goooboooobgon
11390 20000 43-53

On the g-deformed Poisson distribution

Hiroaki Yoshida (Ochanomizu Univeristy)

1. Introduction

This is the joint work with N. Saitoh at Ochanomizu University. A noncommu-
tative or quantum probability space is a unital (possibly noncommutative) algebra,
A together with a linear functional, ¢ : 4 — C, such that ¢(1) = 1. If Ais a
C*-algebra and ¢ is a state then we call a noncommutative probability space (A, ¢)
a C*-probability space. A corresponds to the algebra of measurable functions and
hence an element in A is regarded as a noncommutative random variable. The
distribution of z € A under ¢ is determined as the linear functional on C[X] (the
polynomials in one variable) by C[X] > f —— ¢(f(X)) € C. Considered in the C*-
probability context, the distribution of a self-adjoint element in A can be realized

as the probability measure on R.

In recent years the question has been considered in many papers, what dis-
tribution will be obtained in a noncommutative central limit, that is in the case
where we replace the classical commutative notion of independence by some other
type in a noncommutative probability space. For free independence which has
been introduced by Voiculescu in [Vo], the Gaussian distribution is replaced by the
Wigner’s semicircle distribution, which is called the free central limit theorem (see,
for instance, [VDN]). Bo.zejko, Kimmerer, and Speicher introduced g-analogues
of Brownian motions and Gaussian processes in [BKS], [BS1] and [BS2], which is
governed by classical independence for ¢ = 1 and free independence for ¢ = 0.
van Leeuwen and Maassen also investigated a g-deformed Gaussian distribution in
[LM], which takes the semicircle distribution for ¢ = 0 and recovers the Gaussian
distribution for ¢ = 1. Their constructions were based on F,(H), the ¢g-deformation
of the Fock space over a Hibert space H. They regarded the distribution of the
operator a(¢) + a(£)* under the vacuum vector state ¢ as the ¢g-deformed Gauss-
ian distribution in a noncommutative probability space (I';(H), ¢), where a(§) and
a(§)* are the annihilation and the creation operators associated with £ € H satisfy-
ing the g-commutation relation, respectively. Furthermore it is very worth to note

that this g-deformed Gaussian distribution can be associated with the ¢-Hermit
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polynomials. By virtue of this, one can see that, for ||(|| = 1, the g-deformed
Gaussian distribution is supported on the interval [~2/4/1 — ¢,2/4/1 — g] with the
density f(t) = 1y/T—gsinf[[oe (1 —q")|1— e’”q"'z, where 6 € [0, 7] is such
that t = (2/4/T — q) cos @ (for more details see [BKS]). We should mention here

that Nica has found in [Ni] the nice g-analogue of the cumulants generating func-

tion R,(z) which takes Voiculescu’s R-transform for the free convolution in the
limit ¢ — 0 and recovers the classical cumulants generating function, the logarithm
of Fourier transform, if one takes the limit ¢ — 1. He has also investigated the
g-deformed convolution in terms of R,(z) and the central limit theorem, in which
the g-deformed Gaussian distribution appears as its limit distribution.

It is natural to regard the distribution of a sum of a free family of projections
as the free analogue of the binomial distribution because a projection corresponds
to the Bernoulli distribution. In [AY], they have studied its combinatorial struc-
ture and derived the sequence of orthogonal polynomials associated with the free
analogue of the binomial distribution, of which three terms recurrence relation is
the constant coefficients type of Cohen-Trenholme [CT]. They have also showed the
free Poisson limit and the free de Moivre-Laplace by using the recurrence relation
of the orthogonal polynomials for the free analogue of the binomial distribution.

Inspired by the above, we would like to introduce new g-deformed binomial
and Poisson distributions based on orthogonal polynomials in this note. We first
introduce a ¢-deformed binomial distributions by virtue of a g-deformed sequence
of orthogonal polynomials, which takes the free binomial distribution in the limit
q — 0 and reduces to the usual binomial distribution when ¢ — 1. Furthermore,
we see that it is compatible with the ¢-deformed Gaussian distribution if we take
the limiting procedure of de Moivre-Laplace. By taking the Poisson limit in our
g-deformed binomial distribution, we obtain a new g-deformed Poisson distribution
which is not discrete but has the absolutely continuous part, and also define its
probability measure by using the formulas for the Al-Salam — Chihara polynomials
of Askey and Ismail in [AI]. It will be also discussed the representation of this

g-deformed Poisson random variable on the g-Fock space.

2. A g-deformed binomial distribution
Throughout this note, we make use of the terms of g-calculus, which is over a
century old. Let us just remind of some basic notations here.

We put for n € Ny

1—
(2.1) n]g == qq =14qg+---+¢" 1, with  [0], := 0,



and call the g-integer. Then we have the g-factorial
(22) [n]g! = [1g[2]g - - - [n]q, with  [0]!:=1.

