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Foreword

Question:  “Can you tell me who can help me do some elliptic integrals?”
Answer:  “We’ve tried to get rid of anyone like that.”
—Exchange between a physics graduate student and a professor of
mathematics'

Shortly after my book Inside Interesting Integrals was published by Springer in
August 2014, I began to receive e-mails from all over the world. They were from
readers who were writing to show me how to do one or the other of the problems in
my book in a way “easier,” or “more direct,” than was the solution I gave. Almost
all were fascinating reading, and those communications confirmed my belief that
people who buy math books are quite different from those who don’t.

One of those correspondents was the author of the book you now hold in your
hands. Cornel, in fact, wrote to me (from his home in Romania) numerous times
over the following months. One of his first e-mails was to take exception to my
claim that a result attributed to the great Cauchy, himself,
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would be “pretty darn tough [to do]” by means other than contour integration (which
is how I do it in my book). Cornel’s clever solution, however, using just “routine
methods” available to any undergraduate in math, physics, or engineering by the
end of their second year, is indeed much easier, and later in this book, you’ll see
just how he does it. I was impressed, yes, but soon put it aside and turned to other
matters.

'From an e-mail I received, after the publication of Inside Interesting Integrals, from Lawrence
Glasser, Professor Emeritus of Physics at Clarkson University, Potsdam, New York, USA. Larry
was the grad student. I’ll explain the significance of this quote by the end of this essay.

vii



viii Foreword

Later communications from Cornel, however, increased my interest. But what
really convinced me that Cornel wasn’t “just” a clever math aficionado but rather is
a seriously talented mathematician was when he sent me the calculation of

INSAHIHIBIEEE

where {x} denotes the fractional part of x and the integer » > 1. I had never seen
anything like it before. It is, of course, immediately clear that the integral exists, as
the integrand is always in the interval 0 to 1 over the entire finite region of integration
(the volume of the unit cube). But how to do the triple integration completely baffled
me. And then, turning to the final page of Cornel’s five-page derivation that he had
mercifully included in his e-mail (else I would have gone mad with frustration), his
answer was just too wonderful to simply be made-up: using his general result that
is a function of n, he gave the explicit solutions for the first five values of n, the first
two of which I'll repeat here:
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where ¢ denotes the famous Euler—Riemann zeta function, well-known to physicists
and mathematicians alike.

You’ll see later in this book how he arrived at these amazing results (wait until
you see the n = 5 case!), but one thing I could immediately do was a computer
check. The first two theoretical results on the right-hand side of the equality signs
are:

(n=1) 0.095850... and (n=2)0.023409...
while a direct numerical evaluation of the integrals gives the values of

(n=1)0.095844... and (n =2)0.023335... .
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Here we have an agreement between Cornel’s theory and numerical calculations out
to “only” three or four decimal places, but, when you consider how wild” are the
fluctuations of the integrand as we move from point to point in the unit cube, what
impresses me is that we have even that much agreement. As I looked at these results,
I knew I had a correspondent of real talent.

My curiosity now fully engaged, I plunged into Cornel’s detailed derivation of the
triple integral, and, for page after page, it was just one incredibly clever, occasionally
devious, sly trick after another. I knew, as I staggered from one line to the next
(often after scribbling away for half an hour or more before I caught on to what he
was doing), that I was following the path of the most creative person. You’ll find
that this entire book is like that, with one spectacular computation after another. I
predict you’ll have a hard time in putting this book down once you start. You’ll find
results in here that you have never seen before or, if you have, with an ingenious
derivation that you haven’t seen before. I predict, if you love mathematics, that you
are in for a great time.

As you must surely now be wondering, just as I did, who is Cornel loan Vilean?
Not being a particularly subtle person, I simply asked him. Cornel revealed to me
that he was 37 years old in 2015, holds a degree in financial accounting, and, while
he has authored or co-authored several papers in various European math journals
(including The Gazette of the Royal Spanish Mathematical Society and the Journal
of Classical Analysis), he is not a professional mathematician in an academic post.
Rather, in the words of the great French mathematician Henri Poincaré (1854—
1912), he is a person blessed with a “special intuition [that allows someone] to
perceive at a glance” the solution to a problem.? Today, alas, more than a century
later, not much more than that is known about how the mathematical mind works. In
Cornel’s own words about this, words he wrote to me when I asked him specifically
about how he works, “I have many ideas for research (I don’t know where they
come from but it’s like a flood), maybe it’s simply the natural expression of a crazy
passion.”

2If you make a three-dimensional sketch of f = { )3} as x and y each vary over the interval O to 1,
you’ll quickly appreciate why I use the word wild.

3From an address Poincaré gave in 1908, titled “Mathematical Creation,” to the Société de
Psychologie in Paris. You can find an English translation reprinted in a collection of Poincaré’s
works, The Foundations of Science (translation by G. B. Halstead), The Science Press 1929, pp.
383-394. Some years later the famous French mathematician Jacques Hadamard (1865-1963)
tried his hand, too, at answering the puzzle of mathematical creation, with a little book called The
Psychology of Invention in the Mathematical Field, Princeton 1945, but I don’t believe he offered
any new insights beyond Poincaré’s.



X Foreword

Encountering someone like Cornel, with what Poincaré called a “special intu-
ition,” is an exciting experience. An illustration of such an experience was nicely
described* a few years ago by Tulane University’s mathematics professor Victor
Moll, in the story of how his book Irresistible Integrals, written in collaboration
with the late George Boros, came to be.’ Moll had actually been aware of Boros long
before Boros came to be Moll’s doctoral student at Tulane. That is because Boros
had a widespread reputation in the New Orleans math community as “the person
who could do any integral.” Still, when Boros approached Moll about becoming a
PhD student, Moll felt obligated to warn him: “George, nobody is going to give
you a doctorate in mathematics for doing integrals.”® Boros said he understood that,
and the two men eventually settled on a program that satisfied both themselves and
the Tulane “math establishment.” But neither one forgot their mutual love of “doing
integrals,” and so, along the way, they wrote their wonderful Irresistible Integrals.
Sadly, Boros didn’t live to see its 2004 publication, having died in February 2003 of
cancer at age 55.

Clearly, Moll’s friendship with Boros, combined with the special talents each
man could bring to a sharp focus on the challenges of “doing integrals,” had a
profound impact on Moll.” As he relates at the end of his essay, when asked what he
did in mathematics before Boros, he’d reply “classical analysis.” Now, when asked
the same question, his answer is “I compute integrals for a living.”8

That change in Moll, due in part to Boros, goes a long way in explaining the
attraction books on definite integrals (and sums and series, too) have. It’s for the
same reason for why you are reading this new one by Cornel—they are a lot of fun!
Each new integral presents new difficulties, often ones never before encountered by
anyone, and to succeed in finding the Excalibur that brings it to ground (perhaps

4Victor Moll, “The Evaluation of Integrals: A Personal Story,” Notices of the American Mathemat-
ical Society, March 2002, pp. 311-317.

SReading Irresistible Integrals (Cambridge 2004) was, in fact, the inspiration for my Inside
Interesting Integrals, in which I told my readers where Moll and Boros almost certainly got their
title: from a note written in 1926 by the great English mathematician G. H. Hardy (1877-1947)
to a student at Trinity College, Cambridge, who had written Hardy to ask for help in doing some
particularly tough integrals. A busy man, Hardy at first tried to ignore the request, but, in the end,
he wrote to his correspondent, “I tried very hard not to spend time on your integrals, but to me the
challenge of a definite integral is irresistible.”

This attitude toward “doing integrals” perhaps explains the dismissive quote that opens this
Foreword. That attitude changes quickly, however, when someone needs the integral that has just
appeared in their work evaluated. (I don’t think Moll shared that dismissive attitude when he
warned Boros but rather was simply alerting him to the prevailing atmosphere he’d find in any
university math department.)

7The most famous such intellectual interaction in mathematics is, of course, that of Hardy and
the Indian genius Srinivasa Ramanujan (1887-1920). In a talk Hardy gave in 1936 at Harvard
University, long after Ramanujan’s premature death, he described the collaboration with his friend
as “the only romantic incident in my life.”

8 And, indeed, Moll’s latest books are Special Integrals in Gradshteyn and Ryzhik: The Proofs,
volume 1 (2014) and volume 2 (2015), both published by CRC Press. Every serious student in
physics, engineering, and mathematics will learn a lot from them.
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even to be the first person to do that) is every bit as thrilling as being the first to
climb Mount Everest or to break the 4-minute mile. The only difference is that you
don’t have to risk falling off a cliff or having a heart attack while doing it!

Okay, enough of my thoughts—off you go now, for lots of thrilling adventures
with Cornel.

Professor Emeritus of Electrical Engineering Paul J. Nahin
University of New Hampshire

Durham, NH, USA

paul.nahin@unh.edu

August 2018



Preface

Mathematical problems have the power to ignite passions, create dreams, and
change destinies. The first encounter years ago with the splendid result,
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about which I was not aware at all at that time, is still alive today. Wow! This result
looks amazing! Let’s give it a try!, was my first reaction, but I have to confess that
my initial courage and desire to come up with a proof to the appealing result in front
of my eyes were not enough. I was completely absorbed by the beauty of the result:
How could the sum of the reciprocals of the positive square integers give such a
beautiful result involving m?

I found that value counterintuitive and very charming, appealing at the same time.
How is that connected to w ? The questions were coming one after another, but I had
to wait a while until I found some answers.

The series struck me so profoundly that things were never the same as before and
the mathematical world seemed to me more amazing than at any time; I realized
that behind the series there must be absolutely stunning mathematical connections,
a magical world which I wanted to know so much.

Some months after the encounter with this earth-shaking result, I finally found

the story about the problem, called the Basel problem, and it took humanity almost
a century until the problem was solved. Initially the problem was posed by Pietro
Mengoli in 1650 and solved for the first time by Leonhard Euler in 1734 after
the unsuccessful attempts of more leading mathematicians. I was finally fulfilled
because I knew more about the series that apparently moved my world!
Probably it’s more than that, more fantastic results have been waiting for me to
amaze me, the thought that steadily came to mind after the fascinating encounter
with the Basel problem. And so it happened, [ was right! Another two such examples
to mention are the quadratic series of Au-Yeung,

xiii
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and its more advanced version, the cubic version,
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where the harmonic number is defined by H, = > ;_, % and ¢ denotes the Riemann
zeta function. What gorgeous results! I used to say to myself while I was admiring
them. There are more challenges to take in front of me, which I took with such a
great pleasure, and this life story has continued until today!

Coming now to the book, why a book containing integrals, sums, and series and
not only integrals, or sums, or series? A direct answer would be that they are simply
strongly interrelated and we need to combine them to solve the problems given in the
book. For instance, let’s use the power of the example to understand the importance
of the connections between integrals and series. A good example from this category
would be the calculation of the double integral,

/ﬂ/2 /”/2 log(sin®™ (x)) log(sin®™) (y))dx d
0 ( 0 sin(x) + sin(y) — sin(x) sin(y) ) .

How does the integral seem to you at first sight? Friendly to some extent or
not really? The integral might create difficulties without a proper approach, but
observing that behind the scene there is the quadratic series of Au-Yeung, which
in this book we calculate elegantly, our task becomes easier. How do we actually
reduce the integral to the calculation of the quadratic series of Au-Yeung? First, we
make the changes of variable sin(x) = 1 — u and sin(y) = 1 — v which, if we
combine with the geometric series and a special logarithmic integral we calculate in

the book, lead to
! Uog(1 — u)log(1 —
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that finally led us to the quadratic series of Au-Yeung and its value. Often turning
the integrals into series makes everything easier!
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In this book the reader will meet plenty of examples where one needs to know
how to craftily use and combine the integrals, sums, and series for obtaining
solutions to the proposed problems.

To say a few words about the way I came to the title of the book, (Almost)
Impossible Integrals, Sums, and Series, 1 tell you that some time ago, I found out
about the release of a new book on integrals; it was Paul Nahin’s book entitled
Inside Interesting Integrals. One of the first things that impressed me profoundly
before reading the mathematical stuff in that book was exactly this thing Paul wrote
in its Preface: “Despite all the math in it, this book has been written in the spirit of
‘let’s have fun.”” Doing mathematics, calculating all kind of integrals, some being
pretty difficult, and at the same time having fun? I was amazed! The book was a
journey that I took with much pleasure from cover to cover, and I remember that at
that time in the Contour Integration chapter, I met the following integral:

o0 eax
/ dx, 0 <a <1,

X
R

about which Paul said “what I’ll do next is use indents to derive a result that would
be extremely difficult to get by other means.” That was a challenge to me, a lover of
real methods! How to do it by real methods? Indeed, it looked like a wild merciless
integral beast! After some work on it, I found a pretty simple way to do it, and then I
was so glad to contact Paul and reveal to him my solution, which he enjoyed much,
and since then we have kept talking about such problems. How did I do it? I'll give
you a hint and then you can try it on your own, that is, arrange the integral such that
you can use the integral representation of Digamma function,

o0 e—l e—Xf
Y(x) = /0 <T - 1——et)dt’

together with one of the Digamma function properties, ¥ (1 —x) — ¥ (x) = il

tan(mwx)
I recall that at some point, I told Paul I plan to write a book, and the very

nice surprise to me was that he had shown much interest in my publishing idea,

encouraging and giving me support in this respect for which I want to simply say:

Paul Nahin, you’re a wonderful person, writer, mathematician, physicist, thank you very
much for all! It’s nothing short of a blessing to have known you, and especially your work
exposed through excellent books! You really cared about my work and trusted me!

If you did not write a book yet and plan to do it at some point, you might have
the surprise to realize how hard finding the proper title for your book or writing a
Preface is. I didn’t have a final formula, a variant about to say That’s the title!, but
that lasted until the day I talked with Paul about the title and he asked me if I had
a title. As you may anticipate, [ owe Paul the inspiration for the present title which
perfectly fits my attraction to the calculation of difficult integrals, sums, and series.
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The present book represents the materialization of my burning passion and
dedicated hard work, a book not written by a professional mathematician, I am
licensed in economic sciences (programme Accounting and Business Informatics).

Now, the book is structured in accordance with the title; it has two major
areas, Integrals and Sums and Series, and within each area were considered those
problems that had something special, I usually call wow elements, those kinds of
fascinating problems and/or solutions that you don’t usually find in classical books
and textbooks and that have the power to surprise you (profoundly) pleasantly and
then possibly say something like Wow! That was (really) nice!; it’s also one of the
main goals of the book, and the readers will decide if this goal has been reached.
In the book the reader will find both classical and new, original problems and
solutions coming from my personal research. In the case of most classical problems,
the goal was to come up with new, surprising ways of solving them, possibly not
known, or less known, from those problems at the contests level to those proposed
by famous mathematicians like Srinivasa Ramanujan. Besides the Solution section
where the reader can find solutions with detailed steps for the problems, without
entering into the technical details a real mathematician would expect, often finding
helpful comments between the lines of the solutions such that everything can be
easily understood (which was another important goal of the book), I also added a
section called Hints where the reader might find guiding information, clues on how
to approach the problems.

The book mainly addresses to all people with a good knowledge of calculus (from
self-educated people, students, and undergraduate students to researchers, either
used as an entertaining way, as part of the preparation for exams, or as research
topics) and to all those that enjoy the world of integrals, sums, and series and that
cannot resist them. As Hardy said, “I could never resist an integral.”

Finally, I would like to thank all people I had beautiful discussions with about
mathematics during the time, Paul Nahin, Rob Johnson, and Karl W. Heuer, who
are excellent mathematicians, and the list continues.

Many special thanks to the mathematical journals that published my work
during the time: The American Mathematical Monthly (contact editors, Kelly
Minnis, Doug Hensley, Daniel Ullman), La Gaceta de la RSME (contact editor,
Oscar Ciaurri), MathProblems Journal (contact editors, Valmir Krasniqi, Omran
Kouba), School Science and Mathematics Association Journal (contact editor, Ted
Eisenberg), Journal of Classical Analysis (contact editor-in-chief, Tibor K. Pogany),
and Mediterranean Journal of Mathematics (contact editor-in-chief, Francesco
Altomare).

I am very grateful to the publisher Springer, New York, for the acceptance of
my book project, and to my editor Dr. Sam Harrison, his assistant editor Sanaa
Ali-Virani, the project manager Lavanya Venkatesan and their colleagues for the
outstanding work done during the publishing process of the book. Thank you
everybody so much!

I would like to express my thanks to the anonymous referees for their many
insightful comments and suggestions that were very useful in shaping the finished
manuscript.
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I want to thank my parents for fully trusting me and for all the given support, and
I also particularly dedicate this book to my special mother, Ileana Ursachi.

I wrote and finalized the book from a beautiful place at the western border
of Romania, commune Teremia Mare, where I presently live, and I sent the full
manuscript to Springer in the first half of March, 2018.

For the readers I have the last words of the Preface: Let’s start the journey in the
fascinating world of integrals, sums, and series and have much fun!

Teremia Mare, Timis County, Romania Cornel Ioan Vilean
2018
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Chapter 1 )
Integrals Pt

“For God has not given us a spirit of fear, but of power and of
love and of a sound mind.”—2 Timothy 1:7

1.1 A Powerful Elementary Integral

Prove that
L 1 arccos(y)
dx = L ye(=1,1). (1.1)
/(.) (14 yx)v/1 — x2 V1—y2

A challenging question: How would we solve the Basel problem using the
integral result?

1.2 A Pair of Elementary Logarithmic Integrals We Might
Find Very Useful for Solving the Problems in the Book

Let m, n be natural numbers. Prove that

n!

e (2

1)/ x™log" (x)dx = (—1)"

(continued)
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2 1 Integrals

Y o, k(P k!
ll)/o x"log"(x)dx = a ;( 1) <k>—(m+1)k+1

x log" % (a), a > 0. (1.3)

1.3 Four Logarithmic Integrals Strongly Connected with the
League of Harmonic Series

Let n be a positive integer. Then prove the following equalities hold

! H,
I, = / x"og(1 — x)dx = ——2; (1.4)
0 n
1 n 2 2
2 <\ Hy H)+H,
Jp = f " Mog?(1 —x)de = =Y 2K = ke B (1.5)
0 n k n
k=1
1 n 2 2
3« H?+H
K, = f Mo (1 —xydy = —= Y~ A ——k—
0 n k
k=1
@ 3)
_ _H}+3H,H,” +2H, : 1.6)
n
1 2 h @ ®)
4 O HY +3HH” +2H
Ly = / %1 log4(1 —x)dx = — Z k *k s
0 n k
k=1
Hp +6HZHY + 8H, 1 +3 (1) + 61
= , (1.7)

n

where Hyﬁm) =1+ 2Lm + .+ ,%m, m > 1, is the nth generalized harmonic
number of order m.

A challenging question: Is it possible to do the calculations with the high
school knowledge only (supposing we know and use the notation of the
generalized harmonic numbers)?



1.5 A Couple of Practical Definite Integrals Expressed in Terms of the. ..

1.4 Two Very Useful Classical Logarithmic Integrals That
May Arise in the Calculation of Some Tough Integrals
and Series

Show that
X 201 _
i)/ log=(1 t)dt
0 t
= log(x) logz(l —x)+2log(1—x)Lir(1—x)—2Li3(1—x)+2¢(3); (1.8)

X log2(1 +1¢
ii)/ log?d +1) 4,
0 t

2 1 1
= log(x) 1og2(1+x)—g log? (14x)—21log(14x) Lis (1 - x>—2Li3 (1 - x)

+22(3), (1.9)

where ¢ denotes the Riemann zeta function and Li, represents the Polyloga-
rithm function.

1.5 A Couple of Practical Definite Integrals Expressed in
Terms of the Digamma Function

Let s > 0 be a real number. Prove that

. L ps=1 1 1+s K . s .
O A 1 s B ) R ) e
(1.10)

Y e g s+2\ sy 2
n)/o tanh(x)e dx_z(W( 4) ¢<4) S), (1.11)

where 1 (s) is the Digamma function.




4 1 Integrals

1.6 A Useful Special Generalized Integral Expressed in
Terms of the Polylogarithm Function

Let n be a positive integer and y € (—oo, 1) be a real number. Then, prove
that

1 log"
y/ 10870 iy () (1.12)
o I—y+yx y—1

where Li, denotes the Polylogarithm function.
A useful form during the calculations of various integrals:

1 n
/ ulog (X)dx = (—=1)"n! Lip41 («).
0

1 —ux

1.7 Two Little Tricky Classical Logarithmic Integrals

Prove that
1 2
p [ ECED g2 2 (1.13)
0 & 5
1 _
ii)/ log1 —x)log +x), _ 5, 5 (1.14)
0 X 8

where ¢ denotes the Riemann zeta function.

1.8 A Special Trio of Integrals with log?(1 — x) and
log* (1 + x)

Prove that
1
i) / log?(1 — x) log?(1 + x)dx
0

=24 —8¢(2) — 8(3) — £(4) +810g(2)¢(2) — 4log” (2)£ (2) + 810g(2)¢ (3)

(continued)



1.9 A Darn Integral in Disguise (Possibly Harder Than It Seems to Be?), an. .. 5

— 2410g(2) + 1210g%(2) — 41og>(2) + log*(2); (1.15)

o (M 1og?(d — x)log%(1 4+ x)
ii) dx
0 X

= 210852 = 2log? 7 Jog? _2
= o2’ @ — Sl DL Q@) + 7 1o )2 (3) — L)

+ 41og(2) Lis (%) + 4Lis (%) : (1.16)

U og2(1 — x) log3(1
l.l.l.)/ og~( ;c) og~( +x)dx
0 —+ x

63 9 » 4. 3
= §§(5) 3 log(2)¢(4) + 41og=(2)¢(3) — 3 log”(2)¢(2) —2¢(2)¢(3)
7 /1
+ 35 log>(2) — 4Lis <§) , (1.17)

where ¢ denotes the Riemann zeta function and Li,, represents the Polyloga-
rithm function.

1.9 A Darn Integral in Disguise (Possibly Harder Than It
Seems to Be?), an Integral with Two Squared Logarithms
on the Half of the Unit Interval

Prove that

/1/2 log?(x) log?(1 — x)d
X
0 X

1 2, 7, 1. s
= §§(5) —2:(2)¢0) — 3 log”(2)¢(2) + 7 log“(2)¢(3) — EIOg @)

+ 4log(2) Lig (%) + 4 Lis (%) , (1.18)

(continued)



6 1 Integrals

where ¢ denotes the Riemann zeta function and Li, represents the Polyloga-
rithm function.
A challenging question: Prove the result by using entirely real methods.

1.10 The Evaluation of a Class of Logarithmic Integrals
Using a Slightly Modified Result from 7able of Integrals,
Series and Products by 1.S. Gradshteyn and I.M. Ryzhik
Together with a Series Result Elementarily Proved by
Guy Bastien

Let n > 1 be a positive integer. Prove that

fl log(1 — x) log" (x) log(1 —i—x)dx
0 X

1 ' 1 2n
=@ (1 - 5y ka;(kH)g(zn—kH)
=1

n

1
—@n)1y (1 — W) (k)¢ (2n — 2k +3)

k=1
1
+ 23 20 +3 =2l 2n +3), (1.19)
where ¢ represents the Riemann zeta function.
Examples:
Forn =1,

= 2000 - 2L¢(5)
= 78@20) = 7£20);

fl log(l — x) logz(x) log(1 + x)d
x
0 X

(continued)



1.12  Two Appealing Integral Representations of ¢(4) and ¢(2)G 7

Forn = 2,

/1 log(1 — x) log*(x) log(1 + x)
0 X

9 45 363
dr = 22@) A+ L@EC) = 7L (;

For n = 3,

/1 log(1 — x) log®(x) log(1 +x)dx
0 X

2835 22635
= —5(2)4“(7) + —4(3)5(6) + —§(4)§(5) - —§(9)

1.11 Logarithmic Integrals Containing an Infinite Series in
the Integrand, Giving Values in Terms of Riemann Zeta

Function
Evaluate
A B ! log?(x)
i)f <4x 1427 L83 gty +~-->—dx; (1.20)
0 x(1+x)

. 1
ii)/ (ka+22kx22_1+23kx23_1+24kx24_1+ : ) o (x)dx k eN.
0 1 +x
1.21)

1.12 Two Appealing Integral Representations of ¢ (4) and
Q)G

Prove that

[— 2/1 arctanh(x) Liz(x)dx _ /1 log(1 — x) log(x) log(1 +x)dx
0 X 0 X

_2 4); 1.22
= ey (1.22)

(continued)
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7= /‘1 arctan(x) log(x) log(1 +x)dx _ fl arctan(x) Liz(—x)dx
0 X 0 X

1
= g{(Z)G, (1.23)

where ¢ is the Riemann zeta function, G represents the Catalan’s constant,
and Li; denotes the Dilogarithm function.

A (super) challenging question: Prove both results without using harmonic
series.

1.13 A Special Pair of Logarithmic Integrals with
Connections in the Area of the Alternating Harmonic

Series
Prove that
Ly log(1 — x) 1 ) e .
= fo l—l——xzdx == <log 2) — E{Q)) ; (1.24)
U xlog(1 + x) 1 2 1
= [ S e (o).

where ¢ denotes the Riemann zeta function.
A (little) challenging question: How about calculating the integrals without
using the differentiation under the integral sign, double integrals?

1.14 Another Special Pair of Logarithmic Integrals with
Connections in the Area of the Alternating Harmonic

Series
Show that
U xlog(1 — x) log(x) 1 /41 ‘
= /0 1+ x2 T <ZC(3) - 910g(2)€(2)) ;o (1.26)

(continued)



1.15 A Class of Tricky and Useful Integrals with Consecutive Positive Integer. ..

1.15 A Class of Tricky and Useful Integrals with Consecutive
Positive Integer Powers for the Logarithms




10 1 Integrals

1.16 A Double Integral and a Triple Integral, Beautifully
Connected with the Advanced Harmonic Series

Calculate
3 /1 flloga—x)log(l—y)log<1+xy) dedo: (1.29)
o Jo xy(1+xy) > '
Nt [ log(1 — x)log(1 — y) log(1 — z)
dxdydz. 1.30
”)fo /o /0 (1 —xy) (1 —xy2) S V)

1.17 Let’s Take Two Double Logarithmic Integrals with
Beautiful Values Expressed in Terms of the Riemann

Zeta Function

Show that
() ()
1 1 - ) — -
B f lx z 1 dxdy:zg—(z); (1.31)
" e (o (1)) -t (e (5)) 7
x y
lo (l —lo (l) ?
if) lfl \r) T L BAE)
0 Jo 1og<1og(l)>_10g(log(l>> 15¢(4) 6¢(2)
% y
(1.32)

where ¢ denotes the Riemann zeta function.

1.18 Interesting Integrals Containing the Inverse Tangent
Function and the Logarithmic Function

Prove that
1
1 :/ arctan(x) log(1 — x)dx
0

(continued)
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% (410g(2) — 10g2(2) aF 25(2) — 27 + mlog(2) — 8G> ; (1.33)

1
J =/ arctan(x) log(1 + x)dx
0

= %(371 log(2) + 4log(2) — 24(2) —log?(2) — 2n), (1.34)

where G denotes the Catalan’s constant and ¢ represents the Riemann zeta
function.

1.19 Interesting Integrals Involving the Inverse Tangent
Function and Dilogarithm Function

Prove that
1
I = / arctan(x) Lip (x)dx
0
T b1 5 3 T 1 1
=-G-G— =+ —n*+— + =1og(2) + = log(2) — - log*(2
4 2 T 06" T g Tglos@+5log@ —glog” (@)
7 1og@) — 2 (1.35)
1208 g4t ) '
1
J:/ arctan(x) Lip (—x)dx
0
33 72 3 72 7 T 3
=2+ gy - 2T G + 2 log(2
gat @ T o 1le@ — g —gg g — g0 T gloe@m
1 1,
+ 5 log(2) — £ log’(2), (1.36)

where G is the Catalan’s constant, { denotes the Riemann zeta function, and
Li; represents the Dilogarithm function.

A challenging question: Is it possible to calculate the integrals exclusively
by real methods (without using complex numbers)?
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1.20 More Interesting Integrals Involving the Inverse
Tangent Function and the Logarithmic Function: The

First Part
Prove that
I arctan(x) log(1 — x) 1/3 7 .
[ = I — dr = o (Zlog(2)§(2) — 50 - rrG) :
(1.37)
! arctan(x) log(1 + x) 1 /21 3
J = /0 o dr = ¢ <§§(3) + 7 log@(2) ~ nG) :
(1.38)

where G denotes the Catalan’s constant and ¢ represents the Riemann zeta
function.

1.21 More Interesting Integrals Involving the Inverse
Tangent Function and the Logarithmic Function: The
Second Part

Prove that

1 2 _
2/ arctan”(x) log(1 x)dx
0 1+ x?

4 3 2
_ ! e <l> T e T 6 P ey (139

1536 4 192 384 32 256
1 arctanz(x)log(l + x) w3 21 3
J = dx =log(2)— + — 3) — —¢(2)G,
/0 1+ 2 ¥ =log@) 3 + 25675 T 165 @

(1.40)

where G is the Catalan’s constant, { denotes the Riemann zeta function, and
¥ represents the Polygamma function.
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1.22 Challenging Integrals Involving arctan(x), log(x),
log(1 — x), Liz(x), and Lis(x?)

Show that

I'xl t
x log(x) arc an(x)dx

1
i) / arctan(x) log(x) log(1 —x)dx—/
0 0

1—x

— - 2 10— 2 2= Lo @)n+ E — L log@)+ X 1022 2):
=GmggbO) gy loe g % 4 o OBlITg o ek

96
(1.41)
1 - t
ii)/ arctan(x)log(x)Liz(x)dx_/ x log(x) arctan(x)
0 0 1—x
I T, 4y w9 5t x I
—2G--G*~-_¢G a_ w Do W
2 2% T 760" " 32é“() R R
17 , @
+ o log@)7” — - log(2) — log(2); (1.42)

Ixl t
x log(x) arc an(x)dx

1
iii) f arctan(x) log(x) Lir (x?)dx — 2 /
0 0

1—x

4

= 4G +10g(2)G+ — ! 3 2 3) > log(2)7% —21og(2)m > 72
= & 1920 96" gt 508 g 24

5
+ 37 - 5log(2) + log?(2), (1.43)

where G is the Catalan’s constant, { denotes the Riemann zeta function, and
Li; represents the Dilogarithm function.

1.23 Two More Special Challenging Integrals Involving
arctan(x), log(x), log(1 + x), and Liz(—x)

Show that

1
i)/ arctan(x) log(x) log(1 + x)dx
0

(continued)



14 1 Integrals

log(Z)G 3 o 15 3) -1 (2)712 72 31 @
=—GC—-—+— —lo — — — — —log(2)7
2 o1 T eat 8993 T 96 T8 %
1
+g + 5 log?(2) — log(2): (1.44)

1
ii) / arctan(x) log(x) Lip (—x)dx
0

1 7 log(2) 13 3 3
=-G*4+=G G——n*+—-—¢(3 —1 2?7 log(2
3 +4 + 2 2560 +192 325( )—— log(2)7* og2)w
303 1
+ 37— 5 log@) + ; log?(2), (1.45)

where G is the Catalan’s constant, ¢ denotes the Riemann zeta function, and
Li; represents the Dilogarithm function.

1.24 A Challenging Integral with the Inverse Tangent
Function and an Excellent Generalization According to
the Even Positive Powers of the Logarithm

Show that

Z (1.46)

1 1 log(2 8
/ arctan(x) og(x)dx _ og( )G T ’
0 1+x 2 64

where G represents the Catalan’s constant.
Let n > 1 be a positive integer. Then, prove the generalization

1 t 1 2n
ii)f arcan(lx_)i_zg (x)dx

w -2
= Z(l —27"¢@2n + 1H(2n)!
2n

d TS 3 s 1 s
4= ﬁ(2n+2)(2n)v_— lim (d - <csc (7) (w (Z - Z) —y (Z . Z))

(continued)
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+ sec (?) (w (1 _ 2) _y (% _ 2)) o csc(ns))), (1.47)

where ¢ represents the Riemann zeta function, i denotes the Digamma
function, and B designates the Dirichlet beta function.

Examples:
Forn =1,
. arctan(x)logz(x) 2 3 n2
— 7 ° ix = 3 —1 2 :
/0 T x w5 (3) — 0g(2) — o G;
Forn =2,
/ I arctan(x) log4(x)
— 7 ° dx
0 1+x
1395 9 7 5 w®
= —7:05) — —1¢B) — —7*G — —=n’log2) + —
256 ") ~ 1357 ¢®) — 755" 18" 10g@ + 15
_ (!
1536¢ 4)’
For n = 3,
I arctan(x) 10g6(x)
e v dx
0 14 x
31 8+360045 D 675 2306) - 225 3 61 10 @
= b4 = = n’
1536 o ) = e )= st &

G 7 n? 1
_ G- @) ¢ (1)
288" O Tooss” ¥ (4) e384’ \a

1.25 Let’s Tango with an Exciting Integral Involving the
Inverse Tangent Integral, the Lerch Transcendent
Function, and the Logarithm with Odd Positive Powers

Let n > 1 be a positive integer. Then, prove that

1 2n—1 1 2n—1
1 1 1 1
/ Tip (oD = = / @ (—xz,z, —) xogT g
0 1 —I—x 4 0 2 1 —|—x

(continued)
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= %(1 —27M¢@2n + 1)(2n)! — %,B(Zn +2)2n — 1)!
T d2n71
T 0 s
64 Ly (dszn—l (Csc( )(‘/’ ( 4) ( ))
TSN (0 (L _ 5\ _ o5\ _
+ sec( - ) (1// (2 4) " (1 4)) 326 csc(rrs)))
(

1.48)
© x2n—1
where Tix(x) = Z(—l)"‘lm is the Inverse tangent integral,
n—
1
o nzk
D(z,8,a) = Z m is the Lerch transcendent function, G represents
a
k=0

the Catalan’s constant, { denotes the Riemann zeta function, ¥ is the
Polygamma function, and § designates the Dirichlet beta function.

Examples:
Forn =1,
log(x) 21 72 Tt 1 3 (1
Tip(0) = —dv = 2t () + 76+ 32 — 2o -);
/0 2(0) PRI R A T Ty A A W
For n = 3,
lo (x)
/ Tia (¥) ==
0 x
29 o 7 9 39 5 (1
=— — %G - 3 5 ®
280" T 128" Q)+ g TEO) - 204811[ < )
1
®)
40960‘/' (4)
Forn =5,
1
1
/ Ti(x )og (x)dx
0 X
1417 g 31 . 75 ) 25 (5)+360045 o
= —7 —7TT = T
21504 256 1024" 2048 ¢

7 4,6 (] 5 ® (1 o (1
w576 V7 \2) " osaoa” =y (7 3440641//



1.27 A Kind of Deviant Pair of Integrals with Logarithms and Polylogarithms,. .. 17
1.26 A Superb Integral with Logarithms and the Inverse

Tangent Function, and a Surprisingly Beautiful
Generalization of It

Show that

. I arctan(x) 1+ x2 . n3'
i) /(; E log((l_x)2>dx_— (1.49)

* arctan(t) li)g(l +12) dr — 2/1 arctan(xt)tlog(l —1) dr
0

2n—1

_22( 1)"1 o — kIS (1.50)

1.27 A Kind of Deviant Pair of Integrals with Logarithms
and Polylogarithms, Using Symmetry

Show that

| log(1 — x) Li (L>
. x—1
i) / dx

0 1+ x

| log (1—x)L13< xl)
ii)[ dx
0

1+x

= —é“ 4) + - log 2)¢(2) — -10g (2);
(1.51)

1 5 581
= %bg 2) — —log 2)¢(2) v log (2)¢3) + —log 2)¢4) — —5(6)

7 79 ,
—3 log(2)¢(2)¢(3) — at 3), (1.52)

where ¢ represents the Riemann zeta function and Li, denotes the Polyloga-
rithm function.
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1.28 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The First Part
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1.29 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The Second Part

Show that
"og" (x) Lipg1(—x) . ey H!
/(; T2 dx = (—1) 2rH_ln(n—i—1),3(11—!—1)
|
= (1! 2;11 (A =2"¢(n + DM + 1), (1.55)

where ¢ is the Riemann zeta function, n denotes the Dirichlet eta function,

Li, represents the Polylogarithm function, and 8 designates the Dirichlet beta
function.

Examples:
Forn =1,
1 Lip(— 1
/ og@) Lip(=x) , _ Lo
0 1+x2 8
Forn = 2,
"og?(x) Liz(— 3
/ WL 3
0 1+ x2 512
Forn = 3,

"og? () Lis(—x) 7 (1 3 (1
/0 1+x2 dx_2048<§§(4)1// (Z)_IOS“S))'

1.30 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The Third Part

Show that

dx

) [1 x 1og" (x) Lint1 (x)
l
0 1+ x2

(continued)
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(continued)
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For the integral at ii), n = 3,

fl x log®(x) Lig(—x)
dx
0 1+ x2

1 1 1 N\\?> 2921
_ 4 A(L\_L(, (L _ =24l
T 2048 (155(4)‘” (4) 96 (‘/’ (4)) 16 4(8))'

1.31 Two Families of Special Polylogarithmic Integrals
Expressed in Terms of Infinite Series with the
Generalized Harmonic Number and the Tails of Some
Functions

Prove that

.)/1L. %2 dx_i nH" (2n i 2|
Doty U\ 12 )Y T L2\ s |

n=1 k=n k

1 X o0 n—1 1
0g . _ % _ (m) . -
ii) fo Liy, (1 +x> dx =Y H") (log(Z) kZ kzk) : (1.59)

n=1

where H,fm) =1+ 2%,, + -+ an, m > 1, denotes the nth generalized

harmonic number of order m and Li, represents the Polylogarithm function.

1.32 A Generalized Integral Beautifully Connected to a
Spectacular (and Simultaneously Strange) Series

Show that

1 x2n
1,,=/ S S —
o (I+x)(A+x5)"

(continued)
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n

1 1 H, 1 T 12
= 3 108@) + 57108 + 5057 = ) ey - WZg(J
i=1 j=0

i=17

1 2]\ <~ 2
b LI o) .60
l

where H, = Y ;_, 1 is the nth harmonic number.

1.33 A Special (and Possibly Slightly Daunting) Integral with
Two Polylogarithms, Li; ad and Li; *
x—-1 x+1

Prove that

X
X

Lio [ —— VL, (2
)
0
29
= —log 2) - —log 2)¢(2) + — log (2)¢(3) — —4(2)§(3) = —4(5)

10
(1 (1
+31log(2) Lig (5) + 3Lis <§> :

where ¢ denotes the Riemann zeta function and Li, represents the Polyloga-
rithm function.

1.34 Exciting Challenging Triple Integrals with the

Dilogarithm
Prove that
le(x+y+z—xy—xz—yz+xyz)
i) dxdydz
2—x—y—z+xy+xz+yz—xyz

(continued)
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1 (45 139
= (7 log(2)¢(4) +3¢(2)¢(3) — ?§(5)> ;

1 pl oploqs R 2
i) /‘ / Lix(x +y+z—xy —xz — yzZ+ xy2)) drdydz
o Jo Jo

X+y+z—Xy—Xxz—yz+xyz

65 7
= §§(7) - §§(3)§(4) —£(2)¢05),

where ¢ denotes the Riemann zeta function and Li, represents the Diloga-
rithm function.

1.35 A Curious Integral with Polylogarithms Connected to a
Double Integral with a Symmetrical Exponential
Integrand

Let n > 1 be a positive integer. Then, prove that

1 n Lip g1 (%) Liy < o 1)
/ 3 — 0k — 1! - =/ ax
0 =1 x?

=2-nl(GQ)+tB) +---+ L+ 1)),

where ¢ denotes the Riemann zeta function and Li, represents the Polyloga-
rithm function.

Examples:
Forn = 3,
X 2 2
. <Li2 <—>> + 4log(1 — x) Li3 (—)
x—1 x—1
J : .
0 X
=12((2) +¢(3) +¢(4));

(continued)
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1.36 Double Integrals Expressed in Terms of the Exponential
Function and the Polylogarithm (of Orders 2, 3,4, 5,
and 6)

(continued)



1.38 A Generalized Double Integral Involving a Symmetrical Exponential. .. 25

17
=3 <%§(8) +11£3)5(5) — 3;“(2)4“2(3)) ; (1.63)

) /00 /00 log (1 — ™) (y*Lip (e7*7) — 24Lis (e—x—y))dxdy
0 0

1 —e>*Y

19 15
=24 (7§(2)§(7) - ?§(3)§(6) — 7 {@IO+ 43(3)) ; (1.64)

where ¢ denotes the Riemann zeta function and Li, represents the Polyloga-
rithm function.

1.37 Exponential Double Integrals with an Appealing Look

Calculate

o [ (S5 (5) (5 ) e
oL L)) (o

1.38 A Generalized Double Integral Involving a Symmetrical
Exponential Integrand and a Limit Related to It

Let n > 1 be an integer. Evaluate

kS

and then calculate the limit

ii) lim< f / oy dxdy Zn)
n—oo \ n!

dxdy,
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1.39 A Special Multiple Integral and a Limit of It Involving

the Euler-Mascheroni Constant y, the Euler’s
Number e, and the Famous 7 All at Once

Evaluate the multiple integral

2n 2 n_ 2 2
) I(n) = f / / R
i) I(n
2n 2n _2n — x2n
+x2 P & an Xpho = .o — Xy,

xdxjdxy - - dxzn,
and then calculate the limit

ii) lim I(n).
n— o0

1.40 Some Curious Integrals Involving the Hyperbolic
Tangent, Also Having Beautiful Connections with the
Beta Function

Show that

i) f tanh(x)( 7t2+x2>dx = 23

o 1 1 1
ji tanh e dx = 1.
i /0 A <8x3 T 2x  6Ax? 4 4x S 18k | )

Let n > 1 be a positive integer. Prove the general case

jii) / > tanhrx) [ 1 Y Vdx =28, - H
10 anh(tx){ — — ———= = = X
0 X n2 +x2 2n n
n 1: g
where H, = ) j_; ¢ is the nth harmonic number.

(continued)
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Then, show that

dx = 3(31¢(5) — 14£(2)£(3))

) /Oo 72x2 tanh(x) + 3 tanh(wx) — 37 x
iv
5
0 X

and

dx

N /00 272x2 tanh( x) + 12 tanh(;rx) — 6772x%csch(2mx) — 9 x
v
5
0 X

= 12(31¢(5) — 16¢(2)¢(3)),

where ¢ denotes the Riemann zeta function.
A challenging question: How would you calculate the integral from the
point iii) by using Beta function?

1.41 A Little Integral-Beast from Inside Interesting Integrals
Together with a Similar Version of It Tamed by Real
Methods

Show that

€9 & 1
[ S g, T,
0 X ?

i) / " SN SINGING) peoste) gy = (e — 1),
0 X 2

1.42 Ramanujan’s Integrals with Beautiful Connections with
the Digamma Function and Frullani’s Integral

Leta, b, p, q > 0. Prove that

o0 -DP _ -
5 /0 (1+ ax) (1+bx) qu _ W(q)—lﬁ(p)-i-log(b)- (1.65)

X a

(continued)
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Then, if a, b, ¢ > 0, show that

b1
" / ( )dx =V (l‘)> — ¥(a) +loglo), (1.66)
l—x — x¢ c

where 1 (x) is Digamma function.
A challenging question: Could we reduce each integral to a sum of two
Digamma integrals and one Frullani’s integral?

1.43 The Complete Elliptic Integral of the First Kind
Ramanujan Is Asked to Calculate in the Movie The Man
Who Knew Infinity Together with Another Question
Originating from His Work

Prove that

KO = / 1—k2s1n ®)

™ 1\? 1-3)\? 1-3-5)\?
=11 —) k? — ) & kS 4. 1,
2{ +<2> +(2-4) +(2-4-6) i
where K (k) is the complete elliptic integral of the first kind.
Using i), show that

()

SR R T
T =)+ (35) - ()

where I” represents the Gamma function.




1.45 An Out-of-Order Integral with an Integrand Expressed in Terms of an. ..

1.44 The First Double Integral I Published in La Gaceta de la
RSME, Together with Another Integral Similar to It

Prove that

L 1 1 1 T
j dxdy = = (G + = log (2 — v3)),
& /ﬁ—ﬁ/ﬁ—ﬁ(x+y)2+(1+xy)2 rdy =3 (0+ Loz (2—3))

where G is the Catalan’s constant.

Let ¢ be equal to V2+1— /2 (ﬁ + 1). Then, show that

1l 2
i) / / 1 gay= (5)2_ (—IC’g(ﬁJr D) .
c Je +y)(1 +x)’) 4 2

1.45 An Out-of-Order Integral with an Integrand Expressed
in Terms of an Infinite Series and a Generalization of It

Calculate

) /OO : i ((2" +1)7 - (24 1>_2n>dx
i — 5% — X 0
o A n=1

i) /oo ! i ((9"x +1)7" - (o' + 1)_0n> dx
o X n=1 ’

where 6 > 1 is a real number.
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1.46 Pretty Charming Ramanujan-Like (Double) Integral

Representations of the Riemann Zeta Function and Its
Derivative

Lets > 1/2 be a real number. Prove that

z)f / A= =x)y) X;(xy) dxdy = ¢ (2s);

log(xy) . w2 2re?
u)f / = )X;nlog(n)(xy) drdy = = log (F)

where ¢ denotes the Riemann zeta function, y denotes the Euler—Mascheroni
constant, and A represents the Glaisher—Kinkelin constant.

1.47 The Elementary Calculation of a Fractional Part
Integral Naturally Arising in an Exotic Triple
Fractional Part Integral

Let p, g be positive integers with p > g. Prove that

e

_ 4 (g iDL
R <(p ? ,;:(q—iﬂ)z(“” i+2) 1)>’ (1.67)

where {x} is the fractional part of x, |x] is the integer part of x, and ¢
represents the Riemann zeta function.
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1.48 The Calculation of a Beautiful Triple Fractional Part
Integral with a Cubic Power

Prove that

L L EHAED o

21
320

7

O+ 160

T PP P Logt
=1-gt@)— LB -t + L®)+ 35873+ 55020)

1 1 1 1
+2—0§(2)§(5) + E§(3)§(4) + %4(3)5(5) + E§(4)§(5)’

where {x} is the fractional part of x and ¢ represents the Riemann zeta
function.

1.49 The Calculation of a Generalized Triple Fractional Part
Integral with Positive Integer Powers

Let n > 1 be a natural number. Prove that

we L L LAy o

. 1
21_2<n+1)§“l+1)+(n+1)2<n+2)

x (Z ¢l + 1)) (Z(i + )26 + 2)) :
i=1

i=1

where {x} is the fractional part of x and ¢ represents the Riemann zeta
function.
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1.50 A Pair of Cute Fractional Part Integrals Involving the
Cotangent Function

Calculate

f”fz (ot}
0

cot(x)
/2
ii) / {cot(x)}dx,
0

where {x} represents the fractional part of x.

1.51 Playing with a Resistant Classical Integral Family to the
Real Methods That Responds to the Tricks Involving
the Use of the Cauchy-Schlomilch Transformation

Leta, b > 0. Prove that

I /0" cos(@x) . _ T pmab. g — /‘X’ xsin(ax) T b,
o b?2+x2 2b 0o br+x2 2
/OO cos(ax) m(l4+ab) _,,
K = ————dx = —F—e
o (B +x2)? 4b3

/‘X’ x sin(ax) Ta _gp
= _ = —e¢
o (b2 + x2)2 4b

A challenging question: Is it possible to calculate the integrals exclusively
by real methods?
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1.52 Calculating a Somewhat Strange-Looking Quartet of
Integrals Involving the Trigonometric Functions

Prove that
/2
I = / x? tan(x) log(sin(x))dx
0
1 1 1
= —log*(2) + —log 2)¢2) - —§(4) +Liy ( ) (1.68)
24 2
/2 - 9
ii)J =/ %3 tan(x) log(sin(x))dx = 9R—I——log (2)——nlog(2){(3)
¢ (1.69)
/2
iii) K =f x? log(sin(x)) log(cos(x))dx
0
7 7l 1
= %+R og 2(2)— —log (2)——nlog(2)§(3)——L14 <2> (1.70)
/2
iv) L = / %3 log(sin(x)) log(cos(x))dx
0
1449

45 3 27
C (6) + = 10g 2@ — — 10g 2)¢2) — — 10g(2)§ (2)¢3)
(1.71)
? 2) Li L
—ZC( ) Liy <§> s

where ¢ denotes the Riemann zeta function and Li, represents the Polyloga-
rithm function.

A challenging question: How about calculating the integrals without
making use of the Fourier series of log(sin(x)), log(cos(x))?
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1.53 Two Beautiful Representations of Catalan’s Constant,
G=1-L141_ 1L 4 1_
- T2 7270 92

Show that

7cG) 1 (T2 2 log (cos (%)) — log (cos (%))
4 T x /0 /0

)G = 4 cos(x) — cos(y)

dxdy;

(TR SRS TS RS TR B |
ii)G:ﬁ(1+—2————+—+—————+-~)

32052 72 092 1112 132 152
/1 1og(1+¢1+x2)dx
0 1+x2 ’

where G represents the Catalan’s constant and ¢ denotes the Riemann zeta
function.

1.54 Proving Two Equalities with Tough Integrals Involving
Logarithms and Polylogarithms

Prove, without calculating each integral, that

/2
i)3 f tan(x) log2 (sin(x)) Lig (— cot? (x)) dx
0
/2 1
=2 f cot(x) log? <—> Lis (— tan2(x)) dx; (1.72)
0 cos(x)
/2
ity 3 / tan(x) log?(sin(x)) Lis (— cotz(x)) dx
0

/2
— / cot(x) log*(cos(x))Lis (— tanz(x))dx, (1.73)
0

where Li,, denotes the Polylogarithm function.
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1.55 Tough Integrals with Logarithms, Polylogarithms, and
Trigonometric and Hyperbolic Functions

Prove that

/2
) / cot(x) log(cos(x)) log?(sin(x)) Li3 (—tanz(x)) dx
0

109

23 1
= 1235 = 338G @) + 1LL@I06); (1.74)

log(14++/2)
ii) / coth(x) log(sinh(x)) log (2 — coshz(x)> Lio <tanh2(x)> dx
0

L

17
= 1285(5) - 6—44(2)4“(3), (1.75)

where ¢ denotes the Riemann zeta function and Li, represents the Polyloga-
rithm function.

1.56 A Double Integral Hiding a Beautiful Idea About the
Symmetry and (Possibly) an Unexpected Closed-Form

Calculate

/4 pm/4
/ / arctan(cos(x) cot(y)) sec’ (x) tan2(y) secz(y)dxdy.
0 0

1.57 An Exciting Representation of Catalan’s Constant with
Trigonometric Functions and Digamma Function

Show that

w/4 ad n n—+1 1
_ _1\n—1 I _ 2
G = /(; tan(x) E (-1 (W (2) W ( > > 4F n) sin(2nx)dx

n=1

(continued)
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/4 S
+/0 Cot(x)r; (Iﬁ <” ;“ 1) —y (g) _ %) sin(2nx)dx,

where G denotes the Catalan’s constant and i represents the Digamma
function.

1.58 Evaluating an Enjoyable Trigonometric Integral
Involving the Complete Elliptic Integral of the First
Kind at Its Roots

Evaluate

/2 1 /2 1
dx = / dx.
/0 (1 + sin*(x))v/1 + sin?(x) 0 (14 cos*(x))y/1+ cos2(x)

A challenging question: How would you calculate the integral without using
identities involving the elliptic integrals/hypergeometric functions?

1.59 Integrating Over an Infinite Product with Factors
Containing the Secant and the Hyperbolic Secant with
Powers of 2

Calculate

3

2
(1 + sech (27'x) 2 1 + sech (272x) N + sech (27%x) 2 i
/0 1+ sec (2 'x) N1+ sec (2—2x) 1 + sec (273x) ’
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1.60 Linking Two Generalized Integrals Involving the
Polylogarithm Function to Seductive Series

Let m be a positive integer. Prove that

o NOAYE x .
i) sin(@) sin (5) /0 a—n (1 2 oos@) & x2) (&(m+1)—Liy4q(x))dx
m—1 Hi 11 G kO . ((k+1)0
= Z &+ 1y’ (7) Sm( 2 )

<k9> . ((k+1)9)
00 sin ) S )
+ (=)™ IZ( '~ 1:(:)2 ;o (176)

(k + 1)m—i+2 ?

N A ! x(cos(0) — x) ;
LA (5) /0 Tl =@ ) o ) = s @

1 Hi 1 . (k6 (k+ 1o
) Z(k+1>m+1 <7>C°S( 2 )

k6 k+ 1)
o0 sm( 2 )COS( ) )
H (=D 12( = 1;()2 (1.77)

(k 4L 1)m—i+2 ?

where H, = > }_, % is the nth harmonic number, ¢ denotes the Riemann
zeta function, and Li,, represents the Polylogarithm function.
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2.1 A Powerful Elementary Integral

To get the desired result, we use the substitution x = sin(#) combined with the

1—
trigonometric identity, arccos(c«) = 2 arctan ( T a) ,—1l <a<1.
o

2.2 A Pair of Elementary Logarithmic Integrals We Might
Find Very Useful for Solving the Problems in the Book

For the integral from point i) make use of the integration by parts to obtain a
recurrence relation, and for the integral from the point ii) make the change of
variable x /a = y and then use the integral from the point 7).

2.3 Four Logarithmic Integrals Strongly Connected
with the League of Harmonic Series

The four integrals are related to each other, and for deriving the squared log version
we need the simple log version, then for deriving the cubic log version, we need
the squared log version and so on. For an elementary approach, use wisely the
integration by parts.

Also, for the resulting harmonic sums we might need Abel’s summation (finite
version) which states that if (a,)n>1, (bn)n>1 are two sequences of real numbers

n
with A, = Z ar, then we have
k=1
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n n
D axbk = Aubuyi + Y Ax(b — bryr). @1
k=1 k=1

A short, elementary proof of the Abel’s summation may be found in [1, Theo-
rem 2.20, p. 55].

For a different strategy of calculating the resulting sums, we may wisely employ
the relations between the complete homogeneous symmetric polynomials and the
power sums.

2.4 Two Very Useful Classical Logarithmic Integrals That
May Arise in the Calculation of Some Tough Integrals
and Series

Simply make use of the integration by parts.

2.5 A Couple of Practical Definite Integrals Expressed
in Terms of the Digamma Function

For the point i) of the problem, use the series representation of Digamma function,

oo
1 1
= -y + — . Then, for the point ii), aft king th
¥(x) y l§)<n~l—l n—l—x) en, for the point ii), after making the

proper change of variable, employ the result from the point 7).

2.6 A Useful Special Generalized Integral Expressed
in Terms of the Polylogarithm Function

Without loss of generality, assume that 0 < y < 1, and write the integral as

1 1 Jog"
— / o8 (yx) dx. Then, make the change of variable Y x = t and
y=1Jo 1- T y—1

Yy
apply repetitively the integration by parts.
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2.7 Two Little Tricky Classical Logarithmic Integrals

For a first solution to the point i), make use of the following integral representation

. U ya=1 4 yb=1
of the Beta function, _
0 (1+ x)‘”’b

1
point i), we may use the algebraic identity 5 ((A + B)2 + (A — B)2 — 2A2> =

dx = B(a, b). For a second solution to the

Bz, where we set A = log(l — x) and B = log(l + x). Further, to get a third

. . o *log”(1+1)
solution, consider a generalized integral of the type fdt. To get a
0

solution to the point ii), consider the identity (A + B)2 = A% +2AB + B2, where
we set A = log(1 — x) and B = log(l + x), together with the value of the integral
from the point 7).

2.8 A Special Trio of Integrals with log2(1 - X)
and 10g2(1 + x)

For a first approach of the part i) of the problem make use of the following integral
1

representation of the Beta function, / A= 1+0)>de = 21 B(x, y).
~1

Then, to approach the parts ii) and iii), consider the algebraic identity A>2B?> =

1
= ((A + B+ (A—B) —24% - 234), where we set A = log(1 — x) and
B =log(l + x).

2.9 A Darn Integral in Disguise (Possibly Harder Than It
Seems to Be?), an Integral with Two Squared Logarithms
on the Half of the Unit Interval

1 2 2

log”(2x) log~(2(1 —

Exploit the logarithmic integral, / 0g"(2x) log" (21 = X)) dx.
1/2 X
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2.10 The Evaluation of a Class of Logarithmic Integrals
Using a Slightly Modified Result from Table of Integrals,
Series, and Products by 1.S. Gradshteyn and .M.
Ryzhik Together with a Series Result Elementarily
Proved by Guy Bastien

Employ the second equality in (4.3),

o o0 2k
Hy, — Hy 1 X
log(1+ x)log(l —x) = — E XZkT_E 2 =
k=1 k=1

2.11 Logarithmic Integrals Containing an Infinite Series
in the Integrand, Giving Values in Terms of Riemann
Zeta Function

1

1
Make use of the identity in (1.10), / dx =y (s) — ¢ (%) — log(2).
0

x5~

1+x

2.12 Two Appealing Integral Representations of ¢(4) and
Q)G

Use the integration by parts and reduce everything to more convenient integrals.

2.13 A Special Pair of Logarithmic Integrals with
Connections in the Area of the Alternating Harmonic
Series

Consider a system of relations with / + J and I — J.
2.14 Another Special Pair of Logarithmic Integrals with
Connections in the Area of the Alternating Harmonic

Series

Act as in the previous section.



2.18 Interesting Integrals Containing the Inverse Tangent Function and the. .. 43

2.15 A Class of Tricky and Useful Integrals with Consecutive
Positive Integer Powers for the Logarithms

Start with the integration by parts.

2.16 A Double Integral and a Triple Integral, Beautifully
Connected with the Advanced Harmonic Series

Did you see the double trigonometric integral from my Preface?

2.17 Let’s Take Two Double Logarithmic Integrals with
Beautiful Values Expressed in Terms of the Riemann
Zeta Function

For both integrals, make use of the fact that

| og|—)—log| -
1 1
/ log’ (—) log!~! (—) dr = al Y
0 x y 1
x

2.18 Interesting Integrals Containing the Inverse Tangent
Function and the Logarithmic Function

For a global solution, which means to attack both integrals at once, we consider
calculating / + J and I — J. Then, for a second solution to / and J, carefully
integrate by parts and reduce the calculations to the integrals given in (1.24)
and (1.25) from Sect. 1.13. In order to get a third solution to / and J, we transform
the integrals into series, and then reduce all to the calculation of the alternating

B Hy 1/(5 - Hoi—1
. k—1 _ 2 k—1 - _
series, ];(—1) % =3 <§§(2) — log (2)) and ;(_1) w_1-¢"

T 1og(2)
— 10 .
5 log
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2.19 Interesting Integrals Involving the Inverse Tangent
Function and Dilogarithm Function

A route to follow boils down to starting with the integration by parts and then
considering the possibility of using double integrals with a symmetrical integrand
where to exploit the symmetry.

2.20 More Interesting Integrals Involving the Inverse
Tangent Function and the Logarithmic Function:
The First Part

Make up a system of relations with / — J and I + J.

2.21 More Interesting Integrals Involving the Inverse
Tangent Function and the Logarithmic Function:
The Second Part

Start with the integral J, integrate by parts, and then make the change of variable
1 arctan?(x) log(1—x)

1—
X = —y. To calculate the integral 7, note and use that / dx
1+y 0 1+ x2
1 arctanz(x) log(1 — x2) 1 arctanz(x) log(1 + x)
= 3 dx — > dx.
0 1+x 0 14+x
J

2.22 Challenging Integrals Involving arctan(x), log(x),
log(1 — x), Liz(x), and Liy(x?)

As a possible strategy to start with, for the results from the first two points of the
problem, make use of the integration by parts, and for the result from the point
iii), combine the use of the Dilogarithm function identity, Liy(x) 4 Liz(—x) =

1
3 Liy (x?), with the integration by parts.
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2.23 Two More Special Challenging Integrals Involving
arctan(x), log(x), log(1 + x), and Liz(—x)

Use the integration by parts.

2.24 A Challenging Integral with the Inverse Tangent
Function and an Excellent Generalization According to
the Even Positive Powers of the Logarithm

For the first part of the problem, one may initially show that the hard core of the

Lreey o
integral reduces to calculating / ( / %dz) dy, and then exploit
o \Jo (y+2(1+2z%)
the symmetry. Next, for the second part of the problem prove and use that for —1 <

s < 0, we have the following result,

/OO x5 T sy y~t
dx = —csc (—)
o (I+x)(14y%x?) 2 27 1+4y2

1—s

(ns> vy 7 csc(irs)
2714y 14y2

+rr
— sec
2

2.25 Let’s Tango with an Exciting Integral Involving the
Inverse Tangent Integral, the Lerch Transcendent
Function, and the Logarithm with Odd Positive Powers

Make use of the following integral representation of the Inverse tangent integral,

. ! xlog(y) . . o
Tir(x) = — ———=dy, combined with the relation in (3.131).
242
o 1+x=y

2.26 A Superb Integral with Logarithms and the Inverse
Tangent Function, and a Surprisingly Beautiful
Generalization of It

For a first solution to either of the two points, use the result in (4.4), and for a second

| tan(¢) log(1 + 2
solution use that 2/ 0g(x) = arctan(?) log(1 + ), t eR.
0o (x+D241¢2 t
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2.27 A Kind of Deviant Pair of Integrals with Logarithms
and Polylogarithms, Using Symmetry

Employ the result in (1.12) and exploit the symmetry.

2.28 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The First Part

Reduce the main integral to a double integral by using the integral in Sect. 1.6, and
then calculate the double integral by exploiting the symmetry of the integrand.

2.29 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The Second Part

A similar approach as in the previous section.

2.30 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The Third Part

A similar approach as in the previous two sections.

2.31 Two Families of Special Polylogarithmic Integrals
Expressed in Terms of Infinite Series with the
Generalized Harmonic Number and the Tails of Some
Functions

To establish the results, we may use the identities in (3.182) and (3.179) in the next
section.
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2.32 A Generalized Integral Beautifully Connected to a
Spectacular (and Simultaneously Strange) Series

Split wisely the integral and approach the resulting integrals by means of recurrence
relations.

2.33 A Special (and Possibly Slightly Daunting) Integral with

Two Polylogarithms, Li; ( —— ) and Li,
x—1 x+1

Make use of the Landen’s identity and/or the generating function in (4.10).

2.34 Exciting Challenging Triple Integrals with the
Dilogarithm

Reduce both triple integrals to the calculation of harmonic series.

2.35 A Curious Integral with Polylogarithms Connected to a
Double Integral with a Symmetrical Exponential
Integrand

Make use of the result in (1.12).

2.36 Double Integrals Expressed in Terms of the Exponential
Function and the Polylogarithm (of Orders 2, 3, 4, 5,
and 6)

For all four integrals, make use of the result in (4.6) and reduce all to the calculation
of the resulting harmonic series (where one doesn’t need to know the values of each
particular harmonic series involved).
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2.37 Exponential Double Integrals with an Appealing Look

For both integrals use that

1 —X __ ,—Y
e [y o
0 x—y

2.38 A Generalized Double Integral Involving a Symmetrical
Exponential Integrand and a Limit Related to It

To get the generalization from the first part of the problem, start with splitting the
[ele} y e}
inner integral as / = [ + / and exploit the symmetry of the integrand.
0 0 y

2.39 A Special Multiple Integral and a Limit of It Involving
the Euler—Mascheroni Constant y, the Euler’s
Number e, and the Famous = All at Once

Make use of the result in (3.205).

2.40 Some Curious Integrals Involving the Hyperbolic
Tangent, Also Having Beautiful Connections
with the Beta Function

Start with the point iii) of the problem (which represents the pivot for the rest
of the points of the problem) that can be easily proved by using that tanh(7x) =

8x & 1
T 2 2n — 12 + (2x)2°

n=1
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2.41 A Little Integral-Beast from Inside Interesting Integrals
Together with a Similar Version of It Tamed by Real
Methods

> p" sin(nx)
Make use of the result, Z _

n=1

' = P gin(p sin(x)).
n:

2.42 Ramanujan’s Integrals with Beautiful Connections with
the Digamma Function and Frullani’s Integral

For the integral from the point i), rearrange it and make use of the Digamma

-1
T .
x—1
Then, for the integral from the point ii), rearrange it and make use of
the following integral representation of the Digamma function, ¥ (x) =

[ee} —t —Xxt
[ (5 -1 )a
0 t 1—e!

2.43 The Complete Elliptic Integral of the First Kind
Ramanujan Is Asked to Calculate in the Movie The Man
Who Knew Infinity Together with Another Question
Originating from His Work

1
function integral representation, ¥ (s + 1) = —y + /
0

/2
For the point i) of the problem, start by using the auxiliary result, /
0

dx T 1

1 — asin®(x) - 5\/1—61

result from the point 7).

. As regards the point ii) of the problem, use the

2.44 The First Double Integral I Published in La Gaceta de la
RSME, Together with Another Integral Similar to It

—u
and y =

For both integrals, make the changes of variable x = .
14+u 14+
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2.45 An Out-of-Order Integral with an Integrand Expressed
in Terms of an Infinite Series and a Generalization of It

Recall and use Ramanujan’s result in (1.65).
2.46 Pretty Charming Ramanujan-Like (Double) Integral
Representations of the Riemann Zeta Function

and Its Derivative

11—y

o
For the beginning start with the fact that either ———F—— Z k=
(1- x)(l —xy) &=

k—1
Ol—(l—x)y > o=yt

k=1

2.47 The Elementary Calculation of a Fractional Part
Integral Naturally Arising in an Exotic Triple
Fractional Part Integral

Start out with the change of variable x = 1/y, and then integrate by parts to establish
a recurrence relation.

2.48 The Calculation of a Beautiful Triple Fractional Part
Integral with a Cubic Power

One of the starting ways is to make the proper variable changes such that one brings

Uy pl/y
the integration limits of the initial integral to the form / / and then apply

0
the integration by parts by means of the Leibniz integral rule.
One also needs particular cases of the fractional part integral from the previous
section.
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2.49 The Calculation of a Generalized Triple Fractional Part
Integral with Positive Integer Powers

For a first solution, use the same strategy as the one described in the previous

1 n
section. In the calculations one will need to use that 7, , = / x" { —} dx =1—
0 X

1 n 1 1 n 1 1 n
i+1)and [ :/ xn—i—l{_} dx=--— i+
n+1;“ Jand by = | - AT T E(

1)¢(@@ + 2), where n > 1, which can be derived from the generalization in (1.67).
The first integral also appears in [2, 2.21, p. 103].

For another solution, exploit the symmetry to reduce the main integral to the
calculation of two simpler integrals.

2.50 A Pair of Cute Fractional Part Integrals Involving the
Cotangent Function

For both integrals use the fact that {x} = x — |x], where {x} denotes the
fractional part of x and |x| represents the integer part of x, and reduce all to the
calculation of the corresponding series. The corresponding series from the point i)
of the problem might require the well-known Euler’s infinite product for the sine,

00 2
sin(x) = x H (1 — %) and the corresponding series from the point ii) of the
il nmw

o
problem might require the use of the classical result, Z c = —y(1—1)—y.
k=2

2.51 Playing with a Resistant Classical Integral Family to the
Real Methods That Responds to the Tricks Involving
the Use of the Cauchy-Schlomilch Transformation

. 1 © _pryx2 . :
Start by using that Pl / e~ "Iy and later in the calculations use
x
o i
the integration by parts to calculate f x2e ¥ dy.
0
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2.52 Calculating a Somewhat Strange-Looking Quartet
of Integrals Involving the Trigonometric Functions

For all four points we might want to prove and use that

I

n=1

2.53 Two Beautiful Representations of Catalan’s Constant,

1 1 1 1
G=l-m+g-—mate—

For the first part of the problem, rearrange the integral properly to make use of the

1
u v
fact that log(1 — log(1 = =
act that log(1 + u) — log(1 4 v) /0<1+tu T+ 10

Then, for the second part of the problem, one might start with the following
1
1
integral representation of the Catalan’s constant, — / %(xzdx =G.
0 X

2.54 Proving Two Equalities with Tough Integrals Involving
Logarithms and Polylogarithms

Exploit the result in (1.12).
2.55 Tough Integrals with Logarithms, Polylogarithms,
Trigonometric, and Hyperbolic Functions

For the point i) of the problem let the variable change sin®(x) = y, and for the point
ii) of the problem make the change of variable sinh? (x)=y.

2.56 A Double Integral Hiding a Beautiful Idea About the
Symmetry and (Possibly) an Unexpected Closed-Form

Properly arrange the integral and then switch from polar to Cartesian coordinates.
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2.57 An Exciting Representation of Catalan’s Constant with
Trigonometric Functions and Digamma Function

Start with the calculation of the inner series.

2.58 Evaluating an Enjoyable Trigonometric Integral
Involving the Complete Elliptic Integral of the First
Kind at Its Roots

Check the possibility of using a double integral with a symmetrical integrand, and
then exploit the symmetry to reduce the calculations to simpler integrals.

2.59 Integrating Over an Infinite Product with Factors
Containing the Secant and the Hyperbolic Secant
with Powers of 2

P d exploit th It i ! ! th(x)
rove and exploit the result, . - — = coth(=) —
P sin (277x)  sinh (27"x) 2
n=1
x
cot (—) .
2

2.60 Linking Two Generalized Integrals Involving the
Polylogarithm Function to Seductive Series

Consider the relaxed version (the second version) of The Master Theorem of Series.
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Chapter 3
Solutions

3.1 A Powerful Elementary Integral

Solution Let’s start out with a powerful elementary integral that in the present
book will allow us to solve the Basel problem (I mentioned a few things about it
in the Preface), or calculate a beautiful double integral we’ll meet in one of the next
sections, and at the same time, if properly tweaked, it will also help us to derive a
useful classical inverse sine series which appears in the fourth chapter.

Now, to calculate the integral and prove the stated result, we start with the change
of variable x = sin(¢), and we get

1 1 /2 1
— dx = / —dt
/0 (14 yx)v/1 — x2 o 1+ ysin(?)

/7{/2 1
- t t t t
O sin? <5) + cos? <§> + 2y sin (§> cos (§>
t /!
tan | <
7'[/2 <2> _ 1 1
—2 / t ———di =, / —————du
0 tan2<§)+2ytan(5>+1 0 u'+2yu+l

1

1 _ y+1
=2 w2 [
O w1y YR (1)

dr
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= L arctan & — arctan L
\/l—y2 \/l—y2 l—y2

2 1—y
= ———— arctan S
\/l—y2 I+y

1 —
{use the trigonometric identity, arccos(x) = 2 arctan ( T oe) }

o

arccos(y)

V=
and the solution is complete.

The indefinite integral form of the main integral in sine may also be found in [68,
p. 181].

To answer the proposed challenging question about solving the Basel problem,
let’s first integrate with respect to y, from —1 to 1, both sides of the identity above,
and then we have

1 1 1 U arccos(y)
) dy = [ Ty,
-1\Jo (I1+yx)v/1—x -1 /1 —=y2
y=1 2

1
=3 arccosz(y) = % (3.1

y=-1

On the other hand, reversing the integration order, the double integral in (3.1) can
be written as

1 1 1 1 1 1
—— dx )dy = ——dy|d
/;1 </0 (14 yx)v/1 —x2 ) Y /0 (/;1 (14 yx)v/1 —x2 y) g

1—x

log| ——
_2/1 arctanh(x)dx__/1 g(l+x>dx (1—x)/(1+x)=y> _4/1 log(y) dy
0 x+/1—x2 0 x+/1—x2 0o 1—y?

1 oo 0 a1 00 |
=4 [ Yoty = 43 [ 3 P lotndy =4 5.
0 n=1 n=1 0 n=1 (21/1 - 1)
(3.2)
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0 2
1
Combining the results in (3.1) and (3.2), we get nE_l m = %, and since we
> o [ 1
te that - = _ _ ,
can write tha Z Z(zn)2+;(2n—1)2 4;’12—1-';(2”_1)2

we are 1mmed1ate1y led to

2

ST e
Y=g e

and the solution to the challenging question is complete.

If you’re interested in more solutions to the Basel problem, then you may find an
exciting collection of proofs in [17, Chapter 11, pp. 225-227] and [21]. Or if you
enjoyed a creative way involving the Fourier series, you might also like to see [63,
Chapter 4, pp. 150-153]. Lastly, one might also try to calculate the series by the
summation techniques of the contour integration (see [12, pp. 151-153]).

In a more general view, the series in the Basel problem is a particular case of the
celebrated Riemann zeta function (see [118], [18, Chapter 4, pp. 39-46], [26], [62,
Chapter 2, pp. 15-24]), defined as

1 11
;“(s):Z—s:—s TR OERE
and particular values of it we’ll find spread throughout the book since the major part
of the integrals and series we’ll meet have values expressed in terms of it.
I’ve considered this problem to be the first to add to the present book since my
first 2015 book proposal at Springer.

3.2 A Pair of Elementary Logarithmic Integrals We Might
Find Very Useful for Solving the Problems in the Book

Solution It’s not hard to guess in this section we have to deal with two integrals of
high school level, strongly related to each other, and (as you’ll see) that are proving
to be very useful in our journey.

We’ll find particular cases of the given logarithmic integrals, and especially cases
of the integral from the point i), in many places in the book.

1
For the part i) of the problem, we start by denoting /() = f x" log" (x)dx,
0

and upon integrating by parts, we get

x=1 1

P iogh (),
0

xm—HlO n(y
g ( )x:o p——

1
1
"log" (x)dx =
/Ox og" (x)dx o

I(m,n) 0 I(m,nfl)
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. .. . Ionn n
which we can rewrite in terms of a recurrence relation, mm) _ _ or

I(m,n—l) m+1

Iy _ k
I k—1) m+1

(3.3)

Giving values to k in (3.3), from k = 1 to n, and then multiplying out all these
relations, we obtain

I(m»l) . I(m,2) I(m,n) _ (—1)n n!
Imo0)y Im1y  Lman—1) (m+ D’

and after simplifications, we arrive at

n!

— (_ n
Im,0) = (=1 CEETTEEE

! n!
I(m’n) = /0' )Cm log"(x)dx = (—1)nm

and the part i) of the problem is finalized.

Next, for the part ii) of the problem, we make the change of variable x/a = y,
and then we obtain

a 1 1
/ X" log" (x)dx = a™*! / y" log" (ay)dy = a™*! [ Y™ (log(y) + log(a))"dy
0 0 0

1 n
n _
a’"“/o Yy <k> log" (y) log" *(a)dy
k=0

{reverse the order of summation and integration}

n 1
=a"t"'y" (Z) log" ¥ (a) /0 y" logk (y)dy
k=0

{make use of the first part of the problem}

k!

and the part ii) of the problem is finalized.

Alternatively, both points can be approached with the variable change x = ¢/,
and then it’s easy to see that for the first point of the problem we recognize the
Gamma function (see [10, 107], [78, Chapter 1, pp. 1-4]), which is the Paul’s way
to calculate this integral in Inside Interesting Integrals (see [64, p. 146, p. 380]).
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The special case, a = 1/2, of the integral from the point ii) plays an important
part in the derivation of a bunch of key series relations from the chapter Sums and
Series which will allow us to obtain the values of some harmonic series involving
the powers of 2 in denominator.

The integral from the point i) also appears in [64, Chapter 4, p. 146] and [66,
p. 441].

3.3 Four Logarithmic Integrals Strongly Connected with the
League of Harmonic Series

Solution It is worth mentioning that the origin of such integrals dates back to the
time of the English mathematician Joseph Wolstenholme (1829-1891), and the first
proposed integral appeared in his appreciated book! with mathematical problems.
We’ll want to keep the present logarithmic integrals, like the ones from the previous
section, close to us in our toolbox as we advance through the book, and we’ll find
them particularly useful in the problems involving the harmonic numbers. The next
solutions also aim to answer the proposed challenging question.

Considering the integration by parts, we have

1 1 1
I, =/ x"log(1 — x)dx —/ (x" — 1) log(1 — x)dx
0 nJo

1 x=1
= —(@x" = Dlog(1 —x)
n x=0
0
—1/1 it :—l/IZn:xk_ldx ——12":/ x*dx
nJjo 1—x nJo i ni—=Jo
11 H,
nkzlk n

and the calculation to the first logarithmic integral is finalized.

! Amongst the wonderful collection of problems Joseph Wolstenholme gathered in his book A Book
of Mathematical Problems, on subjects included in Cambridge course published in 1867, one can
also find the integral I, at the page 214, the problem 1031, and the original statement is: Prove that,

1 1 1 1 1
if n be a positive integer, / (1 —x)*" llog( )dx = - (1 + = 2 + = 3 + -4 7) It’s easy to
n

see that letting the varlable change 1 — x = y, then multiplying both sides by (—1) and using the

1

notation H, = 1 + 5 + g + --- 4+ —, we obtain the form in which I, is proposed in the present
n

book.



60 3 Solutions

Now, let’s pass to the second integral, J,,, and using the integration by parts as in
the first integral, we get

1 1 1
Ju =/ x"og?(1 — x)dx = —/ (x" — 1)’ log?(1 — x)dx
0 nJo

x=1

1 n 2
=—-" —1)log*(1 —x)
n

x=0

0

2/11—x"
n Jo 1-—

2 1
log(1 — x)dx = ——/ > x*Tog(l — x)dx
X nJo =1

25~ (1o 2\ Hy HX+HP
= —— “log(l —x)dx = —— = - —_—,
n];/ox og( x)dx n]; nZk

=1

To see the last equality holds, we exploit the symmetry, and we write

725 3) ST 31 385 3} FU SRR 3) SRS

11]1 i=1 \j=1 j=i i=1 i=1 j=1
n
H.
oy e
i=ll

. H; _ H?+ H,” .
whence we obtain that — = 5 (see [31, p. 280]), and the calculation
i
i=1
to the second logarithmic integral is finalized.
Next, for calculating the integral K,,, we use again the integration by parts, and
we obtain

1 1 1
K, =/ " og*(1 — x)dx = —/ (x" = 1) log*(1 — x)dx
0 nJo

1 x=1
= —(x" = 1log*(1 — x)
n x=0
0
3 (11— i1
- log (1—x)dx =—= Zx log?(1 — x)dx
n Jo 1—x 0 =1

H} + H‘2>

=——Z/ xlog?(1 — x)dx———ZJk ——Z . (34
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Using Abel’s summation (see (2.1)) with ay = 1/k and by = sz + H,§2), we have

n 2 (2) 2
—_H H H -2
; x (i + Hypp) Z P T a2
Hip1 — 1/(k+1))?  Hiypr — 1/(k+1)
—H, H? ) -2 (
(Hisr + Hyp) Z( K+ 1 ETESE

{reindex the sum, expand it and then leave out the term for k = n + 1}

H
_ 2 (2) n+1 n+1
=H,(H;, |+ H, 1)—2E —+2§ n+1+2(n+1)2. (3.9

. - H;
Then, we apply Abel’s summation (see (2.1)) for Z 2 and we get
k=1

(2) 1

H " HP " HL - G
__H H? _ k g H® _ (k+1)
g 5 = Hyy 1 H) ;k+1 wi1 Hy 1; T

{reindex the sum, expand it, and then leave out the term for k = n + 1}

" H®  HO
= Hy H? =) —I’; - f:l +HY + — (3.6)
k=1

Now, we plug the result from (3.6) in (3.5) that gives

(2) ()]

no o @ 2

H}+H H? + H| 5 H'?,
E kk—k=—2§ kT+H(H +1+H( )1)+2Hn+1HI§2)_2ﬁ
k=1 k=1

2 H? H,
2H(3) ) n+1 2 n+
et +(n+1)3 n+1+ (n+1)2

1
{use that H (Tl =H™ 4 EFS and then expand}

a®
— Z + H? 4+ 3H,H® +2HY,
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from which we get

" HE+HD 1
Z kk—k = 5(H,f +3H,H® +2H®). (3.7)
k=1

Lastly, plugging the result from (3.7) in (3.4), we obtain that

" HR+ HY B} +3H,HD 28]
k - n ’

1
3
K, = / " og?(1—x)dx = —=
0 o

and the calculation to the third logarithmic integral is finalized.
Finally, for the integral L,, we proceed as in the previous cases and carefully
apply the integration by parts that leads to

1 1 1
L, =f " Mog*(1 — x)dx = —f (x" — 1) log*(1 — x)dx
0 nJo

x=1

1
= —x" = Dlog*( —x)
n

x=0

0

n 1—x

4 (11 —x" 4 T
——/ al log(1 —x)dx:——/ E xTog (1 — x)dx
0 nJjo 4
i=1

PR 4 4 H3 +3H,H® 420
=—— Tog?(1—x)dx =——) K; = — d d R
n Z/O * g (1=x) n Z ! n Z i
i=1 i=1 i=1
(3.8)
For the last sum in (3.8) we can use again Abel’s summation to get the desired result,
as at the previous points of the problem, but this time we might prefer to recall

and use the complete homogeneous symmetric polynomial, A (x1, X2, ..., X,) =

power sums, pg(xq, X2, ..., X,) = x{‘ + x§ +...+ x,’i, using the recursive relation,

n
nh, = Z prhy—i (see [45, p. 23]). Inspecting the small cases, we easily observe
k=1
we have that hy = py, hy = (p}+ p2)/2, h3 = (p} +3p1p2+2p3)/6, ha = (p} +
6p7 P24+8p1p3+3p3+6pa) /24, hs = (p7+10p3 par+15p1 p3+20p7 p3+20p2 p3+
30p1 pa + 24ps5)/120. Alternatively, to get hy expressed in terms of pi, we may
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o0 o0
inspect the coefficients of the generating function, Z *hy = exp (Z i* pk),

k=0 k=1 k
o o0 ]
hich can be derived by using th ting f t',Etkhz
which can be derived by using the generating function L k E Tt

If we take a look at the sums from the previous points, we notice immediately we
are interested in /4 expressed in terms of power sums, and write that

h4_zzgﬁx1x,xm ((Zxk> +6<éxk>2<ém§>

i=1j=1

n n n 2 n
8 (Zxk> (Z xg) +3 (Z ,z) +62x;;>. (39)
k=1 k=1 k=1 k=1

Now, it’s easy to see (already knowing the sums from the previous points) that

n H3 +3H; H-(z) + 2H_(3) n H2 + H(z) n
i i i
2 : =33+ Z ZZ 5 Z
i=1 =1 j=1 i=1 j=1 k=1
n i j 1 1
=63 3 3> i Z(H,j +6HIH® +8H,H'Y +3 (H,@) 24+ 6HW),

i=1 j=1k=1I1=1

(3.10)

where for getting the last equality I set x; = 1/k in (3.9). Thus, by plugging the
result from (3.10) in (3.8), we conclude that

H} +3HH? +2H

1 n
4
L — I’l—ll 4 1_ _ k k
n /0 X og*( x)—nkg_] A

_ HY+6H2HY +8H,HY +3(H)? + 61,

)

n

and the calculation to the fourth logarithmic integral is finalized.

More generally, after checking the small cases, the curious reader might observe
the general case involving log™ (1 — x), with m a positive integer, may be expressed
in terms of the complete homogeneous symmetric polynomial,

! —1)"m! 1 1
/ = log" (1 — xydy = M, (1,-,...,-). 3.11)
0 n 2 n
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We want to prove the result in (3.11) by induction on m, and assuming that

1 m—1
-1 — D! 1 1
/ X1 logm_l(l —x)dx = Mhm,l (1, - .., —), and using
0 n 2 n
the integration by parts, we have

1 1 1
/ x"og"(1 — x)dx = —/ (x" = 1)’ log™ (1 — x)dx
0 nJo

1 .n n 1
—1
= —ﬁ/ X log’"_](l —x)dx = _m E / ¥kl logm_](l — x)dx
nJo x—1 " =170

(=D)"m! &1 1 1 (=D™m! 1 1
= — “hp_i|l,=,...,= ) =——h, |1, =, ...,— ),
n ];k m-l 2 k n " 2 n

and the result in (3.11) is proved. Also, we may observe that every integral can
1

be viewed as a particular case of the Beta function, B(x,y) = / u“l(l —
0

u)y_ldu, Rx) > 0, R(y) > 0 (see [94], [61, Chapter 6, pp. 53-70], and [78,
Chapter 1, pp. 9—11]), which we can use to derive the results differently.

The first two integrals, I,, and J,, also appear in two of the papers I published
(in one as co-author) in [93] and [86], where they were successfully used for the
derivation of two harmonic series, or in [28]. The integral I,, may also be found in
4.293.8 from [30].

3.4 Two Very Useful Classical Logarithmic Integrals That
May Arise in the Calculation of Some Tough Integrals
and Series

Solution Both integrals appear in the precious book Polylogarithms and associated
functions by Leonard Lewin (pp. 159-160), so well described in the Foreword of his
book prepared by the Professor of Mathematics, A.J. van der Poorten, Macquarie
University, Australia, This is a delightful book filled with extraordinary identities
and wonderful formulas. In general, you’ll find in there all you need about the
Polylogarithm function, from definitions to sophisticated identities, formulas of
great help in the calculations with integrals and series. It’s a truly extraordinary
work on the Polylogarithms we’ll want to return to in our journey through the
book. Also, one may find both integrals in the famous series of books Integrals and
Series by A.P. Prudnikov, Yu.A. Brychkov, and O.1. Marichev (see [68, Chapter 1,
pp. 251-252]).
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The solutions below follow the same simple idea presented in Lewin’s book
which is mainly based upon applications of the integration by parts. Then, for the
integral from the point i) we start with the integration by parts that yields

1=x X _
+2/ log () log(1 t)dt
t=0 0

X logZ(1 —¢
/ 0820 4y — 1og(r) log2(1 — 1) =
A —

t

* log(t)log(1l — ¢t
og(r) log( )dt

= log(x) log>(1 — x) + 2/
0 1—1¢

= log(x) 10g2(1 —Xx)+ Z/X (Liz(1 — t)) log(1 — t)dt
0

1=x * Lip(1 —¢
) / Lod =10,
t=0 0

1—1
t=x
)

= log(x) log?(1 — x) + 2log(1 — x) Lio(1 — x) — 2 Li3(1 — x) 4+ 2¢(3),

= log(x) logz(l —x) +2Lix(1 —t)log(l — 1)

= log(x) log2(1 — x) 4+ 2log(1 — x) Lir(1 — x) + 2 (— Lis(1 — 1)

and the solution to the first logarithmic integral result is finalized.
To calculate the integral from the point i7), we start with the integration by parts
as we did in the previous integral, and we get

* log?(1 +1¢
f wdtzlog(t)log%l%—t)
0

I=x 2/)‘ log(t) log(1 + t) dr
=0 0 1 +t

* log(t)log(l + ¢
— log(x) log2(1 + x) —2f log@Wlogd +1)
0 141

dr

B (log(l +1) +log <1L+z>> log(1+1)
= log(x) log?(1 + x) — 2f
0 141¢

%_H) log(1 +1)

141t

dr

log
X 21 ¢ X <
— log(x) log2(1 + x) —2/ wm —2f

0 +1 0

2 x 1 !
= log(x) 10g2(1 +x)— = log3(1 +x) — 2/ (Li2 <—>> log(1 + t)dr
3 0 141¢



66 3 Solutions

2 1 =y
=10g(x)10g2(1+x)—510g3(1+x)—2<L12<1+ >1og(1+t) )
t=0
1
/ (Y a
1+¢ 141t
2 2. 3 . 1
= log(x) log“(1 + x) — glog (14 x) —2log(1 + x) Lip T x

(-0 (5)] )

2 1
= log(x) log?(1 + x) — 3 log®(1 + x) — 2log(1 + x) Lis (1 -

1
—2Li3 <1 T )+2§(3)

and the solution to the second logarithmic integral result is finalized.

For instance, the integral result from the point i) appears in the derivation of the
last two generating functions from Sect. 4.10, and we will want to have it ready in
hand at the right time.

3.5 A Couple of Practical Definite Integrals Expressed
in Terms of the Digamma Function

Solution Both integrals prepare us for an introduction to the terrific Digamma
function since they are expressed in terms of the mentioned function, and let’s
remember that Digamma function is defined as the logarithmic derivative of the

Gamma function, ¥ (x) = ilog(F(x)) = 1}:(“;
x

. Since in the book we’ll have
dx

to deal a lot with the harmonic numbers, one might also like to know that the
n

extension of the harmonic number, H,, = Z i for the non-integer values of n, is
k=1

achieved through the Digamma function relation, H,, = y(n+ 1)+ y, which is very

useful in many cases. If you’re interested to learn more about Digamma function,

a beautiful introduction together with various, superb integral representations of it

may be found in [61, Chapter 10, pp. 119-143]. Also, both the integral from the
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point i), with the first equality, and the integral from the point /i) appear in the same
book in [61, Chapter 11, p. 146, p. 153].

As regards the point i) of the problem, to prove the first equality, we
make use of the series representation of Digamma function, ¥ (x) = —y +
o

1

1
Z ( — ), and then we write
o\n +1 n+x

1 sl 1 o | eina
dx = L S ¢ b
/O 1+x /0;;( )

{change the order of summation and integration}

00 1 [} 1
— (_1)”—1/ xS-‘rn—de — (_1)]1—1
nX:% 0 r; n+s—1

{rearrange the sum considering n odd and even}

a 2n+s—2 2n+s—1
n=1

{add and subtract 1/(2n) under the sum}

1 /1 1 1 1
:EZ(Z_n+(s—1)/2_<2_n+(s—2)/2)>

© 1 ® {
(n;(;_n+(s—l)/2>_;<2_n+(s—2)/2>>

{reindex both series and start from n = 0}

1 [ 1 1 > 1 1
:§<n§<n+1_n+(1+s)/2>_z<n+1_n+s/2>)

n=0

{make use of the series representation of the Digamma function stated above}

=5 (+(557) -+ ().

and the first equality is proved.
To prove the second equality,
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%(w (1 ;S) —y (%)) = v~ (3) ~ 1oz,

we make use of the formula in [1], pp. 258-259,

1 1 1
Y(2x) = EW(x) + Elﬁ (x + 5) + log(2), (3.12)

where upon replacing x by s/2, we obtain that
1 s 1 145
=Yz Y| — log(2
¥(s) zw(2)+2w< 5 )+ 0g(2),

and the second equality is proved.
A first fast way of proving the result in (3.12) relies on the use of the Legendre

2 r@r (z+3)
JT
(e.g., it can be proved by combining Beta function and Gamma function as shown
in [112]), where if we take log of both sides and differentiate, we obtain the desired
formula.
Now, to prove the result in (3.12) differently, we start with ¢ (2x), and we write
that

duplication formula in [1], p. 256, which states that I" (2z) =

s 1 1
veo =+ 3 (57 e
n=0

{split the series according to n even and odd}

- 1 1 - 1 1
:_)/+l§)<2n+l _2n+2x>+’§(2n+2_2n+1+2x>

o0
(o
T T\l T w2 w2 it

+i 1 1
= 2n+2 2n+142x

{split the first series}
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o0 o
1 1 1 1 1
-y _ rils B
= 2n+1 2n+2 2 2n:0 n+1 n+x

log(2) 1729 (x)

272 (n+1 n+x+1/2)_°g() FV @) 51ﬁ<x 5),

n=0

1/29 (x + 1/2)

and the point i) of the problem is finalized.

This second equality is not immediately obvious, but it is important to be aware
of it, and we might like to keep it close to us when passing to the next sections
(where we’ll find it very useful for a particular section).

Next, for the point ii) of the problem, letting the change of variable x =
—log(+/1), we obtain

00 1 r'1—¢ 1 1 yy/2-1 1 4y/2
/ tanh(x)e > dx = —/ — 4 =~ f dr — / dr
0 2J)o 1+t 2\Jo 141t o 141
{both integrals are cases of the integral from the point i)}
1 y+2 1 y 1 y
- YA 2y (D= 2w (1 _)
(v () s () sv (g
. . . 1
for the last Digamma function, use the recurrence relation, ¥ (x + 1) = ¥ (x) + }
X
1 y+2 y 2
()0 0)-2)

and the point i7) of the problem is finalized.

Alternatively, to calculate the integral we may use the result® in 3.311.11 from
[30],

2To point out an idea of proving the result, one might note that r — s > 0, and writing that

00 GPX _ p4x 00 H(p=r)x _ olg—r)x
——dx = —————dx, and then using the geometric series combined
0 erx — osx 0 1— e(s—r)x

—r 00 HPX _ 4%
xe*du, we arrive at — dx =
r O erx — eSX

P
with the fact that ¢P™% — (4% — /
e p—r - o p—r o)
Ze(s_")x" (/ xex“du> dx = Z/ (/ xe((s_r)""'”)xdx) du
q—r n=0v4-" 0

/0 n=0
- 1 1 _ 1 r—q\ ., (r—»p
ng;)((sfr)nJrQ*r B (sfr)nerfr) - rfs<l//<r—s> Ip<rfs>)’
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X ePX _ 4% 1 r—gq r—p
| e s (G2 (20)
0o e*—e r—s r—s r—s
wherer > s,r > p,andr > q.
The integral from the point ii) might be preferred instead of the integral from the

point ) in some calculations, and in one of the next sections we’ll be convinced of
its usefulness during the derivation of a curious helpful series.

