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Abstract

We indicate the connections among the Fekete sets, the zeros of or-
thogonal polynomials, 1(w)-normal point systems, and the nodes of an
interpolatory process which is called stable and the most economical, via
the Fejér constants. Finally the convergence of a weighted Griinwald in-
terpolation is proved.

1 Introduction

L. Fejér introduced the so-called Hermite-Fejér interpolatory process, and in
1934 he gave the definition of normal- and g-normal system of nodes for which
the Hermite-Fejér interpolation is a positive interpolatory process. The sur-
prisingly nice convergence properties of Lagrange, Hermite and Hermite-Fejér
operators on g-normal systems were proved by L. Fejér, G. Griinwald, etc. On
the other hand the experiences in electrostatics ensure a system of nodes: the
Fekete set, which has uniform distribution in some sense, hence it must be a
good set for interpolation. The properties of the system of zeros of orthogo-
nal polynomials are very similar to the properties of the Fekete points, as it
it well-known. From another point of view, Egervary and Turdn asked, if it is
possible to find an interpolatory process and a system of nodes together where
the interpolatory polynomial has minimal degree, and the operator has min-
imal norm. The above-mentioned point systems can be a suitable system of
nodes for an interpolatory process in general sense and also with respect to the
Egervary-Turédn problem.

The primary aim of this paper is to reconsider the connections among these
sets of nodes, and interpolatory problems. Former results can be found e.g. in
[2], [3], [4], [5], [6], [10]. In the next section, we will summarize and reformulate
these results, furtheremore we complete them, when the original statements
are proved only in the classical cases. It will be pointed out, that in these
equivalences the so-called Fejér constants (see(3)) play the key role, that is to
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say that the characterization of this special system of nodes is ensured by the
Fejér constants.

As an application of the results of the second section, in the third section
we prove a convergence theorem on Griinwald interpolatory process on the real
line for Freud-type weights. As it turned out, giving the weighted Fekete sets
with respect to a fixed weight is difficult. (However, there are several methods
of giving approximating Fekete sets.) The zeros of orthogonal polynomials are
Fekete sets for some varying weights. Unfortunately these varying weights tend
to zero locally uniformly, so interpolation on Fekete sets in this sense gives only
trivial (convergent) processes. The investigation of these weights at infinity
leads to define a weighted Griinwald operator (see (11)), which has rather good
convergence properties. Comparing this result with the previous ones of [§],
[13], it turns out that the convergence is valid here for a wider function class.

2 Connections

At first we give the definition of classes of weights in question.

Definition 1 LetY C C be a closed set. w is quasi-admissible on 33, if it is non-

negative, upper semi-continuous, and if ¥ is unbounded, lim |:j—- |z|w(z) = 0.
z€EX

It is admissible, if cap{z € ¥ : w(z) > 0} > 0. Let us call an admissible weight

as approzimating on (a,b) C R, if it has finite moments, it is twice differentiable

and (log (£))” >0 on (a,b), and if a is finite, then lim, ., z(fa) =0, and if

wlz) _
- = 0.

b is finite, then lim, .,

Definition 2 [11]/III.1 Let w be a quasi-admissible weight on a closed set ¥ C
C. Then F,, are called n-th weighted Fekete sets associated with w, if the supre-

mum below is attained at the set Fp . = {z1,...,Tn}.
dn,w = sup dn,w(zla sy Zn)
2140y Zn €D
2
RG]
= sup H |zi — 2zj|w(z:)wz;) (1)
215,20 €D 1<i<j<n

Usually these points are not unique, but in one dimension by some restric-
tions on the weight, uniqueness can be proved. In the classical, unweighted case
on [—1,1], the result is proved by Popoviciu (cf. [14] Ch 6.7 p. 139., and the
reference therein). In weighted case, after some restrictions on the weight a
representation of Fekete points was given by M. E. H. Ismail ([5] Thms. 2.1,
2.4), which ensures the unicity of the Fekete sets as well. In the following we
will investigate the one-dimensional case.

