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Abstract

We study the vacuum distribution, under an appropriate scaling, of a family of partial
sums of nonsymmetric position operators on weakly monotone and monotone Fock
spaces, respectively. We preliminary treat the case of weakly monotone Fock space, and
show that any single operator has the vacuum law belonging to the free Meixner class.
After establishing some relations between the combinatorics of Motzkin and Riordan
paths, we give a recursive formula for the vacuum moments of the law of any finite
sum. Since the operators are monotone independent, the distribution is the monotone
convolution of the free Meixner law above. We also investigate the asymptotic measure
for these sums, which can be seen as “Poisson type” limit law. It turns out to belong
to the free Meixner class, with an atomic and an absolutely continuous part (w.r.t. the
Lebesgue measure). Finally, we briefly apply analogous considerations to the case of
monotone Fock space.
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1 Introduction

The present notes are a continuation of the investigation started by the authors in [8].
There we studied the vacuum distribution of sums of symmetric position operators on
the weakly monotone Fock space (WM-Fock for short), based on a separable Hilbert
space H. The structure of WM-Fock was first defined in [28], where the interested
reader is referred for a general presentation. A symmetric position operator is obtained
by adding the basic operators, namely the creators A:.r and annihilators A; by the fest
functions given by unit vectors e; on H (details are explained in Sect. 2), and in

noncommutative (free, monotone or boolean) probability it is often called gaussian.
One of the reasons for such a name can be traced back to the notions of stochastic
independence in the noncommutative realm. Indeed, when one drops commutativ-
ity, several inequivalent notions of independence appear among the random variables
[23,27], and consequently the appropriate central limit theorems give rise to limit laws
different from the normal distribution. The operators above are therefore called gaus-
sian since they realize, in suitable Hilbert spaces, natural examples of noncommutative
random variables whose distributions, w.r.t. a distinguished vector state, are central
limit laws. In fact, it was observed by Hudson and Parthasarathy [15] that the classical
Brownian motion can be realized on the symmetric Fock space as the sum of creation
and annihilation processes. In particular, the distribution of such operators w.r.t. the
vacuum state is the gaussian law. This idea turned out to work also in free probability,
where the sum of creation and annihilation operators acting on the free (full) Fock
space, is the Wigner semicircle law, which is the central limit distribution for freely

independent random variables. Similarly, Muraki [19] has constructed Brownian
motion with monotone independent increments on the (continuous type) monotone
Fock space as the sum of creation and annihilation processes, where every random
variable in the family has the arcsine law. The latter is the central limit distribu-
tion in monotone probability, and a generalization of Muraki’s construction has been
obtained in [17] for Brownian motions with multidimensional time parameter taken
from a positive symmetric cone and with bm-independent increments.

On the other hand, the sum of creation and annihilation operators on the discrete
monotone Fock space has just the Bernoulli distribution, which is far away from the
arcsine law (see, e.g. [10] and the references therein). The construction of the WM-
Fock space was the attempt to build a discrete model in which the position operators
would have the arcsine distribution, and the result was partially satisfactory, since
only some finite rank perturbations of the position operators were proved to have the
arcsine distribution. In [8] we showed that a single position operator on the WM-Fock
space has the Wigner semicircle distribution, which is also away from the arcsine law,
but still absolutely continuous. We also noticed that sums of such position operators
have absolutely continuous distributions and, by monotone independence, the latter
are indeed the monotone convolution powers of the Wigner semicircle law.

The problem of finding suitable noncommutative random variables whose vacuum
distributions of their sums weakly converge, under appropriate scaling, to the analogue
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of Poisson measure in the classical case (law of small numbers), has been extensively
studied in noncommutative probability. The operators involved are generally con-
structed on appropriate Fock spaces as the combination AT + A 4+ 2A° of a position
operator AT + A and a scalar multiple » > 0, called the intensity, of the so-called
preservation operator A®. They are said nonsymmetric position operators, and usually
one defines A? := AT A, the first example in the literature going back to [1]. This is the
way we do it as well, following the free [26] and the monotone [20] probability cases.
The intensity A introduces additional structure into the considerations, and is therefore
worthwhile to study. This structure usually is related to the combinatorics of partitions
combined with block orderings or labelings. Moreover, in the weakly monotone case,
it significantly enlarges the class of partitions compared to the position operator case
from [8], in which (for central limits) only noncrossing pair partitions appear. In free
probability the analogue of the classical Poisson law is the Marchenko-Pastur distri-
bution (see, e.g. [26]), whose moments can be computed by taking all noncrossing
partitions and putting the parameter (label) A on each block. A generalization of this
result has been obtained in [5] for conditionally free convolution.

The situation in monotone probability is not as clear. Muraki found only implicit
form of the distribution for the Poisson type limit theorem for the monotone convo-
lution, however its moments are related to all noncrossing partitions with monotone
order on blocks (see [13,22]).

