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Abstract

We give equivalent forms of the Askey—Wilson polynomials expressing them with the help of the
Al-Salam—Chihara polynomials. After restricting parameters of the Askey—Wilson polynomials to complex
conjugate pairs we expand the Askey—Wilson weight function in the series similar to the Poisson-Mehler
expansion formula and give its probabilistic interpretation. In particular this result can be used to calculate
explicit forms of ‘g-Hermite’ moments of the Askey—Wilson density, hence enabling calculation of all mo-
ments of the Askey—Wilson density. On the way (by setting certain parameter g to 0) we get some formulae
useful in the rapidly developing so-called ‘free probability’.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The aim of this paper is to present some properties of the Askey—Wilson (briefly AW) poly-
nomials and their weight function. This is the function that makes these polynomials orthogonal.
As it is well known (see e.g. [15]) the AW polynomials are characterized by 5 parameters one of
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which is special, traditionally denoted by ¢, often called a base. In majority of cases —1 < g < 1.
The parameter g plays a special role that will be exposed in the sequel. The remaining 4 param-
eters can be either real or complex but forming conjugate pairs. If products of all pairs of these
4 parameters have absolute values less than 1 then there exists a positive measure on a compact
segment that makes the AW polynomials orthogonal. If absolute values of all parameters are
less than 1 then this measure has a density. If all 4 parameters are complex and are in conjugate
pairs then the AW weight can be scaled to be the probability density having nice probabilis-
tic interpretation. This density for ¢ = 1 is nothing else but one of the conditional densities of
certain 3-dimensional jointly Normal distribution. We will explain it in the sequel. Because of
these interpretations our main concern will be with the complex parameter case. In particular our
main result will allow expansion of the AW density in certain series of the so-called g-Hermite
polynomials. The expansion is analogous to the Poisson—Mehler series.

However to present briefly and clearly our results we have to refer to the g-series theory
and some of its basic notions. Although the g-series theory has links with combinatorics, non-
commutative analysis and probability theory it is not widely known. That is why we will recall
some notions and facts concerning it. Our considerations and calculations are simple and in fact
elementary.

Traditionally the AW polynomials (see e.g. [4] or [15] or [18]) are defined through the finite
q-hypergeometric series. More precisely the n-th AW polynomial D, is defined by

).
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Dyxla.b.c.d.q) = (ab,ac,ad), 3<q abcdg ae ae

an (abcclq’“l)n4

ab,ac,ad, q

where 4¢3 is the g-hypergeometric series defined by

al, ...,y
’d’“(bl,...,bs,q

where (Z) is the binomial coefficient and x = cosf. (ay, ..., a, ) and (by, ..., bs, ¢)i as well as

(ab,ac,ad), and (abcdg™ 1), are explained at the beginning of the next section.

The above mentioned form is difficult to use and analyze by those who do not work in the
special function theory. On the other hand due to pioneering works of Bozejko et al. [5] and
also of Bryc et al. [6-11], the Askey—Wilson polynomials and some of their subclasses have
nice, clear and classical probabilistic interpretation. Hence interest in this family of polynomials
has not only been among specialists in special functions or those working in the theory orthog-
onal polynomials, but also among specialists in the probability theory both non-commutative
and classical. Not to mention people working in quantum mechanics or quantum groups (see
e.g. [14]).

By setting ¢ = 0 we enter the world of rapidly developing so-called ‘free probability’ (see
e.g. [22,23,19]).

The family of probabilistic models, where the AW polynomials and densities appear, has 5 pa-
rameters and is very versatile. Hence it can be used in a brief descriptions of various, complicated
statistical models.

We will express the Askey—Wilson polynomials as certain combinations of simpler polyno-
mials (the Al-Salam—Chihara polynomials introduced in Section 2). Especially simple form of
the AW polynomials will be obtained in the special case of complex, grouped in conjugate pairs,
parameters.
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The paper is organized as follows. Notation and known results of the g-series theory that will
be of help in further calculations are presented in Section 2. Next Section 3 presents our main
results. The following short Section 4 presents some immediate open problems. The lengthy
proofs of some of the results are collected in the last Section 5.

2. Auxiliary results

Assume that —1 < ¢ < 1. We will use traditional notation of the g-series theory i.e. [0], =0,
(nly=1+q+--- +q"—1, [n]q! = n?=1[i]11’ with [O]q! =1,

n B L) 7 A
[} =] ik, kg FEE=Y
k q 0, otherwise.

It will be also helpful to use the so-called g-Pochhammer symbol defined for n > 1 by

n—1

k
(a;9)n = l_[(l —aqi), with (a; q@)o=1, (a1,a2,....ak;q)n = H(ai; qn-
i=0 i=1

Often (a; q), as well as (a1, az, ..., ax; q), will be abbreviated to (a), and (ay, a2, ..., dg)n,

if it will not cause misunderstanding.
In particular it is easy to notice that (¢), = (1 — ¢)"[n],! and that

(@n
["] - { Do 12k=0,
k q 0, otherwise.
Let us remark that [2]; = n, [2]i! =n!, [}], = (}). (@ Dy = (1 —a)" and

1 ifn>1 n 1 ifn=0
— = 4 | — — . — N
[2lo {0 ifn=0, (o=l [k]o Lo @O {1—a ifn>1.

In the sequel we will use the following two simple properties of the g-Pochhammer symbol.

Lemma 1.
i) For—1<q<l,aeRn>0:)7, [?]qai(a)n_i =1,
i) For—1<q<1,a.beR n>0: Y1 (—1)g® [7], @i (@bg i = D).

