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Abstract

It is presented a general approach to the study of orthogonal polynomials related
to Sobolev inner products which are defined in terms of divided-difference operators
having the fundamental property of leaving a polynomial of degree n — 1 when
applied to a polynomial of degree n. This paper gives analytic properties for the
orthogonal polynomials, including the second order holonomic difference equation
satisfied by them.
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1 Introduction

The origins of Sobolev-type orthogonal polynomials, also known as Sobolev discrete or-
thogonal polynomials (see [19]), can be traced back to the study of inner products such
as [6, 7],

(f.9)s = / F(@)g(@)di(@) + ADF(Q)Dg)(e), A>0, (1)

where 1) is some distribution function with infinite support on R, ID is an operator involving
differences, and ¢ is some real constant fulfilling some conditions regarding the support of
Y. In [6, 7], it was considered I = A, being A the forward difference operator, Af(c) =
w, h € R, with ¢ such that ¢ has no points of increase in the interval |c, c+1[. More
recently, in [12], it was considered (1) D replaced by the ¢-difference operator, D,(z) =
%; see also, [16], on new properties of (1) with with ¢ the Poisson distribution
and D = A. Sequences of orthogonal polynomials with respect to inner products such
as (1), are nowadays commonly called Sobolev-type orthogonal polynomials or discrete
Sobolev orthogonal polynomials. Note that the presence of derivatives produces significant
changes, most of the nice properties of the standard orthogonal polynomials (e.g, the three-

term recurrence relation, Christoffel-Darboux formula, etc) no longer hold for Sobolev
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orthogonal polynomials. This is due to the fact that the Sobolev inner products, (-, -)s,
are non-standard, that is, (xf, g)s # (f,zg)s.

Sobolev orthogonal polynomials find many applications in several areas of Mathema-
tics. They were primarily introduced in the framework of the least square approximation
to a function and, simultaneously, to its derivatives in [1]. Since the 1980s, the research in
this field has been widely intensive, falling into several directions [19, 20]. The analysis of
algebraic, differential, and asymptotic properties of Sobolev orthogonal polynomials are
nowadays broadly active topics. We refer the interested reader to the survey [20].

In the present paper we shall consider inner products such as (cf. Section 3)

(f:9)x = (u, fg) + ADf)(c)(Dg)(c), A=0, (2)

where u is a linear functional defined in the linear space of polynomials, ¢ is some real or
complex number, and D is a general divided-difference operator (given in [17, Eq.(1.1)]),
having the fundamental property of leaving a polynomial of degree n — 1 when applied
to a polynomial of degree n. Such operators D are related to the so-called special non-
uniform lattices (snul) [17, 18]. Essentially, there are four primary classes of divided
difference operators [17, Eq.(1.1)] (cf. (3)): the forward difference operator ([25, 24]),
the ¢-difference operator [15]; the Wilson operator [4], the Askey-Wilson operator [3, 4].
Further details on the hierarchy of operators and the main properties of the divided-
difference calculus to be used in the sequel are given in Sub-Section 2.1.

The purpose of the present paper is twofold: on the one hand, to provide un up-
dated analysis of the families of orthogonal polynomials with respect to linear functionals
u members of the semi-classical class (cf. Section 2), specifically, on the second-order
holonomic equation - a second-order divided-difference equation with polynomial coef-
ficients, for the corresponding orthogonal polynomials; on the other hand, to deduce
(general) identities for the Sobolev polynomials related to the inner product (2). Several
key formulas, commonly used in the literature on Sobolev orthogonal polynomials, will be
presented: connection formulae, expressing the orthogonal polynomials related to (2), say
Sn, n=0,1,..., in terms of the orthogonal polynomials related to u, say P,, n =0,1,...,
and a three-term recurrence relation (with rational coefficients) for S,,, n =0,1,.... In-
deed, the sequence {S, },>o inherit properties from {P,},>0: when {P,},>¢ is a member
of the so-called semi-classical class on (snul), then we also derive a second order holonomic
difference equation for {S,},>¢. To the best of the author’s knowledge, the derivation of
the second order holonomic difference equation for {S,, },,>0 is novel. For the semi-classical
case on snul, we can find the second order holonomic difference equation in [17, Sec. 6]
and [21, Sec. 4.2] using different aproaches/techniques than the ones in the present paper
(here, we take advantage of some of difference systems deduced in [8]). Also, let us note
that standard techniques, such as the ladder-operator approach (see, for for instance, [2]
or [16, Sec. 4]), do not hold for the snul case.

The remainder of the paper is organized as follows. In Section 2 we give the background
on the divided-difference calculus on special non-uniform lattices (snul), as well as on the
corresponding sequences of orthogonal polynomials; the second order holonomic equation
for semi-classical orthogonal polynomials on snul is deduced in 2.3. In Section 3 we
introduce the Sobolev-type orthogonal polynomials related to (2): the connection formulae
are deduced in Sub-Section 3.1; the three-term recurrence relation is deduced in 3.2; the
second order holonomic equation for Sobolev-type orthogonal polynomials is deduce in
sub-Section 3.3. Final remarks are presented in Section 4.