Another frequently used symbol is the g-shifted factorial, the g-analogue of the

Pochhammer symbol,

n—1 [ors}
(2.3) (a;q)n 1= H (1—ag¢’), in paticular (a;¢)eo := H(l — ag’),
j=0 j=0

where we use the convention that (a; q)o := 1. A product of these g-shifted factorials
(a1;9)n(a2;q)n - - - (ar; @)n is denoted as (a1, az,...,ar; @)n.

There is a good g-deformation of the exponential function defined as

o0 xn
(2.4) exp,(z) := z il
ne0 n]q-
which satisfies the relation that
(2.5) [T - (1= g)q"z)™" = exp,(a).
n=0

Now we shall recall the basic facts on the orthogonal polynomials. Let v be a
probability measure on R with finite moments of all orders. Then it is well-known
[Sz] that there exists two sequences of real numbers a,, € R and 3,, > 0, which
shall be called the Jacobi parameters, such that the sequence of the orthogonal

polynomials { P, (X )} with respect to the measure v can be given by the recurrence

relation,

(2.6) P(X)=1, Pi(X)=X - ao,
Ppi1(X) = (X — am)Pu(X) = BmPm-1(X) (m2>1).

Moreover they satisfy that

(27) /tER Pk(t)Pm(t)dl/(t) = 5k,mﬁl/82 v ﬂm

The Jacobi parameters are determined only by the sequence of the moments of v.
Conversely, given the parameters a,, and 3,,, Favard theorem ensures the existence
of the probability measure for which the sequence of the polynomials determined
by the above recurrence relation are orthogonal. It also can be shown that the
probability measure v is supported only in finitely many points if and only if 8, =0

for some m, thus the sequence of polynomials is essentially finite.
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Proposition 2.1. Let v(, ,) be the probability measure for the binomsal distribution
B(n,p), that s

n

(2.8) Vinpy(dt) = (Z) pF(1 — p)" ¥,

k=0

where dt is the Lebesque measure and O denotes the Dirac unit mass at t = k.
Then the orthogonal polynomaials for v, s determined by the following recurrence

relation:

(2.9) P(X)=1, P(X)=X —np,
Prya(X) = (X = alp)) Pp(X) = 85 P (X)

with the Jacobi parameters
(2.10) o =np+(1-2p)m, B5 =m(n—m+1)p(l-p),

form=1,2,....n, where ,(:) =0 form>n+1.

This orthogonal polynomials are well-known as classical orthogonal polynomials,

namely the Krawtchouk polynomials (see, for example [Ch]).

Before making a deformation on the orthogonal polynomial for the binomial dis-
tribution, we would like to recall the recurrence relation of the orthogonal polyno-
mial for the free binomial distribution Bfyee(n,p), of which three terms recurrence
relation is the constant coeflicients type of Cohen-Trenholme [CT]. In [AY], it has

been studied the combinatorial structure of the operator,

(211) ‘T:p1+p2+"'+pna

for a free family of projections {p;}I; with ¢(p;) = a (: = 1,2,...,n) in a C*-
probability space (A, ¢) and it has been obtained the three terms recurrence relation

for the free binomial distribution Bj,..(n,p) that

(2.12)
Po(X) =1, Pi(X)=X —np,
Py(X) =(X —np—(1-2p)) Pi(X) — np(1 — p)Po(X),
Pri1(X) = (X —np— (1 =2p)) Pn(X) — (n = 1)p(1 = p)Pru—1(X)  (m >2).

Having this formula in mind, we shall make deformation on the Jacob parameters
for the binomial distribution in (2.10) and define a g-deformed binomial distribu-

tion.
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Definition 2.2. We call the probability measure (v(, ,)), induced from the Jacobi
parameters

(213) (of?) =np+(=2p)lmly, (857) = [mly (n~m = 1],)p(1 ~p)

the g-deformed binomial distribution and denote By(n,p). Here we shall consider

(/gg‘vp)) =0 unless n — [m — 1], > 0.
q

Ezample 2.3. In the limit ¢ — 0, it holds that

(2.14) lim (a?) =np+(1-2p) form>1,
g—0 q o
—1)p(1 - if m>2,
(2.15) lim (ﬁg,m) _ { (n—1)p(1 - p) if m 2
=0 7 np(1 — p) if m=1.

Hence this ¢-deformed binomial distribution takes the free binomial distribution

when ¢ = 0. The probability measure (v(, ,))o can be given as follows (see Section

2 in [AY]):

216 (o= VT

+ max(0,1 — np)do + max(0,1 — n(1 — p))dn,

2
where v4 = (\/('fl —p++/1- p) and x; means the characteristic function on

the interval I. It is clear that one can recover the usual binomial distribution when

q=1.
It can be also performed the de Moivre-Laplace limiting procedure in our g-

deformed binomials distribution ( see, for details, [SY1]) .

