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Abstract

In this paper, the theoretical convergence rate of the trapezoidal rule combined with the
double-exponential (DE) transformation is given for a class of functions for which the tanh
transformation is suitable. It is well known that the DE transformation enables the rule to
achieve a much higher rate of convergence than the tanh transformation, and the conver-
gence rate has been analyzed and justified theoretically under a proper assumption. Here
it should be emphasized that the assumption is more severe than the tanh transformation’s
one, and there actually exist some examples such that the trapezoidal rule with the tanh
transformation achieves its usual rate, whereas the rule with DE does not. Such cases have
been observed numerically, but no theoretical analysis has been given so far. This paper
reveals the theoretical rate of convergence in such cases, and it turns out that the DE’s rate
is almost the same, but slightly lower than the tanh’s rate.

By using the analysis technique developed here, the theoretical convergence rate of the
Sinc approximation/Sinc indefinite integration with the DE transformation is also given for
a class of functions for which the tanh transformation is suitable. The results are quite
similar to above; the convergence rate in the DE transformation’s case is slightly lower than
in the tanh transformation’s case. Numerical examples which support those three theoretical
results are also given.

1 Introduction

The double-exponential formula (DE formula) was proposed by Takahasi-Mori [17] as an optimal
quadrature formula for the integral with end-point singularity, such as

1 dt
/ . (1.1)
1 (t=2)(1 —t)/4(1 +¢)3/4
The formula consists of two parts: (i) transformation to the integral over the whole real line,

ie.,

b (3]
[ 0= [ @)@ da. (12)
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and (ii) application of the (truncated) trapezoidal rule, i.e.,

/OO F(z)dz ~ h i F(kh), (1.3)
> k=—M

where F(x) = f(¢p(z))¢h,(z). The variable transformation used in (1.2) is called the “double-

exponential transformation” (DE transformation) defined by

b—a
2

b
tanh (7; sinh x) + —;a, (1.4)

t= wDE(x) =

which maps the whole real line R onto the finite interval (a, b). This transformation is crucial
in this formula. There are various options for the variable transformation to use with the
trapezoidal rule, and in fact, before the DE formula there had already existed several quadrature
rules that differ only in the variable transformation. One of such a rule is the tanh rule [2,8,9],
which is the combination of the trapezoidal rule and the “tanh transformation:”

t = sp(x) = bTa tanh (;) + b ; a’ (1.5)
and the rate of convergence is O(exp(—coy/n)) (as described later, M and N in (1.3) are de-
fined proportional to n). The transformation is also called the “single-exponential (SE) trans-
formation,” and accordingly we call the tanh rule the “SE formula” throughout this paper.
Takahasi-Mori [16,17] argued the difference of the performance between such quadrature rules,
and concluded based on intuitive mathematical arguments and numerical experiments that the
DE transformation is optimal among those variable transformations. The convergence rate of
the DE formula that they have claimed was O(exp(—cin/log(can))), which actually coincides
with their numerical results.

After that, however, a question was raised about the optimality of the DE transformation in
Stenger’s analysis [10]. A functional analysis approach has been taken in it; he has considered
all integrands f that belong to the Hardy space, and shown that under the assumption the
optimal rate of convergence should be O(exp(—cp+/n)), which is the same rate as the SE formula.
This result seems to conflict with the claim by Takahasi—Mori that the DE formula is optimal
achieving O(exp(—cin/log(can))).

Sugihara [13] has given an answer to the question by considering another function space.
He has clarified the difference between the function spaces that should be assumed in each
transformation (SE/DE), and justified theoretically that the DE’s rate O(exp(—cin/log(can)))
is actually attainable and optimal in the corresponding function space. The difference of the
assumptions between the SE’s function space and the DE’s one is important. The DE’s assump-
tion is stronger than the SE’s one, which indicates that there exist some examples such that
the SE formula works good while the DE formula does not. Some concrete examples have been
considered by Tanaka et al. [18, §4]. From their numerical results, the DE formula does not
seem to achieve its usual rate: O(exp(—cin/log(can))), whereas O(exp(—cpy/n)) is consistently
observed in the SE formula. It should be noted that even in such a case the DE formula can be
applied, and it does converge.

Here another new question arises: how fast does the DE formula converge in such a case?
The main purpose of the present paper is to answer this question. Our task here is to estimate
the DE formula’s error under the same assumption as the SE formula, but the standard argument
does not apply as it stands. Therefore we develop a new way to analyze such a case, and show
that the desired rate is O(exp(—csy/n/log(cyn))), which is slightly worse than the SE’s rate.
This in other words suggests from a practical viewpoint that users can always select the DE



formula because there is little difference under the SE’s assumption, whereas under the DE’s
assumption a far better rate can be obtained: O(exp(—cin/log(can))). Therefore this result is
also useful for practical purposes beyond theoretical interests.

The analysis technique developed here can be applied to other formulas, and as a second
contribution of this paper, we also consider the “Sinc approximation” and the “Sinc indefinite
integration.” These two approximation formulas are frequently used with the SE transforma-
tion [11,12] or the DE transformation [4,5, 14,15, and one may face quite the same situa-
tion as above there, i.e., the formula with SE works as expected while DE does not. We will
analyze the DE’s error in such a case, and which will then show the rate of convergence is
O(exp(—c3y/n/log(can))), like as the trapezoidal rule case.

This paper is organized as follows. Sections 2 and 3 are devoted to the arguments of the
trapezoidal rule. These are also important for subsequent sections because some key ideas are
included. More precisely, in Section 2, the existing theoretical results and a new result for the
trapezoidal rule are described, with some illustrative numerical examples. The proof of the
new theorem is given in Section 3, with a sketch of the idea to overcome the difficulties in the
analysis summarized in the beginning. Then we proceed to Section 4, in which the existing/new
theoretical results for the Sinc approximation and the Sinc indefinite integration are described.
The new theorems for both formulas are proved in Sections 5 and 6, respectively. In short, the
main results of this paper can be found in Sections 2 and 4. Numerical examples that confirm
the results are shown in Section 7. Finally in Section 8 we conclude this paper.

2 Existing/new convergence theorems for the SE/DE formula

We firstly review the existing convergence theorems for the SE and DE formulas under the
corresponding standard assumptions. Then two kinds of numerical examples follow: (i) the case
where the existing error estimates can explain the numerical results of both SE and DE, and
(ii) the opposite case where the existing error estimates cannot explain the DE’s result. After
that a new theorem that can explain the result is given.

2.1 Existing convergence theorems under the standard assumptions

We have to introduce the following function space.

Definition 2.1. Let Z be a bounded and simply-connected domain (or Riemann surface) which
satisfies (a, b) C 2, and let a and 3 be positive constants. Then L, 3(Z) denotes the family
of all functions f that satisfy the following conditions: (i) f is analytic on Z; (ii) there exists a
constant K such that for all z in &

1f(2)] < K|Qa,s(2)]; (2.1)
where Q, 5(2) = (z — a)¥(b — 2)P. For simplicity, we write Q11(2) as Q(2).
We use the strip region Z,; defined by
Gu={CeC: |Tmc| < d) (2.2
for a positive constant d and consider the domains ¥sx(Zy) and Ype(Zy), where

Ysu(Za) = {2z = ¥su(() : € Za}, (2.3)
Yoe(Za) = {z = Yoe(() : ¢ € Za}. (2.4)



That is, ¥ (%) and ¥pr(Z,) are the image of the strip region 9, by the SE transformation (1.5)
and the DE transformation (1.4), respectively, which contain a real interval (a, b). In this paper,
we use Ysg(Zq) or Ypr(Z4) as the domain Z in Definition 2.1, and consider the function space

Lo,s(¥se(Za)) or La,g(¢oe(Za))-
As the standard error estimates of the SE formula and the DE formula, the following two
theorems have been known.

Theorem 2.2 (Stenger [11, Theorem 4.2.6]). Let fQ € Ly g(¢se(Zq)) for d with 0 < d < m.
Let 4 = min{a, 8}, n be a positive integer, and h be selected by the formula

2
h— |2 (2.5)
un

Furthermore, let M and N be positive integers defined by

{M:n, N =Tlan/B] (if p= )
N=n, M=[gnfa] (ifp=2p)

respectively. Then there exists a constant C' independent of n such that

< Qe V2mdpn, (2.7)

N
[ 500 —n S fa )
a =M

Theorem 2.3 (Okayama et al. [6, Theorem 2.11]). Let fQ € L g(¥or(Za)) for d with 0 <
d < /2. Let p = min{a, 8}, v = max{a, §}, n be a positive integer with n > v/(4d), and h be
selected by the formula

) log(dn/p)

- (2.8)
Furthermore, let M and N be positive integers defined by
M =mn, N =n—[log(8/a)/h] (if p=a) (2.9)
N =n, M=n-— |log(a/8)/h] (if p=B) |
respectively. Then there exists a constant C' independent of n such that
b N
[ 5@t = S fon(ih)hu(ih)| < C o2/ osltini, (210)
a j=—M

Remark 2.4. The condition n > v/(4d) is derived from the following requirements: (i) n >
1/ (4d) is needed for h > 0, and (ii) n > v/(4d) is needed for M, N > 0. For this reason, such a
condition is also assumed on n in all of the subsequent DE’s theorems.

2.2 Numerical example that can be explained by the existing theorems

In order to confirm the theorems above numerically, let us consider the following example.
Example 1. Consider the function

2(1 —t2)

filt) = tan?(1/2) £ 22 (2.11)

4



and its definite integral on (—1, 1):

1 _ 4(m—1—sin(1))
[ ilyar = SEoE (2.12)

The function f; satisfies f1Q € La2(¢se(Z1-c)) and f1Q € Lo 2(¢Yoe(Zarcsin{(1—e)/n})) for any e
with 0 <e < 1.

The domains above: sp(Z1-¢) and Ypp(Parcsin{(1—¢)/x}) are determined as follows. Let us
recall that the SE formula is a combination of the SE transformation

Qiss(@) .

b ) )
[ o= [ res@)l@de = [ fm@) = (213)

and the trapezoidal formula (1.3). We have to determine the regularity of the transformed
integrand: F(¢) = f1(¥s(0)Q(¥se(€))/2. Easily one may find Q(vsg(+)) is analytic in Zy.
As for f1(¥sg(+)), there are two poles at ¢ = +i (see Figure 1). Therefore fi(¢sp(-)) and
accordingly F' are analytic in 2;. The reason for setting %;_, not 2, is due to (2.1), which
requires boundedness of sup.cg, |F'(2)|. In the same manner, one can find in the DE case that
the transformed integrand has two poles at ( = +i arcsin(1/7) (see Figure 2).