2 The second order holonomic difference equation for
semi-classical orthogonal polynomials

2.1 Special non-uniform lattices (snul), and the divided-difference
calculus

We consider the divided difference operator D given in [17, Eq.(1.1)], with the property
that D leaves a polynomial of degree n — 1 when applied to a polynomial of degree n. The
operator I, defined on the space of arbitrary functions, is given by

f(y2(2)) = Fyi(2))

Df , 3
PO =) = () 9
where y; and y, are functions that satisfy
y1(z) + y2(x) = polynomial of degree 1, (4)
(y1(2))* + 1(2)y2(2) + (y2(x))* = polynomial of degree 2, (5)

the later condition being equivalent to y;(x)ys(x) = polynomial of degree less or equal
than 2. Conditions (4)—(5) define y; and ¥, as the two y-roots of a quadratic equation

ay? + 2bxy + éa 4+ 2dy + 26z + f =0, a#0. (6)

Identities involving y; and ys, following from the fact that y;, 3, are the y-roots of (6):

(@) + ya(x ):—2(5w+3)/& (7)
yi(2)ya(x) = (é2” + 262 + f)/a, (8)
(12() = 91 (2))? = 4 (1 = a)a? + 2(bd — @)z + & — af ) Ja?, (9)
i) = pla) = /r(x), (@) =p)+/r(z), (10)
with p, r polynomials given by
p(z) = _B:c; J’ r(z) = (b e;dé)xz . z(écid; aé) . 4 C;af | 1)

where \ = B — aé, 7 = ((1? — a¢)(d? - af) - (bd - a¢)?) /a.

There are four primary classes of divided difference operators (3) and related lattices.
Such a classification is done according to the two parameters A\ and 7 defined above,
assuming ac # 0:

(i) A=7=0 - the linear lattice, related to the forward difference operator [25, Chapter
2, Section 12];
(i) A#£0, 7 =0 - the g-linear lattice, related to the ¢-difference operator [15];
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(iii) A =0, 7 # 0 - the quadratic lattice, related to the Wilson operator [4];
(iv) AT #0 - the g-quadratic lattice, related to the Askey-Wilson operator [4].
Each of the operators in (i)—(iv) is an extension of the preceding one, which is recov-
ered as a particular case or as a limit case, up to a linear transformation of the variable.
For the quadratic and ¢—quadratic lattices, there is the parametrization of the conic
(6), say « = x(s),y = y(s), such that

yi() =a(s = 1/2), ya(a) = (s +1/2),

given as [5, 17, 18]

k1Q° + koq ° + K3, if  —

_ Vaé
x(s) = l;

K458° + K58 + Kg if -

for some appropriate constants k’s, and ¢ defined through

q1/2 + q—1/2 l;

2 Vai

Note that, in this case, we have the divided-difference operator (3) given as

flz(s +1/2)) — flx(s — 1/2))
x(s+1/2) —x(s—1/2)

@)

Df(x(s)) =

and the polynomials p, r are recovered via
x(s+1/2)+x(s —1/2) = 2p(x(s)), (x(s+1/2) —x(s— 1/2))2 = 4r(z(s)).

In the present paper we will consider the general case, AT # 0, and we shall operate
with the divided difference operator D given in its general form (3), with y;,y2 given in
(10), defined in terms of the polynomials p and r in (11). Throughout the paper we shall
use the notation A, =y, — y;. From (10), it follows that

A, =27, (12)

By defining the operators E; and E, (see [17]), acting on arbitrary functions f as

(Eif)(@) = f(yu(2)), (Eof)(z) = fy2(x)),

then the formula (3) is given by

_ (Eaf)(2) = (Eif)(x)
I = Ea) o) — Bro)(o)
The companion operator of D is defined as (see [17])



The operators D and M satisfy the product and quotient rules listed below (see [17]):

D(gf) = DgMf +MgDf, (13)
DgMf —Df M
Dlg/f) = Ll 0 (19
AQ
M(gf) = MgMf + —=DgDf, (15)
~ EigEof + EagErf
M(g/f) = EIES (16)

The operators D and M also satisfy the product rules II (see [14, Eq. 16])
DM =aMD+ U, D*, M*=UMD+alU,D*+1, (17)
where I is the identity operator, « is the constant
a=—b/Vae, (18)

where @, b, ¢ are the coefficients in (6), and

Us(a) = 7, Ui(a) = rar + (19)

with the notation r(z) = rya? + rix + ry for the polynomial r in (11) (cf. also (12) and
(15)).

Note that M f is a polynomial whenever f is a polynomial. Furthermore, if deg(f) = n,
then deg(Mf) = n [9, Lemma 1]. Let us emphasize that, throughout the text, unless
stated in contrary, by a polynomial we mean a polynomial in the variable x, that is, an
element in C|z].

