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Abstract. When defining a hyperholomorphic function by defining a number system as
non-commutative base for products, the proposed differential operator is investigated, and
differences with variables in the existing number system are discovered in Octonions. We
define algebraic properties and operations for elements of Cayley algebra called octonion
and we give a function using octonion as a variable. We propose a corresponding differential
operator and Investigate that the defined differential operator is the linearization of Laplacian
on real multivariate. By defining the hyperholomorphic function of the octonion variable,

the utilization and properties of differential operators are investigated.

1. INTRODUCTION

In 1845, Cayley [2] discovered a certain algebra, which generally does not
hold the associative law for products, but has a characteristic that satisfies

(zz)w = z(zw) and w(zz) = (wz)z

for any element z and w of the algebra (referenced [13, 15]). This algebra is
called Cayley algebra after Cayley and denoted by A. Cayley algebra extends
the definition of the multiplicative ‘norm’, denoted by n(z), in the complex
number system to define ‘norm’ on Cayley algebra. From this it satisfies

n(zw) = n(z)n(w).
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Only complex, quaternion, and Cayley algebras (or octonion) are algebras
of real coefficients that deal with this norm (referenced [1, 3, 5]). They investi-
gated whether the theories and properties of the analytic function established
in the complex number also hold in the octonions. Or whether the modifi-
cation of the form or the transformation of the expression is necessary due
to the intrinsic properties of the octonions. In particular, the expression of
differential operators focusing on the shape and structure of variables used in
algebra is investigated. When the differential operator is well defined, it is
useful to define the analytic function and derive the solution of the differential
equation.

We propose the differential operator on the octonion, just as we give the
properties of the differential operator D using the coefficient o; (j = 0,1,...,n)
on the real Clifford algebra. All solutions of the differential equation Df = 0
are always solutions of the Laplace equation Af = 0, where A is Laplacian of
(n + 1)-real variables. Many studies also pay attention to the expression and
application of differential operators. In the case of quaternions, researchers
have investigated the definitions and properties related to the solutions of dif-
ferential equations. This work is derived according to the definition of differ-
ential operators, starting with Fueter’s work [6]. Naser [10] defined a function
with Clifford algebra as a variable on Clifford algebra and defined the hyper-
holomorphic function by citing the hyperholomorphicity of the quaternionic
function.

Nono [11] focused on and applied the hyperholomorphicity of the quaternion
function based on the content mentioned in Naser’s research, and confirmed
the properties of the quaternion hyperholomorphic function. Noéno [12] pro-
poses a quaternion hyperholomorphic function by defining partial differential
operators on quaternions and determining the possibility of linearization, and
defines properties.

To define the hyperholomorphic function by defining the regularity of the
quaternion, Sudbey [14] proposed and tested various interpretation theories
in the quaternion. Based on Sudbey’s research, Kim et. al. [8, 9, 7] inves-
tigated the form and properties of the hyperholomorphic function defined on
quaternions. Also, according to the expression defining the hyperholomorphic
function, the application and operation of the hyperholomorphic function con-
sidering the properties of the quaternion were confirmed. Dentoni and Sce [4]
gave a construction of octonionic regular functions from the theory of holomor-
phic functions of one complex variable and two Cauchy type integral theorem
by using the differential operator composed of partial derivatives for each real
components.



Linearization of Laplacian of a hyperholomorphic function of eight real variables 1175

In this paper, we give a characterization of a differential operator D =
Z;:O g%j with coefficients o; and a hyperholomorphic function of an octo-
nion variable. In Section 2, the algebraic properties of octonion are presented,
the differential operators to be used in octonion are expressed using partial
derivatives and matrices, respectively, and the properties of each expression are
investigated. Section 3 investigates a characterization of a differential operator
D= Z?:o g%; with coefficients «; of Cayley numbers (j =0,1,...,n,m > 1).
Any solution of the differential equation Df = 0 is a solution of Laplace’s
equation Af = 0, where A is Laplacian of (n + 1)-real variables and f is a
function with values in the Cayley algebra. Also, the hyperholomorphic func-
tion is defined using the definition and properties of the differential operator
investigated in Section 2 . The relation between the hyperholomorphicity and
harmonicity in the octonion is defined. In Section 4, we describe and explain
how the results relate to the hypothesis presented as the basis of the study and
provide a concise explanation of the implications of the findings, particularly
about previous related studies and potential future directions for research.

