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Abstract

Let u be a moment functional associated with the Hermite, Laguerre, or Jacobi clas-
sical orthogonal polynomials. We study approximation by polynomials in H" (u), the
Sobolev space consisting of functions whose derivatives of consecutive orders up to r
belong to the L? space associated with u. This requires the simultaneous approxima-
tion of a function f and its consecutive derivatives up to order N < r. We explicitly
construct orthogonal polynomials that achieve such simultaneous approximation and
provide error estimates in terms of E,(f"), the error of best approximation of f )
in L2(u).
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1 Introduction

In recent years, the study of orthogonal polynomials associated with Sobolev inner
products (that is, inner products involving derivatives) have undergone intensive con-
sideration. We refer the interested reader to the survey [28] for the latest presentation of
the state of the art on Sobolev orthogonal polynomials. One of the most useful features
of the Sobolev inner products is that they include terms “controlling” the behavior of
the associated orthogonal polynomials on the boundary of the orthogonality domain.
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In particular, it is sometimes desirable for the corresponding orthogonal polynomials
and their derivatives to have zeros on a set of points, for instance, on one or both end
points of a closed interval [a, b]. This property is important in applications where, for
a suitable function f, it is required that the partial sum of the corresponding Fourier
orthogonal expansion and its derivatives up to some appropriate order m > 1, coincide
with the values f)(a) and £ (b), 0 < j < m (e.g., solving boundary-value prob-
lems using spectral methods based on representing the solution in terms of Sobolev
orthogonal polynomials, [6, 7, 14, 18, 19, 35]). The Sobolev inner products mostly
studied in the literature to deal with the above problem are mainly of the form (see
[12, 25,30, 31, 34])

m—1 o0 ) ) 1
=2 [ 10870+ [ 108" @ 0np0dx,
j=0"7% N

where @, 0 < j < m — 1, are discrete Borel measures supported on x = —1 or
x =1,and wg g(x) = (1 —x)%(1 + x)# is the Jacobi weight with o, 8 > —1.

We note that orthogonal polynomials with respect to a weight function on [a, b]
(or, in general, on a bounded or unbounded interval ) lack the nice property of
the zeros mentioned above ([33, Section 6.2]), and, moreover, their approximation
behavior in Sobolev spaces give much weaker results than optimal. In spite of this,
the approximating properties of Sobolev orthogonal polynomials is still insufficiently
understood.

The purpose of this paper is to consider simultaneous approximation of a function
and its derivatives by polynomials on an interval in L norms associated with Jacobi,
Laguerre, or Hermite weights. In order to explain our results, we need to introduce
some notation.

For n > 0, let I1,, be the linear space of polynomials of a real variable and real
coefficients of degree at most n, and let [T = Un>0 I1,.

Let IT* denote the algebraic dual space of IT. That is, IT* is the linear space of
linear functionals defined on I1,

M*={u:I1 —- R wuislinear}.

We denote by (u, p) the image of the polynomials p under the moment functional u.
Any linear functional u is completely defined by the values

and extended by linearity to all polynomials, where w, is called the n-th moment
of u. Therefore, we refer to u as a moment functional. u is called positive definite
if (u, p?) > 0 for every non-zero polynomial p € II. If u is positive definite, then
there exists an absolutely continuous measure d . supported in an infinite subset / or,
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equivalently, a real valued non-decreasing function ¢(x) such that ([9, Theorem 6.3])

(u, p) =/1p(x)du=/1p(x)d<p(x)-

In this paper we assume that u can be expressed as an integral with respect to a postive
weight function w(x) defined on an interval /, that is,

(u, p) =/1p(x)w(X)dX~

For a positive definite moment functional u associated with the weight function w(x),
let L2 (u) be the linear space of functions given by

L’(u) = {Cf : f is measurable and <u, f2> < +oo} ,
where Cy is the class of functions equivalent to f in the following sense:
g €Cs ifandonly if <u, (f g)2> —0.

As usual, we will not distinguish between f and C Iz
In L?(u) we can define the inner product

(f.9u=(ufg), f.geL*u),

and the norm
I flla = +/(u, £2), f e L*(u).

The standard error of best approximation by polynomials of degree n is defined as
Enu(f) = pienlfl” If =Pl
Forr > 1, let
Hr(u)z{feLz(u): £ e 12, 1<m<r], (1.1)

and we define the norm on H” (u) as

- 1/2
Lf 1 e oy = (Z IIf(’”)IIﬁ) :
m=0

In L?(u), the n-th partial sum of the Fourier orthogonal expansion S, f in terms of
the orthogonal polynomials associated with u satisfies

En,u(f) = ”f - Snf”u-
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However, the approximating behavior of S, f in a Sobolev space is weaker. Indeed,
we show that there is a non-zero polynomial ¢ of degree at most 2, such that for

f € H"(u) satisfying qb% £ e L%(u),

r—1
1S = Sl < ¢ Enra (7 £©), (1.2)

where, hereon after, ¢ denotes a generic positive constant independent of n and f,
whose value may vary from line to line. On the other hand, we show that for f € H" (u),
there is a polynomial p,, € Iy, satisfying

p’ )= fPw), 0<j<di—1, 1<i<s,
where v; € R are distinctand dy + --- +ds; = r, d; € N, such that
17 = pl < en™ " Eypu (£0), 0<m<r, (13)
for the Jacobi case, and
L = pl < en™ R E, L (FO), 0<m <, (14)

for the Laguerre and Hermite case. Evidently, (1.2) is weaker than (1.3) and (1.4), and
holds under more restrictive conditions. Estimates of the form

LF = p e < en™ Ena (£7), 0<m <, (15)

have been established for the Jacobi case in [34]. We point out that our estimates (1.3)
and (1.4) are coarser than (1.5) since our functional approach encompasses all three
positive definite classical moment functionals at once. Therefore, finer estimates may
be deduced by considering each case separately.

We give explicit expressions for the polynomial p,, in (1.3) and (1.4). In fact, it is the
partial sum of the Fourier expansion in terms of orthogonal polynomials associated
with a so-called discrete—continuous Sobolev inner product (see, for instance, [1,
12, 15, 17]). These polynomials are usually given in terms of classical orthogonal
polynomials with non-standard parameters which require delicate extensions ([2, 3,
5, 14, 21, 23, 24, 29, 32]). We provide a more direct definition that holds for such
non-standard parameters.