In this paper we study the Poisson type limit for random variables X; (1) := G; +
)»A?. Here, A > 0, G; := A; + A:.f, and A;, AIT, A? = A:Ai denote respectively the
annihilation, creation and preservation operators, by orthonormal basis vectors e; € H
on the WM-Fock space §w s (H). In particular, after denoting

G1+"'+Gm

Jm

Sp(h) = + A%+ 4+ A%, meN, A0,

we compute

lim (S, (A", Q)
m—00
for each n € N, where Q is the so-called weakly monotone vacuum vector. For n
running in the positive integers, the limits above describe a sequence of moments of a
distribution vy . In the final part of these notes we compute v, , and show that it belongs
to the free Meixner class, and it is the same limit measure as the one for analogous
sums of nonsymmetric monotone position operators, which first appeared in [20].
The paper is organized as follows. In Sect. 2 we present the WM-Fock space with
creation, annihilation and preservation operators, and recall basic information about
labeled noncrossing partitions, combinatorics of Motzkin and Riordan paths, basic
properties of the Cauchy transform of a probability measure, and free Meixner laws
as well. Based on Flajolet’s results [11], in Sect. 3 the vacuum law of any nonsym-
metric position operator is seen to belong to the free Meixner class in Theorem 3.1.
More precisely, the law is absolutely continuous w.r.t. the Lebesgue measure when
0 < A < 1, and has both atomic and absolutely continuous parts if A > 1. In addition,
we highlight some relations between moments and Motzkin and Riordan paths. As
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nonsymmetric position operators with intensity A are monotone independent random
variables in the x-algebra generated by weakly monotone creation operators (see [8]),
one naturally tries to get some information on the vacuum law of their partial sums
ZZ: 1 (G + AA?), which correspond to the m-fold monotone convolution of the free
Meixner law aforementioned. To this aim is devoted Sect. 3.1, where in Theorem 3.5
we find a recursive formula for the vacuum moments of T, (A,;) = /mS, (1) via
noncrossing weakly monotone labeled partitions, and moreover an explicit computa-
tion of the Cauchy transform of the measure in the case m = 2. In Sect. 4 we obtain
the limit distribution of S, (1) in Theorem 4.1 as a free Meixner law containing atomic
and absolutely continuous part. As one could expect it reduces to the standard arcsine
law when A equals zero. Finally, in Sect. 5, we perform analogous considerations for
the case of monotone Fock space. Although the vacuum law of a single nonsymmetric
position operator here is a two-points discrete measure, the Poisson type limit is the
same as in the weakly monotone case.

2 Preliminaries

In this section we give a miscellany of definitions, notations and some known results
frequently used in the sequel.

2.1 Weakly Monotone Fock space

Let H be a separable Hilbert space with a fixed orthonormal basis (e;);>1. By §(H) we
denote the full Fock space on H, whose vacuum vectoris Q2 = 1@ 0@ - - - . The weakly
monotone Fock space, in the sequel denoted by §w s (H), is the closed subspace of
$(H) spanned by 2, H and all the simple tensors of the forme;, ® ¢;, |, @ --- ® ¢;;,
where iy > ip_1>--->ijand k > 2.

If the Hilbert space H is finite dimensional with n = dim(’H) > 2, then the basis
for §wa (H) consists of the vacuum and all the simple tensors

el ®.. @, @.1)
where k,,, ky,—1,..., k1 >0, e],; =ep ®--- ey if k> 1, and the convention that
—_—

k
efi does not appear in (2.1) if k; = 0.
The weakly monotone creation and annihilation operators with "test function" e;,
denoted by A}L and A; respectively, are defined on the linear generators as follows.
Forany iy > iy_1>--->1i1,k>2,and j > 1

AiQZO, A,'Ej =8i,jQ,
Ai(eik ®eik71 ® ®€i1) = 8i,ikeik71 Q- ®ei| ’



Distributions for Nonsymmetric Monotone and Weakly... Page50f26 101

where §;_; is the Kronecker symbol, and
A:Q =e;, A:ej =0 jei Qej,
A;(eik ® €ir_q K& ei]) = Ui € &® €i, ® €ir_q ®--Q €y,

where

1 if j >k,
aj k= )
0 otherwise.

They can be extended by linearity and continuity to the whole §w s (H), are adjoint
to each other, and of norm one. Furthermore, they satisfy the following relations

AJAT =44 =0 ifi <,
R T 2.2)
A,Al._O ifi # j.

Asitwill be useful in the sequel, we report here Lemma 2.1 from [8] for the convenience
of the reader.

Lemma 2.1 Foranyk, j > 1, one has
ArAjAT =) LA AjATA] = o A] . (2.3)
Moreover, for j > k
T il i il
AjAjAk = Ay AkAjAj =A;. 2.4)

For eachi € N, we denote A? = AITAi the orthogonal projection onto

gv:ViA,I(H):=span{ekm®~-~®ek1 i=ky>...>k, m>1}.

As usual (see, e.g. [1]) we call it preservation (or conservation) operator. Its relations
with the other basic operators in §w s (H) are summarised below, and follow from
2.2)

APAT = AjA) =0 ifi #

AJAY =0 ifi #j (2.5)

AlA; = ATAD =0 ifi>j.

2.2 Partitions of a Finite Set

For n,m € N with n < m, let us denote [n,m] = {n,n + 1,...,m}, and
[#] := {1,...,n}. Let S be a nonempty linearly ordered finite set. The collection
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m = {B1, ..., Bp}is a partition of the set § if the B; are disjoint nonempty subsets
whose union is S. The B; are also called blocks of the partition 7. Any By € 7 is
called a singleton if | Bx| = 1, where | - | denotes the cardinality. The number of blocks
of  is denoted by ||, and the set of all the partitions of S is P(S). In the special case
S = [n] we denote this set by P(n). A similar notation for subsets of P (n) will be
introduced in the next paragraph.

A block B of w € P(n) is called an interval block if B = [I, m] forsome 1 <[ <
m < n. An interval partition of [n] is an element of P(n) for which every block is
an interval. In addition, the set V (n) of interval partitions on [#] is in bijection to the
compositions of n, i.e the sequences of integers (q1, ..., q;) such that g, > 0, and
qi+---+gqj=n.

