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Abstract

In this paper, dual-complex Fibonacci numbers with generalized Fibonacci and Lucas coefficients are
defined. Generating function is given for this number system. Binet’s formula is obtained by the help of
this generating function. Then, well-known Cassini, Catalan, d’Ocagne’s, Honsberger, Tagiuri and other
identities are given for this number system. Finally, it is seen that the theorems and the equations which
are obtained for the special values p = 1 and ¢ = 0 correspond to the theorems and identities in [2].
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1. Introduction

In the 12th century, Fibonacci number sequence was introduced in Liber Abaci which was written by Italian

mathematician Leonardo Fibonacci. Then, this number sequence became important from three fundamental reasons.
Firstly, the elements of the sequence appear in many places of nature such as plants and insects. Secondly, we
get nearly the same rate when we divide any two successive Fibonacci numbers of the sequence. This number,
called the "golden ratio", appears in numerous fields from the proportion of the human body to the pyramids
of Egypt. Thirdly, there are many interesting features in the theory of these numbers. This number sequence is
obtained by adding two consecutive terms, the first two terms being 0 and 1. If the initial values are changed,
another number sequence is created that is completely independent from the Fibonacci number sequence. With this
in mind, the French mathematician Edward Lucas defined the Lucas number sequence by using the initial values
2 and 1, respectively and this number sequence gained serious popularity, too. The fact that the Lucas number
sequence is so widely studied in the literature that is there are many interesting identities between the Fibonacci
number sequence and this sequence.
Numerous studies have been done on Fibonacci and Lucas number sequences [1, 3, 10]. One of these studies
is on dual-complex numbers with Fibonacci and Lucas numbers. Dual-complex numbers with Fibonacci and
Lucas coefficients are defined in [2]. In this paper, we define dual-complex numbers by using the coefficients of
generalized Fibonacci and Lucas numbers. Then the addition, multiplication, conjugation and modules of these
numbers have been presented and identities have been obtained related to them. Also, the generating function
of the dual-complex number with generalized Fibonacci coefficient has been obtained and the Binet formula for
this number is proved. Finally, d’Ocagne’s, Honsberger, Tagiuri, Catalan identities have been found and Cassini’s
identity has been given in case of r = 1.

2. Preliminaries
Fibonacci and Lucas numbers are defined by the following recurrence relations
F0:07 Flz]-?"‘? FnJrl:Fn"'_anly nzl
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and
Lo=2, Lhn=1,..., Lpy1=Lp+Lp1, n=>1

where F,, and L,, are the n-th Fibonacci and Lucas numbers, respectively. Also, Binet formula for the n-th Fibonacci
and Lucas numbers are given by

F, = (" =p") and L, =a"+ 3", n>1 (2.1)

€
V5
(seeref.[9]).

In 1961 Horadam defined the generalized Fibonacci numbers by using Fibonacci numbers such as
Hy=p, Hy=p+q, pgqec’
the recurrence relation is given by
H,=H, 1+H, 3 n>3 (2.2)
and
Hy = (p=q)Fn + qFnpa. (23)

In this last equation, if we take p = 1 and ¢ = 0, then the generalized Fibonacci number corresponds to Fibonacci
number. If we take p = 1 and ¢ = 2, then the generalized Lucas number corresponds to Lucas number. Also,
Horadam defined Binet formula for the n-th generalized Fibonacci number as follows

1 n_ n

(seeref. [4]).
On the other hand, Majernik has initially introduced dual-complex numbers, [7]. Then, Messelmi has given the
algebraic properties of dual-complex numbers, [8]. The set of dual-complex numbers has been defined by

DC:{wzzl+225|zl,22 € C where 82:0,5750}.

Multiplication scheme of these basis elements is shown by follows:

Table 1. Multiplication scheme of the dual-hyperbolic units.

x |1 ) € 1€
1 (1 ) € | i€
1 i | =1 || —¢
e | el |0 0
i€ e | —| 0 0

If we take complex numbers as z; = 1 + z2i and 2 = y; + Y21, then any dual-complex number can be written
as
w=x1 + Tt + Y1€ + Y2l€.

There exists five different conjugates for this numbers and these conjugates can be given as follows:

|W\T1 = Z + Zze complex conjugation,

|W\T2 =21 — 29€ dual conjugation,

|W\T3 =7z — Z9€ coupled conjugation,

|w\T4 _ (1 _ %g) (we DC — A) dual — complex conjugation,
|W\T5 =29 — 21€ anti — dual ” conjugation,

where “— “ denotes the standard complex conjugation and the zero divisors of DC is defined by the set A, [8].
Namely, DC — A is a multiplicative group. The dual complex numbers form a commutative ring with 0 characteristic.
Unlike quaternions, the multiplication of dual-complex numbers with generalized Fibonacci and Lucas number
has a commutative ring structure. At the same time, the multiplication of dual-complex numbers with generalized
Fibonacci and Lucas number gives two-dimensional complex Clifford and 4-dimensional real Clifford algebra
structure.
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3. Properties of Dual-Complex Numbers with Generalized Fibonacci and Lucas
Coefficients

