Journal of Computational and Applied Mathematics 272 (2014) 221-238

Contents lists available at ScienceDirect

Journal of Computational and Applied
Mathematics

journal homepage: www.elsevier.com/locate/cam

Biorthogonal polynomials and numerical quadrature @CmssMark
formulas for some finite-range integrals with symmetric
weight functions

Avram Sidi *

Computer Science Department, Technion - Israel Institute of Technology, Haifa 32000, Israel

ARTICLE INFO ABSTRACT
ATfiCl_e history: In this work, we derive a family of symmetric numerical quadrature formulas for
ﬁ:i:xgg izr?rce)s;;’eb;rf;?rllzz March 2014 finite-range integrals I[f] = fjl w(x)f (x) dx, where w(x) is a symmetric weight function.
In particular, we will treat the commonly occurring case of w(x) = (1 — x*)
MSC: [log(1 — x*)~'P, p being a nonnegative integer. These formulas are derived by applying
41A55 amodification of the Levin £ transformation to some suitable asymptotic expansion of the
41A60 function H(z) = f; w(x)/(z — x)dx as z — oo, and they turn out to be interpolatory.
65B05 The abscissas of these formulas have some rather interesting properties: (i) they are the
65B10 same for all &, (ii) they are real and in [—1, 1], and (iii) they are related to the zeros of some
22313% known polynomials that are biorthogonal to certain powers of log(1 — x?)~!. We provide
tables and numerical examples that illustrate the effectiveness of our numerical quadrature
Keywords: formulas.
Biorthogonal polynomials © 2014 Elsevier B.V. All rights reserved.

Numerical integration
Symmetric weight functions
Acceleration of convergence
Levin transformation
Rational approximation

1. Introduction and background

In [1,2], the author introduced a novel approach by which one can derive interpolatory numerical quadrature formulas
of high accuracy for integrals of the form

b
IIf1= / w)f (x) dx, (1.1)

where (a, b) is a finite or infinite interval and w(x) is a nonnegative weight function all of whose moments exist. The
quadrature formulas are of the form

W1 =) waf (u), (1.2)
i=1
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Xni and wy,; being, respectively, the abscissas and weights. In this approach, we assume for simplicity that [a, b] is a finite
interval and that f (z) is an analytic function in an open domain D of the z-plane that contains [a, b] in its interior. Then, we
can express f (x) via
1 f@)
f) =-—
2wi Jrz—x

where I is a closed contour whose interior contains [a, b] and is traversed counterclockwise. Substituting (1.3) in (1.1), and
changing the order of integration, we obtain

dz, (1.3)

1
= / H@S (@) dz. (1.4)
Tl Jr
where we have defined
b
HQ) :/ Y (15)
e Z—X

Clearly, H(z) is analytic in the complex z-plane cut along the line segment [a, b]. Next, substituting (1.3) in (1.2), and
changing the order of summation and integration, we obtain

1
LIfl= T/ Hy(2)f (2) dz, (1.6)
i Jr
where
Hy(2) = sz“; - (1.7)

i=1
It is easy to see that H,(z) is a rational function with degree of numerator at most n — 1 and degree of denominator n. In
addition, the abscissas x,; are the poles of H,(z), while the weights wy; are the corresponding residues. By (1.4) and (1.6),
we have

1
101~ il = 5 / [H@) - H@]f (@) d. (18)
r

Thus, we conclude that in order for I,[f] to be a good approximation to I[f] for arbitrary analytic f(z), it is necessary that
H,(z) be a good approximation to H(z) in the z-plane cut along [a, b]. This means that, in deriving good numerical quadrature
formulas of the form given in (1.2), we should construct rational functions H,(z) that will approximate H(z) well in the
z-plane cut along [a, b].

Now, sequences of rational approximations to H(z) can be generated in different ways. A good way is by applying
appropriate convergence acceleration methods (or sequence transformations) to the sequence of partial sums of the moment
series associated with w(x), which is nothing but the asymptotic expansion of H(z) as z — o< in negative powers of z,
namely,

o A b
H(z)NZ@ asz — oo; /lm:/ wXx" 'dx, m=1,2,.... (1.9)
m=1 zn a

If the transformation of Shanks [3] is used for this purpose, the rational functions H,(z) generated by it are simply the
[n — 1/n] Padé approximants from (1.9), and the resulting I,[f] are the Gaussian quadrature formulas for I[f]. For Padé
approximants, see, for example, Baker [4] and Baker and Graves-Morris [5]. For a brief review, see also Sidi [6, Chapter
17]. For an up-to-date treatment of the Shanks transformation, see [6, Chapter 16]. For Gaussian quadrature, see Davis and
Rabinowitz 7], Stoer and Bulirsch [8], or Ralston and Rabinowitz [9], for example.

In [1], a suitably modified version of the £ transformation of Levin [10] is applied to the sequence of partial sums
{Z:":1 ﬁiz*"}ﬁ:] of the moment series in (1.9) with (a, b) = (0, 1) and w(x) = (1 — x)*x#(logx~1)", and good numerical
quadrature formulas for I[f ] are obtained. These formulas also turn out to be interpolatory. One interesting and useful feature
of these formulas is that their abscissas are independent of §; they can also be made independent of « and v provided o + v
is a small nonnegative integer. In a recent paper by Lubinsky and Sidi [11], it is shown, for example, that the weights wp;
associated with these quadrature formulas are positive when « = 0 and 8, v > —1. This is a very important property in
that it implies that lim,,_, o, I,[f] = I[f] for every f € Cl[a, b] since I,[f] is also interpolatory. See Krylov [ 12, p. 264, Theorem
8], for example.

The approach of [1] is used in [2] for obtaining numerical quadrature formulas for the infinite-range integrals I?[f] =
fooo w;(x)f (x) dx, with w; (x) = x*e~™and w;(x) = Xx“Ep(x), where Ep(x) = f1°° e Xt~P dt is the Exponential Integral and p is
arbitrary. Yet in another recent paper by Sidi and Lubinsky [13], we treat the same integrals as in [2], only this time we use a
suitably modified version of the § transformation of Sidi instead of the £ transformation. (For the .£ and $ transformations,
see Sidi [6, Chapter 19].) The quadrature formulas developed in [2,13], just as those developed in [1], also turn out to be
interpolatory. Their abscissas have properties similar to those in [1]: the abscissas for I®[f] are independent of p and they
are the same as those of I'V[f].
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Before proceeding further, we note that the computation of the abscissas x,; is the most substantial part of the
determination of the quadrature formula I,[f] as the x,; are the zeros of a polynomial of degree n an hence their
determination is costly for large n. Once the abscissas have been determined, the weights can be computed as the residues
of H,(z) at a negligible cost. This is why the fact that the abscissas of the quadrature formulas above are independent of 8
and of p, for example, is so useful.

Another interesting feature of the quadrature formulas derived in [1,2,13], and mentioned above, is that their abscissas
are the zeros of some polynomials that are biorthogonal to (i) some powers of logx~! (in [1]), as shown in Sidi and
Lubinsky [14], and (ii) some exponential functions (in [2,13]), as shown in Sidi [15] and in Sidi and Lubinsky [13].! These
polynomials have interesting asymptotic properties and zero distributions, which are studied in Lubinsky and Sidi [16,17].