A partition 7 has a crossing if it contains at least two distinct blocks B; and Bj,
and elements vy, v2 € B;, wi, w2 € Bj s.t. v; < wy < vy < wy. Otherwise, it is
called noncrossing. We denote by N C; 1 (S) the set of noncrossing partitions such that
each block contains at most two elements. If |S| is even, N C2(S) denotes the set of
noncrossing partitions with all blocks of cardinality 2.

A noncrossing partition of [n] is called irreducible if there is a block contain-
ing both 1 and n. Note that every partition is uniquely decomposed into irreducible
(sub)partitions, generally called factors [3].

A block By € m is called inner if there exist By, € m and vy, vo € By, such that
v] < w < vy for all w € By. A block is called outer if it is not inner, and 7 is
noncrossing. In this case, the subset collecting the partitions without outer singletons
is denoted by P1(S). From now on, we put

NCIDL,1(n) := NCy,1(n) N PI(n).

For  a noncrossing partition of [n] with blocks # = {By, ..., B}, one has a
natural partial order <; on the blocks given by B; <, Bj if B; is nested inside
B;,ie. minB; < minB; < max B; < max B;, where minB (resp. max B) denotes
the minimal (resp. maximal) element of the block B. When the extremal inequalities
above are strong, we write B; <, B;.

Let w = {Bj, ..., Bx} be a partition of [n] and J be a set. A labeling with values
in J is a function L : w — J, and the pair (rr, L) is called a labelled partition. We
denote L P(J, n) the set of labelled partitions with labels in J.

In what follows the aforementioned partition 7 has to be taken noncrossing. Recall
that for x, y arbitrary elements of a poset (S, <), one says that y covers x if x < y
and there is no z such that x < z < y. If 7 = {By, ..., By} € LP(J, n) with label
function L is such that L(B;) = L(B;) for every singleton B; which covers a block
B; w.r.t. <, we say that w belongs to NCL Pg(J, n).

The label function L is called weakly monotone if it preserves the ordering of the
blocks, i.e. L(B;) < L(B;) when B; <; Bj. A weakly monotone label function is
called monotone if L(B;) < L(B;) when B; and B; both contain at least two ele-
ments, and minB; < minB; < max B; < max B;. The labelled partitions belonging
to NCL Ps(J, n) whose label function is weakly monotone (monotone) are denoted
by NCLPM™"(J,n) (NCLP"(J,n)). Finally, by ANC""(J, n) we denote the non-
crossing weakly monotone partitions on [n] without outer singletons, with labels in J
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Fig.1 A partition in ANC"" ([7], 18) and its nesting forest

and blocks of cardinality at most 2, and finally belonging to NCL P;(J, n). In other
words

ANCY™(J,n):=NChL1(n)NNCLP""(J,n).
In the case of monotone labelled partitions, one takes
ANC™(J,n):=NChL 1(n)"NNCLP"(J,n).

The so-called nesting forest representation for noncrossing partitions (see, e.g. [3],
Definition 3.1) appears useful to describe the latter classes (see Fig. 1). Each irre-
ducible factor is seen as a Hasse diagram, where the labeling is not decreasing moving
downward, and the same colour of vertices necessarily corresponds to the same label-
ing.

2.3 Motzkin and Riordan Paths

Recall that a Motzkin path of size n is a lattice path in the integer plane Z x Z
consisting of up-steps a := (1, 1), down-steps b := (1, —1) and level-steps ¢ :=
(1, 0), beginning in (0, 0) and ending in (n, 0), which never passes below the x-axis.
We denote by M (n) the set of all Motzkin paths of size n, and M, := |[M(n)| is
called nth Motzkin number.

Following [11], M (n) reduces to the collection of words uu - - - u, on the alphabet
{a, b, c} satisfying

lwyuy - --ujleg = luguy---ujlp, 1<j=<n-—1,
jla j / (2.6)

[y -+ - uplg = luruz -~ - uplp

where |x|; denotes the number of occurrences of i € {a, b, ¢} in x.

Remark 2.2 Removing the horizontal steps a Motzkin path results in a Dyck path, and
immediately leads to the following relation [4]

(51

n
My=Y" (2k> Cr
k=0

where for any x € R, [x] is the unique integer m such thatm < x < m + 1, and (Cy)
is the Catalan sequence.
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Riordan paths are Motzkin paths without horizontal steps on the x-axis. The set of
Riordan paths from (0, 0) to (n, 0) is denoted by R(n), and R,, is their number.
Motzkin and Riordan numbers are connected by the following formula [4]

My = Ry + Rusi. @7

Any of the aforementioned lattice paths is said irreducible if it does not touch the
x-axis except at the beginning and at the end.

In the sequel it will be useful to replace the alphabet a, b, ¢ with T, 1, 0, respectively.
In this case, conditions (2.6) then realize any Motzkin path of length n by means of a
sequence ¢ = (¢(1),...,e(n)) € {1, 0, T}" such that

1) leD),....,em)|1 = le(1),...,e(n)|+
2) le),....e(Hh <le),....e(D|s, forj=1,...,n—1.

In this picture, M (n) is denoted by {1, 0, }},. When in particular () € {1, {} for
any j, by Remark 2.2 ¢ uniquely corresponds to a Dyck path of length the necessarily
even n, or equivalently to a unique partition in NC;(n). If in addition,

3) e) =7
@ le),....,e(Dh =leD),....e(PNly = e+ D=+, j=2

there are no horizontal steps in the Motzkin path on the x-axis. If {1, 0, T}’i denotes
the sequences ¢ € {1, 0, T}" satistying (1) - (4), one finds that {1, 0, T}, = R(n).
This gives sense to the notation ¢ € R(n) often used in the sequel, and therefore
Ry = [{1,0,4)].