Dual-complex Fibonacci and Lucas numbers are defined by
DCF, = F, + Foy1i + Fpoe + Fpzie
and
DCLTL = Ln + Ln-‘rli + Ln+2€ + Ln+3’iE,

respectively. Here F}, and L,, are the n-th Fibonacci and Lucas numbers, respectively and ¢ denotes dual unit, i
denotes imaginary unit (i> = —1), ie denotes imaginary dual unit (ie? = 0). These numbers have been identified in
[2]. Modules, conjugates and some well-known identities for Fibonacci and Lucas numbers have been obtained
for them. Then, the correspondence of Binet formula for Fibonacci and Lucas numbers have been given. Also,
d’Ocagne’s, Honsberger, Tagiuri, Cassini and Catalan identities for these numbers have been found.

Now, let’s define dual-complex Fibonacci numbers with generalized Fibonacci and Lucas coefficients in the light
of paper [2].

Definition 3.1. H, is called generalized Fibonacci number which has recurrence relation such as
H,=H, 1+H, 2 oo H,=p-q¢F,+qF,+1, n>3 (3.1)
with the initial conditions
Hy=p, Ho=p+gq, H3=2p+gq,.. P, q € Z.

In that case, the set of generalized Fibonacci and Lucas number sequences are defined by

DCX ={DCX,, =R, + R)e = (H,, + Hy111) + (Hpt2 + H,y3ie) | H, is generalized Fibonacci number}
and

DCY = {DCY, = P, + Pye = (Vo + Vo119) + (Vg2 + Vigsie) | V,, isgeneralized Lucas number}

where ¢ is dual unit, 7 is imaginary unit and i is imaginary dual unit. Hence, basis elements of the dual-complex
numbers systems with generalized Fibonacci and Lucas coefficients are denoted by (1, i, ¢, ic).

Let DC X! and DCX? denote the dual-complex numbers with generalized Fibonacci coefficients. These numbers
are given by
DCX, =R, + R e = H, +H7ll+1i +H711+25 + H}! L3l

and
DCX2=R2+R¥e=H2+H: i+ H: oe+ H2 e,

respectively.

Addition, substraction and multiplication of these numbers are defined by

DOX) % DOXE = (Ry + Ry) + (R + Rie)
= (H! + H1+1Z +H}! ,e+ H} gie) & (H2 + H2, i+ H2 ,e+ H2, jic) (3.2)
= (H, + H,*) + (Hypr £ Hy )i+ (Hyypo £ HY p)e + (Hyyyg = Hy 3)ie

and DCX}! x DCX?2 = (R. + RL*¢) x (R2 + R2%¢)

= (H} + H1+1z + H} ye+ H}  qic) x (HZ + H2 i+ H2 oe + H?_ gie)

=(HH; —H\ H} )+ (H1H2+1 + H, o HY)i (3.3)
+(HyHy o — Hy HyY 3 — Hy 5 HY o+ Hn+2H2)
+ (HyHp 5+ Hy o Hy o + Hy o Hy g+ Hy s HY)ie,

respectively. Since dual-complex numbers with generalized Fibonacci coefficients can be expressed as



58 A. Cihan, A.Z. Azak & M.A. Glingor

DCX,, = Ry + Rie = (Hy, + Hyy10) + (Hyyo + Hyysi)e (3.4)

there exist five different conjugations. Then, we define these five different conjugates as

DCX/t = (Hy, — Hyy11) + (Hpyo — Hyy3i) € complex conjugation, (3.5)
DCXJ2 = (H, + Hpy17) — (Hpyo + Hypsi) e dual conjugation, (3.6)
DCXJs = (H, — Hpy14) — (Hpyo — Hpysi)e coupled conjugation, (3.7)
H, Hyi31 . .
DCXJ+ = (H, — Hpy14) (1 — Ma dual — complex conjugation, (3.8)
Hn + Hn+1 ?
DCXJs = (Hpyo + Hyy3i) — (H, + Hypqi) e anti — dual conjugation. (3.9)

By considering the definition of conjugates, five different norms for dual-complex numbers with generalized
Fibonacci coefficients can be given as follows:

Definition 3.2. Let DCX,, be a dual-complex number with generalized Fibonacci coefficient. Modulus of DCX,,
are denoted by |DCXn|? and (i = 1,2, 3,4,5) are given by as follows

IDCX, [} = DCH, x DCH],
IDCX,|;, = DCH, x DCH}?,
|DCX,[{ = DCH, x DCH,?, (3.10)
|DCX,[{, = DCH, x DCH}*,
IDCX, | = DCH, x DCH}?.

