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Abstract: The common sense on the division by zero with
the long and mysterious history is wrong and our basic idea on
the space around the point at infinity is also wrong since Euclid.
On the gradient or on differential coefficients we have a great
missing since tan(7/2) = 0. Our mathematics is also wrong in
elementary mathematics on the division by zero. In this book in
a new and definite sense, we will show and give various applica-
tions of the division by zero 0/0 = 1/0 = z/0 = 0. In particular,
we will introduce several fundamental concepts in calculus, Eu-
clidean geometry, analytic geometry, complex analysis and dif-
ferential equations. We will see new properties on the Laurent
expansion, singularity, derivative, extension of solutions of dif-
ferential equations beyond analytical and isolated singularities,
and reduction problems of differential equations. On Euclidean
geometry and analytic geometry, we will find new fields by the
concept of the division by zero. We will collect many concrete
properties in mathematical sciences from the viewpoint of the
division by zero. We will know that the division by zero is our
elementary and fundamental mathematics.
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Preface

The division by zero has a long and mysterious history all
over the world (see, for example, [11, 75] and the Google site
with the division by zero) with its physical viewpoint since the
document of zero in India in AD 628. In particular, note that
Brahmagupta (598 -668 ?7) established four arithmetic oper-
ations by introducing 0 and at the same time he defined as
0/0 = 0 in Brahmasphutasiddhanta. We have been, however,
considering that his definition 0/0 = 0 is wrong for over 1300
years, but, we will see that his definition is right and suitable.

The division by zero 1/0 = 0/0 = z/0 itself will be quite
clear and trivial with several natural extensions of fractions
against the mysteriously long history, as we can see from the
concept of the Moore-Penrose generalized inverse to the funda-
mental equation az = b, whose solution leads to the definition
of z =b/a.

However, the result (definition) will show that for the ele-

mentary mapping

1
W=-,
z

the image of z = 0 is W = 0 (should be defined from the
form). This fact seems to be a curious one in connection with
our well-established popular image for the point at infinity on
the Riemann sphere ([2]). As the representation of the point at
infinity of the Riemann sphere by the zero z = 0, we will see
some delicate relations between 0 and oo which show a strong
discontinuity at the point of infinity on the Riemann sphere. We
did not consider any value of the elementary function W = 1/z
at the origin z = 0, because we did not consider the division
by zero 1/0 in a good way. Many and many people consider
its value by limiting like 400 and —oco or the point at infinity
as oo. However, their basic idea comes from continuity with
the common sense or based on the basic idea of Aristotele. —
For the related Greek philosophy, see [99, 100, 101]. However,
as the division by zero we will consider the value of the func-



tion W = 1/z as zero at z = 0. We will see that this new
definition is valid widely in mathematics and mathematical sci-
ences, see ([41, 60]) for example. Therefore, the division by
zero will give great impacts to calculus, Euclidean geometry,
analytic geometry, differential equations, complex analysis at
the undergraduate level and to our basic idea for the space and
universe.

We have to arrange globally our modern mathematics at
our undergraduate level. Our common sense on the division by
zero will be wrong, with our basic idea on the space and universe
since Aristotele and Euclid. We would like to show clearly these
facts in this book. The content is at an undergraduate level.

Close the mysterious and long history of division by zero that
may be considered as a symbol of the stupidity of the human
race and open the new world since Aristotele - Euclid.

March, 2020  Kiryu, Japan Saburou Saitoh
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1 INTRODUCTION

By a natural extension of fractions

b

- 1.1

’ (1)
for any complex numbers a and b, we found the simple and

beautiful result, for any complex number b
~ =0, (1.2)

incidentally in [80] by the Tikhonov regularization for the Hadamard
product inversions for matrices, and we discussed their prop-
erties and gave several physical interpretations on the general
fractions in [36] for the case of real numbers. The result is a
very special case for general fractional functions in [14].

The division by zero has a long and mysterious story over
the world (see, for example, C. B. Boyer [11], H. G. Romig [75]
and the Google site with the division by zero) with its physical
viewpoint since the document of zero in India in AD 628. In
particular, note that Brahmagupta (598 -6687) established four
arithmetic operations by introducing 0 and at the same time he
defined as 0/0 = 0 in Brahmasphutasiddhanta (648). Our world
history, however, stated that his definition 0/0 = 0 is wrong for
over 1300 years, but, we will see that his definition is right and
suitable.

Indeed, we will show typical examples for 0/0 = 0. How-
ever, in this introduction, these examples are based on some
natural feelings and are not given as mathematics, because we
do still not give the definition of 0/0. However, following our
new mathematics, these examples may be accepted as natural
ones later.

The conditional probability P(A|B) for the probability of A
under the condition that B happens is given by the formula

P(A|B) = P(]‘;‘(;)B)
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If P(B) = 0, then, of course, P(AN B) = 0 and from the
meaning, P(A|B) = 0 and so, 0/0 = 0.
For the representation of inner product A - B in vectors

A B

AB

 AB.+AyB, + A.B.
\/A§+A§ +A§\/B§+B§ + B2

cosf =

if A or B is the zero vector, then we see that 0 = 0/0. In
general, the zero vector is orthogonal for any vector and then,
cosf = 0.

For this paragraph for our old version, Professor J. Cza-
jko gave kindly the detailed comments following his some gen-
eral idea for the division by zero under the multispatial reality
paradigm and stated in the last part:

As one can see, the single-space reality paradigm, which is
unspoken in the former mathematics and physics, creates
tacitly evaded inconsistencies even at the logical level of
mathematical reasonings.

Dieudonné ([26]) has also tentatively assumed zy = 0
wherever one of the variables is 0 and the other oo [*],
which is similar to 0/0 = 0. Besides, if your formula (1.2)
would be rendered as b/0 = 0+ ¢0 then it might lead one
to question whether or not the still reigning single-space
reality paradigm is admissible in general.

[*] Dieudonné J. Treatise on analysis II. NewYork: Aca-
demic Press, 1970, p.151.

Look his basic great references, [18, 19].

For the differential equation

dy 2y

dx x’

15



we have the general solution with constant C
y = Ca>.

At the origin (0,0) we have

/
0)=-=0.
y(0) =3
For three points a, b, c on a circle with its center at the origin
on the complex z-plane with its radius R, we have

lab + bc + cal
—

If R =0, then a,b,c =0 and we have 0 = 0/0.

For a circle with its radius R and for an inscribed triangle
with its side lengths a, b, ¢, and further for the inscribed circle
with its radius r for the triangle, the area .S of the triangle is
given by

la+b+cl=

T abc
S—§(a+b+c)—ﬁ.

If R =0, then we have

(H. Michiwaki: 2017.7.28.). We have the identity

28
Ca+b+c
If a+ b+ ¢ =0, then we have
0
0=-.
0

Meanwhile, we obtain the differential equation:

da n db n de B
cosA  cosB  cosC

16



When we fix A = 7/2 and so a = 2R, we obtain
0 db dc

=0.
0 + cos B + cos C

Therefore, we have to have 8 = 0.
For the distance d of the centers of the inscribed circle and
circumscribed circle, we have the Euler formula
1 d?
"To T oR
If R =0, then we have d = 0 and

if (2)2 + (y")? + (2”)? = 0; that is, for the case of lines, then
0=0/0.

For the function sign = x/|x|, we have, automatically, sign
rz=0atz=0.

We have furthermore many concrete examples as we will see
in this book.

However, we do not know the reason and motivation of the
definition of 0/0 = 0 by Brahmagupta, furthermore, for the im-
portant case 1/0 we can not find any result there. — Indeed,
even nowadays, we can not find any good definition of the divi-
sion by zero except our results and find many and many wrong
logics on the division by zero, without the good definition of the
division by zero z/0.

Professor H. Okumura ([54]) considered for Brahmagupta’s
idea as follows:

17



S. Takahasi ([36]) discovered a simple and decisive inter-
pretation (1.2) by analyzing the extensions of fractions and by
showing the complete characterization for the property (1.2) in

1

Indeed if a # 0, for the inversion a™ of a

— =z a_l
a
Therefore in the case a = 0, for some X we assume
that .
—=z-X.
0

However he could not specify the number X in this
case. Hence he could not refer to z/0 for any number
z. But the right side always equals 0 if z = 0 for any
X. Thereby he could consider the following way:
0

- =0-X=0,

0
which implies that 0/0 = 0. This seems to be the
reason why he only referred to 0/0 = 0.

the following:

Proposition 1.1 Let F be a function from C x C to C

satisfying
F(b,a)F(c,d) = F(bc,ad)
for all
a,b,c,d e C
and

b
F(bya)=—, a,beC,a#0.
a

Then, we obtain, for any b € C

F(b,0) = 0.

18



Note that the complete proof of this proposition is simply
given by 2 or 3 lines, as we will give its complete proof later. In
order to confirm the uniqueness result by Professor Takahasi,
Professor Matteo Dalla Riva gave the proposition independently
of Professor Takahasi as stated in ([36]). Indeed, when Taka-
hasi’s result was informed, he was first negative for the Takahasi
uniqueness theorem.

In the long mysterious history of the division by zero, this
proposition seems to be decisive. The paper had been published
over fully five years ago, but we see still curious information on
the division by zero and we see still many wrong opinions on
the division by zero with confusions.

Indeed, Takahasi’s assumption for the product property should
be accepted for any generalization of fraction (division). With-
out the product property, we will not be able to consider any
reasonable fraction (division).

Following Proposition 1.1, we should define

b
F(b,00==-=0
(.0)= ¢ =0,
and consider, for any complex number b, as (1.2); that is, for

the mapping

W= )= (13)
the image of z = 0 is W = 0 (should be defined from the
form). This fact seems to be a curious one in connection with
our well-established popular image for the point at infinity on
the Riemann sphere ([2]). As the representation of the point at
infinity on the Riemann sphere by the zero z = 0, we will see
some delicate relations between 0 and oo which show a strong
discontinuity at the point of infinity on the Riemann sphere. We
did not consider any value of the elementary function W =1/z
at the origin z = 0, because we did not consider the division
by zero 1/0 in a good way. Many and many people consider its
value at the origin by limiting like 400 and —oo or by the point
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at infinity as co. However, their basic idea comes from conti-
nuity with the common sense or based on the basic idea of Aris-
totele. — For the related Greece philosophy, see [99, 100, 101].
However, as the division by zero we will consider its value of
the function W = 1/z as zero at z = 0. We will see that this
new definition is valid widely in mathematics and mathematical
sciences, see ([41, 60]) for example. Therefore, the division by
zero will give great impacts to calculus, Euclidean geometry,
analytic geometry, complex analysis and the theory of differen-
tial equations at an undergraduate level and furthermore to our
basic idea for the space and universe.

In addition, for the fundamental function (1.3), note that
the function is odd

f(z) =—=f(=2)

and if the function may be extended as an odd function at the
origin z = 0, then the identity f(0) = 1/0 = 0 has to be satisfied.
Further, if the equation

-0
z

has a solution, then the solution has to be z = 0.

Note that the identity

| sinemterie = 51
sin(27 =—-

0 2t ’

so, for t = 0, the both should be zero (H. Kobayashi: 2019.3.9.10:49).

Of course, here the integral is considered in the sense of distri-

bution theory.

Meanwhile, the division by zero (1.2) was derived from sev-
eral independent ideas as in:

1) by the generalization of fractions by the Tikhonov reg-
ularization or by the Moore-Penrose generalized inverse to the
fundamental equation az = b that leads to the definition of the
fraction z = b/a,
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2) by the intuitive meaning (from the concept of repeated
subtraction) of fractions (division) by H. Michiwaki,

3) by the unique extension of fractions by S. Takahasi, as in
the above,

4) by the extension of the fundamental function W = 1/z
from C \ {0} onto C such that W = 1/z is a one to one and
onto mapping from C \ {0} onto C\ {0} and the division by
zero 1/0 = 0 is a one to one and onto mapping extension of the
function W = 1/z from C onto C,

and

5) by considering the values of functions with mean values
of functions.

Furthermore, in ([40]) we gave the following results in order
to show the reality of the division by zero in our world:

A) a simple field structure as the number system containing
the division by zero — the Yamada field Y,

B) by the gradient of the y axis on the (z, y) plane — tan § =
0,

C) by the reflection W = 1/Z of W = z with respect to the
unit circle with its center at the origin on the complex z plane
— the reflection point of zero is zero, (The classical result is
wrong, see [60]),

and

D) by considering rotation of a right circular cone having
some very interesting phenomenon from some practical and
physical problem.

Furthermore, in ([41],[80]), we discussed many division by
zero properties in the Euclidean plane - however, precisely, our
new space is not the Euclidean space. In ([37]), we gave beau-
tiful geometrical interpretations of determinants from the view-
point of the division by zero. More recently, we see the great
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impact to the Euclidean geometry in connection with Wasan in
([61, 50, 62, 63, 64, 65, 51]).

We will introduce a very beautiful horn torus model realizing
our division by zero for the classical Riemann sphere from ([24]).
We will be able to see pleasantly the whole world on the horn
torus model that is the coincidence of zero point and the point
at infinity by a conformal mapping from the extended complex
plane onto the horn torus.

Our typical results were surprisingly confirmed by Isabelle/HOL
system by José Manuel Rodriguez Caballero. We will refer the
details in this book.

We will see the related basic references with division by zero.

J. A. Bergstra, Y. Hirshfeld and J. V. Tucker [9] and J. A.
Bergstra [10] discussed the relationship between fields and the
division by zero, and the importance of the division by zero for
computer science. It seems that the relationship of the division
by zero and field structures are abstract in their papers.

J. A. Bergstra (2019.7.29.19:15) gave his general survey:

You can find the paper by searching for Transmathemat-
ica on google.

If you search ”division by zero a survey of options” in
Google the paper appears at once,

best wishes, Jan Bergstra
Meanwhile, J. Carlstrom ([12]) introduced the wheel theory;

wheels are a type of algebra where division is always de-
fined. In particular, division by zero is meaningful. The
real numbers can be extended to a wheel, as can any com-
mutative ring. The Riemann sphere can also be extended
to a wheel by adjoining an element 1, where 0/0 = L.
The Riemann sphere is an extension of the complex plane
by an element oo, where z/0 = oo for any complex z # 0.
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However, 0/0 is still undefined on the Riemann sphere,
but is defined in its extension to a wheel. The term wheel
is introduced by the topological picture ® of the projec-
tive line together with an extra point L = 0/0.

Similarly, T. S. Reis and J.A.D.W. Anderson ([73, 74]) ex-
tends the system of the real numbers by defining division by
zero with three infinities 400, —oco, ® (Transreal Calculus).

However, we can introduce simply a very natural field con-
taining the division by zero that is a natural extension (modifi-
cation) of our mathematics, as the Yamada field.

In connection with the deep problem with physics of the
division by zero problem, see J. Czajko [18, 19, 20]. However,
we will find many logical confusions in the papers, as we refer
to the details later.

J. P. Baruk¢i¢ and I. Barukéié¢ ([7]) discussed the relation
between the division 0/0 and the special relative theory of Ein-
stein. However it seems that their result 0/0 = 1 is curious with
their logics. Their result contradicts with ours.

L. C. Paulson stated that I would guess that Isabelle has
used this convention 1/0 = 0 since the 1980s and introduced
his book [46] referred to this fact. However, in his group the im-
portance of this fact seems to be entirely ignored at this moment
as we see from the book. He sent his e-mail as follows:

There are situations when it is natural to define x/0
= 0. For example, if you define division using prim-
itive recursion, in which all functions are total, you
will get this identity. There is nothing deep about
it.

If you adopt this convention, it turns out that some
identities involving division hold unconditionally, such
as (x+y)/z = x/z + y/z. Other identities continue
to require 0 to be treated separately, such as x/x =
1.
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The idea that x/0 = 0 is only a convention. It does
not change mathematics in any significant way and
it does not lead to contradictions either.
(2017.07.04.00:22).

Jose Manuel Rodriguez Caballero introduced the informa-
tion:

you will find the discussion between Prof. Lawrence
Paulson (https://www.cl.cam.ac.uk/1p15/) and Prof.
Harvey Friedman (https://math.osu.edu/people/friedman.8)
concerning the division by zero.

For more recent idea on the division by zero, see L. C. Paul-
son ([67]). It seems that his group is not interested in the divi-
sion by zero still.

For the recent great works, see E. Jefabek and B. Santangelo
[32, 87]. They stated in their abstracts of their papers as follows:

E. Jetdbek [32]:

For any sufficiently strong theory of arithmetic, the set
of Diophantine equations provably unsolvable in the the-
ory is algorithmically undecidable, as a consequence of
the MRDP theorem. In contrast, we show decidability
of Diophantine equations provably unsolvable in Robin-
son’s arithmetic Q. The argument hinges on an analysis
of a particular class of equations, hitherto unexplored in
Diophantine literature. We also axiomatize the universal
fragment of Q in the process.

B. Santangelo [87]:

The purpose of this paper is to emulate the process used
in defining and learning about the algebraic structure
known as a Field in order to create a new algebraic struc-
ture which contains numbers that can be used to define
Division By Zero, just as i can be used to define /—1.
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This method of Division By Zero is different from other
previous attempts in that each § has a different unique,
numerical solution for every possible «, albeit these nu-
merical solutions are not any numbers we have ever seen.
To do this, the reader will be introduced to an algebraic
structure called an S-Structure and will become famil-
iar with the operations of addition, subtraction, multipli-
cation and division in particular S-Structures. We will
build from the ground up in a manner similar to building
a Field from the ground up. We first start with general
S-Structures and build upon that to S-Rings and even-
tually S-Fields, just as one begins learning about Fields
by first understanding Groups, then moving up to Rings
and ultimately to Fields. At each step along the way, we
shall prove important properties of each S-Structure and
of the operations in each of these S-Structures. By the
end, the reader will become familiar with an S-Field, an
S-Structure which is an extension of a Field in which we
may uniquely define «/0 for every non-zero o which be-
longs to the Field. In fact, each § has a different, unique
solution for every possible a. Furthermore, this Division
By Zero satisfies a/0 = ¢ such that 0 - ¢ = a, making it
a true Division Operation,

Meanwhile, we should refer to up-to-date information:

Riemann Hypothesis Addendum -
Breakthrough Kurt Arbenz :
https://www.researchgate.net/publication/272022137
Riemann Hypothesis Addendum - Breakthrough.

Here, we recall Albert Einstein’s words on mathematics:
Blackholes are where God divided by zero. I don’t believe
in mathematics. George Gamow (1904-1968) Russian-

born American nuclear physicist and cosmologist remarked
that ”it is well known to students of high school algebra”

25



that division by zero is not valid; and Einstein admitted
it as the biggest blunder of his life (Gamow, G., My
World Line (Viking, New York). p 44, 1970).

We have still curious situations and opinions on the division
by zero; in particular, two great challengers Jakub Czajko [19]
and Ilija Baruke¢i¢ [8] on the division by zero in connection with
physics stated recently that we do not have the definition of the
division 0/0, however 0/0 = 1. They seem to think that a truth
is based on physical objects and is not on our mathematics.

In particular, J. Czajko [21] stated in Section 9 as follows:

Mathematics is mainly about forms and operations, and
thus is truthless, but its objects must not only be consis-
tent but also realistic, i.e. procedurally operational and
structurally constructible. Yet presence of realistic op-
erations and existence of constructible structures for the
operations to be performed on the structures should be
confirmed by experimental results. Mathematical truths
cannot be established by abstract mathematical means
alone. Yet the unconventional division by zero can re-
veal where the mathematical truth is about to vanquish
due to unsubstantiated existential postulates or arbitrar-
ily decreed operations. Mathematics must not be forced
into submission by decrees, for enforcing nonsenses can
backfire by producing faulty/contradictory conclusions,
the acceptance of which can lead to failures.

In such a case, we will not be able to continue discussions
on the division by zero more, because for mathematicians, they
will not be able to follow their logics more. However, then we
would like to ask for the question that what are the values and
contributions of your articles and discussions. We will expect

some contributions, of course.
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This question will reflect to our mathematicians contrary.
We stated for the estimation of mathematics in [78] as follows:
Mathematics is a collection of relations and, good results are
fundamental, beautiful, and give good impacts to human beings.

With this estimation, we stated that the Euler formula

67'('Z — 71

is the best result in mathematics in details in:

No.81, May 2012 (pdf 432kb) www.jams.or.jp/kaiho/kaiho-
81.pdf

In order to show the importance of our division by zero and
division by zero calculus we are requested to show their impor-
tance with many examples. However, with the results stated in
the references and in this book, we think the importance of our
division by zero may be definitely stated clearly.

It seems that the long and mysterious confusions for the di-
vision by zero were based on its definition. — Indeed, when we
consider the division by zero a/0 in the usual sense as the solu-
tion of the fundamental equation 0- z = a, we have immediately
the simple contradiction for a # 0, however, such cases 0/0 and
1/0 may happen, in particular, in many mathematical formulas
and in many important physical formulas. The typical example
is the case of x = 0 for the fundamental function y = 1/z.

— As we stated in the above, some researchers considered
that for the mysterious objects 0/0 and 1/0, they considered
them as ideal numbers as in the imaginary number ¢ from its
great success. However, such an idea will not be good as the
number system, as we see simply from the concept of the Ya-
mada field containing the division by zero.

Another important fact was discontinuity for the function
y = 1/x at the origin. Indeed, by the concept of the Moore-
Penrose generalized solution of the fundamental equation ax =
b, the division by zero was trivial and clear as b/0 = 0 in the
general fraction that is defined by the generalized solution of
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the equation ax = b. However, for the strong discontinuity of
the function y = 1/x at the origin, we were not able to accept
the result b/0 = 0 for very long years.

As the number system containing the division by zero, the
Yamada field structure is simple and perfect as a theory. How-
ever for the applications of the division by zero to functions,
we will need the concept of division by zero calculus for the
sake of uniquely determinations of results and for other reasons.

In this book, we will discuss the division by zero in calculus
and Euclidean geometry and introduce various applications to
differential equations and others, and we will be able to see
that the division by zero is our elementary and fundamental
mathematics.

In order to understand our long and wrong basic ideas for
the point at infinity and the mirror image with respect to a
circle, we refer to the properties of the stereographic projection
and the mirror image in details in Sections 3 and 4.

In particular, we will introduce the Puha horn torus model
and the Dadumler’s horn torus model that show our new world
realizing our division by zero since Aristotele and Euclid.

This book is an extension of the source file ([72]) of the in-
vited and plenary lecture presented at the International Confer-
ence — Differential and Difference Equations with Applications:

https://sites.google.com/site /sandrapinelas/icddea-2017

In this book, we would like to present clearly the conclusion
of the talk:

The division by zero is uniquely and reasonably determined
as
1/0=0/0=2/0=0

in the natural extensions of fractions.

We have to change our basic ideas for our space and world.
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We have to change globally our textbooks and scientific books
on the division by zero.
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2 INTRODUCTION AND DEFINITIONS
OF GENERAL FRACTIONS

We first introduce several definitions of our general fractions
containing the division by zero. This section will give the strong
and natural background for our division by zero.

2.1 By the Tikhonov regularization

For any real numbers a and b containing 0, we will introduce

general fractions

g. (2.1)

We will think that for the fraction (2.1), it will be given by
the solution of the equation

axr = b.

Here, in order to see its essence, we will consider all on the
real number field R. However, for b #£ 0, since 0 x & = 0 this
equation has not any solution for the case a = 0, and so, people
thought that the division by zero is, in general, impossible for
long years. In order to consider some general concept for the
division, we will need some new idea.
At first, by the concept of the Tikhonov regularization method,
we will consider the equation as follows:
For any fixed A > 0, the minimum member of the Tikhonov
function in x
\e? + (ax — b)?;
that is,
ab
A+ a?
may be considered as the fraction in the sense of Tikhonov with
parameter A, in a generalized sense. Note that the limit

zz(a,b) =

li b
A0 (@)
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exists always. By the limit

) b
)\ligl_om,\(a, b) = o (2.2)
we will define the general fractions b/a.

Note that, for a # 0, the definition (2.2) is the same as in the
ordinary sense. However, since z(0,b) = 0, always, for a = 0,
we obtain the desired results b/0 = 0.

The result (2.2) is, of course, a trivial Moore-Penrose gen-
eralized inverse (solution) for the equation ax = b. The Moore-
Penrose generalized inverse gives very natural and generalized
solutions for some general linear equations and its theory is well-
established as a classical one. In this sense, we can say that our
division by zero is trivial and clear against the long and myste-
rious history of the division by zero.

Indeed, we will be able to see that our division by zero is
known by the Moore-Penrose generalized inverse. We will recall
its essences.

For a complex number « and the associated matrix A, the
correspondence

a=ay+iay <— A= <a1 —a2>
a9 al
is homomorphism between the complex number field and the
matrix field of 2 x 2.
For any matrix A, there exists a uniquely determined Moore-
Penroze generalized inverse A' satisfying the conditions, for
complex conjugate transpose *,

AATA = A,
ATAAT = AT A,
(AATY* = AAT,
and
(ATA) = ATA,
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and it is given by, for A # O, not zero matrix,

ol

U

Al = 1 . <a )
a4+ bl + [ef? + |d[2 \b

A:(Z g).

If A= O, then AT = O.

for

In general, for a vector x € C", its Moore-Penrose general-
ized inverse z' is given by

ot = 0* forx =0
(x*z)~la* for x # 0.

For the general theory of the Tikhonov regularization and
many applications, see the cited references, for example, [86].

2.2 By the Takahasi uniqueness theorem

S. Takahasi ([92]) established a simple and natural interpreta-
tion (2.1) by analyzing any extensions of fractions and by show-
ing the complete characterization for the generalized fractions
(2.1). Furthermore, he examined several fundamental proper-
ties of the general fractions from the viewpoint of operator the-
ory. See [92]. His result will show that the result (2.1) should
be accepted as a natural one.

Theorem 2.1 Let F be a function from C x C to C such
that
F(a,b)F(c,d) = F(ac,bd)

for all
a,b,c,d € C

and a
F(a,b):g, a,be C,b#0.
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Then, we obtain, for any a € C

F(a,0) =0.

Proof. Indeed, we have
2
F(a,0) = F(a,0)1 = F(a,O)i = F(a,0)F(2,2) =

F(a-2,0-2) = F(2a,0) = F(2,1)F(a,0) = 2F(a,0).

Thus F(a,0) = 2F(a,0) which implies the desired result
F(a,0) =0 for all a € C.

Several mathematicians pointed out to the author for the
publication of the paper ([36]) that the notations of 100/0 and
0/0 are not good for the sake of the generalized sense, however,
there does not exist other natural and good meaning for them.
Why should we need and use any new notations? Any new
notation will create complicated notations and confusions for
fractions, as we see from this book. Indeed, we will see in this
book that many and many fractions in our formulas will have
this meaning with the concept of the division by zero calculus
for the case of functions.

We have still curious confusions for the division by zero.
Their basic reason will be given by that we were not able to
give any reasonable definition of the division by zero.

2.3 By the Yamada field containing the division by
zero

As an algebraic structure, we will give the simple field structure
containing the division by zero.
We consider
C’=CxC

and the direct decomposition
C? = (C\ {0})*+ ({0} x (C\ {0}))+((C\ {0}) x {0}) +{0}*.
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Then, we note that

Theorem 2.2 For the set C?, we introduce the relation ~:
for any (a,b), (¢,d) € (C\ {0})%,

(a,b) ~ (¢,d) <= ad = bc

and, for any (a,b), (c,d) & (C\ {0})?, in the above direct de-
composition
(a,b) ~ (c,d).
Then, the relation ~ satisfies the equivalent relation.
Definition 2.1 For the quotient set by the relation ~ of the

set C?, we write it by A and for the class containing (a,b), we
shall write it by .

Note that

Lemma 2.1 In C?, if (a,b) ~ (m,n) and (c¢,d) ~ (p,q),
then (ac,bd) ~ (mp,nq).

Then, we obtain the main result, as we can check easily:

Theorem 2.3 For any members 3,5 € A, we introduce the

product - as follows:

a ¢ ac
b d bd
and the sum +:
. 0
@ it 5=1
9+E: a if c_0
b d b d— 1
ad+be . a c 0
o UG T

then, the product and the sum are well-defined and A becomes
a field Y.

Proof. Indeed, we can see easily the followings: 1) Under
the operation 4+ , 'Y becomes an abelian group and % = Oy is
the unit element.

34



2) Under the operation - , Y \ {0y} becomes an abelian
group and % is the unit element.
3) In Y, operations + and - satisfy distributive law.

Remark. In C%, when (a,b) ~ (m,n) and (c,d) ~ (p,q),
the relation (ad + be,bd) ~ (mq + np,nq) is, in general, not
valid. In general,

a ¢ ad+be

b d  bd

s not well-defined and is not valid.

Indeed, (1,2) ~ (1,2) and (3,0) ~ (0, 3), but
(1-0+42-3,2-0) = (6,0) £ (3,6) = (1-3+2.0,2-3).

Theorem 2.4 The two fields Y and C are isomorphic.

Proof. Indeed, consider the mapping f from Y to C:
L fart (g 2ov)
0 (3=0v).

Then, we can see easily the followings: 1)f(z+vy) = f(x)+ f(y),

2)f(z-y) = f(z)f(y), 3)f(ly) =1, and 4) f is a one to one and
onto mapping from Y to C.

fx=

SRS

We define a unary operation ¢y on Y as

()=t

For the inverse element of x = § # Oy, we shall denote it by
-1
x

Definition 2.2 We define a binary operation /| on Y as
follows: For any x,y €Y

r/y =2z py(y) = {wy
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We will call the field Y with the operation ¢y 0-divisible
field or the Yamada field.

Theorem 2.5 C becomes a 0-divisible field.

Proof. Indeed, in C, a unary operation ¢ = f o py o f!
is induced by the homomorphic f from the 0-divisible field C.
Then, for any z € C,

We, however, would like to state that the division by zero
z/0 = 0 is essentially, just the definition, and we can derive all
properties of the division by zero, essentially, from the definition.
Furthermore, by the idea of this session, we can introduce the
fundamental concept of the divisions (fractions) in any field.

We should use the 0-divisible field Y for the complex num-
bers field C as complex numbers, by this simple modification.

The above introduction of the Yamada field is natural and
very interesting itself. Meanwhile, H. Okumura [53] found that
for the introduction of fractions a/b in the Yamada field, it is
enough with the simple definition that for b # 0

e
and for b=0

S ab

2 ab.

Therefore, indeed, we can say that the construction of fields
containing division by zero was very simple.

36



2.4 By the intuitive meaning of fractions (division)
by H. Michiwaki

We will introduce an another approach. The division b/a may
be defined independently of the product. Indeed, in Japan,
the division b/a ; b waru a (jozan) is defined as how many a ex-
ists in b, this idea comes from subtraction a repeatedly. (Mean-
while, product comes from addition). In Japanese language for
“division”, there exists such a concept independently of prod-
uct. H. Michiwaki and his 6 years old daughter Eko Michiwaki
said for the result 100/0 = 0 that the result is clear, from the
meaning of fractions independently of the concept of product
and they said: 100/0 = 0 does not mean that 100 = 0 x 0.
Meanwhile, many mathematicians had a confusion for the re-
sult. Her understanding is reasonable and may be acceptable.
100/2 = 50 will mean that we divide 100 by 2, then each will
have 50. 100/10 = 10 will mean that we divide 100 by 10, then
each will have 10. 100/0 = 0 will mean that we do not divide
100, and then nobody will have at all and so 0. Furthermore,
they said then the rest is 100; that is, mathematically;

100 =0-0 + 100.

Now, all mathematicians may accept the division by zero 100/0 =
0 with natural feelings as a trivial one.

For simplicity, we shall consider the numbers on non-negative
real numbers. We wish to define the division (or fraction) b/a
following the usual procedure for its calculation, however, we
have to take care for the division by zero. As the first principle,
for example, for 100/2 we shall consider it as follows:

100-2-2—-2—..—-2.

How many times can we subtract 27 At this case, it is 50 times
and so, the fraction is 50. As the second case, for example, for
3/2 we shall consider it as follows:

3—2=1
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and the rest (remainder) is 1, and for the rest 1, we multiple 10,
then we consider similarly as follows:

10-2-2-2-2-2=0.
Therefore 10/2 = 5 and so we define as follows:

§: 1+0.5=1.5.

