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Generalization of the Laplace Transform of Powers of the sinc
function

Rimer Zurita

ABSTRACT. In this work, general expressions are found for the Laplace trans-
form of E(Sin:il(at)) or L( Sinn(t):;nm(at)). The results are expressed in terms
of usual functions such as logarithms, arctangent, and rational functions. Thus,
these expressions can be incorporated into the general literature to facilitate the
calculation of Laplace transforms. In addition, the results of the article can be
implemented in different mathematical software for a direct calculation of such

transforms or to study the analytical properties of these transforms more directly.

1. Introduction

Let f(t) be a function with exponential order defined for ¢ > 0. Let us define its
Laplace transform as the integral transform

LUF()(s) = / T et dt, R(s) > o,

for some g real. Throughout this work, we will denote the Laplace transform of f(¢)
evaluated in s as L(f(t)) or F(s).

The Laplace transform has many applications in science and engineering, espe-
cially when solving linear differential equations, since it transforms them into algebraic
equations, which are much easier to manipulate.

The cardinal sine function sinc(t) is defined as

, 1 ift=o,
smc(t) = sin(¢) if t 7& 0

t
This function is frequently used for processing digital signals and in information theory.

The initial purpose of this paper is to find the Laplace transform of powers of this
function, i.e.,

(1.1) L(sinc™(t)), n>1,
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in terms of elementary functions.
Currently, results for the cases n = 1 and n = 2 are known. Indeed,

L(sinc(t)) = arctan(1/s)

and

2 244
L(sinc?(t)) = arctan (s> — Zlog (S Sg ) ,

see for example [4] or [6].

However, after a comprehensive search of the literature by the author, explicit
results for n > 3 in terms of elementary functions are very difficult to obtain. Some
software programs can find these results for small values of n through some available
algorithms, but for larger values, these methods are very time-inefficient.

In [3], the author presents a general result for the Laplace transform of the absolute
value of the sinc function:

(o]
/

for p a positive integer. The result is expressed in terms of other integrals that can be
computed in terms of elementary functions for p even, but not so easily computable
for p odd.

In [2], the author presents a result for the Laplace transform of a product function
of the form

e st dt,

sin(¢) ‘P
t

L(F()G@)),

where f(t) is a function on t and G(t) is the Laplace transform of some other function
g. The author also shows various examples for the Laplace transform of products
or ratios of functions, like £((1 — cos(t))/t?) or L((sin(t) — t — cos(t))/t?), without
establishing general results for ratios of higher powers of sines or cosines and ¢.

In [1], the authors find a general result for the Fourier transform of powers of the
sinc function. The authors also present a quite comprehensive historical review of the
computation of integrals related to the sinc function and its powers, while indicating
that such results rarely appear in the literature.

In this work, we present results more general than those initially established,
eventually proving in Theorem 2.1 a result for

0 (at
E(sm (a )),
t’ﬂ
for m > n positive integers and a > 0, and another result in Theorem 3.3 for
in"(t) sin™ (at
E(Sm (t)sin™(a )>’
tp

for m + n > p integers and a > 0. Both results are expressed in terms of elementary
functions and can be used/implemented directly for the computation of these trans-
forms.



GENERALIZATION OF THE LAPLACE TRANSFORM 173

2. Powers of sines over powers of ¢

Let n > 1. We know that T'(n fo n=le=% dx. If we make the change of
variable = ut for t > 0 fixed, we obtam L(n) =t" [ u" e " du, so
1 1

_ > n—1_-—ut .
ﬁ_i(n—l)!/ u" e "du; t>0,neN.

Suppose we want to find £ (f @) for some integer n > 1 and ¢ > 0 such that
f(t) is a function with known Laplace transform F(s). We have that

L (T?) = %eﬂt dt = 7“/ u e dudt
(2.1) 0

1 oo
= - S*“)tdtd = 7/ iy du.
n—l / / f@) u = o1, u (s+u)du

Therefore,
(2:2) c(B) =t [ w9 rwan

if and only if the integral on the right-hand side is well defined. Another way to justify
(2.2) is found in [1], where, for some f(t), g(¢) with Laplace transforms F'(s), G(s) that
satisfy certain integrability conditions, we have that

(2.3) LUOG) = [ Flualy—s)dy

In this case, it is enough to let g(t) = (n 1), to justify (2.2). Notice that (2.3) in a
manner gives us a sort of result similar to the theorem of Convolution for the inverse
Laplace transform of a product of functions.

