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Abstract. This paper presents a survey of recent results on error estimates of Gaussian-type quadrature formulas
for analytic functions on confocal ellipses.

Key words. error estimate, remainder term, analytic function, contour integral representation

AMS subject classifications. 65D32, 65D30, 41A55

1. Error bounds of quadratures with simple and multiple nodes for analytic func-
tions. Let I" be a simple closed curve in the complex plane encompassing the interval [—1, 1],
and let D be its interior. Suppose f is a function that is analytic in D and continuous on D.
Taking any system of m distinct points {1, . . ., &, } in D and m positive integers ny, . . ., Ny,
the error in the Hermite interpolating polynomial of f at a point ¢ € D can be expressed in the
form (see, e.g., Mysovskih [56, Chapter 2], Goncarov [23, Chapter 5])

m ny—1 () _ 1 M z
(1.1 T (f3t) 2:: ;0 vif (&) = szg(z—t)ﬁm(z) a2

where [, ;(t) are the fundamental functions of Hermite interpolation and

By multiplying (1.1) by the weight function w(t) and integrating with respect to ¢ over
(—1,1), we get a contour integral representation for the remainder term R, (f) in a quadrature
formula with multiple nodes:

> A fO _27727{K (z;w) f(z) dz,

Ny

(1.2) Ron(f) = I(f;w) =Y

v=1 1=

1 1
= [ Sy, Ay = [ a(tw(e)dr,

and the kernel K,,,(z) = K,,(z;w) is given by

where

K (zyw) = Om (23 w) om(z;w) = / (1) w(t) dt, zeC\[-1,1].

Qn(2) 7 12—t
The integral representation (1.2) leads directly to the error estimate
(1) B (D) < S (ma ()] ) (mae 15
' mn - 27 zEalz( z»EaI"X & ’
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where [(T") is the length of the contour I'. A general estimate can be obtained by Holder’s

inequality. Namely,
1 1/p 1/q
<o (fimnriad)  (f i)
™ \Jr r

(B = o~ IIK lpll fllg

1

()] = 5

ﬁKm(z)f(z) dz

ie.,

where 1 < p < 400, 1/p+1/¢=1,and

p
. (fisc |p|dz|) l<p< oo
p =

max |f(2) p = +00.
zel

The case (p, q) = (+00, 1) gives an L>°-error bound (1.3) when the L!-norm of f is estimated
by its L°°-norm. On the other hand, the case (p,q) = (1, +o0) yields an L!-error bound:

(14 Rl < g (f 180 1051) (maxls] )

which is evidently stronger than (1.3) since

F 1] < 1) (maxl ()]

In order to obtain the estimates (1.3) and (1.4), one needs to study the magnitude of
| K (2)] on T or the quantity

1
(1.5) Lo(T) = %ﬁ\[(m(zﬂ \dz|,

respectively.
A common choice for the contour I' is one of the confocal ellipses with foci at the
points 1 and the sum of semi-axes p > 1,

(1.6) gpz{zeczz=2

1 , )
= (,06“9 + p_le_w) ,0<60< 271'} .
For such I" we studied the estimates (1.3) (see [39, 49]) and (1.4) (see [42]) for the Gauss-Turan

quadrature formulas (n, = 2s+ 1, v = 1,2,...,n; s € Ny) when w is one of the four
generalized Chebyshev weight functions

(a) wl(t) = (1 — t2)—1/27 (b) wg(t) _ (1 _ t2)1/2+s,

© wi(t) = (L—t) V2L +)/%F=, (d) walt) = (1—t)Y/2+3(14+¢)71/%

1.7

see [5, 39, 70].

The error term in Gaussian quadratures (s = 0) for these weights was studied in the case
p = +oo by Gautschi and Varga [21] (also see [20]) and in the case p = 1 by Hunter [28].
Also see [12, 29, 72, 82, 83, 84] for this topic.
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Gautschi and Varga [21] (also see [20]) presented the original method for the error bound
of the type (1.3),

e
(1) ()] < M52 (el 6,0 ) (el 21 )
in Gaussian quadrature,
1 n
(1.9) [ =3 A6 + Rul),
- v=1

with respect to some of the four Chebyshev weight functions w(t) (cf. (1.7) with s = 0).

They attempted to determine exactly where on the confocal ellipses £, the kernel of the

error functional attains its maximum modulus, succeeded in answering this question for the

Chebyshev weight functions, and provided empirical results for more general Jacobi weights.

In this survey we mention how other authors, including ourselves, contributed to this method.
Setting

z= %(5 +&Y,  e=pe? and  |dz| =27"*\/ay — cos20.d6,
where we denote
(1.10) aj=aj(p)==(p +p77), JEN, p>1,
(1.5) reduces to

1 ™ oy (2;w)](az — cos 260)1/2
Lm(&p) = do.
&) 27rﬂ/o [ (2)]

This integral can be evaluated numerically by using a quadrature formula. Moreover, for
Gauss-Turdn quadrature formulas with w(t) being one of the four generalized Chebyshev
weights (1.7), we obtained explicit expressions for Lm(é’p) or the bounds thereof; see Milo-
vanovi¢ and Spalevi¢ [42]. In [42], for the first time, we considered error bounds for Gauss-
Turan quadrature formulas based on expanding the remainder term into a series. These methods
originated with Hunter [28], who applied them to the Gaussian quadrature formula (1.9) with
w(t) being one of the four Chebyshev weights (cf. (1.7) with s = 0).

One of us started working on this topic some 20 years ago. Our first published paper on
this topic was Milovanovi¢ and Spalevi¢ [39]. In the meanwhile, we and our collaborators
published a number of related papers; see [9], [32]-[34], [39]-[46], [37], [49]-[55], [69],
[73]-[81], [86]-[92]. We considered in our papers mainly error bounds and estimates of
the type L, L', and the ones based on expanding the remainder term into a series for the
quadrature formulas with multiple and simple nodes of Gaussian type, including Kronrod
extensions, Radau, and Lobatto modifications, mainly with the specific weight functions such
as the generalized and ordinary Chebyshev weights (see [5, 70]), the Gori-Micchelli weights
(see [24]), the Bernstein-Szegd weight functions (see [19]), and some of their modifications;
see [17]. Recently, we have been considering these problems for quadratures for Fourier
coefficients in [6, 31, 36, 47].

For Gaussian quadrature formulas with multiple nodes, in particular Gauss-Turdn quadra-
ture formulas and their Kronrod extensions, numerically stable methods for their computation
have been proposed (see [15, 18, 48, 85]). For the theory of Gauss-Turdn quadrature formulas,



http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at

ETNA

Kent State University and
Johann Radon Institute (RICAM)

ERROR ESTIMATES OF GAUSSIAN-TYPE QUADRATURE FORMULAE 355

see the book [22]; see also the survey papers [35, 38]. A nice and detailed survey of Kronrod
rules in the last fifty years is provided by Notaris [68]. In particular, Section 3.3 in [68] is
dedicated to error bounds for analytic functions. Notaris’s papers (see [57]-[68]) have had
a significant influence on the development of our methods, especially lately, and especially
the papers in which he considers the error estimates in quadratures for analytic functions on
circles.

In two of our papers [41, 46] on the subject, we use circles instead of ellipses, and the
results follow from the ones in [93].

Separately, following the ideas in [93], we derived some L2-estimates for Gauss-Tur4n
quadrature formulas in [46]. Some of our methods under consideration are also applied to
quadrature rules with multiple nodes for evaluating integrals with strong singularities; see [44].
We present a computable upper bound of the error for Gauss-Turdn quadrature formulas for
analytic integrands in a neighborhood of the set of integration. This bound remains valid for
arbitrary weight functions (cf. [89]), and the corresponding method is described in Section 5.

In Section 2 the error bounds for ordinary Gaussian quadrature formulas are discussed.
Section 3 describes L°°-error bounds for Gauss-Radau rules, and in Section 4 for Gauss-
Kronrod quadrature formulas for the Bernstein-Szegd weight functions; cf. [80] and [9].
Additionally, we shall prove some statements which we use in those papers. In Section 6
we present the three different error estimates mentioned above for the Kronrod extensions
of generalizations of the Micchelli-Rivlin quadrature formula for the Fourier-Chebyshev
coefficients with the highest algebraic degree of precision; cf. [54]. Finally, in Section 7 we
mention, only briefly, error estimates for analytic functions on concentric circles.

2. Error bounds for Gaussian quadrature formulas. For a Gaussian quadrature for-
mula (1.9) relative to a nonnegative weight function w(t), it holds that R, (f) = 0 for all
f € Py, and the node polynomial 7, (¢) is the nth degree (monic) orthogonal polynomial
with respect to the weight function w(t). Further,

on(z;w) =/_ Wn(t)w(t) dt,

12715

and the kernel K, (z) = 0, (z; w)/m,(2) can be computed using a basic three-term recurrence
relation, which is satisfied by the corresponding orthogonal polynomials 7,,; for more details
see [21]. In [21] it is shown that it is possible to find explicit formulas for the kernels of the
four Chebyshev weights (cf. (1.7) with s = 0).