Now let us discuss the weighted Lagrange interpolatory polynomials on a
system of nodes X = {zj,,k = 1,...,n;n € N}. Let li(z) = w(z)



where w(z) = [[;_; (x — x1) (denoting z, = zj,,, k = 1,...,n) the fundamental
polynomials of the Lagrange interpolation, and let w(z) = e~ 9 be an ap-

proximating weight. The properties of Ly x () = Lk w(z) = w(x)ll}(;?) will

be investigated. It is clear, that L (2x) = 1, that is the sup-norm of this
weighted polynomial is at least 1. If this sup-norm is equal to one, then Ly ,,
has a maximum at the point xj, that is

(Lk,w>/($k) = w(x) li(z) (w (k) " 2%(%))

w(zk) \ w(zg) Ik (xk)

= w(x) lz(x) <_Q/ (ZL’k) + L:),(:L%)) =0, (2)

which ensures that

w// w/
Crw = Cruw,x = U(xk) + Z(:Bk) =0. (3)

1
This is the case, when X is a Fekete set with respect to w2®=D  namely

H 1<i<n ((x — xl)zw 2(n271> (fE)wQ(n{l) (xl)>
£k

ngzgn ((a?k — xl)2w2<n2*1> (xk)w2<"2*1> (.’L‘l))
1#%

Lk,w,X =

@571

[Tici<icn ((331 - xj)Qw ST (x)w D) (Ij)>
X
ngiiign ((xl _ xj)sz(n?—l) (xi)wQ(n—l) (xj))
1,J#1

<1,

. . -1
because in the denominator appears " )1
nyw2m-1)

It will turn out in the following, that the behavior of the constants Cy ., as
an indicator, shows the properties of the point systems, interpolatory systems
and operators. Emphasizing the importance of these constants, let us call them
"Fejér constants”.

Following carefully the proof of the above mentioned theorem of Ismail
([5],Thm. 2.1), we get the following

Proposition 1 Let w be an approzimating weight on an interval (a,b). Then
a (21,.-.,2n) attains its maximum on (a,b) at a unique set F T
n,w2(n—1) n,w2(n—1

for which the following characterization is valid.

={z1,....zn} fandonlyif Crw=0, k=1,....,n. (4)

R —
n,w 21



At first we have to note here, that finite moments are not necessary in this

statement. According to Ismail [5], the proof of this theorem is the following:
n(n—1)

taking the partial derivatives of log d 1, it turns out, that
n,w 2(n—1)
2 ogd" "N (21,...,2,) =0j =1,...,n, if and only if Cpyp = 0, k =
oz n,w2m—1) ’
1,...,n. Computing the Hessian, it can be seen, that —H is always positive

definite, so recalling the boundary condition on w, we get that the maximum-
set is unique, that is it is the unique solution of the equation system: Cj ., =
0, k=1,...,n. Independently of the previous chain of ideas, an elementary
proof on uniqueness can be given.

Proposition 2 Let w be an admissible, continuous weight on R such that log %
is convexr. Then the associated weighted Fekete sets are unique.

Proof: Assume that {x;}? ; and {y;} , are Fekete points with respect to w
enumerated in increasing order, and let z; = % Then because of the ordering
of the points, and the log-convexity of the weight, by the arithmetic-geometric

mean inequality
(xi+yi> <£Uj +yj>
w w
2 2

izl v — oyl (it zj+Yj
- 2 Y\ )Y T

> e — i1y lvs — w31V ol Vol )y fuly,),

where the inequality is an equality if and only if x; = y; for all indices, wich
establishes the uniqueness.

(i — ;) + (yi —y3)
2

|zi — zjlw(zi)w(z;) =

For special weights, the Fekete sets are the zeros of some orthogonal polyno-
mials (cf. [5], [4]). Before setting the precise statement we need some definitions.

Definition 3 Let w = e~ @ be an approvimating weight on (a,b). Let

’ ’

b
QE)—-Q (=
o) = e [ 0wy =L g, )
where pp = Y™ + ... is the nt" orthonormal polynomial with respect to w,
and On = In—1
Y
Now we can define our weights:
Definition 4 Let w be as in the previous definition.
w(x)on
wn(z) = ——— (6)

A, (x)



In the following investigations the constant g, doesn’t play role, but it will
be important in connection with a convergence theorem in the next section. Let
us see some examples of % ([5]), which in classical cases are different only
in normalization from the weights wy ([10]), for which the derivatives of p;, ,,-s
are orthogonal :

Example:
1) Hw= e,

that is w, = %w independently of n and x, and here w; = w = 2w,,.

