Sobolev orthogonal polynomials:
the discrete-continuous case

Manuel Alfaro*, Teresa E. Pérez!,
Miguel A. Pifiar’ and M. Luisa Rezola*

Abstract

In this paper, we study orthogonal polynomials with respect to the
bilinear form

B (f.9) = F()AG(c)T + (u, fN) g™y,

where u is a quasi-definite (or regular) linear functional on the linear
space PP of real polynomials, ¢ is a real number, N is a positive integer
number, A is a symmetric N x N real matrix such that each of its prin-
cipal submatrices are regular, and F(c) = (f(c), f'(c), ..., fN=D(c)),
G(c) = (g9(c), g (c),...,gN=D(¢)). For these non-standard orthogonal
polynomials, algebraic and differential properties are obtained, as well
as their representation in terms of the standard orthogonal polynomials
associated with u.
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1 Introduction

It is well known (see [12]) that the monic generalized Laguerre polynomials
{L,(la)}n satisfy, for any real value of «, the three-term recurrence relation

2L (x) = L, (2) + B L) (2) + L) (),

where
B =2m+a+1, A =nn+a)

Whenever a is not a negative integer number, we have % 7é 0 for all n >
1 and Favard’s theorem (see [2], p. 21) ensures that the sequence {L )}
is orthogonal with respect to a quasi—definite linear functional. Besides, if
« > —1 the functional is definite positive and the polynomials are orthogonal
with respect to the weight x“e~* on the interval (0,+00). For « a negative
integer number, since 'y,(La) vanishes for some value of n, no orthogonality
results can be deduced from Favard’s theorem.

In the last few years, orthogonal polynomials with respect to an inner
product involving derivatives (the so—called Sobolev orthogonal polynomi-
als) have been the object of increasing interest and in this context, the case
{L%a)}n with a a negative integer number has been solved. More precisely,
Kwon and Littlejohn, in [5 ] established the orthogonality of the generalized
Laguerre polynomials {L }n, k > 1, with respect to a Sobolev inner
product of the form

(1,9) = FOAGO" + [ fBw)g® @) da

with A a symmetric k x k real matrix, F(0) = (£(0), (0),..., f*=D(0)),
and G(0) = (9(0),¢'(0),...,g%*=1(0)). The particular case k = 1 had been
considered by the same authors in a previous paper, (see [6]).

In [10], Pérez and Pinar gave an unified approach to the orthogonality of
the generalized Laguerre polynomials, for any real value of the parameter «
by proving their orthogonality with respect to a Sobolev non—-diagonal inner
product. So, they obtained the following result:

Theorem ([10]) Let (., .)(SN’a) be the Sobolev inner product defined by

+00
(f.9)5 :/ F(2)AG(z)Tz%e % dx,
0



where the (i, j)-entry of A is given by

min{s,j}
(N — N —
mij(N) = Y (—1)”](. p)( p>, 0<i,j<N,

p=0 J—p

F(z) = (f(2), f'(2),.... [N(@)), G(x) = (9(x), ¢/ (@),...,g™(x)). Then,
for every a € R, the monic generalized Laguerre polynomials {L%a)}n are
orthogonal with respect to (., .)(SN’Q+N) with N = max{0, [—a]}, (o] denotes
the greatest integer less than or equal to o).
I . . . . (N,a+N)
n the case when « is a negative integer, the inner product (.,.)g
is the same as the one considered by Kwon and Littlejohn.

The above results justify the interest to consider such a kind of inner
products. In a more general setting, our aim is to study polynomials which
are orthogonal with respect to a symmetric bilinear form such as

g(c)
g'(c)

BN (f,9) = (£, £(0), ., YD) A + (u, ™),

g™ ()

(1.1)
where u is a quasi—definite (or regular) linear functional on the linear space
P of real polynomials, c¢ is a real number, N is a positive integer number,
and A is a symmetric N X N real matrix such that each of its principal
submatrices is regular. By analogy with the usual terminology, we call it a
discrete—continuous Sobolev bilinear form. Recently some properties of the

polynomials orthogonal with respect to B(Sl)(., .) had been considered in [4].

We will emphasize some cases in which the functional u satisfies some
extra conditions, namely, u is a semiclassical or a classical linear functional
(see [3], [7] and [9]). A quasi—definite linear functional w is called semiclassi-
cal if there exist polynomials ¢ and v with deg¢ > 0 and degy > 1 such that
u satisfies the distributional differential equation D(¢u) = u. Whenever
degp < 2 and degy = 1, the functional u is called classical. It is well known
that the only classical functionals correspond to the sequences of Hermite,
Laguerre, Jacobi and Bessel polynomials.

In Section 2, we give a description of the monic polynomials {Q,, },, which

are orthogonal with respect to BgN)(., .) in terms of the monic polynomials



{P, }n, orthogonal with respect to the functional u. In particular, for n > N,

we have that Q%N) (x) = (nfiév)!Pn,N(x) and Q%k)(c) =0fork=0,1,....,N—

1, while {Qn}ﬁgol are orthogonal with respect to the discrete part of the
symmetric bilinear form (1.1) and they are determined by the matrix A.

By using these results, in Section 3, we give some examples of polynomi-
als orthogonal with respect to (1.1), with an adequate choice of ¢, namely,
Laguerre polynomials {Lng)}n with ¢ = 0, Jacobi polynomials {PT(fN’ﬂ )}n
with ¢ = 1, B+ N not being a negative integer, and {P,&“"N)}n with ¢ = —1,
a+ N not being a negative integer. Note that these sequences of polynomials
are not orthogonal with respect to any quasi—definite linear functional.

In Section 4, we give a new characterization of classical polynomials as
the only orthogonal polynomials such that, for some positive integer number
N, they have a N—th primitive satisfying a three—term recurrence relation.
In particular, this result is applied to discrete—continuous Sobolev polyno-
mials which satisfy a three—term recurrence relation and then it follows that
u is classical with distributional differential equation D(¢u) = 1pu, and the
point ¢ in (1.1) is such that ¢(c) = 0 and 1(c) = ¢/(¢). Hence, the only
monic discrete—continuous Sobolev polynomials which satisfy a three—term
recurrence relation are the ones described in Section 3.

