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Abstract:

This paper investigates the structure of bicomplex numbers, with an
emphasis on various types of conjugates, algebraic operations between those
conjugates, and representation of conjugates in three forms: real, complex, and
idempotent. We explore the behaviour and nature of the conjugates of a
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bicomplex number. We also deal with the similarities and differences between
the conjugates of the idempotent components of a bicomplex number and
the idempotent components of its conjugates, supported by relevant examples,
theorems, and remarks.

2020 Mathematics Subject Classification: Primary 30G35; Secondary 47A05,
11R52.

Keywords and phrases: Bicomplex number, Conjugates, Idempotent Represen-
tation, Idempotent components, Interection.

Introduction:

Bicomplex numbers form a commutative extension of complex numbers and
have found applications in functional analysis, geometry, and mathematical physics.
In the study of bicomplex analysis, it is essential to recognize the fundamental alge-
braic contrast between bicomplex numbers and quaternions. The quaternion algebra
is a division algebra, meaning that every nonzero element admits a multiplicative
inverse, and no zero divisors exist. In contrast, the bicomplex number system forms
a commutative algebra that contains zero divisors and an infinite set of singular (non-
invertible) elements. This distinction significantly influences both the algebraic and
analytic behaviour of functions defined over these structures|3, 4].

This paper focuses on the multiple conjugates of bicomplex numbers and
their algebraic behavior under standard operations. An important aspect of bicomplex
analysis lies in the study of conjugations and their interaction with standard
algebraic operations such as addition, multiplication, and subtraction. Unlike in the
complex domain, where a single involutive conjugation suffices, bicomplex
numbers admit multiple types of conjugation, each exhibiting unique algebraic
behavior. We aim to identify which identities from classical complex analysis
persist in the bicomplex setting, and which fail or require modification. Our
approach combines analytical reasoning with illustrative examples to highlight the
distinct characteristics of conjugations in this extended algebraic framework. This
study not only strengthens the structural understanding of bicomplex systems but
also lays a foundation for their potential use in extended function theory and operator
analysis.
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Building upon these foundational ideas, the present paper is divided into
four sections. The first section outlines the necessary preliminaries and notations,
whereas the second and third sections develop the main theoretical results,
supported by proofs and examples that reinforce the analytical framework. In the
last section, we discuss some open problems.

1. Preliminaries and Notations:

In this section, we recall some basic definitions, notations, and preliminary
results concerning bicomplex numbers, which will be useful in the subsequent analysis.
These preliminaries provide the algebraic framework necessary for studying the
conjugates and algebraic forms introduced later. The notations and conventions
used in this paper are adopted consistently from the standard works on bicomplex
analysis, particularly those of Price [6], Srivastava and Srivastava [12], Rochon and
Tremblay [9, 10], and Luna-Elizarraras et al. [5], unless stated otherwise. These
sources provide a coherent algebraic framework for studying bicomplex numbers
and their related structures. Let us recall the definition of bicomplex numbers.

Definition 1.1 (Bicomplex numbers [6]): A number &, which is in the form of

_ . . . 2 42
E=x+ zlx;+ 12.x3+ 1112x4,.where X1, X, X3, and x, are real numbers, i} =-1=1i7, and
i,i, =1,i,,1s said to be a bicomplex number.

When a bicomplex number & is expressed in the above form, it is called the
real form of &. In addition to this, the bicomplex number & can also be represented
in another form, known as the complex form of &, given by £ = z, + i, z,, where
z, and z, are i;- complex numbers. The symbols C,, C,, and C denote the set of
all bicomplex numbers, the set of all complex numbers, and the set of all real
numbers, respectively.

Thus
S =xyt Xyt iyxytiihx, =zt i)z,
and
C, = {x H i xy+ Xy + 10X, 0 Xy, Xy, X3, X, € Cp}

=iz, iyzy:2,,2, € C}.
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The structure (C,, +, -, ) forms an algebra over C, and C,,, but it does not

constitute a field, since it contains divisors of zero.The algebra C, possesses
exactly four idempotent elements, 0, 1, > and 5 Among these, —
1-i,1

and le are nontrivial idempotent elements, denoted by e, and e,, respectively.

Moreover, C, is a commutative algebra with unity 1 (see[7]). The idempotent
elements, e, and e,, satisfy the following fundamental properties.

(@) e, te,=1.

(b) ee,=0.

