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ABSTRACT. We discuss Lagrange interpolation on two sets of nodes in two
dimensions where the coordinates of the nodes are Chebyshev points having
either the same or opposite parity. We use a formula of Xu for Lagrange poly-
nomials to obtain a general interpolation theorem for bivariate polynomials at
either set of Chebyshev nodes. An extra term must be added to the interpola-
tion formula to handle all polynomials with the same degree as the Lagrange
polynomials. We express this term as a specifically determined linear com-
bination of canonical polynomials that vanish on the set of Chebyshev nodes
being considered.

As an application we deduce in an elementary way known minimal and near
minimal cubature formulas applying to both the even and the odd Chebyshev
nodes. Finally, we restrict to triangular subsets of the Chebyshev nodes to
show unisolvence and deduce a Lagrange interpolation formula for bivariate
symmetric and skew-symmetric polynomials. This result leads to another proof
of the interpolation formula.

1. INTRODUCTION

Given a natural number m, let T,,,(t) = cos(m arccos(t)) denote the Chebyshev
polynomial of degree m. The corresponding Chebyshev points are given by

nm
hn:cos(—), n=0,...,m,
m

and satisfy T, (h,) = (—1)" for these n. In [5] we defined the sets of even and
odd Chebyshev nodes as two dimensional generalizations of the Chebyshev points.
These are important because they are the nodes of a Duffin-Schaeffer-type extension
of Markov’s theorem for derivatives of polynomials on the unit square of R? (see
[6]) and the nodes of a minimal (or near minimal) Gauss-Lobatto-type cubature
formula in R* (see [1]). More generally, these nodes arise naturally in bivariate
polynomial inequalities on the unit square when the Chebyshev polynomials of a
single variable are extremal. (See Lemma 6 of [5].)

The Padua points are a related set of nodes that have the advantage of being
unisolvent so no additional terms are needed in the corresponding interpolation
formula. In particular, cubature formulas and Lagrange polynomials at these nodes
are developed in [2], [3] and [4].
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We recall from [5] the definition and properties of an explicit form of Lagrange
polynomials for the Chebyshev nodes. Specifically, the set N of even (respectively,
N1 of odd) Chebyshev nodes is the set of ordered pairs (hy,, hy), 0 < n,q < m, where
n and ¢ are both even or both odd (respectively, n is even and ¢ is odd or n is odd
and ¢ is even). Thus, if k =0 or k =1,

N = {(hn,hg): (n,q) € Qr}, where

Qr = {(n,g): 0<n,¢g<m, n—q=kmod 2}.
As in [5], we define (by a single formula) a set of Lagrange polynomials for the
even Chebyshev nodes and a set of Lagrange polynomials for the odd Chebyshev
nodes. Let ¢;j =1for j =1,...,m —1 and ¢; = 1/2 when j = 0 or j = m. For
0 < n,q <m, define

2
(1.1) P q(s,t)= chchm(&t, By hy),

where

Gu(s,touw) = 45 S Ti ()T (0T (w)Ty (v)
i=0 ;=0

(1.2) 5 () T () + T ()T ().

Here the symbol ” in a sum indicates that the first and last terms of the sum
are divided by 2. (When the sum has only one term, this term is divided by 2
only once.) Clearly each P, , is a polynomial of degree m. Our formula has been
obtained from [8].

The following Lagrange property of these polynomials is basic to our main results.
An elementary proof is given in the Appendix of [6].

Lemma 1.1. Suppose 0 < n,q < m. Let k =0 when n — q is even and let k =1
when n — q is odd. Then P, ¢(hn,hq) =1 and P, 4(x) = 0 whenever x € Ny, and

x # (hn, hy).
Given kK =0 or k =1, define
(1.3) Vi(s,t) = Tpi(8)Ti(t) — (=1)*T3(8)Tp_i(t), i=0,...,m,

and note that V; is a polynomial of degree m (except when V; = 0). An important
property of these polynomials is that they vanish on the set N of Chebyshev
nodes. This is easy to verify since Tp,—i(hy) = (—=1)"T;(hy,) for i = 0,...,m and
n=20,...,m.

The following is an interpolation formula for the Chebyshev nodes that is shown
in [5] to follow from Lemma 1.1 by basic linear algebra.

Lemma 1.2. Let k =0 or k = 1. If p(s,t) is a polynomial of degree at most m,
then
p= Y plhn hg)Png+Dy
(n,q)€Qu
where Dy, is a linear combination of the polynomials (1.3).