2. PRELIMINARIES AND NOTATIONS
Cayley algebra A is an 8-dimensional real field generated by eight bases e;
(j =0,1,...,7) with multiplication rules:

e‘? = —1’ ejek = _ek‘ej (],]{f == 172, . .,7),

€1€2 = €3, €164 = €5, €7 = €1,
€2€4 = €6, €3€4 = €7, €3€5 = €6, €265 = €7,

where eg is the identity of 4. An element in Cayley algebra is called an
octonion and has the form:

where z; (j =0,1,...,7) are real numbers. For two octonions z = Z;‘:o e;T;
and w = 237-:0 ejy;j, the inner product < z,w > is given by

7

< z,w >= Zl‘jyj. (2.1)
=0

Based on the defined inner product, the conjugate octonion is given by z* =

xo — 237-:1 ejrj. By the definition of the conjugate octonion, we have the
following properties:

)=z (z+w) =2"+w" (zw) =w* 2"
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and
z(z"w) = (22" w, z(w*a) +w(z%a) = (z2w* +wz")a,

where a is octonionic constants. And then, the absolute value and inverse of
an octonion in A are denoted by

Z*

2| =< z,z> and z7!'= BE
z

respectively. Some properties derived by defining the inner product for octo-
nions as the equation (2.1) are presented: For any octonions z and w

(1) [zw] = [z]|w],

(2) < z,w>=< w,z >,

(3) < az,aw >=< za,wa >,

(4) <az,bw >+ <bz,aw >=2 < a,b>< z,w >,
(5) <az,w >=< z,a*w >, < za,w >=< z,wa* >,

where a and b are octonionic constants.

Let © be a set in R®. Consider a function f : Q — Aas for z = (g, 21,...,27) €
Q

7
f(z) = ejfi(zo,21,. .. 27),
j=0

where fj(j = 0,1,...,7) are real-valued functions. The function f is said to
an octonionic function defined on 2. For an octonionic function f, let the
differential operators over A be denoted by

NG,
D= — 2.2
Z A 81‘]' ’ ( )
7=0
where %( j=0,1,...,7) are the usual real partial differential derivatives and
J
7
a; = Zejajk (k=0,1,...,7) (2.3)
7=0

are nonzero octonionic constants.

To confirm in detail the structure of the differential operator and the role of
the octonionic constant included in the differential operator, a more specific
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form of the differential operator is presented:

T 0
€0 app apir --- aopr ‘go
e1 aip air -+ a7 G
E)
D= [ S 93 (2.4)
agp Ge1 c-c  ag7 :
er arg arl v+ ary 0
ox7
and
agp apl Qo2 -+ a7
aip aip - aiy
A= . . A (2.5)
azo e arr

The matrix A, which expresses the real constants constituting the octonionic
constant «; as a matrix, is said to be the matrix of the operator D. Given the
differential operator D, the conjugate differential operator is given as follows:

L0
D* = « 9
Za] Ox;’
7=0
where a;(j = 0,1,...,7) is the conjugate octonion of a;. Investigating the

properties of matrices A and D based on the characteristics of matrix A from
D.

Proposition 2.1. Let A = (ai;) be a matriz of D. Then the followings are
satisfied:

(1) (A7) = A,
(2) (AT)*A = (ATA),
3) (D) =D,

where AT is the transposed matriz of A.

Proof. (1) From the expression (2.5) and by using the definition of the conju-
gate of octonions, A* can be expressed as
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Then, we have

aoo Qo1 Go2 - AQ7
—aipp —a11 - —aiy
(A7) = :
7(1/70 DY 76‘(/77
app apr aop2 - 4oty
aipp aix - aiy
aro e ary

Thus, the equation (A*)* = A is satisfied.
(2) From the expression (2.5), we obtain (AT)*A such that

boo bor bo2 - bor
(AT)*A: b?o b11 b?7 ’
bro b7
where
7
by = Zaikaij (k,j=0,1,..,7).
i—0

Thus, the matrix expression in the expression (2.6) is the same as the matrix

expression of (AT A)*.

(3) The conjugate differential operator D* over octonions is expressed as

T aopo apr aoz

2]

€0 dzo
. —ayp —a11 - —aiy 5°
D* 1 o0x1
er —ae0 —al - —a6T7 Pt
—ary —ar - —ary 9z7
Then the operator (D*)* is written as
€0 T [ app aor -+ Qo7 ai
. aipp a1 - ay 0
(D*)* — 1 Oxy
e.7 ago aer v ae7 5
arp a7 cccoary dz7
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3. LINEARIZATION OF LAPLACIAN OVER OCTONIONS

Let A = 2]7-:0 %22 be Laplacian for eight real variables and f be an octo-
nionic function. The differential operator D in the equation (2.2) is said to
be a linearization of Laplacian A, if any solution of the differential equation
Df = 0is a solution of Laplace’s equation A f = 0. In this section, we see that
the differential operator D in the octonions is a linearization of the Laplacian
A. We also examine the theorems derived from the result that the differen-
tial operator D is a linearization of Laplacian A. Let O(8) be the orthogonal
group with an 8 x 8 matrix as its elements.