The result given in (2.2) comes in handy when, for example, F'(y) is a rational
function on y. This is the case when f(t) = sin™(t) is a power of the sine function
with m > 1 integer.

In this section, we want to compute

” £ (1)

with @ > 0, m > n positive integers. We start by computing (2.4) for the particular
case when a = 1, after which we use the general fact that £(f(at)) = 2F(£).

Let I, (s) := L(sin™(t)) = [;°sin™(t)e~*' dt with m > 0. Integrating twice by
parts, we obtain for s > 0

In(s) = g ((m ) La(s) — mIm(s)),

and then

m(m —1)
I, (s) = m274_521',,1,2(5); m = 2.
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Additionally, we know that Io(s) = 1;I;(s) = ﬁ Therefore,
m!
(2.5) L(s) =4 CTEGR+enn
s 2’;11)/2(52+(2k71)2) ’

if m is even

if m is odd.

Thus, we obtain the following result for (2.4).

THEOREM 2.1. For a > 0, the Laplace transform L := ,C(sz#

positive integers, satisfies for s > 0

)form}n

e if m is even, then

I —
(—a)"! & j m 2ja e (n—1 2041 n—2—21
(0 1)1 ;(—1) (m/2—j> (2arctan (T) lz:; (-1) <2l+1)(2j) (s/a)
L5
o ((s/a)? -2 aifn—1 N2 s/ 120 — (s/a) L ™ Vloe(s/a) |
o (/0 45 3= (-0 (", ) 230"t ) o (m/2)1g</>>,
e if m is odd, then
I —

—s)" ! m+1)/2 j— m 2j—1)a \_QJ n—1 27—1)a 2t
2(771(71—1)!<Z§‘=1 )/ (-1)/ 1((m+1)/2—j) : (23“(3'“&“ (%) = (=D'("y )(( o : )

+log ((s/a)* + (25 —1)?) Zlf (—l)l(;l:i) ((23‘51)@)2”1))

PROOF. Let us prove the case m even and a = 1; for the general case, as noted
before, we use

L(f(at)) = ~ F(s/a)

Let In(s) == [y° Sin;:(t)G*St dt be the transform C(“r‘t&) From (2.2) and
(2.5) we have that

In(s) =

ﬁ /Oc(y - S)n71[7n(y) dy, (S > 0)

By letting y = 2z we obtain

B m! o0 (22 — )"t
(2.6) Imn(s) = 2 (n—1)! /5/2 2(22 +12)(22 + 22) - - (22 + (m/2)?) dz.

We observe that the integrand in (2.6) is a rational function in z with the degree of
the numerator n — 1, which is less than the degree of the denominator m + 1. By
decomposing the integrand into partial fractions,

(22’ — S)n_l Ay Az+ By Am/QZ + Bm/2

27) 222 +12)(22+22) - (221 (m/2)2) =z | 2412 24 (m/2)?




GENERALIZATION OF THE LAPLACE TRANSFORM 175

We have that

(o

D R
For 1 < j < m/2 we have to solve the system
m/2
(G4 + By) (i) [T = 5%) = (20 — )"~
(2.8) == i
(—iAzi+ By)(—ig) [ (% = 5°) = (=2i — o)™,

k=1
k#3j

where 4 is the pure imaginary number. By using the difference of squares and by
completing squares, we have

m/2 i—

L2 -7 = Em
) m .

’Igi} 2j (m/27j>

Solving the system (2.8), we obtain

Aj _ (*1)7(";/1371') ((22] _ s)nfl + (—2’Lj o s)nfl)

m!

B, = L) (20 =5t = (=20 =51,
that is,
29) Ay = 2 i — o)
Bj = —*2(*1);!('"/2*93‘((2ij —s)" 1.

