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New Curiosity Bivariate Quadratic
Quaternionic Polynomials and Their Roots

Ilker Akkus and Gonca Kizilaslan

Abstract

We consider the second-order linear homogeneous quaternion recur-
rence solutions for some new curiosity bivariate quadratic quaternionic
equations.

1 Introduction

The introduction section can actually be dealt with in three points of view:
real, quaternion and mixed.

Real Point of View and Initial Motivation:

The integer pairs of solutions of the quadratic equations az? + bxy + cy? +
d = 0 for some special integral numbers a, b, ¢, and d are found interesting by
several researchers, see [3, 4]. The well-known general form of a real quadratic
form is as follows:

A real standard quadratic form ¢ in n-variables z;, 1 < i < n, over
a K field is a homogeneous polynomial structure such that every
term has degree two with coefficients in K i.e,

2
q(wl,xg,...,xn): E cr; + E dijxixj.
7

1<j
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If it is defined on the field K, let us emphasize that our only constraint is
that the characteristic of K must be different from 2. Some types of quadratic
forms are particularly concerned with conical sections. Hence, the conical
sections are pleased by successive pairs terms of the well-known Lucas and Fi-
bonacci integer number sequences are also found considering by many authors,
see [9, 10].

We will give a brief introduction to quaternion algebra and polynomials
over quaternion algebra, as we will deal with quadratic quaternionic equations.

Fundamentals of Quaternion Algebras:

Definition 1.1. The Hamilton’s quaternions are defined by
H:={ag+a1i+azj+ask|a; € R,0<i<3}
where
i?=j=k>=ijk=—1.

For a quaternion ¢ = ag + a1i + asj + ask, its conjugate ¢* is the quaternion
q* = ag —a1i+asj+ask. The norm and trace of the quaternion ¢ are denoted
by N(q) and Tr(q), respectively and defined as

Tr(q) =2a9 and N(q) = a3 +a} + a3 + aj3.
Second-Order Linear Quaternionic Recurrence Relations:

Many researchers studied the quaternions which are called as quaternion
sequences by taking components from different well-known special number
sequences. One of the earliest studies are about the quaternionic homogeneous
recurrence sequences with components Lucas and Fibonacci numbers. In [7],
Horadam described the second-order homogeneous Lucas quaternion sequence
and Fibonacci quaternion sequence as

Vo= Ln+ Ln+1i + Ln+2j + Ln+3k

and
Qn = Fn + Fn—i—li + Fn+2j + F7L+3k

where L, and F,, are the nth Lucas numbers and nth Fibonacci number, re-
spectively. In [8], a generalization of Fibonacci quaternion sequence is studied.

Definition 1.2 ([8]). Let n > 0 be an integer and q and p be nonzero real
numbers such that p*> + 4q > 0. (p,q)—Fibonacci sequence F,, := F,(p,q) is
described by the following recursive relation:

In :qg'n72 ‘f’P?n—l
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with Fy = 0 and F1 = 1. Then using this number sequence, (p,q)— Fibonacci
quaternion sequence QF, := QF,(p, q) is described by the following quater-
nionic recursive relation:

QF 3 =Fp_3+TFp_2i+ :Tnflj + k.
Quaternion Point of View:

A monic quaternion polynomial structure with n degree in the quaternion
indeterminate x is defined by

p(x) =2" + goo12™  + o+ qo (1.1)

where qg,q1, -+ ,qn_1 are quaternions. We call that « is a root of the quater-
nionic polynomial structure p(z) if p(a) = 0. The roots of polynomials over
special algebraic structures are considered by some researchers, see [2, 6, 11,
12]. Niven proves the existence of a quaternion root of polynomials over real
quaternions with a simple algorithm which based on the norm and trace of a
quaternion [11]. In [14], the authors give a more practical perspective to find
the norm and trace by using the fact that the norm and the trace of the zero
can be found by the companion matrix related to the polynomial. In [12],
another algorithm is given to find the roots of a polynomial over quaternion
algebra.
In [16], authors are interested in the equations of the following form