The link between Sobolev orthogonality and polynomials satisfying a
second order differential equation is analyzed in Section 5. It is proved that
if the sequence {@,}, satisfies the equation

$(2)Qp () + 0(2)Q(7) = pn@n(),

where ¢ and o are polynomials with degree less than or equal to 2 and
1, respectively, and p, are real numbers, then the functional w is classical
with distributional differential equation D(¢u) = pu, o(x) = (x) — N¢'(z)
and the point ¢ in (1.1) verifies ¢(c) = 0 and 1(c) = ¢'(¢). Hence, the only
monic discrete—continuous Sobolev polynomials which satisfy a second order
differential equation are again the described in Section 3.

As a consequence of the results in Sections 4 and 5, we have that if u is not
a classical linear functional then the sequence {@,, }, does not satisfy neither
a three—term recurrence relation nor a second order differential equation. In
order to avoid this lack in our study, in Section 6, we introduce a linear
differential operator F(V) on P symmetric with respect to the bilinear form
(1.1). The basic property of this operator is a relationship between the
Sobolev bilinear form and the bilinear form associated with the functional



u. Handling with F™) we can deduce explicit relations between {Qy}n
and {P,}, as well as a differential substitute of the algebraic recurrence
relations. This is done in Section 7.

2 The Sobolev discrete-continuous bilinear form

Let P be the linear space of real polynomials, u a quasi—definite linear func-
tional on P (see [2]), N a positive integer number, and A a quasi-definite
and symmetric real matrix of order IV, that is, a symmetric and real matrix
such that all the principal minors are different from zero. For a given real
number ¢, the expression

g(c)
B (,0) = (70 F@eon 7 0@) A | T | g,
g1 (0)

(2.1)
defines a symmetric bilinear form on P.

Since expression (2.1) involves derivatives, this bilinear form is non-
standard, and by analogy with the usual terminology we will call it a
discrete—continuous Sobolev bilinear form.

In the linear space of real polynomials, we can consider the basis given

by .
{(:C;@!C)}Wo' (2.2)

For n < N — 1, the associated Gram matrix G,, is given by the n—th order
principal submatrix of the matrix A. For n > N, the associated Gram

matrix is given by
A 0

where B,,_n is the Gram matrix associated with the quasi—definite linear
functional u in the basis (2.2).

In both cases, G,, is quasi—definite (that is, all the principal minors are
different from zero) and therefore, we will say that the discrete—continuous
Sobolev bilinear form (2.1) is quasi—definite. Thus, we can assure the ex-
istence of a sequence of monic polynomials, denoted by {Q)},, which are
orthogonal with respect to (2.1). These polynomials will be called Sobolev
orthogonal polynomials. Our first aim is to relate this sequence with the



monic orthogonal polynomial sequence (in short MOPS) {P,},, associated
with the quasi—definite linear functional w.

Theorem 2.1 Let {Qy}, be the sequence of monic orthogonal polynomials
with respect to the bilinear form BgN).
i) The polynomials {Qy, 7]:[;01 are orthogonal with respect to the discrete bi-

linear form

g(c)
B = (10 70t D) A | T e
g1 (e)
i) If n > N, then
QW) = 0, k=0,1,...,N—1, (2.4)
QM) = P 2.5)

Proof. i) If 0 < m,n < N, then Q%N)(x) = Q%V)(x) = 0, and the value
of the Sobolev bilinear form on (Q,,, @,,) can be computed by means of the
following expression

BN (Qn, Q) = BY(Qny Q)

Qm(c)
_ @ (c)
= (Qu(@),Q(e) QY V@) A TV,
QN (o)
and therefore they are orthogonal with respect to the discrete bilinear form

(2.3).
ii) Let n > N, then from the orthogonality of the polynomial @, we deduce

0
0= B (Qu(e), 3y (&~ ) = (@u(). @4(0).-. QN V@) A 1|,

0
(2.6)



for 0 < k < N — 1. Thus, the vector

(Qu(©), Q). Q)

is the only solution of a homogeneous linear system with N equations and
N unknowns, whose coefficient matrix A is regular. Then, we conclude

gﬂ) (¢)=0, k=0,1,...,N —1, that is, Q,, contains the factor (z — c).
In this way, if n,m > N, the discrete part of the bilinear form BgN) (Qn, Qm)
vanishes and we get

B (Quy Q) = (0, QN QMY = kbmy ko # 0.

That is, the polynomials {Q,(lN)}nZN are orthogonal with respect to the
linear functional u, and equality (2.5) follows from a simple inspection of
the leading coeflicients. O

Reciprocally, we are going to show that a system of monic polynomials
{Qn }n satisfying equations (2.4) and (2.5) is orthogonal with respect to some
discrete—continuous Sobolev bilinear form. This result could be considered
a Favard—type theorem.

Theorem 2.2 Let {P,},, be the MOPS associated with a quasi—definite lin-
ear functional u, and N > 1 a given integer number. Let {Qn}n be a se-
quence of monic polynomials satisfying
i)degQn=mn, n=0,1,2,...,
i) Q¥ (e) = 0, 0<k<N-1, n=N
iii) Q%N)(x) = ﬁPn_N(x), n > N.

Then, there exists a quasi—definite and symmetric real matriz A, of order
N, such that {Qn}n is the monic orthogonal polynomial sequence associated
with the Sobolev bilinear form defined by (2.1).

Proof. By using the same reasoning as above it is obvious that every
polynomial @Q,,, with n > N, is orthogonal to every polynomial with degree
less than or equal to n — 1 with respect to a Sobolev bilinear form like (2.1)
containing an arbitrary matrix A in the discrete part and the functional u
in the second part.

Next, we show that we can recover the matrix A from the N first poly-
nomials Qi,k=0,1,..., N — 1.



Let us denote

Qe Qhle) .. QY V(o
Q- | @© @ .. a7V |
Qv Qe . V()

then Q is a lower triangular and invertible matrix. Let D be a diagonal
matrix with non zero elements in its diagonal.

