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Abstract

We study theoretically and numerically trigonometric interpolation
on symmetric subintervals of [—m, 7], based on a family of Chebyshev-
like angular nodes (subperiodic interpolation). Their Lebesgue con-
stant increases logarithmically in the degree, and the associated Fejér-
like trigonometric quadrature formula has positive weights. Applica-
tions are given to the computation of the equilibrium measure of a
complex circle arc, and to algebraic cubature over circular sectors.

2000 AMS subject classification: 65740, 65D32.
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1 Introduction

It is well-known that any set of 2n + 1 equally spaced angular nodes in
[—7, ) is optimal for trigonometric interpolation of degree n, with Lebesgue
constant of order O(log(n)); cf. e.g., [3] and [4, Thm. 3]. On the other hand,
explicit near-optimal sets for trigonometric interpolation on subintervals of
[—7, 7] do not seem to be known, despite the fact that the problem is relevant
to real polynomial approximation on circular and spherical sections, such as
for example circular arcs, sectors, and lenses, or spherical caps, lunes, and
slices. Indeed, these are cases where the polynomials become trigonometric
or mixed algebraic-trigonometric in polar/spherical coordinates, with the
trigonometric part defined on arcs, or products of arcs.
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In this paper we study interpolation and quadrature by a family of
Chebyshev-like angular nodes in (—w,w) C (—m,7), which are the zeros of
the trigonometric function 75,41 (sin(0/2)/ sin(w/2)) (which is not a trigono-
metric polynomial, as opposed to Tb, (sin(6/2)/ sin(w/2)) which is a trigono-
metric polynomial of degree n). Here and below, Tj(-) = cos(k arccos(-))
denotes the Chebyshev polynomial of the first kind of degree k.

We prove that these angular nodes are unisolvent for trigonometric in-
terpolation of degree n on [—w,w]|, by providing compact interpolation for-
mulas, and that their Lebesgue constant is of order O(log(n)). Indeed, the
Lebesgue constant turns even out to be experimentally independent of w,
and thus exactly that of trigonometric interpolation at 2n+ 1 equally spaced
angular nodes in (—,7), which is the limit case as w — 7.

Moreover, we prove that the associated Fejér-like trigonometric quadra-
ture formula has positive weights, and we provide a Matlab code for the
computation of such weights.

Finally, we give two applications. The first is the computation of the
equilibrium measure (in the sense of complex potential theory) of an arc of
a circle. The second is the construction of product cubature formulas exact
for bivariate algebraic polynomials of degree < n over circular sectors, with
approximately n? nodes and positive weights.

2 Subperiodic trigonometric interpolation

In the sequel we use the change of variables

:%, fel-wuw, 0<w<m, 0<a=sinw/2)<1, (1)

and we denote by {¢; : 1 < j < 2n+ 1} the zeros of T5,41(x), namely

(2j — D)

— -1,1 j=1,2,...,2 1 2
2(2”“‘1))6( 7)7] = 7n+ ()

£ = &;(n) = cos <
to which correspond the Chebyshev-like angular nodes
6; :=0;(n,w) = 2arcsin(ag;) € (—~w,w), j=1,2,....2n+1, (3)

i.e., the zeros of T, 41(sin(0/2)/«). By definition we have &; = ésin(ej/Q).
Note that &,4+1 = cos(7/2) = 0 and hence 6,41 = 0, and for j # n + 1,
& = —&ant2—j and hence 6; = —02,42_;. Observe that for « =1 (w = 7),
the {0} turn out to be 2n + 1 equally spaced angular nodes in (—, 7).

We show now that {6;} is a unisolvent set for interpolation in
T, ([~w,w]) = span{1,cos(kf),sin(kf) , 1 <k <n, 0 € [-w,wl|},

the 2n + 1-dimensional space of trigonometric polynomials of degree not
greater than n, restricted to [—w,w] C [—7, 7.



Proposition 1 Denote by

0j(x) = Tont1(2) /(T 11 (§)(x = &5)) (4)

the j-th algebraic Lagrange polynomial for the nodes {&;}, £;(&k) = djk; cf.
(2) and [7, Ch.6]. The angular nodes {6;} in (3) are unisolvent for interpo-
lation in Tp([—w,w]) and, with x = Lsin(0/2) as in (1), the corresponding
trigonometric Lagrange polynomials can be written as

Ln41(0) = lot1(2) (5)
and for j #n+1

2 sin
Li(0) = 5 (65(2) + Lansa5(a) (1 * ;f”)
= a;(0)¢;(z) + b;(0)lant2-;(x) (6)
where
a;(0) = % (1 4 %) , by(0) = % (1 - %) —1—a,(0). (7)

Moreover, Loy o ;(6) = bj(0)0;(z) + a;(6)lanr2—;(x).

