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A Numerical Integration Formula Based
on the Bessel Functions

By

Hidenori OGATA*

Abstract

In this paper, we discuss the properties of a quadrature formula with the zeros

oo}
of the Bessel functions as nodes for integrals / ||t f(z)dz, where v is a real
— 00
constant greater than —1 and f(z) is a function analytic on the real axis (—oo, +00).
We show from theoretical error analysis that (i) the quadrature formula converges
exponentially, (ii) it is as accurate as the trapezoidal formula over (—oo,+00) and
(iii) the accuracy of the quadrature formula doubles that of an interpolation formula
with the same nodes. Numerical examples support the above theoretical results. We
also apply the quadrature formula to the numerical integration of integral involving
the Bessel function.

81. Introduction

In this paper, we investigate the quadrature formula with the zeros of the
Bessel functions as nodes, namely,

(1.1) / 2P f@)de m b Y wnlhEr* T f(héuk)
Ao
with
Yl/ v 2
(12)  wy = —eTEuk) k=41,42,...

Jy—i—l(ﬂéu\k\) ﬂQéV\k\Jy+1(W€V\k\)7
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where v is a real constant greater than —1, h is a positive constant, .k, k =
+1,42,... are the zeros of the Bessel function J, (7wx) of the first kind of order
v ordered in such a way that

"'<£V—2<§u—1<0<§V1<§u2<"'; gu—k:_gukv k:1a27

and Y, is the Bessel function of the second kind of order v 1.

The motivation of our study is as follows. The double exponential quadra-
ture formulae [11], abbreviated to the DE formulae, are known as optimal
quadrature formulae and efficient for various types of integrals. However, the
conventional DE formulae do not work well for integrals of oscillatory functions
over infinite intervals. Ooura and Mori partially overcame this weakness by
inventing a new formula of DE-type for integrals of the Fourier transform type
[8], that is, integrals of the form

(1.3) /000 f(z)sinzde,

where f(x) is a function with slow decay as © — +o0o. The key idea of their
formula was to choose a DE transform so that the nodes of the quadrature
approach rapidly to the zeros of the function sinz and the integral can be
computed with a small number of function evaluations, while the DE transforms
in the conventional DE formula are chosen so that the transformed integrand
function decays double exponentially. We tried to extend Ooura and Mori’s DE
formula to a one for integrals of the Hankel transform type, that is, integrals
of the form

(1.4) /000 f(x)J,(z)dz,

where J,,(z) is the Bessel function of order v and f(x) is a function with slow
decay as x — +o00. Since, as the conventional DE formula, Ooura and Mori’s
DE formula is based on the trapezoidal formula over (—oo, +00), i.e., a quadra-
ture with the zeros of the sine function as nodes, we naturally expect that we
can compute (1.4) by a formula with the zeros of the Bessel functions as nodes
coupled with a DE transform similar to Ooura and Mori’s.

In a study motivated by the above discussion, we found the quadrature
formula (1.1). The formula was first presented by Frappier and Olivier [2],
who obtained the formula (1.1) by a limitation procedure of the Gauss-Jacobi

IThe second equality of (1.2) is shown by the formula J,(2)Yy+1(2) — Ju+1(2)Yu(2) =
—2/(wz) (formula 9.1.16 in [1]).
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quadrature and presented classes of integrand functions for which the quadra-
ture formula gives the exact integral values. In addition to Frappier and
Olivier’s results, Grozev, Rahman and Ghanem presented theorems on inte-
grand functions for which the quadrature formula (1.1) gives the exact integral
values [3, 4].

We investigated the quadrature formula (1.1) more thoroughly and found
it very efficient in the following sense.

1. The quadrature formula (1.1) converges exponentially as the density of
nodes increases if the integrand function is analytic on the real axis and
satisfies some conditions. Its error is of the same order as that of the
trapezoidal formula with equal mesh size h over the infinite interval

(1.5) /fo faydz~h S f(kh),

k=—oc0

which gives the basis of the DE formula together with the DE transform
technique.

2. The quadrature formula (1.1) can be regarded as an interpolation-type one,
that is, it is obtained by integrating an interpolation formula with the same
nodes. We show the remarkable property that the accuracy of the quadra-
ture formula doubles that of the interpolation formula. This property is
common to the Gauss-type quadrature formulae and the trapezoidal one
(1.5).

3. We can apply the quadrature formula (1.1) to the computations of integrals
of the Hankel transform type (1.4), which is the motivation of this study.

