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Abstract: In this paper, we introduce the novel concepts of split Narayana quaternions and
split Narayana—Lucas quaternions within the innovative framework of hybrid numbers. We
explore their deep connections with Narayana and Narayana—Lucas quaternions, uncovering new
perspectives in this mathematical domain. Furthermore, we establish several fundamental
properties, including recurrence relations, Binet formulas, generating functions, exponential
generating functions, and other significant identities associated with these newly defined
quaternions. Finally, to better illustrate these theoretical findings, we also provide a numerical
simulation of split Narayana quaternions and split Narayana—Lucas hybrid quaternions.
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1 Introduction

Number theory is one of the most interesting and prominent areas of research in the field of
mathematics. One can observe numerous applications of this fascinating area of research across
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various disciplines such as cryptography, computer science, quantum physics, and many others
[16]. In recent years, many researchers and scientists have shown their keen interest in the study
of number sequences [21,23]. Number theory and quaternions share an interesting connection
through the exploration of certain number-theoretic properties within the context of an algebraic
framework. Specifically, number theory provides a foundation for understanding the arithmetic
properties of quaternions formed due to the sequences. Hamilton [9] was the first to introduce the
concept of quaternions as:

H:{p—l—lq—l—]r—i—ks ‘p’q7r73€R7i2:j2:k,2:_1’

ij =—ji=k,jk=—kj=1iki=—ik=j}
where 7, j, k are the quaternionic units and are non-commutative under the multiplication rule.
In applied mathematics, quaternions are particularly useful in the fields of computer science,
physics, differential geometry, quantum physics, engineering, algebra, and the computation of
rotating motions in three dimensions. Numerous research works have explored the connections
between the algebra of sequences and quaternions or octonions, and for more details, one can
refer to [2,3,6-12, 15, 18-20,26,27].

Quaternions and split quaternions are both extensions of the concept of complex number
sequences, but they differ in their algebraic properties and structure. The concept of a split
quaternion or co-quaternion is based upon the four-dimensional non-commutative associative
algebra, which was first put forth by James Cockle [4]. Split quaternions contain nilpotent
elements, non-trivial idempotent, and zero divisors, unlike the Hamilton quaternions algebra.

The split quaternions ¢ may be represented as:

ql:{p+iq+jr+k5 Ip,q,r,s €R,i* = —1,7* =k* =1,

ij = —ji =k, jk = —kj = —i, ki = —ik = j}.

where i, 7, k are the split quaternionic units and are non-commutative under multiplication rule.
In this context, the vector and scalar components of split quaternions are denoted by
V;/ = ig+jr+ksand S, = p, respectively. As a result, q = Sy + V;/ can be used to
represent a split quaternion. Define ¢, = p,, + iq, + jry + ks,, (n =0, 1).

Therefore the addition, subtraction and Multiplication of split quaternions are, respectively,
defined as:

CIE) F C]l1 = (po + iqo + jro + kso) F (p1 +iq1 + jr1 + ks1)
= (poFp1) +ile F q) +j(roFr1) + k(so F s1)

Go-qy = (po + iqo + jro + kso)-(p1 + iqr + jr1 + ksy)
= (pop1 — qoq1 + ror1 + S0S1) + 1(Poq1 + Gop1 — ToS1 + SoT1)
+37(por1 — qos1 + rop1 + Soq1) + k(pos1 + qor1 — Toq1 + Sop1)
= Sy S 9V V) + 8y Vi + 8y Ve + Vi AV
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where Q(V;,é» V;;) = —qoq1 + o1 + Sos1 and
- k
Ve ANV =1a 1o s
G T s

A split quaternions conjugate q is given by
?:p—z’q—jr—ks.
The formula for a norm of split quaternions ./\/q/ is defined as:

Ny=q -¢d=p+¢—-1r"-5.

