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Abstract In certain spaces of analytic functions the error term of a quadrature
formula is a bounded linear functional. We give a survey of the methods used
in order to compute explicitly, or in some cases estimate, the norm of the error
functional. The results, some of which are fairly recent, cover Gauss, Gauss—
Lobatto, Gauss—Radau, Gauss—Kronrod and Fejér type rules.
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1 Introduction

The most common method for estimating the error of a quadrature formula
is by means of a high-order derivative of the function involved. The disadvan-
tages of such an approach are too well-known to be analyzed here. Derivative-
free error estimates can be obtained by either contour integration or Hilbert
space methods.

Contour integration techniques appeared for the first time in a 1932 pa-
per by Fock (cf. [9]) for estimating the error of Gaussian quadrature rules,
although the same idea had been previously used by Hermite in 1878 (cf. [21]),
and Heine in 1881 (cf. [20, p. 16]), for estimating the error in polyno-
mial interpolation; the latter, when integrated, leads to error estimates for
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interpolatory quadrature rules. The method is fairly straightforward; using
Cauchy’s theorem, the error term R,(f) of a quadrature formula can be
estimated by

IR, ()] < l;—;) max | K, (2)] glggclf(z)l,

assuming that f is analytic in a domain D, I' is a contour in D surrounding
the interval of integration, /(') is the length of ", and K,,(z) is the so-called
kernel (for further details see the end of Section 2). An apparent advantage
of this method is that the above estimate can be optimized by appropriately
choosing the contour I'; contours most frequently used are either concentric
circles or confocal ellipses; the latter shrink to the interval of integration as the
sum of the semiaxes approaches 1, and this makes them a preferred choice for
functions having a pole in the vicinity of the interval of integration. All this
gave rise to a rich literature; for the earlier work on the subject one can look
at [8, Section 4.6], [10, Section 4.1.1] and [13], while more recent results can be
found in [23-39, 46, 48-56].

Hilbert space methods were first proposed by Davis in 1953 (see [6]), who
considered the error term R, ( f) of a quadrature formula as a bounded linear
functional in an appropriate Hilbert space H of analytic functions f. Then one
immediately obtains

|Ru(OI = IRl I f1I, (1.1)

where || R, || is the norm of the error functional R, and || f|| is the norm of f in
the Hilbert space H. This approach has a number of advantages. For one thing,
it is quite sharp as equality can be obtained in (1.1) for some f € H.Moreover,
the nice separation of (1.1) between the influence of the quadrature formula
(expressed by || R,||) and of the function to which it is applied (expressed by
Il f1I) allows to compare estimates coming from different quadrature rules. Of
course, all these depend on the ability to compute not only the norm of f, but
also the norm of R,. Regarding the latter, if {px} is a complete orthonormal
system in H, then

IRAI? =" 1R (Pl

k=0

The idea of Davis was soon followed by work of Davis and Rabinowitz
[7], Yanagiwara [57] and Himmerlin [16-18] with an aim towards obtaining
bounds of || R, | for specific quadrature rules and Hilbert spaces H. This in-
spired many authors to try minimizing || R, | over certain classes of quadrature
rules. Extensive reviews on the subject can be found in [8, Section 4.7], [10,
Section 4.1.2] and [13].

It is obvious that estimate (1.1) is sharper whenever || R, || can be computed
explicitly in an appropriate Hilbert space H. The inspiration was given by
Hammerlin in [19], where he defined a seminormed linear space in order to
estimate the error of the Gauss formula for the Legendre weight function. In
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the present paper, we review error estimates of type (1.1) where ||R,| can
be computed explicitly. Our estimates concern Gauss, Gauss—Lobatto, Gauss—
Radau, Gauss—Kronrod and interpolatory quadrature rules.

2 The norm of the error functional

We consider the quadrature formula

1 n
/ 1 fOw@di = "w, f(1,) + Ra( ), (2.1)
- v=1

where w is a nonnegative weight function, assumed to be integrable over
[—1, 1], the 7, are certain distinct nodes in [—1, 1], ordered decreasingly, and
the w, are the corresponding weights.

An interesting method for obtaining derivative-free error estimates was
suggested by Hiammerlin in [19]. Let f be a holomorphic function in C, = {z €
C:|z| <r}, r > 1. Then f can be written as

f@) =) az*. zeC,. (2.2)
k=0
Define
| fl» = sup {lax|r* : k € Ny and R, (i*) # 0}. (2.3)

Then | - |, is a seminorm in the space
X, ={f: fholomorphicin C, and | f|, < oo}.
As f e C[—1, 1], we have, from (2.1),

n
R, ()] < <||w||1 +Z|wv|> I flloo, (2.4)

v=1
where || - ||; and || - | denote the L; and L, norm of a function, respectively;
hence, R, is a bounded and, equivalently, continuous linear functional on
(C[—1,11, ||l - lleo)- The continuity of R,, together with the uniform conver-

gence of the series in (2.2) on [—1, 1], implies
Ry(f) =) axR, ("),
k=0

which, by virtue of (2.3), gives

0 k
IR.(f)] < [Z W} | 1. (2.5)
k=0

@ Springer



558 Numer Algor (2012) 60:555-578

As, from (2.4), |R,(1)] < wll; + Y__, lw,], the series in (2.5) is converging,
and therefore R, is a bounded linear functional on (X, | - |,) with norm || R,||.
Consequently,

