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A note on an integral by Grigorii Mikhailovich Fichtenholz

ROBERT REYNOLDS and ALLAN STAUFFER

ABSTRACT. In this manuscript, the authors derived a definite integral involving the logarithmic function,
function of powers and polynomials in terms of the Lerch function. A summary of the results is produced in the
form of a table of definite integrals for easy referencing by readers.

1. INTRODUCTION

In 1948 Grigorii Mikhailovich Fichtenholz produced volume II of his three volume col-
lection [5, 8]. In volume II the authors found an integral (3.244.4) in [1] which is of interest
because of its closed form solution over the real line. However, upon closer inspection
and evaluation of this integral and applying our simultaneous contour integral method
we found this integral is not symmetric over the real line when the logarithmic func-
tion is introduced into the integrand. This logarithmic term appears after applying our
contour integral method to this Fichtenholz integral. This consequence lead us to pro-
duce this manuscript which achieves two objectives. The first, is that of producing formal
derivations for some definite integrals in Table 3.244 in [1]. The second goal is to produce
more definite integrals as an expansion of the current Table 3.244 in [1]. These gaols are
achieved by using this integral by Fichtenholz along with our contour integral method
to form a closed solution in terms of the Lerch function. The Lerch function being a spe-
cial function has the fundamental property of analytic continuation, which enables us to
widen the range of evaluation for the parameters involved in our definite integral.

The definite integral the authors derived using the integral by Fichtenholz in this man-
uscript is given by

/oo (22" — 22m) log® (ax?) p (1.1)
0

x
2 —1

in terms of the Lerch function, where the parameters &, a, m, n and [ are general com-
plex numbers where Re(l) > Re(m) and Re(l) > Re(n) in order for the integral to exist.
A summary of the results is given in a table of integrals for easy reading. This work is
important because the authors were unable to find similar results in current literature.
Tables of definite integrals provide a useful summary and reference for readers seeking
such integrals for potential use in their research. We use our simultaneous contour in-
tegration method to aid in our derivations of the closed forms solutions in terms of the
Lerch function, which provides analytic continuation of the results. The derivations fol-
low the method used by us in [2]. The generalized Cauchy’s integral formula is given
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where C'is in general an open contour in the complex plane where the bilinear concomi-
tant [2] has the same value at the end points of the contour. This method involves using a
form of equation (1.2) then multiply both sides by a function, then take a definite integral
of both sides. This yields a definite integral in terms of a contour integral. A second con-
tour integral is derived by multiplying equation (1.2) by a function and performing some
substitutions so that the contour integrals are the same.

dw. (1.2)

2. DEFINITE INTEGRAL OF THE CONTOUR INTEGRAL

We use the method in [2]. Here the contour is similar to Figure 2 in [2]. Using a gen-
eralization of Cauchy’s integral formula equation (1.2) replace y by log(az?) followed by

multiplying both sides by % and taking the definite integral over = € [0, 00) to get

oo 2n _ .2m k 2
i/ (:c x )log (a:z:)dm

k! -1
a¥w R 1 2(m,+w) _ x2(n+w)>
- / / — dwdz
w—k— 1 p2(mtw) _ x2(n+w)) (23)

= dzd

2m/ / 1—z2 vaw

ra¥w —k—1 (COt (7r(2(m;-lw)+1)) — cot (W(Z(n-;-lw)-ﬁ-l)))

= dw

2m c 21

from equation (3.244.4) in [1] where the integral is valid for a, m, I, n, k complex and
—1 < Re(w+m) < 0and —1 < Re(w + n) < 0. The contour C is defined where the cut
lies in the second quadrant going from the origin vertically to infinity and the contour C
lies on opposite sides of the cut going round the origin with zero radius. The logarithmic
function is defined in equation (4.1.2) in [4]

3. THE LERCH FUNCTION

The Lerch function has a series representation given by

o

D(z,8,v) = Z(v—i—n)_sz” (3.4)

n=0
where |z|< 1,v # 0,—1,.. and is continued analytically by its integral representation
given by

1 00 ys—1lo—uvt 1 00 tsflef(vfl)t
i) ,v) = dt = dt 3.5
(2,5,v) I'(s) /0 1—ze? I'(s) /0 et —z (35)

where Re(v) > 0, and either |z|< 1,z # 1, Re(s) > 0,0r z = 1, Re(s) > 1.

4. INFINITE SUM OF THE CONTOUR INTEGRAL

4.1. Derivation of the first contour integral. In this section we will derive the contour
integral given by
1 ra¥wF"1 cot ( o

2mi Jo 21

m(2(m+w)+1) )
dw (4.6)
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Again, using the method in [2] and equation (1.2), we replace y by log(a) + w

2,”‘. ir(2m+1)(y+1)
7

multiply both sides by — and take the infinite sum of both sides over
y € [0, 00) simplifying in terms the Lerch function to get

ilem)t ()" e (T, g1 - )
- Ik!