¢ s
22 + Za(j)xﬂ(j) + Z,\/(j)x*g(i) = —d (1.2)
j=1 j=1
where
o = a(()j) + ozgj)i—kagj)j +o¢§j)k,
BU = ﬂéj) +ﬁ§j)i+ﬂ§j)j +5§j)k’
7 = )+ i+ g5 450k,
5@ — 5(()i) +5§i)i+6§i)j +(5§i)k,
d = dy+dii+dsj+ dsk

are quaternions and a%), ,(75)7 'yﬁé), (5,(7?, d, are real numbers, m =0, 1, 2, 3,
g =1, 2---,t, 1 =1,2,--- ;s and t,s are nonnegative integers. For any
quaternion ¢ = qo + q1i+ g2j + g3k, they defined the matrices R(q), I(q), J(q)
and K (q), see [16], in the following way:

qo —q1 —q2 —(g3 q1 qo q3 —q2
—q1 —q0 43 —q2 g —q1 Q2 g3
R = 9 I = 9
(Q) —q2 —4¢3 —qo Q1 (Q) g3 —q2 —q1 —qo

—qs3 q2 —q1 —qo —q2 —qs3 q0 —q1
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q2 —qs3 qo q1 qs3 q2 —q1 qo
—q3 —q2 —q1 Qo q2 —q3 —qo —q1
J - ) K =
(q) qo q1 —q2 g3 (Q) —q1 4o —q3 —42
q1 —qo —q3 —Qq2 qo q1 q2 —qs3

and obtained the following result.

Theorem 1.3 ([16], Theorem 2.1.). = = ag + a1i + a2j + ask is a solution of
(1.2) if and only if (ag, a1, as,as) fulfills the equations

gi(ao, ar,as,a3) =0, 1=0,---,3.

Here
go = aj—aj—a3—aj+
aéj) %()i)
t ) o9 s @ 7(i)
(a0, a1, az,a3) ¢ R(BY) aij) +> DR(§Y) ,yii) + do,
=1 ) i=1 .
agj) ’Vé )
g1 = 2apa; +
a(()j) ,y((Jz)
t oD s ) ,Y(l)
(a07a17a27a3) ZI(B(J)) Oé%j) +Z‘DI(5(1)) ’}/]EZ) +d17
7j=1 2, =1 2
agj) ’yéz)
go = Z2apas +
a(()j) ’Yél)
o@D s ) 7(i)
(ao, a1, az,a3) ZJ(BO)) a%j) +ZDJ(5(1)) ,y%i) +da,
j=1 2. i=1 2
ozgj) ’Yé )
g3 = 2apas +
aéj) ,y(()l)
t ) al? s @ 7(1')
(ao, a1, az2,a3) ZK(ﬂj ) aij) +ZDK(5Z) réi) + d3
j=1 . i=1
aé]) V:S, )

and D = diag(1,-1,-1,-1).

Quadratic left polynomials are also studied in [13]. These polynomials are
considered over the ring of split quaternions. They are interested in factoriz-
ability of a quadratic split quaternion polynomial.
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The linear quaternionic equations are also found interesting. In [15], the
solutions of the linear quaternion equation are considered. In [5], they study
some equations in generalized octonion and quaternion algebras.

Mixed Point of View:

As the equations which are satisfied by the pairs of Lucas and Fibonacci
numbers are found interesting by many authors, we think that quaternionic
equations whose solutions are pairs of Lucas and Fibonacci quaternions will
also be interesting. In [1], we are interested in some quaternionic equations
and found the Lucas and Fibonacci quaternion pairs of solutions. In the
current paper, we consider the quaternion zeros with integer components of
some equations of the following form

2 —azy+y® = g

where x,y and ¢ are quaternions and a is an integer. Also, after some experi-
ments, we obtain that for m > 2, the curiosity generalized equation

x2_(22m_2)my+y2_2m+1[_2m+i+<23m_2m+1)j+<1_22m+1+24m—1)k] =0

has (p,q)—Fibonacci quaternion solutions according to the selection of the
quaternion y.

2 Solutions of Some Bivariate Quadratic Quaternionic
Equations

Throughout this section, let m be an integer and x = zg + x11 + x2j + x3k be
a quaternion with integer coefficients.

