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Abstract

We study the factorization of the hypergeometric-type difference equation of
Nikiforov and Uvarov on nonuniform lattices. An explicit form of the raising
and lowering operators is derived and some relevant examples are given.

PACS numbers: 0230U, 0210D, 0220, 0365, 0550

1. Introduction

In this paper we deal with the so-called factorization method (FM) of the hypergeometric-
type difference equations on nonuniform lattices. The FM was used by Darboux [14] and
Schrodinger [25, 26] to obtain the solutions of differential equations, and also by Infeld
and Hull [16] for finding analytical solutions of certain classes of second-order differential
equations. Later, Miller extended it to difference equations [20] and g-differences—in the
Hahn sense— [21]. For more recent works see, for example, [4, 10, 11,29, 30] and references
therein.

The classical FM was based on the existence of so-called raising and lowering operators
for the corresponding equation that allow one to find explicit solutions in a very easy way.
Going further, Atakishiyev and coauthors [4, 6, 10] found the dynamical symmetry algebra
related to the FM and differential or difference equations. Of special interest was the paper by
Smirnov [27] in which the equivalence of the FM and the Nikiforov et al theory [23] was shown;
furthermore, this paper pointed out that the aforementioned equivalence remains valid also for
nonuniform lattices, as was shown in [28,29]. In particular, in [29] a detailed study of the FM
established its equivalence with the Nikiforov ez al approach to difference equations [23]. Also,
in [12], a special nonuniform lattice was considered: the author constructed the FM for the
Askey—Wilson polynomials using the difference equation for the polynomials. In this paper we
continue the research of the nonuniform lattice case. Following the idea of Bangerezako [12]
for the Askey—Wilson polynomials and Lorente [18] for the classical continuous and discrete
cases, we obtain the FM for general polynomial solutions of the hypergeometric difference

0305-4470/01/275551+19$30.00 © 2001 IOP Publishing Ltd  Printed in the UK 5551


http://stacks.iop.org/ja/34/5551

5552 R Alvarez-Nodarse and R S Costas-Santos

equation on the general quadratic nonuniform lattice x(s) = c;q* + cog™* + c3. We use,
as was suggested in [6,27], not the polynomial solutions but the corresponding normalized
functions, which is a more natural and useful approach. Thus, the method proposed here is
the generalization of [12] and [18] to the aforementioned nonuniform lattice.

The structure of the paper is as follows. In section 2 we present some well known results
on orthogonal polynomials on nonuniform lattices [7,23,24]. In section 3 we introduce the
normalized functions and obtain some of their properties such as the lowering and raising
operators that allow us, in section 4, to obtain the factorization for the second-order difference
equation satisfied by such functions. Finally, in section 5, some relevant examples are worked
out.

2. Some basic properties of the g-polynomials

Here, we summarize some of the properties of the g-polynomials that will prove useful later.
For further information see, for example, [23].
We deal here with the second-order difference equation of the hypergeometric type

A Ve Ay(s) -
v I [Vx(s)] T A TO =0 )

o(s) =G (x(s) — 1T (x()Ax(s — 1) T(s) = T(x(s))
where Vf(s) = f(s) — f(s — 1) and Af(s) = f(s + 1) — f(s) denote the backward and
forward finite-difference derivatives, respectively, 6 (x (s)) and 7 (x (s)) are polynomials in x (s)
of degree at most 2 and 1, respectively, and A is a constant. We use the following notation for
the coefficients in the power expansions in x(s) of 6 (s) and T(s):

"‘//

o(s)=olx(s)] = 7)6 2(s) +6'(0)x(s) + 6 (0) () =T[x ()] = Tx(s) +7(0).  (2)

An important property of the above equation is that the k-order difference derivative of a
solution y(s) of (1), defined by
. A A A N
Yk($)g = A 0) D) Ax(s)y(S) =A"y(s)

also satisfies a difference equation of the hypergeometric type

A vyk(s)q Ayk(s)q o
G(S)Axk(s — %) [ V() } +7 (S)—Axk(s) + i yi(s)g =0 3
where x;(s) = x(s + g) and [23, p 62, equation (3.1.29)]
_o(s+k) —o(s) +T(s +k)Ax(s +k — 3) B AT, (s)
)= AXC1 () S Z § D)’ @

It is important to notice that the above difference equations have polynomial solutions of the
hypergeometric type iff x (s) is a function of the form [7,24]

x(s) = c1(@)q* + c2(@)q " +¢3(q) = ci(@)lg’ + g1+ c3(q) 5)
where ¢, ¢3, ¢3 and g"* = f‘ are constants which, in general, depend on ¢ [23,24]. For the
above lattice, a strai ghtforward calculation shows that 7 (s) is a polynomial of first degree in
xr(s) of the form (see, for example, [7])

joud //
7 (8) = Tk (s) + T (0) [2k]q +a,207
(6)
7(0) =

1g — [2kly) + &’(0)[k]q + 37 (g (k) — 0y (2k)) + T(0)ry (k)
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where the g-numbers [k], and a, (k) are defined by

SIS

X
2 +qg-

and [n],! are the g-factorials [n],! = [1],(2], ... [n],.
Both difference equations (1) and (3) can be rewritten in the symmetric form

Vy(s) B
m |:(7(S),0(S) Vx(s)] + X, 0(8)y(s) =0
and
Vyi(s) B
m |:0(S)pk(S) ka(s)] + Wik ($)ye(s) =0

where p (s) and py (s) are the weight functions satisfying the Pearson-type difference equations