Continuing the computations in (2.6) we have
(2.10)

m/2 Ajz+B;
Iin(s) = 2m(n il fs/Q (AU + 22 / 2?] )dz

m lim s 00 <log (ZAO (224 1)A/2 (22 + (m/2)2)A""/2) + Zm/z =1 arctan (j))

M

s/2

Moreover, by comparing the coefficients of 2 in the numerators of decomposition
(2.7) we see that

Ao+ Ar+ -+ Apyp =0,

so that the limit of the logarithm when M tends to oo in (2.10) vanishes. Then
(2.11)

m/2 R m/2
m! B; 27 1
I (s) = W(Z Tarctan( . ) (Ao log(s ZA log(s* + 4j )))

Jj=1 J 1
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Finally, using Newton’s Binomial Theorem, we have that

(2ij —s)" ! = i (n ; 1) (25)F (—s)"~ 1Rk,

which implies that

R((2if —s)" 1) = (=1)"! Z (—1)! (nQ_l 1) (25)2sn1-2

> n—1y _ n—2 n—1 2041 n—2-2
L I (R LU

Replacing all these results in (2.9) and (2.11), we have the result for a = 1.

The proof for the case when m is odd is quite similar, we use that if 1 < j <

then
(m+1)/2 Vi—lom,, 1
[T (k=117 = -2
= 47 = 2) (i 1y72-5)
J

3. Product of powers of sines over powers of ¢

+1

2 b

Let n,m,p be positive integers, with p < n + m, and let ¢ > 0. We want to find

the transform

AT t am t
r ( sin™ ¢ sin™ (at) ) .
P

Based on what we explained in (2.2), first we need to find
L(sin"(¢) sin™ (at)).

The algebraic computations are as follows:

(3.1)
it _ —it\n ,ptat _ —iat  m it(n+am) )

sin” (¢) sin™ (at) = (e 2; ) (e 2; ) - W(l_e_m)n(l_

eit(n+am) n m\ o "
= S D (—1)’“+l(k)(l>e Butlikad

0<iSm

_ 1 B+l T\ (VN it((n—2k)+a(m—21))
- om-+nim+n Z (_1) (k)(l)e '

0<k<n
o<i<m

e—2ait)m
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Expanding, for example, this last expression for the case when n, m are both odd,

sin” (¢) sin™ (at) =

1 )k T it((n—2k)+a(m—21)
2m+nlm+n l
0<hs Ln/2 ]

0<I<|m/2]

+( 1)n k+m— l( ) m ) it((—n+2k)+a(—m+21))

m —

+(_1)n—k+l< n > m) it((—m+2k)+a(m—21))
l

o )

1 m
= SmAngmin ( —1)kt < ) < I ) cos ((n — 2k + a(m — 21))t)
0<k<\_n/2

0<i<[m)/2]

—(—1)k! <Z) (T) cos ((n — 2k — a(m — 21))t)>

— (721)1#7?/2 > (=i <Z) <’l”> (cos ((n — 2k + a(m — 20))t)

0<k<[n/2]
0| m/2]

—cos ((n — 2k — a(m — 2l))t)>.

(n—2k)+a(— m+2l))>

We can proceed similarly for the cases when n and m change parity. Since Laplace’s
transform satisfies linearity and since L(sin(wt)) = L(cos(wt)) =
have the following result.

w S
2 rw? SZtw?) we

LEMMA 3.1. Let n,m be positive integers, and let a > 0, for s > 0

i) If n,m are even, then

son g iom _ (_1)(m+n)/2 k41T m
L(sin" tsin™ (at)) = o Z (-1) w )\
0<k<(n—1)/2

0<I<(m—1)/2

' <52+ (n—2k+a(m—20))> s>+ (n—2k—a(m—2l))2>
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ii) If n is odd and m is even, then

ctanrsnon = SRS (S () (4)

0<k<(n—1)/2
0<I<(m—2)/2

(n —2k) + a(m — 21) (n—2k) —a(m — 20)
. (52 +(n—-2k+a(m—20))2 24+ (n—2k—alm-— 21))2>

(-1 (m”}Q) 2. (1 (Z> M>

0<k<(n—1)/

iii) If n is even and m is odd, then

_1\(m+n—-1)/2
L(sin™(t) sin™ (at)) = (12)m+n_1< Z ()™ (Z) (Tln)
0<k<(n—2)/2
0<I<(m—1)/2

_<2(n—2k)+a(m—2l) (n —2k) —a(m — 21) >

+(n—2k+a(m—20))%2 s2+(n—2k—a(m—20))>

sere() B (D))

0<k<(m—1)/2

iv) If n,m are even, then

—1)(m+n)/2
'C(Sm”(’f)““m(af”:%( > <—1>k+l(z)<’7>~(52+<n_%ia<m_2l>>2

0<k<(n—2)/2
0<I<(m—2)/2

S

T2k —a(m - 21))2> (= (7”52) >, (77) 2 (a(; 202

0<I<(m—2)/2

() )

0<k<(n—2)/2

In Lemma 3.1 we can see that L(sin"(¢)sin"(at)) is a rational function in s.
However, it is not clear how large the degree of the denominator is relative to that of
the numerator. The following result clarifies this situation.