The contents of this paper are as follows. In Section 2, we prepare some
notations for theoretical analysis and show a theorem on the quadrature error
of the formula (1.1), which should be compared with the one of the trapezoidal
formula (1.5). In Section 3, we show the quadrature formula (1.1) can be re-
garded as an interpolation-type one, that is, the quadrature formula can be
obtained by integrating an interpolation one with the same nodes. Then we
compare the quadrature error and the interpolation error and show that the
accuracy of the quadrature formula (1.1) doubles the one of the correspond-
ing interpolation formula, noting that it is common also to the Gauss-type
formula and the trapezoidal one (1.5). In Section 5, we show an application
of the quadrature formula (1.1) to the computation of integrals of the Hankel
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transform type (1.4). In Section 6, we present concluding remarks and refer to
problems for future studies.

82. Quadrature Error

Notations. Throughout this paper, we denote the integral on the left
hand side of (1.1) by Z,,(f), i.e.,

L) = [ 1 s

and the quadrature formula on the right hand side of (1.1) by Z,x(f), i.e.,

Ton(f) =h > woklh&r* T f(héyr).-
g

For theoretical error analysis presented in this paper, we prepare some nota-

tions?.

Definition 2.1. Let d be a positive constant, Dy be the strip domain
Dij={zeC||Imz| <d} and I'y be the boundary of D,.

Let v be a real constant such that v > —1. We denote by B(v, d) the set
of the functions f(z) such that

1. f(z) is analytic in Dy.

2. For arbitrary ¢ such that 0 < ¢ < d, the integral

— e < 12v+1 . _i2v+1 s
Nuc(f)—/ [lz +ic P f (2 +i0)| + o —ic* | f(z —ic)|]dx

—0o0

exists and, in addition, the limit N, g_o(f) = lime1q N,e(f) exists and is
finite.

3. For arbitrary ¢ such that 0 < ¢ < d,
c

(2.1) lim |z + iy[* | f(x +iy)|dy = 0.
—C

r—+o0

2Henceforth we denote the set of all the integers by Z, that of all the real numbers by R
and that of all the complex numbers by C.
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Besides we define some notations of integrals. For a function f(z) defined
on Dy and for ¢ such that 0 < ¢ < d, we denote the integral of f(z) over the
paths

{z—ic| —o<z<4x0}U{z+ic| +o>z>-x}

by Jr. f(z)dz, that is,

/FC f(z)dz = /:o [f(z —ic) — f(z +ic)]da.

Further, the limit of [l f(2)dz as ¢ T d exists, we denote it by [, f(2)dz:
+oo
f(z)dz = lim/ f(z)dz = lim/ [f(z —ic) — f(z +ic)]|dz.
Ca_o cld r, cld oo

Error Analysis. An expression by complex integral of the quadrature
error of (1.1) and its upper bound are given in the following theorem.

Theorem 2.1. Let v > —1 and f(z) € B(v,d). Then, the quadrature
error of (1.1) is given by the complex integral

(2.2) L) - Tl = — [ f(2)Bu(2)dz

o 27Ti Ta_o
with

23) @) < | T (n2/)/ T (wz /) (02 argz <)
. vh\Z) =

tirz2H H D (n2/h) )T (72 /h) (-7 Sargz<0),
where H,El) = J,+1Y, and Hl(,z) = J, —1Y, are the Hankel functions of order v.
Besides, an upper bound of the quadrature error (2.2) is given by the inequality

(2.4) 1Z,(f) = Z,(f, k)| < CraNoa—o(f)exp ( - 2%d),

where C\,q is a positive constant depending only on v and d.

Using the terminology in [12], we call the function ®,;(z) of (2.3) the
characteristic function of the quadrature formula (1.1). Theorem 2.1 says
that the quadrature error of the formula (1.1) decays exponentially with or-
der Olexp(—2md/h)] as a function of 1/h, which is the node density per unit
length since we have

T

v
(2.5) hgukwih(\lﬂf?fZ) as k — +o00
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(formula 9.5.12 in [1]) and also corresponds to the mesh size of the trapezoidal
formula over the infinite interval with equidistant nodes (1.5). Roughly speak-
ing, the upper bound of the quadrature error (2.4) is found from the remark
that

1
B, (2) ~ £27122 exp (im(% . —))
if £Imz >0 as|Imz| is large,
which is obtained from the asymptotic expansions of the Hankel functions

HW (2) ~/2/(12) e G7vm/277/4) (|2] = 00, —7 < argz < 27),

v

HP (2) ~\/2/(m2) e G722/ (2] = 00, —21 < argz < 7)

v

(2.6)

(formulae 9.2.3 and 9.2.4 in [1]), and then

2
|®,5(2)] = 7|2 Tt exp (—%| Imz|> as |Im z| is large.

