. mathematics ﬁw\o\w

Article

On Second Order g-Difference Equations Satisfied by
Al-Salam—Carlitz I-Sobolev Type Polynomials of
Higher Order

Carlos Hermoso ¥, Edmundo J. Huertas ¥, Alberto Lastra ¥
and Anier Soria-Lorente 2**

1 Departamento de Fisica y Matemaéticas, Universidad de Alcald, Ctra. Madrid-Barcelona, Km. 33,600,

Facultad de Ciencias, 28805 Alcald de Henares, Madrid, Spain; carlos.hermoso@uah.es (C.H.);
edmundo.huertas@uah.es (E.J.H.); alberto.lastra@uah.es (A.L.)

Departamento de Tecnologia, Universidad de Granma, Km. 17,5 de la Carretera de Bayamo-Manzanillo,
Bayamo 85100, Cuba

*  Correspondence: asorial@udg.co.cu or asorial1983@gmail.com

1t These authors contributed equally to this work.

check for
Received: 1 July 2020; Accepted: 4 August 2020; Published: 6 August 2020 updates

Abstract: This contribution deals with the sequence {U,(za) (x;49,7) }n>0 of monic polynomials in x,
orthogonal with respect to a Sobolev-type inner product related to the Al-Salam—Carlitz I orthogonal
polynomials, and involving an arbitrary number j of g-derivatives on the two boundaries of the
corresponding orthogonality interval, for some fixed real number g4 € (0,1). We provide several
versions of the corresponding connection formulas, ladder operators, and several versions of the second
order g-difference equations satisfied by polynomials in this sequence. As a novel contribution to
the literature, we provide certain three term recurrence formula with rational coefficients satisfied by
U,(f) (x;9,j), which paves the way to establish an appealing generalization of the so-called J-fractions to
the framework of Sobolev-type orthogonality.
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1. Introduction

The Al-Salam—Carlitz I and II orthogonal polynomials of degree 1, usually denoted in the literature
as UV(,”) (x;¢9) and Vyﬁ”) (x; q) respectively, are two systems of one parameter g-hypergeometric polynomials
introduced in 1965 by W. A. Al-Salam and L. Carlitz, in their seminal work [1]. Here, 4 € R stands
for a fixed parameter, being the polynomials written in the variable x. There is a straightforward
relationship between ul (x;q) and v (x;q) (see [2] (Chapter VI, §10, pp. 195-198))

U (x:q7") = vi¥ (x;),

and they are known to be positive definite orthogonal polynomial sequences for a < 0, and a > 0
respectively. Here, and throughout the paper, we assume the parameter g is such that 0 < g < 1,
which implies that these two families belong to the class of orthogonal polynomial solutions of certain
second order g-difference equations, known in the literature as the Hahn class (see [3,4]). In fact, as we
show later on, they can be explicitly given in terms of basic hypergeometric series. Given the close
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relation between these two families, and for the sake of clarity, in this paper we will focus on the
Al-Salam—Carlitz I orthogonal polynomials {U,(f) (x;9) }u>0- The results obtained can be also stated
for the Al-Salam—Carlitz II orthogonal polynomials by replacing the parameter g by =1, so we omit
explicit details concerning this second family of orthogonal polynomials.

The Al-Salam—Carlitz I polynomials are orthogonal on the interval [, 1], with a quite simple
g-lattice, which makes them suitable for the study to be carried out hereafter, and also they are of
interest in their own right. For example, they are known to be proportional to the eigenfunctions of
certain quantum mechanical g-harmonic oscillators. In [5], it is clearly shown that many properties of
this g-oscillators can be obtained from the properties of the Al-Salam-Carlitz I orthogonal polynomials.
They are also known to be birth and death process polynomials ([6] (Section 18.2)), with birth rate ag"
and death rate 1 — ¢", and for a = 0 they become the well known Rogers-Szeg® polynomials, of deep
implications in the study of the celebrated Askey-Wilson integral (see, for example [7,8]).

On the other hand, in the last decades, the so called Sobolev orthogonal polynomials have attracted
the attention of many researchers. Firstly, this name was given to those families of polynomials
orthogonal with respect to inner products involving positive Borel measures supported on infinite
subsets of the real line, and also involving regular derivatives. When these derivatives appear only
on function evaluations on a finite discrete set, the corresponding families are called Sobolev-type or
discrete Sobolev orthogonal polynomial sequences. For a recent and comprehensive survey on the
subject, see [9] and the references therein. In the last decade of the past century, H. Bavinck introduced
the study of inner products involving differences (instead of regular derivatives) in uniform lattices on
the real line (see [10-12], and also [13] for recent results on this topic). By analogy with the continuous
case, these are also called Sobolev-type or discrete Sobolev inner products. In contrast, they are defined
on uniform lattices. As a generalization of this last matter, here we focus on a particular Sobolev-type
inner product defined on a g-lattice, instead of on a uniform lattice. This has already been considered
in other works (see, for example in [14] for only one g-derivative). In the present study, we consider
an arbitrary number j € N, j > 1 of g-derivatives in the discrete part of the inner product. For an
interesting related work to this paper, see, for example, the preprint [15], which appeared just a few
days ago while we were giving the finishing touches to the present manuscript. There, the authors
generalize the action of an arbitrary number of g-derivatives for general orthogonality measures, using
the same techniques as for example in [16], and also in the present paper. It is also worth mentioning
the nice variation considering special non-uniform lattices (snul), instead of uniform or g-lattices,
studied in the recent work [17].