LEMMA 3.2. For n,m > 0 integers, let £(sin"(¢)sin™(at)) = P’:L:’:L((:)),
numerator and denominator are polynomials of degrees N and D, reépectively. Then
D—-—N=n+m-1.

where the
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PROOF. By induction on n. If n = 0, the result follows from (2.5). Suppose the
result holds for n and prove it for n 4+ 1. We have that
it _ it

L ( sin™ 1 (t) sinm(at)> =L ( (ET) sin™(t) sin™ (at))

_ 1 Py om(s—1) B Py om(s+1) _ Pri1.m(s)
) Qn,m(s - Z) Qn,m(s + Z) QnJrl,m(S)

where the degree of Qp+1,m(s) equals 2D — r and the degree of P41, (s) equals
N + D —r — 1, where -1 is because the final dominant terms of the numerator cancel
each other out, and the -r term comes from the possibility of simplification of the
whole quotient. Therefore,

deg(Q7L+1,m(5)) deg(P, n+1, m(s)) =D —N +1,

which, by induction hypothesis, equals n + m + 2. O

Let n, m, p be positive integers, with p < n + m, and let a > 0. Let us find

sin”™(¢) sin™ (at)
e !
P
For this, we use (2.2), taking into account that £(sin"(¢) sin™ (at)) has been computed

in Lemma 3.1.
Let us do the computations for n, m odd. We have that

L:%-Lw(y—S)p_l > (_1)k+l<2)<7>

0<k<(n—1)/2
0<I<(m—1)/2

: ( Y - Y ) dy
y?+ (n—2k+a(m—20))2  y2+ (n—2k—a(m —21))? '

The integrand of this last expression is a rational function in the variable y, so by
Lemma 3.2, the difference between the degrees of numerator and denominator equals

(3.2) (n+m+1)—(p—1)=n+m—-p+22=2.

Therefore, the integrand can be decomposed into partial fractions. Then we have

( m+n)/2 ol (M m
L 2m+n 1 Z (_1) ! ]{} l
S 0g<k<(n—1)/2

(3.3) 0<I<(m—1)/2

' arty + b B cry + di J
P2+ (n—2k+am—20)2 g2+ (n—2k—am—20)2]"Y
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where

aklziﬁ(((n—Qk—Fa( —21))i — 5)"” )
by = —(n = 2k + a(m — 20)3(((n = 2k + a(m — 20))i — )" ")
ckl:m(((n—%—a( —2l))i — 5)"” )

diy = —(n — 2k — a(m — 21))3( ((n — 2k — a(m — 21))1'—3)”’1)

By (3.2), the dominant term in the numerator of the integrand in (3.3) is zero, that
is,

(3.4 > o () (7)o - an o

0<k<(n—1)/2
0<I<(m—1)/2

Let us now expand
p—1

((n—?k—i—a(m—Ql z—s) ( )( —2k)—|—a(m—2l))i)j(_s)p717j

7=0

Ll 1)/2J -1 (n—2k+a(m—21))2ﬁ
s

Jj=0

Lr—2)/2] '
. i(P=1\n—2k+a(m—20)\%
+i(—8)P"%(n — 2k + a(m — 21)) ; =) <2j+1>< 5 )

We then have that

L(p—1)/2] ,
(a1 Z (P 1\ n—2k+a(m—20)\%
akl ( S) j7=0 ( 1) ( 2j ) ( S )

[(p—2)/2] )
— _(—s)P2(p — _97))2 (P 1\ n—2k+a(m—20)\2-1
bri (—s)P72(n — 2k + a(m — 21)) ]E:O (—1) (2]' N 1) ( - ) ,

and the coefficients c; y di; similar to ag; and by, but with (n — 2k) — a(m — 21)
instead of (n — 2k) + a(m — 21), respectively.