Finally, any ¢ € {1, 0, t}} is decomposed as ¢ = ¢" Li&"”, where ¢”(j) € {1, 1} and
&'(j) = Oforany j.Thus ¢” is identified to a Dyck path or, equivalently, s” € NC,(2r)
for some r < ’7’ Here, each block reduces to a pair (i, j) such that (i) = 1, and
€(j) = 1. Thereaderis referred to [9] for similar arguments in the setting of interacting
Fock spaces.

2.4 Cauchy Transform of a Measure

Let 1 be a probability measure defined on the Borel o -field over R with finite moments.
The moment sequence associated with u is denoted by (m,(w)). Foreach z € C

Myu(2) =) Z"ma ()

n=0

is called moment generating function, which is considered as a formal power series if
the series is not absolutely convergent.

From now on C* and C™ will be the upper and lower complex half-planes, respec-
tively. The Cauchy transform of u is defined as

+00 d
Gu(2) :=f pdx)

oo Z—X
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G, (z) is analytic in C\supp(p), G, () = Gu(z) and G, maps C* into C™. As
a consequence, it suffices to consider it on the domain on C*™ U R\supp(u). In this
region it uniquely determines p as summarized below (see e.g. [14]):

(1) The limit
r .
g(x) := —— lim ImG,(x +iy) 2.8)
T y—>0t

exists for a.e. x € R, and g(x) dx is the absolutely continuous part of 1. Formula
(2.8) is called Stieltjes inversion formula.

(2) Gu(z) has a simple pole in z = a € R if and only if @ is an isolated point of
supp(w). In this case

u=cbs+{1—-cy, 0<c<l

and v is a probability measure for which supp(v) N {a} = @. Furthermore, ¢ =
Res;— Gy (2).

We end the subsection by noticing that

Gu(z) = %Mu (%) , zeCt. (2.9)

2.5 Free Meixner Laws
We end the section briefly presenting free Meixner laws. The interested reader is
referred to [16,24] for further details. The family ©, on R of free Meixner laws is

parametrized by u := (a, b, c, o) € R* with b, ¢ > 0, which orthogonalize the family
of polynomials P,(x) := P}'(x) given by the following recurrence

Py(x) :=c, Pi(x):=x—a,
Ppy1(x) = (x —a)Py(x) —bPy—1(x), forn>1.

Moreover, the measure uy has absolutely continuous part ;¢ with density

c/4b — (x —a)?

pe(dx) = WX[a_zﬁ’a_i_z\/E] (), (2.10)
where
fx)=0—-c)(x —a)2 +(—2)(ax—a)x —a)+ (x —a)2 +be?.

Its discrete part up is 0 except possibly in the following cases:
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(1) f(x) has two real roots x| # xo. Then

UDp = Y18y, + V281, (2.11)

where

Vi

B 1 ( bc B |xi — of
S —a)?r— 41 —o) \|lxi —«| c

(2) ¢ =1and o # a, so that f(x) has one root x| = « + b/(a — a). Then

b
wp = (1 — m)-’_axl s (213)

where (r)4 = (r + |r])/2.

) L i=1,2. (2.12)
+

Finally, we recall that the Cauchy transform of 1 is given by

{(c = 2)z4+ Qo —ac)} £c/(z —a)? —4b

Gia (@) = 2/G)

, (2.14)

where the branch of the analytic square root is determined by the conditionImgG,,, (z) <
0 when Imz > 0.

3 The Vacuum Law of Nonsymmetric Position Operators

Motivated by the symmetric central limit theorem for weakly monotone selfadjoint
operators [8], we first study the vacuum distribution, i.e. the law in the vacuum state
wq = (-, ), for sums of nonsymmetric position operators

m

Suh) =) (% + )»Ag) :

k=1

where A > 0, m > 1, and G := Ay + AZ. The symmetric part, given by the sum of
the so-called gaussian operators G, and obtained by taking A = 0, has been already
treated in [8]. As S, (1) is bounded and selfadjoint for each m, the moment problem
of its vacuum distribution has a unique solution.

For m > 1, it seems convenient to introduce the operator

T (o) = /mSpu () =y (Gk + xmAQ) ,
k=1

where A, := A/m. Thus, we have to handle the nth moments for such sums, namely

bin(Am) = wQ((Tm()Lm))n)a Am > 0.
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We start with the case m = 1, where we simply denote the aforementioned objects by
T1 (%) and by, (A).

The law of the nonsymmetric position operator belongs to the free Meixner class,
as shown by the following

Theorem 3.1 The distribution 1 5 of Ti(A) in the vacuum state is the free Meixner
law with parameters (A, 1, 1, 0). Namely,

(1—5)8_ 1 + 1% ifa>1
M1y = 5 A
(11,29 ifo<r<1,

where 1 ,% is the absolutely continuous part, with the density function

Va4 —(x—21)?

_ , 3.1
20w £ 1) Xir—2,2+21(x) 3.1

ui5 (dx) =
and the above support reduces to (—1, 3] when A = 1. In addition, for any n

bia(y= Y b, (3.2)

g€R(n)

where |¢|o denotes the number of level-steps in ¢.

In Fig. 2 we report the plots of 1t ; in the cases A = 0.5, A = 1 and A = 2.

Proof We first compute the moment generating function and the Cauchy transform
for the sequence (b1 , (1)) which indicate the relation of the latter with Riordan paths.
Fix A > 0. If for any i

Aie?n =

0 ifn=0,
e?(n_l) ifn >0,

T oen _  ®m+l1)
Aje" =e¢; ,

where n = 0 corresponds to €2, 77 ()) has the following matrix representation

S o = O
O = > =
—_— = O
> = O O
- o O O
(= elleNe)
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(A) Distribution for (B) Distribution for
m =1 and A = 0.5. m=1 and A = 1.