2.2  Orthogonal polynomials on snul

We shall consider formal orthogonal polynomials related to a (formal) Stieltjes function
defined by

—+00

S@) =3 (20)

n=0

where (uy)n>0, the sequence of moments, satisfies the regularity condition
n
det [uiﬂ-}ijzo £0, n=0,1,2,.., (21)

and, without loss of generality, uy = 1. It is well-known [11, Th. 4.4] that (21) is a
necessary and sufficient condition for the existence of a sequence of polynomials, say
{P,}n>0, orthogonal with respect to the linear functional u : C[z] — C, defined by
(u,2") = u,, n=0,1,2,..., that is, the system {P,},>o satisfies

(u, P,P,) = hppm, n,m=0,1,...,

where h,, # 0 and 9,, ,, is the Kronecker’s delta.



If the moments satisfy the condition det((u;1;)7,—o) > 0, n > 0 (that is, u is positive-
definite), then u has an integral representation in terms of a positive Borel measure, p,
supported on an infinite point set, I, such that

(u,2") = /:L‘”du(x), n>0.
I
In this case, S is the so-called Stieltjes transform of the measure,

S(x)—/d“—(y), zeC\I. (22)

1T=Y

Given the above context, throughout the text we shall also refer to {P,},>0 as the
sequence of orthogonal polynomials related to S.

Throughout the paper we consider each P, monic, and we will denote the sequence of
monic orthogonal polynomials {P, },>o by SMOP. Monic orthogonal polynomials satisfy
a three-term recurrence relation [26]

Poii(x) = (x — Bn)Po(z) — Poa(z), n=0,1,2,.., (23)

with P_y(x) = 0, Py(z) =1, and 7, # 0, n > 1, v = 1. The parameters 3,,, are
commonly called the recurrence coefficients of { P, },,>o.
A central object in our study is the reproducing Kernel,

n— 1

Z uP2 ,n:1,2,.... (24)

k=0

Proposition 1. (Christoffel-Darboux formula)[10] Let {P,},>0 be a SMOP with respect
to the linear functional u. For all n > 1,

1 Pu(x)Po1(y) — Pu(y) P () '

K,(z,y) = 25
= P v 29
We shall make use of the following notation:
n—1
(DR (x) (DY Py) (y)
K0( =1,2,... 26
l‘ y ; l_l P2> ) n ) 4y ) ( )

where, naturally, D* refers to the kth derivative. The reproducing property of the Kernel
gives us the following identity, for an arbitrary polynomial f of degree less of equal than
n—1,

(u, K79 (2, y) f () = (D/ ) (y) -
Thus, if j = 0 in the formula above, then

(u, Kn(z,y)f(2)) = f(y).



2.2.1 Semi-classical orthogonal polynomials on snul

Definition 1 ([17]). A SMOP {P,}.>o related to a Stieltjes function, S, is said to be
semi-classical (on snul) if S satisfies a difference equation

A(2)DS(z) = C(2)MS(z) + D(x) (27)

where A(x),C(z), D(x) are irreducible polynomials in x, A # 0.

Note that [17]
deg(A) <m +2, deg(C) <m+1, deg(D) <m, (28)

where m is some nonnegative integer. When m = 0 we get the so-called classical polyno-
mials on snul [14, 23, 24].

Semi-classical orthogonal polynomials on snul are characterized through the following
equivalent properties:
(i) a distributional equation for the linear functional [14, 22|,

D(¢u) = M(¢u), (29)

with polynomials ¢, 1 such that ¢ # 0, deg(v) > 1;
(ii) a difference equation (27) for the Stieltjes function [17, 27],

ADS = CMS + D,

with A, C, D irreducible polynomials (in z).

Furthermore, whenever S is defined through (22), with p defined in terms of a weight
w as du(x) = w(x)dr, then we also have the equivalence between (i) and (ii) and the
Pearson equation for the weight [8, 27],

ADw = CMuw, (30)

where A and C' are the same polynomials as in (27).
The polynomials in (29)—(30) are related via

2

A=M¢— a%w — UMy, C=-Dg¢+aMy+ UDyp, (31)

with a, U; given in (18) and (19), respectively.
Remark 1. The polynomial D in (27) depends on A, C'. It relates to ¢,v as follows:

D = D(uby¢) — aM(ubyy)) — UyD(u b)),

with Oy f defined by O f(x) = f(x);f(o), and the right product of the functional u by a
polynomial g(x) = >_}_, gra”™ defined as the following polynomial,

(ug)(z) =) (Z gjuj—k> .

k=0 \j=k
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In the sequel we will use the following matrices:

P, = {P]’gﬂ} , n>0. (32)

In the account of (23), P, satisfies the difference equation

Po = AuPoct An:{“’_lﬂ" _(H, =30 (33)
with initial condition Py = 1 0l The matrix A,, is usually known as transfer

matrix.
According to [8, Cor. 1], if {P,},>0 is a SMOP related to a semi-classical weight, w,
such that ADw = CMuw, then {P, },>1 satisfies the following equation:

A1 DP, = (B, — C/21)MP,, n>1, (34)

where A, is the polynomial
2

A
App1=A+ Tyﬁn ; (35)