3. A g-deformed Poisson distribution

In this section, we define a g-deformed Poisson distribution based on the orthog-
onal polynomials for By(n,p). We shall give it by taking the Poisson limits in the
Jacobi parameters (2.14) and (2.15) that isn — oo and p — 0 but np = XA > 0

remains finite, hence,

(3.1) (afr?) = mp+ (1= 2p)mly — A+ [,
(32) (867) = Il (n = m = 11)p(1 = p) —> Al

Definition 3.1. We call the induced probability measure u, from the sequence
of polynomials |
(3.3)

Po(X)=1, P(X)=X-),

Pr1(X) = (X = (A + [m]y)) P (X) = A[m]g Pm—1(X)  (m 21),
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the g-deformed Poisson distribution of the parameter A.

We can determine the probability measure of this g-deformed Poisson distribu-
tion by using the Al-Salam — Chihara polynomials. Al-Salam and Chihara in [AC]
defined the orthogonal polynomials Ppn(X) = Pm(X;q;a,b,c) which satisfy the
three terms recurrence relation
(3.4)

P(X)=1, P(X)=X—-a,
Prss(X) = (X = ag™) Pa(X) = (¢~ bg™ (1 = 4" Pn-a(X) (m 2 1)
as the result for the characterization problem of some convolution formulas.

If we put Q(X) = P(X + (A + 7= )) in (3.3) then we have the relation,

(35  Qu(X)=1, Qi(X)=X- (—‘-1—)

1—g¢

@m0 = (X = (1) ") @n(X)

(- )Qna(X) (m2 D),

which means that {Qm }m>0 is the Al-Salam — Chihara polynomials of parameters

(3.6) a:;l, b=0, c= 2

l1—-g¢ l—g¢
Askey and Ismail in [AI] succeeded to give the distribution function for the Al-Salam
— Chihara polynomials in general cases. It enables us to obtain the probability
measure induced from the orthogonal polynomials {Qm }m>0. Then shift it (/\+ﬁ)

in right, we have the probability measure for our g-deformed Poisson distribution.

Thorem 3.2. The probability measure pq for the g-deformed Poisson distribution

of parameter X can be given as follows: We set the function fq(t) as

(3.7)
(1-4q) a- )
falh) = Q\/ 27r€t q)
oo . )\(1+qn)2_(1_q)qn(t__ ___1—_1__5)2
XE(I_Q) q"(t—)\—lqu)+A+-lqi—rlq X145

with the characteristic function x, on the interval

(38) I=[-2/2 + 0+ i, 20 /25 + 0+ o]
=[(A- Y5 (AyE) ]



and put

(39) (00)a = by + 3+ oz =B A (1= )

Then we have
(3.10) pe(dt) = Fet)xr,dt + > _(Ik)e(pr)a»
k=0

where dt denotes the Lebesgue measure and d(p,), 15 the Dirac nit mass at t = (Pk)q-

Here we set

(3.11) K =sup{ k| ¢* > M1~ q)}
and
_(,_Mi-9g (Mg~ 1
3:12) = (1251 S ne

See for the proof in [SY1].

Ezmaple 8.8. It is easy to see that in the case of ¢ — 1 the absolutely continuous

part vanishes and the distribution is supported on infinite discrete points k (k =

)\k
0,1,2,...) with the mass (Jg)1 = e~ o Thus we can recover the usual Poisson
distribution, .
(3.13) pi(dt) = Ze~ ﬂék.
k=0

On the other hand, taking the limit ¢ — 0 the density function of the absolutely

continuous part becomes

\/4,\—(75—A—1)2
(314) fo(t) = ot X[(\/X—l)2,(\/—):+1)2]'
2k

The point mass (px)o will survive for k such that g

> X holds, and as ¢ — 0
q
the left hand side of the inequality tends to 0 if k # 0, and to 1 if £ = 0. Hence we

have the probability measure,

(3.15)  uo(dt) = fo(t)dt + max(1 — X, 0)d

49



50

for the case ¢ = 0, which is nothing but the free Poisson distribution (see, for
instance, Section 3.7 in [VDN]).

4. The g-deformed Poisson random variable on the ¢-Fock space

In this section, we will give the operator on the ¢-Fock space, which has the
g-deformed Poisson distribution with respect to the vacuum state. Here we shall
recall the definition of the ¢-Fock space.

