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Abstract
In this paper, our main aim is to investigate the solvability, exis-
tence of unique solution, closed-form solutions of some linear matrix
quaternion equations with one unknown and of their systems with two
unknowns. By means of the arithmetic operations on matrix quater-
nions, the linear matrix quaternion equations that is considered herein
could be converted into four classical real linear equations, the solu-
tions of the linear matrix quaternion equations are derived by solving
four classical real linear equations based on the inverses and general-
ized inverses of matrices. Also, efficiency and accuracy of the presented

method are shown by several examples.

Mathematics Subject Classification: 11R52; 15A30
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1 Introduction

The quaternion and quaternion matrices play a role in computer science, quan-
tum physics, signal and color image processing, and so on (e.g., [1, 17, 22].
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General properties of quaternion matrices can be found in [29].

Linear matrix equations are often encountered in many areas of computa-
tional mathematics, control and system theory. In the past several decades,
solving matrix equations has been a hot topic in the linear algebraic field (see,
for example, [2, 3, 12, 18, 19, 21 and 30]).

Several results on the solutions of some quaternionic and octonionic equa-
tions have been obtained. For example, the author of the paper [20] classified
solutions of the quaternionic equation ax +xb = c. In [27], the linear equations
of the forms ax = xb and ax = Tb in the real Cayley—Dickson algebras (quater-
nions, octonions, sedenions) are solved and form for the roots of such equations
is established. In [13], the solutions of the equations of the forms ax = xb and
ax = xb for some generalizations of quaternions and octonions are investigated.
In [23], the azf + yxd = p linear quaternionic equation with one unknown,
azxf + yxd = p, is solved. In [6], Bolat and ipek first considered the linear
octonionic equation with one unknown of the form a(za) = (ax)a = aza = p,
with 0 # « € O, second presented a method which is reduce this octonionic
equation to an equation with the left and right coefficients to a real system of
eight equations to find the solutions of this equation, and finally reached the
solutions of this linear octonionic equation from this real system. In [7], Bolat
and Ipek obtained the solutions of some linear equations with two terms and
one unknown by the method of matrix representations of complex quaternions
over the complex quaternion field and to investigate the solutions of some
complex quaternionic linear equations.

Equations considered in here have the origin in the classic papers by Tian
[27] in 1999 and Shpakivskyi [23] in 2010 for studying some topics of quaternion
and octonion field. Their pioneering works have lead to extensive research of
quaternionic and octonionic equations, and many researchers have established
relationships obtained by them to several mathematics subjects, such as dif-
ferential equations and linear algebra (see, e.g., the papers [23-29] for more
details about the quaternionic equation and the related topics).

Motivated by the work mentioned above, in this paper, we first define
matrix quaternions and give some algebraic properties of matrix quaternions
and a lemma together with its proof dealed with quaternions in this type. Then
we unite and reflect upon some related issues that are crucial to the study of
linear algebra over the quaternions: spectra, modules, and inner products.
Finally we investigate the solvability, existence of unique solution, closed-form
solutions of some linear matrix quaternion equations with one unknown and
of their systems with two unknowns. One of the main techniques that is
used herein is that of embeddings of the quaternions into real field. In this
sense, then, algebra over quaternions is obtained from linear algebra over real
numbers. We note that all our results are primarily of theoretical interest and
we hope that they will lead to new insight into and better understanding of the
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relations between the most popular methods for solving matrix quaternionic
and octonionic equations.

2 Preliminaries

In this section, we introduce some definitions, notations and basic properties
which we need to use in the presentations and proofs of our main results.

We start by first recalling some basic results concerning Hamilton quater-
nion algebra H, which can be found in classic books on this subject. For results
concerning quaternion analysis we refer to [4, 9, 29].

The quaternion, which is a type of hypercomplex numbers, was formally
introduced by Hamilton [10] in 1844. The definition of quaternion is

q=qo+ qit + q27 + g3k, (1)

which obey the conventional algebraic rule for addition and multiplication by
scalars (real numbers) and which obey an associative non-commutative rule
for multiplication where

iP=3=k=—1,ij=—ji =k, jk=—kj =i, ki=—ik =j,ijk=—1. (2)

Throughout the paper, we denote the real number field by R, the set of all
m X n matrices over the quaternion algebra

HZ{Q0+Q1i+Q2j+Q3k3QSER,3:0>1,2a3}a (3)
where 7, j and k satisfy the Eq.(2), by
W= {A=A+ Ayi + Ao + Ak A, e R™ s =0,1,2,3},  (4)

where 7, j and k satisfy the Eq.(2). Next, several definitions and properties
adopted in this paper are introduced to make the following sections readily
comprehensible. More details can be found in [29].