In [1, Section 7], again a suitably modified version of the .£ transformation of Levin [10] is applied to the moment series
in (1.9) with (a, b)) = (—1, 1) and w(x) = (1 — x*)%, and good numerical quadrature formulas for I[f] are obtained. Just as
the weight function, the quadrature formulas derived in this way too are symmetric, that is, if (§, w) is an abscissa-weight
pair, then so is (—&, w). Unfortunately, however, the abscissas of these quadrature formulas vary with «. The purpose of the
present work is to derive symmetric quadrature formulas that do not suffer from this deficiency. To achieve this, we modify
the approach of [1] substantially by considering an asymptotic expansion of H(z) that is very different from that in (1.9).

In the next section, we develop this modified approach and apply it in the presence of symmetric weight functions of
the form w(x) = (1 — x>)%[log(1 — x*)~!]?,p > —1/2 (that are more general than w(x) = (1 — x?)%) and derive a
sequence of rational approximations to H(z). In Section 3, we use these rational approximations to derive our quadrature
formulas. We study some of the properties of these formulas and show that their abscissas are real and lie in [—1, 1], those in
(—1, 1) being the zeros of polynomials that are biorthogonal to some powers of log(1 — x?)~!. The abscissas £1, if present,
can have multiplicities > 1. In Section 4, we show that these formulas are interpolatory. In Section 5, we derive integral
representations for the weights of the quadrature formulas. In Section 6, we give some tables of abscissas and weights and
also demonstrate the performance of the new formulas with some numerical examples.

As we will be applying the Levin £ transformation later in this work, we provide a brief description of the essentials of
it in the Appendix to this work. This description should also help the reader to better understand the motivation for the
developments in the next section, hence we advise the reader to study it first.

Before closing, we would like to comment on the relevance of the weight functions treated in this paper. The weight
function w(x) = (1 —x?)#~12, -1 < x < 1, is associated with Gegenbauer polynomials (or ultraspherical polynomials)

,Eﬁ ) (x), which are of importance in the context of potential theory and harmonic analysis. They are also used in numerical
work just as the Chebyshev and Legendre polynomials, for example. For these and other orthogonal polynomials, see
Szegé [18] or Olver et al. [19], for example. The weight function w(x) = (1 — x*)%[log(1 — x*)~']?, withp = 1,2, ...,
arises as in

dp 1 1
— [ A -x)f)dx = (—1)"/ (1 —x*)*Mog(1 — ¥*) "' Pf (x) dx.
da? J_4 -1
Finally, we would like to state that when the abscissas and weights of Gaussian quadrature formulas for the integrals we
deal with in this work are available, Gaussian formulas should be used as they provide “optimal” accuracies for functions f (x)
that are infinitely smooth on [—1, 1]. This, of course, requires the determination of the appropriate abscissas and weights
for each « and p, which may prove to be cumbersome. As already mentioned, for the quadrature formulas we develop in this
work, the abscissas, which are the most important quantities, are independent of «, and also independent of p when p is an
integer. This means that one set of abscissas (with p = 0) is good for all @ and integer p. As we will see later, the abscissas are
obtained as the zeros of some simple polynomials, the determination of the weights being a trivial task once the abscissas
are available. In addition, numerical experience shows that these quadrature formulas are capable of achieving very high
accuracies, and this is sufficient to justify their practical use.

2. Rational approximations to H (z)

Throughout the remainder of this work, we will consider the integrals

1
1= [ weoreax 1)
-1
where the weight function w(x) is an even function of x, that is,
w(—x) =wkx), —-l<x<l. (2.2)
Ta polynomial P(x) of degree n is said to be biorthogonal to a set of (not necessarily polynomial) functions {¢;(x), ..., ¢,(x)} in the inner product

(F,G) = fab w(x)F (x)G(x)dx, if it satisfies (P, ¢;)) = 0,1 <j <n.

If gj(x) = x¥~1,1 < j < n, then P(x) is the nth orthogonal polynomial in the inner product (F, G) = fab w(X)F (x)G(x)dx. In this case, the quadrature
method obtained is the Gaussian rule for fab w(x)f (x) dx mentioned following (1.9).
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In addition, we assume that all moments of w(x) exist. We aim at obtaining numerical quadrature formulas for I[f] that are
interpolatory and symmetric, and hence of the form

1 =Y wailf Gut) + F (—xui)].> (2.3)
i=1

In particular, we will treat the commonly occurring case of
wx) = (1—=x)%[log(1—x*)""P, a>-1,p>—1/2.2 (2.4)

Let us first define

1
H(z) = / W (2.5)

1Z2—X

Clearly, H(z) is analytic in the complex z-plane cut along the line segment [—1, 1]. On account of (2.2), we also have that

(T w)
H(z)_/_lz_{_xdx.

As aresult,

1 (! 1 1
H(Z)ZE/ w(X)[Z X+Z+X]dx,
-1 -

from which, we have

1
H(z):z/ w® dx. (2.6)
-1

72 — x2

The next lemma provides an asymptotic expansion for H(z) as z — oo that is entirely different from that in (1.9).

Theorem 2.1. Assume that w(x) satisfies (2.2), and let

1
Mm:/ wx)(1=x)"Tdx, m=1,2,.... (2.7)
—1

Then H(z) has the convergent expansion
o0
H@z)=-z) pm(1—2)"" when|1—2°|>1. (2.8)
m=1

Thus, the right-hand side of (2.8) also represents H(z) asymptotically as z — oo.

Proof. We begin by rewriting (2.6) in the form

H(z) = —Z/l Wl dx=——2 /1 w dx (2.9)
4 (1-22)-(1-x%) 1—22 _1]_}%; ' )
—Z
Now, because |1 — x?| < 1whenx € [—1, 1],

1 > 12\

- = when |1 — 22| > 1. (2.10)
-2 2

1- 75 m=1 -z
1-z -

Substituting (2.10) in (2.9), integrating termwise, and invoking (2.7), we obtain (2.8). Clearly, the infinite series in (2.10)
converges for all large z, and so does the right-hand side of (2.8). This completes the proof. B

We next analyze the asymptotic behavior of ©;; as m — oo when w(x) is as in (2.4). We need this in order to decide
whether the £ transformation can be used to accelerate the convergence of the infinite series in (2.8).

2 Note that if w(x) is as in (2.2) and the abscissas of I[f] are £x,; and I,[f] is interpolatory, then I,,[f] is as in (2.3). We give an independent proof of this
in Theorem 5.1.

3 The condition & > —1 is needed to make w (x) integrable at x = %1. The condition p > —1/2 is needed to make w(x) integrable through x = 0 since
[log(1 — x?)"']P ~ |x|?P as |x| — O.
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Theorem 2.2. Let w(x) be exactly as in (2.4). Then ., has the asymptotic expansion

(1/2>
(@) r'j+p+1/2)
~Z( 1y 2 f

mitp+1/2

asm — oo. (2.11)

Here Bg") (u) are generalized Bernoulli polynomials.*

Proof. We start by noting that, due to (2.2), (2.7) can be rewritten in the form

1
U = 2/ w1 —x)"Tdx, m=1,2,.... (2.12)
0
Making the change of variable of integration 1 — x> = e~ * in (2.12), we obtain
0 t 1/2
i = / e Mg(t)ydt, g(t) = ( - ]) e(1/2=a)t ¢p=1/2 (2.13)
0 € —
(Note that ., is the Laplace transform of g(t).) By footnote 4,
(1/2)( )
g(t) = Z( 1y L _—— i g2 e < 27 (2.14)

Jj=0
We now apply Watson’s lemma to the integral in (2.13) and obtain (2.11). For Watson’s lemma, see Olver [21], for
example. ®
Remark. An important fact to realize in the asymptotic expansion of 1, is that the powers of m in (2.11) are independent
of «. (The coefficients in this expansion do depend on « and p, but this is of no concern to us, as we will see later.)

