (2.20)

By approximation, the definition of [ f(z)dS(x) is extended to all f € L*(R), and (2.19)-
(2.20) continue to hold in this more general setting. As anticipated, the Wigner process
{Jg f(@)dS(x): f € L*(R)} forms a centered semicircular family in the sense of the forthcoming
Section 2.9.



2.9 Semicircular sequence and semicircular process

Let k > 2. A random vector (X7,..., Xy) is said to have a k-dimensional semicircular distribution
if, for every A1,..., Ax € R, the random variable A1 X1 + ...+ A\ X has a semicircular distribution.
In this case, one says that the random variables X1, ..., X} are jointly semicircular or, alternatively,
that (X1, ..., Xg) is a semicircular vector. As an example, one may visualize the components of the
random vector (X1, ..., Xx) as, approximatively, normalized random matrices (M, (t1), ..., M, (tx))
in (2.11) with large n.

Let I be an arbitrary set. A semicircular family indexed by I is a collection of random variables
{X; : i € I} such that, for every k > 1 and every (i1,...,i) € I*, the vector (X;,,...,X;,) has
a k-dimensional semicircular distribution. When X = {X; : i € I} is a semicircular family for
which I is denumerable (resp. for which I = Ry ), we say that X is a semicircular sequence (resp.
semicircular process).

The distribution of any centered semicircular family {X; : ¢ € I} turns out to be uniquely
determined by its covariance function I' : I? — R given by I'(i,7) = ¢(X;X;). (This is an
easy consequence of [I1, Corollary 9.20].) When [ = Z, the family is said to be stationary if
I'(i,j7) = T'(|i — j|) for all 4,5 € Z.

Let X = {X} : k € Z} be a centered semicircular sequence and consider the linear span H of X,
called the semicircular space associated to X. It is a real separable Hilbert space and, consequently,
there exists an isometry ® : H — L?(R). For any k € Z, set e, = ®(X}); we have, for all k,l € Z,

/Rek(a:)el(x)dx = (X X;) =T(k,1).

Thus, since the covariance function I' of X characterizes its distribution, we have

(Xp: kez} '™ {/Rek(x)dS(x) ke Z},

with the notation of Section 2.8.

2.10 Multiple Wigner integral

Let S = {S(t)}ter be a two-sided free Brownian motion, and let p > 1 be an integer. When f
belongs to L?(RP) (recall from Section 2.8 that it means, in particular, that f is real-valued), we
write f* to indicate the function of L?(RP) given by f*(t1,...,tp) = f(tp, ..., t1).

Following [2], let us quickly sketch out the construction of the multiple Wigner integral of f
with respect to S. Let A? C R? be the collection of all diagonals, i.e.

AT = {(t1,...,ty) € RT: t; =t; for some i # j}. (2.21)

For a characteristic function f = 14, where A C RY has the form A = [u,v1] X ... X [ug, v4] with
AN A2 = (), the gth multiple Wigner integral of f is defined by

I3(f) = (1) — S(un)).-.. (S(vy) — S(u,)).

We then extend this definition by linearity to simple functions of the form f = Zle a;ly,, where

Aj = [uf,v}] X ... x [u},v}] are disjoint ¢-dimensional rectangles as above which do not meet the
diagonals. Simple computations show that

p(I7(f) = 0 (2.22)

CP(IqS(f)L}g(g)) = (f, g*>L2(RQ)- (2.23)



By approximation, the definition of I;'(f) is extended to all f € L*(RY), and (2.22)-(2.23) continue
to hold in this more general setting. If one wants Ilf (f) to be a random variable in the sense of
Section 2.3, it is necessary that f be mirror symmetric, that is, f = f*, in order to ensure that
I(f(f) is self-adjoint, namely (I(f(f))* = Iqs(f) (see [3]). Observe that I (f) = [p f(2)dS(z) (see
Section 2.8) when ¢ = 1. We have moreover

go([f(f)[f(g)) =0 when p # q, f € L?(RP) and g € L?(RY). (2.24)

When r € {1,...,pAq}, f € L*(RP) and g € L*(RY), let us write f ~ g to indicate the rth
contraction of f and g, defined as being the element of L?(RPT9=%") given by

gt tprg-ar) (2.25)

= f(tl, PN ,tp—r, Tlye-- ,:ET)g(l‘r, ey X1, tp—r—l—l, PN ,tp+q_27«)d$1 PN d:l??«.
R"

By convention, set f A g = f ® g as being the tensor product of f and g. Since f and g are
not necessarily symmetric functions, the position of the identified variables xi,...,x, in (2.25) is
important, in contrast to what happens in classical probability (see [14, Section 6.2]). Observe
moreover that

If ~ gllrzera-2ry < I lL2@e)llgll L2 ra) (2.26)

by Cauchy-Schwarz, and also that f 2 g = (fs9") r2(mey When p = q.
We have the following product formula (see [2, Proposition 5.3.3]), valid for any f € L*(RP) and
g € L*(RY):
PAg

L(NIZ9) = Lrgoor(f ~ 9)- (2.27)
r=0

We deduce (by a straightforward induction) that, for any e € L?(R) and any ¢ > 1,

U, < /R e(:z:)dSm> = I5(c%), (2.28)

where Up(z) = 1, Uy(z) = x, Us(x) = 2% — 1, Us(z) = 23 — 2z, ..., is the sequence of Tchebycheff
polynomials of second kind (determined by the recursion zUy = Uity + Up—1), [pe(x)dS(z) is
understood as a Wigner integral (as defined in Section 2.8), and €®4 is the gqth tensor product of e,
i.e., the symmetric element of L?(RY) given by e®4(t1,...,t,) = e(t1)...e(ty).