Proposition 3.1. Let us take the dual-complex number with generalized Fibonacci coefficient DCX,, € DCX. Then, the
following identities are satisfied:

DCX, + DCXJ1 =2(H, + Hy2¢), (3.11)
DCX, x DCXJ1 = (2p — q) [Hons1 + 2Hony36] — € [Foni1 + 2Fon 3¢, (3.12)
DCX, + DCXJ2 =2(H, + H,1i), (3.13)
DCX, x DCX}2 = —H, 1H, o+ 2H, H, i, (3.14)
DCX,, + DCXs =2 (H, + H,,3ic), (3.15)
DCX,, x DCXJs = (2p — q)Hopy1 — € [Frp1 — 2(—1)"ig], (3.16)
DCX, +DCX}+ = 2H, + (Hn+2 G Hgi’l(gzif; Hot 3”) €+ H,sice, (3.17)
DCX,, x DCX/+ = (2p — q) Hypi1 — €Fany, (3.18)
DCX, + DCXJs = Hy, 4+ Hy 1o+ (Hyi1 + Hpy3)i + Hpy16 + Hyyqoie, (3.19)

DCX, x DCXJ® = (HyHyiz — Hyg1 Hots) + (HoHogs + Hog1 Hog2) i

. 3.20
+ (Hn—lHn+2 - H7L+1Hn+4) €+2 (Hn+2Hn+3 - Han-i-l) €. ( )
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Proof. (3.11) From the equations (3.2), (3.4) and (3.5), we obtain
DCX, + DCXJ1 =2(H, + Hy6).

Here, if p = 1 and g = 0 are specially taken for the generalized Fibonacci number H,, then we reach DCX,, +
DCX\t = 2(F, + Foy06).

(3.12) Considering the equations (3.3), (3.4), (3.5) and using the identities H2_| + H2 = (2p — q) Hap—1 — €F2,—1
(seeref. [4]) and H,,H,,, + Hp1Hpp1 = (2p — ¢) Hypmt1 — €Enpma (see ref. [5]), we find

DCX, x DCX} = (H2 + H2,,) + 2 (HyHyyo + Hyp1Hops) €
= (2p — q) [Hant1 + 2Hapq 3] — e [Fant1 + 2Fona3e] -

Here, if p = 1 and ¢ = 0 are specially taken for the generalized Fibonacci number H,,, then we reach DC'X,, x
DCXI = Fapr + 2Fop 43¢,

(3.13) From the equations (3.2), (3.4) and (3.6), we get
DCX, + DCXJ2 =2(H, + H,1i).

Here, if p = 1 and ¢ = 0 are specially taken for the generalized Fibonacci number H,,, then we reach DCX,, +
DCX\' =2(F, + Fp9i).

(3.14) Using the equations (3.3), (3.4) and (3.6), we conclude that
DCX, x DCX}2 = —H, _1H, 5+ 2H, H,  1i.

Here, if p = 1 and ¢ = 0 are specially taken for the generalized Fibonacci number H,,, then we reach DC'X,, x
DCX\? = —Fy_1Fyys+ 2F, Fpiri.

(3.15) From the equations (3.2), (3.4) and (3.7), the following equation is found
DCX, + DCX[s = 2(H, + H,sic).

Here, if p = 1 and ¢ = 0 are specially taken for the generalized Fibonacci number H,,, then we reach DCX,, +
DCX)? =2(F, + F,_ sic).

(3.16) Using the equations (3.3), (3.4), (3.7) and the identities H2_; + H2 = (2p — q) Hap—1 — €Fon_1, HyHypry1 —
H, sHpiris11 = (—1)”+SeFSFr+S+1, (see ref. [4]), the multiplication of DC'X,, and DC’Xl3 can be written as

DCX, x DCX}* = (H2 + H2.,,) + 2 (HyHy 5 — Hyy1Hyio)ie
= (2]7 - q)HZnJrl —€ [Fn+1 + 2(_1)n25] .

Here, if p = 1 and ¢ = 0 are specially taken for the generalized Fibonacci number H,, then we reach DCX,, x
DCX® = Fypypy — 2(—1)"e.

(3.17) From the equations (3.2), (3.4) and (3.8), we have

(Hn - HnJrli) (Hn+2 + Hn+3i)
Hn + Hn—i—li

DCX, + DCX}+ =2H, + (Hn+2 - ) €+ H,,3ic.
Here, if p = 1 and g = 0 are specially taken for the generalized Fibonacci number H,, then we reach DCX,, +

DCXlt = 2F, + (Fn+2 — Py BCnsath ”*3”) &+ Fyysic.

(3.18) If we use the equations (3.3), (3.4), (3.8) and make the necessary calculations, then the rearranged equation
(3.18) yields to
DCX,, x DCX}+ = (2p — q) Hypi1 — €Fapyy.
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Here, if p = 1 and ¢ = 0 are specially taken for the generalized Fibonacci number H,,, then we reach DC'X,, x
DOX\t = Fopir.