Throughout the remainder of this work, we shall let
r=1-22 (2.15)

By Theorem 2.2, the sequence {,um} ~_, isin a class of sequences denoted by A( P=1/2) i |6, Chapter 6, Subsection 6.1.1].
Consequently, the sequence {u,, ¢ ™™} is in the sequence class denoted b in [6, Chapter 6, Subsection 6.1.2]. In addition,
by [6, Chapter 6, Theorems 6.7.2 and 6.7.3] (see also [22, Theorems 2.1 and 2.2]) and by the fact that ., is a Laplace transform
due to (2.13) with (2.14), the partial sums of the infinite series Z,fil ke %, namely,

Sm@) =Y mg ™ m=12..., (2.16)
k=1

satisfy

Sn-1(0) ~ GO + pumg ™™ Y pm asm — oo, z ¢ [—1, 1, (2.17)

i=0
with
b w) 4
Gi¢) = —f 3 5 dx=—-z""H(z), z¢[-1,1]. (2.18)
122 —x

Of course, by (2.8),

G@) =) g™ when|t|=|1-2° > 1. (2.19)

Naturally, the 8; in (2.17) depend on ¢, «, and p; they do not depend on m, however.

4 The generalized Bernoulli polynomials B (u) are defined via (see Andrews, Askey, and Roy [20, p. 615], for example)

e\ = t
] et = ZB?’)(u) 5 |t| < 2.
e = s=0 s-

They satisfy B (0 — u) = (—1)*B”’(u); hence B (¢/2) = 0 fors = 1,3, 5, ....B!")(0) are called the generalized Bernoulli numbers and are denoted
by B{”. Note that B(")(u) = 1and B(") = 1forall ¢. In addition, B(”)(u) ZS 0 ( )B,({”)S s for all k.
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As explained in [1], an asymptotic expansion for S,;,_1(¢) different from that in (2.17) can be obtained by substituting
the asymptotic expansion of u,, given in Theorem 2.2 in (2.17) and by re-expanding in negative powers of m. Indeed, upon
doing so, we obtain

o0
Sn-1(0) ~ G@)+m P2y " gim™ asm — oo, (2.20)
i=0
which is also valid for all z &€ [—1, 1]. This asymptotic expansion is of the form given in (A.3) of the Appendix, with
An = Sn(¢),A=G(¢),and w,, = m™P~2¢ ™ there.
Applying now the £ transformation to the sequence {S;,(¢)} via (A.5), we obtain as approximations to G(¢),
n
M=) (1) G i DR ()
AD() =20 , (2.21)
S (=1 (5) G i+ Dy
i=0

which, for simplicity, we write in the form
n
= > hilTISi(0)
[0) N(;) i=0 ' ok
An (C) == = n
D(C) Z )\'i{j-H
i=0

;A= (=D (?) G+i+ P2 (222)

Note also that we define Sq(¢) = 0 whenj = 0.
By (2.16), it is easy to see that ¢™S;,(¢) = 221:1 k™ ¥ is a polynomial of degree m — 1 and is nonzero at { = 0. From

this, it follows that A,(li) (¢) is a rational function of ¢, with numerator ﬁ({) of degree at most j+n — 1 and denominator 5(;“)
of degree exactly j + n. In addition, by the fact that A,({) (¢) is an approximation to G(¢) and by (2.18), we have that

HY(z) = —zAY(¢) (2.23)
is an approximation to H(z). Clearly, H,?) (z) is a rational function of z, with numerator of degree at most 2j + 2n — 1 and

denominator of degree exactly 2j 4+ 2n. Thus, we can use H,?) (z) to derive numerical quadrature formulas for I[f].

2.1. An extension

Our approach applies equally well with the slightly more general weight function
wx) = x|" (1 —x*)*[log(1 —x)""P, a>—1,p>—(y+1)/2. (2.24)
For, in this case,

o 1/2—-y/2
um=/ e Mg(t)dt, g(t)=<e[ 1) /2=y [2=at p=1/24y /2, (2.25)
0 _
By footnote 4,
(1/2—=y/2)
X . B: (o) .
g(t) = Z(_‘l)l ]ji'tﬁ‘l’*”z*‘l’/z’ |t| < 27. (226)
j=0 ’
We now apply Watson’s lemma to the integral in (2.25) and obtain
= BT @ ritpti2+y)2
- Ay p+1/2+y/2)
Ham _20:( V- e as m — oo. (2.27)
j:
By this, it is easy to see that (2.20) can now be replaced by
o0
m—-1(§) ~ G(&) +m * o ‘m™ asm — oo, .
Sm-1(2) ~ G(Z) P12y 2p=m N gim (2.28)
i=0

which is also valid for all z ¢ [—1, 1]. This asymptotic expansion is of the form given in (A.3) with A, = Sz(¢), A = G(¢),
and w,, = m~P~1/277/2£ =M there. Therefore, the .£ transformation can be applied as before to obtain numerical quadrature
formulas whose abscissas are independent of « again.

Orthogonal polynomials with respect to the inner product (F,G) = fil w(x)F (x)G(x) dx with the weight function
w(x) = |x|” (i.e, « = 0and p = 0 in (2.24)) are considered in Szeg6 [18, pp. 59-60]. It is shown there that, for this

case, the corresponding orthogonal polynomials are related to the Jacobi polynomials Pn(o"’ﬂ/ N 2x* —1).
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3. Numerical quadrature formulas

We now turn to the derivation of our quadrature formulas. We start with the following theorem concerning the zeros of
the denominator polynomial of A,(q’) ).

Theorem 3.1. The denominator polynomialﬁ(;) = Z?:o rot of Ag) (¢) has a zero of order j at { = 0 and n simple real zeros
in(—1,1).

Proof. We start by noting that 5@) = {fD,(,p_l/z’j)(g), where Df{”ﬂ)(g) are polynomials introduced originally in [1] and
given as in

DY) = Y (=1 () (B+i+ 1 3.1)
i=0

Itis clear that ¢ = 0 is a zero of order j ofD(g“) Next, it has been shown in [ 14, Theorems 2.1 and 2.2] that D(U ) (¢) satisfies
the biorthogonality property

1
| D P @ogs s de =0, k=01 n=Ti0 = -1, (32)
0
and hence that it has n simple real zeros in (0, 1) since {(log x*])"},:’;é is an n-dimensional Chebyshev system on (0, 1) and
£P(logx~1)° > 0on (0, 1). The result now follows. ®

The next theorem concerns the partial fraction decompositions of A,({) (¢) and H,Ei) (2).