We discuss in some detail the case of the first Chebyshev weight w = w;. Here one
finds [21, Subsection 5.1], for z € £,, the explicit formula

Q2.1) |Kn(z;w)| = 2—: [a2(p) — cos 20]71/2 [az2n (p) + cos 2n9]71/2 , 0<6<2m,
o

where the a; = a;(p) given by (1.10) appear in all the formulae for the kernels belonging
to Chebyshev weight functions. In particular, they satisfy the following inequality (cf. [16,
Subsection 3.1]).

LEMMA 2.1. For any p > 1, it holds that

M>n2 n—=1.2
wlp) 1 2" >

This is the key for proving that | K, (z;w; )| attains its maximum on the real axis on £,:
THEOREM 2.1. For any p > 1 and each n € N, one has

(2.2)

1 4 1
max |K,(z;w)| = K, ((p+p_1);w1> = — .
=€, | 2 P (p—p~1)(p" +p7")
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Proof. According to (2.1) one must prove that
(2.3) (as — cos 20)(az, + cos2nd) > (az — 1)(az, + 1), 0<0<7/2,

where a; = a;(p) (there is symmetry with respect to both coordinate axes). Simple trigonom-
etry will show that (2.3), for 6 > 0, is equivalent to
sin? nf

(2.4) agn +1—(az — 1)——— — 2sin’nf > 0.
sin“ 0

Since | sinnf/ sin 0| < n, the left-hand side of (2.4) is greater than

n— 1
agn +1—n?(ag —1) —2 = (ag — 1) (agL—n2>,
ag — 1
which is nonnegative by Lemma 2.1. 0
For the Chebyshev weight of the second kind, w(t) = ws(¢) (with s = 0in (1.7)), one
finds for z € £, that

s

prl [az(p) — c0s20]"? [azns2(p) — cos2(n+ 1)0] Y2, 0<6 < 2r.

(K (2 w2)| =
From this it is rather straightforward to show that the maximum of | K, (-; w2)| on &, is attained
on the imaginary axis, i.e., for § = 7/2, if n is odd. If n is even, however, then this is true
only for p sufficiently large. The precise result is as follows [20]:

THEOREM 2.2. There holds
i 1

2

™ p+p-
anrl pn—i-l + (_1>np—(n+1)

(25)  max IKn(z;wg)lan( (p—p‘l);uu) =

forall p > 1ifnisodd and for all p > p,+1 if n is even, where p,, 1 is the unique root of

ptpt 1
prtl 4 p=(tD) 17

p> 1

The following numerical values of p,,41 in Table 2.1 show that the ellipse £, has to be quite
slim for (2.5) to fail when n is even. Indeed, it can be shown that g,, decreases to 1 as n — oo.

TABLE 2.1

The roots pp41.
n | 2 4 8 16 32
pn+1‘1.932 1.618 1.386 1.232 1.136

Finally, for the Chebyshev weight of the third kind, w(t) = w3 (¢) (with s = 0 in (1.7)),
an argument similar to the one in the proof of Theorem 2.1 will establish:
THEOREM 2.3. For any p > 1 and each n € N, there holds

2 p+1 1
- pn+1/2 p—1 pn,+1/2 _|_p—n—1/2'

1 _
g | (s 0a)] = Ko (504 ™ i

The results for the Chebyshev weight of the fourth kind, w(t) = w4 (t) (with s = 0in
(1.7)), are easily deducible from those for w3 (t) (with s = 0 in (1.7)), as w4 (t) = ws(—t).
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The derivation of adequate bounds for |R,,(f)| based on (1.8) is possible only if good
estimates for max.c¢, | K, (2)| are available, especially if we know the location of the extremal
point € £, at which | K, | attains its maximum. In such a case, instead of looking for upper
bounds for max.c¢, | Kn(2)|, one can simply try to calculate | K, (1, w)|. In general, this may
not be an easy task, but in the case of the Gauss-type quadrature formula (1.9), there exist
effective algorithms for the calculation of K, (z) at any point z outside [—1, 1]; see [21].

The approach by Gautschi and Varga [21] (also see [20]) has been applied by Spalevié¢
in [86] to anti-Gaussian quadrature formulas (introduced by Laurie [30]) with Chebyshev
weight functions (cf. (1.7) with s = 0).

The same approach has been extended by Schira to symmetric weight functions under a
monotonicity requirement (either w(t)y/1 — 2 is increasing on (0, 1) or w(t)/v/1 — t2 is de-
creasing on (0, 1)), including certain Gegenbauer weight functions (see [84]). A generalization
to the Lobatto case has been carried out by Hunter and Nikolov; see [29].

Schira proved [84, Theorem 3.2(b) on p. 302] that the kernel K, of a Gaussian quadrature
rule with respect to a symmetric weight function w on (—1, 1) satisfies the following condition:
If w(t)/v/1 — 2 is decreasing on (0, 1), then

z€E,

w0, = |1 (50 =0 for 0200,

where p} =1+ V2 ifn > 1isodd, and if n > 2 is even, then pr 1s the greatest zero of

(n+1)2 (n+3)?
(pn+1 _ p—n—1)2 (pn+3 _ p—n—3)2 :
The displayed values for n even in [84, Table 1 on p. 302] suggest that p}, rapidly converges to

1+ /2 (+0) as n increases.
In a number of our papers, w represents the classes of Bernstein-Szegd weight functions

dn(p) == (p— P_1)2 —4 — (p2 — p_2)2 <

1_t2)q:1/2
2.6 ) =wFVI (1) = ( te(-1,1
(2.6) wit) = wa 5 (1) B(B—20) 12+ 26(8 — )t + o + 62’ € (=L 1),
or

1— F1/2 1 +1/2
1) w(t) =y = o LT te(-1),

B(B—2a)2+25(8— )t + a2+ 62

where 0 < a < 8, 8 # 2a, |0| < 8 — «, whose denominator is an arbitrary polynomial of
exact degree 2 that remains positive on [—1, 1]. The weight functions (2.6) and (2.7) have
been studied extensively in [19].

Fora=1,5=2/(1+7),d = 0, the weight functions (2.6) reduce to

1— 2)F1/2
(2.8) w(t) = wlF/2(t) = (7412, te(-1,1), ~e€(-1,0],
-yt

and the weight functions (2.7) to

(1 _ t)$1/2(1 + t)j:l/2

2.9 w(t) = wSFl/Q’il/Q)(t) = Ty
(1+7)2

, te(=1,1), ~e€(-1,0].

Clearly, the four Chebyshev weights are special cases of (2.8), (2.9) with v = 0.

In [90], in the case of the weight function wgl/ 2) (t) (cf. (2.8)), sufficient conditions were
found to ensure the existence of a p* = p} (= p*(n,~)) such that for each p > p¥, the kernel
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attains its maximum absolute value at the intersection points of the ellipse with the imaginary
axis. For this special case, much smaller values for p = p;, than the ones obtained by Schira
(except for v close to 0 and n even) were obtained, especially for large values of nn. In [77], the
case of the more general class of weight functions w((llgz();(t) (cf. (2.6)), sufficient conditions
are found to ensure the existence of a p* = p, (= p*(n, o, 3, 8)) such that for each p > pi;,
the kernel attains its maximum absolute value at the intersection points of the ellipse with
either the real or the imaginary axis. This leads to effective error bounds of the corresponding
Gauss quadratures. The approach we use in this paper, which differs from the one in [90],
ensures that the values p* = p¥ (= p*(n, a, 8, 0)) are estimated very precisely. The results
obtained in [84] cannot be used here in the general case (§ # 0), since the weight function
under consideration is not symmetric. Analogous investigations have been carried out for the
other weight functions of Bernstein-Szegé type (2.8), (2.9), and (2.6), (2.7), in [92], [87], and
[73], [74], respectively. A survey of these methods for all the weight functions (2.8), (2.9) can
be found in [88].

In [69] Gaussian quadrature formulae corresponding to some modifications of the four
Chebyshev weights w; (t), 7 = 1,2, 3, 4, (cf. (1.7) with s = 0) are considered, i.e., correspond-
ing to the weights

a5() = [190)] wit), j=1,234,

discussed by Gautschi and Li in [17]. Here m(f ) (t) is the corresponding (monic) orthogonal
polynomial relative to w;. In the case of analytic integrands, the error of these quadrature
formulas is represented as a contour integral with a complex kernel. We studied the kernels,
on elliptic contours, of the mentioned quadrature formulas and derived effective L>°, L -error
bounds for them as well as error bounds based on expanding the error into a series. In addition,
we analysed in a rather simple manner the behavior of the modulus of the corresponding
kernels on those ellipses in some cases by [69, Lemma 2.1].