These idempotent elements play a fundamental role in the algebraic decom-
position of bicomplex numbers, enabling expressions to be written in idempotent

form. Every bicomplex number § = z, + i,z, can be expressed uniquely as the
complex combination of ¢, and e, as,

The complex combinations (z11 -1,z,) and (z, + i, z,) are said to be idempo-
tent components of &, denoted by & ('€) and &' (?€), respectively (see [2, 11, 12]).

ThusE=&e, + §+ez (org= 1&61 + 2&ez). This is the third form of represen-
tation of a bicomplex number &, known as the idempotent representation of &. The
other two forms of & have already been discussed earlier. Therefore

€ =x,+ix,+i,x;+ii,x, <> Real form of €.
=z, +i,z, <> Complex form of £.
=&e, + & e, > Idempotent representation of &.

It is evident that complex numbers and hyperbolic numbers arise as special
cases of bicomplex numbers. Specifically, when x, = 0 = x,, the bicomplex number
reduces to a complex number, whereas when x, = 0 = x;, it reduces to a hyperbolic
number. The algebraic properties of bicomplex numbers and their special cases are
equally important and useful, as they provide valuable insights into the structural
characteristics and internal consistency of the bicomplex framework (see [8]).
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Remark 1.2: The operations addition (+), scalar multiplication (), and multiplica-
tion (X) are perfectly compatible with idempotent components of bicomplex
numbers and the scalars i.e., if £ =2z, +i,z,,n=w,+i,w,and a € C, then

E+n=(&+n)e,+(E +n ey,
Exn=(E e+ (E ey,
o - &= (af)e, + (a& e,
Moreover, § X N = (z; +i,z,)) X (W, T i,w,) = (W, - Z,w,) T i, (z,w, + z,w,).

Definition 1.3 (Some special subsets of C,): The following subsets of C, are
necessary to mention to understand the nature of this paper.

(@) H={x,+iix,:x,x,eR}.
(b) C(i) = {x;tijxy:x,x,eR}.
(c) C(i,) = {x;tiyx,: x, x, eR}.
d) i,C3,) = {i,&: & eC(i,)}.

(e) i,C(i) = {i,&: £ eC(i))}.

Moreover, the element of C(i,) and C(i,) are said to be i;-complex number
and i,-complex number, respectively.

Definition 1.4 (Conjugate of a bicomplex number): Analogous to the concept of
the conjugate of a number in C, there are three types of conjugates of a bicomplex
number & = x, +i,x, +i,xy3+i,i,x,= z, + i,z,. The i;-conjugate, i,-conjugate, and
i,i,-conjugate are denoted by é, %, and &*, respectively, and defined as follows:

&= (xy- 1)) T iy(x3-11xy),

€= (x;T11xy) - (x5 Fi;x,),

# . . .
€7 = (x;-1;x,) - [y(x5- 1, X,).
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Itis very easy to see thatg =(z,tiyz) = (?)el-i- (g)ez,g =(z-i,2,)= (§+)e1
+(&)e,, and g = (z,-iyz,) = @)eﬁ- (§+)e2. Moreover, if n =y, + iy, + i, y; +

[, y,=w;Ti,w, eC, then
Exm)=&xn,
— ~ o
(Exm)=E&xn,
Exn)’ =& xn", (see[1]).
2. Algebra of Bicomplex Numbers with its Conjugates:

In this section, we examine the algebraic structure of bicomplex numbers in
conjunction with their various conjugates. We investigate the behaviour of a
bicomplex number when it is operated with its conjugates under the standard alge-
braic operations of addition, subtraction, and multiplication. This analysis provides
deeper insight into the internal consistency of the bicomplex system and highlights
the distinctive properties that differentiate it from classical complex algebra.

Additionally, we analyse the compatibility of the idempotent components
of a bicomplex number with different types of conjugations and also examine the
mutual compatibility among the conjugates themselves. This comparison plays a
crucial role in understanding how conjugation interacts with conjugation itself and
with idempotent decomposition, further clarifying the structural consistency of
bicomplex algebra.

Proposition 2.1: Let & =x, +i,x, + i, xy +1,i,Xx,=z, + 1,2, be a bicomplex number,
then

(a) The sum of the number  with its i;-conjugate is an element of the set C(i,),
Le. & + & € C(i,).

(b) & +E = 2(Real part of z,) + i, 2(Real part of z,).

(©(E+E) =g +& and(5+8) =& +¢&.