2
By these procedures, for a # 0 we can define the fraction b/a.
Here we do not need the concept of product. Except the zero
division, all results for fractions are valid and accepted. Now,
we shall consider the zero division, for example, 100/0. Since

100 — 0 = 100,

that is, by the subtraction 100—0, 100 does not decrease. Then,
we can not say that we were able to subtract any from 100.
Therefore, the subtract number should be understood as zero;
that is,
100
0
We can understand this as follows. Division by 0 means that it
does not divide 100 and so, the result is 0. Similarly, we can see
that

0.

0
- =0.
0
As a conclusion, we should define the zero division as, for any b
b
- =0.
0

For complex numbers, we can consider the division %, sim-
ilarly, by using the Euler formula
21

— = E{(:05(«91 —6) +isin(f; — 02)}
22 T2
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for |zj| = r; and argz; = 0;. The problem may be reduced to
one of the division %

H. Michiwaki checked this subsection and recalled his doc-
uments as follows (2018.1.8.0:43): exp(0) = 0,1 (H. Michi-
waki: 2016.3.21.), 0° = 0 (H. Michiwaki : 2014.9.21, 2015.11.7,
2016.2.14.), cos0 = 0,1 (H. Michiwaki: 2016.3.16.), aF, = bF,
(H. Michiwaki: 2015.11.17.), w = v/r (H. Michiwaki: 2014.2.28.).

See [36] for the details.

As some sense of the division by zero, we note the following
fact:

We will consider the division of the plane by n lines in the
general position. Then, the number of the formed domains are
given by the formula

F(n) = %(n2 +n+2).

For n = 0, we have F'(0) = 1; that means that we do not divide
the plane.

Similarly, we will consider the division F(n) of the space R3
by n planes with general positions, then we have:

F(1) =2

and )
F(n+1)=F(n)+ §(n2 +n+2).

Therefore, for n = 0,

and therefore,
F(0)=1;

that is, O-division means that we do not divide.
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2.5 Other introduction of general fractions

By the extension of the fundamental function W = 1/z from
C \ {0} onto C such that W = 1/z is a one to one and onto
mapping from C \ {0} onto C \ {0} and the division by zero
1/0 = 0 is a one to one and onto mapping extension of the
function W = 1/z from C onto C.

By considering the values of functions with mean values of
functions, we can introduce the general fractions. Note here that
the Cauchy integral formula may be considered as a mean value
theorem. The mean values will be considered as a fundamental
concept in analysis. — In the concept of the division by zero
calculus, we will refer to the exact meaning of this sentence.

On the division by zero in our theory, we will need essen-
tially (not exact sense, we will state later some exact sense) only
one new assumption in our mathematics that for the elementary
function W = 1/z, W(0) = 0. However, for algebraic calcula-
tion of the division by zero, we have to follow the law of the
Yamada field. For functions, however, we have to consider the
concept of the division by zero calculus, as we will develop
the details later with many applications.

We stated, on the division by zero, the importance of the
definition of the division by zero z/0. However, we note that
in our definition it is given as a generalization or extension
of the usual fraction. Therefore, we will not be able to give its
precise meaning at all. For this sense, we do not know the direct
meaning of the division by zero. It looks like a black hole. In
order to know its meaning, we have to examine many properties
of the division by zero by applications.

However, we will purse some more direct meanings for the
division by zero.
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3 STEREOGRAPHIC PROJECTIONS

For a great meaning and importance, we will see that the point
at infinity is represented by zero. Of course, we saw that for the
fundamental function W = 1/z, since 1/0 = 0, we see that the
point at infinity is represented by zero.

3.1 The point at infinity is represented by zero

By considering the stereographic projection, we will be able to
see that the point at infinity is represented by zero.

Consider the sphere (£, 7, () with its radius 1/2 put on the
complex z = = + iy plane with its center (0,0,1/2). From the
north pole N (0,0, 1), we consider the stereographic projection of
the point P(&,n, () on the sphere onto the complex z(= = + iy)
plane; that is,

R S
1-¢ 1-¢
If ¢ = 1, then, by the division by zero, the north pole corre-
sponds to the origin (0,0) = 0.
Here, note that

2, .2 _
T4y = —c
For ¢ = 1, by the division by zero, we should consider as 1/0 =
0, not from the expansion

¢ 1

1-¢ -1’
— the division by zero calculus that will be discussed in details
later —.
We will consider the unit sphere {(z1, 72, 23); 23 + 23+ 2% =
1}. From the north pole N(0,0,1), we consider the stereo-
graphic projection of the point P(x1,z2,23) on the sphere onto
the (z,y) plane; that is,

(xla €2, .’,1:'3) =

41



2 2y 1—1/(2® +4?)
<x2+y2+1’m2+y2—|—1’ 1+1/(x2+y2)> '

Then, we see that the north pole corresponds to the origin.

Next, we will consider the semi-sphere (£, 7, ) with its center
C(0,0,1) and its radius 1 on the origin on the (z, y) plane. From
the center C(0,0, 1), we consider the stereographic projection of
the point P(&,n, () on the semi- sphere onto the complex (z,y)
plane; that is,

§ n

1V T i=¢
If ¢ = 1, then, by the division by zero, the center C corresponds
to the origin (0,0).

Meanwhile, we will consider the mapping from the open unit
disc with its center at the origin onto R? in one to one and onto

/22 + 12 yat 4P

T

£:1+x2+y2’ 77_1+-:U2+y2
or 5
n
=y = P2:€2+7]2-
p(1—p) p(1—=p)

Note that the point (z,y) = (0,0) corresponds to p = 0; (§,n) =
(0,0).

Furthermore, with many examples we will show that the
point at infinity is represented by zero geometrically and ana-
lytically, in the sequel. We have had to change our basic idea
for our space since Euclid.

3.2 A contradiction of classical idea for 1/0 = 0o

The infinity co may be considered by the idea of the limiting,
however, we had considered it as a number, for sometimes, typ-
ically, the point at infinity was represented by oo for some long
years. However, then oo is not clear and is not a definite num-
ber, but some ideal and vague one. For this fact, we will show
a formal contradiction.
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We will consider the stereographic projection by means of
the sphere with its radius 1/2

) ) 12_ 12
et (c3) = ()

from the complex z = = + iy plane onto the sphere. Then, we
obtain the correspondences

R S I
e y 1—¢

and
lz+z 1 2z—-%Z |, 2z
T2t T 2z 1Tt
In general, two points P and ()1 on the diameter of the sphere
correspond to z and zi, respectively if and only if

27 +1=0. (3.1)

Meanwhile, two points P and Q2 on the symmetric points on
the sphere with respect to the plane ( = % correspond to z and
za, respectively if and only if

2z —1=0. (3.2)

If the point P is the origin or the north pole, then the points
Q@1 and Q9 are the same point. Then, the identities (3.1) and
(3.2) are not valid that show a contradiction.

Meanwhile, if we write (3.1) and (3.2)

1
Z=——
21
and
1
Z=—,
z2

respectively, we see that the division by zero (1.2) is valid.
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3.3 Natural meanings of 1/0 =0

We can see our division by zero for many fractions. We will
show the simple examples.
For constants a and b satisfying

1 1
. + 7= k, (# 0, const.)

the function

r Yy
a2
a+b

passes the point (1/k,1/k). If a = 0, then, by the division by
zero, b = 1/k and y = 1/k; this result is natural.

We will consider the line y = m(x — a) + b through a fixed
point (a,b);a,b > 0 with its gradient m. We set A(0, —am + b)
and B(a — (b/m),0) that are common points with the line and
both lines x = 0 and y = 0, respectively. Then,

2
ABQ—(—am—i-b)z—i-<a—b> :
m

If m = 0, then A(0,b) and B(a,0), by the division by zero, and
furthermore
AB° = a2 + b2

Then, the line AB is a corresponding line between the origin and
the point (a,b). Note that this line has only one common point
with both lines z = 0 and y = 0. Therefore, this result will be
very natural in a sense. — Indeed, we can understand that the
line AB is broken into two lines (0,b) — (a, b) and (a,b) — (a, 0),
suddenly. Or, the line AB is one connecting the origin and the
point (a,b).

The general line equation through fixed point (a, b) with its
gradient m is given by

y=m(x —a)+b (3.3)
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or, for m # 0
Y b
—=x—a+ —.
m m
By m = 0, we obtain the equation x = a, by the division by
zero. This equation may be considered as the cases m = co and
m = —oo, and these cases may be considered by the strictly
right logic with the division by zero.
By the division by zero, we can consider the equation (3.3)
as a general line equation.
In the Lami’s formula for three vectors A, B, C satisfying

A+B+C=0,
1Al _ IB] _ [[<]

. . - . )
sinaw  sinf  sinvy

if « = 0, then we obtain

lAl _ 1B _licll _
0 0 0
Here, of course, « is the angle of B and C, [ is the angle of C
and A, and + is the angle of A and B.

For the Newton’s formula; that is, for a C? class function
y = f(z), the curvature K at the origin is given by

0.

. x? 1
o= 5] = |
we have for f”(0) =0,
1
K=-=0
0

Recall the formula

12 2
bn—/ rsinnrdr = ——,
0 n

™

for
n=+1,42, ...
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Then, for n = 0, we have

b0:—6:O

Furthermore, we will see many examples in this book.

3.4 Double natures of the zero point z =0

Any line on the complex plane arrives at the point at infinity
and the point at infinity is represented by zero. That is, a line,
indeed, contains the origin; the true line should be considered
as the sum of a usual line and the origin. We can say that it
is a compactification of the line and the compacted point is the
point at infinity, however, it is represented by z = 0. Later, we
will see this property by analytic geometry and the division by
zero calculus in many situations.
However, for the general line equation

ar +by+c=0,

by using the polar coordinates x = r cosf,y = rsin f, we have

—C

"= acosf +bsinf’

When acosf + bsinf = 0, by the division by zero, we have
r = 0; that is, we can consider that the line contains the origin.
We can consider so, in the natural sense. We can define so as
a line with the compactification and the representation of the
point at infinity - the ideal point.

For the envelop of the lines represented by, for constants m

and a fixed constant p > 0,

y=mx+ —, (3.4)

P
m
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we have the function, by using an elementary ordinary differen-
tial equation,
y? = dpz. (3.5)

The origin of this parabolic function is excluded from the en-
velop of the linear functions, because the linear equations do
not contain the y axis as the tangential line of the parabolic
function. Now recall that, by the division by zero, as the linear
equation for m = 0, we have the function y = 0, the z axis.

— This function may be considered as a function with zero
gradient and passing the point at infinity; however, the point
at infinity is represented by 0, the origin; that is, the line may
be considered as the x axis. Furthermore, then we can consider
the z axis as a tangential line of the parabolic function, because
they are gradient zero at the point at infinity. —

Furthermore, we can say later that the x axis y = 0 and the
parabolic function have the zero gradient at the origin; that
is, in the reasonable sense the x axis is a tangential line of the
parabolic function.

Indeed, we will see the surprising property that the gradient
of the parabolic function at the origin is zero.

Anyhow, by the division by zero, the envelop of the linear
functions may be considered as the whole parabolic function
containing the origin.

When we consider the limiting of the linear equations as
m — 0, we will think that the limit function is a parallel line
to the = axis through the point at infinity. Since the point at
infinity is represented by zero, it will become the x axis.

Meanwhile, when we consider the limiting function as m —
0o, we have the y axis x = 0 and this function is a native
tangential line of the parabolic function. From these two tan-
gential lines, we see that the origin has double natures; one
is the continuous tangential line x = 0 and the second is the
discontinuous tangential line y = 0.

In addition, note that the tangential point of (3.5) for the
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line (3.4) is given by

P2
m’ m
and it is (0,0) for m = 0.
We can see that the point at infinity is reflected to the origin;

and so, the origin has the double natures; one is the native origin
and another is the reflected one of the point at infinity.

3.5 Puha’s horn torus model

V. V. Puha discovered the mapping of the extended complex
plane to a beautiful horn torus at (2018.6.4.7:22) and its inverse
at (2018.6.18.22:18).

Incidentally, independently of the division by zero, Wolfgang
W. Daumler has various special great ideas on horn torus as we
see from his site:

Horn Torus & Physics (https://www.horntorus.com/) Ge-
ometry Of Everything, intellectual game to reveal engrams of
dimensional thinking and proposal for a different approach to
physical questions ...

Indeed, W. W. Daumler was presumably the first (1996)
who came to the idea of the possibility of a mapping of ex-
tended complex plane onto the horn torus. He expressed this
idea on his private website (http://www.dorntorus.de). He was
also, apparently, the first to point out that zero and infinity are
represented by one and the same point on the horn torus model
of extended complex plane.

We will consider the three circles stated by
1\* [1)\?
2 R Y
S CHNO
1\? 1> [1)\?
(e=3) +(=5) = (3) &0
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By rotation on the space (§,7,() on the (x,y) plane as in §{ =
x,n =y around ( axis, we will consider the sphere with its 1/2
radius as the Riemann sphere and the horn torus made in the
sphere.

The mapping from (z,y) plane to the horn torus is given by

20/ ¥ 3

§= (22 +y2 + 1)
p = 2V d Y
($2+y2+1)2’
and
C_(a:2+y271)\/:m+1
- ($2+y2+1)2 2

This Puha mapping has a simple and beautiful geometrical
correspondence. At first for the plane we consider the stereo-
graphic mapping to the Riemann sphere and next, we consider
the common point of the line connecting the point and the cen-
ter (0,0,1/2) and the horn torus. This is the desired point on
the horn torus for the point on the plane.

Indeed, we denote tentatively a point with (£1,71,(1) on the
horn torus. Then, we have, from the relation between a point
(&,m,¢) on the Riemann sphere and the correspondent point
(&1,m1,¢1) on the horn torus

G—1/2 G—1/2

51:45(_1/27 M=

We set

1 1
V€2+n2:t7 C1_§:n7 C_izm'

2
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Then, since the point (£1,71,¢1) is on the horn torus, from the
identity

we obtain the identity

n— mit
- 2(m2 4 2)°
Therefore, we obtain
=S Vet
2(C—1/2 + & +n*
m= 1 &L
2(C—1/22+&+n?
and
(1 E-1VETE 1
22 @4 2
Hence, in terms of (z,y), we have the desired results.

The inversion is given by

N NGE
x—£<§2+n2+<<—2> —<+2> (3.7)

and
1\ 2 1 (-1/2)
y=n<€2+n2+<c—2> —C+2> : (3.8)
In these formulas, we can see the division by zero
Loy
0 ;

naturally that shows the mapping of the point (0,0,1/2) to
(0,0).



At first, the model shows the strong symmetry of the do-
mains {|z| < 1} and {|z| > 1} and they correspond to the lower
part and the upper part of the horn torus, respectively. The
unit circle {|z| = 1} corresponds to the circle

s o (1)} 1
§+77—<2>7 C_i

in one to one way. Of course, the origin and the point at infinity
are the same point and correspond to (0,0,1/2). Furthermore,
the inversion relation

Z 4 —
z

with respect to the unit circle {|z| = 1} corresponds to the
relation

(6777) C) A (€7777 - g)

and similarly,
2 —Z

corresponds to the relation

(ga m, C) — (_57 =, C)

and )
Z 45> ——
Z

corresponds to the relation

(fa 1, C) A (*67 -, 1- C)

(H.G.W. Begehr: 2018.6.18.19:20).

However, we can see directly the important negative prop-
erties that the mapping is isogonal (equiangular) and infinitely
small circles correspond to infinitely small circles are not valid,
as in analytic functions. Of course, circles to circles mapping
property is, in general, not valid as in the case of the stereo-
graphic projection mapping.
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We note that only zero and numbers a of the form |a| =1
have the property : |a|® = |a|,b # 0. Here, note that we can
also consider 0 = 0 ([38]). The symmetry of the horn torus
model agrees perfectly with this fact. Only zero and numbers a
of the form |a| = 1 correspond to points on the plane described
by equation ¢ —1/2 = 0. Only zero and numbers a of the form
|a] =1 correspond to points whose tangent lines to the surface
of the horn torus are parallel to the axis (.

3.6 Daumler’s horn torus model

W. W. Déumler discovered a surprising conformal mapping
from the extended complex plane to the horn torus model
(2018.8.18.09):

https://www.horntorus.com/manifolds/conformal. html
and
https://www.horntorus.com/manifolds/solution.html

Our situation is invariant by rotation around ¢ axis, and so
we shall consider the problem on the &, ¢ plane.

Let N(0,0,1) be the north pole. Let P'(§,7n,¢) denote a
point on the Riemann sphere and let z = x + iy be the common
point with the line NP" and ¢ = 0 plane (: 2z = z + iy); that is
P’ is the stereographic projection map of the point z = z + iy
onto the unit sphere.

Let M(1/4,0,1/2) be the center of the circle (3.6). Let P”
be the common point of the line SP'(S = 5(0,0,1/2)) and the
circle (3.6).

Let Q" be (0,0,¢) that is the line Q'P’ is parallel to the x
axis. Let Q" and M" be the common points with the ¢ axis and
¢ = 1/4 with the parallel line to the x axis through the point
P’ respectively.

Further, we set o = ZOSP' = ZP"IS = (1/2)£P"MS (I
:=1(1/2,0,1/2)). We set P for the point on the horn torus such
that ¢ = LZSMP and @ be the point on the ( axis such that
the line QP is parallel to the z axis.

52



Then, we have:

— 1
P'Q) = —sinaq,
2
— 1
P'M" = Z| cos(2a)l,
— 1
P = 1(1 — cos(2ar)),
the length of latitude through P’ is
2 P'Q)) = wsinq,
and the length of latitude through P”
2rP"Q" = g(l — cos(2a)) = wsin? a.
Similarly, we have
-7
2rQP = 5(1 — Cos @).

In order to become the conformal mapping from the point
P’ to the point P, we have the identity

da i dp =sina : 1 — cos ¢;

that is we have the differential equation

do  do
sinae  1—cos¢’

Note here that the radius of the circle (3.6) is half of the stere-
ographic projection mapping circle (the Riemann sphere). We
solve this differential equation as, with an integral constant C'

¢

§+C’.

a
log | tan§ |= — cot

For this derivation of the differential equation, see the detail
comments in the site : conformal mapping sphere < horn
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torus with beautiful figures and many informations, by W. W.
D&umler. In order to check his idea, we will give a complete
proof analytically in the last part of this session.

Using the correspondence

a=0+ ¢=0,

or
a=71/2¢=m

or
a=Tm < ¢=2m,

we have C = 0. Note that tan(w/2) = 0, cot(w/2) = 0 and
log0 = 0 ([38]). Note also that the function y = e” takes two
values 1 and 0 at x = 0. We will see them in Sections 5, 8 and
11.

Therefore,
¢ = 2cot™(—log | tan(a/2) |) (3.9)
or
o = 2tan™ ! (el otS/2))y, (3.10)
Next, note that
tan & = |2
2
and
o =2tan"!z|. (3.11)
We thus have
¢ = 2cot™ ! (—log|z|) (3.12)
and the inverse is
2| = e~ US/2), (3.13)

We thus obtain the complicated conformal mapping for the
z plane to the horn torus by (3.12) and (3.10). The inverse
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conformal mapping for the horn torus to the complex z plane is
given by (3.9) and (3.13).

For the integral constant C', Dadumler considers the general
constant C and stated that:

I don’t recognize a big problem with constant C.
What are the crucial points? As I stated, all map-
pings from sphere to horn torus and inverse with any
real C' are conformal, but only the mappings with
C = 0 are bijective. Respectively with

a=2tan"(p-|z|)

and tan(a/2)
an(o

2| = ———,
p

all mappings from complex plane to sphere and in-
verse with real p > 0 are conformal, but bijective
only when p = 1, what is the normal Riemannian
stereographic projection. Main thing is to have at
least one solution (C' = 0) in this topic, and we can
keep other constants, C not equal 0 and p not equal
1, for special cases in different context.

For this very interesting topics, see his site.

We can represent the direct Ddumler mapping from the z
plane onto the horn torus as follows (V. V. Puha:
2018.8.28.22:31):

With (3.12),

x - sin 2

. <1/2i<2 +<y<z;/2>> | (314
— (1/2)(sin(¢/2))?
V2 + 2 ’

(3.15)



and

1 1
C:—Zsinqﬁ—i— 3 (3.16)
Indeed, at first, we have
1
2 2 9\ _ ¢
&+ Lcos<2 2) Lsm2,

and .
V 52 + 772 = 5 Sin2 ?
From the simple relations

f::v\/§2+77277:y &+ (3.18)
NZEET VaZ+y?

C:—Lsin<g—§> —|—%,

we have the desired representations.
We will give the inversion formula of the Ddumler mapping.
From (3.18) we have

x:&/x2+y2y:n x2 4 y? (3.19)
VGRS

Hence, it is enough to represent \/z2 + y2 in terms of £, 7, on
the horn torus. From (3.13), (3.17) and

1 2
T:\/§2+772+(C_2> ’

we have the inversion formula from the horn torus to the x,y
plane.

and
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§ V(@ 4+ + )

= > _expt (3.20)
CEST e

and
e d V@) 1)

R O

Properties of the Ddumler conformal mapping

The Daumler conformal mapping stated is very complicated,
however, has very beautiful properties. We will see its elemen-
tary properties.

The circle |z| = r is mapped to the circle:

1 4 1 1
{2—1—7]2:4{8111(5} , C:—Zsin¢+§

with

% = cot_l(— log ).

In particular, note that the unit circle » = 1 is mapped to the

circle )
1 1
2 2 (1 =
&+ —(2> ;¢ 5

Here, note also that ¢ = 7, by using the division by zero calcu-
lus, from

I
tan(¢/2)

We have the relation

=0.

m3S
]|
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but for y = mx

1 1
¢ = ~2 sin {2 cot™! <—2(loga?2 +log(1+ m2))> } :
Furthermore, the inversion relation

1
Z > —
z
with respect to the unit circle {|z| = 1} corresponds to the
relation

(6777) C) A (§7777 - g)

and similarly,
2 —Z

corresponds to the relation

(ga m, C) — (_57 =, C)

and )
Z 45— ——
Z

corresponds to the relation

(5)”7() — (_5’ -, - C)

Of course, the conformal mapping of Ddumler is important,
however, its mapping is very involved and the difference with
the Puha mapping is just the shift on the circle of longitude
and the Puha mapping is very simple. Furthermore the Puha
mapping is clear in the geometrical correspondence. Therefore,
we will be able to enjoy the Puha mapping for the horn torus
model.

Proof of the Ddumler conformal mapping

In order to confirm the Dédumler comformal mapping and at
the same time, in order to see its analytical structure, we will
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examine it. In this subsection, for simplicity we use L, N with
L =log(z®+y?) and N = L/(4 + L?).
First, we calculate the first order derivatives.
9¢  8y* —8x’L 4 2y°L?
or (22 + y2)3/2(4 + L2)?’
% B @ B —2zy(2 + L)2
dy " Or @2+ )+ L
on _ 2(4a® — 4y*L + 2°L?)
Oy (a2 +y?)32 (4 + L2)?
o¢  —2x(—4+L?
Ox (2?2 +y?)(4+ L?)?

and
¢ —2y(—4 + L?)

dy (22 +y?)(d+ LA

Next, we wish to have the relation between

(do)? = (d€)* + (dn)* + (d¢)*

and
(ds)* = (dz)* + (dy)*.
From

i = 2(—zydy(2 + L)? + dx(4y? — 42°L + y>L?))
B (xQ + y2)3/2(4 + L2)2 ’

dn — 2(—zydx(2 + L)% + dy(42* — 4y>L + 2°L?))
= (22 + y2)3/2(4 4 L2)2 ’

and

dc = —2(wdx + ydy)(—4 + L?)
(@ + )+ L2)?

)
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we obtain the beautiful identity
4(ds)?
@R+ R

The next and final crucial point is the relation of

(do)? =

(3.22)

dx dy
ds’ ds
d¢ dn d¢
do’ do’ do’
This may be done directly by division by do in (3.22). In-
deed, we have:

and

d¢  dx(y? — 42%N) + dy(—zy — 4xyN)

s 2
do ds(z? + y?) ’ (3.23)
dn _ da(—ay — dayN) + dy(2® — 4y°N)) (3.24)
do ds(z? + y?) ’ '
and 9 9
d —zdr(—4+ L*) —ydy(—4+ L

do dsv/22 + y2(4 + L?)

On a point Py(&p,n0,p) on the horn torus we consider two
smooth curves passing the point

f](§7n7C):07 .7:172

At the point Py, we denote the values of %, g—g, g—g by Aj, pj, v5,

respectively. Then, for the angle ® made by the curves at the
point Py we have

cos® = A\ Ay + pipe + v1vs. (3.26)

The corresponding relations on the x,y plane are as follows:
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For the corresponding curves on the x,y plane

gJ(IE,y):O, j:1727

at the corresponding point Qo(xo,y0), we denote the values of
%, % by «;, Bj, respectively. Then, for the angle ¢ of the curves

at the point Qo(xo,yo) we have

cos ¢ = ajan + [1 5. (3.27)

We wish to prove that (3.26) = (3.27), by formal calculation.
Note that from (3.23), we have for (z,y) = (x0,yo), here, for
simplicity we shall use (z,y) at Qo
_ o;(y® — 42®N) + B;(—zy — 4ayN)

A= .
J $2+y2

Similarly, from (3.24),

o aj(—zy —4zyN) + Bj(:):2 — 49%N)
Hj = 22 + o2 ’

and from (3.25),

—woy(—4+ L?) —yBi(—4+ L?)
Va2 +y2(4+ L?)

When we insert these in the right side of (3.26), we obtain
the right side of (3.27). In this subsection, for these formal
calculations, we used MATHEMATICA.

The sources of the last two subsections on the horn torus
models are given by [24]. Professor Tsutomu Matsuura kindly
checked the calculations by MATHEMATICA in this subsec-
tion independently of Okumura and gave numerical experiments
with computer graphics that show the Daumler conformal map-
ping. Of course, Puha also gave such numerical experiments
with beautiful figures.

v =
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3.7 Absolute function theory

We will discuss on Dédumler’s horn torus model from some fun-
damental viewpoints.

First of all, note that in the Puha mapping and the Daumler
mapping, and even in the classical stereographic mapping, we
find the division by zero 1/0 =0/0 = 0.

What is the number system?

What are the numbers? What is the number system? For
these fundamental questions, we can say that the numbers are
complex numbers C and the number system is given by the
Yamada field with the simple structure as a field containing
the division by zero.

Nowadays, we have still many opinions on these fundamental
questions, however, this subsection excludes all those opinions
as in the above.

What is the natural coordinates?

We represented the complex numbers C by the complex
plane or by the points on the Riemann sphere. On the com-
plex plane, the point at infinity is the ideal point and for the
Riemann sphere representation, we have to accept the strong
discontinuity. From these reasons, the numbers and the num-
bers system should be represented by the Daumler’s horn torus
model that is conformally equaivalent to the extended complex
plane.

What is a function?, and what is the graph of a
function?

A function may be considered as a mapping from a set of
numbers into a set of numbers.

The numbers are represented by Dédumler’s horn torus model
and so, we can consider that a function, in particular, an ana-
lytic function can be considered as a mapping from Daumler’s
horn torus model into Daumler’s horn torus model.
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Absolute function theory

Following the above considerings, for analytic functions when
we consider them as the mappings from Déumler’s horn torus
model into Daumler’s horn torus model we would like to say
that it is an absolute function theory.

For the classical theory of analytic functions, discontinuity
of functions at singular points will be the serious problems and
the theory will be quite different from the new mathematics,
when we consider the functions on the Déumler’s horn torus
model. Even for analytic function theory on bounded domains,
when we consider their images on Daumler’s horn torus model,
the results will be very interesting.

New mathematics and future mathematicians

The structure of Ddumler’s horn torus model is very involved
and so, we will need some computer systems like MATHEMAT-
ICA and Isabelle/HOL system for our research activity. Indeed,
for the analytical proof of the conformal mapping of Daumler,
we had to use MATHEMATICA, already. Here, we will be able
see some future of mathematicans.

For the properties of horn torus with physical applications,
see [23].
See also the site of Daumler for some deep ideas:

https://www.horntorus.com/rotations.html
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4 MIRROR IMAGE WITH RESPECT
TO A CIRCLE

For simplicity, we will consider the unit circle |z| =1 on the
complex z = x + iy plane. Then, we have the reflection formula

2 == (4.1)

for any point z, as is well-known ([2]). For the reflection point
z*, there is no problem for the points z # 0,00. As the clas-
sical result, the reflection of zero is the point at infinity and
conversely, for the point at infinity we have the corresponding
point as the zero point. The reflection is a one to one correspon-
dence and onto mapping between the inside and the outside of
the unit circle, by considering the point at infinity.

Are these correspondences, however, suitable? Does there
exist the point at oo, really? Is the point at infinity corre-
sponding to the zero point, by the reflection? Is the point at
oo reasonable from the practical point of view? Indeed, where
can we find the point at infinity? Of course, we know and see
pleasantly the point at infinity on the Riemann sphere, how-
ever, on the complex z-plane it seems that we can not find the
corresponding point. When we approach the origin on a radial
line on the complex z plane, it seems that the corresponding re-
flection points approach the point at infinity with the direction
(of the radial line).

With the concept of the division by zero, there is no the point
at infinity oo as numbers. For any point z such that |z| > 1,
there exists the unique point z* by (4.1). Meanwhile, for any
point z such that |z| < 1 except z = 0, there exits the unique
point z* by (4.1). Here, note that for z = 0, by the division by
zero, z* = 0. Furthermore, we can see that

lim z* = oo, (4.2)
z—0
however, for z = 0 itself, by the division by zero, we have z* = 0.
This will mean a strong discontinuity of the functions W = %
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and (4.1) at the origin z = 0; that is a typical property of the
division by zero. This strong discontinuity may be looked in the
above reflection property, physically.

The result is a surprising one in a sense; indeed, by consider-
ing the geometrical correspondence of the mirror image, we will
consider the center corresponds to the point at infinity that is
represented by the origin z = 0. This will show that the mirror
image is not followed by this concept; the correspondence seems
to come from the concept of one-to-one and onto mapping.

Should we exclude the point at infinity, from num-
bers? We were able to look the strong discontinuity of the
division by zero in the reflection with respect to circles, physi-
cally (geometrical optics). The division by zero gives a one to
one and onto mapping of the reflection (4.1) from the whole
complex plane onto the whole complex plane.

The infinity co may be considered as in (4.2) as the
usual sense of limits, however, the infinity oo is not a definite
number.

We consider a circle on the complex z plane with its center
zp and its radius r. Then, the mirror image relation p and ¢
with respect to the circle is given by

For ¢ = 2y, we have, by the division by zero,

P = 2o,
For a circle

AzZ+ P2+ PZ+D=0; A>0,D: real number,

B B B> — AD
G+A>G+A>:'“w’
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the points z and z; are in the relation of the mirror images with
respect to the circle if and only if

A2 Z+ Bz + B2+ D =0,

or

_Bz—{—D
Az+p

D)

1=

[N

The center —/A corresponds to the center itself, as we see from
the division by zero.

On the z,y plane, we shall consider the inversion relation
with respect to the circle with its radius R and with its center
at the origin:

Then, the line
ar+by+c=0

is transformed to the line
R2(az’ + by') + c((2')? + (v/)?) = 0.

In particular, for ¢ = 0, the line ax + by = 0 is transformed to
the line ax’ 4+ by’ = 0. This correspondence is one-to-one and
onto, and so the origin (0,0) has to correspond to the origin
(0,0).

Furthermore, we will see many examples in this book.

For the elliptic curve
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and for the similar correspondences

s a2b2x ;L a2b2y2
T 222 1+ a2y? y = b22? + a2y?’

the origin corresponds to itself.
The pole (x1,y1) of the line

ar+by+c=0

with respect to a circle with its radius R and with its center
(z0,y0) is given by

aR?
rn=x9— ———
! 0 axg + byg + ¢
and
o bR®
n=u axo +byo + ¢

If axy + byp + ¢ = 0, then we have (x1,y1) = (2o, y0)-

Furthermore, for various higher dimensional cases the cor-
responding results are similar.

Anyhow, by the horn torus models of Puha and Daumler,
we can see the whole situation of the reflection mappings or
inversions clearly, because we can see the zero point and the
point at infinity as the same one point.
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5 DIVISION BY ZERO CALCULUS

As the number system containing the division by zero, the Ya-
mada field structure is completed.

However for applications of the division by zero to func-
tions, we will need the concept of division by zero calculus for
the sake of unique determination of the results and for other
deep reasons. See [41].