07
06
05
04
03
02

. N
o0{ —

(¢) Distribution for
form=1and\ = 2.

Fig.2 Vacuum distribution of 77 (1) for A = 0.5, A = land A =2

w.r.t. the canonical basis (e?”)nzo. This is a Jacobi matrix, and its J-transform is the
continued fraction of the Cauchy transform for (b; , (1)) [2]. It is given by

1
Gii(@) = ————,

and then

I+ AFV(EZz—1)2-4

G1.2(2) = 200z + 1)

(3.3)

By (2.9) one gets the moment generating function

_ (4229 =V —22)? — 422

20z +72)

Mi (@)
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The continued fraction version assumes the form

1
M) = . - (34

Arguing as in [11], Theorem 1, one finds that (3.4) is indeed the moment generating
function of positive lattice paths with weight 1 on up and down-steps, and weight A
on horizontal steps except 0 on the x-axis. Thus (3.2) is achieved.

We note that the Cauchy transform in (3.3) is exactly the one given in (2.14) for
(a,b,c,a) = (A, 1,1,0),and f(z) = Az + 1. Since

VA= (x = 3)?

lim - -0
vt 2m(Ax + 1) Xi—2.242] (%)

and
Lo VA oo [0 it
— _ X =
rortat 2w 4 1) A2 too ifa=1,

from (2.10) it follows that the probability measure w1 ; has the absolutely continuous
part given in (3.1). Finally, xo = —% isaroot of f(x), and (2.13) entails x( is an atom

with mass
] 1 _]o if0<a<l
M) 1= ifas 1

One notices that for any n > 2 and A > 0, by ,(}) is a monic polynomial of degree
n — 2. Indeed, the degree is obtained by taking the unique path starting with an up-set,
followed by n — 2 level-steps and ending with a down-step. As an example, a direct
computation gives forn = 0, ..., 5 the following values for the moment sequence

m}

br,(A) ={1,0,1, 4,22 +2,23+51}, A>0.

A recursive formula for these moments is provided by the following

Proposition 3.2 For eachn > 2 and ) > 0, one has

bia() =Y biak(WMi2(h), (3.5)
k=2
where
My (V) = Z el Moo = 1. (3.6)

geM(m)
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Irreducible

N I N

k Rn—k k Rn—k

Fig.3 .

Proof Indeed, as by o(A) = 1, the basic step n = 2 in (3.5) is trivially satisfied.

Now we suppose that (3.5) holds for any s < n. The definition of {1, 0, 1}/, = R(n)
gives that any Riordan path of length »n is uniquely decomposed into an irreducible
Riordan path of length k, and a Riordan path of length n — k, for k = 2,...,n. If
R (k) denotes the set of irreducible Riordan paths of length k, from (3.2) it follows

n

bl,n()»):Z Z €'l Z 1€l

k=2 ¢/ R (k) e"eR(n—k)
n
=Y b)) Y A,
k=2 &' R (k)

the last equality coming from the induction assumption. For any fixed length k£ > 2,
irreducible Riordan paths and irreducible Motzkin paths coincide. In addition, after
removing the first and the last step, the latter are in one-to-one correspondence with
the Motzkin paths of length £ — 2 (see Fig. 3). This ends the proof. O

As for (2.7), it cannot be generalized to & # 1 by means of (3.6). Indeed, the
sequences of paths considered here are usually called A-colored Motzkin words in
combinatorics [25].

Although the following result could be known to the experts, we add its proof since
some of the tools used will be helpful in the sequel.

Proposition 3.3 Foreachn > 2 and » > 0

n—2 n
My() = 2"+ 25 Y My (MM 2 (V)
k=0 =k+2

where Mo(L) =1, M1(A) = 0.
Proof Fix a Motzkin path of length n > 2. Then, it is uniquely decomposed into:
— a path of k level-steps, fork =0, ..., n;
— an irreducible Motzkin path of length / — k, for [ = k + 2,...,n in the case

k < n — 2 (since the k + 1th step is an up-step);
— a Motzkin path of lengthn — [, in the case [ <n — 1.
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Irreducible
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— D NS XX
k level kK I M, klevel k I M,
steps steps

Fig.4 .

As above, each irreducible Motzkin path of length [ — k consists of an up step, a
Motzkin path of length [ — k — 2, and a down step (see Fig. 4). Therefore,

)
Mn(X)=,\"+an’< i: STk Rl
k=0

=0 [=k+2 e M(—k—2) e"eM(n—I)

n—2 n
=\"+ Z Ak Z M2 M)My— (1) .

k=0 I=k+2
O

The Jacobi continued fraction ! and the bivariate generating function for the Motzkin
numbers (M, (1)) is shown in [11, p. 135] (with z instead of X):

1

MY () = .

1 —hg— —=
1—)»2—i

or, equivalently

1
M, N _ e S 32 _ a2
M () = 22 (1 AZ (1 —x2) 4z )
For the Cauchy transform, (2.9) entails

NI/ o
GM(z =2 (ZZ -4 37)

Here, "4+” has to be taken when Re(z) > A, or Re(z) < A and Im(z) <
Im+/(z — A)? — 4, whereas one takes ”—"" in the remaining cases. Recalling that the
Cauchy transform of the Wigner law is indeed

+V2—4
gé”(z)=%,

' Which happens to be periodic in this particular example.
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(3.7) gives that the distribution measure j f\” induced by (M,, (1)) results to be a shifted
semicircle law. Namely,

M 1 2
w; (dx) = E\M — (x = M) xp—2,0421(x) .