It is frequently useful to regard quaternions as an ordered set of 4real
quantities which we write as

q= [CIO7Q1a(127q3]7 (5)

or as a combination of a scalar and a vector

q = g4 (6)

where ¢ = [q1, 2, q3] - A “scalar” quaternion has zero vector part and we shall
write this as [qo, 0] = ¢o = 0. A “pure” quaternion has zero scalar part [0, q] .
In the scalar—vector representation, multiplication becomes

Pd = (Pogo — P 4. Poq + qop + P X q) , (7)
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(132

where and “x” are the vector dot and cross product. The conjugate of a
quaternion is given by

q=[q, —4, (8)

the squared norm of a quaternion is

2 _
lal° =ad =q + i + ¢ +a, (9)
and its inverse is _
—1 q
qQ =5 (10)
ql
Quaternions with |q| = 1 are called as unit quaternions, for which we have

q'=q.

3 Main Results

In this section, we first define matrix quaternions and give some algebraic prop-
erties of matrix quaternions and a lemma together with its proof dealed with
quaternions in this type. Then we unite and reflect upon some related issues
that are crucial to the study of linear algebra over the quaternions: spectra,
modules, and inner products. Finally we investigate the solvability, existence
of unique solution, closed-form solutions of the some linear matrix quaternion
equations with one unknown and of their systems with two unknowns.

Let I be the n x n identity matrix and let H, J, K be n x n matrices with
real elements. Then the set of the matrix quaternions may be written in form
as

MEFm = {A = Al + A H + ApJ + AgK : A, € R™™ 5 = 0,1,2,3}, (1)

and the rules of quaternion addition and multiplication will follow from those
of matrix addition and multiplication provided that the matrices H, J, K
satisfy the ”Hamiltonian conditions” [8]:

HH= -1, JJ=-1I, KK= -1,
HJ=K, JK=H, KH=1J, (12)
JH= -K, KJ=-H, HK=-J.

Addition and subctraction of the matrix quaternions A = agl+a;H+axJ+a3K,
B =byl + biH + byJ + 3K € MSX” are

A+ B = ((Ioibo)1+ ((1,1 :i:bl)H—F ((ZQZl:bQ)J—i- (a3:|:b3) K. (13)

Multiplication of the matrix quaternions A, B € MSX" is given by
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A.B = (aobo — Cllbl — a2b2 — agbg) I + (Glbo + Gobl — Clgbz -+ agbg) H(14)
+ (a2b0 + 6L3b1 + agbg - a1b3) J
+ (agbo — CL2b1 + (Ile + aobg) K

and hence in particular, multiplications of the matrix quaternions is not nec-
essarily commutative. The conjugate of matrix quaternion A € MSX” is

A= aoI — alH — G/QJ — &3K (15)
and, therefore it is B -
A + A=2a)l,AB = BA. (16)
For k € R, the matrix k.A is the matrix

k.A= k'aoI + kCLlH + kCLQJ + kagK S ngn (17)
Scalar product of the matrix quaternions «, 8 € M;"" is the scalar

(, B) = (0o + a1 B + aaflr + azf3) . (18)

The following Lemma has a key role in the remaining sections of this note.

Lemma 3.1 For any o = apl + o H+ axJ + oK, 8 = Bol + Si1H + BT +
B3K € ngn the following equality is true:

af=pa—28a —2(a, )L (19)

Proof 3.2 For a and [ matriz quaternions in above Lemma 3.1, we obtain
the following fundamental equalities for the expressions o3, fa and &

af = (ol +aH + axJ + a3K) (Bl + S1H + 2J + 3K)
= (aofo — 1P — @By — azfs) 1 (20)
+ (oBr + a1 fo + azfBs — azf) H
+ (B2 — a1 3 + afo + azfr) J
+ (ofBs + a1fy — aof + asfo) K,

Ba = (Bol + BiH + BT + BK) (ol + an H + apJ + a3K)
= (Boag — Broy — Py — Pas) 1 (21)
+ (Brag + Boar — Pzag + Boaz) H
+ (Brcg + Pzar + Boay — Bras) J
+ (B3 — Bacy + Pras + Foas) K,
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Fa = (BH+ I+ 5K) (H + asd + asK)
= (=fia1 — fray — PBsa3) 1 (22)
+ (Bra3 — Bzaz) H
+ (=prag + PBsan) J
+ (51042 - 52041) K,

and
(o, B) I = (afo + 1 fr + azfa + azfs) L. (23)
(

Thus, from (20), (21), (22) and (23) we reach the result of the Lemma.