Ry (DI = IRalll flr (2.6)
where, from (2.5),
* R, (t
IRl < Z—' r,E )| 2.7)
k=0
k

Furthermore, for ¢(z) = Y, sign(R, (tk))z—k, hence, |¢|, = 1, we have
14

> sign (R, (t)) R, (t*
Ry = 30 S KON Rl
k=0

that is,

| Ru(¢)| = [i ‘Rrﬂ} Iy

which, combined with (2.7), implies
o~ [ R ()]
IR, = ; s (2.8)

The computation of the seminorm | f|, requires the knowledge of the
coefficients ax, k >0 (cf. (2.2)), which are not always available, hence | f|,
often has to be estimated. If f belongs to the Hardy space H»,

H, = { f: fholomorphicin C, and || f|,., = (/
z

lzl=r

12
If(z)lzldz|> < 00},

k

. z
then the polynomials py(z) = T k=0,1,2,..., form a complete or-
r Tr
thonormal system in H,, thus, from Parseval’s identity, we have

00 12
I fll2,r = v2mr (Z Iak|2r2k) ,
k=0
and given that

[o.¢]

> la? % = sup {lac* r** < k € No}

k=0

> sup {|ak|2r2k :keNpand R, (tk) #0} =117,
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we get

Iflr_rllfllzr

Also, from the latter and the definition of || f]|,,,, there follows that

Ifl, < max | f(2)] (2.9)

(cf. [19, Section 4] or [1, Section 1.1]).

Although formula (2.8) is useful for obtaining an estimate for || R,| (see
[19, 41]), it cannot be used for computing || R,|| explicitly. A practical repre-
sentation for || R,| can be derived if we have some information on the sign
of R,(*), k> 0; and the representation becomes particularly useful if the
quadrature formula (2.1) is of interpolatory type. All this was presented for
the first time by Akrivis in [1, Section 1.2] and is summarized in Theorem 2.1.

Formula (2.1) is called interpolatory if it integrates exactly all polynomials of
degree up to (atleast) n — 1,i.e., R,(f) = Oforall f € P,_;. Many well-known
formulae are of interpolatory type, among them the Gauss, Gauss—Lobatto,
Gauss—Radau and Gauss—Kronrod rules as well as the Fejér rule of the first or
second kind (also known as Pdlya and Filippi rule, respectively), and the Basu
and Clenshaw—Curtis rules.

Theorem 2.1 Consider the quadrature formula (2.1). Let 7, (t) = TI'_,(t — 7))
and e € {—1, 1}.

(a) IfeR,(t*) >0, k >0, then

[Rull =71 |R

; (%—1)‘ . (2.10)

1f, in addition, formula (2.1) is interpolatory, then

[ Rull =r e A (2.11)
(b) Ife(=D¥R,(t*) = 0, k > 0, then
IRl =7 R, (L)‘ . (2.12)
r+i
If, in addition, formula (2.1) is interpolatory, then
n(t
IRl =r|——5 | rizw(t)dt . (2.13)
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Proof

(a) From (2.8), we have, in view of € R,(t*) > 0, k > 0, and the continuity of
Rn on (C[_lv 1]3 ” : ”OO)’

o0 o
e Ry (1) €R, (")
”Rn”=ZW=Z P

k=0 k=0
R, (t%) > > 0\ *
[ i B e (1))
k=0 k= k=0

[ (S0 ) = e () = ()

If formula (2.1) is interpolatory, then, letting p,,_; to be the polynomial
of degree at most n — 1 interpolating the function 1/(r — ) at the points
71, To, ..., Ty, We have

1 1= =0paa@®

: — pn—l([) = ¢ . (214)

Now, as the left-hand side vanishes at the interpolating points, the

71, T2, - . ., T, Must be zeros of the numerator on the right-hand side, and
as this is a polynomial of degree at most n, we get
L= —=0pn1(0) = cym, (D). (2.15)

If we write p,_; in the Lagrange form of the interpolating polynomial and
then equalize the coefficients of #* on both sides of (2.15) or set t = r in
(2.15), we find

1
Ch = ——»
7T (1)
which, inserted into (2.15), gives, together with (2.14),
1 I (0
— pu () = . 2.16
r—t Pn-1() ma(r)r—t ( )

Now, if we integrate (2.16) with respect to the weight function w on

[—1, 1], we get
1
Rn< ! ): ! f””(t)w(t)dt,
r—t w,(r) J_r—t

which, inserted into (2.10), implies (2.11).

