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Chapter 1

Introduction

A sequence of polynomials (P, ), where P,(x) is of exact degree n in z, is said to be orthogonal
with respect to a Lebesgue-Stieltjes measure dy(x) defined on the interval [a, b] (Which may be
infinite) if

b
/ Po(z) P.(z)du(z) =0, m # n. (1.1)

The previous relation, called orthogonality relation, assumes implicitly that the moments

b
,un:/:l:”du(:v):O,n:O, 1, ..., (1.2)

are finite.
If the nondecreasing, real-valued, bounded function () happens to be absolutely continu-
ous with du(z) = w(z) dx, w(z) > 0, then (1.1) reduces to

b
/ P, (x) Py(z)w(z)dx =0, m # n, (1.3)

and the sequence (P,) is said to be orthogonal with respect the weight function w(x) defined on
the interval [a, b]. However, if ;(z) is a step-function with jumps w; at the point x = z;, j =
0, 1, 2, ..., then (1.1) takes the form

> Puly) Pa(zj) w; =0, m# n. 14

§=0

In this case, the variable v = z; is discrete instead of being continuous like in (1.3); we therefore
refer to the sequence (P,) as orthogonal polynomials of a discrete variable.

Orthogonal polynomials (P,) (of a continuous or a discrete variable) satisfy a three-term
recurrence relation given (in the monic form) by

PnJrl(:U) = (x - ﬁn) Pn(x) — In Pnfl<x>> n>1, (L.5)
P_1<JZ) = 07 P()(l’) = ]_,

where (3, and -, are real numbers with v,, > 0, n > 1.
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6 Chapter 1. Introduction

Conversely, if a sequence (P,) satisfies (1.5) where ~,, and [3,, are complex numbers with
Yn # 0, n > 0, then there exists a function of bounded variation ¢) on (—oo, c0) such that

o0

where ¢, ,,, is the Kronecker symbol defined by

P 1 ifn=m
w0 ifn # m.

Since (P,) satisfies (1.5), each P, is of exact degree n, thus (P,) thanks to (1.6) is orthogonal
with respect to the Lebesgue-Stieltjes measure di)(x). The function ¢ can be chosen to be real
valued if and only if (3,,) and (-y,,) are real sequences. v can also be chosen to be nondecreasing
with an infinite number of points of increase if (3, and +, are real and 7, # 0, n > 0. This
result is known as Favard’s theorem [17] (see also [52, 62, 58, 21]).

Favard’s theorem can be used to generate new families of orthogonal polynomials. For
example, if the sequence (P, ) is orthogonal and satisfies equation (1.5) where (3, and ~,, are
complex numbers with 7, # 0, n > 0, then, for a given nonnegative integer r, we can define a
polynomial sequence (PT(LT)) from the relation

PO (@) = (2= Burr) PL(@) = g P (), 00> 1, (1.7)
P(z) = 0, P(z) =1.

Since (Pff)) satisfies a three-term recurrence relation with v, # 0, Vn, then by Favard’s
theorem, (P.") is orthogonal.

The sequence (P,(f)) is called the r-th associated of (P, ). It should be mentioned that the
order of association, r, can also be a real or a complex number; provided that (3, ., and 7,
(which should be seen as the expressions (3, and +, in which we replace n by n + r) are well
defined for all n and ~,,;,, # 0. This is, in general, the case for the classical orthogonal polyno-
mials since for these classes, (3, and -, are rational functions of n or ¢" (see the next chapter
for the definition of classical orthogonal polynomials).

By imposing restrictive conditions on the weight function w(x), one gets interesting new
systems of orthogonal polynomials. Among these systems are the classical orthogonal polyno-
mials. These orthogonal polynomials, which are very important because of their applications
in many areas of science (Numerical analysis, Physics, Statistics ...) are known to satisfy (de-
pending on whether the variable is continuous or discrete) a second-order linear homogenous
differential or difference equation with polynomial coefficients.

Classical orthogonal polynomials of a continuous variable satisfy an equation of the type

d? d B
0(1’)@9(33) +T(flf)%y(l’) + A y(z) = 0. (1.8)

On the other hand, classical orthogonal polynomials of a discrete variable satisfy (depend-
ing on the type of the discrete variable) three types of difference equations:



- a second-order difference equation
o(z) AVy(z) +7(z) Vy(z) + Ayy(z) = 0, (1.9)
when the variable is of the form (discrete linear)

r;=7,7=0,1,...;
- a second-order g-difference equation
o(z) D, D%y(x) +7(z) Dyy(z) + N\yy(z) =0 (1.10)
for the variable of the form (¢-linear)
zi=¢,j=0,1,...orj=... =2, -1,0,1,2,...;

- or a second-order divided difference equation

A v (x(s)) ( A v

700 R - D Az(s) " Va(s)

) y(x(s)) + Ay(z(s)) =0 (1.11)

for the discrete variable of quadratic or g-quadratic form:

o _ 2
{ xs_x(s)—ags + aq s + aop, (1.12)

xs =x(s) = by q® + by g + by. II

The functions o and 7 appearing in equations (1.8)-(1.11) are polynomials. o is of degree
maximum 2 and 7 is of degree exactly 1. A\, is a constant depending on the coefficients of o and
7,and A, V and D, are respectively the forward difference operator, the backward difference
operator and the Hahn operator [35] defined by:

Af(s) = fls+1) = [f(s),
Vi(s) = [f(s) = f(s—1), (1.13)

D) = 1T 00,0 = 10)

assuming that ¢ # 1 and f is differentiable at s = 0.

Orthogonal polynomial solutions of (1.8) are called classical orthogonal polynomials of a
continuous variable. They are mainly the Jacobi, the Laguerre, the Hermite and the Bessel
polynomials.

Those solutions of (1.9), called classical orthogonal polynomials of a discrete variable on a
linear lattice, are mainly the Hahn, the Meixner, the Charlier and the Krawtchouk polynomials.

Also, orthogonal polynomial solutions of (1.10) are called classical orthogonal polynomi-
als of a discrete variable on a g-linear lattice (in short q-classical orthogonal polynomials).
They are the g-analogues of those solutions of (1.8) and (1.9). Explicitly, they are [39, 41]: The
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Big g-Jacobi, Big g-Laguerre, Little g-Jacobi, Little g-Laguerre (Wall), g-Laguerre, Alterna-
tive g-Charlier, Al-Salam-Carlitz I, Al-Salam-Carlitz II, Stieltjes-Wigert, Discrete g-Hermite,
Discrete ¢~ !-Hermite II, g-Hahn, ¢-Meixner, Quantum ¢-Krawtchouk, ¢-Krawtchouk, Affine
q-Krawtchouk, the ¢g-Charlier and the ¢-Charlier II polynomials.

From (1.11), one can recover (1.8)-(1.10) by choosing appropriate values for the parameters
appearing in (1.12). Therefore, the three classes of orthogonal polynomials (called in short;
the very classical orthogonal polynomials), namely, the classical orthogonal polynomials of
a continuous variable, the classical orthogonal polynomials of a discrete variable on a linear
lattice and g-classical orthogonal polynomials, are the special case or limiting case of orthogonal
polynomials solution of (1.11).

The polynomials solutions of (1.11) are called classical orthogonal polynomials of a discrete
variable on a quadratic or a g-quadratic lattice (depending on whether the lattice in (1.12) is of
form I or IT). They are: The Askey-Wilson, the ¢g-Racah, the continuous dual ¢g-Hahn, the contin-
uous g-Hahn, the dual ¢g-Hahn, the Al-Salam Chihara, the g-Meixner-Pollaczek, the continuous
g-Jacobi, the the continuous dual ¢-Krawtchouk, the continuous big ¢-Hermite, the continuous
g-Laguerre, the continuous g-Hermite, Wilson, the Racah, the dual Hahn, the continuous dual
Hahn, the continuous Hahn and the Meixner-Pollaczek polynomials.

The first 12 families and the last 6 families are those of the classical orthogonal polynomials
of a discrete variable on a g-quadratic or a quadratic lattice respectively.

Notice that by classical orthogonal polynomials we refer to the very classical orthogonal
polynomials or to the classical orthogonal polynomials of a discrete variable on a quadratic or
a g-quadratic lattice.

Let (P,) be a system of very classical orthogonal polynomials. As mentioned above, (P,)
satisfies a second-order linear homogenous differential or difference equation with polynomial
coefficients. Even though the r-th associated (P,(f)) is obtained by an innocent-looking alter-
ation of the three-term recurrence relation satisfied by (P,), (Py)) 1s in general not classical and
does not satisfy any second-order homogenous linear differential or difference equation with
polynomial coefficients [48, 47]. It satisfies, instead, a fourth-order linear homogenous differ-
ential or difference equation with polynomial coefficients [14]. As illustration, let us mention
that the classical orthogonal polynomials of a continuous variable (P,) satisfies a second-order
differential equation of the form

o(x) Py(x) +7(x) P (2) + An Po(z) =0,

where o is a polynomial of degree at most 2, 7 a first-degree polynomial and

A = —g((n —1)¢" +27;
and that the r-associated (PT(LT)) of (P,) satisfies [14, 30] the following fourth-order differential
equation

where

d* d? d?
FO = o2 o +500 ] + (600" =270+ 270" + 22X\ 0+ 2)\ 10 — 77 + 307%) ]



d
+ 3N+ Ny o =77+ 70"+ 0" 0") o
T

+ [()\n—H“ - AT—l)Q + ()\n-i-r + )\r—l)oﬂ + 7_, 0'” — 7-/2].

The main goal of this thesis is to present the derivation, the factorization and the solutions of
the fourth-order differential or difference equation satisfied by orthogonal polynomials obtained
by modification of classical orthogonal polynomials. These results are therefore valid for:

- the 4 families of the classical orthogonal polynomials of a continuous variable;

- the 4 families of the classical orthogonal polynomials of discrete variable on a linear
lattice;

- the 18 families of the g-classical orthogonal polynomials;

- the 12 families of the classical orthogonal polynomials of a discrete variable on a ¢-
quadratic variable;

- the 6 families of the classical orthogonal polynomials of a discrete variable on a quadratic
variable.

Here, by modification of classical orthogonal polynomials we refer to the associated classical
orthogonal polynomials and also to orthogonal polynomials obtained by making finite modifi-
cations to the three-term recurrence relation of the classical orthogonal polynomial systems or
its associated.

As motivation of our work, we would like to mention that classical orthogonal polynomials
are very useful in many areas of science because of their properties and particularly the second-
order differential or difference equation of hypergeometric type they satisfy.

Modifications of classical orthogonal polynomial systems lead to new systems of orthogonal
polynomials which in general are not classical and do not satisfy any second-order differential or
difference equation with polynomial coefficients [48, 47]. They satisfy, instead, a fourth-order
difference or differential equation with polynomial coefficients. However, these new systems
of orthogonal polynomials are also important since they are involved in the solutions of many
problems. As example, we mention that, given (P,) a system of polynomials orthogonal with
respect to the Stieltjes-Lebesgue measure dyu(x), satisfying the three-term recurrence relation
(1.5), we have:

The first associated (Pél_)l) and (P,) are two linearly independent solutions of (1.5);

(Pél_)l) is the nth partial numerator of the Jacobi continued fraction [7] corresponding to
(P,), and is involved in the Stieltjes inversion formula [17];

The associated (PT(LT)) is involved in the representation of the transitional probabilities of
the birth-death process with killing (see [36, 18, 37] and references therein);

Orthogonal polynomials obtained by finite modification of the recurrence coefficients of
(P,) are involved in the quantum mechanical study of the many-body systems. For more
information we refer to the next chapter.
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Chapter 2 is devoted to the fundament and definitions. In Chapter 3, which is the main part
of this thesis, we derive, factorize and solve the fourth-order divided-difference equation for
orthogonal polynomials obtained by modifying classical orthogonal polynomials of a discrete
variable on a quadratic or a g-quadratic lattice. Chapter 4 contains specializations and some
applications. As special cases, we point out the three papers [29]-[31] containing the results on
the derivation, the factorization and the solutions of the fourth-order differential or difference
equation satisfied by the modifications of the very classical orthogonal polynomials. The thesis
ends with the conclusion and the perspectives for further works.

Here we would like to mention that as far as we know, the results obtained in Chapter 3 are
new and generalize several works based on the derivation, the factorization and the solutions
of the fourth-order differential or difference equation satisfied by the modifications of the very
classical orthogonal polynomials (see [24]-[31], [11, 42, 54, 55] and references therein).



Chapter 2

Basic theory

2.1 Notations

By N, R and C, we refer respectively to the set of positive integers, the set of real numbers and
the set of complex numbers. Also, we define Ny = NU {0}, andif S is R or C, then S[.X| refers
to the set of polynomials with coefficients in S while S(X) refers to the set of rational functions
with coefficients in S.

2.2 Hypergeometric and basic hypergeometric series

In the next subsections we recall the definitions of hypergeometric and basic hypergeometric
series since classical orthogonal polynomials are represented in terms of such functions.

2.2.1 Hypergeometric series

The generalized hypergeometric series ,. F is defined by
TFS A1, ...,0Qp
by, ..., 0bs

with the Pochhammer symbol (a); defined by

(@), =a(a+1)(a+2)...(a+n—-1), (a)g = 1. 2.1)

The parameters must be such that the denominator factors in the terms of the series are never
zero. When one of the numerator parameters a; equals —n where n is a nonnegative integer,
this hypergeometric series is a polynomial in . Otherwise the radius of convergence p of the
hypergeometric series is given by

oo if r<s+1

p=¢ 1 if r=s+1
0 if r>s+1.

11



12 Chapter 2. Basic theory

2.2.2 Basic hypergeometric functions

The basic hypergeometric series (or g-hypergeometric series) ,.¢, is defined by
ay, ..
s < by, ..., b

(ar;. - sar; Q) = (@13 k- (ar; Oy (@15 25073 @)o0 = (@13 Q)00 - - (A3 @)oo

k

Z 0/17 - ar7 )k (_1)(1+8—T)k q(1+8—7‘) (g)x—
— (b ") (45 )

with

where the g-Pochhammer symbols (a; ¢)x and (a; ¢) are defined by

(;)r = 1—a)(l—-aq)(1—ag®) ...(1—ad"™), k>1, (a;q) = 1;
(@) = (1—a)(1—aq)(1—ag’)...=[](1—ad").

k=0

Again, we assume that the parameters are such that the denominator factors in the terms
of the series are never zero. If one of the numerator parameters a; equals ¢~ where n is a
nonnegative integer, this basic hypergeometric series is a polynomial in z. Otherwise the radius
of convergence p of the basic hypergeometric series is given by

o if r<s+1
p=< 1 if r=s+1
0 if r>s+1.

2.3 Three-term recurrence relation

Let u(x) denote a nondecreasing real-valued, bounded function with an infinite number of
points of increase in the interval [a, b]. The latter interval may be infinite. We assume that
moments of all orders exist, that is,
b
[ " dut)
a

Definition 2.1 The polynomial sequence (P,) is said to be orthogonal with respect to the
Lebesgue-Stieltjes measure dju(x) if

exists for all n € N.

degree(P,) =mn, n > 0;
(2.2)
f P,( x) dp(x) = hy Opm, my, m >0,

where h,, # 0, n > 0 and 6., ., is the Kronecker symbol defined by

P 1 ifn=m
w0 ifn # m.



2.3. Three-term recurrence relation

In fact, given a Lebesgue-Stieltjes measure dy(x), one can construct a corresponding system
of orthogonal polynomials satisfying (2.2) from the linearly independent set of monomials (z"),
using the Gram-Schmidt orthogonalization method for the inner product

(b, q) — / p(x) g(z) dys(z),

defined in R[X].
Remark 2.1 1. Equations (2.2) are equivalent to

degree(P,) =n, n > 0;
2.3)
f;xm P.(z)du(z) = hy0pm, n >0, m=0,1, ..., n, h, #0.

2. Given a Lebesgue-Stieltjes measure dy(x), (P,) is uniquely determined up to an arbitrary
non-zero constant multiplier factor, that is, if (Q,) is also orthogonal with respect to
du(x), then there are non-zero constants ¢, such that P, (x) = ¢, Q,(x), n > 0.

As immediate consequence of the previous definition, we have a relation linking three con-
secutive terms of an orthogonal polynomial system.

Theorem 2.1 Let (P,) be a system of polynomials orthogonal with respect to a Lebesgue-
Stieltjes measure du(x). (P,) satisfies

Pn+1($) = (Anx + Bn) Pn(m) - Cn Pn,1($), n 2 07 (24)

where we set P_1(x) = 0. Here, A,,, B, and C,, are real constants forn > 0, and A,,_1 A, C,, >
0,n>1.
Moreover; if k,, is the highest coefficient of P,, and h,, defined by (2.2), then we have

k‘n+1 An+1 hn-i—l
A = — = . 2.
n kn ’ Cn+1 An hn ( 5)

The relation (2.4) is called a three-term recurrence relation. It is very useful because it allows
for example to express P, in terms of P, and F,_;. Therefore, using this relation, one can
express any term P, in terms of the coefficients A;, B;, C;, 0 < i < n —1 and the initial values
P_, and Fy. The proof of the previous theorem as well as the proof of those following in this
section can be found in many books on orthogonal polynomials (see for example [4, 17, 51, 60]).

Remark 2.2 . When the system (P,) is monic, that is
k,=1,n>0orP,(x) = 2" + lower terms, n > 0,
(2.4) reads

Poi(z) = (x—0,) Pu(z) — v Paoa(x), n > 1, (2.6)
P_1<l’> = 07 P()(ZE) = ]_,

where

b
Gn=—Bn, %=Cn, hy =% ... Vn,n >0, with vy = / du(x).
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2. On the other hand, if (P,) is orthonormal, that is

(2.4) reads
Poi(x) = (apz+b,) Py(x) —cpPyqa(z), n>1, 2.7
b =

Pa@) = 0 o= ([ @)

where
K1 b an
a, = o b, = —a, x P, (z) Py(x) du(x), ¢, = , co=0.
n a n—1

An important consequence of the three-term recurrence relation is the following result, called
the Christoffel-Darboux formula. We state this result for monic orthogonal polynomial systems.

Theorem 2.2 Let (P,) be a system of monic polynomials satisfying (2.6). Then

z”: %fk(y) _ hiPnH(a;) Pn(y:z : ;Dn(x) Poia(y) ’ (2.8)

k=0

where h,, is defined by

b
s =07 -+ Yy > 0, With’yoE/ ()

The following theorem gives the confluent form of the Christoffel-Darboux formula, that is
(2.8) when y = .

Theorem 2.3 If (P,) is defined as in the Theorem 2.2, then

" P(x 1
> —'}fk ) 7 (Fra (2) Po(2) = By () B (2)). (2.9)
k=0 n
Corollary 2.1
p7/1+1(x) Po(z) — P,/L(l’) P,iq(z) >0, forall z.

The previous corollary is very important for the study of the properties of the zeros of F,.

Theorem 2.4 Let (P,) be a system of polynomials orthogonal with respect to a Lebesgue-
Stieltjes measure dj(x) on the interval [a, b. (P,) has the following properties:

1. P, has n simple zeros in (a, b).



2.4. Modifications of the recurrence coefficients

2. The zeros of P,, and P, 1 separate each other, that is, between two consecutive zeros of
P,, there is a zero of P, and conversely. More precisely, if we denote by x, ,, 1 < k <
n the zeros of P, ordered by increasing order, then we have

Thntl < Thpn < Th+1n+1; 1< k <n.

The zeros of P, are of decisive importance in the Gauss quadrature formula. We refer the reader
to the books on orthogonal polynomials already mentioned above.

To conclude this section, we would like to mention the following: To a Stieltjes-Lebesgue
measure dyu(z) corresponds a unique set of monic orthogonal polynomials. This set satisfies a
three-term recurrence relation given by (1.5). In general, it is very difficult to get the coefficients
B, and -y, when the measure is du(x) is given. However, when the measure is absolutely
continuous, that is du(x) = w(x)dz, and the weight function w(x) satisfies a Pearson-type
equation, then the recurrence coefficients 3,, and ,, are the solution of two nonlinear recurrence
equations called the Laguerre-Freud equations [15, 23, 13]. For some special cases such as the
very classical orthogonal polynomials, the (3, and ,, can be expressed explicitly in terms of n.
We will return to the computation of the recurrence coefficients later.

2.4 Modifications of the recurrence coefficients

Some Reasons to investigate the modifications of the recurrence coefficients

In quantum mechanical study of many-body systems, one often writes the Hamiltonian H in
the form of a tridiagonal matrix. This may be done either by using a Lanczoz-like algorithm or
by means of the tight-binding approximation. In both cases, one is led to the so-called chain
model of the system.

Since the energies of the quantum levels of the physical system are represented by the eigen-
values of the associated Jacobi matrix, these energies can also be represented by the zeros of
orthogonal polynomials corresponding to the associated Jacobi matrix. This is possible because
the characteristic polynomials of the principal submatrices of a tridiagonal matrix form a system
of orthogonal polynomials.

Then one can transform the eigenvalue problem associated to [ into a Jacobi matrix eigen-
value problem or, equivalently, into a problem of determining orthogonal polynomials from
its associated three-term recurrence relation. This is a very important link between orthogonal
polynomial systems and the Hamiltonian of many-body systems.

So, within this framework, a perturbation of the physical system may be visualized as a per-
turbation of an element of the associated fictitious chain, which is equivalent to a modification
of one or both links of that element with its two nearest neighbors.

On the other hand, because of their physical relevance, experiments are made, with lasers
which are able to produce an extremely localized perturbation anywhere in the surface of the
target manybody system.

To what extent, the global properties (e.g., the spectroscopical one such as the distribution
of its quantum level energies) of the system get modified by the induced local perturbation.

15



16 Chapter 2. Basic theory

Since to consider local perturbation of an arbitrary element of the chain and search for its
effects on the chain properties is a very important physical question, taking into account the re-
lation between the so-called chain model of the system and orthogonal polynomials, we deduce
that, to consider a given system of orthogonal polynomials satisfying a three-term recurrence
relation and study the properties of the new system of orthogonal polynomials obtained by mak-
ing a perturbation at any arbitrary level of the recurrence coefficients of the initial system is a
very important mathematical question.

This problem was considered for the first time in the theory of orthogonal polynomials by
Chihara [17] and later on, many authors have investigated analysis of the orthogonal polyno-
mials which fulfil a three-term recurrence relation with perturbated initial conditions. For more
information and references, we refer to [46]. Here, we would like to mention works by Mar-
cellan, Dehesa and Ronveaux [46] who have studied this problem in a more general approach.

It is also important to notice that the main part of the above introduction is taken from [46];
therefore, we refer to it for more information and references. The perturbations considered in
the above mentioned works are one of the main subjects of the following subsections.

2.4.1 The associated orthogonal polynomials

One of the most important perturbation of the recurrence coefficients is the association pro-
cedure. This modification of the recurrence coefficients is not finite since it acts on all the
recurrence coefficients.

Given r € Ny, (P,) a sequence of orthogonal polynomial satisfying

Poa(z) = (2= 8n) Pu(z) — Y0 Pooa(2), n > 1, (2.10)
Py(x) 0, Fo(z) =1,

where (3, and -, are complex numbers with v, # 0, n > 1, the rth associated of (F,) is

the unique family of monic orthogonal polynomial denoted (PT(LT)), defined by the recurrence
relation

PL(2) = (@ = Burr) PO(@) = i P (@), n02 1, (2.11)
PWQ(@) = 0, B (x) =1.