In [51] the remainder term of a Gaussian quadrature formula and its Kronrod extension for
analytic functions is represented as a contour integral with a complex kernel. We studied these
kernels on elliptic contours for the Chebyshev weight functions of the first, second, and third
kinds (cf. (1.7) with s = 0) and derived representations of their differences. Using these repre-
sentations and following Kronrod’s method of obtaining a practical error estimate in numerical
integration (see e.g., [68]), we obtained new error estimates for Gaussian quadratures.

3. Error bounds for Gauss-Radau and Gauss-Lobatto quadrature formulas. In[12]
Gautschi considered Gauss-Radau quadrature rules

1 n

G.1) [ fOu®dt =30 1(0) + A () + Bal ),
-1 v=1

where ¢ = —1, or ¢ = 1, and Gauss-Lobatto quadrature rules

62 [ @u®de=of (1) + YA FR) 4 A F(1) + Ral),
-1 v=1

with respect to the four Chebyshev weight functions w;, j = 1,2, 3,4, (cf. (1.7) with s = 0)
and derived explicit expressions for the corresponding kernels K (z;w,) in terms of the
variable u = pe’®. For Gauss-Lobatto quadratures it is proved that | K,, 12(z; w1 )| attains its
maximum on &, on the real axis (cf. [12, Theorem 4.1]). For wy, w3, and w,4, empirical results
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and conjectures on the location of the maximum were presented. These conjectures have been
proved later by Schira in [83].

For Gauss-Radau quadratures with a fixed node at —1, Gautschi proved that the cor-
responding kernels K, ;1(z;w) for the Chebyshev weight functions w(t) = ws(t) and
w(t) = wy(t) attains their maximum modulus on &£, on the negative real axis (cf. [12,
Theorems 4.4 and 4.5]). Milovanovi¢, Spalevié, and Pranié [50] proved and confirmed the
corresponding empirical results from [12] in the case w = w», and Pejc¢ev and Spalevi¢ [76]
proved and confirmed the corresponding empirical results from [12] in the cases w = w3 and
w = wWq.

For Gauss-Radau and Gauss-Lobatto quadrature formulae with multiple end points with a
Chebyshev weight function (see (1.7), with s = 0) and for integrands analytic on ellipses, the
explicit expression for the corresponding kernels are derived by Gautschi and Li in [16]. We
determined the locations on the ellipses where the maximum modulus of the kernel is attained.
The obtained values confirmed in part the corresponding conjectured values given by Gautschi
and Li [16]. We have performed for those cases a more detailed numerical study. The effective
error bounds for those quadrature formulas are derived in [32, 33, 75].

Without loss of generality, we consider the Gauss-Radau quadrature formula (3.1) for
the (nonnegative) weight function w on the interval [—1, 1] and an additional node ¢ = —1,
where 7, are the zeros of the nth degree (monic) orthogonal polynomial 7%(-) = 72 (-; w’)
relative to the weight function w!t(t) = (1 +t) w(t). It is well known that formula (3.1) has
all weights positive and precise degree of exactness d = 2n, i.e., R,,(f) = 0 for all f € Pa,,
where Ps,, represents the set of all polynomials of degree less than or equal to 2n.

In the paper [80], w is one of the four weight functions of Bernstein-Szegd type (2.8)
or (2.9). For analytic functions, the remainder term of this quadrature formula can be repre-
sented as a contour integral with a complex kernel as in (1.2). We study the kernel on elliptic
contours (1.6) for the given quadrature formula. Starting from the explicit expression of the
kernel, we determine the locations on the ellipses where the maximum modulus of the kernel
is attained. So we derive effective error bounds of the form (1.3) for this quadrature formula.
An alternative approach, which initiated this research, has been proposed by S. Notaris [65].
The kernel is given by

Kn(2) = KR(z0) = _wl ¢ [-1,1]
n —_— n 9 - (1 + Z)']T,'},L%(Z)’ b )
where
1 R
(T
o) = o) = [ w0
In the case of w = w§_1/2), we have (cf. [65, p. 4])
1 (—1/2,1/2)
_ T, t)
o) = [ I
and
(—=1/2)
KV = B
1+ 2)ms 22 ()
where

_ 1+ _ 1
RN = - T A CIRDG) = V() - Vaa(e)] (02 2),
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and V;,(cos 0) = cos((n + 1/2)0)/ cos(0/2) is the Chebyshev polynomial of the third kind.
Referring to equation (2.3) from [87], upon division by 1 + z with z = (£ + £71)/2, we

directly get the explicit expression for K. (=172 (2).
(1/2)

In the case of w = wy '™/, we have
1 (1/2)
1+¢)m
2072 (3) = / % W (1) dt.
—1 -

We know (see e.g., [65, pp. 7-8]) that

71/2)

R 2 n (_1)
(L4 t)m /2 (1) = D (1) - Tt ( 1)7r53/2)<t>, nen,
Tn —

where
(1/2)(_1) (;L)" m+1-q(n—1), neN,
and
7@21/2) (t) = 2in[Un(t) — YUn—2(t)], n € N.

Here U, (cos ) = sin((n + 1)#)/ sin @ is the Chebyshev polynomial of the second kind. For
the formulas for the polynomials 7r( /2, 1/2) 5_1/2’1/2), and W,(LI/Q); see [19, Egs. (3.10),
(3.10)%, (3.9), witha =1, 8 =2/(1 +7) and 6 = 0]. Therefore for n € N, we have

1 n+2—
1+ 0n /2% y = (/2 4 . 72 (¢
L+ )= () =mq (1) + 5 n+1—(n—1) (t)

1

n+2—nry
=it |:Un+1(t) = YUp-1(t) +

———————(Un(t) — YUn—2(t
Then the explicit expression for K ,(11/ 2) (z) follows by the results from [90] and the well-known
fact that (see e.g., [21, p. 8])

i 1)9sin 6 1
/ D A vd- / sin(n + Dfsin6 ) _ T z=o(EteTh).
lz—t 6 2

z —cosf

Similarly, in the case of w = w§_1/2’1/2)

1 (—1/2,1/2) R
1+t t
o1/21/2) () = /1 (1+t)mn - (t) w22 () dt,

, we have

where (see [65, p. 13])

B i 1 2n4+3—2n—1)y
14+ 2Ry - (-1/20/2) 4y 2 (=1/2,1/2) (4).
(L +)m, (8) = mp 4 ()+2 2n—|—1—(2n—3)’y7T" ®)

Then the explicit expression for KRy 2)(2)
known fact that (see e.g., [21, p. 9])

1+t QCosn+ 9(:05% B 2r(E+1) 1 .
124,/1%@5 / z—cos@ de_(gigfl)gnﬂ, z—§(£+§ ).

follows by results from [87] and the well-
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x10™% x10™*

0 0.5 1 1.5 2 25 3 35 o 0.5 1 15 2 25 3 35

FIG. 3.1. The graphs of the modulus of the kernel |K,(11/2)(z)|f0r7 = —0.5,n =10 and p = 20 (left) and
p = 50 (right), respectively.

51/2’_1/2), we have

Finally, in the case of w = w
1+ w2712 =w(2(),  te[-1,1],

(1/2,-1/2)

so the explicit expression for Ky, (z) follows by equations (2.2) and (2.4) from [90].
REMARK 3.1. Clearly, by substituting ¢ := —t, the quadrature formula
1 n
/ f(t)w(71/2,1/2) (t) dt :ZA(Vfl/Q,l/Q)f(Ty(fl/Q,l/Q))
(3.3) T =

+ )\51111/271/2)f(1)+R$L_1/271/2)(f)?

with the fixed node —1 (instead of 1) reduces to the quadrature formula

n

1
/ f(t)wg/l/z,—uz)(t) dt :Z/\I(/l/z,—l/g)f(Tﬁl/Qv_l/Q))
(3.4) -1

v=1

AT DRI,

and vice versa, the quadrature formula (3.4) with the fixed node +1 (instead of —1) reduces to
the quadrature formula (3.3).

It turns out that, assuming that p is large enough, say p > p* = p*(n, v), the moduli of
all the four kernels attain their maxima on a coordinate axis. This observation is formalized by

the remark at the end of this section. The smallest such p* tends to be close to 1. An exception

(1/2)
5

is the case of w = w , when p* can become greater than 50. The graphs of the modulus of

the corresponding kernel ‘K %/ 2| for some values of p are displayed in Figure 3.1.