The paper is organized as follows. In the following section, we provide the basic
facts about classical orthogonal polynomials needed to present our results. In Sect. 3,
we discuss the approximation behavior of partial sums of Fourier expansions in terms
of classical orthogonal polynomials, which give suboptimal results when used in
Sobolev spaces. In Sect.4, we present a discrete—continuous Sobolev inner product
and construct associated orthogonal polynomials in terms of iterated integrals of clas-
sical orthogonal polynomials. The expressions of the Sobolev orthogonal polynomials
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provided there are suitable for studying Fourier expansions in terms of them. Simul-
taneous approximation by polynomials in H" (u) is studied in Sect.5, and there we
provide a more elaborate version of (1.3) and (1.4). A numerical example based on
Laguerre polynomials is provided in the last section.

2 Classical orthogonal polynomials

In this section, we collect the basic facts about classical orthogonal polynomials that
we will use throughout the work and which can be found in [13].

Let u be a moment functional. A sequence of polynomials { P, (x)},>0 is called an
orthogonal polynomial sequence (OPS) with respect to u if
(1) deg P, =n,
(2) (u, Py Py) = hy 8y m, with h,, # 0.

Here §,, ,, denotes the Kronecker delta defined as

5 _JLn=m,
w0, no#£ m.

If there is an OPS associated with u, then u is called quasi-definite. Positive definite
moment functionals are quasi-definite.

Observe that an OPS {P,(x)},>0 constitutes a basis for I1. If for all n > 0, the
leading coefficient of P,(x) is 1, then {P,;(x)},>0 is called a monic orthogonal
polynomial sequence (MOPS).

Given a moment functional u and a polynomial g(x), we define the left multipli-
cation of u by ¢ (x) as the moment functional ¢ u such that

{gu,p) = (w,qp), Vpell,
and we define the distributional derivative Du by
(Du, p) = —(u, p'), Vpell.
Moreover, the product rule is satisfied, that is,
D(g(x)u) = ¢'(x)u+g(x) Du.

Definition 2.1 Let u be a quasi-definite moment functional, and let { P, (x)},>0 be an
OPS with respect to u. Then u is classical if there are nonzero polynomials ¢ (x) and
¥ (x) with deg¢ < 2 and deg ¢ = 1, such that u satisfies the distributional Pearson
equation

D(¢pu) = Yru. 2.1

The sequence { P, (x)},>0 is called a classical OPS.

The following characterizations of classical moment functionals and OPS will be
useful in the sequel.
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Theorem 2.2 Let u be a quasi-definite moment functional, and { P, (x)},>0 its associ-
ated MOPS. The following statements are equivalent:

1. wis a classical moment functional.
2. There are nonzero polynomials ¢ (x) and v (x) with degep < 2 and degyy = 1
such that, for n > 0, P,(x) satisfies

¢ (x) P/ (x) + ¥ (x) Py(x) = Ay Pa(), 2.2)

where A, =n ("—51¢” + ).

3. There is a nonzero polynomial ¢ (x) with deg ¢ < 2, such that { P

} is the
n=>0

n+l1
MOPS associated with the moment functional v = ¢ (x) u.
4. There are real numbers ay, and B,, n > 2, such that
P (x) P’ P (x)
Py(x) = ad + oy nv) + Bu L? nz2. (2.3)

n—+1 n n—1

It is well known (see [4] as well as [22]) that, up to affine transformations of
the independent variable, the only families of positive definite classical orthogonal
polynomials are the Hermite, Laguerre, and Jacobi polynomials. The corresponding
moment functionals admit an integral representation of the form

(u, p) = /Ip(X)w(x)dx, p eIl

where I = Rand w(x) = ¢~ in the Hermite case, I = (0, +o00) and w(x) = x%e™*
with @ > —1 in the Laguerre case, and / = (—1, 1) and w(x) = (1 — x)*(1 + x)#
with o, B > —1 in the Jacobi case. We note that in each case w(x) > 0 in 7, and thus
we say that w(x) is a weight function.

In the sequel, we will need the explicit expression of the polynomials ¢ (x) and
¥ (x), and the parameters that appear in Theorem 2.2, as well as the square of the
norms of the classical orthogonal polynomials, which we summarize in Table 1. We
use [27] and [33] as reference.

Observe that from Theorem 2.2, if u is a classical moment functional satisfy-
ing (2.1), then v = ¢(x)u is a classical moment functional satisfying the Pearson
equation

D@V) = (Y +")v.

We point out that if we consider ¢ (x) and ¥ (x) as in Table 1, then a positive definite
classical moment functional u still satisfies (2.1) with —¢ (x) and —/(x). But then
(—¢)ku is not necessarily a positive definite moment functional. In the sequel, we will
only consider (2.1) with ¢ (x) given in Table 1 to guarantee the positive definiteness
ofv=¢u.

Iterating this idea, we see that the high-order derivatives of classical orthogonal
polynomials are again classical orthogonal polynomials of the same type.
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Theorem 2.3 Let u be a classical moment functional satisfying (2.1), and { P, (x)}n>0
its corresponding MOPS. For k > 0, let v = ¢>k(x)u and {Qn k(X)}u>0 be the
sequence of polynomials given by

(k)
RS P (x), n=0, (2.4)

Qn,k(x) =

where p® is the k-th derivative of p. Then, for each k > 0, {Onk(X)}u>0 is an OPS
associated with the moment functional v, satisfying

D(pvi) = Vi Vi,

where Y (x) = W (x) + k ¢’ (x). Therefore, v, is a classical moment functional.

Clearly, the polynomials { Q;, x (x)},>0 defined in (2.4) are not monic. Nevertheless,
they satisfy the following property: for 0 < r < n, we have

OV () = Querer (). 2.5)

Moreover, we can provide a distributional formulation of the differential equation (2.2)
satisfied by these polynomials.