We integrate (3.3) term by term similarly as done in (2.10), taking into account
(3.4) so that the terms with logarithms disappear at infinity. We thus obtain the
following result for n,m odd, which can be proved similarly for the cases of different
parity.
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THEOREM 3.3. Let m,n,p be positive integers, with p < m + n, let a > 0, let

L:= c(M) and let

Api(s) = sP71 L(pgém(—l)j (p2—j 1) (n — 2k +sa(m _ 2[))2]‘

Cri(s) == s" L(p__l)m(l)j <p2j 1) (” — 2k *Sa(m —20)\2
j=0

Ep(s) = 57! L(pj_i;m<—1>ﬂ‘ (p;j 1) ("= 2k )23'

Byuls) im 571 L(pjzl:/QJ(_l)j (p;jl) (a(ms— 21))2J

Bu(s) i -2 L(pf/ﬂ( (2]; +11) n — 2k 4+ a(m — 2l))2J

L(r=2)/2] g
SR s

i) If n,m are odd, then

_ 1)(m+n)/2+p— 1

m+n—1 _ |
2 (p—1)! i
o<I<(m—1)/2

L

Ckl( ) log ( +(n—2k —a(m — 2l))2) +Bii(s)(n — 2k+a(m — 21)) arctan (

S

~ Dua(s)(n — 2k — a(m — 20)) avetan (20l =20 >>

/‘\

/‘\

h

+

—_

N—

S
3
l\.’)
=N
|
@
Q

J

2y (Z) (T) < - Ak;(s> log (32 + (n

—2k+a(m — 2l))2)+

N—2k+a(m—2l))

S
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ii) If n is odd and m is even, then

( )(m+n 1)/2+p—1
L=
gmin—1(p 1)l
(n 1)/2
m/2 m k() (n—2k , . I
< m/2 kZ:O (-1) <k;>< 2 Fkl(S)log(S +(n 2k:))+Ekl(s)arctan( . )

+ Z (—1)F+ (lc) (T) (Bk;(s) (n — 2k + a(m — 21)) log (82 + (n—2k+a(m — 21))2>+
0<k<(n—1)/2

0<I<(m—2)/2

Api(s) arctan (n — 2k +:(m —20) ) n Dk;(s) (n

+ Cri(s) arctan (n -2k —;l(m — 2l))>>

— 2k — a(m — 21)) log (52 + (n— 2k —a(m — 21))2)

iii) If n is even and m is odd, then

( )(m+n 1)/24p—1

L= om+n— 1( ]_)l

(m—-1)/
< 0 (o) g;i—ﬂ’“(?) (5 P oon(s*atom —20)) Bue)artan ()
+

(— 1)k+l n\ [(m (B/cl(s) n — 2k + a(m — 21)) lo 2 n — 2%+ a(m — 21) 9
ogkg%:g)/z (k)<l) 2 ( T ) g( + ( + ))+

0<I<(m—1)/2

Akl(s)arctan(n — 2k —|—sa(m — 21)) - Dk;(s) (n — 2k — a(m — 21))log (82 + (n—2k —a(m— 21))2)

— Cri(s) arctan (n -2k —;l(m — 2l))>>
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iv) If n,m are even, then

(/2) (o)
amrn(p— 1)

< > (—1)k+l<z) (,7)( Akl2( )1og< +(n—2k—|—a(m—2[))2)_

0<k<(n—2)/2
0<I<(m—2)/2

L=—

pe1 (71)(m+n)/2+p71
(—s)P~" log(s) + =T

n—2k—|—a(m—2l)>

C%(S) log (52 + (n — 2k —a(m — 2l 2)—|—Bkl n— 2k + a(m — 2l)) arctan( .

+Dkl(3)(n—2k—a(m 2l arctan( k —a(m Z)))+

(m—2)/2

o2 ( ) 0 () (e o (52+(a(m — )

=0

+Fj(s)(a(m — 21)) arctan (a<m5—2l>)>
(n—=2)/
=y (mn;Q) 22: (2_1)k (Z) (_Egl(S) log (32‘|‘(” - Qk)2>+Fkl(S) (n — 2k) arctan (n _s 2k )))

k=0

4. Applications

1. In Theorem 2.1, if we let ¢ = 1 and m = n we obtain the Laplace Transform
for the powers of sinc. We then have that L = £(sinc”(¢)) satisfies the following:

a) If n is even, then

g2 n/2 ‘ n . ’ n/2-1 n
D= g (;HV (s 5) (- taemetanczize) 3= 0 (5 sty

n/2—1

sstonl? +4%) 3 0", ) @) + (n72)310g<3>)

=0

b) If n is odd, then

_ (_S)n—l

27(n —1)!

