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Abstract

For analytic functions the remainder term of Gauss—Radau quadrature formulae can be represented as a contour integral with a
complex kernel. We study the kernel on elliptic contours with foci at the points 1 and a sum of semi-axes ¢ > 1 for the Chebyshev
weight function of the second kind. Starting from explicit expressions of the corresponding kernels the location of their maximum
modulus on ellipses is determined. The corresponding Gautschi’s conjecture from [On the remainder term for analytic functions of
Gauss—Lobatto and Gauss—Radau quadratures, Rocky Mountain J. Math. 21 (1991), 209-226] is proved.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In this paper we prove a conjecture of Gautschi [1] for the Gauss—Radau quadrature formula

1 N
/1 wO FOdt =3 7 f @) + Ry (P (1.1

v=1

with respect to the Chebyshev weight function of the second kind w(#) = w7 (t) = +/1 — 2 and with a fixed node at
—1 (or 1).

Let I" be a simple closed curve in the complex plane surrounding the interval [—1, 1] and & =int I' its interior. If the
integrand f'is analytic in & and continuous on &, then the remainder term Ry (f),, in (1.1) admits the contour integral
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representation

1
RN(f)w = z—yg Ky (z; w) f () dz, (1.2)
T r
where the kernel is given by

1 .
Kz w) = — /w(”“’w””)dr, 2E -1, 1],
oy(z;w) J_ 72—t

and oy (z; w) = ]_[v_l(z 7y). It is clear that

Ky w) = Ky(z; w). (1.3)

The integral representation (1.2) leads to the error estimate

RN () I<Q (r?eaFXIKN(z; w)l) (rznealzilf(z)o, (1.4)

where £(I') is the length of the contour I'. In order to get estimate (1.4), one has to study the magnitude of | Ky (z; w)|
on I'. Note that the previous formulae hold for every interpolatory quadrature rule with mutually different nodes on
[—1,1].

Many authors have used (1.4) to derive bounds of |Ry (f),,|. Two choices of the contour I" have been widely used:
(1) acircle C, with a center at the origin and aradius » (> 1),i.e.,C, ={z: |z| =r},r > 1, and (2) an ellipse &, with
foci at the points £1 and a sum of semi-axes ¢ > 1,

6o=1{z€Clz= 10" +o7'e7), 0<0<2n). (1.5)

When ¢ — 1 the ellipse shrinks to the interval [—1, 1], while with increasing ¢ it becomes more and more circle-like.
The advantage of the elliptical contours, compared to the circular ones, is that such a choice needs the analyticity of f
in a smaller region of the complex plane, especially when ¢ is near 1.

Since the ellipse &, has length £(&p) = 4¢~VE (¢), where ¢ is the eccentricity of &y, i.e.,e=2/(¢0 + Q_l), and

/2
E(¢) :/ V1 — 2sin’0d0
0

is the complete elliptic integral of the second kind, estimate (1.4) reduces to

€0,

2
Ry (P |<J<£nagx|1<mz w>|) Iflle: o= = (1.6)

where || f]lo = max c¢,| f(2)]. As we can see, the bound on the right-hand side in (1.6) is a function of g, so it can be
optimized with respect to ¢ > 1.

This approach was discussed first for Gaussian quadrature rules, in particular with respect to the Chebyshev weight
functions (cf. [4,5])

1 1+t 1—1t
s = 1 — 2, = _—, = _—,
N wa(t) =+ t w3 (1) =,/ T—; w4 (1) =, T

and later has been extended to Bernstein—Szegd weight functions [8] and some symmetric weight functions including
especially the Gegenbauer weight functions [10], as well as to Gauss—Lobatto and Gauss—Radau (cf. [1-3,6,9]), and
to Gauss—Turan (cf. [7]) quadrature rules.