In addition, the periodic continued fraction expansion of g/{"’ (z) is the J-transform of
the Jacobi matrix [2]

SO = >
O = > =
—_— = O
> = O O
- o O O
OO OO

which is the matrix representation of every A; + A:.r + A w.r.t. the canonical basis
(e?”)nzo, where, as above, e?o = Q and I denotes the identity of B(Fw (H)).
Therefore, (M, (1)) are the vacuum moments of A; + AiT +Al,i € N,

3.1 Distribution of the Sum of an Arbitrary Number of Operators

Here, we investigate the vacuum law for sums of at least 2 nonsymmetric position
operators, and show that the moments depend on the number of some partitions intro-
duced in Sect. 2.

Before proving the announced result, we introduce the following technical

Lemma34 Fixn>1,¢ €{1,0,1}",i1,...,i, € [m], and define

k:=min{j <n|e(j) =1}

. . (3.8)
l:=max{i <k |e@)="1}.

Then, Afn(n) e Afl(l) vanishes unlessi; = i; = iy foreach j € [n]suchthatl < j < k.

Proof Indeed, when [ = k — 1, the thesis follows from (2.2), since here j = [. If
| < k — 1, then for any j such that/ < j < k, one finds &(j) = 0. In this case (2.5),
(2.2) and (2.4) give the desired result. O

Notice that for any m > 1, by, 0(Am) = 1 and by, .1 (X)) = 0.

Theorem 3.5 Foreachm > 1 andn > 2, one has

bunOm) = Y A, (3.9)

e€ANCY" ([m],n)
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where A > 0, and |e|o denotes the number of singletons of the partition . In addition,

k=2

by (Am) = me n—k (Am) Z <bm 1+1.k—2Am) + k3 me I+1,k—2— j()tm))
k=2 =1 j=1
(3.10)
where, forany j =1,...,k —2, Em,pr],k,z,j (Am) is defined as
(537
r+
bm—l+l,k—2—j()\m)<0‘[k%j]’l Z ( J J>)\J +8 k— 2 ]] O)\' )
r=1
Proof We first note that foreachm > 2,n > 0,and A > 0
m
bm,n()‘m) = Z Z U)Q(Afn(n) T Afl(l)))»‘,ilo . 3.11)

ee(1,0,1)L i1...in=1

By the definition of {1, 0, 1}}, any partition ¢ on the right hand side of (3.11) has no
outer singletons. As previously pointed out, ¢ = &’ L ¢, where ¢” is a noncrossing
pair partition, and now ¢’ collects the preservation operators organized in singletons.
This gives ¢ € NCI 1(n). Moreover, the Riordan path ¢ is uniquely decomposed into
irreducible paths, the first one being {f, €(2),...,&e(j — 1), 1},forsome j =2,...n
Lemma 3.4 and (2.4) give that the sequence

1 461 e(2) 41
A, Alj | . Al.2 Ai.
reduces to

S ALATTD Al Al AT

lj—1 Ik

for [ and k defined as in (3.8). By (2.3), the above expression turns out to be equal to

8 i tipin AL AT AT D 4D AT (3.12)

ij—1 lk+1 i—1 i

Now both ¢(/ — 1) and (I — 2) belong to {1, 7}, and the following cases may appear

AY AT =6i1—1,i1—2AT

l—1""i—2 i1—2

Al Al =i i,Al Al

lll -2 -1 u-2

0 0
Ay, = 81'171,1‘1 2 Aj

lllll2 -1

Al A =gy AL AD

l—1""t-2 i—1"74-2"
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After replacing in (3.12) and iterating the procedure, one finds that any irreducible
path realizes a partition which is weakly monotone ordered, where any block of car-
dinality 1 inherits the labeling from the block which covers. Since by Lemma 2.1
wa(AL"™ - ATY) = 1, (3.9) follows.

In the aforementioned decomposition for ¢ € ANCY" ([m], n), consider the first
irreducible path of length k = 2,...,n, and take the remaining path of length
n — k. Consequently, if ANC"™([m], k) is the subset of irreducible partitions

7 ={B1,...,Bp}in ANC""([m], n), from (3.9) one finds
bn (hm) = Z Yoo gl 3 o
k=2 &'c ANC®™ ([m],k) &’e ANCY™ ([m],n—k)

= me,n—k()”m) Z )‘;lz/lo .
k=2

&' € ANCY™ ([m],k)

We label now L(B;) = 1,1 =1, ..., m. The weakly monotone ordering gives that for
eachh =2,..., p, L(By) =1+ s for asuitable s € {0, ..., m —[}. Removing B
provides a natural identification with a (unique) partitionin AN C*™ ([, m], k—2— j),
where j is the number of singletons. Consequently, for j = 0 (3.10) follows from
(3.9), since in this case

ANCY™([m], k) = I_lANCwm([m —I+1],k=2),
=1

where we identified [m — [ 4 1] with [/, m]. If instead j > 1, denote by r the number
of outer blocks with cardinality 2 in the partition. Then the indistinguishable outer
singletons may occupy r + 1 positions, and (3.10) is verified using again (3.9). O

The computation of the moment generating function and the Cauchy transform for
(bm.n (A1) appears complicated when m > 2, as a consequence of the recurrence
relation (3.10).

