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Transcomplex Numbers:
Properties, Topology and Functions

Tiago S. dos Reis and James A.D.W. Anderson, Member, [AENG

Abstract—We derive the properties of transcomplex arith-
metic from the usual definition of transcomplex numbers as a
fraction of complex numbers, whose denominator may be zero.
This is equivalent to giving an axiomatisation.

In particular we characterise the partial associativity of
transcomplex addition and the partial distributivity. We de-
scribe specifically how the transcomplex numbers depart from
field structure and relate this to earlier work on transfields.

We review the transcomplex elementary functions and the
topology of transcomplex numbers. Thus armed we extend
several functional properties of the complex numbers to the
transcomplex numbers.

Index Terms—Transcomplex number, transcomplex topology,
transcomplex function, non-finite angle.

I. INTRODUCTION

Transmathematics is the mathematics which arises from
the transnumbers — numbers which extend the usual numbers
and allow division by zero. The first, and so far most
developed of the transnumbers, is the set of transreal num-
bers. Other sets are also studied in transmathematics such
as, for example, the transnaturals and transcomplexes. The
latter being the focus of this work. The set of transreals,
denominated by R7T, and their arithmetic, is an extension of
real numbers and real arithmetic.

Transreal numbers were introduced by James Anderson at
the turn of the millennium [3]. Anderson’s motivation was
to enable division by zero and to apply these new num-
bers to computer programming. The absence of exceptions
is extremely powerful in computing. It makes it possible
to construct computational systems where all syntactically
correct expressions are semantically correct. This means that
infinitely many exceptional states are removed from math-
ematics and from computer programs. This is of practical
importance because it makes it possible to guarantee that
if a program compiles then it does not terminate due to a
logical exception. This is of very wide utility. In particular,
meta-programs, such as genetic algorithms, can combine sub-
programs arbitrarily in the search for optimal solutions. The
application of transarithmetic in both novel and conventional
computer hardware and software is discussed in, among other
places, [5] [1].

In R”, the four basic, arithmetical operations (addition,
subtraction, multiplication and division) are closed, that
is, the result of any of these operations between transreal
numbers is a transreal number. In particular, division by
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zero is allowed. The set R” is formed by all real num-
bers and three new elements, —oo, oo and ®, respectively
denominated by minus infinity, infinity and nullity. Thus,

RT = R U {00, 00, ®}. By definition: T¥ = <L := —o0
and £ = 1 :=oo forall k € R and 2 := & [7].
oD
— QD e o» * « Q0
0
Fig. 1. Transreal line.

In [10] we introduce the set of transcomplex numbers,
CT, and proved that transcomplex arithmetic is consistent.
We construct this new set from the real numbers by means of
equivalence classes of ordered pairs. The set of transcomplex
numbers contains the ordinary set of complex numbers and
the set of transreal numbers as proper subsets. Transcomplex
numbers are a new system of numbers which is total, with
respect to the four elementary, arithmetical operations. In
particular, division by zero is allowed. In [8] we set up a
topology for the set of transcomplex numbers.

In [6] [11] [12] we introduce transreal calculus with a
transreal topology that extends real topology. In the same
way we extend complex topology to the transcomplex plane
and establish some results about limits and continuity of
transcomplex functions, analogous to complex functions [9].
In [13] we extend every real, elementary function to the
transreal domain and in [8] we extend every complex,
elementary function to the transcomplex domain. This covers
a lot of ground. An elementary function is defined so that
every polynomial, root, exponential, logarithm, trigonometric
and inverse trigonometric function is an elementary func-
tion; any finite composition of elementary functions is an
elementary function; and any finite combination, using the
four, elementary arithmetical operations, between elementary
functions is an elementary function.

In the present paper we derive transcomplex arithmetic
from the definition of transcomplex numbers as fractions
of complex numbers, whose denominator may be zero. In
particular we characterise the partial associativity and partial
distributivity of transcomplex arithmetic. This identifies all
of the assertions that would form an axiomatisation, thereby
isolating the axioms that might be made the subject of a
machine proof of consistency. The characterisation of the
partialities also sharply defines how transcomplex arithmetic
departs from field structure, though transcomplex arithmetic
is already known to be a transfield [9].
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II. TRANSCOMPLEX ARITHMETIC

In [10] we define fractions so that they allow a denomi-
nator of zero and we prove that transcomplex arithmetic is
consistent. The set of transcomplex numbers is given by

{E; x,yEC}.
Y

Since any usual fraction £ (where x and y are complex
numbers with y # 0) can be represented by the equivalent
fraction %, every transcomplex number can be written as a
fraction, %, where z is an ordinary complex number and y
is either one or zero.

Definition 1: Let CT denote the set of transcomplex num-
bers, which is defined by

CcT .= {%, :ve(Candye{O,l}}.

Next we establish an equivalence rule between fractions
of this new kind that allow a denominator of zero.

Definition 2: Given arbitrary 7, % € CT, thatis, z,w € C
and Y,z € {0,1}, we say that £ = % if and only if there is
a positive « € R such that z = aw and y = «az.

Next we define the arithmetical operations between
transcomplex numbers.

Definition 3: Given arbitrary 'Zé, 7€ CT, thatis, z,w € C
and y, z € {0, 1}, it follows that:

a) (Adition) Ify:z:O,xyéOandw;«éOthen§+% =

x w _ xzHwy
y+z - yz

BTt Tul otherwise,
b) (Opposite) —5 ==z
¢) (Subtraction) % %= % + (f%>

d) (Multiplication) % x ¥ = 2w,

, otherwise

—la ke

e) (Reciprocal) If z # 0 then (%)_1 -
2\
(y> e

f) (Division) £ + % = & x (£)"",

Notice that with these definitions, when operations are
performed between the usual complex numbers (fractions
with denominator 1), the results obtained are exactly the
same as the usual arithmetical results. This means that
arithmetic in this new set of transcomplex numbers respects
the arithmetic of the old set of complex numbers. Note, also,
that the above rules are analogous to the usual rules.

As a consequence of the equivalence rule, given in Defi-
nition 2, it follows that

(CT:(CU{%; zeC, |z = 1}u {g}

Indeed, if £ € C" theny = 1 ory = 0. If y = 1 then
% € C. On the other hand, if y = 0 then either  # 0 or

else = 0. In the first case, z # 0 implies o = [z| is a

positive real number such that = aﬁ, whence % = =t

Further ‘ﬁ‘ = 1, whence ¥ = Ll ez, 2€C, |z| =1}
In the second case, x = 0, whence % = %. Note that for
each z,z € C, where |z| = 1, the elements z, Z and J are
pairwise distinct.

We name two special, transcomplex numbers: infinity,
00 := g, and nullity, ® := 3.

The transcomplex plane is shown in figure 2. The usual
complex plane is shown as a grey disk. It has no real bound
but, after a gap, it is surrounded by a circle at infinity. The
point at nullity, ®, lies off the plane containing the complex
plane and the circle at infinity. The transreal number line is
shown as the z-axis, together with the point at nullity, .
Thus the transcomplex plane is obtained by a revolution of
the transreal line.

Zz
0

b

o

Fig. 2. The transreal numbers are shown as the extended z-axis, together
with the point at nullity, ®, as a subset of the transcomplex numbers.

Any complex number can be represented, in polar form,
by an ordered pair (r, ), where r € [0,00) and 6 € (—m, 7).
Note that zero does not have a unique description because
(0,0) describes zero for all § € (—m, w]. Now we describe
® by the ordered pair (®, ), where 6 is arbitrary in (—, 7].
We represent all transcomplex numbers in the form § where
u # 0, by the ordered pair (oo, #), where 6 = Arg(u). In
this way all transcomplex numbers can be represented by
an ordered pair, in the form (r,6), where r € [0, 00] U {®}
and 0 € (—m,w], observing that (0,6) represents zero for
all € (—m, 7] and (P, 6) represents ¢ for all § € (—m, 7]
Thus we can write

C" =CU{(c0,0); 0 € (—m,7]} U{®}.

Though, later, we shall incorporate the non-finite angles 6 €
{—00, 00, D}.

Figure 3 shows that any point in the complex plane and
the circle at infinity can be described in polar co-ordinates.
The system of polar co-ordinates also describes the point at
nullity which lies at nullity distance and nullity angle. Thus
every point in the transcomplex plane, including the point at
nullity, is described by polar co-ordinates.

Let us refer to the elements of C as finite transcomplex
numbers, to the elements of {(cc,0); 0 € (—m, x|} J{®}
as non-finite transcomplex numbers and, particularly, to the
elements of {(oc0,0); 0 € (—m, 7]} as infinite transcomplex
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numbers, then the elements of { (o0, 6); 6 € (—m, 7]} J{®}
are strictly transcomplex numbers.

P

w

Fig. 3. Entire transcomplex plane described by polar co-ordinates: z =
(r,0) and w = (00, 0) and & = (P, P) with r, 0 finite.

