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Abstract
Almost four decades ago, Konhauser introduced and studied a pair of biorthogonal polynomials
Y (x;k) and Z7J(x;k) (Ol >—1; keN:={1,2,3,.. .}),

which are suggested by the classical Laguerre polynomials. The so-called Konhauser biorthogonal polyno-
mials Z{ (x; k) of the second kind were indeed considered earlier by Toscano without their biorthogonality
property which was emphasized upon in Konhauser’s investigation. Many properties and results for each
of these biorthogonal polynomials (such as generating functions, Rodrigues formulas, recurrence relations,
and so on) have since been obtained in several works by others. The main object of this paper is to present a
systematic investigation of the general family of g-biorthogonal polynomials. Several interesting properties
and results for the g-Konhauser polynomials are also derived.
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1. Introduction and definitions

Motivated essentially by an earlier study on biorthogonal polynomials by Preiser [9],
Joseph D.E. Konhauser (1924-1992) [5] investigated two sets of polynomials {Rj (x)}fl”;o and
{Sn(x)}72» which satisfy the following extension of the usual orthogonality condition:

b

/P(X)Rn1(X)Sn(x) dx = {

a

2&0 EZ’;’EZ% (m,n € Ng:=NU{0}), (1.1)
where p(x) is an admissible weight function over an interval (a, b), and R,,(x) and S, (x) are
polynomials of degrees m and n, respectively, in the basic polynomials r(x) and s(x), both of
which are polynomials in x. The polynomials R,,(x) and S,(x) are called biorthogonal with
respect to the weight function p(x) over the interval (a, b). In fact, Konhauser [5] showed that
the condition (1.1) is equivalent to the following conditions:

b
i 0 i =0,1,...,n—1),
[ pelreo] Sn<x)dx={#0 Gl (1.2)
and
b
i 0 i =0,1,...,m—1),
fp(x)[s(x)] Rm(x>dx={7é0 ot (13)

a

Konhauser [5] also obtained many properties and results for these biorthogonal polynomials.
In the year 1967, using his basic results of the general theory of biorthogonal polynomials
presented in [5], Konhauser [6] introduced the following pair of biorthogonal polynomials:

Y¥(x;k) and  Z7(x;k) (a >—1; keN:={l,2,3, ...}),
which are suggested by the classical Laguerre polynomials L,(f’) (x) given by
L) =Y%(x; 1) = Z%x; 1). (1.4)

These polynomial sets are biorthogonal with respect to the weight function x*e¢™ (a > —1) over
the interval (0, co) and were subsequently studied rather extensively by (for example) Carlitz [3],
Prabhakar [8], Srivastava [11,12], and Rassias and Srivastava [10]. We remark in passing that the
so-called Konhauser biorthogonal polynomials Z (x; k) of the second kind were indeed con-
sidered earlier by Letterio Toscano (1905-1977) [15], but without their biorthogonality property
which was emphasized upon in Konhauser’s investigation [5,6].

In 1983, Al-Salam and Verma [1] constructed some g-extensions of the polynomials Y, (x; k)
and Z7 (x; k), which they called the g-Konhauser polynomials (see also [2]). More recently, Jain
and Srivastava [4] derived linear and bilinear generating functions for one of these g-Konhauser
polynomials and also suggested an alternative pair of g-Konhauser biorthogonal polynomials
(see, for details, [4, pp. 342-343]). Further information concerning some of these g-biorthogonal
polynomials will be presented in Sections 2 and 3.
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With a view to presenting our proposed investigation of the general family of g-biorthogonal
polynomials, we first recall the following notations and definitions.

For a real or complex number g (|¢| < 1), (a; g), is given by (see, for example, [13, pp. 346
et seq.])

1 (n=0),
@ :{H?;é(l —agq’) (neN) (15)
and
0 .
(@; @)oo = [ [(1—ag’). (1.6)
j=0
Let g € R\ {1}. Then the g-analogue of a number a is given by
1—g¢
= 1.7
[a]q 1—g (L.7)
and the g-Pochhammer symbol is defined by
ne
Alpg = l_[[a+m]q (1.8)

for a real parameter a (see, for instance, [14]). Furthermore, the g-derivative operator D, is
defined by

flgx) — f(x)
(g—Dx

so that, clearly, we have

Dy(f(x)) = (1.9

D, (x“) = [a]qxq_1 (a € R).