(2) If w=2a%"7,
Ay (z)

on T
that is w, = z%*'e™® = zw independently of n, and here w; = w,,.

(3) fw= (1 —2)*(1+ )5,

)

Ap(z)  a+p+1+2n

On 1— 22 ’
that is w, = M(l —)*t (14 2)%+, and here wy = (a+ B+ 1+ 2n)w,.
@) Ifw=e"",
Az(f) =2(z” + 0 + 05 11)5
that is w,, = me.

From another point of view w,, has also an importance. Denoting by p,,\/w, =
Zn, 1t satisfies the following differential equation with some ®,, (cf. [9], Th. 3.6.):

1"

z2p () + Op ()20 (x) =0 (7)

In the next statement we reformulate the results of Ismail, Rutka and Smarzewski
(cf. [5], [10]).

Proposition 3 Let w, be as in the definitions above, and let us assume that
wy, 1S an approximating weight. Then

Chw, =0, k=1,....n if and only if {xr} the zeros of pno  (8)

The proof of this statement depends on the differential equation of orthog-
onal polynomials. The equation system on Cj-s means that the differential
equation fulfils at the points xx, & = 1,...,n. In the classical cases, it is a
Sturm-Liouville equation, that is there are polynomials of degree n in the dif-
ferential equation, which is realized at n points. In the general case uniqueness
is used.



Normal and g-normal point systems were introduced on [—1,1] by L. Fejér
in 1934 ([2]). The weighted analogue of this definition was given in [3]. The
original aim of these definitions was assuring the positivity of the Hermite-Fejér
interpolatory operator. The limit case, when ¢ = 1 was investigated on the
weighted real line in [4]. Only this last definition is cited only here.

Definition 5 Let w be an approzimating weight on (a,b). A system of nodes
X ={xgn.k=1,...,n;n € N} is 1(w)-normal, if there is an L > 1 such that

‘xk,nl < Lay, (9)

where a,, is the M-R-S number, and

w(z)zn: @) LR (10)
o wle) — ’

where i (x)-s are the fundamental polynomials of the Lagrange interpolation.

In this definition the kernel function of the Griinwald operator appears.
Here we will follow the notations of [8] and [13], that is the weighted Griinwald
operator on the nodes {xj}}_, with respect to an f is
w(@)Yo(f,2) = w(z) Y i(x)f (wr) (11)

k=1

Mostly the boundedness of the operator-norm ensures the convergence of the
interpolatory process. The boundedness by one, is a very special criterion.
This is the case for instance, when the reciprocal of the weight function has
non-negative even order derivatives, and the Griinwald operator coincides with
the Hermite-Fejér one. Also in this chain of ideas the Fejér constants play
the key role. More precisely, with the notations above, the weighted Hermite
interpolatory polinomial (with some weight w) of a differentiable function can
be expressed as (cf. [4])

@) Half, £ 12) = () 3 L=l = TR

w(wk)
+ule) Y- EERED i (), (12
k=1 ’

and the corresponding weighted Hermite-Fejér operator is

(1— Ck,w(x - l‘k))li(l”)
w(zr)

n

w(@)Hp o (f,2) = w(z) Y

k=1

(fw)(zr),  (13)

which coincides with the weighted function at the nodes {z}}_;, and which
has zero derivatives at the nodes. Furthermore by the definition of the Fejér



constants, Hy, ., (f,z) is the (unweighted) Hermite interpolatory polynomial of
i. So when the Fejér constants are zero

e () o

k:l

is the Hermite interpolatory polynomial of i with respect to the nodes: {zy}7_;.
So the following connections are established.

Proposition 4 Let w be a weight as above.

If a system of nodes {xy} is 1(w)-normal, then C,, =0, k=1,....,n

On the other hand, let us suppose further, that (%)% > 0 on |z| < Lay.
Now

if Ckw =0, k=1,...,n then the system of nodes is 1(w)-normal.