Define
A=Q'DIQ)".
Obviously A is symmetric and quasi—definite and since
QAQ" =D,
the polynomials Qq,...,Qn_1 are orthogonal with respect to the bilinear

form (2.1), with the matrix A in the discrete part. Besides, the elements in
the diagonal of D are the values BgN)(Qk, Q) for k=0,...,N—1. O

Remark. Observe that the matrix A is not unique, because its construction
depends on the arbitrary regular diagonal matrix D.

3 Classical examples

3.1 The Laguerre case

Let a € R, the n-th monic generalized Laguerre polynomial is defined in
[12], p. 102, by means of its explicit representation

) = oy SE (M) wzo e

e
i=0 J

a

where ( 3

) denotes the generalized binomial coefficient

(Z) - W (3.2)

and (a — k + 1), stands for the so-called Pochhammer’s symbol defined by

Bo=1, (B)p=bb+1)...(b+n—1), forbeR, n>0. (3.3)



In this way, we have

()R (0) = (—1)7 ) (Zti) C n>k

If o is a negative integer number, say a = —N, for n > N, we have
(LB () =0, k=0,1,...,N—1,

and, for n < N, we get
(L%_N))(k)(o) =nl <N;_kk_ 1), k=0,1,...,n.

On the other hand, since the derivatives of Laguerre polynomials are again
Laguerre polynomials, we have

|
(L(_N))(N)(x) — i 'LﬁLOZN(x), for n > N.

(n—N)

Therefore, from the previous Section, we conclude that Laguerre polynomials

Lng) are orthogonal with respect to the Sobolev bilinear form

5.9 = FOAGO) + [ 1wy ™ (@) as,

with F(0) = (£(0), /'(0),..., f=1(0)), G(0) = (9(0), ¢/(0), ..., g™ D (0)),
the matrix A is given by

A=Q'D(Q)",
Q is the matrix of the derivatives of Laguerre polynomials Lng) evaluated
at zero
N -1
|
0! < 0 ) 0 e 0

Q- 1!<N1_1) 1!(N0_2> 0

(N1)!:<%j) (Nl)!(x:;) (Nl)!<8>

and D is an arbitrary regular diagonal matrix. Similar results have been
obtained with different techniques in [5] and [10]. We recover the results

in [5] by using a diagonal matrix D whose elements are (0!)%, (1), ...,
(V= 1)1)2.



3.2 The Jacobi case

For a and (8 arbitrary real numbers, the generalized Jacobi polynomials can
be defined (see [12], p. 62) by means of their explicit representation

o= £ (00) (D) (3 TR e

m=0

When «, 8 and oo+ 3+ 1 are not a negative integer, Jacobi polynomials are
orthogonal with respect to the quasi—definite linear functional u(®P) . This
linear functional is positive definite for & > —1 and g > —1.

For @« = —N, with N a positive integer, and § being not a negative
integer, the n—th monic generalized Jacobi polynomial is given by

PO
_ (2”‘]\”5)1 3 (”‘N) (”*5) (@ — 1) ™ (2 +1)™. (3.4)

n m n—m
m=0

In this case, for n > N, x = 1 will be a zero of multiplicity N ([12], p. 65).
On the other hand, since the derivatives of Jacobi polynomials are again
Jacobi polynomials, we have

_ n! 0,6+ N
(P! N’ﬁ))(N)(w)zi(n_N)!Pé_N )(a:), for n > N.
Therefore, from the previous Section, we conclude that Jacobi polynomials

Py(fN’ﬂ ), when 3 4 N is not a negative integer, are orthogonal with respect
to the Sobolev bilinear form

B (£.9) = FIAG()T + (7N, fNg),
where the matrix A is given by
A=Q'DIQ),
Q is the matrix of the derivatives of Jacobi polynomials

Q= ((PEYNOW) L
which are given by

n! (—N+Ek+1)p
(n—kN\(n—N+B8+k+1),_p
and D is an arbitrary regular diagonal matrix.

Of course, a similar result can be stated in the case when o + N is not
a negative integer, 5 = —N, and ¢ = —1.

(PN (1) = 2

10



4 Sobolev orthogonal polynomials and three-term
recurrence relations

Laguerre and Jacobi polynomials satisfy a three-term recurrence relation
even for negative integer values of their respective parameters (see [12]). In
the previous Section, we have seen that Laguerre polynomials with « a neg-
ative integer and Jacobi polynomials with either a or § a negative integer
are Sobolev orthogonal polynomials. In this way a natural question arises:
do the Sobolev orthogonal polynomials satisfy a three-term recurrence rela-
tion? As we are going to show, the answer is very restrictive, the existence
of a three-term recurrence relation for the Sobolev orthogonal polynomials
implies the classical character of the linear functional u associated with the
bilinear form (2.1).

Definition 4.1 We will say that a family of polynomials {Qn}n>0 is a
monic polynomial system (MPS) if

Z) deg(Qn) =n, n 2 07
it) Qo(x) =1, Qn(x) = 2" + lower degree terms, n > 1.

Obviously, every MPS is a basis of the linear space P and every MOPS
is a MPS.

Definition 4.2 A monic polynomial system {Qn }n>0 satisfies a three—term
recurrence relation if there exist two sequences of real numbers {b,}72, and
{gn}o,, such that

xQn(£) = Qn+1(l‘) + ann(x) + gnanl(:L‘)a n >0,
Q1) =0, Qula)=1.

From Favard’s theorem (see [2], p. 21) we can deduce the existence of
monic polynomial systems satisfying a three—term recurrence relation which
are not orthogonal with respect to any linear functional. This case appears
when some of the coefficients g,, are zero. For instance, Laguerre polynomials
with parameter a a negative integer and Jacobi polynomials with parameters
either aw or B or a+ 3+ 1 a negative integer.

11



Proposition 4.3 Let {Qn}n>0 be a monic polynomial system satisfying a
three—term recurrence relation and let N be a positive integer number such
that the system of monic N—th order derivatives

n! (N)
P,(z) := QO—N( x), n>0,
constitutes a monic orthogonal polynomial sequence. Then, the polynomials
{P,}n are classical.