A particular class of quaternionic numbers connected to the Narayana sequence and Narayana—
Lucas sequences are referred to as split Narayana and Narayana—Lucas quaternions, respectively.
These quaternions are distinguished by having split components, which means that one or more of
the quaternion components have fictional values. They are useful in quaternion algebra and have
uses in many branches of mathematics and physics. Tokeser et al. [28] introduced the concept
of split Pell and Pell-Lucas quaternions along with several identities related to these quaternions.
Additionally, a number of researchers have conducted investigations on other split quaternion
sequence types; these might be consulted [1,5,22].

Recently, Ozdemir [17] introduced the concept of hybrid numbers, which are a combination
of real, complex, dual and hyperbolic numbers. The set of hybrid numbers H is defined as:

H={z=a+b+ce+dh;a,b,c,deR} (1

where ¢, €, h are operators such that 1> = —1,¢%> = 0,h? = 1,th = —ht = € + 1. The conjugate
of hybrid numbers z is defined as: Z = a + bt + ce + dh = a — b — ce — dh. The character of
hybrid number z is defined as the real number C(z) = 27 = 2z = a4 b* — 2bc — d* and the norm

of hybrid number z is defined as \/|C/(z)| and denoted by ||z|| [17]. In the development of science
and technology, integer sequences have played a significant role. Consequently, it is extensively
used, particularly in mathematics and various other fields of science. Many areas of mathematics
can benefit from the use of hybrid numbers. In addition, these numbers have been widely utilized
in science, design, and hypothetical physical science. These sequences have many applications
in different fields, like linear algebra, kinematics, number theory, and geometry. Hybrid numbers
with various sequences have earned a lot of interest in recent years [14,21,24,25].

A significant aspect of this study is that it extends the rapidly growing body of research on
quaternionic sequences. Earlier works have examined Fibonacci quaternions [2, 10, 12, 18, 26],
Pell and Pell-Lucas quaternions [3, 28], and more recently split variants such as split Fibonacci
quaternions and split £-Fibonacci and k-Lucas quaternions [1,22]. Similarly, hybrid numbers
have been studied in the context of Jacobsthal, Mersenne, and other classical sequences
[5,19,24]. To the best of our knowledge, however, no prior work has addressed split Narayana
and Narayana—Lucas hybrid quaternions. The present study fills this gap by introducing these
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novel constructs, integrating the Narayana and Narayana—Lucas sequences into the quaternionic
hybrid framework. By deriving recurrence relations, Binet formulas, generating functions, and
exponential generating functions, we provide explicit identities analogous to those known for
Fibonacci and Pell-Lucas quaternions, thereby enriching the catalogue of algebraic structures
in this domain. In doing so, this work not only bridges a gap in the literature but also opens
avenues for future research where Narayana sequences, hybrid numbers, and quaternionic algebra
Intersect.

2 Preliminaries

In order to address the problem in hand related to the construction of split Narayana and Narayana—
Lucas hybrid quaternions, here in this preliminary section we are providing certain definitions
which will serve as a foundational framework for the subsequent analysis and interpretation of
the results.

Definition 2.1. [23] The Narayana sequence NV,, and Narayana—Lucas sequence U, are defined,
as follows:

Npys = Npio+ Np, Ng =0, N; =1, Ny =1, )
Un+3 - Un+2 + UTU UO - 37 Ul - 17 U2 - ]-» (3)

for n > 3, respectively.

Definition 2.2. [13] The Narayana hybrid sequence /N H,, and Narayana—Lucas hybrid sequence
U H,, are defined as follows:

NHn - Nn+LNn+1 +€Nn+2+hNn+37 (4)
UHn = Un + LUn+1 + 6Un+2 + hUn+37 (5)
where ¢, €, h are operators such that 1> = —1,e2 = 0,h?> = 1,0h = —ht = € + 1.

To establish a foundation for understanding the concept of split Narayana and Narayana—Lucas
quaternions, we will commence by providing definitions for two essential quaternionic structures:
Narayana quaternions and Narayana—Lucas quaternions. The ensuing definitions serve as a
precursor to the introduction of split Narayana and Narayana—Lucas quaternions.

