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A family of definite integrals

Anthony Sofo

ABSTRACT. An investigation into a family of definite integrals containing log func-
tions will be undertaken in this paper. It will be shown that Euler sums play an
important part in the solution of these integrals and may be represented as a BBP
type formula. In a special case we prove that the corresponding log integral can
be represented as a linear combination of the product of zeta functions and the
Dirichlet beta function.

1. Introduction Preliminaries and Notation

The motivation for this paper was inspired by the recent work of Henry and Moll
[4]. In that paper the authors compiled a list of integrals related to special functions
such as the Dirichlet beta function. In this paper we investigate a family of integrals
with logarithmic integrand containing some parameters. It will be shown that the
solution of this family of integrals may be expressed as a BBP- type representation and
include some classical constants such as the Riemann zeta function and the Dirichlet
beta function. In particular we investigation a family of integrals of the type

_ In” (z) 2(2¢9+1)
(1.1) I(a,q) = /e(aﬁ) 722 log (1 +x ) dx,

where p € Ng, ¢ > —% and for the two domains of z € (0,1) and = € (0,00). We
shall represent the resulting integral (1.1) in closed form in terms of special functions
including the Riemann zeta function and harmonic numbers. Other related papers
dealing with Euler sums are [7], [8], [9] and the excellent books [15] and [16]. The
following special functions will be used in the analysis of the integral (1.1). The
polylogarithm function Li,(z) is, for |z] < 1

m

(1.2) Liy(z) = Y ;7

2010 Mathematics Subject Classification. Primary 11M06, 11M35, 26B15; Secondary 33B15,
42A70, 65B10.

Key words and phrases. Definite Integral, BBP type relations, Euler Sums, Dirichlet Beta
Functions.

61



62 ANTHONY SOFO

The well known result
C(2) +n(2) =2A(2)

connects the zeta function ¢ (2) = Y°_; -, with the alternating zeta function 7 (2)

and the odd zeta function A (z). The zeta function has a simple pole at z = 1. The
Dirichlet beta function, 5 (z) or Dirichlet L function is given by, see Finch [3]

o~ _(=D"
(1.3) b= AU s
HZZO (2n+1)

where /5 (2) = G is Catalan’s constant. The Dirichlet beta function can be represented
in powers of 7 at positive odd integer values of z, such that

(_1)m E (Qm) 71_2m+1
92mT2 (2m)!

where F (-) are the Euler numbers generated by

B(2m+1)=

1 2¢* i E (n)z" .

coshziezz—i—lin n!

=0
The Dirichlet beta function can be analytically extended to the whole complex plane,
has no singularities in the complex plane and is given by the functional equation

sa-2=(2) wn(F)r@se.

The Euler beta function,

L)l (y)
I'(z+vy)
1 3

= /tH (1—t)Y tdt = 2/ (sin®)" " (cos8)Y "' d,

0

0

(1.4) B(z,y) = , for Rez >0, Rey >0

and the Gamma function,
—+oo

I'(z)= /tz_le_tdt.

0
For real values of z, ¢ (z) is the digamma (or psi) function defined by

d I(x)
= —A{logI’ = .
v(e) = - {loaT@)} = 1
We know that for n > 1, ¥(n+1) — (1) = H,, with ¢/(1) = —, where v is the Euler
Mascheroni constant and (n) is the digamma function. The polygamma function

d* = 1
(k) -2 = (-1 k+1k!§ -
(] (Z) dzk {1/1(2)} ( ) gt (T‘ + Z)k+1
and has the recurrence
(=1)" k!

B (2 4+1) =M (2) + TR
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The connection of the polygamma function with harmonic numbers is,

H§m+1) — C(m+1)+%w(m) (Z+1)7 z# {—1,—27—3,...}.
1
(1.5) = -y / T In™t dz
0

We expect that integrals of the type (1.1) may be represented by Euler sums and
therefore in terms of special functions such as the Riemann zeta function. A search
of the current literature has found some examples for the representation of the log-log
integrals in terms of Euler sums, see [1] and [17]. The following papers [10], [11], [12]
and [13] also examined some integrals in terms of Euler sums. Some examples will be
given highlighting specific cases of the integrals, some of which are not amenable to a
computer mathematical package.

2. Analysis of Integrals
Consider the following.

THEOREM 1. Let (p,q) € Ny, the following integral,

1
(2.1) I(p.q) =/11n+(§3 In (1+x2(2‘1+1>) da
0
- (-1’
— (_1)P _1\nt+1 -
(2.2) =(-1) p!n%:l( 1) Hnjgo@@qﬂ)nﬂjﬂ)pﬂ

where H,, are harmonic numbers.

