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Using exponential generating functions to evaluate definite
integrals

Sean M. Stewart

ABSTRACT. Numerous examples where various types of definite integrals evalu-
ated using a technique exploiting exponential generating functions are presented.
We show how some classically famous but tricky integrals can be readily found
using such an approach. Brief historical remarks on some of the more notable
integrals considered are made. Application of some of the integrals found to a
class of classically important series containing the central binomial coefficients
are given.

1. Introduction

The evaluation of definite integrals in closed form has continued to occupy the
attention of mathematicians ever since the advent of the integral calculus in the late
seventeenth century. Their evaluation has been said to be one of the most intriguing
topics of elementary mathematics [2, p. 161] and described as a subject full of intercon-
nections to many other parts of mathematics [1, p. 535]. Of the many methods that
have been developed for evaluating definite integrals the purpose of the present paper
is to provide an expository introduction to an often overlooked and underappreciated
technique of evaluating definite integrals that makes use of exponential generating
functions.

Given a sequence {an}n>0 where n is a non-negative integer, the ezponential
generating function of the sequence is defined by

n

o0
z

(1.1) a(z) = Z an -

n=0
Here the formal power series in z given in (1.1) forms a ring. As we are interested in
applying exponential generating function to the evaluation of definite integrals which
are analytic objects, we will be concerned with the analytic theory of generating
functions. Here we assume z is a complex number while issues of convergence are
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100 SEAN M. STEWART

of paramount importance. The notation [2"/n!]a(z) will be used to represent the
coefficient a,, in the exponential generating function for a(z).

As a technique, the use of exponential generating functions are often well suited to
the evaluation of definite integrals that contain logarithmic terms raised to an integral
positive power. The most famous example of an integral of this type is perhaps

2
(1.2) / log" (sin ) dz.
0
Here n is a non-negative integer. Of course when n = 1 we have the famous log-sine

integral of Euler [16]

™

(1.3) /05 log(sinz) dx = —g log(2).

It represents an example of the evaluation of a definite integral whose indefinite form
is unknown. A simple proof of the result can be found in [47, p. 229]. For some
interesting history on the evaluation of this integral see [34] while for a number of
alternative approaches to its evaluation see, for example, [50], [42, pp. 160-161].

As an example of a technique for the evaluation of definite integrals which is
rarely found in texts, numerous examples illustrating the method will be given. Our
intention in writing this expository paper is to act as a source of examples showcasing
such a technique. By highlighting the types of definite integrals where applying such
a method to their evaluation is well suited, we hope to bring greater attention to this
often undervalued technique.

2. Preliminaries

In this section we give those special functions and various other results we are
going to have a need for in later sections.
The digamma function is defined by

I"(x)
I(x)’

(2.1) Y(x) = % logI'(z) =

where T'(x) is the classical gamma function defined by the Eulerian integral

(2.2) I(z) = /000 t* et dt.

These are respectively entries 5.2.2 and 5.2.1 in [44]. Closely connected to the gamma
function is the beta function defined by

1

(2.3) B(z,y) = / N1 -tV tdt, x,y>0,
0

which is related to the gamma function by the identity

L(@)C(y)

(2.4) B(z,y) = Tty
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These are respectively entries 8.380.1 and 8.384.1 in [19]. Alternative integral rep-
resentations for the beta function can be given. Substituting ¢t = sin?# into (2.3)
gives

™

3
(2.5) B(x,y) = 2/ sin?* =1 9 cos?¥ 1 6 d,
0
while substituting t = u/(1 + u) into (2.3) gives
o] uzfl

These are respectively entries 8.380.2 and 8.380.3 in [19]. Euler’s reflexion formula
for the gamma function is given by

(2.7) I(1-2)(z) = . z#0,-1,-2,. ..

sin(mz)

while Legendre’s duplication formula for the gamma function is

2z—1 1
These are respectively entries 5.5.1 and 5.5.5 in [44].
The functional relation for the digamma function is

(2.9) P(x+1) =)+ é

This is entry 5.5.2 in [44]. If n € N, repeated application of the functional relation
for the digamma function gives the difference equation of

(2.8) (22) =

n—1 1
(2.10) (z +n) —(z) = .
kz:;) x+k

This is entry 8.365.3 in [19]. A series representation for the digamma function is

(2.11) ¢(x+1)=—v+z<i— ! ) r#£—-1,-2,-3,...
n=1

n—+x

Here v is the Euler—Mascheroni constant. This is entry 5.7.6 in [44].
The Maclaurin series expansion for the secant function is

2 | Bz T
2.12 ‘ = oy < =,
(212) olr) = S <

where E,, denote the Fuler numbers. This is entry 1.411.9 in [19]. The first few of
these numbers are:
(2.13) Ey=1,Ey,=—-1,FEy =5,Es = —61, Eg = 1385,

while all odd-indexed Euler numbers are equal to zero. The Maclaurin series expansion
for the tangent function is
o0

(2.14) tan(x) = Z

n=1

2n+1(2n+1 - 1)|Bn+l|xn

m
(n+1)! ’ 2’

<
ol < 7
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where B,, denote the Bernoulli numbers. This is entry 1.411.5 in [19]. The first few
of these numbers are:
(2.15) Bo=1.Bi= Byt Byc0.By= - By =0 Bs = —.

2 6 30 42
In fact, Bo,+1 = 0 for all n € N. Finally, a series expansion for the cotangent function
is

1 & 2"H Bz

(216) COt(m) = — — 2 W,

|z| < .

8

This is entry 1.411.7 in [19].
The Riemann zeta function is defined by

(2.17) ()=

for s > 1 while the Maclaurin series expansion for the digamma function is

(2.18) Pla+1)=—y=Y (-)"¢(n+1)t", |zl <1

n=1

This is entry 5.7.4 in [44].
Suppose n € Ng = NU{0}. The nth generalised harmonic number of order p € N
is defined by

n
1
(p) — il
(2.19) oy = kE—1 rE

such that H(gp) =0. When p =1 we have H,, = H,gl), the nth harmonic number. The
nth generalised skew-harmonic number of order p € N is defined by
n (_1)k+1

k=1

such that Fép) =0. When p = 1 we have H,, = Ffj), the nth skew-harmonic number

[9]. Note that

n

I _pw_ 1w
(2.21) ;m = Hyy — 5 HAs
and
2n
=0 N~ CEDMY e 1
(2.22) Hy = kz e = ) - o HY
=1

When p = 1 in this last result it is known as the Botez—Catalan identity [48, p. 89].
The digamma function is related to the harmonic numbers by

(2.23) o+ 1) = Hy—,
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and is entry 5.4.14 in [44]. This result allows the harmonic numbers to be analytically
continued to all x € R, z # —1,—-2,-3,.... If n € N, at half-integer order arguments
for the digamma function one has

1 1
(2.24) @ (n + 2) = —v—2log(2) + 2;:: Syt 2log(2) 4+ 2Hs, — H,,

where we have made use of the result given in (2.21) with p = 1. This is entry 5.4.15
in [44].

THEOREM 2.1 (The Cauchy Product of Power Series). Consider the power series
Zflo:o anx™ with a radius of convergence Ry and the power series ZZOZO bnx™ with a
radius of convergence Rs. Then whenever both of these power series converge, for
their product we have

(2.25) i apx”™ - i bpx™ = i i arbp_px".
n=0 n=0

n=0 k=0
This power series has a radius of convergence R such that R = min{R;, Ro}.
A proof of this result can be found in [22, pp. 136-137]. Often it is convenient to

give this result when both summation indices start at one rather than zero. In this
case we have

o0 o0 o0 n
(2.26) Z apx” - Z bpx™ = Z Z apbp_pyrz"
n=1 n=1 n=1k=1

We conclude this section with an important result concerning the power series
expansion involving a difference between two digamma functions with differing argu-
ments. This we give in the following lemma.