For example, for the typical linear mapping

zZ—1

24
it gives a conformal mapping on {C \ {—i}} onto {C\ {1}} in
one to one and from
—9
W=1+ 71.,
z—(—1i)
we see that —i corresponds to 1 and so the function maps the

whole {C} onto {C} in one to one.
Meanwhile, note that for

‘ 1
W= (z—-1)- e
when we enter z = —¢ in the way
(2= i) [ Ll — (200,
Z+0|,—_,

we have the different value.

In many cases, the above two results will have practical
meanings and so, we will need to consider many ways for the
application of the division by zero to functions and we will need
to check the results obtained, in some practical viewpoints. We
will refer to this delicate problem with many examples.

The short version of this section was given by [72] in the Pro-
ceedings of the International Conference. See also [3]. However,
the contents are mainly restricted to the differential equations
for the conference topics.
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5.1 Introduction of the division by zero calculus

We will introduce the division by zero calculus. For any Laurent
expansion around z = a,

—1 0
fz)= > Culz—a)"+Co+ Y Culz—a) (5.1)
n=1

n=—oo

we will define
f(a) = Co. (5.2)

For the correspondence (5.2) for the function f(z), we will
call it the division by zero calculus. By considering deriva-
tives in (5.1), we can define any order derivatives of the func-
tion f at the singular point a; that is,

F™(a) = nlC,.

Apart from the motivation, we define the division
by zero calculus by (5.2). With this assumption, we can
obtain many new results and new concepts. However, for this
assumption we have to check the results obtained whether they
are reasonable or not. By this idea, we can avoid any logical
problem. — In this viewpoint, the division by zero calculus
may be considered as an axiom.

In addition, we will refer to the naturality of the division by
zero calculus.

Recall the Cauchy integral formula for an analytic function
f(2); for an analytic function f(z) around z = a and for a
smooth simple Jordan closed curve « enclosing one time the

point a, we have
1
fla) = ./f(z)dZ‘
2mi )y z—a

Even when the function f(z) has any isolated singularity at the
point a, we assume that this formula is valid as the division by
zero calculus.
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We define the value of the function f(z) at the singular point
z = a with the above Cauchy integral.

Axiom for the division by zero calculus

Of course, for any axiom, we wish to some simple good rep-
resentation, because we have several equivalent representations,
in general. We consider the axiom of the division by zero cal-
culus by its definition. However, how will be the following rep-
resentation?:

Axiom of the division by zero calculus: For any nega-
tive integer n and for the function, for any fixed a

fa(2) = (2 —a)"

we assume that

fn(a) =0.

Of course, if the equation f,(z) = (z—a)™ = 0 has a solution,
then the solution has to be a. Indeed, we considered to solve an
equation by extending our concept in our mathematics.

Elementary properties of division by zero calculus

For any analytic functions f(z),g(z) on {€ < |z — a|] < R},
In general,

(f9)(a) # f(a)g(a),

1 1
<f> @7 Fay
(f(g))(a) # f(b)g(a),b = g(a).

Here, of course, we assume that the domain of f is containing
the point b = g(a) and f is analytic around b = g(a).

Meanwhile, we obtain:
(af + Bg)(a) = af(a) + Bg(a),
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(af + Bg)'(a) = af'(a) + Bg'(a),
(f9)'(a) = (f'g)(a) + (f9')(a),

(;)/w) - - L)

and

Simple and convenient facts:

For an analytic function f(z) on R, = {2;0 < |2| < a}, if
f(=2) = —f(2) on R,, then

f(0)=0
and if f(—z) = f(z) on R,, then
7(0) =o.

We will give typical and various examples.

For the typical function (sinz)/z, we have

sin x sin0 O
0) = =—-=0
—0)=—==5=0,

however, by the division by zero calculus, we have, for the func-
tion (sinz)/x
sin x

0) =1,

that is more reasonable in analysis.

However, for functions we see that the results by the division
by zero calculus have not always practical senses and so, for
the results by the division by zero we should check the
results, case by case.

This does not imply any incompleteness of mathematics,
that is why, for example, for the product f(z)g(z) of two an-
alytic functions f(z) and g(z), for the value of f(z)g(z) at a
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singular point z = a, we can consider its value in the both
senses; that is,

f(2)9(2)]2=a
and

f(z)|z:a : g(z)|z:a.

Those values are, in general, different, in the division by zero
calculus.
For example, for the simple example for the line equation on
the =,y plane
ar+by+c=0

we have, formally
by+c
— =

x +

0,

and so, by the division by zero, we have, for a = 0, the reason-
able result
z = 0.

This case may be considered as the case of a — oo.
For the equation y = max, from

Y

we have, by the division by zero, x = 0 for m = 0. This gives
the case m = 400 of the gradient of the line. — This will mean
that the equation y = mz represents the general line through
the origin containing the line = 0 in this sense. — This method
was applied in many cases, for example see also [61, 50].

However, from

b
M+1:0,

for ¢ = 0, we have the contradiction, by the division by zero

1=0.
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For this case, we can consider that

ar +b c
v, c

=0,
C C

that is always valid. In this sense, we can divide an equa-
tion by zero.
In the formula

1 ! 1
—V1-2azx+a?)| = —m———,
a V1 —2azx + a?

by the division by zero calculus, we obtain directly, for a =0
(z) = 1.

From the identity

2 +oo

0 1
sin?(mrz) nz (z —n)?’

by using the expansion

(11,
N w222 3 ’

we have the identity, from the division by zero calculus, imme-
diately, for z =0

bl 1
tz==+42
cot z z—i— Z;z—k%ﬂ



([1], page 75, 4.3.70) and

1 1 1,
cotz=———-—2——z2
z 3 45

([1], page 75, 4.3.91), by the division by zero calculus, we have
the same result.

For the case

1 tanhn
cosh? 73

, (n>0)

at 7 =0, we have,
Ll
3 3’
separately (see, S. Watanabe ([95]), page 9, (2.4)).
Meanwhile, note that for the function f(z) = z+1, f(0) =0,

however, for the function
2_ .29 1
f(Z) =2+ 2+ ?7

we have f2(0) = 2. Of course,

In the formula

l,a—i—l 1
1 -
a+1(%x x+1>’

for a = —1, we have, by the division by zero calculus,
1
5 (logx) .

For {r < argz < w} and for any complex number a, we
obtain the important identity, by the division by zero calculus

Za
— |a:0 = log Z.
a
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For the applications, see, for example, [1],
4.4.65,4.4.67,4.4.69,4.4.71,4.6.52,4.6.54,4.6.56, 4.6.58.

For an analytic function f(z) around z = a such that

f&) = F(@)( = a) + 5 f (@)=~ + o fla) 20,

we obtain

1 —f"(a)

7@ = 2fae

Furthermore, for an analytic function g(z) around z = a, we

have
9(2),  _ga) g(a)f"(a)

F =T @) 2fiae

For example, for the integral formula

Zn—i—l
/z"(log z2)"dz = i (log z)™

ey /z"(logz)m_ldz (n# —1)

([1], page 69: 4.1.51), we can obtain the right formula, by the
division by zero calculus, immediately

1 1
/(log 2)Mdz = (log )™ — m/ —(log 2)"dz.
z z

In this case, this is missing there.

In the integral, for ac — b*> > 0

I—/ dz _/ adz
S az+br+c ) (ax+0)2+ (ac— b?)

ar+b
= ———— arctan

ac — b2 Vac — b2’
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for £ = Vac— 10?2 =0, from

1 b
I = —arctan Tt

RYE: ¢ 1/ ¢ \*
¢ 2_ax+b+3<a:r—|—b> )

we have the right result, by the division by zero calculus

1
ar + b

For the integral

dix— i t é _|_C
a—i—be_Vabarcan Vax ’

for a = 0, by the division by zero calculus, we have

1 [dx 11
- ==—-—==+4+C.

b ) x? bx +
Of course, for b = 0, we have

1 1
/dx:x+C’.
a a

Meanwhile, for the formula

® cosx Te ¢
dr = ,  (a>0),
/0 %+ a? 2a ( )

we obtain the identity

However, we have to consider the integral in a generalized sense,
for example, in the distribution theory.
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For the general mean formula, for a; > 0,

1 (/%)
M(t) = <TL Z CLZ) )
k=1

for t = 0, we obtain the geometrical mean, by the division by
zero calculus,

S|=

M(0) = (araza3 - - - ap) .

From the definition of the division by zero calculus, directly,
we obtain, simply:

For the function

exp(azx)

fla) ’

if f(2) is analytic around z = 0 and f'(a) = f"(a) = ... =

T (a) =0 and f™*V(a) # 0, by the division by zero calculus,
we obtain the identity

fla) =0

2™+ exp(ax)

D) a)

When f(D) is an (polynomial) ordinary differential operator
with D = d/dz and with constant coefficients, in the ordinary
differential equation

f(D)y = exp(ax),

if f'(a) = f"(a)=...= f"™(a) =0 and f("tY(a) # 0, then it
gives a special solution.

The result may be looked like a generalization of I’'Hopital’s
rule.

Furthermore, see many examples in [41].

77



We defined the division by zero calculus for analytic func-
tions, because we used the Laurent expansion. For the case of
some smooth functions that are not analytical, the division by
zero calculus is delicate. However, by applying the method of
division by zero calculus by using the Taylor expansion for the
Laurent expansion, we can consider the division by zero calcu-
lus. However, its logical situation is unclear and there-
fore we should check the results obtained. By checking
the results obtained, we can enjoy the division by zero
calculus for some general functions for creating new re-
sults. See also [41].

For a smooth function f(z) of class C™ for n > 1, from the
Taylor expansion around z = a, we have the expansion

a<c<x or a>c>ux.

Then, we obtain, by the division by zero

o] - {0 (m > ) (5.4)

(@ —a)™ % (m <n).

Note that the division by zero calculus was defined by the value
of the function at the point a not by limiting x — a. Therefore,
the value £ & n (5.4) is £ ( ) at the point a. The division by
Z€ro calculus is defined for analytlc functions at isolated singular
points by using the Laurent expansion, but for smooth functions
that are not analytic, we will be able to consider the division
by zero calculus by this sense, by using the Taylor expansion.

Note, in particular, that for a function f(z) of class C?
around x = a, by the division by zero,

fla+h)+ fla—h)—2f(a)

h2 = f//((l).
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For the function

1
f(z) = xsin o
if f(0) = 0, then the function is continuous at z = 0, however,
it is not differentiable at the origin. By the division by zero

calculus, we have, automatically

f(0)=1.

The function

f(z)

x
is not defined at x = 0, however, we have

T

The function

— p2ain
g(z) ==z sin —

is defined at the point z = 0 as g(0) = 0 in the usual sense and
by the division by zero calculus. We have
g (z) = 2xsin 1 cos 1
x x
and is not defined at x = 0. However, with the division by zero
calculus,
g'(0) = 2.

Note that if g(z) is analytic around z = 0

g9(z)

7|x=0 =4'(0) (=1).

Meanwhile, we have an interesting formula whose proof is
simple:
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Theorem 5.1. Consider a family of absolutely continuous
functions fq (x) that is analytic in a € R\ {ap}. Let g, (z) =
fi(x) and we assume that it is extensible to the point at a = ag
as an absolutely continuous function, then

fun @) = [ 00 (@)

We will show examples:

1. Let fp(x) = % where a € R\ {0} and n+ 1 is a

positive integer. Then g,(x) = (az + b)" and

1

:/(ax+b)1dx: Injaz +8 " o,
a

=1

(az + b)"*!
a(n+1)

by the same way we have

(az + b)"*!
a(n+1)

= /b”d:r = b"z.

a=0

2. Let f(x) = %W where a € R\ {0} . In this case we
get gn(z) = ﬁ and consequently

[arctan (z/a) ] /d:}: =

a > 0. Then, we obtain

[a } :/d:c:x.
loga|, ,

3. Let f(z) =

loga’

80



In this example, note that the function f(x) may not be
considered in the sense of the Laurent expansion in a.
However, by setting loga = A, we can obtain that:

eAx

7|A=0 =,

by the division by zero calculus. In the formula

T ax
a*dr = + C,
loga

for a = 1, the formula
/lxda: _ U +C
~logl

Meanwhile, we obtain that

( ; )
=0.
logz ),

Indeed, we consider the function y = exp(1/z),x € R and
its inverse function y = loé:t' By the symmetric property
of two functions with respect to the function y = x, we

have the desired result.

is not valid.

Here, note that for the function @, we can not use the
Laurent expansion around xz = 1, and therefore, the result
is not trivial.

In particular, note that the function W = exp(1/z) takes
the Picard’s exceptional value 1 at the origin z = 0,
by the division by zero calculus.

Meanwhile, for the identity

a—2b
loga — logh’
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for a = b, we should consider it in the following way. By
substituting loga = A and logb = B, from

expA —exp B
A-B ’
by the division by zero calculus, we have the reasonable

result for A = B,
exp A = a.

This example shows that the concept of division by H.
Michiwaki is not suitable for functions.

However, substitution methods are very delicate. For ex-
ample, for the function

1+t
w=-—:-,
11—t
for t = —i, by the division by zero calculus, we have a
good value w = —1. However, from the representation
z = €' we have
142
=1icot —
1—-2

and for « = 0 and z = 1, we have the contradiction —1 =
0. By considering the way
1 — el

and when we consider it by the division by zero calculus
in connection with « for « = 0, we have the right value 0.

Theorem 5.2 Consider a family of absolutely continuous
functions Fy, (x) where a € I C R, I is an open interval, and
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If a point ag is a pole of order n of the analytic functions fu(x)
as functions in a and there exists an analytic function g : I — R
for any fized x such that g (a,z) = (a — ag)” fo (z) then

/Fa (z)dx = M.

n!

Proof. Using the Taylor theorem, we have, for any fixed x
> gk
g (CL(), I) k
g(aa) =3 T80 (0~ a),
k=0

and by the division by zero calculus, we have

[ Futorte = o) = [ g an)] =20

a=agn n!
Theorems 5.1 and 5.2 were discovered by S. Pinelas (see

[72]).
We shall give examples.

1. For the integral
(22 4 1)at!

/x(a:2 + 1)z = 2at 1)

we obtain, by the division by zero,

log(z? + 1)
2 1

+1 = ——".
/:U(x ) dx 5

(CL 7é _1)7

2. For the integral

. sinax sin x + a cos ax cos &
/sm ax cos xdxr = 5 (a® #1),
1—a
we obtain, by the division by zero, for the case a = 1
. sin?z 1
sin x cos xdx = - -
2 4

83



3. For the integral
sa—1 L. o
sin®™ " x cos(a + 1)xzdx = —sin® z cos ax,
o
we obtain, by the division by zero, for the case a =0

/ sin™! z cos zdx = log sin x.

4. For the integral
eax
/eax sin brdx = P (asinbz + bcosbx) ,

for example, we can consider the case a = bi, by the di-
vision by zero calculus, and we can obtain the expected
good result.

We can obtain many and many such identities.
We will state the formal theorem whose proof is trivial:

Theorem 5.3 Consider an operator L that transforms func-
tions f. (t) on a set T with analytic parameter z of an isolated
singular point a into functions L[f,(t)] = F,(s) on a set S.
Assume that for the Laurent expansions around a point a € D,
a disc on the compler z plane with its center a, for any fixed t

Z fu(t)(z —a)"

n=—oo

Yo Llfa®l(z—a)

n=—oo

Then we have

Fa (S) =L [fa (t)] :

We illustrate this result with examples:
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1. Let fy (t) = Smg\’\t), where A € R\ {0} . The Laplace trans-
form of f () is

, [Sm ()\t)] 1

A | 21N

for A # 0. Then we have the identity

eHt —€>\t

. Let fux(t) = ST e where . # A. The Laplace transform
of fux(t) is

k ﬁziﬂ eIy

for u # X. Then we have the formula

L {te)‘t} = (s _1>\)2.

. We consider the function

2t, if 0<t<l;
f)=43—¢t if 1<t<?2;
0, if t>2,

whose Laplace transform is

1= 275 4 738
- 2

F(s) (s >0)

S

([86]). Then, by I'Hopital’s rule, we can not derive the
value at s = 0 as 7/2, which is derived by the division by
zero calculus.
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4. As a typical example in A. Kaneko ([33], page 11) in the
theory of hyperfunction theory we see that for non-integers
A, we have

e o 0l B {(—z +1i0)* — (-2 — i0)*}
* 2isin A 2isin A
where the left hand side is a Sato hyperfunction and the
middle term is the representative analytic function whose
meaning is given by the last term. For an integer n,
Kaneko derived that
ZTL
" =|—=——log(—
x+ |: 27i g( Z):| )
where log is a principal value on {—7 < argz < +r}.
Kaneko stated there that by taking a finite part of the
Laurent expansion, the formula is derived. Indeed, we
have the expansion, around an integer n,
~(=2)"
2isin A
—z" 1 2"

p— —71 _
omi N—n 2w 8(=2)

_ <10g2(‘z)2" m2” > A—n)+ ..

2mi - 2! 2 - 3!
([33], page 220).
By Theorem 5.3, however, we can derive this result from

the Laurent expansion, immediately.

Meanwhile, M. Morimoto derived this result by using the
Gamma function with the elementary means in [43], pages
60-62. See also [28].

5. For many generating functions we can obtain some inter-
esting identities. For example, we will consider the map-

ping

N0} =+ F(z0) = exp <<—2>.
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Then, from

+o0
F(z,0)= Y Ja(2)C",

n=—oo

we obtain the formula

F(z,0) = Jo(2).
5.2 Difficulty in Maple for specialization problems

For the Fourier coefficients a,,

cosnmnt t

an = /tcos nwtdt = + — cosnmt,
nm

n2m?

we obtain, by the division by zero calculus,

42
apg = —.
72
Similarly, for the Fourier coefficients a,
9 2t 2 2
an = [ t°cosnmtdt = —5 5 cosnmt — —5—5 Sin nnt+ — sinnnt,
TN nemw nm
we obtain
t3
apg = —.
73

For the Fourier coefficients a;, of a function

akﬂk3
4

= sin(rk) cos(mk) + 2k*m% sin(nk) cos(nk) + 27 (cos(nk))? — 7k,

for kK = 0, we obtain, by the division by zero calculus, immedi-
ately
_8 9
ao——gﬂ
(see [98], (3.4)).
We have many such examples.
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5.3 Reproducing kernels

We consider a reproducing kernel Hilbert space Hg (E) on a set
E. Then, for the reproducing property that for any f € Hx(E)
and for any p € E, (f(-), K(--p))uy(r) = f(p), we obtain the
fundamental inequality

[FD <N e ) vV K (ps p)-

We set the normalized reproducing kernel e,(p) at a point a
as norm 1 as
K(p,a)

e = ——
for the non-trivial case of K(a,a) # 0. If K(a,a) = 0, then
for any function f € Hg(F), we have f(a) = 0 and K(p,a) =
K(a,p) = 0 for any point p. So, we have the identity

0=-.
0

The function

2ab

is the reprodiucing kernel for the space Hg, , equipped with the
norm

1 b
Kop(x,y) = 5 exp (—alfﬂ - yl)

1, = [@F@F + P (@)

([86], pages 15-16). If b = 0, then, by the division by zero
calculus

1
Kao(z,y) = —ﬁ\fﬁ —

and this is the reproducing kernel for the space Hp, , equipped
with the norm

1%, =a* (@),
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Meanwhile, if a = 0, Ko y(x,y) = 0, then it is the trivial repro-
ducing kernel for the zero function space.

We denote by O({0}) the set of all analytic functions defined

on a neighborhood of the origin.
Let {C;}32, be a positive sequence such that

limsup {/C; < oc.
Jj—00

Set

J—00

-1
R = (hm sup </ C’j> >0

and define a kernel K by
W= 0w (2]l < VR,
§=0
Then we have

Hi(A(VR)) = { f € O(A(VR)) :

that is the reproducing kernel Hilbert space admitting the kernel
(86], page 35).

If some constant C}, is zero, then there is no problem, by
considering that in the above statement

|f5)(0)*

- =0.
(J!)QCJO

89



5.4 Ratio

On the real x line, we fix two different points P;(z1) and Ps(z2)
and we will consider the point, with a real number r

1+ rae
147

If r = 1, then the point P(z;1) is the mid point of two points
Py and P and for r > 0, the point P is on the interval (z1,x2).
Meanwhile, for —1 < r < 0, the point P is on (—o0,x1) and
for r < —1, the point P is on (x2,+00). Of course, for r = 0,
P = P;. We see that when r tends to +oco and —oo, P tends to
the point P,. We see the pleasant fact that by the division by
zero calculus, P(z,—1) = P,. For this fact we see that for all
real numbers 7 correspond to all real line points.

In particular, we see that in many text books at the under-
graduate course the formula is stated as a parameter represen-
tation of the line through two pints P, and P». However, if we
do not consider the case r = —1 by the division by zero calcu-
lus, the classical statement is not right, because the point P,
can not be considered.

On this setting, we will consider another representation

P(xz;r) =

P(a;m,n) = 227 ML

m-—n
for the exterior division point P(x;m,n) in m : n for the points
P, and P,. For m = n, we obtain, by the division by zero
calculus, P(x;m,m) = x9. Imagine that the point P(x;m,m) =
P, and the point P» seems to be the point P;. Such a strong
discontinuity happens for many cases. See also [41, 60].

For fixed two vectors OA = a and OB = b (a # b), we
consider two vectors OA’ = @' = Aa and OB’ =V = pb with
parameters A and p. Then, the common point x of the two lines
AB and A’'B’ is represented by

A1 —p)a+ p(A—1)b
A— ’
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For A = p, we should have x = 0, by the division by zero.
However, by the division by zero calculus, we have the curious
result

x=(1—p)a+ ub.

By the division by zero, we can introduce the ratio for any
complex numbers a, b, c as
AC  c—a
CB b—c’
We will consider the Appollonius circle determined by the
equation

AP  |z—a|l m
= = 5.5
PB |b—2z n (5:5)

for fixed m,n > 0. Then, we obtain the equation for the cirlce

2 27 12 2,2
oo AR IbE I e (5.6)
m2—mn (m?2 —n?)?
If m = n # 0, the circle is the line in (5.6). For |m|+ |n| # 0, if
m =0, then 2z =a and if n =0, then 2 =0b. If m =n =0 then
z is a or b.

The representation (5.5) is valid always, however, (5.6) is
not reasonable for m = n. The property of the division by zero
depends on representations of formulas.

On the real line, the points P(p), Q(1), R(r), S(—1) form a
harmonic range of points if and only if

1

p=-.
;

If r = 0, then we have p = 0 that is now the representation of
the point at infinity (H. Okumura: 2017.12.27.)

For two chords AB and CD of a fixed circle with a common
point P in the inside of the circle, we have the relation

PA_ PD
PC  PB’
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If C=P=B, then we have

PA_PD _,
o 0

and the formula is still valid.
5.5 Identities
For example, we have the identity

1 B 1

(z—a)(x—b)(x—c) (c—b)(a—c)(z—a)
1 1

o000 c-ae-be_o
By the division by zero calculus, the first term in the right hand
side is zero for z = a, and

1 + 1
(b—c)(b—a)(a—b) (c—a)(c—b)(a—c)

This result is the same as

1
(z—a)( — )@ — o)

(a) Y

by the divison by zero calculus.
For the identity
1 1 1 1

zla+x)?  d®z ala+x)?  a®(a+z)

i

we have the identity as x—lg, for a = 0.
For the identity

f(z) =iy (2 = ),
we have the identity

f'(2) _ 1
et
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For the identity

mx +n
ax? + 2bx + ¢
. m  2ar+2b an — bm 1
_%aaﬂ—i—?bx—l-c—i_ a Cax?+2bx +c’

for a = 0, we have

mr+n  xbr+c)  2bnz + nc+ bma?

2br +c  (2bx +c)? (2bz + ¢)?

For the identity

1
(a2 + 22)(n+1)/2

I, =(-1)"n! sin(n + 1)6

(=)l 1 1 B e
T2 |@oa) @ray) fTETWEE

we have, for x = ai

(=1)"n!
[In]:v:ai - Tont2n

In the identity, for —7 < x <7

oo
Z ji-1 cosnx  TCOSar 1
—a?  2asinam 2a?’

n=1
for a = 0, we have
_,C0osNnxT 1
(-t == E(”Q — 322).

2
n
n=1

In the identity, for 0 < z < 27, |a|] <1

Z op—18in[(2n — D] 1ta _1 2sinx

om—1 g T2
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for a = 1, we have, for 0 < z < T,

2. sin[(2n — 1)z T
3 [( )]

o2n —1 4’

n=1
For the identities, for 0 < z < 27

o

1 s 1
. cos —— " cosh -
; n? + a? cos(na) 2a sinh(ar) coshla(m — ] 2a2’
and
[o¢]
1 7 1
; m COS(n:B) = m COS[CL(TI’ — 37]] —+ @,
for a = 0, we have
1 1
nzl 3 cos(nz) = E(BxQ — 6ma + 277).

In the identity
1 nCI nC2

cee g (=)
r x+1 a:+2+ + )x—i-n

n!
T 2@+ D)@ +2) - (m+n)

from the singular points, we obtain many identities, for example,
from z = 0, we obtain the identity

nCQ nOn

O+ =2 (=)
R ) -
=— 1+1+1+ +l

- 2 3 n)’

We can derive many identities in this way.
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For the rational equation

2(x—1)
..
(x—1)(x+1)
we obtain the natural solution z = 1 by the division by zero
calculus. However, we did not consider so; that is, there is no

solution for the equation.
For the equation

r—4y+2z 2x+Ty—4z 4x+ 10y — 62

=k,
x Y z
from k = 1, we have the solution with parameter A
r=y=X\ z=2\
We obtain also the natural solution
r=y=2z=0.

However, then k£ = 0.

For the equation .

T-r=— (5.7)

(Nathaniel Andika: 2019.6.22.05:36 in Quora), we have the so-
lution = = 0.

On the history of mathematics, we have the nature that in
order to solve equations, we extended the number system; for
example, in order to solve the equation 22 = —1, we introduced
the complex numbers by introducing ¢. On this history, we
can consider that in order to solve the fundamental equation
(5.7) we introduced the division by zero 0/0 = 0 by giving the

meaning of  at the point x = 0.

We consider the expansions

y=axr+br? +exd+- (a#0)

95



and
v=Ay+By*+Cy° +---,

then we have

1
A=~
a
b
B == _$7
a®C = 2b* — ac,
and
a’D = 5abc — —a*d — 5b°,
and so on.

If @ = 0, then from

y=br’+ca®+---,

we have
bA% =0,20AB =0, --
and so,
y=0
and
=0
Therefore, all the constants a, b,c,--- ; A, B,C, - - - are zero. Hence,
1
A=-=0
0
and 0
B=——=0
0
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5.6 Inequalities
For the problem

1
= <0,
@)= =he =y
we have the solution
l<ax<?2

in the usual sense. However, note that by the division by zero
calculus

J1) = -1
and

F(2) = —1.

Therefore, we have the solution
1<x<2.

Meanwhile, we know

Growth Lemma ([72], 267 page) For the polynomial

P(z) = ao + a1z + ... + ap2"(ap,an # 0,n > 1)

we have the inequality with a sufficient r, for |z| > r

3
il < () < e

At the point at infinity, since P(z) takes the value ag, the
inequality is not valid more.

In the inequality

sin7x
<— <4 0<z<l
m x(l—z) — (0<z<1)

([1], page 75, 4.3.82), the function takes m at x = 0, 1 and so we
have the inequality
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sin Tx
< —— <4 (0<z<).
W_x(l—x)_ O=z<1)

Therefore, for inequalities, for the values of singular points
by means of the division by zero calculus, we have to check the
values, case by case.

5.7 We can divide the numbers and analytic func-
tions by zero

In the division by zero like 1/0,0/0 the important problem was
on their definitions. We will give our interpretation.

On based on the division by zero calculus, the meaning (def-
inition) of

~ =0
0

is given by f(0) = 0 by means of the division by zero calculus
for the function f(z) = 1/z. Similarly, the definition

0
2 =0
0
is given by f(0) = 0 by means of the division by zero calculus
for the function f(z) =0/z.
Of course, for any constant function f(z) = ¢, by the division

by zero calculus,
f(2)

z
For any ¢, we write it as follows:

|.=0 = 0.

as its definition. Here, we should not confuse with the result by
the division by zero calculus

z
*|z:0 =1
z
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In the division by zero, the essential problem was in the
sense of the division by zero (definition) z/0. Many confusions
and simple history of division by zero may be looked in [65].

In order to give the precise meaning of division by zero, we
will give a simple and affirmative answer, for a famous rule that
we are not permitted to divide the numbers and functions by
zero. In our mathematics, prohibition is a famous word for the
division by zero. It is a famous rule that we are not permitted
to divide the numbers and functions by zero. For this old and
general concept, we will give a simple and affirmative answer. In
particular, certainly we gave several generalizations of division,
however, we will wish to understand with some good feelings
for the division. We wish to know with some good feelings for
the sense of division. We wish to give a good meaning for the
division by zero.

For any analytic function f(z) around the origin z = 0 that
is permitted to have any singularity at z = 0 (of course, any
constant function is permitted), we can consider the value, by
the division by zero calculus

f(2)

ZTL
at the point z = 0, for any positive integer n. This will mean
that from the form we can consider it as follows:

f(2)

Zn

(5.8)

|z=0 . (59)
For example,

e’ 1
== o

In this sense, we can divide the numbers and analytic func-
tions by zero. For z # 0, % means the usual division of the
function f(z) by z".

The content of this subsection was presented by [82].
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5.8 Pythagorean theorem

In the well known parameter representation of the Pythagorean
theorem for a right angle triangle

a=m-+n,
2mn
b= ,
m—n
and
m? + n?
c=——,
m-—n

for the case of m = n, by the division by zero calculus, we have
the interesting result

a=b=c=2n.

5.9 Pompe’s theorem

Theorem([71]): Let ABC be an equilateral triangle and let G
be a point on the side AB. Points P and Q lie on the sides AC
and BC, respectively, and satisfy /PGC = ZQGC = /6. Let
a=/LAGP and B = ZBGQ. Denote by r1 and ro the inradii
of the triangles AGP and BGQ, respectively. Then

1 sin 2«

— = : 5.10
ro  sin2p ( )

We consider the case § = /2 in the sense of division by zero
and division by zero calculus. In this case the point G coincides
with B, then the triangle BQG degenerates to the point B, i.e.,
ro = 0. In this case the left side of (5.10) equals r1/0 = 0. Also
the right side equals sin2a/sin27 = sin2a/0 = 0. Therefore
(5.10) holds.
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On the other hand the right side of (5.10) is a function of
B; sin2(27/3 — B)/sin2B and

in2(2w/3 — 3 1
sin2(27/3 —x) £++:p

sin 2x N \/§

This implies that
1 sin 2« 1

ry  sin28 2

in the case § = 0 by division by zero calculus. The large circle
has radius ro = 2r; and center B = ). It is orthogonal to the
lines AB, BC and the perpendicular to AB at B. Therefore
the circle still touches the three lines, since tan(7/2) = 0, i.e.,
it is the circle of radius 2r1 touching the lines AB, BC and the
perpendicular to AB at B.

Note that for many cases, we can calculate the division by
zero calculus by MATHEMATICA, because it is just a coeffi-
cient of Laurent expansion.

For the beautiful figures and the details, see the original

paper ([41]).

5.10 Remainder theorem and division by zero cal-
culus

For the elementary theorem of remainder in polynomials we
recall the division by zero calculus that appears naturally in
order to show the importance of the division by zero calculus.
We found a very interesting question on the relation of the
remainder theorem and division by zero on 2019.10.22 at Atsu

Gake
Accademia Nuts: https://twitter.com/search?q=

On the good question, we stated our opinions to the site.
We feel that the question is very natural and the problem may
be contributed to a good understanding on the division by zero
calculus.
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The remainder theorem on polynomials may be stated as
follows:

For a polynomial f(z) when we look for the value f(a), we
divide it by the factor (x — a) as follows:

@)

r—a

=Q(z)---R
with the remainder R. Then we obtain

f(a) = R.

Here, it seems that we divided there the function f(x) by the
zero (r—a)|,—, that was proposed as a question there. However,
for the theorem there is no problem from the identity

f(z) = (z —a)Q(z) + R.

However, we would like to answer some general and good
view-point on this problem.

