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Abstract

We consider a general Sobolev—type inner product involving the Hahn difference operator, so
this includes the well-known difference operators %, and A and, as a limit case, the derivative
operator. The objective is to construct the ladder operators for the corresponding nonstandard
orthogonal polynomials and deduce the second—order differential-difference equation satisfied by
these polynomials. Moreover, we will show that all the functions involved in these constructions
can be computed explicitly.
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1 Introduction

The literature about Sobolev orthogonal polynomials is very extensive, dating back to the sixties of
the last century although the seminal paper on this topic is due to Lewis in 1947. End of the eighties
and the nineties saw a burst of papers about Sobolev—type orthogonal polynomials. A general and
historic vision until 2015 is given in the survey [32] where the authors rename these nonstandard
orthogonal polynomials as Sobolev orthogonal polynomials of the second type, although the most
frequently used names are Sobolev—type orthogonal polynomials and discrete Sobolev orthogonal
polynomials. In some of those papers the Sobolev—type inner product

(f.9)s = /R f@)g(@)e(@)dz + MfD (gD (e), M >0, jeN,

was considered, where p(x) is a weight function with support on the real line and c is located on
the real axis. The authors of those papers studied extensively algebraic, differential and asymptotic



properties of the corresponding Sobolev orthogonal polynomials (SOP), including generalizations of
the inner product or even the varying case, where the constant M is changed by a general sequence
depending on n (see [30] for the varying case). Notice if we allow j = 0, then the inner product
will be standard and, therefore, we have all the advantages of the standard polynomials such as the
three-term recurrence relation, Christoffel-Darboux formula, etc. Thus, to use the word Sobolev
properly we should take j as a positive integer, i.e. 7 € N.

Recently, there has been a growing interest in considering nonstandard inner products with
noncontinuous weights, i.e. weights supported on some lattices. According to the weight, the
differential operator is substituted either by the difference operator A or by the g—difference operator
P, This leads to A-SOP or ¢-SOP. In many papers (e.g. [1,3,7,8,9, 10, 11, 12, 19, 27, 28, 33, 34])
these SOP were studied by considering particular weights or by taking one of these two difference
operators. However, in other papers (e.g. [2, 4, 20]) these three operators were treated in a unified
way via the Hahn difference operator.

Ladder operators for orthogonal polynomials have been extensively studied in the literature,
see [13, 14, 15, 16, 17, 26, 36] among other references. One reason for this, but not the only one,
is that they are a nice and useful tool to construct differential (or difference) equations satisfied by
orthogonal polynomials.

Thus, the main goal of this paper is the study of the ladder operators for a wide class of
Sobolev—type orthogonal polynomials using the Hahn difference operator as a powerful tool and,
as a consequence, to provide the second—order differential-difference equation satisfied by these
nonstandard polynomials. In addition, we generalize some results of other contributions to this
topic where the authors considered particular cases, e.g., [6, 21, 22, 25].

In this paper, we consider the Sobolev—type inner product

(f,9)s = /Rf(ﬂf)g(ft)g(@dx + M) f(e)2)9(0), (1)

where p(x) is a weight function with support on the real line, ¢ is located on the real axis, M > 0,
Jj is a non—negative integer and %, is the operator introduced by Hahn in [24, Eq. (1.3)] (see also
[29, Eq. (2.1.1)]) defined by

flgz +w) — ()
@q,wf(m) = (q - 1)1' +w ’

1 (wo), if z = wy,

if x 7& wo, (2)

where 0 < ¢ <1, w >0, wg = ﬁ, and following the notation given in [5], we define

2(0)

q,w

f=f and 2Y)f:=2,,99f, jeN
Thus, %g,ju), (¢) in (1) means

D f(e) = 2P f ()| . (3)

I=cC



To simplify the notation we will write @(52 f(c) instead of _@q(?;?, f (IL‘)‘ when no confusion arises.

Notice when p(x) is a discrete weight, then the integral in (1) must be considered adequately,
so that according to the case, it could be the Jackson-Norlund integral (see [5]) or the Jackson
integral.

