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quaternions by inspiring from these definitions and discussed some properties of them.
Recently, the elliptic biquaternions, which are generalized form of the complex and real
quaternions, have been presented. In this study, we introduce the set of Fibonacci elliptic
biquaternions that includes the set of complex Fibonacci quaternions as a special case, and
investigate some properties of Fibonacci elliptic biquaternions. Furthermore, we give the
Binet formula and Cassini’s identity in terms of Fibonacci elliptic biquaternions. Finally,
we give elliptic and real matrix representations of Fibonacci elliptic biquaternions.

1. Introduction

Real quaternions and complex quaternions were introduced by Hamilton in 1843 [1] and 1853 [2], respectively. The set of real
quaternions and the set of complex quaternions are represented as

H={w=wo+wii+waj+wik: wo,wi,wz,wz € R} (1.1)
and
He ={W =Wy +Wii+Waj+ Wik : Wy, W), Wo, W5 € C}
respectively where the quaternionic units i, j and k satisfy

F=f=K=-1, ij=—ji=k, jk=—kj=i, ki=—ik=j.

As a consequence of the representations given above, a complex quaternion W can be written as
W =w+iw*, ?=-1 (1.2)

where w and w* are real quaternions.
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In 1963, n — th Fibonacci quaternion
W,=F, +Fn+li +Fn+2j +Fn+3k

was introduced by changing the components in equation (1.1) with the consecutive Fibonacci numbers by Horadam. Also,
Horadam similarly defined the n — th Lucas quaternion

T,=L,+ Ln—Hi + Ln+2j + Ln+3k~
Here L, and F, are n —th Lucas number and n — th Fibonacci number, respectively [3].
On the other hand, the complex Fibonacci numbers were defined as
Co=F,+iF 1, i2 =-1

in [3]. Then, Halic1 expanded this definition to the complex quaternions with the name ~’n — th complex Fibonacci quaternion”.
Halic1 gave this definition by changing the real quaternions w and w* in the equation (1.2) with consecutive Fibonacci
quaternions W, and W,,;; as in the following [4]:

Ry =W+ W1, i*=-1.

There are many studies on Fibonacci quaternions and complex Fibonacci quaternions in the literature. The readers are referred
to the studies [3]-[8] for these topics.

Recently, Ozen and Tosun have expressed elliptic biquaternions comprising the complex and real quaternions [9]. The set of
them is given as follows:

HC,={U =U+Uii+Uj+Usk : Up,U;,U>,Us € Cp}

where C, = {u +Ihv:iuveR, P=p,pc R‘} indicates the set of elliptic numbers. The system of elliptic numbers is a
one-parameter family of generalized complex number systems. The readers are referred to [10]-[14] for some interesting
studies on the generalized complex numbers and elliptic numbers.

For any two elliptic biquaternions U = Up + Ui+ Uj+Usk € HC, and V =V + Vii+V2j+ V3k € HC,, addition and scalar
multiplication by A € C,, are given by

U4V = (Up+Vo)+ Ui +W)i+Ur+Va)j+ (Us+V3)k
AU = (AUp) + (AUY)i+ (AU»)j+ (AU3)k

and also, the multiplication of U and V is defined as in the following [9]:

uv = [(UVo) — (UiV1) — (UaVa) — (UsV3)] + [(UoVh) + (UL Vo) + (UaV3) — (UsVa)] i
+[(UoV2) — (U1 V3) + (U2 Vo) + (UsV)] j+ [(UgV3) + (U V) — (U2 Vi) + (UsVo)] k.

Moreover, the Hamiltonian, complex and total conjugates of U are as below:

U = Uy—Uii—Uj—Usk
U = Uy+U%i+U"j+Us*k
Ul = Uy —U'i—Ur'j—Us'k

where superscript stars on Uy, Uy, U, and Uz denote the usual complex conjugation. On the other hand, the semi-norm of U is
defined as [9]:

NU) = Ug®> + U > + U + U52.

In the next section, we introduce Fibonacci elliptic biquaternions and give their some properties. In the last section, we give
elliptic and real matrix representations of Fibonacci elliptic biquaternions.

2. Fibonacci elliptic biquaternions and their some properties
Thanks to [15], we know that p—complex Fibonacci numbers are given as in the following:

(Cﬂ)n:Fn+1Fn+17 IZZPGR



12 Fundamental Journal of Mathematics and Applications

where F;, is the n —th Fibonacci number. Here, we consider the case p € R™ and call these numbers Fibonacci elliptic numbers.
Thus, n — th Fibonacci elliptic number is defined as

(Cp), = Fn+1Fy 1, P=peR.