3.6 A Useful Special Generalized Integral Expressed
in Terms of the Polylogarithm Function

Solution Why to take into consideration such an integral? Where is it useful?, a
couple of questions one might immediately ask. On the other hand, physicists might
react saying This looks like a disguised form of the integrals of the Bose—Einstein
and Fermi—Dirac distributions. And, yes, to see this we might simply let the variable
change x = ¢ in the main integral and then compare it with the integrals (3) and
(4) that appear in [117]. In fact, we have in front of our eyes a formidable integral
which plays an important part in the derivation of some very useful results we’ll
want to employ for some of the problems in the book.

Without loss of generality, we assume that 0 < y < 1, and then we write that

1 log™ 1 1 log™
/ 0g"(x) / 0g"(x)
o I—y+yx y=1Jo 12

y—1

n y_l
L=t 1 [¥/0-D log< y t)
=1 / Ny Jy
0

Ty 1—1

1 Y/0-D -1
= —/ (log(1 — 1)) log" (y t) dt
yJo y

{apply the integration by parts}

where the last equality is obtained by using the Digamma function series definition,

>/ 1 1
Wz>:_y+2(n+1 - n+z>'
n=0
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t=y/(y=1)

1 —1
— Zlog(1 — 1) log" (y z)
y y

0

y/O=D 1oe(1 — ¢ -1
_E/ og( )log"_l (y t) dr
Yy Jo t y

y/ (=1 -1
=z / (Liz (1)) log" ! (—y z) dr
yJo y

t=0

{apply again the integration by parts}

—1
= " Liy(t) log" ™! (y z)
y y
0

—1) Y=Y Liyt -1
@ —1) / i2(0) 2 (y t) “
y 0 4 y

-1 y/(y=1) -1
__re-l) / (Lis (1))’ log" (—y r) dt
y 0 y

{apply the integration by parts for another n — 2 times}

t=y/(y—1)

t=0

= (1"

nn—1m—=2)---1 /WH) Lin(t)dt
y 0 t

n t=y/(y—1)
= (="' = Lipt1 (1)
y n+1

t=0

. y
Li, 1 <T1>
= (1) — YT
y

and the solution is complete.
Alternatively, when working with y € (—o00,0), we note that 0 <

—— < 1, and we can use the geometric series for the calculation of

1 fl log" (x)
— dx
y=1Jo -2 4
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The use of the generalized integral in the present book is essential for expressing

the Polylogarithms of the type Li, (Ll in terms of series involving the
X

harmonic numbers as we’ll see in the chapter Sums and Series. To have an idea
on how these series would look like, before arriving to the dedicated section from
the next chapter where I treat such series representations, it is enough to recall the
well-known Landen’s identity (see [44, Chapter 1, p. 5], [78, Chapter 2, p. 107]),

1
Lir(x) 4+ Lin (L) = —= 10g2(1 — x), together with the series representations

x—1 2
00 o0
H, 1 i
an+1n _:1 _ Elog2(1 — x) and Z z—z = Lix (x).
n=1 n=1

3.7 Two Little Tricky Classical Logarithmic Integrals

Solution The first encounter of a newcomer, a less experienced one with such
a pair of integrals could be a memorable one, and probably being very satisfied
at the moment of finding a solution since they might appear pretty challenging.
Then, once a solution has been found, one shouldn’t be much surprised to see other
challenges around the same integrals like How would you calculate them without
using Polylogarithms? or How would you calculate them without using special
functions at all, no use of Polylogarithm, Beta function? and so on.

For a first solution to the point i) of the problem, let’s recollect the integral®
representation of the Beta function given in 3.216.1 from [30],

lxa—l +xb—l
/0 de = B(a,b) (313)

Differentiating both sides of (3.13) with respect to a (once) and b (once) and then
letting a, b — 0, we get

1 xa—l +xb—l
(1 +x)a+b

0o xufl _,’_thl
of variable x = 1/y, we arrive at [ = / _—
1 (1+ x)""'b

1 o) xa—l +xb—1 1 o) xa—l [es) xb—l
v = - T 4 = - S —; T _dx) =
e e 2/0 S 2(/0 (I +x)et ”/o (I + 2t >

1
3 (B(a, b) +B(b,a)) = B(a, b), where I used that B(a, b) = B(b, a), due to symmetry, and

3If we denote the integral by I = / dx = B(a, b) and then make the change
0

dx. Adding up the two integrals,

xa—l

a1+ x)a+h
= y in the last integral, we obtain the definition of the Beta function,

o0
the integral representation of the Beta function, / dx = B(a, b). If we make the
0

change of variable al
I+x

1
B(a, b) :/ =1 = b lar.
0
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2/1 (log2(1 +x)  log(x)log(l ~|—x)) 0
0

X X

x = lim B(a, b)
X

_ 2/1 log>(1 —i—x)dx B 2/1 log(x) log(1 +x)d 92
0 0 X a—0 daob
b—0

1
{use the integral representation of Beta function, B(a, b) = / x4~1 (1 —x)bfldx}
0
1 log(x)log(l — x) 1 log(x)log(l — x) 1 log(x)log(l — x)
= — = dx = — = “dx + dx
0 x(1—x) 0 X 0 1 —x
{the two integrals in the right-hand side are equal, and to see}

{that use the change of variable 1 — x = y in either of them}

’

1 _
_ 2/ log(x) log(1 x)dx
0 X

from which we extract the value of the desired integral,

/1 log?(1 +x)dx _ /1 log(x) log(1 —x2)dx =y 1/‘ log(y) log(1 —y)dy
0 x 0 X 4 Jo y

1 ©©

1 y! Ry
=—— 1 dy = —- — " d
4/0 HEZI - og(y)dy 4}_1”/(; y"™ " log(y)dy

1

B

il_l 3)
n:1n3_4{ ’

which finalizes the first solution to the point 7).

For a second solution, we might like to use a powerful (and easy to apply)
technique based on the use of the elementary algebraic identities, exceptionally
efficient when dealing with some logarithmic integrals.

Let’s start with the well-known algebraic identities (A 4+ B)?> = A% +2AB + B>
and (A—B)? = A2—2AB+ B? that if we add up, we get that (A+B)?>+(A—B)?> =

1
24 +2B or 5 ((A +B24+(A—B)*— 2A2> — B2, Setting in the last identity

A =log(l — x) and B = log(1 + x), dividing both side by x, and then considering
the integration over both sides, from x = 0tox = 1, we get

T og?(1
/og(+x)dx
0 X
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1 ('1log?(1 —x2 1 ['1 1— Mog?(1 —
2 Jo X 2 Jo x 1+x 0 X

X Y z

. . . (3.14)
For the integral X in (3.14), we obtain

1 2 2 1 2 1 >
1 1-— —x2=y 1 1 1 Z

X :/ og ( X )dx 1 y _/ og (y)dy _ _/ yn—110g2(y)dy
0 0 2 0 n=1

=

X 2 1—y
1 1 ©
=5 Z/O Y log?(dy = ) — =¢03). (3.15)
n=1 n=1

Then, for the integral Y in (3.14), we get

1 1—x 1 2 1 ©
1 1—x ==Y log“(y) 2n—
Y= =log? dx "= 2/ dy =2 =D 1og?(y)d
fo S log <1+x> A A n§=1y g~ (y)dy

_ 2(n—1) 2 _ _ !
- 22/0 y log™(y)dy _4;—(2,1 5 = SL0). (3.16)

Lastly, for the integral Z in (3.14), we have

1 1 2 1— _2 1 1 2 1— 2
Z:/ log”d —x) | v 2/ Mdyzzg(j;), (3.17)
0 X 0 y

since Z = 2X, and X is the integral in (3.15).
Collecting the values of the integrals X, Y, Z from (3.15), (3.16), and (3.17) in
(3.14), we obtain that

1 2
/ de = 14(3), (3.18)
0 X 4

and the second solution to the point i) is finalized.

Historically, as I have recently found, we could say that such ways exploiting
the algebraic identities have been used for successfully defeating the logarithmic
integrals at least since P.J. De Doelder published the article On some series
containing ¥ (x) — ¥ (y) and (¥ (x) — ¥ (y))? for certain values of x and y (1991),
and we shouldn’t be surprised if finding even older sources with such strategies,
considering the simplicity of the method.

For a third solution, the value of the integral is obtained by considering the more
general integral in (1.9) which leads to
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/‘ log?(1 +x)
X

0

1 1 1
=2:03) - 10g (2) —2log(2) Liz <2> —2Li3 (5) =240

and the third solution to the point i) is finalized. In the calculations I used the special
value of Dilogarithm function,

Li (1) —1( (2) —log%(2)) 3.19)
12 ) = ) { — log ) ( .

and the special value of Trilogarithm function,

1
Li3 <§> = —((3) — —;(2) log(2) + — log 2), (3.20)

you may also find in [78, Chapter 2, p. 114]. How do we derive them? We need the
relations,

Li>(x) + Lio(1 — x) = £(2) — log(x) log(1 — x) (3.21)

and
Li3 <1 ) + Liz(1 — x) + Liz(x)

=7(3)+ () log(l — x) — % log(x) log>(1 — x) + %10g3(1 — ), (3.22)

we find in [44, Chapter 1, p. 5], [78, Chapter 2, p. 107], and [44, Chapter 6, p. 155],
[78, Chapter 2, p. 113]. Setting x = 1/2 in (3.21) and (3.22), we get the special
values mentioned above. In Lewin’s book one can also find a derivation of the
relations I used.

In order to calculate the value of the integral from the point ii), we may take
benefit of the value of the integral from the point i), and returning to the identity
(A + B)?> = A% + 2AB + B? where we set A = log(1 — x) and B = log(1 + x),
we get

log?(1 — x?) = log?(1 — x) + 2log(1 — x) log(1 + x) + log?(1 + x),

and if dividing both sides by x and then integrating from x = 0 to x = 1, we obtain

/1 log(1 — x) log(1 +x)dx
0

X

1 Mog?(1 — x2 Mog?(1 — Mog?(1
Z_(/ og?( x)dx—/ og’( x)dx_/ 0g?(14x)
2 0 X 0 X 0 X

{the value of the first two integrals are given in (3.15) and (3.17)}
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5
= —§§(3),

and the point ii) of the problem is finalized.
Also, if we use algebraic identities in the last integral, it’s easy to note
"og(1 — x) log(1 + x) 1 (' 1log?(1 —x?)
dx = - ——=dx
0

X

we can write that /
0 X 4

1t 1-
- / —log2 a dx, which offers an easy alternative way of making the
4 0o X 1 + X

calculations without using the value of the integral from the point 7).

As a final note of the section, the integral calculation technique involving the
manipulation of the algebraic identities is good to be kept in our toolbox before
passing to the next sections. Also keep in mind that Beta function can be very useful
in many calculations (if we are inspired to choose the right representation of it).

Other different ways of evaluating the integral from the point i) may be found in
[51] and [52].

3.8 A Special Trio of Integrals with log2(1 - X)
and log2(1 + x)

Solution If you followed the solutions from the previous section, I guess you might
propose immediately the use of the algebraic identities technique employed there
to deal with the integral from the point i), and eventually this will lead you to
the desired answer. In the integrand we have squared logarithms, but how about
if having, say, 5 or higher integer values instead of 2 for both logarithms, like

/ 10g5(1 —X) log5(1 + x)dx? Is there a shortcut?
0

For the part i) of the problem, we can start with the following integral
representation of the Beta function,

1
/ A=0"'A + )Y ldr = 2271 B(x, ), (3.23)
-1

1
which is derived from the Beta function definition, B(x, y) = / (1 =) du,

0
by making the change of variable 1 — 2u = ¢, and at the same time it can be viewed
b
as a particular case of the result in 3.196.3 from [30], / (x— a)*~! b— )c)"*1 dx =
a
(b — a)**'~ ! B(u, v). Then, by differentiation, we obtain
4

d
0x29y?

(2)“”*1 B(x, y)) .
(3.24)

1
/ (1 =0 "Mog?(1 — ) + 1) Mog?(1 + 1)dr =
—1
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Therefore, considering the result in (3.24), we have

4

1
log?(1 — 1) log?(1 + t)dt = i
[]og( )log*(1 + 1) xi“%axzayz
y—)

(2B ),

1 1
and if we use that/ logz(l —1) log2(1 +t)dt = 2/ logz(l —1) logz(l + t)ds,
1 0

due to symmetry, we get

1 4

1
log?(1 — ) log?(1 + t)dt = - li
foog< )log*(1+1) M‘El%aﬂayz
y—>

(2"t B(x, ). (3.25)

For the right-hand side of (3.25), we might prefer to use Mathematica to accomplish
the calculations and conclude that

1
/ log?(1 — x) log?(1 + x)dx
0

=24 —87(2) — 87(3) — ¢(4) + 8log(2)¢(2) — 410g*(2)¢(2) + 8log(2)¢ (3)
—2410g(2) + 1210g*(2) — 4log>(2) + log*(2),
which is the desired result.
More generally, we can use the same strategy employed above to calculate the
1

generalized integral, / log" (1 — x)log" (1 + x)dx, n > 1, that can be expressed
0
as

2n

1
1
/ log”" (1 — ) log" (1 + t)dt = ~ lim (2" B(x, )) .
0

4 x—>1 dx" 8y”
y—1

Once again, we have seen that by a creative use of the Beta function, we manage
to arrive at beautiful, (and often) simpler solutions.

Alternatively, we might start by considering the following algebraic identities
(A+B)* = A*+4A3B+6A’B>+4AB3>+B* and (A—B)* = A*—4A3B+6A%B*—
4A B3+ B* that if we add up lead to (A+B)*+(A— B)* = 2A*+2B*+12A%B? or

1
AR = ((A B £ (A B —24% - 234), where we set A = log(1 — x)
and B = log(1 + x) and then consider the integration from x = 0to x = 1.
For the point ii), we use the identity suggested for the alternative way above,

where if setting A = log(1 — x) and B = log(1 + x), then dividing both sides of the
identity above by x and integrating from x = 0 and x = 1, we get
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Mog2(1 — x) log?(1
/ og”( x)og(+x)dx
0

X
1 [1log*(1 — x2 I 1— 1 ('log*(1 —
- de+_/ —log* * dx——/ de
12 Jo X 12 Jo x 14+x 6 Jo x
I I Iz
1 [!log*l
__/ og'l+x), (3.26)
6 0 X
Iy

For the integral I in (3.26), we have
1 4 2 1 4 [ oo
1 1-— —x2=y 1 I 1
I :/ og ( X )dx 1 x: y _/ og ()’)dy _ _/ Zyn—110g4(y)dy
0 x 2Jo 11—y 2Jo =

R L o
=3 Z/ " Hog*(y)dy = 1225 = 12¢(5). (3.27)
n=1 0 n=1

Then, for the integral 15 in (3.26), we get
1 1T—x\ . ==y [Mlogh(y) ' yoa
L =/ —log4< >dx = 2/ ———dy = 2/ y2 =D 1og*(y)dy
0o X 1 +x 0 1— y2 0 r;

> 1 0l = Bl 93
:48§m=48(2n—s‘2<zn>5>=7;n—s=7“5>'

1 n=1 n=1
(3.28)
Further, for the integral /3 in (3.26), we have
1141_ _2 1141_2
I :f logid =x) 4 r= 2/ log" @ =¥ 4y — 24¢(5), (3.29)
0 X 0 y

since I3 = 211, and I is the integral in (3.27).
Lastly, for the integral /4 in (3.26), we have

1 1 4 1 1 _ 1 1 4 1 lo 4 1 Io 4
142/ og™( +x)dx Hx:y/ og™(y) dy:/ g(y)dy+/ g(y)dy
0 x 12 y(1 =) 12y 12 1=y

1 5 ! 10g4(y) 1 5 I & n—1 4
= ;8@ + [ dy =310 @)+ [ 35" logay
5 12 1=y 2 12,5
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1 [
=3l @+ / Y"og*(y)dy
— J12
n=1

1
n22n

_ 5 § 4 § 3 E
= g log (2) + 24 o n_s — log (2) Z ﬁ — 410g (2) n_l

1 o0

o0 o0
1 1
2
—1210g%(2) ) o — 2 log(2) Y i 243" o
n=1 n=1

n=1

4 5 3 . 1 2 . 1
=24¢(5) — glog (2) — 4log’(2) Lip 5 — 121og”(2) Li3 E

. (1 (1
—241og(2) Lig (§> — 24 Lis (5)

= 41og’(2)¢(2) — % log?(2)¢ (3) + 24¢(5) — %logs (2) — 2410g(2) Lig (%)

1
— 24 Lis (E) , (3.30)

where in the calculations I used the special values in (3.19) and (3.20).
Collecting the values of the integrals /1, I», I3, and I4 from (3.27), (3.28), (3.29),
and (3.30) in (3.26), we conclude that

U og?(1 — x) log%(1
/ og”( x)og(+x)dx
0

X

2 2, 7, 25 (1
= < log’(2) - 3 log”(2)¢(2) + 7 log“(2)¢(3) — §§(5) +4log(2) Lig <§)

T 15
(1
+4L15 <§) .

and the point i7) of the problem is finalized.

A different approach based upon a reduction to the calculation of the harmonic
series may be found in [122].

The integral from the point iii) is a special integral which naturally arises in
the calculation strategy for what is called A darn integral in disguise from the next
section. It seems to be a resistant integral, it also appeared in [47], and at the moment
of finalizing the book was still without a full solution for some years.
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1
Using the same algebraic identity, A?B? = T ((A +B)* + (A - B)* —24°

—234), setting A = log(1 —x) and B = log(1 + x), then dividing both sides of the
result above by 1 4 x and integrating from x = 0 to x = 1, we get

og2(1 — x) log?(1
/ og”( x)og(+X)dx
0

1+x
1 Ylog*(1 — x2 1o 1— log*(1 —
= — de_i__/ 10g4 X dx__/ M x
12 Jo 14 x 12Jy 14+x 14+x 6Jo l+x
J1 N3 J3
1 M log*(1
__/ de (3.31)
6 0 14 x
J4

From all the resulting integrals, the integral Ji is by far the trickiest one, and
what we would like to do is to reduce it to a Beta function form, and then we write

log*(1 — log*(1 —
J1=/ loghtl b _ /(1— Ogl( x)dx
0

14+x —x2
2oy L=y loghd—y)

2 Jo JY 1—y

1 fr1—-y

=), (log*(1 = 1) dy

{apply the integration by parts}

11— =L g’ —
L IEsa oy __/ log” =),
10y y=0 20Jo y3/?
0
1 9
=_—— lim B
20 ,m ) 5y3 Bl )

y—1
1
= g6 log’(2) — 1610g*(2)¢(2) + 4810g*(2)¢(3) — 541og(2)¢ (4) — 24 (2)¢(3)
+72¢(5), (3.32)

where we might prefer to use Mathematica to accomplish the calculations.
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At this point, the careful reader may worry that the Beta function,

') I (y)

1
_ x—=lep _ oy—1lg, _
B(x,y) = /(; T =) dr = TGty

is not defined for x < 0. However, its derivative with respect to y,
d ! 1 1
3y B = / 711 =1 og(1 — 1)dr = B(x, Y) (¥ (») — ¥ (x + ).
0

is defined for x > —1, so this is not an issue.
Further, for the integral J,, we get

1 1 yacd
1 1— _ - (11
7 :/ 1og4< X)dxa 2/(1+2) >/ og (y)dy
o 1+x 1+4+x o 1+vy
o0

1 &©
= /0 D=0y gt (ndy = Y (=1 / Y~ Mog*(y)dy
n=1

1
n=1 0

00 1 1 e 1 45 1 45
=24) (-1 1,,_5=24<Zn_5_22W)=72n_5:7§(5)'
n=l1 n=1

n=1

(3.33)
Then, for the integral J3, we obtain
1 1004 1 104 1 4
1 1— —x=y 1 1 1
13:/ og™( x)dxlé’[ Og(y)dy:_/ Og(y)dy
0 l+x 0o 2-y 2Jo 1—=y/2
1 1S fyy\n-]
=_ 2} log*(y)d
: /O Yo (3) tegfoiay
n=1
{reverse the order of summation and integration }
=1 ! 1 1
n—1 4 .
= — 1 dy =24 —— =24Lis [ = ). 3.34
,;2”/0 y" " og* (y)dy ,;”52" 15(2> (3.34)

For the last integral, Ju, since we have an elementary antiderivative, we get

og*(1 + x) 1
Ji= | —=———2dx = —log>(2). 3.35
s /0 = S log’ ) (3.35)
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Upon collecting the values of the integrals Jy, J2, J3, and J4 from (3.32), (3.33),
(3.34), and (3.35) in (3.31), we conclude that

/1 log?(1 — x) log?(1 + x)
dx
0 14 x

63 9 4
= —§(5) - —IOg(2)§(4) +41og?(2)¢(3) — —10g (2)¢(2) —2¢(2)¢(3)

+ 7 >(2) — 4Li !
— 1o —4Lis| = |,
30 8 \2
and the solution is finalized.

With the last result in hand, we are ready to confront a truly challenging
logarithmic integral, the integral from the next section.

3.9 A Darn Integral in Disguise (Possibly Harder Than It
Seems to Be?), an Integral with Two Squared Logarithms
on the Half of the Unit Interval

oo
H,
Solution If it happened to play with the series Z 4—;”, you possibly arrived at
n

n=1
some point at the integral we want to calculate, and maybe you also realized soon

it’s a hard nut to crack. Now, it’s worth mentioning (especially if you didn’t meet
H,

n2on’ 32}1
the one mentioned above (and there are also other vanatlons) are very useful in the
calculation of many integrals. In fact, the integral we want to calculate now will help
us to obtain a critical relation that if combined with other relations, we’ll manage to
extract the first series mentioned above.

H,
them before) that the series of the type Z o Z together with

The first step is to reduce the integral to the calculation of the integral version
fromx = 1/2to x = 1, and we write

/1/2 log?(x) log?(1 — ) (/1 _/1 ) log?(x) log?(1 —X)
0 X B 0 1/2 X

!'log?(x) log?(1 — x) U log?(x) log?(1 — x)
2/ dx—/ dx
0

X 1/2 X

1
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H 1
L / x"log?(x)dx — I
L Jo

1 H 00
=2 " Jog?(x)dx — I =2
|t og s 1 =23~
n= n=1
o0 o0

_ Hi o He =141
—4,§m I=4 T

n=1

o] H | 00 1
=4 nl oy
;(n+1)4 ;(n+1)5

{reindex both series }

o Hn o0 1
=4 L —4) s — 1 =80(5) — 4213 — 1. (3.36)
n=1

. . . ! log?(2x) log?(2(1—x))
The second step is to express the integral / using J= dx
1/2 X
But why? you might curiously wonder. It may not be immediately obvious, but with

the change of variable x = %, the integral J becomes

’

(3.37)
which is precisely the integral from the previous section I already calculated.
By expanding the first integral in (3.37), we obtain

1 2 2 _ 1 2 2 _
;o / log”(2x) log?(2(1 = x)) | _ f log”(1 + y) log?(1 = ) |
0

12 x I+y

fl log?(2(1—x)) 10g2(2x)d I (log(2) + log(1—x))%(log(2) + log(x))zd
X = X
1/2 X 1/2 X

1 1 2

1 ]

Og( Dix +1022@) [ &My,
1,2 12 X

4 ! 1 3
= log"(2) —dx + 21og”(2)
12X

1 _ 1 _
12108’ ) / PO r 1 410) [ ) log(s) gl = ),

I Tog?(x) log(1 — x)
X

' log? (1 —x)

+210g(2)/ dx + log (2)[

1 log(x)10g2(1—x)dx+/1 1og2(x)1og2(1—x)dx
1/2 X

2log(2)

1/2 X
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1 _ 1 _
= log@ +210’) / 2=, L arog?2) / log(x)log(1 =) |
172

X
Ji J
! log?(x) log(1 — ' log?(1 — x
+2log(2)/ gload =) | 1og (2)/ —g (1=
J3 J4
1 log?(1 — 1 0e2(x) log(1 —
2log(2) og(x) log”( X)dx+ og”(x) log”( x)dx (3.38)
1/2 X 1/2 X
Js 1
For the integral J; in (3.38), by using the Dilogarithm function, we have
! log(1 — x) N (1 .
J1 = —— dx = — Liz(x) =Lib | = ) — Lio(1)
1/2 X x=1/2 2
{use the special value of Dilogarithm function in (3.19)}
1 2
== (;(2) + log (2)) . (3.39)

Then, for the integral J> in (3.38) we apply the integration by parts, and we get

/‘1 log(x) log(1 — x)
P e Sl
1

/2 X

1
dx = —/ log(x)(Liz(x)) dx
12

x=1

= —log(x) Liz(x)

2 X

= —log(2) Li, (%) —Lis (%) + Liz(1)

{use the special values of Dilogarithm and Trilogarithm functions in (3.19) and
(3.20)}

x=1 1 .
L 1
+ f 20§ ¢ = ~log() Lin (—) + Lis(x)
x=1/2 1 2

x=1/2

= —;(3) + = ! log 2). (3.40)
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For the integral J3 in (3.38), we have

1 2 _
Js :/‘ log“(x)log(1 x)dx _

1/2 X

1
- / (Liz(x)) log*(x)dx
1/2

{make use of the integration by parts}

=l s /‘ Lia(x) log(x) .
x=1/2 1/2 X

= — Liz(x) log? (x)

log ) L12< >+2/ (Liz(x)) log(x)dx

x=1 1 .
L 1
—2 / B3O 4~ 1og2(2) Lis (-)
x=1/2 2 X 2

+2log(2) Li3 ( ) — 2/ (Lig(x))dx = log (2) Lip (%) + 21log(2) Li3 (%)

= log?(2) Lip G) + 2 Liz(x) log(x)

2Ly (%) )

7 1, 1, . (1
= 10g@)¢(3) ~ S log? @7 (@) =20 (4) — Zlog'@) +2Lis (5 ). (34D

Further, for the integral J4 in (3.38), we write

/1 log (1 —x) </ /‘/2) log?(1 —x)
Jy =
1/2 x

1]21_ 1/212]_
[, [P,
0 X 0 X

{for the remaining integrals, make use of the result in (1.8) with x =1 and x = 1/2}

= log>(2) + 21og(2) Li, (%) +2Lis (%) = —§(3) 4= log Q). (3.42)
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Next, we calculate the integral J5 in (3.38), and we have

I log?(1 — —x=y Y% log(1 — y)log?
15:/ og(x) log?( x)dxl ;y/‘ og(l — y)log (y)dy
1/2 x 0 1—y

{employ the result in (1.28), the case p = 1}

! 4
- (;(4) + log (2)). (3.43)

Collecting the values of the integrals Ji, J2, J3, J4, and J5 from (3.39), (3.40),
(3.41), (3.42), and (3.43) in (3.38), we get

1 2 _ 2
/ el e (zx)dx = 110g5(2) —2log’(2)¢(2) + 2 log?(2)¢(3)
1/2 X 6 4

—g log(2)¢(4) + 41og(2) Lia (%) + 1,

whence we arrive at

I log?(x) log?(1 — x) U Tog?(2(1 — x)) log? (2x)
I = dx = dx
1/2 X 1/2 X

| 3 23, 9 a!
s log”(2) + 21og” (2)¢(2) — T log“(2)¢(3) + 3 log(2)¢(4) — 41log(2) Liy 3
{combine and employ the results in (3.37) and (1.17)}

1 2 7 63
=1 log’(2) + 3 log*(2)¢(2) — i log?(2)¢(3) —2¢(2)¢(3) + G

—4log(2) Lis <%) —4Lis (%) . (3.44)

Finally, by combining the results in (3.36) and (3.44), we obtain that

/1/2 log?(x) log?(1 —x)d
X
0 X

1 2 7 1
= 36 —2@EG) - 3 log*(2)¢(2) + i log?(2)¢(3) — s log*(2)

1 1
+41og(2) Lis (5) +4Lis (5) ,

and the solution is complete.
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The present solution also answers the proposed challenging question of calcu-
lating the integral by real methods. In a more recent paper, in [122], you may find
o

. . 1 H
a different derivation where one needs first the value of Z(—l)" I—Z to get the
n

n=1
o

H . . .
value of Z 4—;", and then, with this, to extract the value of the integral. Note that
n

n=1
in my solution one needs none of the mentioned challenging series.

3.10 The Evaluation of a Class of Logarithmic Integrals
Using a Slightly Modified Result from 7able of Integrals,
Series and Products by LS. Gradshteyn and I.M. Ryzhik
Together with a Series Result Elementarily Proved by
Guy Bastien

Solution In the previous section we have dealt with an integral about I said it would
help us to derive a certain harmonic series, but this time we’ll use the harmonic

series to calculate the given integral. The calculation of the series involving the
n

generalized harmonic number of order m, H,fm) = o m>1 m e N,
k=1
has old roots in the history of mathematics, and I may mention here at least the
exchange of letters between the famous mathematicians Christian Goldbach (1690—
1764) and Leonhard Euler (1707 -1783), back in 1742-1743, on the series of the
[ee) k
1 1
type Z o Z j—m, where m, n are positive integers with n > 2, and then the
k=1 j=1
success of Euler in proving that

00 n—2
2;% =m+2)cn+1) — k;;(n —kek+1),neN, n>2 (345

[e¢)
1 ) . .
where ¢(s) = Z — denotes the Riemann zeta function, a result rediscovered many
n

n=1
times in the mathematical literature by (new) various techniques, and you may find

such examples in [22, 37], [78, Chapter 2, pp. 103-105] or in [77] where various
extensions of it are given.

Moreover, the Euler sum in (3.45) is a kind of cornerstone in the problems with
the harmonic series, since in the calculation process we’ll usually arrive at such
series.
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For a fast solution to the proposed integral, we need the classical linear Euler
sum in (3.45), where we replace n by 2n + 2,

o0

Zkfjﬂ (n+2);(2n+3)——Z;(zn—k+2);(k+1) (3.46)
k=1 k=1

and then we also need the series result beautifully proved by G. Bastien in [13],

oo H 1 n—1
Z(—nk*‘kT’; = ( ) nQ2n+1) — —§(2n +1) = > ni)c@n —2i+1),
k= i=

l 1 (3.47)

where we replace n by n + 1,

e H, 3 1 "
Z(—l)"—lkzniz = <n + 5) n2n+3)— §§(2n+3) - Zn(zz');(zn —2i +3),
k=1

i=1

that may be rewritten as

Z( D! <n+§> (1—#)«2“3)—1;(2“3)
k2n+2 2 22n+2 2

- Z ( i 1) Qi) (2n —2i +3), (3.48)

where I used the fact that the Dirichlet eta function (see [102], [1, pp. 807-808]),
1

n(s) = Z(—l)”*l —, can be expressed in terms of the Riemann zeta function by
n

n=1
the relation n(s) = (1 — 2175z (s).
Now, to calculate the main integral, we’ll employ the second equality in (4.3),
Hy, — Hy, 1 < x2
log(1 + x) log(l — x) = Z zk——EZ—z

k=1

where if multiplying both side by log?*(x)/x and then integrating from x = 0 to
x =1, we get

/1 log(1 — x) log?*(x) log(1 +x)d
X
0 X
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2k—1 2 Hk f e x#! 2
/Zx log"() ——/O Z e log?" (x)dx

0 k=1 k=1

{reverse the order of summation and integration }

00 1 00 1
Hp — Hy 2%U—117. 2 1 1 2%—1 1002
— E T/(; X log™" (x)dx — 5 kg_l 2, x log™" (x)dx

k=1

{make use of the result in (1.2)}

o0 o o
Hy Q) 2n)! 1
=-202m1) 22 o Z k2n+2 T o2 > K2n+3
k=1 k=1

{split the first series and write it as a sum of two series }

o0 o0
Hy r Hi (2n)! (2n)!
==Y s — Oy D 22n+1§2k2,,+2 Yzt 2n+3)
k=1 k=1

o]

1 H 2
= 0 (g 1) g + @ >'Z< D ten+3)

{make use of the series results in (3.46) and (3.48)}

1
= 5! ( 22n+1) Zg(k +1)¢@n —k+2)

n

1
—@my <1 - W) (k) (2n — 2k + 3)

k=1

221+3 n +3 = 22" H )1 2n + 3),
and the solution is finalized.

One might naturally ask, How do we arrive at considering such integrals? In
this case the key observation for obtaining such a generalized integral has been
represented by the study of the second equality in (4.3). Curiously, in Table of
Integrals, Series and Products by 1.S. Gradshteyn and .M. Ryzhik (8th Edition), in

1.516.3, we may only find the first equality presented in (4.3). However, the second
1

equality is easy to establish if we use Botez—Catalan identity, 1 — 3 + 371 4=
1
S = H2n - Hn~
The particular case n = 1 together with another solution involving the Beta

function and its derivatives may be found in [54].
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3.11 Logarithmic Integrals Containing an Infinite Series in
the Integrand, Giving Values in Terms of Riemann Zeta
Function

Solution From the very beginning, I would ask you if you managed to go through
Sect. 1.5. If you didn’t yet, I might suggest you to return back (now or later) to the
mentioned section to find out more about the result we want to employ here.

Let’s consider the result in (1.10), where we want to focus on the second equality
(the less obvious one), and then we write

L yps—1 s
/0 = v ) v () -~ log@, (3.49)
where differentiating two times both sides above, we get
/1 Logz(x)dx — w(z)(s) _ lw(Z) (f) . (3.50)
0 1+x 4 2

Upon replacing s by 2" in (3.50) and then multiplying both sides by 4", we obtain

1 qn 2”711 2
/ X 0og (x) dx = 4nw(2)(2n) _ 4n71w(2) (211*1) . (351)
0 1+x

Returning to our initial integral, we write

1 2
1
/ <4x2 + 427 + 4357 + 4452 + 4557 + - ) L(x)dx
0 x(1+x)

log (x) n_y /‘ 4"x2"_110g2(x)
E 4%x dx = E ——"dx
/0 I+x — 1+x

{make use of the result in (3.51)}

— i(4nw(2)(2n) gy @ (2n71>)

n=1
N
o n.1 (2) ;on n—1,2) (An—1\y __ 1 N, (2 (AN 2)
= Jim S @yen -4ty (21 ) = gim @y @ (2V) =y @y

=20(3) - 1,
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where I used the asymptotic expansion of Digamma function (see [1, p. 259], [78,

1
Chapter 1, p. 22]), ¥ (x) = log(x) + O <—) as x — oo, that by differentiation
X

1
led to xzw(z) x)=-1+0 <—>, as x — oo, for which I also considered the
X

big-O notation in [95] and the series representation of the Polygamma function,*
o

w(m)(n) = (—l)m_]m! Z k’"1+1’ m > 1, and the solution to the point i) of the
problem is complete. =

In Sect. 3.5 I briefly talked about the definition of Digamma function, and starting
from that definition and considering the mth derivative, m > 1, m € N, 1//(”') (x) =
al " M 4 h d at wh lled
Tt T og(I'(x)) = " T d—mW(x) we have arrived at what is calle
the Polygamma function of order m. More details about Polygamma function may
be found in [116], [79, pp. 33-37].

Now, to deal with the general case, we proceed in the same fashion as we did for
the point i), where if differentiating both sides of the result in (3.49) k times with

respect to s, we get

P~ ogh(x) o 1w (S

Upon replacing s by 2" in (3.52) and then multiplying both sides by 2, we obtain

1 pkn 2" —1 1k
/ okn ;. log (x)dx — ok (0 (gny _ pk(n=1) (k) (2n—l> . (3.53)
0 14+x

Now, considering the generalization we want to calculate, we have

1 k
f (ka+22kx22—1+23kx23—1+24kx24—1+25kx25—1+._.)1(;g+(x)dx
0 X

log" (x) . 271 / 2kn 2" =1ogk(x)
2k ldx = = dx
,/0 I+x HXZ: Z 14+x

{make use of the result in (3.53)}

4The mentioned representation is obtained based upon the recurrence relation of the Polygamma

function, ¥ ™ (x + 1) = ™ (x) + (-1)"

g which is derived by differentiation from the

1
recurrence relation of the Digamma function, ¥ (x + 1) = ¢ (x) + —.
x
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i (zknw(k) " 2k(n—l)w(k) (Zn—l)>

n=1
N
— 1 ( kn (k) (o _ Ak(n—1) (k)( nfl))
Nl—I>nooZ 2kny ) ony — 2 v® (2
n=1
— lim 2Ny ® (zN) — o). (3.54)
N—o0
In order to calculate the limit in (3.11), we use that ¥ ™ (n) = (=1)""'m!

1
Z T and upon setting n = 1, we get
k=n

v () = (=) 'm! Z km1+1 =(=D"""mlc(m + 1). (3.55)
k=1

On the other hand, using the asymptotic expansion of Digamma function (see [1,

1
p. 2591, [78, Chapter 1, p. 22]), ¥ (x) = log(x) + O (—), and differentiating it k
X

—DF k= 1) 1
times, we get w(k) x) = % + 0 (k_+1> Next, replacing x by 2N
X X
— D1k = 1)
y® <2N) _ &b 2k1(V ) +0 <2(k+l)N)’ multiplying both sides of the last

equality by 2KV and then taking the limit as N — oo, we have

1
KN (k) (AN _ k=1 | k—1 '
Nh_l)nooZ v (2 ) hm (( D (k—1)! +0<2N>> D) k=D
(3.56)
Finally, collecting the results from (3.55) and (3.56) in (3.11), we conclude that

k
fl (zkx+22kx22—1+23kx23—1 +24kx24—1+25kx25—1+.__) 1(ig+(x)dx
0 x

= (=D Mk = D! = (=D kit 4+ 1) = (= D*tk = DIkg(k + 1) — 1),

and the solution to the general case from the point i7) is complete.

In this section the strategy was to reduce everything to the calculation of a
telescoping sum, and it’s not the only place where we would want to make benefit
of the telescoping sums. Sometimes, the possibility of reducing the calculations to
a telescoping sum is not that visible (as it happens in the current problem).

The literature is rich with various problems that eventually beautifully get
reduced to the calculations of some telescoping sums (see [35, 69-72], [11, pp. 252—
253], [40, pp. 58-59], [76, 82, 83, 89]).
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3.12 Two Appealing Integral Representations
of £(4) and ¢(2)G

Solution If for a moment there was the temptation to think we had in front of
our eyes a bunch of random integrals, then as soon as we noticed well the simple,
delightful values of the integrals, that thought was probably swept off instantly.
How to approach the integrals? Individually? To bring them to another form?,
some of the questions that would immediately arise. The truly intriguing part is
the challenging question, which asks to prove the results without using harmonic
series, a challenge I suspect the experienced ones in such calculations will enjoy
much.

Now, for the first part of the problem, we write

I 2/1 arctanh(x)Liz(x)dx B /1 log(1 — x) log(x) log(1 + x)dx
0 X 0 X

2/1log(l—i—x)Liz(x)dx_/’llog(l—x)Liz(x)dx
0 0

X X

(3.57)

B /1 log(1 — x) log(x) log(1 + x)dx
0 X '

If we consider the last integral in (3.57) and then integrate by parts, we have

1 _ 1
f log(1 x)log(x)log(Hx)dx:/ (= Lis(x)) log(x) log(1 + x)dx
0 X 0

= — Lip(x) log(x) log(1 + x)

X

x=1 1 .
log(1 L
+/ og(l +x) 1z(x)dx
x=0 0

0

+/1 log(x) Liz (x) d
0 14x

[l en i, e Lo, 659)
0 X 0

14+x

If we plug the result from (3.58) in (3.57), we obtain

I _/‘ log(x)Liz(x)dx B /‘ log(1 —x)Liz(x)dx
B 0 1+x 0 X
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{make use of the result in (1.53)}

3 Lt oy, 3 1 o= 23
= i@+ /0 (Ln?) de = Jeo+ L7 | =0,

and the first part of the problem is finalized.

As a final note to this part of the problem, if we check the solution provided
for the result in (1.53) I used above, we’ll see there we exploited the symmetry in
double integrals, and the calculations have been finalized without using harmonic
series, which follows the requirement of the challenging question.

_ Uog(1 — x) log(x) log(1 + x) _
The integral / dx also appears in [50], and a

0 X

d h is based h f the seri oo1"—1H”d
suggested approach 1s based upon the use of the series Z(— ) n—g an
n=1
(2)

o

H,

Z(—l)”_1 Lz’ and alternatively, one can use the approach in [54] for a similar
n

n=1
integral.

Further, for the second part of the problem, we start with writing that

/] arctan(x) log(x) log(1 + x)dx .
0

1
, — / arctan(x) log(x) (Liz(—x)) dx
0

= —arctan(x) log(x) Lip(—x)

x=1 1 .
arctan(x) Lip (—
n / (x) Liz(—x) d
x=0 0 X

0

N /1 log(x) Liz(—x)
0

T dx

_ fl arctan(x) Liz(—x)dx N /1 log(x) Liz(—x)dx
0 X 0 1+ x2

which if we plug in

’

J— /1 arctan(x) log(x) log(1 + x)dx _ /‘1 arctan(x)Lig(—x)dx
0 0

X X

we obtain that

S /1 log(x) Liz(—x)
0

1
= gl@G,
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where I made use of the result in (1.55), the case n = 1, and the second part of the
o0
1"
problem is finalized. Note that G = Z L
= 2n + 1)2

is the Catalan’s constant (see

[96], [27, pp. 53-57])

Like the result in (1.53), the result in (1.55) is obtained by exploiting the
symmetry as well, without using the harmonic series, and therefore also this solution
answers the challenging question.

In fact, the challenging question has introduced us to the realm of the powerful
integration technique based on the use of the symmetry, which we will use in some
of the next sections.

3.13 A Special Pair of Logarithmic Integrals with
Connections in the Area of the Alternating
Harmonic Series

Solution I didn’t intend to add a challenging question to this section until the
approaching moment of finalizing the book, when I remembered the people that
tried the integral J, I submitted to The American Mathematical Monthly, the
problem 11966 (see [90]), and shared their solutions with me, had all more or
less the same strategy of attacking the problem, the differentiation under the
integral sign. How about coming up with a different approach, without using the
differentiation under the integral sign, double integrals?

Let’s approach both integrals at once and start out by making up the following
system of relations involving the integrals / and J,

1 1 1— 2
,H:[ xlogl—x7) .
0 1+ x2

. A
S . /1 Iy (3.59)
— = 0 X .
o T+x2 B\1x

B

Now, for the integral A in (3.59), we have

1 2 2_1-t 1
log(1 — =l 1 2t
A:/ xlog(l—a?) o=t Lt 1 (2,
0 14 x2 2Jo 1+t 141t

_ log2) | " lfllog(t)dt_lfl10g(1+t)dt
0 0

2 Jo 1+t T2 )y 1+1¢ 2 1+1
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96
1 /1 log(7) log @ _ / 1 log*(2)
= dr + Z(—l)" "7 log(r)dr +
2Jo 141t o 4
_Jiquyﬁamgﬁw
=2 n:l( A 08 4
. n-1 1 1 log 2) 1 2
———2} 1) = 1 (o’ - @) (3.60)

Then, for the integral B in (3.59), we get
1 1— o el (1= D log(t U og(z
B=/ Y log xdx”él/ A =1 logt) )og()dt=/ 0g(t) 4,
o 1+x? 1+x o 1+ +12) o l1+1¢

1 I &
_/0 tlog(l)dt:/o Z(—l)"*lt”*llog(t)dt—/(; D (=" og(ryde
n=1 n=1

1412

n=1

S 1 S 1
= Z(—l)”_I/ t"_llog(t)dt—Z(—l)"_1/ 12" log(r)dr
n=1 0 0

— - _ ni_loo _ ni__éoo _ "—1i__§
_n;( D' 4;( = = 4’2( D= —2e@. (6D

Collecting the results from (3.60) and (3.61) in the initial system of relations

from (3.59), we obtain

I4+7= % (o2 ~ )

S:
3
1—J=—§§(2),

whence we conclude that

_ f'xlogl—x) 1/ 5

and

<1Og @+ ¢ (2)>

; :fl xlog(1+x)d 1
0 1—|—x2 8

and the solution is complete.
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It’s good to keep in mind that sometimes approaching the integrals by making up
such systems of relations leads to simpler, more elegant solutions, and we want to
remember this strategy as we continue the journey through the next sections.

For a first alternative way, exploit the symmetry in the following double integrals

I_/‘lxlog(l—x)dx__/l(/l x? d)dx
1+ L U aroya—m”

1 1 1 1 1 2
,2/ de:/ (/ zx—dy>dx
o l+4x o \Jo (I4+x3)(1+xy)

For a second alternative way, I would like to bring to the attention of the curious

) which we

and

reader a fast strategy with dilogarithms. If we consider Lis (1 e
X

differentiate and then integrate back, we can put all in the convenient form

Trlogl—1) 1 (1 > . Lo oy 2x
/(; sz‘_z(ilog (1+x°) 2L12(x)+§L12< x)+L12 2))
(3.62)
where we get the desired integrals by letting x — 17, and x — —1 respectively.

For another solution of approaching the integrals, one using the differentiation
under the integral sign, see [84].

3.14 Another Special Pair of Logarithmic Integrals with
Connections in the Area of the Alternating Harmonic
Series

Solution It’s easy to guess, if you didn’t skip the previous section, we want to use
here the same idea of making up a system of relations with the given integrals (note
the similarity with the integrands from the previous section—we also have a log(x)
added in the numerator of the integrands),

. /1 x log(x) log(1 — x?)
0

dx;
14+ x2

A
S 1 (3.63)
1 1-—
I—J:/ xog(x)log T )dx.
0 1+x2 1+x

B
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Now, for the integral A in (3.63), we have

A /1 x log(x) log(1 — x2)dx =i 1/1 log(1) log(1 — 1) i
0 1+ x2 4 Jo 141

log(#)1 1-¢
1/1 OO\ T
= - dr
0

4 1+1

B 1/‘ (l—t)log(t)log(l—tz)dt 1/‘ log(t)log(l—f-t)dt
4 ) 1 —1¢2 4 Jo 1+1

_1/1 log(#) log(1 —tz)dt_l/l 1 log(t) log(1 — 12)
0 0

dr
4 1—1¢2 4 1—1¢2
C D
1 (Y log(s)log(1 + ¢
__/ og(t) log(1 + )dt’ (3.64)
4 Jo 141
E

For the integral C in (3.14), we make the change of variable 1> = u that leads to

C_/‘llog(t)log(l—tz)dt_l ! log(u) log(1 — u)
—Jo 1—r 4o Vu—uw)

2

=- 1 B(x,
4x—1>r{1/2 0xdy (. )

y—0
1
=7 (7¢(3) — 610g(2)¢(2)) , (3.65)

where to get the value of the limit, we might prefer to use Mathematica.

Then, for the integral D in (3.14), we proceed as above and make the change of
variable 1> = u that gives

b— /1 tlog(z) log(1 —tz)dt _ 1/1 log(u) log(1 —u)dt
0 1— t2 4 0

1 —u
1 (1S
Z_Z/ > " Hy log(u)du
0 n=1

{change the order of summation and integration }



3.14 Another Special Pair of Logarithmic Integrals with Connections in the. .. 99

o0

_ 15 1 B Hyp1 — 1/ + 1)
- 4};11,,/ u" log(u)du = — Z(n+1)2 Z D

{reindex the series}

1< H,—1/ 1 < H,
ZZZn nZZX_:_Z‘

where I used the classical Euler sum in (3.45), the case n = 2.
Next, for the integral E in (3.14), we integrate by parts, and then we have

1 1

log(t) log(1 + ¢ 1 !

P f log)log(1+1) 1 / tog(t) (log(1 +1)) dr
0 1+1 2 Jo

t=1 1 2
1 I 141t 1
__/ Mdt =——¢(3), (3.67)
=0 2Jo 8

— |
Z —~= —;“(3) (3.66)

BI=

1
= log(®) log?(1 + 1) .

0

where the value of the last integral is given in (1.13).
By collecting the values of the integrals C, D, and E from (3.65), (3.66), and
(3.67) in (3.14), we obtain

A /1 x log(x) log(1 — x2)dx
0

13 3
112 = 3350) — glog@) ). (3.68)

Then, for the integral B in (3.63), we have

1—x 1—1¢
1 x log(x) 10g<—> 1ex 1 (1 —1)log(z) log (—)
B:/ L) g T2 / L) g
0 0

1+ x2 (1401 +12)

1—1¢
log(1)1
U og(1) log(1 — 1) Uog (1) log(1 + 1) 1 log(t) Og(l +1 )
= =—/—= —dr— | =————=—Zdr— d
0 141¢ 0 141¢ 0 1+172

B

whence we get

1 _ 1
B— %/ log(?) log(1l — 1) dt—l-/ log(?) log(1 + 1)
0 0

7 3
Ty 2 T4 dr = §§(3)—Zlog(2)€“(2),

(3.69)
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where in (3.69) the first integral is 4A, and I used the value in (3.68), and the second
integral is the integral E, and then I made use of the value obtained in (3.67).

Collecting the results from (3.68) and (3.69) in the initial system of relations
from (3.63), we get

13 3
I+ ] = 3_25(3) - glog(2)4(2),

7 3
I—-J= gC(3) 7 log(2)¢(2),

whence we conclude that

_ [Mxlogx)log(l—x) 1 (41
I _/0 ) dx = T <ZC(3) —910g(2)§(2)>

and

(" xlog(x)log(14+x) 1 15
' /o I+ x2 =16 <31°g(2)€(2) - Zm)) :

and the solution is complete.

Both integrals play an important part in the derivation of some more advanced
integrals in the book. For example, one could create a strategy to attack the integrals
from Sect. 1.19 by using the present integrals too.

The curious reader, who also wants to know how to attack the integrals
differently, might choose to employ the result in (3.62). For example, if we multiply
both sides of (3.62) by 1/x and integrate from x = 0 to x = 1, we get for the left-
hand side, after an application of the integration by parts, the integral from the point
i) with a minus sign in front. On the other hand, in the right-hand side we obtain

1 ! log?(1 + x2 1 'L 1 [ Lip(—x2
_/ og~( +x)dx__/ 12(x)dx+-/ i ( x)dx
0 0 8 Jo

8 X 2 X X

—17/32¢(3)

+ lfllL‘ 2 Var = (910e2c0) - M3
ZOZIZH—)ﬂ X—1—6 0g(2)¢(2) Zé’(),

1/16(910g(2)¢(2) —7/42(3))

where the first three integrals are straightforward, and for the fourth integral we use
the Polylogarithm function representation in Sect. 1.6, and after reversing the order
of integration, it’s easy to show, using the Fourier series of log(cos(x)), that
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1 1 2x /2
/ —Lip| —— Jdx = / (x — ) log(cos(x))dx
0 X 14 x2 0

7
(9 log(2)¢(2) — ZCG)) .

1

4

3.15 A Class of Tricky and Useful Integrals with Consecutive
Positive Integer Powers for the Logarithms

Solution In this section allow me to introduce you to the proposed generalized
integral by considering first the following result involving a sum of series,

10g2(2) == @(n) @(n) = p(n)
2 g(n+1)2zn 0g(2 )Z( +1)32” 2(n+1)42”

= 2B06) = 2623) — L logf
= 200 —20°0) — - log°(2),

where ¢(n) = H,% - H,EQ). How would you like to approach such a problem? I
would only tell you as a hint, for the series result above, that you might like to
consider the case p = 2 of the generalized integral we want to calculate together

with the use of the series, 3 Z

+1
(H2 — H(2)> = —10g3(1 — x), and then let

you to discover alone the Whole solutlon (and if you don’t succeed, no worry, you
can put the problem aside and return back to it after gaining more experience from
the chapter Sums and Series). In the next chapter, when dealing with the harmonic
series containing powers of 2 in denominator, we’ll want to know how to evaluate
such an integral.

Let’s start with the integration by parts, and we write

_ /”2 log” (1 -~ x) log" ' (x) |
- 0 1—X

1/2 1 /
=f (— logP*(1 —x)) logP*! (x)dx
0 I+p

x=1/2 1/2 106”1 (1 — x)log?
+/ ogh™( xX) og ()c)d)C
0

_ 1 _ +1
=~ (oe(l =) log(x))”

x=0

1 1 1 1 p+1 1— log?
_ log2P+D (2) + (/ _/ ) og’ (1 —x)logh(x)
l+p 0 1/2 x
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1
= ——1og®?P™V2) +

/1 logP*1(1 — x) log? (x)
dx
1+p 0 X

/1 logPt1(1 — x) log? (x)
— dx
1/2 X

1
{make use of the Beta function definition, B(x, y) = / =11 = 1Y~ dt, for}
0

{the first integral, and in the second integral let the change of variable 1 — x = y}

1 2p+1 1/21 P(] — 1 p+1
——— 1o 2(P+1)(2)+hm B(x, y)— og”( y) log (y)d
y
14+p y

0 9xPdy dxPayrtl l—y
1
whence we obtain that
1/2 log? (1 — 1 p+1
I :/ 0g"( X) logh™ () = _—logz(P-H)(z)
0 1—x 2(1 + p)

1 2p+1
+= lim

—B 9 b
zHo dxrayp T DY)

and the solution is finalized.
The case p = 1 may also be found mentioned and evaluated in [24, p. 128].

3.16 A Double Integral and a Triple Integral, Beautifully
Connected with the Advanced Harmonic Series

Solution If you didn’t skip my Preface, you might figure out how to deal with such
integrals. The first phase of the solutions is pretty straightforward, and that refers
to the transformation of the integrals into (beautiful classical) harmonic series, and
then we have to calculate the series which represent the challenging part of the
section.

For the first point of the problem, let’s start with the generating function in (4.5),
and then we write

/1 (/1 log(1 — x)log(1 — y)log(l +xy)dx> q
o \Jo xy(1+xy) Y

’
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1 1 o0
= / ( f log<1—x>log(1—y)Z(—l)”‘%xy)"*Hﬂx)dy
0 0

n=1

{reverse the order of summation and integration }

00 1 1
= Z(—l)”_lHn/ " og(1 — y) (/ x"log(1 — x)dx> dy
=1 0 0

{make use of the identity in (1.4)}
00 3
H;
=2 0y
n
n=1

= llog5(2> —log*(2)¢(2) + 2 log?(2)¢(3) — 2—7;(2)4(3) - 9;(5)
5 8 16 4

1 1
6log(2)Lig [ = 6Lis (=],
+61log(2) Lig (2>+ is (2>

where I used the result in (4.94) and the solution to the point i) of the problem is
finalized.

For the second part of the problem, we employ the geometric series,
o

-z n—1 1 .
Z (xy)' = , and write that
l—z (I =xy)(1 = xy2)

[ () =)o)
0 0 0 (1 —)Cy)(l — xyz) .
1 1 1 °© _on
= f (/ </ Z 11 Z (xy)n—l log(1 — x) log(1 — y)log(1 — Z)dx) dy) dz
0 0 0 =1 —Z

{reverse the order of summation and integration }

X a1l _.on 1 !
Y
n=1 0 — 0 ’

{use the integral in (1.4), and note that the integral in z may be calculated by}

n=1

{combining the integration by parts and the result in (1.5) that immediately }
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__ -n

Z 1
— log(1 — z)dz = —E(H,f + H,?))}

1
{ lead to the value of the integral in z, f I
0

HZH(Z)

I S HY 1S 1 1061
=—= — — = ——5223) + ——¢(6) |,
s 3L g =g (P )
where for getting the last equality I made use of the values of the harmonic series in
(4.39) and (4.38), and the solution to the point ii) of the problem is finalized.
Now, if it happens to have a hard time with the resulting harmonic series from

both points of the problem, no worry, they are calculated in the sixth chapter where
I’ll treat and calculate many other harmonic series.

3.17 Let’s Take Two Double Logarithmic Integrals with
Beautiful Values Expressed in Terms of the Riemann
Zeta Function

Let’s prepare now for an exciting experience with two double logarithmic integrals.
Although at the surface they might look scary, the double integrals actually hide a
simple, beautiful idea, and by some steps we’ll be able to reduce everything to the
calculation of easy to do integrals in one variable. Also, a short review of the Gamma
function properties could be pretty useful to accomplish the needed calculations
(resources for such a review may be found in [10, 107], [9, pp. 1-60]).

1
For both integrals we might like to start with the elementary integral, / x'dr =
0

t=1
x!

log(x) |,—q  log(x)
by y, we obtain

x—1

, where if we replace x by x/y and then multiply both sides

/‘ (f)’dt o x-y 3.70)
YJo \5) ¥ T loglx) — log(y)” '

1 1
Further, if we replace x by log ( ) and y by log ( ) in (3.70), we get

11og' ! log! ™! Dar = log()%)_log(%) . 31
B 0 ) e D)
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Integrating both sides of (3.71) with respect to x and y over the unit interval, we
have

(p ()= ()
DU e (0)) e ()

AR OENODDE

{reverse the order of integration }

AR OENO DK

{make the changes of variable x = ¢ " and y = ¢~ "}

1 00 [e'¢) 1
= / (/ v e (/ ute“du> dv) dr = / rQ—-nr+mnde
0o \Jo 0 0

{make use of the Gamma function property, I'(x + 1) = xI'(x)}

dx | dy

1
=/ t(l—0)y'(1 — ) (¢)dt
0

{make use of Euler’s reflection formula, I" (1) ' (1 —¢) = — 7 }
sin(rrt)
1 _— —_—
— f A0 gmze 1 / T2z, (3.72)
0 51n(7rt) 72 sin(z)
Using that/ .1 dx = 1/ . ! dx = l/<w+
sin(x) 2 J sin(x/2)cos(x/2) 2 sin(x/2)

i 2 i 2)) 2))
cos(x/2) sin(x /2) cos(x/2)
we apply the integration by parts for the remaining integral in (3.72), and then we
write

/On %dz _ /On (log (tan (%)))/ (r—z)zdz = log (tan (%)) (m —2)z

0

=T

z=0
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[ n5)) = [ e o 5)
0
+2 /(;n zlog (tan (2)> dz

=2 /n log (tan ( )) dz dE=w 8 /Oﬂ/z w log (tan(w)) dw

/2 & weos(2(2k — Dw)
= —16[0 ]; Sy dw

{reverse the order of summation and integration }

0 [ weos(2(2k — Dw)
=—16 / dw

_ S, (msinRkw) krw sin(2k7) cosZ (k)
16 (4(2k — 13 22k—-1)3 202k - 1)3>

>, sin(2kn k sin(2kw >, cos?(km >
= _4”;ﬁ+8”2 (2k(— 1)3) X:: (2k—( 1)z = 8; (2k— e
0 0
=17:(3), (3.73)
and in the calculations I used the Fourier series of log(tan(x)),
>, cos(2(2k — 1)x) T
log(tan(x)) = —2; — o 0<x <3, (3.74)

1
that appears in the form 7 log (cot (%)) in 1.442.2 from [30], where, when needed,

1 1
we use the simple fact that 7 log (cot (%)) =3 log (tan (%)) An excellent
work on the Fourier series may be found in [85].
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Hence, if we combine the results from (3.72) and (3.73), we conclude that

)
)t

and the part i) of the problem is complete.

1
As regards the auxiliary integral / -
sin(x)

substitution (see [120]) as proposed in [66, p. 379].
For the second point of the problem, we act similarly and make use again of the
result in (3.71) that leads immediately to

[ (et (o)
log (;—C) ~log (%) 2 _ (3.75)
o i (1)) e ()

Integrating both sides of (3.75) with respect to x and y over the unit interval, we
obtain

dx, we may also use the Weierstrass

. log<%>_og<l> de dy
1 o (o2 (1)) 1o (¢ (1)

= OO e (e () o)

{reverse the order of integration }

= OO e (e () o)

{make the changes of variable x = ¢™ " and y = ¢~*}

L (] oeea)ue)e
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1 1
= / (/ F(3—t—u)F(1+t+u)dt)du
0 0
utie 1 u+1
1= / ( / rG—ora+ z)dz> du. (3.76)
0 u

Integrating by parts in (3.76), we get

1 u+1 u+1
f u' </ F(3—z)F(1+z)dz) du:u/ G-I+ z2)dz
0 u u

1 1 2
—f uF(Z—M)F(2+u)du+f ul’ B—u) " (14u)du :/ rG—2r'(1+z)dz
0 0 1

I

1 1
—/ uF(Z—u)F(2+u)du+/ ul’'G—uw)(1 + u)du. 3.77)
0 0

I I3

For the integral I in (3.77), we have
2 —
I = / G-I (+zdz =" / '2—s)I'Q+s)ds
1 0
{make use of the Gamma function property, I'(x + 1) = xI"(x)}

1
=/ s(1 = s5)Ir (1 —s)C(s)ds
0

g
sin(r x) }

{make use of Euler’s reflection formula, I" (x)I" (1 — x) =

1 2 b4 2
=n/ sU—s?) mzzw/ w/m(l = (w/m?)
0 0

sin(7rs) sin(w)

] s () (1 (2

{apply the integration by parts}

= 2og s (5)) (1= (2))| 5 [T (an () au

0
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+—/ w 10g<tan( ))dw_—/ w log<tan(1§)>dw

24 (72
vE 2 log (tan(r)) dr
T 0

{use the Fourier series in (3.74)}

3 —
)y = 2%k — 1

48 (T2, rZcos(2(2k — 1)r)
dr

{reverse the order of summation and integration }

s 00 /«n/2 r2cos(2(2k — l)r)dr _ 6 i (7%(@2k — 1> - 2) sin27k)
- w3 = Jo 2k — 1 _n3k=1 2k — 14
0
12 o cos2mk) 12 — 1 /{E))
_2,; Ck—1)7 _2/; Qk—1)7 4@ (3.78)

Next, for the integral 15 in (3.77), we have
1
L = / ul' 2 —u)l 2+ u)du
0
{make use of the Gamma function property, I"'(x + 1) = xI"(x)}

1
= / w1 —u>)r — uw) I (w)du
0

{make use of Euler’s reflection formula, I'(x)I'(1 — x) =

T
sin(r x) }

1.2 _ 2 ) b4 2 _ 2
:7‘[/ u (1 u )du nu==s (S/T[) (1 (S/T[) )dS
0

sin(wu) 0 sin(s)

= [ (oxan (3)) G (- () )

{apply the integration by parts}
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(e (2)) ) (- )

0

3 Solutions

2 (T s ’ )
-— log (tan <—)> s(mre —25%)ds
T 0 2

2 (T s 4 [T 4 s
=- A s log (tan <§>) ds + F/(; s” log (tan <§>) ds
{note the first integral can be extracted from (3.73)}
_7503) s sp=t T6(3) | 64 (T2 4
6;(2) +7r4 / s log (tan (5)) ds ‘= _M—i_g /0 ¢t~ log (tan(z)) dt

{use the Fourier series in (3.74)}

_7t(3) 128 f”ﬂ > t3cos(2(2k—1)t)d
- o 2k — 1

{reverse the order of summation and integration }

7c(3) 128 & 1 /2

3
= DY NN [ B 022k — Di)di
62 7wt =% -1 cos(2( n

B 7;(3) 2k — 1272 — 48 & 1
= e A3 Z 2k — 1) 2 sin(2kr) ~ Z 2k — 1)
0
cos(an) 24 & cos(2kn) 7{(3) 96
Z 2k — 1)S T ; % —1)° 602 Z (2k —1)5
24 & 1 _7¢3) 31¢(5)
?; Qk—13 " 302 30c(4) 679

Lastly, for the integral /3 in (3.77), we have

1 1
13=/ ull' G —w)I'(1 + u)du l‘é:’/ (1-=0DrQR+nrQ-—r)de
0 0

o ! _31EG) 1B
_/O F(2+t)F(2—t)dt—/0 (rE+DrQ=nd =5 0 ~ 1)

I I
(3.80)
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Collecting the results from (3.78), (3.79) and (3.80) in (3.77), we conclude that

log<l> log<l> ’

1 pl e -

// lx y 1 dxdy:f;“i)—éaz)’
7 Nt (e (7)) -1 (e (7)) e

and the part ii) of the problem is complete.

These double integrals are not the only ones from the book where we need to act
similarly. The study of integrals with symmetrical integrands idea that led me to the
creation of the actual integrals also led me to the derivation of other such appealing
integrals you may find in the next sections. One good lesson to learn from this
section is that sometimes finding a simple integral representation of the integrand
might be extremely useful. Let’s add this to our portofolio of strategies.

3.18 Interesting Integrals Containing the Inverse Tangent
Function and the Logarithmic Function

Solution One of the things I particularly love about calculating integrals, sums, and
series is to approach them from more directions, using different strategies, ideas. In
this section I’ll take the liberty of providing three full solutions to the given integrals,
which I usually don’t do elsewhere in this book for well-known reasons (trying to
add more problems to the book while following a certain pages limit).

For a global solution that approaches both integrals, we consider the system of
relations involving the following integrals / and J (we are already familiar with
such an approach from the previous sections),

1
I+J :/ arctan(x) log(1 —xz)dx;
0

U (3.81)

1 1—x
I—J=/ arctan(x) log| —— )dx.
0 1+x

1%

95}

We start with the calculation of the integral U in (3.81) and proceed as follows

. , 1 o© oo (_])nx2k+2ﬂ*1
U :/0 arctan(x) log(1 — x~)dx :/0 Z <Z m> d

n=1 \k=1
00 00 1 00 )
D" 1 / 2k+2n—1 1 (=D" 1
= - by dx | = =
’;211—1(;16 0 2;2n—1 ;k(k%—m
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(— 1>"— -
___n; n(2n — Z Z( 2n—1

n=1

1 0 1 o0 1
= 52(-1)"—11{”/ " ldx —Z(—l)““an X2 2dx
n=1 0 n=1 0

{reverse the order of integration and summation}

1 1 & 1 ©©
- 5/ Z(—l)"*lan"*Idx—/ Z(—l)"’lanZ”’zdx
0 n=l1 0 n=1
{consider the result in (4.5)}

1/1 10g(1+x)d /‘1log(1+x2)
= - —_—dx — -
2Jo x(1+x) o x2(1 4 x2)

:1/1 log(1+x)dx_1/110g(1+x)dx_/1 log(l+x2)dx
2 Jo 2 Jo 0

X 1+x x?2
U U, Us
U og(1 + x2)
— “dx. 3.82
4 fo s (3.82)
Uy

For the integral U; in (3.18), we have

1 _1yn—1 1
U1=f0 —log(lx+x)dx=f Z( n"- 1 dx—z( 112 A " ldx

n=1
> 1)" L |
Z = 5;(2). (3.83)
Further, for the integral U in (3.18), we get
Uog(1 4 x) 1 =l
Uy= | —=——dx =-log*(1 = —log?(2). 3.84
) /0 e dr= g 0| =l e) (3.84)




3.18 Interesting Integrals Containing the Inverse Tangent Function and the. .. 113

Then, for the integral Us in (3.18), we apply the integration by parts that yields

1 2 1 / 25 (x=1
log(1 1 log(1
o= [P | <_) log(l + x2)dx = 280+
0 X 0 X X x=0

1 x=1
1
+ 2/ dx = —log(2) + [ 2 arctan(x) = T log(2). (3.85)
o 1+ x2 2

x=0

Lastly, for the integral Uy in (3.18), we make the change of variable x = tan(y)
and employ the Fourier series in 1.441.4 from [30],

log(cos(x)) = — log(2) + Z(—l)"—lm(nﬂ, T <x<Z. (336

n=1

that leads to

! log(1 + x2 /e
Us :/ de = —2/ log(cos(y))dy
0 1 =+ x2 0

/4 x
= —2/ <— log(2) + Z(—l)"—lcos(nﬂ> dy
0

n=1

o]

/4 /4 2
- 210g(2)/ dy — zf Z(—l)”‘lMdy
0 0 =1 n

{reverse the order of summation and integration }

o
T (_l)nfl /4
=5 log(2) — 2; — /0 cos(2ny)dy

o]

—1)" i 2
=%10g(2)—2( )" sin(n/2)

n2

n=1

{note the pattern of the numerator, thatis 1,0, —1,0, 1,0, —1,0, ...}

. — (-D"! &

n=1
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Collecting the values of the integrals Uy, U,, U3, and Uy given in (3.83), (3.84),
(3.85), and (3.87) in (3.18), we obtain that

1
U =/ arctan(x) log(1 — x%)dx
0

1
= —{(2) + — log(2) - —= + log(2) — — log 2) — (3.88)

Further, for the integral V in (3.81), we have

1 1—x 1
1 - e L— W\ ]
4 Z/ arctan(x) log(—x>dx Ao 2[ arctan( y> og(y)zdy
0 T4 x 0 L+y)(1+y)

1
= 2/0 (% — arctan(y)) 10g&dy

(14 y)?
_7 ! Joey log® 4
“2 )y ar?® _2/ ey
= Tiog2) -2 f 1 arctan(y) —28%)_4 (3.89)
2 0 I+ )’)2

For the remaining integral in (3.89) we apply the integration by parts, and then we
get

1 1 /
/ arctan(y) g(y)zdy = / arctan(y) (ylog(y) —log(1 + y)) dy
0 1+ 0 l+y

ylog(y) y=1

1+y

= arctan(y) ( —log(1 + y))

y=0

/1( log(y)  log(1+y)  log(y) ylog(y))
o \2(1+y) 1+ )2 20+y%)  2(1+4y?)

P 1 (1o Llog(1 + 1 lo
= -Tloz) + Ef g(y)dy+/ g( y)dy / g(y) 1080) 4y
0 0

1+y 1+ y2 2Jo 142
Vi 1% V3
1
_ / yOg(y) dy . (3.90)
2Jo 1+y?

Va
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So, for the integral V1 in (3.18), we have

Vl _ /1 log(Y)dy — /1 i(_l)n—lyn—l 10g(y)dy
o I+vy

n=1

00 1
=Y [ oetdy
n=1 0

= - i(—l)"—li - )
N n2 22
n=1

Next, for the integral V5 in (3.18), we get

2
_ log [ ——
/llog(1+y) };;:yfl Og<1~|—z)
V2= _— = _—
0 0

1
d = dz =lo 2/
1+ y? Y 1+ 22 g()o

Mog(1 4+ z2) T
— " dz = "log(2) — V>,
[) 1+Zz 4 g() 2

Vo

whence we get that

1
log(1 + y) T
V: —d :—1 2_
2 /0 11,2 ¥ g 10g(2)

1+22

115

(3.91)

dz—

(3.92)

The same strategy of calculating the integral V5 is also considered in [49, 74].

Then, for the integral V3 in (3.18), we obtain

" log(y) ' k=1 2k—2
V3 =/ dy =/ (=D y= " log(y)dy
o 142 0 ,;

{reverse the order of summation and integration }

= k-1 1 ko o (D!
- ;(—1) fo Y log(ndy = - FraT -G.

k=1

Lastly, for the integral V4 in (3.18), we get

\% /1 ylog(y)d /l ( l)k—l Zk—ll ( )d
= = — (0]
i= ) T =) 1;:1 y 2(y)dy

(3.93)
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{reverse the order of summation and integration }

e¢]

k-1 2%—1 I o~ (D! 1
~3 1 / gy =—; Y g — = —t@. (394

2
k=1 k=1 k

Collecting the values of the integrals Vi, V5, V3, and V4 from (3.91), (3.92),
(3.93), and (3.94) in (3.18), we have

1
log(y) _1 o 3
/0 arctan(y)( T y)2 = 2G A log(2) 16;‘(2). (3.95)

Therefore, if we plug the result from (3.95) in (3.89), we get

/ arctan(x) log(i e )dx = —{(2) - — log(2) (3.96)

Returning to our initial system of relations, based upon the results in (3.88) and
(3.96), we have

1
I+J= —((2) += log(z) - +log(2) - —log 2 -

- 7= - Flog2) — G
- —gf()—zog()—

whence we obtain that

1
1 =/ arctan(x) log(1 — x)dx
0

(4 log(2) — log?(2) + g;(z) — 27 + 7 log(2) — 8G>

oo|>—~

and

1
J =/ arctan(x) log(1 + x)dx
0

= %(3n log(2) + 4log(2) — %;(2) — log?(2) — 27),

and the first solution is finalized.

For a second solution to the integral I (which is going to be pretty fast since we
also use results previously obtained), we apply the integration by parts, and then we
write
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1 1
I = / arctan(x) log(1 — x)dx = / (—(1 — x)log(1 — x) — x) arctan(x)dx
0 0

x=1

Ly Uog(1 — x)
+ | —d+ [ ——F"dx
x=0 o 1+x 0 1+x

1
1 _
_/ xlog(l —x)
0 1+ x2

{the first integral is straightforward, for the middle integral make the change}

= (—(1 — x)log(l — x) — x) arctan(x)

—m/4

1—
{of variable x = T y’ and the last integral is already calculated in (1 .24)}
y

10g< 2x )
. 1 2 5 1 L+
= (4log<2> —log" (@) + 5¢(2) - 2”) + /0 T o

1

N o, § - /1 log(2) /1 log(x)
=3 (410%(2) log®(2) + 5£(2) 2n>+ b Tt T e

Mog(1
_/ 0g( +2x)dx
o l+x

{the last two integrals are V3, V5 given in (3.93), (3.92) from the previous solution}

= é <4 log(2) — log?(2) + g;(z) — 27 + 7 log(2) — 8G) ,

and the second solution to the integral / is finalized.

For a second solution to the integral J, we apply the integration by parts (as we
previously did for the integral I), and then we have

1 1
J = / arctan(x) log(1 + x)dx = / x’ arctan(x) log(1 + x)dx
0 0

=l /1 xarctan(x)  xlog(l + x) dx
o Jo 14+ x 14+ x2

! I arct I xlog(1
— zlog(z) _/ arctan(x)dx _|_f wdx _/ de
4 0 o Il4+x 0 1+ x2

= x arctan(x) log(1 + x)
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{make use of the result in (1.25)}

2 1
log2) log*2) =« / actan(0) - 3.97)
0

T
= " log(2 2 == _
4og() {()+ > 3 4+ T4 x

For the last integral, we apply the integration by parts, and then we get

x=1 /l IOg(l +x)d
— ———dx
x=0 0 1+x2

T Mog(1 + x) i1
= —log(2) — ————~dx = —log(2), 3.98
0g@) /0 = T lop) (3.98)

I arctan(x)

g dx = log(1 + x) arctan(x)

where the last integral is the integral V; given in (3.92).
Thus, if we plug the result from (3.98) in (3.97), we conclude that

log(2) 1 log>(2) =

> T 16P g 73

1
3
J = / arctan(x) log(1 + x)dx = gn log(2) +
0

= é(3n log(2) +41log(2) — %{(2) — 10g2(2) —2m),

and the second solution to the integral J is finalized.
Next, for a third solution to the integral I, let’s try an approach based
mainly on the series manipulations, where we’ll also need two alternating

ad Hy;, 1/5 > Hoi—
ies, DI = — (Z2(2) — log?(2 d —D =
series ’;( Ay 3 <2§( ) — log™( )) an ];( Ay

G — % log(2), which are easy to get® if we use the generating function in (4.5), and

then we write

5 . . . > n Hn 1 2 . .
Based on (4.5), we obtain by integration that Z x"'— = 3 log=(1 —x)+Lix(x), where if we set

n=1

x =i, weare led to

Mg

JH & H 1
1 "= = Z 1)" "4 Z( D 2 = S log? (1= i) 4 Lia o).

—_
I

72
Since log (1-i) = log (2)———1710g(2) using the fact that log(x +iy) = log(y/ x2 +y2)+

iarctan(%),x > 0, and Lis (i) = Z— = —72( = +IZ( i
n=1

k— 1H2k

k=1 2k k=1

sz 1
= Rg(z)—flog (2) and Z( VT =

- + iG, we obtain that Z( D 2k —1

48

G — g log(2).
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) 1 o© 00 i x2k+n—l
I = 1 1 —x)dx =— —b™ d
/0 arctan(x) log(1 — x)dx /0 ,; (;( ) 2k — l)n> *

{reverse the order of summation and integration }

1 a2 o CDT A
_—Z( ) (Z/ o —n )=—Z 2% 1 (;(2k+n)n)

k=1

= (=D (S 1
ZZk(Zk—l) Z(Z_n+2k>

k=1

> /1 1
that - — =H
{use al ;(ﬂ n—l—k) k}

_ _ k—1 H2k o k1H2k k1 Hyy,
B Z( D 2k(2k — 1) Z<( D —=D 2k—1>

k=1

_Z<( 1y 1H2k (L) 1 Hoi— 1+1/(2k))

2k —1

i =t
= 2k(2k — 1)

=Y (=D 11 Z(
k=1

_ 1 GV R  Gt V
__g(2)+ log(2) G- glog (2)+2Z X 2%k — 1

k=1 k=1

= % <4log(2) —log?(2) + gg(Z) — 27 + 7 log(2) — SG) ,

and the third solution to the integral / is finalized.
Then, to get a third solution to the integral J using the strategy in the previous
solution, we write

. x2ktn—1
J :/ arctan(x) log(1 + x)dx =/ Z <Z( Dkt = D )dx
0

{reverse the order of summation and integration}



120 3 Solutions

i Z( Dktn /1x2k+n_1dx _i i (— Dkt
2k — Dn B = 2k = )2k +m)n

k=1 k=1

{split the double series according to n even and odd}

- ZZ (; 2k — 1)(k+n)n> -2 (; (2k — 1)(2k +2n — 1)(2n — 1)) ’

k=1 k=1

S] 52
(3.99)
Now, for the double series S7 in (3.99), we have

v (v (=DF e DS
SI_Z(ZI(Zk—l)(k+n)n>_ 2k—1<n§(k+n)n)

k=1 \n= k=1

o0
1 H;
that _—
{use a nz_:ln(n+k) k }

> H;
k _ k
Xzz ATy (2k )k 22( b 2k — 1)2k

1
_22( 1)ka< - Zk)

—2Z< 1)"

1 & H;, > H;
I PRIV AR BC S v VY e
2;( ) k ’;( ) 2k —1

S3

{S3 appears in the first solution, while getting (3.18), and its value is given in (3.88)}

= %;(2) +1log(2)w — 7 + 2log(2) — %logz(Z) - 2G. (3.100)
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Further, for the double series $; in (3.99), we get

B 00 00 (—l)k
$2= Z (; 2k — 1)k +2n — 1)(2n — 1))

k=1
B 00 (—l)k 00 1
_;%—1 (;(2k+2n—1)(2n—1)>
B o] (—l)k o0 1 o]
_I;Zk—l Zn(n—i—Zk) ;n(n+k)

s (DR (Hy THY\ o o Hx
_sz—1<ﬁ_27>_k§(_l) 2k(2k — __Z( 2k(2k 1)

1 & H; 1 & H; > Hy;
_ I et IS et B N etk
LS g S S

k=1

1 & Hy;,
Z _ k1 =E
+3 ;( L

|
N =
—

o o

_1 H 1 Hg _1 Hox
- _1k1__ _lkl— _lkl_
2;( D I e i e +kz_;< s

2 - T loe - L6 3.101
—E§()—§Og()—§~ (3.101)

Collecting the values of the series S and $> from (3.100) and (3.101) in (3.99), we
conclude that
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1 3 log2) 1 log?(2) =
J= t log(1 dx = —mlog2) + —— — —¢(2) — -
/0 arctan(x) log(1 + x) S 0g(2) + ) 16§( ) 3 1

= é(3n log(2) + 41og(2) — %5(2) —log?(2) — 27),

and the calculations are finalized.

All in all, approaching the problems in different ways, establishing connections
with various results (sometimes pretty subtle), I think is one of the important steps to
gain insight in the art of solving mathematical problems. I would highly recommend
not to get limited to the solutions provided in this book, and if possible to try to find
new ones.

Also, from the second solution one may clearly observe the connections with the
integrals in Sect. 1.13 and the Putnam integral in [73].

3.19 Interesting Integrals Involving the Inverse Tangent
Function and Dilogarithm Function

Solution From the very beginning, we note the similarity with the previous pair of
integrals, where now we have Dilogarithms (see [100], [9, pp. 102-107], [44, pp. 1-
37]) in the place of logarithms, and at the same time we might expect an increased
difficulty level in comparison with the integrals from the previous section. We’ll also
find these integrals particularly useful in other sections where we’ll try to calculate
more advanced integrals.

The proposed challenging question is pretty enjoyable, and the present solution
will try to answer it.
Let’s start with the integration by parts for the integral 7, and then we write

x=1

1
I = / arctan(x) Lip (x)dx = x arctan(x) Lip (x)dx
0

x=0
73 /24
1 o
x Lir(x)
t log(1 — x)dx —

+/O arctan(x) log(1 — x)dx /0 =

3 1 1 .

L

= —7214 +/0 arctan(x) log(1 — x)dx _/O x1 —:_2)(;)

{the value of the first integral is given in (1.33)}

U xLix(x)

dx.
14 x2
(3.102)

1 1. 5
= —log(2) — 3 log“(2) +

2

T Ty~ G /
LA S L N
24 " 9 4 TR 8 0
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For the remaining integral in (3.102), we write it as a useful double integral, and
then we have

/1 x Lir (x) /1 (/1 x?log(y) )
IR g = - _ o8 4y dw
o 1+x2 o o (T+x2)(1—xy)

{reverse the integration order}

1 1 2 1 1.2 _
_ _/ (/ x*log(y) dx) dy =/ (/ x*(log(x) log(xy))dx) dy
o \Jo (I+x3)(1—xy) o Vo (I4+x3)( —xy)

1 1 2 1 1 2
=/ </ x“log(x) dx) dy _/ (/ x“log(xy) dx) dy
o \Jo (I+x2)(A—xy) o \Jo (1+x2)(1—xy)

U

{reverse the integration order in the first double integral }

01 l : dx — U = ! xlog(x)lo _
/ </ %d)’) X U——/ x log(x)log(1l — x) .
0 a xz)(l - x)’) 0 1 +x2

{the value of the first integral is calculated in (1.26)}

—31 2 2 A 3)—U 3.103
—3—20g()7[ 6—44() . (3.103)

To calculate the remaining U integral in (3.103), we use the symmetry of the
integrand that gives

1 1 2 1 1 2
1 1
2U=f (/ %m)awf (/ *gw)dy)dx
o \Jo (I+x9)1 —xy) o \Jo (I+y5Hd —xy)
{reverse the integration order in the second double integral }
1 1 2 1 1 2
1 1
=/ (/ X lostwy) dx)dy+f </ Y losby) dx>d
o Vo (I+x9)( —xy) o \Jo (I+y)d —xy)

/1( U (x2 + y2 + 2x2y2) log(xy) )
= dx ) dy
o \Jo (+xD)(1+y2)(1—xy)

B fl </1 ((1 +x2)(1 + y2) - (1- (xy)z)) IOg(xy)d )
_ x | dy
, \Us (1 +x3) (1 +yH)(1 = xy)

_ /1 ( /llog(xw dx) dy /1 ( /1 (1+ ) log(xy) dx) &
o \Jo l—xy o \Jo (I+x5)(+y9)
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{exploit the symmetry of the integrands}

L7l log(x) L ! log(x)
= dx )dy —2 dx )d
/0(/0 1—xy x>y ./0 1+y2</o 1+ x2 x>y

2/-1 y f xlog(X)d d G+ 1 2) —2¢@3)
— D — = 8 ’
b 1+2\Jy 1422 7) 73 8 {

whence we get that

U 1 1 x? log(xy) dx)d G 2l ) \ o
_/o(/om )y—z +5g 10e@ —¢().  (3.104)

where I used simple results with integrals.®
Now, if we plug the result from (3.104) in (3.107), we obtain

' x Lip(x) 23 1 T
/0 T &= ggf@D+ 51t @ = 76 (3.105)

Lastly, by plugging the result from (3.105) in (3.103), we conclude that

1
I = / arctan(x) Lip (x)dx
0

T 5
:ZG—G —+%n +ﬁ+§log(2)+—log(2)——log 2)

72 23
—Elog(Z) - 6—4;“(3),

and the calculation to the integral 7 is finalized.
Now, for the integral J, we proceed as in the case of the integral /. Starting with
the integration by parts, we get

1, el
6Notethat/(; (/0 ioi(x) ) / (/ Z(xy)" 110g(x)dx>dy Z/o (/(; (ey)"!

o x)
log(x)dx>dy:—z — % :—§(3).Then,/(; lf—xz dx :fo (=) 13212 Jog (x)dx
= Y2 (=D lfol = 210g(x)dx = Yoli(= 1)"ﬁ = —G. Finally, we have that
xlOg(X) ,
/0 1+ x2 / Z( D" ogr) dx = 2= [ 22 M og(ndx =

42201( l)an =
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1 x=1
J = / arctan(x) Lip(—x)dx = x arctan(x) Liy (—x)
0 x=0
—73 /48
1 I x Lia(—x)
+ arctan(x) log(1 4 x)dx — ———dx
0 0 14 x2
s +fl tan(x) log(1 + )d flmz(_x)d
=—— arctan 0 — _—
48 0 St e 0 14+ x2 *

{the value of the first integral is given in (1.34)}

1 1 3 7 #% I x Liz(—x)
= —1log(2) — = log?(2) + = log(Q)wr — — — — — — — | —=— dx.
5 10g(2) — £ log"(2) + ¢ log)m — /O T2 &

(3.106)
Rewriting the remaining integral in (3.106) as a double integral, we have

T 1 1 2
/ x Lix( x)dx :/ </ x~log(y) dy>dx
o 1+x? o \Jo (I+x2)(A+xy)

{reverse the integration order}

1 1 2 1 1,2 _
_ / ( / x?log(y) dx) Gy — / < / x(log(xy) — log(x) dx) &
o \Jo T+x)(1+xy) o o T+ +xy)

1 1 2 1 1 2
:/‘ </ x=log(xy) dx) dy—/ (/ x*log(x) dx) dy
o \Jo (I+x2)(1+xy) o \Jo (I+x2)(+xy)

Vv

{reverse the integration order in the second double integral }

1 1 2 1
= —/ (/ wd})) dx =V _/ xlog(x) log(l _I_x)dx
o Vo (148 +xy) 0o 1+

{the value of the second integral is given in (1.27)}

=V E(3) n—zl 2) (3.107)
= +64§ —32 og(2). .

Further, for the integral V in (3.107), we exploit the symmetry of the integrand, and
we get

! L x2log(xy) ) /1 (/1 y2log(xy) )
2V = ————  dx |dy + ————————dy ) dx
/0 (/o T+ +x )T Uy Gvdad+x™
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{reverse the integration order in the second double integral }
1 1 24 1 1 21
2/ (/ x zog(xy) dx) dy+/ </ Y 20g(xy) dx) dy
o \Jo (I+x9)(+xy) o \Jo (I+y9)(+xy)
. 1 P (x? + y% 4+ 2x%y?) log(xy)d
= 2 2 x ) dy
o o (I+x9)+y9)(+xy)

B /1 (/1 A+ +y%) = (1 = @) loglxy) ) q
= y
o \Jo (I4+x2) 1+ y»HA + xy)

_ ! ! 10g(xy)d d (1 —Xxy) log(xy)
= T+ xy )&~ A+ +y2) 2)
0 0 y 0 0 y
([ log(xy) W) d Lort log(xy)
= T+ xy )&~ A+ +y2) 2)
0 0 y 0 0 y
1 1
+/ (/ xy log(xy) dx)d _2/ < log(x) dx)
o Jo (1+x2)(1+y?) 0o \Jo 1+xy
Uog(x) ( (1 1 Pxlogx) ( (1
_2,/0 1+ x2 </(; 1+y2dx>dy+2/0 1+ x2 (/0 1+y2dx>dy

72

= EG - Elog(Z) - —§(3)

dy

whence we obtain

ve [ ) Yo T T ) - e, Gaog
_/o (/omx) y=70-5¢loe@—700Q).  (3.108)

where I used the values of a few easy integrals.’

7 : ! log(x) ! xlog(x) :

Note that we already met the integrals dx and dx during the cal-
1+ x2 1+x2

culations of the integral / which are straightforward if we use the geometric series. Next,

., ! ! log(x) n—1 n—1 _
it’s easy to see thatf0 (/0 T+ ) / (/ Z( D" (xy) log(x)dx)dy =

Z(—l)"—‘/ (/ ()"~ 110g(x)dx)cly—2< 1)" :‘1“3)'
n=1

n=I1
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Now, if we plug the result from (3.108) in (3.107), we get

leLiZ(_x)d T T 2 - 23 (3.109)
——~dx==-G——1o ——z(3). .
, 1raz T gY g lee@ gl

Finally, if we plug the result from (3.109) in (3.106), we conclude that

1
J:/ arctan(x) Lip (—x)dx
0

2 3 2 T

33 T T T T 3
=2+ e loe@) = = TG4 2 102
gat@ T oloe@ — g — g — g — 3O T gloe@m

Lo - L1022
p B TR
and the calculation to the integral J is finalized.

Often, we need to combine more integration techniques, all depending on the
form we reduce the main integral to. In this case, I made use of the symmetry
in double integrals, but at the same time I had to play with the integrals from
the previous section and the ones from (1.26) and (1.27) which in Sect. 1.14 are
approached by creating a system of relations with both of them. As seen, the present
approach also answers the proposed challenging question.

3.20 More Interesting Integrals Involving the Inverse
Tangent Function and the Logarithmic Function:
The First Part

1
Solution In the second section back I calculated the integrals, / arctan(x) log(1—
0

1
x)dx and / arctan(x) log(1 4 x)dx, and now I want to consider the versions with
0

the integrands divided by 1 + x2. If you already went through the previous sections,
it’s not hard to guess what we could do here, what (possible) strategy to adopt.

Let’s denote 1=

b}

Uarct log(1— 1 log(1
arctan(x) log( x)dx and J=/ arctan(x) log( +x)d

0 1+x2 1+x2
and then we make up the system of relations with the integrals / and J,
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I = /1 arctan(x) log(1 — xz)dx;
0 14 x2

. U
S I arctan(x) 1 —x (3.110)
I1—-J= log dx .
o 1+x? 1+x

Vv

For the integral U in (3.110), we make the change of variable x = tan(y), and
then we have

U /1 arctan(xl) loggl —x2 dx / <cos§2y)) dy
0 +x cos*(y)
/4 /4
:/ x log(cos(2x))dx 2/ x log(cos(x))dx . 3.111)
0 0
U U>

Now, for both integrals in (3.111) we make use of the Fourier series in (3.86) (see
1.441.4 from [30]). Then, for the first integral in (3.111), we have

/4 /4 00
Ui :/ x log(cos(2x))dx =/ X (—log(Z) + Z(_l)n_ICOS(:nx)> dx
0 0 n=1

3 T4 SN cos(4nx)
——loee@ + [ x Yyt gy

n=1

{reverse the order of summation and integration }

(-1 )"‘

/4
= —i 10g(2)§(2) + Z /0 x cos(4nx)dx

_1\yn—1 1 1
:——log(Z)C(2)+Z( ) (C()lsé(zzrl)+n511116(r:[n)_l6n2)

_ —ilo 2)¢(2) — Z ZM
BT 64w 16 3

3 7
= — 15 log@)5(2) = (). (3.112)
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Further, for the integral U, in (3.111), we get

/4 /4 0o
U2=/ XlOg(COS(x))dx:/ X —10g(2)+Z(_1)n—1COS(2”x) dy
0 0 .

n=1
— 2 log) (2>+/”/4 i(—l)”—lwd
="1c 0g(2)¢ ; xn:l : .

{reverse the order of summation and integration}

_1\yn—1 7w/
=—— 10g(2)§(2) + Z ( ) / x cos(2nx)dx
0
. /T7n Tn
B 3 (-1 )n 1 [ 7TsIn (7) cos (7) 1
= —1¢ loe@¢ ) + Z e

n=1

_ 3 ) A e
= 1 log @@ + ¢ Zm_ign—B

3
= gG ~ 1 loe2 () — @CG) (3.113)

If we plug the values of the integrals U; and U; from (3.112) and (3.113) in
(3.111), we get

I arctan(x) log(1 — x2) 7 3 T
U= /0 dx = 5{(3) + Elog(2)§(2) — ZG. (3.114)

1+ x2
. . 1—x
Lastly, to calculate the integral V, we make the change of variable g =y
X
that gives
fan(o) 1 1 —x
n —
v /‘ B VY /1 (/4 — arctan(y)) log()
0 1+ x2 0 1+y?

_ _/ log(y) _/1 arctan(y)log(y)dy
4 J, 1+y 0 1+ y?

{make the change of variable y = tan(x) in the second integral}
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T 1 /4
== / > (=" log(x)dx — / x log(tan(x))dx
4 Jo 0

n=1

{for the second integral use the Fourier series in (3.74) (see 1.442.2 from [30])}

T — . . > cos(2(2n — l)x)
ZZ;(_I) 1/ 2 210g(x)dx—|—2/ xZ T

n=1

3 T (_l)n—l 1 /4
__sz—i_z;%—l/(; x cos(2(2n — Dx)dx

T ad 1 1 7 cos(mrn) sin(zrn)
G +2 _ _ =
4 + nz_:lZn—l( 42n—12 8 2n—1 +4(2n—1)2>

. 1 & Ton (=D TSN sin(er) 7
__ZG_Er;(zn—m+Zn§(zn—1)2+§n§(2n 1)3__B§(3)'
(3.115)

Collecting the values of the integrals U and V from (3.114) and (3.115) in
(3.110), we have

I+7="¢0)+ > log@) @) — ~G:
EY) 16 4
)
16

whence we obtain that

! arctan(x) log(1 — x) 1/3
I = /0 T dx = 3 < log(2)¢(2) — —;(3) - nG)
and
. I arctan(x) log(1 + x) 121 3

and the solution is finalized.

