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Abstract

Quantum calculus, using in various mathematical disciplines such as combinatorics and special
functions, as well as in numerous applications including fractal analysis, multifractal measures, and
entropy formulations of chaotic dynamical systems, has attracted significant scholarly attention in
recent years. In the present study, we present a new class of Leonardo split quaternions whose
components involve quantum integers into their components. We also present the fundamental
properties and identities related to the g-Leonardo split quaternion, including Binet’s formula,
exponential generating functions, binomial sums, as well as d’'Ocagne’s, Vajda’s, Catalan’s, and
Cassini’s identities. Finally, we give different polar representation using Cayley Dickson’s notation
applications for some g-Leonardo split quaternions.The applications can be converted into quantum
integer forms under suitable conditions with similar considerations and give a deeper understanding
of their algebraic and geometric interpretations, and transformations.

Keywords: q-Leonardo split quaternion; q-calculus; Leonardo number sequence.
2010 Mathematics Subject Classification: 05A15; 11B37; 11B39.

1 Introduction

Sequences of positive integers are widely recognized for their mathematical significance and continue
to be an active subject of research. Among these, the Fibonacci and Lucas sequences are particularly
distinguished for their profound connections across diverse scientific domains, including biology,
physics, and computer science.

Building upon these classical foundations, the introduction of ¢g-Leonardo split quaternion sequences
represents a sophisticated evolution. By integrating the recursive properties of Leonardo numbers with
the non-commutative algebraic structure of split quaternions through quantum calculus, this framework
provides enhanced derivational clarity for analyzing complex mathematical systems.This evolution
remains deeply rooted in fundamental constants, most notably the Golden Ratio.

The irrational number %ﬁ valued at approximately 1.61803..., is defined as the Golden Ratio and
is widely observed across various fields of mathematics and art. This relationship is characterized by
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. . . . . F, .
the fact that as n increases, the ratio of successive Fibonacci numbers, =1, consistently converges

toward the Golden Ratio. "
The Fibonacci number sequence is defined as

1,1,2,3,5, 8,13, 21, 34, 55, 89, 144, ...
The n-th Fibonacci number which denoted by F,, has as the linear reccurence relation
Fn: n—1+Fn—2§n227

with the initial conditions Fy = 0,F; = 1.

Fibonacci numbers are closely related to Lucas numbers, which were discovered in 1870 by
the mathematician Frangois Edouard Anatole Lucas. Having conducted extensive research on both
sequences.

The n-th Lucas number has the recursive definition as

2,1,8,4,7,11,18,29,47,76, 123, ....
with the same reccurence relation

Ly,=Ln 1+ Lno2; Lo=2,L1 =1.
The Binet’s formulas of the F,, and L,, are as follow:

F, = prov and L, = ¢" + ",
=9

(p:1+2\/5 and 1/):1 2\/5. (1.1)

The properties, relations, results between Fibonacci and Lucas numbers can be found in Bicknell
et al. (1972); Koshy (2001); Park et al. (2020); Vajda (1989); Verner and Hoggatt (1969); Halici (2012);
Horadam (1961, 1963, 1965). In recent years, Catarino and Borges Catarino and Borges (2019)
introduced a new sequence related to Fibonacci numbers known as Leonardo numbers, establishing
several of their fundamental properties alongside various sum and product identities. Building on this
work, Alp and Koger Alp and Koger (2021b) derived further identities and subsequently introduced
hybrid Leonardo numbers, exploring their essential characteristics Alp and Koger (2021a). The
sequence was further expanded by Shannon Shannon (2019) through a generalization of Leonardo
numbers. More recently, Kiiriiz et al. Kiriz et al. (2021) integrated these concepts with hybrid number
theory to investigate Leonardo Pisano polynomials and hybrinomials.

Quaternions represent a four-dimensional extension of the complex number system, originally
formulated by the Irish mathematician W. R. Hamilton in 1843 Hamilton (1853). They have become
essential in virtual reality and gaming for modeling 3D orientations, while also finding critical use
in robotics, control theory, and signal processing. Consequently, they have emerged as a versatile
engineering tool whose applications continue to expand throughout various scientific disciplines
Hamilton (1844); Kuipers (1999); Altmann (1986).

In 1849, Cockle Cockle (1849) introduced split quaternions as an extension of real quaternions.
Unlike their classical counterparts, split quaternions do not constitute a division algebra. Their
multiplication rules deviate in the vector component because they are associated with Minkowski
space rather than the Euclidean 3-space of real quaternions. This fundamental distinction renders
split quaternions particularly significant in spacetime-related theories, such as special relativity Kula
and Yayl (2007).