The proof of Theorem 2.1 goes as follows.

Proof. We consider the integral

(1)
H, h 1
(2.7) ,/ Z2V+1f(z)M J——
C1+C2+C3 2JV(7TZ/h) 2mi C1+C2+C3

where C1, Co, C3 are the integral paths shown in Figure 1. Since the integrand

F(2)®,n(2)dz,

function is analytic in the domain { z € C |0 <Imz < d }, the integral path
C1 + Cs + C5 can be modified to C'y given in Figure 1 as the broken line. The
integrals on v, k = £1,42,... are computed as follows. If & > 0, we have

(1)
_/ Z2u+1f(z)% = —7i x (residue at z = h&,x) + O(p)
Tk v
h Hl(/l) v
= — %(hfuk)%”rlﬁ + O(p)

= — h(h&r)? T rwy, + O(p) as p — 0,

where we used the formula

(2:8) T2 = T u(2) — s (2)
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Im z

id

Rez

Figure 1. The integral paths C1,Cs,Cs,Cy, Cs, Cg for the proof of Theorem
2.1, where Ry = h(N1 +v/2+1/4) and Ry = h(N2 +v/2+ 1/4). In the proof
of the theorem, the path Cy 4+ Cs + C3, the path Cy 4+ Cy+ C5 is modified to the
one C (broken line), which consists of the semi-circles v, k = —Na, —Ny +
1,...,—1,1,2,..., Ny of radius p > 0 with centres at z = h&,r, the one vy of
radius p with centre at z = 0, and the line segments joining them.

(formula 9.1.27 in [1]) on the third equality. If & < 0, we have

(1)
_ [Yk 22V+1f(z)m = —mi x (residue at z = h&,i) + O(p)

HY (=€)
JL(_W§U|k|)
_ ih im\2v+1 2v+1 l(’l)(eiﬂ—ﬂ-gﬂkl)
= — ()", )Pt f(hSVk)m

2
= D) () + O() as o0,

D h ) () +0()

+ O(p)

where we used the formula (2.8) on the third equality and the relations
(29)  Jena(ee) = (), HO () = —e v THE(2)

(formulae 9.1.35 and 9.1.39 in [1]) on the fourth equality. The integral on 7o
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vanishes as p — 0 since we have

zg”'*‘lH,El)(ﬁz/h) ] 0O(») if 2 ¢ Z
Ju(mz/h) O(z"*tlogz) if z €7,

which is obtained from the formulae Y, (z) = [J, (2) cos(vm) — J_,(2)]/ sin(v)
if v ¢ Z (formula 9.1.2 in [1]) and

1

2/2)77 < v—k—1)/2\*
v(2) ( /7r) Z( k! ) (2)
(—22/4)k

=0
+ %log (§>Jy(z)_ (2/2)" ST vk + 1)+ +k+1)) o TYEr

with ¢(1) = —v, ¥(n) = —y + S h—1 k=1, n=2,3,... (formula 9.1.11 in [1])3.
Therefore we have

(2.10)

1 1 0 HP (rz/h)
— f(2)®,n(2)dz = —p.V./ | () Lt 2da
i [ SRz = s [ e BT

1 B JHY (ra/h) o )

—Pp.V. v Uid - 5 v h v vl h v

+ 5Py /O |22 f () Ty o k EN Wy hEuk T f(hur),
=— 2

k0

where “p.v.” denotes the principal value and we used the relations (2.9) to
derive the first term of the right-hand side. Similarly we have

(2.11)
R (1)
L. f(2)®un(2)dz = lp.v./ |m|2u+1f(x)wdx
271 C4+C5+Cs 2 0 Jy(ﬂ'l‘/h)
= e HY (rx/h) h & 2041
+ §p-V./O || f(x)mdx -5 k_z:N Wyk |hEuk f(h&ur).
TA0

3~ denotes Euler’s constant v = 0.5772 15664 90153 .. . ..
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Summing (2.10) and (2.11) leads us to the equality

(2.12)
—21 . F(2)Bun()dz
TJCy4++Co

R1 Nl
= [P e —h S walhen P ().
— k2 k=—N,
k0

It is shown from (2.1) and Lemma 2.2, which is given at the end of this section,
that the integrals on Cs+C7 and C3+C}y vanish as N1, Ny — oo. Consequently,
we obtain the equality (2.2).