Among any polynomials (or generally, analytic functions) we
can consider the division; there we do not consider any singular
points and zero points. Except singular points and zero points,
of course, there is no problem for any division.

Now, by the division by zero calculus, we can consider the
values at singular points and there is no problem in the logic
for deriving the remainder theorem.

Indeed, in the identity

f(z) R

|x:a = Q(x”:c:a + 7’1‘:@7
r—a r —a

the identity

f(z)

r—a

le=a = f'(a) = Q(x)|r=a

is valid, by the division by zero calculus.
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6 General order differentials and division
by zero calculus

As a typical example, we recall the formula; for the function

y = logz,
we have, for general order n derivatives,

y(n) _ (_1)71—1 (n — 1)'

= o (6.1)
How will be the case for n = 0 in this formula? We will expect
that for n = 0, y = logxz. However, in this case (—1)! diverges
as I'(0). Here, we will show that this curious property may be
interpretated by the division by zero, precisely by the division
by zero calculus.

By using the identity (n—1)! = I'(n) and we obtain, around
n = 0, by considering an analytic function in n for I'(n)

1 1 9 9
I'(n) = - —7—1—5(67 + 1)+ ...

By the expansion

1
" =exp(—nlogz) =1—-nlogx + §n2(log x)2 4+

we obtain the result, by the division by zero calculus

0) _

y( logz + .

Here, the Euler constant v appears in an extra way as in an
integral constant.

For
y = arctanz,

we have the formula

y" = (n—1)!lcos" ysinn (y + g) .
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From the expansion

. T T
cosrysinn (34 T) = (5 + D)t O+

we have
+ T arctan x + T
vy 2

We consider the function
T
Yy = aarctan —.
a

Then, for z > 0

() _ (_qyn-1,_ (=D . a
Y (—1) a(a2 n x2)(”/2) sin (n arctan :n) .

For z < 0

my__, =1V a
Yy a(aQ n :172)("/2) sin (n arctan a:) .

From the expansion
b3n3
a "sinbn = (1 —nloga+n() +---) <bn— 4. ) 7
we have

a €T s
y™ = —garctan — = a (arctan ~+ —) .
x a

For the function

zrsin o
y = arctan —,
1—2zcosa
we have
—1)!
(n) _ (n—1)! i sin™
Yy s Sn n(a + y)sin” (a + ).
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For the function

) T sin o
= arctan —————
Y 1+zcosa’
we have
_1 (7’L— 1)! . .
y = (—1)" ~————sinn(a — y)sin" (a — y).

sin” «

For these functions, from the expansion

b33
a "sinbnsin™(cn) = (1—nloga+n?()+---) (bn T +-- >

(1= nloge+n?()+ ),

we obtain
y+a,
and
Yy — q,
respectively.
In connection with the problem, we will give interesting ex-
amples.
For the function
_ar+b
cx+d’
we have, in general
(ad — be)c 1

(n) — (-1 n—1 e
4 (="l (cx + d)ntt

For n = 0, however, y(© £ .

For the function
3 T
y=x lOg R
a
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we have, in general,

y(n) _ (_1)77,—46(2”__34)! (6.2)

For the case n = 0, by the expansion of I'(n — 3) at n =0

1 1
D(n—3) = <+ (67— 1) + (On+ -+,

we have 5

3 T
lo + —(6y — 11).

For the function

yn = 2" tlog z,

we have ( N
n—1)!
y =
Then, for n = 0, we have
i
x

and it is not yg. However, they are valid for n > 0.

In general order n derivative representations of functions,
when we consider negative orders, we have integral formulas for
some case.

For example, in (6.1), when we use the expansions

D) =~ + (= )+ O+ 1) -

and

1 2
x—n:m—(n—i—l)xlogx—i—()(n—i—l) +--

we have the formula

1 1
5;102 logz + 1(3 — 27)2?.
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In (6.2), from the expansions

1

Fn=3) = simsn T 28

5-129)+()(n+1)+---,

we obtain

L 4 3 4
—x"1 ——(25—12 .
1% loga 144(5 ¥)x

For the function

1
y = arctan —,
T

we have
y™ = (=1)"(n) sin ny sin” y.

For n = 0, by the division by zero calculus, we have y(©) = y.

Meanwhile, for n = —1, by the division by zero calculus, we
have cos
y(*l) _Y - y_ log sin y.
siny

By noting that y’ = —sin’y, we see that

(y(‘”)/ =y.

Why division by zero for zero order representations for some
general differential order representations of functions does hap-
pen?

6.1 Division by zero calculus and computers

On February 16, 2019 Professor H. Okumura introduced the
surprising news in Research Gate:

José Manuel Rodriguez Caballero
Added an answer
In the proof assistant Isabelle/HOL we have x/0 = 0 for each
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number x. This is advantageous in order to simplify the proofs.
You can download this proof assistant here:
https://isabelle.in.tum.de/

J.M.R. Caballero kindly showed surprisingly several exam-
ples by the system that

and others.

The relation of Isabelle/HOL and division by zero is un-
clear at this moment, however, the following document will be
interested in:

Dear Saitoh,

In Isabelle/HOL, we can define and redefine every function
in different ways. So, logarithm of zero depends upon our defini-
tion. The best definition is the one which simplify the proofs the
most. According to the experts, z/0 = 0 is the best definition
for division by zero.

tan(mw/2) =0
log0 =

is undefined (but we can redefine it as 0)
=1

(but we can redefine it as 0)
0°=1

(but we can redefine it as 0).
In the attached file you will find some versions of logarithms
and exponentials satisfying different properties. This file can
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be opened with the software Isabelle/HOL from this webpage:
https://isabelle.in.tum.de/

Kind Regards,

José M.

(2017.2.17.11:09).

At 2019.3.4.18:04 for my short question, we received:

It is as it was programmed by the HOL team.

Jose M.

On Mar 4, 2019, Saburou Saitoh wrote:

Dear José M.

I have the short question.

For your outputs for the division by zero calculus, for the
input, is it some direct or do you need some program???

With best regards, Sincerely yours,

Saburou Saitoh 2019.3.4.18:00

Furthermore, for the presentation at the annual meeting of
the Japanese Mathematical Society at the Tokyo Institute of
Technology:

March 17, 2019; 9:45-10:00 in Complex Analysis Session,
Horn torus models for the Riemann sphere from the viewpoint
of division by zero with [24],

he kindly sent the message:

It is nice to know that you will present your result at the
Tokyo Institute of Technology. Please remember to mention
Isabelle/HOL, which is a software in which x/0 = 0. This soft-
ware is the result of many years of research and a millions of
dollars were invested in it. If x/0 = 0 was false, all these money
was for nothing. Right now, there is a team of mathematicians
formalizing all the mathematics in Isabelle/HOL, where x/0 =
0 for all x, so this mathematical relation is the future of math-
ematics. https://www.cl.cam.ac.uk/ lp15/Grants/Alexandria/
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Surprisingly enough, he sent his e-mail at 2019.3.30.18:42 as
follows:

Nevertheless, you can use that /0 = 0, following the rules
from Isabelle/HOL and you will obtain no contradiction. In-
deed, you can check this fact just downloading Isabelle/HOL:
https://isabelle.in.tum.de/

and copying the following code

theory DivByZeroSatoih imports Complex Main

begin

theorem T: <x/0 + 2000 = 2000 for x :: complex by simp

6.2 Remarks for the applications of the division by
zero and the division by zero calculus

As the number system, we can calculus the arithmetic by the Ya-
mada field structure. However, for functions, the problems are
involved for their structures and we have also delicate problems
for the smoothness of functions. So, for applying the division
by zero calculus, we should consider and apply the division by
zero and division by zero calculus in many ways and check the
results. By considering many ways, we will be able to
see many new aspects and results obtained. By check-
ing the results obtained, we will be able to find new
prospects. With this idea, we can enjoy the division by
zero calculus with a free spirit without logical problems.
— For this idea, we may ask and consider what is mathematics?
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7 TRIANGLES, TRIGONOMETRIC
FUNCTIONS AND HARMONIC
MEAN

In order to see how elementary of the division by zero, we will
see the division by zero in triangles, trigonometric functions and
harmonic mean as the fundamental objects. Even the cases of
triangles, trigonometric functions and harmonic mean, we can
derive new concepts and results.

Even the case

sinx
tanx =

cosz’
we have the identity, for z = /2

0= 0
Of course, for identities for analytic functions, they are still
valid even at isolated singular points with the division by zero
calculus. Here, we will see many more direct applications of
the division by zero 1/0 = 0/0 = 0 as in the above with some
meanings.
Note that from the inversion of the both sides

cos
cotr = ——,
sin
for example, we have, for x = 0,
0 1
0

By this general method, we can consider many problems.

We will consider a triangle ABC with BC = a,CA =b,AB =
c. Let 0 be the angle of the side BC and the bisector line of A.
Then, we have the identity
c+b A

tan —, b <ec.
C_ban2 C

tanf =
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For ¢ = b, we have

tam@—z—tané
0 2’

Of course, 6 = 7/2; that is,

7r
tan — = 0.
an
Here, we used
% _,
5=
and we did not consider that by the division by zero calculus
ct+b 14 2b
c—b c—b
and for c=10
c+b 1
c—b

In the Napier’s formula

a+b tan(A+ B)/2
a—b tan(A— B)/2’

there is no problem for a = b and A = B.

Masakazu Nihei derived the result (H. Okumura sent his
result at 2018.11.29.10:06):

Let 8 be the angle of ADB for the midpoint D of BC. Then,
we have

2bcsin A
(b—c)(b+c)
Here, for b = ¢, of course, we have § = 7/2 and tan § = 0.
Similarly, in the formula

tanf =

b—c 1 b+c A_ 2

t -«
b+atan§+b—c an2 sin(B — C)’
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for b= ¢, B =C, and we have

0+ Ze tan 4 = 2,
0 2 0
that is right.
We have the formula
a2+ —c* tanB

a2 —b2+c2  tanC’

If a® +b? — ¢ = 0, then by the Pythagorean theorem C = /2.

Then,
0— tanB tan B

N tan% 0

Meanwhile, for the case a —b? +c¢? = 0, B = 7/2, and we have

a? 4+ b2 — 2 B tan 5 B
0 ~ tanC

In the formula

a2+ +c¢2 cosA cosB  cosC

2abc o b c
for the case a = 0, with b = ¢ and B = C' = 7/2 the identity
holds.
Meanwhile, the lengths f and f’ of the bisector lines of A
and in the out of the triangle ABC are given by

2bc cos %
 b+ec
and A
;o 2bcsin 5
b—c ’
respectively.

If b = ¢, then we have f/ = 0, by the division by zero.
However, note that, from

2
f/:2sin§ (C+bc—c>7

113




by the division by zero calculus, for b = ¢, we have
A
f = 2bsin§ =a.

The result f/ = 0 is a popular property, but the result f' = a is
also an interesting popular property. See [41].

Let H be the perpendicular leg of A to the side BC and let
E and M be the mid points of AH and BC, respectively. Let 6
be the angle of EMB (b > ¢). Then, we have

11 1
tanf tanC tan B’

If B=C, then § = 7/2 and tan(w/2) = 0.
In the formula

b2 + 2 — a?
A= ———
oS T )
if b or ¢ is zero, then, by the division by zero, we have cos A = 0.
Therefore, then we should understand as A = 7/2.
This result may be derived from the formulas

sinzé: (a—b+c)la+b—c)
4bc

and

A (a+b+c)(—a+b+c)
2 R p—
% dbe ’
by applying the division by zero calculus.
This result is also valid in the Mollweide’s equation

B—C': (b—c)cos%

sin 5 . ,
for a =0 as
0 (b—c)cosé
0
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Let r be the radius of the inscribed circle of the triangle
ABC, and 74, 7rg,rc be the distances from A, B, C to the lines
BC, CA, AB, respectively. Then we have

When A is the point at infinity, then, r4 = 0 and rg = rg = 2r
and the identity still holds.

We have the identities, for the radius R of the circumscribed
circle of the triangle ABC,

1
S:MTAzibcsinA
1 ,sinBsinC
—2a sin A
WC _ 9 R2gin Asin BsinC Latbto
= — = sinAsin BsinC =rs, s§=— c).
iR i i i s, 2a

If A is the point at infinity, then, S =s=7r4 =b =c¢ =0 and
the above identities all valid.

For the identity

r
tan — = ,
2 s—a

if the point A is the point at infinity, A = 0,s —a = 0 and
the identity holds as 0 = /0. Meanwhile, if A = 7, then the
identity holds as tan(7/2) =0 = 0/s.

In the identities

t + tB+ t t tB t
cot — + cot — + cot — = cot — - cot — - cot —

2 2 2 2 2 2
and

cot A+ cot B+cot C = cot A-cot B-cot C +cscA-cscB-cscC,

we see that they are valid for A=7m and B=C = 0.
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For the identity

cotzycotzo — 1

cot(z] + z9) = ,
( ! 2) cot z1 + cot 29

for z;1 = z9 = /4, the identity holds.
For a triangle, we have the identity

cot A + cot(B + C) = 0.

For the case A = /2, the identity is valid.
For the identity

tanA+tan B +tanC =tan A -tan B - tan C,

for A = 7 /2, the identity is valid.
In the sine theorem:

a b c
sinA  sinB sinC
for A=n, B=C =0 and then we have

2R,

In the formula

cos Acos B n cos B cosC N cosCcos A sin? A

ab be ca a?

fora=0,A=0,b=c, B=C=mr/2, the identity is valid.
In the formula

abc
=15
for S = 0, we have
R=0
(H. Okumura: 2017.9.5.7:40).
In the formula
2
cos A+ cosB = M sin? %,
c
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for ¢ = 0, we have b = c and A = B = /2 and the identity is
valid.

In a triangle ABC, let H be the orthocenter and J be the
common point of the three perpendicular bisectors. Then, we
have

a
AH=d, = ——
" tanA
and
the distance of J to the line BC' = h, = a4 .
2tan A

For A = m/2, we have that d, = he =0 (V. V. Puha:
2018.7.12.18:10).

In a triangle ABC, let X be the leg of the perpendicular line
from A to the line BC and let Y be the common point of the
bisector line of A and the line BC. Let P and Q be the tangen-
tial points on the line BC with the incircle of the triangle and
the inscribed circle in the sector with the angle A, respectively.

Then, we know that
XP_XQ

PY QY
If AB = AC, then, of course, X=Y=P=Q. Then, we have

Let X, Y, Q be the common points with a line and three lines
AC, BC and AB, respectively. Let P be the common point with
the line AB and the line through the point C and the common
point of the lines AY and BX. Then, we know the identity

AP _ BP
AQ  BQ
If two lines XY and AB are parallel, then the point Q may be

considered as the point at infinity. Then, by the interpretation
AQ = BQ = 0, the identity is valid as
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AP BP

0.
0 0
For the tangential function, note the following identities.

In the formula

0 sin 0 1—cosf
tan - = ——— =+ ——,
2 1+ cosf 1+ cosf

for § = m, we have that 0=0/0.
For the inversions and from z = 0, we have

1 2 2
0 0 \/; 0

sin(z1 + 22)
sin z; sin 2

In the formula
tan z; &+ tan zo =
for zy = m/2, z9 = 0, we have that 0=1/0.
In the formula

T 1++1—sin?z
tan — = - ,
2 sin x

for x = w, we have

0
0=-.
0
In the elementary identity
tan o + tan 3

t - o ARE
an(a + ) 1 —tanatan’

for the case o = 8 = w/4, we have

1+1 2
o L2
2 1-1-1 0

Further note that it is valid for a + 8 =0 and a + § = 7/2 (H.
Okumura: 2018.8.7.8:03). Furthermore, the formula
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1 1
tan(oc—i—ﬁ) _ tanolz tan 8 7
tanatanf 1
is valid for « = 7/2 or f§ = 7/2 and for o« + f = 7/2 (H.
Okumura: 2018.7.11.21:05).
In the identity

1 —sin« 1
- = — tan a,
\/ 1+ sina Ccos «v

for « = /2, we have

0= 1 0
=3 )
For the double angle formula
tan 2 2tan o
an2q = ————
1 —tan?a’
for a = w/2, we have that
2-0
0=——.
1-0

In the identity

2 tan o — tan>

tan3a =
1—3tan?a '’
for a = /6, we have
T
tan 7= 0,
that is right.
In the identities
1+ cosx _ sinx
sinz  1—cosz
and
1 —cosx T
_— = an —
sin x 2
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for x = 0, we have the identity

0
~=0.
0

In the identities

sin 2z + ¢ sinh 2y
cos 2x + cosh 2y

tan(z + iy) =

and
sin 2z — i sinh 2y

t y) =
cot(z +iy) cosh 2z — cos 2x

for z = w/2,y = 0, they are valid.
In the identity

\/3 [
arctan4/ — = arcsin4{/ ——,
a a-+b

for a = 0, the identity is valid.
We can find similar interesting identities in the following
identities:

sin3x +sinx

———————— = tan 2z,
cos3x + cosx
sin3x + sinx
————— = —cotz
COS 3x — Cos &
and . )
sin3xz — sinx
=tanx

cos 3x + cosx

(H. Okumura: 2019.1.31 and the first one is obtained by M.
Nihei).

We consider a triangle ABP with A(—a,0), B(a,0), P(x,y)
with @ > 0. Then we have

1rx+a

/ZQPA = tan
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and
y—a

Y

ZQPB = tan™!

For y = 0, we obtain

/QPA = tan™! xT—HL =tan 10 = g

and
/QPB = tan™! xo—a — tan10 = g

In addition, M. Nihei remarked the following identities through
H. Okumura (2018.7.8.12:12; 2019.1.31):

sin 2x 1 —cosx
= — =tanz,
1+ cosx sin 2x
1 + sin 2z + cos 2x
- =cotz,
1 + sin 2x — cos 2x
sin 2x 1+ cos2x ¢
= =cotx
1 — cos 2z sin 2 ’
and in a triangle
2 2 2
cot A+ cot B+ cotC = e Ty e +4S+C .

Consider the case x = 7/2 in the above two formulas and in the
triangle, consider the case A = 7/2.

We recall that the harmonic mean H(a,b) for non zero real
numbers a, b is given by

2

H(a,b) = , 7.1

@)= (7.1
or o
a

H(a,b) = . 7.2

(a,) a+b (7.2)

Here, we wish to consider, for example, for b = 0. When we use
the representation (7.2), then we have H(a,0) = 0, however,
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when we use the presentation (7.1), we have H(a,0) = 2a, by
the division by zero. We would like to show that the result in
this case should be that

H(a,0) = a. (7.3)

Our interpretation for this result is given by the following way.

At first, by the division by zero

H(a,0) = 2__ 2a
R EY

However, in this case the number 2 means the harmonic
mean for two numbers and in this case 0 means that the zero
term does not exist; that is, nothing or void and so, we should
replace by one for two. Then, we will have our interpretation.
In the sequel, we will show this interesting phenomena in several
geometric properties which show interesting new phenomena on
Euclidean geometry.

Quadrilateral case

The common point of the line y = bx and y = —azx + a
(a,b>0)is (a/(a+b),ab/(a+b)).

For the function y = bz, if b = 0, then we have y = 0 and
we have H/2 = 0.

However, for the function y = bz, if b = 0, from y/b = = and
the division by zero, we have z = 0 and then, H/2 = a.

Triangle case

We consider the line passing two points (a,0) and (0,b)
(a,b > 0). Then for the distance h from the origin to the line is
given by

s a®h?
RirEE

For the line
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for b = 0, we have x = a, by the division by zero. Then, we can
consider that h = a. Meanwhile, from the equation bz +ay = ab
and for b = 0, we have y = 0. Then, we have h = 0.

Trapezoid case

We consider the trapezoid surrounded by the 4 lines y axis,
x axis, y = 2r (r > 0) and the tangential line of the circle
(x —7)2+ (y — )% =72 Let (a,0) be the common point with
the x axis and the tangential line and let (b, 2r) be the common
point with the tangential line and the line y = 2r. Then, we
have

The inscribed circle in the trapezoid is given by

(a4 b)*(x® + y*) — 2ab(a + b)(x + y) + a®b* = 0.
By dividing by b?, we have, by the division by zero

(x —a)? + (y —a)?® =d> (7.4)

By dividing by b, we have, by the division by zero

-39 (H)

For b = 0, we have

22 +4% =0. (7.6)

In the cases (7.4) and (7.6), H/2 may be looked as a and 0,
respectively and for (7.5), the result may be looked curiously.

Semi-circle case

For a fixed a > 0 and for b > 0, we consider the semi-circle

22— (a+b)x+y*=0. (7.7)

123



The distance to the line connecting the points ((a+b)/2,0) and
the common point with the circle and the line x = a from the
point (a,0) is given by

2

H(a,b) = n

(7.8)

Q=
=

For b = 0, we have the circle
2 2
(+-3) +v=(3)"- (7.9)

This means that H = 0.

However, by dividing the circle by b, by the division by zero,
we have x = 0; this means that H/2 = a.

For the harmonic mean, its source is taken from [64].

V. V. Puha gave the beautiful definition of the harmonic
means with the good notation as follows:

n T
H(zy,29,...,2p) = g:]n:le
j=1z;
(2018.6.4.7:22).
For the formula, for any positive constants
ab(a’ +V)

aa’ + bt + cc ;
which has a beautiful geometry interpretation, for a = a’,' = 0
it is b. However, from

ab(1/¥ +1/a’)

a/b/ +b/a + 1’

or
ab(a'/b' 4+ 1)
aa' /b +b+a’
by the division by zero, we have
ab
a+b

which has a beautiful relation with the general case (H. Oku-
mura: 2019.3.9.8:40).
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8 DERIVATIVES OF A FUNCTION

On derivatives, we obtain new concepts, from the division by
zero calculus. At first, we will consider the fundamental prop-
erties. From the viewpoint of the division by zero, when there
exists the limit, at =

fl@+h) - f(x)

") = 1i = 1
/() = lim T2 % (8.1)
or
f'(z) = —o0, (8.2)
both cases, we can write them as follows:
f'(z)=0. (8.3)

This definition is reasonable, because the point at infinity is
represented by 0.

This property was also derived from the fact that the gradi-
ent of the y axis is zero; that is,

tang =0, (8.4)

that was looked from many geometric properties in Section 6
and in [41], and also in the formal way from the result 1/0 =
0. Of course, by the division by zero calculus, we can derive
analytically the result, because

1 1 1
t =t (7)) + —=(z—7/2%+ - .
an x—7r/2+3(1: 7r/)+45(x T/2)° +
From the reflection formula of the Psi (Digamma) function
1
1—2)=
91— 2) = 9(z) 7

([1], 258), we have, for z = 1/2,

m
tan — = 0.
an2
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Note also from the identity

1 _ tanmz

v(1—z) =) 7

we have

and
1

e 73) =

We will look this fundamental result by elementary func-
tions. For the function

y=v - 5627
, -
Y Nii
and so,
[V]e=1 =0, [y]a=—1=0.

Of course, depending on the context, we should refer to the
derivatives of a function at a point from the right hand direction
and the left hand direction.

Here, note that, for z = cos#,y = sin 6,

@—@ d—x _1——cot9
de  df \ db - '

Note also that from the expansion

1 = 1 1
ty=— - 8.5
cot z Z+ Z <z—y7r+l/7r> (8.5)

v=—00,v#0

or the Laurent expansion

o0
(_1)n22n32n 2n—1
cot z = Z WZ” )

n=—oo
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we have
cot0 = 0.

Note that in (8.5), since

( 1 1) 1
+ — =-,
z—vm vmW ), 2

we can write it simply

+o00 1 1
cotz = Z <z—1/7r+1/7r>'

V=—00

We note that in many and many formulas we can apply this
convention and modification.
The differential equation

x
y =—-
)

with a general solution

22442 =
is satisfied for all points of the solutions by the division by zero.
However, the differential equations

z+yy =0, y’%z—l

are not satisfied for the points (—a,0) and (a,0).

In many and many textbooks, we find the differential equa-
tions, however, they are not good in this viewpoint.

For the function y = log x,

~—

1
y ==, (8.6)

T

and so,
[v/]4=0 = 0. (8.7)



For the elementary ordinary differential equation

dy 1
e = —

=a = x>0, (8.8)
how will be the case at the point x = 0?7 From its general

solution, with a general constant C
y=logxz+ C, (8.9)

we see that .
y’(O) = [} =0, (8.10)
T =0

that will mean that the division by zero 1/0 = 0 is very natural.

In addition, note that the function y = logx has infinite
order derivatives and all values are zero at the origin, in the
sense of the division by zero calculus.

However, for the derivative of the function y = logx, we
have to fix the sense at the origin, clearly, because the function
is not differentiable in the usual sense, but it has a singularity
at the origin. For x > 0, there is no problem for (8.8) and (8.9).
At x = 0, we see that we can not consider the limit in the usual
sense. However, for x > 0 we have (8.9) and

. / _
xgnﬁo (logz) = +o0. (8.11)

In the usual sense, the limit is 400, but in the present case, in
the sense of the division by zero, we have the identity

[(log x)/] w0 =0
and we will be able to understand its sense graphically.

Note that the function

1
y=ar+b+ —
x
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and its derivative 1

Y =a— Pt
Then, the tangential approximate line at = 0 of the function
is the y axis and so the gradient of the function at the origin
may be considered as zero, however, the derivative at the origin
in the our sense at the singular point is a.

However, note that the gradients of the tangential lines of
the curve converge to a when = tends to +oo, and the origin
and the point at infinity are coincident; that is the curve has
two tangential lines at the origin (at the point at infinity) and
their gradients are zero and a.

By the new interpretation for the derivative, we can arrange
the formulas for derivatives, by the division by zero. The for-

dr  (dy -t
e _ () o2

is very fundamental. Here, we considered it for a local one to one
correspondence of the function y = f(z) and for nonvanishing
of the denominator

mula

dy
e 0.
However, if a local one to one correspondence of the function
y = f(x) is ensured like the function y = x3 around the origin,
we do not need the assumption (8.13). Then, for the point
dy/dx = 0, we have, by the division by zero,

(8.13)

dzx

d7y =
This will mean that the function = g(y) has the zero derivative
and the tangential line at the point is a parallel line to the y-
axis. In this sense the formula (8.12) is valid, even the case
dy/dz = 0. The nonvanising case, of course, the identity
dy dz

— =1 8.14
dxr dy ( )
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holds. When we put the vanishing case, here, we obtain the
identity
0x0=1, (8.15)

in a sense. Of course, it is not valid, because (8.14) is unclear
for the vanishing case. Such an interesting property was referred
to by M. Yamane in ([36]).

In addition, for higher-order derivatives, we note the follow-
ing properties. For a function y = f(z) € C® whose higher-
order derived functions of the inverse function x = g(x) are
single-valued, we note that the formulas

oy (dy\”
dy?  d2? \dx

da_ |dydy o ( @y (a7
dy3 dz? dx dx? dz

are valid, even at a point xy such that

f(@o) = o, f'(x0) =0

and

as dQ d3
xr X
dTJQ(yo) = diyg(yO) =0.

Furthermore, the formulas

(1>’__f’
[V

<1>” _ 2 - ff

/ IE
<1> GRS =B — A
7 3 |
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..., and so on, are valid, even the case

f($0) = 07
at the point xzg.

In those identities in the framework of analytic functions, at
first we consider their formulas except singular points and then,
following the definition of division by zero calculus at singular
points we consider the valid identities. For the case of functions
that are not analytic functions, we have to consider case by case
at singular points by division by zero or division by zero calculus
idea and we have to check the results.

The derivative of the function

(@) = Va(Ve+1)
f’(fc)=2;95(\/95+1)+\/5-2;E
L ve
TaE Ve

VT

is valid at even the origin by using the function Vi (V. V. Puha:

x
2018. June). He derived such formulas by using the function

In particular, note that the division by zero calculus is not
almighty. The notation

Az) x 0 forz=0
r)=—=
1 forxz#0

will be convenient in connection with the Dirac delta function

o(x).

Thales’ theorem
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We consider a triangle BAC with A(—1,0),C(1,0),£ZBOC =
0;0(0,0) on the unit circle. Then, the gradients of the lines AB
and C'B are given by

sin 6
cosf +1

and )
sin 6

cosfh —1’

respectively. We see that for § = m and § = 0, they are zero,

respectively.
Indeed,
sinx 2 Tr—T

v + + e
cosr + 1 r—m 6

and .

sinz 2 n T n
cost—1 x 6

Implicit functions

In the function y = y(z) defined by a differentiable implicit
function f(z,y) = 0, we have the formula

d$ fy('rvy)

If fy(a,b) =0, then the tangential line through the point (a, )
of the function is given by

fz(a,b)(x —a) + fy(a,b)(y —b) =0,

that is

Then we have
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9 DIFFERENTIAL EQUATIONS

From the viewpoint of the division by zero calculus, we will see
many incompleteness mathematics, in particular, in the the-
ory of differential equations at an undergraduate level; indeed,
we have considered our mathematics around an isolated singu-
lar point for analytic functions, however, we did not consider
mathematics at the singular point itself. At the isolated sin-
gular point, we considered our mathematics with the limiting
concept, however, the limiting value to the singular point and
the value at the singular point of the function are, in general,
different. By the division by zero calculus, we can consider the
values and differential coefficients at the singular point. From
this viewpoint, we will be able to consider differential equations
even at singular points. We find many incomplete statements
and problems in many undergraduate textbooks. In this section,
we will point out the problems in concrete ways by examples.

This section is an arrangement of the papers [3] and [72]
with new materials.

9.1 Missing a solution

For the differential equation
2zydr — (2 — y*)dy = 0,
we have a general solution with a constant C'
2 9% =20y.
However, we are missing the solution y = 0. By this expression

2 2
e +y
= 2y,
C{ y

for C' = 0, by the division by zero, we have the missing solution
y = 0.
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For the differential equation
z(y)? —2yy —2 =0,
we have the general solution
C%x?2 —20y—1=0.
However, x = 0 is also a solution, because
zdy? — 2ydydz — xdz® = 0.

From
9 2y I
c oz 7
by the division by zero, we obtain the solution.
For the differential equation

2y::cy'—£

77

we have the general solution

1
20 = Ca? — =.
y -5

For C = 0, we have the solution y = 0, by the division by zero.
For the differential equation

(2* = a®)(y')* = 2zyy —a® =0,

we have the general solution

y:Cx2—<azC+410>.

For C = 0, y = 0, however, this is not a solution. But, this is
the solution of the differential equation

($2 —a2)(y/)2 _ r 22 -0
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For the differential equation
ydx + (z*y> + x)dy = 0,
we have the general solution

Ly
—— =C.
a:y+ 2

Of course, we have the solution y = 0.
For the differential equation
(322 — 1)dy — 3zydx = 0,
we have the general solution
322 4+2=Cy? +3.

From )
3T° + 2 9 3
=y’ + =,
c Y7Tc
we have the solution y = 0, by the division by zero.

9.2 Differential equations with singularities

For the differential equation

Yy
y/ =~
X

we have the general solution

C
Yy=—_
x
From the expression
xdy + ydzr = 0,

we have also the general solution



Therefore, there is no problem for the origin. Of course, z =0
and y = 0 are the solutions.
For the differential equation

20 —y
,: 9.1
V= (9.1)

we have the beautiful general solution with constant C
222 — 22y + 9% = C. (9.2)

By the division by zero calculus we see that on the whole points
on the solutions (9.2) the differential equation (9.1) is satisfied.
If we do not consider the division by zero, for y = x(# 0), we
will have a serious problem. However, for x = y # 0, we should
consider that ¢/ = 0, not by the division by zero calculus, but
by 1/0 = 0.

For the differential equation

y/ _ 2xy

72 — o2

and for the general solution
'rQ + (y - 0)2 = OQ?

there is no problem at the singular points y = x.
For the differential equation

vy =y +,
we have the general solution with constant C
=
YT o

At the point x = C, the equation is satisfied by the division by
zero 1/0 = 0, not the division by zero calculus.
For the differential equation

4

by = 2t — 2y + 297,
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we have the general solution with constant C

fL'2 X
= 2(9:++C’C) (9:3)

Note that we have also a solution x = 0, because,
dy = (zt — 2%y + 2% dx.

In particular, note that at (0,0)

y’(O) = 0’

and the general solution (9.3) has the value

1\ 1,
(120) =5

by the division by zero calculus. For C tending to oo in the
general solution, we have the solution y = 2. Then, if we
understand C = 0, we see that the property of the solution is
valid.