LEMMA 2.1. For |t| <1

(2.27) 0 (; + 1) —p(t+1) = i(—l)’f (1 — 21k> C(k+1)t*

k=1

PrOOF. From (2.11) we see that

(2.28) zp(;ﬂ)_w(tﬂ):i(nit_nf]w).

Also for |t| < 1, as

X ()RR 1 & (—1)ke
n+t Z k+1 _ﬁ"' nk+1 ’
k=0 k=1
and
1 N D A N
- (k)17:*+z(k1 ok’
n+t/2 nktl 2 n nktl 2

k=0 k=1
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and are nothing more than infinite geometric series expansions, the term appearing in
the bracket on the right of (2.28) can be rewritten as

o (5+1) —w(t+1)=i<i i (1-5) ) ii

n=1 \k=1 n=1 k=1

or
t - 1 o~ 1 X
w<2+1> —pt+1) =) (~1)F (1—%) (an)t 7
k=1 n=1
after the order of the double summation has been interchanged and is permissible
since for |t| < 1 and each n € N

o0 t o0
Z |ank(t)] < T M, (t) < oo and ZMn(t) < 0.
k=1 n=1

Recognising the right most term within brackets as the Riemann zeta function given
in (2.17) completes the proof. O

3. Some examples

In this section we give some examples that use the method of exponential gener-
ating functions to evaluate definite integrals. We begin with two very simple examples
that could be readily found using other methods. And while using an exponential gen-
erating function approach to evaluate these first two integrals may seem like wielding
a sledgehammer to crush a small pea, they are given in order to help gently introduce
and establish the main ideas in applying the technique.

ExaMPLE 3.1. Consider the integral

o0
/ e " dx,
0

where n € Ny and a > 0. Of course the integral is nothing more than the gamma
function given in (2.2) after a transformation of x — z/a is enforced. Denoting the
integral to be found by I,,(a) and consider the exponential generating function given

by
G =y M9

n!
n=0

So for 0 < |t| < a we have

G 00 (-t e—(a—t)z 7> 1
t) = —ax _ —(a—t)x o _
®) /0 ¢ Z n' / v [ a—t L a—t

I
SHE
3
\ 3
o
/N
Q| o+
N———
3
I
e
o
VRS
Q
3
+
—
N———
SR

Thus we see that
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yielding

o0 !

_ n!
/x”e axdxzm, a>0,n € Np,

0

as expected.

What this first example shows is how the positive integral power n for the loga-
rithmic term is made the basis of a summation index when the exponential generating
function is introduced before disappearing when the resultant power series expansion
is recognised as being that for the exponential function. It is this basic idea behind
the technique that makes using an exponential generating function so useful.

EXAMPLE 3.2. As a second simple example consider the integral

1
/ P log" (x) dz,
0

where p > 0 and n € Ny. Denoting the integral to be found by J,,(p) and consider the
exponential generating function given by

oo

Jn(p)t"
G(t):z%.
n=0 ’
Thus
1 o0 1 e’}
(tlogx)™ / 1 ( (=1)"n! )t"
Git)y= [ S 28 gy — [ ppttgp =~ — =D A
®) /O”TT;) n! v Om v t+p+1 ; (p+1)»t1 ) nl
So we see that (—1)n!
t" —1)"n!
[n'] G(t) = Julp) = (G
yielding
1
(=1)"n!
3.1 Plog" (z)dr = —————, > 0,n € Np.
( ) A T~ log ($> €L (p+1)n+1 p n 0

For an alternative derivation of (3.1) using a reduction formula see [13]. The result
is very old, dating back at least to the time of Legendre [27, p. 459], if not before.
Note the integral can be found by either employing integration by parts n times or by
transforming the integral to a gamma function using a substitution of x = e™*. When
p = 0 we have the elementary result of

1
(3.2) /0 log"(z) dz = (—1)"nl.

Our next example in terms of difficulty is a slight step up from the previous two
examples.

ExAMPLE 3.3. In this example we wish to evaluate

z
/ log" (tan z) d,

0
where n € Ny. The integral has an interesting history which we shall briefly touch
upon in a remark at the conclusion of its evaluation. Denoting the integral to be found
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o Tut"
n=0 n!

by T,, and consider the exponential generating function given by G(t) = >
Thus
(3.3)

2 X (tlogtanz) L 1_ (14t 1—t\ =« tmw
G(t):A nz_%n'dﬁﬁz/o tan xdx:2B<2,2>:23ec(2)’

where we have made use of the integral representation for the beta function given
in (2.5) and Euler’s reflexion formula (2.7). From the power series expansion for the
secant function, namely (2.12), we can write (3.3) as

oo |En|ﬂ'n+1 "
G(t) = Z ( ontl )

n=0
Thus
tn T\ ntl
Slew=1.=(3)" 1B,
yielding
% " s n+1
(3.4) /o log" (tan ) dz = (5) |En|.

Since the Euler numbers are equal to zero for all odd integers, according to parity we
can immediately write (3.4) as

™

(3.5) /2 log?" ! (tan z) dz = 0,
0
and
3 2n+1
(3.6) /2 log®" (tan ) dz = (E) |Eopl.
0 2

These are respectively entries 4.227.6 and 4.227.5 in [19]. From the values given in
(2.13) the first four non-zero log-tangent integrals are:

3 3 H 510
/ log? (tan z) dz = W—, / log*(tan z) dz = L,
0 8 o 32
% 177 3 13857
log® (tanz) dz = —— log®(tan z) dz = :
/0 og’ (tanz) dx 128 /0 og®(tan ) dx 35

REMARK 3.1. Equivalent integrals to the log-tangent integral just found are

> Jog"(t) Y og®" t  2n+1
3.7 dt =2 dt:<f) Eanl,
(3.7) /O 1+12 /0 1+¢2 2 | Eznl

obtained on enforcing a substitution of ¢ = tanx in (3.6) and

5 2n+1
(3.9) / Clog (cota)da = (T) | Eal,
0 2
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obtained on enforcing a substitution of x — 7 — 2 in (3.6). Each of these integrals

appear in [15] under articles §1084 and §1095 respectively. Alternative evaluations for
them can also be found in [42, pp. 138-139].

REMARK 3.2. An evaluation of the log-tangent integral in the form of (3.7) seems
to have been first made by Bidone [5, p. 100]. Though the expression Bidone gave

was in terms of what today we call the Dirichlet beta function B(s) =Y " %,

valid for s > 0 (see entry 3.6.4 in [43]), namely

(3.9) /OOO % = 2(2n)!1 B(2n + 1).

As

[Banl ()24t
2(2n)! (5) ’

which is entry 3.13.3 in [43], we see (3.9) is obviously equivalent to (3.7). Later the
evaluation of (3.6) appeared as a problem where its proposer, Joseph Wolstenholme,
suggested that even though its general form appeared to be

B2n+1) =

ER 7 2n+1
/ log“" (tan ) doz = (5) x (an odd number),
0

he thought finding an exact expression for this generalisation would be difficult [52].
The best Wolstenholme could do was express the answer in terms of the 2n-th order
derivative of secz evaluated at = 0 [51, p. 334, Problem 1920], it corresponding to
the coefficient of % in the power series expansion for secxz. The connection to the
Euler numbers was found by several of its solvers a few months later [21]. Much later
evaluations for the log-tangent integral in the form of (3.7) that made use of contour
integration and the method of residues can be found in [18, 3].

For our next example we give what is perhaps the most famous example to make
use of the exponential generating function approach in its evaluation. It is the log-sine
integral given in (1.2) with the final result for the integral being expressed in terms of
a recurrence relation.