The class of operators given by (2) includes the g-difference operator %, introduced by Jackson
when w = 0, the forward difference operator A when ¢ = 1 and w = 1, and the derivative operator
% as the limiting case when w = 0 and ¢ — 1.

When ¢ = 1 the difference operator &, acts on general lattices, with A as a particular case.
However, we will only give the explicit formulas in Appendices A, B, C for the three operators: Z,,
A, and d%' We will not include an appendix for the operator Z,,, because the above mentioned three
operators are most commonly used in the literature in the framework of the Sobolev orthogonality
(see the survey [32]), but the results hold for any w > 0.

Let {Qpn }n>0 be the infinite sequence of monic orthogonal polynomials with respect to the inner
product (1). Also, let {P,},>0 be the infinite sequence of monic polynomials orthogonal with
respect to the inner product

(f,9)0 = /R f(@)g(x)olx)dz. (4)
Thus,

(Pp, Pr)o = APn(x)Pk(x)g(x)dx = hnon k, n,k € NU {0},

where 6, denotes the Kronecker delta and h, is the square of the norm of these polynomials.
Clearly, we assume that the two previous sequences of polynomials are infinite.

Since the inner product (4) is standard, i.e., the property (zf, ), = (f,xg), holds, then the
sequence of monic orthogonal polynomials { P, },,>0 satisfies a three-term recurrence relation of the
following form:

2P, (x) = Ppy1(z) + anPy(x) + BnPp-1(x), n >0, (5)

with initial conditions P_1(x) = 0 and Py(z) = 1. In addition, 8, = hy,/hp—1 for n > 1. When the
weight ¢ is symmetric, a;,, = 0 (see, for example, [18]).

As we have mentioned previously, our objective is to obtain ladder operators and a linear
second—order differential-difference equation for sequence of monic Sobolev orthogonal polynomials
{Qn}n>o0.

We assume the sequence of monic orthogonal polynomials { P, },>0 with respect to (4) satisfies
the following relation:

A(x)PDywPn(x) = Bp(x)Pp(x) + Cp(z)Pr—1(z), n>1, (6)

where B),(z) and C),(z) are certain rational functions and A(z) is a polynomial. Notice relation
(6) is very general. It holds for general standard orthogonal polynomials with respect to inner
products involving any of the three operators 7,, A, and % (see [26]).



Then, we define the lowering operator from (6) as
U, = A(x)PDqw — Bn(x), n>1,

hence,
U, P, (z) = Cp(z)Pr—1(x), n>1.

The raising operator is defined as follows:

\i’n = Bn—l(.’E) + Cnfl(x)(l' - anfl)
ﬁn—l

— A(2) D, n>2,

hence, using (5), we deduce

U, Py_1(z) = Cn-1(z)

Once obtained the suitable properties of these ladder operators, we can find the second—order
differential-difference equation for the polynomials @, (z).

Our approach is based on obtaining ladder operators for this wide class of Sobolev—type orthog-
onal polynomials and then, as a consequence, to deduce the second—order differential-difference
equation satisfied by these polynomials. In this sense, we follow the steps by Ismail in his book
[26] for standard continuous orthogonal polynomials, firstly obtaining the ladder operators and sec-
ondly the corresponding second—order differential equation. Thus, we have unified this approach by
considering a very general operator %, ., which includes, as far as we know, all the operators used
in the literature in the framework of Sobolev—type orthogonality. Furthermore, Appendices A, B,
and C allow us to obtain efficiently, via a symbolic computer program, all the functions involved
both in the ladder operators and in the second—order differential-difference equation.

This paper is structured as follows. In Section 2 we introduce some basic notation and provide
a useful connection formula for the SOP, @,, in terms of the standard orthogonal polynomials,
P,,. Section 3 is devoted to finding several relationships between these two families of orthogonal
polynomials. The use of the Hahn difference operator and its properties will be essential to deduce
these relationships which will be the key to obtain the main results of this paper. Thus, in Section
4 we obtain the expressions for the ladder operators and the second—order differential-difference
equation satisfied by the SOP, which constitute the goals of this work as we have mentioned
previously. Finally, we provide one appendix for each one of the three operators: %, A, and %.
In these appendices we give explicitly the expressions of the functions involved in the construction
of the ladder operators as well as in the coefficients of the second—order differential-difference
equations.