9.3 Continuation of solution
We will consider the differential equation

d
d—f = 22 cost. (9.4)

Then, as the general solution, we obtain, for a constant C'

1

r=—-——
C —sint

For zy # 0, for any given initial value (¢g,x¢) we obtain the
solution satisfying the initial condition
1

T = . 9.5
sinto+%—sint (9:5)
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If

1
sintg + —| < 1,

Zo
then the solution has many poles and L. S. Pontrjagin stated in
his book that the solution is disconnected at the poles and so,
the solution may be considered as infinitely many solutions.

However, from the viewpoint of the division by zero, the so-
lution takes the value zero at the singular points and the deriva-
tives at the singular points are all zero; that is, the solution (9.5)
may be understood as one solution.

Furthermore, by the division by zero, the solution (9.5) has
its sense for even the case o = 0 and it is the solution of (9.4)
satisfying the initial condition (g, 0).

We will consider the differential equation
v =y
For a > 0, the solution satisfying y(0) = a is given by
1

I_,
a

y:

Note that the solution satisfies on the whole space (—o0, 4+00)
even at the singular point x = é, in the sense of the division by

Z€ro, as
1 1

JOROR
a a

9.4 Singular solutions
We will consider the differential equation
(1 —y*)de = y(1 — z)dy.

By the standard method, we obtain the general solution, for a
constant C' (C # 0)

(z — 1)

+y* =1
C y



By the division by zero, for C' = 0, we obtain the singular
solution

y = +£1.
For the simple Clairaut differential equation
1 dy
Yy =px + ™ =
P dx
we have the general solution
Cx + ! (9.6)
=Czr+ —, .
Y C

with a general constant C' and the singular solution
y? = 4.

Note that we have also the solution y = 0 from the general
solution, by the division by zero 1/0 = 0 from C' =0 in (9.6).

9.5 Solutions with singularities

1). We will consider the differential equation

/ y2

T 2%

We will consider the solution with an isolated singularity at a

point a taking the value —2a in the sense of division by zero.
First, by the standard method, we have the general solution,

with a constant C'

Y

2z

- 1+42Cx’

From the singularity, we have, C' = —1/2a and we obtain the
desired solution

Y

2ax

y= :
a—x

= —Z2a — s
a—x Tr—a




we see that it takes —2a at the point a in the sense of the division
by zero calculus. This function was appeared in ([40]).

2). For any fixed y > 0, we will consider the differential

equation

OE(z,y) y2d?

for 0 < x < y. Then, note that the function

Y
E(z,y) = v—a d* + (y — x)?

satisfies the differential equation satisfying the condition

[E(‘Tﬂ y)]xiy = 07

in the sense of the division by zero. This function was appeared
in showing a strong discontinuity of the curvature center (the
inversion of EM diameter) of the circle movement of the rotation
of two circles with their radii = and y in ([40]).

3). We will consider the singular differential equation

d®>y 3dy 3

da? "z dx
By the series expansion, we obtain the general solution, for any
constants a, b

a

We see that by the division by zero

The solution (9.8) has its sense and the equation is satisfied
even at the origin. The value 3/(0) = b may be given arbitrary,
however, in order to determine the value a, we have to give some
value for the regular point x # 0. Of course, we can give the
information at the singular point with the Laurent coefficient
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a, that may be interpreted with the value at the singular point
zero. Indeed, the value a may be considered at the value

[y(2)2°]a=0 = a.

4). Next, we will consider the Euler differential equation

dy  dy
2
— +4r—= +2y =0.
z dr2 + 4z I + 2y
We obtain the general solution, for any constants a,b
a b
y=—-+—=.
x T

This solution is satisfied even at the origin, by the division by
zero and furthermore, all derivatives of the solution of any order
are zero at the origin.

5). We will note that as the general solution with constants
0727 Cfla CO

we obtain the ordinary differential equation

x2y/1/ + 6:Uy” + 6y/ — 0

6). For the differential equation
y =y’ (2z - 3),

we have the special solution

1
(@—D2—2)
on the interval (1,2) with the singularities at x = 1 and = = 2.
Since the general solution is given by, for a constant C,

1
2243z +C’
we can consider some conditions that determine the special so-
lution.

y:

y:
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9.6 Solutions with an analytic parameter

For example, in the ordinary differential equation
Y + 4y + 3y = 5e 37,

in order to look for a special solution, by setting y = AeF* we
have, from
y// +4y/ + Sy — 56]?2’

5eke
YT Rkt
For k = —3, by the division by zero calculus, we obtain

and so, we can obtain the special solution

_ 5 —3x
Y= 23:6 .

For example, for the differential equation
y" + a’y = bcos Az,

we have a special solution

Yy = mCOS)\.’E.

Then, for A = a (reasonance case), by the division by zero
calculus, we obtain the special solution

bx sin(ax) N b cos(ax)
2a 4a?

y:

Indeed, we have the expansion

bcos(ax bz sin(ax bcos(ax
:_2a(>\(—a))+( 2(1( = 4(1(2 )>+(')(A_a)+m‘
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The Newton kernel, for N > 2,

1
T 2N
and )
a(z,y) = 5 logla —yl,
where N2
2
“N T NT(N/2)

From I'y(z,y), by the division by zero calculus, we have

1 1
glog\x -yl + E(’Hlogﬂ),

where 7 is the Euler constant.

For the Green function G y(z,y) of the Laplace operator on
the ball with its center at a and its radius r on the Euclidean
space of N(N > 3) dimension is given by

- . 1 N-2
Gnte) = o= - (i)

where y* is the inversion of y

y*_a:<”yjau)2<y_a>.

By N = 2, we obtain the corresponding formula, by the division
by zero calculus,

Gaton) =t (=)

ro z =yl

([4], page 91).

We can find many examples.
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9.7 Special reductions by division by zero of solu-
tions

For the differential equation
y' —(a+b)y +aby = e, c# a,b;a # 0,

we have the special solution

eCCE

YT e ae—b)

If ¢ = a(# b), then, by the division by zero calculus, we have

xeaac

a—1b

y:

If ¢ = a = b, then, by the division by zero calculus, we have
x2ea:p

2

y =
For the differential equation

d2 + dx + kx =
"z T

we obtain the general solution, for v? > 4mk
z(t) =e ™ (C’leﬁt + C’ge_ﬁt)

with

and
8= \/’y — 4mk.

For m = 0, by the lelSlOIl by zero calculus we obtain the rea-
sonable solution o =0 and 3 = —k/~.
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We will consider the differential equation, for a constant K
y = Ky.

Then, we have the general solution

For the differential equation

y=mi(i-2),

we have the solution

)= y(0)eXt
= OEE—1)
1+ £205—

If R =0, then, by the division by zero, we obtain the previous
result, immediately.

We will consider the fundamental ordinary differential equa-
tion

2(t) = g — ka' (2)

with the initial conditions
z(0) = —h,2'(0) = 0. (9.9)
Then we have the solution

fkt_l

Then, for k = 0, we obtain, immediately, by the division by zero
calculus

1
x(t) = igt2 — h.

For the differential equation



satisfying the same condition with (9.9), we obtain the solution
2
L
= —Jog~— 7
2l = g o8 o
Then, for £ = 0, we obtain

—h.

1
x(t) = igt2 — h.

immediately, by the division by zero calculus.
For the differential equation

ma"(t) = —mg — r2'(t),

the solution satisfying the conditions z(0) = g, 2'(0) = vg is
given by
g r
x(t) = —=mt + A+ Bexp <——t) ,
r m

with m rm
A=az9o—B,B=-" (—g+v0).
T r

For » = 0, by the division by zero calculus, we have the reason-
able solution

1
z(t) = —5975 + vot + xo.
For the differential equation
2"(t) = —g + k(2'())?

satisfying the initial conditions

we have

(1) = /2 tanl/Ft — ),

a = tan ! ﬁV
g
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and the solution

o(t) = 1 log cos (VEgt — )

k Cos a ’
Then we obtain for £ = 0, by the division by zero calculus
P(t)=—gt+V
and .
z(t) = _ith + Vt.

We will consider the typical ordinary differential equation
ma' (t) = mg — m(\a’(t) + p(a'(1))?),

satisfying the initial conditions

Then we have the solution

A VAR dpg
z(t) = o i+

1 A+ VA2 +4
logl(—~— 2 T exp(—v/N + dugt)
+)\—|-\//\2+4,ug) I ]

21 NoXET TS

Then, if 4 = 0, we obtain, immediately, by the division by zero
calculus

g, 1 _ g
x(t):Xt—i_ﬁW )‘t—ﬁ.

Furthermore, if A = 0, then we have

1
x(t) = 59152.
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We can find many and many such examples. However, note
the following fact.
For the differential equation

y/l/ _|_ a?y/ — O,
we obtain the general solution, for a # 0
y = Asinax + Bcosax + C.

For a = 0, from this general solution, how can we obtain the
corresponding solution

y = Az® + Bx + C,

naturally?
For the differential equation

y = ae’y’ +afey + Af,
we obtain a special solution, for a # 0

A
y=—2e
a

For a = 0, from this solution, how can we obtain the corre-
sponding solution
y=Afz+C,

naturally?

9.8 Partial differential equations

For the partial differential equation
ow 0w ow
5 = Yo + bxa—x + (cz + d)w,

we have a special solution
_ c d ac?
w(z,t) = exp —Bx—f— —|—b—2 t.
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For b = 0, how will be the corresponding solution? If b = 0,

then ¢ = 0 and
c_0_,
b 0

and we obtain the corresponding solution.
For the partial differential equation

ow 0w
e e pt
5 = Yan2 + (be”" + c)w,

we have special solutions

w(z,t) = (Ax + B) exp [geﬁt + ct] ,

b
w(z,t) = A(x? + 2at) exp [Beﬁt + ct] ,
and

b
w(z,t) = Aexp [)\x + a\’t + Beﬁt + ct] :

Then, we see that for 8 = 0, by the interpretation

1Bt:| =t
[ﬁe a0

we can obtain the corresponding solution.
For the partial differential equation

ow 0*w
g Bz
5 = Ya.2 + (bze”” + c)w,

we have a special solution
b b2
w(z,t) = Aexp [5.@6& + ;7[33

Then, for § = 0, by the interpretation

|:1,€6t:| = fltj,
B B=0 J!
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we can obtain the corresponding solution.
However, the above properties will be, in general, compli-
cated.
For the partial differential equation
ow 0w
o Yo T

we have the fundamental solution

1 z2
w(a:,t):2mexp —M—H}t )

For a = 0, we have the corresponding solution

bw,

w(zx,t) = exp bt.
For the factor
1 ( z? )
2v/mat P\ " dat
we have, for letting a — 0,
6(x),

meanwhile, at a = 0, by the division by zero calculus, we have
0 that is a solution of the corresponding equation for a = 0. So,
the reduction problem is a delicate open problem.

For the partial differential equation

ou_ ot
Ot _aaazQ

we have a special solution

1 1
w(z,t) = exp [\/ExQ + §ct2 + (Vab+d)t
a

+ (=bx? + ct + d)w,

2

For a = 0, how will be the corresponding solution? Since we
have the solution

1
w(z,t) = exp [—bx2t + 50752 + dt] ,
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for the factor

1 /b

2V a
we have to have

—bz’t.

9.9 Hadamard’s example - ill-posed problems

The following example is famous with its ill-posed problem in
general inverse problems:

We will consider the initial value problem of the Laplace
operator Au = 0 satisfying the initial conditions

sinnx
uw(z,0) =0, uy(z,0)=gn(z) = FOR
Then, we obtain the solution
sinh y sin nx
u(z,y) = —2 o "= 1,2,3,....

Of course, for n = 0, we have the trivial solution, by the division
by zero calculus, because go(x) = 0 and u(z,y) = 0.

9.10 Open problems

As important open problems, we would like to propose them
clearly. We have considered our mathematics around an iso-
lated singular point for analytic functions, however, we did not
consider mathematics at the singular point itself. At the isolated
singular point, we consider our mathematics with the limiting
concept, however, the limiting values to the singular point and
the values at the singular point in the sense of division by zero
calculus are, in general, different. By the division by zero cal-
culus, we can consider the values and differential coefficients at
the singular point. We thus have a general open problem dis-
cussing our mathematics on a domain containing the singular
point.
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We referred to the reduction problem by concrete examples;
there we found the delicate property. For this interesting prop-
erty we expect some general theory.
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10 EUCLIDEAN SPACES AND
DIVISION BY ZERO

In this section, we will see the division by zero properties on
the Euclidean spaces. Since the impact of the division by zero
and division by zero calculus is widely expanded in elementary
mathematics, here, elementary topics will be introduced as the
first stage.

10.1 Broken phenomena of figures by area and vol-
ume

The strong discontinuity of the division by zero around the
point at infinity will appear as the destruction of various fig-
ures. These phenomena may be looked in many situations as
the universal one. However, the simplest cases are the disc and
sphere (ball) with their radius 1/k. When £ — +0, the ar-
eas and volumes of discs and balls tend to +o00, respectively,
however, when x = 0, they are zero, because they become the
half-plane and half-space, respectively. These facts may be also
looked by analytic geometry, as we see later. However, the re-
sults are clear already from the definition of the division by
Zero.

The behavior of the space around the point at infinity may
be considered by that of the origin by the linear transform W =
1/z (see [2]). We thus see that

lim z = oo, (10.1)
zZ—00

however,
[2] 2200 = 0, (10.2)

by the division by zero. Here, [z].—o denotes the value of the
function W = z at the topological point at the infinity in one
point compactification by Aleksandrov. The difference of (10.1)
and (10.2) is very important as we see clearly by the function
W = 1/z and the behavior at the origin. The limiting value to
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the origin and the value at the origin are different. For surprising
results, we will state the property in the real space as follows:
lim x = +o0, lim == —o0,
T—r—+00 T—r—00
however,
[#]400 =0, [#]-00 = 0.
Of course, two points +o0o and —oo are the same point as the
point at infinity. However, + will be convenient in order to
show the approach directions. In [41], we gave many examples
for this property.

In particular, in z — oo in (10.1), oo represents the topo-
logical point on the Riemann sphere, meanwhile oo in the left
hand side in (10.1) represents the limit by means of the € - §
logic. That is, for any large number M, when we take for some
large number N, we have, for |z| > N, |z| > M.

10.2 Parallel lines
We write lines by
Ly :apx+bry+c=0,k=1,2.

The common point is given by, if a1bs — asby # 0; that is, the
lines are not parallel

bica — bact ascy — arco
arby — aghy’ ajby —aghy )

By the division by zero, we can understand that if a1bs —asby =
0, then the common point is always given by

(07 0)’

even two lines are the same. This fact shows that the image of
the Euclidean space in Section 3 is right.

In particular, note that the concept of parallel lines is very
important in the Euclidean plane and non-Euclidean geometry.
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With our sense, there are no parallel lines and all lines pass the
origin. This will be our world on the Euclidean plane. However,
this property is not geometrical and has a strong discontinuity.
This surprising property may be looked also clearly by the polar
representation of a line.

We write a line by the polar coordinate

B d
~ cos(f —a)’

where d = OH > 0 is the distance of the origin O and the line
such that OH and the line is orthogonal and H is on the line, «
is the angle of the line OH and the positive x axis, and 6 is the
angle of OP (P = (r,0) on the line) from the positive = axis.
Then, if § — a = 7/2; that is, OP and the line is parallel and P
is the point at infinity, then we see that » = 0 by the division
by zero calculus; the point at infinity is represented by zero and
we can consider that the line passes the origin, however, it is in
a discontinuous way.

This will mean simply that any line arrives at the point at
infinity and the point is represented by zero and so, for the line
we can add the point at the origin. In this sense, we can add
the origin to any line as the point of the compactification of
the line. This surprising new property may be looked in our
mathematics globally.

The distance d from the origin to the line determined by the
two planes

Iy :apx + by +cpz=1,k=1,2,
is given by

d_\/ (a1 — a2)? + (b1 = b)? + (c1 = 2)?
-V

bicy — bacy)? + (crag — c2a1)? + (a1be — aghy)?’

If the two lines are coincident, then, of course, d = 0. However,
if two planes are parallel, by the division by zero, d = 0. This
will mean that any plane contains the origin as in a line.
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10.3 Tangential lines and tan§ =0

We looked the very fundamental and important formula tan § =
0 in Section 6. In this subsection, for its importance we will
furthermore see its various geometrical meanings.

We consider the high tan 6 (0 <g< g) that is given by the
common point of two lines y = (tan )z and = = 1 on the (z,y)

plane. Then,
tanf — oco; 0 —» g

However,

Y
tan — = 0,
an2

by the division by zero. The result will show that, when 6§ =
/2, two lines y = (tanf)z and = = 1 do not have a common
point, because they are parallel in the usual sense. However, in
the sense of the division by zero, parallel lines have the common
point (0,0). Therefore, we can see the result tan § = 0 following
our new space idea.

We consider general lines represented by

ar+by+c=0, dz+by+cd =0.

The gradients are given by

k=—"k =—

¢ @
b b’

respectively. In particular, note that if b = 0, then k£ = 0, by

the division by zero.
If kk’ = —1, then the lines are orthogonal; that is,

T k— kK
tan 5 =0 =477

which shows that the division by zero 1/0 = 0 and orthogonality
meets in a very good way.
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Furthermore, even in the case of polar coordinates x =
rcosf,y = rsinf, we can see the division by zero

T _ Y
tan - = = = 0.
an2 0

In particular, note the following fact.
From the expansion

tanz = — Z <Z_ (2v — /2 (2v—11)7r/2>7

V=—00

T
tan — = 0.
an2

The division by zero may be looked even in the rotation of
the coordinates.
We will consider a 2 dimensional curve

ax? + 2hxy + by? + 29z + 2fy +¢c =0
and a rotation defined by
x=Xcosf —Ysinf, y= Xsinf+Y cosb.
Then, we write, by inserting these (x,y)

AX?4+2HXY + BY?+2GX +2FY +C = 0.

Then,
H =0 tan20 = 2
a—1>b
If a = b, then, by the division by zero,
T 7r
tan— =0, 0=—.
an o , 1
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For h? > ab, the equation
2 2 _
axr” + 2hxy + by =0

represents 2 lines and the angle § made by two lines is given by

2vh2 — ab

tanf = +
a+b

If h? — ab = 0, then, of course, § = 0. If a + b = 0, then, by the
division by zero, § = /2 from tané = 0.
For a hyperbolic function
22 g2

the angle § made by two asymptotic lines y = +(b/a)z is given
by
2(b/a)
1—(b/a)*
If a = b, then 6 = 7/2 from tan§ = 0.

For a triangle OAB (0(0,0), A(1,0), B(0,tanf),0 = ZOAB),
we consider the escribed circle

tanf =

(z+7)?+y* =1

of A. Then, from
r

= tan —,
r+1 2
we have
tang
r=——7.
1 —tan 5

For 6 = 7/2, we have the reasonable result
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For a line
xcosh+ysinf —p=20

and for data (v, y;), the minimum of >7%_, d? for the distance
d; of the line and the point (x;,y;) is attained for the case

tan 20 = 27§y0x029,
oy — 0y
where
Conyagys — (0 %) (02, v5)
ey = n2o,o
0y
and

SRR
J J

If 02 = o7, then 6 = 7/4 from tan 260 = 0.

We consider the unit circle with its center at the origin on the
(z,y) plane. We consider the tangential line for the unit circle
at the point that is the common point of the unit circle and the
line y = (tan6)z (0 < 6 < 5). Then, the distance Ry between
the common point and the common point of the tangential line
and x-axis is given by

Ry = tan 6.
Then,
Ry =tan0 =0,
and -
tanf — o0; 0 — 5
However,

Ry = tang =0.

This example shows also that by the stereographic projection
mapping of the unit sphere with its center at the origin (0,0, 0)
onto the plane, the north pole corresponds to the origin (0,0).
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In this case, we consider the orthogonal circle C'r, with the
unit circle through at the common point and the symmetric
point with respect to the z-axis with its center ((cosf)~!,0).
Then, the circle Cp, is as follows:

Cpr, is the point (1,0) with curvature zero, and Cr,,, (that
is, when Ry = oo, in the common sense) is the y-axis and its cur-
vature is also zero. Meanwhile, by the division by zero calculus,
for § = m/2 we have the same result, because (cos(7/2))~1 = 0.

Note that from the expansion

1 = , 1 2
cosz L+ Z (=1) (z —(2v —1)7/2 + (2v — 1)77) ’

V=—0o0

(L)) 5L

The points (cos#,0) and ((cos@)~1,0) are the symmetric points
with respect to the unit circle, and the origin corresponds to the
origin.

In particular, the formal calculation

61+ R2,=1

is not good. The identity cos?6 + sin?f = 1 is valid always,
however 1+ tan? 6 = (cos )2 is not valid formally for § = /2.
This equation should be written as

2
cos 0 + tan? 0 = (cosh) 2,

cos2 6

that is valid always.
Of course, as analytic functions, in the sense of the division
by zero calculus, the identity is valid for 6 = 7 /2.

From the point at
1

cosf

xTr =
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when we look the unit circle, we can see that the length L(z) of
the arc that we can see is given by

1
L(z) =2cos ! —.
() cos™ —

For # = /2 that is for z = 0 we see that L(x) = .

We fix B(0,1) and let ZABO = 0 with A(tan6,0). Let H
be the point on the line BA such that two lines OH and AB are
orthogonal. Then we see that

sin?6

AH = )
cos

Note that for § = 7/2, AH = 0.
Note that from the expansion

1 = 1

coslz VZ (z— (2v — D)m/2)2’

1 (7r> 2 i 11

cos2z ) \2/) 2 V:1V2_3'
On the point (p,q)(0 < p,q < 1) on the unit circle, we
consider the tangential line L, , of the unit circle. Then, the
common points of the line L,, , with z-axis and y-axis are (1/p,0)

and (0,1/q), respectively. Then, the area S, of the triangle
formed by three points (0,0), (1/p,0) and (0,1/q) is given by

_ b
P 2pg
Then,
p—0; S, — 400,
however,

So=0

(H. Michiwaki: 2015.12.5.). We denote the point on the unit
circle on the (x,y) plane with (cos@,sin @) for the angle 6 with
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the positive real line. Then, the tangential line of the unit circle
at the point meets at the point (Ry,0) for Ry = [cos 9]_1 with
the z-axis for the case 6§ # m/2. Then,

0(0<%>%%=>Rg—>+oo,

9(9>g>—>g:>Rg—>—OO,

o= s (2)] =0

by the division by zero. We can see the strong discontinuity of
the point (Rp,0) at = w/2 (H. Michiwaki: 2015.12.5.).

The line through the points (0, 1) and (cos 6, sin §) meets the
x axis with the point (Ry,0) for the case § # /2 by

however,

cos
Ry=——.
7 1 sing
Then,
9(9<g —>g:>Rg—>+oo,
9(0>E)—>12>R9—>—oo,
2 2
however,

Rﬂ/? = 07

by the division by zero. We can see the strong discontinuity of
the point (Rp,0) at 6 = /2.
Note that
cosx 2 1

1—sinx:_x— +6($_




it is
1
6 )
at m/2, meanwhile, note also that

1o (5)] o

For a smooth curve C : r = r(0),r # 0, we consider the
tangential line at P and a near point () on the curve C. Let
H be the nearest point on the line OP, O is the pole of the
coordinate and 46 is the angle for the line OP to the line OG.
Then, we have

o QH 1(0)
tan® = B PH = #(0)

If 7'(6p) = 0, then tan® = 0 and © = 7/2, and the result is
reasonable.

For the parabolic equation y? = 4ax,a > 0, at a point (z,y),
the normal line shadow on the z-axis is given by

lyy'| = 2a.
At the origin, we have, from y'(0) = 0,
lyy'| = 0.

For the equation

™y =a™t" a,m,n >0,
let P be a point (z,y) on the curve. Let T'(z,z + (n/m)z) be
the x cut of the tangential line of the curve and put M (z,0).

Then, we have
n

™™ : OM = ——.

m
This formula is valid for the cases n = 0 and m = 0, by the
division by zero. Note that for both lines x = a and y = a, the

gradients are zero and 3’ = 0.
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10.4 Two circles

We consider two circles with their radii a,b with their centers
(a,0);a > 0 and (—b,0);b > 0, respectively. Then, the external
common tangents L, (we assume that a < b and that L, is
not the y axis) has the common point with the z-axis at (Rg,0)
which is given by, by fixing b

2ab
b—a

Ry = (10.3)

We consider the circle Cg, with its center at (R4, 0) with its
radius R,. Then,

a— b= R, — o0,

however, when a = b, then we have R, = —2b by the division
by zero calculus, from the identity

2ab 2b2
= —2b— .
b—a a—2>b

Meanwhile, when we consider (10.3) as

-1
a — 2b7
R p— a

we have, for a = b, R, = 0. It means that the circle Cg, is the
y axis with its curvature zero through the origin (0, 0).

The above formulas will show a strong discontinuity for the
change of a and b from a = b (H. Okumura: 2015.10.29.).

We denote the circles S:
(& —a;)* + (y = bj)* =17,

Then, the common point (X,Y) of the co- and exterior tangen-
tial lines of the circles S; for j = 1,2, is given by

(X,Y) = (7“1612 —roa1 T1by — 7"251) .

r =T ’ r =72
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We will fix the circle Sz. Then, from the expansion

na o _nle-a) (10.4)
L =72 rL—"2

for 71 = ro, by the division by zero, we have
(X,Y) = (ag,b2).
Meanwhile, when we consider (10.4) as

r1a9 — roaq 1
= - (r1ag — reay),
rL— 12 rL— 12

we obtain that
(X7 Y) = (070)7

that is reasonable. However, both cases, the results show a
strong discontinuity.

10.5 Newton’s method

The Newton’s method is fundamental when we look for the so-
lutions for some general equation f(z) = 0 numerically and
practically. We will refer to its prototype case.

We will assume that a function y = f(x) belongs to C! class.
We consider the sequence {x, } forn =0,1,2,...,n,..., defined
by

n = &n — s 20,1,2,....
B TP A
When f(z,) = 0, we have
Tptl = Tn, (10.5)

in the reasonable way. Even the case f’(x,) = 0, we have also
the reasonable result (10.5), by the division by zero.
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10.6 Halley’s method

As in the Newton’s method, in order to look for the solution of
the equation f(z) = 0, we consider the series

Bl = Ty — 2f(zn)f'(2n)
" " alf'(xn)]? — f(2n) " (20)

and .
B f(zn) f(xn) f"(2n)
Tptl = Tn — 1--= , .
If f(x,) = 0, the processes stop and there is no problem. Even
the case f'(x,) = 0, the situation is similar.

10.7 Cauchy’s mean value theorem

For the Cauchy mean value theorem; that is, for f, g € Dif fer(a,b),
differentiable, and € C°[a, b], continuous and if g(a) # g(b) and
f(z)? + ¢'(x)? # 0, then there exists & € (a, b) satisfying that

fla)—f) _ (9
gla) —gb)  ¢'(&)’

we do not need the assumptions g(a) # ¢(b) and f'(z)? +

g (z)? # 0, by the division by zero. Indeed, if g(a) = g(b),

then, by the Rolle theorem, there exists & € (a,b) such that

g'(§) = 0. Then, both terms are zero and the equality is valid.
For f,g € C?%[a,b], there exists ¢ € (a,b) satisfying

f) = fla) —(b—a)f'(a) _ f"(a)
g(b) —gla) = (b—a)g'(a) ¢"(a)

Here, we do not need the assumption

9(b) = g(a) — (b= a)g'(a) # 0,

by the division by zero.
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For a function f € C? satisfying f(a) = 0, f’(«) > 0 and for
a small k, for the solution x = « + 4, we obtain

—f(@) + /@ 1 2k (a)
f(a) |

If here f”(a) = 0, then, the team should be replaced by

J

k
f'(@)

([91], 71 page.). This modification can be derived by the division
by zero calculus, because in

VA4 2kx

)
€T

forx =0
k

VA
10.8 Length of tangential lines

We will consider the inversion A(1/x,0) of a point X (z,0),0 <
x < 1 with respect to the unit circle with its center the origin.
Then the length T'(x) of the tangential line AB (B(x,v1 — x?))

is given by
1
T(x)=—-v1—a2

x
For x = 0, by the division by zero calculus, we have

T(0) =0

that was considered as 4oc.
We will consider a function y = f(x) of C! class on the real
line. We consider the tangential line through (z, f(x))

Y = f/(2)(X — ) + f(2).
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Then, the length (or distance) d(x) between the point (x, f(x))

and (az - j{,((?)ﬂ) is given by, for f'(z) # 0

1
d(z) = [f(z)|/1+ a2
How will be the case f'(z*) = 0?7 Then, the division by zero
shows that

d(z*) = | f(z")].
Meanwhile, the x axis point (X¢,0) of the tangential line at

(z,y) and y axis point (0,Y;) of the normal line at (z,y) are
given by

i)
M=T )

and .
=V Ty

respectively. Then, if f’(z) = 0, we obtain the reasonable re-
sults:
Xt =, Yn =1.

For a smooth curve r = f(#) with polar coordinate with
respect to the origin O, on a point P(r,6), we consider the
line that is orthogonal to the line OP, and let T and N be the
common points with the line and the tangential line and the
normal line at the point P, respectively. Then, we have

2

oT =",
T,
ON =",

and

PT = 1,\/ r2 412,
r

Consider the circle case r = a, then we have r’ = 0. Then, we
see that the above three formulas are zero.
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On a fixed circle
(z—7)2+@y—r?=rir>0,

we consider the tangential line with its common points A and
B with the z positive line and y positive line, respectively. For
the triangle ABC, C is the origin, we have the identity

B
,TA = V2¢sin =.
sin 5 2

If A =0, then we have the identity

T LT
Sino—\/ﬁ-o-smz—o.

On the same situation, we consider the tangential line at the
point T' = (v/r2 — h2,h), h > 0 and let L be the length L = T A.

Then, we have
rh

2 _p2
For h = r, by the division by zero calculus, we have that L =0
(V. V. Puha: 2018.7.3.06:19).

L=

10.9 Curvature and center of curvature

We will assume that a function y = f(z) is of class C2. Then,
the curvature radius p and the center O(z,y) of the curvature
at point (z, f(x)) are given by

(1+ ()
y//

1+ N2 1+ N2
O(z,y) = (af— y(,,y)y’7y+y(,,y)>,

p(r,y) =

and

respectively. Then, if 4/ = 0, we have the results
p(z,y) =0
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and
O(z,y) = (z,y),

by the division by zero. They are reasonable.
We will consider a curve r = r(s), s = s(t) of class C2. Then,

dt’ ds —;n,

v—@ t_alr(s) v_ds dt(s) 1
dt’ ds T

by the principal normal unit vector n. Then, we see that

a—d—v—d—vt—i—vjn
Codt dt o

If p(sp) = 0: (consider a line case), then

=[5,

7]
_ = 00
P s=S0

will be funny. It will be the zero.

and

Sciacci’s theorem: When we set h = v/p, we have, for the
distance p from the origin to the tangential line at P and the
radial component and tangential component of a at P

h2rp
r = p2
and
o hdh
T p2ds

For the curvature zero, of course, a, = 0.
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10.10 n = 2,1,0 regular polygons inscribed in a disc

We consider n regular polygons inscribed in a fixed disc with its
radius a. Then we note that their area S, and the length L,, of
the sum of the sides are given by

and -
L, = 2nasin —,
n

respectively. For n > 3, the results are clear.

For n = 2, we will consider two diameters that are the same.
We can consider it as a generalized regular polygon inscribed in
the disc as a degenerate case. Then, Sy = 0 and Lo = 4a, and
the general formulas are valid.

Next, we will consider the case n = 1. Then the correspond-
ing regular polygon is a just diameter of the disc. Then, S; =0
and L; = 0 that will mean that any regular polygon inscribed
in the disc may not be formed and so its area and length of the
side are zero.

For n = 1 triangle, if 1 means one side, then we can consider
as in the above, however, if we consider 1 as one vertex, the
above situation may be considered as one point on the circle
which will mean S; = L1 = 0.