Remark 4: Let us denote the set of infinite transcomplex
numbers by CL . That is,

CQ::{%; z€C, |x|:1}.

The reader should note that no restriction has been im-
posed on division. In this way, any transcomplex number,
including complex numbers, can be divided by zero. Note
that zero divided by zero results in nullity. Indeed,

-1
L ) O T Y
1 1 1 1 1 0 1x0 O
And any non-zero, complex number, z, divided by zero,
results in the transcomplex number of infinite radius, which
has the same argument (angle) as z. Indeed,
z 0 =z 1

z.()—1 : 1—1><0—1X0—0—(00,Arg(z)).

Transcomplex arithmetic can be understood geometrically
[4]. Multiplication and division are a generalisation of the
usual rotation and dilatation, where dilatation of a finite,
non-zero radius by oo is oo, dilatation of a zero radius by
oo is @, and dilatation of any radius by ® is ®. Addition is
performed using a generalisation of the usual parallelogram
rule, such that addition of an infinite number and a finite
number involves a parallelogram whose one side has infinite
length and whose other side has finite length, such that the
diagonal has infinite length and lies at the same angle as the
infinite side. The sum of two, non-opposite, infinite numbers
involves a parallelogram with sides of equal and infinite
length, such that the sum is the infinitely long diagonal. The
sum of two, opposite, infinite numbers is . The sum of any
number with @ is a diagonal of length ®. The sum of finite
numbers is given by the ordinary parallelogram rule.

zx1 z

III. PROPERTIES OF TRANSCOMPLEX ARITHMETIC

In this section we develop some elementary results of
transcomplex arithmetic.

Proposition 5:

a)

b)

)

d)

€)

g)

h)

i)

k)

m)

n)

0)

The sum of nullity with any transcomplex is nullity:
P+2=2+®=0> forall zc CT.

The sum of any non-opposite, infinite transcomplexes
is an infinite transcomplex: If z,w € CL and z # —w

then z + w,w + 2z € CL.

The sum of opposite, infinite transcomplexes is nullity:
If zy2weCL and z = —wthen 2 +w=w+ 2= 9.

The sum of an infinite transcomplex with a finite
transcomplex is the infinite transcomplex: If z € CL
andw e Cthen z+w=w+2z=z.

The opposite of nullity is nullity: —® = ®.

Subtraction of a non-finite transcomplex from itself is
nullity: If 2 € CT\ C then z — 2 = .

The product of nullity with any transcomplex is nullity:
dxz=2x®=>forall z€ CT.

The product of any infinite transcomplexes is an infinite
transcomplex: If z,w € CL then z x w,w x z € CL..

The product of an infinite transcomplex with a non-
zero, finite transcomplex is an infinite transcomplex: If

2 € CL and w € C\ {0} then z x w,w x z € CL.

The product of an infinite transcomplex with zero is
nullity: If 2 € CL then 2 x 0 =0 x z = ®.

The reciprocal of nullity is nullity: ®~! = ®.
The reciprocal of zero is infinity: 0~! = co.

The reciprocal of any infinite transcomplex is zero: If
2 € CL then 271 = 0.

Division of non-finite transcomplexes is nullity: If 2z, wU
CT\C then z +w = ®.

Zero divided by zero is nullity: 0 + 0 = .

Proof: Let z,w € CT and denote z = % and w =

s

where x,u € C and y,t € {0,1}.

a)

b)

Ptz=f+5=200=F=0.

OxXy 0
If z,w € CL and 2 # —w then # # 0, u # 0, y
t:Oandﬁ #* —ﬁ whence z + w =

lo] ' Ju] T
BRI ¢ T,

Ifz,wE(CZOandz=—wthenx7é0,u7é0,y: R
tmi%and ] =+ u Whence z +w = § 4§ =
el TTul _ 0

T =5=92
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d) If € CL and w € C then x # 0, y = 0, t # 0 whence
_ _ oxltux0 _ oz _
sru—g+go e S,

e —d=-0=0-0_¢g

Qlo

_0 z _ Oxz _ 0 _
g)@xzfﬁngo%yfﬁfq)
h) If z2,w € CL then x # 0, u # 0, y = 0, t = 0 whence
Zxw=%x %=L =2 cCL
i) If 2€ CL and w € C\ {0} then z # 0, y =0, u # 0,
t#0 whence z x w= £ x % = LXt — 2 ¢ CL|
: T _ _z 0 _ zx0 _
j) If z€ C, theny=0whence 2 x0=§x3 = ¢35 =

0_ 9.
bat=(9) 7 =8=0

b o= () = t=ca

o

m) If € CL then 2 = (2) ' =+ =0 =0.

n) The result follows from items (g), (j), (k) and (1).

0) The result follows from items (j) and (1).

The commutativity of addition and multiplication is proved
at Proposition 21, below.
|

In what follows we establish, in C”, some definitions and
properties that are similar in C.

Definition 6: Given z € CT take 2 € C and y € {0,1}
such that z = £ and define z := £. We call Z the conjugate
of the transcomplex number z.

<||

We are abusing notation when we reuse the symbol for
the conjugate of complex numbers to define conjugate in
CT. However, this is not a problem because the context
distinguishes the set to which the symbols refer. When we
say that 7 = % it is clear that the symbol “ - ” on the left
hand side of the equality refers to conjugate in CT while the
symbols “ * ” on the right hand side of the equality refer to
conjugate in C. Moreover, when the operation of taking the
conjugate in C7 is restricted to C it coincides with the usual

conjugate in C.

Proposition 7: The conjugate of a transcomplex number
is well defined. That is, the conjugate is independent of
the choice of the fraction which represents the transcomplex
number. In other words, if x,w € C and y,t € {0,1} and

2 = % then (g) = (®).

Proof: Let z,w € C and y,t € {0,1} such that 2=
Z.If y =1 then t = 1 whence x = w and the result is
immediate. If y = 0 and z = O then t = 0 and w = 0
whence the result is also immediate. If y = 0 and = # 0

thent:Oandw;«éOandli:ﬁG(thence‘ilzlﬂ.
s, ()~ (=~ % =~ 5 - 5) - ().

Of course, when z € C*, z € C and y € {0, 1} such that
z = % it follows that z =

z
v

Proposition 8: Given arbitrary z,w € CT it follows that:

a) z==z

b) z+tw=z+w
¢) —w=-w

d) z—w=zZ—-w
e) Zw = Zw

Proof: Consider arbitrary z,w € CT. Suppose z = %

and w = % where z,u € C and y,t € {0, 1}.

2 :--0)-1-

<8

b) If y = :O,x;«éOandu;«éOthenz—i—w:i%—i—i%:
ﬁm) _ omrorm _ (G _ mtm _
S0 0 0 0
ﬁ—gﬁ = %Jr% = (%) Jr@ = z + w. Otherwise
TFw = %+% _ <zt—y&-@ _ xt:—gi-tuy _ zf—;—tuy _
A ORI OREaa

0 T-H-P-F-F--1--0-
—w.

d) This case follows from i(b) and (c).

zZw
= u) =1 Y _ Q) _
DIfu#0then wt = (3)7 = (4) = () _
? = (%) = (%)_1 = @_1 = w!. Otherwise

g
L
—~
|2
SN—
L
Il
—~
e |+
SN—"
Il
S|+t
Il
2 |+
—~
|2
SN—
L
—~
o+l
S——
L
Il

g) This case follows from items (e) and (f).

Definition 9: Given z € CT, take z € C and y € {0, 1},
||

such that z = £, and define |z| := - We call |z| the
modulus or absolute value of the transcomplex number z.

Once more we are abusing notation when we reuse the
symbol for modulus. However, again, when we say that |z| =

lzl'it is clear that the symbol “| - |” on the left hand side of

|yl
the equality refers to modulus in CT, while the symbol |-

on the right hand side of the equality, refers to modulus in
C. Thus when the operation of taking the modulus in C7 is
restricted to C it coincides with the usual modulus on C.

Proposition 10: The modulus of a transcomplex number
is well defined. That is, the modulus is independent of the

(Advance online publication: 22 February 2017)



Engineering Letters, 25:1, EL._25 1 13

choice of the fraction which represents the transcomplex
number. In other words, if z,w € C and y,¢ € {0,1} and
4 =% then || = [%].

Proof: Let z,w € C and y, t € {0,1} such that i = 4.
If y =1 then t = 1, whence * = w and the result is
immediate. If y = 0 and z = 0 then ¢ = 0 and w = 0,
whence the result is also immediate. If y = 0 and = # 0
thentanndw;éO,whence‘% :oo:|%}. [ |

Again, let z € C*, v € Cand y € {0, 1}, such that 2 = £.
It follows that |z| = |x|

Proposition 11: Given arbitrary z,w € CT it follows that:
a) |z =2z

b) [z] = ||

©) |zw| = |z[|w|

d) Jwt = Jw|™

e) |z +w| =z + |w

f) |2+ w| # [2] + |w]

Proof: Consider arbitrary z,w € CT. Suppose z = £
and w = ¥ where z uGCandy,tE{O 1}.

z(z) _ % _ o« _ 2% _ |z _ lzllz| _
a)zz_y(y>_uu_y2_y2_ ¥ T oy oy
|2]]2| = |2]*.
o = )] = [e] - B = 5 =1
o) |zw|=]§% = |2y = lzul
= = B = el
o 3 z||w

: |L|
x u

1

—1
- ®7 =
= |w|~L. Otherwise, w1
_ -1 _
) 1)=!5|=%=(%> = [ =l

e) This case follows from (c) and (d).