Proposition 2.4 Let u be a classical functional satisfying (2.1), and {P,(x)},>0 its
corresponding MOPS. Fork > 0, let v;, = ¢k (x)w, and {Q 1 (x)}n>0 be the sequence
of polynomials defined in (2.4). Then,

D[¢(x) Oy, x () Vil = Ank Qni(x) Vi, n >0,

where Jp ik = (n + k) (519" + ) —k (551" + 9.
Proof For k > 0, by Theorem 2.3, {Q, «(x)},>0 is a sequence of classical OPS and
vy satisfies the Pearson equation D (¢ vi) = ¥ v with ¥ (x) = ¥ (x) + k ¢’ (x).
Moreover, from Theorem 2.2, we have that Q,, i (x) satisfies the differential equa-
tion
$() QU L () + Y (x) Oy x(X) = Ak Qui (), 1 =0,
with

n—1 1" ’ n+k—1 " / k—1 " 1
A.nykzn( > ¢ +Iﬂk)=(n+k) <T¢ +1/f)—k <T¢ +w>

Therefore, forn > 0,

DI (x) Q;, 1 (¥) Vil = ¢(x) Oy 1 () Vi + 0y, 1 (x) D($(x) Vi)
= () Oy 1 (X) + Vi (x) Q) (X)) Vi

= Ak Onk(X) Vi.
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Remark 2.5 We note that if { P,,(x)},>0 is a sequence of Hermite or Laguerre polyno-
mials, then

(1) for k > 0, {=X, x}n>0 is an increasing sequence of non-negative real numbers
(see Table 1),
(2) forn > 0and 0 <i <k, wehave —A, x < —Ap4ik—i-

In the Jacobi case, (1) and (2) hold when @ + 8 + 2k > 0.

3 Fourier series in terms of classical orthogonal polynomials

Let u be a positive definite classical moment functional satisfying (2.1), and
{Pn(x)},>0 its corresponding MOPS. For k > 0, let v, = ¢*(x)u, and {Qnk(¥)}n>0
be the sequence of polynomials defined in (2.4). We note that vo = u, and vi is a
positive definite moment functional ([26, 27]).

For a function f € L*(vy), we can define the Fourier coefficients of f as

~ (Vi. f Onk)

2
fnke="— ; and hp = | Qnklly,-
n,

We note that (vi, f Q) is finite by virtue of the Cauchy-Schwarz inequality.
For n,k > 0, let S, x denote the projection operator S, i : L%(vy) — I, defined
as

n
Sukf ) =D Fik Qjax). fe L.
—
This operator can be characterized in terms of E,, v, (f).
Theorem 3.1 Forn,k > 0and f € L2(vp), Sk f (x) is the unique polynomial in T,

satisfying
Evvi (f) = IIf = Snkfllvi-

Proof Since {Q x(x)},>0 is a basis of IT,, we can write any polynomial p € IT, as

n
px) = ch Qjr(x),
Jj=0
for some real coefficients ¢, 0 < j < n. We compute
8 8 n n
S =Pl =5 (nfn%k =2 cilvi £ Qin) + D¢} m)
J 7 i=0 i=0

= =2V, f Qjx)+2cjhj.
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B
Tominimize || f — p||;, weimpose a—||f—p||3k = 0for0 < j < n.Since || f—pl,
P

is a convex function in the variables c ;, and taking into account that the Hessian matrix
is positive definite, we deduce that the minimum of || f — p|| %k is unique and is attained

when cj = fj,k. O

It is well known (see [10, Chapter II, §4 — §8]) that for the Hermite, Laguerre, and
Jacobi polynomials, we have

Him || f = Syifls, =0, f€L*W),
n—oo

where vy is the corresponding functional in each case. This means that we are allowed
to write the Fourier expansion of f € L%(vp),

3

= FixQjr),

J

Il
S

where the equality holds for almost every point in the support /. By orthogonality, we
obtain the Parseval identity

o0

A2, =3 |l hiwe £ e L2o).

J=0

It is possible to pass down relation (2.3) to the Fourier coefficients in the expansion
of a function with respect to classical orthogonal polynomials.

Lemma 3.2 Let u be a classical moment functional and { P, (x)},>0 be its associated
MOPS. Forn,k > 0and f € L*(vi) N L>(Vi11),

ntk+1 = Bn+k+2

Mk et (n+k+1)(n+k+2)f"+2’k’

fn,k+1 = fn,k +

where dpyk+1 and Bpyr+2 are the real numbers appearing in (2.3).

Proof Differentiating (2.3) and using (2.4), we get {Q,, x (x)},>0 satisfies

Otk Btk
n

Qn,k(x) = Qn,k+l(x) + Tk Qn—l,k—H(X) + n+k(n+k—1

On—2k+1(x).

3.1
Then, we compute

(Vi1 f Quis1) = <V1<+1, (Z fik Qj,k) Qn$k+l> =3 Fra(Vir1: Qjk Qnicrn)-
Jj=0

J=0
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Using (3.1), we obtain

(Vi+15f On k+1)

~ Antl+k - Bn+ik+2 ~
= + _— + h ?
(fn,k n+k+ 1fn—‘,—l,k (I’l Tk+ 1) (n Tk+ 2) fn+2,k> n,k+1

and the desired result follows by dividing both sides by %, f1. O

The following lemma will be useful often in the sequel.

Lemma3.3 Foreach | <r < kand f € L*(vk_,) such that ) € L*(vy),

FOui = Fatrker. 3.2)

Proof Using Q;+1,k—1(x) = Qn.k(x) and Proposition 2.4, we get

<Vk’ £ Qn,k> _ _<D(Q;l+1,k_1 dVi_1), f(r—1)>

= —Antlk—1 <Vk71, fo Qn+1,k71>-
Then, iterating the result above r — 1 more times, we obtain
r
<Vk’ f(r) Qn,k> = ((_1)r l_[)\n+i,k—i) (Vk—r, f Qn+r,k—r) y (3.3)
i=1

where &,k = (n + k) (H5=1¢" + ) —k 55L¢" + ).
Setting f(x) = Qu+r.k—r(x) in (3.3), we get

r
<Vk, Qﬁ,rl,,k,r Qn,k> = ((—Dr H)»n+i,k—i> <Vk—r, Qi+r,k_r>-

i=1

Since Q,(L)rr’k_r(x) = Qn.k(x), we have

d (Vk’ Qi k> hy
((—1)’]_[An+,-,ki> = ; = (34)
i=1 <Vk7r, Qn+r’k_r> ntrk=r

Using (3.3) and the equation above, we obtain

/Eﬁ <Vk7 f(r) Qn,k) <Vk—r» f Qn+r,k—r> -~
f nk = 7 = h = fn+r,k—r~
n.,k n+r,k—r
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It is possible to describe the behavior of the partial sum S, i f under differentiation.