EXAMPLE 3.4. We shall obtain a recurrence relation for the following log-sine
integral raised to a positive integral power

™

(3.10) Sp = /2 log" (sin x) dz.
0

Here n € Ny. Consider the exponential generating function G(t) = > 7 S’;ﬁn. We
therefore have
(3.11)

T oo . n s r 41
G(t):/zzwdz:/zslntzdwzl]g ﬂ’} :ﬁM
0 n! 0 2 2 72 2 0 (L+1)

Here we have made use of the integral representation for the beta function given in
(2.5). If in the duplication formula for the gamma function given in (2.8) we set

n=0
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= (t+1)/2 one finds

t+1\ V7 D(t+1)
(3.12) r (2) =S

(

Substituting this result into (3.11) one obtains

T T@t+1)
AT
Taking the logarithmic derivative with respect to ¢ yields
(3.13)

g((f)):—log(2)+w<t+1)—w<2 ) —log(2 i ( 1)“”“)’5

G(t) =

where we have made use of the power series expansion appearing in (2.27). Noting
that

— St s Spqat”
/ _ _ n+1
(3.14) G(t)—z(n_ )'_Z S
n=1 n=0
after a reindexing of n — n + 1 has been made, (3.13) becomes
(o) o (o) oo
Sp+1t" Spt" Spt" n 1 n
ZT =—log(2) > T <Z . ) , (Z(_m (1—2n> Cn+1)t )
n=0 n=0 n=0 n=1
Adjusting all sums so they start at n = 1 we have
= Spgrt™ =, S, t?
Sy + z_:l = = —log(2)So — log(2) Z_:l -
1= St . 1
1 - = . )" (1—-— " | .
(3.15) t(Z;m—lﬂ S (155 ) v e

Now Sy = fog dx = 7/2 and S; is just Euler’s log-sine integral given in (1.3). Em-
ploying the Cauchy product of power series given in (2.26), (3.15) becomes

NSttt " n!C(k +1) "
S ooy (—bg(z)sn -3 (1) oD s) "

Comparing coefficients of t™/n! on both sides yields the required recurrence relation
of

316) S = —log)s, - > (-1 1

2k
k=1

n!C(k+1)
> (n—k)' Snfka

subject to the initial conditions of Sp = 7 and S; = —%log(2). Applying (3.16),
values for the first five log-sine integrals are:

(3.17) /2 log(sinz) dx = —g log(2),
0
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[NE)

2/, . 7T3 ™
(3.18) / log*(sinx) de = — + = log(2),
0

240 2
2 3, . T 3 73 3m
(3.19) log®(sinx) de = ——log”(2) — — log(2) — —((3),
0 2 8 4
z 1 5 3
(3.20) /2 log* (sinz) dz = 19 +Z log*(2) + T log?(2) + 37¢(3) log(2),
0 480 2 4
3 570 15
(3.21) /2 log® (sin x) do = T log®(2) — o log®(2) — —WC(?)) log?(2)
) 2 12 2
1975 45m

53
o tos(2) — ZT¢(3) ~ ()

REMARK 3.3. Other integrals related to S, can be readily found. Making the
change of variable z — 7 — 2 in (3.10) we see that

™

Sy = /2 log" (sinz) dx = /2 log" (cos x) d,

0 0
while the change of variable ¢ = sinx yields

1 n

log" (%)
3.22 Sn = ——=dt.
(3:22) Ol Ny

A related integral that often appears in the literature is
7T B
(3.23) / log" (sinz) de = 2/ log" (sinxz) dx = 2S,, n € Ny,
0 0

it following from the symmetry of the integrand on the interval (0, 7) about the point
x = m/2. Values for the first five of these related log-sine integrals are

(3.24) /O7r log(sinz) de = —mlog(2),

(3.25) /077 log?(sinz) dz = g + mlog(2),

(3.26) /OW log®(sinz) dz = —mlog®(2) — %3 log(2) — 3%((3),

(3.27) /0 " log* (sin z) dz = 1291;;5 +rlogh(2) + %3 log?(2) + 67¢(3) log(2),
(3.28) /077 log® (sin x) do = —mlog®(2) — 56%3 log®(2) — 15m¢(3) log?(2)

5 3
-0 tos(2) — ¢(3) - ()

48
REMARK 3.4. Another integral closely related to (1.2) is

(3.29) / xlog"(sinz) dr = g / log"(sinx)dz = / i log" (sinx) dz = 75,
0 0 0
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for n € Ny, the result being obtained on enforcing a substitution of z — 7 — x. Values
for the first five of these closely related log-sine integrals are:
2

(3.30) / xlog(sinx) dx = —% log(2),
0

™ 4 2
(3.31) /O zlog?(sinz) do = % + %1og( ),
T 2 4 2
(3.32) / vlog(sin) dz = ~ 75 log*(2) — ™ log(2) - 3%((3),
0
™ 6 2 4
(3.33) / logh(sina) de = 0 1+ ™ logh(2) + " log?(2) + 372¢(3) log(2),
o 480 2 4
T 2 4 2
(3.34) / xlog’ (sinz) do = —%10g5(2) - %log?’(Z) _ 5T 3)10g2(2)
0

7 og2) - T c3) - o).

96
REMARK 3.5. Recently the following integral appeared as a problem [23]
1 n
1
(3.35) _log"(z)
z(1—x)

Here n € Ny. Enforcing a substitution of  — sin’ z, we immediately see that
' log" ()
Va(l —zx)

REMARK 3.6. A generalisation of the integral given in (3.10) is

(3.36) S (a) = / " log™ (QSZ”) dz.
0

Here a > 0 and n € Ny. In a similar manner to how the integral was found in Example
3.4 it can be shown that

dx = 2"t18, .

" n!((k+1
B30 Suale) = —lo@sn@) - Y (* (1- 50 ) LD o)
k=1 '
subject to the initial conditions of Sp(a) = 5 and Si(a) = —F log(a). When a = 2,

(3.37) reduces to the integral given in Example 3.4. Setting a = 1 in (3.37) the
logarithmic constant of integration term disappears. For this reason this form for the
log-sine integral is often preferred. Here the first five log-sine integrals in this case are
given by

™

(3.38) /2 log(2sinz) dz = 0,
0
z 3
(3.39) /2 log?(2sin x) do = 17
A 24

(3.40) /0E log®(2sinz) do = —%((3),



USING EXPONENTIAL GENERATING FUNCTIONS TO EVALUATE DEFINITE ... 111

™

2 1975
3.41 log*(2sinz) do = ——
(3.41) | ot 2sin) e =
5 3
(3.42) / log® (2sin z) da::f%C(?))—ll?Tﬂ(((S).
0

The simplification in the final values for the log-sine integrals for the case when
a = 1 compared to when a = 2 is obvious. Indeed, the a = 1 case for the log-sine
integral is usually singled out and defined as ‘the’ log-sine integral. For n € N and
k > 0 the generalised log-sine integral is defined as

0
Ls® () = 7/0 2F logn~17F ‘QSng‘ dx.

Note the modulus sign is not required if 0 < 6 < 2. For k = 0 one has the (basic)
log-sine integrals Ls, (6) = Ls{”) (). If in the basic log-sine integral a substitution of
x — 2x is enforced one sees that

0
Ls,(6) = —2/2 log" ™! (2sin z) da.
0

The first six values for Ls,(m) therefore immediately follow from (3.38) through to
(3.42). They are:
3

le(ﬂ-) = -, LSQ(ﬂ_) == 0, LSg(ﬂ') = 75,

Lsa(m) = 27¢(3),

197° 53 457
~210" and  Lsg(m) = T<(3) + 7C(5)-

Such values can be found, for example, in [7].