Proof. First note that although = = ésin(@ /2) is not a trigonometric poly-
nomial, z? = 2 sin*(6/2) = 555 (1 — cos(f)) is. Secondly, observe that for
J#n+1, l;(z)+ loptra—j(x) is even in x due to the symmetry of the &; and
also equal to 0 at = &,4+1 = 0. Hence ¢;(x) + f2,42—(x) is a polynomial in
22 and also divisible by x?. Consequently L;(6), as defined by (6) is indeed
a trigonometric polynomial.

Further, for j = n + 1, we also have that ¢,,11(x) is even in = by the
symmetry of the §; and hence a polynomial in x2. Tt follows that L, 1, as
defined by (5), is also a trigonometric polynomial.

Clearly, Ly4+1(0) = 041, Moreover, for j #n+1and k # j,2n+2—j,
we have L;(0)) = 0 since ¢;(&x) = lont2—; (&) = 0. For k = j,

5]2' sin((%))

Li(05) = sin(0;) &3

(4;(&5) + Lant2—5(&5)) (1 +

(1+0)x(1+1)=1

N — N~

and for k =2n + 2 — j,

2 .
Ly(Bansay) = 3 sm(—(%))

(4 (&2nr2—j) + lon+o—j(€ant2—j)) (1 + sin(0;) (—¢§;)?

(1+0) x (14 (=1)) =0,

N~ N~



since an_;_g_j = —fj and 92n+2—j = —9]'.
Concerning the second equality in (6), observe that
1 & sin(0) \ &
L) = 3 (6(0) + fansasy @) + 5 (£ 5005 ) & (060 + sy o)
| . L g sin(0)
(€j(@) + Lenta—j(2)) + 5 = Sin(6;) (€5(x) = lonta—;(x))

as can be easily checked by computing the summands at z = & (0 = 6),
k=1,...,2n+ 1. But,

§ sin(0) (W) 2sin(6/2) cos(0/2)  cos(0/2)

z sin(f;) (%) 2sin(0;/2) cos(6;/2)  cos(0;/2)

N = N

Hence,

1 cos(0/2) 1 cos(0/2)
Li0)==[14+—"220 ). — (1= 22X N gy o () .
i) 2 < + cos(ﬁj/2)> bi(@) + 2 < cos(6;/2) bn+2—4 (@)
The formula for Lo, 12_;(0) follows similarly. O

Proposition 2 Define the even and odd parts of a function f(6), 6 €
[~w,w] € [=7,7], as fe(0) = (f(0)+f(=0))/2 and fo(0) = (f(6)—f(-0))/2.
The trigonometric interpolating polynomial at the angular nodes {0;} can be
written

2n+1 2n+1 2n+1

> 0)L0) = 3 400 5e) - eo02) Y L@, ®)
j=1 i

where, as before, z = Lsin(6/2).

Proof. First, observe that
2n+1

Z F(0;) L;(8)
= Z {f(6; ) + f(O2n+2—;) Lonta—;(0)} + f (Ons1) Lot ()
= Z {£(05) Lj(0) + f(=05) Lant2—(0)} + f(On+1) Ln+1(9)

= Z {0, (@) + b;(0)lant2—j(x)) +F(=0;)(b;(0);(x) + a;(0)lant2-;(x))}
+ f( n+1) gn-ﬁ-l( )

Z )+ b;(0) f(—0;))4; (=)

+(bj(9)f(9]) +a;(0)f(—=0;))lan+2—5 ()} + f(On+1) bny1(2).
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Now, using the facts that a;(0) = 1/2 + (1/2) cos(6/2)/ cos(#;/2) and
bj(0) =1/2 — (1/2) cos(0/2)/ cos(0;/2), we get

2n+1
X 109100
f(0; f( i) | cos(8/2) f(0;) — f(=0))
‘Z{< ) 6
f(0;) + f(=0;) | cos(8/2) f(=0;)— f(0))
+ < 2 + cos(6;/2) 2 > €2n+2_j(x)}
+ f(0 n+1) 1($)
2n+1 2n+1
fO;) + F(=05) , cos(0/2) f(9;) + f(=05) ,
= Z ti(z) + ; cos(0;/2) 2 =)
ie, (8). O

Remark 1 The representation (8) allows an efficient and stable computa-
tion of the trigonometric interpolant, by resorting to the well-known barycen-
tric formula for algebraic Lagrange interpolation (cf., e.g., [1])).