I is the identity matrix, and B,, is a matrix with polynomial entries of uniformly bounded
degrees, given by (in the account of [8, Eq. (57)])

l ©
B, = " "ol 36
|:_@n—1/7n _ln ( )

The polynomials ©,, [, and 7, satisfy the fundamental relations, for all n > 0 [9, 13]:

1 n+1 ®k_1

il = —— , 37
Tn+1 5 ; T (37)

O,
ln+1 + ln + M(I' — BnJrl) =0 s (38)

Tn+1

Azzl ~ In+l
—A + M(l’ — Bn—i—l)(ln—‘rl — ln) — T(Wn—H + 7Tn) + @n+1 = @n—l s (39)
lp1 + Uy = 2M(2 — Boy1) (M1 — ), (40)
together with the initial conditions
1= 07 To = —D/27 (41)
A2

©.,=D,0,=A- IyD — (lp — C/2)M(z — By) + B, (42)
l.1=C/2, ly =—M(z — y)D — C/2. (43)

2.3 The second order holonomic divided-difference equation for
semi-classical orthogonal polynomials on snul

Let us take a SMOP { P, },>o related to a semi-classical weight, w, such that (30) holds,
i.e., ADw = CMuw, or, in more general terms, let us take the difference equation (27),

8



ADS = CMS + D, for the corresponding Stieltjes function. Recall the equations enclosed
by (34),

ApiiDPoy1 = (I — C/2) MPyy1 + 0, MP, (44)
@nfl

n

A, 1DP, = — MP,.1 — (I, + C/2) MP, . (45)
The above equations will play a fundamental role in the sequel, as they fully determine
the coefficients of the second order divided-difference equation - the holonomic equation,
to be deduced later on.

For matters of simplification in the sequel, let us write (44) and (45) as

fn = 6, MP, , (46)
ApDP, = —n, + 1, MP, (47)
that is, we use the notation
O, -
fin = Ap 1 DPuyy — (In — C/2)MPyiy, Ty = ——=MPpi1, by=—l,—C/2.

n

Proposition 2. Let the previous notations hold. The following difference equations hold,

Dy, = DO,M?P, + M6, DMP,, (48)
AZ
My, = MO, M?P, + Iym@n DMP, , (49)
—~U,Dy, = —U,DI,M?P, + E, MDP, + F, DMP, , (50)
~UMp, = -UMI, M?P, + G,MDP, + H, DMP, (51)
with
E, =UDA,;1 —aMA, ., F, =MA,., — UMi,, (52)
A? A2 .
G = UiMA1 — a2 DAy, Hy = = (]D)AnH . U1D1n> . (53)

Proof. By applying D to (46) and using the product rule (13), we get (48).

By applying M to (46) and using the product rule (15), we get (49).

Equation (50) is obtained by applying U;DD to (47), with U; the polynomial defined in
(19), and using the product rule U;D? = DM —aMD from (17). Equation (51) is obtained
by applying U;M to (47), with U; the polynomial defined in (19), and using the product
rule U;D? = DM — oMD from (17). O

As a consequence of the previous proposition, we get the result that follows.

Proposition 3. Under the previous notations, the following equations hold,
A2
D,M?P, = (E,H, — F,G,)Mpu, + IyUlD@n(EnMnn - G,Dn,), (54)
D, DMP, = UM6,,(G,Dn, — E,Mn,) + Uy (E,Mi, — G,DI,)Mypy,,  (55)

with the polynomial D,, defined by

A2 - -
Dy = (ByH, — FuG)MO, + —LUr(E,Mi, — G,DI,)DO,, . (56)



Proof. Take the system (49), (50), (51), in the unknowns M?P,, MDP, and DMP,. The
polynomial D,, given by (56) is the determinant of that system. Solving for M?P, and
DMP,, then equations (54) and (55) follow. O

It is well to emphasize that Du,,, My, and Dn,, Mn, in Proposition 2 are constituted
by polynomials times factors of D*P, ., MDP,,,, and P,,;. The precise formulae are
given in the next proposition.

Proposition 4. Under the previous notations, the following equations hold,

D, = Ry a1 D?*Pry1 + R,oMDP, 1 —D(l,, — C/2) P,i1, (57)
AQ
Myt = —* Rz D*Posy + Ry MDP,jy = M (Il = C/2) P (58)
e,
D, = Ty D?Poyy + T o MDP, 1 + D . LPiy, (59)

AZ
Y 2 @nfl

P, (60)

with
AQ
R, =MA, 1 — &Iy]D) (l,—C/2)—UM(, —C/2),
R, =DA, 1y —aM(l, —C/2) - UD(, —C/2),
A2 @n—l @n—l @n—l @n—l

Tn,l = Oé—y]D + UlM y Tn,2 = UlID) -+ aM
4 M Tn Yn Vn

Proof. Use the product rules (13), (15), as well as (17), to obtain only factors of D?P, 4,
MID)Pn+1, and Pn+1. O

We now deduce the second-order divided-difference equation with polynomial coeffi-
cients - the holonomic difference equation.