Lemma 3.1 is very intuitive and simple. By using this result, we are able to
prove the following results regarding solutions of matrix quaternionic equations
considered in Sections 3.1, 3.2 and 3.3.

3.1 The Linear Matrix Quaternionic Equations and Sys-
tems with one Addend

Applying Lemma 3.1 to a linear equation,
aXpB+~vX0 =p, (24)

where {a, 8,7, 0, p} C ngn, in matrix quaternions, we now reduce this equa-
tion to a real system with four unknown. For any a@ = apgl+ a1 H+ asd + asK,
B =Bl + BiH + B2J + 3K € My*", using Lemma 3.1 we obtain

a (5X 923X —2 <?, Y> I)

— afX —-203%X —2a <F, Y> I

af (XOI+Y> 23X - 2a <?, Y> I
= afX,+ (046 _ 2aﬁ> X —2a <F, Y> I

Then, similarly, for 7.X6 we have

vX6 =X, + <fy(5 - 27?) X - 27 <?, )?> I. (25)

Let p = pol + p1H + poJ + p3sK. Then, from the last two equalities, equation
(24) is equivalent to the following:

aXp

aXB+vXS = (af+46) Xo+ [(aﬁ — 2 46— 27?) H — 208, — 2v6,] X,

+ [(aﬁ — QQﬁ + 70 — 27?) J—2ap8; — 2752} X
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v [(aﬁ — 28 + 46— zﬁ) K — 2085 — 2+63] Xs
= xXo+ X1 +9vXo+ 0X3

= [xoI +x1H + x2J + x3K] Xo + [poIl + o1 H + 02J + ¢3K] X,

+ [ol + 1 H + ¥oJ + 3sK| Xo + [¢ol + o1 H + ¢oJ + ¢3K] X5

= pol+ piH+ poJ + psK.
Therefore, we obtain that the equation (24) is equivalent to the system
X0Xo + poX1 + oXo + @oXs = po,
X1Xo+ 1 Xi + 1 Xo+ 01 X3 = py,
X2Xo + @2 X1+ o Xo + 92 X3 = po, (27)
X3Xo0 + @3 X1+ Y3 Xo + 93X3 = ps,
so that the problem has been reduced to solution of the 4 x 4 real linear system.

Example 3.3 Consider the following equation:
H-2K)XJ+(I-J)XH+K)=I+4H+5J + 6K, (28)

in My*™. Fora =H-2K, 8 =J, v=1-J,0=H+K and p =
I+ 4H + 5J + 6K, this equation is of the form (24). Here aff = aﬁ =
(H-2K)J=K+2H 15 =0 = (I-J)(H+K) = 2K, af, = af; =
vy =0, a8, = (H-2K)I=H — 2K, v6; = v03 = I-J)I=1—-J. Then
from equality (26) we have:

(26)

(2H + 3K) Xo + (=J) X1 + (H + 2K) Xy + (I +4J) X3 = I+ 4H + 5J + 6K (29)

that is equivalent to the system
X3
2X0 -+ X2 -
X1 +4X3 =
3Xo+2Xy, =

The last system has one solution: Xy = 2, X1 = —1, Xo = 0, X5 = 1, then
X=2-H+ K.

S O =

3.2 The Linear Matrix Quaternionic Systems with Two
Addends

In this section, we consider a system of linear matrix quaternionic equations
of the form

AYB+CXD = E (30)
PYQ+RXS = T
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where A #0, B#0,C,D,E,P,Q,R,S,T are given matrix quaternions and
X, Y are unknown.

