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Abstract

We consider the concept of g-circular system, which is a deformation of the cir-
cular system from free probability, taking place in the framework of the so-called “g-
commutation relations”. We show that certain averages of random unitaries in non-
commutative tori behave asymptotically like a ¢-circular system. More precisely: let
g be in (—1,1); let s, k be positive integers; let (p;;)1<i<j<ks be independent random
variables with values in the unit circle, such that fpij =q,V1<1i<j<ks;and let
Ui, ...,Ugs be random unitaries such that U;U; = p;;U;U;, V1 <4 < j < ks. If we set:

Xr = %( Ur +Ur+s + - +Ur+(k—1)s )» 1 S r S S,

then the family Xi,..., X behaves for £ — oo like a g-circular system with s elements.

The above result generalizes to the case when instead of the hypothesis “[ p;; = ¢”
we start with “[ p;; = 2”7, where z is a complex number such that |z| < 1. In this
case the limit distribution of X7,..., X, is what we call a z-circular system. From the
combinatorial point of view, the new feature brought in by a z-circular system is that
its description involves the enumeration of oriented crossings of certain pairings; it is
only in the case when z = Z = ¢ that the orientations cancel out, allowing the g-circular
system to be described via non-oriented crossings.

As a consequence of the result, one can easily construct families of random matrices
which converge in distribution to g-circular (or more generally z-circular) systems.
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1. Introduction and statement of the results

This section is divided into subsections as follows:

1.1 The concept of circular system.

1.2 g-circular systems.

1.3 An asymptotic model for g-circular systems.
1.4 Oriented crossings.

1.5 z-circular systems.

1.6 Refinements of Theorem 1.5.3.

1.7 Approximation with random matrices.

1.1 The concept of circular system was introduced by D. Voiculescu in [10], and
plays an important role in his theory of free probability. The definition goes as follows. Let
(A, p) be a C*-probability space — by which we mean that A is a unital C*-algebra and ¢
is a state of A (¢ : A — C positive linear functional, such that ¢(I) = 1). The elements
C1,y-..,¢s € A (s> 1) are said to form a circular system in (A, ¢) if the family

ci+cf aa—¢c cs+ci cs—c (1.1)

is free in (A, ¢), and if each of the selfadjoint elements listed in (1.1) has normalized semi-
circular distribution with respect to ¢. The fact that an element a = a* € A has normalized
semicircular distribution means by definition that

1 2
pla™) = o t"V4 —t2 dt, Vn > 1. (1.2)
T J=-2
For the definition of freeness in (A, ¢), we refer to [11], Chapter 2.
The definition of a circular system given above can be rephrased in a purely combinato-
rial way, by indicating the general formula of the joint moments of c1,c],. .., cs, c}, i.e. of
the expressions

o cifl) : --cfi") )y m>1, r1,..o,mp €4{1,...,8}, e(1),...,e(n) € {1, x}. (1.3)

Namely, it turns out that every number in (1.3) is a non-negative integer, which “counts a
certain family of non-crossing pairings”; this statement will be made precise (and general-
ized) in Section 1.2 below.

An important realization of a circular system, given in [10], uses creation and annihila-
tion operators on a full Fock space: if 7T is the full Fock space over C2°, if &1, &, ..., & is
an orthonormal basis of C%*, and if l1,12,...,los are the creation operators on 7 determined

by &1,&9, ..., &, then

(h+0)+ila+15) (las—1+ 15_q) +i(las + 155)
NG . NG

e B(T) (1.4)



form a circular system with respect to the so-called vacuum-state on B(7"). By performing
an orthogonal transformation on &1, &, ..., &2 it is seen that instead of the family in (1.4)
one can also use

h+105,... s 1+ 15, € B(T). (1.5)

The precise definitions of the objects involved in this realization of a circular system is
reviewed in Section 2.1 below.

1.2 g-circular systems. In work related to g-deformations of the canonical commuta-
tion relations, Bozejko and Speicher [2] obtained a remarkable deformation of the full Fock
space, called the g-Fock space; here ¢ is a parameter in (—1,1), and the actual full Fock
space is obtained for ¢ = 0 (see review in Section 2.2 below). In connection to this, Bozejko
and Speicher studied the distribution — called by them ¢-Gaussian — of [ 4+ [*, where [ is an
appropriately normalized creation operator on the g-Fock space. They discovered that the
g-Gaussian distribution is the probability measure associated to an important family of or-
thogonal polynomials, the g-continuous Hermite polynomials. If ¢ = 0, then the ¢-Gaussian
is the semicircular distribution appearing in (1.2), while the usual Gaussian is obtained in
the limit ¢ — 1.

From the work in [2] and its continuation in [4] it is clear that if in the formulas (1.4),
(1.5) one makes 1,17, ...,ls, ¥ be creation/annihilation operators on the g-Fock space, then
this should provide realizations of what one should call a g-circular system.

But how does one actually define a g-circular system? It is unfortunate that the def-
inition cannot be made in the same way as in the first paragraph of Section 1.1; this is
because of the absence of a notion of “g-freeness in (A, p)”. However, the combinatorial
reformulation mentioned in the second paragraph of Section 1.1 can be extended to the
g-case. Indeed, it is possible to give an explicit combinatorial description of the joint mo-
ments of the candidates of g-circular systems mentioned above (the families (1.4), (1.5), but
where the [;’s act on the g-Fock space). We state this formally in the next definition and
proposition.

Let us first succinctly describe the meaning of the combinatorial terms involved in
Definition 1.2.2.

1.2.1 Notations. The fact that 7 = {Bi,...,Bp} is a pairing of {1,...,n} means
that By U---U B, ={1,...,n}, disjoint, and each of By, ..., B, has exactly two elements.
(Of course, n must be even in order for {1,...,n} to have any pairings.) Two blocks
B; = {ai,b;} and B; = {a;j,b;} of a pairing m = {By,..., By} are said to cross if either
a; < a; < b; <bjora; <a; <b;j <b;; the number of crossings of  is

cr(m) = card{(i,j) | 1 <i<j <p, B; and Bj cross}. (1.6)

1.2.2 Definition. Let (A, ¢) be a C*-probability space, and let ¢ be in (—1,1). The

elements c1,...,¢s € A (s > 1) are said to form a g¢-circular system in (A, ¢) if for every
n>1,7r,...,rn €{1,...,s} e(1),...,e(n) € {1,*} we have:
Pl ) = > ), (17)

TEP(r1,.eyrnie(1),..06(n))



where P(r1,...,7mp;6(1),...,e(n)) denotes the set of all pairings 7 = { {a1,b1},...,{ap,bp} }
of {1,...,n} which have the property that r,, = rp, and e(a;) # (b;), V1 <i < p. (In the
case that P(rq,...,mn; €(1),...,&(n)) is the empty set, the right-hand side of (1.7) is taken
to be equal to 0.)

1.2.3 Proposition. Let ¢ bein (-1, 1), and let s be a positive integer. Let 7, denote the

g-Fock space over C%*; consider an orthonormal basis &1, .. ., s of C?* and let [y, ..., las €
B(17,) be the creation operators associated to &1, ..., &2s. Then the families of operators
I+ 103 (I + 13 los—1+ 15 i(1 15
(1+1)+Z(2+2)7'”7(25 1+25—1)+Z(23+28) GB(%) (18)
V2 V2
and
Lh+105,... ls1+15, € B(7) (1.9)

are g-circular systems with respect to the vacuum-state on B(7).

Note that if ¢ = 0, then the right-hand side of (1.7) counts the non-crossing pairings in
P(ri,...,rn;e(l),...,e(n)); this recaptures (and makes precise) the statement following to
Eqn.(1.3). In the particular case ¢ = 0, a proof of Proposition 1.2.3 can be made by using
the concept of R-transform; indeed, the R-transform of the family ¢, cj,...,cs, i has a
very simple form (see e.g. Eqn.(1.6) of [6] for the case s = 1), and the joint moments can be
calculated from the knowledge of the R-transform. For general ¢ € (—1,1), the statement
of Proposition 1.2.3 does not seem to have been previously considered, but can be inferred
without difficulty from the results of [2] and [4] (see Sections 2.3-2.5 below).

1.3 An asymptotic model for g-circular systems. We now arrive to the main
object of concern of the present paper, which is a certain asymptotic model for a g-circular
system. The idea of using an asymptotic model for a circular system (case ¢ = 0) was
brought to fact by Voiculescu in [9], and then very successfully used in [10]. The asymptotic
model observed in this paper is of a different nature than the one in [9], and is obtained by
averaging unitaries in non-commutative tori.

1.3.1 Definition. Let ¢ be in (—1,1) and let s be a positive integer. Suppose that for
every k > 1 we are given a C*-probability space (A, ¢x) and a family cj.,. .., csr of Ag.
We will say that these families converge in distribution to a g-circular system if for every
n>1,ry,...,r €{l,...,s},and €(1),...,e(n) € {1,*}, the limit

(1) £(n) )

m (e

exists and is equal to the right-hand side of Equation (1.7).
1.3.2 Definition. Let N be a positive integer, and let (p; ;)1<i<j<n be a family of com-

plex numbers of absolute value 1. Let (A, ¢) be a C*-probability space, and let uy, ..., uy
be elements of A. We will say that (u;)Y, is a (p; ;)i ;—commuting family of unitaries if:



(i) every u; is a unitary, 1 <i < N, and:

(ii) we have the relation w;u; = p; juju;, V1 <i<j < N.