Theorem 1. Let {P,},>0 be a semi-classical SMOP on snul. Assuming that {P,}n>o is
related to a Stieltjes function satisfying the difference equation (27), ADS = CMS + D,
then, for all n > 1, the following second-order difference equation holds,

Ay DBy + ByMDP, oy + CpPoyy = 0, (61)
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with the polynomaial coefficients given by

_ A2
A, (MAnH —a— D (l, = C/2) = UM (I - 0/2)> D
A2
_Ty (DA, 11 — aM (I, — C/2) — UD (1, — C/2)) J,,
A2 A2
+U, ((a_yﬂ)@”l + UlM@ ) G, — —L (aM@”l + U1D@”1) En) V, (62)
4 Tn Tn 4 Tn Yn
B, = (DA, 1 —aM (I, — C/2) — U,D (I, — C/2)) D
AQ
<MAn+1 —a—!D (L, ~ C/2) = UM (I, ~ C/2) )

2
1 U, <<U1]D>®”_1 T &M@n_l) G, — (UlMG” Ly a—yD@ ‘1) En) Vi, (63)
Tn Tn Tn 4 Tn

Cp=-D,D(l, —C/2)+ JM(l, — C/2) + U, (GH]D)@”_l - EnM@;_l) V,, , (64)
where D, is given by (56), and
J, = (E,H, — F,G,)DO,, + U;M6,(E,Mi, — G,Dl,), (65)
A2
V, = =L (DB6,)* - (M6,)* . (66)

4
with E,, F,,, G, H, given in (52)-(53).
Proof. The difference equation (61) is obtained starting with (48). Indeed, by multiplying
(48) by D,, and using M2P, and DMP, from (54) and (55), we get
D, D, — J,Mu, + U,G,V,,Dn, — U, E,V,Mn, =0, (67)

with J,, V,, given in (65)—(66). The use of equations (57)—(60) in (67) yields the second
order divided-difference equation (61) with coefficients (62)—(64). O

Remark 2. Alternatively, the difference equation (61) can be deduced starting with (49)
instead of (48), and following the analogue procedure as the one described in the proof of
the previous theorem.

3 Sobolev-type orthogonal polynomials on snul

Let u be a linear functional defined in the linear space of polynomials with real or complex
coefficients. We consider the Sobolev-type inner product (2), that is,

(f:90x = (u, fg) + A(Df)(c)(Dg)(c), A =0,

where D is the general divided-difference operator given by (3). Here, ¢ will be taken as
a general real /complex number. Usually, ¢ should be taken outside the support of u.
We denote by {S,}.>0 the sequence of orthogonal polynomials with respect to the
inner product (2). Without loss of generality, S,, will be taken monic, for n =0,1,2... .
Let {P,},>0 be the SMOP related to u. The goal of the next section is to deduce
relations expressing S, in terms of (quantities related to) { P, }n>o0-

11



3.1 Connection formulae

Proposition 5. Under the previous notations, the following connection formulae take
place:

So(z) = Pu(z)— ADS,) () KOV (z,¢), (68)
So(z) = Pu(z) = MK (z, ), (69)
B 2) P,(x)(MP,_1)(¢c) — Py_1(x)(MP,)(c)
Sulw) = Pule) = p= 1||2{ & —ne >><x—y2<c>>
PP - Pa@®PY@),
+ CEE ))(w—yz(C)) (= = »l ))}’(m)
where
A, = A (DP,)(c) (71)

1+ )\KT(LLI)(C, c) ’
KT(LO’l)(x, y) denotes the derivatives of the reproducing Kernel defined in (26), and
p(c) = (y1(c) +v2(c))/2, (72)
with yy1, Yo the functions defined in (11).

Proof. Recalling that P, and S, are both monic, let us write
Sp(x) = Po(x) + ) anibPi(z), n>1. (73)

The Fourier coefficients a,, ;, are given by

<u7 Snpk>
= —" =0,1,...,n—1. 4
Qp i <u’ Pk2> ) k 07 9 y (7 )

On the other hand, by writing
<11, Snpk> = <Sn, Pk>)\ - /\(DSR)(C)(]D)Pk)(C) s

and using the orthogonality of {5, } with respect to (-, ), then (S, P;), = 0, thus, from
(74), we get
o = DS ()DP)(c)
" (u, P?) ’

Thus, the Fourier expansion (73) is given by

5u(2) = Pa(x) ~ ADS) () 3 LI p oy (75)

12



then (75) can be also written as (68).
Furthermore, let us apply D to (68) and compute its value at =z = ¢. We get

(DS,)(¢) = (DF)(c) = A(DS,) () KV (e ),

thus,
(DF,)(c)

(B5w)(e) = 1+ )\Kfll’l)(c, c) .