(n+1)/2 . n (n—1)/2 S . ,
( > (s 1o ;) (2arctan(zi = 1)/ > (" - sy

(n=3)/2 n—1
+ log(52 + (25— 1)2) Z (_1)1 <2l N 1) (25 — 1)/5)21+1)>
=0
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Thus, the Laplace Transform of the first five powers of sinc are

L(sinc(t)) = arctan (i)

e’ ) = (~stog (8 +.4) + 25108(5) + davetan (7))
L(sine® (1)) = 555° ( - o (12 3 Y arctan (2)

ra(BEED o (1o LY (1)) )

1

£(sinc'(t)) = 96< (1 - 48) slog (s> + 16) — 8 <3 - 16) arctan (4>
4 <<1 - ?) slog (s> +4) —4 (3 - s42> arctan (i)) +6s 1og(5)>

5 1 625 150 5 20 500
E(sinc‘)(t)) ﬁ54 <2 <S4 - — + 1) arctan <S> + < - 53> log (52 + 25)

S

+10<2(314—562+1)ar0tan< )+(;L >logs +1))
—5(2($—§+1)arctan<)+(152—108> (s2+9))>

Besides using the result of Theorem 2.1, another way of computing £ (2 (2t

T) is
using the general properties that £(f(at)) = 2 F(s/a) and L(t* f(t))
Thus, we have that L(M) =am 1L (L(sine™ (8))(s/a)).
2. Suppose we want to compute L := ﬁ(M
integer and a >

= (~1)F L F(s).

with m > 2n positive
b. By using elementary properties of the Laplace Transform, we have

L=(—1)m2m+1‘"(a+b)"‘lﬁ(smm(t)smm((a—b)t/(a+b)))( 2 )

tn a+b/
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Thus, we can use the result from Theorem 3.3. For example, for ¢ > b we obtain

L,(cos(at) - cos(bt)> _ 1 . (52 + b2)

t 2 %21 a2
cos(at) —cos(bt)\ _ s 52 + b2
£<t—2) = —aarctan(a/s) + barctan(b/s) 5 log (m)
(cos(at) — cos(bt))?y 1( 4a? + s* B 4b% + 52 (a —b)?+ 52
ﬁ( ; ) =1 log e log CEE + 2log Tt

452 2s
21 ———+4) — 41 —_—
* Og((aer)QJr ) Og(a+b>>

3. In Theorem 2.1, if we make a = 1 and let s tend to 0T, for any m > n positive
integers, we obtain the integral

o0 M
I::/ sin™(t) .,
0 tm

satisfies the following:

i) If m and n are even, then

()2 LB m -
=1 2= (o)

ii) If m is even and n is odd, then

I =

(_1)(n+1)/2 m/2

IRETETCE VPR e

iii) If m is odd and n is even, then
(m+1)/2

(=
~2m1(p —1)!

m

d (m+1)/2—j

(17 og(2i ~ 1) R

j=1
iv) If m and n are odd, then

_q)n-ny2g (mE)/2 m o
I:(T")(n—l)! 2 1<(m+1)/2—j>(23_1) E

Jj=1

These results are known (see, for example, [5]).
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4. For a,b > 0 and small values of m,n, p, we have by theorem 3.3

E(M):%((a—l—b)arctan(ajb ;b))—&-zlog(zzigztz;z).

(SO L e (%) (0 20 o vt (=2
+((a 4 2b)* + s?) arctan (a * 2b) + aslog (((a ~on)2 ias;)_(falr 20)2 + 32))

(a — 2b)% + 52
+ 2bslog (7@ )+ 32).

