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Abstract: 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(m/2) = 0. Our mathematics is also wrong in
elementary mathematics on the division by zero. In this book, we will show
and give various applications of the division by zero 0/0 = 1/0 = z/0 = 0. In
particular, we will introduce several fundamental concepts on calculus, Eu-
clidian geometry, analytic geometry, complex analysis and differential equa-
tions. We will see new properties on the Laurent expansion, singularity,
derivative, extension of solutions of differential 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
the mathematical sciences from the viewpoint of the division by zero. We
will know that the division by zero is our elementary and fundamental math-
ematics.
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Preface

The division by zero has a long and mysterious story over the world
(see, for example, H. G. Romig [49] and Google site with the division by
zero) with its physical viewpoints since the document of zero in India on AD
628. In particular, note that Brahmagupta (598 -668 ?7) established the four
arithmetic operations by introducing 0 and at the same time he defined as
0/0 = 0 in Brhmasphuasiddhnta. Our world history, however, stated that
his definition 0/0 = 0 is wrong 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 the fractions against the mysterously long
history, as we can see from the concepts of the Moore-Penrose generalized
inverses or the Tikhonov regularization method to the fundamental equation
az = b, whose solution leads to the definition z = b/a.

However, the result (definition) will show that for the elementary mapping

1
W == 0.1
Z7 ( )

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 repre-
sentation 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 the limiting like +00 and —oo or the
point at infinity as co. However, their basic idea comes from continuity
with the common sense or based on the basic idea of Aristotle. — For the
related Greece philosophy, see [65, 66, 67]. 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 ([29, 37]) for example. Therefore, the division by zero will give
great impacts to calculus, Euclidean geometry, analytic geometry, differen-
tial equations, complex analysis in the undergraduate level and to our basic
ideas for the space and universe.

We have to arrange globally our modern mathematics in our undergrad-
uate level. Our common sense on the division by zero will be wrong, with



our basic idea on the space and the universe since Aristotle and Euclid. We
would like to show clearly these facts in this book. The content is in the
undergraduate level.

Kiryu, Japan Saburou Saitoh



Acknowledgements

For the initial stage, we had many interesting and exciting communica-
tions with, in particular, the following Professors and Drs:

H. G. W. Begehr, Yoshihide Igarashi, Masao Kuroda, Hiroshi Michiwaki,
Mitsuharu Ohtani, Matteo Dalla Riva, Lukasz T. Stepien, Masako Takagi,
Si-Ei Takahasi, Dimitry Vorotnikov, and Masami Yamane.

Since the second stage, the following Professors gave many valuable sug-
gestions and comments on our division by zero:

Haydar Akca, A.D.W. Anderson, I. Barukcic, J. A. Bergstra, M. Cer-
venka, J. Czajko, Takeo Ohsawa, Hiroshi Okumura, Tsutomu Matsuura,
Sandra Pinelas, L.C. Paulson, F. Stenger.

Meanwhile, we are having interesting negative comments from several
people on our division by zero. However, they seem to be just traditional
and old feelings, and they are not reasonable at all for the author. The typical
good comment for the first draft is given by some physician as follows:

Here 1s how I see the problem with prohibition on division by zero, which

15 the biggest scandal in modern mathematics as you rightly pointed out
(2017.10.14.08:55).

The detailed research procedures and many ideas on the division by zero
are presented in the Announcements as in stated in the references and in
Japanese Announcements:

148(2014.2.12), 161(2014.5.30), 163(2014.6.17), 188(2014.12.15), 190(2014.12.24),
191(2014.12.27), 192(2014.12.27),

194(2015.1.2), 195(2015.1.3), 196(2015.1.4), 199(2015.1.15), 200(2015.1.16),
202(2.015.2.2), 215(2015.3.11), 222(2015.4.8), 225(2015.4.23), 232(2015.5.26),
249(2015.10.20), 251(2015.10.27), 253(2015.10.28,255(2015.11.3), 257(2015.11.05),
259(2015.12.04), 262(2015.12.09),

272(2016.01.05), 277(2016.01.26), 278(2016.01.27), 279(2016.01.28), 280(2016.01.29),
287(2016.02.13), 202(2016.03.2), 295(2016.04.07), 296(2016.05.06), 297(2016.05.19),
306(2016.06.21), 308(2016.06.27), 309(2016.06.28), 310(2016.06.29), 311(2016.07.05),
312(2016.07.14), 313(2016.08.01), 314(2016.08.08), 315(2016.08.08), 316(2016.08.19),
325(2016.10.14), 327(2016.10.18), 334(2016.11.25), 335(2016.11.28), 339(2016.12.26),



353(2017.2.2), 357(2017.2.17), 365(2017.5.12), 366(2017.5.16), 367(2017.5.18),
368(2017.5.19), 371(2017.6.27), 373(2017.7.17), 374(2017.7.20), 375(2017.7.21),
376(2017.7.31), 377 (2017.8.3), 378 (2017.8.4), 398(2017.11.15), 399(2017.11.16),
402(2017.11.19). 404(2017.12.30), 405(2017.12.31).

411(2018.02.02), 414(2018.02.14).



Contents

Introduction
Introduction and definitions of general fractions

By the Tikhonov regularization

By the Takahasi uniqueness theorem

By the Yamada field containing the division by zero

By the intuitive meaning of the fractions (division) by H. Michiwaki
Other introductions of general fractions

Stereographic projection

The point at infinity is represented by zero
A contradiction of classical idea for 1/0 = oo
Natural meanins of 1/0 =0

Double natures of the zero point z =0

Mirror image with respect to a circle
Division by zero calculus

Introduction of the division by zero calculus

Difficulty in Maple for specialization problems

Reproducing kernels

Ratio

Identities

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

Triangles and division by zero
Derivatives of functions
Differential equations

Missing solutions

Continuation of solution

Singular solutions

Solutions with singularities

Solutions with an analytic parameter

Special reductions by division by zero of solutions
Partial differential equations



Open problems
Euclidean spaces and division by zero

Broken phenomena of figures by area and volume
Parallel lines

Tangential lines and tan § =0

Two circles

Newton’s method

Cauchy’s mean value theorem

Length of tangential lines

Curvature and center of curvature

n = 2,1, 0 regular polygons inscribed in a disc
Our life figure

H. Okumura’s example

Interpretation by analytic geometry

Applications to Wasan geometry

Circle and line

Three touching cirlces exteriously
The Descartes circle theorem
Circles and a chord

Introduction of formulas log(0 = logoo = 0

Applications of log0 =0

Robin constant and Green’s functions

e =1,0

0°=1,0

Finite parts of Hadamard in singular integrals

Basic meanings of values at isolated singular points of analytic
functions

Values of typical Laurent expansions
Values of domain functions
Mysterious properties at the point at infinity

Division by zero calculus on mutidimensional spaces
Division by zero calculus in physics

In balance of a steelyard



By rotation

By the Newtons’s law

An interpretation of 0 x 0 = 100 from 100/0 =0
Capillary pressure in a barrow capillary tube
Circle and curvature - an interpretation of the division by zero r/0
Vibration

Spring or circuit

Motion

Interesting examples in the division by zero
What is the zero?

Conclusion

References



1 Introduction

By a natural extension of the fractions

b

Z 1.1

" (11)
for any complex numbers a and b, we found the simple and beautiful result,

for any complex number b

b

0= 0, (1.2)
incidentally in [53] by the Tikhonov regularization for the Hadamard product
inversions for matrices, and we discussed their properties and gave several
physical interpretations on the general fractions in [24] for the case of real
numbers. The result is a very special case for general fractional functions in
[12].

The division by zero has a long and mysterious story over the world
(see, for example, H. G. Romig [49] and Google site with the division by
zero) with its physical viewpoints since the document of zero in India on AD
628. In particular, note that Brahmagupta (598 -6687) established the four
arithmetic operations by introducing 0 and at the same time he defined as
0/0 = 0 in Brhmasphuasiddhnta. Our world history, however, stated that
his definition 0/0 = 0 is wrong over 1300 years, but, we will see that his
definition is right and suitable.

Indeed, we will show typical examples for 0/0 = 0. However, in this
introduction, these examples are based on some natural feelings and are not
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(ANB)
P(B)
If P(B) = 0, then, of course, P(ANB) = 0 and from the meaning, P(A|B) =

0 and so, 0/0 = 0.
For the representation of inner product in vectors
A-B

cosf) = ——

AB

P(A[B) =



B A.B, + A,B, + A.B.
 JAI+ A2+ A2, /B2+ B2+ BY

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. Czajko gave kindly
the detailed comments following his some general 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 of in
the former mathematics and physics, creates tacitly evaded inconsistencies
even at the logical level of mathematical reasonings.

Dieudonne ([17]) has also tentatively assumed xy = 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+ 40 then it might lead one
to question whether or not the still reigning single-space reality paradigm is
admissible in general.

[*] Dieudonn J. Treatise on analysis II. NewYork: Academic Press, 1970,
p.151.

Look his basic great references, [14, 15].

For the differential equation

dy 2y

dr =z

we have the general solution with constant C'
y = Cx?.

At the origin (0,0) we have

0
'(0) = — = 0.
y'(0) 5

For three points a, b, c on a circle with center at the origin on the complex
z-plane with radius R, we have

lab + be + cal
—

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

la+b+c|=

10



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

r abe
- _ = . 1.
S 2(a+b—|—c) iR (1.3)
If R =0, then we have
0
S=0=- 1.4
- (14)
(H. Michiwaki: 2017.7.28.).
For the second curvature
x/ y/ Z/
K2 — ((x//)Z + (y//>2 + (ZI/)Q)_l . :,U” yl/ Z// , (15)

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

For the function sign # = x/|z|, we have, automatically, sign x = 0 at
xz=0.

We have furthermore many and 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 important case 1/0 we do not
know any result there. — Indeed, we find many and many wrong logics on
the division by zero, without the definition of the division by zero z/0. How-
ever, Sin-Ei Takahasi ([24]) discovered a simple and decisive interpretation
(1.2) by analyzing the extensions of fractions and by showing the complete
characterization for the property (1.2):

Proposition 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(b,a)=—-, a,be C,a#0.
a

11



Then, we obtain, for any b € C

F(b,0) = 0.

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 ([24]).
Indeed, when the Takahasi’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. Since the paper had been published over fully four
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, the Takahasi’s assumption for the product property should be
accepted for any generalization of fraction (division). Without the product
property, we will not be able to consider any reasonable fraction (division).

Following the proposition, we should define

b
F<b70):6:0>

and consider, for any complex number b, as (1.2); that is, for the mapping

1

W = ot (1.6)
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 repre-
sentation 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 the limiting like +00 and —oo or the
point at infinity as co. However, their basic idea comes from continuity
with the common sense or based on the basic idea of Aristotle. — For the
related Greece philosophy, see [65, 66, 67]. However, as the division by zero

12



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 ([29, 37]) for example. Therefore, the division by zero will give
great impacts to calculus, Euclidian geometry, analytic geometry, complex
analysis and the theory of differential equations in an undergraduate level
and furthermore to our basic ideas for the space and universe.

Meanwhile, the division by zero (1.2) was derived from several indepen-
dent approaches as in:

1) by the generalization of the fractions by the Tikhonov regularization
or by the Moore-Penrose generalized inverse to the fundamental equation
az = b that leads to the definition of the fraction z = b/a,

2) by the intuitive meaning of the fractions (division) by H. Michiwaki,
3) by the unique extension of the fractions by S. Takahasi, as in the above,

4) by the extension of the fundamental function W = 1/z from C\ {0}
into 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 the mean values of func-
tions.

Furthermore, in ([28]) we gave the results in order to show the reality of
the division by zero in our world:

A) a 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 (x,y) plane — tan § =0,

C) by the reflection W = 1/Z of W = z with respect to the unit circle
with center at the origin on the complex z plane — the reflection point of
zero is zero, (The classical result is wrong, see [37]),

and

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

Furthermore, in ([29],[53]), we discussed many division by zero proper-
ties in the Euclidean plane - however, precisely, our new space is not the

13



Euclidean space. In ([25]), we gave beautiful geometrical interpretations of
determinants from the viewpoint of the division by zero. More recently, we
see the great impact to Euclidian geometry in connection with Wasan in
([38, 39, 41]).

We recall the recent papers on the division by zero.

J. A. Bergstra, Y. Hirshfeld and J. V. Tucker [8] and J. A. Bergstra [9]
discussed the 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.

Meanwhile, Carlstrm ([10]) introduced the wheel theory; wheels are a
type of algebra where division is always defined. In particular, division by
zero is meaningful. The real numbers can be extended to a wheel, as can
any commutative ring. The Riemann sphere can also be extended to a wheel
by adjoining an element L, 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. 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 projective line together with an extra point
1 =0/0.

Similarly, T.S. Reis and J.A.D.W. Anderson ([47, 48]) extends the sys-
tem of the real numbers by defining division by zero with three infinities
+00, —00, ® (Transreal Calculus).

However, we can introduce simply a very natural field containing the
division by zero that is a natural extension (modification) of our mathematics,
as the Yamada field.

In connection with the deep problem with physics of the division by zero
problem, see J. Czajko [14, 15, 16]. However, we will be able to find many
logical confusions in the papers, as we refer to the details later.

J. P. Barukcic and I. Barukcic ([6]) discussed the relation between the
division 0/0 and special relative theory of Einstein. However it seems that
their result is curious with their logics. Their results contradict with ours.

L.C. Paulson stated that I would guess that Isabelle has used this con-
vention 1/0 = 0 since the 1980s and introduced his book [34] referred to this
fact. However, in his group the importance of this fact seems to be entirely
ignored at this moment as we see from the book.

For the recent great works, see E. Jebek and B. Santangelo [22, 56]. They

14



stated in their abstracts of their papers as follows: :

E. Jebek [22]:

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

B. Santangelo [56]:

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 structure which contains numbers that can be used to define
Division By Zero, just as ¢ can be used to define v/—1.

This method of Division By Zero is different from other previous attempts
in that each § has a different unique, numerical solution for every possible
a, albeit these numerical 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 familiar with the operations of addition,
subtraction, multiplication 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 eventually 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 belongs 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 - ¢ = o, 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 Hypoth-
esis Addendum - Breakthrough.

Here, we recall Albert Einstein’s words on mathematics:
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Blackholes are where God divided by zero. I don’t believe in mathemat-
ics. George Gamow (1904-1968) Russian-born American nuclear physicist
and cosmologist remarked that ”it is well known to students of high school
algebra” 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, the two great challengers Jakub Czajko [15] and Ilija Barukecic [7]
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 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.

This question will reflect to mathematicians contrary. We stated for the
estimation of mathematics in [46]: Mathematics is the collection of relations
and, good results are fundamental, beautiful, and give good impacts to hu-
man beings.

With this estimation, we stated that the Euler formula

67'('Z — _1

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 importance. 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 division by zero
were on the definition. — Indeed, when we consider the division by zero a/0
in the usual sense as the solution 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 mathematical formulas and physical
formulas. The typical example is the case of x = 0 for the fundamental
function y = 1/z.
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— 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
Yamada field containing the division by zero.

Another important fact was discontinuity for the function y = 1/z 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 all as a/0 = 0 in the general fraction which is defined by the generalized
solution of the equation ax = b. However, for the strong discontinuity of the
function y = 1/z at the origin, we were not able to accept the result a/0 = 0
for very long years.

As the number system containing the division by zero, the Yamada field
structure is simple and complete. However 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 the results and for other reasons.

In this book, we will discuss the division by zero in calculus and Euclidian
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 realize 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.

This book is an extension of the sourse file ([45]) of the invited and
plenary lecture presented at the International Conference — 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.
We have to change globally our textbooks and scientific books on the divi-
sion by zero.
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2 Introduction and definitions of general frac-
tions

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

b (2.1)

a

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

Here, in order to see its essence, we will consider all on the real number
field R. However, for b # 0, this equation has not any solution for the case
a = 0, and so, 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

\r? + (ax — b)?; (2.2)
that is,
ab
za(a,b) = i (2.3)

may be considered as the fraction in the sense of Tikhonov with parameter
A, in a generalized sense. Note that the limit

,\li}ilo (e, )

exists always. By the limit
_ b
lim z)(a,b) = —, (2.4)

A—+0 a

we will define the general fractions b/a.

18



Note that, for a # 0, the definition (2.4) is the same as the ordinary
sense, however, when a = 0, we obtain the desired results b/0 = 0, since
xx(0,b) = 0, always.

The result (2.4) is, of course, a trivial Moore-Penrose generalized inverse
(solution) for the equation axz = b. The Moore-Penrose generalized inverse
gives the very natural 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 mysterious
history of the division by zero.

For the general theory of the Tikhonov regularization and many applica-
tions, see the cited references, for example, [54].

2.2 By the Takahasi uniqueness theorem

Sin-Ei, Takahashi ([59]) established a simple and natural interpretation (1.2)
by analyzing any extensions of fractions and by showing the complete char-
acterization for such property (1.2). Furthermore, he examined several fun-
damental properties of the general fractions from the viewpoint of operator
theory. His result will show that our mathematics says that the results (1.2)
should be accepted as natural ones.

Theorem. 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 e C

and a
F(a,b):g, a,be Cb+#£0.

Then, we obtain, for any a € C

F(a,0) =0.

