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Foreword

I am indeed honored to write this foreword for this present volume
which is dedicated to Ambikeshwar Sharma, who was well known in
the world as a beloved teacher and research mathematician. He was
my dear and trusted friend and colleague for many, many years; we
first met, some fifty years ago, in the office of Professor Joseph L.
Walsh, my adviser at Harvard University. Little did I know how
much our lives would intertwine over the years.

Ambikeshwar had two well-recognized strengths which were
absolutely infectious to those near him. He loved mathematics and
he loved mathematical research with others, both with great vigor. I
can vividly recall working with him on some math paper (we wrote
13 papers together) when, at night, I would be exhausted, and he al-
ways was ready to continue onward! (I often wondered how much of
this came from his excellent and strict vegetarian diet.) His research
work was basically in complex function theory and approximation
theory, and he is probably best known for his work on splines, in-
terpolation theory, and Walsh over-convergence. On this last topic,
Walsh over-convergence, it was his dream to write the first and defini-
tive book on this topic, which would examine in detail all aspects of
this theory. Unfortunately, his health gave out before this book was
finished, and it was left to his circle of friends in mathematics to
complete this task.

This book, which follows, is dedicated to Ambikeshwar Sharma,
who will long be remembered for his mathematics, for his enthusiasm
for mathematical research, and for the overwhelming kindness and
understanding he showered on all who came in contact with him.

Richard S. Varga
Kent State University
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Preface

This monograph is a collection of papers in memory of
Professor Ambikeshwar Sharma who passed away on December 22,
2003 at his home in Edmonton, Alberta, Canada. Professor Sharma
was a leading mathematician whose research has spanned several
areas of approximation theory and classical analysis, including inter-
polation theory and approximation by spline functions. Interpolation
was a topic in which Professor Sharma was viewed as a world expert
by his collaborators and many other colleagues.

We invited outstanding mathematicians, friends and collabora-
tors of Professor Sharma to submit papers to be included in this
volume. This collection contains original research articles and com-
prehensive survey papers by 30 mathematicians from 11 countries.
All the papers were refereed. We hope that the papers will be of
interest both to graduate students as well as researchers in analysis
and approximation theory.

The paper of Babenko and Kroé deals with Markov inequalities
for multivariate polynomials. These inequalities estimate the supre-
mum norm of the derivatives of a polynomial in terms of the norm of
the polynomial itself. Babenko and Kro6 establish such inequalities
for homogeneous polynomials on a nonsymmetric convex body in a
Euclidean space, possibly with cusps.

The paper by Brudnyi and Brudnyi studies the analogues of
Chebyshev and Bernstein inequalities for multivariate polynomials.
These inequalities estimate the norm of a polynomial on a set in a
Euclidean space in terms of its norm on a subset of this set.

The paper of Cavaretta and Fontes—Merz gives explicit formulas
in some cases for the norm of the operator L,,_i(-;() : H*(D) — C,
where L,_1(-;() represents the Lagrange interpolation polynomial
of degree n — 1, evaluated at a complex number (, and defined by
interpolating functions in H*°(D) at the zeros of z™ — r™. Here,
0<r<1land]|(|]>1.

The paper of de Bruin is a survey of his joint work with Sharma
on interpolation, covering the period 1993-2003.

The paper of Deo and Maitra studies the conditions under which
a module of smooth splines on a subdivision of a simplex embedded
in a Euclidean space is free.
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The paper of Ditzian gives a survey of various measures of smooth-
ness of functions which are defined on the unit sphere S~! ¢ R%.

The paper of Dryanov presents results on existence, uniqueness,
and explicit construction of quadrature formulae with maximal trigono-
metric degree of precision.

The paper of Erdélyi surveys recent results for exponential sums
and linear combinations of shifted Gaussians which were obtained
via interpolation. In particular, a Chebyshev type inequality and a
reverse Markov inequality is obtained in this setting.

The paper of Goodman and Lee investigates the optimality of the
uncertainty products for certain approximations to the Gaussian, and
the corresponding wavelets, when the refinement masks are polyno-
mials satisfying certain conditions on the locations of their zeros.

The paper of Govil, Qazi, and Rahman deals with some basic
facts about interpolation by classes of entire functions like algebraic
polynomials, trigonometric polynomials, and non-periodic transcen-
dental entire functions. The authors also explain what Hermite “re-
ally did” in his frequently quoted paper.

The paper of Hesse and Sloan describes several known results as
well as proves some new ones regarding the degree of approximation
by hyperinterpolation operators on the Euclidean sphere. The hy-
perinterpolation operator is a discretization of the Fourier projection
operator onto the space of spherical polynomials, obtained by using
a positive quadrature formula, exact for spherical polynomials of an
appropriate degree.

The paper of Jakimovski studies the connection between La-
grange and Hermite interpolatory polynomials, interpolating at a set
of roots of unity, and the corresponding polynomials interpolating at
different subsets of this set.

The paper of Keiner and Prestin presents a fast algorithm for
scattered data interpolation and approximation on the Euclidean
sphere with spherical radial basis functions of different spatial den-
sity.

The paper of Mastroianni and Szabados establishes the analogues
of certain classical polynomial inequalities, as well as direct and con-
verse approximation theorems in the context of weighted approxima-
tion on the whole line with respect to a generalized Freud weight.
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The paper of Mastroianni and Vértesi investigates the truncated
Fourier sums and Lagrange interpolation operators in weighted L?
spaces on unbounded intervals (0, 00) and the whole line.

The paper of Mhaskar proposes alternatives to interpolation for
approximation of functions using values of the function at scattered
sites on the circle, the real line, the unit interval, and the unit sphere.
In particular, it proves the existence of bounded operators, yielding
entire functions of finite exponential type, that interpolate a Birkhoff
data for a function on a Euclidean space, where a finite number of
derivatives, of order not exceeding a fixed number, are prescribed at
each point.

The paper of Pai and Indira establishes the equivalence of Haus-
dorff continuity and pointwise Hausdorff Lipschitz continuity of a
restricted center multifunction.

The paper of Schmeisser describes methods to obtain estimates
on the zeros of polynomials, in terms of their coefficients in an or-
thogonal polynomial expansion. In particular, certain L? inequalities
and lower bounds for Vandermonde type determinants of orthogonal
polynomials are proved.

The paper of Shekhtman defines a generalization of Chebyshev
spaces, “ideal complements,” and demonstrates their uniqueness.
Various analogues of Chebyshev spaces (minimal interpolating sys-
tems) in several variables are also discussed.

It is a pleasure to express our gratitude to all the authors and ref-
erees without whose contributions this volume would not have been
possible. We would like to thank Richard Varga for accepting our in-
vitation to write the Foreword, Charles Chui for his encouragement,
Darrel Hankerson for his help with TEX issues, Gerhard Schmeisser
for modifying our style file, Larry Schumaker for allowing us to use
his micros, and Huajun Huang for his help in compiling and format-
ting some of the papers in this volume. Finally, our thanks are due
to the publisher for support and careful handling of the monograph.

N. K. Govil

H. N. Mhaskar
R. N. Mohapatra
7. Nashed

J. Szabados
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Ambikeshwar Sharma
(1920-2003)

A. Jakimovski and J. Szabados

Ambikeshwar Sharma passed away on December 22, 2003, after
a long period of illness at his home in Edmonton, Alberta, Canada.
Sharma is survived by a daughter, Jyotsna Sharma-Srinivasan, and
two sons, Someshwar (Raja) Sharma and Yogi Sharma.

Ambikeshwar Sharma was born at Jobner, a small city in the state
of Rajasthan, India on July 2, 1920. He received his B.A. (1938) and
M.Sc. (1940) from the Maharaja’s College, Jaipur, and his Ph.D.
(1951) under A. N. Singh from Lucknow University, Lucknow, India.

Sharma held positions at Cornell, Rajasthan, Harvard, and UCLA
before joining the University of Alberta in 1962, where he remained
until his retirement, in 1985.

He had eight Ph.D. students: A. M. Chak (1956), R. B. Saxena
(1964), A. K. Varma (1964), J. Prasad (1968), D. J. Leeming (1969),
S. L. Lee (1974), Mario Botto (1975), and M. A. Bokhari (1986). In
addition, he co-advised H. M. Srivastava and K. K. Mathur before
leaving India.

Sharma worked in classical analysis, concentrating eventually on
lacunary polynomial and trigonometric interpolation, and on spline
functions, first cubic splines, then cardinal splines, trigonometric
splines, and even multivariate splines. In his final years, Sharma
focused on various aspects of the Walsh over-convergence theorem.

Sharma’s wide-ranging knowledge and intuition, his infectious en-
thusiasm and engaging personality are reflected in his many publica-
tions (more than 200 papers) and in the fact that 56 mathematicians
have written papers with him and have become his friends in the pro-
cess. Among his coauthors are G. Alexits, R. Askey, E. W. Cheney,
P. Erdos, G. Freud, C. A. Micchelli, T. S. Motzkin, I. J. Schoenberg,
R. S. Varga, J. L. Walsh, and H. Zassenhaus.

Although he was unable to visit the Mathematics Department
of the University of Alberta in his final years, his immobility did
not prevent him from doing mathematics. He was up-to-date in the
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literature of his chosen subject, approximation theory. Fortunately,
email enabled him to remain in contact with friends and colleagues.
He was very eager to stay mobile as long as possible.

The last conference he attended, and even gave a plenary talk,
was in the summer of 1999 in Budapest. He made the long trip
against the advice of family, doctors and friends, using a wheelchair
at airports, and delivered a successful talk. He even attended the
conference excursion, a further indication of his unflagging willpower.

He was an expert in the theory of interpolation. His dream for
many years was to write a monograph on his favorite subject, the
theory of over-convergence of complex polynomials. This theory is
based on the classic result of J. Walsh stating that the difference
of the partial sums of the Taylor series of an analytic function and
the Lagrange interpolation polynomials of the function based on the
roots of unity converges to zero in a circle larger than the domain of
analyticity, although both diverge there. The project started about
ten years ago, but his death prevented him from completing the
work. It is our duty now to finish the monograph and thus realize
his dream.

He was a person devoted to his profession and did not care much
for other worldly pleasures. At the same time, he was very sensitive
to his friends’ problems and did everything he could to help people.

In particular, he tried to help Ph.D. students and fresh Ph.D.s.
He was the most friendly person we have ever met. He was a credit
to mathematics and, especially, approximation theory.

Acknowledgment. Reprinted from Journal of Approximation
Theory, Vol. 131, No 1, 2004, pp. 1 - 2, with permission from Elsevier.
Scientific Papers of Ambikeshwar Sharma

1. On the minimal interval of ¢ in the second mean-value theorem,
Proc. Benares Math. Soc. (N.S.) 7(2) (1945) 33-40.

2. On the zeros of a class of functions, Proc. Benares Math. Soc.
(N.S.) 8(2) (1946) 1-21.
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10.

11.

12.

13.

14.

15.

. (with S. C. Mitra), On a generalization of Weber’s parabolic

cylinder functions, Proc. Benares Math. Soc. (N.S.) 9 (1947)
25-31.

. On a generalization of Legendre polynomials, Bull. Calcutta

Math. Soc. 40 (1948) 195- -206.

. (with S. C. Mitra), On a generalization of Weber’s parabolic

cylinder functions, Bull. Calcutta Math. Soc. 41 (1949)
87-91.

. (with S. C. Mitra), On certain self-reciprocal functions, Ganita

1 (1950) 31-38.

On the properties of #(x, h) in Mazzoni’s form of the mean-
value theorem, Math. Student 19 (1951) 37-43.

. On certain relations between ultraspherical polynomials and

Bessel functions, Bull. Calcutta Math. Soc. 43 (1951) 61-66.

. On an application of a method of Shohat to a problem of

Lukacs, Ganita 2 (1951) 9-22.

On the differentiability of the remainder of Mazzoni’s formula,
Ganita 2 (1951) 65-67.

On the remainder in two theorems of Kloosterman, Nederl.
Akad. Wetensch. Proc. Ser.A 54 = Indag. Math. 13 (1951)
418-425.

(with S. C. Mitra), On generating functions of polynomials. I.
Generalised parabolic cylinder functions of Weber, Bull. Cal-
cutta Math. Soc. 43 (1951) 46-50.

On the zeros of a certain polynomial, Proc. Nat. Inst. Sci. India
18 (1952) 491-493.

The zeros of a complex polynomial, Math. Student 21 (1953)
52-54.

(with A. M. Chak), The basic analogue of a class of polynomi-
als, Riv. Mat. Univ. Parma. 5 (1954) 325-337.
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Abstract

Let H¢ be the set of homogeneous polynomials of degree n
and d variables. Consider a compact set K C R%. Denote by
Il - ||x the usual sup norm on K. It was proved by Harris [4]
that if K is a O-symmetric convex body then for every h € H?
with ||h||x <1 we have ||Dyh|x < Cnlogn where Dyh is the
derivative of h in the direction u € S?~!. In this paper we
extend Harris’ result for nonsymmetric star-like domains.

1 Introduction and New Results

Let K be a compact set in R%, and F be a family of differentiable
functions on K. As usual, S9! = {x € R? : |x| = 1} stands for
the unit sphere in R? in Euclidean norm. (Here and in what follows



2 Babenko and Krooé

|x| denotes the Euclidean norm of x in R%.) Denote by Dyf the
derivative of f in direction u € S 1. Let

I/l = sup |f(x)]
xeK

be the usual sup norm on K.
Then the Markov Factor of F on K is given by

M(F,K) := sup {HDufHK feF|flk <luc sd—l}. (1.1)

This quantity measures the size of the derivatives of functions in
F compared to their sup norms on K. The problem of estimating
M (F, K) originates from the classical Markov inequality which gives

o2n?
M(P717[a7b]): b—a’ (12)
where
Pt .= Zakxk:akER , xeRY d>1, n>1, (1.3)

[k[1<n

is the space of polynomials of total degree at most n in d variables.
(Here | - |; denotes the /;-norm.)

Numerous extensions of Markov inequality for various families of
univariate and multivariate polynomials are known. For an overview
of univariate inequalities see [2] or [3]; a survey of multivariate
Markov-type inequalities can be found in [6]. In particular, it is
known that for convex bodies K C R? we have

M(PY K) = n?, (1.4)

while for cuspidal domains in R? the Markov Factors of P? are, in
general, of higher order. The size of the Markov Factors is essentially
different for the set of homogeneous polynomials of degree n defined
by

Hi:={ > ax*:iaceRy, xeRY, d>2, n>1. (15

n
[kl1=n
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It was first shown by Harris [4] that for O-symmetric convex bodies
K in R? we have

M(H? K) < Cnlogn. (1.6)

For the sharpness of this upper bound see [5] and [7].

Thus, the rates of Markov Factors for homogeneous polynomials
are substantially smaller than for ordinary polynomials. It is also
shown in [5] that for smooth 0-symmetric convex bodies the logn
in (1.6) can be dropped, i.e., M(HY, K) = O(n).

In all of the papers on homogeneous polynomials mentioned above
the symmetry of the domain played an essential role. The goal of the
present note consists of extending the results on Markov Factors for
homogeneous polynomials to nonsymmetric domains K for which 0 is
on the boundary 0K of K, rather than inside K. The consideration
of nonsymmetric domains K will require a more delicate study of the
geometry of K around the origin. Also we shall relax the assumption
of convexity of the domain and replace it by the more general star-
like property. Since |h(x)| = |h(—x)| for h € HZ, it is natural to
consider star-like domains contained in the half-space

Ri = {x:(xl,...,xd)ERd:mZO}.

Let
Sjlfl = {x = (z1,...,2q) € ST iz > 0}

be the upper halfsphere, r : Si_l — R, be a continuous nonnegative
mapping. Then a star-like domain in the halfspace R‘j’r associated
with r is given by

K, = {tx:xESjlfl, Ogtgr(x)}. (1.7)

We shall need to impose some mild smoothness conditions on 0K,
at the origin.

Assume that there exist C1,Cy > 0, 6 > 0, and 0 < € < 1 such
that for x = (x1,...,24) € Sifl

Che ™ ' <r(x) < C’la:[f. (1.8)
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The right inequality in (1.8) insures that r(x) tends to 0 (as x — 0)
with a polynomial rate. On the other hand the left inequality requires
that r(x) does not vanish at 0 exponentially. Thus if, for example,

Cozf <r(x) < Cle

with some C1,C2 > 0,0 < 8 < a (0 < 27 < 1) then (1.8) will hold.
We shall also require that r» € Lip,;a on 531:1’ for some 0 < @ < 1,
M >0, i.e. for any x1,Xs € Si_l

r(x1) = r(x2)] < Mlx1 — x|

Theorem 1.1 Let K, be a star-like domain (1.7) with r € Lipy,«,
0 < a <1, satisfying condition (1.8). Then for any n > 2

M(HY, K;) < Copa(n), (1.9)
where 1
(0% 1.
pan) =4 " S D (1.10)
nlogn, a=1,

and constant Cy > 0 depends only on K,.

For a = 1 the above theorem is a generalization of Harris’ result
to nonsymmetric star-like domains without cusps. In particular, it
yields that M (HZ, K,.) = O(nlogn) for a wide family of nonsymmet-
ric convex bodies. The cuspidal case (0 < o < 1) is new.

While we can not prove the necessity of condition (1.8) it can
be shown that some kind of smoothness at the origin is needed, in
general. Indeed, let

hn(x,y) = 2T, (%) c Hfl,

where T}, (t) = cos(n arccos(2t — 1)) is the Chebyshev polynomial on
[0,1]. Consider the triangle

A:={(z,y) eR*:0<y <z <1}
Clearly, ||hn]la =1, and

0

g — T (1) — A2
5y (1 1) = Ti(1) = 4.
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Thus, the O(nlogn) bound does not hold for A. (Note that condition
(1.8) fails for this triangle.)

Now let us address the question of sharpness of estimate (1.9).
For a =1, i.e. the nlogn bound, the estimate is known to be sharp
even in O-symmetric case (see [5], [7]). Consider now the domain

Dy :={(z,y) eR?: 22 <y<1-2%), 0<oa.

Clearly, this star-like set satisfies (1.8), and the Lip,,a condition
holds for the function r associated with this set. Consider now
gn(z,y) = xy™ € H3L+1. An easy calculation yields that

an an \" 1 /e
loullo, <10 =l ella = (257 ) e <O/

On the other hand || %2||p, = 1. Thus, M(H2, D,) > "% which is
also the rate of the upper bound of (1.9) for 0 < a < 1. Hence, the
estimate (1.9) is sharp, in general.

2 Proof of the Theorem 1.1 in the case d = 2

Let the star-like domain K, C R?,0 € 0K,, be parameterized by
polar coordinates:

v=jeosd, y=psing, 0<p<r(cosdsing), |6 <T. (21)

Do 3

Set

1 t
7(t) :=7r , , t=tan¢, teR.
() <\/1+t2 \/1+t2> ?

Since 7 € Lipy;a on S', it immediately follows that 7 € Lip,,;a on
R. Moreover, by (1.8) (with 21 = cos¢ = 1/v1 + t?)

e Gl <ty <yt P, teR, (2.2)
where C'5 > 0 depends only on K,.. Suppose we have a homogeneous
polynomial p € H?2

n
n Y )’f
> (7)

k=0

n
plz,y) = apa™Fy*
k=0
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satisfying
Ipllk,. < 1. (2.3)

Setting ¢t = tan ¢, |¢| < 7/2, we obtain a weighted univariate poly-
nomial on R

p(r(cos ¢, sin ¢) cos ¢, r(cos ¢, sin @) sin ¢) = ( ") >" Z at®.

ive)
(2.4)
Denote ¢, (t) := Zaktk. Then by (2.3) and (2.4)
k=0
r(t) )”
o (t = <1. 2.5
(L) o] =Tl 25)
Observe that for (z,y) € 0K,
Op(z,y) _ - n—k—1, k - n—k—1_k
o —nkzoakx Y ;kakx Y
7 (t) )n_l ( r(t) >”_1 /
= n(t) — tql (t). 2.6
() w0 (L) wo. 2o
and
ap($7y) _ .n—1 g Yy kil_ 77<t) et /
5 = ;kak(x) () @0 e

In order to estimate the weighted polynomials appearing in (2.6)
and (2.7) we shall need the following two lemmas.

Lemma 2.1 Let 7 € C(R), 7 > 0, satisfy the right inequality in
(2.2) for some 3 > 0. Then there exists a t* > 0 depending only on
7 such that for anyn >2+2/8 and g, € P! we have

) e

e

[—t*.t*]
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Proof. Note that #(t) < Cy|t|™ and n > 2+ 2/3 ensure that

< Q.
R

() v

Thus, without loss of generality we can assume

=1
R

Pty \"
qn(t)
V14t
It is known (for example, see [2] ) that for any ¢,(t) € P}

| ()] < llgnlli-1,|Tn(®)], [t > 1, (2.8)

where
Ta(t) o= 5 (64 VE 1)+ (V2 — 1))
is the Chebyshev polynomial. Evidently,
|Tn(t)| < 2"|¢]™,  |t] > 1. (2.9)
To estimate the norm [|g,||[_1,1), observe that

inf 7(¢) >0
|;‘nglr()

and, hence,

g (1)] < (”“2

n—1
< n—1 < .
) ) <Oy, |t <L, (2.10)

with some positive constant C4 depending only on 7. Therefore,
combining estimates (2.8), (2.9) and (2.10), we obtain that for [¢| > 1

|4 (t)] < 2°[t["CF71 = CE .
Taking into consideration that

7(t) < Cilt] ™7,



8 Babenko and Krooé

we obtain for |t| > 1

F(t) \"! () CR " Cg
‘<‘/—1+t2> q”(t)‘ S 1 < [¢[B—D—1"

where Cg depends only on 7. Note that assumption n > 2 4+ 2/
yields that S(n — 1) — 1 > fBn/2. Thus, setting t* := Cg/ﬁ + 1 we
obtain for [t| > ¢* > 1

) O\ Cs \"
) < | —55 <1
‘<ﬁ??> 0] = e
Hence, the norm of the weighted polynomial is achieved on the finite
interval [—t*,t*]. O
In what follows Cj, k € N will stand for constants depending
only on 7.

Lemma 2.2 Let 7 € C(R) satisfy (2.2). Then for any q, € P}
satisfying (2.5)

)\
H<ﬁ??> 00| < Cromin) (2.11)

where po(n) is defined in (1.10).

Proof.
First, observe that condition (2.5) can be rewritten in the follow-
ing form:

e Wg, (1) < 1 (2.12)

where
1+ t2

7(t)
By a well-known inequality (see, for example, [1], p. 92) for any

¢ € [—t*,t*], where t* is defined in Lemma 2.1, and any z = u+iv € C
such that |z — & < p, 0 < p < 1/e,

o] / log\qn( < | /
1 < dt
Og|qn< )| +'U2 t_u +1)2

B

Q(t) :=log Q(t) and Q(t) :=
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n|v| Qt1 +¢)
= dt 2.13
/ (t1 —up)? + v? b (2.13)

where t1 :=t — &, uy := u — & Note that |u1| = |u —&| < p, |v] < p.

Since )
T
———dt = —,
/R(t—U1)2+v2 |v|

we have that the last expression in (2.13) is equal to

nlvl Q t+¢§) — Q)

(t —up)? + v?

dt +nQ(&).

Hence,

log(e~"QE g (2)]) < n|v| / log Q(t + &) — log Q2(§)

T dt.  (2.14)

The numerator in the integrand on the right-hand side can be rewrit-
ten as follows

Ut +e) ) AT -0
) 0 ()

log Q(t + &) — log () = log ———= +1).

(2.15)
Let us introduce the following modulus of continuity of function

Q:
0(Q,t) = max{|Q(x1) —Q(z2)| : x1 € [t*, t7], |z1—x2| < t}, t>0.

It has the following properties:
(i) @(€,t) is an increasing function of t.
(ii) For [t| > 1, by property (2.2), we have

0(,t) <2  max 1Q(x)] < Colt™+0)T7F (2.16)
w€[—t*—t,t*+1]

This yields
log(,t) = O(t'™°), for |t| > 1. (2.17)

(i) @(Q,t) < Cot® for |t| < 1, because Q(t) := —V;(*{)t, where
7(t) € Lipy;a on R and 7(t) > Cyg for |t| < 1+ t* by property (2.2).
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Thus, using (2.14) and substituting ¢t = u1 + |v]y, t2 = p(1 + y),
we have

log(e™"?@]g, (2)))

Q(H‘f ( (Q |t‘)
n\v! / log n\”’ / log w * 1)
dt
t—U1 +U2 t_ul )2 +0?
_n/log(%w“)d <2n/ 10g<%111+y))+1)d
Tl y? +1 ™ Jo y*+1 !
N log(M + 1)d dnp /Oo log(w(Q TRy 1)dt
< = y=— —5—di2
™ Jo (y + 1) T Jp t%
4 1 lOg w(Q tz) + 1 4 o0 log UJ(Q tZ) _l_ 1
_ anp ___f__Eé%_____—zdt24——lze ___S__Eé%______zdtQ. (2.18)

We can estimate each integral as follows. Using property (iii) of
(2, t) we obtain for the first term in (2.18):

H(Q,0) 1
dnp (1 log (= o+ 1) o
E) 751—2lalt < C12np/p t*72dt < Csnva(p), (2.19)

where

P, a<l;
Ya(p) = {plog% a=1 (2.20)

To estimate the second term in (2.18) we use (ii) which yields

Ex

4n_p Oolog( éll) +1)

o0 tl 1> C
2 dt < Cianp / -1
1

dt = 2.21
—np. (2.21)

T J1
Therefore, by (2.19) and (2.21) for the whole sum in (2.18) we obtain:
log(e"¥®|gu(2)]) < Cisn(yalp) + ) < 2C15m7a(p)-  (222)

Setting in (2.22) p := 1/pa(n) where po(n) is defined in (1.10), we
obtain
log(e™"%®|g,(2)]) < Che. (2.23)
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Thus, by (2.23) for all z such that |z —¢&| < p=1/pa(n)
gn(2)] < C7e"RE) (2.24)

By the Cauchy Integral Formula

1 an(2)

= dz.
2mi |z—&|=p (Z - 5)2

¢ (§)
Estimating this integral using (2.24), we have

1 1
/
¢,(6)] < max |gn(2)]= < Ci7e"@O = = 0179 p, (n).
145, (8)] Z:|Z7£‘§p| ( )!p p (n)

Hence,

<\/:(7i—)§2) 4,(6)] = ¢ "9}, (&) < Crrpa(n). (2.25)

Recall that this estimate holds for £ € [—t*,¢*], where t* is defined
in Lemma 2.1. Using Lemma 2.1

(7)o - (7)o

[_t*vt*]

Furthermore, by (2.2)

V1412

H * < Cus. (2.26)

7(t)
[—t*,t7]
Finally, by last two estimates and (2.25)
)\ VT E
t <C n — <C n).

H () we]_= |5 gy et

This completes the proof of Lemma 2.2.

O

Now in order to prove the statement of the Theorem for
d = 2 we need to estimate partial derivatives in (2.6) and (2.7) under
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the assumption (2.5). Note that for n < 2 4 2/ the statement of
the Theorem is obviously true by the equivalence of norms in finite-
dimensional spaces; i.e., we may assume that n > 242/ and, hence,
Lemma 2.1 is applicable. Then using (2.6), (2.5) and (2.26) together
with Lemmas 2.1 and 2.2, we obtain

opll _||%
oz K, |0z oK,
(t) )n_l . ( (t) )" b
<n n(t + 1 n(E
— (\/H——tQ q ( ) [_t* t*] \/H——1;2 q ( ) [_t* t*]
VTP
<n ' 0 + Cigpa(n) < Cign + Cigpa(n) < Coopa(n).
[—t*,t*]
Similarly, by (2.7), (2.5) and Lemma 2.2
dp Hap
— =||= < Cqrpa(n).
H@y K, ok 7Po{n)

The last two estimates complete the proof of the Theorem 1.1 for
d=2.

3 Proof of the Theorem 1.1 for d > 2

First let us observe that for any h € HZ we have h(tx) = t"h(x),
t € R, x € R% ie. Dyh(0) =0 for any u € S9!, Thus, it suffices
to estimate Dyh(x) for x € K, \ {0}. Note that property (2.2) of
the star-like domain K, yields that IntK, # (. Thus, there exists a
d-dimensional ball B C K, 0 ¢ B. Consider the quantity

K):= inf sup|<uw>|.
n(K) uesd_lwe%\ |

We claim that n(K) > 0. Indeed, for any u € S9! we clearly have

7(u) :=sup | <u,w > | > 0.
weB
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Since 7(u) is continuous on compact set S¢~! the claim is obvious.
Thus, for every u € S9! there exists b € B such that | < u,b > | >
n(K).

Let now h € HZ satisfy ||h||k, < 1, and consider an arbitrary
x € 0K, \ {0}. Denote

Vh(x)

u:= e s
[Vh(x)|

where Vh is the gradient of h. By the above observation we can
choose b € B so that | < u,b > | > n(K). Set w := b/|b|. Then,
using that VAi(x) = |Vh(x)|u, we have

_ Vh()|
b

|<ub>|> @]Vh(x)\.

|Dwh(x)| = | < Vh(x),w > | b]

In other words, with some constant C; > 0 depending only on K,

|b|
Vh(x)| < ——=|Dwh(x)| < Cs1|Dwh(x)]. 3.1
[Vh(x)] n(K)I (x)] [Dwh(x)| (3.1)
Thus, it suffices to estimate | Dwh(x)|, where w = b/|b| and b € B.
Consider now the 2-dimensional plane Ly, := span{x,b}. Then

f(r := K, N Ly is a 2-dimensional star-like domain with x € K,.
Moreover, by (2.26), if we estimate all directional derivatives of
ply, € H?2 at x then this will yield an upper bound for |Vh(x)|.
Hence, our considerations can be reduced to the 2-dimensional plane
Ly, and the star-like domain [N(,n. Let 7 := T‘mesdfl be the corre-
sponding radial function associated with K,. In order to complete
the proof we need to show that 7 satisfies condition (2.2) with some
constants independent of x. Let

l:= Lbﬂ{((),xg,...,xd) sz, 2q) G]Rd_l}

be the line in Ly, supporting K, at 0, and denote by y* the orthog-
onal projection of y = (y1,...,yq) € Lp to the line I. Clearly,

ly =y | = dist(y, 1) > 1. (3.2)

Furthermore, set ¥ = (0,2, ...,vq), where y = (y1,92,...,yq). Ob-
viously, y — y* € Ly, is a normal direction to [ in Ly, y — ¥ = teq,
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where t € R, e; = (1,0,...,0). This means that the angle between
y —y+ and y — ¥ is invariant of the choice of y € Ly, and so is the
angle between ¥ —y+ and y — y*. Denote by a(u, v) the angle be-
tween u,v € R%. Then by the above observation using that b € Ly,
we have

sina(y —yt,y —yt) =sina(b — b, b—b?)

_ bbb BT
b—bl| = b = max|x| 2~
xeB

(It was used above that B C K, C R% and 0 ¢ B, i.e. mig xz1 > 0.)
xXE
Thus, for every y € Ly,

ly -3l <Y

1
Y-y |=—— < L
| | sina(y —yt,y —yt) = Cx

This together with (3.2) implies that |y —y*| < |y1| whenever y € Ly,
with constants involved being independent of x. Thus, in conditions
(1.8) we can replace |yi| by |y — y*| = dist(y,[), where [ is the
supporting line of K, at 0. Without loss of generality we can assume
that [ is a coordinate axis (this can be achieved by a rotation); i.e.,
it remains to refer to the already verified case when d = 2. This
completes the proof of the Theorem 1.1.
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Abstract

In the present paper we discuss some generalizations of the
classical Chebyshev and Bernstein inequalities.

1 Introduction

In the present paper we discuss several multivariate generalizations
of the classical Chebyshev and Bernstein inequalities. The first of
these (in an equivalent form adapted to our exposition) states that
for every polynomial p(z) in z € R of degree n and a pair of intervals
[e,d] C [a,b] the inequality

24\
sup [p| < T, <T) sup [p| (1.1)
[a,b] [c,d]

holds with A := %; here T, (x) := cos(narccos x) is the Chebyshev
polynomial of degree n.

17
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Bernstein’s inequality concerns polynomials of a complex variable
z € C of degree n. It states that for such a polynomial p and every
R>1

sup |p(z)] < R" sup |p(2)] . (1.2)
|2I<R 21

Both of these inequalities are sharp. In his 1936 paper Remez [35]
generalizes the Chebyshev inequality replacing the subinterval [c, d]
by an arbitrary measurable subset S C [a,b]. The Remez inequality
has the same form as (1.1) with A := % and is clearly sharp, as
well.

There is no Remez type generalization of Bernstein’s inequality:
Yu. Brudnyi-Ganzburg inequality which we describe below gives, for

this case, the inequality

sup |p(z)] < (cR)" sup |p|
l2|<R S

provided S is a measurable subset of the disk {z € C : |z] < R} of
measure 7 and c is a constant independent of R and p.

Question 1.1 What is the optimal value of ¢?

There are also analogs of Chebyshev’s and Remez’ inequalities for
trigonometric polynomials proved by V. Videnski [38] and T. Erdelyi,
respectively; see the references in the book [3]. It is convenient for us
to think of these inequalities as results on the traces of polynomials
in x,y € R? to the circle 22 + y? = 1.

2 Related Problems

2.1. The results discussed pose several problems for multivariate
polynomials. Of course, it would be unlikely to establish such in-
equalities in a sharp form. So we are mostly looking for a sharp or-
der of growth as the relative measure tends to zero. Here the relative
measure |%f| a d-measurable subset S of a convex body K C R is de-

fined as (7. (Here and below |U| denotes the Lebesgue d-measure of

U C RY.) According to the one-dimensional results exhibited above
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we have the following groups of problems for multivariate polynomi-
als. Throughout this paper P, 4 denotes the linear space of polyno-
mials in 2 € R? of degree n, and K stands for a bounded convex
body in RY. We begin with a Chebyshev type problem. Let S be a
subset of K with |S| > 0.

Problem 2.1 Given K, find the optimal constant in the inequality

sup Ip| < ngp |, p€Pna, (2.3)

where S runs over all convex subsets of K of relative measure A > 0.

The required optimal constant is denoted by Ck(n,A). The next is
a Remez type problem formulated as follows.

Problem 2.2 (a) Find the optimal constant in (2.3) where S now
runs over all measurable subsets of K of relative measure A > 0.

(b) The same in the case of an arbitrary K, i.e., (2.3) should hold for
all measurable S C K of relative measure X and all bounded convex
bodies.

Let us denote the optimal constant in (a) by Ry (n,A) and that
in (b) by R(n, ). It is clear that

Conjecture 2.3 ([4, 1973]).
Ck(n,A\) = Rg(n, \).

Comparing the Chebyshev and Remez inequalities shows that this is
the case for d = 1; the conjecture is also true for K a finite convex
cone; see [4]. Otherwise, the conjecture remains an open problem.
Let V C R? be a real algebraic variety of pure dimension d < d.
Equip V with the metric induced by the Euclidean metric of R¢ and
denote by py the measure induced on V' by the Lebesgue measure of
RY. Let now B C V be a (metric) ball and S C B be a measurable

1 () equals A > 0.

subset of the relative measure
wy (B)
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Problem 2.4 Find the optimal constant (or its asymptotic as
A — 0) in the inequality

sup Ip| < C’sgp |, p€Pnalv . (2.4)

Let us denote the required optimal constant by Cy (B, A). Note that
the behaviour of this constant depends strongly on the structure of
V as can be seen in the case of the curve y? = 22 in R? with the
cusp at (0,0). Here for a ball centered at (0,0) the asymptotics of
Cy(B,)\) as A\ — 0 are distinct in order from those for a ball cen-
tered at a smooth point of the curve and not containing (0,0). But
for such varieties as the sphere S¥~! € R¢ or the upper sheet of the
hyperboloid H? ! = {z € R? : —22 + Zf-l;ll z? = 1} this effect does
not exist, since all their points are smooth. Observe that P, 4|ga-1
is the space of spherical harmonics of degree n (trigonometric poly-
nomials if d = 1).

2.2. The problems presented have had a lot of generalizations
and variants. We mention only several of them. (a) In all the above
problems the uniform norms can be replaced by the corresponding
L,-norms or some other rearrangement invariant norms. (b) Polyno-
mials can be replaced by entire functions on C¢ of exponential type
whose L,-norms are bounded on a subset S C R? of density A > 0.
The latter means that the relative d-measure of S N B for every
closed ball centered at S is at least A. One-dimensional prototypes
of this problem are those of Cartwright and of Plancherel-Polya. (c)
Polynomials can be replaced by real analytic or plurisubharmonic
functions. (d) Finally, one can replace the Lebesgue d-measure by
the Hausdorff a-measure. Of course, we should have

a>d-1, (2.5)

since the zero set of a polynomial p € P, 4 has Hausdorff (d — 1)-
dimension zero and therefore inequality (2.3) cannot be true for a
subset S of Hausdorff measure d — 1.

3 Formulation of Main Results

3.1. In the sequel we briefly discuss some results related to the



Local Ineqalities for Multivariate Polynomials 21

problems posed above and their generalizations and prove a new
polynomial inequality for the case of Hausdorff a-measures satisfy-
ing (2.5). Unfortunately, it is absolutely unrealistic to present in this
short paper all the important results of this vast field. Therefore we
will restrict our consideration to some results studied in the authors
papers and results related to them.

3.2. Based on a simple geometric fact proved in [36] it is estab-
lished in [4] that the optimal constant of Problem 2.1 can be found
by the formula given below in which IT € R? denotes a layer between
two parallel hyperplanes such that the relative d-measure of II N K
is A. Moreover, we set

px (II) := sup inf |z — y|
xcK YEIl

and denote by v(II) the width of II (the metric of R? is chosen to be
Euclidean). Under these notations we have

2px (I1)
C A) = T, 1 3.6
il 3) = sup 7, (22580 (36)
where, as above, T}, is the n-th Chebyshev polynomial. In some cases
equality (3.6) allows us to derive the sharp asymptotics of C'x(n, ).
For example, for K a d-dimensional ball

Cre(n, ) = % ()" 4o, A0 (3.7)

here ¢c; = 8 and

d+1 d-1
1) 2 1)\ 2
Cd:4wd1<1+g> (1—a> , d>1,

where wg_1 is the volume of the (d — 1)-dimensional unit ball. For-
mula (3.6) allows to derive sharp asymptotics for several other convex
bodies, e.g., cubes or ellipsoids, but a general result is unknown. In-
teresting new results on the multivariate Chebyshev’s constant Cx
can be found in [28].
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3.3. Strikingly, the optimal constant of Problem 2.2 (b) is known

[4]. Namely,
1+ V11— )\>

T (3:8)

R(n,\) =T, <
Moreover, for this case
CK(nv A) = RK(”» )‘) = R(”? )‘)

provided K is a convex cone with a flat base. Estimating the right-
hand side we, in particular, get
4d\"
— . 3.9
-2 < )\> (3:9)

R(n,\) < E

Comparing this with the asymptotic in (3.7) one can see that A\™"
is the sharp order of growth for R(n,\) as A — 0. Estimate (3.9) is
applied in [4] to derive an inequality for the nondecreasing rearrange-
ment of a polynomial from P, 4 and in this way to obtain Remez type
inequalities for integral (or, more generally, rearrangement invariant)
metrics.

In particular, we have for every p € P,, g and S C K C R? chosen

as above:
1 1/a 1 , 1/b
— od <C|— d 3.10
(g o) < (i Lwar) (3.10)

where 0 < a,b < 0o and C depends only on n, d and min(1,a,b).
Recently there has been a considerable interest in the behaviour of
the optimal constant C' in (3.10), see [7], [27], [10], [12], [15], [19],
[31], [32]. In particular, the dimension d.

3.4. Before discussing the third problem on traces of polynomials
to algebraic varieties, we turn to a seemingly distant area of research
related to purisubharmonic functions; see [26] for the basic definitions
and facts. An inequality for such functions has a surprisingly wide
range of applications including for the problems presented in Section
2.2. To describe this inequality, proved in [9], we denote by B(z, p)
and B(z,p) the Euclidean balls with center z and radius p in R?
and C?, respectively. Set also ®(z) := z + V22 — 1, |z| > 1.
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Theorem 3.1 Assume that f is a plurisubharmonic function on
B.(0,p), p > 1, such that

sup f=0 and sup f>-1.
BC(07P) BC(071)

Then there is a constant ¢ = c(p) such that

1+\"’/1—)\>

su <clog® | ————— | +su 3.11

B(ft)f & <1—{i/ﬁ spf (3:11)
|S]

for every measurable S C B(x,t) with A =
B(z,t) C B.(0,1).

B0l and every ball

(In fact, in [9] a weaker version of (3.11) is obtained. The very same
proof gives inequality (3.11) if one replaces inequalities (2.31) and
(2.26) of [9] by their sharp forms presented in [4], see there Lem-
mas 3 and 1.) To explain the relation of (3.11) to the polynomial
inequalities under consideration it suffices to note that log |p(z)] is
plurisubharmonic if p is a (complex) polynomial in z € C?%. Since
the same is true for a holomorphic function defined on a domain of
C9, inequality (3.11) leads also to Remez type results for holomor-
phic functions. We present here only two such results referring the
interested reader to the papers [9]-[13], [15], [17]. The first of these
results gives a solution to Problem 2.4. So, suppose that V' C R? is
a real algebraic variety of pure dimension d < d.

Theorem 3.2 ([9]) For every smooth point x € V there is an open
neighbourhood N of x such that

Co ) cindeg(V)

sup |p| < (—
B

3 sup|p| , p € Pualv -
S

Here we use the notation of (2.4), and co = co(d), while ¢ is a
numerical constant.

Note that deg(V'), the degree of an algebraic variety, is defined,
e.g., by the Bezout theorem. In particular, for the sphere S¢~! this
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equals 2. Moreover, the proof in [9] gives some information on the
size of N. In the special case of spherical harmonics we have

cp\ c2n
sup [p| < (;) sup [p|, p € Pnalv,
§d—1 S

where ¢y is a numerical constant. The next result is a Remez type
inequality for a function f holomorphic in the ball B.(0,p) with
p > 1. In this case we consider a convex body K C B(0,1) ¢ R¢
and a measurable subset S C K of relative measure A > 0. Then the
following is true:

Theorem 3.3 ([10]) There is a constant n = n(f,r) such that the
inequality

4d\"
sulfl < () sl
K S
holds.

In some cases the constant n can be effectively estimated, see
[10], [15], [17]. As in the case of inequality (3.11) the proof in [10]
with the above mentioned modification leads to a sharper inequality

with ® (i ;/_Vi:i) instead of 47d.

3.5. Finally, we present a result giving an answer to the question
on subsets of positive Hausdorff a-measure with o > d — 1 (see
Section 2.2.(d); its proof will be postponed to the final section). To its
formulation we require the notion of (upper) Ahifors reqular subsets
of R%. In the next definition p,(S) stands for the Hausdorff a-
measure of a Borel subset S C R,

Definition 3.4 S is said to be a-regular, if there exist constants
ro > 0 and v+ > 0 such that for every ball B centered at a point of
S and of radius less than rq

1a(S N B) < 74| B|*/ . (3.12)

(Recall that |B| stands for the Lebesgue d-measure of B, so |B| =
pa(B).)
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Theorem 3.5 Assume that K C R? is a bounded open set and S C
K s a-regular with
a>d-—1 (3.13)

and with parameters vy and rqg. Assume also that

_ Ha(S)
- ’K|a/d

>0 . (3.14)
Then there is a constant C > 1 such that for every p € Py q

(s <y )" o

Here 0 < q,7 < 00 and C depends on K, n, q, v, o, d, v+ and is
increasing i 1/~_.

The first result of this type was proved in [16] for univariate polyno-
mials (and more generally for subharmonic functions) by a method
which gives a constructive constant C' in (3.15). The proof of the
present paper is unconstructive (an existence theorem). In a forth-
coming paper we will give a constructive proof of this and a more
general result concerning plurisubharmonic and real analytic func-
tions.

4 Comments

Univariate inequalities for polynomials have appeared in Approxima-
tion Theory and for a long time have been considered as technical
tools for proofs of Bernstein’s type inverse theorems. At the present
time polynomial inequalities have been found a lot of important ap-
plications in areas which are well apart from Approximation The-
ory. We will only briefly mention several of these areas. The papers
[23], [7] and [27] apply polynomial inequalities with different integral
norms to study some problems of Convex Geometry (in particular,
the famous Slice Problem). In the papers [1], [2], [33] and [34] and
books [20] and [24]. Chebyshev-Bernstein and related Markov type
inequalities are used to explore a wide range of properties of the clas-
sical spaces of smooth functions including Sobolev type embeddings
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and trace theorems, extensions and differentiability. The papers [21]
and [22] on Bernstein’s type inequalities for traces of polynomials to
algebraic varieties were inspired by and would have important appli-
cations to some basic problems of the theory of subelliptic differential
equations. The paper [6] discovers a profound relation between the
exponents in the tangential Markov inequalities for restrictions of
polynomials to a smooth manifold M C R¢ and the property of M
to be an algebraic manifold. An application of polynomial inequal-
ities to Cartwright type theorems for entire functions (see Section
2.2 (b)) is presented in [11] and [13], see also [29], [30], [25]. In
the papers [14] and [18] Chebyshev-Bernstein type inequalities are
used to prove some distributional inequalities for the number of ze-
ros of families of holomorphic functions depending holomorphically
on a multidimensional complex parameter. In the papers [31] and
[32] these inequalities are used to estimate the distribution of zeros
of certain families of random analytic functions. Finally, we men-
tion the application of polynomial inequalities to the second part of
Hilbert’s sixteenth problem concerning the number of limit cycles of
planar polynomial vector fields, see [37], [14] and [18]. In particular,
it was proved in the last paper that locally, the expected number
of limit cycles of a random polynomial vector field of degree d is
O(logd), a surprisingly small estimate in comparison with known
examples where the number of cycles is of polynomial growth.

5 Proof of Theorem 3.5

PrOOF. We set for brevity

1 1/q
p;Sllg = <—/ pqdua> and
ISl = (57 /1P

k= (2 [ pras)”
p; K T—(—/ prdx> .
=R )«

Let X(v4,7-), 7+ > 0, be the class of u,-measurable subsets S of K
satisfying condition (3.12) and also

fal(S) = - . (5.1)
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We require to show that there exists a positive constant
C =C(K,n,q,r, o, d,v4,7-) such that for every polynomial p € P, 4

Ip; K|l < C|Ip; Sllq - (5.2)

Remark 5.1 Let Cp be the optimal constant in (5.2). Since the
class (v, v-) increases as y_ decreases, Cy increases in 1/v_, as is
required in the theorem.

If, on the contrary, the constant in (5.2) does not exist, one can
find sequences of polynomials {p;} C P, 4 and sets {S;} C E(v4,7-)
so that

llpj; K|l =1 forall jeN, (5.3)
Jim [[pj; Sjllg =0 - (5.4)

Since all (quasi-) norms on P, 4 are equivalent, (5.3) implies the
existence of a subsequence of {p;} that converges uniformly on K to
a polynomial p € P, 4. Assume without loss of generality that {p;}
itself converges uniformly to p. Then (5.3), (5.4) imply for this p
that

lps Kl =1, (5.5)

lim {|p; Sl =0 . (5.6)
j—o0
From this we derive the next result, given below.

Lemma 5.2 There is a sequence of closed subsets {o;} C K such
that for every j bigger than a fized jo the following is true

1
palog) 2 57— - (5.7)
Moreover,
max|p| -0 as j— oo. (5.8)
9;

PROOF. Let first ¢ < oo. By the (probabilistic) Chebyshev inequality

Pa(S)
pade €5, ¢ p(@)] < 1) = () - L2 o
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Pick here t = t; := ||p; SjH;/Q. Then by (5.6) the left-hand side is at
least % Lo (Sj), for j sufficiently large. Denoting the closure of the set
in the braces by o; we also have

max|p| =t; =0 as j— c0.
Tj

If ¢ = oo, simply set o; := S; to produce (5.7) and (5.8). O

Apply now the Hausdorff compactness theorem to find a subse-
quence of {o;} converging to a closed subset o C K in the Hausdorff
metric. We assume without loss of generality that {o;} — 0. By
(5.8) this limit set is a subset of the zero set for p. Since p is non-
trivial by (5.5), the dimension of its zero set is at most d — 1; hence
ta(o) =0 by (3.13). Then for every € > 0 one can find a finite open
cover of o by open balls B; of radius at most r(€) so that

> IBi* <€ (5.9)

Let o5 be a é-neighbourhood of ¢ such that

os C UB,» and 6 <r(e) .

)

Pick j so large that o; C 05. For every B; intersecting o; choose a
point z; € B;Noj. Consider an open ball Ez centered at x; of radius
twice that of B;. Then B; C B; and |B;| = 2%B;|. Moreover, {B;}
is an open cover of o;. Hence

pa(0)) <Y paloy N Bi) <y Y| Bif** =20, > "By

using assumption (3.12). Together with (5.7) and (5.9) this implies

that
1

5 7= S taloy) <200 ) BiT < 20ype

Letting ¢ — 0 one gets a contradiction. O
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Abstract

In this paper we describe our attempts at calculating the
norm of the operator

Lpa(-5¢): H(D) = C

where L,_1(-;() represents the Lagrange interpolation poly-
nomial of degree n — 1, evaluated at a complex number (, and
defined by interpolating functions in H*°(D) at the zeros of
2" —r™. We assume that 0 < r < 1 and that || > 1.

Although our goal is to calculate the norm of the operator
for all values n > 2 and all values of ¢ satisfying || > 1, we
will find an explicit formula for the norm of the operator which
we can show to hold for n > 3 and || > 1.36, for n = 2 and
|| > 1, and for n = 3 and ( = Re®*, where k = 1,3, and 5
and R > 1.
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1 Introduction

Let B represent the unit ball of H*°(D) where H*°(D) is the Hardy
space consisting of functions which are bounded and analytic in the
open unit disk D. That is, let B := {f € H®(D) : |f|p~p) <
1} where ||f||ze(py = sup,ep |f(2)|. Many mathematicians have
studied the norms of operators acting on this space.

In 1913, for example, Landau calculated the norm of S,_1(-;1):

H>(D) — C where S,_1(f;1) Z f is the n — 15! partial

sum of the Taylor series of f, evaluated at 1 [5]. In 1918 Szdsz
considered a generalization of Landau’s problem. In particular if
the Taylor series of f is given by f(z) = > ro Oakz then Szdsz
investigated the maximization of the linear functional

lcoag + -+ + cp—10n_1]

over all f € B where ¢y, ..., ¢, are given complex numbers [8]. When
c;j = 1 we have the Landau case. When ¢; = RJ we have the n — 1%
partial sum of the Taylor series of f evaluated at R.

In a related problem, Sharma and Cavaretta calculated the norm
of the operator L,_i(-;R) : H*(D) — C where L,_i(f; R) repre-
sents the Lagrange interpolation polynomial of degree n—1, evaluated
at R, and defined by interpolating f at the zeros of 2™ —r™ [1]. Here,
we assume that 0 <7 < 1 and that R > 1.

It is interesting to note that while the norm of the operator
Sp—1(+; R) is invariant under rotations in that | S,—i(-;R)|| =
ISn—1(-;¢)|| where ¢ is any complex number of modulus R, the
norm of the operator L,_i(-;R) is only invariant under rotations
¢ —>wi¢, j=0,1,...,n—1 where w’/, j =0,1,...,n — 1 are the n
roots of unity, i.e., the n solutions of the equation z™ = 1. In this
paper, we would like to investigate the problem of computing the
operator norm maxysep |Ln—1(f; ()| where ¢ is any complex number
of modulus R > 1 and where n > 2. Although we will not solve the
problem completely, we will obtain results in the following cases:

CASE I: || >1.36 and n >3
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CASE II: [(|>1and n=2
CASEIIL: (=Re3*fork=1,3,5and n=3

2 A Reduction of the Problem

In this section we wish to provide a formula for the norm of L,,_1 (- ; ()
which will hold for various values of ( and n under the condition that
a certain polynomial (which is dependent on ¢ and n) has no zeros
in the unit disk. Throughout this section we may assume that ¢ is
any complex number of modulus R greater than 1, and that n is any
integer greater than or equal to 2.

1
Define g(z) := (CZZZL) ? where we consider the square root of
"=

CJZ"" to be the principle square root. Let p(z) := L,_1(g; 2) where
L,,_1(g; z) represents the polynomial of degree n — 1, evaluated at z,
which interpolates g at the zeros of 2™ — r™ for 0 < r < 1.

Following Cavaretta and Sharma’s calculation of L,_1(f; R) [1],
we see that for any f € B,

L0l = |5 [ g

\QLM/T( Lo pa) df

2" —r)(1 — z"rn)
- 1— 742n /27r ‘p2(6i9)’ 50
— 1T 0 ‘einﬁ _ T.n|2 )

where the second equality holds due to the fact that p?(rw’) =
which implies that the residues of eaclh integrand are equal.

By expanding the factor (( — 2z)”2 of ¢ in a binomial series, and
by using the linearity of the operator L,_;, we have that (see (3.1))

o= () ()

_ ¢t
C—rwi’

where
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for k=0,...,n — 1. Therefore, Parseval’s relation gives us
1 — 20 27 2/ i n__ ,n| -1 2
R S
o2 0 ‘ezne _ 7“”|2 R prt R2k
so that for any f € B,
-1
" =7 = el
Lna(F5OI < 25— o (2.1)
k=0

If p has no zeros in the unit disk, then the function F(z) :=

2" 1p(1/z)
p(2)
(2.1) we will get equality, thus obtaining a formula for the norm of
L,_1(-;¢). As the general theory states [3], the extremal function
F is a Blaschke product and |F(e?)| = 1 for all . We have the

following:

is in B. Furthermore, if we replace f by F' in inequality

Theorem 2.1 Let 0 < r < 1 and let  be any complex number of
modulus R > 1. Let the operator L,_1(-;¢) : H>®(D) — C be the
Lagrange interpolation polynomial of degree n—1, evaluated at , and
defined by interpolating functions in H> (D) at the zeros of 2™ — r™.

1
Define g(z) := (Cnfrn)z and let p(z) := Ln—1(g;2). If p has no

(—=
zeros in D, then
-1
" =7 = [l

k=0

(2.2)

o0 _1 In

r

where \p = Z(_l)kH”( 2 >(—> . In other words, the norm
— k+1In)\(

of this operator is equal to the square of the £o norm of p, as long as
p has no zeros in D.

Our problem of calculating the norm of L,,_1(-;() thus reduces
to proving that p has no zeros in the unit disk. In the following

sections, we will prove that p has no zeros in D for various values of
¢ and n.
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3 n>3and|(]>1.36

In this section we wish to calculate the norm of L,,_1(-;() in the

case that n > 3 and that || > 1.36. Again, let g(z) := <CZ:ZH)2
and let p(z) := L,—1(g;2). In order to apply Theorem 2.1 we will
use Rouché’s theorem to show that p has no zeros in D.

Notice that g has no zeros in D and is analytic in D. Also, by
expanding the factor (( —z)~2 of g in a binomial series, we have that

0= (T R ()6

n_ %oo , 'n(j 1)n—1 1
B E ()
(3.1)

Let T denote the unit circle. Then for any z € T we obtain the
following inequality:

n

9(:) ()] = \(Cngrn)%(Qnil(—l)’f(f) (&) (1-5)*+
k=n

k=2
¢ —rE -5 1
< e e (V)m)
[t 1\ 13
< 2 <(1_E) 2 _1_ﬁ_W>' (3.2)

In order to apply Rouché’s theorem, it would suffice to prove that

n_ .nlx _1
L) )
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NI

' Cn _
< minlg(z) = £ =E
=T (R+1)2

so that |g(z) — p(2)| < |g(2)| for all z € T. However, the inequality
holds if and only if

1 [ R 13 R
LY L _ . .
sVEr1 "' terTsr VEo1 (3.3)

Inequality (3.3) can be proven to hold for values of R > 1.36 by

noticing that %\ / % +1+ %{ + %z —4/ % has a zero approximately
at R = 1.355 and is increasing for values of R greater than 1.355.

Therefore, by Rouché’s theorem, p has no zeros in D. In the case
that |¢| > 1.36 and n > 3 we then have that the norm of L,_1(-;()
is given by formula (2.2).

It should be noted that as n increases, we can prove that for
any z € T the inequality |g(z) — p(2)| < min,eT |g(2)| holds for even
smaller values of R. Notice that

2-(—1)’“(?) <1

for any value of k. Therefore, by inequality (3.2) we have that

o 1
R3 Rr1R—-1’

l9(2) — p(2)] <

which is smaller than

N[

. _ =
min|g(2)| = R

R+1 . _1
In (\/ R m)
InR
Therefore, for larger values of n, we are able to show that formula

(2.2) remains valid for even smaller values of R. For example, one
can verify that when n = 30 the estimate holds for R > 1.1.

NI

when

n > + 1.




The Norm of an Interpolation Operator on H*(D) 39

Our motivation for choosing to compare p to the function g when
applying Rouché’s Theorem is that p(z) = L,,—1(g; z). It seems that
the quantity |g(z)—Ly,—1(g; 2)| should not be too large for z € T since
L,—1(g; z) is a polynomial approximation to g(z) in the unit disk.
Therefore, it is plausible to expect that |g(z) — Ln—1(g;2)| < |g9(2)]
for z € T.

However, our choice of g was in some sense arbitrary in that there
are many analytic functions, h, which are free of zeros in the unit disk
and for which p(z) = L,—1(h;2). If |h| has a larger minimum value
on the boundary of D, perhaps we could prove that |h(z) — p(2)| <
min, et |h(2)| for all values of ¢ with modulus greater than one.

4 n=2and|{|>1

In this section we wish to prove that the calculation of the norm of
L,—1(-;¢) given by formula (2.2) holds in the case that n = 2 and
|| > 1. Proving this case will show that our formula does not need
to be restricted by the condition that || > 1.36.

When n = 2 the polynomial defined in Theorem 2.1 is p(z) =

2 _ 2.1
Li(g; z) where g(z) = (C — r )2. Since p(z) is defined by the in-
terpolation conditions p(r) = g(r) and p(—r) = g(—r) we have that

p(z) = (W—\/CTT)Z+ (W%— \/CTT>

2r 2

In order to apply Theorem 2.1, we need to prove that the modulus
of the only zero of p, namely

VTV
VR T rl

is larger than one when |(| = R > 1.

|z0| := 7

Let
.0
VE+Tri= aels
VE—r:= ﬁei%.
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Then, by the half angle formula for cosine, we have that

7“2(042+ﬂ2+20zﬁ W)
2of? = . (4.1)

1+cos(62—01)
ao? + 32 — 208 7(:05(22 L

In order to calculate cos(f2 — 61) we notice that  — 6, is the
angle between the vector connecting the origin to { — r and the
vector connecting the origin to ¢ + r. These vectors have lengths 32
and o2 respectively. Also, the vector connecting ¢ — 7 to ¢ + r has
length 2r. Therefore, by the law of cosines, we have that

at 4+ gt — 4r?

cos(fy — 01) = a2

Using this fact in conjunction with (4.1) gives us that |z|> > 1
if and only if

r?[a® + B2+ V(@2 + 52)2 —4r2] > o® + 2 — /(a2 + §2)? — 42,

which is equivalent to showing that

V(a2 + 522 —4r2(r? +1) > (o + %) (1 - ).

By squaring both sides of the inequality, it can be seen that our
problem reduces to proving

(0 + %)% > (r* +1)%,
i.e. that
IC=r|+I¢+r] =7 + 1. (4.2)
However, by setting ¢ = Re and f(0) := |[¢ — 7|+ |¢ + 7|, we

e G+ rl=1¢ 7]
’ —+r — -Tr
f(#) = Rrsinf .
) C—rIC +7
so that the critical values of f are § = 0,7, and 5. Since f(0) = f(7)

and f(5) > f(0), f attains a minimum value of f(0) = 2R, which
implies that

| =7+ |C+7| >2R.
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Since R > 1 and 0 < r < 1 we have that 2R > 72 4+ 1 . Thus,
we have proven inequality (4.2) and, therefore, that p has no zeros
in the unit disk.

By using Parseval’s relation to evaluate the quantity on the right-
hand side of equation (2.2) in the specific case that n = 2, we obtain
the following theorem:

Theorem 4.1 Let 0 < r < 1 and let  be any complexr number of
modulus R > 1. Let the operator Li(-;(¢) : H*(D) — C be the
linear polynomial, evaluated at (, which is defined by interpolating
functions in H*®(D) at r and —r. Then

. _ |C2_"”2| 2 ‘)\1|2
[L1(-50)| = T(!)\o\ + ?)

where

VTV
2 9

 FF- VT
2r '

Ao

A1

5 n:3andC:Reik?ﬂ fork=1,35and R > 1

In this section we will sketch a proof of why calculation (2.2) holds
in the case that n = 3 and ( = Re'S for k = 1,3, and 5, and for
R>1.

As Cavaretta and Sharma explain in their paper [1], the calcu-
lation of the norm of L,_1(-;() is invariant under rotations ¢ —
Wwi¢, j=0,1,...,n—1 where w’, j =0,1,...,n — 1 are the n roots
of unity, i.e., the n solutions of the equation z™ = 1. Therefore,
their calculation of the norm of Ly(-; R) is proven to be the same
as the norm of Ls(-;() in the case that { = Re'S for k = 2,4, and
6. The values of ¢ that we wish to consider in this section are in
between these values in that their arguments are halfway between
the arguments of ( = Re'S for k = 2,4, and 6.
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Since the norm of La(-;¢) is invariant under rotations ¢ —
Cw?, j = 0,1,2, we only need to calculate the norm of La(-;—R).
The norms of the operators Ly(-; Re's) and Lo -; Reis?ﬁ) will then
be the same as the norm of Ly(-;—R).

When n = 3 and ( = — R, the polynomial defined in Theorem 2.1
RS 4L 3.2
is p(z) = La(g; z) where g(z) = < R——::r )2. Since p(z) is defined
z

by the interpolation conditions p(z) = g(z) for z = rw*, k = 0,1, 2,
we have that

0 1 31
. Bl+k [ T2 r
A = Z(_l) <3l + k:> (—R)3ITk

=0

In order to apply Theorem 2.1, we need to show that p has no
zeros in D. This can be proven by using Cauchy’s coefficient estimate
[7], which states that p has no zeros in D if its coefficients satisfy the
following condition:

Aol = [A1] = [A2] > 0.

By proving that A\g > 0, A; < 0, and Ao > 0, Cauchy’s coefficient
estimate can be reduced to

Ao+ A1 — A > 0.

After much calculation, this inequality can be proven to be true by
rearranging the terms of the infinite sum Ao + Ay — Ay > 0 and by

1 —3\ 2k +1
relying on the fact that (—1)F+! (k: +21> = (_1)k< k2> (Qk; 1 2)'
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Abstract

This paper gives a survey of Sharma’s work on interpolation
during the years 1993-2003 in cooperation with the author.

1 Introduction

This summary paper covers a time period of approximately 10 years
and started when A. Sharma invited the author to Edmonton (after
the conference in his honor) to work on interpolation linked to si-
multaneous rational approximation with common denominator; the
work included so called equiconvergence, overconvergence and the
concept of exceptional points; cf. §4.

After that the focus of interest turned to Birkhoff and Pél-type
interpolation problems, where Sharma was very interested in deter-
mining the thin line that seperated the regular problems from the
non-regular ones; cf.§2, §3.

The cooperation came to an end with his (for everybody,
untimely) death on December 22, 2003, around one month before
our last joint paper [9] was accepted for publication; it appeared
early Spring 2004.

45



46 de Bruin

Interpolation has been studied for quite a long time and a rather
general definition of the problem can be given as follows

given m points {z;}7*, € C (nodes),

given m order-sets D; € N with number of elements |D;|,
given data ¢;; € C (1 <j < |Dyf, 1 <i<m),

find P, € IL,,, n= (3., |D;|) — 1 with

Pﬁk)(zz') =cik, ke D;, 1<i<m.

Here I1,, is the set of polynomials of degree at most n with com-
plex coefficients.

When D; = {0} for all i, we have the well-known Lagrange in-
terpolation problem, the case D; = {0,1,...,k;} is referred to as
Hermite interpolation and if at least one set D; is a sequence of non-
negative integers containing a gap, the term Birkhoff interpolation is
used. This case also is sometimes referred to as lacunary interpola-
tion (for a survey on (0, 2)-interpolation, see [20]). The main source
for the theory on these problems is [13].

If the interpolation problem has a unique solution for all sets of
data, it is called regular (or well poised). Sometimes authors use the
concepts of real poised, circle poised or complex poised for a regular
problem where all nodes are real, all on the unit circle or not all
located in either of the previous locations respectively.

In regularity proofs (when the unique solution polynomial, as
function of the given data, is not needed) one often uses the following
equivalent formulation with n = (3_.", |D;|) — 1 as before:

P,ell,, PP (z)=0(keD; 1<i<m)= P, =0.

Up to now, all problems mentioned used the same set of nodes
for each of the given order-sets. Another type of problem, referred to
as Pdl-type interpolation, uses two sets of nodes Z1, Z> and as orders
of derivative k = 0 and k = m (originally k =0 and k = 1)):

P(Z@) = ¢; for z; € AR P’(wj) = dj for w; € Zo.
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This type of problem was introduced by L.G. P4l ([10]) in 1975 and
has been studied in a.o. [18], [23]. Extensions arise when one uses
q+1, g > 2 orders of derivatives k;, 0 = kg < k1 < --- < kq
(consecutive or ‘lacunary’) and sets of nodes which might be different
for each order of derivative ;.

Finally, there has to be distinguished between the cases that the
nodes are uniformly distributed or not. Interpolation on the roots of
unity (the zeros of 2z — 1) for instance, clearly falls in the class of
uniformly distributed nodes, while interpolation on the zeros of the
Legendre polynomials obviously belongs to the class of nonuniformly
distributed nodes.

The layout of the paper is now as follows.

In section 2 the results on Birkhoff interpolation are covered, in
section 3 those on Pél-type interpolation and section 4 turns to the
two stage interpolation in the context of Hermite-Padé approxima-
tion.

Finally a (rather short) bibliography is given, containing a limited
set of the prolific literature on the subject of interpolation; the list is
not intended to give a survey of the entire field, but just displays the
papers by Sharma and the author, along with a few extra references.

2 Birkhoff-Type Interpolation

Let Iy be the set of polynomials of degree at most IV with complex
coefficients and consider for an arbitrary integer g > 1 the following
problem:

given n different points {z;}! ;, (nodes),

given ¢ + 1 integers 0 = mg < my --- < mq (orders),
given numbers {CEJ]} (1<i<n, 0<j<gq)in C (data),
find Py € lIy, N = (¢+ 1)n — 1 with

P ()=l (1<i<n, 0<j<q).

As stated in the introduction, the problem is called regular when
the solution Py(z) is unique for any set of data; or equivalently:
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all data are zero = Py (z) = 0 is the unique solution.
After it has been established that a set of nodes leads to a regular
problem, it is (sometimes) possible to solve it explicitly, and the
unique polynomials Py (i, j; z) satisfying

o 1 (r,s)=(1,9)
P (i, js 2 :{ ’ o
VEGIE 0 () # 60)
are referred to as fundamental polynomials. They generate the solu-
tion for arbitrary data by

This type of problem is called Hermite-Birkhoff interpolation, a
well-known subject (cf. the excellent book [13]). The problem is
called lacunary when the orders of the derivatives are not consecu-
tive.

There are few examples of regular lacunary problems (see [11],
[22]) and in the papers [4]-[8] the attention has been focused on the
cases of (0,m), m > 2 and (0,1,...,r — 2,7), r > 2 interpolation
problems.

2.1 Interpolation of type (0,m), m > 2

Results by Chen and Sharma (cf. [21]) were generalised in the direc-
tion of:

Theorem 2.1 ([5], Theorem 1) The problem of (0,m) interpola-
tion on the zeros of (2% + 1)(z — 1) is regular for m < 3n + 1.

Theorem 2.2 ([5], Theorem 3) The problem of (0,m) interpola-
tion on the zeros of (23" +1)(22+2+1) is reqular for 2 < m < 3n+2.

Remark. The polynomial 22+ z+1 can be replaced by (z—1)(z —
w) or (z —1)(z — w?) with w3 = 1, w # 1. In order to replace it by
2?2 — 1, we have to require that n is even.

Theorem 2.3 ([5], Theorem 4) The problem of (0, m) interpola-
tion on the zeros of (23" 4+ 1)(23 — 1) is regular for m < 3n + 3.
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The ‘missing’ cases (2F +1)(23 —1) with k # 0 mod 3 were treated
later. In those cases it is not possible to reduce the 18 x 18 systems for
n > 3 to smaller and more manageable systems: another method of
proof was necessary, using MAPLE® to handle the cases 2 <m < 5.

Theorem 2.4 ([7], Theorem 1) The problem of (0, m) interpola-
tion on the zeros of (23" 14+1)(23—1) is reqular form < 3n+4, n > 0.

Theorem 2.5 ([7], Theorem 2) The problem of (0,m) interpola-
tion on the zeros of (23772 +4+1)(23—1) is reqular form < 3n+5, n > 0.

Remark. Taking Theorems 2.3-2.5 together, we see

(0,m) interpolation on the zeros of (2* 4+ 1)(23 — 1) is regular for
m < k+ 3.

Finally, an ‘isolated result’ was found as spin-off in the study of
(0,1,...,7 —2,r) interpolation.

Theorem 2.6 ([4], section 4) The problem of (0,3) interpolation
on the zeros of (z + )" — (1 + az)"™!, 0 < a < 1, is regular for

a<1/\/@.

Remark. A fundamental determinant for the problem is explicitly
calculated for n = 3,4

An(a) = c1(17 + 62a* +17a8), ¢1 > 0 for n = 3,
" L ea(11 — 478 + 11alY); ¢p > 0 for n = 4.

This leads to the conjecture: A,(a) > 0 for all 0 < a < 1 when
n is odd, but has only one zero for n even. This would imply that
the interpolation problem is regular for all a from (0, 1), with the
possible exception of one value in the case that n is even.

2.2 Interpolation of type (0,1,...,7—2,r), r > 2

In the beginning of the 1990s some few papers on (0,1,...,7 —2,7)
interpolation started to appear (compare [19], [17]). New contribu-
tions were given by Sharma et al. in the following direction.

Theorem 2.7 ([5], Theorem 1) The problem of (0,1,...,r—2,7)
interpolation on the zeros of (23" + 1)(z — 1) is reqular for r > 2.
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Theorem 2.8 ([6], Theorem 1) The problem of (0,1,...,r—2,7)
interpolation on the zeros of ((z + o)™ + (1 + az)") (2 — 1) is regular
for0<a<1andr > 2.