Therefore, (68) can also be written as

) = ) — (DP,)(c) O (4
) = Pl A g )

or, using the notation (71), we write the previous equation as (69).
To deduce (70) we consider the following representation for the Kernel:

KV(x,¢) = 0y Ko(w, y)ly=

where 0, here is used to denote the derivative of K,,(z,y) in the argument y evaluated at
Po(x)Poa(y) — Pa(y) Pai(2)

(@ = y)[[Poall?

y = c¢. In the account of (25), that is, K, (x,y) = , we have,

by using the the quotient rule (14),

o, o Pul®) [BP)E —ple) + PP, )(e)
B o) ||Pn_1||2{ (&~ () — 1) }
" Pu(a) [ (DP)()(x — ple)) + (MP,)(o)
||Pn_1||2{ (&= 5(0)@ — 3200) } (76)

where p(c) = (y1(c) +y2(c))/2. Plugging (76) into (69) we get, after rearranging, (70). O

In what follows it is shown a property to be used later on.

Proposition 6. Considering the inner product (-, ) defined in (2), the following property
holds, for arbitrary polynomials f,g:

((z = y()) (@ —y2(0)) f, 90r = (f, (x — y1(c)) (& — ya(c))g)x - (77)
Proof. We have

(= y(e)(@ —y2(0)) f, 9)a = (u, (z — y1(c))(x — a(c)) fg)
+A(D((z —yi(c))(x — yalc)) f)) () (Dg) (c) -

and

(f; (@ =) (@ = w2(c))g)n = (u, (z = 11(0)(x — 1a2(c)) f9)
+ADf) () D((x = y1(c))(z — y2(c))g)) () -

Taking into account that (cf. (3))
D((z = y1(c))(z —y2(c))h) =0, h € Cla], (78)

the result follows. 0

13



Further expansions follow.

Proposition 7. The following expansion holds, for all n > 2:

(@ = y1(0)) (@ — yalc Z an P (7 (79)
with apnio =1, and
An
Apnt1 = bn+1 HPn IHQ(DPH 1)( )
= b= T LR ) €]+ (PP} (@B = 2(0) = (BR)(E) (Bt = p(e)]
An

Unp-1 = bpo1+ 75— e {(MP,)(¢) = m(DPy-1)(c) + (DP,)(¢)(Bn1 — p(c))}

Bz n-1(DE)(),

bp—2 + An
Qpn— = Un—
" SR

where the by ’s are defined in terms of the recurrence coefficients of { Py, }n>o0 as follows,

bt = Bni1 + B = 20(¢), bn = Yns1 + T + B2 — 28up(c) + y1(c)ya(c)
bn—l — 'Yn(ﬁn + /Bn—l - 2p(0)) ) bn—2 = TYnVn-1-
Here, p(c) = (ya(c) + ya(c))/2, with y1,ys the functions defined in (11).
Proof. Let us write

n+2

(= y1(c) (@ — ya(c Z i Pz (80)

The Fourier coefficients a,, j, are given by

Y = ()@ = ()P
§ (u, F7) |

(81)

By virtue of (78), we can write

(u, (z = 1(0) (& = y2(¢)) S i) = (u, (2 = 41(¢)) (& = y2(¢)) Sn By)
+ AD((z = y1(e) (& — 32(¢))5n)) () (DF ) (¢)

thus, we have

4y = ((x —y1(c) (@ — y2(c))Sn, Pi)x
" (u, P?) |

Recalling (77), there holds

(@ = y1(e) (@ = 42(€)) S, Pi)x = (S, (z = 91(c)) (& = 42(€)) Bi) -

Thus,
o Sz = (@)~ m() P
" (u, P7) '

14



From the orthogonality of {S,,},>0 there follows a,, =0, k=0,1,...,n—3. Hence, the
expansion (80) is reduced to (79).
Let us now deduce the coefficients a, 4, k =n—2,n—1,...,n+ 2.
As S, and P, are monic, then a, 12 = 1. In order to compute the remaining a,, x’s
recall (81),
an i (0, P) = (u, (2 = y1()) (2 — ya(c)) S Pr) -

On the other hand, from (70), we have

(@ = y1(0) (& = 42(€))Sn(2) = (& = y1(¢)) (2 — ya(c)) ()

N ||p:—i||2 {Po(x)(MPya—1)(c) — Pa1(2)(MP,)(c)

+ (BPu(2)(DPo1)(¢) = Pooa(2)(DF)(c)) (2 = pl(e)} - (82)

Using the three-term recurrence relation (23) for {P,},>0 in (82), we get the required
coeflicients. 0

3.2 Three-term recurrence relations for Sobolev-type Orthogo-
nal polynomials

In order to deduce a recurrence relation for {5, },>0, it is useful to deduce the expansion
given in the following proposition.

Proposition 8. The following expansion holds, for alln > 1:

n+2
(@ = 51(e))(x = ye()Sul@) = Y cngSia), n2>1, (83)
j=n—2
with the coefficients ¢, ; given by
j—1
an | P2 = A5 D ans(DP)(c)

Cnj = Eon 2 L j=n—2,...,n+2, (84)

15511X

with the convention ZZ:CL - = 0 whenever a > b.

Here, the a,, ;’s are the coefficients given in Proposition 7.