(d) The difference of the number £ and its i;-conjugate is an element of the set
i,C(1,).
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(e)§- E = 2i,(Imaginary part of z,) + i, 2, (Imaginary part of z,).
(N (-8 =t-¢ and(€-8) =¢"-¢.
Proof: Since,
E+E= ey 2120 T i3+ 415 X,) + () - 11X T iy x5 - 175 X)

=2(x; tiyx;)
=(z,+1i,z,) +(z;+1,2,),by (1.4)
=(z,72) tiy(z,+2)
= 2(Real part of z|) + i, 2(Real part of z,)
=(ge,+&'e) +(&7e,+Ee,) by (14)
= (g +E e+ (£ +E e,

Similarly,

£-&= ey 2120 i3+ 4115 X) - (X - 11X T iy X3 - 175 X,)

=2(i;x, T 1,15X,)
=1,(2x,+1,2x,)
=(z,+1,2,) - (7, +i,Z,), by (1.4)
=(z,-2)) T iy(z,-2,)
= 2i,(Imaginary part of z,) + i, 2i,(Imaginary part of z,)
=(ge,+ ') -(Ee;+ Eey), by (14)
= (&-&e+ (€7-E)ey.

This completes the proof of the proposition.

Remark 2.2: Itis evident thatif n =y, +i,y, + i, y3+i,i,y,=w, +i,w, € C,,and
any one of the following holds:

(@) &+ M =2(x;ti,x3).
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(b) & +n =2(Real part of z|) + i, 2(Real part of z,).
(©) (E+my=&+E and(E+m) =& +E.
Then n is the i;-conjugate of &.

Proposition 2.3: Let & = x| + i,x, + i,xy + i,i,x, = z; + i,z, be a bicomplex
number, then

(a) The sum of the number & with its /)-conjugate is an element of the set C(,),
ie. §+¢& eC(i)).

(b) E+E=2z,.
(©) (E+&) =& +& and (£+8) =g +&.

(d) The difference of the number ¢ and its i,-conjugate is an element of the set
i,C(i)).

(e) &-E& =iz,
()(g-€) =g -& and(g-8) =€ - €
Proof: Since,
E+E=(x,+ixy+iyXy+iiyX,) (6 i Xy - Xy - i1iX,)
=2(x,+1;x,)

=(z,ti,z,)) +(2,-i,2,), by (1.4)

Similarly,
& -8 =(x Tipxytiyxs+ijiyx,) - (o +iix)-iyxy-11iyx,)
=2(iyxy T i1,X,)

=1,(2x;,+i,2x,)
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=(z,+1,2,) - (z,-1,z,), by (1.4)
=1,2z,
=(Ee+Ee,) - (E'e tE,), by (1.4)
= (&-€e (" -E)ey
This completes the proof of the proposition.

Remark 2.4: Itis evident thatif n =y, +i,y, + i,y +ii,y,=w, +i,w, €C,,and
any one of the following holds:

(@) &+n=2(x,+ix,).

(b) &+n=2z,.

(©) (E+my=&+& and(E+m) =& +&.
Then n is the i,-conjugate of &.

Proposition 2.5: Let{ =x, +i,x, +i,x;+1,i,x,=z,+i,z, be abicomplex number,
then

(a) The sum of the number & with its i,i,-conjugate is an element of the set H,
ie.&+&*eH.

(b) & + £* = 2(Real part of z,) + i, 2i,(Imaginary part of z,).
() (g+&") =g +Eand (g +&") =& +&",

(d) The difference of the number € and its i;i,-conjugate is the sum of i -
complex number and i,-complex number.

(e)§-&F= 2i,(Imaginary part of z,) + i, 2(Real part of z,).
(0 (5-&) =g -gand (g-87)"=¢"-¢"
Proof: Since,
&7 = (o iy T ipxy+ gy x) (- 12 - Xy i)

=2(x, +1,i,x,)
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=(z,+1,2,) + (z,-i,2,), by (1.4)
=(z,+2) t i,(2,-2,)
= 2(Real part of z,) + i, 2i,(Imaginary part of z,)
= (&'el + §+ez) + ( E‘el + ?eﬁ , by (1.4)
=(g+E)e+ (7 +E)e,.
Similarly,
&~ &7 = (x iy T iyxy +iyiyxy) - (- iy - Xy T iy xy)
=2(i,x, T iy x5)
=(z,*+1i,2,) - (z,-1,2,), by (1.4)
=(z,-2) + i)z, 7 2)
= 2i,(Imaginary part of z,) + i,2(Real part of z,)
=(Eeyt §+e2> - (E-el +E+e2), by (1.4)
=(&- g)el +(g"- §_+>ez-
This completes the proof of the proposition.