By following the method given in [4], we expand this definition to the elliptic biquaternions with the name ”’n — th Fibonacci
elliptic biquaternion”. That is, n — th Fibonacci elliptic biquaternion is given by

Up), =Wa+1Wyi1, P=peR™
where
Wo = Fy+Fy1i+ Fyoj + Fosk
and
Wit = Fag1 + Fp2i + Fyi3j + Fppak
are consecutive Fibonacci quaternions. Therefore, (U, P)n can be written as follows:
(Up), = (Fy+1Fyi1) + (Fup1 + IFpi2)i+ (Fyio +1Fpi3)j+ (B3 +[Fpia)k, IP=peR™. 2.1

As a consequence of the definition of Fibonacci elliptic numbers and the equation (2.1), (U,),, can also be given in the following
form

Up), = (Cp),+ (Cp)piri+ (Cp)ind + (Cp), sk, P=peR™.

Thus, (U,), includes a scalar part

S((Uﬂ)n) = (Cp)n

and a vectorial part

4 ((UP)n) = (Cp)n+1i + (CP)n+2j + (CP)n+3k'

The Hamiltonian, complex and total conjugates of (U,), can be found as

(UI’)n = (CP)n - (Cp)n+li - (Cl’)n+2j - (Cp)n+3k
(Up)y = (Cp)y+(Cp)pyii+(Cp)yy i+ (Cp), sk
T * * . * *
(Uﬂ)n = (Cp)n - (Cﬂ)n+1 1= (Cp)n+2J - (Cp)n+3 k
where (Cp); = F, —IF,;. From here, it can be easily seen that the following identities hold:
(Up),+(Up), = 2(Cp),
(Up),+WUp): = 2W,.

The semi norm of (U,), can be given as in the following:
N ((Up)n) = (Cp)i + (CP);21+1 + (CP)iJrz + (Cp)i+3'
If we use the identities
Fo1+F1=L, ncZ*
and
F24+F2 =Py, nc’
given in [16], we get

N ((Up),) = (Foans1 + PFony3+ Fouts + pFoni7) + 21 (Fuyi L1 + Frizlags) .

Note that we will show the set of Fibonacci elliptic biquaternions with FHC,, throughout the paper. For negative indices, the
Fibonacci elliptic biquaternions can be given as in the following lemma.
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Lemma 2.1. For (U,), € FHC,, the equality
(Up)_, = (=1)"[(=Fy+1F—1) + (Foe1 —IFy )i+ (—Fy2 +1F,3) j+ (Fi—3 — IF,_4) K]

is satisfied.

Proof. By considering the definition of the Fibonacci elliptic biquaternions and the equality F_, = (—1)”+1Fn given in [17],
we can write the followings:

(Up)_, = (Fon+IF 1)+ (Foppt +IF )i+ (Fopo +1F_p33) j+ (Fopi3 +1F_pa) K
n HIF_ o)+ (oot HIF- 2 i (F ) HIF- u3) ) § + (F_u3) + IF_ (14 K

(F
(F
(1 B 1) ot )+ () By +1(=1)" B )i
N
(=

(( ) Fa- 2+I( l)nian—3)j+ ((_])nian—3 +I(_1)n73Fn—4)k
) [( F +1Fn 1) + (anl _IFn72)i+ (_Fn72 +IE173)j + (Fn73 _IFn74) k} .
O
Now, we give the following theorem which reveals an essential relation between the Fibonacci numbers and Fibonacci elliptic
biquaternions.
Theorem 2.2. (Binet Formula) For (U,), € FHC,, Binet formula is given as
(Up)n = (Up)an + (Up)anfl

where n > 0.

Proof. By direct calculation, the followings can be written easily:

Up) 1B+ (Up)oFar = (A +HIFR)+ (R +1F)i+ (F3+1F)j+ (Fs +1F5) K] F,
+[(Fo+IR)+ (Fi+1R)i+ (F,+1F)j+ (Fs+1F)K| F,—
= FF,+FBEi+FBEj+FFXk+I(FF,+ F3Fi+ F,Fj+ FsFK)
+FoFy—1 +FiF i+ BF 1 j+ BE o k+ 1 (FiFy -+ BFy i+ FF 1§+ FaFy - k)
= [(FoFp1+FF)+1(FiF 1 +RE)]+[(FiF + BF)+H1(BF 0+ BRI
+(RF1 + BFy) + (B + FF)]j+ [(F3 -1 + FaFy) +1(FaFy + FsFy) k.