3 Non-commutative Tchebycheff processes and basic properties

We define first the non-commutative fractional Brownian motion, then the non-commutative
Rosenblatt process, which is a multiple Wigner integral of order 2, and then we introduce the
general non-commutative Tchebycheff processes involving multiple Wigner integrals of arbitrary
order.

3.1 Non-commutative fractional Brownian motion

The classical fractional Brownian motion was introduced by Kolmogorov [9] and developed by
Mandelbrot and Van Ness [10].

10



Definition 3.1. Let H € (0,1). A non-commutative fractional Brownian motion (ncfBm in short)
of Hurst parameter H is a centered semicircular process Sy = {Su(t) : t > 0} with covariance
function

o(Sy (£)Sn(s)) = %(tﬂf L ), (3.29)

It is readily checked that S/, is nothing but a one-sided free Brownian motion. Immediate
properties of Sg, proved in Corollary 4.4, include the selfsimilarity property (that is, for all a > 0
the process {a 7 Sg(at) : t > 0} is a ncfBm of parameter H) and the stationary property of the
increments (that is, for all A > 0 the process {Sg(t +h) — Sg(h) : t > 0} is a ncfBm of parameter
H). Conversely, ncfBm of parameter H is the only standardized semicircular process to verify these
two properties, since they determine the covariance (3.29).

It is interesting to notice that ncfBm may be easily represented as a Wigner integral as follows:

f.d.d. oH . -
e \/(H— $)8(H — 3,2 — 2H) /R <(' —z)y ? = (-2)y )dS(x).

29

Here, 8 stands for the usual Beta function. In the classical probability case, one has a similar
representation with S replaced by a Brownian motion.

As an illustration, we will now show that normalized sums of semicircular sequences can converge
to ncfBm. Let {Xy : k € Z} be a stationary semicircular sequence with ¢(X;) = 0 and ¢(X?) = 1,
and suppose that its correlation kernel p(k — 1) = (X} X;) verifies

Z p(k—1) ~ Kn*'L(n) asn — oo, (3.30)
k=1

with L : (0,00) — (0,00) slowly varying at infinity, 0 < H < 1 and K a positive constant. Consider
the non-commutative stochastic process

[nt]

nH\/—ZXk,

Zn(t) = £>0

For any t > s > 0, we have, as n — o0,

[ Zn(t)Zn(s)]

1 1 1
= 590 [Zn(t)2] + 590 [Zn(s)Z] - 590 [(Zn(t) - Zn(s))2]
1 [nt] 1 [ns] 1 [nt]
= I > pli—i)+ ST > pli—4) - ST > pli— )
ij=1 ij=1 i,j=[ns]+1
1 [nt] 1 [ns] 1 [nt]—[ns]
- 2n2HL(n) igz:l ,O(Z B J) + 2n2HL(n) igz:l ,O(Z B J) o 2n2HL(n) igz:l p(’L - ])
K
— E(tzH + 2 (4 — S)2H) = K o(Su(t)Su(s)).
Let p > 1 as well as t1,...,t, > 0. Since the X}’s are centered and jointly semicircular, the process

Z, is centered and semicircular as well, and we have shown that, as n — oo,

Z, " VK Sy

11



3.2 Non-commutative Rosenblatt process

The Hermite process indexed by g > 1 appeared as a limit in Theorem 1.1 in the classical probability
setting. When ¢ = 1, it is fractional Brownian motion. When ¢ = 2, it is the Rosenblatt process,
introduced in Taqqu [15] and which appears as a limit in many statistical tests. See Taqqu [1&] for
a recent overview. We introduce here the non-commutative Rosenblatt process.

Definition 3.2. Let H € (%, 1). The non-commutative Rosenblatt process of parameter H is the
non-commutative stochastic process defined by the double Wigner integral

Ry(t) = Rua(t) =I5 (fu(t,), t=>0, (3.31)
where
\/ 2H -1) H_ H_
fu(t,z,y) = (s —x)} 1 (s —y)} ds, (3.32)
with B the usual Beta function.

Using the relations
H_ H_ H
[=aE -0 e =1 - Bl - s,
R

as well as
H(2H — 1) // it — s 2dsdt = T*, T >0, (3.33)
(0,772

it is straightforward to check that ¢(Ry (t)?) = [go fu(t, z,y)*dzdy = t*7.