ProoF. For z € (0,1) and from

2(2¢+1)n
1 2<2q+1>) — et
n (1 +z Z (-1) -
n>1
it follows that
In 1+I2(2q+1) i 2q ) . )
R
n>1 j=0
and therefore
In? (z) In (1 4 22(2a+D) il 2 ; 2
1(+ - ) _ S (=D H, Y (—1) PRI P ()
n>1 j=0

Integrating both sides for « € (0, 1), we have

14 22
o + n>1 =0

1 1
In? () In (1 + 22(a+D) = : j
/ 2@ () 4, ST HE S (-1 /‘”2(2‘”””“3 In” () dz
0
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2q

n+1 (_1)j
) p! :
; JZO(2(2q+1)n+2j+1)”+1
and this is the BBP-type representation for the integral (2.1). ([

The next corollary deals with an alternative representation for the integral (2.1).

COROLLARY 1. For p € Ng,and g ¢ R > —% then

—1)" p! —1)"*t
(2.3) I(p,q):(222+fz( i <H("+1)1 , —H®Y, >

n(a+3)—1 n(a+3)-3%

nz

Also

P (tanf) (In2 — (2¢ + 1) In (1 + cos (26))) d6

o\

(2.4) +/lnp (tan @) In (i ( 2q21— 1 ) (cos (29))”) de,
0

r=0

where Hsz;l-)l ) are harmonic numbers of order p + 1.
2

PROOF. A Taylor series expansion of

2(2q+1) (- 2(2q+1)n
1n(1+x q ):Zix q
n

n>1
allows us to write
(_l)n-l—l 1
I(p,q) = Z — Z (—1)" /x2r+2(2¢1+1) In? (z) dz
n>1 r=0 0
()" (="
= (=1)"p!
; n go (2r +142(2¢+ 1)n)*!

n+1
_ 1" () 1) 3)_(><( 1) 1))
= (1) Ir%:l np'22p+2 <¢P <n<q+2 +4 WP (n q—|—2 —|—4 .

From the identity (1.5) we obtain the required identity

(=D p! ¢~ (=)™ (H(p“) g )

19 =" n \Malar)-1 T Pa(erd)-g

The integral (2.4) is obtained by substituting = sinf and then using the trigono-
metric identity
1 — cos (26)

2p_
tan” 0 = 1+ cos (20)°
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REMARK 1. For (p, q) € Ny, we see from (2.2) and (2.3) the remarkable Euler sum
identity

Z n+1 zq: 1)j

= —(2(2¢ + 1) n+2j+1)”+1
_ - (p+1) _ gp(p+1)
n 22P+2 n§>:1 n (H"(fl-iré)—i Hn(q+é)—fi>

The next corollary deals with a negative exponent in the second log term of the
integral (2.1).

COROLLARY 2. Let a = 2(2g + 1) then

1

1 p

I(p,—a) = /fl+(§z? In <1+m_2(2q+1))daz
0

%, forp=2m—1, meN
(25) = I(pa a‘) —a ’
—(2m+1)!18(2m+2), forp=2m, meN

where E () are the Euler, secant or Zig numbers given as A000364 in the On-line
Encyclopedia of Integer sequences [6], and 3 (-) are the Dirichlet Beta functions (1.3),
and where G = (2) is known as Catalan’s constant.

PrOOF. Now

1
In?
I(p,—a) = / 1n+(j;) In(1+2"%)da

0
1

= /ln (gc2) (In(142%) —aln(z)) dzx
0

/ n?t (2
= I(p,a)—a/ﬁdx.

1+ 22
to evaluate the integral

lnp-i-l (

z)

112 dx

(2.6) Tp+y= [
0

we employ a Taylor series expansion of the integrand, integrate, for x € (0,1) and we

have X
" (@) ()P (p+ 1) . ;
/ 1+ 22 - 922(p+2) (C (p+2, 4) —C<p+274)>
0
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where ¢ (p + 2, -) is the classical Hurwitz zeta function defined by

¢(p,b) = Zi(nib)p’ Rep > 1.

n>=0

Considering the odd and even values of p, we have

-1 m)x2mtt
/11np+1(x) %, forp=2m—-1, meN
1 2 = )
0 T —2m+1)!82m+2), forp=2m, meN
and (2.5) is obtained. O
Some examples follow.
EXAMPLE 1. Forp €N, ¢ = —1,
1
=2 = m2 [ g s )2
pd) = w2 [ s

0

= (=17 p'IHQZ (="

=5 (2n+ 1P

= (-1)’p!B(p+1)In2.