Having said all that, and to the best of our knowledge, an arbitrary number of g-derivatives
acting at the same time on the two boundaries of a bounded orthogonality interval, has never been
previously considered in the literature, and the present work is intended to be a first step in this
direction. This reveals some small differences of the corresponding polynomial sequences, for example,
related with the parity of the polynomials, with respect to what happens considering only one mass
point (as in [15]), and that we have right now under study. To be more precise, this paper deals with
the sequence of monic g-polynomials {U,(f) (x;4,]) }n>0, orthogonal with respect to the Sobolev-type
inner product

(fr8hau = /al f(x:9)g(x;9) (g, a7 1q%; q)codlgx 1)
FADLf) (a:q) (Z)g) (a;9) + u(2hf) (L) (Z)g) (Liq),

where (gx,a " 1gx; q)eodyx is the orthogonality measure associated to the Al-Salam—Carlitz I orthogonal
polynomials, a < 0, A, u € R, and (%, f) denotes the g-derivative operator, as defined below in (2). Itis
worth noting that the above inner product involves an arbitrary number of g-derivatives on function
evaluations on the discrete points x = 2 and x = 1, exclusively. We observe such points conform the
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boundary of the orthogonality interval of the Al-Salam—Carlitz I orthogonal polynomials. Thus, as an
extension of the language used in literature, throughout this manuscript we will refer to U,(f) (x; q,j ) as
Al-Salam—-Carlitz I-Sobolev type orthogonal polynomials of higher order, and for the sake of brevity,
in what follows we just write U (x9,7) = U (x;q). We provide here two explicit representations for
U,(la) (x;9), one as a linear combination of two consecutive Al-Salam—Carlitz I orthogonal polynomials
us (x;q) and in)l (x;q), and the other one as a 3¢ g-hypergeometric series, which was unknown
so far. This basic hypergeometric character is always 3¢,, with independence of the number j of
g-derivatives considered in (1). Next, we obtain two different versions of the structure relation satisfied
by the Sobolev-type g-orthogonal polynomials in U,(f) (x;q), and next we use them to obtain closed
expressions for the corresponding ladder (creation and annihilation) g-difference operators. As an
application of these ladder g-difference operators, we obtain a three-term recurrence formula with

(@)

rational coefficients, which allows us to find every polynomial U, /; (x;q) of precise degree n + 1,

in terms of the previous two consecutive polynomials of the same sequence [U,(f) (x;¢) and Ufﬁl (x;9),
and up to four different versions of the linear second order g-difference equation satisfied by US{Z) (x;9).

In the work, we provide four different versions of the second order g-difference equations satisfied
by the family of orthogonal polynomials under consideration. Also, two different representations of
such polynomials are determined: one as a linear combination of standard Al-Salam—Carlitz I orthogonal
polynomials, and a second one as 3¢, series. Two versions of structure relations are obtained, in contrast
to standard results, giving rise to four second order g-difference equations satisfied by the elements of
this family. The previous results, which clarify the enriching structure of such polynomials, are followed
by novel results using a non-standard technique to achieve a three-term recurrence formula, and leading
to the appearance of the polynomials under consideration as the numerators and denominators of the
convergents of certain J-fractions.

The manuscript is organized as follows. In Section 2, we recall some basic definitions and notations
of the g-calculus theory, as well as the basic properties of the Al-Salam-Carlitz I polynomials. In Section 3,
we obtain some connection formulas and the basic hypergeometric representation of the Al-Salam—Carlitz
I-Sobolev type orthogonal polynomials of higher order. Section 4 is focused on two structure relations
for the sequence {U,(f) (x;9) }u>0 , as well as the two different versions of the aforementioned three
term recurrence formula with rational coefficients that U,(f) (x;q) satisfies. In Section 5, combining
the connection formula for Uﬁf) (x;9), and the structure relations obtained in the preceeding sections,
we provide the g-difference ladder operators and four versions of the second linear g-difference equation
that the Al-Salam—Carlitz I-Sobolev type polynomials of higher order satisfy. The work ends with two
brief sections on further results. The first one describes results relating Al-Salam~-Carlitz I-Sobolev type
polynomials with Jacobi fractions, and the second illustrates the form of such polynomials together with
some important remarks. A final section on conclusions and future research problems is also included.

2. Definitions and Notations

This first part of the section is twofold. A first subsection provides the main tools used in the
framework of g-calculus, in order to make our exposition be self-contained. Afterwards, we describe
known facts on Al-Salam—Carlitz I polynomials.

2.1. g-Calculus Review

For every g # 0 and g # 1, the g-number, g-bracket, or simply the basic number [n],, is defined
by [4,18]
_an n—1
11 T ¥ gt n=1,273,...,
1 k=0

[O]q =0, [”}q =
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which comes from the equality
. 14"
lim =n
=1 1—gq

In this framework, a g-analogue of the factorial of n is given by
0! =1, [n]y! = [n]gln—1]5---[241];, n=123,...,

and we can also give a g-analogue of the well known Pochhammer symbol, or shifted factorial (see [4]).
Forn=1,2,3,..., we have

n

(ma)o=1 (@q),=0-a)1l—ag) - (1- aq"‘l) = H(1 _ aqi—l).

i=1
Moreover, we use the following notation

;
(a1, ar;0)n = | [ (a5 q)n-
k=1
The following definitions, also in the framework of the g-calculus, can be found in [4]. The basic
hypergeometric, or g-hypergeometric series ,¢s, is defined as follows. Let {a;};_; and {b;}}_; be
complex numbers such that b; # g7" for n € N. We write

ai,az,...,ar 2 (a1, ., a5 9)k k) T4s—r 4
g,z | =Y R ((—1)kgta ,
s ( b1,by, ..., bs d > kg() (b1, ..,bs;q)k (( ) q ) (q,q)k

The g-binomial coefficient is given by

Kl (@, Wl [k B
Mq @@ Dk [Kgtn — kgt ln_kL, k=0,1,...,m,

where 11 denotes a nonnegative integer.

Concerning the g-analog of the derivative operator, we have the g-derivative, or the Euler-Jackson
g-difference operator

f(?;)—l)fz(Z)’ ifz#0,9#1,
(Z4f)(z) = @
f(z), otherwise,

where @f;f =f 9}f= @q(_@;’lf), forn > 1, and

lim 7,f(z) = f'(z).

qg—1

Moreover, one has the following properties

Dalf(v2)] = v(Z4f)(vz), VY yeC, ©)
Daf(2) = Dyr f(42) & D1 f(2) = Dof (97 '2), (4)
%lf(2)8(z)] = f(q2)248(z) +8(2)Z4f(2) (5)

f(2)%48(2) + 8(a2) 4 (2),
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and the following interesting property which can be found in [19] (p. 104)

Py1(240)(2) = 12,(2, ) @), ®)

This g-derivative operator leads to define a g-analogue of Leibniz’ rule

k=o [

7;f(2)g(z)] = i [k] (@;‘f)(Z) . (%H‘g) (7"2), n=0,1,2,.... 7)
q

Of special interest is the way in which the integral form of the inner product (1) is defined,
corresponding to the so called Jackson g-integral, given by

z ()
| Fdgr = 1=0)z ) ("),
k=0
which in a generic interval [a, b] is given by

/abf(x)dqx = /Obf(x)dqx - /Oaf(X)dqx.