Proof: If {}} is 1(w)-normal, then w(z)-k i) o 1, k=1,...,n (see (10)), so
Crw =0, k=1,...,n. According to (14), by the error formula of the Hermite
interpolation, it is clear, that 1 — w(z) > ,_, (m) > 0, when (E)(Qn) >0 on

|z| < Lay,.

w(

The Egervary-Turdn interpolatory problem (cf. [10], and the references
therein) is to find an interpolatory process of the lowest degree, and of the
smallest norm. Below we denote by [k(x) each polynomial of arbitrary degree
for which Zk(xi) =0k, t=1,...,n.

Definition 6 Let w be as in Definition 5. The interpolatory system of polyno-
mials l(z), k=1,...,n is w-stable on (a,b) if for all y1,...,yn >0

0 < w(z) Z ;k((;]j) Y < maxyg, € (a,b). (15)
k=1

A w-stable interpolatory system on (a,b) is most economical, if

5 deg (in(x) (16)
k=1

is minimal.

Let us remark that if the weight function tends to zero quickly at the bound-
ary points of the fundamental interval, then the w-stability of the Griinwald
operator coincides with the 1(w)-normality of the nodes. It is proved for all the
classical weights (cf. [10], Thm. 2.3), that an interpolatory system is wy-stable
and most economical, if and only if it is the Griinwald operator on the zeros of



Dn,w- From the previous investigations, similarly to the classical cases, we can
state the parallel theorem for general weights.
Let us denote by

I w(z) == w(z) Z k()

= wle)

Proposition 5 Let w be an approzimating weight on an interval (a,b).
If I,(x) is w-stable and most economical, then

Crw=0, k=1,...,n. (17)

Let us assume further that (%)(%) >0 on |z| < Lay,.
IfChw =0, k=1,...,n, then

I,(z) =Y, w(z) is w-stable and most economical (18)

Proof: As it was pointed out eg. in [10], if an interpolatory process I, (x) is
w-stable and most economical, it must be the Griinwald operator, because by
the positivity of the operator, {x(x) has zeros at the points z;,i =1,...,n,i £ k
of even multiplicity, that is Y ,_, deg (Zk(x)) > 2n(n — 1). Tt is realized by
Y, w- As it was shown in Statement 4, if Y}, ,, has maxima at x4-s then Cj-s
are zero. The opposite direction also derives from Statement 4.

Finally enumerating the properties discussed above, we can summarize these
results as it follows.

Crw=0, k=1,....n (A) Cru,=0, k=1....n
nwﬁ:{xlyyxn} (B) :{xl’_..’xn}

pn,w(xk) = 0, k= 1,...,71
Y, w(z) is w-stable and most economical

SN — 53

1
3(n—1)
y Wy

C
D
D

A~~~ A~

) Yo, (z) is wy-stable and most economical
(B) {x1,...,2n} is l(w)-normal (E) {z1,...,2,} is 1(wy)-normal

Through the equivalence of all the above mentioned properties with property
(A) (or (A")), that is the Fejér constants are zero, one can get
Corollary:

Let w be an admissible, approximating weight on an interval (a,b). If

n (2n)

(%)(2 ) > 0 on (a,b), then (A),(B),(D),(E) are equivalent, and if (%)
on (a,b), then (A"),(B), (C), (D), (E) are equivalent.

We have to show an example on the second assumption .
Example: Let

Q) =) dpa®™, de >0, k=1,...,m, (19)
k=0



(2n)
and let w(z) = e~ 2®). For these special Freud-type weights (w%) >0

on R for all n € N . According to the Leibniz rule it is enough to show that
4, \9 (1) @n=i) ,
(—“) (7) >0 for j=1,...,2n. Because

On w
aj (Q(t,$)) m 3j (t2k71t:;2k71) . _— R
— = I;dek 5 = k%%szdk ; byt =2l

where b;-s are positive, taking into consideration that w is an even weight func-
tion, (and so p2(w) is also even), one can see that

2k—2

@) m
(A") = Z 2kdy, Z bl/pi(w,t)w(t)t%*%ldtml*j
= R

o k=41+1

is a polynomial of = with nonnegative coefficients, and all the exponents of this
polynomial are even if j is even and are odd if j is odd. By a simple induction

one can see that _
(w(x)> = p(j, x)e*,

where p(j, x) is a polynomial having the same properties as the previous one.
Because j and 2n — j have the same parity,

() ™ (@) = pla)e@),

Wn

where p(x) is a polynomial with even exponents and positive coefficients, so it
is positive on the real line for all n € N.