Proof. ~ We have F(a,0) = F(a,0)1 = F(a,0)3 = 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 @ € C.
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Several mathematicians pointed out to the author for the publication of
the paper ([24]) that the notations of 100/0 and 0/0 are not good for the
sake of the generalized senses, however, there does not exist other natural
and good meaning for them. Why should we need and use any new notations
for involving the notations? We should use the notation, we think so. 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 mysterious confusions for the division by zero. Its basic
one 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 filed 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}".

Then, we note that

Theorem 1. 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 decomposition
(a,b) ~ (c,d).

Then, the relation ~ satisfies the equivalent relation.

Definition 1. For the quotiant 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 .
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Note that
Lemma 1. In C? if (a,b) ~ (m,n) and (¢,d) ~ (p,q), then (ac,bd) ~
(mp,nq).

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

Theorem 2. For any members 3,5 € A, we introduce the product - as
follows:
a ¢ ac
b d  bd
and the sum +:
AR £
P A S Bl ¥
i 0S54

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

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

2) Under the operation - , Y \ {0y} becomes an abelian group and 1 is
the unit element.

3) In Y , operations + and - satisfies distributive law.

Remark. In C?, when (a,b) ~ (m,n) and (c,d) ~ (p,q), the relation
(ad 4 be, bd) ~ (mq + np,nq) is, in general, not valid. In general,

a ¢ ad+be

b d  bd

1s not well-defined and is not valid.
Indeed, (1,2) ~ (1,2) and (3,0) ~ (0, 3), but

(1-042-3,2-0) = (6,0) % (3,6) = (1-3+2-0,2-3).

Theorem 3. The two fields Y and C are homomorphic.

Indeed, consider the mapping f from Y to C:

a {ab‘1 (% #* Oy)

f:a::E»—> i (%:Oy).
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Then, we can see easily the followings: 1)f(z+y) = f(z)+ f(y), 2)f(z-y) =
f(x)f(y), 3)f(ly) =1, and 4) f is a one to one and onto mapping from Y to
C.

We define a unary operation ¢y on Y as

NOR
1

For the inverse element of x = § # Oy, we shall denote it by 7.

Definition 2. We define a binary operation / on'Y as follows: For any
r,yeyY

ol — - _Jayt (W #0y),
/v oy (y) {o (y=0y).

We will call the field Y with the operation ¢y 0-divisible field.

Theorem 3. C becomes a 0-divisible field.

Indeed, in C, a unary operation ¢ = f o ¢y o f~1 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 the 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 numbers field C as
complex numbers, by this simple modification.
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2.4 By the intuitive meaning of the fractions (division)
by H. Michiwaki

We will introduce an another approach. The division b/a may be defined in-
dependently of the product. Indeed, in Japan, the division b/a ; b raru
a (jozan) is defined as how many a exists in b, this idea comes from subtrac-
tion a repeatedly. (Meanwhile, product comes from addition). In Japanese
language for ”division”, there exists such a concept independently of product.
H. Michiwaki and his 6 years old daughter said for the result 100/0 = 0 that
the result is clear, from the meaning of the 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 result. Her under-
standing 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 the 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 num-
bers. 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: The first principle, for example, for 100/2 we shall consider it as
follows:

100 —2—-2—2—...,—2.

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

3—2=1

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

§: 14+0.5=1.5.

2
By these procedures, for a # 0 we can define the fraction b/a, usually. Here
we do not need the concept of product. Except the zero division, all the
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, so we can not
say we subtract any from 100. Therefore, the subtract number should be

understood as zero; that is,
100 0
o =0
We can understand this: the division by 0 means that it does not divide 100

and so, the result is 0. Similarly, we can see that

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 i—;, similarly, by using
the Euler formula

2= Dtcos(By — 0,) + sin(6) — 62)} (2.5)
z2 T2
for |z;] = r; and argz; = #;. The problem may be reduced to one of the

division %

H. Michiwaki checked this subsection and recalled his documents as fol-
lows (2018.1.8.0:43): exp(0) = 0,1 (H. Michiwaki: 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 [24] for the details.
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2.5 Other introductions 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 the 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.

On the division by zero in our theory, we will need only one new as-
sumption in our mathematics that for the elementary function W = 1/z,
W(0) = 0. However, for algebraic calculation 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 meanings 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.
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3 Stereographic projection

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 radius 1/2 put on the complex z = x+iy
plane with 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(= x + iy) plane; that is,

J?IL Yy S/ (3.1)

If ¢ = 1, then, by the division by zero, the north pole corresponds to the
origin (0,0) = 0.

Here, note that
¢

2 .2
2yt = ——
Y 1—¢
For ¢ = 1, we should consider as 1/0 = 0, not from the expansion, — by the
division by zero calculus that is discussed in details later, —

¢ 1

1-¢ (-1
We will consider the unit sphere {(z1, 2, z3); 7% + 23+ x5 = 1}. From the
north pole N(0,0,1), we consider the stereographic projection of the point
P(z1,x9,23) on the sphere onto the (x,y) plane; that is,

(1,29, x3) = (3.2)
( 22 2y 1—1/(:c2+y2))'

2?2+ + U2 +y2+ 17 1+1/(2% 4 3?)

Then, we see that the north pole corresponds to the origin.
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Next, we will consider the semi-sphere (&, 7, () with center C'(0,0,1) and
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(&,7n,() on the semi-
sphere onto the complex (x,y) plane; that is,

RS _n
1=V 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
center the origin onto R? in one to one and onto

5_:v\/a:2+y2 Y2 P

_1+:L-2_|_y2’ _1+x2+y2

x (3.3)

or

§ n 2 2 2
T= Y = e P =&
p(1—p) p(1—p)
Note that the point (z,y) = (0,0) corresponds to p = 0;(£,n) = (0,0) and
p=1

Furthermore, we will see many examples in this book.

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

The infinity oo may be considered by the idea of the limiting, however, we
had considered it as a number, for sometimes, typically, the point at infinity
was represented by oo for some long years. For this fact, we will show a
formal contradiction.

We will consider the stereographic projection by means of the unit sphere

2. o RN
&+n+|¢ 5 =1

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

¢ YT

Tr =
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and _ _ _
12472 1 z—%2 2z

5 = 5 = = == 7C = — .

22z+1 2t 2z +1 2z +1

In general, two points P and )1 on the diameter of the unit sphere correspond

to z and z1, respectively if and only if

2z1+1=0. (3.4)
Meanwhile, two points P and ()o on the symmetric points on the unit sphere
with respect to the plane ( = % correspond to z and z, respectively if and
only if

2z — 1 =0. (3.5)

If the point P is the origin or the north pole, then the points ); and ), are
the same point. Then, the identities (3.4) and (3.5) are not valid that show
a contradiction.

Meanwhile, if we write (3.4) and (3.5)

= —— 3.6
z - (3.6)
and
= —1 (3.7)
z = = .

respectively, we see that the division by zero (1.2) is valid.

3.3 Natural meanings of 1/0 =0

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

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

the function y

x
I A |
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.
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We will consider the line y = m(x—a)+b through a fixed point (a, b); a,b >
0 with 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
AB° = (—am +b)? + (a—£> .

m

If m = 0, then A(0,b) and B(a,0), by the division by zero, and furthermore
AB° = a? + V2.

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 the both lines
x = 0 and y = 0. Therefore, this result will be very natural in a sense.
— Indeed, we can understand that the line AB is broken as the two lines
(0,0)—(a,b) and (a,b)—(a,0), suddenly. Or, the line AB is the line connecting
the origin and the point (a,b).

The general line equation with gradient m is given by, with a constant b

y=m(r—a)+b (3.8)
or ,

Ymp—at 2. (3.9)

m m

By m = 0, we obtain the equation x = a, by the division by zero. This
equation may be considered the cases m = oo 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 (3.8) as a general
line equation.

In the Lami’s formula for three vectors A, B, C satisfying

A+B+C=0, (3.10)
A B C
||' I _ ||‘ I _ ||. ||7 (3.11)
sina  sinf  sinvy
if @ =0, then we obtain:
A B C
1Al _ Bl _ ISl _, (312)

0 0 0
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Here, of course, « is the angle of B and C, 3 is the angle of C and A, and
v is the angle of A and B,

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

2

T 1

K:ilﬂ% @ :‘f”—(O)” (3.13)
we have: for f”(0) =0,
1
K = 0= 0. (3.14)
Recall the formula
I 2
b, = —/ rsinnxdr = ——,
T Jo n
for
n==£1,42, .., ..
Then, for n = 0, we have
2
bo - _6 - 0

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 is, 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 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

ax + by + ¢ =0, (3.15)

by using the polar coordinates x = r cos#,y = rsinf, we have

—c
— . 3.16
" acosf + bsinf ( )
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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 linear lines represented by, for constants m and a

fixed constant p > 0,

y:mx—kﬁ, (3.17)
m

we have the function, by using an elementary ordinary differential equation,
y® = dpz. (3.18)

The origin of this parabolic function is missing from the envelop 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 the x axis. Furthermore,
then we can consider the x 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 x 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 — oo, we have
the y axis * = 0 and this function is an ordinally tangential line of the
parabolic function. From these two tangential 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.
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In addition, note that the tangential point of (3.18) for the line (3.17) is

given by
2
(2, _p> (3.19)
m’ m
and it is (0,0) for m = 0.

We can see 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 reflected to
the origin of the point at infinity.
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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 + 1y plane. Then, we have the reflection formula

1
ro 2 4.1
= (4.1)

for any point z, as well-known ([2]). For the reflection point z*, there is no
problem for the points z # 0,00. As the classical result, the reflection of
zero is the point at infinity and conversely, for the point at infinity we have
the zero point. The reflection is a one to one 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 0o, really? Is the point at infinity corresponding 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 plesantly
the point at infinity on the Riemann sphere, however, on the complex z-plane
it seems that we can not find the corresponding point. When we approach to
the origin on a radial line, it seems that the correspondence reflection points
approach to the point at infinity with the direction (on the radial line).

On the concept of the division by zero, there is no the point at infinity
oo as the 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 = % 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 considering the ge-
ometrical corresponding 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 cor-

responding seems to come from the concept of one-to-one and onto mapping.
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Should we exclude the point at infinity, from the numbers? We
were able to look the strong discontinuity of the division by zero in the re-
flection with respect to circles, physically ( 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 co is not a definite number.

We consider a circle on the complex z plane with center 2z, and radius r.
Then, the mirror image relation p and ¢ with respect to the circle is given by

7“2

p:Z0+q—z0' (4.3)
For ¢ = zy, we have, by the division by zero,
P = 2o, (4.4)
For a circle
A2Z+ B2+ B2+ D=0, A>0,D:real number, (4.5)
or 2
(z + %) (z + %) = WA;QAD, (4.6)

the points z and z; are in the relation of the mirror image with respect to
the circle if and only if

AnZ+ Bz +BZ+D =0, (4.7)
or .
__ pz+D
YT Az+ B (48)

B 1 EiR 1
-~ (e A>z—<—%>'

The center —/3/A corresponds to the center itself, as we see from the division
by zero for (4.6).
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On the z,y plane, we shall consider the inversion relation with respect to
the circle with radius R and with center at the origin:

, rR? , yR?

= — = . 4.9
xr 1'2 + y2’ Y CE2 + y2 ( )
Then, the line
ar +by+c=0 (4.10)
is transformed to the line
R*(az’ +by') + c((2")* + ()*) = 0. (4.11)

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

Furthermore, we will see many examples in this book.
For the elliptic curve

2 2
x—2+z—2:1, a,b> 0 (4.12)
a

and for the similar correspondences

2b2 2b2 2
go @V ay (4.13)
222 + a2y? 222 1 a2y?
the origin corresponds to itself.
The pole (x1,y;) of the line
ar +by+c=0 (4.14)

with respect to a circle with radius R with center (xq, o) is given by

aR?
=9 — ———— 4.15
! 0 axg + byg + ¢ ( )
and bR
=y - —. 4.16
%1 =Y axg + byo + ¢ ( )

If axy + byy + ¢ = 0, then we have (z1,y1) = (20, ¥o).
Furthermore, for various higher dimensional cases the results are similar.
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5 Division by zero calculus

As the number system containing the division by zero, the Yamada field
structure is complete.

However for applications of the division by zero to functions, we will
need the concept of division by zero calculus for the sake of uniquely deter-
minations of the results and for other reasons. See [29].

For example, for the typical linear mapping

zZ—1

W = -,
Z+1

(5.1)

it gives a conformal mapping on {C \ {—i}} onto {C \ {1}} in one to one
and from ,
S (5.2)
z— (=) '
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)- 5.3
(=) (5.9
we should not enter z = —¢ in the way
(=il | | =0+ (-20) =0 (5.4
2 —1)| = Z+iz:i_ i) = 0. .

However, in may 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 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 [45] in the Proceedings of the
Internationa Conference: https://sites.google.com/site/sandrapinelas/icddea-
2017. However, the contents are mainly restricted to the differential equa-
tions 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,

f(z) = _Z Co(z—a)"+Co+ Y _ Cu(z—a)" (5.5)

n=—oo

we obtain the identity, by the division by zero
f(a) = Co. (5.6)

Note that here, there is no problem on any convergence of the expansion
(5.5) at the point z = a, because all the terms (z — a)" are zero at z = a for
n # 0.

For the correspondence (5.6) for the function f(z), we will call it the
division by zero calculus. By considering the formal derivatives in (5.5),
we can define any order derivatives of the function f at the singular point a;
that is,

f™(a) = nlC,.

In order to avoid any logical confusion in the division by zero, we would
like to refer to the logical essence:

For the elementary function W = f(z) = 1/z, we define f(0) =0
and we will write it by 1/0 following the form, apart from the sense
of the intuitive sense of fraction. With only this new definition, we
can develop our mathematics, through the division by zero calcu-
lus.

As a logical line for the division by zero, we can also consider as follows:

We define 1/0 = 0 for the form; this precise meaning is that for the
function W = f(z) = 1/z, we have f(0) = 0 following the form. Then, we
can define the division by zero calculus (5.6) for (5.5). In particular, from
the function f(xz) = 0 we have 0/0 = 0. In this sense, 1/0 = 0 is more
fundamental than 0/0 = 0; that is, from 1/0 =0, 0/0 = 0 is derived.

In order to avoid any logical confusion, we would like to state the essence,
repeatedly.

Apart from the motivation, we define the division by zero cal-
culus by (5.6). With this assumption, we can obtain many new results
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and new ideas. 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 problems. — In this point, the division by zero calculus may be
considered as an axiom.

We will give typical and various examples.

For the typical function sin x/x, we have

sin sin 0 0

x (0) = 0 0

however, by the division by zero calculus, we have, for the function (sinz)/x

sinx

0)=1.

X

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 division
by zero we should check the results, case by case.

For example, for the simple example for the line equation on the x,y
plane

ar+by+c=0

we have, formally

b
o4 y+c:
a

0,
and so, by the division by zero, we have, for a = 0, the reasonable result
r=0.
Indeed, for the equation y = mx, from

< =,
m

we have, by the division by zero, x = 0 for m = 0. This gives the case

m = +oo of the gradient of the line. — This will mean that the equation

y = mx represents the general line through the origin in this sense. — This

method was applied in many cases, for example see [38, 39].

However, from
ar + by

+1=0,
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for ¢ = 0, we have the contradiction, by the division by zero
1=0.

Meanwhile, note that for the function f(z) = z + L, f(0) = 0, however,
for the function

1
fEP =242+,

we have f%(0) = 2. Of course,

£(0)- f(0) = {f(0)}* =0.

[ 1
1 -
a+1(ogx x—i—l)’

for a = —1, we have, by the division by zero calculus,

In the formula

5 (logx) .

Furthermore, see many examples, [29].

We defined the division by zero calculus for analytic functions, 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 calculus. However,
its logical situation is unclear and therefore 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 results. See [29].

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

(x —a)™. (5.7)

a<<c<x or a>c><zx.
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Then, we obtain, by the division by zero

] {0

T —a)" —=  (m <n).

Note that the division by zero calculus was defined by the value of the func-

tion at the point a, not by the limiting x — a. Therefore, the function %

in (5.7) is % at the point a. The division by zero calculus is defined for
analytic 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 = = a, by
the division by zero,

fla+h)+ fla—h)—2f(a)

2
h h=0

~ "(a). (5.9)

For the function .
r) = xsin —,
f(z) =wsin
if f(0) = 0, then the function is continuous at = = 0, however, it is not
differentiable at the origin. By the division by zero calculus, we have, auto-

matically
f(0) =1
Meanwhile, we have an interesting formula whose proof is simple:
Theorem 1. Consider a family of absolutely continuous functions f, (z)

that is analytic in a € R\{ao}. Let g, () = f. (x), and we assume that it is
extensible to the point on a = ag as an absolutely continuous function, then

Jao (z) = /gao (x) du.

We will show examples:

1. Let fu(x) = % where @ € R\ {0} and n + 1: poisitive integers.

Then g,(x) = (ax + b)" and

(az +b)"*!

In|ax + b
=——
a(n+1) ’

= / (az 4 b) " da

n=-—1

# 0;

a
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by the same way we have

(azx + b)"
a(n+1)

= /b"dx =b"z.

. Let f(z) = %(w/a) where a € R\ {0}. On this case we get g,(r) =
IQ—_LLZ and consequently

[arctan (x /a)] 1 1

= [ Sdr=—-.
a xr X

. Let f(z) = :%~,a > 0. Then, we obtain

= loga’
[ a ] :/dx:x.
loga -

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

A ’A:O =,

by the division by zero calculus. In the formula

/awda:: a +C,
log a

for a = 1, the formula

1.’,E
1*dx = C
/ v log 1 +

is not valid.