Moreover, we will say that (u;)Y, is a (p; ;)i ;—commuting Haar family of unitaries if in
addition to (i) and (ii) we also have:

(iii) p(uy - upY) = 0,Y (A1,... An) € ZV\ { (0,...,0) }.

(pi,j)i,;—commuting Haar families of unitaries can be constructed for any choice of the
pi;’s, and live naturally in a class of C*-algebras called “non-commutative tori” — see e.g.
[7].

So now, let us fix a parameter ¢ € (—1,1). We will denote:

b= atii-a (lol=1). (1.10)

We want to average families u1, ..., uy of unitaries in a C*-probability space, such that for
every 1 <17 < j < N: either u; and u; p-commute, or they p~'-commute. Since there is no
canonical way to choose for which pairs ¢ < j we want to have u;u; = puju; and for which
ones we want to have u;u; = p_lujul-, we will use a “randomization” of uq,...,uy. That
is, we will make uq,...,uny be random unitaries in a C*-probability space, such that for
every 1 <i < j < N we have:

P( uju; = puju; ) = 3 = P(uuj = p~ tuju; ). (1.11)

This means that we will need the following version of Definition 1.3.2:

1.3.3 Definition. Let (2, F, P) be a probability space, let N be a positive integer, and
let (pi j)i<i<j<n be a family of random variables on €2 with values in {( € C | |(| = 1}. Let
(A, ) be a C*-probability space, where the C*-algebra A is separable, and let Uy,..., Uy
be measurable functions from 2 to A. We will say that (U;)Y; form a (p; ;)i j-commuting
family of random unitaries in (A, @) if:

(j) Ui(w) € Ais a unitary, V1 <i < N,V w € Q, and:

(jj) we have the relation U;(w)Uj(w) = pij(w)Uj(w)Ui(w), V1 <i<j<N,Vwel.

Moreover, we will say that (U;)Y, is a (p; j); j—commuting Haar family of random uni-
taries if in addition to (j) and (jj) we also have:

(3ii) @ Ur()™ - Un()™ ) =0,V (A1,... Ax) € ZV\{(0,...,0) },Yw e Q.

For the asymptotic model for a g-circular system it is sufficient to consider (p; ;)i ;—
commuting families of random unitaries where the random variables (p; j)1<i<j<n are inde-
pendent, and each of them takes finitely many values. For such p; ;’s, the interested reader
should have no difficulty to verify that one can construct (p; ;)i ;—commuting Haar families
of random unitaries which live in a tensor product of non-commutative tori.

Since we will deal with random unitaries in a C*-probability (A, ¢), we will have to
consider the new C*-probability space where these random unitaries belong:

1.3.4 Notation. Let (2, F, P) be a probability space, and let (A, ¢) be a C*-probability
space, where the C*-algebra A is separable. We will denote by B(£2,.A) the set of all bounded



measurable functions from €2 to A. Then B(£2, A) is a unital C*-algebra, with the operations
defined pointwise, and with the norm given by ||f|| := sup{||f(w)|| | w € Q}, f € B(Q, A).
Moreover, we have a natural state F : B(Q2, A) — C given by the formula

B() = [ (@) dP@). [ B A (112

It is immediate that (B(£2,.A), F) is a C*-probability space; also, clearly, the unitaries in
B(Q, A) are random unitaries in A, over the base space 2. !

We can now return to ¢ and p of Equation (1.10), and state precisely how an asymptotic
model for the g-circular system is obtained.

1.3.5 Proposition. Let ¢ be in (—1,1), and let s be a positive integer. Denote
p:=q+1i\y/1— ¢ Suppose that for every k > 1 we have:

(a) A family (p; j.k)i<i<j<ks of independent random variables over some probability
space Q, such that every p; ;.x takes only the values p and p~1, with P( pijp = p ) =
1/2=P(pijr=p")

(b) A (pi k)i j—commuting Haar family Ui, ..., Ugsy of random unitaries in some
separable C*-probability space (A, @k )-

Denote, for every k > 1:

1
Xr;k = —k(Ur;k + Ur—i—s;k +-+ Ur’-l—(k—l)s;k)a 1<r<s; (1-13)

then the family (X1, ..., Xsx) converges in distribution, for £ — oo, to a g-circular system.

We should note here a similarity with the idea of the non-commutative central limit
theorem of [8]: in Proposition 1.3.5 we wrote ¢ as a convex combination of p and p~
whereas in [8] Speicher writes ¢ as a convex combination of 1 and —1. In Theorem 1.5.3
below we will generalize Proposition 1.3.5 to a case which contains both these situations, and
where the only restriction on the p; j.1’s (besides their independence) concerns the values
of their expectations. In order to state this more general result, we will first introduce the

concept of orientation for the crossings of a pairing.

1.4 Oriented crossings.

1.4.1 Crossing of two segments. We start from a simple geometric idea. Let
P,Q,U,V be distinct points in the plane, such that the segments P@Q and UV cross. Con-
sider the vector product @ = P_Q X U_V, which is a vector perpendicular to the plane of
P,Q,U,V. If @ is oriented upwards we will say that PQ) and UV have a positive crossing,
while if w is oriented downwards we will say that PQ and UV have a negative crossing. In

!One could also consider the space L>(f2,.A), which is the quotient of B((2,.A) by the relation of equality
almost everywhere with respect to P. Since the estimates of moments done in this paper are the same (no
matter whether B(Q2,.A) or L>(£,.A) is used), we prefer to stay with B(£,.A).



other words, if we denote the coordinates of P by (p1,p2), the coordinates of @ by (q1,q2),
etc, then the sign of the crossing between P and UV is equal to

sign( det( @—pL 2P ) ) (1.14)

U —uUp V2 —U2

Note that the sign of the crossing is sensitive to the order of the points of each segment,
also to the order of the two segments; e.g, if PQ) and UV have positive crossing then QP
and UV have negative crossing, also UV and PQ have negative crossing.

1.4.2 Crossings of a pairing. Let now n = 2p be an even positive integer, and let
m={DBi,...,Bp} be a pairing of {1,...,n}. One can obtain a geometric representation of
m, by using the following recipe: draw a circle in the plane, and draw n points P, ..., P, in
counterclockwise order around the circle; then for every block B; = {a;,b;} of m draw the
line segment with endpoints P,, and F,,. It is immediate that the blocks B; and B; cross
if and only if the corresponding line segments Py, P, and P, P, do so. Thus the geometric
representation of 7 will display p ( = n/2 ) line segments, which have a total number of
cr(m) points of intersection.

At this point, we would like to orient the crossings of the pairing w, by using the
considerations from 1.4.1. But in order to do so we need some additional data to be given,
namely:

(cv) a direction of running along the segment P, B, 1 < i < p; and

(B) an ordering of the p segments P,, P, 1 < i < p.

It will be convenient to satisfy the above requirement («) by giving a function ¢ :
{1,...,n} — {1,%} with the property that for every block B; = {a;, b;} of m we have
e(a;) # e(b;). In the presence of such €, we will make the convention that every segment
P,, Py, is to be run from the point which is mapped by ¢ into * towards the point which is
mapped by ¢ into 1.

Concerning the requirement ((3), we will do the book-keeping by comparing the ordering
of the blocks of © which is used in the crossing orientation against the “standard” ordering
which lists the blocks in increasing order of their minimal elements. More precisely, let us
assume that the blocks By, ..., B, were from the beginning listed in standard order, with
min(B;) < min(B) < --- < min(Bp). Then giving an arbitrary ordering of the blocks
amounts to giving a permutation o of the set {1,...,p}: the convention we will use is that
in the presence of such a permutation o, the ordering “<” of the blocks of 7 is defined such
that Bg(l) < Ba(?) < =< Ba(p).

To summarize: we do not make the orientation of crossings for just the pairing 7, but for
a triple (m,e,0), where ¢ : {1,...,n} — {1,*} has the property that £(a;) # €(b;) for every
block B; = {a;,b;} of m, and o is a permutation of the set {1,...,p}. For such (7, ¢,0), the
orientation of crossings is achieved by drawing the geometric representation of 7, and then
by using the method described in Section 1.4.1.

Let (m,e,0) be as in the preceding paragraph. We will denote by cry(m, e,0) and
cr_(m,e,0) the number of crossings of (m,¢,0) which have positive, respectively negative,
orientation. A distinctive feature of these numbers is of course that:

cry(me, o) +er_(me, o) = er(m), (1.15)



the total number of crossings of m. We leave it as an exercise to the reader to check that if
m={By,...,B,} with By,..., B, listed in increasing order of their minimal elements, then
the explicit formulas for cry(m, e,0) are:

= car 1,9 | 1<i<j<p, Biand Bj cross,
cr+(7T,6,U) = d {( 7.7) | 5(min(BZ-)) . E(min(Bj)) J: Sign(a(j) B J(i)) }

(1.16)

= car iq | 1<i<j<p, B;and Bj cross,
cr_(me, o) = d{( ) | (mm( 1)) - e(min(B;)) = —sign(o(j) — o(i)) }>

where in the products “c(min(B;)) - e(min(B;))” of (1.16) the following convention is used:

if we encounter a product of two symbols out of which at least one is a “¢” (e.g. * -1, or
x), then * is to be treated like —1.