(b) The proof is similar to that of part (a) using the condition € (—1)* R, (t*) >
0, k>0, and the function 1/(r + 1) instead of R, (t*) >0, k>0, and
1/(r — 1), respectively. O
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Incidentally, estimate (2.6) with | f|, bounded by (2.9) can be obtained by
a contour integration method (cf. [13]). If f is a single-valued holomorphic
function in a domain D containing [—1, 1] in its interior, and T is a contour in
D surrounding [—1, 1], then applying the error term R, ( f), viewed as a linear
functional, on Cauchy’s formula

f(z)
f()—zm —t . te[=1,1],
we get the representation
1
Ru(f) = T?{ Kn(2) f(2)dz, 217)
Tl Jr

where the function K,,(z), referred to as the kernel, is given by

K,(z) = R, (L) .
Z —_

From (2.17), there immediately follows

(I
IR, ()] < - max | K, (z)| max | f(2)], (2.18)
7T zel zel
where /(") denotes the length of I'. Now, taking ' =3C, = {z € C: |z]| =

r}, r > 1, it can be shown, using arguments similar to those of Theorem 2.1,
that

|Kn(r)] if €R, (%) >0, k>0,
max | K, (2)| =
= |K (=P if e(=1FR, (%) >0, k >0

—Z [Ru@)] _ IRl

rk+1 r

(cf. (2.8)), and given that /(dC,) = 2xr, (2.18) gives
Ry ()] < IRl ﬁll?grdf(zﬂ- (2.19)

3 Computation of the error norm

The estimation or computation of ||R,|| in (X,,|-|,) by means of formula
(2.8) or Theorem 2.1 began with the work of Himmerlin in 1972 (cf. [19])
for estimating || R, || in the case of the Gauss formula for the Legendre weight
function w(f) =1, —1 <t < 1. Starting from (2.8) and estimating effectively
IR, (£*%)|, k > n (by symmetry, R,(t**"') =0, k > 1), he obtained

2214 |: r B r }
n2n+ H{2)!1N2 | (r— D r+ 1)

This was continued a few years later by Akrivis (cf. [1, 2]). He obtained
estimates for and examined the asymptotic behavior as r — 17 of | R,| for

Rl <
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symmetric quadrature formulae, such as the Gauss and Gauss—Lobatto rules
for the Gegenbauer weight function w() = (1 — 2%, a > —1, -1 <t <1,
paying particular attention to the special cases « = 0 (Legendre weight) and
« = F1/2 (Chebyshev weights of the first or second kind), or the Filippi
and Clenshaw—Curtis rules. Subsequently, all this was extended (cf. [1, 5])
to nonsymmetric quadrature formulae, such as the Gauss rule for the Jacobi
weight function w(t) = (1 — )*(1 +1)?, o, 8 > —1, —1 <t < 1, paying partic-
ular attention to the case « = —f = F1/2 (Chebyshev weights of the third
or fourth kind), or the Gauss-Radau rule for the Legendre weight function.
The methods used are based on expressions of the form || R, || = r| R, (¢)| with
an appropriate ¢ (cf. (2.10) and (2.12)), and then utilizing either the best
approximation of ¢ in P4, where d is the degree of exactness of the quadrature
formula in question, or the expansion of ¢ in terms of Chebyshev polynomials
of any one of the four kinds.

In what follows, we mainly concentrate on quadrature formulae for which
|| R, | can be computed explicitly by means of (2.10)-(2.13).

3.1 The error norm of Gaussian rules

If the quadrature formula (2.1) is the Gauss rule for the weight function w on
[—1, 1], i.e., 7, are the zeros of the nth-degree (monic) orthogonal polynomial
7, (-; w), then there exists the following important result of Gautschi (see [11]
or [13, Lemma 4.1]).

Lemma 3.1

(a) Ifw(t)/w(—t) is nondecreasing on (—1, 1), then R, (t*) >0, k > 0.
(b) Ifw(t)/w(—1t) is nonincreasing on (—1, 1), then (—1)KR,(t*) > 0, k > 0.

The proof of Lemma 3.1 makes use of an interesting result of Hunter
(ct. [22]).

In case that w(f)/w(—t) is constant, then w(t)/w(—f) = 1, i.e., w is an even
function, and, by symmetry, R, (t%y = 0 for all k odd, hence, both cases of the
lemma hold simultaneously.

Obviously, Lemma 3.1 can be used in conjunction with Theorem 2.1 in order
to compute || R, ||. First of all, for the Jacobi weight function w(¢) = (1 — )*(1 +
H8, a,8>—1, —1 <t <1, we have

w(t)  (1+1\
w(=t) \1—t ’
which, as it can easily be seen, is increasing on (—1, 1) if « < 8 and decreasing
if o > .
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A special case of the Jacobi weight function are the Chebyshev weights of
any one of the four kinds

wPO=10=->2"" wP@PH=10-r>" —-1<t<1, (3.1)

wrO =0=-0""20 40", wWPO=0-0"1+07"? —1<t<]l.
(32)
The first two are even functions, so, according to what was said before,
w®, w® and w® satisfy part (a) of Lemma 3.1, while w™ satisfies part (b).
Then || R,|| can be computed by means of (2.11) and (2.13), respectively. The
following results appeared first in [1, 2, 5].

Theorem 3.2 Consider the Gauss formula (2.1), and let Tt =r — /r* — 1.