Again, we took benefit of the powerful approach involving the use of a system
of relations with integrals. Undoubtedly, we have the advantage of having both
integrals in the same section, which could easily make us think of such an approach.
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For an alternative solution, make the change of variable x = tan(y) in both
integrals, and then exploit that 1 — tan(x) = «/Esec(x) sin (% — x), 1 + tan(x) =

V2 sec(x) sin (x + %) and the Fourier series of log(sin(x)), log(cos(x)).

3.21 More Interesting Integrals Involving the Inverse
Tangent Function and the Logarithmic Function: The
Second Part

Solution We continue now with other similar versions of the integrals from the
previous section, and this time we consider the squared inverse tangent instead of a
simple inverse tangent. Surely, we’re tempted to proceed as in the previous section,
but I think we might like to make some little adjustments to such a strategy (and we
could start with making a nice symmetry-related observation on the integral J).

Let’s start with the integral J we integrate by parts, and then we have

1 2 x=1
t log(1 1
:/ arctan” (x) 0%( +x)dx = —arctan3(x)log(l + x)
0 1+x 3 x=0
log(2)73/192
1 / L arctan3 (x)
—= —dx
3 0 14+x
3 1 ! arctan3
— log(2) - — _/ arctan”(x) (3.116)
192 3y 1+x
— ——
Ji

1—
For the integral J; in (3.116), make the change of variable x = 1+_y that
y
beautifully gives

I arctan3 (x) 1 (/4 — arctan(y))3
J1 = —dx = dy
0 1+x 0 1+y

:n_afl 1 dx—inzflarCtan(X)dx+§n/1 arctan2(x)dx
64 Jo 1+x 16 o l4+x 4 Jo 14+ x

/‘ I arctan® (x)

— —du,

0 14+x
S —

N
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whence we get that

Ji = 1 arctan3 (x) _ log(2) 4 B inz /1 arctan(x)dx
0

) I+x T8 T T3 T+x
N —
J
3 I arctan?
+-n/ arctan”(x) (3.117)
8 0 1+x

—_—
J3

and happily we were able to express J; in terms of simpler integrals.
Note the integral J, from (3.21) is calculated in (3.98), and we have

I arctan(x) T
J = ——dx = — log(2). 3.118
) /O e " log(2) (3.118)

Further, for the integral J3 in (3.21), we integrate by parts that gives

I arctan?(x) 5 x=l
J3 = / l—dx = log(1 + x) arctan”(x)
0 +x x=0
log(2)72/16
5 1 arctan(x) log(1 + x) d
0 1+ x2
3 U arctan(x) log(1 + x)
= —1log(2)¢(2) — 2 d
< l0g)¢(2) fo o x
{make use of the result in (1.38)}
b4 3 21
= ZG + T3 log(2)¢(2) — 5{(3). (3.119)

If we plug the values of the integrals J, and J3 from (3.118) and (3.119) in (3.21),
we get

! arctan? (x) 3 9 63
J = —dx =logR)— + —¢ ()G — — 3). 3.120
1 /0 - 0T+ TG — me (). (3120)

Collecting the result from (3.120) in (3.116), we obtain that

I arctan?(x) log(1 + x) 3 21 3
= dx =log(2)— + —n¢(3) — —¢(2)G.
/ /0 1+ 2 ¥ =log@) 3 + 55676 T 158G
(3.121)
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Next, to calculate the integral 7, we notice that

dx

[ /1 arctan?(x) log(1 — x)
N 1+ x2

/1 arctanz(x)log(l — xz)d /‘1 arctan?(x) log(l + x)
= X —
0

1+ x2 1+ x2
J
I arctan?(x) log(1 — x2) 3 21
= dx —logQ)— — —7¢(3) + —¢(2)G.
/0 T2 x —log(2)ze7 — 75emiB) + 7 C( )
I
(3.122)
For the integral 11, we make the change of variable x = tan(y) that gives
1 2 _ 52 w/4
arctan“(x) log(1 — x*) cos(2y)
11=/ 1 g dx:/ Vlog [ 222 gy
0 +x 0 cos=(y)
/4 /4
= / y? log(cos(2y))dy —2 / y?log(cos(y))dy . (3.123)
0 0

I I3

Now, for both integrals in (3.123) we make use of the Fourier series in (3.86) (see
1.441.4 from [30]). Therefore, for the integral I, we have

/4 /4 -
143 =/O y2 log(cos(2y))dy =/O 32 <_10g(2) +Z(_1)n_1cos(nﬂ) &

n=1
3 m/4 & cos(4ny)
= —log(2)— 2 =y
og<>192+/ ¥y (=1 ——dy

n=1

{reverse the order of summation and integration }

n—1
= —10g(2) + Z = 1) / y cos(4ny)dy

=- 10g(2)—

(— 1)” U /72sin(wn) mcos(zn)  sin(wn)
192 " Z ( + B )

64n 32n2 32n3
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3

log(Z)@_i__Z( 1"~ 151nflﬁn) %Z(_l)n_lcos’ign)

n=1 n=1

- sin(nn) 3 T 1
S —_1yr! ) P —
32 nz_:l( ) n4 og( )192 32 Z n3

n=1

3

T
= —log(2 )19—2 - 3—2§(3)~ (3.124)

Further, for the integral /3 in (3.123), we have

/4 x/4 o
b= /0 y* log(cos(y)dy = /0 » (— log(2) + Z(—l)n—lcos(nﬂ> d

n=1

3

T/ & cos(2ny)
= —log(2)— 2 —pn 2y
og( )192 +/ y § (=D " y

n=1

{reverse the order of summation and integration }

S n—1
= —10g(2)— + Z - 1) / y cos(2ny)dy
=1

192
n
e 3 +i( =1 [ 77 sin (—) +7tcos< ) sin (7)
192 — oo 32n 8n2 4n3
n n
3 g2 & sin (—) 2 cos (—)
1 - R _1 n—l—Z o _1 n—1—2
0g(2 )192+ ¥< ) et 8;( ) pe
. /Tn
gD
4 n4
n=1
7T 7.[2 ( 1)n 1 o (_l)nfl 1 o (_1)}171
=—log?) 5 + 35 v —3__2—4
192 32 — 2n—1) n:l n 4 — 2n—1)

{split the last series according to n odd and even}

SN S T o (N N
T T R T 1024 =\ (0 =3/0)%F ~ (0 — 1/4)°
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00
3 2 1

3 1
~log | 192 32G+256ﬂ§(3)_ 1024 ; (=374 T 1004 2. (n — 1/4)*

n=1

e¢]

1
se Polygamma function series representation, M7y = (=1)y"~1
{u ye uncti p ion, ¥ " (z) = (=1)" " 'm! Z (o4 k]

= —log(2) 7> +”2G+ 3 7e(3) + w(3> w‘”
192 32 256 6144 4] 6144

dm
{use the reflection formula, (—1)" ™ (1 — z) — y ™ (7) = T om cot(mz), withm = 3, }
z

3 1 3
{z = 1/4, that gives y® (4> +y® <4> = 167%, from which we extract ¢ (4)}

4 3 2

T T T 3
= —log(2 G 3 & . 3.125
384 1082 gy T 3 G F 550 — 30721” < ) (3.125)

If we plug the values of the integrals I and I3 from (3.124) and (3.125) in (3.123),
we have

I = /1 arctan?(x) log(1 — xz)dx
0 1+ x2

1 7 2 3 7.[4
— 3) _
- " ( 4) T~ G+ 10g(2) ~ oy (3.126)

Finally, collecting the result from (3.126) in (3.122), we obtain that
/ arctan®(x) log(l — x)
I = dx
1+ x2
3 2

1 b4 35
® log(2 G — 3
v (4) 19 T 108 ) T30 95

1
T 1536

and the solution is complete.

The Polygamma function reflection formula I used in the calculations above may
also be found in [116], [79, p. 33].

Again, for an alternative solution focused on an individual approach of the
integrals, make the change of variable x = tan(y) in both integrals, and then exploit
that 1 — tan(x) = V2 sec(x) sin (Z — x), 1 + tan(x) = V2 sec(x) sin (x + Z)
and the Fourier series of log(sin(x)), log(cos(x)).
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3.22 Challenging Integrals Involving arctan(x), log(x),
log(1 — x), Liz(x), and Lis(x?)

Solution When encountering the results with the tough integrals in this section,
one impulse might be Let’s try to calculate the integrals separately and then put the
results together, and if we run Mathematica, say, for either of the two integrals from
the point i), we arrive at some results involving the Trilogarithm function ([119],
[44, Chapter 6, pp. 153-187], [78, Chapter 2, pp. 113—-114]) with a complex argu-

1+ . .
ment, i Li3 ) that doesn’t seem to reduce to simpler forms in well-known

constants only. Depending on the way we choose in our calculations, sometimes
things may become rather difficult, unfortunately. Therefore, one concern is about
the starting point of the calculations, and our lucky card here is to try to rearrange
the initial integrals and bring them to more convenient forms (that often can be
achieved with the integration by parts). Happily, all the resulting integrals we’ll get
in this process are calculated in the present book.

Starting with the integration by parts at the point i), we write

1 1
/ arctan(x) log(x) log(1 — x)dx = / x" arctan(x) log(x) log(1 — x)dx
0 0

dx

x=1 1
t 1
= x arctan(x) log(x) log(1 — x) +/ x arctan(x) log(x)
0

1—x

x=0

0

! 1
log(1 — x) 1

—/ arctan(x) log(1 — x)dx _f x log( X)2 Og(x)dx,

0 0 1+x

from which we obtain immediately that

Uy log(x) arctan(x)

1
/ arctan(x) log(x) log(1 — x)dx — /
0 0

1—x

dx

: P xlog(l —x)1
= —/ arctan(x) log(1 — x)dx _/ x log(l — x) log(x)
0 0 1+ x2

{the values of the integrals are given in (1.33) and (1.26)}

G- 23+ 2 log@n? — 2n? = 21og@m + Z = Liog@) + 2 10g2(2)
=G—-— —lo ——n°“—=1lo ——=lo —1lo
7 3p BT T e T g ol T 5 I08 g o8 o)

and the solution to the point i) is finalized.
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As regards the second part of the problem, we apply the integration by parts for
the first integral, and then we write

1 1
/ arctan(x) log(x) Lip(x)dx = / x" arctan(x) log(x) Liz (x)dx
0 0

x=1

1
= x arctan(x) log(x) Liz (x) + / arctan(x) log(1 — x) log(x)dx
0

x=0

0

x log(x) Lia(x)

dx. 3.127
1+ x? ( )

1 1
—/ arctan(x) Lio (x)dx —/
0 0

Returning to the main question and using the result in (3.127), we have

Uy log(x) arctan(x)

1
/ arctan(x) log(x) Lip (x)dx —/
0 0

1—x

Uy log(x) arctan(x)
- dx

1
=/ arctan(x) log(1 —x)log(x)dx—/
0 0

! ) ! x log(x) Liz (x)
—/(; arctan(x)le(x)dx—/O 1—|-—x2

{make use of the results in (1.41), (1.35) and (1.56), with n = 1}

oo ter T A s w9 3 5n2+n+log2(2)+171 2
= —=G"—— — T — = — == ——+—= —lo T
2 T d % 0" T Y T T T T o8

T
7 log(2) —log(2),

and the solution to the point i) is finalized.
For the third part of the problem, we might like to start with the Dilogarithm

function identity, Liy(x) 4+ Liz(—x) = 3 Lir (x2), and then we write

Uy log(x) arctan(x)

1
/ arctan(x) log(x) Lip (x?)dx — 2 /
0 0

1—x

L x log(x) arctan(x)

1
= 2/ arctan(x) log(x) Lip (x)dx — 2/
0 0

1—x
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1
~|—2/ arctan(x) log(x) Lip (—x)dx
0

{make use of the results from the point ii) and (1.45)}

4

4G 1108206 + = — L3~ 23y — 2 log)n? — 2log@)m — —x2
= — = —7’ == - = 7= T——7
g 1920 96" 8t T g8 g 24

5
+57m - 510g(2) + log?(2),

and the solution to the point iii) is finalized.

How do we know, guess the advantageous forms we should start with when
dealing with such problems? 1 think there is no magical way to tell it. However,
what we can do is to make investigations combined with the experience gained,
which is a key point, and then we may arrive at solutions like the ones presented
above.

3.23 Two More Special Challenging Integrals Involving
arctan(x), log(x), log(1 + x), and Liz(—x)

Solution I wonder if you jumped here while working on the point iii) from the
previous section. The integral at the point ii) in this section appeared in the solution
of the result at the point iii) from the previous section. We have to cope again with
some integrals for which I want to emphasize the adjective challenging.

The strategy we want to employ is to break down the integrals into simpler
integrals, and applying the integration by parts, we get

1 1
/ arctan(x) log(x) log(1 + x)dx = / x" arctan(x) log(x) log(1 + x)dx
0 0

x=1 1
= x arctan(x) log(x) log(1 + x) — / arctan(x) log(x)dx
x=0 0
0
I arctan(x) log(x) 1
+ ———dx — arctan(x) log(1 + x)dx
0 1 +x 0

/1 x log(x) log(1 + x)
— dx
0 1+ x2
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1 _
where if we use that/ arctan(x) log(x)dx =/ Z( D"~ 1 log(x)dx
0
n— = n n— 1
—Z( 1 1/ log(ds = Z( D o = Z(—l) 1
1 > 2 log(2

which we combine with the values of the integrals given in (1.46), (1.34), and (1.27),
we conclude that

1
/ arctan(x) log(x) log(1 + x)dx
0

log(2) , = 2 7?3 1,
= G——+—¢3)—log(2 ————log(2 1 2)—log(2),
> 64+64§() og()32 9% g log( )n+2+8 0g”(2) —log(2)
and the part i) of the problem is finalized.
Proceeding similarly as we did for the part i) of the problem, we integrate by
parts, and then we have

1 1
/ arctan(x) log(x) Lip (—x)dx = / x’ arctan(x) log(x) Lip (—x)dx
0 0

x=1

1
= x arctan(x) log(x) Liz (—x) +/ arctan(x) log(x) log(1 + x)dx
0

x=0

0

! . x log(x) Lip(— x)
_/0 arctan(x)le(—x)dx—/(; T

{the values of the integrals are given in (1.44), (1.36), and (1.57), withn = 1}

1 T log(2) 13 7 9 7 3
=_-G*+-G G 5eeo™ + 195~ 3353 — g log@m? = T log (2
20T 7560" T 105~ 33t gg log@” — 7 log@)m

+3 31 (2)+11 2(2)
47 Ty BT et

and the part ii) of the problem is finalized.
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As seen, I tried to reduce both proposed integrals to simpler integrals. All

the resulting integrals were calculated in the previous sections, excepting two,

D arctan(x) log(x) U x log(x) Lip(—x)

——  dxand _—

0 1+x 0 14+x 2

of the problem and give the real substance to the word challenging used in the title

of the section. The former one we’ll meet right in the next section together with a
beautiful generalization of it.

dx, which represent the hard nuts

3.24 A Challenging Integral with the Inverse Tangent
Function and an Excellent Generalization According
to the Even Positive Powers of the Logarithm

Solution The integral from the point i) naturally arises in the calculation process
of the challenging integral i) from the previous section, and we want to know how
to calculate it. Further, using a different idea, we’ll also make the generalization of
a similar version of the integral from the point i), the version where we consider
10g2” (x) instead of log(x), withn > 1, n € N.

Let’s start with the point i) of the problem, and noting and using that arctan(x) =

1 X
———dy, we get

/1 arctan(x) log(x) /1 (/1 x log(x) )
T O 4y = dy ) dx
0 1 +x 0 0 (1 +)C)(1 +x2y2)

_ ([ og) o log(x)
_/0 </0 1+x2y2dy>dx_/o (/0 (1+x>(1+x2y2>dy)dx

{reverse the order of integration in the second double integral }

_ /1 arctan(x)log(x)dx B /1 (/1 log(x) dx) dy
0 x o \Jo (I+x)(1+x2y?)

1

=/Z< 1)’”
0

{reverse the order of summation and integration }

(=D 2U—2 (=1 i
logydx — T =S~ =% _4
=) T /0 oglx)dx ;(%—1)3 E R

k=1
(3.128)

log(x)dx -1
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where the last series is a known particular case® of the Dirichlet beta function (see

= =D S
[101]), B(s) = gm ie., B(3) = ok

For the remaining integral in (3.128), we make the change of variable yx = z,
and at the same time we want to exploit the idea” of symmetrical double integrals,

that gives
(Y[ logz/y)
_/0 </0 (y+z><1+z2>dz)dy
Loy log(z/y) log(y/2) >
= dz ) d
/o (/0 Crol+)  GraatD"

_ /1 (/} log(y/z) dz) dy
o \Jo +20+y?)

{exploit the symmetry of the integrand in the first double integral and}

{in the second double integral make the change of variable z/y = x}

8Splitting according to n odd and even and using the Polygamma function reflection for-

o (=D”
cot(rz), we get f(3) = Z =
= Q2n+1)3

m

mula, (—1)"y"™ (1 — z) — y™M() = ﬂj

Zm

(o) o] oo
1

(—pmt (S 1 = 1 B
Z(Zn—l)3_Z(4n—3)3_z(4n—1)3_64(;@—3/4)3_;(71—1/4)3)_

n=1 n=1 n=1

1 ad 1 ad 1 1
— i - = — 1 @1 —x)—y?® =
64 x—1/4 (; n—1+x)° nX_;(n—x)3> 128 <14 (v20 -0 -vPw)

3

b1
R where 1 also used the Polygamma function series representation, ¥ (z) =

> 1
-1 m—1 ! -
=D""m ,; i
9Usua11y, if having a symmetrical function in two variables, f(x,y) = f(y,x), then,

1 y
upon reversing the order of integration, we may write I = / < / f(x, y)dx) dy =
0 0

1/l 1 1 x 1/ ol
| (/ f(x,y>dy)dx=/ ((f —/)f(x,wdy)dx [ (f f(x,y)dy)dx—l,
0o \Jx 0 0, Jo 1o Mo
from which we obtain that I = / (/ f(x,y)dx> dy = f/. (/ f(x,y)dy) dx =

o \Jo 2Jo \Jo

%/01 (/01 f(x,y)dx)dy.
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21/1(/1 log(z/y) _ _ log(y/2) dz) a
2Jo \Jo O+20+2) (+20+y?)
Ulog(x) L |
+/0 l—i-xdx/(‘) 1+y2dy
LYot o= logi/y) m ! log(x)
—— dz)dy+= | —=dx
2/0 </0 +2(0+y)(1+2?) Z) y+4/0 1+x

:1/ </ ylog(z) +zlog(y) — ylog(y) — zlog(@) | )dy
2Jo \Jo (1+yH(1 +2%)

/ Z( D* 1k og(x)dx

0 k=1

=/1 y dyfl IOg‘Z)dZ_/ ylog(y) | y/ ——Z( D!

o 1+y27 Jo 1+22 o 142 0 1+z
log(2) ' k—1_2k—2 77/1 - k—1 2k 1 ™
= -1 1 dz—— 1 1 dy——
. /0 g 1 gz - ;( ) oy -1
log(2) > _ 3
= 222 S ! / - 210g(z>dz——Z( Dt / # log(ndy -2

k=1 k=1

_log(2) v (=DF T (=D 7% log(2) 3
== ,;(%—1)2__62:: “w=" 5 G- G129

If we plug the result from (3.129) in (3.128), we conclude that

1 arctan(x) log(x) log(2) 73
—— —dx=——G — —, 3.130
/0 1 +x T 64 (3.130)

and the calculations to the point i) are finalized.

This integral version also appears in [55] with different approaches.

To tackle the point ii) of the problem, we first prove that for —1 < s < 0, s € R,
we have the following result,

o0 xs
/0 (1+x)(1+ y2x2)dx

—s 1—s
-z csc (E) N + T sec (E) Y _r csc(yrs)‘ (3.131)
2 2/ 14y 2 2/ 142 14 y?




3.24 A Challenging Integral with the Inverse Tangent Function and an. .. 143

Proof We start with the partial fraction decomposition, and then we write

s

o0 X
dx
/0 (14 x)(1 + y2x2)

1 0 s y2 [} x5 y2 00 xs—i—l
= / dx + f dx — / dx
1+y2Jo 1+x 1+y2Jo 1+ y%x? 1+y2Jo 14 y2x2

{for the second and third integrals apply the variable change y’x? = 1}
g pply gey

| yl=s oo =D/ 1 oy [ 52 7T csc(ms)
21+y2/0 141 21+y2/0 1+1 I+
T sy y* T TS yl’x 7 csc(ms)
=—csc(—>—+—sec<—> - ’
2 2/ 14y 2 2714y 142

and the proof of the result is complete. In the calculations I also made use of the
0o tx—l T
classical result,'© / dt = — .
o 1+t sin(rx)
If integrating both sides of the result in (3.131) from y = 0 to y = 1, we obtain

1 (e’ xs (e’ 1 xs
/0 (fo <1+x>(1+y2x2>dx>dy=/o (/0 (1+x>(1+y2x2>dy>dx

oo ,.5—1
1.
_ / X arctan(x)
0 I+x

1
1
—m csc(ms —d
( )/0 12

{in the first two integrals make the change of variable y* = 7}

tx—l

o0
10 . . . .
Using the Beta function in the form B(x, = ———dt, where if we set x +y =
g (. ¥) / N y

1, combined with the identity connecting the Beta function and Gamma function, B(x, y) =

I'(x)I"(y) , .
———=—, and the Euler’s reflection formula, I'(a)I"(1 — a) = — s
I'x+y) sin(ra)

o) tx—l T
/ LA PO
o 1+t sin(mrx)

we obtain that
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. s L ,—(1/24s5/2) - s L ,=s/2 2
= —csc (—) / —— dz + —sec (—) / dz — — csc(ms)
0 1+z 4 2 o 14z 4

{e.g., make use of the result in (1.10), the first equality}

~Fee(P(r(G-3)-+(G-3)

+ % sec (%S) (w (1 - f-l) —y G - i)) - %205(:(7“). (3.132)

Returning to the main integral of the problem, we write

/ I arctan(x) logzn (x)d / I arctan(x) 10g2" (x)d / 1 arctan(x)log2’1 (x)
x = x —
0 0 0

14+ x X x(14+x)
J1 J
(3.133)
The first integral in the right-hand side of (3.133) is straightforward, and we have
I arctan(x) log”" (x) P 1 5
Ji =/ . Z( 1) log " (x)dx
0 (—

{reverse the order of summation and integration }

:Z(—l)k_]ﬁ/o x* 2 log™ (x)dx = (Zn)VZ( D 1 1)2,,+2

= p(2n +2)(2n)!. (3.134)

Next, for the second integral in the right-hand side of (3.133), we write

I arctan(x) log?" (x) ° arctan(x) log™" (x)
D = dx = dx
0 x(1+x) 0 x(1+x)

B / *© arctan(x)logzn(x)
1 x(1+x)

{make the change of variable x = 1/y in the second integral}

_ /00 arctan(x) log?" (x) ! arctan(1/y) log>" (y)dx
- 0 x(l + X) 0 1+ y

{employ the identity arctan(x) + arctan(l/x) = 7 /2, x > 0}
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°° arctan(x) 1og2" (x) I arctan(x) logz” (x) x ! log2" (x)
= dx + dx — — dx
0 x(1+x) 0 1 +x 2 Jo 1+x

_ /0" arctan(x) logz” (x)dx n /1 arctan(x)log2"(x)dx
0 0

x(1+x) 1+x
— %(1 — 272y 20 4+ 1)(2n), (3.135)

where I used that/1 1ngn(x)d)c = /1 i(—l)kilxkﬂlo 2 (x)dx
0 1 + x g

[e9) B 1 ~ . 00 - 1
X_:(—l)k lfo A og? (r)dx = (2n)!]§(—1)k L = n@n 4

D) =1 =272 ¢@2n + D(2n).
Collecting the integrals J; and J, from (3.134) and (3.135) in (3.133), we obtain

/ I arctan(x) log®" (x)
0

dx = 2n)!BR2n +2) + z(1 - 2_2")§(2n + 1)(2n)!
1+x 2

% arctan(x) log?" (x) I arctan(x) log>" (x)
— dx — dx
0 x(14+x) 0 l+x

and using the identity in (3.132) to prove the result,

/ % arctan(x) log?" (x)
dx
0 x(1+x)

i (= (= (¢ G-5) v (5-3))
pe () (v (-3 - (5-3)) ~reseenn))

we conclude that

_ Y1 _n"2n
T+ x dx = 2 (1 =2""¢2n+ 1H(2n)!

a> 3 1
4 ,B(Zn +2)2n)! — E lim (ds2n (csc (%) (w (Z - %) —y (Z - %))
+ sec (%) (w (1 - 2) —y (% - %)) _ 2 csc(ns))), (3.136)

and the calculations to the point i) are finalized.

/ ! arctan(x) log?" (x) b4
0
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In this section, for the first part of the problem, we have convinced ourselves of
the incredible power of the technique that exploits the symmetry in double integrals,
and we’ll continue to meet such approaches in the next sections.

The idea used for the generalization from the second point of the problem can
also be successfully employed for more advanced integrals, and such an example
(which is pretty delightful) may be found in the next section.

The curious reader interested in a larger generalization, with the logarithm raised
at any positive integer, may use the strategy in [56] (and the same idea to try in the
next section for a larger generalization).

3.25 Let’s Tango with an Exciting Integral Involving the
Inverse Tangent Integral, the Lerch Transcendent
Function, and the Logarithm with Odd Positive Powers

Solution First of all, let’s prepare ourselves for the encounter with what is called
the Inverse tangent integral. In Lewin’s book in [44], there is a whole chapter
dedicated to this function, named The inverse tangent integral, and then another
chapter dedicated to the more general version of the mentioned function, named
The generalized inverse tangent integral. If you didn’t have a chance yet to take a
look on these chapters, and plan to do it, be ready to meet absolutely extraordinary
and very useful formulae, identities with these functions. The Inverse tangent
integral is defined in terms of Dilogarithm function with a complex argument,

Lir(ix) = 7 Li2(—x2) + i Tiz(x), and there are various known representations

2n—1

of it like the series representation, Tiz(x) = Z( D'~ 1 the integral

@ -1’

. . * arctan(t) .
representation, Tip(x) = 7dt, and last but not least, I point out the

0
integral representation in (3.138) (below), we’ll find very useful in this section.

During the calculations it won’t be necessary to resort to the heavy artillery of
these chapters I already mentioned. In fact, we need one more thing, the inverse
relation,

Tia (x) — Tia (%) = %sgn(x)log(|x|), (3.137)

we may also find in [78, Chapter 2, p. 110].
To start the solution, we need in the calculations the fact that

! xlog(y)
Ti = — ——=dy, 3.138
i (x) /O oy (3.138)



3.25 Let’s Tango with an Exciting Integral Involving the Inverse Tangent. . . 147

which is straightforward to show!! by using the geometric series.
Now, multiplying both sides of the relation in (3.131) by —log(y) and then
integrating from y = 0 to y = 1, we get

/1(/°°_ x* log(y) dx>d _/°° (/1_ ¥ logy) )dx
o o A+ 0a+y2x0 )T Uy Taxna+an”

_ % x5~ i (x) . s L'y~ log(y)

_/0 1+ x dx__ECSC(T)/O 142 d

m omsy [1y! T log(y)
—— sec (—) ——=-"dy
2 2 0 14 y2

0g() 4
1+y? @

+ csc(ns)/

{make the change of variable y2 = z in the first two integrals}

1 ,—(s+1)/2] 1 —s/2
T TS z 0g(z) b4 TS / Z log(z)
= e (Z) | g T () | 2y
8°SC<2>/0 I+ = 8560(2)0 T+z °
I L
+ 7 csc(ms) / og(y ) (3.139)
I3

Recalling and using the first equality in (1.10), then the first integral in (3.139)
leads to

Il Z/ (s+1)/2 IOg(Z) <‘(ﬂ(l) ( ) _ w(l) (1 _ i)) ’
0 1+z 4 4
(3.140)
and similarly, for the second integral, we obtain

_ 2% log(z) 1 ) s ) 1 s
b [ e (0 () e (35 e

e " N - cerics. th 1xlog(y)d e Ly
t's easy to see, 1f we use the geometric series, that — - —|—x2y2 y = A X Z(— )

in_l

m = Tiz(x).

00 1 00
(@)* log(ndy = Y (=)™ [O Y P log(ydy = ) (="
n=1

n=1
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where we first differentiated (1.10) with respect to s and then plugged in the needed
values.
The last integral in (3.139) is a known one, and we write that

! log(y) 'S 1.2n—2
I3 = dy = —D" 7y d
3 /0 T4 2% /0 HE:I( )y og(y)dy

0 1
=3 (! /0 ¥~ log(y)dy
n=1

ad 1
=N (-)y—— = —G. (3.142)
; (2n —1)2

Collecting the values of the integrals I1, I, and I3 from (3.140), (3.141), and (3.142)
in (3.139), we obtain

% x5~ Tip(x) o s ol s w3 s
[t Gee () (00 (5-3) v (3 3)
T oo (BN (w0 (LYo (122
32 sec 2 ) (w (2 4) v (1 4))

— mcese(ms)G. (3.143)

Upon returning to the main question, we write

1 Ti 1 2n—1 1 1 2n—1 1 1 2n—1
/ i2(x) log (x)dx :/ Tia(x) og (X)d)C _/ Tia(x) og (x)dx,
0 0 X 0

1+ x x(1+x)
n Is
(3.144)
where you may note I used the same strategy as in the previous section.
Now, for the integral I in (3.144), we write
1 2n—1 _

g ) (= 1) (22 o201

Iy = / Tip (x) ———dx log™ ™" (x)dx
0 x 0 ; (2k —

{reverse the order of summation and integration }

0 k—1 1
—1
z : ( ) / x2k—210g2"_1(x)dx
0
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{make use of the result in (1.2)}
o0

_ ==t
=—2n-— 1)!]; e —B@2n+2)2n — 1. (3.145)

For the second integral in (3.144), we need the inverse relation in (3.137), and we
write

_ 1 i 2n l(x) Zn l(X)
Is —/0 le(x) (l+x) ——dx = / Tip(x ) (1+x)

© o log? ()
—[ le(x)mdx

{make the change of variable x = 1/y in the second integral}

s} 1 2n—1 1 1 1 2n—1
:/ Tig(x)og—(x)dx+/ Tiy <—) log” Wy,
0 x(1+x) 0 y 1+y

00 2n 1 2n—1 2n
:/ T12(x)—()dx+/ T12(x)10—(x)dx——[ log" @),
0 ( I+x 0

1+x) 2 1+x
[e'e) 2n—1 17y 2n—1
[ W@ [ e log” ' (v)
0 x(1+x) 0 I1+x
T —2n
— (1 =27 @0+ H2n)! (3.146)

1 2n
WhereIusedthat/ e (x) /Z(—l)k_lxk_llog2"(x)dx
0
0

X 1yk—1
Z l)k 1/ k—1 loan(x)dx — (21’1)' Z (k21n—)+1 = T)(Zn + 1)(271)'

=1 k=1
=(1-=2""¢2n+ H(2n).
Collecting the results from (3.145) and (3.146) in (3.144), we obtain

1 2n—1
f Ti2(x)10gl—(x)dx =T =27 @n+ 1)2n)! = B2 +2)(2n — 1)
0 +x 2

00 1 2n—1 1 Ti 1 2n—1
_/ Tiy ()28 @) 4y _/ i2(x) log (x)dx,
0 x(1+x) 0 1+x
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and using the identity in (3.143) to prove the result,

00 i loan—l(x)
/0 TIZ(X)—x(l—I—x) dx

e a1 TS ) 1 s ) 3 s

=320 (ds2”‘ ( (5) (‘” (z B z) v (z B z))
7N (a1 ) _

+sec( : ) (w (2 ) " ( 4)) 326 csc(ns)))

we conclude that

1 2n—1
/ Tiz(x)Ogl—(x)dx = 1= 27 @0+ @) — 2B +2)2n — 1)1
0 +x 4 2

i (G (e (D (0 (5-3) 0 (5-))
+sec( ) (w) < ) —y® (1 - i)) EYYe: csc(ns))),

and the solution is finalized.

In formulating the main question I also used the Lerch transcendent function (see
00 k

[113]), @(z,s,a) = Z (ZTk) but for the calculations it was enough to only

recognize the connect10n with the Inverse tangent integral which is easy to note if
comparing their series representations.

3.26 A Superb Integral with Logarithms and the Inverse
Tangent Function, and a Surprisingly Beautiful
Generalization of It

Solution Just a few sections back from here I presented sums of integrals where
when treated separately they lead to results involving the Trilogarithm function
([119], [44, Chapter 6, pp. 153—-187]) with a complex argument, that is in Sect. 1.22.

If we consider the integral from the first point where we write that

1 2
log ((1 R )2) = log(l + x?) — 2log(l — x), then split it accordingly, and

give it a try with Mathematica, we realize at once we fall under the same category
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of integrals like the ones from the section mentioned above. So, looks like we need
some ingenious ways!

I'll treat first the generalization from the second point, and using the result in
(4.4), we write that

* arctan(z) log(1 +t2) / k—1,2k
1 dr
/0 ; A Z( ) 2k+1

k=1

{reverse the order of summation and integration }

o0
_ Hyy,
=2§ —1"1[ dt_2§ kT2l 22 3.147
k=1( ) A 2k+1 =D 2k +1)2 ( )

Then, for the other integral of the generalization, we have

arctan(xt)log(l—t) / k=1 2%k~ 1 12k=
1 1 1 —t)dr
| E (-1 og(l —1)

t
k=1

{reverse the order of summation and integration }

o0 1 1
= (—1)’<—1x2’<—1—/ 1*=21og(1 — t)dr

{make use of the result in (1.4)}

= k 2k— 1 H2k 1 k—1 2k+1sz+1/(2k+1)
k2=:( v Z( D (2k + 1)2

_ k=1, 2k+1 Hy k—1 2kt
Z( D (2k+1)2+2( b (2k+1)3

{start in the first series from k = 1, and reindex the second series}

c- k=1 2k+1_ Hok - p !
= -1 _— — e D 3.148
;( A TS };< T (3.148)
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By combining the results from (3.147) and (3.148), we obtain that

I arctan(xt) log(1 — ¢
arctan(xt) log( )dt

* arctan(t) log(1 + 2
/ arctan(?) log(1 + )dt _s
0 t t

2k—1

_22( 1)k ] X )3’

and the first solution to the point i7) of the problem is finalized.
For a second solution to the point i7) of the problem, we need the following result

x = ,teR. (3.149)

/00 log(x) arctan(r) log(1 + %)
0 (x+1D2+¢2 t

Proof In order to prove the result in (3.149), we want to first show that

[ee) 2 — 2
/ ﬂdx = 1 <log (@) — log (b)> ,a,b>0. (3.150)
o ta)x+b) 2 a—b

If we let the variable change x = ab/y, we get

7= f ®_ logw) o / > log(ab/y)
= — S dx= —= 77 dy
0o (+a)x+Db) o +a)y+b)
o0 1
=20 | G

from which we obtain that

1 11 b AN
= —log(ab)/ ——dx == og(a )log s
2 o (x+a)x+Db) 2 a—>b x+a

_ 1 {log*(a) — log*(b)
2 a—>b ’

and the auxiliary result is proved.

x=0

s—1
dx = ma*™!

csc(ms),

o
Alternatively, if we start with the fact that, /
0 X+a

s—1

Y

I+y
7 csc(ms), that we met and proved in a footnote of Sect. 3.24, and then differentiate

once with respect to s, we get

o0
which comes immediately from the well-known classical result, / dy =
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/OO x5! log(x) 1
——  dx = mwa"" " csc(mws)(log(a) — 7 cot(ws)). 3.151)
0 X +a

Based upon the result in (3.151), we obtain that
00 s—1 1
f x*~ " log(x) dx
0o (x+a)x+b)

(a*'log(a) — b*log(b) + 7b* ! cot(ms) — ma® ! cot(ws)).
(3.152)

_ 7 csc(ms)
T b—ua

If we let s — 11in (3.152), we get again the result in (3.150),

/OO log(x) de— 1 log®(a) — log®(b)
o Gra+b) 2 a—b :

Therefore, by settinga = 1 4+ it and b = 1 — it in (3.150), we obtain

©  log(x) i 5 , 5 _ arctan(r) log(1 + %)
08 g4x = — (log?(1 — it) —log?(1 +in) = ,
/0 G+ D2+ 4t<0g( it) — log™( J”)) 2

b

where I used that log(a + ib) = log(v/a? + b?%) + i arctan (—) ,a > 0, and the
a

proof of the result in (3.149) is finalized.

Next, if we replace x by y in the left-hand side of (3.149) and integrate with
respect to ¢, from t = 0 to r = x, we have

; p 0 o (+D*+1t

{reverse the order of integration }

<t log(y) ) / * 1 < x )
=2 ———dt|dy =2 arctan lo d
fo (/0 (y+ D241 Y o l+vy I+y B)dy

1
{ make the change of variable =t }
I+y

_ 2/1 arctan(xt) lotg((l — t)/t)dt
0

_ 2/1 arctan(xt)tlog(l — t)dt _ 2/1 arctan(xtt) log(t)dt
0 0
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Uarctan(xt) log(1 — 1) e 1(xt)2k llog(z‘)
t dt—Z/O Z( A R

{reverse the order of summation and integration }

Darctan(xt) log(1 — 121
=2 ) lkl / 122 100(1)dr
/o t Z( ) 0g(f)
arctan(xz) log(1 — 1) > 2%k—1
=2 dr+2 -1 k*l—7
/0 d - kX:;( ) (2k —1)3

from which we obtain that

/"‘ arctan(z) lfg(l +12) g —2 1 arctan(xt)tlog(l —1) dr
0

X
_ZZ( l)k 1 1)3’

and the second solution to the point ii) of the problem is finalized.

I submitted the integral from the point i) to The American Mathematical Monthly,
the problem 12054 (see [92]). Now, by setting x = 1 in the generalization from the
point ii), we obtain

L arctan(r) 14172 (—=Dk-! B 3
/0 ‘ 1"g((l ) gek—l)fﬁ’

where the last series we already met and calculated in a footnote of Sect. 3.24, and
the solution to the point i) of the problem is finalized.

The curious reader might also find a generalization of the result from (3.149) in
[64, Chapter 8, p. 333], obtained by means of contour integration.

3.27 A Kind of Deviant Pair of Integrals with Logarithms
and Polylogarithms, Using Symmetry

Solution These integrals look awesome!, a natural reaction I might expect from
you! But how about their level of difficulty? Well, if we use the right rool (of
course, we’ll want to use it!) and combine it with exploiting the symmetry in double
integrals, then we’ll find the derivation of both results pretty enjoyable. Let’s see
now how to do it exactly!
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, _ _ X I xlog(t)
If we employ the resultin (1.12), withn = 1, Lip = ——dt,
x—1 o 1—x(1—-1)

X
=y, we get Lip | ——
x—1

and then make the change of variable 1 — ¢

! xlog(l —y) . .
ﬁdy, and then, for the point i) of the problem, we write
0 _

1+x I +x)1 = xy)

X
log(1 — x) Lip (—)
! — V! xlog(l —x) log(1 —
/ x—1 dx:/ (/xog( x) log( y)dy>dx
0 0 0
{use the symmetry of the integrand }
_1 </1 (/1 xlog(1 — x) log(1 —y)dy>dx
2 \Jo \Jo (I +x)1 —xy)
Lot ylog(l — x) log(1 —
+/ (/ ylog(1 — x) log( y)dx)dy>
o \Jo I+ y)d —xy)
{for the first double integral, reverse the order of integration}
1 1 1 1 _ _
=_</ (/ xlog(1 — x) log(1 y)dx)dy
2\Jo \Jo (I +x)(1 —xy)
Lt ylog(l — x) log(l —
+f <f ylog(1 — x) log( y)dx>dy>
o \Jo I+ »d—-xy)

1 /1 ( (x4 y + 2xy) log(1 — x) log(1 — y) )
S dx | dy
2Jo \Jo (1 +x)A+ y)(1 —xy)

IT+x)T+y)A —xy)

1/ o1 _ _
_ l/ (/ log(1 — x) log(1 y)dx> dy
2 Jo \Jo 1 —xy

1
1t 1 log(1 — x)log(1 — y)
_5/0 </0 (1+x)(1+y) dx>dy' (3.153)

J

N (- _ —
_ %f </ (A +x)T+y) = —xy))logd — x)log(l y)dx> dy
o \Jo
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Now, for the integral [ in (3.153), we write that

I /1 </1 log(1 — x) log(1 —y)dy>dx
o \Jo I —xy

/ ( / Z(xy)" llog(l—xﬂog(l—y)dy) dx

{reverse the order of summation and integration }

Xl ! X HN\? 17
=§f0 x"‘”og(l—x)dx/o y"‘llog(l—y>dy=2<7”) =@,

n=1
(3.154)
where for the penultimate equality I made use of the result in (1.4), and the last
series is the quadratic series of Au-Yeung calculated in (4.29).
Further, to calculate the integral J in (3.153) it is enough to calculate

1
log(1 —
/ log =x),
0 1+x

/1 log(1—x) (1—x>/g+x)=y/ log(y)
0 14+x 0

Ty +1o <2>f —dy

/‘ log(1 + y)
— — Zdy
o 1+

log?(2) fl log(y) log?(2) P, kel kel
_ N dy = + / (—1)F 15T log(y)dy
2 o 1+ 2 0 ,;

_ log’2 log?(2) — 1
e @) Z( H! / log(ndy = PEE St
k=1

1 2
= (log ) — 4(2)) . (3.155)

Using the result from (3.155) in the integral J from (3.153), we have

([ log1 = x)log(1 — y) 1, 2
! _./0 (/0 (A +x)(1+y) dy) dr =7 (log (@) —4(2)) . (3.156)
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By collecting the values from (3.154) and (3.156) in (3.153), we conclude that

. X
/1101‘5(1_)6)L12 (x—1>d _» (4)+ll 2(2) (2)_11 '
0 [+x T et Ty lee (e g o (),

and the part i) of the problem is finalized.

For an alternative solution, the curious reader might also think of using the
Landen’s identity (see [44, Chapter 1, p. 5], [78, Chapter 2, p. 107]).

As in the first part, for calculating the integrals from the point ii) we make

1 (! xlog?(1 —
use of the result in (1.12), with n = 2, to get that ——/ Mdy =
2 Jo 1 —xy

Li3 ( x 1 ) and then we write
X —

X
llog2<1—x>Lis<—) V)2 20
/ x—1) 1/ (/ xlog2(1 — x) log2(1 y)dy)dx
0 0 0

1+« -2 (1+x)(1 —xy)

{use the symmetry of the integrand }

1 1 201 _ 201 _
_ _l(/ / xlog=(1 — x)log=(1 y)dy &
4\ Jo \Jo (1 +x)1 —xy)

1 1 201 _ 201 —
_|_f / ylog®(1 — x)log=(1 y)dx dy>
o \Jo I+ ) —xy)

{for the first double integral, reverse the order of integration}

1(/1 /1 xlog?(1 — x)log?(1 — )
=—- dx | dy
4\ Jo \Jo (I+x)(1 —xy)
1 1 201 201 _
+f / ylog”(l —x)log"d —y) . dy)
0o \Jo (I+y)A—=xy)

1/1 U (x +y +2xy) log?(1 — x) log*(1 — y)
=—- dx ) dy
4Jo \Jo (1+x)(1 + y)(1 —xy)

__1/1 /1 (A 4+ +y) = (1 —xy)log(1 =) log?(1 —y) | |
~ 4o \Uo T+ 00+ —xy) g
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1Y " 1og?(1 —x)log?(1 — )
= ——/ f dx | dy
4 0 0 l—xy

K

Lt og? (1 = x)log*(1 — y)
- dx | dy. 3.157
), (/o A+ +y) g G157

L

For the integral K in (3.157), we have that

1 1 2 2
logZ(1 — x) log?(1 —
¥ / /Og( x) log=( y)dx dy
o \Jo I —xy

1 1 >
-/ ( | e tega —x)logz(l—y)dx> dy
0 0

n=1

{reverse the order of summation and integration }

o9 1 1
= Z/ x"og?(1 —x)dx/ Yy og?(1 — y)dy
iy 0
{make use of the result in (1.5)}

( H(z) ) Sl H2 H’§2) o (H(2))2

{the first two series are given in (4.39) and (4.38), and for the third series let n — oo}

{in the result from (4.15), with p = 2, and combine it with the series from (6.71)}

- ﬁ;(é) +822(3). (3.158)

Further, to calculate the integral L in (3.157), it is enough to calculate

/l 10g2(1 —X)
———dux,
0 14+x

/‘llogz(l—x) o 1A /llogz(w ay= L /1 log’®) 4
0 1+ x 0 2_y 2 0 1_y/2
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1 PSS fyyn-] 1 [! 21
== =) log*(ndy =Y — [ y"log(ndy =2 —
5| > (3)" oo };M gy =23 5

2Li !
= 1 —
\2
{use the special value in (3.20)}
7 1. 5
= 15(3) —log(2)¢(2) + 3 log”(2). (3.159)
Thus, using the result from (3.159) in the integral L from (3.157), we get
V(M log? (1 — x) log(1 —
L=/ /og( Dlog =,y
o \Jo T+ +y)

2

= (2;(3) —log(2)¢(2) + %log3(2)> (3.160)

By collecting the results from (3.158) and (3.160) in (3.157), we conclude that

2 : X
1 log”(1 —x)Liz | ——
x—1
/ dx
0 14+x
1

= L 10g%2) = Llog*2)2(2) + - 108 )¢ (3) + 2 o2 D)e () — ok (6)
36 % 6 08 ()¢ 2q 08 (D¢ g og (2)¢ 48 ¢

e @¢@ (3)—E *(3)
g 108(2)e ()¢ a3

and the part i7) of the problem is finalized.
We’ll continue to see the power of the symmetry in the next few sections, which
will allow us to evaluate beautiful integrals with logarithms and Polylogarithms.

3.28 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The First Part

Solution Do you remember the integral from the point i) we had to use in
Sect. 1.12? T might guess you probably arrived here if you went through the
previously mentioned section (at least out of curiosity). In general, noticing the
possibility of successfully exploiting the symmetry of a multiple integral is nothing
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but a wonderful moment, and the usual consequence is that everything reduces to
simpler calculations. This section (and some of the later ones, as you’ll see) could
be a nice opportunity to train your symmetry eye. When it’s possible, just use that!
It’s awesome!

Now, it’s enough to prove the generalization from the point i7), and using the
integral in Sect. 1.6, we have

"og" (@) Lin1(x) . (=" '/ ! xlog"(x)log"(y)
dx = ——————dy | dx
0 l+x n! Jo \Jo (1+x)(I—xy)
(3.161)
Then, for the last double integral in (3.161), we exploit the symmetry, and then it’s

easy to note that
1 1 n n
/ (/ x log"(x) log (y)dy>dx
o o (I+x)d—xy)
1 1 n n 1 1 n n
_ 1 (/ (/ x log"(x) log (y)dy> dx+/ (/ y log"(x) log (y)dx) dy)
2\Jo \Jo (I+x)I—xy) o \Jo (I+y)d—xy)
{for the first double integral, reverse the order of integration }
1 1 n n 1 1 n n
_! (/ (/ x log"(x) log (y)dx> dy+/ (/ y log"(x) log (y)dx) dy)
2\Jo \Jo (I+x)—xy) o \Jo (I+y)d—xy)
L (s s omson):
= - X X
2Jo o N0 —ay) " Trpd—ay) 8 o8 S

1 ! 1 X+ v+ 2xy
= — 1 n ) "
2 /0 </(‘) (1 4+x)A +y)(1 —xy) og" (x) log (y)dx) dy

2 A0+ n—xy ¢ Ohlel mx) @

_ 1/1 (/‘1 logn(x)log"(y)dx> dy—l/l log" (x) dx/l logn(y)dy'
2 Jo 0 1—xy 2J)o 14+x o 14y

5L 4] L

1/1( PA+0d+y) =1 —xy)
o \Jo

(3.162)
For the integral I in (3.162), we write

I = /‘ ( /‘ log" (x) log" () dx) d
0o \Jo 1 —xy
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/ ( / 3 (e log? (1) log” (y)dx) dy

0 k=1

{reverse the order of summation and integration }

oo 1 1
= Z / T og" (x)dx f ¥ og" (y)dy
k=1 0 0

n!
use the result in (1.2) to write that / k=1 log" (x)dx = (—=1)" —
0 kn+1

= ()’ Z k2n+2 = (n)*¢(2n +2). (3.163)

Further, for the integral 5 in (3.162), we have

Hog"(x)
Izzfo . —/0 Z( D1k log” (x)dx

k=1

{reverse the order of summation and integration }

o0 1
= Z(—l)k_lf xk_llog"(x)dx
k=1 0

1 n!
use the result in (1.2) to write that / k=1 log" (x)dx = (—1)"
0 Jn+1

1yk—1
= (~1)"n 'Z(kn)ﬂ = (=D"aln(n + 1) = (=1 (1 = 27"nlg (n + 1).

(3.164)
Collecting the values of the integrals from (3.163) and (3.164) in (3.162), we obtain

V(! xlog" (x) log" (y) e —m\2 2
[0 (/0 mdy>dx_§(n!) (cen+2) = (1-27) 2@+ 1),

(3.165)
Hence, if we plug the result from (3.165) in (3.161), we conclude that

/1 log" (x) Lin11(x)
—— " dx
0

_l n —ny\2 52
o =51 n!<§(2n+2)—(1—2 )2¢ (n+1)),

and the solution is complete. The integral from the point i) is obtained by
considering n = 1 in the generalized integral.
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For instance, in the chapter Sums and Series we’ll meet a problem where using
such an integral is one of the possible keys to solve it (and I’ll let you discover on
your own which this problem is).

3.29 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The Second Part

Solution In this section we continue with a similar strategy as in the previous
section, and we’ll want to exploit again the power of the symmetry in double
integrals. Then, we could also remember that the case n = 1 appeared in the
calculations of the integral J from Sect. 1.12. Using the integral in Sect. 1.6, we
have

/1 log" (1) Lips1(=%) . _ (=" /1 ( /1 x log" (x) log" (y) ) W
0 1422 T S\ aeasan ™
(3.166)

Exploiting the symmetry of the double integral in (3.166), we write that
L[ xlog"(x) log" (y)
—— - dy|dx
o \Jo (I+x9)(+xy)
1 1 1 log" log" 1 1 log" log"
:_</ (/ x log (ZX) og (y)dy>dx+/ (/ ylog (ZX) og (y)dy)dx>
2\Jo \Jo (I+x9)(1+xy) o \Jo (I+yH)d+xy)
1 1 1 X y
== + log" (x) log" (y)dy | dx
2(/0 </o <<1+x2><1+xy> <1+y2><1+xy)) gloe ) y) )

T2 log" (x) log" (y)dy ) dx
2/0 (/o 1+ x2)(1 + y2)(1 + xy) g" (x) log" (y) y)

_L @ty ") log”
_5/0 (/0 AT + (1 ay) 08 (log mdy)“

1 7! 1 Xty ) )
-2, () arma e @ o)

[ xlog"(x) Mog"(y)
= [ —/—=“"dx dy
o l+x? o L+y?
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1 o
( / 3 DL oy (x)dx) ( | Z(—l)"—ly?k‘zlog"(y)dy)
0 k=1

0 (=1

{reverse the order of summation and integration }

o0 1 o0 1
= (Z(—l)k—l / x”‘—llog”(x)dx) (Z(—l)k—l / y”“zlog”@)dy)
k=1 0 k=1 0

{make use of the result in (1.2)}

12

12 1 o 1
2,:11+1 <Z( Dk lknJrl) <Z(_1)k_l 2k — 1)n+1> ;H n(n+DHAn+1)

k=1 k=1

;2

=S =27 e+ 1DBm +1). (3.167)

Finally, by plugging the result from (3.167) in (3.166), we conclude that

dx = (—1)"!

/1 1og” (x) Lip 41 (—)
0

|
- o+ DB+ 1)

on+

= (-1"! (1— 27"+ DB+ 1),

2n+1

and the solution is complete.

As you may see, there are various, beautiful ways of exploiting the symmetry,
and to develop a good sense around such approaches, much practice is needed.

3.30 Wonderful Integrals Containing the Logarithm and the
Polylogarithm, Involving Beautiful Ideas About
Symmetry: The Third Part

Solution I don’t plan to move away yet from the symmetry idea I previously used,
and we’ll continue evaluating another two integrals by constructing a strategy based
upon exploiting the symmetry. Also, in the chapter Sums and Series we’ll meet a
problem where one of these integrals may be a possible key to solve it.

For the generalization from the point i), we need the simple fact that

X2 N Y2 B X% 4+ X2y2 4+ v?% 4 x2y?
A+X)H(1-YX) (1+7>)A-YX) A+XHA+YH(A-YX)
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_0+X)A+rH-d-xV) 1 !
T+ XDHA4+YHA-YX)  1-YX (+XDH(1+7Y?

~ Xy
A+X)(A+Y?

(3.168)

Now, based on the integral in Sect. 1.6, we write

/1 xlog" (1) Lip1 () (=1)" fl ( fl x? log" (x) log" (v) | ) W
0 112 T S b areya—m ™

{make use of the result in (3.168)}
_ (—1>"</1 (/1 log" () log" (») | )dx_/l (/1 log"(x) log" ()| )dx
"2\ Uy T e o \o T+ada+,m™
/1 (/lxylog”(x)log"(y) ) )
— dy ) dx
o \Jo d+xH1+y?)
n 1 1 n n
=ﬂ</ (/ wdy>dx
2-n! 0 0 1—yx
1 n 2 1 n 2
_(/ log (x)dx) 3 (/ x log (x)dx) )
o 14+x2 o 1+x2
( 1)" k-1
Z(xy) log" (x) log" (y)dy
1 o 2
_(/ Z(_l)klxzkzlogn(x)dx> (/ Z( k=1 2% g (x)dx) )
0 r=1

{reverse the order of summation and integration }

Y S 1 1
~ SO (X ([ oot ogrco ogay ) as
cn: =1 0 0
00 1 2 ) 1 2
_(Z(_l)k—I/ x2k_210g"(x)dx> _(Z(_l)k—I/ x2k—llogn(x)dx> )
P 0 0

k=1

{make use of the result in (1.2)}
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1 (=1
=51 n'(zm
k=1
_(i (D! )2_( ! i<—1>k1)2>
— (Zk—l)"'H on+l — kn+l1

! 2 1 2
=(—D 3(5(2114-2)—(,3(114-1)) —4n+1(77(n+1)) )

and the point i) of the problem is finalized.
To calculate the integral from the point ii), we need the result in (3.168), where
we replace Y by —Y, and then we have

X2 Y2
I+ X1 17X) A+ 7HA1¥X)

1 1 XY

B 1+YX (1+X2H)(1+7Y? + IESORES D) (3.169)

Then, based on the integral in Sect. 1.6, we write

/1 xlog" (1) Lip1 (=) - (=D""! /1 ( fl x? log" (x) log" (v) | ) W
0 42 i Jo o e+ Y

{make use of the result in (3.169)}
_1\yn—1 1 1 n n
_ (=1 (/' (/ log" (x) log (y)dy> d
2-n! 0 0 14+ xy
_/1(/1 log" (x) log"(y) )dx
o \Jo raya+»™
P! xylog” (x) log" (y)
+/0 (/0 A+ +2) dy>dx>
_1yn—1 1 1 n n
_ &b (/ (/ wdy>dx
2-n! 0 0 14 xy
1 n 2 1 n 2
_(/ log (x)dx> +</‘ x log (x)dx> )
0 1—|—x2 0 1+.X2

—1r-1 1 1
z(z.)nv (/0 (f D—l)k‘l(xy)k‘llog"<x>log”<y)dy)dx

0 k=1
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1 2 1 2
_ (/ Z(_l)k—lxy(—2 log"(x)dx) + (/ Z(—l)k_l)CZk_l log"(x)dx) )
0 k=1 0 k=1

{reverse the order of summation and integration }

o0

1) 1 1 1
= (2 )nv <Z( D~ 1/0 (/0 (xy)<! log"(X)IOg”(y)dy> dx

00 1 2 00 1 2
— (Z(_l)k_l / x2k—2 log"(x)dx> + (Z(_l)k—l f X2k_1 10g"(x)dx> )
k=1 0 k=1 0

{make use of the result in (1.2)}

(3o EDE (5 e (] $h D ’
=D E( k2n+2 P (2k — 1)n+1 n+1 n+1

k=1

=z ((ﬁ(n +1)° —n@2n+2) — (n(n+ 1)) )

4n+l

and the part ii) of the problem is finalized.

One will find useful the special values of the Dirichlet beta function given in
[101] when trying to get some particular integrals for some values of n. Also, it’s
good to know the specialized paper in [39] on the Polygamma function values for
the arguments x = 1/4 and x = 3/4, where connections between some Polygamma
function values and Dirichlet beta function values are shown.

The story of the solutions involving the symmetry won’t end here, and in some
of the next sections we might want to use again the symmetry-related ideas. So, let’s
always be prepared for exploiting the symmetry!

3.31 Two Families of Special Polylogarithmic Integrals
Expressed in Terms of Infinite Series with the
Generalized Harmonic Number and the Tails of Some
Functions

Solution Sometimes we might prefer to establish relations between integrals and
series instead of trying to find the precise values of some integrals and series. It
is exactly what we will do in this section, and will try to establish beautiful series
representations for the two polylogarithmic integrals.
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For both integrals, we may exploit some simple results with integrals we’ll meet
in the next section. Thus, for the first point of the problem we’ll exploit the integral
result in (3.182),

I g2 2n — 3! i -
/ al dy= Cno O Z(’ ) (3.170)
o (14 x2)n QCn -2\ 4 = 2021 — DN
n-mn—2)---5-3-1, n > 0odd;
where n!! is the double factorial (see [103]),n!! = {n-(n —2)---6-4-2, n > 0 even;
1, n=-—1,0.

. , , > @2n-2)!' =m
A first observation based upon the result in (3.170) is that Z —_ = —,
= 2" (2n — H! 4

To see this is true, we may consider n > 2, and we write

n—1 . 1 2n—2
b Qi -2  (2n —2)! X
052_2 (21—1)”_(2n—3)!!/0 (1+x2)ndx

n n

221 op—1 [l x2n2 22" 2p —1 X
= dx S d.x
<2n> 2n Jo (1 +x2)n <2n> 2n Jo (1 +x%)n

n

2 2n—1 1 1
_<2n> 2n (2(n—1)_2n(n—1)>’

where if we consider the asymptotic expansion behavior of the central binomial

. 2n 41 . .
coefficient, < ) ~ ——, as n — 00, we obtain the desired value,
n

Jan

S 2n-=-2)!! 7w
;2"(2}1— Dl 4 G171

But how could we derive the stated asymptotical behavior of the central binomial
coefficient? At this point we want to recollect the Scottish mathematician James
Stirling (1692-1770) and his incredibly useful approximation known today as
Stirling’s approximation or Stirling’s formula (see [1, p. 257], [9, p. 21], [34, p.
86-88], [33, Chapter 2, pp. 165-167], [78, Chapter 1, p. 8]),

nl ~ 27 (g)” (3.172)
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2 2n)!
It’s straightforward to see that writing ( n> = E 7))2 and then applying the
n n!
- T o . 2n 4"
Stirling’s approximation in (3.172), we arrive immediately at ~ (see
n JTn

[40, p. 110]).

Alternatively, it’s easy to see that the value of the series in (3.171) is obtained
directly by employing the result in (4.1).

Now, using the result in (3.171), we may write the initial result in (3.170) as

1

b xn=2 Cn=3) (7 & Q-2
/0 (1 +x2)"dx 2n —=2)!! ( Z 20(2i — D!

i=1

@@= [ Qi =)
T Q2n =2 (; 20(2i — 1)!!) ’

. 2n)!! 22n Cn—-DI" 1 (2n
and if we use ot Dl = o and ! 22n , we get
n "
2 1
(2n + )(n )
1 x2n72 n n x 2k
——dx = ——— — . 3.173
/0 (1 4+ x%)n 2n — 1)22”<n> ;k(Zk) ( )
k

Further, upon multiplying both sides of (3.173) by Hn(T)l and then considering
the summation from n = 1 to oo, we obtain that

> e O |
—_— dx
(2n —1)22" \ n ( ) (14 x2)n
n=1 k=n k

{reverse the order of integration and summation }

1 00 2n=2 gy (m) 1 2
=/ Z_n—ldxzf Lin (—— ) dx.
0 = (14x2)" 0 1 +x2

where for getting the last equality, I made use of the generating function in (4.6),
and the part i) of the problem is finalized.
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For the second point of the problem we use that

1 on—1 _ 12 -1 12 (1
| G ™ | a= [ (-
o (I4+x)" 0 11—t 0 1—1t

n—1

=log(2) — Y —. (3.174)
kot

Multiplying both sides of (3.174) by H ,f'f)l and then considering the sum fromn = 1
to 0o, we get

00 n—1 1
(m) v b H™
o (ow - L) = o [

n=1

{reverse the order of integration and summation}

f (m) x" = dx
: : n—1 n
14+x)

{make use of the generating function in (4.6)}

1 X
= / Li, <—> dx,
0 14x

and the part ii) of the problem is finalized.

For example, in the chapter Sums and Series there is a section where one (you
have to discover on your own which one) of these identities is proving to be very
useful at expressing some polylogarithmic values in terms of fascinating sums of
infinite series. If you enjoy long sums of series, I guess you’ll have a nice time in
there!

3.32 A Generalized Integral Beautifully Connected to a
Spectacular (and Simultaneously Strange) Series

Solution A natural, immediate question will concern the origin of such an integral.
Why in this form? Is it just an example off the top of the author’s head maybe? In
fact, the integral stems from the work on a multiple series we’ll meet in the chapter
Sums and Series, which can be brought to this form. We’ll want to attack it in a
simple way, by rearranging the integral and using the recurrence relations.
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For the beginning, we write

dx

./ /1 x2n q /1 x2n +x2n—1 _ x2n—l _ x2n—2 +x2n—2
_ ‘o
"l A+ + a2 0 (14 x)(1 + x2)"

1 2n 2n—1 1 2n—1 2n—2 1 2n—-2
:/ L“dx—/ %dx—i—/ x—zdx
o (I+x)(1+x9)" o (I+x)(1+x5)" o (I+x)(1+x5)"

1201 1 2n-2 1 22
= ————dx — —dx+/ ———dx. 3.175
/0 (14 x2) /(; (1 +x2)n o (I4+x)(14x2)" ( )

‘Il‘l K}’l
. 1 1 1—x
Since we have that ———— = + , then
(1 +x)(1 +x?) 20+x)  2(1+x2)
1 1 1—x

_ , which gives for th
Ar00+22" — 20 +00 1221 T 2 g2y Wheh gives for the
last integral in (3.175) that

1 x2n—2
/ S
0 (1+x)1+x2)n

1! 212 1 [l 22 1l g2l
-5/ aors [ e [
2 Jo (A+x)1+x2)n-1 2 Jo (1+x2)n 2 Jo (1 +x2)n

I, Ky In
(3.176)
If we plug the result from (3.176) in (3.175), we get
1 1 1
For the integral J, in (3.177), we integrate by parts, and we write
1 2n—1 1 1 /
Jo = / x—dx = / — x2"2dx
o (14x2)n 0 2(n — 1)(1 4 x2)n—1
x2n=2 x=1 +/1 x2n=3 "
T 20— DA+ Ty Sy AT
—1/((n — 1)2") Jn—1
whence we get
1
Jn — Jn—1 (3.178)
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Further, replacing n by k in (3.178), then giving values to k from k = 2 ton

n
1
and summing up the resulting relations, we obtain J, — J1 = — 2; —(k Z 12k =
nild'J/lxdll(Z) t
— Y —— andsince J; = x = 7 log(2), we ge
— kok+1 ! o 14 x2 2 g s
1 n—1 1
= 5log@) = Y (3.179)
k=1

Then, for the integral K, in (3.177), we integrate by parts, and we have

1 2n—-2 1 /
X 1 2n—3
Kn = —d_x = — X dx
0 (1 +x2)" 0 2(}1 — 1)(1 +x2)"71

2n—3 x=1 m—3 1 x2"*4
+ Tt
o 2n—2Jy (1+x2)

. X
2(n = 1)(1 + x2)n~!

—1/((n — 1)2") Kn_
2n—3 1 .
whence we get that K, — ——K,,_] = —— ——, and if rearranged, then
n—2 (n — 1)2n
M2 k= ! (3.180)
m—3 T T TonsTn — 3y ‘
2n — 4!
Multiplying both sides of (3.180) by =~ 2" e have
2n — S)!!
2n — 2N 2n — 4! 2n — 4!
(2n —2) (2n —4) - (2n —4) (3.181)

Qn=3)11""" (2n -5 2n=1(2p — I’

Replacing n by i in (3.181), giving values to i from i = 2 to n and then summing
the resulting relations, we get

(2n —2)!! B 2”: Qi — M
2n —3)!! " 1= = 2i=1(2i = 3)I’
. . L | T .
or if we consider that K| = / dx = —, and then reindex the sum, we have
0 1 + x2 4

(2n = 3)! i =)
K= G on ( -2 yais 1),,> (3.182)

i=1
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1 1 1
Returning to (3.177), rearranging it as I, — Eln_l = EJ" — EK"’ and then
multiplying both sides by 2", we obtain
2, =20, =2y, — 2K, (3.183)

Replacing n by j in (3.183), giving values to j from j = 2 to n and then summing
all the resulting relations, we get

n n

n
Y@l —27 oy =20, -2 =) 27 =y 2k,

j=2 j=2 j=2

x2

1
Trod =g (3los@ = 7). then

1
or, if we use that I = /
0

n
Iy = an+1 (3log(2)——)+—z 2771 — o Z;zf*‘Kj. (3.184)
/:

If we plug the values from (3.179) and (3.182) in (3.184), we get

j—1 1

1 I
I = 3o (3 log(2) — —) + 5 3o 5 log(2) - 3 S
j=2

g, @i=3n il @i-2n

o =7 @ji- 202i — DI

i=1

{reindex the 2 outer sums}

J

1 R 1
_ _ J _ _
= o <3log(2) )+ T § 12 - log(2) ) e
j:

i=1

122 eji— [x L @i—2n
pf 2 0 __2:
4

T on AN T
= e £ 212 — 1)
_ 2"log(2) +2l0g2) — 7 1 A~ 2 . "_12j(2j—1)!!
- n+2 - 2_n Z i+l - n+2 Z N
j=li=1 j=1
1 =L i — e —
+ L5y @i-oue) -y
on < 272 — DI

j=1i=
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and since by reversing the summation orderlz(see [17, Exercise 1.6.2, p. 22], [31,
j n—1n—1 n—1 o _ 2i n—1 |

p- 36D wehaveZZ,2,+1 ZZ,ZM =2 =2 -

j=li=1 i=1 j=i i=1 i=1

n—1, we conclude that

1 x2n
I = / Y &
o (14+x)(14x2)n

= Elog(Z) + 10g(2) + 2n+1 - Z il 2n+2 2]

i=1

n—1 J P
2j 2!
2)1—4—122]( )Z 21\’
i=1 l< ; )
and the solution is complete.

The technique involving the use of the recurrence relations is often proving to be
powerful, and therefore we want to be always prepared to use it when needed.

The power of the recurrence relations, while playing with integrals, is known
from old times, and you may find some classical examples (like Wallis’ integral) in
[17,p. 113], [61, pp. 80-82].

The curious reader, who would also enjoy exploring other ways, might try to use
what is known in the literature as Snake Oil Method, you may find described in [121,
pp- 126-138], which means to calculate Z;ﬁo t" I, and get G(t), and then identify
the coefficients of the generating function G (¢) in order to extract the values of I,.

n J n J
2Given the sum ZZa(i,j), by changing the summation order we get ZZ%‘J) =
j=li=1 j=1i=1
n n
Z Z ag, j)- To easily understand what happens, suppose n = 3 and put all the resulting a(; j)s
i=1 j=i
on a grid. Then, we see immediately that in one case we first sum the terms on columns and
then add all together, and in the other case we first add the terms on rows and then add all
together. So, we talk about the same terms for both sums which we sum in two different ways.
In the chapter Sums and Series we’ll find particularly useful this kind of change of summation
order, both in the finite form as in the case above, and also in the infinite form with n — o0,

o] Jj o) o)
DA awn | =D 2 ain

j=1 \i=l i=1 \ j=i
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3.33 A Special (and Possibly Slightly Daunting) Integral with

Two Polylogarithms, Li; (-%5) and Li, (xx?

Solution This is one of the integrals that will bring us on the realm of the advanced
alternating harmonic series, which is an exciting experience. Despite its daunting
appearance, with the right tools in hands, everything will go smoothly and we will
get the desired value of the integral.

For this solution we might like to combine the Landen’s identity (see [44,
1
Chapter 1, p. 5], [78, Chapter 2, p. 107]), Li2(x) + Lia Ll) = —3 log2(1 —
x —_—
x), the generating function in (4.10), the identity in (1.5) and the fact that

1 | 1 k+n 1 @ lxk-‘rn—l o 1
11 Lip(xr)dx = dx = dr=Y - =
/0 plody = / Z [ k_lfo K2 ;kz(k+n)

o0

1 1 1 1 z@2 H,
— Z - — - Z —_ Q — —-, which is obtained immediately if we
kK n = k(k +n) n n?

use the series representation of Lis (x).
Then, we proceed as follows

Lip (2 YLip (-2
1 _— 1 _—
/‘ Nx—1) 2\ +1

d
0

X

X

Z( 1 Ho et (1 2(1 — Li d
5 log x) + Liz(x) ) dx

n=1

{reverse the order of summation and integration }

o H 1 1 1
- _Z(_l)n—l_" <_f x"og?(1 —x)dx—i—/ x”_lLiz(x)dx)
ot n 2 0 0

H, (¢@ H, H> HP
——Z( =t <&——+ +
2n 2n

ad 3
—Z< RIS I e
-1 2= n

1 & o HoHYP
LSy

n=1

{the values of the series are given in (4.93), (4.88), (4.94), and (4.95)}
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= o — Lo + o) — Beey — 2
= —log”(2) 210g (2)4“(2)+1610g 2¢3) 84“(2)4“(3) 3)24“(5)

10
(1 (1
+31log(2) Lig (§> + 3 Lis (5) ,

and the solution is finalized.
Alternatively, we could use Landen’s identity two times, or the generating
function in (4.10) two times.

3.34 Exciting Challenging Triple Integrals with the
Dilogarithm

Solution To be known from the very beginning, we play now with tough integrals.
Moreover, if we want to remain in the coordinates of the simple real methods, the
integrals might be more challenging, and this is the way chosen for these solutions.
The strategy to conquer such integrals will be developed in two phases: in the first
phase we want to turn each integral into a sum of series, and in the second phase, of
course, we want to calculate the resulting series.

Let’s observe first that x + y+z—xy —xz—yz4+xyz = 1—(1—x)(1—y)(1—2)
and2—x—y—z4+xy+xz+yz—xyz=14+ ({1 —x)(1 —y)(1 — z), and then
we have, for the point i) of the problem, that

! ! "Lix(x +y+z—xy —xz— yz+xy2)
dx ) dy ) dz
0 0 0 2—x—y—z+xy+xz+yz—xyz

:/1</1(/1Liz(l—(1—x)(l—y)(l—Z))dx)dy>dz
o \Jo \Jo  T+d=-x)0=»0-2) '

{make the changes of variablex =1 —u,y=1—vandz=1—1,}

{and then return to the initial notation by replacing u, v, t by x, y, z}

_ /1</1</]—“2(1_”Z)d)¢)d)dz
—Jo \Jo \Jo T+2xyz Y
1 1 )T
= [ ([ ([ o)
o \Jo \Jo y(+uz)

{reverse the order of integration in the inner double integrals}
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[ ([ g Ya)ae = [ ([ R0, o
s L UL Sa5m 0o \Jo Iruz

{reverse the order of integration }

/ (/ log(u) Lix (1 —uz) ) uz=v fl </ log(u) Lir(1—v) )
= _ du “EY - — T dv | du
0 0 1+uz 0 0 u(l4+v)

{reverse the order of integration }

B fl </1 log(u) Liz (1 —v)d ) B 1/1 log?(v) Liz(1 — v)
=— —= 2 du)dv== dv
0 v u(l+v) 2 Jo 1+v
(3.185)

Based upon the use of the Dilogarithm function reflection formula (see [44,
Chapter 1, p. 5], [100, (5)], [78, Chapter 2, p. 107]), Lio(x) + Lix(1 — x) =
£(2) — log(x) log(l — x), we get

/1 log?(v) Lio(1 — v)dv
0

14+v
= ,;(2)/‘ 1°g2(”)dv_/] wdv_/‘ log* ) log(1 —v)
o 1+v 0 1+ 0 I+v
I I A
(3.186)

For the first integral in (3.186), we have

11 2
I :/0 (;g_l_(z)d _f Z( l)n 1 o llOg (v)dv
o0 1
=Z(—1)"‘1/ V" og?(v)dv
n=1 0

o (=D 3
:22( n)3 =§§(3). (3.187)

Next, for the second integral in (3.186), we write

. log (v) Liz(v) a1V +n—
12_/0 s —= _/Z<Z( 1 )log(v)dv

{reverse the order of summation and integration }
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- - n— 1 n— n— 1
:Z(Z(—l) lk_zf ktn=11og2 (v)dv) —ZZ (Z(— ) 1m>

EEr )£ st

.- n—1 1 . n—1 1
a3 (Ze ) 5 (B )

k= n=1 \k=1

=—;(2)¢(3> 62( 1)"1 +2Z( D (;(3)_H,§3>)

n=1
- a1 1 2) (-1 )" !
+4Y (DTS¢ @) - HP) = ;(2);(3>+2;(3>Z
n=1 n=1
(— l)n 1 S . 1Hn 11_1(3)
+4;(2>Z —62( ) —22( 1"
o0 . H’g2)
—42_;(—1) ! -

{the last three series are given in (4.89), (4.91), and (4.90)}

9 67
=5{@B) = 210 (3.188)

Further, for the third integral in (3.186), we have

"og?(v) log(1 — v) T (S pktn—l
I =/ dv = —/ (=D ' — ) 1og® (v)dv
0 1 “+v 0 r; ]; k &

{reverse the order of summation and integration }

— — n— 1 1 n— n— 1
:—Z(Z(—l) 1%/0 okt 1log (v)dv>—6Z(Z( 1) lk(k—i— )4)

k=1 k=1
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5

n=1

S n—1 n—1 1
2D nz(k+n>s> 6Z<Z<‘“ W)

k=1

—62( 1)"‘ —62( N ~(E) = H)
n=1

—6) (D" - HP) =6 (1" — (@) — H?)

n=1

(

4) 00
—62( " l—+6Z( 1 2 +6Z( 1

Y & H<2>
+6Z( -tz

n=1

)nl

—6¢(4) Z

{the first four series are given in (4.89), (4.92), (4.91), and (4.90)}

0 —_nr-! S —_nr-!
—6;(3)2( n)2 —6;(2)2( n)3
n=1 n=1

273 45
= —§(5) — 7 log()¢®) - —4(2);‘(3) (3.189)

If we plug the results from (3.187), (3.188), and (3.189) in (3.186), we obtain

"og? () Lip(1—v) 45 3 139
fo T dv = ZIOg(2)§(4) + 5;(2);“(3) - EE(S), (3.190)

and by plugging the result from (3.190) in (3.185), we conclude that

///ng(x+y+z—xy—xz—yz+xyz)
dxdydz
2—x—y—z+xy+xz+yz—xy

_ ! 451 2)¢(4)+3¢(2)¢(3 159 5
—Z(EOg()C(” ;(){()—75()>,

and the part i) of the problem is finalized.
For the part ii) of the problem we proceed as before, and then we write

! ! VLig(x 4+ y + 2z —xy — xz — yz + xy2))?
dx | dy | dz
0 0 0 x+y+z—xy—xz—yz+xyz

{make the changes of variablex =1 —u,y=1—vandz=1—t¢}
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{and then return to the initial notation by replacing u, v, t by x, y, z}

1 1 Upic1 2
= / (/ (/ —(le(l *y2)) dx) dy) dz
o \Jo \Jo 1 —xyz

{make the change of variable yx = u}
1 1 Y (Lib(1 — 2
- / / / L =u)” ) Y ay ) a
o \Jo \Jo y(—u2)
{reverse the order of integration in the inner double integrals}
1 1 1r; 2
Lir(1 —
:/ f —( t2(1 = uz)) dy ) du | dz
o \Jo \Ju yU—-uz)
1 1 1 Lir(1 — 2
:_/ (/ og(w) WLin(l —u2)”  \
0 0 1—uz
{reverse the order of integration }
1 1 : 2
1 Lix(1 —
_ / < / og(u) (Liz(1 — uz)) dz) w
0 0 1 —uz
. /1 / log(u) Lia(1 = 1)” |\
o \Jo u(l —1)

{reverse the order of integration}

__/1 /1 log(u) (Liz(l—t))zdu dt—lfl log* (1) (Liz(l—t))zdt
- L\ u(l—1) “2Jo I -1

{make the change of variable 1 — ¢ = s}

11002(1 i 2
B l/ log=(1 —s) (Liz(s)) ds. (3.191)
0

N

2

Now, we want to turn the remaining integral in (3.191) into a sum of harmonic
series, and we write

Mog?(1 — s) (Lia(5))? /1 [ [ iy H;
d =2 l ]+k—
h =2\ B\ e

N
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{reverse the order of summation and integration }

]

00 ) H, 1 "
=2Z(Z (Z ) S+j+kds>)
j=1 \k=1 \i=1
B Z_Z(Z_<Z (l+1)(z+1+k+1)>>

=1 k=1

{make use of the application in (4.21), the case m = 1}

2 2)
i(i—*’ )
212
P k“(j + k)

{make the change of variable j + k = [}

-1 H2+H(2) o0 H2+H(2)

oo /1 -1
- R ML N r A 1
> (T o) - 2 (2 i

) -1

1 1201
—Z 132 tEL TRt Rl R

2 2
B i H]2 + Hl( ) 4Hl—1 +2H[(_)] 3 i Hl2 4 Hl( ) 4ﬂ
— I 3 12 I 3
HZH( b & H; Hl
+ 22
=

o0 H(2)

_62 e

H? + H® <

Z (HZ(Z))z
13

=1

H3

oo
—ay sy
=1 =1

3 Solutions

)

-1 1 )
— (= k)

(2)
JHP 6
zo

oo HIZ

—621—5

=1

{the values of the series are given in (4.61), (4.58), (4.53), (4.65), (4.32), and (6.75)}

65
=3¢ =723 =202 05).

(3.192)

Finally, by plugging the result from (3.192) in (3.191), we conclude that

/1/1 P (Lip(x +y 42— xy — xz — yz + xy2))*
X+y+z—XxXy—Xxz—yz+xyz

65 7
= §§(7) - EC(3)§(4) —£(2)¢05),

and the part ii) of the problem is finalized.

dxdydz
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Alternatively, once we have arrived at the integral in (3.191), we may employ the
Cauchy product of two series (see [33, Chapter III, pp. 197-199]) for (Li; (x))?, that
is

00 00 00 _p
=1

Lis)? =43 w2 423 "£—6Zx—
h(x))” = X 3 X . i
n

n=1 n=1

which we further combine with the identity in (1.5) to reduce everything to the
calculation of a sum of harmonic series as above.

As in the previous section, we easily observe the greatest difficulty is represented
by the evaluation of the resulting harmonic series. All the series are to be found in
the next chapter, and if you have trouble with evaluating them, no worry, there is
some good news: all of them are calculated! Even more than that, I provided for
them solutions by series manipulations only (I hope you’ll enjoy).

3.35 A Curious Integral with Polylogarithms Connected to a
Double Integral with a Symmetrical Exponential
Integrand

Solution Here we’ll play with an integral which involves an apparently weird
integrand, but despite of this, we see it actually has a nice closed-form expressed
in terms of factorial and Riemann zeta function values as appeared in the statement
of the question. In fact, I’ll show a beautiful connection with a double integral with
a symmetrical exponential integrand which is proposed in one of the next sections.

. . U log" % (u)
Based upon the result in (1.12), we can write that ————~du =

o 1—t+1tu

t

Link+l< > 1 k—1
)1 — M= g / log @4, = g -
0

t 1—t+1tv
Li !
l —
AU
| I A,
t

! that gives

t

1 t
o ()
fZ(n—k)!(k—l)! r-1 =14
0 k=1 ?

n 1 1 1 n—k k—1
_ Z/ </ (/ (—1)yr! (log(u))" " (log(v)) du) dv) dr
=170 0 0 (I—t+tu)( —1t+1tv)
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{make the changes of variable log(u) = —x and log(v) = —y}

n 1 00 [e'S) n—kk—1,—x ,—y
ZE:/ (/ (/ r oy ¢¢ dx)dy)dt
= /0 0 o (—=t+4+te ™)1 —t+te™)

{reverse the order of integration }

00 oo [ 1 1 xnfkykfl
=/ / Zf dr | dx ) dy
0 o \im/Jo I+ (e =DA=0))A+ (¥ =D —1))

{make the change of variable 1 — ¢ = s}
1 n—k  k—1
/ r Y ds | dx ) dy
o (I4+(E—=1Ds)(1+ (e¥ — 1)s)

[eS) oo N
_ / / 3wk yhel
0 0 =1

y (log(l + (e — 1)s) — log(1 + (¥ — 1)s)

et — eV

n

(G

k=1

s=1
dx | dy

s=0
o0 o0 _ n o o n __ \,n

:/ / pt yvzxn—kyk—ldx dy:/ (/ x )’de)dy
0 0o e —eli— 0 o e¥—e

{make use of the result in (3.217)}

=2-nlC2)+5B)+---+i+ 1),

and the solution is complete.

Once again we gladly took benefit of the usefulness of the result in (1.12) which
we want to keep close to us and use it when needed. The final double integral is
an already privileged one since it appeared on the pages of the famous journal,
The American Mathematical Monthly, more exactly it appears inside of a limit I
proposed in the mentioned journal (you’ll meet the limit in one of the next sections).

Integrals involving squared Polylogarithms or a product of two Polylogarithms
are known in the classical literature as you may see in [3, 28].
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3.36 Double Integrals Expressed in Terms of the Exponential
Function and the Polylogarithm (of Orders 2, 3, 4, 5,
and 6)

Solution The integrals we treat in this section are pretty challenging without a
careful approach with respect to the series behind them. One of the tools we want to
use while trying to turn the integrals into series (because we prefer the series form)
is the generating function of the generalized harmonic numbers in (4.6). But how
would we calculate the harmonic series behind the integrals?

For the part i) of the problem, we have

/"" ( /"O log (1 —e™) (yLia (e77*) + Lis (e_x_y))ex+ydx> a

1 —exty

X

{make the changes of variable e * = u and ™ = v}

_ /1 (/1 log(1 — u) (log(v) Liz (uv) — Li3(uv))du> dv
0 0

uv(l — uv)

B fl </1 log(1 —u)log(v)Lig(uv)d )d
o 0 uv(l — uv) "yer

I

_/1 </1 log(1 — M)Li3(uv)du> d (3.193)
0 0 uv(l —uv) ' |

I

o
If we make use of the result in (4.6), we can write that Z(uv)”’lHéz) =

n=1

Lir (uv)

—————, and then the first integral in (3.193) becomes
uv(l — uv)

I 1( llog(l—u)log(v)Liz(uv)d )d
l_fo /0 uv(l — uv) ey

1 1 S
:/ log(v) (/ 1og(1—u)Z(uv)”—1H,§2>du> dv
0 0

n=1

{reverse the order of summation and integration }
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o 1 1
=> H? / v og(v) (/ u"Mog(1 — u)du) dv
=1 0 0

{employ the result in (1.4)}

- @)
H, H,

=y . (3.194)
n

n=1

Further, for the second integral in (3.193), we make use of the result in (4.6) that
o

. _ Liz(uv)
ives T R 2 A s A
& ;(u ) " uv(l — uv)

/ _/1 (/1 log(1 —u)Li3(uv)d >d
2= 0 0 uv(l — uv) vyer

1 1 o
zf (/ 1og(1—u)Z(vu)"—lH,?)du)dv
0 0

n=1

and then we have

{reverse the order of summation and integration }

00 1 1
= Z H,f3)/ ! (/ u" og(1 — u)du) dv
o 0 0

{employ the result in (1.4)}

H(3>
= Z (3.195)

Collecting the results from (3.194) and (3.195) in (3.193), we conclude that

/OO (/OO log (1 —e™) (yLiz (e7*7”) + Liz (=) €x+ydx> dy

1 — exty

_ i H,H s H, H”

3
n
n=1

{consider the identity in (4.40)}

21 5
= §§(6) +¢°03),

and the part i) of the problem is finalized.
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Then, for the point ii) of the problem, we write

1 —e*7Y

—X

{make the changes of variable e ™ = u and ¢ = v}

/1 (/1 log(1 — u) (log?(v) Liz (uv) — 2Li4(uv))d )d
= u v
0 0

uv(l — uv)

U log(1 — u) log? (v) Lia (uv)
= du dv
0 0 uv(l — uv)
Ji
1 1 :
log(1 —u)LL
—2/ / ogl —m Lia@v) , 1\ 4, . (3.196)
0 0 uv(l — uv)
J
. . > n—177(2) Liz(uv) L.
For the integral Ji in (3.196), we use that Z(uv) H,” = ——————, whichis
= uv(l — uv)

obtained based upon the result in (4.6), and then we have

J_/l /1log(l—u)logz(v)Liz(uv)d q
=1\ wv(l — uv) o

1 1 S
=/ log?(v) (/ 1og(1—u)Z(uu)"—1H,§2)du) dv
0 0

n=1

{reverse the order of summation and integration }

0 1 1
= H? / v og? (v) (/ u"og(1 — u)du> dv
=1 0 0

{make use of the result in (1.4)}

H(2)
- —22 (3.197)
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o0
Further, for the integral J; in (3.196) using that 2:(uv)"_l Hé“) =

n=1
which is obtained based upon the result in (4.6), we write

p _/1 /1 log(l—u)Li4(uv)d q
2= 0 U 7w =) ”)v

1 1 o
zf (/ 1og(1—u)Z(uv)"—lH,ﬁ“)du)dv
0 0

n=1

{reverse the order of summation and integration }

o0 1 1
= Z Hrf4)/ ! (/ u" Mog(1 — u)du) dv
o 0 0

{make use of the result in (1.4)}

= -
n=1 n

3 Solutions

Li4 (u v)

uv(l —uv)’

(3.198)

Collecting the results from (3.197) and (3.198) in (3.196), we obtain that

/oOo </oOO log (1 — e™) (y? Lia (¢™*7) — 2Li4 (=) dx) dy

I —e >y

n? n*

=1 n=1

n

{consider the identity in (4.41)}

9
=302)0) = ¢,

and the part ii) of the problem is finalized.
Passing to the point iii) of the problem, we have

/00 (/00 log (1 — e_x) ()’3 Lip (e_x_y) +6Lis (e_x_y))exﬂ*dx) dy

1 —exty

X

{make the changes of variable e * = u and ¢™ = v}



3.36 Double Integrals Expressed in Terms of the Exponential Function and the. .. 187

B /-1 (/l log(1 — u)(]og3(v) Lir(uv) — 6Li5(uv))du) dv
0 0

uv(l — uv)

_fl 110g(1—u)10g3(v)Li2(uv)d q
b /0 uv(l — uv) o A

K

_6/1 (fl log(1 _u)Li5(uv)du> do (3.199)
o \Jo uv(l — uv) . |

K>

o0
Now, considering the first integral in (3.199), where we use that Z(u v)"_l H}gz) =

n=1

Lip (uv)

—————— based upon the result in (4.6), we write
uv(l — uv)

© _/1 /110g(l—u)log3(v)Liz(uv)d q
1= 0 0 uv(l — uv) o

1 1 0
=/ log> (v) (/ 1og(1—u)2(uu)”—1H,§2>du> dv
0 0

n=1

{reverse the order of summation and integration }

00 1 1
= Z H,Ez) / ! log3(v) (/ u"! log(l — u)du) dv
o 0 0

{make use of the result in (1.4)}

o0 ©)
H,H,
=6 E 5 (3.200)

o0
Further, for the integral K, in (3.199), we use that Z(uv)”_lHn(s) =

n=1

Lis(uv)

—————, which is obtained based upon the result in (4.6), and then we have
uv(l — uv)

© _/1 <f1 log(l—u)Lis(uv)d )d
2= 0 0 uv(l — uv) v
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1 1 o
zf (/ 1og(1—u)Z(uv)"—lﬂ,?)du)dv
0 0

n=1

{reverse the order of summation and integration }

00 1 1
=> H,§5>/ ! (/ u" Mog(1 — u)du) dv
=1 0 0

{make use of the result in (1.4)}

o0

)
H,H,
=—Z o (3.201)

Collecting the results from (3.200) and (3.201) in (3.199), we get that

/'00 (/‘OO log (1 —e™) (¥’ Lia (e*7Y) + 61Lis (exy))exﬂdx) dy

1 — exty

00 2 5)
Han Han
o (DA 5

n=1 n=1

{employ the identity in (4.42)}

17
=3 <%;<8) +11£(3)¢(5) — 3c<2>42<3>> ,

and the part iii) of the problem is finalized.
Lastly, for the part iv) of the problem, we have

A (fo“ fog (1 — ™) (y*Lia () — 24Liq <e"‘_y))dx) dy

1 —e>7Y

X

{make the changes of variable ¢e™* = u and e™ = v}

/1 ([1 log (1 — u) (log (@) Lin () — 24Lie(wv)) | ) .
= u v
0 0

uv(l — uv)

_/1 /110g(1—u)10g4(v)Li2(uv)d q
b 0 uv(l — uv) o A

Ly
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_24/1 </1 log(1 — u)LiG(uv)du) d (3.202)
0 0 uv(l —uv) ' |

L,

o0
If we consider the first integral in (3.202), where we use that Z(uv)”_1 H,fz) =

n=1

Lir (uv)

—————, which comes from the result in (4.6), we write
uv(l — uv)

L _/1 /110g(1—u)10g4(v)Li2(uv)d q
b= 0 0 uv(l — uv) o A

1
:/ log*(v) (/ 1og(1—u)Z(uv)” ]H(z)du> dv
0

n=1

{reverse the order of summation and integration }

00 1 1
= Z Hrgz) / ! 10g4(v) (/ u'! log(1 — u)du) dv
—1 0 0

{make use of the result in (1.4)}

=-24)" 5 (3.203)

o0
As regards the second integral in (3.202), we use that X:(uv)”’1 H,S6) =
n=1

Lig(uv)

———— , based upon the result in (4.6), and then we write
uv(l — uv)

I 1( llog(l—u)Li6(uv)d>d
2_/0 /0 uv(l — uv) vy

1 1 o
=f (/ 1og(1—u)2(uu)”1H,§6>du>du
0 0

n=1

{reverse the order of summation and integration}

o0 1
Z H(6) / Tt </ w1 log(1 — u)du) dv
_ 0
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{make use of the result in (1.4)}

00 (6)
H,H
= —§ . (3.204)
n
n=1

Collecting the results from (3.203) and (3.204) in (3.202), we obtain that

/Oo (/oo log (1 — e™) (y*Liz (™) — 24Lig (e_x_y))dx> dy

I —e*Y
© (6) © 2
H, H, H, Hy,
—os( Ay
n=1 n=1

{employ the identity in (4.43)}

19 15 3
=24 (74“(2)4“(7) - ?;“(3)4“(6) - I§(4)§(5) +¢ (3)) ,

and the part i v) of the problem is finalized.

Now we can answer the question from the beginning of the section. During the
calculations we observed another important strategy, that is I preferred to calculate
both series at once, for each point of the problem, rather than trying to calculate
them separately, and this move made a huge difference since it would have been
much harder to try to calculate each series separately. Establishing relations amongst
harmonic series and using them strategically may ease substantially the work to
do for various problems, which is a very good lesson to learn (and you’ll also be
convinced of that while going through the next problems from the book).

3.37 Exponential Double Integrals with an Appealing Look

Solution I think you might have an advantage (in the sense of guessing the way to
go) if you already passed through Sect. 3.17 since we’ll use a similar idea. In this
section we’ll also try something nice for the integral from the second point, that is
to calculate it almost entirely by geometrical interpretation! (well, not directly, but
first we might like to turn it into simpler integrals).