) DIfz=® orw=®,say z =, then |z +w| =
w =2 =0F0=20+ |w =[P+ |w| =

|®+
2] + fwl.

D) If z € C and w € C the result follows from the
ordinary Triangular Inequality of complex numbers.

() If either z € C and w € {&; |z|=1} or
z € {% |z|=1} and w € C, say z € C and
w e {E; |z| =1}, then z+w € {£; |z| =1}, whence
o+ ] = 00 % 00 = |¢] + 00 = [1] + |ul.

AV) If z,w € {&; o[ =1} and z # —w then z+w €
{%; |z| =1} whence |z +w| = 00 # 00 = 00 + 00 =

|zl + Jw|. V) If z,w € {&; |z[=1} and z = —w
then z + w = ® whence |z +w| = |®] = D ¥ 00 =
00 + 00 = |z| + |w].

Definition 12: Given z € CT, take z € C and y € {0,1},
such that z = £ and define Arg(z) := Arg(z). We call
Arg(z) the principal argument of the transcomplex number
z.

Remark 13: We adopt the convention Arg(0) := 0.

Again we are abusing notation but, at this point, the reader
can identify the correct use of the argument.

Proposition 14: The argument of a transcomplex number
is well defined. That is, the argument is independent of the
choice of the fraction which represents the transcomplex
number. In other words, if x,w € C and y,¢ € {0,1} and

5= % then Arg (5) = Arg (%)

Proof: Let z,w € C and y,¢ € {0,1}, such that £ =
%. There is a positive € R such that * = aw, whence
Arg (%) = Arg(z) = Arg(aw) = Arg(w) = Arg (¥). =

Now let € CT. When y # 0 we have + € C, whence
= re? for some r € [0 oo) and § € R. When y = 0,
=§.Ifx=0then £ = § =& = ®xe forany 6 € R If
x#Othen%:%:g”/Jx 5 x/1|x\: ><%|7oo><e“9
for some 6 € R. From now on we write ®e'? := 6 where
6 € R is arbitrary, and coe?® := & where 6 = Arg(x). Hence
every transcomplex number z can be written as

z
Yy
z
Y

H o\

z = |Z|61Arg )

Since, for each a@ € R, e = ¢Hotk2m) for all k €
Z, it follows that every transcomplex number z can be
written as z = |z]e!(Ae(:)FR2T) for all k € Z. Thus
Ct c {re"; re[0,00]U{®}, 6 € R}. Furthermore,
clearly, {re?’; r €[0,00]U{®}, § € R} C C”. Therefore

= {Tew; r € [0, 0]

Since for every o € R there is 6 € (—m, 7] and k € Z such
that « = 0 + k27 whence e® = ¢, we can write

{T@

U{®}, 0 eR}.

€ [0,00] U{®}, 0 € (—m,7]}.

Remark 15: Let re'? se’® € CT. Notice that e’ = se'®
if and only if » = s and o = 0 + k27 for some k € Z.

Proposition 16: If z,w € CT then it is the case that zw =
|2| |w|ei(Arg(z)+Arg(w))_

Proof: Let z,w € CT and z,u € C and y,t €
{0,1}, such that z =  oand w = % It fol-
lows that, for all £ € Z, zw = %9 = Z—? =

|I‘ \u| 7(Arg(mu)+k27r)

zu 2Arg(m“) |zl iArg(n:u) —
yt yt B

%@61<Arg<z>+Arg<u>§ — |2 [wl|ef Arg<z>+Arg<w>> -

Corollary 17: If z € CT then 2" = |z|"einAe(2),

Proposition 18: 1If z,w € CT and n € N then (zw)" =
FAR T

Proof: Let z,w € CT and n € N. It fol-
lows that (zw)” = (zw) x (zw) X -+ x (zw) X (zw).

n times
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Since transcomplex multiplication is associative and com-
mutative (as proved in the Proposition 21), it fol-
lows that (zw)" = (zw) X (zw) X +-+ X (zw) X (zw) =

n times

ZXZX e XZXZXWXWX - XwXw=z"w". [ |

n times n times

Definition 19: Given z € CT and n € N, we say that
w € CT is an nth root of z if and only if w" = 2.

We define the transreal, non-negative, nth root of a non-
negative, transreal number, a, in the following way: Vo =
®; /o0 := oo, and, for all ¢ € R, {/a is the ordinary real
positive nth root of a.

Notice that, for all n € N, zero is the only nth root of
zero and nullity is the only nth root of nullity.

Proposition 20: Given z € CT\ {0,®} and n € N, 2 has
exactly n different nth roots, namely,

n

. | ei ( Arg(z)n+k27r )

foreach k € {0,...,
nth root of |z|.

n—1} where {/|z| denotes the transreal

Proof: Let z € CT \ {0,®} and n € N. An re? € CT
is the nth root of z if and only if z = (rem)n, whence
2leire=) = » = (re?)" = ™ (e%)" = rme™’. Hence
|z| = r™ and Arg(z) = nf + k27 where k € Z, whence
r = |z and 6 = w where k € Z. Thus

the nth roots of z are the transcomplex numbers of the

. Arg(z)+k2m
L |z\el( ") Where k € Z. Now notice that,
Arg(z)+ k2w

reciprocally, for each k € Z, {/|z|e" ( " ) is an nth
root of z. Notice also if k,1 € é —1} and k # [ then

Arg(z)+k27r) Arg(7)+l27r
£ /lzle

Yz e ( n n ) and, furthermore,
for all [ € Z there is k € {0 ,n — 1} such that

form

Z(Arg( )+127r) ( )+k27r)

Yzle 2le’ z Therefore, for all
(Arg(z)+k27r) .

ke {0,.. — 1}, ¥/lzle B are the n different

nth roots of z. [ |

Since ® + z = & for every 2z € C7, there is no z €
CT such that ® + z = 0. The fact that ® does not have
an additive inverse is sufficient to show that C” is not a
field, though it is a transfield [9]. In the next theorem we
establish which field properties do hold in C” and for all
field properties that do not hold, we indicate the necessary
restrictions. Thus we sharply delimit the field properties of
CT and obtain statements that could be taken as axioms in
an axiomatic development of the transcomplex numbers.

Proposition 21: Let a,b,c € CT. It follows that:
a) (Additive Commutativity) a + b = b + a.

b) (Additive Associativity) (a+b) +c¢ = a+ (b+c¢) if and
only if one of the five following conditions holds:
(1) either a ¢ CL or b ¢ CL or c ¢ CL or
(II) a =c or
(IIl) a = —c and b = a or

IV)a=—cand b=c or
(V) there is z € (CZO such that a, b and c are all cube
roots of z.

¢) (Additive Identity) a +0 =0+ a = a.
d) (Additive Inverse) a —a = 0 if and only if a ¢ CT'\ C.
e) (Multiplicative Commutativity) a X b =b X a.

f) (Multiplicative Associativity) (@ x b) X ¢ = a x (b X ¢).

g) (Multiplicative Identity) a x 1 =1 X a = a.

h) (Multiplicative Inverse) @ +~ a = 1 if and only if a ¢
{0yU(CT\C).

i) (Distributivity) a x (b+¢) = (a x b) + (a X ¢) and
(b+¢)xa=(bxa)+ (cxa) if and only if one of
five following conditions holds:

(@) eithera=Porb=® orc=d or
() a ¢ CL or

(I a,b,c € CT\ C or

(V) [b] = |e] or

(V) Arg(b) = Arg(c) and be # 0.

The proof of this Proposition 21 is in the Appendix.

In Proposition 21 we looked at what arithmetical proper-
ties of complex numbers are valid in the transcomplexes. As
we have said, transcomplex numbers make a transfield. A
transfield is a generalisation of a field — not in the sense that
every transfield is a field, but in the sense that a field is a
system of axioms that establishes properties of addition and
multiplication which are extended by the special axioms of
a transfield so that addition, multiplication, subtraction and
division are total operations. Thus a transfield contains a field
and supplies total operations.

We define a transfield so that the smallest number of
axioms are used to admit the maximum possible structure
of real arithmetic, subject to the constraint that a transfield
describes both the transreals and the transcomplexes. A
transfield is a set, 7', provided with two binary operations, +
and x, and two unary operations, — and ~!, such that: T is
closed for +, x, — and ~!; 4+ and x are commutative, each
has an identity element and X is associative; there is ' C T’
such that F' is a field, with respect to 4+ and X, and F' and T
have common additive and multiplicative identities; and for
each x € F', —z coincides with the additive inverse of x in
F' and, for each x € F', different from the additive identity,
2~ coincides with the multiplicative inverse of x in F'. The
reader can find more about transfields in [9].