The Rosenblatt process at (fixed) time ¢ is a double Wigner integral whose kernel fr(t,-) is
symmetric, see (3.32). As such, it enjoys useful properties, that we derive now in full generality.
Assume then that f € L?(IR?) is a given symmetric kernel. One of the most effective ways of dealing
with Iég (f) is to associate to f the following Hilbert-Schmidt operator:

Ap: LX(R) = L*(R); g+ /Rf(-,y)g(y)dy. (3.34)

In other words, Ay transforms an element g of L?(R) into the contraction f A g € L*(R).
We write {Af; :j > 1} and {ey; : j > 1}, respectively, to indicate the eigenvalues of Ay and the
corresponding eigenvectors (forming an orthonormal system in L?(R)).

Some useful relations between all these objects are explained in the next proposition. The proof,
which is omitted here, relies on elementary functional analysis (see e.g. Section 6.2 in [7]).

Proposition 3.3. Let f be a symmetric element of L?(R?), and let the above notation prevail.

1. The series ZJ 1 f] converges for every p = 2, and f admits the expansion

F=3 A (erg®er;), (3.35)
j=1

where the convergence takes place in L*(R?).

12



2. For every p = 2, one has the relations
Tr(A%) = /Rp flx1, @) ... fxp—1,2p) f(xp, x1)d2y ... dp = Zx\?]—, (3.36)
j=1
where Tr(A?) stands for the trace of the pth power of Ay.

In the following statement we collect some facts concerning the law of a random variable of the
type I3 (f).
Proposition 3.4. Let F' = Iy (f), where f is a symmetric element of L?(R?).
1. The following equality holds:
(o]
F2 50,82 -1), (3.37)
j=1
where (Sj)j>1 is a sequence of freely independent S(0,1) random variables, and the series
converges in L?( , ).

2. For every p > 2, the pth free cumulant of F is given by the following formula:

kp(F,...,F) = . flx1,@2) ... f(xp—1,2p) f(xp, x1)dzy . . . dp. (3.38)

Proof. Relation (3.37) is an immediate consequence of (3.35), of the identity
2
IS (e @epy) = I3 (efy)” — 1,

as well as of the fact that the {es;} are orthonormal (implying that the sequence {I{ (es;) : j > 1}
is composed of freely independent S(0, 1) random variables). To prove (3.38), it suffices to use the
linearization property (2.17) of free cumulants, as well as the fact? that

p(S%—1,...,8% —1) = kp(S2,. .., SH) + kp(—1,...,—1) = Kp(S?,..., 8% =1
for all p > 2, see e.g. [l1, Proposition 12.13] for the last equality. We thus obtain the desired
conclusion by means of (3.36). O

In the classical probability setting where S; is A'(0, 1), there is an additional factor of 2~1(p—1)!
in (3.38). See e.g. Taqqu [15].

3.3 Non-commutative Tchebycheff processes

The classical probability versions of these processes are the Hermite processes. See e.g. Peccati-
Taqqu [14, Section 9.5].

Definition 3.5. Let H € (%, 1). The qth non-commutative Tchebycheff process of parameter H is
the non-commutative stochastic process defined by the Wigner integral

Rpq(t) = Iqs(fH,q(t, ))7 t >0, (3.39)
where
H(2H —1) t —( 41=H) (L4 1=H)
gt 1, %) = =71 55 2 / (s—m)y?® @ . (s—wxg)y? T ds, (3.40)
Bz — 5= Jo

with B the usual Beta function.

2Since all the free cumulants of S? are equal to 1, S? has a free Poisson law with mean 1.

13



The process R, becomes the non-commutative fractional Brownian motion and the non-
commutative Rosenblatt process when ¢ = 1 and ¢ = 2 respectively. Note however that when ¢ =1
the process is defined for H between 0 and 1.

Using the relations

/(t - x)j’r_l(s - :E)l_ldx =By, 1 =29t -5t 0<y<1/2, (3.41)
R
and (3.33), we easily get that

O(Rp 4(t) / frq(t, x1,. .. ,:Eq)2d:171 coodrg = 24 (3.42)

The process Ry, has stationary increments and is selfsimilar with parameter H, as stated in
Corollary 4.4 below.

4 Computation of joint moments

Let p > 2 be a given integer. Let fi,..., f, be real functions of ¢,...,q, variables respectively.
Write q, = (q1,. - ,qp). We want to compute

(o (2 f2) 2 f) ) = (4.43)
for some functions f,..., f, of interest. The contraction operator ~ is defined in (2.25). The

expression (4.43) makes sense if and only if r = (r1,...,7p—1) € A(qp), where A(q,) is the set of
those (r1,...,7p-1) € {0,...,q2} x ... x{0,...,¢p} such that

r1<q1, Te < qutq2—2r, r3 < qrt+qe+ g3 — 2rp — 2ro,
cey Tp—1 <ql+...—|—qp_1—27"1—...—2T'p_2, (444)

and (4.43) equals a real number if and only if r € B(q,), where
Blay) ={r=(r1,...,7p-1) €A(gp) : 2r1 + ...+ 2rp1=q1 + ... + g }- (4.45)

Indeed, for fi 2 f» to make sense, we need 0 < r; < q1 A qo. Then for (f1 2 f2) = f3 to make
sense, we need 0 < 79 < g3 A (g1 + g2 — 2r1); this is because f1 A fy has q1 + g2 — 2r; variables
and f3 has g3 variables. It follows, by induction, that for (4.43) to make sense, it is necessary that
(r1,...,rp—1) € A(qp). In order for (4.43) to be a scalar, we need (r1,...,r,—1) € B(qp), since the
number of variables of (4.43) is given by ¢1 + ...+ ¢, —2r; — ... — 2rp_1.