Lss(m) =

REMARK 3.7. The first attempt to evaluate the log-sine integral given by (3.10)
seems to be that of Nielsen [41, Eq. (22.6)] though earlier he had given explicit ex-
pressions for the log-sine integrals (3.18) and (3.19) [39, Eqgs (6) and (7)], [40, Eqs
(17) and (27)]. The log-sine integral of (3.18) appears as an exercise in [51, p. 332,
Problem 1919(30)] and in [11, p. 476, Ex. 46] while two alternative evaluations for
the integral can be found in [42, pp. 162-163]. Some years later an evaluation for
the generalised log-sine integral of (3.36) was given by Bowman [8] who expresses the
final result in the form of an n x n determinant. He also gave explicit expressions for
log-sine integrals (3.38), (3.39), (3.40), and (3.41). Some years after Bowman, Kolbig
gave an expression for the log-sine integral (3.10) which was another form for Bow-
man’s determinant [24, Eq. (10)]. He also gives explicit expressions for (3.17), (3.18),
(3.19), and (3.20), and some years later an explicit expression for (3.21) [25, p. 569].
More recently, an evaluation of (3.36) when n = 2 and a — % can be found in [37, pp.
234-236].

The first to apply an exponential generating function approach to the evaluation
of any of the log-sine type integrals whose final result was then expressed in terms
of a recurrence relation appears to be that of Lewin [30, 31]. Lewin introduced the
notation for the log-sine integral Ls,, (6) and gives explicit results for Lsy(7) through
to Lsz(m) in [30, Eq. (9)],[31, p. 198, Eq. (7.113)] and later in [32, p. 219 Eq. (7.113)].
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Shortly after Lewin, and obviously unaware of his work, Beumer also evaluated the
log-sine integral (3.10) in terms of a recurrence relation [4] while Narasimhan gave
a recurrence relation for the evaluation of the equivalent log-sine integral of (3.22)
[38]. Later evaluations of log-sine integrals using an exponential generating function
approach can be found in [6, pp. 245-248] and [7]. In the form of (3.22) Legendre
gave values for (3.17), (3.18), and (3.19) [27, §44, p. 461]. From time to time several
log-sine type integrals have appeared as problems in the problem sections of various
journals. For example, (3.25) in [10] and (3.39) in [26, 20]. Finally, (3.17) is entry
4.224.3 in [19] while (3.18) is entry 4.224.7 in [19].

EXAMPLE 3.5. For our next example consider the sine-log-tangent integral of

Bl

2
6n:/ sinz log" (tan ) dz,
0

where n € Nyg. Thus we have

o0 s o0 pusy
o0, t" 2 tlogta n 2
G(t) = E LA sin x E w dr = sint 'z cos Ttz dx
n! 0 n! 0
n=0 n=0

say = In(fens) - Le(e)r(t5).

Note the integral representation for the beta function given in (2.5) has been used here.
If in the duplication formula for the gamma function given in (2.8) we set z = (1—¢)/2
one finds

1—t\  /m2'T(1—t)
(3.44) F( 5 >_ -1

From Euler’s reflexion formula, as

™ t ™
_— d I'l—-=-)=—++——,
sin(rt)D(t) ( 2) sin () T (%)

combining these results with (3.44) allows us to rewrite (3.43) as

I(1—t)=

_2TTEr(+1)
B I'(t) cos (%)

(3.45) G(t)

Taking the logarithmic derivative of (3.45) with respect to ¢ we find

Cé’((tt)) = (; + 1) —P(t+1) +1log(2) + gtan <7;t> _

Here a simplification leading to this final expression using the functional relation for
the digamma function of (2.9) has been made. Making use of the Maclaurin series
expansions for the tangent function given in (2.14) and the power series expansion for
the difference between the two digamma functions given in (2.27) allows one to rewrite

(3.46)
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(3.46) as
61 + Z 6n'" = 6 log(2) + log(2) Z 6:1?"
1 [~ 6p_1t" - 1
) ()
(S Bt | (2@~ DlBy] e,
(3.47) +t<_1(n_1)!>.<z_:l TR (3) t),

where all sums have been adjusted to start at one. Since

s

3 3
(3.48) 6o = / sinzdr=1 and 6 = / sin x log(tan x) dz = log(2),
0 0

both these integrals being elementary, after applying the Cauchy product of power
series where needed, (3.47) becomes

o~ Bpp1t" e Ny 1\ nl¢(k+1 tn
>0 i3 Y (S (1) e e )

n=1 k=1

kol 2k L (2R 1) By |nl6, g sm\ kL 7
4 - —.
(3:49) > (; e+ 1D)l(n — k)] 3) )

n=1

On comparing equal coefficients for ¢t"/n! in (3.49) yields the required recurrence
relation of

!
Oni1 = log(2)6,, + Z (1 - > n(i(f_]:)!l)6n—k

2k+1(2k+1 —1)|By1|n! myk+1
(5) n—k»

(3.50) +Z k+ Dl(n—h)!

k=1
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subject to the initial conditions given in (3.48). Applying (3.50), values for the first
five sine-log-tangent integrals are:

™

(3.51) /2 sin x log(tan x) dz = log(2),

2
(3.52) / sin z log? tanx)dxflog (2 )+%7
0

vy @

3 2
(3.53) / sin z log® (tan x) do = log®(2) + =¢(3) + % log(2),
0

INE

2
'
20’

[ME)

(3.54) / sinz log? (tan z) dz = log*(2) + 61og(2)¢(3) + 72 log?(2) +
0

[NE]

(3.55) / sin z log® (tan x) dz = log® (2 )—i—%C( )—|—5LC( ) +15¢(3) log?(2)
0

572 3t
+ 3 log®(2) + - log(2).

REMARK 3.8. Enforcing a substitution of z + 7 —x one has the equivalent integral

of _ ~
/05 sinz log" (tan ) dz = /05 cos x log" (cot ) dx.
REMARK 3.9. If n € Ny, for odd and even parity in the index n one has
/’2’ cos zlog?" (tan z) dx = /’2’ sin z log®" (tan z) dz,
and 0 :

™

3 3
/ cos zlog?" ™ (tan z) da = — / sin 2 log?" ™ (tan z) de,
0 0

In showing these two results, let

™

(3.56) 6l = /E sin x log" (tan ) dx,

and i

(3.57) 6l = /5 cos xlog" (sin z) dx.

For even parity if we let t = tan x, f(;)r the difference between (3.56) and (3.57) one has
0

(3.58) 6 — 6l = /0 @i_ﬁ log?" (¢) dt.

Enforcing a substitution of ¢ % in (3.58) we find 652) - 6%2 = —(6(2‘;) — 63;‘3) or

652) = 652) as required to show. A similar thing can be done for the odd parity case

if we again let ¢t = tanx and show the sum between 6§i)+1 and 6éi)+1 is zero.

For our next example, an integral that in its evaluation follows that of the previous
example is given.
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EXAMPLE 3.6. Consider the integral

(3.59) / e *log" zdx,
0

where n € Ny. Denoting the integral to be found by &£, and considering the exponential

generating function G(t) = .00 ) £t we have

. (tlogx)® /Oo .
= e’ ——dx = e Cde =T(t+1),
foo e
or

(3.60) G'(t)=G(t)-¢Y(t+1),

after taking the logarithmic derivative with respect to t. Substituting (3.14) for G’ ()
and (2.18) for the Maclaurin series expansion for the digamma function into (3.60)
yields

e gn tn e gntn
R D R Il D Dy
oyt ! !

n=1

(3.61) —% (Z (gé“li:!> ~ (Z(—D"C(n+ 1)t”> :

n=1

after all the sums have been adjusted to start at one. Since & = fooo e *dxr =1 and
= [, e ®log(z) dz = —v, the latter being entry 4.331.1 in [19], employing the
Cauchy product of power series given in (2.26), (3.61) becomes

L Enatt - IC(k +1 n
aw ST (s R e
n=1 . n=1 k=1 ’ ’

Comparing the coefficient of ¢ /n! on both sides of (3.62) yields the required recurrence
relation of

(3.63) e M e

subject to the initial conditions of & = 1 and & = —v. Applying (3.63), values for
the first five log-exponential integrals are:

(3.64) / = log(2) da = —7,
7T2
(3.65) / e "log?(z)dr =~+% 4+ —,
0 6
o) _w ﬂ_2
(3.66) / log®(z) do = —3 — T 2¢(3),
0
oo 4
(3.67) / e log(x) dw = v* + 72y + 8C(3) + 32%,
0

< 572 3t
(3.68) / log(z) do = —° — 577 = 200°C3) =
0
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2
- 0 0(3) - 24¢(6).