We, meanwhile, obtain that

(102;93)96:1 =0 (5.10)
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Indeed, we consider the function y = exp(1/x),z € R and its inverse
function y = loéx' By the symmetric property of the two functions
with respect to the function y = z, we have the desired result.

Here, note that for the function @, we cannot use the Laurent ex-

pansion around x = 1, and therefore, the result is not trivial.

Theorem 2. Consider a family of absolutely continuous functions F, (x)
where a € I C R, I is an open interval, and

If a point ag is a pole of order n of the analytic functions f,(x) as functions
in a and there exists an analytic function g : I — R for any fixed x such that
g(a,x) = (a—ap)" f,(x) then

/Fa (x)dr = M.

n!

Proof: Using the Taylor theorem, we have, for any fixed z

g(k) (ao, z

S )
g9(a,z) = ZT(G—GO)ka
k=0
and by the division by zero calculus, we have

/%@WZMWZL—LFWWJ _ ¢ (a0 2)

(@ — ag a—a n!

Theorems 1 and 2 were discovered by S. Pinelas (see [45]).
We shall give examples.

1. For the integral

2 + 1)a+1
2 qyagy = & DT 1 11
[t 1yae = G (), (5.11)
we obtain, by the division by zero,
log(2? + 1
/x(:v2 +1) e = %. (5.12)
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2. For the integral

/sin a4z cos pdp = SROE smxl—i- a(;os aT cos T (@£1),  (5.13)
—a
we obtain, by the division by zero, for the case a = 1
2
sin“x 1
i dr = - —. 5.14
/smxcosa: x 5 1 (5.14)
3. For the integral
saa—1 L. o
sin®™" z cos(a + 1)zdr = —sin® x cos a, (5.15)
o
we obtain, by the division by zero, for the case o = 0
/sin1 x cos xdx = logsin x. (5.16)
4. For the integral
/e‘” sin brdxr = a;—w (asinbx + bcosbx), (5.17)

for example, we can consider the case a = bi, by the division 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 whoes proof is trivial:

Theorem 3. Consider an operator L that transforms functions f, (t) on
a set T with analytic parameter z of an isolated singular point a into functions
L[f.(t)] = F.(s) onasetS. Assume that for the Laurent expansions around
a point a € D, a disc on the complex z plane with center a, for any fixed t

0= fOE-a)

n=—oo

o0

LIL®]= ) Llfa®)](z—a)

n=—oo
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Then we have
Fo(s)=L[fo(t)]. (5.18)

We illustrate this result with examples:

1. Let f\(t) = w, where A € R\ {0} . The Laplace transform of f, ()

is
I sin (\t) _ 1
A 52 4 A2

for A # 0. Then we have:

2. Let fu(t) = e“;:f\”, where 1 # A. The Laplace transform of f, 5 (¢) is

- [M:)\] eIy

for u # A. Then we have:

L[teM] = Py (5.19)

3. We consider the function

2t, if 0<t<1;
F)={3—t if 1<t<2
0, if t>2,

whose Laplace transform is

1 —92¢ 3 —3s
= ‘ 2+€ (s >0).

F(s)

S

([54]). Then, by I’'Hopital law, 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 ([23], page 11) in the theory of
hyperfunction theory: for non-integers A, we have

A
A —(=2) 1 ‘A ‘A

= = — 0)" — (—x —10 5.20
T+ {Zisinw)\l 2isin7r)\{( T+ = (e =07} (5.20)
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
Z’l’l

2" = {——,log(—z)} , (5.21)

where log is a principal value: {—7 < argz < +n}. Kaneko stated
there that by taking a finite part of the Laurent expansion, the formula
is derived. Indeed, we have the expansion, for around n, integer

(=)
27 sin wA

—z" 1 2" log?(—2)z"  7w2"
— — = _log(—2) — A —
dmin—n  2m 87 ( omia o)A
(5.22)

([23], page 220).

By Theorem 3, however, we can derive this result (5.21) from the Lau-
rent expansion (5.22), immediately.

Meanwhile, M. Morimoto derived this result by using the Gamma func-
tion with the elementary means in [31], pages 60-62. See also [19].

5. For many generating functions we can obtain some interesting identi-
ties. For example, we will consider the mapping

¢ e C\ {0} - F(z0) :=exp§(<—1)

¢
Then, from
+oo
FQ= Y (5.23)
we obtain:

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

For the Fourier coefficients a,,

cosnmt t
55 T ——cosnmt,
™ nm

an = / t cosnmtdt =

n
we obtain, by the division by zero calculus,

t2
ag = 5

Similarly, for the Fourier coefficients a,,

2

an = [ t*cosnmtdt = 5 5 cosnmt — —— sinnmt + — sinnwt,
mn n3mw nmw
we obtain
t3
ag — —.
3
For the Fourier coefficients a;, of a function :
apmk?
4

= sin(7k) cos(wk) + 2k*n? sin(7k) cos(mk) + 2m(cos(wk))? — 7k,

for k = 0, we obtain, by the division by zero calculation, immediately

apg — -7

3

(see [64], (3.4)).
We have many such examples.

5.3 Reproducing kernels

The function

1 b
Kap(z,y) = 2ah P (—a\x - y\)
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is the reprodiucing kernel for the space Hr, , equipped with the norm

1, = [ (@7 P + PP

([54], pages 15-16). If b = 0, then

1
Kooz, y) = 52t T Y|

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

11, =a* [ (' @)ide.

Meanwhile, if a = 0, Ko (x,y) = 0, then it is the trivial reproducing kernel
for the zero function space.

We denote by O({0}) the set of all analytic functions defined on a neigh-
borhood of the origin.

Then, we have:

Let {C;}52, be a positive sequence such that

lim sup {/C; < oo. (5.30)

Jj—00
Set

-1
R= (hm sup ¢/ Cj) >0 (5.31)

Jj—00

and define a kernel K by

K(z,u)=> Cj2/w  (|2],|ul < VR). (5.32)
7=0
Then we have

Hr(A(VR)) =
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and the norm is given by:

HfHHK(A(\/R)) =

that is the reproducing kernel Hilbert space admitting the kernel (5.32) ([54],
page 35).
If some constant Cj, = 0, then there is no problem, by interpretating that
in the above statement .
[fO)P

Gnec, o3

5.4 Ratio

On the real z— line, we fix two different point P;(x;) and Ps(z2) and we will
consider the point, with a real number
T+ 1T

P(z;r) = ST (5.35)
If » = 1, then the point P(z;1) is the mid point of the two points P, and
P, and for r > 0, the point P is on the interval (z;,x2). Meanwhile, for
—1 < r < 0, the point P is on (—o0,z1) and for r < —1, the point P is on
(x9,4+00). Of course, for r = 0, P = P;. We see that r tends to +oc and
—o0, P tends to the point P,. We see the pleasant fact that by the division
by zero calculus, P(x,—1) = P,. For this fact we see that for all real numbers
r correspond to all real line numbers.

In particular, we see that in many text books on the undergraduate course
the formula (5.35) is stated as a parameter representation of the line through
the two pints P; and P,. However, if we do not consider the case r = —1
by the division by zero calculus, the classical statement is not right, because
the point P, may not be considered.

On this setting, we will consider another representation

Pz;m,n) = 2270
m—n
for the exterior division point P(z;m,n) in m : n for the point P; and Ps.
For m = n. we obtain, by the division by zero calculus, P(z;m, m) = xs.
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Imagine the result 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
29, 37].

By the division by zero, we can introduce the ratio for any complex num-
bers a,b, c,d as

AC  c—a
CB b—c
We will consider the Appollonius circle determined by the equation

(5.36)

AP  |z—a| m

— = = — 5.37
PB |b—2z n (5:37)
for fixed m,n > 0. Then, we obtain the equation for the cirlce
—n2a+m?b|’ m*n? 9
’z— - — = (m? =P |b — al”. (5.38)

If m = n # 0, the circle is the line in (5.37). For |m|+ |n| # 0, if m = 0,
then z =a and if n =0, then 2 =b. If m = n =0 then z is a or b.

The representation (5.37) is valid always, however, (5.38) is not reasonable
for m = n. The property of the division by zero depends on the representa-
tions 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.)

5.5 Identities

For example, we have the identity

1 1

(x—a)(x —b)(z—c) (c—b)(a—c)(r—a)

1 n 1
b—c)b—a)(x—b) (c—a)(c—b)(x—rc)

i
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By the division by zero calculus, the first term in the right hand side is zero
for x = a, and

1 n 1
b—alb—a)a—b)  (c—a)c—ba—c)

This result is the same as
1
(x —a)(z —b)(x —¢)
by the divison by zero calculus.

For the identity

(a),

1 1 1 1
- - = — 5.39
rla+1x)? a?xr ala+1x)? a*(a+z) (5:39)
we have the identity for the both m%
For the identity
f(z) =L, (2 — ), (5.40)
we have the identity
f’(Z)] 1
= + ...+ . 5.41
L@)Fh am T am 54D)
For the identity
mr +n
B 5.42
ar? + 2bx + ¢ (542)
~m  2ax +2b +an—bm 1
© 2aax? + 2br +c a ax? + 2bx + ¢’
for a = 0, we have
me+n z(bx + ¢) +2bnx+nc+bmx2' (5.43)
2bx + ¢ (2bx + ¢)? (2bz + ¢)?
For the identity
1 )
I, = (—1)"n! sin(n + 1)6 (5.44)

(a? + 22)(n+D)/2
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(—=1)"n! 1 1 , i0
2i (x —ai)™t (x4 ai)"t?

we have, for x = ai

_(=1)"n!

[[n]z:ai - W

In the identity, for —7 <z <7

Z(_l)n_l cosnr _ mcosar 1

« n? —a? 2asinar  2a?’
n=

for a = 0, we have

n_1COSNT 1
D (SN = (- 3e),

In the identity, for 0 < x < 27, |a| <1

= —tan

f: o Sin[(2n —1)z] 1 ) 2lsinw
a R S
n—1 2n—1 2 1— a2 !

for a = 1, we have, for 0 < x <,

o0

; ﬁ cos(nx) = m coshla(m — z]] — %,
and -
; n2 5 cos(nx) = m cosla(m — z]] + %@2,
for a = 0, we have
= 1 1, )
Zﬁ cos(nx) 12(33U — 6mx + 27°).

n=1

We can derive many these type identities.
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5.6 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 Yamada field
structure. However, for functions, the problems are involved for their struc-
tures and we have also the delicate problems for the smoothness of functions.
So, by applying the division by zero, we should consider and apply the di-
vision 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. By checking the results obtained, we will
be able to find new prospects. With this idea, we can enjoy the
division by zero calculus with free spirits without logical problems.
— In this idea, we may ask what is mathematics?
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6 Triangles and division by zero

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

We will consider a triangle ABC with length a, b, c. Let 6 be the angle of
the side BC and the bisector line of A. Then, we have the identity

c+b A

tanf = C_btang, b<ec.
For ¢ = b, we have
tom 2bt A
anf = — tan —.
0 2
Of course, § = w/2; that is,
T
tan — = 0.
an g
Here, we used
20 0
5=

and not by the division by zero calculus

c+b_1+ 2b
c—b c—b

and forc=1b

c+0b
=1.
c—b
Similarly, in the formula
b—c 1 b+c A 2

tans = ——
b+atan‘4+b—c ) sin(B —C)’

2

for b =c¢, B = C, and we have
04 20t A 2
—tan — = —
0 2 0
that is right.

We have the formula

a2+ —c* tanB

a2 —b2+c2  tanC’
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If a®> + b*> — ¢ =0, then C' = 7/2. Then,

B tan B B tan B

tan % 0

0

Meanwhile, for the case a® — b* + ¢ = 0, then B = /2, and we have

a?+b*—c* tanj

0 _tanC’:

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 é
Y
and .
;L 2bcsin 5
b—c ’
respectively.

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

that, from
A 2
f/ = 251115 (C+ bc—c) s

by the division by zero calculus, for b = ¢, we have

A
f= 2bsin§ =a.

The result f/ = 0 is a now popular property, but the result f’ = a is also an
interesting popular property. See [29].

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

1 1
tand tanC tan B’

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

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

T 4be

and

A (a+b+c)(—a+b+c)
2—:
8 4bc ’

by applying the division by zero calculus.
This result is also valid in the Mollweide’s equation

B-C (b—c)cos 4

2
2 a ’

sin

for a =0 as
(b—c)cos 4

2
5 :
Let r be the radius of the inscribed circle of the triangle ABC, and

ra,rg,rc be the distances from A ,B,C to the lines BC, CA, AB, respec-
tively. Then we have

0=

1 1 1 1

T n A B T’C.
When the point A is the point at infinity, then, r4 = 0 and rg = r¢o = 2r
and the identity still holds.

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

ara 1 .
S:TzﬁbcsmA
1 ,sinBsinC
_éa sin A
abe 5 . , , 1
=— =2R*sinAsin BsinC =rs, s=—-(a+b+c).

4R 2

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




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

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 bisctor line of A and
the line BC. Let P and Q be the tangential points on the line BC with the
incircle of the triangle and the escribed 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:

—=—=0.
0 O

Let XY, 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 QQ may be considered as

the point at infinity. Then, by the interpretation AQ = B(Q) = 0, the identity
is valid as

AP BP

0.
0 0

For the tangential function, note that:

0 sin 6 1 — cos@
tan - = ——— — 44/ ———— 1
an2 1+ cos® V 1+ cosf’ (6.1)

for @ = 7, we have: 0=0/0.
In the formula

In the formula

sin(z1 + 22)

tan z; & tan zo = — - ,
sin zq sin 2,

(6.2)
for zy = w/2, 20 = 0, we have: 0=1/0.
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In the elementary identity

tan o + tan 8
1 —tanatan 3’

tan(a + ) =

for the case o = f = 7/4, we have

T 1+1 2
[ = —=0.
B =17 170

1 —sino 1
1/ - = — tan «a,
1+ sinaw COS &

In the identity

for a = w/2, we have

1
0=—-—-0.
0
For the double angle formula
2tan
tan 200 = ———,
1 —tan® o
for a = 7/2, we have:
0= 2-0
S 1-0

In the identity
2tan o — tan® «

1 —3tan?«

tan 3o =

for a = 7/6, we have

s
tan — =10
an2 ,

that is right.

o7

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)

(6.8)



7 Derivatives of a function

On derivatives, we obtain new concepts, from the division by zero. We will
consider the fundamentals, first.
From the viewpoint of the division by zero, when there exists the limit,

e o+ h)— f(a)
/ IERT T + - xXr .
f(w) = lim Y = o0 (7.1)
or
f'(z) = —oo, (7.2)
both cases, we can write them as follows:
f'(z) =0. (7.3)

This property was derived from the fact that the gradient of the y axis is

zero; that is,

tang =0, (7.4)

that was derived from many geometric properties in Section 3 and in[29], 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.

From the reflection formula of the Psi (Digamma) function

1
tan wz

P(l—z)=9(z)+7 (7.5)

([1], 258), we have, for z = 1/2,
m
tan — = 0.
an -

We will look this fundamental result by elementary functions. For the

function
y=v I- 'T27 (76)
, —x
= T 7.7
V= (7.7)
and so,
¥ ]e=1 =0, [t]e=1=0. (7.8)
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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 = cosf,y = sin @,

dy _dy (do _l——cotﬁ
dr — do \ df B '

Note also that from the expansion

1 o 1 1
ty=— — .
cotz = —+ Z <z—1/7r+mr) (7.9)

v=—00,v#0

or the Laurent expansion

o - (_1)n22nB2n 2n—1
cotz = n;m WZ )
we have
cot 0= 0.
Note that in (7.9), since
1 1 1
( — + —) = -, (7.10)
z—vr  vw),., %

we can write it simply

+oo
1 1
cot z = Z (z — + %) . (7.11)

V=—00

The differential equation

’ x
y =-= 7.12
y (7.12)

with a general solution
2?4y = a® (7.13)

is satisfied for all the points of the solutions by the division by zero, however,
the differential equations

z+yy =0, y'-%:—l (7.14)
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are not satisfied for the all points of the solutions.
For the function y = log z,

y ==, (7.15)

and so,
[y/]a=0 = 0. (7.16)

For the elementary ordinary differential equation

dy 1
'= 2 == x>0, 7.17
v=a = (7.17)
how will be the case at the point z = 07 From its general solution, with a
general constant C'

y=logx + C, (7.18)
we see that

y'(0) = H - 0, (7.19)

that will mean that the division by zero 1/0 = 0 is very natural.
In addition, note that the function y = log x has infinite order derivatives
and all the values are zero at the origin, in the sense of the division by zero.
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, but it
has a singularity at the origin. For x > 0, there is no problem for (7.15) and
(7.17). At x = 0, we see that we can not consider the limit in the sense (7.1).
However, z > 0 we have (7.17) and
lim (logz) = +oo. (7.20)
z—+40
In the usual sense, the limit is +o0o, but in the present case, in the sense of
the division by zero, we have:

[(logz)],_, =0 (7.21)

and we will be able to understand its sense graphically.
By the new interpretation for the derivative, we can arrange the formulas
for derivatives, by the division by zero. The formula
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dx dy !