Let f(x) and g(x) be two piecewise continuous functions. Then we have

Dy(f(x)g(x) = f(X)Dy(g(x)) + g(x) Dy (f(x))
+ (g — Dx Dy (f (x)) Dg(g(x)). (1.10)

For ¢ — 1—, these definitions would reduce to the corresponding relatively more familiar
definitions.
The g-integral of a piecewise continuous function f(x) is defined as follows:

b o o
/f(x)dq)c:Z(bqn—ban Z n+1 f(aqn)

n=0 n=0

and

ff(x)dx—(l—q) Z 9“1 (q (1.11)

k=—o00
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The g-partial integration is defined by

/ S (x)Dy (g(x)) dgx
0
= lim (£ ")ela™) = £a" el = [ 600D, (F)dyx
0
—(q-— 1)/xDq(f(x))Dq(g(x))dqx (1.12)
0
for two piecewise continuous functions f(x) and g(x).
The g-exponential function e, (x) is defined by
o (1= @) 1

= = , 1.13

S D A (e 19

which, in conjunction with the definition (1.9), yields
D, (eq (ax)) =aey(ax).
For |g| < 1, let w(x; g) be a positive weight function which is defined on the set {ag”, bg";
n € No}. If the polynomials { P, (x; q)}seN, satisfy the following property:
b
/Pm(x;q)Pn(x;q)w(x;q)dqx ={

a

0 (m #n)

£0 (m=n) (m,n € Np), (1.14)

then the polynomials P, (x; g) are called g-orthogonal polynomials with respect to the weight
function w(x;g) over the interval (a,b). Using this definition, Moak [7] introduced the
q-Laguerre polynomials L{ (x; ¢) given explicitly by

n

@t @) )3 (@™ kgD (1 — @) (g" otk
(g5 9)n (q* Y Pr(q: @

L¥(x;q)= (> —1). (1.15)
k=0
These polynomials are monic polynomials in the sense that the leading coefficient of the polyno-
mials is 1. The polynomials L¢ (x; g) are g-orthogonal polynomials with respect to the weight

function x%e, (—x) over the interval (0, 00), and we have
LYx;q) — LW(x) asq— 1—,

where L,({x) (x) are the classical Laguerre polynomials occurring in (1.4).
For o > 0, we denote by R the raising operator for the g-Laguerre polynomials, which is
given by

R(:+) 1= Dg (x%eq (—x)(- ), (1.16)
so that
R(Ly (61 @) = Dy (x%eq (—x)L; (1 9))
= —[1+[aly(q— D +Inlglqg — D(1+ (g — Dlely)]

x®leg (—x)LEL 1 (x; q) (1.17)



900 B. Sekeroglu et al. / J. Math. Anal. Appl. 326 (2007) 896-907

and the Rodrigues formula for the g-Laguerre polynomials is given by

n

DZ(x“Jr”eq(—x)) =(-D" H{l +la+n+1—kly(g—1)

k=1
+[k—1lg(g = D(1+ (g = Dle +n+1-kly)}
-x%eq(—x)Ly (x5 q). (1.18)

2. Definition of the g-biorthogonal polynomials

In this section, we first give some further definitions and notations, which would help us in
our construction of the definition of the g-biorthogonal polynomials.

Definition 1. For |¢| < 1, let r(x; ¢) and s(x;g) be polynomials in x of degrees & and &,
respectively (h, k € N). Also let R, (x; g) and S, (x; g) denote polynomials of degrees m and
n in r(x; ¢) and s(x; q), respectively. Then R,,(x; q) and S, (x; g) are polynomials of degrees
mh and nk in x. The polynomials r(x; g) and s(x; g) are called the g-basic polynomials.

For |q| < 1, let {R,(x; q)},;2, denote the set of polynomials

Ro(x;q), Ri(x;q), ..., Ru(x:q), ...
of degrees
0,1,...,n,... 1in r(x;q).
Similarly, let {S, (x; g)};2, denote the set of polynomials
So(x:q), S1(x:q), ... Sp(x:9), ...
of degrees
0,1,...,n,... 1in s(x;q).
Definition 2. For |g| < 1, let w(x; g) be an admissible weight function which is defined on the
set
{aq",bq"; n € No}.
If the polynomial sets
{Ru(x:q)}-, and {S,(x:iq)}
satisfy the following condition:
b

/Rm(x; @) Sn(x; Qw(x; q) dgx = {

a

0 (m #n)

L0 (memy (mmENo. @2.1)

then the polynomial sets
{RuGx; )}, and  {S,(xiq)} -,
are said to be g-biorthogonal over the interval (a, b) with respect to the weight function w(x; q)
and the g-basic polynomials r (x; ¢) and s(x; q).
The g-biorthogonality condition (2.1) is analogous to the g-orthogonality condition (1.14).