Proof. An easy proof based on the so-called g-binomial theorem (compare Thm. 10.2.1 of [2]
or Thm. 12.2.5 of [15]) is shifted to Section 5. O

Let us define the following sets of polynomials.
The g-Hermite polynomials defined by

hnt1(x1q) =2xhy(xlq) — (1 — ") hn—1(x]q), (2.1)
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forn > 1, with h_1(x|g) =0, ho(x|q) = 1. The polynomials /4, are also often called continuous
g-Hermite polynomials. However we will more frequently use the following transformed form
of polynomials /,, namely the polynomials:

Hy (x1q) = (1 — q)"/zhn(x—”z_"\q)

We will call them also g-Hermite. The name is justified since one can easily show that H, (x|1) =
H, (x), where H, denotes the n-th ordinary, so-called probabilistic Hermite polynomial. More
precisely the polynomials {H},},>_ satisfy 3-term recurrence (2.2), below:

Hyq1(x) = xHy(x) —nH,—1(x), (2.2)

with Hyo(x) = Hj(x) = 1. Hence they are orthogonal with respect to the measure with the density
equal to exp(—x2/2)/+/2m.
The polynomials { H, (x|q)} satisfy the following 3-term recurrence

Hy1(xlg) = xHy(x|q) — [n]y Hy—1 (x), (2.3)

with H_1(x|q) =0, Hi(x|q) = 1.

We shall also use the following polynomials called Al-Salam—Chihara (ASC polynomials).
As before, in the literature connected with the special functions or orthogonal polynomials as the
ASC polynomials function polynomials defined recursively:

Qn+1(x|av bv Q) = (2-x - (Cl + b)qn)Qn(xlas bs 6])
— (1 =abg"") (1~ ¢") Qu-1(xla. b, ), 2.4)

with Q_1(x|a,b,q) =0, Qo(x|a,b,q) =1.
We will more often use these polynomials re-scaled, with new parameters p and y defined by

_Vl_q . 4 2 _Vl_q . 4 2
a=———p1|\y—L /=Y ), b= oily+i, | —— —y2 |,
2 1—gqg 2 1—g¢g

such that y2 <4/(1 — q), |p| < 1. In the formula above i stands for the imaginary unit.
More precisely we will consider the polynomials

JT=¢q 4
Pn(xly,p,q)=Qn<xv1—q/2‘ 5 qp(y—i q—ﬂ),
JT—¢ 4
_ "p(y+i I——yZ),q). 2.5)
—dq

One shows that polynomials { P, } satisfy the following 3-term recurrence:

Pu1(x1y, p.q) = (x — pyq") Pu(xly, p. @) — (1 = p*¢" " Nnlg Paci(x1y. p. @), (2.6)
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with P_1(x|y, p,q) =0, Po(x|y, p,q) = 1. The polynomials {P,} have nice probabilistic inter-
pretation see e.g. [7]. To support intuition let us remark that

2 x—p
Paxly. p. )= (1-p2)" H(—y)

V1= p?

The polynomials (2.3) satisfy the following very useful identity originally formulated for the
continuous g-Hermite polynomials %, (can be found in e.g. [15, Thm. 13.1.5]) and here, below
presented for the polynomials H),:

min(n,m)

Hy(x|9) Hy (Xlg) = ) m m L1y Hotm—2; (x19). 2.7)
q q

j=0
Let us denote for simplicity the following real subsets:

[-2//1—¢q,2/J1—¢q] iflql <1, 2.8)
R )

S(Q):{ ifg=1,

and the following family of quadratic, auxiliary, polynomials:

wi(x, y1o, q) = (1= p2¢%) = (A = 9pg" (14 p*¢%)xy + 1 — (2 +)) g%, (2.9)

k=0,1,2,.... Notice that Yk > 0: wi(x, y|p, q) = wo(x, ylqu,q) and that w (x, y|0,¢q) = 1.

It is known (see e.g. [6], but also [15, Thm. 13.1.3] with an obvious modification for the
polynomials H,) that the g-Hermite polynomials are monic and orthogonal with respect to the
measure that has the density given by

1 —q(q@)o - 2 2k
= 1 —(1 - 1 , 2.10
el = s T4 — =0 5. @10

defined for |¢| < 1, x € R, where

nw={y irga
We will set also
fy(x|l) = : exp(—x?/2). (2.11)
V2

Similarly it is known (e.g. from [7] and also [15, formula (15.1.5)] after re-scaling polynomi-
als Q, to Py) that the polynomials { P, (x|y, p, g)}»>—1 are monic and orthogonal with respect
to the measure that for g € (—1, 1] and |p| < 1 has the density. For |¢| < 1 this density is given
by

0 1— 2 k
fCN(X|y’PvQ)=fN(X|6])H 1-r"q7) Is(g)(x), (2.12a)
k=0

o We(x, ylp,q)
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forx e R, y € S(¢g) and for g = 1 is given by

1 (x —py)*
fen(xly,p, 1) = CXP<— ,
V27 (1= p?) 2(1 - p?)
with x, y e R.
It is known (see e.g. [15, formula (13.1.10)]) that for |g| < 1:
sup |Ha(x|g)| < su(@)(1 — )", (2.13)
x€S(q)

where

M@)ZE:[ﬂ . (2.14)
q

i=0
We will be studying the following density
(07, P)oo T wi(y, zlp102, 9)
G (xly. p1.2. p2.9) = fiv (xlg) 2= : (2.15)
(P1Po0 g WX, Y11, Qwi(x, 2102, )
where the polynomials wy (s, t|p, g) are defined by (2.9).
For g =1 we set
(x — ypl(l—p§)+zpz(l—p12))2
1 1— 2.2
¢ (xly, p1.2, p2. 1) = exp(— Ak . (2.16)
2y U=PDU=p3) pU=pD0—py)

R 6 EA S o 24 ——> 3
1-p?p2 1=pip)

that is ¢ (x|y, p1, 2, p2, 1) is the density of the Normal distribution

N(ym(l —p3) +z2(1—p) (1—pP)(d — p§)>'
1= pin3 1= pi03

We have the following important but easy remark.

R

0,z,02,9) = fen(x|z, p2,q).
i) ¢(x|y, p1,2, 02, q) = ¥ (

, hence in particular ¢ (x|y,

vi=q

12 xla, b, c,d, q) where

JI= 4
a=Y"9p(y-i|—"——y2), 2.17)
2 1—gq
T— 4
b= Loy +i[———y2), (2.18)
2 1—gq
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JI= 4
c= Los(z—i [ —22), (2.19)
2 1—gq

dz“_"pz<z+i /i—#) (2.20)
2 1—gq

and Y (t|a,b,c,d,q) is a normalized (that is multiplied by a constant so that its integral
is 1) weight function of the AW polynomials. Compare e.g. [4] or [15]. Again in the formu-
lae (2.17), ..., (2.20) i denotes the imaginary unit.