The following definition will also be needed throughout the paper. The Jackson-Hahn—Cigler
g-subtraction is given by (see, for example [20] (Definition 6), and the references given there)

n—1 ) n .
(xBqy)" = q (x—y) = x"(w/xiq)n = 1 m g@) (—y)kxnk.
= q

k=0

Finally, we recall here the g-Taylor formula (see [21] (Theorem 6.3)), with the Cauchy remainder
term, which is defined by

n k
fo— & A

k=0 [k} ‘1!

1 X
(x5, a)k+[n—w / (Z8F1F) (1) - (x By gt)"dt.

The promising idea of g-derivatives is also potentially applicable in rings, see [22,23].

2.2. Al-Salam—Carlitz I Orthogonal Polynomials

After the above g-calculus introduction, we continue by giving several aspects and properties
of the Al-Salam—Carlitz I polynomials {ll,(la> (x;9) }u=0 - All the elements presented in the remaining
of this section can be found in [2] (Chapter VI, §10), [6] (Section 18.2), [4] (Section 14.24), and [24],
among other references. Such polynomials are orthogonal with respect to the inner product on P,
the linear space of polynomials with real coefficients

1
(F,8) = [ frpgtaaa, a<o,

where da®) = (qx,a7qx; 7)o dgx, which implies that a(*) is a step function on [a, 1] with jumps
qk

at the points x = k,k =0,1,2,...,
(aq;9)00(9,9/ ;9 P I

and jumps
(a/a;9)e (4, a4; )i

at the points x = aqk, k=0,1,2,....
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It can be easily checked that, when @ = —1 the above inner product becomes the inner product
associated to the discrete g-Hermite orthogonal polynomials.
The Al-Salam—Carlitz I polynomials can be explicitly given by

@ (e N (v (D) %
U (x;q) = (—a)"q"? 29 o ealax), a<o, ®)
satisfying the orthogonality relation
U9 (@ @
| Ul mou? (e g)an® = (1= a) (=) (3:0)a9 D

Proposition 1. Let {Ur(l”) (%;9) }n>0 be the sequence of Al-Salam—Carlitz I polynomials of degree n. The following
statements hold:

1. The recurrence relation [4] (Section 14.24)
u(“) . — u(”) . U(”) . u(”) . 9
xUyp (x:9) = U, [y (x:9) + Baln (x;9) +val, "y (x;9), )

with initial conditions Ugll)(x;q) = 0 and Ué”)(x,'q) = 1. Here, B = (a+1)q" and
Tn=—aqg""" (1—q").
2. Structure relation [19]. For everyn € N,

c(0)Z, Uy () = @U), (9) + B, U (x:9) +7,UN) (x:9), (10)

where o(x) = (x —1)(x —a), &, = g' " (1], B,=(a+1)g [n], and 7y, = aq" [n],.
3. Squared norm [4] (Section 14.24). For every n € N,

U2 = (=a)" (1 =) (@:9), (7.0, 5:9) _q®D.
4. Forward shift operator [4] (Section 14.24)
Ziuy” (o) = ) U (va), an

where

denote the g-falling factorial [25].
5. Second-order g-difference equation [26]

U(x)@q@q_dl,(f) (x;9) + T(x)@quffl)(x;q) + /\n,qu,i“)(x;q) =0,
where T(x) = (x —a—1)/(1—q) and Ay g = [n]g([1 —nlyo”/2 = 7).

Proposition 2 (Christoffel-Darboux formula). Let { Uy(,u) (x;q) }n>0 e the sequence of Al-Salam—Carlitz I
polynomials. If we denote the n-th reproducing kernel by

Kn,q(xry) = Z e

n Ul (x;q) - U (y;9)
=0 a2
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Then, for all n € N, it holds that

U,S‘fl (x:9) - UL (y;9) — U,S‘fﬁl (y;q) - U (x;9)
(x—y) US| 2

Knq(x,y) = . (12)

Concerning the partial g-derivatives of K; 4(x, y), we use the following notation

KD (xy) = iy(ThKug(x,y))

_ ¥ 25U, (x:9) - 20" (i)
=0 a2

Next, we provide a technical result that will be useful later on.

Lemma 1. Let {Ur(la) (x;q) }n>0 be the sequence of Al-Salam—Carlitz I polynomials of degree n. Then following
statements hold, for all n € N,

K (y) = An () U (x39) + Baxe UL, (59), (13)
where .
! L 75u,” (v:9) K
An(xr]/) = @ (12 i+l [k] 1 (x Elq ]/) ’
U2 1P (xBaw)™ k=0 q
and .
[, L 75Uy" (y34)
Bu(x,y) = — T . (xBgy)".
' (Rl = Ao ‘7
Proof. Applying the j-th g-derivative to (12) with respect to y yields
(0,) 1
Kon'a (y) = —o5—x
q [,
. @ , @) (.
U, (v:9) Un " (y;
(u,S”)(x;Mé,y ( el BRI B fyy” : (14)

Then, using the g-analogue of Leibniz’ rule (7) and

n| !
9£y< : ): []q nt1’
=y (xByv)

(a) T
(U, (ya) /
@ZW< xl_y - ;O q
(a)

J
k
_ i it zsu,” (v;q)
= k]! (xB, qky)kkﬂ

we deduce

k17(2) (N ik 1
DgU, 21 (viq) - Zay (x_qky>

.

Next, it is easy to check that
(xByy) !

= k. \j—k+1 _ ,
(X q q y) (X Elq y)k



Mathematics 2020, 8, 1300 8 of 21

and therefore we have

Finally, combining all the above with (14) we obtain (13). This completes the proof. [

Remark 1. We observe that
;!
U, 1P (x By y)

] (U,Sﬂ)(x;q) Qi (%, 2, U,(f?l) — uig‘i)l(x;q) LQui(xa, ll,(f))) ’

where Qg i(x, Uﬂl) and Qq,i(x, a, U,(Za)) denote the g-Taylor polynomials of degree j of the polynomials
(@)
u

n—1

(x;9) y UL (x;9) at x = a, respectively.