Definition 2.3. Let Z,, and 7T, be the Narayana quaternions and Narayana—Lucas quaternions,
respectively, which can be defined as:

Zn :Nn+ZNn+1 +an+2+an+37 (6)
Tn = Un + Z.[]n+1 + jUn+2 + kUn+37 (7)

respectively, where i? = j2 = k?> = —1,ij = —ji = k, jk = —kj = i, ki = —ik = j.
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3 Split Narayana and Narayana-Lucas quaternions

In this section, we present the concepts of split Narayana quaternions and split Narayana—Lucas
quaternions by employing the preliminary definitions as outlined in the preceding Section 2.
We substantiate our discussion with theorems and provide valuable identities pertaining to these
newly formed split Narayana and Narayana—Lucas quaternions.

Definition 3.1. Let 7, and T, be the split Narayana quaternions and split Narayana—Lucas
quaternions, respectively, which can be defined as:

Zn :Nn+ZNn+1 +an+2+an+37 (8)
Tn = Un + Z.[]n+1 + jUn+2 + kUn+37 (9)

where N,, denotes the n-th Narayana numbers and U,, denotes the n-th Narayana—Lucas numbers
and i, j, k denote the split quaternionic units which satisfy the non commutative multiplication
rules:

P=—1,2=k=1,ij = —ji =k, jk=—kj = —i, ki = —ik = j. (10)

The scalar and vector parts of split Narayana quaternions 7, are defined as SZ, = N,, and
VZ,= tNpy1 + JNyyo + kN, 3, respectively. If SZ, = 0, then Z, is a pure split Narayana
quaternion.

Let us consider the two split Narayana quaternions Z,, and K, as:
Zp = Nn_’_iNn—ﬁ—l +an+2+an+37 (11)
Kn = Xn + Z'Xn-‘rl + jXTL—‘rQ + an+3’ (12)
The addition, subtraction and multiplication of split quaternions can be defined as:
(Zn + Kn) = (Nn + Xn) + i(Nn-l-l + Xn-H) + j(Nn—i-Q + Xn—I—Q) + k(Nn—‘rS + Xn+3>’ (13)
(ZnKn) = (Nn + iNn+1 + an+2 + an+3)(Xn + anJrl + an+2 + an+3>~ (14)

The conjugate of split Narayana quaternions Z,, and split Narayana—Lucas quaternions 7;, can be
defined as:

Zy = Ny = iNn1 = jNoga = kN, (15)
Tn - Un - iUn+1 - .jUn+2 - kUn+3- (16)
The norm of split Narayana quaternions can be defined as:

— 7 _ N2 2 2 2
NZy=2y-Zy=Ny+Ni —Ni,— N3, (17)

Lemma 3.1. Let Z, and T, be the split Narayana quaternions and split Narayana—Lucas
quaternions, respectively, then the recurrence relations for these quaternions can be defined as:

Zn = Zn—l + Zn—Sa
Tn=T1+7T,3
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Proof. From Equation (8), we have

Zn—l + Zn—3 = Nn—l + ZNn +an+1 + an+2 + (Nn—3 + iNn—Q +an—1 + an);
= (anl + Nn73) + Z(Nn + Nn72> +j(Nn+1 + anl) + k(Nn+2 + Nn)a
In1+ Zn3 =2y

Similarly from Equation (9), we obtained that
Ty =T+ T3 O

Thus, we can state the following theorems by taking into account the aforementioned results
related to split quaternions.

Theorem 3.1. For n > 1, the following relations hold between Narayana quaternions and split

Narayana quaternions as:

anl + Zn+1 = Zn+27
Zn - 2.Zn—i-l - jZn—i-Q - an—f—S = _5Nn+1 - 3Nn—1 - 2Nn

Proof. From Equations (8) and (10), we get

Zn-1+ Zns1 = (Nu1 + N, + jNoy1 + kNpyo) + (Nps1 + iNpyo + 5 Npis + ENpya),
- (anl + Nn+1) + Z<Nn + Nn+2) + j(Nn+l + Nn+3) + k(NnJr? + Nn+4)>
= n+2+iNn+3+an+4+k'Nn+5a

which shows that
Zn-1+ Znt1 = Znya. (18)
From Equations (2), (8) and (10), we get

