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Abstract

We study the so-called Fekete points which maximize Vandermonde determi-
nants of the form

@

L

Val(z1,...,zn) = , 4,j=1,...,N,

where the z; are distinct points belonging to an interval [a, b] of the real line and
the a;’s are ordered integers a1 > ag > --- > an > 0 obtained as the exponents
for the monomial basis of bivariate polynomials of degree n, restricted to the curve
y = ™. We prove that every Vandermonde determinant, so generalized, can be
factored as a product of the corresponding classical Vandermonde determinant and
a homogeneous symmetric function of the points, a Schur function, and that the
resulting generalized Fekete points have the same asymptotic distribution as the
classical ones.
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1 Introduction

In the classical study of the convergence properties of the Lagrange interpolation the

Lebesgue function

(1) MCSIEDACIHE

=0

and the corresponding Lebesgue constant

(2) A (X) = max A\, (X;2)

z€[—1,1]
play a fundamental role. As usual, ¢;(z) denotes the i-th fundamental Lagrange polyno-
mial of degree n on the set X = {x,...,x,} of distinct nodes in the canonical interval
[—1,1]. The Lebesgue constant is also the norm of the Lagrange operator, which takes
f € C[—1,1] to its interpolant (as an operator on C[—1,1]).

One may also consider the several variable analogues of such problems. Given a
compact set K C IR?, the polynomials of degree n restricted to K form a certain vector
space of dimension N = d,(K), say. Suppose that {p;, : 1 < i < N} is a basis for this
space. Then given N points X = {z;} C K and a function f € C(K), one may ask
for the polynomial p = >, axpg, such that p(z;) = f(z;), 1 < ¢ < N. This interpolating
polynomial exists and is unique provided the Vandermonde determinant

det[pi(z;)]i<ij<n # 0

If this is indeed the case then we may also form the corresponding fundamental Lagrange
polynomials ¢;, defined by the condition that ¢;(z;) = d;; (the Kronecker delta). Then we
may write the interpolant in the form

p(x) = Xk: f (i)l ().

Just as in the univariate case, the Lebesgue function is defined to be

N

M(Xi2) =) |6i(=)]

=1

and its maximum over K is the norm of the projector that takes f € C'(K) to its inter-
polant.

In one variable, there is a very beautiful and useable characterization of the points that
minimize the Lebesgue constant (see e.g. the monograph [10] Chapter 3) but in several
variables this is far from the case. In fact, the multivariate theory is still in its relative
infancy and not nearly complete. Moreover, it appears that multivariate analysis of the
Lebesgue function is a rather imposing problem, and this has a lead to the consideration



of a set of extremal points which are known to be near optimal in the univariate case, but
that generalize much more readily to higher dimensions, i.e. to the so-called Fekete points.
These may succintly be defined as those points in K which maximize the Vandermonde
determinant, det[p;(z;)].

For the interval [—1, 1], Fejér [5] showed that the set of Fekete points, F,, say, consists
of the zeros of the polynomial (z? — 1) P/(z), where P,(x) is the Legendre polynomial of
degree n. Moreover, he showed that >, /2(x) < 1 on [—1,1] from which it follows that
the associated Lebesgue constant

A (Fp) <vVn+1.
This bound was improved by Stindermann ([9]) who showed that
(3) An(Fn) = O(logn),

the order of the optimal points (cf. [10]). We would point out that from this explicit

characterization of F;,, but also from the more abstract considerations of complex Poten-

tial Theory, it follows that the Fekete points have asymptotically the so-called arcsin or

Chebyshev distribution (which is also the equilibrium distribution from Potential Theory).
In general, we have only that

= < k<
max [(y(z)] =1, 1<k<N

from which follows the estimate
Au(X) < N.

This implies already that the Fekete points are always quite good interpolation points, but
the upper bound N is almost certainly rather pessimistic. From numerical experiments,
one may expect that in fact the Fekete points are very close to optimal (see e.g. [7]).