Finally we have to remark that the assumption (%)(%) > 0 seems to be
assymetric, and it is necessary only because of the method of the proof by
Hermite interpolation. The question that can it be weakened or not, is unsolved
yet.

3 Interpolation

In this section, let w = e~% be a three times continuously differentiable Freud
weight on R, that is we suppose that @ is even, @ > 0 on (0, 00), and for some
A B>2A< % < B on (0,00), moreover there is a constant ¢ such that

2Q® ()
Q" (x)

that Q" () > %, when |z| > d. Now we can define

for every |z| > 1, < c. By these assumptions there is a d > 1 such



Definition 7 With d > 1 given above, let

w(z), x| <1
w(x) = w(x)Q’L(x)’ lz| > d (20)
twice continuously differentiable, elsewhere

Furthermore we assume that log% has positive and continuous first and
second derivatives on (0,00).

’

Let us remark at first that Q' (1) < Q'(d) + Q'd(d) (Q£$)> (d), because Q'

is increasing, and the second member of the right-hand side is positive, when
A > 2. That is a suitable connection can be defined between the two parts of
log %

As usually we define

Definition 8
Co={f € CR)| lim (f)(a) =0
Let Y, (f,-) be as in (11), the Griinwald operator on the zeros of py, ,,. Now
we have the following

Theorem 1 Let f € Cy Then

i (¥ (f) — £)il] = 0 (21)

Comparing this theorem with Cor. 2. of [13], we can see, that we have two
different weights in this theorem, but when A > 2, then the function class is
wider here, that is the functions can grow more quickly at infinity.

The previous definition of the weight was inspirated by the next lemma. In-
vestigating the weights w,, from the previous section, it turns out, that however
wy, tends to zero locally uniformly when n tends to infinity, the behavior of w,-s
are the same at infinity. It means, that the Griinwald operator on Fekete points
with respect to the varying weights w,, has trivial convergence properties, but
it allows to find a non-trivial process, as it is given in the theorem.

The following estimation of A,, is valid.

Lemma 1 Let w be as above, and let A > 2. Let Ly be a constant such that
%an > Agpyja—1]4+1- For every L > Ly

Ay () N
On

where the constants in” ~ 7 depend only on L, but they are independent of n.

if |z| < Lay,

, if |z = Lan

‘ngm‘ 3

@) (22)

xT

10



Proof:

At first we have to note that such an L exists by [7] 5.9. The first line of
the inequality is proved by H. N. Mhaskar ([9], Prop. 3.7.). To prove the second
line we have to divide the integral into some parts. Since A, is even we can
choose x > La,,.

An(z) 2 (P QW -Q o
on _/qg;p”(t) )= dt+/t|>g()dt L+1,

If [t| < §, using that @ is convex on R, and estimating the denominator as
L<|t—z| < 3a,
227 -1 Q@) _2Q@-Q () _QW-Q@
3 24-1 x 3 T - t—ux
LR+ _ QW

where in the first inequality we used the properties of Ql, cf [7] 5.3. So

Q/(l’) 2 Ql(x) 2 Q/(:v)
I ~ 2w~ 2 2y~ 222 23
/|75S P /Rp . (23)

T T

x
2

where in the second "tilde”, the lower estimation fulfils by [9],(2.6), say.
For |t| > La, > 4a,

t—x

2 Q(t) - Q(x)
I :/t>;'pn(t)w(t)dt:/t>g (.)+/It\>%‘ () =I3+1; (24)

lz—t|<1 Je—t|>1
By the properties of Freud weights, and by [9],(2.6),

"

L= / P2 (Owt)Q" (€(w 1))dt

[t|>3
|e—t|<1
<CQ/($)/ pi<t>w(t>dt§cle‘””M (25)
T Jie>3 r
= [ e T g [T T2y

2

+ /238 pi(t)w(t)wdt + /Oo(~) =Is+Ig+ 1+ 1Ig (26)
T 2

11 t—x "