The following lemma gives the value of (4.43) for functions fi,..., f, of interest. The result
involves an array of non-negative integers

a(r), 1<i<j<p, (4.46)

which are defined as follows for r € B(q,). Consider the following figure, where there are ¢;+...+¢,
dots. The first ¢; corresponds to the ¢ variables of fi, ..., the last g, dots corresponds to the g,
variables of f,.

We shall associate pairs of dots according to the mechanism described below, and we say that
a dot is available if it has not been associated so far. The association rule, call it (A), involves

14



block 1  block 2 block 3 block 4

Figure 1: p=4,¢q1 =3, 2 =2,qg3 =4 and ¢4 =3

block 1  block 2 block 3 block 4
] ] I I [ ) [ ) [ ) [ ) [ ) [ ) [ ) [

Figure 2: 1 =1

associating the left most available dot in a block with the right most available dot in preceding

blocks.
To perform these associations, proceed as follows. Start with block j = 2 and do r; associations

with block 1, following the association rule (A).

Proceed to block j = 3,4,...,p. In block j > 3, associate rj_; dots with available dots in the
preceding blocks following the association rule (A). Once block j = p is done, all dots have been
associated pairwise.

Figure 3 below illustrates an example of associations.

block 1  block 2 block 3 block 4

Figure 3: p=4, g1 =3, (2 =2, qgs =4, ¢u =3, r1 =1, 719 =2and r3 =3

Definition 4.1. When r = (r1,...,7p-1) € B(qp), denote by «;;(r) the number of associations
between dots of block j with dots of block i, 1 <1i < j < p.

For instance, in Figure 3, we have

0112(1') 0113(1') 0414(1') 1 1 1
agg(r) 0424(1‘) = 10
0434(1') 2
The following lemma gives an explicit expression for (4.43) for functions fi, ..., f; which appear

in the sequel.

Lemma 4.2. Let T C R, and let e : T x R = R be a measurable function. Fiz also integers p > 2
and q1,...,qp = 1, and let v1,...,v, be given signed measures on R. Assume further that

2
/ </ le(s,z1)] ... |e(s, zq,)] ]Vi\(ds)> dey...dxg <oo, i=1,...,p.
Re \JT
Finally, for anyi=1,...,p, define f; : R% — R to be
filz1,...,2q,) = / e(s,x1)...e(s,xq)vi(ds).
T

15



Then, for any r = (r1,...,7p—1) € B(qp) (recall the definition (4.45) of B(qp)), we have

N A R (/R (s, 2)e(s;, >dx)%(’3l<d31>...up<ds,,>.

1<i<i<p

Proof. Fix r = (r1,...,rp—1) € B(qp). We have

(A R)R ). E
- /Tp( o ((6(31’ ')®q1 A e(s2, ')®q2) = e(ss, ‘)®q3) . S e(sp, ')®qu1(d31) s Vp(dsp)7

where we expressed f; as fi(-) = fT )®%y,;(ds). What matters in the computation of

(... ((e(s1,)®0 A e(sq,-)292) Q e(ss, - )®‘13)...) " e(sy, )@ s, for each i < j, the number
a;j(r) of associations between the block j and the block i. Hence

(... ((e(s1, )2 A e(sq,)®92) 2 e(s3,-)%98)...) e e(sp, )2

- 11 ( /R (s, 2)e(s;, )dx>aij(r),

1<i<j<p
and the desired formula follows. O

We shall apply Lemma 4.2 with a discrete v = > d; where 0 is Dirac mass, and with a
Lebesgue-type v. The following result plays an important role in the proof of the non-central limit
theorem (1.10).

Proposition 4.3. Fix two integers ¢ > 1 and p > 2, and let t1,...,t, be positive real numbers.
Setqp = (q1,---,9) = (q,...,q). Recall the definition (4.46) of a;j(r) when r = (r1,...,rp—1) €
B(qp). Then, the following two assertions hold:

1. Let X = {Xy : k € Z} be a stationary semicircular sequence with p(Xy) =0 and p(X?) =1,
and let p(k — 1) = (X X)) be its correlation kernel. Write U, to indicate the qth Tchebycheff

polynomial, and define
[nt]

Gn(t) =) Uy(Xy), t=0. (4.47)
k=1

Then

[nt1] [ntp]

P(Gu(t1) .. => .. > [T ek = ky)eu). (4.48)

k1=1 kp=1 (ri,...,rp-1)€B(qp) 1<i<j<p
2. Let Ry 4 be a qth non-commutative Tchebycheff process of parameter H € (1/2,1). Then

SD(RH,q(tl) s RH,q(tp)) (4.49)

t t
e — 12 [ s, " ds 3 I 1si— sy 709 @557
s [ sy = .