Remark 2.6: Itis evident thatif n =y, +i,y, + iy, +i,i,y,=w, +i,w, € C,, and
any one of the following holds:

(@) &+m=2(x;+1iiyx,).
(b) & +n=2(Real part of z|) + i, 2i,(Imaginary part of z,).
(€ E+n)y=g+&and(E+m) =g +&"

Then n is the i,i,-conjugate of €.

Proposition 2.7: Let§ =x, +i,x, +i,x;+1,i,x,=z,+i,z, be abicomplex number,
then

(a) The sum of the i,-conjugate and i,-conjugate of the number  is an element
of the set H,i.e. £ +& e H.
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(b) £ + gz 2(Real part of z,) - i, 2i,(Imaginary part of z,).

() (g+8) =g +¢& and (g+E) = +&"

(d) The difference of the i;-conjugate and i,-conjugate is the sum of 7;-com-
plex number and i,-complex number.

(e) € - gz -2i,(Imaginary part of z,) + i, 2(Real part of z,).
(M) (€-8) =g -¢ and(g-8) =€ -¢"
Proof: Since,
E+E= (- 8y F iy X3 - 11y X) + (0 H )X - B X - 115 Xy)
=2(x,-i,i,x,)
=(z,ti,z,) T (z,-1,z,), by (1.4)
= (2D + i (5-2)
= 2(Real part of z,) - i, 2i,(Imaginary part of z,)
= (Erel + gez) + (&*el + &'ez) , by (1.4)
=€ +8)e +(E+E)e
Similarly,
£ - g = (- Xy iy xg - 1 X)) - (6 H X - Xy - 1 Xy)
=2(-i;x, iyX3)
=(z, 1 1,2,) - (z,-i,2,), by (1.4)
=(@E-z2) 5tz
= -2i,(Imaginary part of z,) + i, 2(Real part of z,)
=(§_+el + gez) - (&*el + &'ez>, by (1.4)
= (&7-&"e; + (& -E)e,

This completes the proof of the proposition.
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Proposition 2.8: Let & = x| + i,x, + i,xy + i,i,x, = z; + i,z, be a bicomplex
number, then

(a) The sum of the i;-conjugate and i i,-conjugate of the number £ is an
element of the set C(i,), i.e. & + & e C(i)).

(b)E+&F=(22).

() (E+&") =g +Eand (+&") =T+ &

(d) The difference of the i;-conjugate and i,i,-conjugate of the number & is an
element of the set i,C(i,).

(e) §-E"=0,2().
(f) (-89 =& -Fand(g-£") =€ -
Proof: Since,
8= (- 1y, T iyXy - dyyx) + (- 112y - X3+ 1)1y
=2(x,-ix,)
=(z,ti,z)) +(z,-i,2,), by (1.4)
=2(z))
=(&e,+&e,) +(Ee,+ETe,), by (1.4)
= (E+8)e+ (E+ETe,
Similarly,
§- &%=y - )2y ipXy = 111)X) = (X = 11y = X3 F 11y X,)
= 2(iyx4-115X,)
= i,(2x5-1,2x,)
= (z,t1y7y) - (z,- 1,2,), by (1.4)
- 1,2()
= (Ee,+&e)) -(Ee;+ Ee) by (14)
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=(&-8)e+ (&-E)e,.
This completes the proof of the proposition.

Proposition 2.9: Let{ =x, +i,x, +i,x;+i,i,x,=z,+i,z, be abicomplex number,
then

(a) The sum of the i,-conjugate and i i,-conjugate of the number & is an
clement of the set C(i,), i.e. § + e e C(iy).

(b) E+ &" = 2(Real part of z,) - i, 2(Real part of z,).

() (E+&) =e +Eand (E+&") =t +&",

(d) The difference of the i,-conjugate and #,i,-conjugate of the number  is an
element of the set i, C(i,).