Split Leonardo quaternions are studied in Atasoy (2025) by Atasoy. Our goal in this paper is to
introduce g-Leonardo split quaternion sequences using notations from quantum calculus and give
some fundamental identities. Additionally, we introduce a new polar representation of g-Leonardo split
quaternion sequences, which are a special type of split quaternions that have an important place in
the representation of rotations in Lorentz space, is obtained. Thus, the representation of complex
expressions is made easier.

where
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2 Preliminaries

In this part, some basic terms are recollected in relation to split quaternions, Leonardo numbers and
quantum calculus.

The n-th Leonardo number is given by Le,. The following recurrence relation, Catarino and
Borges (2019); Alp and Koger (2021b,a),

Len = L€n71 + L€7L72 + 17 n 2 2

introduces this sequence, and Ley = Le; = 1 are the initial conditions. The Leonardo number are
1,1,3,5,9,15,25,41,67,109, 177,287,465, ...

The relation between the n-th Fibonacci numbers and the n-th Leonardo numbers is given by
Len = 2F, 41 — 1.

Now, we give definitions and facts from the quantum calculus necessary for understanding of this
paper Babadag (2023); Kac and Cheung (2002); Le Stum and Quir6s (2015).
For positive integers n, the quantum integer n or simply the g-integer n is defined by

1—q" —
), =1 =1+q+...+q" " 2.1)

1—gq

For non-negative integer numbers m and n, we have

[m+n], = [mlg +¢" [n], and [mn], =[m], [n]m .

q

Using (1.1), If we get

1-+5
¢=Y - , 2.2)
¢ 1++5
where g-integer forms are respectively as follows;
n— n 1 7qn n[2n]q 'n,1 7q2n
Fn yq) = ! Njg = ; Ln yq) = = 23
(p3q) =" [nlq i (psq) = P ¢ (2.3)
and
n+1 1-— qn+1 n
Len(p;q) = 2Fns1(p59) —1=2¢ o—wq 1=2¢"[n+1]g - 1L (2.4)

A split quaternion Cockle (1849); Kula and Yayh (2007); Atasoy et al. (2017) is defined as the following
quadruple
Y =0 + Y1t1 + Y212 + Y313
with 70,71, 72,73 € R ( R is the set of real numbers) and split quatenionic units i1, iz, i3 satisfy
i1 = —i3 = —i5 = —1, i1i2 = —izi1 = 43, i2iz = —i1. (2.5)
Let v and § be split quaternions, then addition and multiplication are
¥+6=(Sy+8s5) + (V5 +V5),

75 = S’ysé + <V’y7 ‘/5> + S’yv'y + SEV5 + V’y X ‘/57

respectively, where (,) and x are inner and cross products in E} ( E} is Minkowski 3-space). The
conjugate and norm of ~ are defined respectively as

v =0 — Y191 — Y202 — Y3i3
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and
Wl = VIl = /18 +42 =3 -2l = VT, (2.6)
Here,
I, = () + (i — 7 —3) =Is, + Iv,. 2.7)

For any split quaternion ~ with || # 0, 2 ™ is a unit split quaternion. The split quaternion ~ is space-like,

timelike and lightlike if Z,, < 0, Z,, > 0 and Z, = 0 respectively Kula and Yayli (2007); Ozdemir and
Ergin (2006). The multiplicative inverse of + is given by v~ = # It is important to note that there is

no inverse for a lightlike split quaternion.

3 Identities for g-Leonardo split quaternions

In this section, we define the g-Leonardo split quaternion sequences and present their fundamental
identities and properties using Binet formula.

Definition 3.1. For positive integer n, the n-th q-Leonardo split quaternion is defined by

Len(w;q) = Len(9; q) + Lent1(0; @)in + Lent2(0; )iz + Lenta(w; q)is

1 _ n+1 1 n—+2
-9 n+1 q + 2 n+2 q -1
P —Pq P —Pq
1— n+3 1— n+4 )
D WA WS Ll -}
P —Pq ¥ —¥q

by using (2.4), we can rewrite as
Len(93q) = 20" [n + g + 20" [0+ 2]gir + 20" [0 + 3giz + 20" [n + 4]gis — A

where A =14 11 + 12 +i3.

Taking p = 1+ V5 and q= the few q-Leonardo split quaternions are written as follows;

1+\f’

1— ot 1 1— 1_g*
Leo(p;q) = 20" 4 +2@27qzl +2¢° q is + 20" 4 - A
Y —¥q Y —¥q Y —¥q Y —¥q

=14 121 4 3i2 + 5i3,

1-¢° 1-¢* . 1-4q* . 1—-¢° .
Lei(p;q) = 24,02711 + 25037(]11 + 2" 4,4 20° 4 - A
Y —¥q Y —¥q Y —¥q Y —¥q

=1+ 371 + 522 + 913, ...