2 Connection formula

In this section we provide a connection formula for the orthogonal polynomials with respect to
(1), {@n}n>0, in terms of the orthogonal polynomials with respect to (4), {P,}n>0. In fact, this

4



formula follows from a well-known standard technique which we have modified slightly using the
Hahn operator.

We introduce some notation that will be used throughout the paper. We define the kernel
polynomials in the usual way by

L) .

i=0 v

The kernel polynomials (7) satisfy the Christoffel-Darboux formula (see, for example, [18] or [35])

1 Poga(2)Pa(y) — Pu(x) Pasa(y) .

K, ) =
(z,y) ™ pr—y

(8)

As usual, we denote

i 2B () 2 Piy)

’L

. kleNU{o}. 9)
=0

In order to obtain the connection formula, we use a similar technique to the one used in [30,
Lemma 2] or [31, Section 2]|. Since the sequence of orthogonal polynomials {P,},>0 is a basis of
the linear space IP,,[z] of polynomials with real coefficients of degree at most n, we write

2) =Y anpPr(2). (10)
k=0

The coefficient a,, = 1 since @, (z) and P,(z) are monic polynomials. For 0 < k < n — 1, using
the orthogonality of @, (z) and P,(z), we immediately obtain

an( ) quk( )

Qnp . = — hk (11)
So, considering (7), (10) and (11),
Qu(@) = Po(z) — MZEQu(c) K" (2, ). (12)

To compute the value of .@éfg@n(c), we apply the Hahn operator Z,,, in (12) getting

) Pa(c)
1+ MEY9)(c,c)

79 Qnlc) =

Therefore, the connection formula between both families of orthogonal polynomials is given by

)
MPPalO) _1e09) 5, ), (13)
1+ MEY)(c,c)

Qn(z) = Pp(x) —



3 Hahn difference operator and technical relations between fam-
ilies of orthogonal polynomials Q,(x) and P, (x)

In this section we will obtain different relations between P,(z) and @, (z) which will be used to
find the ladder operators for the polynomials @, (z). First, we need some properties of the Hahn
difference operator collected in the next statement.

Proposition 3.1. The Hahn difference operator has the following properties:

1. Linearity:
Dgw (f +9) (@) = Do f (2) + Dy w9(),

Dy (af) () = aDyuf(x), aeR.

2. Product rule:

D (f9)(2) = 9(2) Dy f(2) + [(qz + w) Dgwy(@). (14)
3. Quotient rule:
I ) 9007 f () F@) Zyo(a)
Yo < > ) 9(@)g(gz +w) ' (1%)
4. Leibniz formula:
209w = [1] 4N Ato @) s (e vlil). 0. (10
k=0 -4

where the q-binomial coefficient is defined by (see, [29, Eq. (1.9.4)])

nl o __ @@
[k]q BT (17)

with (a;q)x being a gq-analogue of the Pochhammer symbol (a)y defined by (see, [29, Eq.
(1.8.3)])

k

(a;9)0:=1 and (a;q) := H (1—ag™), keN, (18)
=1

and for ¢ # 0 and q # 1 the basic g-number is given by (see, [29, Eq. (1.8.1)])

g == ) aeR. (19)

5. Let a,y € R. We take f(x) = (B —vx)~ !, then

Y (¢ q)n

2,70 f () (1 =) TIo(B — v(g'z + wli,))

q7w

(20)

6



Proof. The linearity follows directly from the definition. The product and quotient rules can be
found, for example, in [5, Eq. (16)-(17)].
To establish (16) we need the formula