E(M> - % ( -2 ( (s* — 120%) log < b2a+ : ) + 4 (4b® — 3bs?) tan ™ (f’))
—s(12(a )" ~ %) log ((a_b)> s (12(a + b)? — 5) log (W)

a
52
—2<4(4a — 3as”) tan~ < > 12a)log<2—|—4
S a

+4(a —b) (4(a — b)*> — 3s*) tan™! ( a—b))
+4(a+0) (4(a+0b)* - 35%) tan™" (Q(GSM)) + 457 log (2) )

ﬁ(w) = % (s (3(a — 3b)% — 52) log <(a—3ng+52>

— 5 (3(a+3b)* — s%) log (W)

) — (a — b) arctan (a

a

N 3(3 (52 — 3(a — b)?) log <(‘Z_Z)§+SZ> + 5 (3(a+b)* — s?) log <(a+b)2+52)

a2

+2(a = b) ((a — b)* — 3s*) tan™" (“ ; b) —2(a+1b) ((a+1b)? - 3s%) tan ! (a ;L b) )

—2(a — 3b) ((a — 3b)* — 3s*) tan™" (“ _s‘%) +2(a+3b) ((a +3b)* — 3s%) tan ™" (“ * 3b) )

S

For similar results with smaller powers in the denominator, one can use the same

theorem 3.3 or derive the preceding results using the general property L(tf(t)) =
_ dF'(s)

ds

5. In theorem 3.3, if we let s tend to 07, for any m +n > p positive integers and
a > 0, we have that the integral

7= /oo sin”(¢) sin™ (at) dt
0 tr
satisfies the following:
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i) If m and n are odd and
a) if p is even, then
(—1)(mAntr)/25
2m+n(p — 1)!
3~k (Z) (Tl”) (0 = 2k + alm — 20y~ — n = 2k — a(m - 20) ")

0<k<(n—1)/2
0<I<(m—1)/2

b) if p is odd, then
(_1)(m+n+p—1)/2
2mtn(p —1)!
Yo (i <Z) <’7> (f log ((n — 2k + a(m — 21))?)(n — 2k + a(m — 21))P~"

0<k<(n—1)/2
0<I<(m—1)/2

+log ((n — 2k — a(m — 20))*)(n — 2k — a(m — 2l))p_1)

I =

I =

ii) If n is odd and m is even, then
a) if p is even, then

_1)(mAntp—1)/2 m O\ ("2 n
12(2177)”"@—1)! <(_1)m/2(m/2> 2 <_1)k<k)(n‘2’“>’”‘llog<n—2k)2+

k=0

S (- (:) (”;) ((n — 2%k + a(m — 21))P " log((n — 2k + a(m — 20))?)

0<k<(n—1)/2
0<I<(m—2)/2

+ (0 — 2k — a(m — 20))P~ log((n — 2k — a(m — 21))2))>

b) if p is odd, then

(_1)(7n+n+p)/2ﬂ. m/2 m & n p—1
I:_Wpl)!<(_1) / <m/2) 2 <—1>'“(k)<”—2’€> +

k=0

> (- (Z) (”;) ((n — 2k + a(m — 21))P!

0<k<(n—1)/2
0<I<(m—2)/2

+ (n — 2k — a(m — 21))P " 'sign(n — 2k — a(m — 2Z))>>

In results i) and ii), certain indeterminate forms could appear for particular
cases, this is given when for example for certain values a > 0 and 0 < k <
(n—1)/2,0 <1< (m—1)/2 it is satisfied that n — 2k — a(m — 2]) = 0 and
when p = 1. In these cases, it must be considered that: 0° is considered
equal to 1, 0 - oo is considered 0, and log(0) is replaced by oo.
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iii) If m,n are even, then
a) If p is even

=G (5 e () () (i 2kt -

0<k<(n—2)/2
0<I<(m—2)/2

(m=2)/2

+|n—2k —a(m — 2l)|p1> + (=12 <n’/‘2> ; (—1)! <’7> (a(m — 21))P~!
+(-1)m/? (m”/‘2> (nkzjz(—nk (Z) (n— 2k)p1> .

b) If p > 1 is odd
I= (_222;?;?/2 ( Y (mpEH (Z) (7) ((n — 2k + a(m — 21))P~"!

0<k<(n—2)/2
0<I<(m—2)/2

-log ((n — 2k +a(m — 21))2> + (n — 2k —a(m — 21))?"'log ((n — 2k —a(m — 21))2>>

(m—2)/2

+ (—1)n/? <n7;2> ; (—1)! <’7> ((a(m —20))" " log ((a(m — 21))2))
+(—1)m/? (m"jz) (n]i/z(—mk (Z) ((n —2k)" log ((n — 2k)2))> :

If p =1 the integral I diverges.
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