The inequality (2.4) is obtained by evaluating the absolute value of the
complex integral on the left-hand side of (2.12) as follows. From (2.6) and
Lemma 2.2 given in the last of this section, we have

2
[P, (2)] S 27K, (%) exp (—%C) |2|?*T! {1+ (term vanishing as |z| — oo)},

on Cy, C5, where k, is given in Lemma 2.2. On the other hand, from (2.6) and
Lemma 2.1, for arbitrary € > 0, we have

2
[Bun(2)] < 2m(1+ €)= exp (—% Imz) < 2m(1 4+ &) |2+

on Cg + Cy and C3 + C4 if Ny and N are sufficiently large. Then we have

1 / 2w+1
— 2T f(2) P, (2)d2
2mi C1+--+Cs

ey sCeen(FE) ([ [l

2v+1

where C,. is a positive constant depending only on v and d. The integrals of

the second term on the right-hand side vanish as N1, No — oo because of (2.1).
Therefore, taking the limit ¢ 1 d, we obtain the inequality (2.4). O

We now compare the claim of Theorem 2.1 with the one on the quadrature
error of the trapezoidal formula (1.5) (Theorem 3.2.1 in [10]), namely,
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Theorem 2.2.  Leth > 0 and f(z) € B(—1/2,d). Then an upper bound
for the quadrature error of the trapezoidal formula (1.5) is given by the inequal-
ity

o > exp(—2md/h)
’/_OO f(x)dz —h Z f(kh)| = m/\/’ﬂ/u(f)-

k=—o00

Theorem 2.2 says that the quadrature error of the trapezoidal formula
(1.5) for a function f(x) decays exponentially with order Ofexp(—2wd/h)] as a
function of the node density if f(z) € B(—1/2,d). Therefore, if f(z) € B(v,d)
(v =2 —1/2)4, the quadrature errors of the formula (1.1) and the trapezoidal one
(1.5) are of the same order. This coincidence of the error orders seems natural
if we remark that the trapezoidal formula is a special case of the quadrature
one (1.1). In fact, if we put v = —1/2 in (1.1), we obtain from J_;/5(2) =

\/2/(mz) cos z that

[ee) oo 1
dz ~h hlk+ =
[ 3 1 (14 5)).
which is nothing but the (midpoint) trapezoidal formula.

Lemmas Used in the Proofs of Theorem 2.1, 3.1. We here present
the lemmas used in the proof of Theorem 2.1, 3.1 and the proofs of these

lemmas.
Lemma 2.1.  For arbitrary € > 0, there exists a positive integer N such
that
1 1
Q1) o A VIR ™ i |Resl = (N 54 7).
V(2

Proof. Tt is sufficient to prove the lemma in the case that Rez > 0 since
we have |J,(et72)| = [e*¥7"J,(2)| = |J,(2)|. The asymptotic expansion of
|/ (2)] (87.2 in [13])

(2.15)
1 : .
J,,(Z) _ . [61(z—u7r/2—7r/4){1 + O(Z—l)} + e—l(z—mr/Q—ﬂ-/4){1 + O(Z—l)}
Va2

as z — 00, |argz| <m

4We here remark that B(v,d) C B(v/,d) if v > v/ (> —1).
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leads us to the fact that, for arbitrary € > 0, there exists a positive integer
N > 0 such that, if Rez = m(N +v/2 + 1/4),

1 1 1 elm= 1
J,(2)] = [—1 NemImz__— 4 (_1)Nelm= } > .
6 2 | o (e e o (e 2
This is nothing but the inequality (2.14). O

Lemma 2.2.  For arbitrary M > 0, we define the value k,(M) by

| Im z|
(2.16) ko (M) = sup {e— }
| Im z| 2 M

V2mlz] | (2)

Then the value k, (M) satisfies the properties that (i) k, (M ) decreases mono-
tonously in M, (i) k, (M) < 400 and (iii) A}im k(M) =
Using k., (M) defined in the above lemma, we have the inequality
1
|7 (2)]

for arbitrary M > 0.

(2.17) < ke (M)\/2m|zle” ™2 if |Tmz| > M

Proof. The property (i) is obvious. In order to prove the properties (ii)
and (iii), we rewrite k, (M) as

| Im z|

€

(2.18) k(M) = sup {—},
| Im 2|2 M,Re 220 \V/ 27T|Z| |JV(Z)|

which is guaranteed by the relation |J, (e¥"2)| = |e*¥™ ], (2)| = |J,(2)|. From
the above expression of x, (M) and the asymptotic expansion (2.15), we obtain
the property (iii).