The numerical errors! of the SE formula and the DE formula are plotted in Figure 5.
From the graph, we can observe the expected rates for both formulas, O(exp(—coy/n)) and
O(exp(—cin/log(can))), as predicted in Theorems 2.2 and 2.3.

2.3 Numerical example that cannot be explained by the existing theorem for
the DE formula

Let us now turn to the next example, which is an unfavorable case for the DE formula.

Example 2. Consider the function [18, §4.2]

_ 2(1 — t2)
f2(t) = cos(4 arctanh t) 4 cosh(2) (2.14)

and its definite integral on (—1, 1):2
1

/ fot)dt = 0.7119438 - - - | (2.15)
-1

The function fo satisfies foQ € Lo 2(¢sp(Z1—¢)) for any € with 0 < € < 1, but does not satisfy

f2Q € Lo a(¢pe(Z4)) for any d > 0.

Let us first examine the poles of the integrand in the SE case. The function f3(¢sg(-)) has
infinite number of poles at

¢ = (g+m7t> +i (me7), (2.16)

as shown in Figure 3. From this we can see the transformed integrand is analytic in %, same
as the previous example. Therefore there is no problem for the SE formula.

!Computation programs in this section were written in C with quadruple-precision floating-point arithmetic,
which is available on PowerPC CPU by using long double type. And we set ¢ = 0.001 for the computation.

2We used the value 0.71194382297059827888000405031539396435 as an answer, which was calculated by
Mathematica 7 with sufficient accuracy. This is the same manner as Tanaka et al. [18, §4.2].
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In the case of the DE formula, however, the situation is different. The function fo(¢pg(+))
has infinite number of poles at

arcsinh [71{ {(721 n mﬂ) +i H (m € Z), (2.17)

which approach the real axis as |m| — oo (see Figure 4). This causes a problem; we cannot take
any 9, as a domain in which fa(¢pr(+)) is analytic. Therefore Theorem 2.3 cannot be used in
this case for the DE formula.

Furthermore, there is a problem in the implementation. A mesh size h should be selected by
the formula (2.8), but in this case we have no clue how to choose d (we easily see u = 2 though).
Here let us try

b log(rdn/2)
N n
where d = arcsin((1 — €)/7), and r is either 49, 41, 42,

The results are shown in Figure 6. In the case of the SE formula, we can observe a quite
similar result to the previous example (Figure 5), and it coincides with the claim of Theorem 2.2.
On the other hand, in the case of the DE formula, the predicted rate: O(exp(—cin/log(can)))
does not seem to be attained anymore. However, even in this case the DE formula does converge,
and as an important observation, it seems to converge at a rate quite similar to the SE case. A
similar situation has been also observed in Tanaka et al. [18, §4.2], but no theoretical explanation
has been given so far. The main purpose of this paper is to explain such a numerical observation
in a theoretical way.

: (2.18)

2.4 New convergence theorem for the DE formula under the same assump-
tion as the SE formula

Here we show a new theorem giving theoretical explanation for the DE formula’s convergence
in Example 2. Notice that the assumption on the integrand f is the same as Theorem 2.2.

Theorem 2.5. Let fQ € Ly g(¢se(Z4)) for d with 0 < d < 7, and put d’ = arcsin(d/m). Let
@ = min{a, 8}, v = max{a, B}, and let ¢ be a positive number. For a positive integer n with
n > v/(cu), define h as

b= log(cn)
n

, (2.19)

and define M and N as (2.9). Then there exists a constant C,, g . depending only on «, 3, ¢, d’
such that

b N / n
/a F(t)dt — h j;MwaE(jh))ng(jh) < K(b—a)*" " Capea oxp (‘232 1o§(cn>>’

(2.20)

where K is the constant in (2.1).

This theorem convinces us that in this case the convergence rate of the DE formula is
O(exp(—c3v/n/log(can))). This rate is slightly worse than the SE’s rate: O(exp(—coy/n)), but
quite similar.

Remark 2.6. In Theorem 2.3, a mesh size h is determined explicitly by using u and d as (2.8).
In contrast, in Theorem 2.5, an undetermined constant ¢ is used in h as (2.19). This is because
h varied as (2.18) in Example 2 (in this case ¢ = rd/p).



Remark 2.7. The estimate (2.20) may give an impression that the convergence rate can be
improved by taking c¢ smaller. But a smaller ¢ makes C,g.s larger. A practical choice is
¢ = 4d' /i (see Remark 3.6 for the reason).

Remark 2.8. Unlike usual error estimates such as (2.7) and (2.10), the constant in (2.20) is
more explicitly given. This explicit form is needed for another study: convergence analysis of the
scheme for weakly singular Volterra integral equations (see the comments on the future works
in Section 8). Only to grasp the main claim of this theorem (convergence rate), one can just
put C = K(b— a)a’“ﬁ_lC’a’ﬁ’C’d/ as a constant independent of n.

3 Proof of Theorem 2.5 (for the DE formula)

To show the idea for the proof of Theorem 2.5, we begin with the review of the proof of the
standard theorem: Theorem 2.3. In this review, we notice a difficulty arises, and in order to settle
it, two new steps should be introduced in the proof. They are explained in detail in Sections 3.2
and 3.3, respectively. The two steps are also keys to analyze the other approximation formulas
described in the subsequent sections. Finally we prove Theorem 2.5 in Section 3.4.

3.1 Review of the standard proof and emerging difficulties

In the proof of Theorem 2.3, the following orthodox technique is used to estimate the error:

N
[ 5®a—n 3 fnem)hG)
a j=—M

[e's] N
:|/_mF($)dx—h‘Z F(jh)| < E{(F,n) + Ey(F,n), (3.1)

j=—M

where F(z) = f(tbpe(z))¥hs(x) and

E(F,n) = ‘/O;F(x)dx—h'z Fjn)| (3.2)
—M-1 " 00

Ey(Fon)=h Y |[F(jh)|+h > |F(jh). (3.3)
j=—o00 j=N+1

The quantities F{ and E) are referred to as a discretization error and a truncation error, re-
spectively. For them, we have

Ej(F,n) = O(e /M), (3.4)
E)(F,n) = O(e~ zHexph)y, (3.5)
Finally, substituting h = log(4dn/u)/n into these expressions, we obtain the conclusion.

The most critical part of the above proof is the derivation of (3.4), where the key is rewriting
the quadrature rule by a complex contour integral:

& s (1 () }
h F(jh)=1 — ——=_d(;. 3.6
j:zoo (jh) = Jim {21 7% tan(rec/h) (36)
The contour [} is illustrated in Figure 7. The horizontal paths of the contour are taken as

close as possible to the boundary of Z;. If the transformed function F' is analytic on %, the
expression (3.6) holds from the residue theorem.
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[
o 7 v O
Yy —(k+1)h (k+1)h )
—(M + 1)h
................................................ \
—id —id’
Figure 7. The contour [}. Figure 8. The contour I7..

Under the assumption of Theorem 2.5, however, the transformed function F' is not always
analytic on Z,;. See also Figure 4; in this case we cannot take any positive constant d for a strip
domain %,;. Therefore the expression (3.6) is no longer possible. This is the first difficulty.

An immediate way to revive the expression is to delete the limiting process from both sides
in (3.6). This in fact holds if we choose the contour I} in the domain in which the transformed
function F' is analytic. To this end, we have to take the following two additional steps:

o determine the explicit form of the domain in which F({) = f(¥pr(())¥hs(¢) is analytic,
e choose a proper contour in the domain so that a sharp error estimate can be given.

In what follows we explain these two steps one by one. In the latter step, the second difficulty
arises; a certain natural choice of the contour leads to a meaningless error estimate. The difficulty
and its remedy are described in Section 3.3.

3.2 Determining the explicit form of the domain to be considered

The transformed integrand F is analytic on the domain 1} (¢ss(%4)), and we have to clarify
the expression of the domain.

Lemma 3.1. Let d be a constant with 0 < d < 7 and put Z = ¢)sz(Z;). Then we have

d
-1 .
= C:|I _—| ;- 3.7
Uh(2) = {¢ € C: 1m] < avesin | Lo} (37)
Proof. The inverse of the DE transformation is expressed as 152 (2) = arcsinh[¢g} (2)/m]. There-
fore we have ¥} (2) = arcsinh[%,;/n]. Using the expression & = sinh(x)+/7t2 — (d/coshz)2 +id
of the boundary of the domain %, we can show that ( = x =1 arcsin(d/(mcoshx)) iff ¢ belongs
to the boundary of arcsinh|[Z; /7|, which proves the lemma. [

But this domain is not very convenient to handle. Thus we define another domain contained
in it with a simpler expression. For a nonnegative constant ¢, let us set

A)={¢eC:|Im(| < dexp(—d|Re¢|)} (3.8)

and consider Al

arcsin(d/m)" Then, as shown below, Al
by (3.7).

arcsin(d/m) 19 contained in the domain expressed



Lemma 3.2. Let d be a constant with 0 < d < 7 and put 2 = ¢sg(%;). Then we have

A:ircsin(d/ﬂt) c ngl(-@) (39)

Proof. Since the inequality

d 2
sinfarcsin(d/m)y] < f’y (3.10)
holds for y with 0 < y < 1, by putting y = el we have
arcsin(d/m) e"1*l < arcsin (d ! ) (3.11)
coshz
for arbitrary € R. Thus the lemma is proven. |

Immediately from Lemma 3.2, we can rewrite the assumption in Theorem 2.2 as follows.

Lemma 3.3. fQ € L, 3(¢su(Z4)) implies fQ € Lq g(¢pr(A arcsm(d/TE)))

Thanks to this lemma, we may set d’ = arcsin(d/7) and consider the error estimate of the
DE formula under the assumption fQ € Lq 5(¢pr(AL)).