(a) Forw = w", we have

2"
IR = ,n=>1 33
W 33)
(b) Forw = w?®, we have
2rrtti 2 — 1
@ —
IRY | = T — n= L. (3.4)
(c) Forw=w® orw =w®, we have
2rret [r 41
A =
|| ||_1+'C2n+1 r_17 ”Zl, (3‘5)
and |RY|| is given by the same formula (3.5).
Proof
(a) Applying (2.11) with w = w", we have
T,(t
IRV = / L@ _py-1ng,, (3.6)
T (r) L r —t

where T, is the nth-degree Chebyshev polynomial of the first kind.
Setting ¢ = cos 6 in the integral on the right-hand side of (3.6), and us-
ing the well-known trigonometric representation 7),(cos6) = cosnf,

we get
f‘ T, (1) l—lz)_l/zd[:/ﬂ cos né 5
G r—t o Fr—cosf

= . n=0,1,2,... (3.7)
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(cf. [15, Equation 3.613.1 with a = —1/r]). Also,
=P =)+ 0+ =)

T,(r) =
(r) >
1 2n
L S T (3.8)
2tn
(cf. [47, p. 5]), which inserted, together with (3.7), into (3.6), yields

(3.3).

(b)—(c) The proof of (3.4) and (3.5) follows similarly to that of (3.3), using the
trigonometric representations for the nth-degree Chebyshev polyno-
mials of the second and third kind U,, and V,,, formula

/” cos nf dez(—l)”nr”
o Fr+cosé 21

, n=0,1,2,...

(cf. (3.7) and set = — 0 in place of #), and expressions analogous to
(3.8) for U, and V,,.

Also, as w®(t) = w® (—1), from (2.1) and (2.8), it is easy to see that | R || =
IR mi

The class of Gauss formulae (2.1), for which one can explicitly compute
|| R, || has been substantially extended in [3, 4, 40], where the underlying weight
function is of Bernstein—Szego type. These are weight functions consisting of
any one of the four Chebyshev weights divided by an arbitrary polynomial
which remains positive on [—1, 1], i.e.,

(1 _ tZ)—l/2 (1 _ t2)l/2
(1) _ ?2) — —
w, (1) = 0 s w0 P 1<t<l, (3.9)
(1 _t)71/2(1+t)1/2 (1 —t)1/2(1 +[)71/2
A () — @) — —
w, = o0 . w, (1 = 0 , l<t<l,
(3.10)

where p(f) > 0 on [—1, 1]. In [3], there were considered the two cases
pat) =1+a>+2at and pp, () = 2b, + D? + b3, by >0,
in [4], the case
pp, (1) = b5 — (2by — D, by > 1,
while [40] is concerned with the case of an arbitrary quadratic polynomial

p(t) = p(t;a, B, 8) = B(B —20)t* +28(B — o)t + a® + 82,
O<a<pB,B#2a, 18| <B—«a (3.11)
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(cf. [14, Proposition 2.1]). Clearly,

pa(t) = p(t; 1,2,a), pp, (1) = p(t; b1,2b1 +1,0) and
pb, (1) = p(t; b2,2b> — 1, 0),
hence, we present here only the results for the general case (3.11). There

should be noted that when p = p, the conditions on «, 8,8 in (3.11) im-

pose |a| < 1; however, this is not restrictive, as for |a| > 1, we have p,(f) =
1 2

a? (—2 +14 —t) = a’(1 4+ d* + 2dt), where d = 1/a, |d| < 1, so, apart from a
a a

constant factor, this case falls into the previous one; on the other hand, for
la] = 1, the resulting weight function, assuming it is integrable, is one of the
Chebyshev weights; for a detailed analysis of all this the reader is referred to
[3, Section 2a]. First, we begin with

Lemma 3.3

(a) Consider the weight functions wg) and w;?), with p given by (3.11). Then
w'(ol)(t)/w'f})(—t) and w;}z) (t)/w'(oz)(—t) are strictly increasing on (—1, 1) if

B—2a>0, B(B—2a) <a’+8% 8§ <0, (3.12))

or

B—2a <0, 8 <0, (3.12,)
equal to 1 if § = 0, and strictly decreasing on (—1, 1) if
B—2a>0, B(B—2a)<a’®+68% 8>0, (3.13))

or

B—2a<0,68>0. (3.13,)

(b)  Consider the weight functions w and w(", with p given by (3.11). Then
w (6)/w (—1) is strictly increasing on (=1, 1) if either (3.12,) or (3.12)
holds, or § =0, and w®(t)/w® (—t) is strictly decreasing on (—1,1) if
either (3.13)) or (3.13;) holds, or § = 0.

The proof of Lemma 3.3 is rather straightforward and is given in
[40, Lemma 2.2].