— == 7.22

dy (dfb“) (7-22)
is very fundamental. Here, we assume that for a local one to one correspon-
dence of the function y = f(x) and for nonvanishing of the denominator

dy
- £ 0. (7.23)

However, if a local one to one correspondence of the function y = f(z) is
ensured like the function y = 2% around the origin, we do not need the
assumption (7.23). Then, for the point dy/dz = 0, we have, by the division
by zero,

dx

— =0. (7.24)

dy
This will mean that the function x = g(y) has the zero derivative and prac-
tically the tangential line at the point is a parallel line to the y- axis. In this
sense the formula (7.22) is valid, even the case dy/dx = 0. The nonvanising

case, of course, the identity
dy dx
—=.—=1 7.25
dr dy ( )

holds. When we put the vanishing case, here, we obtain the identity
0x0=1, (7.26)

in a sense. Of course, it is not valid, because (7.25) is unclear for the
vanishing case. Such an interesting property was referred by M. Yamane in

([24]).

In addition, for higher-order derivatives, we note the following: For a
function y = f(x) € C® whose inverse function x = g(z) is single-valued, we
note the formulas:

d*x 2y [dy\
and , .
d3x d3y dy d*y dy\
—=—|-——-3|— —= 7.28
dy? [dx?’ dx (dmZ) (dm) (7.28)
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are valid, even at a point xg such that

f(zo) = yo, f'(x0) =0

as ) .
d°x d’x

d_yQ(Z/o) = d_yf’)@(’) =0.

Furthermore, the formulas

<l>’__i’
f)
(1)” _ 2(]”)2 _ff//

f 13

I

f

..., and so on, are valid, even the case

f(zo) =0,

f4

at the point xg.
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(7.31)
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8 Differential equations

From the viewpoint of the division by zero calculus, we will see many incom-
pleteness mathematics, in particular, in the theory of differential equations in
an undergraduate level; indeed, we have considered our mathematics around
an isolated singular point for analytic functions, however, we did not consider
mathematics at the singular point itself. At the isolated singular point, we
considered our mathematics with the limiting concept, however, the limiting
values to the singular point and the value at the singular point of the function
are 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 extension of the paper [3].

8.1 Missing a solution

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

x2+y2
=2
C Y,

for C' = 0, by the division by zero, we have the missing solution x = 0.
For the differential equation

2(y')’ - 2yy —x =0,
we have the general solution

C*r* —2Cy —1=0.
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However, x = 0 is also a solution, because
zdy? — 2ydydr — xdz? = 0.

From 5 ]
2 Yy
)
YT o T e

by the division by zero, we obtain the solution.
For the differential equation

x
2y =y — y
we have the general solution
1
2y = Cz? — —.
Y c

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

(2® —a®)(y')? — 2zyy —2* =0,

we have the general solution

y:C’:cQ—(aQC—i—%).

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

72 2
Y

For the differential equation
ydx + (2*y® + x)dy = 0,

we have the general solution



Of course, we have the solution y = 0.
For the differential equation

(32% — 1)dy — 3xydr = 0,

we have the general solution
32° + 2= Cy* + 3.

From
3x2+2_ 5 3

+ =
c Y7'¢
we have the solution y = 0, by the division by zero.

8.2 Differential equations with singularities

For the differential equation

y, = _y7
x
we have the general solution
C
y=—.
x
From the expression
xdy + ydx = 0,
we have also the general solution
C
r=—.
Y

Therefore, there is no problem for the origin. Of course, x = 0 and y = 0 are
the solutions.
For the differential equation
I 20 — Y

8.1
V=", (8.1)

we have the beautiful general solution with constant C'

22 — 2zy +y* = C. (8.2)
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By the division by zero calculus we see that on the whole points on the
solutions (8.2) the differential equation (8.1) is satisfied. If we do not consider
the division by zero, for y = x(5# 0), we will have a serious problem. However,
for z = y # 0, we should consider that 3’ = 0, not by the division by zero

calculus, but by 1/0 = 0.
For the differential equation

and for the general solution

2+ (y—C)* =C?,

there is no problem at the singular points (0,0) and x = C', Note that

;L x
y= x—C

For the differential equation
2y = ot — 22y + 202,
we have the general solution with constant C'

_xQ(x+C’)
2+ C

Note that we have also a solution z = 0, because,

wdy = (z* — 2%y + 2y*)dx.

In particular, note that at (0,0)

(8.4)

(8.5)

(8.6)

(8.7)

by the division by zero calculus. For C' tending to oo in the general solution,
we have the another solution y = #2. Then, if we understand C' = 0, we see

that the property of the solution is valid.
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8.3 Continuation of solution

We will consider the differential equation

d
d—f = 27 cost. (8.8)
Then, as the general solution, we obtain, for a constant C'
1
- 8.9
v C —sint (89)

For xy # 0, for any given initial value (¢o, z9) we obtain the solution satisfying
the initial condition,

1
T = — T —. (8.10)
sinty + 20 sint
If
. 1
sintog + —| < 1, (8.11)
Zo

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

However, by the viewpoint of the division by zero, the solution takes the
value zero at the singular points and the derivatives at the singular points
are all zero; that is, the solution (8.10) may be understood as one solution.

Furthermore, by the division by zero, the solution (8.10) has its sense
for even the case zp = 0 and it is the solution of (8.8) satisfying the initial
condition (¢, 0).

We will consider the differential equation
y =y’ (8.12)

For a > 0, the solution satisfying y(0) = a is given by

Y= : (8.13)

Note that the solution satisfies on the whole space (—oo, +00) even at the
singular point = 1, in the sense of the division by zero, as

Y/ (%) _y G) 0 (8.14)
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8.4 Singular solutions

We will consider the differential equation
(1 —y*)dz = y(1 — x)dy. (8.15)

By the standard method, we obtain the general solution, for a constant C'

(C #0)
(z—1)?

C

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

+y? =1 (8.16)

y = *+1.
For the simple Clairaut differential equation

1 dy

y=px+]—9, = (8.17)
we have the general solution
1
y:C’x—l—a, (8.18)
with a general constant C' and the singular solution
y? = da. (8.19)

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 (8.18).

8.5 Solutions with singularities

1). We will consider the differential equation

y?

== 8.20

V=55 (8.20)

We will consider the solution with an isolated singularity at a point a with
taking the value —2a in the sense of division by zero.

First, by the standard method, we have the general solution, with a con-

stant C'
2z

= . 21
14+ 2Cx (8.21)

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

2
y= 2 (8.22)
a—x
Indeed, from the expansion
2 20>
) PN (8.23)
a—x T—a

we see that it takes —2a at the point a in the sense of the division by zero.
This function was appeared in ([28]).

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

E(z,y) aEé”Z’ ) _ (yy_dx)3 (8.24)

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

E(z,y) = ny\/d2 t(y— ) (8.25)

satisfies the differential equation (8.24) satisfying the condition
[E(z,y)]a=y =0, (8.26)

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 radii  and y in

([28]).

3). We will consider the singular differential equation

— 247 " y=0. (8.27)

By the series expansion, we obtain the general solution, for any constants
a,b

=24 8.28

Yy = E + 0x. ( . )

We see that by the division by zero

y(0) = 0,4'(0) = b,5"(0) = 0. (8.29)



The solution (8.28) has its sense and the equation (8.27) is satisfied even at
the origin. The value y/(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 a, that may be interpreted with the value at the singular
point zero, with the division by zero. Indeed, the value a may be considered
at the value

[y(z)2%)s=0 = a. (8.30)

4). Next, we will consider the Euler differential equation

d? d
xQd—x‘z + 4%% +2y=0. (8.31)

We obtain the general solution, for any constants a, b

a b

=~ 4.
y A

(8.32)
The solution (8.32) is satisfied even at the origin, by the division by zero and

furthermore, all the derivatives of the solution of any order are all zero at
the origin.

5). We will note that with the general solution, with constants C_5, C_1, Cy
y=—+—+Cy, (8.33)
x x

we obtain the nonlinear ordinary differential equation

22y 4 6zy” + 6y’ = 0. (8.34)

6). For the differential equation

y = y*(2z — 3), (8.35)
we have the special solution
_ ! (8.36)
SO P TG gy '



on the interval (1,2) with the singularities at z = 1 and x = 2. Since the
general solution is given by, for a constant C,

1

_— 8.37
—2243z4+C’ ( )

y:

we can consider some conditions that determine the special solution (8.37).

8.6 Solutions with an analytic parameter

For example, in the ordinary differential equation
y" + 4y + 3y = 5e 32, (8.38)

in order to look for a special solution, by setting y = Ae** we have, from

y" + 4y + 3y = 5e™, (8.39)
5ekx
==\ 8.40
YT Rtk 13 (8.40)
For k = —3, by the division by zero calculus, we obtain

y— ot (_593 _ 1) | (8.41)

and so, we can obtain the special solution

5
y = ——xwe (8.42)
2
For example, for the differential equation
y" + a*y = bcos Az, (8.43)
we have a special solution
_ b A (8.44)
Y= e COSAT. :

Then, when for A = a (reasonance case), by the division by zero calculus, we
obtain the special solution
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bz si b
x sin(ax) N cos(a:c)‘

= A4
Y 2a 4a? (8.45)
Recall the Newton kernel, for N > 2,
T(e,) = 55— sl =y (8.46)
N(2 — N)CUN
and ]
T
where
27TN/2
N T NT(N/2)
From I'y(z,y), by the division by zero calculus, we have:
1 1
—log |z — y| + — (v + log ), (8.48)
2m 47

where v is the Euler constant.

For the Green function Gy (z,y) of the Laplace operator on the ball with
center a and radius r on the Euclidean space of N(/N > 3) dimension is given
by

r 1 N—-2
Gny(x,y) = :B—yQ_N—( ) , 8.49
wlos) =l = =l e (549

where y* is the inversion of y

v —a= (L) 2 (y — a). (8.50)

ly — all

By N = 2, we obtain the corresponding formula, by the division by zero

calculus,

ro Al =yl
([4], page 91).

We can find many examples.
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8.7 Special reductions by division by zero of solutions
For the differential equation
y' — (a+b)y +aby = e, c#a,b;a # b,

we have the special solution

665!7

YT e—a)e—b)

If ¢ = a(# b), then, by the division by zero calculus, we have

For the differential equation

d?x dz
— — +kxr=0
mdt2 +’ydt + kx ,

we obtain the general solution, for v2 > 4mk
z(t) = e ™ (Cre” + Coe ™)

with

and
1
ﬁ = %\/ ’}/2 —4mk

For m = 0, by the division by zero calculus we obatin the reasonable solution
a=0and y=—k/y.
We will consider the differential equation, for a constant K

vy = Ry.

Then, we have the general solution



For the differential equation

Y
/: 1——)
Y Ry( K’

we have the solution
_ y(0)e™
- (0)(eft—1) "
N
If K = 0, then, by the division by zero, we obtain the previous result,
immediately.

We will consider the fundamental ordinary differential equations

2'(t) = g — ka'(t) (8.52)
with the initial conditions
z(0) = —h,2'(0) = 0. (8.53)
Then we have the solution
g, g1
x(t) = kt + 12 h. (8.54)

Then, for k£ = 0, we obtain, immediately, by the division by zero calculus

1
x(t) = 59152 — h. (8.55)
For the differential equation
2"(t) = g — k(2'(t))? (8.56)

satisfying the same condition with (8.54), we obtain the solution

L ()

Then, for £ = 0, we obtain
L,
x(t) = Egt — h. (8.58)

immediately, by the division by zero calculus.
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For the differential equation
ma” (t) = —mg — ra'(t),

the solution satisfying the conditions x(0) = zq, 2'(0) = v is given by

x(t) = It + A+ Bexp (—Lt> )
r m

with

A=zy—B B=-" (Tnguo).
T T

For » = 0, by the division by zero calculus, we have the reasonable solution
1
x(t) = —§gt + vot + .
For the differential equation
2"(t) = —g + k(2'(t))* (8.59)

satisfying the initial conditions

2(0) = 0,2'(0) =V, (8.60)
we have
2 (t) = —\/% tan(/kgt — o), (8.61)
with

o = tan ™ \/EV (8.62)
g

and the solution

kgt —
2(t) = Llog cos (Vhgt — ) (8.63)
k CcoS (v

Then we obtain for £ = 0, by the division by zero calculus
Z(t)=—gt+V (8.64)
and )
z(t) = —igt2 + V. (8.65)
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We will consider the typical ordinary differential equation
ma” (t) = mg — m(\'(t) + p(a'(t))?), (8.66)
satisfying the initial conditions
z(0) = 2/(0) = 0. (8.67)

Then we have the solution

—\/ A2+ 4pugt)
(8.68)

AN g, 1. A+ /N1
o(t) = 2% " i Mgt+;10g[( i o TG e

+)\+\/)\2+4,ug) 1 ]
2 VA2 dpg

Then, if ;4 = 0, we obtain, immediately, by the division by zero calculus

9, L9
Furthermore, if A = 0, then we have
L o
x(t) = égt : (8.70)

We can find many and many such examples. However, note that the
following fact.
For the differential equation

y" +a*y =0, (8.71)
we obtain the general solution, for a # 0
y = Asinazr + Bcosax + C. (8.72)

For a = 0, from this general solution, how can we obtain the correspondent
solution
y = Az” + Bz + C, (8.73)

naturally?
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For the differential equation
Y = aey? + afe’y + M\, (8.74)
we obtain a special solution, for a # 0

A
y = ——6_)\:6.
a

(8.75)

For a = 0, from this solution, how can we obtain the correspondent solution
y=Az+C, (8.76)

naturally?

8.8 Partial differential equations

For the partial differential equation

ow  Q*w ow
Frimlr + bx% + (cx + d)w, (8.77)

we have a special solution

w(z,t) = exp {—%x + (d + “—Cz> t} . (8.78)

b2
For b = 0, how will be the correspondent solution? If b = 0, then ¢ = 0 and

= - =0, (8.79)

and we obtain the correspondent solution.
For the partial differential equation

5 = Y + (be’' + c)w, (8.80)

we have special solutions
w(x,t) = (Ax + B) exp Ee +ct|, (8.81)
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b
w(x,t) = A(x* + 2at) exp {Bem + ct] ,

and

w(x,t) = Aexp {/\x +aN*t + %eﬁt + ct} :

Then, we see that for g = 0, by the interpretation

l Bt:| —
[ﬂe o

we can obtain the correspondent solutions.
For the partial differential equation

ow  *w
_ = _— BLL‘
5 =932+ (bre™ 4 c)w,

we have a special solution

b b?
w(zx,t) = Aexp {—aze’gt 2ty o]

g 23
Then, for g = 0, by the interpretation

{ieﬁt] = itj,
Bi =0 J!

we can obtain the correspondent solution.

However, the above properties will be, in general, complicated.

For the partial differential equation

dw 0*w
— =a— + bw,

ot 02

we have the fundamental solution

1 -
w(z, t) = W exp | — +0t).

For a = 0, we have the correspondent solution

w(z,t) = exp bt.
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(8.85)
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(8.87)

(8.88)
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For the factor

! ( v ) (8.91)
ex —_ .
2v/mat P\ " dat

5(x), (8.92)

meanwhile, at a = 0, by the division by zero calculus, we have 0. So, the
reduction problem is a delicate open problem.
For the partial differential equation

we have, for letting a — 0,

ow  *w )
5 = Y92 + (=bx” + ct + d)w, (8.93)

we have a special solution

. (8.94)

1 /b 1
w(z,t) = exp [5\/21:2 + 5@52 + (Vab+d)t

For a = 0, how will be the correspondent solution? Since we have the solution

w(z,t) = exp [—bzzt + %ct2 + dt} , (8.95)
for the factor
1 9952 (8.96)
2V a
we have to have
—ba’t. (8.97)

8.9 Open problems

As the important open problems, we would like to propose them clearly.
We have considered our mathematics around an isolated 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
on the values at the singular point in the sense of division by zero calculus
are different. By the division by zero calculus, we can consider the values and
differential coefficients at the singular point. We thus have a general open
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problem discussing our mathematics on a domain containing the singular
point.

We refer to the reduction problems by concrete examples; there we found
the delicate property. For this interesting property we expect some general
theory.
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9 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.

9.1 Broken phenomena of figures by area and volume

The strong discontinuity of the division by zero around the point at infinity
will be appeared as the broken of various figures. These phenomena may
be looked in many situations as the universe one. However, the simplest
cases are disc and sphere (ball) with radius 1/R. When R — 40, the areas
and volumes of discs and balls tend to +o00, respectively, however, when
R = 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 results are clear already from the definition of the
division by zero:

For this fact, note the following:

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

le}notz = 00, (9.1)
however,
[Z}Z=OO = 07 (92)

by the division by zero. Here, [z],—., denotes the value of the function W =
z at the topological point at the infinity in one point compactification by
Aleksandrov. The difference of (9.1) and (9.2) is very important as we see
clearly by the function W = 1/z and the behavior at the origin. The limiting
value to 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 = =400, lim x=—o0, (9.3)
T—+00 T——00
however,
[]100 =0, [2]_0o =0. (9.4)
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Of course, two points +oo and —oo are the same point as the point at infinity.
However, & will be convenient in order to show the approach directions. In
[29], we gave many examples for this property.

In particular, in z — oo in (9.1), oo represents the topological point on
the Riemann sphere, meanwhile oo in the left hand side in (9.1) represents
the limit by means of the € - § logic.