As already mentioned in the previous chapter, (PT(LI)) provides a second linearly independent
solution of (2.10):

Theorem 2.5 Let (P,) be a sequence of orthogonal polynomial satisfying (2.10). Then we have
the following:

1. (P satisfies

n n—

Pr,ST)P(TJrl) _ qu:_)lp(r'ql) — H Yrt+ky, T Z 1. (212)
k=1

2. (Péi)l) and (P,) are two linearly independent solutions of (2.10).
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3. P\ is related to PV and P, by the relation

Fr‘fl bl e Frfl

Po(x), n>0, r>1, (2.13)

where the sequence (I'),),, is defined by

To=]] v n>1 To=1 (2.14)
=1
Proof: 1.) We write (2.10) for " and P""
PI(@) = (&= Busr) PO(@) = i Py (), (2.15)
PIri(@) = (2= Bup) P (@) = iP5 (), (2.16)

In the second step we subtract the two equations obtained after multiplying (2.15) and (2.16) by
P,(fjl) and P, respectively,

) p(r T r+1 r r+1 r) p(r+1
POPIHY — P PIY = 4, (P, PIEY = POPILY).

Then relation (2.12) results by iterating the latter.

2) Pr(Ll) and P, are solutions of (2.10) by definition. They are linearly independent because
they satisfy the relation (2.12) for » = 0.

3.) From the point 2 of the previous theorem, we deduce that (Pfli)rfl) and P, ., are two
linearly independent solutions of the equation

Xn—l—l(l‘) = (l’ - ﬁn—&-r) Xn<x) = Tntr Xn—1<x)7 n > 1. (2.17)

Therefore, there are coefficients A(x) and B(z) such that
P () = A(w) Pytha(0) + B(@) Pair(w), 020,

Finally, (2.13) is obtained by computing the coefficients A(z) and B(z) from the initial values
P =0, P{") =1 and using (2.12) to simplify the result obtained.

O
As an illustration of the importance of the association procedure, we mention that to the recur-
rence coefficients of (2.10) corresponds the continued fraction

0
S(z) = . (2.18)
r — /60 - xiﬂliszﬁém

It happens that for z ¢ [a, b], S(z) is related to the polynomials (P,) and the measure dy(z)
with respect to which (P,) is orthogonal by [4, 17]

m2@>!/wmw NS

S(.T) = lim Yo . = o = 2 xn+17 (219)

17
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where p, = fab x™ dp(x) is the moment of order n of the measure dy(z), and P,El_)l (x) is the
first associate of (P,).
If S(z) is known, then the distribution function y can be recovered from S(z) by means of
the Stieltjes inversion formula [57] (see also [1, 61]):
1 t
p(t) —p(s) === lim [ Im(S(z+iy)de.

T y—0t Jg

2.4.2 Finite modifications

The aim of this section is to define the different modifications we will deal with and find rela-
tions between the new systems of orthogonal polynomials obtained after modifications, and the
initial ones.

Global approach

We start with (P,), a system of orthogonal polynomials satisfying equation (2.10). Then given
k a nonnegative integer, &, and (; two complex numbers with (; # 0, the general modification
consists by replacing the terms [ and ~y; of the sequence (3,) and (~,,) by G + & and (.
respectively.

By doing so, we get the polynomial system (Pn) defined by

Poa(2) = (v = Bu(k)) Pa(z) = u(k) Paca(2), n > 1, (2:20)
P_l(l’) = 0, P@(ZE) = 1,

with
Bu() = By (k) = 7o £ otk
{ Br(k) = Bk + &y (k) = G k- (2.21)

(P,) is orthogonal by Favard’s theorem. In order to express the new orthogonal system in terms

of the initial one, one has to remark that (F,), (Pél_)l) and (P,) satisfy the same recurrence
equation

Xn—O—l(‘r) = (.T - 6n) Xn(x) — In Xn—l(x)7 n>k+1.
Therefore, there exist constants (with respect to n) Ax(z) and By(x) such that

Py(z) = Ay(z) Po(z) + Bi(z) P, (z), n >k + 1. (2.22)

The coefficients Ay and By, are obtained from the previous equation using the initial values P,
and Py deduced from (2.20) and (2.21)

Py(x) = Pe(), Pui(z) = Peya(x) = & Pel) + (1 = &) e Pea (2).

After the description of the general approach for the modifications, we list several specific
types of theses modifications with some relations and references.



2.4. Modifications of the recurrence coefficients

1-

The co-recursive (P,E“ ])n and the generalized co-recursive orthogonal polynomials
(P,

The orthogonal polynomial sequence (P#L ] ) was introduced for the first time by Chihara
[16] as the family of polynomials generated by the recursion formula (2.10) in which 3,
is replaced by (3 + p:

P (2) = (x = B,) PV (@) — 7 PV (2), n>1, (2.23)
with the initial conditions
P(z) =1, PM(z)=2—p—p, (2.24)

where p denotes a real number.

This notion was extended to the generalized co-recursive orthogonal polynomials in [19,
20, 56] by modifying the sequence (/3,,),, at the level k. This yields an orthogonal poly-
nomial sequence denoted by (PTEk’“ ])n generated by the recursion formula

Py (2) = (v = 8)) PM(2) — 7 P (), n> 1, (2.25)
with the initial conditions

P2y =1, PM(2)=2— g3, (2.26)
where 3% = 3, forn # k and 3; = Oy + L.

The orthogonal polynomial sequence (P,[Lk’“ })n is related to (P,),, and its associated by
[46]

I

Pl

n

P

n

U(z) = Pu(@)—pPulz) PEG (@), n > k+1, (2.27)
H(z) = Pu(z), n<k

)
)

=

Use of (2.13) transforms the previous equations in

P? Py(x) P
Pl (g) = —%k(m) P,(Ll,)l(x) + <1 + %}3“ P,(x), n > k+1,

PrH(g)y = P (x), n<k. (2.28)

Obviously we have the relations ploH — pll and PO — p

The co-recursive associated (5 ﬁ{w})n and the generalized co-recursive associated or-
thogonal polynomials ( Pr?”““})n

The co-recursive associated as well as the generalized co-recursive associated of the or-
thogonal polynomial sequence (P, ), denoted by (P{"*),, and (P{"*"), respectively,
are, the co-recursive and the generalized co-recursive (with modification on ) of the

19
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associated (P,Y))n of (P,)n, respectively. Thanks to (2.27), they are related with (P,),,

and its associated by
pénO,#} — péw}7

and
Pk (g) = PO (z) — u PO () p7§7‘_+(}’:ﬁ)>(x), n>k+1, (2.29)
pirkmd(z)y = PI(x), n < k.

n

The generalized co-recursive associated orthogonal polynomials can also be expressed
using (2.13) and (2.29) by

pirkut () = (P’"‘l(x) _ p Py (2) str)(il?)> Pr(Ll) (z)

+r—1
Pr—l Fr—‘rk:

1 r
<P,.<”2<x> uBY (@) B (@)

Fr—l Fr-i—k
Pér,k,ﬂ}(x) = Pér) (x)’ n < k.

) Poi(z), n>k+1,(2.30)

The co-dilated ( pi )» and the generalized co-dilated orthogonal polynomials (P,'f’M )n

The co-dilated of the orthogonal polynomial sequence (F,),, denoted by (PAM)”, was
introduced by Dini [19], as the family of polynomials generated by the recursion formula
(2.10) in which 4, is replaced by A 7, i.e.,

P2 (2) = (z — B,) PN(@) — 7 PN (), n>2 (2.31)
with the initial conditions
Py =1, PMa@)=2—06, P@)=(x—B)z—B)—Amn, (232

where A is a non-zero real number.

This notion was extended to the generalized co-dilated orthogonal polynomials in [20, 56]
by modifying the sequence (7,), at the level k. This yields an orthogonal polynomial
sequence denoted by ( plkA )» and generated by the recurrence equation

Pl(@) = (z — 8,) PPN (2) =~z PY(@), n>1, (2.33)

n

with the initial conditions
PNy =1, PPN (@) =2 — 6, (2.34)
where v =, forn # kand v} = \ 4.

The orthogonal polynomial sequence (P,Lk”“)n is related to (P,),, and its associated by
[46]

PiN(m) = Pu(a)+ (1= X) % Pea(w) PE (@), n > b+ 1, (239)
PFN(z) = P,(z), n<k.
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Use of (2.13) transforms the previous equation in

Pl () — (1 (1= P PL51_>1(33)) Py 4 (L= Pia() Aue)

| .t
PN () = Py(z), n<k.

For k =1or A =1, we have

LAl — pAl - plk1l
PiA = pl - plkll - p

4- The generalized co-modified orthogonal polynomials (P,Lk’“ ”\})n

New families of orthogonal polynomials can also be generated by modifying at the same
time the sequences (3, ), and (v, ), at the levels k& and £’ respectively. When k = £/, the

new family obtained [46], denoted by (PT[Lk’“ A ) is generated by the three-term recurrence

relation

PR () = (@ — 82) PE#N(z) — 4 PEAAN (@), n>1, (2.37)

with the initial conditions
PPN @) =1, P V@) =2 - 6, (2.38)

where 3 = (3,, 7. = vy, forn # kand 3 = Bx + u, v; = A Y. This family is
represented in terms of the starting polynomials and their associated by [46]

PRrN() = Py(x) + (1 = \) % Pe_i(2) — pt Pe(2)) Pgi—i(_li-)i-l)(x)’ n > k+«239)
P (z) = P,(z), n<k.

The latter relation can also be written as

(1) (1)
pll(g) — (1 UNP@ Rn) | p ) P ) > P (2) 2.40)
n ((1 — A>P§;l<x) Py (z) K };Ii(x)) P751—)1<37>7 n>k+1,

PEN(z) = P(z), n<k.

Remark 2.3 1. By iteration of the modification described by (2.20)-(2.21), one is led to the
following modification

{ ﬁn(k) = B, 7n<k) = Tns n>k+1
Bi(k) = B; + &, vi(k) =Gy 05 <k,
where £; and (; are given complex numbers with (; # 0, 0 < j < k.

Orthogonal polynomials corresponding to the recurrence coefficients (3, (k)) and (7, (k))
can also be represented as in (2.22). For more information, we refer to [48].
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2. Starting by the system (P,,) satisfying (2.10), by applying the association procedure (2. 11)
or/and the finite modification (2.20) on (P,), one is led to a new orthogonal family (P,),
which is related to the initial one by a relation of the form

Po(x) = Lnpi(2) Poyr(2) + Jnpi(z) P2 (), (2.41)

where 1 and k are nonnegative integers and I, ., and J, , i, are polynomials in the vari-
able x with the specific property: They don’t depend on n for n > k, that is

Lyvi(z) = Lp(x), Jpri(z) = Jop(x), for n>k; (2.42)

and in addition
Jr,k (l’) 7& 0.

To conclude this subsection, we would like to mention that Equation (2.41) giving a link
between the initial orthogonal system and the modified one is valid for all modifications
mentioned in this chapter.

2.5 Classical orthogonal polynomials

In this section we define what we mean by classical orthogonal polynomials and use this def-
inition and the orthogonality relation to establish the second-order differential or difference
equation (1.8)-(1.11) satisfied by these polynomials. Also, we compute explicitly the recur-
rence coefficients 3, and v, in terms of the coefficients of the polynomials o and 7 appearing
in the Pearson equation (2.44).

Second-order differential or difference equations (1.8)-(1.11) are the key for the derivation
of the fourth-order differential or difference equations for the modified classical orthogonal
polynomials.

Several properties of classical orthogonal polynomials are derived from these second-order
differential or difference equations. We mention for example the orthogonality of the deriva-
tives, the second-order differential or difference equations for the derivatives, the Rodrigues
formula and several differential-difference relations. Here, we will avoid going into these de-
tails. Readers are referred to the books [4, 17, 51, 60] and also to the papers [10, 59].

2.5.1 Classical orthogonal polynomials of a continuous variable

Definition 2.2 A polynomial sequence (F,) is said to be classical if there exists a weight func-
tion w(x) defined on the interval |a, b] (with w(x) > 0) such that:

1. (P,) is orthogonal with respect to w(x), i.e.,

degree(P,) =mn, n > 0;
(2.43)
ff P, (x) Pp(z) w(x) dz = hy 6pm, n, m >0, h, #0,n > 0;
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2. The weight function w(x) satisfies a first-order differential equation (called Pearson equa-
tion) of the form

d
o) wle)) = () wix), .44
with the border conditions
lim 2" o(z) w(z) = lirI}7 z"o(x)w(x) =0, Vn € Ny, (2.45)

where o is a polynomial of degree at most two and T is a first degree polynomial.

Remark 2.4 If we denote by I the orthogonality interval, then the border condition (2.45) is
equivalent to

o(a)w(a) = o(b)w(b) =0, for I = (a,b), a,b€R,
o(a)w(a) =0, hm z"o(x)w(x) =0, Vn € Ny, for I = (a,0), a € R;
;L’l—l}:iloox o(z)w ( )—O Vn € N, for I = (—o00,0).

Solving the Pearson equation (2.44) and taking into account the border conditions (2.45),
one gets depending on the degree of o and after a linear change of variables three main classes
of classical orthogonal polynomials [39]:

1. The Jacobi polynomials (PT(La’ﬁ )) for which
olx) = 1-2°, 71(z)=—B+a+2z+8—0a, a>—1, f>—1;
w(r) = (1—-2)*(1+2)° z¢€ (a,b) = (—1, 1);
2. the Laguerre polynomials (L) for which
olx)=z, 7(z)=—x+a+1, a>—-1, wx)=2%€" z € (a,b) = (0, 0);

3. the Hermite polynomials (H,,) for which

o(z) =1, 7(z) = =2z, w(z) =, z € (a,b) = (—o0, c0).

Remark 2.5 When the polynomial o is of degree two with double zero, one obtains the Bessel
polynomials, whose data are [17, 41]

o(x)=(r—a)? 7(x) = (a+2)(r —a)+6, w(x)=(r—a)e 7, §>0,a a€R.

In general, the Bessel polynomials are orthogonal not on the real line but on the circle |z —a| =
L,

/ W(z) P (2) Pn(2) dz = hy 65, By # 0, n,m > 0.
|z—a|=1

However, the orthogonality on the real line

/ (x —a)” e 7a P,(z) Py(x)dx = hy 6nm, hn # 0,



24 Chapter 2. Basic theory

is still possible, but only for finite number of P, since for the previous integral to exist, it is
necessary that
n+m+a < —1.

The Bessel polynomials, which can be expressed in terms of the Laguerre ones [51], can also
be generated by the Rodrigues formula [41]

(x —a)™® era

- 2n+a —ﬁ :0 1 N
(n+a+1), da" (x—a) ¢ T S

Bn(a,a,0,x) =

where N is a positive integer and (a),, is the Pochhammer symbol defined by (2.1).

A complete characterization of the classical orthogonal polynomials can be found in the
recent book by Lesky [41] (see also Al-Salam [2] and references therein).

Classical orthogonal polynomials of a continuous variable satisfy a second-order differential
equation of the hypergeometric type:

Theorem 2.6 If (P,) is a classical orthogonal polynomial system, orthogonal with respect to
the weight function w(x) satisfying (2.44) and (2.45), then each P, satisfies

o(z) Pl(x) + 7(x) P.(z) + M\, Po(z) =0, (2.46)
with

An = —g( (n—1)c" +27).

Proof:  We assume that the system (P, ) is monic. For all nonnegative integers n, we set
Qn(z) =o(x) P)(x) + 7(x) Pi(x), n > 1, Qo(x) = 1.

Then by integrating by parts twice and using (2.43)-(2.45), one gets

"

b b
/ w(z) 2™ Qu(x)de =m[r' + (m —1) 7] / w(x) 2™ P,(z) du,
where n and m are given integers with m < n. Therefore,

b

/w(x)zan(x)dx = 0,0<m<n—-1n>1,;

‘ b o

/ w(z)x" Qn(x)dx = n[r'+(n—1) ?] hpy, n > 1; (2.47)
Y

/ w(z) Qo(z)dx = hy,

where h,, (# 0) is defined by (2.43). It remains to prove that

[+ (n—1) %ﬁ] #0,Vn > 1. (2.48)
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For this, we multiply (2.44) by 2" and integrate using (2.45) and obtain

7

g
(7" +n 7) fnt1 = —(noy + 7o) fn — N OO fhn—1, (2.49)

where /i, 1s the moment of order n

b
/Ln:/ w(z)z"de=0,n=0,1, ...,

and o () = 09 2° + 017 + 0¢, T(T) = TL T + To.

In order to be able to compute uniquely all the moments ji,, from the previous ones using
(2.49), is is necessary that (7" + n "7”) # 0, n > 0. Therefore, (2.48) is proved. Since for
n>1,Q.(z)=n(t"+(n-1) %ﬂ) "+ ... ., the degree of each (), is exactly n. This together
with (2.47) allows us to conclude thanks to the Remark 2.1 that ((),,) is orthogonal with respect
to the weight function w(x). From the uniqueness of the system of orthogonal polynomials
corresponding to a given weight, we deduce that there exists a sequence (\,,) such that

Qn(z) = =Xy Pa(2), n 2 0.
By comparing the leading coefficients of P, and (),, from the previous equation, one gets

An = —g (n—1)0" +27).

O
The converse of the previous theorem is also true in the following sense:
Theorem 2.7 If (P,) is a polynomial system such that
degree(P,) =n, n >0,
o(z) P)(z) + 7(z) P,(z) + A\ Po(z) =0, n > 0, (2.50)

where o is a polynomial of degree at most two and T is a first degree polynomial with

A = —g (n—1)0"+27),

then the family (P,) is classical.

Proof:  'We have to prove that (P,) is orthogonal with respect to a weight function which
satisfies a Pearson-type equation and the border condition (see equations (2.44) and (2.45)).
First, we solve the Pearson equation

(o(x)w(x)) = 7(x) w(x), (2.51)

where ¢ and 7 are those of (2.50), and get

25
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assuming that o is positive on the orthogonality interval (a, b).

The possible forms for the weight function w(z) corresponding to the possible degrees of
o(x) can, after a linear change of variable, be reduced (up to a multiplier factor) to the four
following canonical forms:

e, for o(x) = 1 (Hermite);
) xve, for o(x) = x, (Laguerre);
wlz) = zoes, for o(x) = 22, (Bessel);
(1—2)*(1+2)% foro(z)=1-—a? (Jacobi).

Here, «, 3 and § are constants with some restrictions in order to ensure the border conditions.
In the second step, we multiply the differential equation in (2.50) by w(z) and use (2.51) to
get the self-adjoint form of the second-order differential equation

(o(z)w(z) P.(z)) + \w(x) Py(x) =0, n > 0.
Next, use of the previous equation for P, and F,, gives
(A = Aa) (@) Pa(@) Pul@) = Pu()[o(2) w(z) Py(a)) — Pa@)lo(x) w(z) Pl ()]
= [o(2) w(z) (Pu(2) Py, () — Py(2) Pul))] .

Hence,

(Am = An) / w(z) Po(x) P(z) da = [o(x) w(w) (Pa(x) Py, (x) = Py() P(@))], -

The right hand-side of the previous equation vanishes thanks to the border condition (see (2.45)).
Since w(z) > 0 over (a, b) and A, # A, for n # m, we deduce that

b
/ w(z) Py(x) Py (z)dx =0, for n # m.

Therefore, (P,) is orthogonal with respect to the weight w(z).
Finally, (P,) is classical since the orthogonality weight w(z) satisfies the Pearson equation
(2.51) with degree(o) < 2 and degree(7) = 1. O
We will now use the second-order differential equation for classical orthogonal polynomials
established above to compute the coefficients /3, and -, of the three-terms recurrence relation,
this following works by Lesky [41] (see also [40]).

Proposition 2.1 Let (P,) be a system of monic classical orthogonal polynomials satisfying the
second-order differential equation (2.46). Then the recurrence coefficients (3, and =, of the
three-terms recurrence relation (2.10) satisfied by (P,) are given by

(-27’0 — 201n+201n2)02 + 7 (7'0 -+ 201n)

fn = (2n—2)os+ 1) (2090 + 1) ’

—n(oen+ 1 — 209) 09

T (7'1—302—1—20271)(7'1—02—1—20271)

n(oon—+m —209) (to+0o1n—o01)(01noy — 0109+ 017 — Tp02)
(11 — 309+ 209n) (209n+ 17 —209)2 (11 — 02+ 202 1)

)

where o(x) = 09 2° + 01 1 + 09, T(2) = 71 T + T0.
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Proof: In the first step we write
Py(z) =2+ Th1a" '+ Thoa" 2+ Uy,(x),

where (7, ) are real numbers and U, (z) is a polynomial of degree at most n — 3. Then we
substitute the previous relation into the second-order differential equation (2.46) and get
n(n—1)oy +n1 + A 2"
+ [n (n — 1) o1+ (n — 1) (TL — 2)0'2 Tn71 +Ton + (n — 1) T1 Tn71 + )\n Tn,l] .Tn_l
+ n(n—1) oo+ n—1)(n—2)01Th1+ (n—2)(n—3)o2Tp2
+ (n=1D)70Tw1i+n—=2)71 Tha+ N Tho] 2" % + Vy(2) =0,
where V/, is a polynomial of degree at most n — 3.
Next, we solve in terms of the unknowns A, 7}, ; and 7, 5 the system of three linear equa-
tions obtained from the previous equation
n(n—1)oy+nm+ A\, =0;
nn—1)o+n—-1)(n—2)0aTp1+1on+n—1)1 T+ N\, Tn1 = 0;
nn—1)og+(n—1)(n—2)o1 1,1+ (n—2)(n—3)o3 T}
+n—1)1Th1+n—2)11Tho+NTp2=0

and get
)\n - _n(n—l)UQ_nTl; Tnlzn(7—0+0-1n_0-1);
’ 200n+T1 — 209
T n(n—1)(02n*+20179n —301°n+20300n+ 1100+ 702 — 37901 — 20900 + 20,?%)
n2 — .

2(202n—|—7'1 —20'2) (7'1—302—1—202n)

Finally, we use the previous results and the following relations between the coefficients 7, ;
[17, 23]

Tn—l—l,l - Tn,l - ﬁna Tn+1,2 = Tn,2 - 6n Tn,l - Tn; (252)
to compute the coefficients (3, and ~,,. U
The following table contains data for the classical orthogonal polynomials.
Table 2.1
Family | Hermite Laguerre Bessel Jacobi
(a, b) | (—o0, 0) (0, o) (a, co) orthecircle: |z —a| =1 (-1, 1)
w(z) e xe * (r —a)® e 7a (1—2)*(1+4z)°
o(x) 1 x (r —a)? 1—a?
7(z) —2x a+l—x (a+2)(x—a)+0 B—a—(a+0+2)x
An 2n n n(n+a+1l) nn+a+pf+1)
4an (nta+l)+ala (a+2)—90) B%2—a?
Bn 0 2n+a+l © n+a2 e n)+a2+2) e ’IZ/+OL+),8() © n)7a+ﬂ+2))
n —n(nt+a)d dn(n+a) (n+0) (n+a+p
n 2 n (n + a) (2n+a—1) 2n+a)? (2nta+l) (2n+a+8-1) 2n+a+s8)? (2ntat+p+1)

To conclude this subsection, we mention in the following table the hypergeometric repre-
sentation of the classical orthogonal polynomials of a continuous variable in the monic case.
The notations we use differ slightly (by the tilde) from those of [39] because here we deal with
monic orthogonal polynomials.
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Table 2.2
Family Hypergeometric representation Conditions
n n—1
. -2 _n—2 1
Hermite H,(z) = 2" 2 Fy 2 2 _2> }
- x
- -n
Laguerre L (x) = (=1)" (a+ 1), 1F1< x) a>-—1
a+1
- _ sn —n,n+a+l| z—a 0>0,a <=3,
Bessel B, (a,a,d,z) = ey 2F0< B o n=0,1, ... N
| plad) 2" (atDn —mntatf+lil-u
Jacobi Pn <$)_(n+a'i‘ﬁ+l)n2F1< a+1 9 C¥>—1,ﬁ>—1

2.5.2 Classical orthogonal polynomials of a discrete variable on a linear
lattice

In this subsection, we define classical orthogonal polynomials of a discrete variable on linear
lattice and state the results and properties similar to those given for the classical orthogonal
polynomials of a continuous variable. The proofs are similar to those given in the previous
subsection. For more details, the reader is refereed to the next section and also to [51].