—k-1, im(y+1) (2m+2wt1)

2imra™w 1
T 2mi Z/ l dw

D (4.7)
T omi / Z I dw
1 7Taww”“’1 cot (%W) iratw—k1
= ormi o I + ; dw
similar to equation (1.232.1) in [1] where
cot(x —24 Z e2wi(y+1) _ (4.8)

where I'm(x) > 0.

4.2. Derivation of the second contour integral. In this section we will derive the contour
integral given by

1 ma¥w k1 cot (7“2”2?1”“))
d

21 C l

w (4.9)

Again, using the method in [2] and equation (1.2), we replace y by log(a) + M
24  im(2n+1)(y+1)
Zim , IS

multiply both sides by — and take the infinite sum of both sides over y
[0, 00) simplifying in terms the Lerch function to get

i(27r)k+1 (%)k ei(27r7+7r) P (ei(inﬁ»l)ﬂ- 7 —k, 1_ m)
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o o dw
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similar to equation (1.232.1) in [1] where
cot(z) = —2i Z p2zi(y+1) _ )

where I'm(x) > 0.
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5. MAIN RESULTS
5.1. Definite integral in terms of the Lerch function.

Theorem 5.1. Forall a,k € C, Re(m) < Re(l) and Re(n) < Re(l),

x2 —1 T l

i2k7rk+1 i kei(27r7ln+7'r)¢ ei(zml+1)7r k- il log(a)
l ) ’ 2

l

/Oo (227 — 22m) log" (aa?) o ok ket (%)k RSN (emn;flw gt hz)i(a)>
0

(5.12)

Proof. Since the right-hand side of equation (2.3) is equal to the sum of equations (4.7) and
(4.10) we can equate the left-hand sides and simplify the factorials. O

5.2. Derivation of a logarithmic integral.
Theorem 5.2. For Re(m) < Re(l) and Re(n) < Re(l),

* log (acQ) (x2” — me) B 2 (csc2 (2“;%) — csc? (2”’;%))
/o g T dr = o (5.13)

Proof. Use equation (5.12) and set k = a = 1 simplify using entry (2) in Table below
(64:12:7) in [3]. O

5.3. Derivation of an integral by Fichtenholz entry 3.244.4 in [1] and 640 in [8] volume
II.

Theorem 5.3. For Re(m) < Re(l) and Re(n) < Re(l),

< ot () — con (7))
Proof. Use equation (5.13) and set k& = 0 simplify using entry (2) in Table below (64:12:7)
in [3]. O

5.4. Derivation of entry 4.235.1 in [1].
Lemma 5.1. For Re(n) > 1,

/"o (x —1)an2 log(x)d _7r2 tan? (%)
0

Proof. Use equation (5.13) set a = k = 1 and simplify using entry (3) in Table below

(64:12:7) in [3]. Next replace n by 252, m by 251 and I by n and simplify. O

5.5. Derivation of entry 4.235.2 in [1].
Theorem 5.4. For Re(n) > Re(m) >0,

2?1 T 4n? (5.16)

[, (o5 (52)
X
0

Proof. Use equations (5.13) set « = k = 1 and simplify using entry (3) in Table below
(64:12:7) in [3]. Next replace n by 21, m by ™ and | by n simplify using equation
(64:10:2) in [3]. O
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5.6. Derivation of entry 4.235.3 in [1].

Theorem 5.5. For Re(n) > 2 and Im(n) > 2,

/°° (2% - 1)21'”*3 log(z)d B _7r2 tan? (Z) (5.17)
0 rn — 1 4n2

Proof. Use equations (5.13) set a = k£ = 1 and simplify using entry (3) in Table below
(64:12:7) in [3]. Next replace n by 252, m by 25! and [ by n simplify using equation

(64:4:2) in [3]. 0

5.7. Definite integral in terms of the Polylogarithm function. Using equation (5.12) and
setting a = 1 simplifying to get

gy 0 () 1, ()
/0 2 —1 dr = 2

(5.18)
from equation (64:12:2) in [3].

5.8. Definite integral in terms of the logarithm of trigonometric functions.

Theorem 5.6. Forall m,n,p,q,l € C

/oo me _ x2n _ x2p + x2qd 1 ( (COS (W(nlip)) — COS (M)) e*im(mi?'iwrw )
r = 1l0g
0 (

22t — 1) log(x) cos (77(”;—11)) _ cos (W('m-;tﬁ—l))

(5.19)
Proof. Form a second equation by using equation (5.12) and replacing m by p and n by
q. Then we take the difference between these two equations and setting k = —1,a = 1
simplify using entry (1) in Table below (64:12:7) in [3]. O

5.9. Evaluation of a Definite integral of a nested logarithmic function.

Proposition 5.1.