3.3 Choosing a proper contour: difficulty and its remedy

Now let us return to the expression (3.6). In the domain Al,, we can take the contour I7, illus-
trated in Figure 8 (recall that M, N, and h are determined from n, through the definitions (2.9)
and (2.19)). Observe how it differs from I;. The height of I must tend to zero as n — oo,
whereas the height of Iy can be fixed. For this reason we cannot obtain the same expression
as (3.6), but it holds without the limiting process, i.e.,

F(¢)
h Z F(jh) = Qlﬁép, mdg (3.12)

In order to use this expression (3.12), one may naturally modify the splitting of the quadrature
error (3.1) as follows:

o N
/ Fz)dz—h S F(jh)| < E!(F,n) + E(F,n), (3.13)
. Ry
where
(N+1/2)h
E/(F,n) / r)dx —h Z F(jh) (3.14)
(M+1/2)h Py V"

_l’_

(M+1/2)h
EY(F,n) = / F(z)de (3.15)

/ F(x)dx|.
(N+1/2)h

Notice the difference between E}(F,n) and EY(F,n). In order to use a complex contour integral
for estimating the error E{(F,n), any limiting process should not appear in it. This is because
the transformed integrand F is analytic not on %, but on Al,.

10



The splitting (3.13) is, however, unsuitable for our analysis. If we estimate Ef in a similar
manner to F, we find that d in (3.4) should be replaced with d’ exp(—(n + 1/2)h), which is the
height of I’} from the real axis. From this and (2.19), we have

EY(F,n)~0O <exp (— 27;Ldl exp(—nh)))

o( ( log o exp( log(cn))>>
=0 (o0 (~ sgiear))
— O(1) (n — o0), (3.16)

which is meaningless as an error estimate. This is the second difficulty mentioned at the end of
Section 3.1.
In order to remedy the issue, we change the splitting as follows:

l/ F(z)dz —h Z F(jh)| < E1(F,n) + Es(F,n), (3.17)
——M
where
(TH1+3) 3]
L(F.n) / z)dz — h F(jn)| (3.18)
M
]Jr M
i==I51
(%14 hh ~ pllan |
EQ(F,n):/ \F($)|d:v+/N @+ Z F(jh)| + h Z IF(R)].
- (Fg1+)n J=TE]+1
(3.19)

Roughly speaking, M and N in (3.14) are replaced with M /2 and N/2, respectively. Accordingly
the contour I, is replaced with I /2° By this modification, the estimate (3.16) is improved as

Ei(F,n)~ 0O (exp (— 27;ld/ exp(—(n/2)h)>)
=0 (exp (—2”5/”) exp(— log(cn)/2)>>

log(cn

27td
=0 |exp _M 7 (3.20)
Velog(en)
which gives a meaningful estimate. And for Ey we can show
T
Ey(F,n) =0 (exp —5Ven) ). (3.21)
Thus we obtain the desired conclusion.

3.4 Proofs

For simplicity, we write d’ as d and assume that fQ € L, 5(¢pe(AY)) throughout the following
proof. As described above, this proof consists of the following two estimates.
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Lemma 3.4. Under the assumptions of Theorem 2.5, for F'(z) = f(1pr(7))¥hs(7), there exists
a constant C, g .4 depending only on «, 3, ¢, d such that

~ 2md
Ei(F,n) < K(b—a)*P71C, 5.cqexp <_\%lo£n)> . (3.22)

Lemma 3.5. Under the assumptions of Theorem 2.5, for F'(z) = f(¢pr(x))Y,(z), there exists

a constant CN’Q,B,C depending only on «, §, ¢ such that

Ey(Fyn) < K(b—a)*"P71Cy 5. exp (—?M) : (3.23)

Remark 3.6. As mentioned in Remark 2.7, a nearly optimal ¢ is ¢ = 4d/u. This is because
this almost equates the exp(-) parts of (3.22) and (3.23).

To prove these lemmas, the next inequality is useful. It immediately follows from the existing
lemma [6, Lemma 4.21], and we omit the proof.

Lemma 3.7. Let fQ € L, g(¢pe(A})) for d with 0 < d < /2. Let F(¢) = f(%pr(())hs(C),
and let x and y be arbitrary real numbers with x +iy € A}i. Then it holds that

[Pz +iy)l < K(b—a)*P ™G p(x,y) (3.24)
where K is the constant in (2.1) and G4 g(z,y) is a function defined by

7t cosh
1+ e—sinh(z) Cosy)a(l + g7 sinh(z) coSy)B COSCH_B(%SiH y)

Gap(z,y) = ( (3.25)

In the case f € Ly 5(1pe(AY)) (needed in Section 5), let F(¢) = f(¥pr(¢)). Then it holds that

~ K(b—a)**Fh

[F(z +1y)| < Gap(2,y). (3.26)

Tt

In what follows we prove Lemma 3.4 and Lemma 3.5. We begin with the proof of Lemma 3.5,
which is easier.

Proof of Lemma 3.5. 1t clearly follows from (3.24) of Lemma 3.7 that

—([474+hn o0
/ |F(z)| do +/ |F(x)| de
—o0 (MX+Hn
—Mh/2 9]
< K(b—a)* P! {/ G p(,0)dz + G 5(,0) dx} , (3.27)
—00 Nh/2
and it also follows that
-[41-1 N
h Y |F@Gh)+h Y |F(jh)
j=-M F=IF1+1
471 o
<Kb—a)*™ R Y Gap(jh,0)+h Y. Gap(jh,0)
j=—00 J=[51+1
—Mh/2 00
< K(b— )10, 5., { / G5, 0) dz + / Gas(z,0) dx} . (328)
—0o0 Nh/2

12



for some constant C, g . depending only on «, 3, c. Noting the relation among M, N and n, for
the first term of the RHS of (3.27), we have

—~Mh/2 K(b— g)xtB8-1 r—Mh/2 }
K(b — a)a+/3—1/ Ga,,é’(x, O) de < (Z)/ o COSh(:L‘) e'r[oesmhx dz
= M o—Tarsinh(Mh/2)
«
_ \atp-1
< MG%V e*%uexp(nh/Q). (3.29)
7

The estimate of the second term is similar, and the same applies to the estimate for (3.28). Then
substituting h = log(cn)/n, we have the desired inequality. |

Proof of Lemma 3.4. We define the following integral paths:

IH(r,y) ={C€C:Re¢=m,0<Im( <y}, (3.30)
I'o(z,y)={Ce€C:Re( =2, —y <Im( <0}, (3.31)

(@) ={C€C:ReC=—2,0<Im( <y}, (3.32)
I'j(z,y) ={¢C € C:Re( = —z, —y <Im( <0}, (3.33)
Fﬁ(x,y):{CGC:OSReCSx, Im ¢ = +y}, (3.34)
IE(z,y) ={C€C: -2 <Re( <0, Im¢ = +y}. (3.35)

The directions of them are set to be counterclockwise with respect to the origin (see Figure 9).

iR
e A I =dexp(—|Reg])
Iy o . oy X
- iy I
----------------- 7j ‘l’ "~~.,____.-“-““
________________ R
___________ | VO O
r,o - \
FIH hr
—id

Figure 9. Integral paths Ik (z,y), I'%(Z,y) (vertical) and Ii5(2,y), I1E(2,y) (horizontal) in the
case r > I.

We set zprp = ([M/2] + 1/Dh, anp = ([N/2] + 1/4)h, zpp = ([0/2] + 1/4)D, ynp =
d(1 — €) exp(—xp,1,) and consider the contour

LE@nn Ynn) + T (@n s Ynn) + Lol (@ann, Ynn) + Do (Tarn, Ynon)
+ I (@ arhs Ynon) + Doy (@arme Ynh) + Dig (TN Unh) + Lor (TN R Unoh)s (3.36)

where 0 < ¢ < 1. For simplicity of the notations, we set k = [M/2], ] = [N/2] and omit the

13



expressions (zas 4, Yn,n) and (Tn p, Yn,p). Using complex contour integrals, we have

(1+1/4) 1
/ F(sc)daszz{—/+ L F(QdCH ) (<)d<}, (3.37)
—(k+1/4)h T+ LT+ T +T +T A+

h Z F(jh) = 5 / O de, (3.38)

j—" DAL T I I+ I+ I+ 1y tan(7e¢/h)

which follows from Cauchy’s theorem and the residue theorem, respectively. Then we have the
inequality

(I4+1/4)h !
‘/ F(x)dx —h Z F

(k+1/4)h =

L( PO
§‘2< /. LT . <<>dc> ) > dc‘

1[0 P
2( /Ft+F+ d<+/l+m )dg) 2 /F$+F++F + 1, tan(m¢/h) d{‘. (339

+

v

The remaining task is to estimate these two terms of the RHS, say E}, and Ey, respectively.
(i) Estimate of the second term E,. Let us first estimate the second term. Using (3.24) of
Lemma 3.7 and noting the relation among M, N and n, for the integral on I} we have

Yn,h

[ P ©llacl < Kb = ay = [ Gsanao ) dy
a+p—-1 "
Kﬂ<b ) ) /y o COSh(xNh) e—nﬁsinh(a:Nyh)cos(yn,h) dy

O b

= cos®tB (L sinyp p

Kﬂ(b )a—i—ﬁ ! . COSh($N,h) e—ﬂﬂsinh(mN’h)cos(yn,h)

COSC“+B( sinyn 5) exp(Tn,p)

Kmn(b—a)*F~1d

= cos®TB(F sinyy, h)
KT[(b )a-i—ﬁ 1de§ycosd

cos®T8( % sinyp p)

77‘[ﬁ sinh((I4+1/4)h) cos(yn,k)

o~ 51 exp(nh/2) cos(yn,n). (3.40)

(b _ a)aJr,B 1de7ucosd

F()
tan(7t¢/h)

o~ 5 Hexp(nh/2) COS(yn,h)’ (3.41)

L

where 1 = min{«, 5} and v = max{«, 8}. The estimate of the latter follows from the former
one and the following equality:

‘|dC|§

cos®tA (L sinyp 1)