[o(s)p(s)] = (s)p(s) [o(s)pe($)] = T (s) e (s) ®)

Ax(s — 1) Axe(s — 1)
respectively. In [23] it is shown that the polynomial solutions of (3) (and so the polynomial
solutions of (1)) are determined by the g-analogue of the Rodrigues formula on the nonuniform
lattices

A

An,an
Axp_1(s)  Ax(s)

ok ()

P.(x(s)), = APP,(x(5)), = V0u(5) (9

where
v £(s) = v .. f(s)
, Vi1 (5) VX (s) Vi, (s)
[n],! k—1 . 5" (10)
A = [n——k]q!nl;[() {aq(n +m—DT +[n+m— 1]"7} .
Thus [23, p 66, equation (3.2.19)]
Py = 259p, ) V= Y an
" T p(s) " Vxi(s) Vxa(s)  Vxu(s)
where p,(s) = p(s +n) [[;_, o (s + k) and
h = —In, {aq(n — ) +[n— 1]q%} . (12)

In this paper we deal with orthogonal g-polynomials and functions. It can be proven [23], by
using the difference equation of hypergeometric type (1), that if the boundary condition

o)p@xs—p|_,,=0  Vk=0 (13)
holds, then the polynomials P, (s), are orthogonal, i.e.

b—1
ZPn(x(s))qPm(x(s))qp(s)Ax(s— D) = 8umd; s=a,a+1,....,b—1 (14)

sS=a

where p(s) is a solution of the Pearson-type equation (8). In the special case of the linear
exponential lattice x(s) = ¢°* the above relation can be written in terms of the Jackson g-
integral (see, for example, [15,17]) fz Zf f(t)d,t, defined by

/ f(t)dqtzfo~ f(t)dqt—/o £ dyt
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where
Z o0
f fOdgt =z(1—q) ) f(zg")q" 0<g<l

0 k=0

as follows:
qb
/ Py()g Pu(t)q(t) dyt = 8,mq'/?d? t=q¢' o) =ow@)=p@. (15)
o

Notice that the above boundary condition (13) is valid for £ = 0. Moreover, if we assume
that a is finite, then (13) is fulfilled at s = a providing that o (a) = 0 [23, section 3.3, p 70].
In the following we assume that this condition holds. The squared norm in (14) is given
by [23, Chapter 3, section 3.7.2, p 104]
b—n—1
di = (=1)"AuuB Y pa($)Axa(s = 3).

s=a

There is also a so-called continuous orthogonality. In fact, if there exists a contour I" such that
/F Alp@o@x (z—ldz=0  Vk=0 (16)
then [23]
/r Py(x(2))g Pu(x(2)gp (@) Ax(z — H)dz =0 n#m.
A simple consequence of the orthogonality is the following three-term recurrence relation:

x(8) P (x(8))g = atn Pus1(x(8))g + B Pu(x(8))g + ¥n Pu1(x(5))q a7

where ,,, B, and y, are constants. If P,(s), = a,x"(s) +b,x" 1 (s)+- - then, using (17), we
find
ay bn bn 1 an—1 d,%
Br=—— " Vo = : (18)

2
An+1 An An+1 Aan dn—l

o, =

To obtain the explicit values of «,, B, we use the following lemma—interesting in its own
right—that can be proven by induction.

Lemma 2.1.
A© 1 (5) = m[rl——]qk!]q!x’?_k(s) +c3 (n[n[i;—i]"l']q‘ —(n— k)[n[n——]qk!]q!> T N
In the case k = n — 1, this becomes
A"Dx"(s) = [n]y1xu1(5) + caln — 1,1 (n — [n],) . (19)
Now, using the Rodrigues formula (9) fork =n — 1,
Ann-1Ba nn—1By 'V

VO oa(s) = a1 B
Pn—l(s) " pnfl(s) Vxn(s)

as well as the identities 0, (s) = p,_1(s + Do (s + 1), x,(s) = x,_1(s + %) and the Pearson
equation (8) for p,—;(s), we find that

A"V B (x(9))g = Apn1 BT s).

A"V P (x(s)), = Pn(s)

Thus

A _ B,f, n—1 ~//
a, = —no12n el Bnn{aq(n+k— DT’ +[n+k— 1],10—}
[n],! i 2
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and
b, [nlyTu—1(0)
e e 1 +c3([n), — n).
an n—1
So
B, a,(n— DT +[n—11,%
oy = ~ - ~
B (ag(2n — DT +[2n — l]q%)(aq(Zn)T/ + [2n]q"7)
By x [20];[2n+1],
Bn+1 [n]q )"Zn )\2n+1
and
[n]4Tu—1(0)  [n+1],7,(0)
B, = qf, 1O ; +c3([nly +1—[n+1]y).
n—1 n

Using the Rodrigues formula the following difference-recurrent relation follows [1,23]:

()L 2Dy Pn T (5) Py () — 2 Pt (1(5))
o = T, 1 -
VTR Dy, | T B
where 7,(s) is given by (6), where the identity 7, = — [;rfi]‘]q has been used.
Then, using the explicit expression for the coefficient «,,, we find
Vpn(x(s))q An Tn(s) oy A,
LA, R P, - —P, . 20
o(s) Vr(s) ), T (x(s))q 2nl, +1(x(8))g (20)

This equation defines a raising operator in terms of the backward difference in the sense that

we can obtain the polynomial P,;; of degree n + 1 from the lower-degree polynomial P,.
From the above equation and using the identity V = A — VA, the second-order difference

equation and the three-term recurrence relation we find the [1] lowering-type operator