We now turn to estimation of the Lebesgue constant of the angular nodes
(3). The first basic step is made by the next Proposition.

Proposition 3 Consider the angular nodes (3). The following identity
holds for |60 > |0;] (i.e., |x| > [&;])

1L (O)] + [L2nt2—; ()] = [€;(2)] + [lanta—; ()] - (9)

Proof. First note that 6/2 € [—~w/2,w/2] C [-7/2,7/2], hence cos(6/2) > 0
and cos(#;/2) > 0; in particular, a;(#) > 0 V0 € [-w,w]. In the case
|6] > |0;] we also have b;(6) > 0.

Note also that for |0] > 10|, ie. |z| > [§| = |S2nt2—j], ¢j(x) and
lon+2—j(z) have the same sign, by (4) and the fact that §; = —&apia—;.
Hence, for 0] > |6,/

1L;(0)] = aj(0)[4;(z)] + b;(0)|l2n+2—j(z)]
and
|Lan+2—(0)| = b;(0)[¢;(x)| + a;j(0)lan+2—j(2)] -
Thus,
1L (0)| + |Lant2—;(0)| = (a;(0) + b;(0))(1¢;(x)] + [f2n+2—;(x)])
= 4;(2)| + [lant2-j(z)| . O



Corollary 1 For |0] > |04, i.e., x| > |&1],

2n+1 2n+1
SIALiO) =D ()] (10)
j=1 j=1
Proposition 4 The Lebesgue function of the angular nodes (3) is bounded
as
2n+1 2n+1
1 1 2
Lj( —— (1 + —log(2n+1) ) .
Z O = Z GWls = < - o8 )>
(11)
Proof. We will show that
1 )
1L (0)] + | Lont2—5(0)] < N (16 (@) + [lant2-j(z)]), 1 =1,....,n+1,

from which the Proposition follows directly. For j = n -+ 1 this is trivial as
V1 —a? < 1. Hence suppose that j # n + 1. From Proposition 3, we need
only to consider || < |6;], i.e., |z| < |&;|. In this case, note that ¢;(z) and
lon42—j(x) have opposite signs, by (4).

Consider first the case when £;(x) > 0 and f2,42—j(x) < 0. Note also
that b;(6) < 0 for || < |0;| (whereas a;(#) > 0 V8 € [—w,w]. Hence

L;j(0) = a;(0)¢;(x) + (=b;(0))(—Lant2—;(z))
and thus
1L (0)] = a;(0)[4;(z)] — bj(0)[2n+2—j(2)] .
Similarly,
Lont2-j(0) = —((=0;(0))¢;(x) + a;(0)(—Llant2—;(x)))
and so
[Lon+2—;(0)| = (=b;(0))[£; ()] + a;(0)[l2nt2—; ()] -
Consequently,

1L (0)| + |Lant2—5(0)| = (a;(0) — b;(0))(1¢;(x)] + [l2nt2—;(2)])

- % (145 ()| + [2n+2—j(2)])-

Note now that cos(d;/2) = /1 —sin?(0;/2) = ,/1—@252 > v1—a? and

the results follows.
The case £j(x) < 0 and l9p42—j(x) > 0 is entirely similar. [

Estimate (11) is not useful for w — 7 (v — 1). On the other hand, we
have numerical evidence (see, e.g., Figure 1) that:



Figure 1: Lebesgue functions for degree n = 5 corresponding to the angular
nodes (3) for w = 7/3 (left) and w = /2 (right).

Conjecture 1 The mazimum of the Lebesgue function of the angular nodes
(3) (i.e., their Lebesgue constant) is attained at 6 = +w.

In view of the well-known fact that the global maximum of the Lebesgue
function of the Chebyshev nodes (2) is attained at £1 (cf. [5]), by Conjec-
ture 1, Corollary 1 and Proposition 4 it would follow immediately that the
Lebesgue function of the angular nodes (3) is independent of w, and hence
(cf. [8, Thm. 1.2]) that

2n+1
2
= E (0)] < = )
A, eelfl—&}fw] 2 |L;(0)] <1+ - log(2n +1) (12)

In Figure 2 we compare the numerically evaluated Lebesgue constant of
subperiodic trigonometric interpolation with 1+% log(2n+1),n =1,...,50.

3 Subperiodic trigonometric quadrature

Once we have at our disposal a set of unisolvent angular nodes, such as (3),
we can study the corresponding quadrature formula. Our main result is the
following:

Proposition 5 The interpolatory trigonometric quadrature formula based
on the angular nodes (8) has positive weights

0 <w! =wl(n,w) =2a 1M7x)dx =1 2
T = wT (n,w) =  j=1....2n+1. (13)
—1 V1 —a?a?