Theorem 3.2. The Binet formula for the n-th q-Leonardo split quaternion is

7L+1 n+1
Len(p;q) =2 < el GO ﬂ) A (3.1)
Y —¥q
=2(¢"[nlag + (va)" ¥) -

where A =1+ 11 +i2+i3,4p=1+Lpi1+g02i2+g03i3,

¥ =1+ ¢[2)qi1 + @*[3lgiz + ©°[4]qis and B = 1 + (eq)ir + (¢q)?iz + (pq)%is
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Proof. By using (2.4), and making the appropriate calculations, we obtain

Len(p;q) = Len(9; q) + Lent1(p; q)i1 + Lent2(9; q)iz + Lenys(w; q)is
_ n+l _ nt2 _ . n+3
— 2(,0”+1 1 q + 2(‘0n+2 1 q 7:1 + 2(pn+3 1 q i2
0 —wq © —q © —pq
n+4 1-— qn+4
0 —q
§0n+1
=g
n+1
- 2% (1+ (p9)ir + (99)*ia + (pq)’is) — A

n+1 _ n+1
_2(30 @~ (vg) B)A.

+ 2¢p i3 — (1 441 + ia +43)

=2 (1 + i1 + @%io + ¢’i3)

»—pq
or equivalent

Len(p;q) = Len(p; q) + Lent1(p;q)in + Leny2(p; @)iz + Lents(p; q)is
=20"[n+1)g + 20" 0+ 20401 + 20" 2 [n + 3]0
+ 20" [n + 4]gis — (1 + i1 + iz +43)
= 20" ([n]g +¢") + 20" ([n]q + ¢" [2]) in
+20" 2 ([nlq + " [3]) d2 + 20" (Inly + ¢" [4]) is — A
=2¢"[n]q (1+ pi1 + ¢%iz + ¢ia)
+20"q" (14 ¢[2gir + ©°[3lgiz + °[4]4is) — A
=2 (¢"[nlgp + (pg)" ) — A

For example, let us consider the case of n = 1in (3.1). We will have

Lei(p;q) =2 <W> — (1 + i1 +i2 +143)
(Lt ©%ia + ¢%is — q (1 + (pq)ir + (¢q)?iz + (¢q)’is)
7 (I-q)
- A
(PO + % (1= a*) + ¢ (1 - %) + s (1 - ") 4
(1-9q) ’

by using (2.1), we obtain
Lerlpiq) =2 (0 + ¢ 2, i1 + ¢ (8], 12 + ¢ W] i) — A
Theorem 3.3. The exponential generating function for the n-th q-Leonardo split quaternion is

[e%S) n kg (pq)z

z e?Cpp — eV pqi
§ Len(p;q)— =2 — = — Ae”.
s (B9 e(1-q)
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Proof. Using the Binet formula of the g-Leonardo split quaternion, we will have

- ) . N A
= (Len($;9) + Lent1(# )i + Len2(; )iz + Lenta(93 q)is) —

o n!
oo}
nl* n+1 " 1— n+2‘ " 1— n+3b n
=2 (% o i ”L”) o
—= 1—¢q 1—g¢q 1—g¢q n!
o 1— n+4 ) ) ) ) xn
+ 7;) <2(pn+317ng3 —(14d1+i2+ 13)) o
oo
nl* n+1 " 1— n+2' " 1— n+3b m'n,
-3 (2@ e = +2%22) o
n=0 -9 —4q —q n!
o 1— qn+4 ) xn
2 n+3> 49 _ i
+2_%< s e R
7% 290”“£— ()" "'y e
o (Ll —q) n!
P nz" e N, " = 2"
=2 = Z Lo
s@(l—Q); n! w(l—Q);( S A,; n!
T — elra)e
I kO
1—g¢g
Thus, the proof is completed. O

Theorem 3.4. Let Len(«; q) be n-th g-Leonardo split quaternion. In this case, for non-negative integer
numbers n and j, we can give the following relations:

iy (Z) (—¢*a)" " Learr;(piq)

k=0

n

_ e —ea)" (Lenys(psq) + A) — A(L—9%q)", ifniseven
200 — )" Lnyjri(piq) —A(l—¢%q)",  ifnisodd

3

ii. (Z) (—1)*(—¢"a)" " Leartj(5q)

= (—¢[20q)" Lenti(p;0) + ()" ([20a)" + (L+ ¢°q)") A

where L+ j+1(p; q) is g-Lucas split quaternion.

Proof. i. By using the binomial coefficients for the Binet formula for ¢-Leonardo split quaternion in
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(3.1), and doing the necessary calculations, we obtain

> (’;) (—9%0)" " Learrs (3 9)

£ (o (g
=2 S:?T_li) :O <Z> (=) " F™

) (;ffl)]j;l)p 1:0 (Z) (—" )" " (p9)*" — Aé} (Z) (—%a)" "
P Gl sOQQ)”;(l(@_Q)qj)“iﬁ((W)? —¢)" (- %)
_,lele - wq))"wj“s@@(l(_so;)(so —ea) e’y (- )"
N ((p(i)j;)(so —e0)" ()" (- )"