IV. ToPOLOGY, LIMITS AND CONTINUITY

Henceforth we take 6 € (—m, 7] in every e’ € CT.

Let D:={2€C; |z| <1}, D:={2€C; |2|] <1} and

Y (CT\{<I>} — DccCT 0
re ile‘g )

(Advance online publication: 22 February 2017)
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Note that ¢ is an homeomorphism between C and D with
respect to the usual topology on C.
Proposition 22: Define d : CT x CT — R where

0, ifz=w=29°
2, if z=® orelse w = .
lp(2) — p(w)|, otherwise

We have that d is a metric on CT and, therefore, CT is a
metric space.

Proof: Clearly, for all z,w € CT, d(z,w) = 0 if and
only if z = w, d(z,w) = d(w,z) and d(z,w) > 0. If
2w, € CT\ {®} then d(z,u) = [¢(2) — p(u)| = |p(z) —
() + () — p(u)] < [p(2) — p(w)| + lp(w) — ()] =
d(z,w) + d(w, u). The reader can verify that the triangular
inequality is also true when z,w,u € CT \ {®} does not
hold. [ |

d(z,w) =

Proposition 23: The topology on C, induced by the topol-
ogy of CT, is the usual topology of C. That is, if U C CT
is open on C” then U N C is open (in the usual sense) on
C and if U C C is open (in the usual sense) on C then U is
open on C7.

Proof: Let us denote the ball of centre z and radius p on
CT as Ber(z,p), that is, Ber(z,p) = {w € CT; |p(z) —
o(w)| < p}, and denote the ball of centre z and radius p on
C as Be(z,p), that is, Be(z,p) = {w € C; |z —w| < p}.

Let U C CT be open on CT and let z € UNC. As U is
open on CT, there is a positive € € R such that Ber (z,¢) C
U. As ¢|c is continuous, there is a positive 0 € R such that
if we CT\ {®} and |z — w| < § then |p(2) — p(w)| < e.
Thus Bg(z,0) C Ber(z,6)NC C UNC, whence UNC is
open (in the usual sense) on C.

Now, let U C C be open (in the usual sense) on C and
let z € U. Notice that z = re®® for some 7 € [0,00) and
some 6 € (—m,m]. As U is open (in the usual sense) on
C, there is a positive ¢ € R such that Be(z,e) C U. As
cpfjjl is continuous, there is a positive € R such that § <
lo(2) — €| and if p(w) € D and |p(z) — @(w)| < § then
w € C and |z — w| < e. Thus Ber(z,6) C Be(z,e) C U,
whence U is open on C7. ]

Corollary 24: If A C CT is closed on C” then ANC is
closed (in the usual sense) on C.

The next Remark 25 gives more details about our obser-
vations in Remark 4 of [8].

Remark 25: Note that ¢ is an homeomorphism. Indeed,
let us show that ¢ is continuous. The proof that ¢! is con-
tinuous is analogous. Let z € CT'\ {®} be arbitrary. If z € C
then the result holds from the Proposition 23 and the fact of
©|c being continuous. If z € CZT let e € R be positive arbi-
trary. Let 6, € (—m, 7] such that z = ooe'®=. As the function
[0,00] > 7 1—5-% € [0,1] is continuous, there is a positive

U1 1
M € R such that 5 — T
1+‘l
As the function R 3 6 — elé € C is continuous, there is a
positive § € R such that |e?? —e?:| < ¢ whenever € R and

|0 —0.] < 6. Thus if re?’ € CT and r € (M, 00| and |0 —

< 5 whenever r € (M, o0].

d(ip(re'=), p(coe’=)) =

1< 8 then dlglrc ). fee®) < gl ()
p(o(re’®=)) — plp(ooe®))] = i—le? — e

1 1

2 1+
141

< %5 + 5 < . Therefore ¢ is continuous.

Remark 26: Because of Proposition 23:

i) Let (zp)ney C C and let L € C, it follows that
lim,, 00 ©r, = L on CT if and only if lim,, o0 n, = L,
in the usual, sense on C.

i) Let ACC, f:A—C,ze A and L € C, it
follows that lim,_,, f(z) = L on CT if and only if
lim,_,, f(z) = L, in the usual sense, on C.

iii) Given z € A, it follows that f is continuous in & on CT
if and only if f is continuous in z, in the usual sense,
on C.

Proposition 27: CT is disconnected.
Proof: CT = {re"?; re0,00], 0 € (—m,7]} U {®}
and the sets {re'; r e [0,00], 0 € (—m,7]} and {®} are
open. [ |

Notice that ® is the unique isolated point of C”.

Remark 28:
i) Let (2,)nen C CT. Notice that lim,, o, 2, = ® if and
only if there is k € N such that z,, = ® for all n > k.
ii) Let ACC, f: A— CT and « € A/, it follows that
lim,_,, f(2) = @ if and only if there is a neighbour-
hood U of x such that f(z) = ® for all z € U\ {z}.
iii) If ® € A then f is continuous in .

Proposition 29: CT is a separable space.

Proof: (Q + Qi) U {®} is countable and dense in C7.
|

Proposition 30: Every sequence of transcomplex numbers
has a convergent subsequence.

Proof: Let (zp)ney C CT. If {n; =, # ®} is a
finite set then clearly lim, o z, = @. If {n; =, # &}
is an infinite set then denote, by (yx)ren, the subsequence
of (n)nen of all elements of (z,),en that are distinct
from ®. Note that (o(yx))ken (¢ defined in (1)) is a
bounded sequence of complex numbers, whence it has a
convergent subsequence, denoted (¢(yk,,))men- As @ is an
homeomorphism, (yk, )men is convergent. [ |

Proposition 31: CT is compact.
Proof: As CT' is a metric space and every sequence from
CT has a convergent subsequence, C” is compact. ]
Corollary 32: Let A C CT. It follows that A is compact
if and only if A is closed.

Proposition 33: CT is complete.

Proof: Every compact, metric space is complete and C”
is compact and metric. ]
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V. ELEMENTARY FUNCTIONS
A. Polynomial Functions

A function, f, is a complex, polynomial function if and
only if there is n € N and a,...,a, € C such that
f(z) =apz™+---+ a1z +a for all x € C. As every arith-
metical operation is well-defined in transcomplex numbers,
we extend the function f to CT naturally. In the complex
domain, 0 x zF = 0 for all complex z but 0 X 2k =0
does not hold for all transcomplex z. In order to avoid this
problem we adopt the following definition.

Definition 34: A function, f, is a transcomplex, polyno-
mial function if and only if there is n,k € N; nq,...,ng €
{1,...,n — 1} and a,an,...,an,,a, € C such that
Qp,y -, 0n,, Gy are different from zero and

f:ct — CT
z > apx" + an, "+ ap, 2™ +a

Remark 35: For every non-constant, transcomplex, poly-
nomial function, f, we have that f(®) = ®.

B. Exponential Functions

In [13] we defined the transreal, exponential function. We

have that e~ = 0, ¢ = oo and e® = ®.
For every ordinary, complex number, z = re'? we have
exp(z) = exp (re)

exp (7 cos(f) + irsin(6))

= 79 (cos(rsin()) + isin(rsin())).
In particular, when 6 € {0,7}, we have that sin(d) = 0
whence

exp (reie) =

e" 30 (cos(r sin(0)) + i sin(rsin(6)))
e" %) (cos(0) + i sin(0))

— e cos(9)_
Motivated by this, we extend the exponential function to the
transcomplex domain in the following way.

Definition 36: A function, f, is a transcomplex, natural,
exponential function if and only if

f:CT

,,,67,0

— C7T
—  exp (re'?)

where exp (re?) = "% if § € {0, 7} and exp (re?) =
e7<o3(9) (cos (oo sin(6)) + i sin(cosin(h))) if 6 ¢ {0, 7.

iO) — ™ cos(0) — e>® and

Notice that exp (c0) = exp (coe

exp (—00) = exp (c0e’™) = > (™) = ¢~ Furthermore,
if ¢ € (—m, 7]\ {0, 7} then
exp (ocoe’?) = e c0s(0) (cos(oo sin(f)) + i sin(oco sin(6)))
_ 6oocos(&)((l) + ’L(I))
— ™ Cos(G)(I)
= 5.
Therefore:
i) exp(z) = e* for every z € C.
i) exp(—o0) =0.
iii) exp(o0) = 0.
iv) exp (coe™) = @ for all 6 € (—m, 7] \ {0, 7}.
v) exp(®) = o.

(Advance online publication:

Remark 37: Notice that exp is discontinuous in all infini-
ties.