_ I\ ARGG))g _ Vakon
|:0(S) +T(s)Ax <s 2)} Gyl Py_1(x(8))g
An Tn(S) LA 1 Ao » o
¥ [[”]q T, T A (s - E) - [zn]q (x(s) — ﬂn)i| (X (5))g- 21

The most general polynomial solution of the g-hypergeometric equation (1) corresponds to
the case

4 4
o(s)=A l_[[s —sily = Cq™% H(qs —q%) A, C, not vanishing constants (22)
i=1 i=1
and has the form [24]
—n 2;4+n—1+2?:| Si o S1—S S| +S+U
P"(s)q = Dy 4¢3 (6] ’qqs]+sg+u’ qm+s3+/’4?qs1+;£ll v 45 q) (23)

where D), is anormalizing constant and the basic hypergeometric series ,¢, are defined by [17]

o0 . . k
ap,...,d, (alv q)k--'(ars q)k 4 k _Ek=1) p—r+l
r¢7( ;g z) = (—1)"q-
"\bi.....bp ; (b1; Ok - - - (bps i <q;q>k[ ]

and
k—1
(@ q) =[] —ag™ (24)
m=0

is the g-analogue of the Pochhammer symbol. Instances of such polynomials are the
Askey—Wilson polynomials, the g-Racah polynomials and big g-Jacobi polynomials among
others [17,24].
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3. The orthonormal functions on nonuniform lattices

In this section we introduce a set of orthonormal functions which are orthogonal with respect
to the unit weight [6,27]

Pu(s) =/ () /dg Py (x(5))q- (25)

For example, for the case of discrete orthogonality we have
b—1
Z ©n (Si)gom (S,')A)C(Sl' - %) = Snm-

Next, we will establish several important properties of such functions which generalize,
to the nonuniform lattices, the ones given in [18]. In the following we use the notation
O(s) = 0 (s) + T(s)Ax(s — 3).

First of all, inserting (25) into (1), (17), (20), (21) we obtain that they satisfy the difference
equation

VO(@s)o(s+1) —go,,(s +1)++/0O(s — l)a(s) Ou(s — 1)

AX(s) ()
O(s) o(s) 1 -
_ (Ax(s) + Vx(s)) ©n(s) + Ay Ax (s - E) 0 (s) =0 (26)

the three-term recurrence relation

d,_
Qp—— (pn+1 (S) +Vn

d p L 0uo1(5) + (By — X(5)gu(s) = 0 27)
n n
the raising-type formula
Ao dy
L*(s, ) (s) = [22] = 0 (5) (28)
and the lowering-type formula
Ao dy—
L™ (5. mgn(s) = Yo e = g1 8) (29)
[2 nly dy
where the raising-type operator L* (s, n) and the lowering-type operator L~ (s, n) are given by
An Tn 1 _
L*(s,n) = 0 08 1 /66 = Do) E (30)
[n]y T, Vx(s) Vx(s)
and
— )‘n Tn(s) ( 1) 2n ®(s)i|
L (s,n)=|— + A, Ax | s — = X ) — ——— [ 1
(s.7) [[anr,: 2)* T O A~
+/O(s)o (s + 1) —EJr (31)

A()

respectively. In the above formulae E~ f(s) = f(s — 1), E*f(s) = f(s + 1) and [ is the
identity operator.

Note that the last two formulae have a remarkable property of giving all the solutions
@n(s). In fact, from (31) setting n = 0 and taking into account that ¢_;(s) = 0 we can
obtain ¢y (s). Then, substituting the obtained function in (30), we can find all the functions

O1(8)s + s Pu(s), ...

Proposition 3.1. The raising and lowering operators (30) and (31) are mutually adjoint.
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Proof. The proof is straightforward. Using the boundary condition and after some calculations
we obtain, in the case of discrete orthogonality, the expression

Z%H(Sz [ Jy L* (s, n)(pn(Sl)i| (Si - %)

[2n +2], 1 s
= Z L G+ D () | @a ) Ax (51— 5 ) ==
A2ns2 2 dn

si=a

The other cases can be dealt with in an analogous way. ]
Proposition 3.2. The operator corresponding to the eigenvalue A,, in (26) is self-adjoint.

Proof. Again, we prove the result in the case of discrete orthogonality. Using the orthogonality
conditions o (a)p(a) = o (b)p(b) = 0 (which is a consequence of (13)), we can write

Z(pn(sz)\/m Qol( si — D Ax (si — %)
b2 / , , 1 ) , |
= S{;] O (s; + 1),/ O(s))o (s] + 1)m(pl(si)Ax (Si + E)

b—1 1 1
= Z(pn(si + 1)/ O(s;)o (s; + 1)m¢l(s,-)Ax (si + 5)

+@,(a)y/O(a — 1)U(a q)z(a — 1Ax <a — %)

0, (D) O — Do (b)——q (b — 1) Ax (b - %)

Vx (b)

where in the last two sums we first take the operations A and V, and then substitute the
corresponding value: for example, Ax(a) = x(a + 1) — x(a).

Now, we use the fact that ¢, (s) = /p(s)/d2 P, (x (5))4» as well as the boundary conditions
o(a)p(a) =o()p) =0, so

O(a — Do(a) gp(a)pi(a — 1) = /OB — Do (b)g, (D) (b — 1) = 0.