In [1] Gautschi considered Gauss—Radau and Gauss—Lobatto quadrature rules relative to the four Chebyshev weight
functions w;, i =1, 2, 3, 4, and derived explicit expressions of the corresponding kernels Ky (z; w;),i =1, 2, 3,4, in
terms of the variable u = Qeie; they are the key for determining the maximum point of | Ky (z; w;)|,i = 1,2, 3,4, on
I'=&, given by (1.5). Note that z = (u +u ~1)/2. For Gauss—Lobatto quadratures it was proved that | K y (z; w1)| attains

wi () =
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its maximum on &, on the real axis (cf. [1, Theorem 4.1]). For w>, w3 and w4 only empirical results and conjectures
on the location of the maximum point on &, were presented. These conjectures have been proved by Schira (see [9]).

For Gauss—Radau quadratures with a fixed node at —1, Gautschi proved that the corresponding kernel K y (z; w) for
Chebyshev weight functions w = w and w = wy attains its maximum modulus on &, on the negative real axis (cf. [1,
Theorems 4.4 and 4.5]). For the remaining cases w = w; and w = w3 only empirical results and conjectures on the
location of the maximum point on &, for the corresponding kernels are presented in [1]. They are also mentioned in
[9], but without the proof. In this paper we derive an analytic proof of the conjecture for w = w>.

Thus, we are concerned with the Gauss—Radau quadrature rule (1.1) with respect to the weight function w = w, with
N =n + 1 nodes and a fixed node at —1 or 1. Because of symmetry, it is enough to consider only one case, e.g., when
11 = —1. It is well known that the node polynomial in this case can be expressed as

Ont1(z; w) = (1 + D) (z; wh),

where 7, (-; wR) denotes the monic polynomial of degree n orthogonal with respect to the weight function w® () =
(L+Dwa() =1+ 0321 —n)/2

2. The maximum of the kernel for Chebyshev weight function of the second kind

Gautschi [1, Eq. (3.16)] derived the explicit representation of the kernel on &,

n w—u N+ ®n+2)/n+1)

, 2.1
2 == 4 (1 2)/(n + D) — D) D

Kpt1(z; wo) =
u

where z = (u +u~")/2 and u = ge'’. Using (2.1) we can determine the modulus of the kernel on &y. Itis easy to prove

|u—u_1|=x/§\/a2—cos29, (2.2)

‘u—w””):i\/””/d—sinzf’, 2.3)
n+1 JoVvn+1 2
where

aj=aj(@ =30 +¢77). jeN, g>1, 24
and

d:d(g):%(%@+2+21igl). (2.5)
Further,

u

2
n+2 _ =42 4 nt2 <un+1 _ uf(n+l))
n+1

5 2
_ |:<Qn+2 _ Q—(n+2)) cos(n 4+ 2)0 + % (Qn+1 _ Q—(n+l)> cos(n + 1)0}
n

n—+1
= [0*"FD 4 o720FD 4 2 4cos’(n +2)0)

2\ 2
+ <n—-:: 1) [@2(”+1) +07 2D 42 —dcos*(n + 1)9]
n

2

+2 (n i 1) [(92”+3 + Q7(2n+3)) cos 0 — (Q + Qil) cos(2n + 3)9]
n
n+42
n+1

2 2
+ [(g”” + g‘("+2)) sin(n +2)0 + == (g"“ n g—<”+”) sin(n + 1)0}

—4

B(0),
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where

n+1
B(0) = B(p, 0) = m(aﬁ+2 — cos?(n +2)0)

2
+ %(ai_H —cos’(n+ 1)0) + azp+3cos 0 — ay cos(2n + 3)0. 2.6)

In this way we get

e |:(a2 — cos20)(d — sin2(6/2>)]” ’ 27

|Knt1(z; wo)| = RasTp) B(0)

For the location of the maximum point of | K41 (z; w2)| on & the following conjectures are presented in [1, p. 224]: if
n <3, the maximum is attained at z = — % (o+ Q’l) on every ellipse &y, ¢ > 1; if n > 4 there exist parameters g, = gy (n)
and g =g((n), 0o > @ such that the maximum is attained at z = — % (e+o Y wheng € (1, 00) U(gp, +00). Otherwise,
the maximum point moves on the ellipse &, from somewhere close to the imaginary axis to the negative real axis as ¢
increases.