3. Connection Formulas and Hypergeometric Representation

In this section we define the Al-Salam—Carlitz I-Sobolev type polynomials of higher order
{U,(f)(x;q)}nzo, and describe different relations which relate them to the Al-Salam-Carlitz 1
polynomials. These links will be useful in the sequel. Al-Salam—Carlitz I-Sobolev type polynomials are
defined to be orthogonal with respect to Sobolev-type inner product

Gy = [ Fnstunen e gugedy as)
FADLf) (@) - (2)8) (a:9) + u(Zhf) (L;q) - (Zhg) (L),

wherea < 0,A, y € Ry,andjeN,j>1.

In a first approach, we express {UE{Z) (x;9) }u>0 in terms of the Al-Salam—Carlitz I polynomials
{U,(f) (x;q) }n>0, the kernel polynomials and their corresponding derivatives. Moreover, we obtain
a representation of the proposed polynomials as hypergeometric functions. Let us depart from the
Fourier expansion

(a) (a) LSRG
Un(xq) = Un" (:9) + Y 4 iU (%)
k=0

In view of (15), and considering the orthogonality properties for Uy(,”)(x;q), for0 < k < n-—1,
the coefficients in the previous expansion are given by

AU (a;q) - 20U (a;.9) + p2hUY (1) - 20UV (1;9)
a2

Ank = —

Thus , ‘
U (x:q) = Uy (x;q) = AZ)UL (a;q) - KO

(x,a) — ‘u@éU,(f)(l;q) ~Kn()_’j1’q(x,1).

After some manipulations, we obtain a linear system AX = b with two unknowns, namely ng,ﬁ“) (a;9)

and @gU,(f) (1,9), where

(a,0) K" (a,1) )

— =g y
( A (La) 1+ (1,1)
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and

= (AU @a), AU Ga)' b= (U @g), 74U (150))"

Cramer’s rule yields

U (x:9) = Uy (x30) — AK (x,0) - A (0) — k() (x,1) - 80 (a), (16)

Jmn Jmn

where - i)
J7a .
Zqtn” (@:q)  pK; 4 (a1) ) ifi=1,

73U (1;9) 1+ K, (1,1)

(7rf) I .
1+ AK ;U 5
det(A)~! det ( nt14(8) ZyUn (4 q)) , ifi=2,

=1 ‘
A (La) U (139)

Hence, we obtain a first connection formula, namely

U (x;9) = Con(x) - UL (x5) + Dy u(x) - U (x59), (17)
where
Cun(x) = 1= AAD) (0) Au (x, @) — pal) (a) Ay (x,1),
and

Dyn(x) = —AA](},](a)Bn(x,a) - ;mﬁ) (a)Ba(x,1).

The previous connection formula is obtained after the application of Lemma 1, which yields

K(O_’jl)lq(x,u) = Au(x,0) - U (x;9) + Bu(x,a) - U (x39),

n
together with A
K (1) = Au(,1) - UL (x3) + Bu(x, 1) - UL, (15).

n

Therefore, from (16) we get

U () = U (x0) = Ald(x,a) - UL (559) + Bu(x,0) - UL, (1:9)]A))) ()
—ulAn(x,0) - U (x;9) + Bu(x,a) - UL, ()] A7) (a)
= [1-240) (@) Au(x,0) — 4P (a) A (x, )]U ”(m)
+H-AA0) (@) Bu(x,0) — ual) (@)B, (x, DU, (x:9),

leading to (17). At this point, we provide another relation between the two families of polynomials,
which will be applied in Theorem 1. More precisely, from (17) and the recurrence relation (9) we have that

U (5:9) = Con(x) - U (x:9) + Dau(x) - UL, (x:0), (18)
where D
C2,n (x) — l,i’l*l(x),
Tn—1
and

Dy u(x) = Cru-1(x) + Con(x) (Bu1 — x) .
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From (17) and (18) we deduce

(@) _ e (U (wa) U (xi9)
U, "’ (x;q) = det(B,(x)) " det ( Dun(x) Dz,ln(x) (19)
and (@) (a)
@ (N g (Ui () U7 (x9)
U,”,(x;q) = —det(B,(x)) " det ( Crnl) C’zln(x) > (20)
where

Finally, we focus our attention on the representation of U,(f) (x;q) as hypergeometric functions.

A similar analysis to that carried out in [14] (Theorem 2), yields the following result

Proposition 3 (Hypergeometric character). For a < 0, the Al-Salam—Carlitz I-Sobolev type polynomials of
higher order {[U,(f) (x;q) }n>0, have the following hypergeometric representation:

U9 (x5) = ()t D)L= u(x)g g2 ( T (x)
a

-1
[n]qn(x)(1—9q) 0, n(x)q 1 ;4,4 qx) 1)

where Py (x) = (1 — )0 (x) +1)"! and

aq"2[n)yCun(x)

ﬁn(X) - Dl n(x)

—[n—1],

Proof. For n = 0, a trivial verification shows that (21) yields Uéa) (x;q) = 1. For n > 1, combining (8)

with (17) and the relations

@@ = — (k= 1]y — [n—1g) (g "4 (22)
[”]q

where, in order to improve the compactness and readability of the expressions involved, we define

I Sl
[_1}‘1 - 1_q =—q9 7
and
(79 =0, n<k (23)
yields
n -1 k
U;(qﬂ) q) = —(—a)" 1 (;)fn+2Dl,n(x) k—1 8, -, = (a"'gx) . 24
(x;9) = —(—a)""'q SO k;)([ Jg 8 (x) (7" i(x Q)ki(q;q)k (24)

Dieay = (—aa®e (3 @D Dk
Uy (x34) (—a)"q"?Cyu( )k:ZO e @)
+(_a>n71q(g)*n+1fp n(x) i (qlinrq)k<x 1/q)k (aiqu)k
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Taking into account (23), the previous expression turns into

a n (" _n; X ’
U0 (5q) = (-a)'q®C,(x) Yo DR D oy
= (9 9)x
+( a)n—lq(g)—n-i-lrpln(x)nil (ql_nrq)k(x_l?q)k( 1qx)k’
= (@ 9)k

and (22) now leads to

" —n. —1.
U,(f)(X;Q) _ (_”)nq(Z)Cl'”(x)k_Zo(q /?;ic[(;)‘k rQ)k(a—qu)k

gx)~.