_|cosh(2mty/h) + cos(2ma N /D)
1/ tan(m(@yn +iy)/h)l = \/cosh(27ry/h) —cos(2mxy p/h)
B \/cosh(27ry/h) + cos(m(2l +1/2))
~ \ cosh(2my/h) — cos(7r(2l +1/2))
_|cosh(2mty/h) +
|/ cosh(2mty/h) —
=1, (3.42)
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which holds for zy, +1y € I;. We can also obtain similar estimates for the integrals on Iy
and F\f. Moreover, noting

h 1
Ton = (/2] + 1/0h = (/2 +1/4)h > T = Og(;”) (3.43)
and n > 1/c, we have
d
Yn,h = d(l - 6) eXp(_xn,h) < ﬁ <d, (344)
which implies cos(yy, ) > cosd. Then we have
lim B, < 4K7T(b - a)a+ﬂ71de§VCOSd e—%,uexp(nhﬂ) cosd
e+0 T cos®+B (% sind)
_ Na+B-17.Zvcosd
_ Kb a) e g mcosa, (3.45)

cos®+B (% sind)

(ii) Estimate of the first term Ej. Next, we bound the first term of the RHS of (3.39). Noting

TN,h
[ PO [ QA= [ (Pt i) + Fo - iga)}de (3.46)
TANG AW TANE AN —TM,h
and
[ PO e [ Ko P i) L,
o+ s+ tan(7t¢/h) —ZMn tan(rt(x +1iynp)/h)  tan(m(z —iynn)/h) ’
(3.47)
we have

TN R ) efiQN(mfiynyh)/h . el 2n(z+iyp p)/h
Ey = /fDM,h F(l‘ - lyn,h) 1 _ e—i2n(@—iynn)/h - F(SL‘ + lyn,h) 1_ ei2n(@tiven)/h dz

e_2ny'n,h/h

/m’h (IF(z — iy + |F(@ +ignn)|} de. (3.48)

—ZM,h

As for the integral of the RHS of (3.48), using (3.24) of Lemma 3.7 we have

L —
— 1= e 2mynn/h

TN,h
[ ARG = i) + 1@+ i)} da
—XM, b
TN,

< 2K (b— a)tB1 / Gl (@, Y p) da

—TM,h
N O
cos®tB (T sin d)

4K (b — a)o+h=1

/OO COSh({L‘) e TH sinh(z) cosd da
0

T cos(d) cos®8(F sind) (349)
With this estimate and
Ynph = d(1 — €)exp(—([n/2] 4+ 1/4)h) > d(1 — €) exp(—nh/2) exp(—3h/4), (3.50)
we have
_ g)etB-1 —2nd exp(—nh/2) exp(—3h/4)/h
Jim By < L coiggbcosﬁﬁ(g sind) { 1 _e e—27rdef(p(—7:h)/2) eip(—;h)//zi) /h } (3.51)
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Moreover, noting

exp (_?’h) — oxp (_?’Clog(cn)> > exp (_3(;) , (3.52)

4 4 (cn) de
exp(—nh/2) 1 fen 1 en S © (3.53)
h ~ clog(en)  2clog/cn — 2¢’ ’
we can bound the denominator of { -} part in (3.51) as
1 1
(3.54)

(1 — e—2mdexp(—nh/2) exp(—Sh/4)/h) = (1 _ e—27rd/c’)’
where ¢ = 2¢/ exp(1 —3c¢/(4e)). To bound the numerator of { -} part in (3.51), we use the fact

that .
lim V" ( 1) — 0, (3.55)

n—oo log(can) \ (can)es/n
which is shown by ’'Hopital’s theorem. Then we have

2ntd exp(—nh/2) exp(—3h/4)
exp (— ¢ )

. (_27td Vvn 1 )
— P\ T/C Toglen) {(en)3/Am

< C,qexp <—2\7/T§10£n)> , (3.56)

for a certain constant C. 4 depending only on ¢ and d. Combining the estimates of the denomi-
nator and the numerator above, we have

4K (b — a)*TP1C. 4 2ntd  \/n
lim Ey < : - . 3.57
et Th = pcos(d) cos®tB (% sind)(1 — e=2md/<) P Ve log(cen) (3:57)
From this estimate and (3.45), we obtain the conclusion. [

4 Existing/new convergence theorems for the Sinc approxima-
tion and the Sinc indefinite integration

The Sinc approximation and the Sinc indefinite integration are approximation formulas fre-
quently combined with the SE transformation or the DE transformation, like the trapezoidal
rule (described later in detail). If the Sinc approximation is combined with the SE transforma-
tion, we call it the “SE-Sinc approximation,” and the same applies to the other combination.

As for these approximation formulas, there also exist functions for which the formulas with
the SE transformation works good but the formulas with DE does not. In this section, for
the DE-Sinc approximation and the DE-Sinc indefinite integration, we give similar results to
Theorem 2.5 under the SE’s assumptions. In a similar manner to Section 2, after reviewing
the standard theorems for the SE/DE-Sinc approximation, we present a new theorem for DE’s
error under the SE’s assumption. After that, we do the same for the SE/DE-Sinc indefinite
integration. We prove these theorems in Sections 5 and 6, respectively.

4.1 Existing convergence theorems for the SE/DE-Sinc approximation under
the standard assumptions

The Sinc approximation is an approximation formula for a function F defined on R as:

N
F(z)~ Y F(jh)S(,h)(z), z€R, (4.1)
j=—M
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where S(7, h) is the so-called Sinc function defined by
, sin7t[(z/h) — j]
S(j, h)(x) = —
) = ) 5

Even if a function f is defined on the finite interval (a, b), we can apply the Sinc approximation
combining with the SE/DE transformation as follows:

(4.2)

N
Ft) = FWse (e 1)) = D> F(¥su(ih)S(, ) (Yes (1), (4.3)
j=—M
N
F@t) = FWoe(@ps(®)) = D F(¢ou(ih)S(, h) (Yo (1)), (4.4)
j=—M

for t € (a, b). The following convergence theorems have been known for these approximations.

Theorem 4.1 (Stenger [11, Theorem 4.2.5]). Let f € Lq g(¢se(Z4)) for d with 0 < d < 7. Let
u = min{a, B}, n be a positive integer, and h be selected by the formula
d
R (4.5)
nn
Furthermore, let M and N be positive integers defined by (2.6). Then there exists a constant
C independent of n such that

sup
a<t<b

< Oy/me~Vmdun, (4.6)

N
F&) = > f(se(ih) S, h) (b (1))
j=—M

Theorem 4.2 (Okayama et al. [6, Theorem 2.11}). Let f € Lo g(¥or(Za)) for d with 0 < d <
mt/2. Let p = min{a, 8}, v = max{«, 8}, n be a positive integer with n > v/(2d), and h be
selected by the formula
, - log(2dn/p)
= - )
Furthermore, let M and N be positive integers defined by (2.9). Then there exists a constant
C independent of n such that

(4.7)

N

F&) = > f(¥or(ih))S(j h) (¥ng (1))

j=M

sup <C e—ndn/ log(an//L)‘ (4.8)

a<t<db

4.2 New convergence theorem for the DE-Sinc approximation under the SE-
Sinc assumption

The condition on f in Theorem 4.2 is different from the one in Theorem 4.1. Under the same
assumption as Theorem 4.1, we have the next theorem.

Theorem 4.3. Let f € Ly g(¢su(%a)) for d with 0 < d < 7, and put d’' = arcsin(d/m). Let
w = min{a, }, v = max{a, 5}, and let ¢ be a positive number. For a positive integer n with
n > v/(cu), define h as (2.19), and define M and N as (2.9). Then there exists a positive
constant Cy, 5. depending only on «, 3, ¢, d’ such that

N , , _1 5 nd  \/n
sup | f(t) — Z f(or(30))S (5, h) (Yor ™ ()| < K (b—a)** Ca,ﬂ,c,d'\/ﬁexp< )

a<t<b iy _% log(cn)
(4.9)
where K is the constant in (2.1).
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4.3 Existing convergence theorems for the SE/DE-Sinc indefinite integration
under the standard assumptions

The Sinc indefinite integration is an approximation formula for the indefinite integral, derived
by integrating the both sides of (4.1) as follows:

/ F(¢)dé ~ / Z F(3h)S(j,h)(&) p dé = Z F(5h)J(j,h)(x), (4.10)
_ j=—M
where J(j,h)(z) = [T S(J, h)(f ) d¢. This approximation can be also applied to the indefinite
integral over the ﬁmte interval, by combining with the SE transformation or the DE transfor-
mation as follows:

s ()
[ sras= [ jwe@vine) Z F s (G GRTG WS E), (4.11)

—00

t pE(®)
/Gf(s)dsz/w f(Wpe(€))¥ns(6) dE ~ Z S Wboe(Gh) s (Gh) T (G, h) (Yo (1)), (4.12)

oo Py ¥
For each approximation a convergence theorem has been given as below.

Theorem 4.4 (Okayama et al. [6, Theorem 2.7]). Let fQ € Lq g(¥se(Z4)) for d with 0 < d < 7
Let po = min{a, S}, n be a positive integer, and h be selected by the formula (4.5). Furthermore,
let M and N be positive integers defined by (2.6). Then there exists a constant C' independent
of n such that

< CemVmdun, (4.13)

sup
a<t<b

¢ N
/a fls)ds — 57 F(hse(Gh)0lu(GR)I (G h)(WEH(E)

j=—M

Theorem 4.5 (Okayama et al. [6, Theorem 2.13]). Let fQ € Lq g(¢ps(%g)) for d with 0 < d <
/2. Let p = min{a, f}, v = max{«, B}, n be a positive integer with n > v/(2d), and h be
selected by the formula (4.7). Furthermore, let M and N be positive integers defined by (2.9).
Then there exists a constant C' independent of n such that

Clog(an/:u) efndn/ log(2dn/,u).
n

sup
a<t<b

" N
[ ) ds = 3 FWonih) e (ih) G, ) (w5 (0)| <
a j=—M

(4.14)

4.4 New convergence theorem for the DE-Sinc indefinite integration under
the SE-Sinc assumption

Under the same assumption as Theorem 4.4, we have the next theorem.

Theorem 4.6. Let fQ € L, g(¥se(Zq)) for d with 0 < d < 7, and put d' = arcsin(d/m).
Let p = min{a, 8}, v = max{«, §}, and let ¢ be a positive number. For a positive integer n
with n > v/(cu), define h as (2.19) and define M and N as (2.9). Then there exists a positive
constant C,, 3.4 depending only on «, 3, ¢, d’ such that

‘ N
[ ) ds = 30 Fe(ih) (i) TG, W (W5 (1)
a ]:7M

sup
a<t<b

_ log(cn) nd  \/n
<K(b—a) P10, 50w - 4.15
< K(b-a) Bred = XD\~ Ty ) (4.15)

where K is the constant in (2.1).
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5 Proof of Theorem 4.3 (for the DE-Sinc approximation)

5.1 Useful inequalities

To prove Theorem 4.3 (in this section) and Theorem 4.6 (in the next section), we use similar
estimates to (3.29), (3.40) and (3.49). Here we prepare a lemma giving such estimates.