(riserp—1)EB(ap) 1<i<j<p

Proof. 1. Let {e}, : k € Z} C L*(R) be defined as in Section 2.9. In the definition (4.47) of G,,, we
can assume without loss of generality that

Xy = I5(ex) = /]R ex(2)dS(z), ke
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By virtue of (2.28), we have Gy (t) = I5(gn(t,)), with

[nt]
gn(t,x1,...,2q) = Zek(xl) ep(zg).
k=1

By the product formula (2.27),

Gn(tl)Gn(t2) = I;IS (gn(tla ))[(}S’ (gn(t2a )) = Z I§q—2r1 (gn(tly ) A gn(t27 ))

r1=0

Iterative applications of the product formula (2.27) lead to

Gu(t1) ... Gnlty) (4.50)

= Z [I?’q_2r1—...—2rp71 (( ((gn(th') A gn(t27')) A gn(t?n'))’”) Tg;1 gn(tp7'))’
(7‘17"'77‘1)*1)6‘4((1?)

where A(qp) is defined by (4.44). By applying ¢ to (4.50) and using (2.22), we deduce that the
only non-zero terms occur when pg — 2r; — ... —2r,_1 = 0. Since Iy(c) = ¢, ¢ € R, we get

0(G(tr) ... Gn(ty)) (4.51)

_ ( N ((gn(th ) g gn(tg7 )) 2 gn(tg, )) .. ) Tp1 gn(tpa ')7
(Tl,...,rp,1 GB(Qp)

with B(qp) defined by (4.45). Now, recall from Section 2.9 the following property of ey:

/R ex(2)er(@)de = p(XpXi) = p(k — 1), (4.52)

Hence, using Lemma 4.2 with T = Z, v; = ZLn:tll] 0k (0 being the Dirac mass at k) and

e(k,z) = eg(x), we obtain the formula (4.48) for ¢(Gp(t1) ... Gn(tp)).

2. Reasoning as in Point 1 above, we get here that

(RHq(t1) .. Rug(tp)) (4.53)
- Z (---((fH,q(tla') ~ fH,q(t2=')) A fH7q(t3v’))---) ! fH7q(tp=')=

(7‘17"'7TP*1)€B((1P)

with B(qp) defined by (4.45). Lemma 4.2, with 7' = R, measures

(ds) — — Y ART—T)

55 - L, 22ty 0l
_(l+ I*H)
and the function e(s,z) = (s —z), *> ', then yields, because of (3.41),
(- ((Frralte, ) 2 fraglta, ) 2 Frglts, ) ' fraglty, ) (4.54)
t1 ip _
Hp/2(2H — 1)1”/2 / dsy... ds, H |s; — Sj|—aij(r)x%.
0 0 1<i<j<p
By inserting (4.54) in (4.53), we obtain the formula (4.49) for ¢(Rpq4(t1) ... Ruq(tp))- O
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Corollary 4.4. The non-commutative Tchebycheff process Ry 4 has stationary increments and s
selfsimilar with parameter H.

Proof. Since the law is determined by the moments, it suffices to use expression (4.49). Let h > 0.
Replacing Ry 4(t;) by Ruq(ti +h) — RHq(h) in the left-hand side of (4.49) changes the integrals
f * in the right-hand side by integrals f - Since this does not modify the right-hand side, the
process Ry 4 has stationary increments. To prove selfsimilarity, let a > 0, replace each ¢y, ...,t, by
ati,...,at, in (4.49) and note that the right-hand side is then multiplied by a factor aP¥. O

5 Proof of Theorem 1.2

In the proof of the central limit theorem (1.9), we shall use the following Wiener-Wigner transfer
principle, established in [13, Theorem 1.6]. It provides an equivalence between multidimensional
limit theorems involving multiple Wiener-It6 integrals and multiple Wigner integrals respectively,
whenever the limits of the multiple Wiener-It6 integrals are normal.

Proposition 5.1. (Statement of [13, Theorem 1.6]) Letd > 1 and q1, ..., qq be some fized integers,
and consider a positive definite symmetric matriz ¢ = {c(i,j) : i,j = 1,...,d}. Let (G1,...,Gq) be
a d-dimensional Gaussian vector and (31,...,%3) be a semicircular vector, both with covariance
c as defined in Section 2.9. For each i =1,...,d, we consider a sequence {f;,}n>1 of symmetric
functions in L*(RY). Let B be a classical Brownian motion and let 15 () stand for the qth multiple
Wiener-1té integral. Let S be a free Brownian motion and let Iqs(-) stand for the qth multiple
Wigner integral. Then:

1. For all 1,7 = ,d and as n — oo, @[l (fm) qs;_(fjm)] — ¢(i,7) if and only if
E[Lf(fi,n)lg(fjm)] (qi)!(q;)! e(, 7).

2. If the asymptotic relations in (1) are verified then, as n — oo,

(I3 (frm)s- oI5 (fam) = (21,0, 2a)
if and only if

([qB;(flm)?”’? qd fdn )la (\/ Q1 Gla"'y\/(qd)!Gd).