From assertion i) of the remark above it follows that the properties of the density ¢ are
closely related to the properties of the densities fcy and fy. Hence now we will recall prop-
erties of these densities and related to them families of the polynomials {H,(x|g)},>—1 and
{P.(x|y, p,q)}n>—1 that are crucial for the main results of this paper. We will collect them in
the following two propositions:

Proposition 1.
1) Forn,m > 0:
0 whenn #m,
/ Hn(x|Q)Hm(x|CI)fN(x|Q) dx = { [I’l]q' when n i m.
S(q)
i) Forn > 0:
/ H,(xl) fon(xly. p. ) dx = " Hy (31g).

S(q)

i) Forn,m > 0:

P P dx — 0 when n #m,
n(-x|y1pvq) m(xb’sPaQ)fCN(xU»P»CI) X = (p2)n[n]qy Whennzm.
S(q)
iv) / Jen(xly, pr.q) fen(ylz, p2. @) In(ylg) dy = fen(x1z, p1p2, ).

S(q)

v) Forlt|,|q| < 1:

s 1 o~ ST@F (D)oo
; @i 0% Z:; @i 0%

convergence is absolute, where s;(q) is defined by (2.14).
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vi) For (1 — g)max(x?, y?) <4, |p| < I:

fen(xly, p, q)—fN<x|q)Z

n=0

2.21
[l (2.21)

convergence is absolute in p, y and x and uniform in x and y.
vii) Vx,y e S(g):

fon&1y. p,9) _ (PM)oo

0 C E) £ < ~
<COP DS T ()%

Proof. i) It is formula (13.1.11) of [15] with an obvious modification for the polynomials H,
instead of A, (compare (2.1)) and the normalized weight function (i.e. fy). ii) Exercise 15.7
of [15] also in [6]. iii) Formula (15.1.5) of [15] with an obvious modification for the polynomials
P, instead of O, and the normalized weight function (i.e. fcn). iv) See (2.6) of [7]. v) Exer-
cise 12.2(b) and 12.2(c) of [15]. vi) It is the famous Poisson—Mehler formula (see e.g. [15], for
the simple proof of it see [21]).

vii) The upper limit follows directly (2.21) and assertion v). To get the lower one let us notice
fenGly.0.q) _ p*q*
that from (2.12) we have C’}’cim) [Te<o wk(x y| o - Now let us notice also that

wi (x, y1p, q) = (1 — )p2q* (x — (0"q7* + pq*)y/2)°

+ (1= 02" (1= (1= q)y*/4) 20

As a nonnegative quadratic form this expression assumes its maximum value for x € S(g) at the
ends of this interval, so

(1= 026%) = (1 = Dpg* (1 + P24%)xy + (1 = 9)p* (x> + y?)g*
< (1= + 200 = ) (1+ p¢™) |yog" | + 407> + (1 — @) p*y g™
= (14 p%%)? +2(1 — ) (1 + 2% [yog*| + (1 — 9)p2y2g*.

Hence

fov &1y, p.q) (P?)oc
nexlg) 7 T+ p2g%)2 +2(1 — g)(1 + p2g%)lypgk| + (1 — ) p2y2q2*

d
YCy.p.q). O

Remark 2. From the assertion v) of the lemma above it follows that ¢ (x|y, p1,z, 02,9)
is the conditional density of X|Y,Z if the joint density of (Y,X,Z) is equal to
INOIg) fen(x]y, p1,q) fen(zlx, p2,q). It is so since then the marginal density of (Y, Z) is
equal to fv(vlq) fen(zly, p1p2,q) (Which follows directly from assertion iv) of Proposition 1).

Properties of the polynomial sets {H, (x|q)},>—1 and {P,(x|y, p,q)}n>—1 are collected in
the second proposition below.
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We will use also the following, auxiliary set of polynomials {B,, (x|g)},>_1 defined by

Bur1(319) = —q"y By (¥g) +¢" ' [nly Bao1 (Vlg); 1 =0, (2.22)

with B_1(y|q) =0, Bp(ylg) = 1. The polynomials { B, },,>_1 with this normalization were intro-
duced and some of their basic properties were exposed in [7]. However they were known earlier
with different scaling and normalization (see e.g. [3] or [16] where polynomials 4, (y|q_1) are
analyzed). In particular it was shown in [7] that B, (x|1) = i" H,(ix). We will need also these
polynomials with an another scaling and normalization and also some additional properties of
them. Namely we will need ‘continuous version’ of these polynomials:

ba(¥lg) = (1 = @)"*B,2y/V/T—4qlg).
It is elementary to notice that the polynomials b, satisfy 3-term recurrence:
bu+1(1q) = =24" ybu (y1g) + "~ (1 = ¢")bu—1(¥lq). n =0 (2.23)

with b_1(y|q) =0, bo(y|q) = 1. Further let us notice (comparing (2.23) and (2.1)) that

(=1"q~Obu(ylg) = ha(ylg™"). (2.24)
Proposition 2.
i) V> 0: Paxly, p,q) =250 [j]0" 7 Ba—j (¥l9) H; (xlg),

i) Vn > 0: 3o [7]Ba—j (xlq) Hj(x]q) =0,
i) ¥n > 0: Hy(xlq) = 3j_o [j]0" ™ Hu-j 0l@) P (x]y, 0. @)

Proof. i) and ii) are proved in [7]. iii) follows after inserting P; given by i), changing the order of
summation and applying ii). However iii) was known earlier, was given by formula (4.7) in [17]
for polynomials %, and Q,(x|a,b,q). O

We will also need the following additional properties of polynomials {H,(x|q)}
and {B, (x|q)}.