Consider the integral
1
10 = [ sow .
-1

with the four Chebyshev weights and the integrand f(t) = f1(¢) = wztiitz (for some w > 1)
from [65]. Numerical experiments showed that, although the ellipse becomes almost circle-
like for the corresponding p*, the estimate can still be satisfactory as long as the integrand is
analytic somewhere beyond p*. Since

4

max
z€E,

W2 — 22
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the maximum of the modulus of this function is attained at § = 0. The obtained estimate is
compared with the corresponding analogous estimates in equations (4.1) and (4.2), respectively,
derived in [65], which are denoted by the superscript (Not), and the actual error bounds, which
are denoted by Error; see the Tables 3.1 and 3.2.

TABLE 3.1
The values ofr (Not) (f1)7 f£N0t>(f1), r(f1), and Error for some n, v € (—1,0), and w in the case of the
weight function w( /2).
noyw | ) [ A0 | () Error
2,—-0.91,6 1.54(—6) 8.68(— ) 1.19(—5) 1.95(—7)
3,-0.7,85 | 1.38(—8) | 1.90(~7) | 2.15(~7) | 1.10(—9)
5,—0.5,12 1.54(*14) 4.98(713) 5.30(*13) 6.49(*16)
5,—0.3,8 1.75(—12) 3.88(—12) 4.41(—11) 7.25(—14)
10,-0.1,15 1.11(—29) 7.55(—28) 7.87(—28) 1.81(—31)
3,—0.1,3 6.42(—5) 4.37(—4) 9.46(—4) 5.31(—6)
12,-0.05,15 | 1.64(—35) | 1.26(—33) | 1.31(—33) | 2.08(—37)
TABLE 3.2
The values of r(Nm) (f1), ”gNon(fl), r(f1), and Error for some n, v € (—1,0), and w in the case of the
weight function w( 1/2 vy,
noyw | () *N""(fl) r(f1) Error
10,—-0.89,3 4.26(—17) 1. 13( ) 9. 48( 16) 9.86(—18)
8, —0.75,5 7.15(—17) 1.55( 15) 1. 39( 15) 1.18(—17)
30,—-0.6,8 1.59(—72) 1. 34( 70) 1.26( 70) 1 82(—73)
15,-0.5,6 | 1.45(—32) | 6.00(—31) | 5.50(—31) | 2.08(—33)
4,—-0.3,10 1.95(710) 3.46( ) 3.24( 9) 3.00(711)
10,—-0.1,11 1.42(—26) 6.11(—25) 7.11(—25) 1.89(—27)

Analogous results are obtained for the Gauss-Lobatto quadrature formula (3.2) with one
of the four weight functions of Bernstein-Szegd type (2.8) and (2.9); see [55]. An alternative
approach, which has initiated this research, has been proposed by S. Notaris [59].

4. Error bounds for Gauss-Kronrod quadrature formulas. Let us consider in this
section the Gauss-Kronrod quadrature formula for the (nonnegative) weight function w on the
interval [—1, 1]:

1
.1 /1f(t)w t)dt =

where 7, are the zeros of the n-th degree (monic) orthogonal polynomial 7, () relative to
the weight function w, i.e., 7, are the nodes of the corresponding n-point Gaussian-type
quadrature formula G,, relative to the weight function w,

n+1

Zouf (1) —‘rZO’

p=1

@Qnlfl+ Bu(f),

n

Gn[f} = Z )\Vf(Tl/)a

v=1

which has the algebraic degree of precision 2n — 1. The nodes 7,; and all weights o, 0},
are chosen such that formula (4.1) has maximum degree of precision at least 3n + 1, i.e.,
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R, (f) = 0forall f € Ps,4q. It is known that the 7, are zeros of a (monic) polynomial
7y, 11 (s w) of degree n + 1 called the Stieltjes polynomial, which satisfies the orthogonality
condition

1
/ T o1 (O (O w(t) dt =0, k=0,1,...,n.
—1

In the paper [9], which has been initiated by the alternative approach proposed by S. No-
taris [61], the weight function is again one of the four Bernstein-Szeg6 weight functions (2.8),
(2.9). Let the corresponding (monic) orthogonal polynomials and Stieltjes polynomials relative
to the weight functions (2.8), (2.9) be denoted by

r(FU2 () = 7, (; wFY2)), a(FU2EY2) () = g (o w(FL/241/2),

*(F1/2 % *(F1/2,4£1/2 *
n(+:F1 / )() = 7rn+1(';w(:':1/2))7 ﬂ—n(JTl / / )() = 7rn+1(';w(q:1/27i1/2))7

respectively. The kernel is given by

() = KE () = 80 g 1)

where

1 T T L
o) = 850 = [ 000

In the case of w(fl/z), by [61], for n > 4, we have
_ x(—1/2 1/2 Y o (1/2
w2 0w YD) = (@ - 1) 7520 - 17520
and
1

") = o

on (U, (t) — yUp—2(t)], U, (cos8) = sin(n 4 1)0/ sin 6.

Combining these equalities one obtains

~ 1+7)?
KCYY(2) = — ( Aono1— 2yAzn—3+ 7 Azn_s) ,
D ) |
where
(Z_ 22_1)k+1_fy%

1 (1+9)? ’ k odd,

A —A(z)—/ Uet)V1-1> S oW
Fe 1 (o-t) (- 02 (VD) ey
4y T [ , keven,
22 (473

which gives us the explicit expression for K 12 (2).
Similarly, in the case of wgl/ 2), for n > 2, we obtain

(149)?

2243y () 12 (2)

KD (2)= — (Azng1—2vA2n—14+7* A2n_s) ,
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whereas in the case of wgil/Q’jFl/Q), for n > 3, we obtain

(1 + 7)2 (A2n - 27A2n72 + 72A2n74)

K(i1/27$1/2)(2) =7 .
n +1/2,71/2 w(£1/2,71/2
22n+2,y77( /2,F1/ )(Z)Tfn(ﬂ/ F1/ )(Z)

n

As was the case with the Gauss-Radau formulas, the maximum point of the modulus of
the kernel eventually (i.e., whenever p > p* = p*(n,)) stabilizes at one of the coordinate

axes. The smallest such values of p* appear to be close to 1 for all v € (—1,0) in the case of

(=1/2) (F1/2,4£1/2) g1/2).

the weight functions w and wy and smaller than 2 in the case of w

In the case of the function f5(t) = a"zojfg from [61, Example 4.2], we have

cosh by

max | f(z)| = by =

€€, a? — b2’ (=),

DN | =

so we must have b; < «, i.e., p < @ + Va2 + 1 = ppax. The values of the corresponding
bounds are compared in Table 4.1.

TABLE 4.1
Comparison of the values r( f2) in the case of the weight function w
Table 3 in [6]].

Sfl/ D vith the corresponding values from

n,o Bound (4.6) from [61] | Bound (4.7) from [61] r(f2) Error
5,0.75 — — 1.136(-5) 1.984(—7)
10,0.75 - - 2.129(—11) | 1.892(—13)
15,0.75 - - 3.028(—17) | 1.805(—19)
20,0.75 - - 3.839(—23) | 1.721(—25)

5,1.5 1.421(—9) 5.378(—8) 2.425(—10) | 3.926(—12)
10,1.5 6.210(—18) 4.613(—16) 2.040(—20) | 1.646(—22)
15,1.5 2.714(—26) 3.006(—24) 1.284(—30) | 6.898(—33)
20,1.5 1.186(—34) 1.746(—32) 7.184(—41) | 2.892(—43)

5,3.0 1.166(—16) 3.114(—15) 8.594(—16) | 2.846(—17)
10,3.0 5.696(—32) 3.160(—30) 2.896(—31) | 4.564(—33)
15,3.0 2.783(—47) 2.346(—45) 7.083(—47) | 7.320(—49)
20, 3.0 1.360(—62) 1.538(—60) 1.527(—62) | 1.174(—64)

5,6.0 3.226(—22) 6.822(—21) 4.928(—21) | 2.270(—22)
10,6.0 9.684(—44) 4.704(—42) 2.591(—42) | 5.160(—44)
15,6.0 2.907(—65) 2.212(—63) 9.245(—64) | 1.173(—65)
20, 6.0 8.724(—87) 9.042(—85) 2.865(—85) | 2.667(—87)

REMARK 4.1. Throughout the last two sections of this paper, we claim that the argument
0 of the extremum point of a kernel eventually (that is, if p is large enough, e.g., p > p*)
stabilizes. Although statements of this kind are clearly false in general, in our cases they are
justified by a simple principle that is presented below.

We start with a standard lemma.