Proof. Since {P,},>0 is a MOPS, it satisfies a three-term recurrence rela-
tion
$Pn(.’IJ) = Pn—i—l('r) + ﬂnpn(x) + Vnpn—l(x)a n >0,
P_y(z) =0, Py(z)=1

with v, # 0,n > 0.

In this way,
(6 N e 5 S )] (N) AN
Q) n(T) = Nt N+ 1Qn+N+1(x> + BnQpy v (T) + Qpniv_1(T)
(4.1)

On the other hand, the monic polynomial sequence {Q,,}n>0 satisfies a
three—term recurrence relation

TQniN(2) = Qnint1(2) + by NQniN(T) + gy NQniN—1(T).

Taking N—th order derivatives in this relation, we get
N N-1 N N N
Q@)+ NQUIN (@) = Qv i1 (0) +bui QN (@) 90N Qy v ().
(4.2)

By eliminating the term ngj_)N(m) between (4.1) and (4.2), we obtain

N-1 N
NN @) = Q@ )+

N
4 e = 0 Q@) + (e = o) Q0. (43

Taking again derivatives in this relation we deduce that each polynomial
P, can be expressed as a linear combination of the derivatives of three
consecutive polynomials in the sequence { P, }, and, therefore, we conclude
that they are classical by using the characterization of classical orthogonal
polynomials obtained by Marcelldn et al. in [7]. O

12



Remark. This result characterizes the classical orthogonal polynomials as
the only system of orthogonal polynomials having a N—th order primitive
(N > 1) which satisfies a three-term recurrence relation.

Theorem 4.4 Let {Q,}, be the monic orthogonal polynomial sequence as-
sociated with the Sobolev bilinear form (2.1). If the polynomials {Qn}r sat-
isfy a three-term recurrence relation, then the linear functional u is classical
and the point ¢ in (2.1) satisfies

¢(c) =0, (4.4)
¥(c) = ¢'(c) =0, (4.5)

where ¢ and Y are the polynomials in the distributional differential equation

D(pu) = Yu satisfied by u.

Proof. Let {P,}, be the monic orthogonal polynomial sequence associated
with the linear functional u. From Theorem 2.1, we have

QW) = 0, k=0,1,...,N—1, (4.6)
|
ngN)(m) = ﬁpn—N@), (4.7)

for all n > N. Therefore, using Proposition 4.3, we deduce the classical
character of the polynomials {P,}, and then the classical linear functional
u satisfies a distributional differential equation

D(¢u) = yu,

where ¢ and 1 are polynomials with deg¢ < 2 and degy = 1. From
Bochner’s characterization of the classical orthogonal polynomials, (see [2]),
we deduce that the polynomials {P, },, satisfy the second order differential
equation

6(2) P (@) + () PL() = AnPa(e),

for all n > 0.
Thus the polynomials {Q,}, satisfy the differential equation

3(2)Q 2 (2) + () QD (@) = MY\ (),

13



for n > 0. This differential equation can be written in a more convenient
way

(6@ @) + (@) — ¢ (@)Q (@) = mQVy(@),  (48)

where Kk, = A\, + ¢/ (x) — ¢’ (x). Integrating (4.8) we get

o) QR (@) + (W(@) — ¢ (@) (2) = K QUL (@) + i,

where p,, is a constant.
For n > 2, let p be a polynomial with degp < n — 2, then

(u,p [$QNN + @ = NN = (wpeQiR) - (u (pQ 1))

= < (qu) Qn+N>

= R ey p) =

Thus, the polynomial ¢Qn]i}t;1 + (¢ — ¢’)Qn+N = /ﬁnQnJrN Dy fin is orthog-

onal, with respect to u, to every polynomial of degree less than or equal to
n—2, and then it can be written as a linear combination of three consecutive
polynomials P,

’{'nQ;]Y&—;VU + pn = knPnt1 + sn P+ tn Pt
;From (4.3) we have that the polynomial @ ]L_vl) is a linear combination of
the three polynomials P41, P, and P,_1, and, since the sequence {P,},
constitutes a basis of the linear space of the polynomials, we conclude that
pn =0, for n > 2.
In this way, the polynomials {Q,+n }» satisfy the differential equation

p(@)QR (@) + () - ¢ (@)Q\ (@) = maQUI N (@), (49)

for n > 2.
Replacing = = ¢ in (4.9), from (4.6) we conclude
$(c) Py (c) + (¥(c) — ¢'(¢) Pulc) =0, (4.10)
for n > 2.

,From recurrence relation

2Py (x) = Ppi1(2) + BuPr(x) + v Pr—1(x),

14



satisfied by {P,}, and (4.10) written for n + 1, n and n — 1, we obtain
HOPLE) + [9(0) +c(b(0) — F()] Pale) =0,  n=3,  (411)
and subtracting (4.10) from (4.11), we get
¢(c)Pn(c) =0, n > 3.

Therefore, we conclude ¢(c¢) = 0 and using again (4.10), ¢(c) — ¢'(c) = 0.
O

Corollary 4.5 The only sequences of monic polynomials which are orthog-
onal with respect to a Sobolev bilinear form (2.1) and satisfy a three—term
recurrence relation are

a) The generalized Laguerre polynomials L%_N),

PN

b) The generalized Jacobi polynomials , with B+ N not a negative

integer,

c¢) The generalized Jacobi polynomials P,(La’_N), with a+ N not a negative
integer.