Lemma 2.

i) n>0:

n/2]
- —k
Bu(xlg) = (=1"¢® Y m [” ) ] [klylg =0 H, i (x]g).
k=0 q q

Let us denote I,  (x|q) =Y 7, [’;]an,i (x|q)H;m (x|q), then

i) n,m > 1:

n

In,m<x|q>=—2[’j:] [Z] (kg Tn—k.m—k (x1q).
q q

k=1
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ii) n,m > 0:

0 ifn>m,
fem{rle) = { (~1q® M H L xlg) ifn<m,
iv) Vu,m > 1:
oL e o
Hy(x1q)Ba(xlg) = (=1)"¢®@ Y~ H [ l. ] [i14'q ™" ") Hygm i (x1q).
i=0 q q

Proof. i) follows basically the formula (13.3.6) in [15] after necessary re-normalization and re-
scaling. iv) follows i) and (2.7). Lengthy, detailed proofs of ii) and iii) are shifted to Section 5. O

Since the case ¢ = 0 is important to the newly emerging so-called “free probability” (see e.g.
nomography [22]) let us see how the considered above sets of polynomials look for ¢ = 0. To do
this let us introduce the so-called Chebyshev polynomials of the second kind U, (x) defined e.g.
by the following three term recurrence:

2xUp(x) = Up41(x) + Up—1(x), (2.25)
forn >0 with U_(x) =0, Up(x) = 1.
Remark 3. Let us set ¢ =0, then S(0) =[—2, 2]; Vrn > 0, we have forn > 1:
1) Hy(x]0) =Un(x/2),
i) On(xla,b,0)=Un(x) — (a+b)Up—1(x) + abU,2(x),

i) Py(xly, p,0) =Un(x/2) — pyUy—1(x/2) + ;OzUn72(x/2),
iv) B_1(»10) =b-1(»10) =0, Bo(y|0) = bo(y10) =1,

—y ifn=1, -2y ifn=1,
B,(y|0)=11 ifn=2, and b,,(le):{l ifn=2,
0 ifn>3 0 ifn >3,
V) fN(x|0) = %\/4 —les(()) and
(1= pHV4—x2
Jfen(xly, p,0) = 5(0)5

—I
2rwo(x, ylp,0)
for [p] < 1,y € $(0),

. (1= pP (A = pHwo(y, zlp1p2, 0)vV4 —x2 1
Vl) ¢(X|Ya,01,z,ﬂ2,0)= 2 2 _15(0)7
(1 = pip)wolx, ylp1, Owo(x, z|p2,0) 27

where wo(x, y|p1, 0) is given by (2.9).

Proof. To get i) compare (2.25) with x replaced by x/2 and (2.3) for ¢ = 0. To get ii) again
compare (2.25) and (2.4) for ¢ = 0 and notice that these recursions are the same, however with
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different initial values. To get iv) we notice that for ¢ =0 and n > 3 we get 0. For n < 3 we get
these values directly from (2.22). iii) follows iv) and assertion i) of Proposition 2 or of course
from ii) using (2.5). To get v) and vi) we insert ¢ = 0 in (2.10), (2.12) and (2.15). O

3. Main results

We will start this section with the presentation of an alternative form of the AW polynomials.
Let {D,(xla,b,c,d,q)},>—-1 be the sequence the AW polynomials such that D, has coeffi-
cient by x" equal to 2”. Thus the polynomials {D,} are orthogonal with respect to the density
Y(xla, b, c,d, q) mentioned in Remark 1. Let the polynomials A, be defined by the change of
variables and parameters by the relationship:

A, (xly, p1,2, 02,9) = Dy(xy/1—¢q/2la,b,c,d,q),
with a, b, ¢, d related to y, py, z, p2 by (2.17)—(2.20). We have:

Theorem 1.

i) Vi1

D,(x|a,b,c,d,q)

__(ab,cd)y 1 Qitxla.b.q)Qj—i(x|e,d.q)
= (abedq" ), ZH " ’(x"’)zH (ab)i(cd); ’

where the polynomials {Qy(x|a,b,q)} and {b,(x|q)} are defined by respectively (2.4)
and (2.23).
i) Vn > 1:

An(xlya lolazﬂ ,02»4)

(07 P i[ﬂ} QCW)Z[} Pi(x|y, p1.q) Pj—i(x|z., p2. q)
. n—j ’

(;01;02‘1" D =0 (,01) (;02)] —i

where the polynomials {P,(x|y, p,q)} and {B,(x|q)} are defined by respectively (2.6)
and (2.22).
iii) Vn > 1:

An(xly, p1,2, P2, q)

(07 ) m ()[ } Pom (12, 2. @) P ¥, p1. 4).
= 1
(101 pzqn l)n X_:( s P (pz)n m(P])m
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Proof. i) We will use two facts concerning forms of the generating functions of the polyno-
mials D, and Q,. Namely in [15, formula (15.2.6)] and [18, formula (3.1.13)] we have the
following formula adopted for the polynomials D,

g tem)’

(ab,cd, q)n

(abcdq"il)nDn(x'a’b’ c,d,q) 0 aeig,beig
Z " =201
ab cd

) —if d —if
qvlele>2¢1 (C e
n>0
where x = cos 6. On the other hand in [18] we have the following formula (3.8.14)

On(xla,b.q) , 1 ae'?, be'? _io
> "= i g™,

Sy @b (e

again with x = cos 6. Noting that cos(—6) = cos(6) we see that

(teiie, teie)oo Z Qn(-x|a’ bs 61) tn Z Qn(-x|cv ds Q) ln

>0 (ab, @)n = (cd, @)n
B aeiﬁ, bei@ e c—i9’ de—i@ 0
=201 q.te 201 q.te'” ).
ab cd

Now it remains to notice that (fe="?, te'?)og = 72 (1 — 2xtg* + t2¢**), confront it with the
formulae (2.22) and (2.23) and given in [7] generating function of the polynomials B, (x|q) and
thus deduce that

n
(tefie’teie) :Z bn(x|q)t '

00
7>0 (@n

Next we apply twice the Cauchy formula for the multiplication of power series.

ii) Let us change parameters to ones given by (2.17)—(2.20) and let us also redefine the
variable x by introducing instead the variable £ = 2x/./1 — ¢ and defining the polynomi-
als A,(&ly, p1,2,02,9) =2 "py(x,a,b, c,d|q)/(abcdq"_1)n where a, b, ¢, d are given
by (2.17)—(2.20).

iii) The proof of this formula is longer and thus is shifted to Section 5. O

As a corollary we get the following property of the ASC polynomials.