The other terms can be transformed in a similar way. All these yield the expression

b—1
Z(ﬂ/(si){ O(si)o(si +1) xl( )<p,,(s,+l)Ax( ;)
/O, - 1)0(51')#(&)%(&- _ax <si _ %) }
b—1
- Zgon(s»{ O0)0 (1 + D——ai(s; + DAx (ml)
si=a AX(S,') 2
Ok — Dos) 1@)“"’“’ Dax (S"_%)}

from which the proposition easily follows. |
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4. Factorization of difference equation of hypergeometric type on the nonuniform lattice

We define from (26) the following operator:
1
E=+/0O@)o(s+1)——E"

1
Hs,m) = VO — Do) g Ax(s)

- (w + IO Ax (s - l)) I.
Ax(s)  Vx(s) 2

Clearly, the orthonormal functions satisfy

H(s,n)p,(s) =0.

Let us rewrite the raising and lowering operators in the following way:

L*(s,n) =u(s,n)] +/0O(s — Do(s) 0
L™ (s,n) =v(s,n)] +/O()o (s + 1)A;()EJr
x(s

where, as before, ©(s) = o (s) + T(s)Ax(s — %), and

b T(s) | 0(s)

E-

u(s,n) =
[n], T, Vx(s)
}"n Tn(s) 1 )nzn @(S)
R = - AAx s — = s)— By — ——.
v(s, n) o, < + X <€ 2) + 2nl, (x(s) — Bn) N
Proposition 4.1. The functions u(s,n) and v(s,n) satisfy u(s + 1,n) = v(s,n + 1) or,

equivalently, u(s + 1,n — 1) = v(s, n).

The proof of the above proposition is straightforward but cumbersome. We include it in
appendix. If we now calculate

2
L (s,n+1DL*(s,n) =v(s,n+ Du(s,n) + O(s)o(s + 1) < ! )
Ax(s)
+u(s +1,n) {\/G)(s — Do(s) ! E™ +/0O(s)o(s + l);EJr}
Vx(s) Ax(s)
and substitute the values for u(s, n), v(s, n) and H (s, n) we get

L (s,n+1DL*(s,n) =hTm)I +u(s+1,n)H(s, n)

where the function

W (n) = < M Tals+1D)  o(s+1) ) < An Ta(s) o Ax (s B 1))
[n], T, Vx(s+1) [nl, T, 2
N A T, (s + 1) w
[n], T, Ax(s)
is independent of s. In fact, applying the last equality to the orthonormal function ¢, (s) and
taking into account (28) and (29),

Aom Aon
hF(n) = 2 2n+2

[2n]q man VYn+l-

Similarly,

L*(s,n— 1)L (s,n) = hi(n)I +u(s,n —1)H(s, n)
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where
+ =\ - A M A2n _ . _%
h=(n) = < [n], T/ + 2nl, (x(s = 1) — By) + 2, Ax (S 2))
)"n Tn(s) )\Zn U(S)
(i w8 5

Y )\n Tn(s) )‘«2}1 _ ®(S - 1)
= < nl, @ [2n], (x(s) ﬂ”)) (Ax(s— 1))

is independent of s. Furthermore, applying the last expression to the functions ¢,(s), and
taking into account (28) and (29), we obtain
)‘-2n—2 )\-211

+ —
h (I’l) = [Zn — 2]4 [zn]q Cpn—1Vn-

Remark. Notice that h*(n + 1) = h¥(n).
All the above results lead us to our main theorem.

Theorem 4.1. The operator H (s, n), corresponding to the hypergeometric difference equation
for orthonormal functions ¢, (s) admits the following factorization—usually called the Infeld—
Hull-type factorization:

u(s+1,n)H(s,n) =L (s,n+ 1)L*(s,n) —hT(n)I (32)
and

u(s,n)H(s,n+1)=L*(s,n)L" (s,n+1) — hT(n)I (33)
respectively.
Remark. Substituting in the above formulae the expression x(s) = s we obtain the

corresponding results for the uniform lattice cases (Hahn, Kravchuk, Meixner and Charlier),
considered before by several authors (see, for example, [6, 18,27] and by taking appropriate
limits (see, for example, [17, 23]), we can recover the classical continuous case (Jacobi,
Laguerre and Hermite).

5. Applications to some g-normalized orthogonal functions

For the sake of completeness we apply the above results to several families of orthogonal
g-polynomials and their corresponding orthonormal g-functions that are of interest and appear
in several branches of mathematical physics. They are the Al-Salam and Carlitz polynomials I
and II, the big g-Jacobi polynomials, the dual g-Hahn polynomials, the continuous g-Hermite
and the celebrated g-Askey—Wilson polynomials.

The main data for these polynomials are taken from [17], except for the case of dual
g-Hahn polynomials [3]. They can be obtained from the general formulae given in section 2.