Remark 38: Unfortunately, the property exp(z + w) =

exp(z) exp(w) does not hold for all z,w € CT. For example,
L_ﬁ_i

let z = ﬁoﬁl and w = fof We have that z +w =

%*O%ZQF%*O%Z: ﬁ*flgf ok :Qzlioo

whence exp(z + w) = > = oco. But z = coe®’ and w =

ooe” %' whence exp(z) = exp(ooe4 ') = ® and exp(w) =

exp(ooe@ ) = ®. Thus exp(z)exp(w) = & x & = P,

Therefore exp(z +w) # exp(z) exp(w). Another example is
when z = oo and w = ¢. We have that z +w = 0o +¢ = 00
whence exp(z 4+ w) = exp(oo) = oo but exp(z) = e = 0o
and exp(w) = e’ whence exp(z)exp(w) = oce’. Thus
exp(z +w) # exp(z) exp(w).

C. Logarithmic Functions

In [13] we defined the transreal, logarithmic function. We
have that In(0) = —oo, In(c0) = oo and In(®) = P.

A function, f, is the complex, logarithmic function if
and only if f(re?®) = In(r) + i for all » € (0,00) and
0 € (—m,]. Motivated by this, we extend the logarithmic
function to the transcomplex domain in the following way.

Definition 39: A function, f, is a transcomplex, natural,
logarithmic function if and only if

f:CT
re’

— CT
— In(r) +1i0 °

Remark 40: Notice that, for every 6 € (—m, x|, we have
In(00e™) = In(oo) + i = 0o + i = co. So In(z) = oo for
every transcomplex infinity z.

Remark 41: The property In(exp(z)) = z does not hold
forall z € CT.1f 0 € (—m, 7]\ {0, 7} then In(exp(cce®?)) =
In(®) = ® # coe®. But In(exp(z)) = z holds in the other
cases. Indeed:

e if 2z =a+bi € C, where a,b € R and b € (—m, 7],

then we already know that In(exp(z)) = z,

e if z = ® then In(exp(z)) = ln(exp(®)) = In(P) =
b =z,
o if z = —oco then In(exp(z)) = In(exp(—o0)) =

In(0) = —oco = 2, and
e if z = oo then In(exp(z))
00 = z.

)) = In(sc) =

= In(exp(co

In the same way exp(ln(z)) = z does not hold for all z €

CT.1f 6 € (—m, 7] \ {0} then exp(In(oce®?)) = exp(oc0) =
oo # oce?. But exp(In(z)) = z holds in the other cases.
Indeed:
o if z € C\ {0} then we already know that exp(In(z)) =
Z,
o if z =0 then exp(In(z)) = exp(In(0)) = exp(—o0) =
0=z,
o if z = @ then exp(In(z)) = exp(In(P)) = exp(P) =
® = 2z and
o if 2z = 00 then exp(In(z)) = exp(ln(co)) = exp(oo) =
00 = z.

22 February 2017)
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Remark 42: We know that, for all z,w € C\ {0},
In(zw) = In(z) +In(w) + ki27 for some k € Z. Fortunately
this property also holds in transcomplex domain. That is,
for all z,w € C7, In(2w) = In(z) + In(w) + ki27 for
some k € Z. In particular if the two conditions z €
C\ {0} and w € C\ {0} do not hold simultaneously then
In(zw) = In(z) + In(w). The reader can prove this with
simple calculations.

Remark 43: Definition 39 can give us powers of every
transcomplex base so we define 2% := exp(wln(z)) for all
z,we CT.

D. Trigonometric Functions

In [13] we defined the transreal trigonometric functions.

We have that sin(—oo) = cos(—o0) = tan(—oc0) =
csc(—o0) = sec(—o0) = cot(—o0) = sin(oo) = cos(oo) =
tan(co) = csc(oo) = sec(oo) = cot(oo) = sin(P) =

cos(®) = tan(®P) = csc(P) = sec(P) = cot(P) = P.
A function, f, is the complex, sine function if and only
f(z) = w for all z € C and f is the complex,

cosine function if and only f(z) = w for all

z € C. Furthermore, for all k € Z, it is the case that 228,
Sinl(z), Cosl(z) and ST;((E)) are lexically well-defined at 5 +

km and k7 in the transcomplex domain. Because of this we
extend the trigonometric functions to C” in the following
way.

Definition 44: A function is a transcomplex, trigonometric
function if and only if it is one of:

sin:CT — CT
a) s — sin(z) = exp(iz)—;xp(—iz) )
b) cos:CT — C7T ‘ _
2z — cos(z) = eXP(ZZ)JrQeXP(*ZZ) )
tan: CT — C7T
©) z +— tan(z) = Zg;(é)) ’
d csc:CT — CT
z — cse(z) = Sinl(z) ’
sec:CT — CT
©) z +— sec(z) = @ and
cot :CT — C7T
D 2 — cot(z) = <& -

sin(z)

Remark 45: In [13] we show that sin®(z) + cos?(z) = 1*
for all z € R”. Unfortunately this property does not hold for
all transcomplex numbers. We have that sin?(z) + cos?(z) =
1% if and only if z € CT\ {—io0, ico}. Note that, by Remark
43,1 =® if € CT\ C.

VI. TOTALISATION
A. Recursive Totalisation

The work, above, develops the elementary, transcomplex
functions as functions of transcomplex numbers, which
numbers are expressible as tuples, (r,d), of a transreal
radius, 7, and a transreal angle, #. This is adequate from
a mathematical point of view but it is not sufficient for
computer science where total functions are wanted whose
domain can be recursively decomposed into the entire do-
main of transreal numbers so that, here, » and € could

be any transreals. As usual when a negative r occurs, we
map 7 to its modulus and increment the angle by 7 so
that all transreal radii are admitted. We observe that for
all non-finite angles, 8 € {—o0, 00, @}, it is the case that
re?® = r(cos(f) + isin()) = r(® + @) = r® = & so
that the exponential, logarithmic and trigonometric functions
admit all transreal angles. The totalisation of the remaining
elementary functions is immediate.

It is well known that the trigonometric functions can be
defined, equivalently, by power series or by geometrical
constructions. The totalisation of angle, just given, relies on
power series. We now give a geometrical construction of the
transreal angles.

B. Geometrical Construction of the Transreal Angles

D

P'¢ ) Q'(D

Fig. 4. Transreal cone

Let us explore both finite and non-finite angles in a
geometrical construction before settling on a definition of
transreal angle.

Consider a transreal cone with apex A, as shown in Figure
4. A right cross-section of the cone is a circle on which a
radius, , may be drawn. On the circle at unit radius, r = 1,
mark off, not necessarily distinct, points P and Q. Project
the lines AP and AQ), taking a point P’ anywhere on AP,
including the point P} at A, the point P/  on the circle at
infinity and the point P} at the point at nullity, shown as ®
in the figure. Similarly take Q' on AQ.

At r = 1 the angle from P to Q is defined to be the arc
length P() taken zero, positive or negative according to the
usual sign convention. It is then shown that identical plane
rotations arise for all non-negative, /ﬁn\ite radii, 0 < r < o0,
when the angle is given by PQ = P'Q’/r when P’ and @’
lie on the circle with radius 7. We now consider the cases
r € {0, 00, ®}. The reader is free to construct negative radii
in a double cone. -

At r = ® we have P;Q%/re = /0 = 0/0 = 9,
which is to say that the angle nullity occurs at » = ®. Now
re'® = r(cos(®) + isin(®)) = r(® + @) = r® = & for all
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transreal 7. Thus the nullity rotation, by angle nullity, § = ®,
maps the whole of its /d%ain onto the point at nullity, .

At r = 0 we have P|Q}/ro = AA/0 = 0/0 = ®, which
is to say that the angle nullity also occurs at » = 0. This is
a redundancy which we shall presently resolve.

At r = oo the zero angle, § = 0, arises when P/  and
Q. are co-punctal but when P/  and Q’_ are distinct we
have § = P/ Q" /re = 00/oo = ® so that only the angles
zero and nullity can arise, from this geometrical construction,
in the circle at infinity. This computed angle of nullity is
degenerate in the sense that it hides the true value of any
non-zero, finite angle in the circle at infinity. That is it hides
all points coe? with @ # 0. Information hiding is discussed
in [2]. We shall presently avoid this degeneracy.

We now construct the infinite angle via a winding on the
ordinary, unit cone.

By definition P and @ lie in the unit circle, separated by
an angle 6 = /EQ. When P and () are distinct we take an arc
length @ = PQ and when P and () are co-punctal we take
o = 2m. We now take the arc at a smaller radius and wind
it from P’, once fully round the cone, and continue exactly
to @’. This winding marks off the angle 6; = 6 + 27. We
continue in this way, recursively winding at smaller radii, to
produce the family of angles 6 = 6 + k27w. We suppose
that the winding process is continuous to that at 7 = 0 we
produce the winding 6., = 6 + 2c0om = co. But this rotation
is identically the rotation at » = 0O so the infinite angle is
equivalent to the nullity angle. This agrees with the result
obtained from power series.