Using the identity
FuFp+ Fy 1Byt = Fyns1, mn €27
given in [5] and the equalities
kb1 +FF,=0F 1 +1F,=F,

and

RFE,  +EBF,=1F_ 1 +1F,=F,_1+F,=F1,
the proof is completed. O
Theorem 2.3. (Cassini’s Identity) For (U,), € FHC,, Cassini’s identity is given as

Up)p_ i1 WUp) iy — (Up)i = (—1)" (2W1 =3k — pF{Ty — pFaWo + 3pFs ) + 1 (Wy— 1 W2 — Wy Wy i)

wheren > 1.

Proof. By direct calculation, we get
(Up)nq(Up)nH - (Up)i = (anl +1Wn) (Wn+1 +1Wn+2) - (Wn +IWn+l)2
= Wy itWis1 + pWaWoio +1 (W Wit + Wy 1Wign) — (an +pW,,2+1 +21Wan+1)
WuoiWop1 — +P(W W2 — n+1)+I(Wn71Wn+2_Wan+l)~
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Using the identities
Wi W1 =W, = (—1)" (2W; - 3k)
and
Wi 1— Wos14r — Wiy = (= 1) [F2 Ty + For (Wo —37)] (for r=1)

given in [5], the proof is completed. O

3. Matrix representations of Fibonacci elliptic biquaternions

In this section, elliptic and real matrix representations of Fibonacci elliptic biquaternions are given by emphasizing the
isomorphisms which determine these matrix representations.

3.1. 2x2 and 4x4 elliptic matrix representations of Fibonacci elliptic biquaternions

Thanks to Ozen and Tosun [18], we know that there is a faithful relation between the elliptic biquaternions and 2x2 elliptic
matrices. Every elliptic biquaternion U = Uy + Ui+ Usj + Usk € HC,, has a 2x2 elliptic matrix representation

Up+—=IU; —Up———IU
o= | g W o L
U, — —=IU Uy — —=1U
2 \/m 3 0 \/m 1
which is determined by means of the following linear isomorphism [18]
GZH(CP — Mo ((Cp)
Up+—=1Uy —Uy——=IUs
U=o)= U—@IU U—ﬂU
2 \/m 3 0 \/m 1

Let us consider the restriction of this isomorphism to the set of Fibonacci elliptic biquaternions. Then we get the following
isomorphism:

6" :FHC, — o(FHC,) C M2, (C))
(Cp)n + ﬁl(cp)nﬂ _(Cp)n+2 - ﬁl(cp)n%

Cp)n+2 - ﬁl(cp)n%ﬁ (Cp)n - ﬁl(cp)wrl

(Up), — o~ ((Up)n) = (

Thus, we can give the following definition by using the equality I = p = —/|p|/|p|-

Definition 3.1. The matrix

Fo—/IpIF, )+1 1+ \F (an +/IplE, )71 1+ \F
( |P\ +2 < p) +1 +2 |P| +4 \/@ +3
(Fusa+ V/IPIFasa) +1 (1 - ﬁ) s (Bt VIplFa) +1 (1 - \H Jo

derived from 6* ((Up), ) is called 2x2 elliptic matrix representation of (Up),.

Xo X1 X X3
X1 X X5 X
X X5 X —X
X3 X X1 Xo

On the other hand, there is an isomorphism between the matrix space M = 1 X0, X1,X,X3€C,

and the elliptic biquaternion space HC,, [19]:

Y:HC, = M
Uo -U —U, —Us
U=rU= 0, vs U -0
U, -U» U U
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Similarly above, if this isomorphism is restricted to the set of Fibonacci elliptic biquaternions, it is not difficult to see the
following isomorphism

Y :FHC, — y(FHC,)CM

» (
_ | (G), €y —(Cpluys  (Cp),
Up), = ¥ ((Up),) = (Ci)n: (Cp§n+3 (CZ)n+3 _(gp):jl
(Cp)n+3 _(CP)nJrZ (CP n+1 (Cp)n

Then, we can give the following according to definition of n — th Fibonacci elliptic number.