Definition 2.3 A polynomial sequence (P,) is said to be a classical orthogonal polynomials
of a discrete variable on a linear lattice if there exists a weight function w(x) defined on the
interval |a, b| (with w(x) > 0) such that:

1. (P,) is orthogonal with respect to w(x), i.e.,

degree(P,) =mn, n > 0;

b
> Po(x) P(z) w(x) = hy 0pm, n, m >0, h, #0,n>0;

2. The weight function w(x) satisfies a first-order difference equation (called discrete Pear-

son equation) of the form
(2.53)

with the border conditions

lim 2" o(z) w(z) = limz" o(z) w(z) =0, Vn € Ny, (2.54)

T—a r—b

where o is a polynomial of degree at most two and T is a first degree polynomial. The
forward operator A as well as the backward operator NV are defined by

Af(z) = fle+1) = f(z), Vf(x) = flz) = flz-1). (2.55)



2.5. Classical orthogonal polynomials 29

Solving the discrete Pearson equation and taking into account the border conditions, one
gets depending on the degree of ¢ and after a linear change of variables four main classes of
classical orthogonal polynomials of a discrete variable on a linear lattice [39]:

1. The Hahn polynomials ( (oB )) for whicha =0, b= N € Nand

oz) = z(N+a—x), 7(x)=—(F+a+2)z+(+1) (N —1),
w(z) = (O‘;“T> (ﬁ;]i;x)x:O,l,...,N;

with the conditions

a>—1,>—-lora< —N, < —N;

2. the Meixner polynomials (M, (x; 3, ¢)) for which a = 0, b = oo and
®). ,

o ,x=0,1,..., o0;

o(x) ==z, 7(z) = (c—=1)z+PBc, 0<c <1, >0, w(z)=

3. the Krawtchouk polynomials (K, (z;p, N)) for whicha =0, b = N € N and

_NP—m

o(z) =z, 7() -

N
, 0<p<l, w(:r;):( )p‘”(l—p)N”, x=0,1,..., N;

T

4. the Charlier polynomials (C),(x; a)) for which a = 0, b = oo and

o)==z, 7(z) =a—=z, a>0, w(x):a— xr=0,1,..., 0c0.
Xz

Classical orthogonal polynomials of a discrete variable on a linear lattice satisfy a second-order
difference equation:

Theorem 2.8 If (P,) is a classical orthogonal polynomials of a discrete variable on a linear
lattice, orthogonal with respect to the weight function w(x) satisfying (2.53) and (2.54), then
each P, satisfies

o(x) AVP,(z) + 7(x) AP,(x) + A\, P,(z) = 0, (2.56)
with n
Ap = _5( (n—1)0" +27),

and the operators A and V defined by (2.55).
The converse of the previous theorem is also true in the following sense:

Theorem 2.9 If (P,) is a polynomial system such that

degree(P,) =n, n >0,
o(x) AVP,(z) + 7(x) AP, (x) + A\, P(xz) =0, n > 0, (2.57)
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where o is a polynomial of degree at most two and T is a first degree polynomial with

A, = _g (n—1)0" +27),
then the family (P,) is a classical orthogonal polynomial of a discrete variable on a linear
lattice.

We will again use the second-order difference equation for classical orthogonal polynomials
of a discrete variable on a linear lattice established above to compute the coefficients (3, and v,
of the three-terms recurrence relation, this following works by Lesky [41] (see also [40]).

Proposition 2.2 Let (P,) be a system of monic classical orthogonal polynomials of a discrete
variable on a linear lattice satisfying the second-order difference equation (2.56). Then the
recurrence coefficients [3,, and vy, of the three-terms recurrence relation (2.10) satisfied by (F,,)
are given by

5 (=279 —in — 201n + 201n* + 1n?) oo + 71 (Tin + 170 + 2011 (2.58)
" (20on+71) ((=2+2n) 02 + 71) | |

n(02n+T1—202)0'0
= - 2.59
" (7'1 —02+202n) (Tl —302+202n) ( )

~1
- [Qon+m — 205)° (11 — 309 + 209n) (1 — 09 + 209n)]
X n(oogn+1 —203) (7‘0 +omn—o1+7mn—T1 + 09+ 09n? — 20271)

2 2 2 2
X (—2 09°N + 03N + 03° 4+ 09N — o1NCoy — 09Ty + ToO9 + 0109 — 017'1) ,
h _ 2 _
where o(x) = o9 x° + 01 x + 09, T(T) = Ty T + To.

The following table contains data for the classical orthogonal polynomials of a discrete variable
on a linear lattice.

Table 2.3
Family Krawtchouk Charlier Meixner Hahn
[a, ] {0, 1, ..., N} {0,1,...,00} | {0, 1, ..., 00} {0,1,..., N}
w) [ (G)ra-—p T - () C35)
o(x) x x x z(N+a—x)
Np—zx B _1 —(a+ﬂ+2)x
7(z) T a-x chtle—1z +(B+1)(N—1)
An g n (1-¢c)n nn+a+pF+1)
By p(N —n)+n(1-p) n+a %ﬁﬁ)c A, +C,
Yn np(l—p)(N+1—n) na % An_1Cyp,
with
(N—-n)(n+a+p+1)(n+a+1) nn+a+ B+ N+1)(n+p5)

" 2nta+tB+l)(2nta+tpf+2) " @Cnta+pB)rntatft+l)
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Here (Z) refers to the binomial symbol defined by

a\ ['(a+1)
(b) S TO+1D)T(a—b+1)

To conclude this subsection, we mention in the following table the hypergeometric representa-
tion of the classical orthogonal polynomials of a discrete variable on a linear lattice in the monic
case. The notations we use differ slightly (by the tilde) from those of [39] because here we deal
with monic orthogonal polynomials.

Table 2.4
Family Hypergeometric representation Conditions
Krawtchouk Kp(z) = (=N), p" 2F1< _gjj\_[n ;) i :00’<11,? <17 N
Charlier Cr(z,a) = (—a)™ 2F0< —x,_—n —i) a>0,
Meixner Mn(x,ﬁ,c) = (B)n (Z5)" 2F1< —:U,B—n 1— i) 6>0,0<ec<1,
i | @m0 = eon O | 2R

2.5.3 ¢-Classical orthogonal polynomials

In this subsection, we define the notion of g-classical orthogonal polynomials and state the
results and properties similar to those given for the classical orthogonal polynomials of a con-
tinuous variable. For the proofs of these results and properties, the reader is referred to the
reference [49] and also to the references therein.

Let P be the linear space of polynomial functions in C with complex coefficients and P*
its algebraic dual space, i.e., P* is the linear space of all linear applications £L : P — C.
We call the elements of P* as functionals and we denote the action of the functional £ on the
polynomial p by (L, p).

Definition 2.4 A polynomial sequence (P,) is said to be a monic orthogonal polynomial se-
quence with respect to a functional L if

P,(z) = 2" 4 lower terms and (L, P, Py,) = ky, 0pm, kn # 0, n > 0. (2.60)

Notice that to a given functional £, there corresponds at most one family of monic orthogonal
polynomials (i.e. orthogonal with respect to L).
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Definition 2.5 Ler L be a functional and (P,)) a monic orthogonal polynomial sequence with
respect to L. The functional L is said to be a q-classical functional and (P,) a q-classical monic
orthogonal polynomial sequence if and only if there exists a pair of polynomials ¢ and 1) with
degree ¢ < 2 and degree ) = 1 such that

Dy(¢ L) = L. (2.61)

Here, the product f L of the functional L by the polynomial f and the g-derivative D L of the
functional L are functionals defined by

(fL,p)=(L,[p), (DeL,p)=<(L,Dyp), Vp€P,
where the operator D, is the Hahn operator [35]

flgs) = f(s) :

T S # 0 Duf(0)= J0)
Using the previous definition, Medem, Alvarez-Nodarse and Marcellan [49] had identify sev-
enteen g-classical orthogonal polynomial sequences among all the families in the so-called
q-Askey scheme [39]. They are: The Big g-Jacobi, Big ¢-Laguerre, Little ¢g-Jacobi, Little ¢-
Laguerre (Wall), g-Laguerre, Alternative ¢-Charlier, Al-Salam-Carlitz I, Al-Salam-Carlitz II,
Stieltjes-Wigert, Discrete g-Hermite, Discrete g~ '-Hermite II, g-Hahn, ¢g-Meixner, Quantum
g-Krawtchouk, ¢-Krawtchouk, Affine g-Krawtchouk, and g-Charlier polynomials.

It should be mentioned that the complete characterization of classical orthogonal polynomi-

als has been given by Lesky in a recent book [41]. In fact, looking for all orthogonal polynomial
sequence satisfying a g-difference equation of the form

o(x) Dg P,(z)+7(x) D, P,(z) — X\, Py(qz) =0,

where ¢ and ¢ are polynomials with degree ¢ < 2 and degreev = 1, Lesky has found eigh-
teen orthogonal polynomial sequences: The seventeen families mentioned above plus the new
one which he has called g-Charlier II. Of course all the eighteen families are not completely
independent since some of them are special cases of others. For seek of completeness, we have
included at the end of this section data relative to these eighteen families.

qu(s) =

Remark 2.6 For all q-classical orthogonal polynomials, the corresponding q-classical func-
tionals (therefore the orthogonality relation (2.60)) are defined via the weight function w(x) in
one of the following ways:

(L,p) = iw(k)p(qk)qk; (2.62)
(L,p) = iw(k)p(qk)qk; (2.63)
(L.p) = k_i w(k) p(cq”) ¢"; (2.64)
e = [ e da 2.65)

(L,p)y = /OOO w(z) p(x) dz, (2.66)
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where ¢, «, 3 are constants and the integral in (2.65) refers to the q-integration defined by (see
the book by Gasper and Rahman [32] for more details)

| rwar=0-0 30

The following theorem and proposition give the equivalences between the functional equa-
tion (2.61), the g-Pearson equation for the weight and the second-order ¢-difference equation
satisfied by the ¢-classical families [49, 35] (see also [6]).

Theorem 2.10 Let L be a functional and (P,) a monic orthogonal polynomial sequence with
respect to L. The following statements are equivalent:

1. The functional L is q-classical and verifies the functional equation (2.61), where ¢ and 1)
are polynomials with degree ¢ < 2 and degreey = 1.

2. The weight function w(x), defined on the interval (a,b), associated to the q-classical
functional L (as stated in the Remark 2.6) satisfies the q-Pearson equation

Dy(o(z) w(z)) = 7(z) w(z), (2.67)
with the conditions

w(z;) >0, a<z; <b—1, (31 = qm;),
o(z) w(w) 2¥|eup = 0, k > 0.

The polynomials o and T are related to ¢ and 1) in the following way
o(xz) =¢(x)+ (g —1)xp(z), 7(x) = —(x). (2.68)

3. Each P, satisfies the second-order q-difference equation

o(z) Dy D1 Py(x) + 7(x) Dy Py(z) + Ay, Po(x) = 0, (2.69)
where
, O_//
o= [l 5"+ ln = 1)) ),
with
ak -1 r_ d’/‘(x) " _ d20—(x)
[kz]a—a_l,T:T(a:)— dx,a(x):a—w.

We will now use the second-order g-difference equation for the g-classical orthogonal poly-
nomials established above to compute the coefficients (3, and ~,, of the three-terms recurrence
relations, this following works by Lesky [41] (see also [40]).
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Proposition 2.3 Let (P,) be a system of monic q-classical orthogonal polynomials satisfying
the second-order q-difference equation (2.69). Then the recurrence coefficients (3, and ~y,, of the
three-term recurrence relation (2.10) satisfied by (P,) are given by

Bn = [(=1+p)(1+q)(gm1p—qo2 — T1p + 02p) pO1
— 10 (=14 q) (poaq® — qm1p® — qo2 + pqos + 119> — 02p%) p /
((1202 —qnip’ +11p” - 02/)2) (o2 + qrip® — T1p* + 0202) ;

2
Vo = [ —1+4p) (—qmip — o2p + T1p + ¢*02) ap (q°02 — qr1p*> + 119> — 02p°) " 00
— (=1+p) (—gqrip—o2p+ T1p + ¢*02¢°p* (—p o1 + pT0 — qpTO0 + q071))
X (Toq oy — qO1TIp + 01402 — Toqo2 + po1TL — po1oz)] /

(o2 — qrip® + 11p® — 02p)” (P2 — arip? — 02p? + 119%) (902 — qmip® — o9p” + 1107 |

where o(x) = o9 2%01 2 + 09, T(x) =TT + To and p = q"

To conclude this subsection, we give data relative to the weight function w(x), the poly-
nomials o and 7 of the g-Pearson equation (2.67) satisfied by the weight function, as well as
the recurrence coefficients 3, and ~, and the g-hypergeometric representation (in the monic
case) for each of the eighteen ¢-classical families. The orthogonality relations (also included)
as well as the g-hypergeometric representation are taken from [39]; therefore, the assumption:
0 < g < 1. Itis worth pointing out that in the following data:

The polynomials ¢ and 7 and the constant ), are the coefficients of the second-order
g-difference equation satisfied by each of the eighteen ¢-classical families

o(z) D, D% P.(z) + 7(x) Dy P,(x) + A\ Po(z) = 0;

- The coefficients (3, and ~, are those of the recurrence relation of the monic form of the
g-classical orthogonal polynomials

Poii(z) = (x = By) Pu(z) — Yn Poa(x), n > 1, Py =0, Py(x) =1.

They are computed for each case via the proposition 2.3 using the coefficients of the
polynomials o and 7 (of course they coincide with those given in [39]).

- The polynomials o and 7 are obtained by solving the g-Pearson equation
Dy(o(z)w(x)) = 7(2) w(z),
for each of the eighteen weights (supposed known) with o and 7 as unknowns;

- The notations we use for the hypergeometric representation of g-classical families differ
slightly (by the tilde) from those of [39] because here we deal with monic orthogonal
polynomials.
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1. Big-g-Jacobi polynomials

~ . -n ab n+1 T
Pn($;a,b, C; q) _ (G’Q7CQ’ Q)n 3¢2 q Y q 9
(abg™* 1 q)n aq, cq

q;q>, w(r) = ((‘”b%_q)oo :

rabq® — x + qc — abg® + aq — acq?
o(r) = (v —cq) (z —aq) ,7(z) = ;

qg—1
\ — _(d"abg—1)q(¢" —1)
n — 2 )
¢ (¢—1)
5 — (ab(a+c+ac+ab) ¢ —a(b+ab+cb+c)(qg+1)¢" +a+c+ac+ ab) ¢"!
"= (@b 1) (abg?™ — 1) ’
L = @ =D (g"ab—1)(g"b — 1) (¢"c 1) (¢"a — 1) (g"ab — ) ¢

(abg2*! — 1) (g — abg®") (abg®™ — 1)?

The orthogonality relation is :

aq ~ ~
/ ’UJ(LU) Pn(x;a, b7 & q)Pm(ZE,CL, bu & Q) dqx:
cq

_ _ 2
q,abg*, a te;ac g q agq,cq; q

(aq,bq, cq,abc™1q;q) oo | (abg™ 1 q)y
(1 —abq) (q,bq,abc™'q;q)y
(1 —abg®*1)  (aq,abq,cq; q)n

(_ach)n q(g) 5n,m7

under the conditions 0 < a < ¢!, 0 <b< g 'andc < 0.

2. g-Hahn polynomials

—N —n n+l ,—k
~ _ aq, 5 q aaﬂq »q
Oula™*;0,8, Nlg) = (20030 (

Q§Q)7

ox)=(x—aq)(x—q¢ M), 7(z) = x(a/@QQ—1)—aﬁq2+aq_aq(]—N+q—N’

(aB¢™ 5 q)n aqqg N
_ (g, Viq _
wia™) = (q,q‘Nﬁ‘l;;];k(aﬁ) "

g—1
\ - _@aBa—1aq(¢" —1)
n= . :
q"(qg—1)

aB@P T ((B+1Dad" T +a+1)
on = (aBg*t2 —1) (=1 + ¢*aB) ¢V

L7 (—a(g+1) ((a+1)B"* 1 +1+8)¢" + (B+Dag" ™ +a+1)

(aBg* 2 —1) (=1 + ¢*"aB) ¢V ’

b ag" (" —1)(¢"aB—1) (=1 +¢") (@"B—1) (=¢" +¢""") (¢"TaBe¥ 1)

(¢?rafBq—1)(—q+ ¢aB) (1 + ¢2a B)’
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The orthogonality relation is :
N

w(g ™) Qnlg e, B,N|q) Qm(q ¥ 0,8, Nlq) g" =
k=

0
(@B a9y (¢,0B8¢V Y Bg;q)n (1—afq) (—ag)” [(a a9 "; Q)n:| ?
Baan (@ (ag,afq,q Ny (1 —aBg® ) [ (aBq™ L q)n
under the conditions 0 < o < ¢ 'and0 < S < g lora>q¢gVNand B > ¢ V.

3. Big ¢-Laguerre polynomials

D q_n7 O,I'
Py (x5 a,b;q) = (aq, by; Q)n3¢2<

q;q>a w(z) = W’O

aq’bq -%';q)oo
z + abg® — gb — agq q(g"—1
o(x) = (z —aq)(x—bq),7(x) = — — ’)\n:%’
q q"(qg—1)

B = —ab(q +1)¢*" ' + (ab+ b+ a)g" ",
W =bag" (¢"b — 1)(¢"a — 1)(¢" — 1).
The orthogonality relation is

aq ~ _
/ w(z) Pp(x;a,b;q) P (25 a,b; ) dgz =
bq

(q,a71b,ab™1q; q) o
(aq,bq; ¢)so

aq(1 = q) (—abg®)" (agq,bq; @)n (@ D a2 S,

under the conditions 0 < a < ¢ ' and b < 0.

4. Little g-Jacobi polynomials

7 (1" %) (ag,q)n (a7 ~abg"*! o bk g
Pnl®; @, 19) = ¢ ¢ qz |, w(gh) = a®,
( ‘ ) (abq”“;q)n 201 aq ( ) (q; q)k
b 2 1 1— b n+1l _ 1 n_1q
(7(.%):,7;2_1'7 7‘(3;‘):<aq )1'_1_ qa A\ :_(aq )Q(;] )’

qg—1 g—1""" ¢ (qg—1)
g - (abg> ' (1+a) —a(l+b)(¢+1)¢" +1+a)
" (abg®"+2 — 1) (abg®" — 1) ’
ag®® (¢" — 1) (abg™ — 1) (bg" — 1) (ag" — 1)
(abg?+1 — 1) (abg®® — q) (abg®" —1)°

The orthogonality relation is

Tn =

> w(d®) pu(; 0, alq) pm(x; a, alg) ¢F =
k=0
n 2
abg%; q)ee (1— abg) (aq)" (0,bg;0)n | (ag; @) g®)
(aq; @)oo (1 —abg? 1) (ag,abg; q)n | (abg"tliq), | ™"

under the conditions 0 < a < ¢ tand b < ¢~ L.
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5. g-Meixner polynomials

Y — n n _—n q—n7q—k qn+1
My(q7%:b,¢:9) = (=1)" (bg; @)n ™ q 22¢>1< ) ;- ,
q C
“k b @k g (k41
w(qg™") = —————c"q¢\ 2/,
@ (g, —beq; @)
qr —c+beqg —q q(¢"—1)
o(x) =c(x — gb), 7(x) = s A = ————7,
(7) = ¢ ), T() p— (1)

37

Bo=00—-c=be)g " +clg+ 1) g, ya=c(@b—1)(¢"+c)(¢"— 1) ¢

The orthogonality relation is

> wlqg™*) M(q7%;b,¢:9) Mg %30, ¢59) 7% =
k=0
(_C; q)oo

—n—2n2 2n
—_— "
(=beg; @)oo

T,

(¢ —c 1 40)n (bg; @) g

under the conditions 0 < b < ¢! and ¢ > 0.

6. Quantun ¢g-Krawtchouk polynomials

~ 9 qfn qfk
K& p.Niq) = (¢ ;50" ¢ ™ 261 I

& (Pa; Q) N—k Nok (5
U](q ) = -1 q 2/,
(@ k(6 q)N—k
—N n
- - 1 1
@)= —x+q N, r(a) = P —patl o pala 2)’
qg—1 (g—1)
e+ DN+ g1 (gt = 1) (VT —¢") (" - 1)
fn = PN+t Y In = p2 g+ N :

The orthogonality relation is

N

> w(gF) K™ (g% p, Nsq) KE™ (g %ip, Niq) g% =

k=0

(=1)"p™ (¢;9)N—n (¢, PT; Q)n q(Ng'l)_( 'ZH)—&-Nn [(qiN;q) —n an] S,
(¢, ¢9)N :

under the condition p > ¢~ V.

7. g-Krawtchouk polynomials

-N -n .~k n
(ko Nig) = (4 Dn q"q "~y
Ky (q 7P7N,Q)—m3¢ ( N0

)
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(Prar—g-—pe™ | _ a(@"+p)(" 1)

q—1 " (q—1)°
5, — N ((—p+dV) @ +p(g+1) (N +1) " —pa (—p+ V)
(¢>" 1 +p) (pg + ¢*") ’
~p? (@ = 1) (pg+ ") (—¢" + V) ("N +p)

TYn = :
(p + ¢®) (pg® + ¢*) (pg + ¢>")* 2N

o(x) =pr(~x+q "), 7(2) =

)

The orthogonality relation is

N
> w(qg™®) Kn(a™%p, Niq) Kin(q %50, Niq) % =

k=0
2
(¢, =" e (A+p) [ (@ N9 N (N4 _Nyn 2
o Via)n (Ut p®) [(paig)] TPEOND O o b
under the condition p > 0.
8. Affine ¢-Krawtchouk polynomials
: 0, —¢" (pg; @)k
KM (g% p, Niq) = (pag Vi qhnsda T 7 Gaq ), wig ") = : p
( )= n 362 pg, gV (@) (4 Ok (¢ 9)N—k
_ —N o 1-N n_1
o(@)=(x—pg) (x—q V), 7(z) = il B et ,)\nzuql—nj
q—1 (¢—1)

Bn=-p(a+ D) + (peg” +1+p) ", = (pd" = 1) (¢" —a0”) (¢" = Dpg" "1
The orthogonality relation is

N
w(g™™) KM (g% p, Niq) KA (g% p, Ny q) 78 =

neN (G On (GO N-n
(rg; O)n (¢:9)N

_ 2 _
(g, 4 V;0)n)” Gpms O<p<q

9. Little g-Laguerre/ Wall polynomials

q "0

ﬁn(w;afJ)=(—1)"q(g)(aq;q)n2¢>1< q;qm>,w(qk)= —,

o(x)=z(x— 7$:m :M
(z) =2 (x—1),7(2) , An Yyl

q—1
Bn=—a(g+1) ¢ + (1 +a)q", yn=a¢™ " (¢"a—1)(¢" —1).
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The orthogonality relation is

o0
> w(d®) pnld"; alg) Pm(d"; alg) ¢
k=0

(9
(ag; @)oo

10. g-Laguerre polynomials

(ag; Q)n (aq)" "V 6,y 0<a<q

-1

T —-n n a 7n’ - n+ao x
L (a5q) = (1) g *F <Z>1< o |5a + “>, w(z) = Cag)
+1 a+1 « n __
o(z) =z, 7(z) = rtq 1,,\,1:_%21)
q—1 (¢—1)

Bn=—("+1)g " *+(¢+1)q

The orthogonality relations are
| @) K@) L) s0)
0

(q<q,a;)qo):°(qo‘+1 On (G0 q

under the conditions o > —1, or

[e.9]

_2n—oz—1’ Yo = (qn—i-a _ 1) (qn _ 1) q1—4n—2a.

dr =

—n=20(nte) P(—a) (a4 1) 6pm,

> w(eq®) L (cq™; q) L (cd™: q) ¢

k=—o00
(¢, —cq* ™, =1 g7 @)oo

(qa+17 —C, _c_lq; Q)oo (q

under the conditions @ > —1 and ¢ > 0.