Notice that all transreal angles are given uniquely when
we define a zero angle at a fixed point, Z, on the base of
the cone. Let us take Z = @) in Figure 4. Now all angles,
6, in the principle range —m < 6 < 7 are given uniquely
by a point in the unit circle with radius » = 1. All finite
angles, —oo < 6 < oo, are given uniquely by windings
on the cone at all positive radii, 0 < r < 1. And the
equivalence class of all non-finite angles is given uniquely
by the apex of the cone at » = 0. Hence the apex of the unit
cone uniquely defines the non-finite angle and the unit cone,
with the apex punctured and a zero point identified, defines
each finite angle uniquely. Thus there is an injection from
transreal angles to points on the unit cone, with the zero
point identified. This being the case we accept the winding
construction in the unit cone as our definition of transreal
angle and simply note the extraneous behaviour in the circle
at infinity and the point at nullity.

In the definition we have just adopted, we assume continu-
ity of the winding process to obtain the infinite angle equal to
the nullity angle, which is what we wanted to achieve. This
commits us to continuity of winding everywhere, including
all applications of winding in topology, in complex analysis
and in mathematical physics.

VII. DISCUSSION

We have established several properties on transcomplex
numbers which are similar to the properties in C. The finite,
transcomplex numbers are identical to the complex numbers
but that their field structure is generalised to a transfield to
account for the non-finite transcomplexes. The properties of
the complement, modulus, exponential, logarithm and n’th

root generalise in a natural way. In particular, we have proved
that:

o Transcomplex addition is commutative, is partially as-
sociative, has an identity element and every finite, non-
zero, transcomplex number has an inverse element; and
transcomplex multiplication is commutative, is associa-
tive, is partially distributive with respect to transcomplex
addition, has identity element and every finite, non zero,
transcomplex number has an inverse element.

e Z=2 2FW=Z4+W;, —wW=-W; z—wW=2Z— W,
zZw=7zw, wl=w'and z=w =z = w; for all
z,w e CT.

o 2P =27 2] =2l few] = Jellwly Jwt = fwl T
|z +w| = |z] + |w| and |z + w| # |z| + |w]|; for all
z,w e CT.

o ZW = |Z|‘w|ei(Arg(z)+Arg(w)) and 2" = |Z‘ne1',nArg(z)

for all z,w € CT and given z € CT \ {0,®} and
n € N, z has exactly n different nth roots, namely,

i(Arg(z)+k27r)
Vzle B for each k € {0,...,n —1}.

We have equipped the set of transcomplex numbers with a
topology, given by a metric, that contains the usual topology
of the complex numbers. This preserves many properties of
complex numbers and leads to consistent generalisations of
them. In particular it extends the usual geometrical con-
structions of the real trigonometric functions to their tran-
sreal counterparts, from which we obtain the transcomplex,
trigonometric functions. Thus the topology provides a firm
foundation for our work. As C” is a metric space, all usual
results of that space follow. For example: C” is a Hausdorff
space; the limit of a sequence, when it exists, is unique;
when ACCT, f:A—=CT,z € A and L € CT, we have
that lim,_,, f(z) = L if and only if lim, . f(z,) = L
for all (,)neny € A\ {z} such that lim,,_, . x, = z; and
when A Cc CT, f: A — C” and x € A, we have that f is
continuous in z if and only if lim,,,~ f(z,) = f(2) for all
(n)nen C A and lim,, o0 ©, = 2.

In [12] we adopted the following procedure to extend an
elementary function from the real to the transreal domain.
If the usual expression of the function is lexically well-
defined, at a transreal number, then we define the function
by simply applying its expression at that transreal number.
If the function, f, is not lexically well-defined at a transreal
number, z, but there is a limit, lim,_,, f(z), then we choose
to define the function at x by lim,_,, f(z). Otherwise we
choose to define the function by way of its power series
if it converges. And if, nevertheless, its power series does
not converge, we keep the function undefined. But the
transcomplex space is more complicated than transreal space.
Transreal space has only two infinite numbers and there is
only one path, one direction, to each one of these infinities
but there are several (infinite) paths and directions to each
infinite transcomplex number. Hence many limits do not exist
at infinite transcomplexes.

Now let us address some remarks to why we did not
adopt other ways to define the exponential function on the
transcomplex plane.

i) We cannot define the transcomplex, exponential func-
tion by a lexical expression because the exponential is
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not defined by finitely many arithmetical operations. In
particular we cannot take the usual algebraic definition
that if 2 = a + bi then exp(z) = e%(cos(b) + isin(b))
because the infinite transcomplex numbers do not have
any algebraic representation.

ii) We cannot define the transcomplex, exponential
function by limits because, for every r € [0,00),
exp (re'?) = exp (r cos(0) + irsin(f)) =
" () (cos(rsin(f)) + isin(rsin(f))), whence there
is 10 lim, o exp (re’) for every 6 € (—m, 7]\ {0, 7}.

iii) We cannot define the transcomplex, exponential func-
(Ooeie)7l

n!

tion by power series because 1 + > o7,
14+Y 02, =5 L =147, coein? diverges for every
€ (—m,w]\ {0,7}.

iv) We could think about the homeomorphism ¢. Notice
that the circle at infinity, {coe®; 6 € (—m, 7]}, is a
homeomorphic copy, by the function ¢, of the unitary
circle, 0D := {e"; 0 € (—m,n}. So, in order to
define exp at an infinite transcomplex number ocoe®,
we could transform ooe? to p(ooe'®) = €', then we
would take exp (¢?) = exp (cos(d) + isin(d)) =
e« (cos(sin(f)) + isin(sin(@))), after that
we  would transfo(rgl e« (cos(sin(h)) +
jsin(sin(0))) 1o (et ono)
cos(sin(f)) + isin(sin(fd)) and, finally, we
would transform cos(sin(f)) + isin(sin(f)) to
@1 (cos(sin(f)) + ibin(bin(&))) In this way, denoting
the function C\ {0} > z — ‘ i € 0D by h, we would
define exp (coe™) = (¢! o h o expoyp) (coe').
This would define the exponential of all transcomplex
infinities but the transcomplex exponential, expcr,
would not be an extension of the transreal exponential,
expgr. In fact exper (—00) = exper (00e'™) = (¢~ Lo
hoexpop) (c0e™) = (¢~ o hoexp) (¢ (c0e'™)) =

(p~'ohoexp) (') = (¢ ' ohoexp) (1) = (¢~ "o
mexp(-1)) = (g~" o H)(e™) = o~ (h(e™) =
ot (|e 1|) = ¢~ !(1) = 00 # 0 = expgr (—00).

In future we intend to extend the differential and integral
calculi from the complex to the transcomplex domain, open-
ing up the way to extend our generalisation of Newtonian
Physics [2] to both relativistic and quantum physics.

VIII. CONCLUSION

The transcomplex numbers, introduced elsewhere, contain
the complex, transreal and real numbers and support division
by zero, consistently, in all of their arithmetics.

Here we show that the transcomplex complement and
modulus are well defined and we supply the set of transcom-
plex numbers with a topology that contains the usual topol-
ogy of both the complex and real numbers. It is easy to
see that our transcomplex topology also contains transreal
topology. Thus we maintain all of these topologies within a
single number system.

We extend the exponential from the complex to the
transcomplex domain so that it contains the complex, tran-
sreal and real exponentials. Hence we obtain the transcom-
plex logarithm and the transcomplex, trigonometric functions
and all transcomplex, elementary functions, such that they
contain their complex, transreal and real counterparts. This
gives us the n’th roots of a transcomplex number.

We give a geometrical construction of transreal angle,
including the non-finite angles. Thus the equivalence of
geometrical and power series definitions of the trigonometric
functions is maintained. We stress that our geometrical con-
struction of angle assumes continuity of the winding process
so we are committed to this continuity wherever winding
occurs, for example in topology, in complex analysis and in
mathematical physics.

All of the transarithmetics are total. This removes infinitely
many exceptions from mathematics and from computer pro-
grams. Thus our corpus of work continues to offer both
theoretical and practical advantages.

APPENDIX A
PROOF OF PROPOSITION 21

Proof- Let a,b,c € CT. Let us denote @ = &, b= 2
as b

and ¢ = & where a1, b1, c; € C and ag, b, ¢ € {0, 1}.

a)

b)

C2

If ag = by = 0, a17é0andb17é0thena+b:

ay b1 \a1|+|b1| \51|+|Zi\ b1 al
+ 8= = =2 +4 =b+a
az bQ 0 b 0 b J,-b 1)2 b + b

1 — a1 01 _ a102 102 _ 01a21ajbs __
Otherwise a +b = ot = R = =
b1 + a1 _ b+ a

(I) Suppose a ¢ CL (the cases b ¢ CL and ¢ ¢ CL are
analogous). Having a ¢ CZ_, we have two possibilities:
e b,c € CL. In this case: If a = 0 then a = ®

whence (a +b)+c=(P+b)+c=P+c¢c =
=0+ b+ ):a+(b+c);ifa27$0then
(0+b)+e=(4+4)+5 = axfuay
et — O0tby ca _— b [ Ib1l+lcll
a = 0hya - ha - Hickl
00 by 91 0 00 by 061 1 0
+(mr+ e _ mx +(mr+ ) % - a
Ix0 1

b c
Wt =9t (Btd)=a+(btc)

0 1 0T :

e b,c € CI does not hold. In this case, (a +
b+te=(2+0)a = abthe Lo
az 2

Cc2 a2b2 Cc2
(a1ba+biaz)catciasbs  _ ajbacotbiascatciasbs
asboco - az02cC2
aibacatbicoasteibras . @ibacat(bicatcibs)az
asbaco azbaca
a1 bicotciby _ ax by c1)
a‘f’ baca —a‘F(E-‘ra)—a-‘r(b—l-C).