With increasing n the parameters ¢(, converge to one rather rapidly (cf. [1, Table 4.2]). Hence, the part of the conjecture
whenn>4and g € (1, g;) is less important for practical use because the corresponding maximum tends to infinity for
increasing n and ¢ € (1, QE)). Therefore, the error bound (1.4) is rather poor in this case.

Theorem 2.1. For each integer n >4 there exists 9o = 0¢(n) such that the kernel of the (n + 1)-point Gauss—Radau
formula (with fixed node at —1) for the Chebyshev weight function of the second kind attains its maximum modulus on
& ¢ on the negative real axis when @ > gy. For n =1, 2, 3, the maximum of the kernel K, 1(z; wy) attains its maximum
on the negative real axis on every ellipse &, (¢ > 1). The maximum is given by

1 _
max |Knt1(z; w2)| = ‘Kn+l <_§(Q +o07h; wz)‘

z€é,

o @—o H(((n+2)/(n+1)—¢hH
- Qn+l Qn+2 _ Q—(n+2) —((n+2)/(n+ 1))(Qn+l _ Q—(n+l))'

Proof. First we show that the denominator of the previous fraction, i.e., the function

n+2
n—+1

n+l _

(0 0—(n+1))

Vig,n) =" — o= —

is always positive (¢ > 1, n € N). If n is fixed (V (¢) := V (0, n)), we get V/(p) = (n + 2)(¢ — (" — o~ ") >0
and V(1) =0.

We consider four separate cases: n = 1,n =2, n =3, and n >4.

Case n = 1: Using (2.1) we get

mw? - )GBu+2) | o~ !
uu® +3u5 —3u —2)| |+ 1)/Gu+2)|12u3 +u? +u+2|

[K2(z; wo)| = ‘

Now, we prove that both of the expressions in the denominator for fixed ¢ and 6 € [0, 7] attain their minimum modulus
when 0 = 7.
The first expression can be written as

u+1 1 1
== 1 + ’
3u+2 3 3u+2
from which it is evident that it attains its minimum modulus when 6 =7 (]1/(3u +2)| < 1 and attains maximum when
0= ).
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For the second expression we can get the following equality:
12u® 4+ u? + u + 217 = 32x3 + (807 + 1)x? + (4o — 220% 4+ 4)x + (40° — 30" — 3% + 4),

where x = R(u) = gcos 0, x € [—0, ¢]. We denote the right-hand side of the last equality as F(x) = F(x). Now it
suffices to prove F(x) — F(—9) >0, for x € [—9, o] and ¢ > 1:

F(x) — F(—90)
=320 +0%) + 8% + D(x? — 0H) + (4o* — 220 + H(x +0)
=2(x + 0)[16x% + (40% — 160 + 4)x + (20" — 40> + 50 — 40 + 2)].

For the discriminant of the polynomial in brackets D there holds
D = —16(¢ — 1)*(7¢° + 60 + 7) <0,

which completes the proof of this case.
Case n = 2: Using (2.1) we get
Kooy = D (7' +3)  mel - neusy)
’ wd oyt — 44 % (u3 —u=3) uud + 4u” — 4u — 3)
T 4u +3
u 3ub + 4ud + 3ut + 4 + 3u® + du + 3

Ktz wa)) = 2 2.8)
S PYTE '

where

3ul + 4 +3ut + 4P +3ul +4u+3
4y + 3 '

gu) =
By (2.8) and (1.3) it suffices to prove that |g(«)| attains its minimum when 0 = 7 (u = —p), i.e.,
gu)g) — g(—0)g(—) =0, 0 €0, ].
After some calculation we get