2 (f9)(x) :i m P9 (@) (2459 £) (a4 + wlbly)

k=0

given in [5, Theorem 3.1]. Then, it is enough to apply [5, Eq. (26)] repeatedly to obtain the result:

n -n-
D F9)@) =3 || 289 (@) (25708) (a5 + wlbly)

k=0 -4
" [n] _ ek

=S 10| 289 @) 0 Dy (2557705 (a0 + ik,
k=0 - -4
n -n- a n

=" [i| 289 @ a*2D (9072 5) (dha +wlkl,)
k=0 - -4
- n] -n n—

=3 |7| 9 @) D (e + k).
k=0 - -4

Finally, to prove (20), we use mathematical induction on n. For f(z) = (8 —~yx)~! and n = 1,
we have

(B =gz +w) ™ = (B—y2)"! _ gl
(gx + w) —x (B—vx)(B—v(qx +w))

Since (g;¢)1 =1 — ¢, (20) holds for n = 1.
Assuming the identity (20) holds for some n > 2, we will prove it for n + 1. To do this, the
following relations will be useful:

H[k]q =
k=1

which can be deduced from [23, Eq. (1.2.45)] and [23, Eq. (1.2.47)]). Then, by (21), establishing
(20) is equivalent to proving

Dqwf (@) =

n—

1
1+ kg =(1—a9)"(¢:Dn; (21)
k=0

20 () 7' (1 —q)7"(q; O

[T o (8 — gz + wlily))”
We denote
1" =) " (G Dn

fn(x) = H?:O(B — 'y(qix + wmq)) ‘




Then, using the induction hypothesis and after some calculations, we find

fnlgz +w) = fn(2)

.@éﬁ'l)f(x) = -@q,wgé,@f(f) = -@q,wfn(x) =

(g—Dr+w
v (IT(B = (@ g+ w) + wlily) T = (T8 — (@' + wlily))
=7"(1 =) (@ 0)n (G- Dz 1w
(= g) g @)nn
I (B = v(gir + wlily)
and this completes the proof. ]

The following five lemmas are essential to obtain our main results in Section 4.

Lemma 3.1. Let {Qn(2)}n>0 and {P,(z)}n>0 be the sequences of monic orthogonal polynomials
with respect to (1) and (4), respectively. Then,

re(@)Qn (@) = frem(@) Pu() + g1.e0(2) Pa-1(2), n =1, (22)
where
J
re() = [J (& = ¢ — wikly), (23)
k=0
— Mpn,] c ! Pr1(c) Hz;lo(x — ¢"c— wlk]y)
Fronlz) = relz) Z; (4)i(1 = )~ ) 7 24
- Mpy e ] (q;q %f& P, (c) i_:I ( — ch - W{k]q)
Poen(®) = 20 (; BT ) | )
, G p (o
with ppje @éi’z n(c) = 1 +f;;{f;i§) () )
(e, c



Proof. Using (8), (9), and applying (16)-(20), we deduce

K9 (@,y)
_ 1 x ()Pn—l(y)_ ()Pn(y)
— (a(@% 1] PP ) A st
J .
~Paa() ) B @GP () 257 (2 = (a'y + wlily)) 1)
=0 q
_1 . " (:9); 1
- <Pn( )Y G AP ) (e
L (¢:9) 1
~Frale) ; (¢:9)i gt ) (1 — gy~ [[Z (z — ¢y — wlk + ], )) '

So, evaluating the variable y at point ¢, and substituting it into relation (13) we obtain

Q@) =Pa() — Mppj K (2, )

Mpuje (4:9); 25 P (c) ))
=FP,(z) |1 - —= AR O bt :
. ( fin1 <ZZ; (7:9)i(1 = q)~* [Tiso (& = ¢ e — wlk + ily)

Mpn,j,c J (qs Q>]=@c§2}l n (C) )
+P, 1(x E B L : )
1( ) 1 ( (q; q)i(l q)]—z Hi;l()(x - qk—HC B w[k Z]q)

Finally, multiplying by r.(z) = i:o(x — ¢*c —wlk]y),

J

H 33—q c—w ]q)
: r—q'c—w Mpn j.c g ( ) )'-@tgio)dpn 1() i: O(x_ch_w[k}q) >>
(H e <Z< il = 0 TH (@ — g — wlk + il,)

oy M (Z (4:0); 74 Pa (€) g2 = " = wIkly) )
(6:0):(1 — )~ THZ(e — a+e —wlk +iy) )

and simplifying we obtain the desired result. O

Lemma 3.2. Let {Qn(2)}n>0 and {P,(x)}n>0 be the sequences of monic orthogonal polynomials
with respect to (1) and (4), respectively. Then,