An evaluation for (3.65) was given as a problem in [28]. In the editorial comment pro-
vided to its solution [33], it was noted that one of the solvers, a certain G. E. Raynor,
observed the integral could be evaluated for other positive integral exponents of log
other than two. Twenty-two years later the solution to integral (3.59) in terms of
the recurrence relation (3.63) we just gave was given in a short note by Levenson,
the proposer of the original problem [29]. The values for integrals (3.64), (3.65), and
(3.66) appear in [19] under entries 4.331.1, 4.335.1, and 4.335.3 respectively while
the values for (3.67) and (3.68) do not appear in [19].

EXAMPLE 3.7. An integral closely related to the one just given in Example 3.6
can also be found. Consider

o0 2
Sn:/ e log"(z) dx,
0

where n € Ny. Thus we have

3 t” (1 e
G(t) = / Z ng = / ate™ da.
0

Enforcing a substitution of x — /& produces

1 [ 1 _ (t+1 rit+1

G(t)zf/ eyt g = Lp (LEL) o yE DD

2 Jo 27\ 2 20 T (L+1)
where the result for the gamma function given in (3.12) has been used. Taking the
logarithmic derivative with respect to ¢ we find

g((tt)) — log(2) + bt +1) — %1/) <; 4 1)

(3.69) = —log(2) + % [w(t +1) - <; + 1)} + %w(t +1).

From (2.27) and (2.18), writing all sums to start at one and employing the Cauchy
product of power series where needed, we can rewrite (3.69) as

D t” N I A Y o= Dpt"
51+ZT = —log(2)9p — log(2) Y _ — 19— 52

ot n! 2 = n!
N 1\ nl¢(k+1) t"
(3.70) ; <; (2 2k) n ) 9"’“) al
Now
(3.71)
Do = / e da = g and 9 = / e log(z) dx = —? (v +2log(2)) .
0 0

Here the former integral is just the Gaussian integral while the latter integral is entry
4.333.1 in [19]. Substituting these values into (3.70) before equating equal coefficients
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of t"/n! we find

312 D= (a2 + )2, - 30k (2 o) s

k=1
subject to the initial conditions given in (3.71). Applying (3.72), values for the first
four log-exponential-squared integrals are:

(3.73) /000 e log(x) dx = —? (v +21log(2)),

(3.74) /0oo e log? () do = g [('y +21og(2))* + 7;] ,

(3.75) /OO e log®(2) dx = VT [24710g?(2) + 1610g®(2) + 67 log(2)
0 32

+12+1og(2) + 3y7* + 27° + 28¢(3)] ,

(3.76) /000 e logh(x) do = V7 [ZWC(?)) + gC(3) log(2) + T m + }log4(2)

32 128 2
3 2 3 2.2 3 2
+ ~vlog®(2) + % log*(2) + 7;; + % log?(2)

3 3 2
+’yzlog(2) + ﬂ-SVlog(Q) .

The values for integrals (3.73) and (3.74) appear in [19] under entries 4.333.1 and
4.335.2 respectively while the values for (3.75) and (3.76) do not appear in [19].

The next example we give is for a quite general integral from which many inter-
esting and well-known integrals follow as special cases.

ExAMPLE 3.8. Consider the integral

1
(3.77) Ym :/ 2™ og"(1 — z) da,
0
where m € N and n € Ng. Thus
S P ! = (tlog(1 — z))" !
G(t) = et = [ty e de = | 2™ (1—a)'d
(t) ngo nl /0 x ,;0 o x /0 2" (1 —2) dx
L(m)T'(t+1)
=Bm,t+1) = ——.
Taking the logarithmic derivative with respect to ¢t we find
G'(t) AN
3.78 =yPt+1) -t 1) =— —
(3.78) Gy — VD vt tmE ) = =)

k=1

where for the equality on the right the difference equation for the digamma function
given in (2.10) has been used. Expanding the summand found in (3.78) in terms of
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an infinite geometric expansion yields

e (§) XY

k=1 1=0 =0

after the order of the finite and infinite summations have been interchanged and is
permissible since for [¢| < 1 the sequence {a;,} = {(—1)"t'/k""!} converges as i — oco.
Thus

(3.79) g((f)) — i(_l)nHv(r:H_l)tma
n=1

where we have changed the summation index ¢ back to n and made use of the definition
for the nth generalised harmonic number given in (2.19). From (3.79) we may write

o0 q n oo q n oo
Z m,n'+1t _ (Z m,:ﬂf > . (Z(—l)nHr(,?+l)tn>
n=0 - n=0 n: n=0
__ Z S (1 kwq t
P (n—kp ™)

In the second line we have used the Cauchy product for power series given in (2.25).
On comparing the coefficient for ¢ /n! we immediately find

n . n|H(k+l)
380 qm n = -1 Lqm n—=~ks
( ) ;n+1 kz:%( ) (’I’L — k)' n—k

subject to the initial condition of Y,, ¢ = fol 2™ lde = %
REMARK 3.10. A number of well-known and interesting cases follow from (3.80)
as special cases. Setting m = 1, since Hl(kH) =1 for all k € Ny we have Y; o =1 and
n
|
_ - k+1 n.
(3.81) Y1 = ;O( 1) T k)!ql’”_k’

or Uy 41 = (=1)"T(n + 1)!, a result that can be proved using induction on n. It
corresponds to the elementary result of

1
/ log"(1 — z)dx = (—1)"nl.
0

Enforcing a substitution of x — 1 — x immediately yields (3.2).

The case when n is a non-negative integer gives the interesting case where the
integrals requiring evaluation can be obtained in terms of the (generalised) harmonic
numbers. When n = 0 we have

H’Vﬂ
m .

1
(3.82) Y1 = / ™ log(l — z)de = —
0

This is a well known classical result [49, p. 214, Problem 1031]. It also appears in
thinly disguised form as entry 4.293.8 in [19].
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For higher positive integral powers of the logarithmic term in (3.77), setting n
equal to 1 through to 4 in (3.80) yields

1 2 (2)
H2 + H
(3.83) / 2™ Hog?(1 — z) dx = +7,
m
1 3 (2) (3)
H3 + 3H,, HYY +2H
(3.84) /xm Nog®(1 — z) dx = — m + 3 m + ,
0 m
1
1
(3.85) / 7" Vogh(l @) dz = - (H;i +6H2H®D + 8H,, H®
0
+3(HP)? + 6HL)
1
1
(3.86) / 2™ Llog®(1 — z) do = - (H; +10H2 H? + 20H2 HY
0

+30H,, H(D 4+ 15H,,,(H)?
+20HDH®S 4 24H§;j>>) .

The integrals (3.83), (3.84), and (3.85) appear as Eqgs (1.5), (1.6), and (1.7) in [48]
and as Eqgs (2.71), (2.72), and (2.73) in [42]. For the general case, Vilean gives
the expression for integral (3.77) in terms of the complete homogeneous symmetric
polynomials [48, pp. 63—64] rather than in terms of a recurrence relation as we have
done here.