1.5 z-circular systems. The limit distribution which appears in the generalization of
Proposition 1.3.5 is the following;:

1.5.1 Definition. Let (A, ¢) be a C*-probability space, and let z be a complex number

such that |z| < 1. The elements c1,...,cs € A (s > 1) are said to form a z-circular system
in (A, ) if:

— for every positive odd integer n, for every ri,...,r, € {1,...,s}, and for every
e(1),...,e(n) € {1, *}, we have that go(crg ) cr,(L )) = 0; and

— for every positive even integer n = 2p, for every r1,...,r, € {1,...,s}, and for every

e(1),...,e(n) € {1, *}, we have that:

(p(ci(l) L Z Z 2O+ (me,0) | SCT— (m,e,0) (1 17)

1 s .
UESP TEP (1, yTnie(1),..,e(n))

where S, denotes the set of all permutations of {1,...,p}, the index set P(ri,...,ry;

£(1),...,e(n)) has the same meaning as in Definition 1.2.1, and ¢r4 (7, e, 0) are as discussed

in Section 1.4.2.

1.5.2 Remarks. 1° If z = ¢ € (—1,1), then the concept of z-circular system reduces
to the one of g-circular system from Definition 1.2.1. Indeed, in the relevant case of n = 2p
appearing in Equation (1.17) we will now obtain:

cry(me,o)  zer—(me,o) cry (me,o)+er—(me,o)

> €, = q cr(7r)’

z =q
forevery o € Spand 7 € P(r1,...,rp;6(1),...,e(n)). Soif one performs first the summation
over S, then the right-hand side of Equation (1.17) reduces to the right-hand side of (1.7).

2° Starting from Definition 1.5.1, one can easily also define what it means that a sequence
of families (c1., ..., Cs;k)k>1 converges in distribution to a z-circular system — this is just

an immediate adaptation of Definition 1.3.1.



1.5.3 Theorem. Let z be a complex number such that |z| < 1, and let s be a positive
integer. Suppose that for every £ > 1 we have:

(a) A family (p; j.k)i<i<j<ks of independent random variables over some probability
space (), such that every p; ., takes values in the unit circle {¢ € C | |(| = 1}, and has
the property that ka Pijik = 2.

(b) A (pi k)i j—commuting Haar family Uiy, ..., Ugsy of random unitaries in some
separable C*-probability space (Ag, @k )-

Denote, for every k > 1:

1
X = \/—E(Ur;k +Upqsk + -+ Ur—i—(k—l)s;k)a 1<r<s;
then the family (Xi.z, ..., Xsx) converges in distribution, for & — oo, to a z-circular system.

1.5.4 Remark. 1° In the case when the random variables p; ;. of Theorem 1.5.3 take
values in {—1,1}, we obtain a statement which is close to the framework of the central limit
theorem of [8]. We note however that even in this case, the Proposition 1.6.2 below — which
generalizes Theorem 1.5.3, and is the statement that we really prove — does not follow from
the results of [8].

22 There are some natural questions which are raised by the preceding theorem, con-
cerning the possibility of realizing a z-circular system as a family of operators on some
Hilbert space.

One approach that can be used is the following. Consider the unital algebra C(X1,Y7, ...
Xs,Ys) =1 A, of polynomials in 2s non-commuting indeterminates X1, Yy, ..., X, Ys, and
make A, be a x-algebra by introducing on it the (uniquely determined) *-operation with the
property that X =Y,, 1 <r <s. Let us moreover consider the linear functional ¢, : A, —
C determined by the fact that ¢,(1) = 1 and that goO(Xfl(l) . -Xisn)) is equal to the right-
hand side of Equation (1.17), for every n > 1, r1,...,rm € {1,...,s},e(1),...,e(n) € {1, x}.
The Theorem 1.5.3 ensures that ¢, is a positive functional (¢,(P*P) >0, V P € A,); in-
deed, it is easy to rephrase the theorem in a way which presents ¢, as a pointwise limit
of linear functionals ()72, each of the ¢;’s being positive. But then one can consider
the GNS construction for ¢,; this should yield a -representation ®, : A, — B(H), with a
cyclic vector &, € H, such that ®,(X1),...,P,(Xs) form a z-circular system with respect
to the vector-state on B(H) given by &,. The point we cannot settle here is whether the
operators ®,(X1),...,P,(X;) are indeed bounded on H. We believe nevertheless that this
is true, and that the condition “|z| < 1” from the definition of a z-circular system should
be essential in proving it.

Another approach which can be tried in order to realize z-circular systems would be
by generalizing the Proposition 1.2.3 to the framework of an appropriately defined z-Fock
space. The concept of ¢g-Fock space which will be reviewed in Section 2.2 below was amply
generalized in [3], [5]; on the other hand, Fock space constructions related to the framework
of [8] (spin systems with mixed commutation and anti-commutation relations) are discussed
in [1]. It isn’t however clear if any of these constructions can be tailored to give a z-Fock
space as required by the situation at hand.

Y



1.6 Refinements of Theorem 1.5.3. It is useful (for instance for the approximation
with random matrices shown in Section 1.7 below) to note that one can relax some of the
hypotheses of Theorem 1.5.3, and still obtain the same conclusion. In the next theorem
we weaken the hypotheses on the expectations [ p; ;, and on the Haar condition (jjj) from
Definition 1.3.3. The weakened Haar condition is described as follows: let (U;)Y; be a
(pi.j)ij—commuting family of random unitaries, in the sense of (j)+(jj) of Definition 1.3.3,
and let L be a positive integer. We will say that (U;)Y; is an L-mimic of a Haar family if
it satisfies:

Gij-L) o Uy(@)M - Un()™ ) = 0, ¥V (Ar,..., y) € ( (=L, LYNZ )N\ {(0,...,0)}.

1.6.1 Proposition. Let z be a complex number such that |z] < 1, and let s be a
positive integer. Let (d5)72, be a sequence of positive real numbers, and let (L)%, be a
sequence of positive integers, such that d — 0 and Ly — oco. Suppose that for every k > 1
we have:

(a) A family (p; j.k)i<i<j<ks of independent random variables over some probability
space {1, such that every p; ;.1 takes values in the unit circle and has the property that
|z = Jq, Pigkl < Ok

(b) A (pi j.k)i,j—commuting family Uy, ..., Ugs; of random unitaries in some separable
C*-probability space (Ag, ¢r), such that Uy, ..., Ugsy is an Li-mimic of a Haar family.

Denote, for every k > 1:

1
Xy = \/—E(Ur;k + Urgsip +---+ Ur+(k—1)s;k>v 1<r<s;
then the family (X1, ..., Xsx) converges in distribution, for k& — oo, to a z-circular system.

It is worth recording that the statement of 1.6.1 follows from an estimate of moments
which can be formulated simply, as described in the next proposition. (Since the extra
indices “k” are not necessary in Proposition 1.6.2, we will write in its statement p; ;, U;, X,
instead of p; j.x, Uik, Xk, respectively.)

1.6.2 Proposition. Let z be a complex number such that |z] < 1, and let s be a
positive integer. Let § be a positive real number, and let L be a positive integer. Let k be
a positive integer, and suppose that we have:

(a) A family (p;;)i1<i<j<ks of independent random variables over some probability space
(2, such that every p; ; takes values in the unit circle and has the property that |z — [, pi ;| <
d.

(b) A (pi;)ij—commuting family Uy, ..., Uk of random unitaries in some separable C*-
probability space (A, ), such that Uy,...,Ugs is an L-mimic of a Haar family.

We denote:
1
Xy = —=(Up+Upps+ -+ Uppp-1)s), 1<7<s. 1.18
\/E( + +(k 1)) ( )

We denote by E : B(£2, A) — C the linear functional defined as in Equation (1.12) of
Notation 1.3.4. Then:
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1° For every odd positive integer n < L, for every r1,...,r, € {1,..., s}, and for every
e(1),...,e(n) € {1,*}, we have that:
B(x:W...xsy = 0. (1.19)

Tn

2° For every even positive integer n = 2p such that n < min(L, 2k), for every r1,...,7, €
{1,...,s}, and for every £(1),...,e(n) € {1, *}, we have that:

| E( X;?l(l) . X,f(n) ) . 1' Z Z Zcr+(7r,e,o) .Ecrf(ﬂ,s,a) |
p: 0€Sp wEP(r1,....,rnie(1),....6(n))

< (2p+ 1) (%—&—5). (1.20)

The framework of Theorem 1.5.3 contains in particular the situation when the families
of random unitaries (Uy, . .., Ugs;k)k>1 extend each other, i.e. when Usjq1 = Ui, V k> 1,
V1 < i < ks. When moving to the more general framework of 1.6.1, the case of the
extending families of random unitaries needs to be discussed separately. One possibility of
treating this case is provided by the following proposition.

1.6.3 Proposition. Let z be a complex number such that |z| < 1, and let s be a positive
integer. Suppose that we have a family (pp, n)1<m<n of independent random variables with
values in the unit circle, and a family (U,)52; of random unitaries in a separable C*-
probability space (A, ¢) (all the p,’s and U,’s defined on the same probability space 2),
such that the following conditions are satisfied.

(a) The commutation relation

Un()Up(w) = pmn(W)Un(w)Up (w) (1.21)

holds for every 1 < m < n and for every w € €.

(b) For every § > 0 there exists m, > 1 such that: m, <m <n = |z — [ pmnl < 9.

(c) For every positive integer L there exists m, > 1 such that: m, < m < n = the
family U,,,...,U, is an L-mimic of a Haar family.

(d)Ifn>1,M,...., n €Z,w € Q, and if at least one of A\1,..., \, is equal to 1 or to
42, then p( Up(w)M -+ Uy (w)* ) = 0.

For every k > 1 we denote:
1
VEk

then the family (Xi., ..., Xsx) converges in distribution, for & — oo, to a z-circular system.

