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1. Introduction

Classical orthogonal polynomials constitute a very important and interesting family of special
functions. They are mathematical objects which have attracted attention not only because of
their mathematical value but also because of their connections with physical problems. In fact,
they are also related, among others, to continued fractions, Eulerian series, elliptic functions
[7, 13], and quantum algebras [17, 18, 28].

They also satisfy a three-term recurrence relation (TTRR) [24]

x(s)pn(x(s)) = Oénpn—&-l(x(s)) + ﬁnpn<x(5)) + "ann—l(x(s))v n =0,

where 7, # 0, n > 1, as well as their derivatives (or differences or g-differences) also constitute
a a sequence of orthogonal family (see e.g. [3, 4, 11, 24] for a more recent review).

Indeed, a fundamental role is played by the so-called characterization Theorems, i.e. the
Theorems which collect those properties that completely define and characterize the classical
orthogonal polynomials.

One of the many ways to characterize a family (p,,) of classical polynomials (Hermite, Laguerre,
Jacobi, and Bessel), which was first posed by R. Askey and proved by W. A. Al-Salam and T.
S. Chihara [1] (see also [21]), is the structure relation

QS(SU)p/n('T) = Gnpn+1(z) + Bnpn(x) + Cnpn-1(x), n >0, (1)

where ¢ is a fixed polynomial of degree at most 2 and &, # 0, n > 1.

A. G. Garcia, F. Marcellan, and L. Salto [14] proved that the relation (1) also character-
izes the discrete classical orthogonal polynomials (Hahn, Krawtchouk, Meixner, and Charlier
polynomials) when the derivative is replaced by the forward difference operator A defined as

Af(z) = (7 = ) f(x) = flz +1) = f(2),
where &1 is the forward shift operator and .# the identity operator.
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Later on, J. C. Medem, R. Alvarez-Nodarse, and F. Marcelldn [22] (see also [2, 4, 5]) char-
acterized the orthogonal polynomials which belong to the g-Hahn class by a structure relation
obtained from (1) replacing the derivative by the g-difference operator 7, defined as

~ flgz) — f(z)
(¢—Daz ~’

The aim of the present paper is to go further in the study of classical polynomials giving
two new structure relations for the g-polynomials which belong to the g-Askey tableau and
the lattice is g-quadratic, i.e. x(s) = ¢1¢° + c2¢™* + ¢3, with cjco # 0, being ¢ € C := C\
({0} U (Un21{z €eC:2"= 1})) :

In fact, we prove that the following relation characterizes the g-polynomials.
Appy1(s) Apy(s) App1(s)

Ax(s) /o Ax(s) +gn Ax(s) ’ n=0,

q€C,lql #0,1.

Mpn(x(s)) =ep

where .# is the forward arithmetic mean operator:
Lot
M= 5(6" +.7),

and, (en), (fn), and (g,) are sequences of complex numbers such that e, # 0 and g, # V».
Furthermore, we give a characterization Theorem for classical orthogonal polynomials in a more
general framework using Operator Theory, as well as we deduce some unified expressions for the
second order homogeneous linear differential (or difference) hypergeometric operator and for its
polynomial eigenfunctions.

The structure of this paper is as follows: In Section 2 we introduce some notations and definitions
used throughout the paper. In Section 3 we define the Rodrigues Operator and using Operator
Theory we deduce a unified expression for the linear differential (difference resp.) hypergeometric
operators related to the classical families, and for their polynomial eigenfunctions, as well as
other algebraic properties. In Section 4 we present a new characterization Theorem for ¢-classical
orthogonal polynomials and we prove the Hahn’s Theorem for the ¢g-polynomials of the ¢g-Askey
tableau. In Section 5 we illustrate our results applying them to some known ¢-polynomials.

2. Preliminaries

The standard classical orthogonal polynomials (Hermite, Laguerre, Jacobi, and Bessel) are
eigenfunctions of a second order linear differential operator [26]

2
I = 5(x)% + %(w)%, (2)

where 6 and 7 are polynomials of degree at most 2 and 1, respectively. This operator is also said
to be a standard Hamiltonian operator (see [24]).
In fact, a sequence of monic polynomials, (p,), such that

~ /!

Hpp(z) = <n%’ +n(n— 1)2) pn(x), m >0,

is orthogonal with respect to a certain weight function p(x) supported on Q C R, i.e.

/Qpn(:(:)pm(x)p(x)dx = d%dmm, n,m > 0. (3)

Notice that €2 is an interval associated with the regular singularities of 77.
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4 R. S. Costas-Santos and F. Marcellan

Moreover, this weight function p(z) fulfills the following Pearson equation
d
7, (0 (@)p(@)) = T(2)p(2).
On the other hand, we can consider two different discretizations of the operator (2) replacing the

derivative by certain approximations on a lattice. Thus we need first to introduce the concept
of lattice.

DEFINITION 2.1. [11, 2] A lattice is a complex function x € C?(A) where A is a complex
domain, No C A, and x(s), s =0,1,... are the points where we will discretize (2).