(e) E SEF=2i (Imaginary part of z,) - i, 2/, (Imaginary part of z,).
(0 (6-&) =g -gand (£-&")" =¢-&".
Proof: Since,
g + &= Oy iy - Xy - gy xg) (- 4 - Xy ) X)
=2(x,-i)x5)
=(z,-1,2,) + (z;-i,Z2,), by (1.4)
=(z,t2)-i(z,72,)
= 2(Real part of z,) - i, 2(Real part of z,)
= (& ey +(Eey+ Eey), by (1.4)
= (& +8)e + (£ +E)e,
Similarly,
E -EF = (e F Xy - Iy Xy - 11y Xg) = (X = 11X, - 1y X3 1105 X,)
=2(i; X, i}1,X,)

=1,(2x,- i,2x,)
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=(z,-1,2,) - (z,-i,2,), by (1.4)
=(21-2) - 1)(2,-2)
= 2i,(Imaginary part of z,) - i, 2{,(Imaginary part of z,)
=(g'e;+8e,) - (e, +E7¢,). by (1.4)
=(g"-8)e+ (-8 ey
This completes the proof of the proposition.

Proposition 2.10: Let § = x| + i, x, + i,x; + i;i,x, =z, + i,z, be a bicomplex
number, then

(a) The multiplication of the number € with its i, -conjugate is an element of the
set C(i,), 1.e. & x § € C(i,).

(b)&x &= |Zl|2 - |Zz|2Jr (22, % 2,2)).
(©) (ExE) =& & and (5 xE) = (£ &)
Proof: Since,
E X &= (xy iy T ipxy i iyxg) X (0= iy + iy Xy - i1y x,)

= A0y T ipxg) T (2 T 135X} X 400 T 1px3) - (172 T 111y X)}
= (x,+ 1'2363)2 - (ix, + 1'11'2364)2
= x% - x% + 2%, x5+ x% - xi +1,2x,x,
= x% + x% - x% - xi +1,(2x, x5+ 2x,X,)
= (z,ti,z,) X (2, +i,2,), by (1.4)
=212 T ih22) T 22 - 22
=215-55 T (2151 27)
=z, -1z, + (55 2,7)

=(&e,+8&%,) x (e, +Ee,), by (1.4)
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=(£8)e* (£78)e,
= (& 8)e (g8,
This completes the proof of the proposition.

Proposition 2.11: Let & = x; + i,x, + i,x; + i,i,x, = z, + i,z, be a bicomplex
number, then

(a) The multiplication of the number § with its 7,-conjugate is an element of the
set C(i)), 1.e. £ x § e C(i)).

(b)ExE=z]+z3.
() (exg)=tgrand (exg) = (gxE.
Proof: Since,

g % gz (e Hixy T iyxy iy x,) X (6 iXy - iy Xy - 1i5Xy)
= 100 T i) F (X3 iyl X)X A0 X) - (X + i) Xy))
=(x, + ilxz)2 - (ipx;+ i1i2x4)2
= x% - x% +i2x,x, + x% - xi +1,2x5%,
= x% - x% + x% - xﬁ +1,(2x,x, + 2x5x,)
=(z,ti,2,) X (2,-1,2,), by (1.4)
= 212 + Z%
= (&e,+8%e,) x (§'e;+Ee,), by (1.4)

— (€ E)e,+ (€8 ey
This completes the proof of the proposition.

Proposition 2.12: Let § = x| + i|x, + i,x; + i,i,x, = z; + i,z, be a bicomplex
number, then

(a) The multiplication of the number & with its i,i,-conjugate is an element
of the set H, i.e. & x £¥ e H.
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() & x & = [z, + |2, - 1x(2,5,- 2,7)).
(¢) (e x ") =& and (< &") = .
Proof: Since,

ExEF=(x,+ix,+ IyXy+ iy X,) X (X =0, - 1, X3+ 1,05 X,)
= 00 iy iyxg) F (x0T i)} X {0 1pxy) - (1 x) T i x5))
= (x,+ i1i2x4)2 - (ijx, + 1'2)63)2
= x% + xi +iyi2xx,+ x% + x% - [1152X,X5
= x% + x% + x% + xi 152X, - 2X,X5)
=(z,t1i,2,) X (z,-1,2,), by (1.4)
=2121- 215 T 2212z
=212, % 2,2, - 1h(2123-2,7)
=z, + 1z, - iy(2,5-2,7))
= (&e,+ E'e,) x (E‘el + ?ez), by (1.4)
= (E&)e+ (€786
=& e +[E e,

This completes the proof of the proposition.

Proposition 2.13: Let § = x| + i,x, + i,x; + i;i,x, =z, + i,z, be a bicomplex
number, then

(a) The multiplication of the i;-conjugate and i,-conjugate of the number £ is an
element of the set H, i.e. & x & € H.

(b) & x &=z, + |2,/ - iy(Z,2, - 552,).