Now, Lemma 3.3, together with Lemma 3.1, allow us to use Theorem 2.1
in order to compute || R,|| for each of the weight functions (3.9) and (3.10),
with p given by (3.11). Of paramount importance in this computation is that
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the corresponding (monic) orthogonal polynomials are given in terms of the
respective Chebyshev polynomials, that is,

‘”()— ! [T (r)+2‘3Tn1(t)+<1—2—°‘) Tnz(z)}, n=2,
B B
mh —t+—
(t) g

() == [U (r)+ Un 1(t>+(1 )U“(z)] n>1,

7)) = zi [Vn(t) +V,ao+(1- >Vn_2(t):|, n>2.

oa—3
5

3
W) =1t —

(o, B.8) = (—D)'7d(—ta, B, —8), n=1

(cf. [14, Equations (3.8), (3.8)!, (3.9), (3.10), (3.10), (3.11)]). Then following
the steps in the proof of Theorem 3.2, we obtain (cf. [40, Theorems 3.1-3.3])

Theorem 3.4 Consider the Gauss formula (2.1), and let Tt =r — /r* — 1.

(a) Forw =w', with p given by (3.11), we have

IR
_ 8rrh
[(B — 20)72 + 287 + BII(B — 20)T2(1 + 121~4) + 267 (1 + 21=2) + B(1 + 2M)]/r2 — 1
n>1,
(3.14)

if either (3.12) or (3.12,) holds, or § =0, and the same formula (3.14),
with § replaced by —38, if either (3.13;) or (3.13;) holds.
(b) Forw = wS, with p given by (3.11), we have

IR,
_ 8rrt2t2/;2 — |
LB —20)T2 4287 + BIL(B — 20) 72 (1 — 12772) + 287 (1 — T2 + B(1 — T2 H2)]
n>1,
(3.15)

if either (3.121) or (3.12,) holds, or § =0, and the same formula (3.15),
with § replaced by —3, if either (3.13) or (3.13,) holds.
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(c) Forw=wS orw=w'), with p given by (3.11), we have

3
1RSI

8rrr2ntl

T (B — 20)72 + 257 + BII(B — 20)72(1 + T213) + 267 (1 + T2 1) + B(1 + 20D

r+1 w1
r—1 = (3.16)

if either (3.12)) or (3.12,) holds, or § = 0, and || R\, || is given by the same
formula (3.16), with § replaced by —3§, if either (3. 131) or (3.13;) holds, or
5 =0.

Obviously, Theorem 3.4 includes, as a special case, Theorem 3.2; indeed, for
a=1, =2, §=0in (3.11), we have p(t) = p(; 1,2,0) = 1, hence, w/(f) =
w?, i=1,2,3,4.

Estimates (2.19) for the Gauss formula (2.1) relative to the weight functions
w=w{, i=1,2,3,4, with p given by (3.11), are quite sharp. This has been
attested not only in [40, Section 4], but also fairly recently when these estimates
were compared to bounds derived by contour integration on elliptic contours,
which are known to be more efficient than circular ones (cf. [46, Section 3],
[52, Section 3], [54, Section 3] and [56, Section 5]); in most cases, the estimates
(2.19) were as good as, and in some cases even better than, the bounds obtained
by contour integration.

3.2 The error norm of Gauss—Lobatto rules

Assume that the quadrature formula (2.1) is the Gauss—Lobatto rule for the
weight function w on [—1, 1],

1 n
/_] fOw@dt=wg fF)+ Y wl f@l) +wiy, fF(~D + RE(H.  (317)

v=1

where tF are the zeros of the nth-degree (monic) orthogonal polynomial

7l () = m,(-; wh) relative to the weight function w’(t) = (1 — #)w(r). Then
the following theorem holds.

Theorem 3.5 Consider the Gauss—Lobatto formula (3.17) for the weight func-
tion w on the interval [—1, 1].
(a) Ifw(t)/w(—t) is nondecreasing on (—1, 1), then

L
IRE| = () wk

e l)nL(r)/ (tdt. (3.18)

(b) If w(®)/w(—t) is nonincreasing on (—1, 1), then

L
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The proof is based on the comparison between formula (3.17) and the Gauss
formula for the weight function w’ (cf. [42, Theorem 2.1]).

The first case for which || RL|| has been computed explicitly is that of the
Chebyshev weight function of the first kind w'". It has been done by Akrivis
in his doctoral dissertation (cf. [1, Section 1.5b]). By using (2.10) and expressing
1/(r — t) in terms of the Chebyshev polynomials of the first kind, he derived

2arrt?

, nx>1,
(1 _ .[2n+2) /}’2 —1

IREM| = (3.20)

where t =r — /12 — 1.
Much more can be obtained if we apply Theorem 3.5 to the weight functions
(3.9) and (3.10), with p given by (3.11), and use Lemma 3.3.

Theorem 3.6 Consider the Gauss—Lobatto formula (3.17), and let t =r —

Jrr—1.