For a first approximation of the operator .7, we consider the uniform lattice z(s) = s. Thus the
following second order homogeneous linear difference hypergeometric operator

HN = 0(s)AV + 7(s)A, (4)
can be introduced where V and A are the backward and forward difference operators, respec-
tively, being

Vi)=(" —I)f(x)=flz) - flz—1),
o(x) := &(z) — $7(2) is a polynomial of degree at most 2, and 7(z) = 7(x).
Indeed, a sequence of polynomials (p,,) satisfying

~/

HApp(z) = (ni" +n(n— 1)> pn(x), m >0,

2
is orthogonal with respect to a certain weight function p(x) supported on 2 C R, i.e.
Z pn(«T)pm(x)p(CU) = dién,ma n,m > 0, (5)
€

with some extra boundary conditions (see §2.3 in page 26 of [24]).
As in the continuous case, the weight function p fulfills the following A-Pearson equation

Ao(z)p(x)) = 7(z)p().
The second way to discretize the operator .# is to consider a nonuniform lattice x(s), (see [24])

which leads to the following linear difference hypergeometric operator:

A v A
Vzi(s) Va(s) +7(5) Ax(s)’ (6)

G = o(s)

where z(s) = ¢1¢° + c2q™° +¢3, ¢ € C, 0 (s) := &(x(s)) — 57(2(s))Vai(s), z1(s) :== z(s+ 3), and
7(s) = 7(x(s)).

Notice that, in general, o(s) is not a polynomial on z(s) but if either ¢; = 0 or ¢ = 0 then
o(s) is a polynomial on z(s) of degree at most 2, i.e. o(s) = o(z(s)).

Indeed, a sequence of monic polynomials (p,,) satisfying

5_//

Hipa(a(s)) = )y (a0 = D7+ 0= 1,5 ) puals)), n =0,

where [s], denotes the g-number (in its symmetric form)

q% —q_%
[S]Q =T 1> seC,
qz —q 2
and . .
2 )
ay(s) == ©7a = +2q , seC,

is orthogonal with respect to a certain linear functional u € I/, i.e.

(W, pupm) = d20mn, m,n > 0.
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REMARK 2.1. Notice that u admits a Lebesgue-Stieltjes integral representation, not necessarily
unique,

(wp) = [ p)du(2)

where I' is a contour in the complex plane and u is a measure, with supp(p) =T .
In fact, in most of the cases, such an integral can be transformed into a sum in such a way
the linear functional can be written as [16]

(w,p) = > p(x(s:))p(s:)Var(si), siyr=si+1, (7)
S, €Q

where the function p is supported on €2 C R. For this reason we will assume the above represen-
tation for the functional although the proofs when u can not be represented in such a way are
analogous and we will omit them.

Moreover, as in the discrete case, the weight function p(s) satisfies the following g-Pearson

equation ((5)p(s))
A(o(s)p(s o (s)o(s
W—()P()~ (8)

REMARK 2.2. It is important to point out that in the orthogonality conditions (3), (5), and
(7) one needs to impose some boundary conditions, which follow from the fact that the moments
of the corresponding measure must be finite (see, for instance, [12], [24, p. 27, p. 10], [25]).

An important fact related to these operators is its hypergeometric character, i.e. if y is an
eigenfunction of the linear operator J#, J¢a, or ., respectively, its derivative § = y/, its
difference § = Ay, or its ¢-difference § = AWy, respectively, is an eigenfunction of the second
order linear operator of the same kind. For instance, § = AWy is an eigenfunction of the
following second order linear difference operator:

T e (s A \% s Azi(s)  o(s+1)—o(s) A
Hai=ol )Vxl(s) Va(s) + ( (s+1) Ax(s) + Ax(s) ) Ax(s)’
where
Al . A A = m>1, xp(s):=x(s+%), mei.

T Az, 1(8) Ay _a(s) T Ax(s)’ -

Throughout the paper we will study some properties related to the difference operator /7 and
its eigenfunctions.
We can rewrite 7 as follows

1 A \%
My = Vi) <<a(s) + T(S)Vm(s))m - U(S)W(S)) . 9)
Moreover, with this definition we can also rewrite the g-Pearson equation (8) as
o(s+1)p(s+1) = (o(s) + 7(s)Va1(5) ) (). (10)

Combining (9) and (10), we get the symmetric or self-adjoint form of (6)
1 \Y% A
P L = 11
e oler) .

where pg(s) := p(s) and pi(s) := p(s + 1)o(s + 1).

This representation for the difference operator (6) is the key to define the Rodrigues Operator
which we will use in order to unify all the representations in the context of the classical orthogonal
polynomials.
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REMARK 2.3. A direct calculation yields the analogous formulas for the operators 7€ and F.

1 d d
H = [da:pl(x)] ° I

p(z)
where po(x) := p(x) and p1(z) := p(x)o(x); and
Hop = [p(ls)wl(s)} N

where po(s) := p(s) and p1(s) == p(s+ 1)o(s+1).
Using this information we can write the polynomial eigenfunctions of the operator J; as (see
[24, (3.2.10), p. 66])

rve@ ) [ vner )

po(s) Vi (s) "

or, after some simplifications, as

pu(a(s)) = oY

o1 (5) Vo (9) pn(s)|, (12)

z(s)) = Bn_gm ]
pn( ( )) po(S)VO [pn( )]7 Bn7é07

where po(s) = p(s), pr(s) = pr—1(s + 1)o(s + 1), for every k € Z, and

(n) — v (n) ,_ v v v
V=V, Vit Vaga(s) Vagii(s)  Van(s)’

k=0,1,...,n—1.

2.1. THE (FORWARD) MEAN ARITHMETIC PROCESS

It is well known that for any pair of polynomials, 7 and &, the following relations hold:
A (mg) = (AWm)E + (67 m) A,
AW (xg) = (AT + (67)AWD T,

We will say that we apply the (forward) mean arithmetic process to A (7€) if we get the
arithmetic mean of the above two expressions obtaining in such a case

AW (rg) = (AW e + (AVE) M 7.
For example,

AW (@(s)pn((5))) = A pa(w(s)) + ag(D)z1(s) AN py(w(s)) + es(@) (L — ag(1)).