Xr;k = ( Ur+Upys+---+ UTJr(k*l)S )’ L<r<s; (1'22)

1.7 Approximation with random matrices. We will now point out that, as a
consequence of the results presented in Section 1.6, one can easily obtain families of random
matrices which converge in distribution to a z-circular system. In fact, it is nice to realize
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all these random matrices as random elements in the same C*-algebra, which will be an
UHF-algebra (i.e. a certain inductive limit of matrix algebras).

So, let us fix a complex number z such that |z| < 1. There exist unique p and « such
that [p| =1, Im(p) > 0, v € (0,1), and z = vp+ (1 —)p. Let us also fix a sequence (6,,)5>;
of rational numbers in (0, 1), such that lim, .., 2™ = p, and such that when we write
0, = an/b, with a,, b, relatively prime positive integers, we get that 3 < by < by < ---
<bp <o

For every n > 1, let us consider the finite dimensional C*-algebra

Ap = M, (C)®--- @ M,, (C),

(where b; is the denominator of 6;, as above); on A, we consider the state ¢, which is
the tensor product of the normalized trace-functionals on My, (C),..., M, (C). Let us
furthermore consider the inductive limit

A = lim A,,
n—oo

where the mapping from A, to A, is v — x ® 1;,, for every n > 1. For notational
convenience we shall regard each A,, as a unital subalgebra of .A. We will denote by ¢ the
unique state of A4 with the property that ¢|A, = @,, ¥V n > 1.

On the other hand, let us consider a probability space (£, F, P) on which an infinite
family (§m,n)1<m<n of independent random variables is given, such that every &, , takes
only the values +1, with P( & =1) = 7, P({nn=—-1) = 1 —~. We denote

pmn(w) = 2 Wmémn@) e Q V1< m<n. (1.23)

Then (pm,n)i1<m<n is also an independent family of random variables on €, with values in
the unit circle.

We construct a sequence of random unitaries (U,)32; in the C*-algebra A, as follows.
For every n > 1, consider first the b, X b,-matrices:

0 1 6271'1'0”
10 eAmifn
R 2(bn—1)mi0,
1 0 )
then set for every w €
Us(w) = Wll’Q(“’) ® Vs
: (1.25)

Up(w) = W11,n(w) ® W22,n(w) ® - ® Wsial,n(w) DV,

Clearly, the random unitary U, takes values in the finite dimensional subalgebra A, C A
(hence it is in fact a random unitary matrix of size bibs - - - by,).
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We claim that:

1.7.1 Proposition. The random variables (pm.n)i<m<n defined in Equation (1.23),
and the random unitaries (U)o, defined in (1.25), satisfy the conditions considered in the
Proposition 1.6.3.

Indeed, the commutation relations (1.21) follow immediately from the fact that the
matrices V,,, W,, in (1.24) satisfy the relation V,,WW,, = e2mi0nyy V.. Tt is also immediate
that:

‘Z—/me,n‘ = |(’YP+(1—fy)p)_(7627ri0m+(1_,y)6727ri0m )|

< ¥t _ | V1<m<n,

and this gives the required behavior for the expectations of the p,,,’s. Concerning the
Haar conditions, we leave it as an exercise to the reader to check that for every 1 < m < n,
the family Wy, W41, ..., Wy is a by,-mimic of a Haar family; the verification of both this
statement and of the hypothesis (d) in 1.6.3 reduce to the fact that matrices of the form
VOWS with 0 # o € (—by, by) NZ and 3 € Z have only zeros on the diagonal (and therefore
have zero trace).

Hence the recipe presented in Equation (1.22) of Proposition 1.6.3 will lead to an asymp-
totic z-circular system living in (A, ¢) (and which consists in fact of random matrices with
sizes tending to infinity).

Alternatively, one can fabricate random matrices which converge in distribution to a
z-circular system by cutting out disjoint segments of the sequence (U,)% ;, and by invoking
the Proposition 1.6.1. For example, in order to produce an asymptotic z-circular system
with s = 2 elements, one can set:

X131 =Uy, Xoq =Us,

7U3+U5 X 7U4+U6

Xy, = 22— T =
1;2 /A 2;2 NG
e _ Ur+Ug+Un X ~ Us+Ujo+ U2
1;3 —\/3 ) 2:3 —\/3 Yo
(in general, the construction of X, and X, will use the segment U2 g1, ..., Up2yy of

the sequence (U,)>2, ).

The rest of the paper is divided into two sections. In Section 2 we review the g-Fock
space, and prove Proposition 1.2.3. In Section 3 we present the estimates of moments which
lead to the theorems presented in the Sections 1.3-1.6.
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2. Combinatorics of the joint moments of g-creation/annihilation op-
erators

2.1 Review of the full Fock space. In this paper we use the full Fock space over
C? (s a fixed positive integer), which is:

T = Co (@, (C*)*") (2.1)

(orthogonal direct sum of Hilbert spaces). The number 1 in the first summand C on the
right-hand side of Eqn.(2.1) is called the vacuum-vector, and is denoted by 2. The vector-
state determined by Q on B(7) is called the vacuum-state, and will be denoted by @yqc
( @vac(X) = <XQ ‘ Q>’ VX € B(T) )

For every & € C?* we denote by [ (&) the creation operator determined by £ on 7', which
is described by:

1R =¢
(2.2)
M@ @) =@M & ®1n
Vn>1,Yn,...,n, € C*.
The adjoint of I(§) is called the annihilation operator determined by £, and acts by:
1€ Q=0
* (2.3)
W (Mm@ @nn) = (m [§) @ Qi
Vn>1,VYn,...,n, € C*.
It is immediately verified that we have:
WO ) = (] &1, &neC™. (2.4)
It is occasionally convenient to fix an orthonormal basis &1, ..., &, of C2°, and denote
li :==1(&), 1 <i<2s. Then (2.4) gives us that
l;klj = 52']'1, 1< i,j < 28, (2.5)
i.e. that ly,...,l2s form a family of Cuntz isometries (isometries with mutually orthogonal

ranges). It is such a family which was used in (1.4) and (1.5) of Section 1.1, presenting
realizations of a circular system.

2.2 Review of the g-Fock space. Besides the positive integer s, we now also fix a
parameter ¢ € (—1,1). For every n > 1 we introduce an inner product (- ,-), on (C*)%",
determined by the formula:

(@ ®@&m® - @m)g = > @™ & @) n | Tow),  (2:6)
0cESH

for &1,...,&0, M1, .., € C* where S,, denotes the set of all permutations of {1,...,n},
and where inv(o) stands for the number of inversions of the permutation o ( inv(o) :=
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[ {(2,7) |1 <i<j<m, o(i) >0c(j)}|). The fact that (2.6) gives indeed an inner product
was shown in [2]. We view (- ,-), as a “deformation” of the usual inner product on (C?%)®"
(which would correspond to the case when ¢ = 0).

The ¢-Fock space over C?* is defined as

T, = Co (@l ((C*)" () ) (27)

(orthogonal direct sum of Hilbert spaces). The vacuum-vector of 7; and the vacuum-state
on B(7;) are defined in exactly the same way as for the full Fock space (cf. Section 2.1).
For every ¢ € C?* there exists a unique operator in B(7), denoted by [,(¢), such that:

lq(f)Q :f
(2.8)
M@ @) =@M QN
VTLZ ]., an,...,nneczs;
its adjoint acts by the formulas:
(6" 2 =0
(2.9)

L) * M@ @) =21 @™ i [N O QN1 @ g1 @ -+ @ Ny
Vn>1 Yn,...,n, € C*.

14(€§) and [4(§)* are called the g-creation and respectively the g-annihilation operator deter-
mined by £. Note that the formulas describing [,(§) are identical to those for [(§) in Section
2.1, but that the situation is not the same concerning the adjoints. (This is possible because
7, has an inner product which is a deformation of the one on 7.)

Instead of (2.4), we now get that the g-creation and g-annihilation operators satisfy:

1q(€)"lq(n) = alg(lg(€)"+(n1&) I, &neC*; (2.10)

these are called “the g-commutation relations”. It is occasionally convenient to fix an
orthonormal basis &1, ..., & of C?*, and denote [; := l4(&), 1 <i < 2s. The Eqn.(2.10)
then gives us that

l”j = qul;k + 5@'1, 1<4,5 <2s. (211)

(2

It is such a family of operators in B(7;) which was used in (1.8) and (1.9) of Section 1.2,
presenting realizations of a g-circular system.

We now turn to the proof of Proposition 1.2.3. We will stick to the framework introduced
in Section 2.2, including an orthonormal basis &1, . . ., & of C2* which is fixed until the end
of the Section 2, and for which we denote [; := [4(&;), 1 < i < 2s. The argument will rely
on a combinatorial formula established in [2] for the joint moments of [1,1], ..., las, 5, with
respect to the vacuum-state e on B(7;). This formula is stated as follows:

2.3 Proposition (c¢f. [2] Part I, Proposition 2 on page 529). For every n > 1,
ti, .. tp €{1,...,28}, 01,...,0, € {1,x}, we have that

Guoac(lH 12 -+ 1) = > g™, (2.12)
TEQ(t1yeeestn;01,.ees0n)
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where Q(t1,...,tn;61,...,0,) denotes the set of all pairings 7 = { {a1,b1},...,{ap, by} }
of {1,...,n} which have the property that to,, = tp,, 05, = *, and 6, =1,V 1 <i <p.

We will first discuss the family of elements appearing in the formula (1.9) of Proposition
1.2.3.

2.4 Proposition. If ¢; :=1; +15,...,¢s := los—1 + 155, then ¢1,...,cs is a g-circular
system with respect to the vacuum-state on B(7y).