9.2 Parallel lines

We write lines by
Lk : akx—i—bky—i—ck :O,k: 1,2 (95)

The common point is given by, if a1by — asb; # 0; that is, the lines are not
parallel

(b1C2 — bgCl a9C1 — alcg) (9 6)

a1by — &251’ a1by — azby

By the division by zero, we can understand that if a1bs — asb; = 0, then the
commom point is always given by

(0,0), (9.7)

even the 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. In our sense, there is
no parallel line and all lines pass the origin. This will be our world in 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

d
"= cos(f — )’ (98)
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 z axis, and 6 is the angle OP (P = (r,0) on the line) and
the positive x axis. Then, if § — o« = 7/2: that is, OP and the line is parallel
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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
I :apr + by + 2z =1,k =1,2, (9.9)

is given by

d— \/( ((11 — CL2)2 + (bl — b2)2 + (Cl — 62)2 (910>

b102 — b201)2 + (Clag — Cga1)2 + ((Zlbg - a2b1)2 '

If the two lines are coincident, then, of course, d = 0. However, if the two
planes are parallel, by the division by zero, d = 0. This will mean that any
plane contains the origin as in a line.

9.3 Tangential lines and tan § = 0

We looked the very fundamental and important formula tan 3 = 0 in Section
6. In this subsection, for its importance we will furthermore see its various
geometrical meanings.

We consider the high tan ¢ (O <0< g) that is given by the common point
of two lines y = (tan @)z and = = 1 on the (z,y) plane. Then,

T
tanf — oo; 0 — 5
However,
T
tan 5 = 0,

by the division by zero. The result will show that, when 0§ = 7/2, two lines
y = (tanf)z and =z = 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 5 = 0 following our new space idea.
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We consider general lines represented by
ar +by+c=0,dx+by+c =0. (9.11)

The gradients are given by

k=—— kK =—— (9.12)

respectively. In particular, note that if b = 0, then k£ = 0, by the division by
zZero.
If kK" = —1, then the lines are orthogonal; that is,
T k—k

tan— =0 =

2 E (9-13)

which shows that the division by zero 1/0 = 0 and orthogonality meets in a
very good way.

Furthermore, even in the case of polar coordinates x = rcos 6,y = rsin#,
we can see the division by zero

™ Yy
tan — = = = 0. 9.14
an2 0 ( )

In particular, note that:
From the expansion

<= 1 1
tenz=— ) (z— Q-2 (2y—1)7r/2)’ (9.15)

T
tan — = 0.
2

The division by zero may be looked even in the rotation of the coordinates.
We will consider a 2 dimensional curve

ax® + 2hay + by? + 292+ 2fy +c =0 (9.16)
and a rotation defined by

x=Xcos —Ysinf, y=Xsinf+Y cosb. (9.17)
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Then, we write, by inserting these (z,y)

AX?+2HXY + BY? +2GX +2FY + C = 0. (9.18)
Then,
2h
H=0<+= tan20 = 5 (9.19)
a JE—
If a = b, then, by the division by zero,
T ™
tan— =0, 0=—. 9.20
an o , 1 (9.20)
For h? > ab, the equation
az® + 2hxy + by* =0 (9.21)
represents 2 lines and the angle # made by two lines is given by
2vh? —ab
tang = £V D (9.22)
a+b

If h2 —ab = 0, then, of course, # = 0. If a + b = 0, then, by the division by
zero, § = 7/2 from tan 6 = 0.
For a hyperbolic function

LY 1 b0 (9.23)

the angle 6 maden by the two asymptotic lines y = £(b/a)z is given by

2(b/a)
tanf = ————. 9.24
=T gy .
If a = b, then § = 7/2 from tan6 = 0.
For a line
xcosh 4+ ysinh —p =0 (9.25)

and for data (z;,y;), the minimum of 2?21 d? for the distance d; of the plane
and the point (z;,y;) is attained for the case

tan 20 = (9.26)



where ) ny iy — (30, 2) (3, u5)

nlo,0,

Oy = %\/an? - (z:xj)2

If 02 = 07, then § = 7/4 from tan 26 = 0.

We consider the unit circle with 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 = (tan #)x (O << g) Then,
the distance Ry between the common point and the common point of the
tangential line and z-axis is given by

Vay

and

Ry = tan 6.
Then,
Ry=tan0 =0,
and -
tanf — oo; 0 — —
However,

s
Ryo = tan§ =0.

This example shows also that by the stereoprojection mapping of the unit
sphere with center the origin (0,0,0) onto the plane, the north pole corre-
sponds to the origin (0, 0).

In this case, we consider the orthogonal circle Cr, with the unit circle
through at the common point and the symmetric point with respect to the
z-axis with center ((cos#)~',0). Then, the circle Cg, is as follows:

CR, is the point (1,0) with curvature zero, and Cg_, (that is, when
Ry = o0, in the common sense) is the y-axis and its curvature is also zero.
Meanwhile, by the division by zero, for § = 7/2 we have the same result,
because (cos(w/2))~! = 0.

Note that from the expansion

1 — 1 2
cosz L Z (=1)° <z —(2v—1)7/2 * (2v — 1)7r) 7 (9:27)
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(L)) =iy,

v=0

The point (cosf,0) and ((cos@)~1,0) are the symmetric points with respec-
tive to the unit circle, and the origin corresponds to the origin.
In particular, the formal calculation

J1+R, =1 (9.28)

is not good. The identity cos?d + sin?é = 1 is valid always, however 1 +
tan? 0 = (cos #)~? is not valid for § = /2.
Note that from the expansin

1 = 1
= 9.29
cos? z Vz_:oo (z— (2v — 1)7/2)¥’ (9:29)
TG EESpr .
cos?z ) \2/) 2 vz 3

On the point (p,¢)(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 the three points (0,0), (1/p,0) and (0,1/q)
is given by

Sy = 290
Then,

however,

(H. Michiwaki: 2015.12.5.).

We denote the point on the unit circle on the (x,y) with (cos#@,sinf)
for the angle # with the positive real line. Then, the tangential line of the
unit circle at the point meets at the point (Ry,0) for Ry = [cos ] " with the
x-axis for the case 6 # m/2. Then,

T T
9 (9 < 5) — 5 = Ry = +0, (9.30)
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™ ™
0 (9 > 5) — 5 = Ry — —o0, (931)

however,
\T1—1
Ry = [cos (§>} ~0, (9.32)
by the division by zero. We can see the strong discontinuity of the point
(Rp,0) at 0 = w/2 (H. Michiwaki: 2015.12.5.).

The line through the points (0, 1) and (cos @, sin §) meets the = axis with
the point (Ry,0) for the case 0 # 7/2 by

cos
Then,
s s
0 (9 < 5) — 2 = Ry — +o, (9.34)
T T
however,

by the division by zero. We can see the strong discontinuity of the point

(Rp,0) at 0 = m/2.
[1 _ sin (g)} "

Note also that

For a smooth curve C' : r = r(#),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

(9.37)

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. (9.38)
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At the origin, we have, from y'(0) = 0,
lyy'| = 0. (9.39)
For the equation
2™yt =a™™",  a,m,n >0, (9.40)
let P be a point (z,y) on the curve. Let T'(z.x + (n/m)z) be the x cut of

the tagential line of the curve and put M(z,0). Then, we have

™ :OM =", (9.41)
m
This formula is valid for the cases n = 0 and m = 0, by the division by zero.

Note that for the both lines x = a and y = a, ¢y = 0.

9.4 Two Circles

We consider two circles with radii a, b with 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 (R,,0) which is given by, by fixing b

2ab

= . 42
Ro= (9.42)

We consider the circle Cg, with center at (R,,0) with radius R,. Then,

a—b=— R, — o0,

however, when a = b, then we have R, = —2b by the division by zero, from
the identity
2ab 2b?
b g2
b—a a—>b

Meanwhile, when we interpret (9.42) as

—1
R, = —— - 2ab, 9.43
— 2 (9.43)

we have, for a = b, R, = 0. It means that the circle Cp, is the y axis with
curvature zero through the origin (0,0).
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The above formulas will show strong discontinuity for the change of the
a and b from a = b (H. Okumura: 2015.10.29.).

We denote the circles S;:

(x —a;)* + (y — b;)* = rf-. (9.44)

Then, the common point (X,Y’) of the co- and exterior tangential lines of
the circles S; for j =1, 2,

(X, Y) _ (r1a2 — T'2Q7 leg — 7"261) ‘ (945>

L —T2 ’ L —T2

We will fix the circle S;. Then, from the expansion

r1Q2 — TGy 7“2(612 - Cll)

rL—"T2 rL—"2
for r; = ro, by the division by zero, we have
(X, Y) = (CLQ, bQ) (947)
Meanwhile, when we interpret (9.46) as
— 1
192 "2t = . (7"1@2 — rgal), (948)
1T — T2 T — T2
we obtain that
(X,Y) = (0,0), (9.49)

that is reasonable. However, the both cases, the results show strong discon-
tinuity.

9.5 Newton’s method

The Newton’s method is fundamental when we look for the solutions for some
general equation f(x) = 0 numerically and practically. We will refer to its
prototype case.

We will assume that a function y = f(z) belongs to C! class. We consider
the sequence {z,} forn =0,1,2,...,n,..., defined by

T )
n
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When f(x,) =0, we have
Tpt1l = Tn, (951)

in the reasonable way. Even the case f'(z,) = 0, we have also the reasonable
result (9.51), by the division by zero.

9.6 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

Tpil = Ty — 2f(zn) f' ()
n+ " alf (a2 — flan) f ()

and _1
_ f(zn) f(@n) f"(@n)
Tptl = Tn — - - .
If f(x,) = 0, the processes stop and there is no problem. Even the case
f'(x,) = 0, the situation is similar.

9.7 Cauchy’s mean value theorem

For the Cauchy mean value theorem: 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(b) _ J(§)
g(a) —g(b)  g'(&)’
we do not need the assumptions g(a) # g(b) and f'(x)* + ¢'(x)* # 0, by the
division by zero. Indeed, if g(a) = g(b), then, by the Rolle theorem, there
exists € € (a,b) such that ¢’'(¢) = 0. Then, the both terms are zero and the
equality is valid.
For f,g € C?*[a,b], there exists a £ € (a,b) satisfying

fb) = fla) = (b= a)f(a) _ f"(a)

g(b) —gla) = (b—a)g'(a)  ¢"(a)

Here, we do not need the assumption
g9(b) = g(a) = (b—a)g'(a) # 0,
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by the division by zero.
For a function f € C? satisfying f(a) = 0, f’(«) > 0 and for a small ,
for the solution x = o + §, we obtain

—1'(0) + /FTa) + 2k (a)

" ()
If here f”(«) = 0, then, the team should be replaced by
k
f'(a)

([58], 71 page.). This modification can be derived by the division by zero

calculus, because in
VA 2kx

Y

T
forx =0

k

N
9.8 Length of tangential lines

We will consider a function y = f(z) of C'! class on the real line. We consider
the tangential line through (z, f(z))

Y = f(2)(X —2) + f(z). (9.53)

Then, the length (or distance) d(x) between the point (z, f(z)) and (x - J{,((Z)) , 0)
is given by, for f'(x) #0

1
How will be the case f'(z*) =07 Then, the division by zero shows that
d(z®) = [f(2")]. (9.55)

Meanwhile, the = 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

_ f@)
f'(z)
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and

x
Y,=y+—, 9.57
7@ 970
respectively. Then, if f’(xz) = 0, we obtain the reasonable results:
Xi=z, Y,=uy. (9.58)

9.9 Curvature and center of curvature

We will assume that a function y = f(x) is of class C?. Then, the curvature
radius p and the center O(x,y) of the curvature at point (z, f(z)) are given
by

(L+ ()"

p(z,y) = Yy (9.59)
e L), 1)
O(x,y) = (:L‘ - ',y p ) , (9.60)
) Y
respectively. Then, if y” = 0, we have:
o(a,y) =0 (9.61)
and
O(z,y) = (z,y), (9.62)

by the division by zero. They are reasonable.
We will consider a curve r = r(s), s = s(t) of class C%. Then,

V_drt_dr(s) _ds dt(s) 1
Tat T Tds U T A s o

by the principal normal unit vector n. Then, we see that

dt dt p
If p(s¢) = 0, then
a(so) = [%t} S:SO (9.63)
and )
[”—} = 9.64)
P Ls=so >~ (

will be funny. It will be the zero.
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9.10 n =2,1,0 regular polygons inscribed in a disc

We consider n regular polygons inscribed in a fixed disc with radius a. Then
we note that their area S, and the lengths L, of the sum of the sides are
given by

2
2
S, = % sin % (9.65)
and -
L, = 2nasin —, (9.66)
n

respectively. For n > 3, the results are clear.

For n = 2, we will consider two diameters that are the same. We can con-
sider it as a generalized regular polygon inscribed in the disc as a degenerate
case. Then, Sy = 0 and L, = 4a, and the general formulas are valid.

Next, we will consider the case n = 1. Then the corresponding 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 a n = 1 triangle, if 1 means one side, then we can interpretate as in
the above, however, if we consider 1 as one vertex, the above situation may
be consider as one point on the circle which coincides with S; = L; = 0.

Now we will consider the case n = 0. Then, by the division by zero
calculus, we obtain that Sy = ma? and Ly = 2wa. Note that they are the area
and the length of the disc. How to understand 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. n = 0 reqular polygons inscribed in a disc are the whole disc.

In addition, note that each inner angle A,, of a general n regular polygon
inscribed in a fixed disc with radius a is given by

A, = <1 - 3) - (9.67)

n
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The circumstances are similar for n regular polygons circumscribed in the
disc, because the corresponding data are given by

S, = na*tan u (9.68)

n

and -
L, = 2natan —, (9.69)

n

and (9.67), respectively.

9.11 Our life figure

As an interesting figure which shows an interesting relation between 0 and
infinity, we will consider a sector A, on the complex z = x + iy plane

A, = {|argz| <ol<ac< g}
We will consider a disc inscribed in the sector A, whose center (k,0) with

radius r. Then, we have
r = ksina. (9.70)

Then, note that as k tends to zero, r tends to zero, meanwhile k tends to
+00, r tends to +00. However, by our division by zero calculus, we see that
immediately that

[7]r=00 = 0. (9.71)

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.

9.12 H. Okumura’s example

The suprising example by H. Okumura will show a new phenomenon at the
point at infinity.

On the sector A, we shall change the angle and we consider a fixed circle
C,,a > 0 with radius a inscribed in the sectors. We see that when the circle
tends to 400, the angles « tend to zero. How will be the case a« = 07 Then,
we will not be able to see the position of the circle. Surprisingly enough,
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then C, is the circle with center at the origin 0. This result is derived from
the division by zero calculus for the formula

a

k=

" (9.72)
The two lines arg z = o and arg z = —a 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 imaginary
line is zero by the division by zero calculus that means tan 7 = 0. Therefore,
we can understand that the positive real line is still a tangential line of the
circle C,,.

This will show some great relation between zero and infinity. We can see
some mysterious property around the point at infinity.

9.13 Interpretation by analytic geometry

The results in Subsection 9.1 may be interpretated beautifully by analytic
geometry and matrix theory.
We write lines by

Ly :apr+ by +c,=0,k=1,23. (973)
The area S of the triangle surrounded by these lines is given by

1 N2

S =z =
9 DyDyDs’

(9.74)
where A is

ar by

az by co

az by c3
and D, 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 interpretated by S # 0 beautifully, by the
division by zero.

For a function

S(z,y) = a(m2 +y2) + 29z + 2fy + ¢, (9.75)
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the radius R of the circle S(x,y) = 0 is given by

2 2
R— \/“2—2“. (9.76)

If a = 0, then the area mR? of the disc is zero, by the division by zero; that
is, the circle is a line (degenerate).
The center of the circle (9.75) is given by

(-%, —g) . (9.77)

Therefore, the center of a general line
20¢ +2fy+c=0 (9.78)

may be considered as the origin (0,0), by the division by zero.
On the compile z plane, a circle containing a line is represented by the
equation
azz+az+az+c=0, (9.79)

for a,c : real and ac < @a. Then the center and the radius are given by

—% (9.80)

and _
—Vozoz—ac7 (9.81)
a

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
Si(x,y) = a; (mQ + y2) +2g;7 4+ 2f;y + ¢;. (9.82)

The distance d of the centers of the circles Si(z,y) = 0 and Sy(z,y) = 0 is
given by

2, 2 2, 2
d2:91+2f1 _29192+f1f2+92+2f2' (9.83)
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If a; = 0, then by the division by zero

2 2
9+ /
=22 (9.84)

Qs

Then, Si(x,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

T —aj :y—bj _27G

Ly M, N;

j=1,2 (9.85)

is given by

as —a; by—b co—c
Ly M, Ny
L M. N
d— 2 2 2 . (9.86)
\/(MlNz — MyNy)? 4 (N;Ly — NoLq)? + (LiMy — Lo My )?

If two lines are parallel, then we have d = 0.

9.14 Interpretation with volumes

We write four planes by

Tk s apx +bpy + ez +di, =0,k =1,2,3,4. (9.87)
The volume V' of the tetrahedron surrounded by these planes is given by
1 A?
V=+t- — 9.88
6 DiDyDsD,’ ( )

where A is

ap by o dy

az by ¢y dy

az by c3 dj

as by c4 dy
and Dy, is the co-factor of A with respect to di. 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 interpretated by V' # 0 beautifully, by the division by zero.
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10 Applications to Wasan geometry

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.