In an analogous way we define the (backward) mean arithmetic mean process although we will
not use it.

3. The Rodrigues Operator

The expressions given in the previous section for the difference operator 7, and for its poly-
nomial eigenfunctions (12) suggest us to consider a new operator which we call the Rodrigues
Operator.

DEFINITION 3.1. Given functions o and p, where p is supported on Q, and a lattice x(s), we
define the k-th Rodrigues Operator associated with (o(s), pp(s), m(s)) as

1 \Y
Bo(0(5),pn() 7m(5)) = 7 Fa(0(8), (), () = s G pma(5) 07

K (0(s), pm(s), tm(s)) = A1(0(5), pm(s), 2m(5)) © Br-1(0(8), pm+1(8), Tmi1(s)), k > 2,
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For the sake of simplicity, we denote
Ri(pm(s), wm(s)) := Zi(0(s), pm(s), zm(s)),  meZ, k=0.

Notice that in the continuous case

1 d
921(Pm($)7$) = m%pmﬂ(m) oJ,
and in the discrete case
1
1 (pm(s),x(s)) = ——Vpmii(s)o L.
(o (8),2(5)) = 5T ()

From this definition the difference operator (11) can be written as
% :%1(,0(8),$(S)) OA(l)a (13)

and (12) reads
Pn(2(s)) = Bn Zn(p(s), x(s))(1),  Bn #0, n>0.

Therefore, this is the way to write the operators ¢ (A or J#, resp.) and their corresponding
polynomial eigenfunctions in a unified way.
Now, let us consider other properties related to the Rodrigues Operator.

LEMMA 3.1. The Pearson-type equation (8) can be written as follows

As a consequence we get result:

LEMMA 3.2. [24, (3.2.18), p.66] For every integers n, k, 0 < k < n, there exists a constant,
Ch. i, such that

AP p(2(5)) = CrpBr—i(pr(s), zx(5)) (1).

4. The characterization Theorem for the ¢-classical polynomials

The characterization Theorems constitute a very useful tool to analyze classical orthogonal
polynomials as we stated in the introduction. Recently, in [4] and [2] a characterization of ¢-
classical polynomials in the g-linear lattice x(s) = cq®® + d is presented. We will extend these
results for the g-quadratic lattice

x(s) = c1¢® + caq”® + 3, qge C. (14)

For our purpose, we need to redefine the concept of ¢-classical OPS. Moreover, because the
measures are supported on the real line, we will consider 2 as the interval® [a, b].

DEFINITION 4.1. The sequence (pn), where py, is a polynomial on x(s) of degree n for all
n € Ny, is said to be a g-classical OPS on the lattice x(s) if it satisfies the property of orthogonality
(7) where

(i) p(s) is a solution of the q-Pearson equation

A(a(s)p(s)) = 7(s)p(s)Vra(s). (15)

LI |b] < |a| = oo (resp. |a] < |b] = co) then we write (a,b] (resp. [a,b)); if |b| = |a| = co then we write (a, b).
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(ii) o(s) + 17(s)Va1(s) is a polynomial on x(s) of degree, at most, 2.
(1ii) T(s) is a polynomial on xz(s) of degree 1.

(o(s),p(s),z(s)) is said to be g-classical if it satisfies (i)-(iii).

Notice that the above definition coincides with Definition 1.1 given in [4] for the g-linear lattices
and generalizes it to the g-quadratic lattice.

LEMMA 4.1. [24, (3.2.5), p. 62] For every polynomial © and every integer k, w(xy(s))+m(xg(s—
1)) is a polynomial on xp_1(s) of degree deg(m).

LEMMA 4.2. If (o(s), p(s),xz(s)) is g-classical, then for every integer k and every polynomial
m, the function

%1 (pr(s), wi(s)) (7 (zr11(5)))
is a polynomial on zk(s) of degree deg(m) + 1.

Proof: By hypothesis, we know that &(z(s)) := o(s) + 37(s)Vz1(s) and 7(s) are polynomials
on x(s) of degree, at most 2, and 1, respectively. From a direct calculation we get that
o(s+k)+71(s+k)Vi(s+ k) —o(s)

Vgi1(s) 7

Z1(pr(s), wi(s))(1) =

is a polynomial on z(s) of degree 1.
Furthermore, for every integer k and every polynomial 7, we get

(o(s+k)+T1(s+k)Vzi(s+k))

Z1(pi(s), 2 (5) (x4 (5))) = Ve (o) (8 = G ®
O(s+ k) o(s)
Xm(xp4a(s — 1)) = mﬁ(fﬂkﬂ(s)) - mw(ka@ -1))

being O(s) := o (s) + 7(s)Vz1(s).
So, Z1(pr(s), zx(s))(m(zr+1(s))) is a polynomial on zx(s) if and only if

O(s+ %) o(s — k)
W(;)W(xl(s)) - W(;)W(x—l(s))

is a polynomial on z(s). But we can rewrite this expression in the form

Os+5) —a(s— %

o(s— &
wlan() + 22 (n(a4(s) - m(oa(5))),

VZL‘l(S) v:El(S)
or, equivalently,
Os+5) —o(s— %) Os + &)
DTS o) + T 2 (ria(6) - a5

Taking the arithmetic mean of the above expressions, using Lemma 4.1 as well as the relation

O(s +5) — a(s — §) = qu(a(s)) Vau(s),

where ¢; is a polynomial of degree 1, we deduce that (16) is a polynomial on x(s) of degree, at
most, deg(m) + 1. Moreover, from a straightforward calculation the coefficient of 2™*! is

ag(m+ 2k) 7’ +[m+2k] 7é0 m = deg(m),
where 7(z) = %xQ +0'(0)z 4+ 5(0) and 7(z) = 7'z + 7(0). Hence the result follows. 0

Taking into account all these results, we can state the preliminary results related to our main
Theorem.
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THEOREM 4.1. Let (p,) be a g-classical OPS with respect to p(s) on z(s) such that
2 (a)s" (@) (a)p(a) = 2*(B)al, (o (B)p(b) = 0, k1> 0. (17)

Then, (AW p,.1) is a q-classical OPS with respect to the function pi(s) on x1(s).
Furthermore, if the condition (17) holds then the converse is also true.