For both points of the problem, we might like to start with a classical elementary
1 —e™*

1
integral, / e Mdr = . Now, if we replace x by x — y and then multiply

0 X
both sides by —e™7, we get
1 e —eY
— e / eI = — (3.205)
0 xX=y
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Therefore, for the first double integral, we write
00 0 o™X _ oY 1 —e* 1—e7
L =) ) ) e)e
0 0 X =y X y
[ee) [ee) 1 1 1
- _/ <f </ (/ (/ e—<’+“>x—“—f+”)ydt) du) dv) dx> dy
0 0 0 0 0

{reverse the order of integration }

1 1 1 [ee) 00
= _/ (/ (/ <f </ e—<f+“>x—“—f+”)ydx> dy> du> dv) dr
0 0 0 0 0
1 1 1 1
=_/ <f </ du>dv>dt
0 0 o G+u)(1—14v)
1 1
_ _/ <f log(1 + t) — log(t) dv) dt
0 0 1—t4+v

1
= —/ (log(1 +¢) —log(¢))(log(2 — t) — log(1 — ¢))dt
0

1 1
= —/ log(2 — ) log(1 + ¢)dt —i—/ log(1 — 1) log(1 4 #)dt
0 0

L L

1 1
+ / log(2 — ) log(t)dt —/ log(?) log(1 — t)dr . (3.2006)
0 0

Iz n

For the integral /7 from (3.206), we make the change of variable I = u, and

then we write

1 1 1\ 1
n= [ togQ - ntog(t +0dr =~ [ g (3——) 08w,
0 u

172 u
T ! 1)1
— —logd) [ 2EWy, —/ log <1 - —> °8®) 4,
1/2 u 1/2 3u u
1 o0
1 log(u)
= 2log(2)log(3) —lo (3)—}—/ du
& g & 1/2 1; n(3u)" Mz
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{reverse the order of integration and summation }

log(u)

12 u”+2 —gz du

= 2log(2) log(3) — log(3)+2 31 /

o0 oo oo

1

:210g(2)10g(3)—10g(3)—};ﬁ+3z( +1)3n+1 Z +1)23n+1
2 n+1
)

1 2\"*! (1 (2
—3; e (5) =2—41log(2)+3log(2) log(3)+3Li, (5)—3 Li, <§>

21 /2
+2(1 —log(2)) Y - (3) —3(1 —
n=1

=2 —3¢(2) — 4log(2) + 3log?(3) + 6 Lis G) , (3.207)

where for getting the last equality I also used the Dilogarithm function reflection
formula'? (see [44, Chapter 1, p. 5], [100, (5)], [78, Chapter 2, p. 107]),

Li>(x) + Lio(1 — x) = ¢(2) — log(x) log(1 — x). (3.208)

Next, the integral I from (3.200) is a classical one that can be derived in more
ways. This time let’s choose the Beta function representation in (3.23), and we write

2

a - (2x+y_lB(x, y)) ’

1
/ (1 =0 log(1 — 0)(1 + 1)’ log(1 + 1)dr =
-1

2

1
that leads to/ log(1 —t)log(1 + r)dt = l1m

y—>1
1

1
use that/ log(1 — 1) log(1 4 ¢)dt = 2/ log(1 — ) log(1 + ¢)dt, we get
—1 0

(2x+)7_lB(x, y)), and if we
1 0xdy

2

1
1
L= / log(1l — ) log(1 + ¢)dt = - lim (2x+)B(x y))
o 41 dxdy
y—

131t is easy to get the stated formula, and as explained in the first given reference, considering
the integration by parts for the integral representation of the Dilogarithm function, Lix(x) =

log(1 —¢
— / ydt, we arrive immediately at the Dilogarithm function reflection formula.
0
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=2+ log?(2) — 2log(2) — ¢ (2), (3.209)

where for the last calculations we might prefer to use Mathematica (or we can
simply do it by hand, which is not hard to do).
Further, passing to the integral /3 from (3.206), we have

—t=u

1 1
I3 = / log(2 — t) log(¢)dt = / log(1 — u)log(1 + u)du
0 0

I
=2+ 1log*(2) —2log(2) — £(2). (3.210)

Finally, for the integral 14 from (3.206), we get

1
Iy = / log(t) log(1 — r)dr = / Z—log(t)dt
0

{reverse the order of summation and integration }

o]

1 1 1 1
——Z ftlog(t)df Zm ;(;_n+l_(n+l)2>

o]

> 71 1 1
2 (i) L@ e
1 n=1

n=

Collecting the values of the integrals I, I», I3, and 14 from (3.207), (3.209), (3.210),
and (3.211) in (3.206), we conclude that

L) )

=2¢(2) +21o0g?(2) — 3log?*(3) — 6 Lis (%) ,

and the part i) of the problem is finalized.

For the second part of the problem we’ll proceed similarly, and using the result
in (3.205), we write

/‘00 /oo e — 1— e 1—e de ) d
X dy
o \Jo x2 —y? x2 y?
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L sy

{reverse the order of integration }

L ermragoeef

{make the change of variable (¢t + u)x2 =zand (1 — 1+ v)y2 = w}

i ([ s
x (/OOO% (fooo el_/zdz) dw> dt> du) dv

o 1
{use the fact that [ x Ve dx =T <§> = «/;}

0

5] LU ) )

{reverse the order of integration }

2“/ </ </0 NETR ST ) )d’
__/ (/ \[1—\:1+Tv )dt
:n/ol(«/l_-l—t—«/;)(m—«ﬁ_—t)dt

1 1 1
=n/ \/l—tzdt—n/ \/2+t—t2dt—n/ Vi1 = de
0 0 0

Ji Jr J3

1
+n/ V2 —t/tdr . (3.212)
A

Jy

For the integral J; in (3.212), it’s enough to recall the circle equation, that is (x —
a)? + (y — b)? = r2 (see [98, (11)]), where if we seta = b =0 and r = 1, we get
x2 + y2 = 1 which is the equation of a circle with the center at C (0, 0) and radius
r = 1. Thus, the geometrical interpretation of the integral J; is a quarter of the area
of a circle with radius r = 1, that is 7 /4. Therefore, we get
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1 T
= / V1 —¢f2dr = 7 (3.213)
0

For the second integral in (3.212), we write

e /0‘/(;)2_ (-1)a

2

1/2—1=3/2sin() 9 /ami“(‘/ 3 u=aresin(1/3)

4 J_ arcsin(1/3)

= (oamin(£) o 2ansn (1))

{make use of the trigonometric identity, sin(2 arcsin(x)) = 2x+/1 — x2}

= % <2x/§ + 9arcsin (%)) . (3.214)

We may also note we can give a solution by exploiting the geometrical interpre-
tation of the integral. If drawing the graph of the integrand, it’s easy to note that the
area we look for may be viewed as the sum of the areas of two congruent triangles
and the area of a sector, or it can be viewed as well as the sum of a rectangle area and
a segment area. For instance, considering the latter version, we have the rectangle
of area v/2 plus the area of segment (see [99, (15)]) (the trigonometric formula is
Ay = r2(6—sin(0))/2), where r = 3/2and 6 = 7 —2 arcsin(2\/§/3), and if we use
the trigonometric identity 77 /2 = arcsin(x) + arcsin(+~/1 — x2), x > 0, our angle is
6 = 2arcsin(1/3), which further leads to the area of segment 9/8(2 arcsin(1/3) —
sin(2 arcsin(1/3)) = 9/4 arcsin(1/3) — \/5/2. Thus, summing the rectangle area
and the segment area, we obtain the final result, 1 /4(2«/5 + 9arcsin(1/3)).

The calculation of the integral J3 in (3.212) is straightforward, and we have

12
/ Jid —nde == / ‘/ —u2du— (3.215)
12

where I used again the geometrical interpretation of the integral, and the area we
look for is half the area of a circle with radius r = 1/2.

cosz(u)du _2(n + : sin(2u)
S 4\2 4

u=— arcsin(1/3)
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Finally, for the integral J4 in (3.212), we have

1 1
Jy = f J2 = de = / VI—ldu=1="2, (3.216)
0 0

4

Hence, collecting the values of the integrals Ji, J2, J3, and J4 from (3.213),
(3.214), (3.215), and (3.216) in (3.212), we conclude that

00 00 [ =it _ g=y [ — 2 [ — o
22 2 2 dxdy
0 0 y X y

3., V209 A
=-—-n7"— —m — —marcsin| - ],
8 2 4 3

and the part ii) of the problem is finalized.
In the second part of the problem I also made use of the fact that

* 1
/ x12e™¥dx = I <§) = /7. How to prove it? One way is based upon
0

the famous Euler’s reflection formula, I"(1)I"(1 — t) = with r = 1/2,

sin(me)’
1
and we arrive immediately at I” <§> = /7 (observe that behind the scene it’s the

Gaussian integral, see [108]).

Once again, starting from simple ideas, which we further develop, we can
manage to create/solve beautiful problems. Also, see the details given at the end
of Sect. 3.51.

3.38 A Generalized Double Integral Involving a Symmetrical
Exponential Integrand and a Limit Related to It

Solution I called this integral a privileged one in Sect. 3.35 where we had to use
it, since it appeared in The American Mathematical Monthly, more exactly, it is part
of the limit from the point ii) which I submitted to the journal, the problem 12011
(see [91]). First we want to calculate the integral (it has a very nice value!), and then
we’ll pass to the limit from the point ii).

For the point i) of the problem, we split the integral which we denote by I,,,
00 00 .1 __ 4, e e} Y 4t
In=/ / al y,dx dy:/ /‘x ydx dy
0 0o e —e 0 0o e —e¢
[ee) 0 s _ yn
+/ </ dx) dy,
0 y e —e¥




3.38 A Generalized Double Integral Involving a Symmetrical Exponential. . . 197

and changing the integration order in the first integral from the right-hand side, and
then switching the variables, we arrive at

_ © O X" —yt x—y=z o C(y+)" =y
In—Z/O (/; ex_eydx)dy = 2/0 (/0 ot dz ) dy
n n o0 Zk o0 . n n
=2 / —dz) </ Yy e_ydy> =2 ( )k!(n — k)¢ (k+1)
,; (k> < 0o e —1 0 ,(X:; k

=2-n1) ¢k+1), (3.217)

k=1

where in the calculation I used the well-known integral representation'* of the

oo ,5—1
product ¢(s)I"(s), that is /
0o € —
i) of the problem is complete.

To calculate the limit from the point i7), we use the result in (3.217) from the
point i), and then we obtain that

Jm (5

zzi(ig) 3 (S) ~2m S s

i=2 \k=2 =2

()

1
=2 lim <1——> =2,
n—oo n

and the point i7) of the problem is complete.
Alternatively, we might try to attack the integral from the point i) by considering
the Cauchy principal value'>(see [32, 7.1 The Cauchy Principal Value, p. 216], [97])
oo

and then show and use that P.V. [
0

ldu (see [78, Chapter 2, p. 96]), and the point

n+1

dxdy 2n> 2 lim Z(;(z)—l)_22(§(z) 1)

i=2

dy = e Flog(e* — 1).
ey

us—l

et — 1

[ee] M‘Y7127“ 00 o] 00 00 P |
/ Toew = / w Y e M = Z/ wileMdu =T) Y = =6 6).
0 - 0 0
k=1 k=1 k=1

15Named after the brilliant French mathematician Augustin-Louis Cauchy (1789-1857), Cauchy
principal value is a way of assigning values to improper integrals which in other conditions are
divergent.

[e]
141t’s  straightforward to see, by using the geometric series, that /
0
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3.39 A Special Multiple Integral and a Limit of It Involving
the Euler-Mascheroni Constant y, the Euler’s
Number e, and the Famous 7 All at Once

Solution We are not away from Sect. 1.37 where we needed the same simple idea
to start with as we need here. This time we’ll try to evaluate a nice-looking multiple
integral and then we’ll calculate a limit with the multiple integral which will lead
to a fascinating (unexpected) result involving the Euler—-Mascheroni constant (y),
the Euler’s number (e) and the famous 7 (if you’re interested, an excellent book
specialized on the mathematical constants, including the mentioned ones, may be
found in [27]).

1 — —
: . : —ax (a—1)y _ ¢ foe?
Using the result in (3.205) in the form e e da = —, where
0 y—X
we set)'c = xﬁl.—{— xﬁz —i—.. .o+ x%}} and y = xf" + x%” +... .+ x,%", and then
integrating both sides according to all 2n variables, x1, x3, ..., X2,, we get

o0 oo oo e—xnz'jrl—xﬁﬁrz—...—xgz _ e—x%”—x%"—...—x%"
o 2n 2n 2n 2n 2n 2n dxy
0 0 0 X Xy . X XL XLy e T XYy
dez) s dx2n

o0 e 1 2n 2n 2n 2n 2n 2n
— / / .. / e_a(xn+l+Xn+2+"'+x2n)e(a7])(x1 Ty et >da d)C]
0 0 0

xdxp - - - dxoy

{reverse the integration order}

1 b o0 2n 2n 2n 2n 2n 2n
= / / .. / e_“(anrl+xn+2+"'+x2n)e(“*l>(xl x5 Ay )dxl
0 0 0

xdxp) - - - dxp,da

1 o0 2n n o0 2n n
= / (/ e dx) </ ela—Dx dx) da
0 0 0
- (r (1 + 2—)) / a1 —a)""?da
n 0

1 2n a=1

=2 (F <1 + —)) arcsin(+/a)
2n a=0

1 2n
=7 <F <1 + —)) , (3.218)
2n
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where I used that, based upon the change of variable ax® = y, we have

—1/@2n) —1/@2n)
/Oo efuxzndx — u /ooyl/(Zn)*lefydy = u[‘ i
0 2n 0 2n 2n

:a—l/(Zn)I—v 1+i
2n)’

and then, based upon the variable change (a — Dx2 = — y, we have that
_ ) 1/@2n) —_ ) 1/2n)
/oo e(a_l)xmdx _ (1—-a) /(2n /oo yl/(2”)_le_ydy _ (1—-a) /2n r i
0 2n 0 2n 2n

1
=(1—-a Ve <1 + —> ,
2n

and the part i) of the problem is finalized.
Using the asymptotic expansion'® of Gamma function as x — 0 (see [60,

1

Chapter O, pp. 3-5]), I'(x) = — —y + O(x), that by the relation x " (x) = I'(1+x)
X

yields I'(1 +x) = 1 — yx 4+ O(x?), we obtain

1 2n % 1 2n
(5 3)) = (5o ()
{use the elementary limit, lin}) A=) =1/}
X—>

= lim e 7 TOU/M = 77, (3.219)

n—oo

161n the book Applied Asymptotic Analysis by Peter D. Miller, one may find a simple method
of deriving an approximation of I"(x), when x is small and positive, by combining the Taylor

series with the term by term integration. Since r* =~ 1, for each fixed ¢, and using that t* =
o0

(xlog())" o . P .
Z — then by multiplying the last equality by e and integrating from O to co, we get
n!

n=0
)4

[ee) )C2 [ee) 2 7T2
F(x+l)=1+x/ 1og(t)e*’dt+—/ log?(e "di4- - =1—yx+( &= + —= | x>+---,
o 2 Jo 2 12
2

1 72
and from here we obtain that I"'(x) = — — y + (% + E) x ---, which is in fact the Laurent
X

series for I"(x) about x = 0.



200 3 Solutions
Hence, by letting n — oo in (3.218), combined with the result in (3.219), we
obtain the value of the beautiful limit,
2n 2n__ 7)62”

2n 2
) n+| X TRy e X1 T T
,,h_fgo n x2n + 4 x2n — x2n _ x2n _ o in
2 s n n+1 n+2 te 2n

b4
xdxy dxz - -dx2, = —,
eV
and the part ii) of the problem is finalized.
The limit arose based upon the investigations of the multiple integral I created,
and it was such a pleasant surprise to discover the neat value of the limit.

3.40 Some Curious Integrals Involving the Hyperbolic
Tangent, Also Having Beautiful Connections with the
Beta Function

Solution You may find the problem in the present section pretty nice and chal-
lenging at the same time, and the thing that may particularly arouse curiosity is
the connection with the harmonic numbers we have to prove. Then, it’s about the
challenging question that asks you to calculate the generalization from the third
point by using the Beta function, which you may also find nice to try. Based upon
the generalization from the third point, one can get various, appealing integrals
involving the hyperbolic functions.

The first solution might not be that obvious (which also answers the proposed
challenging question), and we start with the integral representation of the Beta
function in (3.23), where if we replace y by 1 — x and use that B(x, 1 — x) =

Irxr{ad—-x)= ,L, we have
sin(mwx)

1
/ A=0""'A+0¥dr = (3.220)
—1

sin(rx)’

Multiplying both sides of (3.220) by sin?(nx) and integrating from x = Otox = 1,
we get

1 . 2 1 1
ﬂ/ SII? (nnx)dx _ f </ A-0*1ta+n™> sinz(nnx)dt> dx
o sin(mx) 0 -1

{reverse the order of integration }
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1

B 1 Lrr—n\* ,

= P — —— ) sin“(nwx)dx ) dr

11—t 0 141
1 1 x\/
1 1—1
= —/ / <<—> ) sinz(nnx)dx dr

_1 2(1 — t) arctanh(¢) \ Jo 141t

{integrate the inner integral by parts}

_z 1 n ( l(l—t)x'(z )dx)dt
2 /4 (1 — t) arctanh(z) /0 1+1 sin(2nmwx

n?z? ! t
dr
2 /._1 (1 — £2) arctanh(¢) ((n7)? + arctanh? (7))

, (3.221)

where the last equality is obtained by the use of the classical integral,'”

b sin —acos
sin(ax)e®dx = (ax) — a cos(ax) e’ 4+ C, with the integration limits
a? + b2
x=0,x =1,and a = 2nm, b = —2 arctanh(¢).
Now, the integrand of the remaining integral in (3.221) is even, and then we write

l’l27T2 1 t
dr
2 /_1 (1 — ¢2) arctanh(¢) ((n7)? + arctanh? (7))

= n2n2/ ! dr
o (1 —¢2)arctanh(r)((n7)? + arctanh?(¢))

{make the change of variable ¢ = tanh(;rv)}

* 1 12
- / tanh(rv) |~ — ——— ) dv = ;T/ de
0 voon?? o sin(mwx)

U /1 1 — cos(2nmx)
0

T S (3.222)

2

7Essentially, we integrate by parts twice, and then we have / sin(ax)e®dx =
cos(ax cos(ax
( ) ebx _ ( ) ebx +

b
+ - f cos(ax)e? dx
a a a

1/ / bx
—— [ (cos(ax)) e dx = —
a

2

b b si
- /(sin(ax))/eh"dx = _ cos(ax) b 4 Smgax) e — — sin(ax)e” dx, whence we obtain
a a a
b sin — acos
immediately that / sin(ax)ebxdx = (ax)2 a2 (ax) e 4.
a*+b
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L1 — cos@nmx)

Considering the notation [, = / dx for the last integral in
0

(3.40), we have

sin(r x)

X

./ ./ /1 1 — cos((2k + 2)nx)d /1 1— cos(2knx)d
I = v — | OSSR
ke k 0 sin(7r x) 0 sin( x)

L 4 1
dx = 2/ sin((2k + Dmx)dx = —
0

_ /1 cos(2kmx) — cos((2k + 2)mx)
b T2k+1

sin(7r x)

and if we give values to k from k = 0 to k = n — 1 and add up all the resulting
relations, we get

o "o 4 1

— = —|Hy, — -H, ). 3.223
Z2 ;%—1 71(2" 2 ”) (3:223)
Finally, if we plug the result from (3.223) in (3.40), we conclude that

o 1 v
A tanh (T v) ; — m dv =2Hp, — Hy,

and the first solution to the point iii) of the problem is finalized.
For a second solution to the point iii) of the problem, we use the series
8x — 1 Co . .
tanh(wx) = Z which is derived with the help of the Euler’s
2n — 1)? + (2x)?

18

18Recalling the famous Euler’s infinite product, sin(x) = X 1_[ (l — %)
=1 e
and then using the identity sin(2x) = 2sin(x)cos(x), we have that cos(x) =

= n?7? — (2x)2 = n2m? _ = /(2n — 1)27? — (2x)2
l_[ < n2r? ) ' }:[1 <n2ﬂ2 — x2> - l_[ < 2n — 1)2n2 )

7 n=1
2

i A = WA < .
l_[ < (2n)*n? ) ' l_[ <n2n2 > l_[ ( W) . Upon replacing

n=1 n=1 n=I1

1

00 2
- . 4x
x by ix in the cosine formula, we get cosh(x) = HUI (l + m
log of both sides of the hyperbolic cosine and differentiating then once with respect to x, we get

1
tanh(x) = 8x Z =12 1 e where if we replace x by mx, we obtain the desired

). At this point, by taking

> 1

series, tanh(wx) =

Lo o DI S
bid nZ:; @2n —1)2 + (2x)?°
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2

o
infinite product for the sine, sin(x) = x H (1 — ) (see [23, pp. 251-252]).

X

n2m?
n=1

Then we write that

/Oot b ) 1 x d 8/°°§: x
ann(mwx _— —— X = —
0 x n24x2 mJo = 2k — 1)2 + (2x)?

1 X d
X _——_——
x  n?24x2

{reverse the order of summation and integration }
8 o [ X 1 X
= Z 2 ol G e ) L
T = Jo Qk—1)*+2x)* \x n +x
_8 i /00 1 4 4
7 & 2k - 1)2 4n? 22 Qk—12+4x2)
8 n 1 x 2 2x =
=— TRy arctan( ) arctan
m = (2k — 1)2 — 4n2 2k —1 2k—1/1,-

> n? 1 2 ad 1 1
=4y — (- )=» _
];(2/(—1)2—4112(71 2k—1> Z(z -1 2k—1+2n)

k=1

o0 2

1 1
:222](—1 :2<H2n_§Hn> :2H2n_an

and the second solution to the point iii) of the problem is finalized.
The first part of the problem is solved immediately if we make the change of
variable mx = y in iii) and then plugn = 1,

/oot he (& Y Vdx=2H,— H =2
anh(x) | - — ——— | dx = —H =2,
0 x w24 x2 2 !

and the part i) of the problem is finalized.
Next, to solve the point ii) of the problem, we assume in iii) the extension of n
to the reals, n > 0, and we write that

00 1 1 1
/0 anhGr) <8x3 +2x + 64x3 + 4x + 512x3 + 8x * ) *
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o o
tanh(nx) 1 /‘Oo 1 X
= — tanh -———]d
/ Z 8ny3 +2ny n; on 0 anh(rx) : (2—n)2 n 2 X
{make use of the result from the point iii)}

0 N
= Z (2_n+1H2—n+1 — 2_n H27n> = hm (2_n+1H2—n+l - 2—}1 H27n)

N—o00
n=1 n=1

=1— lim 27VH, v =1,
N—o00
and the part i7) of the problem is finalized.
The result from the point iv) is obtained immediately if we use the identity
from the point iii), where we multiply both sides by 1/n* and then consider the
summation from n = 1 to 0o. So, we write

00 00 00 00
3 i/ tanh(ra) (L — = Y dx = f tanh(rx) Y L
o n* Jo x n?24+x2 0 —\x n2 + 12

1
Xn—4dx
® tanh(7x) w= [ 1 1
— - —_— dx
* tanh(wx) 1 7 coth(mx)
=/ —<§(2) Y A S dx
0 x3 2 X

1 [ 72x%tanh 3 tanh -3 >\ H.
__/ w-x~tanh(rx) + 3 tanh(wx) nxdx:ZZ m
0 —

o0 oo
2% DN

n=1

{make use of the results in (3.45), the case n = 4, and (4.89)}

31
= 34(5) — 7225 (3),
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whence we obtain that

00 2.2 —
[ R I e~ 3G16(9) - 1426,

X
and the part ¢ v) of the problem is finalized. Note that in the calculations I used that
coth(wrx) = — + — Z e , which is obtained by replacing x by 7w xi in the

X2
2712) (see [23, pp. 251-

o
Euler’s infinite product for the sine, sin(x) = x l_[ <1 —

n=1
252]), and then taking log of both sides and differentiating once with respect to x.

For the point v) we assume in iii) the extension of n to the reals, n > 0, which
is achieved through the use of the Digamma function, and then, differentiating once
with respect to n, we get

x tanh( x) @ @
/0 W (35(2)+H 4H2n). (3.224)

Multiplying both sides of (3.224) by 1/n? and then considering the summation
fromn = 1 to 0o, we have

x tanh(rrx) °© 2 xtanh(x)
E = E —————dx
2(n2 + x2)2 0 —= n2(n2 + x2)2

/ tanh(r )Z ! ! ! dx
= X —
0 —\x 3p2 x(n2 +x22 X324+ x2)
/00 272x2 tanh(rx) + 12 tanh(rx) — 672x2csch(2mx) — 9nxd
= X
0 12x5
00 00 2) 00 2)
1 H, H.
- o ) _ @y _~2 _ 2n
=33 (e + 2 —anll) = e Z eI DN

3 0 H? 153 5®
=22 3 8 -1 n—12n_ ¥ n
S +8Y (D" = Y

n=l1 n=1

{make use of the results in (4.90) and (6.67)}

=31¢(5) — 16£(2)£(3),
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whence we obtain that

dx

/00 272x2 tanh(rx) + 12 tanh(;rx) — 672x2csch(2mx) — 9 x
5
0

X
= 12(31¢(5) — 16¢(2)¢(3)),

and the part v) of the problem is finalized. Note that in the calculations I used
the series representation of coth(x) (see the previous point) together with the fact

o 2.2 2
1 h th -2
that = 7 x7eseh (wx) + 7x coth(rrx) , which is obtained

= (n? +x2)2 4x#
immediately by differentiation from the series representation of coth(x).

To add a final note, it is worth mentioning the power of the Euler’s infinite
product for the sine I used in the present work, which gives an elegant solution to
the point iii) of the problem. Also, the solution to the challenging question shows
once again the huge potential of the Beta function, so useful in many problems.

The integral version proposed at the point iii) of the problem may represent a
good researching ground for investigating other versions similar to it and possibly
establishing other connections with the realm of the harmonic numbers.

3.41 A Little Integral-Beast from Inside Interesting Integrals
Together with a Similar Version of It Tamed by Real
Methods

Solution The integral from the point i) is one of the integrals that probably will
always make me think of the book Inside Interesting Integrals, which appears in
the Challenge Problems section (see [64, Chapter 8, p. 340]), where Paul proposes
a beautiful way to attack it by employing the contour integration'® (for details, see
[64, p. 406]).

In this section we’ll take Paul’s saying, It is easily done with contour integration,
but would (I think) otherwise be pretty darn tough., as a challenge and will try to do
it differently.

Before passing to the integral from the point i), we prepare the following result,

>, p"sin(nx)

5 :p—' — sin(p sin(x))e? 5@ (3.225)
n!

n=1

. . " . L .
19Considering the contour integral % ——dz and choosing the proper contour C as indicated in

c <
the given reference (try first to find it alone without using the reference!), we get immediately the
desired value.
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Proof Based upon the Euler’s formula, ¢'* = cos(x) + i sin(x), we write

i pn sin(nx) _ 3{Z (peM)n } _ Qg{epeix _ 1} _ S{epcos(x)eipsin(x)}
n! n!

n=1 n=1

= S{ep s (cos(p sin(x)) + i sin(p sin(x)))} = sin(p sin(x))e? ™),

and the result in (3.225) is proved.

sm(nx) L cos(x)

= sin(sin(x))e , and returning

Upon setting p = 1 in (3.225), Z

n=1
to our integral, we have

/00 sin(sin(x))e<os™) b — /00 1 i sin(nx) 4 — i 1 /00 sin(nx) &
0 0o X n! o n! Jo X

X
n=1

_nil_n( 0
T2l T e

and the solution to the point i) is finalized. The value of the integral is neat,
expressed in terms of 7 and Euler’s number (if interested to find more details about
these two constants, see [14] and [46]). In the calculations I also used the famous

Dirichlet’s 1ntegra120(see [30,3.721.1, p. 427]), / s1n(ax)dx = %sgn(a), aeR.

Proceeding similarly as in the previous solution, we wrlte that

00 . . . cos(x) 00 .- [e’e} .
/ sin(x) sin(sin(x))e dr — / sin(x) Z sin(nx) d
0 0

x?2 x?2 n!
n=1

1 sin(x) sin(nx) 11 [ cos((n — 1)x) — cos((n + 1)x)
gn—/ -3 dx:z;;/(; x2 dx

X

20without loss of generality, it is enough to consider the case @ > 0, and making the variable

0 o1 o0 o1 o0 oo
change ax = y, we write/ de = f sin(y) dy = / (/ sin(y)g*)”dz) dy =
0 x 0 y 0 0

o0 o0 o0 l
{reverse the order of integration}= / </ sin(y)eitydy) dt = / 72dt =
0 0 o 1+¢
=00
arctan(z) = —
=0 2
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_ %’; % /Ooo <_%) (cos((n — 1)x) — cos((n + Dx))dx

{integrate by parts once}

X

_ lz 1 /00 (n + Dysin((n + )x) — (n — 1) sin((n — l)x)dx
2 — n! 0

1< 1 * §in((n 4 1)x) % §in((n — 1)x)

n=1
11 T T 1 T
=5n2_15<5(”+“‘5(”‘“):‘ PR

and the solution to the point i7) is finalized.

Using the series like the one in (3.225) is a good alternative to the powerful
contour integration approach. Moreover, if playing with such series one can get
various appealing integrals like the proposed ones. The solution to the integral i) is
one of the first solutions I was glad to communicate to Paul immediately after the
publishing of his wonderful book, Inside Interesting Integrals.

3.42 Ramanujan’s Integrals with Beautiful Connections with
the Digamma Function and Frullani’s Integral

Solution [ ask, “Who's this guy Ramanujan? What did he do?” My father tells me
the most incredible story, about the life of Srinivasa Ramanujan. It is the story of
an Indian man who overcame incredible odds to become one of the most romantic
and influential figures in the history of mathematics. It is the story of a self-taught
dropout whose ideas came to him as visions from a goddess. It is the story of a man
who had the courage to send his ideas to random mathematicians at the University
of Cambridge, and then to accept the invitation of a world-class mathematician
who recognized his genius and travel halfway around the world to work with him
in England. It is the story of a man who suffered racial prejudice as he strove for
accomplishment and recognition. It is a story of a man who would then die tragically
at the young age of thirty-two.—Ken Ono in My Search For Ramanujan.

Srinivasa Ramanujan Iyengar (1887-1920) was an enigmatic Indian mathemati-
cian who, without formal education in advanced mathematics, was able to derive
thousands of unproved, yet valid, mathematical formulas and identities.—Ken Ono
in My Search For Ramanujan.
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Ramanujan was an artist. And numbers — and the mathematical language
expressing their relationships — were his medium.—Robert Kanigel in The Man Who
Knew Infinity: A Life of the Genius Ramanujan.

In this section we will experience Ramanujan’s creativity and try to know,
understand him through mathematics, by two beautiful integrals proposed by him.

To calculate the integral from the point i), we rearrange the integrand and prepare
it for using the integral representation of Digamma function, ¥(s + 1) = —y +

1,5 _ 1
/ al 1 dx (see [30, 3.265, p. 333], [61, Chapter 10, p. 127]), and then we write
0o X—

/‘O" (I4+ax) P — (1 +bx)"1
dx
0

X

dx

_/w@mnp—umm1—m+M)Lﬂ+M)U+@mm‘—@wnl
0

X

:/WU+M)L%HWM1@_/“0+M)L%melm
0 0

X X

00 -1 _ -1
+/‘ (1 +ax) (14 bx) &
0

X

{let the changes of variable ax = y in the first integral, and bx = y in the second
one}

dx

_/°° (I+07"-(a+07" _/°° (40— (1+x"
N 0 X * 0 X

(3.226)

> (1 T+ o0
+/ (I+ax) d+bx)”
0 X
Before calculating the first two integrals, note the third integral is an elementary

1
integral, and we have that / —  dx = log(x) — log(1 + ax) + C, whence
x(1 4+ ax)

© 14ax)' =1 +bx)"! 1 + bx
dx = log
0 X 1+ax

X=00

=log|— ).
a

(3.227)

x=0

On the other hand, this integral can also be viewed as a Frullani’s integral (see
the conditions and the derivation in [75, pp. 148-151], [64, Chapter 3, pp. 86-87],
[20, pp. 432-433] [106]), named after the Italian mathematician Giuliano Frullani
(1795-1834),

lA“fi@iL;lﬁBﬁdx:(fm)_f(ag)bg(b). (3.228)

a
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1
Setting f(x) = ] and applying (3.228), we get the result in (3.227).
X
Using the result in (3.227) and continuing the work in (3.226), we obtain that

X

/OO (I+ax) P —(1 +bx)_qd
0 X

00 -p _ —1 00 —q _ -1
=/ (I+x)"7—=(1+x) dx—/ (I+x)7—(1+x) dx—Hog(S)
0 0

X X

1
{make the change of variable = = y in both integrals}
x

lyp—l_l lyq—l_l b b
=—- —dy+ ——dy+log| - ) =¥ —¥(p) +log| -],
o y—1 o y—1 a a

that finalizes the part i) of the problem.

For a different way of approaching the integral by the Ramanujan’s means, see
[15, Chapter 9, pp. 314-315].

For the Ramanujan’s integral from the part ii) of the problem, we make the
change of variable x = e™”, and then we have

1 a—1 b—1 00 —ay —by
/ YT Ve = f ¢ _ € )y, (3.229)
o \1—x 1—x¢ 0 l—e> 1—e @
Now we recall the following integral representation of Digamma function (see [61,
Chapter 10, p. 125], [79, p. 26]),

o0 e—t g—xt
Y(x) = /0 (T —1= e—l> de. (3.230)

Letting the variable change ¢ = cy in (3.230), we get

X [Ty ce XY
= L ay,
s [ (22

and setting x = b/c, we have

<b) © [emeY ce Dy
vl-)= / <— — —_) dy. (3.231)
c 0 y 1 —e &
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On the other hand, letting x = a in (3.230), we get

o0 e—t g—at
v(a) =/O (7 - e’) dr. (3.232)

We return to (3.229), and then we write
00 e~y ce by
[ )
0 l—e? 1—e @
X ey ce b I e v eV —e Y
= _ [ — - + d
/0 < y I —em <y l—ey> y > g
© e ce™b © eV e X eV — e
=/ - dy—/ _ — dy—i—/ —dy
0 y I—e 0 y I—e™ 0 y

{use the specific values of Digamma function from (3.231) and (3.232),}

{and then apply (3.228) for f(x) = e~ to calculate the Frullani’s integral}

b
=y (Z) — ¥ (a) + log(c).

Hence, we obtain that

1 xa—l be—l b
/ ( - .)dx=w<—) — (@) + log(o),
o \I—x 1—x¢ c

that finalizes the part ii) of the problem.

For alternative solutions, see [8, p. 154], [53]. One must be very careful with
approaching the integral from the second point, it is deceiving and one may be
easily led to a result without the log part.

3.43 The Complete Elliptic Integral of the First Kind
Ramanujan Is Asked to Calculate in the Movie The Man
Who Knew Infinity Together with Another Question
Originating from His Work

Solution In the movie The Man Who Knew Infinity (2015) there is a memorable
scene when Ramanujan, at Cambridge, during the class is invited by the cruel
Professor Howard to bring his contribution to the calculation of the integral we have
at the point /). Amazingly, instead of trying to write the solution, Ramanujan simply



212 3 Solutions

writes the final answer (blowing all the coals in the relation with the mentioned
professor), a scene that aims to emphasize the genius of Ramanujan.

May the scene presented in the movie be an exaggeration of the Ramanujan’s
talent? No, I don’t think so. If having in mind the evaluation of the Wallis’ integral
(see [17, p. 113], [30, 3.621.3-3.621.4, p. 397]) combined with the use of an
elementary integral result (presented below), it looks like everything becomes pretty
easy to do. Here is how to do it:

First we use that if 1 > a, we have

/”/2 dx 1 (3.233)
o l—asin’(x) 2J1-a .

To prove the auxiliary result above, we start out by using the fact that sin®(x) +
cos? (x) = 1, and then we have

/2 dx /2 dx

/0 1—asin2(x) /o (1 — a) sin(x) + cos2(x)
_ 1 /”/2 (tan(x))’ &
l—alJo tan?(x) + (1//1—a)?

1 x=m/2
arctan (vl — atan(x )
T (x)

x=0

The indefinite integral form of the integral above may also be found in 2.562.1
from [30].
Thus, based upon the result in (3.233), we obtain that

. /2 4o 2 /2 /2 1 J "
K (k) = v _
© /0 V1 —k2sin?(0) ﬂ/o </0 1 — k2 sin*(6) sin® (¥) w)
2 /2 w/2 X
== / < f Zkz” sin?"(0) Sinzn(lﬂ)dlﬂ) do
T Jo (R

2 0 /2 /2
==Y K / sin? (Y)dyr / sin?" (6)do
T =0 0 0

/2 2n — !
make use of the Wallis’ integral, / sin?" (0)do = r. M
0 2 @2n)!!
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2n — D!
_T Z ( n )! k
(2n)”
w 1 1-3 1-3-5\°
==J14+(=) &*+(—) kS 4.1,
2{ +(2> +(2-4) +(2-4-6> "

which finalizes the part i) of the problem.

For the second part of the problem, we make use of the part i) of the problem
where we set k = i, and then we obtain

| (1>2+_<1.3>2 (1.3.5>2+_ __zt/ﬂﬂ do
2 2-4 2-4-6 7 Jo /1 + sin%(6)

{make the change of variable sin(9) = x}

2 11 sy 1!
= —/ Sl = —f y A=)~y
T Jo &1 —x* 27 Jo

1
{use the Beta function definition, B(x, y) = / WA =) du
0

1 (11
= —B(-, =
2 (4 2)

{use the Beta—Gamma identity, B(x, y) =

(@) 6)

F(X)F()’)}
'x+y)

1
and if we use the special value, I’ <§> = /7, combined with the Euler’s reflection

1 3
formula, I'(a)I'(1 — a) = — id ,where weseta = 1/4, I'(- |- ) =
sin(wa) 4 4

ﬁn, we conclude that

r? !
(1)2 (1.3)2 (1.3.5>2 (Z)
1—(=) +(—) - 4=,
2 2.4 2.4.6 /(271)3

which finalizes the part ii) of the problem.
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During the calculations I also used the Beta—Gamma identity, B(x,y) =
') (y)
'x+y)

For an alternative solution to the point ii) of the problem, see [16, Chapter 10,
p- 24]. If interested, one may find in Ramanujan’s Notebooks, Part Il by Bruce C.
Berndt more such splendid results involving the hypergeometric functions.

, and a proof of it may be found in [94].

3.44 The First Double Integral I Published in La Gaceta de la
RSME, Together with Another Integral Similar to It

Solution I submitted the double integral from the first point to La Gaceta de la
RSME and it was published in Vol. 19, No. 3 (2016), the problem 306 (see [41,
p- 589]). The thing we don’t see immediately (and that, of course, represents a key
point of the problem) is the connection with the Inverse tangent integral we already
met in Sect. 3.25, where I provided some information about the mentioned function.
Then it’s about those strange integration limits that make us wonder what kind
of approach would be useful, fruitful here. Those integration limits are puzzling!
Seriously, do we really have /3—+/2?

First we want to prove a curious representation of the Inverse tangent integral,

/1</1 ! d)d L <1_“ 1_b) (3.234)
X ==-Tip|— —— ), .
e\ G+t ) T2 e T

where 1 > a,b > 0.

1 - 1 -
Proof Make the variable changes x = T ! Y

s 1 1 [ [ rim 1
/ / 2 5 dx dy:—f / ———du | dv
a p (x+y) 4+ A +xy) 2 Jo o 1+u?v

1-b
1-a arctan v 1—a 1=b
1 [T <1 +b > (1-b)/(1+byv=t 1 [ T+a T+ arctan(t)
R e . 1Y) = - —dt
0 0

respectively, and we
get

v 2 t

1 . (1—=a 1-b
=_T12 P B
2 l+a 1450

) * arctan(t) .
where I used that Tip(x) = fdt, and the proof of the result is complete.

0
Now, fora = V3 - fz, we have
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l—a _1-(3-V2) 1-(f3-v2) 1-(3-+2)

1+a  1+43-+v2 14+3-+2 1-(3-v2)
_3+V2-V3-V6 3+4V2-V3-V6 Vo+2

J6-2 B J6-2 V642
_Ne-V2 V3-1 [(/E-1?
2 2 2

=2 —+/3. (3.235)

Therefore, based upon the results in (3.234) and (3.44), we obtain

1 1 1 1
dx ) dy = = Ti, 2 — V/3), 3.236
/ﬁ—ﬁ <f¢§—ﬂ G+ 02+ (1 +xy)? ) y =gl b G20

where Tis (2 —+/3) is a special value of the Inverse tangent integral (see [44, Chapter
2, p. 45)).

To write Tiz(2 — +/3) in known constants, we consider the well-known Ramanu-
jan’s formula (see [44, p. 45 ], [111, (3)]),

Z sm(2(2n 1)X) = Tip(tan(x)) — x log(tan(x)), 0 < x < %, (3.237)

n=1

that is proved by differentiation and the use of the Fourier series of log(tan(x)) (see
(3.74)). Then, by setting x = ;1_2 in (3.237), we get in the left-hand side of the
equality,

) <(2n— 1DF:4
oo S1 EE—

an 6 )_ oL VAR
n —1)2 N 320 52 6 32052

n=1

1
2
2
~aG, (3.238)
3

Qn — Dr

where the numbers generated by sin ( G

1 1
are written as 3 - — — — when
2 2

getting 1, and 5~ 3. 5 when having —1, and then the terms are grouped as seen

above.
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Using in (3.237) the fact that tan (%) = 2 — +/3 combined with the result from
(3.238), we immediately get

Tiy(2 — /3) = %G + % log(2 — +/3). (3.239)

Hence, by plugging the result from (3.239) in (3.236), we conclude that

! 1 1 1 1
dxdy = = (G + Zlog (2 = V3)),
/ﬁ—ﬁ/ﬁ—ﬁ G2+ A2 3(6+gloe(2-3))

and the part i) of the problem is finalized.

An alternative solution to the present double integral may be found in La Gaceta
de la RSME, Vol. 20, No. 3 (2017) (see [42, pp. 566-567]).

For the second point of the problem we need an introduction to the Legendre’s chi
function?! of order 2, and then return to Lewin’s book in [44, Chapter 1, pp. 18-21].

The Legendre’s chi function of order 2 is defined in terms of Dilogarithm function
o0 2n—1
(no wonder why it appears in the referenced book), x2(x) = Z h =

n=1
1
—(Liz(x) — Lio(—x)). Also we may notice the similarity with the Inverse tangent

function which has the alternating series version of the Legendre’s chi function of
order 2.
Now, for the point ii) of the problem, we start out by proving the auxiliary result

1 1 | l-a 1-b |
1 1+b
[ armamme) o= [T [T ) o
« \UJp (x+y)A+xy) 0 0 1 —x=y

Y Gkl (3.240)
— e \Ta 1+0) '

1—v
Proof Letting the variable changes, x = - and y = ——, we get
1+4+u 1+v

1 1
[ (] arwmrm®)®
a \Jp (x+y)A+xy)

e 2n—1

2IMore generally, we have the notation, x,(z) = Z Zi, which represents the Legendre’s
= 2n — 1)V

chi function of order v.
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1-a 1-b l—a 1-b
I+a T+ 1 /1 a /1+b 2
= ————du | dv = ()™ “du | dv
/0 /o 1 —u?v? 0 0 ;
1—a 1—1;)2"‘1

i . L (lze. 10

I 1+5 (

=3 e [ e = 30 A
0 0 (2n —1)

_ l—a 1-0b
= X2 l+a 1+0)°

and the proof of the auxiliary result is finalized.

1— 1-b
Then, if we replace a by T Z and b by 5 in (3.240), we obtain

: ! 1 a b 1
Trvdra = ———dx )dy = D).
/}Jr—?, (/1+b x+»A+xy) ) Y /0 (/0 1— 222 x) y=x2(a-b)
(3.241)
(V3o 0) (Vs oz on)
ﬁ+m

2 YV2+1-1 VW2 V-1

1+\/f+1 \/f+1+1 / 1+\/ o1

we see we can choose a = vV+/2—1and b = v+/2 — 1 in (3.241), and then we

obtain the desired result,

[([ estrrats) o= ez 0= (2)- log(v2+ )\’
o \Jo G+ )P T2 —\4 2 '

Note that x2 («/E — 1) is a special value of the Legendre’s chi function of order 2,
and it can be derived from the well-known identity (see [44, Chapter 1, p. 19], [78,
Chapter 2, p. 108]),

1—x n ()_n2+11 ™1 1+x
e\ ) e == og()log ( T—

Since we have that

9 =v2+1- 2(ﬁ+1)=1+
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where we set x = +/2 — 1, and the part i) of the problem is finalized.
To conclude, we have seen this time that choosing the right variable change made
a huge difference for both proposed integrals, and in particular the variable change
1—
of the type, x = e y’ sometimes is proving to be very useful. For example,
Yy

Mog(1 + x)

1+ x2
competition, 2005 (see [73]), where such a variable change works perfectly nice
and it was also considered in [74] (see (3.92) from the solution to the Sect. 1.18).
As a note, the mentioned Putnam integral is an old problem in the mathematical
literature, also known as Serret’s integral, after the French mathematician Joseph
Serret (1819-1885), according to [64, p. 54], and an alternative solution you may
also find in [62, pp. 121-122], [64, pp. 53-54], and [25, Chapter 4, p. 76].

remember the problem AS, Evaluate dx, from the 66th Putnam

3.45 An Out-of-Order Integral with an Integrand Expressed
in Terms of an Infinite Series and a Generalization of It

Solution That’s a cool, different type of integrand, one involving an infinite series!,
a possible reaction at the sight of the results. The calculations are straightforward if
we choose the right fool, which in this case is one of the Ramanujan’s integrals.
More exactly, the generalization presented in this section may be viewed as an
application of the first Ramanujan integral from Sect. 1.42.

It’s enough to solve the point ii) of the problem since the point i) is the case
6 = 2 of the generalization, and making use of the Ramanujan’s result in (1.65), we
write

oo o
/oo }C 3 ((e"x +1) - (o1 +1) ’ ) dx
0 n=1

B X oo 0"x + 1)—9"“ _ (6n+1x + 1)_9nd
_ Zl/o -

_ i (w ") — v (9"“) n 1og(9))
= lim_ 3 (w (0" — v (9”“) +10g(9)>

n=

=y © + Jim (log@N — v (6"*1)),
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where if we consider the asymptotic behavior of Digamma function (see [1, p. 259],

1
[78, Chapter 1, p. 22]), that is ¢ (x) = log(x) + O <—>, we conclude that
X

foo % 3 <(9"x +1)7" (9”+1x + 1)0n> dx = ¥ (6) — log(0),
0 n=1

which finalizes the point i) of the problem.
To get the part i) of the problem, we set & = 2 in the generalization above and
use that ¥(2) = 1 — y, based on the series representation of Digamma function,

oo
1 1
= -y + — , that furth i
W (x) y n2_0<n+1 n+x) at further gives

o0 1 i _on+l 2"
/ ;Z(@”x—l— )~ - (2"+1x+ 1) )dx —1—y —log(2),
0 n=1

which finalizes the point i) of the problem.

For such problems, one might usually think to reverse the order of summation
and integration (assuming its validity) and try to integrate first as in my problem
(where we had to make use of a challenging integral by Ramanujan).

3.46 Pretty Charming Ramanujan-Like (Double) Integral
Representations of the Riemann Zeta Function
and Its Derivative

Solution Soon after obtaining the results meant to be proved in this section, I felt
a looking-similarity with at least one of the results by Ramanujan like, for example,

1/ el bybe—1 0 B
a
fo <l—x — 1_xb)zx dr = w( +c) log< ) (see [8, p. 154]),
and hence that descrlptlon in the title, Ramanujan-like (double) integral, although
we speak here about a double integral (and if you’re interested, the result I just
mentioned can be easily proved by using Ramanujan’s integral in (1.66)). In the

present section I'll try to approach the part i) of the problem in two different ways,
therefore giving two solutions.

For a ﬁrst solution to the result from the point i), we start with the fact that
k

, and then, making the change of variable x =

(- x)(l —xy) §

1 —¢t, we have
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s ! - e ([ =np"
_— "dx | dy = ————dt ] d
/0 (/0 W ow 2% x) ’ fo (/0 L na-mY)®
1 1 _ vk ,
LS o))
0 N0 =t \k=t Y

n=

= /01 (/01 i (i Xk:y"”"‘lt’f‘l(l - t)"“) dr) dy

k=1 i=1

= i (i 2/01 yrH (/01 - r)"xdt) dy)

M

F(x)F(y)}

make use of the identity, B(x, y) =
{ Y, Bx,y) = =)

X (X rirm +1) &1 X[ T+ 1)
22(2 F(k+ns+1)zn5+i Z X_:Hn dx<r(k+x+1)>

n=1 \k=1 i=1 =
9] . d o0 rkrx+1 00 . d 0
z_;;(xm"ﬂh(gw z_,; Jim —— ];B(k x+1)

--y (gm - (/0 >y = y)dy

k=1

— _ x—1
- anydx</ 1=y dy)

00 1 00
1-y=z . d -1
23 dim gz) = =3 im L (L § =2
x—)l ns dx </0 ¢ Z) - 1x—>1 ns dx ( > 2s é—( S)

and the first solution to the point i) of the problem is finalized.
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To prove differently the result from the point i), we start with writing that
1 o0
T—(—x)y = ];((1 — x)y)¥~!, and then we have

1 1
/0 (/ x(l—(l 07) 4 Z(x” dx)
/ </ < n‘—l(l _x)k—lyl’ls-H{—l) d.x) dy
0 =1 \n=1

{reverse the order of summation and integration }

=2 (Z /l (/1 X1 - x)k_ly"“rk_ldx) dy)
k=1 \n=1"0 0
X (B0 X[ T ()
:Z(Z k 4+ ns ) :;<r§ F(k+ns+1)>

I N R S A ()
= IF(”)(ZF(k—i—n“—I-l))

n= k=1
_ir(nf) i( k) r'k+1) )
_nzl o\ Fk+n®)  Tk+n+1)
IRV AU YA A () Ik+1)
_,; n Qﬁﬂwg(ﬂkﬂf) F(k+ns+1)>>

L@ 1 . [(N+1)
-2 n (F(nS+1)_N1§nooF(NT) Z 3 = ¢(29),

Z\?
where the limit is 0 based on the Stirling’s formula, I"(z 4+ 1) & +/27z (—) (see
[1,p.257], [9, p. 211, [34, p. 86-88], [33, Chapter 2, pp. 165-167], and [78,eChapter
1, p. 8]), and the second solution to the point i) of the problem is finalized.

The second point of the problem is straightforward if differentiating the identity
from the point i) with respect to s and then letting s — 1, which gives immediately

log(xy) eV
/ / x(l —(1 - anog(n)(xy) dXdy = ? log <—) ,

Al2
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, 72 2mweY

where I used that ¢'(2) = i log (F

(see [109], [27, pp. 135-136], [78, Chapter 1, p. 25]), and the point ii) of the
problem is finalized.

It’s pretty enjoyable how things play out during the solutions, the options to

consider on the way. The first solution seems to be less obvious if we consider

the given form of the geometric series as a starting point.

), A is the Glaisher—Kinkelin constant

3.47 The Elementary Calculation of a Fractional Part
Integral Naturally Arising in an Exotic Triple
Fractional Part Integral

Solution In this section we have arrived in the realm of the fractional part integrals,
and some of them are really interesting and tricky as you’ll see soon. Particular cases
of the proposed generalized integral may be seen as the desired forms to which one
might like to reduce some of the problems involving the fractional part integrals,
and an immediate example would be the integral in the next section. In the present
solution I will try an elementary approach involving the integration by parts that
will lead to a useful recurrence relation.

Considering the well-known relation between the fractional part function ([105])
and the integer part of x ([104, 110], [31, pp. 67-70]), {x} = x — | x|, and making
the change of variable x = 1/y, we write

1 1 q e’}
| xPH ae= [y
0 X 1

{split the integration interval into intervals of the type [k, k + 1)}

k+1

< Lkt 0
ka Yy yYdy = ka Yy = LyDidy
k=1 k=1

{turn | y] into k since y runs on [k, k + 1)}

o0

k+1
= Z/k y P72 (y — k)?dy, (3.242)
k=1

Ip,q,k

where I denoted the last integral by I, 4 .
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Then, integrating by parts, we have

k+1 yfpfl /
I =— —k)id
p.q.k /k <p+1> (y — k)7 dy

yr=l y=k+1 q L »
=—p+1(y—k)q +mk y Py =k dy
y=k
1

= - + 1 Ip_19-1k
(p+ Dk +DrPtl  p+1 A

whence we obtain, after multiplying both sides by p + 1, that

(p+Dilpgir= TG D +qlp_14-1k- (3.243)
Setting p = g = n in (3.243), we have
1
n+ Dl ur —nly—1n-1k = Thr D (3.244)
1

Replacingn by i in (3.244), i+ 1)1 ik —ili—1.i—1.k = —W, giving values

to i fromi = 1 to n and then summing up all these relations, we get (n + 1)1, , x =

1 " 1
kk+1) ; *k+ it

1 1 < 1
Link = — — 3.245
"R ek + D+ 1) n+1§(k+1)1+1 (5249
Thus, by combining the results in (3.242) and (3.245), we have
1 1" > > 1 | 1
ot dx = L= — .
/ox {x} * ]; sk ,; kk+ D+ 1) n+1;(k+l)’+1
1 i 1 1 i - 1
_n+1k=1 k(k+1)  n+ 1= (k + 1)i+!
n o n

1 1 1 1 1
= - ___ - 1) —1
n+1 n+1§k§(k+1)l+l n+1 o+l 1(5(’+) )

1 LN | R R
= — i+1)=1—- —— i+ 1).
n+l+zn+1 n+1;€(1+) n+1;§(’+)

(3.246)
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Before treating the case with p > g > 1, we calculate another particular case, the
initial integral with ¢ = 1, and we have, by making the change of variable x = 1/,

! 1 > {y}
,/()xp{;}dx:/]‘ yp+2dy

{split the integration interval into intervals of the type [k, k + 1)}

k+1 y— k

— [ () -,
:];/k py+2 Z/ : p+;} Z/ p+2 y

k+1 k+1
—z/ Sy - z/
y=k+1 o y=k+1
- ) Z( <p+1)yp+1 vk )

k=1 y=k k=1
IR SVARN LS ()
_p; kP (k4 1)P _p+1]; kP (k + 1P+
S () s
T pp+ D \kP k+DP) p+1 Akt D

1 1 1 Zp+D
= - H-=—-2"—" 3.247
PTESD erl(C(p+) ) PR ( )

For the case p > ¢ > 1, we use the relation in (3.243) where we multiply both

!
sides by p_' that leads to

(p+ D! _ p! n p! /
gl PR T T ik ppt T (g =y et

and exploiting the difference between p and g, we can write the relation above as

(p—g+i+ 1!

(p—q+i+2)!
Wlp—q+i+l,i+l,k - a Tp—g+iik
— | + 1)!
(p—g+i+1) (3.248)

i+ DIk + Pt
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Summing up both sides of (3.47) fromi = 1toi = g — 1, we obtain

(p+ D!
q!

q-1 .
(p—g+i+D)!
Ipgk = (P=q+DUp_girii— Yy — ol (3.249)

« (i + DIk + 1yp—a+i+2’

Then, we sum both sides of (3.249), from k = 1 to oo, that yields

(p+ — >
Z pak =P —q +2)!le—q+l,l,k
k=1 k=1
iqi (p—q+i+1)
= =+ DIk 4 Dpmatiee’

and based upon (3.242), the previous equality becomes
N 14
—(p+ ) / xP {—} dx
q'  Jo x

oo g—1 .
(p—g+i+ D!
Z(P_q+2)!/ xP~ q+l{ } ZXI:(i+1)!(k+1)p—q+i+2

1
1
{make use of the result in (3.247) to get the value of / xPat! { —} dx}

0 X
-1 o .
1 tp—g+2)\ (p—qg+i+1!
=(p—q+2)! - - .
P Q+)<p—q+1 p—q+2) Z”;(i+1)!(k+1)ﬂ—q+l+2
(p—q+2) S (p—q+i+D) .
= (p—g+Dic(p—q+)-Y (¢ (p— 2)—1
o 1 et q+)i§ i Cmatien-D

{make the change of variable ¢ — i = j in the remaining sum}

=+ 1)
—(p—qg+Dlic(p—g+2)=y L L~ ~
(P—g+DiE(p—g+2)—) TEEEY

j=1

_(p—q+2)

—j+2)—1
P—— Cp=j+2-1,

whence we obtain that

/1 ,,{l}q (p—q+2)q! (p—q+1lg!
X — dx: —
0 x (p—gq+D(p+D! (p+ D!

t(p—q+2)



226 3 Solutions

qg—1

q! (p—j+D!
B —j+2)—1
@+1ﬂggm—j+nﬁ“p J+2)-1b
(p—q+2)q! (p—qg+Dlg! (p—q+Dlg!
(p—q+Dp+D! P+ D) TS Cp—qg+2-1)
T %?p_j+”%a —j+2—-1D
(P+ D= (g —j+ D! P=J
{notice that %({( p —q +2) — 1) may be absorbed by the sum}
q' e~ (p—j+ D) _
B —' =) -t =Dy, 3.250
TR S ];(q—jﬂn(f(p j+)-1D (3.250)

and the case p > g > 1 is complete.
Lastly, combining the results from (3.246), (3.247), and (3.250), we obtain, for
P, g positive integers, p > g, that

1 1 q
f x”{—} dx
0 X

q! L (D) .
= — __E xr J —i+2—-D|.
( 1! (r—q) po ( j 1)!@(!7 J ) )

and the solution is finalized.

Two particular cases of this generalization are presented by Paul in Inside
Interesting Integrals, thatis (p = 1,9 = 1) and (p = 2,q = 1) (see [64, Chapter
5, pp. 183-184]). For a generalization of the integral (one that expresses the final
answer in terms of an infinite series, which is different from the type of my answer
above that gives the exact value of the integral), with p, g positive reals, see [29,
2.22, p. 103]. In his solution, the author also arrives at the integral in (3.242) where
he makes the change of variable 7 = y —k and use the Gamma function. The curious
reader might try to continue from this point to get another solution.
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3.48 The Calculation of a Beautiful Triple Fractional Part
Integral with a Cubic Power

Solution I submitted the square power version of the proposed triple integral to
The American Mathematical Monthly, the problem 11902 (see [87]). The difficulty
with this triple integral comes from the very beginning, How to even start the
calculations? An important objective is to reduce the triple integral to simpler
integrals, and I’ll show it can be reduced to calculations involving two particular
cases of the generalization in the previous section. For getting a solution, we’ll
simply combine the variable changes with the integration by parts.

Denoting the fractional part integral by .# and making the variable change x /y =

A= LD ) o)
LU ) )«

and after changing the integration order

o= [ (1 ] ) ) o

we make the change of variable z/y = ¢ that yields

7 = /01 5 </01/y </01/y <{u}{;}{£}>3 dt) du) dy. (3.251)

b(z) b(@) g
Then, recall the Leibniz integral rule, — f(x,2)dx = / — f(x,z2)dx +
dz Jac) a(z) 02

f(b(2), z) b(z) fla(2), z) a(z) (see [1, p. 11]), where if applying it for a

b(x)
function of the form, g(z, x) = / f(y, 2)dy, we obtain
0

d ( a(x) d a(x) b(x)
- / gz, x)dz | = — / S(y,2)dy ) dz
dx 0 dx 0 0

d a(x) b(x)
= E(b(x)) A f(b(x), 2)dz + —(a(X)) f(y,ax))dy. (3.252)
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Using the result from (3.252) in (3.251), where we apply the integration by parts,

we have

|
U

STVCEHIHIRE

{use that on [0, 1) we have {x} = x}

L ) s L (Lol o)
AL s o

where I also used that the limit is O by the Pinching theorem (see [114]) since

<2 (L (o2l )

W<
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Now, in (3.253) we make the changes of variable uy = w in the second integral and
ty = z in the third integral, and then we get

[l oL (0 (512 o)

(3.254)
and for the third integral we have

1 1/y 1 1 3 1 1 1 y 3
LU (D @)or= 1O (@] «)e
{use that on [0, 1) we have {z} = z}

LD

Using the results from (3.254) and (3.255) in (3.253), we get
1 1 3 1 1 3
s [ o s (0 (5D o)
3 Jo 0 t u 3Jo 0 y w
1 1 3
SEU IR «)e
3Jo \Jo vz

{change the integration order in the first and second integrals }
1! N Lt 1 ’
=5 U (EHED ) s UL (HE o) o
3Jo \Uo t)lu 3Jo \Uo wj |y
L 1 ’
s U HED )
3Jo \Jo yilz

{note that all three integrals are equal}

[ e o

Next, we split the integral in (3.256), and based upon symmetry we have

[ () )
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LD L (e )

If we make the change of variable u /¢ = s in the first integral from the right-hand

[ ([ () )
S ) ) [ o ]

(3.258)
For the other integral in (3.257), using that {¢/u} = ¢t /u when u in (z, 1], we have

[ Q) o) £ () o) o
S B A R At e

Hence, by plugging the results from (3.258) and (3.259) in (3.257), and using

1 3
the particular cases of the integral from the previous section, [ I { ?} dt=1-
0

1 3

l({(2) +¢3)+¢4) and/ t4{1} dr = l — i 2¢(3) +3¢(4) +4¢(5)), we
4 0 t 2 20
conclude that

1 pl pl 3

2= L L) oo

o Jo Jo yjyizj)lx
R P P 2t 7 Lo L
=1 8Z(Z) 84“(3) 8((4)+320§(6)+1604“(8)+40§ (3)+40§(2)C(3)

1 1 1 1
+2—0§(2)§(5) + E§(3)§(4) + %5(3)4(5) + %5(4)4(5),

and the solution is finalized.
Another way of approaching the problem relies on exploiting the symmetry as
you may see in the next section and in [5, 80].
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3.49 The Calculation of a Generalized Triple Fractional Part
Integral with Positive Integer Powers

Solution The full derivation of the result, using the strategy from the previous
section, is given in my article The evaluation of a special fractional part integral
with an integrand raised to positive integer powers published in MathProblems
Jjournal, Vol. 6, No. 1 (see [58, pp. 544-550]).

Now, for a different strategy that exploits the symmetry, considering the 6
permutations in the chamber 0 < x < y < z < 1, we may assume x is the largest
and we split into two cases depending on whether z < y or y < z, and then we have

[ (HEHED o
(L EHE) o)
G ) o))

where I have dropped the fractional part notation on the factors that are smaller than

1. With the change of variable z = yu in the first integral and simply doing the z
integral in the second integral gives

1 X 1 1 n
A= (U G ) )

0 0 0 y uj x

1 X n
L e () w)e)
0 0 y)yx
and making the change of variable y = xt in both integrals yields
1 1 1" 1 1"
s ([ o)
0 ! 0 u
n
/ (/ (1 t)tn {;} > ) = n+1,nln,n + In,n - In+1,n

3 I
=1 2(n~|—1)2§( S P T <Z§(’+l))

x (Z(i +1e( +2)),

i=1
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1 q
1
where for the penultimate equality I used the integral I, , = / xP {—} dx in
0 X

(1.67), and the solution is complete.

Similar solutions to the square power version of this integral I proposed in The
American Mathematical Monthly, the problem 11902 (see [87]), and that can also
be successfully adjusted for the present generalization, may be found in [5], [80].

A generalization of the integral version with n = 1 appears as an open problem
in [29, 2.58, p. 108].

3.50 A Pair of Cute Fractional Part Integrals Involving the
Cotangent Function

Solution In this section we still explore the land of the fascinating fractional part
integrals, and now we want to calculate a curious, appealing couple of cotangent
integrals. If you went through the previous sections with fractional part integrals
and grasped the strategies presented there, it wouldn’t be hard to figure out how to
initiate a solution. For each integral I’ll reduce everything to the calculation of the
corresponding series.

I submitted the integral from the point i) to The American Mathematical Monthly
(writing the statement of the problem with tan(x) instead of cot(x)), the problem
11924 (see [88]).

/2 t
Now, for the point i) of the problem it’s easy to note that / teot()} dx =
0 cot(x)
/”/2 {tan(x)}
0 tan(x)
Then, using the fact that {x} = x — [ x|, where | x| denotes the integer part of x, we
proceed as follows

dx, which is obtained with the change of variable x = 7/2 — y.

/”/2 {tan(x)}dx _ /”/2 tan(x) — [tan(x)] i
0 0

tan(xx) tan(x)
0 rarctan(k+1) Ltan(x) |

- Z / (1 - —) dx
ko  arctan(k) tan(x)

x=arctan(k+1)

T arctan(k+1) k 7
oy (1 g ) 8% = 5+ =k ogGsint)
k=1

k=1 Y arctan(k) tan(x)

x=arctan(k)

{make use of the fact that sin(arctan(x)) = ;}

1+ x2
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_T + % (arctan(k + 1) — arctan(k) + k log < k )
T NEa®

k+1
—k1 N
Og<w/1+(k+1)2>>

o0
+ Z (arctan(k + 1) — arctan(k) + k log (

k=1
k+1
—(k + 1) log | ————
g(,/1+(k+1)2)

-|>|:l

)

Clog (KL ) =243 (arctan(k + 1) — arctan(k))
VI+(k+ 1?2 4D

S

ad k k+1
+ klo (—)—(k—i—l)lo S R
;( . V14 k2 g(,/1+(k+1)2>>

AY)
o
k+1
+ Y log (;) . (3.260)
o \WVI+Gk+1)?
S3

Now, for the series Sp in (3.260), we write

Z (arctan(k 4+ 1) — arctan(k)) = 11m Z (arctan(k + 1) — arctan(k))
k=1

. T ow
= lim arctan(N +1) — — = — —
N—oo 4 2

NI

b4
= —. 3.261
2 ( )

Further, for the series > in (3.260), we get

o0

$H=Y <klog (%) — (k+1)log <$>>
Pt Vi+k V14 (k+1)?
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N

k k+1
= li klog| ——= ) — (k+ Dlog | ——=
Ngllw,;( Og(«/1+k2> ( )Og(‘/1+(k+1)2>)

log(2 N+1
_ _le® (N + 1) log (—+>
2 N—o0

V1+ (N +1)2
_ 10g(2) 1
= > +§ 1m(N+1)log< (N—|—1)2)
_ log® o 2 1 _ log(2)
- tmsa T AV AED log(1+ (N+1)2) -
0 1
(3.262)

log(1 4 x)
X

where I made use of the elementary limit, lm}) =1.

Lastly, for the series S3 in (3.260), we have

e¢]

Zlo k1 —121o< (k +1)? >
\Vizkrz) 22 0va+12
g 1+ (k+ 12 1 sinh(7)
_—5;10g<—(k+1)2 ) Zlog<1+k2> Elg( o ),

(3.263)
and the evaluation of the series is accomplished by using the well-known Euler’s

2
infinite product for the sine, sin(x) = x 1_[ (1 — %), (see [23, pp. 251-
nem

sinh()
2w o

sinh(77) ad 1
252]), where by setting x = mi gives = l_[ <1 + —2> or
T i n

oo
1
l_[ (1 + —2), and by taking log of both sides of the last equality, we get the precise
n

n=2
value of the series in (3.263).

Gathering the results from (3.261), (3.262), and (3.263) and plugging them in
(3.260), we obtain the final result,

/n/Z {tan(x)}dx _ /ﬂ/Z {cot(x)}dx _ l (n g <sinh(n')>> 7
0 tan(x) 0 cot(x) 2 T

and the point i) of the problem is finalized.
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Alternatively, one can start with the variable change cot(x) = u and then show

1
that everything reduces to the integral E)t{ / z(W(z +1) — w(z))dz}, which the
0

curious reader might want to calculate.

For slightly different solutions, one may check [81], [6].

I submitted the second problem to La Gaceta de la RSME and it was published in
Vol. 20, No. 2 (2017), the problem 327 (see [43, p. 327]). Let’s start in a similar style
as in the previous integral, and then we need to carefully handle with the resulting
series, which represent the difficult part of the problem.

/2 /2

For the point ii) of the problem, note that / {cot(x)}dx = / {tan(x)}dx
by the change of variable x = /2 — y. Now, af(t)er using that {x} = 9c — |x ]|, where
x| denotes the integer part of x, our first objective is to turn the integral into a
series, and we write

/2 /2
/ {tan(x)}dx = f (tan(x) — [tan(x)|)dx
0 0

arctan(k+1)

=> (tan(x) — [tan(x)])dx
k=0

arctan(k)

x=arctan(k+1)

o arctan(k+1) o
= Z/ (tan(x) — k)dx = Z(— log(cos(x)) — kx)

—0 arctan(k) k=0 x=arctan(k)
{k f the identity cos(arctan(x)) : }
make use o € 1aentity cos(arctan(x)) = ————

V1+x2

- Z (k arctan(k) — k arctan(k + 1) — %(10g(k2 + 1) — log((k + 1)> + 1))) .
k=0

(3.264)
Rearranging the series in (3.264), we get
/2 N
/ {tan(x)}dx = lim (Z (k arctan(k) — (k + 1) arctan(k + 1))
0 N—o0 =0
AN
N | N
2 2
+ % arctan(k + 1) —5 ;(log(k + 1) —log((k+ 1)~ + 1)) ) (3.265)

By Cy
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For the partial sum Ay in (3.265), we have a simple telescopic sum, and then we
write

N
Ay = Z(k arctan(k) — (k + 1) arctan(k + 1)) = —(N + 1) arctan(N + 1).

k=0
(3.266)

Next, for the partial sum By in (3.265), we get

N N+1 - N+1 1
By = Zarctan(k +1) = Z arctan(k) = (N + 1)5 — Z arctan <z> ,

k=0 k=1 k=1
(3.267)

1 /4
where above I used the identity arctan(x) + arctan <—> =5 x > 0.
X

Then, for the partial sum Cy in (3.265), we deal with another simple telescoping
sum, and then we have

N
Cy =Y (log(k® + 1) —log((k + 1)* + 1)) = —log((N + 1)* +1).  (3.268)
k=0

Returning with the results from (3.266), (3.267), and (3.268) in (3.265), we have
/2
/ {tan(x)}dx
0

1
— lim ((N F DT £ Z1og((N + D2+ 1) = (N + 1) arctan(N + 1)
N—o0 2 2

N+1 1
— Z arctan (E))
k=1

1
{use the identity arctan(x) + arctan <—> = % X > 0}
X

1 1 1
— tim (-log(1+— 1 I )—H,
Nl—I>noo<2 Og( Jr(1v+1)2>+(NJr )arCtan<N+1)+°g(N+ )= Hy1

N+1 1 1
- 1; (arctan <%> - %) ) (3.269)

. . . . . .. arctan(x)
Letting N — o0 in (3.269) and using the elementary limit l1rr}) — =
x— X

1 and the limit representation of the Euler—Mascheroni constant, lim,,_, oo (H, —



3.50 A Pair of Cute Fractional Part Integrals Involving the Cotangent Function 237

log(n)) = y (a dedicated book on the Euler—Mascheroni constant may be found in
[34]), we get

o0

/2
/0 {tan(x)}dx =1 — y — ; (arctan (%) - %) . (3.270)

o (-1 )nx2n+1
Since by Taylor series we have that arctan(x) = _
y lay *x) nz_(:) 2n + 1

, the remaining

series in (3.270) reduces to
o0 o0 o0
1 1 (=" 1
tan| - ) — - ) = — | - -
;(am an (k) k) 2 ((Z_; Qn + 1)k2”+1> k)

e (D" [ (D" 2E2n+1)
2_: Z (2n + k21 Z;: ;; (2n + Dk2n+1 HZ_:(_ U T
(3.271)
In order to go further with the evaluation of the series in (3.271), we make use of
o0

the classical Riemann zeta generating function,2 Z e (k)z‘k_1 =—vy1 -1t —vy

k=2
(see [30, 8.363, p. 912], [67, Chapter 5, p. 648], and [78, Chapter 3, p. 160]), that if
we integrate from t = 0 to t = x, we get

o0 k
Z g“(k)% =log(I"(1 —x)) — yx. (3.272)
k=2

Then we plug —x in (3.272), and we have

k
= log(I'(1 4+ x)) + yx. (3.273)

22The zeta series result expressed in terms of Digamma function we need in our calculations is a

(o8]
classical result. Writing ¢ (k) as a series and changing the integration order, we get Z cye<!

k=2
=) O k-1 00 o k-1 =) ¢
Z (Z k) = Z (Z k) = Z = —(1—¢)—y, and the last equality comes
=2 \n=1 n=1 \im2 " a =0
directly from the series definition of the Digamma function, ¢ (z+1) = —y + Z , where
n(n +2)’

we setz = —ft.
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Subtracting (3.273) from (3.272) gives

i Qs it L (M)— (3.274)
k_lg u+1 28\ra+n) " '

you may also find in [78, Chapter 3, p. 160].
Further, dividing both sides of (3.274) by x and letting x = i, we obtain

2k + 1 1 ra—i
Z(— )"g(zk—jl) = o7 log (ﬁ)—y — —arg(I(1+i)—y, (3275
k=1

where in the last equality I used that log <§) = 2i arg(z).
z

Finally, by plugging (3.275) in (3.271) and then (3.271) in (3.270), we conclude
that

/2 /2
/ {tan(x)}dx = / {cot(x)}dx = 1 +arg(I"(1 +i)),
0 0

and the point i7) of the problem is finalized.
Alternatively, as at the point i), one can start with the variable change cot(x) = u

1
and show that the given integral reduces to computing S{ / 2y (z+i)dz }, which
0

again the curious reader might want to calculate.

It was a pleasant, unexpected moment to see the connection of my problem with
the problem 11592 that appeared in The American Mathematical Monthly (see [36]).
The strategy of calculating the arctan series in (3.271) follows the same line with
the one presented in [29, p. 53]. For another approach you may see the solution in
[59].

3.51 Playing with a Resistant Classical Integral Family
to the Real Methods That Responds to the Tricks
Involving the Use of the Cauchy—Schlomilch
Transformation

Solution It’s one of the problems I considered to add to the present book from
the very beginning, and I was glad to include it (together with the solution) in my
first book proposal at Springer at the end of 2015, mainly due to the beautiful way
the solution develops when using Cauchy—Schlémilch transformation, which is an
approach by real methods. In general, one expects to meet these integrals in the
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Complex Analysis books, specifically in their sections dedicated to the calculation
of the integrals by contour integration.

To prove the first result (with the integral ), we recollect Cauchy—Schlomilch
transformation (see [7, Theorem 2.1., p. 2] and [68, Chapter 2, p. 275]) which says
that if f is a continuous function for which the integrals below are convergent, then

00 2 00
A= f f ((ax - é) )dx = 1/ fxHdx, a,b > 0. (3.276)
0 X aJo

Proof To prove this result, we let x = b/(ay) in the left-hand side, and we get

L)ool )

or coming back to the notation in x, we have

o b\? b [ b\ 1
A:/o f((ax—;))dxz;/o f((ax—;))x—zdx. (3.277)

Upon adding up both integrals in (3.277), we have that

e (o 2 ) o o ()
a2 [ (e

—00

whence we arrive at

A:é/ooof(xz)dx,

and the proof of the auxiliary result is complete.
To calculate the integral, we first note we may write that ———
b2 + x2
© 2 2
/ e~ " +¥Ydy and then we have
0

o0 o0 o
I:/ de:/ / cos(ax)e_(b2+x2)ydy dx
0 b2 4+ x2 0 0

{change the integration order assuming the value of the integral preserves}
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0 o 2
:/ e by (/ cos(ax)e dx) dy
0 0

o 2n
{make use of the power series, cos(x) = Z(—l)" ol }

2n)!
—[e (/ Z(— )"(?2")), —yxzdx>dy
o0 o 2n o0
_ —b%y 1\ a 2n —yx?
_/0 e ’;( 1) o (/O xMe dx)dy. (3.278)

oo
If we denote P, = f x21e % dx in (3.278), and then integrate by parts, we
0

have
x2n+1 ) xX=00
P2n / (x2n+l)/ 7xx dx = P
2n 41 2n+1 =0
& foox2"+ze_y"2dx
2n+1
2y oo 2n42  —yx? Y
dx = P, ,
2n+1/ e 1t

Pryio _ 2n+1

whence we get that , or
Py, 2y
P 2k + 1
%2 KA L (3.279)
Py 2y

Giving values to k in the recurrence relation in (3.279), fromk =0tok =n — 1,
and multiplying out all the resulting relations, we get

3--2n—1)
Pp=——"_"p
Q2y)"

{multiply both numerator and denominator by 2 - 4 - - - 2n}

2n)!

= aiapyn Y
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. . o 2
{use the Gaussian integral, / e Vdx = X— and make
0

o
{the change of variable x?=yz*to get Py = / e*yzzdz = ﬁ}
0 2y

27 (2n)!

= T (3.280)

Alternatively, one may prove the result in (3.280) by using the differentiation if

o
starting from an integral of the type / e dx = Zﬁ
0

y
Now, we plug the result from (3.280) in (3.278), and we obtain that

- / X cosax) T / NSRS i GG
0 2 Jo —0 n!

b2 + x2
o0 xn
use the power series, e * = Z(—l)”—
o n!

T [ _2 0
= % / y12e=by=a? /@0 gy Y s / P —a /) g,
0

0

{write the power as a perfect square }

*© 2
_ Jremab / o~ (bi=a/2) g,
0
{make use of the Cauchy—Schlomilch transformation in (3.276)}

— ﬁe—ab

o0 2
e Y dz
b 0

oo
{employ the value of the Gaussian integral, / e dx =
0

oE
A

_i—ah
BETA

and the calculations to the integral I are complete.
The integral I also appears in 3.723.2 from [30], and it is the source from which
we derive immediately the other three integrals.
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If you're interested in a different approach of the integral I, one using the
powerful contour integration,”® you may see [64, Chapter 8, pp. 309-311] and [4,
p. 224].

Now, by differentiating I with respect to a, we get

;o /oo xsin(ax)dx _ T ab
0 b2 4+ x2 2

To get the integral K, we differentiate / with respect to b and obtain

K — /‘ cos(ax) JT(I + ab) -
(b2 + x2)2 4b3

Lastly, differentiating / with respect to a and b, we get

_/‘OO x sin(ax) _ma _,,
0 (b2+x2)2 4b ’

and the solution is finalized.

The Gaussian integral can be calculated by expressing it first in terms of Gamma
function with the change of variable x> = y, and then continuing as presented at the
end of Sect. 3.37. Also, a clever approach of the Gaussian integral may be found in
Paul’s book, Inside Interesting Integrals (see [64, pp. 75-77]). However, I think the
unbeatable approach is represented by the trick with two Gaussian integrals and the
transformation to the polar coordinates (see [115]) as shown in [108].

3.52 Calculating a Somewhat Strange-Looking Quartet of
Integrals Involving the Trigonometric Functions

Solution The thing I particularly enjoy about these integrals is how the calcula-
tions play out, the creative ways involved, the beautiful picture of mathematical
connections revealed when looking over the complete solutions. During the reduc-
tion process to simpler calculations, we’ll also note connections with alternating

H
harmonic series like Z( D" 12, which might not be that easy to calculate

n=1

iaz

23Choosing the contour integral % dz along a semicircle in the upper half-plane (as

21,2
C b*+z
mentioned in the reference) and integrating in the counterclockwise direction, then showing the
line integral along the circular arc vanishes and computing the residue at zo = ib, we arrive at

/0" cos(ax)dx T —ab.

R TR
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without a proper approach (but you shouldn’t be worried, it is calculated in the
sixth chapter).

One of the possible ways to calculate the integral I from the point i) requires the
result in (1.11) where if setting s = 2n, we get

* g X (PN (M) L
fo tanh(x)e dx_z(w( 2) w(z) n) (3.281)

and that we further use to prove the auxiliary result

> (w (”;r 1) —y (g) - %) sin(2nx) = — tan(x) log(sin(x)), 0 < x < %

n=1

(3.282)

Proof Now, if we replace x by y in (3.281), multiply both sides by sin(2nx) and
then consider the sum from n = 1 to oo, we get

Z <1ﬂ <" —; 1) — (g) — %) sin(2nx) = 2’; /Oootanh(y) sin2nx)e~ 2" dy

n=1

{reverse the order of integration and summation }

tanh(y)
cosh(2y) — cos(2x) >

00 o 00
= 2/ tanh(y) Z sin(2nx)e?Vdy = sin(Zx)/
0 0

n=1

— sin(2x) / - Siznh(y ) dy
o cosh(y)(2cosh“(y) — 1 — cos(2x))

make the change of variable =t
cosh(y)

1 1
t 1 t
= sin(2x)/ sdt = = sin(2x)/ — 5 5t
0o 2— (14 cos2x))t 2 o 1 —cos*(x)t

t=1 .
) _ % i) log(sin(x))

=0 cos?(x)

log(1 — cos?(x)t?)
B 2 cos2(x)

_1 in(2
_Esm( X) -

= — tan(x) log(sin(x)),

and the auxiliary proof is complete.
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For the calculation of the series, I also used the classical geometric series,?*

o0 .
3 psin(ux) = PSINGYD L~ 1 in 1447.1 from [30], where we
1 — 2pcos(x) + p?

get the desired result by replacing x by 2x and p by e~

Returning to the integral /, and using the result in (3.282), we have

/2
I = / x? tan(x) log(sin(x))dx
0

=— /ON/Z i (w (n —; 1) -y (g) - ’1—1) x? sin(2nx)dx

n=1

{reverse the order of summation and integration }

:—Z< <n+l) w(g)-%)/n/zxzsin(an)dx

0
g n+1 ny 1\ /1 P (1)"l
_Z;(w< 2 >_I//<§>_;)( -D 2n n3 )

(3.283)

Now, from the proof of (1.11), we may deduce that

1 1— n+1 n 1
n—1 _ _ —_) - —
/Ot l+td w( 2 ) 1/f(z) n’ (3:284)

and then, by plugging the result from (3.284) in (3.283), we have

/2
I = / x? tan(x) log(sin(x))dx
0

o0 o0
24Both series Zp” sin(nx), |p| < 1 and Z p" cos(nx), |p| < 1 can be calculated easily if

n=1 n=1

. .
. . 1— ix\N
starting with the geometric series, E (pe'™ )" = lim E (pe'™)" = hm p& =
n=1 Ni}oon:l N=oo et-p

p p(e™ — p) p(cos(x) — p) . psin(x)

- = - - = + i . Now,
et —p (e7™* = p)(e™* —p) 1 —2pcos(x) + p? 1 —2pcos(x) + p?

o0

equating the real and imaginary parts, we get immediately that Zp” sin(nx) =
n=1
p(cos(x) —
1 —2pcos(x) + p?

p sin(x)

, I
1 —2pcosx) + p? Pl <

o0
, Ipl <1 ande” cos(nx) =

n=1



3.52 Calculating a Somewhat Strange-Looking Quartet of Integrals Involving. .. 245

S n—1 _
ZLIIZ/ (--( 1)"= 1” + & )z"—ll Lar

n3 1+1¢

{reverse the order of integration and summation }
n? ( nr=ty o 1t
1 n— 1 tn 1 dt
/ ( —D n3 141
{calculate the series and split the integral }
7% (log(1+1) 1 (' Liz@) 1 ('Lis(—t) . 7% [!log(1+1)
=—/ —dt+—/ —dt—i——/ —dt——/ —dt

4 Jo 14t 4 Jo t 2J)o 14t 8 Jo t

1! Liz(—1) 1! Liz(¢) _ 3 5 15
_Z/o ; dt—E/O 1_Hdt_zlog (2){(2)_3_2;(4)

1 (! Lis(—r 1 (! Lis(s
+—/ i3( )dt——f B30 4, (3.285)
2 0 1+t 2 0 1+t

I I

For the integral /1 in (3.285) we might like to integrate by parts, and then we write

=1

Liz(—1) ! 'y .
I = / ——dt = / (log(1 4 1))" Liz(—¢t)dt = log(1 + ) Liz(—1)
o 1+t 0

t=0

—3/410g(2)¢(3)

t=1

3
10g(2)§(3) +5 (le( n)*

/ log(1 + 1) Lia(— t)
0 t

t=0

5 3
= 165® — 7108@20). (3.286)

Then, for the integral /5 in (3.285), we write

pe [0y - ['$(5E0 wn)
o L+t 0 j=1 \n= 1

{reverse the order of summation and integration }

-1
_ (Z ( )3 / tk+n—1dt>
k=1 " 0

n=1
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B o 0 (_l)k—l B o0 0 (—l)k_l
=2\ Xwain) "2\ 2w

k=1 k=1
R A TR e = B 5
_;(ql k2n? >+k_1 3 ;(;_n—kk) —log(2)§(3)—z§(4)
. H
+> 1)’<—1k_§
k=1

{the value of the remaining series is given in (4.85)}
3 4 31 @2)¢3) + l1 22)¢(2) ! log*(2) — 2Li ! (3.287)
== - - —lo - — — - . .
ZC 2 0g(2)¢ > g7 (2)¢ B g 4\ 3

By plugging the results from (3.286) and (3.287) in (3.285), we obtain that

/2
I = / x? tan(x) log(sin(x))dx
0

-1 42+1 2)1 2(2—£(4)+Li <1>
—ﬂog() 54( 0g”(2) 16; 4\ 5 )

and the solution to the point i) of the problem is complete.
Passing to the integral J, and making use of the result in (3.282), we have

/2
J = / x3 tan(x) log(sin(x))dx
0

=[S (5 - 5) ) smann
0

n=1

{reverse the order of summation and integration }

__oo n+1 ~ ,1 _l /2 5.
= nZ::l(y/( 5 ) 1//<2> n)/() x~ sin(2nx)dx

(o (Y () N (e B 3T
__Zl<w< 2 ) w(Z) n)<( D 16n =1 8n3>

n=

{make use of the result in (3.284)}
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> 73 3n 1—1t
- _ 1yl n—1 /tn—l _dt
> (g e ) [

{reverse the order of integration and summation }

_/li<(_1)n—ln )n13n)n11_tdt
(— 16n 141t

{calculate the series and split the integral }

_713/110g(1+t)dt 3 / 10g(1+t) 3z /lLi3(—t)dt
8 Sy 141t 16 t 8 Jo t
3 Liz(—t
s / Lis(-0)
4 0 1+¢

{note that the last integral was previously calculated in (3.286)}

T 082 - S log ()
_*r _ ’
= 960 " 16 %% 167 0821
and the solution to the point ii) of the problem is complete.
Next, to calculate the integral K, we recall the result in (3.282) where if we
replace x by w /2 — x, we have

Y (! (w <" er 1) - %) sin(2nx)

n=1
= —cot(x) log(cos(x)), 0 < x < % (3.288)
Now, subtracting (3.52) from (3.282), we get
22 ( ( ) v (n) — —> sin(4nx)
= cot(x) log(cos(x)) — tan(x) log(sin(x)), 0 < x < % (3.289)

Considering the result in (3.289), replacing x by ¢, and then integrating both sides
fromt =0tor = x, we get
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2/: ; <w ( ) v(n) — —) sin(4nt)ds

{reverse the order of summation and integration }

=2Z( ( ) v(n )——) /OX sin(4nt)dt
= 1\ sin®(2nx)
_g( (n+5) ~von -5 ) 2

= /‘x (cot(r) log(cos(?)) — tan(¢) log(sin(?)))dr = log(sin(x)) log(cos(x)).
0

Thus, we have

> 1\ sin®(2nx)
L (v (rrg) v 5)

= log(sin(x)) log(cos(x)), 0 < x < % (3.290)

Moreover, if we use in (3.52) that H,, = {(n + 1) 4+ y, combined the fact that

v (n + %) =2¢(2n) — Y (n) —2log(2)

{employ the relation ¥ (n) +y = H,—1}
=2Hy,—1 — Hy—1 — y —2log(2) = 2Hy, — H, — y —21og(2), (3.291)

where I used the identity in (3.12), we obtain

e¢]

1 sin?(2nx)
2H>, —2H, + — — 2log(2) | ————=
2n n

n=1

= log(sin(x)) log(cos(x)), 0 < x < % (3.292)

Multiplying both sides of (3.52) by x? and then integrating from x = 0 to x =
/2, we get

/2
K = / x? log(sin(x)) log(cos(x))dx
0
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w2 0 1 2 Gin2(2
/ § :(2H2n —2H, + 5 — 210g(2)) x_sin"@no)
n

{reverse the order of summation and integration }

1 1 /2
= Z - (2H2n —2H, + — — 210g(2)) / x? sin2(2nx)dx
n 2n 0

n=1

—”ile 2H, + 1 —2log(2) 7t _ 1
TIe = T T w8 3 w2
00 00 2 0 00 0
T H, Hy, T 1 1 1 1
- U - (IS NSNS FY) D) i S
(s a5 Y
n=l1 n=l1 n=l1 n=1 n=l1
22 1
+=5- 2 (Hon — Hy —log<2)>)
n=1
1 (S H, & H,
{make use of the fact that Z n )3 b (Z 3 + Z(—l)n?
n=1 n=1 n=1
) 00 7 0 00 00
n L H, H, =« 1 11 1
e O EE B R B RN D R DI
n=1 n=1 n=1 n=1 n=1
22 1
+—— ) —(Hz — H, —log(2))
3 n

{the first series is given in (4.85), and the second one is the case n = 3 in (3.45)}

19 3 |
= 55507+ 4_31°g @ - —103 2) - g log(2)e(3) — —L14 <2>

Ty Hyp — Hy — 10g(2 3.293

+QZ;(%— n —10g(2)). (3.293)

For the remaining series that appears in (3.293) (as a note, a very similar version,
which is known in the mathematical literature for years, may be found in [38], [79,

p- 229]), we can write that
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[e'¢) N

1 . 1
E - (Hy, — H, — 10g(2)) = lim § - (Hy, — H, — 10g(2))
n N—o0 n
n=1 n=1
N N N
. HZn Hn 1
= 1im (2)° 22 -3 10g) Y -
N1—r>noo< o 2n o n 0g( )n_l n)

2N 2N N
. H, H, H,
=1 -DH'— - — —log(Q)H
Ngnoo<§( )n+§ " E " Og()N)
n=1 n=1 n=1
{make use of the second equality in (1.5)}

o0

H, 1 . 2 2

= Z(-l)“f + 5 Jim (HZZN —H2+HE —HDY - 210g(2)HN)
n=1

00 2

H, 1 b4
the value of the alternati jesis Y (—1)"— = - (log’(2) — — ).
{ e value of the alternating series is -1 . 2(og() 6) }

n=1
{which is straightforward to prove if dividing both sides of (4.5) by x and}

{then considering the integration from x = —1 to x = 0}

1 72 1
=~ (100%2(2) — —— +- i Hyy — Hy)(Hoy + H
2<0g 2 6) ZNHH ((Han N)(Hay N)

2 2
+HY) — HY —2log()Hy)

{use the asymptotic expansion, H, = y + log(n) + O(1/n), asn — oo}

1 2 n?
=3 <log 2) - ?>

+% Jim <<log(2> + O(1/N)2y +2log(N) +log(2) + O(1/N))

+HZ — H? —210g2)(y + log(N) + O(1 /N)))

2 w2
=1 2) — —. 3.294
0g”(2) D ( )
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By plugging the result from (3.294) in (3.293), we get

/2
K = / x? log(sin(x)) log(cos(x))dx
0

5 3

3 1
30 " R log*(2) — — log @ - 37 log(2):(3) — 5 L14 <2)

T

and the solution to the point iii) of the problem is complete.

An alternative way of calculating the integral K may be found in [48].

Lastly, for calculating the integral L we proceed as before, and multiplying both
sides of (3.52) by x> and then integrating from x = 0 to x = 7/2, we get

/2
L= / x3 log(sin(x)) log(cos(x))dx
0

/2 & 1 x3 sin?(2nx)
- Z 2H>, — 2H, + — —2log(2) | ————dx
0 2n n

n=1

{reverse the order of summation and integration }

00 1 1 /2
- Z - (2H2n —2H, + — — 210g(2)) / x3 sin?(2nx)dx
—n 2n 0

2 OO

il Yok, — 28, + - —21082) 3
128 2n n g )

nl
7t 1 log(2 )
=352 —+—n og()Z——ﬁ Z ;n3

o0

Ho, > 1
Z ot g i Z ~ (Ha, — Hy —10g(2))
=1

{note the fourth series is the case n = 3 in (3.45), then for the fifth series use that}

{i Fo = l i((—l)” + 1)ﬂ and the sixth series is calculated in (3.294)}
— n)3 2 pt n3’ '

—91 2)¢(2)¢(3 51 2)¢(4 63 6 3
= 55 e @E () + 35 2D (4) — ZL(6) +

o

{the first series is given in (4.85), and the second series is the case n = 3 in (3.45)}
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1449 45 3 27
= ——¢(6) + — log? ()¢ (4) — 3 log*(2)¢(2) — 16 log(2)£(2)¢(3)

512 16
9 1
—7¢@Lig <§> ,

and the solution to the point iv) of the problem is complete.