Proposition 3.4 Letn, k > 0and0 < r < n. If f € L*>(vy) suchthat f©) € L*(Viy,),
then

(Sn,k f)(r) = Sn—r,k+rf(r)~ (35)
Proof Using (2.5), we get

(Sn,k f)(r) = Z ]/C;Lk Qi,:’)k(x) = Z f’;l,k Om—r ktr(x) = Z ffn-ﬁ-r,k Om k+r (X)-

m=0

From (3.2), we have ﬁn+r,k = f"),, k4, and therefore (Sn,k f)(r) =Sy riar SO

Now, we focus our attention on the approximation behavior of S, i f. First, we
study the approximation in the Sobolev space

Wi ={f e 20 £ e L), 1<m<r}, r>1.

Hence, for a function f € L*(v;), we study the error of approximation for £ in
L*(Vigm)-

Theorem 3.5 Letn,k > 0,r > 1. For f € W5 (vp),

|7 = Snepr™

< arder) P B, (FO) 0<m <r <,

Vi+m
or, equivalently,

En—m,vk+m (f(m)> < (_An—r,k+r)(nl_r)/zEn—r,vk+, (f(r)> , 0<m<r<n,
(3.6)
holds for k > 0 in the Hermite case, for « + k > —1 in the Laguerre case, and for
o+ k, B+ k > 0inthe Jacobi case.

Proof First, we prove (3.6) for m = 0. From the Parseval identity, (3.2) and the fact
that » < n, we have

oo

o0
-~ — 2
i 1P = 1f = Suaf13 = 32 (Tl (v 020) = 2 [0 s | (Wi 02)
Jj=n+1 Jj=n+1
and using (3.4), we get
7o ?
00 f” .
j—r.k+r
Enn () = (Vesrs O3 i)
jz% (D7 Tl Ajmrgidegr—i Vo 70k

@ Springer



Numerical Algorithms

By Remark 2.5, we have

.
O [ TR rtidrr—i = (“hjriar)

i=1

Therefore,

— 2
o ‘fm.
Jj—r.k+r
Enn(?< Y 0L

j=n+1

2

holds for k > 0. Moreover, in any case (—A;_, x+,)" 1S an increasing sequence in ;.
y J—r.k+ g seq J
Hence,

s " 2
Z ‘f(r)jfr,k+r

E”yvk(f)z < (Vk+r7 Q?—r,k-&—r)

(—)\'n—r,k—i-r)r J=nt1
1 ")?
= m En—rviyr (f ) , 1<r<n, 3.7
“—An—r.,k+r

and, thus, (3.6) holds for m = 0.
Now, let m > 1. From (3.5)

[ = Suap™

= Hf(m) - Snfm,kerf(m)

= Enfm,vk.m (f(m)> .

Vi+m Vi+m

If we bound Ej—p.v,,,, (f™) using (3.7) with r replaced with r — m, then we get

I
En-moven (£) < Sy B (r?), 1<r<n,

which finishes the proof. O

In order to estimate the error of approximation of S, x in H" (vx) defined in (1.1),
we need the following lemma.

Lemma 3.6 Letu be a classical moment functional and { P, (x)},>0 be its associated
MOPS. Forn,k > 0,

k)

Onk+1(x) = Zdr(uj Qji(x),
j=0

with d') = 1,
g %tk Bn-+k Ontk  Optk—1
nn—1 — ’ nn—2 — — - — ’
n+k m+kn+k—-1) n+kn+k—1
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and

*) Qntk (k) Bn+k *) .
Ytk o d¥ . 0<j<n—3 n=3.
R N R P W AR SN SR "

where o, and B4k are the real numbers appearing in (2.3).
Proof This result follows from iterating (3.1). O

It is obvious that, for Hermite polynomials, O, x(x) = Q,,0(x) forn, k > 0. In the
Laguerre case, it is straightforward to deduce from Table 1 the explicit expression for
the coefficients in Lemma 3.6. For Jacobi polynomials, we can recover the expressions
obtained in [34]. Indeed, for the Laguerre polynomials with parameter « > —1, we
obtain dr(lk; = (—1)"*/. We also recall here the coefficients for Jacobi polynomials
with parameters «, 8 > —1,

(ky __ i+n 4.8 pa.p B.B pb.a
dn,j = (=1)/ ”Aj’k Bn’k + Aj’k Bn’k,
where

%P _ (o + B+ 2k 4 2);

_ and BYP — (@ +k+ Dyt
I @+k+1); nk

T (@4 B42k+2)ms1

Our main effort lies in establishing the following result, which states the error of
simultaneous approximation of a function and its derivatives by the projection operator
S k-

Theorem3.7 Letk +r > 1, and f € H"(vy) such that f" € W] (Viy1). Then, for
nzr,

¢ (=hnp)"?
Vi h (_)‘n—r,k+r—l)(r_l)/2

En—r,vk+,_| <f(r)> , 0<m<r,

(3.8)
holds for k > 1 in the Hermite case, for o + k > 0 in the Laguerre case, and for
o+ k, B+ k > 1inthe Jacobi case.

L = (S )™

Proof We shall consider each case separately.

First, let u be the moment functional associated with the Hermite polynomials. In
this case, u = vi for k > 0, and thus || f|lu = || fly,. It follows from (3.6) and the
fact that in this case A, x is independent of the second subindex, that

Hf(m) - (Sn,kf)(m) Hvk < (_)\nfr,k+r)(m_r)/zE"*r,VkJrr (f(r))

c (_)&n,k)m/z E -
h (_)\n—r,k+r—1)(r_l)/2 n=r,Vit+r—1 (f ) .
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For the Laguerre case, we start by considering the case m = 0. It is not difficult to
modify the proof of Theorem 3.5 to deduce (3.8) since, by Remark 2.5, we have

.
=D’ l_[)\jfr+i,k+r7i > (—hjragr)

i=1

Now, we consider the case m = 1. By triangle inequality

[ = i) |, <17 = Sumrad |y + | Som1as” = (Suas)

Vi

The first term on the right side is E,_1 v, (f"). In order to bound the second term,
consider the Fourier expansion of f’. Since f € H"(v) and, thus, /' € L%(vp),