Here, if n is chosen even, we obtain

k=0
@ —0q)"" P o+ (=1)" (0 — pg)" (pg)" Ty

(Z) (—¢°0)" " Lean; (5 9)

=2 —A(1-¢%)"
e(1—q) (1-¢"a)
B " — (pg)mtiTy -
=2(¢ — ¢q) ( 00 —A(1-¢q)
B N ¢n+j+1£ _ (qu)nJerrl% 5 \m
=(p —¢q) <2< 20— —A+A)-A(1-¢q)
=(p—q)" (Lenyj(piq) + A) — A(1—°q)"
On the other hand, if n is chosen odd, we have
> <:> (—0*Q)" " Leary; (93 q)
k=0
(o — ©0)" @ o + (eale — ¢q))" (pq)’ ¢ 5 \n
-9 Rl = A(1—
e(1—-q) Al -¢")

ntil 4 n+j+1 .
=2(¢ — pq)" <S0 i(l (_SOZ)) w) —A(1-¢q)

=2(p — pg)" ! (w"”“f + (wq)””“y) —AQ1-¢)"

=2(p — 9q)" Lnyjs1(piq) — A1 — %q)"
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ii. If we use (3.1) and binomial coefficients, we obtain that
—~ (n k 2 \n—k
> (k)(l) (—¢%q)" " Leanri(p; )

-y (Z) (D (=¢*" " <2¢2W+1@ kU i 38 A>

P —Pq

(g o)

q

- f@q > (Z)(—@zq)”k(—(sDQ)Q)k(sOQ)j“df)

k=0

_ ; Z) (—a%¢)" " (-1)*A
N e G Co e I G S
B P —q

—(-1-¢’q"A

ntil, ntj+1
i <“” £ (0 w) (~o)"(1+ )" — (-1 - p*a)"A
n+j, n+j

- <2 (“” T _(“”q‘” “’) - A+A> (=9 (1 +0)" = (-1 =) A.

By using (2.1), we will have
> (Z) (D (=99)" " Learr; (5 q)
k=0
= (—2]a)" Lenti(pia) + (1) (#[2])" + (1 + %9)") A
where

B n_, (1-9Q+q@n_, 1-—g
(—e(1+9)" = ( L D )" =( i
The proof is completed. O

Theorem 3.5. Letn be a non-negative integer and m be a natural number with n > m, d’Ocagne’s
identity for q-Leonardo split quaternion is given by

Lem+1(p;q)Len(w; q) — Lem (@5 q)Lenti(w; q)

- _% (¢"¢ B—q"B¢) + AlLeni1(;q) — Len(;q))
— (Lem+1(p39) — Lem(p;q))A.
where
© B =24 2pi1 +2 ()% iz + (¢° + (90)* + ¢ — (99))is
and

@

©=2+2(pq) i1+ 20%2 + (¢° + (v9)° — © + (#q))is.
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Proof. Using the Binet formula for the n-th ¢g-Leonardo split quaternion in Theorem (3.5), we find that

Lem+1(9;9)Len(p;q) — Lem (s q)Lent1(9;q)

_ <2 <<pm+2w (W])m+25> —A) (2 (w”“so— (wﬂ"“ﬂ) —A>
P —¥q ¥ —¥q

B (2 (so’”“so (soq)m“ﬁ> A) <2 <s0"+2s0 .
¢ —¢q 0

In this last equation, by making the necessary calculations, we get

Lem1(050)Len(p;q) — Lem(p; q)Lenta(p;q)
= %(qu) (" (p))" 9 B — "

)" B¢)
(2T e 0™ B) 2(@"“@ (wa)""*B)
¢ — v

_ (2 (¢ = (p)"2B)

P —Pq
B 480m+n71

=1

@
C2(p™ - (s@(ﬂ’"“ﬁ)) 1
© —¢q
(¢"By—a"¢ ) + AlLent1(piq)
— (Lem+1(p;q) — Lem(p;q))A

— Len(p;9))

where ¢ = 1+ @i1 + p%ia + iz, B=1+ (¢q)ir + (¢q)°iz + (¢q)

Example 3.1. Using (2.5), if we take m = n = 1 in Theorem (3.5), we will have

Lea(p;q)Lex((

©;q) — Lei(p; q)Le2(p;q)

= 14qu (¢ B—B @) +AlLea(p;9) — Ler(p;q) — (Lea(p;q) — Lea(p;q)) A
= 14@ (24 2001 + 2 (0q)” iz + (0 + (00)” + ¢ — ©q)is)
_ f

(2 + 2pqi1 + 20%i2 + (¢ + (09)° — © + ©q)is)
+ (1441 +d2 4 43)[(3 4 5i1 + iz + 15i3)
—[(3+ 5i1 + iz + 15i3)
deg
=¥
ey

(1 + 371 + 5ig + 913)]
(1 + 3i1 + 5io + 943)](1 + i1 + iz + 43)