We hope that the reader is convinced by our preamble, or by other means, that the
Fekete points for a given set K C IRY, are interesting and important for the study of
multivariate polynomial interpolation. An especially intriguing problem is to determine
their asymptotic distribution. Likely, this several variable problem is intimately related
to complex Pluripotential Theory (see e.g. [6]) but to date very little is known.

In this paper we begin by considering the case when K C IR? is a piece of an algebraic
curve of the form

K={(z,y) : y=2a™,a<x <b}.

We show that a basis for the polynomials restricted to such K are a certain collection of
monomials (Proposition 1 below) and then consider a more general class of Vandermonde
type determinants, involving the so-called Schur functions, and show by means of direct,
elementary calculations that the associated Fekete points always have the same asymptotic
distribution as the classical ones.



2 The polynomials restricted to the curve y = 2™

Proposition 1 Bivariate polynomaials of degree n > m restricted to y = x™ are the

xk k=0 modm 0<k<mn
xk k=1modm 0<k<mn-1)+1
span { T* k =2 modm 0<k<m(n-—2)+2

8 k=(m-1)modm 0<k<mmn—(m-1))+m-—1

Proof. Any integer k£ > 0 is congruent to one of 0,1,...,m — 1 mod m. Indeed suppose
k=imodm, 0<i<m—1,then k = jm + i for some j and z* is the restriction of
yz’. In fact, this is the monomial of lowest degree which restricts to a*.

For yj/xli;:xm = 7% if and only if mj’ + i =k = mj + 1.

Ifj">jthenmj’ +7 >m(G+1)+i7 =mj+m+4d >mj+i+4 >k which is a
contradiction. Therefore, 7 < j.

If 7/ = 7 then i’ = i and there is nothing more to prove. Suppose then that j* < j. For
the sake of simplicity let j = j—t, ¢t > 1. Then m(j —t)+¢ = mj+1i, that is i’ = i+ mt
and then ¢/ +j =i+ mt+j—t=1i+j+ (m— 1)t > i+ j. Hence

(4) 2 k= imodm,
is the restriction of z'y’, ¢+ j <n if and only if
(5) k=mj+i<m(n—1)+i.

This concludes the proof. W

Remark. The space of bivariate polynomials restricted to y = ™ consists of univariate
polynomials of degree at most mn. However, the dimension of this space is

(6) N:<n32>—<n+22_m>:mn—m(m2_3>§mn+1

with strict inequality for m > 2. Hence, for m > 2, the basis consists of a strict subset of
the monomials of degree at most mn, i.e. there are “missing” powers or gaps.
It does however include all univariate polynomials of degree

mn—(m-1)+2m—-1)=mn—(m—1)(m-—2).
In fact, we may describe the basis more precisely as

n—(m—1) | m— m—+j m— n—k)m+j
(7) U ume gt {ahm ) | up Ul o Rmed)
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so that the missing powers are precisely

Ups? Uy {707},

Let then

{xal Ia2 - xaN}
with aq > ay > -+ > ay > 0 be the basis described in Proposition 1, and consider, for
given N distinct points x1 < z9 < - -+ < xy, the associated Vandermonde determinant
(8) Vo(wr, -, o) = detfa; ' ]i<ijen-

Such determinants are intimately connected to the so-called Schur functions (cf. [8]),
defined as follows.

Definition 1 Given a partition A = (A, ..., A\y) € INY, and N distinct points x1, ..., Ty,
the associated Schur function, sy, defined on IRY, is the ratio

Aj+N—j
)

det(z) )

_ det(x

(9) S)\(xlw"axN)_ 1 S%]SN

Note that in this definition the denominator is the classical Vandermonde determinant

VDM (zy,---,xy) = det(z] 7).