(a) Forw =w'D, with p given by (3.11), we have

IR
_ 8mrr2nt2
[(B — 20)72 + 287 + BII(B — 20)72(1 — T21-2) + 267 (1 — 127) + B(1 — r2+2)1 /P2 — 1
n>1,
(3.21)

if either (3.12) or (3.12,) holds, or § =0, and the same formula (3.21),
with § replaced by —3, if either (3.13)) or (3.13,) holds.
(b) Forw = wS, with p given by (3.11), we have

8rrt2 (12 — 2pT — Ay — 1

IRED ) = , n>1,
° [(B —2a)T? + 287 + Bl(4y2T%w, + 21 TWnt1 — Ont2)
(3.22)
where
_ ad
Tl —a? I+ (B — o — 65 n + ap’
N2 2 2 22 ¢2
vy = [(B— ) 8 ln+ 1) "+ (B o 5§ )(n+1) +oz,3’ (3.23)

4B — a)> — 8In® + (B> — &® — 8%)n + o}
wp = (B —2a)T>(1 — t72) +287(1 — ) + B(1 — T2,

if either (3.121) or (3.12,) holds, or § = 0, and the same formulae (3.22),
(3.23), with 8 replaced by —3, if either (3.131) or (3.13,) holds.
(c) Forw=w$ orw=wY, with p given by (3.11), we have

2n+3
||R,f(3)||= rrr (t+2yp) /r—i—l’ .
"’ [(B —2)12 4287 + BlQ2yTw, + wup) V r — 1

(3.24)
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where

_(B-ma—=d)n+1)+ta
T O2[(B—a—8)n+al
and w, as in (3.23), if either (3.12,) or (3.12,) holds, or § = 0; and | R} |

is given by the same formulae (3.24), (3.25) and (3.23), with § replaced by
—3§, if either (3.13)) or (3.13,) holds, or § = 0.

, (3.25)

Proof
(@ Asw/V@®) =1-Hw @) =w? @), from (3.18) and (3.19), we get
L) || RO
IR, Il =
i -1

where R is the error term of the Gauss formula for the weight

function wf()z) and the result follows from Theorem 3.4(b).
(b)-(c) The proof is substantially more complicated, and the reader is re-
ferred to [42, Theorems 3.4 and 3.5]. ]

Obviously, (3.20) is a special case of (3.21) withe =1, B =2, § =0.

3.3 The error norm of Gauss—Radau rules

Assume that the quadrature formula (2.1) is the Gauss—Radau rule for the
weight function w on [—1, 1] and additional node at —1 or 1,

1 n
/ | Fow@de =Y wlO RO +wi) F(~=1) + REO(H,  (3.26)
- v=1
or

1 n
/ FOw@de = wg ™ f(1) + Y wk® ROy + REO (), (3.27)
-1 v=1

where TR are the zeros of the nth-degree (monic) orthogonal polynomial
7RO ()=, (; wk)) relative to the weight function wX) () = (1 +Hw (@),
and ™ are the zeros of the nth-degree (monic) orthogonal polynomial
7RO () = 7,(; wk®) relative to the weight function wR® (1) = (1 — Hw(@).
Unfortunately, here we don’t have a general result like Theorem 3.5 in the
Gauss—Lobatto case, hence each weight function has to be treated separately.
However, it is not difficult to show that

IREOCw@)ll = |REO (5 w(=1)

(cf. [45, Eq. (1.17)]), which saves some computations; in particular, if w is an
even weight function, then || RR®)|| = || RRO)||.
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Akrivis, in his doctoral dissertation (cf. [1, Section 1.7]), using (2.10) and
expressing 1/(r —¢) in terms of the Chebyshev polynomials of the first or
second kind, obtained estimates for || R || and ||RR®)|| in the case of the
Legendre weight function w(f) =1, —1 <t <1.

Only recently, we succeeded to compute || RR) || and | RE®) || explicitly for
most of the Chebyshev weights (3.1) and (3.2). First of all, we showed

Lemma 3.7
(a) The error term of the Gauss—Radau formula (3.26) with w = w'V satisfies
(=DFTREOM Ky >0, k> 0. (3.28)
(b) The error term of the Gauss—Radau formula (3.26) with w = w'® satisfies
(=D TREOD Ry > 0, k>0, 1 <n <40 (3.29)
(c) The error term of the Gauss—Radau formula (3.26) with w = w™ satisfies

() REOD () = 0, k = 0. (3.30)

The proof of (3.28) and (3.30) is based on the comparison of formula (3.26)
with w = w™ or w = w® with the (2n)-point Gauss-Lobatto formula for the
weight w" or the Gauss formula for the weight w'®, respectively. For part
(b), we proved (3.29) for k(even) > 2kR and verified it numerically for
k(even) < 2kR® 1 < n < 40, where kX are certain integers tabulated
in [45, Table 1]; for k£ odd, the validity of (3.29) follows from the definiteness
of the Gauss—Radau formula (cf. [45, Propositions 2.1, 2.2, 2.11 and Lemma
2.4]).

Unfortunately, RE=® (%) does not keep a constant sign for all k even
(cf. [45, Lemmas 2.7 and 2.8]).

Remark 3.1 In [45, Conjecture 2.5], it is conjectured that (3.29) is true for all
n>1.