(3.19) Considering the equations (3.2), (3.4) and (3.9), we find
DCX, + DCXJs = H, + Hyyo+ (Hpy1 + Hpy3)i 4+ Hyy16 + Hy o oic.
Here, if p = 1 and g = 0 are specially taken for the generalized Fibonacci number H,, then we reach DCX,, +
DCX)® = Fp + Foys + (Frg1 + Foays)i + Fuiqe + Fpoie.
(3.20) From the equations (3.3), (3.4) and (3.9), the following identity is given by

DCX, x DCXY = (HyHyyz — Hyg1Hogs) + (HoHpys + Hog1Hyg2) i
+ (Hn—lHn+2 - Hn+1Hn+4) €+2 (Hn+2Hn+3 - Han+1) i€.

Here, if p = 1 and ¢ = 0 are specially taken for the generalized Fibonacci number H,,, then we reach

DCXn X DOX?];S = (FnFn—i-2 - Fn+1FrL+3) + (FTLFTL+3 + FTL+1FIL+2)i
+ (Fn—an+2 - Fn+1Fn+4) €+ 2 (Fn,+2Fn+3 - FnF71,+1) 1€.

O

Theorem 3.1. Let DCX,, and DCX,,_; be two dual-complex Fibonacci numbers with generalized Fibonacci coefficients. The
following identities are satisfied for these numbers and their conjugates.

i. (DCX, x DCXM') + (DCX,_1 x DCX' ) = (2p — q) [Hans1 + Hon—1 + 2 (Hanis + Hans1) ],
—e[Font1 + Fop1 + 2 (Fopys + Font1) €],

ii. DCX2 =2H, DCX, — (DCX,, x DCX}') + 2H, 15 (H, ¢ + Hy41ic) ,

iii. DCX2 + DCX2_, = 2(2p— q) DCX3p_y — DCX,, x DCX}' — DCX,_y x DCX* |

+(2p — q) (Han—2 + 4Hapy1 + 2Hapy2ie)—e (Fapg1 + 2F5,0 — 2 (Fapyo + Fanta) € — 4B, 40ie)
iv. DCY,, x DCX,' — DCY,'* x DCX,, = (—1)" [(4p® — 16pq + 8¢2) i + (12p?) ie] .
Proof. i. Considering the equations (3.3), (3.4) and applying the identities H,, H,,+ Hp41Hm+1 = (20 — ¢) Htnt1—
eFyin+1 (seeref. [B]), H2_, + H2 = (2p — q) Hay—1 — eFay,—1 (see ref. [4]), the proof is completed.

ii. Taking into account the equality (3.2), the proof can be easily seen.

iii. If we use the identity H, H,,, + Hp11Hm+1 = (2p — @) Himant+1 — eFrpinta (see ref. [5]) and equation (3.2), the
proof is completed.

iv. The desired result can be obtained by the help of the equation (3.2) and the identity L,,F,, = Fy i+ (—1)" Fp_p,
(see ref [4]).

Also, the equations given in the Proposition 2.2 which have been handled in the article [2] are obtained by giving
the special values p = 1 and ¢ = 0 in the above equations.

i. (DCXn x DCXJ;) ¥ (Dcxn,1 x DOX! 1) = Fopi1 + Fon1 42 (Fonis + Fons) e,

ii. DCX2 =2F,DCF, — DCF, x DCF}* 4+ 2F, 5 (Fye + F,qic),
iii. DCX2 + DCX2_| = 4DCFy,_, — DCF, x DCF}* — DCF,_; x DCF*
+ (2Fon—2 + TFapy1 — 2F5,0 + 2 (Fopgo + Fopga) € + 8Fop40ie),
iv. DCY, x DCX}* — DCY;* x DCX,, = (—1)" [4i + 12i¢] . O

Theorem 3.2. Let DCX,, be dual-complex number with generalized Fibonacci coefficient. In this case, for n > 0, the following
identities are given:
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i. DCX, + DCX,41 = DCXppo.

ii. (DCX,)? = 2(H,DCX,,) — 2(Hpi1 DCX i) — Hy + 2 (Hpps + Hy 1 Hyo) i

iii. DCX,, — DCXp41i — DCXpy2e + DOX,igic = —Hyyq.

iv. (DCXn X DOXm) + (DCXn+1 X DCXm+1) = DCXm-&-n-&-l + [* (2p - C]) Hm+n+2 - H7n,+71,+1 + 6Fm,+n+2]
+i [2 (2]9 - Q) Hm+n+2 - Hm+n+2 - 26Fm+n+2]
+e[-2(2p — @) Hminta — Hignys + 2€Fmin4]
+ie [4 (2p - Q) Hm+n+4 - Hm+n+4 - 46Fm+n+4] .