Theorem 3.2. Denote the n real zeros of D(;) the denominator of A(’)(c) in(2.22), that arein (0, 1) by Em ,i=1,...,nThen
A,({) (¢) has a partial fraction decomposition of the form
. ) noyY
M@ =Y ey 33)
iz ¢ =1 ¢ — 5
Consequently, H,Si) (z) has a partial fraction decomposition of the form
. - (=1) 1
HY(2) = Z 0)[ + — |+ Z = | (34)
+1 +1 (/) NG)
-1 @+ Xy o Z4x)

where x(’) are distinct and

= J1-£9 e@©,1), i=1,...,n (3.5)

In addition,

P u
wY = % i=1,...,n, forallj, (3.6)
and
(1) /ﬁ“)
W, = go forj=1. (3.7)

Proof. Because B(;“) has j zeros at ¢ = 0 and n real simple zeros in (0, 1), it is clear that A,(f)(g) has a partial fraction
decomposition of the form given in (3.3).

As for H,Ei) (z), we first note that it is an odd function of z since A,(f) (¢) is an even function of z. This implies that it has a
partial fraction decomposition of the form given in (3.4). The results in (3.6) and (3.7) follow from the fact

z _1[ U }
_Erg) 2 Z_Xr(lli) Z+Xgi)

We leave the details to the reader. ®
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We now use the partial fraction decomposition of Hr(f) (z) given in Theorem 3.2 to define our quadrature formulas:
e Whenj = 0, we have the formula

1011 = Zw“” [F&D) + £ (=x)]. (3.8)
e Whenj =1, we have the formula
Ir(]U[f Z w(l) f(X(])) +f(— X“))] (1) =1, w(g)) — {U\r(lg)) (3.9)

e For arbitrary j, we have the formula

j—1 ) (i)
,g)U]:Z@gl)[f i'(l)

i=0

i (_
+(—1)'f(i7!1)}+z F ) + F(—x)]. (3.10)

i=1
Here, f @ (x) is the ith derivative of f (x).

Remarks. 1. The quadrature formula In)[f] has 2j + 2n abscissas. Of these, x = x )andx = — ,(1’,),

(2n in number), while x = 1 and x = —1 are j-fold each (2j in number, countmg multiplicities).

2. The formula Ir(,o) [f]1in (3.8) has all its abscissas in (—1, 1) just like the corresponding Gaussian formula.

3. The formula I,Sl) [f1in(3.9), in addition to having 2n of its abscissas in (—1, 1), has also the endpoints x = £1 as abscissas,
just like the corresponding Lobatto formula.

i=1,...,naresimple

Note that, by the fact that ;:(D are simple poles ong) ©) = ﬁ(;)/ﬁ({), we have

WD = ResaP(@)| o = NG By 2 D,
S DED) dz

by (3.3). Consequently, by (3.6), in all the formulas given in (3.8)-(3.10),

~ 3 MEFIS
o_INGD _1 ZHETS© (3.11)
" 2D’(‘§,g)) 2 Xn:(i—i—i))»i;“f“—l ;=£Y

i=0

Note also that, because the denominator polynomials 5(;) of the A(D (¢) are independent of «, so are their zeros (rg) and

so are the abscissas j:x in the quadrature formulas above. The ix do depend on p, however. The weights wm and @,5],-)
depend on both « and p through the S;;(¢) via the u.,. (At the end of Section 4, we show when and how the j:x,,, can be
made independent of p as well.)

We close this section with the following observation that is useful when checking tables of abscissas and weights:

Theorem 3.3. Let

glx,z) = . (3.12)
—X
Then the numerical quadrature formulas derived above satisfy
.01 =H@) =-2A0(©), ¢=1-2"z¢[-1,1]. (3.13)

The proof of this theorem follows from (2. 23) (3.4) and (3.10). We leave the details to the reader. The result in (3.13)
can be used to compute the rational function Hn (z) for arbitrary z, once via the quadrature formula In 0 [g(-, z)] and once
(and accurately) via zA,({) (¢) given by the Levin transformatlon Comparison of the numbers thus obtained can give us an
indication about the correctness and/or accuracy of x{ X ) and w?, the abscissas and weights of the quadrature formula I

ni?
4. Properties of I,Ei ) [f]

The quadrature formulas we have just derived have some rather interesting properties, which we explore below.
Theorem 4.1. I,?) [f]1is interpolatory, that is,

IV[f1 =1[f1 forallf € Myon_1, (4.1)

where IT,, denotes the set of polynomials of degree at most m.
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Proof. It is sufficient to show that (4.1) holds for f = ¢y, 1 < k < 2j + 2n, where ¢(x) = x*~', k > 1. For simplicity of

notation we will let W;, w;, and ; stand for @,ﬁ?, w,ﬁ’?, and x,&’,) , respectively. The proof proceeds through three steps:
(i) First, itis easy to show that,fork=1,2,...,
N k—1 - k—1 Kk
i —~ — —17. . o (s
19[¢] = {;ﬂ;( ; )—I—;wixi }[1+(—1) I; G, k) =min{j— 1,k — 1}. (4.2)

(ii) Next, by expanding the partial fraction decomposition of H,?) (z) given in (3.4) in negative powers of z with |z| > 1, we
obtain the convergent expansion

j—1 o0 i ) ) n 00
HY(z) = Z@iiz ( 15 1) (=1 + (—1)5]2_5_’_1} +y° wiHZU + (=)’ z ! } (4.3)

i=0 s=0 i=1 s=0
Letting k = s 4+ i + 1 in the first term and k = s 4 1 in the second term, and changing the orders of summation, we

obtain
oo (i,k) i o0 n
HY (@) = Z{Zwi[(—nw(—l)"”] (k ’l. 1l>}zk+2[2w,-[1+<—1>"1]xi-“1]z"- (44)
k=1 Li=0 T k=1 Ui=1
Now,

\k=ie1 —i—1 _ k—1 _ k—1
=D (k—i—1>_(k—i—l)_( i )

Consequently, (4.4) can be re-expressed as in

oo ( (i,k) _ n
HY (z) = Z{Z@i (k i 1) + Zw,—xfl}n + (=D,
i=1

k=1 ' i=0
which, upon invoking (4.2), becomes

o0

H @) =Y 191z, Jzl > 1. (45)
k=1
Of course, the summation Z,f';l T('i) [¢x]z~ ¥ is also the asymptotic expansion ofH,?) (z) asz — oc.
(iii) Next, subtracting HY (z) = —zAY (¢) from H(z) = —zG(¢), with A? (¢) as in (2.22), we obtain

> METIG(E) = §4i(9)]
H(z) —HY (z) = -2 =

_ (46)
> higit
=0

Now, by (2.19), we have G(¢) — Spu(¢) = 0(¢ ™ Y as¢ — oo. Consequently, the numerator of (4.6) is 0z~ Yas
¢ — oo. In addition, the denominator is asymptotically equal to A,¢/™™ as { — oc. As a result,
H(z) —HY () = 0z¢ 7" ) =0z #7"1) asz — oo. (4.7)

Here we have used the fact that z and ¢ tend to infinity simultaneously and that ¢ ~ —z? asz — oo.
Substituting the convergent expansion (z — x)~! = > 2%, x*~1z7¥ with |z| > 1 in (1.5), we obtain the convergent
expansion

0 1
H@) =) e ™ ﬁk=f wxTde =1, k=1.2.....
k=1 -1

and thus
Hiz) =Y liglz ™, |zl > 1. (4.8)
k=1

Of course, the summation Zﬁil I[¢c] 2% is also the asymptotic expansion of H(z) asz — oo.
Substituting (4.5) and (4.8) in (4.7), we then have
I[g] = I1[w], k=1,...,2j+2n.