The strategy presented in the solutions above can be viewed as a powerful way
that also allows us to attack similar resistant integrals. The given solutions also
answer the proposed challenging question.

3.53 Two Beautiful Representations of Catalan’s Constant,
G-l_l+l_i+l_...
- ' 727 9

Solution As in the title, we may view both results as beautiful representations of the
Catalan’s constant. I submitted the integral from the first part, in a slightly modified
form, to the MathProblems journal, Vol. 5, No. 3 (see [57, Problem 131, p. 442]).
If you remember my saying at the end of Sect. 3.17, there I wrote that sometimes
finding a simple integral representation of the integrand might be extremely useful.
In fact, after the rearrangement of the double integral, it is enough to find a useful
integral representation of the numerator of the integrand, and then we’ll also see the
result in (1.1) from the first section of the current chapter will come into play.

To start with the first point of the problem, we denote the integral by I, and then
we write

dx | dy

(e ) e ()

cos(x) — cos(y)

1
consider the identity cos (f) — —I—Ls(x)
2 2
1 + COS()C) 1 + COS(y)
log (/S8 ) g ([T
/2 2 >

/2
=/ / dx | dy,
0 0 cos(x) — cos(y)

and making the changes of variable cos(x) = u, cos(y) = v, we get
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1 /1 </‘1 log(1 + u) — log(1 + v) d )d
= — u ) dv,
2 Jo 0o (u— v)\/m\/l——v2

1
u v
and since we can write that log(1 4+ u) — log(1 +v) = — dr,
gl +u) & ) /0 <l+tu 1+tv>

then the integral becomes

1 ! 1 1 1
I =- dr )du ) d
2/0 (/0 </0 (1 +tu)(1 +tv)/1 — u3s/1 — 02 t) u) 0

{change the order of integration}

1! 1 ! 1
- - du | dv ) d
2/0 </0 (1+rv)m(fo A+ tu)v/1 —u? u) v) '

_ 1 /1 arccosz(t) dr (3.295)
T2 1—=12 77 '

where to get the last equality I used the resultin 1.1.
Further, continuing with the last integral in (3.295), we write

1 1 2 t _ 1 /2 2
/- _/ arccos-( )dtt cos(x) _/ .x dx
2 Jo 1—12 2 Jo sin(x)

{apply the integration by parts}

/2 /4
/2=y
= — 1 t dx V= 4 log (t d
/(; X og(an<2>) X /0 ylog (tan(y)) dy

{recall and use the Fourier series in (3.74)}

[T O cos(2(2k — l)y) cos(2(2k — 1)y)
_8/0 y,; 2% —1 _SZ/ w1 v

k=1

B 00 (_l)k—l 2 B o0 ( l)k 1 0 1
_Z<”(2k—1)2 (2k—1)3) ”Z(zk—lﬂ z}(2k—1)3
G- 1c3

=7 —ZC( ),

and the part i) of the problem is finalized.



254 3 Solutions

Passing to the second point of the problem, we may use one> of the well-known

. . . log(x
integral representations of the Catalan’s constant, that is — / gtr)

dx G, and
0 1+x

then all reduces to proving that

00
_/1 log(x) dr — ﬁz(_l)(n_l)(n_z)/z 1 _/ log(1++~1+x )
o 1+x2 = 0

2n —1)2 1+ x2
or
1+ v1+x2
S . 1o <—)
fzg(—l)w*ﬂ"*”/z G = /0 .

Using the integration by parts, we write that

| <l+«/1+x2>
og| ———
1 X 1 1++1 2
/ dx:/ (arctan(x))’ log iVt dx
0 1+ x2 0 x

14++/1+x2 x_1+/1 arctan(x)
X x=0 Jo xa/14x2

= arctan(x) log

1

T arctan(x) | x=tan(y) 7 Ty
~T (1+ﬁ)+/ Attt ax Flosl+ VD4 [ tdy
4% 0 x+/1+4x2 ¢ sin(y)

= %log(l +2) + /077/4 <log (tan (%)))/ ydy

{apply the integration by parts}

)= [ o ()

y=n/4

— % log(1 4+ v/2) + <log (tan (%)) y

0

y=0

Lo 1 %
25By simple manipulations it’s easy to see that/ g(xz dx = / 2:(—1)"_1x2”_2 log(x)dx =
o 1+x 0

(o)

R 1 n
_1yn—1 2n—2 — (_1) [
nE:]( 1) /0 X log(x)dx = nE:l a1 G.

)



3.54 Proving Two Equalities with Tough Integrals Involving Logarithms and. .. 255

- _ /O o log (tan (2)) dy "E 2 /0 " log (tan(z)) dz

{recall and use the Fourier series in (3.74)}

/ﬂ/8 >, cos(2(2k — l)z)d _42/ 8 cos(2(2k — l)z)dZ

2k — 1 2k — 1
>, sin((2k — 1) /4)
222; (2k — 1)2

_ 1 o1 L 1 N IR N
- 32052 7292 7 112 132 152

1

n—-Dn-2)/2___ =~
_IZ(D @n—1?%

n=1

and the part ii) of the problem is finalized.

For both results of the problem the calculations have been reduced to the point
where I had to make use of the Fourier series of log(tan(x)), to transform the
integrals into useful series.

Often the integrals and series representations of the Catalan’s constant are
beautiful problems to try and enjoy! More such Catalan’s representations may be
found in [2, 19, 96].

3.54 Proving Two Equalities with Tough Integrals Involving
Logarithms and Polylogarithms

Solution Now we step up toward a problem where we need to prove that two
equalities with integrals hold without calculating the integrals (in other words, we
have to solve the problem under some restrictions). And the integrals do not look
friendly!
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Starting with the left-hand side of the equality from the point i), we write

/2
3 / tan(x) log? (sin(x)) Lig (— cot2(x)> dx
0

Lis ( cosZ(x) >

/2 2 _

= —%/ 10g2(1 — cosz(x)) cos"(x) — 1
0

o2 (x) (cos?(x)) dx

{make the change of variable, cosz(x) =y}

3 ! Li“( - 1)
=—/ log?(1 — y)——2""2dy
8 Jo y

{make use of the result in (1.12), the case n = 3}
1Y 1 log(x) log?(1 — y)
= — dx ) dy

16 Jo \Jo l—y+yx
{use the variable changes x = 1—u and y = 1—v, and return to the notation in y, x}
1Y " log?(x) log*(1 — y)
— dy ) dx
16 Jo \Jo l—y+yx

1 ! 1 1oe2
— 10g3(1 —-y) / L(x)dx dy
16 Jo o 1—y+yx

{make use of the result in (1.12), the case n = 2}

s Lis (—y 1)
= —§/ log*(1 — y)——2—Zdy
0 y
{make the change of variable, sin? x) =y}

/2 1
_ 3 2
= 2/0 cot(x) log <—COS(X)) Lis ( tan (x)) dx,

and the point i) of the problem is finalized.
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Acting similarly as before, we write

/2
3 / tan(x) log? (sin(x)) Lis (— cotz(x)> dx
0

cos? (x)

72 15 ( 20 _ >
= —%/ log?(1 — cos(x)) cos’(x) — 1 (cos>(x))'dx
0

cos2(x)

{make the change of variable cos?(x) = v}

3l Lis (—y l)
=2 [(oga-p—2"10a
8 Jo y

{make use of the result in (1.12), the case n = 4}

1 Y ' log*(x) log?(1 — y)
=—— dx ) dy
64 0 0 1— y + yx

257

{make the variable changes x = 1 —u and y = 1 — v, and return to the notation

iny,x}

1 (' 1 log?(x)log*(1 — y)
- dy ) dx
64 Jo \Jo I —y+yx
1 rt 1 1002
——— | 10g*1—y) / og™) ) a
64 Jo o 1—y+yx
{make use of the result in (1.12), the case n = 2}
. Lis Y
_ l/ log*(1 — )y——ld
=32 ), 2 y " Y
{make the change of variable, sin? x) =y}

/2
= / cot(x) log4(cos(x))Li3 (— tanz(x)) dx,
0

and the point i7) of the problem is finalized.

In the next section, we’ll prepare to meet similar integrals where we’ll want to

identify and calculate the harmonic series behind the scene.
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3.55 Tough Integrals with Logarithms, Polylogarithms,
and Trigonometric and Hyperbolic Functions

Solution If in the previous section we could avoid the calculations of the harmonic
series, in this case I think we have to prepare ourselves for encounters with tough
series (which also accounts for the Tough integrals part from the title of the section).
We may also observe some similarities with the previous integrals that make us think
to proceed as before for getting the transformation of the integrals into series.

Let’s make the change of variable sin?(x) = v, and then we write that

/2
/ cot(x) log(cos(x)) log2(sin(x)) Li (— tan? (x)) dx
0

1 (72 sin®(x) ) (sin?(x))’
= — log(1 — sin®(x)) log?(sin®(x)) Liz | — dx
16 Jo & (x)) log™(sin”(x)) Lis 1 —sin?(x) ] sin®(x)

1 (! log?(y)log(l —

_ 1 [ log”(ylogd ~ y) Lis (=2 ) dy
16 Jo y y—1

Lis <—y 1)

make use of the result in (4.11) to express =7 as a series
y
(2)
Z n=t i E 002 5y og(1 — y)dy

n=1

{reverse the order of summation and integration}

_ _3_22 /0 =T og?(y) log(1 — y)dy
n=l1

| S HIAHD & ([,
- “og(1 — y)d
D D e (/0 Y og(l = y) y)

n=1

{make use of the result in (1.4)}

n

1 S H2+H? @ [ v+ D) +y
L5 L (snie)

n=1
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{differentiate and write the result in terms of the generalized harmonic numbers}

1 & H? + HY o, H? H®
=—n (%0 L2~ =23 -2—5 =2
n n n n

HZHG) 1 i (H(2))2

1 & H, H(z) 0 HZH@ >
= 16 2 ; ,; * 16

© 1,3 (2) 1703 (2)
+iZH"+iZH il @(Z)Z———c(Z)ZH

H(Z)

C()

n=1

{the values of the series are given in (4.58), (4.53), (4.59), (4.65), (4.61),}

{(4.63), (4.30), (6.67), (4.29), (4.14), the case p = 2, withn — oo}

= 1—285(7) - —§(3)§(4) + —4“(2)4“(5)

and the solution to the point i) of the problem is complete.
Proceeding similarly for the point ii) of the problem, we employ the change of

variable sinh?(x) = v, and then we have

log(14-+/2)
/ coth(x) log(sinh(x)) log (2 - coshz(x)> Lis (tanhz(x)) dx
0

{make use of the identity coshz(x) — sinhz(x) =1}

1 10g(1+«/§)
= / log(sinh? (x)) log (1 — sinhz(x))
0

_ sinh?(x) \ (sinh?(x))’
x Li dx
1 +sinh?(x) | sinh?(x)

1 (1 log (1 —
=_/ og(y) log ( y)Liz( y )dy

{make use of the identity in (4.10)}
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1 l& n—1_n—1 H”l
=3 /0 >y dog(3) Tog (1 - ) dy
n=1

{reverse the order of summation and integration }

1 & H, (!
= e [ og log (1= ) dy
n=1

1 & H, d 1
=zZ( | DL — (/ "llog(l—y)dy)
n=1

{make use of the result in (1.4)}

=‘Z( it d <_I/f(l’l+1)+l/)

n dn n

{differentiate and write the result in terms of the generalized harmonic numbers}

H, { H, H@)
=—Z( ! ( t(2)- ) Z( -t o
n=1

1 & L HHD 1 & L H,
+1 2 (DTS - @ Y T

n=1 n=1

{make use of the results in (4.93), (4.95), (4.88)}

= 1285( ) §(2)§(3)

and the solution to the point ii) of the problem is complete.

At the opening of Sect. 3.5, where I said a few things about Digamma function,
I also mentioned that the extension of the harmonic number H,, for the non-integer
values of n, that is achieved through the Digamma function relation, H,, = ¥ (n +
1) + y, is very useful in many cases, and you may see such examples right above
where I used the Digamma function for being able to differentiate.

Then, no concern, every harmonic series involved in the calculations above is
fully derived (evaluated) in the sixth chapter.
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3.56 A Double Integral Hiding a Beautiful Idea About the
Symmetry and (Possibly) an Unexpected Closed-Form

Solution If running Mathematica, just out of curiosity, based on the numerical
evaluation one might easily arrive to conjecture the value of the double integral
is 1/3, which seems too nice to be true. In fact, this is the right value! But how to
prove it?

This section is also meant to emphasize the importance of switching from
Cartesian coordinates to polar coordinates (see [115]) or vice versa (more exactly,
for this problem we will be focused on the latter part, the switch from polar
coordinates to Cartesian coordinates). Then, last, but not least, we will have to make
use of the symmetry eye (supposing the experience gained in the previous sections
helped), and wisely exploit the symmetry.

Denoting the integral by I and starting with reversing the order of integration and
the change of variable tan(y)/ cos(x) = ¢, we write

/4 /4
I = / (/ arctan(cos(x) cot(y)) sec’ (x) tanz(y) secz(y)dx> d
0 0

/4 /4
= / (/ arctan(cos(x) cot(y)) sec3(x) tanz(y) secz(y)dy) dx
0 0

/4 sec(x) 1
=/ / arctan (—) 2dr | dx
0 0 t

{switch from polar to Cartesian coordinates }

-[ (/ /—< ' H)dy)dx

{exploit the symmetry of the integrand}

A (o
x2 —I—y

_ 1 1 1 1 x2+y2

_5/0 (/0 (/o m‘@ dX) dy. (3.296)



262 3 Solutions

Now, exploiting the symmetry in (3.296), we write
1 ! 1 1 2 2
31=-f <f (/ T +2y 2dz>dx>dy
2 Jo 0 0 X“+y-+z
1 ! 1 1 2 2
([ ([ 2erae)o)e
2 Jo 0 0 X“+y-+z
1 ! 1 1 24,2
+—/ </ (/ S - 2dy>dx>dz
2 Jo 0 0 X“+y-+z
{reverse the integration order in the second and third triple integrals }
1 ! 1 1 2 2
z_/ (/ (/ A 2dz>dx>dy
2 Jo 0 0 X*+y +z
I 1 1 2 2
+—/ (f (/ _rter 2dz>dx)dy
2 0 0 0o X +y +z
1 [l 1 L2422
+= ————dz )dx |d
2/0 </0 (/0 x4y 422 ) ) Y
1 1 1 12 2 2 2
=2 ([ ([ AT e)a)o
2 0 0 0 X +y +z
1 1 1
L[ ([ )e)or
0 0 0

whence we conclude that

/4 pm/4 1
I = / / arctan(cos(x) cot(y)) sec’ (x) tanz(y) secz(y)dxdy = 3
0 0

and the solution is complete.

To summarize, in this section we saw the power of fruitfully combining the
switching from polar coordinates to Cartesian coordinates and the passing from a
double integral to a triple integral with a symmetrical integrand, where we could
easily exploit the symmetry, a strategy good to keep in our portofolio of strategies
for approaching the integrals.

3.57 An Exciting Representation of Catalan’s Constant with
Trigonometric Functions and Digamma Function

Solution At some point in the writing process of the book I included the problem
in Sect. 1.53. However, after pondering more over the beauty of the present result, I
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considered it is fair to assign it a separate section such that all attention to be given
to it when the reader arrives at its dedicated section.

If you didn’t miss Sect. 1.52, I guess you will easily figure out how to proceed
and prove the result.

Now, we already met both series in (3.282) and (3.52) from Sect. 3.52, and then
we write that

/4 0
/O tan(x) ;(—1)’1*‘ (w (%) —y (” er 1) + %) sin(2nx)dx
m/4 . ad <n n+1 1\ . ane)d
_[0 co(x)’;(lp 5)—1&( > >+r—l)sm(nx)x

/4 /4 /4
=/ log(cos(x))dx —f log(sin(x))dx = —/ log(tan(x))dx
0 0 0

{recall and use the Fourier series in (3.74)}

_2/”/4 >, cos(2(2k — 1)x)
)b 2k — 1

dx
k=1

{reverse the order of summation and integration }
> (74 cos(2(2k — l)x) cos(km)
2220 2k — 1 - Z(Zk—l)z

k=1

o

k—1
_ — =G,
Z D (2k —1)2

and the solution is complete.

Once we have obtained the functions behind the series, everything nicely
reduces to a classical integral representation of the Catalan’s constant (which
is easy to calculate as seen above). The integral I reduced to the calculations,

/4
- / log(tan(x))dx, is also found in [19, (9), p. 2] and [78, Chapter 1, p. 36].
0

3.58 Evaluating an Enjoyable Trigonometric Integral
Involving the Complete Elliptic Integral of the First
Kind at Its Roots

Solution In the present section we find ourselves in the arena with another integral-
beast (just remember my Preface, if you had a chance to read it, or the first integral
from Sect. 1.41, where I used the same words to portray two integrals coming from
the Paul’s book, Inside Interesting Integrals).
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Although not one like some of the integrals from the previous sections that
eventually got reduced to tough harmonic series, but still a daunting integral, and
we see this right from the beginning since we need a (promising) starting point.

A first step is to denote the integral by / and then split it such that we can use a
result previously obtained, that is

(1 4 sin*(x)) — sin*(x)

/2 1 /2
/o (1 + sin*(x))v/1 + sin®(x) 0 (14 sin*(x))y/1 + sin?(x)

/J‘[/Q 1 q /7‘[/2 sin4(x) &
= —_— X — .
0 1+ sin(x) 0 (14 sin*(x))y/1 + sin®(x)

I 4]

where using that the integral 77 has been calculated during the solution to the point
ii) from Sect. 1.43, we get

I _r <1>2 / N e d (3.297)
— -] = X . .
427 \4 0 (14 sin*(x)v/1 + sin®(x)

I

For the remaining integral in (3.297), we write

/ /”/2 sin4(x) d
= X
=) (1 + sin*(x))v/1 + sin®(x)

{make use of the result in (3.233)}

2 [7/2 w/2 sin* (x)
= —/ [ , , , dy | dx,
7 Jo o (14 sin*(x)(1 + sin®(x) sin?(y))

and due to the symmetry, it’s easy to see all reduces to

o l(/ﬁt/Z /ﬂ/2 Sin4(x) q "
=2\ o (+sin*(0) (1 + sin?(x) sin2(y))

/2 /2 SiIl4(y)
+/ / — — — dy | dx
0 0 (I+sin"(y)(1 + sin“(x) sin“(y))

1 /’”/2 /‘”/2 sin®(x) + sin*(y) + 2 sin*(x) sin*(y) d .
7 Jo 0o (1+sin*(x)(1 + sin*(y)) (1 + sin®(x) sin(y))
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1 f”fz /”/2 (1 + sin*(x))(1 + sin*(y)) — (1 — (sin(x) sin(y))*)
= — d d.x
0 (1 4 sin*(x))(1 + sin*(y))(1 + sin?(x) sin®(y))

1 /2 /2 1
Sy T—
7 Jo 0 1 4 sin“(x) sin“(y)

I3

1 /2 /2 1 d d
7/0 </0 (L +sin* () (1L+ sin () ) *

Iy

/2 /2 : . 2
L1 f < f (.Sli‘(x)sm(y)). . dy) dx. (3.298)
7 Jo 0o (1+sin"(x))(1+sin*(y))

Is

By the result in (3.233), the integral I3 in (3.298) becomes

7/2 /2 1 o [7/? 1
[ )L
0 0 1+ s1n2(x) s1n2(y) 2 Jo 1+ sinz(x)

I

1 (7 [1\?
=_/Zr (-) . (3.299)

To get the value of the integral /4 in (3.298), note that

/2 1 1 /2 1 1 /2 1
f .—4dx=—/ .—.zdx+—/ — 5 &
o 1-4sin"(x) 2 Jo 14isin“(x) 2Jo 1—isin“(x)

{make use of the result in (3.233)}

-t =)

{use the fact that J_ % (cos (”) +isin (%))}

25/4005( ) 29/4\/x/_+2——\/\/_+1
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which immediately leads to

; /2 /2 1 5 } sz ﬁ 1 .
4_/0 </o (1 + sin*(0) (1 4 sin*(y)) y) x =12+ D.  (3.300)

Then, for the integral /5 in (3.298), we write

/2 sin?(x) 1 (™2 sin®(x) 1 (™2 sin?(x)
— 5 dx=3 — s x4 — 5
0o 1-4sin"(x) 2Jo 1+isin“(x) 2 Jo 1—isin“(x)
1 fﬂ/Z (1 +isin®(x)) — 1Cl 1 /”/2 (1 —isin?(x)) — 1

X
2i 1 + i sin®(x) 2i 1 —isin®(x)

i [7/? 1 i (72 1
= _f oo - _/ T W
2Jo 14isin“(x) 2Jo 1—isin“(x)

{make use of the result in (3.233)}

dx

_T. 1 !
4 (Jﬁ VT )
{use the fact that \/_ % (cos (71) Fisin (%))}
~ 254 Sm( ) 2974 \/2 i \/f

which also immediately leads to

/2 /2 (sin(x) sin(y))? 72
Is = dy)dr = (V2-1). (3301
: /o (/o (1 + sin* () (1 + sin* (1)) y) x= V=D (330D

Next, if we plug the values of the integrals I3, 14, and I5 from (3.299), (3.300),
and (3.301) in (3.298), we get

. _/n/z sin*(x) 1 LF(E)Z—H
2T U+ sintoo) /1 + sin (x s\var \4 '
(3.302)

Finally, upon plugging the result from (3.302) in (3.297), we conclude that

/2 1 1 1 1\?
I= dx=-(r+—=rI(-) ).
/o (1 + sin*(x))v/1 + sin®(x) 8 (n V2 (4) )

and the solution is finalized.
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The hard, unnoticeable part of the present solution comes from the very
beginning where one is supposed to be aware of the auxiliary integral in (3.233)
and then use it in order to turn the integral I, into a double integral (and further
exploit the symmetry of the integrand).

3.59 Integrating Over an Infinite Product with Factors
Containing the Secant and the Hyperbolic Secant
with Powers of 2

Solution We prepare now to meet an integral with an integrand expressed in terms
of an infinite product. And what a gorgeous infinite product!, some of the possible
reactions. After I created the infinite product, I couldn’t resist the idea to include it
under an integral, which gave birth to the present problem.

The strategy to attack the problem involves two divergent series, we let them
clash and produce the result we need to derive the infinite product.
Let’s start the solution with stating an auxiliary result we want to prove and use,

; (sin (277x)  sinh (2_"x)) = coth (5) —cot (5) : (3.303)

Proof Let’s note and use the simple identities,?6 —— = Cot(27”71x) —
sin(27"x)
1
cot(27"x) and —————— = coth(27""!x) — coth(2™"x), and then we write
sinh(27"x)
N

1 1
(sin(Z—”x) B sinh(z—"x))

n=1

20The right-hand side of the first identity can be written as Cot(27"71x) — cot(27"x) =
cos(27"1x) cos(27"x)
sin(2="=1x) sin2~"x)’
we replace x by 27"~ Lx, that is sin(2™) = 2sin(2™""'x) cos(27""'x), we get cot(2™" " x) —
2cos2(27" 1 x) — cos(27"x)

sin(2~"x) " sin(27"x)’

the identity 1 4 cos(x) = 2cos? (£> The second identity can be obtained in a similar style, or

and if we consider the identity sin(2x) = 2sin(x)cos(x) where

cot(27"x) =

and for getting the last equality I used

if we want to make use of the previous identity, then it’s enough to replace x by ix that leads

1
immediately to ————— = coth(2™""!x) — coth(2™"x).
sinh(27"x)
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N
= Z (cot(Z*”*]x) — cot(27"x) — cothQ ™" 'x) + coth(2*"x)>

n=1
— coth (%) —cot (2) + ot 1) — coth@ V1), (3.304)

If we let N — oo in (3.304) and use that cot(x) = 1/x + O(x) and coth(x) =
1/x + O(x), as x — 0, we obtain

o0

1 1
2 (sin(Z—"x) - sinh(z—nx)> = coth (%) oot (%) ’

n=1

and the proof of the auxiliary result is complete.

n

One may find in [25, Chapter 7, p. 131] the variant, Z = cot(x) —

sin(2kx)
cot(2"x), where if setting x = i and lettmg n — 0o, we also get a solution to the

problem 11853 about the calculation of Z

sinh(2") proposed by H. Ohtsuka in

The American Mathematical Monthly (See [65])
Considering the result from (3.303), and then integrating from y = x/2to y = x,

we get
- 1 1 q
/xﬂ; sin(2-"y)  sinh (27y) )

{reverse the order of summation and integration }

1
B 2,/;/2 (sm 27"y ~ sinh (2”y)> dy

=> (2" log(tan(2 ™"~ ! y))

n=1

— 2" Jog(tanh(27""1y))
y=x/2

y=x )
y=x/2
= > 2"(log(1 + sec(2™"~"x)) — log(l + sech(2™"~"x)))

n=1

s 1 +sec@ " 1x) \* 1 4sec@ )\
:Zlog — = log 1_[ —
= 14 sech(2="~'x) " 14 sech(2"~1x)

n=
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= [ con (3) oo (3)) s =2 s 500 (3)) v (o0 3))
= 10g (sec? (3) co (1))

e ¢] 2 2 {
1 h(2—"-! o8 ( )
whence we obtain that | | ( 1j—sse:c((2—"—1;))) = —hz (‘.tx>
cosh” ( —
4

y=x

y=x/2

, or if we replace
n=1

x by 2x, we get

(3.305)

1"2[ (1 + sech(znx)>2" B cos (%)

1 +sec(27"x) - cosh? (f) )
2
Integrating both sides of (3.305) from x = 0 to co, we obtain
© 2 /14 sech(27"x) 2
1_[ T sec(2—mx) dx
0 + sec(27""x)
2! 22 23
["0 1+ sech (27!x) 1 + sech (272x) 1 + sech (273x) q
. . .. _x
0 1+ sec (271x) 1 + sec (272x) 1 + sec (273x)

2 x
oo COS™ | = . e’} 2 00
= / —<2x)dx V= 2/ wdy = 2/ (tanh(y) — 1)’ cos?(y)dy
0 h2 (_> o cosh”(y) 0
COS )

n=1

{apply the integration by parts}

y=00

= 2(tanh(y) — l)cosz(y) +2/00(tanh(y) — 1)sin(2y)dy

y

 sin(2
22_4/ sin2y)
0 1+€2y

1 +e?

_ 00 o o0 o
2y=—z 7 _ 2/ sin(z) dz =2 — 2/ sin(z) Z(_l)n—le—nzdz
0 0 p—
{reverse the order of summation and integration }

o] 00 00 1
=2-2) (=1 "—‘/ sin(z)e dz =2—-2Y (=)' 1——
;< P sin@edz =D pea

n=1

= 1 4+ m csch(mw),
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_ n
and in the calculations I used that csch(x) = — + 2x Z 2( )2 5 which is
X247
derived by combining the facts that csch(x) = coth(x /2) — coth(x) and coth(x) =

1
T + 2x Z T where the latter is obtained by replacing x by xi in the

2

) taking log of both

o
. . . . X
Euler’s infinite product for the sine, sin(x) = x 1_[ < )

n=1
sides and then differentiating once with respect to x, and the solution is finalized.
This is an example of a creative way of manipulating two divergent series that
finally leads to a beautiful infinite product, which might be an idea of interest also
for those who enjoy creating mathematical problems.

3.60 Linking Two Generalized Integrals Involving
the Polylogarithm Function to Seductive Series

Solution The key core of the solution is represented by The Master Theorem of
Series, the relaxed version (the second version) of it, we’ll meet in the fourth chapter,
a theorem I created for mainly generating helpful identities for the derivation of
the harmonic series. So, before proceeding we need to make a short review of the
theorem, and then return to solve the proposed problem (see Sect. 4.15).

n
X
For both points we need two classical results, that is sin <§> Z sin(kx) =

sin (%) sin (@) and s1n< ) ZCOS(kx) sin ( ) cos <—(n —1—21)x>’

which we obtain immediately by con51der1ng the real and imaginary parts of the
n

geometric sum, E e

k=1
Now, if we consider the relaxed version (the second version) of The Master Theo-

lkx

“in (k ) ((k—l— 1)9)
rem of Series , where we set m(k) = sin(k0), 4 (k) = 2 2 ,

()

. (kO . [(k+1)6
1 i st (7) st (—> l i > sm(k9)
n

. <9) — k+DEk+n+1)
sin 5 k=1

we obtain

j=1k=1
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- _ZZ/ /T sin(k0)dx = f Zx/—lzx" sin(k6)dx
=1 k=1

j=1k=1

o0 .
) p sin(x)
make use of the result, " sin = , <1
{ > P sinx) = — Tpeos 72 7

n=1

3

1 /1 (1 — x™)x sin(0)
“n o (1—x)(1—2xcos(®) + x2)

and using this result, we have for the first point of the problem that

. NOAYE x .
sin(@) sin <§) /0 10 —2xcos@) 112 (& (m 4+ 1) — Liy41 (x))dx

(1 —x"x
= sin(0) sin ( ) f nm+‘(1 —x)(1 — 2x cos(0) +x2)dx

{reverse the order of summation and integration}
(1 — x™)x sin(@)
= dx
=sin < ) Z nm+l ./ (1 —x)(1 —2xcos(f) + x2)

. (KON . ((k+1)6
00 oo Sin (7) sin <T>
=2 | X

(k+ Dk +n+ DHn™

n=1 \ k=1
{reverse the order of summation}

O

k+1 — (k+n+ n"

{make use of the result in (6.58)}
Hiiq . ko . k+1)0
1 +
=(-1)"" Z T 1)m+1 (7> sin <—2 >

k0N . [((k+1)6
00 Sm(Z)SHl(T)
+H(=1)"" 12( '~ 1;(:)2

(k + 1)m—i+2

and the point i) of the problem is finalized.
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Next, for the point ii) of the problem, if we consider the relaxed version (the
second version) of The Master Theorem of Series, where we set m(k) = cos(k6),

. (kO (k+1)6
an (12) o (4519)
M (k) = 7
sin<—)
2

. (k@) <(k+1)9>

oco SIN| — JCOS| —(—
1 y_\2 2 ) 1
_n

. (9) — k+Dk+n+1) ;
sin 5 k=1

, we obtain

n

cos(k6)
Jj+k

]:] k=

1 00 1 1 1 n 00
= - I cos(k@)dx = —/ I=EN " %k cos(k@)dx
- ZZ/(; X cos(kf)dx A j;x ;x cos(k6)

j=1k=1

= pcos(x) — p)
Ipl <1

make use of the result, " cos = )
4 4 Zp (nx) 1 — 2pcos(x) + p?

n=1

)

_1/1 x(1 = x™)(cos(0) — x)
T nJo (1 —x)(1 —2xcos(d) + x2)

and using this result, we have for the second point of the problem that

(0 1 x(cos(8) — x) Do Li q
o (§>/0 (1 —x)(1 —2xcos(8) + x?) (Cm D= L (0)dx

AV x(1 = x™)(cos(8) — x)
- (§> /0 }; 21— 21 = 2x cos(@) 12D

{reverse the order of summation and integration }
0\ e 1 ! 1 —x" 6) —
—sin <")Z m+1/ x(1 —x")(cos(d) — x) s
2 on o (I —x)(1—2xcos(0)+ x°)

. (kO (k+ 1o
0o [ oo sin <7) cos ( 5 )
=2 |

(k+ Dk +n+ DHn™

n=1 \ k=1

{reverse the order of summation}



References 273

k+1 + Dnm

. (kO (k+1)6
_ i sSin <7) COS (T) i 1 >
P ! (k+n

{make use of the result in (6.58)}
Hii . (k6 (k+1)6
1
= Z aern (3 ) e (5

ko (k+1)6
00 sm( ) )COS (T)
(=" IZ( 1)'”;(:)2

(k + 1)m—i+2 ’

and the point i7) of the problem is finalized. Note in the calculations I used that
o0

_ p sin(x) _ p(cos(x) — p)
Zp sin(nx) = —2pcos(x) + p?’ X_:p cos(nx) = —2pcos(x) + p?’

| p| < 1, which are found in 1.447.1 and 1.447.2 from [30]. Both results are proved
within Sect. 3.52.

The problem can be seen as an application of The Master Theorem of Series,
since I created the problem based upon this theorem. It would also be interesting to
explore other ways, independent of my theorem, to establish the results.

Having said that, we are at the end of the first major chapter dedicated to the
calculation of the integrals, where I hope you had a lot of fun! And the party is not
over yet! There is another major chapter that lies in front of us.

For more fun, let’s prepare to enter the next chapter dedicated to the calculations
of sums and series. Enjoy it!
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Chapter 4
Sums and Series

®

Check

for

updates

“In their hearts humans plans their course, but the LORD

establishes their steps.”—Proverbs 16:9

4.1 The First Series Submitted by Ramanujan to the Journal

of the Indian Mathematical Society

Prove that

ad 1 3
1425 —— — 2 10e2).
+ ;(4;1)3—4;1 ;108

A (little) challenging question: Calculate the series without using integrals.

4.2 Starting from an Elementary Integral Result
and Deriving Two Classical Series in a New Way

Prove that

)Z (2x)2" ! arcsin(x)

VI
n=1 pn
n

1 0 2 2n
EZ (2x) :arcsinz(x).

()

Then, use i) to prove that
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4.3 An Extraordinary Series with the Tail of the Riemann
Zeta Function Connected to the Inverse Sine Series

Show that

17 1 . (1
=5t@ - 410g*(2)¢(2) — 3 log*(2) — 8Lis <§> ;

where ¢ denotes the Riemann zeta function and Li,, represents the Polyloga-
rithm function.

4.4 The Evaluation of a Series Involving the Tails of the
Series Representations of the Functions log (ﬁ)

and x arcsin(x)

V1-x2
Show that
@n =3 oy o k=2
@n —2) (_ 0g(2) = k; k2k+1> (Z B k; 2k(2k — 1)!!)

= /2 arctan <7) llog (%) = %’

n-m—2)---5-3-1, n > 0odd;
wheren!! = {n-(n—2)---6-4-2, n > Oeven; 1is the double facto-
1, n=-1,0,

[o,]

n=1

rial.



4.6  An Eccentric Multiple Series Having the Roots in the Realm of the Botez—. . . 281
4.5 A Breathtaking Infinite Series Involving the Binomial

Coefficient and Expressing a Beautiful Closed-Form

Show that

n=1 k=n [

> n 2\ | & 2k
(2n—1)16”<n> 2 (2k> =1-V2+log(1++2).
k

4.6 An Eccentric Multiple Series Having the Roots
in the Realm of the Botez—Catalan Identity

Let n > 2 be a natural number. Prove that

(0.¢] o o0 Zn k n k 1
... (—1)Zi=1ki | 1og(2) —
k12:=1 k; k,,2=:1 Z Zl n b 418

. 1 ) o H, "o T o~ 1 (2
= (—1)"( 5 log( )+2n+1 2@+ 3 _Z;iZi“ _2n+22gf j
i= J=!

i=1 i

e Z;, ()x- <§,>),

where H, = Y ;_, % denotes the nth harmonic number.

Examples:
The version with two variables,

00 i+j

ad L 1 1
(=D g2 = ) ———— | | = (51og(2) — 7);
> (% =2

i=1 \ j=I

(continued)
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4.7 Two Classical Series with Fibonacci Numbers, One
Related to the Arctan Function




4.9 Useful Series Representations of log(1 + x) log(1 — x) and... 283

4.8 Two New Infinite Series with Fibonacci Numbers,
Related to the Arctan Function

Calculate

[e’e} 1 1 |
arctan -+ arctan -+ arctan
g:( ( Fap— 3) <F4n—2> (F4n—l>
(=)
—arctan [ — ;
F. 4n

ii) Z( n*- 1arctan(Flzn)

n=1

where F, represents the nth Fibonacci number.

4.9 Useful Series Representations of log(1 + x) log(1 — x)
and arctan(x) log(1 + x2) from the Notorious Table of
Integrals, Series, and Products by 1.S. Gradshteyn
and I.M. Ryzhik

Prove that

i) —log(l + x)log(1 — x)

o 2k—1 n—1 e 2k
X (= ) sz Hk
k=1 n=1 k=1 2
4.3)
> Hy, 1
i) Z(—l)k_1x2k+12k—H = 5 arctan(x) log(1 +x%), x| <1, (44

k=1

where Hy = Zf;l ll denotes the kth harmonic number.
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4.10 A Group of Five Useful Generating Functions Related
to the Generalized Harmonic Numbers




4.11 Four Members from a Neat Group of Generating Functions Expressed in. . . 285

4.11 Four Members from a Neat Group of Generating
Functions Expressed in Terms of Polylogarithm
Function




286 4 Sums and Series

4.12 Two Elementary Harmonic Sums Arising in the
Calculation of Harmonic Series




4.13 A Strong Generalized Sum, Making a Very Good Cocktail Together with. .. 287

4.13 A Strong Generalized Sum, Making a Very Good
Cocktail Together with the Identities Generated by The
Master Theorem of Series
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4.14 Four Elementary Sums with Harmonic Numbers, Very
Useful in the Calculation of the Harmonic Series

of Weight 7
Show that
n—1 H2
Si(n) = k_ — H3—2H,H? ; 4.17
1(n) ;n_k +;k2 4.17)

n—1 2
H,
SHr(n) = § k__ — H?H®—4H,H® - (H(z))2+2§ +2H § : R
k=1

— (n—k)?
(4 18)
n—1 2) n
H Hy
_ k @ @) .
Ssm =Y TRy (H ) ~5H® +4) — (4.19)
k=1 k=1
n—1 3 n
H 1 2 1 Hy,
Ssmy =Y —k- = B} —3HIHD — - (H®) - it T
k=1 k=1
3 o H? " Hy
SEDIE- TR Pr (4.20)

where Hn(m) =1+ 2Lm + .ot nim, m > 1, is the nth generalized harmonic
number of order m.

A challenging question: Could we derive the sums by elementary manipu-
lations only?

4.15 The Master Theorem of Series, a New Very Useful
Theorem in the Calculation of Many Difficult
(Harmonic) Series

(The first version) If & is a positive integer with .Z (k) = m(1) +m(2)+-- -+
m(k), and m (k) are real numbers, where klim m(k) = 0, then the following
—00

double equality holds

(continued)



4.17 The Second Application of The Master Theorem of Series on the. .. 289

i A (k) _ (H,, )+1 . Zm(k+1)
= (k+Dk+n+1) noontl) nige itk
| — im(k)
nj=1k=1j+k

where H, = 1 + % + -4 % is the nth harmonic number.
(The second version, the relaxed version) If k is a positive integer with
M(k) = m(1) + mQ) + --- + m(k), and m(k) are real numbers, where

lim % = 0, then the stated double equality follows.

k— 00

4.16 The First Application of The Master Theorem of Series
on the (Generalized) Harmonic Numbers

Show that
H2+ H?
(m) S, m=1;
i Hm 2n | "
k+Dk+n+1) | (=D)" Hi i1, 3y =i
p —— (T + DD T OE ) > 2,

4.21)
where H,Y") =1+ 2Lm + -+ an, m > 1, is the nth generalized harmonic
number of order m and ¢ represents the Riemann zeta function.

4.17 The Second Application of The Master Theorem
of Series on the Harmonic Numbers

Show that
i H? _ H} +3(()H, +3H,HY +2HY 1 H
— k+Dk+n+1) 3n

(4.22)

(continued)
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where Hyﬁm) =1+ sz + o+ ,%m, m > 1, is the nth generalized harmonic
number of order m and ¢ represents the Riemann zeta function.

4.18 The Third Application of The Master Theorem of Series
on the Harmonic Numbers

Show that

];(k-i-l)(k—l-n—i-l)

_ H} +60Q)HE + 16¢(3)H, + 8H, HY + 6H2H® +2:(2)HY + 3H,"

4n
H, H 2~H 3 -H
—37 Z o nlE il S

where H,fm) =1+ ZL'" + -4 nlm, m > 1, is the nth generalized harmonic
number of order m and ¢ represents the Riemann zeta function.

4.19 The Fourth Application of The Master Theorem of Series
on the (Generalized) Harmonic Numbers

Show that
0 H(2)
k+Dk+n+1)

k=1

(continued)
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n 2 n 2 n 4n 4n 12 2n 12 ’

i=1 =1
(4 24)
where H,gm) =1+ 2Lm + 4 ,%m, m > 1, is the nth generalized harmonic
number of order m and ¢ represents the Riemann zeta function.

4.20 Cool Identities with Ingredients Like the Generalized
Harmonic Numbers and the Binomial Coefficient

Show that
n=1 2 Q)
H?>— H
. k k .
>y - H} - 3H,H® +2H®, (4.25)
k=1
" i H} — HY H} +3H,H" +2H,
lt =
(k+1Dk+n+1) 3n
(— 1)k Lim—1
=2 : 4.26
Z i (4.26)
) Z H} — 3Hka(2) +2HD
il
(k+1)(k+n+1)
_ H}+6HH +8H,H" +3(H)? + 6H\
B 4n
(— 1)’< Lim—1
=6 427
Z > (4.27)
) Z 6H2H(2) + SHkH(3) + 3(H(2))2 H(4)
(k+Dk+n+1)

_H] +10HHP + 15H,(HP)? + 20H2HY + 20H HY + 30H, HyY + 24H
- S5n

(continued)
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—DFt -1
=24Z( k)6 (Z_l), (4.28)

where H,gm) =1+ ZL'" + -4 ,%m m > 1, is the nth generalized harmonic
number of order m.

4.21 Special (and Very Useful) Pairs of Classical Euler Sums
Arising in Many Difficult Harmonic Series

Calculate

S SN 0 yr(4) o 17(2)
. H H . H H
DS1=) 5 =) S i Si=) S Si=)

n=1 n=1 n=1 n=1

00 ®) 00 2 00 4) 00 3)

Hy, H, H, H,

iii) S5 = ——, S = — V) §7 = —, Sg = ,

where Hyﬁm) =1+ sz + o+ ,%m, m > 1, is the nth generalized harmonic
number of order m.

4.22 Another Perspective on the Famous Quadratic Series
of Au-Yeung Which Leads to an Elementary Solution

Prove that

X (HN\? 17

Y () =, (4.29)
—\n 4

where H, = Y}, % denotes the nth harmonic number and ¢ represents the
Riemann zeta function.
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4.23 Treating a Big Brother Series of the Quadratic Series
of Au-Yeung by Elementary Means

Show that
=2EE
§ :—3 = 200) — L1, (4.30)

where H, = Y ;_, % denotes the nth harmonic number and ¢ represents the
Riemann zeta function.

4.24 Calculating Two More Elder Brother Series of the
Quadratic Series of Au-Yeung, This Time the Versions
with the Powers 4 and 5 in Denominator

Show that

> H> 97
Z T =500 —26°0); (4.31)

Z —;’ = 60(7) = ¢(@)20) = 22B3)E (), (4.32)

where H, = Y}, % denotes the nth harmonic number and ¢ represents the
Riemann zeta function.

425 An Advanced Harmonic Series of Weight 5,
Yoo H”nz , Attacked with a Special Class of Sums

Prove that

(2)

=¢(2)¢3) +¢05), (4.33)

-

(continued)
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where Hyﬁm) =1+ sz + o+ ,%m, m > 1, is the nth generalized harmonic
number of order m and ¢ represents the Riemann zeta function.
A (super) challenging question: Is it possible to reduce everything to the

o0
H,
calculation of some cases of the classical linear Euler sum, Z k_’]:’ and
k=1
S Hk(p) H(q)
the symmetrical pair of series, ; N + ]; % by elementary series
manipulations only?

4.26 An Advanced Harmonic Series of Weight 5, ZZ":I H—;’,
Attacked with a Special Identity

Prove that
> h = @LG) +10:65), (4.34)

n=1
where H, = Y _, % denotes the nth harmonic number and ¢ represents the

Riemann zeta function.

4.27 The Evaluation of an Adgfanced Cubic Harmonic Series
of Weight 6, "> | ( ) Treated with Both The

Master Theorem of Series and Special Logarithmic
Integrals of Powers Two and Three

Show that
X (H\? 1
> (7) - ( £(6) —5¢ (3)) (4.35)

(continued)
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n=1

where H, = Y} _, % denotes the nth harmonic number and ¢ represents the
Riemann zeta function.

4.28 Another Evaluation of an Advanced Harmonic Series

e
of Weight 6, )"~ | H"n , Treated with The Master
Theorem of Series

Show that

i o H(Z) . (5 23) - 24 (6)) (4.36)
— 2 3 24 3 ’ ’

where H™ =1+ 2,,, + -4 ,,Lm, m > 1, is the nth generalized harmonic

number of order m and ¢ denotes the Riemann zeta function.

3
4.29 And Now a Series of Weight 6, > "~° H"H , Treated

with Both The Master Theorem of Serzes and Special
Logarithmic Integrals

Prove that

> H, H(3) 1 (227
Z == (—c(6) -3¢ (3)) (4.37)

where H,Sm) =1+ 2Lm + -+ an, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.
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4.30 An Appealing Exotic Harmonic Series of Weight 6,

00 HZH(Z)
Zn=1 3 , Derived by Elementary Series

Manipulatlons

Prove that

& HZHD 41
7= —5“(6)+2§ 3, (4.38)

n=1

(m) 1

where H, ' =1+ 2,,, +---t o m =1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.

4.31 Another Appeallng Exotic Harmonic Series of Weight 6,
Zn -1 2 , Derived by Elementary Series Manipulations

Prove that
— H} 979 )
§::—2 = 5146 +370), (4.39)

where H, = Y} _, % denotes the nth harmonic number and ¢ represents the
Riemann zeta function.

4.32 Four Sums with Harmonic Series Involving the
Generalized Harmonic Numbers of Order 1, 2, 3, 4, 5,
and 6, Originating from The Master Theorem of Series

Show, without calculating each series separately, that

N HyHy H,HP 21
YT ) T = O + 0 (4.40)

n=1

(continued)
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* q,HY & H,HP 1 9
ii) Z = T =5 <5§(2)§(5) = 55(3)§(4)>; (4.41)

n=1
> H,HY H,H® 1/17
iii) Y Sy =—(—;(8)+11;(3);(5)—3«2);2(3));
— n — n 2 \ 36
(4.42)
> H,H® H,H? 19 15
i) Y ==Y e =T D= LB O)- L@+,
= = (4.43)

where H,fm) =1+ ZL'" + -+ nlm, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.

4.33 Awesomely Wicked Sums of Series of Weight 7,
Y et H"n4 and > 0° i, , Originating

from a Strong Generallzedn Sum: The First Part

Prove, without calculating each series separately, that

H(Z) o HnHrE:;) 7 5
22 + YT = k() + O - SERE), (44
n=1

where H,gm) =1+ 2Lm + -+ ,%m, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.
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4.34 Awesomely Wicked Sums of Series of Weight 7,

@ G
Yoy H"n4 and > 07 H, nH , Originating
from a Strong Generallzed Sum: The Second Part

Prove, without calculating each series separately, that

© g g® H H<3)
> Z L =5¢(T) - —z<2>r;<5> — —;(3)4(4) (4.45)

n=1

where H,fm) =1+ 2#,, + -+ nlm, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.

4.35 Awesomely Wicked Sums of Series of Weight 7,

Zoo HnHrE ) Zoo HZH(3) d Zoo HZH(Z)
n=1 p4 n=1" ;2 n3

Derivation Based upon a New Identity: The Thll‘d Part

Prove, without calculating each series separately, that

o0 @ © g 0 @)
H, H, H*H, H2H® 23 1

3 y = e = Z:B) @) —=2()¢ (5)+4¢(T),

2 Y +n—l 7 +n_1 3 n ¢3)¢4) 24“( )¢ (5)+4¢(7)

(4.46)
where H,Sm) =1+ ZL"' + -4 nlm’ m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.

4.36 Deriving More Useful Sums of Harmonic Series
of Weight 7

Prove, without calculating each series separately, that

S HPHY S (HD)? 13
N2) =5 +Z(n3) = SIBX@ -3M: (@447

n=1 n=1

(continued)
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[e'¢) HnH,iz) o0 HrSZ) 2
2y = —Z( n3) = 13¢(1)—¢(2)¢(5) -8 (3¢ (4);
n=1

n=1

(4.48)

o0 H3 o] H4
iii) 102 —Z — Z —;‘ = 75¢(7) +5¢(2)¢(5) — 63¢(3)¢(4),  (4.49)

where H" = 1+2L,,,+' !

-+ -, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function

4.37 Preparing the Weapons of The Master Theorem of Series

to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 1st Episode

Show, without calculating each series separately, that

H, H(Z)

o H3
~ YT S @) +ISE D) ~ 24(T),  (450)
=1 n=1

3
n

WhereH,fm)=1+2Lm+~-

+ -m, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function

4.38 Preparing the Weapons of The Master Theorem of Series

to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 2nd Episode

Show, without calculating each series separately, that

(0,0]
2Zn

n=1

31»

2 2
iH;) iH,%H,S)JFZ > H,H?
n3 n3 3 n4
n=1 n=1

C\IUI

n=1

(continued)
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55 13 46
=55+ 5t@¢0) - ?4(3)4“(4), (4.51)

where Hyﬁm) =1+ ZL'" + -+ ,%m, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.

4.39 Preparing the Weapons of The Master Theorem of Series
to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 3rd Episode

Show, without calculating each series separately, that

S HY 5 S HY 3°°H2H(2) 7 HH(2)
I E) - AE) SN0

n=1

15 11 29
= 7 8@IO) + LB @) — -¢(D), (4.52)

(m) 1

where H, ' =1+ 2L'" +-Fm, m = 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.

4.40 Calculating the Harmonic Series of Weight 7,

22
Y Hy :31 , with the Weapons of The Master Theorem

of Series

Prove that

& H(z) 19
Z = S LB)E@ =20 @)2(5) = 7¢(D), (4.53)

where Hn(m) =1+ 2Lm + .4 ni’"’ m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.
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4.41 The Calculation of Two Good-Looking Pairs of
Harmonic Series: The Series Zoo H" n N k 1 k3 ,

H
D et ot Zk -1k a“dzn =1 ,,z Zk 1kz’

H,

Prove that

s H; H2 H, 9 23
Z ( B 73) = 100(7) + 5£@)E(5) = 2 E BNy

(4.54)
H H H, 23 11
i) Z ( o o e ?> = LB~ 55 @E(5) 4.
4.55)
Then, show that
LN~ Hi (Hi | H Hy\ 45 _ 7 17 .
iii) g —5 (F oot ?) = 1l D55+ LB @);
) ) (4.56)
* H, (H> H H? 93 11 51
iv) ) 7z <1—21 + 2—5 {Fooodf n—2> = 2 D+ L@EE-F 3@,
= (4.57)

where H, = Y /_, % denotes the nth harmonic number and ¢ denotes the
Riemann zeta function.

4.42 The Calculation of an Essential Harmonic Series

o H, H<2)
of Weight 7: The Series 3~ ; =
Prove that
>, H,H?” 3 51
> =200 + 253@ — =20, (4.58)
_ n 6

(continued)
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where Hyﬁm) =1+ sz + o+ ,%m, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.

A (super) challenging question: Derive the result by series manipulations
only.

4.43 Plenty of Challenging Harmonic Series of Weight 7
Obtained by Combining the Previous Harmonic Series
of Weight 7 with Various Harmonic Series Identities
(Derivations by Series Manipulations Only)

Prove that
& H2HY 329 9
i) = 1g S (D = 55@E) — 66t (4.59)
n=1
i OOH"H”(4)—92 5)— e @)e@) — ) 4.60
”);T—Ea);()—ig();()—Ez(), (4.60)
L HY 231 51 .
i) ;74 = T+ 26 QL(S) - LB)E(): 4.61)
N HY 185 43 ‘
iv) ,; -3 = 3 {4502 6) - L34 (4.62)
> BPHD 131 5 3
) YT = M - @O~ G e
D D LA FA L PSP e 4.64
vl)’;n—3—§;( ) = 5 E@5(5) + 78354 (4.64)

(continued)
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59 (2))2

vii) Z

19 155
=52(D)¢(5) + 7((3%“(4) - ?§(7);

H3H® 83

5 27
viii) Z e 1—64(7) - EC(2)§(5) + 35(3){(4);

<\ H> 2051
ix) Y 5=t + —;(2);(5) +330(3)¢(4);

H (HP)2
x) Z # =53¢ + —4“(2){(5) - —((7)

n=1

303

(4.65)

(4.66)

4.67)

(4.68)

where Hyﬁm) =1+ sz + o+ ,%m, m > 1, is the nth generalized harmonic

number of order m and ¢ denotes the Riemann zeta function.

A (super) challenging question: Derive the results by series manipulations

only.

4.44 A Member of a Glamorous Series Family Containing

the Harmonic Number and the Tail of the Riemann

Zeta Function

Prove that
i & (;(3) e i) — %@ - 256).  469)
—n 23 n3 2 ’ ’

where H, = > }_, ,lc denotes the nth harmonic number and ¢ denotes the

Riemann zeta function.
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4.45 More Members of a Glamorous Series Family
Containing the Harmonic Number and the Tail of the
Riemann Zeta Function

Prove that
2 ; n (C(‘U =g ;) = 1556 (4.70)
) ; W <€<5> —logs o ,3) = 3¢5 +75B3)E @ —6¢(7),

(4.71)
where H, = > }_, % denotes the nth harmonic number and ¢ denotes the
Riemann zeta function.

4.46 Two Series Generalizations with the Generalized
Harmonic Numbers and the Tail of the Riemann
Zeta Function

Let p > 2 be a positive integer. Prove that

0
, H, 1 1 (=ily?="
e ==
l)r;n—i-l (“P) 2 n,,) 20— 1!
. 3p+1
X)}I_IR)MP_—WB(X,)W (4.72)
y—0
152 (2)
— H, 1 1 (=DP
50 _n_ n - == | = — 7
”),; nt 1 (C(p) 27 nl’> 3(p— 1)
) ap+2
X )}1_% axl’_—18y3 B(x, y), (4.73)
y—0

(continued)
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where Hyﬁm) =1+ sz + o+ ,%m, m > 1, is the nth generalized harmonic
number of order m, ¢ denotes the Riemann zeta function, and B(x, y)
represents the Beta function defined as B(x, y) = fol =11 — )y 1ds.
Examples:
For the generalization at i) with p = 2,
>

H, I 1y 5.
n=1n+1(5(2)—1—§—“'—n—2)—2§(4),

For the generalization at i) with p = 3,

o0

H, 1 1
nZ +1(“)‘ —2—3—~--—n—3)=2<2c<5>—;(2>¢(3>>,

For the generalization at ii) with p = 2,

=, H? H(z) 1 1
Y (t@-1- »TT 7 ) =0660) — 2 @23
n=1
For the generalization at i) with p = 3,
fjH Hm(@)—l—i ----- i)—§<6>—32(3>
~ 3 23 2)= 8¢ 5 e

4.47 The Art of Mathematics with a Series Involving
the Product of the Tails of ¢(2) and ¢(3)

Prove that

o
>
n=1

S| =

1 1 1 1
(;(2) 11— z _n2> <§(3) 11— 3 _n3>
_ a4 Ol
=73) = 540,

(continued)
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where ¢ denotes the Riemann zeta function.
A (super) challenging question: How about calculating the series without
using the particular values of the nonlinear harmonic series of weight 67

4.48 The Art of Mathematics with Another Splendid Series
Involving the Product of the Tails of ¢(2) and ¢ (3)

Prove that
o H, 1 1 1 1
Z7<§(2)—1—?—~--—ﬁ)(g(3)—1_2_3_..._n_3)

11
= 7 5C)X@) - 24(2)¢05),

where H, = Y _, % is the nth harmonic number and ¢ denotes the Riemann
zeta function.
A (super) challenging question: Could we calculate the given series

without using the particular values of the nonlinear harmonic series of weight
o (0¢]

3 2 2 3 2 3
DI EPJLAEN LD S SR S
b n2 b n3 9’ n2 9

n=1 n=1 n=1 n=1

4.49 Expressing Polylogarithmic Values by Combining the
Alternating Harmonic Series and the Non-alternating
Harmonic Series with Integer Powers of 2 in
Denominator

Prove that

i) Li <1>
2

H(Z) n—1 n—1 H’EZ)
Z 2n+1+ Z(_) n(n +1)+ Z(_) nn+ 1)

(continued)
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©) 0 o ©)
H, 1 . H 1 1 H
— Z | Z(_l)n 1 n + Z(_ )n 1 n
n2n+ 12 = nn+1) 6 = nn+ 1)
1S H,H®
oY (=)
4 nn+1)
n=1
v (1
iii) Lis (E)
— Z H(4) i i(_l)n 4 l i LA‘)
n2"+1 48 = nn+ 1) —|— 1) 8 —~ nn+1)
2 (2) 3)
WL i(_l)n_l HYH,” i et 2 1S - | HaHyY
8 n(n + 1) ( + 1) nn+1)°

n=1 =1

where H,fm) =1+ ZL"’ + -+ an, m > 1, denotes the nth generalized

harmonic number of order m and Li,, represents the Polylogarithm function.
A challenging question: Is it possible to derive the results without calculat-
ing the series?

4.50 Cool Results with Cool Series Involving Summands with
the Harmonic Number and the Integer Powers of 2

Show that

) = Hi = Hj 1 Lo 3.
i) log<2>; ) +; iU ORE Rk
“4.74)

e H, e Hy i Hy
) oo (2 log(2 — —
i) log’( )kEZI Gt Dot T ol )kZZI ") +; (k + 1)32k

(continued)
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4.51 Eight Harmonic Series Involving the Integer Powers
of 2 in Denominator

(continued)
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4.52 Let’s Calculate Three Classical Alternating Harmonic

@)
. 00 -1H 00 -1H,
Series, > 0° ,(=1)" ln—;', PG Vi lan, and

_1H?
PTG Vi

(continued)
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4.53 Then, Let’s Calculate Another Pair of Class1cal
Alternating Harmomc Series, Z _(=D"~ 1

and 02 (1)1




4.55 Encountering an Alternating Harmonic Series of Weight 5 with an Eye-. .. 311

4.54 A Nice Challenging Trio of Alternating Harmonic

) ~ 1 H? oo o HY
Series, } ,~ (=D" ™ —5-, 3 7 (=1)"" =&, and

_{HW
s (D"

Prove that
S H? s 11
2 _1\p—12"n _ 2 | .
B ;( D" =5 = 8 @¢B3) = 3580 (4.90)
e H(3) 3 21
25 _q\p—1-n 7 Al .
e ;( D" =5 = 5@¢B3) = 3580 4.91)
00 lH,f4) 3 .
i) ) (=" T =2(5) — 2£2)¢(3) — g log )t (4, (4.92)
n=1

where H,fm) =1+ 2Lm + .4 nim, m > 1, is the nth generalized harmonic
number of order m and ¢ denotes the Riemann zeta function.

4.55 Encountering an Alternating Harmonic Series
of Weight S with an Eye-Catching Closed-Form,

_1 H?
Z;?;l(_l)n ln_g

Show that
PR
n=1 n
210650 - e - 2205+ Lo @) - Zlog?
—1510g 0)) 8;“(Z)C(3) 32;‘(5)+410g 2)¢3) 310g 2¢(2)
. (1 et
+ 41og(2) Lig (5) + 4 Lis (E) , (4.93)

where H, = Y _, % is the nth harmonic number, ¢ represents the Riemann
zeta function, and Li, denotes the Polylogarithm function.
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4.56 Encountering Another Alternating Harmonic Series of
Weight S with a Dazzling Closed-Form,

_1H}
Z’ﬁl(_l)n 1,,_2
Show that
>yt
n=1 n
1 21 27 9
=3 log’(2) —log?(2)¢(2) + 3 log?(2)¢(3) — E§(2){(3) - 15(5)

+ 61log(2) Lis (%) + 6Lis (%) , (4.94)

where H, = > }_, % is the nth harmonic number, ¢ represents the Riemann
zeta function, and Li, denotes the Polylogarithm function.

4.57 Yet Another Encounter with a Superb Alternating

: . . 0 L H H?
Harmonic Series of Weight 5, >~ , (—1)"~" =3~

Show that

2
i(—l)n—1 Hu
n2

n=1
BT 210 55, 0066) 2 1og’
=3 ¢(5) 410g @¢G) + 3 log”(2)¢(2) + 16((2)4“(3) 5 log”(2)

1

— 410g(2) Lis (%) — 4Lis <§> , (4.95)

where H,fm) =1+ 2%,, + .4 ,,Lm, m > 1, is the nth generalized harmonic
number of order m, ¢ represents the Riemann zeta function, and Li,, denotes
the Polylogarithm function.
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4.58 Fascinating Sums of Two Alternating Harmonic Series
Involving the Generalized Harmonic Number

Prove that

o] H4 o0 Hy?) 2
i) Y (=1 + Z(—l)"*l—( - )

n=1 n=1
log>(2)
= 24“(2)5(3)—114“(5)+—10g 22— 10g (2)4“(3)+—log(2)§(4)— 10
41og(2) Li ! 8Li 1.
+4log(2) Lig 2 + 8Lis 5)
n—1 Hon o 1H2(2) A 37
ii) ;< 1) +;( 1) =26+ ¢4,
where H,fm) =1+ zim + -+ an, m > 1, is the nth generalized

harmonic number of order m, G denotes the Catalan’s constant, ¢ represents
the Riemann zeta function, and Li, designates the Polylogarithm function.

4.59 An Outstanding Sum of Series Representation of the
Particular Value of the Riemann Zeta Function, ¢ (4)

Show that
£(4)
ZHHzn 64 (Hap)? 64 — My
— — (n+ 1)2 — (2n+ 1)3
__Z(Hzn) R HiHy, 64 ()i Hy, _§iH§ﬁ)
5 & 2n + 1)2 5 Qn+ 1)2 3 n2’

(4.96)
where H,S’") =1+ ZL"' + -4 an, m > 1, is the nth generalized harmonic
number of order m and ¢ represents the Riemann zeta function.
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4.60 An Excellent Representation of the Particular Value of
the Riemann Zeta Function, ¢ (4), with a Triple Series
Involving the Factorials and the Generalized Harmonic
Numbers

Prove that

4C))

4 S (= DI — DIk — 1!
EZZZ (i+j+k=1!

i=1 j=1k=1

93 2
X ((Hi+j+k—1 — Hi_1)* + H,(+),+k 1 H;g_)1>,

where H,fm) =1+ 2Lm + .-+ an, m > 1, denotes the nth generalized
harmonic number of order m and ¢ represents the Riemann zeta function.
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Hints Qs

5.1 The First Series Submitted by Ramanujan to the Journal
of the Indian Mathematical Society

> 1 1 1 1 > 1
Use that - ~—) = log2) and
> a;(4;1—3 =2 a1 4n> 0g(2) an ;(271—1

1
_E) = log(2).

5.2 Starting from an Elementary Integral Result
and Deriving Two Classical Series in a New Way

For a first solution to the point i) of the problem, make use of the resultin (1.1), and
for a second solution, wisely employ the Beta function.

5.3 An Extraordinary Series with the Tail of the Riemann
Zeta Function Connected to the Inverse Sine Series

z—1

1
Use the Trigamma function integral representation, 1//(1)(1) =— / I log(t)dz.
0

—1
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5.4 The Evaluation of a Series Involving the Tails

of the Series Representations of the Functions log (L)

1-x
and x arcsin(x)

V1-x2

Make use of the results in (3.179) and (3.182).

5.5 A Breathtaking Infinite Series Involving the Binomial
Coefficient and Expressing a Beautiful Closed-Form

Use the key identity in (3.173).

5.6 An Eccentric Multiple Series Having the Roots
in the Realm of the Botez—Catalan Identity

Exploit the classical Botez—Catalan identity,

] 1+l 1+ 1 1 n 1 n +1 Vi > 1
T T —t -+ —, Vn>1.
2 3 4 2n n+1 n+2 2n

5.7 Two Classical Series with Fibonacci Numbers, One
Related to the Arctan Function

Recall and use the recurrence relation of the Fibonacci numbers, F,, = F,_1 + F,,_»
where F; = 1 and F> = 1, which we combine with Cassini’s identity that states that
Fo_1Fpv1 — Fn2 = (—1)". Then, to calculate S, also use the trigonometric identity,

—-b
arctan(a) — arctan(b) = arctan a .
1+ab

5.8 Two New Infinite Series with Fibonacci Numbers,
Related to the Arctan Function

At the point i) split the series into two simpler series. Then, for the series from
the point /i) make use and combine Cassini’s identity, d’Ocagne’s identity, and the
recurrence relation of the Fibonacci numbers.
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5.9 Useful Series Representations of log(1 + x) log(1 — x)
and arctan(x) log(1 + x2) from the Notorious Table of
Integrals, Series, and Products by 1.S. Gradshteyn and
I.M. Ryzhik

For a first solution to the point i) of the problem, start with combining the Taylor
series and the Cauchy product of two series, and for a second solution, start with

log(1 log(1 — >
Og( +X) _ Og( -x) — 2Zx2k71€0(2k _ 1)’ where go(k) —

roving that
proving 1—x 1+x P

k n—1
Z - ) , and then use the idea of telescoping sums. As regards the point ii)

f he problem, for a first solution use again the Cauchy product of two series,
x arctan(x) log(1 + x2) _
1+ x2 1+x2

and for a second solution start with proving that 2

o0
2 Z(— 1)*~1x2* Hy;, and then, as suggested for the second solution at the previous
k=1
point, employ the idea of telescoping sums.

5.10 A Group of Five Useful Generating Functions Related
to the Generalized Harmonic Numbers

The strategy for all five results is to multiply both sides of each equality by 1 — x

and then use the idea of telescoping sums.

5.11 Four Members from a Neat Group of Generating
Functions Expressed in Terms of Polylogarithm
Function

For all four results, combine the logarithmic integrals in Sect. 1.3 with the
generalized integral in (1.12).
5.12 Two Elementary Harmonic Sums Arising

in the Calculation of Harmonic Series

Use the complete homogeneous symmetric polynomial identities.
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5.13 A Strong Generalized Sum, Making a Very Good
Cocktail Together with the Identities Generated by The
Master Theorem of Series

n—1 H(m) n—1 H(m)
: _ k _ n—k . .
Consider S, m = ,;,1 T = ,;,1 . where the last sum is obtained by

reversing the order of summing the terms of the initial sum and then exploit the
difference Sy m — Sp—1.m-

5.14 Four Elementary Sums with Harmonic Numbers, Very
Useful in the Calculation of the Harmonic Series of
Weight 7

n—1 H2 n—1 H2

For the first sum we can write Sy (n) = Z ko — Z "=k and then exploit the
ok ok

difference S;(n) — S1(n — 1). We may proceed similarly for the other three sums.

5.15 The Master Theorem of Series, a New Very Useful
Theorem in the Calculation of Many Difficult
(Harmonic) Series

To prove the theorem, we start by making use of the simple result,

- 1 1

1
Z;(j+k)(j+k+1) Tkt Dktnt )

5.16 The First Application of The Master Theorem of Series
on the (Generalized) Harmonic Numbers

A very useful application of The Master Theorem of Series is related to the use of

. . . (m) 1 1
the generalized harmonic number by setting .# (k) = H,"' =1+ S +---+ o

1
and m(k) = IR
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5.17 The Second Application of The Master Theorem
of Series on the Harmonic Numbers

Another useful and powerful application of The Master Theorem of Series is
obtained by setting .Z (k) = sz and m(k) = sz - szfl. Later in the calculations
we make use of the second equality in (1.6).

5.18 The Third Application of The Master Theorem of Series
on the Harmonic Numbers

Consider The Master Theorem of Series where we set . (k) = H,f’ and m(k) =
Hk3 - Hk{l. During the calculations one also needs to make use of the second
equality in (1.7).

5.19 The Fourth Application of The Master Theorem of Series
on the (Generalized) Harmonic Numbers

As in the previous sections, use The Master Theorem of Series where
we set /() = HyH® and mk + 1) = He HSY, — HHP =

k+1
1 1
@
H+—> \(H
<k+k+1)( Tt hre2

_I_

@

H H 1
~HHY = o Tk -
k+1D2  k+1  (k+1)3

5.20 Cool Identities with Ingredients Like the Generalized
Harmonic Numbers and the Binomial Coefficient

Some needed identities are already found in the previous sections.

5.21 Special (and Very Useful) Pairs of Classical Euler Sums
Arising in Many Difficult Harmonic Series

Use series with ¢ (k) — H,fk) instead of Hn(k), which one may combine with Abel’s
summation, the series version that states that if (a,),>1, (bn)n>1 are two sequences
of real numbers with A, = ZZ=1 ar, then we have that

o0 o0
> abi = lim (Abui1) + ) Aclbr — bir1)- (5.1
k=1 e k=1
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5.22 Another Perspective on the Famous Quadratic Series
of Au-Yeung Which Leads to an Elementary Solution

Make use of the series identity in (4.21), the case m = 1.

5.23 Treating a Big Brother Series of the Quadratic Series
of Au-Yeung by Elementary Means

Make use of the result in (4.21), the case m = 1.

5.24 Calculating Two More Elder Brother Series
of the Quadratic Series of Au-Yeung, This Time the
Versions with the Powers 4 and 5 in Denominator

Follow the same strategy as in the previous section and make use of the result
in (4.21), the case m = 1.

5.25 An Advanced Harmonic Series of Weight 5,

2
0o HyHY

, Attacked with a Special Class of Sums

For a first solution, employ the identity in (4.16), the case m = 2. For a second
solution, make use of the results in (1.5) and (1.6).

3
5.26 An Advanced Harmonic Series of Weight 5, Z;o:l %,
Attacked with a Special Identity

For a first solution, make use of the identity in (4.26). For a second solution, make
use of the identities in (1.5) and (1.6).
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n=1 n2
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5.30 An Appealing Exotic Harmonic Series of Weight 6, >

5.27 The Evaluation of an Adgfanced Cubic Harmonic Series
of Weight 6, "> | ( ) Treated with Both The

Master Theorem of Series and Special Logarithmic
Integrals of Powers Two and Three

For a first solution, make use of the identity in (4.26), the first equality, where we

multiply both sides by 1/n? and then consider the sum from n = 1 to cc. For a

second solution, make use of the results in (1. 5) and (1.6) and create a system of
ad H, H<2>

H,
relations involving the series Z < ) nd Z

n=1

5.28 Another Evaluation (()f an Advanced Harmonic Series of
Weight 6, > ~° H. , Treated with The Master

n
Theorem of Sertes

For an elementary solution, make use of the identity in (4. 21) the case m = 1,
© (2)

H,
to establish a relation between the series, Z ( ) nd Z

n=1
combined then with the value of the former series in the prev10us section. The

second approach is common to the one in the previous section.

, which is

5.29 And Now a Series of Weight 6, > ">° H"n , Treated
with Both The Master Theorem of Series and Special
Logarithmic Integrals

For a first solution, make use of the identity in (4.22). Further, for a second solution
involving integrals, make use of the result in (1.4).

5.30 An Appealing Exotic Harmonic Series of Weight 6,

o H:HP . .
Y onel o Derived by Elementary Series

Manipulations

To get a first solution, make use of the identity in (4.24). For a second solution,
check the next section.
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5.31 Another Appeallng Exotic Harmonic Series of Weight 6,
ZZO 152 Derived by Elementary Series Manipulations

For a first solution, make use of the identities in (4.21), the case m =1, and (4.26),

Sl H2 H(z)
the first equality, to get two relations with the series Z and Z or
n=1 n=1
X g2 (2)
a second solution, combine the calculation of Z i in the previous section
n=1

with either of the two identities suggested in this section.

5.32 Four Sums with Harmonic Series Involving the
Generalized Harmonic Numbers of Order 1, 2, 3, 4, 5,
and 6, Originating from The Master Theorem of Series

Make use of the result in (4.21).

5.33 Awesomely Wicked Sums of Series of Weight 7,

e 3)
Y BBy and Y H"f , Originating from
a Strong Generallzed Sum. The First Part

Consider the identity in (4.16), the case m = 1.

5.34 Awesomely Wicked Sums of Series of Weight 7,

@) 173
Yoo, A —a ' and Yoo, nH , Originating from
a Strong Generallzed Sum The Second Part

Make use of the identity in (4.16), the case m = 2.
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5.35 Awesomely Wicked Sums of Series of Weight 7,
@ 273 e
0 H,,H Y HH ,and Y% HH

Derlvatlon Based upon a New Identity: The Thll‘d Part

Use the identity in (4.17).

5.36 Deriving More Useful Sums of Harmonic Series
of Weight 7

For the first part of the problem apply Abel’s summation, and for the last two points
of the section check carefully the other sections in the nearby.

5.37 Preparing the Weapons of The Master Theorem of Series
to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 1st Episode

Use the first equality of the result in (4.26).

5.38 Preparing the Weapons of The Master Theorem of Series
to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 2nd Episode

Make use of the first equality of the result in (4.26), multiply both sides by H,/n>,

and then sum from n = 1 to oc.

5.39 Preparing the Weapons of The Master Theorem of Series
to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 3rd Episode

Make use of the first equality of the identity in (4.27).
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5.40 Calculating the Harmonic Series of Weight 7,

2@
Y H"nﬁl" , with the Weapons of The Master Theorem

of Series

Combine fruitfully the identities from (4.51) and (4.52).

5.41 The Calculation of Two Good-Looking Pairs of
Harmonic Series: The Series Z"o H” Zk . k3 ,

H,

D et ¥ k= 1 andZ n=1 ,,2 Zk 1 kz’
H,

Zﬁil n; Zk =1 k2

For the first two points of the problem, exploit the identity in (4.21), the case m = 2,
and for the last two points, use the result in (4.24).

5.42 The Calculation of an Essential Ha(g)monic Series
of Weight 7: The Series ) - H”H

For a first solution make use of the identity in (4.19). Then, for a second solution,
make use of the identity in (4.18).

5.43 Plenty of Challenging Harmonic Series of Weight 7
Obtained by Combining the Previous Harmonic Series
of Weight 7 with Various Harmonic Series Identities
(Derivations by Series Manipulations Only)

For i) employ the identity in (4.46), then to get ii) use the identity in (4.41), for iii)
consider the identity in (4.50), as regards iv) employ the identity in (4.49), for v)
consider the identity in (4.45), to obtain vi) use the identity in (4.44), to get vii)
make use of the identity in (4.48), regarding viii) employ the identity in (4.20), for
ix) consider the identity (4.28), and finally, to get x), use the identity in (4.27).
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5.44 A Member of a Glamorous Series Family Containing
the Harmonic Number and the Tail of the Riemann
Zeta Function

For a first solution consider Abel’s summation as a starting point. Then, for a second
solution, use a generalization from one of the next sections.

5.45 More Members of a Glamorous Series Family
Containing the Harmonic Number and the Tail
of the Riemann Zeta Function

Consider the use of Abel’s summation and follow the same way as in the previous
section. For a second solution, consider a result in the next section.

5.46 Two Series Generalizations with the Generalized
Harmonic Numbers and the Tail of the Riemann Zeta
Function

Use that

1 ]

c( )—1_i_...__ _i L G Zflxk+"_llo P~ (x)dx
p 2p nP _k=1 n+kP  (p—1D! = J0 s '

5.47 The Art of Mathematics with a Series Involving
the Product of the Tails of ¢(2) and ¢(3)

Apply Abel’s summation (see (5.1)).

5.48 The Art of Mathematics with Another Splendid Series
Involving the Product of the Tails of ¢(2) and ¢ (3)

oo
Make use of Abel’s summation applied to the series Z

n=1

H2(2(2) — H?)

n3
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5.49 Expressing Polylogarithmic Values by Combining the
Alternating Harmonic Series and the Non-alternating
Harmonic Series with Integer Powers of 2 in
Denominator

Make use of the result in (1.59).

5.50 Cool Results with Cool Series Involving Summands with
the Harmonic Number and the Integer Powers of 2

log(2) 1
(k + 1)2k+1 (k + 1)22k+1

1/2 log?(2) log(2) 1
ki~o2 g g
1 dx = .
/0 eI = G T G 2 T e

and

1/2
Exploit the identities / xk log(x)dx = —
0

5.51 Eight Harmonic Series Involving the Integer Powers
of 2 in Denominator

Make use of the relations in (4.74), (4.75), and (4.76).

5.52 Let’s Calculate Three Classical Alternating Harmonic
Series, > 22 (-1)"~ 1 Yo (DT le , and

Yo (-1

Uog(1 + x) log?(x)
dx

x(14+x)
Then, for the second series combine the result in (1.53) with the value of the series

from the previous point and for the third series reduce everything to the calculation

1
of the integral/ log(x) (log (1 4+ x) + Lip(—x))dx.
o x(1+x)

1
Reduce the first series to the calculation of the integral 2 /
0
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5.53 Then, Let’s Calculate Another Pair of Classical
Alternating Harmonic Series, Z;’lo:l(—l)”_l% and

PRRICS Vi

. . . 'og?(1 +x)
Reduce the first series to the calculation of the integral ——  dx, and the

0 X

1 3
log(1 1
second series to the calculation of the integral / og(l + ) log”(x) dx
0 x(1+x)

5.54 A Nice Challenging Trio of Alternating Harmonic
) L H® L HD
Series, Y °° | (=1)"~12n_ 5% (—)n 1,,_"2’ and

n3
@
_1H
Z;il(_l)" ! r';

For the first two points of the section, exploit the result in (1.4) and the Cauchy
product of two Polylogarithms to create a system of relations with the given series.
For the last point, make use of the Cauchy product of Lis(x) and — log(1 — x).

5.55 Encountering an Alternating Harmonic Series of
Weight 5 with an Eye-Catching Closed-Form,

_1H?
PR G Vi

_ log?(1 — x)

o0
Make use of the fact that, Z x" (H,,2 - H,@) 1
—x

n=1

5.56 Encountering Another Alternating Harmonic Series
of Weight S with a Dazzling Closed-Form,

1) _1H;
n=1(_1)n ln_;

Make use of the result in (1.6).
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5.57 Yet Another Encounter with a Superb Alternating
@
Harmonic Series of Weight 5, ZZ":I(—I)”‘I%

Exploit the result in (1.5).

5.58 Fascinating Sums of Two Alternating Harmonic Series
Involving the Generalized Harmonic Number

o0
For the part i) of the problem, consider the use of the result Z x" (an — H,fz)> =
n=1
10g2(1 —X)
I —x
of the integrals from the chapter Infegrals where we can successfully exploit the
symmetry.

. Then, for the point ii) of the problem reduce the calculations to one

5.59 An Outstanding Sum of Series Representation of the
Particular Value of the Riemann Zeta Function, ¢ (4)

Use the first application of The Master Theorem of Series in (4.21), the case m = 1.

5.60 An Excellent Representation of the Particular Value of
the Riemann Zeta Function, ¢(4), with a Triple Series
Involving the Factorials and the Generalized Harmonic
Numbers

Prove and use that
0

0 rormre Y 1 axy o (ﬂ))
> Zp(,+]+x) _2<1/’ (2) v 2 ’

i=1 \ j=1



Chapter 6 )
Solutions et

6.1 The First Series Submitted by Ramanujan to the Journal
of the Indian Mathematical Society

Solution Let’s open the sixth chapter of the book with a series proposed by the
famous mathematician Srinivasa Ramanujan in his first problem from a total of 58
problems submitted to the Journal of the Indian Mathematical Society between the
years 1911 and 1919 (see [8]).

This is another problem that I was very glad to consider together with the solution
in my first book proposal at Springer in 2015, since it allows us to finalize it
exceptionally beautifully by series manipulations only, with no use of integrals
at all. It’s one of the easiest problems in this chapter (a high school mathematics
background would be enough to calculate it), and to understand and appreciate its
beauty I would recommend to consider the proposed challenging question that asks
you to calculate it without using integrals.

1 1 1 1 1
Si h that ———— = - |——+—-——1] D tial
ince we have tha @n? —dn > (4n — + P Zn) y partia
fraction decomposition, we write
(4n)3 4n 2 = \dn — 1 n+1 2n
_ Z 1 1 1
S 2= \dn - 1Yol wm
{add and subtract the term 1/(4n + 2)}
© Springer Nature Switzerland AG 2019 329
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1 &
:EZ

n=1

_1°° 1 1+ 1 1 1% 1 1
) \4n—1 4n  dn+1 4n+2 4 = \2n n+1)°

n= n=

1 1+ 1 1 1+ 1
dn—1 4n  4dn+1 4n+2 4n  4n+2

e¢]

Then, notin thatz : 1-|- : ! _ 1 1+1 1_|_
’ g Z\dn—1 4n dn+l 4n+2 3 4 5 6

1

log(2) — di ! ! L g
...=1o — — an _— e | = = — — —_ = ...=1—-1o s
SO L\ Tk 1) 72737475 ¢

o0
1
where I used the simple fact that Z(— - = log(2), and plugging these results
n

n=1

in (6.1), we get that

oo

Z;——leélo )
Gn)d —dn 2 4 B

n=1

which we can write in the expected form,

= 1 3
142 ————— = Zlog(2),
* ;(4;1)3—4;1 y log@

and the solution is finalized.
To conclude, all we had to do was to skillfully use two different series
representations of log(2), after employing the partial fraction expansion.

1
Now that we had to deal with conditionally convergent series (1 ~5 + 3~
1 1
1 + 37 ), it is worth mentioning that an important point that requires a special

attention is the Riemann series theorem (see [59]) which says that if an infinite series
of real numbers is conditionally convergent, by a suitable rearrangements of terms,
it can be made to converge to any desired value, or to diverge. In our approach
we carefully considered this point and made the rearrangements only in ways that
preserve the value of the initial series.
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6.2 Starting from an Elementary Integral Result
and Deriving Two Classical Series in a New Way

Solution [ have seen these classical results in the book Irresistible Integrals by
George Boros and Victor H. Moll!, the kind of reaction I would expect to receive
in this section from the lovers of calculations with integrals that read the book
on integrals I just mentioned. That’s right, both results appear and are proved in
the mentioned book (see [9, Theorem 6.6.2, pp. 119—-120] and [9, Exercise 6.6.4,
p. 122]).

Now, let’s try to get first an alternative solution by exploiting again the power of
the integral in Sect. 1.1 from the first chapter, which I successfully used for solving
the (famous) Basel problem.

To derive the stated results I'll employ the integral result in (1.1), where upon

using the identity arcsin(x) + arccos(x) = 7 we obtain

/1 1 dr — b4 arcsin(y) 62)
0 (1+yx)v/1—x2 21 —y2 \/l—yz. .
Returning to the left-hand side of the result in (6.2), we can write
1 1 n—1
/ / Z( 1y 1 (xy) MY 4
0 (l—i—yx)\/]—x V1 —x2
{reverse the order of summation and integration }
i it et [ xnil_d ":‘i“(t)i Y d
B (—1)*y*/ x= (—1)*y*/ sin™™"(1)ds
ot 0 ~/1—x2 ot 0

{split the series according to n odd and even}
00 72 00 72
= Z y2"_2/ sin?"~2(r)dr — Z y2l / sin?" 1 (r)dr
n=1 0 n=1 0
/2 By T (2n
{use Wallis’ integral results, /0 sin” (1)dr = ot ( " ) }

22n 1

2n+1 (2n
n

/2
and then / sin?"tl(1)dr =
0



332 6 Solutions

T (20 =2\ /y\212  — 222 1
252<n—1><5) ZyZH 12n—1<2n—2)

n—1

{reindex the first series and start from n = 0, and for the second }

2n—2 2
{series employ the simple fact that ( n 1 ) — ﬁ < n) }
n— n— n
n 2n (2y)2"_1
SO0
n=1 pn
n

{for the first series recall the generating function of the central binomial}

o
2 1
coefficients, that is Z < n)y" = ———— where we replace y by y2 /4
—\n 1—4y

Z (2y)2n 1 (6 3)
2V 1 - y n=1 n( )
n

By combining the results from (6.2) and (6.3), we obtain that

i 2x)*~!  arcsin(x)

2n\  J1—x2
n=1 pn
n

and the first solution to the point i) of the problem is finalized (as regards the Wallis’
integral results, see [9, p. 113] and [23, 3.621.3-3.621.4, p. 397]).
For a second solution to the point i) of the problem, we’ll want to use the

Beta function and the identity connecting the Beta function and Gamma function,

Ir'()I
B(x,y) = M, and then we write
I'(x+y)

S e 22nx2n+1(n!)2

(2)6)2" 1 B (2x)2n+l B
Zﬁ_z <2n+2>_r§) 2n + 1!
n

=1 =0 1
n n n n+1) nt 1

! L(n+1)>2 H?
use the fact that / "A-0)"dt=Bmn+1,n+1) = (nt+ 1 = D)
0 ren+2)  Qn+ )
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. Zzzn 2n+1 / t (1 t)ndt / 222}1 2n+ltn(1 t)ndt
0

1
:/ _* dt
o 1 —4x2t(1—1)

(+wy/2=r 1 /‘ x dy— /‘ x b
o2 =x2 X221 —x2 4 x2u2

1 X
= ——— arctan | ——
V1 —x2 («/l—xz)
_ arcsin(x)
NI

and for the last equality I used the trigonometric identity, arcsin(x) =

X
arctan <—> s
AV —x2
finalized.
To get the series from the point ii), we consider the series from the point i) in y

which we integrate from y = 0 to y = x, and then we get

and the second solution to the point i) of the problem is

) )

! aresin? (x)
= —arcsin“(x),
2

/ (2y)2” ‘ (2y)2” ‘ 1S, @) * arcsin(y)

whence we obtain that

1 S (2x) )
— Z ———— = arcsin” (x),
n

and the part ii) of the problem is finalized.

In some problems we might find these series representations very useful, and one
such example we’ll meet right in the next section where we’ll want to make use of
the result from the point ii) of the problem. For the series representations of the
inverse sine functions with higher powers, you may consult [3, p. 226].
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6.3 An Extraordinary Series with the Tail of the Riemann
Zeta Function Connected to the Inverse Sine Series

Solution With the picture of the results from the previous section in mind, it’s not
hard to guess what we might need in the calculation of the present series. Also, the
connection with the first integral in Sect. 1.52 will be shown, which will help us to
finalize the last step of the solution.

Let’s consider writing the tail of the Riemann zeta function in terms of Trigamma
function (see [61]) and then express the latter function in terms of the integral rep-

1 ,z—1
resentation, 1//(1)(1) = —/
0

we write that

- log(t)dr (see [23, 4.251.4, p. 543]). Therefore,

& 22n 1 1 o0 22n
—l—==...— =) = (D
Zn2<2”) (;(2> -2 nz) =2 Zn)vf (n+1)

n=1 n=1ln
n n
o 2n 1 n o 2n+2 1 ,2n+1
2 / t =2 2 x
- Z log(dt "= — Z / > log(x)dx
o n2(2n) o 1—1 = n2<2n) o 1—x
n n

{reverse the order of integration and summation }

dx

-2 fl loz(1) 3 <zx>;n+1
0 — X o n2< l’l)
n

{employ the inverse sine series in (4.2)}

1yl L2 —in(s /2
=y [ ORI 0 g [T any) ogsint)ay
0 - X 0

{make use of the result in (1.68)}

—174 41og%(2)¢ (2 1142 8 Li !
= S 0(4) —4log’2)2(2) — 3 log' @) ~8Liu 5 ).

and the solution is complete.
Surely, the hard part of the problem is represented by the calculation of the last
integral which happily is already evaluated in the third chapter.
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6.4 The Evaluation of a Series Involving the Tails
of the Series Representations of the Functions

log (ﬁ) and 2=y ar_:s_ir;(zx)

Solution Aesthetically speaking, one might easily assert we have in front of our
eyes a daunting series, one involving a summand with the product of the tails of two
functions, and then all multiplied by a fraction with double factorials.

Despite such a first impression characterized by the adjective daunting, the
evaluation strategy of the series is pretty simple once we have in hand the brick
results I employed in Sect. 3.32, and this is what we’ll use in the present solution.

Based upon the results given in (3.179) and (3.182), we write that

> 2n—3) (1 | o k=2
; 2n — 21! (E log(2) = k; k2k+1> (Z - kg (2% — 1)!!)

_ i/‘l (/1 (xy)Zn—zy dx) N
n=1 0 0 ((1 +X2)(] + yz))n
_ /'1 /1 i (xy)2n—2y dy Ny
o \Jo o (A +x)A+y2)"
: ! y 1 ! , X

1 1
= / x'(log(2 + x?) — log(1 + x2))dx
0

{apply the integration by parts}

o=l | [
2 dx — d
x=0+ /(; 2+ x? g /(; 1+ x? !

—lx(lo(2+2—l 1+ x2
= 5*(log x7) —log(1 +x7))

x=1 x=1

1/210g(3/2)
= l10 <§) + /2 arctan <i> — arctan(x)
2 £ 2 \/E x=0

3 arct 1 +1] 3 b4
=+2arctan | — | + =log( = | — =,
2) T 2%\2) 7%

and the solution is finalized.

x=0
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In this section we saw that sometimes using integral representations of the sum-
mand is the key for getting a short, elegant solution. Usually such representations
come from the experience gained in the work with lots of integrals and series.

6.5 A Breathtaking Infinite Series Involving the Binomial
Coefficient and Expressing a Beautiful Closed-Form

Solution The thing that is not immediately obvious is that one of the results used
in the previous section may also be of great help for the current problem, and we see
this after bringing it into the form with the central binomial coefficient. It’s about
the result in (3.182) that can be turned into the useful form already used in (3.173)
from the third chapter, Sect. 3.31.

7/2 2 b4 2n
Considering the use of Wallis’ integral, sin”'(H)dt = —— , we have
0 22n+] n

ad n <2n)2 i 2k
— 2n—116"\ n = k(2kk>

Z / nsin” (y) i 2k dy
2n — 1)22" ity 2k
k
{make use of the result in (3.173)}

2 0 /2 1 2n=2 SinZn(y)
(] e
4 0 o (I+x%)m

n=1

{reverse the order of integration and summation }

_/ /J‘[/Z 0 x2n72sin2n(y)dy W
—~ (1—|—x2)"

% /1 fn’/Z sinz(y) q q
7Jo \Jo 14xZcos?(y) Y
_ 721 —cos®(y)

- _/ (f 1 + x2 cos2(y) dy) dx
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2 1 1 /2 1 1 /2
_ = 14— . dy- = dy))d
D) [ = ([ 0)e

{make use of the integral result in (3.233)}

/1 le1 1 1 q 1 x/1+x2+ inh(x)
— - _ =|—-— —— + arcsin
0 x2) J1+x2 x2 * x x *

= 1 — +/2 + arcsinh(1)

x=1

x=0

{use that arcsinh(x) = log(x + v/ 1 + x2)}
=1 —«/§+10g(1+\/§),

and the solution is complete. Note in the calculations some simple, elementary
integrals' have been used.

As in the previous section, the solution emphasizes again the power of using the
proper integral representations for expressing the summand.

6.6 An Eccentric Multiple Series Having the Roots in the
Realm of the Botez—Catalan Identity

Solution Let’s prepare now for an encounter with an appealing challenging
multiple series. How about the strategies to use here? Basically, the plan is to first
turn the multiple series into an integral, and then try to calculate the integral and
finish the solution. Having said that, for a good start we may employ Botez—Catalan
identity (you may see it stated below) which one may find very useful in many cases.

For example, a simple classical problem is to use the mentioned identity to prove

that 1 — 2 + 37 log(2), and such a solution? is fast and elegant.

x2m / m /
«/T

have by the integration b ttht/ '+x2+ !
ave by the integration by parts thal =
X ‘/1+X2
v1+x2

immediately that / 7dx = + C. Alternatively, we could simply use the
x2/1 + x2

change of variable x = sinh(y).

'It’s easy to observe that / dx, and since we

V1+x2

N

dx, we get

2Let’s recollect the limit definition of the Euler-Mascheroni constant, lim (H,, — log(n))

o0 2n
1
y, and then, by Botez—Catalan identity, we have E (—l)k_lz = 11m E (— l)k 1
k=1
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Recollecting and using Botez—Catalan identity,

1 1—1—1 1+ ! ! + ! + +1 Vn > 1
[ _— = e — — — —, n>1,
2 3 4 2n n+1 n+2 2n

n
and replacing n by Z ki, we get

i=1

1 1 1
4 R

<ék,~)+l (gki>+2

6.4)

2Zk,~

i=1

o0
1
Now, combining the result in (6.4) with the fact that Z(—l)"‘1 — =log(2), we
n

n=1

get that

o0 00 00 n Z;;] ki
I D X Z(_I)Zizl ki | 1og(2) — P ——
ki=1 | k=1 kn=1 k=1 (Z ki) Tk

o]

ki=1 | k=1 k=1 2

i(_l)ZZ’:lki i(zli
fn=1 ( ki) +k
i=1

= i i i(—l)Z?:l ki (i(_l)k_l /“ xz(zg’lki)+k_1dx)
k=1 0

ki=1 \ky=1 kp=1

lim (Hy, — Hy) = lim (Hy, —log(2n) — (H, — log(n)) + log(2)) = log(2), and the calcu-
n— 00 n—00

lations are finalized.
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S 31 Dol B wEL ST O wETERE I B P
0

k=1 \ko=1 k=1

o0 2070 ki)
/ ...Z(_l)Z?:lkiL oo ) dx
0

1+x
k=1 k2 1 ka=1 +

0 X

ki=1 ky=1 kn=1

1 x2n
== — dx
b /0 (I+x)(1 +x2)"

{make use of the result in (1.60)}

1 S 2j
= (- 1)n< log(2) + —— TES] log(2) + 2n+1 - Z T 2,14_2 Z 2]< )

i=1

and the solution is finalized.