Lemma 5.1. Let a, 8 and ¢ be positive constants, and put p = min{«, §} and v = max{«, 5}.
For a positive integer n with n > v/(cu), let M, N be defined by (2.9), and h be defined
by (2.19). Then we have

—Mh/2 1 = -
/ Gop(r,0)de < —e2¥e 2V, (5.1)
—oo 1
o0 1 = n
/ Goslz,0)de < — 3V e~ Frven, (5.2)
Nh/2 i

where G 5(, y) is the function defined in (3.25). Furthermore, for a positive real constant d with
d < 72 and a real constant §, set Zarp = ([M/2]+6)h, Znp = ([N/2]+0)h, Tnp = ([n/2]+0)h,
and @ p, = dexp(—2Zy,). Then we have the following inequalities:

Un,h CNf 5ﬂdegucosd . .
G _F L) dy < a,B,c, _ e—iu\/acosd’ 5.3
| Gap(=Tany)dy < T (5.3)
Un,h C’ 67.[626%1/60552 - ~
G Fnmy)dy < a,Bc, _ efg,u\/ﬁcosd7 5.4
0 a8(@Np,y)dy < COSO“"ﬁ(% sin d) (5.4)
AL [ — _ .
“Fn @ (& Jn.n) prcos(d) cos@8(% sind) (5:5)

where C’awg’c,g is a positive constant depending only on «, 3, ¢ and §. Moreover, if 6 > 0, C’Q,BM;
can be taken as Cq g5 = 1.

Proof. Tt suffices to prove (5.1), (5.4) and (5.5). First, (5.1) is the same inequality as (3.29)
except for the constant K (b — a)®t#~1. Next, (5.5) is the same inequality as (3.49) except for
the constant 2K (b — a)*+#~1, Finally we prove (5.4). In a similar manner to (3.40), we have

Tn,h 7 a—TBsinh(Z N 1) cos(Gn,n) 7 a—TBsinh(Z n,p) cos(d)
/0 ClEwny)dy < ndioswﬂ(gsingn,h) = ndiosaJrﬁ(gsin d) (56)
As for fsinh(Zy ) in (5.6), we can obtain its lower bound as follows:
Bsinh(Zy 1) > B ei"N’; —1
> D exp{([N/2] + o)n} —
> gexp(Nh/Q) exp(oh) — &
{(/3/2> exp(nh/2) exp(sh) — v/2 (a>p)
(8/2) exp(nh/2) exp(—log(B8/c)/2) exp(6h) —v/2 (o < )
> %exp(nh/2) exp(Sh) — g
N R CORa (57)
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To see the effect of (¢n)%™ in (5.7), we note that
lim exp(—Ay/en - (en)®/™)
n—00 exp(—Ay/cn)

for an arbitrary positive constant A. Combining (5.6), (5.7) and (5.8), we obtain the desired
inequality. Finally, if 6 > 0, it follows from (5.7) that

= lim exp{—Ay/en((en)’/" — 1)} =1 (5:8)

Bsinh(iyp) > %\/C - % (5.9)
Therefore we can take éa,,@,c,é as C~'a7[37c75 =1. |

In a similar manner to the proof of Theorem 2.5, we write d’ as d and assume that f €
Lo 5(1pr(A))) throughout the following proofs in this section.

5.2 Sketch of the proof

The idea of the proof is similar to that of Theorem 2.5: we split the error into several terms and
estimate each of them. Setting F(x) = f(¢¥pr(z)), we have

(The LHS of (4.9)) = sup |F(z)— Y F(jh)S(j, h)(x)

—oo<xr <00 j=—M

The first term of the RHS, say Ey(F,n), can be further estimated as

41
Eo(F,n) < max sup F(z)— Y F(h)SGh)(x),

—[4h<z<[X TR

sup F(x) - F(jh)S(j, h)(x)
a<—[M1h, [Yh<a :

1
)}, (5.11)

E\(Fn)= s |Fl)— Y. F(R)SG.h)@), (5.12)
— 4 h<z<[Z7h

Ey(Fyn) = sup > F(i)S3,h) ()], (5.13)

ae<—[4h, [F1h<a j=—TX4]

E3(F,n) = sup |F'(z)
e<—[41h, [F1h<a

, (5.14)



respectively. And we define E4(F,n) as

—¥1-1 N
Ey(F,n) = sup > F(jh)S(, h)(x)|+ sup > F(jh)S(j.h)(z)|. (5.15)
[51+1

—oo<xr <00 j=—M —oo<r<oo =

Their estimates are given by the following lemmas.

Lemma 5.2. Under the same assumptions of Theorem 4.3, for F'(z) = f(¢pr(z)), there exists

)

a positive constant Cgﬁ ..q depending only on «, 3, ¢, d such that

d +/n
Ey(F,n) < K(b— a)**PC ) _e . 1
1( ,TL) = ( (1) Caﬁ,c,d n exp ﬁlog(cn) (5 6)
Lemma 5.3. Under the same assumptions of Theorem 4.3, for F'(z) = f(¢pr(z)), there exists
a positive constant Cgﬁ ed depending only on «, (3, ¢, d such that
d /n
By(F,n) < K(b— a)**PC?) _e . 1
2( ’n) — ( a’) Ca75,c7d\/ﬁexp \/Elog(cn) (5 7)

Lemma 5.4. Under the same assumptions of Theorem 4.3, for F'(x) = f(¢pr(z)), it holds that
BE3(F,n) < K(b—a)*Pez? e 2mVer, (5.18)

Lemma 5.5. Under the same assumptions of Theorem 4.3, for F'(z) = f(¢pr(z)), there exists
a positive constant C, g . depending only on a, /3, ¢ such that

Ey(F,n) < K(b— a)a+ﬁéa,ﬁ,6® e FHVen, (5.19)

By showing each lemma above, we obtain Theorem 4.3.

5.3 Proofs of Lemmas 5.2-5.5

First, we begin with the proof of Lemma 5.4: the estimate of Ej.

Proof of Lemma 5.4. Noting

K(b— a+p K(b— a+B Za ,—Zaexp(—x) 0
|F(z)] < Kb —a) . < [Kb=af™exten (<0 5 99
(1 +e 7rsmhx)a(1 + eﬂsmhx)ﬂ K(b _ a)a+ﬁe2ﬂe 5 B exp(x) (SL’ >0
and the relation among M, N and n, we have
E3(F,n) < K(b—a)*tPe2v e 2rep(nh/2) — [o(h — q)2HF o3V o= 3HVeR, (5.21)
[ |

Next, we prove Lemma 5.5: the estimate of Ej.

Proof of Lemma 5.5. As for the first sum of Ejy, using (3.26) of Lemma 3.7, we have
—[41-1 —T451-1 —[51-1
s . K(b—a)™? 3 .
S FGNSGR@| < Y 1FGe < ST S g 6n0). 62)
j=—M

j=—M j=—00
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and using a similar manner to (3.28) and applying (5.1) of Lemma 5.1, we have

—]—M-\—l
K(b—a)*t? 3 . K(b— a)+h ~Mh/2
— Ga,p(jh,0) < —————Cape /_OO Gap(x,0)dz
j=—00
_ g\atB a5V ~
< Cop MOZ T 1 gy (53
i T log(cn)

for some constant C,, g . depending only on «, 3, c. Here (2.19) is used. As for the second sum
of F4, we can obtain the same estimate as above. Therefore we have the conclusion. |

Next, we prove Lemma 5.2: the estimate of Fj.

Proof of Lemma 5.2. We use the paths defined in the proof of Lemma 3.4. We set J:Mh =
([M)2] +1/2)h, 2y ), = (IN/2] + 1/2)h, 27, ), = ([n/2] +1/2)h, y, , = d(1 — €) exp(—;, ;) and
consider the contour

F\j; (:CIN,hv y;L,h) + th(xff\/',h’ y’:’L,h) + Fljl_ (x/]\/[,h,v y;L,h) + F\j]_(x/]\/f,h7 y;z,,h)

+ L (@ Ynon) + Tod (s Unn) + Doe (@ o Ynon) + Do (6 s Ynn) s (5.24)

where 0 < ¢ < 1. For simplicity of the notations, we set k = [M /2], | = [N/2] and omit the
expressions (', Yy, ;) and (T 5.y, ) For @ with —kh <z <[h, we have

l

Fla) = 30 FUMSG(@) = e/l [ e T T
(5.25)
As for the integral on I}, noting
| —z| > |(l+1/2)h — x| > h/2, (5.26)
[sin(n¢ /)] = |(—1)! cosh{m(Im ) /h}| > 1 (5.27)

for ¢ € I'}t, and using (3.26) of Lemma 3.7 and (5.4) of Lemma 5.1 with 6 = 1/2, we have

sin(7tz/h) F(Q) 1
omi /p (¢ —2) sin(mi/h) dc‘ = /p;; F(Olldc]

K(b — a)‘”ﬁ y;,h
<

Gop(Z p,y) dy

- m2h 0
KO— e s
mcos® A (G sind)  log(cn)
Since we can obtain the same estimates for the integrals on I',; and I \f, we have
lim sin(ﬂaj"/h) / F(C) dc
0| 2m  Jritrg+r+rg (¢ — z)sin(n¢/h)
< 4K(b _ a)a+ﬁde§VCOSd n e*%ll\/ﬁcos d (529)
mcos®tA (L sind)  log(en)
As for the integral on Fg; + F}ﬂ + I}, + I}, noting
¢ — 2| =y, (5.30)
|sin(nt¢/h)| = \/COShz(ﬁy;%h/h) — cos?{mt(Re()/h} > sinh(mty,, ;,/h) (5.31)
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for§€F$+Fﬁ+Fﬁ+F};, we have

sn(r ) RO
2mi ittt 4+ (¢ — ) sin(n¢/h)
1 T n
= " A{|F(z -1y, F(z+iy . 32
< J ARG =)+ P+ 0] do (5.32)