For p € 0, qz—i,
1
In(1+x) ™
1 _ —
0
n—i—l
= *Z ( no_ l_Hﬂ_é),
171 471
n>1

this integral is also evaluated by Bradley [2]. Also from (2.5)

1
ln(l—i—x_l) T
—— Jdr=—-1In2
/ T2 T 3 n2+G
0

where G = Z (om +1)2 is Catalan’s constant. It is interesting to note that G may be

represented as the sum of positive terms, in the following way. Let

X _/tanli/l_L:

X

and by the substitution x = sin 6

/ tanh™ " (cos @) d
0

w\)—*

/ln (14 cosf) —1In (1 —cosf))db,
0
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these integrals are evaluated by Bradley [2], so that
1

i v
Xf§(2G751n2+2G+§1n2) —2G.

Now by a Taylor series expansion
cos?" 1 6 B(z:n+1)
X =
Z/ 2n+1 Z 2n+1 ’
nz07
in which case the identity
G = = ————=L(2,x
4Z 2n+1 §(2n+1)2. &

follows, where y is the non-principal character of modulo 4 and B (-, -) is the classical
Euler Beta integral (1.4).
Forp=0,g=0
In (1 + 22 r
1(0,0) = Lf)dx - /1n(1+tan20) 6 = —2/ln(cos0)d9
1+2z
0 0
In2-G.

Ny O\H

We also have,

1
—2
/ln(Hx)dxz gln2—|—G.
0

1+ 22
Forp=0,9q= 3

1 jus
1n(1+ac3) 3
0 0
™ 5

= §1n2+ ln(?—i—\/g) §G
1 n+1

= - (=1) (H@_;—Hm_§>
4 n 41 44
n>1

We also have,

1
ln(1—|—aj_3) T s

o

Forpz(),q:%

In 1+x
1(07%):/14_71‘2 :/ 1+tan0 df
0

0
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and using the identity tan?6 =

I(o,

and

Forp=0,g=1

and

1
1 —4
/n(l”)dx_
14 22

o

ANTHONY SOFO

1—cos(26)

Treos(20) 7 WO have

(In (34 cos (40)) — 21n (1 + cos (26))) db

I
O\M:’

_ _7111(6 4\f>—2G+ In4

1
_ %1}(1(64—4\[)—261
1 n+1
= 12 (Fyy —Hyg),
n=1

%m (6 +4\f2) +2G.

ln 1+x
1—|—a:2

/ 1+tan0 do

0
(In (2 + 6.cos® (20)) — 31n (1 + cos (26))) df

™ 3 3T
1n2+§1n (2) —3G+Z1n2

In6 — 3G

TN O\Na o\

1 1 1
(1)n+1Hn< - + >7
= 6n+1 6M+3 6n+5
11 1 6
g
/n(x)dx:”ln6+3G.
1+ 22 2

o
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For p=0,9=2

1n 1—|—a:

I(Oa2) = 1+$2

/ (1+tan'6) do
0

ol o\

In (2 + 20 cos® (20) + 10 cos” (46)) df — 5 (G - gln 2)

I
S M

coytg (Lot 111
"\10n+1 10n+3  10n+5 10n+7 10n+9)"

1
In (14210 ™ 20
kL Y | .
/ 1+a22 4n<5+86)+5G
0

Forp=1,q=0

1 ey
Iz In(1+ 22
1(1,0) = /de:/1n(tan9)1n(1+tan29)d9

[}

0

In (tan @) In (cos 6) do

Il

|

I\
o,

= / (2In* (cos #) — 21n (cos #) In (sin 0)) df
0

n+1
_Z (-)""'H,
=1 @n+1)?

i (Lig (1“) %11127*111 2ff<( )>

From Lewin ( [5], p.164,296) we have that

14 2
Re(Lig< "QH)> 481112 i(()—i@hﬂ
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and therefore

141 3
1(0,1)=2I Li In2— 7771 2.
(Oa ) Hl( 13< 2 )) G 64 16n

Sofo and Nimbran [14] have shown that the imaginary part of the trilogarithm:

g (LED s ()
W (3) := ImLis (2)‘22375”