REMARK 4.1. Observe that if, for instance, |a| = oo (the case |b| = oo is analogous) the
relations regarding to a into (17) need to be replaced by

lim =)zl | (H)o(t)p(t) =0,  k,1>0.

t——o0

Proof: Let (p,) be a g-classical OPS with respect to p(s) on z(s). From Lemma 4.2 the function
Qr(z(s)) == Z1(p(s), x(s))(pr—1(x1(s))) is a polynomial on z(s) of degree k. Therefore for any
n>k>1

0= an )V.%’l( )
- ipn<s>(%<p<s>,x<s>><pk1<x1<s>>>) p(5)V1 (5)

= an V(p1(s)pr-1(21(5)) ).

Taking into account the Leibniz rule, i.e.

V(f(s)g(s)) = (Vf(s))g(s) + f(s = 1)(Vyg(s)),

the following formula holds

b—1 sepoq bl
>~ 9(s)(VF() = S)als + D] = 3 F(5)(Ag(s) (18)
Thus we get
b—1
0= pals+D)pi(s)pr-1(z1(s))| _ | Z (Apn(s))p1(s)pe—1(x1(s))
. b1
= Pu(s)p(s)o()ph1(w-1(5)) ;Z > (Ao (pr(an(s) (Aals) = Taa(s))
. b=
= puls)o)p(spe-1 1 ()] = X AV pu()proa(wi(s)) pr(5)Vaa(s).

Hence (AMp, 1) is an OPS with respect to p;(s) on the lattice x1(s).
Now, we prove that pi(s) satisfies a g-Pearson equation as (15) on the lattice z1(s). Indeed since
(pn) is a classical OPS we get

Moln(s) _ ols+ Dprls1)
p1(s) p1(s)
= o(s+1)+7(x(s+1))Vzi(s+1) —o(s)

— G(s+1)—5(s) + %T(s F1)Vai(s+ 1)+ %T(s)vxl(s),

where 5(s) = o(s) + 37(2(s))Va1(s) is a polynomial on z(s) of degree at most 2, and after
a straightforward calculation we deduce that this expression is equal to 7i(x1(s))Vza(s) with
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deg(71) < 1.
Moreover, using the last expressions we get

o(s) + %?1(3:1(3))Va:2(s) = % (8(8 +1)+0a(s)+ %T(S + 1)Vzi(s+1) — ;T(S)Vl‘l(s)) ,

is a polynomial on z1(s) of degree, at most, 2 and hence the result holds.
For the converse, we know that there exist two polynomials on x1(s), 6(s) and 71, of degree at
most 2 and 1, respectively, such that

Alo(s)p1(s)] = Ti(z1(s))p1(s) Vaa(s),

here o(s) 1= 6(s) — 371 (z1(s)) Vaa(s).
So, we only need to check that

Vz(s) Vo(s)
Vzi(s) <Tl (z1(s = 1)) - V:L‘(S)) ’

and o(s) + %T(S)le(s) are polynomials on z(s) of degree at most 1 and 2, respectively, which
is a direct calculation and hence the result follows. O

T(s) :=

REMARK 4.2. Notice that in the case a = —oo (the case b = oo is analogous) one should write
the formula (18) as

S;f — 1o~ 1)g) - (lim_Fe)glt +1)) - S;wf

THEOREM 4.2. Let (pn) be a g-classical OPS with respect to p(s) on z(s) such that

z*(a)zly(a)p(a) = a*(0)aly (D)p(b) =0, Vk,1=0,1,... (19)

If p_1 = 0, then the sequence (%n(p—-1(s),z-1(s))(1)) is a g-classical OPS with respect to the
weight function p_1(s) = p(s—1)/o(s) on z_ 1(5) Furthermore, if the condition (17) holds then
the converse is also true.

The proof follows the same steps as in Theorem 4.1 taking into account the properties of A(™)
and the basic relations of py,(s) and x,,(s) for every integer m.

REMARK 4.3.

(i) The relation between the statements of Theorems 4.1 and 4.2 follows from
Z1(p-1(8),2-1(8)) © Zn(p(5), 2(8)) = Hn+1(p-1(s),2-1(s)), n=0,1,2,...

(ii) If the property of orthogonality

b—1
Zpn(w(S))pm(w(S))p(S)Wl(8) =0,

and the boundary conditions (17) holds, then for every integer k we get

b—k—1

k—
> (ABpa(an(s)) (AW p((5))) r(5) Varsa (s) = 0,

s=a—k

where if k>0
AR = Zi(p-i(s), -1 (5)).
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Now we can state the first main result of this paper.

THEOREM 4.3. Let (p,) be an OPS with respect to p(s) on the lattice x(s) defined in (14) and
let o(s) be such that (19) holds. Then the following statements are equivalent.

1. (pn) is q-classical.

2. The sequence (AMp,) is an OPS with respect to the weight function p1(s) = o(s+1)p(s+1)
where p satisfies (15).

3. For every integer k, the sequence (%n(pr(s),xr(s))(1)) is an OPS with respect to the weight
function pg(s) where po(s) = p(s), pr(s) = pr—1(s + 1)o(s + 1), and p satisfies (15).