(W) If @ = c then (a+b)+c = (a+b)+a = a+(a+b) =
a+(b+a)=a+ (b+c).

(1) Suppose a = —c and b = a. If either a ¢ CL, or
b¢ CL orc ¢ CL then the result follows from item (I);
otherwise, (a+b)+c = (a+a)—a=2a—a=a—a =
d=a+P=a+(—c+c)=a+(a+c)=a+(b+c).
(IV) Suppose a = —c and b = c. This case is analogous
to item (III).

(V) If there is z € (CZO such that a, b and c are all cube
roots of z then (a +b)+c=—-c+c=P=a—a=
a+ (b+c).

Now suppose that (a +b) + ¢ = a + (b + ¢). If either
a¢ CL orb¢ CL orc¢ CL then there is nothing
to show; otherwise let us show that either ¢ = c or
a =—cand b =aora= —cand b = c or there
is z € (CZC such that a, b and ¢ are all cube roots of
z. Indeed, a = %1, b = %1 and ¢ = %. Without loss
of generality, suppose |a1| = |bi| = |e1| = 1. Hence
(a+b) +c= (ﬁ%—%) + 9 = wth 4 @ oand g+
b+eo)=2+ (B +2)=94bhta Therefore if
(a+b)+c=a+(b+c) then we have five possibilities:
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e by = —a; and by = —c;. In this case, a1 = ¢
whence a = c.

[ b1 = —ai and b1 7& —C1 and a1|b1+61|+b1+10 =
0. In this case, —bq|b1 + ¢1]| + b1 + ¢1 = 0 whence
¢1 = b1(]b1 + c1] — 1). Notice that, since |b1| =1
and |c1] = 1, 1 = |eaf = [ba(|by + &1 = 1)] =
[b1]]|b1 +c1| — 1] = ||b1 + ¢1] — 1] and, since |by +
c1|—1 € R, it follows that either ||b;+c;|—1] = —
or ||by + ¢1| — 1| = 1. Hence, since by # —cq,
[|b1 + c1] — 1| = 1 whence ¢; = by whence ¢ = b.

e by # —ap and a1 + by + cl|a1 + b1| = 0 and
by = —c;. In this case, a3 + by — by|ag + b1 =0
whence a1 = by(|a; + b1| — 1). Notice that, since
|a1| =1 and ‘bl‘ = 1, 1= \a1| = |b1(|a1 +b1| —
DI = |b1lllar + b1] = 1] = [lar + b1| — 1] and,
since |a; +b1| —1 € R, it follows that either ||a; +
bi| — 1] = =1 or ||a; + b1| — 1] = 1. Hence, since
by # —aq, |la; + b1] — 1] = 1 whence a1 = by
whence a = b.

e by # —ay and a1 + by + c1]a; + b1l = 0 and

b1 # —c1 and a1|b1 + Cl| + b1 + ¢1 = 0. In this
case, a1+b1—|—cl|a1 +b1| =0= a1|b1+01|+b1+01
whence a1(|by + 1| — 1) = e1(Jar + by — 1). If
|b1 + 1] — 1 = 0 then |ay + b1| — 1 = 0 whence
|b1 + c1] = 1 and |aq + b1| = 1 whence there is
z € C such that a1, by and c; are all cube roots of
z.
If |by +¢1| —1#0 then a; = %cl whence
either ay = —cy or a; = ¢q. If a1 = —cq then aq +
b1 —a1|a+1 bl| = 0 whence b1 = al(\al +b1| 71)
whence by = a1, furthermore aq|by+c¢1|+b1+c1 =
0 whence by = ¢;(|by + ¢1| — 1) whence b = ¢y,
hence a = ¢, which is absurd. If a; = ¢; then
c1|b+1c1|+b1+c1 = 0 whence c1(|by +c1|+1) =
—b1, hence ¢; = —b;, which is an absurd.

e by # —ay and a1 + by + c1]a; + b1| # 0 and
b1 # —c1 and a1|b1 + Cl‘ +b+c # 0. In

this case, a1+bi+cilai+b:| ailbi+ci|+biter
0
a1 +by byter
TaT g7 €1 a1+ T
whence ““H— — Literl Tet us show that

a; = c;. Denote a := Arg(ay), f := Arg(by)
and v := Arg(c1). Suppose «,fB,y € [0,7].
The other cases are analogous. Firstly notice
that Arg(ar + b)) = # Indeed, since
a1 + by = cos(a) + cos(B) + (sin(a) + sin(B))1,
it is sufficient to show that cos(a) + cos(3) =
lar + b1|cos(°‘+ﬁ> and sin(a) + sin(p)

jay + ba|sin (252). Tt follows that |ay + by| =

v/ (cos(a )+COS(,3)) + (sin(a) +sin(3))* =
V2./1 + cos(a — Further, we know that

cos(ar) + COS(B) = 2cos(a+ﬁ>cos< 25)
2(:05( 2B)COS<a+ﬁ> =

atd) _

2wf@—ma) s(*37) -
\f\/l—i-coTcos (—) = lan +
b1| cos (a‘m ) In similar way we see that
sin(a)) + sin(8) = a1 + b1|sm(°‘+5>. This
concludes that Arg(a; + by) = O‘—;rﬂ Analogously

)

d)

e)

g)

h)

ats
it follows that Arg(ﬁfgi' + C1> _ 22+7 and
Arg(by + ¢1) = ﬁ% and Arg (al 4 uta ) _

; [b1+c1]
at 2 atf+2y
4

. Hence Arg(lgiizil +cl> =

bitci — 2048+ ;
and Arg (al + e = + - Since

ay+by
+c :
T 0,177 —4—-, it follows that

b
T +cl> = Arg <a1 + \biizil) whence
= 2‘”46 Y Thus o = +. Therefore
a1 = ¢; whence a = c.

__ a1 0 _ a1x140xaz _ a1+0 __ a1 __
a+0==+7= = =a.

as X1 as - as

¥)

Suppose a ¢ CT\C. We have that a —a = %
a,l + — a1><1+( a1)><1 _ ai— a,l _ % —

Supposeae(CT\(C Wehavethata—a—(b;é()

ai
1

=]

b1 __ a1by __ biay
b2 - a2b2 -

_ b1 al __
bz(wibzx(wfbxa.

axb=%x
az

(axb)xc= (ﬂ X b*I) x &= ab e (mber

(b ) az bo () asbs Cc2 (a2b2)62
ai(bica) a1y bier _ an boyal) =
az(bacz) a2 bace T a2 X 2 X c2 ax (b X C)'

__ a1 l a1><1 ar __
ax1 X3 =e5i = =0
T ai

Suppose a ¢ {0} UC" \ C. We have that a = G vlwth
ap # 0, whence a +a = & + 9L = % x () =
a o a1 X - 1

1 X al — a1

Ix1 1 .

Suppose a € {0} UCT \ C. We have that a + a = ®.