It is easy to prove the property (ii). In fact, from the asymptotic expansion
(2.15), we have for sufficiently large R > 0

(2.19) ———~1 if|z2]| >R, |Imz| =2 M, Rez 20

and, in addition, we have

e|Imz\

V2mlz] [ (2)]

since J,(z) has zeros only on the real axis. O

(2.20) sup {

2| £ R, |Imz| =2 M, RezZO}<oo
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83. Quadrature Formula of Interpolation-Type

We here show that the quadrature formula (1.1) can be regarded as of
interpolation-type. In fact, it can be obtained by integrating formally the
following interpolation formula with the same nodes, namely,

(h&u/x)" Jy (w/h)
31)  f(@)~ Lonflx Z N k) e e fh — wtor)
k;ﬁo

(héui/z)" I, (nz/h)
Zf hek) (o) (B — )

(h&vw/x)" Jy (wx/h)

+ h v

Z ) 3 e (rafh+ mon)

with a real constant v. It is easily shown by J/(7&,x) = —Jy41(7&k), which
is obtained from the formula (2.8), that

(3.2) Lonf(héur) = f(héur). k=+£1,£2,...

If —1 < v < 1/2, we can formally integrate (3.1) term by term to obtain
oo
[ L @
— 00

. —Zf he, ) —TtEe)” / * Ja e g (wa/h) |

IV(f)

Q

V+1(7T§Vk) oo 71'l'/h — &k
(h&wr)” [ |z eV Ty (nz/h)
+ Z f hSVk V+1(7T§Vk) / o 7T.’L'/h + ﬂfuk de.

Then we obtain the quadrature formula (1.1) using the formula

oo 2v+1 7VJV h .
6a [ - T ng/ Jaw = — sgnk (b0 1Yo ()

with

+1 ifk>0
sgnk =
-1 ifk<O0

if =1 < v < 1/2. The proof of (3.3) will be given at the end of this section.
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Remark 1. The interpolation formula (3.1) can be obtained by an ana-
logue of the Lagrange interpolation of nodes x1,xs,...,xN

(3.4) f(x) ~ L f(x Zf W )@ — )

with W(z) = Hivzl(m — zy). In fact, we put

09w ()"0 () - g 11 () )

(and N = o) in (3.4) ® and, using (2.8), we obtain the interpolation formula
(3.1).

Remark 2. In the case of v = —1/2, the interpolation formula (3.1)
becomes the Sinc approximation

(3.6) Z f(kh)

k=—o00

sin W/h)(x—kh)]
/h) (@ —kh)

which is recently applied to various subjects of numerical analysis by Stenger
and others [10]. In fact, if we put v = —1/2in (3.1) and remark that J_, o(z) =
\/2/(mx) cos x obtained from formulae 10.1.1 and 10.1.12 in [1], we have

camttn= 3 o (n(ke ) el

k=—o0

which is nothing but the (midpoint) Sinc approximation.

Error Analysis. An upper bound of the interpolation error of (3.1) is
given by the following theorem.

Theorem 3.1.  Let v > —3/2 and f(z) € B(v/2 —1/4,d). Then the

interpolation error of the formula (3.1) is expressed by the complex integral
Jy(mz/h) 2" f(2)

3.7 - L, =—" ————dz,

3.7 @) = Lond (@) = = 50 /F (z— ) (rz/h)

where x is an arbitrary real number, and an upper bound of the error is given
by the inequality

(3.8) sup | f(@) = Lonf(@)| £ CoaNy a—o(f)R™ 1/2exp( 7;5)

—oo<xr <0

where C\,q is a positive constant depending only on v and d.

5The expression of (3.5) can be obtained if we remark that the function z = .J, (z) is entire
with zeros only at z = w€,k, k = £1,£2,... [13].
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Proof. We here consider the complex integral

Jy(mz/h) 2 f(2)
(3-9) oo R IR
2mix C1+C2+C3+C4+C5+Cs (z —z)Jy(mz/h)
where N7, Ny are positive numbers and C1, Cy, . .., Cg are rectilinear lines given

in Figure 1). Since f(z) is analytic in the domain Dy and that z=¥J,(wz/h) is
entire function with zeros only at z = hé,x, k = +1,£2,..., we obtain by the
residue theorem the equation

Z o (h&yk/x)" J,(mz/h)

(3.10)  integral (3.9) Tooa(rEon) (ma [ — mEun).

k;eo

where we used the formula (2.8). By (2.1) and Lemma 2.1, the integrals on
Cs + Cy and C5 + Cy4 in (3.9) vanish as Ny, N3 — co. Therefore we have (3.7)
by taking the limit ¢ T d.