10.1 Circle and line

We will consider the 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)? = a®.
Then, we have

xzjayQ — b = 2/aly — 2b)

2, 2
Tty —4\/§x: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. (H. Okumura:
2017.10.13.).

and

10.2 Three touching cirlces exteriously

For real numbers z, and a,b > 0, the point (0,2v/ab/z) is denoted by V.. H.
Okumura and M. Watanabe gave the theorem in [36]:

Theorem 7. The circle touching the circle a: (v —a)? +y* = a® and the

circle B: (x + b)? + y? = b* at points different from the origin O and passing
through V.4, is represented by

2 2 2
. b—a n y_QZ\/% _ a+b (10.1)
22 —1 22 -1 22 -1

for a real number z # +1
The common external tangents of a and [3 can be expressed by the equa-
tions

(a — b)x F 2Vaby + 2ab = 0. (10.2)
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Anyhow the authors give the exact representation with a parameter of the
general circles touching with two circles touching each other. The common
external tangent may be looked a circle touching for the general circles (as
we know we can consider circles and lines as same ones in complex analysis
or with the stereographic projection), 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 22 = 1 for the singular points in the general parametric representation
of the touching circles.

10.2.1 Results

First, for z = 1 and z = —1, respectively by the division by zero calculus, we
have from (10.1), surprisingly

b—a

2+ x+1y° F Vaby —ab =0, (10.3)
respectively.
Secondly, multiplying (10.1) by (2% — 1), we immediately obtain surpris-
ingly (10.2) for z = 1 and z = —1, respectively by the division by zero
calculus.

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.

10.2.2 On the circle appeared

The circle (10.3) meets the circles « in two points

a 2ab 6av ab
Pa 2 ,2 - 5 a y )
( A 7HA\/;) © <9a+b 9a+b>

where 7y = ab/(a +b). Also it meet /5 in points

b —2ab  6b\ab
B <_2TA’QTA\/;> @ <a+9b7_a+9b> '
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The line P, P, is the common tangentials of the two circles a and 5 on the up-
per half plane. The lines P,Q), and P,(), intersect at the point R : <0, —\/%) ,

which lies on the remaining tangencials of o and . Furthermore, the circle
(10.3) is orthogonal to the circle with center R passing through the origin.
The source of this subsection is [41].

10.3 The Descartes circle theorem

We recall the famous and beautiful theorem ([21, 57]):

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 ry is

given by
1 1 1 1 1 1 1
_:—+—+—i2\/ + + ) (10.4)
T4 1 T2 3 rire a3 3T

As well-known, circles and lines may be looked as the same ones in com-
plex analysis, in the sense of stereographic projection and 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 the cases for the Descartes theorem for lines
and point circles, step by step.

10.3.1 One line and two circles case

We consider the case in which the circle Cy is one of the external common
tangents of the circles C; and C5. This is a typical case in this paper. We
assume 71 > 9. We now have r3 = 0 in (10.4). Hence

1 1 1 1 1 1 1 1 1 1
— =4 —+_-=£2 + + =+ —£24/—.
Ty T T9 0 IBER) 7”2'0 0'7“1 T D) T1T2

This implies

1 1 1
=—+

VRN TN
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in the plus sign case. The circle C) is the incircle of the curvilinear triangle
made by Cy, Cy and C5 (see Figure 1). In the minus sign case we have

11 1
VL T2 T

In this case (% is the incircle of the curvilinear triangle made by the other
three (see Figure 2).

Cg CS
Figure 1. Figure 2.
Of course, the result is known. The result was also well-known in Wasan
geometry [63] with the Decartes circle theorem itself.

10.3.2 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.

10.3.3 One point circle and two circles case

This case is another typical case for the theorem. Intuitively, for r3 = 0, the
circle ('3 is the common point of the circles C; and C5. Then, there does not
exist any touching circle of the three circles Cj;5 = 1,2, 3.

For the point circle C3, we will consider it by limiting of circles attaching
to the circles C7 and C5 to the common point. Then, we will examine the
circles Cy and the Descartes theorem.

In Theorem 7, by setting z = 1/w, we will consider the case w = 0; that
is, the case z = oo in the classical sense; that is, the circle C3 is reduced to
the origin.
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We look for the circles Cy attaching with three circles C}; 7 = 1,2,3. We
set
Cy:(x—2)* +(y—m)=r] (10.5)

Then, from the touching property we obtain:

r1ra(ry — r)w?

Ty = D 5
21179 (w/rlrg + (r1 + Tg)w) w
Yqa = D
and
r1ro(ry + 7o) w?
Ty = D 5
where

D = ri1ry 4 24/r173 (11 + ro)w + (12 4 ryry + 13w’

By inserting these values to (10.5), we obtain

fo+ fiw + fow?® =0,

where
Jo=rra(2® +97),
f1 = 2\/7"17’2((7”1 + T2>($2 + yz) - 27’17”2y)
and

fo= (rf +riry + r%)(xQ + y2) + 2rro(re — r)x — 4(ry + ro)y + 47“%7’5.

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?,

z® +y* =0, (10.6)
(r1 +r2)(2® +9*) — 2r1ry = 0 (10.7)

and

(T%—f—?“ﬂ“g +T§)(x2—|—y2)+2r1r2(r2 —ry)x—4rire(r —|—r2)y+4r%r§ =0. (10.8)
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Note that (10.7) is the red circle in Figure 3 and its radius is
172

1+

(10.9)

and (10.8) is the green circle in Figure 3 whose radius is

rira(ry + 7o)
r? 4+ rire + 12

Figure 3.

When the circle Cj is reduced to the origin, of course, the inscribed circle
Cj is reduced to the origin, then the Descartes theorem is not valid. However,
by the division by zero calculus, then the origin of C} is changed suddenly
for the cases (10.6), (10.7) and (10.8), and for the circle (10.7), the Descartes
theorem is valid for r3 = 0, surprisingly.

Indeed, in (9.4) we set £ = /T3, then (10.4) is as follows:

1 1 1 1 1 52 1 1
—=—+—+—212— —+t(—+— .
Ty 1 T f f riry 1 T2

and so, by the division by zero calculus at £ = 0, we have

1 1 1

T4 1 T2

which is (10.9). Note, in particular, that the division by zero calculus may
be applied in many ways and so, for the results obtained should be examined
some meanings. This circle (10.7) may be looked a circle touching the origin
and two circles C] and Cs, because by the division by zero calculus

m
tan — =0
an2 ,
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that is a popular property.

Meanwhile, the circle (10.8) is the attaching circle with the circles C, Cq
and the beautiful circle with center ((ro—71),0) with radius r; +73. The each
of the areas surrounded by the three cicles C, Cy and the circle of radius
71+ 79 is called an arbelos, and the circle (10.7) is the famous Bankoff circle
of the arbelos.

For r3 = —(r + rq), 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
center ((rg —r1),0) with radius r; + r2, the Descartes identity holds. Here,
the minus sign shows that the circles C'; and C5 touch C} internally from the
inside of Cj.

10.3.4 Two point circles and one circle case

This case is trivial, because, the exterior touching circle is coincident with
one circle.

10.3.5 Three points case and three lines case

In these cases we have r; = 0,7 = 1,2,3 and the formula (10.4) shows that
r4 = 0. This statement is trivial in the general sense.
As the solution of the simplest equation

ar = b, (10.10)

we have x = 0 for a = 0,0 # 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 (10.10) is impossible. The zero will represent some
impossibility.

In the Descartes theorem, three lines and three points cases, we can un-
derstand that the attaching circle does not exist, or it is the point and so the
Descartes theorem is valid.

10.4 Circles and a chord

We recall the following result of the old Japanese geometry [62, 57, 36] (see
Figure 4):
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Cy

Figure 4.

Lemma 10. Assume that the circle C' with 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 C and Cy with radii vy and 19 also
touch the chord t and the other arc of the circle C' internally, then h, r,
and ry are related by
1 1 2 2r

—+ =4+ =2 :
™ D) ]’L 7”17“2]1

We are interesting in the limit case 1y = 0 or o = 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 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 ¢ from the
center of (;, we have

V=P =t r =P £ = = (b4 12— 1 = 2y,
where we used the fact that the segment length of the common external

tangent of C' and C5 between the tangency points is equal to 2,/r1r5. The
formula of the lemma follows from this equation.

10.4.1 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
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and the y axis is given as in the center of the circle C' is (0,7). We denote
the centers of the circles C};j = 1,2 by (x;,y;), then we have

y1:h+T1, y2:h+7’2.
Then, from the attaching conditions, we obtain the three equations:
(g — 21)2 + (11 — r2)? = (11 + 12)%,

i+ (h—r+r)?=(r—nr)
and

34+ (h—7r41m) = (r —r)
Solving the equations for z;, o and 7y, we get four sets of the solutions. Let
h = 2r;, v =r —ry — r3. Then two sets are:

r1 = E2¢/r3v,
j:27"1,/7“7”3 + 734/T30

w2 L+ T3
- rirs(2yr(Vr — V) — (1 +13))
(7’1 +7’3)2 '

The other two sets are

r1 = 124/r3v,
T14/TT3 — T'3,/T3V
) 1 3 3/ T3 ’

2 T+ T3
TN G R e G R)),
(7”1 + 7’3)2 ’

We now consider the solution

T1 = 24/1r3v,
27"1\/7"7’3 + 134/T30

2 ri+T3
Y r1r3(2y/7(vr — v) = (11 +73))
(Tl +7’3)2 )

Then

2 2 o Gotgri+geri+gs
r—2x2)" + (Y — — Ty = )
( 2) (Y — y2) 2 (r1 +75)?
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where
go = r%(mQ +y(y — 4rs) + 4rrs),

g1 = 2r3((x — /rr3)* + y* — (2r + 3r3)y + 3rr3),
g2 = (z — 2¢/r73)" + y* — 2r3y,

and

g3 = 47’3\/5(7”1(\/@ - \/El') - 7‘3\/@@-
We now consider another solution

T = 24/T30,
27“1\/7"_7“3—7“3\/7’3_1)
- )

X2
T + T3
r1r3(2v/r (V1 + Vv) = (11 +13))
T .
(r1 +13)?
Then ) L ok
9 9 9 o+ K171 + Kor{ + K3
r—x2)" + (Y — —Try; = ,
( 2) (y yQ) 2 (Tl +T3)2
where
ko = r%(mQ +y(y — 4rs) + 4rrs),
ky = 2rs((x + \/rr3)* + 9% — (2r + 3r3)y + 3rr3),
ke = (z + 2\/7“1”3)2 +y? — 2rqy,
and

ks = —4rs\/v(r1(Vry + \/T31) + 733/T37).
We thus see that the circle C5 is represented by
(9o + g3) + g1r1 + gar7 =0

and
(k() -+ kg) -+ k17“1 -+ kQT% = 0.

For the symmetry, we consider only the above case. We obtain the division
by zero calculus, first by setting 7, = 0, the next by setting r; = 0 after
dividing by 7, and the last by setting r; = 0 after dividing by r?,

go+93 =0,
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91:07

and
g2 = 0.
That is,
(x—m)2+(y—h)2:0,
AN 3\ 9
("”‘ 7) o (%)) =
and

2 2
(x_m)2+(y_ﬁ) _ (ﬁ) |
2 2

The first equation represents one (v/2rh — h?, h) of the points of inter-
section of the circle C' and the chord ¢ (see Figure 5). The second equation
expresses the red circle in the figure. The third equation expresses the circle
touching C externally, the x-axis and the extended chord ¢ denoted by the
green circle in the figure. The last two circles are orthogonal to the circle
with center origin passing through the points of intersection of C' and t.

e

Figure 5
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Now for the beautiful identity in the lemma, for r; = 0, we have, by the
division by zero,

1+i+2_2 2r
0 T2 h O'T’Qh
and
_h
7’2——5.

Here, the minus sigh will mean that the blue 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 (v/2rh — h% k), then the circle Cy is
suddenly changed to the blue circle and the beautiful identity is still valid.
Note, in particular, the brue circle is attaching with the circle C' and the cord
t.

Meanwhile, for the curious red circle, we do not know its property, how-
ever, we know curiously that it is orthogonal with the circle with the center at
the origin and with radius v/2rh passing through the points (£v2rh — h2,h).

This subsection is based on the paper [41].
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11 Introduction of formulas log() = logoco =0

For any fixed complex number a, we will consider the sector domain A, («, 3)
defined by
0<a<arg(z—a)<f<2m

on the complex z plane and we consider the conformal mapping of A,(«, [3)
into the complex W plane by the mapping

W =log(z — a). (11.1)
Then, the image domain is represented by
S(a, B) ={W;a < SW < p}.

Two lines {W; W = a} and {W;IW = [} 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 log oo should be defined as zero. Here, logoo
is precisely given in the sense of [log z|,—... However, 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 expression, for some
constants A, B
) A
0g B’
if we consider the case that A or B is zero, then we should consider it in the
form

A
logE =log A —log B, (11.2)

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 (11.1) 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 (11.2)
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..
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11.1 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

vy = ay? — a®xlog® (Bx) + aklog" ! (Bx). (11.3)
For the solution y = alog®*(Bz)([44], page 95, 5), we can consider the solu-

tion y =0as g =0.
In the famous function (Leminiscate)

/02 — 2
x:alogw—\/a2—y2, a>0, (11.4)
)

we have
2 _ .2 1
x = alog mexp (—— aQ—y2>] . (11.5)
Y a
By the division by zero, at the point y =0
2 _ .2 1
MQXP (__ a2 — yZ)] —=0. (11.6)
Y a

Thus the curve passes also the origin (0.0).
In the differential equation

:L,Qy/// + 4!132?/” o 2xy’ _ 4y — 10g x, (11.7)

we have the general solution

e , 1 1

T
satisfying that at the origin z = 0

1
y(0) = Z,y’(O) =0,9"(0) = 2C3,y"(0) = 0. (11.9)
We can give the values C and Cy. For the sake of the division by zero, we
can, in general, consider differential equations even at analytic and isolated
singular points.
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In the formula ([13], page 153), for 0 < z,t <=

Z sin ns sin nt %log sin((s + £)/2)/sin((s — £)/2)], (11.10)

n=1

for s =t = 0,7, we can interprete that
1 0

0= —=log - =log0. 11.11

51085 = log (11.11)

In general, for s = ¢, we may consider that

Zsinnns - %10g|sin((s+8)/2)/0)| (11.12)

1 1
2510g|smn3/0| logO—O

Note that this result is not a contradlctlon. Recall the case of the function
y = 1/z at the origin:

1
lim — = 400, (11.13)
z—=>+0 I

in the monotonically increasing way, however,

Hx:o —0 (11.14)

T

Such a discontinuity property is important in the division by zero.

We will give a physical sense of log(0) = 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 = zi+ yj,p = |p|,

21
F = —Fp (11.15)
and ]
¢ = —2ulog —, (11.16)
p

respectively. On the z- axis, we have, of course,

F=00=0. (11.17)
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11.2 Robin constant and Green’s functions

From the typical case, we will consider a fundamental application. Let
D(a, R) = {|z| > R} be the outer disc on the complex plane. Then, the Rie-
mann mapping function that maps conformally onto the unit disc {|W] < 1}
and the point at infinity to the origin is given by

R

z—a

W =

(11.18)

Therefore, the Green function G(z,00) of D(a, R) is given by

G(z,00) = —1og{i}. (11.19)

|2 —al

Therefore, from the representation

G(z,00) = —log R + log|z| + log (1 - %) , (11.20)

we have the identity
G(00,00) = —log R, (11.21)

that is the Robin constant of D(a, R). This formula is valid in the general
situation, because the Robin constant is defined by

linll){G(z, b) + log |z — b|}, (11.22)

for a general Green function with pole at b of some domain ([2]).

11.3 " =1,0

By the introduction of the value log0 = 0, as the inversion function y = e*
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 T plane cut by the negative real line (—o0, 0]. Of course, the
origin 0 corresponds to 1. Meanwhile, we see that the negative line (—oo, 0]

114



corresponds to the negative real line (—oo,0]. In particular, on the real line
lim, , . e® = 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

e? = 0. (11.23)

For the fundamental exponential function W = exp z, at the origin, we should
consider 2 valued function. The value 1 is the natural 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 as a natural

WayFor the elementary functions y = 2™, n = £1,£2,- - -, we have
y = enlogr, (11.24)
Then, we wish to have
y(0) = e"80 = ¥ = (. (11.25)

As a typical example, we will consider the simple differential equation

d 2yd
- (11.26)
xr  14+y?
Then, by the usual method,
log |z| — log |1 + v*| = C; (11.27)
that is,
log lfgﬂ =loge® =log K, K =¢“ >0 (11.28)
and .
= 11.29
1+ ( )
However, the constant K may be taken zero, as we see directly loge® =
log K = 0.
In the differential equations
y = —XeMy? 4 aet®y — aeNT (11.30)
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and

Y = —be"y? + are’y — aZbe e (11.31)
we have solutions
y=—e (11.32)
y = ae’”, (11.33)
respectively. For A = 0, as y = —1, y = a are solutions, respectively, however,

the functions y = 0, y = 0 are not solutions, respectively. However, many
and many cases, as the function y = e’® = 0, we see that the function is
solutions of differential equations, when y = e*? is the solutions. See [44] for
many concrete examples.