TC(x)-@q,an( ) = f2cn( )P (2 )+920n( )Pr1(z), n>1, (26)



where

B T —¢'c—wlil By ()
foen(z) = ¢t (x — g le — w[-1],) <@q,wf1,c,n(x) + fren(qz +w) A(z)
G it
Penlds T 5 Z A " @ ge—wll e )
Gron(z) = z— ¢ c—wljly

Ch
P (z —q e —w[—1]y) <@q,w Gren(®) + fren(qr +w) (@)

A(x)
+91.en(qr +w) <BZ(;()Q:) + (z _j?$)1;?11($)) -
with 7e(z), fien(®) and g1 cn(T) given by (23)-(25).

Proof. Applying the operator %, to (22) in Lemma 3.1, we get

Qn(x)@q,w%(x) +7re(qr + W)@q,an(x)
Po(2)Dgwfre;n(x) + flen(qz +w) Dy Pu(T)
+ Pn—l(x)@q,wglp,n(x) + gl,c,n(qx + w)@q,wpn—l( )

We are going to compute some terms in the previous relation starting with 7, ,r.(z)

_ re(qr +w) —re(x)
Dare(w) = (g—1zr+w

_ M oo — e~ wlk — 1)) ~ [T} o(x — e — wlk]y)

(¢—1z+w
o = k _ J+ 1
=[j+1] kl_IO(ﬂ” —q¢"c—wlkly) = m%(ﬂf)-

Next, we express re(qr + w) = [[]._o(qz +w — ¢ c — wlk],) in terms of r.(z) as follows
J

H(qx—i—w—ch— JHH le —wlk —1],)

k=0

-1
=g e —w[-1
—_ ]+11' q .C w[ . ]q’l“c(fl?).
z—¢lc—wljlg
So, using (30) and (31), the relation (29) can be rewritten as

U+ 1, re(x x j+1l‘—q_16—w[—1]qr . .
(a:—qjc— [J}q) C( )Qn( )+q x_qjc_w[j]q C( )-@q,an( )
Pn( ) qwflcn( )+f1,c,n(q$+W)9q’an( )

+ P 1( )-@q,wgl,c,n(l‘) +gl,c,n(ql'+w)-@q,wpnfl( )

10

U+ 1
e ).

(27)

(29)

(30)



Then,

Tc(a:)@q,an(x)
_ x —qjc—w[j]q
@t (z — g le—wl-1]y)
T — qjc - W[j]q
@t (2 — g e — w[-1]q)
T — qjc - W[j]q
TP @ — g te—w-1],)
1 T — qjC—W[j]q
@t (2 — g e — w[-1]q)

_ - deuli [ + 1 PPz AP
T e~ w[- 1) (a — aie—wfly et F den(D) it

Pn(x)@q,wfl,c,n(x)

f1en(qr + W) Dy wPn()

Pn—l(x)@q,wgl,cm(x)

91,en(q7 + W) Dy Pr1(x)

Now, from (5) we can observe

(x — ap—1)Pr—1(x) — Py(x)
Bn—l

Therefore, using (32) and doing some algebraic manipulations, we obtain the result. O

P,_o(x) = , n>2. (32)

Lemma 3.3. Let {Qn(2)}n>0 and {P,(x)}n>0 be the sequences of monic orthogonal polynomials
with respect to (1) and (4), respectively. Then,

re(2)Qn-1(x) = f3,c,n(73)Pn(l‘) + 93,C,n(33)Pn71($)7 n=>1, (33)
where
. _gl,c,n—l(l')
f3,c,n($) = /Bn—l s

(33' - CVn—l)gl,c,n—l (37)

/Bn—l

9370771('%') = fl,c,n—l(l') +
Proof. Tt is enough to use Lemma 3.1 and (32) to obtain
Tc(x)anl(x) :fl,c,nfl(-x)Pnfl(-f) + 91,c,n71(96‘)Pn72(1‘)