Since the «; are positive integers we must have a; > N — j and thus by taking
Aj = a; — (N — j) we have

(10) Volxy, - ay) = det(xAjJrN_j) =VDM(x1,...,xN) Sx(x1,- -, 2N) -

i
Of importance in what follows is the fact that A\ depends only on m, i.e., is constant with

respect to N. More precisely we have:

Lemma 1 If )\ is defined as above, then

m—2 m—3 m—3 m—4 m—4 m—4

A=k D kD kDY kDK, k,---,ik,---,zl:k,O,---,O).

k=1 k=1 k=1 k=1 k=1 k=1 k=1 k=1
——
1 2 3




Proof. This is just a technical fact that follows easily (albeit with some tedium) from
the representataion of the basis (7). M

Some simple consequences are that
m=2 [ m—1-j m1
(11) AN=> 17 X * =< )
j=1 k=1 4

We may also compute ¢()), the length of A, i.e., the index of the last non-zero term, to
be

(12) w=55-("")

J=1

3 The Main Theorem

Consider now the Vandermonde type determinant V,,(xy, - - -, z)) defined by (8) for points
A< <Ta << axy <b

The points z; which maximize |V,| we will refer to as Fekete points for the piece of the
curve K = {(z,2™) : a < x < b}. The points f; in [a, b] which maximize the classical
Vandermonde determinant |V DM (fi,---, fv)| are the classical Fekete points. Our main
Theorem is as follows.

Theorem 1 The Fekete points for the piece of the curve K have the same asymptotic
distribution as do the classical Fekete points for [a,b].

Proof. By Theorem 1.5 of [1] it suffices to show that
N N
2 2

(13) Jim (VDM (zy, - an)[VG) = lim (VDM(fy, -, f)[VC).

We will show that this is indeed the case, by means of a sequence of lemmas. To begin,
we will need some of the standard symmetric polynomials. Let p, = p,.(t1,-- -, ty) denote
the rth power sum of N variables, i.e.,

N
pr(tla T atN> = th
k=1

Then, since the classical Fekete points have asymptotically the arcsin distribution, we
have

i U h) _ Lp
Novoo N 7'('/a \/(x—a)(b—x)

1 rmfa+b b-—a "
14 — .
( ) /0 ( 5 + 5 cos(0)> do

7

dx




Also, let h, = h,.(t1,---,ty) denote the rth so-called complete symmetric function of N
variables. It is defined as the sum of all the monomials of exact degree r, in the variables

t1,--+,ty, but may also be computed from the Newton like formula (see [8, formula
(2.11)]) .
(15> khk - Zprhk—r‘

r=1

Lemma 2

lim hi(fiooofn) 1 fa+b :
N=00 NF k2

Proof. We proceed by induction. If £ = 1, then h; = p; and the result follows easily

from (14) with r = 1. Hence, suppose that the Lemma is true up to k — 1 and consider

Jao o Lgspe i 1
NE — k4 NNkr N1

. 1 P1 hk—l k Dr hk:—r 1
o L (NNk—l +ZNNk—rNr—1 :

r=2

Because of the N="=1 factor, the terms in the summation tend to zero, and hence,

lim E = = lim “& lim it
N—oo Nk k NSoo N Nooo Nk—1
1 a-+b 1 a+b\"!
kL2 (k=1 2
1 fa+d g
TR ) '
This concludes the proof. W
Lemma 3 For any fixed )\,
Al
—osa(fr, ) a+b 1
16 1 =
(16)  Jim === 2 2 6<“)(A+5—w(5))!

w e Sy
A+0—w(d) >0

where § = (( —1,0—2,...,1,0) and £ = £(\) and S, denotes the group of permutations of
¢ objects.



Proof. By formula [8, (3.4)', p. 42] with

sx= Y €(W)hris_w) = > €(W)Prts—w(s)
weS w e Sg
A+0—w(d) >0

since h, = 0 for r < 0.

Hence,
Sy Pxgs—c(s)
NI T 2 W)= m
wE Sy
A+0—w(0) >0
B Pacesi-w@)n  Pas—w(o)
= ) E(W)NA1+5l—w(a)1 T N A e—w(d)e
w € Sg
A+0—w(0)>0

Now, letting N — oo, by Lemma 2, the right side tends to
A1+ 7&.}(5)1 )\g+557w(5)g
(5t) " (43*)

2 €(w) O+ 01—w@)! e+ 60— w(d))!

a+b I 1
- ( 2 ) 2 W —won

wE Sy
A6 —w(®) >0

This concludes the proof. H

Lemma 4 Letting k! =0 for k <0, then

1 1
(17) wggﬁ O NToow ~ Doy PMA+9),

A+d—w(0)>0

where VDM (A+0) is the classical Vandermonde determinant of the points A\; +4dy, ...

s

Proof.