This completes the proof. W
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Remark. In some instances, f?(+1),0 < i < j — 1 for some j > 0 may be readily available. Then, in view of the result
of Theorem 4.1, it is more advantageous to employ the formula I,E’)[f] rather than I,EO) [f] since the former integrates more
polynomials exactly than the latter.

Our next result concerns the biorthogonality property of the polynomials
n
RO = =1V ][ =), (4.9)
i=1

where x; again denotes x,(f,-) for short. Note that the abscissas of the quadrature formula I,?) [f] (with their multiplicities) are
the zeros of R,({) (x).

Theorem 4.2. The polynomials R,(f) (x) have the biorthogonality property

1
/ RO )[log(1 — )" xldx=0, k=0,1...,n—1. (4.10)
—1

Proof. Recalling that 5(() = g‘jD,(f*]/z'j) (¢) and that D,(lpfl/z‘j) (¢) satisfies (3.2), we have the biorthogonality property

1
D(p’m’j)( )[log —1p A dg = 0, k=0,1,...,n—1. (4.11)
n
0

Making the change of variable £ = 1 — x2, (4.11) becomes
1
/ (1 =Y DP2D (1 =) [log(1 — ) '/ xdx=0, k=0,1,....,n—1. (4.12)
0

The result now follows by recalling that 5(5;) = An& ]_[1'.;] (& — ég)) and that é,g) =1- [xgi)]z, from which we have
(=T = X2YDP2D (1 — %) =RV (x). m
As a corollary of Theorems 4.1 and 4.2, we also have the following interesting result.

Theorem 4.3. The quadrature formula I,?) [f]is exact for functions f (x) that are of the form

2j+2n—1 n—1
i _ ; _11k—1/2
f=Y X+ -2) RO Y diflog(1 —x) 1], (4.13)
i=0 k=0

di being arbitrary constants.

Thecasep=0,1,2,...

So far, we have seen that the quadrature formulas that we have developed for the weight function w(x) = (1 — x?)%
[log(1 — x2)‘1]p have abscissas that are independent of «. They do seem to depend on p, however. In case, p is a small
integer such as 0, 1, 2, ..., these abscissas can be made independent of p too. This can be achieved as follows: When
p is a nonnegative integer, the asymptotic expansion in (2.20), which forms the foundation of the effectiveness of the .£
transformation, can be rewritten in the form

o0
Sn-1(0) ~ G@)+m ey " p/m™ asm — oo, (4.14)
i=0
where
B =0, i=01,....p—1; B'=p, i=pp+1,.... (4.15)
Applying the .£ transformation to the sequence {S,,(¢)}, but with w, = m~"/2¢~™ now, we obtain
n
~ PYTSRL
N({) B ,=Zo l; ]—H(C)

AD () =

el == R A G [ R R (4.16)
D(¢) 3 At i
i=0

From here on, we proceed exactly as before.

Note that, because the denominator polynomials 5(;) of the A,(f)(;) are now independent of both « and p, so are their
zZeros ;,g) and so are the abscissas :I:xg? in the quadrature formulas above. As before, the weights wfl’? and 1’17,2’;-) depend on
both & and p through the S;,,(¢) via the .



A. Sidi / Journal of Computational and Applied Mathematics 272 (2014) 221-238 231

5. Integral representations for the weights w(o)

As we have seen, the abscissas +x,; and the weights w 9 of the quadrature formula Iy, © [f]1= Z? 1 w(o) [f(x(o))—l—f (- x(o))]
are given by

(O) / (0) (0) 1,.(0)
Xnio = 1_Em’ ’ ni — 2Uni s (5.1)

£'9 being the poles of Ay’ (¢) (hence zeros of the polynomial D"/%9(¢)) and the u? being the corresponding residues.
We next provide an integral representation for the weights of an interpolatory quadrature formula involving an arbitrary
symmetric weight function W (x) and 2n abscissas =£x;.

Theorem 5.1. Let W (x) defined on (—a, a) be such that W (—x) = W (x) there, and let
n

i1 =) _[Wif () + W_if (=x)]

i=1
be the interpolatory 2n-point numerical quadrature formula for the integral f[f] = ffa W (x)f (x)dx. Then

1 [ L .
W,l':Wi: EKHW(x)(Hsz>dX7 1= 1,...,”. (52)

k=1 Xi k
ket

Proof. Using the fundamental polynomials of Lagrange, we first have

X — Xk oXxFxe | X— (Fx)
Wy = W(x dx
* /, ( )<1_[ +x; — xk> (!_1[ +x; + xk) +x — (Fx;)

ki ki
X\ X £ X
= W X k ! dX. 5‘3
/ ()<Hx2—x>:|:2x, (53)
k#i
That W_; = W; can be shown by making the variable transformation t = —x in the integral representation of W_; in (5.3)

and by invoking W(—x) = W (x). The integral representation in (5.2) is obtained by summing the integral representations
of W_; and W; in (5.3) and dividing by 2. ®

Corollary 5.2. Let W(x) = U(1 — x*) and denote £ = 1 —x*and & = 1 — xiz, i =1,...,n. Let also W; be the weights
associated with the interpolatory quadrature formula

n

L1 =) _[Wif () + W_if (—x)]

i=1
for the integral i[f] = f_ll W (x)f (x)dx. Then

1 U@
Wii= o it

where [;(§) are the fundamental polynomials of Lagrange over the set of points {&1, ... &,} given as in

e = 1‘[g 5’; i=1....n.

L)dg, i=1,....n,

i
k;éx

(O) of the quadrature formula I,SO) [f] obtained in Section 3 are given as in

©_ 1 (" U@ Du)  d¢

Corollary 5.3. The weights w,

=3 ) TToF e £ g0 i=1,...,n (5.4)
Here U(£) = £%(log€ 1P, D, () = D,(f_l/z’o)(‘g‘), and D, (§) = %Dn(é), Invoking (4.11), we also have
w® = _172 Dn(§) S“(logé‘”)”2 1
/ (log&™")? 1/2D/ (5(0))[ N e ch(logg )| dt, (5.5)

o, C1, - - - , Cn_1 being arbitrary constants.
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By choosing the ¢, in (5.5) appropriately, it might be possible to show that the weights wf,?) in the quadrature formula
I,SO) are positive for all n, at least for some cases. This approach was used successfully in Lubinsky and Sidi [11] for some of

the quadrature formulas of Sidi [1]. So far, we have not been able to prove such a result for the quadrature formulas of this
work, however.

6. Computation of tables and numerical examples
6.1. Computation of tables

We have computed the abscissas and weights for the quadrature formulas I,EO) [f] = L[f] for the cases of « = 0, j:% with
p = 0, 1. Thus, these 2n-point quadrature formulas are given as in

if1="> " wailf Gai) + f (—xa)],
i=1

with
1 .
Xni = /1 — &, Wi = Uni, 1=1,...,1,

where £, are the zeros of the polynomial D(¢) = D129 (¢), that i,
~ n . cn
D) =Y rg, a=0 (D) A+ D2 =01, m,
. i
i=0

while u,; are the residues of the rational function

~ i Aig'Si(0) i
N P .
Gn(¢) = 5@) == CS@) =) umt™™ So(@) =0,
(é-) ;))\i;i m=1
that is
> M€K Sk(En)
k=0 .
Upj = ——, i=1,...,n.
3 kgl

k=1

We would like to emphasize that the abscissas used by all the quadrature formulas mentioned here are the same.