Now, from (2.13), in view of Lemma 3.7, we get

Theorem 3.8 Consider the Gauss—Radau formula (3.26), and let 1 =r —
(a) Forw = w, we have

2t

9 n 2
- ‘L'Z”'H)m

IR W) = L. (3.31)
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(b) Forw = w®, we have

2rr 3 (M2 — ) 2 — 1

RRO@) — ntl , 1 <n<40. 3.32
l n I 1 — p2ntd _ %T(l _ 12n+2) - = ( )
(c) Forw =w®, we have
2 2n+2 1
IRRO®| = I”L LYY (3.33)

— 22\ 1

On the other hand, for w = w®, we have

27TI"‘L'2”+2 T+ 2n+3
IRROO) | < ( 2n+l) r+1 n 2z s
" r—1

2 R(-)(3)
14 72043 4 #ﬁr(l + .[2n+1) 72kn —2(r2 -1

(3.34)

where kR® are integers tabulated in [45, Table 2] for 1 < n < 10, but they
can also be computed for any n. An estimate slightly sharper but substantially
more complicated than (3.34) is given in [45, Eq. (2.58)], although for all
practical purposes both estimates give the same results, and this is also the
case even if one uses just the first term on the right-hand side of (3.34) (cf. [45,
Example 3.2]).

Moreover, for the Gauss—Radau formula (3.27) with w = w®, i =1,2,3,
| RROD| | REOD| for 1 < n < 40, and | RO | are given by the same for-
mulae (3.31), (3.32) and (3.33), respectively, while for | RR®@ | the estimates
(3.34) and [45, Eq. (2.58)] hold; for further details, the reader is referred to [45,
Theorems 2.3, 2.6, 2.9, 2.10, 2.13 and 2.14].

Theorem 3.8 and estimates (3.34) and [45, Eq. (2.58)] shed some light on
conjectures of Gautschi (cf. [12, Section 4.2]) regarding remainder estimates
based on contour integration of the Gauss—Radau formulae in question (cf. [45,
end of each of Subsections 2.1-2.4]).

3.4 The error norm of Gauss—Kronrod rules

Assume that the quadrature formula (2.1) is the Gauss-Kronrod rule for the
weight function w on [—1, 1],

n+1

1 n
f fonds = D ok f@) + Y oK @) + REH. (3.35)
- v=1 n=1

where 1, are the Gauss points, i.e., the zeros of the (monic) orthogonal poly-
nomial 7,(:; w), and the 7%, X, oK are chosen such that (3.35) has maxi-
mum degree of exactness (at least) 3n + 1, i.e., RK(f) =0 for all f € Ps,;.
Unfortunately, general results, like those in the Gauss and Gauss-Lobatto
cases (cf. Theorems 2.1 and 3.5), are not possible here, therefore each weight
function has to be treated as a separate case.
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First of all, for the Legendre weight function w(¢) = 1, —1 < ¢ < 1, following
the idea of Haimmerlin in [19] (cf. the beginning of Section 3), we showed that

m)2(d, — i, + 1)! r LDy r
2 202m)\(d, + D! | (7 — 1)da—int2 (r + Ddoint2 |
2 <n <30,

K
IR, Il <

where d, is the degree of exactness of the quadrature formula in question,
d, =3n+1 for n even and d, = 3n+ 2 for n odd, and i, is an appropriate
constant, which is tabulated for 2 < n < 30 (cf. [41, Table 1]), but it can also be
computed for any n > 30.

The next result concerns the Bernstein—-Szegé weight functions (3.9) and
(3.10), with p given by

4y 2
r, -1 <y <O. 3.36
TER%E % (3.36)

py(®=pt1,2/(1+y),0)=1-
First, we proved (cf. [44, Proposition 3.2])

Lemma 3.9

a) The error term of the Gauss—Kronrod formula (3.35) for w = wD, with p
Py 4
given by (3.36), satisfies

RYV() <0, k=0, n>4. (3.37)

(b) The error term of the Gauss—Kronrod formula (3.35) for w = wf)zy), with p,,
given by (3.36), satisfies

RXD () >0, k=0, n>2. (3.38)

(c) The error term of the Gauss—Kronrod formula (3.35) for w = w;ji), with p,,
given by (3.36), satisfies

(—D*RED(*) <0, k=0, n>3. (3.39)

To prove (3.38) and (3.39), we compared the quadrature formulae in
question with the (2n + 1) and the (2n)-point Gauss formula for the Bernstein—
Szegd weight function uﬁfy) (1) = (1 — )2 /[p,(H]*, and then we used Lemmas
3.1 and 3.3; while, for (3.37), the quadrature formula under consideration
was compared with the (2n — 1)-point Gauss—Kronrod formula for the weight
function w.
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Now, from (2.11) and (2.13), in view of Lemma 3.9, we get (cf. [44, Theorems
3.8-3.10])

Theorem 3.10 Consider the Gauss—Kronrod formula (3.35), and let t =r —
VM —1.