@2 Piax) s o @ ek
( ) q [n]q k;o([k 1]!1 [ 1]@) (qlq)k (

Finally, a rearrangement of the terms in the sums of the previous expression, leads to (24).
On the other hand, after some straightforward calculations we get

_ o) = T—u(x)g ' (Pu(x);q)
k=t + 0000 = 5T ) Wn(0)g ale

Therefore

U0 x3) — (a1 D= () g O 2 (g0 (s ) () ) g
" [n]gu(x)(1 —q) = (¥ (x)g7; 9)x (4;9)x

which coincides with (21). This completes the proof. 0O

Remark 2. Notice that one recovers (8) from (21) after A — 0 and y — 0. One also recovers [14] ((23), p. 13)
forj=1,and A,y > 0in (21).

4. Ladder Operators and a Three Term Recurrence Formula

In this section we find several structure relations associated to {U,(f) (x;9) }n>0- Itis worth mentioning
that such relations can be grouped in two depending on nature of the action of the g-derivative involved
in the relation (see Theorem 1). In two of them, such g-derivative is constructed by means of a g-dilation
operator (¢ = —1) whether in the other two, a g-contraction operator determines the g-derivative (¢ = 1).
The ladder (creation and annihilation) operators are obtained in Proposition 4, as well as the three-term
recurrence relations of Theorem 2, satisfied by {U,(f) (x;9) }u>0- These two results are also stated in terms
of the duality provided by the choice of a g-dilating or g-contracting derivation.

The structure relations stated in Theorem 1 lean on the following result.

Lemma 2. Let {USI”) (x;q) }n>0 be the sequence of Al-Salam—Carlitz I-Sobolev type polynomials of degree n.
Then, following statements hold, for { = —1,1,

00 ()2, U (5:9) = Exya, n(0) - U (%:9) + Frias, n(x) - UL, (59), (25)
and

() 20U (4:9) = Eavasy n(0) - UL (5:9) + Fayas, o (x) - UL, (x:9), (26)
where oy(x) = o(x) for { = —1 and oy(x) = 1 otherwise. Moreover,

E1n(x) = (@n(x = Bu) + B)Cun (7 '%) + (1)1 Crun(x) + @1 = Ty 1Y) Piu(q '),
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Fin(x) = (T = T yn)Cru(q %) + 0 () D1 P10 (2) + By 1 + Tu17n 1 (X = Bu1))Pralq'x),
gB,n(x) = 9qcl,n(x) - [” - 1]q7;E1ID1,n(qx)f
Fan(x) = [1]4Crn(qx) + [n = g7, (x = Bu1) Din(q%) + 24 D1 (),

Fi428,,n—1(%)
(c/’ / x) = — 01 ,
2+25[,1,7’l( ) Y1
and
For2s,,0(%) = E1426,,n-1(%) + E2428, (%) (Br—1 — X).

Here, 6y, denote the Kronecker delta function.

Proof. It is a direct consequence of the connection Formulas (17)—(20), the three-term recurrence
relation (9) satisfied by {U,S”) (x;9) }n>0, and the structure relation (10). To be more precise, applying
the g-derivative operator 7, to (17) for £ = —1, 1, together with the property (5) yields

@q(UE”)(x;q) = C1,n(q€x)'

x:0) + U (x:0) - 24 C ()
+Dl,n<c/x> 7,ul(

i
5,” () + U (x:9) - 2Dy u(x).
Thus, multiplying the above expression by oy (x) for £ = —1,1, and next combining (10) with (11) and (9),

we deduce (25). Finally, shifting the index in (25) as n — n — 1 and using the recurrence relation (9) we
get (26). This completes the proof. O

As a direct consequence of the previous result, we next obtain the following structure relations
for the Al-Salam—Carlitz I-Sobolev type polynomials of higher order.

Theorem 1. The Al-Salam—Carlitz I-Sobolev type polynomials of high order {U,(f)(x;q)}nzo satisfy the
following structure relations for { = —1,1,

Oppn(x) - quU,(f) () = E2,1425,,,n(X) ~U51”)(x;q) + E1,1428,1,n(X) 'Uia_)ﬂx;lﬂr (27)
and
®Z,n(x) : %,Ufﬁl(x;q) = 32,2+254,1,n(x) ‘U;(f) (x;q) + 51,2—&-254,1,71(35) 'Ufla,)l(xf‘q), (28)

where Oy ,,(x) = oy(x) det(By(x)) and

[1]

i En(x)  Cin(x) -
ien(x) = (=1) det ’ ’ , 1=1,2, k=1,2,3,4.
k() = (1) (fk,n<x> Di(x)

Proof. The result follows in a straightforward way from (19) and (20), together with the application of
the previous Lemma 2. [

In the next result, we provide ladder operators associated to the Al-Salam—Carlitz I-Sobolev type
polynomials. Its proof is quite involved, leaning on the use of Theorem 1, and following the same
technique as in [16].

Proposition 4. Let {[U,(f) (x;q) }n>0 be the sequence of Al-Salam—Carlitz I-Sobolev type polynomials defined
by (21), and let I be the identity operator. Then, the ladder (destruction and creation) operators ay and a},
respectively, are defined by

=0 (X) Dy — Ep1425,,n ()], (29)

=0 (X) Dy — E12425,,n(x)], (30)
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which verify
a (Ur(za)<x;q)> = 51,1+25[,1,n(x)U,(f_)1(X;Q)r 31)
af (US1(x:9)) = Banvan, n (01U (x30), (32)
where { = —1,1.

We complete this section with a straightforward application of the above ladder operators a, and

a}f. We use these operators to obtain two versions (one for { = —1 and other for ¢ = 1) of certain three
a)

term recurrence formula with rational coefficients which provides IU;(1

two consecutive polynomials U (x;q) and U,(i)l
formula, which allows to give further properties of the family of orthogonal polynomials, as described

in classical references such as [2]. The proof of the next result can be followed from the aforementioned

11(x; ) in terms of the former

(x;q). We recall the importance of such recurrence

technique, which has been recently generalized in [16] (p. 8). However, we have decided to include it
below for the sake of completeness.