In particular, when we replace A,, simply with A for any m, the vacuum law of
the sum of m nonsymmetric position operators is the m-fold monotone convolution
of 1t1,,. Indeed, by means of Theorem 2.2 in [8], the random variables G; + )»A?,
i = 1,..., m are monotone independent. Also in this case, the (reciprocal) Cauchy
transform appears not to be simple to handle. As an example, in the easiest case m = 2,
since Theorem 3.1 in [21], one finds G, 5 (z) = gm(m). This gives

2
S - —A) —4
1+ 1G1.,(z) \/(gl,A(Z)

2(A+G1,,.(2) i 2<g Ay 1) ’
1,2(2)

as a consequence of (3.3).

zeCt

G2,.(2) =
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4 Central Limit Theorem

In this section we provide a central limit theorem for the operator 7;,(A,,). More in
detail, we find that the limit law belongs to the free Meixner class.

Theorem 4.1 For any A > 0, the vacuum law of

TnOm)  Gi4 ... 4G+ in(A)+...+A))
Jm Jm

weakly converges for m — 00 to the free Meixner distribution v, with parameters

1
<A, ok 2, 0>. Namely,

A

ﬁ%_m + U)‘Z'C' s (41)

V) =

where the absolutely continuous part w.r.t. the Lebesgue measure vi-“ has the density

2= (x—1)?
A2+ 2= (r = 02 Xo-v2ary) ()

Ve (dx) = 4.2)

Proof As for any m > 1 T,,(%,,) is selfadjoint, it is enough to prove that the conver-
gence is in the sense of moments to vy, i.e.

) 1
mh—I>noo Wbm,n()‘m) = A{x"dvx(x),

for any n > 2. From Theorem 3.5 it follows

bl = —— Y g (43)

vim M= e ANCY™ ([m],n)
As usual, any path in ANC""([m], n) is uniquely decomposed into j =1, ..., [5]
irreducible paths of size g;, h = 1, ..., j. The latter indeed realize a partition 7 /) ¢
V (n) whose corresponding composition of n is (q1, . . ., q;). Therefore, (4.3) gives

[51 j
1 1 .
ﬁbm,n (Am) = W Z Z l—[ Z )\'lnhl() . (44)

j=l 7Wevm) h=1 e eANCY™"([m],qp)

For any h, let k;, 4+ 1 be the number of blocks of cardinality 2 of ¢;,. Thus, the number
of singleton blocks is g, — 2 — 2kj,, and they are labelled as any block they cover. The
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right hand side of (4.4) is then

j [ -2 kh+1

(51
ﬁizznzzmmwwmwwWﬂ
j=1

aeVn)h=1 k=0 I=1

Here, [ is the cardinality of the range of the label function L, : &, — [m], and A, ,
is the set of all the irreducible paths of length ¢;, with / blocks. Taking the limit for
m — oo all the terms except / = kj, + 1 vanish, and one has

. qh 2
«/ pan—2-2ky Man o 11
i —— by o) = Z > H Z ( "%, ) bl

J=1aWevn)h=1 k=

Every path above is irreducible. Then, by usual arguments, for the computation of
| Agy ky+1] we reduce to the case of a partition gy, of ky blocks of cardinality 2. As
the range of the label function Lz, has cardinality k;, without loss of generality we
suppose Range(Lz,) = [k;]. Under the above assumptions, there is a unique block
By, in €, connecting two index consecutive elements and such that Lz, (Bp,) = kj.
Thus, By, can be chosen in (2kj, — 1) ways, and the same argument holds for g, \{ B, }.
Consequently, an iteration procedure gives that Ay, x,+1] = (2k;, — 1)!l. Recalling

that A, (2” ]) is the 2nth moment of the standard arcsine law [18,22], one has

2
j [‘Ih

Ak,
i =3, %[5 (1 e
e J=1aWevm)h=1 k= 2kh kh +1
Therefore, the moment generating function for the measure v is
j 15

MVA(Z)_1+Z Z Z l_[ Z ( 2%, ) qh—2—2khkhAj‘:1 P

n=2 \ j=l gz eV n)h=1 kp=

in its set of convergence. After replacing any 7) € V(n) with its corresponding

composition (g1, ..., g;) of n, the identity z" = ]_[{l:1 79" allows to reduce the right
hand side as follows

00 00 [qz;z] g2 A !
1 B P e I
t2 Zz(zm) PESE
j=1 \¢=2 k=0
and g denotes any of the g5, h = 1, ..., j. This means that
1
My, (1) = —(———, (4.5)

1—-K;(2)



Distributions for Nonsymmetric Monotone and Weakly. .. Page210f26 101

where
o (U] r A
K — 2 )\‘r—Zk k r
=22 (3 () )
r=0 \ k=0
As k‘% = %, (Cy) being as usual the Catalan sequence, one has

ad Cy i r
Kiz) =22y —— ( )(?»z)’
g (2k2)k r:Z2k 2k

22 > Z 2k
=—N'qg——) .
=iz 1;0 "(ﬁ(l —M))

and in the last equality we used the well known identity
k - (1 = k1
r=k

(see, e.g. [12]). Recalling that the moment generating function of the standard Wigner
law is

& _ _ 2
k=0 <

(see, e.g. [8]), it turns out that

Ki(z) = (1 —22) F/(1 —r2)2 =222,

From (4.5), after taking into account that lim,_. F,, (z) = 1, one has that the moment
generating function is

M,, (2) = (4.6)

1
, zeC.
Az 4+ /(1 — Az)? — 272
By (2.9), (4.6) entails
1
rEVE-0E—2
The previous formula represents the Cauchy transform of the free Meixner law with

1
parameters (k, > 2, 0). Thus,

gv,\ (z) =

f)=224+2—(x—1)?
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(A) Limit distribu- (B) Limit distribu-
tion for A = 1. tion for A = 4.