The weights can be computed by the even generalized Chebyshev moments as

2c -
T , -
Wi =5 <m0+2,§_1m2k ng(ﬁj)) , j=1,....2n+1, (14)
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Figure 2: numerically evaluated Lebesgue constant (o) compared with the
upper bound (12) (x).

where

Proof. First, observe that by the change of variables § = 2 arcsin(cr)

w Lvi() .

Hence we must show that the weights {\;} of the algebraic quadrature for-
mula for the weight function \(x) = 1/v/1 — o222, z € (—1,1), based on the
zeros of Ty, (x), are positive (0 < a < 1).

Now, setting x = cos(¢),

ot ) " sin(¢) ,
A= /_1 1 —a?z? o= 0 v/1—a?cos?(¢) fy(cos(9)) ds
But, as is well known,
1 2
{leos(d) = 3+ 1 3 cos(rdy) costr)
where cos(¢;) are the zeros of T,,(z), and so
A= X [ sin(¢) dé
o7 o V1 —a?cos?(9)



SYEN () i,
+T§::1<; 0 \/WCOS(T(ZS)d@ cos(re;) :Esn—l((lsj) (15)

where S,,_1(¢) is the Fourier cosine series of degree n — 1 for

sin(9)
V1 —a2cos2(¢)

Let A; denote the j — th Fourier coeflicient of Fi,(¢). Note that

2 [T i
Aomgr = — sin(9)

T Jo /1—a?cos?(¢)

since cos((2m + 1)(7m — ¢)) = (=1)"*H cos((2m + 1)¢) = — cos((2m + 1)¢).
Hence

Fo(o) ==

cos((2m + 1)¢)d¢p =0

S(¢) = Ao+ Y Agg cos(2ke).
k=1

We calculate

s 3 1
1 sin(¢) dop = L # dx = i arcsin(a) .

o Jo VI—aZcos?(¢)  am J V/1—a2 ar

Next, we show that Ay, < 0 for all k. First, note that

cos (@)
(1 - a? cos?(9))2

Ap

Fi(¢) = (1-a?)

and
sin(¢)(1 + 202 cos?(¢))

(1 — a2 cos2(¢))5/2

Fl(¢) = —-(1-0a?)

Hence

A =2 [ (o) cos(zko) do

/2
_4 / Fo(6) cos(2ke) do
0

™

4 sin(2k) “f’Z’T/ 2
— [ F (o) ——=
(o 02~

/2
~gr [ i) sinCio) d¢)

2 w/2 ) .
=~ | Fal0) sin(2ko) do
where F! (¢) > 0 and is strictly decreasing on [0, 7/2].
Observe that sin(2k¢) has alternating positive and negative zones all
of them symmetric and beginning with a positive zone. Figure 3 gives an
illustration for w = 7/5 and k = 6.



15F h
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Figure 3: F], for w = 7/5 and sin(2k¢) for k = 6.

Hence we may match each negative zone with its preceeding positive
zone. However, since F/(¢) is decreasing, the positive zone is always mul-
tiplied by a greater weight than the corresponding negative one. It follows
that

w/2
/ F!(¢) sin(2k¢) d¢ > 0
0

and thus As, < 0.
(From (15) we have

A =

313 3|>1

CQ/\/\

Ag — Z | Ak | cos( kqﬁ]))

Ap — |Ak|>

But since |sin(¢)|/4/1 — a? cos?(¢) is continuous and piecewise smooth on
[_777 7T]

SIa 313

lim S, (0) = F,(0) =0,

n—oo
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or, in other words,
n—1
i (0= S ) 0.
k=1
Now, Ag—S_721 |Ay| is a decrealusing sequence in 7 and so Ag—S7—1 |Ag| 1 0,
which implies that A9 — > 7 |Ax| > 0 for every n, and thus A; > 0 for
every j, which shows that w]T > 0 for every j.

Concerning computation of the weights, by the Christoffel-Darboux for-
mula for the Chebyshev polynomials (cf., e.g., [6, §1.3.3])

2n+1

142 Y Tu(a) Ti(y) = 2otz @Tont1®) = Do (@)Tons2(0)
k=1

r—=y

and the fact that To,,41(&;) = 0, T4, (&) = (=1)?"}(2n+1)/ sin(arccos(§;))

and Thy42(&5) = (—1)7 sin(arccos(;)), we get

2n
e — <1+22Tk($) Tk(ﬁj)) ,

2n+1 pt

from which (14) immediately follows by observing that the odd generalized
Chebyshev moments vanish. [

We have also numerical evidence that:

Conjecture 2 The weights of the interpolatory trigonometric quadrature
formula based on the angular nodes (3) satisfy the inequality

T

w
O<wf<i§wfc,j:1,...,2n+l (16)

where {wf} and {w]GC} are the weights of the algebraic Fejér and Gauss-
Chebyshev quadrature formulas in (—1,1), respectively.