¢ —qp)in — 2(¢% — (¢q)?)iz2 + 2(p — ©q)is]
(1 + 41 + 12 + ’i3)(—2 — 241 — 4io — 623)

(2 + 241 + 442 + 6i3) (1 + 41 + 92 + i3)
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In this last equation, we take into account that p = 15 and q= };g from (1.1) and (2.2), we obtain

1+\/5,1—x/5)£61(1+\/5,1—\/5)
2 T1+45 2 145
1+\/5.1—\/5)£62(1+\/5.1—\/5
2 T1+45 2 145
:_—8[\/51'1—\/52'24—\/51'3}—(—10—22’1—21'2—101'3)
7
— (10 + 6i1 + 104 + 6i3)
= —8(i1 — iz +i3) — (=10 — 24y — 2i5 — 10i3) — (10 + 641 + 10iz + 6i3)

[,62(

)

—[,61(

= —12¢; — 4i3.

Now, checking the result:

1+\/5‘1—\/5)£61(1+\/5_1—\/5)

[: y 9
5 ThvE 2 1445
_£61(1+\/5,1—\/5)£62(1+\/5,1—\/S)
2 T1+45 2 1445

=(3 4 51 + 912 + 15i3) (1 + 3i1 + Hiz + 9i3)

— (14 341 + biz2 + 9i3)(3 + 5i1 + iz + 15i3)
=(168 + 8i1 + 24i2 + 40i3) — (168 + 2071 + 24is + 44i3)
= — 124y — 4i3.

Theorem 3.6. For the integers m,n and k such thatn > m > k > 1, then Vajda’s identity is as follows:

Len+i(p; ) Lem—k(#;q) — Len(p;9)Lem(p;q)
4"k, (B @q™ — 9 Ba™ ")
- .

+ A(Lem—r(#;q) — Lem (05 q))-

+ (Lentr(p;q) — Len(p;q))A

where ¢ = 1+ i1 + ¢%ia + ¢%is, B =1+ (¢q)i1 + (pq)’i2 + (pq)’iz and A = 1 + i1 + iz + is.

10



Atasoy and Babadag; ARJOM, xx(x), XX-XX, 20XX; Article no. ARJOM.xxxxx

Proof. Using (3.1), we get

Lentr(p; @) Lem—i (95 q) — Len(@; @) Lem (95 q)
20" — 2(pg)" T B 20" o — 2(pg)™ B
= £ E_A - 4

Y —¥Yq — ¥q
B 2¢n+1£_2(¢q)n+1ﬁ_d4 2¢m+1£_2(@q)m+lﬁ_d4
L Y=g
o 480”4’7"“"29& m—k+1 m+1 4¢"+m+2é£ n+k+1 n+1
= 3 —q - 3 \4 —q
(¢ — ¥q) (¢ —wq)
B 2wn+k+1£72(¢q)n+k+1g B 2(pn+1£72(¢q)n+1§ A
v —q v —q
a4 2wm7k+1£_2(wq)m7k+lg B 2¢m+1£_2(wq)m+lé
Y —$q Y —$¥q
4™ q(1 — ") (B pa" — ¢ Bg™ ")

= 1 g7 — (Lentr(p;q) — Len(p;q)) A

— A(Lem—k(p;q) — Lem(p;q)),
by using (2.1), we obtain

Lenti (05 @) Lem—1(9;q) — Len(p; ¢)Lem (95 q)

4 n+m k no_ m—k
- TR QBT ) (e alpia) — Leni A

— A(Lem—k(p;q) — Lem(v;q)),

where ¢ = 1+ @it + %z + i3, B =14 (¢q)ir + (pq)i2 + (¢q)’is and
A =141 +i2 +i3. The proof is completed. O

Corollary 3.7. Form = n in Theorem (3.6), the Catalan’s identity is as follows;
Len k(03 q)Len—r(;q) — Lep (3 q)

4¢2nqnfk+l [k/’}q

T 1-q¢

— A(Len—k(#;9)Len(0;9))-

Corollary 3.8. Form =n and k = 1 in Corollary (3.7), we get the Cassini’s identity

(qkﬁf - 5) — (Lentr(p; ) — Len(w; ) A

Leni1(p;q)Len—1(;9) — Lep (3 q)
2n _n

= 4f_l; (@B =9 B) = (Lent1(w;9) — Len(w;9))A

—A(Len-1(p59) — Len(p;q)).

4 Applications of the ¢-Leonardo split quaternions

In this section we give some applications of Cayley-Dickson’s form, including split quaternions with
components from some special integer sequences.