These abscissas, along with the weights for the case («, p) = (0, 0), are given in Table A.1. Note that because the polyno-
mials D(&) are known explicitly, we can use any polynomial solver to determine their zeros, namely, the &,;. However, for
large n, the computation of these zeros in finite-precision (floating-point) arithmetic to machine accuracy becomes difficult,
the apparent reason being that the coefficients A; of the polynomial D(§) have widely differing orders of magnitude. This
suggests that, for large n, the zeros of D(£) can be determined with a desired level of accuracy by using variable-precision
arithmetic. We have done all our computations in quadruple-precision arithmetic (approximately 35 decimal digits).

Below, we give the 1, and the H(z) corresponding to the weight function w(x) = (1—x?)*[log(1—x*)"']? fora = 0, j:%
and p = 0, 1; we make use of all these in our numerical examples in the next subsection. In our derivations, we have used
the following facts about the Beta function B(p, q) = f xP~1(1 — x)9~" dx and the Psi function v (z) = I'’(z)/I"(z), which
can be found in Olver et al. [19], for example:

rer (%)

/ (1—=x)ldx = ( ) (S+ )

1 n 1
n+1) =-C -, n+1)=—-Cc—-2log2+2 , n=0,1,...,
Y+ +k;k w(+2) g2+ ;Zk—l

where C = 0.577 - - - is Euler’s constant.

6.1.1. The case p = 0: w(x) = (1 — x*)®
For general «, we have
I (« +m)F( )

Mm—/(l )ot+111 1dX— (Ol+m,2) F(a+m+ )
2
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Table A.1
Abscissas and weights for I,[f] = 7, wy; [f(x,ﬂ) + f(fxm)], where I,[f] ~ I[f] = [, f(x) dx.

Xni Whi

n=1

5.4119610014619698439972321D—-01 1.0000000000000000000000000D+-00
n=2

8.8199814124846467645818789D—01
3.6526315298784059413137281D—-01

n=3

9.6291003451434110548285272D—01
7.3180493014805533228953150D—01
2.7540504853097747888247794D—01

n=4

9.8684741664521784499474052D—01
8.7705229956103853683906177D—01
6.1344572196726965397095366D—01
2.2092736165441734882831134D—01

n=>5

9.9496493397313047028449190D—-01
9.3976809388470725898715557D—01
7.8535947753616054137198608D—01
5.2432325693157630796737901D—01
1.8439687545269276245425981D—01

n==6

9.9797031154063462926049930D—01
9.6897413472135917983507509D—01
8.7602162491322879023309190D—-01
7.0313374384511158340501634D—01
4.5633210778862138591705937D—01
1.5821069722874873035150912D—01

n=7

9.9915131800121532535002644D—01
9.8339636410080084918431612D—01
9.2595388740854267611759835D—01
8.1005624729740316998297375D—01
6.3290482695942516754689986D—01
4.0326372402100668683819598D—01
1.3852544915346738183563748D—01

n=38

9.9963545112185601860320276D—01
9.9084707606689373820524764D—01
9.5454248452315299727279248D—01
8.7563730762724305718721893D—01
7.4801003247700561367491900D—-01
5.7360840976734965182998265D—01
3.6089763845975149538167636D—01
1.2319030029582244897369481D—01

n=9

9.9984017702648704616001930D—01
9.9483428193774225239926564D—01
9.7145521940022580450376269D—01
9.1691894347167615847300429D—01
8.2417004473103543496361195D—01
6.9185541588772868303701344D—01
5.2346456995748970707424647D—01
3.2638833024642496782687007D—01
1.1090820561305683088816675D—01

n=10

9.9992880911064403778869304D—01
9.9702860770995345059378933D—01
9.8173686739417016234880528D—-01
9.4352722045388943740815279D—01
8.7545179826307014616258535D—01
7.7463576911282035237780873D—01
6.4181934339309973931765153D—01
4.8078945465247329287733098D—01
2.9778420973998792752595295D—01
1.0085076012048194099327901D—01

3.1018628575402138302549524D—01
6.8981371424597861697450476D—01

1.1043787018465275147099603D—01
3.5559653744512494467814777D—01
5.3396559237022230385085620D—01

4.4082771810283745930510809D—02
1.8474139053372512227981102D—-01
3.3787207931152409279472066D—01
4.3330375834446703899495751D—01

1.8889978640414315693904544D—02
1.0001277873139157502804730D—01
2.0982914317550698060192843D—01
3.0741594494497870079581448D—01
3.6385215450770842788030524D—01

8.4647446952118649809507818D—03
5.6230545665115090547192369D—02
1.3225780359221649403363426D—01
2.1242271755261208367786149D—01
2.7731325912414344774826612D—01
3.1331092937070101901209498D—01

3.9070100268109333327893661D—03
3.2580894412392226748953569D—02
8.5098683855522346092298703D—02
1.4711612386652510311531018D—-01
2.0567784432939556971721089D—01
2.5065166838817660790689363D—01
2.7496777512117721308654367D—01

1.8404966843233851000220744D—03
1.9326349014700975874825143D—02
5.5839317736741432271878946D—02
1.0296829877373098061268707D—01
1.5193557437633093601053112D—01
1.9542920107186075908266765D—01
2.2774291021564705701259005D—01
2.4491785212666447403479795D—01

8.7958366367138993899506533D—04
1.1677568162390772624846429D—02
3.7272393589472958275307418D—02
7.2967700674393676136817664D—02
1.1274046593051652510665047D—01
1.5129164454615373288969313D—01
1.8424146746861778462915817D—01
2.0817896798296232410025213D—-01
2.2075020798182083629827952D—01

4.2472194108304154784338328D—04
7.1604935632497948419772107D—03
2.5243586219582729798419233D—02
5.2334741010271851000427879D—02
8.4286416572384425764212531D—02
1.1721277070685658264503035D—-01
1.4777907002534929435549838D—01
1.7323033772478613874599884D—01
1.9142732465706454801625444D—01
2.0090053757937159328433776D—01

(continued on next page)
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Table A.1 (continued)

Xni

Wh;j

n=11

9.9996788611766575177321525D—01
9.9826388434942462659497641D—01
9.8813087590130540871991369D—01
9.6103865523778298418396372D—01
9.1058202032439645864813344D—01
8.3327821233985747187729831D—01
7.2836935137208713082300364D—01
5.9746719223931997438114926D—01
4.4417927181574491582902273D—01
2.7371554068138113067900377D—01
9.2464197766109564204279083D—02

n=12

9.9998536484182813367539571D—01
9.9897231629125418238598794D—01
9.9218371338647156251495130D—01
9.7277384253456978603255331D—01
9.3503464492488072451615623D—01
8.7534817964362068853557208D—01
7.9216855488508165199332167D—01
6.8580215712415311428607990D—01
5.5816145262039039283183352D—01
4.1251098230744566611072654D—01
2.5319823493775455142027475D—-01
8.5364350882625105086383834D—02

2.0664891263047423180643340D—04
4.4431963377443846291538316D—03
1.7308181982610925039356860D—02
3.7950977302954002886955229D—02
6.3538072015910536981151229D—02
9.1189770921851771528580906D—02
1.1835312909582853153735439D—01
1.4284340784456714696684799D—01
1.6285703962177340901428492D—01
1.7699810208902805936017517D—01
1.8431147387510075782433305D—-01

1.0111978554881788558392859D—04
2.7840577799682020814370588D—03
1.1991282474571807067357128D—02
2.7790850161557216566800416D—02
4.8288789242719849953840219D—02
7.1337861132145017070813919D—02
9.4966212765820808000775276D—02
1.1744362951087763548794047D—01
1.3728921645679420135780338D—01
1.5328231804991653331591555D—01
1.6448116415360031811962708D—01
1.7024349848647959309210567D—01

Here are the special cases of @ = 0, j:%:

1. Thecaseax =0

2. Thecasea = —1/2

(;

Mm =

(3

Mm =TT

3. Thecasea = 1/2

(2

Mm =TT

__(m—1)

G

m!

z+1
)m71 , H(Z) = log ;
)m—l T
= H(z) = @

6.1.2. Thecasep = 1: w(x) = (1 — x*)* log(1 — x*>)~!
By the fact that

for general o, we have

and

wx) = (1 —Xz)a log(1 —xz)_1 - —i(l

oo

., H@=n[z-E-1"].