Meanwhile, we will consider the Fourier integral

o 2
/ e~wtemaltl gy = =2 (11.34)

2 2"
oo o+ w

For the case a = 0, if this formula valid, then we have to consider ¢° = 0.
Furthermore, by Poisson’s formula, we have

[e.9] o0

3 el = % ﬁ (11.35)

n=—oo n=—oo

If % = 0, then the above identity is still valid, however, for ¢ = 1, the
identity is not valid. We have many examples.
For the integral

o0 .3 o
/0 %dnge_acosa, (11.36)

the formula is valid for a = 0.
For the integral

€ sin(x§) T
d (z/a) 11.
o1 PoT: & e , x>0, ( 37)

2a?

the formula is valid for x = 0.
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11.4 0°=1,0
By the standard definition, we will consider
0° = exp(0log0) = exp0 = 1,0. (11.38)

The value 1 is famous which was derived by N. Abel, meanwhile, H. Michi-
waki 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:
0 Olog z

In general, for z # 0, from 2” = ¢
that 0° = 1 in a natural way.
For example, in the elementary expansion

, 2% = 1, and so, we will consider

(142" =D 2Ci?* (11.39)
k=0

the formula 0° = 1 will be convenient for £k = 0 and z = 0.
In the fundamental definition

— 1
expz = Z Ezk (11.40)
k=0

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

dar 1
—a" =na"" 11.41
ot =, (11.41)

in the case n = 1 and x = 0, the formula 0° = 1 is convenient and natural.
In the Laurent expansion (5.5), if 0° = 1, it may be written simply as

for f(a) = Cp.
For 0° = 0:

For any positive integer n, since 2" = 0 for z = 0, we wish to consider
that 0° = 0 for n = 0.
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11.5 cos0=1,0

Since " L
cosf = % (11.42)

we wish to consider also the value cos0 = 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 [26] in the Proceedings of the
International Conference: https://sites.google.com/site/sandrapinelas/icddea-
2017

11.6 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, [11, 18, 30, 32].

For the numerical calculation of this finite part, see [37], and there, they
gave an effective numerical formulas by using the DE formula. See also its
references for various methods.

For singular integrals, we will consider their integrals as divergence, how-
ever, the Haramard finite part or Cauhy’s principal values give finite values;
that is, from divergence values we will consider finite values; for this interest-
ing property, we will be able to give a natural interpretation by the division
by zero calculus.

What are singular integrals? For the interrelationship between divergence
integrals and finite values in singular integrals, we can obtain an essential
answer by means of the division by zero calculus.

Let F(z) be an integrable function on an interval (¢,d). The functions
F(z)/(x —a)"(n = 1,2,3...,¢ < a < d) are, in general, not integrable on
(¢,d). However, for any € > 0, of course, the functions

</_+/j) %dw (11.43)
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are integrable. For an integrable function ¢(x) on (a,d), we assume the
Taylor expansion

n—1 (k) a
Fa) =S L k!( )@= ) + p(@)(@ — a)" (11.44)
Then, we have
¢ F(x) .
/a+6 ({L’ - a)nd
n—2 F(k 1 F(nfl)( ) .
k=0 k! ) erkt (n—1) tog
— F®(q) 1 F=1)(q) d

: {_; Hin— k1) (d—ap 1 o BT /GJ(Q““W} '

Then, the last term {....} is the finite part of Hadamard of the integral

/d F@ (11.45)

and is written by

f. p. /d (JZFL&)dx; (11.46)

d
F
d n—2
. F®)(a 1 F=D(q)
'_eli%{/a+e( dx_zk'n— k=) e k1 T o1y 08¢
(11.47)

We do not take the limiting € — 40, but we put € = 0, in (11.47), then
we obtain, by the division by zero calculus:

' F@) [ F@)
f, p./a (x—a)"d _/a (x—a)nd‘ (11.48)

The division by zero will give the natural meaning (definition) for the above
two integrals.

that is, precisely
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Of course,

‘@ [ F@) [ F@)
f. p./C (x—a)”d =1 p./c (x—a)"d +f. p./a (x—a)”d' (11.49)

When n = 1, the integral is the Cauchy principal value.
In particular, for the expression (11.47), we have, missing log e term, for

n>2
f. p. / ' %dﬁ
“m{([7 L) e S

(11.50)

The content of this section was given in the paper [26].
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12 Basic meanings of values at isolated sin-
gular points of analytic functions

The values of analytic functions with isolated singular points were given by
the coefficients Cy of the Laurent expansions (the first coefficients of the reg-
ular parts) as the division by zero calculus. Therefore, their characteristic
property may be considered as arbitrary ones by any sift of the image com-
plex plane. Therefore, we can consider the values as zero in any Laurent
expansions by shifts, as normalizations. However, if by another normaliza-
tions, the Laurent expansions are determind, 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 celebrated theorem of
Riemann, there exists a uniquely determined conformal mapping with a series
expansion

W = f(z) = clz+co+ﬁ+@+ ,Cy >0, (12.1)

at the point at infinity which maps the domain D onto the exterior |w| > 1
of the unit disc in the complex W plane. We can normalize (12.1) as follows:

= X (12.2)

Then, this function M maps D onto the exterior of a circle of radius 1/C
and so, it is called the mapping radius of D. See [5, 61]. Meanwhile, from
the normalization

f(z)—=Cy = C’12+C—+i—2+ (12.3)
by the natural shift Cj of the image plane, the unit circle is mapped to the
unit circle with center Cy. Therefore, Cy may be called as mapping center
of D. The function f(z) takes the value Cj at the point at infinity in the sense
of the division by zero 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 Cj. This will mean
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that in a sense the value Cj is the most far 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 [61] for example.

From the fundamental Bierberbach area theorem, we can obtain the in-
equality:

For analytic functions on |z| > 1 with the normalized expansion around
the point at infinity

b
g(z):z+bo+;1+---
that are univalent and take no zero point,

Ibo < 2.

In our sense
g(00) = by.
See [33], Chapter V, Section 8 for the details.

12.1 Values of typical Laurent expansions

The values at singular points of analytic functions are represented by the in-
tegrals, and so for given functions, the calculations will be simple numerically,
however, their analytical (precise) values will be given by using the known
Taylor or 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
[ = —— f0)=— (12.4)
For los(1 .
f) =20 o= L (125
For .
f(z) = Tl f(0) = —1. (12.6)



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 < r <
|z — a| < R} such that r may be taken arbitrary small r, because we are
considering the function at a.

For

1 1 1
_ — ) = —. 12.7
For
f2) = ' 1(0) =7 (128)
Z) = 5 = —. .
(z+1)—1 2
For the Bernoulli constants B,,, we have the expansion
1 11 & i 1Bn -
(exp z) — Tz 2 * ; ’
and so, we obtain
1 ( 0) 1
—_— = = ——.
(expz) —1 2

From the well-known expansion ([1], page 807) of the Riemann zeta func-
tion

1
((S):;—ny—’yl(s—1)—1—72(5—1)2—1—..., (12.9)
we see that the Fuler constant v is the value at s = 1:
¢(1) =~. (12.10)

From the representation of the Gamma function I'(z)

[(z) = /loo e "t dt + ZO % (12.11)

([45], page 472), we have

_ N
F(—m) = Em+1(1) + nzoz,n:;ém n'( m + TL)

and




In particular, we obtain

by using the identity
0 —1)nm
Ei(2)=—vy—logz — Z ( n;'z , Jargz| <mw
n=1 :

([1], 229 p. (5.1.11)). Of course,
Ei(z) = / et Ldt.
From the recurrence formula of the Psi (Digamma ) function

V(= +1) = 0(2) + -

([1], 258), we have, for z = 0,

for = 0,1. Note that

P(l42)=—v+> (-1)"¢(n)"", |2 <1

> z
=—y+y — —1,-2,...
P)/—i_ — n(n+z)? Z% 9 9

([1], 259).
We can consider many special functions and the values at singular points.
For example,

2 Cos 2
Ya(2) = Jgpalz) = =) = (sinz + =),
La(z) = /= sinh
z) =4/ —sinh z
1/2 s )
Q —z
K1/2(2)—K—1/2(2)— E )



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) - 9(0) # (f(2)9(2))(0); (12.12)
indeed, for the functions f(z) = z+ 1/z and g(z) = 1/z + 1/(z?)
£(0) = 0,9(0) =0, (f(2)9(2))(0) = 1. (12.13)

For an analytic function f(z) with a zero point a, for the inversion func-
tion

we can calculate the value (f(a))™! at the singular point a.
For example, note that: for the function

f(0)=0,f(1) =0 and f(—1) =0. Then, we have

1 1
24D 2z-1)

1 _

D) M=) =1

Here, note that the point z = 0 is not a regular point of the function f(z).
We, meanwhile, obtain that

( ! ) = 0. (12.14)
logz ) ,_,

Indeed, we consider the function y = exp(l/z),z € R and its inverse
function y = 1o;x' By the symmetric of the two functions with respect to the

function y = x, we have the desired result.
1

Here, note that for the function ;=—, we can not use the Laurent expansion

around x = 1, and therefore, the result is not trivial.
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We shall refer to the trigonometric functions. See, for example, ([12],
page 75) for the expansions.
From the expansion

1 1 o= 1 1
_— = = —1) — 12.15
sin z z+ Z (=1) (z—mr+mr)’ ( )

v=—00,v#0

(Si1112> (0) =0.

Meanwhile, from the expansion

1 = 1
=) . (12.16)

sin® z — (2 —vm)?

1 2 1 1

0} i NI

(Siﬂ22> (©) 2 ; v2 3

From the expansion
1 -~ 1 2

=1 —-1)” 12.17
oS 2 +VZ_OO< ) (z—(21/—1)7r/2 * (2V—1)7T) ’ ( )

(o) G) 12 -0

Meanwhile, from the expansion

1 Ry 1
cos? z - VZOO (Z _ (21/ _ 1)71'/2)2’ (12.18)

1 T 2.1 1
(cos2z> <§> B ﬁ;ﬁ 3
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12.2 Values of domain functions

In this section, we will examine the values of typical domain functions at the
singular points. For a basic reference, see [33].

1). For the mapping
z

1—-2
that maps conformally the unit disc |z| < 1 onto the half-plane { ReW > %},
we have

W =

(12.19)

W(1)=-1. (12.20)
2). For the Koebe function
z

W= ——— 12.21
(1 _ 2)2 ( )
that maps conformally the unit disc |z| < 1 onto the cut plane of (—oo, _411>

we have
W(l)=0. (12.22)

We can understand it as follows: the boundary point z = 1 of the unit disc is
mapped to the infinity point, however, the point is connected to the origin.
We can see the similar property, for many cases.

3). For the Joukowsky transform

W = % (1 + z> (12.23)

z

that maps conformally the unit disc |z| < 1 onto the cut plane of [—1,1] we

have
W(0) = 0. (12.24)

This correspondence will be curious in a sense. The interior point the origin
corresponds to the boundary point of the origin. Should we consider the
inverse of the case 2)7 - the image may be connected to the origin.

4). For the transform
2

W =
1 — 22

(12.25)
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that maps conformally the unit disc |z| < 1 onto the cut plane of the imagi-
nary axis of [+00,4/2| and [—o0, —i/2] we have

W) =—=, W(=1)=- (12.26)

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) = po— + Co+ Co(z —v) + ..., (12.27)
is given by, explicitly
1 2(1 —vz)
P(z; = 12.2
(z:0,0) = Sy = (12.28)
([33], 340 page). Then, we obtain
1 —2|v|?
P(2:0,0)|ey = Cp = —— 0 12.29
(Z 7U)| 0 U(l _ |’U‘2> ( )

at z = v by the Laurent expansion method. By the constant Cj, we can
interpret as in the mapping center by shift of the image plane. We may also
give the value for z = v by

P(z:0,0)],y = T _1 o Z(i :ZZ) - M_TM) =0.  (12:30)

Z=v

The circumstance is similar for the corresponding canonical conformal map-
ping Q(z : 0,v) for the radial slit mapping.

12.3 Mysterious properties at 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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12.3.1 Many points at infinity?

When we consider a circle with 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.

12.3.2 Stereographic projection

The point at infinity may be realized by the stereographic projection as well
known. However, the projection is dependent on the position of the sphere
(the plane coordinates). Does this mean that there exist many points at
infinity?

12.3.3 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,

z—a

however, we have (5.6). The values at the point a have many values, that
are all complex numbers. At least, in this sense, we see that we have many
points at the point of infinity.

In the sequel, we will show typical points at infinity.

12.3.4 Diocles’ curve of Carystus (BC 2407 - BC 1807)

The beautiful curve

3
T
y? = , a>0
20 —x

is considered by Diocles. By setting X = v/2a — x we have

(3/2) (2a — X2)3/2)
i a

V2a—x X

Then, by the division by zero calculus at X = 0, we have a reasonable value

0.
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Meanwhile, for the function %, we have —12a2, by the division by zero

calculus at x = 2a. This leads to a wrong value.

12.3.5 Nicomedes’ curve (BC 280 - BC 210)

The very interesting curve

b

cos 6

r=a-+

is considered by Nicomedes from the viewpoint of the 1/3 division of an angle.
That has very interesting geometrical meanings. For the case 6 = £(7/2),
we have r = a, by the division by zero calculus.

Of course, the function is symmetric for 8 = 0, however, we have a myste-
rious value r = a, for § = +(7/2). Look the beautiful graph of the function.

12.3.6 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 determined 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 functions at
isolated singular points are mysterious, in particular, in the geometrical sense.

12.3.7 Unbounded, however, bounded
We will consider the high

y = tand, 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(m/2).

Recall the stereographic projection of the complex plane. The points on
the plane can be expanded in an unbounded way, however, all the points
on the complex plane have to be corresponded to the points of the Riemann
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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 [55].
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13 Division by zero calculus on mutidimen-
sional 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

142
fe) =122 fmy=-1 (13.1)

—z
From the real part and imaginary part of the function, we have, for z = x4y

1— ZIZ'2 _ y2
—_—— =1 t (1,0 13.2
A =Lt (L0 (132)
and y

— =0 t (1,0 13.3
T 0w (L0) (13:3)

respectively. Why the differences do happen?
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 multidimensional
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)", (13.4)

n=—oo

for analytic functions C,(z) on D, we define the division by zero calculus by
the correspondence:
[ — Frg0(2) == Co(z)

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 the one dimensional
case. The expression (13.4) may be ensured by the general Laurent expansion
that was introduced by Takeo Ohsawa:
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Proposition 2. 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 is possible.

See [60] for the related topics.

However, since the uniqueness of the expansion is, in general, not valid,
the division by zero calculus is not determined uniquely. However, we are
very interested in the expansion (13.4) and the property of the function Cy(2)
as in the one dimensional case.

From the above arguments, we can see the desired results for the examples
as follows:

1— 1'2 _ y2
I 13.5
(1—2)?+y° 139
2(1 —x)
oy - b A 00
and y
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14 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 in physics and others, however, we
expect many publications by the related specialists. At the first stage, here
we refer only to elementary formulas, as examples.

14.1 In balance of a steelyard

We will consider the balance of a steelyard and then we have the equation
aF, = bF, (14.1)

as the moment equality, here, a, b are the distances from the fixed point and
F,, Fy are forces at the points a, b, respectively. Then, we have

F-"'p, (14.2)
a

For a = 0, should be considered as F, = 0 by the division by zero /0 = 07
The identity (14.1) appears in many situations, and the above result may
be valid similarly.

14.2 By rotation

We will give a simple physical model showing the result % = 0. We shall
consider a disc with 22 4+ y? < a? rowling uniformly with a positive constant
angle velocity w with the center at the origin. Then we see, at the only
origin, w = 0 and at other all the points, w is a constant. Then, we see, the
velocity and the radius r are zero at the origin. This will mean that, in the
general formula

v =rw,
or, in
v
w= -
r
at the origin,
0
—=0.
0

We will not be able to obtain the result from
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. . v
lim w= lim —,
r—+40 r——+0 7

because it is the constant.

For a uniform rotation with velocity v with a center O" with a radius
r. For the angular velocity vector w and for the moving poisition P on the
circle, we set r = OP. Then,

V=wXTr. (14.3)

If w x r =0, then, of course, v = 0.

14.3 By the Newton’s law

We will recall the fundamental law by Newton:

mimes

F=aG (14.4)

r2
for two masses my, my with a distance r and a constant GG. Of course,

lim F' = oo, (14.5)
r——+0
however, as in our fraction
F:O:Gmlg12 (14.6)

Of course, here, we can consider the above interpretation for the math-
ematical formula (14.4) as the new interpretation (14.6). In the ideal case,
when the two masses are on the one point, the force F' will not be positive,
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

m— = — r
dt? r3

of course, we have r = 0 for » = 0.
For the Coulomb’s law, see similar formulas.
Indeed, in the formula

(14.7)
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for r =0, we have F' = 0.
In general, in the formula

NCAICE! s
r
for r = 0, we have F' = 0?7 (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 = kr_Q’ (14.9)
where k is a constant and P is the amount of the light. Of course, we have,
at the infinity:

B=0. (14.10)

Then, meanwhile, may we consider as
B=0 (14.11)

at the origin r = 07 Then we can obtain our formula

P
k— =0
0 Y

as in our new formula.

14.4 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, not the usual one, and so, we will be able to consider some product
sense 0 x 0 = 100.

We will show such interpretation.

We shall consider same two masses m, however, their constant velosities
v for the origin are the same on the real line, in the symmetry way: We
consider the mooving energy product E?,

1 1
§m02 X §m(—v)2 = £~ (14.12)
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We shall consider at the origin and we assume the two masses stop at the
origin (possible in some case). Then, we can consider, formally

0x0=FE> (14.13)

The mooving energies turn to other energies, however, we can obtain some
interpretation as in the above.