0. DCXTQI + DCX?L—l =2 [(2]) — q) (Hgnl — Hgn_;,_zé‘ + 2H2n+2i6)} — 2e [ani - F2n+25 + 2F2n+2i8] .

Proof. i. Let DCH,, and DCH,, 11 be two dual-complex numbers with generalized Fibonacci coefficients. If we take
into account the equation (3.2), then the following identity can be easily seen

DCH, + DCHy1 = Hpyo + Hpy3i + Hyypae + Hyysic = DCH, 0.
Specially, if the values p = 1 and ¢ = 0 are taken in the generalized Fibonacci number H,, then the identity
DCX, +DCX,y1 = DCF, o
is obtained.

ii. Let DCH,, be a dual-complex number with generalized Fibonacci coefficients. In this case, the equation
(3.3) gives us

DCXTQL = [(Hn + Hn-{—li) + (Hn+2 + Hn+3i)€} X [(Hn + Hn-i—li) + (Hn+2 + Hn+3i)€]
=2 (H,LDOXTL) -2 (H7L+1D0Xn+1) - Hn + 2 (Hn+4 + Hn+1Hn+2) i€ + 2Hn+1 (Hn+4 + Hn+2) 1€.

Specially, if the values p = 1 and g = 0 are taken in the generalized Fibonacci number H,,, then the identity

(DCX,)? =2(FyDCF,) — 2 (Fpi1DCFpyy) — Fy + 2 (Fppy + Fruy1 Foys) ic

is found.

iii. By using the equation (3.2) and making the direct calculations, we get

DCXn — DCXn+1Z — DCXn+2€ + DOXn+3i€ [(Hn + Hn+1i) + (Hn+2 + Hn_t,_g’i)é‘]

- [(Hn+1 + Hn+2i) + (Hn+3 + Hn+4i)5] {
(Hpyo + Hpysi) + (Hpys + Hpysi)e] e
(Hpys + Hpgai) + (Hpgs + Hyyei)e] ic

—IIn41.

N+ I

Specially, if we substitute the values p = 1 and ¢ = 0 into the generalized Fibonacci number H,,, then we have

DCXn - ZDCXn+1 - SDCXn+2 + iEDCXn+3 = —Ln41.

iv. From the equation (3.3)

DCXn X DCXm+DCXn+1 X DCXerl = [Hn + HnJr]i + (Hn+2 + Hn+3i)€] X [Hm + Hm+1i + (Hm+2 + Hm+3i)€]
+[Hn+1 + Hn+2i + (Hn+3 + Hn+4i)5] X [Hm+1 + Hm+2i + (Hm+3 + Hm+4i)5]
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can be written. In order to simplify further algebraic manipulations we shall use H,, H,,+H,41Hpmt1 = (20 — ¢) Hint1
— el int1 (see ref. [5]). Thus, we have

(DCXn X DCXm) + (DCXn+1 X DCXm+1) = DCXm+n+1 + [— (2]9 — q) Hm+n+2 — Hm+n+1 + 6Fm+n+2}
+1 [2 (2p - Q) Hm+n+2 - Hm+n+2 - 2€Fm+n+2]
+e[-22p —q) Hnynya — Hygngs +2eFpynydl
+ie [4 (2]7 - Q) H’H’L+TL+4 - H7rL+’rL+4 - 46F7n+n+4] .

Specially, if we substitute the values p = 1 and ¢ = 0 into the generalized Fibonacci number H,,, then the following
identity is found

(DCXn X DCXm) + (DCXn+1 X DCXerl) = DCFn+m+1 — Fn+m+3 + Fn+m+2 Z — Fn+m+6 13 + 3Fn+m+4 'L'E.

v. The desired result is reached from identity H,,H,, + Hp+1Hm+1 = (20 — ¢) Hytn+1 — €Fgny1 (see ref. [5]) and
the equation (3.3).

Specially, if we substitute the values p = 1 and ¢ = 0 into the generalized Fibonacci number H,, then the
following identity is obtained

DCX2 4+ DCX2_| =2[iFs, — Fonyo + 2icFa, 0]
0

Theorem 3.3. Let DCX,, and DCL,, be dual-complex numbers with generalized Fibonacci and Lucas coefficients, respec-
tively. For n > 0, the following relations can be given between these numbers

i. DOX, .1+ DCX,_1 = pDCL, + ¢DCL,
and
ii. DCX, o — DCX, 5 =pDCL, +qDCL,.

Proof. Let us consider the identity Hy,+1 + Hp,—1 = pL,, + qL,_1 (see ref. [11]) and the recurrence relation H,, =
(p — @) Fy, + ¢Fp+1 to prove i. and ii., respectively. Thus, we have

DCX7L+1 + DCXn_l = (Hn+1 + H,H_Qi + Hn+36 + Hn+4i€)

(Hn—l + I_InZ + Hn+1€ + Hn+3i€)

(Hn+1 + anl) + (Hn+2 + Hn) 1+ (Hn+3 + Hn+1) €
(Hpya + Hpy3)ic

(an + an—l) + (an—l + an) i+ (an+2 + an—i-l) €
(qLny3 + qLpyo)ic

pDCL, +qDCL,

i+ 10+ 1+

and
DOX,H_Q — DCXn_g = (Hn+2 + Hn+3i + Hn+4€ + Hn+5i€)

- (Hn—Z + Hn—li + Hne + Hn-l—lig)
= (Hpy2 —Hp2) + (Hpyz — Hyp—1)i+ (Hyypa — Hy) €
+ (Hn+5 - Hn+1) i€
= (an + anfl) + (an,1 + an) v+ (an+2 + an+1) £
+(qLny3 + qLpyo) ic
= pDCL, +qDCL,.