(¢) (Ex&) =|&"Pand (ExE) =&
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Proof: Since,

EXE= (X -11Xy T iyXy=i1iyXy) X (X, F 1 Xy - I, X5 - 111yX,)
= {00y - 8052 T (X5 - 1126 X {0xy - £15%) - (525~ 11X,)
=(x,- i1i2x4)2 - (iyx5- ilxz)2
= x% + xi - 1y2xx, x% + x% +1052X5X,
= x% + x% + x% + xi - 111,(2x,x, - 2X53X,)
=(z,ti,z,) X (z,-i,2,), by (1.4)
= 21217212y T a5z 5z,
=z, P+ 2, - 1,(Z2,-5z))
=(E¢;+Eey) x (8¢, + Eey), by (14)

- (gr §+>e1 + (é_ E.>> )
= 1§ e, +1EF ey
This completes the proof of the proposition.

Proposition 2.14: Let § = x| + i, x, + i,x; + i;i,x, =z, + i,z, be a bicomplex
number, then

(a) The multiplication of the i,-conjugate and 7, i,-conjugate of the number £ is
an element of the set C(i)), i.e. & x &" eC(i)).

(b)Ex g =27 +7}
() (Ex g =g & =(g =g
Proof: Since,
EX g = (e =1y Xy iy Xy - 140y X,) X (X = 11Xy - Iy X5+ 115X,)
= {00y - 112) F (1px5 - 110, x)§ X {00 - 11%) - (0pX3- 1175 X4)

_ . 2 . ..
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_ 2 2 2 .2 -
—xl-xz-112x1x2+x3-x4-112x3x4

— 2 _ 42 2,2
= (& +1,2) * (& 1,7,). by (1.4)
— 52452

= (561 + gez) X (Eel + Eez)» by (1.4)

This completes the proof of the proposition.

Proposition 2.15: Let £ = x| + i|x, + i,xy + i;i,x, = z; + i,z, be a bicomplex
number, then

(a) The multiplication of the i,-conjugate and i,i,-conjugate of the number & is
an element of the set C(i,), 1.e. & X gt e C(i,).

(b) Ex & = |z, - |2y - ix(z, 5+ 2,7)).
(@ Exg) =g & and (Exg) = (Exg.
Proof: Since,
EXER = () iy - iy Xy - iyyX,) X (X 11Xy - fy X+ iy x,)

= 00y~ px3) + (4 - 110pX) } X (- EyX3) - (1% - 111y}
= (= 1x3) - (13- 15,
= x% - x% -1 2x x5t x% - xi - ,2X,X,
= x% + x% - x% - xi - 15 (2x,x5 + 2x,x4)
=(zy-i,2y)) X (z,-1,2,), by (1.4)
=2121- )22y - h7Z1- 5%,

=|z, |2 - |Zz|2 - i5(212y-2,2))
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=(g'e; 1 &e)) x (Eey+E'ey), by (1.4).
= (€78 )e, + (687 ey
This completes the proof of the proposition.

Now, we examine whether the conjugates of the idempotent components of
a bicomplex number coincide with the idempotent components of the corresponding
conjugates of that bicomplex number. This is illustrated in (2.16).

Remark 2.16: As immediate consequences of the (1.4), we have the following
results in general.

(a) The i,-conjugate of the first idempotent component of &, g, does not
coincide with the first idempotent component of the i;-conjugate of &,

(€); thatis, () =& # &

(b) The i,-conjugate of the second idempotent component of &, E does not
coincide with the second idempotent component of the i,-conjugate of &,

(€)' thatis, (&) =€ # &

(c) The i,-conjugate of the first idempotent component of &, E does not
coincide with the first idempotent component of the i,-conjugate of &,

) thatis, (&)= »& =E.

(d) The i,-conjugate of the second idempotent component of &, E?r does not
coincide with the second idempotent component of the 7,-conjugate of &,

©)"; thatis, () =g #&"=¢".

(¢) The i,i,-conjugate of the first idempotent component of &, (§")*, coincides
with the first idempotent component of the i,i,-conjugate of &, (£)"; that is,

Ey=¢g=@E)".
(f) The i,i,-conjugate of the second idempotent component of &, (£,
coincides with the second idempotent component of the i,7,-conjugate of

£, ()" s thatis, (&%) =7 = (&")*

In the following (2.17), we investigate the interaction among the i;-conju-
gate, i,-conjugate, and 7,i,-conjugate of a bicomplex number.
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Remark 2.17: Let { = x, +i,x, + i,xy+i,i,x,= z, + i,z, be a bicomplex number,
then we have

:=C+\'i=_'_=# dtz V=7 iz =t H h
@) (§)=(z,+iyzy)=z,-i,z,=E&",and (§) = (z,- i,z,) =Z, - i,z,=&". Hence, the
i;-conjugate of the i,-conjugate of the bicomplex number & coincides with

the i,-conjugate of the i;-conjugate of the bicomplex number &, and both
are equal to i,i,-conjugate of the bicomplex number .