2.1 Some Bivariate Quadratic Quaternionic Equations and Their
Commutative Correspondences

Definition 2.1. Let a,b,c be reals and q1 and qs are real quaternions. The
quadratic quaternionic equations ay® + bxy + cx® + ¢1 = 0 and ay® + byx +
cx? + q2 = 0 are called commutative correspondences when they have a same
quaternion solution with integer coefficients.

The following results can be obtained easily by Definition 2.1.

Proposition 2.2. If the quadratic quaternionic equations f(x,y) := ay® +
bry + cx® + q1 = 0 and g(x,y) := ay® + byx + cx® + q2 = 0 are commutative
correspondences, then the equation mf(z,y) + ng(xz,y) = 0 for real numbers
m and n becomes also commutative correspondences with them.
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Proposition 2.3. Commutative correspondency is an equivalence relation.

We will consider the bivariate quadratic quaternionic equations in the fol-
lowing forms and their some commutative correspondences

:czfxynyqul:O and x273xy+y2+qQ:O,

where ¢1, g2 are some real quaternions. In these types we will find the solutions
by using their equivalent real quadratic forms.

Theorem 2.4. Let quaternion y be m times the Lucas quaternion. Then the
equations
2% —zy —y? +5m>(2 4 2j + 5k) = 0 (2.1)
and
2% —yx — y? +10m? 4+ 10m?i + 20m?j + 15m?k) = 0 (2.2)
are commutative correspondences. The quaternion solutions whose coefficients

are integers are of the form (x,y) = £(mVapi1,mVay,).

Proof. We will find the quaternion zeros with integer components of the above
equation (2.1). Equation (2.2) can be solved similarly.
Let y = mVs,. It can be shown that

V2 = —N(Vap)+2L2, +2LoyLopi1i+ 2Ly Lopyoj + 2Lon Loy sk
= —15Fy43+2L3, +2LopLopiqi+
2L2nL2n+2j —|— 2L2nL2n+3k. (23)

Then we have

2 .2 .2 .2
x5 — a1 — x5 — x5 — m(Lopxo — Lop+121 — Lapt22o — Lopysxs) +do =0

2xox1 — m(Lant120 + Lon@1 + Lony3xe — Lonioxs) +di =0
2x9xo — m(Lontaxo — Lont321 + Lonxa + Lopi123) +da =0

2x9x3 — m(Lopt3xo + Lopto1 — Lony122 + Lopzs) +ds =0
where
d = —m?V3, +5m*(2 + 2j + 5k)
m2[10 4+ 15Fy,, 13 — 213, — 2La, Lop 111+ (10 — 2L, Loy 4 2)j +
(25 — 2Ly Loy 3)K]
= dg+dii+dsj+ dsk.

From these equations we obtain the zero x = mVa, 1. A similar consideration
shows that when y = —mVs,,, we have the zero z = —mVa,, 4.
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Let y = mVa,41. Since

Vani1 = —N(Vant1) +2L53, 1 + 2Lant1 Lontoi +
2Lony1Lon43j + 2Lant1Longak
= —15Fu45+2L3, 1 + 2Ly i1 Lopioi +
2Lon+1Lont3j + 2Lon41Lont 4k, (2.4)

we have the following real quadratic form

2 .2 2 .2
xg — 21 — x5 — 23 — M(Lant120 — Lont221 — Lapy3®s — Lopyaws) +do =0

2z0x1 — m(Lant2x0 + Lony121 + Lonya®s — Lopqsxs) +di =0
2xoxe — m(Lany3xo — Lopntat1 + Lony122 + Lonioxs) +de =0
2xox3 — m(Lonyao + Lont3x1 — Lonyoxo + Lopta1as) +ds =0

where
d = —-m?V, 1 +5m?(2+ 2j+ 5k)
= m2[10 + 15F4n+5 - 2L§n+l - 2L2n+1L2n+2i + (].O - 2L2n+1L2n+3)j +
(25 — 2Lap41Lon+ya)K]
= dy+ dii+ doj + dsk.
But this form does not have real solutions. Similarly for y = —mVa, 41, the
real quadratic form has no solutions. O

Theorem 2.5. Let quaternion y be m times the Lucas quaternion. Then the
equations
2% —3zy +y* +5m?(2 - 2i+ 7k) = 0 (2.5)
and
22 = 3yx +y* +5m?(2+4i+6j+k) =0 (2.6)
are commutative correspondences. The quaternion solutions whose coefficients

are integers are given by (x,y) = £(mVapy2, mVay,).