We also note that, when g — 1—, the g-biorthogonality condition (2.1) gives us the usual
biorthogonality condition (1.1).
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Remark 1. If we take the weight function
w(x; q) =x%y(—x)

over the interval (0, oo), we obtain the following g-Konhauser polynomials:

@ . _(qH_a;Q)nk n (qfnk;qk)jqzk](k] D+kj(n+a+1) .
Zy (ki q)=——— Z K kY (1T X 2.2)
@%:q%n = (@%9%) (a7 q) jk
and
1 g @)@ g,
er“)(x,k;q)z : Z - l_ “q7, (2.3)
@ n i @@ (q:9);
which were considered by Al-Salam and Verma [1], who proved that
o0
0 (n#m),
@ (x ke VYD (x ke Ve (— _
on (x,k; @)Y, (x, k; @)x"eq(—x) dyx {7&0 (n=m). 2.4)

0

Equation (2.4) does indeed exhibit the fact that the polynomials Z,(la)(x, k; q) and Y,§°‘) (x,k;q)
are g-biorthogonal polynomials with respect to the weight function x%e,(—x) over the inter-
val (0, 00).

Remark 2. For k = 1, the g-Konhauser polynomials in (2.2) and (2.3) reduce to the g-Laguerre
polynomials given by (1.15).

Remark 3. Just as we indicated in the preceding section, Jain and Srivastava [4] gave another
pair of g-Konhauser polynomials which are defined by

n

IR 3 (@™ q5; (¥

()
2D,k q) = (2.5)
" RENPEPON = @ @5eh;
and
R R T I AT WY
VO k)= Y S N DR n el (2.6)
(CI’ Q)n j=0 (47 Q)] 1=0 (‘], CI)I

3. General properties of the g-biorthogonal polynomials
3.1. Equivalent conditions for q-biorthogonality
Theorem 1 provides equivalent conditions for g-biorthogonality.

Theorem 1. For |q| < 1, let w(x;q) be a weight function which is defined on the set
{aq", bq"; n € No}. Suppose also that r(x; q) and s(x; q) are q-basic polynomials. If

b

/w(x; q)[r(x; q)]an(X; q)dgx = {

a

0 (j=0,1,....n—1),

£0 (j=n) G:D
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and

b

. Lo\ . _]0 (j=0,1,....m—1),

/w(x,q)[s(x,q)] Ry(x;q)dyx = {#0 G=m). (3.2)
then

b

0 ,
fw(x;q>Rm(x;q)Sn<x;q>dqx={7&0 - (33)

a

for n € Ng. Conversely, if the condition (3.3) holds true, then both (3.1) and (3.2) also hold true.

Proof. Suppose that the conditions (3.1) and (3.2) hold true. Then, clearly, constants
gCm,j (G=0,1,....m) and gcpmm#0

exist such that

m

Ru(iq) = qem j[rxi ). (3.4)

Jj=0
For m < n, we find that

b
/w(x;q)Rm(x;q)Sn(x;q)dqx

a

b m
=fw(x;q)<z qcm,j[r(x;q)]’)Sn(x;q)dqx
a Jj=0
:Zqcm,j/w(x;q)[r(x;q)]an(x;q)dqx.
Jj=0 a
By virtue of (3.1), the following g-integral:
b
. .\ .
/w(x,q)[r(x,q)] Su(x;q)dgx
a

vanishes except when j =n =m.
If m > n, then constants

gdn,; (Gj=0,1,...,m) and ,dy,#0
exist such that
n
Sa(xiq) = gdn j[s(x: )] (3.5)
j=0

and the proof is completed as in the case when m < n.
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We now assume that (3.3) holds true. Then constants

glm,i and 4 fu;

exist such that

J
[re:)) =) gemiRitxiq) (3.6)
i=0
and
i J
[sC: )] =" g fuiSiCxs ). (3.7)
i=0
Thus, if 0 £ j < n, we obtain
b

fw(x; q)[r(x; q)]an(x; q)dgx

b j
=/w(x;q><2qem,iR,-(x;q))Sn(x;q>dqx
a i=0

b

j
= Z q@m.i / w(x; g)R;i (x;q)Su(x; g)dyx.
i=0 p

If j < n, then each integral on the extreme right-hand side vanishes, since (3.3) is assumed to
hold true. If j = n, then each of these integrals is different from zero. Therefore, we conclude
that (3.1) holds true.