LEMMA 4.1. Let P(z,y) = > i, pi(y)z" " be a continuous function in two variables
that is a polynomial in x, and assume that P(x,c) = 0. If po(y) > 0 fory € [a,b] \ {c} and,
foreachi=1,... n, wehave p;(y) = O(po(y)) for y in a neighborhood of ¢, then there is a
constant M such that P(x,y) > 0 whenever x > M and a <y < b.
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Proof. By the hypothesis, there is a constant M > 1 such that |p;(y)| < (M — 1) po(y)
foreach y € [a, ] \ {c}. It follows that

P(z,y) > po(y)z™ — (M — 1) Zpo(y)xnﬂ

o0

> po(y)az” (1 -3 ij 1) = po(y)z" (1 - Aj:f) >0

forallz > M anda <y < b. |

THEOREM 4.1. Let Q(p,0) = Y1 ,q:(0)p" % and R(p,0) = > i~ ri(0)p™ " be
continuous functions in two variables that are polynomials in p. Assume that R(p,0) > 0 in
the entire region p > K, and consider the function f(p,0) = %. If

(@) po(f) = qo(00)r0(0) — qo(@)r0(bo) > 0, for 0 € [a, B] \ {00}, and

(i) ¢:(0) — qi(6o) = O(po(9)) and r;(0) — r;(6p) = O(po(9)), for 6 in a neighborhood
of 0y and for eachi =1, ... n,

then there is a constant p* such that for each p > p*, we have Iggg{ﬂ f(p,0) = f(p,6).
a_ —

Proof. Since f(p,00) — f(p,0) = %, where

P(p,0) = Q(p, 00) R(p,0) — Q(p, 0) R(p, 00),

it suffices to prove that P(p, 6) is positive for all 6 # 6y, whenever p is large enough.

The statement will follow from Lemma 4.1 applied to P(p,6), so it suffices to verify
the conditions of the lemma. Indeed, the leading coefficient of P is p(#) > 0, whereas the
coefficient of p™ "% is

pi(0) =>4 =12 (00)r;(0) —1;(00)q: (0)]
= i1j=klai(00)(r;(0) — 15(60)) — 7(00)(2:(0) — ¢i(00))] = O(po(0))

for 6 in a neighborhood of 6, and hence the proof is complete. O

EXAMPLE 4.2. In [9, Theorem 1], setting 6y = 0, we have po(8) = (1 —cos 20)v°(3v2 +
y—1)>0if %m < v < 0, so the condition (i) is fulfilled. Moreover, all the coefficients
qi(0) — ¢;(0) and r;(0) — r;(0) are polynomials in 1 — cos 26 and are thus O(1 — cos 26), as
6 — 0, so the condition (ii) is fulfilled as well. The other cases and theorems in this paper are
verified in the same manner.

5. Error bounds for Gauss-Turan quadratures for analytic functions—a general
method. Let du(t) = w(t)dt be a nonnegative measure (distribution) supported on the
interval (—1, 1), where w is an integrable weight function on this interval. We consider the
Gauss-Turan quadrature formulas with multiple nodes:

n 2s

(5.1) / FOdu(0) = Qualfl+ Rus(f): Quslfl= > A9,

v=1 1=0

Quadrature formulas with multiple nodes appeared more than 100 years after the renowned
Gaussian quadratures. A well-known subclass thereof are the Gauss-Turdn quadrature formulas
with all nodes having the same multiplicity; see [94].

In [89], following an approach of von Sydow [95] and de la Calle Ysern [7] (see also [8])
for Gaussian and rational quadrature formulas, respectively, we presented a computable upper
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bound for the error which is valid for a broad range of Gauss-Turdn quadrature formulas with
arbitrary weight functions.

Since &, (p > 1) given by (1.6) shrinks to the interval [—1, 1] as p tends to 1+, there is
a maximal parameter pmax such that f is analytic inside £, whenever 1 < p < pmax. The
contour integral representation then reads

1
211 &

(5.2) Rus(f) = Kns()f(2)dz, 1< < pona,

where the kernel K., is given by

1 1 1 n 2s Z'Azy

v=1 i=0
1 n n 2s .
1 AOV it A,
e e

From (5.1), for an arbitrary polynomial S, (s11)—1 € Pan(s+1)—1, We get
1
N=[ #O@0 - Qu.lr

= /_1[f(t) — Son(s+1)—1(t)] du(t) + Qn,s[Son(s+1)-1 — f1-

Taking f(t) = 1/(z —t) (z € &,, t € [—1,1]), the above formula gives us the upper

bounds
1 L
R s el | N Son(s+1)—1(t)| du(t)

(5.3) + ZAO,V P Son(s+1)—-1(70)
iZA’ v’ < it Ség(s+1)1(ﬂ/)> )
v=11i=1 Z T )

and

1 LS|
Ry s po— < i Son(s+1)—1(t)| dp(t)
n
(54) + ZAO,V — - SQ’I’L(S+1)71(TV)
- (1)
+ Z Z |AZ V| ’ _ )'LJrl - S2:z(s+1)—1(7-”) .
v=111=1

Here we used the fact that the weights A , are non-negative; see e.g., [71, p. 103].
Let us denote by Sy, (s41)—1 the best min-max polynomial approximation of the function
1/(z — t) on the interval [—1, 1], i.e

1
z—1t

max
te[-1,1] |z — ¢

- S(t)‘

— Soncs )| = min max
(s+1)—1
( ) SE€Pan(s+1)—1 tE[—1,1]

~ 1
= an(erl)fl (Z — t) .
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From (5.4) we get

1 ~ 1
‘Rms (Zt)‘ < 2,“/0 : g2n(8+1)71 (Z — t)

(5.5) n
(z
#3035 il [~ 88w
v=1i=1
where p19 = fil du(t). Let us define
1 ~
Qg on(s+1)-1(t) = i Son(s+1)—1(t)-
It is well known (cf. [95], [1]) that
M n(s — a—v —2n(s l1—av
(5.6) <I>072n(5+1)71(t) =Gv) = 5 <v2 (s+1)—-1 | T 4 g 2n(s++1 M) ;
with
IR R P oY il
= C2n(s+1)—1 >
2=t) T =] (1= |- v 1))
and
1 1 1 1 .
t=-(v+-], z=—la+—], a=z—2z2-1, la| =p~.
2 v 2 «
Therefore,
2p—2n(s+1)
5.7 M| <
5.7) M| < |m| (11—
Recall that t = cosf € [~1,1], v = v(t) = €, § € [0,7], with 7, = —cos0,
(v=1,...,n). The upper bound (5.5) can now be written as
1 n
‘R(J' < 200 - Enn(ot) - ( ) + ZZ sl |2y ()]

v=11i=1

Alternatively, if we want to reduce the number of numerical calculations, we can use a
cruder bound:

2s n
1 ~ 1
(58) ’Rn,s (Z—t)‘ S 2,[1,0 . g2n(s+1)—1 (Z—t) + Z Z Di,y . |Ai,u| )

i=1v=1

where ’<I>

0.2 (5+1)— ()| £ Djy, forv=1,...,nandi=1,...,2s.

In [89] we focused on the error bounds based on the inequality of the type (5.8), the
effectiveness thereof was shown there. The parameters 7,,, A; ,, are calculated numerically by
the stable numerical method given by Gautschi and Milovanovié (see [18]; also [48, 85]). In
fact, for these calculations we used the Matlab templates turan.m, sturan.m which are
downloadable from the Web site [14] and distributed along with the book [13].
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Determining the quantities 3 (t) and D; , is possible, although it gets com-

0,2n(s+1)—1
plicated for larger . For a given s € N, we have to find the derivatives <I>(()l)2n(s +1)—1(t) for
1=20,1,...,2s, which are of the form
d d

(I)E)l,)Qn(S-i-l)—l(t) T dti Po,2n(s+1)-1(t) = dti (G(®)

= i G® (v) - Z (TS H {Ugl)(t)rl )
k=1

ki,ka,....k; =1

N

where the latter sum is taken over certain combinations of ki, ko, ..., k; (€ {0,1,...,i}),

Chy ks,....k; are the corresponding real constants, and vfl)(t) = d'v(t)/dt'. Now we can
obtain the upper bounds

) 7 7 . ky
659 |2 (m)] X |EPEED] Y 1Ol - TT o0
k=1 k1,ka,... ks =1
By Leibnitz’s formula, (5.6) gives us
M < [k
. e _ -
W) =5 3 (5) [#9 @0 0+ 49 @l )]
=0
where
_ a—v _ 2n(s+1)—1 _ l1-av _ ,—2n(s+1)+1
h)=1——01 at)=v o R)=——r g2(v)=v
and
M| - (k
. e . e
(5.10) ‘G(k)(v)‘ < TZ <3) Hfl(])(“)‘ : ’gg ”(@‘ n ‘féw(v)‘ : ’gé J)@)H'

j=0
For j € N, we have
@) = jlad ™t (<1 + [a?) (1 — av) 7Y,
5 w) =t (1= laf?) (@ —v) 7Y,
and for j < k, we have
dF ) = @n(s +1) = 1)(2n(s +1) = 2) -+~ (2n(s + 1) — k + j) - o2 HD—FHI—1,