The inequality (3.8) is obtained by estimating the absolute value of the
right hand side of (3.7) as in the proof of Theorem 2.1. Using Lemma 2.1 and
2.2, we have for arbitrary € > 0

(3.11)

3 7 o—me/h
/C‘1+~~+cG %‘ = v (%) \/?e B (/02 +/Cs) || +1/2

272
dz v+1/2 d
Flas|+ 22 (/CM /CﬁCl)zl )z

with R = min{ Ry, Ry} if N; and N, are sufficiently large. The integrals of the
second term on the right-hand side vanish as Nj, No — oo because of (2.1).
Therefore, using the inequality ([13], §3.31) |z~ J,(wx/h)| £ (7/(2h))" /T (v +
1), we obtain the inequality (3.8). O

We here compare the interpolation error given in Theorem 3.1 with the
quadrature error given in Theorem 2.1. From the two theorems, we have for
functions f(z) € B(v,d) (-1 <v <1/2)

interpolation md quadrature 2nd
—0 Jexp (-Z2)], — 0 Jexp (- 24V
error h error h
that is,

(quadrature error) & (interpolation error)®.
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In other words, the accuracy of the quadrature formula doubles the one of the
corresponding interpolation formula. We remark that the Gauss-type quadra-
ture formula and the trapezoidal one (1.5) have the same property. In fact,
the n-point Gauss-type quadrature formulae give the exact integral values for
polynomial of degree < 2n — 1 while the n-point orthogonal polynomial inter-
polation formulae, from which the Gauss-type quadrature ones are obtained by
term-by-term integration, give the exact function value for polynomials of de-
gree < n. In the case of the trapezoidal formula, the quadrature error is of order
Olexp(—2nd/h)] for integrand functions f(z) € B(—1/2,d) as given in Theorem
2.2 while the error of the corresponding interpolation formula, namely, the Sinc
approximation (3.6), from which the trapezoidal one is obtained by term-by-
term integration, is of order Olexp(—mnd/h)] for functions f(z) € B(—1/2,d)
(Theorem 3.1.3 in [10]).

Proof of (3.3). We here prove the formula (3.3).

Proof. Note that we have

* |z Tle=v ], (rz/h)
(3.12) -/_Oo Py T dx

R\ ([ av i, (2) < 2T, (x)
= - —=dx — —dx
™ 0 T — ’/Tguk 0 T+ ’/Tfuk
since 7 J,(mx/h) is an even function.
We here consider the complex integral

u+1H(1)
(3.13) / FUH F)
c z— Tk

where C' is the integral path given in Figure 2 and the equality is evident from
Cauchy’s theorem. From the asymptotic expansions of Hl(,l)(z) (2.6), there
exists C' > 0 such that |Hl(,1)(z)| < Cv/2/(rw|z|) exp(—Im z) for sufficiently
large |z| (0 < argz < 7). Then we have the upper bounds of the integrals on
C1,C5 and Cjy

2 € 2
|(integral on C1)| §C\/7T—R1/O e Vdy < C /7T_R17

: /2 e iy [ 2
|(integral on Cy)| < C %(.’ﬁ + Ro)e™ . |(integral on C3)| £ C e
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Imz

ic
<
Cs
C'3 01
Cy Yo Cs Yok Ce
(] \> Lo\
—Ry 0] €k Ry Rez

Figure 2. The integral path C = C; + Cy + C3 4 Cy + o + Cs + i + Cg for
the proof of (3.3), where Ry, Ra, ¢ are positive constants, 7, is the semi-circle
of radius p > 0 with centre at z = h&,, and g is the semi-circle of radius p
with centre at z = 0.

The integral on 7, is computed as follows. If & > 0, we have

(integral on 7y,;) = —im x (residue at 2 = 7€) + O(p)
=m(mé)" Y, (7€) + O(p) as p | 0
and, if £ <0,
(integral on 7,4) = — i x (residue at z = €7, ,)) + O(p)
= —im(emE, ) THHM (€6, k) + Olp)
= - W(W§u|k|)y+1Yu(W§V\k|) + O(p) as p |0,

where we used (2.9) on the third equality. The integral on 7 is shown to vanish
as p | 0 by a way similar to the one in the proof of Theorem 2.1. The limit of
the integral on Cy + C5 + Cg as p | 0 is shown to be

liﬁ)l (integral on Cy 4+ C5 + C)
p

Ry V+1H(1) Ry ¢ im u+1H(1) im
e [ e
0 0

x — &k, T+ &k
Ry u+1H(1) Ry V+1H(2)
= p.v. / xiy(x)dx —p.v. / xi,,(x)dx’
0 €T — ’]'(fl,]c 0 T+ W'guk

where we used (2.9) on the second equality.
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Substituting the above results into (3.13), we have

v+1 (1)
0= lim limRe/ Ll’(z)dz
c

R1,Ry—00 pl0 2 — Ty
e’} :L.VJrlJ (.’E) /oo .’Eu+1J (LU)
= T e — T e 4 osen ko w(ml ) T (76 )
/0 T — Tk o T+mEn gk (Tl k|) (7&u|k))
Consequently, we have (3.3) by (3.12). O

84. Numerical Examples

We here show examples for the quadrature formula (1.1). All the compu-
tations in this paper were carried out on a SUN Blade 150 workstation using
programs coded in C++ with double precision working.