Is g/__ipi(t)w(t)Q (|t|)dt+/_§p3(t)w(t)QT(”“")dt

o0 | o

11



According to [7], 5.2,

oo ’
P2 (w1 ar cle—@"L (z)
T

&
INA
H\

|

According to [9] 2.7,

/ pr (w4~ e < cle’”n/ P2 (Hw ()t A1+t

2 |t‘§a2n+[A—1]+1

Because A > 2, Qt(t) is increasing, so by [7] 5.2 and 5.9

/ R < T P (w0t
[t|<agnyia—1141 z [t|<aznipa—17+1
< ca? Ql (2)
S canp—
that is ,
I5 S Cg@ichiQ (:C) (27)
x

Ift e (%,x — 1) we can write that x = At, where 1 < A < 2, that is according
to [7], 5.3, recalling that B > A > 2, Q (2:? ) < Qt(t) ’\B;_ll_l < c(B)QT(t) <

(:(B)QT(I)7 where in the last step we used that QT(t) is increasing. So

’ z—1 ’
Is < CM/ P2 (Hw(t)dt < cle_c"‘”M (28)
X z T
2
As in the previous case, when z + 1 < ¢ < 2z, < (tzig @ < Qz(x) )‘B;:fl S0
’ 21 !’
L <o) 2@ / P2 (Ow(t)dt < cyeen @) (29)
r Jan x

Because t —x > % in I,

’

Isy<2 / ) pi(t)w(t)Q—(t)dt <2 / N P2 (Hw(t) A1+ gt

So as in I,

S e / ROt < eemen T (3)
[t|<aznypa—1141 x

That is 11 ~ QT(I), and I < cle_CQ"QT(m), which proves the second line of the
lemma.

For the proof of the Theorem we need the following

12



Lemma 2 If f € Cy, then by the notation of (13)
1Yol = O(1) (31)
Proof: , ,
At first let % < |z| < La,,. Here, by [7] 5.5, A~ ~ 2=. Using that QT(JU)

2 Q' (2)
is even, and it is increasing on Ry when A > 2, we have

’ Q' (z) —w(zk)
ay N~ @) Qan) oS- BE)
<ot Y- HE ) <o 3L BEY —om, @)

For the last equality cf. [12] (39).

When |z| > La,, > |z)|, then A > 2 yields that U Qéf’“) < 1. That is

Yoa(z) < cw(z) Y @) o, (33)

)

n

as in the previous case.
Let d < |z] < %

Vaa@) =o(@) Y ()o@ Y ()=%i+%

k k
|zp|<2]x] |z |>2]x]

Because as in previously, when |zg| < 2|z, Q,gzw) %ﬁk) < ¢(BY

S =0(1) (34)

2 x Z Q (1)

B = w(@)pn () Q'(x) 4 war)zr(x — x)?p2 (k)

|z |>2]z]
1 1 ai
Since m ~ TAJZk, (Cf [1] 411, 417)
2 ’
< 2 T ay, Q (zx)
g < cw(x)py,(z) @ Ek (e = xk)QAfL'k:
lwg | >2|x]|
2 An !
< 2 L G (@), an 1
SO EGE e e T @
n “ Q(x) ap, 1 1
([ P <o e s =0 69



Here we used that w(z)p?(z) < = for x| < %, cf. [1] 4.6.

Finally let |z| < d. Let us remark, that D) ig hetween two constants on

w(z)
[1,d].
2 2 !
Yoa(z) < cw(x) Z (@) + cw(z) Z k(@) @ () =X3+3,
k,zn<2d w(zk) kyzn>2d wlzy)  xx
As previously,
Y3 =0(1) (36)

Similarly to the estimation of X,

Sp<e™ Y %QAAM <o (:2 —i—Q(an)) —o(1)  (37)

_ 2 = g2
ey (x — ) d? n 2

Proof (of the Theorem): Because polynomials are obviously in Cyg, ac-
cording to the Banach-Steinhaus theorem, the previous lemma ensures the re-
sult.
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