Let denote ||A|| = v/a2 + a? + a3 + a2 and || B|| = /b3 + b? + b2 + b2.1f we
multiply the first equation in (30) by conjugate A on the left and by B on the
right, from AA = ||A|]*T and BB = || BT we have

|A|?Y ||B|?1+ACXDB = AEB (31)

or

|A|?Y ||B||? +ACX DB = AEB. (32)

Since A # 0, B # 0, we write ||A|”> # 0 and | B||” # 0. If we now multiply
the equation (32) by T 1”3” , we get

1 S — 1

— A
PR
1A% 1811 A8
Putting (33) into the second equation of system (30) we get

CXDB. (33)

PAEBQ — PACXDBQ+ RXS=T, (34)

1A 11811 1AI* 181"
and hence the equation (34) is of the form (24) with
1 _ — R
a=-——— PAC,3=DBQ,p=T — ——— PAEBQ.  (35)
1A 1B 1A 1 BII*

From equation(34) and equation(35) , we find X. Then from equation (33), we
calculate Y.

Example 3.4 Consider the following system:

HYJ +JXH =K, (36)
KYH+-HXK=T+H+J

in Mg"". This is a system of the form (30). From (26), we get the equation
allowing to find X :

Then X = XoI+X H—1J—1K, for any Xo,X; € R. From formula (33), we
obtain:
1 1
Y = HKJ-HJ (XOI+X1H—§J—§K) HJ

1.1
= (1+ Xo) I—XlH—gJ—ﬁK,foranyXo, X; eR.

In that case, the solution of the sytem (36) has the form

X = X+ X;H-3J-1K,
Y = (1+ Xo)I-X;H-1J-1K,

for any Xy, X; € R.
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3.3 The General Linear Matrix Quaternionic Equation
with One Unknown and Systems of Equations with
Two Unknowns

In this section ,we search for a solution of the general linear matrix quaternionic
equation:

N
> aXB=p. (39)
s=1

We can write the equation to which (39) is equivalent:

AXo+[(A — 2B)H — 2C4] X1 +[(A — 2B) I — 2Cs] Xo+[(A — 2B) K — 2C5] X5 = p,
(40)
N N N —_
where A = > a0, B=)_ &Sz, Cy=>. asﬁéq), q=1,2,3. Ifall 3, € My™",
s=1 s=1 s=1
then A = B.
We denote
A = A01+A1H + AQJ —|— AgK, (41)
(A-2B)H - 20, = A=A+ \H + \J + K,
(A — 23) K — 203 = vV = UoI+U1H + 'UQJ + 'U3K.

Then equation (39) is equivalent to the system

Ao Xo+ X1 + 1o X2 + v X3 = po,
A Xo+ Xy + X +v1 X35 = py,
As Xo+Ao X1 + 12Xy + 02 X3 = po,
Az Xo+A3 X1 + p3 Xy + v3X3 = ps.

(42)

We now note the following proposition which is can directly be derived from

(39).
Proposition 3.5 If X = X, + X is a root of equation (39), then:
1. (=X) is a root of equation (39) if and only if p = 0;
2. the conjugate X is a root of equation (39) if and only if AX, = p.
Proof 3.6 The proof follows from (40).

Consider any system of linear quaternionic matrix equations of the form

n

AYB+ Y. C,XD, = E,
T = l (43)
Z FmYGm+Z’th5t:H7
m=1 t=1
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where A # 0, B # 0, C,, D,, E, F,, Gy, VW, 0, H be known matrix
quaternions, X, Y are unknown.

From the first equation of the equation (43) we can find Y as an expression
with X and substitute it into the second equation of the (43), then for X we
have an equation of the form (39) with N = rn+1[. From (42) we find X, and
then we find Y. Let the following system of general form be given:

n

AYB,+> C,XD,=E,
(44)
F,YGp, + > X0, = H.
t=1

M=

Il
—

T

M%

m=1

In order to solve system (44), we write every addend > A, Y B,, > C,XD,,
T=1 p=1
r l
> FoYG, > X6 in the form similar to (40) :
=1

m=1
;ATYBT =AYy + [(A-2B)H-20\|vi + [(4-2B) 3 - 2G| v; (45)
+[(A-2B) K —26G)] vs,