Now we will consider the case n = 0. Then, by the division
by zero calculus, we obtain that Sy = ma? and Ly = 27a. Note
that they are the area and the length of the disc. How to under-
stand the results? Imagine contrary n tending to infinity, then
the corresponding regular polygons inscribed in the disc tend
to the disc. Recall our new idea that the point at infinity is
represented by 0. Therefore, the results say that n = 0 regular
polygons are n = oo regular polygons inscribed in the disc in
a sense and they are the disc. This is our interpretation of the
theorem:

Theorem 9.1 n = 0 regular polygons inscribed in a disc are
the whole disc.
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Note that the radius r,, of the inscribed circle in the n regular
polygon

T
Ty = G COS —.
n

For n — oo, r,, — a, however, for n = 0, 1o = a (H. Okumura:
2019.2.1.).

In addition, note that each inner angle A, of a general n
regular polygon inscribed in a fixed disc with its radius a is

given by
2
A, =(1——|m. 10.6
(1-2)= (10.)

The circumstances are similar for n regular polygons circum-
scribed in the disc, because the corresponding data are given by

T
S,, = na’tan —
n

and

s
L, = 2natan —,
n

and (10.6), respectively.

In connection with the interesting example, we will refer to
another example.

On a disc with radius R, we consider n regular polygon
inscribed the disc A1As - - - A,. Let r; be the radius of the
inscribed circle in the triangle A;A;41A;j12. Then, we have

Iy=ri4+ro4+--+r, 9 :2R<1—nsin21>.
2n
For n — oo, we have
lim I, =2R.
n—oo
Meanwhile, by the division by zero calculus, we have

I = 2R.
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10.11 Our life figure

As an interesting figure which shows an interesting relation be-
tween 0 and infinity, we will consider a sector A, on the complex
z = x + iy plane

Ay = {|argz] <o 0<a< g}
We will consider a disc inscribed in the sector A, whose center
(k,0) with its radius r. Then, we have

r = ksin a.

Then, note that as k tends to zero, r tends to zero, meanwhile
k tends to +o0o, r tends to +0o0. However, by our division by
zero calculus, we see that immediately

[T]r=c0 = 0.

On the sector, we see that from the origin as the point 0, the
inscribed discs are increasing endlessly, however their final disc
reduces to the origin suddenly - it seems that the whole process
looks like our life in the viewpoint of our initial and final.

10.12 H. Okumura’s example

The suprising example by H. Okumura will show a new phe-
nomenon at the point at infinity.

On the sector A, we shall change the angle and we consider
a fixed circle Cy, a > 0 with its radius a inscribed in the sectors.
We see that when the circle tends to 400, the angles a tend to
zero. How will be the case o = 07 Then, we will not be able to
see the position of the circle. Surprisingly enough, then C,, is
the circle with its center at the origin 0. This result is derived
from the division by zero calculus for the formula

a

sina’
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The two lines argz = « and argz = —« were tangential lines
of the circle C, and now they are the positive real line. The
gradient of the positive real line is of course zero. Note here that
the gradient of the positive y axis is zero by the division by zero
calculus that means tan § = 0. Therefore, we can understand
that the positive real line is still a tangential line of the circle
Ca.

This will show some great relation between zero and infin-
ity. We can see some mysterious property around the point at
infinity.

On the horn torus models of Puha and Ddumler, the example
in Subsection 9.11 is clear.

Meanwhile, on the Okumura example, note that the series
of discs tending to the point at infinity converges to the crucial
point of the horm torus on the upper part. However, the disc
with its center at the origin, of course, is mapped to the lower
part of the horn torus. Therefore, we see the surprising result:

Conclusion: The Okumura’s disc series can beyond
the crucial point of Daumler-Puha’s horn torus models
for the Riemann sphere.

These three subsections were taken from [41].

In connection with the examples in Subsections 9.11 and
9.12, we note the following example.

We consider the circles, for fixed r > 0

(av—a)Q—i-y2 =2

For the case a = 0, we have

22 4 y? = 2
Meanwhile, from
2 2 2
T o +a+ vo_ T—,
a a a
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by the division by zero, we have that
z = 0.
Similarly we consider the circles
(x—r)?+@y—r)=ri
First, for r = 0, the cirlcle is a point (0, 0), and from the identity

x2+y2_2(a¢+y)+7;2

5 =0

r2 r r

and from r = 0, we have the nonsense result. However, from
the identity
2% + 2

—2(z+y)+r=0
and from r = 0, we have the interesting result
y=—.

10.13 Interpretation by analytic geometry

The results in Subsection 9.1 may be derived beautifully by
analytic geometry and matrix theory.
We write lines by

Ly:arr+byy+c.=0,k=1,2,3.

The area S of the triangle surrounded by these lines is given by

1 N2
S=d— —
2 DDy D5
where A is
ap b1
as bg C2
a3 bz c3
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and Dy is the co-factor of A with respect to ¢;. Dy = 0 if
and only if the corresponding lines are parallel. A = 0 if and
only if the three lines are parallel or they have a common point.
We can see that the degeneracy (broken) of the triangle may be
stated by S = 0 beautifully, by the division by zero.

Similarly we write lines by

My, : ap1x + aggy + azx =0,k =1,2,3.

The area S of the triangle surrounded by these lines is given by

1 A Ap Ais

S=—"—"—1A421 Az A
A{1Ax»nA

HE2033 1 A Asg Asg

where Ay; is the co-factor of aj; with respect to the matrix [ay;].
We can see that the degeneracy (broken) of the triangle may be
stated by S = 0 beautifully, by the division by zero.

For a function

S(z,y) = a(@® + y*) + 292 + 2fy + ¢, (10.7)

the radius R of the circle S(z,y) = 0 is given by

192+ f2 —ac
R: T.

If a = 0, then the area mR? of the disc is zero, by the division
by zero. In this case, the circle is a line (degenerated).

The center of the circle (10.7) is given by

Therefore, the center of a general line
29z +2fy+c=0

may be considered as the origin (0,0), by the division by zero.
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On the complex z plane, a circle containing a line is repre-
sented by the equation

azzZ+az+az+c=0,

for a,c : real and ac < @a. Then the center and the radius are
given by

a

voaa — ac

)
a

and

respectively. If a = 0, then it is a line with center (0,0) with
radius 0, by the division by zero. The curvature of the line is,
of course, zero, by the division by zero.

We consider the functions
Sj(z,y) = aj(ac2 + y2) +2g;x + 2fjy + c;.

The distance d of the centers of the circles Si(z,y) = 0 and
Sa(z,y) = 0 is given by

d2:9%+f12_29192+f1f2+g§+f22.

2 2
ay a1ag ay

If a1 = 0, then by the division by zero

d2:9§+f22'
a3

Then, Si(z,y) = 0 is a line and its center is the origin (0,0).
Therefore, the result is very reasonable.

The distance d between two lines given by

— . — b, —
r—aj _y—bj z cj, =12,
Ly M; N;

is given by
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ag — al bg—bl Cy — C1
14 My N1
Lo My No
V/(M;Ny — MyNy)2 + (N Ly — NoLy)? + (LM, — LyMq)?

If two lines are parallel, then we have d = 0.

10.14 Interpretation with volumes
We write four planes by
T apT +bpy +epz+dp =0,k=1,2,3,4.

The volume V of the tetrahedron surrounded by these planes is
given by )
V = :l:l . A77

6 D1DsD3Dy
where A is

ap by a1 dy

az by co do

az by c3 d3

ay by cy dy
and D, is the co-factor of A with respect to d. Dy = 0 if and
only if two planes of the corresponding three planes are parallel.
A = 0 if and only if the four planes 7 contain four lines Ly
(for each k, respectively) that are parallel or have a common
line. We can see that the degeneracy of the tetrahedron may be
considered by V = 0 beautifully, by the division by zero.

This subsection was taken from [41].

10.15 Interpretation for minus area

We first recall the typical example for the area of a triangle.
The area S of the triangle Py P,P3 with Pj(z;,y;),j =1,2,3 is
given by

1|7 1
S==x—- T2 Y2 1].
2
x3 ys 1
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For the sigh, when we consider Pj, P», P3 for the direction of
the triangle, + and in the converse (reverse) direction, —. The
property shows a beautiful relation of geometry and algebra.
We can see many and many examples as a beautiful property.

Here, we will give a reason why such a relation exists. In
this concrete case, we can say surprisingly that the minus area
shows the area of the outside of the triangle in a new sense
that is derived by the division by zero.

Since a general result and a special case are in the same
situation, we willl state our conclusion in the special case.

We consider a large disc containing the triangle Py P> P3 with
radius R with center at the origin. Then, the area S(R) of {
{22 +y? < R?}\ AP P,Ps} is given by

S(R) = 7R? - S.

Of course,
lim S(R) = o0,

R—o00

However, by the division by zero, for R = oo, we obtain

that means the area of the outside of the triangle.
This subsection was taken from [83].
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11 APPLICATIONS TO WASAN GEOM-
ETRY

For the sake of the great contributions to Wasan geometry by
H. Okumura, we found new interesting results as applications of
the division by zero calculus. We will introduce typical results,
however, the results and their impacts will create some new
fields in mathematics.

11.1 Circle and line

We will consider a fixed circle 22 + (y — b)? = b%,b > 0. For a
taching circle with this circle and the x axis is represented by

(z — 2Vab)? + (y — a)? = d>.
Then, we have

x2+y2

Vva

2 2 b
Ty —4\/>$:2(y—2b).
a a

Then, by the division by zero, we have the reasonable results
the origin, that is the point circle of the origin, the y axis and
the line y = 2b, respectively (H. Okumura: 2017.10.13.).

See [50] for furthermore results.

— 4Vbx = 2v/a(y — 2b)

and

11.2 Three externally touching circles

For real numbers z, and a,b > 0, the point (0,2vab/z) is de-
noted by V,. H. Okumura and M. Watanabe gave the theorem
in [59]:

Theorem 7. The circle touching the circle a: (x—a)?+y? =
a? and the circle B: (z +b)? + y? = b? at points different from
the origin O and passing through V,1; is represented by
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2
b—a\? 22v/ab a+b 2
(x— 22_1> + (y— 22_1> = (22_1> (11.1)

for a real number z # +1.
The common external tangents of o and 8 can be expressed
by the equations

(a — b)z F 2V aby 4 2ab = 0. (11.2)

Anyhow the authors give the exact representation with a pa-
rameter of the general circles touching with two circles touching
each other. The common external tangents may be looked as
circles touching for the general circles (as we know we can con-
sider circles and lines as same ones in complex analysis or with
the stereographic projection or in the representation of a cir-
cle by the equation), however, they stated in the proof of the
theorem that the common external tangents are obtained by
the limiting z — +1. However, its logic will have a delicate
problem.

Following our concept of the division by zero calculus, we
will consider the case z?> = 1 for the singular points in the
general parametric representation of the touching circles.

11.2.1 Results

First, for z = 1 and z = —1, respectively by the division by zero
calculus, we have from (10.1), surprisingly

h—
x2+ a4

x4y T Vaby — ab = 0, (11.3)

respectively.

Secondly, multiplying (10.1) by (22 — 1), we immediately
obtain surprisingly (10.2) for z = 1 and z = —1, respectively by
the division by zero calculus.
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In the usual way, when we consider the limiting z — oo
for (10.1), we obtain the trivial result of the point circle of the
origin. However, the result may be obtained by the division by
zero calculus at w = 0 by setting w = 1/z.

11.2.2 On the circle appeared

The circle (10.3) meets the circle « in two points

a 2ab 6avab
Pa 2 ,2 7 ] a )y )
( A TA\/?) @ <9a—|—b 9a+b>

where ry = ab/(a + b). Also it meets 3 in points

b —2ab  6bVab
Py | —2ra,2 — — .
b ( T rA\E) - @ <a+9b’ a+9b>
The line P, P, is the common tangential of two circles « and 3 on
the upper half plane. The lines P,Q), and P, intersect at the

point R : (0, — ab), which lies on the remaining tangentials

of a and . Furthermore, the circle (10.3) is orthogonal to the
circle with center R passing through the origin.
The source of this subsection is [63].

11.3 The Descartes circle theorem

We recall the famous and beautiful theorem ([31, 89]):

Theorem (Descartes). Let C; (i = 1,2,3) be circles
touching to each other of radii r;. If a circle Cy touches the
three circles, then its radius r4 is given by

1 1 1 1 1 1 1
:++i2\/ + + : (11.4)

T4 1 T2 T3 rira rars r3ry

As well-known, circles and lines may be looked as the same
ones in complex analysis, in the sense of stereographic projection
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and with many reasons. Therefore, we will consider whether
the theorem is valid for line cases and point cases for circles.
Here, we will discuss this problem clearly from the division by
zero viewpoint. The Descartes circle theorem is valid except for
one case for lines and points for the three circles and for one
exception case, we can obtain very interesting results, by the
division by zero calculus.

We would like to consider all cases for the Descartes theorem
for lines and point circles, step by step.

11.3.1 One line and two circles case

We consider the case in which the circle C3 is one of the external
common tangents of the circles C; and Cy. This is a typical case
in this paper. We assume that 1 > ro. We now have r3 = 0 in
(11.4). Hence

1 1 1 1 1 1 1 1 1 1
—=—4—4+-%2 + + = —4—424/—.
T4 r, rg 0 172 ro-0  0-1r1 L T2 172
This implies

1 1 1

=—+
VT4 VA1 VT2
in the plus sign case. The circle C} is the incircle of the curvi-

linear triangle made by C7, C2 and Cs. In the minus sign case

we have
1 1 1

ViV
In this case Cs is the incircle of the curvilinear triangle made
by the other three.

Of course, the result is known. The result was also well-
known in Wasan geometry [97] with the Descartes circle theorem
itself.
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11.3.2 Two lines and one circle case

In this case, the two lines have to be parallel, and so, this case is
trivial, because then other two circles are the same size circles,
by the division by zero 1/0 = 0.

11.3.3 One point circle and two circles case

This case is another typical case for the theorem. Intuitively,
for r3 = 0, the circle C's is the common point of the circles Cy
and C5. Then, there does not exist any touching circle of the
three circles Cj;5 = 1,2, 3.

For the point circle C5, we will consider it by limiting of
circles attaching to the circles C; and Cs to the common point.
Then, we will examine the circles C4 and the Descartes theorem.

In Theorem 7, by setting z = 1/w, we will consider the case
w = 0; that is, the case z = 0o in the classical sense; that is,
the circle C5 is reduced to the origin.

We look for the circles Uy attaching with three circles C;; j =
1,2,3. We set

Cy:(x—2a)’ + (y —ya)® = rf. (11.5)
Then, from the touching property we obtain:

rire(re — Tl)wQ

T4 = D )
21119 (\/7“17“2 + (r + T’Q)’LU) w
Ya = D
and
. r17ro(r1 + 7o) w?
4 = y
D
where

D = rirg + 2y/Fira(r1 + ro)w + (r} + rirg + 13w,
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By inserting these values to (11.5), we obtain

fo+ fiw+ fow® =0,

where
fo = rire(a? + %),
fi =2yrira((r1 + o) (2% + y2) — 2rir2y)
and

fo= (T%+T1T2+T§) (x2+y2)+27‘17“2(1“2 —r1)x—4(r +T2)y—|—47‘%7‘§.

By using the division by zero calculus for w = 0, we obtain, for
the first, for w = 0, the second by setting w = 0 after dividing
by w and for the third case, by setting w = 0 after dividing by

w?,
22+ 9% =0, (11.6)
(r1 +7ro)(x* + y*) — 2r179y = 0 (11.7)

and
(r$ + rirg +13) (2% + y?) + 2rira(re — 1)z (11.8)

—4rira(ry 4+ 7o)y + 4rirs = 0.
Note that (11.7) is the circle with the radius

T2
Ll )

(11.9)

and (11.8) is the circle whose radius is

r1ra(rs + r2)
7‘% + riro + r%

When the circle C3 is reduced to the origin, of course, the
inscribed circle Cy is reduced to the origin, then the Descartes
theorem is not valid. However, by the division by zero calculus,
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then the origin of C4 is changed suddenly for the cases (11.6),
(11.7) and (11.8), and for the circle (11.7), the Descartes theo-
rem is valid for r3 = 0, surprisingly.

Indeed, in (11.4) we set £ = /73, then (11.4) is as follows:

1 1 1 1 1 §2 1 1
e 4 (—+— ),
ra T re & §\ rire reo T2

and so, by the division by zero calculus at £ = 0, we have

1 1 1

=4 =

T4 ™ 2
which is (11.9). Note, in particular, that the division by zero
calculus may be applied in many ways and so, for the results
obtained should be examined for some meanings. This circle
(11.7) may be looked a circle touching the origin and two circles
C1 and C, because by the division by zero calculus

T
tan 5= 0,
that is a popular property.

Meanwhile, the circle (11.8) is the attaching circle with the
circles C1, Co and the beautiful circle with its center ((ro—r1),0)
with its radius r; + ro. Each of the areas surrounded by three
circles C1, Cy and the circle of radius 71 + 79 is called an arbelos,
and the circle (11.7) is the famous Bankoff circle of the arbelos.
For r3 = —(r1 +12), from the Descartes identity (10.4), we have
(10.4). That is, when we consider that the circle C5 is changed
to the circle with its center ((r2 —r1),0) with its radius 1 + ra,
the Descartes identity holds. Here, the minus sign shows that
the circles C'1 and Cy touch C5 internally from the inside of Cj.

11.3.4 Two point circles and one circle case

This case is trivial, because, the exterior touching circle is co-
incident with one circle.
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11.3.5 Three points case and three lines case

In these cases we have r; = 0,j = 1,2, 3 and the formula (11.4)
shows that r4 = 0. This statement is trivial in the general sense.
As the solution of the simplest equation

ar = b, (11.10)

we have x = 0 for a = 0,b # 0 as the standard value, or the
Moore-Penrose generalized inverse. This will mean in a sense,
the solution does not exist; to solve the equation (11.10) is im-
possible. The zero will represent some impossibility.

In the Descartes theorem, three lines and three points cases,
we can understand that the attaching circle does not exist, or
it is the point and so the Descartes theorem is valid.

This subsection is based on the paper [61].

11.4 Circles and a chord

We recall the following result of the old Japanese geometry [96,
89, 59]:

Lemma 10. Assume that the circle C' with its radius r is
divided by a chord t into two arcs and let h be the distance from
the midpoint of one of the arcs to t. If two externally touching
circles C7 and Cy with their radii r1 and ro also touch the chord
t and the other arc of the circle C' internally, then h, r, r1 and
ro are related by

1, 1,2, [
o ry ho riroh’

We are interesting in the limit case r; = 0 or ro = 0. In
order to see the backgound of the lemma, we will see its simple
proof.

The centers of C; and C5 can be on the opposite sides of the
normal dropped on t from the center of C' or on the same side
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of this normal. From the right triangles formed by the centers
of C'and C; (i = 1,2), the line parallel to ¢ through the center
of C', and the normal dropped on t from the center of C;, we
have

IV —r)2 = (h+r —7)2 £/ (r—1)2 — (h+ 19 —1)2|

= 2/7172,

where we used the fact that the segment length of the common
external tangent of C7 and Cs between the tangency points is
equal to 2,/7172. The formula of the lemma follows from this
equation.

11.4.1 Results

We introduce the coordinates in the following way. The bottom
of the circle C is the origin and tangential line at the origin of
the circle C is the x axis and the y axis is given as in the center
of the circle C is (0,7). We denote the centers of the circles
Cj;j =1,2 by (xj,y;), then we have

y1:h+7“1, y2:h+r2.

Then, from the attaching conditions, we obtain the three equa-
tions:

(x9 — xl)Q +(r1 — 7“2)2 =(r+ 7"2)2,
x%—i—(h—r—FTl)Q:(r—rl)Q

and
23+ (h—r+12)? = (r — )%

Solving the equations for x1, xo and ra, we get four sets of the
solutions. Let h = 2r3, v = r —r; —r3. Then two sets are given
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T, = =£2./r3v,
To = i2T1W+ 7‘3\/@
T+ 13
o= YTV — Vo) — (11t 1))
2 (r1 +13)2 ’
The other two sets are
Ty = =£2./r3v,
. 7'1\/7"?”3 — 7'3w/’l”3v
2= r1+ 173
IRV V) = (1t 1w)
2 (7“1 + 7“3)2 '

‘We now consider the solution

1 = 2473V,
B 7“1\/77-#7“3\/@
= r1+7r3
py = VI = V) = ()

(7"1 + 7’3)2
Then

+ 9171 + r2_|_
(@ — 9)? + (y — yo)? — 2 = 0TI F 9211 + 93

(r1 +13)2 ’
where
go = ra(z? + y(y — 4r3) + 4rr3),
g1 = 2r3((x — /173)% + y* — (2r + 3r3)y + 3rr3),
= (z = 2y/r73)* + y° — 2r3y,
and

g3 = 4r3\/o(r1(Vry — fr3x) — r3/T31).
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‘We now consider another solution

Ty = 24/r3v,
b TV = a7
rL+T3 7
py = VI V) = ()

(T’l + 7“3)2
Then

k k kor? 4+ k
(@ — 22)? + (y — yo)? — v} = 2T FITLF PP T By

(r1 +13)2 ’
where
ko = r3(z% + y(y — 4r3) + 4r713),
k1 = 2r3((z 4+ /173)% +y° — (2r + 3r3)y + 3r73),
ky = (z+2/rr3)® + y* — 2r3y,
and

k3 = —drsy/v(ri(Vry + /T3x) + r33/r31).

We thus see that the circle Cy is represented by

(90 +g3) + g1r1 + gars = 0

and
(ko + k3) + kir1 + kgr% = 0.

For the symmetry, we consider only the above case. We obtain
the division by zero calculus, first by setting 71 = 0, the next
by setting r; = 0 after dividing by r; and the last by setting
r1 = 0 after dividing by r?,

go+9g3=0,
g1 = 07
and
g2 = 0.
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That is,

(2= Varh—12)" + (y— > =0,
(x—\/?>2+<y— <r—|-3f>>2:7“2+1%h2,
o'+ (-2) - (3

The first equation represents the point (v/2rh — h2, h) of the
intersection of the circle C' and the chord ¢. The second equa-
tion expresses the circle with the center and radius given the
equation. The third equation expresses the circle touching C
externally, the z-axis and the extended chord ¢. The last two
circles are orthogonal to the circle with center at origin passing
through the points of intersection of C' and t.

Now for the beautiful identity in the lemma, for r; = 0, we
have, by the division by zero,

and

and

Here, the minus sign will mean that the second circle is attaching
with the circle C in the outside of the circle C; that is, we
can consider that when the circle C is reduced to the point
(V2rh — h?,h), then the circle Cy is suddenly changed to the
second circle and the beautiful identity is still valid. Note, in
particular, the second circle is attaching with the circle C' and
the chord ¢.

Meanwhile, for the curious second circle, we do not know its
property, however, we know curiously that it is orthogonal with
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the circle with the center at the origin and with radius Vorh
passing through the points (+v/2rh — h2, h).

This subsection is based on the paper [63].

We can find more many division by zero calculus examples
in geometry. See, for example, [48, 49]. In particular, see the
beautiful Figure 14 in H. Okumura ([48]). There, the ratio of 6
same size circles and the large circle are constant and when the
radius is zero, we see a beautiful result.

Further interesting results, see H. Okumura ([55, 57]).

192



12 INTRODUCTION OF FORMULAS
log0 =logoo =0

For any fixed complex number a, we will consider the sector
domain A, (a, B) defined by

0<a<arg(z—a)<p<2rm

on the complex z plane and we consider the conformal mapping
of Ay(a, B) into the complex W plane by the mapping

W =log(z — a).
Then, the image domain is represented by
S(a, B) ={W;a < SW < S}.

Two lines {W;3SW = a} and {W;3IW = 3} usually were
considered as having the common point at infinity, however, in
the division by zero, the point is represented by zero.

Therefore, log0 and logoo should be defined as zero.
Here, log oo is precisely given in the sense of [log z],—~. How-
ever, the properties of the logarithmic function should not be
expected more, we should consider the value only. For example,

log0 = log(2-0) =log2 + log0

is not valid.
In particular, in many formulas in physics, in some expres-
sion, for some constants A, B

log %, (12.1)

if we consider the case that A or B is zero, then we should
consider it in the form

A
log 5= log A — log B, (12.2)
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and we should put zero in A or B. Then, in many formulas, we
will be able to consider the case that A or B is zero. For the
case that A or B is zero, the identity (12.1) is not valid, then the
expression log A—log B may be valid in many physical formulas.
However, the results are case by case, and we should check
the obtained results for applying the formula (12.2) for
A =0 or B =0. Then, we will be able to enjoy the formula
apart from any logical problems as in the applications of the
division by zero and division by zero calculus.

This paragraph will be unclear and so, we will show a typical
example.

Inverse document frequency

The inverse document frequency is a measure of how much
information the word provides, i.e., if it’s common or rare across
all documents. It is the logarithmically scaled inverse fraction
of the documents that contain the word (obtained by dividing
the total number of documents by the number of documents
containing the term, and then taking the logarithm of that quo-
tient):

N
|{d € D;t € d}|

where N is the total number of documents in the corpus N = |D|
and |{d € D;t € d} is the number of documents where the term
appears (i.e., tf(t,d) # 0 ). If the term is not in the corpus,
this will lead to a division-by-zero. It is therefore common to
adjust the denominator to idf (¢, D) = log N, that is just our
statement. See for the details

tf-idf - Wikipedia https://en.wikipedia.org/wiki/Tf-idf Traduzir
esta pagina In information retrieval, tf-idf or TFIDF, short
for term frequency—inverse document frequency, is a numerical
statistic that is intended to reflect how important a ... Motiva-
tions - Definition - Justification of idf - Example of tf—idf.

idf (t, D) = log
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12.1 Applications of log0 =0

We can apply the result log0 = 0 for many cases as in the
following way.
For example, we will consider the differential equation

y=xy —logy.
We have the general solution
y=Cx—logC
and the singular solution
y=1+logx.
For C = 0, we have y = 0, by the division by zero, that is a

reasonable solution.
For the differential equation

we have the general solution
y=z(logx 4+ C).
How will be at x = 07 From

y =logz+C+1

and
y'(0)=C+1,
we have, for z =0
Y_¢
x

and so, we see that for x = 0, the differential equation is satis-
fied.
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For the differential equation
! 1 .2
y + -y =y logz,
x
we have the general solution
zy{C — (logz)?} = 2.

Dividing by C and by setting C = 0, by the division by zero,
we have also the solutions x = 0 and y = 0.

For example, we will consider the differential equation
zy = zy® — a’xlog? (Bz) + aklogt~1(Bx).

For the solution y = alog?*(8z)([70], page 95, 5), we can con-
sider the solution y =0 as § = 0.
In the famous function (Leminiscate)

r = alog a >0,

)
a++a*—y* /7@2_y2,
Y
we have
/a2 — 12 1
x = alog [Wexp <—\/a2 —y2>] .
Yy a

By the division by zero, at the point y = 0

2 _ .2 1
at -y <_ - _yQ)] .
y a

Thus the curve passes also the origin (0, 0).
In the differential equation

iz

22y + 42?y" — 2z’ — 4y = log .,

we have the general solution

Ci Oy
y=-—+-—=
r

1

1
+C3$2 — Zlogﬂs—f— Z,
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satisfying that at the origin = 0

1
y(0) = Z,y'(O) =0,9"(0) = 2C3,y"(0) = 0.
We can give the values C and (5. For the sake of the division
by zero, we can, in general, consider differential equations even
at analytic and isolated singular points.

From the identities

Yo(2) = 2 (log 3= +7) S+

2
g 22/2_§( 2/4)2+
o 1 5 z
4 w/2

=— cos(z cos 0) (7 + log(2z + sin? §))d6
™ Jo

([1], 9.1.13 and 9.1.19), we have
2
Yo(0) = —~.
0(0) = —7

For the formula

= cosh ™12 (x >a>0)

/ dzx
Ve —a a
and

1
-1 _
cosh z-log(2z)—@+... |z| > 1,

we have, for a = 0,
d
/x =log?2 + logz.
T

However, here in
log2 + logx — loga,

we have to have log0 = 0.
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We will give a physical sense of log0 = 0. We shall consider
a uniform line density p on the z— axis, then the force field F
and the potential ¢ are given, for p = xi + yj,p = |p|,

F=—-—p
P2

and )
¢ = —2plog —,
b

respectively. On the z- axis, we have, of course,

F=06=0.

O. Ufuoma introduced the example at (2019.12.28.5:39):
We consider the equation

2 =0,
then, from xlog2 = log0 = 0, we have x = 0. Meanwhile, if
2e=9) = 0,
we have © = a. However, if a # 0, and if
ple=a) — gro—a.

then we have z = 0, a contradiction. Therefore, the identity is
not valid in this case.

Anyhow, log0 = 0 is defined by a special sense and so, the
derived results should be checked, case by case.

12.2 Robin constant and Green’s functions

From the typical case, we will consider a fundamental applica-
tion. Let D(a, R) = {|z| > R} be the outer disc on the complex
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plane. Then, the Riemann mapping function that maps confor-
mally onto the unit disc {|W| < 1} and the point at infinity to
the origin is given by

R

W = .
z—a

Therefore, the Green function G(z,00) of D(a, R) is given by

G(z,oo):—log{‘zf_%a‘}.

Therefore, from the representation

G(z,00) = —log R + log |z| + log <1 - (zz|> ,

we have the identity
G(00,00) = —log R,

that is the Robin constant of D(a, R). This formula is valid in
the general situation, because the Robin constant is defined by

lim{G(z,b) + log |z — b|},
z—b

for a general Green function with pole at b of some domain ([2]).

12.3 Division by zero calculus for harmonic func-
tions

For a harmonic function h(z,a) with an isolated singular point
at z = a around z = a, we consider the analytic function

f(z,a) = Alog(z—a) Z Cn(z—a)"; 0<r<|z—a|l <R,

whose real part is h(z,a) with constants A and C),.
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Then, we define the division by zero calculus for the func-
tion h(z,a) at z =a by

h(a,a) = RCy.

For example, for the Neumann function on the disc |z| < R
with the pole at z = a

R3
Nz a) =log oy
we have R
N(a, a/) = log m

For the famous Robin constant, this value seems not to be
considered.

12.4 =10

By the introduction of the value log0 = 0, as the inversion
function y = €% of the logarithmic function, we will consider
that y = ¢ = 0. Indeed, we will show that this definition is
very natural.

We will consider the conformal mapping W = e? of the strip

S(—mi,mi) ={z;—7m < Sz < 7}

onto the whole W plane cut by the negative real line (—oo, 0].
Of course, the origin 0 corresponds to 1. Meanwhile, we see that
the negative line (—oo,0] corresponds to the negative real line
(—00,0]. In particular, on the real line lim,_,_, €¢* = 0. In our
new space idea from the division by zero, the point at infinity
is represented by zero and therefore, we should define as

ed = 0.

For the fundamental exponential function W = exp z, at the
origin, we should consider 2 values. The value 1 is the natural
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value as a regular point of the analytic function, meanwhile the
value 0 is given with a strong discontinuity; however, this value
will appear in the universe in a natural way.

For the elementary functions y = z",n = £1,+2,- - -, we
have
nloga:'

y=e

Then, we wish to have
y(0) = en'eV = 0 = 0.

As a typical example, we will consider the simple differential

equation
dx 2ydy

x 1+ y?
Then, by the usual method,

=0.

log |2 —log |1 +3°| = C;

that is,
log v =loge’ =log K, K =¢“ >0
1+ 92
and
x R
14+92

However, the constant K may be taken as zero, as we see directly
loge® =log K = 0.
In the differential equations

Y = -\ My? + aely — qehN®

and
yl _ _beuxyZ + aAe/\xy _ a2be(u+2)\)x

we have solutions



A
y = ae™",

respectively. For A =0, as y = —1, y = a are solutions, respec-
tively, however, the functions y = 0, y = 0 are not solutions,
respectively. However, many and many cases, as the function
y = %% =0, we see that the function is solutions of differential
equations, when y = e is the solutions. See [70] for many
concrete examples.

Meanwhile, we will consider the Fourier integral

/OO e Wl gp = L 2a
o a? + w?’

For the case a = 0, if this formula valid, then we have to consider
e? = 0.

Furthermore, by Poisson’s formula, we have

ol = N 20
)3 D 5 @
n=-—oo n=-—oo

If e = 0, then the above identity is still valid, however, for
e? = 1, the identity is not valid. We have many examples.

For the integral

o0 .3 o
/ x sin(a:r) dr =
0 X +4 2
the formula is valid for ¢ = 0.
For the integral

FEsin(@l) T (4
/O T 6= gme I, >0,

2a2
the formula is valid for z = 0.
For the identity

e *cosa,

2P +yP = 2P,
for p = 0, we would like to consider e = 0 from 2P = exp(plog z).