5.1 Proof of the central limit theorem (1.9)

Recall that X = {Xj : k € Z} is a stationary semicircular sequence with p(X;) = 0, ¢(X?) =1
and correlation p. Consider first its Gaussian counterpart (in the usual probabilistic sense), namely

={Y : k € Z} where Y is a stationary Gaussian sequence with mean 0 and same correlation
p. When dealing with Y, the important polynomials are not the Tchebycheff polynomials but the
Hermite polynomials, defined as Ho(y) = 1, Hi(y) = y, Ha(y) = y?> — 1, H3(y) = v> — 3y,..., and
determined by the recursion yHy = Hpy1 + kHy_1.

We assume in this proof that ), _, [p(k)|? < oo; this implies D, ., [p(k)]® < oo for all s > q.
Since @ given by (1.7) is a polynomial, we can choose N large enough so that ag = 0 for all s > N.
Set

| s

Wi (Hg, t) = ZH Yy), t=0, s=gq,...,N.
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The celebrated Breuer-Major theorem (see [1], see also [12, Chapter 7] for a modern proof, and see
Theorem 1.1, part 1, for the statement) asserts that

converges as n. — oo in the sense of finite-dimensional distributions to

(Uq\/an,...,aNmBN>,

(5.55)

where 02 := Yorezpk)® (s = ¢q,...,N), and By,...,By are independent standard Brownian

motions. (The fact that ), ., p(k)® > 0 is part of the conclusion.) On the other hand, using (2.28)
as well as its Gaussian counterpart (where one replaces, in (2.28), the Tchebycheff polynomial U,
and the free Brownian motion S by the Hermite polynomial H, and the standard Brownian motion

B respectively; see, e.g., [12, Theorem 2.7.7]), we get, for any s = ¢, ..., N, that
[nt] [nt]

VaUsyt) =I5 | e | and Wo(Ho,t) =IF | > e* |,
k=1 k=1

where the sequence {e; : k € Z} is as in Section 2.9 and IB(-) stands for the multiple Wiener-

1t6 integral of order s with respect to B. We observe that the kernel ZL":t]l e%s is a symmetric
function of L?(R®). Therefore, according to Proposition 5.1 (transfer principle), we deduce that
the non-commutative counterpart of (5.55) holds as well, that is, we have that

converges as n — oo in the sense of finite-dimensional distributions to

(0qSq,--- 0N SN),

where S, ..., Sy denote freely independent free Brownian motions. The desired conclusion (1.9)
follows then as a consequence of this latter convergence, together with the decomposition (1.7) of
@ and the identity in law (see Section 2.6):

law
aq04Sq+ ... +anonSN = \/agag—l—...+a?va]2\,x5.

5.2 Proof of the non-central limit theorem (1.10)

The proof is more delicate than the one for (1.9). This is because the limit in the usual probability
setting is not Gaussian, since it is given by a multiple Wiener-It6 integral of order greater than
1. Therefore, we cannot use the transfer principle as in (1.9). We need to focus on the detailed
structure of

[nt] N [nt]
Va(Q,t) = ag > Ug(Xi) + D as Yy Us(Xp). (5.56)
k=1 s=q+1 k=1
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where we have again chosen N large enough so that as = 0 for all s > N. The idea of the proof is
to show that, after normalization, the second term in (5.56) is asymptotically negligible, so that it
is sufficient to focus on the first term

[nt]

Gn(t) =) Uy(X).

k=1

We can therefore apply Proposition 4.3 which provides, in (4.48), an expression for
©(Gr(t1)...Gp(tp)) involving multiple sums. We show that the diagonals in these multiple sums
can be excluded (this is step 1 below). We express the remainder as integrals (step 2 below) and
apply the dominated convergence theorem to obtain the expression (4.49) which caracterizes the
gth non-commutative Tchebycheff process Ry .

More specifically, fix € € (0,1]. By virtue of (1.4), there exists an integer M > 0 large enough
so that, for all j > M,

p()l =i PL(j) <e < 1.

For any real ¢ > 0 and any integer s larger than or equal to ¢ + 1, we can write

2

[nt] [nt]
1
@ Us(Xk) p(k
nl—qD/2L(n)q/2 ]; n2 qDL q kél
1 [n1] [n1]
7n2—‘1DL(n)‘1 Z 1+ 2 Z
k=1 k=1
|k—1|<M E>l1+M
; [n1]
T (2M +1)+2¢ ) 577PL(j)7 | . (5.57)
j=1

Since ¢D < 1, we have that n?°~1L(n)~9 — 0 (to see this, use (1.6) with 1/L instead of L, 1/L
being slowly varying as well). The following lemma is useful at this stage.