_ XZ)Ot’

V4
P 2F1<oz—|—1, La+3;(1 —zz)*‘>.

fw = — Bl +m.d) = [@tm+ D) — e+ m]B(atm, )

o

H(z) = —

0 _
Zz_]aa{B(Ot-l-l,;)2F1(05+1,1;0t+3;(1—22) 1)}
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Here are the special cases of « = 0, j:%:
1. Thecasea =0

m— 1! U
Lm = 2(37)<—210g2+2 > 7),
(i)m—l k=m k
o0
H@)=-z) pn(1-=2)", |22 =1]>17
2. Thecaseox = —1/2

() 2m—2
=7 ])’<210g2—22 )

Ha) = —20 g 2T V2 =
_\/22—1 & \/22—1 ’

3. Thecaseox = 1/2

). <2log2—2 Z )

k=m+1

z+ /22 -1
H(z) = 2mlog2)z — 2nv22 — 1 log ———.
N

The expression for H(z) in case & = —% appears in Gradshteyn and Ryzhik [23, p. 562, Eq. (4.295.36)]. The expression
for H(z) in case @« = % is obtained from
1 dx ! log(1 —x%)~! 1—22
log(1 —x*)" W1 —«x2 / ( —|—z—|— )dx
/;1 zZ—X -1 V11— x2
! log(1 —x»)~! Tlog(1—x»)""' dx

dx 1-— ,
Z/4 V1 —x2 + )/ VJ1—x2 z—x

and from w4 and H(z) of the case « = —

=

6.2. Numerical examples

We have applied the new quadrature formulas discussed in the preceding subsection to several integrals and observed
that they have excellent convergence properties. Here we bring some of the numerical results. All our computations have
been carried out in quadruple-precision arithmetic (approximately 35 decimal digits).

Example 6.1. First, we have applied I,ﬁo) = I, to the function g(x, z) = 1/(z — x). In Table A.2, we give the relative errors

in the approximations I,[g (-, 2)] to the integrals I[g(-, 2)] with g(x,z) = 1/(z — x) and for @ = O, j:% and p = 0, 1in the
weight function, the abscissas of the quadrature formulas used being the same for all approximations. These integrals were
considered in the preceding subsection. As mentioned following Theorem 3.3, for these integrals, we have

Lig¢.2)] =H @) = —z2AP(1 -2, z¢&[-1,1].

The errors shown in Table A.2 are actually those computed from the appropriate —zA,ﬁo) (1—2z2), the reason for this being that
we would like to ascertain the actual efficiency of our quadrature formulas, since Aflo) (¢) can be computed with machine
accuracy. We would like to note that, due to the fact that we are not able to compute the abscissas, and hence also the
weights, of the quadrature formulas I,SO) for large n to machine precision, the approximations I,ﬁo) g (-, z)] via the quadrature
formulas (with abscissas and weights computed in floating-point arithmetic) do not achieve machine accuracy for large
n, even though they must be identical to —ZA,(P) (1 — z?) theoretically. (To achieve the same accuracy as —zA,ﬁO)(l — 22,
the abscissas and weights of 1,50) must be computed to machine accuracy, preferably in variable-precision arithmetic, as
we mentioned earlier.) In this respect, we would like to mention that, with z = 2 in g(z, x), the smallest relative errors
obtained from actual use of the quadrature formulas (computed using quadruple-precision arithmetic, as in Table A.1) are
of order 10723 and take place for n &~ 13 and increase gradually as n is increased due to the limited accuracy of the computed
abscissas and weights. This is so for all the integrals treated in the present example. For z = 5, the smallest relative errors
are of order 10~%7 and take place for n &~ 11 for all the integrals.

5 Unfortunately, at the present, we do not have a simple expression for H(z) in this case.
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Table A.2

Relative errors for the quadrature formulas l,(f"p) = I,ﬁo) of Section 6.2 as these are applied to the integrals I“P[g(-, z)],g(x,z) = 1/(z — x), where
[@P[f] = fj](l — x)[log(1 — x2)~1Pf (x) dx. P stands for [I*P [g(-, 2)] — I@P[g(-, 2)])/ [@P[g(-, 2)]‘, The abscissas in I{*" are the same for all
« and for p = 0, 1, and are determined as in Section 6.1.

1 E'(IO,U) Er(lq/z,()) Er<l1/2,0) E'(Im) Er(rl/z,n Er(11/2.1)
1 1.78D—02 6.56D—02 6.73D—-03 1.14D—01 1.56D—-01 8.08D—02
2 7.24D—05 2.16D—-03 1.30D—04 1.87D—03 8.46D—03 1.67D—03
3 5.28D—07 4.39D—05 5.14D—-06 1.02D—-05 2.42D—-04 2.69D—06
4 3.33D-08 6.83D—-07 7.17D—08 2.17D—-08 4.63D—06 7.00D—07
5 7.65D—10 8.06D—09 9.19D—-11 2.15D—09 6.74D—08 1.49D—08
6 9.34D—12 7.55D—11 2.84D—11 7.13D—-11 7.66D—10 1.09D—10
7 3.77D—14 7.70D—13 7.18D—13 1.28D—12 7.28D—12 2.60D—12
8 4.87D—15 3.42D—-15 8.53D—15 8.61D—15 6.44D—14 1.09D—13
9 1.22D—-16 2.51D—-17 4.58D—17 2.81D—16 3.42D—-16 1.96D—15
10 1.43D—18 8.94D—19 4.64D—18 1.15D—17 3.27D—18 1.15D—17
11 9.52D—-21 1.64D—20 1.10D—19 2.09D—-19 3.43D—-20 4.56D—19
12 8.40D—22 1.94D—22 1.21D-21 1.14D-21 6.65D—22 1.73D—-20
13 1.94D—23 1.69D—24 1.07D—23 5.28D—23 1.32D-23 2.97D—-22
14 2.01D—-25 1.22D—-25 7.83D—25 1.92D—24 5.53D—26 1.33D—24
15 2.22D-27 2.70D—-27 1.74D—26 3.21D—-26 3.53D—-27 8.24D—26
16 1.42D—-28 2.61D-29 1.69D—28 1.17D—-28 1.21D—-28 2.82D—-27
17 3.06D—-30 3.56D—-31 2.30D—30 9.64D—30 1.93D-30 4.53D—-29
18 2.80D—32 2.04D—32 1.32D-31 3.12D-31 5.12D—-33 1.24D—-31
19 7.01D—34 4.25D—34 2.86D—33 6.96D—33 5.53D—-34 1.54D—32
20 1.75D—34 1.06D—34 1.14D—34 2.45D—-33 0.00D+4-00 2.70D—34