Here, in particular, consider the cases: p = 1/2 and = = 0.
Then, we have the natural result

0Y/2 =0 =o.
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12.5 0°=1,0

By the standard definition, we will consider
0° = exp(0log0) = exp0 = 1,0.

The value 1 is famous which was derived by N. Abel, meanwhile,
H. Michiwaki had directly derived it as 0 from the result of the
division by zero. However, we now know that 0° = 1,0 is the
natural result.

We will see its reality.

For 0° = 1: In general, for z # 0, from 20 = 0182 0 =1

and so, we will consider that 0° = 1 in a natural way.
For example, in the elementary expansion

14—2 2{: C%Z

the formula 0° = 1 will be convenient for k = 0 and z = 0.
In the fundamental definition

in order to have a sense of the expansion at z = 0 and k£ = 0,
we have to accept the formula 0° = 1.
In the differential formula
d" n n—1
d'win.f = nNnx 5
in the case n = 1 and = = 0, the formula 0° = 1 is convenient
and natural.
In the Laurent expansion, if 0° = 1, it may be written simply
as



for f(a) = Cy.

For 0° = 0: For any positive integer n, since z" = 0 for

z =0, we wish to consider that 0° = 0 for n = 0.
For the expansion

t > B
=Y e
expt —1 = n!

with the Bernoulli’s constants B,,, the usual value of the func-
tion at t = 0 is 1 and this meets the value 0° = 1. Meanwhile,
by the division by zero, we have the value 0 by the method

t 0 0

0= —F——=-=

expt —1 :expO—IZO

and this meets with 0° = 0. Note that by the division by zero
calculus, we have the value 0 (V. V. Puha: 2018.7.3.6:01).

Philip Lloyed’s question (2019.1.18): What is the value
of the equation

By the equation

we have £ = 0 and = = 1 therefore, we have also 0° = 0.
P. Lloyed discovered also the solution —1, as we see the result
directly and interestingly.

Khandakar Kawkabum Munir Saad asked the question for
the equation 2¥ = 0 in Quora: 2019.7.4.17:00. We can give
the solution x = 0. Therefore, for the very interesting equation
22 = 2% we have the trivial solutions 2 and 4 and furthermore,
the solution 0.
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12.6 cos0=1,0

Since
it 4 o—ib
cosf = —

we wish to consider also the value cos(0 = 0.

The values ¢* = 0 and cos0 = 0 may be considered that
the values at the point at infinity are reflected to the origin and
other many functions will have the same property.

The short version of this section was given by [38] in the
Proceedings of the International Conference.

12.7 Finite parts of Hadamard in singular integrals

Singular integral equations are presently encountered in a wide
range of mathematical models, for instance in acoustics, fluid
dynamics, elasticity and fracture mechanics. Together with
these models, a variety of methods and applications for these
integral equations has been developed. See, for example, [13,
27, 42, 44)].

For the numerical calculation of this finite part, see [60], and
there, they gave an effective numerical formulas by using the DE
(double exponential) formula. See also its references for various
methods.

For singular integrals, we will consider their integrals as di-
vergence, however, the Haramard finite part or Cauhy’s princi-
pal values give finite values; that is, from divergence values we
will consider finite values; for this interesting property, we will
be able to give a natural interpretation by the division by zero
calculus.

What are singular integrals? For the interrelationship be-
tween divergence integrals and finite values in singular integrals,
we can obtain an essential answer by means of the division by
zero calculus.

Let F(x) be an integrable function on an interval (¢, d). The
functions F(x)/(z—a)"(n =1,2,3...,c < a < d) are, in general,
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not integrable on (¢, d). However, for any € > 0, of course, the

(& a-+te ( )n

are integrable. For an integrable function ¢(z) on (a,d), we
assume the Taylor expansion

~1
L FE®E) (g "
F(z) = Z k:'( )(x —a)* 4+ p(x)(z — a)™
k=0
Then, we have
d
/ F(x) g
ate (l‘ a)n
n-2 (k) (n—1)
_ Z F%)(a) 71 - F (a) log ¢
K(n—k—1)er=k=1  (n—1)!

d
t—— log(d — a) + /+ p(x)dz}.

Then, the last term {....} is the finite part of Hadamard of the

integral
d
F
/ P .
a (.’L‘ - a)n

and is written by

that is, precisely



F®)(q 1 F(n=1)
- Z kl(n — ](g 2 1) en—k-1 + (n— 1() ) loge}. (12.3)
k=0

We do not take the limiting ¢ — +0, but we put ¢ = 0,
n (12.3), then we obtain, by the division by zero calculus, the

formula p J
f. p./ de = / ﬂdw.
. @ T, o
The division by zero will give the natural meaning (definition)

for the above two integrals.
Of course,

£ p./cd(xF_(a;))ndx:—f. p/(gfﬁdx

+ f p./d(F(x)da;.

x—a)"

When n = 1, the integral is the Cauchy principal value.
In particular, for the expression (12.3), we have, missing

log € term, for n > 2
d
F
f. p./ ﬂdm
c (:IZ - a)n

=t [

(@) 1+ (—=1)"*
7Zk‘n— k—1) erk-1 b

12.8 Complex function log 2

The function f(z) = log z is, of course, multiply-valued, how-
ever, we will define

f(0) =log0 =0,
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as a single-valued at z = 0.
Note, by the division by zero calculus,

ZTL
—|n=0 = log z.
n

Then, for
1
9(z) = .
and
G(z) =logz +C,
we have
9(0) =0
and
G0)=C
Note that the identity
argz = —argz,

and so, if the function arg z is extensible to the origin as an odd
function, then the value arg 0 has to be zero and note that

log z = log |z| + i arg z.

12.9 Complex function arg z

We will show the examples of arg z = 0; however, this should
be considered as a convention as in log0 = 0.

On the complex z plane we consider the unit circle with its
center z = 0. On the unit circle we consider the function

z4+1
arg .

zZ—1

Of course, it is 7/2 except two points z = i, —i. However, for
those points, the values should be still 7/2. The function should
be considered for the points z = 7, —i.
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For example, for the point z = i,

z+1 . T
arg ——|,—; = arg2i —arg0 = —.
z—1 2
We should consider as in the above and not apply the division
by zero calculus as in

zZ4+1
arg ——|,—; = arg 1.
z—1

We consider the bounded harmonic function
v(z) =7+ 2arg(l — z)

on the unit disc |z| < 1 having the boundary values 6 at the
boundary points € (0 < 6 < 27). Then we have

v(l) =m.

21 and 7 is

This result is a very reasonable, because 1 is e” = e
the mean value of 0 and 2.

Meanwhile, we will consider the harmonic measure of the
unit disc taking the boundary value 1 on the arc 6y < 6 < 64

and the value 0 on the arc 6 < 6 < 6y

( ) 1 ewl —Z 91—90
wlz2) = —ar - — .
7 Bt — 2

Since the radial limits at the points €% and e are 1/2, it
seems that the division by zero and division by zero calculus do
not have meanings of the function

et — 5
efo — »

at the points e?0 and 1.
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13 Divergence series and integrals from
the viewpoint of the division by zero
calculus

For the fundamental expansion on |z| < 1

1 >
1_Z:§:y, (13.1)
j=0

we will state the result. Of course, we know its meaning of the
expansion (13.1) that is valid in the open unit disc |z| < 1. Now,
how will be the expansion for the point at z = 1?7 Usually, we
will consider that )

lim

2—=11— 2z

diverges to infinity, meanwhile,

N
lim 17 = +o0.
N—o00 4
Jj=0
Of course, these are right. However, now we can consider that
by the division by zero calculus

=0
1-—=2
at the point z =1 and
N
lim 17 =0.
N—o00 4
7=0

Then the expansion (13.1) is still valid for the point z = 1.

Next, for the integral
1
—d 13.2
/1 L, (13.2)
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we will consider that

1 R
/ —dxr = lim —dz = lim log R = +o0. (13.3)
1 T R—oo J1 @ R—o0

However, by the new idea of the point at infinity, this is zero
([38]), since logoo = 0.
For

/aMszi, (13.4)
0

we have, by the division by zero calculus idea,

o o0 1
/lmwﬁ:/)wh:hﬂZQ (13.5)
0 0 A

We can find many and many formulas in the divergence se-
ries and integrals that may be applied the idea. We will show
examples.

In the formula ([16], page 153), for 0 < z,t < 7

o0 . .
Z sin ns sin nt 1

- = 5log|sin((s—l—t)/2)/SiIl((S—75)/2)|7

n=1

for s =t = 0,7, we can obtain that

1 0
0= 510g6 = log0.

In general, for s = t, we may consider that

. sin® ns
Z - zélog]sin((s—i-s)/?)/o)‘

n=1

1 1
= ilog]sinns/()\ = ilogO =0.

By Poisson’s formula, we have

o0 o0

—aln| _ _2a
Z e = Zooa2+(27m)2'

n=—oo n—=—
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For oo = 0, the both sides are zero.

For the integrals, for non-negative integer n and a > 0,

[ e = T 012)
0 2a"+1

and

0 2 n!
t2n+1 6—(lt dt — )
0 2qn+1

for a = 0, we see that they are zero.
Meanwhile, from the well-known expansion ([1], page 807)
of the Riemann zeta function
1
()= —7+7=—ml=D+mnl-1)"+.,

we see that the value at s = 1 is the Euler constant ~y; that is,

¢(1) =1 (13.6)

Meanwhile, from the expansion

1 o ZQk—l
¢(z) =~ ~ ch% —
k=2
([1], 635 page 18.5.5), we have
¢(0) =o.

From our idea that the point at infinity is represented by zero,
the result ¢(1) = ~ is contrary curious. However, we should

consider that
1
E — =0, (13.7)

n=1
because the limit tends to infinity or N terms sums are not
bounded. We should consider some problem for its representa-
tion (1) by the Riemann zeta function by its analytic extension.
For this point, recall that

((z) = —113+ (x+1) <112 —logC) + ..
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for x = —1; that is ((—1) = —1/12 by the division by zero
calculus, of course, it does not represent the series

14243+ .. +n+..

In many places in mathematical science, infinity notation
may be replaced with zero, by the concept of the division by
zero calculus. How to represent the formulas? We will need
some time in order to see some global situation. These facts
anyhow will show a new meaning of ZERO.
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14 BASIC MEANINGS OF VALUES AT
ISOLATED SINGULAR POINTS OF
ANALYTIC FUNCTIONS

The values of analytic functions at isolated singular points were
given by the coefficients Cy of the Laurent expansions (the first
coefficients of the regular part) as the division by zero calcu-
lus. Therefore, their property may be considered as arbitrary
ones by any sift of the image complex plane. Therefore, we can
consider the values as zero in any Laurent expansions by shifts,
as normalizations. However, if by another normalizations, the
Laurent expansions are determined, then the values will have
their senses. We will firstly examine such properties for the
Riemann mapping function.

Let D be a simply-connected domain containing the point at
infinity having at least two boundary points. Then, by the cele-
brated theorem of Riemann, there exists a uniquely determined
conformal mapping with a series expansion

c_, C_
W:f(z):clz+co+71+z—22+..., Cy >0, (14.1)

around the point at infinity which maps the domain D onto the
exterior || > 1 of the unit disc on the complex W plane. We
can normalize (14.1) as follows:

f(2) Co C Co
Cl =t 01 + Clz + C122 *
Then, this function % maps D onto the exterior of the circle

of radius 1/Cy and so, it is called the mapping radius of D.
See [6, 94]. Meanwhile, from the normalization

c., C-
fz)=Co=Crz+ =+ +...,
z z

by the natural shift Cy of the image plane, the unit circle is
mapped to the unit circle with its center Cy. Therefore, Cy may
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be called as mapping center of D. The function f(z) takes the
value Cp at the point at infinity in the sense of the division by
zero calculus and now we have its natural sense by the mapping
center of D. We have considered the value of the function f(z)
as infinity at the point at infinity, however, practically it was
the value Cy. This will mean that in a sense the value Cy is the
farthest point from the point at infinity or the image domain
with the strong discontinuity.

The properties of mapping radius were investigated deeply in
conformal mapping theory like estimations, extremal properties
and meanings of the values, however, it seems that there is no
information on the property of mapping center. See many books
on conformal mapping theory or analytic function theory. See
[94] for example.

From the fundamental Bierberbach area theorem, we can
obtain the following inequality:

For analytic functions on |z| > 1 with the normalized expan-
sion around the point at infinity

b
g(z):z—i-bo—l-;l—&--'-
that are univalent and take no zero point,
|bo| < 2.

In our sense
g(o0) = by.
See [45], Chapter V, Section 8 for the details.

14.1 Values of typical Laurent expansions

The values at singular points of analytic functions are repre-
sented by the Cauchy integral, and so for given functions, the
calculations will be simple numerically, however, their analyti-
cal (precise) values will be given by using the known Taylor or

215



Laurent expansions. In order to obtain some feelings for the val-
ues at singular points of analytic functions, we will see typical
examples and fundamental properties.

For . .
o) = —— ) =3
Here, note that
1o 112
cosz—1 22 6 120
For log(1 + 2) )
og(l+ =z _ -1
f(Z) 22 ) f(O)— 9 .
For )
= — 0)=-1
()= gy FO

For our purpose in the division by zero calculus, when a
is an isolated singular point, we have to consider the Laurent
expansion on {0 < 7 < |z — a| < R} such that r may be taken

arbitrary small r, because we are considering the function at a.
For

o 1 L1
2241 (249 (z—1)

f(2)

For
1 1

For the Bernoulli constants B,,, we have the expansions

f(z) =

L S By

(expz) — 1 Tz 2 (2n)!

216



and so, we obtain

([72], page 444).

From the well-known expansion ([1], page 807) of the Rie-
mann zeta function

1

((s) = o +y—y(s—=1)+ (s —1)%+ ...,

we see that the Euler constant «y is the value at s = 1; that is,

¢(1) =n.

Meanwhile, from the expansion

1 oo
()= > Cigy
k=2

2k—1
-1

([1], 635 page 18.5.5), we have

¢(0) =o0.

From the representation of the Gamma function I'(2)

I(z) = /1 Tty 4 ZO n!((; 1422)

([72], page 472), we have

o = (e
L(—=m) = Ep1(1) +n_§¢m )
and
(-1




In particular, we obtain

by using the identity
o
—1)nn
Ei(z) = —vy —logz — Z(nZﬂZ’ larg z| <
n=1 ’

([1], 229 page, (5.1.11)). Of course,

o0
Ei(2) = / et 1at.
V4
From the recurrence formula

Blz+1) = (z) + -

z

of the Psi (Digamma) function

Note that

Y(l+2)=—y+ Y (1)) 2] < 1
n=2

(o)
z
- 2 1,2,
7+nz::n(n+z), z# —1,-2,

([1], 259).
From the identity




we have

1
P(z+1) —9(2)

From the identities

I'(z) 1
L(z+1) 2’
and
(D1 —2) = —~
sinmz’

note that their values are zero at z = 0.

By using WolframAlpha, we obtain:

[(x) = % -7+ %(672 + 7))z + ...,
I'(z) = L—i—('y—l)—i— <—1+7—172—17r2> (x+1)+..,
z+1 2 12
I(z) = #+1(3—2’y)+i (21 — 18y + 69° + %) (z+2)+...
20x+2) 4 24 ’

1 1
4 (6y-11
63 T30

1
+575 (—85 + 667 — 18y — 37?) (z +3) + ...,




From the expansions

1 [e.9]
z) = 2t Z Cpz?k=2
k=2

and
o

:—32 Z2k—2 22k=3

([1], 623 page, 18.5.1. and 18.5.4), we have

We can consider many special functions and the values at
singular points. For example,

2 /. COos 2
Y3/2(2) = J_32(2) = — P (Sln2+ ~ ) ;
/2 .
Ii)9(z) = Esmhz,

™

Ky)o(2) = K_y)2(2) = %6_27

and so on. They take the value zero at the origin, however, we
can consider some meanings of the value.

Of course, the product property is, in general, not valid:

£(0) - g(0) # (£(2)9(2))(0);

indeed, for the functions f(z) = z+1/z and g(z) = 1/2+1/(2?)

For an analytic function f(z) with a zero point a, for the
inversion function .

-1._
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we can calculate the value (f(a))~! at the singular point a.
For example, note that for the function

fe) =21,

z
f(0)=0,f(1)=0and f(—1) =0. Then, we have
1 1

()" = 241 2-1)

Hence,

Here, note that the point z = 0 is not a regular point of the
function f(z).
We, meanwhile, obtain that

1
(5gs) =0
logz ),

Indeed, we consider the function y = exp(1/z),z € R and
its inverse function y = @. By the symmetric property of
the functions with respect to the function y = x, we have the
desired result.

Here, note that for the function @, we can not use the
Laurent expansion around x = 1, and therefore, the result is
not trivial.

We shall refer to the trigonometric functions. See, for ex-
ample, ([1], page 75) for the expansions.

From the expansions

+oo
1 1 1 1
== —1) -
sin 2 zjL Z (=1) (z—mr+1/7r>

v=—00,v#0
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and
_1 + o+ =+
oz 6 360 ’
1
() 00
sin z
Meanwhile, from the expansions
oo
sin? z _2; (z —vm)?
and
S G
T 2273715
1 2 1 1
0)=— — =,
(sin2z> ©) 72 Vzl vz 3
From the expansion
+o0
1 2
=1 —-1)
+ Z (=1) (z —2v—-1)1/2 + (2v — 1)7T>

cos z
v=—00
1 1 s 7 m\3
(i R e
z—%5 6 2 360 2
1 > (1)
(3)=1-2571-
Cos 2 2 = 2v+1
Meanwhile, from the expansion
1 f 1
2, _ _ 2
cos?z  ~ (z— (2v—1)m/2)
and
1 n 1 n 1 ( 7r>2 n
= — - - z_ —_
(z— %)2 3 15 2 ’
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1 (W)_2§:1_1
cos? z 2) 72 V:11/2_3'

By the Laurent expansion and by the definition of the divi-
sion by zero calculus, we note that:

Theorem: For any analytic function f(z) on 0 < |z| < oo,
we have

For a rational function
amzm+...+a0‘

bp2™ + -+ by

£(0) = f(o0) = %3.

f(z) = ap,bop #0;  am,bp #0,m,n > 1

Of course, here f(oo) is not given by any limiting z — oo,
but it is the value at the point at oc.

The derivatives of n!:

Note that the identity z! = I'(241) and the Gamma function
is a meromorphic function with isolated singular points on the
entire complex plane. Therefore, we can consider the derivatives
of the Gamma function even at isolated singular points, in our
sense.

14.2 Values of domain functions

In this subsection, we will examine the values of typical domain
functions at singular points. For a basic reference, see [45].
1). For the mapping
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that maps conformally the unit disc |z| < 1 onto the half-plane
{ReW > 1}, we have

W) = —1.

2). For the Koebe function

z

V=

that maps conformally the unit disc |z| < 1 onto the cut plane
of (—oo, —1) we have

W(1)=0.
We can understand it as follows. The boundary point z = 1 of
the unit disc is mapped to the point at infinity, however, the
point is represented by zero. We can see the similar property,
for many cases.

3). For the Joukowsky transform

1/1

that maps conformally the unit disc |z| < 1 onto the cut plane
of [-1,1] we have
W(0) = 0.

This correspondence will be curious in a sense. The origin that
is an interior point corresponds to the boundary point of the
origin. Should we consider the situation as in the case 27 -
the image of the origin is the point at infinity and the point is
represented by zero, the origin.

4). For the transform

z

W =
1— 22
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that maps conformally the unit disc |z| < 1 onto the cut plane
of the imaginary axis of [4+00,i/2] and [—o0, —i/2] we have

by the method of Laurent expansion method, curiously. Should
we consider the values at z =1 and z = —1 as 0 from 1/0 and
—1/0 by the insertings z = 1 and z = —1 in the numerator and
denominator?

5). For the conformal mapping W = P(z;0,v),|v] < 1 of
the unit disc onto the circular slit W plane that is normalized
by P(0;0,v) =0 and

P(z:0,v) = +Co+ Co(z —v) + ...,

zZ—v
is given by, explicitly

1 z2(1 —vz)

P(20,0) =
(20, 0) v(l—|?) z—w

([45], 340 page). Then, we obtain

1—2v|?

P(z: Zz=v — = T o\
(Z 07 U)| CO ’U(l _ "[}‘2)

at z = v by the Laurent expansion method. By the constant
Cp, we can consider as in the mapping center by shift of the
image plane. We may also give the value for z = v by

1 z(1 —vz) _ v(1 — |v|?)
v(l—|?) z—w 0

Z=v

=0.

P(z:0,0)|,= =

The circumstance is similar for the corresponding canonical con-
formal mapping Q(z : 0,v) for the radial slit mapping.

The Szego6 kernel
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For the Szego kernel K (z,u) and its adjoint L kernel L(z, u)
on a regular region D on the complex z plane, the function
K(z,u)

L(z,u)

f(z) =

is the Ahlfors function on the domain D and it maps the domain
D onto the unit disc |w| < 1 with one to the multiplicity of the
connectivity of the domain D. From the relation L(z,u) =
—L(u, z), we see that L(u,u) = 0 in the sense of the division by
zero calculus. Therefore, from the identity

K(u
Hew = gt [ Sy

([45], 390 page), we have the identity
K(z,0)
op §—%

These results can also be confirmed directly.
By this method, we can find many new identities.

|d¢| = 0.

14.3 The values of the Riemann zeta function at
positive integers

In this subsection, we will examine the values of the Riemann
zeta function for positive integers 2 < n by using the division
by zero calculus. For the values of the Riemann zeta functions
at positive integers, see [25]. In particular, note that for odd
integers, their values were mysterious. We can give the values
in the both senses of analytical and numerical.

14.3.1 Simple applications of the division by zero cal-
culus

As the first try, we will see some simple applications of the
division by zero calculus to some typical formulas in order to
look for the values of the Riemann zeta function.
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Method 1
First, we recall the basic identity

o0

1 1
sinz k:Z (z — km)?

—00

([1], page 75: 4.3.92), because the right hand side becomes,
by the division by zero calculus, at z = 0, by taking n times
derivative

2(n—1)!
TC (n).
However, note that this formula is valid for an even n.
Meanwhile, we will use the expansion
1 1 n z n 7 3 n 31 5
=—4+ -4+ —2"+—2
sinz z 6 360 15120
(=D '2(2*" ' = 1)Ba 91
z
(2n)!
([1], page 75: 4.3.68). We will calculate the square of this ex-
pansion and by taking n order derivative, we can calculate the
value at z = 0, by the division by zero calculas.
We can obtain simply the following results, by this method

+- (]2l <) (14.2)

2

n(2) = 12

and .
T

=g

For the values of the Riemann zeta function for even integers,
we know good results, and so we do not examine any further
details here.

Method 2
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We will use the identities:

cotz = ! + 2z i 1
z — 2?2 — k2n?
([1], page 75, 4.3.93) and
cotz:f—f—Z—S—E—
3 45 945

(=1)" 122" Bop 5, 4
B (2n)! -

([1], page 75, 4.3.70).
From (14.3), we have

cot z
< P >___4ZZ k22

Therefore, we have

cot z /1 4§:
z z k:27r2

22
45
Hence, we have
ol
=1
By induction, we can obtain ((2n).

Method 3
We will use the identities:
1 1 2 (—1)k
—-42 A
sin z z+ Z;%—k?ﬁ
([1], page 75, 4.3.93) and (14.2).
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From these identities, we obtain

Lo,y (DF
22 + 22 22 _ k272

k=1
_ ! + ! + ! +
226 360
Therefore, we obtain the result
R S S s
22 32 52 127

Method 4

Recall the expansion

1 > 1 1
= - — . 14.
cot z s Z <z—k7r+k7r> (14.6)

k=—00,k#0

By taking n order derivatives that are very simple with
(14.3) we obtain the values of the Riemann zeta function ¢((n),
easily. However, note that n has to be even integers.

14.3.2 Some general definite result

Recall the expansion

I(z 1 1 1
M@:Fé%:ﬂ_z_§;@+k_k> (147)

([15], page 53). We obtain, taking n—1; (n > 2) order derivative,
by the division by zero calculus

(=D"

) = =y ") (14.8)

Recall the expansion
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Y(z+1) ==+ (DR (2] < 1) (14.9)

([1], page 259, 6.3.14). Then we obtain

W(z+1) = 2k-1
T = i Y1 — (2] <1). (14.10)
k=2

Hence, by the division by zero calculus, we obtain, for n > 2

w(z+ 1)

C(n)=(=1)" o | 2=0- (14.11)

Then, by using (14.9), we obtain for n = 2, by MATHE-
MATICA
v?(2)
2

~ 1.20206.

(3)=1-

Note that with MATHEMATICA, we can derive the Laurent
expansion for many analytic functions and so we can obtain the
division by zero calculus for many analytic functions.

In general, we have

Theorem:

(14.12)

These values may be calculated easily as follows:

L@y
((5) =1 = 570 (2) ~ 1.03693,

oy

~ ~1.01734
§(6) = gg5 ~ 10173
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1
=1-— —0©2) ~ 1.
¢(7) 7o (2) ~ 1.00835,

8

= ~1.004
((8) = g5ygg ~ 1-00408,

1
=1-———®(2) ~ 1.00201.
¢(9) 103207 (2) ~ 1.0020

Note that the value of the function v (z) may be calculated
easily by MATHEMATICA.
In particular, note the well-known formulas:

a1 Bon(2m)?
otzn) = (-1t P

B,
C=n) =~ n ++i '

The following formula was given by S. Ramanujan (1887 - 1920)

+1
((2n + 1) = 22" g2 t! nZ(—l)’fH Bor  Bany2-ok
a 2k)! (20 + 2 — 2Kk)!
[o.¢]
k—2n—1
_2; ot

For the known results, our results are the similar.
This subsection is taken from ([66]).
14.4 Mysterious properties on the point at infinity

In this subsection, we will refer to some feelings on the point
at infinity, because, the division by zero creates a new world on
the point at infinity.
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14.4.1 Many points at infinity?

When we consider a circle with its center P, by the inversion
with respect to the circle, the points of a neighborhood at the
point P are mapped to a neighborhood around the point at
infinity except the point P. This property is independent of
the radius of the circle. It looks that the point at infinity is
depending on the center P. This will mean that there exist
many points at infinity, in a sense.

14.4.2 Stereographic projection

The point at infinity may be realized by the stereographic pro-
jection as well known. However, the projection is depending on
the position of the sphere (the plane coordinates). Does this
mean that there exist many points at infinity?

14.4.3 Laurent expansion

From the definition of the division by zero calculus, we see that
if there exists a negative n term in (5.5)

lim f(z) = oo,

however, we have (5.6). The values at the point a have many
values, that are any complex numbers. At least, in this sense,
we see that we have many points at the point at infinity.

In the sequel, we will show typical points at infinity.

14.4.4 Diocles’ curve of Carystus (BC 2407 - BC 1807)
The beautiful curve

3
9 x
= ) >0
Y 2a — x “
is considered by Diocles. By setting X = 1/2a — x we have

282 (20— XHE)

=+
Y V2a—zx X
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Then, by the division by zero calculus at X = 0, we have a
reasonable value 0.

Meanwhile, for the function %, we have —12a?, by the
division by zero calculus at x = 2a. This leads to a wrong

value.

14.4.5 Nicomedes’ curve (BC 280 - BC 210)

The very interesting curve

r=at cos 6

is considered by Nicomedes from the viewpoint of the 1/3 divi-
sion of an angle. That has very interesting geometrical mean-
ings. For the case § = +(mw/2), we have r = a, by the division
by zero calculus.

Of course, the function is symmetric for § = 0, however,
we have a mysterious value r = a, for § = +(w/2). Look the
beautiful graph of the function.

14.4.6 Newton’s curve (1642 - 1727)

Meanwhile, for the famous Newton curve
9 d
y=azx’+br+c+— (a,d#0),
x

of course, we have y(0) = c.

Meanwhile, in the division by zero calculus, the value is de-
termined by the information around any analytical point for an
analytic function, as we see from the basic property of analytic
functions.

At this moment, the properties of the values of analytic func-
tions at isolated singular points are mysterious, in particular, in
the geometrical sense.
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14.4.7 Unbounded, however, bounded
We will consider the high

y =tanb, ogegg

on the line x = 1. Then, the high y is unbounded, however,
the high line (gradient) can not be extended beyond the y axis.
The restriction is given by 0 = tan(7/2).

Recall the stereographic projection of the complex plane.
The points on the plane can be expanded in an unbounded
way, however, all points on the complex plane have to be cor-
responded to the points of the Riemann sphere. The restriction
is the point at infinity which corresponds to the north pole of
the Riemann sphere and the point at infinity is represented by
0.

This subsection is presented in [81].
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15 DIVISION BY ZERO CALCULUS ON
MULTI-DIMENSIONAL SPACES

In order to make clear the problem, we give firstly a prototype
example. We have the identity by the division by zero calculus,
for

fe) =122 fay =1

From the real part and imaginary part of the function, we have,
for z =z + iy

1_552_3/2

ey~ 0 00
and y
Toaprge 0 00

respectively. Why the differences do happen?

15.1 Definition of the division by zero calculus for
multidimensional spaces

In order to solve this problem, we will give the definition of the
division by zero calculus on multidimensional spaces.

Definition of the division by zero calculus for mul-
tidimensional spaces. For an analytic function g(z) on a
domain D on C™,n > 1, we set

E ={z € D;g(z) =0}.

For an analytic function f(z) on the set D\ E such that

f(2)= ) Cal2)g(2)", (15.1)

n=—oo
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for analytic functions Cy(z) on D, we define the division by zero
calculus by the correspondence

[ — Fyg=0(2) := Co(2)

that shows a natural analytic function of the function f on the
domain D derived from D\ E with respect to E = {z € D;g(z) =
0}.

Of course, this definition is a natural extension of one di-
mensional case. The expression (15.1) may be guaranteed by
the general Laurent expansion that was introduced by Takeo
Ohsawa:

Proposition 13.1 In the Definition of the division by zero
calculus for mutidimensional spaces, if the domain D is a reqular
domain, for any analytic function g, the expansion (15.1) is
possible.

See [93] for the related topics.

However, since the uniqueness of the expansion is, in gen-
eral, not valid, the division by zero calculus is not determined
uniquely. However, we are very interested in the expansion
(15.1) and the property of the function Cy(z) as in the one di-
mensional case.

From the above arguments, we can see the desired results
for the examples as follows:

1— 562 _ y2
(1—-2)%+y2
2(1—2)
:—1+m :—1, at (1,0)
and
m = O, at (].,0)
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15.2 In parameter representations

For example, we will consider the parameter representation

5 a(u—a)lv—a)

= S, (15.2)
2 _ blu—b)(v-1)
y? = e 50 ) , (15.3)
5  clu—c)(v—rc)
. @00 , (15.4)
of the ellipsoid
22 g2 2
;-F? ?:1 a,b,c,>0 (15.5)

([16], 112 page).

For the very natural case b = a, how will be the parameter
representations (13.2)-(13.4)7

At first, we have, by the division by zero, for b = a,

2 2 2
LY L E (15.6)
a a c
and
2 =0. (15.7)
Therefore
W2 22
—+—=1 (15.8)
a c

This will mean that (13.5) is the rotation of (13.8) around the z
axis and (13.8) is the cut elliptic function of (13.5) by the plane
xz =0.

Next, by the division by zero calculus, we have

Y= — ! [c(u—a)(v—a)—a(c—a)(u—a)—a(c—a)(v—a)].

(c—a)?
(15.9)
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However, since we are considering the case with = 0, the
parameters u and v have to be restricted as u = a or v = a. We
fix as v = a then we have

ala — u)

2
=07 15.10
Y i (15.10)

Finally, of course, we have

2= C(;‘__CC) (15.11)

Meanwhile, we will consider the parametric representations
with ¢ =0

 —(u—a)(v—a)
B — : (15.12)
P _al?(bv —b (15.13)
22 =0. (15.14)

Then, we note that

T y U
—+=—=1- — 15.15
a + b ab ( )

and so, for the case u = 0 or v = 0, we obtain the parameter

representation for the elliptic curve

+ =1 (15.16)
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15.3 Open problems

In Subsection 2, we gave natural interpretations for the param-
eter representations (13.2)-(13.4) for the case b = a by the divi-
sion by zero and division by zero calculus. However, we wonder

Open problem: For the parameter representations (13.2)-
(13.4), could we derive some parameter representations of (13.6)?