Proof. Suppose that the monic polynomials {@,, },, orthogonal with respect
to (2.1) satisfy a three-term recurrence relation. Theorem 4.4 assures that u
is a classical linear functional. If D(¢u) = vu is its distributional differential
equation, the polynomials ¢ and v are given by the following table

’ Name ‘ 10} ‘ Y ‘ Restrictions ‘
Hermite 1 —2x
Laguerre x (a+1)—=z a#-—nn>1

Jacobi [1—2?| (B—a)—(a+3+2)x a#—n,3 # —n,
a+B+1#-nn>1
Bessel z? (a+2)z+2 a#—n,n>2

Then, conditions (4.4) and (4.5) exclude Hermite and Bessel cases. More-
over, in Laguerre and Jacobi cases the only possibilities are the following:
- Laguerre case with a« = 0 and ¢ = 0.
- Jacobi case with a =0, 3 # —m, m >1and c=1.
- Jacobi case with 3 =0, « # —m, m > 1 and ¢ = —1.
Taking into account the results of Section 3, we conclude. O

15



Note that a reduction of the degree of P,&O‘ﬁ ) could occur when either

both o and f+ n or a + 3+ 1 are negative integers (see [12], p.64). An
interesting open problem is to give some kind of orthogonality relations valid
for these polynomials. For the particular case a = § negative integers, this
problem has been solved in [1]: the corresponding Gegenbauer polynomials
are orthogonal with respect to a discrete-continuous Sobolev bilinear form,
where the discrete part is concentrated in two points, namely, 1 and —1.

Corollary 4.6 The monic orthogonal polynomials associated to the Sobolev
bilinear form (2.1) satisfy a three term recurrence relation if and only if the
linear functional w is classical and the point c in (2.1) satisfies ¢(c) = 0 and

P(c) = ¢/(c).

Proof. It follows from Theorem 4.4 and Corollary 4.5 taking in mind that
Laguerre and Jacobi polynomials satisfy a three—term recurrence relation
for all values of their parameters. O

5 Sobolev orthogonal polynomials and second or-
der differential equations

As it is well known (see [12]) Laguerre and Jacobi polynomials satisfy a
second order differential equation for every value of their respective param-
eters.

In this Section, our aim is to characterize the sequences of monic Sobolev
orthogonal polynomials satisfying a second order differential equation. We
can observe that if, for every n, the polynomials {Q,}, satisfy a second
order differential equation

¢(2)Qn(z) + 0(2)Qy () = pQn (),
where ¢ and o are fixed polynomials and p, € R, then
degop <2, dego <1.

Moreover, if p; # 0 then dego = 1.

16



Theorem 5.1 Let {Q,}, be the monic orthogonal polynomial sequence as-
sociated with the Sobolev bilinear form (2.1). If, forn > N, every polynomial
Qn satisfies a second order differential equation

(ﬁ(x)eri(x) + U(:L’)Q;l(x) = pnQn(7), (5.1)

where ¢ and o are fived polynomials with degree less than or equal to 2 and
1 respectively, and p, € R, then the linear functional u is classical with
distributional differential equation D(¢u) = pu, o(z) = P(x) — N¢/'(z) and
the point c in (2.1) satisfies

6(c) = 0, (5.2)

(N -1)¢/(c) + o(c) =0. (5.3)
Proof. Taking k—th order derivatives in (5.1), from Leibniz rule, we get
$(2)QYF) () + (k' (2) + o(2)) Q) (x)

k(k—1
= (o= M) - o' )) QP o). (5.4
Let k = N in (5.4), then we deduce that the polynomials P, orthogonal
with respect to the linear functional w satisfy the second order differential
equation
6(2)PL (@) + (@) Py(e) = MPalz), =0,

where

() = N'(z)+o(z),
N(N - 1)

5 ¢"(x) — No'(x).

A = PniN —
Therefore u satisfies D(¢u) = Yu and degtp > 1. Now, since deg ¢ < 2 and
dego < 1, from Bochner’s characterization of the classical orthogonal poly-
nomials, (see [2]), we deduce the classical character of the linear functional
U.
Writing equation (5.4) for n = N and k = N — 1 we get

(N = 1)¢/(2) + o(2)) QW (x)

= (o Ty - (v - 0 @)) V),
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and by substitution in ¢, since Qg\]fv_l)(c) = 0, we deduce
(N =1)¢'(c) + o(c) = 0.
Finally, if N = 1 writing (5.1) for n = 2, we get ¢(c) = 0 and when N > 2,
writing equation (5.4) for n = N, k= N — 2, we get
o(@)QN (@) + (N = 2)¢/(x) + o ()R (@)

= (o - T2y - (v -2 @) 0P w)

and by substitution in ¢ we deduce ¢(c) = 0. O
Using the same reasoning as in Corollary (4.5), we obtain

Corollary 5.2 The only sequences of monic polynomials which are orthog-
onal with respect to a Sobolev bilinear form (2.1) and satisfy a second order
differential equation (5.1) are

a) The generalized Laguerre polynomials Lng),

b) The generalized Jacobi polynomials PT(L*N’B), with B+ N not a negative
nteger,

)

c) The generalized Jacobi polynomials PT(La’_N
integer.

, with o+ N not a negative

Corollary 5.3 The monic orthogonal polynomials associated to the Sobolev
bilinear form (2.1) satisfy a second order differential equation like (5.1) if
and only if the linear functional u is classical and the point c in (2.1) satisfies

¢(c) =0 and ¢(c) = ¢'(c).
Proof. It follows from Theorem 5.1 and Corollary 5.2 taking in mind that

Laguerre and Jacobi polynomials satisfy a second order differential equation
for all values of their parameters. O
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6 A symmetric differential operator: Properties

In order to obtain explicit relations between the sequences {Q), }, and {P, },

associated with BgN) and u, respectively, we introduce a linear differential

operator F(N) closely related to u. To do this, u must satisfy an extra
condition. This is why, from now on, the functional u in (2.1) will be a
semiclassical one.