Lemma 3.1. Let A = (a;5) be a matriz expressed as the equation (2.5) of the
differential operator D over octonions expressed as the equation (2.4). Suppose
that A is an element of O(8). Then, the equation %(a;ak + ajaj) = )i is
satisfied if and only if the inner product satisfies < oj,ap >= 05, (j,k =
0,1,...,7), where 6, is Kronecker’s delta.
Proof. The inner product < o, a; > in the equation (2.1) can be induced by

7

<C¥j,04k >:Zalialk (]7k:071777)

1=0
It follows that the equation < aj,ap >= d (j,k = 0,1,...,7) if and only
if A € O(8). By the definitions of the inner product and the conjugate, the
equation

1 .
< aj,ap >= §(a;ak+a,’;aj) (J,k=0,1,...,7)
is satisfied. Hence, we have %(a}fozk +aja;) =06, (4,k=0,1,...,7) and then
the result is obtained. O

Lemma 3.2. Let fji. be a function such as

fin(x) = (o ton)*af = 2(aj ' an)wjay +
where x = (xg,x1,...,27) and (j,k =0,1,...,7). Hence, the function f; are
solutions of D fj(x) =0 (j,k=0,1,...,7).

Proof. By the expression (2.2) of the differential operator D, we can calculus

as follows:
Ofik Ofjk
Dfji(z) = a2~ —2=
f]k( ) J a$j k al‘k

= aj{Z(aj_lak)za:j - 2(a;1ak)xk} + ak{—2(aj_1ak)xj + 2z}

= 2(ajaj_l)ak(aj_lozk)xj — 2(ajo

+ «

j_ )Ozkﬁk — 2(aj_lozk)xj + Qakxk

= Qak(ajflozk)xj — 202 — Zak(a]flak)xj + 2apx = 0. .
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Theorem 3.3. Let D be a differential operator as the equation (2.2) and A
be the matrixz of the differential operator D. If the differential operator D in
the equation (2.2) is a linearization of Laplacian A, then for O € O(8), A can
be expressed by A = \O if and only if the equation D*D = N2A (A > 0) is
satisfied.

Proof. Let fj, (j,k =0,1,...,7) be the functions in Lemma 3.2. Given that
D is a linearization of A, we have

Pfie O fik
8x§ oz
0{2(c; tag)mj — 2(05 tag)a ) O{—2(a;  a)zj + 2k}
= +
890]- 8a:k

= 2(a;104k)2 +2=0.

Afjk =

That is, each fj; satisfies

Afjr= (o5 ') +1=0 (j,k=0,1,...,7). (3.1)
It follows that the equation aj_lakaj_lak = —1 and then, we obtain that
akozj_lak = —aj. It can be expressed as
-1 _ -1
OékOéj —Q0y -,
—1 —1
o Qg = 0oy
Hence, these equations can be induced as |ag| = |o;|. For A > 0, we put
A= |ag| = |az] =+ = |ag|. (3.2)

By the equations (3.1) and (3.2), the following equations are derived

1

_ -1 .
a; ap+ oy a; =0, o

Gog +apa; =0 (j,k=0,1,...,7).

Then, we have A = MO for O € O(8). The differential operator D can be
calculated as follows:
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7922 " Y g 0y I Oy 0y 0]
92 2 7 92
_ ok 9 w9 * x oY
= aja 837? + ajag axi + Z (ajay + O‘kaj)axjaxk
Jsk=0
52 2 52
=N+ N+ (&Gag + ajoy) =——
(937? o3 j;() J 170z 0y,
N o
3,k=0

= \2A.

Conversely, since f satisfies D*D = A?A, the function f is any solution of
the differential equation D f = 0. Then, we obtain

0=D*Df = a®Af.

Thus, D is a linearization of Laplacian A over octonions. O

The statements in Theorem 3.3 are properties for D, which holds for D*.
By applying the respective definitions of A* and D* in the same way as the
proof in Theorem 3.3, the statement can be proven.

Corollary 3.4. Let D* be the conjugate differential operator of D in the equa-
tion (2.2). Let A* be the matriz of D*. If the conjugate differential operator
D* is a linearization of Laplacian A, then A* = \O for O € O(8) and X\ > 0
if and only if DD* = N2A for A > 0.