Proof. We fix n > 1, r1,...,r, € {1,...,s}, (1),...,e(n) € {1, %} for which we will
verify that Eqn.(1.7) holds.

In this proof it will be convenient to use the following notation: given t1,...,t, €
{1,...,2s}, 01,...,0, € {1, %}, we will write

(t1, . s tn; 01, ...,0n) < (11,...,m0;e(1),...,e(n)) (2.13)

to mean that for every 1 < m < n the operator lfﬂ’f is one of the two terms which form
cignm). (For example: if cifzn) =c§ = (Is + [§)*, then lf;” has to be either [} or lg; i.e., if
rm = 3 and &, = *, then it is part of (2.13) that we have either ¢,, = 5 and 6,, = *, or
tm =6 and 6, = 1.)
It is clear that:
Cigl) .. ciiﬂ) - Z ltell -~-le,
(t17~~~»tn§01a~~~:9n)'<
(15057n3€(1)008(n))

hence
%ac(cigﬂ . Ciin)) - Z %ac(lfll ... lf:)

(tl,...,tn;el,...,en)<
(r1,smnie(1),.08(n))

= > > ™ (by (2.12) ). (2.14)

(t17~~~7tn§91,m,9n)< WGQ(tl7---,tn;917---79n)
(r1,esmnie(1),.06(n))

We will next prove that:

(B )< Oty .. tn;01,...,0,) = Plri,...,rp;e(1),...,e(n)), (2.15)
(T15e-eyne(1),..8(n))

disjoint union.
In order to verify (2.15), let us first observe that:

Qt1y ... tn;01,...,0n) C P(ri,...,mn;e(1),...,e(n)), (2.16)

whenever (t1,...,tn;61,...,0,) < (r1,...,m;e(1),...,e(n)). This is immediately seen by
comparing the definition of P(r1,...,7rn;e(1),...,e(n)) (see Definition 1.2.2) with the one
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of Q(t1,...,tn;01,...,6,), and by taking into account how “<” works. The inclusion (2.16)
gives the “C” part of (2.15).
We now pass to “D” of (2.15). We pick a partition 7 € P(rq,...,mn;e(1),...,e(n)), and
we will construct t1,...,t, € {1,...,2s}, 61,...,0, € {1,x} such that
{ (t1yoo s tni b1, 0) < (11, ..., rnie(1), ..., e(n)), and (2.17)
7T€Q(tl,...,tn;el,...,an). )

Let B = {a,b}, with a < b, be an arbitrary block of m. From the fact that = €
P(ri,...,rn;e(l),...,e(n)), we get that r, = 7, =: r, and e(a) # €(b). If e(a) = 1 and
g(b) = *, this means that ciﬁ‘” =cp = lop_1 + 15, ci,()b) = ¢y = 15,1 + lar, and we choose:

ta = tp = 2r, 0, = %, 6, = 1 (such that lfj is a term of ¢,, and lf;’ is a term of ¢}). If

g(a) = * and €(b) = 1, this means that ci'ifjl) =cp =15,_1+lo, cigb) =c¢p = lor—1 + 15, and

we choose: t, =t, =2r —1, 0, = *, 6, = 1.

When we make the choices for t,,%p,6,,6, as described in the preceding paragraph,
and for every block of 7, we obtain some t1,...,t, € {1,...,2s} and 0y,...,0, € {1,%}
such that (2.17) holds. This completes the proof of “O” in (2.15). It is also immediate
(by inspecting again, one by one, the blocks of the partition 7 considered above) that the
choices for t1,...,tn,01,...,0, such that (t1,...,tn;01,...,0,) < (r1,...,70;e(1),...,e(n))
and at the same time Q(t1,...,t,;01,...,0,) O 7 are uniquely determined; this proves the
disjointness of the union in (2.15).

Finally, from (2.15) it follows that the expression in (2.14) is

Z qcr(ﬂ')7

TEP(r1,...,rn;e(1),....e(n))

which is exactly the desired expression for gpm(cf{” e ciﬁn)). QED
It only remains that we prove the g-circularity of the family appearing in (1.8) of Propo-
sition 1.2.3. By using arguments from [4], this can in fact be reduced to the g-circularity of

(1.9), which was shown above.

2.5 Proposition. If we denote:

oo WD) vilatl) (e ) il 4 1)

V2 ’ V2 ’

then ¢/, ..., ¢, is a g-circular system with respect to the vacuum-state on B(7y).

Proof. Recall that “l;” stands here for “I;(&;)”, 1 < k < 2s, where &1, ..., & is an
orthonormal basis of C?* which was fixed prior to the Proposition 2.3. Consider the vectors
N, .. 725 € C* defined by:

bty B Sk (2.18)

Mnr—-1 = Ta T2y Z\/i )
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and let T' denote the unique operator in B(C?®) such that T¢, = np, 1 < k < 2s. It is
immediate that 7;,...,72s is an orthonormal basis of C?*, hence that T is an orthogonal
transformation.

Let V C C?* be the real vector space spanned by &1, ..., &2 (i.e. the set of vectors of the
form Zzs:l Mok, with Ap, ..., 25 € R), and let W C C?* be the real vector space spanned
by m1,...,m2s. Moreover, let M, N C B(7;) denote the von Neumann algebras generated
by {l4(&) +14,(&)* | £ € V}, and respectively by {l,(n) +14(n)* | n € W}. The Theorem 2.11
of [4] gives us the existence of a unital *-homomorphism ® : M — N, which preserves the
vacuum-state (i.e. ©pac(P(2)) = pac(x), V & € M), and such that:

D(1y(8) +1g(6)" ) = 1g(TE) +1,(TE)*, VEEV. (2.19)

It is obvious that the operators ¢}, ...,c, defined in the statement of the proposition
belong to M, and an immediate calculation which uses (2.18), (2.19), and the linearity of
l4() gives that:

() = lop_1+15,, 1<r<s. (2.20)

r

Denoting ¢, := lap—1 + 15,, 1 < r < s, we thus obtain that ¢1,...,¢s € N and also (since ®
is a *-homomorphism which preserves ¢,,.) that:

Puac( @V M) = Guacl B((e),)7 V- (¢}, )7M))

= Puac( ()7 (&, )M, (2.21)

for every n > 1 and ry,...,m € {1,...,s}, (1),...,e(n) € {1,*}. But then the conclusion
of the current proposition follows from (2.21) and Proposition 2.4. QED

3. Moment estimates leading to asymptotic z-circular systems

In this section we prove the results stated in the Sections 1.3-1.6 of the Introduction.
It is clear that in fact only the Propositions 1.6.2 and 1.6.3 need to be proved (then 1.6.1,
1.5.3, 1.3.5 will follow).

The bulk of the section will be devoted to the estimates of moments presented in Propo-
sition 1.6.2. We fix, from this moment on and until the end of Section 3.6, the framework
described in 1.6.2. We will first dispose of the easy case appearing in the part 1° of the
proposition.

3.1 Proof of part 1° in Proposition 1.6.2. By substituting X7, ..., X, from their def-
inition in Eqn.(1.18), then by expanding the sums and by using the definition of E, we
get:

E( Xfl(l) S xeEm )y =

Tn

1 (1) (n)
- > BUY Ui

1<it,...,in<ks such that

i1=r1(mod $),...,in=rn(mod s)
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= knlp‘ > /Q (Ui ()W U (w)*™ ) dP(w).  (3.1)

1<it,...,in<ks such that

i1=r1(mod s),....in=rn(mod s)

We will show that:

o Uy () Ui, ()™ ) =0, (3.2)
for every w € Q and every 1 < iy,... i, < ks such that i1 = ri(mod s),...,1, = rn(mod s).
This and (3.1) clearly imply the conclusion of the lemma.

Solet us fixw € Qand 1 <i4y,...,4, < ks such that i1 = r1(mod s), ..., i, = rp(mod s).
The commutation relations satisfied by Uj,...,Uys (see condition (jj) in Definition 1.3.3)
give us that

Ui, () - Uy (W)™ = ¢ Up(w)M -+ Ups (w) ™, (3.3)
where ¢ is a constant of absolute value 1, and where A1, ..., \gs € [-n,n]NZ C (—L,L)NZ.
It cannot be true that A\ = --- = A\ = 0, because:

Mt 4+ = [ {I1<m<n|em)=1}] — | {1 <m<n|elm)=x}],

which is an odd number (indeed, | {m | e(m) = 1} | and | {m | e(m) = %} | must have
different parities, since their sum is the odd number n). But then the condition (jjj-L)
introduced in Section 1.6 gives us that o( Uy (w)* - - - Ups(w)*s ) = 0, and (3.2) is obtained
by applying ¢ to both sides of (3.3). QED

We now move towards the sensibly harder case discussed in part 2° of Proposition 1.6.2.
We will start by making a number of preliminary considerations.

Unlike in the preceding proof, where we did not need to know what was the constant
¢ in Equation (3.3), the arguments in the sequel will require some information about such
constants which arise from commutations. The next lemma will be used for that.

3.2 Lemma. Let p be a positive integer and let 7 = {By,...,B,} be a pairing of
{1,...,2p}, where the blocks By, ..., B, of 7 are listed in increasing order of their minimal
elements. Let C be a unital algebra and let Vi,...,V, be invertible elements of C which
satisfy the commutation relations

ViVih = %mVinVi, 1 <1 <m <p, (3'4)
where the v;,,’s are some complex numbers. Define W7, ..., W, according to the formula:

Vi if i=min(B;) (forsome 1l <1 <p)
Wi = (3.5)
Vol oif i =max(B,,) (for some 1 <m < p).

m

Then we have
Wiy Wy = ( I1 Yim ) T (3.6)
1<l<m<p such

that B; crosses B,
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Proof. By induction on p. The case p = 1 is obvious (both sides of (3.6) are equal to
I).