In a similar manner, we can establish (3.2). This evidently completes our proof of
Theorem 1. 0O

Corollary 1. If the conditions (3.1) and (3.2) hold true, then

b
fw(x;q>sn<x;q)Fn71<x;q)dqx —0 (3.8)
and
b
fw(x;q>Rm(x;q>Gm71(x;q)d,,x o, (3.9)

a

where F,_1(x; q) and G,,—1(x; q) are arbitrary polynomials of degrees not exceeding n — 1 and
m — 1 in the polynomials r (x; q) and s(x; q), respectively.

In Section 2, we pointed out that the g-Konhauser polynomials Z,(,“) (x,k; q) and Yn(“) (x,k;q)
are g-biorthogonal with respect to the weight function x%e,;(—x) over the interval (0, c0).

From (2.2) and (2.3), we can easily see that Z,(f‘) (x,k; qg) and Yn(a) (x, k; q) are polynomials in xk
and x of degree n, respectively. Consequently, it follows from Theorem 1 that the polynomials

Z(x, k; g) and Y, (x, k: q) satisfy the assertion of Corollary 2 below.
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Corollary 2. (Al-Salam and Verma [1]) For the q-Konhauser polynomials Z,(f) (x,k;q) and
()
Yn (x7 k’ q)r

o]

/x“e,,(—x)xfzg”(x, ki q)dyx = {260 8 22’)1’ on =1, (3.10)
0

and
° .
/x“eq(—x)x"-fY,,(“)(x, ki q)dyx = {io 8 22’)1’ on =D, (3.11)
0

respectively.

3.2. Pure recurrence relation for q-biorthogonal polynomials

In the case of g-biorthogonal polynomials, if we choose one of the g-basic polynomials with
respect to the other one, we can derive several pure recurrence relations, each of which would
connect m + 2 successive polynomials.

Theorem 2. For |q| < 1, if the q-basic polynomials r(x; q) and s(x; q) are such that s(x; q) is
a polynomial p(x; q) of degree m in r(x; q), and if the q-biorthogonal polynomial sets

{Rn(x; q)} and {S,,(x; q)}

are known to exist for an admissible weight function w(x; q) over the interval (a, b), then there
exist pure recurrence relations of the following forms:

n+m

PSR (i) = Y ganiRi(x;q) (3.12)
i=n—1
and
n+1
PESi(xiq) =Y gbniSi(x:q). (3.13)
l=n—m

each connecting m + 2 successive polynomials. The coefficients 4a, ; and 4by; depend on n,
but not on x.

Proof. The polynomial R,(x;q) is of degree n in the g-basic polynomial r(x;q) and the
polynomial p(x; g) is of degree m in r (x; q). Therefore, the product p(x; g) R, (x; q) is of degree
n+minr(x;g) and constants 4a, ; exist such that

n+m
PO R (x;9) =Y qaniRi(x; ). (3.14)
i=0
Here we use R;(x; q) for r(x; g), because the polynomial R;(x; q) (i € Np) is of degree i € Ny
in the g-basic polynomial r(x; q).
Now, multiplying both sides of (3.14) by w(x; ¢)S;(x; g) and integrating over (a, b), we
obtain
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b
fw(x;q)p(x;q)Rn(x;q)Sj(x;q)dqx
m-+n b
=> qan.i/w(x;q)Sj(X;q)Ri(x;q)dqx
i=0 p

b
= qa,l,j/w(x;q)Sj(x;q)Rj(x;q)dqx, (3.15)
a

where we have made use of the g-biorthogonality conditions.
The product p(x; q)S;(x; q) is a linear combination of

Sir1(x;9),S;(x;q), ..., So(x; q)
and R, (x; q) is g-biorthogonal to p(x; q)S;(x; g) for j + 1 < n. It follows that
qtn,j=0 forj=0,1,...,n-2,

and the sum in (3.14) runs only from n — 1 to n 4+ m. Therefore, a recurrence relation of the
form (3.12) exists, which would connect m + 2 successive polynomials R, (x; g).