- wp (x) N <flvc7n_1(;1;) " (JI - an—l)gl,c,n—l(l’)> Pn—l(x)a

- Bn—l " /Bn—l
where fi1.n(x) and g1 . n(x) are defined in (24) and (25), respectively. O

Lemma 3.4. Let {Qn(2)}n>0 and {P,(x)}n>0 be the sequences of monic orthogonal polynomials
with respect to (1) and (4), respectively. Then,

7ac(l')‘@q,wc‘?nfl(1') = f4,c,n($)Pn(:L‘) + 94,c,n($)Pn71(1'), n > 2,

11



where

fren(z) = —Lentl®)
Bn—l
T — Oy Az
Gion(@) = foomo (@) + T )2enm1(@)
/Bn—l
Proof. The proof is identical to the one in Lemma 3.3, but now using (26)-(28). 0

We define the following functions
90?::%(1‘) = fi,c,n(SU)gj,c,n(iU) - fj,c,n($)gi,c,n($), 1,] € {17 2, 374}7 (34)
where fj.n(z) and g;cn(z), i € {1,2,3,4}, are defined in Lemmas 3.1-3.4.

Lemma 3.5. Forn > 2, we have

Pein (@) Pa(2)
Pein (@) Po1(2)

Tc(x) (93,c,n(x)Qn($) - gl,c,n(x)anl(l'))a (35)
Tc(x> (fl,c,n(x)Qn—l(x) - f3,0,n(x)Qn(x))v (36>

where the function goijf’l is given by (34) and the other functions are defined in previous lemmas.

Proof. The functions fi cn(x), g1,en(2), fa.cn(x) and g3 n(z) are polynomials of degree at most
J + 1 in the variable z, then we multiply (22) by g3 .n(z) and (33) by —g1,n(z) obtaining

TC(x)gS,cm,(x)Qn(x) = fl,c,n(x)gfi,c,n(x)Pn(x) + gl,c,n(x)QS,c,n(x)Pn—l(l')a
_rc(‘r)gl,c,n(«r)Qn—l(l’) = _f3,07n<x)gl,c,n(x)Pn(x) - 93,c,n($)gl,c,n($)Pn—1(37)-

Adding both expressions we deduce (35). Equation (36) is obtained in the same way using appro-
priate functions. 0

4 Ladder operators and a second—order differential-difference equa-
tion for Q,(z)

We are ready to obtain a second-order linear differential-difference equation satisfied by the or-
thogonal polynomials @, (z) with respect to the inner product (1). The first step is to obtain the
ladder operators for this family of polynomials. To do this, we will use the key Lemmas 3.1-3.5
obtained in the previous section.

Theorem 4.1. (Ladder Operators) Let {Qn(z)}n>0 be a sequence of monic orthogonal polyno-
mials with respect to

(f.9)s = / f@)g(@)o(w)dz + M) f(c) 2D g(c).

12



The ladder operators ®,, and &)n defined by

T = pin(@) e (@) Zgw,  n 22,
O = pen(@) —oin(@)Dgw, 22,
satisfy
(I)nQn(x) = Spi:r%(x)Qn—l(x)? (37>

where the functions go’c]n(x) are given by (34).

Proof. To prove (37), we first multiply (26) by @es (). Then, we use (35)-(36) obtaining

rc(a;)goi;,?{(x)@q,an(m) = f2,c,n(x)rc($)(g3,c,n(x)Qn(x)_gl,c,n(m)Qn—l(x))
+  P2en(@)re(@) (= f3,en(2)Qn (@) + fren(®)Qn-1(2)).

Simplifying and using (34), we find
@i,’g@)@q,an(x) = gog:g(x)Qn(:c) + @;’%(@Qn—l(fv)-

Taking into account (,02,%(3:) = —go%jg(x), we deduce (37). The proof of (38) is completely analogous.
Therefore, we have omitted it. O

Finally, we establish the following statement.