Theorem 2.9 ([4], Theorem 2.1) The problem of (0,1,...,7—2,71)
interpolation on the zeros of (z + )"t — (1 + az)" ! is reqular for
0<a<1landr > 2. Moreover, the fundamental polynomials can be
given explicitly.

Theorem 2.10 ([8], Theorem 1) The problem of (0,1,...,7—2,7)
interpolation on the zeros of (23" + 1)(23 — 1) is regular for r > 2.

3 Pal-Type Interpolation

As stated before, finding the location of nodes that lead to regular
interpolation problems is a problem that has not yet been solved in
full generality for (lacunary) problems that use the same set of nodes
for each order of derivative. Things get even more intricate when the
sets of nodes depend on the order of derivative used. Sharma studied
several situations of which the results from the references [4], [6] and
[9] will be given explicitly.

Let natural numbers 0 = mg < m; < --- < my be given and
q + 1 polynomials A;(z) of degrees n; (0 < j < ¢) with simple
zeros (node generating polynomials), along with complex numbers
q,(1<k<n;0<j<q).

Then the (mg,m1, ..., mq) Pdl-type interpolation problem on the
polynomials {Ag, A1, ..., Ay} consists of finding a polynomial Py (z)

of degree at most N = (23-:0 nj) — 1 with
PY () =l 1<k <n;, 0<j<q,
where the {21} are the zeros of the polynomial A4;(z).

Theorem 3.1 ([4], §5) The (0,1) Pdl-type interpolation problem
on {(z + o)™ — (1 + a2)" (z + )" + (1 + az)"t} is
reqular.
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Theorem 3.2 ([6], Theorem 2) The (0,1) Pdl-type interpolation
problem on {(x+ )" ™ — (1+a2)"*, [(z + )" + (1 + az)"™] x
(z — 1)} is regular.

Theorem 3.3 ([9], Theorem 2.1) There erists a natural number
no, such that the (mg, m1, ..., mq) Pdl-type interpolation problem on
(2" —ag, 2" —af,..., 2" —ag} with 0 < ap < aq < -+ < g s
reqular for n > ng.

Moreover, it is possible to give the asymptotic behavior of the
solution of the problem in the case that the data are derived from a
function f(z), analytic on the disk D, = {z € C : |z| < p} but not
on its closure, where p > «,. Let

= 1
F(z) =" fuz, limsup {/|fil = = (3.1)
k=0 k—o0 P

The data are given by

c,i = f) (@ wk) with w = €?™/™ (a primitive root of unity). (3.2)

The first result concerns the convergence of this interpolation
procedure.

Theorem 3.4 ([6], Theorem 2.2) Let Py(f;z) be the unique so-
lution to the Pdl-type interpolation problem stated in Theorem 3.3
using the data (3.2), then

lim Py (f;z) = f(2)

n—oo
uniformly on compact subsets of D,,.
Just as in the case of Birkhoff interpolation on the roots of unity
(j =1, 0 < j < g, in Theorem 3.3; compare [11]) it is possible to

prove so-called overconvergence. First introduce the sections of the
series for f by

Sp(z) = Z fuz®, r>0. (3.3)
k=0
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Theorem 3.5 ([6], Theorem 2.3) Let ¢ > 1 be a fixed natural
number. The interpolation process using the data (3.2) from the
function (3.1) exhibits overconvergence on the disk

P =1+ 2
el <p{ - : (3.4)

q

Thus, for z in the disk (3.4)

lim Pn(f;2) — PN(S(g+1)ne-152) =0,

n—oo

uniformly on compact subsets.

4 Simultaneous Hermite-Padé Interpolation

The study of this subject was started to extend results published in
[12], [15], [16] and on quantitative results by [14].

The interpolation process is now a two-stage method.

Let d, vy, v1,10,. ..,V be natural numbers and let Fy, Fs, ..., Fy
be d functions, meromorphic in the disc D, = {z € C : |2] < p},
p > 1, given by

1
R = 22 ) =S imsup ag [ = 2. (41
k=0 —oe

Bi(z) = H( Zw i = Z% w2 Z)\ ij = Vi (4.2)

J=1

Here it is assumed that the poles given all lie in D, and the poles
of F; are disjoint from those of Fy, k # i. Let £ > 1 be an integer
and put n =0+ 1, where 0 = vy +v1 + 19+ -+ 14 It is important
for the sequel to remember that the v; with ¢« = 1,...,d are fixed
(thus also 0 — vy = n — vy — 1 fixed) and that vy will go to infinity
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(or, equivalently, n or o). Let now a € C\ {0} satisfy |a| < p, such
that the zeros of 2" — o are different from those of the B;(z) for all
i. Finally » > 1 is a natural number.

Then the Hermite- 1nterpolant to the Taylor sections ZZ i ! a2
on the zeros of (2" — a™)" will be denoted by

fzé ZA

This is the first stage of the problem; explicit formulae for the Afé j
are easily derived (cf. [1]). When ¢ = oo, J%(Z) is the full Taylor
series of };(z)

For r = 1 we are actually considering Lagrange-interpolation.

The second, simultaneous, stage of the problem can be stated as:
find d rational functions Uf(z)/B*(z) with a common denominator
and

1. with Uf(2) = 2070 pl2* (1 < i < d), B'(2) = X000 yheh,

2. that interpolate the d rationals f:g(z)/Bl(z) on the zeros of

n

Z" —a™,

3. and B(z) is monic: 'le;—uo—l =1.

For r = 1 we have ordinary Hermite-Padé interpolation (see [1])
and for r > 1 the interpolation is using multiple nodes ([2])
The main result is now the following.

Theorem 4.1 ([1], Theorem 1; [2], §2) Let r, d, v;, fi, pi, Bi,
z;j and £ be given as before. Then we have:
A. For n sufficiently large, the interpolation problem stated above,
has a unique solution that moreover satisfies

n—ro—1

hm%—Ck, with Z o2 —HB ); 1</ < 0.
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B. Let H be a compact subset of |z| < 7, 7 > 0, that omits the
singularities of the functions F; (1 <1i < d), then

U (2) _ Uf(2)
B>(z) BY(z)

1/n
/ - R(Zfl)r+1(7_/pi)r for > pi,
= | R-Dr+1 for ™ < py,

lim sup <max

n—oo z€H

with R = maXj<i<d 1/,01
C. Specifically we have for |z| < p;R=(¢=141/7);

o U U)

e Be(z) " Bl(z)

uniformly and geometrically in compact subsets omitting the singu-
larities.

The final result to be stated uses the case » = 1; i.e. in the first
stage of the process Lagrange interpolation is used.
Introducing

K(z) = (’%’)Z B ez ey = (%)é el<p  (43)

the results of Theorem 4.1 can be formulated as

n—vp—1 d
lim ~f = & with Z a2t = HBi(z), 1<l<o0, (44)
n—oo
k=0 i=1

and
Uz (z) _ Uf(z)
B>(z) B(2)

1/n
> < K(71), (4.5)

lim sup (max

N—00 z€H

for each compact subset H of |z| < 7 (7 > 0), that omits the singu-
larities of the functions F;(z), 1 < i <d.

The result (4.4) shows that the denominators of the simultaneous
interpolants converge to the product of the pole parts of the functions
and (4.5) shows the speed of convergence of the interpolating rational
functions: it follows that the difference converges to zero on compact
subsets (omitting singularities) of the disk |z| < p- p’/a’ , a larger
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disk than that where the given functions were meromorphic! So
even when not working with full information, but rather only with
the nf — 1 Taylor section of each f;, the f-interpolant leads to good
results.

For further study of the upper bound it is necessary to reformu-
late (4.5); as it is more convenient to study the difference of poly-
nomials than that of rational functions, we can multiply by the de-
nominators — not changing the upper bound because of (4.5) — and
for reasons that will become clear later on, an extra factor B;(z) is
thrown in.

Define for z not one of the singularities of the function F;

O~ L0y
Afw (2) = Bi(z)Bg(z)Boo(z) (glooézi — g@é;) , (4.6)
and the quantities
Sz, Fy) := limsup |Af, ()" (4.7)

Then (4.5) takes the form
Sz, F;) < K(z) for z with B;(z) # 0. (4.8)

The question now arises, whether the upper bound K(z) is at-
tained for any z and, if so, whether this is a natural phenomenon or

not. For polynomial interpolation the problem has completely been
solved (cf. [14]).
Let us call a point z, |z| # p, exceptional for the function F; when

Sz, Fy) < K(2). (4.9)
The results then are (cf. [14], [16]):

Theorem 4.2 ([3], Theorem 1) For each i € {1,...,d} there are
at most £ — 1 exceptional points for F; in |z| < p.

Theorem 4.3 ([3], Theorem 2) For any set of d(¢ — 1) points w;
in 0 < |z| < p, and any subdivision into d sets of £ — 1 points—say
wij (1 <j<t—-1,1<1i<d)—there exists a d-tuple of meromorphic
functions of the type (4.1),(4.2), such that for eachi € {1,...,d} the
points w; j (1 < j <€ —1) are exceptional for F;.
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Theorem 4.4 ([3], Theorem 3) For each i € {1,...,d} there are
at most o — vy + £ exceptional points for F; in |z| > p.

Theorem 4.5 ([3], Theorem 4) For any set of d({+1— (0 — 1))
points w; in |z| > p, and any subdivision into d sets of {+1— (o —1p)
points—say w;j (1 < j<{l+1—(0c—1y), 1 <i<d)—there exists
a d-tuple of meromorphic functions of the type (4.1),(4.2), such that
for each i € {1,...,d} the points w;; (1 <j<{l+1—(0c—1p)) are
exceptional for F;.

The first 9 references given below have been written by A. Sharma
with co-authors M.G. de Bruin ([1]-[9]), H.P. Dikshit ([6]) and J.
Szabados ([4]).
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Abstract

Let A be a simplicial d-complex, d > 1. Let S = R|xy, z2,
..., Z4] be the polynomial ring in d-variables and C"(A) denote
the S-module of all C"-splines defined on A. Let A ¢ R¥*!
be the homogenization of A C R? (embedded in x411 = 1),
and A’ be any subdivision of A. In this paper we study the
following question: Suppose C’T(A) is free over R, where R =
Rlx1,Za,...,24+1] is the polynomial ring in (d + 1)-variables.
Under what conditions can we say that the R-module C™((A’ 5)
is also free? We show that when 7 = 0, C"(A) is free imples

C((A)) is also free for any d-complex A. For d = 1, it is easy
to see that C"(A) is free implies C"((A’)) is also free for every
r > 0, but for d > 2, we give examples to show that C"(A) is

free need not imply that C”((A')) is free, for any r > 1.

99
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1 Introduction

Let A be a simplicial d-complex; i.e., A is a pure, d-dimensional,
strongly connected simplicial complex embedded in R?. Let S =
Rlz1,x2,...,24] be the polynomial ring in variables x1,xs, ..., 4.
For every integer k > 0, let us define

Ci(A) = {F:|A] - Rs.t. F|, € S is a polynomial of degree < k
for every d-simplex o € A and F' is globally smooth

of order r on |A[}

Then C}(A) is a finite dimensional vector space over R. To deter-
mine the R-dimension of the vector space C}(A) for a given r > 0
and a given k > 0 is fundamental unresolved problem of multivarate
spline theory. Alfeld and Schumaker ([1],[2]) are the first approxima-
tion theorists to obtain basic results on this problem using, of course,
the classical methods of a system of linear equations and determining
the number of independent real constants. In the planer case they
obtain a formula which essentially shows that for d = 2, the Hilbert
polynomial and the Hilbert function are equal if kK = 3r+ 1. The fact
that this dimension depends upon the geometry of the triangulation
of the region makes the problem more difficult. L. Billera [3] intro-
duced the method of homological algebra to tackle this problem. He
considers the following set for any r > 0;

C"(A) = {F:|A|—=Rs.t. F|, € Sfor every o0 € A and F is
globally smooth of order r on |Al|}

It is straightforward to see that C"(A) is a ring with pointwise opera-
tions and S is a subring of this ring. Thus C"(A) becomes a S-module
and is called the spline module of A. Billera-Rose [5] embedded
A into the hyperplane 24,1 = 1 of the space R%T! and considered
the simplicial complex A = v % A where v is the origin of R™1. Let
R = R[z1,- - x441] be the polynomial ring in (d + 1) variables and
note that C"(A) is a graded R-module. A useful observation is that,
as a vector space over R,
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~

Cr(A) = (CT(A))k

i.e., the spline vector space CJ (A) is isomorphic to the vector space
of homogenous elements of degree k of the graded R-module CT(A).
This result has proved very important for solving the dimension prob-
lem. They considered the Hilbert series of the graded module C"(A)
which is always of the form P(C"(A),t)/(1—t)%! where P(C"(A), t)
is a polynomial in Z[t]. This is indeed the generating function of the

dimension series >, (dimg C%(A))A* of the spline modules [5].

In view of the preceding discussion, it is important to study the
R-module C"(A). Billera-Rose studied its freeness and the existence
of an R-basis in [6]. Schenck has obtained [13] important results on

A~

Hilbert series of the spline module C"(A) and has shown that the co-
efficients of the three largest terms of the polynomial P(C"(A),t) are
determined by the combinatorics and local geometry of A (Corollary
3.2 of [13]). The most important result on freeness in the form of nec-
essary and sufficient conditions has been given by Schenck (Theorem
4.10 of [13]). In [9], Deo and Mazumdar gave an algorithm to write
down a basis for the free spline module C"(0O) for some polyhedral
complexes 0. When it is not free, the projective dimension of this

module was studied in [8], [17].

Suppose A’ is a subdivision of A. Ruth Haas [11] and the authors
[10] studied the question as to how the S-modules C"(A) and C"(A)
are related. In fact it was shown in the above-mentioned papers that
a generating set for the S-module C"(A) can always be extended to
a generating set of the S-module C"(A’) for certain subdivisions of
A. Because finding an S-basis for the S-module C"(A) is a problem

~

of practical importance, it is natural to ask the following: If C"(A)

~

is free over R, then what can we say about the freeness of C"((A'))
for any subdivision A’ of A? Tt is a consequence of results proved
in [4] that C°(A) is free over R implies that CO((A’)) is also free
over R for any d-complex A, but here we provide an explicit proof
of the result. For d = 1, it is trivial to see that C”(A) is free implies

~

C"™((A")) is free for any r > 0. For d > 2, we give examples to show
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that for any 7 > 1, C"(A) is free need not imply that C"((A")) is
free.

Results of [5], [6], [14], [15] are basic ingredients used in our
proofs of the above-mentioned results. We follow the notations of
above papers freely, as most of them are now in standard use.

2 Preliminaries

Let A be a simplicial d-complex embedded in R? and S = Rz, 2,

..,x4] be the polynomial ring over the field of reals in d-variables
x1,%2,...,Tq. For integers k > 1 and r > 0, let C}(A) denote the
R-vector space of all splines over the region A which are of degree
< k and smooth up to order r. When we consider the set C"(A) of
all splines over A of smoothness r, regardless of their degrees, C"(A)
becomes a module over the graded ring S. Determining the vector
space dimension of the vector spaces C}(A) for a given k, r and A
has been a basic problem of multivariate spline theory and is known
as the Dimension Problem. It is difficult because the dimension of
C}(A) does not depend only on k,7 and A but also on the geometry
of A (see [3], [5] for details).

In this section we give some preliminary definitions and results
which are used in section 3. A simplicial complex A is called pure if
all maximal faces are of the same dimension. A d-complex is a pure
d-dimensional simplicial complex embedded in R?. For a d-complex
A and i < d, we denote the set of i-dimensional faces of A by A; and
the set of i-dimensional interior faces of A by A?. The cardinality
of these sets is denoted by f;(A) and f?(A) respectively. A link of
a simplex ¢ in A is the simplicial complex

lkka(o) ={r € AlrUoce AandTNo = ¢}.
The star of ¢ is the simplicial complex
sta(o) = {rU7T|T € lka(c) and 7’ C o} .

In other words, sta (o) is the smallest subcomplex of A containing
all faces which contain o.
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For a d-complex A, the graph G(A) of A is the graph whose
vertices correspond to the elements of Ay and < v,v’ >, v,v’ € Ay is
an edge of G(A) iff o N o’ € Ay_1, where v corresponds to o and v/
corresponds to o’ respectively. A d-complex A is said to be strongly
connected if the graph G(A) is connected. In other words for any
two simplexes 0,0’ € A, there is a sequence o1, 09,...,0; € Ay such
that 0 = 01,0’ =0y and o; Noy1 € Agq fori=1,2...,(t—1). A
connected complex A is said to be hereditary if for all non-empty
o € A, sta(o) is strongly connected (equivalently lka (o) is strongly
connected).

Billera-Rose initiated the study of freeness of the module C"(A)
in [6]. They proved the following results:

Proposition 2.1 ([6], Theorem 2.3) Let A be a d-complex. Then
C"(A) is free if and only if C"(sta(v)) is free for all verices v of A.

Proposition 2.2 ([6], Theorem 3.1) Let A be a d-complex. If
C"(A) is free then A is a hereditary complex.

When A is a 2-complex in R?, they characterized freeness of
C"(A) totally in terms of the topology of the complex A viz.

Theorem 2.3 ([6], Theorem 3.5) Let A be a 2-complex. Then
C"(A) is free if and only if A is a manifold with boundary.

Let A be a d-complex with n-vertices v, vs,...,v,. Then A is
said to be Cohen-Macaulay over a field & if the face ring Apn =
A/In, where A = kl[y1,y2,...,yn] and Ia is the ideal in A gen-
erated by square-free monomials corresponding to the vertex sets
which are not faces of A, is a Cohen-Macaulay ring. A homological
characterization of Cohen-Macaulay complexes is given in Reisner
[12]. Billera and Rose have given a complete characterization for
freeness of C°(A) in terms of combinatorial property of A which is
independent of the embedding of A in R? as follows:

Theorem 2.4 (Theorem 4.5 of [6]) Let A be a d-complex. Then
CY(A) is free if and only if A has Cohen-Macaulay links of vertices.
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Schenck-Stillman [14] considered the freeness of C"(A) when A
is a 2-complex by a somewhat different approach. We note that the
homogenization A of a 2-complex A is a 3-complex.

Let A be a d-complex embedded in R? and R be the polynomial
ring in (d + 1)-variables. Schenck-Stillman have defined a chain
complex F of R-modules on A°, the set of interior faces of A, as
follows:

(1) For each o € AY, there is an R-module F (o), and
(2) For each i =0,1,2,...,d, there is an R-module homomorphism

0; : @UieA?f(Ui) — @oifleA‘Ll}—(aifl)

such that 0;_1 0 9; = 0. Thus the chain complex F is given by:

0, Oq_
0— EBO'dEAdF(O-d) — @ad_leAg_lf(Ud—l) e
1o}
N @UOeAS}"(Uo) — 0

For example if we associate the ring R corresponding to every o € AY
and take 0; to be the usual simplicial boundary map relative to 0A,
then it is a chain complex, called the constant complex, and is
denoted by R.

For another example, we fix an integer r > 0, and corresponding
to every ¢ € A? we associate the homogenous ideal of & ¢ R+
which we denote by I,. Let J be the complex on AY defined as
follows:

J(o) = for o € Ay,
J(r) =11 forre AY |,
JE)=> I forée Ay, re Ay,
Eer

J(v) = ZIZH forve AJ,re AY .

VET
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Then the complex J is given by:

O04-1

p)
0— @rean J(T) — Beenn. :

T — -+ 2 ,eagT () — 0.

2

Hence we can consider the quotient complex R/J viz.:

0, Oq—
0 — Boea, R = @reng R/IT(1) = @eeny RIT(E)

A @, pnR/T(v) >0

It turns out that the top homology module of the above quotient
complex R /.7 is the graded spline module C”(A). Schenck-Stillman
[14] have obtained following results for a 2-complex A giving relation
between homology of the complex R, R/J and the freeness of the
spline module C(A) over R = R[zy,x2, 23] in terms of one dimen-

sional homology of the quotient complex R/J.

Lemma 2.5 ([14], Lemma 3.7) Let A be a 2-complex. If Hi(R) #
0 then H1(R/J) # 0.

Theorem 2.6 ([14], Theorem 4.1) Let A be a 2-complex. Then

C"(A) is free if and only if H(R/J) = 0.

From the above results we find that if A has genus greater than

A~

zero, i.e., Hi(R) # 0, then C"(A) cannot be free. Hence for the
freeness of the spline module C"(A) we must have A of genus zero;
i.e., A is a 2-disk. But taking A to be a disk in R? does not guarentee

that spline module C"(A) is always free for all » > 0. We explain
their nonfreeness result below.

Let A be a triangulation of a 2-disk in the plane R%. An edge 7
of A is said to be a totally interior if both of its end vertices are
interior. Let ~ be a relation on the set of interior edges of A defined
by 7 ~ 7/ if 7 and 7/ share a vertex and have the same slope. Taking
the transitive closure of this relation gives us an equivalence relation
on interior edges. An edge 7 is called a pseudoboundary edge if
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7 ~ 7/ for some not totally interior edge 7’. In other words 7 can be
extended to the boundary of A.

For each edge 7 of A, let us define
s; = max{number of slopes at v, v a vertex of an edge 7" and 7’ ~ 7}
and an integer s(A) by
s(A) = min{s; | 7 an edge which is not a pseudoboundary edge of A}.

Schenck-Stillman have obtained the following interesting geomet-
ric result. We will use this result besides the result of Billera-Rose
stated earlier.

Theorem 2.7 ([14], Theorem 5.3) If A is a triangulation of a
disk in the plane, then

(a) If every edge of A is a pseudoboundary edge, then CT(A) is free
for allr > 0.

(b) If A has at least one edge which is not a pseudoboundary, then

~

for each r > s(A) — 2, C"(A) is not free.

3 Homogenization, Subdivision, and Freeness

We note that if |A| is a k-manifold with boundary then |A| need not
be a (k + 1) manifold with boundary. For example, let A be the
simplicial complex with a hole (interior of the center triangle is not
included) as in Figure 1. Then |A| = |v % A] is not a manifold with
boundary. However, if A is a pseudomanifold with boundary, then
A is indeed a pseudomanifold with boundary.

Schenck and Stillman have given several examples (see section 6
of [14]) including Morgan-Scott 2-complex of 2-dimensional simplicial

complexes A, all of genus zero, such that C"(A) is not free for r > 2.
Since all these 2-complexes are manifolds with boundary, C"(A) is
free by Theorem 2.3. Thus we conclude that C"(A) is free need not

~

imply that C"(A) is free.
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A

Figure 1

What about the converse? The answer is yes. We have the fol-
lowing lemma.
Lemma 3.1 For a 2-complex A, C"(A) is free implies that C"(A)
is free.
PROOF. Suppose CT(A) is free. Then by Proposition 2.2, it follows
that A is hereditary; i.e., links of vertices are strongly connected.
This means A is a 2-manifold with boundary. Hence by Theorem
2.3, C"(A) is free. O

Now if we take a d-complex A and take its subdivision A’ then
what can we say about the freeness of C"(A) and C"(A’)? The
following interesting results give an answer of this question using
Billera-Rose criterion for d = 2.

Proposition 3.2 If A is a 1-complex, then C"(A) is free if and only
if C™(A') is free for all v > 0.

PROOF. See [6], page 491. O

Proposition 3.3 Let A be a 2-complex. Then C"(A) is free if and
only if C"(A") is free for all r > 0.
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PRrROOF. C"(A) is free. <= A is a 2-manifold with boundary. <
A’ is a 2-manifold with boundary. <= C"(A’) is free. O

Let us now consider homogenization of subdivided domains. In
view of our comments preceding Lemma 3.1 we observe that for a
2-complex A, the following implications break down only at the last
level.

~ ~

(1) C™(A) is free. = C"(A) is free. = C"(A') is free. = C"((A"))
is free.

(2) CT((A)) is free. = CT(A') is free. = C"(A) is free. = C"(A)

is free.

Let us start with the following easy result which is true for all
r > 0. This shows that for d = 1 the above implications are true
everywhere.

Proposition 3.4 Let A be a I-complex embedded in R. Then for

every r > 0, C"(A) is free over R if and only if C"((A")) is free

over R.

PROOF. Since A is a 1-complex, A is an interval [a,b] with finite
number of interior vertices, say

a=vy<vy <---<wv,=b.

Hence any subdivision A’ of A will again be of the same type with
more interior vertices. Now, clearly A and (A’) both are 2-complexes
which are disks; i.e., |A] and |(A’)| both are 2-manifolds with bound-

ary. Hence by Theorem 2.3 both C"(A) and C"((A')) are free for
every r > 0, proving the result. O

Proposition 3.5 Let A be a d-complex. If A is Cohen-Macaulay
then A is Cohen-Macaulay.

PRrROOF. We prove the proposition by induction on the number of
simplexes in A. If A has only one simplex, i.e., A is having only
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one vertex, then A is an interval and so by the Reisner criterion
(Theorem 1 of [12]), A is Cohen-Macaulay.

Let us assume that number of simplexes in A is r and r > 1.
Now A is Cohen-Macaulay implies that lka(v) is Cohen-Macaulay
for all vertices v of A, by Reisner criterion (Theorem 1 of [12]).
Suppose A = w x A, then lkA (w) = A which is Cohen-Macaulay. If
v is any vertex of A other than w (i.e., v is an inside vertex), then
lkA (v) = w*lka(v) and w * Ika (v) is Cohen-Macaulay by induction
hypothesis. Since A is acyclic, I:IZ(A) = 0 for all 4 > 0, and so it
follows from Reisner criterion (Theorem 1 of [12]) that A is Cohen-
Macaulay. O

Proposition 3.6 Let A be d-complex. If A is Cohen-Macaulay then
A’ is a Cohen-Macaulay.

PRrOOF.This follows from the fact that Cohen-Macaulayness of A

is a topolgical property. Since |A| = |A'|, the result follows from
Corollary 5.4.6 of [7].

Alternatively, we can prove this proposition as follows: If A
is Cohen-Macaulay, then by Reisner criterion (Theorem 1 of [12])
H;(A) = 0 for all i < dim(A), and lka(v) are Cohen-Macaulay for
all vertices v of A. This implies H;(A’) = 0 for all i < dim(A’) =
dim(A). Hence it is sufficient to show that for every vertex w of A’
lkar(w) is Cohen-Macaulay. If w is a new vertex of A’ (arising in the
subdivision), then lka/(w) ~ S%1, and S~ ! is Cohen-Macaulay. If
v is a vertex of A’ which is also a vertex of A then lka/(v) & lka (v).
Since lka (v) is Cohen-Macaulay and Cohen-Macaulayness is a topol-
gical property, it follows that lka/(v) is Cohen-Macaulay. Hence by
Reisner criterion (Theorem 1 of [12]) A’ is Cohen-Macaulay. O

For r = 0, we have the following general result concerning freeness
of the homogenized spline module over a subdivided domain.

Theorem 3.7 Let A be a d-complex and let A’ be a subdivision of
A. If CO(A) is free over R = R[z1, 29, ..., 2441], then CO((A)) is

free over R.
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PROOF. It is clear that A and (A’j both are (d 4 1)-complexes. If
C%(A) is free over R then by Theorem 2.4, Ik A (v) is Cohen-Macaulay
for all vertices v of A. Suppose A = vy * A and call vy as the outside
vertex of A and other vertices as the inside vertices of A. Since
ks (vo) = A, we find that A is a Cohen-Macaulay complex. Hence
by Proposition 3.6, we find that A’ is Cohen-Macaulay.

Now we show that links of vertices of (A’) are Cohen-Macaulay.

If v is outside vertex of (A’), then lk(A'j(v) = A’ which is Cohen-

Macaulay. On the other hand if v is an inside vertex of (A’) then
1k(A,5(U) = (Ikas(v)). Since v is a vertex of A’ and A’ is Cohen-
Macaulay, it follows by Reisner criterion (Theorem 1 of [12]) that
lkas(v) is Cohen-Macaulay. Therefore by Proposition 3.5 we deduce

that (lkas(v)) is Cohen-Macaulay; i.e., lk(A/
Hence, again by Theorem 2.4, CO((A)) is free. ]

j (v) is Cohen-Macaulay.

In the above theorem we have shown that for any d-complex A
if C9(A) is free then C°((A’)) is free. This is the continuous spline
case. Next we want to consider the smooth case, i.e., when r > 1.

~

For d = 1, we have proved in Proposition 3.4 that C"(A) is free

iff CT((A’S) is free, for all » > 1. However, as pointed out in the
beginning of this section, when d > 2, and r > 2 it is not necessarily
true that C"(A) is free implies C7((A')) is free. We now give an
example for the case of a 2-complex A which has the property that
for all r > 1, C"(A) is free but C"((A’)) is not free. This example
is also of interest because it is used in [16] to show that C7(A’)a,
is not given by Alfeld-Schumaker formula, for all r. To verify this

example we will apply Theorem 2.7 for nonfreeness of C"(A) when
A is a 2-complex.

Example 3.8 Let A be 2-complex as in Figure 2. We take A to be
the subdivision of A as in Figure 2. Then A and A’ are triangula-
tions of a disk in R?. Since all the edges in A are pseudoboundary
by Theorem 2.7, C’T(A) is free over R = R[x1,x9,x3] for all r > 0.
Now in A" we see that there is one edge, say T, which is not a pseu-

doboundary. For this edge T, we have
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T
ViIi——AKW2
A Al
Figure 2
s; = max{number of slopes at v1, number of slopes at vy}
= max{3, 3} =3
Hence,
s(A’) = min{s; : 7 is an edge which is not a pseudoboundary
edge of A’}
= 3

Thus s(A’) = 3. Therefore, by Theorem 2.7, C™((A')) is not free
forr > s(A')—2=3-2=1,1ie, forr>1.

Acknowledgments

The authors are thankful to the referee for his valuable sugges-
tions. The first author was supported by DST Project Grant No.
DST/MS/080/98 while carrying out this work.

References

[1] Alfeld, P and Schumaker, L., The dimension of bivariate spline
spaces of smooothness r for degree d > 4r 4+ 1, Constr. Approx-
imation, 3 (1987), 189-197. .

[2] Alfeld, P and Schumaker, L., On the dimension of bivariate
spline spaces of smooothness r and degree d = 3r + 1, Numer.
Math., 57 (1990), 651-661.



72

[3]

Deo and Maitra

Billera, L. J., Homology of smooth splines: Generic triangula-
tions and a conjecture of Strang, Trans. Amer. Math. Soc. 310
(1988), 325-340 .

Billera, L. J. The algebra of continuous piecewise polynomials,
Adv. Math. 76 (1989), 170-183.

Billera, L. J. and Rose, L. L. A dimension series for multivariate
splines, Discrete Comput. Geom. 6 (1991), 107-128.

Billera, L. J. and Rose, L. L. Modules of piecewise polynomials
and their freeness, Math. Zeitschrift, 209 (1992), 485-497.

Bruns, Winfried and Herzog, Jirgen, Cohen-Macaulay Rings,
Cambridge University Press, 1993.

Deo, Satya, On projective dimension of spline modules, Jour. of
Approximation Theory 84 (1996), 12-30.

Deo, Satya and Mazumdar, L., An algorithm for constructing
a basis for C"-spline modules over polynomial rings, Math. of
Computation 67 (1998), 1107-1120.

Deo, Satya and Maitra, J. K., Spline modules from a divided
domain to a subdivided domain, Indian J. Pure Appl. Math.
35(8) (2004) 1033-1041.

Haas, Ruth, Bases for splines on a subdivided domain, Acta
Appl. Math. 51 (1998), 113-122.

Reisner, G. A. Cohen-Macaulay quotients of polynomial rings,
Adv. Math. 21 (1976), 30-49.

Schenck, H., A spectral sequence for splines, Advances in Ap-
plied Mathematics, 19 (1997), 183-199.

Schenck, H. and Stillman, M., Local cohomology of bivariate
splines, Jour. of Pure and Applied Algebra, 117-118 (1997),
535-548.



Freeness of Spline Modules 73

[15] Schenck, H. and Stillman, M. A family of ideals of minimal reg-
ularity and the Hilbert series of C"(A), Adv. in Applied Math.
19 (1997), 160-182.

[16] Tohaneanu, S., Smooth planer r-splines of degree 2r, Journal of
Approximation Theory, 132 (2005), 72-76.

[17] Yuzvinsky, S., Modules of splines on polyhedral complezes,
Math. Zeitschrift, 210 (1992), 245-254.






Measures of Smoothness on the Sphere

Z. Ditzian
Department of Mathematical and Statistical Sciences
University of Alberta
Edmonton, Alberta, Canada T6G 2G1
Email address: zditzian@math.ualberta.ca

Dedicated to Ambikeshwar Sharma in tribute to our long and
meaningful friendship

Abstract

We survey various measures of smoothness of functions
which are defined on the unit sphere S¢~! C R?. Relations
among different measures will be given. Some open problems
will be indicated.

1 Introduction

Measures of smoothness of functions on a given domain and relations
among them play a significant role in approximation theory.

In this article we discuss measures of smoothness of functions on
the unit sphere S?~! given by

S ={(wr,.. wa) A+ ad =1 (1.1)

We assume d > 3, but most of the concepts and results (not all)
are valid for d = 2, that is, the circle (where they are much better
known).

In Section 2 we discuss measures using differences. In Sections
3 and 4 we discuss the most investigated measures of smoothness
on S9! that is, using approximation of the function by its average
on the rim of a small cap or on the cap itself about the point. In

75
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Section 5 we describe appropriate K —functionals. In Section 6 we
relate the above to best harmonic polynomial approximation. In
Section 7 we describe various realization results. In Section 8 we
survey measuring smoothness by strong converse inequalities. Some
additional relations are given in Section 9.

We will define the various concepts and give many of the known
relations among them. We will mention advantages and disadvan-
tages of the concepts described. Some open problems will be indi-
cated.

2 Measures of Smoothness Using Differences

For functions on R = (—o00,00) or T (the circle) the most common
moduli of smoothness are given by

w"(f,t)x = sup [|AL fllx (2.1)
|n|<t

where
nf(@) = Ap(A) 7 (), Apf(z) = fla+h)— f(z)  (22)
and ||-||x is a norm or quasi-norm usually (but not always) satisfying

1G4+ R)llx = 1FC)llx- (2.3)

For x € 8% 2+ his not in S?!, and this is perhaps the reason for
the many investigations on and different approaches to the subject.

For a space X of functions on the sphere S~! = {z € R?: |z|? =
23+ ---+2% =1} Lintroduced in [11] the moduli w”(f,t)x given by

w'(f,t)x = sup{[|ALfllx : p € Or} (2.4)
where
O, ={peSOWd):pr-x>cost forall ze S 1} (2.5)

(recall that SO(d) is the collection of orthonormal matrices on R?
whose determinants are equal to 1) and

Apf(z) = Dp(A (@), Apf(x) = fpx) — fla). (2.6)
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This definition is applicable to any space of functions for which

1 (o )llx = [1fC)llx (2.7)

including L,(S971) and H,(S%71), 0 < p < oo and many others for
which || ||x is a norm or a quasinorm. We note that (2.7) is not a
necessary condition for (2.4) to be defined, just that work on (2.4)
was done under that assumption. The inequality pz - > cost for
all z € S%7! is equivalent to ||I — p|| < 2|sin %] where I is the
identity matrix and the norm is the operator norm ¢ — ¢y for fo of
(71,...,74). It should be noted that for r = 1 and X = L;(S91!)
(1.1) was already used in [4]. (I believe that in writing |p| < ¢ for the
“rotation” p in definition (1.6) of [4], the authors meant ||I —p|| < t.)
For f € Lo (S%1), Ragozin [24] introduced the measure of smooth-

ness

wi(f,t)oo = sup |A}f(z)] (2.8)

h<t
zesd—1

with

@ =30 () st

v=0
where o = x and z, are equidistant points on a big circle containing
x with ||z, — 1] = h. (Clearly w(f,t)ec < w"(f,1)o and in fact
Wi (f,t)oe = W' (f,1)oo-)
For 1 < p < oo and f € L,(S% ') Fedorov [18] introduced the
following measure of smoothness:

1/p

wi(f:1)
-1)" <Z> f(xcosvt + Esinvt) ‘pdf da:}

t /d 1 /d 2

where S?2(z) = {¢ € ST : ¢ 1 2}. The concept (2.9) generalizes
(2.8) and is perhaps a hybrid between measures described in this and
the next section. (It is different from either.)
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3 Measures of Smoothness Using Average Syf

In most articles on the subject it is not the transformation
T, : f(x) = f(px) given in the last section but the transformation
Sof(x) that is used. Spf(z) is given by

Sof@) = s [ fwne), Si=1 @)

where d7y(y) is the measure on the set {y : z-y = cos #} induced by the
Lebesgue measure . The smoothness is described by Sypf(z) — f(x)
or combinations or iterations of it. It should be noted that because
of its symmetry Sy f — f corresponds to the second modulus (not the
first). It is not possible to mention all papers dealing with expres-
sions using Sy f for describing smoothness and proving its relation to
other concepts. (I believe there are at least three dozen.) I will high-
light several of the articles and some of the related concepts. The
description originated from works of Pawelke and Weherens students
of Butzer (see [23] and [29]) and continued in many works of Lizorkin,
Nikolskii, Teherin, Rustamov (see [20], [22], [25], [26] and [27]) and
other Russian mathematicians. In Chapter 5 of [28] a flaw in Rus-
tamov’s treatment is fixed. Some recent advances were made in [2],
[7] and [13]. I will try to itemize the main different possibilities.
For f € L,(S971), 1 < p < o0, one has

G (fit)p = ;1‘12 I = S6)" fll L, (s4-1) (3.2)

(see for r = 1 [29] and [23], and for integer r [22] and [20]). The
modulus (3.2) was also treated for non-integer r (see [25] and [28,
183-184]) using

(I=8p)f =) (-1 (,Z) Syt
k=0

As this latter concept requires an infinite sum of higher and higher
iterates of the transformation Sp, I will not dwell on (3.2) with non-
integer . The proofs using this concept (for any r > 0) usually treat
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(I — Sp)" as a multiplier operator. A measure similar to @*"(f,t), is
given by

Gt (fit)p = o 1(Sey = 1) - (So, = D) fll1,,(sa-1) (3-3)

(see [29]). One can use combinations of Sjy and obtain

p

=S @ (~1)*Sko(F)| (3.4)
k=0

(see [26, p. 236, (4)] where the first ¢ on the right should be 7) or

i, p—supH<)f+2Z Ol RV e

0|<t

(see [26, p. 236 (5)] where the first ¢ on the right should be 7). The
advantage of (3.5) over (3.4) is that for the same number of terms
one may investigate a higher level of smoothness.

It was further proved in [2] that for 1 < p < oo and d > 3

1(Se = D)7 fllp = P 1(So = 1) fll, (sa-1) = &7 (f,)p,  (3.6)

and therefore the supremum in (3.2) is redundant, which is an amus-
ing fact since this is not true for d = 2 (where the sphere is the
circle). Later it was shown in [7] that for 1 <p < oo and d > 3

H <2rr> f+2§(—1)1 (f_’“j) Sjtpr%wIZﬁ(f,t)p, (3.7)

and hence the supremum on 6 is not necessary in (3.5) as well. One
may note that these facts, that is (3.6) and (3.7), would have simpli-
fied the proofs of earlier results if they had been known earlier. The
equivalences (3.6) and (3.7) are extended from L,(S%71) to a general
class of spaces in [13].

We observe that for Ly, w"(f,t), of (2.4) is the closest analogue
to the classical modulus of smoothness on R% or T'%. Moreover, many
properties are much easier to prove (see [11]), and it is also applicable
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to L,(S?1) when 0 < p and to H,(S?1) when 0 < p, not just when
1 < p. (Sois wi(f,t)p, for which the case p < 1 was not investigated.)
On the other hand, the measures of smoothness w", Wi etc. are
induced by multiplier operators, and while this prohibits p < 1 for
Lp(Sd_l), it makes results such as the Jackson-type inequality easier
to prove. For w"(f,t)p, 1 < p < oo the Jackson-type inequality was
proved in [12], but it was more difficult to prove than with @ (f,t),.

4 Measures of Smoothness Using the
Averages Byf

In the last section we surveyed measures of smoothness involving the
averages of f(y) on the rim of a small cap about = given in (3.1)
and denoted by Spf(z). In this section we describe the use of By f(x)

given by
1
Bof) = [ o Bi=1 (4.1)
z-y>cosf

mg

which is an average of f(y) on a small cap about x. The measure of
smoothness is given by

S¥(f,t)p = sup 1(Bo = I)" fl 1, (54-1) (4.2)

where By is given in (4.1). Somewhat simpler (for r > 1) is the use
of combinations of Bjgf rather than of Bjf (see [16]) given by

= | () s 2o () e,

|h|<t
(4.3)
In [16] a strong converse inequality of type B (in the sense of
[15]) was proved for (4.2) and (4.3), that is, the supp, <, in both

was replaced by two terms using only Bg and B?Vt for some fixed
N in (4.2) and By; and Bpy; for some fixed N in (4.3). This was
superceded by [9] where it was proved that

(Bt = )" £l s0-1) = & (f, 1), (4.4)
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and

H (2:) f+2§(—l)j( N ) jtfH s ~ 2 (ft), (4.5)

which constitute a strong converse inequality of type A (in the sense
of [15]).

In fact, both the concepts in the last and the present section can
be defined on a class of Banach spaces of functions on S~ (see [13]).
For L,(S%7 1), 0 < p < 1 the moduli in Sections 3 and 4 were not
and cannot be defined.

5 K-Functionals

Another common way of describing smoothness is using Peetre K-
functionals . A K-functional commonly used for investigation of
smoothness of functions on the sphere is

Koo (f,8°)p = int (Ilf = glls + ¢ I1(=A)glls), r>0 (5.1)

where A is the Laplace—Beltrami operator (the tangential component
of the Laplacian A) given by

Af(z) = Af(‘ ’) ze §i! (5.2)

and for integer 7 (—A)" is its r—th iterate. For non-integer r (—A)
is defined later in (6.4). Another possibility is

r

g

K, (£.47)p = int (|f—gllo+t"

max’agr ’H ) r=1,2,....
(5.3)
We note that r?f,;c |gg§ (x)| is a generalization of the tangential gra-
dient.
For B = L,(S% 1) it was proved that for 1 < p < oo (see [20],
[22] and [26])

Ko (f,t77)p = 07 (f,1)p = OF (f,)p

@ . (5.4)
~ Gt () = G (S, )
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In fact it was shown in [2] that

Koo (f:t7)p = 1I(S: = D" £l (5.5)
and in [7] that

Rt~ | (7) s 2o (2) 5

See also [13] for (5.5) and (5.6) proved for some other Banach spaces.
It was shown in [12] that for 1 < p < o

w"(f,t)p = K (f, 1) (5.7)

(5.6)

Ly(5d-1)

Clearly,
Ko (f, tQT)p R kgr(f, t2r)p for 1<p< oo (5.8)

however, for p = 1 and p = oo (5.8) does not hold. The situation
on the sphere, that is, (5.1), and (5.3) — (5.8) are a complete match
to corresponding theorems on R? and T?. For non-integer r the K-
functional Ko, (f,t?")p was defined and discussed in [10] using the
fractional power of (—A), that is (—A)”, which will be defined in the
next section.

6 Best Harmonic Polynomial Approximation

The eigenspaces Hy, of the Laplace-Beltrami operator A given in (5.2)
on S9! can be described by

Ap=—k(k+d—2)p for ¢ e Hy. (6.1)

Hj, are the harmonic polynomials of degree k [1, Definition 9.1.1].
As the harmonic polynomials are dense in Lp(Sd_l) for 0 < p < o0,
C(S%1) and many other spaces and as H}, are finite-dimensional, we

may consider the best approximation to f by span |J Hj given by
k<n

E.(f)x = inf(”f—gp”x: ¢ € span UHk>, n=12....
k<n

(6.2)
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It clearly follows that this entity measures smoothness as well.
E,(f)x in general and E,(f), in particular are non-linear enti-
ties and hence E,(f), is not and cannot be equivalent to the K-
functionals K., (f,t")p, K. (f, t?"), or one of the various concepts

¥ (f, ), & T(f, t)p, etc., which, as we will explain later (and fol-
lowing (3.6), (3.7), (4.3) and (5.4)), are equivalent to approximation
by linear operators (for 1 < p < o).
 Moreover, Ko (f,8),, Kor(fit2)p, ¥ (fit)p, & (f,t)p,
W% (f,t), etc. are saturated with the order O th) (for 1 < p < o0),
and E,(f), does not have a saturation order. (w?"(f,t), having t*"
as its saturation order means that w?"(f,t), = O(tQ’") as t — 0+
for a dense class of functions (for 1 < p < 00) and w?"(f,t), = o(t*")
as t — 0+ implies that f is a constant.) The concept En(f)r, (se-1)
like w?"(f,t), is defined for 0 < p < 1 as well, but while the modulus
w? (f,t)p, 0 < p < 1 has the saturation order 2! (see [11]),
E,(f)p does not have a saturation order.

The Jackson inequality, that is the relation between E,(f)p and
the K —functionals I?gr(f, t?") g, is given by

En(f)B < C[?Zr(fa n_2r)B (63)

for any Banach space of functions on S¢! for which some order of
the Cesaro summability of the expansion by Hy, is bounded (see [5]).
Such B clearly include L,(S% 1) (see [3]). In [13] a class of such B is
given. The Jackson inequality (6.3) was extended to include a non-
~ o0
integer r in [10] where g = (—=A)" fifge Bwith f € B, f ~ > Pif

k=0
and

ng (k+d—2)) P.f. (6.4)

For L,(S%1) results like (6.3) were known much earlier (see [23],
[29], [22], [26] and [28, Chapter 5]). As

IN(gr(f, t*"), < CKap(f,t*"), for r integer and, 1 <p < oo,
(6.5)
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Ko (f, n=27), can replace Ko (f, t2r), in (6.3). In fact, we have (see
[12]) for 1 <p < o0

Euf)y< (£ | (6.6)

For 0 < p < 1, I believe that (6.6) is still valid, but this apparently
difficult result was not proved.

7 Realizations

Realizations or realization functionals are a family of concepts that
were introduced (not in the context of the sphere) by Hristov and
Ivanov in [19] in order to give a useful entity equivalent to K- func-
tionals and for convenience in proving relations between K- function-
als of different orders. As it turned out (see [14]), this concept is in
some cases useful when K-functionals do not yield any information.
(For instance, in the case 0 < p < 1 for which the K-functionals with
the differential operator () = % was proved in [14] to be zero for all
elements of L,(T).)

A function ¢,, € span |J Hj is best approximant in the function
k<n
space X if

E.(f)x=1f—enllx, n=1,2,.... (7.1)
For ¢,, given in (7.1) realization functionals are given by
Ror(fin™)x = |f = enllx +n7 7 I(=A) ¢ullx  (7:2)
for r > 0 and by

-Tr

Rr(f; niT)X

If = nllx +n

w (s,

for integer 7.

We note that Ro,(f,n 2" )x and R,(f,n"")x are meaningful for
X = L,(S%1) 0 < p not just when p > 1. For a Banach space X
for which the Cesaro summability with respect to the expansion by
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projections on Hy, is bounded (for example for Lp(Sd_l) 1<p< )
it was shown in [5] for integer r and in [10] for » > 0 that

Ro(f,n ) x ~ Kan(fon ) x. (7.4)

For X = L,(S%71), 1 < p < oo it was shown [12] that for integer r

Re(fin "), (sa-1) = Ke(f,n7") g, (s0-1) =W (f,n7") g, 501y
(7.5)
I conjecture that for L,(S%71), 0 < p < 1, we also have

R (f,n "), g1y R w' (fin™"), (ga-1)- (7.5)

For a Banach space X for which (7.4) and (7.5) were given one can
have equivalent functionals to Egr(f, n~?")x and R,(f, n*T)Lp(qu)
using V), f instead of ¢, of (7.1) where V,,f is a delayed means or a
de la Vallée-Poussin type linear operator (see [5], [10] and [12]). We
remind the reader that such linear operators V,, satisfy

(I) Vi : X — span |J Hig,
k<Ln

(D) Vap =g for o € U Hi
k<n

and

() [V fllx < M flx-

Perhaps the simplest example of such a linear operator on f ~ 3" Py f

Vof = Z ( ) Pef (7.6)

where n € C*(0,00), n(z) =1 for 0 <z <1 and n(z) =0 for z > 2
(in which case L of (I) is 2).

Such V,, f (given in (7.6)) is a delayed mean whenever the Cesaro
summability of some order ¢ is bounded on X.
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8 Strong Converse Inequalities

For L,(S% 1) 1 < p < oo we have already dealt with a description
of smoothness that is given by strong converse inequalities in (3.6),
(3.7), (4.4) and (4.5), but those appeared as modifications and sim-
plifications (the drop of supremum) of other measures of smoothness.

The Cesaro summability of order ¢ for f ~ Y Py(f) is given by

=202 (- ynr w

As mentioned earlier, a key condition is that for a given ¢ and for
the space B

IC (DB < Alflls (8.2)

with A = A(¢, B) independent of n. For B = L,(S%71) (8.2) is sat-
isfied for £ > (d —2)|1 — 217 |. Under this condition the Riesz means
given by
_ A(E) o\ £
RraelH) = Y. (1= (59)7) Bt (8.3)

A(k)<A

where o > 0 and A(k) = k(k + d — 2), are bounded (see [10]), that is

[Bxae(f)llB < ArllfllB- (8.4)

It was shown in [10] that under these conditions for some M > 1
we have

[Ryae(f) = FllB + | Rarnae(f) — flls = Koa(f, 25 (8.5)

with Koo (f,12%) 5 given by (5.1) with (—A)* of (6.4). F. Dai [6]
showed that for L,(S9"!) and ¢ > % the second term on the left
of (8.5) can be dropped, and his proof can be adapted to Banach
spaces and integers ¢ satisfying (8.2). F. Dai described in [6] the
smoothness given by ||C4(f) — f| L,(s¢-1y as equivalent to the K-

functional K (f, 1/n), (that is with a = 1/2).
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9 Some Recent Relations

The relation
T(f)p <2 (f,t)p, 1<p<oo, T>k (9.1)

follows whenever Sy f is a contraction on the Banach space B. (This
was one of the first properties to be proved for B =L,, 1 <p < c0.)
For w"(f,t)x with X = B a Banach space satisfying (2.7) one has

V() < 2RO () g, >k (9.2)

and when X = L,(ST 1), 0<p<1
W (ot < 20T (f )y, >k (9:3)

(see [11] for (9.2) and (9.3)). The converse of (9.2) and (9.3) was
given in the sharp-Marchaud inequality

1/2 i+l
s sor( [ B g o

min(p,2), p<oo

where p > 0 and ¢ = (It is known now that

1 p = 00.
the second term on the right of (9.4) is redundant.) Using Ey,(f)p,
1 < p < 00, we have (see [11])

1 /q min(p,2), p< oo
T - < Cn~ E :k,qr lE _

(9.5)
For other moduli such inequalities were known earlier for 1 < p <
oo and ¢ = 1 (for all such p). For K-functionals we have (see [8,
Section 5))

~ 1 5 23
Ka(fy t2a)p < CtZa{ w du}l/q, a<pf (9.6)

¢ qua—i—l

and

ka(f; t2a)p < Ct2a( Z n2qa71En(f)g> 1/q (97)

n<1/t
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where 1 < p < 00, ¢ = min(p,2) and where K,(f,t?%), is given by
(5.1) for o and 3 with (—A)%g given by (6.4) and E,.(f)p given by
(7.1). (Note that E,(f) in (7.1) is only given for n > 1.)

For a Banach space B on S¢~! which satisfies ||C%f|z < C| flB

for some ¢ one has (see [10, Theorems 6.4, 6.5 and Section 9A])

Eo(f,*)p <CP* Y 0™ Ey(f)p (9.8)
n<1/t
and
7> a a ! [? (fquﬁ)B
Ko(f,8*)p < CF /t ZQT du, a<p. (9.9)

We observe that special cases of the above were known much earlier.
For relations between K,.(f,t?"), with different p we have (see
[17, Section 10])

~ t ~ 1/
Ka(f, t2r)q < C(/ u—(d—l)(%—%)‘hI(a(f7 t2a)g1 d_“) T (910)
0 u
where 1 <p < qg< oo and q; = 6 g¢<o0
1, q=oc.
For E,(f), we have (see [17, Section 10])
o - 11 B 1/
En(f)g < C(Zk(d D(G—a 1Ek(f)gl> « (9.11)
k=n
<
for0 <p<qg<ooandq = @40
1, q=o0.

We note that in [17, Section 10] somewhat more restrictive ver-
sions of (9.10) and (9.11) are given, but (9.10) and (9.11) follow from
[17, Section 4].

10 Epilogue

I have attempted to show the main directions in describing smooth-
ness on the sphere and relations among them. I am sure that others
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would like to see different measures emphasized or different proper-
ties displayed. Because of lack of space I have emphasized the latest
most general results over important special cases proved earlier.

I would like to thank F. Dai for his helpful comments.
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Abstract

We present results on existence, uniqueness, and explicit
construction of quadrature formulae with maximal trigonomet-
ric degree of precision. In Section 1 we discuss Turdn type
quadrature formulae of maximal trigonometric degree of pre-
cision. Birkhoff type quadratures of maximal trigonometric
degree of precision are considered in Section 2.

1 Quadrature Formulae with Free Nodes
of Maximal Trigonometric Degree of
Precision

We discuss the problem of existence, uniqueness, and explicit con-
struction of formulas for approximate (numerical) integration of pe-
riodic functions based on fixed number of free nodes, fixed multiplici-
ties at each node, and having maximal trigonometric degree of preci-
sion. Formulas for approximate integration are usually called quadra-
ture formulae (quadratures). Why such extremal quadrature formu-
lae are useful in approximate integration? According to Weierstrass-
Jackson approximation result if f is 27-periodic continuous function
then for each n natural, there exists trigonometric polynomial ¢ of de-
gree at most n such that max,cr |f(z)—t(z)| = O (w(f,1/n)), where

93
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w(f,1/n) = sup{|f(x1) — f(x2)| : |x1 — 22| < 1/n} is the modulus
of continuity of f with parameter 1/n. As n increases, the approx-
imation will improve and the best approximation will tend to zero,
when n tends to infinity. Having a QF (quadrature formula) that
is exact for trlgonometric polynomial of degree as higher as possi-
ble; i.e. fo x)dx = QF(t) holds for trigonometric polynomials of

maximum degree, then the approximation to fozﬂ f(z)dx by QF(f)
will be in some sense the best possible. This approach to numerical
integration was initiated by Gauss [6] who studied quadrature for-
mulae of maximal algebraic degree of precision based on functional
values (the case of multiplicity 1 at each node). Turén [12] extended
the approach of Gauss by considering quadrature formulae of max-
imal degree of precision based on node-multiplicities greater than
one (case of equal multiplicities at each node). Turdn’s extension
of Gaussian quadratures attracted considerable interest and still re-
main an area of active research. Existence, uniqueness, and explicit
construction of Gauss-Turan quadratures lead to non-linear extremal
problems which require non-standard methods from analysis, func-
tional analysis, optimization theory etc.
We study quadrature formulae of the form

2k;

!
x)dr ~ ZZ a],\f ), (1.1)

T j=0 A=0

where f is 2m-periodic function, xg < x1 < --- <z, (r;7—x0 < 2m)
are | 4+ 1 real free nodes. The number [ 4+ 1 of the nodes is fixed
and ko, k1,...,k; are fixed non-negative integers to determine the
multiplicities 2k; + 1 of the nodes x; for j = 0,1,...,L.

Let T(;_1)/2 denote the linear space of all trigonometric polyno-
mials of integer or half-integer degree < (I —1)/2 (I =1,2,...).
Definition. A quadrature formula (QF) of a type (1.1) has trigono-
metric degree of precision (TDP) equal to n if it is exact for each
f € T, and there exists g € T,41 for which the QF is not exact.
Problem formulation. Find a QF of type (1.1) with fixed num-
ber of nodes and fixed multiplicities at each node, such that the
trigonometric degree of precision of this formula is maximum. This
maximum is called maximal trigonometric degree of precision.
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Solution of this problem is given by the following theorem [4].

Theorem 1.1 There exists a quadrature formula of type (1.1) with
trigonometric degree of precision

plko, .. k) =1+ K

and this is the mazximal trigonometric degree of precision. The quadra-
ture formula of maximal trigonometric degree of precision is uniquely
determined within a translation of the nodes with a real parameter.

Remark 1.1 There are 21 + 2 + 2 Zé’:o k;j free parameters in (1.1);
the dimension of T, k) 18 20 + 1+ 22?20 k;j so, the algebraic
expectation is that the nodes and the coefficients of all quadratures
type (1.1) of maximal trigonometric degree of precision is a one-
parametric set. This is confirmed by Theorem 1.1. Moreover, if we
fix one of the nodes z;(j = 0, ...,1) then the quadrature formula
with maximal trigonometric degree of precision is unique,i.e., each
of the nodes could serve as a parameter to obtain one-parametric
representation of the quadrature data (nodes and coefficients).
Remark 1.2 The trigonometric polynomial

l

T — T

t = i J
(x) jlzlo [sm 5

shows that the QF obtained from (1.1) by adding the next (2k;+1)-th
(odd) derivative at the node x;

2k;+2
] € Tp(k0,~~-,kl)+1

Zk‘j-‘rl

- l
[T S SRIVIH
- j=0 A=0
has degree of precision at most p(ko,...,k;). Hence, the degree of

precision of QF type (1.1) will not increase by adding the next (2k;+
1)-th derivative of f at some of the nodes z; (j =0,1,...,[) to the
data of a QF type (1.1).
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Remark 1.3 There are many QF of the form

. 2%+1 !
fl@yde = > axy fV(—m+25m/(1+1))
- A=0 j=0
with trigonometric degree of precision equal to p(k,..., k) = | +

(I 4+ 1)k. If aggs1 = O then the other coefficients ay, A = 0,...,2k
are uniquely determined and the corresponding QF is unique. This
example helps to understand the limit of the theory presented here.
In the case [ odd, it is a corollary from [2, Theorem 1]. For [ even
the proof is similar.

Some basic facts on trigonometric polynomials of half-
integer degree. Let us start with the well-known fact that each
algebraic polynomial of degree n has exactly n zeros in the com-
plex plane counting their multiplicities. The example cos(nz) +
isin(nz) (i® = —1) indicates that a trigonometric polynomial of ar-
bitrary degree can be free of zeros (no zeros) in the complex plane.
Trigonometric polynomial with complex coefficients #(;11/2(2) of in-
teger or half-integer degree (I +1)/2

I+1
Jd4+1 -2k
tasry 2(2) = E C(1+1-2k)/2 €XP [1—2 Z}
k=0

Jd+1 A+1
= C(1+1)/2 €XP |1 2|+ C_(41)/2 €Xp |1 5 ¢ + oo

has in each vertical stripe 8 < Re(z) < [+ 27 exactly as many zeros
as the non-zero roots of the algebraic polynomial equation

I+1
pi+1(Q) =D cyr—amy2 ¢ =0, ¢ = exp(iz).
k=0
Denote the linear space of trigonometric polynomials of degree (I +
1)/2 by Tig41)/2- Then Ty 1)/ has dimension [+ 2 and each member
of T(;41y/2 has at most I + 1 zeros in 8 < Re(z) < f+ 27 or it is
identically zero. The trigonometric polynomial

[14+1)/2] T
tarny2(2) = Z A(14+1-2k)/2 COS ——5 %
k=0
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o l+1-2k
+by1-2k)/2 SID ——(——=2

2

has exactly [ + 1 zeros in f < Re(z) < @+ 27 if a%l+1—2k)/2 +
b%z H1-2k)/2 # 0, counting their multiplicities. If

a%l+172k)/2 + b%l+172k)/2 =0,

then Z(;1)/2 has less than [ + 1 zeros in f < Re(z) < 3 + 2.
The above properties can be proved by using the representation
Pi1(€C) = exp(il(l + 1)/2]2) tsn)a(2), ¢ = exp(iz), where exp(iz)
maps the strip § < Re(z) < ﬂ + 27 one to one onto the (-complex
plane without the origin (¢ € C\{0}).

The proof of Theorem 1.1 uses two auxiliary results (Theorem
1.2 and Theorem 1.3), each of them of independent value. The proof
of the first one, given by the next theorem, is based on properties
of topological degree of a map with respect to an open bounded set
and a given point.

Some basic facts on topological degree theory [8], [9]. Let
D be an open bounded set in R™ with a closure D and boundary
OD. Let the map ® : D +— R"™ be continuous. For ¢ € R" and
c ¢ ®(0D), the topological degree of ® with respect to the open
set D and the point ¢ is denoted by deg (®, D, c) and satisfies the
following properties.

Lemma A Let D be a bounded open subset of R" and ® be a
continuous map fromt € D to R". If ¢ ¢ ®(9D) and deg (®, D, c) #
0 then the vector equation ®(t) = 0 has a solution in D.

Lemma B Let ®(t, o) be continuous map defined on D x [0, 1] with
®(t,a) # c for any t € 0D and 0 < a < 1. Then the topological de-
gree deg (®, D, c) does not depend on « (it is a constant independent
of a).

Lemma C Suppose & € C'(D), ¢ ¢ ®(9D) and the Jacobian
det (®'(x)) # 0 for any x € D such that ®(x) = ¢ (in other words
for any solution t = x of the system ®(t) = c¢). Then there exist
only a finite set of points {xs} in D for which ®(x;s) = ¢ ( in other
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words only finite number of solutions of the system ®(t) = c) and

deg (®(.,a),D./2,0) = Z sign [det (‘I)/(xs)ﬂ .

{zs}
Let a € [0,1], I positive integer, and ko, k1, ..., k; non-negative
integers be given. Let us denote
$+7T 2ako+1 l _tj 2akj+1

sin

s
P (t,Oé,T'l—_l) :/
2

where t := (t1,%2,...,1;) belongs to the R’ simplex
Di={t:n<t;1 <ty <---<t; <7}

and ria € T(j_y)/2 is a trigonometric polynomial of degree (integer
2
or half-integer) (I —1)/2.

Theorem 1.2 The problem to find all t € D such that

o (t,a,rl__1> S (1.2)
2
for each trigonometric polynomial ri1 € T(j_1)/2 has a unique so-
2
lution xo = (xf,2%,...,2f) satisfying —m < 2 < 2§ < --- <
xft <.

The proof of Theorem 1.2 is based on the following lemmas. De-
tails can be found in [4].
Lemma 1.1 Let « be fized. Then each solution x := (x1,x2,...,2])
of the problem (1.2) belongs to the interior

D={t:—n<ti<te<---<ty<m}.
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Lemma 1.2 There exists ¢ > 0 such that for every a € [0,1] all
solutions of (1.2) belong to the simplex

Doi={e<ti+me<ty—t,....e<ty—ti_1,e <m—1},

i.e., all solutions of (1.2) are e-inside the simplex D, uniformly with
respect to «.

Let us denote l

re(t) == H sin ! ;tj
J=Lj#q
for g =1,2,...,1. Evidently, 7, € T(;_1)/2. The next lemma is based
on simple interpolation formula in 7{;_1)/; with interpolation nodes,
the distinct ¢ < --- < ;. Let

Da/2 = {6/2<t1—|—7r, 8/2<t2—t1,...,6/2<tl—tl,1,€/2<7r—tl}.

Lemma 1.3 In the simplex D, 5, the problems

a) <I><t,oz,m%1) =0 (m% € Tl771>
and
b) O (t,o,rg) =0 (¢=1,2,...,0)

are equivalent; i.e., their solutions coincide.

Remark 1.4 Note that the two problems are not equivalent in D:;

i.e., their solutions do not coincide. For example t; =t =--- =1t =

0 belongs to D and it is a solution of the problem b), Lemma 1.3 but

is not a solution of the problem a), Lemma 1.3 as Lemma 1.2 shows.
The next Lemma describes properties of each solution of the non-

linear system b), Lemma 1.3 in terms of its Jacobian.

Lemma 1.4 Let ®,(t, ) := ® (t, a,ry). Suppose thatx = (x1,22,. ..

is a solution of the problem

Q,(t,a) =0 (¢=1,2,...,0)
in the simplex D, o. Then

o
#t:xzo (Q#m, q7m:1727"'7l;
m

a:El)
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0d,
) — = = —1 =1,2,...,1;
ii.  sign < o, ]t_x> (g=1,2,...,1;

P b .
iii. sign | det (—q|tx> = (—1)".
< atm g=1m=1

The idea of the proof of Theorem 1.2. We shall make a sort
of extrapolation based on the next lemma and a topological degree of
a map with respect to an open bounded set and a given point. By
the above lemmas it is clear that instead of studding the problem of
Theorem 1.2 in D, we shall study its equivalent problem b), Lemma
1.3 in D, /5. Note that the two problems are not equivalent in D, but
they are equivalent in D, /5. On the other hand Lemma 1.2 states
that all solutions in D of the problem (1.2) formulated in Theorem
1.2 must be uniformly (with respect to o € [0,1]) in D, C D, 5. In
other words all solutions of b), Lemma 1.3 in D, /2 are in fact all
solutions of the problem (1.2) in D.

Lemma 1.5 The problem

B, (6,0) =0 (¢g=1,2,....0)

has a unique solution

2j
= P= —— =1 =1,2,...,1
X (x17x27 axl)v Z 7T<l+1 )(] y &y ) )

in the simplex D, 5. According to the Lemma 1.3 it must be in D.,
also.

PROOF. We present the proof of Theorem 1.2 ( Topological
Degree Approach). Define a map

B(t,a) : Doy x [0,1] = R, t=(t1,t2,....1),
where
B(t, ) := (P1(t, ), Pa(t, ), ..., P(t, ),

t = (t1,t2,..., 1)) € Dgjp, @ € [0,1], and @y(t,a) = @(t,a,7y).
We study the topological degree of the map ®(t,«) with respect to
the open bounded set D,/ and the point 0 := (0,0,...,0) (the zero
vector in l-dimensional space).
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By Lemma 1.2 it follows that all solutions of (1.2) in D must be-
long to D.. Hence, all solutions of (1.2) are in D, 5. Now, by Lemma
1.3, finding all solutions of (1.2) in D is equivalent to obtaining all
solutions of

®(t,a) =0 (te€ D),

where « is a fixed number in [0, 1]. In other words to find all points
t € D,/ which are mapped to 0 by ®(t,«). All solutions must be
in D¢, uniformly with respect to a. Hence,

@(aDE/Qa Oé) 7é 0

for each « in [0,1]. In other words, the solutions are uniformly with
respect to a far from the boundary of D, ;. By Lemma B it follows
that the topological degree

deg ((I)(’ O‘)v Ds/2a 0)

is a constant not depending on parameter «. According to Lemma
1.4, Lemma A, and Lemma C, for each fixed a € [0, 1], there is a finite
number of solutions (points in R!) t = x, := (1,6, %2,,...,%15) In
D,/ to ®(t, ) = 0, i.e., a finite number of solutions to the problem
(1.2) in D. By using the finite solution set {x,} for a fixed o and by
Lemma C, we have the following formula for the topological degree of
the map ®(t, ) with respect to the open bounded set D, /5 and the
point 0 := (0,0,...,0):

deg (®(.,a), D /2,0 Z sign [det ( (x ))] .

{xs}

By Lemma 1.4 and Lemma 1.5 we conclude that for (o = 0), the
topological degree deg (<I>(.7 0), D./2, 0) of the map ®(t,0) with respect
to the open bounded set D, 5 and the point 0 := (0,0,...,0) is (-1
i.e.,

deg ((I)(a 0)7 Ds/Qa O) = (_l)l

and this is the initial step of the extrapolation procedure to the exis-
tence and the uniqueness of the solution from o« = 0 to o« = 1. Taking
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into account that the topological degree does not depend on a we
have

deg (@(.,a),DE/z,O) = Z sign [det (‘PI(ZBS))} = (-1)},
{xs}

where the solution set {xs} for a fixed « is a finite solution set,
according to Lemma C. By Lemma 1.4 there is one and only one
solution x5 and from here, for a fixed o € [0,1], the problem b),
Lemma 1.3 has a unique solution in D, /,. Hence, the problem (1.2)
has a unique solution in D. The proof of Theorem 1.2 is completed.
O

In order to prove our main result we shall need two more auxiliary
results. The first one is on Hermite Interpolation by Trigono-
metric Polynomials. Details are given in [4]. Let o < 21 < --- <
x; be [+ 1 real interpolation nodes, x; —x¢ < 27 and Ag, A1, ..., A\ be
positive integer numbers. We consider Hermite interpolation prob-
lem (x,A) with interpolation nodes x := (xg,1,...,2;) and corre-
sponding multiplicities A := (Ao, A1,..., ). Let s(u) := u/2 and
A= Ao+ A1+ ...+ A In terms of these notation

!
- 1
s(\) = Aj and s(A-x) = 5 Z Aj
=0

l
=0

N =

and the result on Hermite trigonometric interpolation states the fol-
lowing:

Theorem 1.3 (a) If 25()\) is odd, then the interpolation problem
(x,\) has a 1~mique solution in the linear space Ts(;\)—l/Q‘
(b) If 2s()) is even and s(A-x) = 0 then the interpolation problem
(x,A) has a unique solution in the linear space Ty5)-1> sin[s(S\)m]} .
(¢) If 2s(X\) is even then the interpolation problem (x,\) has a

unique solution in the linear space {TS(S\)—I’ sin[s(A)z — s(\ - x)]} .

Remark 1.5 Obviously, the definite integral over a segment with
length 27 of the trigonometric interpolation solution in Theorem 1.3
(a), (c) is invariant with respect to an arbitrary real translation of
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the interpolating nodes (each interpolation node shifted by the same
real number).

Now we shall formulate an auxiliary result on long division by
trigonometric polynomials. With A = (Ao, ..., \;) and x = (zg,...,x;)
we define the trigonometric polynomial

l bV
T - J
wrx(x) = H <sm TJ> € Ty
i=0

of degree s(\) subject to the condition s(A-x) = 0.

Lemma 1.6 Let t,(z) € T, and n > s(\). Then
t(2) = wrx(@) p(x) + (2),p(2) € T,_, 5

In addition r(z) = Bsin(s(\)z) + ¢(z), ¢(z) € Tyzy—1 o 2s(\) is
even; and r(z) € Tysy-12 W 2s5()) is odd.

PrROOF. We present the proof of Theorem 1.1. Evidently, the
trigonometric degree of precision of (1.1) does not change if we trans-
late the nodes with a real parameter. On the other hand the example

l
T —xj
t(x) = i J
(z) j”o [sm 5

shows that (1.1) has TDP less than or equal to p(ko, ..., k;).