EXAMPLE 3.9. As our final example in this section we consider the quite general

logarithmic integral of
o 1 n
Ay = / log™(z) da
’ o (L+az)™
Here m = 2,3,4,... while n € Ny. Thus we have

oo

Am,ntn o o 1 thg{E e’} fE
GO =2, =] - (1+MZ do= [
(3.87) =B(t+1,m—t—-1)= I+ l)lf((m) t—1) _r(@r ( ; t—1)

Note here the integral representation for the beta function given in (2.6) has been
used. As m is a positive integer greater than one, from repeated application of the
functional relation for the gamma function we see that

T(m—1—)=T(1 1) ﬁ(k_o:m I
paiiet k=1

where in the equality on the right we have applied Euler’s reflexion formula. Thus
(3.87) becomes

m—2

Gt) = F ) sin(7rt)
k:l
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Taking the logarithmic derivative with respect to ¢ we have

G'(t) 1 s
- —7TCOt 7rt

Gt) t

(3.88)
k=1

Expanding the cotangent term into a power series using (2.16) with x replaced with 7t
and expanding the summand for the finite sum found in (3.88) in terms of an infinite
geometric series, for [t| < 1 (3.88) may be written as

o0 o0 ’I’L

t n—i—l B n+1 m—
(3.89) Gt Z% 2_: Z ¥

The order of the finite and infinite summations appearing in (3.89) can be interchanged
since for [t| < 1 the sequence {anr} = {t"/k"T'} converges as n — oo. Adjusting
all sums in the summation index n so they start at one and employing the Cauchy
product of power series where needed, we can rewrite (3.89) as

m n-‘rlt - - 2k+1 |Bk:+1 |7Tk+1n!Am,n—k ﬁ
”“+Z ; (Z CEICES] !

k=1

(3.90) = Hi2Amo = 3 <Z (k).

n=1 \k=0

n!’

Here we have made use of the definition for the nth generalised harmonic number
given in (2.19). Now

(3.91) Ao = /Ooo(dx —B(l,m—1) = Im-1) 1

1+ z)m I'(m) m—1
Also
_ [T og() 0 [ &t 9 s
Am,1—/0 (14 x)m _85/0 (1+:c)md a—0 = Os Bls+1, 1)|5:1
asn) =T ) - pim -1 = -2,

where the result in (2.23) has been used together with the known value of ¢ (1) = —v
which is entry 8.366.1 in [19]. Substituting this value into (3.90) before equating
equal coefficients of t" /n! we find

n n k+1
28 B[R Tl Ay i Z H7(7’L72)n!Am,n—k

(3.93) Apnyr = — 1)k + 1)! (n—k)! ’

k=1 ( k=0

subject to the initial conditions given in (3.91) and (3.92).

REMARK 3.11. Setting m = 2 in (3.93), we are interested in the special case

> log"(z)
A = ——~ dx.
/ Arap™
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Since H(gkﬂ) = 0 for all k and as Ag g = 1 and Ay; = O the result given in (3.93)

reduces to
n

2k+1|Bk+1‘ﬂ'k+17’L!A2’n,k
Ao =2 (n— k) (k+1)!

(3.94)
k=1
Indeed, when the exponent of the logarithmic term is odd we have
/oo 10g2n+1(x) gy 07
o (1+a)?
where n € Ny and is a result that can be readily confirmed either by enforcing a

substitution of z — % or by recalling Bopy1 = 0 for all k € N.
For this specialisation, from the values given in (2.15) the first four non-zero

integrals are:
o 2 2 e} 4 4
/ log™(z) , _ . / log'(z) , _ .
o G+ ™= o Grar ™15
/°° log® () p 317 /°° log®(z) ~127x8
0 0

Q122" 21 A+22™ " 15

REMARK 3.12. For the specialisation m = 3 the first four integrals are:
0 1 2 2 [ee) 1 3 2
/ log™(@) 4, ™ / log™(@) 4o T
o (1+z)3 6 o (1+z)3 2

[eS) 4 4 0 5 4
/ log'(z) . _ 7L’ / log”(z) , ~_ T
o (1+z)3 30 o (1+4z)3 6

And for the specialisation m = 4 the first four integrals are:

001 2 2 1 Ool 3 2
/ log™(@) 4, ™, L / log™(@) 4o T
o (1+xz) 9 3 o (1+xz) 2
Ool 4 22 4 001 5 4
/ log’(@) 4, 2 T / log*() , _ 11"
o (I+4x)* 3 45 o (1+4+xz)* 6

Observation of the values when the power of the logarithmic term is odd for the cases
when m = 3 and 4 suggests

[ee] 2n+1 o] 2n+1
/ log™" () , _ / log™ " (z) ;.
o (4= o (I+a2)?
for all n € Ny. That this is indeed the case can be readily shown. Consider
00 T log2n+1 (LC)
Asont1 — Agong1 = _—
3,2n+1 4,2n+1 /0 1+t

Enforcing a substitution of x +— % one readily sees that As o, 41—A42n+1 = —(Ag2n41—
Agont1) or Az ant1 = Ay ont1 as required to show.
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4. Some generalisations

In this section we provide two examples that generalise two of the integrals given
as examples in the previous section.

We start with a generalisation of the integral given in Example 3.3. The general-
isation is for the form of the log-tangent integral given in (3.7). Before we give this
generalisation we give as a lemma the values of two integrals we need that will serve as
initial conditions to the recurrence relation we shall find for our generalised integral.

LEMMA 4.1. For m € N we have

< _/°° dx T (2m
O o (L a2yt T 2mAl g )

> log(zx) T (2m
(znz,l = /0 W dr = —W m (2H2m - Hm) .

and

PROOF. For the first of the integrals enforcing a substitution of z — /x produces
1 1
fl/ z _lg(l il :F(§>F(m+§)’
2 /o Vx(l4+ax)mtt 2 I'(m+1)

2’ 2
where the integral representation for the beta function given in (2.6) has been used.
Since m is a positive integer we have

(4.1) r (m+ ;) = %, I'm+1)=ml, and T’ (;) = .

Thus

_om@2m) m [2m
Tmo = 2mAI (2~ 22mAl \ gy )
as required to prove.

For the second of the integrals enforcing a substitution of x + /z produces
/ log(x 10 /°° 2572 J
f1+xm+1 T 40s o (14x)mtl “ Y
19 1 1 1T(3)T(m+3) 1 1
- B - _ - — ,2— i -
(ramera)l i [(a) ()

2’ 2
s 2m

as required to prove. Note in the last line the results given in (2.24) and (4.1) together
with the value of 1 (%) = —v — 2log(2), which is entry 8.366.2 in [19], have been
used. 0

An alternative proof of T,, 1 that does not involve using the derivative of the beta
function can be found in [35].
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EXAMPLE 4.1. A generalisation of the integral given in Example 3.3 can be given.
Consider a generalisation of the form of the log-tangent integral given by

(4.2) Tom = /OOO( log™ ()

1 + xZ)m+1

where m € N and n € Ny. Enforcing a substitution of « — tanz, the integral in (4.2)
becomes

x
Tmn =/ cos®™ xlog" (tan z) d.
0

Thus
o Tonnt” ER 2. (tlog(tanz))"
G(t) = nEZO — = /0 cos mxngzo — dx
z 1 /2m+1—t t+1
(4.3) = /2 sint zcos?™ txde = - B [ 22 + , + .
o 2 2 2

Here the integral representation for the beta function given in (2.5) has been used.

Now as
2m 41—t t+1 (—1)™x Tt T4
B = sec [ — t—(2k—1
(=) - G (2)H< (26— 1)),

a result that can be proved using induction on m, (4.3) becomes

Gt = SV e (gt) I[ - @ -1).