11
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4.1 Cayley-Dickson’s form for split quaternions

The Cayley-Dickson’s form of a split quaternion « is v = (vo + y1%1) + (72 + ~y3i1)i2 which is based on
two complex numbers. The classical polar representation of the given split quaternion ~ can be written
as follows.

i. The polar representation for spacelike split quaternion v can be written in the form

~v = |v| (sinh ¢ + p cosh ¢) (4.1)

/2212 . . o . .
where sinh ¢ = 22, cosh ¢ = Y1729 gpg = nistreiatisis ig 5 gpacelike unit vector.
1l 171 -2+v3+3

ii. The polar representation for timelike split quaternion ~ with spacelike vector part (Iv, < 0 for
V4, = y111 + Y212 + 7313 vector part of v ) can be written in the form

v = |7] (cosh ¢ + psinh ¢)

where sinh ¢ = @ cosh¢ = 14 and p = % is a spacelike unit vector Kula
and Yayl (2007); Ozdemir and Ergin (2006).

Split quaternions can be rewritten in the form v = ze*2, where = and w are complex numbers. If
P = zi» +wiz = (2 + wi1 )iz be an arbitrary spacelike vector, if e is spacelike then its exponential

form is

z w

e’ =sinh |P| + Pl cosh |Pliz + P cosh |Plis = ao + a2i2 + azis (4.2)
and if P is timelike, then
P Z . . woo. . . .
e’ =cosh|P|+ m sinh | Pliz + P sinh |Plis = Bo + Baiz + Psis.

That is, it is a split quaternion which does not contain ;.

Quantum calculus approach of Leonardo split quaternion possesses a polar form. This polar
form provides an alternative representation of ¢-Leonardo split quaternion, offering insights into their
geometric and algebraic properties beyond the traditional Cartesian representation. Indeed, the
concept of constructing a polar form for these split quaternions using two complex numbers, and then
applying a specific operation (multiplying the second complex number by i2) bears resemblance to the
Cayley-Dickson construction. However, there are notable distinctions between this approach and the
traditional Cayley-Dickson method.

Proposition 4.1. The norm of q-Leonardo split quaternion is given

[Len(w; @)l = 2\/|<p2"+2[2n +3]q — 9?0 2n + T]g + ¢T3 [n + 44|
where Le, (p;q) = 2¢"[n + 1]q — 1 is n-th ¢ Leonardo number.

Proof. Using (2), (2.4), (2.5), (2.6) and Proposition 1 in Atasoy (2025), we obtain

[Len(w; D)l = V| Zze, (¥59)]

=12 (Lean+2(959) — Leanto(950) + Lenss(p;q) + 1)

= V(49> +2[2n + 3]g — 2) — (49" +6[2n + T]g — 2) + (4" 3 [n + 4], — 2) + 2
= V1402220 + 3];) — (49> +6[2n + 7)) + (49" 3 [n + 4]y

= 2/]¢>"+2[2n + 3]q — P2 T6[2n + 7]y + " F3[n + 4.

12
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Proposition 4.2. The vector part of g-Leonardo split quaternion Ley (y; q) is
Veen (o) = 20" ([0 + 2lgin + @ln + 3giz + ¢" P n + dlgis) — A+ 1
and

Tveo oy = 4" 2 (In+ 212 — [0+ 3]5 — ¢ [n + 4]3)
4" (In+2]g — @ln +3]g — N+ 4]g) — 1

where A =14 41 + 42 +i3.
Proof. Using (2.4) and (2.7), we get V., (;q) @and Lv,., (#30)

Veen(pia) = Lent1(9;@)i1 + Lent2(p; )iz + Len+3(¢; q)is
= (20" n+2]g — 1) i1+ (20" P[0+ 3]y — 1) ia
+ (20" P+ 4]y — 1) 43
= 20" n + 2401 4 20" [0+ 3giz + 20" P[0 + 4]4i3
— (i1 + 42 + i3)
= 20" ([n + 2]gi1 + [ + 3lgiz + " P + 4]4i3) — A+ 1
and

i, (oiqy = Lenii(p59) — Lenio(939) — Lens(039)
( n+1 [n+2]y — 1) ( "+2[n+3] )2

— (2" + 4], 1)

= (1" P In+ 2 — 4" [+ 2)g +1)

— (4" +3)2 — 49" PP+ 3], + 1)

— (49" + 415 — 40" P+ 4]y + 1)

=4dp "+2([n+2] 2[n+3]§7<p4[n+4]§)
- 4@n+1([” +2]g —pln+3]g — ‘PQ[n +4]q) —

O
Proposition 4.3. Every q-Leonardo split quaternion Le. (y; q) is spacelike.
Proof. For any g-Leonardo split quaternion
Len(p;q) = Len(p; q) + Lent1(#;0)ir + Lent2(p; q)iz + Lents (95 q)is
= 20" [n + g + 20" [0 + 2]gi1 + 20" [0 + iz
+ 20" [0 + 4403 — A,
we can write that Z,., (,.q) < 0, where
Lre,(piq) = Len(93q) + Leny1(93q) — Lenio (93 q) — Lenis(05q)
= 40" ([n+ 105 - P’ [n+3]; — ' [n +4]7)
— 49" M ([ + 1]y — ¢ln+ 3] — P’ [n+ 4]y).
So, Le, is spacelike. O

13
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Theorem 4.4. The classical polar representation of q-Leonardo split quaternion is
Len(p;q) = |Len(p; q)| (sinh ¢ + pin cosh ¢r)

where p, = —Yeentein) s g spacelike unit vector. Le, (p; q) is n-th Leonardo number, ¢,, is a angle

z
‘ Veen (¢:9)

20" [n+1]g—1

such that ¢,, = tanh ™! and

A
’ Veen (w5q)

A=1+141 +i2 + 3.