A. Uniqueness of a quadrature formula of type (1.1) having
TDP equal to p(ko,..., k). Assume to the contrary: There are at
least two QF of type (1.1)

€ Tp(k01"')kl)+1

:| 2k;+2

™ 1 2k
f(x)de =~ ZZ aj f(/\)(:nj); (1.3)
T 7=0 A=0
T l 2kj
f(z)dz ~ Z Z ajx f(/\)(iﬁj) (1.4)
- J=0 =0
both with TDP = p(k, ..., k). Construct by shifting the two node
sets (:cz), xll, A x}), (iL'g, x/{, . ,:czl) another two node sets

1" "

(y07y17"'7yl)7 (y0>y17"'7yl)



104 Dryanov

satisfying: yé = yg = —m; y; = x;—l—oz/, y;-/ = $;-/+a” forj=0,...,1.
By construction —m = ylo < y’l < ... < y} <m —-7T= yg < ylll <
- < yl// <, and from (1.3) and (1.4) we obtain the quadrature

formulae
T l Qk]‘
f(z)de ~ Z Z i\ f(/\)(yj)§
- j=0 A=0
- l Qk?j
fl)yde ~ ) > a;, fP(y;)
T j=0 A=0

having TDP equal to the maximal trigonometric degree of precision

p(ko, ..., k). Hence,
2%k;+1
) X7rii(x)de =0

INCST (=

and

&
IS
8
I
)

2

N
—

(@)

@}

7
N8
~

')
>~
(=)
Jr
—
VR
A,
=
8
ol |
<
~
')
=
+
[S
X
3

for each 7.1 € T(;_1)/2. Now, by Theorem 1.2 y;. = y;./, j =
2

1,2,...,1 and from here ZL‘; = :L';, +a, j=012,...,1, ie., the
nodes are uniquely determined within a translation of a real
parameter.

B. Existence of a quadrature formula of type (1.1) having
TDP equal to p(ko,...,k;). First of all, if we show existence, from
here will follow that p(ko, ..., k) is the maximal trigonometric degree
of precision for the class of all QFe of type (1.1).

Let (—m,y1,-..,4) be the unique solution of the problem stated
by Theorem 1.2. We shift (—m,y1,...,y;) to obtain (zg,z1,...,x;)
satisfying Zé O(Zk + 1)z; = 0. Let the trigonometric polynomial
t(z) € Tl/2+zl for [ even and let

t(z) € T(l—l)/2+zé.:okj’sm (l+1)/2+z%kj x
]:
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for [ odd. By using Theorem 1.3 and by integrating the corresponding
Hermite interpolation representation for ¢(z) in terms of the basic
interpolating polynomials ¢; x(x)

l 2kj
t(x) =) )tV (@) ta(x)
j=0 A=0
we obtain a QF
- l 2/6]'
flyde~ " aiy [N () (1.5)
- §=0 A=0

which is exact in the corresponding interpolation trigonometric spaces,
given above.

Now, take an arbitrary trigonometric polynomial ¢.(z) of degree
p(ko, ..., k). By Lemma 1.6, using a long division, the trigonometric
polynomial ¢,(x) can be represented in the form

te(x) = wkx () Py-1y2(®) + r(x), k= Q2ko+1,....2k+1)

and the QF (1.5) must be exact for r(z) because s(k) = (I +1)/2 +

l
ijo kj.
On the other hand, by Theorem 1.2

/ wix(7) Py—yy2(z) dz =0
and obviously

l 2k)j

SN @k [wix Pa-yye] ™ (25) = 0.

7=0 A=0

In view of this

l ij

/_7r te(x)de = ZZ aj ti)‘)(:cj)

=0 A=0
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and from here the QF (1.5) has TDP = p(ko, ..., k;); i.e., the inter-
polation QF (1.5) obtained by using as interpolation nodes an appro-
priate shift of the unique solution of the problem in Theorem 1.1 is
the unique within a real translation of the nodes QF of trigonomet-
ric degree precision p(ko, . .., k;) which is the mazimal trigonometric
degree of precision. The proof is completed. O

Remark 1.6 The affirmative answer to the question of existence
and uniqueness of a quadrature formulae with maximal degree of pre-
cision is not so useful by itself from a practical point of view if there
is no complete numerical characterization for the nodes and
the coefficients of the extremal quadratures . The next two
examples present explicit quadrature formulae of maximal trigono-
metric degree of precision. Details are given in [4].

Example 1.1 Let kg = ky = -+ = k; = k in (1.1); ie., we
consider QF type (1.1) with equal multiplicities 2k 4 1 at each node.
Then the quadrature formula of maximal trigonometric degree of
precision equal to k(I + 1) 4 [ is uniquely determined within a real
translation 6* of the nodes. The quadrature formula of maximal
trigonometric degree of precision has equally spaced nodes and it uses
only even order derivatives. In other words the extremal coefficients
before the odd order derivatives are zero; i.e., the extremal QFe pos-
sesses Birkhoff-type effect and the odd order derivatives do not con-
tribute to the extremal formula for numerical integration. Its explicit
form is the following.

T m 247
B f(x)dz ~ 1 Zf(—w*)

k .
27 cx @\ [ 2T N
——+0
+l+1z(l+1)2k2)f l+1Jr ’

A=1 ]

~

where

c\ = Z (vi--v)2 A=1,...,k

1< <<y <k

Remark 1.7 To the best of our knowledge the next Example gives
one of the few known cases of explicit Gaussian formula in the case
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of non-equal multiplicities at each node. It is an explicit formula
for the unique (up to a real shifting of the nodes) quadrature for-
mula having maximum degree of precision, in the case of 2-periodic
multiplicities,i.e., multiplicities satisfying k; = kj12, 0<j <1

Example 1.2 If [+1=2n and {k;, j =0,..., 2n—1} are two-
periodic sequences of non-equal multiplicities at each node, then the
unique quadrature formulae within a real node-shifting with maximal
trigonometric degree of precision equal to n(ko+ k1 +2) — 1 is given
by

n—1
+=5 jn—,jA S 25+ Dm/n + 67),
=0

where the coefficients cy, ..., c, and dp,...,dy, are uniquely deter-
mined by the linear system of equations

co+dpg=1

ko k1

D= 4 ()Y da(-1)M v =0
A=0 A=0

v=12,....ko+ ki +1.

Example 1.3 In order to estimate the non-linear structure of the
complete constructive characterization of a QF type (1.1) of maximal
trigonometric degree of precision the reader may consult [3], where
a particular case of 4-periodic case of multiplicities is completely
characterized. For example the reader will see that in this case the
extremal nodes are not equally spaced.
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2 Birkhoff Type Quadrature Formulae of
Maximal Trigonometric Degree of
Precision

We present results on existence, uniqueness, and explicit character-
ization of Birkhoff type quadrature formulae on equidistant nodes
having maximal trigonometric degree of precision. Here the data
means lacunary data; i.e., the derivatives taken at a given node are
not necessarily consecutive [7]. The corresponding trigonometric in-
terpolation problem in the case of k-periodic data was first proposed
and solved in [11]. However, the necessary and sufficient conditions
for the existence and uniqueness of the trigonometric interpolant were
found in a simple form only for £ = 1 [1] (equal multiplicities). In
the case of trigonometric interpolation with two-periodic multiplici-
ties data some special cases have been explicitly solved. Details can
be found in [10]. In view of this we found interesting to find explic-
itly quadrature formulae of maximal trigonometric degree of precision
based on two-periodic, Birkhoff type data, to study their existence and
uniqueness by making use of a direct method, without using any prior
knowledge of the corresponding interpolants that even may not exist

Let us remind that with 7;, we denote the linear space of all
trigonometric polynomials t(x) := Z?:_n a; el a; € C of degree
at most n. Let k = (ko,k1,...,km-1), 0 =ko < k1 < ... < k1,
and let k' = (kp,ky,... k1), 0 < ko < Ky < ... < K, 4
be two vectors whose components are non-negative distinct inte-
gers. Suppose that for a certain 27-periodic function f we are given
the following Birkhoff type information: fs)(—7x + 2un/n), v =
0,1,...,n—1, s=0,1,...,m—1 and f(k;')(—7r+(21/+1)7r/n), V=
0,1,...,n—1, 7=0,1,...,m1—1. We construct from the above data
a sort of discrete differential levels supposing that the coefficients of
the quadrature depend only on the parity (2v even or (2v + 1) odd)
of the nodes:

n—1
£ = 3" R (cr f2wm/n) (s =0,1,...,m 1)
v=0
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and

/ -1,
fodh =3 fE (x4 vt Dr/n) (G =0,1...om — 1).

Problem formulation. Find quadrature formulae of the type

27r mle or "a! dj (k)
> f) = 2.1
- f() 0 2k s + 2 k,fno (2.1)

with maximal trigonometric degree of precision. The solution of the
problem depends on the number of even integers in the vectors k and
k. In fact the odd-order derivatives participating in the quadrature
formula (2.1) do not influence the mazximal degree of precision. Thus,
let w, and w,, denote the number of even integers in the sets {0 = ko <
ki < <kpa}and {0 <ky <k <--- < k:ml 1), respectively.
Let w, and w, denote the cardinality of the odd integers in the above
sets so that we +w, = m and w;+w; = m1. In terms of the notation,
the solution of the problem is given by the next theorem (see [2] for
details).

Theorem 2.1 A quadrature of the form (2.1) has mazimal trigono-
metric degree of precision equal to n(w. + w;) — 1. Concerning the
uniqueness and the explicit characterization of the quadrature with
mazimal trigonometric degree of precision we have:

(a) If wotw!, < wetw, — 1, then the quadrature of type (2.1) with
mazximal trigonometric degree of precision exists and it is unique.
Moreover, ¢s = 0 for ks odd (s = 1,...,m — 1) and dj = 0 for
K odd (j = 0,...,m1 —1). The Ualues of {cs, (ks even)} ! and
{dj, (k even)}’ 10_1 are uniquely determined by the linear system of
equations:

cot+dp=1

m—1 mi—1

) DN CTCY R SR C S N CE
s=0,ks even j:O,k; even

/
v=1,...,we+w, —1;
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(b) If wo+w), > we+wl —1, then there are many quadrature for-
mulae of type (2.1) with maximal trigonometric degree of precision.

(¢) If in the quadrature formula (2.1) we are free to choose the
m — 1 derivatives {k1 < ka < -+ < km—1} and the my derivatives
{k(l) <k < ky <o < k;nlfl}, then the quadrature formula of
mazimal trigonometric degree of precision is obtained when w. = m,
and w/e = my and in this case the maximal trigonometric degree of
precision is (m +mq)n — 1.

Remark 2.1 If k = k' we get a particular case of Birkoff (2.1)
type quadrature with maximal trigonometric degree of precision with
equidistant nodes and equal multiplicities at each node. In this form
the problem was proposed and solved in [5].

The proof of Theorem 2.1 can be seen as an application of Pois-
son summation formula . Let g be 2r-periodic function of bounded
variation and let g be regular; i.e., the value of g at any jump xg is
(9(zo +0) + g(zo — 0))/2. Then

0.0 . 1

g(x) ~ Y g(m)e™, g(m):

m=—0oQ

2
/ g(x) e " dx,
0

T on

where §(m) is the mth Fourier coefficient of g. Applying this formula

to the function
n—1

g(@) = Y flx+2jm/n)

J=0

that is 27 /n-periodic we obtain a Poisson type summation formula

% fla+2imin) = 3 fow)ee. (2.2)

7=0 V=—00

By using the formula (2.2) with @ = —7 and f(*s) for f, we obtain

1
— gk = ; F) (nw) (1) (2.3)

w

= S )i few)+ S ()™ R ()

V=—w v|>w+1
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and analogously, substituting a = —7 + 7/n in (2.2) we obtain
n n,0 S .
= S ) )+ D (1) R ).
v=—w V| >w+1

Multiplying (2.3) by a complex number ¢, /n*s and (2.4) by a complex

number dj/nkj and summing them in s from 0 to m —1 and in j from
0 to my — 1, we get the following identity

or W P dj (k)
S D S R SR (2.5)
s=0 j=0 M
m—1 w
= 21 ) e > (=)™(@)* f(n)
s=0 v=—w
mi—1 w ,
+ 27 d; Z (=)™ (i) f(nw)
7=0 V=—w
m—1 c
+ 27 n]:s Z (=)™ fks (nv)
s=0 V| >w+1
my—1 d: —
+ 27 J (=)™ £55 (nw)

The method of the proof. The above formula holds for any ¢ =
(co,c1y---y6m—1) and d = (dp,d, . ..,dm,—1) and each non-negative
integer w. Our goal now is to find a formula of type (2.1) that holds
for all trigonometric polynomials f in T(,41yp—1 with mazimal w.
Lemma 2.1 Suppose that a quadrature formula of type (2.1) is exact
for each trigonometric polynomial f € T(41)n—1, where w is non-
negative integer. There are three possible cases:

(1) If w < we + wl, — 1, then such a quadrature type (2.1) is not
unique.

(2) If w > we +wl, — 1, then such a quadrature of type (2.1) does
not exist.
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(8) If w = we+w.,—1, then such a quadrature type (2.1) is uniquely
determined if w, + W), < we + W, — 1, and in this case the uniquely
determined ¢ and d are real. Moreover, if w, + w), > we + wl, — 1,
then there are many quadrature formulae type (2.1) which are exact
m T(we+wg)n71-

Conclusion. The maximum w such that a QF type (2.1) is exact in
Twt1n—1 18 w = we + w!, — 1. In other words the maximal trigono-
metric degree of precision of a QF type (2.1) is (we +w.)n —1 and it
is determined by the cardinality of only the even integers in the data
k k.

PRrOOF. We give the proof of Lemma 2.1. The proof of Lemma 2.1
requires a known result on determinants: Let m; < mg < --- < my
be distinct real numbers and let ¢; < to < --- < t, be positive
numbers. Then the determinant det[t, ]Z:1;1':1 > 0. By the identity
(2.5) it follows that a QF type (2.1) holds for f € T{,11),—1 if and
only if the following equality holds for each f € T}, 41)-1

csz

3

™

f)yde = " f(nv)

—T

M3

1—1 w
+ di > (W) (=)™ fw) .

]:O V=—w

S

The above is a linear equation with respect to f; hence, it will hold
in T, (41)—1 if it holds for f(t) = €™ (¢ = 0,+1,42,...,+w). This
leads to the following system of equations to determine ¢ and d. In
case k{ = 0 we have

o+dy=1 (2.6)
1

m— i

my—1
(W)kg cs + (—1)7 Z (iV)kj dj =0 (v==£1,...,2w).
s=0 j=0

In the case k, > 0 the first equation of the system (2.6) becomes
co = 1 and the other equations remain the same. First we consider
the case k(lj =0. Set ¢y = c,+ic/ s =0,1,...,m—1 and d; = d;-+id;’
j=0,1,...,m; —1in (2.6) and separate the equations into real and
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imaginary parts. This leads to the following two systems of equations
that are coupled (mixed) with respect to the even and odd order
integers:

cp+dy=1
m—1 m—1
D RCACE 7 S WA G D R
s=0,ks even s=0,ks odd
mi1—1

sa e D DA Vet

mi—1
+H=1r DT (=) =,
=0,k" odd

and

cg+d8:1

m—1 m—1
DA G S A G Atz
s=0,ks even s=0,ks odd

mi1—1
+H=1Y > di(=nR AN
j:O,k;even
mi1—1
+(-1 Y d(-nETIERE = o
j=0,K} odd
v ==41,..., tw.

The above two systems are coupled with respect to the even and the
odd components of k and k’. By simply adding and subtracting the
equations for v and —v, we uncoupled the above two systems in four

3 s / ! /! .
systems of linear equations for c, dj, cs,dj.
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ch+dy=1 (2.7)
m—1
S e
s=0,ks even
mi1—1 ,

DT Y AR =0

h4+di =0 (2.8)
m—1
> ey
s=0,ks even
mi1—1

+-1r Y &= =0

v=1,...,w;
m—1
cy(—1)hem D)/ ks (2.9)
s=1,ks odd
mi1—1
+-0 YD d(-nEII K =0
j=1,k}0dd
v=1,...,w;
m—1
! (—1) ks H1)/2, ks (2.10)
s=1,ks odd
m1—1
S e =
j=1,k0dd

v=1,...,w;



Trigonometric Quadrature Formulae 115

The system (2.7) is non-homogeneous while the other three (2.8)-
(2.10) are homogeneous. The linear systems (2.7) and (2.8) have the
same coefficient matrix. If w. and w. denote the number of even
integers in k and k’, respectively, it is clear that we have infinitely
many solutions in the case w+1 < we+w,. However, if w+1 = we+w),
then by using Laplace expansion with respect to the first w, columns
of the square determinant A of the coefficient matrix we obtain (see
[2] for details) sign(A) = (-1)(Lh+1)((+1)—4L(L+1)/2 # 0.
Thus, when w = we + w,, — 1 the system (2.7) has a unique solution.
Since the determinant of the coefficient matrix in (2.8) is also A, and
since (2.8) is homogeneous, we have ¢/ = 0,s = 0,1,...,m — 1 (ks
even) and d;.’ =0,7=0,1,...,m — 1 (k:; even). Thus, ¢, and d;
are real for ks and K} even. On the other hand (2.9) and (2.10)
have the same coefficient matrix and if w, + w) < we +w, — 1 = w
then ¢, =cf =0, s=1,...,m—1 (ks odd) and d; = dj =0, j =
1,...,my — 1 (k} odd). However, if w, + w, > we + w, — 1 there are
infinitely many solutions. It remains to show that if w > w. +w, — 1
then a QF type (2.1) having degree of precision (w+1)n—1 does not
exist. This follows easily, because if w = we + w,, then the system
of equations (2.7) with v = 1,...,w + w., is a homogeneous system
with we + w, unknowns and the determinant of its coefficient matrix
is nonzero. So, ¢, = dj = 0 which contradicts the first equation
¢y +dy = 1. This completes the proof of Lemma 2.1 in the case
k{ = 0. In the case k{, > 0, the system of equations (2.7) becomes

ch=1
m—1 mi1—1
STdEDR A (1 ST d(-)N K =0
s=0,ks even ij,k’;- even
v=1,...,w

and the proofs of (1), (2), and (3) remains unchanged. This com-
pletes the proof of Lemma 2.1. O

ProoOF. The proof of Theorem 2.1 follows directly from Lemma
2.1. O

Example 2.1 Let m =1, m; =1, kg = 0, and k('J > 0 even. The cor-
responding Birkhoff (0, k:(/)) trigonometric interpolation problem was
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studied in [10]. In this case, the unique QF of maximal trigonometric
degree of precision is:

x Nk /2
Fltyde = (fé“g § B 75’,“3’)
- n ’

nFo

and the maximal trigonometric degree of precision is equal to 2n — 1.
This QF can be verified by integration of the (0,k,) interpolation
formula in [10].

Example 2.2 In the particular case k = k' the system of equa-
tions to determine the coefficients can be simplified and the maximal
trigonometric degree of precision is 2w, — 1 (details can be found in
5)). ,

Example 2.3 Letk = (k1,ka,...,kn-1)andk = (0, k1, ko, ..., km—1)-
In this case the systems of equations analogous to (2.7) and (2.8) are
as follows, provided k1, ko, ..., k; are even and the rest are odd:

[
co=1,co+ > (co+d)(~1)F/22u)k =0
s=1

v=1,2...,we—1=1 (ks even)
l
o+ > (cs—d) (=12 (2 + 1)k =0
s=1

v=0,1,2,...,1—1 (ks even).
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Abstract

Interpolation was a topic in which Sharma was viewed as
an almost uncontested world expert by his collaborators and
many other colleagues. We survey recent results for exponen-
tial sums and linear combinations of shifted Gaussians which
were obtained via interpolation. To illustrate the method ex-
ploiting the Pinkus-Smith Improvement Theorem for spans of
Descartes systems, we present the proof of a Chebyshev-type
inequality. Finally, in Section 6 we present three simply for-
mulated new results concerning Turan-type reverse Markov in-
equalities.

1 Introduction and Notation

In his book [2] Braess writes “The rational functions and exponen-
tial sums belong to those concrete families of functions which are
the most frequently used in nonlinear approximation theory. The
starting point of consideration of exponential sums is an approxima-
tion problem often encountered for the analysis of decay processes
in natural sciences. A given empirical function on a real interval
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is to be approximated by sums of the form Z?Zl aje’\ft, where the

parameters a; and \; are to be determined, while n is fixed.” Let

E, = {f:f(t):ao+2aje>‘jt, aj, A ER}.
j=1

So E, is the collection of all n 4 1 term exponential sums with con-
stant first term. Schmidt [21] proved that there is a constant c¢(n)
depending only on n so that

1 Nats0-8) < ()0 1 f I
for every f € E, and § € (0, %(b — a)). Here, and in what follows,
| ll[a,) denotes the uniform norm on [a, b]. The main result, Theorem
3.2, of [5] shows that Schmidt’s inequality holds with ¢(n) = 2n — 1.
That is,

/Wl 2n—1
p)  min{y —a,b—y}’

sup y € (a,b). (1.1)

0£fcEn |If]

In this Bernstein-type inequality even the pointwise factor is sharp
up to a multiplicative absolute constant; the inequality

1 n—1 - 1)l
: =~ Ssup s
e—1min{y —a,b—y} = oxrer, [Ifllay

y € (a,b),

is established by Theorem 3.3 in [5].

Bernstein-type inequalities play a central role in approximation
theory via a method developed by Bernstein himself, which turns
Bernstein-type inequalities into what are called inverse theorems of
approximation; see, for example, the books by Lorentz [16] and by
DeVore and Lorentz [8]. From (1.1) one can deduce in a standard

fashion that if there is a sequence (f,,)>2; of exponential sums with
fn € E, and

Hf_fn”[a,b] = O(nimaogn)iQ)? n=23...,

where m € N is a fixed integer, then f is m times continuously
differentiable on (a,b). Let P, be the collection of all polynomials
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of degree at most n with real coefficients. Inequality (1.1) can be
extended to F, replaced by En, where En is the collection of all
functions f of the form

N
f(t) =ag+ Y P, (t)e?,
j=1
N
ao,)\jER, ijGij, Z(m]—i—l)gn
=1

In fact, it is well-known that E’n is the uniform closure of E, on
any finite subinterval of the real number line. For a complex-valued
function f defined on a set A let

[flla == [[fllLeca := [ FllLoca) := sup{[f (@)},
z€A

1/p
||f||LpA:=||fr|Lp<A>::(/4 If(w)lpdw> -

whenever the Lebesgue integral exists. We focus on the class
n 2
n = {f SF) = age TN g0 € R},
j=1

the class én, the collection of all functions f of the form

N 2
= Z ij (t)e_(t_/\j) )
j=1

N
NER, Pp €Pp,, Y (mj+1)<n
j=1

and the class é;, the collection of all functions f of the form

N 2
— Z ij (t)e_(t_A]) ,

Jj=1
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N
A€ [=n'2 0! Py € Py, D (mj+1) <.

j=1
In other words, G,, is the collection of n term linear combinations
(over R) of shifted Gaussians. Note that G, is the uniform closure of
G, on any finite subinterval of the real line. Let W (t) := exp(—t?).
Combining Corollaries 1.5 and 1.8 in [9] and recalling that for the
weight W the Mhaskar-Rachmanov-Saff number a,, defined by (1.4)
in [9] satisfies a,, < ¢;n'/? with a constant ¢; independent of n, we
obtain that

. —m/2 m
A P = gWllL,@ < con Pllg™ WL, e)

with a constant co independent of n, whenever the norm on the right-
hand side is finite for some m € N and ¢ € [1,00|. As a consequence

inf, 1f = gW L,y < esn™™2 Y L+ [E)™* (gW) B ()], r)

with a constant cs independent of n whenever the norms on the right-
hand side are finite for each & = 0,1,...,m with some ¢ € [1, o]
Replacing gW by g, we conclude that

inf |If = gllz,@ < csn ™Y A+ D™ P OllL,@  (1:2)
fecs, Pt

with a constant c3 independent of n whenever the norms on the right-
hand side are finite for each k = 0,1,..., m with some ¢ € [1, o0].

2 A Survey of Recent Results

Theorems 2.1-2.5 were proved in [12].

Theorem 2.1 There is an absolute constant c4 such that

Un(0)] < ean'/? | Un|lw
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for all U, of the form U, = P,Q, with P, € én and an even @, €
Pn. As a consequence

1P, lr < can'/? || Pallr
for all P, € én

We remark that a closer look at the proof shows that ¢4 = 5 in the
above theorem is an appropriate choice in the theorem above.

Theorem 2.2 There is an absolute constant cs such that

1+1
+1/q,,1/2

UL, m) < 5 1Unll L, )

for all U, € Gy, and q € (0,00).

Theorem 2.3 There is an absolute constant cg such that
10 2,y < (e ™ rm)™ Vs 1, 2)

for all U, € Gy, g€ (0,00], and m=1,2, .. ..

We remark that a closer look at the proofs shows that c; = 1807 in
Theorem 2.2 and c¢g = 1807 in Theorem 2.3 are suitable choices.

Our next theorem may be viewed as a slightly weak version of
the right inverse theorem of approximation that can be coupled with
the direct theorem of approximation formulated in (1.2).

Theorem 2.4 Suppose q € [1,00], m is a positive integer, € > 0,
and f is a function defined on R. Suppose also that

inf [|fn — fllz,®) < C7n*m/2(log n)~17¢, n=23,...,
In€Gn
with a constant cy independent of n. Then f is m times differentiable
almost everywhere in R. Also, if
ian an - fHLq(R) - C7n_m/2(10g n)_l_a ) n=23,...,
n€ :L
with a constant c7 independent of n, then, in addition to the fact that

f is m times differentiable almost everywhere in R, we also have

I+ )" D)@y <00, k=0,1,...,m.



124 Erdélyi

Theorem 2.5 There is an absolute constant cg such that

1+1 n
||U7,7,||Lq[y—5/2,y+5/2] < Cg+ /e (g) ||UnHLq[y—5,y+5]

for all U, € Gy, q € (0,00], y € R, and § € (0,n/?].

In [18] H. Mhaskar writes “Professor Ward at Texas A&M Univer-
sity has pointed out that our results implicitly contain an inequality,
known as Bernstein inequality, in terms of the number of neurons,
under some conditions on the minimal separation. Professor Erdélyi
at Texas A&M University has kindly sent us a manuscript in prepa-
ration, where he proves this inequality purely in terms of the number
of neurons, with no further conditions. This inequality leads to the
converse theorems in terms of the number of neurons, matching our
direct theorem in this theory. Our direct theorem in [17] is sharp
in the sense of n-widths. However, the converse theorem applies to
individual functions rather than a class of functions. In particular, it
appears that even if the cost of approximation is measured in terms
of the number of neurons, if the degrees of approximation of a par-
ticular function by Gaussian networks decay polynomially, then a
linear operator will yield the same order of magnitude in the error in
approximating this function. We find this astonishing, since many
people have told us based on numerical experiments that one can
achieve a better degree of approximation by non-linear procedures
by stacking the centers near the bad points of the target functions,”

Let Ay, :={ o < A1 < --- < Ay} be a set of real numbers. The
collection of all linear combinations of of et eMt . . e*? over R
will be denoted by

E(A,) := span{e? Mt At}

Elements of F(A,) are called exponential sums of n+ 1 terms. New-
man’s inequality (see [3] and [19]) is an essentially sharp Markov-
type inequality for E(A,) on [0,1] in the case when each A; is non-
negative.

Theorem 2.6 (Newman’s Inequality ) Let
A, ::{>\0<)\1 < - <>\n}



Inequalities for Exponential Sums 125

be a set of nonnegative real numbers. Then

2 o P’
g Z)\j < sup ||"P|’| —00,0] < 92)\
j=0

0#£PEE(An)
An L, version of this may be found in [3], [6], and [10].

Theorem 2.7 Let Ay, :={ Ao < A\ < -+ < Ay} be a set of nonneg-
ative real numbers. Let 1 < p < oco. Then

QN 2,(~o0,0) <9 Z)\j QI (=o0,0]

=0
for every Q € E(A,,).

The following L,[a,b] (1 < p < oo) analogue of Theorem 2.7 has
been established in [1].

Theorem 2.8 Let A, := {Ag < A1 < -+ < Ay} be a set of real
numbers, a,b € R, a < b, and 1 < p < oco. There is a positive
constant cg = cg(a,b) depending only on a and b such that

sup H HLpab]< e | n +Z‘)\’

0£PeB(A) 1Pl Lpab

Theorem 2.8 was proved earlier in [4] and [10] under the addi-
tional assumptions that A\; > dj for each j with a constant § > 0
and with cg = cg(a,b) replaced by cg = cy(a,b,d) depending only
on a, b, and 6. The novelty of Theorem 2.8 was the fact that
An = { o < A1 < --- < A\,} is an arbitrary set of real numbers;
not even the non-negativity of the exponents ); is needed.

In [11] the following Nikolskii-Markov type inequality has been
proved for E(A,,) on (—o0,0].

Theorem 2.9 Let A, := {Ag < A\ < -+ < A} be a set of non-
negative real numbers. Suppose 0 < q < p < oco. Let p be a
non-negative integer. There are constants c19 = c10(p,q, ) > 0
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and c¢11 = c11(p, ¢, 1) depending only on p, q, and p such that for
A = (—00,0] we have

D=
Q=
D=

g p+
' 1P¥],

n n
A
Aj < su — <c Aj
2 S e T PRl P |
Jj=0 j=0

PeE(Ay)

where the lower bound holds for all 0 < g < p < oo and for all p > 0,
while the upper bound holds when =0 and 0 < ¢ < p < o0, and
when n>1,p>1, and 0 < ¢ < p < co. Also, there are constants
c10 = cio(q, 1) > 0 and c11 = c11(q, p) depending only on q and
such that

1 1
wty bty

- _1PWy)|
y < sup <cn Aj
2N o TPTeyi—son] Z

PeE(A 00,Y]
for every y € R.

Motivated by a question of Michel Weber (Strasbourg) we proved
the following two theorems in [13].

Theorem 2.10 Let
A, ::{)\0<>\1 < .- <)\n}

be a set of real numbers. Let a,b e R, a<b, 0 < qg<p< o0, and

M(An,p,q) == | 0>+ )Nl

There are constants c12 = c12(p, q,a,b) > 0 and c13 = c13(p, q, a,b)
depending only on p, q, a, and b such that

1Pl fab
c1oM(Ay,p,q) < sup —helet o c13M (Ap,p,q) -

PeE(An) 1Pl Lgfa)
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Theorem 2.11 Let
A, ::{>\0<)\1 < - <)\n}

be a set of real numbers. Let a,b € R, a <b, 0 < qg<p <00, and

1_1
q P

M(An,p,q) = n2+2|)‘j|
=0

There are constants c14 = c14(p,q,a,b) > 0 and c15 = c15(p, q, a,b)
depending only on p, q, a, and b such that

P12y (a0
ciaM(Ap,p,q) < sup =i

S CI5M(An7p7 q) )
peB(An) 1Pl Lgfab)

where the lower bound holds for all 0 < g < p < oo, while the upper
bound holds when p>1 and 0 < ¢ <p < 0.

The lower bounds in these inequalities were shown by a method
in which the Pinkus-Smith Improvement Theorem plays a central
role. We formulate the useful lemmas applied in the proofs of these
lower bounds. To emphasize the power of the technique of inter-
polation, we present the short proofs of these lemmas. Then these
lemmas are used to establish the Chebyshev-type inequality below
for exponential sums.

Theorem 2.12 We have
2|y \ "
10l < explalyl +0) (Z2) Wflls.  veR\-04]

for all f € E, of the form

N
F(t) = ao+ Y P, (£)eM",
j=1
N
a€R, N €[], Pu €Pm,, > (mj+1)<n,
j=1

and for all v > 0.
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3 Lemmas

Our first lemma, which can be proved by a simple compactness ar-
gument, may be viewed as a simple exercise.

Lemma 3.1 Let A, := {0p < 01 < -+ < dp} be a set of real num-
bers. Let a,b,c € R, a < b. Let w # 0 be a continuous function
defined on |a,b]. Let q € (0,00]. Then there exists a 0 #T € E(Ay,)
such that
T _ [P(c)]
ITwl|L 0 Peran) PO oy

and there exists a 0 # S € E(A,,) such that

1S _ [Pl
[Swlzyap  PeE@aw IPW] L0y

Our next result is an essential tool in proving our key lemmas,
Lemmas 3.3 and 3.4.

Lemma 3.2 Let A, := {0p < 01 < -+ < dp} be a set of real num-
bers. Let a,b,c € R, a < b < c. Let g€ (0,00]. Let T and S be
the same as in Lemma 3.1. Then T has exactly n zeros in [a,b] by
counting multiplicities. If 6, > 0, then S also has exactly n zeros in
[a,b] by counting multiplicities.

The heart of the proof of our theorems is the following pair of com-
parison lemmas. The proofs of these are based on basic properties
of Descartes systems, in particular on Descartes’ Rule of Signs, and
on a technique used earlier by P.W. Smith and Pinkus. Lorentz as-
cribes this result to Pinkus, although it was Smith [22] who published
it. I learned about the method of proofs of these lemmas from Pe-
ter Borwein, who also ascribes it to Pinkus. This is the proof we
present here. Section 3.2 of [3], for instance, gives an introduction to
Descartes systems. Descartes’ Rule of Signs is stated and proved on
page 102 of [3].

Lemma 3.3 Let

Ap={00<01 < <dy} and Tp:={yp<n <<}
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be sets of real numbers satisfying 6; < ~y; for each j =0,1,...,n. Let
a,bc € R, a <b<c Let0# w be a continuous function defined
on |a,b]. Let g € (0,00]. Then

N (0:(05] ()]
p < .
PeE(Ay) ”Pw”Lq[a,b] PeE(Ty) HPwHLq[a,b]
Under the additional assumption 6, > 0, we also have
P P
wp PO PE

PeE(Ay) ”Pw”Lq[a,b] PeE(Ty) HPwHLq[a,b]

Lemma 3.4 Let
Ap:={0p<d <---<d}t and T, ={ypw<m<- <}

be sets of real numbers satisfying 6; < ~y; for each j =0,1,...,n. Let
a,bc e R, c<a<b. Let 0 # w be a continuous function defined
on [a,b]. Let q € (0,00]. Then
P P
o @I P
e 1PWI L ey — Perm,) 1PW L0
Under the additional assumption vo < 0, we also have
/ /
SN[ N ]

pee(an) QWL oy — Permy) QWL 0

4 Proofs of the Lemmas
PrROOF OF LEMMA 3.1 Since A, is fixed, the proof is a standard
compactness argument. We omit the details. O

To prove Lemma 3.2 we need the following two facts: (a) Every
f € E(A,) has at most n real zeros by counting multiplicities. (b)

Ift1 < t9 < --- < t,, are real numbers and k1, ko, .. ., k,,, are positive
integers such that > 7", k;j = n, then there is a f € E(Ay), f # 0
having a zero at t; with multiplicity k; for each j =1,2,...,m.

PROOF OF LEMMA 3.2 We prove the statement for 7" first. Suppose
to the contrary that
<t < - <ty
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are real numbers in [a, b] such that ¢; is a zero of T with multiplicity
k; for each j = 1,2,...,m, k := Z;nzl k; < mn, and T has no other

zeros in [a, b] different from t1, o, ..., ty. Let ty11 := c and k41 :=
n—k > 1. Choose an 0 # R € FE(A,) such that R has a zero at
t; with multiplicity k; for each j = 1,2,...,m + 1, and normalize

so that T'(t) and R(t) have the same sign at every t € [a,b]. Let
T. :=T — eR. Note that T and R are of the form

:Tt)ﬁ(t—tj)kf and R(t):é(t)ﬁ(t—tj)kf,
j=1 Jj=1

where both T’ and R are continuous functions on [a, b] having no zeros
on [a,b]. Hence, if € > 0 is sufficiently small, then |T.(¢)| < |T'(t)| at
every t € [a,b] \ {t1,t2,...,tm}, SO

| Tewl Lyfas) < 1T Ly[ap) -

This, together with T.(c) = T'(c¢), contradicts the maximality of 7.
Now we prove the statement for S. Without loss of generality we
may assume that S’(¢) > 0. Suppose to the contrary that

h<to<: - - <tpy

are real numbers in [a, b] such that t; is a zero of S with multiplicity
k; for each j = 1,2,...,m, k := Z;nzl k; < n, and S has no other
zeros in [a, b] different from ¢y, ts,. .., ty. Choose a

0 # Q € span{eln—+t ki1t entl = B(A),

such that () has a zero at t; with multiplicity k; for each j =
1,2,...,m, and normalize so that S(¢) and Q(¢) have the same sign
at every t € [a,b]. Note that S and @ are of the form

t)ﬁ(t—tj)’fj and ﬁt—t] ,
j=1 j=1

where both S and Q are continuous functions on [a,b] having no
zeros on [a,b]. Let t,,4+1 := ¢ and ky,+1 := 1. Choose an

0 # R € span{e’n—r-1t edn-kt il © B(A,)
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such that R has a zero at t; with multiplicity k; for each j =
1,2,...,m + 1, and normalize so that S(¢) and R(¢) have the same
sign at every ¢ € [a,b]. Note that S and R are of the form

Sty =S®[[t—t) and  R(t)=R@)[[-t)",
j=1 j=1

where both S and R are continuous functions on [a,b] having no
zeros on [a,b]. Since §, > 0, it is easy to see that Q'(c¢)R/(¢) < 0,
so the sign of Q'(c) is different from the sign of R'(c). Let U := Q
if @(c) <0, and let U := R if R'(¢) < 0. Let S, := S — eU.
Hence, if ¢ > 0 is sufficiently small, then |S.(¢)] < |T'(t)| at every
t€la,b]\ {t1,t2,...,tm}, so

[1Scw|| Ly ap) < 1S L8 -

This, together with the inequalities S.(¢) > S’(¢) > 0, contradicts
the maximality of S. O

PrOOF OF LEMMA 3.3 We begin with the first inequality. We may
assume that a < b < ¢. The general case when a < b < ¢ follows by
a standard continuity argument. Let k& € {0,1,...,n} be fixed and
let

Yo<m << Yns v =105, JFk, and o <y <Opq1

(let dp41 = o0). To prove the lemma it is sufficient to study the
above cases since the general case follows from this by a finite number
of pairwise comparisons. By Lemmas 3.1 and 3.2, thereisa 0 # T €
E(A,,) such that
Ol _ P
1Tl Lyab  Per(an IPWIL, 0

where T' has exactly n zeros in [a, b] by counting multiplicities. De-
note the distinct zeros of T'in [a, b] by t; <t < --- < t,,, where t; isa
zero of T' with multiplicity k; for each j = 1,2,...,m, and Z;”Zl kj =
n. Then T has no other zeros in R different from ¢1,ts,...,%,,. Let

n
T(t) =: Zaje‘sﬂ't, aj € R.
j=0
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Without loss of generality we may assume that T'(¢) > 0. We have
T(t) > 0 for every t > c; otherwise, in addition to its n zeros in [a, b]
(by counting multiplicities), 7" would have at least one more zero in
(¢,0), which is impossible. Hence

an = lim T(t)e_‘s"t >0.

t—o00

Since E(Ay,) is the span of a Descartes system on (—o0, 00), it follows
from Descartes’ Rule of Signs that

(-1)"a; >0, j=0,1,...,n.

Choose R € E(I';,) of the form
R(t) =) bje¥’", b eR,
j=0

so that R has a zero at each t; with multiplicity k; for each j =
1,2,...,m, and normalize so that R(c) = T'(c)(> 0) (this R € E(T';,)
is uniquely determined). Similarly to a,, > 0 we have b, > 0. Since
E(T'),) is the span of a Descartes system on (—o0,00), Descartes’
Rule of Signs yields

(=1)"7b; >0, j=0,1,...,n.

We have

n
(T — R) (t) = ake‘skt — bk€7kt + Z (aj — bj)e(sjt .
T2
Since T'— R has altogether at least n+ 1 zeros at t1,t2,...,ty, and ¢

(by counting multiplicities), it does not have any zero in R different
from t1,to,...,ty, and c. Since

dot o1t Ot et i1t Ont
(e e , €Okl ek eOk1t o efnt)

P

is a Descartes system on (—oo, o), Descartes’ Rule of Signs implies
that the sequence

(ao - b07 ay — bla e, Qp—1 — bk’—l) A, _bk’yak-f—l - bk’-i-l) ey Qp — bn)
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strictly alternates in sign. Since (—1)" %*a; > 0, this implies that
an — by, <0if k <n,and —b, <0if k =n, so

(T—-R)(t) <0, t>c.

Since each of T', R, and T'— R has a zero at t; with multiplicity &; for
each j =1,2,...,m; 27:1 kj = n, and T — R has a sign change (a
zero with multiplicity 1) at ¢, we can deduce that each of T, R, and
T — R has the same sign on each of the intervals (¢;,¢;11) for every
j=0,1,...,m with tp := —o0 and t,,11 := ¢. Hence |R(t)| < |T(¢)|
holds for all ¢ € [a, b] C [a, ¢] with strict inequality at every ¢ different
from t1,t9,...ty. Combining this with R(c) = T'(c), we obtain

(RO o [T _ |P(c)] .
IR L jap) — 1TwlLgap)  Peran 1P L0y

Since R € E(T',), the first conclusion of the lemma follows from this.

Now we start the proof of the second inequality of the lemma.
Although it is quite similar to that of the first inequality, we present
the details. We may assume that a < b < ¢ and é,, > 0. The general
case when a < b < ¢ and 9§, > 0 follows by a standard continuity
argument. Let k € {0,1,...,n} be fixed and let

Y<N< <M, V=0, JjFk, and Op <Y <41

(let 6,41 := 00). To prove the lemma it is sufficient to study the
above cases since the general case follows from this by a finite number
of pairwise comparisons. By Lemmas 3.1 and 3.2, there is an 0 #
S € E(A,,) such that

1S _ [P ()]

e T—— = Sup o,
[SwlLyab  PeEA) IPW L0y

where S has exactly n zeros in [a, b] by counting multiplicities. De-
note the distinct zeros of S'in [a,b] by t; < t3 < -+ < t,,, wheret; isa
zero of S with multiplicity k; for each j = 1,2,...,m, and Z;n:l kj =
n. Then S has no other zeros in R different from ¢1,ts,...,t;. Let

n
S(t) =: Zaje5jt, a; €R.
=0
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Without loss of generality we may assume that S(¢) > 0. Since
dn, > 0, we have limy_,o, S(t) = oo; otherwise, in addition to its n
zeros in (a,b), S would have at least one more zero in (¢, 00), which
is impossible.

Because of the extremal property of S, we have S'(c) # 0. We
show that S’(¢) > 0. To see this observe that Rolle’s Theorem implies
that S” € F(A,,) has at least n—1 zeros in [t1,t,,]. If S'(c) < 0, then
S(tm) = 0 and lim;_,~ S(t) = oo imply that S" has at least 2 more
zeros in (ty,,00) (by counting multiplicities). Thus S’(¢) < 0 would
imply that S’ has at least n + 1 zeros in [a, 00), which is impossible.
Hence S'(c) > 0, indeed. Also a, := limy_, S(t)e™%* > 0. Since
E(A,) is the span of a Descartes system on (—00.00), it follows from
Descartes’ Rule of Signs that

(-D)"Ja; >0, j=0,1,...,n.

Choose R € E(T';,) of the form
R(t) =) bje¥", b eR,
j=0

so that R has a zero at each t; with multiplicity k; for each j =
1,2,...,m, and normalize so that R(c) = S(c)(> 0) (this R € E(T';,)
is uniquely determined). Similarly to a,, > 0 we have b, > 0. Since
E(T,,) is the span of a Descartes system on (—oo,00), Descartes’
Rule of Signs implies that

(~1)"b; >0, j=0,1,...,n.

We have

(S—R)(t) = akeékt — bet 4 E (aj — bj)ef?jt.
=0
ik

Since S — R has altogether at least n+ 1 zeros at t1,to,..., %, and ¢
(by counting multiplicities), it does not have any zero in R different
from ty,to,...,tm, and c. Since

(eéot’ eélt eékt’ e’ykt’ €5k+1t, . €5nt)

g ey
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is a Descartes system on (—o0, 00), Descartes’ Rule of Signs implies
that the sequence

(ap — bo,a1 —b1,...,ak—1 — by—1,ax, —bi, a1 — bpy1,...,an — by)

strictly alternates in sign. Since (—1)" *aj > 0, this implies that
an — by, <0if k <nand —b, <0 if £k =n, so

(S—R)(t) <0, t>c.

Since each of S, R, and S — R has a zero at t; with multiplicity k; for
each j =1,2,...,m; Z;nzl kj = n, and S — R has a sign change (a
zero with multiplicity 1) at ¢, we can deduce that each of S, R, and
S — R has the same sign on each of the intervals (t;,¢;41) for every
j=0,1,...,m with ¢ty := —oc0 and t,,+1 := c. Hence |R(t)| < |S(t)]
holds for all ¢ € [a, b] C [a, ¢] with strict inequality at every ¢ different
from 1,12, ... tm. Combining this with 0 < S’(¢) < R'(¢) (recall that
R(c) = S(c) > 0), we obtain
(Bl o 150 _ |[P'(c)]

> = sup ——.
IR L jap) — I1SWlL s Per(an) IPW]L, 00

Since R € E(T'y,), the second conclusion of the lemma follows from
this. 0

Proor orF LEMMA 3.4 The lemma follows from Lemma 3.3 via the
substitution u = —t. O

5 Proof of the Theorem 2.12

Proor oF THEOREM 2.12 By a well-known and simple limiting
argument we may assume that

n
f(t):Zaje)\jt7 _7§A0<A1<<)\n§7
j=0

By reasons of symmetry it is sufficient to examine only the case y > §.
By Lemmas 3.1 — 3.4 we may assume that

)‘j:fy_(n_j)gv j:(),l,...,n,
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for sufficiently small values of € > 0, that is,
f(t) =e'P,(ec), P,eP,.
Now Chebyshev’s inequality [8, Proposition 2.3, p. 101] implies that

_ ey \" _
1f(y)] = eY|Py(e )] < e (m) 1P (e I —s.6]

46_6:[! " 5
< o (ors) flag

4e™cY "
+6
< o (222 Wlhoaa

and by taking the limit when € > 0 tends to 0, the theorem follows.
O

6 Turan-Type Reverse Markov Inequalities
on Diamonds

Let € € [0,1] and let D, be the ellipse in the complex plane with
axes [—1,1] and [—ie,ie]. Let PS(D.) denote the collection of all
polynomials of degree n with complex coefficients and with all their
zeros in D.. Let

[f]la = sup|f(z)|
z€A

for complex-valued functions defined on A. Extending a result of
Turan [23], Eréd [14, III. tétel] claimed that there are absolute con-
stants ¢; > 0 and ¢y such that

/
ci(ne++v/n) < inf Il < co(ne ++/n).
pePs(De) ||pl D,

However, Eréd [14] presented a proof with only c¢ine in the lower
bound. It was Levenberg and Poletcky [15] who first published a
correct proof of a result implying the lower bound claimed by Eréd.

Let ¢ € [0,1] and let S; be the diamond in the complex plane
with diagonals [—1, 1] and [—ig, ie]. Let PS(S:) denote the collection
of all polynomials of degree n with complex coefficients and with all
their zeros in S..
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Theorem 6.1 There are absolute constants ¢c; > 0 and co such that

c1(ne + v/n) < mf ||||p "“SE < ca(ne +/n),

where the infimum is taken over all p € PS(S:) with the property

p(2)| = Ip(=2)|,  z€C, (6.1)

or where the infimum is taken over all real p € PS(Se).

It is an interesting question whether or not the lower bound in The-
orem 6.1 holds when the infimum is taken for all p € PS(g). As our
next result shows this is the case at least when ¢ = 1.

Theorem 6.2 There are absolute constants ¢c; > 0 and co such that

cin < inf IPlls,
PEP(51) HPHSl

The following lemma is the main tool we need for the proofs of the
theorems above.

Lemma 6.3 Let I'(a,r) be the circle in the complex plane centered
at a with radius r. Let zo € I'(a,r). Suppose p € PS5 has at least m
zeros in the disk D(a,r) bounded by T'(a,r) and it has all its zeros
in the half-plane H(a,r,zy) containing a and bounded by the line
tangent to I'(a,r) at zo. Then

PROOF. Let p € Py, be of the form

n
H Z = 2) c, z, €C.
k=1
Then
r p/(zo) _ ‘p(zo)(zo—a) _ Zn: 20— a
p(20) p(20) 1 20 T 2k
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PROOF OF THEOREM 6.1 The upper bound can be obtained by
considering

pn(2) == (22 — D2z — 1yn—2ln/2)

We omit the simple calculation. To prove the lower bound we con-
sider three cases.

Case 1: Property (6.1) holds and € € [n~1/2,1]. Choose a point zg
on the boundary of S such that

[p(20)| = llplls. - (6.2)

Property (6.1) implies that

Ip(=20)| = |Iplls. - (6.3)

Without loss of generality we may assume that zg € [ie, 1]. A simple
calculation shows that there are disks Dy := Dj(e, ¢, 20) and Dg :=
Ds(e, ¢, —2) in the complex plane such that D; has radius r = ce !
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and is tangent to [ic, 1] at 2o, Dy has radius r = cs~! and is tangent

o [—1,—ie] at —zp, and S; C D; U Dy for every sufficiently large
absolute constant ¢ > 0. Since p € P, has each of its zeros in S,
either p has at least n/2 zeros in Dy or p has at least n/2 zeros in
D5. In the first case Lemma 6.3 and (6.2) imply

IPls. o P Go)l _ |Po)|y n 1,
Iplls. = llplls. Ip(z0) |~ 4r  4e
In the other case Lemma 6.3 and (6.3) imply
/ 1
WPls. o (20| _ |P(z20)| o _ 1
Iplls. — lplls. p(=z20) | ~ 4r  4c

Case 2: p € PS(e) is real and € € [n~/2,1]. Choose a point zy on
the boundary of S, such that

[p(20)] = lIplls. - (6.4)

Without loss of generality we may assume that zy € [ig,1]. Since
p € P (e) is real, we have

[p(Zo)| = lIpls. - (6.5)

Let Dy := D1(e, ¢, z0) and Do := Da(e,¢,Zg) be disks of the complex
plane such that D; has radius 7 = ce~! and is tangent to [ie, 1] at 2o
from below, Do has radius 7 = cs~! and is tangent to [—1, —ic] at Zg
from above. Denote the boundary of D; by I'y and the boundary of
Dy by I's. A simple calculation shows that if the absolute constant
¢ > 0 is sufficiently large, then I'; intersects the boundary of S¢ only
at a; € [—1,ie] and by € [—ie, 1], while I's intersects the boundary
of S; only at ag € [—1,—ie] and by € [ig,1]. Also, if the absolute
constant ¢ > 0 is sufficiently large, then

1

) 1
lai—ie| < lag+ie| < 61 |br—1| < 61 |ba— (6.6)

— 1

64’ = 64
In the sequel let the absolute constant ¢ > 0 be so large that inequal-
ities (6.6) hold. If p € PS(e) has at least an zeros in D, then by
using Lemma 6.3 and (6.4), we deduce

?'(20)

1'lls. o [P'(20)]
p(20)

Iplls. — llplls.

an o
> — = —ne.
2r 2c
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If p € PS(e) has at least an zeros in Ds, then by using Lemma 6.3
and (6.5), we deduce

P’ (%0)

17lls. - ')l _
P(Zo)

Iplls. = liplls.

an o
> — = —ne.
2r 2c

Hence we may assume that p € PS(e) has at least (1 — a)n zeros in
S: \ D; and it has at least (1 — a)n zeros in S, \ D2. Combining this
with (6.6), we obtain that p € Pg(e) has at least (1 — 2a)n zeros in
the disk centered at 1 with radius 1/32. However, we show that this
situation cannot occur if the absolute constant o > 0 is sufficiently
small. Indeed, let p € PS(e) be of the form p = fg with

ni

J@=T[¢-uw) ad g =][¢-u.
j=1

j=1
where
uj € C, i=12,...,n1, ni<2an, (6.7)
and
1 .
]vj—1]§3—2, j=12....n2, mng>(1-2a)n. (6.8)

Let I be the subinterval of [—1,ie] with endpoint —1 and length
1/32. Let yo € I be chosen so that |f(yo)| = || f|lz7. We show that
Ip(20)| < |p(yo)|, a contradiction. Indeed, by Chebyshev’s inequality
[8, Theorem 6.1, p. 75] and (6.7) we have

1 n1 1 2an
|f(yo)| > <m> > <E8) )

hence
f(yo) 1\ 2
'f(Zo) = <%> : (6.9)
Also, (6.8) implies
9(yo) (34" 31) (=20m
)9(2'0) = (\/§+ %)”2 = (24) . (6.10)
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By (6.9) and (6.10),

_ n
’p(yO) _ ’f(yo) S <i)2a <E>(l 20r) o1
p(20) f(20) - 256 24 ’

if @ > 0 is a sufficiently small absolute constant. This finishes the

proof in this case.

Case 3: ¢ € [0,n'/?]. The lower bound of the theorem follows

now from a result of Eréd [14, III. tétel] proved by Levenberg and
Poletcky [15]. O

’g(yo)
9(20)

PROOF OF THEOREM 6.2 Choose a point zy € S such that |p(zp)| =
IIplls,- Without loss of generality we may assume that zp €
[1, %(1 + z)] A simple calculation shows that there is an absolute
constant r > 0 such that the circle I' := I'(r, 29) with radius r that
is tangent to [1,4] at zp and intersects the boundary of S; only at
a € [—1,i] and b € [—1, 1]. Moreover, if the > 0 is sufficiently large,

then V2 V2
2 2

i< Y= 1< X2

la —i| < ol and |b—1] < ol

We denote the disk with boundary T' by D := D(r, zg). If p € P5(1)
has at least an zeros in D, then by Lemma 6.3 we deduce

(6.11)

P'(20)
P(20)

' llsy o P'(=0)l _
HpHSl N HpHSl

an
= o

Hence we may assume that p € PS5(1) has at most an zeros in D,
and hence that p € PS(1) has at least (1 — a)n zeros in S; \ D.
However, we show that this situation cannot occur if the absolute
constant o > 0 is sufficiently small. Indeed, let p € P5(1) be of the
form p = fg with
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Let I be the subinterval of [—1, —i] with endpoint —1 and length
V2/4. Let yo € I be chosen so that |f(yo)| = ||f||z. We show that
Ip(20)| < |p(yo)|, a contradiction. Indeed, by Chebyshev’s inequality
[8, Theorem 6.1, p. 75] and (6.12) we have

\/i ny \/i an
|f(vo)| = (E) > (E) )

hence
f(yo) vz\™
) e
Also, (6.11) and (6.13) imply
12 1\2 1/2\\ ™2
‘g(yo) <\/§<(1 w) + () ) )
9(=0) (V2(1+(&)2)"*)"
66 na/2 66 (1/2—a)n
> <@> > <@> . (6.15)
By (6.14) and (6.15)
pwo) | _ | £wo)| lawo)| - ((v2)" (86" )"
‘P(zo) _‘f(zo) ‘g<zo> = ((32) (65) -
if @ > 0 is a sufficiently small absolute constant. O

Motivated by the initial results in this section, Sz. Révész [20]
established the right order Turan type converse Markov inequalities
on convex domains of the complex plane. His main theorem contains
the results in this section as special cases. Révész’s proof is also
elementary, but rather subtle. It is expected to appear in the Journal
of Approximation Theory soon.
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Abstract
For a triangular array of numbers a,;, n = 2,3,... ,
j = 0,1,...,n, the refinement equation with mask P,(z) =

Z?:o On,j 23, has for each n, a unique solution ¢,,, which when
suitably normalized, converges to the Gaussian if P,(z) has
all roots in a sector inside the left half-plane and satisfying
P,(1) = 1, P,(—1) = 0. The Gaussian, being the extremal
function that attains the optimal constant in the uncertainty
product, passes this characteristic to ¢,, whose uncertainty
product converges to the optimal constant. The object is to
analyse this phenomena for ¢,, as well as for the corresponding
wavelets.
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1 Introduction

For n > 2, let

Po(2) = an;?, (1.1)
§=0
be a polynomial with all its roots in the left half-plane {z : ® z < 0}
and satisfying
P,(1)=1, P, (-1)=0. (1.2)

It is known that the refinement equation
n
Sn(@) = 200020 —j), zER, (1.3)
j=0

has a unique solution satisfying ffooo ¢n = 1. Moreover it is shown
in [5] that ¢, is continuous, non-negative and has support in [0, n].
In the special case P,(z) = 27"(z + 1)", ¢y, is the uniform B-spline
of degree n — 1 with knots at 0,1,...,n. We shall refer to ¢,, as a
refinable function with symbol P,.

Now suppose that the roots of P, are —r,;, j = 1,...,n. It is
shown in [2] that if we assume the stronger condition that for some

Bin [0, F),
largry ;| < B, for j=1,...,n, n=2,3,...,

and furthermore

L Y N as n — oo, (1.4)

then a suitable shift and scaling of ¢, converges to the Gaussian
function G(z) := \/%6_332/2' To be precise, let

n
1
= 1.5
fin j;“rrn,j (1.5)

and N
qbn(l') = Un¢n(0n$ + ,Un), z € R. (16)
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Then $n has mean zero and standard deviation 1 and lim,, o $n =G
in LP(R), 1 < p < oo. Moreover we have convergence in the frequency

2
u”/2 where the convergence

domain, i.e., lim,_.s0 ¢, (u) = G(u) = e
is uniform on R.

The above properties are useful for many applications, e.g., sig-
nal processing, because the Gaussian function gives optimal time-
frequency localisation. Thus we may approximate the Gaussian func-
tion by a refinable function ¢, with compact support which has fast
algorithms for practical implementation. A natural choice is the uni-
form B-spline of degree n — 1, but it was shown in [2] that other
choices of ¢, give, in a sense, faster rates of convergence to the
Gaussian.

To make precise the optimal time-frequency localisation of the
Gaussian, we recall Heisenberg’s Uncertainty Principle. For an L?
function ¢ for which [*° 27|¢(x)[*dx exists, j = 1,2, we write

[ 6 (a) P
Ho = T 40

and
{7 = po)Io()Pda |
612 |

Similarly if ffooo uj|g/5(u)|2du exists, 7 = 1,2, we may define 13
and A@' Thus Ay is the standard deviation of the density function

Aqg = (18)

|6|%/]|¢]|3 and gives a measure of the localisation of ¢ in the time

~2
domain. Similarly Az is the standard deviation of ‘gb‘ /|#||3 and

measures the localisation of ¢ in the frequency domain. The uncer-
tainty product AyA~ gives an overall measure of the time-frequency
localisation of ¢. Clearly for any constants ¢, p € R, and ¢ > 0, the
function c¢(o - —p) has the same uncertainty product as ¢. Heisen-
berg’s Uncertainty Principle states that for any ¢ as above,
LW (1.9)

and equality holds if and only if ¢ = ¢G(o - —p) for some ¢, p € R,
and o > 0 (see [4] for a general discussion). So for the sequence (¢,)
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of refinable functions, as above, to approach optimal time-frequency
localisation, we would desire

lim Ag As = L
n—oo 2
This is proved in Section 3 under the further assumption P/ (—1) = 0.
In applications such as signal processing it is also important to
have good time-frequency localisation for the wavelet corresponding
to the refinable function ¢,,, as above, which is defined as follows.
Let

[ ot wondy. ver (L10)
n—1
Qn(2):= > @u(j)2’, zeC\{0}. (1.11)
j=—n+1

Then the wavelet corresponding to ¢,, is defined, up to multiplication
by a constant, as ¥, (2 - —1), where v, is defined by

Un() = €™ Qu (e ) Py (e )G (), weR.  (1.12)

We note that since P,(—1) = 0, we have ¥n(0) = 0. For a
function ¢ with ¥(0) = 0 (associated with a bandpass filter), the
definition of the uncertainty product is modified to reflect the fact
that v treats positive and negative frequency bands separately. Let

k= /Ooou)&(u)fdu//om‘J(u)‘zdu, (1.13)
st { [T nplaoofa / [Faofa) . a

where we assume these are well- deﬁned (Note that for a real-valued
function 1, ]1/1] is even and so [;* \1/1 )]2du = 2H¢H2 and the def-

inition of A% is unaltered by replacing [;° by f_ooo in (1.13) and
(1.14).) Then a measure of the time-frequency localisation of ¥ is
given by ATPA:;F'
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It is shown in ([3], Theorem 1) that if ) € L2NL! is a real-valued
symmetric or anti-symmetric function that satisfies t(t) € L%, ¢’ €
L2 and 9(0) = 0, then
1
3
and the lower bound cannot be improved or attained.

A sequence of functions which are asymptotically optimal are the
modulated Gaussians

+
AwAQZ >

Gn(z) :=sin(A\2)G(z), n=1,2,...,
where A\, — 00 as n — oo. To see this we note that

2iG (u) = e~ (A2 = (ukA)P/2,

Thusug — A — 0 as n — oo and so

2 [0 (u = Ap)2e(m2n) dy
. + . . 0
Jim (A7) = i S
ffooo wle Vdu 1

Also )
, fooo ‘@;(u)’ du
= — 2
I ‘Gn(u)’ du
and so
00 _)\n 2 ,—(u—Ap) d
lim A?;n = lim J (uoo 7) i\ uw_1
n—00 n—00 fO e—(u=2n)2dy 2
Thus .

In Section 4, we consider the wavelets v, as above. We as-
sume further that P, is reciprocal (which ensures v, is symmetric
or anti-symmetric), the roots of P, are real (and hence negative),
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and P/ (—1) = 0. It is then proved that for certain k,, o,, o, with
Op — 00 as n — 00,

Kt (u/o,) — e~ 2(0=oman)* _ g

in LP(0,00), 1 < p < oo. Taking inverse Fourier transforms shows
that the difference between |ky, |1y, (0,2) and either 2 cos(oy, o, z) G(2)
or 2sin(opa,x)G(z) converges to 0 in L4(R), 2 < g < oo.

Finally we deduce that if we also have P(—1) = 0, then

_ 1

lim Ay, AL =
and so the wavelets i, have asymptotically optimal time-frequency
location.

In [6] it was shown that the uniform B-spline converged to the
Gaussian and the difference between the B-spline wavelets and mod-
ulated Gaussians converged to zero, both in time and frequency do-
mains. In [3] this was extended to more general scaling functions ¢,
and corresponding wavelets 1,, and it was shown that the appropri-
ate uncertainty products converged to the optimal value as n — oo
for both ¢, and v,,. It was assumed that the symbol P, for ¢, was
reciprocal and had real roots. Moreover it was assumed that P, (2)
had a factor (z + 1) where m,, > Cn for a constant C. These
assumptions allowed the use of similar techniques to those used for
the case of B-splines. In this paper we use the different techniques
in [2] to allow us to relax all of these conditions for the case of ¢y,
and for the case of 1, to relax the final condition to require P, (z)
to have merely a factor of (z 4+ 1)3. These together with the results
in [2] will provide a more complete undertsanding of the asymptotic
behaviour of scaling functions that approximate the Gaussian and
the asymptotic properties of the corresponding wavelets.

2 A Preliminary Result

In this section we state a result that will be needed later. Taking
Fourier transforms of (1.3) gives

bn (1) = Po(e7™)pp(u/2), u€R, (2.1)
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and it follows that

o0

H (e7™/2"), weR, (2.2)

where the infinite product converges uniformly. Recalling (1.2) and

that the roots of P, are —ry, ;, j =1,...,n gives
nox —zu/2]’C r
:HH + - UM yeR. (2.3)
e wi 1+,

In order to consider the convergence of an(u) to e~/ 2 we need to
consider the covergence of products as in (2.3). The following result
actually covers more general products which will be encountered in
Section 4. It extends a corresponding result in [2] on asymptotic
normality and also gives convergence of derivatives. Although its
proof is of the same form as that of Theorem 1.2 of [2], we sketch it
here for completeness.

Theorem 2.1 For v € [0,5), let D, comprise all z € C satisfying
the inequality

’C‘ <tan~y R

5 P oz
(1+2)? (1+2)?°
Suppose that forn=1,2,..., f, is defined by

Tn —zu oo —’L”LL/
+ pnj —i-/\w
u:” ’”” , u€R, 2.4
f(u) e Lt ping S22 T4 Ay (2:4)

where pinj, j=1,...,rp, and N j, j=1,...,8,, n=1,2,..., lie in
D, for some vy € [0,%5) and are bounded away from —1.
Suppose that for u, € R and o, > 0, with 0, — 00 as n — 0,

Fa(w) = e™n/on £ (u /o) (2.5)
satisfies f(0) = 0 and f"(0) = —1. Then as n — oo,

falw) = e flu) — —ue /2,

locally uniformly on R.
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PROOF. A simple calculation shows that

T S
z 1 u 1
= + , 2.6
o2 = }rn: M j + 1 fn: An,j (2.7)

Thus the condition lim,,_, .0, = oo implies lim, o0 (7 + $p) = 00.
As in the proof of Theorem 1.2 of [2] we write

Sn

. Tn
~ o
Ingn(u): Unn +ZF(M”J7U— +ZZF J’zk ’

j=1 Jj=1k=1

where

t
F(u,t)—10g<€ +“),

14+ p

and expanding F'(u,t) in a Taylor series about ¢t = 0 gives

Ingn —*7+ZU —iu) Zau Hn,j +Z 21/_1 )

7j=1
(2.8)
where, under the conditions on i, j, An j, there is a constant A > 0
with

AV_2 Hn,j
a N < secy R ——1
‘ V(/’I/nyj)’ —_ v ’Y (1+Mn7])2
A2 Anj
A < ) ALY S
|al/( n,])| = SeC’}/ (1+>\n,])2

Thus, from (2.8), (2.6) and (2.7),

2

ra u = U;U‘u‘y v—2
log fn(u) + 5 < SeC’}/Z TA

Tn Sn
Pin,j 1 An,j
X R + R —
j; (1+png)? 20 -1 2 (1+ Anj)?
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[ee} v—2
Jul” (A>
< sech— —
v=3 v In

A!u\3< A\U!>_1
< secry 1-—

On On

whenever Alu| < o,. Since 0, — 00 as n — 00, limy_s0 fr(u) =
emu’/2 locally uniformly on R.
Differentiating (2.8) gives

I s n o v(An,j
ff(u) - u— ZZ oY (=)t Z av(fin,j) + Z %
fa(w) v=3 i=1 7=t

and, as before,

f/ (u) - 1 2
Lty < sec*yZag”|u|”_ AV
fn(u) v=3
Tn Sn
Hin,j 1 Anj
X R + R——
jZ::l (1+ ,un’j)Q v —1 e (1+ )\mj)Q
o) v—2
A
< . v—1 I
< syl ()
v=3
Aluf? < A!u\)‘l
= sec vy 1——
On On
whenever Alu| < o,,. Thus limy_s0f)(u) = —ue /2 locally uni-
formly in R. O

As noted in [2], the set D, contains the sector |argz| < v and
for z = +re?, r >0,y < 0 <7, 2 lies in D, if and only if
in(?=2 in(2tx
sin(=57) <r< s?n(aE )
) sin(~5")

In particular, D, contains the unit circle r = 1.
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3 Asymptotic Optimality of Refinable
Functions

We suppose that (¢,,) is a sequence of refinable functions as in Section
1.

Theorem 3.1 If P)(—1) =0, then

1
lim Ay, Az = 3 (3.1)

n—oo

PROOF. We recall that lim,,_. $n =G in LP(R), 1 < p < oo. From
(1.6) we see that (3.1) is equivalent to

nlggo A(bnAAn = % (3.2)
We also recall that an is defined so that
/ h 2 (x)dr = / h 2?G(z)dx = 1. (3.3)
Firstly we shall show that
TLILH;O b 2 (2)2dx = /OO 22G(2)%dx. (3.4)
Take € > 0 and choose A > 1 so that
/ 22G(z)dx < e. (3.5)
|z|>A

Choose N so that for all n > N and |z| < A,
22pn ()" — 22G(2)¥] < —, k=1,2. (3.6)

Take any n > N. Then

‘/_i 2y (x)dx — /_i %G (x)dx

<€
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and so by (3.3),

|/ 22 ¢y () d: —/ 22G (x)da
|z[>A |z|>A

< €.

So by (3.5),
/ 22 pp(x)dr < 2e.
|z|>A

Thus for large enough n,

27 L 27
/x|>Ax On(2)2de < \/%/|x>Ax On(x)dz < €,

and so
/ 2o (2)2dx —/ 22G(x)%dz| < 2e.
|z|>A |z|>A
By (3.6), for all large enough n,
A A
’/ 22 (z)?dx — / G (z)%dz| < €
—A —A
and (3.4) follows.
Also for large enough n,
A A
‘/ Tén (2)2dz — / G (z)%dz| < e,
—A —A

/ | ()2 < / 23, ()% < e,
lz|>A

|z|>A

and as before,

n—oo

lim x(bn( )dax = /OO G (z)%dx = 0.

—0o0
Since

n—o0

lim qﬁn diL‘/ G(x 2dac

155
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(3.4) and (3.7) give

. 1
To complete the proof we need to show that lim, .o Az = Ag
and since |¢,,(u)|? is even and lim,_.s0 ||, ]2 = [|G]|2, it remains to
show that
o0 -~ o0 2
lim u?| ¢, (u) > du :/ ue™ du. (3.8)
n—oo — 00 — 00

Let (1) = |6, (u)]* and f(x) = 51—/, 50 that Flu) = e,

Then (3.8) is equivalent to

lim @7 (0) = f"(0). (3.9)
Recall that ¢, is the refinable function with symbol P, (z), which we
may write as (2 + 1)?p,(2). Then ®,, is, up to scaling, the refinable
function with symbol Py, (2) P, (27 1) = (24+1)2(27 1 +1)2p,(2)pn(z71).
It follows that

@Z(l‘) =n(z + 1) = 20, (x) + nu(x — 1),

where 7, mentioned above is the refinable function with symbol
(z + 1)z~ + D)pn(2)pn(271Y), up to scaling. Since this polynomial
has all roots in the left half-plane, it follows from [5], and [1], that
7y, satisfies the following property: for any sequence ()\;) in R, the
number of inflections of the function 322 Ajn,(- — j) is bounded
by the number of inflections in the polygonal arc with vertices (j, A;),
J € Z. Thus the function ®/! has at most four inflections.