Definition 6.1 ([3], [9]) A linear functional u on P is called semiclassical,
if there exist two polynomials ¢ and ¥, with deg¢p =p > 0 and degp = q >
1, such that u satisfies the following distributional differential equation

D(¢u) = yu, (6.1)
or equivalently

¢Du = (¢ — ¢ )u. (6.2)

Equation (6.2) can be generalized in the following way:

Lemma 6.2 ([8]) Let u be a semiclassical linear functional, then for every
n we have
¢"(2)D"u = p(x;n)u, (6.3)
where the polynomials ¢ (x;n) are recursively defined by
P(x;:0) = 1,
b(zin) = ¢(@)¢ (@in—1) +Y(zsn — D(z) —nd'(z)], n>1. (6.4)

Observe that, now, (6.2) adopts the form ¢(z)Du = 1(x;1)u. Taking
derivatives (n — 1)-times in this formula, we get

n—1
n, _ n—1 n—1—i 1Y n—1 n—i i
OLUEDY ("7 )o@y - (2] i) Du. (65)
for n > 1, where (Z) = 0 whenever m < 0. Multiplying by ¢"~! and

using (6.3), we obtain another recursive expression for ¢ (x;n):

¥(x;n)
= S e - (12 o] et
(6.6)
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valid for n > 1.
Lemma 6.3 In the above conditions, we have
¢" I (2)y(w; j)D"u = Y (z;n)Dlu,  n > j, (6.7)
and consequently
¢'(2)p(x; N — i)DNTu = ¢ (2)ip(a; N — )PV "'u, 0<i,j < N. (6.8)

Proof. We will show the result by induction on n. The case n = 1,5 =0
comes from (6.3), while the case n = j = 1 is trivial. Suppose that

¢n—1—j($)¢(x;j)pn—lu — 1/}(35’ n — 1)Dju7

holds for all j, 0 < j <n — 1. Then,
i) For 0 < j < n — 1, taking derivatives, multiplying by ¢, using (6.4), and
the induction hypothesis, we have

¢" ()¢ (2 5)D"u = (@)Y (z,n — 1)DIu+ d(x)y(x;n — 1)D -

—{(n =1 =) (x)d(x;5) +b(x;5 + 1) -
—(; )Y (x) — (G + 1)/ (2)]}o" (@)D"

= @)Y (z,n — 1)DIu+ ¢(z)(z;n — 1)DIHy —
—{¥(x;j + 1) = ¥(z; ) [ () — ng'(2)]}¢" 7 (2)D"

= {6@) (z,n—1) + ¢(z;n — D(z) — nd (2)]}DIu +
+o(@)¢(zin — 1Dy — (w55 + 1)¢" 7 (2)D"

= P(z;0)Du+ dp()y(z;n — )D'u — g(z)p(z;n — 1)D

= ap(x;n)Dlu.

it) If j = n — 1, multiplying (6.5) by ¥ (z;n — 1), and using the induction
hypothesis, we obtain the result taking into account (6.6).
Now, from ¢) and i), we conclude, since the case j = n is trivial. O

(N)

We define a linear differential operator F'*¥) on the linear space of real

polynomials P in the following way

i

FN = (—1)N(z - )V (N) ¢'(@)y(x; N —)DM, (6.9)
=0



where D denotes the derivative operator and the polynomials ¢ (x;n) are
defined as in Lemma 6.2.

Remark. In the particular case of a semiclassical linear functional v defined
from a weight function, expression (6.9) can be written in a very compact
form

o (z)
FN = (=)@ = NN (pw)D")

where p denotes the weight function associated with the semiclassical linear
functional w.

In the next Lemma, we recall a very useful formula involving derivatives.

Lemma 6.4 ([8]) Let f and g be n—times and 2n—times differentiable func-
tions, respectively. Then,

n

Fm g™ = (1) <:L> (£90) (n=i)

1=0

In the following Proposition, we show how the linear operator F(N) al-
lows us to obtain a representation for the Sobolev bilinear form (2.1), in
terms of the consecutive derivatives of the semiclassical linear functional u.
Proposition 6.5 Let B(SN) be a Sobolev bilinear form with u semiclassical
and f, g arbitrary polynomials. Then, for 0 < i < N, we have

B (@ — )N (@)l N —i)f.g) = (DN i, fFNg).

Proof. From Lemmas 6.2, 6.3 and 6.4, we get

B (@ = N (@)@ N — i) .g)
= (@~ Vg @ N — i) ™)

N .
—1)7 N u, ((x — )No'(@)(z; N — i) fgV+9) N=7)

p 9 ()t (@ - 9@y ¥ - g ) )

N

SV () 0V (o= Vo @ N = i) fo )

=0 J

<
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N i 2N — VDN Ty (2 — N (N+7)
¥ () @@t N = DY o - 0 o)

N
2
N | |
Z N< )W y(ws N =)DV, (z = o)V fgN )

N

= YD) 9N Y () @ N - g

=0\
= (DN_iu,f}"(N)g>. O

Theorem 6.6 The linear operator FIV) s symmetric with respect to the
Sobolev bilinear form (2.1), that is

BN (FM . ) = BN (f,FMg).

Proof. From Proposition 6.5 and Lemma 6.4, we can deduce

N

BN 1.9 = Y 0N () B (- 06 @il N - 004, )

7
1=0

e () 0¥t g s 70
=0

_ iv:(_l)i <]j) <u, (f(N+i)f(N)g>(N—i)>
=0

(N)
= (u s (FMg) ) = BT (1, F M) o

Now, we study the degree of the polynomial F(V)z" for every n. Observe
that F(N) vanishes on every polynomial with degree less than N.

Proposition 6.7 For every n > 0, we have
deg (f(N)ac”) <n+ Nmax{p —1,q},

where p = deg ¢ and q = deg .
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Proof. By using the induction method it is very easy to see that deg v (z;n)
< n+max{p—1,q} for all n > 0. Taking into account the definition of the
linear operator F(), the conclusion follows. O

On the other hand, the linear operator F&) never reduces the degree
for all polynomials.

Proposition 6.8 There exists ng > N such that
deg FMN) gm0 > pg.

(N)

Proof. Suppose that deg F\*¥/a™ < n, for all n > N. Then, we can expand

n—1
f(N)Qn = Z an,iQi-
=0

Thus, since F() vanishes on every polynomial of degree less than N, using
its symmetry property, we have

B (FMQ,, Q) B (Qu FVQ))
an,i: (N) == (N) :0 Z_O,l,. ’n—l,
BS (Q’L? QZ) BS (QZ? QZ)
and the result follows. O

To study the degree of FIM ™ we need to know the degree of the poly-
nomials (z; N — i), i = 0,..., N in formula (6.9). The following Lemma
provides us some combinatorial identities, that will be useful for our purpose.