G'(t) _m, =
(4.4) G(t)_2 ( )+Zt (2k — 1)’

=1

after the logarithmic derivative with respect to t has been taken. For the finite sum,
if its summand is expanded as an infinite geometric series, for |t| < 1 we have

th 2k—1) ;Qk—11_< : )Z2k—1z<2k—1>
= 2k—1 k=1 1=0
i 1 = (7l+1) 1 (n+1)

Here the change made in the order of the finite and infinite summations is permissible
since for [¢| < 1 the sequence {a;x} = {t'/(2k — 1)***} converges as i — oo. Note the
result given in (2.21) has been used while the dummy summation index appearing in
the series in the last equality has been reverted from i back to n. If the tangent term
appearing in (4.4) is now expanded using the Maclaurin series expansion in (2.14),
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when combined with the result given in (4.5) the expression in (4.4) can be rewritten
as

G'(t) 7= 2" (2" = )[Bua| (m\" (m+1) 1 HHD ) g
s '3 (e b

n 1
G(t) 2 —~ (n+1)! o 2n+
or as
S Smn tn antl(ontl _1)|B, n+1
Z +1 _ 1 Z Z ( )| Brt 1] ( ) m
n=0 =1 (’I’L + 1) 2
m,n - (n+1) (n+1)
(4.6) 2= nzo (H2 2n 1 H )

Employing the Cauchy product for power series in the form of (2.26) for the first of
the products and in the form of (2.25) for the second of the products appearing in
(4.6), if all the sums in the summation index n are adjusted to start at one we have

Tm n+1t o [ = 28125 — 1)nl|Beyq| (z)k“ "
3 Tt S (3 B () )
S o (2k+1H2(]:n-,~_1) B H7(7§+1)> Tmn—k t"

1
A7) = =(2Hgy — Hy)) S0 — L
(4.7) 2( 2 JEm.o ; paars 2k+1(n — k)! n!

From the two initial conditions given in Lemma 4.1 the first term on the left of the
equality in (4.7) and the second term on the right cancel. Comparing equal coefficients
for t™/n! we then see that

2R+ (2R — )| Bpyq| (Bt
‘Zm,n+1 - (5) m,n—k

2 (e Di(n - bl
- <2k+1H2(k:+1) _ H7(7!Lﬂ+1)

(48) 2k+1(n — If)' ‘Imm—kn
k=0

subject to the two initial conditions given in Lemma 4.1.

REMARK 4.1. The method used to find the second of the integrals given in Lemma
4.1 involving the derivative of the beta function provides an alternative method for
finding integral (4.2) for all positive integers n. Following this approach we find

1o 1 1
4. o = — B —.m— -
(4.9) S = g gan (S+2 " 5+2)

s=0

Compared however to the recurrence relation given for ¥, , which only involves ele-
mentary arithmetical operations of addition, multiplication, subtraction, and division,
expression (4.9) in terms of an nth order derivative of the beta function is far from
trivial.



USING EXPONENTIAL GENERATING FUNCTIONS TO EVALUATE DEFINITE ... 125

REMARK 4.2. For the specialisations of m = 1 (left column) and m = 2 (right
column) the first five integrals in each case are:

/oo logl#) . _ 7 /m log(e) . _ 7

0 u+x%2 4’ o (1+x2)3 4’
Dol 3 Dol 2 3

/ og?( logi(a) 4 T / log7(z) 4 T, 3T
o (1+x2)2 16 o (1+a2)3 8 64
> 1 3 > log’ 3

/ og (2)2dac: w3 / og (i)gdxz—L,

o (1+22) 16 o (1+x2) 16
/“1%()(h:5w7 /“)bﬁ@)dx:&¥+1w{
o (1+22)2 64 o (1+a2)3 16 ' 256

) )

> log® log’(z) 2575 * log®(x 2575
de = ———, ———dx = — .
0 (1—1—302) 64 o (1+22)3 64
From the values of the integrals for the specialisations m = 1 and m = 2, when the
logarithmic term is raised to an odd power it appears as though

oolog2n+1( ) B oolog2n+1( )
A A e

for all n € Ny. That this is indeed the case can readily be shown. Consider

z?log™ ! (x)
Tl,zn-u - T2,2n+1 = / ————dx.
0 (1+a22)3
Enforcing a substitution of x +— % one readily sees that Ty 2p4+1—F2,2n4+1 = —(T12n+1—

To2n+1) OF T1 ont1 = Ta 2n41, as required to show.

REMARK 4.3. As an alternative for the evaluation of the integral (4.2) for the
specialisations of m = 1 and m = 2, when solved using the exponential generating
function technique in an identical manner to how the integral in Example 3.3 was
evaluated, it can be shown that

*° log"(z) 1 T\ "
(4.10) /0 A+22)2 dx = 1 (7| En| — 2n|Ep-1) (5) )

valid for n =1,2,3,... and

* log™(x 1 4 T\ "
(4.11) /0 (1i:£2;3dx = (37rE | = 80| 1] + —n(n — 1)En2|) (5) :
valid for n = 2, 3,4, .... Having available explicit expressions such as (4.10) and (4.11)
for integral (4.2) is obviously preferred over the value for the integral given in terms
of the recurrence relation (4.8). The problem however with these explicit expressions
is they are only valid for n > m. At least for the first few lowest orders of m such

s (4.10) and (4.11) this is not a problem as one does not have to find separately
too many integrals for those cases where 0 < n < m. For higher orders of m many
more integrals would first need to be found before the explicit formula could be used,
making the recurrence relation more useful in such situations. A generalisation of this
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approach leading to explicit formulae for integrals of all orders of m in terms of Euler
numbers has not been forthcoming.

For our final example we generalise the log-sine integral given in Example 3.4.
Before we give this generalisation we again give as a lemma the values of two integrals
we need that will serve as initial conditions to the recurrence relation we shall find for
our generalised integral.

LEMMA 4.2. For m € Ny we have

3 s 2m
_ . 2m _
Om,o = /0 sin“™ zdx = Fom1 ( )7

ER. . ™ 2m
O = /0 sin®™ x log(sin ) dox = S2mi1 ( m) (Ham — Hyy —log(2)) .

and

PrROOF. For the first of the integrals it is directly of the form of the beta function
given in (2.5). Thus

1 11y T'(m+3)T(3)
mo=—-B )= 277 \2)
Omo =3 (m+2’2> oM(m+1)
with the desired result following on applying the results for the gamma functions given
in (4.1).
For the second of the integrals

™

o [3 10 s 11
Oy = — | sin®*pde] =-—B S42
- as/o S ”””’_0 2 0s <m+2+2’2)

- sz () [o (m+3) —wtm+ ).

with the desired result following on substituting the results (2.23) and (2.24) for the
digamma function terms and completes the proof. O

s=0

EXAMPLE 4.2. We now give a generalisation of the log-sine integral appearing in
Example 3.4. Consider

3
(4.12) @m,n:/ sin®™ 2 log" (sin x) dx,
0
where m,n € Ny. So
= Ot T L, X (tlogsinz)”
G(t)_Z:O o _/0 sin x;Tdm

3 1 t41 1 T (m+ 2L
2/ sin®" Tty dr = - B m—‘,—i’f :4\/7?(m—22,
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where the integral representation given in (2.5) for the beta function has been used,
or

_ 71' r'@2m+t+1)

= 22m-+t+1 12 (m_|_ 1+ %)7

(4.13) G(t)

after the duplication formula for the gamma function of (2.8) has been applied to the
gamma function term appearing in the numerator of (4.13). Taking the logarithmic
derivative of (4.13) with respect to ¢ we find

G'(t)
G(t)

(4.14)

10g(2)+¢(2m+t+1)¢(m+1+;).