Let us assume the lemma true for p — 1 and prove it for p > 2. Let 7 = {By,..., By},
Vi,...,V, and Wy,..., Wy, be as in the statement of the lemma. We write explicitly
B, = {a,b}, a < b (recall that B, is the block of 7 with the largest minimal element).
Note that {a + 1,...,b — 1} coincides with the set of maximal elements of the blocks B;
(1 <1 < p—1) which cross B,. By using this observation, the rule (3.5) for defining
Wat1, ..., Wp—1, and the commutation relations (3.4), we obtain that:

(Wapr -+ Wo)V, = ( 11 M ) Vo (Wasa -+ Wor). (37

1<i<p—1 such
that B; crosses By

On the other hand, let us denote by 7, the pairing which is obtained from 7 by deleting
the block B, and by redenoting the elements of {1,...,2p} \ B, as 1,2,...,2p — 2, in
increasing order. The induction hypothesis applied to 7, and Vi,...,V,_1 gives us that:

Wiee WaaWagr -+ Wy i Wogr - Wap = ( 11 Yim ) T (3.8)

1<l<m<p—1 such

that B; crosses Bm,
But then:

WiWy - Wap = (Wi Wae1)Vp(Wagq -+ Wb_l)%’l(WbH - Wap)

= ( I1 Tp ) (W W )V Wy (Waga -+ Woot) (Wi -+ W)
1<I<p—1 such

that By crosses Bp

( by Equation (3.7) )

= ( H Vim ) I ( by Equation (3.8) ).
1<l<m<p such

that B; crosses Bpm

QED

In the estimates of moments which will be presented below, we will also use the following
notation and lemma. The positive integers p, s, k appearing in 3.3 and 3.4 are the ones given
in the statement of Proposition 1.6.2.

3.3 Notation. Let ji,...,j, be distinct numbers in {1,...,ks}. We will denote by
ord(j1,...,jp) the permutation o of {1,...,p} which keeps track of the order of ji, ..., jp;
that is, o is the unique bijection from {1,...,p} to itself which has the property that

oll)y<o(m) & 51 <jm, YIi#min{l, ... p}. (3.9)
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3.4 Lemma. Let o be a permutation of {1,...,p}, and let t1,...,t, bein {1,...,s}.
Consider the number:

| 1§j17"'7jp§k5>

N(oits,ooty) = [ { Grooodp) | ord(n, ip) = o, bl 310)
| j1=ti(mod s),...,j, =ty(mod s)
Then:
k k+p
(p) < N(o;ti,...,tp) §< » ) (3.11)

Proof. It is immediate that
N(O’;tl, ooy tp) = N(id;ta—l(l), ‘e ,tU—l(p)),

where id denotes the identity permutation. Due to this fact, it suffices to verify (3.11) in

the case when o = id; i.e, it suffices to verify that for any choice of ¢1,...,t, € {1,...,s},
the set ‘
. . 1<ji < <jp<ks,
= . . 12
S { (s dp) | j1=ti(mod s),...,j, =tp(mod s) } (3.12)

has cardinality between ﬁ and k+p .

Let us denote Iy = {1,...,s}, I ={s+1,...,2s},..., [, ={(k—1)s+1,...,ks}. To
every (ji,...,Jp) in the set S of (3.12) we can associate the p-tuple (mq,...,my), where
1<my <mg <--- <my <k are determined by the conditions:

jl S Im1>j2 € Imzj"'vjp € Imp‘

Then the map (ji,...,Jm) — (m1,...,mp) is one-to-one; this is immediately implied by
the fact that every (ji,...,Jp) in the set S of (3.12) has to satisfy the conditions j; =
ti(mod s),...,jp = tp(mod s). We hence obtain that the cardinality of S is bounded above
by

k+p—1 k+p
Mi,...,M 1<mi<mg<---<m, <k = < .
[ {museomp) [ 1< my < my p< k)| ( ; ) ( ; )

On the other hand, the range of the map (ji,...,Jm) — (mi,...,m;) considered in the
preceding paragraph contains all the p-tuples (mq,...,mp) with the property that m; <
my < --- < mp. Indeed, if m; < mg < --- < my,, then there are unique ji,...,J, €
{1,...,ks} such that: j; € I, and j; = ti(mod s); j2 € I, and jo = ta(mod s);...,
Jp € Iy, and j, = tp(mod s). These ji, ..., j, form an element of the set S of (3.12), which
is mapped to (m1,...,mp). So we obtain that the cardinality of S is bounded below by:

k
|{(m17"‘7mp)|1§m1<m2<"'<mp§k}| = (p)

QED
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We are now ready to attack the proof of part 2° of Proposition 1.6.2. Before starting
on this task, let us list some conventions of notation which will be used during the proof.

3.5 Notations. 1° We will use the following conventions:

— For 1 < i < j < ks, the complex-conjugate of the random variable p;; given in
Proposition 1.6.2 will be denoted by p;;. (Thus p;; is also a random variable on 2, with
values in the unit circle.)

— In the 2p-tuple €(1),...,e(2p) which appears in the statement of Proposition 1.6.2,
the (m)’s which are equal to x will be treated in algebraic expressions as if they were equal
to —1. (For instance “},cpe(b) = 07, for B a subset of {1,...,2p}, will actually mean
that | {be B |e(b)=1} | =|{be B |e(b) =x}|. )

2° Combinatorial notations:

— P(2p) will denote the set of pairings of {1,...,2p}, where a pairing of {1,...,2p} is
as defined in Notations 1.2.1. The set of all partitions of {1,...,2p} will be denoted by
Part(2p). (A partition 7 = {By,..., By} of {1,...,2p} is defined in the same way as a
pairing, but without any restriction on the cardinalities of By, ..., By,.)

— Let m be in Part(2p). We will say that 7 is r-stable if r, = r, whenever a,b €
{1,...,2p} belong to the same block of 7; and we will say that 7 is e-null if > cpe(b) =0
for every block B of 7. (Here 1y, rp, are extracted out of the 2p-tuple 71,72, ..., 72, appearing
in the statement of Proposition 1.6.2, and similarly for the £(b)’s.) Note that the index
set P(r1,...,7r9p;6(1),...,€(2p)) appearing in Equation (1.20) of Proposition 1.6.2 can be
presented as

P(ri,...,rop;e(1),...,e(2p)) = { 7€ P(2p) | 7 is r-stable and e-null }. (3.13)

~If1 <iy,...,i9 < ks, then we will denote by ker(i1,...,i2,) € Part(2p) the partition
7 determined as follows: a,b € {1,...,2p} lie in the same block of 7 if and only if i, = .

3.6 Proof of part 2° in Proposition 1.6.2. The presentation of this fairly lengthy proof
will be divided into several steps.

Step 1. The evaluation of E( Xfl(l) e XfQ(fp) ) starts in the same way as the one for
E( Xﬁl(l) X () ) which was made in Section 3.1. We obtain the analogue of the Equation

n

(3.1) of that proof:

E(X;M-- X520 ) = (3.14)
1
v ) /Q o( Uiy ()™ - Uy, ()P ) dP(w).

1<iy,...,i2p<ks such that

i1=r1(mod s),...,i2p=rap(mod s)
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We then write the right-hand side of (3.14) as a double summation, as follows:

> (g )3 [ ol U @

w&Part(2p) 1<i1,...,iop<ks
such that ker(ii,...,izp)=m and

i1=r1(mod s),...,izp=r2p(mod s)

X U, (w)F®) ) dP(w) ).

In other words we write

B(X{W .. xoy = ST (3.15)
w€Part(2p)

where for m € Part(2p) we set:

T, o= 3 /Q o Uiy (@)FD - Uy, () ) dP(w). (3.16)
1<iy .. igp<ks
such that ker(ii,...,izp)=n and

i1=r1(mod s),...,izp=r2p(mod s)

Our strategy will be to analyze, in the following few steps of the proof, the quantities T,
7 € Part(2p).

Step 2. In this step we observe that if 7 € Part(2p) is not r-stable (in the sense defined
in Notations 3.5), then the index set of the summation in (3.16) is void, and hence T, = 0
(in a vacuous way).

Proof of Step 2. Suppose that m € Part(2p) is such that the index set of the sum-
mation in (3.16) is non-void. This means that there exist 1 < iy,...,43, < ks such that
ker(i1,...,i9p) = m and such that iy = ri(mod s),...,i9 = rop(mod s). Then for ev-
ery a,b belonging to the same block of m we have: i, = i, = r, = r(mod s) (because
ra = ig(mod s), ry = ip(mod s) ) = 14, =14 (because 1 < 14,7, < s), and we conclude that
7 is r-stable.

Step 3. Consider now a partition m € Part(2p) which is r-stable but is not e-null. We
show that 7 = 0.
Proof of Step 8. We can prove in fact a stronger statement than 7T, = 0, namely that:

SD( Ull (w)a(l) T UiQp (w)e(zp) ) = O’ (3 17)
VweQ, V1<1dg,...,49, < ks such that ker(iy, ..., i) = 7. ’

The proof of of (3.17) is similar to the proof of part 1° of Proposition 1.6.2 (compare
to Equation (3.2) in Section 3.1). Let B be a block of m such that Y ,.pe(b) # 0. If
1 <1y,...,i9 < ks are such that ker(iy,...,dz) = 7, then i, = 4 for every a,b € B, and
it makes sense to denote by i € {1,...,ks} the common value of the i;’s with b € B. The
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commutation relations satisfied by the unitaries Uy, . .., U, give us, for an arbitrary w € €Q,
an equality of the form
U, ()M ..U

12p

(@) = c U™ -+ Ups ()™, (3.18)

where ¢ is a constant of absolute value 1 and A1, ..., A\gs € [—2p,2p]NZ C (—L,L)NZ. The
point is that A; = ;g e(b) # 0; hence when we apply ¢ in (3.18), we obtain 0 because of
the condition (jjj-L) introduced in Section 1.6.