/°° (z— :1:2/3) log(log(x)) "
0

zt —1

- m (4 ((1 +2i) + m/é) Lij ((71)5/6) n (7\/3 (5.20)

+(2+ z)) T+ (4 + 41\/§> log (g))

Proof. Use equation (5.12) and setn = 1/2,1 = 2, m = 1/3, a = 1 and simplify using entry
(2) in Table below (64:7), equations (64:12:1) and (64:12:2) in [3]. Then take the first partial
derivative with respect to k£ and then set £ = 0 simplify. O

5.10. Definite integral in terms of the trigonometric functions.

Theorem 5.7. Forall m,n,l € C
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g dzx

1 2 2 —
- L (Wg esc? (WH) esc? ( mn + W) (6 sin (ﬂ(mn))
321 21 21 l (5.21)

i (T g (Ot D, (Tt D))

/°° log2 (z) (x2” — me)
0

l l l

n <7r(m+l?m+2)>))

Proof. Use equation (5.12) and set k¥ = 2,a = 1 simplify using entry (4) in Table below
(64:12:7) in [3]. O

5.11. Definite integrals with logarithm in the denominator.

Theorem 5.8. Forall m,n,l € C

/°° log(x) (xZ” — xg””) ia (QO — x2")
o \(

22l — 1) (a2 + log®(z)) - (22 — 1) (a2 + log*(x)) de

_ eiTw (emzm(]:) (ei(2nl+1)7r 1, a7l n 1) - ezi,lfmq) (ei(2'm,l+1)7r 1, gl n 1)>>
™ ™

Proof. Use equation (5.12) and set k = —1,a = ¢*** and simplify. O

(5.22)

Proposition 5.2.

/000( (x—a:2/3)log(x) dx—i<4+\/§ﬂ'—8cos(g)+log<2(1+Sin(17;)) ))

a3 —1) (logz(x) + 7r2) 9 (2 — 2sin l))

18
(5.23)

and

& 223 — g

/ 5 dx
o (2% —1) (log*(z) + 72) (5.24)
T + 8sin (g) +2v3 (tanh_1 (sin (1”—8)) — 2)
B 47

Proof. Use equation (5.22) and set a = 7,! = 3/2,n = 1/2,m = 1/3 and rationalize the
real and imaginary parts and simplify using equation (9.559) in [1] and entry (1) in Table
below (64:12:7) in [3]. O

Proposition 5.3.

/Ooo ( (v —a*)log(z) 1 (_7r + 2410g(2) — 6v/31og (2 + \/5)) (5.25)

at — 1) (4log®(x) + 72) 96
and
e} 2/3 _ _ —1
/ x 237 dp = V31 — 6cosh™(2) (5.26)
o (z*—1) (4log*(z) + 72) 487

Proof. Use equation (5.22) and set a = 7/2,l = 2,n = 1/2,m = 1/3 and rationalize the
real and imaginary parts and simplify using entry (1) in Table below (64:12:7) in [3]. O
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Proposition 5.4.

= (WVr -1z 7w —4log (2+V2)
/0 (z4 — 1) (41og*(z) + 72) = 16v/27 (5.27)

and

I OO( (o= Y logla) gy o824 V2) 0T (=) (5.28)
0

w4 1) (log?(x) + 2) 232 V2
Proof. Use equation (5.22) and set a = 7/2,l = 2,n = 1/2,m = 3/4 and rationalize the
real and imaginary parts and simplify. Use equation (9.559) in [1] and entry (1) in Table
below (64:12:7) in [3]. |

5.12. Definite integrals of product logarithmic functions in terms of fundamental con-
stants.

Theorem 5.9. Forall k,m,n,l € C

/‘X’ log(z) (z?™ + x2") log" (az?) J
0

220 1 r
im g\k
_ 2iae T (4 ( 2igm <27r<1>( Y 72“0g )
l2
i2mi)n il 1
+ il log(a)® (emlﬂ7— . og >> (5:29)

4+ B (277@( JELESE: k11— zllog(a))

i(2n+1)mw 1
+ illog(a)® <e( = ,—k,l—ZlOg()>>>
2

Proof. Form two equations by first taking first partial derivative equation (5.12) with re-
spect to n, then again take the first partial derivative of equation (5.12) with respect to m.
Then add these two equations and simplify. O