Fig.5 Limit distribution for A = 1 and A = 4

has two real roots x; = A — +/A%2 +2, and x, = A + ~/A2 + 2. By (2.12), one finds

y1=0and y, = x§+z
As a consequence, from (2.11) and (2.10) one has (4.1) and (4.2). O

In Fig. 5 we report the plots of vy for A = 1 and A = 4.

5 The Case of Monotone Fock Space

The previously achieved results can be translated, up to modifications, to the case of
monotone Fock space. Some of the following properties have been already presented
in [20]. We add them here for the sake of completeness, and to emphasise their role
in our approach.

For our aim it appears at first useful to recall some notions about discrete monotone
Fock space, the reader being referred to [6,7,22] for further details.

Let 'H be a separable Hilbert space, and (e;);>1 a fixed orthonormal basis. The
monotone Fock space over ‘H, in the sequel denoted by § s (H), is the closed subspace
of the full Fock space §(H) spanned by €2, H and all the simple tensors of the form
e, ®e;, @ e, whereiy > i1 >--->ij,andk >2.Let (i1, i2,...,ix) bea
strictly decreasing sequence of natural integers. The generic element of the canonical
basis of §y is denoted by e(;, i,,....i,). Very often, we write e;) as e; to simplify the
notations. The monotone creation and annihilation operators with test function e; for
any i € N, are denoted by al.T :=a'(e;) and a; := a(e;), respectively. They are given
by aQ = e;, ;2 = 0 and

afec = | Gk ifi > iy
A [ otherwise,

R e(iz,..‘,ik) lfk 2 1, and i = il
illniz.it) =) g otherwise.
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One can check that both alT and a; have unital norm, are mutually adjoint, and satisfy
the following relations

afa}:aja,-zo ifi <j, 5.1)
aia; = 0 ifi #£j. '
As in the weakly monotone case, we introduce the preservation operator a? = czl.T aj,

i € N, and recall that Lemma 5.4 in [6] gives
akajaj: =8y (Jax , ajakaz = (Sk)(j)ali ,
where

1 ifj<k

S (j) =
() 0  otherwise,

and further, for j <k

i Pt
aja;ap =ar, aaja;=a.

We deal with the distribution in the vacuum state of the operator
m
Pn(Ay) = Zai + aiT + Xma? ,
i=1

where m > 1, A > 0 and A,, := A/m. As usual, the law of P,,(A,,) is determined by
the moments, and we introduce the following notation

gm,n()&m) = wQ((Pm()\m))n) .

We start from the case m = 1.

Proposition 5.1 For any A > 0 the vacuum distribution of Py (1) is the two-points law

1 A 1 A
=|-— ——94, -4+ — ) . 52
p= (3 svms P (G sy s 6

Proof Fix A > 0. The definition of monotone creation and annihilation operators gives
the following Jacobi matrix representation for Pj (1)

()
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w.r.t. the canonical basis. Consequently, as in [2] we can write down the Cauchy
transform Cj  of the vacuum law of P; (L)

1 z—A
CI,A(Z): = .
Z— Zi)» ZZ_)\'Z_I

Finally, (5.2) follows as Cj ;(z) has two simple poles in AsVATH4 V2)‘2+4, and

A

1
Res;—;C1.,.(2) = 5 F ——F—"
RV

AEVAZ44

where zg := == O

Notice that forn > 2, g1 ,(1) is the Fibonacci sequence. For the general case covering
the circumstance m > 2, we have the analogue of Theorem 3.5. As usual, g, 0(A) =
1, and g,1(Ay) = 0 for any m > 1.

Proposition 5.2 Foreachm > 1, n > 2 and A > 0 one has

8&m.n(Am) = Z )»,l,ilo ) (5.3)

e€ANC™([m],n)

where |¢|o denotes the number of singletons in the partition €. In addition, the following
recursion formula holds

k=2

n m
gm,n()tm) = ng,nfk()tm) Z (gml+],k2()¥m) + o3 Z g;mflJrl,kufj ()‘m)) s
=1

k=2 =1
(5.4)

where for each j =1, ...,k —2, §u_i+1,k—2—j(Ap) is defined as

(=3

r4+Jj\.j i
gm—l+l,k—2—j(km)(a[k%j]’l Z < i ))\rln + 5[1«%/]’0)»;/:1) .

r=1

Proof Notice that (5.3) and (5.4) directly follow from (3.9) and (3.10), respectively.
In fact, as a consequence of (5.1), for any n the nonvanishing partitions are those

7 = {By,..., By} € ANC""([m], n) for which L(B;) < L(B;) when |B;| =
|Bj| =2, and minB; < minB; < max B; < max B;, i.e. the partitions belonging to
ANC™([m], n). O

In the next lines we show that the rescaled sums of nonsymmetric position operators
in the monotone case weakly converge in the vacuum state to the same limit distri-
bution v, found in the weakly monotone case. This exactly reflects what occurs in
the symmetric case, where the standard arcsine law is the central limit distribution for
position operators both in monotone [22] and in the weakly monotone [8] cases.
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P (Am)

Theorem 5.3 For any A > 0, the vacuum law of weakly converges for m —

o0 to the distribution vy, given in (4.1) and (4.2).

Proof Indeed, one obtains the same result of Theorem 4.1. This is achieved using the
arguments developed in its proof, and taking into account that:

(1) the labels for singletons in the monotone and weakly monotone cases satisfy the
same bounds,

(2) under the notations introduced in the proof of Theorem 4.1, when / = kj, + 1,
forh=1,...,jand j = 1,..., [%], the same partitions are involved for both
weakly monotone and monotone label functions.

O
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