Proof. Let us write

n+2

(= 1) = 12()Sa(e) = Y ensSi(e).
The Fourier coefficients ¢, j are given by
Cnj (S5 Siin = (& — y1(c))(z — y2(€)) S, Sj)a- (85)
By virtue of property (77), we have
(@ = y1(c)) (@ = y2(c))Sn, Sjhx = (S, (& — y1(e)) (@ — y2(¢))Sj)x

15



thus, due to the orthogonality of {5, },>0, there follows that ¢, ; =0, 7 =0,1,...,n—3.
Hence, we get the expansion (83).

In order to compute the coefficients ¢, ;, 7 =n —2,...,n + 2, we start by recalling
property (78), thus (85) yields
Cn, (S5, Si)n = (u, (z — y1(e)) (@ — y2(c))SnS;) - (86)

Using the two representations (69) and (79), respectively,

n+2

Si(x) = Py(z) = K "V(@,e), (2= 51(0)(@ — 12(0)Sulx) = Y anpPil(x),

k=n—2

into (86), and using the orthogonality of { P, },>0, we obtain the required coefficients given
in (84). O

Remark 3. As S, is monic, for all n = 0,1,..., then c, 4o = 1. Therefore, taking
Jj=mn+21in (84) we obtain the norm of S, o in terms of the norm of Py,.2, as follows:

n+1
1St} = 1Pusall® = Anvz D ank(DP)(c).

k=n—2

Proposition 9. Let ® be the polynomial defined by ®(x) = (x — y1(c))(x — ya(c)). The
following equations take place:

O(2)Su(x) = Au(@)Pu(2) + Ba(2)Pra(2), 122, (87)
O(x)S,_1(x) = Cu(x)Py(z)+ Dy(z)Pq(z), n>2, (88)

where A, By, C, D, are polynomials given by

~ QApon—
An(l’) = ‘T2 - (/Bn—l—l + ﬂn + an,n-l-l) €T — n2 + Apn — ﬂnan,n-‘rl + Bn—i—lﬂn - 7n+1(89>
n—1
~ QAp.p—
Bn<x> = (an,n—2/7n—1 - ’Yn) r— 7 2671—1 + Apn—1 — Ynlnn+1 + ﬂn—&—ern . <9O>
n—1
. B,
Cule) = —Bl8), o1)
Tn—1
[A)n(;p) = An_1($) + Mén—l(l’) , (92)

n—1
where the a, ;s are the coefficients given in Proposition 7.

Proof. Let us start with equation (79). Using the three-term recurrence relation (23)
together with the (consequent) following equations

Pn+2(x) = ((l’ - Bn+1)(x - Bn) - ’Vn—i-l) Pn(x) - (:L’ - Bn+1)'7npn—1(x) ) (93>
Poa(t) = —— (2 Bus)Pacs () — Pal2)) | (94)

n—1

into (79), we get (87) with polynomials A,, B, given by (89)-(90).
To obtain (88) we take (87) for n — 1 and use (94), thus getting the required equation
with polynomials C,,, D,, given by (91)—(92). O]
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Theorem 2. Let the previous notations hold. The sequence {Sy}n>0 of Sobolev-type
orthogonal polynomials related to the inner product (2) satisfies a three-term recurrence
relation with rational coefficients,

Sni1(x) = Bu(@)Sn () + An(2) S (), n =1, (95)

Bn(x) = — —— : (96)
Ap(7) D () — Ba(2)Cp(2)
= (WA + (= B)Bu)) Ava(@) = B (@) Bu(a)
Yn(x) = — ~——= (97)
A (z)Dp(x) — Bu(x)Cph(x)
Proof. For simplicity matter, let us write the system (87)—(88) in the matrix form
cI)Sn—l = gnpn—l ) (98)
where o
Sn1_|:Sn—1:|’ 8n_[én Dn:|7 Pn1—|:PTL—l:|. (99>
Standard computations give us det(&,) # 0.
By taking n + 1 in (98), we get
@Sn — gn+17jn .

Using P,, = A, P,,_1 (cf. (33)) in the equation above and taking into account the regularity
of the matrix &,, we obtain
Sp=En1 AE1S 1

Hence, we have the difference equation

Sn = AnSn—l 5 (100)

with the transfer-type matrix

An = n—l—lAngn_l .

Standard computations give us

with £, (), 4 () given by (96) and (97), respectively. O

3.3 The second order holonomic divided-difference equation for
Sobolev-type orthogonal polynomials

Let us now assume the semi-classical property of the linear functional u in (2). Let us
take u satisfying a Pearson equation such as (29), D(¢u) = M(y)u), or, equivalently, such
that the corresponding Stieltjes function satisfies (27), ADS = CMS + D.

17



Recalling the process from Sub-Section 2.3, the divided-difference equations of type
(44)—(45) are the starting point to deduce the holonomic equation satisfied by a sequence
of orthogonal polynomials.