Example 1. The integrand function of the first example is

exp(— cosh )

hilz) = 1+ 22

b

which decays double exponentially at infinity. The integrals of functions decay-
ing more slowly are transformed to the integrals of functions decaying double
exponentially by the DE transforms used in the DE rules [11]. The exact in-
tegral value® of fi(z) with v = 0 is Zo(f1) = 0.30635 46949 25705 .... We
computed the integral Zo(f1) by the quadrature formula (1.1) and plotted the
relative error of the quadrature |Z,,(f1) — Z,(f1)|/|Z.(f1)| as functions of the

node density 1/h in Figure 3(a), which also includes the interpolation error”

ALW(f)= sup  |f(z) = Lonf(x)l.
—oo<T <400
The orders of the quadrature and the interpolation errors theoretically esti-
mated in Section 2, 3 or from the numerical results are summarised in Table
1. In the table, the value d in the theoretical error estimates is taken as d ~ 1
because f(z) has poles at z = +i, and the orders of the errors in the numerical
examples are given as functions of 1/h in the form exp(—c/h) with constants
¢(> 0) estimated by applying the least square fitting to the numerical data.

6They are obtained by splitting them into two parts at x = 0, namely, Z,(f1) =
(f_OOO + f0+oo) |x|2¥*1 f1 (x)dz and applying the DE formula to these integrals [12] using
a program made by Dr. T. Ooura [9].

7 Actually, the supremum on (—oo, +00) is approximated by the maximum over 1028 points
on the interval [—M, M] (M = 4.0) distributed by using uniform random numbers.
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O T T T T T 0 F X T T T T T T
Xx quadrature  + X x quadrature  +
2 F X interpolation ~ x 9 2 F X interpolation ~ x E
+ X + x
P 1 % f x :
8 -6 I + X% « — 8 6 + x 4
5 : x 5 :
~ 8 + x x T ~ 8 . X 4
S 0t + x 102 b X _
@ 0 *x en -~ «
L 12r + uxk 2 qal + 4
-14 + . Xy
16 1 1 ety 1 4T 1 1 1 T 1 1 1 ]
0 2 4 6 8 10 0 05 1 15 2 25 3 35 4
1/h 1/h
(a) Example 1 (b) Example 2

Figure 3. The errors of the quadrature formula (1.1) and the interpolation
formula (3.1) with v = 0 for (a) fi(x) of Example 1 and for (b) fao(x) of
Example 2.

From the figure and the table, it is evident that the numerical results support
the results of the theoretical error analysis, that is, the facts that the quadrature
error is of order Olexp(—2wd/h)] and the relation

(quadrature error) = (interpolation error)®.

Example 2. The integrand function of the second example is
fal) = exp(—a?).

The exact integral value of fy(z) with v =0 is Zy(f1) = 1.

The errors of the quadrature formula (1.1) and the interpolation formula
(3.1) are shown as a function of 1/h in Figure 3(b). From this figure, we find
that the orders of the errors are not in the form Olexp(—c/h)] with constants
¢(> 0). The theoretical error estimates by (2.4) and (3.8) are too rough for the
function fy(z) and estimating the errors by applying the saddle point method
to the complex integrals (2.2) and (3.7) gives more accurate error estimates,
which are of the form Olexp(—c/h?)] with constants ¢ > 0. The orders of the
quadrature and interpolation errors theoretically estimated or from the numer-
ical results are summarized in Table 1. In the table, the orders of the errors
from the numerical results are given in the form Olexp(—c/h)] with constants
¢(> 0) estimated by applying the least square fitting to the numerical data.
From the table, it is evident that the numerical results make good agreements
with the results of the theoretical error analysis.
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Table 1. The quadrature and the interpolation errors for fi(x) of Example 1
and for fo(z) of Example 2.

error

example theoretical numerical
Olexp(—2md/h)]

1 quadrature — Ofexp(—6.3... /)] Olexp(—6.4.../h)]
. .. Olexp(=md/h)]
interpolation — Ofexp(—3.1... /h) Olexp(—3.0.../h)]
Olexp(—72/h?)] >
2 quadrature — Olexp(=9.9.. . /h?)] Olexp(—8.9.../h%)]
interpolation Ofexp(—*/(4h))] Olexp(—2.3.../h?)]