11. Alternative g-Charlier polynomials

K . e —

; <—1>”q<2>2¢1<q-“,—aq”

) ()

—(ga+ 1z +1 ) _ (ag"+1)(¢" —1)

—n—2n(n+a) e Snms

q’qx>’ wle) = (¢ 0)k’

)

ox)=z(x—-1), 7(x) = 1

q" (ag® ™ —a(g+1)¢" — q)

G 7 T S Y P

) n
1 (g —1)°
ag® 1 (1 — ¢") (ag" + q)

) Yo = :
" (L4 ag®) (g + ¢?) (ag? + q)°
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The orthogonality relation is

o0
> w(d") Kn(d¥; a;q) Kin(d¥; a59) ¢F =

k=0
n n 2
a q( ;1) q(2) 5
1+ag®™) | (—ag®;q)n| "

n

(¢ @)n (—aq"; @)oo (

with a > 0.

12. g-Charlier polynomials

~ -n gk n+1 k ( ’ )
Ch *k;a; =a"(=1)" —n? qa .9 ;_q w Ry _ akq
(¢ q) (-1)"q 2¢1< . - (¢ L
o(r)=az, 7'(95):w7)\nzw7
¢-1 (¢—1)

Bn=1—a)q " +alg+1)g 72, v, = ala+¢")(1 - ¢")g" ",

The orthogonality relation is

o0

> wlg ™) Culg ™% a;0) Cnlg M5 a59) 7 =

k=0

i —9m2 _

g " A (—a;Q)o0 (—a' 4, @3 Q)0 Gy @ > 0.

13. Al-Salam-Carlitz I polynomials

n 1
Un'(z;q) = (—a)" q(2) 2¢1<q 0, g (f>a w(x) = (Q%%;qkoa
o) = (r= 1) —a), i) = “ELEL
Ap = M7 Bn = (1 +a) qn’ Tn = aqn_l (qn B 1)

The orthogonality relation is

1
/ w(z) Un@ (z;q) Um(®) (x;q)dgx =

(=a)" (1= ¢) (¢ D)n (00,96 @)oo ) S, a < 0.
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14. Al-Salam-Carlitz II polynomials

- (o) . _(g) qfn“r ﬂ K _ ak qk;Q-i-k
Vin (33‘ q) ( CL) q 2¢0< . q; a )7 U)(q ) (q’ q) (CL(], q)k)
r—1—a
o(z)=a,7(x) = Ty—1
_ 1—q" —n _ _ny ,1-2n
)\n (q_l)zvﬁn_( )q I n_a(l q)q .

The orthogonality relation is

> w(gF) Ve (g ) Vm (g q) ¢ F =
k=0

UL S

(aq; @)oo 4"

15. Stieltjes - wigert polynomials

& n _—n? q—n n 1
Sn(wiq) = (=1)"q 1¢1< o |61 *136), w(zr) = (Co—Tiq)
7 (@)=, 7(e) = L

q(1-4q") _ —2n-1 _ 1—4n
n= (q_l)g,ﬁn— "+ (g+1)q s = (1—q")g ™.

The orthogonality relation is

/O 0(2) S 0) S 0) d = — 10 G a2 (g3 @)oo (¢ @ S

16. Discrete g-Hermite I polynomials

—n 1
hn(23.q) = U (2 q) = ¢(2) z¢1<q 0’ g —qx), w(z) = (qz, —qz; ), ,
7@ = -1 +1), 7() = —,
( - 1) n— n
A :m, Bo =0, 1 =q""1(1—q").

The orthogonality relation is

/Ooo w(@) (3 9) o (5.9) dgz = (1 = @) (¢ @) (0 =1, =5 @)oo 03) 6m
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17. Discrete g-Hermite II polynomials

iz

~ -n ,—n+l
7 MY — . —n —(" q n n q yd
(s q) = i7" VD (iz; q) = i7" g~ () 2d>o< s ) =z 2¢1< 0 ¢
1
k
WG 59) = 75 oy
(5540 (—*%:¢*) oo
z 1—-q" 1-2
o(z)=171(z) = A= ——5,8.=0, m=(1-¢")g "
(@) = 1re) = = = = (14"
The orthogonality relation is
> [fzn(cq’“; q) hun(cq"; q) + hn(—cq"; @) hm(—cq"; Q)] w(cg®; q) ¢" =
k=—o00

2(q27—02q, —c2¢;¢%) 00 (G On 5 0
2 2.2 2 2 Onm, €>0.
(¢,—c* —c2¢%¢*) ¢

It should be mentioned that the relation l:zn(—x; q) = (=1)" f:Ln(ZL’; q) allows to transform
the previous orthogonality relation into

00 ~

z 2 (¢, —c? ¢ ¢%) o (G )n
> haled®; @) hul(cd; q) wicd; q) ¢* = (6 —F —cI@ ) g° Onm €70
k):—oo ) ) bl o0

18. g-Charlier II polynomials [41]

n+1

~ g (") (g -n ,—k n
Cula™*iusq) = (4 9)n ¢2<q g ug

(g™, ug"; q)n 0,0 (¢ )k
— Dz — ny—1) (1 — "
O'(.T):.I2,T(:L‘): (qu )1: qu7 )\n: (q u )( 2q )
qg—1 ¢ (g—1)
g — wug" Mt ((g+1) " —1—ug®™) W22 (g — g"u) (1 - g")

y Tn = :
(@1 — 1) (¢ — ug?) " (ug? —1) (¢ — ug®) (q — ug®")*

The orthogonality relation is

o0

N A — _ _ (¢, u;q)n,  nGn+n
> w(g ™) Culg™5u59) Crnla "5 ui0) g k=(—1)"u2"7(u.’u e
e ;Ugsq)2on

n,m-

2.5.4 Classical orthogonal polynomials of a discrete variable on a quadratic
and a ¢-quadratic lattice

Introduction

The very classical orthogonal polynomials satisfy a second-order differential, difference or ¢-
difference equation (see equations (1.8)-(1.10)). These equations have a special property: The
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derivative of any solution of the equation (1.8) satisfies an equation of the same type. The
same applies for equations (1.9) and (1.10) with the usual derivative replaced by the difference
or the g-difference derivative. Second-order differential, difference or ¢-difference equations
with such properties are said to be of hypergeometric type. This property is crucial for the
derivation of some specific properties of the very classical orthogonal polynomials such as the
orthogonality of the derivatives and the Rodrigues formula.

Some families of orthogonal polynomials such as those of g-Racah [8] and Askey-Wilson
[9] defined respectively by

¢ ", abg" g7 et

R, (u(s);a,b,c,N;q) = 4¢3< 4 q) u(s) =q* + et N, (2.70)

aq,beq, g

—i6

pn(z;0,b, ¢, d|q) q ", abedq" 1, ae'?, ae '

(ab,ac,ad; q),a=™ 4¢3< ab, ac, ad ¢ q> , @ = cosb, @.71)
do not fulfil any of the three equations satisfied by the very classical orthogonal polynomials
(see equations (1.8)-(1.10)). However, Askey and Wilson [9] obtained a difference equation
as well as a Rodrigues-type formula for the Askey-Wilson polynomials (of course different
from those of the very classical orthogonal polynomials) this using special properties of the 4¢3
polynomials in (2.71).

Andrews and Askey [3] (see also [10]) observed that all classical orthogonal polynomi-
als with absolutely continuous measures can be obtained as special or limiting cases of the
Askey-Wilson polynomials, and all the classical orthogonal polynomials with discrete positive
measures that include Hahn, dual Hahn, Krawtchouk, Meixner, Charlier polynomials and their
various g-analogues can be obtained as special or limiting cases of the ¢g-Racah polynomials.
From this remark, they suggested the following definition of the classical orthogonal polynomi-
als:

Definition 2.6 An orthogonal polynomial sequence is classical if it is a special or limiting
cases of the 4¢3 polynomials given by the q-Racah polynomials in (2.70) or the Askey-Wilson
polynomials in (2.71).

This definition was reformulated in [10] like those of the very classical orthogonal polynomials,
in terms of second-order difference equations. The aim of this subsection is mainly to review
the characterization theorem of classical orthogonal polynomials, and use it later to improve the
definition of classical orthogonal polynomials stated in [10].

Characterization theorem

Since the g-Racah as well as the Askey-Wilson polynomials are both special cases of the hy-
pergeometric or the basic hypergeometric functions, it is natural to look for an equation which
extends the differential, the difference or the g-difference equations (1.8)-(1.10), and whose
solutions have the hypergeometric property and contain the g-Racah and the Askey-Wilson
polynomials as special cases.

For this extension, Nikiforov, Uvarov and Suslov in their various works (see [10, 51] and
references therein) have replaced the differential equation (1.8) by the difference equation of
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44 Chapter 2. Basic theory

the form

where z(s) which is a continuously differentiable function of s on some domain of the complex

plane, defines a lattice with variable mesh-size Az = x(s+ h) — z(s). a(x(s)) and 7(z(s)) are
polynomials in x(s) of degree at most 2 and 1 respectively. It can be shown that for small h, the
previous equation approximates (1.8) to second-order in i. The latter equation, by rescaling the
variable s, is equivalent to

A Vyls) 7)) {Ay(S) Vy(s)

Aa(s — 1) Va(s) 2 t ] +Ay(s) =0 (2.73)

&(x(s)) Ax(s)  Va(s)

where the operators A and V are defined in (1.13).
Use of the notations

Avg_1(s
x#('x) = ‘T(S + §>7 IS C? UO(S) = y(5)7 Uk(‘s) = #_11((8))’ k= 17 27 R (274)
as well as the relations
1|Ays) | Vys) | _ Ayls) 1 Vy(s)
2 [Aaz(s) + Vx(s)] — Aux(s) 2 A |:Va:(s):|
(2.75)
1Ay | Vy@s) | _ Vyls) | 1 Vy(s)
2 |:A.Z’(S) + Vz(s)] T Vax(s) + 2 A [Vx(s)}
transform equation (2.73) in a more suggestive equivalent form:
o(s) gziiz; +7(s)vi(s) + Awe(s) =0, (2.76)
where .
7(s) = 1(x(s)) = 7(x(s)), o(s) =a(x(s)) — 5 T(x(s)) V1(s). 2.77)
If we apply the difference-derivative operator ﬁ(s) on (2.76) and use the relation
Aff(s)g(s)] = f(s +1) Ag(s) + f(s) Ag(s), (2.78)
we obtain V g(s)
vy(s
71(5) Gz T () v2ls) + () =0, (2.79)
where
oi(s) = o(s),
o(s+1)—o(s)+7(s+1)Vai(s+1)
= 2.80
7-1(8) v .7;2(8) ) ( )
pr = A+ T(s)
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Successive applications of the difference operators ﬁ, j=0,1..., kto(2.76) lead to
V p11(8)
= =0 2.81
ok(s) Y e (s) + 7k(8) rr1(8) 4 pe vi(s) = 0, (2.81)
where
ok(s) = ols),
k) — k k
(s) = o(s+k)—o(s)+7(s+k)Va(s+ )7 (2.82)
V zp41(5)
— AT;i(s)

= ) = =\

For equation (2.76) to be called the difference equation of hypergeometric type, it should
have a property, analogous to the one of the differential equation of hypergeometric type, of
retaining its form after differentiation. For this extent, Equations (2.76) and (2.81) should be
of the same type, that is, the coefficient 75 (s) of (2.81) should be polynomial (in the variable
xy(s)) of degree at most 1, and i, a constant. This requirement, which is in fact equivalent to
impose to the lattice z(s) to satisfy two difference equations (see [10], eq. 2.1 and 2.2) is the
key to the following theorem characterizing the classical orthogonal polynomials of a discrete
variable on nonuniform lattices.

Theorem 2.11 Let \ be independent of s. Let o(s) be defined by (2.77) where &(s) and
7(s) = 7(s) are polynomials (in the variable x(s)) of degree at most 2 and 1 respectively.
Then (2.76) has polynomial solutions, and is of hypergeometric type, that is, its successive
difference-derivatives vy (s) satisfy equations of the same kind, namely, (2.81) with constant ji,
if and only if x(s) is a linear, q-linear, quadratic, or q-quadratic lattice of the form

) Cige+Cog® it g# 1,
$<S) N { 03 52 + C48 if q = 1, (283)

where ¢ € C and Cy, Cy, C3, Cy are arbitrary constants such that (C1,Cy) # (0,0) and
(C3,Cy) # (0,0).

The proof of this theorem, which can be found in [10] is based on the following lemma:

Lemma 2.1 Let 5(s) and 7(s) = 7(x(s)) be polynomials (in the variable x(s)) of degree at
most 2 and 1, respectively, such that o(s) and 7(s) defined by (2.77) are not both constants.
Then, 1i(s) in (2.82) is linear in x1(s) if and only if constants « and [3 exist such that the lattice
x(s) satisfies the conditions

=
V)
_l’_
=
|
8
—~
»
~
I

Ve V Zp1(s), (2.84)
= api(s) + G, (2.85)

fork=0,1, ..., with

a():lu o = @, ﬁOI(); 51:6770:07 71:17 (286)
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and the sequences (), (Bk), (k) satisfy the following relations

AOpt+1 — 2 Qo+ a1 = 0,
Bri1 =20k + Be—1 = 28y, (2.87)
Vil — Vo1 = 20,

fork=0,1, ...

The following remark gives the general solutions for the lattices z(s) as well as the expres-
sions of ay, B and 74 in terms of the constants « and (3.

Remark 2.7.

1. If we replace s successively by s — *L and s + k—;l in (2.85) and sum the two equations

2
obtained for k = 1, we get

r(s+1)+2x(s) +x(s—1) :2a(x(s+%)+x(s—%)+4ﬁ.

Use of (2.85) for k = 1 and s replaced by s — % together with the previous relation, yields
the second-order difference equation for the lattice x(s)

r(s+1)—22a* =1 z(s)+2(s —1) =48 (a+ 1),

whose general solution is given by

s s B
x<s)_{05q +Ceq’ + 77 if a#1, (2.88)

46824‘0784—08 if ()[:1,

where o, 3 and q are related through (2.85)-(2.86), and Cs, Cg, C7, Cys are arbitrary
constants. The constants % and Cg play no essential role in the solution of x(s), there-

fore they can be omitted without loss of generality.

2. If we assume that q # 0 and q # 1, the coefficients oy, By and . that satisfy the second-
order difference equations (2.87) with constant coefficients can be expressed as

] Cls k
—_ —_— 2 —_—
Lty (o (dh) et

q q<—q

INES
e
[SES
(e

NI
=
[
|

with the first line of the array valid for o = 1 and the second one valid for

1,1 _
Oé=§(q2+q )-

=

After having stated and proved the characterization theorem, Atakishiyev, Rahman and
Suslov [10] proposed the following definition:

Definition 2.7 An orthogonal polynomial sequence (P,(z(s)) on the interval (x(a),z(b)) is
classical if and only if :
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1. P,(x(s)) satisfies a difference equation of the form (2.73) with x(s) given by (2.83);
2. A positive weight function p(s) satisfying the Pearson-type difference equation

Vio(s+1)p(s+1))
V x1(s)

= (s) pls); 2:89)

exists.

3. The boundary conditions
o(s) p(s) z"(s — =) =0 (2.90)

hold for k =0, 1, 2, ... (in the discrete case).

This definition covers the g-Racah polynomials as well as the Askey-Wilson polynomials and
their limiting and special cases. In short, it covers the classical orthogonal polynomials which
consist mainly of 44 families of orthogonal polynomials among which are covered the 26 fam-
ilies of very classical orthogonal polynomials already treated in this chapter. For more details,
the reader is referred to the next chapter.

On top of the definition of the classical orthogonal polynomials, we define the classical
orthogonal polynomials on quadratic lattices as the families of classical orthogonal polynomials
for which the lattice is quadratic (i.e. excluding the very classical orthogonal polynomials).

In connection with the classical orthogonal polynomials (P, ) defined above, there is an im-
portant function called function of second kind denoted (),, and connected to P, in the following
way [59]

b—1

Qn(z(2)) a+1,....,b—1. (2.91)

1
e

sS=a

Also, the first associated PT(LI) of P,, defined by the recurrence relation (2.11) for r = 1 is related
to P, by

b—1

PO (x(2)) = Z [Pry1(z(s)) —sz;i(z((z)))] p(s) Vay(s)

, 2F#a,a+1, ..., b—1,

S=a

for the discrete orthogonality.
The following properties [59] will be used in the next chapter.

Theorem 2.12 The function @), obeys:
1. ¥Yn € Ny, P, and Q),, are two linearly independent solutions of (2.73).
2. P, and Q),, are the two linearly independent solutions of the recurrence relation

Xpi1(2(5)) = (@(5) = Ba) Xul(5)) = Yo Xnoa((s)), n > L.
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3. P, and Q),, and the first associated Rgl) are related by

On(2(5)) = Pa(2(s)) Qo(z(s)) + % PW (@(s), n>1, s#£a,a+1,...,b—1. (2.92)

4. Q,, fulfils the following asymptotic property

ﬁ Vi
- =0 b x(s) — oo
Qele) =~y [1+0 (53] =00 .
with
N
Yo = Zp(s) Vzi(s) or 79 = / p(s) Vzi(s)ds,
s=0 c

for the discrete and the continuous orthogonality respectively (see definition 3.1).



Chapter 3

Fourth-order difference equations

In this chapter, we simplify the definition of the classical orthogonal polynomials given in the
previous chapter and provide data for classical orthogonal polynomials on quadratic and g-
quadratic lattices [39], excluding the case with complex derivative. More precisely, we identify
the lattice and compute the polynomials ¢ and 7 and \,, of (2.73). Also, we compute the re-
currence coefficients [, and ~, in terms of &, 7, a;, § and 9; state and prove some intermediate
results which will be used later to establish the fourth-order difference equations for modifica-
tions of the classical orthogonal polynomials.

3.1 Intermediate results

Let z(s) be a lattice satisfying equations

z(s+k)—x(s) = W Vapuls), (3.1)
z(s+ k) + x(s
( 2> (s) = api(s) + G, (3.2)
fork=0, 1, ..., with
040:17 alz@aﬁ(]:o;Bl:ﬁ?fYOZ(Lfyl:17 (33)

and the sequences (ax), (Bx), (k) satisfy the following relations

Q1 — 2 aop + a1 = 0,
Brt1 =20k + Ber = 2[ o, (3.4)
Vet1 — V-1 = 2,
for £ =0, 1, .... Such a lattice has the property
z(s+ 1)+ 2(s5)* = 2 Ay(21(s)) = az x1(s)* + a1 x1(s) + ao, (3.5)

where the a; are constants (to be found later in (3.17)), with ay # 0.
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50 Chapter 3. Fourth-order difference equations

3.1.1 The operators D, and S,
We define the operators D, and S, by

D, f(a(9) = S 8. flatey = TEEEDEIEE

and outline some of their properties.

Proposition 3.1 If P, (z(s)) is a polynomial of degree n > 1 in x(s), then

D.(Po((5))) = qn-1(21(5)), Sa(Pu(2(s))) = ra(21(s)), 3.7

where q,,_1 and r,, are polynomials of degree n — 1 and n respectively.
More generally, we have

Dy, (Pu(7u(5)) = @u-1(2u41(5)), Sz, (Pu(2u(8))) = rn(ps1(8)). (3.8)
Proof: First, for fixed n > 1, we write the relation

f(s+ 1§+f(8>Ag(S> N g(s + 1;+g(8)

A(f(s)g(s)) = A f(s),

for f(s) = 2"!(s) and g(s) = z(s) and obtain using relations (3.2) for k = 1
D, 2"(s) = (az1(s) + B) Dy 2" 1 (s) + S, 2" (s).

In the same way using in addition (3.5), we obtain by taking f(s) = 2" !(s)e'™* and

9(s) = x(s)
Sz 2™ (s) = (az1(s) + 8) Sp 2™ (s) + [Az(z1(5)) — (z1(s) + 5)?] D, 2"

From the two previous relations, it is easy to show by induction that D, 2" (s) and S, 2" (s) are
polynomials of degree at most n — 1 and n respectively in the variable x;(s). Next, we write

n—1 n
= Z D, 2¥(s), Spa"(s) = Z Sk ¥ (s), (3.9
k=0 k=0

and get from the previous equation a system of two recurrence relations in D,, ,_; and S, .
Solving this system with the initial conditions D1y = 1, Dyy = 2a, Sop =1, S11 = «, one
obtains that

Dyp-1#0, n>1andS,, #0, n>0.

This proves the first assertion of the proposition. Equation (3.8) is obtained by replacing s by
s+ % in (3.7). The coefficients D,, 1 and S, for k = n, n — 1 and n — 2 will be given
explicitly in this section. U

In order to express the polynomial A in (3.5) in terms of «, 5 and ¢ and also to compute the
coefficients D, 1, we state the derivative and the quotient rules for the companion operators
D, and S,.
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Theorem 3.1 The following statements hold.

1. The operators D, and S, obey the following product rules:

Dy (f(x(s))g(x(s))) = Sof(x(s)) Dag(a(s)) + Do f(2(s)) Seg(z(s)), (3.10)
Se (f(2(s))g(x(s))) = Qa(21(s)) Def(x(s)) Dag(x(s)) + Sa f(2(s)) Szg(2(s)), (.11)

where ()5 is a polynomial of degree 2
Qo(71(s)) = (@® = 1) 27(s) + 28 (a + 1) x1(s) + 6, (3.12)
and 0 is a constant depending on «, (3 and the initial values of x(s).

2. They also satisfy the quotient rule

f@(s)\  Suf(@(s) Dyg(a(s)) — Dy f(a(s)) Sag(z(s))

HD((M@Q T Q@1(9) Dag(a ()P~ [Sugla(s)? G-13)
(z(s))  Qa(x1(5)) Dy f(x(5)) Deg(a(s)) — Se f(2(s)) Seg(x(s))

Sy <g(1’(3))> B Q2(x1(s)) [ng(x(s))P _ [Szg(x(s))]z ) (3.14)

provided that g(x(s)) # 0, s € (a,b).

3. More generally, relations (3.10)-(3.14) remain valid if we replace x and 1 by x, and
2,41 respectively, p € C.

Proof:  First, we solve the equations

fx(s +1)) = f(x(s))
z(s+1) —x(s)

,SJ@@»:f@@+12+ﬂﬂﬁy

D, f(x(s)) =

in terms of f(z(s+ 1)) and f(x(s)). Then, we substitute this result for f and g in the equations

D, (F(als)) gla(o)) — L0+ DIale(s + 1) = Fa(s))g ()

o(s 1) — 2(s)
8. (o) (e - L2+ Dl + 1)+ Joeotal)
and obtain respectively (3.10) and
S, (Fa(sg(ao) = LN b 00 D, g(a(s)) + 8. Flals) Sag(alo)).