Zp —1Zni1 — jZnso — kZpi3 = (Np 4+ iNpy1 + jNpso + kNpi3) — i(Nps1 + 1N, 10
+JNnts + kNpta) = j(Npt2 + iNpi3 +  Nota
+kNnys) — k(Nnys + iNnya + jNpgs + ENpgs),

= Np + Nuj2 — Nygs — Ny,

which shows that
Zp — Z‘Zn-ﬁ—l - jZn+2 - an-H’) = _5Nn+1 —3Np_1 —2N,. (19)
This completes the proof. [

Theorem 3.2. Let Z, and I, be split Narayana quaternions and split Narayana—Lucas
quaternions, respectively, then the following relations hold:

Zn + 3Zn—2 = Tn7
3Zns1 — 22 = T
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Proof. From Equation (8) and (10), it follows that

Zn + SZn—Q = Nn + Z.]\/vn—l-l +an+2 + an+3 + 3(Nn—2 + iNn—l +]Nn + an-l—l)a
= (Np 4+ 3Ny—2) + i(Nps1 + 3N,—1) + J (N2 + 3N,,) + k(Npss + 3N,41),

by using the identity of Narayana numbers U,, = N,, + 3N,,_5 (see [23]) in the above equation,
we obtain

Zn + 3Zn—2 - Un + iUn+1 + jUn+2 + kUn—l—S;
70437 0 =T, n>2. (20)

In a similar manner, we can see that

3Zn—i—l - 2Zn = 3(Nn+l + iNn-i—? + ]Nn+5 + an+4) - 2(Nn + iNn—&-l + an+2 + an—i—B)a
= (3Nn+1_2Nn) + i(gNn+2_2Nn+l) + j(gNn+3_2Nn+2) + k(SNn+4_2Nn+3)7

and by utilising the identity U,, = 3N,,.1 — 2N,, (see [23]) in the above equation, this equation
reduces to the following form

3Zn—&—l - 2Zn = Un + iUn-i—l + jUn—i-Q + kUn—i—?n
3pi1 — 24, =1T,. 21)

This completes the proof. ]

Theorem 3.3. Let Z, and Z,, be split Narayana quaternions and conjugate of Z,, respectively,
then the following relations hold:

ZnZn = Np+ Npoy = Niy— Nips,
Zn + Z_n = 2Nn7
72 =27,N, — ZnZy.

Proof. From Equation (8),(10) and (15), we have

ZnZ_n = (Nn + iNn+1 +an+2 + an—i—B)(Nn - iNn+1 - an—i-Q - an+3)7
ZyZy = Ny + Njpy = Noyo — Nis. (22)

In a similar manner, we can see that

T+ Zy = (N + iNpy1 + jNnyo + kNpy3) + (N — iNpy1 — Npyo — kNpys),
Z,+ Z, = 2N,,. (23)

From Equation (23), it follows that
72 = ZnZy = Zy(2N, — Z,) = 22,Ny, — ZZ,,. (24)
This completes the proof. []
The characteristics equation of the relation (18) can be written as:

B3 —t*—1=0. (25)
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If 11, v and A are the roots of this characteristic Equation (25), then they can be written as:

1 1
Lo (o, /3 ’ (2 31 \°
=37 1527 ViR 54 108 |
Lou(2, /3 : e [P 31
]/ = — —_— —_— —_ PR—
37\ 51 108 Y51 108 |

1
LY IR T 3+ 29 31
= - w _  — w _— _
3 54 108 54 108 ) ’

=

wl=

where

w

I
I
@
"
=

For the split Narayana quaternions Z,, and Z,, 5, we get

1w+ Zyo = p(Ny + N1+ jNpro + kENpys) + (Ny—o +iN, 1 + jN, + ENpy),
= (UNn + Ny—2) +i(iNn1 + Nou—1) + 5 (0 Noy2 + Np) + k(N g3 + Noga),

where n > (. Putting the relation p"* = pN,, + N,,_2 in the above equation, we get

,uZn + Zn—Z — Mn —I—z',u”H +jun+2 + k:,u”+3
= (1 +ip' +ju® + kp’)u”,
W+ Zng = pl", (26)
where ' = (14 dp + ju? + ku?).