Definition 3.2. The matrix

E,+1F —Fo1 —IF2 —Fopo—1F3 —Fy3 —1Fpg
Foi1 +1F, 12 F,+1F, —F3— IR Fo+1E s
Foa+1F3  Fys+1F g F,+1F, —Fi1 — 1k

Fos+1Fa —Fo— 1IR3 B+ 10 F,+1F,

derived from v* ((Uy),) is called 4x4 elliptic matrix representation of (Up)

v
3.2. 8x8 real matrix representations of Fibonacci elliptic biquaternions

In the study [20], Ozen and Tosun obtained 8x8 real matrix representation of an arbitrary elliptic biquaternion in the space
HC,. However, the isomorphism that determines this representation was not emphasized with its domain and range in this
study. So, we are not able to apply the method of restriction as in the previous subsection. Here we give particular importance
to get an isomorphism whose domain is FHC,, and whose range is a special 8x8 real matrix set. Because of this, we need
some preparation.

From [21], it is known that there is an isomorphism between the elliptic matrix set Max4(C,) and real matrix set M5 ¢(R) as
in the following:

W Myxa (Cp) — M€§2><8(R)

A=A +1A; — q/(A){ AL —Vipi

VIplAz Ay

G~V :G,HEM4X4(R)}.

where M§* ¢ (R) = { [ e G

Since y(FHC,) C M C M4 (C,), we can restrict the isomorphism y to the set y(FHC,). If we do this, we have the
isomorphism y* : y(FHC,) — y(y(FHC,)) C M§¢(R). To obtain 8x8 real matrix representations of Fibonacci elliptic
biquaternions is the aim of us. To do so, we write y* ((Up) n) as follows:

v ((Up),) =Bi (n)+1IB; (n)

where
o —F1 —Fo —Fs
F, F, —F.3 F.
B: (n) = n-+ n n+2 n+ eEM R
1( ) Fn+2 Fn+3 Fn —Ln+1 4X4( )
Fn+3 —Lp42 F;Prl Fn
and
Forr —Foo —Fus —Faag
Foro For —Fa Fags
By (n) = eEM. R).
2( ) Fn+3 Fn+4 Fn+1 —I'p42 4X4( )
Fora —Fiys Fopo Fag

Then, the compound function § = y* o ¥* yields the following isomorphism:
§: FHC, — y(y(FHC,)) C Mg.4(R)

[ Bi(n)  —/IpIB2(n)
(Up), = 8 ((Up),) = \/ﬁgz n) B (n§ '

Consequently, we can give the following definition.
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Definition 3.3. The real matrix

F — Ll —lpy2 —l'py3 —V/plFat1 |p|Fy3 |p|Fuy3 |p|Frya 1
Fati F, —Fnys3 Fita —V/p|Fni2 |p|Frya \PlFuia —/1p|Foss
Fn+2 Fn+3 F RN - |p‘Fn+3 - |p‘Fn+l - |p‘Fn+l |p|Fn+2
Fnyi3 —Fpi Fyia Fy —VIplFara =/ IPIFiv2 —/IPlFar2 —/IPIFt
IplFas1 =/ IPlFis2 —V/IPIFass  —/|pIFasa F, —lntl —lnt2 —I'nt3
|p|Fn+2 |p|E1+l - |p|Fn+4 |p|Fn+3 Fup F — 143 Fuio
|p|Fn+3 |p|Fn+4 |p|Fn+1 - |P|Fn+2 Fa2 Fats F —I'n41

L IplFara —/|PIFut3 |pFni2 |p|Fas1 Fit3 —lnt2 Fot1 F,

derived from & ((U,),) is called 8x8 real matrix representation of (Up), .

4. Conclusion

In this study, Fibonacci elliptic biquaternions and their some properties are introduced. Also, Binet formula and Cassini’s
identity are given in terms of Fibonacci elliptic biquaternions. Moreover, real and elliptic matrix representations of Fibonacci
elliptic biquaternions are derived.

When p = —1, the set of elliptic numbers matches up with the set of complex numbers. In that case, the set of elliptic
biquaternions is reduced to the set of complex quaternions. Therefore, Fibonacci elliptic biquaternions can be seen as
generalized form of complex Fibonacci quaternions that take an important place in the literature.

The use of matrix techniques gives us many advantages in many areas of science. In this respect, this study can be seen as the
first step of the future studies which will be presented by using the matrix representations of Fibonacci elliptic biquaternions.
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