Even after reducing all to the calculation of the integral above, the challenging
work 1is still there since the resulting integral requires a careful approach with
recurrence relations (as you may see in the third chapter). The case n = 2 also
appears as a problem in [29, 3.107, p. 158].

6.7 Two Classical Series with Fibonacci Numbers, One
Related to the Arctan Function

Solution A close look at the Fibonacci sequence reveals that it has a fascinating
property: every Fibonacci number, except the first two, is the sum of the two
immediately preceding Fibonacci numbers. - Thomas Koshy in Fibonacci and Lucas
Numbers with Applications.

In this section (and the next one) we are found on the realm of the intriguing
Fibonacci numbers. More specifically, we’ll approach two classical series with
Fibonacci numbers, preparing the ground for the challenge in the next section.
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Let’s use the recurrence relation F,, = F,,—1 + F,,_» with F; = 1 and F, = 1,
(=1 1 1
= <
nFut1 FoFup nn+1)

and note that shows the series is absolutely

convergent.
Then, if we make use of Cassini’s identity,3 Fo_1Fpp1 — Fn2 = (—=1)", our series
becomes

_ N
(=D" I _iFnFn+2_F,12+1 s (Fn+2 _ Fn+1>

lim
FuFnt1 N_>00n: Fat1 Fy

F F
— lim ( N+2——2>=¢>—1,

N—oo \ Fy41 Fy

that is precisely the desired limit.

F
The limit, / = lim N+2, which I used above, exists because the series
N—oo Fnyq
converges as seen at the beginning of the solution.
Thus,
F F F 1 1
lim N2 g INELEEN s S R —
N—ooo Fyy1 N-ooo Fni1 N—oo Fn+1 lim Fnt1
Fy N—ooo Fy

1
whence the limit is the positive root ofI2—1—1=0,thatis[ = 5 (1 + \/5) =,

and the solution to the series S is finalized. The series together with a solution may
also be found in [5]. As a fact, one might also like to notice that when replacing
the Fibonacci numbers with the Lucas numbers (see [55]) under the limit above, the
value of the limit remains the same as stated in [27, p. 36].

To calculate S,, we first consider the partial sum, that is

n=N 1 N 2
Z arctan (F ) = H_Z_N arctan <F22:1) . (6.5)

2n—1 2n—1

Using Cassini’s identity, F,,—1 Fp+1 — Fn2 = (—1)", where we multiply both sides
by (—1) and then replace n by 2n — 1, we have

3 To prove the identity by induction we first see it holds for n = 2. Supposing that F,,_{ F,,| —
Fn2 = (=1)" is true, then we want to prove that also F, Fj, 1o — F,,z+l = (=1)"" ! is true. So, using
that F, = Fy—1 + Fy—2, we have F,, F42 — F,,2+| = Fu(Fot1 + Fn) — Fp i (Fy + Fu1) =
FyFoit 4 Ff = Fap1 Fy = Fog1 Famt = Fp = Fag1 Fao = (="

n
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F} =1+ FyFay . (6.6)

On the other hand, from the recurrence relation of the Fibonacci numbers, F,, =
F,_1 + F,—, where we replace n by 2n, we get

Fyn1 = Fop — Fop2. (67)

Thus, continuing the work in (6.5) where we use the relations in (6.6) and (6.7), we
have

N N
Z Fouy Fop — Fyp
arctan 2 = Z arctan { —
F? 1+ FonFon-2

n=—N 2n—1 n=—N

—b
{use the trigonometric identity, arctan(a) — arctan(b) = arctan (1a+ b> }
a

N

= Z (arctan (Fp,) — arctan (Fo,—2))
n=—N

{all but the first and last terms cancel }

= arctan (Fpy) — arctan (F_yn_2) . (6.8)
Note that limy_. o Fon = 00, and then based upon Binet’s formula, F,, =
%, where ¢ = 1+2‘/§ is the golden ratio, which allows us the extension

to the negative integers, we get

) ¢—2N—2 _ (_(,0)2N+2
lim F_oy_o = = —00.
N—o0

NG

Hence, letting N — o0 in (6.8), we conclude that

Sy = Nlim (arctan (F,y) — arctan (F_pny_2)) = (arctan (co) — arctan (—o0)) = 7,
—00

and the solution to the series S, is finalized. A very similar series together with a
solution that uses the same telescoping idea may be found in [24].
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6.8 Two New Infinite Series with Fibonacci Numbers,
Related to the Arctan Function

Solution The series with Fibonacci numbers from the first point I submitted to
The American Mathematical Monthly, the problem 11910 (see [48]). In the solution
we’ll see the series actually reduces to a sum of two series, a classical one and a new
one (which, in fact, was the series I planned to submit initially), where the difficult
part is represented by the evaluation of the latter series.

Splitting the initial series into two series, we arrive at

> 1 1 1 1
Z (arctan < ) + arctan ( ) + arctan ( ) — arctan ( ))
— Fan_3 Fano Fan1 Fap

n=1
ad 1 T 1

= arctan + (—1)"71 arctan ( ) = — -+ arctan <—> ,
Z ( ) ; Fu) = 2 ¢

S1 \Y)

Fu

where I used the facts that S| = hm Z arctan ( ) = hm Z(arctan (Fyn)—

Fon—1

71’
arctan (Fy,_3)) = Nlim arctan(Foy) = > based on the point i7) of the previous
—> 00

. 1 . .
section, and S» = arctan (—), a result from the point i7) of the current section.

For an alternative solution to the proposed series problem, see [44].
To calculate the series from the point ii), we start by placing (—1)"~! inside the
argument of arctan, and we get

_1\yn—1
Z( n*- larctan( ) Zarctan( 2 ) (6.9)

n

From Cassini’s identity, Fy,_1 Fj,+1 — Fn2 = (—1)", which we multiply by (—1), we
get (— 1)”’l = F,l2 — Fy—1 Fy41, that if we combine with F», = Fanrl > which
is known as d’Ocagne’s identity,* and then plug these results in (6.9), we obtain

4A brief way of proving the d’Ocagne’s identity relies on the use of the Binet for-

no__ (_ p\—N
mula of the Fibonacci numbers, and using F, = M we have that

NG

N L e G N ? _ oLy 1 -2 2 n—1 2
o= (5] = g e o Sy B
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00 00 2
1 F:—F,_1F
2:(—1)”_l arctan ( ) = Z arctan (%) . (6.10)
n=1 Fan n=1 Fn-H - Fn—l
Then, in the recurrence relation of the Fibonacci numbers, F,, = F,_| + F,,_»,

we replace n by n + 1, and we get F,,+1 = F, + F,_1, whence we obtain that
F, = F,+1 — F,—1. Using this last relation in (6.10), we have

o0 o0 2
1 Fs—F,_F
Z(—l)”_1 arctan ( ) = Zarctan( n n_17ntl )
Fy, (Fpt1 — Fu—D)(Fut1 + Fu—1)

n=1 n=1
S 2 0 2
F:—F,_1F Fr—F,_1F
= > arctan (P Y aran (1)
- Fn(Fn+1+Fn71) el FnFn+1+FnFn71

and dividing both numerator and denominator by F; F;,;1, we obtain that

F, F,_1 N F, Fu
00 — —
Z arctan M = lim arctan M
FoFp—1 N—o0 FoFp—1
n=1 —_— n=1 1+ —
Fot1Fy Fot1Fy

N
F, F,._ F
= lim E <arctan( u )—arctan( u 1)) lim arctan( N )
N—>o00 - J F, N—o00 Fyniq

n=
()
=arctan | — |,

@

where in the calculations I used the trigonometric identity, arctan(a) — arctan(b) =

—-b F
arctan a , and the limit lim N
14+ab

N—oo Fy

= @, which is calculated at the point

i) from the previous section.

As you may see, the telescoping sums are at the origin of these beautiful series,
and to get there one needs to know and wisely use and combine some relations with
the Fibonacci numbers (which is in general the way to go for such problems).

n—1 _ (_ p\—n+1y\2 1 1 )
(%) = g¢2n—2 + g(,¢)—2n+2 - g(fl)”_l, and if considered together, we
1 1 1 3 1 ¢2n _ (_¢)72n
2 2 on 42 2 2
havan+l_Fn—1:§¢l< _E)_g(_(i)) n( _$>:T:F2mand
1+5 .

the identity is proved. Note that ¢ = is the golden ratio.

2
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6.9 Useful Series Representations of log(1 + x) log(1 — x)
and arctan(x) log(1 + x2) from the Notorious Table of
Integrals, Series, and Products by 1.S. Gradshteyn and
I.M. Ryzhik

Solution The series representation of log(l + x) log(1 — x) from the first part of
the problem can be pretty useful in the calculations of some integrals that have in
the integrand log(1 + x) log(1 — x), and you may find one such example in the first
chapter, in Sect. 1.10.

Actually, only the first equality appears in [23], more exactly in 1.516.3, and the
second equality may be found in [9, Exercise 5.2.8, p. 76], which can be derived
immediately by using Botez—Catalan identity,

LR ! L I L P T VA
_ —_— — e —— — L) _——= - N I’l_ .
273 4 m n+1 n+2 on T n

For a first solution to the point i) of the problem, we use the Taylor series which
we combine with the use of the Cauchy product of two series (see [25, Chapter III,
pp. 197-199]), and then we write

—log(1 + x)log(1 — x) = (Z )(Z( 1yt )
n=1
— - n+1
2

n
Z( 1)}‘[ —k 1
P k(n—k+1)
{since log(1 4 x)log(1 — x) is even, the odd powers of x in the series must cancel }
o0 n—

— 2n k— 1—
= Zx (Z 1) k))
i X 1 i )k 1 N ( 1)211 k— 1

n \2 4 2n —

n=1

n=1 n k=1

:i—o: H2n_ n %i_o:x_z

where for getting the last equality I used Botez—Catalan identity, and the first
solution to the point i) of the problem is complete.
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For a second solution to the point i) of the problem, let’s prove first that

log(1+x)  log(l —x) o 2%
_ =2 2 2k —1 11
- 1 g X §0( k )’ (6 )
k=1
k -1
(=n"
h k :E -~
where ¢ (k) 2 "

Multiplying both sides of (6.11) by 1 — x2, we get for the right-hand side that

e¢]

00 o
23 %N =Dk - 1) =2 xF ek — 1) -2 x* @k — 1)
k=1 k=1 k=1
00 & 1 1
-2 2k—1 2k—1)=2 2k+1 2k 1) — — 7
k=1 k=1
o 2k o 2t 2,y 2 x2kH
=2 TeRk—1) -2 2k+1)+2 -
D Tle@k =1 =2) ekt D +2) 5 k
k=1 k=1 k=1 =
o 2k—1 Ok
employ the series, arctanh(x) = ]; 1 and log(l —x) = — ]; ?

N
= lim Z(2x2k_1(p(2k—1)—2x2k+1<p(2k+1))—2x+2 arctanh(x)+x log(1—x2)
— 00
k=1

= Jim (2xp(1) - 202N+ (2N + 1)) — 2x + 2 arctanh(x) + x log(1 — x2)
— 00

= (14 x)log(l +x) — (1 — x)log(l — x),

where 1 used that limy_, o x2N+1go(2N + 1) = 0 because |x|] < 1 and
limy 00 (2N + 1) < c0. Therefore, the result in (6.11) is true.
k
-1 n—1
Upon integrating back in (6.11), and considering that ¢ (k) = Z L, we

n
n=1

get the first equality,

o0 |2k 2kl (—1)n-!
—log(1 + x)log(l — x) = ZT > —

k=1 n=1
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The second equality follows immediately by employing Botez—Catalan identity
mentioned at the beginning of the solution,

o 2k

= Hy—Hy 1
bt

and the second solution to the point i) of the problem is complete.

To get a first solution to the point i7) of the problem, we proceed as at the previous
point and use the Cauchy product of two series (see [33, Chapter III, p.197-199]),
and then we have

%arctan(x)log(l+x2)_ (Z( -1t )(Z( 1"~ lx )

- n—1 2n+l . 1 n—1 2n+l Hyp
T E— 1
Z( D 2n+12<2k 2n—2k+1> Z( ) n+1

n=1

and the first solution to the point ii) of the problem is complete.
To get a second solution to the point ii) of the problem, we start with showing
that

xarctan(x)  log(l + x?)
1+ x2 1+ x2

0
= 22(—1)k_1x2kH2k, Ix| < 1. (6.12)
k=1

Multiplying both sides of (6.12) by 1 4+ x2, we get for the right-hand side that

o0 o o0
2 Z(—l)k‘lxzk(l +x)Hy =2 Z(—l)k—1x2’<ﬂ2k -2 Z(—l)kx2k+2H2k

k=1 k=1 k=1

o o0
1 1
-9 Dk l2kg, o k22 (g _ _
DD Hy =23 (= 1kx S T il vane
k=1 k=1
2k+2

Z( )1 Hoy Z( VX2 Hypn + Z( YT

k=1 k=1

1 2k+2 N
+Z< DE ey = im 3 (DM 2 H - (1426 )

k=1

+zZ( D*

2k+2 o0 2k+2

+Z(— e
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x2k—l

o0
{employ the series, arctan(x) = Z(—l)k_l—Zk . and
k=1

[e’e) B xk
log(1+x) =Y (=DF ‘7}

k=1

= lim (3x2 — (—1)N2x2N+2H2N+2) —3x2 4+ 2x arctan(x) + log(1 + x2)

N—o0
= 2x arctan(x) + log(1 + xz),

and therefore the result in (6.12) is true.
Upon integrating both sides of (6.12), we arrive immediately at

> H 1
3 (e ﬁ = 5 arctan(x) log(1 + 2y,
k=1

and the second solution to the point i7) of the problem is complete.

The result from the point ii) appeared as a proposed problem (which I co-
authored) in La Gaceta de la RSME, Vol. 19, No. 1 (2016), the problem 290 (see
[29, p. 99]). It is also given in [23], in 1.517.3. Another solution to the result from
the point i7) of the problem may be found in [28, pp. 101-103].

The simple strategy involving the telescoping sums showed above is very useful,
and you might notice that also in the next section.

6.10 A Group of Five Useful Generating Functions Related
to the Generalized Harmonic Numbers

Solution From the title of the section one might easily guess I intend to derive five
generating functions related to the generalized harmonic numbers which we may
find very useful when working with the harmonic series. For the solutions to the
problems in this book we will find the first three generating functions particularly
useful. The attack strategy for deriving all five generating functions is based upon
the simple idea of wisely using telescoping sums as in the previous section, which
I used first in the solution of a beautiful problem I submitted in August, 2016,
to the MathProblems journal, Vol. 5, No. 4, the problem 140 (see [36]), Find
0 3

Z ——=2_that won’t be difficult to calculate with the right generating function
= (n+1)2"

in hand.
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For proving the result in (4.5), we multiply both sides by 1 — x that yields
o0
> x"(1 = x)H, = —log(1 — x). (6.13)
n=1

Now, the left-hand side of (6.13) can be written as follows

o0 o o0
Z(ann _ xl’l+1Hn) — Z-ann _ an+1Hn
n=1 n=1 n=1

+1

:ni.:; i.:: ( n+l__> Zx H, Zx"“H

n=1

= lim (Zx H, ZX”HH,H_l) —x —log(1 —x)

N—o0
n=1

=x — lim xN+1HN+1 —x —log(1 — x) = —log(1 — x),
N—o00

0

which ends the solution to the first result.
Further, to prove the result in (4.6), we multiply both sides by 1 — x that gives

o
D ¥ = x)H™ = Liy, (x). (6.14)
Then, for the left-hand side of (6.14), we write that

) ) )
Z(an’gm) _ xn+1Hn(m)) — anHrgm) _ an-HHém)
n= n= n=

1
_ (m) n+1 (m)
zx R S (i E——

n=1

n+1

00 'S} 00
— an(m) _ xn+1H(m) 4

n=1

= lim (Zx H™ — Zx”“ ,§$})+Lim(x)—x

N—o0
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=x— lim XN+1H1(V'1)1 +Liy (x) —x = Lip(x),

N—o0
| ——

0

which ends the solution to the second result.
Further, to prove the result in (4.7), we proceed in the same style as before and
multiply both sides by 1 — x that yields

o0
> x"(1—x)H,; =log*(1 — x) + Lis (x). (6.15)
n=1

Now, the left-hand side of (6.15) can be rearranged as follows

o o
Zx"(l —X)H? = Z(x”an —x"t H?)
n=1

n=1

00 1 2
2 1
- (H —t (= ) )

o0
Hyi1 X1
= X"HE — xR ot 2
Z( n w1 T n+1 (n+1)2

Z 12 +1 g2 +1_Hn amH!
— n _ n n
(x n Y w1 2% n+1 @+ 1)2)

=

— i n _ it n+
— lim (x H? —x Hn+1)+2§ x n+1+§l(n+1)2

n=1 n=1 n=

o x
=x— lim NHE +2Z/ " Hydt + Liz(x) — x
— 00 0
[ —; n=1

0

{reverse the order of integration and summation }

X o0
:2/ Zt”Hndt—i—Liz(x)
0

n=1

{use the generating function in (4.5)}
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*log(l —1) . 2 .
=-2 ﬁdI—G—le(x) =log“(1 — x) + Liz (x),
0 _

which ends the solution to the third result.
As you may have guessed, we follow the routine! To prove the result in (4.8), we
proceed as in the previous case, and then multiply both sides by 1 — x that gives

Zx”(l — X)H, H® = (1 — x)G(x). (6.16)

n=1

Considering the left-hand side of (6.16), we have that

o0 o0 oo
Z(xn _ xﬂ+1)HnHr52) — Z-annHySZ) _ Z-anrlHnHyEZ)
n=1 n=1 n=1

_ n ) _ n+l _ @ _
= HE_I x"H,H, nz_] X (Hn+1 —n T 1) (HnJrl —(n T 1)2>

00 00
+1
= ZX"H,,H,?) a an+1H”+1H(—i-)l + Z n+1( _T_ 1)2

n=1

HO o

n+l n—H_
+Zx nt 1 r;(n+1)3

N—o0

N 00

. H,+1/(n+1

= lim (E x"H, H(z) E X"t H, Hﬁ:l) + E ot - e " _}{(1)2 )
n=1 n=1

+§:x"+1 HY +1/n+1)? & an!
n—+1 - (n+1)3

N+1 2) +1_ Ha - +1 HrEZ) o X"
=x— lim Hyi 1 H E e E " E
X Nl_) X N1 Hy o+ (n+1)2+ 1x — 1+’F EESIE

n=1

o0 (2)

> H, H,
= 2 :an(n—i——nl)z + § ntl o + Liz(x). 6.17)
n=1 n=1

Now, to calculate the first series in (6.17), we recall the result in (4.5) where if
we replace x by ¢ and integrate both sides from t = 0 to t = x, we get
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x & © X S X
H, log(1 — 1t
/ E "H,dt = E / t"H,dt = E P _/ Mdr
0 n=1 n=1 0 n=1 n+1 0 1—1

. (1—x)
=—-lo -
7 % v

and if we consider

1

o0
H,
pt M Loq g,
nz—:l n+1 20g( )

and then divide both sides by ¢ and integrate from t = 0 to ¢+ = x, we have

x 0 00 x 0
H H, H,
/Et" ndt:E/t" ndt:Ex"H L
(i n+1 =1 /o n+1 o n+1)
1 [*log?(1—1t
=_/ log”d -1 .,
2 0 t

{employ the result in (1.8)}

= %log(x)logz(l —x) + log(1 — x)Lix(1 —x) — Lizs(1 — x) + ¢(3).

(6.18)

Then, for the second series in (6.17), we recall the result in (4.6), the case m = 2,
where if we replace x by ¢ and integrate both sides from r = 0 to r = x, we get

x o x o 2 XT3
H, Lip (¢
/ Zthn(z)dtzzf M HOdr = Y 1 :/ 20,
0 n=1 n=1 0 n=1 n+1 0 1—1

{integrate the last integral by parts}

X 201 _
=—10g(1—x)Li2(x)—/ Wdt
0

{employ the result in (1.8)}

= 2Li3(1 — x) — log(1 — x) Liz(x) — log(x) log?(1 — x)
—2log(1 — x) Lio(1 — x) — 2¢(3).

If we collect the results from (6.18) and (6.10) in (6.17), we get

(6.19)
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D x"(1 = x)Hy H® = Liz(x) + Liz(1 — x) — log(1 — x) Lip(x)

n=1
—log(l — x) Lia(1 — x) — % log(x) log?(1 — x) — ¢(3),

and upon using the Dilogarithm function reflection formula (see [30, Chapter 1,
p. 51, [593, (5)], and [42, Chapter 2, p. 107]), Lio(x) + Lix(1 — x) = ¢(2) —
log(x) log(1 — x), we obtain that

o0
1
Zx"(l —x)H,H® = 3 log(x) log?(1 — x) + Liz(x) + Liz(1 — x)

n=1
—¢(2)log(l — x) — ¢£(3),

which ends the solution to the fourth result.
The routine, one more time! Lastly, for proving the result in (4.9), we multiply
both sides by 1 — x that yields

> X" —x)H] = (1 - x)K(x). (6.20)
n=1

For the left-hand side of (6.20) we proceed as follows

o o
Zx"(l —X)H> = Z(x”Hj — X"t H3)

,; <x nr (AR

o H2 H xn+1
— ng3 _ g3 3! “ntl 3! n+1
X_:((x " ) e T G Tt

it (Hy + 1/(n + 1))? 3 wit Ho +1/(n+ 1)
n+1 (n+1)2

xn+]
T 1)3)

H o0 i+l
I’lH3 n+1H3 3 Vl+1 n+1 n
e )t ZX PR Z TESTAP DirEny:

Mg

((x H3 "+1H,z3+1)+3x

I
-

n

M

1

3
I
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N e’} H2
— [\}I_I)Ilooz(an’? —_ xn+1Hn3+1) + 3 an+1 ﬁ
1 n=1
H,
43y 1 +L
; T2 - X 13(x)
=x— lim xNT1H} +3Zx"+1 + Z net_Hn x + Liz(x)
- N—>oo N+l ( +1)2 3
n=1
0
o] 2 o]
H H
=3) e 3Nt T (). 6.21
; n+1 ; 1 T (621)

Further, for calculating the first series in (6.21), we write that

o HZ o X x o
n+1 n_ _ nry2 _ nrr2
E X P _,,E_1/0 t Hndt_/0 ;—lt Hydt

n=1

{make use of the result in (4.7)}
¥ (log?(1 —1t)  Lix(t 1 ¥ Lig(t
=/ 0g™( )+ ir(t) dt:——10g3(1—X)+f 12()dt
0 1—1 1—1t 3 o 1—t

= —log*(l ) - f (log(1 — 1)) Lin(r)ds
0

{apply the integration by parts}

¥ Jog2(1 — ¢
og”( )dl

_ ! log®(1 — x) —log(1 — x) Lis(x) — f
3 0 t

{employ the result in (1.8)}
1
=-3 log3(1 —x) —log(l —x) Lip(x) —log(x) log2(1 —x)—2log(l —x)Lip(1 —x)

+ 2Li3(1 — x) — 2¢(3). (6.22)

Since the second series in (6.21) is calculated in (6.18), if we collect the results
from (6.22) and (6.18) in (6.21), we get that

(e.¢]
> X"l —x)H,
n=1
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= Li3(x)+3Li3(1—x) —3log(1 —x) Liz(x) — 3log(1 —x) Liy (1 —x) —log> (1 — x)
—% log(x)log?(1 — x) —3¢(3)

= glogu)logz(l—x)—s;(z) log(1—x)—log® (1—x)+Li3 (x)+3 Li3(1—x)—3Z (3),

where for the last equality I used the Dilogarithm function reflection formula (see
[30, Chapter 1, p. 5], [53, (5)], and [42, Chapter 2, p. 107]), Lia(x) + Liz (1 — x) =
£(2) —log(x)log(l — x), which ends the solution to the fifth result.

The curious reader might also try to use the elementary symmetric polynomials

(see [60]), ox(x1,x2,...,%xp) = Z Xi Xy . .. X, expressed in terms
1<iy<ip<..<ix<n
of power sums, pi(x1,x2,...,%X,) = x{‘ + xlz‘ + ...+ x,’j, for proving such

results, and then we recall the Newton—Girard formulae (see [56], [31, p. 23]),

like oy = p1. oy = (p} — p2)/2. 03 = (p} — 3pip2 + 2p3)/6. 04 =

(p‘f - 6pfp2 + 8p1p3 + 3p§ — 6p4)/24, and so on, that we may obtain by
n

the recursive relation, no,, = Z(—l)k_1 PkOn—k, or the generating function,

k=1

8] o0
Z t*op = exp (Z(— k1% %), which can be derived by using the generating
k=0 k=1

o0 o
function, Z tkok = H(l + x;t).
k=0 i=1

o0 —
1 1 —DFTogt~1(1 -
We assume E o1, =, ..., =) = b)) ogZ (=% and want to
2 n k—1! 1—x

n=1
prove by induction that

o k 1nok
1 1 —D*1 1-—
S w0 (L5~ _ D g d=n (6.23)
2 n k! 1—x
n=1
n — n —
Note here the well-known result, Zx o] (1, PRRREE ;) = Zx H, =
n=1 n=1
log(1 — x)
l—x

Proof If we multiply both sides of (6.23) by 1 — x, we have

3 (1 — x) (1l l)—(_l)kl k1 —x) 6.24)
’;x — X)Oog 3o ) =T og —X). (6.
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Then, for the left-hand side of (6.24), we get

n=1
0
> n > n
X 1 1 X 1 1
—Of— 1,—, = — Ok— 19_7 s
+ G“( 2 n—l) Zn““( 2 n—l)
n=1 n=1
0 X
1 1
=Zf Yo (1,5, : 1)dy
n=170 n-
x 00
1 1
= [ o (g
0 2 n—1
n=1

log(1 — x),

_ D ol —y) (DS
_(k—1)!/0 -y 27

which shows the result in (6.24) is true.

More specifically, if we combine now the result in (6.23) with the Newton—

o0 o
log(1 —
Girard formulae, we obtain that ZX"H = —M, Zx" (an — H,f2)) =
n=l1 - n=1
logZ(1 — x) — log*(1—x) &
RS S0 3m 2Py = B S
n=1 n=1
log*(1 —
6H>H® + 8$H,H® + 3(H?)? — 6H®) = M, and 50 on.

For example, at this point, by combining the second generating function previ-
ously given and the generating function G» in (4.6), we see we are done with the
third point of the problem.

The five main generating functions presented in this section are not new in the
mathematical literature. For example, the results in (4.7) and (4.9) may be found in
[37] together with a solution, and the result in (4.8) is also stated in [S1].
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6.11 Four Members from a Neat Group of Generating
Functions Expressed in Terms of Polylogarithm
Function

Solution Toward the end of the first chapter, in Sects. 1.54 and 1.55, we met
challenging integrals where some of the results in this section were very useful,
and therefore we want to know how to obtain these generating functions.

Now, for getting a solution we will want to fruitfully combine the logarithmic
integrals in Sect. 1.3 with the generalized integral in Sect. 1.6.
To prove the first result, we recall the relation in (1.4), and we have

X n

—1 00 1
X _
G1=§ p Hn=—§ /O(XI)” Mog(1 — 1)dt
n=1

n=1

{reverse the order of integration and summation}

1 1
log(1 — ¢
— —/ Y )" log(1 — 1)dr = —/ logd = 1) 4,
0 0 1 —xt

1—;2_/1 log(z) dz
0

1—x+xz

{make use of the result in (1.12), the case n = 1}

Lip (-2
1
_ b1

s
X

and the first result is proved.
Next, to prove the second result, we recall the relation in (1.5), and we write

x  n—1

o0 1
x —
Gr=Y) —(H+HP)=)_ /0 (xt)" " log?(1 — 1)dt
n=1

n
n=1

{reverse the order of integration and summation}

' ! log? 1 2
1 1—1¢ = 1
=/ E (xt)"_llogz(l—t)dtzf Mdtlézf 0g”(2) dz
O n=i o l-x 0o 1—x+uxz

{make use of the result in (1.12), the case n = 2}
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Lis [ —
1
L, \x—1)

X

s

and the second result is proved.
Further, to prove the third result, we recall the relation in (1.6), and we get

x  n—1

Gs=Y *~

n=1

|

(H> +3H,H? +2HY) = — Z/ (xt)" 'log(1 — )dr
n=1 0

{reverse the order of integration and summation }

1 1 o3 1 5
= log”(1 —1t = 1
—/ E (xt)”_110g3(1—t)dt_—/ Md,uz_/ 0g”(z) dz
0 =1 o 1—uxt o I—x+axz

{make use of the result in (1.12), the case n = 3}

Lig [ —
6 4 x—1

X

)

and the third result is proved.
Lastly, to prove the fourth result, we recall and employ the relation in (1.7), and
we write

x  n—1

Gi=Y 7%

n=1

(H} +6H?H® + 8H,H> +3 (H,ﬁz)) 24+ 6HW)

S 1
= Z/ (xt)" ' log*(1 — 1)dt
n=1 0

{reverse the order of integration and summation }

1. 1.4 1 4
1 1—1¢ e 1
=/ > (xt)"_llog4(1—t)dt=/ Md,léz/ 0g'@
0 n=1 0 1 —xt 0 I—X-}-xz

{make use of the result in (1.12), the case n = 4}

Li( al )
5
gy 1)

X

’

and the fourth result is proved.
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These results are good to keep close in our toolbox since in one of the next
sections we’ll want to use them again. Also, for an alternative approach to the first
three points of the problem, see [37].

6.12 Two Elementary Harmonic Sums Arising in the
Calculation of Harmonic Series

Solution We are supposed to calculate now two elementary sums with harmonic
(0.¢]

numbers that perhaps are at least as old as the linear Euler sum, Z —,f, n>2

k=1
(see (3.45)), which was derived in the 18th century by Leonhard Euler (1707-1783).
We’ll find both sums particularly useful during the calculations of the harmonic
series, either in the sum form or in the infinite series form.
k
, »_\ L
For the first sum, we consider that H,"" = Z —, and then we have
T,

k=1 k=1 I=1 k=1 \I=1 I=k I=k k=1 1=1
n n 1 n 1 n k 1
(P)\2 (2p)
S Y = - 35
pIp p pip
k=1 I=k kel k=1 k k=1 I=1 kPl

from which we obtain the desired result

n (p)

1 2
S1=) = 5 H + B,
k=1

and the point i) of the problem is complete. In the calculations I used the simple fact
that, by changing the summation order and then swapping the variables, we obtain

that Z Z T Z Z T Z Z W The result can also be easily

k=1 I=k
established by using Abel S summation (see 2 1).
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For the second sum, we consider the following identity

() et () ) e

which is a special case of the complete homogeneous symmetric polynomial
2

k
identities, and we see that immediately if we consider writing (Z xl) =
=1

k I n

233 s Zx, wd 33 2 - Z(Z Z+Z)xkx, _
=1 m=1 k=1 I1=1 k=1 \Il=1 I=k

n n

n n l
ZZxkxl—i—Zxk ZZ)C,%)Q = <Zxk) (Zx,%)—l—Zx,?—le Zx,%,
k=11=1 k=1 k=1 k=1 =1 k=1

k 1 1=k
1 3
and then use that Z Z Z Xp X[ Xy = l((Xn:xk) + 3<Xn:xk> <Xn:x£> +
k=1 I=1 m=1 6 k=1 k=1 k=1

n
2 Z x,? ), where I expressed the complete homogeneous symmetric polynomial in
k=1
terms of power sums, using that 13 = ( pf + 3p1p2 + 2p3)/6 (also you might like
to see the details of a similar approach to the last point of Sect. 3.3).
If we set x; = 1/k? in (6.25), we obtain the desired result

n (P2 n (p)
H™ L HOP Hy
=) o = (") - )+Zk2p,

k=1

and the point ii) of the problem is complete.
For an alternative solution we may consider Abel’s summation (see 2.1).

6.13 A Strong Generalized Sum, Making a Very Good
Cocktail Together with the Identities Generated by The
Master Theorem of Series

Solution The following generalized sum together with the identities generated
by The Master Theorem of Series (whose dedicated section we’ll meet soon)
represents an excellent cocktail that will help us to calculate a wide range of
harmonic series, some of them being (rather) tough. Moreover, particular cases of
the present generalization may be the keys for getting excellent solutions for pretty
resistant harmonic series where one only needs series manipulations, as we’ll see in
Sect. 6.25.
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(m) ('n) n—1 H(m;c
— n—
We denote Sy, = ; pa— and use that Z 2 ; . where the last

sum is obtained by reversing the order of summmg the terms of the initial sum.
Then, if we consider the difference S, ,, — Sy—1,,, We obtain

—1 7y(m) =2 yy(m) —1 7y(m) (m)
S _ m = S HnTk _" Hn—k—l — S Hn Hn k—1
n,m n—1,m § _k E —k —k
k=1 k=1 k=1
n—1 n—1
1 1
N 6.26
P k(n — k)m ’; km(n — k) ( )

where the last sum was obtained by reversing the order of summing the terms in the

penultimate sum.
n—1

1
Further, if denoting s, , = Z ——, then we have
P km(n — k)

! m—k+k 121

Snm = Zk’"(n—k) _Zk’”(n—k)_ﬁgkm _ka l(n—k)

Sn,m—1

(m)
H 1 1 1 1
==L ! + —Spm—-1= — <H,§m) - _m> + —Snm—1
n n n n n

= n - nm+1 + Sn,m—1»
(m)
. 1 Hy, 1 .

whence we obtain that s, ,, — — Sy m—1 = — ——, or if we replace m by

' n n pm+l

1 Al 4
iy Spi— —Spi_] = — ——, multiply both sides of the last relation by n’,
. n n pitl
n'spi— n’_lsn,,-q = n’_lH,f’) — —, and then give values to i from i = 1 to m and
n

sum all the resulting relations, we get

m
. : . 1
-1
E (nsl’ll_ - Sl’ll—l)_n Snm — sn,OZE <nl H,i”-;)

i=1 i=1

m

ZZ i— lH(l) Z Z zle(l)

i=1 i=1
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that leads to

m m

. . m i . m

n"Spm = Sn,0+ E n' T H® =Mt E ntH®O — -
i=1 i=1

n i1 1yG) m—+1
= Hy+ Ym0 -
i=1

or, if dividing the opposite sides by n™, we get

CHy S HY m+d
Smm = o ¥ ) =i+l

i=1

{make the change of variable m —i 4+ 1 = j in the sum}

= py; BPTTR (6.27)
j=l1
If we plug the result from (6.27) in (6.26), we obtain
H m+1 m (m Jj+D
Sum — Sp—tm = n” - Z . (6.28)

m (m—j+1)
B m1 nH"
im jm+1 iJ

Jj=1

Replacing n by i in (6.28), Sim — Si—1.m = , and
then summing both sides from i = 1 to n, we get
n H(m Jj+D

n n H n m +1
Z(Si,m - i—l,m) = Sn,m - SO,m = Z 171 - Z im+1 Z
i=1 i=1 i=1 1j=1

i=

n n m H(m Jj+1D

Sy e e,
i=1

i=1 j=1
and since Sp , = 0, we arrive at

m (m Jj+D

Spm = Z Z Z — (m+ 1HMD, (6.29)

i=1 j=I
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Since the double sum in (6.29) can be split into a sum of sums of the type

H(p) H(q)
Z + Z = H,E” )Hn(q) + H,Ep +q), which is straightforward to prove
k=1 k4 k=1 kP
by Abel’s summation (see (2.1)), then, according to m odd and even, we obtain that

"oy 2+ 1
i @r—i) g (i) ("2 @) .
1 Hk(m) Z 21 2}1 H) + = (H )" — 3 —H" m=2r—1>1;

on—k | &H Q@r—i+1) 17() @r+1)
= ZZEJF H HD — ¢+ DHP D m=2r > 2.
1

i=1 i=

It’s easy to see that for m = 1 we have

n—1

> :Zl—-l+§Hn—-Hé)=Hn—H,§’,

k:n—k 2

n
H, 1
where I made use of the second equality in (1.5), Z Tk = E(H,? + H,fz)).

k=1
Hence, we conclude that
H>—H® m=1;
. : 1 2r +1
Z 1" Z e Z HPOHD + S(H) = === H m=2r — 123
n— k
k=1

H;
Z s ZH(Z’ HOEO _ 4 DHHZY m=2r > 2,
i=1 i=1

and the solution is complete.

To add a final note to the current section, we observe the key strategy was pretty
simple and natural, and it was about exploiting the difference of a sum when one of
its variables takes different values. In the next section we’ll use the same strategy!

The sums of this type have been studied in the mathematical literature. For
example, one may find the case m = 1, in a slightly modified form, in [41, Example
2, p- 846] and [32]. An extension of my generalization, which essentially uses the
same idea of getting recurrence relations presented in my original derivation above,
may be found in [2, p. 23] (the strategy involving recurrence relations is old in the
mathematical literature, and in [41] you may find similar sums evaluated with such
a strategy).
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6.14 Four Elementary Sums with Harmonic Numbers, Very
Useful in the Calculation of the Harmonic Series of
Weight 7

Solution Like the previous generalized sum, we’ll find the four harmonic sums
in this section particularly useful in the calculation of some (advanced) harmonic
series. For example, any of the second and third sums is critical in the derivation of
the series from Sect. 4.42, depending on the extraction strategy we choose.

Also, as suggested at the end of the previous section, here we’ll adopt the

same strategy of exploiting the difference of a sum when one of its variables takes
different values.
n—1 sz n—1 Hz L
Since S1(n) = = "~ we consider the difference
=2 2

=1 —k k=1

n—1 yy2 n—2 1z2 n—1 yy2 2
H? H, H> , —H>
Si) = Sin—1 =y ’];k_z "kklz %
k=1 k=1 k=1

n—1 n—1

oy M 1
_zl;k(n_k) Zk(n_k)Z' (6.30)

k=1
For the first sum in (6.30), we change the order of summing its terms, and we have
& Ho e H I H, 13 H H
Y =Y s e e -
k(n — k) k(n — k) k n

— 2
k=1 k=1 " k=1 1 n—k n

{use the second equality in (1.5) and the result in (4.16), the case m = 1}

20 2w (03D
Then, for the last sum in (6.30), we have
n—1 n—1 n—1 n—1 2)
1 1 1 1 1 1 1 H, H, 3
—_— = -—+— — —_—=2— - —.
k(n — k)2 r12X:k_‘_nZX:n—kdl—nXz(n—k)2 n2+ n n3
k=1 k=1 k=1 k=1
(6.32)
If we plug the results from (6.31) and (6.32) in (6.30), we obtain
3 H H? H<2)
Si(n) =Sin—1) =——4 3——2 (6.33)
n n? n
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Replacing n by i in (6.33) and then summing both sides from i = 1 to n, where
S1(0) =0 and S1(1) = 0, we get

H? + H® H(2)

n H n
Si(n) =3H® —4Zi—; +3Z—
i=1 i=1

{for the second sum make use of the second equality in (1.6)}

(2)
H;
=H> +3H,H? +5H — 42 = - 52 — (6.34)
i=1 i=1
It’s easy to see the last sum in (6.34) can be rewritten as
n H(2)
_ (2 (3)
Z — = HyH,? + H| Z R (6.35)
i=1 i=1
if we use the more general result
i q q
_ _ _y L (g oy )
q qip qip 'p< q J
i1 ¢ izt =1 =iz =
bt | 0 @ B
= Hy"™ + B HY —Zl—p (6.36)

i=1
andset p =2and g = 1.
If we plug the result from (6.35) in (6.34), we get

n—1 2 n—1 2
H H H;
. n—k __ kK _ g3 _ 2) !
Sin) = — =) = H —2H, H + =
k=1 k=1 i=1

and the solution to the first sum is complete.

n—1 H2 n— 1H2
To calculate S>(n) = Z " _kk)2 = Z ]:2 k we consider the difference
k=1 k=1
n—1 2 n—2 y42 n—1 2 2
H- H H:  —H-  _
Sz(n)—Sz(n—l)zz ;zk_z nk2k1= nkkznkl
k=1 k=1 k=1

n—1 n—1

P L S S
B 2,; k2(n — k) k; K — k)2 (6.37)
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For the first sum in (6.37), we change the order of summing its terms, and we have

n—1 n—1 n—1

- H; H; 1
Zkz(n—k) X;k(n—k)zz 2; n2; —k

1

1 n—1
+-
n
k=1

H; H,
n—kKk? nd

{for the first sum make use of the result in (1.5), and for the second }

{and third sums make use of the cases m = 1 and m = 2 from (4.16)}

_3HY He VHYCHH HG) lzi (6.38)
T2k o3 2 n? n nt— k>’ '
n—1 n—1 n—1 2)
H, H,_ H,
where in the calculations I used that Z —kk)2 = Z ;2 k_ Z " i 0 and
k=1 k=1

the last equality is obtained by means of Abel S summation.
Then, for the second sum in (6.37), we have

-1

Gt | 22 1
];k2(n—k)2=n_3];<%+ —k> n22( (n—k)2>

k=1

)
H, H 6
_gfn S 6 (6.39)

n3 n? n*

If we plug the results from (6.38) and (6.39) in (6.37), we get

6
S2(n) = Saln—1) = — +3-5 42 —6— —4
n n

H2 H H(z) H H(3) H(2) i

(6 40)
Replacing n by i in (6.40) and then summing both sides from i = 1 to n, where
$72(0) = 0 and S>(1) = 0, we have

3) @
H, H,
S>(n) —6H(4>+3§ +2

i=1

(6.41)
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For the second sum in (6.41), we make use of Abel’s summation (see (2.1)) where
we seta; = H;/i and b; = H[.(z), and using the second equality in (1.5), we are led

to

" H,»Hl(z) ) @) g® _ e
P (H2+H<2>>H D+ Z<H2+H NHP - HE)

4 I
i=1 i=1

1\2 ®) 1
— l(H2 +HY(HP + ———— ) — 12 Hivt = 50" + iy ~ )
27" " " (+1)2 2 & i+ 1)?

{reindex the sum, expand it, and let out the term fori = n + 1}

n H(Z)

1 272 1 2)\2
=5 Hx H? + E(Hé )7 - Z

{for the last sum make use of the result in (4.14), where we set p = 2}

n

| 1 H 1 H?
~HH? H?)? H<4> Y S —-> -k 6.42
2 i ( T " i=1 2 i=1 i2 o

For the fourth sum in (6.41), based on (6.36) with, say, p = 3 and ¢ = 1, we have
n 3) n Hi

H,
—HH® L g® _
> = HHY + Y - 7

i=1 i=1

(6.43)

1
Next, for the last sum in (6.41), we apply Abel’s summation with ¢; = — and
i

i
H,
b; = Z k—zk that gives
k=1

NI He i Hy Z (Hig1 = 1/G + 1) Hiy
i=1 i k=1 k ! =1 (i + 1)2

{reindex the second sum and leave out the (n + 1)th term of both sums}
= H, 6.44
nZ Z ; T (6.44)

Collecting the results from (6.42), (6.43), (4.14), the case p = 2, and (6.44)
in (6.41), we obtain that
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n—1 2 n—1 2

H H
Samy =) =)
k=1 k k=1("'_k)

H;
= H’H® — 4H,H® — (H?®)? +2Z—+2 Z—z
i=1 i=1

and the solution to the second sum is complete.
n—1 H(2) n—1 H(2)
Further, for S3(n) = Z ( k 07 = Z 1=k e calculate the difference
n—

2
k=1 k=1 k
2) n—2 H(Z) n—1 1
S S 1) = n—k n—k—1 __
3(n) — S3(n — 1) ; v ; 2 ZkQ(n_k)z

(6.45)

where the last sum is calculated in (6.39).

Replacing n by i in (6.14) and then summing both sides from i = 1 to n, where
S$3(0) = 0 and S3(1) = 0, we get

(2) n—1 H(Z)

Z(n_—k)z—@ 3 +22——6Zl4

k=1 i=1 i=1

S3(n) =

n
H.
= (H?)? —5H" +4)" =
i=1

where for the last equality I made use of the result in (4.14), the case p = 2, and the
solution to the third sum is complete.

n—1 H3 n—1 H3 L
_ ko _ n— :
Lastly, for S4(n) = ]; P ]; T we calculate the difference

S

3 n—1 _
Sa(n) — Sa(n — 1) =Z k _Z nk“:Z n—k .
k=1 k=1

n—1 n—1 n—1
H, 1
=3 3 _— —_— 6.46
;k(n—k) ];k(n—k)2+’;k(n—k)3 (6.46)
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For the first sum in (6.46), we change the order of summing its terms, and we have

TN B S VL
Pt k(n—k) - k(n —k) ni— ni—
4H) H} _H,HY 1HY 2 H 647
3 n? n 3 n n = k2’ '
 HE+ HYP
where we used that, based on the second equality in (1.6), we have Z T =
k=1
1 2 2
§(H,f+3H,,Hn<2>+2Hn<3>)——"—
n—1 2

n—1 H(z) H(2) n Hy
Z % = H,H? + H® — Z = and we recognized that Z

k=1 n
is S;.
Further, for the second sum in (6.46), changing the order of summing its terms,

we have
-1 n—1 —

IR SR SRS SRS S
4 T~k 2(n—k) 2 K T2 len—x T k2

RV
— k(n—k) o k=1 o

{the first sum is found in (1.5), and note the second sum is (4.16), with m = 1}

n

3H: _H, 1H® 1&H
=——"2 —2— — - —. 6.48
2 n? n3 2 2 + n k2 ( )
k=1
Then, considering the last sum in (6.46), we write that
n—1 n—1 n—1 n—1 n—1
1 1 1 1 1 1
= — -+ = E — + = E + =
T(n — )3 3 3 _ 2 2 o _ 3
Pt k(n k)? no = k n - k n P k) ni— (n k)
(2 3
H, H H 4
ot M 2 (6.49)
n n n n

If we collect the sums from (6.47), (6.48), and (6.49) in (6.46), we get that

H? +3H,H> +2H? 15 H? H,H?

Sa(n) — Sa(n — 1) = 422 _ 28 g
n 2 n? n

(6.50)

8H,§3>+8Hn 5HY 4 3X”:Hk
n nd 2 n* nf — k2’
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Replacing n by i in (6.50) and then summing both sides from i = 1 to n, where
S4(0) = 0 and S4(1) = 0, we get

H? + 3H, H(Z) +2HY 15 H(Z) Z HY

S4(n)_42 —7 182

i
i=1 i=1 i=1

n ' n 2)
+82%+§ZH H(4)+3Z Z : (6.51)
i=l1 k=1

i=1 i=1

Finally, in (6.51) we use the second equality in (1.7), the results in (6.42), (6.43),

n H(3)
to express Z in terms of Z X (4.14), with p = 2, (6.44), and we obtain
i=1 i=1
that
n—1 3 n—1 43
H H>
s =3 A5 P
otk ok
1 3 " H
4 2172 2 4 i
:Hn—3HnH,§)—Z(H,§>) H()+Zl3—52 +3Hy )

i=1 i=1 i=1

and the solution to the fourth sum is complete.
During the calculations we have seen again the usefulness of the harmonic sums
in Sect. 1.3. The sum in S3 is also considered by the generalization in [2, p. 23].
The given solutions also answer the proposed challenging question.

6.15 The Master Theorem of Series, a New Very Useful
Theorem in the Calculation of Many Difficult
(Harmonic) Series

Solution The Master Theorem of Series is a theorem I developed for generating
identities with the generalized harmonic numbers that we may further exploit for
deriving harmonic series or sums of harmonic series of various weights.’

SWhat is the weight of a harmonic series? Considering a harmonic series of the type
0 (a1) gy(az) (ak)
H% E& "'Eh

7 , the weight is represented by w = a; +ax + --- + ax + ¢q. Let’s also
n

n=1

o0 o0
take two examples: Z (—”) =

n=1 n=l1
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The theorem was published in the paper A master theorem of series and an
evaluation of a cubic harmonic series in Journal of Classical Analysis, Vol. 10, No.

00 3
H,

2,2017 (see [45]), where I use it to calculate the cubic harmonic series, Z (—") .
n

=1

A big challenge for this book was on one hand to add together arild calculate
harmonic series of weight 4, 5, 6, 7, in a new fashion, where a critical part is played
by The Master Theorem of Series, and on the other hand, to offer simple, easy to
learn techniques based upon real methods to attack these series. Besides approaches
for the harmonic series that use integrals, we’ll have approaches where one only
needs clever series manipulations (where The Master Theorem of Series plays a key
part)!

For example, if we consult the mathematical literature, we might realize imme-
diately we should jump in various papers pretty specialized for collecting the values
of the harmonic series we are interested in (and this is if we’re lucky enough to have
access to those papers), a point that will be understood well from the next sections
where I also added references with papers that treat such series.

Is it important to know how to calculate the harmonic series? Definitely! There
is a huge spectrum of problems with integrals and series, as in this book, that
eventually get reduced to harmonic series of various weights where we need to know
how to approach them in order to solve the proposed problems.

To close this little intro, I would say that considering the number of the harmonic
series of various weights added in the book, the new style of approaching them by
using The Master Theorem of Series and the simplicity of most of the solutions
(we can finish them by series manipulations only), all together manage to give a
distinguishing, unique note to the present book.

To prove the first version of the theorem, we start with considering the partial

1 o 1 1
sum of the series, and using that — Z ,
(]+k)(]+k+1) (k+Dk+n+1)

we have

N

M (k) 1 L& M (k)
=-2.2

(k+1D(k+n+1) G+ +E+1)

k=1 k=1 j=1

1 NACIAG
B ZZ(]—H( j+k+1>

kl]l

lzN: " (//l(k)_///(k+1)—m(k+l)>
n \Jtk j+k+1

k=1 j=

H, H(2>

w = 14142 =4, since H, may be viewed as H,g ) , and then the series Z , where it’s

n=1

easy to see the weightisw =14+242=5.
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B j+k  jHk+1 k41

n N

_122(///(k)_///(k+1)+m(k+1)>
nis o j+k jH+k+1  j+k+1
n N N
1 Z(///(k) {//(k+1)>+zw , (6.52)
n\G\jtk k1) Skt

For the first inner sum in (6.52), we have

j+k  jH+k+1)  j+1  j4+N+1 j+1 jHN+I
(6.53)

i (///(k) MK+ 1)> M) AN+ m(l) AN+
Then, by plugging the result from (6.53) in (6.52), we obtain that

N N
1 1 1
A (k) 1 m(l) AN+ )+ r.n(k—i- )
kzzl(k+1)(k+n+1) nz j+1 j+N+1 Zzlj+k+1

= &l 1 M (N + 1) mk +1)
_m(l)<7_n+1> nZ TNl ZZ psn G

Letting now N — oo in (6.54), and using the Stolz—Cesaro theorem (see [43],

N+1
[16, pp. 59-61]) to show that hm g = 0, we obtain that

> M (k) 1 1 <& m(k + 1)
Z(k+l)(k+n+l) ()(__n+1>+ﬁjX_:Zj+k+1

k=1

and the solution to the first version is finalized.
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Proving the second version is almost identical with the previous proof, except
that for the first sum in (6.54), we write that

Z///(NJrl) ///(N+1) ///(N+1) | AN+
J+EN+1 ]+N+l N+1 | | N+1 |
n
M (N + 1
where if we let N — o0, we conclude that lim —Zg 0, and the

N—oon J+N+1

solution to the second version is finalized.

As seen, I also included a relaxed version of the theorem, one that allows us to
approach cases like m (k) = sin(k6) and m(k) = cos(k6) which we met in the last
section of the first chapter.

Although the second version of the theorem implies the first version, in practice,
and especially in the work with the harmonic series as you’ll see in the present
book, the readers might find easier to make use of the first version and check
limy_, oo m(k) to see if we can apply the theorem. If limy_, o m(k) doesn’t exist
(e.g., m(k) = sin(k)), one may try the second version of the theorem and check
lim T(k) Recently, Prof. Necdet Batir, Turkey, proposed in [7] a generalization

k— 00
of my theorem.

6.16 The First Application of The Master Theorem of Series
on the (Generalized) Harmonic Numbers

Solution This is the first section from a series of four consecutive sections that are
dedicated to the applications of The Master Theorem of Series. Basically, we’ll find
particular cases of the present application helpful in many of the next sections, and
therefore we want to know how to derive it.

To prove the result, we make use of The Master Theorem of Series, the second

1 1 1
equality, where we set . (k) = H, m _ 1y — S +- + —,m(k) = —, and then
we get
00 H(m) 1 n oo
k
6.55
2 G Dk nzzkmw) (6:39)
k=1 j=1k=1
Sm

For the series in the right-hand side of (6.55), we note it can be written as

o0 o0 . . o0 o0
=Y G = 6 = o S e
km(] +k) = km'H(j +k) = Jem+1 = km'H(j +k)

k=1
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=&m+1) = jSmt1,
that is
Sm=1¢(m+1) — jSm+1.

Multiplying both sides of (6.56) by (—1)"~!j™, we have

(_l)m—lijm — (_1)m—1]m§(m + 1) _ (_1)m—1jm+1Sm+l

or

(=D Sy — (=)™ " Sy = (=) M+ 1),
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(6.56)

(6.57)

Replacing m by i in (6.57) and considering the summation fromi = 1tom — 1, we

have
m—1
S (DTS = DS ) = S = <D,
i=1
=Y DG+ D,
and since S| = —_ = —J,we et
1 ,;k(jwc) i e

m—1

S = (—1yn1 2 L (D =D TG+,

i=1
or if reindexing the last sum,
Sm—( l)m 1 +( l)m IZ( l)l 1 l —m— lé.(l)
i=2

Plugging the result from (6.58) in (6.55), we obtain that

00 H(m)
DBy nzzk’" G+h

k=1 =1 k=1

Sm

(6.58)
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_ln ml m—1 tltml
_nz(( Dt SR ED) Z( 1) z(z))

i=2

_qym—1 1 ) _qym—1 nom ' ‘
=( 1’1 Zi”]l'i'( 1]1 ZZ(_I)z—ljl—m—lé.(i)

= j=li=2

{reverse the summation order in the double sum}

_1ym—1 " m—1 M
_ Vo A EDT e 14@2 i

P

CED"TTEGH L EDTN N i i)
=) ot > (DT,

" =1/ i=2
{replace j by i in the first sum}

_1ym—1 1 _1ym—1_m . i
— ( 1) Z — ( ) Z(_l)lflg.(i)ngm*FF]).
n 1

i=1 i=2

Since the case m = 1 is immediate by using (4.14), with p = 1, we conclude
that

2 (2)
gm M’ m=1;
k 2n

; k+Dk+n+D | D" (Zn

llm

-+ (=D T " ’*”) m =2,
n
and the solution is complete.

The result is known in the mathematical literature, and for a different approach
see [39].

6.17 The Second Application of The Master Theorem
of Series on the Harmonic Numbers

Solution The present result together with one of the particular cases of the
generalization from the previous section leads to a key identity for the derivation of
some harmonic series, which we will find as a problem in one of the next sections.

In the calculations we’ll also need a sum with harmonic numbers that is
calculated in Sect. 1.3.
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We recall The Master Theorem of Series, the first equality, where we set .# (k) =
Hk and m(k) = sz |» and then we get

- H2 2 2 H" k+1
Z(k+1)(k+n+1) (H‘_H°)<n n+1> ZZ 1+k+1

k=1 =1k=1

_ H, I 2He+ 1/ + 1)
Con n;;(k+1)(j+k+1)
Hn 2 n oo
“h on +EZ 1(k+1)(]+k+1) ZZ(k+1)2(1+k+1)

j=1k= =1k=1

and if we make use of the result in (4.21), the case m = 1, we get

2

i H]
= k+Dk+n+1)

" H(2>
n

=—t-- _Z

PR [t 1 1
+ZZ};<(1<+1)2_(k+1)(j+k+1)>

j=l1

- 1 H;
use the second equality in (1.6) and the fact that Z _— =
okt )

H 1 H3+3H,H? 4205 141 1 H;
=—=- P L e s +—Z—.<§(2)—1+———’)
ne=J

n n+1 3n I Jj+1 Jj
H, 1 H3 +3H,H? + 208 1 1 < H;
e i e BT, R VPR g
n n+1 3n n+1 ne
_ H}+3((Q)H, +3H,H? +2HY 1\ H;
3n nj:l]

and the solution is finalized.
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In one of the next sections we’ll want to use the present identity for the
calculation of a (nasty-looking) series of weight 6. The present result also appears
in my article in [45].

6.18 The Third Application of The Master Theorem of Series
on the Harmonic Numbers

Solution The identity in the present section together with the identity in the next
section will play a crucial part in the derivation of another important identity we
might like to know and use in the derivation process of the harmonic series of weight
7. As in the previous section, we’ll also need a sum with harmonic numbers that is
calculated in Sect. 1.3.

Using the same fashion as in the previous solution, we make use of The Master
Theorem of Series, the first equality, where we set .Z (k) = H,? and m(k) = H,? —
Hk3_ 1> and then we get

e8] H n o0 H3 3
Z(k+1)(k+n+1) (Hi 0)<n n+1> ZZ ]—i—k—i—l

k=1 =1 k=1

H, 1 H?, | + Hyy Hy + H?

1 n o0
= _ + = i
n n+1 n;; k+DG+E+1)

o]

H, 1 1 o (Hi + 1/(k +1))? + (Hx + 1/(k + D) Hy + H?
+ ZZ k+D(G+E+1)

H, 1 | — 3H? +3Hi/(k+ 1)+ 1/(k + 1)?
T n +_ZZ k+ DG +k+1)

H, 1 3 — H}
_7_n+1+ﬁlzz(k+1)u+k+1) Zz(k—l—l)z(]—i-k—i-l)

=1 k=1

1
4 ZZ(k+1)3(1 +k+1)

j=1k=1

n

H, 1 3
=L _ + =
n n+1 n;

n

ad 3 ad H;
Z( 1)(;+k+1)+r7 Z(k+1)2

1
k=1 j=1 IS
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6.18 The Third Application of The Master Theorem of Series on the Harmonic

1% 1 1< 1i
J k+13 n = P (k+1)?

k=1

n

ili H; +1
— j = k+ DG +k+1) n

1

A
+_ J—
n 12§(k+1)(1+k+1)
(2)+1nHj 3n1§: H,
ni Pooni i kDG Hk+D
3 e H}
2y
n s ekt )G +k+ 1)
j=1k=1
{make use of the results in (4.21), the case m = 1, and (4.22)}
Hy” IR/ 32":H2+H(2)
_ - 7
n = j n o 2j
s H} +3H;H? + 20 3;(2)2":19, 3¢ IZH,-
- - - = - 5
i J S e R =
{make use of the second equalities in (1.7) and (1.5) (or (4.14), with p = 1)}
2 2 2
HY 1§~ Hj iiﬂ_izi
2n ]jz 2n ot j?

H* + 6H2H? + 8H,HY +3 (H,EZ)) +6HY 4
+ _
4n n

Now, if we change the summation order, the double sum in (6.59) can be written

as follows
n
H; 1
PSP 3) S SE. TRV 5.1 (I
j=1li= 1 i=1 j=i i=1 i=1 ! !
n n 2 n
H; Hl H;
- -t = (6.60)
i i

= H, 1_2
1 i=1

=
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Hence, collecting the results from (6.60) and (4.14), with p = 2, in (6.59), we
conclude that

3

i H;
= (k+ Dk +n+1)

_ H}+60Q)HE + 16¢(3)H, + 8H, HY + 6H2H + 20 ) HY + 3H,"
- 4n

Hy H 2
*7§ﬁ“;§w ;

and the solution is finalized.

Additionally, besides its part in the construction of an important identity as
mentioned at the beginning of the section and that we’ll meet soon, the result
above can also be exploited for establishing other relations between series of various
weights.

H
_2

6.19 The Fourth Application of The Master Theorem of Series
on the (Generalized) Harmonic Numbers

Solution I opened the previous section by also mentioning the result in this section
plays a crucial part in the derivation of an important identity (we’ll meet right in
the next section). As regards the calculations, we’ll do them in a similar fashion as
before, and we’ll see that the hardest part of the problem will be reduced to two
particular cases of the generalization from Sect. 4.16.

Recollecting the first equality of The Master Theorem of Series where

we set (k) = HyH® and m(k + 1) = Hk+1Hk(+)l — B H? =
(Hk + ﬁ) (H(Z) + (k+1)2> HkH(z) (kf’;)z + k+] + (k+1)3, we obtain
i H H?
S+ Dk +n+ D)
n oo

H,y

1
= +;§

o H® 1>

P 1]+k+l ((k+1)2+k+1+(k+1)3

6.61)
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For the series in the right-hand side of (6.61), we proceed as follows

i Hy +H,§2)+ 1
=]+k+1 k+12  k+1 (k+1)3

oo oo

_Z H; +§: H(z) Z 1
Tk D2 kD) Ak DG HEED Gr DG EEkTD

__ZHk-f-]—l/(k—Fl)_li Hy i HY
(k+1)? Jo e+ Dk+j+D  HHE+DG+E+D
1i 1% 1 & 1
Jo k+1D3 2 (k4 12 ]2k:1 k+Dk+j+1

{reindex the first series, expand it and then use the Euler sum in (3.45), the case
n=2;}
1 H;

o0

1

{consider E - = — — —— and use (4.21), withm =1
k=1(k+1)(k+]+1) Jj j+1

andm=2}

H HY e 1 @ H
= —— —__j_ J _ _ s
- 21: ERg e Saat T Tt 69

Returning with the result from (6.62) in (6.61), we get

H HY? H, 1

o0
,;(k—l-l)(k—l—n—i-l) n on+1

2 (2
Ho o oH HCHT %3 1 @ H
3

n 1/
D 1) e e
Jl;l joo2r 22 g g+l

+
S| =
.
N

=

2
H2 1 H( ) 1

' H@ 72 1 H;
;l_z’ _;j 2112;1'2 ZHZ 2 ;2_3

RSy
n,:lj
H(Z)

+2¢ (3 (6.63)
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Now, the double sum from (6.63) is calculated in (6.60), which if we combine
with the identity in (4.14), the cases p = 1 and p = 2, we conclude that

00 H(2)
i k+ Dk +n+1)
_25(3)_ (@ H (@H? HY (H,?))Z_g 3t 2":11?
2 n 2 n 4n L |2 2n iz’

i=1

and the solution is complete.
Again, as in the previous section, we can also exploit the present result for
establishing other relations between series of various weights.

6.20 Cool Identities with Ingredients Like the Generalized
Harmonic Numbers and the Binomial Coefficient

Solution Based upon the applications of The Master Theorem of Series from the
previous sections, and not only on them, we are now able to establish some very
useful results. For example, the second identity may help us to calculate the cubic
& (HY . o .
harmonic series, Z <7> , or to establish other key identities with harmonic

n=1
series (we’ll meet in the next sections) we need in the derivation of the harmonic

series. Also, if speaking about the third and fourth results, again, they allow us to
get some key identities in the derivation of the harmonic series of weight 7.

In short, we want to know how to derive them since they are of great help in the
derivation process of the harmonic series.

The identity from the point i) is straightforward if we combine the identities
from (4.17) and (4.16), the case m = 2, that gives

n—1 12 @)
H? - H

§ —k Tk kk =H> —3H,H? +2H?,
P

k=1

and the point i) of the problem is finalized.
Alternatively, based on the use of the elementary symmetric polynomials (see
[60]), ok (x1, x2, ..., X)) = Z Xi, X, ... Xj,, one may notice that the

1<ii<iz<...<ix<n
n—1

207(1,1/2,...,1/k 1 1
given identity is o2( / /0 = 603 (l, CRARREE —), which we can
n
k=1
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o
prove using the results in (6.23) with the cases k = 2, 3, thatis Z x" (H,% — H,fz)) =
n=1
00 3
log”(1 — x)
3 2 3
and le"(Hn ~ 3H,H? + 2HS) -
n=
expressed the elementary symmetric polynomials oy (x1, x2, ..., X,) in terms of
power sums (see also the suggestion for alternative solutions to the end of the
log*(1 —
solutions to Sect. 4.10). At this point, if we write —y = —log(l —

log?(1 — x) .
x) - — and apply the Cauchy product of two series (see [25, Chapter

log?(1 —
M ’WhereI
1—x

III, pp. 197-199]), using the generating functions above, and then identifying the
coefficients from both sides, we immediately obtain the desired result.
The curious reader might want to use the strategy idea described above and try
to easily generalize the result in terms of the elementary symmetric polynomials.
For the point i) of the problem, we combine the identities from (4.22) and (4.21),
the case m = 2, that yields

SO MR HTH 4 SH Y 4 2H
k+Dk+n+1) 3n ’

which is an identity that also appears in my article in [45] where plays a key part.
Now, to get the second equality, we recall the result in (1.6), and we write that

H} +3H,H +2HY 1 [!
P WHy™ + n_o_ __/ xn—l 10g3(1 — x)dx
3n 3 0

1n 1 _1
= - / (1—»"og* (y)dy = —= f ( )(—1)kyklog3<y>dy

n—1

! n—1\ (! Dk =1
=) (D! / Flog* (y)dy =2
3];( ) < L ) [ ¥ log’()dy g(k+l)4 L
{reindex the sum and start fromk = 1 to k = n}
(- 1)’<1 n—1
=2 ,
Z o1

and the point ii) of the problem is finalized.
Then, for the point iii) of the problem, we combine the identities
from (4.23), (4.24), and (4.21), the case m = 3, that immediately gives
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i —3HHS + 20 HY +6H!HY +8H,H® +3(H)? + 6H\
—  (k+Dlk+n+1) 4n '

Further, to get the second equality, we recall the result in (1.7), and we write

Ht + 6B H + 8H,HY +3 (HP)2 +6H"
4n - Z 0

X y 1 n—1 et n—1 k. k1.4
= Z/“ »)" " log <y>dy——/0 ,;( L )(—ny log*(y)dy

x"Tog*(1 — x)dx

n—1 1 n—1 k
=2 1)( L )fo Y log (y)dy—6§—<k+1)s< L )

k=0

{reindex the sum and start fromk = 1tok = n}
(- 1)’< Lm—1
=6 ,
Z (o1

and the point iii) of the problem is finalized.

The use of the logarithmic integrals from Sect. 1.3 for the second equalities from
the second and third points assures a fast, elegant solution.

For the point iv) of the problem, we want to generalize the results obtained with
The Master Theorem of Series, and we may choose a powerful approach involving
the symmetric polynomials which also easily allows us to make generalizations.
So, more generally, the results from the points ii), iii), and iv) may be viewed as
special cases of the generalization,

iam(l,l/Z,...,l/k)_lh <1 1 1)_2”:(—1)k—1<n—1>

Z k+Dk+nt+1) n mtt\ by T4 k1)
(6.64)

where oy (x1, x2,...,%X,) = Z Xi, X, ... Xj, is the elementary sym-

1<iy<ip<..<ix<n
metric polynomial and hg(x1, x2,...,%,) = E XiXjy ... Xj, 1s the

complete homogeneous symmetric polynomial.
1 1) _(=D"log"(1 —x)

o0
Using the fact that k |
Slng € 1ac al I;X Um( 2 k m' l—x

(see 6.23),

we write that
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iom(l,l/Z,...,l/k) 1 & | 1 1 1 1
= — (o] S ey T —

kA Dk+n+) =2 k) kL k]

1 & 1 1 1 1 !

=—§ om(1,=,..., ~ /xk(l—x”)dx:—/(l—x”)
n 2 k 0 n Jo
k=1
> 1 1
X kE_IXkUm <1, AR Z) dx

_1\ym 1 meq_ _1ym—1 1
) /(1—x”)logl(1 ) gy = D f(l—x")(logm“(l—x))’dx
0

n-m! —X _n-(m+1)!
{apply the integration by parts}

(=pm=t b : 1 1 1
= — 1 m+ 1_ dx:_h 1a_s"'s_ )
(m+1)!,/0 x gt mode = Shmer (L5 0

where the last equality follows by the generalized logarithmic integral in (3.11), and

the first equality in (6.64) is proved.
To prove the second equality in (6.64), we proceed in a similar style, and we

write
iom(l,l/z,...,l/k) 1 & | 1 1 1 1
= - lof S Ty T —
= k+Dk+n+1) 0 "\ 72 k)\k+1 k+n+1
1 & 1 1 1 1!
=—E omll, =, ..., = /xk(l—x")dx:—/(l—x”)
n 2 k 0 n Jo
k=1
> 1 1
k
E 1, —,...,—=)dx
xk_lx (Tm< 3 k)

—1)ym _ _ m 11 _ W\
= L LW
0 0 y

T nem! 1—x n-m!

n

— (=D _1yk—1 n ! k—1 m
=— ;( 1 (k)/o Y Hog" (v)dy

(-1) : (—1)](_l <n — 1) /1 k—1 m
= E 1 d
) y og"(y)dy

m! P k k—1

{make use of the result in (1.2)}

(1)’<1<n—1)
_Z fm+2 k—1)
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and the second equality in (6.64) is proved.

Now, based on the result in (6.64), with m = 4, and using the relations between
the symmetric polynomials and the power sums (see also the ends of the solutions
to the Sects. 4.10 and 1.3), we get

i —6HZH? + 8HHY +3(HP)? — 6H"
= (k+ Dk +n+ 1)

S+ 10H3HP + 15H, (HP)? + 20H2H® +20HP HY + 30H,H" + 24H,

5n
k=1 7, _
_242( D (n i)

and the point i v) of the problem is finalized.

6.21 Special (and Very Useful) Pairs of Classical Euler Sums
Arising in Many Difficult Harmonic Series

Solution Let’s begin with a simple observation: all the Euler sums we want to

calculate here may be viewed as particular cases belonging to the generalized series
0 77(p)

of the type, Z Lq. Now, it’s known in the mathematical literature the fact that
n

n=1
such a generalized series has evaluations in terms of zeta values when p = 1 and

qg > 2, forp = gand p+qg > 4, and when p +¢ > 5 odd and ¢ > 2.
Also, when p + ¢ is even, with p,gq > 1,p # ¢, we have the exceptional
configurations (2, 4), (4, 2), as called in the paper Euler Sums and Contour Integral
Representations by Philippe Flajolet and Bruno Salvy (see [20]).

In this section we’ll focus on the series of the type above of weights 5, 6, 7, with
p,q > 1 and p # g, and we’ll try to calculate them elementarily by using partial
fractions, exploiting the symmetry and applying Abel’s summation (see (5.1)) when
needed.

00 (p)
Since we have, by changing the summation order, that Z kkq =
k=1
o (ko X (2 o~ 1 (1
_ _ Y _ g —
Z(Z npkq> - Z(Z npkq) - an (I’lq +§(‘]) Hn ) =
k=1 \n=1 = k=n n=1
00 9] 00 (q) ° k(q)
Zl RN =§(p+61)+§(17)§(6])—;—k,,»
£ =

we obtain that
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H(P) 00 H(Q)
S Y T =@ s+ a), 6.65)

k=1 k=1

which is a result we want to refer to in the course of the solution. The result may
also be proved by Abel’s summation (see (5.1)).

The first series from the point i) of the problem I needed in my article A new proof
for a classical quadratic harmonic series published in Journal of Classical Analysis,
Vol. 8, No 2 2016 (see [46]), where I provided with a new way of calculating the

series E

So, followmg the line of the solution in the mentioned paper, we start with the
series

> (co - h?) =Z(k§ W)

n=1 n=1

where swapping the variables in the last double series, we get

o] ( 00 1 ) o] 00 1 o] o0 1

Z Z 3 2 _Z<Z% 2) 2(23 2)'

n=1 k:ln(n+k) k=1 i+ k) n=1 k=1k(n+k)
(6.66)

Summing up both the first and the last series in (6.66), we have

© [ oo 1 o [ oo | - 0o /0o PER
Z ];n3(n+k)2 +; kgk3(”+k)2 _Z §k3 3(n + k)2

n=1

o [ (k +n)* — 3kn(k +n) S} QRGN R N
D P R IS IR IE S 9

n=1 \k=1 n=1 k=1 n=1 k=1
o o0 1
- Z (Z k2n 2(n + k)) 26 3; (; k2n2(n + k))
whence we obtain
g (; n3(n + k)2> =820 - 2 ’; (k:l k2n2(n + k))

el el 31 (&l 1
=“2>§<3)‘§Zn—32ﬁ+52n—4(;<rn+k>>
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> /1 1
make use of the fact that Z e y = H,
n

k=1

l\)lb-)

1 > H, 9
=—5{@c3) + g — =505~ 20 0),

where for calculating the last series, I used the Euler sum in (3.45), the case n = 4,
and thus we have

— 1 9
Y= (@ - BP) =S¢5 - 2016
n=1

. =1 .
and since ¢ (2) Z s = ¢(2)¢(3), we arrive at

n=1
00 (2)

SFZZ

n=1

=35(2)¢3) — —4“(5) (6.67)

and the calculation to the first series from the point i) is finalized.
To calculate the series S>, we combine the results in (6.65) (with p = 2 and
g =3or p=3andg = 2)and (6.67), and then we obtain that

H(3)

11
= 5¢0) = 202)¢0O). (6.68)

and the calculation to the second series from the point 7) is finalized.
Next, for the point ii) of the problem, we start with the series

® 1 ey 1 o 1 o 1
Z;(;<4>—H,§‘”>=¥<Zm>:2k_“;”_2

3 (S o) 5 (Srare)

k=1
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or

2 rit) T2 ,;k%mk)“ B
1 1 1
<r_z_n+ >)+2Z(Zk?(k+n)3>

o0

ad 1
+3 /; (2} m) ) (6.69)

Based on symmetry, the series in the left-hand side of (6.69) vanish, and then we get

3z(zm) 323 (X ) - deo

{reindex the inner series and start fromn = k + 1}

= 22( > o 3> 2@(6)

=

k=1 =1 \n=k+1
oo [k—1 1 00 1 00 o9 1
_ 2
{smce Z(Zm) +Zk—6+z< Z m) =¢7(3),
k=1 \n=1 k=1 k=1 \n=k+1
and using the fact that}

(2yme) 2, o) e (3 0)

k=1 \n=k+1
=;2(3)—¢<6)}
B g 3
—4]; 5~ ) - 186
{use the Euler sum in (3.45), the case n = 5}

= 80 =3°0).
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or

oo o0 ] _25 )
2:(g;ﬁa:;g>—35d®—C($. (6.70)

k=1

Thus, using the result in (6.70), we get

5 ) B 'S} 00 00 1 o
=HORY: (3)—2(2 k4(n+k)2) Y a(c@-H?)

k=1 k=1
00 ) 00 (2)
1 H, 7 H
=12 = Z =) - > A
k4 k 4 k
k=1 k=1
whence we get the value of the series S4,
o Hy ‘o
Si=) =00 - (6.71)
k=1

and the calculation to the second series from the point ii) is finalized. The series S4
also appeared in my paper in [45] where I used the same strategy of calculating it.

The series S3 is extracted by combining the results in (6.65) (with p = 2 and
q=4orp=4andg =2)and (6.71),

4)

00 (
Z c( ) — %), (6.72)

and the calculation to the first series from the point ii) is finalized.
Further, for the point ii7) of the problem, we keep using the same approach, and
we start with the series

> o) =3 (T ) - 2 (s

k=1

||M8

1K1 1K 1 X1 Sl A |
=) mr s gt ;727—2?;p

»
-
3
I
-
~
I
—_
3
I
.
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o0
1 1
{use the harmonic number representation, Z (— — n k) = Hy, }
n o n

n=1

{and then make use of the Euler sum in (3.45), the case n = 6}

o0 o0 l
=20£(7) — 42 (3)E(4) — BE DL (5) — ( —) (6.73)
; DY

Noting in (6.73) that Z <r§ m) = Z <Z m), we obtain

k=1 k=1

Z (Z B+ k)2> =10¢6(7) = 28()E(4) — 46(2)¢(S). (6.74)

Then, we can write the double series in (6.74) as

108(7) =28(3)¢(4) —4£(2)¢(5)

SIAS — 1 0 g
Z <Z S Ip k)z) X; = (;“(2) - H,fz)) =)~y

k=1

from which we extract the value of the series Sg,

o0 (2)

Z =58(2)¢(5) +2£(3)¢(4) — 102(7), (6.75)

and the calculation to the second series from the point iii) is finalized.
If we consider the results in (6.65) (with p =2 andg =5or p =5and g = 2)
and (6.75), we get the value of the series Ss,

00 ©)

H
S5 = Y == = 116(T) — 45 2(5) — 26 () (4), (6.76)

k=1

and the calculation to the first series from the point ii7) is finalized.
Then, to pass to the point iv) of the problem, we start with

Zn—3(§(4)—H,§4))=Z(;m> :ZFZF

n=1 n=1 n=1 k=1
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_42%2% i(gkl<__n+k>> i(ik5(n+k)2>

_Z (Z k4(n+k)3) i (i K3(n +k)4>

=1

{reverse the order of summation in the last four series}

= L)) DG + 10 1 - Z(Z kS(n+k)z)

k=1

o o0
1
-3 -
> (S ) X (S o)
{use the result in (3.45), the case n = 6, and the result in (6.74)}

o o0 1
=3¢(3)¢(4) + 105 (2)¢(5) —20¢(7) — 3 ( —>
; HX:; k*(n + k)3

_i (Z K3 (n +k)4)

whence we get that

o0 o 1
38(3)¢H) +10¢(2)5(5) —206(7) =2 ( —)
; Z k3 (n + k)*

1
+3 Z (Z k*(n + k)3) 6.77)

On the other hand, for the last double series in (6.21), we have

oo [k—1 00 1 00 00 00 0o
2 (Z k4n3>+ k—7+k§ (Z k4(n+k)3> > (Z ) = (3)¢ @)

=1

25w

k=1
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which leads to

o0

00 00 k—1 1
Zl (Z oo +k)3> =¢(3)¢@) — ¢ — ; (; W)

{change the summation order}

— B — () - Z( D #)

n=1 \k=n+1
{reindex the inner series }
o oo 1
= (3@ — () - ; (g m) :

or

Z (2_: k*(n + k)3> + Z <Z W) =:(3)¢@) —¢(.  (6.78)

k=1 n=1

If we combine the results in (6.21) and (6.78), we get

3¢(3)¢(4) + 102(2)2(5) — 202(7)
= 2}; (; BT k)4) +303)¢(4) —3¢(7) — 3; (; P +n)4>

{interchange the variables in the last double series}

o0 o0 l
=303 =30 - (Z W)

k=1

or,

00 00 o o0 1
17¢(7) = 10¢(2)6(5) = Z (Z KB (n +k)4> Z_: (X_; n3(n +k)4>

k=1

0 @)

> (@ - ) =@ -y

n=1 n=1
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whence we obtain that

o0
YEDD
n=1

HYY
3 = 106@)¢0G) + LB —172(D, (6.79)

and the calculation to the first series from the point iv) is finalized.
Also, combining the results in (6.21) and (6.78), we have

1065 (5) +£B3)@) — 180D =Y (Z —) =) aE® -5
k=1

o\ et h?
ad x g® 00 1(3)
- {(3);%4 - ;% =3¢ _;%
whence we get that
S = i HL@ = 18¢(7) — 10¢(2)¢(5) (6.80)
po 4 )

and the calculation to the second series from the point i v) is finalized.
When p = g, p 4+ g > 4, it’s easy to note that everything reduces to the

well-known result in (4.14), with n — o00. The generalization of the Euler sum,
0 74(p)
§ Lq with p + ¢ odd, g > 2, may be found in [11, 20].
n
n=1

6.22 Another Perspective on the Famous Quadratic Series of
Au-Yeung Which Leads to an Elementary Solution

Solution This identity was surprising and new to us when Enrico Au-Yeung (an
undergraduate student in the Faculty of Mathematics in Waterloo) conjectured it on
the basis of a computation of 500,000 terms (five digit accuracy!); our first impulse
was to perform a higher-order computation to show it to be false.—David Borwein
and Jonathan M. Borwein in On an intriguing integral and some series related
to ¢(4) paper. The authors of the previously mentioned paper found an ingenious
solution by combining the Fourier series and the Parseval’s theorem (see [57]) and
then reducing all to the evaluation of an integral they calculated by means of contour
integration (the details may be found in [10]).

Now, in the following, based upon a simple identity generated with the help of
The Master Theorem of Series, I will show the calculations are straightforward and
all will be finished by simple series manipulations only.
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We make use of the series in (4.21), the case m = 1, where we multiply both
sides by 1/n and then consider the summation from n = 1 to oo that gives

1§:H3+1im§2>_ii H
24 n2 2 n2 _nzl — (k+Dk+n+Dn

n=1

{change the order of summation}

Hy
S (S )

1 H,
{use the fact that Z TR FETD = /—c:i }
n

B Z HyHiy1 i (Hig1 — 1/(k + 1)) Hyqt
k+1?>  — (k+1)2

{reindex the series and expand it}
o0
k=1 k=1

{make use of the Euler sum in (3.45), the case n = 3}

]

= Z— - —¢<4) Z - 24(4),

from which we get that

00 (2)

© p2
{make use of the identity in (4.14), with p = 2}
=3¢(4) + %;2@ = ;;(4),

5
where I used that {2(2) = —{(4), and the solution is complete.

For a different solution based upon the use of the logarithmic integrals in (1.4)
and (1.5), check the article Reviving the quadratic series of Au-Yeung in Journal of
Classical Analysis, Vol. 6, No. 2, 2015 (see [47]). Various approaches of the series
are also mentioned in [13, pp. 173-174].
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6.23 Treating a Big Brother Series of the Quadratic Series of
Au-Yeung by Elementary Means

Solution The present harmonic series represented the engine for the creation of
another article, A new proof for a classical quadratic harmonic series that was
published in Journal of Classical Analysis, Vol. 8, No. 2, 2016 (see [46]), where
I combined the use of the integrals and series in a fruitful way.

Now, as in the previous section, I'll employ the same strategy using a simple
identity generated by The Master Theorem of Series, and then all will be finished by
series manipulations only.

Let’s start with the result in (4.21), the case m = 1, where we multiply both sides
by 1/n? and then consider the summation from n = 1 to oo that gives

oo oo

1S H 1 & HP H
EZTS*EZ n3 =2 ;(k+1)(k+n+1)n2

n=1 n=1 n=1

{change the order of summation}

> 1 —  H G I 1
1(;nz(k+n+l))_;(/€+l)2(;n—2_ n(k+n+l)>

n=1

Y=

00
_;k

— = H _ k+1 _ > Hka+1
Lz (@15 g()z<k+1)2 2 @iy

e Herl = 1+ D) (Hit = 1/(k + 1) Hig
=12, (k+1)? 2 k+1)3

{reindex the series and expand them}
o0 o o0 o0
H; 1 H Hj,
=Y F @Y G 2—4
k=1 k=1 k=1 k=1

{make use of the Euler sum in (3.45), the casesn = 2 and n = 4}

e ¢]

2
=3¢(5) — Z—;

k=
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whence we obtain that

S

%) [’} 2)
H 1 H,
_—2 5) — —

> E=xe -3

n=1

{make use of the result in (6.67)}

7
=7¢0) = 12)¢@),

and the solution is complete.

For example, the series appeared in the third chapter, in Sect. 3.55, and we’ll
also want to use it in the evaluation of other harmonic series. It may also be found
evaluated in [20, 63].

6.24 Calculating Two More Elder Brother Series of the
Quadratic Series of Au-Yeung, This Time the Versions
with the Powers 4 and 5 in Denominator

Solution [t’s already a routine, right? If you have read the previous sections,
probably you’ll figure out immediately the way to go. Again, we make use of the
result in (4.21), the case m = 1, where if we multiply both sides by 1/1° and then
consider the summation from n = 1 to oo, we get

LS DL RN o b oW
2 nt 2 n4 S\ (k+ 1Dk +n+ Dn3

{change the order of summation }

oo Hk oo oo Hk oo
:Zk+l<;n3(k+n+l)> k:l(k+l)2 (Z Z 2(k+n+1)>

B oo H; 1 oo 1 oo
_Z(k+1)2<m)_k+1<2ﬁ Zn(k+n+1)))

k=1 n=1 n=1
1 Hn
make use of the representation, Z —_ =
k(k+n) n

_ = Hi B =\ Hy N\ Hy Hit1
_4(3)];(1&1)2 g(z)k;(k+l)3+];(k+l)4
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_ o~ Hir1 —1/(k+1) Hip —1/(+1)
=(®2 (k+1)2 ()Z (k+1)3

S\ (His1 — 1/(k + 1)) Hys
+Z (k + 1)*

{reindex the series and expand them }

00 00 00 00 00 2 00
SN ELEIWELEI W R EIW D WIS W
k=1 k=1 k=1 k=1 k=1 k=1

{make use of the Euler sum in (3.45), the case n = 2, 3, 5}
3, 35 N\ H?
=723) - =¢(6 —n
S0 16c<>+n§_lj =

whence we get that

o0 H2 o0 H(2)
>4 =—;(6)—3; 3+

n=1 n=1

S H? 97 )
D i =566 =270),

and the solution to the point i) of the problem is complete.

The full derivation of the result above is also given in my article, A master

theorem of series and an evaluation of a cubic harmonic series (see [45]). The value
2

n
+ 1)
As regards the series from the point ii) of the problem, we make use agam of the

result in (4.21), the case m = 1, where if we multiply both sides by 1/n* and then
consider the summation from n = 1 to oo, we get

1%H3+1i11,§2)_ii H
2 ns 2 n’ _n_l k_l(k+1)(k+n+1)n4

{change the order of summation}

=Zk+1<Z 4(k+n+1)) Z(k+1)2 (Z Z 3(k+n+1)>

k=1 n=1

of the series in the form Z may be found in [3, 12].
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o~ H 1 S T 1
_Z(k+1)2<§(4)_k+1(;F‘;n%kﬂﬂ)))

k=1

w~  H c(3) 1 > 1 > 1
_;(k+1)2<§(4)_k+1+(k+1)2(an Zn(k+n+l)>)

n=1 n=1

N H,
make use of the representation, E = —
Pt k(k +n) n

o0

N He o H o~ Hi - HiHin
_§(4)k§(k+1)2 §(3)];(k+1)3+§(2),;(k+1)4 ;(k—i—lﬁ

e He =+ D) N Hi — /(4 1)
=@ kz; (k4 1)2 6 kz;: (k+1)3

C Hepr — Y+ 1) 3 (Higr — 1k + 1) Hip
“(2); *E1)? _,; k+1)3

{reindex the series and expand them }

_ o~ He o~ 1 o~ He o~ L o~ He
—;(4)21 2 “4);1«3 ;(3)2 E +c<3);k4 +;(2); -

© © g2 © o
RGO B Pt
k=1 k=1 k=1

{make use of the Euler sum in (3.45), the cases n = 2, 3, 4, 6}

11 > an
=4¢(7) +¢(2)¢(5) — Zg(g);@) _ Z -
k=1

whence we get that

OOH—"Z—§(7) 2ee5) - Lo L B
Zn5—3c +38@)16) = ££0)¢ —3;}15,
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or if we make use of the result in (6.75),

S

> H 5
Z —§ =601 = £Q)¢(5) = SEBIE ),

and the solution to the point ii) of the problem is complete.

We may also find the series from both points of the problem evaluated in [63],
and a generalization of it may be found in [40].

If we look back at the last two sections, where we dealt with similar series, we
may notice that sometimes, when using the right tool, we get tremendously simpler
solutions (and we talk about pretty challenging series).

6.25 An Advanced Harmonic Series of Weight 5,
Yo H"nz , Attacked with a Special Class of Sums

Solution Based on the work in the area of the harmonic series, I’'m inclined to
think the land of the harmonic series is still far from being fully explored, one filled
with mysterious identities waiting for us to discover them. In general, when working
with the harmonic series, one of the best strategies is to build up relations between
series (a thing I often do in this chapter) by using certain helpful identities, and then
try to extract the value of the desired series. The difficulty of this process varies,
and a critical factor is, of course, the identity (or the identities) used that could lead
sometimes to splendid solutions.

The wonderful thing to happen is that in the following approach I will easily

reduce the evaluation of the series to the( c)alculatlon of some cases of the series of
00 P H (q)

the type ]; — (see (3.45)), and Z v + Z T
If we cons1der the identity in (4 16) the case m = 2, where we multiply both

sides by 1/n? and then sum from n = 1 to 0o, we get

oo /n—1 H(Z) 00 noog © o H(z) HG)
2 <Z nz(nk— k)) - Z} (Z —kz,fz> + "n2" -2 n”2 . (6.81)
n=

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

Now, for the first series in the right-hand side of (6.81) we have, upon changing the
summation order, that

N = Hi N Hi (1 1 1
> (L) -2 (Se) - Z (e )

k=1
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n=1

o He | He 1 1 1
_Zk +§ k2 ((k+1)2+(k+2)2+(k+3)2+"')

k=1 k=1
Hy Hy, 2) H;, H;, HyH,
=Y Gt o (f@-E) =Y G @Y 5 -
k=1 k=1 k=1 k=1 k=1
00 ka(z)
=G +3E) =) —5— (6.82)
k=1

where in the last equality I made use of the linear Euler sum in (3.45), the cases
n=2andn =4.
Then, if we plug the result from (6.82) in (6.81), we get

oo /n—1 Hk(Z) 00 Hn(3)
> (Z m) =23 +3¢(5) -2 (6.83)

5 -
n=1 \k=1 n=1 n

Further, if we consider the left-hand side of the equality in (6.83) and then change
the summation order, we obtain

oo /n—1 Hk(2) o] 00 Hk(Z) 0o o0 Hk(z)
r; (1; n?(n _k)) N Z( Z n2(n —k)> - Z (Z n(n +k)2>

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

_i iHa)( 11 )
- k- \knk +n)  k(k +n)?

k=1 \n=1

B o0 Hk(2) 00 1 00 Hk(2) oo 1
=2 k (;n(k—i-n))_]; k Z(k+n)2

n=1

[e'e) H Hk(2) 00 2)

=3 "k_2 = % (;(2) - Hk@)) . (6.84)

k=1 k=1

Applying Abel’s summation (see (5.1)) for the last series in (6.84), where we set
a = 1/kand by = H® (2(2) — H?), we obtain

i H%(z) (;(z) - H,fz>) _ i Hy (Hk(2) (;(2) - Hk“)) - H®, (;(2) - H,ﬁ)]))
k=1

k=1
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1 1
i (Hk(Z) (- 1) - (H"(Z) Tk 1)2> (;( e 1)2>>

B AN A T R (e

B i <Hk+1 —1/k+1) g“(Z)Hm —1/(k+1)
B k+ D4 (k + 1)2

2

k=1

k=1

L (Hir = 1/ + D)(HSZ, — 1/(k + 1>2>>
(k 4+ 1)2

{reindex the series and expand it}

2)

© 4 o0 (
oy :<2>Zk3 Zk4—c<2>2k2—22 Z

Hy H(z)

HkH(z) > HY
2) =5 %), (6.85)
k=1

_22

where to get the last equality I made use of the classical linear Euler sum in (3.45),
the cases n = 2 and n = 4.
If we plug the result from (6.85) in (6.84), we get

oo /n—1 (2) 00 (2) 00 2
H, HyH;
E ( E m) =2¢05) + 23 1 — — kE 1 2 (6.86)

n=1 \k=I1

Then, by combining (6.83) and (6.86), we obtain

0 ;3) 00 (2) HkH(z)
(R +30(5) — =26 +2)) k 53 o
n=1 k=1 k=1
or
H H? HY 2 H?
Z kk2 (Z +Z =3 | @) =<¢0). (6.87)
k=1 n=1

Now, it’s a pleasant moment to see in the following we don’t need to calculate
separately the remaining two series from the right-hand side of (6.87). It’s straight-
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n=1

00 (p) 00 (q)

forward to show by Abel’s summation that Z Z = ¢(p)clq) +
k=1 k=1
¢(p + q), and then we have
H(2) 00 (3)
S o+ Z O HORRIO (6.88)

k=1 k=
Finally, if we plug the result from (6.88) in (6.87), we conclude that

00 (2)
Z =£()¢(3) +£(5),

and the solution is finalized.

For a second solution involving the integrals, see the second solution in the next
section. Also, for a multiple zeta function related approach of the series, check [37].
The present solution also answers the proposed challenging question.

6.26 An Advanced Harmonic Series of Weight 5, "> | A
Attacked with a Special Identity

Solution Before passing to the series of weight 6 from the next sections, we have
to face a last challenging series of weight 5. For a first solution by elementary series
manipulations, we’ll exploit one of the identities generated with the help of The
Master Theorem of Series which we combine then with the value of the series from
the previous section. Then, for a second solution, we’ll want to wisely combine
identities with logarithmic integrals from Sect. 1.3.