As for the integral of this RHS, it follows from (3.26) of Lemma 3.7 and (5.5) of Lemma 5.1 that

Ty . . 2K (b—a)*tP reyn
[ R = i)+ 1P il de < 2EEZ DT T Gy ) ae
T h TEM,h
4K (b — a)>th
< (b-a)™ (5.33)
7t cos(d) cos®8( 7 sin d)
With this estimate and
y;%h =d(1 —e)exp(—([n/2] +1/2)h) > d(1 — €) exp(—nh/2) exp(—h), (5.34)
we have
sin(mta/h) / F(¢) aC
e—~0 27 ANED AT el (¢ — z)sin(n¢/h)
4K (b — a)>t8 1 —ndexp(—nh/2) exp(—h)/h
(b—a) © (5.35)

~ m2dp cos(d) cos®HB (T sin d) exp(—nh/2) exp(—h) 1 — e=2rdexp(—nh/2) exp(=h)/h"
Furthermore, similarly to (3.52)—(3.56), we have

sin(7tz/h) / F(Q)
2mi 4441 (¢ — x)sin(m¢/h)

4K (b — a)*tP el e C! nd /n
4 I Venexp v : (5.36)

dQ’

e—0

< __-_ v

~ m2dp cos(d) cos®+B(Z sind) (1 — Velog(en)
where ¢’ = 2c/exp(1l — ¢/e), and C,; is a certain constant depending only on ¢ and d. Com-
bining (5.29) and (5.36), we obtain the estimate of Ej. [

Lastly, we prove Lemma 5.3: the estimate of Fs.

Proof of Lemma 5.3. We use again the paths defined in the proof of Lemma 3.4. We set a:'](/[’h =
([M/2] —1/2)h, l‘/]([,h = ([N/2] —1/2)h, l‘;;,,h = ([n/2] —1/2)h, y,’;h =d(1—c¢) exp(—x’rg’h) and
consider the contour

T (2 Ynn) + Do (2N s Y ) + F}I(l’l&,hv Yn ) + F;T(xlz(mm Yn i)

+ o (23 1 Ynn) + Dot @i U ) + Don (@800 Ynn) + Dor (2N 1 Un i) (5.37)

where 0 < € < 1. In a similar manner to Lemma 5.2, we set k = [M/2], | = [N/2] and omit
the expressions (2 p,, Yy, ;) and (27, Yy ). For z with @ < —kh or [h < x, we have

LS PGSR a) = SR / PO e
j=—k+1 7 2mi TE+ I+ r 4 r + I+ L+ T (¢ — x)sin(7t¢/h)

(5.38)
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Note that the terms for j = —k and j = [ are not included in the LHS of (5.38). As for the
RHS of (5.38), using (3.26) of Lemma 3.7, Lemma 5.1 with 6 = —1/2, we can obtain similar
estimates to (5.29) and (5.36) (in similar manners to (3.52)—(3.56)):

lim sin(mz/h) / F(() aC
e—0 2mi I Do+ T+ (C — ) Sin(T[C/h)

AK (b — a—l—ﬁéa e 1/0d Gvcosd -
< O 0S et de L (5:39)

7 cos®TH (T sin d) log(cn)
sin(7tz/h) / F(Q) dc
e—0 27 JER a gl e (¢ — x)sin(mt¢/h)
4K(b _ a)aJrﬁ 1 e~ Tdexp(—nh/2)/h
= m2dp cos(d) cos®+B (5 sin d) exp(—nh/2) 1 — e=2rdexp(—=nh/2)/h
AK (b — a)**h nd /n

< vV —— 5.40
= m2dp cos(d) cos® A (5 sind) (1 — e2md/¢") e Veclog(en) )’ (5:40)

where ¢’ = 2¢/e. To derive the above estimates, we use the following inequalities:

<d

"o=d(1— — 21 —1/2)R)— 7 5.41
i = d(1 =€) exp(— (/2] ~ 1/2) >{Zd(1_€)exp(_nh ) (5.41)

Therefore we have

-1
Ey(Fon) < | > F(jh)S(j,h)(x)| + |[F(—kh)| + [F(Ih)]
j=—k+1

< (The RHS of (5.39)) + (The RHS of (5.40)) + 2E3(F,n). (5.42)
Thus we obtain the estimate of Fs. [ |

6 Proof of Theorem 4.6 (for the DE-Sinc indefinite integration)

6.1 Useful inequalities

In a similar manner to the proof of Theorem 2.5, we write d’ as d and assume that fQ €
Lo s(¢pe(A})) throughout the following proofs in this section.
To prove Theorem 4.6, we need some auxiliary propositions as below.

Corollary 6.1. Under the same assumptions as Theorem 4.6, for F'(t) = f(¢pr(t))¥n,(t), there
exists a positive constant C, g4 depending only on «, 3, ¢, d such that

2md
nd_vn ) g
Ve log(cen)

Proof. This can be shown in almost the same manner as that of Theorem 4.3. The difference

between them is the estimate of the absolute value of the transformed function F'; in Lemma 3.7
use (3.24) instead of (3.26). |

—oo<t<0oo

N
sup |F(t) = Y F(ih)S(,h)(1)] < K(b—a)*"P " Co g cav/nexp (—
j=—M

Lemma 6.2 (Stenger [11, Lemma 3.6.5]). Let h > 0, j € Z, and = € R, and define J(j,h) as
I ) () = JZo S(j, )(€) d€. Then

17 (j, h)(z)] < 1.1h. (6.2)
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For h,&,m,z, € R with h > 0 and z4 € RU {—o0} with z4 < x,, define w(h,&,n, xq, x,,) as
1 (%« sin(mt/h)
h ,Ld, T / —————dt. 6.3
( g’rl d u) 27'(1 2y (€+7]1)_t ( )
The following two lemmas are variants of Stenger’s lemma [11, Lemma 3.6.3]. The first one can

be shown in almost the same manner as his lemma [11, Lemma 3.6.3], and we omit its proof.
Since the proof of the second one is long, we like to leave it to the end of this section.

Lemma 6.3. For n # 0, it follows that

h
"U)(h,g,??,(lfd,.%'u” < m (64)

Lemma 6.4. Let ¢ € Z and §;, = (¢ + 1/2)h. For x € R and p € Z U {—oo}, we have the
following estimates.
Case I. If p < ¢ and ph < x < gh, we have

wlhogmmph) < = (2450 (65

Case II. If p > ¢+ 1 and = > ph, we have the same estimate as (6.5).

Remark 6.5. Lemma 6.4 is needed for small |n|, and otherwise we use Lemma 6.3.

6.2 Sketch of the proof
The proof is done similarly to the proof of Theorem 2.5. To describe the splitting of the error, we

introduce some notation here. Set F(t) = f(¢pr(t))hs(t). We define intervals I; (7 =1, ..., 5)
= (=00, =([M/2] + 1)h], (6.6)
= [=([M/2] + )h, —[M/2]h], (6.7)
:[ [M/2]h, [N/2]h], (6.8)
= [[N/2]h, ([N/2] + 1)h], (6.9)
=[([N/2] + 1)h, +00), (6.10)
and H(F,n;t) as
i
H(Fnst) = F(t)— Y, F(jh)S(,h)(), (6.11)
J=—T4
and E;(F,n) (j=1,...,5) as
E;(F,n) = 22}3 /Ijm(oo,x] H(F,n;t)dt|. (6.12)
Then we have
N
(The LHS of (4.15)) =  sup / Ft)di— S F(iR)JIG,h)(@)
—oo<r<o0 = M
< sup ‘/x H(F,n;t)dt‘
—[41-1 N
+  sup F(ih)JG k(@) +| > FGh)IG,h) (@)
—oo<xr <0 j=—M j=f%]+1
(6.13)

25



Moreover, for the first term of (6.13), we have

sup ’/ H(F,n;t) dt’<max sup
—00<x <00 1<5< mel

/ HFnt)dt‘

J
Z/ H(F,n;t)dt
k=1 I,N(—o0,z]

J

< max su Eir(F,n).
1<J<5x€})kzl k( ’ )

< max sup
1<5<5 ze;

< Z Ey(F,n). (6.14)
k=1

For the second and third term of (6.13), using Lemmas 6.2 and 5.1 we have (similarly to
Lemma 3.5)

-4-1 N
sup | > F(R)JG, ) (@) + sup | Y F(jh)J(j, h)(z)
—0o<x <00 j=—M —oo<r<o0o j:f%]—i-l
—-[5-1 N
<Lin| Y [FGRI+ Y [F(h)
j=—M J=I51+1
—Mh/2 00
< 11C, 5K (b —a)*tF~1 (/ Gop(x,0)dz + Gop(z,0) dx)
—o0 Nh/2

— q)¥tBP1e%
- 2.2C, 5K (b — a)*P 03 Suven, (6.15)
7]

for some constant C, 3 . depending only on «, 3, ¢. Then what remains is to estimate E;(F,n) (j =
1, ..., 5). Their estimates are given by the following lemmas.

Lemma 6.6. Under the same assumptions as Theorem 4.6, for F(t) = f(¢pr(t))Ls(t), there
exist positive constants C’S)ﬂ cq (1 =1,5) depending only on «, 3, ¢, d such that for i = 1,5

aped  /n Ve log(en)

Lemma 6.7. Under the same assumptions as Theorem 4.6, for F(t) = f(¢pr(t))L5(t), there
exist positive constants C’S)ﬁ cq (1 =2,4) depending only on «, 3, ¢, d such that for i = 2,4

Ey(F.n) < K(b— a)oo-100, 1oslen) <—”d vn ) . (6.16)

log(en 2mtd n
Ei(F,n) < K(b—a)*#~ 10()60(1 g‘:ﬁﬁ )exp <_\%1og\(fcn)>‘ (6.17)

Lemma 6.8. Under the same assumptions as Theorem 4.6, for F(t) = f(¢pr(t)))s(t), there
3)

exists a positive constant C' .Boed depending only on «, £, ¢, d such that

o 3) log(cn) nd +/n
E3(F,n) < K(b—a)*P71C %ﬂcd NG exp <_\/Elog(cn)> . (6.18)
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6.3 Proofs of Lemmas 6.6—6.8, and 6.4

First, we begin with the proof of Lemma 6.7: estimates of Fo and Ej.