Theorem 2. The Al-Salam—Carlitz I-Sobolev type polynomials of high order {Ugf)(x;q)}nzo satisfy the

following three-term recurrence relations for { = —1,1,
1)U,y (339) = Bou() U (50) + 700 (U, (550), (33)
where

apn(X) = Opp(x) 2426, ,,n+1(%),
Bon(x) = Opny1(x)E2,1125,,,1(X) — O (%) E12425,,,n+1(X),

and
Yeu(x) = ®é,n+1(x)El,lJrZzS/,l,n(x)‘

Proof. Shifting the index in (28) as n — n + 1, yields

®£,n+1(x)%eU;(1a)(x;Q) = 32,2+254,1,n+1(x)USQl(XW) + E10426,1 n+1 (X)USzu) (x;9).

Next, multiplying the above expression by —@, ,,(x), and multiplying (27) by ®; ,,+1(x), adding and
simplifying the resulting equations, we obtain (33). This completes the proof. [

Remark 3. Notice that (33) becomes (9) when A = y = 0.

5. Holonomic Second Order g-Difference Equations

In this section, we find up to four different g-difference equations of second order that U,(f) (x;9)
satisfies. It is worth noting that these g-difference equations are no longer classical, in the sense that all
their polynomial coefficients depend on 7, so we have different coefficients for every different degree
n that we consider. When dealing with differential equations, these kind of equations are known in
the literature as Holonomic second order differential equations (see, for example [16]), so by natural
extension we refer to them as second order linear g-difference equations.

It is also worth remarking the different nature of these four equations. The four of them are linear
second order difference equations. However, in two of them (see Proposition 5), a unique difference
operator appears. We also point out the appearance of four regular singular points in one of these two
equations, more precisely for the choice / = —1. Such points are 1,4,q and ag, which appear to be
intimately related to the problem. The two second difference equations (see Proposition 6) an analogous
disquisition can be made concerning the singular points, which are now the points 1,4, and ag~'.
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Moreover, the two last equations involve the two g-difference operators previously mentioned, in contrast
to the two first ones.

Proposition 5 (2nd order holonomic equation I). Let {U,(f) (x;q) }n>0 be the sequence of Al-Salam—Carlitz
I-Sobolev type polynomials defined by (21). Then, the following statement holds, for { = —1,1,

Rin(x) 22U (x:9) + S () 2 U (%:9) + Ton() U (x:9) =0, n =0, (34)
where
Ré,n (x) = ®Z,n (x)®f,n (qu)'
Sé,n(x) = ®f,n (x> [-@ql’®£,n<x) - 32,1+255,1,n<q£x) - 51,2-&-25411,11(35)}
Oy (x) [G)é,n(x) +(g" = 1)x E1,2+25é,1,n(x)] Dyt Ba,1425,,,n(X)
E1,1+2801,1(%) ’
and
Ton(x) = E12425,,,n(%)E21425,1,n (%) = O (%) Zpe B 1426, n ()

+52,1+256,1,n(x) [®Z,n(x) +(q° = 1)x 51,2+25¢,1,n(x)] DgtBa,1425,,,n(X)
E1,14260,,1(X)

—E1,1426, 1,1 (q'x )E2,2+25,1,n(X)-
Proof. In fact, from (31) we have
af [ (U (59)) | = af [B11128,n (UL (650)] - (35)

Then, applying (29) and (30) to left hand member of (35) we have
af [or (U ()] = af [©0,0(6) 7 U (559) — Ea 25,0 () UL (339) |

= 04, (x) 7y [©0u(x) 70U (x39) = Ea128,,n (X UL (:0)|

—E1,2426,1(%)Op,n (x)@qwﬁz” (x:9) + E1,2426,,1 (%) E2,1126,,n(X YUY (x;q).

Next, using (5) we arrive
af a0 (U (550)) | = ©0u(0)00u(q"x) 22 UL (x:0)

+ @y (%) | Z46@pn (%) = B 12,0 (7'%) = E12025,,0(%)| 7 U (x39) (36)

+ |:‘El,2+2(5£’1,ﬂ (x>52,1+25[/1,n (x) - ®€,7’l (x)gqék32,1+25['1,ﬂ (x>:| Ui(’lﬂ) (x/ q) :

Applying (30) to the right hand side of (35) we have

af {31,1+25¢,1,n(x)U,(21(X;q)} = ©pu(%)Zy[E11426,,0 () U, (x;9)]

—E1,2425,1,1 () B 142010 () Uy (59).
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From property (5) we deduce

af (B2, (U (60)] = Errs, (0 %)@ (x) 25 UL, (x39)
(O, (%) Dgr B 14261 () — B1,2426,,,n (X)E1,1426,,,n (X )]U,(ﬁl (x;q).

Therefore, from (28) we get

ap [31,1+25l,1,n (x)U,(qall (x; ‘7)} E1,142801,n (qéx)32,2+25g,1,n (U (x; q)

+E1,1426,,,n (q[x)El,Z-&-Zém,n (X)quajl (x;9)

(O, (%) Dgr Br1426,,,1 () — B1,2426,,,n (X)E1,1426,,,n (X )]U,(f,)l (x;q)-
Property (2) leads to
af [51,1+25g,1,n(x)U;(1u21 (x; Q)} = B11426,,0(0°%) 822426, () UY (x;9)
@ (%) + (6 — 1)xE12428,,,1 ()] Zge B 1120, 0 (1)UL (x39).
Next, we apply (27) to arrive at

®€,n (x )
E1,1+26,,,1(%)

En1+28,,,1(%)

Ul () = Z, U (x:9) - Uy (x:9),

E1,1425,,,n(%
and therefore
ay [51,1+25m,n(x)U,(1a,)1(x; 4)]

Oy (x) [@f,n(x) +(g—1)x E‘l,2+215(,1,”(x):| @q451,1+255/1,n(x) 9 [U(a)< ) (37)
_ , x;
E1,14251,n(X) " !

+ {51,1+25/,,1,n (9°%)En.2428,,n ()

En1+26,1,1(%) {68,71 (x) + (g —1)x 51,2-&-2(5[/1,71(36)] Dt Ba,1426,,,1(X) } U(“)(x'q)
- n 7 .