=Y F ik Q).
Jj=0

Moreover, since ' € W3 (Vk41), which means that f " e L2(Vk+1), we can also
write

=3 i Quant @) = >3 (=D fii140j4(0)
i=0 i=0 j=0

Jj=0i=j

= Z Z(_l)iﬂfz‘;l,k Qji(x).
j=0

where the second equality follows from (3.2) and Lemma 3.6, and the third equality
follows from interchanging the order of the summations. Comparing the two expres-
sions for f’, we deduce

o0
Fie=Y D" fiirx

i=j

Using this, together with

n—1 n—1n-1
(Suicf) =D Frvrk Qiar1(0) =YY (=D fiy14 Q) a(x),
i=0 j=0i=j
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we obtain

n—1

Sucinf = (Suxf) =) ’,k—Z( D frri | Qi)
j=0
n—1 oo

=Y 3 =D fipik Qi)

j=0i=n

Therefore,

Su—14f = (Sn,kf)/ = |]?/n,k|2

Using (3.4), we have

(= DR TToy A jipi <

hjr=
e (J+h?

PLy)- (3.9)

Moreover, by Table 1, and the fact that = ;4 x—; < —Apyik—i for0 < j<n—1,
and 1 < i <k, we can estimate

— S <(n + k)!)2 [Ty A ki <u’ Pj2+k>

G+ T dinei (P2

<'§(n+k)! (—hjsk0)f TG +k+a+1)
—~ (+ B! (A1 T+ k+a+1)

=0 hnk

A
\CZ (= j+k0))k\ (— )\nk)

( And1,k—1

Therefore, using (3.6), we obtain

Sucihf — (Sn,kf)’Hv < e ()2 En 1y (F),
k
and, thus,

|7 = (Suer)

LS By te (2 )% Enct v (f))
k

<c (_)Ln,k)l/z Enfl,vk (f/)
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By (3.6), we get

¢ (—hni)'/?
Vi h (_)‘-nfr,k+r7])(r_l)/2

|7 = (S s)

N 0)

This proves (3.8) in the Laguerre case form = 1 and r > 1.
The case m > 2 follows inductively. With this in mind, we start by proving the
following estimate

2 c(—=\ m+1
< ( n,k)

~ —_
Vi (_)”n—r,k—kr—l)r !

| (Su-rat’ = Sux )™ Evrv (1) . 3.10)

Since
n—1

(Sn-1at” = Suk )" = Foi . Qombim (@),

j=m
then we estimate as follows

2

| (Somrif = Suac )™

Vi

5 . 5 n—1
| f'n il Z Qj—m k4m
j=m

Vk

) n—1 h
- Jj—m.k+m
< k] g Yy
’ ; hn,k

j=m

- ) n—1 . m ]’lj,k
="kl Puik Z (=D l_[)»j—m+i,k+m—i ™
j=m i=1 ”'

n—1

~ h

< !f’mk’z M ke (=2 )™ E hj’k
j= n,k

< e (=hn )"V Ensi v (F)?

c(=x ’k)m+1
. En—r,vk+,_1 (f(r)>

2
X — 5
(_)”n—r,k+r—1)r 1

where we have used (3.6) and (3.9). This establishes (3.10) for m > 2.
Assuming that (3.8) has been established for a fixed m, we prove that it also holds
for m + 1. By triangle inequality,

[ 7o = (,0p) "

< = i)™
Vi Vi

| St = Sne) ™)
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The second term on the right side is bounded in (3.10). The first term on the right
side can be bounded, by induction with r replaced with » — 1, by a bound that is less
than the above. This completes the proof of the Laguerre case.

The Jacobi case has already been established in [34] in the form

Hf(m) . (Sn,kf)(m) < cp—t2m=1/2 En_roy, (f(r)> , 0<m<r.

Vi

Here, we recast the important points of the proof in [34] in terms of A, ; and
En—rvigr_ (f(’)). Since in the Jacobi case —A, x ~ n?, thenform = land r = 1,
we obtain

|7 = (Sucr)

Vi < cn'/? Ey_1,v (f/) <c (—)w,lc)]/2 En1v (f/) :

Then, (3.8) is established for m = 1 and r > 1 by using (3.6). Moreover, form > 1,
from (2.18) in [34] we have

[ Simrif = Sact)™ | < e i P B (£
< e ()" Encry ().

Then (3.8) follows from (3.6) and by induction as in the Laguerre case. ]

4 Discrete—continuous Sobolev orthogonal polynomials
This section is devoted to studying sequences of orthogonal polynomials with respect
to a discrete—continuous Sobolev inner product associated with a positive definite
classical moment functional u and a set of s distinct real numbers

V<V < < Vg,

More concretely, the inner product that we consider is of the form

Gy
Fo=E L EDA | [+ {u s ® ™), @1
G,

where

G o, -1\
P f ("l)> . 1<i<s, (42

Fi = (f(w), fi, ... T (d; — 1)!

withd; +---+ds; = N,d; € N,and A isa N x N positive definite symmetric matrix.
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In this section, we present two main results:

1. For a given sequence of polynomials (defined below in (4.6)), there is a matrix A
such that the sequence of polynomials is orthogonal with respect to (4.1).

2. For a given matrix A, there is a sequence of orthogonal polynomials associated
with (4.1).

In order to prove these results, we need to introduce a basis of polynomials and its
dual basis associated with the set {v; : 1 <i < s}.
We define the following polynomial associated with (4.1),

o) =[x —v)®.
i=1

Hence, deg ¢ = N. In the sequel, we fix 6 € [vy, vs]. We introduce the basis of IT,
By ={x—0)"¢"(x): n=>0, 0<m <N -1}, 4.3)
and its associated dual basis;
‘B’g’(p:{amy,,: n>0 0<m<N -1}, (4.4)
such that (o; j, (x — )" ¢") = 8; ,8; . Notice that for every p € II,
co N—1
P =Y Y annx—0)"¢"(X), dun=(0mn D),
n=0 m=0

where a,, , = 0if m +nN > deg p.
Let

)

(x — )= gdi—i~! [u — w)d'}

by =0T T E T | o

X=V;
0<j<di—1, 1<i<s.