7)\Z+



1 1
(18) 2 WnFs—woy o ((A—HJ)') <iger

w€E S,
A0 —w(d) >0

since sy = det (hy,—i+;), formula [8, (3.4),p. 41] (this is just an expression of the same
determinant in two different manners). Now,

_1_ 1 1
! D! Dot
1 1 1
(a—1)! D2)! T Date=2)!
det(-——F) = det
((/\i — i+ j)!)
1 1 1
Qe—0+1)!  (y—t+2)1 o)
A+0-1)1 (A +£—1)! M=t
! DT (ate—2)!
M2+0—2)!  (Aa+L—2)! Qotl=2)! 4
(A2—1)! (A2)! T (Aete=3)!
= Ag det
(A0)! (Ao)! (Ao)! 1
Ou—tD) g—t£2)! " (=D
M1, a1,y oo ate-1], 1
Do+l=2], | [Potl=2], 5 .. Pote=2), 1
= Ag det
elo—s P ) PR
where ] 1 1
A=

A+ l—DI Do+ 0=2)1 (A

and [z] = z(zx — 1)(x — 2) -+ (x — k + 1) is the Pochammer symbol.
Hence we have

det(

det (P\z + £ — i]é—j)gi,jéﬁ

1
(/\i—i+j)!): (A+0)!

10



But, since the basis z(x — 1)+ (x =€+ 2),z(x — 1) - (x — £+ 3),...,z,1 is equivalent
to the basis

r .,
then we can conclude that
1 Nl
det(m) = Mdet(()\i+€—z)€ )
- o O+ = 0+ =)
-~ G =)+ G =)

This latter is > 0 since \; > \; and j —¢> 0. W

We now return to the proof of the main theorem. Our goal is to establish (13) and we
will first assume that a + b # 0.
Now, since the classical Fekete points maximize |V DM|, we have

VDM (21, -, an)| < [VDM(f1,- -, fn)l-
But also, the generalized Fekete points maximize |V, | and so
Valfror oo )] < Valzn, -+ 2w,
ie.,
(19)  [sx(fr, - IV DM (fr, -+ )| < Jsa@y, - an) [[VDM (24, - -+ o)
Thus

e IV ()l < VDM ).
sx(z1,-,zw)
Hence our result follows once we have established that
N
o s ) [V
im =1.
N—oo S)\(,Th"’ 7CCN)

But from Lemma 4, (provided a + b # 0) we have

]\}ILI;O ’8)\<f17 v 7fN)|1/(];) =1

and so are left with the problem of showing that

N
(20) ]\}glgo|$/\(xl77x]\7)‘l/(2) =1.

11



Now, from (19), since |VDM (z1,---,xy)| < |VDM(f1,---, fn)| we must have

|sx(z1, - xn)| > |sa(fis -5 fn)]

and so (20) follows from

Lemma 5 There are constants C = C(\) and k = k(\) such that for alla < x; < --- <
TN S b7
Isx(z1,- -, xn)| < ON*.

Proof. By Hadamard’s determinant inequality applied to the identity sy = det (hy,—i+;)
8, (3.4),p. 41], we need only provide a polynomial bound for hy,_;1;. But, r = X\, —i+j <
A1+ £(A) — 1 and recall that h, is defined to the sum of all the monomials of ezact degree
r. Hence

N+r—-1
ton vl = () matal oy

The case a +b = 0 can be handled by replacing,e.g., b by —a + € and then letting
€ — 0+ . The details are not instructive and so we do not include them here.
The proof of Theorem 1 is now complete. H

Remark. Although we have stated our main theorem in terms of polynomial bases
obtained by restricting bivariate polynomials to the curves y = 2™, the proof is valid as
long as the associated \ is constant, i.e., independent of N. In particular the conclusion
remains valid for a basis of monomials with any fixed number of gaps in the sequence of
powers (beginning with the highest power).
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