Corollary 1. Vn > 1:

s

n

m P . b b P 9 9
Z(_l)mq(z)[n} ,01" n—m (X]2 52 q) m2(y|x P1,4q)
m=0 mly (0 n—m (P)m

2

Z n Pn—m(xb’splaCI)Pm(Z'xapZa‘])
(=)™ (z)[”} m .
mZ:O T ml,” ODnm (DD

Proof. Follows symmetry exposed in assertion ii) of the theorem. O
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Corollary 2. For g =0 we get

a+b+c+d—abc—bed —acd —abd
1 —abcd ’
Dz(x|a,b,c,d,0)=4x2—2(a+b+c+d)x+ab+ac+ad+bc+bd+cd—l—abcd

Di(x|a,b,c,d,0)=2x —

and generally for n > 2

n
Qi(xla.b,0) 0, (x]c.d. 0)
Dalelasbreid 0= == o g 0

i=0

n—1

0i(xla. b,0)Qu_1_i(x|c.d.0)
2 ) T i ed O

i=0
n—2

Qi (-x |a’ bv O) Qn—2—i (.X|C, dv O)
T ah O ed Oy

i=0
where Q;(xl|a,b,0) and (a; 0); are defined by assertion ii) of Remark 3 and formulae from the
beginning of Section 2. Similarly

e =p3) +zp2(1 = p7)

Ar(xly, p1,2,p2,0) =x
1= piry

and forn > 2

An(x]Y, 01,2, 02,0) =y Pa—m(x12, p2, 0) Py (¥]x, p1, 0)
2 N Zpl 2 2
(1- ,01)(1 —p3) m—0 (03s O)n—m(pl ; Om

-1

HX: ,Om Pyp—1-m(x|z, p2,0) Pu(ylx, p1,0)
- 1

= (03 0n—1-m (073 O)m

where Py, (x|y, p,0) are given by assertion iii) of Remark 3.

The main results of the paper concern calculating values of the functions defined by
Cu(y, zlp1, p2.q) = / Hy(x|g)¢ x|y, p1. 2, p2,q) dx,
S(q)
n > 1. These functions have on one hand nice probabilistic interpretation. Namely

assuming that certain 3-dimensional random vector (Y, X,Z) has density equal to
fen(zlx, p2.q) fen(x1y. p1. q) fn (ylg), then

Ca(y, 2101, p2,9) = E(H,(X|Q)|Y =y, Z=2), (3.1)
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for almost all (with respect to measure with density fev(ylz, p102,9) fn(zlg)) (v,2) €

S(q) x S(gq). This fact implies in particular that for almost all (y, z) € S(g) x S(g) we have

1Cn(y, zlp1, P2, 9)| < (15_";‘;)1/2-

Remark 4. In [20] it has been shown that functions C,, are polynomials in y and z of order at
most n. More precisely it has been shown that

\n/2] n—2r
Calyozlo 1) =Y D A o HIOI) Hy a1 (2g),
r=0 [=0
where there are |42 || 2+2 | constants (depending only on 1, ¢, p1, p2) AN r = L lny/2],
s=—|n/2]+r,...,—|n/2] +r +n —2r. However the exact general form of these constants

was not found (except for the casesn =1, 2, 3, 4).
As announced in the introduction, in the present paper we will, express the polynomials C,, in
terms of the polynomials H, and (or) P,.

Namely we will prove the following theorem:

Theorem 2. Vn > 1, |q| < 1, |p1], |p2| < 1:

[n/2] k
Cu(y. 2lo1, p2,9) = Z( g (2)[ } [kL[k]q! (3.2)

(15),,

2k 2k "X [ - 2k 2 k 2k
X Py P1 (Plvpz)k § : j (riq )j(p2q )n—2k—j
Jj=0 g

xpy - %= .Hj(Z|Q)Hn—2k—j()’|CI)~ (3.3)

Before presentation of the proof let us make two immediate remarks.

Remark 5. Notice that for, say p; =0 we get C,,(y, z|0, p2, q¢) = p, H,(z|g) which agrees nicely
with the probabilistic interpretation of the function C,, given above. Compare also assertion ii)
of Proposition 1. It is so since C, (v, z|0, p, q) = E(H,(X|¢)|Z = z) = p" H,(zlq) a.s., (fn) if
(Y, Z) ~ fen(ylz, p, q) fn(zlq) as shown in [6].

Remark 6. Keeping in mind the probabilistic interpretation of the functions C,, given in (3.1),
notice that the assertion of Theorem 2 enables calculation of all moments of the AW density for
complex parameters. Recently S. Corteel at al. in [13] announced that she is going to calculate
these moments by some combinatorial methods.

The proof of this theorem is based on the following lemma that in another form and with the
different proof (based heavily on the assertion i) of Lemma 2) was presented in [20]. Notice that
assertion i) of this lemma is in fact a generalization of an old result of Carlitz [12] (see also [1]
or partially [15, Exercise 12.3(d)]). Besides, in this lemma we present an alternative form of the
function C,, this time expressed through polynomials H,, and P,.
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Lemma 3. Let us denote for m,k 2 0 yp k(x, y|p,q) = Z?io ﬁquHm (x19)Hi+k(y1q). Then

k
D) Ymk(x. ¥10. @) = v0.00x. y1p.q)Y (—l)éq(z)[s] P° His (V@) Pus X1y, 0. @)/ (07) 110
s=0 q

n

.. n
ii) Cn(y,zlm,pz,q)=2[s] P17 p3 (1) Hus (31@) Ps (zly. p102. 0)/ (0103 -
s=0

Proof. The proof is shifted to Section 5. O
As a corollary we get another property of the ASC polynomials:

Corollary 3. Form >0
Pu(y1x, 0, 9)/(p Z( b* [ ] q®) p* Hy—s(y|g) Po(xly. 0.9/ (07,

Proof. Note that y,, «(x, ¥|p,q) = vk.m(y, x|p, q). From assertion ii) of Lemma 3 it follows
that on one hand yo, (x, y|p, ¢) = ¥0,0(x, Y0, q) Pu(y1x, p,q)/(p*)m. On the other hand from
assertion 1) it follows that

yo,m<x,y|p,q>=yo,o(x,ym,q)Z(—wq@m P Hns V) P (xly. . )/ (p%),- D
s=0 q

As another consequence of Theorem 2 and assertions v) and vii) of Proposition 1 we get the
following theorem:

Theorem 3.V -1 <¢g <1, x,y,z€ S(q), |p1l, 10| <1,

G (x]y. p1.2. 02.9) = fN(x|q)ZﬁH<x|q>c,<y zlp1, p2,9), (3.4)
q-

where convergence is absolute and almost uniform on compact sets.
Proof. Is shifted to Section 5. O
4. Open problems

Notice that Vn > 1:

/(Hn(x) — Cu(y. 2lp1, p2.9)) x|y, p1.2. p2,q) dx
s(@)

_ / AnCely. 1222 2. D (x]y. P12 22 2. q) dx = O.
S(q)
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Hence there must exist polynomials F;, ; (v, z|p1, p2, q) such that: Vn > 1:

n
An(xly, p1,2,02,9) =) Fni (v, 2lo1, p2, @) (Hi (x) = Ci(y, zlp1, p2, ).
i=1

(1) One would like to find these polynomials.

(2) We have F,n(y,zlp1,p02,q9) =1 (both {H,(x) — Cu(y,z|p1,p2,9)} and {An(x]y, p1,
Z, p2, q)} are monic). When say p; = 0 (the ASC case) we have

n

Pu(xly.p1.9) =) [ﬂ P} Bu—i (vlg) (Hi (x) — p{ H; (v1g)),

i=1 q

which is in fact combination of assertions i) and ii) of Proposition 2. Thus one would like to
ask if the functions F; ; (y, z| o1, 02, q) also depend on n —i?
(3) It was shown in [7] that

n

Z [n} B,—j(yIq)Hj(ylq) =0
J q

J=0

for y € S(g) and n > 1. Is the same true for the general case. Namely is it true that: Vn > 1,
v,z €8(q)

n
> Faj(y.zlo1, p2,9)Ci(y, 2lo1, p2,q) =07
=0

(4) If g =1 we have

(x —pm)

W/ ”(x)ep( 2(1— ))dx:an”(’")

hence following observation (2.16) we deduce that the role of the parameter p is now played

[ p2+p2=2 1- 1—-
by P +1p2 plpz and of m by yp1(1—p)+zp2(1—p3) Thus
- \/l p1p2\/p1 +03 =201 03

2 2 2
P10y —2p1p yp1(I = p3) +zp2(1 — p7)
Cn(y,zlm,pz,l):(\/—‘ 2 1 2) ( . @D
L= pir; \/1 % pz\/p1+p2 2pip

Is it also true for |¢| < 1 with an obvious modification that H, (x) is replaced by H,(x|q).
Most certainly not, but may be C, (y, z|p1, p2,g) can be presented as a linear combination
of expression of this type, more compact than (3.2), (3.3). The problem is connected with the
problem of expressing Hy, (ax + By|q) as a linear combination of H; (x|q)H;(y|g),i+j < n.
It has known, nice form for g = 1 and neither nice nor known form for all » > 1 and other
values of ¢.
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5. Proofs

Proof of Lemma 1. i) Let us denote Dy, (a) =Y 1, [Z]q (@)n_ra®. Let

o0 n

$t,a)= Z (t) (@)

be a characteristic function of the sequence {D,,(a)}. We have

o tn—i n—i_ 1 o L .
pea= Z[ nly! Z[ } (“)ia”’izz(q>l( )lz(q)n_, = a2 i@ @
1 (at)eo 1 t"

- (@ (Do B (oo =n>0@’

by g-binomial theorem. So D, (a) = 1. Convergence was for |q|, |al, [t| < 1. Thus D, (a) for
la] < 1 is constant, but since it is a polynomial we deduce that D,,(a) is constant for all com-
plex a.

ii) Using the expansion formula Zk o(=1) [ ] q(z)x =x)N,

g(—l)iq@[?L(a)ibi(abqi)n—i=Z(—l)iq(§) " bi(“)iZ(—l)kc](g)[”;l} dph gk

i=0 - -q k=0 q

=Y (-1y'q® : bSZ[i] ak(a)—x
s=0 q

---q k=0

=Y 0@ b=,

by i) and the expansion formula. O

Proof of Lemma 2. ii) First let us recall that by assertion ii) of Proposition 2 we have
I,.0(x|g) =0 for n > 1. Next we have

lo.m(x|q) = Hin(xlq), Im(x|q) = —xHpn (x]q) + Hpy1(x1q) = —[m]g Hn—1(x|q).
To prove ii) we apply the formula
min(rn,m)
m| (n
Hy (x|9) Hu (X19) = Hypm K1)+ [ k} [k] [kl Hysm—2 (x1q)
qL%dq

k=1

and get
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n

LimGxlp =Y [’f] By—i (x1q) Hi-+m (x1q)

i=0 q

n min(i,m)
=Hm<x|q)1n,o<x|q)—2[.] ni (x1q) Z H [ ] [k)g ! Hi 42k (x]q)
q

i=1
n n min(i,m)
Z_Z[i] n—i (x1q) Z |::| |: i| [k]q itm—2k(X|q).
i=1

After changing the order of summation we get

n

n—k
—k
Limxlg) == jmqmq[k]q! ) [" ) LBn_k_s<x|q>Hs+m_k<x|q>.
s=0

k=1

iii) will be proved by induction with respect to n. Let us assume that the assertion is true for all
n <k — 1. By ii) we have It (x|q) = — Z’f_ "] [’;]q[j]quk_j,m_j(x|q). Now if m < k we

j=1 Jdq
seethatthenk—j <m—jforall j =1, ..., k and thus by induction [y »,—j(x|g) =0.If k > m
then by the induction assumption we have Iy_; ,—;(x|q) = (— Dk fq( 2) [Z i]",H —r(xlg).