Sy = (=) @2n(s+1) = 1)@2n(s+ 1)) - 2n(s + 1) + k — j — 2)

% ,U—2n(s+1)—k+j+1 ]

Furthermore, for j € N, we deduce
AP @)| <3 lal ™ (1= laf?) (1 = Jal) 7,

#@)] <3l (1= faf?) (2 = fa) 7,
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and, for j < k,
0" ()] = @nls +1) = D@nls +1) = 2) -+ 2nls + 1) — k + ),
]gg’“—ﬁ(u)’ = @n(s+1) - 1)2n(s+ 1)) n(s +1) + k —j — 2).
Now the inequalities (5.10) obtain the form

‘G(k)(v)‘ < % Ly (k>1),

where
Ly = k! { <2n(84];1)—1> N <2n(5+2)+k_2)
O e o

Ut(l)(ﬂ,) =: V1, in (5.9) can be evaluated as follows. As v(t) =t —

V12 — 1, we have that v = (t? —1)7%/2 = (t — 1)73/2(t 4+ 1)=3/2. For | > 3, applying
Leibnitz’s formula yields

The quantities

(1-2)
l — — _
UE) _ (’Uél)(l 2) _ ((t _ 1) 3/2(t + 1) 3/2)

< [l- 2) (1-2-4) ()
) (@ +1)732 (t—1)7%?
(17 () (-0
(_1)l 2 - 3 l-2 : n(o; " J 1-2—j
= G )T 3 (7 -2 @i (e 17— 1)
§=0
where j!! = j!/(j — 1)!. Therefore,
1 _20—1
Viw =55 (1-7)  *
(5.12) 2 | |
|3 ( ; )(2(1 — 2 DN+ DN (1, + 1) (1, — 1)I727 ]
§=0

where v =1,2,...,nand [ = 3,4, ..., 2s. Finally, knowing that

/ |dz|

— =27,

& ’ Vz? — 1‘

on the basis of (5.7), by using (5.9), (5.10), (5.11), (5.12), the error bound of the type (5.8) in
the general case (s € N) obtains the form

(5.13) |Rp,s ()] < ens(f),

where

conl$) =, int { (macl )]} 2 )

1<p<pPmax 2€&p

2s 1 no4
X 4HO+ZZLk Z |C1e1,k2,...,/ci|'ZHlAi,ulVlﬁf ;

i=1k=1  kyi,ko,... ki v=1i=1
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and Ly, V; , are given by (5.11), (5.12), respectively.

There are several papers about bounding |A; ., |; cf. [71, 96]. See [89] for more details. In
[89] we demonstrated how to determine e,, s(f) in (5.13) in the cases s = 1, 2. Here is what
we obtained for s = 2:

|Rn,2(f)| S en,Z(f)a

where

en2(f) = _inf {<rn%>:|f(z)|) L2p76n(1 — p2)

1<p<pmax FAS

14 +1 - |A1,y| |A2,V|
210 + <2n(8+1)—1+ 1) ; ((1_73)1/2 + 28

(e i) 3

+ ((2n(s+1)—1 + Zif +2(2n(s+1)—-1) + 2(2?33) ,,Zn:_l (1|_AT35L/2
o <2n(s U ;h—LDQ VX“; ((1|/_13:3|)2 T O 4|Tu|)>
+3 (2n<s+1> 1+ Z*i) Z (|A3y|('7”>5/2+ |A|(11_+4)/)

+ <<2n(s+1)—1+5+_1>

+(@2n(s+1) — )(11(2n($+1)—1)+14z+1 —&-8(2_4_1; )

P+ +1)  (p+1\") o= [Ass|
T ( ))Zu—z%)?

p_l v=1

+6<<2n(s+1)—1+p+1> +2(2n(s+1) — 1) + 2p+1>

p—1 (p—1)°
- |A4V|
le (1—72)5/2

The general error bound e,, 4(f) in (5.13) has a rather complicated form. The reason for
this is the impossibility of determining the derivative dj, (t)=(G (v(t))gk) in some condensed
form for arbitrary k£ € N. On the other hand, as is well known, determining d;(¢) formally
is quite simple, although it requires patience. We have do(t)=G(v(t)), di(t)=G'(v) - v},
and di(t)=(dr—1(t));, for k = 2,3,...,2s. This is the first step in the algorithm that has
been used to handle (5.13) by the computer. Next, we use the given form (5.6) of G(v). The
next step is bounding |G(®) (v)| by |M|Ly /2, independently of v, |v| = 1 (and therefore of ¢,
t € [-1,1]), where the Ly, are given by (5.11). The calculations to this point do not depend
on the Gauss-Turdn quadrature under consideration, i.e., its nodes and weights. Finally, we
calculate the nodes 7, and the weights A, ,, of the given Gauss-Turdn quadrature and the
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quantities V; , = ‘Ugl)(ﬂz)

(1, pmax); see the formula for e, s(f) in (5.13).
From [96, Theorem 3.1] and (5.3) for large values of n, we deduce that

1 = 1
‘Rn,s <Z—t>‘ ~ 2/.L() . 52n(5+1)—1 (Z—t) (Tl — OO)

By using the above equation for large values of n, we get from (5.2) the asymptotic error
estimate

by (5.12) and form the function whose infimum is required on

|[Rus (NI ~ e2(f3w) (n = o0),

where

i) =, _int{ (o1 =) (maxlf)]) |

1<p<pmax €€,

The asymptotic error estimate |R,, s(f)| ~ 6532) (f) (n = oc0), where

e(as)(f) — inf {p72n(s+1)(1 _ ;072)71 ~

™8 1<p< Pmax
2s

x (4,@ + iégi!mwl(l —p )" ]g |\/22|L—Z|1|+1> <§g5>p<|f(2)> }

has been also proposed in [89]. The above integral can be computed explicitly (cf. Gradshteyn
and Ryzhik [25]), but the computation gets complicated for larger values of .

A couple of numerical examples showing the efficiency of our methods are given in [89].
Here we only present one.

EXAMPLE 5.1. Denote by “Error” the sharp (actual) error bound of the corresponding
Gauss-Turdn quadrature formula. Denote by e, s(f) = e, s(f;w) our error bound in order
to stress the dependence on the weight function. Let us consider the Gauss-Turdn quadrature

formula with the Legendre measure dy(t) = wo o(t), dt = dt, for the integrand f(t) = et
w > 0. The function f(z) is entire and it is easy to see that

2 2
max e Y% | =% by

1
bi==(p—ph).
e€, ’ 1 2(/) p )

Some results for s = 2 are displayed in Table 5.1.

Besides the generalized Chebyshev weight functions (1.7), the Gori-Micchelli ones are
also important in the theory of Gauss-Turdn quadratures. Gori and Micchelli [24] introduced
for each n a class of weight functions defined on [—1, 1] for which explicit Gauss-Turdn
quadrature formulas can be found for all s. These classes of weight functions have the peculiar-
ity that the corresponding orthogonal polynomials, well-known as s-orthogonal polynomials,
of the same degree, are independent of s. This class includes certain generalized Jacobi weight
functions

Wi (8) = [Un—1(8) /07 (1 = £2)",

where U,,_1(cos ) = sin nf/ sin § (Chebyshev polynomial of the second kind) and px > —1.
In this case, the Chebyshev polynomials of the first kind 7}, (¢) are s-orthogonal polynomials.
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TABLE 5.1
Error bounds ey, 2(f;wo,0) and actual errors.

w | n| epa(fiwoo) Error w | n | ena(fiwoo) Error
0.05 | 3| 2.966(—20) | 5.143(—22) 0.01 | 3 | 1.537(—26) | 2.683(—28)
4 | 4.848(—29) | 7.985(—31) 4 | 2.015(-37) | 3.333(—39)
5 | 3.648(—38) | 5.844(—40) 5| 1.215(—48) | 1.966(—50)
6 | 1.546(—47) | 2.395(—49) 6 | 4.121(—60) | 6.400(—62)
0.5 | 3| 2475(—11) | 4.180(—13) 0.1 | 3| 1.491(-17) | 2.573(—19)
4 | 3.988(—17) | 6.457(—19) 4 | 1.946(—25) | 3.194(—27)
5| 2.978(—23) | 4.745(—25) 5| 1.170(—33) | 1.883(—35)
6 | 1.256(—29) | 1.928(—31) 6 | 3.962(—42) | 6.128(—44)
2 3| 3.642(—6) 5.582(—8) 1 3| 1.027(-8) | 1.705(—10)
4 | 3.441(—10) | 5.407(—12) 4 | 1.308(—13) | 2.093(—15)
5| 1.611(—14) | 2.513(—16) 5| 7.759(—19) | 1.227(—20)
6 | 4.293(—19) | 6.485(—21) 6 | 2.607(—24) | 3.976(—26)

In the special case when the weight function is one of the four generalized Chebyshev
weights (1.7), for Gauss-Turan quadrature formulae (5.1) (which are the main representative
of quadratures with multiple nodes), we investigated in detail error bounds of the type (1.3)
(with I' = £,)—following the approach form [20, 21, 84]—in [39, 49], and error bounds of
the type (1.4) (with I' = &), jointly with error bounds based on an expansion of the remainder
term into a series—following the approaches form [28]—in [42]. So, in [42], on the basis
of the proved cases s = 1 and s = 2 for the Gauss-Turdn quadrature with the Chebyshev
weight function of the first kind wq (t) = 1/+/1 — t2, we conjectured the following statement
for arbitrary s € N, which was later verified in [37].