Proof. We will find the quaternion zeros with integer components of the above
equation (2.5). Equation (2.6) can be solved similarly.

Let y = mVa,. Then using Equation (2.3) we obtain the following equa-
tions

2 2 2 2
Ty — ] — Ty — T3 — 3m(L2n560 - L2n+1171 - L2n+2562 - L2n+3173) + do =0

2z0x1 — 3m(Lapt120 + Lon®1 + Lopy3t2 — Lopiox3) +di =0
2z0x9 — 3m(Lopt2xo — Lonyst1 + Lon®a + Lopi123) +d2 =0
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2z0x3 — 3m(Lant3xo + Lonyot1 — Lont122 + Lopxs) +ds =0
where

d = m*Vi, . +5m*(2—2i+7k)

m?[10 — 15F4 5 + 213, 4+ (2L Lon 1 — 10)i + 2L, Loy 1 oj +
(35 4 2Lop Loy 3)K]

= do+ dyi+ doj + dsk.

From these equations we obtain the zero x = mVa, 2. A similar consideration
shows that when y = —mVa,, we have the zero x = —mVay, ;2.
Let y = mVa,41. Using Equation (2.4), the real quadratic form is

2 .2 .2 9
xg — 1 — x5 — x5 — 3m(Lopy120 — Lonyot1 — Lont322 — Lopiaxs) +dop =0

2xox1 — 3m(Laoptao + Lopt+121 + Lonyaxe — Lopiszs) +di =0
2xgxy — 3m(Laoptsto — Lapnt+a®1 + Lopy122 + Lopioxs) +de =0
2xoxs — 3m(Lontao + Lont321 — Lonyoxe + Lopiix3) +ds =0

where
d = m*Vi, ., +5m*(2—2i+7k)
= m?[10 — 15F 445 + 2L3, 1 + (2Lan+1Lanta — 10)i+ 2Lon 41 Lopiaj +
(35 4+ 2Lgp 41 Lop+4)K]
= do+ dii+ doj + dsk.
But this form does not have real solutions. Similarly for y = —mVa, 41, the
real quadratic form has no solutions. O

2.2 A Curiosity Generalized Bivariate Quadratic Quaternionic Equa-
tion

Now, we will consider the quaternion zeros of some special quaternionic poly-
nomials and then obtain a general polynomial with generalized Fibonacci
quaternion zeros.

Theorem 2.6. Let y be the generalized Fibonacci quaternion QF,,_1(4,—1).
The equation

22 — 1dzy +y? +32 — 8i — 448j — 776k = 0

has the quaternion solutions whose coefficients are integers in the form
(z,y) = (QFn41(4,-1),9F,-1(4,-1)).
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Proof. Let y = QF,,_1(4,—1). Let us denote F,(4, —1) simply by U,. It can
be easily shown that

QF2_ (4, 1) = 14U2 — 16U2, | + 2Up—1Upni + 2Uy—1Upy1j + 2Up—1Upi2k.
Then the equivalent real quadratic form will be

23 — 22 — a3 — 2% — 14Uy 120 — Upa1 — Uy 129 — Upyo23) +do = 0
2xox1 — 14(Upxo + Up—121 + Upgoxe — Upy123) +dp =0
2x0xy — 14(Ups120 — Upqowr + Up—120 + Upas) +da =0
2x0x3 — 14(Upsoxo + Upr121 — Upxe — Up—123) +d3 =0

where
d = QF2 [(4,-1)—8(—4+1i+56j+ 97k)
= 32+ 14U2 — 16U, + (2Up—1U, — 8)i + (2Up—1Un 41 — 448)j +
(2Up_1Upso — T76)k
= dop+ di1i+ doj + dsk.
From these equations we obtain that © = QF, (4, —1). O

Theorem 2.7. Let y be the generalized Fibonacci quaternion QF,_1(8,—1).
The equation

2?2 — 622y + y2 + 128 — 161 — 7936j — 30736k = 0

has the quaternion solutions whose coefficients are integers in the form
({E, y) = (fonJrl(& _1)a ngnfl(& _1))