= Olexp(—2.5.../h?)]

85. Application to Integrals of the Hankel Transformation Type

In this section, we present an application of the quadrature formula (1.1)
to the computations of (1.4), which was the motivation of the presented study.
We here construct a DE-type quadrature formula for (1.4) similar to Ooura
and Mori’s DE formula for integrals (1.3), namely, a quadrature formula with a
DE-type transform such that the nodes approach to the zeros of J,(x) double
exponentially.

We apply the variable transform

(5.1) x = %w(t) with (t) = ttanh (g sinht)

to an integral (1.4) and, remarking that the transformed integrand function
TF(F(t) Ty (F(t)y! (t) is of the form [¢[***! x (even function), apply the
quadrature formula (1.1) to the transformed integral. Then we have the ap-

proximation
62 [ 1@ 5wt (Fothesn)) 3o (Tothéan) v/ e
0 k=1

The infinite sum on the right hand side of (5.2) can be truncated with a small
number of function evaluations since the quadrature nodes approach to the
zeros of J,(x), that is, F1(h&r) ~ 7€,k double exponentially as k — oo.
Therefore, we expect that we can effectively compute integrals (1.4) by the DE
formula (5.2).
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Numerical Examples. We computed the integrals

(i) /00o Jo(z)de =1, (i) /OOO TH0@) 40 = Ko (1),

2+1

where K, is the modified Bessel function of order v of the second kind, by the
formula (5.2).

Figure 4 shows the relative errors of the formula (5.2) for the integrals
(i) and (ii) as a function of the node density 1/h or the number of function
evaluations N, the minimal integer k£ such that

|7 (Fenen)) J (ehen)) ¥/ (h&n)| <& =107

and the infinite sum of (5.2) is truncated at the k-term. From Figure 4, we
find that the DE formula (5.2) work well for the integral (i) but not so for the
integral (ii).

0 T T T T T T 0 T T T T
P @i + (i +
— 2 _t+ ++*><><>< x (ii) x i — 2 _x# XXX (ii) x |
. + x x . - X«
o + x g o ty x g
Ej 4 + X ] Ej 4 + x 1
) * ) *
~— ~—
= 6 + i = 6 + ]
— + — +
$ oo A ___
— —
10 + b 10 - + b
12 L L L L L L. 12 L L L L L
0 5 10 15 20 25 30 35 0 20 40 60 80 100 120
1/h N

Figure 4. The relative errors of the DE formula (5.2) for the integrals (i) and
(ii) as a function of the nodes density 1/h or the number of function evaluations
N.

The reason why the DE formula fails to compute the integral (ii) efficiently
is considered to be as follows. The integrand function of (ii) has singularities at
z = #i. Then the transformed integrand function f(F v (w))J, (34 (w))y'(w)
has singularities at the images of z = +i by the mapping w = 1 ~*( %z), which
approach the real axis as h — 0. It is known in theoretical error analysis
of numerical integrations [12] that a quadrature formula does not work well
if the integrand function has singularities near the real axis. Therefore, the
quadrature (5.2) is efficient if f(x) is an entire function, and not so if f(z) has
singularities.

A remedy for this weakness is to adopt a DE-type transform such that
the singularities of the transformed integrand function does not approach to
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the real axis as h — 0 as the one used in the robust DE formula for Fourier
transformation type integrals by Ooura and Mori [7]. However, it is difficult to
find the explicit form of a transform satisfying the above property.

86. Concluding Remarks

In this paper, we investigated the quadrature formula (1.1) with the zeros
of the Bessel functions as nodes and showed that the formula has the following
three nice properties: First, the quadrature formula converges exponentially
a function of the density of nodes 1/h. Second, the quadrature formula can
be obtained by integrating an interpolation formula with the same nodes and
that, as the Gauss-type formulae and the trapezoidal one, the accuracy of
the quadrature doubles the one of the interpolation. Lastly, we applied the
formula to the computations of integrals of the Hankel transform type. In
relation to integrals of the Hankel transform type, we also remark that Ooura
and Mori have presented DE-type formulae for oscillatory functions with slow
decay [5, 6, 7] in addition to their first DE-type formula for Fourier integrals
8]

Problems for future studies are to apply the quadrature formula (1.1) or
the interpolation formula (3.1) to practical computations and to improve the
DE formula for integrals of the Hankel transform type so that it works well for
integrand functions with singularities as mentioned in Section 5. As shown in
this paper, the quadrature formula (1.1) has nice properties like the trapezoidal
one (1.5), which gives the basis of the DE formulae together with the DE
transforms. Therefore we expect that the formula can be used in many subjects
of numerical computations.
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