For a first solution by series manipulations only, recall the identity in (4.26), the
first equality, where if we multiply both sides by 1/n and then consider the sum
fromn = 1 to oo, we get

o0

IZH,?+°OH,,H,§2)+2§:H,§3)_§: i HY — H?
3#1# n2 3 n2 _Flkﬂ&+D&+n+Dn

n=1 n=1

{reverse the order of summation}

0 H2 _ H(z) )

:i(z k k
k=1 \n=1 k+1)k+n+Dn

1 _ Hpqr
nn+k+1) k+1

{ma.ke use of the fact that Z
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~ i (HR-H)Hipr i (Hi1—1/G + D= (HE, =1/ + 1)?) Hep
1

pot (k+1)? (k4 1)2

{reindex the series and expand it}
0 3 00 2 [e'S)
H H
— k _ k.
=Y Ay ey o Z
k=1 k=1 k=1
{make use of the linear Euler sum in (3.45), the case n = 4}

00 Hn3 %) H H(z)
=2 L Z +62(5) ~ 26 )L 3),

Hk H(Z)

whence we get that

2; H:"gz) i’{—z = 60(5) — 20 ()E(3) - zz Hy i; %
{make use of the results in (4.30) and (6.68)}
2
= 5(25(2)4(3) —75(5)),
and therefore, we have
53 H”S’P i H—; = 20 2)5(3) = 75(5). (6:89)
n=1 n=1

0 (2)
Finally, if we plug in (6.89) the value of the series Z

n=1

, which is obtained

in the previous section, we conclude that

o]

H3
D5 =L@ +10605),

n=1

and the first solution is complete.

For a second solution, an approach with integrals, we make use of the identities
in (1.5) and (1.6), where if we multiply both sides of the first identity by H, /n, and
then multiply both sides of the second identity by 1/n, we get

' H, H} + H,H{
/x” Hy + HyHn ™ (6.90)

_l—nlog2(1 —x)dx = 5
n n
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n=1

and
1 ,n—1 3 (2) (3)
H> +3H,H, 2H,
/ L tog?(1 — xydy =~ E 2T T 6.91)
0 n n
If we sum up both sides of (6.90) from n = 1 to oo and change the order of
integration and summation, we get
H) & H.HY
/ Zx" il 10g (1 —x)dx = Z—” + L (6.92)
n? n
n=1 n=1
Now, we consider the generating function of the harmonic numbers in (4.5), where
0k
t
if we divide both sides by ¢ and use that log(1 — ¢) = — Z = we get
k=1
o o0 —
Zt”‘lHn _ logl—n _ logl—n) log(l—1) _ Z 71 log(l - t).
t(l1—1) t 1—1t 1—1
n=1 k=1
(6.93)
Integrating both sides of (6.93), from ¢ = 0 to t = x, we have
x 00 x X k-1 X
t log(1 —¢
/ Zt”‘lHndt = [ —d —/ %dr,
0 n=l 0 k=1 0 —!
and changing the order of the summation and integration, we get
X k 1
Zf "V H,dt = Z/ —dt+—log (1—x)
or, after integrating and dividing both sides by x,
00 k-1
H, 1 log (11— x)
n—1-"n
= 6.94
D 99

Plugging the result from (6.94) in the left-hand side of the relation in (6.92), we get

=S =1 1log?(1 —

/anl log2(1 — x)dx — / +_og( x)
0 k2 2 X
n=1 k=1

X log (1 —x)dx
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1 k-1 1 1nod
1 I 1-—
:/ E xz log?(1 — x)dx + = / de
0 =l k 2 0 X

o0
H,
in the first integral use that log2(1 — x) = 2 ntl_—n
{ gral u g (1 —x) E Ay

n=1

1(see [30, p. 22],

{[14, p. 43]), and in the second one make the change of variable, 1 —x = y}

OO k+nH 1 ll 4
—2/ S dx+—/ CHCIRN
(U k( +1) 2Jo 1—x

k+n H,

00 1 1 o .
:22(2/ k2(n+1) )+§/0 r;x 1logf‘()c)d)c

k=1

[\

Z 2: - n—1 4
P <n=1 k2<n+1><k+n+1>)+z,§fo e lods

{reverse the order in the double series}

o0 o0 Hn o0 ]
=22 (; 2+ Dk +n+ 1)) HZ;;TS

n=1

v (3 (k+n+ D~k H,
_2,§<k§k2<n+1>2<k+n+1>)“2“5)

o0 o o0 o Hn
Zz: (Z k2(n + 1)2> 2; (; k(n + 12k +n + 1)) 120

use that f: ! _ Hus
kzlk(k—i-n—f-l) n+1

— 22 Z Hyp —1/n+1) ZZ (Hyp1 —1/(n+ 1)Hyq1 +12065)
=1

(n+1)2 (n+1)3

n=1

{reindex the series and expand them }

0 oo 2 o0
=2;(2)Z%—2Z%+ Z% 2;(2)2 +12¢(5)
n=1 n=1
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n=1
{make use of (4.30) and the linear Euler sums in (3.45), the cases n = 2, 4}
=20(2)¢(3) +11¢(5). (6.95)

Thus, plugging the result from (6.95) in (6.92), we have that

0 1.3 o @)
H H,H,
Yoy =20@)0(3) + 1 (5). (6.96)
n n
n=l1 n=1

Now, we return to the result in (6.91) where we sum both sides from n = 1 to oo
that gives

% 1ol 00 13 @ 3
H3 +3H,H? +2H,

) / Tl - ==y " n_ (6.97)

el 0 n n

n=1

Changing the integration and summation order in the left-hand side of (6.97), we
obtain

o0 —

>
n

n=10

1

n—1

og*(1 —
logh(l - ) |
X

log3(1—x)dx = —/
0

12X
10g3(1—x)dx:/ Z
0 n=1

o0 H3 00 HH(Z) 00 H(3)
2_27;_32 nnzn _ZZ nnz

n=1 n=l1 n=1

{the value of the last series is given in (6.68)}

Hl o~ Holy”
== 5 e 11E(5) + 402050, (6.98)

Since we have that

11 41_ 1y 11 4 1 %
_/‘ og”( x)dxx 1y _/ og (y)dy:—/ Zy"_110g4(y)dy
0 0 0 =

X 11—y

{change the order of summation and integration }

00 a1 ©
=3 [y gty = ~24 Y s = ~2469),
n=1 0 n=1 n
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by plugging this last result in (6.98), we obtain

=, H,H®
_Z__3 2
n

n=1

= —13¢(5) — 4¢(2)¢(3). (6.99)

Now, by combining the relations in (6.96) and (6.99), we conclude that

0 0 2)

H3
D5 =@ +10665); )

n=1 n=1

=¢@2)¢B)+¢(5),

and the second solution is complete.
To get another relation between the two series, one might exploit the result

10g3(1 —Xx)

o
in (6.23) to get and use Zx" (Hn3 —3H, H,fz) + 2Hn(3)) i
—x

n=1
The series also appears in [63], and a slightly modified version of it,

o
Z ” )2, from which we can get the given series, appears in [20].

n=1

6.27 The Evaluation of an Ad;fanced Cubic Harmonic Series
of Weight 6, Y02, (42", Treated with Both The

Master Theorem of Series and Special Logarithmic
Integrals of Powers Two and Three

Solution After the exciting experience with the Au-Yeung series, one might
naturally think to consider the version with the cubic power instead of the square
power. Is it possible to express the series again in terms of zeta values as 1 did for the
Au-Yeung series? Yes, it is! An elementary solution by series manipulations, without
using integrals at all, may be found in my paper, A master theorem of series and an
evaluation of a cubic harmonic series published in Journal of Classical Analysis,
Vol. 10, No. 2, 2017 (see [45]).

For a second solution with integrals, which also wonderfully aims the value of

(2)
the series Z

and (1.6), where if we multiply both sides of the first identity by H,/ n?, and then
multiply both sides of the second identity by 1/ n?, we get

from the next section, let’s start out with the identities in (1.5)

— log®(1 — x)dx = (6.100)

2
flxn—l H, Hr? + HnHig )
0 n n3
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and
1 n—1 3 2 (3)
H; +3H,H, 2H,
/ Y og?(l — x)dx = —-n T ! + (6.101)
n
If we sum up both sides of (6.100) from n = 1 to co and change the order of

integration and summation, we obtain

o0

[ele) 2)
/Zx"l log?(1 — x)dx = ZH—3 Z H (6.102)

Then, let’s start with the result in (6.94) from the previous section where if we
integrate fromt = 0tot = x,

x 1 l x & k l
" dt f " dt /
[ X Z L
1 xlog (1-;) °°/ fx log?(1 — 1)
- —
+2[) Zl 0 t

_ix / log(l—t)
k:lk

and then divide by x, we get

o0 k-1 X 2
_ H, X 1 log“(1 — 1)
1 4n
n=1 k=1

Plugging the result from (6.103) in the left-hand side of the relation in (6.102), we
obtain

1 1 /00 k-1 X ool
H, 1 1 1—1¢
/0 E x”_ln—glogz(l—x)dx :/0 (E % + 7 ), Og(t)dt) log?(1—x)dx
n=1

k=1

1 1 2 _ x 2 _
/ log (1 —x)dx + = ! / log”d = x) (/ log”dl t)dt> dx.
2 Jo X 0 t

(6.104)

Due to the symmetry in the second integral, or by applying the integration by parts
log?(1 — * log?(1 —t
with £/ = =0 e = / %dr, we have
X 0
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/1 log?(1 — x) /X log?(1 — t)dt e — 1 /1 log>(1 —x)dx ?
0 X 0 t 2 0 X
2 2
1=y 1 (1 log?(x) S ey 2
= E(/o 1_xd)c) _§<[0 ];x log=(x)dx

and plugging this result in (6.104) yields

1°°k1

1 ©© B Hn
/Onz::lx 1n—210g2(1—x)dx=/ Z—log (1 —x)dx +22(3)

H,
that log?(1 —x) =2) x"T1—
{use at log ( X) Zx +1

n=1

k+n )
=2 ] d 3
fokl( I )XH()

{change the order of summation and integration }

3 (5 [ s+ o

n=1

oo (v Hii — 1/t 1) B 1/
_2;<§I<3(n+l)(k+n+1))+Z &= ZZ<Zk3 (k + ))H )

°°1°°1 °°1°°1 Sl N | °°H°°1
o0

7 Hi,
>+;2<3> = 50O-20()-2)  —

i%i% ,,i%(i

—2;(2)Z—+2§(3)Z—+2Z—+§ 3)

n=1
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{consider the values of the series in (4.31) and (3.45), the casesn = 2, 3, 5}
89
= —,(6). 6.105
7 ¢(6) ( )

If we plug the value from (6.105) in (6.102), we obtain that

* (HN S HHY 89
Z(—) +> =54, (6.106)

Next, if we sum up both sides of (6.101) from n = 1 to co and change the
integration and summation order, we get

o0

1 © _n-1 3 o0 (2) ©  7y03)
X 3 3 H; H, H) H
/0 E 2 log (l—x)d)C——E n—3—3 3 —22 3 -
n=1

n
n=1 n=1 n=1

The left-hand side of (6.107) can be rewritten as follows

/‘1 i x=1 log®(l —x)dx = /1 Lix(x)log(1 —x)dx
0 = PR 0

X

1-x= /1 Lis(l — ) log’ ) ;o
0 =y

{use the Dilogarithm function reflection formula (see [30, Chapter 1, p. 51,}

{[53, (5)1), [42, Chapter 2, p. 107], Li>(x)+Lir(1—x) = £(2) —log(x) log(1 —x)}

1 3 1 _ 4 1 3 )
—co) [ BED, [l onke ), [Tl TR0,

I—y I—y
(6.108)
To calculate the first integral in the right-hand side of (6.108), we write that

1 10g3(y) 1 o0 0 1
/ T dy =/ >y og (ndy = Z/ Y og? ()dy
0 -y 0 k=1 k=1 0

1
= _62 7= —6(4). (6.109)
k=1

Next, to calculate the second integral in (6.108), we make use of the generating
function of the harmonic numbers in (4.5), and then we have
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og(1 — y) log*
/0 o8 lf)y"g O 4, / Zy Hy log*(y)dy

{change the order of summation and integration }

N _ & Hi — kD)
= ];Hk/ y*log*(y)dy 24Z(k+1)5_ 14y T3

k=1

{reindex the series and expand it}

o0

> H 1
=Y k_5k +243° %= 6(2¢2(3) — 32(6)). (6.110)
k=1

k=1

Lastly, to calculate the third integral in (6.108), we proceed as follows

log’ (y) Lia (y) (y)le(y) 2 ykn=t
/0 = /0 ( 7 log’ () | dy

{change the order of summation and integration }

:§<i [ ‘logz(y)dy> 6Z<Zk2(k+n)4>

k=1

i

= _62 2 ( @ - H(4)) —6¢(4) Z 2 + 62 2
{for the second series use the result in (6.72)}
= 82(6) — 672(3). 6.111)

Collecting the results from (6.27), (6.110), and (6.111) in (6.108), we get

/ log (I —x)dx = §(6) 6{ 3),

n=1

which if we related to (6.107), we obtain that

00 00 (2) 00 (3)
X_:H_3 X_: H X_: :&—1—6; A3). (6.112)
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©  y(3)

1
=3 (;2(3) 4+ £(6)), based on the identity in (4.14), the case

p =3, withn — 00, the result in (6.112) becomes

o]

H\® S HHY 5. ()
;(7> +3H§T=5; (3) - (6.113)

By combining the results in (6 113) and (6.106) we get a system of relations with

e H, (2)
the series
> () mx®

which gives

o0

H,\> 1/93 2\ e Ho B 1, 101
Z<7) _ 5(54(6)_5; (3))[} =5 (5; 3) - ﬁc(é)>,

n=l1 n=1

and the calculations of the two series are complete.
To get another relation between the two series, one might exploit the result
log*(1 — x)

in (6.23) to get and use Zx” (Hn3 —3H, H,fz) + 2H,E3)) =7
—x

n=1
This second solution aimed to get two birds with one stone by creating a system

of two relations with two series like in the second solution from the previous section.

The series may also be found calculated in [19]. Also, a slightly modified version
3

from which we can extract the given series, appears in

o0
of the series, nX_: +—1)3,

[20].

6.28 Another Evaluation Ozf an Advanced Harmonic Series of

Weight 6, Y ">° H"n , Treated with The Master
Theorem of Sertes

Solution In the second solution from the previous section I also approached the
present series by a strategy involving integrals. How about an approach now by
series manipulations only? In this section we’ll try to get a solution by series
manipulations, and for doing that we might like to employ a particular case of an
application of The Master Theorem of Series.

By making use of the result in (4.21), the case m = 1, where we multiply both
sides by H,/n” and then consider the sum from n = 1 to co, we obtain

HiH, 1S (HN 1S HHP
Z(Z(k+1><k+n+1)n)ziz<7> LEP D

n=1 n=1
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or, upon changing the order of summation, we have

00 o] o] 3 o] 2)
H H 1 H, 1 H, H,
S kn . z_z(_") +oY T (6114
= k+Dk+n+n 2 n 2n=1 n

k=1 n=1

Now, we rearrange the inner series of the double series in the left-hand side
of (6.114),

o0

Z H,+1/(n+1)
n+1)*(n+k+2)

X:: 2(n+k+1)

n=0
{leave out the first term of the sum and expand the series }

1 oo oo

1 H,
= . 11
k+z+n§(n+1)3(n+k+2)+,§(n+1)2(n+k+2) (©6.113)

Then, for the first sum in (6.115), we have

> 1
Z(n+1)3(n+k+2)

n=1

[e¢]

1 1 1 1 1 1
=k+1;(n+1)3_(k+1)2,§(n+1)2+(k+1)2n§(n+1)(n+k+2)

> 1 Hp.r—1
make use of the fact that =
{ ;(n+l)(n+k+2) k+1 }

3 @ 1 Hi 1
Ck+1l (k+1D2 k42 (k+D¥

(6.116)

For the second series in (6.115), we have

i H, 1 i H, 1 1
m+1)2n+k+2) k+1~n+1\n+1 n+k+2

n=1 n=1

L S Hyp -+ &
_k+1n§ (n+1)2 k+lz(n+l)(n+k+2)

n=1

{reindex the first series and expand it}
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oo oo oo

1 H, 1 1 1
T k+1 n?2 k41 nd k+1
n=1 n=1

Hy
m+ D+ Gk+1)+1)

n=1

{make use of the Euler sum in (3.45), the case n = 2, and then}

{use the result in (4.21), the case m = 1, for the last series}

2 @
_t®  Hy, o HL

k41 2(k+1D2 0 2k + 12 (6.117)

Returning with the results from (6.116) and (6.117) in (6.115), we get

e¢]

2
B _ %O @ e H Hh

n2n4+k+1)  k+1  (+D2 " (k+D3 2k+D2 2k+1)72
(6.118)

n=1
Then, if we plug the result from (6.118) in (6.114), we obtain
o0 o0

1S (HN\ 1S HHP H (& H,
2 () X =T (S

n=1 k=1

:inH—l/(k‘i‘l)
P k+1

(20 o He  HY  HS,
k+1 (k+1D? (k+1)3 2k+D2 2(k+1)?

{reindex the series and expand it}
') 00 00 00 00 2
H; 1 Hj, 1 3 H;
=2¢(3 — —2¢(3 — =2 — 2 — + = —
;();kz 5();/9 c();k3+;<>;k4+2;k4

P K2 k 2 k3 2 k4

k=1 k=1 k=1

{use the Euler sum in (3.45), the cases n = 2, 3, 5}

{and then employ the results in (4.31) and (6.71)}

89 © 15"2 H,\? 1§:H,,H,§2)
_24§ 2 n 2 n3

n=1 n=1
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whence we get

00 3 o0 2)

H, H, Hy 89

— ——— = —¢(6). 6.119
§:<n) +n§:1 =500 (6.119)

n=1

00 3
H,
Finally, by plugging the value of E (—") from (4.35) in (6.119), we obtain that
n
n=1

iHHm—l(s 23) - 2L 6)
2 =5 (% 52O ),

and the solution is complete.
For a second solution based upon the use of integrals, see the second solution in
the previous section.

It’s worth mentioning the relation established in (4.40) which shows that knowing
0 (3)

the value of Z

n=1

leads to the derivation of the present series.

6.29 And Now a Series of Weight 6, >"°° H"n , Treated

n=1
with Both The Master Theorem of Series and Special
Logarithmic Integrals

Solution At the end of the previous section I gave a reference to a simple identity
that relates the series there with the one we want to calculate here. In other words,
if we know the value of the series in the previous section we can get the value of the
present series by means of the identity in (4.40), which we’ll meet in one of the next
sections. In the following I'll try to calculate the series both elementarily by series
manipulations only, and for doing that I'll use The Master Theorem of Series, and
on the other hand, I'll also try an approach with integrals.

For a first solution we rely on The Master Theorem of Series, more precisely on
the result in (4.22) from Sect. 4.17 where if we multiply both sides by H,,/n, and
then consider the summation from n = 1 to oo, we get

i i H}H,
S\ e+ Dk +n+1)

Han(z) 2. H,HYP H, H
——Z—+§(2)Z—+Z S —Zﬁ(zﬂ

n=1 n=1 n=1
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n=1

{use the values of the series in (4.39), (4.29), (4.38), and (6.121)}

o0

2. H,HY
gz n2

1615 )
= ?é“(@ +2¢°(3) +

(6.120)

n=1

o0
H,
where I also used that due to the symmetry, since Z k_§ = 2¢(3), we have
k=1

o0 H 00 H oo [k—1 H.H 00 H2 00 00 H. H
-3y (S ) (> )
k=1 n=1 k=1 \n=1 k=1 k=1 \n=k+1

00 k
Hy H,\ 97 5
=2) = (Z n—z) - 06 +26%3),
k=1 n=1
whence we get that
o Hy ( “H 97
" 2

ol _2) = 250)+57(3). (6.121)
k=1 k n=1 n 48

Now, for the double series in (6.120), we write

(o HZH, e H2H,
,; ,;(k+1)n(k+n+1) =2 Z(k+1)n(k+n+1)

k=1 \n=1

{reindex the inner series and start from n = 0 to oo}
_i i HX(H, + 1/(n + 1))
Ca\ G e+ D@+ Dk +n+2)

n=0

{for n = 0 let outside the term of the inner series}

. B S B H 1+ 1)
=) FTDGTD +Z<Z (k+1)(n+1)(k+n+2)>

k=1 k=1 \n=1
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B 00 sz 00 sz ) H,
= (k+1><k+2)+;k+1 (; (n+1)(k+n+2))

k=1

S] SZ

1
+Zk+1 (Z (n+1)2(k+n—|—2)) (6122

S3

‘We note the series Sp in (6.122), is the case n = 1 in (4.22),

0o 2

Z m 142(2). (6.123)

Further, to calculate the series S; in (6.122), we make use of the result in (4.21), the
case m = 1, and then we write

(@)
Sz=§: H i Hy Zi HY (HE,+HZ
2\ & Dn+ k+ D+ D) T Ak T\ 20+ D)

2
~ i (i1 — 1/ +1)2 (H2, + HE)
B k+1 2k +1)

k=1

{reindex the series and expand it}

1 & H/? 00 Hk3 1 & sz 1 & szHk(Z) Hy H(z) H(Z)
=52 ol w T —Z ‘Z i
k=1 k=1 k=1 k=1 k=1

{use the values of the series from (4.39), (4.35), (4.31), (4.38), (4.36), and (6.71)}
81 )
= Z§(6) +2¢7(3). (6.124)
Next, for the series S3 in (6.122), we have
00 H2 00 1
S3=) —k
’ ,;k—irl ; (n+ D2k +n+2)

o0 oo

_1;("“)2;(”“)2_,;(’{“)2 ;(n+1)(n+k+2)
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n=1

1 _ Hiq 1
that
{use ‘ Z( T D+ k+2)  k+1 k+2}

o e (Hen = 1/(k+ 1))
= Q) 1>; TEE

_i (i1 — 1/ + 1)? <Hk+1 R >
= (k + 1)2 k+1 k42

{reindex the series and expand them}

=@ - 1)2——2@(2)— I)Z +¢Q) - 1)2,%4 Z(Hk)

k=1 k=1

o0

S5 "

S4 Ss Se

(6.125)

For the series S4 in (6.125) we make use of the partial fractions, and we write

- > 11 1 © ;X
001 o0

2 E Z( k+1)=§(4)—c(3)+c(2>—1. (6.126)
k=1 k=1

Then, for the series S5 in (6.125), we proceed as follows

Sszi HE :i HE HE | (Higa —1/6+ 1)
2k +1) K2k k+1

k=1

ZiH_;?_zi Hiy1 +§:;+Z Hk2+1_H_k2
P k2 P (k +1)2 P (k+1)3 P k+1 k

{reindex the second and third series and start from k = 2 to co}
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{for the first two series use the values in (4.29) and (3.45), the case n = 2}
17
= Z§(4) —3¢03). (6.127)

Now, we calculate the last series from (6.125), and we write

¢ i i Hk_Hk Hi  Hgp = 1/(k+1)
6= k3(k+1) k k+1

oon oon > H; Hiy11
YR (R )

k=1 k=1

{make use of the classical Euler sum in (3.45), the cases n = 2, 3}

5
= L0 —20(3) + ). (6.128)

At this point, we collect the values of the series S4, S5, and Sg given
in (6.126), (6.127), and (6.128), and then plug them in (6.125) that lead to

00 H2 00 1
S3 = A
3 l;k—i—l(; (n+1)2(k+n+2)>

[ 00 3
= (@) - 1)2— ~2((2) - 1)2 +(@ - I)Zki4 - (%)

k=1 k=1

0 2 0
H; H; 11
2) s W@
k=1 k=1
{use the Euler sum in (3.45), the cases n = 3, 5 together}

{with the values of the series in (4.29), (4.35), and (4.31)}

16 5
=?§(6)—€(2)—§ 3 -1 (6.129)

Then, by plugging the values of the series S1, S», and S3 from (6.123), (6.124),
and (6.129) in (6.122), we get

it 6+ 6.130
Z Z(k+1)n(k+n+1) T 5O +°0). (6.130)
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Hence, by combining (6.120) and (6.130), we conclude that

* H,HY 1 /227
E 7 — =5 <—§(6) -3¢ (3))
n 2

n=1

and the first solution is complete.

For a second solution, one involving integrals, let’s start out with one of the
simpler logarithmic integrals presented in Integrals chapter, the identity in (1.4),
where if we multiply both sides by —H,f3) /n and then consider the summation from
n =1 to oo, we get

© g g %0 1, pl
Z = Z H® / (f (xy)"og(1 — x)dy) dx
n=1 n n=1 0 0

{change the order of integration and summation }

/ ( / Z(xy)" YH 1og(1 — x)dy)
_ _/ (/ log(1 —X)Li3(xy)dy>dx
o \Jo xy(1 —xy)

:_/‘ </110g(1—x)Li3(xy)dy>dx_/ (/ 1°g(1‘x)L‘3(x” )dx
0 0 Xy 0 0 1—x ’

(6.131)

where to get the penultimate equality I used the result in (4.6), the case m = 3.
Now, we prepare to calculate the first integral in (6.131), and using that

J Liz(xy)/ydy = Lis(xy) + C, we get

/1 (/1 log(1l — x) Li3(xy)dy> b — /1 log(1 — x) Li4(x)dx
0 0 Xy 0 X

1 o xnfl
:[ Z 7 log(1 — x)dx
0 n=1 n

{change the order of summation and integration and use the result in (1.4)}

_Zn“/ n- llog(l—x)dx——X:ZI—5

n=1

{make use of the Euler sum in (3.45), the case n = 5}

_1 ( 23) — ! (6)) (6.132)
=3 e 2; . .
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Further, to calculate the second integral in (6.131), we start with the integration by
parts in the inner integral, and then we have

log(1 =) Lis(xy) (1 logl —xy))’ .
'/(; 1~ 2y —/0 (—7> log(1 — x) Liz(xy)dy

=l jog(1 —x) 1 1og(1 — xy)Lis(x
" g( ) 2( y)Lix( y)dy

y:() X 0 y

= _l(yg(l——xy) log(1 — x) Liz(xy)
x

log2(1 — x)Liz(x) n log(1 — x) 1 log(1 —xy)Lig(xy)d
X X 0 y Y

log(1 — xy) Liz(xy) }
y

d
{note that — (Lia (xy))? = =2
dy

log?(1 — x)Liz(x)  log(1 — x)(Liz(x))?
B X B 2x ’

/1 </1 log(1 —x)Lig;(xy)dy) "
0o \Jo I —xy

_ /‘ log?(1 — 0)Lisx) 1 /‘ log(1 — 1) (Li(x))?
0 2 Jo

X X

that leads to

(6.133)

Now, for the first integral in (6.133), we get

Mog?(1 —x)Li3(x)
[— /

{use the identity in (1.5)}

log (1 —x)dx

log (1 —x)dx

]

H? H(z)

e

{make use of the values of the series in (4.31) and (6.71)}

_ 89 2
= 5,86 = ¢(3). (6.134)
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Next, the second integral in (6.133) is straightforward, and we get
1 : 2 x=1
log(1 — x)(L 1 35
/ N 1) (6.135)
0 X 3 X:O 24
Collecting the results from (6.134) and (6.135) in (6.133), we get
"og(1 —x)L 143
/ </‘ og(l — x) 13(xy) )dx —23) - B, 6.136)
0 0 1 — Xy 48
If we plug the results from (6.132) and (6.136) in (6.131), we conclude that
i H(3) 1 (227
Z == —C(6) —35%(3) (6.137)

and the second solution is complete.

As a note before bringing an end to this section, we may notice again during the
second solution the extraordinary usefulness of the elementary logarithmic integrals
in Sect. 1.3. So good to know!

6.30 An Appealing Exotic Harmonic Series of Weight 6,

o H:HP . )
Y onet —23"—, Derived by Elementary Series

Manipulations

Solution A nice observation is that the summand of the given series is in fact the
summand of the Au-Yeung series multiplied by Hn(z), which leads to the actual series
of weight 6 we want to calculate in this section. As before, the lucky card here is the
use of an application of The Master Theorem of Series which gives us the possibility
of doing the calculations by series manipulations only.

Recalling the identity in (4.24), multiplying both sides by 1/n and considering
the sum from n = 1 to oo, we obtain, for the left-hand side, that

(3 (s A
S \= k+Dk+n+Dn B  (k+ Dk +n+ Dn

k=1

>\ Hy Hjs1 HY (Hiet — 1/(k + D) Het (HS, — 1/(k + D)

Z (k + 1)2 _Z (k + 1)2

=1 k=1

{reindex the series and expand it}
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Hz H<z> %0 Hk H<2> Hy
= Z Z k4 Z Z =
{make use of the results in (4.31), (4.36), and (3.45), the case n = 5}

—Z

H2H(2> 3 )
~ 150 - 70, (6.138)

=1

1 [ HE
and for the right-hand side, since we have that Z_z (Z ’) =
n

2 n
n=1 =1 n=1 i=1 n=1 n=1
(S HY TS HY 1S (HPY)?
T o an _ZZ n2 _ZZ n2
n=1 n=1 n=1
Il H (1 Il e H? <~ Hy [~ H
=§Zl—z(2 il RED A= DB DIE-
i=1 n=i+1 n=1 n=1 i=1
00 00 2 00 4) 00 2)\2 00 2
o C(2) H, 1 H, 1 (H,™) £(2) H,
IO D D D P D D D D AP D
n=1 n=1 n=1 n=1 n=1
1 00 H2 (2)
= _EZ +2¢2(3) + —{(6) (6.139)

where for getting the last equality I used the results in (4.31), (6.121), (6.72), (4.29),
and (3.45), the case n = 2, (4.14), the case p = 2, with n — o0, (4.15), the case
p = 2, withn — 00, and the fact that

o0 2 00 00 00 2 00 272
H: H? H*H.
@Y\ _ S _t
> 5) T o) -0 -3 M
i=1 n=i+1 i=1 i=1 i=l1
{make use of the result in (4.29)}
119 > H2H?

=g tO -

i=1
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n=1 n2 s e

Finally, by combining (6.138) and (6.139), we conclude that

ad H(z) 41 s
Z = 50 +2°0),

and the solution is finalized.
For a second solution based upon a system of relations with series, check the next
section.

6.31 Another Appealing Exotic Harmonic Series of Weight 6,

4
1 %, Derived by Elementary Series Manipulations

Solution We have arrived at the last series of weight 6 where a solution by series
manipulations is expected as before. For example, an option would be to establish a
relation between the current series and the series from the previous section where to
further use the value of the latter in order to extract the value of the desired series.

On the other hand, we may establish two relations between the current series and
the one from the previous section, and then extract both the value of the desired

series, and as a bonus, the one from the previous section.
00 rr4

The main idea is to make a system of two relations with the series Z —; and
n

n=1

o HZH(Z)
L 2" . First, we make use of the result in (4.21), the case m = 1, where if we
n
n=1
multiply both sides by an /n and then consider the sum from n = 1 to oo, we get

1§:H3+1iH3H,§2)_i i HyH?
2 n 2 n? _n=1 = (k+ Dk +n+1)

00 0 2
H; H;

= ) 6.140

Zk+12n(k+n+1) ( )
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Next, we work on the inner series in (6.140) that we can write as follows

[e.¢] oo H2
Z Z n+1
n:1”(k+”+1) o+ Dk+n+2)

{leave out the term of the series for n = 0}

1 i (H, +1/(n + 1))?
S k+2 =Dk +n+2)

[e.e]

1 H? H
ot aae o Pl e
k+2  —n+Dk+n+2) =+ 12k +n+2)

e¢]

1
+,,2=;(”+1)3(k+n+2)' (6.141)

The first series in (6.141) we already met in (4.22) from Sect. 4.17, and we have

2 3
i HY, | +3¢(Q)His1 + 3H HY, +2HS),
=+t 1)<k Err i 30+ 1)
LN H (6.142)
k+1 i’ '

For the second series in (6.141), we get

I
n+D2k+n+2)

n=1

1 Z Hyi1 i 1 i
_k+1n:1(n+1)2 k+14~m+13 k+1 (n+1)(k+n+2)

n=1 n=1

{use the classical Euler sum in (3.45), the case n = 2,}

{and then employ the result in (4.21), the case m = 1}

2 (2)
_tB)  Hig, +HY

= 6.143
k+1 2(k + 1)2 ( )

Finally, for the last series in (6.141), we have
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> 1
—(n+ 13k +n+2)
o
1 1 1 1
= 3 2 Z 7+ 2 Z
k+1=m+1)° (k+D?=@n+D k+1)° = @n+Dk+n+2)
o
1 H 1
make use of the fact that Z — Tkl
S+ Dk+n+2)  k+1 k+2
3 2 H 1
_ B 5@ k1 _ (6.144)
k+1 *k+D2 (k+13 k42
If we plug the results from (6.142), (6.143), and (6.144) in (6.141), we get
o
Z n(k +n + 1)
n=1
2 2
_ H, _H L@ )Hk+1 Hir Hip1 H, 3 HE),
3k+1) (k4 1)? k+1  (k+1)3 k+1 (k+1)2
3 k+1
2H 3c(3 2 1 H;
SSUUE (B (O o} (6.145)
3k+1)  k+1  (k+1D? k+14i2
Then, we plug the result from (6.145) in (6.140), and we get
2
li H? li H2H?
2 nz 2 n?
n=lI n=1
_ i Hiv1 — i1 ( HRy B HE, | Lo ) Hi 11 Hi 1 Hiyy
- k+1 3(k+1) (k+1)2 k+1 (k+1)3 k+1

k=1
2 3 k+1

_HE, . 2H), REONNNC N, iﬂ

k+D? " 3k+1)  k+1 (k+D2 k+1402

{reindex the series, expand it, and replace k by n}

_IsHy A5 Hy +22—+;<2>Z——2c(2)2——2
3 n?2 3 n3 nd

n=1 n=1 n=1
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e¢]

® @ @ 3 % r(3)
3 H*H, 3 H, H\ 3 Y 2 3 H,H® 2 3 H
" 1 -’ 1 " 1 nt 3 1 3 1 n?

n= n= n= n= n=

R ) D REIC) PERIC) PR Prcimti <27_2)
n=1 n=1

i=1

3
I
-
3
Il
<N

whence we get

> 1) 0 ©)
221:_4_2X_:—§+§(2)Z——2§(2)Z__Z__2; H,,’gn

n=1

=\ HY ZOOHH(3) 2 & HY = H—l/ :
Sy e S e ey By et (3 )

n=1 n=1 n=1 n=1 i=1

7
=33 + 7¢(6)
{make use of the classical Euler sum in (3.45), the cases}
{n =2,3,5, and then employ the results in (4.31), (4.35), (4.29),}

{(4.36), (6.71), (4.37), and (4.14), the case p = 3, withn — o0}

1453 H, —1/n [ H
=—¢(6)—=¢°(3 _ — . 6.146
2 t© c() Z — (Zﬂ (6.146)
n=1 i=1
Now, to calculate the series in (6.146), we proceed as follows
o0 o0 n o0 n
Hn — l/n i Hn H
>l (SR> (2 R) - ()
n=1 i=1 n=1 i=1 n=1 i=1

{for the second series change the order of summation}

l
i=1 i=1 \n=i n=1

i=1
>, H; 1
E 7 <§(3) - Hi(3) + 1—3)
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n=1 n2 s e

ziiz(zl_>—;<3)i%—i% i

n=1 i=1 i=1 i=1

HHY

{use the linear Euler sum in (3.45), the cases n = 2, 5, and }

{the first and the last series are calculated in (6.121) and (4.37)}
=5¢(6) — 2¢%(3), (6.147)

By plugging the result from (6.147) in (6.146), we get

> H? > H2H(2) 733
Z_z - Z = 2246 = 38°0), (6.148)

and the first relation between the two main series has been established.
Then, using the result in (4.26), the first equality, multiplying both sides by H,,/n
and considering the sum from n = 1 to co, we obtain

3 o n? o n? 3 o n? =\ k+Dnk+n+1)

{reverse the order of summation}

00 _ 2) oo H
k n
= . 6.149
Z k+1 ;n(k+n+1) ( )

Now we rearrange the inner series in (6.149), and reindexing, we get

o0 oo

Hyq 1 i Hy,+1/(n+ 1)
n(k+n+l) n+Dk+n+2) T k+2 =1(n+l)(k+n+2)

n=1 n=0

o0 oo 1

1 H,
= + +
k+2 ;(n+1)(k+n+2) ,;(n+1)2(k+n+2)
{make use of the result in (4.21), the case m = 1}

ad 1
(n+1)2 k+1Z(n+1)(k+n+2)

n=1 n=1

2)
_ 1 H,, + Hk+1 i
12T T2k ) kgl

o0
1 H 1
employ the elementary result, Z — k2
n_l(n+l)(k+n+2) k+1 k41
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2
_ 1 HY L +HG  c@ =1 Ho L
k+2 " 2%k+1) k+1  (k+12 " (k+1)2

2
_ Hk2+1 + Hk(+)1 $(2)  Hiq
20k + 1) k+1  (k+ 12

(6.150)

Upon plugging the result from (6.150) in (6.149), we obtain

o]

1 S Y & HAHEY 2 & HLHY
DL

n n? 3 n?
n=1 n=1 n=1

2
1 ) 1
— i (Hk+l B m) B (Hk“ B (k+1)2> Hk2+l + Hk(-zi—)l §(2)  Hi
k+1 2(k+ 1) k+1 (k+ 1)2

{reindex the series, expand it, and replace k by n }

=35> 22 Z—+3Z—+§(2)Z——2§(2)Z 22Hn
1

% (2)

H(2) o0 H(Z) 2 o0 1
z‘ ) DI

whence we get

S A

1S Y & H(2)
52_2 >
=

n=1

o0 [e%e) 3)
22;,1 32——;(2>Z—+2z<2>2—+ Z% %ZHH

% (2) 0 (2) 0 (2) ) 2

Z

=1
—u@ )Y —
n=1

{make use of the linear Euler sum in (3.45), the cases n = 3, 5, then}

{the values of the series in (4.35), (4.31), (4.29), (4.37), (4.14), where we set}
{p=2,withn — o0, (6.71) and (4.15), where we set p = 2, withn — oo}
487

= mC(é) - —C 23,
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and thus we have a second relation between the two main series,

1S HY & HZH(Z) 487
DB P :m;@——; 3). (6.151)

n=1 n=1

Combining the results in (6.148) and (6.151), we conclude that

HQH(Z)

0 H4
d 5= c<6>+3c ©F Z

n=1 n=1

41 6) +2¢%(3
EC()+§(),

and the solution is complete.
Another solution may be constructed by combining the calculation of

00 (2)
>
- 4

Also, a slightly modified version of the series Z 1)2, from which we can

in the previous section with either the identity in (6.148) or (6.151).

obtain the given series, appears in [54].

6.32 Four Sums with Harmonic Series Involving the
Generalized Harmonic Numbers of Order 1, 2, 3, 4, 5,
and 6, Originating from The Master Theorem of Series

Solution This section opens the gates to four sums with harmonic series where
we’ll want to focus on calculating them together rather than trying to calculate each
series separately, and this will find pretty useful in some sections. Why? Because, as
you already saw in the previous sections, the strategy of extracting the values of the
harmonic series is based on creating useful relations with harmonic series. On the
other hand, in the third chapter, in Sect. 3.36, we saw that such series relations are
very useful when trying to calculate some integrals.

For the point i) of the problem, we use the result in (4.21), the case m = 3, and
we have

00 (3) | n H, 3 e
Z(k+1)(1<+n+1) n Zi—3+2<—1> ¢()H,

k=1 i=1 i=2

(2)
(6.152)

-1
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Upon multiplying the opposite sides of the relation in (6.152) by 1/n, and then
considering the sum from n = 1 to co, we obtain

o) 1 n o] (2) o] Hn
Z;(Z 13)—«2)2 )

n=1 i=1

{for the first series change the summation order}

-3 (S ) e 3 B

N n
i=1 \n=i i=1 \n=i+1 n=i
oo oo 00
(X as)+ Y
N i3n? i’
i=1 \n=i+l1 i=1

{make use of the classical Euler sum in (3.45), the cases n = 2, 3, 5, and for}

{the fourth series make use of the result in (4.14), the case p = 2, withn — oo}

T 3, SHED A Hy
=3O+ 283 - ) = —Zl ];(k+1)(k+n+l)”

n=1

{reverse the order of summation in the double series}

S (S

— (k+ D(k+n+ Dn

1 H,
{erte that Z T kel }
n(n

k+1) T k1

_ZHk+1H<’ ZHkH( 2= 1k + 1)
k+ 12 (k+1)2

{reindex the series and expand it}
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Hk H(3)

—XI

o Tie
5¢ 180,

OOH_OOHan3)

whence we obtain that

© (3) (2
H, H, H, H, 21
) Tt T =g le+0),

and the point i) of the problem is finalized.

Both series have been calculated in the previous sections where I mentioned that
knowing the value of either of the two series will lead to the extraction of the other
one with the help of this identity.

Next, for the point ii) of the problem, using the result in (4.21), the case m = 4,
we obtain

00 H(4) 1 (<N H 4 . e
Z(k+l)(k+n+1) _;<Zi—4+2(_1)1 (i) HA )

k=1 i=1 i=2

H e

2

(6.153)

Upon multiplying the opposite sides of the relation in (6.153) by 1/n, and then
considering the sum from n = 1 to oo, we obtain

o]

X (Z H) e
n=1

i=1

{change the summation order in the first series}

=—§:<Z:42)+§

0 (3) o0 (2)

o0
42_:—2

n=1

n=i n i=1 \n=i+1 n=i
'S} 'S} 1 00 H;
22X a3zt
i4 i®
i=1 \n=i+l1 i=1

{22—4(4(2) Hi(Z))JFZ,T: Z,-T_Z i +Zi_}

i=1 i=1 i=1 i=1
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o0 0 (3) 00 (2)
n=1

o0
H,
+e@y =2
7 )’; —

{make use of the classical Euler sum in (3.45), the cases n = 2,4, 6,}

{and also consider the results in (6.68) and (4.14), with p = 2}

H<2>

——¢(2>Z—+Z

H(z) 7
Z + ;“(2)5(5)——;“(3)4“(4) 4£(7)

n=1

0o 1) H(4) o0 00 Hk(4)
- Z( k+Dk+n+ 1)n) Z(; (k+1)(k+n+1)n)

n=1 \k=1 k=1

_ i He HY i Hin (HE) = 1/ + 1Y
=R (k4 1)2

k=1

{reindex the series and expand it}

=)~ Z Z +;<2);<5>+;<3>;<4> Az (7).,

< HHY S HHY 1 9
P D =5<5;<2>§<5)—5;<s);<4>),

and the point i7) of the problem is finalized.
Further, for the point iii) of the problem we make use of the result in (4.21), the
case m = 5, that gives

3 H(S) (& H | o i—1 (5—i+1)
Z(k+1)(k+n+1) ;(Zi_s+z(—1)’ CHHP™! )

k=1 i=1 i=2

-2

H® H® o

(6.154)
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Multiplying the opposite sides of the relation in (6.154) by 1/n and then considering
the summation from n = 1 to oo, we get

SUCR

n=1 i=1 n=1 n=1

(4) © (3) o (2)

{for the first series change the summation order}
(4) o0 (3) o0 (2) x o

oAt DA B

i=1 i=1 i=1 i=1 i=1
[os] [ee] 2) o] o] “4) o] 3)
H, H, H, H,
=@ F-) +Zn—?—5<2>2 T 5
n=1 n=1 n=1 n=1 n=1

{make use of the classical Euler sum in (3.45), the cases n = 2, 5, 7, and also}

{consider the results in (6.72), (6.68), and (4.14), the case p = 2, withn — oo}

H,,H(z) 145 13
_ Z - e®) - _;<2>; 3)+ = ¢3)¢(S)

0o ) H(S) o0 00 Hk(5)
=2 (Z (k+ 1) (k+n+ 1)n) Z(; (k+1)(k+n+1)n)

n=1 \k=1 k=1
_ Z He HY i Hin1 (H) = 1/(k + 1))
k+1)? — — (k4 1)2

{reindex the series and expand it}

HkH(S) o H, H (5)

= Z -y Z 20®) +LOE0)
k=1
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whence we get that

>\ HyH,\ H,H? 1017
Z S+ Z e < ¢@®) + 11£(3)¢(5) — 3¢(2)¢ (3))
n=1 n=1

and the point iii) of the problem is finalized.

As regards the last point of the problem, we use the result in (4.21), the case
m = 6, that yields

o n

H(6) 1 H, 6 . 6ish
(k+ Dk +n+1) —;(Z,.—wZ(—w C(H,™ )

i=1 =2

k=1
B Z HS e e 7O

L@ —¢(5) ;

Hy
+E6)—=.

(6.155)
Multiplying the opposite sides of the relation in (6.155) by 1/n and then considering
the summation from n = 1 to co, we get

S (2%

i=1

) 00 (5) 00 (4) 00 (3)

(2) 00

—£(5) Z

{change the summation order in the first series}

o 00 (5) 00 (4) © (3)
-3 (D) w2
i=1 \n=i n=1
(2) 00
—c(S)Z 52
n=1
o0 00 H: oo oo i H
e (3 5) -3 (2 +20)
i=1 n:iln i=1 \n=i+1 n=i e
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oo 00 (5) o0 (4)

——¢(2>Z—+Z —Z

o (3) © (2) o0

H<2>

+¢

{use the classical Euler sum in (3.45), the cases n = 2, 6, 8, and also consider}

{the results in (6.76), (6.72), (6.68), and (4.14), the case p = 2, withn — oo}

H(2>

16
=82)¢(D) = £(3)(6) + 33) - (4);(5) —5¢(9) + Z

0o 00 Hk(ﬁ) 0o 00 Hk(ﬁ)
ZZ ,;(k+1)(k+n+l)n :Z ;(k—i—l)(k-l-n-i-])n

k=1

B Z Hen B Z (H) = 1/(k + D) Hiyy

k+1? & (k4 1)2

{reindex the series and expand it}

HkH@ H;
Z =

k=1

—Z

(6)

+ £(2)5(7) +£(3)¢(6) + £(HE(5) — 5£(9),

whence we obtain that

* 1,1 X H,H? 19 15
» _ 5 =Te@ED) = LB O) — TEALG) + (3.

n=1 n=1

and the point i v) of the problem is finalized.
As a final note, the most difficult series we needed to establish the present results
have been the ones evaluated in Sect. 6.21.
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6.33 Awesomely Wicked Sums of Series of Weight 7,

3
PR iz —a and Y H” , Originating from a
Strong Generallzed Sum The First Part

Solution How did the derivations of the series of weight 4, 5, and 6 seem to you
so far in terms of difficulty (assuming you went through those related sections)?
One simple observation, as we go toward the series of higher weights, is that the
extraction process of the series seems to get more and more complicated. Then keep
in mind my plan is to derive the series of weight 7 by series manipulations only.

Where should we start from? In a previous section I said that one of the best
strategies to extract the harmonic series is to build up (useful) relations with
harmonic series. For example, remember that such relations we have in Sect. 4.32.
So far so good. Looks like we need more distinct relations in order to be able to
extract the series of weight 7.

Let’s start by considering the identity in (4.16), the case m = 1, where if we
multiply both sides by 1/n° and then consider the summation from n = 1 to oo, we
get

oo [n—1 H 00 an 00 HrEZ)
() BE S e

k=1 n=1 n=1

Using the series values from (4.32) and (6.75) in the right-hand side of (6.156), we
obtain

oo /n—1
H;, 9
> (Z e )) = 16¢(7) = 6¢(2)E(5) = ¢ @) (6.157)

n=1

Further, for left-hand side of (6.157), considering the change of summation order,
we have

(S s) (2 )

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

{reindex the inner series and start from n = 1}

- Z <n22; n(n +k)5)

k=1
- kg (; nk4(k+n)> B ; (; k(k+n)5> B /; (2 K2(k +n)4)
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-2 (Eetar)- ﬁ@W)

B ) -

k= k=
-3 (e - ) - 3 (e - 1)

k=1 k=1
00 2 00 00 00 4) 00
Bk T BET (IO BT BIC) P i) phc MEIE) gt
k=1 k k=1 k k=1 k k=1 k k=1 k
e8] €] 00 H e8] H H(
Z kk%k —¢) kX: k_: + 2} kk4k
Z - n—

{make use of the classical Euler sum in (3.45), the casesn = 2, 3,4,}

{the results in (4.32), (4.71), and (4.41), where we use the latter identity}

Hy
{for expressing Z

H<4> H H<2>

in terms of Z

a® H H(2>

22

=12¢(7) - —5(2)4(5) - —c(3)c<4) + Z
(6.158)

If we combine (6.157) and (6.158), we obtain that

e ¢]

HHY S HyHY
23 B S I — )+ Le () - Se@506),

and the solution is complete.
You may have noticed that during the calculations we met a series with the tail

. : o~ Ha *)
of the Riemann zeta function of the type, E — ({ (k) — H, ), more exactly the
n

n=1
case k = 5 we’ll meet in Sect. 4.45.
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6.34 Awesomely Wicked Sums of Series of Weight 7,

@) ;3
PR iz —a and Y A, By H , Originating from a
Strong Generallzed Sum The Second Part

Solution In our pursuit of getting another relation with harmonic series of weight
7, we continue with using another particular case of the generalization used in the
previous section. Basically, we proceed similarly as before and do the calculations
by series manipulations only.

We return to the generalization given in (4.16), the case m = 2, where if we
multiply both sides by 1/n* and then consider the summation from n = 1 to oo, we
get

o /n—1 Hk(Z) oo n 00 0 H(3)
;(Zn“(n—k)) =;<Zk2 4) (6.159)

k=1 k=1

Now, changing the summation order for the first series in the right-hand side
of (6.159), we get

o0 n Hk o o0 OOHk 1 1
Z<Z"2”4>:Z<Z"2’14> Zk( k+DF T (k+2)4+'">

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

HkH(4)

:E%(%—F(M)—Hk@):;%+C(4);k Z

{make use of the classical Euler sum in (3.45), the casesn = 2 and n = 6}

o (4)

H.H,
= 40 + LB — L) = Y =5 (6.160)
k=1

Then, plugging the results from (6.160) and (6.80) in (6.159) gives

n—1 H(z)
Z (Z 7 ) =¢(3)¢@) +19¢(2)¢(5) —32¢(D
n*(n — k)

< H,HP & HHY
Z Py 2

n
n=1 n=1
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I‘l

and if we use the relation in (4.41), we obtain

> (S HPY 13 33
2N\ o ) = 5@ + e@¢5) = 326 (D). (6.161)

For the left-hand side of (6.161), we change the summation order, and then we have

0o [n—1 Hk(z) 00 00 Hk(z)
,; (,; n4(n — k)) - ,; (;H i (n — 15)

{reindex the inner series and start from n = 1 to 0o}

k=1 1
_in@ i 1 in(Z) i 1
o k3 n(n + k) k (k 4+ n)4
k=1 n=1 k=1 n=1
i HY i 1 i H i 1
k2 (k +n)? k3 (k +n)?
k=1 n=1 k=1 n=1
> 1 H
for the inner series of the first double series, use that Z T
nn +k) k
2 < 1,2 00 (2)
HkH H
= Z S (e - 1) =30 (50 - )
k=1 k=1
S (2)
> (s - )
k=1
HyH? 2 @ H<2> H<3>

=3 (¢ - H®) —;(3)21; +Z

SR

H(z))Z

o) (2)
—¢(2) Z k4 Z

(6.162)

He(c@) — HY
Now, for the second series in (6.162), we consider the series Z %
k=1

where we apply Abel’s summation (see (5.1)) with axy = 1/ k% and by, = Hi (¢ (4) —
H™) that gi
i gives
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o0

) “4)
Z—Hk(“‘” B _ 5o (Hiwe) — HO) ~ @) - BE))
k=1 k=1

e @]

Z (H?, - 1/(k+1>2><<Hk+1 e+ D)@ — Y, + 1/ + 1%

—Hjs1 (C(4) — ,§i‘ﬁl>)
{reindex the series and carefully expand it}

00 00 00 2) 00 ?2) 00 4
1 H;, Hk Hka H
=) Tl st +€<>Zk3
k=1 k=1 k=1 k=1 k=1
2)

—i i (¢ — ™)

{make use of the linear Euler sum in (3.45), the case n = 6, and}

{the values of the 3rd and 5th series are given in (6.75) and (6.79)}

H, H<2) S H(Z)
=Y (@ - ) 240D — 1402065) — B0 4),

—Z

from which we get

(2)

i (¢ - m®)

k=1

(2) 00 (4)

—c<4>2 % Z
k=1

+24¢(7) = 142(2)¢(5) = 2(3)54)

o0
{make use of the classical Euler sum in (3.45), the case n = 2, and then}

{express Z in terms of Z

2)

using the identity in (4.41)}

(2)

+245(7) — —((2)4“(5) - —4‘(3)4(4) (6.163)
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n 4

Further, for the third series in (6.162), we make use of (4.14) where we set p = 2
and then let n — oo,

2)

9] ( 7
XZ: = (@, (6.164)

Next, for the sixth series in (6.162), we consider the identity in (4.47),

Z( ],;3) :74(3)“4)_3;(7)_22%. (6.165)
k=1 k=1

By collecting the series results from (6.163), (6.164), (6.165), and (6.67) in (6.162),
we get

5 © g H® © 7@ o
= 16£(2)5(5) + 5EB)e @) — 270D = ) == = Y = (6.166)
k=1 k=1

Finally, by combining (6.161) and (6.166), we conclude that

S HoHYD O HY HY ! 3
) + o7 = 50(7) — SLQLE) — LB @),

n=1

and the solution is complete.
In the calculations we also needed a result from Sect. 4.36, which is easy to
obtain by Abel’s summation (as we’ll see in its dedicated section).

6.35 Awesomely Wicked Sums of Series of Weight 7,

@ 23 2g 2
Based upon a New Identlty The Thlrd Part

, Derivation

Solution An immediate remark from the very beginning of the section is that both
here and in the last two sections we have obtained relations where each one contains

. H,H,
the series Z u 4"
n=1

which seems to play the part of a pivot, central element.
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In the following I'll establish a relation between three series of weight 7 which is
important in the derivation process of the harmonic series of weight 7, and not only
there. For example, the present relation together with the relations obtained in the
last two sections will be proving to be the keys for solving an excellent challenging
question from one of the next sections (you’ll want to discover alone).

Let’s start by considering the identity in (4.17) where if we multiply both sides
by 1/ n*, and then consider the sum from 7 = 1 to 0o, we get

S n—1 2 ] n o0 3 00 (2)
)y (v o Hy, Hy
2; (](X:; nt(n — k)) - ( 4k2> PYa nE=1 praa (6.167)

n=1 \k=1 n=1

For the left-hand side of (6.167), we change the order of summation, and then we
have

n=1 \k=I k=1 \n=k+1

{reindex the inner series and start from n = 1 to 0o}

k=1 1 k=1 =1
00 H3 00 H2 00 H2 00 HZH(?’) 00 H2
_ k k 4) k k""k k
=) LG CW-H @Y ) T @)
k=1 k=1 k=1 k=1 k=1
0o H2H(2)
k" "k
+Z k3
k=1

{for the 3rd and 5th series make use of the series results in (4.29) and (4.30)}

0 143 S © g2g® 1527 (2)
H H}H, HZH

=> —+-3 : ) o Sl S
= Lo L ({(4) H7) + § +k§_l 3

7 7
- 55(2)4“(5) - Z§(3)€(4). (6.168)



®
6.35 Awesomely Wicked Sums of Series of Weight 7, Y o2 L1 443

n 4

Now, for the second series in (6.168), we apply Abel’s summation (see (5.1)),
where we set ay = 1/k and by = Hk2(§(4) — H,§4)), and then we have

o0 2 00
2 Tk“ @ = H) =3 He (sz €@ — HY) — HY, () - H“‘%))
k=1 k=1

= (Hip1 — 1/ + 1))<(Hk+1 (k+ D)@ — B, + 1/ + D
k=1

4
—HE, (6 (4) — H )l))
{reindex the series and carefully expand it}

> H} >, H? HkH >, H? HY

sz_‘*_zl; (¢ — ) - 32 —3Zk +Z 5
00 Hk 00 1
+3c(4>Zk—2+3Zk “)st 2—7
k=1 k=1

{make use of the results in (3.45), the cases n = 2, 6, (4 32) (6.79),}

4 2)
H; H H; H
{and consider (4.41) to express Z in terms of Z
k=1
as 3 > H (4) s Hk H(Z) 5
=Zk—f§ -2y F (z(4> ) 3) —a M)+ 5@
k=1 k=1 k=1
69
+Z§ (3)¢4),
from which we obtain
> e - HY)
k=1
o0 3 o0 (2)

5 23
—82(7) + 64“(2)4“(5) + 80X @). (6.169)

1 & H HeH,
L L a

Next, if we consider the result from (6.169) in (6.168), we get

n—1 H2 H H(Z) HzH(3) 00 H2H(2)
;(Z n4(n—k)) Z k4 Z : l; kkzk +k2=; kk3k

—?§(2)§(5) - 7;‘6);(4) +8¢(7). (6.170)
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Further, for the first series in the right-hand side of (6.167), we change the
summation order, and then we write

S (5 ) 5 (S ) -5 (s e )

n=1 \k=1 k=1 \n=k
6.171)
X H (1 X H X H H(4)
=Zk—§<ﬁ+§(4)—H,§4)> Z +;(4)Zk2" Z £
k=1
{make use of the Euler sum in (3.45), the cases n = 2, 6}
> HY
=¢(3)¢@) —¢(2)¢(5) +4¢(7) — Z kkzk
k=1
{employ the result in (4.41)}
=By - e +4ca o HiH 6.172
= LB = 5L () + ;*()—kg1 pra (6.172)

If we plug the result from (6.172) in (6.167), we get

o H; HnH(2
Z(Z per k)) eSO LMY 32 .

n=1

(6 173)
Putting together the results from (6.170) and (6.173), we obtain that
2 © 2770) 0 132 77(2)
H,H, H H H, H H,
42 e 2_4 Z nnz +Z nn3
n=1 n=1 n=1 n=1
5 43
= 6;“(2)4“(5) + ZC(3)C(4) —42(7). (6.174)

If we plug the result from (4.50) in (6.174), we conclude that

H, H@ H2H,§3) 0 H2H(2) 23 1
32 5> +3T = OO~ SE D)+,

n=1

and the solution is complete.

The campaign of establishing relations with the series of weight 7 will not end
here, and it will continue in some of the next sections. We need them in order to
extract the series of weight 7.
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6.36 Deriving More Useful Sums of Harmonic Series of
Weight 7

Solution Continuing the pursuit of getting identities with harmonic series of weight
7, in this section we’ll try to derive one of the given results by simply applying
Abel’s summation, and we’ll view the other two as products of the combination of
other identities with harmonic series.

For the part i) of the problem we apply Abel’s summation (see (5.1)) where we
seta, = l/n2 and b, = H,Ez) H,SS), and we are led to

_ 2 7 3)
) = Nh_r)noo Hy Hy  Hy

5/28(3)¢#)

ad 1 1 5
2) 2) g3 _ 2) 3) - — =
+§ H, (Hn H (Hn + G2 1)2) (Hn + - 1)3)> 2{(3);(4)

n=1

2 1 ) 1 2
_iHnH—m _i( w1~ G
< (n+1)° —~ (1)

@ 1 (©) 1
_i (H,) — (n+1)2)(Hn+l - (,,+1)3)
— (n+1)?

{reindex the series and expand them }

5 oo 1 oo H’£2) o] H,53) o0 (HéZ))z o] H}EZ)HS)
SEOIURD FUEEP DI EES SCC ) SIS UL
n=1 n=1 n=1 n=1 n=1

n2
{make use of the values of the series given in (6.75) and (6.80)}
13 o (H? o HY HY
= SLOEW 3N =) =)

n=1 n=1

n

whence we get

e} HFSZ)HI?) 0 HrSZ) 2 13
2 Tt ( n3) = L3 =3¢,
n=1 k=1

and the part i) of the problem is complete.
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Further, the result from the point i7) is obtained immediately if we combine the
identities in (4.45) and (4.47), which yields

HIL

n=1 k=1

2 2

=138(7) = ¢(2)5(5) — 82(3)5(4),

and the part i7) of the problem is complete.
Next, passing to the point iii), we consider the identities in (4.51) and (4.52)
where if we multiply the former by 3/2 and add it to the latter one, we get

o]

H 5 HY * H,HP 27 35 13
27—52—3 ; T = SL@E0) = TEBe@) + -,

n
n=1

that if we also combine with the identity in (4.50), we conclude that
H? =, H?
10) 5 =3) 5 =75 +5((2)¢(5) - 63c3)¢(4),

and the part iii) of the problem is complete.

For getting the last harmonic series identity I needed three of the relations in
the next sections. It would also be interesting finding another creative ways of
establishing a relation between these two series.

6.37 Preparing the Weapons of The Master Theorem of Series
to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 1st Episode

Solution Starting with this section and continuing in the next two sections, I'll
prepare three results derived with the applications of The Master Theorem of Series
which are of great help in the derivation of the harmonic series of weight 7.

Let’s start out with the first equality of the result in (4.26) where if we multiply
both sides by 1/13, and then consider the summation from n = 1 to co, we get

00 00 (3) 00 00 2 2)
lZ—” MJFEZHL:Z L Sk
3 L ph 4 3 nt T\ Sk DK+t

n=1 n=1

{reverse the order of summation}

- HP X 1
= ) 6.175
Z k+1 §n3(k+n+1) ( )
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Now, it’s easy to see that, by using the partial fraction expansion, the inner series
in (6.175) can be written as

i 1 B il 1 1 1 3 1
— n3(k+n+1)  k+1 Pt nd  (k+1)2 Pt n?  (k+1)2 = n(k+n+1)

> 1 H
make use of the fact that Z _ Tkl
nz]n(k—i—n—i—l) k+1

_B® L@ L Hi
Ck+1 k+ D2 (kDY

(6.176)

If we plug the result from (6.176) in (6.175), we get

1 °°H3 HH(Z) >
P = Z

n=1

& (Hipr = 1k + D) = (HD) =1/ + 1)
B k+1

X<¢<3> L@ Hi )

k=1

k+1 (k+1)2  (k+1)3

{reindex the series and expand it}

00 2 00
Z +§(3)Z ¢<2>Z%—ZZ 2;(3)2 +zc(>2k4

2 H®

) 00
H"H +c(2)2—+2c(3>2k4

o0 (
—c(3)2

o0
2
+k§k Z

1
—2%@ ) 15
k=1
{use the results in (3.45), the cases n = 3, 4, 6, (4.29),}
{(4.30), (4.32), (4.14) with p =2 and n — o0, (6.67)}

>\ H? H, H(z)
=Z—4 Z +102(3)¢(4) —4¢(2)¢(5) —4¢ (D),

whence we get, also using the result in (6.80), that
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H, H,?)

© 43
Z —Z =4¢(2)¢(5) +15¢(3)¢(4) — 24¢(7), (6.177)

n=1

and the solution is complete.
The identity used above has proved to be so useful in more situations, and we’ll
use it again in the next section. Good to know and keep close in our toolbox!

6.38 Preparing the Weapons of The Master Theorem of Series
to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 2nd Episode

Solution In order to get the present relation, we would like to exploit again the
identity used in the previous section, which stems from combining applications of
The Master Theorem of Series. For proving the result we’ll need to use both the
values of a bunch of harmonic series and relations amongst the harmonic series of
weight 7 previously established.

For the beginning, we make use of the first equality of the identity in (4.26) where
if we multiply both sides by H, /n? and then consider the summation over n from
n =1 to oo, we get

5 (30— i H i H,?) 2 Z H, Hy
(k+ 1)(k +n + 1n? n3 n3
n=1 \k=1 n=1 n=1 n=1
(6.178)
For the left-hand side of (6.178), we change the summation order, and we have

(3o = HOH, | S (5 HE = B,
2 k§<k+1)(k+n+1)n2 =2 ;(HD(H”HW

3)

n=1 k=1
B i i (H — H®)H, ~ i H2 - H? i H,
- (k + 1)2n2 (k4 1)2 nn+k+1) )"
k=1 \n=1 k=1 n=1
S1 \Y)

(6.179)
Now, for S7 in (6.179), considering the classical Euler sum in (3.45), the case n = 2,
we obtain

2 (2)
5 =3 o H (S
Pt (k+1)? o n?

— 1/ + 1) = HD + 1/ + 1)
(k +1)2

> (H
:24(3)2( k+1

k=1
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{reindex the series and expand it}
o0 1 00 H, 00 2 00 (2)
=4 Y GO Y 5 +AG) Z —§ -2:(3) Z 2
k=1 k=1 k=1
{employ the Euler sum in (3.45), the case n = 3, and then make}
{use of the results in (4.29) and (4.14), where we set p = 2 and let n — o0}
=4 (3)¢ (). (6.180)

Then, we pass to the series S> from (6.179), and we write

00 2 2) 00

S5 — Z Hf — H, Z H,
—~ (k + 1)2 nn+k+1)
= n=1

{reindex the inner series and leave out the term for n = 0}
HY - HY X Hy+1/(n+1)
_ Z + Z n
(k+1)2 (k+2 (n+1)(n+k+2))

n=1

©) @
=§: H} — H; +§:H,3—Hk i H,
S k+1D2k+2) = k+1D? \Z i+ D+ k+2)

1

S3 S4

He — b : 6.181
+Z (k + 1)? ;(n+1)2(n+k+2) ' (6-181)

Ss

For the series S3 in (6.181), we have

00 2 2 00 2 2 00 2 2)
=% _H—HT 3 Hi — 2 3 _H - HT
kDX +2) = kDD G+ DG+

{for the second series employ the result in (4.26), the first equality}

B i (Hir1 = 1/G+ D = B, + 1/ + D

2
— *k+1D

{reindex the series and expand it}
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00 1 00 H 00 H2 9] H(Z)
=2Z——22k—3"+zk—§—;k—2—2

4
k=1 k k=1 k=1

{use the Euler sum in (3.45), the case n = 3, and then employ}

{the results in (4.29) and (4.14), where we set p = 2 and let n — o0}

=2(¢4) - 1). (6.182)

00 (2
H - H,
Note we could have also used the result in (4.26) to calculate Z W

Returning to the result in (6.181) where we consider Sy, and then use the result

in (4.21), the case m = 1, we get

S H-HY (& H,
S= 2 Ty X::(n+1)(n+k+2)

k=1

2 (2) 2)
(Hf — ) H + HE)D)

_'Z k+1)3

li((Hk+l—1/(k+1))2 HY, +1/(k+ D)(HE, +HE)

"2 k=1 (k+1)°
{reindex the series and expand it}
1 00 H/f [e'¢) Hk3 [e'¢) Hka(2) (H(Z))2 oo o0 (2)
e DN D) D —52 st st
k=1 k=1 k=1 k=1
(H(2))2 H H(Z)

in terms of Z

use the results in (4.48) to express Z

{and note the values of the last two series are given in (4.32) and (6.75)}

1 & g4 > g3  H H(Z)
Ezk_g_z_g_zz "k +2 §(7)+ ;(2)«5)——;(3);(4)
= = k=
k=1 k=1 ! (6.183)

For the last series in (6.181), we write

X H-HD (& 1
S5=2 (k+1)? ;(n+1)2(n+k+2)

k=1
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s H? (1 & 1 1 & 1
Z:(k+1)2 k+1n§(n+1)2_k+1 n+Dn+k+2)

n=1

k=
1 Hiet1 1
make use of the fact that = —
{ Z( +Dn+k+2) k+1 k+2}

i(HkH 1/(k+1)>2—H;i)1+1/<k+1>2<c<2> _ Hgn ] )
P (k + 1)2 k+1 (k+12 k+2

{reindex the series and expand it}

Hk H(z) 00 H 00 H(z)

> Z +§<2>Z +ZZ ey B 5
k=1 k=1
00 (2) 00 00 00
—;(2)2 L) D5 RE) BE B IIC) P
k=1 k=1 k=1
. Hy 1 21
—2;k—6—2;k—2+2;k—3

—Z

o]

1 1 >, [ H, H, > (H} H}
—2I§k—4+2c(2)¥k—5+2¥(7"— k>+z< -~ )

k=1

i Hk(2) H(2) ) Z
k k+1 k+1

{use the Euler sum in (3.45), the cases n = 2, 3, 4, 6 and the results}
{in (4.29), (4.30), (4.32), (4.14) with p =2 and n — o0, and (6.67)}

(2) 3 o 2 2
B HkH H; Hi  Hipn He  Hiy,
SR e () s (-
o0 (2) H(Z) o0 H 00 1 oo 1
k+1 k+1
2 2 — =2 —_—
Z( k+1)+ ];(1<+1)2Jr ];(k+1)2 I;(k+l)3

+2 —=28(2) =28(3) = 2¢(d) +42(7) +44(2)2(5) = 82(3)¢(H)

HkH(Z) > H}
—Z =) T2 2 @) L)+ 4L Q)5(5) — 8L (BN ().

k=1

(6.184)
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Now, if we plug the values of the series S3, S4, and S5 from (6.182), (6.183),
and (6.184) in (6.181), we obtain

z_k_l k+ D2 \&=nm+k+1)
= n=1
o0

1 & H H

HkH(

13 15 25
74‘(7) + 7((2);“(5) - 74‘(3)§(4)-
(6.185)

Then, by plugging the values of the series §7 and S from (6.180) and (6.185)
in (6.179), we get

* (& (HE - HP)H,
2 ;(k+l)(k+n+l)n2

n=1
> H} HkH(z) X HY 15 33 13
=2 L Zr@)e(5) + =B — = (D).
};H Z };H S REOORESI0
(6.186)
Finally, if we plug (6.186) in (6.178), we have
> g3 Xg,eY 13 e
2y 4 T30~ L) + LB — L)
n=1 n=1 n=1 n
IR VNS VT S Vs
3 n3 n3 3 n3
n=1 n=1 n=1
H() H, H(2>

make use of the result in (4.44) to express Z in terms of Z
n=1

I A, HHY 4 HH(2) 8
=§Z Lyl — —-Z 300+ LB ~ £,

n=1

whence we obtain that

%) 3 00 4 () 247(2) 00 2)
H 5SS HY SVHHY 13 HHY
L oL T L

=2+ Brees) - Lo
=5 ¢+ 5E@L6) = LB ),

and the solution is complete.
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As seen so far, many identities involved in the derivation of the relations with
harmonic series of weight 7 have their origins polarized around The Master Theorem
of Series and the generalized sum in Sect. 4.13.

6.39 Preparing the Weapons of The Master Theorem of Series
to Breach the Fortress of the Challenging Harmonic
Series of Weight 7: The 3rd Episode

Solution To go further and get the current relation with harmonic series of
weight 7, we might like to rely on another identity that originates from combining
applications of The Master Theorem of Series. Once we have this job finished, we
prepare for the moment of breaking the ice and starting to get values of harmonic
series of weight 7. Surely, harmonic series of weight 7 we already met like in
Sect. 4.21, which are called linear harmonic series, but we also want to get all
nonlinear harmonic series of weight 7, which means that the summand of the series
involves a product of at least two harmonic numbers.

We make use of the first equality of the identity in (4.27) where if we multiply
both sides by 1/n2 and then consider the summation from n = 1 to oo, we get

i i H} = 3HHP +2HY
—  (k+ Dk +n+1Dn?

n=1 \k=1
I H 3¢ Han<2> H, H<3 (Hé”)2 HYY
= ity ZZ Z Z pEnt
n=1 n=1 n=1
(6.187)

For the left-hand side of the equality in (6.187), we have

o 00 3 2) 3) 00 00 3 2) 3)
Z Z Hi —3HH,~ +2H, _ Z Z H} —3HH,~ +2H,
o \io G+ Dek+n+ Dn? (k+ D)k +n + Dn?

k=1 \n=1

H} —3HH? +2H,§3)) > (°° H} —3HHY +2H,§3))

_ [ 00 3 f ~
=2 X n2(k + 1)2 2|2 (k+1)2n(n+k+1)

k=1 \n=1 k=1 \n=1
> 1 H,
for the second inner series make use of the fact that Z ktl
nn+k+1)  k+1
() i H} - 3HH? +2H] i (H = 3HH + 2H ) iy
- k=1 (k+1)? k=1 (k+1)?
Sl SZ

(6.188)
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For the first series in (6.188), we have

¢ i H} —3HH® +2H
'= k + 1)2

k=1

2 3
(Hiyt = g7)° = 3(His1 — g () — i) + 200 — )

-2 k+ 12

k=1

{reindex the series and expand it}

2 3)

) 00 ( 00 Hk
+2Z +6Zk—4
k=1

Hy H(Z) oo

00 (
—32 +3Z
1
—6 —

{make use of the classical Euler sum in (3.45), the case n = 4,}

{and then the results in (4.34), (4.33), (4.30), (6.67), and (6.68)}
=6¢(5), (6.189)

ooH3
Il

or alternatively,® one can calculate the series using the identity in (4.27), the first
equality, together with the differentiation. The series in (6.189) is known in the
mathematical literature and also appears in [63].

Further, for the second series in (6.188), we write

. _ i (H} = 3HH? +2H) Higt
2T (k+1)?

k=1

2 3
(Hir1 =) = 3(Hini — ) (G — o) + 2(HE — i) Hiewn

B2 k+1)°

k=

—_

{reindex the series and expand it}
HBHD S HPHY

> szk4 3 M oy B sy

k=1 k=1 k=1

HkH(z)

SMultiplying by n both sides of (4.27), the first equality, differentiating with respect to n and then

2) 3)
H? —3HH +2H,
letting n — 0, we get E k k
& & Pt (k + 1)2

the harmonic numbers in terms of Polygamma function.

= 6¢(5), where for differentiation we express
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H
+6Z P Zk_ﬁk

k=1

{make use of the results in (3.45), the case n = 6, and (4.32)}

> H} HkHO) HHPD X HXHP
= Z i3 -3 Z m +3 Z Z 3 3 Z k3
k=1 k=1 k=1
+128(7) — 92 (3)¢ (4). (6.190)

If we plug the series results from (6.189) and (6.190) in (6.188), we get

i i H} = 3HHP +2HY
o (k+ 1)(k +n+ 1n?

k=1

= H S H HH() © gp® % g2p®

—12¢(7) + 62(2)¢(5) +9¢(3)¢(4). (6.191)
Now, we combine the results in (6.187) and (6.191) that lead to
o

00 (2) (3) 2
S IR T T N
n=1

3
n
n=1 n=1

3o Hy' Hy Hy
+3 LT FIL T = IO+ 6O + %O,

and if we make use of the result in (6.79), then the result in (4.44) to express
> H, H(3) (2)

Z in terms of Z

n=1
'S}

and afterwards the result in (4.48) to express

H, H,fz)

2
(H,E ))2
as Z

3
1 n k=1 n

S HY 5 HY H2H,§2) 7, HH?
jé: ! 4 ZE: ’ n=1 n? 2 2;:

, we finally obtain

M2

n

L E TR | NN
= 7 ¢@E0) + LB A) = L),

and the solution is finalized.
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Having shown this last relation, we are ready to enter the next section and obtain
the values of the proposed nonlinear harmonic series of weight 7.

6.40 Calculating the Harmonic Series of Weight 7,

e
Z;’;l H"n’;'" , with the Weapons of The Master Theorem
of Series

Solution Using the relations from the last two sections we get the value of the
proposed harmonic series of weight 7 which we’ll further use in the extraction
process of other harmonic series of weight 7. Everything is straightforward as you’ll
see!

If we multiply both sides of (4.52) by —2/3 and then add (4.51) to the result, we
obtain what we need,

2
5

5 80)@) = 20@2)86) = 7¢(D.

n=1

and the solution is finalized.
Surely, in this section everything went easily and fast since I only used the final
products of the previous sections (where we had some work to do).

6.41 The Calculation of Two Good-Looking Pairs of
Harmonic Series: The Series Zoo H" Zk 1 k3 ,

H,

Z;.zoln;lel andz Zk 1k2’
H,

ZOO "Zk 1k2

Solution Due to the evaluation of the series from the previous section we are able
to extract the values of the first two harmonic series proposed in the current section.
If for the first two series we’ll only use results obtained in the previous sections, for
getting the values of the last two harmonic series things will change as you’ll see.

Let’s prove first the following key series relation,

0 Hsz(2)

00 n 1 1 9 27
o (Z ) = 32— - Se = SE@0) + T3 @).

n=1
(6.192)
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Proof To prove the result in (6.192), we recall the identity in (4.21), the case m = 2,
where if we multiply both sides by H,/n” and then consider the summation from
n =1 to oo, we get

00 00 Hk(Z)Hn B ooH 00 n
(6.193)

As regards the left-hand side of (6.193), we change the summation order, and we
write

0 o0 H B oo 00 Hk(Z)Hn
Z( <k+1>(k+n+1)n )_Z@_; (k+1)(k+n+1)n2)

n=1 \k=1 k=1

{reindex the inner series to start from n = 0 to oo}

{and let out the term of the inner series for n = 0}

00 %) 00 [ oo ®)
_ZH— Z 3 HP (Hy +1/(n + 1))
k+1)k+2) = k+Dk+n+2)(n+1)>2

SO = (& HP H,
i ZmJFZ (Xzz (k+ Dk +n+2)(n+ 1)2)
S| 5
gy e
’ /; (r; (k + Dk +nk+ 2 + 1)3) : (6.194)

S3

Now, for the series S in (6.194), we consider the identity in (4.21), the case m = 2,
withn =1,

o) (2)

kz o 1)(k+2) =72 — 1. (6.195)

Further, for the series S, in (6.194), we have

00 Hk(Z) 00 Hn
Sy =
2 Zk—i—l(;(n—i—l)z(n—i—k—i—Z))
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oo oo

HY H, > HY (& H,
_Z(k+1)2(;(n+1)2> Z(k+1)2(Z )

= (n+ Dn+k+2)

(n+1)2 n n

n=1 n=1

{usethat Z(n:]—nl)z => B =1/ 4D _ Zﬂ - Z% = 5(3),}
n=1 n=1

{by (3.45), the case n = 2, and also employ the result in (4.21), the case m = 1}

B H =1/, + D% 1. & HE +HEDHSD, = 1/k+ D)
“3)2 kT 17 "Z k+ 1)

{reindex the series and expand them }

00 (2) 00 00 2) )2
11 H} H, = (H)
—c<3>Z IOty —Z——— o
k=1 k=1 k=1
HZH(2)

{make use of the result in (4.14), the case p = 2, with n — o0, (4.32) and (6.75)}

(2)

1 (H(2>)2 1
=20 + 56 —28(D — 5 Z —a

k 1
o0 2) 2 00 2)
H, H,
make use of the result in (4.48) to express E ) n 4"
n
n=1

n=1

9 3 7 H, H(z) 1 & H2HPY
= 20D+ 562G = S¢B)e @) - Z —52 . (6.19)

n=1

Then, for the last series in (6.194), S3, we make use of the result in (4.21) where
we set m = 2, and then we write

o0 [e'¢) Hk(2)
g (Z k+Dk+n+2)(n+ 1)3)
=2

o) Hk(2)
—~ (n+ 1)3 ; (k+1Dk+n+2)
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00 n+l
n+1 1 H;
3t 1)3<§()n+1_n+1§i_2)

n=1

00 H, oo /n+l
= ;(2) ; (l’l ++11)4 - Z <Z 2(1’1 + 1)4)

{reindex the series}

{make use of the Euler sum in (3.45), the case n = 4, and at}

{the same time change the summation order in the last series}

5 S H [ 1
=1-(@)+3@EE) - JeBE& - ) (Z }g)

i=1 n=i

S H; (1 1
1 —¢(2) +32(2)¢(5) — —;(3);(4) > (71 tar T )
i=1

| =

- i 2 (e - )

l

o)

1 =¢(@2)+3¢(2)¢5) — —4“(3)€(4) Z ;
i=1

i=1
> H; > H N HHY
—1—:(2)+3;<2>;(5)——g(3)g(4) Pk §(4)Zl_2+ -
i=1

i=1 =

{make use of the Euler sum in (3.45), the cases n = 2, 6}
o gy g4

7
=1-1Q) +4@2)06) = 56B)C@) —48(7) +y

i=1

00 “4) (2)
H, H H
make use of the result in (4.41) to express E in terms of E
n=1
oo

(6.197)

13 23
=1-0Q)+ S02)¢0) = ¢B)@) =48 +
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Collecting the results from (6.195), (6.196), and (6.197) in (6.194), we obtain

— [ w— HPH,
k n
2 (Z k+ Dk +n+ 1)n2) 26 +82EG) - —4“(3>€<4>

n=1 \k=1

1 & H2HPY
- Z ) (6.198)
3
2 = n

By combining the results in (6.193) and (6.41), we get

1 37 1 & H2HP
URRCHOEE OO 5; —
o] an o] Hn n Hk
=@ -2 (Zk_2>
n=l1 n=l1 k=1
{make use of the result in (4.30)}
7 5 o H, (<~ Hi
= SE@)EG) = JEBE@) - ; — (; 1?2) :

whence we obtain

X H, (<~ H, 1 H2H(2) 1 9 27
2 (Z k—f) =32 T (D OO+ O,

n=1 k=1

and the proof of the result is complete.

If we combine the results from (6.192) and (4.53), we get immediately that

]

S Y S B - De@es) - 40
Znd 120 22 n2) 2 2 ’
and the series from point ii) is calculated.

For the other series, we start with writing that
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{reverse the order of summation in the second double series}

oo 9] n 00 2

Hy H, Hj H}

> (N ) () -2
k=1

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

{make use of the result in (4.32)}

00 k 00 n
_ Zﬂ (Z i) +y = ) (Z :’2) —6¢(7) + ()¢ (5) + ;(3);(4)

k=1

whence we get

S k e e} n
Z% (Z ﬂ) +Z% (Z %) =6(7) = £(2)5(5). (6.199)
k=1

3
n
k=1 n=1

If we combine the result in (6.199) with the series from the point ii) calculated

n=1

above, we obtain that

 H, (H H H,
( ...+n_> 10¢(7) + ;(2)g(5)——§(3)§(4)

and the series from the point 7) is calculated.
For the series from the points iii) and iv), we employ the result in (4.24), where

multiplying its both sides by H,/n and then considering the summation fromn = 1

to oo give
N\ et l)n(k Tn+l)
_2§(3)i_3+¢<2>i11_,?_;<2) N HoHy? 1O Hy Hy
2 2 n? 2 n? 4 n2
n=1 n=1 n= n=1
1 S Hy(HP)? QHX G H 1 & Hy & HP
N T N e N NI T 6.200
n2 ZnZ i2+2r¢2—;n2i—1 iz’ ( )

For the series in the left-hand side of (6.200) we proceed as follows

HHP H, > (& HHPH,
Z<Z ) Z(};(k+1)n(k+n+l)>

(k+ Dnk+n+1) P

{reindex the inner series to start from n = 0 to oo}

{and let out the term of the inner series for n = 0}
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_i HHY +i inHk(z)(Hn+l/(n+l))
CE Dk +2) S\ kDo Dok +2)
2
=1

k=1

RS R VUV Gl S
S k+ DKk +2) k+1 \&Z i+ Doi+k+2)
Sl Sz
00 2) 00
HyH, 1
: 6.201
+k§ k+1 (;(n+1)2(n+k+2)> ( )
S3

For the series S in (6.201), we employ the result in (4.21), the case m = 1, and
we get

@
HyiH| H,
S =
2 k; k+1 (g(n+1)(n+k+2))
| @ @)
_1i<Hk+1_m> (Hk+l (k+1)2>( et HZ)
_2k:1 (k + 1)2

{reindex the series and expand it}

IS H 1S HY H3H(2>

1 (e.¢]
=32 -ty - ‘Z— ‘Z
k=1 k k=1

2 k3 2 k2

{use the series values in (4.32), (6.75), (4.61), (4.66), (4.53), (4.58), (4.65),
and (4.68)}

11 1 11
=g+ F8@EG) + L)), (6.202)

Then, for the series S3 in (6.201), we write
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6.41
. i HHY? i 1 B i HHP i 1
3 Skt \Zat+ D2e+k+2) ) T &kl \E a2t kD)
Z HkH(z) Z io: H(z)
k+1 2(n+/<+1) = (k+ Dk +2)
i @ !
-2 - (H"“ B m) (Hk+1 B (k+1)2)
=@ (k+1)2

1 (2)
(Hk+1 - m) (Hk+1 (k+1)2) Hk+1 S
(k+ 1) ‘

k=1
{reindex the series and expand them}
o0 (e%e] oo (2) ot
1 Sy H
=c<2>25—c(2)2 —g(z)z +c<) w2
k=1 k=1 k=1 k=1
o0 (2) 00 772 77(2)
HyH, HZH,
+ Z 2 Z PEI Si
k=1 k=1

{use the results in (3.45), the cases n = 4, 6, (6.67), (4.33), (4.32), (4.58), and (4.53)}
(6.203)

93 15 51
—65(7) + 3((2)5(5) - 15(3)4(4) -

By plugging the results from (6.202) and (6.203) in (6.201), we obtain

i i HH H, — ggg) +82(2)¢(5) — §§(3)§(4)
S \= (k+Dntk+n+1) 16 ! |
(6.204)

Then, for the right-hand side of (6.200), we write

2 4
24_(3)2 <2>Z_n_ Q) o= HoHy? 1 On HyHyY
n=1 n? 2 n=1 n? 4n—1 n?
Ly ) S HL g H L T
n i=1 iz 2n*l n i=1 iz

{use the results in (4.29), (4.34), (4.33), (4.60), and (4.68)}
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67 7 61 SH2 O H 1N Hy - H?
=—ND+ -G+ —¢B)c@) =y LY L4y LY L,
TGRS OR OO R P SR P >
n=1 i=1 n=1 i=1
which if we combine with the result in (6.204), we obtain that
1 X Hy HY S HE S H; 25 119
527 i—;—ZH—"Z—Z =3¢() + - E@E) = BN,
n=1 i=1 n=1 i=1
(6.205)
On the other hand, we may write
00 n 2 00 12 0 00 12 i
H, H: H: H, H: H; H,
PO DB Z,—Z’Zn—=2i—£<24<3>+i—z—2n—z
n=1 i=1 i=1 n=i i=1 n=1
o0 oo H3 00 H2 i H
=2¢@3 _t _ i -n
é‘( )Z i2 +Z i4 Z i2 n

i=1 i=1 i=1 n=1

{make use of the results in (4.29) and (4.61)}
231 17 > H? U H,
=T ¢ +2@)¢6) = 1 ¢B@) - ; - 2 —5

whence we obtain that

N Hy = HY N H2 -\ H; 231 17
; — ; - +; Wl T Tt +2@E6) = B3,

(6.206)
Thus, by combining the results from (6.205) and (6.206), we obtain that

X H, & H2 93
Z =2 = —;(7) + —§(2)§(5) - —§(3)§(4)

and

i BB~ e + Zeorew
P 2 " 16 2 2 ’

1

and the series from the points iii) and iv) are finalized.

As an observation, if for the first two points of the problem I considered results
previously calculated, for the last two points I also used results that are met in the
next sections.
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Having finalized these series, we prepare to calculate the harmonic series from
the next section (where in one of the ways, such series are helpful in the derivation
process).

6.42 The Calculation of an Essential El)armonic Series of
Weight 7: The Series > °- Hu My

n

Solution The following series result is a critical one that will lead to obtaining the

values of more harmonic series of weight 7 presented in the book (recall the previous
00 )

identities in terms of Z

n=1

and other series of weight 7).
n

For a first solution, we employ the identity in (4.19), where if we multiply both
sides by 1/ n3, and then consider the sum from n = 1 to 0o, we have

2
oo [n—1 H(2) 00 "oy 00 H,gz) 00 H(4)
DS ) s (s ) e s
k=1 n=1 \k=1 n=1 n=1
(6.207)

For the left-hand side of the result in (6.207), we change the order of summation,
and then we have

oo /n—1 Hk(2) 00 o0 Hk(Z)
L (Eme) -5 (5 =)

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

{reindex the inner series and start from n = 1 to co}

k=1 1
00 H(2) o0 1 o0 H(2) o) 1 00 H(2) o) 1
k k k
=Y L — -3
Z 3 ZnZ Z i3 Zn(n+k) +Z k2 Z(n+k)3
k=1 n=1 k=1 n=1 k=1 n=1
00 H(2) 00 1
2 k

1 H,
{use the result in (6.67) and the fact that Z m Tk}
nn
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00 (2) 00 (2)
= 2@ - e -3) Z (z3) - 1)
k=1 k=1
= H? H H<2>
23T (c0) - HP) = 2261 @ - 55016 3y
k=1 k=1

© g®@ o H(Z)H(3) © g@ (H(Z))z
IR e Dy +%®Z———Z o
k=1

k=1 k=1

{use the results in (4.14), p = 2, with n — o0, and (6.67)}

2 2 3 2
-2 a2 :
n=1 n=1

= —;(3);(4) - —;(2);@ - 32

n3
(6.208)

o0 n o0 o0
For the right-hand side of (6.207), using that Z (Z T ) Z (Z Py )
k=1 k=1 \n=k

n=1
o0
H, 1
= Z k—f (k_3 +¢3) — Hk(3)>, we write

k=1
[e%e} n %} H(Z) [e%e} H(4)
(5 5 ) g

n=1 n=1

(4)

® oo (HP 00
:42%4.4((3)271 Z H +Z< ) Z

n= n= n=1 n=l1

{make use of the results in (3.45), the cases n = 3, 6, and (6.79)}

H, H(a) o0 (H(2>)
= 1014(7) =540 (2)£(5) —4¢ (3) ¢ (4) — 42 +y . (6.209)

n=1

If we combine the results in (6.208) and (6.209) and use the identities

H? & S
in (4.44), (4.45 . i
( ), ( ), and (4.48) to express the series Z 3 Z 2 and
n=1 n=1
2
(u

, we conclude that

o0
E in terms of series E
n3

n=1 n=1
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S D e+ et - e
= - 4 167"

and the first solution is complete.

For a second solution, the strategy to get the value of the harmonic series relies
upon the use of the identity in (4.18), where if we multiply both sides of the relation
by 1/ n3, and then consider the sum from 7 = 1 to 00, we get

oo [/n—1 sz

0 12 1(2) o0 3  © 22 o0 n
Han Han (Hn ) 1 Hi
=) T A T s\
n=1 n=1 i=1

n=1 n=1

+2>° :I—3 (Z 7—2) . (6.210)

n=1 i=1

For the left-hand side of (6.210) we change the order of summation, and then we
have

o /n—1 sz _oo o0 sz
2N\ X ) =2\ 2 e

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

{reindex the inner series and start from n = 1 to 0o}

k=1 1
x 2 o 0 2 00 o] 2 [e'e]
H; 1 H; 1 H; 1
= —_— — — 3 — —
> (Dh) 2 (St ) R (S )
k=1 n=1 k=1 n=1 k=1 n=1
00 H2 ( 00 1
2 S\
il W )
o
use the result in (4.30) and the fact that Z ; = ﬂ
. ot n(n + k) k

7 5 o H K HE
= QL) = SE@@ =3) -+ 5B~ H)
k=1 k=1
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o0

2
+zZ (4(2) H) =5 c(2>;(5)——c<3>c(4)—32 +;<3 Z—§
k=

(3) H2H(2)

oo o0 2
Z +2%Q) Z—é‘— Z

{the values of the 2nd, 4th, and 5th series are given in (4.29), (4.30), and (4.53)}

HZH(%)

= 14¢(7) + —z<2>4(5> — —c<3>c(4) -3 Z Z

(2)
and then}

o0
H
{consider the result in (4.50) to express Z k_‘]‘f using Z
k=1 k=1

00 HZH(%) H(z)
{combine the results in (4.46) and (4.53) to express Z by Z

(3) (2)

> 3 15
Z =11¢(7) + 54(2);“(5) - 74(3);“(4)}

(0.¢]
using that Z
k=

H, H@
(6.211)

=—;(3);(4>+25;<2>;(5> 69¢(7) — 62

n=1

Further, for the right-hand side of (6.210), we have

HZH(Z) H(3) (H(2))2 o 1 H;
S gy A S Y a3 ()

n=l1

55

i=1

{the values of the first and the last series are given in (4.53) and (4.55),}

{and for the penultimate series change the summation order}

H, H(3) )
= —;(3)§(4) —132(2)¢(5) — 15¢(7) — 42 Z ( n3)

n=1 n=1



6.42 The Calculation of an Essential Harmonic Series of Weight 7: The Series. . . 469

P H (1 65
+2) = (Z F) = LR = 13 2)¢(5) = 15¢(7)

i=1 n=i

H,H, 3) ( H,ﬁz))z 0 H N 1
_4; 2 3 +2§i—3<;(3)_yi +i_3>
65 00 HnHrES) 0 H,fz) 5

n=1 =1

+2;(3)Z% +2 Zié

{make use of the classical Euler sum in (3.45), the cases n = 3, 6,}

n4

e 3 o0 )
H, H, H H
{consider the result in (4.44) to express E " 3" using E non ,}
n

n=1 n=1

0 ( (2))2 H(Z)
and use the result in (4.48) to express Z in terms of Z

n=1

H, H(Z)

= —4(3)4(4) 18(2)5(5) — 182(1) + 102

n=1

(6.212)

Finally, by collecting the results from (6.211) and (6.212) in (6.210), we obtain that

and the second solution is complete.