Now limp_s0 &, (1) = e /2 locally uniformly on R and so
limy, 00 (®7) " (u) = ()" (u) locally uniformly on R. Now f” has
exactly four inflections and it follows as in the proof of Lemma 5.1
of [2] that ®! converges to f” uniformly on a neighborhood of 0. So
(3.9) holds. O
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4 Asymptotic Optimality of Wavelets

Throughout this section we shall assume that the roots of P, in (1.1)
are real and negative, and that P, is reciprocal; i.e., the roots are
invariant under the transformation z — z~!. It follows that ¢, is
symmetric; i.e. ¢p(z) = ¢pn(n —z), x € R.

We define ®,, and @, asin (1.10) and (1.11). It is easily seen that
®,, is a refinable function with mask P, (z)P,(z7!). It follows that
®,, is continuous with support [—n,n] and satisfies ®,,(—z) = &, (),
x € R. The Laurent polynomial @, is called the Euler-Frobenius
polynomial corresponding to ¢,. From the work of [5] we know that
@, has real negative roots. As in (1.12) we define the wavelet, up to
multiplication by a constant as 1,(2 - —1), where v, is defined by

V() = €™ Qu (e NP, (et NG (u), weR. (4.1

Suppose that the roots of P, are =\, 1,...,—Apn. By (1.2) we
may suppose A\, 1 = 1. We write

~ 1 _ .
Anj 1= Q(An,j + >\né), j=1,...,n,

and for simplicity drop the first subscript n when it is unambiguous
to do so. Note that A\; > 1, j=1,...,n, and

(€71t 4 A;) (e~ +)\;1) = 2~ () + cosu) .
Also
el = 22 cosg
= V2 2(14cosu)'/?, —m<u<m,

and therefore
5, 1/2
Pn( —iu _ —znu/QH ( —|—COSU> , —rnm<u<lm.

Similarly, if the roots of @, are —pq, ..., —pn—_1, —,ufl, ceey —,u;il,
and setting fi; := %(,uj + ,uj_l), j=1,...,n—1, then for a constant
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A, >0,
n—1
Qn(e ™) = A, H(ﬂ] + cosu)
j=1
So from (4.1) and (2.2),
Un(u) = Bpe ™2 f, (1), u€ER, (4.2)
where B,, > 0, f,,(u) is real,
n—1 n
|fn(u)| = H  — cosu H — cosu)'/?
j=1 i=1

( s(2~ u)>1/2
xHH oo . ueR,(4.3)

falu) > 0,0 <u<2m, fr(0) = fr(2m) =0, fu(—u) = (=1)"fr(u).
We shall make the following mild assumption on the growth rate
of A, ; with n. There are constants K > 0 and 0 < o <1 such that

{j:S\nJSK}‘Zan, n=273,.... (4.4)
This can be reformulated as follows.

Lemma 4.1 Condition (4.4) holds if and only if there is a constant
C > 0 with

n

Z >Cn, n=23,.... (4.5)

o An]+ 1)2

PrOOF. If (4.4) holds, then

an
n=23...,
z:: Am+1 (K+1)

which gives (4.5).
Conversely, suppose that (4.4) does not hold. Take any e > 0.
Then there exists n such that

{7 : Mg <2} < en.
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If S‘H,j > ¢ /2, then (S\n,j +1)72 < e and so

Thus there is no constant C' for which (4.5) holds. O

We can now study the shape of the graph of f, in [0, 27], which
will lead to the asymptotic behaviour of ,.

Lemma 4.2 There is a number o > 0 such that fy, in (4.2) has a
unique local mazimum in [0,27] at oy, with

2w
§<an<7r—oz, n=23,....

PRrROOF. For n = 2,3,..., putting F,(u) := log fn(u), 0 < u < 27,
gives by (4.3),

n—1 . n . n oo k- —k
sinu 1 sinu 1 27" sin(27%u)
() Jz::l fij —cosu 2 Py 2 Z Z Aj + cos(27Fu)

Flw) > li sinu 1i sin(u/2)
nit 2 2 o Aj 4 cos(u/2)

1 " \j(sinu — sin(u/2)) 4 sin(3u/2)
B QZ (Aj — cosu) (A, + cos(u/2)) =0

since sinu > sin(u/2).
Now by condition (4.4), for 0 < u <,
Fl(u) < 3nsinu sin(u/2)

1
~ 2(1 — cosu) 1" K + cos(u/2) = nG(u),
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say. Since G(w) < 0, we can choose a > 0 with G(u) < 0 for
T—a<u<m7 Thus forn=2,3,...,

Fl(u)<0, m—a<u<m.

Finally we note that for § <u <,

ftjcosu — 1 1<~ \jcosu—1
F// - ] -
Z — cosu)? 2t 2 JZ_; (A — cos u)?

n o0

Ajcos(27Fu) 4+ 1 <0, @7
( : :

1
2]2 — 2% Aj 4 cos(2Fu))2

since all terms are negative.

Thus we have shown that for n = 2,3,..., F(u) > 0,0 <u < 2,
Fl(u) <0, 7—a<wu<2m and F/(u) <0, 5 <u < 7. Hence F,
has a unique local maximum in (0,27) at a, with & < oy, <7 — .
The result follows. O

It will be convenient to renormalise the wavelet v, by defining
(_1)[n/2]
an n(an)

where B,, is as in (4.2), from which it follows that for even n,

\I/n(l‘) = djn(x)a z €R,

T _ fn(w)
Uy (u) = Fo(on) (4.8)
while for odd n, W
-  falu
Yn(w) = ifn(an)
We next define o, > 0 by
on = —F;(an) (4.9)

By (4.7) we see that
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So by condition (4.4) and Lemma 4.1,
on>avn, n=23, ..., (4.10)

for some a > 0. Also from (4.7),

on < V2n, n=23,.... (4.11)
Theorem 4.3 If j, denotes the number 1 or i as n is even or odd,
then
lim j, W, (ufop +ay) = 67”2/2,
n—oo
lim —\IJ' (u/op +ay) = —ue /2,
n—00 Oy,

where the convergence is locally uniform on R.

PROOF. We consider even n, the case for odd n differing only by
a factor of i. Putting f,(u) := ¥, (u/o, + a5), we see from (4.8),
Lemma 4.2 and (4.9) that

f2(0) =1, F2(0) =0, £(0) = -1.
We also have from (4.1),

n—1 (e—iu/an . Mjeian)(e—iu/on o :U’j_leian)

]?n(u) _ €i(2n—1)u/an1_I

j=1 (1 - lujeian)(l - M;leian)
y f[ e—iu/an o )\jeian 00 eiu/Qkon + )\jeian/2k
— P Yo 7% L ol0in 2k )
. e A i

which is of form (2.5), (2.4) in Theorem 2.1. In order to apply
Theorem 2.1 we need that for n = 2,3, ..., —,ujeia", —pj e “leton j =
1,...,n—1, =Ajefn, j = 1,....n, \een/2" j =1, n, k =
1,2,..., all lie in D, for some v in [0, §) and are bounded away from
—1. From Lemma 4.2, m — an<§and r<5—-5,k=12...,
and hence all the above numbers lie in the sector |argz| < v for
v =max{%,5 — §}. Since D, contains this sector, the condition is
satisfied.
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We see from (4.10) that o, — oo as n — oo. Then Theorem 2.1
gives the desired result. O

In Theorem 4.3 we consider convergence of @1 because this will be
needed later for convergence of the uncertainty products. In order to
extend Theorem 4.3 to convergence in LY (R) we shall need to apply
the Dominated Convergence Theorem. For this we shall need the
further condition that P, has a double root at —1, i.e. P,(—1) =0.

Lemma 4.4 Let

o A+ cos(27Fu)
i) = [ =77
k=1

Then for any K > 1, there is a constant p < 1 such that py(u) <
prA(m), A (W) < pua(m), foruw> 3 and 1 <A< K.

PrROOF. Fix A\ > 1 and let R(u) = )‘Jg\c% For # < u < 2m,
R(u/2%) < R(n/2%), k=1,2,..., and so

pa(u) = R(27%u)  R(u/2) A +cos(u/2)
in(m ~ M R = Ry = |

T R(7/2) A
Thus
ur(u) < pr(m), w<u<2m, (4.12)
and .
iu) < <1 - Tﬂ) i), T <u<om
For 27 < wu < 3m,
pa(u) = B(u/2)px(u/2) < =7 pa (),

by (4.12). So for any K > 1 there is a constant p < 1 such that for
1<A<K, 2T <u<3nm,

pa(u) < ppx(m). (4.13)
Now for all u > 3,

pa(u) = R(u/2)px(u/2) < pa(u/2)
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and successive application of this gives (4.13) for all u > 37”
Now ) (u) = — 322, 27 Fvk(u), where

o0

cos(279u) sin(27Fu
vi(u) == H At cos(277u) sin(27Mu)

1L+ A+1
J#k

For k>1, 7 <u<2m,

v ()| _ ﬁ R(277u) sin(27Fu)

()

j=1

1
— . < — < 1.
R(27Im) A+cos(27Fu) — X —

ik

For%”ﬁuﬁ?w,

So

|1 (u)] < sin(37/4) 1

<.
pa(m) — A -2
/ 3T
()] < pa(m), m<u< 5
3
A < ppa(m), - < <2m,

for a constant p <

1. Now since py(u) = R(u/2)px(u/2),

)] = 5B (/2)n(/2) + 5 R/ (/2)

A

So recalling (4.12),

Lemma 4.5 If P}

0<o<1l,u>?3r,

(/)] + 3 i (w/2)].

3
EA@] < Sua(m), w2

a

(=1) = 0, then for constants A > 0,0 < p < 1,
n=23,...,

|6 (1) Ap”"u”| ()],

<
0L (w)| < Anp”"u2|gp(r)]-
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PrRoOOF. We may write

(n—m)/2 /3
iu Aj +cosu m (U
Pp(e™™) = H (ﬁ) cos <§> ,

j=1

for m = 2 or 3. We note that

1 u mr sin(27Fu . sin(u/2 sin(w/2
ECOS(W)ZH#:M (u/2)  _ sin(w/2)

i 2 sin(2=k=1u)  n—oo 27 sin(2-"1y) u/2
Recalling (2.2), Lemma 4.4 and condition (4.4) give the result. O

Lemma 4.6 If P/(—1) = 0, then there is a constant C > 0 such
that for u > 0,(37/2 — an), n = 2,3,..., |U, (u/on + )| and

V! (u/op + an)| are bounded by C(1 + u)~2.
Proor. For all u,
|Qu (e ) Py (7 04| < Qu (1) (1),
and so by Lemma 4.5, on recalling (4.1), for v > 2
()] < Ap7u™2 [y (m)].

Since |\Tln(7r)\ < ]\f'n(an)| =1, for u > O’n(:%r —ap),

s
2

< Ap”" (ufon + O‘n)iz
< C(14u)2,

‘(I\Jn (u/op + an)

for some C' > 0, by (4.11).
Similarly we see that for a constant B > 0,

’\Tl; (u/on + an)| < Bnp® (u/oy, + an)_2

and the result follows. O

Remark

The above method of proof shows that if P, has a root at z = —1
of multiplicity m, then Lemma 4.6 holds with (1 + u)~? replaced by
(1+u)~™
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Lemma 4.7 There are constants a, b > 0 such that for —opa, <
u<on(3—an),n=2,3,..., U, (u/oy, + an)‘ and %llfﬁl (u/on + an)| <

—bu?

ae

PROOF. As in the proof of Lemma 4.2 we put F,(u) = log fn(u),
0 < u < 27. Recall from (4.7) that for § <u <,

P ()| = g 1 —fijcosu +lzn: l—j\jcosu
" = (fj — cosu)? 23 (Aj — cosu)?
n o0

+;ZZ 1+ \jcos(27%u) T

e * 2%h( (A + cos(2Fu))2

We also recall condition (4.4) and note that for p > K, § <wu <,
n -
1—/uzosu2 1—Kcosu2§i Z 1~—)\]cosu'
(1 — cosu) (K — cosu) on <= (Aj —cosu)?

Xj<K

If Gp(u) denotes the right-hand side of (4.14) with the summa-
tions taken only for fi; < K, \; < K, then for g <u<m,

IF(w)] < (1 n ;) Gt

Since |Gy (u)| < |F)/(u)], § < u <, there is a constant C' > 0 with

"
CENTTINE
since
(K+1)2< (1129)62 <K+1, 0<2<1, 1<A<K
As Fl(ay,) =0,
Fo(u) < Fy(an) + %c Y- an) (o), 5 Su<m
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Recalling that 02 = —F/(,,) we have

fn(u) < frnlay)exp (—%C’_l(u — an)20721> ,
and hence

U,y (u/om + an)| <

Also for § <u <,
|Fn(w)] < Clu— anl| ) (an))|
and so
|[fr (@)l = [ fa(@)| Ey ()] < Corlu— an|falu)],
which gives

\Tlﬁl (u/on + an)

< Clul \@n (w/ T + am)

T \
;,  On (_ - an) <u< O'n(ﬂ'_an,

2
(4.16)
By Lemma 4.2 we may choose o, 0 < a < g, with 7 —a, > a,
n = 2,3,.... Let E(u) = exp(—a®u?/8Cn?). For m < u < 3F,

fa(u) < fr(m) and so for oy (1 — ) < u < 00 (2F — ), (4.15) gives

U, (u)on + o) < exp (—%C_l(w — an)za?l)

= EQ2no,a (1 —ay))
< E27oy,) < E(u), (4.17)

since m — oy, > o and u < (jn(%7r —ap) < 27moy,.

Now from (4.6) and (4.10), there is a constant A > 0 such that
form<u< 37”,
|F (u)| < a?A,, < Ad?.

Thus
[fr(u)] < Aop fo(u), m<u<
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and so for o, (7 — ap) < u < 0p (5 — an),

U (u/on +an)| < AO’2‘(I\/ u/0n+an)‘

< Aa"2u 2“11 (u/on + an)

. (4.18)
since u > o, (7 — ay) > opa.

For 0 <u < %, fu(u) < fu(%) and so for —opa, < u < on(5 —
ap), (4.15) gives

U, (u/on + an)‘

A\
@

”
e}
/|\
DN | =
3
~~
o
|
Q
3
—

N
Q
3N
N——

— B (2o (Z o)

< E2wo,) < E(u), (4.19)

and |u| < opa, < 270y,
( 6) that for 0 <u < 7,

— sin u sinu
fl(u)| < — 4+ = u).
R P ZA et 200

Noting that

sinu o A+ cos(2 %u) (ﬁ A+ COS(Q_k_lTI')> -

A P A+1 P A+1

is bounded for A > 1,0 < u < ” , and recalling from Lemma 4.2 that
fn is increasing in [O, Tl we see that for a constant K,

|fn(u)] < KEnfy(7/2), 0<u<m/2.
So by (4.10) there is a constant B such that for —o,a, < u <
O'n(% - Oén),

V' (u)on +an)| < B2, (1/200 + an) < B%uQE(u), (4.20)

as in (4.19) and since |u| > op(ay — §) > 0,7/6.
The result now follows from (4.15)—(4.20). O

Lemmas 4.6 and 4.7 allow us to apply the Dominated Conver-
gence Theorem to prove the following:
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Theorem 4.8 Suppose P)(—1) = 0. If j, denotes the number 1 or
i as n is even or odd, then as n — o0,

~

¥ (u/on) — e~z (u=onan)® _, 0,

j—n\ff;(u/on) + (u— onozn)(f%(7k‘7’l()"l)2 — 0,
On

in LP(0,00), 1 < p < oc.
ProoOF. We need consider only even n. Let

U, (u/on + an), u> —opa
h — n n mnj)o - n-=n,
n(t) { 0, otherwise.

From Theorem 4.3, limy, oo hp(u) = € /2 and lim, o B, (u) =

—ue~¥?/? locally uniformly. By Lemmas 4.5 and 4.7, h,, and h], are
dominated by

h(u) = max{C(1 + |u|)"%, ae "}, ueR.
So by the Dominated Convergence Theorem,

Hm hn(u) =e %72, lm b, (u) = —ue */?, (4.21)

n—oo n—oo

in LP(R), 1 < p < oo. Also since h, e~%*/2 and ue=%/2 all tend to 0
as u — £oo, it follows that the convergence in (4.21) is also uniform.
The result follows. O

Since U, (—u) = (=1)"U,(u), u € R, we have a corresponding
result on (—o00,0). Adding these together and taking inverse Fourier
transforms gives the following:

Theorem 4.9 Suppose P (—1) =0. As n — oo, for even n,
on ¥y (opz) — 2cos(opanz)G(x) — 0,

and for odd n,
on ¥y (opx) — 2sin(o,anz)G () — 0,

where the convergence is in L4(R), 2 < g < oc.
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Finally we show that the wavelets W, have asymptotically opti-
mal time-frequency localization, as deseribed in Section 1 (see (1.13),
(1.14)).

Theorem 4.10 If P/ (—1) =0, then

*
n—00 2%

PRrROOF. Since ¥, (—z) = (—1)"¥,(z), = € R, we see that py, as in
(1.7), is 0 and so from (1.8),

A2 J20 2| () Pd
" J 2o [ () 2
22 10 () 2du
2% W () [2du
Jo 100, ()| 2du
S W () 2du

By Theorem 4.8, as n — oo,

| o)

2 [ee]
du — / e~(wmoman) gy
0

and so
0] e (e.) 9
an/ U, () P du — / e " du, (4.22)
0 —00
since o, — 00. Also by Theorem 4.8, as n — o0,
1 [~
- U’
= ALY

and so

2 o
du — / (u— anan)ze_(“_""a")Zdu —0
0

1 RN e 2
— |\I/;L(u)|2du—>/ u?e™" du.
On Jo —00
Thus Y
ffo u‘e “du 1
nh_)r{)lo o 22 = m =3 (4.23)
—o0
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By Theorem 4.3 and Lemmas 4.6 and 4.7, for j =1, 2,

s — 2
— (1 — opar) eI 0 as n — oo

(u — opay)’ ’\f'n (u/on)

in L1(0,00). Thus as n — oo,

00 ~ 2
/ (u— opan) |y (u/oy)| du — 0, (4.24)
0
[e.e] /\ 2 oo 9
/ (u — opay,)? ‘\Iln (u/an)‘ du—>/ ue™" du. (4.25)
0 —00
Now
oo N 9 1
/0 u \I’n(u)‘ du = ;%/ U/Un)
1 Qn = 2
= a_%/ — onay) | Uy (u/oy) du+— A U, (u/oy)| du.
Thus from (1.13),
)| 2d
l% _ fo — 00| W (u/oy) [*du a,

on fo W, (u)on)2du
and hence from (4.22) and (4.24),
lim an(ug —ay) =0. (4.26)

n—oo n

o2 2
2 fo "I' (u)|*du
2 + _
g (A\Tln) - E
fo \\I' u)|?du
S5 = oy V21T (u/o) P
JoZ 1 (u/on)Pdu

foo u2e " du 1

T e 2 (4.21)

as n — 00, by (4.26), (4.25) and (4.22). The result then follows from
(4.23) and (4.27). O
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Dedicated to the memory of Professor Ambikeshwar Sharma

Abstract

This paper deals with some basic facts about interpola-
tion by classes of entire functions like polynomials, trigonomet-
ric polynomials (= 27-periodic entire functions of exponential
type), and non-periodic transcendental entire functions. The
results discussed here are closely related to the work of the late
Professor Ambikeshwar Sharma on interpolation. Some,like
the uniqueness theorems for (0, m) interpolation by entire
functions of exponential type, were inspired by his work. Cer-
tain details presented in our discussion of Hermite interpola-
tion may be new and so of some special interest. We also
explain what Hermite really did in his often quoted paper.

173
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1 Preliminaries about Entire Functions

A function f:C — C is said to be entire if it is analytic throughout
the complex plane. Polynomials > a,2”
Entire functions which are not polynomials are called transcendental.
The exponential function

are entire functions.

is a transcendental entire function and so are cos z and sin z. In fact,
t(z) =3 1__, ce¥? ¢, € Cisan entire function. Since any trigono-
metric polynomial ¢ can be written in the form ¢(z) => ) c,e*?
for some n, we see that a trigonometric polynomial is the “restriction
of an entire function to the real axis.”

It is useful to have a notation for the class of all polynomials of

degree at most n. We shall use P,, to denote it, that is

P, = {p(z) ::Zayz”:a,,EC for v = 0,1,...,n}.
v=0

Thus P, C Ppyq forn=0,1,2,....

For any entire function f set M(r) = M;(r) := max, <, |f(2)].
Clearly, M(r) is a non-decreasing function of r. An entire function
f is a polynomial if and only if there exist C' > 0 and a non-negative
integer m, depending on f, such that

log Mf(ry) < mlogry +C

for an increasing sequence rq,r2,73,--- — oo. This inequality with
m = n characterizes the class P,,.
An entire function f is transcendental if and only if
log M(r)

lim ————~ — .
r—oo  logr

The order of an entire function f is defined to be

log log M
p = limsup 28108 M5 ()
r—00 log r
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All polynomials are of order 0, but not all entire functions of order
0 are polynomials. The order of an entire function can be co. As
an example we mention f(z) := . The order of an entire func-
tion can be calculated from the coeflicients in its Maclaurin series
development. If f(z) := > ja,z", then

nlogn

p = limsup (0<p< ).

n—oo 10g(1/|an|)

This formula for p shows that f(z) := 1402, n ™"/ 2" is an entire
function of order p (0 < p < 0).

The type of an entire function f(z) := Y 2 a,2z" of finite posi-
tive order p is defined to be

T := limsup log My(r) = limsup in|an|p/" .
r—00 r n—oo pP€
For 0 < p < o0 and 0 < 7 < oo an entire function f is said
to be of growth (p, 7) if it is of order not exceeding p and of type
not exceeding 7 if of order p. Let C, . denote the class of all entire
functions of growth (p, 7). Then

Cpl »T1 C CPQ sT2

if p1 < p2 whatever 71 and 79 may be, and also if p; = po provided
that 71 < 7. Functions of order 0 belong to C,, - for any p € (0, 00)
and any 7 > 0.

Functions of growth (1,7), 7 < oo, are said to be of exponential
type. This is because f is of growth (1,7), 7 < oo if and only if for
any given € > 0 there exists a constant k = k., depending on ¢, such
that

f(z)] < kel (z e ).

Note that any entire function of order less than 1 is of exponential
type 7, and so is any entire function of order 1 type T not exceed-
ing 7. A trigonometric polynomial ¢(x) := Y."_  c,e’” is an entire
function of exponential type n when «x is allowed to vary in the com-
plex plane. Trigonometric polynomials are, of course, 2m-periodic. It

is known [9, p. 109 (Theorem 6.10.1)] that any entire function f of
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exponential type 7 that is 27-periodic is necessarily a trigonometric
polynomial of degree at most n := |7]. However, not every entire
function of exponential type n is a trigonometric polynomial. For
example, the function f(z) =1+ 2, k=klrzk 0 < p<1,is of
exponential type n for any n > 0 but is not 2m-periodic. Another
example is f(z) := (sinnz)/z, n > 1.

2 Lagrange Interpolation by Polynomials and
Trigonometric Polynomials

For any given set of n distinct points z1, ..., 2, in the complex plane
and n values wi,...,w, in C, distinct or not, there exists a polyno-
mial p € P,_1 such that

p(zy) = wy (v=1,...,n). (2.1)

This well-known result on polynomial interpolation is covered by
Cramer’s rule which may be stated as follows.

Lemma 2.1 Let the n x n matriz A = (a;j) be non-singular, that is
its determinant |A| is different from zero. Then the system of linear
equations

ann¢ + apC 4+ - 4+ anlG = w
L @)
an1.C1 + an2C + o+ an G = wy
in the unknowns (1, ..., (,, possesses a unique solution. The solution
is given by
CV:% (v=1,...,n), (2.3)

where A®) is the matriz obtained when the vth column of A, is re-
placed by the vector W = (wy, ..., wy)". O
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Existence of a polynomial p(z) := ag+a1z+---+a,_12""! of degree
at most n— 1 satisfying (2.1) is the same as the system of n equations

loag + z-a1 + - + 2 ea,q = w
, (2.1
lrag + 2zp-a1 + -+ + 2 la = w,
in the unknowns ag, a1, ..., a,—1, having a solution. By Lemma 2.1,
k—1

applied with a;p = z; and (, = a,—_1, this system has a unique
solution if the determinant

1 21 e ZIV e 2?71
V(zl, ces ,Zn_l) =
1 2z, -+ 2 -t
is different from zero provided that zi,..., 2, are all distinct. This

is indeed the case since

V(zi,...y2n) = H (2 — 25) .

1<j<k<n

In order to determine the polynomial p of degree at most n—1 having
the interpolation property (2.1) we could always use (2.3) but it is
shorter to recognize that p must be of the form

p(z) = Z wy 1y (2),
v=1

where [, is the polynomial of degree n — 1 which satisfies

1A op=w,
ZV(Z“)_{O it p#wv.

Setting ¥ (z) := szl(z — z,,), we readily see that

(2.4)
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Thus

Ly we dE) _snpa) W0y

For an application of Lemma 2.1 it is important to decide whether
the determinant |A| of the matrix (a;) is different from zero or not.
This could be hard if we always had to calculate |A|. The following
lemma can often be used to avoid this.

Lemma 2.2 ([30, p. 27]). A necessary and sufficient condition for
the existence of numbers (y, ..., (n, not all zero, satisfying the system
of equations

anG + aiC + -+ anG = 0
@6

an1 Gl + ap2Ge + -+ amG = 0
is that the determinant |A| = |ajxl, ., be zero. In other words,

|A| # 0 if and only if the homogeneous system (2.6) is satisfied only
forGi=---=¢ =0.

Since a polynomial p(z) := Zﬁ;é a, z¥ of degree at most n — 1

cannot vanish at n different points 21, ..., 2z, without being identi-
cally zero, we may apply Lemma 2.2 with (, = a,_1 forv=1,..., n
to conclude that the system (2.1") in the unknowns ag, ai, ..., an—1
has a solution, without knowing the value of V(z1,..., z,).

For any ¢ # 0 and any o € R, the equation ¢* = ¢ has one and
only one solution in the strip

Sei={z€C:a<Rz<a+2n}.

Hence, a trigonometric polynomial ¢(z) := Zﬁ;l_n 410y eV of degree

not exceeding n — 1 cannot vanish at more than 2n — 2 points in

Sq unless ¢_pt1,...,€0,---, Cyp—1 are all zero. Applying Lemma 2.2
with 2n—1 instead of n and ¢_y11,...,¢o,- .., ch—1 as the unknowns
we conclude that for any set of 2n — 1 distinct points z1,..., zon—1

in the strip S, and 2n — 1 values w1, ..., wo,_1 in C, distinct or
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not, there exists a trigonometric polynomial t of degree at most n—1
such that
t(zy) = wy (r=1,...,2n—1). (2.7)

Here we could have also calculated the underlying determinant and
seen that it was not zero.
As usual, let

[k/2] ,
Ti(z) = g Z (—1)]'%(2@')16_% = cos (k arccos z)
=0

be the Chebyshev polynomial of the first kind of degree k. Then,
cos k6 = Ty (cosf). Hence, if C is an even trigonometric polynomial
of degree at most n, that is if C'(0) := >_}'_, ¢ cos kf, then

n

o) = Z cxTi(cos ) = p(cos @),
k=0

where p(x) :=>""_ja,a” = >} _cxTk(x) is a polynomial of degree
at most n. Now note that cosf decreases from 1 to —1 monotoni-
cally as 6 increases from 0 to 7. Hence, to any point z, € [—1,1]
there corresponds one and only one point 6, in [—m, 7] such that
x, = cosf,. Since p cannot have more than n zeros in [—1, 1] without
being identically zero, we conclude that C' cannot have more than n
distinct zeros in [0, 7] unless it is identically zero. Hence, Lemma 2.2
implies that for any set of n+1 distinct points 6y,01, ..., 0, in [0, 7],
and any numbers wg, w1, ..., Wy, there exists a unique cosine poly-
nomial of degree at most n satisfying C(0,) = w, for v=0,1,...,n.

Lemma 2.2 also implies that given any distinct points 01,...,6,
in the open interval (0,27) and any n numbers wi,...,wy,, there
is a unique sine polynomial S(6) of degree at most n satisfying
S0,) =w, forv=1,...,n.

Lemma 2.2 becomes almost indispensable as we move on to an-
other kind of interpolation.
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3 Hermite Interpolation by Polynomials and
Trigonometric Polynomials

Let ai,...,a, be any set of n positive integers. The problem is
to find the smallest N such that, for any set of n distinct points
Z1,..., 2np in the complex plane and a; + --- + «,, arbitrarily pre-
scribed values

WOy -+ s Way—1,00 (v=1,...,n),

there exists a polynomial p(z) := sz/\;o a, 2z of degree not exceeding
N satisfying

P (21) = wj1 (j=0,...,01—1)
(3.1)

p(j)(zn) = Wjn (j=0,...,a,—1)

This is a system of a; + --- + a, equations in N + 1 unknowns
ag,...,anN- In order to apply Lemma 2.1 we should take
N = a1+ -+ an — 1, and then see if the determinant |A| of the
corresponding matrix is different from zero. It would be a formidable
job to calculate the value of the determinant in this case, but here
Lemma 2.2 comes in handy. We only need to show that if p € Py,
N=oa+--+a,—1, and

P9 (2,) =0 (j=0,...,,—Lv=1,...,n), (3.2)

then p must be identically zero. This is trivial since (3.2) implies that
p has zeros of multiplicities aq,..., o, at z1,..., z,, respectively.
Thus, counting each zero as many times as its multiplicity, we see
that p has at least a; + --- 4+ a,, = N + 1 zeros, and so must be
identically zero. Hence, by Lemma 2.2, the determinant of the matrix
corresponding to the system (3.1) of N = aj + -+ 4+ a,, equations
in N + 1 unknowns (the coefficients of the interpolating polynomial
p of degree at most N) is different from zero, and so by Lemma 2.1
the system has a unique solution.
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In order to find a formula for the polynomial p of degree at most
N = a3 + -+ + ap, — 1 satisfying (3.1), let us find for any given
pe{l,...,n} and k € {0,..., ay — 1} the “fundamental polyno-
mial” [, of degree N such that

' 1 if v=p and j=k,
D (2) =4 0 if v=pand je{0,...,a —1}\{k},
0 if v#pand j=0,..., 0, — 1.

For this set ¢(z) := [[,_;(z — z,)*. Then clearly

¥(2)

Z— zy,)m

leu(2) = ( p(2),

where ¢ is a polynomial of degree o, — 1. Developing ¢ in powers
of z — 2z, and using the fact that l,(gzt(zu) =0forj=0,...,k—1, we
may write

o(z) = A\ (2 — zu)k +o A1 (2 - z#)o‘“_l ,
so that
o w(z) k a,—1
lk7u(2) = m {)\k (Z — Zﬂ) + - -+ Aau—l (Z — Z#) Iz }
= be(z = 2)" + bpga(z — 2" 4 -+
Since

l(j)(z): Lt j =k
NS 0 if je{0,..., o —1}\{k},

we must have

1
bk:y and be:O for ee{k7,au_1}\{k}

(Note that the set of values of ¢ to which the statement “b, = 0”
applies is empty in the case where k = oy, — 1). Thus

)\k + .4+ )‘au—l(z _ Zﬂ)au*kfl _

{% +ba,, (2 = 2™ F +} % &3)
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The function (z — 2,)®* /1 (z) is holomorphic in the largest disk
|z — z,| < p that does not contain any of the other z,’s and so is
defined therein by a power series, say co+c1(z—z,)+c2(2—2,)%++ -,

where
1 d’ (2 — zu)™ _
“ ‘_E[W{W}LZ (£=0.12,...).

m

Since the left-hand side of (3.3) is a polynomial of degree o, —k —1,
we must have

Akt Aay—1(2 — zu)o‘“*kfl
1

=4 {co +ei(z—zu) + -+ capk-1(2 — zu)o‘“_k_l}

apu—k—1

"

Hence, for any p € {1,..., n} and k = 0,..., a,—1, the fundamental
polynomial [ , is represented by

leu(z) = W(2)(z — 2)" % x

aukl

Y

Hence, the following result holds.

Theorem 3.1 Let z1,...,z, be n distinct points, and aq,..., o,
positive integers. Set (z) == [[};_1(z —2,)* and for p € {1,... ,n}
andk =0,...,0,—1 definely, ,(2) by (3.4). Then the unique polyno-
maal p of degree at most oy + - - - + oy, — 1 satisfying the interpolation
conditions (3.1) is given by

a;—1 as—1 an—1
=) weale1 ()4 wralk2(2)+ -+ Y Weplkn(2). (3.5)
k=0 k=0 k=0 0

NOTE. A reader familiar with the well-known book of P. J. Davis
[11] might wonder why our formula for I; , does not agree with the
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one appearing in that book on page 37 (see (2.5.25)). We believe
that the latter contains a misprint and is not correct as stated.

The study of “Hermite interpolation” was initiated by Ch. Her-
mite in a paper [23] entitled “Sur la formule d’interpolation de La-
grange.” The term “Hermite interpolation” was of course not coined
by him. By the way, he was not interested in a formula like (3.5).
Then, what exactly was his motivation? He considered a function f
holomorphic in a nonempty simply-connected open set D and took n
distinct points z1,..., 2, in it; taking in addition n positive integers
ai, ..., a, he proposed to himself (in his own words: “Je me suis pro-
posé ”) to find a polynomial p of degree not exceeding g+ - -+, —1
satisfying the conditions:

p(j)(zl) :f(j)(zl) (]ZOav al_l)

P () = FD(z)  (G=0r.es i — 1)

He goes on to say: “En supposant a; + -+ + a,, = n la question
comme on voit est déterminée.” Thus, it was known to him when he
wrote the paper that a polynomial p satisfying (3.1), where the values
Woy, .-y Way—1 (¥ =1,..., n) are completely arbitrary, does exist
if its degree is allowed to be as large as a1 + --- + a,, — 1. He was
simply looking for an integral representation for p(z). His result may
be stated as follows.

Theorem 3.2 Let f be holomorphic in a region (open simply—connected
set D and let z1,- -+, zp, be any set of n distinct points all lying in D.
In addition, let aq, ..., a, be arbitrary integers, all positive, and set
P(Q) == [1,_,(¢ — 2,)*. Take any rectifiable Jordan curve I' which
together with its “inside,” the bounded component of C\T', is con-

tained in D and contains the points z1, ..., z,. Then, the polynomial
p satisfying (3.6) is given by the formula
p(z)zf(z)%—i, 1/1(2:)/ _ SO d¢ for all z inside I'.  (3.7)
2mi r (z = Qv(C)
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We shall discuss the motivation behind this theorem. The proof
as explained by Hermite in his paper is not particularly easy to grasp.
Davis [11, pp. 67-68] proves the result in the case where ay = ---
= ay, = 1, and gives a “brief indication” (see the proof of Corollary
3.6.3 on page 68) for the general case. There is no easily available
book, if there exists any, that contains a comprehensive proof of the
result in its full generality. So, we find it desirable to make the
necessary details available to the reader.

Proof of Theorem 3.2. It is well known (see for example [,
p. 121]) that if ¢(z) is continuous on an arc 7 then the function

/ m d( is analytic in each of the regions “determined” by . We
~

z=C
may apply this with ¢(() := to conclude that /1“ (Z_JCSL(C)

5(0) a

defines a function of z that is analytic in D. Thus

BN I
1) = 55 909 T g

is analytic inside I" and for any v € {1,..., n},
ID(z,)=0 for j=0,...,a,—1. (3.8)

Now, we only need to show that the expression on the right-
hand side of (3.7) is a polynomial whose degree does not exceed
a1 + -+ a, — 1. Applying the residue theorem we see that

) O s S
10:=57 [ G oug % = OO LR, @9

where R,(z) is the residue of the meromorphic function
f(©)

F(z) = —————

SANCRIIG

ity of the pole at z, does not exceed «,,, the Laurent development of
F around z, has the form

at its pole z,. Let z # z,. Since the multiplic-

Qy

F(C) = Z% "‘al,u(c_zu)+a27u(<_zu)2+"' ,

— Zzz)
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and so
1
Ry(z)=a-1,=a_1,(2)= 7(% — )1 [Day—l {(¢—- zl,)aVF(()}]szy )
Writing (¢ —2,)* F'(¢) as the product of . i : and W’

both analytic in the immediate neighbourhood of the point z,, we
see that

(D=1 {(¢ - zy)a”F(C)}]czzu

- {ZO e e e }]

(=2zy
ey, — 1) 1
= Z ' bj,]/ (Z — )OCV_] )
= v
with bj, := [D] {M}] € C. Thus
¢(€) (=zv
_ v ! P(2)
YRR = JZ 7 i e
— : zl,)j ﬂ ,
! (z — 2z)™
which shows that 1(z)R,(z) is a polynomial whose degree cannot be
larger than (o, — 1)+ (a1 + +oap)—ay, =a;+---+a, — 1. Since
this is true for v = 1,..., n we conclude that 1/1(2) S _Ru(z)isa

polynomial of degree at most aj + -+ -+, — 1. In view of (3.8) and
(3.9) the polynomial

ZR 2) 4 1(z)

2771
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has the desired interpolating property (3.6). O

Hermite’s motivation behind Theorem 3.2

Let f, D, z1, a1 and I" be as in Theorem 3.2. Furthermore, let p
be such that the closed disk {( € C:|( — 21| < p} lies inside v and
denote by C,, the positively oriented circle | —z1| = p. It is standard
(see, for example [1 , p. 125]) that the familiar Taylor polynomial p
of degree at most a; — 1 satisfying

p(z1) = f(z1),. .. ap(c”fl)(m) = f(al’l)(zl) (3.10)
is given by

VI ST £(¢)
0 =9le) 5 =™ | i

for |z — 21| < p. Since the integrand has no singularities in
D\ {|¢ — z1| < p}, the circle C, in this representation may be re-
placed by I'. Thus

e L (e f(<)
16 =3+ g 2 [ =

for |z — z1] < p. The function f(¢)/(¢ — z1)** is continuous on T,
and so the integral on the right-hand side of (3.11) defines [1, p. 121]
a function of z that is analytic throughout the bounded component
' of @\F Since the function f(z) appearing on the left-hand side
of (3.11) is also holomorphic in T, by analytic continuation, the
equality must hold not only for |z — 21| < p but throughout e,
Thus

¢ (3.11)

_ al X
EiCha

/1‘ (= Z)f((f)_ et d¢ for all z inside I', (3.12)

which is what Theorem 3.2 says in the case where n = 1.

REMARK 1. If A,(z1) := {2 € C: |z —2]| < p} C D, then the
Taylor polynomial p(z) satisfying (3.10) converges uniformly to f(z)
for z € A,(21) as a; tends to infinity. Hermite pointed out that the
polynomial p satisfying the more general interpolation condition (3.6)
tends to f(z) as aq,..., a, tend to infinity, if the circles centered at
zy, v =1,...,n and passing through z lie inside T'.




Interpolation by Entire Functions 187

4 Lagrange Interpolation versus Hermite
Interpolation

Let f : [-1,1] — R be an arbitrary continuous function, let
pn(f;+) € Py, be such that

Pn (1+2”) :f<1+2”) (v=0,1,...,n).
n n

It was observed by Runge [34] that the sequence {p,(f;z)} may
not converge uniformly to f(z) as n — oo. Subsequently, Bern-
stein (see [31, pp. 30-35] for details and pertinent remarks) noted
that the sequence {p,(|z|;-)} converges to |z| at no point of [—1,1]
other than —1,0,1. Does there exist a universal infinite triangular
matrix, whose n-th row consists of points x1y,..., 2z, belonging
to [—1,1], such that for any continuous function f : [-1,1] — R
the sequence {p,—1(f; )} of polynomials p,_1 € P,_1, satisfying
Pn—1(vn) = f(ayy) for v = 1,---,n, converges uniformly to f7?
The famous theorem of Faber (see [13] ; also see [6]) says that the
answer to this question is “no.” Similarly, there does not exist a uni-
versal infinite triangular matrix, whose n-th row consists of points
80.n,01n, .- ,0n 2, belonging to [—1,1], such that for any continu-
ous 2m-periodic function f : [0,27] — R the sequence {T,,(f; 0)}
of trigonometric polynomials T),(f;.) of degree at most n, satisfying
T (0y2n) = f(Oy2n) for v =0,1,---,2n, converges uniformly to f(6)
(see [38 , Chapter VIII}).

Fejér discovered that the situation changes if instead of Lagrange

interpolation we consider Hermite interpolation in the points
2v—1 .
Zyp i= COS 5, T V= 1,...,n. These points are the zeros of the
n

n-th Chebyshev polynomial of the first kind. The result of Fejér (see
[14 , 15]) may be stated as follows.

2v—1

Theorem 4.1 Let x,,,, := cos m,v=1,...,n. For any con-
n
tinuous function f:[—1,1] — R, the sequence {Han—1(f;*)} of poly-
nomaals belonging to Pon—1 satisfying the conditions
H2n71(f§ xz/,n) = f(xu,n) and Hén—l(f?-%‘u,n) = y;/n

)
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converges uniformly to f on [—1, 1] provided that

/
. Y| logn
lim max ————
n—oo 1<v<n n

=0. O

There is an analogous result about the convergence of Hermite
interpolating trigonometric polynomials. It has some instructional
value in connection with Hermite interpolation by non-periodic entire
functions of exponential type , and so we shall discuss it.

Note that the Fejér kernel

Rt = 2 {2

is a trigonometric polynomial of degree n that vanishes at the points
ty:=2mv/(n+1) for v =1,2,...,n and equals (n +1)/2 at ty = 0.
Thus

In(z) = Jn(f52) :=

n
S Ko —t) (A1)
v=0

is a trigonometric polynomial (J for D. Jackson) of degree at most
n coinciding with f at the points tg,...,t,. It is interesting that
K (2mv/(n+1)) =0for v =0,1,...,n and so J,(f;z) is a trigono-
metric polynomial of degree at most n coinciding with f at the points
to,...,tn, and having a vanishing derivative there, a fact first ob-
served by Bernstein [5]. A priori it might seem that J, satisfies
2n+2(> 2n+1) conditions, but the conditions governing the deriva-
tive J/, are not independent. In fact, for any trigonometric polyno-
mial S of degree at most n,

S'(x) = Z d,e"®  where dy=0.

Hence, using a well-known property of the primitive (n 4 1)-st roots
of unity, namely

n
Ze2wrij/(n+l) -0 (v==1,...,4n),
=0
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we conclude that

0=(m+1)dy=>_5 <n2f:r1> : (4.2)
§=0

i.e., the sum of the values, the derivative of a trigonometric poly-

nomial of degree at most n takes at the points tg,%1,...,%,, is al-
ways zero. It is not obvious but given any set of n + 1 numbers
Yo, Y1, - - -, Yn and another set of n+ 1 numbers yy, v}, - .., y,, satis-

fying the condition Y, _,y, = 0 there exists a unique trigonometric
polynomial S, of degree at most n such that

Su(ty) = yu, SL(t,) =1, (r=20,1,...,n). (4.3)

To see this, note that

n
1
Tp+1(x) = Z sin px + 3 sin(n + 1)z
pn=1
x

1
= {l-cos(n+ 1)x}§ cot 5

(4.4)

is a trigonometric polynomial of degree n 4+ 1 which vanishes at the
points t, = 2nv/(n+ 1), v =0,1,...,n. Its derivative also vanishes
at each of these points except at to; in fact 7/ ;(0) = (n + 1)%/2.
Hence

1

_ /
() = QW ;)%Tnﬂ(m—tu)

1 n ) n . -
— QW Vzoyy %Slnu(x t,/) -+
1 , -,
—(n 12 sin{(n+ 1)(z —to)} ;}yy

= 2ﬁ Z;)yl’, stin w(x —t,) (4.5)

is a trigonometric polynomial of degree at most n vanishing at the
points ¢, and having derivatives y/, there. Consequently, with K,,(u)
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as above,

Sp(

n+1 Zyy n(x —ty) + hp(z) (4.6)

is a trigonometric polynomial of degree at most n that satisfies (4.3).
If there were more than one, the difference of two such S(z) would
have a double zero at each of the n 4+ 1 points tg,t1,...,t,, and so
would vanish identically, giving us a contradiction.

Having discussed the relevant properties of the trigonometric
polynomials J,, and h,, defined in (4.1) and (4.5), respectively, we
are ready to state the analogue of Theorem 4.1 for Hermite interpo-
lating trigonometric polynomials, we had alluded to above. Here we
must quote [42, p. 24] and also [42, p. 331] where Zygmund attributes
the result to Fejér [15].

Theorem 4.2 Let f(z) be any bounded periodic function with period
27. Furthermore, for any given natural number n, define

2y
tl/’n::n—l-l (vr=0,1,...,n).

Also, let Yo s Y1y -5 Ynp be an arbitrary set of n + 1 numbers
satisfying

n

e d / ’ / _ n
Zyu,n_ an maX{’yO,n‘v |y1,n|’ ) K =0 loon, .
v=0 g

Now, let S,(f;x) be the trigonometric polynomial of degree at most
n such that

Sn(fa tl/,n) = f(tzz,n) s S;L(f;tu,n) = y:’ﬂ’b (V =0,1,... >n) .

Then lim,, .o Sn(f;x) = f(x) at every point of continuity of f, and
the convergence is uniform over each closed interval of contmuity.D

The negative results of Faber and Bernstein about the uniform
convergence of Lagrange interpolating polynomials and of trigono-
metric polynomials notwithstanding, when it comes to convergence in
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the mean, Lagrange interpolating trigonometric polynomials which
interpolate a 2mw-periodic function in uniformly distributed points
behave very well, as the following result of Marcinkiewicz [28] illus-
trates.

Theorem 4.3 Let f : R — C be any continuous 2m-periodic func-
tion, and for any n € N, let

2ur
vn -

= =0,%1,...,4n).
2n+1 (V ) ) ’ TL)

In addition, let Ly, (.; f) be the trigonometric polynomial of degree at
most n with Ly(0yr; f) = f(Oun) forv=0,%1,...,£n. Then

2w

nILrgO 0 |f(0)_Ln(91/,n§f)‘pd0:0 (p>0)‘ 5

This is interesting since sup,,_,o. |Ln(fvn; )| = oo for every 6 if
the continuous 27-periodic function f is chosen appropriately ([22],
[29]). Theorem 4.3 and another analogous result due to Erdés and
Feldheim [12] have stimulated a lot of research on mean convergence.
Later in the paper, we shall mention an analogue of this theorem
for Lagrange interpolation of non-periodic functions f : R — C in

uniformly distributed points vr/7, v = 0,£1,42,.. ..

5 Lacunary Interpolation by Polynomials and
Trigonometric Polynomials

The theory of lacunary interpolation was greatly enriched by con-
tributions made by the late Professor Ambikeshwar Sharma and his
associates. His work with A. K. Varma on (lacunary) trigonomet-
ric interpolation motivated the third named author of this paper to
consider extending the notion of “(0, m) interpolation by trigono-
metric polynomials” to “(0, m) interpolation by entire functions of
exponential type” which will be discussed in a later section.

Lacunary interpolation by polynomials
Given n points {z,},_,, and corresponding to each x, a set of
non-negative integers mi,,...,Mq,, and arbitrary numbers
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Wiy, -, Wa,,w, We may ask if there always exists a polynomial p of
degree a1 + - - -+ ay, — 1 or less satisfying the ag + - - - + a, conditions

p(mk’“)(my):wk,y for k=1,...,ap, and v =1,..., n.

This is the central problem of lacunary interpolation, called “lacu-
nary” because there may be lacunae (gaps) in the sequence
M1y, ..., Ma, . It is also referred to as Birkhoff interpolation since
G. D. Birkhoff [8] was the first to consider this kind of interpola-
tion. It reduces to Hermite interpolation when my, = k — 1 for
k=1,...,qy.

In order to get some insight into the problem of lacunary in-
terpolation let us suppose that o, = 2 for v = 1,..., n and that
mi, = 0, mg, = 2 for each v. Then the question is: does there
always exist a polynomial p of degree 2n — 1 or less such that

p(zy) = wiy, B
P (z)) = wa, } (v=1,...,n)7 (5.1)

This kind of interpolation, also known as (0, 2) interpolation, is con-
siderably more complicated than the case (0,1) of Hermite interpo-
lation. For example, there may be no polynomial p of degree 2n — 1
or less such that p(z,) = w1, and p’(z,) = we, for v =1,...,n;
it is also possible that there may be an infinity of polynomials of
degree not exceeding 2n — 1 satisfying (5.1); and then there are situ-
ations of considerable significance and interest where the interpola-
tion problem has one and only one solution. These claims need to be
substantiated. The following example serves to justify the first two.

Example. Opting for simplicity which adds to the clarity without
missing the point we take only three nodes 1 = 1,29 = 0,23 = —1,
that is n = 3, and see if there does or does not exist a polynomial p
of degree at most 5 (= 2n—1) that takes arbitrarily prescribed values
w11, w12, w13 at 1, T2, T3, respectively, and whose second derivative
p” can be assigned any three values ws 1, w22, w23 at these points.
Let us take wy 1 = w2 = wi 3 = 0. Then, writing p(x) := Zi:o a,z’
we see that the coefficients of p must satisfy the conditions

ap=0, ai+a3+a5=0, az+ag4 =0.



Interpolation by Entire Functions 193

Let us also choose w2 to be 0. This forces as and a4 to be 0. Hence,
in view of the condition a1 4+ a3+ as = 0, we are led to conclude that
the polynomial p has to be of the form

p(z) :al(m—x )+a5(:c —a:d)

and so necessarily p”(x3) = —p”(x1). Indeed
) 0 < 2o =T, 5
p(x3) =p"(—1) =2(3a; — Tas). '

Thus, we can only choose p”(1) or p”(—1) freely but not both. In
particular we see that there is no polynomial p of degree 5 or less
satisfying the conditions

p(1) =p(0) =p(-1)=0, p'(1)=1, p"(0)=0, p'(-1)=1.

On the other hand, if we respect the restriction imposed by (5.2)
on the choice of wg; and ws 3, that is require p”(—1) to be equal
to —wa 1, then we can certainly find polynomials p of degree not
exceeding 5 for which p(1) = p(0) = p(—1) = 0, p"(1) = wa 1,
p"(0) =0, p”’(—1) = —wy 1. Any polynomial of the form

L (wor +6a))(@® —2%) (a1 €R)

ple) =a (e —2%) - -

has this property. In fact, any of the polynomials

1
p(z) = a1(z — 23) — T2 (w21 + 6a1)(z® — 2°) + cx(l — 2%) (322 - 7),
where a1 and c are arbitrary real numbers, satisfies the specified
interpolation conditions.
The preceding aspect of (0,2) interpolation was discussed from
a more general point of view by Surdnyi and Turdn [36].

Let
Lm/QJ
= E () ()
2m m

be the Legendre polynomial of degree m, normalized so that
P, (1) = 1. It was observed by Surdnyi and Turdn [36] that the
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zeros of the polynomial 7, (z) := (1 — 2%)P)_,(x) are of special sig-
nificance in connection with the problem of (0,2) interpolation by

polynomials. This is illustrated by the following result.

Theorem 5.1 Let & =1 > --- > &, = —1 be the zeros of the
polynomial 7, (x) := (1—2?)P!_,(x). Furthermore, letwy p, ..., Wny
and Yin, ..., Ynn be two sets of n real numbers each. Then, if n is

even, there exists a polynomial f of degree not exceeding 2n — 1 such
that

f(fu,n) = Wyn , f//(gu,n) = Yvn (V =1,... ,n) .

The same cannot be said in the case where n is odd.

Proof. Let us recall that P,,_; satisfies the differential equation

(1= 2?) P,y (2)] +n(n — 1) Poy(z) =
(1—a2*)P! () —22P._i(x)+n(n—1)P,_1(z) =0,

n—1

and so

(1 -2 [(1—2H)P_(@)]" +nn—1)(1 -2 P._ () =0.

n—1 n—1
Thus m,, satisfies the differential equation
(1 — 2?7 (z) + n(n — Dma(z) = 0. (5.3)

Differentiating the two sides of (5.3) and putting z = 1, z = —1 we
find that

w1y = "0y

(1) and #(—1) = — =1

—m(-1). (5.4)

Let
—-1= En,n < gnfl,n << 52,71 < gl,n =1

be the zeros of m,. Then from (5.3) it follows that

i (&n) =0 (v=2,...,n—1). (5.5)
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We shall use this property of 7, to determine all those polynomials
p in Pop,_1 that satisfy

p(gu,n) =0 .
P'(&m) = o} v=1,..,n). (5.6)

The identically zero polynomial certainly satisfies (5.6). So the
class C,, of all polynomials p in Pa,_; that satisfy (5.6) is not empty.
Now note that if p € C,, then p must be of the form

p(x) = mn(2)g(x),

where g € P,,_1. Using (5.5) in

(@) = m,(x)g(x) + 2m, ()9 () + mn(2)g" ()

we see that for v =2,...,n — 1, we have

0=p"(m) = 21, (Evn)d (Evm) -

Since the zeros of m, are all simple, 7,(£,,) # 0 and so ¢’ and P),_,
have the same zeros. Hence, there exists a constant ¢ such that
¢'(x) = ¢P)_{(z). This, in turn, implies that for some constant d,

g(x) =cPy_1(z) +d.
Thus
p(z) = mp(z){cPr_1(z) + d} . (5.7)

We have not as yet used the fact that p”(z) vanishes at 1 and
—1. Since also m,(x) vanishes at 1 and —1, we have

0=p"(1) = m(1)(c+d) + 2em, (1) P, (1),
0=p"(=1) = m(=D{e(=1)""" +d} + 2em, (1) P 1 (1)
Using (5.4) we see that ¢ and d satisfy the two equations

n(n —1)

T (c+d)+2cP_,(1) =0

and
n(n —1)

_T{(_U”*lc +d} +2cP,_1(~-1)=0.
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From the differential equation for F,,_1 we deduce that

n(n—1) an(n—1)
Pq/z—1(1) = 9 P;L—l(*l) = (-1 9
and consequently
3c+d=0 and (—1)"-3c—d=0. (5.8)

At this stage we should distinguish the case where n is even from
the case where n is odd. Let n be even. Then (5.8) reduces to

3c+d=0 and 3c—d=0.

This is possible only if ¢ and d both vanish. Returning to (5.7) we
see that p(z) is identically zero. Thus p = 0 is the only polynomial
p € Pay—1 that satisfies (5.6).

In the case where n is odd, (5.7) in conjunction with (5.8) implies
that a polynomial p € Po,_1 satisfies (5.6) if and only if
p(z) = cmp(z){Po1(z) — 3} O

For a variety of further results about (0, 2) interpolation by poly-
nomials we refer the reader to [2], [3], [4], [32], [40] and to [37].

Lacunary interpolation by trigonometric polynomials

For any integer n let ¥, y :=27v/(N +1) for v =0,..., N, and
denote by 7n the class of all real trigonometric polynomials of degree
at most N. We start with the following result [37, Theorem 7.5].

Theorem 5.2 Let n and m be two positive integers. Also, in the
notation just introduced, let ¥, n—1 = 27wv/n forv =0,...,n— 1.
Furthermore, let wg, ..., wy—1 and yo, . ..,Yn—1 be two sets of num-
bers subject only to the restriction that yo + -+ + yn—1 = 0. Then,
there exists a unique trigonometric polynomial T € T,_1 such that

TWOym1)=w, , T, 1) =y, (v=0,...,n—1), (5.9)

if either m is odd and n is arbitrary or m is even and n is odd.
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NOTE. Analogously to (4.2) it can be shown that for any trigono-
metric polynomial S of degree at most n — 1,

i 2mv
> 5tm) <—> =0, (4.2))
n

i.e., the sum of the values the m-th derivative of a trigonometric
polynomial in 7,1 takes at the points Yo n—1,V1,n—1,- -, In—1,n—1 is
always zero.

We shall deduce Theorem 5.2 from the following uniqueness the-
orem for entire functions of exponential type (see [16, Theorem 4],
also see [17, Lemma 2]).

Lemma 5.3 Let m be any positive integer, and \ an arbitrary num-
ber in [0,1). Furthermore, let f(z) be an entire function of exponen-
tial type 27 such that

(i) |f(x)] < A+ Blz|* for all real x and certain constants A, B,
(ii) f(k) = f(™ (k) =0 for k = 0,41,+2,....
Then

f(2) = c1 sin(mz) + cg sin(27wz) if m is even,
| csin®(7z) if m is odd,

where c1,cy and c are constants. Here A cannot be allowed to be equal

to 1.
Od

Proof of Theorem 5.2. In view of Lemma 2.2, it is enough to show
that if T' € 7,,_1 and

TWyn 1) =T™ Wy 1)=0 (¥=0,...,n—1),  (5.10)

2
then T'(#) = 0. For this note that f(z):=T (—Wz> is an entire
n
(n—1)2r
n

function of exponential type and so of exponential type

less than 2m. Besides,

fR)y=f"(k)=0 (k=0,+1,+2,...).
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Hence, by Lemma 5.3, f(z) is identically zero if m is odd. In the case
where m is even, there exists a constant c¢; such that
f(2) := ¢y sinmz. This implies that T is identically zero if m is
odd, whatever n may be. If m is even, then 7" must be of the form
T(0) := ¢ sin <g 6?) for some constant ¢;. However, ¢; must be zero

if n happens to be odd, since otherwise T'(6) would not be 27-periodic
and so not a proper trigonometric polynomial. O

It was shown by Sharma and Varma (see [35, formula (4)]) that
if m is odd and n is arbitrary or if m is even and n is odd, then the
trigonometric polynomial

(n—7)™cosjé
(n=g)™ = (=)™ [~

which is clearly of degree n — 1, satisfies

2y 1 if v=0,
Aom <T) _{ 0 ifv=1,....,n—1,

andAé?;)L(%—”):OforV:(),l,...,n—l.

n

They also observed that if m is odd and n is arbitrary, then the
trigonometric polynomial

1
Ao (0) == ~ 142 >

n—1 .. .
_ 2 sin j0 sin né
Bon(6) i= (~1)tm-1/2 | 23
0, ( ) ( ) n = (n_J)m _|_jm nm+1

satisfies
B(m) 271'_1/ 1 ifv=0,
om\ pn J 710 ifvr=1,....,n—1,

and By p, (2”7”) =0forv=0,1,...,n—1. The degree of the trigono-
metric polynomial By, () is n, but never mind. This is a situation
analogous to (4.4). For any set of n real numbers fy, . .., 3,—1, where
Z:;é , = 0, and any continuous 27-periodic function f,

n—1
Rus®) = 37 () o (0-720) 4
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is the unique trigonometric polynomial of degree not exceeding n — 1
such that

Rn—l(%—y>=f<2w—l/> ananm)l(%—y>=ﬁ,, (r=0,1,...,n—1).
n n n

In analogy with Theorem 4.2 they [35, Theorem 2] proved the fol-
lowing result.

Theorem 5.4 Let m be odd and n arbitrary. Also, let f be a contin-
uwous 2m-periodic function, and By, ..., Bn_1 real numbers such that

n—1 m
> 5,=0 and max{yﬂoy,...,ﬁn_l\}—o< o ) .
v=0

logn

In addition, let Ry,_1(6) be as in (5.11). Then R,_1(0) tends uni-
formly to f(6) as n tends to oc.

Sharma and Varma [35] also considered the case where m is even
and n is odd and obtained a slightly different result.

Due to limitation of time and space we shall not discuss this topic
any further and simply refer to [37] for relevant references. However,
we must quote [27] which does not appear in their list of references
but is quite interesting in our opinion.

6 Interpolation by Transcendental Entire
Functions

Looking back at Theorem 3.1, we ask if an analogous result holds
for an infinite set of interpolation points. Obviously, a polynomial
of degree m cannot assume prescribed values at more than n + 1
distinct points unless the prescribed values are the same. So, if we
are looking for functions which are “just as smooth” as polynomials,
we have to move on to transcendental entire functions. However, we
need to observe that an entire function f cannot assume the value 0
at an infinite set of points 21, zo, ..., zp, . . . having a finite limit point
without being identically zero. For this reason, we shall require the
interpolation points to have no finite limit point. With this in mind,
the following result may be seen as “an analogue” of Theorem 3.1.
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Theorem 6.1 Let z1,...,z,,... be an infinite sequence of points in
the complex plane C such that z, # 0 and |z,| — o0 as n — oo.
Furthermore, for each n € N, prescribe oy, values

Wo,ns -y Way,—1,m 5

not necessarily distinct. Then, there exists an entire function f such
that A
fO)=wjn  (G=0,...,01-1)

f(j)(zn)' = wjn, (j=0,..., a,—1) (6.1)

Proof. The idea of the proof is simply ingenious. Let zp = 0 and
ag € N. Construct an entire function g with zeros of multiplicity
o, at z, for v = 0,1,2,.... This is possible by a slightly modified
version of a classical theorem of Weierstrass (see [1, p. 194] or [39,
pp. 246-247]), stated and proved below as Lemma 6.2. Let

9(2) = aa,p (2—2,)" 4+ -+ 020, -1 (z—zl,)%‘”_l—k' - (aa,p #0)

be the Taylor series development of g at the point z,. Now construct
a meromorphic function x(z) having a pole of multiplicity «, at z,
for each v, and no other poles. This is not only possible but by a
theorem of Mittag-Leffler [1, p. 185], stated below as Lemma 6.3,
we can also arrange for x(z) to have at each z, a “principal part” of
our choice. Clearly, f(z) := x(2) g(z) is an entire function, and the
freedom in the choice of the principal part of x(z) at each z, allows
us to arrange for f(z) to have the property (6.1), which means that
the Taylor series development of f(z) at z, should be of the form

f(z) = Z %wk,ay(z—zy)k—i- Z cr (z—2,)F.

k=0 k=,
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Thus, considering the Laurent development

b—oa,,,l/ b—l,l/ =
X(Z) = (Z — Z,,)a” +F Z——ZV + Zbk,u(z - ZV)k
k=0
of x(z) at z, we see that the coefficients b_,, ,,...,b_1, of the
principal part
(z — z)w z— 2z

need to be chosen in such a manner that

a,—1

X(2)g(z) = %wk,ay(z —z)" > az— )k
k=0

k=o,

This means that the the first o, terms of the product of

b—ozl,,y + + b—l,u
(z — z))w z2— 2z

and
{aauyy (Z - ZV)aD +o a20¢1,—171/ (Z - ZV)Qayil}

should be

1 k 1 ay—1
Wo,, 00 F Hwk,aV(Z—Zu) +o mwawl,au(z_zu) .
This observation helps us determine the coefficients b_q, ., ..., b—1,

successively, as desired. Clearly,

wWo,a,, 1 1
b—au,V: 5 b_a,,—i-l,y :CL— <ﬁU)17au_bal,,y Qo +1,v0 | 5 et cetera.

o,V Qv 0

Lemma 6.2 (K. Weierstrass). Let z1,22,...,2n,... be an infinite
sequence of points in the complex plane C such that 0 < |z,| < |zp+1]
forn =1,2,..., and |z,| — o0 as n — oco. Furthermore, for each

n € N, let my, be a positive integer. Then, for any integer mg > 0,
there exists an entire function f, which has a zero of multiplicity my,
at z, forn=1,2,..., and a zero of multiplicity mgy at 0.
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Proof. For |u| < 1 and p, := max{n,m,}, let

E(u;pn) = (1 —u)™ exp (mn z": % u”) .

v=1
Then
1 o1
. — — V_ —_— v
1og B(us )| = m{z S }
v=1 v=1
Mn (Pt Pt )
pn+1

<Pt 4 et 4

1 1 1 ? 1
‘U|p"+ 1 + 5 + <§> N =92 |u|pn+ .

Now, let p be any given positive number. Then, for |z,| = r, > 2p,

we have
pn+1 1 n+1
logE<i;pn> <2 (ﬁ> <2 (—) ,
ZTZ r’n, 2

z

that is E log E <—;pn> ‘ < 2. Hence, the series
Zn

|zn|>2p

IN

n

> logE (zi;pn)

is uniformly convergent for |z| < R, and so is the product

H E <iapn> = €xp Z log £ <i>pn>

z
|zn|>2R " |zn|>2R

It follows that the function

fz)==" 1] E (Zi;pn)
n=1 n
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is regular in |z| < R, and by a well-known theorem of Hurwitz [39,
p. 119] its only zeros in this closed disc are those of

|zn|<2R
i.e., the points 0, 21, 29, . .. with multiplicities mg, m1, ma, ..., respec-
tively. Since R may be as large as we please, Lemma 6.2 is proved.

a

Lemma 6.3 (G. Mittag-Leffler). Letzy =0,21,...,2p,... be an in-
finite sequence of points in the compler plane C such that
0 < |zn| < |znt1| forn=1,2,..., and |z,| — 00 as n — co. Asso-
ciate with each n € N a positive integer my, and with 0 a non-negative
integer mg. In addition, let

= Ay n
Gn(Z):Zm (’I’l:].,Q,...),
v=1
and
mo
ay,0

Go(z) :== Z — .

— (2 — 20)

Then there ezists a meromorphic function f(z) whose poles coincide
with the points zo = 0,21,..., 2n, ..., and whose principal part at the

point z, equals Gy, forn=20,1,2,....
O

Although there is a clear analogy between Theorem 5.2 and The-
orem 3.1, there is an important difference. In order to explain it,
we need to recall the notion of “growth” (p, 7) of an entire function
that was discussed in §1. We remind the reader that this notion has
the same significance for a transcendental entire function as the de-
gree has for a polynomial, and the class C, - of all entire functions
of growth (p, 7) is analogous to the class P, of all polynomials of
degree at most n. When we say that a polynomial f is of degree at
most n we imply that |f(z)| < C|z|™ for some C' > 0 and all z of suffi-
ciently large modulus. Similarly, when we say that an entire function
f is of growth (p,7) we mean to indicate that |f(z)] < Ce(Tte)lzI”
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for any € > 0, some C depending on ¢, and all z of sufficiently large
modulus. Theorem 3.1 says that not only there is a polynomial that
satisfies (3.5) but that we can find one in Py, N := a1+ -+ a, —1,
that is one which does not grow faster than |z|"V. Although we have
proved the existence of an entire function f satisfying (6.1) and have
also indicated how such a function can be constructed the result is
too general for us to be able to say anything about its order. It is
quite possible that there may be no entire function f of finite order
that satisfies (6.1). Even if we knew that the function f that has
been constructed is of growth (p’, 7'), we can rarely determine the
smallest class C),, that necessarily contains a function f with this
property. We need to know more about the distribution of the points
Z1,...42n,... and also about the values wj,. For example, let

21 = P1, 22 =P2 -, 2n = Pny--ny

where p; < po < --+ < py < --- are the primes arranged in increasing
order, and let w,, := ph" for n = 1,2,.... Then there does not exist
an entire function f of exponential type such that f(z,) = w, =
ePrlogPn for n = 1,2,... since for an entire function f exponential
type one can always find constants k and ¢ such that |f(z)| < ce*l?!
for any z € C. Then there is the question of uniqueness. It arises
when we know a function f to satisfy (6.1) and we know in addition
the smallest class C,, to which it belongs. We would then like to
specify some characteristic property of f so as to set it apart from
possibly other functions of the same class that satisfy (6.1). The
results that help us in this respect are called uniqueness theorems .
In order to illustrate this we shall give some examples.

The following two uniqueness theorems are relevant for Lagrange
interpolation in uniformly distributed points on the real line. Both
these results are due to Valiron [41]. We refer the reader to [9,
Chapter 9] for numerous other results of this nature.

Theorem 6.4 (Valiron) Let f(z) be an entire function of exponen-
tial type m such that f(z) = O(|z|P) €™l as |z| — oo. Furthermore,
let f(z) =0 for z=0,£1,£2,.... Then f(z) = P(z) sinmz, where

P(2) is a polynomial of degree not exceeding p.
O
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Clearly, (sinmz)/(z —n), n € Z is an entire function of exponen-
tial type 7 that takes the value 1 at the point n and vanishes at any
other positive or negative integer. By the preceding theorem it is the
only such function that tends to zero as z — oo along the positive
real axis. So, this latter property sets this function apart from the
others of exponential type 27 which also take the value 1 at the point
n and vanish at all the other positive or negative integers, namely
the functions (sinmz)/(z —n) + c¢sinwz, ¢ # 0. These others are
bounded on the real line but do not tend to zero as z — oo along the
positive real axis.

Theorem 6.5 (Valiron) Let f(z) be an entire function of exponen-
tial type T such that zf(z) e~™?| tends to zero uniformly as |z| — oo
and vanishes at least once in each of the intervals [n,n + 1) for all

n € Z. Then f(z) =0.
a

The case m = 1 of Lemma 5.3 is a uniqueness theorem useful
for Hermite interpolation in uniformly distributed points on the real
line. It may be noted that, ((sin7z)/(z —n))* is an entire function
of exponential type 27 which takes the value 1 at the point n and
vanishes at any other positive or negative integer. Besides, its deriva-
tive vanishes at all the integers. By the case m = 1 of Lemma 5.3,
it is the only such function that tends to zero as z — oo along the
positive real azis. Similarly, (sinwz)?/(z —n) is an entire function
of exponential type 27 which vanishes at all the integers, positive or
negative, so does its derivative except at z = n where the derivative
takes the value 1. It is the only such function that tends to zero as
z — o0 along the positive real axis.

The reader may consult [24], [25] for some other uniqueness the-
orems relevant to Hermite interpolation by entire functions of expo-
nential type.

In addition to the above mentioned Lemma 5.3 the following three
uniqueness theorems also appear in [16]. They are all relevant to
lacunary interpolation in uniformly distributed points on the real
line.
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Theorem 6.6 Let f(z) be an entire function of exponential type T <
27 such that

fn)=f"(n)=0 (n=0,£1,£2,...),

then f(z) = ¢ sinwz, where ¢ is a constant. Here 7 = 27 is inadmis-

sible.
O

Let 7 < 2m. By Theorem 6.6 if there exists an entire function
f of exponential type 7 that takes prescribed values at the points
z = 0,£1,42,... and whose second derivative also takes prescribed
values at the same set of points, then it has to be unique. However,
the existence of such a function is not guaranteed. It depends on the
prescribed values.

Theorem 6.7 Let k be an even integer > 4. In addition let f(z) be
an entire function of exponential type T < 7 sec(m/k) such that

f)=fPm)y=0 (n=0,%£1,42,...).

Then f(z) = ¢ sinmz, where ¢ is a constant. Here T cannot be allowed

to be w sec(m/k). -

Theorem 6.8 Let k be an odd integer > 3. In addition let f(z) be
an entire function of exponential type T < 7 sec(w/2k) such that

fn)=f®m)y=0 (n=0,+1,+2,...).