B (—1)n+1 2 2 1
- Z 92n ((4n3)3+(4n2)3+(4n1)3>’

n>1

and finally we have
7T3 s 2
1(0,1)=2 —Gn2—- — — —1In"2.
(0,1) W (3)—Gln 61 16 n

Also, we have

1
Inz In (1+x72) 973

0

Forp:l,q:—%

1
Inz In(l 117
I(l,—%):/md ST n2a 262+ S 3w (3),
0

1+ 22 32 128
and
oz In(1+27Y) 573
ne In(l+4+x— 2

0
Forp=2,q=—3%

£

In (2) In(l+v7) , / (tan ) ln 1+x/taT)

1+ 22

1(2,-3) =
0
In (39202 i 27720\/5) - ?G — 283 (4)
n+1

5 0 (), -2

Blm gL

and

2

1 2 -3
In“(z) In({1l4a2"z 3
/ ( ) dz =" 1n (39202 n 27720\/5) ~La+p@).
64 3
0

1+ 22
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Forp:4q——%
114 T
1y _
I(4,-1) = / 1—|—x2 / (tan @) In (1 + tan 6) df
0 0
7 5
- iG+iln2+2w2ﬁ() 486 (6)
128
n+1
_ 3 %( ©, 50
128 n Hyy—Hyg)
and
1
In* (z) In (1+271) w4 50
= ——G+ —=In2+27? :
/ o dx G+128 n2+ 2723 (4) + 603 (6)
0
Forp=2,¢4=0
2z In (1 [
1(2,0) = /nx n(1+2%) / (tan 0) In (1 + tan? ) do
1+ 22
0 0

™

4

= —2/1112 (tan @) In (cos 8) df
0

> D" H, 1~ ()" (H<3>

also

3
7r
T2 T=— +§ln2+6ﬁ(4).

/11n2:z: 1n(1+x*2)d 7m¢ (3)

0

In the next theorem we consider the integral (2.1) on the positive half plane x > 0.

1

THEOREM 2. ForpeN, ¢ 2> —3

(2.7) Y (p,q) = 71np @), (1 + x2<2q+1>) da

14 22
0

(2q+1)(—12);;1;1(121%),rzm+17 forp=2m—1, meN

2I (2m,q)+2(2¢+1)(2m+ 1)1 (2m +2), forp=2m, meN
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where

lnp (x) 2(2¢+1
E (2m) are the Euler or secant numbers and B (2m + 2) are the Dirichlet Beta func-
tions.

ProOF. We begin with

oo

In? (x 7
Y(I’JI)Z/ ( )ln(1+x 2“1) /f p.q.x
0

+ z2
0

—_

and put

') 1 (o)
= [ fpagx)de= [ f(p,q,z)dx+ [ f(p,q,z)dx,
/ / /

we notice that f(p,q,x) is continuous, bounded and differentiable on the interval
€ (0,1], with lim f (p,g,z) = lim f (p, ¢, 2) = 0, then
z—0 T—

/oof (p,q,x)dx = /f (p,q,x) dx—i—(—l)p/ n” (%) (ln (1 + t2(2q+1)) —(2¢+1)In (t)) dt
0 0

1+¢2
where we have made the transformation xt = 1. Collecting integrals, we have

1 Pt (2
Y(pa) = (1+(*1)17)](‘1’,‘1)*2(*1)p(24+1)/11_1_%

I+ (D) I(pg) —2(-1)"(2¢+1)J(p+1)

where J (p + 1) is given by (2.6). We can consider the two separate cases of p odd and
even such that

dx

_1\m 7_(27”«}»1
(2g+1)( 12)2m€(12m) , for p= 2m — 17 m e N

Y(p,q) = :
2I (2m,q)+2(2¢+1)2m+1)!18(2m+2), for p=2m, meN

and the proof is finished. O

Some examples follow.

EXAMPLE 2. For p=2,¢q= -3
[ () 1+ VE)
y(2,-3) —
(2.=5) / 1+ a2
0
3
v
= (39202+27720f) - —G B(4).
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7 In () In(1+x)
vy = [EEET

0

7t 55

_ i 2
= O+ g2 4n’A(4) +245 (6)

Forp=3,g=1
oo

v = [ OEA),,

1+ 22 BT
0

Concluding Remarks. We have carried out a systematic study of a family of inte-
grals containing log — log functions in terms of Euler sums. We believe most of our
results are new in the literature and have given many examples some of which are not
amenable to a mathematical computer package.
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