In what follows we will make use of the connection relations between {S,},>0 and
{P,}n>0 given by (87)—(88), written in the matrix form (98), that is,

(pSn - 5n+173n .
Recall that {P,}.>o satisfies the system (34), thus we have
Ay DP, = (B, —C/2I)MP,,, n>1.

In what follows we shall deduce similar systems similar to (34) for {S,, }n>0. These systems
are fundamental to the deduction of the the second order holonomic difference equation.

Proposition 10. Let {S,}n>0 be the sequence of Sobolev-type orthogonal polynomials
related to the inner product (2), with u a semi-classical linear functional. Under the
previous notations, the sequence { Sy }n>o satisfies the divided-difference equations, for all
n>1,

Api1DSpyy = LyiMS,, 1 + 6, 1MS, (101)

~

Api1DSy = Ly sMS, 1 4 0,,5MS,, | (102)

where A\nﬂ 1s the polynomial defined by A\n+1 = det G, 1, with

2

A
Gpi1 = Ap MO T — nynHDggjl  Fop1 = Ap1DEL 1 +ME, 41 (B, —C/21) , (103)

where Ly, 1,01, L2, ©,0 are, respectively, the entries (1,1),(1,2),(2,1),(2,2) in the ma-
triz (adj Gns1) (FpeiME, | — Ay DO ).

Proof. By applying D to ®S,, = &,11P, we get, using the product rule (13),
D® MS,, + M® DS,, = DE,, .1 MP,, + ME,,., DP,, . (104)

Multiplying (104) by the polynomial A, defined in (34) we get, using the equation from
(34),

A1 DOMS,, + Ay MO DS, = (A1 DEpyy + ME, i1 (B, — C/21)) MP,.  (105)

Also, from P, = &, 1S, using the product rule (15), we get

2

-1 Ay -1
MP, = ME,}, MS, + —*DE,;, DS, (106)
Now, using (106) into (105) we get
Gn1 DS, = (FoiME ) — A, DO 1) MS, , (107)

where [ denotes the identity matrix of order two, and F,, G, are the matrices given by
(103). By multiplying (107) by the adjoint matrix adj G,+1, and noting that det G, .1 # 0,
we obtain the system

det G411 DS, = adj Gni1 (For1ME, L — ApiDOT) MS,

thus we get the required equations. O
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Theorem 3. Let {5, },>0 be the sequence of Sobolev-type orthogonal polynomials related to
the inner product (2), with u a semi-classical linear functional. Let the previous notations
hold. The sequence {S,}n>0 satisfies the second order divided-difference equation

A, D?S, 41 + By MDS, 41 + CpSniq =0, (108)

with rational coefficients given by

A2

=~ ~ A2 - ~
A, = (MAnJrl - OéTyDLn,l - UlMLn,l) D,, — Ty <DAn+1 - OéMLn,l - U1]D)Ln,1) In

_Ul <(OKTyDLn,Q + UlMLn,2> Gn + Iy (O{MLmQ + Ul]DLn’Q) En) Vn 5

-~

=~ - . - A2
B, = (]DDAHH — aML,, — UlDLnJ) D, — (MAn+1 —a—DLy, - UIMLnJ) T

~ A? ~ ~
_Ul <(U1DLn72 + OéMLnQ) Gn + (UlMLn’Q + OéIyID)LnQ) En ,) Vn y

—
~

6’!1 = _ﬁn]D)Ln,l + j;-LMLnJ - U1 (anDLnQ - -/E'\nMLTL,Q) VTZ )

where
~ ~ ~ ~ A? ~ ~
Dn = (Ean - FnGn)M@n,l + TyUl(EnM@nQ - GnD@n,Q)D@n,l 5
il - (Enﬁn - ﬁn@n)D@n,l + UIM@n,l (EnM@n,Q - énD@n,Q) )
~ A?
Vn = Ty (]:[])(97171)2 - (M@n,1)2 )
with

E, = UI]DA\n—Fl —aMA, y, F,=MA,, - UM6,,,
2

_ _ A2 A2,
G = UM A1 — a2 DAy, Hy = (DAn+1 - UlD@W) .

Here, A, o and Uy are given in (12), (18) and (19), respectively.

Proof. The proof follows the same technique of the proof of Theorem 1. m

4 Final remarks

In this paper it is given an unified treatment to the study of Sobolev-type orthogonal
polynomials, related to inner products (2),

(fs90x = (u, fg) + ADf)(c)(Dg)(c), A=0,

where D is a general divided-difference operator (given in [17, Eq.(1.1)]) having the fun-
damental property of leaving a polynomial of degree n — 1 when applied to a polynomial
of degree n. Here, it was deduced several key properties of the sequences of orthogonal
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polynomials with respect to (2), namely, connection formulae; a three-term recurrence re-
lation; difference systems such as (101)—(102), inherited when the semi-classical character
of u holds, and a second order divided-difference equation with polynomial coefficients.
There are several works on Sobolev orthogonal polynomials related to inner products such
as (2) with specific operators D, for instance, [6, 7, 12, 16] (see also their references lists).
These works provide examples where the results of the present paper apply.
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