4. (Second order linear difference equation): (p,) satisfies the following second order linear
difference equation of hypergeometric type

A Vpu(s) App(s)
7\ Vzi(s) Vz(s) +7(5) Az(s)

+ )\npn(s) = 07 (20)

where 5(s) = o(s) + 37(s)Vz1(s) and 7(s) are polynomials on x(s) of degree at most 2 and
1, respectively, and A, is a constant.

5. (pn) can be expressed in terms of the Rodrigues Operator as follows

Pn(s) = BaZn(p(s),z(s))(1) = ,Cfg) VxT(S) VQZ(S) o V:pi(s)

(Pn(s)) (21)

where B, is a non zero constant.

6. (Second structure relation): There exist three sequences of complex numbers, (e,), (fn), and
(gn), such that the following relation holds for every n > 0, with the convention p_1 =0,

Apy(s) N App_1(s)

M pal(5) = en AZ”;(;()S) +n Az(s) In Az(s)

where A is the forward arithmetic mean operator:

() = f(s—i-l;—i-f(s)’

en # 0, gn # Y for all n > 0, and =y, is the corresponding coefficient of the three-term
recurrence relation [24]

$(8)pn($) = anpn+1(3) + ﬁnpn(s) + 'ann—l(S)a n > 0.

REMARK 4.4. If we consider a q-linear lattice, i.e. either ¢; = 0 or cg = 0, this result is
“equivalent” to Theorem 1.3 stated in [4], because T(s)Vx1(s) is a polynomial on xz(s) of degree
2 and i (s) = q**x(s) + Ok, where ay, Oy are independent of s for every integer k.

Assuming the theorem proved let us state and proof the second main result.

THEOREM 4.4. Under the hypothesis of Theorem 4.3 the following statements are equiva-
lent.

(i) (pn) is q-classical.
(ii) (AMp, 1) is a OPS.
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12 R. S. Costas-Santos and F. Marcellan

Proof: Of course (i)=-(ii) is a consequence of Theorem 4.1.
(ii)=-(i): This proof is analogous to the proof given by W. Hahn in [15]. We know that the SPO
(pn) satisfies the TTRR

Pn((s)) = (2(s) — an)pn-1(2(s)) = bupn-2(x(s)), n =1,
with initial conditions p_; = 0 and pyp = 1. Thus applying the (forward) arithmetic mean process
we get
AWp,((5)) = M pn-1(2(s)) = baAWDpn_s(2(s)) + (ag(2)z1(s) = dn) AVpnr(2(s)),  (22)

with @, = an — c3(q)(1 — ag(2)).
Moreover, by hypothesis, the sequence of monic polynomials ([n]glA(l)pn) also satisfies a
TTRR, i.e.

U
[n =2l

1

[n— 1] —AWp, o(a(s), n>1. (23)

A (2(s)) = (21(s) ~a)) AWp, i (a(s)) -

[n]q

Combining (22) and (23) to eliminate AMp,, o (resp. AMp,) we get

by (1) _ ((2a@bn _ by C Bhan |, badl \ A(D)
([n*2]q [n]q> A pa(x(s)) = (( [zfz]q [n71]q)$1(5) o2, T = 1]q> A%p,_1(x(s))
+ iy A Pn1 (2(5)).

(24)
and
nlg—[n—2 a Gn
Bl A o1 (2(5)) = (ww — i+ ) AP (2(s)
by (1)
~ (5 — 1) AVpn-2(a(9))
Setting n + 1 instead of n in the above expression the following expression fulfills:
n+1]g—[n—1 a;, n
b A pn((s)) = (W() - B+ )A<1>pn<x<s>> )
b/
+ ([zﬁ = ) AMpy_y (z(s)).
In order to simplify further calculations in this proof we denote by e,, := ﬁ — [?TT]Lq’ k(z;n) =
[n4-1)g—[n—1]q ., ay Gnt1 . _ (aq(2)b, b, _ bpan bral,
T, e~ e, and by 1) = (380 - R ) - g + e

Taking into account (24) and (25) in order to eliminate A(Mp, we obtain

bl
[n+ 1, T A pn(a(s)) = i _”2]qk‘($1(8);n)///pn—1(33(5))+k(x1(8);n)(l(xl(S);n)—en+1en)A(”pn—1(x(8))-
(26)
By using (25) and (26) to eliminate p,, we get
M (Uw—1()m) Vi1 (@) b, A((Va(s)Mpn-r(a(s-1))
Vzi(s) [n—2]q Vzi(s) (27)

_ [n41]gby V(k(z1(s)in) M pn—1(x(s))) ¥ e V((Uz1(s);n)k(z1(s)n)—enent 1) AW py 1 (2(s)))
[n—2|q Vzi(s) q Vzi(s) :

On the other hand, combining (24) and (25) to eliminate A(Mp, _; we get

B Mo (2(5)) = " A pa(a(s)) — (k(21(5); m)I(21(5); ) — enens1) A py(a(s)).
(28)

RCostas_AAM_class_poly-2.tex; 18/03/2009; 15:11; p.12



13
By using the expressions (25) and (28) to eliminate p,—; we get

1 M ((Va(s)Mpn(x(s—1) 4 (k(z_1(5)m)Vpn(x(s)))
[n+1]q Vzi(s) Vzi(s)

(29)
_ [n=2)q V((zi(s)in)Mpn(x(s)))  [n—2]q V(Uz1(s)in)k(z1(s);n)—enens+1) A pn (2(s)))
b [n+1]g Vz1(s) 28 Vzi(s) )

The following result has a technical role and it will be used in to proof of this Theorem.