Finally, let us point out that similar factorization formulae have been obtained by other
authors: for example, Miller in [21] considered the polynomials on the linear exponential
lattice and Bangerezako studied the Askey—Wilson case. Our main aim in this section is to
show how our general formulae lead, in a very easy way, to the needed factorization formulae
of several families for normalized functions—not polynomials.
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5.1. The Al-Salam and Carlitz functions I and Il

The Al-Salam and Carlitz polynomials I (and II) appear in certain models of g-harmonic
oscillator: see, for example, [5,8,9,22]. They are polynomials on the exponential lattice

x(s) = q° = x, defined [17] by
qX)
q; —
a

and constitute an orthogonal family with the orthogonality relation (15)

- —n -1
U () = (=a)"q® o (" o

1
/ U (e U (v; @)oo (x) dyx = 28

a

where
w(x) = (gx, a_'qx;q)oo and ds =(—a)"( —q)(q;q)n(q’g,a_]q;q)ooq(lzl)'

As usual, (al, ceeAps q)n = (al; q)n cee (ap; q)n, and (a; q)oo = H/C;io(l - aqk)-
They satisfy a difference equation of the form (1) where

ox)=x—-1Dx—a) T(x) =T(x) = T'x + 7(0)

with
12 1+
=2 r(O):ql/z—a.
1—g —1
The eigenvalues A, and the coefficients of the TTRR are given by
g2
h=lnlg—r and =1 f=(0+a)q" y=ag"'@" =D
q—
respectively. In this case we have
+1 2n wa+1
=1 &) =-1 0 =a =L 00 =¢ L
2 1—g¢g qg—1

The corresponding normalized functions (25) are

¢ (x)z\/ (g%, a”'qx: @)oo (~a)'q®) 0 (q‘”,x—l )
' (1 =9)q:9nlg.a,q/a; q)oo2 ! 0

Defining now the Hamiltonian for these functions ¢, (x)

vax - DHx—a) . Valgx —1)(gx — a) g

H(x,n) =
x(I—g7h x(g—1)
1—n 1 2
+ d )c+q(a+)—&x’1 1
l—g q—1 kq
and using that u(x, n) = %x’l, v(x,n) =ulgx,n—1) = ﬁx’l, thus
+ Jax —1D)(x —a) _ 1
L (x,n)=u(x,n)l +q E where E~ f(x) = f(g~ x)
x(g—1)
and

Valgx — 1) (gx —a)

L (x,n) =v(x,n)l + G —1)

E* where E*f(x) = f(gx)

we have

aql—n(qn+l _ ])

L™ (x,n+1)L*(x,n) = q—12 I +v(x,n+1)H(x,n)



Factorization method for difference equations of hypergeometric type on nonuniform lattices 5561

and

2—n(,n __
%1 +ule,n— DH(x, n)

which give the factorization formulae for the Al-Salam and Carlitz functions I. If we now take
into account that (see [17, p 115])

VOx:iq) =U(x:q7")
then the factorization for the Al-Salam and Carlitz functions II

n+l
o | a(ag: 9)eeq () g x| 4"
Pnls) = q(z)\/ 20 4 —
(q,aq; q)s(1 —q)(q; @n - a

follows from the factorization for the Al-Salam and Carlitz functions I simply by changing ¢
to q’l.

L*(x,n— 1L (x,n) =

5.2. The big g-Jacobi functions

Now we consider the most general family of g-polynomials on the exponential lattice, the
so-called big g-Jacobi polynomials, that appear in the representation theory of the quantum
algebras [31]. They were introduced by Hahn in 1949 and are defined [17] by

5 ; —n n+l
P,(x;a,b,c;q) = Mﬁ“]"”"wz q",abg"", x
(abg""; q)n aq, cq

They constitute an orthogonal family, i.e.

q;q) x(s) =¢° =x.

aq
f wx)P,(x;a,b,¢c; q)P,(x;a,b,c;q)dgx = d,fﬁnm
cq
where
(@7'x @)oo (€7'X @)oo
w(x) = ;
(3 @)oo (be™ x5 @)oo

_aq(1 —q)(g,c/a,aq/c, abq®; q)s (1 — abq)(q. bq. abq/c; q),(—ac) g~ )

(aq.bq, cq,abq/c; q)oc (abq, abq™*', abg™"), '

They satisfy the difference equation (1) with

n

o(x) = qil(x —aq)(x —cq) and t(x)=7(x) =1x+1(0)
where
o 1 —abq2 and T(O)qu/za(bq—l)+c(aq—l)
(1—-qg)q'? l—gq
and
1 — abg™!

—n/2
hn = —q~"[n], g
They satisfy a TTRR, whose coefficients are

o, =1 Pn=1—A,—-0C, Yo = CnAn_i
where
(1 —ag"™")(1 = cq"")(A — abg"")
(1 — abg®*"(1 — abg?*?)
g =0 = ba") (1~ abe™q")
(1 — abg?)(1 — abg?**1)

A, =

C, =
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Also, we have

1 +abg? bg +acq +a+
=19 Gy =92 aczq are 5(0) = acq
q
, qfn _ abqn+2 l;na(qun _ 1) +C(aq1+n _ 1)
=1 "7 7,(0) = g 2 .
q'?(1—q) l—gq

The normalized big g-Jacobi functions are defined by

on(s) = (x/a,x/c; q)solaq, bq, abq/c; @) s(abq, aq, aq, cq, cq; q),(—ac)"
" (x,bx/c,cla,aq/c, abq?; q)oo(1 — q)aq(1 — abq)(q, bq, abg/c; q)n

%6]).