Our motivation for considering Lagrange interpolation in this context is to obtain
multivariate polynomial inequalities similar to those that have been obtained with
single-variable Lagrange interpolation. (See [6].)
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2. LAGRANGE INTERPOLATION

The next theorem obtains an explicit determination of the linear combination
mentioned in Lemma 1.2. In particular, the theorem shows that Lagrange interpo-
lation holds on Ay and Ay for all bivariate polynomials of degree at most m — 1.
This case has been considered previously in [1, Theorem 2.4] but the polynomials
in the interpolation formula there are not the Lagrange polynomials for the points
of interpolation.

Theorem 2.1. Let k = 0 or k = 1. Suppose p(s,t) is a polynomial of degree at
most m and write

m

(21) p(s,t) = Zaismiiti +pm71(5at)v
i=0

where pm_1 18 a polynomial of degree at most m — 1. Then

1 i "
(2.2) b= Z P(hn, hq)Pn,q + om—1 Z a;Vj.
(n,q)€Qu =0
Corollary 2.2. If p is given by (2.1), then
(2.3) p=">_ Phn,hg)Puy
(n,9)€EQk

if and only if apm_; = (—1)*a; fori=0,...,m.

Proof. To prove Theorem 2.1, put

(2.4) aiZQfﬁQ, i=0,...,m,

where ¢; is defined before (1.1). Since each of the polynomials
ais™ " — T _i(s)Ts(t), i=0,...,m,

has degree at most m — 1, equation (2.1) may be written as
(2.5) p(s,t) = > T i()Ti(t) + pm-1(s,1),
i=0

where p,,—1 is a (different) polynomial of degree at most m — 1. By Lemma 1.2,
we may write

(2.6) p=Y_ plhn hg)Pog+Dy,
(n,9)€Qk

where P, = Z;io a;V; and @y, ..., a,, are constants. Thus it suffices to show that
Dy = %ZZO a;V;. We do this by taking the inner product of each side of (2.6)
with V;.

Specifically, define an inner product on the space X of real polynomials in two
variables of degree at most m by

1 1
(2.7) (f,9) :[1[1f(s,t)g(s,t)w(5)w(t) dsdt, f,g¢€ X,

where w(t) = 1/(mv1—1¢2). Clearly {T;_;(s)T;(t) : 0 < j < i < m} is an
orthogonal basis for X. Put 7; = ||T;n_i(s)Ti(t)||* and note that ~,,_; = 7; for
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1 =0,...,m. Given 0 < ¢ < m, one can verify by taking inner products term by
term that
(pa ‘/Z) = [ai - (_l)kamfi]’yw
Vi) = 2@ — (=) @il

Also, (P, Vi) = 0 for all (n,q) € Qy since (G (-,-,u,v),V;) = ZCffyi‘/;(u,v).
Hence by (2.6),

oy — (71)kam_i = 2[@1 — (71)k5m_7]
Thus, it follows from the identity V; = —(—1)*V;,_; that

m m m m
1 1 1 "
B (zv . zam_ivm_,;) N ST
1=0 1=0 1=0 =0
as asserted.

To prove Corollary 2.2, note that (2.3) holds if and only if Z” a;V; = 0. Hence
i=0
this corollary follows from the identity

S avi= 3 s~ (<1 i T () Ti(1).
=0 =0
O

As an application of Lemma 1.2, we deduce the following minimal and near
minimal cubature formulas. (See [8], [1] and [5]).

Corollary 2.3. Let w(t) = ﬁ and let k=0 or k=1. Then
1 1 2

(2.8) / / p(s, hw(s)w(t) ds dt = — > cncgplhn, hy),
—h (n,q)€EQk

for all polynomials p(s,t) of degree at most 2m — 1.

Proof. Let X be the space of all real polynomials in two variables of degree at most
m — 1 with inner product given by (2.7). The reproducing kernel for X is given by

where )
aj:/ T w(t)dt,  j=0,....m—1

Since o;j = 1 when j =0 and a; = 1/2 when j > 0, we may write

m—1 3
I "

Kip—1(s,tu,v) =4 Z Z Tij (S>TJ (t)Ti*j (U)Tj (v),
i=0 j=0
where the symbol ’ indicates that the first term of the sum is divided by 2. Hence,
for fixed real numbers u and v, it follows that Gy, (s,t,u,v) — Kpn—1(s,t,u,v) is a
linear combination of the functions {T,,—;(s)T;(t) : 0 < j < m}. Therefore, if p;
is in X, then p; is orthogonal to these functions, so

(29) pl(UaU) = (plaKm—l('y ~,u,v)) = (plma('a ',U,’U)).
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In a similar way, (p1,V;) =0 for i =0,...,m.
If py is a polynomial in two variables of degree at most m, then by (2.6),

m

pa(s,t) = D BugGm(s,t,hn hy) + > @Vils, 1),

(n,q)€Qk i=0

where 3, 4 = %cncqu(hn, hg) for (n,q) € Qr. Hence by (2.9),

(plap2) = Z Bn,qpl(hna hq)
(n,q)€EQk

2
= ﬁ Z Cncqpl(hnvhq)p2(hn7hq)-

(n,9)€Q%

Therefore (2.8) holds when p = p1ps and thus it holds when p is any polynomial in
two variables of degree at most 2m — 1 since p is a linear combination of monomials
of the form pyps. (I