Hence

k

m] [k -iy [m — jlg!
Iie,m = 1k J ( )4qu
km (x1q) ;[}.LLL[H ) o 1 ok (x14)
k
[m]q. |:k:| k— ( )
=- Hpi(xlg) Y | | (=1F g0
[ml,! k_l[k] C O
=———1 H,_ -1
m — Kly! 1<(x|61)sz0 s q( )q
S e kim (=1'q® + (=14g® = (—1)kg®
[m — k]! " —Lsl,
— O,

[m —k]g!
since Zf;é [i‘,]q(—l)sq(i) + (—l)kq(lﬁ) ==0. O

Proof of assertion iii) of Theorem 1. We start with the assertion of Corollary 3 and the asser-
tion iii) of Proposition 1. Using them we get

/Pm(Z|y,fv‘])Pk(Y|Z,f,Q)fCN(ZW,f,CI)dZ
S@@)

my k]! .
(=g D O™ H V)@ i m < k.

{0 ifm>k,



PJ. Szabtowski / Journal of Functional Analysis 261 (2011) 635-659 653

Using the assertion ii) of Theorem 1 let us calculate

Vam(x, 2, p1, p21q) = / An(xly, p1,2, 02, @) P (Y1x, o1, q) fen(Y1x, o1, g) dy.
5(q)

‘We have

(,012,'022):1 m (") m 2\ [n
Vim (X, 2, p1, p21q) = —————(=1)"q'2/ pj E | Ba—j(xlq)
2.2 n—1
(Plﬂgq In =0 Jdq

it .
XZM Pz ped) _1a )
q

i (p3)j—i i —mly!

i=m

(,0%, P%)n m_ (") m - I:n]
=—5 ——(D"q2 .| Bn—j(xlg)
s T 12=r:n

—m

k

i i—m—k(x1Z, 02, q)
C e —m— k TN s 7 i)
k=0 q- pz)j—m—k

(/0%, P%)n X [n],!
= PP g ()
Ty TR S
e [n —m]g!
X ; By _m—s(x|q) n—m— S]q![S]q!

s

[s]g! Ps—ik(xlz, 02, 9)
LT (R

H(x|q).

We change the order of summation and get

2 02y, ” [
Vn,m(x,z,m,pzlq)=M(—l)mq(z)pi”m[ﬁi > [n km] Hy(x|q)
q

(703" D mlot (55
" [n—m—k]| Ps_i(x|z, 02, q)
« —anmfs( )
;[ S—k :|q (/02)5 k x|q
ST TR O pra i "]
(piP34")n r=mlgtig L kg

n—

m—k
y Z |:n—m k] MBn_m_k—j(xm)
= q (pz)J
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_ (0F+ 3D (—1ymg (s )/’1 - [n],! niml:n—m] Pj(x|z, p2,q)
q

(/01/026]” 1)n m] '120 J ()02)]
x Z [ - } Hy(x|q) Bum—k—j (xq).
q

Now we use the assertion iii) of Lemma 2 and deduce that

n—m-—j o
3 [” " J} Hi(x19) Buem—t—j (xlg) =0
q

k
k=0

ifonlyn —m — j >0,and 1 if j =n — m. Hence

2 52 m !
(1017102)}1 (_1)mq(2)p,1n [n]q Pn—m(xlzv P2, CI)

Vam(x,2, p1. p219) = —5—F5———
mom (01034" [n=mlg! ()

Keeping in mind the assertion iii) of Proposition 1 and the interpretation of V,, ,, we get

Ay (xly, p1,2,02,9)

(OF P = [n} m o (3) ym Pr=m 512, 02, ) P I, p1, @)
= =" —1 2
(pfn%q”‘l)n,;) m), A Dnm (0 m

Proof of Lemma 3. i) First notice that ypo(x,y|p,q)fn(xlg) = fen(x|y, p,q) (com-
pare (2.21)). Besides we will use assertions i) and ii) of Proposition 1. Since for Vx, y € S(gq),
Y0.0(x, y|p, q) > 0 we can write

/Pn(xly,p,q)ym,k(x,ylp,q)fzv(xlq)dx
S(@)

Ym .k (X, 10, q)
= / Py(xly, p, q) =" fen(xly, p, q) dx.
s v0,0(x, ylp,q)
q

Now

/Pn(xly,p,q)ym,k(x,ylp,q)fzv(xlq)dx
S(@@)

Z[] ,~+k(y|q)/Pn(x|y,p,q>Hl~+m<x|q)fN(x|q>dx.
‘1

S(q)

Let us recall the assertion i) of Proposition 2. Hence we have
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/Pn<x|y,p,q)ym,ku,y|p,q)fN(x|q)dx
S(q)

n
n .
= Hitk(ylq) | P Bu—jOlg) | Hj(x|q)Hivm(xlq) fn(xlg)dx.
[il4! ]

i>0 -1 j=ot/dq sq)

Obviously if m > n we get 0. Otherwise when n > m we obtain

/Pn(xly,p,q)ym,k(x,ylp,q)fzv(xlq)dx
5(q)

_ [nlgtp" ™" i”f [ — m]y!
[

[n— m]q‘ £ l]q'[l’l —i—m] Hi 1 (¥|1q)Bu—i—m(¥lq)
_[nlglp™™™ o yem (5 [ndglo" T KD
= 7[}1 _m]q! Infm,k()’|q> =(-1 q- 2 n —m]q'[k—i—m — ] I Hiim—n(ylg).

Hence

+k
Ymk (X, Y1P, q) e ) aem| K i
oy oy~ 2D e Hy—n—myO19) P (x1y, 0, @)/ (0
Y0,0(x, ¥, 10, q) ’; n—m (n—m) n (»%),

q

or equivalently

k
m ) ) § k
Yk (X310 4) = (-1)°q®@ u p° Hi—s(319) Pus X1y, 0, )/ (07) -
q

v.olx, ylp.q) =5
ii) We have
1 [n n—i i
Cn(x,ylpl,pz,q)Zﬁ il P PVin—i(x,y, p121q)
v.0(x, ylp1p2, q) = Li l,

1 . ] . .
L A N n—i 1)/ ®) J 7
~ Y00, ylo102, 9) = [} Pi Z( ) [ . ]qq 2 p1 Py

X Hy—i—j(y|q) Pitj(x1y, p1p2, q)/(pfpﬁ)iﬂ

=Y [:] H,_s(y19) Ps(x1y. p1p2.0)/ (07 03),
s=0 q

XZ( 1)J|: ] q(z)plpjpn s‘+]p£ J

655
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Now using formula (12.2.27) of [15], that is (a), = Y4 _o(=D¥[}], gD a* we get

n

n
Cn(x,ylm,pz,q)=2[s} P17 p3 (1) Hu—s (@) Ps x|y, pro2. )/ (01P3),- O
s=0 q

Proof of Theorem 2.