Specially, if we substitute the values p = 1 and ¢ = 0 into the generalized Fibonacci number H,, then we get
DCXn+1 + DCXn,1 = DCLn and DCXnJrQ — DCXn,Q = DCLn
O

Theorem 3.4. The sums of the dual-complex numbers with generalized Fibonacci coefficients satisfy the following relations:

i. 3 DCX, = DCX, 40 — DCXo,
s=1
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P
ii. 3 DCX iy + DCXppq = DCXpypio,

s=0

iti. 3 DOXos_1 = DCXa, — DCXo,
s=1

iv. Z DCXQS = DOX2n+1 — DCXl
s=1

Proof. By using the identity Y H; = H, 12 — H,11 (see ref. [11]), it can be easily seen that
t=a

i. Z l)c’)(é = Z HS + 1 Z Hs+1 +e€ Z H3+2 + i€ E HS+3 = DOXn+2 — DCXQ

s=1 s=1 s=1 s=1 s=1

Proofs of ii, iii, iv are done in a similar manner.

Specially, if we substitute the values p = 1 and ¢ = 0 into the generalized Fibonacci number H,,, then the following
identities are found

i é DCX, = DCF, .y — DCF»,

i, gijo DCXyin+ DCXop1 = DCFyipio,
. i DCXsy_1 = DCFy, — DCFy,

iv. é DCXs, = DCFypsr — DCF,.

Now, let’s find the correspondence of Binet formula for the dual-complex Fibonacci numbers, which helps to
obtain the golden ratio (which allows to find the n-th term of dual-complex numbers with generalized Fibonacci
coefficients sequence). O

Theorem 3.5 (Binet’s Formula). Let DCX,, be the dual-complex number with generalized Fibonacci coefficients. For
m,n > 1, Binet’s formula is as follows:

_aa"—ppr
DCX,, = -
where
a={p-gf)+pAQ-B8)+qi+[p2-8)+q(l—8)e+[p(3—28)+q(2-p)|ic
and

B=@-gq)+pA-a)+di+p2-a)+ql-a)e+[p(3—20a)+q(2-a)ie,
such that o and (3 are the roots of the equation t> —t — 1 = 0.

Proof. If t; and ¢, denote the roots of characteristic equation t> — t — 1 = 0 associated to the recurrence relation
DCX,, + DCX, 11 = DCX, 5. Then, these roots are be found as o = t; = # and 8 =ty = 1_7\/5 Note that,

a+p=1, af=-1and a— S = V5. Therefore, the general term of the dual-complex number sequence with
generalized Fibonacci coefficients may be expressed in the form:

DCX, = Aa" + Bp"
for some coefficients A and B. For n = 0 and n = 1, the following equalities can be written
DCXo=(q, p, P+¢, 2p+4q)

and
DCX, = (p, p+aq, 2p+4q, 3p+2q).

Also, if we consider the values n = 0 and n = 1, we get

DCXy=A+B
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and

Then, solving these system of linear equations, we have

_ DCX,—8DCX, _ aDCX,—DCX;
A= P and B = o )

where the coefficients & and 3 are

a=p-a8)+pA-=0)+qi+t[p2-8)+q(1—-pB)le+[p(B—-28)+q(2-p)ic

and B
B=p—-qa)+p(l-—a)+qit+[p2-—a)+q(l-a)le+[pB—2a)+q(2—a)i

Now, let’s find the generating function for the dual-complex numbers with generalized coefficients which allows us
to obtain the Binet formula. O

Theorem 3.6 (Generating Function). Generating function for dual-complex numbers with generalized Fibonacci coefficients
is given by

3
! > (DCX, + DCX, 1z)e,

g(@)=—"""—">5
l—z—=x =

Proof. The ordinary generating function associated with dual-complex numbers with generalized Fibonacci coeffi-
cients is defined by
o
Sy
n=0

where P, = (DCX,,, DCX,,41, DCX,+2 , DCX,+3) . Multiplying by = and x? on both sides of the above equation
respectively, we get

rg(z) = Pyr+ P’ + ...+ P,_12a" + ...

229 (z) = Pox® + Piad + ...+ Pp_oa™ + ...

Substracting the above equations from g (z) and rearranging, we obtain

3
(1-2—2%g ZPO+ P, — Py)x).
s=0

Finally, the generating function of dual-complex numbers with generalized Fibonacci coefficients can be written as
1 3
5 Y (Po+ (P —Py)w).

g(z):71_x_x 2

Thus, the proof is completed.