When, we use (13.6), (13.4) and (3.9), we have the curious
representation:

= s (e—a)ac(uv)+at(utvo) —a’~a(e-a)(v-a)]
(15.17)
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16 DIVISION BY ZERO CALCULUS IN
PHYSICS

We will see the division by zero properties in various physical
formulas. We found many and many division by zero phenom-
ena in physics and others, however, we expect many publications
about them by the related specialists. As the first stage, here
we refer only to elementary formulas, as examples.

16.1 Bhaskara’s example — sun and shadow

We will consider the circle such that its center is the origin and
its radius R. We consider the point S (sun) on the circle such
that £SOI = 0; 0(0,0),I(R,0). For fixed d > 0, we consider
the common point (—L, —d) of two line OS and y = —d. Then
we obtain the identity

Rcosf
L= d
Rsinf "’
([30], page 77.). That is the length of the shadow of the segment

of (0,0) — (0, —d) onto the line y = —d of the sun S.
When we consider § — 40 we see that, of course

L — .

Therefore, Bhaskara considered that

1
5= (16.1)

Even nowadays, our mathematics and many people consider so.
However, for § = 0, we have S=I and we can not consider

any shadow on the line y = —d, so we should consider that

L = 0; that is

- =0. 16.2

: (16.2)
Nothing may be represented by zero; it will be a

sense of zero.
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Furthermore, for R = 0; that is, for S=0, we see its shadow
is the point (0, —d) and so L = 0 and

I_ OC.OSHd: ;
Osind

that is 0
—=0.
0

This example shows that the division by zero calcu-
lus is not almighty.

Note that both identities (16.1) and (16.2) are right in their
senses. Depending on the interpretations of 1/0, we obtain IN-
FINITY and ZEROQO, respectively.

16.1.1 Another example

We consider a triangle ABC with AB = ¢, BC = a, CA = c.
Let z; be the orthogonal projections of AB and AC to the line
BC. Then we have

1{ (b+c>yb—c|}
Ti=s4a+F )
2 a

([30], pages 70-71.). If b = ¢, then, of course, 1 = x2 = a/2.
For a = 0, by the division by zero, we have the reasonable value
Tr1 — X9 = 0.

16.1.2 Remark

For the example ([30], pages 70-71.), we see that now there is
no problem, because we have the relation

R

.
je R
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Then, we have the right formula

Yy =rsing.

16.2 In balance of a steelyard

We will consider the balance of a steelyard and then we have
the equation
aF, =bF, (16.3)

as the moment equality. Here, a, b are the distances from a fixed
point and force Fy, F} points, respectively. Then, we have

b
F, = _F,.
a

For a = 0, should be considered as F, = 0 by the division by
zero b/0 = 07

The identity (16.3) appears in many situations, and the
above result may be valid similarly.

As a typical case, we recall

Ctesibios (BC. 286-222): We consider a flow tube with some
fluid. Then, when we consider some cut with a plane with its
area S and with its velocity v of the fluid on the plane, by

continuity, we see that for any cut plane, Sv = C; C : constant.
That is,

When S tends to zero, the velocity v tends to infinity. How-
ever, for S = 0, the flow stops and so, v = 0. Therefore, this
example shows the division by zero C'/0 = 0 clearly. Of course,
in the situation, we have 0/0 = 0, trivially.

We can find many and many similar examples, for example,
in Archimedes’ principle and Pascal’s principle.

242



We will state one more example:

E. Torricelli (1608 -1646): We consider some water tank
and the initial high h = hy for t = 0 and we assume that from
the bottom of the tank with a hole of area A, water is fall down.
Then, by the law with a constant k

dh k
= 2V
dt A\f’

we have the equation
k 2
h(t) = ho—— | .
0= (Vin-55)

Similarly, of course, for A = 0, we have

Even the fundamental relation among velocity v, time ¢ and
distance s

g

0
and 0

- =0.

0

16.3 By rotation

We will give a simple physical model showing the result % = 0.
We shall consider a disc with 22 4 3? < a? rowling uniformly
with a positive constant angular velocity w with its center at
the origin. Then we see, at the only origin, w = 0 and at other
all points, w is a constant. Then, we see that the velocity and
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the radius r are zero at the origin. This will mean that, in the
general formula

v =Tw,
or, in
v
w=—
r
at the origin,
0
—=0.
0

We will not be able to obtain the result from

. . %
lim w= lim —,
r—+0 r—+0 7

because it is the constant.

For a uniform rotation with velocity v with its center O’ and
with its radius r. For the angular velocity vector w and for the
moving position P on the circle, we set r = OP. Then,

V=w XT.

If w x r =0, then, of course, v = 0.

16.4 By the Newton’s law
We will recall the fundamental law by Newton:

mima

F=G

(16.4)

2
for two masses mq, mo with a distance r and for a constant G.
Of course,

lim F = oo,
r—40

however, as in our fraction

mima
0

F=0=G (16.5)
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Of course, here, we can consider the above interpretation
for the mathematical formula (16.4) as the new interpretation
(16.5). In the ideal case, when two masses are on one point, the
force F' will not be positive and it will be reduced to zero.

In the Kepler (1571 - 1630) - Newton (1642 - 1727) law for
central force movement of the planet,

d’r _ GmM
T
of course, we have r = 0 for r = 0.

For the Coulomb’s law, see similar formulas. Indeed, in the

formula

FH:k(+Q§—Q)
r
for r =0, we have F' = 0.
In general, in the formula

r_ k(Ql)(Q2)

2
for r = 0, we have F' =0 (S. Senuma: 2016.8.20.).

Furthermore, as well-known, the bright at a point at the
distance r from the origin is given by the formula

P
B=k
r2’

where k is a constant and P is the amount of the light. Of
course, we have, at the infinity

B =0.
Then, meanwhile, may we consider as
B=0

at the origin » = 07 Then we can obtain our formula
P

k—=0
0 )

as in our new formula.
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16.5 An interpretation of 0 x 0 = 100 from
100/0 =0

The expression 100/0 = 0 will represent some divisor by the
zero in a sense that is not the usual one, and so, we will be able
to consider some product sense 0 x 0 = 100.

We will show such an interpretation.

We shall consider same two masses m, however, their con-
stant velocities v for the origin are the same on the real line,
in the symmetry way. We consider the moving energy product
E?

%va X %m(—v)2 = E2.
We shall consider at the origin and we assume that the two
masses stop at the origin (possible in some case). Then, we can
consider, formally
0x0=E

The moving energies change to other energies, however, we can
obtain some interpretation as in the above.

This example was discovered by M. Yamane presented in the
paper [36].

16.6 Capillary pressure in a narrow capillary tube

In a narrow capillary tube saturated with fluid such as water,
the capillary pressure is simply expressed as follows,
20

Pc
r

where Pc is capillary pressure (suction pressure), o is surface
tension, and r is radius. If r is zero, there is no pressure. How-
ever Pc shows infinity, in the common meaning.

This simple equation is based on the Laplace-Young equa-

tion . )
P=c—+—
7 <R1 32)
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where Ry and Ro are two principal radii of curvature at any
point on the surface of a droplet or a bubble and in the case
of spherical form R; = Re = R. For a spherical bubble the
pressure difference across the bubble film is zero since the pres-
sure is the same on both sides of the film. The Laplace-Young

equation reduces to
1 1

R R
On other hand when diameter of a bubble is decreased and
becomes O(R = 0), the bubbles collapse and enormous energy
is generated. Accumulated free energy in the bubble is released
instantaneously.

This example was discovered by M. Kuroda presented in
[36].

0.

16.7 Circles and curvature - an interpretation of
the division by zero r/0 =0

We consider a solid body called right circular cone whose bottom
is a disc with its radius ro. We cut the body with a disc of radius
r1(0 < 11 < rg) that is parallel to the bottom disc. We denote
the distance by d between both discs and R the distance between
the top point of the cone and the bottom circle on the surface
of the cone. Then, R is calculated by Eko Michiwaki (8 year
old daughter of H. Michiwaki) as follows:

R=—"2 /&1 (r,— )2

Tog — T

that is called EM radius, because by the rotation of the cone on
the plane, the bottom circle writes the circle of radius R. We
denote by K = K(R) = 1/R the curvature of the circle with its
radius R. We fix the distance d. Now note that

ry — rg = Il — oo.
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This will be natural in the sense that when r; = r9, the circle
with its radius R becomes a line.

However, the division by zero will mean that when 71 = r9,
the above EM radius formula makes sense and R = 0. What
does it mean? Here, note that, however, then the curvature
K = K(0) = 0 by the division by zero calculus; that is, the
circle with its radius R becomes a line, similarly. The curvature
of a point (circle of radius zero) is zero.

16.8 Vibration

In the typical ordinary differential equation

Az

mﬁ = —kl',

we have a general solution

k
x = Cicos(wt+ Ca), w=4/—.
m

If £ =0, that is, if w = 0, then the period T that is given by

ro

w

should be understood as T' = 07
In the typical ordinary differential equation

A2z

mog + kx = f coswt,

we have a special solution

fo1 k
x:—ﬁcoswt, wop =1/ —.
m |w? — wg m

Then, how will be the case



For example, for the differential equation
y" + a’y = bcos Az,

we have a special solution, with the condition A # a

= ————— COS \T.
Y= 22

Then, when A = a, by the division by zero calculus, we obtain
the special solution

bx sin(ax) n b cos ax
2a 4a®

y:

16.9 Spring or circut

We will consider a spring with two spring constants {k;} in a
line. Then, the spring constant k& of the spring is given by the
formula

1 1 n 1
E o ki ko
by Hooke’s law. We know, in particular, if k; = 0, then
1 1 n 1
k0 ke

and by the division by zero,
k = ko,

that is very reasonable. In particular, by Hooke’s law, we see
that

~=0.
0

As we saw for the case of harmonic mean, in this case k1 = 0,
the zero means that the spring does not exist.

The corresponding result for the case of Ohmu’s law is sim-
ilar and valid.
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16.10 Motion

A and B start at the origin on the real positive axis with, for
t=0

d?z dx

az =Y
and

o, e

dt? Todt ’

respectively. After the time 7" and at the distance X from the
origin, if they meet, then we obtain the relations

2(u—v)

T —
b—a

and
2(u —v)(ub —va)

(b —a)?
For the case a = b, we obtain the reasonable results T' = 0 and
X =0.
We will consider the motion (x, y) represented by x = cos 6,y =
sin# from (1,0) to (—1,0) (0 < @ < 7) with the condition

X =

Vg = c(% = —sin 92—2 =1V (constant).
Then, we have that
Yoat tan @’
and
oy,
Yooaz sin® @’

Then we see that

. 1
vy(1,0) = 0, that is, om0 0,

. 1
vy(—1,0) = 0, that is, P—— 0,
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1
1,0) = 0, that is, —— =0,
ay(1,0) ane sin® 0

and

1
ay(—1,0) = 0,that is, —— = 0.
sin® 7

16.11 Darcy’s law for fluid through porpous media

Diffusion phenomenon and penetration phenomenon may be
represented by the partial differential equations

ou o%u™
o
ot Ox?
for some constants v and m.
Indeed, density u and pressure p may be related by equation
of state
u = yp?,
with some constants v and a.
By the conservative law, we have, for porocity v and velocity

v
d(uv) _, Ou
oxr Ot
At the last, by Darcy’s law, we have for some constant k
dp
=—k—.
Y ox
By chancelling v, p from three equations we obtain
u_ k000
ot vy(la+1)0z \ox

([34], 21-22). As basic references, see ([22, 5, 17]).
Be setting m = 1 + 1/a, we have the desired equation.
Note that for a = 0, with the division by zero 1/0 = 0, we
have the right differential equation.
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Meanwhile, for « = —1, by the division by zero calculus, we
have

ou_ kP
ot vy ox2 Bu)-
How will be this partial differential equation?

We can find many and many the division by zero and division
by zero calculus in physics.
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17 INTERESTING EXAMPLES IN THE
DIVISION BY ZERO

We will give interesting examples in the division by zero. In-
deed, the division by zero may be looked in the elementary
mathematics and also in the universe.

e For the line

€T )
9
a+b ’

if @ = 0, then by the division by zero, we have the line
y = b. This is a very interesting property creating new
phenomena at the term z/a for a = 0.

Note that here we can not consider the case a = b = 0.

However, for the equation bz +ay = ab, we have the mean-
ing.

e We will consider the line equation, for fixed a > 0
x
+
—acosa  asina
For P(—acosa,0) and Q(0,asina), PQ = aand ZOPQ =
7 — «, O is the origin. Then, if « = 0, x = —a and if
a = m/2, then y = a and they are reasonable.

=1.

o For the area S(a,b) = ab of the rectangle with its sides of
lengths a, b, we have

and for b = 0, formally

However, there exists a contradiction. S(a,b) depends on
b and by the division by zero calculus, we have, for the
case b = 0, the right result
S(a,b)
b
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o For the identity
(a® + %) (a® = b*) = *(a®* = b*); a,b,c >0,
if a # b, then we have the Pythagorean theorem
a4+ b =2

However, for the case a = b, we have also the Pythagorean
theorem, by the division by zero calculus

24% = .

e Let aj;5 = 1,...,n be the solutions of the equation
f(x) =apx™ + an_12" P+ .. +ag=0, ap#0,

then, 44 = 1,...,n are the solution of the equation

/(2)-

when we apply the division by zero.

o For any z,y € Rif f(x +vy) = f(x) + f(y), then for any
positive integer n, we have

Then, for

we have

that is right.
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e For the function

ar® +bx+c=a(x—a)(lzr—pB), a#0,
1 1

ar? +br+c  alr—a)(z—p)
Then, for x = « for a # 3, we have

ala — B)2.

For a = 3, we have 0.

e In a Hilbert space H, for a fixed member v and for a given
number d we set

V={y€H;(yv) =d}
and for fixed z € H
d(z,V) = (@, v) — d| d’.
[lv]l
If v = 0, then, (y,v) = 0 and d has to be zero. Then, since
H =V, we have
0
0=-.
0
e For the equation
axx=Db,

the solutions exist if and only if a-b = 0 and then, we

have
b xa
X =

+ Ca.
a-a

For a = 0, we have x = 0 by the division by zero.

For the equation

a-x=>b,
we have the equation
a
X=——+cXa.
a-a

If a = 0, then we have x = 0 by the division by zero.
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e We consider 4 lines

a1z + by +c1 =0,
arr + by +cy =0,
a2x + boy +c2 = 0,
as® + bay + ¢5 = 0.

Then, the area S surrounded by these lines is given by the

formula , ,
_ |1 _01‘ “Jer — c1|

S =
la1ba — azb;|
Of course, if |a1ba — agbi| = 0, then S = 0.
. Sirll 0= —L __ = 0. Consider the linear equation with a
cos /2

fixed positive constant a

z )
acosf  asinf

Then, the results are clear from the graphic meanings.

o For the tangential line at a point (acosf,bsinf) on the
elliptic curve

22 2
E—I—bj:l, a,b>0 (17.1)
we have Q(a/(cos€),0) and R(0,b/(sinf)) as the common
points with x and y axes, respectively. If 8 = 0, then

Q(a,0) and R(0,0). If # = 7/2, then Q(0,0) and R(0,b).

o For the tangential line at the point (acosf,bsiné) on the
elliptic curve (17.1), we shall consider the area S(f) of the
triangle formed by this line and x, y axes

ab
S(0) = |sin 6]’

Then, by the division by zero calculus, we have S(0) = 0.
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o The common point of B (resp. B’) of a tangential line of
(17.1) and the line z = a (resp. = —a) is given by

B (a, b(1 - 0089)> ‘
sin #

(resp.

sin 6

) The circle with its diameter BB’ is given by

Note that this circle passes two forcus points of the elliptic
curve. Note that for § = 0, we have the reasonable result,
by the division by zero calculus

2?4y — (a®* = b?) = 0.

In the classical theory for quadratic curves, we have to
arrange globally it by the division by zero calculus.

e On the real line, we look at the point P with angle o and
B with a distance . Then, the high of the point P is given
by

_Ilsinasinf
~ sin(a—B)°
Then, if a = 8, then, by the division by zero, h = 0.

e We consider two tangential lines from a point A for a circle
C and another line with two common points P and Q with
C in the way A-P-Q. Let B be the common point with the
line and two tangential points in the way A-P-B-Q. Then,
we know the identity

AP _AQ
PB QB
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or
2 1 1

4B~ 4P T AQ
These identities are valid even if P=B=Q with

AP _AQ _

0.
0 0

Similarly, we consider two chords AB and C'D of a circle
with a common point P. Then we have

PA  PD

PC ~ PB’
If C = P = B, then we have

AP _PD _

0.
0 0

On the complex plane, the points {z;;j = 1,2,3,4} on a
circle if and only if

2 1 1
_|._

21—z -2z A1
If 21 = 2o, then we have, by the division by zero

zZ1 + 29
z1 = B .

For 4 points {z;;7 = 1,2, 3,4} on the complex plane, let 0
be the angle for the lines 2129 and z3z4. Then, we have

}(2’2 — 21)(24 — 2’3) + (2’2 — Zl)(24 — 2:3)
2 ‘22—2’1H2’4—23| '

cosf =

If 21 = 29, then we have, by the division by zero, § = 7 /2.
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o We see that z belongs to the closed convex hull of {z1, 29, ...
if and only if

A1 A2 An

+ + ...+
zZ—2z1 Z—29 Z— Zn

=0
for
n
A= 0 Y A0
j=1
For n = 1, the statement is valid with the division by zero

A1
z— 21

=0

and )
z:zl,—l =0.

0
Furthermore, for z = z; we have the very interesting iden-
tity
A2 An

+ ...+
21— 29 21 — Zn

=0.

We understand, by the division by zero, for the function

z
f(Z) 97
0 0

as in the sign function.

We fix the lines y = d and z = L (d, L > 0). We consider
a line through two points (0,¢);t > d and (L, d), and let D
be the common point with the line and the z axis. Then,
we have the identity

ot
Ct—d’

Slle
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When t = d, by the division by zero, from d/0 = 0 we
have D = 0 which is reasonable in our new mathematics.
However, from the identity

t s d
t—d t—d’

by the division by zero calculus, we have another reason-
able result D = L.

We consider the line through the fixed point P(—1,1) and
Q(z,0),z > 0 and the mapping

This function maps [0, 1) in the y axis onto [0,00) on the
x axis in one to one way. For a = 1, by the division by
zero calculus, we have £ = —1 and so the function maps
[0, 1] in the y axis onto {—1} U [0, c0) on the x axis in one
to one way.

Then, note that for

we have

We recall the Bramaguputa (598-6687) theorem. We as-
sume that for points A,B,C,D on a circle, AB = a,BD =
d,CD = ¢,DA = b. Let P be the common point of the
lines AB and DC, and we set BP =¢,CP = f. Then, we

have
B deb + ad?
N (b—c)(b+d)
and
Fe abd + cd?
N (b—c)(b+4d)
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If b = ¢, then we have e = f = 0.

Meanwhile, on the complex z plane, for four points A(a),
B(b),C(c),D(d) on a circle |z| = r. Let P(p) be the com-
mon point of the lines AB and CD. Then, we have

bed + acd — abd — abe

p:

cd — ab

Note that for e¢d — ab = 0, we have
0

=-=0.
P=0

The area S(z) surrounded by two z,y axes and the line
passing a fixed point (a,b),a,b > 0 and a point (x,0) is
given by

ba?
2(x —a)’
For x = a, we obtain, by the division by zero calculus, the
very interesting value

S(z) =

S(a) = ab.

For example, for fixed point (a,b);a,b > 0 and fixed a line
y = (tanf)x,0 < 6 < 7w, we will consider the line L(x)
passing two points (a,b) and (x,0). Then, the area S(x)
of the triangle surrounded by three lines y = (tanf)zx,
L(z) and the z axis is given by

b
22— (a—bcotf)’

For the case x = a — bcot 8, by the division by zero calcu-
lus, we have

S(x)

S(a —bcot0) = b(a — beot §).

Note that this is the area of the parallelogram through the
origin and the point (a, b) formed by the lines y = (tan 0)x
and the x axis.
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e We consider the circle
h@? +y*) + (1 =h*)y —h=0

through the points (—1,0), (1,0) and (0,h). If A = 0, then
we have
y=0.

However, from the equation
2, ,2 1
x+y + E_h y—1=0,
by the division by zero, we have an interesting result

2?4yt =1

o We consider the regular triangle with the vertices
(—a/2,v3a/2), (a)2,V3a/2).

Then, the area S(h) of the triangle surrounded by the
three lines that the line through (0, + v/3a/2) and

(—CL/27 \/§CL/2),
the line through (0, h ++/3a/2) and (a/2,v/3a/2) and the
x- axis is given by
(h+ (V3/2)a)
2h

Then, by the division by zero calculus, we have, for h = 0,

S(0) = \gga2.

2

S(h) =

e Similarly, we will consider the cone formed by the rotation

of the line
kx n y
alk+h) k+h

1
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and the z,y plane around the z- axis (a,h > 0, and a,h
are fixed). Then, the volume V(z) is given by

f a*(k + h)3
3 k2

Then, by the division by calculus, we have the reasonable
value

Vi(k) =

V(0) = wa’h.

1 n
an—<1+) ,
n

we have, of course, lim, ., a, = e. Meanwhile, by for-
mally, we have

1 0
a0:<1—|—0> =1"=1.

However, we obtain

1
ap = exp {nlog (1 + ) } =e, (17.2)
n n=0

by the division by zero calculus. Indeed, for x = 1/n, we

have
nlog|1l+—)=—-—(z——+ ...
n T 2

and this equals 1 for the point at infinity, by the division
by zero calculus. Note that for the definition by exponen-
tial functions by (17.2) is fundamental.

For the sequence

For example, for the plane equation
x z
4 y + 2 = 1’
a b ¢

for a = 0, we can consider the line naturally, by the divi-
sion by zero



e For the Gauss map function

r@=1- 3]

x

we have, automatically, by the division by zero
f(0)=0.
e For the product and sum representations

0o z z
HV:—OO,Z/760 (]. — E) exp E

> (en(t- ) )

v=—00,v7#0

and

we do not need the conditions v # 0, because, the corre-
sponding terms are automatically 1 and zero, respectively,
by the division by zero.

e Let X and Y be norm spaces and T be a bounded linear
operator from X to Y. Then, its norm is given by

T
17| = sup 2L
0 HxH

However, if x = 0, then T'x = 0 and so, for x =0,

Therefore, we do not need the condition x # 0 in the
definition.

e For a; > 0, we have the inequality

11 1 )
(a1 +az+--+ap) | —+—++—) >n’
ai  as an

If a,, = 0, by the division by zero, the inequality holds for
n— 1.
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e For the harmonic numbers

1 1 1 1
H =14+ -+ -4+ 4...40 =
n +2+3+4+ + -~
—1+1+1+1+ +
0 1 2 3 ’
we have
1

Then, H; = 1 and Hs = 3/2, and we obtain

H0:6:0

(M. Cervnka: 2017.9.22.).

e We consider the Weierstrass function

1 1 1
E(z,q) = (1 —2)exp <0+z+222+323+...+zq)'
q
For ¢ = 0, from

21 =,
q

we obtain automatically
E(z,0)=1-z.
e In the Fermat theorem that for a prime number p, a is an
integer with no common integer with p, then
at=1

with mod p, from

aP=?

SHES
Il

with mod p, we have formally
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0

ol =

with mod p (M. Cervnka: 2017.9.22.).

For the solutions

. —b++vb? —4ac

2a

of the quadratic equation
ar? +br+c=0,
we have, the solution, for a = 0 and b # 0,

r=—-,

b

by the division by zero calculus. For this viewpoint we see
the following representation of the general solution

2c
x = .
—b 4 Vb?% — 4ac
Meanwhile, V. V. Puha got the representation
cra —b =+ Vb2 — 4ac
S(E-n)+
b 2a
(V. V. Puha: 2018.6.9.5:28).

xr =
a

Let X be a nonnegative random variable with a continuous
distribution F', then the mean residual life function M (x)
is given by, if 1 — F'(z) > 0,

Jo (L= F(g))de
1-F(z)

M(z) =

However, if 1 — F(z) = 0, automatically, we have M (z) =
0, by the division by zero.
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e As in the line case, in the hyperbolic curve

2 2
%—%5=L a,b >0, (17.3)

by the representations by parameters

a a 1+t
xr= = — —_
cosf® 2\t

__b _bfl_,
y_tan9_2 t ’

the origin (0,0) may be included as the point of the hy-
perbolic curve, as we see from the cases § = 7/2,0 and
t=0.

In addition, from the fact, we will be able to understand
that the asymptotic lines are the tangential lines of the
hyperbolic curve.

and

The two tangential lines of the hyperbolic curve with gra-
dient m is given by

y =mz +Va*m? — b2 (17.4)
and the gradients of the asymptotic lines are
m=+—.
a

Then, we have asymptotic lines y = j:gaz as tangential
lines.

The common points of (17.3) and (17.4) are given by

<:|: a’m n b%m >
Vazm2 =2 VaZm?2 -2 )’

For the case a?m? — b? = 0, they are (0,0).
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e We will consider a general cone quadratic curve. For this
purpose, we will consider the line z = —k, (k > 0) and a
fixed point O = F(0,0). Then a general cone curve may
be represented as

PF r
= A
PH k4 cosf

with H(—k,y), P = (z,y), PF = r and § = /PFE,
E = (1,0).

Then, we will consider the case e = 0. Of course, then the
origin may be a point circle at the origin. Meanwhile, for
k 4+ rcos@ = 0; that is, we have the line x = —k. These
two cases may be considered as a family of cone quadratic
curves.

e We consider the surface represented by the equation

T4l =1, abe>o.

and

we do not need to assume that A, u # 0.

e We fix a circle

4+ (y—a)*=d* a>0.
At the point (2a + d,0),d > 0, we consider two tangen-
tial lines for the circle. Let 26 is the angle between two
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tangential lines at the point (2a + d,0), Then, the area
S(h) = S(0) and the length L(z) = L(#) are given by

a

Vh

[SI[3Y

S(h) = S(0) (h + 2a)

2

a 1
inf -+ 2
cos (sm Tt sin 9>

and

L(h) = L(9) = %\/h + 2a

1
=a < —i—tan@) ,
cos

respectively. For h = 0 and € = 0, by the division by zero
calculus, we see that all are zero.

o We consider two spheres defined by
2?2+ 2% + 202 4 2bjy + 2¢j2 +2d; =0, j=1,2.
Then, the angle 6 by two spheres is given by

aias + biby + cieg — (d1 + dg)

cosf = .
\/a%—l-b%—kcf —2d1\/a%+b%+c% — 2ds

If two spheres are orthogonal or one sphere is a point
sphere, then cosf = 0.

e For the parabolic equation
y* = dpz,

two points (pt2,2pt) and (ps?,2ps) is a diameter if and
only if

(s—t){t(s+t)+2}=0; s=—-t——
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and the diameter r is given by
12 = 2t — 5)2{(t + )2 +4}.
Here, we should consider the case t = s =0 as r = 0 and

2

0=-0-=
O?

and the x and y axes are the orthogonal two tangential
lines of the parabolic equation.

For the parameter equation

1
rT=1——,
t
1
)
y—t +t72
we have
y=x?+2.
For t = 0, we have x =y = 0.
For the function
y? =4z + 4,

for x = rcos @,y = rsinf we have

2
r=—.
1 — cosf

Note that for § =0, r = 0.

For the integral equation, for a constant k

/ ydx = ky,
0

we have the general solution
x

y:C’expk
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If k =0, then, of course, we have, y = C.

For the integral equation

/yda:—k/ V14 (y)2dx
0 0

we have the solution

s e ()

If kK =0, then, we should have y = 0.

We consider the Cayley transform; for
9
A— < 0 , cot 2)
—cot 5 0
U=(A+E)A-E) =
cosf —sinf
sinf cos@ /'

Then, for § = 7, we have the right result, by the division
by zero calculus as in

and

and
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18 WHAT IS THE ZERO?

The zero 0 as the complex number or real number is given clearly
by the axioms by the complex number field and real number
field, respectively. For this fundamental idea, we should con-
sider the Yamada field containing the division by zero. The
Yamada field and the division by zero calculus will arrange our
mathematics, beautifully and completely; this will be our real
and complete mathematics.

Standard value

The zero is a center and stand point (or bases, a standard
value) of the coordinates - here we will consider our situation
on the complex or real 2 dimensional spaces. By stereographic
projection mapping or the Yamada field, the point at infinity
1/0 is represented by zero. The origin of the coordinates and
the point at infinity correspond with each other.

As the standard value, for the point w, = exp (%z) on the
unit circle |z| = 1, for n = 0:

wo = exp (%2) =1, —=0.

For the mean value

Mn:xl—f—xQ—i—...—l—xn,
n

we have 0
MO == O == 6

Fruitful world

For example, in very general partial differential equations,
if the coefficients or terms are zero, we have some simple dif-
ferential equations and the extreme case is all terms zero; that
is, we have the trivial equation 0 = 0; then its solution is zero.
When we consider the converse, we see that the zero world is
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a fruitful one and it means some vanishing world. Recall the
Yamane phenomena, the vanishing result is very simple zero,
however, it is the result from some fruitful world. Sometimes,
zero means void or nothing world, however, it will show some
change as in the Yamane phenomena.

From 0 to 0; 0 means all and all are 0

As we see from our life figure, a story starts from the zero
and ends to the zero. This will mean that 0 means all and all
are 0, in a sense. The zero is a mother of all.

Impossibility

As the solution of the simplest equation
ar =b (18.1)

we have x = 0 for a = 0,b # 0 as the standard value, or the
Moore-Penrose generalized inverse. This will mean in a sense,
the solution does not exist; to solve the equation (18.1) is im-
possible. We saw for different parallel lines or different parallel
planes, their common point is the origin. Certainly they have
the common point of the point at infinity and the point at in-
finity is represented by zero. However, we can understand also
that they have no solutions, no common points, because the
point at infinity is an ideal point.

We will consider the point P at the origin with starting at
the time ¢ = 0 with velocity V' > 0 and the point Q at the point
d > 0 with velocity v > 0. Then, the time of coincidence P=Q
is given by

d
V—v
When V = v, we have, by the division by zero, T' = 0. This
zero represents impossibility. We have many such situations.
We will consider the simple differential equation

T —

2 2
md—x:O @y

75 My = Mg (18.2)
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with the initial conditions, at ¢ =0

dzx
— = g Ccos a,

dy
dt dt

=ygsina; z=y=0.

Then, the highest high h, arriving time ¢, the distance d from
the starting point at the origin to the point y(2t) = 0 are given
by
h:v(z)sinoz’ d:vgsiHZa
29 g

and .
vp sin «

g
For the case g = 0, we have h = d =t = 0. We considered the
case that they are infinity; however, our mathematics means
zero, which shows impossibility.
These phenomena were looked in many cases on the universe;
it seems that God does not like the infinity.

As we stated already in the Bhaskara’s example — sun and
shadow

Zero represents void or nothing

On ZERO, the authors S. K. Sen and R. P. Agarwal [88]
published its history and many important properties. See also
R. Kaplan [35] and E. Sondheimer and A. Rogerson [90] on the
very interesting books on zero and infinity.

India has a great tradition on ZERO, VOID and INFINITY
and they are familiar with those concepts.

Meanwhile, Europian (containing the USA) people do not
like such basic ideas and they are not familiar with them.
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19 CONCLUSION

Apparently, the common sense on the division by zero with a
long and mysterious history is wrong and our basic idea on the
space around the point at infinity is also wrong since Euclid.
On the gradient or on derivatives we have a great missing since
tan(7/2) = 0. Our mathematics is also wrong in elementary
mathematics on the division by zero.

This book is elementary on our division by zero as the first
publication of books for the topics. The contents have wide
connections to various fields beyond mathematics. The author
expects the readers to write some philosophy, papers and essays
on the division by zero from this simple source book.

The division by zero theory may be developed and expanded
greatly as in the author’s conjecture whose break theory was
recently given surprisingly and deeply by Professor Qi’an Guan
[29] since 40 years proposed in [77] (the original is in [76]).

We have to arrange globally our modern mathematics with
our division by zero in our undergraduate level.

We have to change our basic ideas for our space and world.

We have to change globally our textbooks and scientific
books on the division by zero.
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