_ valx = g)x —aq)(x — cq)(bx — cq) £

aq,cq

The corresponding Hamiltonian is

7",(11? "”,x
><3<l52<q a

H(x,n)
x(g -1
- D — —o)(bx —
+qx/a(x Yx —a)(x —¢)(bx C)E+
x(g -1
(1+aqu"’rl gla+ab+c+ac) acq(g+1) 1)
X = + x )1
q"(1—¢q) 1—g¢g l1—¢q
Furthermore,
b n+l 2
u(x,n) = 1 x+ D, — acq x !
—q q—1
b n+l
U(X, I’l) = q X + Dn—l _ acq )C71
—q qg—1
where
b _ @b@btacta+c)g™ —ab+c+ab+boyg"?
" (1— abq2"+2)(1 _ C])
thus

val — )& —aq)(x —cq)(bx —cq) .
x(g -1
where E~ f(x) = f(g 'x)

L*(x,n) =u(x,n)l +

and

Jax —1D(x —a)(x —c)(bx —¢) an
x(g—1
where E*f(x) = f(gx)

L (x,n) =v(x,n)l +q

SO
L™ (x,n+DL*(x,n) = 8,1 Va1 +v(x,n+1)H (x,n)
L*(x,n— DL (x,n) =8, ¥, ] +u(x,n — 1)H(x,n)
where
(1 — abg®="(1 — abg®*"
q* (g — 1)

Op =
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The above formulae are the factorization formulae for the family of the big g-Jacobi normalized
functions.

Since all discrete g-polynomials on the exponential lattice x (s) = c¢;q° +c3—the so-called
g-Hahn class—can be obtained from the big g-Jacobi polynomials by a certain limit process
(see, for example, [2, 17]), then from the above formulae we can obtain the factorization
formulae for the all other cases in the g-Hahn tableau. Of special interest are the g-Hahn
polynomials and the big g-Laguerre polynomials, which are particular cases of the big g-
Jacobi polynomials when c = ¢™V~!, N = 1,2, ..., and ¢ = 0, respectively.

5.3. The q-dual-Hahn functions

In this section we will deal with the g-dual Hahn polynomials, introduced in [3,24] and closely
related with the Clebsch—Gordan coefficients of the g-algebras SU, (2) and SU, (1, 1) [3]. They
are defined on the lattice x(s) = [s],[s + 1], by

q;9 )

(=" @n(@™ s @) g, q", gt

C . p— b £

W, (x(s); a,b), = q”/2(3a_b+c+1+")kg @ Dn ¢ a—b+l atc+l
q%((b—l)Z—(Zs—l)(aﬂ*)) (qs—a+l7qs—c+l’ qs+b+l’ qb—s; @)oo

(1 _ q)2(a+cfb)+1 (q’ q, qs+u+1’ qs+c+1; q)oo

q g
where —% <a <b—1,]|c| <a+1,and for this weight function the norm is

and satisfy a discrete orthogonality (14) with respect to the weight function

p(s) =

d2 _ q%(74ab74bc+6a+6678b+6+4n(a+672b)7nz+17n+2b2) (qbfcfn’ qbfafn; q)oo

n (1 _ q)Z(a+cfb+l)+3n [n]q !(q7 qa+c+n+l; C])oo
These polynomials satisfy a TTRR (17) with

o, =1
Bo=q @b —a —n+1la+c+n+1],

+q%(2n+2a+c—h+l)[n]q[b —Cc— n]q + [a]q[a + l]q

2n+c+a—b [

Yo =¢ a+c+nlglb—a—nlylb—c—nlynl,

and the second-order difference equation (1), whose eigenvalues are A, = [n]qq% 2 and

o(s) = q%(””“_’”z) [s —aly[s + blyls — ¢l and T(x)=7(x) =1x+1(0)

with 7/ = —1 and 7(0) = ¢2@2**D[a +1],[b — ¢ — 11, + 2D [b],[c],.
We also need the values

1 3 rate
6// — kq &/(0) — _(2[2]q _ qi—b _ q%+a _ q%+a+c—b _ q%+£‘)
2k,

1

&(0) — 2_](3(2q1+afb +q71 +q +2q1+07b +2q1+a+c _ (1 +q)(q7b +qa +6]C+6]1+a+57b))
q
T, =—q"
7,(0) = g 3le=b=n+D [c + f] [b - f] 4 g 3laresbri=D) [a + 2y 1] b—c—n—1],
2 q 2 q 2 q

In this case, the Hamiltonian, associated with the g-dual Hahn normalized functions
p(s)/d2W(x(s); a, b),, is

112 — 2Y(1ph12 — 112 12 — 2
H(s,n)zq%(c+ab+2)\/([s+ 17 — Lal)ABL; — [s + 112)([s + 117 [C]q)E+

[2s +2],
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L crambed) \/([S]Z — [al) (D12 — [s12)([s12 — [C]S)E’
[25],
—q? 5 [n][25 + 1]y + g2t
><([s —algls+bly+[s—cly [s+1—als+1+Dblls+1— c]q>1

+q

[25], [2s +2],
where E* f(s) = f(s+1) and E~ f(s) = f(s — 1). Then, using that

u(s,n) = q> ix(s +n/2) — g2+ (g2 b=y [c + ’f] [b - ﬁ]
2 q 2 q

g @rebri=9) [a + g + 1] [b—c—n—11,)
q

L(s+c+a—b+2) [s —algls +blyls —cly
[25]4
and taking into account that v(s, n) = u(s + 1,n — 1), we find
JUB = 1aR) 6B — [sR)(IsE; — [c)
[2s],

—-q

L+(S, n) — M(S, l’l)] +q%(c+a—b+2) E-

and

\/([S + 107 — [al) (617 — [s + 119 ([s + 117 — [c]3)

L~ (s,n) =v(s,n)l +q%(c+“_b+2) 2572, E*.
Thus

L= (s,n+1D)L*(s,n) = g 2 yurrI +v(s,n + 1)H (s, n)
and

L*(s,n — 1)L~ (s,n) = g "y, +u(s,n — 1)H(s, n)

are the factorization formulae for the g-dual Hahn normalized functions.