For the reader’s convenience, a Matlab function (named trigquad.m)
that computes the angular nodes and weights of subperiodic trigonometric
quadrature, is available at: http://www.math.unipd.it/~marcov/CA Asoft.html.

4 Applications

4.1 The equilibrium measure of an arc of a circle in C!

As a first application, on the basis of the results above we compute in an
elementary way the potential theoretic equilibrium measure (cf. [2, p. 444])
of an arc of the complex unit circle

Fw:{ew: —wﬁ@ﬁw}
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with angle 2w. In what follows we set z = ¢ and z, = e"*.
If Li(0) is the trigonometric Lagrange polynomial of degree n for the
angular nodes (3), then substituting cos(jf) = (27 +277)/2, sin(j0) = (27 +

~7)/(2i) we see that
Pi(z) = 2" Ly(0)

is a complex algebraic polynomial of degree 2n. Further
Pi(zj) = 2j Li(05) = 2}/ ;0.
so that
lr(2) = 2" Pi(2)

is the complex Lagrange polynomial of degree 2n for the points 21, 2o, . .., zop11.
Also, the Lebesgue function is

2n+1 2n+1
Aon(2) = Z |0k(2)] = Z |Li(0)] = O(logn), z €T,
k=1 k=1

and hence the equally weighted discrete measure based on the {zx} (or {0x})
tends weak-* to the equilibrium measure for I'y, (cf., e.g., [2, Thm. 1.5]).
To find this measure we evaluate

2n+1 2n+1 1 2n+1

2n—|—1 Zf 2n1+1 Z”amsm(af’f)) 1 2 &)

k=1

where g(x) = f(2arcsin(ax)); cf. (1)—(3). But
2n+1
lim

. 1 1 1 1
A gy 29 =3 /_19(”“’) iz

k=1

since the {} are the zeros of Ty, 41(x).
Finally, by the change of variables § = 2 arcsin(ax) we get

I 1 1
;/_lg(x)m / f2arcs1n(ax))mdx

_ ﬁ /_ 2 £6) (tmw e cos(0/2) df

«

cos(9/2)
T or / s Va2 —sin?(0/2) .

Hence, we have shown the following

Theorem 1 The equilibrium measure for ', is
1 cos(0/2) do — 1 cos(0/2)
21 \/a? —sin?(0/2) 21 /sin?(w/2) — sin(6/2)

dp(0) = (17)
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4.2 Algebraic cubature over circular sectors

The subperiodic trigonometric quadrature formula of Proposition 5 allows
the construction of algebraic quadrature formulas over multivariate domains
or surfaces for which an algebraic polynomial, by a suitable change of vari-
ables (e.g., polar or spherical coordinates), becomes a tensor product trigono-
metric or mixed algebraic/trigonometric polynomial on domains related to
circular arcs. Examples are circular sectors and lenses, or spherical lat-long
rectangles, spherical caps and lunes, spherical slices, and even surface/solid
sections of the cylinder or of the torus.

One of the simplest cases is that of a circular sector, which, with no loss
of generality, can be taken as

S ={(z,y) = (pcos(0),psin(d)) , 0<p<1, —w<O<w}, we (0,7).

Algebraic cubature formulas, i.e., formulas exact for bivariate polynomials of
degree < n, over circular sectors do not seem to be known in the literature.
Having at disposal the subperiodic trigonometric quadrature of Proposition
5, it is now simple to construct a product-like cubature formula for a sector.

Indeed, any bivariate polynomial P(z,y) € P? becomes in polar coordi-
nates a tensor product polynomial in P, @ T,,. Hence

//S P(z,y)dz dy = /01 /_i P(pcos(6), psin(6)) pdf dp

[51+19p41

= 30wt ] P(of cos(y), pF sin(0y)) , VP EPE (18)
i=1 j=1

where {p{T'} and {w{L} are the nodes and weights of the Gauss-Legendre
formula of degree of exactness n + 1 on [0,1] (cf. [6]). Notice that the
cubature formula (18) has approximately n? nodes, and that it is stable
since its weights p{'l w{l w]T are all positive.

In Figure 4 we show the cubature nodes corresponding to different de-

grees of exactness in two circular sectors.
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