By taking f(x(s)) = g(x(s)) = x(s) in the previous equation, we get

(s 1) —a(s)? g o

: ) = (S.a(s))"

Qa(s) =

By means of Proposition 3.1, Q2(x(s)) is a polynomial of degree at most 2 in the variable x; ().
Hence,
(z(s +1) — 2(s))* = dp 23(s) + 61 21(5) + do,
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where 0, are constants. Application of the operator ,, on both hand-sides of the previous
equation and use of Equations (3.1) and (3.2) for k£ = 2 produce

(x(s+2)—2x(s+ 1)+ z(s)) (x(s + 2) — x(s))
z1(s+1) — z1(s)
= 2 (02— Da(s+1) + B

Oy (z1(s+ 1) +w1(s)) +01 =

The previous equation gives by means of (3.2) for £ = 1 and s replaced by s + %
200 (ax(s+ 1)+ 0)+ 0 =27 [(ag — 1) z(s + 1) + Fa].

Therefore,

5= 220027 2 ) 5 =88 (at 1)

and ’
(v(s +1) — 2(s))?

Qa(x1(s)) = 1 =(a®=1)zi(s) + 28 (a+1)x(s) + 6. (3.15)

2. To prove the second statement, we take f(z(s)) = m in (3.10) and (3.11) to get

1 1
ga(e) I Py =
1

1
Seg(x(s)) S”g(x—@)) + Qa(21(5)) Dyg(2(s)) Dxm —1.

The determinant of the previous system with respect to the unknowns

1
g(a(s))

D.g(z(s)) S

Ss and D,

1
g(x(s))
Q2(1(s)) [Dog(x(s))]* — [Seg((s))]* = 4 g(x(s)) g(a(s + 1)) # 0. (3.16)

Hence,

“g(a(s)) Qa(x1(s)) Dog(x(s))]* — [Seg((s))*’
oL D.g(x(s))
“g(a(s)) Qa(21(5)) [Dag(z(s))]* — [Sag(x(s))]*
Application of the product rules (3.10)-(3.11) to the product f(z(s)) x g(m—l(s)) produces (3.13)

and (3.14). The third statement of the theorem is proved by replacing s by s+ g in (3.10)-(3.14).
O

Remark 3.1 The parameters o, 3 and § are the ingredients for the classical orthogonal poly-
nomials. As will be shown later, the recurrence coefficients of classical orthogonal polynomials
are expressed explicitly in terms of these three parameters and the coefficients of the polynomi-
als 0 and T involved in the Pearson-type equation satisfied by the orthogonality weight function
(see (2.89)).
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Remark 3.2 The operators D, and S, appeared already in the works of Magnus [44, 45]. In
[44] Magnus gave also the product and quotient rules for a more general divided-difference
operator. Theorem 3.1 is more specific to quadratic lattices and gives in details the coefficients
appearing in the product and quotient rules, in terms of the parameters o, 3 and 6 of the lattice.

Corollary 3.1 As direct consequence of the previous theorem we have:

1. From the quotient rules (3.13) and (3.14), one observes that the operators D, and S,
transform a rational function of the variable x(s) into a rational function of the variable

z1(s).

2. If we square both members of (3.2) for k = 1 and combine with the previous equation,
then we obtain

23 (s + 1) + 2%(s) 220 —1)23(s)+4B8Ra+ 1) zi(s) +2(8%+6), (3.17)
z(s)z(s+1) = x3(s) —28a1(s) + 3> = 4. (3.18)

3. From Equation (3.16), on remarks that if g(x(s)) is a polynomial of degree n in x(s), then
g(x(s)) g(x(s + 1)) is a polynomial of degree 2 n in the variable x1(s).

The product rules for D, and S, provide the recurrence relations for the coefficients D,,
and S, ;.

Proposition 3.2 The coefficients D,, , and S, ;. of the expansions (3.9) satisfy

Spkp = —aDpp1—BDpp+ Dy, 0< k<, (3.19)
Sn+1,k = (042 - 1) Dn,k72 + 2 (Oé + 1) 6 Dn,kfl + 5Dn,k
+aSpp—1+ B85k 0<kE<n+1, (3.20)
with the convention
Dn,n = Dn,n+1 = Sn,nJrl = Dn,fl = Dn,fQ = Sn,fl = 0; n > 0. (321)

Proof:  Equations (3.19) and (3.20) are obtained from the expansion formulaes (3.9) and the
product rules (3.10) and (3.11) for f(z(s)) = 2"(s) and g(z(s)) = z(s). O
Substitution of (3.19) in (3.20) reads

Dyyor —2aDyii -1+ Dpp—o=28Dpi15+ (6 — %) Dy +28 Dy jo1. (3.22)

The previous equation for £ = n + 1 gives a second-order homogenous linear difference equa-
tion with constant coefficients

Dn+2,n+1 - 2aDn+1,n + Dn,n—l = 07

whose solution with the initial conditions Dy = 0, Do = 11is

n if a=1,
Dn,nfl = q%—q_% lf o = q%—‘,—q_% ) (3.23)
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54 Chapter 3. Fourth-order difference equations

Sy 1s therefore deduced using (3.19) for k = n

[N

1 if a=1,
Sun=1 et g (3.24)

The coefficients D,, ,_» and S, ,_1 are deduced by solving (3.22) for £ = n — 1 with the
initial conditions Dy _ = Dy _; = 0 and using (3.23) and (3.24). Using the computer algebra
software Maple 9 [50] we get with p = ¢

sBn(n—1)(2n—1) if a=1,
D2 = 2pBn(p!""+p") _ 202B(@"=pT")  ip o, — g+q"3 (3.25)
(p+1) (p—1)2 (p+1) (p—1)3 2
Bn(2n—-1) if a=1,
Snn-1= { _BN(p;:Z—p") f o= q%gqf%‘ (3.26)

The coefficients D, ,,_3 and S, ,,_o are obtained likewise using Equations (3.19)-(3.26) with the
initial conditions Dy _5 = Dy 1 =0

1
Dy 3= 30" (n—1)(n—2)(4p*n* -8 n+56+33%), fora=1; (3.27)
2—n n n —-n
_ (AP P TP 53
= =L (328
n 2—n 3—n 2—n n+1 n
p"—p o P =TpTM+ TP +p
+ 2pn” + n
Qp—nwp+n P -0ty ”
pt—p" 3\ a2
6 .
PESVITESY p>ﬁ’
1 1
for o = % and
1
Spnz = 6n(n —1)(43*n* -83n+35+33%), fora=1, (3.29)
n 2—n n 2—n n n+1 2—n 3—n
p"—Dp pt+p o D' =3p"T +3pT" —p 2
Sppn_a = ———0 _— , (3.30
" T o) ”*(@—1)2”* 20— 1) ") B30
for o = quq—f. The remaining coefficients D,, ,_ and S, ;, £ = 1...n — 3 can be computed

by following the same procedure.

3.1.2 The operators [, and M,

For the manipulation of the difference equations for orthogonal polynomials, it is sometimes
more convenient to work with the operators [, and M, defined by

___4 Vil L (M) | VL)
T A - D) 73 <Am(s) " w(s))‘ (3-31)

Fa:f(s)

These operators satisfy properties similar to those of D, and S,.



3.1. Intermediate results

Theorem 3.2 The following properties hold:

1. If P,(x(s)) is a polynomial of degree n in the variable x(s), then F,(P,(z(s))) and
ML (P, (z(s))) are polynomials of degree n — 2 and n — 1 respectively in x(s).

2. F, and M, obey the product rules

F.M,f(s) = (20% —1)M,F.f(s) +2aUs(s) FF. f(s); (3.32)
MM, f(s) = aF.f(s)+2aU(s)M,F,f(s)+ (2a® — 1) Uy(s) F,F,f(s), (3.33)

where the expression F M, f(s) refers to F, (M, f(s)) and
Ui(s) = (a+1) [(a—1)2(s)+ 8], Us(s) = (a®*—1)2%(s)+2 B (a+1) 2(s)+6. (3.34)

Proof: From the definition of D, S,, IF, and M, (see (3.6) and (3.31)) we have

A V() _
Az(s— 1) Vaz(s)

2

)
M, (f(x(s) = 5( Af((ju V;(?)):SxIDHﬂx_Q(s)). (3.36)

Let P,(z(s)) be a polynomial of degree n in z(s). From (3.35) and Proposition 3.1, we de-
duce that D,_, transforms P,(z_»(s)) into a polynomial of degree n — 1 in z_1(s) and D, _,
transforms D, , P, (z_»(s)) into a polynomial of degree n — 2 in x¢(s) = z(s). Therefore,
F,P,(x(s)) is a polynomial of degree n — 2 in x(s). Similarly, we deduce that M, P, (z(s)) is a
polynomial of degree n — 1 in z(s). For the proof of the product rules, we proceed as follows:

1. First, we consider Equation (3.1) for k£ = 2 s=s—landk =2, s = s — 2, and
Equation 3.2)fork =1k =1,5s = s — 5 and k = 2, s = s — 1. Then we solve the
system of five linear equations obtained for the unknowns

x_3(8), z_1(8), x_2(8), x1(s), z3(s)

and obtain the expressions

20r_3(s) = —(2a—1)(2a+1)2a(s) + (4 + 20 — 1)(4a? — 2a — 1) z(s)
+26 (2 + 1) (402 + 200 — 1),
2z_1(s) = —x2(8)+ (2a—1)2a+1)x(s) + 28 (2a+ 1), (3.37)
soals) = —aa(s) + (do — 2)a(s) + 48 (0 + 1),
2azi(s) = wa(s) +(s) 26,
2ax3(s) = (2a—1)2a+1)za(s) —z(s) + 28 (2a + 1);

from which we deduce

T4(s) = —(4a® —2)x3(s) + (4a® — 1) (4a® — 3) x(s) + 48(a + 1)(4a* — 1),
14(s) = (40 —2)wy(s) — 2(s) +48(a + 1). (3.38)
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56 Chapter 3. Fourth-order difference equations

2. In the second step, we remark that the right-hand side of the equations

F.f(s) = 2 1 vi(s)

Az(s—3) Va(s)’

s = 3340+ 549)
MESO) = 5 (5 + ) B ) G
FoFof(s) = A:L’(SA— Iy va(s) Ax(SA— Iy gig
are linear combinations of f(s + j), j = —2, —1, 1, 2. Therefore, this system has a
unique solution with respect to the unknowns f(s + j), j = —2, —1, 1, 2 since its deter-

minant is

1
Va_o(s) Va_i(s) [Va(s) Ax(s) Vai(s)]? Az (s) Axa(s)

£ 0.

Computations with Maple 9 [50] produce

Fo=2) = £6)+ (2a(5)01(8) = G-a(s) 2-a(6) = Goa(9)0(s) — a-a(s) ()
b (@) as(e) - sroa(s)aa(s) + §x1<s>x<s>> Faf(s)
— (Vaoa(s) + V() M f(5) — Va_a(s) Var_(s) Vir(s) Moo (5
+ %vm(s) Va_1(s) Va(s) Va1 (s)FaFyu f(5),
Fls=1) = () =~ Va(s)Mef(s) + 3 Vas) Var(s) B f(5),
Fs41) = F(5) + An()Maf(s) + 1 Va(s) Ar(s) Faf (), (3.40)
P+ = 16+ (Gra(e)ale) = G ar(s) + ar(s) ) - jn(s) o

~ aals)aale) = ga(s) ) + a(9)22(5)) B ()
+ (Aza(s) + Ax(s)) M, f(s) + Az(s) Azq(s) Axa(s) MF, f(s)
- %V:L‘l(s) Ax(s) Az1(s) A (s)FaFa f(s).

3. In the third step, we substitute the systems of Equations (3.37), (3.38) and (3.40) into the
right hand-side of the equations

1A V. (Af(s)  Vf(s)

F.M,f(s) = 2 Az(s — %) V(s) (Al‘(s) * V:C(S)) ’
1/ A v Af(s) V()

MM, f(s) = 4 (AHJ(S) + Vg;(s)) (A:C s) * Vm(s))



3.1. Intermediate results

and get after some computations with Maple 9 [50]

F.M,f(s) = (20 —1)M,F,f(s) +2aUy(s) F.Fo f(s); (3.41)
MM, f(s) = aF,f(s)+2aU(s)MF,f(s)+ (2a% — 1) Uy(s) F,F, f(s), (3.42)
with

[z(s+1) + (1 —2a%)x(s) — 26(a + 1)]?
40?2 '

Ur(s) = (a+ D)[(a = 1)z(s) + 8], Ua(s) =

It remains to prove that Us(s) = Us(s) given by (3.34). To do this, we first remark by
writing (3.42) for f(s) = x*(s) that Uy(s) is a polynomial of degree at most 2 in z(s).
Then we apply the operator [, to both members of the equation

[z(s+ 1) + (1 — 2a?)z(s) — 26(a + 1)]?
4a?

= ay *(s) + a1 x(s) + ao,

use (3.37)-(3.38) and get a; = o* — 1. Next we apply M, to the equation

[z(s+1) + (1 —2a?)x(s) — 26(a + 1)]?
402

— (a® — 1)2*(s) = a1 2(s) + ao,

use again (3.37)-(3.38) to get a; = 23(« + 1). Finally, we obtain the constant term ag by
taking s = 0 in the previous equation

(1) +2%(0) (202 -Dz(0)z(l) Bla+1)(z(1) +20)  B*(1+a)
a0 = 402 202 a? + '

a?

The term @, by means of the expression of z(s) given in (3.37), is equal to the constant
term ¢ obtained from (3.15) by taking s = 0. Hence

On(s) = U(s) — [z(s+1) + (1 — 2a?)x(s) — 26(a + 1)]? (3.43)

42
= (& —=1)2%(s) +28(a+1)x(s) +6.

O
Theorem 3.3 The following product and quotient rules hold:
Fo(f9) = Fuolf) g+ fFalg) +2aMu(f) Ma(g) (3.44)
+ 201 [Fo(f) Ma(g) + Ma(f) Fa(g)] + 2 U2 Fo(f) Fa(g);

+ 20U [Fo(f) Me(g) + M. (f) Fu(g)] +2U1 U Fo(f) Fa(9);
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58 Chapter 3. Fourth-order difference equations

Fm<i) = [20f M.(9) — 20 M, (/) M.(g) g + Fu(f) 6 — f 9Fu(o)

g
+ 20U Fo(f)Falg) g — 20 Us f [Fulg))? (3.46)
+ 20U, F.(f)M.(9) g —2U1M( HF(9) g}/
{Uy [U\Folg) + aM,(9) — [g+ 201 M,(9) +2a U Fo(9)*} g5

{2000 f [Fo(9)]” = 201 Us Fo () Fal9) g + Ma(f) 6° = f 9 Ma(9)

=

8
7
Q [~
~—

I

+ 2aU,M,(f)Fu(9) g —2ozU2F(f)Mz(9)g (3.47)
+ 2UML(f)M.(g) g —2Ui f [M.(9)]°}/
{Us [U1F.(g) + a ML(g)]” —[g+2U1Mx( ) +2aUsFa(9)]"} g,

with
f=f(s),U; =Uj(s) and g = g(s) #0, Vs € (a,b).

Proof:  The derivation of Equations (3.44) and (3.45) are similar to those of (3.32) and (3.33).
More precisely, we replace the expressions of f(s + j), g(s + 7), 7 = —2, —1, 1, 2 obtained
from (3.40), in the right hand-side of the equations

R0 = 5T g
ML) o) = (SR Tl

and obtain (3.44) and (3.45) after some calculations taking into account (3.37).
The quotient rules (3.46) and (3.47) can be derived by applying the product rules (3.44)

and (3.45) on f(s) X ﬁ. Therefore we have to express I, <$) and M, < ) for g(s) #

0, Vs € (a,b), in terms of g(s), F,g(s) and M, g(s). For this purpose, we take f(s) = ﬁ in

(3.44) and (3.45) and get the linear system in I, (%) and M, (%)
9+ 20 (o) + 20U (£ ) + 2[00 Full) + a1 (1) = =20
2U; [UrFa(g) + a Mg (9)] Fy (;) + g +2U1 My (g) +2a Uz Fu(g)| My (;) = —lMx(g)

whose determinant is

g +2U1 M,(9) + 2a Uz Fo(g)]” — 4Us [Uy Folg) + a M, (g)]? g(s—1)g(s+1)

# 0,Vs € (a,b).
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Therefore, [, (é) and M, <§> are uniquely determined from the previous linear system, and

the quotient rules [, <§> and M, <§> are deduced by application of the product rules (3.44)
and (3.45) on f(s) x —. O

g(s)
The product rules provide the recurrence relation for the coefficients F;, ;, and M, . of the

expansion
n—2 n—1
F,z"(s) = Z Fppa®(s), Myaz"(s) = Z M, 2" (s). (3.48)
k=0 k=0

Proposition 3.3 The coefficients I, , and M, j, satisfy

Foop—2aM,, —28(a+1)F+(1—-2a*)F 1=0,0<k<n—1, (349
Myip—28(a+1) My —2a(a®—1)Fyp0—2a6F,y
—~dafB(a+1)Fop1+(1—=2a*) My 1 — 0, =0,0<k<n, (3.50)

where 0,, i, is the Kronecker symbol; with the convention
Fn—i—l,n = I'pn+l = Mn,n+1 = Fn,n = Mn,n = L'pn—-1 = Fn,—Q - Mn,—l = O, n > 0.

Proof:  The proof is obtained using (3.48) and the product rules (3.44) and (3.45) for f(s) =
z™(s), g(s) = z(s). O

The previous proposition allows to compute recurrently the coefficients F,, ;, and M,, ;. Fur-
thermore, these coefficients can also be computed via the following relations with the coeffi-
cients D,, ;, and S, 1.

Proposition 3.4 The coefficients D, , and S, . of the expansions (3.9) are related to the coef-
ficients F,, i, and M, j, of the expansions (3.48) by

n—1
Fop = Y DujDjp, 0<k<n-—2 (3.51)
Jj=k+1
n—1
Mug = > DnjSin, 0<k<n—1. (3.52)
j=k
Proof:  The proof follows from Equations (3.9), (3.35), (3.36) and (3.48). [

As a second consequence of the product rules, we shall prove another important result con-
cerning the linear divided-difference equation of higher order satisfied by products of functions
each of them satisfying a linear divided-difference equation. For this purpose, we start with the
following preliminaries

Lemma 3.1 Ler f(s) be a function of the variable x(s) satisfying a second-order divided-
difference equation
Fof(s) + ai(s) M f(s) + ao(s) f(s) =0, (3.53)
where ag and a; are given functions of x(s).
Then the expressions F,F,f(s), M,F,f(s), F.M,f(s), MM, f(s) and F,f(s) can be
written in the form

c1(s) f(s) + ca(s) Mo f(s),

where c1(s) and c5(s) are functions of ay(s) and a;(s).
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60 Chapter 3. Fourth-order difference equations

Proof:  Assuming that the lattice x(s) is not constant (z(s) # z(t) for s # t), Equation (3.53)
is equivalent to

(Vzi(s)ar(s) +2) f(s+ 1)+ Co(s) f(s) + (Vai(s)ai(s) —2) f(s—1) =0, (3.54)

where Cy(s) is a function of a4 (s), ao(s) and x(s).

then the previous equation is equivalent to I — oy (s); therefore,

_ 2
1. Ifal(s) = im, 70

f(s+j), j=1...1s proportional to f(s).
2. Ifai(s) # £575 then from (3.54), we get

([F4+2a1(s)Vz1(s) —2a1 (s —1) Va1 (s— 1)+ a1 (s — 1) Vay (s — 1) a1 (s) V1 (s)

fls=2) = (24 a1 (5) Va1 (3) (<2 + a1 (s — 1) Var (5 — 1))

(Cols — 1) Co(5) /(5

(=24 a1 (s)Vzi(s)) (=2 + a1 (s = 1) Vzi (s — 1))
Co(s—=1)2+a1(s)Vzi(s)) f(s+1) '

(—2+a1(s)Vzi () (—2+ a1 (s — 1) Vay (s — 1))’

fo_) — (TR)as) +2) [+ 1) + Cole) S(5)

Vzi(s)ai(s) — 2 ’
(Azq1(s)ar(s+1) —2) f(s) = Co(s+1) f(s+1)
Azyi(s)ai(s+1) +2 '

_l’_

_l’_

f(s+2) =

Next, we use the previous equations to write the expressions F,F, f(s), M,F,f(s),
F,M, f(s) and MM, f(s) as linear combination of f(s) and f(s + 1). Finally we use
(3.53) and the following equation taken from (3.40)

F(5+1) = F(5) + Aals)ML f(5) + 5 Vra(s) Aa(s) Fuf(5)

to convert the expressions F,F, f(s), M, F, f(s), F.M, f(s) and MM, f(s) from the
linear combination of f(s) and f(s + 1) to the linear combination of f(s) and M, f(s).

O

Theorem 3.4 Let f(s) and g(s) be two functions of the variable x(s) satisfying respectively

F.f(s) 4+ ai(s) M, f(s) + ao(s) f(s) =0, Frg(s) + bi(s) Mag(s) + bo(s)g(s) =0, (3.57)

where a; and b; are given functions of x(s).
Then, the product f(s) g(s) is a solution of a fourth-order divided-difference equation of the
form

Li(s) F.Foy(s) + I3(s) MLF,y(s) + Ix(s) Foy(s) + I1(s) May(s) + Lo(s) y(s) =0

where 1; are functions of a; and b;. If the a;(s), j =0, and the b;(s), j = 0, 1 are polynomi-
als in the variable x(s), then the coeﬁ‘iczents I;(s), 7 = . 4 can be chosen to be polynomials
in the variable x(s).
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Proof:  We apply the identity operator as well as the operators F, [, M[,[F,, F, and M, to the
equation

y(s) = f(s)g(s),

and use the product rules (3.44) and (3.45) to get five equations whose right-hand sides are
linear combinations of expressions of the form p;(s) pa(s) with

pj(S) € {]FIFIhJ(S), Mxﬂ?xhj(S), FIMIh]‘(S), MxMxhj(S), ]Fxhj(S)}, ] = 1, 2,

with hy = f, ho = g. These right-hand sides are transformed by means of the previous lemma
into linear combinations of

f(s)g(s), f(s)Mag(s), Mz f(s)]g(s) and [My f(s)] Mag(s).

Thus, these five equations can be written as

Xo,0 = y(s),

c2,1(5) Xoo(s) + ca.2(5) Xo1(s) + ca.3(s) X10(s) + caa(s) X1,1(s) = Muy(s),

c31(8) Xo.0(8) + c32(8) Xo1(s) 4+ c33(5) X10(s) + c34(s) X11(s) = Foy(s), (3.58)
c1.1(8) Xo,o(8) + ca2(s) Xo1(s) + cas(s) X10(s) + caa(s) X11(s) = MLF,y(s),
cs5,1(8) Xoo(s) + cs5,2(5) Xo,1(8) + ¢5,3(5) X1,0(8) + c54(5) X1.1(5) = F.F.y(s),

with the notations

Xoo = f(s)g(s), Xoa = f(s)Mag(s), X10 = [Maf(s)] g(s), X1 = [Maf(s)] Mag(s)

where c¢; . are functions of a; and b;. The system (3.58) contains 5 linear equations for 4
unknowns, namely X . (s), j, k = 0, 1. For the solutions of this system to exist, it is necessary
for y(s) to satisfy the equation

1 0 0 0 y(s)

c21(8) c22(5) cas(s) cauls) Muy(s)

c31(5) c32(s) c33(s) c3a(s) Fuy(s) =0, (3.59)
can(s) cap(s) cas(s) cau(s) MLFy(s)

cs1(8) cs52(8) csa(s) csals) FaFay(s)

which is the fourth-order divided-difference equation desired. U
As consequence of this theorem, we claim the following:

Corollary 3.2 If f;, j = 1,...n are functions of the variable x(s) such that any f; satisfies a
linear divided- a’iﬁ’erence equation of order r; involving only the operators F, and M, then the
product f = H f; satisfies a divided-difference equation of order r = H r; involving only (at

J=1 J=1
most) the operators

MU FY, j=0,1,and0< j+2k <r=]]r;

T X
J=0
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62 Chapter 3. Fourth-order difference equations

3.2 Recurrence coefficients for classical orthogonal polyno-
mials

3.2.1 From orthogonality to second-order difference equation

In the last chapter, we have seen that the very classical orthogonal polynomials are defined as
the ones orthogonal with respect to a positive weight function satisfying the Pearson-type differ-
ential, difference or g-difference equation with some border conditions. This definition implies
that the very classical orthogonal polynomials satisfy a second-order differential, difference or
q-difference equation with polynomial coefficients (see Theorems 2.6, 2.8 and 2.9).