Step 4. We consider next a partition m € Part(2p) which is r-stable and e-null, but is
not a pairing (i.e. not all the blocks of 7 have exactly two elements). For such a © we prove
the inequality

T < 1/k. (3.19)

Proof of Step 4. Observe first that the number of terms in the sum defining 7 in (3.16)
is bounded above by k™, where m is the number of blocks of w. Indeed, constructing a

2p-tuple (i1,...,ip) such that ker(i,...,izp) = m amounts to constructing an injective
function from the set of the blocks of 7 to the set {1,...,ks}; but the requirements i; =
ri(mod s) ..., iz, = rop(mod s) allow only k possible values for each of the values taken by

this function — so even if the injectivity requirement is ignored, there still are at most k™
such functions which can be constructed. On the other hand, it is obvious that every term of
the sum on the right-hand side of (3.16) is less or equal 1 in absolute value (contractive linear
functional applied to a unitary). We thus obtain that the quantity in (3.16) is bounded in
absolute value by k™7 P. But the facts that 7 is e-null and is not a pairing imply m < p—1.
(Indeed, every block of 7 has an even number of elements, because 7 is e-null; this implies
m < p, with equality holding if and only if every block of m has exactly two elements —
which we supposed is not the case.) Hence k7P < 1/k, and (3.19) is obtained.

Step 5. It is now the moment to consider a pairing 7 € P(2p), which is both r-stable

and e-null — or in other words, an element 7 € P(r1,...,72;e(1),...,6(2p)). In this step
of the proof we also fix some indices 1 < iy,...,42, < ks such that ker(iy,...,izp) = 7
and such that iy = r1(mod s), ..., i3, = rop(mod s). The goal of the step is to give a good

approximation for the integral

o Un @)D Ui () ) dP(w).

Let us write explicitly @ = {Bj,..., B,} where the blocks By, ..., B, are listed in in-
creasing order of their minimal elements. The values i,in(By)s - - -5 imin(B,) € {1,...,ks}
are distinct, hence it makes sense to consider the permutation

o = Ord( imm(Bl)a oo Jmm(Bp) )

of {1,...,p}, which keeps track of their order (o defined as in Notation 3.3). We will show
that:
| / 4,0( Uil (w)e(l) . .Ui2p(w)a(2p) ) dP(w) - zcmr(w,e,a)zcr,(w,e,a) |
Q
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o Ple=1

< = (3.20)
Proof of Step 5. Let us consider the unitaries
min(B
Vi(w) = (Uimm(Bl)(w))E( ( l)), 1<I<p, wel
Note that:
U e(max(By)) _ 1 V<< v O
( imaz(Bz)(w)) - W(w) ) 1 S0 D, w e )
this is because e(max(B;)) = —¢(min(B;)) (which happens because 7 is e-null), and 4,,q,(B,) =
imin(B,) (Which comes from the fact that ker(iy,...,i2,) = ). On the other hand for every

1<l <m<pand every w € () we have the commutation relation

) e(min(By))e(min(Bm))

Vi@ Vin(@) = ( Piinionyimingom (@) Vin (@)Vi(w),

which is implied by the commutation relations known for the unitaries U;(w). But then the
commutation Lemma 3.2 applies, and gives us that

Uy, (w)e®W ... Ui, (w)=2P)

1<l<m<p

) e(min(By))e(min(Bm))

such that

By crosses By,

Hence we obtain:

L P Un (@)W Up, (W) ) dP(w)

e(min(B;))e(min(Bm))
- /Q H ( 'Oimin(Bl)vimin(Bm)(w) ) dP(w)

1<i<m<p
such that

B; crosses Bm,

e(min(By))e(min(Bm))
- H /Q ( pimin(Bl)7imin(Bm)(w) ) dP(w); (3.21)

1<l<m<p
such that

By crosses By,

the product and the integration could be interchanged at the last equality sign because
the random variables (p;;)i<i<j<ks are independent (which immediately implies that the
random variables (i, s imin(5,,) ) 1<l<m<p are also independent).

In the product (3.21), every factor is either within § from z, or within ¢ from z. In fact,
one sees by direct inspection that:

— if the crossing between B; and B, has positive orientation in (w, ¢, o), then

‘ /Q ( pimm(Bz)’imm(Bm)(w)

min(B min(Bm
I iy L < a)
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— if the crossing between B; and B,, has negative orientation in (7, ¢, 0), then

| /Sil ( pimin(Bl)aimin(Bm) (w)

In order to check (3.22-23), there are four possible cases to discuss, according to whether
imin(B,) 18 bigger or smaller than 4,,,,(p,,), and whether e(min(B;))-e(min(B,)) is 1 or —1.
We show one of them, say when i,,in(B,) > imin(B,,) and e(min(B;)) - e(min(B,,)) = 1.

The inequality ipin(B,) > imin(B,,) 15 equivalent to o(l) > o(m) (by the definition of the
permutation o — see (3.9) in Notation 3.3); comparing this against the formulas (1.16), we
see that B; and B, have a negative crossing. But on the other hand:

/Q ( pimin(Bl)vimin(Bm) (w)

- (/Q pimin(Bm)vimm(Bl)(w) dP(w) )

With @pmin(B,,) < Umin(B,); this integral is within ¢ of Z, by one of the hypotheses of Propo-
sition 1.6.2.

Finally, (3.22) and (3.23) imply (3.20), via the well-known fact (easily checked by in-
duction) that if &,...,&N, 71, .., N are complex numbers of value not exceeding 1, and if
&1 —m| <6,...,[Exn —nn| < 0 then [§---&Env —m -+ | < NJ. (Here N is the number of
crossings of 7, which cannot exceed p(p — 1)/2.)

min(B min(Bm
)5( (B1))e( (Bm)) dP(w) _ §| < 4. (3.23)

min(B, min(Bm
)E( (B1))e(min(Bm)) dP(w)

Step 6. In this step we fix again a pairing m € P(r1,...,r2p;e(1),...,e(2p)). We will
prove the inequality:

(p+1)7

1
p! k

. Z Zcr+(7r,€,a)zcr,(7r,e,0) | < 2p—1p25+
T oESy

| Tr — (3.24)

Proof of Step 6. Let us write explicitly the partition 7 fixed in this step as {B1, ..., By},
where the blocks By, ..., B, are listed in increasing order of their minimal elements. Also,
let us denote:

| 1§i1a"'ai2p§k37
._7 = {(il,...,igp) ’ keT(il,...,igp):ﬂ', };
| i1 =r1(mod s), ..., iz = rop(mod s)

i.e, J is the index set of the summation defining 7, in Equation (3.16).

For every 2p-tuple (i1,...i2,) € J we write the inequality (3.20) obtained in Step 5;
then we sum all these inequalities. The integrals from (3.20) will add up to kPT. The
terms “z°"+(me0)zer-(m£0)7 from (3.20) will add up to:

Z N(a)zc’”r (ﬂ,s,o)zcr_ (m,e,0) 7
oSy

where for every o € S, we denoted
N(O’) = | {(il, e ,’L'QP) € j | OTd(imin(Bl), e ’imin(Bp)) = O'} |
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We thus obtain, after also dividing by kP:

1 1)
Lor+(m U) —cr_(me,o) -
= >, N(o) +(me, <5 > N(o) 5. (3.25)
0ES) 0€eSy
Now, the Lemma 3.4 gives us that:
(’;) < N(o) < <k;p>, Voes, (3.26)

One consequence of (3.26) is that the right-hand side of (3.25) is bounded above by:

1 ol ( k+p ) .p(pZ 1)5 _ (k+1)'k'p‘(k+P) _p(P2 1)5 < w125 (3.27)

kP P

(where at the last equality sign we used the fact that p < k).
Another consequence of (3.26) is that

Z N c7"+(7r,6,0')207"7 (7T,€,0') (328)
0ES)

1 (p+1)°

_‘ Z zcr+ T,E,0) T (m,e,0) ’ < - )
oSy

Indeed, the left-hand side of (3.28) can be written as:

kp_])' ) Z (p'N(O') _ k‘p) . Zcr+(7r,s,0')§cr_(7r,€,a) ‘ (329)
b oeSy

But for every o € S:

k kE+p
IN(o) — kP | < ! — kP |, | p! — kP
| p!N(0) I_maX(|p<p> !p< » ) )

< max( kP — (k—p)P, (k+p)? — kP ) < Pl (p+1)P,
hence the the quantity in (3.29) is dominated by k;pr! pl kP p 4+ 1)P = W
The inequality (3.24) (which is the goal of Step 6) is immediately obtained from (3.27)
and (3.28).

Step 7. In this final part of the proof, we combine the results of the previous steps in
order to obtain the inequality (1.20) stated in Proposition 1.6.2.