(b) (8) = (z,+iyz,)" =z, - iyz,= &, and (£%) = (3, - ,2,) = z, - i,2, = &. Hence,
the i,-conjugate of the i,i,-conjugate of the bicomplex number & coincides
with the 7,7,-conjugate of the i;-conjugate of the bicomplex number &, and
both are equal to i,-conjugate of the bicomplex number .

ZN\H# s N _ == % T = TSN =1~ _ %

(©) (&) =(z,-i,z))" =2z, ti,z,=&,and (§7) = (2, - i,2,) = Z, T i,2,= E. Hence,
the i,-conjugate of the i,i,-conjugate of the bicomplex number & coincides
with the 7,7,-conjugate of the i,-conjugate of the bicomplex number &, and
both are equal to 7,-conjugate of the bicomplex number .

Thus, it is evident that any two of the three conjugations i,-conjugate,
i,-conjugate, and i,i,-conjugate are applied successively to a bicomplex number,
then the resulting operation coincides with the remaining third conjugation.

3. Non-Ordinary Conjugates of a Bicomplex Number and their Compatibility:

In this section, we define four additional conjugations of a bicomplex
number. The previously introduced three conjugations i,-conjugate, i,-conjugate,
and i,i,-conjugate are henceforth called ordinary conjugates, while the newly
defined ones are called non-ordinary conjugates.

We further analyse the interaction between the non-ordinary conjugates and
all existing conjugations of a bicomplex number. Moreover, the compatibility of
each conjugation, both ordinary and non-ordinary, with addition (+), and multipli-
cation (%) 1s examined. Finally, we present open problems and possible directions
for future research.
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Definition 3.1 (Generalized i;-conjugate): Let & = x| + i x, + i, x; T i,i,x, = z,
+ iz, be abicomplex number, then the generalized 7,-conjugate of € is denoted by
&'l and defined as

I . . . .

Itis very easy to verify that &'l = z, +1,z, and the idempotent representation

. (55558 e (55 (55

Definition 3.2 (Generalized i,-conjugate): Let & = x, + i, x, + i,x; + i;i,x, =

z,+1,2, be abicomplex number, then the generalized i,-conjugate of & is denoted
by &2 and defined as

i . . . .
E2=x,tix, - yxy+ii,x,.

~ Itis very easy to verify that &iz =z, - 1,Z, and the idempotent representation
of £21is

(€52 B8 e (B2 ()

Definition 3.3 (Generalized i,i,-conjugate): Let { =x, +i,x, + i,x; +i,i,x,=z,

+1i,z, be a bicomplex number, then the generalized 7,i,-conjugate of € is denoted
by &'12 and defined as

i . . . .
EN2=x,+ix)+iyx;-1i,X,.

It is very easy to verify that éiliz =z, +1,z, and the idempotent representa-
tion of &'1"21s

(S EE e 55 B
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Definition 3.4 (Natural-conjugate): Let & = x, + i x, + i,x; + i,i,x,= z; + i,2,
be a bicomplex number, then the natural-conjugate of & is denoted by & and
defined as

* . . o .

It is very easy to verify that & = z, - i,z, and the idempotent representation

55 5]

In the following (3.5), (3.6), (3.7), (3.8), (3.9), and (3.10), we investgate
the interaction of non-ordinary conjugates with both ordinary and non-ordinary
conjugates of a bicomplex number.

Remark 3.5: Let = x| +i,x, + i,x3+i,i,x, =z, + i,z, be a bicomplex number,
then we have

(a) (g"2)12=¢,

b (12)=(g)12=¢

() (gM2)1=(gM)n2 =€.
@ (e =(g)1=g"m,

It is evident that any two of the three conjugations i;-conjugate, generalized
i;-conjugate, and generalized i,i,-conjugate are applied successively to a bicomplex
number, then the resulting operation coincides with the remaining third conju-
gation.