LEMMA 4.3. For any two polynomials w and &, the following relation holds:

M (7 (x-1(5))VE(2(5)))
Vzi(s)

= VLG 1 (VOm(a ()6 ((5))

B T(xr—-1(S (s (s (1) (S
= AEEADT) g VLD 4T (w1 (5)) A (s)) Vot

M (m(x—1(8))Vx(s
(B AWV g

Moreover, the functions (m(z1(s))Az(s)) are polynomials on x(s).
The proof of this result is straightforward and we leave it as an exercise for the reader.
Therefore, using Lemma 4.3 and doing some extra calculations, we obtain that the expressions
(27) and (29) become the following two second order homogeneous linear difference equations:

do(2(s),n) VI AW p, (2(s)) + d1(2(s), n)%w + ¢o(n)pn(z(s)) =0,
6ala(s), )T VA, a(0(5)) + 61 a(s), ) PEREED G, aa(s) = 0

where the indices indicate the degree of the polynomial coefficients.
Moreover, replacing n by n + 1 in the last expression we obtain the second order linear
difference equation:

Vpn((s))

Vi (s) +o(n + )py(a(s)) = 0. (30)

¢a(z(s),n+ 1)V AW p, (2(5)) + 1 (x(s),n + 1).4

So, we have two difference equations for p,, which only differ in a constant factor.
Therefore p, satisfies the following two second order linear difference equations:

2ol VIA D (5(5) + 1 (a(6)) T D () (5)) = 0,
() VO A a5 + 1 a(9). T2 a5 =0

where, again, the indices indicate the degree of the polynomial coefficients. Denoting by o(s) :=
wa(z(s)) + @1(x(s))Vxi(s), ((s) = Pa(z(s)) + ¥1(x(s))Vxi(s), the above expressions can be
rewritten as

o(s)VVAWp, (2(s)) + p1(2(s) AW pa(a(s)) + @o(n)pa(z(s)) = 0,
)V AW, (2(s)) + 1 (2(5) AV pa((s)) + o (n)pa((s)) = 0.

Notice that o and ¢ are not always polynomials on z(s).

So,
(p1(x(5))¢(s) = o(s)th1(2(s))) AW py(2(s))
+(po(n)((s) — a(s)vo(n))pn(z(s)) = 0.

If n > 3, we get that p, and AW p, has a common zero but p, has not no multiple zeros. Hence,
after dividing by the common factor, the polynomial coefficients of the difference equations for
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14 R. S. Costas-Santos and F. Marcellan

DPntl, Pn, and p,_1 are the same. Taking this into account follow the coefficients do not depend
on n, so py(z) satisfies the second order linear difference equation

Vpn((s))

()T A p (a(s)) + (o)A~ S

+ Anpn(z(s)) =0,
where deg¢ < 2, degy) < 1, and A\, = —[n]q(og(n — 1)by, + [n — 1]ag) depends on n since p,, is
a polynomial, being a, and by, the leading coefficients of ¢ and 1), respectively.
Hence, according to the 4th condition of Theorem 4.3, (p,,) is g-classical. O
Let us prove now Theorem 4.3. From Theorem 4.1, Theorem 4.2, and its Corollary, as well
as Remark 4.3 we know that (1) — (2) — (3) — (1).

PROPOSITION 4.1. ((1)— (4)) If (pn) is a g-classical OPS with respect to p(s) satisfying
the boundary relations (19) then (pyn) satisfies the second order linear difference equation of
hypergeometric type (20).

Proof: By Lemma 4.2 the function %1 (p(s), (s))(AMp, (z(s)) is a polynomial on z(s) of degree
n. On the other hand, by Theorem 4.1 (AMp,) is a g-classical OPS with respect to p;(s) on
z1(s). Thus, for 0 < k < n,

b—1
Z Qu((5)Z1(p(s), () (AW py(w(s))) p(s) Var ()
b—1

= ZQk(x(S))V(m(S)A(l)pn(w(S)))

(18)

Qr(x(s))o(s)p(s)AWp, (2(s — 1))

ZA“) sNAD (Qr(x(s))) pi(s) Vara(s).

By hypothesis and Theorem 4.1 the last expression vanishes and, as a consequence, there exists
a non zero constant A,, independent of s, such that

1 (p(s), () (AW py(a(5)) = =Aupn(a(s)),

since (py,) is an OPS with respect to p(s) on z(s).

Finally, using that the above expression is indeed %, (see (13)) it is clear that the above
expression (20) and hence the result holds. ]
(4)—(5): This is a well-known property. See, for instance, §3.2.2 in page 64 of [24].

(5)—(1): By setting n = 1 in the Rodrigues formula we obtain the Pearson type equation (15)
that the weight function p(s) satisfies.

PROPOSITION 4.2. ((6) < (1)). Let (pn) be an OPS with respect to p(s) on the lattice x(s)
defined in (14) and let o(s) be such that (19) holds. The sequence (py) is q-classical if and only
if there exist sequences of complex numbers, (ey,), (frn), and (gn), such that the following relation

holds
~ Appya(z(s)) App(z(s)) App—1(z(s))
M pn(x(s)) = en A+$(S) +n Ax(s) gn Ax(s)

with the convention p_1 = 0, where e, # 0, gn # Y for alln > 0.