Lemma 6.9 Let a and b arbitrary real numbers. Then for every non nega-
tive integer n, we have

i) (a)p=(-1)"(—a—n+1),,

Y i(j)(nﬁz) - (azb)’
i) é(—l)(?xz:i) = (b;a>’

where (Z) and (a)y are given by (3.2) and (3.3).
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Proof. i) It is a direct consequence of the definition of the Pochhammer’s
symbol.
it) It can be derived from the power series expansion of the identity

(1+2)*(1+2)" = (142)**,

comparing the coefficients.
i11) This formula can be deduced from i) and ). O

Remark. For a and b positive integer numbers, formulas i) and i) can be
found on page 8 in [11].

Let assume that the explicit representation for the polynomials ¢ and
is given by

p q

p(x) = aix’, ap#0, p>0, (@)= bia', bg#0, ¢=>1,

=0 i=0

and without loss of generality, we can suppose that a, = 1.
Next Lemma gives us the degree of the polynomial ¢(x; n) and its leading
coefficient in terms of p, g and bj,.

Lemma 6.10 The following assertions are true:
i) If p—1<q, then

Y(z;n) = byz"? + lower degree terms,

and degy(x;n) =ng, n >0.
it) If p—1> q, then

Y(x;n) = (=1)™(p)na™ PV + lower degree terms,

and degy(x;n)=n(p—1), n>0.
iii) If p— 1 = q, then

P(z;n) = (—1)"(p — by)nz™ P~V + lower degree terms.

Therefore,

iii.1) If p—bg #0,—1,...,—(n — 1) then degy(z;n) =n(p—1), n>0,
iii.2) If p — by = —k, k > 0, then deg¢(z;n) =n(p—1), 0 <n < k, and
deg(z;n) <n(p—1), n > k.

24



Proof. These results can be obtained by induction on n. O

As we are going to see, the equality in Proposition 6.7 is true for almost
all n, that is, the action of F®V) on a polynomial of degree bigger than
or equal to N increases its degree exactly in Nt being ¢ = max{p — 1, ¢}.
Therefore, we can write

FN)gn :F(n;N,t)x”+Nt+...,

where F'(n; N,t) denotes the leading coefficient of the polynomial F (N) g,
We want to notice that this coefficient can be zero for some specific values
of n and in particular for every n < N.

To prove this, we decompose the operator FV) in N + 1 differential
operators defined by

FO = (1@ - ¥ (T ) ety = 9DYH, i=01 .
(6.10)

N min{N,n—N}
FM =N FN D and Mz = S FVam > N,
i =0

(2
where, for i = 0,...,min{N,n — N},

FVa = ()%= (1) @i ¥ - e

Let us denote by Fj(n) the leading coefficient of the polynomial ]:Z-(N)x"
and, for the sake of simplicity, we will put F'(n; N,t) = F(n).

Theorem 6.11 Let t = max{p — 1,q}. Except for finitely many values of
n > N, we have
deg FMz™ = n + Nt,

that is,
FWgn = F(n)2z" Nt 4 lower terms degree,

with ~ F(n) # 0. More precisely
i) If p—1< q, then



and deg FN)g" =n + Nt, n> N.
it) If p—1> q, then

and
deg FMz" < n+Nt, N+p<n<2N-1+p,
deg FMg" = n4+ Nt, N<n<N+p, n>2N+p.

iii) If p— 1 = q, then

and
iii.1) ifp—by=—k, k=0,1,...,N—1, then
deg FNg" <« pn4+ Nt, N<n<2N-—1-—k,
deg]—"(N):c" = n+Nt, n>2N—k,
iii.2) if p — by is a positive integer, then
deg FMz" < n4+Nt, N4+p—b, <n<2N —1+p—b,,
deg FNg" = n4Nt, N<n<N+4+p—by,, n>2N+p—b,
i11.3) in another case,
deg FMag™ =n+ Nt, n> N.
Proof. To prove the theorem a basic tool will be Lemma 6.10. For this

reason, we distinguish three different cases.
i) Case p—1 < g. In this situation, we have

deg]—"i(N)x" =n+Ng—i(¢g—(p—1)), i=0,1,...,min{N,n— N},

and then, deg FMV)gn = degféN)x” =n+ Ngq, foralln> N.
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The explicit expression for féN)x” is

FNgn = (—1)N(z — o)Nep(z; N)DN 2"
n!

_ = n+Ngq
= N)!ac + lower terms degree,

and the leading coefficient for F(N)z" is

F(n) = Fy(n) = (—bq)Nm, n > N.

it1) Case p—1 > q. In this case, as p > 2, we get

deg F)

(2

2" =n+N(p-1), i=0,...,min{N,n— N},
and then deg FMN)z" < n + N(p — 1), for all n > N. The leading
coefficient of j’-'i(N):p" is
(N n! ) .
E(n):(—l) <Z>(p)N_ZM_Z)', ZZO,I,,mln{N,n—N}
Taking into account that

min{N,n—N}

Fin)= > Fln), (6.11)

i=0
and using Lemma 6.9 4ii), we can show that:

If N <n < 2N, since min{N,n — N} =n — N, we obtain

n—N n—N .
i = i S () (7557
i=0 i=0
— n!
= nl (p)2Nn(n ]1\7):(pn+N)N( TN
On the other hand, if n > 2N,
X N & i /m— N\ [(p-1+N—i
F = YRm = e () (PR
~ nlN! p—1—-—n+2N\ n!
- (nN)'< N )_(p_”+N>N(nN)!'
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Observe that, since p is an integer bigger than 2, from the definition of
the Pochhammer’s symbol (p — n + N)y, we have F((n) = 0 if and only if
N+4+p<n<2N —1+ p. Then, there exist exactly N values of n such
that deg F(Mz" < n + N(p —1). In another case, we have deg F(Mz" =
n+ N(p—1).

iii) Casep—1=gq.

First, we assume that p — b, = —k, k = 0,1,..., N — 1. In this case,
by Lemma 6.10, degt(z; N —i) = (N —d)(p—1), if0<N—i<kand
degy(z; N —i) < (N —i)(p—1) fork+1<N—i<N.