Ca(y, 2lp1, p2,4) = Py 03 (07) Hus (@) Ps 2]y, p192.9)/ (0} 03),

-9

n—s s

Py p3 (1) Hus (¥1q)

s -
g
x } p1 ' p5 ' B ;(v|9) Hj(2l9)/ (07 P3),
—oLJg
J

n

1 Z[”] " H; ()
j 1 J

(plp n 15

n—j 2
XZ[ } 1,05 (01034"),_; Bs—j (V1) Hu—s (¥1q)

1 n
. Zm P\ piH; )

X 2
(plloz)n =0 Jlq
n—j
xZ[ ] P s 123" (01034™ ), i B Y1) - (¥1).

Now we apply the formula given in the assertion iv) of Lemma 2 getting

Cn(y,zlm,pz,q)=%[n.] P\ ) (07)  Hj(zlg)
(p1P)n L1y

n—j .
x Z[ N } (0797),, 03" (P1P34" ),
m=0 q

N T R
x (=D"g® 3 [k} [ ] [Klylg "0 H, 5 5 (v1g).
q q

k=0 k

Now we notice that [’Z]q = 0if k > m. So we split the range of m into two subranges O, ..., [ (n —
j)/2]and | (n — j)/2] +1,...,n — j. Thus the second sum can be transformed in the following
way:
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Ln—j)/2]
n
"

- J} (07a”),03" (P7 034" ), (=1"q®
q

m=0

sz [" p } K1yl " P B, 5 (vlg)
q q

k=0

n—j

+ ) [n,;]]q(p?qj) (01034 ) i

m=[(n—j)/2]+1

D
x (=1"g) Y [kL[ i } [K1glq ™" O H,_; o (v1g).

k=0

Now after changing the order of summation we obtain

D2y iy
|: k i| [k]q!anjka(ym)
k=0 q
L(n—j)/2] .
x Y (—l)mq(?)q‘k(m—b[”;J] [’ﬂ (o1a’),,p3" (P1034™ )i
m=k q q

L(n—=j)/2] n—j—k
+ Z [ ] [k1g! Hn—j-21(¥19)
q

n—j

x Yy (—D’"ch)qk(m")[n_]} [ﬂ (01a’),,p3" (01034 ) ,_ i
q q

m=(n—J)/2]+1 "

n—j—k
/ ] [k1g Ho— 2k (Y]q)
k q

L(n—=j)/2] |:

k=0

n—j " n—i m .
% Z(—l)mq(Z)q_k(m_k)[ ]i| [k] (Plzq])mpg (p2p2qm+1)n_j_m.
q q

m
m=k

After changing in the last sum the variable m ranging from k, ..., m — j to s ranging from O to

n — j —k and applying firstly formula (H'k) —sk= ( ) + (g), then formula (a),+m = (@), (ag™)m
and finally assertion ii) of Lemma 1 we get

n
n
Cn(y,Z|:01,P2aCI)= 2 2 E |:i| /01 ] jH (Z|LI)
(pipn LI g

Ln—j)/2]

[n—Jjl
X Z (=D q(2)92 (pl)k+](:02)n - kﬁ}[n—j—%(ﬂcﬂ-
k=0
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Now we change again the order of summing, applying formulae (a),+n,n = (@), (ag™), applied
0 (pDk+j and (p3)n— j—k We get

[n/2]

1

G zlor, 2.0) = 5 D 2 Z( g @[ ] [ ] [K14103" 07 (07, £3),
n q

n—2k Dk—i i
x Z[ j ]q(p%qk)j(pqu)n—j—ﬂc’ol; "p;

=0
x Hi(zlg)Hy—j 2k (¥1q). O

Proof of Theorem 3. For |¢| < 1 we use the assertion vii) of Proposition 1 and Remark 1 and
deduce that ¢ (x|y, p1, 2, p2,q)/fn(x|q) is bounded on S(q) hence square integrable with re-
spect to the measure with density fn(x|g), thus immediately we get L, convergence in (3.4).
To get almost sure convergence let us notice that ¢ (x|y, p1, z, 02, q)/fn (x|q) is also square in-
tegrable with respect to the measure that has density equal to fy(x|q) fa (ylg) fn(zlg). Next
we notice that polynomials {H;(x|q)H;(y|q)Hi(zlq)}i j x>0 constitute an orthogonal basis
of the space (S(g) x S(g) x S(q), B, fn(x|q) fn(¥|q) fn(zlq)), where B denotes o-field of
Borel subsets of S(g) x S(g) x S(q). Moreover we know Fourier coefficients of expansion of
¢ (x|y, p1,2, P2, q)/fn(x|q) in this basis. Namely we can read them from expansion (3.2), (3.3).
They are equal to

O, jom = / H,(x|q)H(ylq) Hn (zl@)p (x]y, p1. 2, p2.q) fn(Y|g) fn(zlg) dx dydz

S3(q)
{O ifj+m>=2nvn—j—misodd,
® T2 il (%) . .
ke L J+k2 2n=jk it p— i —m =2k,
( ) [k]q'(ljlpz)n mn J "
From the theory of the orthogonal series expansions it follows that }_,, ; , oz,%’ j.m < 00, moreover

one can see these coefﬁcients decrease geometrically.
Hence Zn jm %, m(logn log j logm)?* < oo and thus form the Rademacher—Menshov theo-
rem we get almost everywhere convergence of the series:

al’ljm
71_1)1 H; H, )
Z (1014 m]y! (xlg)H;(ylq) Hn(zlq)

n,j,m=0

On the other hand after regrouping nonzero summands of this series we get (3.4).
For g = 1 we deal with the normal case. In this case the functions C,, have special form given
by (4.1). Thus we deal with summing of special form of a classical Poisson—Mehler kernel

> 2 () Hiy ),
n!

n>0

+ 2 yp1(1=p5)+zp2(1—
where t = /pllphiplpz and u p1(1—p3)+zp2( 01)2.
B \/1 plpz\/le“Oz 1102
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