(I) Suppose either a = ® or b = ® or ¢ = ®. In this
case, a X (b+c)=® = (axb)+ (axc).
(I) Suppose a ¢ CL . We have three possibilities:

e a=®. Inthiscase, a x (b+¢) =P x (b+¢) =
O=0+P=(Pxb)+(Pxc)=(axb)+(axc).
e a = 0. In this case, a = 2. If b,c € CL then

b1y oer
ax(b"'c):(l)x(%-&-%):%x%:

[bal " leal _ 0 _ 0 0
0ty ey :_(Oox_m(ff(?;f) _ (Oa—; b+
Ix0 T 1x0 170 1770
(a % c); otherwise a x (b+¢) = 2 x (b—l )

0 bicoteiby _ OX(bicateciby) _ _ 0+0 _
1 baco 1Xbsco b2C2 baca
el = L = Barhe = (xRt
Yx2)=(axb)+(axc).

o aE(C\{O} In this case, a = 4

1
byc € CL thena x (b+¢) = %

with a1 # 0. If
T ><

by c1 ( by
P ARy aj X
a1y it _ (7T _
1 0 1x0
by c1 aiby a1 1 (albl alcl)
a1 g7 Ta
I N T Tl T el . Tad \Teyl el )
1 a191+ 1_ajel 0 ajby + (9101
lagl 163l ' lag] leal laillby] ' Jaglleal

0

U.1><b1 a1 Xcy
1x0 + 1x0

a X b) + (a X ;
Fo(pra) =

o
2
o
ol
Il
S
5
=
S
+
5
I e
&
||

—

S

otherwise a x (b + ¢)

al % b1¢:2+clb2 _ai(bicateib2) _ aijbiestaicibs
- 1xbseo - baco -
(a1b1)02+€a101)b2 _ aib aer — aiby | oaier
b - bz Cc2 - 1><b2 1><02 -
ar g b ar e —
(1 X b23+(1 X 62)7(axb)+(axc).
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(1)

or b = ® or ¢ = ® then a x (b + ¢)

Suppose a,b,c € CT \ C. If either a

a x b) + (a x ¢); otherwise a,b,¢ € CL whence
( » o0

b by + cy
— a1 1 1) — a1 o311 " Jeal
x ( ) =4 x (B+a) =a bl =
a bb+ ¢ 0 0 +9 0% 0
1, 1y 1 c1
ay (i + ar (i + a1 o 4ar 1
1t re) _ . o) _ amgtarsy _
0x0 0
aiby | ajey 1 (albl alcl) 1 a1by 1_ajey
oyl F el Tord \Toul T eyl ol Toyl +Taql Tey]
0 0 0
arby | _ajc) aiby 4 aicy
Taq[To1] " Taq(leq] loabal " Tagenl — aabs | aicr _
0

a1 xby _(‘)_ a1 Xcy :_(% X %?) —+ (ao—l X %) = (CL X b) +

0x0 0%0
(a xc).
(IV) Suppose |b| = |c|. We have five possibilities:
e a ¢ CL . This case is proved in item (II).
e a € CL and b = ¢ = ®. This case is proved in
item (I).
e a € CL and b,cCL . This case is proved in (III).

e a € CL and b,c € C and b = ¢ = 0. In this case

%
four

ax(b+c)=ax(0+0)=ax0=d=0+ =
ax0+ax0=axb+axc

a € CL and b,c € C and be # 0. In this case a x
(b+c) = U x (B4 9) = ahxltax] — ay

1 0 1x1 0
bi+ci _ ai(bitcr) _ ai(bitec) _ aybitaici _
1 - Ox1 - 0 - 0 -
ajbyfage; a1by 4-aa aiby el
lagbyl — laabil " Jaiby] laallby] ' Jagllbal
0 0
aiby ajcq a1by ajcy

Tap 611 T TaglTeq] ol el _ aby 4 aer _

aiby Oalcl _ (a1 b1 0 a1 c1 0_ 0
o = (T x )+ (FxF) =(axb)+
(a xc).

Suppose Arg(b) = Arg(c) and be # 0. We have

possibilities:

a ¢ CZL. This case is proved in item (II).
a € CL and b = ¢ = ®. This case is proved in
item (I).

a € CL and b,c € CL . This case is proved in item
(1II).

a € CL and b,c € C. In this case, since Arg(b) =
Arg(c) and be # 0, it follows that b = «c for some
positive o € R, whence b; = acy, and by # 0 and
c1 # 0. Thus a x (b+c¢) = G x (le—l—”Tl) =
% > b1 X1+ec1 x1 — W&y bi+ci — ay(bi+ci) _

0x1 -
ay(bi4cy) _ ai(at+l)er _ aje;
= 5 = @

_ . (aci1+c1)

a1 aicy 11
lajcil _ lajeal " lajel

— we 4 aiel _ ajac
= 0

alc? aib; 81c1 ai by a 91
=G+ = (T x ) (T x )

(a x b) —i?x(a X ¢).

I
+

Now suppose that Arg(b) = Arg(c) and be # 0 do not
hold simultaneously and |a| + |b] + |¢|] = ® does not
hold and a ¢ CZL does not hold and a,b,c € CT \ C
does not hold and |b| = |¢| does not hold. Let us show

that
poss

ax (b+c) # (axb)+ (axc). We have five
ibilities:

b=0and c# 0 and ¢ # ® and a € CL.. In this
case, a X (b+c) =ax (0+¢c) =axc=ace CL
and (axb)+(axc) = (ax0)+(axc) = P+ac =P
whence a X (b4 ¢) # (a x b) + (a X ¢).
b#0and c =0 and b # ® and a € CL. This
case is analogous to the previous one.

Arg(b) # Arg(c) and bc # 0 and a € CL
and b,c € C and |b] # |c|. In this case,

ax (bte) = % x (B +5) = % x budtaxd

ay bitcr . ai(biter)
0o X 1 = o= 0 and
— (2L b1 ai c1) _—
(@axb)+(axc) = (Fx3)+(Fx9) =
ayby 4 aac
a1by amec _ aby  oaier . Tabil Taal _
0><1b 0Ox1 0 0 b 0
a1by ajcy 1 (a1bi | a1cy
ey [T+ Taq MTeqT _ a1\ Toyl T Teql
a1by +‘101C1 aibylerltajey|by] 0
ol " Jeal [b11lel _ aibifei|darca|bi]
= 5 .

If a0>< b+c¢ = ((]axb)Jr(axc) then it
would follow that ‘“(1”0“1) = albl‘cl‘g‘“cllbll.
Hence there would be a positive « € R such
that al(bl + cl)a = a1b1|01| + alcl\bl\
whence (by + c1)a = bilel| + e|by]. If
a = |Cl| then (bl + Cl)Oé = b1|Cl| + Cl‘bl‘
whence (by + c¢1)a = bia + c¢1|bi| whence
blOl + cla = bloz + Cl|b1| whence cClx = Cl‘bl‘
whence o = |by| whence |c¢1| = a = |b;| whence
|e| = |b], which is an absurd. If o # |¢;| then
1-— \071 7é 0 whence (bl + Cl)Oé = b1|01| + Cl‘bl‘

«

whence b; + ¢ = bll%l + cl% whence

b1 — bl% = ClM — C whence

by (1 _ %) = 1 ?% — 1) whence
b1l _4 b1l

by = Cllj@' 1i@ = 0 then by = 0

whence b = 0, which is an absurd. If %‘lcj >0

then Arg(b;) = Arg(c1) whence Arg(b) = Arg(c),
1611

which is an absurd. If ==— < 0 then, calling

le1]
Bl _y . e
ﬁE —A with A > 0, by = —-)A¢
whence (b1 + c1)a = biler]| + c1]bi| whence
(=Ac1 + c1)a = —Aciler| + e1] = Acey| whence
(1 = Naa = =XAclal| + cA|ei| whence
(1 = Naa = =XAclal| + Acilei| whence
(I = N)eyaoe = 0 whence A\ = 1 whence
by = —cy whence |b1] = |c1| whence |b] = |c],

which is an absurd. Anyway the equality
ax (b+c¢) = (axb)+ (axc) produces an absurd.
Therefore a x (b+ ¢) # (a x b) + (a X ¢).

Arg(b) # Arg(c) and be # 0 and a € CL
and b € C and ¢ € CL. In this case,

ax(b+c) =axc=FxFT =42 and
— (@ b a1 g c1) —
(@xb)+(axc)=(Fx3)+(FxF) =
a1by ajcy
ai1by aic; _ aiby 4L oma lagbyl " Jages] __
0><1b 0x0 0 0 . 0
@161 aicl 1 a1b1 aicl
Tap (611 " ToylTey] _ e (et +351) _
0 0
aiby 4 arcn ajbylerltagey|by]
1] " Teql To11lc1] _ aibi|ci|+aici|by]

0 - 0 0 ‘

If ax (b+c¢) = (axb) + (a xc) then it
would follow that 2t0iter) — arbilerlrarcilbl
0 0 ‘

Hence there would be a positive o € R such
that ajciaa = albl\cﬂ + a161|b1| whence
Cltx = b1|Cl| —|—Cl|b1| whence Cla—61|bl| = b1|01‘

whence ¢i(a — |b1]) = bifer|. If o — |b1] = 0
then either by = 0 or ¢4 = 0, which is an
absurd. If o — |by| # 0 then ¢; = b5
If a — |b1] > 0 then Arg(c;) = Arg(bh)

whence Arg(c) = Arg(b), which is an absurd.

lea ]

If o — |by] < O then, call ooy = —A with
A >0, c; = —A\b; whence cia = b1|01‘ + Cl‘bl‘
whence ciac = by| — Aby| — Ab1|bi| whence

cra = Aby|b1| — Aby|b1| whence ¢;o = 0 whence
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[1]

[2]
[3]

[5]

c1 = 0 whence ¢ = 0, which is an absurd. Anyway
the equality a X (b+¢) = (a xb)+ (a x ¢) produces
an absurd. Therefore a X (b+c¢) # (axb)+ (a X c).

e Arg(b) # Arg(c) and be # 0 and a € CL) and
b € CL and c € C. This case is analogous to the
previous one.
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