Now that the present harmonic series of weight 7 has been calculated, we’re
ready to jump in the next section and start deriving the remaining harmonic series
of weight 7.

The solutions provided also answer the proposed challenging question.

(2)

3 51
=20(D¢(5) + Z§(3)§(4) - RCW),
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6.43 Plenty of Challenging Harmonic Series of Weight 7
Obtained by Combining the Previous Harmonic Series
of Weight 7 with Various Harmonic Series Identities
(Derivations by Series Manipulations Only)

Solution Let’s prepare for a cascade of derivations of the harmonic series of
weight 7! (surely, this is possible now thanks to the work in the previous sections).
Essentially, in this section the evaluations of most series will go pretty easily and
fast as you’ll see below. The solutions provided will also answer the proposed
challenging question.

For the point i), use the identity in (4.46) which we combine with the values of
o p2 H(Z) o (2)
the series Z and Z 1 given in (4.53) and (4.58) to get

00 2173
H-H, 329 9
D =T D = SE@EB) — 6L () ().
n=1 n
o ()
As regards the point ii), once we know the value of the series Z , which
n=1

is given in (4.58), and plug it in the identity in (4.41), we obtain immediately the
desired result

f: Bt 9o - 2erew - ey
T = L) ~ JEB) () — Ter ().

n=1

Further, for the point iii), considering the identity in (4.50) and the value of the

> H,H?
series iven in (4.58), we have
,,2—; el (4.58)

o H}
> i= —;(7) F2AOLE) - TG,
=1

N

o0

Next, for the point iv), since we have just calculated the value of the series Z s
n4

=w

n=1
we combine it with the identity in (4.49) which immediately gives

S HY 185 43
> 5= g (D H5@EE) - LB @).
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We will derive the value of the stated series in v) by combining the value of the
(2)
series Z , which is given in (4.58), with the identity in (4.45) that gives

iw_ﬂm—é(z) () - 3¢
2 168 298 2:

n=1

The calculation of the series in vi) is achieved by combining the value of the series
=\ H,H\

given in (4.58) with the identity in (4.44) from which we obtain

3
Il
-

> H, H(3) 83
Z = —4“(7) - —((2)4“(5) + C(3)§(4)

For the series in vii), let’s recall and use the identity in (4.48) that if we combine
(2)
H, H

with the value of the series Z given in (4.58), we get immediately the

n=l1
desired value,

(2))2

= 19 155
Z =50(2)¢(5) + 7((3)4“(4) - ?;“(7).

n=1
To calculate the series in viii), we use the identity in (4.20) where if we multiply
both sides by 1/n° and then consider the summation from n = 1 to oo, we get

00 (n—l Hkg )_ o g4 00 HzH(2)

Z;m

n=1 1 n=1 n=1

> Ll (& H\ 3l (&KH X\ Hy, [~ H,

ST (T R) ST () e (SR,

n=1 n= 1 i=1 n=1 i=1 n=1 k=1
(6.213)

Considering the left-hand side of (6.213), we write

ac n-l 3 o0 o 3 o0 [e.e] 3
H; B H; B H;
(;n%n—k))_Z(Z n3(n_k)>_z<r§n(n+k_)3>

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

Ziz_,f_in(@ Hk(s)) i_g((z)_ngz))

=~
Il
-
=~
I
-

oo H ) 5 H3H(2)
S o) o T e
k=1 k=1
For the second series in (6.214), we apply Abel’s summation with ay = 1/k and

by = Hk3(§(3) — Hk(3)), and then we have

i 7’3 (¢®-H) = i He (B (¢3) = HE) = HE () -
k=1 k=1

(3)
Hk+1)>

= 1 1y 4O 1
Z( "“_k+1><<H"“_k+1) ((3) "+1+(k+1)3>

=1
—H}y, <§(3) k(-3i-)1))

{reindex the series, expand it, and carefully rearrange it}

© 2
+62(3) Z—§

00 0 =) 00 (3)
Z% «3)2 DI IO Bke. Z
k=1 k=1 k=1

H2H(3) Hy, H(3)

Z

© 2 © 3 00 H

H6Y 5 At Z
k=1 k=1 k=1

— H} 3)

A3 (o)

{use the results in (3.45), the cases n = 3, 6, (6.80),}

[(4.29), (4.32), (4.61), (4.62), (4.59), and (4.64))

227 — H} 3
= 106@)5(5) + T3 @) — S0 =3 ) =L (¢3) - HY).

k=1
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whence we get that

00 3

> (e - HY) = —(loz<2>;(5> +77C(3)¢(4) ~ 2—»;(7)) (6215)
: -

k=1

Then, if we plug the result from (6.215) in (6.214), we obtain that

n—1 H% oo 00 3 00
S (Smis) L -y

1

(2)

1 227
—2(105(2)4“(5) +775(3)¢(4) — T€(7))

{the values of the first two series are given in (4.62) and (4.34)}

© H@ 103
= Z + —((7) — —((2)4“(5) — —;“(3)4“(4) (6.216)

On the other hand, considering the right-hand side of (6.213), we write that

00 H4 [ee] H2H(2) 1 00 <Hn(2)) 1 00
a3 AR5 IS s ()
n=1 n=1 n=1 n=1 k=1
o 1 n H 3 o0 1 n H2
+ZF( #)‘zzn—s(zi—é>
n=1 i=1 n=1 i=1

{the values of the first five series are given in (4.62), (4.53), (4.65), (6.79), (4.55)}

1319 145 X1 [ H) 31 [ H?
=5t~ —;(2>;<5> — 5 {3 +’; = (; 13) - 5’; = (; 12)

{reverse the summation order in the two remaining series}

1319 S H [& 3., H? 1
——z;m——c(2)4<5>——;<3)c(4>+2 3 (Z 3) 52—2 (Z )

i=1 n=i n=i

l
i=1

1319 145 S~ Hi :
= 22 - e - L@ + Y (“3) —H TS)
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6 Solutions

NIL»

>\ H?
Z . <§(3)_Hi(3)+%> 1319
4

= —§(7) - —5(2)§(5) - —5(3)4“(4)

+§(3

uMg

H H 3 SH 3&H & H(” 3 = HHY
ST o ) S oL
{make use of the result in (3.45), the cases n = 3, 6, (4.29), (4.32), (4.64), and (4.59)}

07 119
=165 - 10£(2)¢(3) = —~¢3)¢ ). (6.217)

Finally, plugging the results from (6.216) and (6.217) in (6.213), we conclude that

83 27
= E§(7) - §§(2)§(5) + 7@(3)§(4)-

To obtain the value of the series in ix), we consider the identity in (4.28), the first

equality, where if we multiply both sides by 1/n and then consider the summation
fromn = 1 to oo, we get

i i HY —6HXH? +8HHY +3(H)? — 6H
< (k+ Dk +n+ Dn

100 H5 H3H(2) H H(2)2
Ly iy

00 H(3)
n n? Z
n=1 n=1

n=1
00 “4) )
o HHY 24 & H
——+6 _ 4 — —_— 6.218
+ nX_; n + Z n? 5 n? ( )

n=1 n=1

For the left-hand side of (6.43), we have

> i HY —6H2H® + 8HHE +3(HP)? — 6H
p (k+ Dk +n+ Dn

B i = HY —6HXH® + 8HH +3(H?)? — 6HY
- a\5 (k+ Dk +n+ Dn

_y (H} —6H2H? +8H H +3(H)? —

6H,") Hyy
2
P k+1)
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3 i (Her = 1/ + 1)* =

6(Hir1 — 1/(k + 1)2(HZ, — 1/(k + 1)) Hip
(k+1)2

. i B(His1 — 1/(k + D)HT, — 1/ + 1) +3(HD, — 1/ + D) Hg

(k + 1)2
~ 6% (HE) = 1/(k+ D)) Hepr
(k + 1)2

{reindex the series and expand them}

0 0 774 00 (2
Z—é—zzlz +122 4Z%+ZZ 122H"H
_ k=1 k=1
00 2H(2)

+1zz

HHP iy He(HD)? S HeHY
Z k2 + Z k2 N Z i3
k=1 k=1

k=1
)
48 Z 6y Mty

k2
k=1

HZH(?’)

{use the values of the series given in (3.45), the case n = 6,}

{(4.32), (4.61), (4.62), (4.58), (4.53), (4.66), (4.64), (4.59), and (4.60)}

H5 H (2) 2
= Do) —as:2)5) 4800 4) +Z L Z AL 6219
k=1

For the right-hand side of (6.43), we have

) 5)
H, H 24 H
+6 Z "

n2

n=1
{use the values of the series given in (4.66), (4.59), (4.63), (4.60), and (6.76)}
3181 1 H (H(z))2
—5 ¢ - —5(2)4(5) - —:(3);(4) +< Z L Z

(6 220)
Lastly, if we plug the results from (6.219) and (6.220) in (6.43), we conclude that
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N\ H)
Z —2 = —;(7) + —{(2)4(5) +33¢(3)¢(4).

Finally, to get the value of the series in x), we make use of the first equality of
the identity in (4.27), where if we multiply both sides by H, /n and then consider
the summation from n = 1 to co, we get

> i (H} —3HH? +2H ) H,
(k+1D(k+n+Dn

n=1 \k=1
1 S H 38 HIHY S H2HES 3& Hy(HP): 3 H,HY
D D D e ) B e D e e D D
n=1 n=1 n=1 n=1 n=1
6.221)

For the left-hand side of the equality in (6.221), we write

o i (H} —3HHD +2H)Hy | i i (H} —3H H® + 2H))H,
— (k+ Dk +n+Dn _k=1 = (k+Dk+n+n

B i HY —3HH? +2H i H,+1/(n+1)
— (n+ D +k+2)

B i H} —3HH® +2HP
(k+ 1k +2)

k=1
S
+§: H} —3HHP +2HD (& H,
Pt k+1 :1(n+1)(n+k+2)
AY)
> HY - 3HHP +2HD (& 1
Z k 3 . (6.222)
P k+1 n=1(n+1)2(n+k+2)

S3

The first series in (6.222) is straightforward in view of the identity in (4.27), if
wesetn =1,
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00 113 @) 3
H} - 3HH® +2H]

S = 1; e =6. (6.223)

For the second series in (6.222), we write

H —3HH? + 2P

K k L (o Hy
$=2 k+1 (;(n+1)(n+k+2)>

{make use of the identity in (4.21), the case m = 1}

1 3 1 (2 (3) 1
= <(Hk+1 — 1)~ 3 — ) (Hyy - (k+1)2) + 205 - )

=2 k+1

k=1

oo

1 T Hih H(z) — HkH(2)
Mo My DI R D )3

e (H(Z))z o H2HO)
—Z Z )T oy a
k=1 k=1
H (H(z))Z

PR
{use the values of the series in (6.75), (4.32), and (4.61),}

{(4.62), (4.58), (4.66), (4.65), (4.63), (4.59), and (4.67)}

He(H)?

2229
=5t + —;(2)4(5) + —;(3);(4) Z P

k:l

(6.224)

Lastly, for the series S3 in (6.222), we get

< 13 @) 3) /o
5= Z H} —3HH” +2H, Z 1
prt k+1 o+ DXn+k+2)

S H -3HHP 428 (¢ 1 Hen
B k+1 k+1 k+2 (k+1)?

]

k=1
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o i H} = 3HH? +2HY i H} = 3HH? +2H
= (k+1)? K+ Dk+2)

k=1

(H} = 3HH® +2HP) Hy 1
+

_Z (k+1)3

{use the results in (6.189), (6.223), and (6.190)}

—6¢<2>c(5>+9;<3>4<4>—12;(7)—6—};,(—3%,;k Z

(3) 2@
HkH Z H}H,
3

k=1

_9 Z
{the values of the series are given in (4.62), (4.61), (4.58), (4.64), and (4.53)}

=6¢(12)¢(5) + 18¢(3)¢(4) — 24¢(7) — 6. (6.225)

If we collect the values of the series S, S», and S3 from (6.223), (6.224), and
(6.225) in (6.222), we get

>, (H} —3HHP +2H)H, @ 51 4_
Z(; CESTE—T (OEE+ Y EBE A+ 5 ()

3 N Hy(HY)?
-5 % (6.226)

On the other hand, considering the right-hand side of (6.221), we write

1S H 38 HIHY < H2HY 3 H,(HP)? 3 & HHY
> > 2 +2Zn—z+z n—z+§Z
n=1 n=1 n=1 n=1 n=1

{use the values of the series given in (4.67), (4.66), (4.59), and (4.60)}

4875 3 H,(HP)?
ZM. (6.227)

= tD+3 4“(2)4“(5) + —5(3)5(4) + - 0

n 1

Collecting the results from (6.226) and (6.227) in (6.221), we conclude that
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> H, ( ,§2>)2 13 217
Z =5.(3)¢4) + ?C(Z)C(S) - FCU),

and the solutions are complete.

The knowledge on the harmonic series opens the gates to a large panel of
problems that involve the use of such series. For example, just remember the triple
integral in the first chapter, in Sect. 1.34, the point ii), where we need to know how
to handle with the resulting advanced harmonic series (of weight 7).

The interest in the study of the harmonic series has increased in the last years
and further investigations and derivations of the harmonic series of weight > 8 have
been accomplished as seen in [51] and [52].

6.44 A Member of a Glamorous Series Family Containing
the Harmonic Number and the Tail of the Riemann
Zeta Function

Solution I submitted the present series to SSMA (School Science and Mathematics
Association) and was published in May, 2016 issue, the problem 5406 (see [38]).

Splitting the series directly is not advisable since we have a divergence issue
oo

H,
because, for example, Z —Z clearly diverges. Fine! Then, how would we like to
n
n=1
act? Well, we can simply apply Abel’s summation.
For an elementary solution by series manipulations only, we start by applying
1

H,
Abel’s summation (see (5.1)) with a, = 2 and b, = t3)—1-— =5 =
n 2 n
1

= (an + H,fz)), and then we have

n
H,
where we also use that Z Tk = 5

n=1
! 1 1 | & HE + Y
li - (H2 H(z)) N—1 - = — . — - - n n
AN R a7 ) 2l
0
IS HEHHY LS Hy — 1/t DY+ HD — 14 1)
2 = (n + 1)3 a 2 = (n+1)3
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{reindex the series and expand it}
o o0 o0

H H,
2—3 Z 2—4

{use the series values given in (4.30), (6.67), and (3.45), the case n = 4}

2)

l\)l'—‘
l\)l'—‘

7
=20(2)¢3) = 5403,

and the first solution is finalized.
For a second solution, to calculate the series we first attend a slightly different
version of it, where if we use the generalization in (4.72), we get

i H, 3 -1 1 1 1 i 9% B(x, 7)
—_ ] — — — i = —_— = — —_— X
—n 1 ¢ 23 n3 4 x—>0 9x29y? 4

+

B

=2(2(5) = ¢()¢3)), (6.228)

and the calculation of the limit can be done either with Mathematica or manually.
The double limit with the Beta function can also be approached with Euler sums

like that
i H, () -1 1 1 L 9% Bz, %)
-l - = — | = - lim ——— B(x,
n+1 23 n3 4 x>0 dx29y2 y
y—0

n=1

1
{make use of the Beta function definition, B(a, b) = / ¥ (11— x)bldx}
0

1 /1 log?(x) log?(1 — x) 1 fl log?(x) log?(1 — x)
=- dx = - dx
0 x(1—x) 4 Jo

4 X
1 ' log?(x)log?(1 — x) 1 ! log?(x)log?(1 — x)
+- dx = = dx
4 0 1—x 2 0 X
letx=1—-y
o0
H 1
that T = og?(1 —
{use a Zx P og~( X)
n=1
H, ) . H, /1 )
1 dx =) —L "] dx
/nl 7 log” (¥)dx ;n-l-lox og”(x)

oo oo

B He N Hi — 1) S Hy— 1n
_Zg(nJrl)“_Z}; (n + 1* =22 n*

n=1
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1 H, 1
=2)" n—: -2y -
n=1 n=1
{make use of the Euler sum in (3.45), the case n = 4}
=2(2¢(5) — ¢ B)).
On the other hand, the series in (6.228) can be written as

i Hr §(3)_1_i ..... i
n+1 23 n3

n=1

o0

Hypp1 —1/(n+1) 3) 1
= 3)-H,
X_: n+1 Ot Gy
n=1
{reindex the series and carefully expand it}
o0 H o0 (3) 00 o0 1 o0 1
_ n (3) I‘l
=Y (e -mY)+ Z +Z F®) -
n=1 n=1 n=1 n=1

{make use of the results in (6.68) and (3.45), the case n = 4}
= H, 15
Z =2 (¢3) = HY) + 2¢(5) - 42 3),
o 2

whence we obtain that

S (e - ) = 3 L

n=1 n=1

15
- (£0) = BY) = 2065) + 45 0),

where if we finally make use of the result in (6.228), we conclude that

o]

2:ﬂ<§(3)—1—i ————— i>=2§(2)§(3)—ZC(5)
n 23 n3 2 ’

n=1
and the second solution is finalized.

. _ >\ H, 1 1
The same strategies can also be applied fornZ::l - (; 2)—-1- 2T n—z)
that appeared in [21, p. 149], where the author reduced the series to the calculation
of some logarithmic and dilogarithmic integrals (at some point in the past I
communicated to the author an elementary solution similar to the first one above).
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6.45 More Members of a Glamorous Series Family
Containing the Harmonic Number and the Tail of the
Riemann Zeta Function

Solution For both series we might like to employ the strategy in the first solution
from the previous section, which is fast and only requires Abel’s summation
and elementary manipulations with series. If in the previous section the resulting
harmonic series were of weight 5, now for the point i) of the problem we get
harmonic series of weight 6, and for the second point of the problem we obtain
harmonic series of weight 7. Passing to the generalized series, if we consider the tail
with ¢ (k), k > 2, then the expected weight of the resulting series is k + 2.

Let’s make again Abel’s summation (see (5.1)) our choice here, where if we set

H, 1 1
an=7andbn=§(4)—1—2—4—~-—’7,Wehave
o0
Z e -1—-=—... — s
n 24 nt
n=1
1 1 1 S H? + HP
— 1 —(H2 H@)) 41— — e ——— ) 4= "
it 5 (o H) L 0@ 2 (n+1>4 +2; <”+1)4
0
B 1% H2 4+ HY limnﬂ—l/(nﬂ))z +HE ) — 10+ 1)?
24 ( (n+ 14 2 &~ (n+ 1*

{reindex the series and expand it}

IS H2 1T & H, >\ H,
=32t zg ,;_5

{use the series values given in (4.31), (6.71), and (3.45), the case n = 5}

—EC( ),

and the solution to the point i) of the problem is complete.
For the point i) of the problem, using again Abel’s summation (see (5.1)), where
1

Hy
wesetanzTandbn:;(s)_l_z_s_..._n_s,

we get
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i H, ) —1 1 1
n ¢ 25 n’
n=1
1 1 1 & H2 + HP

= lim - (H?+ H? 5)—1———--—

ninéoz( + ) £ 2 (n+1)5 +3 Z_‘: n+ 1)

0
- li + HY? li Hup1 =1/ + 1) + HY — 1/ + 1)
24+ (n+ m+ 1S 2 — (n+1)>°

{reindex the series and expand it}
00 00 2) 00

H, H, H,
Z P Z Z o

{use the series values given in (4.32), (6.75), and (3.45), the case n = 6}

S

l\JI
t\)l

3
=30Q2)0) + ¢ —6¢(D),

and the solution to the point ii) of the problem is complete.
For an alternative solution to both points, make use of the result in (4.72).

6.46 Two Series Generalizations with the Generalized
Harmonic Numbers and the Tail of the Riemann Zeta
Function

Solution The generalization from the point i) in the present section also gives an
alternative way of approaching the series with the tail of the Riemann zeta function
like the ones in the last two sections. When we talk about the tail of the Riemann zeta
function, we may also recall the series representation of the Polygamma function
(see [58]), since the tail of the Riemann zeta function can be expressed in terms of
the mentioned function.

For the point i) of the problem, let’s note and use that

> 1 (-Hr—1 &

_l_ . _L = k+n—1 p—1
¢(p)—1 = —k:1 n TP - (D Z/ log”™" (x)dx,
(6.229)
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where I considered the result in (1.2), and then we get

i n (;()_1_i ..... L)
n+1 P 2p n?

n=1

( 1)[7 ' o k+n—1 p—1
(p—1)! ln+1 (Z/ log™ " (x)dx

n=

{reverse the order of integration and summation}

1
((pl_)pl)v/o Z . 2( nI:I:l H)logpl(x)dx

k=1

1
nlxn+1 — E 10g2(1 _ x)}

(=D / log?~!(x) log*(1 x)dx’ (6.230)

C2(p—=D! x(1 =x)

where we note the integral in (6.230) can be expressed in terms of Beta function
1

which is defined as B(x, y) = / 1A — )Y dr.
0
Hence, for p > 2, p € N, we have that

J— _—e— — e e e — —— x’ ,
Hn ¢p 20 np 2(p—1)vHoa p=Tgy2 oY

and the solution to the point i) of the problem is complete.
For the point ii) of the problem we proceed in a similar style. First, if we combine
the generating functions in (4.6), the case m = 2, and (4.7), we have

o 2
log?(1 —
Sy HE - HP) = M. 6.231)
-y

n=1
Integrating both sides of (6.231), we get

L n+l

1
C(H = HP) = —2log (1 - ). (6.232)

n=1
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Now, starting as at the previous series, and using the result in (6.229), we write

>\ H? — H@ 1 1
Z ¢(p) — T T

n=1

_1yp—1 > @
B ((pl—)pl)‘ Hn:ll (Z/ T log” I(X)dx)

n=1

{reverse the order of integration and summation}
(-1 p—1 H2 H(Z)

) / Z k—2 l’l+1 1ng 1 (x)dx
(p_l)' 0 k=1 nl n+l

{make use of the result in (6.232)}
1 o0

_ =D k2 1ogp] _
= 3(p—1)!/() ; log (x)log (1 —x)dx

dx

_(=DP /110gp—1(x)10g3(1_x)
T 3(p -1 x(1 —x)

(=1 ar+?
= lim
3(p— Dl x—0 axp_18y3
y—0

B(x, y),

and the solution to the point ii) of the problem is complete.
And now we can prepare ourselves to enter the sections with series involving a
product of two tails of the Riemann zeta function!

6.47 The Art of Mathematics with a Series Involving the
Product of the Tails of ¢(2) and ¢ (3)

Solution Allow me to say this solution is about the art of mathematics! Ok. Why?
First we see we have now a series with a product of tails of Riemann zeta function,
and all is multiplied by 1/n. That doesn’t look friendly! A natural impulse would
be to give it a try with Abel’s summation as we did in the previous sections for
the series with one tail of the Riemann zeta function, and this is a wise choice I'll
want to consider. After the application of Abel’s summation there will also result
two nonlinear harmonic series of weight 6, which happily and amazingly we won’t
have to compute separately, and this is possible due to an identity generated by The
Master Theorem of Series!
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So, we write that

il {2 -1 : : (3 -1 : :
n 22 n2 23 n3
n=1
1
Z ~(€@ - HD)c3) - HY),
and applying Abel’s summation, the series version in (5.1), with a, = 1/n and
by = (Q2) — H®)(¢(3) — H), we get that

n=1

> €@ - BB - HY) = lim Hy(@(Q) ~ Hyy)EG3) — Hy))

0

+ Z H, (@) = HP)¢3) = B = €@ = HE D3 — H))
=1

n=1

R 1 HO® 1 H® 1
—,§<H"+l ) (0 -2 g g) (e - w2 5)

(n+1)3
~(cr-H2) (e - 1))

{reindex the series and expand it}

H(z) =1
—;(2>Z——;<2>Z—+Z Z -> =

H, (@) = B¢ G) - HP) = @) = HPDE) — )

6
n= ln
00 00 00 (3) 00 3) 00 ()
H, 1 H, Hy H,H,
@Y e S (S 3 )
n=1 n=1 n=1 n=1

{the values of the series are given in (3.45), the cases n = 2, 3, 5,}

{(6.71), (4.14), where we set p = 3 and let n — o0, and (4.40)}
=20 - 2
N 48>

and the calculation of the series is finalized.
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Indeed, the fact that we could avoid so easily the calculation of each nonlinear
harmonic series of weight 6 involved (due to The Master Theorem of Series) is
almost a dream which shows again that in the area of the harmonic series still
lie extraordinary ways of calculating them, waiting for us to discover them by
mathematical efforts, research.

The solution also answers the proposed challenging question.

The series version without the factor 1/n,

ad 1 1 1 1
> (;(2> —l= s ,Tz> (;(3) —l= g P) =204 -t 3),

n=1

and its generalization,

ad 1 1

1 1
Z(C(@—l—g—'“—n—k)(é“(k“)—l—zm—'“—m)v

n=1

appeared in the paper Evaluation of Series Involving the Product of the Tail of ¢ (k)
and ¢ (k + 1) I co-authored (see [22]). Also, similar series involving the product of
the tails of the Riemann zeta function may be found evaluated in [26].

6.48 The Art of Mathematics with Another Splendid Series
Involving the Product of the Tails of ¢(2) and ¢ (3)

Solution Once again, allow me to say this solution is about the art of mathematics,
and it takes into account the challenging question! Compared to the previous series,
here we have an additional harmonic number, and that also pushes us in the area of
the harmonic series of weight 7.

The proposed challenging question gives a special flavor to the problem, since
we’ll want to calculate the series without making use of the values of some difficult-
to-calculate nonlinear harmonic series of weight 7.

To calculate the series we’ll employ a slightly different version of the series of

0 12 1 (2) 0 2 2

. H, H, o H,;(£(2) — Hy™) . o
weight 7, n " which is L~ . and in the calculations it

a7, 3 A w3

3
n
= n=1
won’t be necessary to know the value of either of these two series. If we apply
Abel’s summation in (5.1) for the latter series where we set a, = 1/ n3 and b, =

H2(¢(2) — H?), we get

(e9]

H2(;2) - HY)
> IO I i 130 - HEL)

n=1

0
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+Y HOH2C@) — HP) - HE,,(c2) — HD))
H? +1/(n+1)?)

n=1

— 1/ + D) (Hyr — 1/ (0 + 1)* (2 (2) —

3
= Z(Hn-H
2
—Hy () = HY)D)
{reindex the series and carefully expand it}
00 H(3) Hn HrEZ) 00 H, H,§3) 00 Hf) HYE3)
:Z ! _22 PRI )
n=1 n=1 n=1 n=1
o oo o o0
H, 1 H, H,
AN roy - Oy gD _ Hn Zn
D €@ = H)H, Z ;(2)Zn +A@ Y T2
n=1 n= 1 n=1 n=1
= H? i H?
o s

H® e
53 ) D ;
n=1

+2(2) Z
n=1 n=1

{use the series values in (3.45), the cases n =4, 6, (6.68), (6.80), (6.75), and (4.32);}
© Hn(2)

3)
HH '
s 3o

n=1

{make use of the result in (4.44) to express Z
n=1
H(Z)H(3) 0 Han) }
as
nt

n=1

{and then use the result in (4.45) to express Z
n=1

(2) o0
H, H
—22—@(2) H) HY

H? H(3)

n=1 n=1
—4¢(7) +85(9)¢(5) — —1;(3)§(4)
2 0 32 1703)
{employ the result in (4.46) to writer 3 Z H + Z H"nljn using
n=1

n=1
n=l1
H2H(2) i 15 9
_ (2) 3) -~ _Z
22 22 - HOYHD + > £(2)¢(5) 2((3)§(4),

H2H,” }
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that leads to

0 12 (2) 0 132 0 132 47(2)
H;(¢(2) — Hy™) H, H’H,
D B 12D D e D
n=1 n=1 n=1
o

= H2H\? H, 15 9
nttn In g yg® 2 _
2 2; L@ = BOHD + —e@i6) = 563,

whence, also considering the result in (4.30), we obtain

0]

Hy O\ g3 _
Z 7(((2) — H,”YH,” =2¢(2)¢(5) — ¢(3)¢(4). (6.233)

n=1

Then, in view of the result in (6.233), we write

= H, 1 1 1 1
27(5(2)—1—§ ————— ﬁ)<;(3)—1_2_3 ..... n_3>
n=1

S5 ) e )

n
n=1

=3y ( 2 —H<2>)—§ il ( 2 —H(2>)H(3>
§()”:l ;. ¢(2) n ¢(2)—H, A
{the first series is calculated below and the second series is found in (6.233)}

11

. > H, ) . . .
where the series E — (; (2)—H, ) can be calculated entirely by series manip-
n=1 n
. . s . . _ H, i @ .
ulations if we use Abel’s summation with @, = — and b, = ¢(2) — H,” as in
n

the Sect. 6.45. Alternatively, we can also start with the following series version,
0

H, 1 1
’; " <§(2) s ;> which is given in (4.72), the case p = 2,

and then we may write

oo

K=Y (s - )

n=1
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_ N Hyy1 — 1/(n+1) G
- Z n4+1 <§(2) H+ (n+ 1)2)

n=1

{reindex the series and carefully expand it}

A (R N SR DD
1 n=1 n=1

n=1 n=

H i 1
n2 }’l4

n=1

{use the Euler sum in (3.45), the case n = 3 and (4.14), the case p = 2}

-y (e - B®) - e,

n=1

whence we get the desired value,

3 ﬂ _H® _z
> (c@-82)= 1@,

and the solution is complete.
It’s nice to see how beautifully various relations with harmonic series work
together when properly combined.

6.49 Expressing Polylogarithmic Values by Combining the
Alternating Harmonic Series and the Non-alternating
Harmonic Series with Integer Powers of 2 in
Denominator

Solution The sums of harmonic series in this section all lead to polylogarithmic
values, and to show the equalities hold we might like to combine the result from the
point ii) in Sect. 1.31 with some generating functions in Sect. 4.11.

For all three results we might like to employ the identity in (1.59). So, if we set
m = 3in (1.59), we get

1 . x 00 3 n—1 1
/O Lis (m) dr =Y H” (log2) - o ) (6.234)

n=1 k=1
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For the left-hand side of (6.234) we make use of the result in (4.11), and we write

L ¥ .
/OL13 <1+_x) /Z( -1t (H2+H,§2>)dx

{reverse the order of summation and integration }

1S H2+ HP . H? + H?
- _ Hn T Hn dx = n—lZn T 70 6.235
22:: b n / te Z( D vy @B

For the series in the right-hand side of (6.234), we apply Abel’s summation in

n—1
1
(5.1), with a, = 1 and b, = H, (log(Z) -3 k?) and then we write
k=1

x n—1 1 N |
©)] T 3)
> H (log(Z) -y @> = lim NHy (10g(2) = k?)

n=1 k=1 k=1

n=1 n=1 k=1
o) 1 n—1 1
- — | log(2) — — 1, 6.236
;nz(ogm ];kzk> (6.236)

where for the last equality I used the result in (4.6), the case m = 3.

For the remaining series in (6.236), we apply again Abel’s summation in (5.1)
n—1

1
with @, = 1/n? and b, = log(2) — ,; ok that gives
o0 1 n—1 1 s N 1 00 H(2)
. n
22 <10g(2) > kzk) = im Hy <1°g(2) -2 k2k> T2
n=1 k=1 k=1 n=1
0
% (2
H,
- Z n_ (6.237)

n=1
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If we plug the result from (6.237) in (6.236), we have

[} @ n—1 1 1 [ee] H}$2)
> HY (log2) =) o | =210 <5) -y TR (6.238)

n=1 k=1 n=1

Collecting the results from (6.235) and (6.238) in (6.234), we conclude that

N & O - o
b (E) =2ty Z(_ Y ha+n T Z(_ TP

n=1

and the part i) of the problem is complete.
Passing to the point ii), we set m = 4 in (1.59), and we have

1 X 00 @ n—1 1
Lig [ — |Jdx = H log(2) — — . 6.239
/o 14(1+x> ! ,; w1 | log@) ];kzk (6.259)

For the left-hand side of (6.239) we make use of (4.12), and we write

1 X
Li 1t H>+3H,H® +2H®)d
/0 14<1+x> /Z( )+ +2HP)dx

{reverse the order of summation and integration}
g
1 & 1 !
=< Z(—l)"—l—(H,f +3H,H® + 2H,f3))f x"dx
n 0
n=

1 & 1
=z Z(—l)"—l—n(n — (H? +3H,H® +2H). (6.240)

n=1

For the series in the right-hand side of (6.239), we apply Abel’s summation

n—1
1
in (5.1), with a, = 1 and b, = H), <1og(2) > kzk) and then we write
k=1

o0 n—1 N
: 1
@ o @
A <1og(2) - k2k> = lim NHy (10g(2) -5 ﬁ)

n=1 k=1

0

00 n—1 n—1
1 H 1 1
+3n (Hfi) <1og(2)—§ —) ( HY + )<l<>g(2) E —,,))
n=1 : k=1 k2t 1 k2k n2
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) Hn(4) )
IS

n=l1 n=

(2)

where for the last equality I used the result in (4.6), the case m = 4.
For the left series in (6.49), we apply Abel’s summation in (5.1) with a, = 1/n>

1 UL
1 = <log(2) = ﬁ) =

k=1

||M8

n—1
1
n3 <log(2) > k?> , (6.241)

k=1

n—1
1
and b, = log(2) — Y o that yields

k=1

| n—1 1 o N | © G
. n
2 <‘°g(2> g ﬁ) = Jim Hy (1"%(2) -2 ﬁ) 2y
n=1 k=1 k=1 n=
0
< p®
=> ) (6.242)

nan
n=1

If we plug the result from (6.242) in (6.49), we get

o] @ n—1 1 1 00 H(3)
. n
nEZI Hn—l (10g(2) - E_ ﬁ) = 2Ll4 <§> - E o . (6243)

n=1

Collecting the results from (6.240) and (6.243) in (6.239), we conclude that

“(2)

00 3) 00 3 00 3)
H, 1 1 H,
= — N - _dn
Zn2”+1 12 HX:;( ) n( —l—l) 62 n(n+1)
1S H,H”
4 n— l—
4 ;( b nn+1)’

and the part i7) of the problem is complete.
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Lastly, for the point iii), we set m = 5 in (1.59), and we have

1 X o) ) nfl1
Lis | —— ) dx = H log(2) — — |- 6.244

Now, for the left-hand side of (6.244) we make use of the result in (4.11), and then

we write
1
/ Lis <L) dx
0 14+x
Z( =1L (H4 6H2H® + 8H,H® +3 (H,§2>) 2+ 6H™)dx

{reverse the order of summation and integration}

Z( 1yt (H4+6H2H<2>+8H HY +3(H?)? +6H(4))/

n 1

1 & 1
=% Z(—U"_lm(b’f +6H2H® +8H,H +3 (D) + 6H®).

(6.245)
For the right-hand side of (6.244), we apply Abel’s summation in (5.1) with
n—1
1
a, =1land b, = H;S_)l (log(2) — Z W) that gives
k=1

]

n—1
1
E H,Es,)l (10%(2) - E ﬁ) = hm NH(S) (10g(2) k2k)
k=1

n=1

00 n—1
1 1
+3 (H,?% (log&)— > @> —(H2+ s ) <1 52 =2 o ‘E))

n=1 k=1

00 ) o0 n—1

H, 1 1

= Z o Z nt <10g(2) Z K2k )

n=1 n=1 k=1

00 1 n—1 1

-> — <log(2) o ) (6.246)

n=1 k=1

where for the last equality I used the result in (4.6), the case m = 5.
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Further, for the remaining series in (6.246), we apply Abel’s summation in (5.1)
n—1

. A 1
with @, = 1/n" and b, = log(2) — Z ok and we get

k=1
00 1 n—1 1 @ N 1 00 Hr54)
2 i \los@ = 2 ) = Jim A (lox®) = 3 )4 2
n=1 k=1 k=1 n=1

0
% @)
H
=> gn ) (6.247)
n=1 n

If we plug the result from (6.247) in (6.246), we have

o] ) n—1 1 1 oo H(4)
. n
DA (10g(2) -3 ﬁ) — 2Lis (5) - 2—21 TR (6.248)

n=1 k=1

Finally, collecting the results from (6.245) and (6.248) in (6.244), we conclude

that
Lis (2
5(3)
S H(4) 1 S . 4 1 S H(4)
_ann+l E;(_l) n(n+ 1) +1) 52 n(n+1)
B anH(2) 1 00_ nl( (2))2 B anH(3)
i) Z( ST T Z( DD e Z( ETTE

and the part iii) of the problem is complete.
If you enjoy such representations with long sums of harmonic series, then there
is some good news: if in this section the sums yielded polylogarithmic values like

1 1 1
Li3 <§>, Lig (5) and Lis (§>, in one of the next sections we’ll meet a long sum

with harmonic series (seven series) leading to ¢ (4)!
The solutions also answer the proposed challenging question.
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6.50 Cool Results with Cool Series Involving Summands with
the Harmonic Number and the Integer Powers of 2

Solution Some of the harmonic series with positive integer powers of 2 in

denominator might be pretty challenging. For example, one might possibly find the
oo

H,
series like i rather troublesome, and the relations I propose
n3an 4 Prop

in this section are meant to facﬂltate the derivation of such series. Also, trying to
remain in the perimeter of the real methods is another challenge, especially for the
last relation where it is required to calculate a tough integral (which happily I already
calculated in the third chapter).

For the first sum of series, I invoke the identity

172 log(2) 1
k g
1 dx = — — , 6.249
/0 X Og(x) X (k + 1)2k+1 (k + 1)22k+1 ( )

which is proved immediately with the integration by parts.
Multiplying both sides of (6.249) by —Hj and then summing up from k = 1 to
00, we get

]

00 H, 2
log(2) Z W Z W = Z Hy f xk log(x)dx
k=1

{reverse the order of integration and summation }

1/2 o0
= —/ log(x) Zkakdx
0

k=1

{use the generating function in (4.5)}

- [ lettel 20 g e 1 los wlox,
0 1—x 1/2 y

1 oo
_/1/2,;

{reverse the order of summation and integration }

S 1 1 | © 1 1 1/2 |
=-> - / Y og(ndy =-) - ( f - / )y"‘ log(y)dy
w1 Y12 a1 0 0

log(y)dy
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1/2

o0 1 1 0 1
=-) - / Y Mog(ndy + )~ / "~ log(y)dy
n=1 nJo n=1 nJo

1 =1 =1 (1 e
- Z - 1Og(2)nZ::l poTi ,,Z:‘: o = ¢(3) —log(2) Lip <§> — Lis <§>

n=1

{use the special values in (3.19) and (3.20)}

1

_1 1. 3
= 8((3)4- 3 log”(2),

and the calculation to the point i) is finalized.

I submitted the following sum of series as a problem to The American Mathe-
matical Monthly, the problem 11921 (see [49]).

To prove the result with the second sum of series, we employ the simple fact that

log?(2) log(2) 1
(k 4+ D2K+1 T (k+ 1)22k ' (k4 1)32K°

1/2
/ xFlog?(x)dx = (6.250)
0
which is proved by applying two times the integration by parts or by simply making
use of (1.3), witha = 1/2,n = 2.
Multiplying both sides of (6.250) by Hj and then summing up from k = 1 to oo,
we get

o0

1o Z(Z)iL+lo (2)§: Hi +y T
& = (k+ 12k & Lk 22F T Ak )3

1/2 1/2 00
xFlog?(x)dx = f log*(x) ) x* Hydx
0
k=1

o0
:ZHk/
k=1 0

{use the generating function in (4.5)}

_ /“2 log(1 — 1) log>(x)
- 0 1 — X

{make use of the result in (1.28), the case p = 1}
= > (s + 102 @)
4 9

and the calculation to the point i7) is finalized. The last integral also appears in [17,
p-128].
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For the last sum of series, we recall the result in (1.18), and using the integral
there, we write

/1/2 log?(x) log?(1 —x)d
X
0 X

o
{make use of the fact that Z X 1 >
X

¢ He  log?(1—x) }
k=1

1/2
_ x Hk 2
= 2/0 ,;_lx Tl 1 log”(x)dx

{reverse the order of summation and integration }

S H 1/2
Z k kqno2
= 2k_l k_|__1/(; X log (x)dx

{make use of the result in (6.250)}

o2 S M ZOO _ He Zoo _ He
= log"(2) kzzl 12k T1og) £ (ko 1326 +k=1 (k + 1)#2k=T
1 2 7, 1
= §§(5) —2:2)¢3) — 3 log”(2)¢(2) + 1 log=(2)¢(3) — T log”(2)

1 1
+41og(2) Lig (z) + 4 Lis (5) )

and the calculation to the point i) is finalized.
Equipped with these relations, we are prepared to enter the next section where
we’ll want the extract the precise values of such series.

6.51 Eight Harmonic Series Involving the Integer Powers
of 2 in Denominator

Solution As mentioned at the end of the previous section, once we are equipped
with the proper relations, we may extract the values of the series in this section.
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Now to calculate the series from the point i), we use the result in (4.5),

lo 1—
Z x"Hy = gl( *) , where if we integrate both sides fromx =0tox = 1/2,
— X

weget
1/2 o 1/2 0 H; 172 1og(1 — x)
[, o= Zlfo N M

—11 2(2)
=—1lo
) g ,

from which we obtain

00 H, ~ )
Z G DF log®(2),

k=1

and the point i) of the problem is finalized.
Further, to calculate the series from the point i), we make use of the series from
the point i), and then we write

o0

H; >\ Hip1 — 1/(k+1)
log?2) =Y —5 =2
0g"(2) ; (k + 12k k; (k + 1)2F+

{reindex the series and expand it}

(1
Z K2k 22 k22k 22 K2k —2Li (5)

{make use of the special value of Dilogarithm function in (3.19)}

> H
=2y kTI; —2(2) +10g*(2),
k=1

whence we obtain
 H, 1
Z o =3¢,

and the point i7) of the problem is finalized.
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Next, to get the value of the series from the point iii), we plug the value of the
series from the point i) in the relation in (4.74), and then we immediately have

o0

1 1 H;
108 @+ Z m §(3) + = log @),
whence we obtain
S L Lo
GreE =250 — 3l @,
£ )2 4 3

and the point iii) of the problem is finalized.
Jumping to the next series from the point iv), we make use of the series from the
point iii), and then we write

o0

1 1o He = Hgi—1/k+1)
7503) = 7log’(2) —;m —212 (k + 1)22k+H

{reindex the series and expand it}

1 H; et
22 k22k Z K32k 22 K22k 2Li3 <§)
{use the special value of Trilogarithm function in (3.20)}

22 k22k (3) +1og(2)¢(2) — ~ log ),
whence we get

— Hj 1
kg oor = () — 5 log)2 (),

and the point i v) of the problem is finalized.
Then, to calculate the series from the point v), we combine the values of the
series from the points i), /i) and the identity in (4.75) that lead to

1 1
Flog" @)+ { 1oz () + Z =1 (c@+10g'2).

(k + 1)32k
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from which we obtain

o0

H; 1 < )
E —— 7 = (@) —10g(2)¢(3) + < log (2)
P (k+1)32k 4

and the point v) of the problem is finalized.
Next, for the part vi) of the problem we make use of the result from the point v),
and we write

Zi Hip1 —1/(k+1)

! 4) —log(2)¢(3 1 2 3
4 ({( ) —log(2)¢( )+ 0og ( )) Z (k + 1)32k+1

T 1 1\37k
— (k+1) 2

{reindex the series and expand it}

e @]

1 Hy . (1
= ZZ kzzk kz ok 2}; i 2L (5) :
whence we obtain
i—Hk e = Liog@e3) + L 1og' @) + Lig ( 2
= — — =10 — 10 1 Py R
£ 3 gt~ glos) )t oy fog “\2

and the point vi) of the problem is finalized.
Further, the result from the point vii) is straightforward if we combine the
relations in (4.74), (4.75), and (4.76) that give

e¢]

Hy
g (k + 1)42%
1
= —((5)——log(2)§(4) +1log*(2)¢(3) — —10g )¢ 2)—¢2)¢3) + —Olog (2)

1 1
2log(2) Lig | = 2Lis | =},
+21log(2) Lig (2>+ is (2>

which finalizes the point vii) of the problem.
Finally, for getting the value of the last series, we manipulate the previous series
and write

1 1 1
—§(5) — 7108 +log*(2)¢(3) — —10g 2)5(2) =¢(¢B) + %IOgS(Z)

o0

(1 I Hy, o Hir1 = 1/(k+ 1)
2log@) Lig = ) +2L T
+2log2) 14(2>+ 15(2) Z(k+1)42’< ; (k + 1)32k+1
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{reindex the series and expand it}

oo oo

1 H 1
= ZZ k42k ;W ZZZ k‘ék 2Lis (2)

whence we extract the value of the desired series,
i i
Pt k42
= —5(5)——10g(2)4“(4)+—10g (2)¢(3)— —10g (2)§(2)——C(2)§(3)+— log>(2)

Al (1
+log(2) Lig <§> + 2Lis <§> ;

and the last part of the problem is finalized.

The second, third, and fourth series together with similar versions of them are
given in [15]. A different approach of calculating the last series may be found in
[34] and [62]. Also, for another strategy of calculating such series, you may see the
approach in [35].

6.52 Let’s Calculate Three Classical Alternating Harmonic
@
Series, Y °° , (=1)"~! %, > (=1t I%, and
~1H;
ZZO=1(_1)” 2

Solution In this section we step in the area of the alternating harmonic series, and
don’t be surprised to find they are hard nuts! For example, let’s remember together

the non-alternating version of the second proposed series we met in more places,
00 (2) 17
that is Z ¢ (4), which is simply straightforward with using the sum

in (4.14), but things change if adding (=1"! in the summand, and getting a
solution seems to be a more difficult task.

Also, if you recall Sect. 3.52, there we needed the alternating harmonic series
from the first point during some of the calculations.
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Let’s try to reduce the first series to a convenient integral form. Then, we write

o0 H 1 o 1
Z(—l)"*ln_g =3 Z(—l)’l’lHn/O x"og?(x)dx
n=1 n=1

1! ad 1 1log(l log?
=3 [ Yyt e = ) [N,
2 0 2 0 x(1+x)

n=1

1/110g(1+x)log2(x) 1/110g(1+x)1og2(x)
- dx —= dx
0 X 2 0 1+x

2
I I

—114 71 2)¢(3 11222 1142 2Li !
—ZC()—ZOg()é()+§ Og()é()—ﬁog()— 4|5 )

where the integrals /7 and I, are calculated below.
So, for the integral I} we get

1 2 1 o0 n
I =[ log(1 + x) log (x)dxzf log?(x) Y (=112
0 0 =1

dx

X n

_ N G S T _ - a1 17
_ZT/O " og?(x)dx =23 "(—1) =@

n=1 n=1

Then, for the integral I, we have

L= /1 log(1 + x) logz(x)d
0

x = lfl(logz(l + x)) log?(x)dx
I+x 2 0

{apply the integration by parts}

x=l fl log(x) log?(1 )
x=0 0

_ b, 2
= —log“(x)log“(1 + x)
2 X

0

{make the change of variable x = y/(1 — y) and then expand the integral }

:/1/2 10g3(1_y)dy+/1/2 10g3(1—y)dy_/1/2 logz(l—y)log(y)dy
o 1y 0 y 0 1=y

_/Wkﬁa—wmaww
0 y
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2 1og?(1 — y)1 1 1 12 loa3(1 —
use that / og*(1 = ) og(y) = ——log*(2) + —/ og™( )’)dy
0 1= 3 3 Jo y

2 (1210831 — 1/210g2(1 — y) 1o 1
_/ g ( y)dy_/ g (1 —y) g(y)dy+_10g4(2).
3Jo y 0 y 12

Iz Iy

(6.251)
Then, for the integral I3 in (6.251), we write

; /1/2 log’ (1 (/ / ) log’(1 - y) =N gy
3 =
0 172 y
1 10g3(1 —y) 1 1og3(1 —¥) . l-y=¢ 1 log3(z) 1/2 log (Z)
=| ——dy—-| ——dy = dz—
0 y 172 y 0o 11—z 0 1—-z

[ o 12 %
=/ Zz””log%z)dz—/ Zz"*] log*(2)dz
0 n=1 0 n=1

{reverse the order of summation and integration }

o 1 o .1/2
=Y [ e tegea =Y [ g
n=1"0 n=1"0

{make use of the result in (1.3)}

_ 2 3
=-6 E pe +6 E aon +61og(2) E n32n+3log 2) E aon +log” (2) E o

1 1 1
= log*(2) — 6¢(4) +6Li4 <§) + 6log(2) Lis (5) + 310g?(2) Lip (§>
{use the special values in (3.19) and (3.20)}

1 21 1
=3 log*(2) — log 2)¢Q2) + 7T log(2)¢(3) —6¢(4) + 6Liy (5) . (6.252)
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Next, for the integral /4 in (6.251), we integrate once by parts that gives

12 10g2(1 — y) log(y) 1 12 )
I = /O By~ 3 fo (log?(»))' log?(1 — y)dy

y=I2 12 Jog(1 — y) log?
+/ gl — y)log (y)dy
0 -y

—_—1102( log?(1 —
) g™ (y) log™( y)
y=0

172 Tog(1 — y) log? (y)
-y

1
= 510g4(2) +/

{the value of the remaining integral is given in (1.28), the case p = 1}

- %log Q) — - (;(4) + log (2)) (log ) — ;(4)). (6.253)

The last integral also appears in [17, p. 128]. If we plug the values of the integrals
from (6.252) and (6.253) in (6.251), we get

; _/1 logz(x)log(l—i-x)dx
2= 0 14+x

1 15 1
=5 log*(2) — log*(2)¢(2) + 5 10g(2)§(3) - —§(4) +4Lig <2) . (6.254)

and the calculation to the series from the point i) is finalized.
Further, to solve the second point of the problem, we combine the result in (1.53)
with the value of the series from the previous point. Therefore, we write

k+n—1
~ 13_6 ) — / log(x)le(x) / ( R )log(x)dx
0 n

{reverse the order of summation and integration }

- n— 1
:1; —Dk- l(Z / ket 1log(x)dx> Z( D (Zm)

= f(—l)’f (

/1 1 2
2. <k2n2 + KRk +n)? ok + n))>

n=1

o]

e —+Z<—1>" @) — HP) - 22( Dt
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H(Z)
=——c(4)+Z( D=5 +ZZ( D= 1

{use the value of the series from the point i) }

7 ) (I (1
=3¢(4) — 3 log(2)¢(3) + log”(2)¢(2) — 3 log™(2) —4Liy >
2)

(
H,
k—1
+Z( D=5
k=1

from which we obtain that

— Llog*@) — log(2 <2>+zl @¢() — 5 +4Li (1)
—60g 0g~(2)¢ 20g§ 16C 142,

and the calculation to the series from the point i7) is finalized.
Next, to solve the last part of the problem, we write

Z( =12 Z(—l)"fﬂ f "~ log(x)d
1 )
:[ log(x) > (—=1)"x"" ' Hdx
0

n=1
{make use of the generating function in (4.7)}

1 1 2
o x(1+x) 0 x

+/1 log(x)Lig(—x)dx_/’l 1og(x)1og2(1+x)dx_/1 log(x)Liz(—x)dx
0 0 0

X 14+x 14+ x
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and since for the last integral we have

" log(x) Lia(— =
f e LL() 4 1og(1 + x) log(x) Lin(—x)
0 l+x x=0
0
+/1 10g(x)10g2(1+x)dx_/1 10g(1~|—x)Li2(—x)dx
0 X 0 X

U og(x) log?(1 + x) "og(1 + x) Liz(—x)
= dx — dx
0 X 0 X

x=1

B /1 log(x) log?(1 + x)
0

5
- = @)

1. )
dx + 3 (Liz(—=x))

x=0

)

| log?(1
+f og(x)log=( +x)dx
0 X

then we obtain that

Sl 2 1 s 1 2
Z(_l)nﬁ_;:/ log(x) Liz( x)dx_/ log(x) log (]+x)dx—li;“(4).
n=1 n 0 0 6

X 14+x
Ji J
(6.255)
Now, to calculate the integral J; in (6.255), we write
1] Lio(— 1 00 n—1
i =/ dezf log(x)Z(—])nx —dx
0 X 0 it n
o0 o0
(GO L ' 7
Z,,Z:‘: — /0 X" 1og(x)dx=n§ = gg(4). (6.256)

For the integral J, in (6.255), we make the change of variable x = % that
-
yields

I /1 log(x) log?(1 +x) , /1/2 log?(1 — y) log(») |
2 0 14x 0 1— y Y

/1/2 log*(1 —y)d
- - @y
0 l—y

1, L /
~ log'®) 1§ / (log>(1 — )) log(y)dy
0
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{apply the integration by parts}

2 log*(1 — y)

= ——log 2+ = /
0 y

1

=3 log*(2) — = 10g2(2)§’(2) + %log(2)§(3) —20(4) +2Li4 (%) . (6.257)

where the last integral is calculated in (6.252).
Collecting the values of the integrals J; and J, from (6.256) and (6.257)
in (6.255), we obtain that

ot 2
H
n—1""n
5 1j(—l) -
n=

41 1 1
=165~ —1 0g(2)¢(3) + —log 2)¢@) - —10g (2) —2Li4 <§> ,

and the series from the point ii7) is finalized.
It’s worth mentioning that as I did for the series from the point ii), one can
establish a nice relation between the series from the point i) and the series from the

3
n— 1 n— 1
point iii), that is E (=D E -1 2= —165(4), and then reduce

=1
all to the calculation of a loganthmlc 1ntegral that we further attack with simple

algebraic identities as I acted for some logarithmic integrals at the beginning of the
chapter Integrals. As I've recently found, the last mentioned harmonic series relation
comes from the work by P.J. De Doelder in [17].

6.53 Then, Let’s Calculate Another Pair of Classical
Alternating Harmonic Series, Z,‘f:l(—l)"‘l% and

ToL (=D

Solution The journey through the realm of the alternating harmonic series contin-
ues in this section. In the following I'll try to provide with a solution to the proposed
series which relies on the real methods exclusively.

For example, in the first chapter, in Sect. 1.40 we met a nice integral where we
also needed the alternating series from the second point in order to finish it.

The solution to the first part of the problem is obtained immediately if we use the
integral result in (1.13),
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1 U log?(1 + x) 'S H,
Q)= =———dx=2 § —) e dx
4§( ) /o x /<; n:l( yo n+1

Hy

_ ”_n_li/n U
=2> (-1 A Xdx =2) (=1 TENIE

n=1

n=1

o, et Hen = /(4 1)
=22 (=D (n+ 1)

n=1

{reindex the series and expand it}

> 1 > H, 3 > H,
=23 DTS 2y )T = e3) —2 ) (D)
n=1 n=1

n=1

whence we obtain that

> H, 5
DT =220,
n=1

and the calculations to the point i) are complete. Note that in the solution I used the

o0
H,
simple fact that log>(1 — x) =2y "1 2
p g (1 —x) Z::l —
Next, for the series from the point ii), we write

[o/0] H 1 [o)0] 1

§ :(—1)"—1,1—: =< § :(—1)”Hn/ x" 1 og? (x)dx
0

n=1 n=1

1 /1 log(1 + x)10g3(x)
0

1! -
_ ! 1 3 1) nledx:__
6/0 og (x)’;( )X n 6 x(14+x)
1 [ log(1 + x)log? 1 [ log(1 + x)log?
= / st log 0y, 1 / el H D080 g (6.258)
6 Jo 1+x 0 X
143

I
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To calculate the first integral in (6.258), we start with the integration by parts
that gives

"og(1 + x) log? 1
11 — / Og( +-x) Og (x) d.x — _/ (10g2(1 +x))/ 10g3(x)dx
0 1 +x 2 0

1
= - 10g2(1 + x) 10g3(x)

=l 3 /‘ log?(1 + x) log?(x)
Z dx
0

2 x=0 2 X
0
3 [!log*(1 log?
___f 0g(+X)0g(X)dx
2 Jo X
{ma.ke the change of variable x = IL }
-y
201 o
B _5/1/2 log”(1 — y) log (1 — y>dy B 3/-1/2 log*(1 — y)log(y)dy
2 ) (1—y)y 0 1-y
I
3 (12 10g4(1 — y) 3 (12 10g?(1 — y)log?(y)
. —dy—— dy
2 Jo y 2 Jo y
Iy Is
3 /1/2 log?(1 — y)log?(y)
_2 dy
2 Jo I—y
Is
1/21 31_ 1 3 1/21 41_
i / 02’ = )logy) 3 / g =2y, (6.259)
0 y 2 0 l_y
e 1/510g°(2)

Applying the integration by parts for the integral /3 in (6.259), we have

1/21 3 1— 1
I :/ og’(1—y) Og(y)d
0

1 12 .
1 y = __/ (log"(1 — ¥))" log(y)dy
—y 4 Jo

y=1/2 1 1/2 o 4 1 — 1 1
+_/ Mdy = - log5(2) + —14.
y=0 4 0 y 4 4

1
= —7log*(1 = y) log(y)

1/410g>(2)
(6.260)
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As regards the integral 14 in (6.259), let’s make the change of variable 1 —y = z,
and then we obtain

14=/”2 —10g4(1_y)dy=/1 log'(@) </ /1/2) oo,
0 y 12 1—z l—z

1o 4 1/2 10 4 1
=/ g (Z)dz—/ g (Z)dz =/ Zz"il log*(z)dz
0 1— Z 0 1-— Z 0 o
1/2
—f Zz" Mog*(z)dz
0

n=1

{reverse the order of summation and integration }

| 00 n1/2
= Z/ " og*(z)dz — Z/ 2" og*(z)dz
n=1 0 n=1 0

{make use of the results in (1.2) and (1.3)}

1 1 = 1 = 1
=24 — —log*2)) — —410g’2) Y —— — 1210g*(2
;ns Og();nzn Og();nzzn og()%}m

> 1 =1
—2410g(2) Y — — 24 > o
n=1

n=1

5 3 . 1 2 . 1
= 24¢(5) —log’(2) — 41log”(2) Lip <§> — 121og“(2) Li3 (§>

(1 (1
—2410g(2) Liy (E) — 24Lis (§>

{use the special values in (3.19) and (3.20)}
21 5 3 5
= 24¢(5) — > log”(2)¢(3) + 410g”(2)¢(2) — log™(2)
—241og(2) Lig (%) — 24 Lis <%> . (6.261)

For the integral I in (6.259), we make the change of variable 1 — y = z, and
we get

o /1/2 log2(1 — y) 10g2(y)d _ /1 log?(z) log?(1 — z)
. — y = dz
0 1—y 172 z

= (/1 _/1/2> log?(z) log*(1 —Z)dz = /1 log™ @) lox (! _Z)dz —Is
o Jo ¢ 0 )
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=2/0 log (z)Zz Z—IS—ZZ

/ " log (x)dz — Is

o0

B = A V)
_4Z<n+1)4 =4 CENT

n=1 n=1

{reindex the series and expand it}
o0 o0
H, 1
SOBED WS
{make use of the classical Euler sum in (3.45), the case n = 4}

=8:(5) —4¢(29)53) — Is. (6.262)

Further, for the integral /7 in (6.259), we integrate by parts, and we have

V2 log* (1 — y)log(y) . 1 (12
I = f g 2N N / (log2(y)) log*(1 — y)dy
0 y 2 Jo
1. o 3 =l
= S log’() log*(1 — ) +51s

y=0

—1/210g>(2)

{make use of the result in (6.262)}
3
=12¢(5) — 6£(2)¢(3) — 10g (2 — —15 (6.263)

Collecting the results from (6.260), (6.261), (6.262), and (6.263) in (6.259), and
then using the value of the integral /5 which is given in (1.18), we get

7
EC(S) —32(2)¢3). (6.264)

o= /1 log(1 +x)10g3(x)dx B
= 0 14+x N

Lastly, for the integral I, in (6.258), we write that

1 3 _
I :/ log(1 + x) log (x)dx :/ Z( 1y x log (x)dx
0

X

= i(—l)”’]l f] x"og® (x)dx = 6i(—1)"i = —Eg(S) (6.265)
_ n Jo I’ls 8 ' .

n=1
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Hence, by plugging the results from (6.264) and (6.265) in (6.258), we conclude
that

oo

gyt B 9 s ]
2T = 05) = 5E@EB),

n=1

and the calculations to the point ii) are complete.
In the mathematical literature, a generalization that covers both points is known,

e} n—1
X:(—l)k_lﬂ = (n + 1) n2n+1) — lg“(2n +1) — Zn(Zi);Qn —-2i+1)
k2n 2 2 ; ’

k=1 i=1
and a beautiful solution to it may be found in [6] (the strategy by elementary series
manipulations, as shown in the paper, is elegant). It would be interesting finding
more ways of deriving such series since they seem to be pretty resistant.

As a final note, remember that thanks to the mentioned series generalization I
was able to calculate the generalized integral from the first chapter, in Sect. 1.10. So
good to know it!

6.54 A Nice Challenging Trio of Alternating Harmonic

2) 3)
. 00 -14, o0 —1H,_
Series, Y0 | (1)1 Ha_ 50 (—qyn-t e

)
and Z;ﬁl(_l)n_l%

Solution Ah, I think I met the non-alternating series versions of the first two pro-
posed alternating series in one of the previous sections! Yeah, the non-alternating
series versions of the first two proposed series have already been included in
Sect. 4.21. Now, how about the strategy of attacking the alternating versions? Well,
I think I might like to create a system of two relations with the series from the
points i) and i), and then extract each series. If you enjoy the calculations of series,
prepare for an exciting, enjoyable round!

In order to get the values of the desired series, we make use of the result in (1.4),
where expressing the harmonic number in terms of Digamma function, since H, =
Y(n + 1) 4+ y, differentiating twice with respect to n and then returning to the
generalized harmonic numbers, we get

1 1 1 H H(z) H(3)
/ x"“Mog?(x) log(l — x)dx = 20(3)= +20(2)— — 2— — 2— "
0 n n n

(6.266)
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Using the identity in (6.266) where we multiply both sides by (—1)"_1/ n and
consider the sum from n = 1 to oo, we get

n—1
n—1% _ _ n—1%
§j/< 1) log () log(1 — x)dx = / § (=)'

n=1

X logz(x) log(1 — x)dx

B /1 log(1 — x) log?(x) log(1 + x) &
0 X

) 1 00 | 00 H,
=2(3)) (D" 5 +20@) ) (D" -2 (-1

n=1 n=1 n=1
(2)

o n— 1 n— IH(S)
22( 1 22( )

n=1
{make use of the result in (4.89)}

(2

) 00
=—§(2)§(3)——€(5) 22( -t —22( -1 2

n=1

(3)

whence we get that

(2

) o0
Z( >"1 +Z( 1)’”

(3)

log(1 — x) log (x)log(1 + x) d
x
x

7 59 1
= QG ~ 5E6) - 5/0
{make use of the generalized integral in (1.19), the case n = 1}
11
= §§(2)§(3) = ¢(5), (6.267)

and we have obtained a first relation between the first two alternating harmonic
series.
To get a second relation between the first two harmonic series, we might like to
make use of the Cauchy product of two series (see [25, Chapter III, pp. 197-199]),
o

o0
the version which states that if Z ap and Z b, are absolutely convergent, then we

n=1 n=1
have

(i “n) (i ) i (Z akbn_k+1> : (6.268)

n=1
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o0 n o0 n
X X
Now, considering Li = — and Li = — and applying the
g Liz(x) ;nz 3(x) ;n3 pplying

Cauchy product formula in (6.268), we get

n

o (E2) )5 o)
=1

n=1 n=1

n n

- 1 1
:;x (SZ kn +1)4+ Z(n k+1)(n+1)4+k§k2(n+1)3

k=1

n

1
Z n—k—l—l)z(n+1)3 +Z(n—k+1)3(n+1)2)

=1 k=1

H® 1 0 3 1

+ - B~ it eiD? 1kl @t)?
_ 6 n+l Vl"rl 3 n+1 n—+
Z e Z BT NP S reaT:

{reindex the series and expand them }
o o

=6 x”
I Y

If we plug x = —1 in (6.269), and use the result in (4.89), we obtain a second
relation between the first two alternating harmonic series,

32( l)n 1

(2) o0 (3)

2

(6.269)

g & . H<3> 21

27
= 5 ¢@2B) = 720, (6.270)

Finally, by combining the relations in (6.267) and (6.270), we conclude that

Z( 1yt ’52) = 200¢3) - 2¢(5)
8 32

and

o (3)

Sy

n=1

= 20@)00) - 5
= 70@10) = 3720),

and the solutions to the points i) and ii) are complete.
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Returning to the Cauchy product of two series as in (6.268), and using the version
in the Mertens’ theorem (see [18, pp. 82-83]), with both series converging, and at

X n
least one converging absolutely, where we consider Lis(x) = E x_4 and — log(1 —
n

n=1
X n

X
xX) = E —, we have
n

n=1

s () E2) £
k=1

n=1 n=1

o0 n 1 n 1 n 1
_ n+1
_;x (I;k(n+l)4+I;(n—k+l)(n+l)4+;k2(n+1)3

Z 1 - 1
+k2=; k3(n + 1)? +/§k4(n+ 1))

2% nt Hnt1 — # n i n+1H”(i)1 B (nJil)z + i n+l Hﬁ)l B ﬁ
= X —— X X" e—
— (n+ 14 — (n+1)3 — (n+1)2

H® 1

pi1 Mt Tl Tt DF
+Z n+1

{reindex the series and expand them}

o (4)

[od] o] lIQ) o] }{
I _5Lis(x). (6.271)

3)
=22x"%+2 +Z H

n=1 n=1 n=1

If we plug x = —1 in (6.271), combined with the values of the series from the
points i), ii), and (4.89), we conclude that

A 3 7
Z( D' = 20(5) = 8 (2)EB) — g logE (),

and the solution to the point iii) is complete.

It’s so pleasant to see the power of the real methods when wisely combining some
simple results. The first alternating harmonic series together with other alternating
series versions of weight 5 may be found in [62] too. Also, alternating harmonic
series of various weights (including the weight 5) are given in [4, 6, 20, 54].
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6.55 Encountering an Alternating Harmonic Series
of Weight S with an Eye-Catching Closed-Form,

_1H?
Yoo (D"

Solution Having derived in the previous sections a few key alternating harmonic
series, we are prepared now to take a new beautiful challenge with an apparently
daunting alternating harmonic series (involving the squared harmonic number!).

One of the useful results we might like to employ can be obtained by combining
the generating functions in (4.6), the case m = 2, and (4.7) that immediately gives

Zx <H2 H@) log’(1 —x) (6.272)

1—x

Now, in (6.272) we replace x by —x, multiply both sides by log?(x)/x, and then
integrate from x = 0 to x = 1, and we have

/ Z( 1) x"~ 110g (x)( H(2)> dx = Z( 1)11( H(z))

n=1
1

x/ x”_llogz(x)dx
0

2 (2

)
—22( 1)” —22( 1)"1

n=1

(2)

22( l)n l

_ /llog2<x>log2<1+x) b — /llogz(x>1og2(1+x) "
0 0

x(14+x) X
I
B /1 log?(x) log?(1 —i—x)dx 6.273)
0 1+x '
I

For the integral /1 in (6.55), we write that

X

1 1 2 1 2 1 1 n
I :/ og~(x) log=( +X)dx _ 2/ Z(_l)n—lx_Hn 10g2(x)dx
0 0 n+1

{reverse the order of summation and integration }
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n—1 n n—1 Hn
_22( 1 /x log (x)dx—4Z( P IE

n=1 n=1

sy et Hep =1/ 4 1)
=421 (n+ 1)*

n=1

{reindex the series and expand it}

4y - D —42( s Bes) - e g

n=1 n=1

{make use of the result in (4.89)}

29
=2£(2)¢(3) — gC(S)- (6.274)

Further, for the integral 5 in (6.55), we make the change of variable x = y/(1 —y),
and then we have

o /1 log? ) log?(1 +x) /1/2 log?(1 — y)log(y) —log1 —y)? |
=) l+x 0 I—y

_ /1/2 wdw/m o1 y)logz(y)dy
0 1—y 0 I-y

2 1og3(1 — y) log(y) d

0 I—y
{for the middle integral combine the results in (6.262) and (1.18)}

= —§(5) + —log 2:@) - —10g 2)¢03) =202 B) + 15 log @

1 1 12 1063(1 — 1
—4log)Lis (= ) —4Lis ( = _2/ og’(1 —y)log®) ;.
2 2 0 1—y

2 Jog*(1 — )1 1
{integrating by parts, f og( ] y)log(y) dy = 1 log5 2)
0 -y

1 12 10g*1 —
+_/ g ( y)dy}
4 Jo y

B+ 210 e — o) — 7 g
= 84(5)+310g 2)¢(2) 410g 2)¢3) —2:(2)5(3) 3010g )
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1 N1 210041 —
—4log(2)Lis [ = ) —4Lis ( = __/ og™( y)dy
2 2) 2 ), y

{the value of the last integral is given in (6.261)}

4
= Elog 2 - log 2)¢®2) + = log (2)¢3) - —4(5) 2¢(2)¢(3)

+ 8log(2) Lig (%) + 8Lis (%) . (6.275)

Plugging the results from (6.274) and (6.275) in (6.55), we get that

/1 logz(x) logz(l + x)dx
0 x(1+x)

= —4“(5) -5 10g 2¢G3)+ 3 log (2)¢(2) +42(2)5(3) - —10g 2

— 8log(2) Lis (%) — 8Lis (%) . (6.276)

Hence if we consider in (6.55) the value in (6.276) and the value of the series
(2
H,
E (="~ 1— which is given in (4.90), we obtain the desired value

n=1
o0 H2
G
n=1 n
2 11
= 510’ - 2L - —;(5>+ 1og @5(3) — log 2:(2)

15
et et
+41og(2) Lig (§> + 4 Lis (§> ,

and the solution is finalized.
For an alternative way of establishing a relation between E (-t —;’ and
n
n=1

(2)

Z(—l)" 1
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2
variant, Z(— ) 1( H, R

n [54]. The value of the alternating harmonic series may also be found in [62].

from which we can get the given series may be found

6.56 Encountering Another Alternating Harmonic Series
of Weight 5 with a Dazzling Closed-Form,

1H?
Yoo (D"

Solution Let’s make use of the result in (1.6) where if we multiply the opposite
sides by (—1)"~!/n and then consider the summation from n = 1 to oo, we get

2582

Z(—l)'” +3Z< =12 +2Z( D" = ”
n=1

n=1

{the value of the last series is given in (4.91)}

00 (2)
=Z( 1)"1 +3Z< 1 2

/ log?(1 — x) log(1 + x)
=— dx
0 X

3
+5¢@806) - —§(5)

1
{use the algebraic identity, A>B = g+ B)* — (A — B)* —8AB>)}

{where we consider replacing A by log(l — x) and B by log(l 4+ x)}

10g4 1—x

1 [!log*(l — 2 1!

_f de+_/ ﬁdx
0 8 Jo

8 X X

Iog(1 — x)log3 (1
+/ og(1 — x)log( +x)dx
0

X
{the values of the first two integrals are given in (3.27) and (3.28)}
69 Mog(1 — x) log*(1
_ —§(5)+/ og(l = x)logh(1 +x)

X

n
{make use of the identity, log 1+x)=3 Z(—l) (H2 Héz)), which is}

n=1

{obtained by integrating and combining the identities in (4.6), with m = 2, and (4.7)}
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69 . H? — H® 69
=R§(5)+3/ Z( D%x log(l—JC)—1 = 16O

2 H(z)
+3Z( R /x 10g(1—x)dx——§(5)+32( 1

n=1

w1 H2Hyq1
(n+ 1)2

— n— lHn-HH _6_9 - _1yn—1 (H"+1_1/(n+1))2H”+1
3Z< D T 16 43D P12

n=1

S e () =1/ 4 DY)
32( . (n+1)2

{reindex the series and expand them }

2
_62( H"- e 62( n* 14, +3Z( H"- 1HH

n=1 n=l1

e H3 69
_ _1yn—1n . 27
32 (=D P + 16g“(5)

{the values of the first two series are given in (4.93) and (4.89)}

4 ; 21, 21 165
= glOg (2) —4log”(2)5(2) + —log 2)¢@3) - —((2)4“(3) - —C(S)

+241og(2) Liy <%>+24L15< >+3Z( 1! —32( -t

HH

from which we obtain that
DG Vi
n=1 n
1 5 3 21 2 27 9
= - log”(2) —log”(2)¢(2) + 3 log“(2)¢(3) — 34(2)4“(3) - 15(5)

5
Al Al
+61og(2) Liyg (5) + 6Lis (§> )

and the solution is finalized.
3

(n+ 12’

n=
the given series may be found in [54]. The value of the series is also given in [62].

o0
A slightly different series variant, » (—1)"""

from which we can get
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6.57 Yet Another Encounter with a Superb Alternating
@)
Harmonic Series of Weight 5, ZZ":I(—I)”‘I%

Solution The technique to employ here reduces to establishing a relation between
the series to calculate and the alternating series from the previous section. Recall-
ing and using the identity in (1.5), where we multiply the opposite sides by
(—=1)"~'H, /n and then consider the summation from n = 1 to oo, we get

o8]

00 3 00 ) 1
H: H, H, H
§ (—1)”*‘—’1; +§ (—=pn"! ”nz” _—§ (—1)”*‘—’1”/ x"Tog?(1 — x)dx
0
n=1 n=1 n=1

o 1 1
:Z(—l)"—lan (/ (xy)”_llogz(l—x)dy) dx
=l 0 0

{reverse the order of integration and summation}

1 1 o
=/ (/ 10g2(1—x)Z(—l)”_l(xy)”_lHndy)dx
0 0

n=1

=/1 /llogz(l—x)log(l—i—xy)d &
0o \Jo xy(1+xy) Y

_/1 log?(1 — M) Lin(=x) _lfl log?(1 — x) log?(1 94
0 0

X 2 X

(6.277)

For the first integral in (6.277), we employ the identity in (1.5) and write
n—1

1 1e2(1 — T im( 1 o0
/0 log?(1 — x) Lia( X)dx:/O 10g2(1—x)2(—1)"xn2 "

X
n=1

{reverse the order of summation and integration }

00 1 00 2 (2)
(=" 1,2 (D" (H; + Hy
= p /0 x"logc(1 —x)dx = E p I ,

n=1 n=l1

H2 (2)

—Z< 1" §+Z( 1)”

{make use of the results in (4.93) and (4.90)}
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356 T 0@ + 2IoE ) 4 220 — 2 logd
= 16é“(5) 410g 2)¢3) + 3 log”(2)¢(2) + 44“(2)4“(3) 15 log”(2)

— 41og(2) Liy (%) — 4Lis (%) . (6.278)

Finally, if we plug the results from (6.278), (1.16), and (4.94) in (6.277), we
conclude that

e¢]

(2

H, H,

n—1-ntn
Yyt

n
n=1

=) - Lo2@c3) + 21082 @) (2)+E 2)¢(3) — = log(2)
=3¢ 7 log"@¢ 3 log’ )¢ el 5 log

—4log(2) Lig (%) —4Lis (%) ,

and the solution is finalized.
To get another relation between the two series, one might exploit the result
log*(1 — x)

o
in (6.23) to get and use Zx” (H} —3H,H® +2H) = .
—x

n=1
The value of the alternating harmonic series may also be found in [62].

6.58 Fascinating Sums of Two Alternating Harmonic Series
Involving the Generalized Harmonic Number

Solution Both sums of series in this section can be beautifully related to integrals
from the first chapter. Rather than trying to calculate each series separately, I might
like to find a way to evaluate both of them at once, for each point of the problem.
So, how would we like to nicely do it?

For the part i) of the problem, let’s combine first the results in (4.6), the case
> logz(l —X)

N , where if we replace x
— X

m = 2, and (4.7) to get Zx" (Hr% _ H,f”) _
n=1

by —x and then divide both sides by x, we have

oo

2
3 1yt (an B H,SZ)) _ loil(%x;), (6.279)

n=1
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Multiplying both sides of (6.279) by log?(1 — x) and then integrating from x = 0
to x = 1, we obtain

/Z( 1) H2 <2>) n=116g2(1 — x)dx

{reverse the order of summation and integration }

00 1
_ v (g2 @ n—11.02/1 _
Y -1 (Hn H )[O " og?(1 — x)dx

n=1

{employ the integral result in (1.5)}

00 ®) 0 2
-2 BN S I

n=1 n=1

B /1 log?(1 — x) log?(1 —|—x)dx
~Jo x(14x)

"og?(1 — x) log?(1 + x) "og?(1 — x) log?(1 + x)
= dx — dx
0 X 0 14+ x

{the values of the integrals are given in (1.16) and (1.17)}

= 2C(2)§(3)—11€(5)~|— log*(2)¢(2)— —10g (2)5(3)+—10g(2)§(4)——10g @

1 1
+41og(2) Lig (§> + 8 Lis (E) )

and the part i) of the problem is finalized.

The curious reader might be interested in finding the closed-forms of these series
separately, and this can be obtained pretty fast with the previous results in hand. A
useful relation can be built by using the identity in (1.7), where if we multiply both
sides by (— 1)"~1 and then consider the summation from n = 1 to oo, we are led to

2H<2) o0 H H(3> o0 Py
n— l n—1 n—1""n n—1
E (Ga)) +6 E D" ———-48 E "= ——+43 E (-1 "

n=I n=I

% (4) 1 4
1 H log"(1 —x)
=—6) ()2 / dx
Z( ) n + 0 I+x

n=1
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(4) 1 lo ( )
é —6 1 n— 1 / g y d
Z( : T2) T2
9 21 At
= Z{(Z)CG) + T log(2)¢(4) — 12¢(5) + 24 Lis <§> , (6.280)

where to get the last equality I used the geometric series and the result in (4.92).

. . o logh(l—x)
To get another relation, we use the series representation of 1z given at
—x

the end of the solutions to the Sect. 4.10, where if we divide both sides by x, then
replace x by —x and integrate from x = 0 tox = 1, we get

3)
Z( LS ST ‘H LIRS ST 1 Fntn

n=1 n=1

o (HY)?
+3) (=D .

n=1

H(4) U og*(1 + x)
_ 2 : —12n
=6 (=" /0 x(1+x) dx

o0 (4) 12 4
=y H, 1 1
x/(14+x)=y 62( l)nfl Z /O 0og (y y)dy

n=1

= 24Lis <2> + 2410g(2) Liy <;) —4log®> ()¢ (2) + % log?(2)¢ (3)

21 9
— 7 10g@)¢(3) — 12¢05) — 7221 B3) + log’(2), (6.281)

where for the last equality I made use of the results in (4.92) and (6.261).

To obtain a last useful relation that makes possible the extraction of the remaining
alternating harmonic series of weight 5, we need a clever approach, and differentiate
the relation in (1.5) with respect to n, then multiply both sides by (—1)"~!H, and
consider the summation from n = 1 to oo that leads to

oo H H(Z)

2;6)2( 12 +2;(z)Z< -1 e Z< -1 o Z(_l)n_l it

n=1 n=1 n=1

o0 (3) oo 23
H,H, H'H,
_2 § (_l)n71 n-in -2 § (_l)l’lfl n-tn
n n
n=1 n=1

{use the results in (4.5), (4.7), (4.94), and (4.95)}

; 15 5 5 13 1
=log”(2)¢(2) - 3 log=(2)¢(3)— 5 log(2)¢(4) — §€(5)+ ZC(Z)CG)— T log”(2)
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2H(2)

—21log(2) Liy (%) 2L15< ) ZZ( H" 1 B Hn 22( proln

/1 log?(1 — x) log(x) log(1 + x) q /1 log?(1 — x) log(x) log(1 + x) q
= X — X
0 0

X 1+x
(6.282)
i 201 — _ 1 301 o2y 1aed (LT
Since we have log“(1 x)log(l + x) = log”(1 — x°) — log
6 14+ x

-2 log3(1 + x)), then both integrals above can be reduced to simpler integrals. For

example, with the logarithmic identity above, the variable change (1 —x)/(14+x) =
y for the integral with log>((1 — x)/(1 + x)), and some rearrangements of the
resulting integrals, we get for the first integral in (6.282) that

1 201 _ 1 3 2
/ log“(1 — x) log(x) log(1 +x)dx _ 1/ x log”(x)log(1 — x )dx
0 0

X 3 1 —x2
1/‘ log(x) log3(1 — x?) / log? (x) log(1 —x)
+- dx — = dx
6 Jo X 3Jo 1—x
1/1 log3(x)log(1+x)dx_l/1 log(x)log3(1+x)dx
3J)o 1+x 3Jo by

{in the first two integrals make the change of variable x? =y}
{and for the last two integrals make use of the integration by parts}
B _1 /1 logz(x)logz(l + x) _ E ! log3(x) log(1 — x)

2 Jo x(1+x) 48 Jo 1—x
{make use of the result in (6.276)}

dx

2 7
= Elog 2) - —10g )¢ + —log (2)¢3) = —C(5) - —5(2);“(3)

+41og(2) Lis (%) + 4Lis (%) , (6.283)

! log? (x) log(1 —
where above I also used that / o8 (xi og( x) / Z x" Hy, log® (x)dx
0 — X

00 1 [
H 1—1/n+1)
= Yl [ Flogmdx = 63— _ g3 Hux =
Z fox o5 ()dx ;(n-i-l)“ ; (n+ 1A
o0

1
6 Z - _ Z 5= 6(2¢(5) — ¢(2)¢(3)), and for the last equality I also used

the result in (3 71 5), the case n = 4. The integral in (6.283) is also given in [50],
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and a solution using the same starting strategy that exploits the algebraic identities
is given in [33].

For the other integral in (6.282), we use the same algebraic identity as before,
together with the variable change (1 —x)/(14x) = y for the integral with log3 (1—=
x)/(1 + x)) and some rearrangements of the resulting integrals, that gives

/‘ log?(1 — x) log(x) log(1 +x)dx B 1/‘ log? (x) log(1 +x)dx
0 -3 Jo

14+x 14+x
1/1 1og(x)1og3(1+x)d 1/1 (1—x)10g3(x)log(1—x2)dx
_2 v — =
3 0 14+x 6 0 1—x2

U(1 = x) log(x) log3(1 —xz)d
— X
6 0 1-— x2

{integrate by parts the first two integrals, and in the last}
{two integrals make the change of variable x2 =y}
1 ('log*(1 +x) 1 1 1log?(x)log?(1 + x)
= — ———dx — = dx
12 by 2 Jo X
1 [!log(1 —x)log(x)
- dx
24 0 X
1 [!log(l — x)log’(x) 1 [log?(1 — x)log(x)
— dx + — dx
96 Jo 1—x 24 Jy (1 —x)/x
1 [!log(1 —x)log(x)
- dx
96 Jo (1 —x)/x

121 15 21, 2.,

= —4(5) - glog(2)4(4) + glog 2)¢3) - glog 2)¢(2)
30 @3 - 2D i0ey iy (1) - 20is (L 6.284
—3t(2)¢3) — 5 0g(2) 14(§>— 15<§>, (6.284)

where in the calculations I used the results in (3.30) and (6.274), and
1 log(1 — x)log3(x)d /‘1 >
x = -

X

log3 (x)dx =

the facts that /
0

N = "og(1 — x)log(x) .
—’;;/0 " og?(x)dx = 6;n—5 = 6;“(5),/(; W dx =

B(a, b) = 186¢(5)—9010g(2)¢ (4)+84 10g?(2)¢ (3)—241og> (2)¢ (2)—

lim
a—1/2 3adb3
b—0

4
78¢(2)¢(3) and then /
0

log(1 — x) log?(x)

(1 —x)/x ab—l>1(/)28 a3dob

B(a, b) = 372¢(5)
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— 1801og(2)¢(4) — 126¢(2)¢(3). For the last two integrals, we may also combine
o

the facts that )~ x"H, = log(l and Zx (H} —3H,H® 4+ 2H®) =
n=1
log3(1 —X)
1—x
the case m = 1, and (4.27), and reduce everything to computing limits in terms of
Polygamma function. The limits above can be done either manually or with the aid
of Mathematica.

Now, if we plug the results from (6.283) and (6.284) in (6.282), we get

together with results of The Master Theorem of Series like (4.21),

HY X

) H, H, 1 1
Z( -t 2 +Z( D= = 2102’ @)02) - S 1og? ()

n=1

35 167 5 2
16 log(2)¢(4) + EC(S) + E§(2)§(3) BT log”(2)

—4log(2) Lis (%) —4Lis (%) . (6.285)

At this point, combining the results in (6.280), (6.281), and (6.285) and the
main result of the point i) of the problem, we are able to extract the rest of the
alternating series of weight 5, which is a beautiful moment! Note that besides the
two series we wanted to calculate, we get two more series as a bonus of the strategy [
employed!

So, we obtain that

et 4

n—1 Hn
I

n=1

3 9 11
= Elog 2) - 10g 2@+ log 2¢3) + —log(2)§(4) - —4(5)

- %;‘(2)((3) + 4log(2) Lig (%) + 8Lis (%) , (6.286)
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then,

ot (HY)?
=D -

n=1

Clog? 2 29 259 5
=—5 "3 log”(2)¢(2) + Zlog(Z)C(4) - Fi(S) + §§(2)§(3)

1 1
+ 8log(2) Liy <§> + 16Lis <§> , (6.287)
next,

2@
yi= 1HH

Z< 1
7 7., 1, 3
=3 log(2)¢(4) — 3 log“(2)¢(3) + 3 log”(2)¢(2) + §4(2)§(3)

1 1
-5 log>(2) — 21og(2) Lis (5) ,

and finally,
00 3)
Syt e
n=1 n

= Lo @02 + 210820 3) — 2 10g@c @) + 2 e(5) — 2 (3)
= 08 (D0Q) + 2 102D () — T log2)E (@) + —¢(5) — 7L ()

log’@) _,, O vLis (1) —avis (
————= —2lo is| =) —4Lis| =),
20 g M43 S\2

and the derivation of the last alternating series of weight 5 is complete.
o

1 1
To solve the second part of the problem, use that H,, = Z - — and
P k 2n+k
(1 1 )
(2) .
H, = Z <k_2 — m) and then we write

k=1

(2) 00 2)

Hzn H H2n H

1= 1 N 1 2n — N 1 2n
Z( ) +Z( ) > (=1 =+

n=1 n=1
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- o oo( - (L 1 1 1 )
=2 (2 kn®  (n + kn3 T T (2n + k)2n?

n=1 \k=1
B o0 [e’e] o 2 - 4 ) B [e’e] (—l)n_l [e%e) i
_;(;( D <k2n2 k2(k + 2n)2 )‘2}; n2 ];kz
o o0 n_l 1
S(Er

oo

00 1
=—C(4)+4Z<Z( ! f xk+2”_110g(x)dx)

1 o0 o0 1
= §§(4) _|_4/0 Z (Z(_l)n—lﬁxk+2n—l> log(x)dx
n=1 \k=1

! x log(x) Lip(x)
2

5
=§§(4)+4/0

1+x

{make use of the result in (1.56), withn = 1}
37
=2G>+ = (4),
+ 645( )

and the part ii) of the problem is finalized.
Alternatively, one may start with the Cauchy product (see [33, Chapter III,
H, X, HY
pp- 307-571]) of (Li; (x))? that leads immediately to 2 Zx — + Z
n3 n?

n=1 n=1

1 > H
3 ((Liz(x))2 + 6Li4(x)), and then the sum of series becomes 2:(—1)”_l % +
n

n=1

(2)
Z( ! 2" = —R{2((Li2(i))> + 6 Lis(i))}, which leads to the value obtained

above

6.59 An Outstanding Sum of Series Representation of the
Particular Value of the Riemann Zeta Function, ¢ (4)

Solution For this section I chose a curious sum with harmonic series which is
derived with the help of an application of The Master Theorem of Series. I won’t
try to calculate each series separately, but I’ll approach all the series at once.
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We might like to make use of the first application of The Master Theorem of

Series in (4.21), the case m = 1, where if we replace n by 2n and then consider the
summation over both sides from n = 1 to oo, we get

1i<H2n>2+1iHéﬁ)=i % Hy
4 4 n2 N\ (k+ Dk +2n+ Dn

2
n
n=1 n=1

{split the inner series according to k odd and even}

_loo o~ Ho_i [ Hyj
_4Z<§k(k+n)n>+2;<};(2k+1)(2k+2n+1)2n)

{reverse the order of summation in both series }

1 & [ Hyp—q > Hp, — 1
zzz(gk(k+n)n> sz+1<n§(2k+zn+1)2n)

1

1 o HiHoj— = Hy > 1
= - 42 —_— — . 6.288
4 k2 + ];2/(—}—1 };(2k+2n+1)2n ( )

Now, for the inner series in (6.288), we write

o0 o0
I (-
(k +2n + 1)2n 2k+1 2n 2n+2k+1

n=1 n=1

> 1 1
Z(Zn 2n+1+2n+1_2n+2k+1>

1 i 1 i 1
T2kt poet 2n 2n+1 2k+1 2n+1 S 2n+ 142k

1 —1log(2) 1 1
T2k +1 +2k+122i+1

i=1

_l-log@ 1 (1]
T Tk +1 2k TR 2k + 1
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If we plug the result from (6.289) in (6.288), we get

1S (Hy)? 1 HY 1S Hy(Hyy — 1/(2n))
ZZ )

00
H 1 H H, log(2
+ZZ 2n < . + 2n _ n _ Og( )),
S+t \ @+ 12 201 22n+1) 2+l

o0
H, 5
where using the simple fact that Z —3" = 15(4), multiplying both sides of the
n
n=1
relation above by 32/5 and then rearranging the series, we conclude that

4C))

_SiHHzn 64§: (Hon)? 64§: Ha,
_5: 5 (2n+1)2 5 n+1)3

n=1 n=1

2
5~ @+1? 5

2
_§i(Hzn)2 2N HaHa 64 53 Hy, sin,,

and the solution is complete.
Surely, an alternative to this approach is to simply try to calculate every single
harmonic series, and there would be some work to do!

6.60 An Excellent Representation of the Particular Value of
the Riemann Zeta Function, ¢(4), with a Triple Series
Involving the Factorials and the Generalized Harmonic
Numbers

Solution Well, here we are ...at the last section of the present chapter and at the
same time at the last section of the book, where I prepared a special representation
of ¢(4) with factorials and harmonic numbers!

The magic behind the solution is simply based on writing the Gamma function
expression in terms of a product with Beta function,

I'(a) I (az) - - - I'(an)
T'(ai+ay+---+ay)
_ F(al)F(az) I'(a; +a2)F(a3) ' F(al +ar+ -+ an_1) I (an)
I'(ai+a) TI(a1+ax+a3) Fa+a+---+ay)
=B(a1. @) -Bla + a2, a3)---Blai + ax + -+ + a1, an), (6.290)
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which is a simple idea that can be used for obtaining many wonderful results.

Recently I found the present result is also given in [42, Chapter 1, p. 11].
riHr(Hre _

Settingn =3,a; =1i,a; = j,and a3 = x, in (6.290), we get - -
g 1 2 =] 3 ( ), we g TGt )+

B(, j) - B(i + j, x), and then we have that

[ T (GHT(x) e
DB DI el D B DI RN IR

i=1 \j=1 i=1 \j=1

00 00 1 1
=y Z/ ARG S Vi (/ ui+j_1(1—u)x_1du)dt
=170 0

i=1

{reverse the order of integration and summation}

1 1 [o/0] o0
:/ u(l —u)*! fZ(m)l‘—‘ Z(u(l—t))j_l dt | du
0 0 iz j=1

1 1
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0 2—u o \1—ut 1—u(l—1)

L1 —uw)*og(l —u)d u=1-v _2/1 v*‘log(v)dv
0 u—2 0 1+v

=2

{make use of the result in (1.10) which we differentiate once}

_ Ly <1><1+x))
_2(1/, (2) " . . (6.291)

Differentiating two times with respect to x the opposite sides of (6.291),
replacing x by k and then considering the summation from £k = 1 to oo, and
changing the summation order, we get

& [ T GHT (k)
2 (& <Z Tt (o = o + 0y Hﬁ*))

i=1 k=1
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() (5) =m0 (5) -+ (15)

I 1 1+ N 45
_ L (L _,0 _
=gam (w (2) v ( 2 )) =3t

where in the calculations above I used the Polygamma function reflection formula,
d

(=)™ = x) — ™ (x) = T ot ), with m = 3 and x = 1/2, to get
X

¥ 3 (1/2) = 7*, and then the asymptotic expansion, 1,0(3) (x) = 2/)63 + 0(1/x4),
as x — oo, which is obtained by differentiation from the asymptotic expansion
of Digamma function (see [1, p. 259], [42, Chapter 1, p. 22]), and the solution is
complete.

Having arrived at the end of the book I remember I closed my Preface with
writing Let’s start the journey in the fascinating world of integrals, sums, and series
and have much fun! Now it would be the time to ask you if you enjoyed the journey
in the fascinating world of integrals, sums, and series I proposed in this book! Hope
you had a pleasant time with reading my book!

Cheers!

Cornel Ioan Valean
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