THEOREM 5.1. For the Gauss-Turdn quadrature formula (5.1) with the Chebyshev weight
Sfunction of the first kind w1 (t) = 1/+/1 — t2, if the function f is analytic in the interior D of
the ellipse £, and continuous in D, then there holds the following error bound

S

2s+1
-1 k 2n(s—k)
S ()

‘Rn,s(f” S 27 (IZ%%): |f(2’)|> F= (p2n _ 1)2s+1

In the meantime, the methods from [39, 49], [42] have been considered not only for
Gauss-Turdn quadrature formulae (including ones for evaluating integrals with strong singu-
larities [44]), but also for their Radau, Lobatto, and Kronrod extensions, with generalized
Chebyshev and Gori-Micchelli weight functions; see [40, 43, 44, 45, 52, 53, 34].

In [47] we analyzed quadrature formulas of high degree of precision for computing Fourier
coefficients in expansions of functions with respect to a system of orthogonal polynomials,
started by Bojanov and Petrova [6], and we extended their results. The construction of new
Gaussian quadrature formulas for the Fourier coefficients of a function, based on the values of
the function and its derivatives, is considered there. We proved the existence and uniqueness
of Kronrod extensions with multiple nodes of standard Gaussian quadrature formulas with
multiple nodes for several weight functions in order to construct some new generalizations of
quadrature formulas for the Fourier coefficients.

For the quadrature formulas for the Fourier coefficients based on the zeros of the corre-
sponding orthogonal polynomials, we constructed Kronrod extensions with multiple nodes
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and the highest algebraic degree of precision. Gaussian quadrature formulas, relative to the
Chebyshev weight functions, with multiple nodes and their optimal extensions for computing
the Fourier coefficients in expansions of functions with respect to a system of orthogonal poly-
nomials, are considered in [36]. The existence and uniqueness of such quadratures is proved.
One of them is a generalization of the well-known Micchelli-Rivlin quadrature formula. The
others are new. A numerically stable construction of these quadratures is proposed in [36].
The methods from [39, 49], [42] have been considered for such quadrature-type formulas; see
[54, 78, 79, 81]. In Section 6 we describe briefly the methods from [54].

6. Error bounds for Kronrod’s extensions of a generalization of the Micchelli-Rivlin
quadrature formula for analytic functions. The Gaussian quadrature formula with multiple
nodes

1 dt B n 2s—1 @
6.1) 0T Winer-ia ; ; Ay fO(1,) + Rus(fT0)

for calculating the Fourier-Chebyshev coefficients of an analytic function f, where n, s € N,
with respect to the Chebyshev weight function of the first kind w(t) = 1/v1 —t? was
introduced in [6, p. 383], and then examined in more detail in [36]. Here T3, is the Chebyshev
polynomial of the first kind of degree n, and the nodes 7, are its zeros. The quadrature rule
has the algebraic degree of precision n2(2s + 1) — 1. The special case s = 1 of (6.1) represents
the well-known Micchelli-Rivlin quadrature formula; see [31].

In [36] we considered the Kronrod extension of (6.1) in the form

1 n 2s—1 n+1
@) (7 T
(6.2) /_1f(t)Tn( ﬁ yzl ?oBWf > +J210f )+ R s (fT),

which has the algebraic degree of precision 2sn + 2n + 1. The nodes 7, are the same as
in (6.1), and the 7; are the zeros of the monic polynomial

o (T (1) = T a(1)) = oy

Frz+1 (t) (t2 - I)Un—l (t)a
where U,,_; is the Chebyshev polynomial of the second kind of degree n — 1.

Error bounds for the Micchelli-Rivlin quadrature formulas, and then for (6.1), for func-
tions analytic on confocal ellipses that contain the interval [—1, 1] in the interior, have been
considered in [78, 81], respectively. In this paper, our aim is to do the same for the quadrature
formulas (6.2).

Let f be an analytic function in a domain D which contains the interval [—1,1] in its
interior, and let I" be a simple closed curve in D surrounding [—1, 1]. Assume that we know
the values of the function f and its derivatives f(¥), i = 1,2,...,2s — 1, at the zeros of
the polynomial 7},, and that we also know the values of the function f at the zeros of the
polynomial (1 — t2)U,,_1 ().

The contour integral representation of the remainder term in (6.2) is (see [54])

n S fT f Kn S
where the kernel is given by

_ Qn,S(z)
(6.3) Kns@) = At v )
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and

! w(t) 2\2s+1
(6.4) On,s(2) = po— (1 =t)T7(t) Up—1 (t) dt.

71 -

We take the contour I' to be an ellipse £, as in the previous section.

In the sequel we present three types of bounds, L -error bounds (1.3), L'-error bounds
(1.4), and the error bounds resulting from expanding the remainder term. Numerical examples
that illustrate these three estimates are also included. In order to express the kernel (6.3)
explicitly, we evaluate the integral (6.4). After some straightforward calculations, we get

o (e ) K
s

©5) B &) = 2 Ty a  amys(an — )

We use the same method as in the previous section and Remark 4.1 and get the following
result; see [54].

THEOREM 6.1. For eachn € N, n > 1, and each s € N, there exists pg = po(n, s) such
that

)

1
Kn s = Kn s\ 5 -
| (9)] = Ko (00470
for each p > pg.
For n = 1 the corresponding result is slightly different.
THEOREM 6.2. Let n = 1.
a) For s = 1, there exists py such that

)

2

1
w611 (2)| = Ko (30007

for each p > po.
b) For s > 1, there exists po = po(s) such that

i

1
li S = li S “ - !
Iz%aé}:| b (Z)| ‘ L <2(p p )>

for each p > po.
In order to derive an L'-error bound, we use (1.4) and study the quantity

1
(6.6) Ly(&) = %ﬁ | K5 (2)]|dz],

where the kernel K, ;(z) is given by (6.5). ‘ _
Let z = 2(u+u™"), where u = pe'. Letting a; = 3 (p’ + p~7), for j € N, we obtain

Lns(Ep) = 1 /ﬂ ‘2220 (ijf) - (2‘3;“)) u—2sm+2kn—2n

= 2s+%

do.
agy, — cos 2nf(agy, + cos2nd)*

After some computations, we get the following result and consequently the L!-error bound.
THEOREM 6.3. For the expression Ly, (E,) given by (6.6), it holds that

Lou(6) < T/ Qs (p*™)

~ pn(p4n _ 1)23’
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where
s, s—k 2s—1
4 k 45 ko 4 i
Qs(p™) = 22 (=1) ZDs,jDs,jJrkp " Z Es,i(p =1,
k=0 §=0 i=0

D _ 2s+ 1)  (2s+1 Bk 2s+k—1\[45—1—2
=\ -1 i) i 2s—1 )

Let us now derive the error bound based on expanding the error term. If f is an analytic
function in the interior of £,, it can be expanded as

©67) f2) =Y o Ti(z)
where
o = 1 /1 (1 —t)"YV2 () Th(t)dt.

™J-1

This series converges for all z in the interior of £,. The prime symbol on the summation sign
means that the first term of the sum is to be halved.
The expansion of the kernel (6.5) is given by

s=aeg Eeacr (511) ()

where [z] denotes the integer part of a real number z,

2s+1 2541
Cor = <s—k—1) (s—kz)’

and p = —(2s 4+ 3)n — 2((j + k)n + i) — 1. The coefficient for 1~ (2s+3)n=2(an+0)—1 yith
0 < aand 0 < b < n — 1in the above expression equals

s a—k .
-1+ .
n2an+2b 27TZZCS]€ ( 26 — 1 )(a_k_j+1)7

k=0 =0

SO we obtain

oo n—1

_ —(23+3)n—2jn—21’—1
w 2jn+27, .