Proof: If (p,) is an OPS then it satisfies a TTRR, i.e. there exist three sequences of complex
numbers, (a,), (6), and (v,), with v, # 0, such that

IL‘(S)pn(ZL‘(S)) = O‘npn+1(x(5)) + ﬁnpn(l'(s)) + '7npn71(1'(5))7 n > 0. (31)

If (p,) is g-classical, then (AMp, 1) is an OPS and therefore there exist sequences of complex
numbers, (ag)), ( (1)) and (yn S )) with ’yn 7é 0, such that

21(s)AWpn(a(s)) = af AWpy i1 (2(s) + BV A pa(a(s) + 75 AWp, 1 (a(s).  (32)
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But
AW (z(s)pa(a(s))) = (A w(s) A pa(a(s)) + M pu(a(s)). (33)
So combining (31), (32), and (33) we get

%pn(x(S»: <an _ @ a(l

2 AV o5) + BBV pa((s)) + (30— FANAps a(5))

where
[2lq

5 (B — c3).

Bn = (ﬁn - 03) -
Moreover, the coefficient of A®Mp,_; is different from =, because 'yy(Ll) # 0.
Conversely, if there exist sequences of complex numbers, (ey), (fn), and (gn), such that the
following relation holds

Apny1(z(s))

Apn(2(s)) App_1(z(s))
Ax(s) "

M pal(5)) = en Azx(s) In Ax(s) 7

+fn nZO,

assuming p_; = 0, then from (33) we get

2 ~
1A (a(5)) = (n — ew)ADpra(2() + B AV p(a(9)) + (3 — 90) AV (a(5)).
where 5

37(11) =By —c3— fn+ [2](103-
By hypothesis g, # 7n, hence by Favard’s Theorem (A(l)an) is an OPS, and by Hahn’s
Theorem the result holds. O

5. The examples

5.1. THE ASKEY-WILSON POLYNOMIALS

The Askey-Wilson polynomials, which were introduced by R. Askey and J. Wilson, are located in
the top of the ¢-Askey tableau [16]. These polynomials can be written as a basic hypergeometric

series
q; Q) )

REMARK 5.1. Notice that although this family does mot satisfy a property of orthogonality
(7) it is orthogonal with respect the linear functional u ™' which has the following integral
representation [16, (3.1.2), p. 63]

b. n 7 n d, n —-n n—1 s —s
pu((s); a,b, ¢, d|q) = (ab; q)n(ac; q)n(ad; q) 105 (q , abedg™™ Y, ag®, aq

a™ ab, ac, ad

where a, b, ¢, d, ab, ac, ad, be,bd, cd & {¢™ : m € Z}.

I PR Y pla)
W".p) = [ pape)dr = [ P

Furthermore, such a functional fulfills the distributional equation

(€ @)oo
(ae® be? cet? det?; q) oo

‘ dr, x = cosf.

AW (A uAWY) = py (2(s); a, b, ¢, d|q)u™

and it is straightforward to check that (0% (s),w(s), z(s)) is q-classical, where x(s)=3(q°*+q~*%),

ie.ci=co=12% and c3 =0, oMW (s) = —mgq_2s+%(qs —a)(¢®° —b)(¢° — ¢)(¢° — d), and hence we

can apply Theorem 4.3 to Askey- Wilson polynomials.
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16 R. S. Costas-Santos and F. Marcellan

These polynomials are the polynomial eigenfunctions of the linear difference operator [16, (3.1.6)]

AW 1 (O_AW(_S) A — AW () v >

¢ Vzi(s) Ax(s) Vz(s)
Notice that if 74" (x(s)) = p1(2(s);a, b, c,d|q) a straightforward calculation yields to
oMW (—s) = W (s) + 7MW (2(s)) Vi1 (s). (34)

Here, as before, kq = q% — q_%. With these parameters, let us consider the following function
_9e2
P (s) = 477 (a,b, ¢, d; q)s(a,b, ¢, d; q) s,
where (a;¢)o =1, (a;¢)r = (1 —a)(1 —aq)--- (1 — ag*1), k > 1, and

1
k>1
l—ag ) (1 —ag?)---(1—ag®)" =~~~

LEMMA 5.1. The function pAW(s) satisfies the Pearson-type equation
W (s + V)p(s +1) = oW (=5)p(s). (35)

(a;q)—k = (

Proof:
pW(s+1) ¢ 2 (a,b,c,d; q)sr1(a b, diq) g1

pAW(s) ¢ 2  (a,b,c,d;q)s(a,b,c,d;q)—s
g 72(1 —ag®) (1 — bg®) (1 — cq®)(1 — dg®)
(1 —aqg=s (1 —bg—>1)(1 —cqg=s71)(1 —dg—=1)
Il Ut [ B ) C o [ C ) B At o)
q72572(qs+1 _ a)(qurl _ b)(qurl _ C)(qurl _ d) O’AW(S + 1)‘

g
Notice that from (34), the equation (35) becomes the Pearson-type equation (15).
Taking into account that p,(s) = pn—1(s+ 1)o(s+ 1), n > 1, with po(s) = p(s), a straight-
forward calculation gives

piW (s) = K21q™2 725 (0, b ¢, d; @) gm0, by ¢y ds q) .

Then the Askey-Wilson polynomials can be written for every nonnegative integer n as

2
BnmganS (?’L) (a’a bv C, da Q)s+n (a7 bu C, d7 Q)—s
a,b,c,d; q)s(a,b,c,d; q)—s 252 2snn—3n

pn(z(s);a,b,c,d|q) = (

)

n(3n—>5)
where By, = 27"k, "q" 4

Furthermore, since this family fulfills the following difference relation [16, (3.1.8)]
1 1 1 1

AWp,(z(s); a,b, ¢, d|q) = 2[n],(1 — abedq™  )pp—1(z1(s); aq?, bq?, cq?, dq?|q),
and the coefficients of the second structure relation are

_ 2[n]g(1 - abedq™1)? — 2]4[n + 1]4(1 — abedq™)?