14.5 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,

Pc="— (14.14)
-
where Pc is capillary pressure (suction pressure), o is surface tension, and r
is radius. If r is zero, there is no pressure. However Pc shows infinity, in the
common meaning.
This simple equation is based on the Laplace-Young equation

1 1
P = 4+ — 14.15
o (Rl ; RQ) (14.15)

where R; and R, are two principal radii of curvature at any point on the
surface of a droplet or a bubble and in the case spherical form R; = Ry = R.
For a spherical bubble the pressure difference across the bubble film is zero
as the pressure is the same on both sides of the film. The Laplace-Young

equation reduces to
1 1

[
On other hand when diameter of a bubble is decreased and becomes 0(R = 0),

the bubbles collapse, enormous energy is generated. Accumulated free energy
in the bubble is released instantaneously.

0. (14.16)

14.6 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 radius 5. We cut the body with a disc of radius (0 < r; < r9) that is
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parallel to the bottom disc. We denote the distance by d between the 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 Michiwachi

(8 years old daughter of Mr. H. Michiwaki ) as follows:
\/ d? + (rg —r1)?

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 radius R. We fix the distance d. Now note
that:

7”2—7’1

rn—ry — R — o0.

This will be natural in the sense that when r; = ry, the circle with radius R
becomes a line.

However, the division by zero will mean that when r; = ry, 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;
that is, the circle with radius R becomes a line, similarly. The curvature of
a point (circle of radius zero) is zero.

14.7 Vibration

In the typical ordinary differential equation

d*x
we have a general solution
k
r = Cicos(wt +Cy), w=1/—. (14.18)
m
If k£ =0, that is, if w = 0, then the period T is given by
T 27r
w
Then, should be understood as T" = 0, no period?
In the typical ordinary differential equation
2x
+ kx = f coswt, (14.19)

e
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we have a special solution

;o k
TS e =] Ot @ = (14.20)

Then, how will be the case
w=wp (14.21)

For example, for the differential equation
y" + a®y = bcos Az, (14.22)

we have a special solution, with the condition \ # a

b

Y= o8 AT. (14.23)

Then, when A = a, by the division by zero calculus, we obtain the special
solution

brsin(ax) bcosax
+ .

> o (14.24)

y:

14.8 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 1
—=—4— 14.25
by Hooke’s law. We know, in particular, if k; = 0, then
1 1 1
—=—+4 — 14.26
and by the division by zero,
k = ks, (14.27)
that is very reasonable. In particular, by Hooke’s law, we see that
0
- =0. 14.28
- (14.25)

The corresponding result for the case of Ohmu’s law is similar and valid.
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14.9 Motion

A and B start at the origin on the real positive axis with, for ¢ =0

d*x dx

awe - a
and

o, e

dt? Toodt ’

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 solutions 7"= 0 and X = 0.

We will consider the motion (z,y) represented by z = cosf,y = sinf
from (1,0) to (—1,0) (0 < 6 < m) with the condition

d do

X =

Vo = == sin 6% =V (constant). (14.29)
Then, we have:
dy 1
===V 14.30
AT tand’ ( )
and »
Y 2 1
=2 =_V . 14.31
AT sin® @ ( )
Then we see that: .
v, (1,0) = 0, that is, om0 0, (14.32)
1
—1,0) =0, that i =0 14.33
Uy( ) ) ) a lS, tan T ) ( )
1
1,0) = 0, that is, ——— = 0, 14.34
,(1,0) = 0, that is, ~—- (14:34)
and
a,(—1,0) = 0,that is, —— = 0. (14.35)
sin®
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Here, we interpretated, by the physical reason, that
111

sin®f®  sinf sinf sinf’

(14.36)

If we consider

sin® 6

[F}, (14.37)

by means of the Laurent expansion, then we have another value. For example,

Z (14.38)
SlIl z Z—Vﬂ'

1 21 1
0)==-3"—=-.
(sier) (0) 2 v2 3

v=1

We can find many and many the division by zero and division by zero
calculus in physics.
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15 Interesting examples in the division by
Zero

We will give interesting examples in the division by zero. Indeed, the divi-
sion by zero may be looked in the elementary mathematics and also in the
universe.

e For the line y
—+>=1 15.1
a b ’ ( )

if a = 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 x/a for
a=0.

Note that here we can not consider the case a = b = 0.

e For the area S(a,b) = ab of the rectangle with sides of lengths a, b, we

have Slab
a= (? ) (15.2)
and for b = 0, formally
0
= _. 15.3
0= (15.3)

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)
— = (15.4)

e For the identity
(a® +b*)(a* — b*) = *(a® — b*);a,b,c > 0 (15.5)
if a # b, then we have the Pythagorean theorem
a’+ b = (15.6)

However, for the case a = b, we have also the Pythagorean theorem,
by the division by zero calculus

2a* = 2. (15.7)
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e Let a;;5 = 1,...,n be the solutions of the equation
f(x) — anxn + anilxnfl + ...ap = O, an 7£ O, (158)

then, -;j = 1,...,n are the solution of the equation

f G) =0, (15.9)

when we apply the division by zero.

e In a Hilbert space H, for a fixed member v and for a given number d
we set

V={yeH;yv) =d} (15.10)
and for fixed x € H
d(z,V) = W. (15.11)

If v =0, then, (y,v) = 0 and d have to zero. Then, since H =V, we
have

0=-. 15.12
- (15.12)

e For the equation
axx=Db

the solutions exist if and only if a- b = 0 and then, we have

b-a

X=—",
a-a

For a = 0, we have x = 0 by the division by zero.

e We consider 4 lines

a1x + by + ¢ =0,
arr + by + ¢} =0,
aox + bay + co = 0,
as® + boy + = 0,
(15.13)
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Then, the area S surrounded by these lines is given by the formula

e —al-len = ¢

S:

(15.14)

|a1b2 - a2b1|

Of course, if |a1by — asby| = 0, then S = 0.

Sirll 5 = COSIW 5= 0. Consider the linear equation with a fixed positive
constant a

x y o
acosf = asinf
Then, the results are clear from the graphic meanings.

1. (15.15)

For the tangential line at a point (a cosf,sinf) on the elliptic curve

ZL‘2 y2

Stm =L ab>0 (15.16)

we have Q(a/(cos#),0) and R(0,b/(sinf)) as the common points with
x and y axisis, respectively. if § = 0, then Q(a,0) and R(0,0). If
0 = /2, then Q(0,0) and R(0,b).

For the tangential line at the point (acosf,sin ) on the elliptic curve,
we shall consider the area S(f) of the triangle formed by this line and
T,y axises

ab

~ Jsing]

S(9)
Then, by the division by zero calculus, we have S(0) = 0.

The common point of B (resp. B’) of a tangential line (15.16) and the
line x = a (resp. x = —a) is given by

. (a’ b(1 —cosm).

sin

(resp.

B (_a, M) |

sin 6

) The circle with 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 +y* — (a® - b*) = 0.

In the classical theory for quadratic curves, we have to arrange globally
it by the division by zero calculus.

On the real line, we look at the point P with angle o and § with a
distance [. Then, the high of the point P is given by

_ Isinasin
~ sin(a—pB)°
Then, if o = 3, then, by the division by zero, h = 0.

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 the two tangential
points in the way A-P-B-Q. Then, we know the identity

AP AQ
PB QB

or
2 1 1

AB AP AQ
These identities are valid even if P=B=Q with
AP AQ
o 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— 22 n—2y 21—
If 21 = 29, then we have, by the division by zero
21+ 29

21 = 9 .
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For 4 points {z;;j = 1,2, 3,4} on the complex plane, let § be the angle
on the lines 2129 and z3z4. Then, we have

1 — —_ _ _
cosh — = (20 — 21) (24 — 23) + (22 — 21) (24 ,23)‘
2 |22 — z1]| 24 — 23]

If z; = 25, then we have, by the division by zero, § = 7/2. Here, we
understand, by the division by zero, for the function

f(Z):é,
10) = =5 =0

as in the sigh function.

We fix the lines y = d and * = L. We consider a line through two
point (0,¢);t > d and (L,d), and let D be the common point the x
axis. Then, we have the identity

D t

L a—d
When, for t = d, by the division by zero, from d/0 = 0 we have D =0
which is reasonable in our new mathematics. However, for the identity

t 14 d

a—d a—d’
by the division by zero calculus, we have another reasonable result
D=1L.

We recall the Bramaguputa (598-6687) theorem. We assume 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 line AB and DC, and we set BP =
e,CP = f. Then, we have

deb + ad?
6: _—
(b—c)(b+d)
and
= abd + cd?
B (b—c)(b+d)

When, b = d, then we have e = f = 0.
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e The area S(z) surrounded by two z,y axises and the line passing a
fixed point (a,b),a,b > 0 and a point (z,0) is given by

ba?

S(x) = o—a)

(15.17)
For x = a, we obtain, by the division by zero calculus, the very inter-
esting value

S(a) = ab. (15.18)

e For example, for fixed point (a, b); a,b > 0 and fixed aline y = (tan @)z, 0 <

6 < m, we will consider the line L(z) passing the two points (a,b) and
(x,0). Then, the area S(z) of the triangle surround by the three lines
y = (tanf)x, L(z) and the z axis is given by

b x?

Sle) = 22— (a—bcot )

For the case x = a — bcot 6, by the division by zero calculus, we have
S(a—bcotf) = b(a—bceoth).

Note that this is the area of the parallelogram through the origin and
the point (a,b) formed by the lines y = (tan#)x and the x axis.

e We consider the regular triangle with the vertexes (—a/2,v/3a/2),
(a/2,v/3a/2). Then, the area S(h) of the triangle surrounded by the
three lines that the line through (0, h++/3a/2) and (—a/2,/3a/2), the
line through (0, h + v/3a/2) and (a/2,v/3a/2) and the z- axis is given
by

(h+ (v/3/2)a)

2h

Then, by the division by zero calculus, we have, for h = 0,

2

S(h) =

(15.19)

e Similarly, we will consider the cone formed by the rotation of the line

kx Y
=1
a(k;+h)+k:+h
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and the x,y plane with center the z- axis (a, h > 0, and a, h are fixed).
Then, the volume V() is given by

ma*(k +h)?

V) =373

Then, by the division by calculus, we have the reasonable value

V(0) = wa*h.

For the sequence
1 n
ay = <1 + —> , (15.20)
n

we have, of course, lim,, ., a,, = e. Meanwhile, by formally, we have

1 0
a0:(1+6> :10:1

However, we obtain

1
ag = exp {nlog (1 + —) } =e, (15.21)
n n=0

by the division by zero calculus. Indeed, for z = 1/n, we have

() =2 (-5 +-)
nlog|1l+—)=—(x——+...
n T 2

and this equals 1 for the point at infinity, by the division by zero cal-
culus. Note that for the definition by exponential functions by (15.21)
is fundamental.

For example, for the plane equation

r Yy z
-+ 4+ =1 15.22
eyt =Lk ( )

for a = 0, we can consider the line naturally, by the division by zero

Lo (15.23)
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For the Gauss map function

fl@) =+ - H , (15.24)

we have, automatically, by the division by zero
f(0)=o.

For the product and sum representations

z z

1NN (1 - —) exp — (15.25)

vm vTm

and

f: (1og (1 - %) + %) , (15.26)

v=—00,v#0

we do not need the conditions v # 0, because, the corresponding terms
are automatically 1 and zero, respectively, by the division by zero.

Let X and Y be norm spaces and T be a bounded linear operator from

X to Y. Then, its norm is given by

Tx
7)) = sup 1L
=20 |||
However, if x = 0, then T'x = 0 and so, for z = 0,
|Ta]| _

0.
||

Therefore, we do not need the condition x # 0 in the definition.

For a; > 0, we have the inequality

1 1 1 >
(a+ay+---+ap) | —+—+--+— | >n"
aq a9 Qp,

If a, = 0, by the division by zero, the inequality holds for n — 1.
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e For the harmonic numbers

11 1 1
Hy=1dg+o+ 44—

2 3 4
LI I I
0 1 2 3 n’
we have 1
Hn = anl + —.
n
Then, H; = 1 and Hy = 3/2, and we obtain
1
HO — 6 — 0

(M. Cervnka: 2017.9.22.).

e In the Fermat theorem: for p: a prime number, a is an integer with no
common integer with p, then

=1

with mod p. Then, from

SN
Il
S

with mod p, we have formally

=0

[esN =

with mod p (M. Cervnka: 2017.9.22.).

e For the solutions
b= \Vb? — 4dac

2a

X

(15.27)

of the quadratic equation
az® +br +c =0, (15.28)

we have, the solution, for a = 0 and b # 0,
c

T=—=

b?

by the division by zero calculus.
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e Let X be a nonnegative random variable with a continuous distribution
F| then the mean residual life function M (z) is given by, if 1—F(z) > 0,

[0 = F(e)ds

M) =" T"Fn)

(15.29)

However, if 1 — F(z) = 0, automatically, we have M (x) = 0, by the
division by zero.

e As in the line case, in the hyperbolic curve

2 2
@y
a?  b?

by the representations by parameters

. a,b>0, (15.30)

and

the origin (0,0) may be included as the point of the hyperbolic 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.

The two tangential lines of (15.30) with gradient m is given by
y = mx £ Va*m? — b2 (15.31)
and the gradients of the asymptotic lines are

b
m=+-—. (15.32)
a

Then, we have asymptotic lines y = :i:ga: as tangential lines in (15.30).

The common points of (15.30) and (15.31) are given by

a’m b*m
(v v (15:53)

For the case a*m? — b? = 0, we have they are (0,0).
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e We fix a circle

2?4+ (y—a)P=d’ a>0. (15.34)

At the point (2a 4+ d,0),d > 0, we consider two tangential lines for the
circle. Let 26 is the angle between two tangential lines at the point
(2a+d,0), Then, the area S(h) = S(6) and the length L(z) = L(0) are

given by
_ @

Vh
a’ ) 1
~ cosf (sm@—l—2+ sin6’>

L(h) = L(8) = %\/h ¥ 2a (15.36)

1
:a( —i—tanG),
cos 6

respectively. For h = 0 and 6 = 0, by division by zero calculus, we see
that all are zero.

S(h) = S(6) (h + 2a)? (15.35)

and

e We consider two spheres defined by
2+ y* 4+ 22+ 2a; + 2b; + 2¢; +2d; =0, j=1,2. (15.37)
Then, the angle 6 by two spheres is given by

ajag + blbg + ci1co — (dl + dg)
Vai 02+ & —2dy\Ja2+ 03+ 2 —2dy

cosf = (15.38)

If cos@® = 0, then, two spheres are orthogonal or one sphere is a point
sphere.

e For the parabolic equation
y* = dpz,
two points (pt?, 2pt) and (qt?, 2qt) is a diameter is if and only if

(s—t){t(s+t)+2} =0, s=-— _%
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and the diameter r is given by
r? = p*(t —s)*{(t + s)* + 4}.
Here, we should consider the case t = s =0 as r =0 and

2
0=-0—2=
07

and the xz and y axises are the orthogonal two tangential lines of the
parabolic equation.

For the integral equation, for a constant k

/ ydxr = ky,
0

we have the general solution

xr
= Cexp-.
y=Cexpy

If £ =0, then, of course, we have, y = C.

For the integral equation

/ydx:k/ V14 (y)idx
0 0

we have the solution

yz%(exp%#-ﬂp—%).

If £ =0, then, we should have y = 0.
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16 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.

For this fundamental idea, we should consider the Yamada field con-
taining 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 each other.

As the standard value, for the point w, = exp (%z) on the unit circle
|z] =1is for n =0:

T

W = exp (%) -1, s=0 (16.1)

For the mean value

Mn:l‘1+$2—|—...—|—$n7
n

we have 0
M() — 0 — 6

Fruitful world

For example, very and very general partial differential equations, if the
coefficients or terms are zero, we have some simple differential equations and
the extreme case is all the terms are zero; that is, we have trivial equations
0 = 0; then its solution is zero. When we see the converse, we see that
the zero world is a fruitful one and it means some vanishing world. Recall
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 changes as in the Yamane phenomena.

From 0 to 0; 0 means all and all are 0
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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. The zero is a mother
of all.

Impossibility

As the solution of the simplest equation
ar =1>b (16.2)

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 (16.2) is impossible. We saw for different parallel lines
or different parallel planes, their common points are the origin. Certainly
they have the common points of the point at infinity and the point infinity
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 ¢t = 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

T:
V —o.

When V' = v, we have, by the division by zero, T' = 0. This zero represents
impossibility. We have many such a situation.
We will consider the simple differential equation

d*x d*y
with the initial conditions, at t = 0
dx >z d*y
g = Vocosa, s =g = 0. (16.4)

Then, the highest high h, arriving time ¢, the distance d from the starting
point origin to the point y(2t) = 0 are given by

Vo sin? «v Vg Sin o

h = ,d = 16.5
2% p (16.5)
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and .
ey (16.6)
g
For the case ¢ = 0, we have h = d =t = 0. We considered the case that
they are the infinity; however, our mathematics means zero, which shows
impossibility.
These phenomena were looked many cases on the universe; it seems that
God does not like the infinity.
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17 Conclusion

Apparently, the common sense on the division by zero with a long and mys-
terious 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(m/2) = 0. Our mathematics is also wrong in
elementary mathematics on the division by zero.

This book is an elementary mathematics 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 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 [20] since 30 years proposed in [51] (the
original is in [50]).

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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