Then f(z) = 0. Here T cannot be allowed to be 7 sec(w/2k). -

In his doctoral dissertation, R. Briick [10] obtained various exten-
sions of the uniqueness theorems presented in [16]. They all have di-
rect bearing on lacunary interpolation in uniformly distributed points
on the real line.

Approzimation via interpolation

Any polynomial other than a constant does not remain bounded
on any ray. This can also be said about entire functions of growth
(1/2,0). No non-constant entire function of growth (1, 0) is bounded
on a line. Hence functions that are continuous and bounded on the
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real axis cannot be approximated uniformly closely by functions in
the class C1o. However, the class (1, does contain non-constant
entire functions that remain bounded on the real axis, provided that
T is positive. This makes it reasonable to explore the “possibility”
if any bounded continuous function g : R — R can be approximated
arbitrarily closely by an entire function of exponential type. S. Bern-
stein [7] proved that this was possible if and only if g was not only
bounded but also “uniformly continuous.” Could this be done via La-
grange interpolation? In view of the negative results of Faber and
Bernstein about the convergence properties of Lagrange interpolat-
ing polynomials and Lagrange interpolating trigonometric polynomi-
als one cannot be optimistic about the possibility. For a discussion
of this question we refer the reader to [18]. In that paper it is shown
that Hermite interpolation in uniformly distributed points on the real
line does lead to a proof of the fact that a bounded uniformly contin-
wous function g : R — R can be approximated arbitrarily closely by
entire functions entire functions of exponential type.

For results on uniform approximation on the whole real line via
lacunary interpolation by entire functions of exponential type we
refer the reader to [17], [18], [19], [20], [26] and [27]. We would
have liked to discuss some of those results here but due to certain
constraints we cannot.

Results on mean convergence of Lagrange interpolating entire
functions of exponential type, analogous to Theorem 4.3, appear in
[33] and [21].
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Abstract

In this paper we survey hyperinterpolation on the sphere
S%, d > 2. The hyperinterpolation operator L,, is a linear pro-
jection onto the space IP,,(S%) of spherical polynomials of degree
< n, which is obtained from Ly (S%)-orthogonal projection onto
P,,(S?) by discretizing the integrals in the Ly(S?) inner prod-
ucts by a positive-weight numerical integration rule of poly-
nomial degree of exactness 2n. Thus hyperinterpolation is a
kind of “discretized orthogonal projection” onto P, (S?), which
is relatively easy and inexpensive to compute. In contrast, the
Ly(S%)-orthogonal projection onto P, (S?) cannot generally be
computed without some discretization of the integrals in the
inner products; hyperinterpolation is a realization of such a
discretization. We compare hyperinterpolation with Lo(S%)-
orthogonal projection onto P, (S?) and with polynomial inter-
polation onto P, (S?): we discuss the properties, estimates of
the operator norms in terms of n, and estimates of the ap-
proximation error. We also present a new estimate of the ap-
proximation error of hyperinterpolation in the Sobolev space
setting, that is, L, : H'(S%) — H*(S%), with t > s > 0 and
t> %, where H*(S?) is for integer s roughly the Sobolev space
of those functions whose generalized derivatives up to the order
s are square-integrable.
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1 Introduction: Orthogonal Projection,
Polynomial Interpolation, and
Hyperinterpolation

Let S¢, with d > 2, denote the unit sphere in R4,
s¢ .= {XGRd‘H’ x| = 1},

where |x| := /X - x denotes the Euclidean norm in R4*! and x -y is
the Euclidean inner product for x,y € R%1. Let us further denote
by P, (S?%) the space of all spherical polynomials of degree < n on S¢,
that is, the space of the restrictions to S? of all polynomials on R4+
of degree < n. Then Ly (S%)-orthogonal projection, interpolation, and
hyperinterpolation are all linear projections onto P, (S%). Hyperinter-
polation is, roughly speaking, obtained from Lo (S%)-orthogonal pro-
jection by discretizing the inner products in the Lo(S?)-orthogonal
projection onto P, (S?) with a positive-weight numerical integration
rule that has polynomial degree of exactness 2n.

This paper summarizes the known results on hyperinterpolation
and compares them with the corresponding results for orthogonal
projection and polynomial interpolation. Hyperinterpolation was in-
troduced by Sloan in [21]. We start by briefly summarizing all three
methods in this introductory section. Then in the next section we
show that while hyperinterpolation and interpolation onto P, (S%) are
essentially the same on S!, they can never be the same on S¢ for d > 2
if n > 3. In the third section we give estimates for the norm of the
hyperinterpolation operator, and also for the approximation error, in
terms of powers of n. In the last part of that section we present a
new estimate of the approximation error of hyperinterpolation in a
Sobolev space setting with certain assumptions on the indices. We
compare the estimates with known results for La(S%)-orthogonal pro-
jection and polynomial interpolation. In the last section we make
some concluding remarks about the advantages and disadvantages of
hyperinterpolation compared to orthogonal projection and polyno-
mial interpolation.
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1.1 Orthogonal projection onto P, (S9)

The space of continuous functions on S¢ is denoted by C(S?), and as
usual it is endowed with the supremum norm

1 fllesey = sup |f(x)]-
xeSd

Let us denote by Lo(S?%) the Hilbert space of square-integrable
functions on S with the inner product

(F9)naien = [, 10 0 dwa(x)

1
and the induced norm [|f|z,se) == (f, f)zg(sd)’ where dwg is the
Lebesgue surface measure on S?. The surface area of S¢ is denoted
by wa,
215
we = I8 = <
I (5)

The Lo(S%)-orthogonal projection Ty, : La(S?) — P,(S%) is then
uniquely defined by

T,f €Pn(S?)  Vf € Ly(S?)
and

(TofP) Loty = (FiD)pysey  Vf € La(S7), Vp € Py(S?).

Clearly we have T2 = T,,.

From now on let d > 2, unless specified otherwise.

The restriction of any real harmonic homogeneous polynomial on
R of exact degree £ to S is called a (real) spherical harmonic of
degree £. The space Hy(S?) of all (real) spherical harmonics of degree
¢ has the dimension

2W+d—1)({+d—2)!
(d—1)'e ’

N(d,0) :=1, N(d,t) :== ( feN.

We denote by
{n@‘k:L“wNuJ» (1.1)
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a fixed Ly(S?)-orthonormal system of real spherical harmonics of
degree ¢. Clearly (1.1) is an Lo(S%)-orthonormal basis for H,(S?).

Moreover .
= P H«SY,
/=0
and
dp := dim(P,(8%)) = ZN (d,0) = N(d+1,n)
(2n+d) (n+d-—1)!
d!'n! '
Furthermore

LT

4 = P H(s) = [JPu(s?)
=0 n=0

Any two spherical harmonics of different degree are orthogonal, and
hence the union of the sets (1.1) over all £ € Ny is a complete or-
thonormal system in Ly(S?). Thus any function f € La(S?) can be
represented in the Lo(S?) sense by its Fourier series (or Laplace se-
ries) with respect to this complete orthonormal system of spherical

harmonics:
0o N(d,0)

=33 fdv?,

(=0 k=1

with the Fourier coeflicients
A(d
A= (1Y8) = [ 560 Y ) ot

The orthogonal projection operator Tj, : La(S?) — P,(S%) onto
P,.(S?) can now be represented by

n N(d\t) n N(d«t)
Taf =30 37 ROV =30 30 (1), o YA 02
=0 k=1 (=0 k=1

An alternative representation of T}, can be given with the help of
the reproducing kernel of P, (S%). The reproducing kernel of P, (S%)
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is the uniquely determined kernel G,, : S x S — R with the fol-
lowing properties: (i) Gn(x,:) € P,(S?%) for every fixed x € S¢,
(i) Gn(x,y) = Gu(y,x) for all x,y € S?% and (iii) the reproduc-
ing property

(f, Gu(%, ) pye0) = F(x) VxS, Vf € Py(87).

It can be easily seen that the reproducing kernel is given by

n N(d0)
d)

Gn(xay = Z Z }[K(k )

(=0 k=1

" Cd;l( ) (1.3)
1 Xy
= Y N@o Y
40 C,% (1)

where in the last step we have applied the addition theorem for the
spherical harmonics of degree ¢ € Ny: for any x,y € S? we have

N(d,) ﬁlx‘
> v T = MEHE Y
d Cez (1)

d—1
In (1.4) and (1.3) the function C, * is the ultraspherical (or Gegen-

bauer) polynomial C’e of degree f with index A = , where
_ 1y 1
= N P, el a9
(A +3),
with

(a)o :=1, (a)p:=ala+1)---(a+€—-1), a€R, LeN,

1yl
and Pe(/\ 2A~2) [-1,1] — R is the Jacobi polynomial Pe(a’ﬁ) of
degree ¢ with indices « = 8 = A — 3. From (1.3), (1.5), and [25,

(4.5.3)] we obtain

Gulx.y) = oo ) P (x ), (1.6)
2/n
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2)

d
2772

where P,(L is the Jacobi polynomial of degree n with indices
o= g and = %.
With the reproducing kernel G, of P,(S?) we can write the

L(S%)-orthogonal projection T}, onto P, (S?) as

Tfx) = [ ) Guloy) dealy) = (Gl Doy (17)

x € S The formulas (1.2) and (1.7) are our starting point for the
discussion of hyperinterpolation.

Clearly the Lo(S?)-orthogonal projection T}, onto P, (S%) is the
“optimal” projection onto P, (S%) in the Lo(S?) sense. However, T}, f
cannot usually be computed exactly since the Fourier coefficients
fe(g) = (f, Yé(kd)) Lo(s¢) are not known. Instead we might only know f
at a discrete set of points X = {x1,...,%;,} and want to compute a
projection of f onto P,(S?) which is a suitable approximation of f.
Two possible strategies come directly to mind: One option is to dis-
cretize the Fourier coefficients of f in (1.2) in a suitable way with the
help of a numerical integration rule; this is the idea behind hyperin-
terpolation. Another possible strategy, if m = d,,, is to compute the
polynomial interpolant of f onto P,(S?) from the given data of f.
Both methods assume of course that the points {x1,...,X,,} satisfy
certain assumptions.

1.2 Polynomial interpolation onto P,(S%)

Let {®1,...,®4,} be an arbitrary basis of P,(S?). Any point set
X = {x1,...,%q,} for which the matrix (®;(x;)) j=1,..4, is invert-
ible is called a fundamental system. The definition of a fundamental
system is independent of the choice of the basis {®1,..., P4 }.

For a fundamental system X = {xi,...,Xg4,} the interpolation
problem in P,(S?) has a unique solution: for a given continuous
function f, there exists exactly one polynomial A, f € P, (S%) which

satisfies the interpolation conditions

Anf(x5) = f(%5), j=1,...,dy. (1.8)
The interpolation operator A, : C(S%) — P,(S?) is a linear projection
operator onto P,,(S%) because A,p = p for all p € P,(S%), and hence
A2 = A,
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With respect to the basis {®1,...,®4,}, the polynomial inter-
polant A, f of a given continuous function f has the form

dn
Anf = Z a; P;
i—1

where the coefficients are the solutions of the linear system of equa-
tions

dn,
i=1

The condition number of the matrix (®;(x;)); j=1,..4, depends
strongly on both the choice of basis and the quality of the fundamen-
tal system X = {x1,...,%q,}. There are many “bad” fundamental
systems for which the matrix (®;(x;)); j=1,..4, is so close to singular
that the interpolation problem cannot be solved in practice.

Another representation of (1.8) can be obtained with the help of
the Lagrangians (or Lagrange polynomials) ¢y, ..., ¢, of the funda-
mental system X = {x1,...,%g,}. The Lagrangian ¢;, i€ {1,...,d,},
is defined as the uniquely determined polynomial ¢; € P,(S?%) with
the property that

&(Xj) :(51'7]‘, jZl,...,dn,

where 9;; is the Kronecker symbol, defined by 6;; = 1 if i = j
and 6;; = 0 if i # j. In terms of the Lagrangians the polynomial
interpolant A, f of a continuous function f can be written as

dp
Anf(x) =) fxi)li(x), xS (1.9)
=1

The formulation (1.9) may appear to avoid the necessity to solve
a linear system, but this is misleading, because the computation of
even one individual Lagrangian ¢; demands the solution of a linear
system.

We observe that interpolation allows much freedom on the points
in which the data is given, as the only assumption is that the points
form a fundamental system. A number of explicit constructions of
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fundamental systems on S? are known (see [4, 7, 28, 29]). However,
for computational purposes it is also important that the interpolation
matrix should have a reasonable condition number, a requirement
which imposes a severe restriction.

Of particular interest among fundamental systems are the ex-
tremal (fundamental) systems, obtained by maximizing the deter-
minant of the matrix (®;(x;)); j=1,.. 4, With respect to an arbitrary
basis {®1,...,®4 }. Properties of extremal systems are summarized
in [24].

1.3 Hyperinterpolation onto P,(SY)

Hyperinterpolation is a numerical discretization of the Ly (S?)-ortho-
gonal projection T}, : Ly(S?) — P,(S%) for continuous functions. It
was first introduced in [21] by Sloan for general regions, with the
sphere as one example.

Let Qp(n) be a positive-weight m(n)-point numerical integration
rule

m(n)
Qm(n)f = Z Wy f(Xj)a VS C(Sd)7 (110)

j=1
with points x1,..., X)) € S% and corresponding positive weights
W1, . . ., Wyy(n), Which integrates all polynomials in P5,(S%) exactly,

that is,

Quip = 1= [ px)dualx) Vi € Pan(S),

With the help of the numerical integration rule @,,,) we can now
define a discrete (semi) inner product on C(S?) by

m(n)
(f2 D) = Q) (f9) = D> w; f(x)) g(x;),  f.g € C(SH.
j=1
(1.11)
For any two spherical polynomials p, ¢ € P,(S%) the product pq is a
spherical polynomial in Py, (S%). Thus it follows from the exactness
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of Qp(n) for polynomials of degree < 2n that

(P = Pr)zaion = [ PO) () dulx) Vg €P(S,
(1.12)
We remark that (1.11) does not have all the properties of an inner
product on C(S%). In particular, for f a continuous function on S%
(f,f,)mm) = 0 does not imply that f = 0, since it is possible to
construct a function f which is not identically zero but vanishes at
all the nodes X1, ..., X(,) of the numerical integration rule @, (,)-
After these preparations we can define the hyperinterpolation op-
erator Ly, : C(S?) — P,(S%). For f € C(S%) the hyperinterpolant
L, f is defined to be the projection of f onto P,(S%) obtained by
replacing the L (S%)-inner products in the Lo (S%)-orthogonal projec-
tion T}, f by the discrete inner products (1.11). Thus from (1.2)

n N(dt)
d) d
=> > (Fv), Y, xest )
=0 k=1
or with respect to an arbitrary orthonormal basis {®1,..., P4 } of
Py, (S7)
dn
Lyf(x) = Z (f, q)i)m(n) D,(x), x €S9 (1.14)
i=1

Corresponding to (1.7) we can write

m(n)

Luf () = (£:Gal, Ny = 3 w5 F(x7) Gulx,3,), (1.15)

j=1

x € S?. The last representation (1.15) of the hyperinterpolant is the
easiest and usually least expensive to evaluate, since we have the nice
representation (1.6) of the reproducing kernel G,, of P, (S%).
From (1.12) we have for p € P,,(S) that (p, Yg(kd))m(n) = ﬁéz), and
hence
Lp=Twp=p VpePu(S%). (1.16)

In particular (1.16) implies that L2 = L,, that is, the hyperinterpo-
lation operator is a linear projector onto P, (S%).
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We mention that the hyperinterpolation operator and the discrete
inner product have also the following properties: for f in C(S%)

(i) (f = Luf,p)m(n) = 0 for all p € P, (S9),

(i) (Lot Lonf)mm) + (f = Lafs f = Lo f)mm) = (Fs Hmm)s
(i) (Lnf, Lnf)mm) < (fs Fimen), and
(iv) (f = Lot f = Lo f)mn) = minyep, sa)(f =2 f = P)m(n)-

The property (i) shows that L, is the orthogonal projection onto
P,(S%) with respect to the discrete inner product (-, Jmen)- The
property (ii) is the corresponding Pythagoras theorem. The property
(iii) is a trivial consequence of (ii), and (iv) states that L, f is the
best discrete least-squares approximation (weighted by the numerical
integration weights) of f at the nodes of the numerical integration
rule. The proofs of the properties (i) to (iv) can be found in [21,
Lemma 5].

Compared to polynomial interpolation, the hyperinterpolation
approximation L, f can be much more easily and less expensively
computed than the polynomial interpolant A, f, provided that we
know the function f in the points Xi,...,X;,(,) of the numerical
integration rule @, (n)-

2 Why Is Hyperinterpolation Different from
Polynomial Interpolation?

It is useful to consider first the case of the unit circle
St := {(cosh,sinh)| 0 <0 < 2r}.

In this case IP,,(S!) is the space of trigonometric polynomials of degree
<n,

P,(S') = span {1, cos(f), ..., cos(nd),sin(h),...,sin(nd)},
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a space of dimension 2n + 1. Interpolation onto the space P, (S!) at
the d,, := 2n + 1 uniformly distributed points

. 2w .. 2 .
Xj 1= <cos<32n+1>,s1n<]2n+1>>, j=1....2n+1,

(2.1)

has been well understood since at least the 1930s, see [30, Chapter

10]. For example, it is known classically that the interpolant A, f

with respect to the set of equally spaced points (2.1) and the Lo(S')-

orthogonal projection T),f of a continuous function f onto P, (S!)

satisfy

[Anfll Loty Ver || fllesty, (2.2)
1 Tnfllysy < V2| flleey-

IN

Neither result can be improved, since the inequalities are sharp for
flz)=1.

The proof of (2.2) is simple but interesting, in that it uses quadra-
ture as a tool in the argument, despite the fact that the statement
itself has no direct relation to quadrature. The key is the easily
verified fact that the 2n 4 1 equally spaced interpolation points x;,
j=1,...,2n+ 1, given by (2.1) form also the nodes of an equal-
weight quadrature rule

2n+1

TN fixg), (2.3)
j=1

2n+1

Qons1f =

which can easily be seen to have polynomial degree of exactness 2n.
The steps of the proof of (2.2) are

1Ay = [ A GOP duo)
Sl
o 2n+1

= D A
j=1

2n+1

2n+1

_ 2m 2
= g 2 )]

Jj=1

IA

2 ||f||%’(§1)7
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where in the second line we used the fact that |A,f|? is a trigono-
metric polynomial of degree < 2n and is hence integrated exactly
by the equal-weight quadrature rule (2.3), and in the next that
Anf(x;) = f(x5) for j =1,...,2n 4+ 1 from the interpolation prop-
erty.

Now consider hyperinterpolation for the case of the circle S!,
using the positive-weight quadrature rule (2.3) which, because it has
polynomial degree of exactness 2n, is a valid rule for generating the
hyperinterpolant L, f by way of (1.13) or (1.15). But by replacing,
from the interpolation property, f(x;) by A, f(x;) in (1.15) we find,
making use of the exactness of Qa,, 41 on Py, (S!),

2n+1
27

Lnf(x) = 1 Z Anf(xj) Gn(X,Xj)
j=1

2n

_ /S1 Anf(y) Gn(x,y) dw(y)
Ay f(x)

Thus hyperinterpolation with the equal-weight quadrature rule (2.3)
on S' is just the same as interpolation with respect to the set of
uniformly distributed points (2.1), and there is no need for another
definition. This explains why hyperinterpolation does not arise in
the classical literature.

But for d > 2 the situation is quite different, with hyperinter-
polation in general being distinct from interpolation. Specifically, in
1995 Sloan [21] showed, in the case of S? with d > 2, that for n > 3
the hyperinterpolation operator L,, and the interpolation operator
A, cannot be the same. More precisely the following theorem holds.

Theorem 2.1 Let d > 2, and let Q) be a positive-weight nu-
merical integration rule (1.10), with points X1,...,Xm(n) € S and
corresponding positive weights w1, ..., W), which has polynomial
degree of exactness 2n, that is, Qpmyp = Ip for all p € Po, (S%). Let
Ly : C(S%) — P, (S be the hyperinterpolation operator defined with
the numerical integration rule Q). Then

(i) m(n) > d,.
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1) If m(n) = d,, then the nodes of Q) form a fundamental
(n)

system and we have Ly f = A f for all f € C(SY), where A, is

the interpolation operator onto IP’n(Sd) with respect to the nodes

(i1i) If n > 3 then m(n) > d,.

We show the proof from [21] below, because the proof gives rather
interesting insights, resting as it does on deep properties of spherical
designs. In the proof we will need some information about minimal
numerical integration rules and spherical ¢-designs.

First we observe that any positive-weight m(n)-point numerical
integration rule Q,,,) that satisfies Q,,,)p = Ip for all p € Py, (S%)
uses m(n) > d, points. This can easily be seen as follows (see for
example [12, 13]): Let {®y,..., P4, } be an arbitrary orthonormal
basis of P,(S%). Then from the exactness of Qy,(n) on Pa,(S?) we
have

Zw] (%)) Pr(x5) = (04, P1) 00y = Giky Gk =1,...,dn.

This implies that the m(n) x d,-matrix

(\/_(I) (Xj)) 1,....m(n);i=1,....dn

satisfies AT A = Iga,, where Iq, is the identity matrix of R%. Thus
the columns of A are orthogonal, from which we deduce m(n) > d,.

We speak of a minimal positive-weight numerical integration rule
Qm(n) o0 S? if Qim(n) has polynomial degree of exactness 2n and uses
m(n) = d,, points.

The notion of a spherical t-design was first introduced in [6] by
Delsarte, Goethals, and Seidel. A spherical ¢-design on S? is a point
set X = {x1,...,X;n} which gives rise to an equal-weight numerical
integration rule that is exact on P;(S?%), that is, X = {x1,...,X,,} is
a spherical t-design if

Qup =23 " p(x;) = / p(x)dwa(x)  Vp € Py(S).
m = sd
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Seymour and Zaslavsky showed in [20] that spherical ¢-designs exist
on Sd, for every d > 1 and every value of t.

A spherical 2n-design X = {x1,...,x,,} is called a tight spherical
2n-design if the number of points m satisfies m = d,, that is, if it is
a minimal numerical integration rule.

From the discussion of minimal positive-weight numerical inte-
gration rules we know that there are no spherical 2n-designs with
less than d,, points. The key to the proof of the last part of Theo-
rem 2.1 is a deep result of Bannai and Damerell [1], that there are
no tight spherical 2n-designs on S with d > 2 and n > 3.

Now we can give the proof of Theorem 2.1.

PrOOF. In the discussion above we have seen that there are no
numerical integration rules Q,(,) that satisty Qp,,p = Ip for all
p € Py, (S?) with less than d,, points. This verifies (i).

To prove (ii) and (iii), assume that the hyperinterpolation oper-
ator L, is defined with a positive-weight numerical integration rule
Qum(n) that uses m(n) = d,, points. Then the matrix A defined above
is now a square matrix, A = (,/w; ®i(x;));i=1,..d,, With (as noted
already) orthogonal columns. Therefore A is an orthogonal matrix.
In particular, A is invertible, implying that (®;(x;)); j=1,....4, is also
invertible, and hence {®1,...,®4 } is a fundamental system. This
proves the first part of the statement (ii).

Now we prove the second part of (ii). Because A is orthogonal,
we deduce A AT = Iga,, that is,

dn
D Vw5 Bi(x)) Vg Pi(xk) =ik, Gk =1,...,dn,
=1

or
dn

Z(I)i(xj) q)z(Xk) = 'LUJ-_1 5j,k7 ],k‘ = 1;---7dn- (24)

i=1
Using this in the definition of the hyperinterpolation operator (1.14),
we obtain for every f € C(S%)

n n

Lof(xk) = Zw] (x5) @i(x5) | Pilxk)

=1 :
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= Z’wj f(Xj) wj_l 5]'7]{

This establishes the interpolation condition, and as the interpolant
in P, (S?%) is uniquely determined, we conclude that L, f = A, f for
all f € C(S?). This verifies (ii).

Now we prove (iii), by showing a contradiction. We choose the
L (S%)-orthonormal basis {®1,...,®4 } in the definition of A above
to be the Ly(S?)-orthonormal basis

{1@(:)‘ 0=0,....n k:1,...,N(d,£)}

of spherical harmonics of degree < n. For this choice we have from
(2.4) together with the addition theorem (1.4)

n N 1 — C%(x X;)
d) d 7 " Xyj
> Ve Y g) = YN Ty
(=0 k=1 d =0 c,? (1)
1
- _67,,]7 Z)j = ]-7 Jd’n
Wy

For i = j we obtain in particular

dy
“’] ZNM —w; =1, j=1,...,dy,
=0 wd
or

That is, the numerical integration rule @,(,) has to have equal
weights. As it uses m(n) = d,, points and has polynomial degree of
exactness 2n, the numerical integration rule Q),,(,) is a tight spher-
ical 2n-design. As we have noted already, from [1] tight spherical
2n-designs do not exist for n > 3, giving a contradiction, and prov-
ing (iii). O
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Remark 2.2 Note that the last part of the proof establishes that
any minimal positive-weight numerical integration rule on S¢ (with
d > 2) has equal weights. As tight spherical 2n-designs for S% do
not exist for n > 3, there are no minimal positive-weight numerical
integration rules on S with polynomial degree of exactness 2n > 6.

3 Analysis of the Hyperinterpolation Error

In this section we discuss error estimates and estimates of the oper-
ator norm of the hyperinterpolation operator in the following set-
tings: L, : O(S%) — Ly(S%); L, : C(S%) — C(S%); and finally
L, : HY (S — H*(S%), where in the last case H*(S%) and H*(S%)
are Sobolev spaces with ¢t > s > 0 and ¢t > %. In most cases we
will compare the estimates of the operator norms with estimates of
the norm of the Ly(S?%)-orthogonal projection operator T, and the

polynomial interpolation operator A,,.

3.1 Estimates in the Ly(S9)-norm

For the hyperinterpolation operator L, : C(S?) — Ly(S%), Sloan
proved in [21] the following result.

Theorem 3.1 Let Q) be a positive-weight m(n)-point numeri-
cal integration rule with Qu,mp = Ip for all p € Py, (S, and let
Ly, : C(S%) — Ly(S?) be the hyperinterpolation projection onto P, (S%)
defined with the rule Q). Then
(1)
| Lnllcsty— Lo (s4) = VWa- (3.1)

(ii) For all f € C(S9)
ILnf = Flaen < 2V@aBa(fiCY),  (32)

where B, (f; C(S%)) := minpep, 4y |f — pllese) is the error of
the best uniform approzimation of f in P, (S?).
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The theorem and the proof in [21] are given for general regions, with
S% as a special case. As the proof is rather short we show it for the
case of the region S¢.

PROOF. Let us again denote by (f, g)m(n) := Qm(n)(fg) the discrete
inner product induced by the numerical integration rule Q,,(,). Let
f € C(S%) be arbitrary. Then from L, f € P,(S%) together with the
exactness of Qy,(,) on P5,,(S?) and the property (iii) of the discrete
inner product (-, ) (), we find

1Lufll] sy = Lnfs L))
(s Fmg

m(n)
> wilf(x))
j=1
m(n)

2
Z Wy ||f||c(sd)
j=1

= Wwdq Hf”%(sd)-

IN

IN

This implies
I Lnll oty Loty < Vwd-

It remains to show that we obtain equality. This is achieved by
choosing f =1, since then L, f =1, and

IEnfleaon = ( [ 1da(0)” = voi = Vi Il

implying || Ln|lc(sd)—Ly(st) = vWa-
The statement (ii) follows by a standard trick: for any p € P,,(S%),
we have L,p = p, and hence from the estimate (i)

| Lnf — fHLg(Sd) = |[Ln(f —p) - (f_p)HLz(Sd)

[Ln(f = P)lLysey + I1f = PllLyse)
Vwallf = plleeey + vwa lf = pllese
2ywa |l f = pllosy-

VANVAN

(3.3)
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As the estimate (3.3) is true for any p € P,(S%), we can replace
If = pllose by En(f; C(S)), obtaining (ii). O

Finally we compare the results in Theorem 3.1 with correspond-
ing results for T}, and A,,. First, for T}, : C(S?) — Ly(S?) we have,
for any f € C(S%),

1Tnfllysa) < WfllLyse) < Vwa llflloga,

and again all inequalities are replaced by equalities for the case f = 1.
Thus

1Tollc(st)—La(sty = VWa,

which is the same value as for || Ly, || o(say— 1, (se)- The same argument
as in (3.3) then yields

ITuf = Pl < 2v@aBa(£:C8D), FeCEsh).  (34)

Thus for L,, and T;, we have identical estimates for the approximation
error, from (3.2) and (3.4).

In contrast, Sloan in [22] showed that the interpolation operator
onto P,,(S%) in the setting A, : C(S%) — Ly(S%) satisfies

[Anllcsa)—La(st) = VW,

with strict inequality for d > 2 and n > 3. The strictness of
the inequality was proved by showing that equality for d > 2 and
n > 3 would contradict the previously mentioned non-existence of
tight spherical designs. As far as we know, there are no useful
estimates, either theoretical or empirical, of the minimal values of
[Anllo(s2)—Ly@se)- 1t is not even known whether for a particular d,
say d = 2, the minimal norm approaches co as n — oo, or alterna-
tively is bounded as n — oo.

3.2 Estimates in the uniform norm

It is convenient to begin the discussion of the C(S?) to C(S?) setting
with the case of the orthogonal projection operator T},. The Ly(S%)-
orthogonal projection T;, : C(S?) — C(S%) is the minimal norm
projection among all linear projection operators P, : C(S?) — C(S9)
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onto P,,(S?). That is, if P, : C(SY) — C(S?) is an arbitrary linear
projection onto P, (S?%), then

1T llcsty—costy < [1Prllogsy—cos)- (3.5)

This result was originally proved by Berman in [2] for the case d = 1
and then generalized by Daugavet in [5] to general d. For a proof for
d > 2 see also [17, Section 12]. The norm ||, ||o(say—c(se) satisfies

d—1 d—1
2

an's <[ Tulloe cen < én'?, (3.6)
where the positive constants ¢; and ¢o are independent of n. The
estimate (3.6) was proved by Gronwall in [9] for d = 2, and a proof
of the generalization to arbitrary d > 2 can be found in [17, Section
11].

Turning now to the hyperinterpolation operator L,,, we see al-
ready that the best result we can hope to obtain for the norm of L,,
in the C(S9) to C(S?) setting is growth of the order n“T" . The follow-
ing theorem shows that this best possible result is in fact achieved.
Sloan and Womersley in [23, Theorem 5.5.4] proved a modified ver-
sion of the following result, for the case d = 2, and that result was
extended to general d > 2 by Le Gia and Sloan in [10, Theorem 6.2]
and by Reimer in [18]. The theorem was proved in the form stated
here by Reimer in [18, Theorem 1].

Theorem 3.2 There exist positive constants ¢ and ¢ such that for
any hyperinterpolation operator Ly, : C(S?) — C(S?) (defined with a
positive-weight numerical integration rule Qp(n) With Qump = Ip
for all p € Py, (S))

L d=1 d—1
¢n 2 < ||Lnllosty—cgs <en (3.7)

The positive constants ¢ and ¢ are independent of n and of the partic-
ular positive-weight numerical integration rule Q) which is used
in the definition of L.,.

In this paper ¢, ¢, and ¢ denote generic constants that may have
different values at different places, whereas cg, c1,..., ¢1,¢2, ..., and
€1, Co, ... denote constants with fixed values.
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We sketch below the proof of the upper bound. The lower bound
follows trivially from (3.5) and (3.6).

Before we sketch the proof we need the following regularity prop-
erty of positive-weight numerical integration rules which is due to
Reimer [18, Lemma 1]. In the following S(x; ¢) denotes the spheri-
cal cap on S? with center x and angular radius ¢,

S(X;¢)={y68d Iy-x2c08¢>}-

The surface area of S(x; ¢) is given by

¢
|S(x;0)| = wg—1 / (sin 0)?~1 ae,

0
and has for ¢ € [0, ] the upper and lower bound

2 -1 Wd—-1 4 Wd—1 4
(2) “etsismols el ey

™

Lemma 3.3 There exist positive constants co and ¢y < 5, such that
for any n € Ny and for any positive-weight numerical integration rule
Qm(n), which satisfies Qp,n)p = Ip for allp € Py, (S%), the points X;

and corresponding weights wj, j = 1,...,m(n), satisfy

m(n)
4 .a . LG d
Z;wjx(5<x,n)>(x])§co ‘S(x,n)‘ vx € S%  (3.9)
]:
Here for a set U C S%, x(U), denotes the characteristic function of
the set U.

The regularity property (3.9) implies an analogous estimate for larger
spherical caps (see [10, Lemma 5.1], [18], [23, Assumption 1 and
Lemma 5.5.3] and also [3] for a particularly simple proof): under the
same assumptions as in Lemma 3.3 there exists a constant ¢4 (which
depends only on the sphere dimension d) such that the weights and
points of the positive-weight numerical integration rule @, satisty

m(n)
ij x(S(x;0))(x;) < coca|S(x,0)| Vx € S%, VO with % <0<m.
j=1

(3.10)
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After these preparations we can sketch the proof of Theorem 3.2.
PROOF. From (1.15) we have for any f € C(S%) and any x € S¢ that

Laf (X)) < Y wi [F ) Gn(x3))] < ) w;i |G, %5)| || flloysay.
j=1 j=1

This implies that

[Lnfllossy < 1o max z; wj |Gn(x,%;5)]-
iz

Hence
m(n)

IEnlle@t)—o@e) < max > w) 1Ga(x,x))]. (3.11)
j=1

To show that this is an equality, note first that there exists an x¢ € S%
such that

m(n) m(n)
> wjlGalxo,x))| = max > wj 1Ga(x,%))].
j=1 j=1

It is possible to construct a continuous function f* € C(S%), with
| f*lc(sey = 1, such that

f*(x5) = sign(Gn(xo,%;)), j=1,...,m(n),
and for this f*

ILnf* ey = | D wy f5(%5) Gnl(x0,%5)| = Y w; |Gn(x0, %))
j=1 =1
Thus (3.11) is an equality, and
m(n)
[Lalle@s—ceey = max > w;lGnlxx))]
=1
) (3.12)

= > wi|Gulx0,%;)|-

J=1
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To estimate || Ly | o(say—c(se) we estimate the right-most expres-

sion in (3.12). The reproducing kernel G,,(x,y) of P, (S%), given by
(1.6), satisfies from [25, (7.32.2)]

1 (d)n (4,4=2)
Gn ) = PTL2 ? 1
(x,y%ﬂixgd’ (x,5)] o (%l)n (1)
- d | ( . )
wa (5),
< 03nd

and from [25, Theorem 7.32.2 and (4.1.3)] and the elementary esti-
mate sin@ < @ for all 6 € [0, 7], for (x,y) € S x S? with x-y = cos
and cyn 1 <0<m—cynt

Gu(x,y)| < can’ (sinf) =%, (3.14)
with positive constants c3 and ¢4 that depend only on d. Here the
constant c¢; is the constant from the regularity property (3.9).

Now we split the sum in (3.12) into one sum over the weights cor-
responding to those points in the northern hemisphere with respect
to xg as the north pole and one sum over the weights corresponding
to those points in the corresponding southern hemisphere, where we
count the equator arbitrarily to the northern hemisphere. Because
the estimate (3.14) “away” from x = +y is clearly much better than
the global estimate (3.13), it is useful to split the points in each hemi-
sphere (with respect to x¢ as north pole) further into those points
in the spherical cap S(xo; 5+) and S(—xo; -), respectively, and the
remaining points. Thus with the notation

HT = {yeSd‘ v Xq zo}, H =s\ H",
we can rewrite (3.12) as
| Lnllosty—c(sty = DY +D +R"+R", (3.15)

where

% wj X (5 <iX07 ) ﬁHi) (x5) |Gn(x0,%;)l,
=1
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m(n)

RF = > wx (Hi\s (ixo;%)) (x;) |G (0, %)).

Jj=1

The “diagonal” contributions DT can easily be estimated with
the help of (3.13), (3.9), and (3.8), and we obtain

D* <, (3.16)
with a constant ¢ independent of n.
In order to estimate R* we define the angles 0;.: €[4, m— 4

by £x¢ - x; = cos 9]4[ for x; € H*\ S(+x0; <), and use (3.14), thus
obtaining

m(n)
R* < ¢y n's ]2 wj X (HjE \ S (:I:Xo; %)) (x5) (sin9]i)_%,

(3.17)
It should be noted that all the angles 0J7—L that actually occur in the
sum are in [%,T]. Defining the piecewise-constant functions g=,

given by ¢ : [, 5] — R,
70 = 3wy x (Sxast) 1 (518 (0 2))) ),
j=1

and the strictly monotonically declining function
. _dfl i
h(0) := (sinf)” 2, 96[—,—],
(0) i= (sin0) 2
we can write the sum in (3.17) as a Riemann-Stieltjes integral,

us

R < eyn's /2 h(0) dg*(6).
c1

With integration by parts and the estimate

+(9) < Wa—1 (T\NT i s a
g7(0) < cpey 7 (2) (sin @) = ¢5 (sin ), 96[ ],
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(which follows from (3.10) and (3.8)), we find that

d—1

R*<en'?, (3.18)

with a positive constant ¢ independent of n. The formulas (3.15),
(3.16), and (3.18) imply now the upper bound in (3.7) in Theo-
rem 3.2. As previously mentioned, the lower bound in (3.7) follows
trivially from (3.5) and (3.6). O

Summarizing the results for hyperinterpolation and orthogonal
projection in the C(S%) to C(S?) setting, we find that the operator
norm || Ly[/¢csd)—c(se) is of the same order as the operator norm
1T ll¢:(s4)—c(sey of the minimal norm projection operator, the best
result possible with respect to order.

With an analogous argument to that in (3.3) we obtain for the
hyperinterpolation approximation error from (3.7) the estimate

1Enf = flles < (1 Iallo—ces ) En(f:CSY)
< en'T En(f;C(Sd)) ;
where f € C(S%) and as before

En(f;C(8%) = ml(n 1 = pllcse-

The same estimate holds for the error of the Ly(S%)-orthogonal pro-
jection T, f.

Now we want to compare hyperinterpolation with polynomial in-
terpolation. From the formula (1.9) for the interpolant in terms of
the Lagrange polynomials, it can be relatively easily seen that

dn
[Anllcssy—osey = gg%{jz 14;(x)
j=1

which is often called the Lebesgue constant for interpolation. For a
badly chosen fundamental system of interpolation points, the Lebes-
gue constant can be arbitrarily large, but how small can it become
for a nicely chosen fundamental system of interpolation points?
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For extremal (fundamental) systems (see Section 1.2 and [17, 24])
we obtain

[Anllcsty—csty < dn (3.19)

because the properties of an extremal fundamental system imply that
||£]”C’(Sd) =1 for _] = 1, Ce ,dn.

Reimer showed in [16, Corollary 2| (see also [8, (7.2.21), (7.2.22)])
that

1
L dave \ 2
HAnHC(Sd)_,C(Sd) < d'r2z ( 2 g> 5 (3.20)

>\min

where Ay, is the smallest eigenvalue and A,y the average of all eigen-
values (counted with multiplicity) of the matrix (G (X, X;))i j=1,....dp
(This is the matrix of the interpolation problem if the interpolant is
represented as a linear combination of the linearly independent func-
tions Gy (-, %x1), ..., Gn(",Xq4,).)

Whether either of the estimates (3.19) or (3.20) is optimal is not
known theoretically, although numerical evidence suggests (see [27])
that for S?

1
[AnlleEs2y—c@s2) < en < cdy.

In the other direction, that same numerical evidence also suggests
that it is most unlikely that interpolation can achieve the same order
O(y/n) as hyperinterpolation or orthogonal projection in the setting

C(S?) to C(S?).

3.3 Estimates in Sobolev spaces

In this section we consider hyperinterpolation as a map from one
Sobolev space to another. Specifically, we consider L, : H*(S?) —
H?*(S%), where H*(S%) and H!(S?) are Sobolev spaces with the fol-
lowing assumptions on the indices: ¢ > s > 0 and ¢t > g. The
second assumption t > g guarantees that H'(S?) is embedded in
C(S%) so that hyperinterpolation can be defined on H*(S%). Intu-
itively, H*(S?) can for integer s be thought of as the space of those
functions whose generalized (distributional) derivatives up to (and
including) the order s are square-integrable. Before we can formu-
late the theorem we need to introduce the spaces and state some of

their properties.
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The Sobolev space H*(S?), with s > 0, is defined as the closure
of @y, H,(S?) with respect to the norm

N(d,£)

> d—1\%*
e P (Y

=0

7(d) ‘

The space H*(S?) is a Hilbert space with the inner product

o) 2s
d—1 (d) ;(d) d
(f,9) b sy 5:g<€+T> Z fod g fg€ H(SY),
which induces the norm || - || s (gey. For s > 4 there exists a constant

¢s such that
I Flle@ay < csIfllgs@ey — Vfe H (ST,

that is, 7°(S?) is embedded in C'(S?). We mention also that for s > 4
the space H*(S?) is a reproducing kernel Hilbert space, although this
fact is of no consequence for the result in this subsection. The spaces
H*(S?%) are nested, that is, H*(S?) ¢ H*(S%) whenever t > s.

After these preparations we can formulate the result.

Theorem 3.4 Let d > 2, and let s and t be fixed real numbers with
t>s>0andt > %. There exists a positive constant ¢ such that for
any hyperinterpolation operator Ly, : H'(S?) — H*(S) (defined with
a positive-weight numerical integration rule Q,,(ny With Qun)p = Ip
for all p € P2, (S?) ) the following holds true:

(i) for any f € H'(S?)
dys—t
Iaf = i < (n+ 57 ) Ba(riE").
(3.21)
where By (f; H'(S)) := minyep, ) || f = pll gesay, and

d—1 -t rd -1\
(i6) 1 Lnll sy~ o) < € (n+ T) + <T>
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The positive constant c is independent of n and of the particular
positive-weight numerical integration rule Qpn) tn the definition of
Ly,.

Theorem 3.4 is new to the best knowledge of the authors. A much
weaker result than (3.21) was proved in [26] for S? and for the special
case of hyperinterpolation defined with a particular type of numerical
integration rule. We do not know if the estimates in Theorem 3.4
are the best possible.

As preparation for the proof of Theorem 3.4 we derive some es-
timates that are independently of interest.

First we observe that, because {Yg(kd) |0 eNo; k=1,...,N(d,0)}
is a complete orthogonal system with respect to both Ly(S?) and
H'(S%), the restriction Tp,| Ht(sd) of the La(S%)-orthogonal projection
T, : Lo(S?) — P,(S?) to HY(S?) is just the H*(S?)-orthogonal pro-
jection onto P, (S?). This implies that

En(fiH'(SY) = 1f = Tuf ooy, (3:22)

that is, the Ly(S%)-orthogonal projection T),f of f € H*(S?) is the
best approximation of f in P,(S?%) in the H!(S?) sense. We denote
by

PES?) = {1 € La(SY) | () 1agory = 0 Y € Pa(S%) }

the orthogonal complement of P,,(S%) in Lo(S?), that is, the space of
all those functions in Ly(S?) which are Ly(S?)-orthogonal to P, (S%).
From the definition of the inner product (-,-) gt (sae), the orthogonal
complement of P,,(S?) in H*(S?) is simply P;-(S?) N HY(S?).

The elementary estimates that follow are either for functions in
P,.(S%) or functions in P (S%) N H!(SY).
Lemma 3.5 The following estimates are valid in the Sobolev spaces
Ht (Sd)

(i) Let t > g. There exists a positive constant ¢ such that for all
n € No and for any function f € Px(S?) N H'(SY)

d—1

d_y
2
fleen<e (0+557)" Il (329
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(i) Lett > 0. For any f € P,(S%)
d—1\°
IF sy < (n+ =5 ) IfllLyse: (3.24)
(i4i) Lett > s > 0. Then for any f € PL(S%) n H!(S?)
d— 1 s—t
£l s gay = (n+ —5— £ e (sa)- (3.25)

The estimates in Lemma 3.5 can certainly be found in several places.
Because they are rather useful in many contexts we show quickly the
proofs.

PROOF. For any f € P+(S%) N H'(S?) we have

oo N(d)t)
=) Z ),  xest (3.26)
l=n+1 k=1

and it can be easily shown that for ¢ > & the Fourier series converges
uniformly, so that (3.26) is true in the p01ntW1se sense. Hence, from
the Cauchy-Schwarz inequality and the addition theorem (1.4)

oo N(d,0)
rel=| 3> YR
l=n+1 k=1
oo N(dJ0) t —t
d—1 A d—1
< > > (e 2)\f,fs>\] (51 o
l=n+1 k=1
oo N(d,0) ) >
< Nl | 2D <£+—> 0 )
l=n+1 k=1

1 & N(d, ¢ :
= [l (— 3 #> ‘

Wd S (5 + %)

As & (U+51)a=1 < N(d, €) < & (04 %2)41 with positive constants
¢1 and ¢ independent of £, we see that the sum in the second term



Hyperinterpolation on the Sphere 241

is finite if and only if d — 2t < 0, that is, t > %. Furthermore, the
sum satisfies for ¢ > %l

d—1 d—2t ) R d—1 d—2t
3<R+T> - Z ) <C4 <R+T> 5

with sultable positive constants ¢; and ¢4 independent of n. Thus
for t > § with the positive constant ¢ = /¢4

_ d—1\%"
sup 1160 <& (1 “50) T e

x€Sd

which proves (3.23).
For f € P,(S%) we have, pointwise,

n N(d,0)
ZZ]"M Wy, xes?
(=0 k=1
and thus
n d—l QtN(d?é) d 2
B = 2 (t+950) 30 )fék))
(=0 k=1

which proves (3.24).
For any f € P+ (S%) N HY(S?) we have for t > s >0

oo d—l QSN(dz
B = 3 (e+957) 3 |i0f

{=n+1 k=1

ot N(d,0)

d—1\2"1 & d—1
< <n+1+T) Z <€+T> Z‘ ‘

{=n+1

S <n + T) ”fH?'_It(Sd)u
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which implies (3.25). O

After these preparations we can relatively easily prove Theo-
rem 3.4.

Proor. Let f € Ht(Sd), where t > s > 0 and t > %. Then

L, (Tyf) = T,,f because L, is a projection onto P,(S?) and T,,f is
in P, (S%). Hence

ILnf = fllassey = 1Ln(f = Tnf) = (f = T f)ll s (sey

1/2 (3.27)
= (IZalf = Tul) ooy + 1 = Tuflrsny)

where we have made use of the fact that the functions f — T,,f €
PL(ST N HY(S?Y) and Ly, (f — Tf) € Pn(S?) are H*(S%)-orthogonal.
Now we will estimate both quantities in (3.27) separately, making use
of the three estimates in Lemma 3.5 and also of (3.1) in Theorem 3.1.

First we consider the second term. As f—T,,f € P-(SY)nH!(S?),
we have from (3.25) in Lemma 3.5 that

) d—1 2(s—t) )
If— TanHs(Sd) < <n + T) If = TanHt(sdy (3.28)

Now we estimate the first term on the right-hand side of (3.27).
Since L, (f — Tnf) is in P,(S?), the estimate (3.24) in Lemma 3.5
yields

d _ 1 2s
ruu—mﬂ@%QSQ+—7) ILaf = T )2, g (3:29)
From (3.1) in Theorem 3.1 we get

ILaf = Tuf) 2, 00 < wallf — Tuflgay,  (3:30)
and finally from (3.23) in Lemma 3.5

=Tl < (n 550 f - Tuflpgey (33D
The combination of (3.29), (3.30), and (3.31) yields

) ) d—1 d+2(s—t) )
| Ln(f — Tnf)HHs(gd) Scwg (n+ —— If — TanHt(Sd)-

2
(3.32)
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Now from (3.27), (3.28), and (3.32)

I Lnf = fllms(se

1 d
d—1\"" _\? d—1\2""
< ((T) + cwd> <n + T) If = Tafll e (se)-

Finally we use, from (3.22), |f — Tnfllgtsey = Enlf; HY(SY) to
obtain

d
d—1 §+87t
IZnf = Fllasse) < ¢ <"+ T) En(f; Ht(Sd)> ;

= ((45) ")

This proves (3.21), and we have proved (i) in Theorem 3.4.
To prove the estimate of the norm in (ii), let f € H*(S?) with
t>s>0andt> %l. From the triangle inequality

I Lo f | rssay < 1 Lnf — Fllassay + 11 1 ms(sa)- (3.33)

The first part satisfies (3.21). From the identity (3.22) and the esti-
mate [|f = Tofllgegay < [l mese)

with

[NIES

Eu(fiH'(SY) = I = Tuf sy < 1 llecen,
and it follows from (3.21) that

d—1

dys—t
2
Iaf = flion < (0 50 ) T Wl (330

We only have to find a suitable estimate for the second part. As
by assumption ¢t > s, we find

o0 2s N(d,ﬁ)

d_
£l s sy = Z<£+Tl> Z

ffk
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2t N(d,£)

_ s—t o] _ . %
< () (S )
=0 k=1

d—1\*"
= (51) Whenr

The combination of (3.33), (3.34), and (3.35) yields now the estimate
in (if). O

Finally, in this Sobolev space setting we want to compare the
hyperinterpolation result with that for the Ly(S?)-orthogonal pro-
jection. (To our knowledge no Sobolev space estimates are known
for polynomial interpolation.) For the Lo(S%)-orthogonal projection
we have from (3.25) in Lemma 3.5 and (3.22) that for any f € H*(S%),
WheretESZOandt>%l,

d— s—t1
T f = flls(gay < € (n+ T1> En(f;Ht(Sd)). (3.36)

For ||T5, f || grs(s4) we obtain from (3.35)

d— 1 s—t
Ty < Wy < (57 Wi

and hence

d -1 s—t
1Tl ety 1oy < (T> . (3.37)

As Ty, f is the best approximation of f in P, (S%) in the H*(S?%) sense
(see (3.22)), it is clear that [|T,,f — fl| s (ge) should satisfy the best
estimate. The estimate (3.21) for the approximation error of L, f
is worse by the order (n + %)%, while the estimate of the norm
| Ll prt (s4)— prs(sey in (i) in Theorem 3.4 has compared with (3.37)
an additional additive term ¢ (n + %)g“*t which is only bounded
asn — oo ift > s+ %l. We do not know whether the estimates in

Theorem 3.4 are optimal.
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4 Some Concluding Remarks

From the results summarized in this paper it is clear that the hy-
perinterpolation projection onto P,(S?) has good properties. The
Ly(S%)-orthogonal projection onto P,(S%) has better properties in
theory, but as it is not feasible for numerical computation, hyperin-
terpolation provides a reasonable practical alternative.

Hyperinterpolation is easy to compute. As a disadvantage, hyper-
interpolation needs function values at the given points of the positive-
weight numerical integration rule with degree of polynomial exact-
ness 2n in the definition of the hyperinterpolation operator. How-
ever, starting from scattered data, Mhaskar, Narcowich, and Ward
[11] (see also [14]) have proved that positive-weight numerical inte-
gration rules with polynomial exactness can be constructed which
use a subset of the points of the given set of scattered data as nodes.

Polynomial interpolation has, compared with hyperinterpolation,
the apparent advantage that it can work with scattered data, as
long as the data forms a fundamental system, but in practice the
advantage is illusory, since for scattered data the condition number is
typically very large. The computation of the polynomial interpolant
is rather expensive, and we have seen in Subsections 3.1 and 3.2 that
even with the best choice of points the norms of A, seem to grow
faster than those of L,, and T,,.

The known results for hyperinterpolation (with the exception of
the new ones in the Sobolev space setting) have also been summarized
in much more detail in the thesis [15].

Finally, we note that all three of the polynomial approximations
considered here are linear projections onto P,(S?); thus we do not
consider polynomial approximations obtained by Cesaro summation
and similar methods. In particular, the generalized hyperinterpola-
tion method of Reimer (see [19]), which has this character, is outside
the scope of this review.
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1 Introduction

Assume that the finite complex function f(z) is defined on a set G
that includes the pairwise different points (wg)i<k<n - The (unique)
polynomial of degree at most n — 1, that takes the value f(zx) at
the points zg, i.e., Lyp—1(f;wr) = f(wg) for 1 < k < n is called the
Lagrange interpolant and is denoted by

Ly_1(f;2) = Loa1(f; 25 (21)5=1)

Applying the notation wy(z) := [[;_;(# — zi), this Lagrange inter-
polant can be represented in the form

Los(f:7) Zf“”“ St (L1)

Suppose the set of points (2x)i1<k<n is split into two disjoint sub-
sets (z,(gl))lgkgm and (z,(f))lgkgnz such that n; + ngo = n . Then
the Lagrange polynomial L,_1(f;z2;(zx){_;) is the sum of the two
Lagrange polynomials, where the first polynomial L, _;.(f;z) in-
terpolates f(z) for z = z,(gl) ,1 < k < n; and takes the values 0

at all the points (Z;(f))lgkgm and the second Lagrange polynomial
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Ly 1 4(f; z) takes the value 0 at all the points (zj)1<k<n and interpo-

lates the function f(z) at the points (z](c2))1§k§n2 . It will be of interest
to see the connections between properties of the Lagrange polynomial
L, —1(f;z) and the two polynomials L,_1 () and Ly—1 «(f; 2).

Properties of the Lagrange interpolation polynomials interpolat-
ing at the roots of unity were investigated in many papers. Here we
consider some properties of the Lagrange and Hermite interpolating
polynomials that interpolate a function at a real subset of the sets
of roots of unity.

The subsets of the sets of the roots of unity considered in this
paper will be chosen in the following way. For a given non-negative
integer n denote the sequence of zeros of the polynomial Z3(nt1) - 1 by
(wg(nﬂ)75)099(%1)_1 . These zeros are given by ws(,11),s = €3+,
where 0 < s <3(n+1) — 1. From the factorization

2mi 2mi

20t 1 = (1) (2 — eTZ)(Z”Jrl —e5 ?)

it follows that the sequence of zeros of z3(»*1 — 1 is the union of
three disjoint subsequences (W3(n+1)73k+j)0§k§n for j = 0,1, 2, which

27

are, respectively, the zeros of the polynomials 2”1 — 1, 2"l — 73
271
and 2"t —e75 2,

Write
3(n+1) _ 2mi 2mi,
wWoa(nt1)(2) = Tyt = (2T — e ) (2 — e P
LIRS By e | _ n+l 2mi 9
wl,?)(n—‘rl)(z) = z"+1fe% = (Z 1)(’2 €s ) )
L ZS(n+1)_1 . ntl ntl 27
w2,3(n+1)(z) = ZnJrlie%,g - (Z 1)(Z €s ) )

For each v = 0, 1, 2, the set of the roots of the polynomial w,, o(,,4-1)(2)
can be looked upon in two ways. First as the union of the zeros of
two out of the three polynomials z" 1 — 1, z"*1 — e and 27t —
%52 which is the union of two different rotations of the zeros of
2"+l — 1, or, as being obtained by deleting a third of the set of zeros

of 23("+1) _1 i.e., the zeros of one of the three polynomials 2”1 —1
n+1 J n+l %.2 ‘

i

27
z —e 3 and z e
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Instead of investigating the Lagrange and Hermite interpolation
polynomials of a function associated at the zeros of the each of the
polynomials wy 3, 41)(2) , v = 0,1,2 we consider a slightly more
general case.

Assume 0 < o < B < 3 . Let Lypq1)—1;0;3(f; 2) denote the
Lagrange interpolating polynomial taking the values of a function
f(2) at the zeros of the polynomial

Wont1)e;8(2) = (z"“ — 627”'0‘/3) (Z"H - e%iﬁ/?’) (1.2)

—  2n+1) _ (e2m‘a/3 i e2m‘,@/3) Sl p2mi(atf)/3 ’

1

. 2mia
where the zeros of the polynomial 2"t —e™3" are Wont1)iak =

2mi |

3 (3k+a) , 0 < k <n and the zeros of the polynomial z"*! —
. 27,

627”ﬁ/3 are w2(n+1);ﬁ;k = e3(n+l1) (3k+'8) R 0 S ]{ S n . Write a.]SO

Wnitia(z) = 2" — 2™9/3 Lot L,11.4(f;2) denote the Lagrange
polynomial of degree n at most interpolating the function f(z) at the
zeros of wny1,0(2). Let Lygi1)—1;0:4(f; 2) denote the Lagrange poly-
nomial interpolating the function f(z) at the zeros of 2" ! — e2mia/3
and taking the value zero at the zeros of 2”1 —2™/3 and, similarly,
let Logn41)—1;4,3(f; 2) denote the Lagrange polynomial interpolating
f(2) at the zeros of 2"+ — €2™0/3 and taking the value zero at the
zeros of z"H1 — e2mie/3

2 The Main Results

For functions that are not necessarily analytic, we have the following
theorem.

Theorem 2.1 Let f(z) be Riemann integrable on the unit circle vy :=
{z :|z| = 1}. Then we have for each non-negative integer r

. (r) ! f(t)
nlLH()lo LQ(nJ,_l)—l;oc;ﬁ(fa Z) = Tm %ﬂ:l mdt (2.1)
2miB3/3 |
m L0 ¢ r! 0
P Lyni1)—150::(f32) = o2mia/3 _ o2miB/3 O ?{ﬂ:l = z)“rldt ;

(2.2)
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and
2mice/3 |
) € ot )
nh—>Holo Lg(n+1)—1;*;ﬁ(fa Z) - e2mif/3 _ o2mia/3 Qg ﬁ|:1 (t _ Z)T+l dt

(2.3)
uniformly for |z <d<1,0<d<1.

Definition 2.2 A function f(z) is in A, , p > 1, if it is a regular
analytic function in the disk D, := {z : |z| < p} and not regular on
D,.

If it is assumed in Theorem 2.1 that f(z) € A, , p > 1, then by
applying the the Cauchy formula

27"—751- flt\=1 %dt = f")(z) foreach z,|z| <1,

the conclusions of Theorem 2.1 take the form

hmn*}w Lg?31+1)71;a;5(f; Z) = f(r‘) (Z) )

. 2mif3/3
limy, oo L&Zﬁl)_l;a;*(f; 2) = i f 0 (2)

and

. 2mia/3
limy, 00 Lé?n—i—l)—l;*;ﬁ(f; z) = f(r) (Z)e%rwe/gm )

uniformly for [2| <d<1,0<0<1.
When f(z) € A,, p > 1, we shall see by Corollary 2.4, stated
later in this paper, that we have the stronger result

lim,, o0 Lé&ﬂ)fm;ﬁ(f?z) = f)(2), uniformly for |z| <4
and 0<d<p.

We do not know what happens for 1 < |z| < p with the other two
conclusions of Theorem 2.1,

lim,,— 00 L§21+1)—1;a;*(f;2) and lim,_ oo Lg?31+1)_1;*;ﬁ(f;z).

When f(z) € A, then the Taylor series > 3%, axz* (where for each R
with 0 < R < p the coefficients are given by aj, = 5= f\tl=R tfk(—i)ldt) is
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convergent for |z| < p and its sum is f(z), and the series is divergent
for each |z| > p. For the partial sums of the Taylor series s, (z) :=
> h_oarz"® we have for each R, 0 < R < p,

n
St = g L g S

1 7571—&—1 _ n+1
= — 1 /) dt. (2.4)
2mi Jiy=r tnt t—=z

Assume f(z) € A, , p > 1, further let n and r be positive integers,
and let z1,..., z, be pairwise different points in the disk D, := {2 :
|z| < p}. Write wy(2) := [[i_;(#—2k). Again, denote by hyrn—1(f;2)
the (unique) Hermite polynomial of degree rn—1 at most and of order
r that satisfies

m L(Frzn) = F9 (z), k=0,....n—1, j=0,...,r —1.

This polynomial can be represented in the form
. o wn, (B)"—wn (2)" f(t
h'r,rn—l(fv Z) - QLM 3€|t\=R (c)un(t)7( ) g dt’

where R is any number such that 1 < R < p and |z;| < R for
1<k <n.

Theorem 2.3 Assume f(z) € A, , p > 1. Let r be a positive integer.
Then for the Hermite interpolating polynomial hy. ,.o(n41)—1;0;8(f5 2)
interpolating f(z) at the zeros of wy(ny1),a;3(2) we have

. 1/(n+1
Jim |$r-2(n41)=1(f3 2) = hyrogminy—1(f; 2)] /) <

‘ |2r 1
— when 1 < |z| < p
<{ | fa 1 (2.5)
piea when |z| > p .

and for each non-negative integer p

lim <8£?2)(n+1)—1(f; Z) o hff?@(n—i—l)—l;a;ﬁ(z)) =0 (26)

n—oo

uniformly on each compact subset of the disk {z : |z| < p%}
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Since the Taylor series of a function f(z) € A, is uniformly conver-
gent to f(z) on each compact subset of the disk {z : |z| < p } , we
obtain from Theorem 2.3 the following result.

Corollary 2.4 If the assumptions of Theorem 2.3 are satisfied then

limy, o0 hf«].g(n_;_l)_l;a;g(z) = f(p)(z)v
uniformly on each compact subset of {z : |z| < p}.

Results similar to those given in this section for Ly 41,4(2) witha =0
are given in Walsh [4, Ch. 7, Theorems 10 and 11], Walsh [4, Ch. 7,
Theorem 1]). Additional results for other operators are given in [2,
chapters 1 and 2].

3 Proof of Theorem 2.1

Proof of Theorem 2.1 (i) First we prove the theorem for r =0 . We
have

3(3511) (ke

<(Bk+a)

L2(n+1)—1;a;*(f; ) Zk 0
z— e3< +1)
W2 (n41);a; [3( z)

_2mi__. aln 27i | a)(n ]
(n+1)e3m+D Grtain [ gty (k) +1>627m[i/3)

X

-(3k+a)
)

f(eS(n+1)
= Wont1):0:8(2) Dohmo Tz i ¥
( =0 L e3( +1) -(8k+a)

3(n+1) -(3k+a)

X
(n+1)627ri04/3 <627r7lo¢/3e27'riﬁ/3>

w2(n+1);a;ﬁ(2)

= X
(n+1)e27ricv/3 <627'ria/3_627ri6/3)
(3k+a)
XD —f(es(nﬂ) ) %
k=0
a 83( 1) -(3k+a)

=2t~ (3k+a)
3 n+1
% ( )

(n+1) B(k+1) 30 151) -3k)
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T 27i
X <63(i+11>'3(k+1) 3(n+11) 3k>

278
Wa(nt1)sa56(2)e 3T

- 21w,
(TLJrl) <63(n+1) 31) e2mia/3 <627ria/3627riﬁ/3>

“(3k+a) 27 27
3(n+1) ) 3(k+1) =7t __ 3L
E — e3(n+1 — e3(n+1
X k= 0 )(3k+a) < St ()

X

—6

From the definition of the Riemann integral we have

n (8k+0) 27 27
hmn—>oo Zk —0 M <e3(n+1) 3(k+1) 63(n+1)'3k) =

o3ty Bk+a)
f(®)
=1 2=t -

Hence we have uniformly in {z |z| <¢d }, 0 < < 1,

. 2miB/3 1 f(t)
nh_)rgo Lot 1)+ (f52) = Y B T T ﬁ_l P dt .

Similarly we get that we have uniformly in {z |z2| <}, 0< 0 <1,

) 627”'04/3 1 f(t)
nh_)rglo L2(n+1);*;ﬁ(f§ z) = 25— o2mial3 2mi 7%1 o dt .

By adding the last two results we see that we have uniformly in
{z 1 2| <0},0<6 <1,

. 1 f(t)
Jim Lony1)-1058(f32) = 9 ]{ﬂ:l rempel 2
This completes the proof of Theorem 2.1 for r = 0.

(ii) We prove now the theorem for > 1. The functions

L2(n+l)—1;a;ﬁ(f; Z)7 L2(n+l)—1;a;*(f; Z) and L2(n+l)—l;*;ﬁ(f; Z) ’

are entire functions. The proof of Theorem 2.1 for r > 1, follows by
applying the Weierstrass double-series theorem ([3, p.95, Sec.2.8])
and differentiating r times the formulas (2.1) , (2.2) and (2.3) for
r=20. O
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4 Proof of Theorem 2.3

Proof of Theorem 2.3 Assume |z| > 1. Choose R, 1 < R < p. We
have by (2.4)

1 f(t) ~ r-2(n+1)
= — 1— |- 4.1
Sr2(nt1)-1 = 5 7{£|_R - Z( <t> dt (4.1)

and

. f W2(n a; (Z)
hr2(nt1)-1508(f3 2) = 557 1= Rt_<1 wzmi)az()))T)dt

1 ﬁ 1— ( n+l_ 2mia/3 r(zn+1 271'7,ﬁ/3) dt
T 27 J|t|=R t—= (tnFT—e2mia/3)r (gn+1_2miB/3)r
e271'7.o¢/3 e271'2'[7/3
_ 1 M 1— (g)rQ(n“Fl) (1_ onF1 )T(l_ n+1 )T dt
T 2mi J|t|=R t—= t 2mia/3 2miB/3 .
(17 n+1 ) (17 tn+1 )

(4.2)

We have for |z| > 1 and [t| > 1

27mia/3 27i3/3 .
| (2 O 0y
t (1_62771'&/3 e2mif3/3 .

n+1 r( T Tn+1 )

2(n+1 Qﬁia/d
=1 (3)" Y (1 — et ( 2<n+1>>>

,r.627r7,ﬁ/3
X (1 = TgaTl 22(n+1) x
27rLa/3
><<1+ (Tl t2(n+1) ) X

2miB3/3
X (1 + Tetn+1 + O<t2(7}+1)>>

. r-(2n+1) r(e2mie/3 4 ¢27iB/3) r(e2mie/3 4 ¢2mif/3)
= ? 1 - 2n+1 +

tn+1

+0( i) + O (e ) + 0 (u)—ﬂ)) (4.3)
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Combining (4.1), (4.2) and (4.3) we get
Sr-2(n+1)-1 —h. 2(n+1)-1; a,ﬁ(f z) = 271m lt|=R %X

T2(TL+1) ( 27TL(X/3+627TZ,8/3) ( 27rza/3+627m5/3)
X (%) X <_ 2ntl + tn+1

+0(zarkery ) + O (ke ) + O<(zt)n+1))

Considering for 1 < R < p the cases 1 < |z| < R and |z| > R we find

lim SUPp 00 |Sr 2(n+1)— 1(f7 ) - hr.-2(n+1)—1;a;ﬁ(f; z)|n+1 =

(i) 41

{ i when 1<|z| <R and 1< R<p

R2r
Z‘Zr

AQTH when |z| > R and 1 < R < p.

Letting R " p we get

_1
limsup,, o, ’3r-2(n+1)71(f;§)71_ Py 2(n41)—130;8(f3 2)| "1 =
_{ " when 1< |2 <p,

p T
‘z|27-
T when |z] > p.

Now (2.6) follows from (2.5) and the maximum principle for analytic
functions. 0
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Abstract

Radial basis functions appear in a wide field of applications
in numerical mathematics and computer science. We present
a fast algorithm for scattered data interpolation and approx-
imation on the sphere with spherical radial basis functions of
different spatial density. We discuss three settings, each lead-
ing to a special structure of the interpolation matrix allowing
for an efficient implementation using discrete Fourier trans-
forms. A numerical example is given to show the advantages
of spherical radial basis functions with different spatial densi-
ties.

1 Introduction

Radial basis functions have spread into a wide field of topics in nu-
merical mathematics and computer science. Applications can be
found in approximation of high dimensional and/or scattered data
and the modelling of partial differential equations, as well as in
neuroinformatics where so-called radial basis function networks are
prominent. Not only for the mentioned applications, these functions
are of special interest, since they show several features which make

259
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them well suited for a wide range of problems and, at the same time,
computationally attractive (cf. e.g. [3] and the references therein).

The characteristic property of radial basis functions is that their
value depends only on the “distance” of the argument to a fixed
element of the function’s domain. To be more exact, a radial basis
function f is given by

f:V2=C, flzy) = f(lz—yl), f:[0,00) = C, z,y €V,

where (V]| -||) is a metric space. The definition shows clearly that
calculations are simplified since radial basis functions behave like
univariate functions, although their domain, in general, is multi-
dimensional. Especially for higher dimensions, this fact contributes
at a considerable amount to the effectiveness of algorithms which
utilise these functions.

Moreover, many radial basis functions have physical interpreta-
tions making them a reasonable choice for the modelling of many
physically motivated problems. The Poisson kernel for example, a
function we will study in this paper, can be viewed as a solution of a
potential problem, which makes it particularly useful for a range of
problems on spherical geometries.

From another point of view, the use of radial basis functions for
approximation problems becomes more clear: They can be used to
interpolate functions from a given set of scattered data points with-
out requiring a certain structure with respect to their distribution in
the domain. We can think of a set of these functions, where each of
them is associated with exactly one of the data points and models the
influence of it on a probabilistic model of the function to be approx-
imated. A model function can be derived as a linear combination of
these functions. For reasonable choices, they are often unimodal and
show exactly one global maximum at a certain point, often referred
to as their centre. Therefore, each function’s influence on the model
function decreases as one moves away from it’s centre, which, besides
from being somewhat reasonable in many cases, leads to a stability
property of the interpolating function. Deviations of a single data
point become visible only in its neighborhood.

In this paper, we deal with a setting where we like to describe
real-valued functions, defined on a two-dimensional sphere embedded
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in the Euclidean space R3. Section 2 gives a quick introduction
to notational conventions used and special properties of spherical
geometry.

In Section 3 we review Legendre polynomials, associated Legendre
functions and spherical harmonics. These functions and the underly-
ing concepts form the classical basement for spherical approximation.

The following Section 4 introduces the concept of spherical basis
functions and in particular positive definite functions. They repre-
sent an entirely different approach compared to spherical harmonics,
which is well suited in cases where spherical harmonics tend to ex-
hibit unwanted ripple structures in the approximating function. This
can be often observed when somewhat smooth data with only a few
protruding peaks serves as input. As we will see, spherical basis
functions can master this situation quite well. For error estimates
and further applications we refer to [7, 6]. Moreover, we exploit
the idea of using different kinds of functions to represent regions of
different smoothness in the data. The geometry of the sphere itself
renders this uniform approach often useless by causing the same type
of problems. In conclusion, we show the linear independence of Pois-
son kernels of pairwise different parametrisation. For a more general
approach to multiscale kernels see [11].

Section 5 formulates some algorithmic aspects which arise in
spherical approximation with radial basis functions. We refer the
reader also to [8]. Some symmetry properties are derived and it is
shown how they can be exploited to reduce computational costs. But
as a warning, the amount of reduction that can be achieved, strongly
depends on the concrete distribution of the given data.