Proof. Let y = QF,,_1(8,—1). Let us denote F,(8,—1) simply by U,,. It can
be easily shown that

QF2_1(8,—1) = 62U2 — 64U2, | + 2Up—1Upni + 2Uy—1Upy1j + 2Up—1 Uy i2k.
Then the equivalent real quadratic form will be

23 — 2 — 2% — 23 — 62(Up—120 — Upx1 — Upy122 — Uppow3) +do =0
2xox1 — 62(Upzo + Up—121 + Upgoxe — Upy123) +d1 =0
2x0x9 — 62(Ups120 — Upgowr + Up—129 + Upzs) +do =0
2xox3 — 62(Uptao + Uny121 — Upze — Up_q23) +d3 =0

where

d = QF2 (8,—1) —16(—8 +1i+ 496 4 1921k)
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128 + 62U2 — 64U2 1 + (2Up—1Up, — 16)i + (2U,,—1Upy1 — 7936) +
(2U,—1Un 2 — 30736)k

= do+ dii+ doj + dsk.
From these equations we obtain that x = QF,,11(8,—1). O

Theorem 2.8. Let y be the generalized Fibonacci quaternion QF, _1(16,—1).
Then the equation

2% — 622y + y2 + 4064 — 2541 — 1032256j — 8193278k = 0

has the quaternion solutions whose coefficients are integers in the form
(:Ev y) = (Qg:n+l(165 71)7 Q?n—1(167 71))
Proof. Let y = QF,,_1(16,—1). Let us denote F,(16,—1) simply by U,. It
can be easily shown that
Q72 (16, 1) = 254U2 — 256U2 1 + 2U,,—1Upi + 2U,,—1Up 1 + 2Up— 1 Uppok.
Then the equivalent real quadratic form will be
l‘g — I% - Ig - JC% - 254(Un_1930 - Unﬂﬁl - Un+1x2 - Un+2$3) + do =0
2x0r1 — 254(Un330 +Up—121 + Upyoxo — Un+1$3) +di =0
2x0T0 — 254(Un+1l‘0 —Upyox1 +Up_120 + Unxg) +do =0
2x0x3 — 254(Un+2$0 + Un+1$1 —U,x2 — Un,lxg) +d3 =0

where
d = QF% (16,—1) — 254(—16 + i + 4064 + 32257k)
= 5124 254U2 — 256U2, , + (2U,—1U, — 32)i +
(2Up,—1Upy1 — 130048)j + (2Up,—1U, 42 — 1032224)k
= dy+ dii—+ doj + dsk.
From these equations we obtain that z = 9%, 1(16, —1). O

Inspiring by the polynomials given above, the following theorem gives so-
lutions of a generalized polynomial.

Theorem 2.9. Let y be the generalized Fibonacci quaternion QF,_1(2™,—1).
Form > 2, the only quaternion zeros with integer components of the following
equation

are given by (m7y) = (Q?n+1(2m7 _1)7 Qg’nfl(zma _1))
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Proof. Let m > 2 and y = QF,,_1(2™, —1). Let us denote F, (2™, —1) simply
by U,. It can be easily shown that

QF2 (2™, —1) = (22" —2U2—22"U2,, +2U, Ui+

2Un71 UnJrlj + 2Un71 Un+2k-

Then the equivalent real quadratic form will be

x% —x? — 23— x§ — (22" = 2)(Up—120 — Upx1 — Upy122 — Upyox3) +dg =0

2.’]’30551 - (22m — 2)(Un$0 + Un—lajl -+ Un+2$2 — Un+1$3) + d1 =0
2z0ze — (22™ = 2)(Upy120 — Ungom1 + Up_122 + Upas) + do =0
2.1’0333 — (22m — 2)(Un+2$0 + Un+1l‘1 — Unl‘g — Un,1$3> + dg =0

where
d = QF (2", —1) = (2" (=2" i+ (27" -2+
(1 _ 22m+1 + 24m—1)k)
= 2MF2 4 (22 Q) U2 — 22U | + (2Up—1 U, — 27 4 22 F2)j
(2Up—1Upyq — 2mH 4 23m4 )5 4 (2U,_ Uy g — 2°™)k
= do +dii+ daj + d3k.
From these equations we obtain that z = QF,,11(2™, —1). O
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