402 (y+ 1)
(3 — 40)?|4u + 3|2

gwg) — g(—0)g(—0) = P9, ),

where y = cos 0 and

P(o,y) = 144¢*(3 — 49)%’
+ 03(15360* — 46080> + 585607 — 36000 + 864)y™
+ 0%(5760° — 24000° + 25000* — 22080> + 28080% — 17280 + 324)y>
+ 0(3840% — 115207 + 10800° — 1960° — 1920* — 5040 + 12480> — 9000 + 216)y>
+ (1440'% — 6000° + 9130 — 60007 + 43205 — 43207 + 4180* — 768¢°
+ 864¢% — 4320 + 81)y
+ (420" — 1440"0 4+ 2580° — 33708 + 4260" — 4320° + 378¢° — 418¢*
+ 384¢0° — 2880% + 2169 — 81).
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Now it suffices to prove P(g, y) >0.If wetakep=x+ landy=¢—1,x >0, ¢ € [0, 2], we have

10
P(x+1,t—1)=42x" + Zbi(t)xi,
i=0

where

b1o(t) = 6(24t +29),

bo(t) = 24(161% + 3t + 28),

bg(1) = 5761 + 5761> — 8871 + 2170,

by(t) = 15361 — 39361 + 82801> — 85121 + 6230,

be(t) = 2(11528° — 26881* + 1461 + 78521 — 10332t + 5845),
bs(r) = 4(25921° — 103441* + 14118¢> — 49141 — 3766t + 3185),
ba(r) = 4(46441° — 206401* + 325171 — 198661> + 20937 + 1862),
b3(r) = 4(41768° — 19224* + 315561° — 21350¢> + 46067 + 539),
ba(t) = 4(19441° — 9048:* + 150361° — 104581% + 25481 + 49),
bi(r) = 48t (61> — 14t + 7)2,

bo(t) = 41 (61> — 14t + 7).

By computing their zeros, it can be seen that all functions b;(¢),i =0, 1, ..., 10, are nonnegative when ¢ € [0, 2].
Case n = 3: We prove this case in the same way as the previous one. From (2.1) we get

—1 —1 5
Ko wyy = & (u—u )<” +z) nw? — 1)(5u +4)
yw2) = — =
A S TS S (6 —u ) @l 5u® — Su— 4)
n Su+4
T ou 4uB 4 Su” 4 4ub 4 SuS + 4ut + S5ud + 4u? + S5u+ 4
ie.,
Kz wa)] = 2 2.9)
42 W) | = —, .
[A(u)]
where

4ud 4 5u” + 4u® + 500 + du* + 503 + 4u* + 5u + 4
h(u) = .
Su—+4
By (2.9) and (1.3) it suffices to prove that |4 («)| attains its minimum when 0 = 7 (u = —9), i.e.,
h(u)h@) — h(—0)h(—¢) =0, 0 € [0, 7].

After some calculation we get

40°(y + 1)

h(u)h(u) — h(—@)h(—9) =
Wh@) = h=h(—0) = =5

R(9, y).

After denotingo=x+landy=7r—1,x>0,¢ € [0, 2], we have

14
R(x+1,6—1)=90x" + Y ¢;(0)x',
i1=0
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where

c14(t) =50(8t + 11),

c13(t) = 20(501% + 98¢ + 81),

c12(t) = 16007> 4 5000¢% 4 2761t 4 3798,

c11(t) = 4(1000t* — 84013 + 72201% — 44671 + 3264),

cio(t) = 2(32002° — 400t — 10318¢> + 561921% — 56697t + 23670),

co(t) = 20(8007° — 2912¢° + 7400¢* — 1323017 + 2164212 — 188071 + 6462),

cg(r) = 2560017 — 8640015 + 467361° + 3178241 — 8456841° + 113973612 — 8307391 + 250710,

c7(1) = 2(8192017 — 4566401° + 9869441° — 895744r* + 1502413 + 6854641 — 5800201 + 170073),
co(r) = 44646417 — 278643210 + 6890432r° — 82883841* + 45220921 — 18499212 — 8965921 + 313902,
cs(t) = 4(16793617 — 10959681 + 28443201 — 36858481% + 241456213 — 6385741% — 495541 + 47295),
ca(t) = 415104017 — 10059201° + 26665841° — 35589841 + 24732691> — 8039461> + 634141 + 17280),
e3(r) =20(1638417 — 110112¢° 4 2946241 — 3981361* + 28314013 — 983341% + 11970t + 675),