5.4. The Askey—Wilson functions

Finally, we consider the family of Askey—Wilson polynomials. They are polynomials on the
lattice x(s) = %(qs +g~*) = x, defined by [17]
q:49 >

i.e. they correspond to the general case (23) when ¢*' = a, ¢ = b, ¢ = ¢, g™ = d. Their
orthogonality relation is of the form

pn(x(s);a,b,c,d)

_(ab; @)n(ac; q)a(ad; q), # g7, q" 'abed, ae™, ael?
o an 473 ab,ac,ad

1
/ wX)pu(x;a,b,c,d)pm(x;a,b,c,d)v1 — x2/<q dx = Snmdf q’ = e’ x =cos®
-1

where

h(x, Dh(x, —Dh(x, g)h(x, —q?)
wx) =

— = _ k 2 2k
= 2k, (1 — xDh(x, a)h(x, byh(x, Ohx, d) hx, @) = [11 - 20xg" +a%¢™]

k=0

and the norm is given by
> (abedq"™"; @)n(abedg™; q)oo

n =

(g™, abg™, acq", adq™, bcq", bdq", cdq™; q)oo'
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The Askey—Wilson polynomials satisfy the difference equation (1) with

o(s) = —g ¥V —a) g — D)@’ — G —d) k=g —q?)
and 7(x) = T(x) = ’x + 7(0), where
' =4(q — 1)(1 — abcd) t(0)=2(1—-¢g)la+b+c+d—abc—abd —acd — bcd).
Furthermore, they satisfy the TTRR (17) with coefficients
a+a ' — (A, +C,) ChA,—

06,,21 ﬂnz 2 n 4

where A,,, C, are defined by

_ (I —abq")(1 —acq")(1 —adq")(1 — abedg"™")
B a(l — abcdg? =) (1 — abcdg?)
_a(l—¢" (A —beqg" (1 = bdg"")(1 — cdg"™")
N (1 — abedg®=2)(1 — abcdg®—")

Ay

Cn

and whose eigenvalues are A, = 4 "1 (1 — ¢")(1 — abcdg™™"). In addition, we have

6" = —4(qg — D*(1 + abed)g™"?

6'(0)= (g — D*(@+b+c+d+abc+abd +acd + bed)g™"?

50 = (g — D*(1 —ab —ac — ad — bc — bd — cd + abed)g~"?

T, =4q7"(g — (1 — abedg™)

7,(0) = 2(¢ — 1)(—a — b — ¢ — d + (abc + abd + acd + bed)g™)g >,

Defining now the normalized functions (see (15)) w(x)/d2p,(x;a,b,c,d), the
corresponding Hamiltonian H (s, n) is

243/ 2432
H(s,n)= ——G(s,a,b,c, )E-+ ———G(s+1,a,b,c,d)E*
s — 11, 25 + 1],
4 Si+s 4 s S
12 g 212 [Tici (1 —g"") +g— 22 [lici(@® —g")
[2s + 1], [2s — 1],

+q " e (1—g") (1 — abcdq"—l)[zs]q>1

where

4
G(s,a,b,c,d) = H(l —2g% gV 2x(s — 1/2) + g~ 1g%).

i=1
We now define

a2 @’ —a)(g® —b)(q" —)(qg' —d)

u(s,n) = Dpx,(s) + Dy E, +¢q [2s — 1]
- g

where

Dn — _4q—n/2+1/2(q _ 1)(1 _abcdqn_l)
_ (=a—b—c—d+(abc+abd +acd + bed)q")q"?
= 2(1 — abedg?) '

E,
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Taking into account that v(s,n) = u(s + 1,n — 1), we find
2432
[2s — 1],
243/
2s+11,
where E~ f(s) = f(s — 1) and E* f(s) = f(s +1). Thus,

Li(s’ n+ 1)L+(S, l’l) = D2nD2n+2Vn+lI + v(ss n+ I)H(S» l’l)

L*(s,n) =u(s,n)I + G(s,a,b,c,d)E~

L= (s,n) =v(s,n)I + G(s+1,a,b,c,dE*

and
L*(s,n — 1)L™(s,n) = Day_2DpyuI +u(s,n —1)H (s, n)

which is the factorization formula for the Askey—Wilson functions.
To conclude this paper let us consider the special case of Askey—Wilson polynomials when
a=b=c=d =0: i.e., the continuous g-Hermite polynomials

— h—n_ind q ", 0| . e _
H,(xlg) =27"e"2¢o | © " |q:q"e X = coso.

These polynomials are closely related to the g-harmonic oscillator model introduced by
Biedenharn [13] and Macfarlane [19], as was pointed out in [9], where the factorization for the
continuous g-Hermite polynomials were first considered. If we substitutea =b=c=d =0
in the above formulae, we obtain the factorization for the g-Hermite functions

_ [h(x, DR(x, =Dh(x, ¢")h(x, —=q"?) ("5 @)oo
¢n(x) = 2k, (1 — x2)

H,(x|q).