Cy=> ABY ¢=1,2,3

=1

where A =

1

ATB7'7 E - Z A7'E>T7
= T=1

T

;CpXDp = Ay + [(A-2B)H-20,| i + [(A-2B) 3 - 26| v> (46)
+[(A-2B)K - 2G| vs,

n n

~

where A =
P

C,D,, B =
1 P

CP‘H;’ 6; = Z CPD£Q)7 q= 172737
1 p=1

D FunY G =AYy + [(A' = 2B")H = 20|V + [(A' = 2B') J — 2C4] Vs (47)
m=1

+[(A = 2B K — 2C}] Vs,

where A' = 3" FGp, B'= Y FuGo, Ch = 3" F,GY, g =1,2,3,
m=1 m=1 m=1

l
Y X6 = AYy + [(A” — 2B")H - 20|V + [(A” — 2B") T — 2C4] Y (48)
t=1

(A" —2B" K — 2CY] Y,
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! I !
where A” = " v4;, B" = Z%E}, Cl=> %(SE‘]), qg=1,2,3.
t=1 t=1 t=1

We shall introduce notations similar to those of (41) , then each of the equa-
tions of system (44) will be equivalent to a system of four equations with eight
unknowns. Thus, the system (44) with two matrix quaternionic unknowns
X,Y is equivalent to a system of eight equations with eight real unknowns
X, Y, n=0,1,2,3.

m L
Finally, we mention two applications of these results.

Example 3.7 Consider the following system:

(49)

Y —HXJ-JX(H+7J) =0,
KYJ+(H-K)YH+JXK +KXJ =231

in M5™". This is a system in the form (43). From the first equation of (43)
we find Y and substitute it into the second equation of (43). Then we have
the following equation:

231 = -JX + HX (I-K) (50)
+(I+J)XK+(H+K)X (-I-K)
+JXK + KXJ

We calculate coefficients of the equality (40) for the case of (49):

A= -J+HI-K)+(I+J)K+ H+K)(-I-K)+JK+KJ=1I+H+J,
B = -J-HK+(I+J)K+(H+K)K+JK+KJ=I+H+J+K,
¢, = C2=00C;=1-2H+J-K.

Then to find X we use the following system (obtained by (41),(42)):

Xo+ X, + X, = 23,

Xo — X, +2X5 4+ 3X5 =0,

X0—2X1—X2—X3:O,
X —Xo+X3=0.

(51)

Consequently, it has one solution: Xg =13, X1 =7, Xo =3, X3 = —4. That is
X = BI+7TH+3J—4K. Then Y = HXJ+JX (H+J) = —13I+H-17J—4K.

Example 3.8 Consider the following system:

0=HYJ+JYH+KXH+HXK,
K=I+H)YI+N)+IA+NHYIA+H) +I+K) X T+H) (52)
+(I+H)X(I+K).

in My™". This is a system of the form (44).
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__ For the first two addends of the first equation we calculate coefficients:
A=B=0, Ci=J, (C;=H, C;5=0.

For the third and_fourth addends of the first equation we calculate coeffi-
cients: A= B = 0, 1=K, Cy,=0, C3=H.

For the first two addends of the second equation we calculate coefficients:
A =21+2H+2)J, B=H+J, Ci=1+J, C;=1+H, C,=0.

For the third and fourth addends of the second equation we calculate coeffi-
cients: A” =2I1+2H+2K, B" =H+K, ¢/ =1+K, C/ =0, C,=1+H.

Then similarly to (40), we have a system with two equations:

( 0=-2JY; — 2HY,; — 2KX; — 2HXj,
2K=(2I+2H+2)) Y, + (-2I+2H - 2))Y;
+ (=21 —2H + 2J) Y5 + 2KYj3

) + (21 + 2H + 2K) X,
+(—2I+2H - 2K) X;
+2J X, + (—2I — 2H + 2K) X3.

\

From the last system we reach the following system with eight real unknowns:

( Yo+ X3 =0,
Yi=X,=0,

Yo— Y1 Yo+ Xo— X1 — X3=0,
Yo+ Y1 =Yoo+ Xo+ X — X3=0,
Yo—Yi+ Y+ Xp =0,
Y+ Xo— X +X5=1.

(54)

\

Therefore, the one solution of the system (52) and accordingly of the system
(52) is

Y = (X3+Y;—1)I-X3J+ V3K

for any X5,Y3 € R.

4 Conclusions

In this paper, a new computational method based on the embeddings of the
quaternions into real field was proposed for solving some linear matrix quater-
nion equations. Such problems can be transformed into linear real systems of
algebraic equations which can be directly solved by the inverses and general-
ized inverses of matrices. Applicability and accuracy of the proposed method
were checked on some examples.
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