Remark 3.6: Let § = x, +i,x, + i,x;+i,i,x, =z, + i,z, be a bicomplex number,
then we have

@ (17)=(g)"1>=¢"
) (g"2)2=(g7)1"2=¢
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(©) (82)=(g)2=g"
It is evident that any two of the three conjugations i,-conjugate, generalized
i,-conjugate, and generalized i,i,-conjugate are applied successively to a bicomplex

number, then the resulting operation coincides with the remaining third conju-
gation.

Remark 3.7: Let § = x, +i,x, + i,x;+i,i,x, =z, + i,z, be a bicomplex number,
then we have
@ (1)7=(ef)2=¢"
b) ("= (g)1=¢"
(o) (&)= () =g
It is evident that any two of the three conjugations i,i,-conjugate, general-
ized i,i,-conjugate, and natural-conjugate are applied successively to a bicomplex

number, then the resulting operation coincides with the remaining third conju-
gation.

Remark 3.8: Let & = x| +i,x, + i,x3+i,i,x, =z, + i,z, be a bicomplex number,
then we have

@ (&)=t
) (g)=(g)=¢2
() (&)2=(2)=E
@ (£2)-(g)2-¢"
Itis evident that any two of the three conjugations i,-conjugate, generalized

i,-conjugate, and natural-conjugate are applied successively to a bicomplex number,
then the resulting operation coincides with the remaining third conjugation.

Remark 3.9: Let = x| +i,x, + i,x3+i,i,x, =z, + i,z, be a bicomplex number,
then we have
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@ (&)-(2) 81
() (&)= (e
© (&1=(8)" =€.
It is evident that any two of the three conjugations i,-conjugate, generalized

i,-conjugate, and natural-conjugate are applied successively to a bicomplex num-
ber, then the resulting operation coincides with the remaining third conjugation.

Remark 3.10: Let { = x, +i,x, +i,xy+i,i,x,= z, + i,z, be a bicomplex number,

then we have
(@ (&)"
(b) (g2)2

(© (0*=(g*)1=¢

@ (g0)2=(?)1=¢*

() (g2 =(e")>=¢"
It is evident that any two of the three conjugations i,i,-conjugate, genera-

lized i,-conjugate, and generalized i,-conjugate are applied successively to a
bicomplex number, then the resulting operation coincides with the remaining third

conjugation.

-¢
:
(g

Table 1 illustrates the interactions among all ordinary and non-ordinary con-
jugates of a bicomplex number.

r

z £ £ ii 1 giz gi 112 g
i;-conjugate g e | € ailiz g @il @iz
i,-conjugate g e | & | & |gh2]e? |¢gt

ii,-conjugate E | | &g |&2|er]| g |ghn
Generalized i,-conjugate iil 2 é* @iz £ é# E g
Generalized i,-conjugate g &iliz éil gl e £ | ¢
Generalized i,i,-conjugate iil &iz & le g £ | &

Natural-conjugate g2 | g | gh2] € 3 & | g )

Table 1 : Interaction between conjugates of a bicomplex number &.

In the table, all entries corresponding to ag,, ass, a4, a3s, Aze, 47, and a;g
are incorrectly written as &”. They should be corrected to &
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Now, we examine the compatibility of all conjugations with addition (+),
and multiplication (X). This is illustrated in (3.11).

Remark 3.11: Let £ and 1 be two bicomplex number, then we have the following
results in general.

(@) (E+m)=E+m.

(b) E+m)=E+.

(c) E+n)f=¢g"+n"

() E+n)1=g1+n'L
(€) (E+m)2=E2+n2
() E+n)12=g124q12
(8 E+ny=¢+n.

(h) Exm=Exm.

i) Exm=ExH.

(G) Exmf=gfxn,

Example 3.12: Let C be a bicomplex number such that § =1 + 7,3 +i,4 +,i, 8,
then

C=(1-i3)+iy(4-i,8),
C=(1+i,3)-i)(4+1,8),
&'=(1-i,3)-i,(4-1i,8),
C=(1-i3)+iy(4+i8),
£2=(1+i3)-iy(4-i,8),
2 = (1+i,3) + iy (4 - i,8),
£ =(1-4,3)-i,(4+i8).
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4. Open Problems and Future Directions:

We leave the following problem for future work.

Problem 4.1: Determine whether the ((( &O”)az) OB) * =g, where o, 0y, 03, and
0y € {iy, by, by, }-

Problem 4.2: Determine whether the following identities hold for a bicomplex
number &:

(a) @#= 3
(b) ((&))

(c) ((a#D =t
@ (&) =&
© (@)=t
® (®F)=-¢
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