Also, any family of polynomials (P,) with degree(F,) = n satisfying equations (1.8), (1.9)
or (1.10) is very classical.

The definition of classical orthogonal polynomials given in [10] is not similar to those of
the very classical orthogonal polynomials, because, according to this definition, for a family of
polynomials to be classical, it should be orthogonal with respect to a weight function satisfying
a Pearson-type equation; and, should in addition, satisfy a second-order difference equation.
The requirement for P, to satisfy a second-order difference equation, which in the case of the
very classical orthogonal polynomials is a consequence of the orthogonality, is redundant. This
condition can be omitted. Therefore, we propose the following definition which in our opinion
is a natural extension of those of the very classical orthogonal polynomials (see definitions 2.1,
2.3 and 2.5).

Definition 3.1 An orthogonal polynomial sequence (P,) on the real interval (x(a),z(b)) is
classical if and only if:

1. (P,) is orthogonal with respect to the weight function p(s) i.e.

degree(P,) =n, n >0,

N (3.60)
Yo Po(x(si)) Po(x(s:)) p(si) Var(si) = kn Opm, kn # 0, n, m >0,
i=0
with
S0 =0a,811 =38 +1, sSy11 = b, N € Ny U {OO} (3.61)
for the discrete orthogonality or
degree(P,) =n, n >0,
(3.62)
Jo Pu((s)) Pa(2(5)) p(s) Vi (s) ds = ky Opm, kn # 0, n, m >0,
where C'is a contour in the complex s-plane, for the continuous orthogonality;
2. The weight p satisfies the Pearson-type difference equation
A
(o(s) p(s)) = 7(x(s)) p(s), (3.63)

V$1 (S)
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where T(s) is a polynomial of degree 1 in x(s) and
1
a(s)=o(s)+ 57(3) Vzi(s) (3.64)

is a non-zero polynomial of degree at most 2 in the variable x(s), with the border condi-

tions
os) p(s) a"(s = 3)[ L, , =0, k=0, 1,2,

(3.65)
JoAlo(s)p(s)a®(s —3)]ds=0,k=0,1,2,....

for the discrete orthogonality and the continuous orthogonality respectively.

Remark 3.3 It should be noticed that in case of the continuous orthogonality, for the family
(P.(x(s))) to be a classical orthogonal polynomials in the real variable x(s), it should be
possible [10] to choose a contour C' in such a way that the second relation of (3.62) can be
expressed as a real orthogonality relation

b
/ P,(z) Py(x) p(x) dx = ky, 0pm, kn # 0, n, m >0,

with p(z) > 0, z € (a,b).

Let us remind that Atakishiyev, Rahman and Suslov [10], using the second-order difference
equation (2.73) satisfied by an orthogonal family (P,), the Pearson-type equation (2.89) satis-
fied by the orthogonality weight and the border conditions (2.90), obtained the orthogonality
relation (3.60). Here, we prove the converse: The orthogonality relation provided above plus
the Pearson-type equation and the border conditions lead to the second-order divided-difference
equation of form (2.73).

Theorem 3.5 Let (P,) be a sequence of classical orthogonal polynomials satisfying the or-
thogonality relation (3.60). Then, each P, satisfies

F(x(8))FuPp(x(s)) + 7(x(s)) My Py (2(s)) + Ap Po(2(s)) =0, (3.66)
where )\, is a constant term given by
A =—Dpn1(62Dn_1n—2+T1 Sn_1n-1), (3.67)
with 5(s) = G9 22(s) + &1 x(8) + 5o, 7(s) = 11 2(8) + To.
In order to simplify the proof, we state and prove the following lemma

Lemma 3.2 Under the hypothesis of the previous theorem, the following identities hold:

A a9 Yo o)) - & ots) ote) TSR 1ot
= A {o(s) pls) W(Pa(a(s)). Pra(s)}: 368)
A o)) T o

(

$) Mg P (2(s)] p(s) Vi(s), (3.69)
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64 Chapter 3. Fourth-order difference equations

where

VP ((s))
Vi(s))

VP, (z(s))

W (P (x(5)), Pn((5))) = Pr(z(s)) Vi(s))

(3.70)

= P ((s))

is the discrete analog of the Wronskian.
The wronskian W (P, (z(8)), Pm(x(s))) is a polynomial of degree at most n+m — 1 in the variable

z_1(s) = z(s — 3).
Proof:  First, we observe that the Pearson-type equation (3.63) is equivalent to

pls+1) _ als) +7(s) Vau(s)

p(s) o(s+1) G.71)

Using the relation

A(f(s)g(s)) = f(s) Ag(s) + g(s + 1) Af(s) = f(s +1) Ag(s) + g(s) Af(s),  (3.72)

we obtain for given n, m € N,

Pu((s) e VRAGED]
A oot TP B at0) = & [ot0) o) T ot
= Ao (s) p(s) W(Pala(5)), Pa(s)],
where
WP a(6) Po(o(9)) = Pala(s) Ve o = Pola(s) Tl a3
The Wronskian W (P, (z(s)), Pn(z(s))) thanks to (3.72) can also be written as
W (Pa(a(5)), Po(5)) = (374)

Se_ Pu(r-2(8)) Do, Prn(2-2(8)) — Su_y Pr(2(8)) Do, Pu(72(s)).

Therefore, from (3.8), we remark that W (P, (x
most n + m — 1 in the variable x_;(s) = x(s —

For the second identity, we use again (3.72), then (3.63) together with (3.71) and finally
(2.75) to obtain

(s)), Pn(z(s))) is a polynomial of degree at
3)-
2

VP, (z(s))
Az(s))

+ (a(s) +7(s) Vi (s))p(s) A

+o(s+1)p(s+1)A

VP ((s))
Vi(s))

1 IPn(e(s)
iA Vz(s))
+(U(5) +’7'(S) vxl(s))p(s)AVP ((‘z)(s))

)
= [0(5) Fa P (2(s)) + 7(8) My P (2(5)] p(s) Vi (s),

= 7(6) Vi (3) pls) Mo P (a(5) -
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with ¢ given by (3.64). U
Next we give the proof of Theorem 3.5.
Proof: We setn, m € N and write

Vo(z(s)) = 6(s) FuPu(x(s)) + 7(s) ML P, (x(s), n > 1, Vo(z(s)) = 1.

We shall prove that the family (1/,) is also orthogonal with respect to the weight p(s). First
we prove that degree(V,,) = n, n > 1. To do this, we assume that (F,) is monic and use the
expansions (3.51) and (3.52) of F,2"(s) and M, z"(s) to obtain that the leading coefficient of
V., which we denote by h,,, is

hn - 5-2 Fn,n—2 + 7 Mn,n—l (375)
Dn,n—l (5—2 Dn—l,n—2 + 71 Sn—l,n—l)a n 2 17 hO = 17

with the latter identity obtained thanks to Proposition 3.4.
Following [10] page 204, if we define the moment of the weight function p by

M, = Y fi(s) — oo+ n— D] p(s) Va5
M, — % [ 1o(s) = n = D) pls) Vi (5) s

for the discrete or the continuous orthogonality respectively, with o(a) = 0 and the generalized
power of the lattice x(s) defined as

k—1

[ (2) = ()] = [ [l (2) = (s = ),

50
it turns out that M, satisfies (see [10], Eqn. (6.8))
(69 Dpn—1 + 71 Spn) M1 = —7(a) My, n > 0.
For all the moments M,,, n > 0 to exist, it is necessary to have
o2 Dyp1+ 75, #0, n>0.

Since D,, ,,—1 # 0, n > 1, we deduce that h,, # 0, n > 1 and degree(V,,) =n, n > 1.
Next, we assume without any loss of generality that m < n. Then, using (3.68) and (3.69),
we get

N
> Vala(si) Pula(si) plsi) Vi (sq)
=0
N
= D Pala(s) Vin((s0)) plsi) Var(si) + o(s) p(s) W(Pal@(si)), Pan(2(s))isg -
=0
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66 Chapter 3. Fourth-order difference equations

Finally, use of the previous relation, the orthogonality relation for (F,) (3.60), the equations
(3.69), (3.75), the border conditions (3.65) and the fact that W (P, (z(s)), Pn(z(s))) is a poly-
nomial in the variable z(s — 1), give

N N

D)) P((s:) plsi) Vi (si) = > Pul(s:) Vin((s:)) plsi) Varr (si) = hn o G-

=0 i=0

(]
=
&
»

The latter relation, combined with the fact that V,, is of degree n assures that the family (V/,) is
orthogonal with respect to the weight function p. Hence, (P,) and (V},) are proportional since
they are orthogonal with respect to the same weight; therefore there exists a constant term A\,
such that

Va(z(s)) = =\, Po(z(s)), n > 0.

Comparison of the leading terms in both members of the previous equation yields
>\n = _Dn,nfl (62 anl,n72 + 71 Snfl,nfl)-

The proof using the continuous orthogonality is obtained in the same way. U

3.2.2 Three-term recurrence coefficients

Before we compute the recurrence coefficients of the classical orthogonal polynomials, let us
make some comments relative to the coefficients «, # and J involved in the definition of the
lattice x(s) and also in the functions U; and U, appearing in the quadratic rules (3.32), (3.33)
and (3.44)-(3.45).

Remark 3.4 The monic polynomial P,, solution of (3.66), depends only on o, 3,  and the
coefficients of the polynomials 6 and 7. This can be seen easily since the coefficients I, j, and
M, i, of the expansion (3.9) depend only on o, 3, 0 (see (3.51)-(3.52)and (3.23)-(3.30)). The
lattice x(s), satisfying (3.1) and (3.2) is given by (2.88), therefore, the selection of coefficients
«, 3, 0 leads to different classes of orthogonal polynomials:

1. Ifa =1, then x(s) = 43 s* + C7 s + Cg and we have the following special cases:

1.1. If 3 = C; = 0, then x(s) = Cs, and 6 = 0 thanks to (3.15). In this case, D, = %
and (3.66) is equivalent to
. d? d
a(x) @Pn(x) + 7(x) %Pn(x) + A\ Po(z) =0.
Therefore, the special case o = 1, 3 = § = 0 corresponds to the classical orthogo-
nal polynomials of a continuous variable.
1.2. If 3 = Cs = 0and C7; = 1, then x(s) = s and 6 = iby (3.15). Equation (3.66)
reads

d(8) AV P, (s) + ¥(s) AP,(s) + A\, Pu(s) =0,

with ¢(s) = 6(s) — 27(s), ¥(s) = 7(s). Thus the case o = 1, 3 = 0 and

0= %1 corresponds to the classical orthogonal polynomials of a discrete variable on

a linear lattice.
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1.3. If B # 0, then the corresponding families are the classical orthogonal polynomials
of a discrete variable on a quadratic lattice.

1 —1
2. Fora = ‘Z?J;qT with q # 0, 1, it follows from (2.88) that
o —s s ﬁ
x(s) =Cs5q¢°+Cs¢" + ——.
11—«

The coefficient (3 which is only involved in the constant term of the lattice can be omitted
without any loss of generality. Therefore, we take (3 = 0.

2.1. If C5 = 0 and Cs = 1, then x(s) = q¢° and 6 = 0. We have
F, = ¢* D, Dy, M, = %(Dq +Dy),
and Equation (3.66) in this case is equivalent to
¢(x(5)) Dy D1 Fy((5)) + 9(2(5)) DgLu((5)) + An Pa(2(s)) = 0, 2(s) = ¢°

with

$(x(s)) = ¢°(s) - %(q — 1) x(s)7(s), P(a(s)) = 7(s).

Similarly, for Cs = 1 and Cg = 0, we get x(s) = ¢ * and § = 0. For these

parameters, (3.66) is again equivalent to a second-order q-difference equation of

the same type as the previous one.

g g2
2

Hence, the case a = , 8 =06 = 0 corresponds to the q-classical orthogonal

polynomials.

1o

22. If C5C¢ # 0, then § # 0. Hence, the case o = %, B = 0 with § # 0 (depend-

ing on the two initial values of the lattice) corresponds to the classical orthogonal
polynomials of a discrete variable on a q-quadratic lattice.

The method we will use here to compute the recurrence coefficients is the same used for the
very classical orthogonal polynomials.

We assume that (P,) is a system of monic classical orthogonal polynomials such that each
P, satisfies the equation (3.66) which we relabel as

¢(x(8)) FoPo(2(5)) + 1(2(s)) My Pu(2(s)) + A Pa(2(s)) = 0, (3.76)
where
o(s) =a(s) =o(s) + %T(S) Vzi(s), ¥(s) =7(s), (3.77)
and
d((s)) = ¢22°(5) + b x(s) + o, Y(x(s)) = 1 2(s) + o, (3.78)

with ¢(z(s)) # 0 and ¢; # 0. Because of the orthogonality, (P,) satisfies the three-term
recurrence relation (2.6) which we recall here:

Poii(z) = (z — By) Pu(z) — v Pooa(x), n > 1, Py =0, Py(z) = 1.
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68 Chapter 3. Fourth-order difference equations

First, we write

Py(2(5)) = > Tun—j2’(s), Tuo=1, (3.79)
=0

and replace this expression into the previous recurrence relation, then use the expansions (3.48)
to get

n—2 n
[¢2 .%'2<S> + ¢1 1’(8) + (b()] Z Z Tn,n—j Fj,k xk(s) =+
k=0 \j=k+2
n—1 n—1 n
[11 x(s) + o] Z Z Ton—j Mj azk(s) + A Z Ton—k :ck(s) =0.
k=0 \j=k+1 k=0

Then we look for the coefficients of the monomials 2" (s) on the previous equation and obtain
>\n = _¢2 Fn,n—2 - ¢1 Mn,n—1~ (380)

Next, we collect the coefficients of the monomials 27 (s), j = n — 1, n — 2 to get the following
linear system with respect to the unknowns 7, 1, 7, 2

(An + ¢2Fn—1,n—3 + ¢1Mn—17n—2) Tn,l + ¢2Fn,n—3 + ¢1Fn,n—2 + 77b1]\4n,n—2 + ¢0Mn7n—1 = 07

(YoMp—1n—2 + V1 Mp_1n—3+ P1Fn—1n—3+ d2Fpn_1n-a) Tn1
+ (¢2Fn—2,n—4 + wan—Q,n—?) + )\n) Tn,2
+ YoMy 2 + V1 Mpp—3+ 01F5 n—3 + G2 Fn n—a + ¢oFy n—2 = 0.

Solving this system produces the coefficients 7;, ; and 7T}, 5.
Computations taking into account the relations

Mn,nfl = Dn,nflsnfl,nfla

Mn,n72 = Dn,nflsnfl,an + Dn,n725n72,n72,

Mn,nffi = Dn,nflSnfl,nff& + Dn,n725n72,n73 + Dn,n738n73,n73a
Fn,n—2 = Dn,n—an—l,n—Qy

Fn,n—S = Dn,n—an—l,n—i’) + Dn,n—QDn—2,n—37

Fn,n—4 = Dn,n—an—l,n—4 + Dn,n—QDn—2,n—4 + Dn,n—SDn—3,n—47

obtained from (3.51) and (3.52), give the following expressions for the coefficients F;, ,_; and
M, fork=mn,n—1andn — 3.
First case: a = 1:

Fn,n—? = n(n_ 1)7

Fppnz = %ﬂn (n—2)(n—1)%,

1
Fpn_g = Bn(n—l)(n—2) (n—3) (326°n* — 96 3%n + 52 3% + 154) ,
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Mppn—1 = n, (3.81)
Moo — gﬁn (n—1)(4n—5), (3.82)
My — %n(n 1) (n—2) (16 8%0% — 52 8% + 32 % + 56) .

=

2 2
Second case: o = 4 +q , B =0:

1
n __ 1 n __ 3
Fons — (" ~D)(a" ~ a)g*

(¢ —1)%¢q
Fn,nfS = O’
p_ (D@ = @ - DB - = 3¢%)e7 )
nn—4 — — 1 ,
(g—1)3¢""2 (g—1)*q
(¢" = 1)(¢" +q)
Mypn1 = , 3.83
! 2(q—1)q" (3.83)
Mn,n—2 = 0,
My = ° ((q + (@ +a*)n  (¢+D(¢" ~1)(¢" + q2)>
e 2\ (¢g—1)2gnt! (g—1)3q" '

The coefficients 3, and v, are deduced from 7}, ; and 7, » using (2.52) and the previous ex-
pressions of [, , and M,, ;. We can now state the following explicit results obtained with the
help of Maple [50]:

Theorem 3.6 The coefficients (3, and v, of the recurrence coefficients (2.6) of the classical
orthogonal polynomials satisfying (3.76) are given explicitly by:
Casel: o, = 1:
5, = _dn (291n — 1 — 2¢an + 2 ¢an?) (Y1 + don — ¢2)ﬁz (3.84)
(2¢2n + 1) (2¢2(n — 1) +91)
_ —2¢0¢2 + P10 — 21n¢2 + 2 1Pin + 210’ Py
(2¢2n + 1) (2 p2(n — 1) + 1) ’

vy = n(n—1) (Y1 + ¢an — ¢2) (Y1 + d2n —2¢2)
" (2¢on — ga + 1) 2dan —3da + 1)
16 (n — 1)° (1 + dan — 2¢2) (Y1 + don — ¢2)° n 32
(2¢an —3¢2 +11) (2¢an — o + 1) (2¢an — 262 +11)°
+ (2011n°¢2 — 4 p1nga + 2 dribin + 2 gady — 2 d1ehy + 1) X (3.85)
4(n—1) (Y1 + ¢an — ¢a) (Y1 + dan — 22) n 3
(2¢an — 3¢ + 1) (26an — 2 + 1) (22 — 22 + 1)
_ (Y1 + dan —22)n
(2¢an — 3¢2 +11) (2¢an — ¢o + 1) (2dan — 262 +11)°
(4 god2?n® — 8 goa’n + 4 Popa” — 170 P2 + 2 d1°nga + 4 podani + 1o’ Po
—4 gopath1 — 172 — 12 N1 + 171 + dovn® — Yogr1v1)
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1
Case 2: For o, = 22— “’ and (3, = 0, with the notations

p=4q7, ¢#0,1, and ¢ = p",

Bn

[(=2 ¢1p® + op* — 21bop® + Yo — 2pd1) (V1p® + 2 gop — 1) (O
(p* + 1) (P5¢1v0 + 2P d1ab1 — 2P hoga — 4 dagt — P 1to
+4pPode — AP Y1d1 — AP d1g2 — pPPb1tbo + 2 PPty — 21hogap + Y1vo) ¢
— PP (2610 + o’ = 290p” + 9o — 2p¢1) (¥1p* —2¢0p — 1) (7] / (3.86)
{((¥1p* + 2 dop — 1) ¢* + 9h1p® — 2 hap — 1) x
((1p® + 2 ¢op — 1) C* +p* (Y1p* —260p — 1))},

= {2 (—vwp" = 01 + v’ + 1p*C + 269p = 269p°) x
(2= 1) p°C (0° — 1)% (—ap* — 1t + 0% + 1 CHp? +26ap ¢t — 2690°)° o
+ (=" = 01+ p® + 0P 4+ 2¢ap - 2¢0p°) (¢ - 1) ° (0P — () X
(=2¢2p® + 2 dop ¢* — 1p® + 1p* — ¥1C% + 1p*¢?) X
(—1p" — 1Ct + p® + iCip? + 2ap ¢t — 260p°) 7 6 (3.87)
+ (=1p* — 1P + ip® + ip?CP + 2¢ap (2 — 2¢0p°) x
(2 -1)p*ct (»° ) (vop* — 219 — Yop? + Phop® +2¢1¢%p — (*eho) X
(pPh1vb0 — 2p°oda + 2P B1ebr — p 1o — 2p 1o — Ap  dadt — 2oty + 2p° i
+2pPods — 2P 11 + 2 p*1CPebo
+4pChr¢o + pPio +2p Pty — 2p P — Y1) }/
{®* —1)* ((¥1p* + 2 ap — ¥1) CH + 0° (v1p® — 2op — 1)) X
((¥1p® + 2 dap — 1) ¢+ p° (V1p” — 2 dap — ¢h1)) ¥

((019” + 260 — ) C* +p* (V1p” = 260 — 1))}
The coefficient A\, of (3.76) is given by

Ap=—n(P1+(n—1)¢s), (3.88)

for o, = 1 and

(—=t1p? = 2¢ap + 1) ¢ + (2919 + 2 dop — 1 + 2 ap® — 1p?) (2 + p? (V1p? — 2 ¢ap — 1)

A= 2(p*—1)%¢?

(3.89)
—1 1
forozx:”g , p=gq2and { = p".

Remark 3.5  [. By selecting specific values of the parameters o, 3, and 0, (as indicated
in the Remark 3.4) in the previous theorem, we recover after appropriate changes in ¢
and ) the coefficients (3,, and ~,, of the very classical orthogonal polynomials.

2. The relations (3.84)-(3.87) are important tools for computer algebra since they provide
in 4 relations the recurrence coefficients of all classical orthogonal polynomials [39].
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3.2.3 Classical orthogonal polynomials (not very classical)

In this subsection, we provide data for the classical (but not very classical) orthogonal polyno-
mials. Here, we deal with 14 families out of 18 mentioned in [39]. The four remaining families,
namely, the Wilson, the continuous dual Hahn, the continuous Hahn and the Meixner-Pollaczek
polynomials deal with the complex difference-derivative which is not included in this thesis and
will be treated later separately. However, these families can be reached by limiting procedures
from the Askey-Wilson polynomials, therefore, the difference equations satisfied by modifica-
tions of such polynomials can be deduced from those of the Askey-Wilson polynomials, since
the latter polynomials are among those considered in this work.
The information we provide for each family is

1. the hypergeometric representation of the polynomials;
2. the weight function;
3. the orthogonality relation;

4. the explicit form of the lattice x(s) and the determination of the coefficients «, 5 and §
(relabelled ., (5, and ¢, to avoid confusion with parameters o, 5 and 0 involved in
the definition of diverse classical families) in connection with z(s);

5. the coefficients ¢ and v for which (3.63) and (3.76) are satisfied, of course taking into
account the relations (3.77);

6. the recurrence coefficients 3,,, v, and the coefficients \, of (3.76).

Notice that all these informations have been taken from [39] except the polynomials ¢ and
v which we have computed from the difference equations for P, provided in [39]. We have
also computed for each family the coefficients [3,, and +,, using Theorem 3.6 and the entries
Qz, Be, 0z, ¢ and 1) obtained in this thesis. We have checked positively that they coincide with
those given in [39]. In the following lines we illustrate the determination of the polynomials
¢ and v for the Askey-Wilson polynomials. Those of the remaining families are obtained
likewise.