" 4n]y(1 — abedg™ 1) (1 — abedg?1)(1 — abedg?™)’
1-— 1
fn = 4 1 ((l - a’_lq_l) - 5 ( An(a, ba c, d|q) + Cn(a7 ba c, d|Q)

2 1 11 1 1,4 3,13
_[Q](I(An—l(aq27bq27cq2 , dq2 ‘Q) + Cn—l(aqz ’ bq2,cq2 ’ dq2 |q))) ’

_ (1 — abedq™2a) (1 — abedg®2)(1 — abedg® 1) [ 2[n]y(An—1Cn)(a,b, ¢, d|q)
In 4[n)q(1 — abedgn—1)? (1 — abedg(n—2la)2

* [2gln — 1y (Apu—2y,Co1)(ag?, bg? , cq?  dg?|q)
(1 — abedg™—1)? '
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REMARK 5.2. Notice that in [19] T.H. Koornwinder has obtained a different explicit structure
relation for Askey-Wilson polynomials by using the difference operator theory.

5.2. THE ¢-RACAH POLYNOMIALS

We consider the g-Racah polynomials u%(z(s),a,b), on the lattice

1 1 g _ _
z(s) = [slq[s + 1g = q2 Ky 2¢° +¢q 2k 2975 — (2454 2,

They were introduced in [20, 24] and deeply studied in [6]. These polynomials can be written in
terms of a basic hypergeometric series [6] as follows
q, Q> )

qf§(2a+a+6+n+1)(qa—b+1; q)n(q,@—&-l; q)n(qa-i-b—i—a—i—l; Q)n

—-n a+0+n+1l a—s a+s+1
yq yqd 7,4
—b+1 1 b 1
q° + 7q5+ 7anr +a+

u%’ﬁ(x(s), a,b)g = Dy ap3 ( q

where

D, =

K2(q5 Q)

Observe that from the above formulas the polynomials u%®(z(s), a,b), are multiples of the
standard ¢-Racah polynomials %, (u(q"+*): ¢%, ¢°, ¢*°, ¢~ *%|q).

These polynomials are the polynomial eigenfunctions of the second order homogeneous linear
difference hypergeometric operator

R 1 ot (—s — A — (s v
Hd = Vzi(s) < ( 1)Al‘(8) A )Vﬂ:(s)>’
where
—2s
() = (a0 ) ) ) = [s—alfs gl Bl fbt s,
Kqd 2

Furthermore, taking into account the g¢-difference relation
A(l)ugﬁ(x(s), a, b)q = [a +B8+n+ 1]quzir%,ﬁ+1(xl (5), a4+ %’ b %)q

The coefficients for the second structure relation are

2[”“‘@"‘5"’1%_[2]q[n+a+ﬁ+2]q

T ol tat B+ g2n+a+ B+ 2, I+ g,
fn: ﬁn(a7b7a7/8)_[22]qﬁn(a+%7b_§7a+17/8+1)7

[a+b+a+n]la+b—F—nla+n]yB+nlb—a+a+F+nlyb—a—n|
Ao+ B+ 2nfa+ B+2n+ Lyn+a+ B+ 1,
X2n+a+p+1)y — 24n+ o+ By)-

gn =

5.3. THE ¢-MEIXNER POLYNOMIALS

This family of g-polynomials has the following representation as a basic hypergeometric series

qn+1

q; —

bg; @)n(—c)" -
M, (250, ¢;q) = MZ‘PI (q B c

q" bq

) , x(s)=q ==
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18 R. S. Costas-Santos and F. Marcellan

They are the polynomial eigenfunctions of the linear difference operator of hypergeometric type
[16, (3.13.5)]

v 1 x—1)(x+ be = —q le(z - vV
A = i (= Db g e )
In this case
_ 2lgln+1]q 1
€n = 1—(I2quq )
l—q ¢! 1 N n > n one1
fa= 5+ 5= )2 g —q" )+ (e + )2 —a— ¢+ 4" —¢"),
c —4n+1 — ba™)(c n
g =" +(12[n?3 . +q)(2[n}q(1—q”)—(q+q2)[n—1]q(1—q"‘1))-

5.4. THE AL-SALAM & CARLITZ POLYNOMIALS I AND II

The Al-Salam & Carlitz polynomials I (and II) appear in certain models of g-harmonic oscillator,
see e.g. [8, 9, 10, 23]. They are polynomials orthogonal on the g-linear lattice z(s) = ¢° = «,
defined [16] by
n " at g
Uﬁf”(%@) = (—a)nq(Q) 21 < 0 ¢ > )

These polynomials are the polynomial eigenfunctions of the linear difference operator of hyper-
geometric type [16, (3.24.5)]

acr _ 1 aA —(r—-1)(r—a v
& ~ Vi(s) ( Ax(s) ( 1)( )Vx(s)) ’

In this case [16, (3.24.7)] ALy (r;q) = q%[n]qUé@l(x; q), so the second structure relation
coefficients are

€n = 1_W7 o= (1+a)q” <1—[22]qq_g>’
gn = a;{;}; (2[n}q§(qn —-1)— [Q]q[n _ ”q(qn—l . 1)> ‘

Taking into account that [16, p. 115]
Vi9(a;q) = U (25471,

all the information related to the Al-Salam & Carlitz polynomials IT can be deduced from the

information for the Al-Salam & Carlitz polynomials I in a simple way by changing ¢ to ¢~ !.
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