For a differentiable function f(x), the Hermite interpolation polynomial H, f(x)

defined as ([11])
s di—1

Hof) =Y fPw) i),

i=1 j=0

is the unique polynomial of degree at most N — 1 such that

(H, )P ) = FPw), 0<j<di—1, 1<i<s. 4.5)
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We will need to extend the polynomials defined in (2.4) to negative values of the
parameter k. Let { Q,,0(x)},>0 be the polynomials defined in (2.4) associated with the
classical moment functional u. For N > 1, we define recursively the polynomial

Qo,—n(x) =1, On-_n(x) =/9 On—1,—n+1()dt, n =1

Observe that deg 0,y = n, and 0\ (x) = Qpy N4, (x) for 0 < r < n.
Moreover,

0" y©) =0, 0<r<N-1.
In this way, by Taylor’s theorem, we have the following alternative expression for

On,—N(x) with1 <N < n,

X (x _ l‘)N_l

On—nx) = g an—N,O(f)df-

We are ready to state our first result.

Theorem 4.1 Thereisa N x N positive definite symmetric matrix A such that the set
of polynomials {g, (x)},>0 with

(x —0)", 0<n<N-1,
qn(x) = (4.6)
On,-N(X) —HypQpn—n(x), n =N,

is orthogonal with respect to (4.1). Moreover,
(Gn.qn) =1, 0<n<N-—1, and (qu,qn) = hn—N,O» n>=N.

Proof First, we prove the existence of a N x N non-singular matrix M such that, for
all polynomials p(x) and g (x),

Q1 Z p(J)(g) q(J)(g)

(0P A Y0/ N 7
Qs j=0

4.7

Then we show that {g,(x)},>0 is orthogonal with respect to (4.1) with A =
(M~ M~ which is evidently a positive definite symmetric matrix ([20]).
Using the bases By , and %’9#) introduced in (4.3) and (4.4), foreach 1 < i <,

we write
+oo N—1

( )3(1)(X—U)_chr(rlziz)6mn»

n=0m=0

where

c = <( DY 00— v, (5 — )" >
J!
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For n > 1, the polynomial ¢(x)" can be represented as

P(x)" = (x —v;)"%p;(x), where p;(v;) #0.
Then,
&S (! i~k 5
a gk!(j—k)!(ndi—k)'(_v’) (-

For 0 < j < d; — 1, it follows that

ama =0, n>1,
which means that
i N—-1
-1 . .
%W(x —v)=) (?)(w —0)" Vom0, 0<j<di—1.
! =

Given any polynomial p(x), for each 1 < i < s, we apply both sides of the above
distributional equations to p(x) and obtain

N

()
P (”’ Z( )(v —0Y" oo, p). O<j<di— L.

Define the d; x N matrices

1 (vi—0) vi—6)2 (v —6) ...... (v — N1
1 20 —=60)3(w; —0)% ... ... (N = 1)(v; — N2
M; = 1 3w —0) ... ... M hwi =N | 4.8)

Lo (o) —ayN =
Foreach 1 <i <, we have

(00,0, P)
P = M; : ;
(ON-1,0, D)

where P; is the vector defined in (4.2), and, as a consequence,

P M, (00,0, P) (60,0, P)
=1 : = : . 4.9)
Py M) \(on-1,0, P) (ON-1,0, D)
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We now show that the N x N matrix M is non-singular. By construction, (4.9) has
at least one solution ((69,0, p), - .., (O N—1,0 p) ", Suppose that (go, ..., gn—1) | is
another solution of (4.9). Define the polynomials

N-1

fE) =) (om0, p) (x—6)" and g(x) =) gm (x —6)".

m=0

Then, foreach 1 <i <,

(Vt)

fOwy =2 =D, 0<j<d 1.

Let h(x) = f(x) — g(x). Clearly degh < N — 1. On the other hand,
hDw) =0, 0<j<d—1

This implies that v; is a zero of A (¢) with multiplicity at least d;. But this is true
for 1 < i < s. It follows that degh > N. Therefore, h(x) = 0, or, equivalently,
8&m = (0.0, p) for 0 <m < N — 1. Hence, M is a non-singular symmetric matrix.

Now, we prove the orthogonality of {g, (x)},>0 with respect to (4.1) with A =

M HT M1 For0<n <N —1,¢")(x) = 0. Then, by (4.7),

n]) 0 () 9
O ) = Z;q()q ()
j=0

If 0 < m < N — 1, then it is clear that (g,, gm) = 8p.m. For m > N, by (4.5),
(qn» gm) = 0. Furthermore, forn,m > N,

(CIm qm) = <ll (V) qrszN)> (ll, Qn—N,O Qm—N,O) = hn—N,O 8n,m~

O
Remark 4.2 1t is important to note that (4.9) is equivalent to
L10(x)
| :
c—0 Lra—1(x)

=M" : . (4.10)

(x — oYV o)

ly,d—1(x)
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where the matrix M was defined in (4.8)—(4.9). Furthermore, let (-, -)r1,,_, denote the
restriction of (4.1) to ITy_;. Then A is the Gram matrix of (-, -)r,_, with respect to
the basis {¢; j(x) : 0 < j <d; —1, 1 <i < s}and, thus,

G:=M"AM,

is the Gram matrix of (-, -)1,,_, withrespect to the basis {(x —0)" : 0 <m < N —1}.

Now we deal with the case when A in (4.1) is a prescribed N x N positive definite
symmetric matrix. Recall that in this case there is a unique lower triangular matrix £
with positive real numbers in the main diagonal, such that A = B T ([20]). In this
way,

G=M"AM=M"EE" M.

Since the factor MT E is a non-singular matrix, we conclude that G is a positive
definite matrix ([20]). We denote by L~ the unique lower triangular matrix with
positive real numbers in the main diagonal such that G = L~! (L1 T.

In this way, we can state our second main result in terms of A and L1

Theorem 4.3 For a N x N positive definite symmetric matrix A, the sequence of
polynomials {g, (x)},>0 given by

go(x) 1
q1(x) x—0
. = L . , 4.11)
gn-1(x) (x —o)N-1

and,
Gn(x) = Qn,-N(x) = HyQn -n(x), =N,

is orthogonal with respect to (4.1) with A. Moreover,
Gn:qn) =1, 0<n<N-—1, and (Gn,qn) =hu—no, n=N.
Proof Consider the matrix
(Go.40)  (Go.q1) ... (qo.gn-1)
H=| @.9) (@G.q) ... @.qn-1)
(61~N—.1,%) @v—‘lﬁl) (171\/—1;51\/—1)
Note that by (4.11), H = L G L. Therefore, H is the identity matrix of order N. It

follows that
(a}’ls am) = an,m7 0<nm<N-—1.