3. INTERPOLATION OF SYMMETRIC AND SKEW-SYMMETRIC POLYNOMIALS

In this section we show without appealing to Theorem 2.1 or Corollary 2.2 that
the Lagrange interpolation formula holds without extra terms in the case of sym-
metric and skew symmetric polynomials. We then sketch an alternate proof of
Theorem 2.1 using this fact and the cubature formula.

To state our results, suppose £ =0 or k = 1 and let Si be the space of all poly-
nomials p in two variables with degree at most m satisfying p(t,s) = (—1)*p(s, t)
for all (s,t) € R?. Hence Sy is a space of symmetric polynomials and Sy is a space
of skew-symmetric polynomials. Since the value of such a polynomial on a node
(hg, hy) is known when its value at (h,, hy) is known, we restrict to the case ¢ <n
and denote this with the superscript A. Thus, we define

kA = {(n,¢): 0<g<n<m, n—qg==kmod2} and
Ne = {(hnhg): (n,q) € QR).
Clearly,
N ={(hn,hy) €Nk q<n}.

We refer to the above as a triangular set of nodes. An important property of these
nodes is that they have the same cardinality as the dimension of the corresponding
space of symmetric or skew-symmetric polynomials. The following theorem shows
that the Lagrange interpolation problem is unisolvent with respect to the triangular

even (respectively, odd) Chebyshev nodes for the space of symmetric (respectively,
skew-symmetric) polynomials in two variables with degree at most m.

Theorem 3.1.. Let k = 0 or k = 1. For every real-valued function f on QkA.
there exists exactly one polynomial p in Sy such that p(hy,he) = f(n,q) for all

(n,q) € Qi
Given (n,q) € Qf, define

A _f Phg(st) + (—1)’“Pn7q(t, s) ifg<n
(3.1) P"’q(s’t) B { P, n(s,t) ifg=n
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Clearly PZ, is in Sg. By Lemma 1.1, P2, (hn, hq) = 1 and P23, (z) = 0 whenever
z € Ni and @ # (hy,hg). Thus {P2, : (n,q) € Q2} is a set of Lagrange
polynomials for N

Corollary 3.2. If p is a polynomial in Sy, then

(3.2) p=>_ P hgPly= > plhn, hg)Pug.
(n,q)eQy (n,q)€Qx

Proof. We first observe that the number Ny of nodes in N4 is the same as the
dimension of Si. Indeed, given (n,q) € Q% define

bn.qg(s,t) = st + (=1)Fs7t",  where

_ntq+k . n—q—k
-T2 T T
Then {¢nq4: (n,q) € Q2} is a basis for S;. Clearly, PnA’q is a linear combination

of the polynomials {¢,,q : (n,q) € QkA} since it is in Sg. Since there is a linear
combination p of the Prﬁq’s that satisfies the required equations, the Ny x N system
of equations

(33) Z ¢n,q(hn’a hq’)mn,q = f(n/, q/)v (nlv q/) € QkAa

(n,9)eQy

has a solution {z, 4 : (n,q) € Q{} for each f. Thus these solutions are unique,
which proves Theorem 3.1.

To prove the corollary, observe that the difference between the the sides of the
first equality of (3.2) is a polynomial in Sj that vanishes on all points of A5
and hence is identically zero by uniqueness. The second inequality of (3.2) follows
directly from (3.1), the identity P, 4(¢,s) = P, »(s,t) and the symmetry of Q. O

Alternate proof of Theorem 2.1. We deduce Theorem 2.1 from the cubature for-
mula given in Corollary 2.3 and from Corollary 3.2. Indeed, it follows from formula
(2.9) and Corollary 2.3 that Theorem 2.1 holds whenever p is a polynomial of degree
at most m — 1. (Compare [1, p. 120].) Thus by (2.5), it suffices to show that

B4 T = Y Tl Tilhg) Pugls,0) + 5Vils, )
(n,9)€EQkK

for i =0,...,m. Given such i, note that Corollary 3.2 applies to
1
Si(s:1) = 5 [Tm—i(8)T3(t) + (= 1)"Ti(5) T (8)]

since S; is in S. Hence (3.4) follows since S;(hy, hq) = Tm—i(hn)Ti(hq) for all
(n,q) € Qk and

L (T 1) = S:(s,1) + 3 Vils. 1)
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