E1,142,,n(%)

Finally, equaling (36) and (37) we arrived to the desired result. O

Proposition 6 (2nd order holonomic equation II). Let {U,(f) (x;q) }n>0 be the sequence of Al-Salam—Carlitz
I-Sobolev type polynomials defined by (21). Then, the following statement holds, for { = —1,1,

Riu(@)D2UL (x5:9) + 810 ()2, U (5:0) + Trn(0)U (:9) =0, n20,  (39)
where
D Dyr, L=-1,
D7, =
DDy, L=1,
and

Rin(x) = Reu(q7'%), Stu(x) = Spulq %)+ (0" = DaTiulq %), Tiulx) = Toulq x).
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Proof. Combining (4) with (34), and then using (3) we get
7" Ron(¥)D2 (U)(9"%:9) + Spa(x) 71U (4" 5:0) + To (X UL (x;9) = 0.
Next, replacing x by 4~ ‘x and using (6), yields
R~ )DRUY (x:9) + Sealg ™' %) 2, U (x5:9) + Ton(g~ U (0~ x:9) = 0,

which is (38). This completes the proof. [

6. Jacobi Fractions and Al-Salam—Carlitz I-Sobolev Type Polynomials

In this section, we state some fresh results relating the elements in the family of orthogonal
polynomials {[U,(f) (x;9) }n>0 and Jacobi fractions. Basic concepts and the main properties related to
continued fractions, in particular with Jacobi fractions, and orthogonal polynomials can be found in [2]
(Chapter 3), for instance. In this section, we use our original result (30) to consider J-fractions in a
more general sense than in the previous text.

Given two sequences of polynomials with complex coefficients {a,(x)},>1 and {b,(x)}n>o0,
the J-fraction associated to the previous sequences is the formal expression

ay(x)

br () + 2

b () + 5

(39)

For all n > 0, the n-th convergent associated to the previous J-fraction is given by

ay (x) | an(x) | ay(x)
bo(x) + +-+ = by(x) +
o) | b1(x) | b () ol%) b (x ‘I‘%u(x)
ba(x) 4t 1

bn (x)

Proposition 7. Let {U,(f) (x;9) }u=0 be the sequence of Al-Salam—Carlitz I-Sobolev type polynomials defined
by (21). Then, {[U,(f) (x;9) }n>0 is the sequence of denominators of the sequence of n-th convergents of the
J-fraction
2 Foa(x) | Fe2(x) | Yen(¥) |
Beo(x) + % z +o ==
[ Bea(x) [ Bra(x) | Bon(x)

where Bf,n (x) = ,Bf,nfl /“Z,nfl and '?E,n (x) = Yen-1 /D‘é,nfl fOT alln > 1, and Lmyﬁxai BO,n(x) € C[x]'

)|+ +oe, (40)

Proof. We recall from (33) that the sequence of Al-Salam—-Carlitz I-Sobolev type polynomials defined
by (21) satisfy the following recurrence formula:

U9 (x;9) = Bun()U (5:9) + 400 (U, (x:9), U9 (x9) =0, UP(x;9)=1, n>1,

where B, (x) and 4, ,(x) are defined as in the statements of the result. We define the sequence of

polynomials {Nn(a) (x) }n>_2 by the shifted recursion

Ni(x:9) = Bun(ONY, (5:9) + 50 (ON D (x:9), NY(xq) =0, N9 (xq9) =1, n>o0.
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Consequently, one has that
Ny (:0) = Peo(x), Ug” (i) =1,

Also, for n = 1 we have

which entail that .
N (x; R 501 (x
}u)( q) — ‘B[,O(x) + ’Zf,l( )
Uy (x;9) Bea(x)

Let n = 2. Then, it holds that

N (x:9) = Boa ()N (x:9) + F02 () Bua(INS (x:9) = Bro(x) [Bra (¥)Broa(x) + A12(x)] + Bra(x)F01 (%),

and

a

U (x:9) = Boa(x)UL (x.9) + 02 (U (x:9) = Boa (¥)Bra(x) + A2 ().

Therefore, we derive

N () G (x)

— e = Bro(x) + — .

Uy (x;9) /0 Bua(x) + ge,zgx;
02X

A recursion argument determines the n-th convergent of the J-fraction in (40), which coincides with
(@) (.
W, and the proof can conclude. [

U’ (x;
o (%:9)
An analogous result can be stated relating the denominators of the convergents of a J-fraction and

the sequence of Al-Salam—Carlitz I-Sobolev type polynomials.

Proposition 8. Let {[U,(f) (x;q) }n>0 be the sequence of Al-Salam—Carlitz I-Sobolev type polynomials defined
by (21). Then, the polynomial Ufﬂl (x;q) is the numerator of the n-th convergent of the J-fraction

5 Ve (x)
Pl i

| Fea(x)
) TR

|
N L 4+,
,,2(x)

foralln > 0. Here, By, (x) = Brni1(x) = 5?:((2 and Yy, (x) = Yo i1 (x) = Zz:((i;,for alln > 0.
Proof. The recursion (33) can be written in the form
UL, (x39) = Bra(0) UL (550) + F0u (UL (9), UG (xiq) =0,  UP (;9) =1, n>0.

We define the sequence {Mff’) }n>—1by

Consequently, for n = 0 we have

U (x:9) = Bro(x) MP(x:q) =1,

whereas for n = 1 we have

UL (x:q) = Boo(¥)Boa(x) + F01(x), M (x;9) = Bra(x).
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Therefore, one can write the quotient

U i) _ g Tea ()
MO (xq) Bea(x)

For n = 2 we have

UL (x;9) = Buo () [Bua (¥)Bra(x) + Fu2 ()] + Boa(@)Fea(x), M () = Bor (x)Bua(x) + Fea(x).