In fact, since for continuous g-Hermite polynomials
o(s) = —kgq™?  T(s)=4g—Dxs)  d=4g" (1 —¢"

and the coefficients for the three-term recurrence relationare o, = 1, 8, =0, y, = (1—¢")/4,
then we obtain

2937 243/2
Hen)=—2 g +—1 g+
[2s — 1], (25 +1],
—25+1/2 2s+1/2
49 q —n+l,.2 n
+ - 1—gM[2s], ) I
([2s+1]q ps—1, ¢ KUl S]q)
25+1/2 3/2
Lrmy = (—ag 2 — DG rnpy e LY e 247 g
25 — 1] [2s — 1]
q q
25+5/2 2 3/2
L (s,n) = [ —4g™"*" (g — Dx(s +n/2+1/2) + 2 c -
(s,n) < q (g — Dx(s+n/ /2) 25+ 1], o5+ 1],

and h*(n) = 4Kq2q_2"+1 (1—g").
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Appendix

Here, for the sake of completeness, we prove proposition 4.1, by showing that u(s + 1, n) —
v(s, n + 1) = 0. To do that, we start by computing the difference

A +1 A A
u(s+1,n)—v(s,n+1)=—nrn(s ) . U(S)+ ntl Tl (8)

[nl, T, Ax(s) [n+1l, 7,
1 A2 T(s)Ax(s — %)
—Aps1 Ax (S - 5) - m(x(s) = Bus1) + T(s)

Now we use the expansion 7, (s + 1) = 7, x,(s + 1) + 7,(0). Since
Ax%(s)) _ x2(s+1) — x2(s)
Ax(s) x(s+1)—x(s)
= (C1q™*2 + Cag ™ D21, +2C5 = [2]yx1(s) + (2 — [21,)C3
XA — D =x($)(Cig’ 7 (g — D+ Cag "2 (g7 = 1) = x(5)(C1q° — C2q ™"k,

= (C1q® — C3q )k, + C3(C1q° — Cag )k,
where k, = q: —q7 7,

1 C2 2s+1 + C2 —2s—1 21. + C+(C s+% +C —s—1
<x(s)Ax (s - —>> _ (g 29 15 lg 3f 71;1 2q7"77) k,
2 Cog*h — Cog 1

=x(s+D+x(s)=Ci¢°(g+1)+ Czqﬂ(q’1 +1)+2C3

[N

Ax(s)

and

A 1 A C1g**2 + Coq™ "2
<Ax (s - —)) = —<(C1qs - Czqfs)kq) -~ T zq, —ky-
Ax(s) 2 Ax(s) Cig°"> — Crg™2

Then

Ao (s) A (~ 1. < 1>>
= o(s) — =T(s)Ax|s — =

Ax(s) Ax(s) 2 2

A a’ , - . 1, 1
<—x (s)+a (0)x(s)+0(0) — 3 (r x(s) + 7:(0)) Ax <s — E))

T AxGs) \ 2

5" . 1 Ciq**2 + Cag™"2
=2 (21 + 2= 21)C3) +6'(0) — -7 (0) [ L2229~ )i,
2 2 Clqs+2 _C2q s—3

1, ([21,(C3q> + C3q™>71) + C3(C1g™*2 + Cag™72) k
e |
2 Clqﬁ—% — Czqfsf% q
This yields for u(s + 1, n) — v(s, n + 1) the expression

[n]q [”]q T,é
7 ([2]q(6%qu+l +Cq™> | G -G )
— + kg

= [’\_"xn(ﬁ D+ b T”(O)} - [%[2]qx1(s)+%(2— [21,)6" +5'(0)

2 Cig’*: — Crg ™2 Cig’*: — Crg ™2

7(0) x1(s) — C3 Antl Tne1(8) 1
— — — ) kg | + y — A1l Ax | s — =
2 \Cig**: = Crg™*2 (n+1ly 7,4 2

[n+11,7,(0)
T

A2
[2n +2],
[Vl + 2]q Tn+l (O)

+—

’
Thtl

|:C1qs + Czqis + C3 -

r(s)Ax(s — %)

—C3(1+[n+1]q—[n+2]q):|+ ArGs)
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Next, we expand Ax,(s) and %[2])51 (s), make some straightforward calculations and use the
identities

A 0 Aon (0 An A2n (0
I 5O gy, P O (A gy e VO )
[nl; T, 2n+2], T, [n], [2n +2], T,
)"n+1 Tn+l (S) )\2n+2 Tn+l (0) )"n+1
_— —n+2],———m—————=[n+1 0)+ ——x,
n+ 1]q T};H [n ]q 20+ 2]q T,/H_l [n ]an+l( ) n+ 1]qx1+l(s)
as well as
)\’n (C S+1+% + C 7S717%) _ 6—_”[2] (C S+% + C 757%) _ )\'2"+2 (C K + C 75)
1, 19 24q 5 L=y 19 2q —[2n+2]q 19 2q
1 (C1q° — Cag ™ Vky + 1T(C1g™ 3 + Cog ™) (g +q7")
S/ s —5 -/
= T gy s T g s LT g
2 2(6]7 — q_i) 2
Crqg~°c" Call 1
(g +g?)
2(q> —q72)
_ )\.n+1 (C 5+% +C —s—"—*z'l)
= —[n+ 1, 14 24
and we find
)\,,H_l oy 1L o ntl
— _ C S+ + C N 7
—[n T, ( 19 24 )
+C a [n+2],7,(0) — C36" — &' (0) + ! 'Csk
— —[n 7,(0) — C36" — 0 -7
3[”](] q 3 2 3Rg
ROy + 1+ 1yt (0) + —"(Crg™™ + Cag==3" + Cy)
) q q tn+l [I’l i l]q 19 29 3
A2ns2
+—C +1], — [n+2],).
[2n+2]q 3([n ]q [n ]q)

Finally, we substitute the expression for 7,,(0) and use the identities
—[n+2],nly —1+[n+1]n+1],=0
—[n+214(q"? +q7"?) + kg + [0 + 1y (g" ™ + ") =0

and the result follows.
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