Now, let’s write the Binet formula in terms of the generating function by using the generating function which
has been obtained in Theorem 3.6. O

Theorem 3.7. Binet formula for the dual-complex numbers with generalized Fibonacci coefficients is
P,=PH,+PH,
Proof. Since the equation t? — t — 1 = 0 has two distinct roots which are denoted by « and 3, then the sequence
P, = Aa" + Bg"
is the solution of the equation recurrence relation DCX,, + DCX,,41 = DCX,, 2. For the valuesn = 0 and n = 1, if

we take P 5P o p
_ 1= P70 _ %~
A= P and B "
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therefore, the following equation can be written

1
P’n: a_ﬂ [(Pl—ﬁpo)a"—l—(aPO—Pl)ﬂ”]
Then, writing the correspondences of Py and P, which have been obtained in Theorem 3.6 and rearranging the
equation

anfl _

a® — ﬂn 3 5”*1 3
Pn = ((1—6) ZDCXSJ,_les + <O[—/8> ;DCXSBS

s=0

is found.
Finally, we have
P,=PH,+ P Hp1.

Let’s express the Catalan identity which is well-known identity for Fibonacci numbers. O

Theorem 3.8 (Catalan’s Identity). For r < n, Catalan identity the dual-complex numbers with generalized Fibonacci
coefficients is
DCX? - DCX,r x DCX,_, = (=1)"""F, [2eF, + uFyi + 3F, (2 +ic) p] .

Proof. From the identity Hy, 1 Hp—x — HpnHy, = (—1)”7k+1quFm+k_n (see ref. [6]), one can write

DCX? =H2—H} +2H,Hyy1i+2(HyHpyo — Hop1Hpys) e + 2 (Hpy1 Hyqo + HyHyy3) ie

and
DCXn—i—r X DCXn—r = Hn+r Hn—r - Hn+r+1 Hn—r+1 + (Hn-i—r-‘rl Hn—r + Hn—i—r Hn—r-l—l)i

+ (Hn+r Hn7r+2 - Hn+7‘+1 anrJrS + anr+2 anr - anrJrB anrJrl) €
+ (H7L+T'+1 Hn—r+2 + Hn+r Hn—7'+3 + Hn+7‘+3 Hn—r + H7L+'r'+2 Hn—r+1 ) 1€.

The proof is completed by addition of the two equations. If the values p = 1 and ¢ = 0 is taken into the Catalan
identity which has been obtained for generalized dual-complex numbers with Fibonacci coefficients, then we find
the Catalan identity for dual-complex numbers. Namely,

DCX?z - DCXTL+T X DCXTL—T = (—l)n_TFE (2 + 1+ 6 + 316) .

Let’s give the identity of Cassini for generalized dual-complex numbers which is a special form of Catalan
identity. O

Theorem 3.9 (Cassini’s Identity). For 1 < n, Cassini identity for the dual-complex numbers with generalized Fibonacci
coefficients is

DCX? — (DCXpy1 x DCX, 1) = (=1)"""e (2 + i + 6e + 3ie) .

Proof. In the particular case when r = 1, Catalan identity which has been proved in Theorem 3.8 turns into Cassini
identity for the dual-complex numbers with generalized Fibonacci coefficients.

If the values p = 1 and ¢ = 0 is taken into the Cassini identity which is obtained for generalized dual-complex
numbers with Fibonacci coefficients, then we find the Cassini identity for dual-complex numbers. O

Theorem 3.10 (Honsberger Identity). For 0 < k,n, Honsberger Identity for the dual-complex numbers with generalized
Fibonacci coefficients DCX,, and DC X, is given by

(DCX]C,1 X DCXn) + (DCXk X DCXn+1) = — [(2p — q) Hiqng1 — eFk+n+1]
+2i[(2p — @) Hisns1 — €Flqnt1]
—2e[(2p — q) Hitny3 — €Frynys]

+4ie [(2p — q) Hints — eFrints) -
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Proof. By using identity H, H,,, + Hp11Hm+1 = (2p — @) Himant+1 — €Fintn+1 (see ref. [5]) and equations (3.2), (3.3)
the proof can be easily seen.

Specially, if we substitute the values p = 1 and ¢ = 0 into the generalized Fibonacci number H),, then the following
identity is obtained

(DCXk,1 X DCXn) + (DCXk X DCXnJrl) = -2 (Fk+n+1) + 41 (Fk+n+1) —4e (Fk+n+3) + 8ie (Fk+n+3) .
0

Theorem 3.11 (Tagiuri Identity). Between the dual-complex numbers with generalized Fibonacci coefficients and the
Fibonacci numbers it is verified

(DCX ik X DCXp_g) — (DC Xy x DCXp) = pFr(—=1)" """ Frh_p (2+ i + 6¢ + 3ic) .