Proof of Lemma 6.7. Since E4 can be estimated in almost the same manner as Fjs, it suffices to
consider F5. We have

Es(F )</4W F(t) g F(jh)S(j, h)(t)| dt
2 ) =~ —([%]—&—1)}1 JZil—%“ J Js
E3
< h_ sup |[F(t) — Z F(jh)S(j,h)(t)
oco<t<oo jz—f%]
N
<h sup |F(t)— Z F(jh)S(4,h)(t)
—oo<t<oo j=—M

~[4-1

N
+h  sup > F(jh)S(, h)(t)|+h  sup > F(jh)S(j, h)(t)
[31+1

—oo<t<oo j=—M —oo<t<oo | .

]:
—-[41-1 N

+ho Y |FGh)+h Y [F(jR).
j=—M =131+

N
<h sup |F(t)— Z F(jh)S(j,h)(t)

—oo<t<oo j=—M

(6.19)

Use Corollary 6.1 for the first term. For the second and third term, use Lemma 5.1 and do the
same discussion in the proof of Lemma 3.5. Then we can establish this lemma. |

Next, we prove Lemma 6.8: the estimate of Ej.

Proof of Lemma 6.8. We use again the paths (5.24) used in the proof of Theorem 4.3. Set
k = [M/2], 1 = [N/2]. For x € I3, using a complex contour integral, we have the same
expression as (5.25):

L sin(mz/h) F(¢)
F)= 3 FURSGMG = =00 [ e 0)
where
Lo=T 4+ L+ 0+ L+ T+ Ly + Iy + Tore (6.21)

Therefore we have

/m(oo,x] H(F,n:1) dt:/zh (Sin(;[ti/h) /Fn (C_tﬁfgzﬂq/h) d<> dt

= ey (o [, 00)

= &w(h, Re(,Im ¢, —kh,z)d(. (6.22)

- Jr, sin(n¢/h)
As for the integral on I} in (6.22), it follows from Lemma 6.4 with p = —k, ¢ = [ that

1 59;,}1
|lw(h,Re (,Im ¢, —kh,x)| < - 2+ N (6.23)
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for ¢ € I';;. With this estimate and
|sin(r¢/h)| = |(=1)! cosh{m(Im ¢)/h}| > 1 (6.24)

for ¢ € I')f, using (3.24) of Lemma 3.7 and (5.4) of Lemma 5.1 with § = 1/2, we have

_FlO
/F+ sin(7t¢/h) w(h,Re ¢, Im ¢, —kh, z) dg’

5ynh
<2+ : )/F LIGIEY

5y;L7h Oz+ﬁfl y;z,h /
2+ — K(b—a) A Gap(Typ,y) dy

a+p—-1 Zvcosd
24 5d\/> K(b - ) +h Tid e i e-%#MCos d.
Vclog(en) cos®8(% sind)

Using Lemma 6.4 with p = —k,q = [ for the integral on I, and Lemma 6.4 with p = —k,q =
—Fk — 1 for the integrals on I’ Vi, we can obtain the same estimates as (6.25) for the integrals on
these paths. Then we have

<

<

Al= Al Al= =

< (6.25)

lim
e—0

/1“ _FO w(h,Re,Im , —kh,x)d(

Gt 41 sin(n¢/h)

a+B8—17 . Zvcosd
<(24 5d\/ﬁ 4K(b - CL) th-lge? e—%u\/acos(d)_
- Vclog(en) cos®tB(Z sin d)

As for the integral on F}j; + F}H + I, + I}, it follows from Lemma 6.3 that

(6.26)

h
|lw(h,Re(,Im (, —kh,z)| < W

6.27
i (6.27)

for ¢ € F F w + 14 + Ih,- With this estimate and

|sin(mt¢/h)| = \/CoshQ(ﬂy;L’h/h) — cos? {m(Re()/h} > sinh(my;, ;/h) (6.28)

for(€F$+Fl+F}H+F};,Wehave

/F O w(h,Re(,Im ¢, —kh, x) d(‘

Frharg 1y, sin(nd/h)

h /xNh . o,
Flz —iypp)| + [F(z +iy,,)|} da. 6.29
4y sinh(7ty;, 5, /h) _xMh{| ( n)+E ik (6.29)

As for the integral of this RHS, it follows from (3.24) of Lemma 3.7 and (5.5) of Lemma 5.1 that

/NhﬂF(w—lynh)r+|F<x+1ynh>|}dx<zmb >“+B‘1/N’h

IM h -

Gaﬂ (l‘, yqlm,h) dz

!
M,h

(b _ a)a+[3—l
= peos(d) cos®tH(T sind)’

(6.30)
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Then, similarly to (3.52)—(3.56), we have

lim
e—0

/ O hRe ¢, Im ¢, —kh, 2) dC

ni+nf+r+0, Sln(ﬂg/h)
2K(b— )a-l—ﬁ 1 h e—Tdexp(—nh/2)exp(—h)/h
= dpcos(d) cos®+B (% sind) exp(—nh/2) exp(—h) 1 — e=2ndexp(=nh/2)exp(=h)/h
KO- toglen) ([ md
XP
= ducos(d) cos®tB (S sind)(1 — e 2 /") \/n ~/clog(cn)

where ¢ = 2¢/exp(1l — ¢/ e), and C} ; is a constant dependlng only on ¢ and d. Note that the
RHS of (6.31) is the same as (5.36) except for 2h/2 = m%log(cn)/(2n). Thus we obtain the
estimate of Ej3. ]

(6.31)

As the last error estimate, we prove Lemma 6.6: the estimate of F; and Es.

Proof of Lemma 6.6. Since E5 can be estimated in almost the same manner as Fjq, it suffices to
consider E;. Noting

Ei(F,n) < sup
zely

: (6.32)

/ F(t dt‘+sup

xzely

e 1
|3 FGnsG @ a
Ny,

we estimate each term of (6.32).
As for the first term of the RHS of (6.32), using (3.24) of Lemma 3.7 and (5.1) of Lemma 5.1,
we have

. (k4 Dh (kD)
‘/ Plt) dt’ <[ (o)t < Ko - a0 | G (i, 0)

—00 [oe] oo

K(b— (I)a+’8_1 e%l’ s M

< . e Bk (6.33)
for x € I;.
As for the second term of the RHS of (6.32), for x < —(k 4 1)h we have
v , sin(7tt/h) F(¢)
‘/_ooj;kF(Jh)S( i) = ‘/ < 2 /p (C— ) sin(meC/h) dC) dt'
F
< /F s’1r1(7§§)/h)w(h’ Re(,Im ¢, —o0, x) (6.34)

where the contour I, is defined by (6.21), the one used in the proof of Lemma 6.8. Then, using
Lemma 6.4 with p = —00,q = =k — 1 or p = —00,q = [, Lemma 6.3, and similarly to (6.26)
and (6.31), we have

I
0 AT 4T+ sin(re¢/h)

(o, BV ) AK(b—a)*T 13! Jercos(a)
— " Velog(en) cos® (5 sind) |

/ F(O w(h,Re,Im (, —o0, z) dg‘
I

(6.35)
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and

lim
e—0

/ _F©)
r

h,Re(,Im(,—o0,z)d
s+ sin(mt¢/h) wl ¢ Im¢ ) C|
2K (b — a)oc+5 1gc/e 027 Nz log(cn) . d
X J—
dpcos(d) cos®+B(Z sind) (1 — e2md/¢")

m_vn ) (g50)
Vn Velog(en)
where ¢’ = 2¢/exp(1 —c/e), and C.. 4 1s a constant depending only on ¢ and d. Thus we obtain
the estimate of Ej.

Finally we finish this section by proving Lemma 6.4

|
Proof of Lemma 6.4. Noting

1 T (&gn — t)sin(mt/h) . [® msin(nt/h)
w(h»fq,hyﬁaphaﬂﬁ)—%{/ph ?£q7h_t)2+772 dtl/h(&q,h—w }
_ 1o 7 (&gn — t)sin(mt/h) z psin(mtt/h)
C2n {1 /ph (€gn — 1) +n? dH/p

Aty (6.37
h (Egn — )% +1? } (6:57)
we estimate each of the imaginary and real parts. Recall that ;5 = (¢ + 1/2)h throughout this
proof.

First, we begin with Case I. As for the imaginary part of (6.37), set a = min{§,,—h/2, &,
In|} and consider splitting the integral as

[ aa =it
ph

dt
(fq,h - t)Q + "72

L e EIh (Ep—s— |2 s
Sl M e el U]
T &1k (€, — 5 — | 2] h)sin (ns/h) (6:38)
2 (DMt “/ (Can - LI rop @ (LR <2),
where

_ h (&gn — s — mh) sin(ms/h)
o= |

6.39
(€gp — s —mh)? +n? (6.39)
Since
éq h — t
, S 6.40
(§qn — t)* + 12 (6.40)
is strictly monotonically increasing on (—oo, &; 5 — |n|] with respect to ¢, we have
Vej-1 > V|22 > (6.41)
and therefore, for mg < [7] — 1,
my
(170 3 (<1) = {(%O S B o) (6.42)
m=p Ymo — (/Ymo—l - ero—Q) - (7m0—3 - ’Ym0—4) — e < Ymo -
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Then, noting a < &, — h/2, for mg < [#] — 1, we have

UL h | (&un — s — moh) sin(7ts/h)
—1)mo —1mm§m§/ 7 d
‘( ) n,LZ:p( ) 7 |’y 0| 0 | (§q7h_8_m0h)2+772
h 1 2
< ds< —--h=2. 6.43
_/0 |€gn —s—moh| T h (6.43)
Moreover, in a similar manner to the above argument, if < |7 |h, we have
o—|Z|h e 1Z B
/ W Ggn = s = L) sin(s/h) (6.44)
0 (Sq,h*S* LEJh) +1n
and if | |h <z,
o=L7lh (&g n — s — [#]h) sin(mts/h) 2 ( LaJ ) 2
’ ds| < —-lz—|=|h])|<—=-(x—a+h
TR et SR Gl T D BT
2 h 2|n|
< — - = < —. 4
< s max{jy - 5. 0f < = (6.45)
Combining (6.43), (6.44), and (6.45), we have
? (§qn — t)sin(mt/h) { 2| }
: dt| <2+ max<¢2, — . 6.46
Ju e i 649
As for the real part of (6.37), we set b =&, — h/2 and consider
T pmsin(mt/h)
[ i)
ph (Eqn — )% +1
511 NS :
2 [Tl nsin(7ts/h) b
(D™ + (-1 : ds (o< [4In).
- L%J*l —ngh . )
m by [Tl nsin(7ts/h) b
(1™ + (-1 as (1gIh <),
> o e (<)
where
h .
, nsin(ms/h)
= ds. 6.48
=) G (049
Since
i (6.49)