Proof. Using (4.1), for Le.(y; q) is a spacelike g-Leonardo split quaternion, polar representation is

written as
Len(p;q) = |Len(p; q)| (sinh ¢y, + iy cosh ¢y,).

. . . IVEETL( ‘) v . .
We obtain sinh ¢,, = %, cosh ¢, = lcen(%:)q7 fin = —Lentei)  Here, by using (2.4),
‘I‘/ﬂenwm
we obtain
’IVEEMW = Lenis(#;9) + Len2(59) — Lengi (95 9)
= _4¢2n+2([n + 2}3 _ (,02[71 4 3]3 _ @4[71 _'_4]5)
+ 490n+1([n +2]g —p[n+3]qg — g02[n +4]q) +1,
VLen(L/’;Q) = L€n+1(Lp; Q)il + Len+2(§0; q)iz + Lents ((p; q)i3
= 20" ([n + 2)gin + @l + 3aiz + @[ + 4]gis) — A+ 1.
tanh ¢,, = 20" [n+1]g—1 . Thus, we get ¢, = tanh~! 20" [n41]g—1 ' 0

\/ ‘IVEEn(Sﬂ;Q)' ’I‘/Len(wq)

Proposition 4.5. For every spacelike q-Leonardo split quaternion vector
Po(p;q) = Len(; q)iz + Lent1(v; q)is = (Len(w; @) + Lent1(p; q)i1)iz, e (@D js written as follows;

Len(p;9)
[P (5 9)]

cosh | P (g3 q)lia

P = sinh | P (g3 9)] + cosh | Pr(; )i

Leni1(p;9)
[P (03 9)]
= bn + bni2iz + bny3is,

where b,, is constant.

Proof. ltis seen From (4.2). O

Figure 1: The representations of A,,, j,, and e

14
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Theorem 4.6. Every q-Leonardo split quaternion Lex (5 q) can be expressed in the form Lex(; q) =
A, eBn2  where A,, and B,, are complex numbers with components including q-Leonardo numbers,
that is

20"+ 1] — 14 (29" ' n+2]g — 1) iy

An = L n ;
v [ Len(w; @)l
and
yn + Znil -1 ( Xn )
B, = ————tanh _—
VY2 + 22 VY2 +Z2
where

X, = 40"" 20 4 3], — 40" PP [n + 3], + 2
Vo = 40> 20 + 5], — 20" [n + 3]y — 20" 0 + 5], + 2
Z, = 40"+ 1g[n + 4] — 20" [n+ 1]y — 20" P[0 + 4,
— 40" P n+ 2g[n + 3]y + 20" [n+ 2] + 20" [0 + 3] + 2

Proof. If Ay = an + any1i1 and eB7%2 = b, + by 2ia + bnysiz, we can write that

Len(9;q) = A€’ = apby + ant1bnis + (anbnsz — Gng1bnys)iz
+ (anbnt3 + ang1bng2)is.

Taking b,, # 0, we obtain a complex number
Wn = anbn + an+1bn7:1 - Len(@; q) + Len-&-l(@? q)ih

where A,, and B,, are complex numbers with components including g—Leonardo numbers. We can
write that A, = 221 [|Len (05 9)[|- So, [[An]l = [[Len (w5 g)|l - By using (2.4), we get

Len(ga, q) + Lent1(p; q)in
L (eia) + L2 (i)

An [1Len(e; @)

__ Legi@ tlenn(@@i p oo
V2(Lean+2(#59) — Lent2(p5q) +1) |

20"+ 1] — 1+ (20" n+2]g — 1) iy
= [ Len (s a)ll
V22922 + 3] — 1 — (29" [n + 3]y — 1) +1)

20"+ 1] — 1+ (20" ' n+2]g— 1)
V@20 + 3], — 2 — (4" [0+ 3], — 2) + 2)
_ 20" 41— 14 (20" n 42— 1) i 1 Cen(oi0)]

VA2 220 + 3] — 4" 20 + 3], + 2 ’
20"+ 1] — 14 (2¢"  n+2]g — 1) iy

- N [[£en (@3 )l

[1£en (e )l

15
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where A, € Sp{1,41} and 6,, is argument of A,,. Therefore,
-1 A,
R Y