Proposition 5.5. Forall k,n,l € C

> 22 log(z) log" (ax? gh—1pht1 (1)F o s iGrnin
[l o), 2O G (e
0

z? —1 2
il log(a) ) i(2mntm) illog(a)
- 27T) + ll log(a)fl) (6 [ ,7145, 1 — T
(5.30)
Proof. Use equation (5.29) set m = n and simplify. O

Proposition 5.6. Forall k € C

0

4 —1 27

ilog(a)
T

+ ilog(a) (g <—k:, W) -¢ (—k’ L= il(;g;‘r(a))))

(5.31)
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Proof. Use equation (5.30) set n = 1/2,] = 2 and simplify using entry (4) in Table below
(64:12:7) in [3]. O

Theorem 5.10. Forall k € C

itk

dr =27k (4m)F 2 — (2m)kT2) ¢ (—k — 1)
( )

/°° xlog(z) log (log (2?)) log" (z?)
0 xt—1

+ (k4 2) (im (2872 — 1) + 2"3 log(27)

3t os (2 18-+2)

(5.32)

Proof. Use equation (5.31) and take the first partial derivative with respect to k and set
a = 1 and simplify using equation (64:12:1) and entry (2) in Table below (64:7) in [3]. O

Proposition 5.7.

> zlog(z)log (z?)log (log (2?)) 7
A — d = —<cinC(3) (5.33)

Proof. Use equation (5.32) and set k£ = 1 and simplify in terms of Aprey’s constant section
(1.6) in [6]. O

Proposition 5.8.

* zlog(x)log (log (%)) = 1 _
/0 (x4 — 1) log (22) dr = E”(W — 2ilog(2)) (5.34)

Proof. Use equation (5.32) and set k = —1 and simplify using equation (6.8) in [7]. O

Proposition 5.9.

/oo zlog(x) log (log (2?)) do — iﬂ_g (8 log (%%) Lo i7T> (5.35)
0 32

4 —1 A3

Proof. Use (5.32) and set k = 0 and simplify using equation (2.15), pp. 135-145in [6]. [
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6. TABLE OF INTEGRALS

f(x) I35 f(@)da
ok () (22" — 2™ k1 k—1 (2ma1) (2nt1)m
log”( L(Zl_l ) g ) (Ll . ( (2m+1) ) i, (e (zn41) ))
i (oo (22555 ) o (255))
z2l—1
log(22) (22" —a™) 72 (0sc? (2787 ) —osc? ( ZxmEn ))
S 212
_(r—l)m”’QIOg(z) n? taHQ(ﬁ)
z2n—1 4n?
(I2—1)£Em7110g(1) (csc (—;") csc (%))
B r2n—1 An2
m(n— w(n 1 _im(m=n—ptq)
x2n1_2lm2n_z2p+z2q log (Cos( ( : p))_cof( ( +lP+ )))e I
(2! —1) log(x) Cos(‘"(ml q))fcos("(mtﬁ'l))
(z—22/%) log(log()) m(4((1+20)+iv3)Li, ((=1)%/9) + (= v/3+(244) ) n+(4+4iv3) log (%))
zt—1 8(V3+(2—1))

(m—m2/3) log(z) 1 2(1+sin(L))
@D (oe’ @)+ i (44 V3r —8cos () +1og | sogam=))
22/3_ 4 7r+851n(%)+2\/§(tanh’1(sm(llg)) )

(23 —1)(log? (z)+72) ar
(z—22/%) log(x) 1 2410g(2) — 6v/31 54 V3
(@ —1)(4d1og2(z)+72) 96( ™+ 241log(2) Og( + ))
z2/3 g V371 —6 cosh™1(2)
(z1-1)(410g*(z)+72) T 48w
(\/E—l)$ ﬂ—4log(2+\/§)
(z1-1)(41og*(z)+72) - 162w
2 2
z log(z) log(;c Ziog(log(x )) —11627T<(3)
z log(z) log(log(z?
aited) Lyl — 2ilog(2)
x log(x) log(log(z?
( )zfﬁ g(?)) (810g<\ff) +2+m)

7. DISCUSSION

In this work the authors looked at deriving definite integrals involving the logarithmic
function, function of powers and polynomials in terms of the Lerch function. One of the
goals was to supply a table for easy reading by researchers and to have these results added
to existing textbooks.

The results presented were numerically verified for both real and imaginary values of
the parameters in the integrals using Mathematica by Wolfram. The authors considered
various ranges of these parameters for real, integer, negative and positive values. The
authors compared the evaluation of the definite integral to the evaluated Special function
and ensured agreement.
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8. CONCLUSION

In this paper the authors used their contour integral method [2] to evaluate definite
integrals using the Lerch function. The contour we used was specific to solving integral
representations in terms of the Lerch function. We expect that other contours and integrals
can be derived using this method.
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