Finally, Section 6 shows applications of the concepts introduced
in the previous sections to real-life data from texture analysis in
crystallography (see [2]). We demonstrate that for these data sets, a
multiscale approach incorporating Poisson kernels or other radial ba-
sis functions of different “shape” is obligate for a good approximation
result.
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2 Basics

Every point x € R3\ {0} given in Cartesian coordinates by the
vector (x1,x2,x3)" can be described in spherical coordinates by a

vector (1,19, )T with 7 > 0, 9 € [0, 7] and ¢ € [0, 27) (see Figure 1).
We have
(z1,m2,23) = (rsindcosp,rsindsinp,rcosd)’,

ro= \Job 4 ad 4 ad = xle

We denote by S? the unit sphere embedded into R3; i.e.,
S?i={xeR®: x| =1}

and identify & € S? with the vector (9, )T, Let &€ = (J,9)T, n =
(0, )T € §? and a be the angle spanned by the origin, & and 7.
Then the standard inner product £ - 7 = cos « is given by

cos a = cos ¥ cos ¥ + sin ¥ sin 1’ cos(p — ).

The space of homogeneous polynomials of degree k € Ny in R3
is denoted by Homyg (R3), comprising all polynomials Q € IIx(R)
fulfilling Qy(a x) = o*Qy(x) for arbitrary a € R and x € R?. The
proper subspace of harmonic homogeneous polynomials of degree k
is defined by

Harmy, (R?’) = {Qk € Homy, (RS) D AxQ = O} , (2.1)
where Ay is the Laplacian

o 9 2

Ay = —5+— + —=. 2.2
833% 830% 3:1:% (2.2)

Furthermore, we have

(k+1)(k+2)

dim (Homk (R3)) = 5 , dim (Harm;,C (R3)) =2k +1.

To keep it short, we let ‘Hy := Harmy (]R3) For further details

see [5] or [10].

g2
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Figure 1: The spherical coordinate system in R3. Every point & on
a sphere with radius r around the origin can be described by angles
9, ¢ and the radius r. For ¥ = 0 or ¥ = 7 the point £ coincides with
the North or the South pole, respectively.

The description of the spherical approximation problem starts
with a given finite dimensional space V with dimension K € N of
square integrable functions v : S — R ; hence

2r
Lw@rag= [ [ ) Psing avdp < o

With respect to a basis {wk}le of V, every function f € V has a
unique representation

K

F=Y ar(fr (ar€R).

k=1

In our setting, we are given data points (£l,fl)lL:1, L € N, with
€ €S?and f; € R. We let

f.= (fl,...,fL)TERL, a:= (al,...,aK)TGRK

and
Y1(&1) - Yk (&)
U= : : e REXK, (2.3)

(&) - Yr(€r)
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The approximation problem on the sphere reads as follows:

Find & € RY satisfying a € arg min ||f — ¥ a|. (2.4)
acRK

Depending on which case holds, K < L or K > L, the problem
can be viewed as a least-squares-problem or as a so-called special
optimisation problem. For the topics treated in this text, K = L
holds and ¥ will be assumed to be non-singular, so that the solution
can be explicitly written as

a=wlf (2.5)

For further information we refer the interested reader to [1].

3 Legendre Functions and Spherical
Harmonics

We briefly mention some facts on Legendre polynomials and the
closely related associated Legendre functions. Based on this foun-
dation, we describe the function space of spherical harmonics and
how it is related to spherical approximation.

The Legendre polynomials Py : [—1,1] — R, k € Ny, as classical
orthogonal polynomials are given by their corresponding Rodrigues
formula

P(t) = gy (= 1)" (3.1)

The Formula of Laplace-Heine ([13, p. 194]) provides a classical
asymptotic approximation formula for Legendre polynomials: it says
that for K € N and ¢ € [¢, 7 — €] with € > 0 we have

Py(cos ) = ,/Wk;m9 cos <(k: + %) 9 — Z) Lo (K2). (32)

Concerning the generating series of the Legendre polynomials

¢(h,t) == Pp(t)h* (3.3)
k=0
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for arbitrary but fixed ¢ € [—1, 1], which is absolutely and uniformly
convergent for h € (—1,1), we have

G 1
Pt = 3.4
kzzo AN TR (34)

This representation follows from the ordinary differential equation

0

2_
(1+ h* — 2ht) <8h

6) )= - 1oty (35)
obtained by differentiation with respect to h and comparing coeffi-
cients in line with (3.3). Using the initial condition ¢(0,¢) = 1 yields
the unique solution (3.4). From this result, the identity

= 1 — h?

(2k + 1) P (¢)h* = 3.6
kzo (1 - 2ht + h2)%? (3.6)

follows easily.
When h is restricted to (0,1), the function @, : [-1,1] — R with

1 — h?
(1 — 2ht + h?2)*/?

Qn(t) := (3.7)
is called Poisson kernel. We refer to Figure 2 and notice that the
parameter h allows for controlling the concentration of the function’s
energy around ¢t = 1.

The Legendre polynomials can be viewed as a special case of a
more general set of orthogonal functions. Let k,n € Ny with n < k.
The functions P : [-1,1] — R, given by

)\ /2 i dP
RO = (o) (-8 R

are called associated Legendre functions.

Notice that the associated Legendre function P,S coincides with
the Legendre polynomial P,. The associated Legendre functions
fulfill the orthogonality condition

1
/_ RHOR() %i S (n<min{kl). (38)
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T
2 2 a4 4 2 3

Figure 2: The Poisson kernel Qp(cos®) for h = 0.5,0.7,0.8. The
energy concentrates more and more around ¥ = 0 as h increases.

We now introduce the function space of spherical harmonics, a
key to the treatment of spherical approximation problems. From
Laplace’s differential equation Af = 0 in R3, one obtains in spherical
coordinates

or2  ror  r2sind 09 sl o0 r2 sin 1) 92

Af = = 0.

(3.9)
Using an ansatz based on separation of variables and taking into
account that r = 1 when restricting (3.9) to S?, one obtains the
solutions

Y oSt (k€Np;n=—k,~k+1,...,k),
3.10
Y'(0,0) =4/ QZilP‘nl cos ¥)el™¥. ( )

An important result is that these functions Y;* are contained in Hj.
Owing to the separability, one proves easily that they also fulfill the
orthogonality condition

<Ykna }/lm>82 = 5k,l 5n,m (311)
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with respect to the L2 (SQ)—inner product

2 pm
(YY" = / / Y (0, 0) Y™ (0, ¢)sind dd dp.  (3.12)
0 0

Since dim Hjy, = 2k + 1, the set {Y;" : n=—k,—k+1,...,k} forms
an orthonormal basis of Hj, for every k£ € Ny. Moreover, the spaces
‘H}. are orthogonal to each other and the set

;) : k=0,1,....K;n=—k,—k+1,...,k} (K €Np)

provides an orthonormal basis for the direct sum of spaces @f:o Hy,
called the space of spherical harmonics of degree K.

At first glance, the restriction to homogeneous and harmonic
polynomials might exclude various functions from Iy (SZ). But as
a matter of fact, the spaces are identical (see [5, p. 29]), i.e.

K (S?) = @Hk.

Finally, we mention the well known Addition Theorem that re-
lates any set of functions {H,?}flz_ ;. forming an orthonormal basis of
the space Hy to the Legendre polynomials Py. It particularly holds
for the basis given in (3.10).

Proposition 3.1 (Addition Theorem) For every L2 (82)—07"th0—
normal basis {H,:‘}Z:_k of Hy, we have
k

S Hp@H ) = 2 Rue ).
n=—k

For a proof see [10] or [5, p. 37].

4 Spherical Basis Functions

In this section we introduce n suitable alternative class of functions
for approximation on the sphere, namely spherical basis functions.
Instead of providing a basis for a certain function space on the sphere
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directly, the space of spherical basis functions covers a wide range of
functions, where each of them generates a basis for an approxima-
tion space that is suited for a given set of data points. This allows to
adjust the used space to the properties of the given data in order to
achieve optimal results, making spherical basis functions more flexi-
ble and useful especially for scattered data. Strongly correlated with
spherical basis functions is the class of positive definite functions.

Definition 4.1 A continuous function G : [—1,1] — R is called
positive definite, if and only if for every set of points {El}le on
S?, L € N, the corresponding Gramian matrix A := (ai,j)ﬁjﬂ with
a;j = G(ﬁi'ﬁj) s positive semi-definite. If A is even positive
definite, G is called a strictly positive definite function.

In general, it is hard to prove directly that a function is positive
definite according to Definition 4.1. A fundamental characterisation
is given in the following theorem due to Schoenberg (see [12]).

Proposition 4.2 Let G : [—-1,1] — R be a function of the form
G =312 g ar Py, with Y12 o |ak| < co. Then the following statements
are equivalent:

1. The function G is positive definite on S?.
2. The coefficients ay, fulfill a, > 0 for all k € Np.

For strictly positive definite functions a similar necessary and
sufficient condition was proved recently by Chen, Menegatto and
Sun in [4]: A function G is strictly positive definite if and only if all
coefficients ay are greater than or equal to zero and infinitely many
coefficients a; with odd k and infinitely many coefficients a; with
even k are greater than zero. Now, for our purpose spherical basis
functions are defined as follows:

Definition 4.3 Ewvery function G : [—1,1] — R with
o0
G(t) = apPi(t), (4.13)
k=0

satisfying ar, > 0 for all k € Ng and )2, ar < 0o is called a spher-
ical basis function.
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The Poisson kernel @), defined in (3.7), for example, is a spherical
basis function. This follows immediately taking into account that
(2k + 1) ¥ > 0 for all k € Ny and Zﬁ0(2k+1)hk < oo forh € (0,1).

Using spherical basis functions, we define the approximation space
and a basis in order to use the scheme from Section 2. Given data
points (&, fl)lel, L € N and having chosen a spherical basis function
G, we obtain the functions G; : S? — R by

Gi(§) =G (&-§).

The values of the generated functions Gj solely depend on the
geodesic distance of the argument £ to the fixed point &;. For many
reasonable choices, the function value reaches a maximum at £ = §;
and decreases towards a minimum for £ = —§,;. Figure 3 shows the
Poisson-kernel Qy, ((O, 0)7T- 5) centred at the North pole for different
values of h.

Now, the matrix ¥ introduced in (2.3) is in this setting identical
to the Gramian matrix from Definition 4.1, which is known to be pos-
itive definite, hence regular. Notice that this property immediately
implies the linear independence of the functions Gj.

From a more practical point of view, a drawback of the described
method becomes clear. Independent of the distribution of the points
&; on the sphere, all data samples are represented by rotated ver-
sions of the same function with same spatial density generated from
a single spherical basis function G. As it is often the case in prac-
tical situations, the data do not need to be distributed uniformly.
Data points can be clustered in certain regions, while in others their
density might be low. This can cause problems in the quality of the
computed approximation result and leads to numerical instability.
Another aspect is that these functions can also be used for multi-
scale representations, where, depending on the required accuracy, a
subset of the basis functions is used to represent either a fine or a
coarse approximation. Here, the need for functions of different spa-
tial density is also essential.

As well as the use of this more flexible approach seems to be
working (see for example [9]), theoretic results ensuring the solvabil-
ity of the problem for sets of possibly different basis functions are
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Figure 3: The Poisson kernel @, ((0,0)T - €) centred at the North
pole as a function of & and evaluated on the sphere S? for different
values of h. Starting with A = 0.6 in the upper left picture, the value
increases in steps of 0.1 to h = 0.9 in the lower right picture.

not easy to obtain. In the next section, we will show the linear inde-
pendence of Poisson kernels for pairwise different parameter h. But
it will remain open whether the matrix ¥ still remains non-singular.

4.1 Extension to the Multiscale Case

In order to investigate the linear independence of Poisson kernels at
different scales; i.e., for different values of h, we first need some basic
results.

Lemma 4.4 Let ¥ € [0, 7] be fizred. There exists a constant ¢(9) > 0
such that for arbitrary k € Ny there exists an indexr k* € Ny with
k* >k and

2k* +1

ym | P+ (cos 9)| > ¢(09). (4.14)

PrROOF. The case K = 0 is trivial since Py = 1. So let & > 0
and assume at first ¥ = 0 or 9 = m. By observing |Py(cos?)| =
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|P:(£1)| = 1, we obtain the estimate

2k +1 2k—|—1 1
P, — 4.1
yp | Py(cos )| =1/ _2\/_>() (4.15)

By choosing k* = k and ¢(¢) € (0, ﬁ) arbitrary, assertion (4.14) is

fulfilled. Now fix ¢ € (0,7). Employing the approximation formula
from (3.2) we conclude

S Pufeos )| =~ oo ((k+2)ﬁ—z> FO ().

The asymptotic part O (k‘l) vanishes for k — oo. The constant
L_ js strictly positive. So let us assume

mV/sin ¥
<<k+ >19—Z> g )

We now immediately get a contradiction, since this would require ¢
to be of the form ¥ = jx for certain j € Z\ {0} and would therefore
violate the assumption 0 < ¢ < 7. O

Corollary 4.5 Let & = (0, ) € S? be fived. There exists a constant
c(¥) > 0 such that for arbitrary k € Ny there exists an index k* € Ny
with k* > k and

Y2 (€)] > (). (4.16)

PrOOF. We utilise the definition of the functions ¥;* in (3.10) with

2k+1 _in
VP9, ) = || = Bl (cos D), (4.17)

and close with the remark that for n = 0, the proof reduces to an
application of Lemma 4.4. O

Corollary 4.5 now allows for an investigation of the linear inde-
pendence of Poisson kernels )y, for pairwise different parameters h.
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Theorem 4.6 Let LEN,0< hi <hy<...<hp <1 and
&= Lp)eS® (I=1,...,L) (4.18)

be L pairwise different points on the sphere. Then the functions
Gy S? — R with

Gi(€) = Qn(&-€) = Y2k + ) Pu(& - Ehy (4.19)
k=0
are linearly independent.
Proor. We assume
L
Z)\ZGZ(fz £ =0 (£es?) (4.20)
=1

for certain coefficients A; € R and prove that A; = 0 holds for [ =
., L. Applying the definition of the Poisson kernel from (3.7) and
using the Addition Theorem from Proposition 3.1, we obtain

L
0 = ZNGK& 3

= ZAZZ (2k + 1) Pu(&; - €)hy

=1 k=0

= Z)‘l2477hl Z V(&)Y (€)
I=1 k=0

n=—k

- XY (S sn) @

k=0n=—k

In view of the fact that the set {Y_k”} reNo forms a basis of

n=—~k,....k

L2 (SZ), the following infinite set of equations

L
SNV =0 (ke€No, n=—k,....k) (4.21)
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must be fulfilled. So assume now that there exists at least one index
[ such that \; # 0 and define

Imax = max IlT: X\ #0}. (4.22)

=1,...,

Owing to the estimates

e () e (). ptel-o(4)

for [ = 1,...,L, where ¢ is an arbitrary and co a fixed positive

constant, we get
() el =o.

max

k—o0 c k k—oo
L-1 )\lmax hlmax ’

(L -1\
c A\

max

(4.24)
Now, using Corollary 4.5, let £* € Ny be large enough such that

Y2 (€,..)] > ¢ (Wi,,) > 0 (4.25)

and

* 19 *
’A, e vR (51)‘ < ‘wxl RE 1 (=1, L1 # bna)

L _ 1 max Imax

(4.26)
are simultaneously satisfied. We finally obtain
L
Z)\l Y (&)
=1
L
> M L YR (€)Y AR YR ()
l:17l7élmax
Z )\lmax hi:ax YICO* (£lmax)
L
€ (Vi) K
2 L M M

=1, A max
= P B YR (E1)

ln]ax

- ‘C(ﬁlmax> Almax hk*
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= (Y (€)= € W10) [N B

> 0,

which contradicts (4.21). O

5 Algorithmic Aspects

This section concentrates on facets in the numerical treatment of the
spherical approximation problem with radial basis functions. We
mention properties of the interpolation matrix W, explain under
which conditions with respect to the data points they are present
and briefly discuss how they can be exploited to reduce computa-
tional costs. We finally give an algorithm for a certain class of grids
that achieves better asymptotic complexity than a naive approach.

When we talk about a spherical grid, we refer to a set of points
(& L)lel, L € N, on the sphere, which, when viewed in the ¥-¢-
plane, exhibits the structure of a rectangular grid consisting of rows
and columns aligned to the two principal axes ¥ and . In the
general case, we allow rows and columns to have different distances as
illustrated in Figure 4. In the most common case in practical settings,
the rows and columns are distributed uniformly in a certain domain
I C[0,7] x [0,2m). We call a grid regular, if the distance between
adjacent columns is constant. Furthermore we call it complete if
its columns are even distributed uniformly on the torus 27 T! :=
27(R/Z) identified with the interval [0,27). We number the nodes
row by row in increasing order where ¥ determines the row while ¢
determines the column. Furthermore, we let m be the number of
rows and n the number of columns in a grid and we have therefore
q’ G Rmnan.

We now discuss three different setups of nodes and basis functions
and derive the properties of ¥ they imply.

e All basis functions are identical up to rotation.

This is the classical case for which the non-singularity of the
resulting interpolation matrix W is assured. The nodes might



A Fast Algorithm for Spherical Basis Approximation 275

-
i e S
o
O Es s S S G
e ——e - - 11
' - 1
e S D W
R e S S W S G
L
- S G D GNP WD D W S
G G D GHD WD D W= 55 S S Sepnn
b e o341
e o o —+—1
L D S S -
.
L o oo
oo

Figure 4: Mapping of a two-dimensional grid to a sphere. Every
dot represents a node of the grid. Note that the distance between
adjacent rows and columns varies and that the radius of the arcs,
representing the rows of the grid, depends on the longitudinal angle
1, while the arcs corresponding to grid-columns all have equal radius.
This is a direct consequence of the spherical coordinate system, we
use.

be distributed arbitrarily. Using the definition of the matrix ¥
from (2.3) it follows

Vi (§) =G (& &) =1 (&) (1<ij<L). (527)

Hence, ¥ is symmetric and allows one to roughly halve the
memory space needed to store the matrix.

e The grid is regular and the basis function is the same
for points in the same row.

This restriction allows for a decomposition of ¥ into quadratic
blocks. A sub-matrix ¥*!) of ¥ defined by

okl . <¢(k,l)>” ERV™ 1<k, 1< m) (5.28)

Y Jig=1

and

v = <€(k*1)n+i : é(lfl)n+j) (5.29)

contains all values that depend only on the inner products be-
tween all points in rows k and [. Therefore, the matrix ¥ has
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the representation

gLy g2 plm)
w2l g2  gm)

v = . o . e R™Xmn - (5.30)
\I,(;n,l) ‘I,(m,2) o ‘I,(m,m)

Note that generally the matrix W is no longer symmetric. But
as a consequence of the data layout, the blocks ¥ (kD have a
very simple structure. Let ¥, ¥; be the angles corresponding
to rows k, | and ¢;, ¢; be the angles corresponding to columns
i, j. Furthermore, we let § > 0 be the fixed latitudinal angle
separating adjacent points in the same row. With Gj as the
basis function used for row k, we get for a component

k.l
vl = Gy ((ﬁk, i)' - (W@j)ﬂ
of a block W1 and analogously %(E’ijl with 4,57 > 1, the
identity

w(kvl)

i—1,j—1
= Gy ((ﬂk, i —06)" - (01,05 — 5)T>
= Gy (cos U cos ¥y + sin ¥y siny cos (p; — 0 — (¢ — 6)))
= G, (cos Uy cos ¥y + sin ¥y, sin 9y cos (¢; — ¢5))

= G (000" (01,0)")

= b

Therefore, every block %) has the form of a Toeplitz matriz

k,l kil kil k.l

RN cURPPR

k,l k,l k,l k,l

AR RRRPPR P
e = : : z (5:31)

kil kil k.l k.l

e PR PR

k1l k,l k,l k,l

R I T L e
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The first row and column completely determine all its entries.
Every Toeplitz matrix can be embedded into a circulant ma-
trix of almost twice the size for every dimension. Since circu-
lant matrices can be diagonalised by means of a multiplication
with two Fourier matrices, this allows for the computation of a
matrix-vector product with O (nlogn) arithmetic operations.
Similarly, the solution of a linear system of equations, whose
matrix is circulant, can also be calculated with O (nlogn) op-
erations.

e The grid is complete and the basis function is the same
for points in the same row.

This case is very similar to the last one, except that further
symmetries appear. We now require that also the angle that
separates the first and the last point in each row equals §. First,
owing to the fact that the grid is now invariant to rotations
along the axis through North and South pole by angles which
are multiples of §, each row of a block T*D ig a circularly
shifted version of its successor:

RS - RO W PR
T S WP Lo
okl — : : . ; : . (5.32)
vy ol o ) el
ol vl el el

)

Circulant matrices are completely determined by their first row
or column. Second, another symmetry can be exploited. Since
for every point the grid is also symmetric to the plane that
contains the point and the two poles, the first row of a matrix-
block ¥ is also symmetric to its centre.

We have described three cases, where symmetry properties can be
used to reduce the storage space needed for ¥. Especially the third
case is interesting, since there exist algorithms to treat the occurring
types of matrices efficiently. How these algorithms work is presented
in the following section.
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5.1 Circulant Matrices and the Discrete Fourier
Transform

Circulant matrices can be multiplied with vectors efficiently. Let

A := (a;j) € R"™" be a circulant matrix and x := (z1, 22, . .. x) T e

R™ be a column-vector of length n € N. We have

(Ax), = Zn:am- z;j (1<i<mn). (5.33)
j=1

The circulant structure of A now gives a; j = a(;—j mod n)+1,1 Which
leads to

(Ax); = Za(i—j mod n)+1,1 Lj- (5.34)
j=1
If we now define the n-periodic sequences @ := (@i);cz, T =

(%i);cz, containing the elements of the first column of A and the
elements of the vector x, respectively, by

a; := Q(i mod n)+1,15 T = L (4 mod n)+1> (5.35)

we can write the result of their discrete periodic convolution a * I as

= E Q(i—j mod n)+1,1 ¥(j mod n)+1
= E Q(i—j mod n)+1,1 Lj+1

= A(i41—j mod n)+1,1 Tj = (AX);; (0<i<n—1).

We can calculate the result of the matrix-vector product A x by a
discrete periodic convolution of the vectors a and x, where a is the
column-vector containing the first column of A. The Discrete Convo-
lution Theorem tells that a discrete periodic convolution corresponds
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to a component-wise multiplication in the frequency domain. If we
now denote an application of the discrete Fourier transform (DFT) to
a vector x by DFT (x) and analogously an application of the inverse
transform (IDFT) by IDFT (x), we therefore get

DFT (A x) = DFT (a) ® DFT (x) (5.36)

and
A x =IDFT (DFT (a)) ® DFT (x), (5.37)

where ® means the component-wise multiplication or Hadamard prod-
uct. But there is more we can learn from (5.36): If we rewrite
the application of a DFT as a multiplication with a Fourier ma-
trix Fy, then the component-wise multiplication of DFT (a) = F,, a
and DFT (x) = F,, x can be written as diag (F,, a) F,, x. This yields

F, A x = diag (F,, a) F,, x. (5.38)

Since Fourier matrices are orthogonal, i.e., I = F,,!F,, = FIF, with
I being the identity matrix, we obtain

F, AFIF, x = diag(F,a) F, x. (5.39)

We conclude F,, A Fll = diag (F, a), i.e., the matrix A can be diag-
onalised by two Fourier matrices F,,.

The component-wise multiplication of DFT (a) and DFT (x) can
be computed with O(n) arithmetic operations. The computational
complexity of the multiplication algorithm is therefore determined
by the application of DFT and IDFT. These steps require O(n logn)
floating point operations (flops), if a fast Fourier transform algorithm
(FFT) is used.

We now turn to systems of linear equations Ax = b whose system
matrix is circulant. We multiply with the Fourier matrix F,, from
the left and by recalling FI! F,, = I we get

F,AFlF, x=F,b. (5.40)

Using that F,, AF!! is a diagonal matrix whose main diagonal entries
can be computed with O(nlogn) flops using an FFT, the system has
been transformed into a very simple form and we can solve it with
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O(n) arithmetic operations and obtain the vector F, x. A final
application of the inverse FFT gives the sought solution x. In total,
we need O(nlogn) flops.

Block matrices ¥ with circulant blocks can be handled by a re-
duction to the algorithm for circulant matrices. For example, we
write the system W x = Db as

gLl g12)  plm) <1 p@
w2l g2  gEm x(2) b
o gm2  glmm) () b(m)

(5.41)
with circulant blocks ‘Il(i’j), where W) € R x(i),b(i) € R".
Using the results for circulant matrices and defining

Fm,n =L, ®F,,
with the usual Kronecker product ®, one can write
Frn OF  Fryx=Fp,b (5.42)

where F,,,, ¥ an is a matrix consisting of m? diagonal blocks.
By reordering rows and columns properly, which would correspond
to further multiplications with permutation matrices, we obtain a
system of linear equations with a block-diagonal matrix. Each of the
m blocks of dimension n X n represents an independent system of
linear equations.

For an asymptotic complexity analysis, we now require m to be of
comparable size as n; hence m = cn for some ¢ € R. In the algorithm,
one must first calculate m? 4+ m discrete Fourier transforms. Each
of these transforms has length n and therefore requires O(nlogn)
flops. In total, this step accumulates to O (anlog n) flops. Next,
we must calculate m matrix-vector products or must solve m linear
systems of equations, in each case of dimension n x n. Depending
on the concrete algorithms used for these steps, we can count the
complexity for each of them by C(n). We know only that one can’t
get better than C(n) = O (n?) and that C(n) = O (n?) is always
possible. Together, this gives a complexity of O (mC(n)) for this



A Fast Algorithm for Spherical Basis Approximation 281

Algorithm 1 Solving systems of linear equations with a block-

matrix with circulant blocks

Input: n,m € N, for j,k =1,...,m the block-matrix ¥ €
R with circulant blocks, represented by vectors
alk) € R" containing the first column of each block, the
right-hand side b € R given by sub-vectors b\) ¢ R"
for 7,1,...,m.

for j=1,...,mdo
Compute bY) := DFT (b;) by an FFT of length n.
fork=1,...,m do
Compute 4U%) := DFT (a(j’k)) by an FFT of length n.
end for
end for

for j=1,...,mdo
Compute %) as the solution of the m-th system of linear
equations.
Compute x1) := IDFT (fc(j)) by an inverse FFT.

end for

Output: x € R™ as solution of the system ¥ x = b.
Asymptotic complexity: O (an logn + mC(n) + mnlog n) flops.

step. The last step, the computation of IDFTs for each of the m
vector-blocks of the intermediate result, needs O (mnlogn) flops. So
the described method requires in total

O (m*nlogn +mC(n) +mnlogn) = O (m?logn +mC(m))

flops. In general, methods not exploiting the matrix structure have
a complexity of O (C(nm)) flops which is at least O (m?) flops. Al-
gorithm 1 summarises the described method for systems of linear
equations whose system matrix consists of circulant blocks.
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6 An Application

In this final section, we present an application of the previously de-
scribed approximation schemes to real-life data.

For texture analysis in crystallography, spherical data on a reg-
ular grid are processed and reviewed. However, these measurements
today are still very time consuming, therefore limiting the affordable
resolution of the result.

On this basis, representations with Poisson kernels were calcu-
lated for a given data set. These representations can be viewed as
a stochastic model. Since we solve an interpolation problem, the
resulting function as a linear combination of rotated kernel func-
tions coincides with the measured data on the grid, regardless of the
parametrisation of the kernels. But from a numerical point of view,
a good adjustment of the parameters is the key. If a small value A
is used for all basis functions, the interpolation matrix ¥ becomes
nearly singular, since the kernels are close to constant functions. On
the other hand, the use of a value close to 1 pushes ¥ towards the
unity matrix, making the calculation more stable, but the model
represented might not be very reasonable. Therefore, the calculated
representation was evaluated at a refined resolution.

At first, only rotated versions of a single kernel with a fixed h were
used. Results for different values of h are shown in Figures 5 and 6.
One observes that, depending on h, the quality of the result strongly
differs comparing the equatorial and the polar regions. Clearly, due
to the topology of the sphere, a single basis function near the poles
has a noticeably higher impact on its neighbour points than one
located near the equator, a fact that causes numerical instabilities.
On the other hand, increasing h makes the effective support of the
basis functions in the equatorial region very small.

This leads to the idea of using kernels with different spatial den-
sities. According to [9, p. 933], a properly normalised Poisson kernel
Qn (- &) as a function of £ € S? for fixed 7 € S? can be regarded as
a probability density function and the variance o is given by

1 — h?
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This formula can be used to derive an automatic procedure that ad-
justs the parameter h for each row of a spherical grid, thereby control-
ling the overlap of the spherical basis functions G; (§) = Qp, (§; - §)
for Il =1,..., L. Figure 7 shows the result after application of this
procedure.

This closes our investigation. For further improvements, the rep-
resentation of sharp peaks in the input data must be taken into
account. But therefore, one must leave the regular structure of the
interpolation matrix ¥. Here it might be useful to compute a coarse
approximation on a regular grid with the proposed method and in-
corporate sharp peaks afterwards. For example, one could solve the
interpolation problem by using an iterative method for systems of
linear equations. The solution calculated first could here be used
as the initial solution, in order to reduce the number of iterations
needed.

3 2

Figure 5: The interpolated data evaluated on a grid with four-fold
resolution. The kernels were parametrised with A = 0.96. The result
shows ripple artifacts near the North pole and also negative values —
in this case not admissible from the application.
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[

=

* L
v

Figure 6: The same data as in Figure 5 but now for h = 0.98. Arti-
facts near the pole are reduced but the spatial density of the spherical
basis functions is too low to provide a reasonable approximation far
from the pole.

iy

L=

4 |
v

Figure 7: The same data as in Figure 5 now using automatic spatial
density adjustment for the spherical basis functions. Some artifacts
remain near the pole but the overall approximation result is smooth.
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Abstract

We consider polynomial approximation problems on the
real line with generalized Freud weights. The generalization
means multiplying these weights by so-called generalized poly-
nomials which have finitely many roots on the corresponding
intervals. Analogues of classical polynomial inequalities, as
well as direct and converse approximation theorems, will be
proved.

1 Introduction

We consider polynomial approximation problems on the real line with
generalized Freud weights . The generalization means multiplying

287
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these weights by so-called generalized polynomials which have finitely
many roots on the corresponding intervals. Analogues of classical
polynomial inequalities, as well as direct and converse approximation
theorems will be proved.

In order to formulate our results, we introduce some general
notations. For an arbitrary weight v > 0 in R let LZ(R), 1 <
p < oo be the set of all measurable functions f such that |uf|bh =
Jg [fulP(z) dz < co. When p = co and u(x) > 0 (z # 0),u(0) = 0,
let L3°(R) denote the set of all continuous functions in (—oo,0) U
(0,00) (f € C(R\{0})) with the further condition N fu)(z)=

0. For smoother functions we define

lim  (
—0 or o0

WP,(R) = {f € LE(R): f"71 € AC(R) and |luf"]|, < oo}

with 1 < p < oo, r > 1 where AC(R) is the collection of all absolutely
continuous functions in R. Let P,, be the set of polynomials of degree
at most n, and let

Eafup = jof Ju(f = P)l,,  1<p<oo

be the error of best polynomial approximation of f € L% (R).

2 Results

Let
ug(z) =e % a>1,zeR (2.1)

be the Freud weight, and a,, be the corresponding Mhaskar-Rahmanov-
Saff number, i.e., a quantity for which |[uapllec = [[uaplzee| for
all p € P,. It is well known that

_anvan}

ay ~ ni’e.

Denote by V the set of continuous functions v which are even in R,
v(0) =0, v'(z) >0 in RT and

xv'(z)

A(v) := lim 2 (z) < oo, B(v):= sup

2 0w) 2wy < Y
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We will be concerned with the so-called generalized Freud weight
u(z) = v(x)uq(x) € GF, z € R.

It has an algebraic type zero at 0 which presents new phenomena
concerning polynomial inequalities and weighted polynomial approx-
imation. We could have considered more generally several (finitely
many) singularities instead of 0, but this would create only technical
difficulties but no theoretical novelties. Such weights were introduced
in [5], where its properties were investigated (cf. Lemma 2 there).

Theorem 2.1 Let u € GF and 1 < p < oo. Then, for any f €
WEL(R), r > 1, we have

Eo(Plup < C (2 luavns (2.3)

where vy (z) = v (Jz] + %).
In addition, if v € A(p), then

En(fup <€ (2) JufOlp 1<p<oo (2.4))

Remarks. 1. For v(z) = 1, the estimates (2.3)-(2.4) are equivalent,
and this case was proved in [3] (see also DT).

2. If u € GF and 1 < p < oo then, in general, v, cannot be
replaced by v in (2.3). This can be seen similarly as in [6, Example
3.5 on p. 87]. Therefore the condition v € A(p), 1 < p < oo is
necessary for (2.4).

To define a suitable modulus of smoothness, for an f € L%, 1 <
p < oo let

T

~7l;f(35) = Z(—l)j+1 <;>f($ — jhsgnx)

J=0

be the so-called backward-forward difference . While this may be
a discontinuous function at = 0 even if f is continuous, it still
keeps the important property of rth order differences that AZ (z) is
identically 0 if and only if f is a polynomial of degree at most r — 1.
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In order to establish Jackson type results, for the weight u, we
define the modulus of smoothness as

TS = 50 i) A2 (25)
0<h<t

Compared to other moduli of smoothness, (2.5) involves only the
smoothness properties of the function f and, in virtue of (3.3) of
Lemma 3.2 below, it is equivalent to the one defined in [2, p. 182].
Consequently, for f € L%, the Jackson and Stechkin inequalities are
true with the modulus (2.5).

For the weight u the modulus (2.5) is useless. Namely, what we
expect would be a Jackson type theorem

En(fup <2 (£57), .

But this cannot hold. Namely, it would imply

Eo(flup < C (2) Jus

which contradicts Remark 2 made after Theorem 2.1.
Therefore first we define the so-called main part modulus

Vf thup = sup, (@) AL £ (@)l o ry 1) (2.6)

where I, = [—4rh, 4rh], and then the full modulus will be

W up = up + If Julf =l (27)

r—1

The inconvenience of this modulus is that we must have some knowl-
edge about a fixed degree of polynomial approximation of the func-
tion on a small interval. Concerning this problem, see Lemma 3.3
below.

We can establish the following:

Theorem 2.2 Let a > 1 and f € L (R), 1 <p <oo. Then

En(f)up < Cw’ (f, %”) L n>r>1 (2.8)

u7p
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and
Gad
W (fup SCE Y (k1) VOB (Fup. (229)
k=0

Remarks. 1. In particular, if f~Y € AC(R\ {0}) and |Juf™||, <
oo then by (2.7) it follows that

an\" r .
Ea(Dup < C(T2) Nuf Pl + € inf ulf = 0)ll 2001,

with some constant C' > 0 depending on a.

2. We also observe that in the previous statements of this section
we assumed only v € V.

In what follows we will say that p, is a “near best approximant”
polynomial of f € LE(R) if ||u(f —pn)|lp < CEn(f)up. The following
theorem estimates the derivatives of such polynomials. We recall the
definition of A, weights; v € A, if

1 b 1/p 1 b 1/q 1 1
sup (—/ vp> . < / vq) < 0, -+-=1
b—aJ, b—a /, P q

where the sup is taken for all finite intervals [a,b] C R.

Theorem 2.3 Let p, be a near best polynomial approximant of de-
gree n of f € LL(R). Then we have

C () @ (550,
if ve A, 1<p<oo,
lupllp < ,
o((2) wr (f.%),,+ ).

if Aw)+1/p#0,...,1;1 <p<oc.

Remark. Note that Theorems 2.1-2.2 hold for u = u,, as well if we
replace w in (2.7) by @ in (2.5).
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3 Auxiliary Statements

First we establish some polynomial inequalities useful in several con-
texts. To this end let

Jn = [~ an, an] \ [—o%”, c‘;—“}

where C is a fixed positive number. In what follows, C' will always
denote a positive constant that may assume different values in dif-
ferent formulae, but it is always independent of n, p and f.

Lemma 3.1 Let u be as in (2.1), 0 < p < oo and p, € P,,. Then,
for n sufficiently large (say n > ng), we have

lupnllp < Cllupallrr(s,)
and

n
lupnllp < C—=llupnllp.
n

Proceeding as in the proofs of Lemmas 3-4 in [5], this lemma
follows by Theorem 5.1 in [8]. When the factor v of the weight u is
a generalized Jacobi weight, Lemma 3.1 was proved in [4].

Now we introduce the K-functional

K (f,t )y, = inf - + " lug™||, ).
(st )up gEVII/?,u(R){HU(f Dlp + " lug™ [}

Lemma 3.2 For any function f € LL(R), with 1 < p < oo, we have

K (fit)up < CO"(f, )up (3.1)

and

Q(f,)up < CEK(f,t" )up- (3.2)

Moreover
@T(fa t)ua,p ~ Kr(fa tr)ump (3-3)
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Remark. (3.3) shows that if the weight has no zero then the modu-
lus is completely equivalent to the K-functional (in contrast to (3.1)-
(3.2)). Moreover, it will be clear from the proof that (3.3) holds also
in the limiting case oo = 1.

Proor or LEMMA 3.2 Let

91(

x) =
1/r 1/r T ) r r
rr/ / z:(—l)J+1 <j>f x—jt(Zuj)sgnx duy . ..du,,
0 o
7=1

j=1
x| > 2rt,

and let ¢._1(x) € P,_1 be the polynomial representing the infimum
in (2.7). Further it is easy to see that there exists an infinitely dif-
ferentiable function ¢(x) > 0 such that

=1, if |x| > 4rt,
Pi(x) ¢ =0, if |z| < 2rt,
<1, if 2rt <|z| < 4rt

such that

. C .
W@l < g rEeR =0 r (34)

Now consider the function

Gi(z) = (1= ¥u(2))gr-1(z) + i(@)ge(z), =z eR.

Evidently, G; € W2, (R), and

(=), if |z] < 2rt,
Gil) = {gt(x), if |z| > 4rt.

Thus, since

lu(f = gr—1)lLr(ja)<art) < W (f5 D up

and
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|u(f = g)llr(a|>art) < SW’WAUMMmﬂm
0<h<t

< sup ||UA’;Lf||LP(|x\Z47‘h) < wr(fvt)u,pa
0<h<t

these inequalities show that

||U(f - Gt)||LP(|z\247“tor|J:|§2rt) < wr(fa t)u,p'
The remaining intervals can be easily settled by using the above
estimates:

|u(f = Ge)llLr2ri<izi<arty < Ju(f = @r—1) || Lo (2re<|z|<art)
+Hu(f - gt)|’Lp(2rt§|z|§4rt) < QWT(fv t)u,p-

Summarizing

[u(f = G)llp < 4" (f; )up-

Now we estimate the rth derivative of G;. Since ¢._1 is a poly-
nomial of degree at most r — 1, we may assume that |z| > 2r¢t. When
|x| > 4rt, then by the definition of g,

g (@) =t A f(),
and thus

WG I may = lug" @
< Cu swp ALf| < O (S g

Finally, for 2rt < |z| < 4rt we get
G| = [{nlgr—1 — ]} )] < OZW D lgr-1 — 99| (3.5)

Here, using

1/r 1/r

f(@) — ge(2)] = Al oy F (@) duy - du,

A

o 5150

0<h<t
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and (2.5),

lu(gr—1 = ge)ll e 2ri<ie|<ary < lwl@r—1 — F)llLr2ri<e|<are)

+||u(gt - f)LP(QTt§|m|§4rt) < 2wr(f7 t)u,p

and

lulgr—1 — g Ol ioriciecary = gt | o (@ri<iai<art
S Ct_rwr(f’ t)u,p-

Using u(x) ~ u(t) hence we get

WO (f, )y
HC.IT—l(CC) - gt($)||Lp(2Tt§|m|§4rt) < C%’
W (f
lr-1(0) = 9O sty < L2

To estimate the intermediate derivatives we use an inequality of
Ditzian (cf. [2, formula (2.2.14)]):

|u(x)[gr—1(z) — gt(x)](j)||Lp(2rt§|m|§4rt)
< Cu®)|l[gr-1(z) — gt(‘r)](j)HLT’(Zr‘t§|a:\§4rt)

'S
t
Ciw ('};})u’p, 7=0,...,7,

IN

whence and from (3.4)-(3.5) we get

G | Lo areielary < CETW (o E)up-

This completes the proof of (3.1).
As for (3.2), we take a function g € W¥ (uq)Rr such that

lu(f = 9)llp + t"llug ™ lp} < 2K (f ¢ )up-

Choosing an arbitrary 0 < h < ¢, for |x| > 4rh we obtain (since now
u(z) ~u(x£jh), 7 =0,...,r using properties of the weight and the
presence of backward-forward differences)

HUAZfHLP(szh) < ||UAZ(f - g)HLP(|x|24rh) + ||UA29HLP(|9C|24rh)
(3.6)



296 Mastroianni and Szabados

< Nl =)l 1B gl| Lo (e > arny < 250 (fo ) upt0AL g Lo (afzarm) -

Here, because of symmetry, we may assume x > 4rh and get (using
the generalized Minkowski inequality)

HUAZQHLPMNL,OO)
1/p

< C <[: </Oh u(x) g™ (x —y)(rh —y)" dy)p dx) (3.7)

rh ') l/p
<o [ ( / u<m>prg<r><x>pdx) dy < Ot [ug®,.
0

rh
where we used the fact that

u(z)

u(z —y) SC”(QS—Th) Cu(%m) <C, 0<y<rh<

VAN
R

(cf. Lemma 1 from [5]). This proves (3.2).
The proof of (3.3) is simpler, so we just outline the changes in
the above argument. Introduce the functions

gea(w
1/r l/r r r
/ / 17+ <T>f T — jt(z uj)sgnz|duy ... duy,
j =
gi2(z)
1/r 1/'r T r T
/ / ]H(,)f x-l—jt(Zuj)sgna: duy ... du,,
J -
7j=1
and

Gi(x) = ¢ (x)gea () + (1 — () gr2(x)
where now ¥ (x) > 0 is an infinitely differentiable function such that
=0, if x <1,

P(x) <1, if -1<z<1,
=1, if x> 1.
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Then, using that a forward rth order difference with step h at z is
the same as the backward rth order difference with step h at z + rh,
we can see that

|ua(f — Gt)”p < Cw'(f, t)ump

and
lua Gy o) < CETS (£, )

which shows that the K-functional is majorized by the modulus.
The opposite inequality in (3.3) can be seen like (3.6)-(3.7), the
interval [4rh,c0) and the limit of integration 4rh replaced by R
and 0, respectively. The lemma is proved. In order to estimate

infoep, , ||(f —q)ull, we can use the following lemma that is a slight
reformulation of Lemma 9 in [5], so we omit the proof.

Lemma 3.3 (a) Leta > 0. If f € WE, (R) and v € V is an Ap-
weight, 1 < p < oo, then there exists a polynomial p € P,_1 such
that

[o(f = P)lLr(=tp) < CtT”Uf(T)HLP(ft,t), t <a.
(b) Let ) € AC(R\{0}), 1 <p<oo,r>1 IfA®W)+1>r
then
fvllzoeey < CEU0f N oan) + 1f0llioaa).  0<t<a,

while if A(v) —I—% < r with A(v) —I—% # 1,....7 or A(v) = 0 for
p =00, and fU"7D(0) with T = [A(v) + %} exists, then there exist
polynomials p € P._1_; such that

[(f=p)llze(=tay < CUUVF Lo camy+loflr(caw],  0<t<a.

Here the constants C' depend on a.

Lemma 3.4 Let 1 < p < oo. Then, for any polynomial P € P,, we
have

a s
i _ wn gon] < C (=2 )l
qlengr HU(P q)”[—élT%ATT] - ¢ ( n ) HUP ||p
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PROOF Let L,(P) be a Lagrange polynomial that interpolates P at
r arbitrary points of [, ), o := %24r ~ n'/®=1 Using Peano
Theorem we have

P(a) — Ly(P.2)| < Cral"! / “IPOMd el < o,

—Qn

whence for 1 < p < 00, v,(t) = v (t + %”), using Cauchy—Schwarz
inequality

([ wonre - Lizapa)

—ap

Qn ]./p [677%
Crar~! ( / up(a:)dm> / PO (1)) dt

r—1+4+1 Gn
< Croy 7 / Un () [P () Jug (t) dt

—an

IN

S CTOZZHUO(,UTLP(T)||Lp(—06n704n)'

In the second inequality we used the doubling property of v,. Now
we extend the last norm to all R and then use the first inequality of
Lemma 2.1. Then the last norm is majorized by

Clluava P Lo@(—anan) ~ WP,

whence the assertion easily follows for 1 < p < co. The case p = oo
is simpler and we omit the details.

Let N
fia(2) = ¢~ 31, (3.8)
with 24 > 1 integer. Then, for the MRS number, a, = ay,(tq)
related to iiq we have ap(lia) = a2an(ua) = C(a)(24n)1/e.
Let {pn(tq)} be the system of orthonormal polynomials with
positive leading coefficients and denote by z; < ... < x,, the zeros
of pn(@a). Then

lz]

Qn

1
Az = Tpp1—Tp ~ nl/afl—m, Yp(x) = '1 — +n2/3,
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Now let g be such that |/t (20)pn(ta, o) = ||V EaPn (Ta) |l
and denote by I (z) = ;41 k(. ), kK = 0,1,...,n+1 the k-th funda-
mental Lagrange polynomial based on the zeros —zxg, 1, ..., Ty, Zo.
For n sufficiently large define j = j(n) by

xj = max{xy : xp < Oay(ta)} (3.9)

where 6 € (0, 1) is chosen such that £z ¢ [—x;,2;]. This is possible
since xg 1s near x,.
The following lemma was proved in [7].

Lemma 3.5 Let |zi| < xj, « € [—by, by] with b, =max(zo, an(ta))
and x ~ x; € {—x0,x1,...,Tn,x0}. Then

Ua (k)

ue(z)13H (z) < cm.

Lemma 3.6 For f € L5, (R) and ty > t1, we have

( r
C (%) W' (fit1)up
if ve Ay and 1 <p < oo,
SFt2)up <0 (2) W (s g + Blluf ]
if A(v)+1/p is not an integer
and 1 < p < oo,

PROOF By the definition (2.7) of the modulus and (3.2),

W (f, )up = Q" (f,)up + qei%}f Ju(f — Q)HLP(It) <

r—1

< r i —
= CKT(fvt )u’p—i_qelgf Hu(g Q)HLP(It)v

r—1

where g € W, (R) is chosen such that

lu(f = g)llp + " 1lug"lp < 2K (fit)ugp.

Using Lemma 3.3 we get
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ont llu(g — Ol Lr(r,)

Ct™[|lug™| |, if veApand 1<p<oo.
< Ot (Jlug™||p + |lugllp), if A(v)+1/p is not an integer
and 1 < p < o0,

Now using ||ug||, < 2K, (f,t")up + ||ufl||, and (3.1) we obtain the

statements of the lemma.

4 Proof of the Theorems

PrOOF OoF THEOREM 2.1 We follow the same procedure used in the
proof of Theorem 1 in [5]. Nevertheless we have to point out some
necessary changes and steps.

Proceeding as in Lemma 6 in [5], it is possible to prove the fol-
lowing relations:

x+9%
onlw) = v (Jal + ) ~ /2 o(t)dt, zeR  (4.1)

an(tq)

where @, is defined in (3.8) and

Tk+1

/M o(@)dz < C(Jk —i| + m/ o(@)dr  (42)

i—1 Tk—1
where —xy < x;, 2, < xg and v depends only on the weight v.
Finally, using the definition (3.9) of the index j,

v(z) < Ok —i| + 1) 4, (¢) (4.3)

where x € [x;—1,xi41], ©; € {—x0,..., 20} and t € [z_1,xk], |2K| <
xj. (Here the constant C' is independent of z, t, n, k, i.) Observe
that, for zj, € L_xj+1a$j+1L

Azg~ " and n(z) ~aat), |z—t <C. (4.4)
n n
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These are the principal facts that appear in the proof of Theorem
2.1.
For any f € W, (R), consider the function

f(=xj) (=00, =],
fi=Ffim=1Ff in [—zj, 2],
f(xj) in [xja OO)
(j(n) is defined in (3.9)). Obviously f; € WY, (R) and

EM(f)u,p < u(f — fj)“p + EM(fj)u,p

with M = 2A(n + 1), where 2A > ~ 4 2. The first term, using
Lemma 4.1 in [2], is majorized by C%||f'ull,, 1 < p < oo. Then we
have to estimate Foapn(fj)up- To this end the following two steps are
necessary:

First step. We introduce the functions
J

(ST ) (@) = fl=a;)+ Y (z—wp) L AM

k=—j
and
(S™fi) (@) = f(=a;) + Y (& — 2x) L Amy,

p—
where My, = max(,, ., fj(r), mpg = ming, | ., fij(x). Ab =
bk+1 — bk and
_ 0 _ 1 if T < I,

(= a)s = {0 if x> .
Then it is simple to verify that S~ f; < f; < ST f; and, since AM}, =
Amy =0, |k| > j, also

S fi=f=5" in (—o0,—z;]Ulz;,00).

Moreover, proceeding as in the proof of Lemma 7 in [5] and using
(4.1)—(4.4), we prove that the norm

lu(S™ 5 = ST )llp = 1u(S™ 5 = ™)l o(—e;,25)
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is majorized by C%|luqv, f'[lp, 1 < p < oo and by C|luf'||, if
veA,and 1 <p < oo.

Second step. Again proceeding as in Lemma 7 of [5] we construct
the polynomials pk € Pya(n+1), |k| < j such that

pp(2) < (z—2)} <pf(z), z€R

and

- A
pi (@) = py, (2) = [ ()
with [ the k-th fundamental Lagrange polynomial based on the
knots —xq, 1, . - -, Tm,To. With the previous polynomials we define

Qf(x)= > pf@AM,+ > pi(x)AM+ f(—=),

AMp>0 AM; <0

Z pkAmk+ Z pk Amk+f( )

Amyg >0 Amy <0

From these definitions it follows that in R we have

G S fi<ay, Qu<STfi<Qy
and then
G <STfi <[ < ST <Qy.
Consequently

By an(f)up < lulf; = Q)llp < (@ — a:)llp <

< u()Qy — @)y + llulay — ax)llp + lu(STf; = ST f)ll-

Here the third term was estimated above while the first two terms
can be estimated as in Lemma 8 of [5], using (4.1)—(4.4) and Lemma
3.5. The theorem easily follows.



Direct and Converse Theorems 303

PROOF OF THEOREM 2.2 We consider the function G; defined in the
proof of Lemma 2 with ¢ = %= and set Gax = G,. Then for each
f € L% we have

En(f)um < Ju(f - Gn)”p + En(Gn)u,p-

The first term is majorized by w"” ( f a—”)up. For the second term

’n
we use Theorem 2.1 and get

En(Ga)up < C (%) uavaGL

Proceeding as in the previous proof and observing that, for x &
[—41“%", 47“%"], we have v, ~ v, it immediately follows that

(5 a0l = 0 (2.2)

This proves (2.8).
In order to prove (2.9) we use (3.2) and, with p,, the best approx-
imation of f € L%, we have

u7p

o (£.52) < it = pall+ (52) 1upll +

+q61nf lu(f — Q)HLP([—M“—" 47”‘1_”])}

7‘7

C [t = padllp + (5) " upd

IN

qellglf lu(pn — Q)HLP([—M%AT%])] '

r—1

If we prove that the third term does not exceed a constant mul-
tiple of the second term, then (2.9) follows with a well-known proce-
dure using Bernstein inequality. To this end we can use Lemma 3.4
and the theorem is proved.

PROOF OF THEOREM 2.3 Following an argument in [2], we first prove
that

n n

).

r+1
(r+1) n r(g 9n
< () [ (%)

#(%2) sl
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From the relation
Pn—P0=Dn — P + 3 _(Por+1 — Por),
where 2! < m < 2+1 and with 1 < p < oo follows that

-1

lup Py < Nun —pa) "Vl + D lulparss = por) |l
k=1

n r+1
< () Iuta-pl
an
-1 2k+1 7‘+1
+ a |u(por+1 — por)||p
k=1 28
I+1 r+1 +1 r+1 a
< C E <C ( 2’“)
) nan B E)

Now suppose that A(v)+ 5 is not an integer. Then, using Lemma

3.6 we have
(%) raly )

+1
(f, a2k> SC(aL]: 21+1>T (wr <f7a_n) 4
u,p 2 Agl+1 n /7 up

Thus

w@”WuSC(ﬁ)HTd(ﬂ%ﬁw+(%YW”W]

In case v € A,, 1 < p < o0, the second term in the brackets is
omitted by Lemma 3.6.
Let B,, = [—an, —4r n] [47"— an] Then

(%) Nap o,

<L)~

+ ||uA%Ly, .
Lo(By) | TPn”Lp(Bn)
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Now we easily have

—|— HuA ‘

A pullzos,) < [ulia (F = pa)

Lp( LP(By)

< 2 B (f)up + O <f%") < Cw’ (f,“—"> R

u,p n /7w,

u(@) () pa(@)” ~ Abapaa >\

) /an/n /an/n

pg) (x+ (u1 + ...+ up))lduy ... du,
an/n an/n  prtuit...tur
= u(z) / / / P (z) dz dus .. du,

z+r o
/ L (e dz

ap\"™1 Cn T
< (7)o
n

A
/N
5
\/
+

&
E

u(2)|py ) (2)| dz.

an Jrp

Consequently

o[ (5) 9k = B

using the boundedness of the maximal function for p € (1, 00| and
Fubini theorem for p = 1. Now the theorem easily follows by observ-
ing that, by Lemma 3.1,

a T'
< o r+1)
‘LP(BTL) <C ( n ) Hupn HLP(B )

luplp < Cllupy) |z s,)-
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Abstract

In order to approximate functions on unbounded intervals,
the authors show the convergence of truncated Fourier Sums
and truncated Lagrange Polynomials.

1 Introduction

This paper concerns the approximation of functions on unbounded
intervals by means of orthogonal polynomials: Laguerre polynomials
on (0,00) and Freud polynomials on (—o0, +00). Unfortunately, the
behavior of the Fourier Sum, the interpolating polynomials or the
Gaussian quadrature rules related to the previous systems, is poor in
the sense that it can be applied only to a restricted class of functions
(see for instance [1, 16, 3, 12, 9]).
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On the other hand, the polynomial approximation of functions
defined on infinite intervals appears in several contexts.In order to
overcome this problem, we will modify the Fourier Sum and the
interpolating polynomials. Our results have many applications and
are analogous to results on finite intervals.

More precisely, starting from well known polynomial inequalities,
we propose to approximate a “finite section” of the function on a
special finite interval (see Proposition 2.1). This procedure is simple
and is convenient in many situations, especially in the numerical
treatment of integral equations.

2 Fourier Sums and Lagrange Interpolation
in (0, +00)

Some preliminary results

Let LP(a,b), 0 < a < b < 400 the set of all measurable functions

b P
f such that || fllzr(ap) = / |[fP(x)dz | < 400, 1 < p < 4o0.

If a =0and b = 400 we write [Ifll, instead of [|f[|zr(0,+oc), and
LP = L[P(0,+00). With u(z) = z7e"2, v > —%, x > 0 a Laguerre
weight, we set f € L%, if and only if fu € LP, 1 < p < +00. When
p = +oo and v > 0 we define

L = {f € CO(R™) : lim (fu)(w) =0 = xﬁrfogfu)(x)} )

where RT = (0, +00) and CY(R*) is the set of all continuous func-
tions in RT. In the case p = 400 and v = 0, L% is the set of all con-
tinuous function in [0, +00) with the condition lim, 4o (fu)(x) = 0.
In the sequel C denotes a positive constant. We write C # C(a, b, ...)
if C is independent of the parameters a,b,... Finally A ~ B means
that there exists a constant C > 0, independent of the parameters of
A and B such that C"'A < B < CA.
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We recall the following polynomial inequality ( see [2] or [11]):

o] % +oo P
</ ]Pmu]p(x)dm> < Ce=Am (/ Pmu]p(x)da:) , (2.1)
4m(14-9) 0

holding for 1 < p < +o0, where § > 0 is fixed, P, is an arbitrary
polynomial of degree m (P, € Py,), the positive constants C and A
depend on ¢ and are independent on P,.

Now we establish a proposition to be used later. To this end
let & € (0,1) fixed and m a positive integer sufficiently large (say
m > mg). We denote by Ay = Ay, the characteristic function of

the interval [0,40m| and let M = [%em} . Obviously, M ~ m if
m > mg(6).

Proposition 2.1 Let f € L}, and 1 < p < +oco. Then, for m > my,
we have

1£(1 = Ag)ully < Ep(fup + Ce_Amequ and (2.2)

[fullp < CAIf Agully + Ene(f)up); (2.3)
where Eni(f)up = PiI]le |(f — P)ul|, and the constants C and A are
€l

independent on m and f.

Proor. For all Py € Py and 1 < p < +o00 we have
1f (1= Ag)ully < [1(f = Par)ullp + [Par (1 = Ag)ullp.

By (2.1),
1Par(1 = Ag)ull, < Ce™ ™| Pagull,

and making the infimum on Py (2.2) easily follows. Now (2.3) follows
from the identity f = Apf + (1 — Ag)f and (2.2). 0

From Proposition 2.1 follows that, if {T'y, : L — Py}, is a
sequence of linear operators, we can approximate a function f € L%,
by the sequence {Ag ' (Agm f)}m- Indeed, since

I1f - A&mrm(AG,mf)]qu < |lf - Fm(A&mf)]AG,mu”p
+ (1 = Agm) fullp,
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the second term on the right, by (2.2), is small. Consequently it
is sufficient to consider only the first term or, in other words, ap-
proximate f by the sequence of polynomials {I'y,(Ag f)}m on the
interval [0,46m]. We will show that such procedure is much simpler
and more convenient than the ordinary polynomial approximation.

Fourier sums.

Let wq(z) = 2% %, a > —1, x > 0, be a Laguerre weight and

{pm(wq)}m the correspondent sequence of orthonormal polynomials
with positive leading coefficient ~,,. With f € L we consider the
Fourier sum

m—1

“+oo
Sulttas f) = 3 cuprlua), cp = /0 Fo(a) -

k=0

By using Darboux kernel

~ Ym—1 Pm(Wa, T)Pm—1(War ¥) — Pm(Wa, Y)Pm—1(Wa, )

Km ) 9 -
(Wa, T, Y) - pr—
we can write
oo
Sm(Was frx) = Kn(wa, z,y) f(y)wa(y)dy. (2.4)

0

In [1] (see also [16]) the following expression of Ky, (wq,x,y) is sug-
gested

Km('waax?y) = pm(wa,m)pm(wa,y) (2'5)
Pr(Wa,y)  Pm(Wa, ) Frn(y)
" bmm<Fm(x) y—r  y-= >

where F,,(2) = pm+1(Wa, 2) — Pm—1(wa, 2) and by, ~ 1. Then we can
write the Fourier sum as follows

Sm(wa7fa l’) = Cmpm(wa>$) (2.6)
+ mbm, [Fo () H(fwapm(wa), ©) — pm(wa, ©) H (Fp fwa, )]
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" g(y)
where H(g,z) = / —“~dy, z > 0, is the Hilbert transform.

z
According with Proposition 2.1, we approximate in LP the function

fu by means the sequence {Sy,(wa, Ag.mf)uldom}tm-
If v%(2) = 27, the following theorem holds.

Theorem 2.2 For any f € L, and 1 < p < 400, we have
”Sm(waa A@,mf)AH,mqu < CHngmeHp, C 7é C(m7 f) (27)

if and only if

v v®  Jur 1
\/m c LP(O, ].) and UT’ ?*UT € Lq((), 1), (28)

where () = /z and ¢ = JE5.

The previous theorem is the best possible in the following sense.

Proposition 2.3 The following equivalences are true

4
| S (Wa, £ullp < Cll full, < (2.8) holds with 3 <p<4 (29

m || full
1Sm(wa, flull, < Cq or (2.10)
[fu(l+-)5 ],
< (2.8) holds with p € (1,00) \ (%,4)

| S (wa, Ao.m fullp < Cll fullp < (2.8) holds with 1 < p <4 (2.11)
4
|Sm (wa, f)Agmull, < C|lfull, & (2.8) holds with p > 3 (2.12)
The constants C > 0 are independent on m and f.

We will prove Theorem 2.2 and Proposition 2.3 in Section 4. Now
we establish
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Corollary 2.4 Under the assumptions of Theorem 2.2, for any f €
LY and 1 < p < +o00, we have

I1f = ApmSm(Wa, DomFullp < CLEM(up + e 2™ fullp] (2-13)

where C and A are positive constants independent on m and f.

From Proposition 2.1 it is possible to deduce estimates similar to
(2.13). For example, if the parameters o and ~y of the weights satisfy
(2.8), then

I1f = Sin(waes Ao )]ullp < CLEM(Fup + e full)

with 1 < p <4 and

Ilf = Sm(wa, Hlullp < CEm(f)up

with % < p < 4. If, in the last estimate, we put u = /wqs, we
obtain the result of Askey and Wanger in [1]. Finally the equivalences
(2.11) and (2.12) are “essentially” Theorems 9-10 in [16], in which

the weight u(x) = /wa(x) <1+Lz>a (14 z)? is considered.

Lagrange interpolation.

We denote by Ly, (wa, f), f € C°(R*), the Lagrange polynomial that
interpolates the function f on the zeros z1 < ... < Ty, (T = Tgm),
of pm(wa). Recalling (2.4), (2.5) and using the Gaussian rule, we
can write

Lin(Wa, f,2) = mbm > pm(Wa, ) Ak (wa) };m_(q;:kk)

k=1

flze)  (2.14)

where A\ (wo) = Mg (wa) = ) is the k—th Christoffel num-

Km(wi,ka
ber, Fi, (%) = pm+t1(Wa, ) — pm—1(Wa, x) and by, ~ 1. In order to
study the behavior of L,,(wq, f) is useful to introduce the following
notation. Recalling that (see [19]): £ < 21 < z,, < 4m — CYm, we

define the integer j = j(m) by

xj = mkin(xk > 46m), 6 € (0,1) fixed.
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Let 1 € C*°(R), nondecreasing; moreover ¢ (x) = { life>1 and
pi(x) =1 (mja_:f]z) . For any f € C°(R™), we define f; = (1—1;)f.

Obviously f; = f in (0,z;] and f; =0 in [xj41,+00). Then we have

Lon(wen £5,2) = 3 Apwa) 2D B ) fay)  (215)

r — X
k=1 k

by removing in (2.14) [em] (0 < ¢ < 1) terms. Finally with 6; € (6, 1),
fixed and with Ag, = Ay, ,,, (the characteristic function of [0, 461m]),
we introduce the sequence {Ag, 1 Lim(wa, fj)}m to approximate the
function f € C°(RY) in L norm with u(z) = z7e=%/2. In order
to study the behaviour of the above mentioned sequence, we state a
lemma that will be useful in the sequel.

Lemma 2.5 Let 0 <0 <01 <1 andlet1l < p < +oo. Then, for an
arbitrary polynomial P € Py, (with | fixed integer), we have

(EJ: A:vklPu\P(xk)) i <C </:61m Pu|p(x)dx) % (2.16)

k=1 1

where Axy, = xi11 — 2k, C 1s a positive constant independent on m,
P and p.

We can now state the following theorem, which is the main result of
this section. Letting v? (x) = 2%, we have:

Theorem 2.6 Let1 < p < +oo. Then, for all function f € CO(RT),
we have

i v
[ L (was £7)ule, |l < C (Z Al’k\fu|p(l’k)> , C#C(m,f)
= (2.17)

if and only if

v \VUo%p p
p q _
NG € LP(0,1) and = € LY0,1), o(x) ==, q_p -
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Moreover, if we fix wy, u and p then the inequality
. 1
[ Lo (wa, fullp < C <Z A?ﬁilfﬂ\p(l‘i)) (Tmi1 =4m)  (2.19)
i=1
is not true for a proper f € CO(RT) where C # C(m, f).

The next lemma estimates the term on the right-hand side of
(2.17). To this end we recall (see [2])

Qo up = sup [ulj flir,, r=1, @)=
0<h<t

where I,,, = [C(2rh)?,C/h?], C arbitrary fixed constant and

r : T i h .
ot =3 (1) v (4 g -20).
i=0
t sufficiently small; i.e., t < tp.

Lemma 2.7 For all continuous function in R™ we have

1
P

J
(Z A$k|fufp($k)) < C [HquLP(O,xj) (2.20)
k=1
Vm @(fu t)u,pdt]
0 e

Now we can establish the following theorem:

with C # C(m, f).

Theorem 2.8 For all continuous function in R* and p € (1,400)
we have:

Qr(
I = 8oy L, fluly - < ( / - tm/p’pdt
+ *Amnfuup (2.21)

with C # C(m, f) if and only if relations (2.18) are true.
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In particular if we define the Zygmund space

QU(f,t
Z§:Z§(u):{f€L§:supw<+oo, r>s},
>0

where 1 < p < +00,s € RT and we introduce the usual norm

Vol .

£l zz = ||fUI|p+SUP s

then (2.21) becomes

C 1
ILf = B0y Lm(was fi)lullp < Z5 N2z, s> 25 1 <p < oo,

that has the same order of the error of best approximation of func-
tions in Z¥, s > 1. Similar estimates about the interpolation in
(—1,1) can be found in [15] and the special case p = 2 was consid-
ered in [12]. For completeness we note that theorems 2.6 and 2.8
hold true for 1 < p < 4 if the norms at the left-hand side of (2.17)
and (2.21) are replaced by || Ly, (wa, fj)ullp, and ||[f — L (wa, f5)]ullp
respectively.

3 Fourier Sums and Lagrange Interpolation
in R
Some preliminary results

In this section we consider Freud weight of the form w(z) = e~ Q@)
where @ : R — R is even and continuous, @' > 0 in (0, +00), Q" is
continuous in (0,400) and, for some A, B > 1 it results

i o (@Q(@) _ -
A< —=<B, z€(0,+00). 3.1
Denote by {pm(w)}n, the sequence of the polynomials that are or-

thonormal in R and whose leading coefficient 7, := v, (w) is positive.
Since w is even, the related recurrence relation has the following form

.iUpk(lU,l') = ak+1pk+1(wa l‘) + akpk(w,iﬁ), kE>1.
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For a wide class of the weights w, the coefficients {a, }, satisfy the
conditions

1 1
Gmil _ 140 <E> LS = (14 O(m ), (32)

Qm, A,

where m — 0 and a,, is the M-R-S number related to the weight /w
and it is uniquely defined by

1

1
u:—/ a, tQ' (ayt) dt
0

m 1—¢2

This class of weight has been considered by S.W. Jha and S.D. Lu-
binsky in [8]. Now we recall the well-known polynomial inequality

[4]

[ 1Pavap @ <ot [ (puap @, 1<ps o,
I'm R

(3.3)
where T'y, = {x € R : |z| > (1 4+ d)apn}, 6 € (0,1),C and A
are positive constant depending on 0 and independent of m. As in
the Laguerre case, with § € (0,1), we define Ay ,,, the characteristic

function of the interval [—fay,, fa,,] and M = [1 +9m} As before
M ~ m. For all functions f € L” _,

10 = Do)Vl < € [Bni(f)yamp + €M1 Vly] (3.4)

where C # C(m, f), Ex(f) mp = infpepy, I(f — P)vwlp and 1 <
p < 400 (see (2.2)).
Fourier Sums

For all f € LP,, let
w

m—1
(W), cp = c(f) = /R Fpr(w)w

k=0

be its m—th Fourier Sum with the respect to the system {p,(w)}n. In
the above mentioned paper [8] the authors, assuming (3.2), assigned
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necessary and sufficient conditions for the boundedness of the oper-
ator Sp,(w) : Ly, — Lb,, where o1(z) = Jw(z)(1 + |z|)°, 02(z) =
Vw(@)(1+|2)%, b < 8,1 < p < +00. As a consequence of these
results the following equivalences hold

IS, AVl <ClfValy 5 <p<d  (35)

and

4
1S (w, [) Ao mv/wlp < Cllf Bomvwllp < p > 2,
where C # C(m, f). Proceeding as in the Laguerre case, we consider
the sequence {Ag ;S (w, Agm f)}m and we state the following

(3.6)

Theorem 3.1 With the previous notation and without the assump-
tion (3.2), for all f € pr, 1 < p < +00, we have

1S (w; Domf)AomvVwllp < ClLf Agmvwllp (3.7)

and

I1f = BomSmlw, Mg IVl < € [Brr(f) g+ (33)
+ e Vo)
where C and A are independent of m and f.

In order to complete Theorem 3.1, (3.5) and (3.6), we can state the
following proposition

Proposition 3.2 For all f € pr, we have

1Sm(w, A f)Vwlp < CllfVwhomllp,  C#Clm, f),  (3.9)
if and only if 1 < p < 4.
Of course an inequality similar to (3.8) can be easily stated for
ILf = Sm(w, Agm HIVwllp, 1 <p<4.

Finally we note that Theorem 3.1 and Proposition 3.2 hold true for
more general Freud weights w € F(Lip3) (see for example [10] p.
12).
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Lagrange Interpolation

For convenience we introduce the following notations. We denote by
k(= Tpm) the nonnegative zeros of p,(w) (z¢g = 0 if m is odd) and
we set z_p = —x5,,0 < k < [2] . With f € C'(R), let

5]
Lu(w fox) = > @) (o). lula) = —Lmld)

k=—[m] P (w, z) (x — )

be the Lagrange polynomial interpolating the function f on the knots
T

With 6 € (0,1), let j = j(m) be defined as z; = min{zy > Oa, },
let ¥; be the characteristic function of the interval [—x;, ;] and set
fj = \I/jf. Then

L w fjv Zlk

k=—j

we want to study the behaviour of the sequences

{V;Lin(w, fj)}m and  {Lm(w, f;j)}m

in Lf/@ assuming f € CY(R). To this end we state the following
lemmas.

Lemma 3.3 For all polynomials P € Py, (1 fized integer) and for
all p € [1,400) there exists §, 0 < 6 < & < 1, such that

P

zj: Azi|PVwlP(z:) | <C </6a: !P\/E\p(x)dx> "

i=—j —da

with C # C(m, f) and Az; = i1 —

Lemma 3.4 Let f € C%(R). Then for p € (1,+00), we have

P

Lo (w, £) @ vwll, <C [ D7 Amglfvwl(a) | . (3.10)

k=—j
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Moreover, for 1 < p < 4, it results

j D
| L (w, f)Vwlly <C [ D AzglfvwlP(a) | - (3.11)

k=—j

The constants C are independent of m and f. Finally, for every fized
p € (1,+00) there exists a function f € CO(R) such that

3] :
(o, AVl <C |30 Aalfvl ) |
e=—[3]

(with C # C(m, f)) does not hold.