Referred by [5] and [15], we give the following definitions:

Definition 3.5. Let G be an open set in R® and f = Z;’:O ejuj be an octo-
nionic function defined in G. The function f is said to be continuously differen-
tiable in G if real functions u; (7 = 0,1,...,7) are continuously differentiable
in G. Also, f is said to be harmonic in G if real functions u;(j = 0,1,...,7)
are harmonic in G.

Definition 3.6. Let G be an open set in R® and f = 237‘:0 eju; be an octo-
nionic function defined in G. Let D be an octonionic linearization of Lapla-
cian A. The octonionic function f is said to be O;-hyperholomorphic(O,-
hyperholomorphic) in G if

(1) f is continuously differentiable in G,

(2) Df=01in G (or fD=0in G).
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By Definition 3.5 and 3.6, the operator D can be calculated to f such that
of of
Df = Zaja—xj and fD = Z 8—%0@-. (3.3)

The symbol O; indicates the case where hyperholomorphicity is determined
by applying the differential operator D to the left of the function f. The
symbol O, indicates the case where hyperholomorphicity is determined by ap-
plying the differential operator D to the right of the function f. The theory
of an O,-hyperholomorphic functions can be obtained equivalently to the the-
ory of that. We only consider O;-hyperholomorphic functions, which we call
simply O-hyperholomorphic.

We give some fundamental properties of hyperholomorphic functions ob-
tained from Definition 3.6.

Proposition 3.7. Let G be an open set in R® and f, g be O-hyperholomorphic
functions in G. Then, f + g is O-hyperholomorphic in G and Bf is O-
hyperholomorphic in G if B is a real constant.

Proof. Since f and g are O-hyperholomorphic in G, we have Df = 0 and
Dg = 0. Thus, the equation Df + Dg = D(f + g) = 0 is satisfied. Suppose
that 8f is O-hyperholomorphic in G. Then DS f = 0. We put

B = Bo + e1p1,

where 81 and (B, are real numbers. Then we obtain

7
DAf =D(Bo+e1fr)( ) ejuy)
j=0
7 7
=D(Bo ) ejuj+eifr )y ejuy)
j=0 §=0
7 7
= D(ﬁo Z erj) + D(elﬁl Z ejuj).
j=0 j=0
Since f is O-hyperholomorphic in GG, the equation D f is vanish, by the equa-
tions (3.3) and Definition 3.6. Hence, we have

7 7
D(,B() Z 6]‘Uj) = ﬁQD( Z erj) =0.
j=0 J=0

It is sufficient to show D(e1 Z;‘:O eju;) = 0. Then we can calculate such
that
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7
D(elﬁl Z ejuj) :ﬁlD(eluo — U1 + esug — egus + esuyg — equs + erug — 66'LL7).
=0

Since 3 is a real constant, D(e1/3; Z;.:O ejuj) = 0 is obtained. Thus, Bf is
O-hyperholomorphic in G. O

Example 3.8. Let (yo,y1,...,y7) be a point in R®. For two octonions ¢ =
2]7-:0 ejy; and z = 2]7-:0 ejz;, the function H(z; () of variables
z = (xg,x1,...,27) which is expressed by

aj(y; — )
H(z:¢) =) 5
D v
is O-hyperholomorphic in R® \ {(yo,v1,...,y7)}, where o is the conjugate
octonion of the coefficient a;j of D (5 =0,1,...,7).

Now we consider the relation between a harmonic function and O-hyperholo-
morphic function in octonions.

Proposition 3.9. Let G be an open set in R® and D* be the conjugate differ-
ential operator of D. If an octonionic function f is harmonic in G, then the
function D* f is O-hyperholomorphic in G.

Proof. By the definitions of the differential operators D and D*, we have
DD* = X\2A. Since the function f is harmonic in G, the equation

D(D*) = N2Af =0
is satisfied in G. Thus, D*f is O-hyperholomorphic in G. O

4. CONCLUSION

This paper defines a function for a variable as eight non-commutative bases
for the product, and a differential operator applicable to the function. The
differential operator is defined and the term of the partial derivative is used
to apply it to the operation. Or it is defined in the form of a matrix for the
convenience of operation. The expression of the differential operator is defined
in two ways. It is used to perform the operation according to the form and
definition of the function. We investigate the properties induced by the form
of the differential operator.

In this paper, it is discovered that the differential operator is a linearization
of the real multivariate Laplacian operator and enables the definition of a hy-
perholomorphic function. From the definition of the differential operator, the
hyperholomorphic function is defined, its properties are defined. The relation
between harmonicity and hyperholomorphicity is defined.
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By defining the hyperholomorphicity of the differential operator, it is an op-
portunity to study the various uses and applications of the hyperholomorphic
function. It can be investigated the relation between the Laplacian operator
and the hyperholomorphicity.
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