=0 :=0

THEOREM 6.4. The remainder term R,, s(fT),) can be represented in the form

oo

Rn,s(an) - Z a(23+3)n+k€$3§7
k=0

(s )

where the coefficients €, are independent of f. Furthermore, 5; )QJ 41 =0 forj >0, and

((ER)-CR) e (50 v

k # 2jn,

—1

b.

S

I§
=)

= =01

S
e

(6.8) En

=

forj=0,1,...
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Thus, we have

| n,s fT Z|Oz 25+3 ﬂ+k|‘€nk|
k=0

In general, the Chebyshev coefficients « in (6.7) are not known. In particular, under our
assumptions ([10]),

ol < % (maxl ).

Now we get

(6.9) [ B, s (FT0)| < mmax | (2) [ F'(p),
where

(6.10) F(p) = p(mg)nZ\ ol

and 525)2 », are defined by (6.8). Although the 525)2 jn, are sums themselves, it turns out that

F(p) can be simplified to a single finite sum; see [54] for a proof.
LEMMA 6.1. For F(p) given by (6.10) with p > 1, it holds that

Sina(D" () - () e o

6.11 F(p) =
(@10 v PP = R 1)

Now we can formulate the main result.
THEOREM 6.5. For s € N, the estimate (6.9) can be expressed in the form

S ((25) = (1)) preom
pn(p2n _ 1) (an + 1) :

R (T3] < a2

EXAMPLE 6.1. Let us calculate the integral

1 dt CcCOos(wz
/QEWﬂﬂﬂi?, f() = e >0,

by using the quadrature formula (6.2). We denote the L>°-error bounds, the L!-error bounds,

and the error bounds based on expanding the remainder term in a series by |R$f7)s( HI < rif),
for i = 1,2, 3, respectively and calculate them for some values of n, s, and w. The obtained
estimates hold for &£,, p > 1. We have

1

cos(wz)‘ — ecos.h(z.ubl) by = §(p _ p—l).

max e )

2€€,

“Error” is the actual (sharp) error and I, is the exact value of the integral. The results are
reported in Table 6.1.
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TABLE 6.1
The values of the derived bounds 1 (f1),r2(f1), r3(f1), for some values of n, s, w.

n,s,w r1(f1) Tz(f1) rs(fl) Error I,
8,1,05 | 554(—39) | 5.50(—39) | 550(—39) | 3.34(—40) | 1.08..(—6)
8,2,0.5 1.21(*56) 1. 21( ) 1. 21( ) 6.03(758) 1.08...(76)

8,1,5 1.89(—5) 1. 16( 5) 1. 16( 5) 5.81(—7) 3.11‘..(—1)

8,2,5 8.23(—9) 5. 39( 9) 5. 39( 9) 2.25(—10) 3.11...(—1)
8,1,10 3.14(—1) 9.48(—-2) 9. 65( 2) 4.06(—3) 1.07...(+0)
82,10 | 1.93(-2) | 6.80(— 3) 7.10(— 3) 1.98(—4) | 1.07..(+0)
10,1,0.5 | 3.30(=50) | 3.29(—50) | 3.20(=50) | 1.75(=51) | —1.29...(-8)
10,2,0.5 8.16(*73) 8. 12( ) 8. 12( ) 3.56(774) 71.29...(78)
10,1,5 |  9.30(=8) | 5.96(— 8) 5.96(— 8) 2.65(—9) | —1.72...(~1)
10,2,5 2.35(—12) 1. 60( 2) 1. 60( ) 5.93(—14) —1.72...(—1)
10,1,10 3.36(—2) 1. 09( 2) 1. 09( 2) 3.95(—4) —8.80...(—1)
10,2,10 5.72(—4) 2. 09( 4) 2. 12( 4) 6.01(—6) —8.80...(—1)
14,1,0.5 3.26(*73) 3. 25( ) 3. 25( ) 1.42(774) f1.37...(f12)
14,2,0.5 | 6.75(—106) | 6.73(— 106) 6.73(— 106) 2.43(—107) | —1.37..(~12)
14,1,5 9.42(—13) 6. 38( ) 6. 38( ) 2.37(—14) —4.23...(—2)
14,2,5 5.79(— ) 4. 10( ) 4. 10( ) 2.72(— 1) —4.23...(—2)
14,1,10 2.32(—4) 8. 36( 5) 8. 36( 5) 2.45(—6) 9.03...(—2)
14,2,10 | 2.39(=7) |  9.50(—8) | 9.51(=8) | 2.30(—9) |  9.03..(—2)

7. Error bounds for Gaussian-type quadrature formulas on circles. In this section
we describe, briefly, effective error estimates for quadrature formulas for analytic functions
on concentric circles, as this is related to an approach used by Gautschi and Varga [21]. The
methods described here for Gauss-type quadrature formulas also are applied to Gauss-Lobatto,
Gauss-Radau, Gauss-Kronrod, and Fejér-type quadratures. In certain spaces of analytic
functions, the error (remainder) term of a quadrature formula is a bounded linear functional.
We mention here the methods used to compute explicitly or in some cases to estimate the norm
of the error functional. For a detailed survey; see Notaris [63].

We consider the Gaussian quadrature formula (1.9) by taking I' to be C,. instead of &£,
where

C.={z€C||z| =7}, r > 1.

We have that
Ru(f) = 5z § Kl
where
1
K,.(2) =R, (z — )
and
1(C,
. R < U2 (a6, 9] ) (el 1)

where [(C,) = 277,
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If f is an analytic function in the interior of C,., then it can be written as
oo
f(z):Zakzk, z € Cy.
k=0

Define
(7.2) X, ={f| f analyticinC, and |f], < oo},
where

|f|» = sup{|ax|r" | k € Ny and R, (t*) # 0}

is a seminorm in X,.. It can be shown that R,, is a continuous linear functional in (X, | - |,-),
and its norm is given by (see [2, 4, 26])

B ()]
(7.3) 1Ball = ==
k=0
Under the additional hypotheses that
(7.4) w() is nondecreasing on (—1,1)
w(=)
or
(7.5) w() is nonincreasing on (—1,1),
w(=)
we can derive the following representations:
1
r T (t
7.6) e e U0
mn(r) J_yr—t
if w satisfies (7.4) and
1
r T (t)
7.7 R,.| = w(t) dt,
a 1Rl = = [ i)

if w satisfies (7.5) (see [3]).
For some classes of weight functions w(t), the integrals in (7.6) and (7.7) can be computed
explicitly or in some cases estimated. Therefore if f € Xg, then for every r € (1, R)

| ()] < [[Bull [f1r

and consequently
R < i R

The norm || R,, || has been computed explicitly in [2, 4] for the Chebyshev weight functions
of any of the four kinds. For example, for the Jacobi weight function w(t) = (1 — t)*(1 +

t)?, a, B > —1, one has
wt)  (1+t\"7*
C\1—t ’
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which is increasing on (—1, 1) if @ < ( and decreasing if o > (3. Therefore, we have (7.4) if
a < (B and (7.5) otherwise.

Gautschi and Varga in [21, Theorem 3.1] showed that if I' = C,. and w satisfies either
(7.4) or (7.5), then

[ Ku(r) if w satisfies (7.4) = |Rn(t")]
max [ (2)] _{ K, (=r)| ifw satisfies (7.5) —kZ_OW’

that is, by (7.3),

RTL
lrnlaX\Kn(z)| = u
z|=r r

Equation (7.1) gives

[ R ()] < [|1Rn gl‘glf(Z)l'

In particular, if f is analytic in the interior of Cr, then

Rl < it (1Rl max 7))

The papers [57, 58, 59, 61, 62, 63, 65, 67] by S. Notaris focus on this subject, with [63]
being a review paper. The paper [60] deals with some integral formulas for Chebyshev
polynomials with an application to the error term of interpolatory formulas for analytic
functions (Sections 3 and 4). The paper [64] deals with some product formulas for Chebyshev
weight functions with Chebyshev abscissae, and Section 3.2 in that paper studies the error
term of these formulas for analytic functions. Similarly, the paper [66] deals with a corrected
Fejér quadrature formula of the second kind, and Section 3.2 in that paper studies the error
term of this corrected formula for analytic functions.

Peherstorfer [72] gave an explicit expression for the kernel of the error functional for
Gaussian quadrature formulas with respect to weight functions of Bernstein-Szeg6 type of the
form (1 —)*(1 +t)?/p(t), t € (—1,1), where o, 8 € {—1/2,1/2} and p is a polynomial
of arbitrary degree which is positive on [—1, 1]. Using this result, the norm can easily be
calculated explicitly for a wide subclass of these weight functions. Our two paper on the
subject, in which we use circles, are [41, 46].

Acknowledgments. We are indebted to a referee and Lothar Reichel for making sugges-
tions that have improved the paper.
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