Now following [5], p. 182, let t* = t*(¢) be uniquely defined by
tQ'(t*) = 1 and define the following modulus of continuity

5 (f,1) oy = (AE )V Lo (—che cne-

sup ||
0<h<t

Lemma 3.5 Let f € C°(R). Then, for 1 < p < +oo we have

=

J
> Awdfval@) | < IVl aeyt  (312)

f—
L QLY
am '\ p Y \/w,p
* <m) /0 ti+1/p dt )

where C is independent of m and f.

The following theorem comes from the previous lemmas.

Theorem 3.6 For all continuous function in R, we have

1 o k
= Lt pwival, < e (22)F [F e
+ eVl (3.13)
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with 1 < p < +00. Moreover, if 1 < p < 4 then it results

1 “Tka ot -
- Entw sty < ef ()7 [ S

+ e MVl ) (3.14)

Here the constants C are independent of m and f.

Especially, if f("~1) absolutely continuous on R and | f)y/w|, <
400, then

Qi(f7t)\/m,p Sc”f(r)\/a”ptr7 k > r,
and the right-hand sides of (3.13) and (3.14) with the corresponding
value of p, are dominated by (2=)" (||fvw|, + || f7vw|,) -

4 Proofs

Later we use the following:

Proposition 4.1 Let o(z) = v?(z)e /2, v8(2) = 27, € (0,1) and
1<p<+oco. Then

8

(%

P ()| (0 40m ch (4.1)
( ) 050 Lr01)

where @(x) = \/x and C is a positive constant independent of m.
ProoOF. With § > 0 “small” we define 0 = gAZL‘k, k=1,2,...,m,
L = [0,46m] N (ug;l [:ck T %D and CL, = [0,46m] \ I

Since (see [13]) for € [0,4m] if z4 = x4, denotes the closest node
to x, it results

1
1\“"2 1 z—xq\°
2 —x B d
i, (We, e <m+a> \/4m—a:+(4m)3 N( Az, > ,
(4.2)

we have
B—a/2

Yrem '

|pm(wa7x)0'(«75)| >C z e Cl,,.
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Consequently

P ()l o 0 a0my = C H

Vo

Lp( Clm)

Moreover

H vP

VA"

UB

VA,

a 1 1 1
= (4m9)ﬂ_5_1+5 </
Lr(Cly) 0

_/:n

with I}, = U, (x—’“ L + 4 ) N [0,1]. By definition, the

4mo 4me> 4mn9
measure of I}, is bounded by Cd. Then, for a suitable §, the second
integral in the brackets is the half part of the first one. O

PrROOF OF THEOREM 2.2. First we prove that (2.7) implies (2.8).

Set f* = Ag,m—1f where Ag ,,_1 denotes the characteristic function
of [0,40(m — 1)]. By (2.7)

1S m (Wai Do f*)ulg mllp < C|lf*Agmullpy = Cllf ullp-
Then

HSm—l(waa AB,mf*)UAG,me = ||Sm—l(wou A@,m—lf)UAG,me
< C||Sm—1(wa, Dgm—1f)uldom-1llp < Cl|Agm—1ful = C||f ulp.

In the first inequality we used a Remez-type inequality applied to
the interval [0,460m] and we recall that, in the same interval, e~2 ~
Q € Py, (I fixed) (see [2]). In the second inequality we used (2.7).

Getting together the previous inequalities we have

H [Sm(wom A@,mf*) - Smfl(waa Ae,mf*)]UA97m||p < QCHf*qu

Then

40m
1D (W)l m /0 P, )wa () Mg f* (2)da| < 2€] f*ull,
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and

lPm (wa>UA0,me sup
llgll L (0,40m)=1

40m w
/ Pm(Wa, x)f(x)g(x)dx <2C
0

or equivalently
Wa
Hpm(wa)UAe,m||p”pm(wa)TA€7qu <C.

From boundedness of the second factor follows that “7 € L90,1)
and, by Proposition 4.1, follows the remaining part of (2.8). Now we
suppose that (2.8) is true. In order to obtain (2.7), we use (2.6) with
by ~ 1. We estimate

A i pmCw)udally | [ (0,2 f(0) Ao(e)wn (o)
Ay = mHquH(pm(wa)ngwa)AgHLI,(% )
Az = m||pm(wa)ulgH ( mngwa)HLp(% )"

Since |(y/Wapm(wa))(z)] < Cm_%m_i, x € (%,40771), we have

A | I ‘ (wa) L2 A 9” 1Ag full, <
C v Ay ve 1
< 222 12| 18e full, =
0 5/ o0 :
= C (/ f(=5- i)Pdt>p (/ t(%_i—v)th> ’ [ fulgllp <
0 0
< CllfAoullp.

The last estimate follows by (2.8). Moreover, since |(\/WaFm)(2)| <
Caim=3/4 (see [16] p. 435), we have
P
i da:)

1 40m
Ay < Cm* /C
" 1
p P
dt> |

S

(G t7-%) /0 (Pm(wa) fwa) (4mz)
0

z—1




Fourier Sums and Lagrange Interpolation 323

where, in the first integral, we use y — 4mz. But relation (2.8)
implies that t1t77% is an A, weight in [0, 1] (see [14] p. 314) and

li~N a1 0 a1 p %
Ay <Cm277 27T </ ‘t7_5+1(pm(wa)fwa)(4mz)’ dt)
0

("

Wa(T) ’ dt> ’

u(z)

x’y_%—i_ipm(waa x)

IS

= Cm

(fulrg)(x)

1

4me P
<c ( / rque|p<:c>dx>
0
since
We () C a_1_
< v 0, 46
ntia,0) 28 < i o e 0.10m)
Le., we get
y_agl wa(z)| _ C
x 2 4pm(wa,l‘) U(.%') =~ m%
The estimate of A3 is similar to As. O

PROOF OF PROPOSITION 2.3. The proofs of the equivalences are
similar to the corresponding part of Theorem 2.2.
For the sake of brevity we prove only that (2.8) implies

[Sm(wa, flullp < Cms || fullp,

[43 b

being the very easy. For this end we recall the inequality [2]

1Qully < CIQul o sy (4.4)

which holds true for any Q € P,, and u(x) = e /227, v > —l.
Then, since ||Sp(wa, f)ullp < C||Sm (wa,f)uHLp( < 4om)> by (2.6), it is
sufficiently to estimate the norms

By = |Cm’”pm(woc)uHLP(%74m)
By = ml|FnH (fpm(wa)wa)ull (s 4)-
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Now, for x € [%,4771], by [13]

C
|pm Wq, T \/ wa ’ S \/ < Cl‘_im_l_g. (4.5)
4m

1
—x+m3)
Therefore, since % € L9(0, 1), we have

Woy

B1 < | fully [P (wa) =2 [P ()] 00,4

u 11L9(0,4m)

Then we can write

-
”pm(wa)uHLP(oAm) < Cm_% ’Ua
VULl Lr(0,4m)
a ¥
= Cm 112+’7_5—i+% v
VUL llLe(o,)
w _L v 1
Hpm(wa)—aHLﬁ(oAm) < Cm 12 o
b # Ul La(0,4m)
= Cm 112_’7+%_411+% fl
¥ UllLa(o,1)

and, consequently, recalling (2.8), By < Cms3 | fullp-
In order to estimate Bs, with 0 < 6 < %, we can write

am
B2 S m /
0

4m
+m /

m

= I + 1.

r—t

P\
dt>
P\
dt)

4m(1+4-9) T
Fo(bu(t) /O pon (0, 20 (2) L

Fn(tu(t) / T p(wes ) wa(z) (“””)t da

4m(1+96) T —

In order to estimate I, we observe that ([16, eq.(2.6)])

|En(tu(t)] < Cm~*4timiz,  te (3,4m).
m
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PN\
ﬁ)
1
P
dz)

1
1+6 P
1,1 _ay 1,1 _ayl P
L < Cmiti.m) 27t (/ |27 2+4G(4mz)]pdz>
0

4m(149) - w p
( ’ﬂ*aﬁpm(wa)f(fu)(t)) dt)
In (£, 4m) (see [13])

P (Wa)\/Wa ()| < Cx~im™ 12,

moreover, in [4m,4m(1 +6)], 0 < § < 1, we have

|Pm (Wa, )/ wa(z)] < m=171z (see [16] eq. (2.5)]

whence in both cases,

By G := pm(wa)wea f, we have

1 </4m(1+5)
I <CmaTiz
0

4m(1446
t“/-%ﬁ/ TG,
0 x—1

ey . /1+5 G(4mz)
0 y—=z

(2.8) results that 275%1 s an A,—weight whence

Jun

S =

Jr

sl

1
= Cm4

I <cvml fullp-
Finally

1 Wo,
< — a m o
12 = 5||quHLp(E74m) Hp (w ) U (fu)‘ La(4m(1+9),00)

w ‘

1
< = a m(Wa
< Sl Entdl oy o) S

from which, using (2.1), follows that Io = o(1)|| ful|,. The proof is
complete. O

PROOF OF COROLLARY 2.4. If P € Py, M = [%_;_em} ,

Ron(f) == f—2pSm(wa, Agf)=(f—P)+ (1—Ag)P+
+  ApSp(wa, (1 —Ag)P) + AgSm(wa, (P — f)Ag).
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Then

1B (F)ullp < 10 = Pullp + I(1 = Ag) Pl +
+ ApSm(wa, (1 = Ag) P)ullp + [[Sm(wa, (P = f)Ag)ulg|p-

We may estimate the third term by (2.10) and the last one by The-
orem 2.2. Then, taking the infimum on P € Py, we get

| Bon(F)tlly < Enr(Fup +C(1+m3) [ (1= Do) Pully + CErr(fuyp.

By (2.1) the corollary follows. O

PrROOF OF LEMMA 2.5. Let k£ > 1 and P € IP,,. We start from the
identity

Ty Ty

AxpP(zy) = / P(z)dx + / (x — xp_1) P (7)dx.
Th—1 Tp—1

Using Hélder inequality and u(x) ~ u(xy) for x € [xg_1, x|, we get

for k > 2

Tk

Ayl Pul? (z) < 271 [ [ parar+ @ay [

Tp—1 Tp—1

|P’u|p(t)dt] :

(46)
Ifk=1,

T2

Ay P(ay) = / P(x)dz — / (23 — 2) P (2)dz,

1

from which

Aar [P )u(a)P < (4.7)
< ol [ / S |PuP(t)dt + (D) / 2\P’u\p(t)dt].

1
Recalling that for k < j, Azy, ~ /%= ~ /L we have

j .
S Al PulP(ar) < c{ / |\ PulP (£)dt+

k=1 1

1 . )
+ Cﬁﬁgéluww¢hunﬁ}
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with C # C(m, P). Since z; < 461m, we have to prove only that
the second term on the right can be estimated by C||Pul|£r(0,46,m)-
To this end we recall that, for some fixed integer r, there exists a
polynomial @ € P, such that, in [0,4m] (see [2]),

z

Q@)l~e? and |/ =|Q(@)| < Ce.
Therefore

/ POV Pt ~ / POV Q) Pt
0 T
< /J:j (PQ) (t)Vtt)[Pdt + /”Ca |P(t)VQ' (1)t |Pdt.

1 1

The last integral is dominated by C(m)p/ ’ |P(t)u(t)[Pdt. More-
0

over,

[ ipayvinpa <

1

1 4mb,
< —p/ |(PQ)(t)\/t(4mby — t)t7 |Pdt

(491m—xj)5 1

4601m
ﬁ / |(PQ) (t)v/t(4mfy — )" Pdt.

Using Bernstein inequality in [z1,4601m], the last integral is smaller
than

ey [

1

4601m

4601m
POQUIPd~ (Vi [ Pupiyar

Lemma 2.5 easily follows. O

PROOF OF THEOREM 2.6 We first prove that (2.18) implies (2.17).
We have

”Lm(waafj)UA91”p < CHLm(wa7fj)uHLP(xlAGlm) =

401m
— C sw / Lo (s f,2)u(@)g(x)dz = C sup Apm(g)
llgllq=1 1 llgllq=1
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J 401 m

An(g) =MbY Nelwa) Pl f ) |

k=1 1

pm(wou .CC) (

— x)u(z)dz.
X Tk

If, for all @ € P,,, @ > 0, we set

m(t)
_ /491m (QPm(wa)) (@) Frn(t) = (Qpm(wa)) (1) Fin(2) u(z)
- r—t Q(x)

then 7 € P3,,. Using m we have

Since A\, (wq) ~ wq (xr)Azy [13]

. 1
J q
Y Tk q
m( Axy, ‘xz Tem2 F(l‘k)‘ ) .
1

k=

=

Amw>sc7<§jAwufMwa>

k=1

By Lemma 2.5

J
@, q
m ( E Axy, ‘xszye_Tkﬂ'(xk)‘ ) <
k=1

4601m o q %
< Cm (/ t277 wa(t)ﬂ'(t)‘ ) =:CmB.
1

In order to prove that mB is bounded, we set

H@wz/%m“”m.

r—t

Then W(t) = Fm(t)H(pm(wa)ug,t) - Q(t)pm(waat)H (Fm%gat) .
Now we choose @ such that Q(t) ~ v/, t € (x1,461m). Then we
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have

1

q

401m
mB <m </
x1
4601m
+ m </
x1

= 1+ Is.

£ 0o (O) P (0)H (o (waJug. 1) dt

1
q q
dt)

£5 77\ W () Q)P (wa, t) H <Fm%g,t>

I/\
e
3

To estimate I;, we observe that [16] |(\/wWaFm)(t)]
t < 461m. Therefore, if p,,(wq)ug =: G, we have

L < C\/_< wlm‘\/vT H(G, t)th>;

q
_ CcYmmETr (/el VU () " Glmy) ;.
z1

v Yy —=T
4m m

01 5%
< Cymmitiy ( [ [ st

S
N———
Q=

r1
4am

By (2.18), —VZ:“D is an A,~weight in (0,1). That means

o ey ([ @mpm(wa,t)u(t)g(wth)%
< ¢ /047"91 \g(t)!%t);:c

1
having used that u(t) = /wa(£)t7™ 2 and |pm(wa, t)/wa(t)| < Cﬁ—rf,

t € [x1,4mb;].

The estimate of Iy is similar. In fact, recalling that Q(t) ~ t2
and the estimate of p,,(wy)\/We in [x1,4601m], we have

C\/v%p
VmuY

Q) Ve (Dpm (e, )] < (t)
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that, for hypothesis, is an A,~weight in (0,1). Then

401m
IQ S Cm3/4 </
1
4601m
Cm?/* /
1
461m q
= e[ o) =c
x1

and (2.18) implies (2.17).

Now we prove that (2.17) implies (2.18). Let g be a function such
that g(z) = sgn [p,, (Wa, 1) (x — 23)], 2 < 1,0 < z < 1, g(x) =0,
x> 1 and |g(x)| < 1. By (2.17)

ayl U(t)
tzta WFm(t)g(t)

I

=

o0
| L (wa, g5) Ab1u||, < C/ uP(z)de = M
0

whence
[P (W, 2 )u(x)|
P DI v A
CE1S-’EkS1 k pm as Lk
1
> |u(z)pm(wa, )] —_—.
Since [17]
1 atpl ay
= VarA(wa) \/7372 tem 2 Axy
[P (War, )| “ b
T a
> C{*/ﬁ/ t5tiem2dt, (2o =0),
Tp—1
we have
1
Z 7_0\/_/ t3Tie5dt > CYm
<2, <1 ’pm(wa,CUk ’

and, by Proposition 4.1, we get:
1 v
C || Vv

< Hpm(wa)UA91 Hp% <C. (4.8)
£#(0,1)
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In order to prove that (2.17) implies the L9—condition in (2.18), let g
be the continuous function defined as follows g(x1) = 1, g(0) =0 =
g(x2), g is linear in [0, z1] U [z1, 2] and g(x) = 0 elsewhere. Now by
(2.17) we have

1
[l (wa)ulg, [|p < Cu(z1)(Azy)P, or
HZM VI (wa) < que—%l(Am)%

. —1’1
. oyl g 1
and, since y/x1A1(wa) ~ v/maf *e” 2 (Azy) and 1 ~ Azy ~ -,

we can also write
p <

[/ ()l oo, (

<C, (4.9)
from which

<c,

1 1
1 %+Z*’Y+a
m

using that |x —z1| < 1in (0,1). Since we proved that the first factor
on the left of the inequality is bounded, we get that § + i _7_,_% >0.

If 5+ i — v+ % =0, by (4.9) we have that

1 N
m(/ dac) <c.

whence, by (4.1),

1 1 1% 1 d.%' %
/x(71‘§4)l’d3; — /_ <C
To z9 T -

a contradiction. So § + i -7+ % > 0 ie. @ € L%, In order to
prove that (2.19) is not true for all continuous functions, we proceed
by contradiction. Assume that (2.19) is true for every f € C°(R™).
Define g as follows:

P (W, ) u(x)

g(x) =0 for x € [0, zpy—1] U [4m,0), g(zpm) =1

g is linear for = € [Tpm—1,Tm| U [Tm, 4m].
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Then (2.19) becomes

1
1l (wa)ully < Cu(zm)(Azm)r,  Tmi1 = 4m

from which

HJM -fm)\m(wa) < Cu(l'mwam)%
. —_ :L'm p
Since
VEmmle) ~ Yiah e A,
we get,
a1
Hpmfu;a)u \4/%%%"‘4 V(Axm)l_% <C #C(m). (4.10)
m llp

Now, with A = [z, + Agm ,4m — Agm], we have

Hpm(wa)u

.—xm

Weo JU
> Hpm( a)
P — Im

Z A~ |Pm(Wa)U
o Ame (wa)ull Lp(a)

Using (4.2), we have

1 -5
> ¢ (/ x(v'éi)pdx> "o —IC:rm )
p  miz(Axy,) \JA mﬁ(Axm)lfﬁ

Recalling (4.10), we get the contradiction ms < C. The proof is
complete. O

NI

Hpm(wa)u

._xm

PROOF OF LEMMA 2.7. We recall the following inequality (see [7])

1 1 t p(
st 170 <€ (Il 48 [ <D0 0]

s

that holds for any continuous function in A = [a, a + §]. Above, W*
the k—th ordinary modulus of continuity, 1 < p < oo and C # C(f,9).
Then, with A = I, = [z, zr11], 6 = Axy ~ \/%, k=1,2,...,j, we
can write (we use || - |, = || - [[zr (1))

A wr(f’t)lk dt) )

1
5

(A)F|flan)] < C (nfufk +@n? [
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Since u(t) ~ u(zy) for t € Iy, (see [2]), we have

Ak w{r(fv t)u,lk dt)

1
tl"r;

w(ew) (D) | f (o) < C (nfunzk =@ |

1
mﬂwﬂﬂmhzwmg(m%mm (Ww@my,mmM
r—th finite forward difference. Making a change of variables ¢t —

V/ZkT, we have
(D)7 | ful(z) < C <||fu||1k I /r el LV dt)

Ay

Now let g be a function such that g(’”_l) is absolutely continuous in
RT (fr=1) € AC(RT)) and ||¢gM¢"ull, < oo, (x) = /z. Then,
since /T ~ V't = ¢(t), t € I,

W (fotvTR)un, < I(F = 9)ulln, + t/ae) | FOullg, ~
~ N = gull, + 1T ullr, =2 Ak(t)
and

1 77 A (t) g
Az| fulP (z1) < 2°7'C|| full] + ) ( ; tﬁ, dt)

Summing on k and using the Minkovski inequality ([6] p. 148) it
follows:

j v
(Zﬁxklmp(mk)> < C(HquLP(xl,xj+1)+

k=1

B =

A1) dt>.
1+f

J D
<Z Az > f g)u||LP(x1,xj+1 +tr||g u||LP(3:1,xj+1)-
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Now let 0 < h < t. Since t < ﬁ, we get h% > 4m > x4 for

some constant A. Moreover, since x1 ~ %, for some C > 0 it results
C(2rh)? <Ct? < % Then, setting Ij, = ((2rh)?C, A/h?) we also have

1
(ZA ) = S {Il(f—g)UIILPUh)+hr”9(r)@r“””0h>}'

Finally taking the infimum on g € AC(R") we have [2]

1

J P
(ZA;;@)) < sup it {I(f = 9ull oy + 9" wl o |
k=1

0<h<t
~ Q:a(f ) )u,p
The lemma follows. O

PrROOF OF THEOREM 2.8. We use the following decompositions:

[f - A91Lm(wo¢7 f])]u = [f - Lm(wOu fj)]UA91 + [f(l - Ael)]UAel

= (f—P)Agu+ Lp(wa, P — fj)ulg, + [f(1 = Ag)|u =
= (f )A01U+L (waa¢j )UAé'l + L, (won(f P) )UA(al
+ f(1—Ag)udg, = A1 + Ay + A3 + Ay
where P = Py, M = {ﬁm] ~ m such that ||(f — P)ul, <
CEM(fup, 0 < 0 < 0y < 1, fixed, ¥;(z) = o (%) Above,
HAIH < CEM(f)u,p and by (2-2)
A4l < Ear(f)up + Ce™ ™| full,.
Moreover, by Theorem 2.6 and Lemma 2.7, we have
\/% Q;(f - P, t)u,p
1 1
(o
1 1
vm Q0 (f, 1) vm QU (f, 1)y
c/fi“’(f Jur gy C /F Dy
0 ¢ (vm)# Jo '

| As]l dt

IN

EM(f)u,p +

IN

C
(vm)"

1P "l
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here the first integral is less than the second one. Moreover, following,
with some small changes, the proof in [5, Th. 8.3.1, pp. 98-100], we
can also get that

t)u
)7pd

C T T
[P "), <
m)e

In order to estimate || As||, we note that

L P <C(Cl P = |P .
08 | Li(wa, 5 P, a)u(@)] < Clogmmax | Pul(z) = P ()

Consequently
1
[ Az|| < Cm¥ (log m)|Pul(x,).

Moreover, by the identity

Ty +1 Ty +1
/ (Pu)(x)dz = (Pu)(zy) + / (2 + 1 — 2)(Pu) (2)dz,

v

the Holder inequality and with some simple computation

1
|4s]) < Cm? (log m) [upuuwam,m f“P ol 2ot

Recalling that P € Py;, we apply first (2.1) to both terms in brackets
then the Bernstein inequality to the second one to obtain

142]| < C(mlogm)e™ ™| Pull, < Ce™ ™| full,.

The proof is complete. O

Now we consider the Freud weights. First we recall the following
polynomial inequality [10]:

1P Vwllp < Cllpmﬂlle(_ c) (4.11)

C
am+t 573 Am =973
Moreover if

V-1 Pm (W, T)Pm—1(w, ) — pm (W, t)Pm—1(w, x)
Ym T —t

Koy (w,z,t) =
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with v, = Ym(w) is the Darboux kernel, then for f € L} we have

m—1
Su(wf) = Y- (Do) = [ Kot (el
k=0 R
- W":pm(w,x)H(pm_l(w)fw,:c>+
+ Vm_lpm_l(w,x)H(pm(w)fw,m) (4.12)

where

H(g,m)—/ﬂ@%dt and ck(f,w)—/Rpk(w,x)f(m)w(w)dx.

PROOFS OF THEOREM 3.1 AND PROPOSITION 3.2. First we proof
(3.7). By using (4.11), (4.12) and recalling that % ~ G, We can
write:

1Sm (w, fA)Vwllp < Cam || Sm(w, fA0)VW| Lr(—am,am) (4-13)
< Camllpm (W) VwH (pm—1(w)w fAg) || Lo (—am,am)
+  Cam|pm—1 (W) VWH (prm—1(w)wfA) | Lr(—am.am) = 11 + I2.

We estimate only the first term because the second one is similar.
Since (see for instance [8] p. 351)

V(@) |pm(w, z)| Va2, — 22 < C, reR, m>1, (4.14)

we have
I, < Cap, ( /am (@ — o)} /am [pm—l(’;l))_wfog](t) » p) 1
_ %+% 1 9 7% 1 [pmfl(w)waO](amt) D %
- con (/1 =) /1 t—w a dI)

Since 1 < p < 4 (and only in this case), the function (1 — x2)_% is
an A,—weight in (—1, 1), whence the Hilbert transform, is bounded.
We continue as follows.

3,1 1 1 v
I < Caﬁ:rp </ ‘(1 — xg)_z(pm_l(w)wag)(amx)‘p dl‘)

-1
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= o ([ |6~ ) im0 o)
Can </Z <|€;Af|if§))pdx>g

- o fare )
= Cap (/-mm de < m”fAG\/EHp-

IN

a

Let us see the cases p = 1 and p > 4. If (3.9) were true with
C # C(m, f) then

|em (fAg, w)] {|pm(w)vwllp =
= [[Smr1(w, fAg) = Sm(w, fAs)[Vwlp < 2C| fAgv/w]lp-

Therefore

lpm (w)Vwlly  sup
120 vollp=1

/R(\/EfAe)(ﬂ?)(pm(w)\/E)(x)dx < 2C.

Since the second factor on the left is equal to ||pm(w)v/wl|q, with
p~ 1+ ¢t =1, it follows that

SUp([[pm (W) Vwlp [pm (w)vwllg) < 2C,

a contradiction, if p > 4 and p =1 (see [8, Lemma 4.3,4.5]).

The proof of (3.7) is simpler. The previous proof can be repeated
replacing the interval (—ay,, an,) with (—0a.n,, 0ay,), 0 € (0,1). But,
by (4.14), it results

C

|[Vwpm (w)|(z) <

3

and therefore the restriction on p disappears. To prove (3.7) we use
the following lemma.

Lemma 4.2 Let 1 <p < oo and P € Py arbitrary. Then

1Sm (w, (1 = Ag) P)y/wll, < Ce™ ™| P/wll,
where C and A dependent of 6 and are independent of m and P.
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PROOF. As in the proof of (3.9), we can write

[Sm (w, (1 = Ag) P)vwllp <
< Camlllpm—1(w)VwH (pm(w)(1 = Ag) Pw) | £o(—ayn )
+ o (w)VwH pm-1(w)(1 = Do) Pw)| 1o (—ay a,0)] = A1 + Az

Here we estimate only the first term A;. To this end we use ([8, p.
351]) the relation

(=1

m
Vam
and the boundedness of the Hilbert transform in LP, 1 < p < co. We
get

[Vwpm(w)l(z) <C

zreR m>1

A1 < Cyaums | H(pu(w)(1 = 89)Pw)l|aa,)
< CVamm’ || Vopm(w)(1 = Do) P/l
< Cm3 (1= Ag) PVull, < Cmie ™| P/,
< ce APy,
Now, the proof of (3.8) easily follows using the same argument as in
the proof of the Corollary 2.4. O

Proor orF LEMMA 3.3. By the inequality

(b )Hff() <2p1/\p )Pt + (b — a) /\P’ [Pt

with @ < b and 1 < p < oo, setting Axy = xp11 — 2 it follows

Th+1 Tk41
Aay|P(a) P < 27! / P(t)[Pdt + (Aay,)? / (8P
Tk Tk
By monotonic property of the weight w, recalling that Axy, ~ 9= for
k| <

IN

J
> Ay PywlP(zy,)

k=—j

gr-1 ( / Ij_ |\P/olP () di+

() |P'\/ru|p<t>dt) .
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We have to estimate only the last integral. To this end we recall that
in [—am,an] there is a polynomial @ € Py, (I fixed integer) such
that

Q) ~ Vw(t)  and %]Q’(t)]gcx/w(t) (see [10, 18]).

|P'Vw|(t) ~ [P'QI(t) < [PQ|(t) + [(QP)'|(t)

and
NP0 () < NPV 1) + 21 QPY (-,
Setting z; = Sam, 0 <5 <1and T = QP, we have:
() [ s = () o [
m —dam m/ am J_
Then with 6, § < § < 1, the last integral is dominated by

1 am [°]d R p
7_—1) —T(tam) V 6 —1
(V62 — 62)pmP J_s|dt

C dam C dam »
ST?jEKMLQ( TﬁﬁalmWﬁNwt

In the first inequality we used the ordinary Bernstein inequality and
then we changed the variables. Finally

p

d
dt.

i | (tam)

dt <

am
NPVl Lo 25) < CIPVO =50 50,

with (=dam,dam) O [—x;, z;]. Lemma 3.3 easily follows. O

In order to prove Lemma 3.4 we have to introduce some prelimi-
nary relations. Let || < day,, 0 < § < 1. We have

a? — 12 Vam
L ~ =: R(z and R e Py,_s.
w@ | Eawa) ) e

(4.15)
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If |z1| < xj, using [10], we have

71 ~ Jw(x észx wx—m
‘P;n(wyxk)’ ( k) m ( k) )\m(\/_, ﬂ (\/U,a:k)

am

~ w(zg)AxpR(zk). (4.16)

On the other hand, it is easy to prove that there exists a polynomial
Q € Py, (I fixed integer) such that

a
QU) ~ Va2, I < am — (417)
pointing out that 7% < 2 . O
m3
Now we can prove Lemma 3.4.
PrOOF OF LEMMA 3.4. We only prove (3.11). By €, = ™3 (S %),
me

we can write

Vo, f)Vadll, < sup /“m_em L (w, £, 2)Vo(@)g(x)dz

g —am+e€m

=: sup An(9)
g

where ||g]|zq(— = 1. Recalling (4.15) we have

Am+E€m,am _E’m)

An(g) < C Z | fvVw|(zr) Azg R(xg )/ w ()

k=—j
[ e,
—amtem T — T
Set
7T(t) — /_amj:m (pm(w)Q)(m)g?;))(_x(f’fz)(w)Q)(t)R(x) (g\/a) (ZL‘)dCB

7(t) = R()H (o () g3/, £) — pra w0, Q) H (%m t)
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where @ and R are above defined and H is the Hilbert transform on
[—am + €m,am — €n]. m(t) is a polynomial of degree Im, for some
fixed integer [. By Holder inequality, we deduce that

Amlg) < C Y |fVwl(ar) AzlVwr(wr)
k=

J J
< o Y Anlfvuwl(ay) > Az Vwr|9(xx)

k=—j k=—j

Now we prove that the second sum is bounded by C||g||,. Denote by
B the second sum. By using Lemma 3.5, for some ¢ < 1, we have:

B < ClVwrllpa—amsams) < CIVWRH (pm(w)vVwg)ll La(—ams,ams)
+  Cllpm(w)QVWH (R/QgvVW) || La(—aps.ams) =: B1 + Ba.

Now let A the characteristic function of [—am,+€m, am—¢€n]. Recalling

4 /
that in [—a.;,0, an,d] is R(t) ~ 9 e have
do | a
q
Gl N ONCIN R
dz

Tl
mos e[
ya—e m[pm(w)x/@gA](x)xtth>

c</m
141 q %
{%f‘</ dt).

Since 1 < p < 4, the function v/1 —#2 is an A,—weight in (—1,1) so
the Hilbert transform is bounded. Therefore

B, < m(/ /T Elpm(w ngKamt)rthf
= C (/Z Va2, =1 wbpn(w,1) |<gA><t>|]q>%

C”gAHLq(—am,am) =C,

A

Q=

IN

pm (w)irga] )

V1 —t2

IN
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since |[v/a2, — t?\/w(t)pm(w,t)] < C, t € R, m > 1. In order to

estimate By we recall (4.17). Using the same notations we obtain

B, < c(/am th>q
c( / Vst
< o[ )" ~c.
—Qam+E€m

by the boundedness of the Hilbert transform and the fact that, in

4
[—am + €my am — €m], R(t) ~ —V\/gﬂ_(f and Q(t) ~ /a2, — 2. The

last part of Lemma 3.4 can be proved by the same argument used to
prove (2.19) in Theorem 2.6. The proof is complete. O

[ we@yvemae e~

x—t
1
q q
dt>

am

R(t)

IN

We may omit the proof of Lemma 3.5 (in fact it is simpler than
Lemma 2.7).

Finally, in order to prove Theorem 3.6, we have to use only the
following inequality

1L (w, 5 PYibjv/wllp < Ce™ ™| P/awlly,

0
where P € Py, M = [H—Hm] . It can be proved with the same

procedure used to estimate || Az|| in the proof of Theorem 2.8.
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Abstract

We discuss our recent work in the theory of approxima-
tion of functions using values of the function at scattered sites
on the circle, the real line, the unit interval, and the unit
sphere. As an alternative to interpolation, we present quasi-
interpolatory operators for this purpose. We also prove the
existence of bounded operators, yielding entire functions of
finite exponential type, that interpolate a Birkhoff data for a
function on a Euclidean space, where a finite number of deriva-
tives, of order not exceeding a fixed number, are prescribed at
each point.

1 Introduction

In most applications of approximation theory, one wishes to approx-
imate a function given its values at finitely many points. Typically,
the approximation is desired in the space C(£2) comprising of uni-
formly continuous, bounded, real functions on a subset €2 of a Eu-
clidean space; the space being endowed with the supremum norm:
| flla = supxeq |f(x)], f € C(2). In the theoretical setup, one has
a nested sequence of subspaces V,, C V,, 41 C C(Q), with the dimen-
sion of V}, being n. Given a data of the form {(x;;, f(xj)};\f:l, x; € (),

345
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j=1,---, N, the problem of interpolation consists of finding a func-
tion Zny(f) € Vi, such that Zn(f)(x;) = f(x;), 7 =1,---,N. The
subject is studied in great detail in a variety of situations (cf. for
example, [24, 25, 3, 6]).

In the case of multivariate approximation, it is often not guar-
anteed that the interpolation problem from a given space will have
a solution. Even if a solution exists, its numerical computation in-
volves a matrix inversion and is, therefore, costly. Moreover, the
sequence of interpolants, {Zn(f)} does not converge for every con-
tinuous function f. There are two ways to remedy the last problem.
One approach is to seek bounded operators taking values in Vi, for
some M > N which interpolate at the given data. This approach
has been explored in great detail in the univariate context in the
book [24, Chapter II] of Szabados and Vértesi. The other approach
is to abandon the requirement that the operators should interpolate
the data, and seek bounded operators taking values in V;; for some
M < N, and constructed from the data in some other way.

The purpose of this paper is to survey some of our recent work
in both directions.

2 Bounded Interpolatory Operators

The motivation behind the work in this section is provided by the
following theorem (cf. [24, Chapter II, Theorem 2.7]), where we
denote the class of all univariate algebraic polynomials of degree at
most n by II,. Throughout this paper, the symbols ¢, cy,--- will
denote generic constants, depending only on the fixed parameters in
the discussion, and any other explicitly indicated parameters.

Theorem 2.1 Let xy, = cosby, € [—1,1] be an arbitrary system
of nodes (0 <01, <---<Oppn<m)and let

dp:= min i1, — Opn.
n 1<k<n—1 k+1,n k,n

Then for any € > 0, there exist linear polynomial operators P, on
C([-1,1]) with the following properties: (a) If m = |w(1 + €)/d,]
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then Py(P) = P for all P € 1l,,, (b) for f € C([-1,1]), Pu(f) € Ty
where N = (n/dy, + 1)(1 4 3¢), (¢) Pu(f,2kn) = f(zry) for k =
L+ m, and (d) [|Bo(f)ll—11) < ()l fll1-1,1)-

We note that the conditions (a) and (d) imply that
17 = PPl < ele) guin 1 = Pli-v

Giving up the requirement that the operator should be linear,
we obtained a far reaching generalization of this result in [15]. The
following theorem of Narcowich and Ward [20, Proposition 3.1] is a
further generalization of the result in [15]. In the sequel, if Y is a
Banach space, V' C Y, we will write || - ||y to denote the norm on Y,
and write

dist (V; [,V) = dist (f,V) = inf If —glly,  feY. (21)

We note that our notation || f||q for the supremum norm on C()
may be thought of as an abbreviation for || f||c(q)-

Theorem 2.2 Let )Y be a (possibly complex) Banach space, V be a
subspace of YV, and Z* be a finite dimensional subspace of V*, the
dual of Y. If there exists 3 > 0 such that

125y < Bl v, 27 € 27, (2.2)

then for every y € Y, there exists v € V, such that z*(v) = z*(y) for
every z* € Z*, and in addition, ||y — v|ly < (1 +203) dist (y,V).

The main difference between this theorem and the correspond-
ing theorem in [15] is that the space V is not required to be finite
dimensional. This is accomplished by an appeal to the notion of lo-
cal reflexivity principle, rather than the fact that finite dimensional
spaces are reflexive. This principle is formulated as follows (cf., for
example, [7]), where the space Y is identified with a subspace of the
dual Y** of the space Y* in the standard way.

Proposition 2.3 Let Y be a Banach space, V. C Y** and W C
Y™ be finite dimensional spaces. Given € > 0, there exists a linear
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operator T : V. —Y such that T(y) =y ify e VNY, y*(T(v)) =
v(y*) for all v € V, y* € W, and (1 — €)||v]ly== < ||T(0)|y <
(L+e)||v|ly==, for allv e V.

In [15], we showed that an analogue of Theorem 2.1 always holds
if a Jackson—type theorem holds. In particular, we obtained the ana-
logues in the case when the approximating spaces consist of spherical
polynomials and zonal function networks. Theorem 2.2 was used in
[20] to obtain the analogue of Theorem 2.1 in the case of approxima-
tion by entire functions of finite exponential type.

One restriction of all of the above theorems is that they require
interpolation at distinct points. It seems reasonable to expect that
a similar theorem will hold in the case of Birkhoff data; i.e., where
the values of certain derivatives of the function are prescribed as
well, provided there are only finitely many such conditions at each
point, the number being independent of the number of points. In
this section, we explore this question further. The following theorem
gives a recipe for applying Theorem 2.2.

Theorem 2.4 Let ) be a (possibly complex) Banach space, V be
a subspace of YV, and Z* be a finite dimensional subspace of Y*.
Suppose there exists a compact set K C Y such that

k:=sup dist (y,V) < inf sup |y*(y)| =: m. (2.3)

yeK y*eZ* ly*llyx=1lyek

Let B := maxyck ||yly, and 8 :=2(2B +m+ k)/(m — k). Then for
every y € Y, there exists v € V, such that z*(v) = z*(y) for every
z* € Z*, and in addition, ||y — v|ly < (1 +20) dist (y,V).

PROOF. We observe that (2.3) implies that

m= inf sup |y*(y)| > 0. (2.4)
y €2 ly*llyx=1 ye K
Now, let y* € Z*, ||y*||[y~ = 1. In view of the fact that x < m, we find
y € K such that |y*(y)| > (3/4)m + (1/4)k (cf. (2.4)). The estimate
(2.3) implies that there exists v € V such that ||y —v||y < (m+k)/2.
Then

@) = ly* Wl =1y (y —o)l = B/4)m + (1/4)k — (m + K)/2
= (m—k)/4
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Also, ||v]ly < |lylly + (m + K)/2 < (2B +m + k)/2. Thus,

22B+m+ k) ly*(v)| < 22B+m + k)

g =1 <
Hy Hy = m— k Hva = m—

1y wlly--

We may now apply Theorem 2.2 to complete the proof. O

One way to construct a compact set as in Theorem 2.4 is the
following. Let {y},---,y5} be a basis for Z*, with each [|y;|y~ = 1.
The Hahn-Banach theorem yields a set {z}*, - -, 2} } in the dual Y**
of Y* such that each ||z} ||y« = 1 and x7*(y}) = d¢5, £, = 1,---, N.
Let € > 0. The principle of local reflexivity then implies the existence
of {x1,---,zny} € Y such that 1 —e¢ < |zylly < 1+4+¢ 1<l <N
and y;f(a:g) =044, ¢,j =1,---,N. We may choose K to be the set

{Zévzl AyTy * MAX]I<Y<N ’%’ — 1}

If y* = 33 bys, and [y

y+ = 1, then

N

N
L=y lly- <D bl =y" | ) (sgn bj)z; | < sup |y (y)]
j=1 j=1 Y

Therefore, the conclusion of Theorem 2.4 holds if sup dist (y, V) < 1.
yeK
We illustrate this process by giving a qualitative generalization

of [20, Theorem 3.5]. Thus, we will not have explicit constants as
in [20, Theorem 3.5], but our theorem will be valid when Birkhoff
interpolatory conditions are required on the approximation.

Let s > 1 be a fixed integer. We will write x = (x1,- -, zs),
x| = >25_1 17jl, [X|oo = maxi<j<s 2] The symbols k,m,n will
denote multiintegers with nonnegative components. We write D;
for the derivative with respect to z;, f) := (szl D;.cj)f. For an
integer r > 0, C"(R?) is defined to be the space of functions f such
that f&) € C(R®) for all k with |k| < r. For 7 > 0, we denote by
M, = M, s the class of all entire functions g of s complex variables,
such that the restriction of g to R® is real valued, and for some
A = A(g) > 0 and every (z1 +iy1, -+, x5 + iys) € C°,

S
lg(a1 + i1, - 2 +iys)| < Aexp (7Y |y
j=1
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We note that the class M., consists of entire functions of finite ex-
ponential type at most 7, that are bounded and real valued on R*.
The Bernstein inequality [22, Section 3.2.2, eqn. (8)],

g™ s < 7™ iglls, g€ Mo, (2.5)
shows that M, C C"(R®) for all 7 > 0 and integer r > 0.

Theorem 2.5 Let R > 0 be an integer, xj, j = 1,---,N, be a set
of distinct points in R®, and

= min |x; — 2.6
n I;l;;l\xg X0, (2.6)

and S; C{m: |m| < R}, j=1,---,N. Then there exists a constant
o with the following property. For any f € CE(R®), there exists
g € Mgy, such that

g™ (x;) = fM(x;), keSj, j=1,---,N, (2.7)
and

Il p) _ o) ns < (R lm| S (m) _ Pllos.
fnax If 9" |rs < ¢ )|311|?§%n refE o |f IR
(2.8)

In the rest of this section, R will be treated as a fixed parame-
ter, and the dependence of the various constants on R will not be
indicated explicitly.

In order to prove the theorem, we recall from [22, Section 8.6]
some facts regarding approximation by entire functions of finite ex-
ponential type. For 7 > 0, x € R®, and f € C(R?), let
1 ﬁ COSTITj — COS 2TT;

M’(X) = 2 )

2.9
= - (2.9)

J=1

and
FAfx0) = = [ Vilx=y)f ). (2.10)

™
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Lemma 2.6 If g € M, then F;(g) = g. For any f € C(R?),
er(f) € M2T7 and

[Fr(Dllrs < cllfllrss If = Fr(f)llre < ¢ dist (f, M7). (2.11)

Moreover, if r > 1 is an integer, f € C"(R®), g € Ma,, and ||f —
gllrs < c dist (f, M), then for any multiinteger k with k| <r,

7 0 — g |Ige < e(r)r™" max dist (f™), M, ). (2.12)

|m|=r
In particular,

max ¥ £ — 2 (£)8|lgs < e(r)7 " max [ fV|lgs,  (2.13)

|k|<r Im|=r
and
inf —|m| _ pm) .
pibg, max T I
< —Iml g (m) _ Pllgs. 2.14
< c\ﬂag)%T Pel/r\l/lT/Q I|.f Ir (2.14)

PROOF. The first two statements in the lemma and the estimates
(2.11) are proved in [22, Section 8.6]. Let f € C"(R®), g € Ma-,
|| f—gllrs < cdist (f, M;), and k be a multiinteger with |k| < r. The
second estimate in (2.11) implies that ||g—F;(f)||rs < c dist (f, M).
Since Fr(f) — g € Ma., the Bernstein inequality (2.5) shows that

1F-(F9) — g™ zs = [ F ()Y — g®|Igs < ()7 ™| F-(f) — glre
< co(r)r™ dist (f, M,). (2.15)

In view of the direct theorem for approximation from M, (cf. [22,
Section 5.2.2, eqn. (4), Section 4.2, eqn. (15)]), it follows that

Pl dist (f, Mr) < e(r)r T 3T s

lm|=r

< c(r)T‘kH" ‘rnlax ||f(m)HRs.
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Therefore, (2.11) leads to

dist (f, M) = dist (f — Fya(f), M;)

< ) e | = 5 (1)
= )7 e 7 = o) e
< e(r)r™" |m‘aix dist (f(m),MT/2), (2.16)

Using this estimate with &) in place of f, and r — |k| in place of r,
we obtain in view of (2.11) that

1F% = Fr (%) e o(r) dist (19, M)

C(T)le‘_r |m|aj{ dist (f(m), MT/2§217)

The estimates (2.17), (2.15), and (2.16) lead to

1799 = gMlme < 11F% = o (FODlee + 1 72(FX) = g0 e
< e(r)rki=r ‘max dist (f(m),.MT/Q).

m|=r

This completes the proof of (2.12). The estimates (2.13) and (2.14)
follow from (2.11) and (2.12). O

PROOF OF THEOREM 2.5. In this proof, for any integer » > 0 and
a function f € C"(R?), we write

1f 1l = ‘Iﬁif\\f(k)\\ues- (2.18)

We will apply Theorem 2.4 with Y = C%(R?®), and for f € Y, define

= " . 2.19
171l s= gmavs o 11 (219)
We will write 7 = «a/n for a constant « to be chosen later, and
take M for the subspace V of Y. In the remainder of this proof,
dist (f,V) is defined as in (2.1) with respect to the norm || - ||y.
For multiinteger m and £ =1,---, N, let y;, , denote the functional

on Y defined by yp, ,(f) = (m)(x,). Let Z* be the subspace of
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Y* spanned by {y},, , :m € Sy, £ =1,---,N}. We now construct
the compact set K as required in Theorem 2.4, following the ideas
outlined after the proof of that theorem. In this proof only, we find
it useful to retain the values of the constants ¢, cq, - - -

Let ¢p : R — [0,00) be an infinitely often differentible function
such that ¢ (t) = 1 if |[¢| < 1/6 and ¢(¢) = 0 if |[¢| > 1/3. For any
multiinteger k > 0, let

s ke
ow(x) 1= [T vta/m 3
(=1
and
Py j(x) = dr(x — x5), j=1,---,N. (2.20)

We note that if |x — x| > 7/3, then ®y ;(x) =0 for all k > 0. In
particular, for any multiinteger m > 0,

@1, ™ [lrs < caneI=, (2.21)

Since @y ;(x) = (x—x;)¥/k! for all x with |[x —x;|~ < 1/6, it follows
that

1, ifk=m,j=1¢

* N — .(m) —
ym,@(q)k,]) - (I)k,] (XZ) = { 0’ otherwise. (222)
We define
N
Kl - | <
Z z; Dt = ey 2 e o il < 1)

We now estimate the quantities B, m, k appearing in (2.3).

Let g = Zjvzl Zkesj bk’jn_|k|(I>k,j € K. Let r be any integer,
0 <r <R+1, nbe any multiinteger with n| = r, and x € R*. If
X — Xj|oo > 1/3 for every j, then g™ (x) = 0. Otherwise, there is a
unique j such that [x — x| < 7/3, and

= Z bk,jn_lk‘q)k,j(n)(X).

kESj
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Since the number of elements in S; is bounded independently of N,
and maxgegs; [bk ;| < 1, (2.21) implies that

g™ )< D M@y (%)) < ean P
keS;

Thus, |[¢™|rs < con™" for all n with |n| = r; i.e.,

lgllr <eam™,  g€K, r>0. (2.23)
It follows that
B = sup [g]ly < co. (2.24)
geK

Let y* = Zévzl ZmeSg am,Ym € Z*, and g € Y. Then

N N
D= D D ameg™ )| < llglly D D lameln ™.
(=1 meS, {=1 meS,
Therefore,
N
lylly= <> D Jameln™™. (2.25)
(=1 meS,

Let gy« = Z;VZI Zkesj (sgn ax ;)n Kldy ; € K. Tt is easy to verify
using (2.22) that

N

V) =33 Jameln ™™ >y ly-.
/=1 meSy

Thus,

m = in sup |y*(g)| > 1. (2.26)
y*eZ*, |ly*lly«=1gek

Next, let ¢ € K. For any multiinteger m > 0, jm| < R, (2.13)
implies that

m m €3
9™ — F, j2(9) ™ Irs < mHgHRH- (2.27)
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Now, (2.23) with R + 1 in place of r implies that

C4

[ml[)) (m) _ (m) 4
n Hg f‘r/Z(g) HRS < (T?])R+1_|m‘.

Since this estimate holds for all m with 0 < |m| < R, we have

dist (g, M+) < lg — F7/2(9)lly

_ ) om) _ oy G909
o m™lg r2(9) e < 20 (2:28)
With the choice a = 2¢4, we conclude from (2.28) and (2.26) that
(2.3) is satisfied for all 7 > a/n. In view of Theorem 2.4 and (2.14),
this completes the proof. O

Similar theorems can be obtained in a variety of other situa-
tions, where a sequence of simultaneously approximating operators
is known; for example, in approximation by trigonometric polynomi-
als [2], approximation by spherical polynomials [5], approximation
by periodic basis functions [12], and approximation by Gaussian net-
works [8, Chapter 11.2].

3 Quasi-Interpolatory Operators

In many practical applications, although one needs to construct an
approximation using point evaluations, interpolation is not necessar-
ily desirable. For example, the data may be noisy, or too large to
allow for an efficient computation of the interpolant. While the the-
orems in the previous section assert the existence of a bounded inter-
polatory operator, it is desirable to obtain explicit, computationally
efficient constructions for approximations, whether they interpolate
or not.

Given a sequence of subspaces {V,,} with V,, C V41 C C(Q),
n =0,1,---, a quasi-interpolatory operator 7, y is a linear operator
that is constructed from the N data points but has properties similar
to the operator F, as in Lemma 2.6; i.e., we require that 7, n :
C(QY) — Vn, |[Tan(f)lla < cfflla for some ¢ > 0 independent of n
and N, and for some o > 0, V,,, is invariant under 7, 5. Here, and in
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the sequel, the symbol V,; denotes the space V|, . These assumptions
imply that for any P € Van,

If = Tan(Hlle = [I(f = P) = To n(f = P)lla < cllf — Plla,

and hence,
1f = Ton(f)llo < e dist (f, Van)- (3.1)

Thus, if (J;2, V» is dense in C(Q), the sequence 7, n(f) always con-
verges to f for every f € C(Q), and at a near optimal rate in the
sense of (3.1).

In [18], we have described a very general construction for quasi-
interpolatory operators. Let (2,3) be any measure space. We will
assume that all measures on {2 to be discussed below will be defined
for all the subsets A € X. Let u* be a sigma—finite measure on (2,
v be a signed measure (necessarily, with bounded variation) or a
positive, sigma—finite measure on €2, |v| denote v if v is a positive
measure, and its total variation measure if it is a signed measure. If
A C Qis |v|-measurable, and f: A — R is |v|-measurable, we write

1/p
hoane | L r0Pav@} L <p <o
|v| — ess sup;cal f(2)]s if p = oo.

The class of measurable functions f for which ||f|l,.p a4 < oo is de-
noted by LP(v; A), with the standard convention that two functions
are considered equal if they are equal |v|-almost everywhere on A.
We will work with a fixed orthonormal set {¢}52, C L%(u*;Q); i.e.,

. 0, ifk#j,
oot ={ 1 ER7 (32)

and assume that it is complete in the space L?(u*;Q). We as-
sume also that each ¢p € L'(u*;Q) N L®°(u*; ). We will write
P, := span {¢o, -, dn}, and the symbol XP(£2) will denote the
LP(p*; Q) — closure of |, o Py

We pause in the general discussion to give a few examples.

1. Q= [-1,1], p* is the Jacobi measure (1—xz)*(142) dz, o, § >

—1/2, ¢y is the orthonormalized Jacobi polynomial p,(ga’ﬂ ) of

degree k with respect to p* .
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2. Q =R, p* is the Lebesgue measure on €2, ¢; is the orthonor-
malized weighted Freud polynomial ¢,€ = wgpk, where wg
is a Freud weight (cf. [8, Definition 3.1.1]), and pj is the
degree k orthonormal polynomial such that for all integers
k,j=0,1,---

0, if k£,
Apk(w)pj(x)wé(x)dxz{ 1 jfkf;.

Y

3. Q= [—m, 7|, u* is the measure dz/7 on €,

{éx} = {1/V2,cosz,sinx, - - -, cos kx,sin kx, - - -}.

4. Q is the unit sphere S embedded in the Euclidean space Rt1,
p* is the area measure on €, {¢y} is the set of all orthonormal
spherical harmonics [19, 23].

A convenient way to define a quasi-interpolatory operator is the
following. Let h : [0,00) — [0,00), h(z) = 1if 2 < 1/2, and h(z) =0
if x > 1. We define the kernels

@, (h; 2, 1) th/nqﬁk () (1), (3.3)
and the operators

(vih, f,x) /f n(h;z, t)dv(t). (3.4)

We note that in the case when v is a discrete measure, the op-
erator o, (v;h, f) is defined in terms of the values of f at the points
in the support of v. In this case, we may view o, (v;h, f) as a dis-
cretization of the “continuous” operator o, (u*; h, f). It is clear that

|on (v; b, f)“y*;oo,ﬂ < ||f||V;oo,Q S‘ég/ﬂ |@n (b, z,t)|d]v|(t). (3.5)

The quantity on the right hand side above is often uniformly bounded
for suitable choices of h for the case when v = p*. The bounds in the
discrete case are then obtained using the Marcinkiewicz-Zygmund
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inequalities (3.6) . Formally, we say that v is an M-Z measure of
order n if

[ P[lvp0 < CHPHu*;pﬂ’ PeP, 1<p<oo. (3.6)

The property that o(v; h, P) = P for P € P, )5 is ensured if

/P1P2dV: / Plpgdu*, P, P eP,. (37)
Q Q

We say that v is a quadrature measure of order n if (3.7) holds, and
that v is an M-Z quadrature measure of order n if it is both an M-Z
measure of order n and a quadrature measure of order n.

M-Z quadrature measures based on equidistant data for the case
of trigonometric polynomials are given in [26, Chapter X, Theorems
7.5, 7.28]. Nevai [21, Theorem 25, p. 168] has given an example
of M-Z quadrature measures for the Jacobi weights. For m > 1,
let {xm}7, be the zeros of pgff’ﬁ), and Ay, be the corresponding
Cotes’ numbers. Nevai has proved that for m > cn, the measure v,
that associates the mass A, with each xy ,, is an M-Z quadrature
measure of order n. Similar results in the context of Freud polyno-
mials are given in [16]. The analogues in the case of the sphere are
obtained in [13] based on an arbitrary set of points. In [11], we have
given an intrinsic characterization of M—7 measures on the sphere
S?. Given a sequence of measures {v,} on S?, we have shown that
each v, is an M—Z measure of order at least n if and only if for each
spherical cap C,

wal(C) < e(pg(C) +1/n),

where iy is the surface area measure for S7.

The following theorem explains the construction of
quasi-interpolatory operators from their “continuous” analogues us-
ing M—Z quadrature measures.

Theorem 3.1 Let {v,} be a sequence of signed or positive sigma-
finite measures, such that each v, is an M-Z quadrature measure
of order at least n. Then oyn(vp;h, P) = P for all P € P, 5. For
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fe L (u*;Q), on(vn;h, f) €Py. Let 1 <p < oo. If

sup / | Dy, (b, z, t)|dp*(t) =: B < o0, (3.8)
n>0, zeQ JQ
then
lon(wn; by w0 < Bl a0 (3.9)

In particular, if || f|lv,.p.0 < cllfllpa for all f € LP(p*;82), then
lon(ns by Dllpspo < Bl e, feLP(u5Q). (3.10)

In [18], we have surveyed various conditions on the function A to
ensure that (3.8) is satisfied in each of the four examples listed above.
In each of these cases, a sufficient condition is that h should have
sufficiently many derivatives having bounded variation. In general,
the greater the smoothness of h, the more localized is the kernel. To
illustrate this phenomenon, we recall that for ¢ > 1, the cardinal
B-spline of order ¢ is the function defined by (cf. [1, p. 131])

1, f0<z<1,
My(w) = {0, otherwise,
1

My(e) = ey (@) + (g - 2)Myaa(e - D) g H21)

We consider the function & defined by

q
hq(x) = Z M,(2qz — j), x> 0.
J=—q
The function Ay is ¢ — 2 times continuously differentiable on R, hgq)
is a piecewise constant function, hy(x) = 1if |x| < 1/2, and h(z) =0
if |z| > 1. The kernel

n

Fon(z) =1+ Z hq(k/n) cos kx (3.12)
k=1

is the well-known de la Vallée Poussin kernel when ¢ = 2. In Fig-
ure 1, we demonstrate the graphs of the kernels F| g4 for the whole
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interval [—7, 7] for ¢ = 2 and ¢ = 5. The graphs of the same kernels
on [r/2, 7] in Figure 2 clearly illustrate the effect of the smoothness
of h on the localization. The mathematical details for the localiza-
tion properties depend upon the special function properties of the
orthogonal systems involved; we refer to [18] for further references
and details.

100+ 1 100

60 4 60F

40 4 a0t

201 1 220

20 1 20

Figure 1: The graph of the de la Vallée Poussin kernel F5 g4 on the
left, the graph of Fj 4 on the right.

We note that the most difficult part of these constructions is
the construction of quadrature measures of high orders. It is much
simpler to construct M—7Z measures. For example, let N > 2 be an
integer, and —m < 6; < --- < Oy < 7 be points such that each
subinterval of [—7, 7] of length 27 /N contains exactly one point 6.
It is not difficult to check using the Bernstein inequality (cf. [17,
Lemma 3.1]) that the measure vy that associates the mass 2w/N
with each of the points 60} satisfies for all trigonometric polynomials
T of order at most n:

2mn
‘HTHVN;L[—TF,W] - ||TH,LL*;1,[—7r,7r}‘ < —”TH,LL*;L[—W,W} . (313)
N

In [4], we have studied the construction of quasi-interpolatory oper-
ators based on M—Z measures satisfying an inequality analogous to
(3.13). The measures are constructed using scattered data on [0, 7],

extended symmetrically to [—m, 7], but are not necessarily quadra-
ture measures. Instead, we use orthogonal polynomials with respect
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Figure 2: The graph of the de la Vallée Poussin kernel F5g4 on
[7/2, 7] on the left, the graph of F5g4 on [7/2, 7] on the right. We
note that the maximum absolute value of the graph on the right is
nearly 1073 times that for the graph on the left.

to the measures projected to [—1, 1] in the standard way, and prove a
perturbation theorem to estimate the norms of the resulting quasi—
interpolatory operators. The perturbation theorem is proved in a
very general setting. We apply our operators for approximation of
functions on the sphere using scattered, tensor-product data.

Finally, we note that quasi—interpolatory operators have been
used to prove theorems about approximation by neural networks
[9], zonal function networks [14], detection of singularities ([18] and
references therein), solution of pseudo—differential equations on the
sphere [5], and representation of smooth functions on the sphere us-
ing finitely many bits [10].
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Abstract

Given a finite dimensional subspace V and a certain fam-
ily F of nonempty closed and bounded subsets of Co(T), in
an earlier paper, which is Part I of the paper with the same
title, lower semicontinuity of the restricted center multifunc-
tion Cy from F into V and an intrinsic characterization of
the subspace V yielding both lower semicontinuity of Cy as
well as Hausdorff strongly unique best simultaneous approxi-
mation property of the triplet (X, V,F) were investigated. In
the present paper, we complement our earlier study and are
mainly concerned in establishing the equivalence of Hausdorff
continuity and pointwise Hausdorff Lipschitz continuity of the
multifunction Cly .

1 Introduction

Given a nonempty subset V of a metric space X and a function
I : X — (—o0,00| which is a proper extended real-valued function,
consider well-posedness of the following abstract minimization prob-
lem:

min I (v), v €V,

365
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which we denote by (V,I). Let vy (I) := inf{I(v) : v € V'} denote
the optimal value function. We assume I to be lower bounded on
V, ie., vy(I) > —o0, and let arg miny (I) denote the (possibly void)
set {v € V : I(v) = vy(I)} of optimal solutions of problem (V,I).
For € > 0, let us also denote by e- argminy (/) the nonempty set
{veV:I(v) <wvy(I)+ €} of e-approximate minimizers of I. Recall
(cf., e.g., [4], p.1) that problem (V) is said to be Tykhonov well-
posed if I has a unique global minimizer on V' towards which every
minimizing sequence (i.e., a sequence {v,} C V, such that I(v,) —
vy (I)) converges. Put differently, there exists a point vy € V such
that arg miny (I) = {vo}, and whenever a sequence {v,} C V is such
that Iv, — Ivg, one has v,, — vg. The concept of Tykhonov well-
posedness has been extended to minimization problems admitting
non-unique optimal solutions. For our purpose in this paper, the
most appropriate well-posedness notion for such problems is the one
introduced in Bednarczuk and Penot [2] (cf. also [4], p.26):
Problem (V,I) is called metrically well-set (or M-well set) if
arg miny (/) # () and for every minimizing sequence {v,}, one has

dist (v, argmvin(l)) — 0 asn — oo.

(Here dist(v, S) denotes the distance of v from the set S.) Equiva-
lently, it is easily seen that problem (V) is M-well set if and only
if arg miny (I) # () and the multifunction

€ 2 e-arg m‘}n(l)

is upper Hausdorff semicontinuous (uHsc) at € = 0. (For the relevant
definition, see Section 2.) In [4], p.46, problem (V) is also called
stable in this case.

Tykhonov well-posedness as well as M-well setness of problem
(V,I) are conveniently characterized in terms of the notion of a firm
function (or a forcing function). A function ¢ : 7T — [0,00) is called
a firm function or a forcing function if

0€T C[0,00),¢(0) =0 and t, € T,c(t,) — 0= t, — 0.

It is well known (cf., e.g., [4], p.6) that problem (V,I) is Tykhonov
well-posed if and only if there exists a firm function ¢ and a point
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vo € V such that
I(v) > I(vg) + cld(v,vp)], forallve V.

Likewise, it is well known (cf. [2]) that if I is a proper lower semi-
continuous function then problem (V,I) is M-well set if and only if
argminy (I) # () and I is firmly conditioned, i.e., there exists a firm
function ¢ on R := {x € R : z > 0} such that

I(v) > vy (1) + c(dist(v, arg mvin(I)), for allv e V.

In the classical Chebyshev theory (cf.[13, 3, 12]) as well as in the
more recent theory of best approximants in normed linear spaces,
there has been a lot of interest in studying “strong unicity” of best
approximants: An element vy € V, a finite dimensional linear sub-
space of a normed linear space X, is called a strongly unique
best approximant (SUBA) to x in V if there exists a constant
A= A(z),0 < X <1, such that

|z —v|| > ||l — vol| + AlJlv — vol|, for all v € V.

Put differently, the strong uniqueness of a best approximant vy €
V to x is precisely the Tykhonov well-posedness of problem (V1)
where I,(v) := ||z — v||,v € V, with the associated firm function
being linear: ¢(t) = At, t € T. The problem (V, I,;) is also said to be
linearly conditioned in this case.

Given a finite dimensional subspace V of a normed linear space
X and z € X, let us denote by Py (z) the (nonempty) set {vgp € V :
|z —vo|| = dist(z, V)} of best approximants to x in V. In this case
the multifunction X : 2 = Py(x) of X into V is called the metric
projection multifunction. Recall (cf., e.g., [12], p.372) that V
is said to be Chebyshev if Py(z) # 0, for each z € X. In case
V' is non-Chebyshev, Li [11] introduced the following definition: The
metric projection multifunction Py : X = V is said to be Hausdorff
strongly uniquely at = € X if there exists a constant \(z) > 0,
such that ||z — v| > dist(x, V) + A(«x) dist(v, Py (z)), for all v € V.
Note that Hausdorff strong uniqueness of the multifunction P, at x
is precisely M-well setness of the problem (V, I,) with the associated
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firm function ¢, being linear: ¢, (t) = A(x)t. In this case problem
(V, 1) is also said to be linearly conditioned.

The problem of approximating simultaneously a data set in a
given space by a single element of an approximating family arises
naturally in many practical situations (cf., e.g., [6, 9]). One way to
do this is to cover the given data set (assumed to be bounded) by
a ball of minimal radius among those centered at the points of the
approximating family. The problem of best simultaneous approxi-
mation in this sense coincides with problem (V, Ir), where V, a finite
dimensional subspace of a normed linear space X, is the approximat-
ing family, and F, a nonempty bounded subset of X, is the data set.
The objective function in this problem is Ir : V — R, which mea-
sures “worstness” of an element v € V' as a representer of F), defined
by

Ir(v) = r(F;v), where r(F;v) :=sup{||f —v| : f € F}.

The optimal value function vy (If) in this case is denoted ry (F').
Thus the “intrinsic error” in the problem of approximating simulta-
neously all the elements f € F by the elements of V' is the number
rv(F) = inf{r(F;v) : v € V}, called the Chebyshev radius of F'
in V. It is the minimal radius of a ball (if one such exists) centered
at a point in V and covering F. The centers of all such balls are
precisely the elements of the set arg miny (/) which in this case will
be denoted by Cy (F'). A typical element of the set

Cv<F) = {U(] eV T(F;v()) = rv(F)}

is called a best simultaneous approximant or a restricted cen-
ter of F'in V. When the bounded sets F' are allowed to range over
a certain family F of nonempty closed and bounded subsets of X,
the multifunctions Cy : F =V, with values Cy (F), F € F, is called
the restricted center multifunction. Note that in case F' is a
singleton {z},x € X, ry(F) is the distance of x from V, denoted by
dist(z, V'), and Cy (F') is precisely the set Py (x) of all best approxi-
mants to x in V.

Let F € F. Analogously, as in the case of a SUBA, an element
vg € V is called a strongly unique best simultaneous approxi-
mant (SUBSA) to F' in V if there exists a constant A = Ay (F) > 0
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such that
r(F;v) > r(F;v9) + Mjv — vo|, for all v € V.

Likewise, in case Cy (F) is not a singleton, the set F' is said to
admit Hausdorff strongly unique best simultaneous approx-
imant (H-SUBSA) in V if there exists a constant A = Ay (F)) > 0
such that for all v € V,

r(F;v) > ry(F) 4+ Adist(v, Cy (F)).

Clearly, F' admits a SUBSA (resp. a H-SUBSA) in V if and only
if problem (V,Ir) is Tykhonov well-posed (resp. M-well set) and
linearly conditioned. The triplet (X, V, F) is said to satisfy property
SUBSA (resp. property H-SUBSA) if F' admits SUBSA (resp.
H-SUBSA) in V for every F € F.

Although uniqueness of best simultaneous approximants was
studied previously in many articles (cf., e.g., [5, 8, 1, 16]), it is
surprising that strong uniqueness was not treated in these articles.
Apparently, in a general framework, strong uniqueness of best simul-
taneous approximation was explored for the first time in [10]. Triplets
(X, V,F) satistying SUBSA and other related properties were inves-
tigated in [14], and in [15] certain well-posedness aspects of these no-
tions were studied. More recently in [7], Hausdorff strong uniqueness
of best simultaneous approximation was studied. Given a finite di-
mensional subspace V' and a certain family F of nonempty closed and
bounded subsets of Co(7") we mainly studied there the lower semi-
continuity of the restricted center multifunction Cy : F 2 V. We
also explored in [7] an intrinsic characterization of the subspace V'
(called property (Li) which was introduced earlier in [11] for charac-
terizing lower semicontinuity of the metric projection multifunction)
which yields lower semicontinuity of Cy as well as Hausdorff strong
uniqueness of best simultaneous approximants in V.

In the present paper which complements for the most part our
study in [7], we are mainly concerned in establishing the equiva-
lence of Hausdorff continuity and Hausdorff Lipschitz continuity of
the restricted center multifunction Cy : F =V, where V is a finite
dimensional subspace of Cy(T") and F is a certain family of nonempty
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closed and bounded subsets of Cy(7"). This is presented in Section 3.
A similar investigation in [11] for the metric projection multifunc-
tion is extended here to the restricted center multifunction. Section
2 mainly describes the preliminaries required for this purpose.

2 Preliminaries

Throughout the following, X will be a (real) normed linear space
which for the most part will be the Banach space Cy(T"), where T is a
locally compact Hausdorff space, and V will be a finite dimensional
subspace of X.

Let us recall that Co(T') consists of all continuous function f :
T — R vanishing at infinity; i.e., a continuous function f is in
Co(T') if and only if for each € > 0, the set {t € T : || f(¢)|| > €} is
compact. We endow Cy(T") with the norm:

[fIl:=max{[f ()] : ¢ € T}, | € Co(T).

With X as a normed linear space, we denote by CL(X) (resp.
CLB(X), resp. K(X)) the class of all nonempty closed (resp.
nonempty closed and bounded, resp. nonempty compact) subsets
of X. The lower (resp. upper) Vietoris topology 7, (resp. T‘j-_ )
on CL(X) is the one generated by all sets of the form V'~ := {4 €
CL(X): ANV # 0} (vesp. VT :={A € CL(X): ACV}) as
V runs over all open subsets of X. If T is a topological space, by a
multifunction I" : T"= X, we mean a set-valued function from T’
to CL(X). A multifunction T" : 7% X is said to be lower semi-
continuous (resp. upper semicontinuous) abbreviated lsc (resp.
usc) if it is continuous as a function from 7' to C'L(X) equipped with
T, (resp. T‘J} ). The lower (resp. upper) Hausdorff topology 7
(resp. 77;) on CL(X) is the one for which a neighbourhood base at
Ap € CL(X) consists of classes of the type {A € CL(X) : Ay C
B.(A)} (resp. {A € CL(X): A C Bc(Ap)}). Here B.(Ap) denotes
the set {x € X : dist(z, Ap) < €}. A multifunction I : T =, X is said
to be upper Hausdorff semicontinuous (resp. lower Hausdorff
semicontinuous), abbreviated uHsc (resp. 1Hsc), if it is continuous
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as a function from T to CL(X) equipped with 7} (resp. 7). It is
said to be Hausdorff continuous if it is both uHsc as well as 1Hsc.
For the most part, we are concerned here with CLB(X) which is
equipped with the Hausdorff metric H defined by

H(A,B) := max{e(A, B),e(B,A)}, A, Be CLB(X).

Here e(A, B) := sup{ dist(a, B) : a € A} denotes the excess of A over
B. Whenever F C CLB(X), we shall regard F as a metric space
endowed with the induced Hausdorff metric topology. We need to
recall the following result (cf. [15], Theorem 4.4.8) which is easy to
prove.

Theorem 2.1 Let X be a normed linear space, V be a finite di-
mensional subspace of X and F C CLB(X). If the triplet (X,V,F)
satisfies property H-SUBSA, then the multifunction Cy : F 2V is
pointwise Lipschitz uHsc. More precisely at each Fy € F, we have

e(Cy(F),Cy(Fy)) <2y (Fo)) YH(F, Fy), for all F € F.