The notations we use for the classical orthogonal families differ slightly (by the tilde) from
those of [39] because here we deal with monic orthogonal polynomials.

Part I: Cases of the ¢g-quadratic lattices

1. Askey-Wilson polynomials

2"a"(abed 475 q)y q ", abcdg" ", ae®, ae~"

i)n(xﬂ a, b7 ¢, d|Q) = 4¢3<

1q |, = cosb.
ab, ac, ad 1 q)

1 2

pla) = plasab e, dlg) = s

(€2°; q)
bl D
(aei?, bei?, ce? dei?; q)

, © = cosf.
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72 Chapter 3. Fourth-order difference equations

If a, b, c and d are real, or occur in complex conjugate pairs if complex, and if
max(fal, [ble], d]) < 1,
then we have the following orthogonality relation
1 [
5= | @) bu(w;ab,c, dlg) pm(z:a,b, ¢, dlg) d = hy Oy m,
T J-

where i
2" (abedq™'5q),] " (abedq™ ;5 q)n (abedg®;q)

h, =
(q"*1, abg™, acq™, adq2", beg™, bdg™, cdg™; q)

For the lattice we write

6 —1i6 s —s
e’ +e + ;
xr = cosf = 5 =1 2q = x(s), ¢° =",

1 1 2
It follows from (2.88) that a, = 42, 8, = 0, C5 = Cs = 4 and 6, = — 0 by (3.15).
The Askey-Wilson operator

Ogf ()

D,f(x) == 52

, T = cosf,

with ' . '
0o f(e”) = flq2e?) — f(q2€"),
can be written in terms of D, as

D,f() =D flaa(s)), 7= () = T

In order to compute the polynomials ¢ and 1), we write the Pearson-type equation (3.63) in its
equivalent form (using (3.77))
pls+1) _ 6(s) + 2i(s)Vaa(s)

p(s)  d(s+1) = 59(s+1)Awy(s)

(3.90)

and use the previous expression of the Askey-Wilson weight p(z) = p(x(s)) = p(s) to get

pls +1) _ (@ —1) (¢ +1) (-1 +ag”) g (=1 +bg°) (=1 + ) (1 + dg?)

() (T —d) (—¢T A+ o) (¢ —b) (¢ +a) (1+¢°) (-1 + ¢°)

Then we combine the last two equations and use the expansion (3.78) with z(s) = "SJFTQ_ to

obtain a polynomial equation in ¢° with coefficients depending linearly on those of the poly-
nomials ¢ and 1. Collection of different coefficients of the powers of ¢° leads to a system
of linear equations in the variables ¢o, @1, ¢g, 11 and 1. Solving this system, we obtain the
polynomials ¢ and :

¢(s) = 2(deba+1)2?(s) — (a+b+c+d+ abe+ abd + acd + bed) x (s)
+ab+ ac+ ad + bc + bd + c¢d — abed — 1,
4 (abed — 1) q2 z (s) \ 2(a+b+ctd—abe—abd — acd — bed) qz
q—1 q—1 '
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By using the relations (3.7), (3.10), (3.35), (3.36) and (3.90), we have checked that the differ-
ence equation (Equation (3.1.6) in [39])

(1-9)*D, [p(x; aq?,bg?,cq?,dq?, |q) inﬂn(w)} + An p(x5a,0,¢,d|q) Pr(z) =0, x = cos b,
with p,(x; a, b, ¢,d|q) = pn(x), is equivalent to
O(5) Fopn(x(s)) + 1¥(s) Mapn((s)) + A Pu() = 0,
where the constant \,, is given by (3.89) with the polynomials ¢(s) and ¢(s) given as above.

The recurrence coefficients are

B, = %(a—i—al—An—Cn),

1
n _An— C'm
i 1 1

with
4 (1 —abg™) (1 — acq™) (1 — adq™) (1 — abedg™ 1)
" a (1 — abedg?™=1) (1 — abedg?™) ’
a(l—q") (1 —beg"™") (1 —bdg" ") (1 — cdg"™")
(1 — abedg?=1) (1 — abedg?—2) '

C, =
2. g-Racah polynomials

2.1. Hypergeometric representation:

~ (aq, B0q,vq; q) g " afBq"t g8 gt
R, (z(s);a, B,7,6]q) = L
(w(s); 05,7, 0l0) (aBg™t1;q), o oq, 8oq,vq

where z(s) = ¢~ + vd¢**?, and

Q;Q>7 nIO? 17 27"'7N7

aqg=q N or Boqg=q " ory¢=q ", with N anonnegative integer.
2.2. Weight function:

(g, 304,74, 70¢;9), (L —~dg**) 1
¢, a~'yoq, B4, 045 q) (Bq)* (1 — v6q) Vi (s)

2.3. Orthogonality relation:

p(s;a, B,7,0]q) = (

N
> Ry (x(s); 0, 8,7, 0lq) Run (2(5); , 8,7, 6]q) p (550, 8,7, 6]q) Vai(s) = hu Gnm,

(a3 1y, a716,871, 7% q)
(=187 1q7, a=1y0q, B71vq,0¢; 4) o
(1 — aBq)(v6q)" (¢, By q, 00 q, B q) [(aqﬁéqmq; q)n] ?
(1 —aBg* 1) (aq,aBq, Bvq,80¢,7¢;)n | (aBq™Yq), |

h =
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2.4. The lattice:

x(s) = ¢ +v0¢°t, a, = 5 Be=0, 0= (¢~ 1)%46.
2.5. Polynomials ¢ and ¢
¢(s) = (PaB+1)a?(s)— (¢80 +qay+qaBd+aBq+a+B5+5+7)qx(s)

—2 (s B —qBsy — qa 5 — ¢7*0 — qay § — qay — gy 628 +70) g,

2 (2a B —1) q2a (s) B 24 (qB6~ + gy + qa B5 + a Sq — o — B8 — 78 — ) q*
qg—1 g—1 '

2.6. Recurrence coefficients:

ﬁn = 1+’75q_An_Cn7
Tn = An—lcm

with

I U ag") (1 —afq™™) (1 — Bog" ) (1 —vg"*)
! (1 —afg® ) (1 — afg*+?) ’
q(1—q")(1—3q")(y—aBq") (6 — aQ”)'

(1 —aBq¢®) (1 — afe )

3. Continuous dual ¢g-Hahn polynomials

Ch

3.1. Hypergeometric representation:

3 o qfn7 aei@) aefie
Pn(x50,0,clq) = 27"a"" (ab, ac; q)n 302 ¢;q |, v = cosb.
ab, ac
3.2. Weight function:
1 (em. q) 2
= p(x;a,b,c,d|q) = I A e = cosf.
p(x) := p(z;a,b,c,d|q) =7 | (e, be? e g) T

3.3. Orthogonality relation:
If a, b and d are real, or one is real and the other two are complex conjugates, and if

max(lal, [ble]) <1,

then we have )
1
2_ p(.ﬁE) i)n(xa aab7dQ) f)m(x;aa b,c|q) dr = hnén,m,
TJ-1

where
4 —MNn

h, = .
" (gt abgt, acq™, beg; q)
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3.4. The lattice:

gt ¢ +qe (g1
W)= =Ty i

3.5. Polynomials ¢ and 1):

$(s) = 2x%(s)—(a+b+c+abe)z(s)+ ab+ ac+be—1,
bls) = _4q%x(s)+2(a+b+c—abc)q%'
q—1 q—1

3.6. Recurrence coefficients:

1
ﬁn = §(G+G_1—An—0n),

1
n _Anf Cna
g 1 1

with

Ay = (1 abg") (1 — acq"),
Cn = a(l—¢q") (1 — bcq"il) )

4. Continuous ¢g-Hahn polynomials

4.1. Hypergeometric representation:

(abe?? ac, ad; q) ( q ", abedg™ ™, ae'@t2%) e~
403

2ae™?)" (abedq™ 13 q),,

Dn(z5a,0,¢,d|q) = ( q; q), x = cos(0+y).

abe?? ac, ad

4.2. Weight function:

2

2i(6+¢)
(e (e , = cos(f + ).

I

(aeiO+20) bei0+20) cei® dei; q)

p(x) = p(x;a,b,¢,d|q) =

4.3. Orthogonality relation:
If ¢ = a and d = b then we have, if @ and b are real with max(|al, |b|) < 1 orif b = a and
la| < 1 then we have

1 1

oo | P@) Balwsa,bc,dlg) pun(w: a,b, ¢, dlg) de = By b, @ = cos(0+ ),
TJ1

where )
47" (abedq" 1 q), " (abedg®™;q) .

h, = 4 . .
(qn*1, abgme®¥ acq™, adq2", beq™, bdg™, cdghe=%%; q)

4.4. The lattice:

¥ gt N e ta  (g—1) Gt s
2 P 2 4qg T T

x(s) =
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4.5. Polynomials ¢ and v:

d + deb + at? + bt?ad + cbat? da + bt?
5() = 2dcba+1)a? (5) - LFIBH AL F W ad b el bt edad W) e (o)
+cat2—|—bt2d—t20bad+cbt2+cd+t2+bt4a—|—t2ad
t2 ’
4 (—1+ dcba) g2 (s) 22 (—c —d+ cda — bt* — at® + dcb + cbat?® + bt*ad)

Vi) = g—1 - (q—1)t ’

with the notation t = e'%.

4.6. Recurrence coefficients:
1 . .
By, = 5(@6“" +ate®— A, — Ch),

1
n _An— Cna
Y 1 1

with
4 = (1 — abg"e*?) (1 — acq™) (1 — adq™) (1 — abedg™™)
" ae’ (1 — abcdq” D (1 — abedg®™) ’
o - (1 =¢") (1 —beg" 1) (1 —bdg"") (1 — cdg" )
" (1— abcdq” D (1 — abedg?n—2) '

5. Dual ¢-Hahn polynomials

5.1. Hypergeometric representation:

s+1

- _ q",q %, q % vq
Ry (x(s);7,0,Nlg) = (va. ¢ V3 9), 3¢2< g g-N

q;q)? n:O’ 17 27"'7N7

where z(s) = ¢~° + v0¢*T! and N a nonnegative integer.
5.2. Weight function:

(aq, B¢, 7q,70q;q), (1 —dg=+Y) ¢ ()
<Q7 75QN+27 6Q7 Q)S (_’)/CI)S (1 - 75q> v.731<8)

p(s;a, B,7,0lq) =

5.3. Orthogonality relation:

For0 <y <qgltand0 < d < glory > qg*!tandd > ¢!, the orthogonality relation
is

N
> Ry (x(s); o, 8,7, 0]q) R (x(s); v, B,7,61q) p (550, 8,7,0lq) Vai(s) = hn S,

(v6¢* @)y (2.6 ¢ V;q) (vog)"

fin = (V)N (05 q)
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5.4. The lattice:

2(s) =q* +790¢"", ap = ———, 3, =0, 6, = —(q— 1)*10.
5.5. Polynomials ¢ and 1):

o (va+a¥qvs +va¥g+1)a(s) v (Ngyd—dgN +5+1)¢
o) = () - a n 1 ,

b(s) = _2q%x(s)+(quv5+7qu—7q+1)q
q—1 (¢—1)g"

=

5.6. Recurrence coefficients:

ﬂn = 1""75(]—14”—0”,
Tn = Anfl Cn;
with
Ay = (1=¢"N) (1 —~g"),
Co = 7q(1—q")(6—¢" V).
6. Al-Salam-Chihara polynomials

6.1. Hypergeometric representation:

ae’®, ae=

ab, 0

A -n __—n q—n’
Qn(z;a,blq) =27"a™" (ab; q)n3¢2< q;CJ), x = cosf.

6.2. Weight function:

2

1
, © = cosf.

p(x) := p(x;a,blg) = N

6.3. Orthogonality relation:

(€% q) oo

(ae®, be'?; q)

If a and b are real, or complex conjugates and max(|al, |b]) < 1, then we have the following
orthogonality relation

I ~ ~ Onm
p(&?) Qn(xv a, le) Qm(xa a, b"]) dr = 4n (q”“, abq”; q)'

2r J

6.4. The lattice:
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6.5. Polynomials ¢ and ¢

g% x (s) 2(a+b) >
+ .
q—1 -1

¢ (s)=22%(s) — (a+b)x(s)+ab—1, 9 (s)=—

6.6. Recurrence coefficients:

(1—4¢") (1 — abq"_l) )

| =

1
ﬁn = E(a + b)qn, Tn =

7. q-Meixner-Pollaczek polynomials

7.1. Hypergeometric representation:

5 (a% @)n (¢ @)n q ", ac'0+20) qei
(-T a‘q) (2&6“’0)” 3¢2 CL2,0

q;q), x = cos(f + p).

7.2. Weight function:

2

2i(0+¢).
(e @)oo , = cos(f + ).

(aei+20) e )

p(x) := p(x;a,b,c,d|q) =

7.3. Orthogonality relation:

For 0 < a < 1 we have

| P ; (4 @)n
— p(x) P,(z;alq) Pn(x;alq) de =
37 | (@) Pulasala) Po(asalg) de = e TR

7.4. The lattice:

Snm, T = cos(0 + ¢).

z(s) = d +26w 61757 Qp = @»racz tqz = Ui 1)2 0. g

7.5. Polynomials ¢ and 1):

1 1
4q2 x(s) n 4aqz cosp

¢ (s) =2a%(s) —2a cospa (s) +a> =1, P (s) = g—1 q—1

7.6. Recurrence coefficients:

n 1 n o
B = aq" cosp, %z;l(l—Q)(l—cﬂq h.

8. Continuous ¢-Jacobi polynomials

8.1. Hypergeometric representation:

1 1
(qa—f—l; q)n <q, _galetBtl) o g(atpi2). q)
2 (g q)n g 2O (qrtatBilg)
4¢3< g, gL g0t if gzt it

a+1, _qé(a+ﬁ+1)7 _q%(a+ﬁ+2)

n

P (alg) —

X

q;q), x = cosf.
q
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8.2. Weight function:

p(x) = p(x;a,b,¢,d|q) =

8.3. Orthogonality relation:
1 1
For o > —3 and 3 > —3 we have

1 [t N

— | pla) P (x|q) PP (x]q) dx = hy, 8,

27 )4

where

2
<q7 _q%(a+ﬁ+1)7 _q%(a+ﬁ+2); q>

hn = a .1 tlox

(q2 (a+5+2) %(a+,8+3); q>

(q7 gotl, gBH1, —ga(atBD) _p5(at5+2). )

(1 — g+ (qa+1 §HL g lathtd) )

n

(1 — g2n+ats+1) (q qorBHL _galattl) ’q)

8.4. The lattice:

s —s 1 -1
l‘(S):%, Oéar:qQ_I—%7 6$:07 6:1::_

8.5. Coefficients of the polynomials ¢ and v:

n

4q

(¢ —1)°

I+a+8 _ =
27

¢p = pPotitigq ¢1:%(p+1)p% (p%‘*ﬁ”—p“—pa*w“mﬁ),
_ L oavopia L oavpis L oave arpre 1 oopie L
¢ = —5p — 3P top topTT o gp
2p(p2a+26+4_1) p% (_p2a+6+2_pa+pa+2ﬁ+2+pﬁ)
N ' I o1 ’
with ¢ = p?

8.6. Recurrence coefficients:

1

79
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with
(1 — gnto+t) (1 _ qn+a+,6’+1) (1 1 qn+%(a+ﬁ+1)) (1 1 qn+%(a+ﬂ+2)>
Au = g2t (1 — @2rtotB+l) (1 — g2ntati+2) ’
g2+t (1—q") (1 — ¢"*P) (1 + q"*%("*m) (1 + q’”%‘“ﬁ“))
C, =

(1 _ q2n+a+ﬁ) (1 — q2n+oc+5+1)

9. Continuous Dual ¢g-Krawtchouk polynomials

9.1. Hypergeometric representation:

—n

f(n(x(s);c, N|q) = (q_N;q)n 3¢2<q

where z(s) = ¢~ + cg* V.
9.2. Weight function:

(Cq_N, q—]\/'7 q)s (1 - Cq2s_N) C—S qs(QN—S)
(¢, cq:q)s (L —cqg™™)  Vay(s)

p(s;c, Nlq) := p(s) =

9.3. Orthogonality relation:

N —1. ) _N.
> Kn(z(s);c, Nlg) Km(x(s); ¢, Nq) p(s) Vi (s) = = ,Q)N(c(j?;—gq ’q)”én,m, c<0.
s=0
9.4. The lattice:
f gt
v(s) = g +eq ™, = = =0, 8, = (g — 1)?q 7.
9.5. Polynomials ¢ and ):
- _ _ 2q2 2(c+1)qz
o(s) =2%(s) — (c+ 1) g Na(s) —2c(g N — ¢ M), Y(s) = - 1:U(s) i (<q . 1))qN '

9.6. Recurrence coefficients:

ﬁn = (1 + C) qn—N, Tn = C(l - qn) (1 - qn_N_l) q_N'
10. Continuous big ¢-Hermite polynomials

10.1. Hypergeometric representation:

azsala) = 2750 10 g
n\T;a|q) = 3¥2 070 q;49 |-
10.2. Weight function:
. 2
L |(5a)

, T =cosf.

p(z;alg) = Vi

G
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10.3. Orthogonality relation:

If a is real and |a| < 1, we have

5n,m
4n (" q)

1 [t N N
2—/ p(x;alq) Hy(z; alq) Hy(z; alg) de =
™ J-1

10.4. The lattice:

1
¢ +q° 2 +q> q—1)°
CE(S):T’ Oé:r:Tv ﬁxzoy 5:E:_( 4(]) .

10.5. Polynomials ¢ and :

4q3 2aq3
é(5) = 222(s) — ax(s) — 1, ¥(s) = - T () + 222
10.6. Recurrence coefficients:

1

1
n:— n, n:_l_n.
Bn =5 aq", 7 4( q")

11. Continuous g-Laguerre polynomials

11.1. Hypergeometric representation:

1 1 1 1 .
Ple —n ~Gatdn (g0 g, qEotie? grotie
P (a]q) = 27" g~ ot (g2t q) 3¢2<

112.2. Weight function:

0 ,—if. 5 2
1 e,e€ i q o 0
, T = cos0.
VI=2 | (gl gh)
oo

11.3. Orthogonality relation:

p(x;q%lq) =

For a > —1, we have

. a+1.
D(c) (a) (Q7 q)n (q ) Q)
— x;q%|q) Py (x|q xlq) dx = % -
/ 1) £7(ala) B2l (4.4 q)y 4
11.4. The lattice:

1
s -5 5 -5 -1 2
.T(S): %7 arch—'—%7 ﬁxzoa 5x:_(q )

11.5. Polynomials ¢ and :

6(s) = 222 (5) = pF (p+ 1) (s) 4 P22 — 1, v (s) = — =2 (5) + 2

q;q), x = cosf.
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11.6. Recurrence coefficients:

1

o4l 1
Bo = 5a" (14 ), 9 =

12. Continuous ¢-Hermite polynomials

(I—q")(1—q"").

»Jklb—‘

12.1. Hypergeometric representation:

qg "0

ﬁn(x@ =27 2¢0<

q;q" e_2w> , T =cosf.

12.2. Weight function:

p(x;|q) = 20, , x = cosb.
s (@)
12.3. Orthogonality relation:
/ (ela) Hn(alg) d Onm
— (z|q rlg)der = ——————
4m (g™ q) o
12.4. The lattice:
1 1
¢ +q° qz +q 2 (g — 1)
= = x = 0’ (5I = —
z(s) 5 G 5 B 17
12.5. Polynomials ¢ and v
4 q%
B(s) = 22%(s) — 1, ¥ls) =~ a(s)
12.6. Recurrence coefficients:
1 n
571:07 /yn:Z(l_q )

Part II: Cases of quadratic lattices

13. Racah polynomials

13.1. Hypergeometric representation:

Ry(z(s);a, B3,7,0) = ot 1)(2(52:5—; i)al)(z o

7 —n,n+a+p+1,-s,s+v+0+1
s at1,84+0+1,7+1

1), n=0,1,2,..., N,
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where z(s) = s(s+v+d+ 1) and
a+1l=—Norf+d+1=—Norvy+1=—N, with N anonnegative integer.
13.2. Weight function:

(a4 1)s(B+ 6+ sl + Dy +6+ 1), (2252

can 3,7,0) = = )
) T D847+ 1, (P5) (31 1), 9110

13.3. Orthogonality relation:

> Ru(x(s);, 8,7, 0) Bun(x(s); , 8,7, 6) pls) Varr (s) = hn 6y ms

s=0

where

a+B—y+1)p(a=0+1), (B+1pn! (a+1), (B+0+1)n(y+ 1),

R
fn =M (a+B8+2)2m n+a+pB+1),

)

where

( _(=B)n (v+6+2) : —
(—ﬁ+vli1)N (5+1]S]N if at+l=-N,

_ (—a+6) N (+5+2) : _
M= (*a+7+§;1’;1\r Gy At 0+1=-—N,

(a+B+2) N (=9) : — _
\ (a—6+1)NN(ﬁ+1)]sz it y+1=-N

13.4. The lattice:

1 1)
z(s)=s(s+v+d+1), a, =1, ﬁx:z_ﬁ 535:@.
13.5. Polynomials ¢ and :
b(s) = 22%(s)+[-Bo+By+27+ay+2v06+4+ad

+3a+38+28a+28z(s)+(1+7)A+5+79)(+8+1)(a+1),
V(s) = Qa+28+4)z(s)+2(A+7)0+B+1)(a+1).

13.6. Recurrence coefficients:

ﬁn - _An - Cn> Tn = An—l Cna

where
4 = m+a+1l)(n+a+8+1)(n+8+5+1)(n+~v+1)
" 2n+a+B8+1)2n+a+5+2) ’
o _ nl+atB—y)(n+a=0)(n+p)

2n+a+p)2n+a+p+1)
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14. Dual Hahn polynomials
14.1. Hypergeometric representation:

. —n,—s,s+v+0+1
Rn ; ,(5,N = 1) *Nn F:
(2(5);7,6,N) = (v + Dn (=N)n4 3( LN

1), n=0,1,2,..., N,
where z(s) = s(s+y+d+1).

14.2. Weight function:

(2s+9+6+1)(y+ 1), (=N); N 1
(=15 (s+v+d+ 1Nt (0 +1)ss! Vay(s)
14.3. Orthogonality relation:

p(s;7,6) = p(s) =

Fory > —landd > —lory < —N and § < —N, we have

S Ra(w(5) 7,6, N) Bon((5); 7,6, N)pl(s) Vi (s) = [”(;nl)”(gi;]vﬁ;fan,m.

N—n

n

14.4. The lattice:

2
B = (st 7+0+1), a,=1, B =1, 6, = CHOE

14.5. Polynomials ¢ and v:
() =(-142N+0—y)z(s)+ NA+~v)(1+0+7), ¥(s)=—-2x(s)+2N(1+7).

14.6. Recurrence coefficients:

Bn - _An - Cn; Tn = OTL?

where
Ay,=n+~v4+1)(n—N), C,=n(n—-96—N—1).

3.3 Fourth-order difference equations for orthogonal poly-
nomials

3.3.1 Intermediate relations

To derive the fourth-order difference equations for the modifications of the classical orthogonal
polynomials, we shall start with the following intermediate result.