We first claim that:

2p)!
| B( X x50 - S T, | < %. (3.30)
TEP(T1,...,r2p3E(1),...,6(2p))
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Indeed, we know that

B(X;V-- X527y = %" T, (by Step 1)
w€Part(2p)

= Z T, (by Steps 2 and 3).

w€Part(2p),
7 r—stable

and e—null

By taking into account the Equation (3.13) of Notations 3.5, we see that the left-hand side
of (3.30) is hence equal to
| Z T |;

w€Part(2p)\P(2p),
7 r—stable

and e—null

but by the Step 4, this is bounded above by | Part(2p)\P(2p) |/k, which in turn is dominated
by (2p)!/k (we used the rough estimates | Part(2p)\P(2p) | < | Part(2p) | < (2p)! ). Hence
(3.30) is obtained.

We next claim that

1
‘ Z T, — Z = Z Zcr.;,_(ﬂ,s,a)zcr_(ms,o) ’
TE€P(r1,..,m2p;e(1),-.,€(2p)) TEP(r1,....,r2p;e(1),....e(2p)) p: c€Sy
1)P
< ple @ty @ED (3.31)

k
Indeed, if we write the inequality (3.24) obtained in Step 6 for every m € P(ri,...,72p;
e(1),...,e(2p)), and if we sum over 7, we obtain that the left-hand side of (3.31) is bounded

above by ( 1y
P+

The latter quantity is in turn dominated by p! - (2P~ 1p25 + W), because the number of

pairings in P(2p) which are e-null (but not necessarily r-stable) is exactly p! .
The desired inequality (1.20) immediately follows from (3.30), (3.31), and the rough
estimates (2p)! + p!(p+ 1)P < (2p + 1)!, p!2P~1p? < (2p + 1)!. QED

| P(ris. oo rapre(1), ..., e(2p)) |- (271970 +

For the rest of the section we move to the framework of Proposition 1.6.3. The proof of
1.6.3 is in many respects similar to the one of 1.6.2. For this reason we will not write the
arguments in the same detail, and occasionally we will leave it as an exercise to the reader
to check that parts of the proof of 1.6.2 can be trivially adjusted to the current situation.

3.7 Proof of Proposition 1.6.5. Let E : B(€2, A) — C be the linear functional defined as
in Equation (1.12) of Notation 3.4. We fixn > 1,and r1,...,r, € {1,...,s},&(1),...,&(n) €
{1, *}, about which we will show that the limit

lim E( XY ... x5 (3.32)

koo ri;k rnik
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exists and is equal to the right-hand side of Equation (1.17).

In connection to these n, r1,...,7, €(1),...,e(n) that are fixed, we will use combinato-
rial notations similar to some of those set in Notations 3.5.2°: Part(n) will denote the set
of all the partitions of {1,...,n}; and we will say that 7 € Part(n) is “r-stable” if r, =1
whenever a,b € {1,...,n} belong to the same block of .

We leave it as an exercise to the reader to verify that the Step 1 of the proof in Section
3.6 can be performed in the current situation, and leads to the following analogue of the
Equations (3.15-16):

E(XSD xSy = N Ty, Ve, (3.33)
wE€Part(n)

where for m € Part(n) we set:

1 1 n
Tek = > [ U@ DU, @)) dP(). (3.30)
1<it, o in<ks
such that ker(ii,...,in)=m and

i1=ri(mod $),...,.in=rn(mod s)

It is also clear that the Step 2 of the proof in Section 3.6 can be repeated identically,
and leads to the conclusion that T, = 0 for every & > 1 and every 7 € Part(n) which is
not r-stable. Thus the partitions which are not r-stable can be ignored in the summation
on the right-hand side of (3.33).

We next observe that for every k > 1 and every m € Part(n) which is not r-stable, we
have the inequality:

Ty s < k=G, (3.35)

where |r| stands for the number of blocks of the partition 7w. The verification of this
inequality is very similar to the argument shown in Step 4 of the proof in 3.6, and is left to
the reader. Due to the fact that in (3.33) we are actually interested only in what happens
when k — oo, the inequality (3.35) shows that in the summation on the right-hand side of
(3.33) we can also safely ignore all the r-stable partitions 7 such that || < n/2.

Now let us remark that T ,, = 0 for every k > 1 and for every m € Part(n) which has at
least one singleton (i.e. a block with one element). Indeed, let us suppose that the partition
7 has a one-element block B = {b}, 1 < b < n. Then for every 1 <iy,...,i, < ks such that
ker(iy,...,in) = m, the monomial Uy, (w)*M ... U; (w)*™ is brought by the commutation
relations (1.21) to the form ¢ Uy (w)™ - - - Ugs(w)s, where |c| = 1, A1,..., \s € Z, and —
most importantly here — \;, = 1. But then the hypothesis (d) of Proposition 1.6.3 gives
that (U;, (w)*W - .- U;, (w)*™) = 0, and the equality T} = 0 follows.

The conclusion of the preceding three paragraphs is that in the summation on the right-
hand side of (3.33) we may keep (without affecting what happens when k& — o0) only the
terms which correspond to partitions m € Part(n) that are r-stable, satisfy || > n/2, and
have no singletons.

However, if n is odd, then there are no partitions at all which satisfy |7| > n/2 and at
the same time have no singletons. This simply means that if n is odd, then the limit in
(3.32) exists and is equal to 0 (and the case of odd n is thus settled).
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If n is even, it is immediate that a partition 7 € Part(n) satisfies |7| > n/2 and has no
singletons if and only if it is a pairing. Thus in the case of even n, the summation on the
right-hand side of (3.33) can be restricted to the set of r-stable pairings of {1,...,n}.

From now on and until the end of the proof we will assume that n is even, n = 2p
with p positive integer. Similarly to the terminology introduced in the Notations 3.5.2°, we
will say that a pairing m# = { {a1,b1},...,{ap,bp} } of {1,...,n} is e-null if e(a;) # e(b;),
V1 <i<p (wheree(l),...,e(n) € {1,*} are as fixed at the beginning of the proof). By
taking into account the conclusion of the preceding paragraph, and by examining at the
same time the right-hand side of Equation (1.17), we see that the proof will be completed
if we can show that:

lim Trp = 0 (3.36)

k—o0

for every pairing 7w of {1,...,2p} which is r-stable but not e-null; and

Z Z SCT+ (me,0) . ZCT— (m,,0) (3.37)

khm ka =
o TESp TEP(r1rapie(1),.nne(2p))

1
p!
for every pairing 7 of {1,...,2p} which is both r-stable and e-null.

The limit in (3.36) holds trivially: 75, = 0 for every £ > 1 and every pairing 7 which
is r-stable but not e-null. This is a direct application of the hypothesis (d) in Proposition
1.6.3, and is left to the reader. (The discussion is similar to the one which ruled out the
partitions with singletons, but this time one uses the case when there exists a \; equal to
£2.)

So it suffices if from now on we fix a pairing 7 of {1,...,2p} which is both r-stable and
e-null, and we prove that the limit (3.37) holds. We denote the quantity on the right-hand
side of (3.37) by Q. We will also fix a number § > 0, and we will show that |1 , — Qx| <
if k is sufficiently large.

Denote 6 := (3/(2Pp?) and L := n+1. By the hypotheses (b) and (c) of Proposition 1.6.3,
there exists m, > 1 such that for every m, < m < n we have that |z — [ pmn| < 9, and
that Up,, Un+1,--.,Uy is an L-mimic of a Haar family. We fix k, such that k,s + 1 > m,.
For every k > k, we will write T j, as a sum,

Trge = Tpp+ T g (3.38)

by splitting the index set of the sum in (3.34), which defines T j, into two disjoint parts:
in T/ , we take the terms indexed by n-tuples (i1,...,i,) such that kos +1 <iy,..., 1, <
ks, and in T;r,,k we take the rest of the terms (indexed by n-tuples (iy,...,4,) such that
min(iy, ..., i) < ko$).

Note that for every k > k,, the random variables (p; )k, s+1<i<j<ks and the random
unitaries (U;) fi r.s+1 fall under the hypotheses of Proposition 1.6.2 (for the chosen values of
0 and L); thus the estimates found in the proof of Proposition 1.6.2 apply to this situation.
Out of these estimates, the one which we need here is the inequality (3.24) established in
the Step 6 of Section 3.6. When reporting to the current notations, “T” of (3.24) has to
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be replaced by:

1
b=k > | U@ D U () ) dP (o)
¢ kos+1<iq,...,izp<ks

such that ker(iy,...,i2p)=n and

i1=r1(mod s),...,i2p=rap(mod s)
but this is exactly k?/(k — k,)PTy ;, with T, taken from (3.38). So the inequality (3.24)
becomes in this situation:

(p+1)P
k—k,

| (525,) s x| < 2w

or after multiplication with (k — k,)P/kP < 1, and after taking into account the relation
between (8 and §:

_ P P
)T,’r’k—<k lf) Q| < §+(it2 , V> ko (3.39)

But on the other hand, a counting argument very similar to the one shown in Step 4
of Section 3.6 shows that for k& > k, + p there are less than kP terms in the summation
defining T i, and there are more than (k — k, — p)P terms in the summation defining 77 ,;
this implies that there are less than kP — (k — k, — p)? terms in the summation defining TT’r’: o
and consequently that:

kP — (k — ko — p)P
kP ’

| T/ 5l < V k> ko, +p. (3.40)

Finally, for k > k, + p we can write:

k— ko \?
‘Tﬂ',k_Qﬂ" S ’T7,r,k_< k ) Qw

< §+(thp+’1—(k_kk°>p‘.‘Q7r’+1_<HTo_p)p

( by Equations (3.39) and (3.40) ), and the latter expression is clearly smaller than [ if k
is large enough. QED

= () | Qe+ |7 |
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