(gq,h - t)2 + 772

is strictly monotonically increasing on (—oo, &, 5] with respect to ¢, in a similar manner to (6.43),

(6.44), and (6.45), for mg < L%J — 1, we have

N " l An| 4n|
E DM < |y | < / N ds < “h =
m:p( ) Tm| = h/mo’ = ‘gq,h —s— moh‘Q §= h2 h
and moreover, if < [2|h
a5k i
/ ; 77sm(ﬂ;/h)2 ds| < 4|77|,
0 (€qn—s—[7]R)>+n h
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and if |2]|h <z

e xlh i 4 _ 4
0 (Eqh —s— [710)* +n h h? h
Combining (6.50), (6.51), and (6.52) we have
z in(7tt/h
/ _nsin(mt/h) g, 8l (6.53)
ph (gq,h —1)*+n h
Finally, combining (6.46) and (6.53), we have
1 2|17|} 8|77> 1 ( 2Jn| 8|77|>
< — —_ <— 44+ —+— .04
|w(h,&q.n,m, ph,x)| < 5ot <2+max{ T + n) S o + N + 5w ) (6.54)

which is the desired estimate.
Next, we treat Case II. As for the imaginary part of (6.37), set @ = max{{,»+h/2, &, n+nl}
and consider

/f” (&g,n — t) sin(mt/h) gt
ph (Egn— )2 +n?

T (Egn — t)sin(mt/h) )
/ph quh_t)QMQ i L£1-1 (QSSH ! (6.55)
[51h (&gn — 1) sm(?‘tt/h B (o . ) )

/ph Con— 02 +2 0T 2[31 (D y iz @) (5] h <),

where 7, is defined by (6.39) and

B e=glh (Egp — s — Lfljh) Sin(TES/h) .
= e S (659
Since
Son — 1 (6.57)

(egn — )2+

is strictly monotonically decreasing on [{, ;,+|7|, +00) with respect to ¢, using similar techniques
0 (6.43), (6.44), and (6.45), we have

LiH( ) (-l ' ! ds<2.h=2 (658
=)y + (—1 v / = s<Z.h= .
m=[&] 5 0 [qn—s—T[51h] h
h
and
T _ : 9 9
sup / (€gn — 1) S1;1(7ct/2h) arl < 2 ax{|n| B ﬁ7 0} < [l (6.59)
ph<z<[21h|/Ph (Egn —t)* +1 h 2 h

Combining (6.58) and (6.59), we have the same estimate as (6.46).
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As for the real part of (6.37), set b =&, + /2 and consider

T msin(mt/h)
Jo G e
/I nsin(7mt/h)

ph (§gp — )2 + 12
1§11 (6.60)

= R nsin(7tt/h) ms z) b
/ph G2+t Z}(—D Yo+ (D ey (@) (R h <),

Son

m=T

where 7/, is defined by (6.48) and

, o eLade nsin(ms/h)
gy = [ st (6.61)

Since

Ui

(Eqn —1)* + 17 (6:62)

is strictly monotonically decreasing on [£, ,+00) with respect to ¢, using similar techniques
to (6.50), (6.51), and (6.52), we have

12)-1 ,
4

< / In —ds< :‘ (6.63)
0 |€n—s5—[71h?

and

sup
ph<z<[}]h

ph (Egn — 1) + 12 h (6.64)

/z nsin(rt/h) dt‘<4m\

Combining (6.63) and (6.64), we have the same estimate as (6.53). Thus we obtain the same
estimate as Case L. n

7 Numerical examples

In this section, we show numerical results that confirm the existing/new theorems. In addition to
the examples for the SE/DE formula in Section 2, we present the following two examples for each
of the SE/DE-Sinc approximation and the SE/DE-Sinc indefinite integration: (i) an example
that can be explained by the existing theorems, and (ii) an example requiring the new theorem
for the DE case. In each example, we consider a function defined on (-1, 1). All computation
programs used in this section were written in C with double-precision floating-point arithmetic.
Throughout this section, for computation, € is set to € = 0.001, and c in the formula of h is set
optimally as described in Remark 2.7, i.e., ¢ = 4d’ /i in the DE formula, and similarly ¢ = 2d'/u
in the DE-Sinc approximation and the DE-Sinc indefinite integration.

7.1 Examples for the SE/DE formula

Firstly let us consider Example 1 (presented in Section 2.2), which can be naturally approxi-
mated by both of the SE and DE formulas. The result is shown in Figure 10. According to
Theorems 2.2 and 2.3, the convergence rates of the SE and DE formulas are O(exp(—coy/n))
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and O(exp(—cin/log(can))), respectively. From the graph we can observe the expected rates in
both formulas.

Secondly consider Example 2 (presented in Section 2.3). The integrand fo satisfies the
assumptions in Theorem 2.2 (SE case), but does not those in Theorem 2.3 (DE case). In this
case Theorem 2.5 is useful. The result is shown in Figure 11. From the graph we can observe
O(exp(—cpy/n)) in the SE formula, but the DE formula does not converge at the usual rate:
O(exp(—cin/log(camn))). However, it seems to converge at a similar rate to the SE formula,
which agrees with Theorem 2.5.

7.2 Examples for the SE/DE-Sinc approximation

For the SE/DE-Sinc approximation, we consider the following two examples.

Example 3. Consider the function

f3(t) = (1 — 2)YV2/1 + 2. (7.1)
The function f3 belongs to Ll/ﬁ(quE(_@ﬂm)) and Ll/ﬁ(wDE(@ﬂ/G)).

Example 4. Consider the function [7, Example 9.6]

fa(t) = (1 — t2)1/\/§\/cos(4 arctanh t) 4+ cosh(2). (7.2)

The function f4 belongs to Ll/ﬂ(z/JSE(@n/Q)), but does not belong to Ll/\@(wDE(@d)) for any
d> 0.

The results are shown in Figures 12 and 13, respectively. In each figure, “maximum error”
denotes the maximum of the absolute values of the approximation errors evaluated at 20,000
equally-spaced points on (—1, 1). We can confirm Theorems 4.1 (SE case) in both figures.
Theorem 4.2 (DE case) can be confirmed in Figure 12, but not in Figure 13. The result in
Figure 13 seems to behave consistently with Theorem 4.3.

7.3 Examples for the SE/DE-Sinc indefinite integration

For the SE/DE-Sinc indefinite integration, we consider the following two examples.

Example 5. Consider the function

CH(WV2H D+ (V2 1))

fs(t) = (1—2)(VZ-D/V2 T+ ¢2

and its indefinite integral on (—1, 1):

t
/ () ds = (0. (7.4)
The function f5 satisfies f5Q € Ll/ﬁ(wSE(@(ﬂ_e)/g)) and f5@Q € Ll/ﬁ(d)DE(@(ﬂ_e)/G)) for any e

with 0 < e < 1.

Example 6. Consider the function

v/2{t cosh(m) + t cos(4 arctanh t) + v/2sin(4 arctanh ¢)}

t) = —
o(t) (1 — ¢2)(V2=1)/V2, /cos(darctanh t) + cosh(7)
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and its indefinite integral on (—1, 1):

/tl fo(s)ds = fa(t). (7.6)

The function fg satisfies fgQ € Ll/\/ﬁ(d)SE(@(ﬂ_g)/g)) for any € with 0 < ¢ < 1, but does not
satisty f6Q € Ly, 5(¢oe(Za)) for any d > 0.

The results are shown in Figures 14 and 15, respectively. In each figure, in the same manner
as in the SE/DE-Sinc approximation, “maximum error” denotes the maximum of the absolute
values of the approximation errors evaluated at 20,000 equally-spaced points on (—1, 1). We
can confirm Theorems 4.4 (SE case) in both figures. Theorem 4.5 (DE case) can be confirmed
in Figure 14, but not in Figure 15. The result in Figure 15 seems to behave consistently with
Theorem 4.6.

8 Concluding remarks

As the first contribution of this paper, we revealed the theoretical convergence rate of the DE
formula under the same assumption as the SE formula. The usual convergence rates of the SE
formula and the DE formula have been known as O(exp(—cpy/n)) and O(exp(—cin/log(can))),
respectively, as seen in Example 1. However, as seen in Example 2, there exists a case where
the SE formula attains the standard rate O(exp(—cpy/n)) but the DE formula does not attain
O(exp(—cin/log(can))). Our result: Theorem 2.5 can explain the case, and prove the DE
formula converges with the rate: O(exp(—csy/n/log(cqn))) in such a case. This rate is slightly
worse than the SE’s rate: O(exp(—cpy/n)), but the difference is not so critical.

As the second contribution, we also analyzed the convergence rates in the following two cases:
(i) DE-Sinc approximation under the same assumption as the SE-Sinc approximation, and (ii) the
DE-Sinc indefinite integration under the same assumption as the SE-Sinc indefinite integration.
The results are the same as above: O(exp(—c3y/n/log(can))), as shown in Theorems 4.3 and 4.6.

The results given in this paper are also useful to analyze other situations. Firstly, in this
paper only the SE and DE formulas for the the integral over a finite interval: (a, b) are consid-
ered, but the SE/DE formulas have also been proposed for the integral over the semi-infinite
interval (0, oo) and the infinite interval (—oo, co) [11,17]. And in these cases as well, the same
phenomenon can happen as Example 2, i.e., the SE formula works good while the DE formula
does not (an example can be found in Bornemann et al. [1, Eq. (3.24)]). The analysis strategies
given in Sections 3.2 and 3.3 are quite useful to obtain the same result as Theorem 2.5 in such
a case. Secondly, with the aid of Theorem 2.5, we can rigorously prove the convergence rate of
the DE-Sinc scheme for weakly Volterra integral equations of the second kind [3]. We are now
working on the latter issue, and the result will be reported somewhere else soon.
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