Proof. From the identity H,, ,H,_ — HnH, = (—1)”_k+1quFm+k_n (see ref. [6]) and equations (3.2), (3.3) the
proof can be clearly seen.
Specially, if we substitute the values p = 1 and ¢ = 0 into the generalized Fibonacci number H,,, then this yields to

(DCX i X DCXp_i) — (DCX, x DCXy) = Fir(=1)" "™ Fp i (2 + i + 62 + 3ie) .
O

Theorem 3.12 (d'Ocagne’s Identity). Let DCX,, be a dual-complex number with generalized Fibonacci coefficients. If n is
a non-negative integer number and m any natural number for m > n, the relation

(DCX,, x DCXpy1) — (DCXy, X DCXps1) = piF—n(—1)" (2 + i + 6¢ + 3ic)
is verified.

Proof. If we take into consider the equations (3.2), (3.3) and use the identity Hy,x Hy—s— Hy Hn = (=1)" " uFy Frug—n
(see ref. [6]), we complete the proof. Specially, if we substitute the values p = 1 and ¢ = 0 into the generalized
Fibonacci number H,,, then the d’Ocagne’s Identity which is found for the dual-complex numbers with generalized
Fibonacci coefficients becomes

(DCXp x DCX,yi1) — (DCXpy x DCXopy1) = Fonn(=1)™ (2 + i + 6¢ + 3ic) .

4. Conclusions

This study fills a gap regarding dual-complex numbers with generalized Fibonacci and Lucas coefficients in the
literature by using the definitions of dual-complex Fibonacci and Lucas numbers. For this purpose, the generating
function of dual-complex numbers with generalized Fibonacci coefficients have been firstly found. Then, Binet’s
formula has been given with the help of this generating function. Binet’s formula has been also proved in a second
way by using the roots of the characteristic equation. However, Cassini, Catalan, d’Ocagne’s, Honsberger, Tagiuri
and other identities have been proved for this new number system and it is seen that these identities correspond
to the theorems in the article [2] for the values p = 1 and ¢ = 0. In addition, it is seen that dual-complex number
system with generalized Fibonacci and Lucas coefficient has an algebraic structure according to the multiplication
process. Hence, there are five different conjugates for these numbers. Thus, in addition to the identities related to
the conjugates which has been obtained in Theorem 3.1, the following identities are given:

DCX,, x DCX}?) + (DCX,_1 x DCX,2 ) = (=1 + 2i) [(2p — q) Hap — €Fay],

DCX, x DCXf3) + (DCXn 1 x DCX[? ) = (2p — q) [Han-1 + Hony1] — € [Fan—1 + Fany1],
DCX,, x DCX}4) + (DCXpo1 x DCX[4 ) = (

DCX, x DCX}5) + (DCX,_1 x DCX]5 ) = (

n—1

2p — q) [Hon+1 + Hon-1] — €[Font1 + Fon—1],

2p — q) [Han+2 (1 + 2t) + Hang1 (—e + 2ie)]
—e [F2n+2 (1 + Zi) + Font1 (—E + QiE)] s
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DCX2 =2H,DCX,, — DCX,, x DCX\? + 2H, 11 (—Hpn 41 + Hpi — Hpyse + Hpoic)
DCX? =2H,DCX, — DCX, x DCX}? + 2H, 13 (—Hn 16 + Hyic)
DCX?2 =2H,DCX, — DCX,, x DCX}* + 2H, 11 (—Hyy36 + Hyoic)
DCX? =2H,DCX, — DCX, x DOX} + (HyHpsz2 — HosrHoss — H2 — H2)) + (Hos1 Hogz + HyHypys) d
+ (Hn-1Hpy2 — Hnj1Hnys — Hnp1Hnys) e + 2 (HnysHngo + Hoyy) e,
DCXZ2+ DCX2_, =2(2p—q) DCX2n_1 — DCX,, x DCX}2 — DCX,_1 x DCX[? |
+(2p — q@) (—2Han+1 + 2H2n% — 2Hon 26 + 2Han 1 2ie)
—e (72F2n + 4F5,1 — 2 (F2n+2 + an) €+ 4F2n+2i€) s
DCX2 +DCX2_, =2(2p—q) DCXs,_1 — DCX,, x DCX}? — DCX,,_1 x DCX[? |
+ (2p — q) (—2Han426 + 2Hanq2i€)
—e (FQn—l —+ 2F2n2 -2 (F2n+2 + FQn) e+ 4F2n+27:€) ,
DCX2 4+ DCX2_; =2(2p—q) DCXsp_1 — DCX,, x DCX}4 — DCX,, 1 x DCX[* |
+ (2p — q) (—2H2n+2€ + 2H2n+2i5)
—e (Fan—1 + 2Foni — 2 (Fant2 + Fon) € + 4Fopy0ie) ,
DCX2 4+ DCX2_, =2(2p— q) DCXan—1 — DCX,, x DCX}® — DCX,,_1 x DCX[* |
+ (2p — q) (Hznfg + 2Hon+2t — Hoppae + 2H2n+3’i€)
—e (Font1 + 2 (Font2 + Fon)i+ (2 (Fan—1 — Fonts) — Font1) € + 6Fapi0ie).

— o~
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