Forn > N, itis clear that (G, Gm) = hu—N.0Sn.m> m = 0. O
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Remark 4.4 It is important to note that L and L~! are both lower triangular matrices
with non-zero real numbers in the main diagonal. Consequently, for g, (x) defined in
(4.11), we have deg g, = n.

5 Fourier series in terms of Sobolev orthogonal polynomials

In this section, we study the approximation behavior of the Fourier series associated
with the two sequences of orthogonal polynomials (4.6) and (4.11) introduced in the
previous section.

Let u be a positive definite classical moment functional. For f € H" (u), we define
the Fourier orthogonal expansion of f with respect to the orthogonal basis (4.6) as,

_ — N N _ (f.qn)
f_,;)fn (%), fn B (Gn, Qn),

and with respect to the orthogonal basis (4.11) as,

""N_(f»gn)
/= Zf O =g

Forn > 0,let SY and SV denote the projection operators SV : HV (u) — I1,, and
SN . HN(u) - 11, deﬁned as

SN =Y qj) and SYf@) = > G
j=0 j=0

For N = 0, the operators S,?f(x) = §,?f(x) = Sp.0f (x) is the partial sum of the
usual classical expansion in orthogonal polynomials. These operators satisfy several
simple properties and can be written, in particular, in terms of the partial sum S, o f.

Lemma5.1 For f € HY (u),

(1) Y = FO@mlif0<n <N — 1, and ¥ = f™, _Noifn = N;

2) (SY N = Sunof™ lfn > N;
(3) forn >N,

) .
(SN7)" =P, 0<j<di—1, 1<i<s.

Proof As in the proof of Theorem 4.1, it is easy to see that if 0 < n < N — 1,
(f+qn) = f™(©)/n!and (gn, qn) = 1, whereas if n > N,

(Fran) = (w £V 000 ) = (u, ™ 0uono).
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and (gn, gn) = hu—n.0. In this way, (1) is proved. The statement (2) follows easily
from (1).
Now, by (4.9) and (4.10),

1

(6) m __ / f(Nil)(e) T —1\T x—0
oy (x—0) _<f(9)’f(6)"”’(1\11)! M (M) :

N—-1 f(m)

m=0 .
(x — Q)N—l
= H(pf(x)y
where M is the matrix defined in (4.9). Therefore,
n
SNf@) =Hf)+ > ¥ qj@), n=N.
j=N

Moreover, by (4.6),ifn > N, q,gj)(vi) =0,0<j<d —1,1<i<s,and, thus

(527)" @ = (o) 00 = FPw), 0<j<di—1, 1<i<s

This proves (3). O
Lemma5.2 For f € HY (u),

() FY = F W), _yoifn >N, and

L N-1) g
(. ) = (f(e), ... ﬁ) L

(2) (gr[zvf)(N) =Su-nofNMifn>N;
(3) forn > N,

~ ) .
(B =P, 0<j<di-1 1<i<s.

Proof 1t is easy to see that (1) follows from (4.11) and that (2) follows from (1). The
proof of (3) is as in Lemma 5.1 after noticing that by (1) and (4.11), we have

qo(x) N=1 .(m)
@A) =P
gn-1(x))  m=0

m}

Now we consider the simultaneous approximation by polynomials. First, we estab-
lish estimates for derivatives of order at least N.
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Theorem 5.3 Letr > N + 1 and f € H” (w) such that f© € L*(v,_y_1). Then

¢ (“hn-n,0) "~V

u h (_)\nfr,rfol)(r_jv_l)/2 En*F,V;-fol

| = ()"

(f(’)), N<m<r,

holds always in the Hermite case, for o > —1 in the Laguerre case, and for a, B > 0
in the Jacobi case.

Proof For m > N, we have

”ﬂm—(ﬁﬁfm

[ - 5nary

u

Then, the result follows from Remark 2.5 and Theorem 3.7. O

In order to handle the case of derivatives of lower order, we need to introduce the
following subspace

HYw={fen¥w: fPw)=00<;<d—1,1<i<s}.
Observe that for f, g € Hév (u),
(f,g) = <u’ f(N) g(N)>_

This means that (u, FN) gV )> is an inner product on Hév (u). By the Riesz Represen-
tation Theorem, for each 1 € Hév (u), there is a unique g € HON (u) such that

(hu, p) = (g, p) = (u, g(N)p(N)>, p € HY (W,

which is equivalent to

(N)
DV [¢Wu]" = hu,
. 5.1
¢Pw)=0 0<j<di—1, 1<i<s.
Moreover, we have the following identity for v € H N (u),
) (V) N[ Y
<u,v 2 > = ((=1) [g u] v) = (u, vh). (5.2)

Theorem 5.4 Letr > N + 1 and f € H” (u) such that f© € L*(v,_y_1). Then,

¢ (=hp—n,0)V/?
- l)(rfol)/z E"*"YVrfol <f(r)> , 0<Km<N-1,

[ (er0)”

S
u (_)\nfr,rfo
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always holds in the Hermite case, for o > —1 in the Laguerre case, and for a, B > 0
in the Jacobi case.

Proof To prove the case m = 0, we use the well-known duality argument, the so-called
Aubin—Nitsche technique, based on the identity

o RG-S

(5.3)
U a0 1721w

lr=sVr

Let g € Hév (u) be defined as in (5.1). Applying (5.2) with v = f — S,ivf, we
obtain

<u’h (f —Sflvf)> =<u, g™ <f —S,J,Vf)(N)>
=<u, ™ (f(N) _ Sn—N,Of(N))>_

By the Cauchy-Schwarz inequality, we have

(wn (£=8Yr)) < [s™] £ = Suwor®™

El

u u

and
™ |
Hg ”u = hg) <Ay gl - (5.4)

Observe that

o0 o0
M) =800 =200 Ny
j=N j=N
Using the Parseval identity and (3.4), we get
e =3 ((—I)N [T N~) [@renol hyeno = (rw- Il
u = o JTi, l J s J s > u

It follows from (5.4) that

il and |

{——— ——5 .
Il < S VS Syt

Therefore,

r(f=s¥n___ 1

(N) _ S (N) H '
12]la h (—)»1,1\771)’\’/2 Hf n—N,0f .
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By (5.3) and Theorem 5.3, we get

-, < G B () 69

We handle the intermediate case 1 < m < N — 1 by following the argument found
in [8] (see also [16]): Let T be a function from [0, 0o) to L2 (u):

T : [0, 00) — L%(u)
t o~ T®).