Theorem 3.7 Let (P,) be a sequence of classical orthogonal polynomials satisfying the second-
order difference equation (3.76) with the corresponding orthogonality weight satisfying the
Pearson-type equation (3.63) and the border conditions (3.65) where the functions o(s) and
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the polynomials ¢(s) and (s) are related by (3.77). Then, the first associate ( ) of (Py)
satisfies

3(5) [A1(s) F, + By(s) M, + Cy(n)] PV, (2(5)) = 21 [D1(s) M, + B (s,n)] Po(s), (3.91)
with

Ai(s) = —¢(s) =207 Us(s) ¢" +2a Ui (s) ¥(s) — 2U1(s) Ma(s)
+4aUZ(s) Y + 2a (202 — 1) Us(s) ',

Bi(s) = (20 =1)9(s) —2aMu¢(s) +2(4a” = 1) Ui(s) ¢’ —2aUi(s) ¢", (3.92)
Ci(n) = (20 =1)¢ —ag¢" =\,

Di(s) = ad(s)—Ui(s)¥(s),

Ei(s,n) = =X\, Ui(s),

where the polynomials Uy and U, are defined by (3.34),

n= (%@D - (b—) Yo = (0 V1 — P2) Yo, (3.93)

and
Zp ) Vi(s) or v = / p(s) Vy(s)ds (3.94)
c

for discrete and continuous orthogonallty respectively.
The proof of the theorem will use the following lemma.

Lemma 3.3 The function of second kind Q),,(x(s)) defined by (2.91) satisfies:

(p(s) — %1/1(5) Vzi(s)) p(s) %(xs()s)) =n, Vs € (a,b), s#a,a+1,...,b—1; (3.95)

n¢(s)

p(s) M Qo(z(s) = $2(s) — Us(s) 12(s)’

where 1 is given by (3.93).

(3.96)

Proof:  Since @), is a solution of (3.76), taking into account the fact that Ay = 0 from (3.80),
we have

O P2 Qufa(s) + 7(5) ML Qu(a(5) =0 & |(6(9) = 56(5) Toa(s) o) * g | <o

V(s)

Therefore, the left-hand side of (3.95) is a periodic function of period 1. This combined with
the asymptotic behavior obtained using (2.93)

(9(5) = 306) Tl o) a1 [0 (L) et =
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allows to deduce that the left hand-side of the previous equation is the constant 7).
To derive Equation (3.96), we use an equivalent form of (3.95)

VQu((s) _ "
Vils)  p(s) (6(s) — 20(s) Var(5))

and obtain

p(s) Mz Qo((s))

p(s) (AQo(x(s)) = VQo(x(s))
2 ( Ax(s) i V(s) )

1 ( 1 p(s) N U ) '
2 \p(s+1)[o(s +1) = 30(s + 1) Azi(s)]  d(s) — 30(s) Vau(s)

Next, we use an equivalent form of the Pearson-type equation (3.63)

p(s+1)  o(s)+ 51p(s) Vs (s)
pls)  d(s+1) = 3u(s +1) A (s) (3.97)

to get

PIMQla(s) = 5 (57 L R )
Ui

since from Equation (3.15),

0]
Let us now give the proof of the Theorem 3.7.
Proof: In the first step, we use relation (2.92) and the fact that (),, is a solution of (3.76) to get

(6(5) Fa + () M, + An) Pn<x<s>>c20<m<s>>+%Pﬁlu@» —0. (398)

Using the product rules (3.44) and (3.45) for F,, and M, and Equation (3.76) in order to elimi-
nate all occurrences of F, P, (z(s)) and F,Qo(x(s)) we transform the previous equation into an
equation whose left-hand side is a linear combination of

F, PV, (x(s)), Mo PV, (2(s)), Py, (2(s)), M, Py (x(s)) and Py (a(s)).
The coefficients of this linear combination are functions of

(s), ¢(s), ¥(s), Ui(s), Ua(s), MaQo(x(s)), Fup(s), Map(s), and p(s).
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The expression M, Qo(z(s)) is eliminated thanks to (3.96). It remains now to express F,p(s)
and M, p(s) in terms of p(s) times rational functions of x(s).

For this aim, we use (3.97) to eliminate all occurrence of p(s — 1) and p(s + 1) in the
equations

B A Vp(s)

F:}:p(s) o Ax(g — %) Vx(S)’
1 [(Ap(s)  Vp(s)

M,p(s) 9 (Ax(S) * Vm(s)) ,

and obtain
I, M,
p(s) g Map(s)
p(s) p(s)
as rational functions of the two variables x(s) and z(s + 1) whose coefficients depend only
on those of the polynomials ¢(s) and ¢(s) ((3.37) and (3.38) have been used as well). Then,
assuming « # 1, we combine (3.34) and (3.43) to get the system

Ui(s) = (a+ Dl(a—1)z(s) +f],
2uay/Us(s) = x(s+1)+ (1 —2a%)x(s) — 26(a + 1),

where © = £1. Solving this system in terms the unknowns x(s) and z(s + 1) yields

_ Ul(s) B
x () = @-D(ta) a1’

(3.99)

(2a2-1)U1(s)

B
W—i‘ZUO& UQ(S)——

a—1

r(s+1) =
Computations with Maple 9 [50] using the previous equation allow to express

F.p(s) d M, p(s)
p(s) p(s)

Y

as rational functions of the variable z(s) depending only on the integer powers of the functions

Ui(s), Ua(s), Foo(s), M,o(s), o(s), M(s) and 1(s).

Summing up, we obtain Equation (3.91).
Notice that if v = 1, the result obtained is still valid since the singularity — appearing in
(3.99) will be automatically cancelled in the expressions of

Fop(s) 4 Mop(s)
p(s) p(s)

after the computations.
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3.3.2 Fourth-order difference equations for modifications of the classical
orthogonal polynomials

Theorem 3.7 is the key to the following fundamental result.

Theorem 3.8 Let (P,) be a classical orthogonal polynomial system satisfying (3.76) and (P,)
the orthogonal polynomial system related to (P,) by

Pa((5)) = Tngk(8) Parr(@(5)) + Jnri(s) P (2()), (3.100)

where r and k are nonnegative integers, I, , (s) and J, . (s) are polynomials in the variable
x(s) but not depending on n forn >k, i.e.

Lyyi(s) =1 (s), Jnri(s) = Jk(s) #0 for n>k. (3.101)
Then, each P, satisfies a fourth-order difference equation of the form
Gy (y(@(8)) = | Apri(8) Fu + Bryi(s) My + Crri(5)] % (3.102)
(A, k(8) Fy + By p(s) My + Crrk(8)] y(s) =0, n >k,

where A, 1.(s), Bri(s), Cnri(s), flm,k(s), Bnmk(s) and C’W,k(s) are polynomials in the vari-
able x(s) whose degree does not depend on n.
This fourth-order difference equation can also be written as

Grrk(y(x(s)) = [Ga(s;n,r k)F,Fy + Gs(s;n,r, k) M,F, + Ga(s;n,r, k) F,
+ Gi(s;n,r, k)M, + Go(s;n,r, k)] y(s) =0, n >k, (3.103)

where G(s;n,r, k), j = 0 ... 4 are polynomials in the variable x(s) whose degree does not
depend on n.

Proof:  First, we use Equation (3.91) for n = n + r and (3.100) to get

0(5) [A1(s) Fo + Bi(s) My + Ci(n 4 7]

( (s))  Lni(s)
Tr(s) Ton(s) Prir(2(s)) (3.104)
= 21 [D1(s) M, + E1(s,n+1)] Poir(s), n > k.

Next, we combine the previous equation, the quotient rules (3.46)-(3.47) and Equation (3.76)
(in order to eliminate F, P, ,,.(z(s))) to obtain

[Ar,k(s) IF:L’ + Br,k(3> Ml’ + Cn,r,k( )] p ( ( )) (3105)
= [Dn,r,k<5) M, "‘En,r,k( )] n+r( ( ))u n >k,

where the coefficients A, x(s), B, x(s), Cpnx(S), Dnri(s) and E, , (s) are polynomials, and
functions of the polynomials I, x(s), J,.x(s), Ai(s), Bl(s) Cy(n), Dy(s) and Ey(s,n+ ).
If we write 3
Qnir(2(5)) = [Dyy(8) My + Eny ()] Prgr(2(5)), (3.106)
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then using the result of Lemma 3.1 and the fact that P, ,, satisfies (3.91) for n = n + r, we get

My Qrir(2(5) = [Gryr(s) My + Hypo(5)] Prir(z(s)), (3.107)
FoOnir(2(5)) = [én,r,k(s)Mﬁﬁ[n,r,k(s) Poir((s)), (3.108)

where G, ;. 1(5), Gnri(s), énmk(s) and ﬁ[nmk(s) are rational functions of the variable x(s).
Equations (3.106)-(3.108) which can be seen as a system of three linear equations with respect
to the unknowns M, P, (z(s)) and P,,,(x(s)) produce the second-order difference equation
for Quyr(1(s)) )

Dn,r,k<8) En,r,k(s> Qn+r<x(s))

Grri(8) Hpri(s) MyQnir(2(s)) | = 0.

én,nk(s) f{n,r,k(s) F:t@n—i—r(x(s))
The previous equation after cancellation of the common denominator can be brought into the
form

An,r,k<8) Faz + Bn,r,k<3) Mz + én,r,k(s)] QnJrr(m(s)) = 07

where flnmk(s), anr,k(s) and CN’nyr,k(s) are polynomials in the variable x(s) whose degree does
not depend on n. Combination of (3.105) and the previous equation produces Equation (3.102).
Finally, (3.103) is derived from (3.102) by simultaneous application of the product rules (3.32)-
(3.33) and (3.44)-(3.45). O

3.3.3 Solutions of the fourth-order difference equations

In the following, we solve the fourth-order difference equation satisfied by the modifications of
classical orthogonal polynomials in terms of the polynomials P, and its corresponding function
of second kind @),,.

Theorem 3.9 Under the hypothesis of Theorem 3.8, we have: The four linearly independent
solutions of the difference equation (3.102)

Gn,r,k(y(s) =0, n>k,

Si(sin,r k) = p(s) Jrr(s) Poir((s)),
Sa(s;n, 7, k) p(s) Jr, ()an(x(S)),
Ss(sin,r k) = [Li(s) — 79 ' p(s) Qo((s)) Jr(s)] Prir((s)),
Si(sin,r k) = [Lox(s) =% p() Qo(@(5)) Jr(5)] Quir(2(5))

Proof: In the first step, we observe that because of the factorization in Equation (3.102), any
solution of the equation

(A, 1 (8) Fy 4 Byrgo(s) My + Cryri(s)] y(s) =0 (3.109)
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is also solution of (3.102).
In the second step, we also observe from the procedure we have used to construct Equation
(3.102) that (using (3.98) and (3.104))

Ak (8)Fo + Bri(s) My, +  Chrri(s)]y(s) =0
)
[A1(s)F, + Bi(s) M, + Ci(n+7)] {Jg:](jl) } =0, n>k
0
[o(s)Fy +0(s)M,  + Ay {%} =0, n>k.

Therefore, Si(s;n,r, k) and Sy(s;n,r, k) are solutions of (3.109) and therefore of (3.102).
In the third step, we use (3.100) and the relation
PO (a(s)) = p(8)[Pr-1(2(5)) Qnir(2(s)) — Qro1(2(s)) Pasr(@(s))]
" Yo Frfl

obtained from the fact that P, ,, ()., and PT(LT) satisfy the second-order recurrence relation
(see Theorem 2.12 and also [30]) to get

Po(x(s)) = Ss(s;m, 7, k) + 75t Sals;n, 1, k).

Here, I',_; and v, are given respectively by (2.14) and (3.94). Then, since P,(x(s)) and
Sa(s;n, r, k) are both solutions of (3.102), it turns out from the previous equation that Ss(s; n, r, k)
is also solution of (3.102). Also, S4(s;n,r, k) is another solution of (3.102) because it is ob-
tained by replacing P, ., by @, in the expression of S3(s;n,r, k) and the functions P, ., and
Qn- satisfy the same second-order difference equation, namely (3.76) for n = n + r. We
complete the proof by observing that the four solutions are linearly independent since by means
of (2.93), they enjoy different asymptotic behavior. 0

For each of the five modifications of classical orthogonal polynomials listed in the sec-
ond chapter, we get explicit expressions of the functions S;(s;n,r, k), j = 1 ... 4 in terms
of p(s), P,(x(s)) and @, (x(s)). As can be seen from the previous theorem, these solutions
have the same structure for the difference equations satisfied by modification of any classical
orthogonal polynomials. These solutions were given explicitly in our previous works for the
modifications of the very classical orthogonal polynomials. We therefore refer to these three
papers [29, 30, 31].

It should be mentioned that the fourth-order difference equation satisfied by the Laguerre-
Hahn polynomials orthogonal on special nonuniform lattice was derived in [12]. This result
which is based on the properties of the formal Stieltjes function of the corresponding functional
[44] covers the modifications of the classical orthogonal polynomials. However, it does not
deal with factorization nor with the solutions of the difference equation derived. Our approach,
which uses the operators [, M, the Pearson-type equation for the orthogonality weight and
the second-order divided difference equation satisfied by the initial polynomials allows us to
factorize and solve the difference equations obtained and constitute a natural extension of the
results obtained for the very classical orthogonal polynomials [29, 30, 31].



Chapter 4

Specializations and applications

We analyze the results obtained for some specific values of the parameters and show some
applications relative to the first associated classical orthogonal polynomials, the characterization
of classical orthogonal polynomials and the solutions of some difference equations involving the
operators [, and M.

4.1 Specialization
In this section, we mainly investigate the results obtained for specific values of the parame-

ters ., (3, and §, of the lattice x(s), namely those leading to the very classical orthogonal
polynomials as already mentioned in Remark 3.4.

4.1.1 The classical orthogonal polynomials of a continuous variable

For
a, =1, 6, =0and d, =0,
we have
d d?
Mz = %, Fa: = @ and U1(8> = UQ(S) = 0.
Therefore, Relation (3.91) reads
d? d
B() 75 + 26/ (1) = 0(s) T+ M+ ¢ — 0| P () = (¢ —24) P (o).

This relation, which was first derived by Ronveaux [55], is the key to the derivation and solutions
of the fourth-order differential equations satisfied by modifications of the classical orthogonal
polynomials of a continuous variable. For more details, we refer to the paper [30] which appears
now to be a particular case of the results obtained in the framework of this thesis.

4.1.2 The classical orthogonal polynomials of a discrete variable on a lin-
ear lattice

For ]
o, =1, ﬁx:()andéx:[—l,
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we have

1

z(s) =8, My = 5(A+ V), Ui(s) =0, F, = AV, and Up(s) = 7.

1
2
Therefore, Relation (3.91) reads

{20(s) +¢" —¥)AV  +  (¥(s) + [A+ V]§(s))[A + V] + Ay + 0" + 9} PV ()
= (¢" —2¢) AV P (2).

The previous relation, due to Atakishiyev, Ronveaux and Wolf [11], has been used to derive the
fourth-order difference equations satisfied by the modifications of classical orthogonal polyno-
mials of a discrete variable on a linear lattice. We refer to the paper [29] for details about these
equations as well as their solutions.

4.1.3 The g-classical orthogonal polynomials
For

Oy = ———, B, =0, =0, withq #0, 1,
we have

1
x(s) = ¢, F, = ¢ D, D%, M, = §(Dq+D%), Ui(s) = (ag—l)x(s), and Us(s) = (ai—l) xz(s)

and the corresponding families are the g-classical orthogonal polynomials.
For x(s) = ¢°, the relation (3.91) is equivalent to Equation (16) in [31] with the polynomial

¢ replaced by
1

@ $((s)) = 5(a = g™ a(s) ¥(a(s).

This relation which is due to Foupouagnigni, Ronveaux and Koepf [25] allowed in [31] to derive
and solve the fourth-order ¢-difference equation satisfied by the modifications of the ¢-classical
orthogonal polynomials.

4.1.4 The classical (not very classical) orthogonal polynomials

The classical (not very classical) orthogonal polynomials are those orthogonal on quadratic and
g-quadratic lattices x(s). For such lattices, the corresponding parameters satisfy

a, =1 and £, #0,

or

1 1

q2 +q *

Oy = ————

2

By performing calculus with computer algebra software, one can obtain the coefficients of the

fourth-order difference equation satisfied by the associated classical orthogonal polynomials in
terms of the polynomials ¢ and v appearing in the Pearson-type equation (3.63).

, B =0 and 9, # 0.
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4.2 Some applications

4.2.1 Special cases of classical orthogonal polynomials

The relation (3.91) allows to observe that when 1 = 0, the first associated Pn(l_)1 satisfies the
second-order difference equation

[A1(s) Fy + Bi(s) M, + Ci(n)] y(s) = 0,

where the coefficients A;, By and (' are those of (3.91). It turns out that the previous equa-
tions is of hypergeometric type. Under certain conditions (on the parameters involved in the
definition), the first associated of the Askey-Wilson, the g-Racah, the Racah and the Wilson
polynomials, remains classical. This property is not true in general because the first associated
of classical orthogonal polynomials is in general not classical but belongs rather to the so-called
Laguerre-Hahn class [43]-[45].

Theorem 4.1 We have the following.

1. For abcd = q, the first associated of the Askey-Wilson polynomials remains classical
and is related to the Askey-Wilson polynomials by

P (2(s)ia,b e, =lg) = by (walsh =, 58 “ouabelg), @)
with u = %1.

2. For a3 q = 1, the first associated of the q-Racah polynomials remains classical and is
related to the q-Racah polynomials by

~ 1 - (x(s) 1 11
R a,—, 7, 0lq ) = (vO)" Ry | =2 =, g, —, <|q | - 4.2
n x(S),a,qa,% lq) = (79) bl by 514 (4.2)
3. For o+ 3 = —1, the first associated of the Racah polynomials remains classical and is

related to the Racah polynomials by

R,(ll)(w(s); a,—1 —a,v,0) = Ry(x(s) +v(a+1);6 —a,1 + a — §,—7,0). (4.3)

Proof:  For the Askey-Wilson polynomials, one obtains by direct computation using (3.93)
and the data given in the section 3.2.3 that

B , "\ 4(q — abed)
77_(%1/} - 2)_ 1—g¢

1 1
. 2 -2
with o, = &1 = +2q and

q . .
Tn+1 (a’b’c’abc’q> = 7n< 0’ b e auabc‘q>?
ﬂn+1 (Cl,b,C, d ’q) = uﬁn(
abc
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The relations (4.1) is obtained using the last two relations and the fact that p,,.; and 15511) satisfy
the same three-term recurrence relation. The proof of the identities (4.2) and (4.3) is obtained
in the same way since

2q(1 — afq ¢ 4qz
n="——"" a, = ———;
I—gq

1 1 11
Vot (a,—,w?) = Y (—,aq,—,—IQ>;
qo o v o

1 1 11
ﬁn—i—l (a7_a7a5> = véﬂn (—704617—7—|Q>
qo a v o

and
n=2a+pf+1), 0, = L
7n+1<047 —1—a,, 5) = 7n(5 —ol+a-— 67 = 6)7
ﬁn+1(047—1—05a%5) = 7n(5_041+a_57_776)_7(04_{_1)
for the g-Racah and the Racah respectively. U

Notice that relations such as (4.1)-(4.3) exist for very classical orthogonal polynomials.
They were given in references [33, 34], [5], [25] for Jacobi, Hahn and Big-g-Jacobi (and also
Little-g-Jacobi) respectively.

4.2.2 Polynomial solutions of some difference equations

The product rules (3.32)-(3.33) and (3.44)-(3.45) can be used to look for polynomial solutions
of difference equations with polynomial coefficients involving only the operators [, and M.
For example, if A(s), B(s), C(s) and D(s) are polynomials in the variable z(s), then the poly-
nomial solution of the equation (when it exists)

A(s) Fay(s) + B(s) May(s) + C(s) y(s) = D(s)

can be found by writing

n

y(s) =D anx®(s),

k=0

and solving the linear system obtained with respect to the unknowns a,, ; in terms of the co-
efficients of the polynomials A(s), B(s), C(s) and D(s). This in the same way as for the
usual differential equation since the operators I, and M, transform a polynomial in the vari-
able z(s) into a polynomial of the same variable. Using the quotient rules, one can look for
rational solutions of some difference equations with polynomial coefficients in the same way.
This approach can be used to look in general for analytic solutions (here we mean solutions
which can be expanded in series with the variable x(s)) of difference equation with polynomial
coefficients.



4.3. Conclusion and perspectives 95

4.2.3 Steps forward towards the characterization of some classes of or-
thogonal polynomials

In this thesis, we have derived diverse results for classical orthogonal polynomials in the same
line as for those of the very classical orthogonal polynomials. In the sequel, we have obtained
many intermediate results such as the product and quotient rules, the coefficients D,, ., Sy x, Fonk, Mpk, Bn, Tona, T
and y,,. These coefficients can be used for the implementation of codes in computer algebra rel-
ative to the classical orthogonal polynomials on quadratic and g-quadratic lattices. They could
also be used for the complete characterization of the classical orthogonal polynomials. As il-
lustration, for the very classical orthogonal polynomials, the ratio T—k is a rational function
of n or ¢" depending on whether the variable is continuous, linear or ¢ linear respectively. This
is an equivalent characterization property for the very classical orthogonal polynomials [2, 35].
But from the results obtained here, we observe that the ratio 7= In2 i5 a rational function of n and
q" (at the same time) for the g-quadratic lattice. This is an 1nd1cat10n for the complexity for
the formulation of the characterization theorems for the classical (not very classical) orthogonal
polynomials. Summing up, we can conclude that the results obtained in this thesis constitute
some important steps forward towards the complete characterization of the classical orthogonal
polynomials.

4.3 Conclusion and perspectives

4.3.1 Conclusion

In this thesis, we have derived and solved the fourth-order difference equations satisfied by some
modifications of the classical orthogonal polynomials. In the sequel, we have proved several
important intermediate results.

Our main contribution is contained in the third chapter and can be summarized as follows:

- The derivation of the product and the quotient rules for the operators D, S, F,, and M,
(see Theorems 3.1-3.3);

- the derivation of the higher-order linear difference equation for products of functions
satisfying each a second-order linear difference equation (see Theorem 3.4);

- the derivation of the second-order difference equation from the orthogonality relation for
classical orthogonal polynomials (see Theorem 3.5);

- the derivation of the explicit expressions of the coefficients D,, 1, Sy, Frnr—2, My k-1
for k = n, n—1, n—2 (see Equations (3.23)-(3.30) and (3.81)-(3.83)) and the recurrence
coefficients for classical orthogonal polynomials (see Theorem 3.6);

- the derivation of the relation (3.91) giving the link between the classical orthogonal poly-
nomials and their first associated (see Theorem 3.7);

- the derivation and the solution of the fourth-order difference equation for the modifica-
tions of the classical orthogonal polynomials (see Theorems 3.8 and 3.9).
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As far as we know, these results are new and constitute a generalization of several works on
the derivation of the fourth-order differential or difference equations for the modification of the
very classical orthogonal polynomials (see [11, 42, 54, 55], [22]-[31] and references therein).

4.3.2 Perspectives

As the continuation of this work, many investigations can be done. Among these are:

- The computations of the coefficients of the fourth-order difference equations satisfied
by the associated classical orthogonal polynomials in terms of the polynomials ¢ and ¢
involved in the Pearson-type equation (3.63) as was done for the very classical ones;

- the complete characterization of the classical orthogonal polynomials of a discrete vari-
able on a quadratic and a ¢g-quadratic lattice as was done for the very classical ones;

- the characterization of the semi-classical and the Laguerre-Hahn orthogonal polynomials
of a discrete variable on a quadratic and a ¢-quadratic lattice;

- the development of algorithms (and their implementation in diverse computer algebra
systems) aimed at solving difference equations (with polynomial coefficients) involving
the operators I, and ML,.
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