Now let X = Cy(T'). Recall that a finite dimensional subspace V'
of Co(T) is called a Haar subspace if for each v € V \ {0}, card
Z(v) < dimV — 1. Here we use the notation card(A) to denote the
cardinality of A and Z(v) to denote the set of all zeros of v. Let

Qu(X) ={FeCLB(X):rx(F)<ry(F)}.

It is convenient to restate here the following theorem from [14]
which summarizes the main characteristizations of Haar subspaces
of Co(T') in terms of best simultaneous approximants of sets.

Theorem 2.2 For a finite dimensional subspace V of Co(T), the
following statements are equivalent.

(i) V is Haar.

(i) The triplet (X, V,Qy (X)) satisfies property SUBSA.
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(iii) For each F' € Qy(X),Cy(F) is a singleton and the multifunc-
tion Cy : Qu(X) 2V is point-wise Hausdorff Lipschitz con-
tinuous, i.e., for each F' € Qy(X), there exists f = B(F) > 2
such that

ICv(F) — Cv(G)]| < BH(F, G)

for every G € Qy(X). Here if Cy(F) is a singleton and
Cy(F) = {vo}, we simply write Cy (F) for the element vy.

Furthermore, if T is a connected metric space, then all the above
statements are equivalent to:

(iv) Uy = SUy, where
Uy :={F € Qu(X) : F has a unique best simultaneous approz-

imant in V'} and

SUy :={F € Qy(X) : F has a SUBSA in V}.

Let us now recall the following extension of Haar property due
to W. Li [11].

Definition 2.3 [11] A finite dimensional subspace V' of Co(T') is said
to satisfy property (Li) if for every v € V '\ {0},

card (bd Z(v)) < dim{p € V : plips z(») = 0} — 1.

(Here bd (A) (resp. int (A) denotes the boundary (resp. the interior)
of set A.)

Clearly, if T is connected, property (Li) coincides with the Haar
property. Li[11] has shown that the above property of V' is equivalent
to Hausdorff Lipschitz continuity of the metric projection multifunc-
tion Py : X =% V. This result was extended in [7] to the restricted
center multifunction as follows. Denoting by Ky (X) the class of sets

{Fe K(X):rx(F)<ry(F)},
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‘We have:

Theorem 2.4 [7] For a finite dimensional subspace V' of Co(T') the
following statements are equivalent.

(i) The multifunction Cy : Ky (X) 33V is lsc.

(i) V satisfies property (Li).

Let us remark that Theorem 2.3 was established in [7] for a
slightly more general class of sets denoted by s-Ky (X) there, which
consists of sets F' in CLB(X) that are sup-compact w.r.t. V and
satisfy rv(F) > rx(F'). However, throughout the sequel in this pa-
per, we shall confine ourselves to the class F = Ky (X) equipped
with the Hausdorff metric H.

We also need to recall here the following theorem which was estab-
lished in [7]. This theorem extends to restricted center multifunction
a similar result due to W. Li [11] for metric projection multifunction.

Theorem 2.5 [7] Let V' be a finite dimensional subspace of Co(T). If
V' satisfies property (Li) then the triplet (Co(T),V, Ky (X)) satisfies
property H-SUBSA.

3 Equivalence of Hausdorff Continuity and
Hausdorff Lipschitz Continuity of Restricted
Center Multifunction in Cy(T)

We have seen in Theorem 2.1 that if V is a finite dimensional sub-
space of a normed linear space X and F C CLB(X), then H-SUBSA
property of the triplet (X,V,F) entails pointwise Lipschitz upper
Hausdorff semicontinuity of the restricted center multifunction CYy, .
Here we show that for a finite dimensional subspace V of Cy(T'), prop-
erty (Li), in fact, ensures Lipschitz continuity of the multifunction
Cy. Since by Theorem 2.4, property (Li) of V yields property H-
SUBSA of the triplet (Co(T),V, Ky (X)), which in turn, gives point-
wise Lipschitz upper Hausdorff semicontinuity of Cy, it is enough to
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establish pointwise Lipschitz lower Hausdorff semicontinuity of the
multifunction Cy in this case.

Lemma 3.1 The restricted center multifunction Cy : Ky (X) 2V
is pointwise Lipschitz continuous at F' € Ky (X) if and only if there
exist constants A > 0 and ¢ > 0 such that H(Cy(F),Cy(G)) <
AH(F,G) for all G € Ky(X) with H(F,G) <e.

PROOF. Suppose that there exist A > 0 and € > 0 such that for all
G € Ky(X) with H(F,G) < €, we have

H(Cy(F),Cv(GQ)) < MH(F,G). (3.1)

Consider G € Ky (X) with H(F,G) > €. Let fy € F be arbitrary and
pick go € G such that sup,cq [|fo — gll = [[fo — gol|- Let f1 € F be
such that || f1 — goll < d(go, F) + dH(F,G) for a small § > 0. Then,

lfo=goll < [[foll + lfr — goll + [LA1]
< 2sup||f||+ H(F,G) + dH(F, Q).
fer

Now for any u € Cy (F) and v € Cy(G), we have

|lu—v|| < lul|+ v < 2(sup ||f]| +sup|lg])

fer geG

< 2(sup || fI| +sup || fo — gl + || foll)
fer geqG

< 4sup | f]| +2sup | fo— gl
feF geG

= dsup||fl| + 2/ fo — goll
fer

<

8sup || fll +2(1+d)H(F,G).
feF

Therefore,

lu—vll _ 8supsep [Ifll +2(1 + O)H(FG)
H(F,G) — H(F,G)

If H(F,G) > supsep || f]|, then |lu —v|| < (10 + 26)H(F, G).
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If H(F,G) <supsep || f|| and H(F,G) > €, then

lu = vl < €71(10 + 24) (Sup ||f|!> H(F,G).
fer

Hence,

H(Cy(F),Cv(G))

< max {(10 +26), ¢ 110 + 26) sup ||f||} H(F,QG).
fer

Since this holds for § > 0 arbitrary, we conclude that

H(Cy(F),Cy(G)) < max{10, 10e~! sup fIFH(F,G).
feF

This together with (3.1) gives the required Lipschitz continuity.
The converse part is obvious. o

Theorem 3.2 Let V be a finite dimensional subspace of Co(T). If
V' satisfies property (Li) then the restricted center multifunction Cy :
Ky (X) =2V is pointwise Hausdorff Lipschitz continuous on Ky (X).

PROOF. Since V satisfies property (Li) using Theorems 2.4 and 2.1,
we get pointwise Lipschitz upper Hausdorff semicontinuity of the
multifunction Cy on Ky (X); i.e., there exists A(F)) > 0 such that
for every G € Ky (X),

e(Cyv(Q),Cy(F)) < ANF)H(F,G).

Denoting by G the subspace span {ve — vy : vi,v2 € Cy(F)}, we
have for any p € Cy(G) and v € Cy (F).

d(p —v,Gr) < d(p, Cv(F)) < AMF)H(F,G).

Let g € Gp be such that |[p — v —q|| < AM(F)H(F,G).
Let Z(Gp) : ﬂ{Z v1—0v2) : v2,v2 € Cy(F)} and M =intZ(Gr).
For any v € Cy (F), let

6(v) =ry(F) - e max, |f(t) —v(®)]-
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If 6(v) > (A(F) + 2)H(F,G) then we claim that p + g € Cy(G).
Indeed, for any t € T\ M and g € G,

lg(t) —p(t) —q(@)] < [g(t) = FO + [f(E) —v(t)] +
v(t) = p(t) — q(t)]

< lg=fll4+rv(F) = (MF) + 2)H(F,G)
+MF)H(F,G)
< ry(F) - H(F,G) < ry(G).

For t € M, q(t) = 0. Hence for all g € G and t € M,

l9(t) = p(t) — q(t)] = lg(t) — p()| < 71v(G).

Hence, supyei (|9 —p — qll < rv(G), e, p+q € Cy(G).
Therefore,

d(v, Cv(G)) < |lv —p—qll| S AF)H(F,G).

Now for v € Cy (F) with §(v) < (MF)+2)H(F,G) we will prove
that there exists k(F) > 0 such that d(v,Cy(G)) < k(F)H(F,G)
whenever H(F,G) < ¢, for some € > 0.

For any fixed relative interior point vy of Cy (F'), denote by ¢ the
value of d(vp). Hence § > 0. Let us take

{8,818

(077 (6

sup {lv = vl
= V(F(;/z and a = \(F) + 2.

Now let v € Cy(F) be such that

where v =

§(v) < (A\(F) + 2)H(F,G) for H(F,G) < e.

Then
I}leaﬁzitngf@!f(t)—v(t)\ = rv(F)—0(v)
> ry(F)—aH(F,G)
> ry(F) - g
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Hence the set W = {(f,t) € Fx (T\ M) : |f(t) —v(t)| > ry(F) -3}
is nonempty. Also for (f,t) € W, if f(t) — v(t) > 0, then

f@) =o(t) = rv(F )——>f()—vo()

ie., vo(t) —v(t) > 0. If f(t) —v(t) <0, then

78— olt) € 2 = 1y (F) < (1) ~ (1),
i.e., vo(t) — v(t) < 0. Hence
(£(2) = o(®) wolt) = v(2)) 2 0 (32)
and
o =voll 2 1) = o(t)] - 1£(2) = vo(t)
> ry(F)— 3~ rv(F) 45
- g (3.3)
Thus v > 1, and consequently e = 22, We now define y = “ﬂ%w

so that 0 < p < 1 and prove that v + p(vg — v) is an element of
Cy (F) satistying §(v + p(vg —v)) > aH(F,G). For (f,t) € W, using
(3.2) and (3.3), we have

[f(t) = o) = p(vo(t) —v(®)| = [f(t) = v(@)] = plvo(t) = v(?)]
< rv(F) -5
= ry(F)—aH(F,G).
For (f,t) € F x (T'\ M) and (f,t) ¢ W,
[F(#) = v(t) = p(uo(t) —o@)] < [f(E) = v(®)] + plvo(t) — v(t)]

< nth) -5+ D o

< ry(F)—-2avH(F,G)+
avH(F, Q)

< rv(F) - aH(F,G).
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Hence, supsep ||f —v — p(vo — v)|lmar < rv(F) — aH(F,G), ie.,
(v + u(vg —v)) > aH(F,G).
Thus, d(v + u(vg —v),Cy(G)) < A(F)H(F,G). Therefore,

d(v, Cv(G)) AE)H (F, G) + pllvo — o

MEF)H(F,G)+ avH(F, Q).

IN A

Hence, for H(F,G) <,
d(v,Cy(Q)) < min{a, (A(F) + av)}H(F,G).

Now using Lemma 3.1, there exists k(F') > 0 such that for every
v E Cv(F),

d(v,Cy (@) < K(F)H(F, ).

This proves the pointwise Lipschitz lower Hausdorff semicontinuity
of the multifunction Cy,.
O

We note that since for a finite dimensional subspace V' of Co(T),
the multifunction Cy, is compact-valued, lower semicontinuity is
equivalent to lower Hausdorff semicontinuity for Cy . Hence we can
summarize Theorems 2.1, 2.3, 2.4 and 3.1 into the next theorem.

Theorem 3.3 Let V' be an n-dimensional subspace of Co(T"). Then
the following statements are equivalent.

(i) V satistfies property (Li).
(ii)) The multifunction Cy : Ky (X) =V is Hausdorfl continuous.
(iii) The triplet (X,V, Ky (X)) satisfies property H-SUBSA.

(iv) The multifunction Cy : Ky(X) =V is pointwise Hausdorff
Lipchitz continuous.



Hausdorff Strong Uniqueness 379

References

1]

D. Amir, Uniqueness of best simultaneous approximation and
strictly interpolating subspaces, J. Approx. Theory, 40 (1984),
196-201.

E. Bednarczuk and J. P. Penot, Metrically well-set minimiza-
tion problems, Appl. Math. Optim. 26 (1992), 273-285.

E. W. Cheney, Introduction to Approximation Theory,
Chelsea, New York, 1982.

A. L. Dontchev and T. Zolezzi, Well-posed Optimization Prob-
lems, Lecture Notes in Mathematics, No. 1543, Springer-
Verlag, Berlin, 1993.

M. Golomb, On the uniformly best approximation of functions
given by incomplete data, M.R.C. Technical Summary Report
#121, University of Wisconsin, Madison, 1959.

R. B. Holmes, A Course on Optimization and Best Approx-
imation, Lecture Notes in Mathematics 257, Springer-Verlag,
Berlin, 1972.

Indira K and D. Pai, Hausdorff strong uniqueness in simulta-
neous approximation. Part I, in Approximation Theory XI :
Gatlinburg 2004, C.K. Chui, M. Neamtu, and L.L. Schumaker
(eds.), Nashboro Press, Brentwood, TN, USA, 101-118.

J. M. Lambert and D. D. Milman, Restricted Chebyshev cen-
ters of bounded sets in arbitrary Banach spaces, J. Approx.
Theory 26 (1979), 71-78.

P. J. Laurent and P. D. Tuan, Global approximation of a com-
pact set by elements of a convex set in a normed space, Numer.
Math 15 (1970), 137-150.

P. Laurent and D. Pai, On simultaneous approximation,
Numer. Funct. Anal. and Optimiz. 19 (1998), 1045-1064.



380

[11]

[16]

Pai and Indira

W. Li, Strong uniqueness and Lipschitz continuity of metric
projections: A generalization of the classical Haar theory, J.
Approx. Theory 56 (1989), 164-189.

H. N. Mhaskar and D. V. Pai, Fundamentals of Approximation
Theory, CRC Press, Boca Raton, Florida, 2000.

D. J. Newman and H. S. Shapiro, Some theorems on Chebyshev
approximation, Duke Math. J. 30 (1963), 673-684.

D. V. Pai, Strong uniqueness of best simultaneous approxima-
tion, J. Indian Math. Soc. 67 (2000), no. 1-4, 201-215.

D. V. Pai and Indira K, On well-posedness of some problems
in approximation theory, in Advances in Constructive Approx-
imation, M. Neamtu and E. B. Saff (eds.), Nashboro Press,
Brentwood, TN, 2004, 371-392.

E. R. Rozema and P. W. Smith, Global approximation with
bounded coefficients, J. Approx. Theory 16 (1976), 162-174.



Zeros of Polynomials Given as an Orthogonal
Expansion

Gerhard Schmeisser
Mathematical Institute
University of Erlangen-Nuremberg
91054 Erlangen, Germany

Email address: schmeisser@mi.uni-erlangen.de

Dedicated to the memory of Professor Ambikeshwar Sharma

Abstract

Let f(z) = aoPo(z) + -+ + anPn(2z) be a polynomial of
degree n, given as an orthogonal expansion. There exist nu-
merous estimates for the imaginary parts of the zeros of f in
terms of the coefficients ag, ..., a,. We describe two methods
which give access to most of these results. The first method
is based on a simple invariance principle of a norm and ap-
plies to polynomials with arbitrary complex coefficients. The
second method, which we call division by inserting a weight,
applies to polynomials with real coefficients. As applications,
we establish certain L? inequalities and lower bounds for Van-
dermonde type determinants of orthogonal polynomials. The
paper contains some new results as well as new proofs of known
results.

1 Introduction

Polynomials were one of the favorite subjects of the late Professor
Ambikeshwar Sharma. He particularly admired the work of P. Turdn
who became one of his close friends.

This paper deals with a topic that was initiated by P. Turédn [19].
In 1950, he asked for bounds for the imaginary parts of the zeros of

381



382 Schmeisser

a polynomial f. He pointed out that the moduli of the coefficients
of the standard representation (Maclaurin expansion)

F(2) = bo+biz+ - +bp2"  (by £0) (1.1)

are not appropriate quantities for obtaining good results. His discus-
sion led him to the conclusion that the coefficients of an orthogonal
expansion

f(2) = aoPo(z) + a1Pi(2) + - + an Py(2) (an, #0)  (1.2)

will be more suitable.
Utilizing the special properties of the Hermite polynomials

n
HM@::(—Q%*Ez(e*) (n € No),
Turdn himself [19, 20, 21] obtained various results for the Hermite
expansion of a polynomial. Later Specht [14, 15, 16, 17] proved sev-
eral theorems for an arbitrary orthogonal expansion (1.2) with an
orthogonality relation supported on the real line. Further contribu-
tions to this topic were given by Giroux [4], Gol’berg—Malozemov
[5], Lajos [7], and later by the author [10, 11, 13]. In this article, we
describe two general methods which allow us a systematic approach
to most of these results. We also include some applications.

The paper is organized as follows. In Section 2, we recall some
basic facts about orthogonal polynomials and fix our notation. In
Section 3, we show that a number of known results on zeros of or-
thogonal expansions with arbitrary complex coefficients can be seen
as consequences of a simple invariance principle of the norm induced
by the orthogonality relation. In Section 4, we present a method that
applies to orthogonal expansions with real coefficients. The idea of
this method is a polynomial division by inserting a weight into the
orthogonality relation.

The results of Sections 3 and 4 lead to upper bounds that can
be expressed in terms of an L? norm. Furthermore, the method
of inserting a weight leads to Vandermonde type determinants of
orthogonal polynomials. Therefore, in Section 5, we deduce new
lower bounds for L? norms and for Vandermonde type determinants.
Some of these results are sharp.
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Finally, in Section 6 we discuss variants and refinements where
the role of the moduli of the imaginary parts, or equivalently, of the
distances from the real line, is taken by the distances from a finite
interval.

2 Notation

Now we introduce some notation and recall some facts about orthog-
onal polynomials referring to [1, 3, 18] for details and proofs.

Let o be an m-distribution, that is, a non-decreasing bounded
function ¢ : R — R which attains infinitely many distinct values
and is such that the moments

= / T ohdo(z)  (neNy)

—0o0

exist (see [3], where the term m-distribution seems to have been used
for the first time). Then there exists a uniquely determined sequence
of polynomials

Py(2), Pi(2), ..., Py(2), ...,

called the system of monic orthogonal polynomials with respect to o,
with the following properties:

(i) each P, is a monic polynomial of degree n;
(i) [ Pu(x)Py(z)do(x) =0 for m #n.

The zeros of P,, where n € N, are real and those of any two
consecutive polynomials P, and P, interlace. Furthermore, there
exists a recurrence formula

P(2) = (2= aw)Pyor(2) = BurPoa(z)  (v=1,2,..)), (2.1)

where P_1(z) =0, Py(z) =1, fp := 1, and (a,)yen is a sequence of
real numbers and (f3,),en is a sequence of positive numbers. Con-
versely, if a sequence of polynomials (P,),en, is defined by such a
recurrence formula, then it is necessarily a monic orthogonal sys-
tem with respect to some m-distribution o. This result is known as
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Favard’s theorem [2], [1, pp. 21-22] although equivalent forms were
stated earlier; see [9, p. 64] for a historical comment.

In some of our considerations, the coefficient of 2~ in the poly-
nomial P, will be needed. We denote it by

Gn—1 = IO (2.2)

Clearly, g,—1 € R.
For arbitrary polynomials f and g, we introduce the inner product

o) = | " f(0)g(@) do(a) (2.3)

and consider the norm

00 1/2
1l = <f,f>1/2=(/ rf<w>|2da<x>> NP

In dealing with orthogonal expansions, important quantities are the
numbers
Yy = HP,,||2 (v € Np). (2.5)

Let us call them the metric constants of the orthogonal system. If f
is given by (1.2), then

n 1/2
1l = (Z% ra,,|2> | (2.6)
v=0

The numbers (3, appearing in (2.1) and the numbers (2.5) are
related by the equations

_ ey,
b= (e 27)

Further significant constants of an orthogonal system are the
numbers

Cm k=

2 2.8
max {M : Qr a monic divisor of P,,, deg Qi = k:}, (28)
Yk
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where k < m. They are always greater than 1 since amongst all monic
polynomials of degree k, the orthogonal polynomial Py has smallest
norm.

The following statement will be of interest. For its proof, we may
refer to the considerations in [13, pp. 206-207].

Proposition 2.1 Let (P,),en, be a system of monic orthogonal
polynomials. Then, for n € N and a € R, there exists a sequence
of monic orthogonal polynomials (P,),en, with respect to some m-
distribution o such that P, = P, forv =0,...,n—1 and P, =
P, + aP,_1. Moreover, ¢ can be chosen such that the metric con-
stants of the two systems are the same.

Thus, if we take a = R(an—1/ay,), then

n—2 a _
f(z) = Za,,P,,(z) + iay (S n1> P,_1(2) + anPn(z)

a
v=0 n

is an orthogonal expansion of (1.2) for which the corresponding norm
of f has decreased if « # 0.

We also note that for k& < m < n, the constants Cy, ;. of the two
orthogonal systems in Proposition 2.1 are the same.

3 Polynomials with Complex Coefficients

In [13], we established a unified approach to zeros of an orthogonal
expansion with arbitrary complex coefficients. Using the concept of
majorization [8] in conjunction with matrix theory [6], we proved the
following general theorem which includes most of the former results
as special cases.

Theorem 3.1 Let f be a polynomial given as an orthogonal ex-
pansion (1.2) with complex coefficients and denote by z1,...,z, the
zeros of f arranged in any order. Let ¢ be a mon-decreasing conver
function on [0,00) such that ¢(0) = 0. Define

n—2 2
ap—1 T | Qv
k=S , I(f) = ,| K%+ E — | — 3.1
Qn (f) —p In—1|0n ( )
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and let ¢ = —tk for some t € [0,1/2]. Then,

|Sz1 — ¢ < w (3.2)
and
k
Z¢(|\sz] —c\)
j=1
< ¢<I(f)+2|m+20|)+¢<I(f)—2\/<c+20|> (3.3)
+ (k—2)o(c|) (k=2,...,n).

Choosing ¢(x) = x and ¢ = —k/2, we obtain from (3.2) the fol-
lowing result by Specht [17, Satz 1] and, independently, by Gol’berg—
Malozemov [5, Theorem 1]. It also improves upon an earlier result
by Specht [14, Satz 3].

Corollary 3.2 In the notation of Theorem 3.1, we have

‘%z,,+g‘<%f) (v=1,...,n). (3.4)

Next, choosing ¢(x) =z, ¢ =0, and k = n, we obtain from (3.3)

the following slight improvement of a result by Giroux [4].

Corollary 3.3 In the notation of Theorem 3.1, we have

n

> 18zl < I1(f). (3.5)

Jj=1

There is a relatively large family of polynomials for which equality
is attained in (3.5).

Proposition 3.4 In (3.5), equality occurs for all polynomials of the
form

f(2) = an—1Py—1(2) + anPn(2) (an—1,an, € C, an #0) (3.6)

and for all polynomials that can be deduced from (3.6) by replacing
some of the zeros of f by their conjugates.
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Finally, choosing ¢(x) = 2 and k = n, and noting that

(@ Po—
Sz = —k,
1

J

n

we obtain from (3.3) the following result by Lajos [7].
Corollary 3.5 In the notation of Theorem 3.1, we have

n 2 2
a2 KEHI(f)
; (Sz)" < — 5

Amongst all of these results, Corollary 3.3 appears to be the
strongest as Proposition 3.4 suggests. We shall show that Corollar-
ies 3.2 and 3.5 are very easy consequences and even Theorem 3.1
in its full generality can be deduced from Corollary 3.3 without in-
volving any special tools apart from convexity properties. Moreover,
following Giroux [4], the proof of Corollary 3.3 can be based on a

simple and geometrically evident invariance principle of the norm
(2.4).

PROOF OF COROLLARY 3.3. By (2.6), we have

2
) . (3.7)

Using the notation (2.2), we conclude from the orthogonal expansion
of f that

Gp—1

n

IFI? > Jan? ('7n+7n—1

f(2) = anz" + (angn-1 + an—1) 2L 4 032 as 2 — 0.

Hence, by the first formula of Viete,

n
an—1
= — j 3.8
. 2 (38)

Qn—1 +

n

and so (3.7) may be rewritten as

2 n
) + E}Zj . (3.9)

Ay —
1712 = lanl® d 30 + s (% -1
an, o
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Now, as is geometrically evident, for = € R, the value of |f(z)| does
not change if we replace one of the zeros of f by its conjugate. Hence
I ]| is invariant under a reflection of some of the zeros on the real
line and the same is true for R(a,—1/ay,). Therefore (3.9) can be
strengthened to

2

2 n
> + D191 , (3.10)

=1

an—1
IF1? = anl® S 9n + a1 (3? -
Qn,

which is an equivalent form of (3.5). O

PROOF OF PROPOSITION 3.4.  Clearly, for the polynomial (3.6)
equality holds in (3.7) and in (3.9). Consequently, it must also hold
in (3.10). Finally, we note that equality in (3.10) is preserved under
a reflection of some of the zeros of f on the real line although the
orthogonal expansion of the resulting new polynomial will have more
than two non-trivial terms. O

PROOF OF COROLLARY 3.2. By (3.8), we have

2 2

n n
(282, + I€)2 = | 29z, — Z Sz | < Z 1Sz5] |
j=1 j=1
which shows that Corollary 3.3 implies Corollary 3.2. O

PROOF OF COROLLARY 3.5. Using (3.8), we easily verify that

2

RIAY dn—1 ’ _ - AT - o
(\szj) | &S— = 2 Z (\szj) — Z Szj
n j=1 j=1

2

J

n
=1

2
n

doIszl]

J=1

IN

which shows that Corollary 3.3 implies Corollary 3.5. O
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For the proof of Theorem 3.1, we need an auxiliary result which
may be seen as an exercise for students.

Lemma 3.6 Let yi,...,y, € R and let Y := %(Zﬂ + - 4ypn). Then

Z\yj Y\<Z|y]\+ —2)|v]| (k=2,...,n). (3.11)

PROOF. Take any k € {2,...,n}. Let N1 be the set comprising the
indices of the non-negative differences amongst y1 — Y,...,yx — Y
and let N2 = {1, .. ,k‘} \ Nl.

If Ny = 0 or Ny = (), then these differences all have the same sign
and therefore

k k

Dy =Y =D w=-Y)=|> v+ k-

j=1 j=1 j=k+1

which implies (3.11) for the chosen k.

Now, suppose that N1 # () and N # (). Denote by n; and ns the
number of elements of N7 and Na, respectively. Then |n; —ng| <
k — 2, and therefore

k
Dy =Y = > -Y) - > (5-Y)
j=1

JEN1 JEN2

= > oy — > yi—(m—m)Y
JEN1 JEN2
k

Zng —-2)[Y],

which shows again that (3.11) holds for the chosen k. This completes
the proof. O

PROOF OF THEOREM 3.1. From (3.4), we deduce that

| < LIl

< 5 (3.12)
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Since z +— |21 + x| is a convex function, we find by a convex com-
bination of (3.4) for v =1 and (3.12) that

1)+ 0 =N x|
2

)gm+Ag)gAFny+gy+a—Ansm\g

for every A € [0, 1]. Substituting A = 2¢, we obtain (3.2).
Next, from Lemma 3.6 in conjunction with (3.5), we deduce that
k
K K
)gq+§\31uy+w—2w§‘ (k=2,....n).
=1

J
Trivially, by (3.5), we also have

k

SISyl < I(f)  (k=2,....n).
j=1

Now, a convex combination of these two inequalities for k = 2,...,n
leads to the inequalities (3.3) for ¢(z) = .
The results obtained so far say equivalently that the vector

(ISz1 —cf,..., Sz — )

is weakly majorized by the vector

<I(f)—|—]h;+20\ I(f) — |k + 2|
2 ’ 2

,\c[,...,|c\> e R"”

(see the definition in [8, p. 10]). Since a weak majorization is pre-
served under application of a non-decreasing convex function (see [8,
p. 116, Theorem A.2]), we obtain (3.3) in its full generality. O

4 Polynomials with Real Coefficients

One of the most perfect and flexible results on estimating the mod-
uli of the zeros of the polynomial (1.1) in terms of the moduli of
its coefficients is the theorem of van Vleck—-Montel-Ballieu [9, Theo-
rem 9.3.2]. The basic idea of its proof is a polynomial division (see
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[9, p. 5] for the principle). Let z1,...,z, be the zeros of f ordered
as |z1| < -+ <|z,|. Then f has a factorization

n

HZ_ZJ

The coefficients of the standard representation of g can be expressed
in terms of zg, ..., z, and some of the coefficients of f. From these
relations, an upper bound for |zx| can be deduced. Unfortunately, for
a given orthogonal system, there is no simple relation between the
Z€eros zg, - - -, 2n and the coefficients of the orthogonal expansions of
f and g. However, in the case of polynomials with real coefficients,
the can proceed as follows.

Let z1,%Z1,...,2¢,2¢ be £ pairs of conjugate zeros of f including
the possibility that such a pair constitutes a real double zero. Then,
setting

¢
= [IGz-2)z-=), (4.1)
j=1

we have a factorization

f(z) = g(z)w(z). (4.2)

ol g — /_x w(t)do(t)

is also an m-distribution which defines an inner product (-, ), say.
Furthermore, do®!(z) = w(z)do(x). Now it follows from (4.2) that
(f,h) = (g, h)w for any polynomial h. In other words, we can fac-
tor out w by letting it become a weight. In order to progress with
this idea, we have to study relations between our original orthogonal
system and the one with respect to o],

Clearly,

From now on, we write || - ||, for the norm induced by ™). Apart
from the norm and the inner product, we denote all quantities which
are associated with o[*! by attaching a superscript [w] to the corre-

sponding quantities which are associated with o. Thus, (PT[Lw])neNO
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is the monic orthogonal system with respect to o and
2
= (e ) = e
w w

- / T (V@) v dole) (e

—00

We now state a few auxiliary results involving the weight function
(4.1) or the polynomials P For the first lemma, see [11, Lemma
2] or [9, Lemma 9.4.2] where a slightly different statement is proved.

Lemma 4.1 Let g be a polynomial of degree at most n with real
coefficients and let w be given by (4.1). Then the orthogonal expan-
sion g(z) = Y ,_oavP,(2) of g has a continuation to a polynomial
flz) = Zﬁigz a,P,(z) of degree at most n + 20 with real coefficients
such that w is a divisor of f.

In the next lemma, it is remarkable that we have best possible
bounds for HB[LM]H which do not depend on w. For a reference, see
[11, Lemma 3] or [9, Lemma 9.4.4]. However, for the purpose of this
paper, it is desirable to have an independent proof for the upper
bound (see Remark 4.6 below).

Lemma 4.2 For w given by (4.1) and Cyyyp defined by (2.8), we
have

2
Tn < HPT[LW]H < 7n0n+f,n (Tl € NO) (43)

These estimates are best possible. FEquality is attained in the upper
estimate when w = (Pni0/Qn)?, where Q, is the polynomial which
achieves the maximum in the definition of Cyypp.

PROOF. We only need an alternative proof for (4.3). The first in-
equality is a simple consequence of a well-known extremal property
of orthogonal polynomials [18, Theorem 3.1.3].

Next, let g = PJLW] — P,,, which is a polynomial of degree at
most n — 1 with real coefficients. By Lemma 4.1 with n replaced by
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n — 1, there exists a polynomial h of degree at most n — 1 with real
coefficients such that

n+20—1

f2)=h(xw(z) = Y aP(z)

v=0

and P} (2)—Pn(2) = Zz;é a,P,(z). Obviously, f has at most n—1
changes of sign on R. Denoting by &1, ..., &,+e the zeros of P, 4, we
find by a short reflection that there exists a monic divisor @, of
degree n of P,y such that

f(gj)Qn(gj) >0 (]:1a7n+€)a

see [9, proof of Theorem 9.4.3] where details of a similar argument
are given. Now, denote by A1, ..., A,1¢ the corresponding coefficients
of the Gaussian quadrature formula with nodes &;1,...,&,+¢. This
quadrature formula is exact for polynomials up to degree 2n+2¢ —1
and since its coefficients are positive, we infer that

n+/ 00
0= S AEE) = [ F@)Qu)dot)
Jj=1 -
n+26—1 4.4
= Z ay <Pl/aQn> = an7n+<P1£w} _PnaQn> 44
v=0

— <P,Lw1 —P,,Q, — Pn> .

On the other hand, since h is of degree at most n — 1, we have

n+20—1

0 = (nBM) = (£PM) = 3 a (B, P
= an’yn+<P¢[Lw]—PmPr[Lw]> 7

2
= apYn + HP’[ZU] _P”H .

(4.5)

Combining (4.4) and (4.5), we find that

- < (r20 - o).
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Applying the Cauchy—Schwarz inequality on the right-hand side, we
deduce that | P! — P, || < ||Qn— P, ||, which leads to [P < [|Qall.
Finally, recalling the definition of Cj,1¢,, we readily complete the
proof of (4.3). O

]

Obviously, if u and v are two weight functions, then P,[Luv =
(P,[Lu])[”], that is, in the case of a product of weights, the factors can
be inserted successively. For this technique, the following lemma will
be helpful.

Lemma 4.3 Let

k
wo:=1 and wi(z):= H(zfzj)(szj) (k=1,...,0).

2 2

e

wWi—1 Wi—1

for1 <i<k<U/{.

PROOF. Let &1, ..., &,11 be the zeros of ngl_l] and let Y"1 A, £(£,)
be the Gaussian quadrature formula for the integral

/_Z f(@)wi—1(x)do(x).

This formula is exact for polynomials f up to degree 2n + 1. In the
following calculation, we apply it two times in order to conclude that

2

P[wi—ﬂ

e, - Lot

2 ’
wy Wi—1

- [T ) - (@) weato)] ot

n+1

= o[ (i)’ 0 - (R )]
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n+1

B (o)

— 2 /Oo (Pgwk}(x)ywi,l(m)da(aﬁ)

—0o0

- e
Wi—1
This completes the proof. O
Lemma 4 3 can be used successively for constructing a lower
bound for v ||P[W]||W By Lemma 4.2,
H p[wu H p[wu >
for k =0,...,¢. Using this estimate, we can deduce from Lemma 4.3

the following result.

Lemma 4.4 Let w be given by (4.1), and suppose that |Sz;| > r,
wherer >0 and j=1,...,¢. Then

/-1 / '
'YLw] Z Z (j) ’Yn+£—j"”2] + 7"%)

J=0

n

Pl H2 . (4.6)

On the right-hand side of (4.6), all terms are non-negative. Hence
the estimate remains valid if we cancel some of these terms. More-
over, by Lemma 4.2, we may replace HP,[lw] 1?2 by Yn.-

Now we have collected all the auxiliary results for demonstrating
how the method of inserting a weight can be used for results on zeros.

Let f(z) = >.,_ya,P,(z) be an othogonal expansion with real
coefficients. Suppose that f has less than k distinct real zeros of odd
multiplicity. Then there exists a factorization

f(z) = g(Hu(z),  w(z) =

J

(z — 2)(z — zj), (4.7)

)4
=1
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where ¢ = [(n — k)/2] + 1 and |x] denotes the greatest integer not
exceeding x. Since g will be of degree less than k, we have

0= (Fg) = (F7) = v+ S (P ).
v=0

From this, we conclude by using the Cauchy—Schwarz inequality and
Lemma 4.2 that

k—1
1 2
’Yl%az < E 'Yua?/ : E — <P/£w]7 Pl/>
v=0

v=0 v
k—1
2
= Y () - )
v=0

k—1
< D wap vk (Crer = 1)
v=0

Hence, if this inequality is violated, then f must have at least k
distinct real zeros of odd multiplicities. This leads us to the following
result.

Theorem 4.5 Let f(z) = >, _,a,P,(2) be a polynomial given as
an orthogonal expansion with real coefficients. Let 1 < k < n and
set £:=|(n—k)/2| +1. If
k—1
Wwar > (Crger — 1) Z%aiy (4.8)
v=0

then f has at least k distinct real zeros of odd multiplicities.

It can be shown that the constant Cj ¢ is best possible [9, The-
orem 9.4.3].

Remark 4.6 In [9, pp. 296-297|, a different proof that does not
use Lemma 4.2 is given and afterwards Lemma 4.2 is obtained as a
consequence of Theorem 4.5.
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Now we turn to a second theorem. Suppose that we have again
the factorization (4.7) and let k := n — 2¢ be the degree of g. Then g

has an expansion g(z) = Z’; 0 e, P }( ). Comparing (4.7) with the
expansion of f, we infer that ¢ = a,. Therefore,

il = (F6) = (BP.5) = S0 (B E).
0

Using again the Cauchy—Schwarz inequality on the right-hand side,
we obtain

and so

Now suppose that min;<;<¢ |3%;| = r while |I(| < r for each zero ¢
of g. Employing Lemmas 4.2 and 4.4, we conclude that
7

25
\/_Hp[w]H \/Ck-i-ék Z( )%H e

Combining this with (4.9), we arrive at

-1

¢ 27 20
s C
521 <j>7k+e G+ Ve Chgo e T (4.10)
< e/ Crve e Mi(f) — Yite -

It may happen that the right-hand side is negative. Then this in-
equality cannot be satisfied, which implies that f has at least k + 2
distinct real zeros of odd multiplicities. However, if the right-hand
side is non-negative, then equality in (4.10) defines a uniquely de-
termined positive r which is an upper bound for the moduli of the
imaginary parts of k + 2 zeros of f. This result may be formulated
as follows.

.
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Theorem 4.7 Let f(z) = >, _,a,P,(2) be a polynomial of degree
n given as an orthogonal expansion with real coefficients. Let k be
an integer such that n — k =: 20 is even and positive. If

k
MChtt.k

a2 > 2727,@,2/, (4.11)

Te+e 50

then f has at least k+2 distinct real zeros of odd multiplicities. Oth-
erwise, f has at least k+2 zeros in the strip {z € C : |Sz| < p~ 2},
where p is the uniquely determined positive root of the equation

-1
Tk+) (j) i) = (CkMi(f) = Yse) 2° (4.12)
j=1

with My (f) defined by (4.9) and T'y, := Yi/Chrte i -

In (4.11), the constant Cjys ) is again best possible [9, Theo-
rem 9.4.6]. In the case of the Hermite expansion, the criterion (4.11)
for k = n—2 was also obtained by Turan [21, Theorem III]; however,
it was not known that this criterion is best possible.

Remark 4.8 The positive root of an equation of the form (4.12)
has been extensively studied in the context of the Cauchy bound [9,
§8.1]. For example, defining Ay := 'y My(f) — Yx+¢ and employing
[9, Proposition 8.1.6], we obtain

T\ Y V41 e Vhe+6—1
> —r RLans L, AR
p_max{(Ak> ,(Ak 9 ) Ak;

If, instead of the maximum, we just take the first term in braces as
a lower bound for p, we obtain a result in [9, Theorem 9.4.6].

Each of Theorems 4.5 and 4.7 contains a criterion for real zeros.
If this criterion fails, then, in the case of Theorem 4.5, we have to go
away empty-handed, but, in the case of Theorem 4.7, we obtain at
least a bound for the imaginary parts of k + 2 zeros. This leads us
to the following question.
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Open Problem Can we extend Theorem 4.5 in such a way that, if
(4.8) fails, the data |ag/ak]|, ..., |ax—1/ak| still provides a bound for
the imaginary parts of k zeros?

An open problem by Turdn [22, p. 70, Problem LXX] may be
seen as a special case of that problem.

5 Applications

5.1 Lower bounds for L? norms

The upper bounds for the zeros of f obtained in Sections 3 and 4 can
be expressed in terms of ||f||2. Conversely, these results yield new
lower bounds for the L? norm of a polynomial under side conditions
on the zeros.

As a consequence of Corollary 3.3 in conjunction with Proposi-
tion 3.4, or of (3.9) directly, we have the following lower bound.

Corollary 5.1 Let f(z) =][,_,(z — z,). Then

n 2 n 2
£ > Yo + (qn—1 + Z %ZV> + (Z ]%zwl)
v=1 v=1

Equality is attained for all polynomials of the form
f(z) = Pu(2) +an-1Pp-1(2)  (an-1€C) (5.1)

and for all polynomials that can be deduced from (5.1) by replacing
some of the zeros of f by their conjugates.

The inequality || f||*> > 7 is a best possible estimate for monic
polynomials of degree n. Even if we restrict ourselves to polynomials
with real coefficients, there is no improvement since equality occurs
for f = P, only. However, P, has n distinct real zeros. Hence, for
real monic polynomials of degree n having less than n distinct real
zeros there should be an improvement. For k = n, Theorem 4.5
implies the following result.



400 Schmeisser

Corollary 5.2 Let f be a monic polynomial of degree n with real
coefficients. If f does not have n distinct real zeros, then

Cn+1,n

FI? >
1P 2 o g 2

Unfortunately, this estimate seems to be not sharp.

Now consider the inequality || f]|2 > Yn+7n—1 |an—1|*. It holds for
monic polynomials of the form (1.2) and is sharp, even in the subclass
of polynomials with real coefficients. In the latter case, the extremal
polynomial has always n distinct real zeros as a consequence of the
Hermite-Kakeya theorem [9, Theorem 6.3.8]. Hence, there should be
an improvement if f has less than n distinct real zeros. The following
results are consequences of Theorems 4.5 and 4.7 for k =n — 1 and
k = n—2, respectively. Here we assume f to be given in the standard
representation since there is no need for an estimate of the norm when
the coefficients of the corresponding orthogonal expansion are known.
Note that in the first result, the improvement is by a multiplicative
correction while in the second it is by an additive correction.

Corollary 5.3 Let f(z) = 2" +b,_12" "1+ +bg be a polynomial
with real coefficients. If f has less than n distinct real zeros, then
the following sharp estimate holds:

2 Cn,n—l

Hf”z > Yn + Yn—1 (bn—l - Qn—l) m .

Corollary 5.4 Let f(z) = 2" +b,_12" "1+ +bg be a polynomial
with real coefficients. If f has less than n distinct real zeros, then
the following sharp estimate holds:

2
Tn—1

2 2
I = m+m-1(bn-1—@n-1) + ———.
H || Tn n (n n ) ,C 2

Example To illustrate these corollaries, we may consider the Her-
mite expansion. In this case,

1912 = [ e @) s

—00
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and

n!

gn—1 = 07 Yn = \/7_T2_n s Cn,n—l =n (n € N),

which makes the above bounds concrete.

It is clear that further estimates for ||f||> under side conditions
on k of the zeros can be deduced from Theorems 4.5 and 4.7 but
the results will become somewhat complicated when k is small as
compared with the degree of f.

5.1.1 Lower bounds for Vandermonde type determinants
of orthogonal polynomials

In Section 4, we did not make any use of the fact that the orthogonal

polynomials P,[Lw] and their metric constants 'y,[lw] have explicit repre-

sentations in terms of Vandermonde type determinants of orthogonal
polynomials. Therefore, we can now use the results of Section 4 for
establishing lower bounds for this kind of determinants.

For any z1,...,z; € C, define

Pp(z1) .. Pagr—1(z1)
Vo(z1,. .., 2k) = det : : . (5.2)
Po(zk) ... Paygp—1(zk)
Let us now rewrite the weight function (4.1) as

20

w(z) = H(Z — 2j), 245 =25 for j=1,...,0 (5.3)
j=1

Then it is known [18, §2.5] that

w(z)Pl(z) = (~1) Val(2,21,. -, 201) (n € No) (5.4)

Vn(zl, . ,224)
and [12, formula (3.2)]
Va yees
%[Lw] — +1(21 220) (5.5)

Vn(zl, ey Z%)
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In (5.4) and (5.5) we admit that some (or even all) of the points

z1, - .., 2z2¢ may coalesce. In that case, we define the quotients by their
continuous continuation. More precisely, if z;, = z;, = --- = z;,,,
then we replace the polynomials in the ji-st, jo-nd, ..., j,,-th row
in (5.2) by their first, second, ..., m-th derivative.

Lemma 4.4 with ||P7[Lw] | replaced by ~,,, which is admissible by
Lemma 4.2, implies the following result.

Corollary 5.5 Let w be given by (5.3), and suppose that |Iz;| > r,
where r >0 and j=1,...,L. Then

L Z( P (50)

Note that the right-hand side remains positive as r — 0. Using
(5.6) repeatedly and noting that Vy(z1, ..., 2z9¢) is equal to the clas-
sical Vandermonde determinant of z1, ..., zop, we can deduce a lower
bound for |V,,(z1, ..., z9¢)| itself. In fact, defining

=1 Z( Vinrisal e M)

Vagi(z1,. .., 220)
Vn(zl, e ,Zgg

we find that

’ (217" y 220 ’ > H(ZJV . H ‘Zj—Zi .

1<i<j<20

6 Variants and Refinements

Let J, be the smallest interval containing the zeros of P,, and let J
be the smallest interval containing the support of do. Denote by

dn(z) == min{ |z = (| : (€ Jp}

the distance of z from .J,, and by d(z) the distance of z from J. Then,
by a fundamental property of the zeros of orthogonal polynomials,
we have

di(z) > do(2) > -+ > d(2) > [Sz] .
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The results of Sections 3—5 have analogues or refinements in which
the role of the imaginary parts of the zeros z1,...,z, is taken by
dm(#1), - - . dm(2y) for some m; see [9, Lemma 9.1.4] for a general tech-
nique. However, there is one difference. All the results in Sections 3
and 4 do not depend on R(an—1/a,). The reason is that, instead of
the orthogonal system (P,),cn, we can tacitly set o = R(a,—1/ay)
and use the system (]SV),,eN, described in Proposition 2.1, when we
are only interested in the imaginary parts of the zeros. The situation
changes when we consider the distance function d,, since, in general,
the interval jm associated with ﬁm will be different from .J,,.

A corresponding variant of (3.5) reads as [4], [9, Theorem 9.1.5]:

n n—1 5 a 2
D dn(z) < 4| > o
j=1 V:()’Yn—l Gnp,

For a variant of Theorem 4.7 in terms of the distance function d,,,
where m = (n+k)/2 — 1, see [11, Theorem 1]. Correspondingly, the
criterion of Theorem 4.5 for the existence k real zeros guarantees that
these zeros lie already in the interval J,,,, where m = |(n+k+2)/2];
see [9, Theorem 9.4.3].

For inequality (5.6) to hold, it is only needed that the points

21, ..., %20 have distances at least r from the interval J,,;¢11. More-
over, there is an extension which admits an odd number of points
21,..., 2 such that H?Zl(z — z;) is a polynomial with real coeffi-

cients; see [12, Theorem 1.2].
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Abstract

In the first part of the paper we show that the space of poly-
nomials of degree n — 1 is the unique n-dimensional Tcheby-
cheff subspace of polynomials. We also define a generalization
of Tchebycheff spaces: “Ideal complements” and demonstrate
their uniqueness.

In the second part we discuss various analogues of Tcheby-
cheff spaces (minimal interpolating systems) in several vari-
ables.

Preface

I first met Professor Sharma twenty seven years ago. I was a young
graduate student, my head was filled with “ Bourbakisms,” my Ph.D.
thesis was about interpolation (in Banach spaces, of course) and I
was looking forward to learn more from the renowned expert in the
field. To my surprise Sharma told me that he didn’t understand what
a functional was and the only theorem worth knowing in analysis was
the Taylor formula and may be “integration by parts” although he
had his doubts about the latter. With typical modesty, he told me
that he wasn’t bright enough for the abstractions. The best he could
do was to compute a few “right” examples and hope to get lucky.
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That sent me for a spin, that lasted awhile. I tried to “compute”
with Sharma only to learn that there is no way for me to keep up
with his speed and accuracy. I believe that this was a lesson learned
by many of my colleagues. Fortunately “Maple” came about and like
“Colt 45,”equalized the playing field.

This paper is about solvability of various interpolation problems
and its generalizations, the topic that benefitted greatly by many
contributions of Sharma and his collaborators (cf. [4-7], [10], [12],
[16-19]).

The paper is divided into two parts. The aim of the first part is
to investigate the general form and uniqueness of Tchebycheff and
Extended Tchebycheff subspaces as well as “ideal complements” in
the spaces of polynomials. In particular we will show that the space
of complex polynomials of degree at most n — 1 is unique Tcheby-
cheff subspace of polynomials. We also introduce a new definition
of “an ideal complement” which is formally stronger than that of a
Tchebycheff and Extended Tchebycheff subspace and study the form
and uniqueness of ideal complements.

In the second part we discuss various generalizations of Tcheby-
cheff subspaces and ideal complements in several variables. In sec-
tion 2.1 we introduce “minimal k-interpolating spaces” as a gener-
alization of the notion of Tchebycheff spaces and “minimal k-ideal
complements.” We investigate the dimension of these spaces. In sec-
tion 2.2 we introduce another possible generalization of Tchebycheff
subspaces and ideal complements in several variables: namely “mini-
mal family of k-interpolating spaces” and “minimal family of k-ideal
complements.” While the investigation in section 2.1 has a distinct
topological nature, the methods used in this section 2.2 are mostly
of combinatorial type. Unlike the Tchebycheff spaces, their analogs
in several variables have not received much attention in the litera-
ture. Therefore it is not surprising that the ratio of the number of
theorems to open problems in this part is rather small.

Going back to my early years, I was convinced that the only
obstacle in generalizing results in one variable is unbearable notations
in several. By now I know better. Yet the original hindrance remains.
Given the survey style of this article, I will take “poetic license” not
to dwell on self-evident notations, hence saving trees and not trying
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the patience of a reader. For the same reason, I will customarily give
the simple proofs of a theorem and refer to an original article for
more complicated ones. As the wise man said: “a simple example
explains the situation much better.”

1 Interpolating Spaces in One Variable

All that being said, here are some notations:

Let F either be the field of real or that of the complex numbers
and F[z] be the ring of polynomials with coefficients in F. As such,
F[x] is a linear space over the field F. We use F.,[z] to denote the
space of polynomials of degree less than n; i.e.

Fo,[z] := span[l,z, ...,z ] C Flz].

An n-dimensional subspace V' C Fz] is called Tchebycheff (cf.
[13], [14]) if
feVand f(z;) =0;5=1,..,n

for a distinct set of points A := {z1,x9,...,x,} C F implies f = 0.
That is every non-zero f € V has at most n distinct zeroes.

Equivalently (cf. [13], [14]) an n-dimensional space V' C Fx] is
Tchebycheff if and only if it is interpolating:

For any distinct set of points A := {z1,z2,...,z,} C F and any
set of values ai,as,...,a, € F there exists a unique function f € V
such that f(z;) = a;.

Hence an n-dimensional space V' C F[z] is Tchebycheff if and
only if for any distinct set of points A := {1, z3,...,x,} C F , the
space V is complemented to an ideal

J(A) :={f €Flx]: f(x) =0 for all x € A}.

That is
Flz] =V & J(A) (1.1)

for any A C F with cardinality #A = n.

An n-dimensional subspace V' C [F[x] is called an Extended Tcheby-
cheff space (cf. [14], [15]) if every non-zero f € V has at most n
zeroes, counting multiplicity.
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Equivalently (cf. [13]) an n-dimensional space V C F|x] is Ex-
tended Tchebycheff if and only if it is Hermite interpolating:

For any distinct set of m < n points A := {z1,22,...,xy} C F,
any set of integers M(m,n) = {n1,..np} with 370 (n; — 1) = n
and any set of n values {agkl), agkg), e a,&’im) tkj=0,..,n;—1} CF
there exists a unique function f € V' such that

16 ) = 0

where f*) denotes the k-th derivative of f.

Hence an n-dimensional space V' C [F[z] is Extended Tcheby-
cheff if and only if for any distinct set of m < n points A :=
{z1,22, ...,z } C F any set of integers M(m,n) = {n1,..ny} with
Z;n:l(nj — 1) =n , the space V is complemented to an ideal

J(A,N) = {f eFlz]: f*)(x;))=0;5=1,...,m;k; =0,...,n;}.

That is
Flz] =V @& J(AM). (1.2)

The reformulations (1.1) and (1.2) of the definitions of Tcheby-
cheff and Extended Tchebycheff spaces motivate the definition of
Ideal Complements as the n-dimensional spaces V' C F[z]| which are
complemented to every ideal J C F[z] of codimension n.

An ideal J C Flz] is a subspace of F[z]| such that

feFx),geJ = fgeJ.

Let J be the set of all ideals in F[x] and let J,, C J be the set of
all ideals of codimension n.

Definition 1.1 An n-dimensional space V' C F|x] is called an ideal
complement if

Flz]=Vea&J (1.3)

for every ideal J € J,,

Clearly every ideal complement is an Extended Tchebycheff space
and every Extended Tchebycheff space is Tchebycheff.
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Since F[x] is a principle ideal domain (cf. [1]),
J e Jiff J = pF[z] (1.4)
for some polynomial p € F[z].

Theorem 1.2 We have
(1) If p is a polynomial of degree n. Then pF[z] € J,, and

Flz] = Fepl2] @ (pFlz]).

In particular F o, [z] is an ideal complement.

(2) Anideal J € 3, iff J = pF[z] for some p € Flz] with degp = n.

In particular every ideal J € J is of finite codimension.

PRroOOF. If p is a polynomial of degree n, then every non-zero poly-
nomial in pF[z] has degree at least n. Hence F.,[z] N (pF[x]) = {0}.
On the other hand every f € Flz| can be written as f = pg + r
with degr < n. That proves the first part of the theorem. It also
shows that pF[z] is an ideal of codimension n. To verify the rest of
(2), assume that J € J,. Then there exists a polynomial ¢ such that
J = ¢F[z]. If degq # n then, by part (1), codim.J # n which gives
the contradiction. O

The last theorem shows that F.,[z] is an ideal complement. In
particular F.,[z] is an Extended Tchebycheff space. Of course this
is nothing new, except that the division algorithm used in the proof
of the theorem did not employ any determinants or complicated con-
struction of basic polynomials!

In the next section we show C.,[z] is the unique n-dimensional
Tchebycheff subspace in C[z] and therefore it is the unique ideal
complement in C[z|. In particular, Tchebycheff spaces, Extended
Tchebycheff spaces and ideal complements coincide.

In section 3, we show that for n > 1 the space Ro,[z] is the
unique ideal complement in R[z] but not a unique Tchebycheff or
Extended Tchebycheff subspace.
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1.1 Complex Case

We start with the quick corollary of Theorem 1.2:

Theorem 1.3 The space V- = Cy[z] is the unique subspace of Clz]
which complements every J € Jn,.

PrOOF. Let V' # C.,[z] be an n-dimensional subspace of Clz].
Then V' contains a polynomial g of degree > n. Hence ¢ = pf with
degp = n. Let J = pC[z]. By proposition J € J,, and ¢ € V N J.
Thus V is not complemented to J. O

For the Tchebycheff spaces we have:

Theorem 1.4 The space V.= Cp[z] is the unique n-dimensional
Tchebycheff subspace of Clz].

PROOF. Suppose that V' # C<y,[z] is an n-dimensional Tchebycheff
subspace of C[z]. Then V contains a polynomial f with deg f > n.
Since V is Tchebycheff, f has at most n — 1 zeroes: &1, ...,& with
k < n. Once again, since V is Tchebycheff, there exists a polynomial
g € V, such that g(§;) =1 for all j = 1,...,k. Hence f and g are
relative primes and (i)’ is different from 0. For every ¢ € C, consider
a new polynomial ¢(c,z) = f(x) — cg(x). We now claim that for all,
but a finite many values of ¢ € C, the polynomial ¢(c,z) has only
simple zeroes. Indeed let (y, ..., {n be all the zeroes of the polynomial
fg' — gf’ and assume that
f(G)

e 9(¢) (15)
for those ¢, for which ¢(¢;) # 0. Then if z¢ is a multiple root of
f(x) — cg(x), we have

{ f(x0) — cg(z0) =0
f'(wo) —cg'(x0) =0 °

Since f and g are relative primes, g(zp) # 0. From the first of

the equations above, we obtain ¢ = % and substituting it into

the second equation, we have f(x0)g'(zo0) — g(x0)f'(x0) = 0, which
contradicts (1.5). O
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Corollary 1.5 The space V. = C,[z] is the unique n-dimensional
Extended Tchebycheff subspace of Clx].

1.2 Real Case

Real ideal complements have almost the same description as complex
ideal complements.

Theorem 1.6 Let V' be an n-dimensional ideal complement. If n >
1 then V. =Rey[z]. If n =1, then V is the set of constant multiples
of any strictly positive polynomial; V = span{p}, p € Rlz]| and p > 0.

PROOF. Let n > 1 and let &, ...,&, be distinct points in R. Since
V' is an ideal complement, in particular it is a Tchebycheff subspace.
Hence there are n polynomials py, ..., p, € V such that py(§;) = 6.
These polynomials are linearly independent and thus span the space
V. If max{degp: p € V} > n then at least one of the polynomials,
say p1 has degree greater then n — 1. Since p; has a linear factor, it
follows that p; has a factor of degree n and hence V is not an ideal
complement. The case n = 1 is trivial. O

Corollary 1.7 For n =1 an n-dimensional space V is Tchebycheff
if and only if it is an ideal complement. For n > 1 there exists
an n-dimensional Tchebycheff subspace of R[x]| which is not an ideal
complement.

PROOF. Any subspace V' C R[z] which is of the form
V = r(z)Rep[s(z)] := span{r(z),r(z)s(x), ...,r(z)s" 1 (z)} (1.6)

where r(z) is a strictly positive polynomial in R[z] and s is an injec-
tive polynomial mapping from R — R is clearly a Tchebycheff space.
Yet if degr > 0 then, as follows from the previous Theorem, it is not
an ideal complement. O

This argument leads to the reasonable possibility that a subspace
V' C R[z] is Tchebycheff if and only if V' = r(z)R<,[s(z)] for some
strictly positive polynomial r(z) and an injective polynomial map-
ping s from R — R.
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This is clearly true for n = 1.
Unfortunately this is not so for n > 1. Indeed here is a coun-

terexample:
Let
V = span{l + z% 23}, (1.7)
We have
2 .3
det { 1122 23 ] = —(v—a) (2%a® + 2% + za +a®)

1
= —(z—a)(z%®+ §($2 +a? + (z +a)?))
which is equal to zero if and only if x = a. Hence V is a T'chebycheff
space that is not of the form (1.6).
Furthermore

1+2% 23

det [ 2z 32

]:3x2+$4:Oifx:0.

Hence the Tchebycheff space V' defined by (1.7) is not an Ex-
tended Tchebycheff space.
On the other hand the space

V = span{z® + 1,23 + 2z}
is an Extended Tchebycheff space. Indeed

241 23422

det [ 2z 3z% 42

]:x4+x2+1>0.

And if z # a then

2?2 +1 2342
dt[a2+1 a3+2a} =— (v —a) (z?a* + 2° — za + a® + 2)
1 3
:—(x—a)(Z(Qx—a)Q—}—anQ—}—ZCLQ—}—Q)

£ 0.
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Conclusion 1.8 In R[z] there are Tchebycheff spaces which are not
Extended Tchebycheff spaces and there are Extended Tchebycheff
spaces which are not of the form (1.6).

Problem 1.9 What is the general form of Tchebycheff spaces in
Rlz]? What is the general form of Extended Tchebycheff spaces in
R[z]?

Now suppose that 1 € V and V is a Tchebycheff space. Does
that imply that
V =Rep[s(z)] ? (1.8)

For n = 2 it is so. Indeed if V' = span{l,s(z)} then s is strictly
monotone and hence an injection.

Our next example shows that (1.8) fails for n = 3:

Let V = span{l,z,z*}. Then
24
o

1
det | 1 = ab? — a*b — 2b* + 2*b + za — 2%a
1

Q8

b4
1
=—5 (=b+a)(@—b)(z—a) (2" + 0 + ) + (v + a+b)?)
Hence span{1,z,x%} is a Tchebycheff space that is not an ideal
complement.
2 Interpolation Systems in Several Variables

Let F[z1, ..., z4] = F[x] be the ring of polynomials of d variables and
let F<,,[x] be the space of polynomials of degree at most m. For an
ideal J C [F[x]| we define

Z(J):={x€eF¢: f(z) =0forall fe J}.

If an ideal J C F is generated by polynomials fi, fa..., fn, we use
the standard notation:

J =< f1, for, frn >=< fj 7 =1...,n>.
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Let, once again, J,, denotes the family of ideals of codimension
For ideal J € J,, the set Z(J) is finite and moreover

#Z(J)<n

An ideal J C F is called radical if f™ € J implies f € J. It is
well known (cf. [9]) that an ideal J € J, is radical if and only if
#Z(J) =n.

In several variables there are no Tchebycheff subspaces and there-
fore there are no ideal complements. For the real field this follows
from extremely cute “Mairhuber argument” (cf [15]):

Let V' = spanlfi, fo, ..., fn]. And let A = {x1,X9,X3,...,X,} be
distinct points in R? with d > 2. Position two points x;,%, on
diametrically opposite ends of the unit circle and points xs,...,x,,
outside the circle. If the space V is Tchebycheff, that implies that
the determinant

D(A) = det [f(x;)] # 0

for any A. As we rotate the diameter, the points x; and xo switch
positions and hence D(A) changes sign. By the intermediate value
theorem, there exists a pair x1,xy such that D(A) = 0; hence V' is
not interpolating at these points.

In the absence of an intermediate value theorem, the complex case
utilizes different tools. Since this article deals with polynomials, we
present an argument based on the attributes from algebraic geome-
try:

Let

Z :={(x1,%X9, X3, ..., X,) € C"%: D(A) = det [fx(x;)] = 0}.
Let

Ujr = {(X1,X9, X3, ..., X,,) € C"": x; = x3} and U := -%Uj”“
J

Since Z is the set of solutions of one equation D(A) = 0 in C"?,
Z is an algebraic variety of codimension one, thus dim Z = nd — 1.
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Each Uj, is the zero locus of d equations: x; = xj, and hence it is a
variety of codimension d. We conclude that for d > 1:

dimU = maxdimU;; =nd —d <nd —1=dim Z.

Hence there exists an n-tuple (x1, X9, X3, ..., X,,) € Z which is not in
U. Thus the equation

D(A) = det [fk(x])] =0

has a solution for some set A of distinct points in C%, which implies
that V is not a Tchebycheff space. In the absence of Tchebycheff
Spaces in several variables, we have to give something up. We pro-
pose two possible analogues of Tchebycheff spaces.

2.1 Interpolating Spaces

Definition 2.1 A subspace V C F[x]| is called k-interpolating if for
every k distinct points X1, ...,xx in F? and for every distinct values
Qy, ..., there exists f € V' such that

f(Xj) = Oéj;j = 1, ...,k.

Clearly if V is k-interpolating then dimV > k. If dimV = k
then V is k-interpolating if and only if V is Tchebycheff. As we
mentioned earlier for d > 1 Tchebycheff spaces do not exist. The k-
interpolating spaces do exist. That means that we give up uniqueness
of the interpolating function f € V but still insist on the existence
of one. However we do not want to abandon uniqueness all together.
One way of doing so is to ask for a k-interpolating space of mini-
mal dimension. Therefore the problem in several variables can be
reformulated as follows:

Problem 2.2 What is the minimal dimension of k-interpolating
spaces in F[x]? What are the k-interpolating subspaces of F[x]| of
manimal dimension?

Just as in the last section, we can observe that a space V is
k-interpolating if and only if for every radical ideal J € F[x] of codi-
mension k there exists a subspace E C V such that

E o J=TF[x].
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Hence it seems natural to extend this definition to all ideals.

Definition 2.3 A space V. C F[x] is called a k—ideal complement
if for every ideal J of codimension k there exists a subspace E C'V
such that

E o J="TF[x|.

Once again we have the problem:

Problem 2.4 What is the minimal dimension of a k—ideal comple-
ment? What are the k-ideal complements of minimal dimension?
Are the minimal k-ideal complements unique? Do the minimal k-
ideal complements coincide with the minimal k-interpolating spaces?

There are some results (cf. [8], [22], [23], [24], [25]) concerning the
minimal dimension of k-interpolating subspaces in R[x|. The most
stunning of these is due to F. Cohen and D. Handel [8] (cf. also [24]):

Theorem 2.5 Let a(k) be the minimal dimension of k-interpolating
subspaces in Rz, y]. Then

2k — (k) < a(k) < 2k — 1,

where n(k) is the number of 1s in the binary representation of the
mteger n.

In fact for k = 3 the value a(3) = 4 as the “unnatural” appearance
of n(k) in the lower bound would predict (cf[22]). A minimal 3-
interpolating subspace is spanned by polynomials {1, z,y, 2% + 3?}.
For k = 4 the lower and the upper bounds coincide. Hence a(4) =
7. A minimal 4-interpolating subspace is spanned by polynomials
{1, 2,y, 2% — %, zy, 23 — 3232, 9> — 322y}

To the best of my knowledge, the exact value for a(5) is not
known. The span of the first 2k — 1 harmonic polynomials always
forms a k-interpolating subspace in R[z,y]. For d > 2, the only
reasonable bound known to me (cf. [22], [23]) is

%(d—k 1)k < a(k) < d(k + 1),
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As far as I know there are no results on minimal k-dimensional
interpolating subspaces in the complex case. The ideal complements
of minimal dimension have not been studied in either field.

It follows from the Theorem 2.9 mentioned in the next section,
that the space F_j[x] is a k—ideal complement.

Now the standard transversality argument (cf. [21], [23]) gives us
a better estimate:

Theorem 2.6 There exists a k-ideal complement V. C Fi[x] with
dimV < (d + 1)k.

2.2 Interpolating Families in Several Variables

As we mentioned in the previous section, the four-dimensional space
spanned by polynomials {1, z,y, 22 +y?} is 3-interpolating in R[z, y].
Indeed if we have three points ui,us,us € R? that do not lie on
the same line, then the three-dimensional space spanned by {1, z,y}
interpolates at those points. On the other hand if three distinct
points 1, uz, u3 € R? do lie on the same line, then either the space
spanned by {1,z,2% + 4%} or by {1,y, 22 + y?} interpolate at those
points. In other words in order to accomplish the interpolation at
arbitrary three points, we do not need all (infinitely many) three-
dimensional subspaces of span{l,z,y,x? + 3?}. It is sufficient to
consider three of them:

span{l,z,y}, span{l,z, 2> + y*} and span{l,y, z? + *}.
This consideration prompts the following definition:

Definition 2.7 A family F of k-dimensional subspaces of F[x] is
called a family of k—ideal complements, if for every ideal J C F[x]
of codimension k there exists a subspace E € F such that

E® J=F[x]|.

A family F of k-dimensional subspaces of F[x] is called a
k—interpolating family if for every radical ideal J C F[xX] of codi-
mension k there exists a subspace E € F such that

E & J=F[x].
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With these definitions come apparent open questions:

Problem 2.8 What is the minimal number of subspaces in a family
of k—ideal complements? What is the minimal number of subspaces
in a k—interpolating family?

A subspace V' C F[z1,...,x4] = F[x] is called D-invariant if

0
—feVVi=1,..d.
Ga:j

fev=

The next theorem was first proved in [11]. The introduction of Groeb-
ner bases made it a simple theorem (cf [3]):

Theorem 2.9 For every J € J, there exists a D-invariant subspace
V C F[x] spanned by monomials, such that

VeJ=Fx.

A moment of reflection on D-invariance and monomial nature of
this space leads to the conclusion that every such space is a subspace
of F.,,[x] and since there are only finitely many monomials in F,, [x],
there are only finitely many such spaces.

Corollary 2.10 There exist a finite k—ideal family.

It is convenient to use Young tables to visualize such subspaces.
For instance for n = 4 the five subspaces in question are given by
tables (staircases):

|
| u

I = 1n 2=l g L= g m
| N N

Ii = | g s =
EEn EEEEN
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These five tables represent all possible D-invariant complements
to ideals in J4. Thinking of the vertical axes as the number of mono-
mials in y, we can write all five gammas as

o= [Lyy?y’] T =Ly y?a],Ts = [Ly,z,ay]

Iy = [y z2%, 5=,z 2% 2°.

Now the spaces Gj := spanl’; represent the five complements.
Clearly no four of those subspaces can serve the same purpose,

for an ideal generated by, say < x*,y >€ J4 is not complemented

to the first four subspaces. It is also easy to see that the minimal

2-interpolating and 2-ideal family is

F = {span{l,z}, span{l,y}},

since this family is 2-ideal, by the last theorem, and no one two-
dimensional subspace is 2-interpolating, by the results of the previous
section.

Theorem 2.11 The minimal number of subspaces in a family of 3-
ideal complements in Clz,y] is 3.

Proor. It follows from the Theorem 2.9, that the family F consist-
ing of three spaces:

span{l,z,a*}, span{l,z,y} and span{l,y,y*}

is a k-ideal family. Thus it remains to proof that no two three-
dimensional spaces form a family of k-ideal complements. Let the
subspaces V7 and V5 form such a family. Consider several cases:
Case 1: There exists a non-constant polynomial p € Clz,y| and
polynomials fi € Vi such that fr = hg - p. Then consider the set

Z = {(z,y) € C*: p(x,y) = 0}.

This is an infinite set and hence contains three distinct points

(z1,91), (x2,y2), (x3,y3) € Z.
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Next consider the ideal

J = {f € C[Sﬂ,y} : f(‘rjvy]') =0,7 = 1)273}'

Clearly, J is a radical ideal in Js. Since for £ = 1,2 we have
fr(zj,y;) = 0 and since J is a radical, this implies that f, € J
and hence fr € Vy N J # {0}. In particular, neither Vj nor V3
complement J and {Vi, Va} is not a k-ideal family.

Case 2.: Suppose that

N :=maxdeg{f: f € V1} -maxdeg{f: f € Va} > 3.
Let fr € Vi be any polynomials, such that
deg fr, = maxdeg{f: f eV}, k=12,

then (by Case 1) they do not contain a common non-zero factor. By
Bezout’s Theorem (cf. [9]), there exist N > 3 solutions (counting
multiplicity) to the set of equations

fe(z,y) =0,k =1,2.

Hence, once again, there exist an ideal J € J3 such that f; €
Vi, N J # {0}.

Case 3. The last remaining case is when V; consists of polyno-
mials of degree one and V5 consists of polynomials of degree two
and does not contain any non-constant linear polynomial. Since
dim Vi, = 3, hence Vi = span{l,z,y} and V3 is spanned by three
quadratic polynomials and does not contain a non-constant linear
function. We claim that at least one polynomial in V5 has a linear
factor, thus reducing this case to Case 1. Indeed, suppose that V5
is spanned by quadratic polynomials { f;(x,y),j = 1,2,3}. Consider
the polynomial

3

p(x) = a;fj(x,Ax+ B) € V3.
j=1

This is a quadratic polynomial with three coefficients that depend on
five parameters: A, B, a;. Setting these coefficients to zero, we obtain
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three equations in five unknowns, which clearly have a solution in C.
Thus the polynomial

3
> aifi(xy)
Jj=1

has a linear factor: y — Ax — B. O
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