Applying (2.10) to each of the digamma function terms appearing in (4.14) produces

2m m

G'(t) t 1 1
4.1 = —log(2 1) — —+1 — =2 ——
(415) Gy = Tles@ v+l ¢<2+ )‘L;Hk ;tJer
Noting that
2m m 2m 2m
Z 1 ) Z 1 _ Z (71)k+1 _ Z (71)k+1 1
- - t
k:1t+k k:1t+2k — t+k P k 1+ ¢
2m o] 7 o] 2m
N~ (EDE i1\ _ i~ (S
- Z k (=1 k) < (1) Litl
k=1 =0 =0 k=1
= > (-, e

on reverting the dummy summation index from ¢ back to n. Here the change made
in the order of the finite and infinite summations is permissible since for [¢| < 1
the sequence {a;,} = {(—1)FT 147 /ki*1} converges as i — co. Note the definition
for the generalised nth skew-harmonic number of order p given in (2.20) has been
used. Substituting this result into (4.15), after expanding the difference between two
digamma functions terms appearing in (4.15) using (2.27) we find

=t - v

1 o —n
1— ) Cn+ 1" + 3 (~1)" H g Ve,
n=0

n=1 2n
or
s @m,n—i-ltn >, ®m,ntn > em,ntn > nr(n+1)
3Ol g3 Oty (320 (S
n=0 n=0 n=0 n=0
1 = @m,n—ltn - n 1 n
(4.16) - (7; (n—l)'> : (;(1) <1 - 2n) C(n+ 1)t )

Employing the Cauchy product for power series in the form of (2.25) for the first of
the products and in the form of (2.26) for the second of the products appearing in
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(4.16) before adjusting all sums in the summation index n to start at one, we have

> Opmnr1t™ > Oy t”
O+~ = —log(2)Op0 — log(2) ) —"i—
n=1 ' n=1 '
Sy 1\ CE+Dn!Opmn i\ t"
_ —_1)* (1 _ ) : -
> (3o (1 ) St ) £
%) n —(k+1)
_ H n! O, ,_ tm
_\k 2m m,n—k v
(4.17) + HomOmo + n; (I;J( 1) ] ) .

From the two initial conditions given in Lemma 4.2 together with the Botez—Catalan
identity which is (2.22) when p = 1, the first term on the left of the equality in (4.17)
cancels with the first and fourth terms on the right. Comparing equal coefficients for
t" /n! we finally see that

@m,nJrl = - IOg(Q)@mA,n - Z(_l)k (1 ! > w@m,nfk

ok
P 28] (n—k)!
n 7 (k+1)
~1)*H,, " 'n!
(4.18) +° (()n_zk)!Qm,nm

k=0
subject to the two initial conditions given in Lemma 4.2.

REMARK 4.4. An evaluation for the special case of
5 3
O12 = /0 sin® z log? (sin x) do = 1—8 — g — glog(Q) + ZlogQ(Q),

was given as a problem in [14, 46].
5. A class of infinite sums

In this section we give a class of series involving the central binomial coefficients
that are related to the log-sine integral (1.2) and its generalisation (4.12). We begin
with a lemma.

LEMMA 5.1. Ifn € N and k,m € Ngy then

(5 1) 1 _ (_l)n_l /1 t2m+2k lognfl(t) dt
' @m+2k+1)m  (n—1! Jy '
ProOF. Induction on n gives the result at once. O

The class of series we are interested in involve the central binomial coefficients.
We give this in the following theorem.

THEOREM b5.1. Ifn € N and k € Ny then

— (2m 1 (=t
(52) Z <m>4m(2m+2kz+l)” - (n— 1)!@’“’"‘1'

m=0

Here Oy, ,, is the term found from the recurrence relation given in (4.18).
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PROOF. Using the result given in (5.1) the series can be expressed as

69 % (W) @z = o, oo X ) e

m=0 m=0

Here the interchange made between the integration and summation is permissible due
to Fubini’s theorem [17, p. 55, Theorem 2.25]. Recalling the well-known result of

S(VE L L e
m 4'm_ 1—t27 )

m=0

allows one to rewrite (5.3) as

i 2m 1 MR log™ (1) i@t
m)4m@2m+2k+1)"  J,  J1-£2

m=0

Enforcing a substitution of ¢ = sinz yields

[e%s) om 1 (_1)n—1 1 . on o
2 (m>4m(2m+2k+1)” - nf1)!/0 sin™ wlog™ ™ (sin z) dx

m=0

in view of (4.12), as required to prove. O

REMARK 5.1. When the value of n is small, expressions for the sums given by
(5.2) can be written out explicitly. The first four of these are:

(5.4) f: (2:: ) 4m(2m i %+ 1) 22:“ (2: )

m=0
= [2m 1 T (2k
(5 2 ( m ) 4m(2m 12k +1)2 2R+ ( k ) (log(2) + Hy — Har)
m=0

=
)
NE

2m 1 ™ 2k 72 2) ()
= , — +H? —2H
(m>4m(2m+2k+1)3 22k+3(k)<6 T 2k

™ (2k
+ 92k12 < k’) (log(2) + Hj, — H2k)27

2m 1 T 2% ® -
= +H;” —4H
(m>4m(2m+2k+ )4 3.22k+3 (k) (3C(3) k 2k )

T 2k
T 3o ( k ) (log(2) + Hy, — Hax)?

3
Il
o

67 Y

m=0

k

In obtaining these expressions the result for the generalised skew-harmonic numbers
with even indices have been written in terms of a difference between an even generalised

m 2k 2
+ 22’<+3( ) (log(2) + Hy, — Hay) (6 n H,§2) _ 2H2(i)> .
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harmonic number and a generalised harmonic number in accordance with the result
given in (2.22).

REMARK 5.2. For the special case when k£ = 0 in (5.2) we have

= (2m 1 _ =y _ =t
(5:8) 2 <m ) FEm T oD T o

m=0

where S, is the term given by the recurrence relation found in (3.16). Setting n =1
to 5, using those values for Sy to Sy given by (3.17) to (3.20) the first five values for
the series containing the central binomial coefficients when k = 0 are:

= [2m 1 T
(5:9) Z <m>4m(2m+ 1) 2
m=
= [2m 1
(5.10) E ( ) — 5 = 5 log(2),
oo \m J4m(2m + 1) 2
> 2m 1 3 T 2
11 =T 4 Tiog?(2
(5.11) ;(m)4m(2m+1)3 5 tale @
(5.12) EOC 2m ! = " log?(2) + ™ 1o (2) + =¢(3)
' 2 \m )Jamem )t ~ 12 48 OBV T RA)
= /2m 1 1975 s 4 7,
1 = T 1ogh(2) + — log?(2
(5:13) mz_o(m)4m(2m+1)5 11520 * 18 %% )+ gglos ()

7r
+ 3 log(2)¢(3).
Both [6, Eq. (12.5.5), p. 246] and [36, Proposition 5] gave the expression we found
in (5.8) while a recent evaluation for series (5.11) can be found in [45, 12].
For the case when k& = 1 in (5.2) the first five values for the next order series
containing the central binomial coefficients are:

(5.14) i (i’:) m =T

m=0
= /2m 1 T w
5.15 = =T T ag(2
(5.15) %(m>4m(2m+3)2 5 1082
= [2m 1 ™ T, T m
5.16 = =T Te20) - B Tog(2
(5.16) 7§<m>4m(2m+3)3 o6 T 508 (&)~ 35~ glel2)
= [2m 1 73 T T T 5
617 > (m)w =i 32 1608 T gle’ @

0

3
Il
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. /2m 1 197° 3 ™ ™ T
5.18 = —— — — — —log(2) — —((3
( ) mZ:O <m>4m(2m+3)5 23040 384 64 32 05(2) 32<( )
3
T 1062(2) — " loe3(2) —
33 1087(2) = 75 1087(2) — 155 log(2)
3
T 4 T 9 T
— 1 2 — 1 2 —log(2)((3).
+ g 1087(2) + 755 log”(2) + 15 10g(2)¢(3)

Observed how the expressions for the value of the series rapidly grow, quickly becoming
long and more complicated as the value of n increases.
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