ca (1) = 42560017 — 1726401° + 4635361° — 6292561* 4 4512121 — 16021812 + 216901 + 225),

c1(t) = 641 (—161° 4 541> — 541 + 15),
co(t) = 41 (=161 + 541> — 541 + 15)°.
By computing their zeros, it can be seen that all functions ¢;(z), i =0, 1, ..., 14, are nonnegative when ¢ € [0, 2],
which completes the proof of this case.
Case n >4: By (2.7) it is enough to prove
(ar — cos 20)(d — sin(0/2)) _(m-D@d-1
B(0) S B

s

for sufficiently large ¢ (¢ > ¢¢) and 0 € [0, 7).
The last inequality is reduced to

[(a2 — 1) + 2sin?0] [(d -1+ Cos2§] B(n)

1
<(@—-Dd-1) {%[(aﬁﬂ — 1) +sin*(n + 2)0]

n+2 .
+ m[(arle — 1) + Slllz(l/l + 1)9]
20 2 0
+az,4+3 | 2 cos 5~ 1) —a;|2cos (2n+3)§ -1,

and further, using the value of B(r) from (2.6) on the right-hand side,
»0 .20 .2
(ay — 1)(d — 1)B(n) + | (ap — 1)cos 0 4+ | d —sin 3 2sin“0 | B(n)

S(a2 —D(d - DB(m) + (a2 — D(d — 1) [2a2n+3 Coszg

n—+2

1
nt 1 sin®(n + 1)9].

n+2sin2(n+2)0+ .

0
—2a cos*(2n + 3)5 +
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Table 1

n Qo n Qo

4 4.7394 9 16.4698
5 7.7651 10 18.5332
6 10.0870 11 20.5829
7 12.2672 12 22.6229
8 14.3854 13 24.6557

x 108

15 |

Fig. 1. The typical graph of G(@).

After dividing this by cos?(0/2) we have

cos?(2n +3)(0/2)
cos2(0/2)

2(az = D)(d = Dazpys —2(aa — D(d - Day

—[(ay — 1) + 8 (d — sin(0/2))sin(0/2)] B(r)

1 2
+(a—1d—1) n sinz(n+2)9+n+ sin’(n 4+ 1)0| >0.
n+?2 n+1
Since
cos?(2n 4 3)(0/2)
ma =(n +3)2,
06[0,);[] cos2(0/2) (2n+3)
C=Clo):= max 8(d—sin?’)sin2 = [8@—1D ifd>2. (2.10)
T peton 2 2 | 247 if d <2, :
2)0 1ot =0,
egg(l)fln]{nﬁ—zsm n+2) +n+lsm (n+1) }
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we conclude that the left-hand side of the last inequality is greater than or equal to G(9) = G, (¢), where
G () =2(a2 — N(d — Daznys — 2(az — (d — Da1(2n +3)* = (a2 — 1 + C)B(m).
Using (2.4), (2.5) and (2.10) we get

2n+5
1/n+2 n+1 2 .
Glo)=-|—=— n+6 E L(n)d, o0=o,, 2.11
() 8<n+1 n+2>9 +' i(n)g', 0=94 (2.11)
i=—(2n+6)

where g, is the unique zero greater than 1 of the equation d(¢) =2. When ¢ € (1, ¢;), G (o) is less than the function from
right-hand side of (2.11). Since G(g) is continuous when ¢ > 1 and lim,_, 15, G (@) = +00, it follows that G(¢) > 0,
for each ¢ > g, where gy is the largest zero of G(9). U

The values of g for some values of n are displayed in Table 1. All values of g, except when n = 4, are optimal in a
sense that for ¢ < gy (and ¢ > @) the point z = —%(Q + 071 is not a maximum point. The optimal value of 0o When
n =41is4.7385. The values forn =35, ..., 10 coincide with the values g, given in [1, Table 4.2].

A typical graph of G(p) is displayed in Fig. 1. Here n = 4.
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