In order to establish (3.13), we consider the product p(x; ¢)S, (x; g), which is a polynomial
of degree n + 1 in the ¢-basic polynomial s(x; g). Therefore, constants ;b ; exist such that

n+1

PO S q) =Y gbniSi(x; ). (3.16)
i=0

Thus, upon multiplying both sides of (3.16) by w(x; g) R (x; g) and integrating over (a, b), we
obtain

b

fw(x;q)p(x;q)Rj(x;q)Sn(x;q)dqx

a

b
= qbn,j/w(x;q)Sj(x;q)Rj(x;q)dqx- (3.17)

a

The product p(x; g)R;(x; q) is a linear combination of

Rjtm(x;:9), Rjym—1(x;9), ..., R;j(x;q).

By g-biorthogonality conditions, p(x; g)R;(x; g) is g-biorthogonal to S, (x; q) for j +m <n.
It follows that b, ; =0 for j =0,1,...,n —m, and the sum in (3.16) runs only from n —m
to n + 1; that is, a recurrence relation of the form (3.13) exists, which would connect m + 2
successive polynomials S, (x; g¢). Our proof of Theorem 2 is thus completed. O

For m = 1, the g-basic polynomials are the same and they are found to be simply
g-orthogonal. Therefore, the corresponding recurrence relations will connect three successive
polynomials. When ¢ — 1—, we obtain the familiar three-term recurrence relations for classical
orthogonal polynomials.
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4. Further properties of the g-Konhauser polynomials

Jain and Srivastava [4] obtained linear and bilinear generating functions for the polynomials
Z,(la) (x, k; g), which were defined in Section 2 (see also [1, Section 4]). In this section, we obtain
some further properties of the g-Konhauser polynomials Z,(la)(x, k; q). We first obtain a raising
operator and then derive a Rodrigues formula for Z,(,a) (x, k; g). Here we choose the polynomial
Z,(la)(x, k; g) to be monic.

Lemma. For k € N and [cf. Eq. (1.16)]
R(--+) =Dy (x“eq(—x)(- . ~)) (a > 0), 4.1
the raising operator for the q-Konhauser polynomials Z,(,a)(x, k; q) is given by
R(Z (x,k; @) = Dy (x*eq (—x)Z (x, k; q))
= —[1+[alg(qg — 1)+ [nkly(g — D(1 + (g — Dlaly)]
a—k

xR ey (—0) 2 (ks ). 4.2)

Proof. Let Q,,+1(x, k; g) be a monic polynomial of degree n + 1. By using (1.10), we find that
D, (x“eq(—x)Z,(f‘)(x, k; q))
=—[1+[aly(qg — 1)+ [nklg(g — D(1+ (g — Dlely)]
xR e (=) Qua1 (x, k3 @), 43)
which, by means of (1.12), yields

—[1+[alg(g =D + [nkly(g — D(1+ (¢ — Dlely)]

xR (—x) Qui1 (x, ks @) dyx

\8

xiDq (x%eq (—0)Z\ (x, k; Q) dgx

0\8 -

o0
:—[i]q/x’;]x“eq(—x)Z,g"‘)(x,k;q)dqx
0

—lily(qg — 1)/x"Dq(x“eq(—x)z,S“)(x,k; q))dgx. (4.4)
0

Fori =1,...,n, the first term on the right-hand side of the last equality in (4.4) vanishes

by virtue of the g-orthogonality relation (3.10) for the polynomials Z,(f’)(x, k; q). Therefore, we
obtain

o0
/Xi+a_k3q(_x)Qn+l(ka; Qdgx=0 (i=0,1,...,n). 4.5)
0
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Equation (4.5) shows that the monic polynomials Q,1(x, k; g) are g-orthogonal with respect
to the weight function x“’keq(—x) over the interval (0, o). Because of the observation that a
monic polynomial, which is g-orthogonal with respect to a given weight function x® ¥ eq(—x)
over a given interval (0, 00), is unique, we can replace

—k
On+1(x,k;q) by Z,(fil )(x, k: q),
and the proof of the lemma is thus completed. O

For k =1, (4.2) reduces to the raising operator for the g-Laguerre polynomials just as asserted
by (1.17).

Finally, we obtain a Rodrigues formula for the g-Konhauser polynomials Z,(f’) (x,k;q) by
applying the raising operator R to the polynomial

k
Z(()oH—n )(x, k; q) =1
successively. We thus find that

DZ(x“‘”’keq(—x))
= D" {1 + e +nk+ A =DK] (g =D

i=1
+1i = 11g(q = D(1+ (g = D]er +nk + (1 = )k] )}
X%y (—x)Z (x, k; q). (4.6)

In its special case when k = 1, (4.6) reduces to the Rodrigues formula (1.18) for the
g-Laguerre polynomials.
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