(a) Forw = w.), with p, given by (3.36), we have

K
IRK

n,py
2r(1 4+ y)2r*2(c? —y)
(1 —yt)[1 — 4 — 2y 72(1 — T44) 4 2741 — T8 | /r2 — | ’
n>4 —1 <y <0,

”RK(l)” _ 27{(1 —+ y)zr‘l,'6
Loy (1—y)[1 4+ —yr2(1+ )W =1

—-1l<y<l,

K(1
IR

_ 21 (1 4+ y)?red[e? — (1 +2y)]
A=y 410 — 4320+ 1) +y (I +2) 4 A + IV — 1
—1l<y=<-1/2.

b) Forw = w®, with p, given by (3.36), we have
Py 4
21 (1 4+ y)?re¥ 2 (12 — p)/r2 — 1

| RE@) = ,
y
n>2 —1<y <0,
27(1 + )2 re8ViZ = 1
IRKQ| = T+ y)rTvr <y <l

Pl =yl = =y =)
c) Forw=w® orw = w®, with p, given by (3.36), we have
Py Py 14

K@
IRV

n,py

_ 2n(1 4+ y)2re¥(t? — y) fr+1
- (1— ]/‘[2)[1 _ pént2 _ 2),.[2(1 _ .[4n72) + )/2‘[4(1 _ .[4n76)] r—1"

n>3 —-1<y<0,

(3.40)

and || RO\ is given by the same formula (3.40).
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Remark 3.2 Unfortunately, the error term of the Gauss—Kronrod formula
(3.35) for each of the weight functions wf,’, with n = 3, and w{ or w{”, with
n =1, 2, does not satisfy a condition of type (3.37)—(3.39), which is necessary
for applying Theorem 2.1.

3.5 The error norm of interpolatory rules

Let’s assume that the quadrature formula (2.1) is the interpolatory rule with
w() =1,

1 n
[ rwdi=3"ul rly+ R, (3.41)
-1 =1

where t[" are the zeros of the nth-degree Chebyshev polynomial of any one of

the second, third or fourth kind, i.e.,

rf(z):cos T, v=1,2, N,
n+1
2v—1

‘CVFG)—COS T, v=1,2, N,
2n 4+ 1
2v

‘CVF(4)=COS T, v=1,2, Jn,
2n 4+ 1

respectively. For 7" = ¢/® formula (3.41) is known as the Fejér rule of the
second kind or Filippi rule. In order to be able to compute |RFD|, i = 2,3, 4,
we need (cf. [43, Section 3])

Lemma 3.11
(a) The error term of the interpolatory formula (3.41) with t' = ¢ '@ satisfies
REO @y >0, k>o0. (3.42)
(b) The error term of the interpolatory formula (3.41) with tF = tF® satisfies
(=D*RIO @y >0, k>0, 1 <n<20. (3.43)
(c) The error term of the interpolatory formula (3.41) with tf = tF'® satisfies

RE® @y >0, k>0, 1 <n<20. (3.44)
The proof of (3.42) is based on the definiteness of the respective quadrature
formula, while for parts (b) and (c), we follow the technique used in Lemma

3.7(b) for k even, except that here it is applied to all k even or odd.

Remark 3.3 In [43, Conjecture 3.2], it is conjectured that (3.43) and (3.44) are
true for alln > 1.
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Now, in addition to Lemma 3.11, the computation of ||RI®|, i=2,3,4,

!
t
i 2dt, r > 1, with 7, being any one of the

would require a formula for / s
-1

nth-degree Chebyshev polynomials of the second, third or fourth kind. Such

formulae were obtained, even for the nth-degree Chebyshev polynomial of

the first kind 7, = T, in [43, Proposition 2.2] for all |r| > 1; for example, if

n,=U,, n,=V,ormx, =W, then

L, (D) r+1 O st (1)
—dt =m,(xr)In | —— 4 ——— n>1, 3.45
/,lrzpt 7 r)n<r—l>:F ; w1 "= (345)

where [-] denotes the integer part of a real number.

Analogous formulae were obtained for |r| < 1 in the Cauchy Principal
Value sense (cf. [43, Proposition 2.3]).

Based on (2.11), (2.13) and (3.45), one derives, in view of (3.42)-(3.44)
(cf. [43, Proposition 3.3]),

Theorem 3.12 Consider the interpolatory formula (3.41).

(a) Fortl =1f® we have

IR =i (1) - Un-akn @)
r—1 U,(r) pt 2k — 1

[(n+1)/2]

> 1. (3.46)

(b) Fortl =1F®, we have

[(n+1)/2]

+1 4r Vi-ak1(=1)

RFO = pin (T " 1 <n <20.

I8 =rin 7 ) v ; k—1 1S

(c) Fortl =1f'® we have
[(n+1)/2]
1 4 W,—
IRE®|| = r1n r+1y 4 Z ) 2k+1(r)’ | <n<20.

r—1 W.,.(r) — 2k — 1

Remark 3.4 Unfortunately, the error term of the interpolatory formula (3.41)
with [ the zeros of the nth-degree Chebyshev polynomial of the first kind,

tf = cos

7, v=1,2,---,n,known as the Fejér rule of the first kind

or Pélya rule,ndoes not satisfy a condition of type (3.42)-(3.44), which is
necessary for applying Theorem 2.1.

Akrivis, in his doctoral dissertation (cf. [1, Egs. (1.7.5) and (1.7.6)] and the
correction in [43, p. 1227]), has obtained a bound for || RF® |, which is pretty
close to the actual value (3.46), so our result for ||RF?| is a refinement of
AKkrivis’s result.

Acknowledgements The author is indebted to the referees for the careful reading of the
manuscript and their suggestions which have improved the paper.
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