Theorem 4.2. The n-th monic orthogonal polynomials Qy(x) satisfy the following second—order
linear differential-difference equation

Ul,c,n(x)-@é,zu);Qn(x) + 09,cn(7) DgwQn(T) + 03 cn(T)Qn(z) =0, n>2,
where
Oren(®) = @on(@)een(qr +w)egn (@),
oren(®) = o3(2) (soi;;i(x) (632 (g2 + @) + Zpuro™3(@))
L p2(gr+ W) (e) — @iji(x)%,wijﬁ(w)) ,

03.en(t) = oon(qr+w) (plh(@)pin(@) — pin(@)pin(x))
+ oun(@) (eoh (@) Dawpin(x) — 22 (2) Dgwieei (@) -
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Proof. Once we know the corresponding ladder operators given in Theorem 4.1, we proceed as
follows. From (38) we have

EI\)nQn—l(fL') = (pi’ﬁ(%)@n({ﬂ),
and using (37) we find

P, Qn ()
Qn-1(r) = T 12, 5
@en(T)
S0, we obtain
= q)nQn xz
&, 20@0l) _ G (2)Qu(e). (39)
@en(T)
Now, we analyze the left-hand side in the above expression getting
= cI)nQn(x 901,7;11 iL‘) cI)nQn(x)
(I)TL 172 ) — ig( énQn(aj) - @i:g(m)‘@q,wT
Pen(T) Pein () @en(T)
pen(T) 39 1,3
= 1,2 (QDC:n(ﬂf)Qn(I) + Sﬂcjn(ﬂf)@q,an(ﬁ))
Pein ()
13 pen(@)Qn(@) Pein(®) Dy Qn(2)
- %,’n(v’c) Qq,wT + Y4 12 :
Pein () ¢en(T)
‘:0277%(1’)Qn(x) go};’i(x)@ wQn ()
We use (14-15) to compute Zg 5= and Zg 1" , then substituting them
Pein (1) Pein ()
into (39), we deduce
3,4 pen(@) | 59 1,3
Spc:n(x)Qn(:E) = ()01’2 (Z‘) (@C:n(x)Qn("L‘) + Spc;n(x)‘@fLWQn(x))

15, [ en(@) Dywpin(@) — v (®) Dawpen(@)
- Qpc,n (ZL‘)

pen(x)pen(qa + w)

sﬁgjz(qx + w)

pen(qz + W)

e () Dywpen(@) — Peim(@) Dywpen()
12 12

@c,n(x)Soc,n(qx + W)

1,3
c,’n r+w
S01 2(q )95,2“);@71(95) .
@en(qr 4 w)

9q,an(l’)

@q,an (:C)

Finally, to deduce the second—order differential-difference equation for the nonstandard polynomials
Qn, it only remains to multiply the previous expression by go,l;jg(x)gp,l;ﬁ(qx + w) and simplify. [

Summarizing, we have obtained ladder operators for a wide family of Sobolev—type orthogonal
polynomials with respect to an inner product involving the Hahn discrete operator. Furthermore,

14



we have proved that these families of nonstandard orthogonal polynomials satisfy a second—order
differential—difference equation whose polynomial coefficients can be computed explicitly. For this
reason, we have included three appendices with all the details corresponding to the operators %,
A and %. The formulas given in these appendices can be implemented in a computer program
which will be useful in practice. We will discuss this in a forthcoming paper.
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Appendix A. The ¥, difference operator

The 2, difference operator is obtained by taking w = 0 in the expression (2) of the Hahn difference
operator %, .. We provide explicit expressions for all the functions involved in the construction of
the ladder operators (Theorem 4.1) for the discrete Sobolev orthogonal polynomials @,, as well as
for the coefficients of the second—order difference equation satisfied by @,. All these expressions
can be computed using only the standard polynomials P,, and their properties such as relation (6).