For a Hibert space H and ¢ € [0,1), the g-Fock space F,(H) can be defined as
follows (see for instance [BKS]): Let F/i"(H) be the linear span of vectors of the
form ¢ ® -+ ® &, € H®™, where n varies in Z>q and we put H®0 =~ CQ for some
distinguished vector Q called vacuum. We consider the sesquilinear form (- |-), on

FIi"(H) given by the sesquilinear extension of

(4.1) (6@ @&Lme e Nm)q = 6n,m E q £1|777r(1) <€nlnﬂ'(n)>’
TES,

where S, denotes the symmetric group of permutations of n elements and i(7) is

the number of inversions of permutation 7 € S, defined by
(4.2) ur) = #9010 < g <nym(d) > 7(4)}-
The strict positivity of (-|-), allows the following definitions (see [BS1]):

Definition 4.1. The ¢-Fock space F,(H) is the completion of F/**(H) with respect
to (-|-)g, and given the vector £ € H, we define the creation operator a*(¢) and
the annihilation operator a(¢) on F,(H) by

(4.3) a*(£)Q =¢,
a6 @ - Q& =E(Q6H® - ®&,

and

(4.4) a(§)Q =0,

a6 ® @& =Y ¢ LR BER L,
=1

where the symbol €; means that ; has to be deleted in the tensor product.

Remark 4.2. The operators a(£) and a*(£) are bounded operators on F,(H) with

[1€1]

(4.5) la(E)llg = lla*(&)]] = =g
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and they are adjoints of each other with respect to the scalar product (-|-),. Fur-

thermore, it is very important to note that they fulfill the g-commutation relations,

(4.6) a(§)a*(n) —a*(n)a(§) = ¢ln) -1 &ne .
For { € H with ||£|| = 1 and A > 0, we consider the operator

(47) 2(6,3) = (a*(§) + VA-1) (a(¢) + VA1)
=a*(£)a(€) + VA (a*(€) +a(€)) + A+ 1,

that is, z(£, ) is the sum of the g-number operator a*(£)a(¢) (see Remark 4.4
below), the g-Gaussian random variable v/ (a*(£) + a(€)), and the scalar operator
A1

Now we shall see that the operator z(£,)\) is the g-deformed Poisson random
variable of the parameter A with respect to the vacuum state (cf. [HuP] and [Sp]).
First we give the basic relations for the g-creation and the g-annihilation operators

with vectors of the special forms in the g-Fock space, which are direct consequences
of the definitions.

Lemma 4.3. For { € H with ||¢]| = 1, we have

(4.8) a*(£)€®" = €@ (>0

(4.9) a(§)€®" = [n],£®D, (n > 1)

N—

where we use the convention that £¥° = ).

Remark 4.4. Combining the relations (4.8) and (4.9) in Lemma 4.3, we have that
for { € H with ||{|]|=1and n > 1,

(4.10) a*(§)a(€)E®™ = [n],£5™.
Hence we may regard a*(£)a(€) as the g-number operator.

Theorem 4.5. Let £ € H with ||¢]| =1 and A\ > 0 and we simply denote z(£,\)
by z. Then we have |

(4.11) P, (z)Q = VArE® (n >0)

where P, is the monic polynomial of degree n defined by the recurrence relation
(8.8) in the definition of the g-deformed Poisson distribution.
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Proof. We show this by induction on n. It is clear that

(4.12)
Po(z)Q =1Q = Q,

(4.13)
P(@)2 = (z = A 1) 2 = (a*(€)a(€) + VA (a*(€) +a(€)) )
= VAa* (6)Q = VAL

With the helps of Lemma 4.3 and the assumptions of induction, we obtain that

(4.14)
Pon(@)9=((z = (A + [1>>Pn<x>—x[anPn_1<x>)ﬂ
=z w\_%@") +[nly) (VATES™) = ), (VArTTEo V)
= (@ (©)a() + VA (a*(§) +a(€)) + A - 1) (VAne®")

— ( + [Tl]q) (\/A_"é'@”) _ /\[n]q (Wﬁ@(n—l))
:[n]q\/-/{;;g@" + \//\n—H-§®(n+1) + [n]q\/WE@("—l) N A\//\—n5®n

— ()\ + [N]q) (‘\/)\—Tl€®n> _ )\[n]q (\/X;___lé-@(n——l))
:Wg@(n—lﬂ).

The above theorem says that
(4.15) (Pp(2)Pr(2)QQ)q = (Pm(z)Q|Pp(z)Q)g =0 if m #n,

because the element z is self-adjoint with respect to (- |-),. This means that the
distribution v of the random variable z with respect to the vacuum state (- Q|Q),

can be extended by
(4.16) (f(2)Q|Q)y = f(t)dv(t) for all polynomial f,
tER

to the probability measure dv on R, of which the sequence of orthogonal polynomials
is determined by the recurrence relation (3.3), which is nothing but the g-deformed

Poisson distribution. For more about the g-deformed Poisson random variables on
the ¢-Fock spaces see [SY2].
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