Len(p;q) — Len+1(39)i1
[ Len(es @)l \/Le%(w; ) + Lei 1 (59)
_ Len(p; q) — Lent1(;9)in
[1Len(w; @)l v/2(Leznt2(p3 q) — Lenta(piq) + 1)
20"+ 1] —1— (20" n+ 1], — 1) i
[ Len(e; )|l VX
where A, ' and A, are the inverse and the conjugate of A,,, respectively. So, we get
e = A Len (5 q)
_ (Len(eiq) + Lenia(99))
[£en(pi 9 \/Lei(so; q) + Lega(5q)
4 Len(@iq)Lenta(piq) + Lent1 (o @) Lenss(939))ia
| Len(e; a)ll \/Lek(93.0) + Le2 1 (¢50)
4 Fen(@i@)Lents(piq) — Lent1(pi @) Lenta(939))is
| Len(e; @)l \/Lek(930) + Le 1 (¢59)

and then

GBriz _ 2(Leznt2(93q) — Lenta(piq) +1)
1Len (@3 @)l v/2(Lean+2(; @) — Lena2(p;q) + 1)
(2Lean+a(w;9) — Leny2(p;q) — Lenta(p; @) + 2)ia
1Len (5 )|l v/2(Leznt2(0;q) — Lent2(p5q) + 1)
(Len(p; @) Lents(w;q) — Lent1(p; @) Lent2(9; 9))is
1Len (@3 @)l v/2(Lezn+2(; @) — Len+a2(p;q) + 1)
_ X + Vnio + Znis
I Len(p; )|l /AP +2[2n + 3], — 49" F2[n + 3], + 2

where

X, = 40" 20 4 3], — 40" P[0+ 3], + 2

Vo =220 20+ 5]y — 1) — (20" [n+ 3], — 1) — (2" [0+ 5] — 1) + 2
= 40> 20 + 5] — 20" [n + 3] — 20" [+ 5]g + 2

Z,=(2¢"n+1]g - 1) (20" P+ 4], - 1)
= (2¢" I+ 2] — 1) 2" P[0+ 3], — 1)
= 40"+ 1g[n+ 4] — 20" [n + 1],
— 20" [n+ 4]y — 40" P[0+ 2g[n + 3],
+ 20" n 4 204 + 20" P[0 + 3], + 2.

In this case, we have [¢®»72| = 1, and Len(p; q) = Ane®*™ and B, is unimportant. Since *"** is a
unit spacelike g-Leonardo split quaternion, its classical polar form is written

"2 = sinh ¢, + i cosh ¢y,
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where, ¢, is a Lorentzian angle. Therefore, it can be shown

sinh ¢, = ———, cosh¢, = ——/—", ln = —F——=—
||£67LH VXn ||£en|| vy% +2721
where ¢,, is argument of u,, € Sp{i2,is} (see Figure 1). Then, tanh ¢,, = \/ﬁ and
— tanh-! An
¢n = tanh ( P Z%)
and we obtain
yn + Znil —1 Xn
B, = =———tanh — .
VY2 +Z2 VY2 +Z2
Because, it is Bniz = findn. O

Example 4.1. Forn =1 in Theorem (4.6), and by making the necessary calculations, we obtain

20'[2]q — 1+ (2¢°[3]g — 1) ia
A = L ;
1 e |Lex(p; )l
2-1)+@-1i
-2 4[5, — ©8[9], + 4[5
1o Ve Bla — 93[9q + ©*[5lq
2 + 6iy JE BT 2+ 6iy 2 + 6is /48 432 .
= 5—34+4+5| = V24 = V12 =42 + i
V10 | | V10 NG 5 V5!
and
Vi + 2101 —1 X1
By = 22 ot 2L
VI?+ 22 VY +Z2¢
_32-6h o 10 16-3h oy 5
V1040 V1060 /265 53
16 2[5 . 3 . [5
:7tanh -— — 1 7tanh -_—
V265 V53~ " /265 53
where

Xy =495, — 40°[4], +2=20—124+2 =10

Vi = 4¢°[7)q — 2¢°[4]q — 2¢°[6]g +2 =52 — 6 — 16 + 2 = 32

2z = 4905[2]q[5]q - 2901[2]4; - 2‘P4[5}q - 49"5[3%[4“ +2¢° [3]q + 2903[4]q
=20-2-10-24+4+6=—6.

5 Conclusions

In this study, ¢-Leonardo split quaternion sequences have been introduced by integrating the robust
framework of quantum calculus with the algebraic structure of split quaternions. We have established
several fundamental identities and provided numerical examples that validate the theoretical consistency
of these sequences. By employing quantum calculus notation, we have achieved enhanced derivational
clarity. This research offers a new perspective on the structural evolution of ¢-Leonardo split
quaternions, providing a deeper understanding of their geometric interpretations and algebraic
transformations.

Furthermore, the results obtained here suggest several promising directions for further studies.
Future research could explore the extension of these sequences into octonion algebras or investigate
their potential implications in digital signal processing and cryptographic key generation.
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