We proceed in a similar way in the following two appendices.

where

29 P, (c)
1+ MK (c,c)

1) =]~ ).
k=0

- Mpw "~ (¢:0) @q>Pn 1 () [T (@ — ¢*)
fl,c,n( )* (‘( ; )1(1_q)j_i >7

Pn.je =

o o
o) = L (@qfl,c,n@:) + frealan) 22 — g ) )
- e (o)
@) = L (D) + Fren(a0)
acnton) (P + SR ) - S @),
frenla) = - Lez=lE),

(z — anfl)gl,c,nfl(x)

/Bn—l ’

g?;,c,n(-r) = fl,c,nfl(x) +

T — Qp— c,n—1\T
g4,c,n(x) = f2,c,n71(33) + ( 1)92’ - 1< )

/Bn—l ’
T1em(T) = i3 (2)pl S (qz) o (x),
O2,em () = @3 (x) <<Pi;3(w) (022(qz) + Daeiia () — pii(qm)oim(x) — wi:fi(w)%cpiji(w)) :
03,em(2) = on(qz) (Pom(x)pin () — plm(@)dn (2))
+ oo (@) (eon(@)Depn(x) — eon (2) Dy (@)

@iﬂz(‘r) = fi,c,n($>gj7c,n($) - fj,C,n(‘r)gi,c,n(x)a i7j € {L 2a 3a 4}
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Appendix B. The forward difference operator

The forward difference operator, A, is obtained by taking w = 1 and ¢ = 1 in the expression (2) of
the Hahn difference operator %, . Taking into account (see [29])

: _ (@5 n
gﬂ[a]q =a élgi W = (a)n,

we obtain,

AOP (¢)
1+ MK,?_’? (c,c)

)

Pn,j,c =

re(@) = [[(@—c—k) = (@—c— )41,

fren(®) =ro(z) — Aﬁinic (Z JIA'P,_1(c )Hi%;o(z —c— k)) 7

hnl

_ Ch— B,

frem(z) = LZH ( frem(®@) = g1en(x+ UA(x)lgfi n A((;)) fron(ot 1)>
j+1

T —c+ 1fl c n( )

e c
gZCm(fU) = i_iz_ki (Agl,c,n(if) + fl,c,n(l' + 1) A((J;E))

Fg1em(z +1) (le(;gw) E j?x;;fnlm)) B % o)

Frona) =~ 220,

(1‘ — an_1)91,c,n—1 (I)
anl ’

g3,c,n($) = fl,c,n—l(x) +

—1(x
f470,n($) = _M7

anl
94,c,n(33) _ f2,c,n—1($) + (1‘ - an—ﬁl)??c,n—l(x)’

O1em(®) = @i (2ol (x4 1)y (x),
O2em(T) = 000 )(wi;i(x) (P22 (x+ 1)+ Apla(x) — ppn(@ 4+ D)pin () — ood () Apir (w)),
03,.em (1) = orn(z + 1) (pL2 (@) 02 (x) — oin () pdn (1)) + o () (hn () Apdh (x) — 2 (z) Ay (T))

where

T

o1 (@) = fiem(@)gjen(®) = fiem(@)giem(x), 0,5 €{1,2,3,4}.
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Appendix C. The derivative operator

The derivative operator is obtained as the limiting case of the Hahn difference operator %, ., when
w =0 and ¢ — 1. Then, we find:

P ()
1+ MKEY (¢ ¢)
j+1’

Prj.e =

re(z) = (2 — ¢)

Fron®) = Fonl®) ~ grnle >j£ ;}j 2t fronto) (58 - 1E1)
9270,71(37) :gll,c,n( )+flcn( )6:4((1_)) +gl,c,n($) ( 114( () ) + (m _sz)lﬂ)fjll(x) - i+i> ’

(r —an-1)g92,c.n-1(7)

Bn—l ’

Ja.en() = faen—1(z) +
o1en(@) = (b)) b2 (@),

T2cnle) = 2l3(0) (P22 + (oh2) () - @) - (12) ki) ),

03.0n(T) = @i (@) (Pin (@) pdn (@) — pim(@)ein(x)) + b (x) ((@Z’:i)’(ﬂs)@i;i(m) — (%2) (x)wi,’i(x)) 7

where N
‘P?,Jn(x) = fi,c,n(x)gj,t:,n(x) - fj,c,n(x)gi,cm(x)a i,j €{1,2,3,4}.
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