Example 6.2. We have applied our quadrature formulas to the integrals I[f], withf (x) = 1/(14x*) and« = 0, :I:%, p=0,1
in the weight function w(x) = (1 — x?)*[log(1 — x?)~']P. For these integrals, we have

b4
(@.p)=0.00 Ifl==

_ 1 0 i 7
(O{,p)— (_27 ) U]_E
(@,p) = (1,0) Ifl=n (fz— 1)

2

b4
(a,p) =(0,1) I[f]1 = 2G — 3 log2, G =0.915965594177 --- Catalan’s constant

(a,p) = (_; 1) I[f] = 72 log(1 + 1//2)

(a,p) = (% 1) I[f] = 27 [v/210g(1 4 1/4/2) — log 2]

The relative errors in the I,[f] are given in Table A.3. Again, the abscissas of the quadrature formulas used are the same
for all approximations. Note that the errors are increasing towards the bottom of Table A.3 when, actually, they should be

decreasing and should do so fast. Of course, the reason for this is that the abscissas and weights we are using here have not
been computed to machine accuracy due to limitations imposed by the floating-point arithmetic used in determining them.
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Appendix. Levin £ transformation

The Levin [10] £ transformation is a most successful method used for accelerating the convergence of infinite sequences
{An} whose members are such that

An—1 =A+ wyh(m), (A1)
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Table A.3

Relative errors for the quadrature formulas I,(f"p) = ¥ of Section 6.2 as these are applied to the integrals I“P[f],f(x) = 1/(1 + x?), where
[@P[f] = fj](l — x®)%[log(1 — x*)~"Pf(x) dx. EP stands for |I“P[f] — I(’“’)[f]‘/
p =0, 1, and are determined as in Section 6.1.

I(“'P)[f]’. The abscissas in I\*" are the same for all & and for

n E'(IU‘O) E;—l/Z,O) Er(11/2.0) E,ﬁo’” E’(lq/z,l) E,(,UZ’”
1 1.52D—02 9.38D—02 6.64D—02 2.77D—-01 4.18D—01 1.82D—-01
2 2.95D—-03 9.52D—-03 4.82D—-03 3.41D-03 4.43D—02 1.48D—02
3 2.48D—-04 2.41D—-04 4.04D—04 3.53D—-04 2.87D—-03 9.46D—04
4 2.06D—05 2.17D—-05 3.49D—-05 3.25D—-05 1.07D—04 7.59D—-05
5 1.75D—06 5.91D—-07 3.01D—-06 2.63D—06 4.01D—06 6.73D—06
6 1.51D—-07 8.17D—08 2.58D—-07 2.21D—-07 3.49D—-08 5.88D—-07
7 1.30D—08 6.41D—09 2.23D—-08 1.90D—08 5.94D—09 5.07D—08
8 1.12D—-09 5.64D—10 1.92D—-09 1.65D—09 3.35D—-10 4.36D—09
9 9.71D—11 4.85D—11 1.66D—10 1.42D—-10 3.19D—-11 3.77D—10
10 8.39D—12 4.20D—12 1.43D—-11 1.23D—11 2.71D—12 3.26D—11
11 7.26D—13 3.63D—13 1.24D—12 1.06D—12 2.35D—13 2.81D—12
12 6.27D—14 3.14D—-14 1.07D—13 9.19D—14 2.03D—14 2.43D—-13
13 5.43D—-15 2.71D—-15 9.26D—15 7.95D—15 1.70D—15 2.11D—14
14 4.69D—16 2.35D—16 8.01D—16 6.88D—16 9.50D—17 1.82D—-15
15 4.06D—17 2.03D—17 6.93D—17 5.95D—17 4.39D—17 1.58D—16
16 3.49D—-18 1.76D—18 6.02D—18 5.15D—18 5.59D—-17 1.36D—17
17 3.30D—-19 2.64D—19 6.30D—20 4.27D—19 5.70D—17 1.16D—18
18 9.39D—-18 6.68D—18 7.27D—18 1.23D—18 5.68D—17 1.60D—19
19 2.68D—16 3.11D—-16 4.16D—16 2.84D—18 5.92D—-17 3.64D—17
20 4.11D—15 7.52D—15 1.61D—15 1.60D—16 2.47D—16 6.73D—16

where h(m) is a function having an asymptotic expansion of the form

h(m) ~ Z % asm — oQ. (A.2)
i=0

Here A is either the limit of {A,} when the latter converges or the so-called antilimit of {A,} when the latter diverges.®
Substituting (A.2) in (A.1), we have the asymptotic expansion

o .
Am_1~A+a)mZ% asm — oo. (A.3)
i=0

We are only interested in determining (or approximating) A, whether it is the limit or the antilimit of {A,,}.
With the sequences {A,,} and {wp,} available, the Levin £ transformation (based on the asymptotic expansion in (A.3)) is
defined via the linear systems of equations

n—1 n
Am_lef{)—l—me%, m=j+1,j+2,....j+n+1 (A4)
i=0

Herej > Oandn > 1, and A,(,D is the approximation to A, while B,- are additional (auxiliary) unknowns of no interest to us.
The solution of (A.4) for A,(q’) can be expressed in closed form as in

L i . . —
> (=D () G414 D" A/ o
AP = =0

(A5)

n
X(:)(—l)"*i (1) G+i+ D" @i
i=
Note that the linear system in (A.4) has been obtained from (A.3) by replacing A by A,%’), Bi by B, and the asymptotic equality
sign ~ by =, and by truncating the infinite series Zfzoo Bi/m' at the i = n — 1 term, and finally by collocating the equality
obtained at then + 1 pointsm = j+ 1,j+ 2,...,j 4+ n + 1, thus obtaining n 4+ 1 equations to accommodate the n + 1
unknowns Aﬁ,’) and Bo, 31, R Bn_l. Also note that we do not need to know the g; in (A.3); we would like to emphasize
that mere knowledge of the existence of the asymptotic expansion in (A.3) together with the sequence {w,} is sufficient for
applying the £ transformation.

6 In case A, is the mth partial sum of an infinite power series in z with a finite radius of convergence p > 0,A = lim;,_, o, Ap, for |z| < p represents a
function f(z) that is analytic in the set {z : |z| < p}. If the function f(z) can be continued analytically to some subset of {z : |z| > p}, then this analytic
continuation is the antilimit of {A,} in this subset. For a discussion of antilimits and their various meanings, see [6, Introduction, Section 0.2], where several
examples from different problems are also given.
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In Levin's work [10], w,, = m° (A, — Am—1), where o is some integer at most 1. When o = 0, the £ transformation
is called the t-transformation, and when o = 1, it is called the u-transformation. In developing our numerical quadrature
formulas, however, we do not necessarily use Levin’s w,; our wy, are designed such that the asymptotic expansion in (A.3)
is valid (with different 8; though) and the resulting quadrature formulas enjoy a great amount of flexibility. This approach

was first suggested and used by the author in [1,2]. The convergence properties of the sequences {Ag) }j°_°O (with n fixed) and

{Ag) }oe o (with j fixed) with general wn, were first studied by the author in Sidi [22,24]. See also [6, Chapter 19] for additional
developments.
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