Therefore, for n > N, we have deg fi(N):U” <n+ N(p—1) when i =
0,1,....N—k—1,and deg F™Ma" =n+ N(p—1) fN—k<i<N.In
this way, deg FMa" <n+ N(p—1) when N <n <2N —k — 1.

For n > 2N — k, we can observe that

min{N,n—N}

Fin)= >, Fn),

i=N—-k

where, by Lemma 6.9 i),

Fn) = (-1)N <]ZV) (1)N‘i(k)Ni(n_?V!_i)!
— ()Y (]j) (i+1—(N—k)n_i

n!
(n— N —1q)!

Now, we give an explicit expression of F'(n). Suppose 2N —k < n < 2N,
then min{N,n — N} =n — N, and using Lemma 6.9 i)

n—N |
mn.

Fo = 0N Y () - = e

i=N—k
- TS o )
= (—1)N(nn!_]\]f\;)! (HTE;N_—A;) )
n!

= (-)¥(n+1-(2N - k))NM'
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If n > 2N, again by Lemma 6.9 i), we have

N

F(n) = (=¥ N i+1—(N -k _zni‘
(n) (1) i:%:k<2>( ( )x (n—N —1i)!
v nlk " (n—@N-k)\( N
= (1) (n—(2N—k))!i:O( i )(k—z)
n! k! n+k—N
= (_1)N(n—(2N—k))!< k )
n!
= (—1)N(n+1—(2N_k))Nm~
Hence, if n > 2N — k,
F(n):(—l)N(n+1—(2N—k‘))N(nf!N)!:(—k—n—i-N)N(niL!N)!;ﬁO.
Now, we assume that p—bg # 0, —1, ..., —(N —1) and thus, from Lemma

6.10, degt(z; N —i) = (N —i)(p—1), i« = 0,1,...,N. As in the case
p—1 > ¢, we have deg}“i(N)w" =n+N(p—1), i=0,1,...,min{N,n—N},
deg FN)g™ < n + N(p — 1), and also (6.11), where

N n!

Fi(n) = (_1)i( ; ) (p—bq)N_im, i=0,1,...,min{N,n— N}.

Using the same technique, we obtain

n!

nonypy "=

Fn)=(p—-b,—n+N)n
If p — by is a positive integer, then F(n) = 0 if and only if N +p — b, <
n < 2N — 14 p — by, that is, there exist precisely N values of n such that
deg FMaz™ < n 4 N(p — 1), and for the other values of n > N, F(n) # 0
and hence deg F(Mz" = n 4 N(p — 1).
In another case, deg FM g™ =n 4 N(p — 1), foralln > N. O

7 Recurrence relations and differential operators

As a direct consequence of Proposition 6.5, which relates the discrete—
continuous Sobolev bilinear form B(SN) and the one defined from a semi-

classical linear functional u, we can establish some relations between the
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monic Sobolev orthogonal polynomials {Q,}, and the monic orthogonal
polynomials { P, },, associated with the semiclassical linear functional . In
the sequel, for the sake of simplicity, we will denote

kn = (u, P2) #£0, Fy =B (Qn,Qn) #0, ¥n > 0.

Proposition 7.1 The following formulas hold:

n+N(p+1)
i) @—oNeN@)Pu@)= Y olQix), n>0, (7.1)
where r = max{N,n—Nt}, ozglJzN(pH) =1 and o = w
n+Nt
i) FMQu@) = > B"PR@), n=Np+), (7.2)
i=n—N(p+1)

where ﬁ?SLZ)Nt = F(n)a ﬁfL?i)N( +1) = L

P kn—N@p+1)

Proof.
i) Expanding the polynomial (z — )V ¢ P, in terms of the Sobolev poly-
nomials @, we have

n+N(p+1)

(@— NN @) Pux) = Y aMQi(x),

=0

where, taking into account Proposition 6.5,

w B (@=aNeNPu Qi) PFMQ)

a = =
BEY (Qi, Q1) ki

;From the orthogonality of {P,}, and since FIN)Q; = 0 for i < N, we

deduce that az(n) =0 when 0 < ¢ <7 = max{N,n — Nt}.

i1)  Because of Proposition 6.7, the expansion of the polynomial F MQ,
in terms of P, is

n+Nt

FNQu) = Y A" Pia).
1=0
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The coefficients ﬁi(n) can be computed using again Proposition 6.5, and there-
fore

o _ . PF™Q B (@ =¥V P Q)

ﬁz (u, Pzz> B ki

Finally, from the orthogonality of {Q,}, it follows ﬂi(n) =0for0<i<
n—Np+1). O

;From the symmetry of the linear operator F(™) | we can obtain a diffe-

rence—differential relation satisfied by the Sobolev orthogonal polynomials
with respect to the Sobolev bilinear form (2.1), where u is a semiclassical
linear functional.

Proposition 7.2 (Difference—Differential Relation) For everyn > N,
the following relation holds
n+Nt

FOQ, (x) = Z A0 (@), (7.3)

w B (@ FMQ,)

where r = max{N,n — Nt}, VT(LZ)M = F(n) and ~, 7

Proof. Consider the Fourier expansion of the polynomial F™M)Q,, in terms
of @, which, by Proposition 6.7, is
n+Nt

FNQu(@) = 3 %" Qi(@).
i=0
Then ) )
5 (FVQn, i) _ Bg" (@n, FMi)
' BgN) (Qi, Qi) ki
where we have used Theorem 6.6. Notice that 'y-(”) =0for0<i< N

(2

)

and that the orthogonality of the polynomials {@Q,}, leads to 71-(") = 0 for
0 <i<n— Nt. So the result follows. O

Remark. In formulas (7.1) and (7.3), when r = n — Nt, the coefficients

qu(nn) and %(””) can explicitly be given by
k k
() — p(r)2n () — p(ry2n
« r)=—, r)=—.
O =F(Z, A0 =P

Recall that the values of F'(n) had been calculated in Theorem 6.11.
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