Suppose that 7 has N continuous derivatives and 7 and 7™ are bounded on
[0, 00). Then by [8, Theorem I], we have

1T oo < e ITIS" N NTMN 1 <m <N -1, (5.6)

where || |loo = SUP,¢(0.00) II T () ||lu- In particular, consider the translation operator

A, defined by A, f(x) = f(t + x), then A, can be represented as A; = e’ﬁ. Notice
that [|A; flla < || flla for all € [0,00) and f € L*(u). Taking into account the
above, the set {A;},;>0 is a contraction semigroup of operators (with infinitesimal
generator %) on L%(u). Therefore, for v € HN (u), if T(r) := A, v, then T is N
times continuously differentiable and

17 Nl = sup A, 0™ [ly = [V [ly, O<m <N -1,

>0
where we have used
m m d dmv
T () = Ajv=—elaxy=elix = A, 0™,
O = gm AV = g dxm !

Settingv = f — Sflvf and using (5.6), we obtain

1—m/N m/N

|7 — (7)™

[ (st0)”

<elr-sl,
u u

The result follows from Theorem 5.3 and (5.5).

Remark 5.5 Theorems 5.3 and 5.4 with g,{v can be proved with identical proofs.
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6 A numerical example

For o > —1, let LY (x) denote the n-th monic Laguerre polynomial defined as ([33,
Chapter V])

LY(x) = (=)' n! Z(—l)"(”“‘)l koo
k

k)t
-0 n — !

These polynomials are orthogonal with respect to the positive definite moment
functional u, defined by

+00
(ug, p(x)) = / p(x)x%eFdx, Vpell.
0

Moreover, we have
(ua, LY Ly > =nTmn+a+1)8mn.
By Theorem 2.3, the derivatives

d* Ly ()

W(n—i—k)" n>0, k>0, (6.1)

Qz,k(x) =

are orthogonal with respect to uy 1 = x* uy; that is,

Lz"'k(x)
n!

QZ,k(x) =
Consider the numbers v; =0, v; = 1,8 = 0, and the polynomial
() = x> (x — 1), N:=degy = 3.

The Hermite interpolation polynomial (associated with ¢(x)) for a function f is
given by
Hof () = f£O0) (1 =x%) + f(0) (x —x*) + f (1) 2>,
Then, by Theorem 4.1, there is a 3 x 3 positive definite symmetric matrix A such

that the set of polynomials {g, (x)},>0 with

x", 0<n<?2,
qn(x) = (6.2)

QU (x) = Hy 05 (x), n > 3,
where

l X
04 (x) = m/o (x =0 L3 (dr, n>=3,
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is orthogonal with respect to the discrete—continuous Sobolev inner product

8(0)
(£:8) = (£O), £©). fD) A [ 8O |+ {ugya, ™ g™).
g(1)

Indeed, computing the matrix M in (4.9) and using the fact that A = (M “HTpm 1,
we get
100 2 1 -1
M=1010), and A= 1 2 -1
111 —-1-11

Using (6.1) and integration by parts, we obtain

Li() LEO) Ly 22 Ly (0)

a+3
Q ! n =D 2 =2

n,—3(x) =

Observe that Q¢ (0) = (Q21%)'(0) = (Q%™)"(0) = 0, and consequently,

n,—3 n,—3
3 3 2
Hy Q5 5(x) = O 5(D X%, n>3.
Moreover,

(qn.qn) =1, 0<n <2,

L3 \V\  re+n+
(CIn:Qn) = <ua+3, (m) >= W, n > 3.

Now, consider the function

fx) = x*e™*.
Table 2 Errors of the expansions r N m=0 m=1 m=2

8 15 0.04873 0.03472 0.031973
20 0.048483 0.02888 0.036588
25 0.050662 0.030207 0.042135
30 0.051321 0.030592 0.045804
40 0.0500083 0.029841 0.050247
50 0.047100 0.028092 0.052751
70 0.041954 0.025049 0.05557
100 0.036956 0.022062 0.057701
120 0.034110 0.020373 0.058499
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For a = 0, Table 2 shows the values of

7= ()™

Uy

(_)\n—N,O)N/2

(_)\n—r,r—N—l)(r_N_l)/2

)

En—rv,_y_ (f©)

where SV denotes the projection operator with respect to the Sobolev orthogonal poly-
nomials (6.2). In this case, A, x = —n (see Table 1) which happens to be independent
of k. Since f belongs to C°°, we choose r = 8 and observe that the ratio of the above
errors seems to decay as n grows for m = 0 and m = 1. For m = 2, it is likely that
the ratio of the errors behaves similarly to the other two cases; however, it seems that
it does so much slower.

m=1

m=0
,
/ 0.4
1 /
08 / 03
/
0.6 / 02
> ~
0.4 ~— 0.1
02 N 0
=
—_—
0 -
2 4 6 8 10 01
x
[ f(x)=x"2exp(-x) — - n=15 — - n=20 — - n=25|

(A) Approximation of f(z) = z%e™".

[=——dfidx — - n=15 — - n=20 — - n=25]

x

m=2
2
15
1
05
0 _— =
2 4 6 8 10
x
[=— dr2fdx"2 — - n=15 — - n=20 — - n=25|

(c) Approximation of f(z).

Fig. 1 Simultaneous approximation of f using S,llv f

(B) Approximation of f’(z).
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Figure 1 depicts the graphs of f, f’, and f” together with the graphs of SJ £,
(SY £, and (SY f)" for n = 15,20, 25. We note that the projection operator S3 f
seems to provide an adequately close simultaneous approximation on the interval
shown. We should also remark that f(0) = S,IIV [, f(0) = (S,iV £)(0), and f(1)
= S,év f (1) for all values of n.
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