Thus,
U (wa) _ g i1 (®)
MO (g Pt T
2 (%:4) Bea(x) +
Bua(x)
A recursion argument allows to conclude the result. [
Following a similar argument, the next result holds.
Corollary 1. Let n > 1. Then, for { = —1,1 one has
Ut 421 (x;9) n L.
—r 0y 00 11 Ben()
U, (x q) =1 h=i+1
with the last term in the previous sum being reduced to ¥, ,,.
@) (. ~
Proof. Itcanbe derived from the fact that w, = I;Jj’}j)l((;:)) satisfies that w11 = By 41 (X) + T nt1(X)/ wn,

for all n > 0, and a recursion argument. [

7. Examples and Further Comments

In this section, we illustrate the theory with some explicit first elements in {U,(f) (x:4,7) }n>o0-
Let j = 2. We have

(”)(x 7,2)=1, Uga)(x;q,Z):x—a—l,
U;“)(x;q,Z):x2+(—aq—a—q—l)x+a2q+aq+a+q,
Ué“)(x; q,2) = X3 + ayx? + ayx + ay,
where
Zya®q* (4;9), + Zga?q* (4;q), — Z4a°q (q;9), — aA q*
240292 (0:9), — Zqa%q (4;9) —AG> —pq* —2Aq —2puqg— A —p
_ %0 (4:9)y 307 — gt —4aAq’ —3pq’ ~3aAq - duq’ —ad —3pq—p
240292 (q;9)y — Zq0%q (4:9) —AG* —pq> —2Aq —2pq—A—p

ap = —
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oy = 2T (@) + Zo@P (3:0)s + 2400 (4 9) + Zg°° (4:0)y — Zga'0 (:9), — @A °

Zga?q* (3;9)y — Zga? (3:9) —Aq* —uq* —2Aq —2pq— A —p

—Z30%q% (4:9), — 3a?Aq* + a?pq* — Z,8%q (4;9), — Z40°4% (4:q), —40°Aq° +3a’pug® —ug®
Z402q% (9:9)y — Zqa? (3:9) — A q* —pq?> —=2Aq —2puq—A —p

BEAP +4u@P + At -3uqt —aPAq+3a%uq+ 37 —dugP +aPu+41q?

20029 (4;0)y — Zq0* (:9), — A q* —pq* —2Aq—2puqg—A—p
—3yq2+3Aq—yq+A
Z0020? (3:9)y — Zga? (3:9) — A q* —pq? —2Aq —2pq—A—p’

and

2089 (4:9)y — Zg®4* (4:9)y + Zga P (4:9)y + Zg@ @ (4:9)5 + Zg@q° (3:9), — A ¢°
Za2? (;9), — 29027 (4;9), — A > —ug* —=2Aq—2pq—A—p
 —Zyad* ¢ (49)2 — Zga*q* (3:9)2 — 28°Aq* + Ppqt — 2@’ (4;9), — a’A g + 32%p g’
Z0020% (3;9)y — 29029 (3;9) = Aq* —uq? —2Aq —2pq—A—p
+a’ugt +3a%ug® +3a%ug® +arg* —ug® +aPuqg+4a’ug® +3arg® + A gt
Zgaq? (3;9)y — Zga?q (4;9) — AG* —uq* —2Aq —2pq— A —p
—2uqt+3a%uq+4ar®> + 3703 —ug® +a*u+3arg+3Ag* +ar + Aq
Zga?q* (3;9)y — Zga?q (4;9), — A q* —ug* —2Aq —2pq—A—p

apg =

4

with Z, = (9,a4,a71q;9) ..
Let j = 3. We have
U(()”)(x; q,3)=1, Uﬁ”)(x; g,2)=x—a-—1,

Uy (x;9,3) = 62+ (—ag —a— g — 1)x +a’q +aq+a+q,

Uga)(x; q,3) = X3+ (—aq2 —aq— q2 —a—q— 1)x2 + (a2q3 + a2q2 + aq3 + azq +2aq2
q3 + 2aq + q2 “+a —|—q)x — a3q3 — a2q3 — a2q2 — aq3 — azq — an — q3 —aq,

We observe that in the case of j = 2, 3, it holds that the nature of the polynomials is much simpler
for j > n. This is due to the definition of the polynomials. Indeed, observe that

D{%x"(x;q) =0, for j > n.

This can be proved directly from the definition of the differential operator D, applied on any monomial.
Therefore, given j > 1, one has that U (x;4,7) coincides with ul (x;q) forall 0 < n < j. The values
of A, u are irrelevant for these first polynomials in the sequence. This phenomenon can also be observed

(a)

in different points through the work. More precisely, the representation (16) of Uy’ (x; g) in terms of
u,S‘” (x;q) is made in terms of the quantities A](-ZZ (a), for i = 1,2. The definition of these two elements is
made in terms of the determinant of a matrix with a null column for j > n. Therefore, Formula (16) states
the coincidence of Al-Salam-Carlitz I polynomials and the Sobolev type polynomials. This property is
also directly observed at the Fourier coefficients a,, .

We also remark that the choice of A = y = 0 provides U,(f)(x; q,j) = u (x;q) for every n.

We observe this is the case for the polynomial TU:(,,”) (x;4,2), which is given by

U (x:9,2) = 2 + (—aq? —aq — ¢ — a — q — 1) + (G + ¢ + ag®
+a’q+2aq” + 4> +2aq + @ +a+q)x — ¢ —a’q’ —a’q* —aqg’ —a*q —aq® — q° —aq,

after evaluation at A = p = 0. Figure 1 illustrates some of these polynomials.
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Figure 1. [Ug,*l) (x;%,]) for j = 2 (left) and j = 3 (right) forn = 0,1,...,5.
8. Conclusions and Open Problems

Using well known techniques, we provide up to four different versions of the second order
g-difference equations satisfied by the monic polynomials {U,(f) (x;4, ) }n>0, orthogonal with respect to
a Sobolev-type inner product associated to the Al-Salam—Carlitz I orthogonal polynomials. The studied
inner product involves an arbitrary number of g-derivatives, evaluated on the two boundaries of the
orthogonality interval of the Al-Salam—Carlitz I orthogonal polynomials. We gave two representations

for U,(f) (x;9,j), one as a linear combination of two consecutive Al-Salam—Carlitz I orthogonal
polynomials, and other as a 3¢, series. We state not only as usual, but two different versions of
structure relations, which lead to the corresponding ladder operators, which help us to find up to four
different versions of the second order linear g-difference equation satisfied by [U,(f) (x;q,7). Finally, as a
truly original contribution to the literature, we obtained a three term recurrence formula with rational
coefficients satisfied by [U,(f) (x;4,7), which is the key point to establish an appealing generalization of
the so-called J-fractions to the framework of Sobolev-type orthogonality. As problems to be addressed
in a future contribution, we consider to analyze the effect of having two mass points, each one on a
different side of the bounded orthogonality interval, in the parity of the corresponding Sobolev-type
orthogonal sequence. We also wish to carry out an in-depth analysis on the zero behavior of these

polynomials, as well as to study several of their asymptotic properties.
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