Lemma 5.2. When t > 0 is fized, we have
[nt]

n 1—qD nt))4
Zj—qDL(j)q ~ (2] . —51(7[ 1) as n — oo. (5.58)

j=1

Proof. Although this is a somehow standard result in the theory of regular variation (Karamata’s
type theorem), we prove (5.58) for sake of completeness. First, observe that

1 [nt] 3 ' 1
TR e | oty

where

=3 (p) () " et

Since L(j)/L([nt]) = L([nt]x(j/[nt]))/L([nt]) — 1 for fixed j/[nt] as n — oo, one has l,,(z) — o (7)
for 2 € (0,1), where I (z) = 279, By choosing a small enough § > 0 so that q(D + ) < 1 (this
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is possible because ¢D < 1) and L(j)/L([nt]) < C(j/[nt])~° (this is possible thanks to (1.6)), we
get that

[nt]

(D+9)
p)<Cy (ﬁ) Lz (@) < Cz~P+)7 for all z € (0,1).
j=1

nt| |nt

The function in the bound is integrable on (0, 1). Hence, the dominated convergence theorem yields

[nt]

1
1
—qD — —qD j.. _
Lt = qu JTIYL(j —>/l x)dx = /x dx =D

which is equivalent to (5.58). O

Let us go back to the proof of the non-central limit theorem. We have (5.57). But, since
L([nt])/L(n) — 1 (¢ is fixed), we actually get that

[nt]

1—th1—qu q

S iPL() ~ 2 ()T s 1 oo, (5.59)

, 1—qgD

J=1

so that, by combining (5.59) and (5.57),
2
[nt] 2-¢D
1 te7 ¢

. < ‘
lmswp | | Ceorr e 2V | <1 p

Since € > 0 is arbitrary, this implies that

[nt]

1 L2
ni=aD/2[,(n)4/2 kZ_l Us(Xg) =0 asn — o0

for all s > g+ 1. As a consequence, in the rest of the proof we can assume without loss of generality
that @ = a,U,. Thus, set

[nt]
Aq

Fo(t) = ni- qD/2L ya/2 ZU Xi) = nl—aD/2[ (n)a/2

Gn(t), t2>0,

where Gy, is given by (4.47). Using (4.48), we have that

[nt1] [ntp]

O(Fp(t1) ... Fu(ty)) = o qu/2L ypa/2 Z Z Z H pk; — k:j)aij(l‘),

k1=1 kp=1(r1,..rp—1)€B(ap) 1<i<I<p

(5.60)

where q, = (q1,.-.,9p) = (¢,---,9).
To obtain the limit of (5.60) as n — oo and thus to conclude the proof of (1.10), we proceed in
five steps.
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TLtl [

Step 1 (Determination of the main term). We split the sum Zkl |- ey }1 in the right-hand
side of (5.60) into
> + > (5.61)
ki1=1,...,[nt1] k1=1,...,[nt1]
kp:lv‘-.-.'v[ntp} kp_lv 7[ntp}
Viks: [ki—k;| >3 Ji£j: |ki—k;|<2
and we show that the second sum in (5.61) is asymptotically negligible as n — oo.
Up to reordering, it is enough to show that, for any r = (rq,...,7p—1) € B,
._ 1 i (r)
Hn = nP=PaD/2[,(n)pa/2 Z H plks = k)™ (5.62)
ki1=1,..,[nt1] 1<i<j<p
kp=1,...,[nty]
‘kpfl_kp|<2

tends to zero as n — oo. In (5.62), let us bound |p(k; — kp)| by 1 when ¢ € {1,...,p —1}. We get
that

[nt1] [ntp—1]

fin < nP= PqD/2L )pa/2 Z Z H p(ki — k)i (™),

ki=1 kp—1=1 1<i<j<p—1

(5.63)

Going back to Definition 4.1, there is qp—1 = (q1,...,qp—1) and ¥ = (71, ...,7p—2) € B(qp—1) such
that ;;(r) = o (r) for all ¢, j = 1,...,p—1. This is because the connexions between the remaining
p — 1 blocks are unchanged. Moreover, since we remove the g connexions associated to the block p
(this involves 2q dots, see Figure 3), we have

Q4. +q@p-1=p—2)q. (5.64)

Hence, using Lemma 4.2 with T" = Z, v; = Z[m]dk (0 being the Dirac mass at k) and
e(k,z) = ex(x) as in (4.52), we get that

nt1 ntp 1

S T etk =k = (Gt P ot ) 2 ) R Gty )

ki=1 kp—1=1 1<i<j<p—1

(5.65)
where, for any : =1,...,p— 1,
[nti]
Gin(ti,x1,...,25,) = Z ex(x1) ... ex(zg,).
k=1

Iterative applications of (2.26) in (5.65) lead to

[nt1] [ntp—1]

S T etk — £ < Guattn )z - G (ot Ml o o

k1=1 kp—1=1 1<i<j<p—1
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But, forany i =1,...,p— 1,

[nt;]
1Gin (i Wagay = D p=DT = > p() ([nti] - )
k=1 |jl<[nt:]
= [nt]+2 > L)% (k) - j)

1< <[nt;]

< ot [142 > jEPLGT | < Cn*EPL(n)%,
1< <[nti]
for some C' > 0, and where the last inequality holds because of (5.59). We deduce

TLtl] ntp 1

Z Z H |p(k; — kj)|aij(r) < C’np_l_({jl‘l’---+{1\p71)D/2L(n)({1\1+~~~+{]\p71)/2

k1=1 k:p 1=1 1<i<j<p—1

= Cnp1=(P=24D2 () (P=2)a/2

by (5.64). By putting all these bounds together, and because ¢D < 1,we conclude from (5.63) that
R,, given by (5.62) tends to zero as n — oo.

Step 2 (Expressing sums as integrals). We now consider the first term in (5.61) and express it
as an integral, so to apply the dominated convergence theorem.

From Definition 4.1, we deduce immediately that > ., ;c,@ij(r) = pg/2 when r =
(r1,...,rp—1) € B(qp). This fact, combined with the specific form (1.4) of p, yields

(aq)p a;qi(r
np—paDJ2 [ (1)pa/? > > IT ki = k)t

ki1=1,...,[nt1] (Tl,...,’r‘pfl)EB(qP) 1<i<j<p
kp=1,...,[nty]

kp=1,..,[nty)]
P Lk — k)
L(n)
Vit |ki—k;|>3

ViFEj: [ki—k;| >3
= (ay)? Z / / nr(81,...,8p)dsy ... dsp,

(r15--mp—1)EB(ap)
P Lk — k) )
L(n)

Xl[k1—1 ﬁ)(sl) .. 1[£ k_p)(sp).

n ’n n 'n

oy > 1

ki1=1,...,[nt1] (Tl,...,’r‘pfl)EB(qP) 1<i<j<p

ki — kj
n

where

loe(51,...8p) = > 11 [

k1=1,..,[nt1] 1<i<j<p

kpzl;'.'.'v[ntp}
ViFEj: |ki—kj|>3

ki — k;

Step 3 (Pointwise convergence). We show the pointwise convergence of [, . Since, for fixed
|k; — kj|/n and as n — oo, one has

L(Jki — ki)/L(n) = L(n x [k — k;|/m)/L(n) — 1,
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one deduces that I, v(s1,...,p) = loor(S1,...,5p) for any s1,...,s, € Ry, where

loox(51,- -3 8p) = Loy (s1) .- Lo (sp) [ 18— 5517720,
1<i<j<p

Step 4 (Domination). We show that [, » is dominated by an integrable function. If k; — k; > 3

(the case where kj — k; > 3 is similar by symmetry), s; € [kgl, %) and s; € [kjn_l, %J), then
3 ki—kj 1
— < <s+—— Sjs
n n
so that s; —s; > %, implying in turn
ki — k; 1 5; — 8
n 2 S S; — g = 2 (566)

Since ¢D < 1, choose a small enough d so that ¢(D+0) < 1 and L(k; —k;)/L(n) < C((k; —k;)/n)™°
(this is possible thanks to (1.6)). We get that

|ln,r(817-"7sp)| < c Z H

ki=1,..,[nt1] 1<i<j<p
kp=1,...,[nty]
Vi#£j: |ki—kj|>3
< 02(D+6)pq/21[07t1](81) o 1[07%}(31)) H |s; — Sj‘—(DJr(S)ocm(r) 7

1<i<j<p

—(D+8)cxij(r)
Lot b (81) - Lyt ) (sp)

[n’n n ’n

ki — K
n

by (5.66). The function in the bound is integrable on R . Indeed, for any fixed r = (rq,...,7p—1) €
B(qp), we can write, thanks to (4.54) and with fi_,(ps)/24 given by (3.40),

t1 tp
/ dsl.../ ds, H |si_sj|—(D+5)aij(I‘)
0 0

1<i<j<p
= C (. ((figesy/2q(t1, ) ™ fiogprsy/ag(ta: ) 22 ) 5= fisaorsy/a.q(tos ),
where C' > 0, so that by an iterative use of (2.26),
t1 tp
/ dsy .. / dsy H |s; — Sj‘—(D-i-(S)ocij(r)
0 0 1<i<j<p

< Nfimgpeo)/20E ML2@e) - - | fiogpre)/2.0 Eps Mp2@ey = (.. 1) TIPTI2 < oo,

where the last equality holds because of (3.42).

Step 5 (Dominated convergence). By combining the results of Steps 2 to 4, we obtain that the
dominated convergence theorem applies and yields

O(Fy(t1) ... Fu(ty)) %(aq)p/oldsl.../pdsp Z H ’Si_sj’—Daij(r)_

0 (r1,mp—1)EB(ap) 1<i<j<p
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We recognize that, up to a multiplicative constant, this is the quantity in (4.49) with H = 1—¢D/2.
More precisely, we have

O(Fn(ty) ... Fu(ty)) — ¢ <\/ﬁ Rpq(t1) x ... X % RH,q(t:n)) )

which concludes the proof of (1.10). O
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