In a similar manner, by considering the relation " = v N,, + N,,_o, in the same way as
Equation (26), we get

vy + Ly = Vll/n, 27

where v’ = (1 +iv + ju? + kv®).
In a similar manner, by considering the relation \* = AN,, + N,,_,, in the same way as
Equation (26), we get

N+ Zog = NN, (28)
where A" = (1 44X + jAZ 4+ EX3).
Theorem 3.4. Let Z,, and T, be the split Narayana quaternions and split Narayana—Lucas
quaternions, respectively, then the Binet formulas can be defined as:
,U,//uLn-H I// pntl N /\’)\n—i—l
(k=v)(p=2) (== A-pA-v)
T, = p "+ v'v™ + N A"

Zy = +
(
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Proof. Let Z,, be the split Narayana quaternions. From Equation (8), we have
Zn = Nn + iNn+1 + an—I—Q + an+3-

By using the Binet formulas for the Narayana sequence [23] and the definition of split Narayana
quaternions from Equation (8) we have,

n+1

_ p v Y
= ((u—u)(u—A) - (v =) —2A) i (A_“)(A_”))

n+2

) ) Vn+2 >\n+2
“ (m—u)(u—» M CEMIES Y <A—u><A—u>)

' Mn+3 Vn+3 )\n+3
i <<u—u><u—x> T we—n <A—u><A—u>>

Mn+4 Vn+4 )\n+4
*’f ((u—m(u—A) CETITESY <A—u><A—v>> ’

n+1
M

n+1

= L4+ jpu® + k) + 1+iv+ jv* + k?
EDIED) AR = )

+ A (144X + A2+ kX®)

A=p)(A—v) ’

Hence,
Iun—H , Vn—l—l , )\n—l—l ,
Ly = J v + A (29)
(—=v)(p—2A) (v =) —2A) (A=A =v)

Moreover, from Equation (9) we have

Tn = Un + Z'Uvn—&—l + jUn+2 + kUn—i—S'

By using the Binet formulas for the Narayana—Lucas sequence [23] and the definition of split
Narayana—Lucas quaternions from Equation (9) we have,

Tn — Mn +Vn +)\n +Z’(Mn+1 4 Vn+1 4 An—&—l) +j(un+2 4 Vn+2 4 /\n+2)
+ k(un+3 4 Vn+3 4 )\n+3)’

= (L +ip+ jp? + k) + v (U4 ip 4+ jp® + k) + N1+ ip+ 5u® + ki),
T, =@ 1"+ v "+ A\, (30)
This completes the proof. ]

Theorem 3.5. Let Z,, and T;, be the split Narayana quaternions and split Narayana—Lucas
quaternions, respectively, then the generating functions can be defined as:

N o+t 2 — Zo) + 22y — Zy)
G(t)=> Zt" = R :
n=0

L Ty T —To) + 3Ty — Th)
G(t) =) Tit" = — .
n=0
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Proof. Let us consider the following formal power series to be the generating function for the
split Narayana quaternions as:

n=0

Then we have
tG(t) = Zo(r)t + Zy(r)t* + Zot® + -+ -,
B3G(t) = Zot® + Zyt* + Zot® + - -
Therefore, we get
G(t) —tG(t) —t°G(t) = (Zo + Zit + Zot* + - -+ ) — (Zot + Zit? + Zot® + -+ +)
—(Zot® + Zyt* + Zot® + - - -),
Gt)(1—t—1*) = Zog+ (Z) — Zo)t + (Zo — 7112,

> A 71— 7 27y — 7
G(t) = ZZntn - 0 * t( 1<1 _Ot)j_ti)( - 1)
n=0

(1)

Thus the proof is completed for the split Narayana quaternions.
In a similar manner, we can also prove the following generating function for split Narayana—
Lucas quaternions as:

To +t(Ty — Tp) + t3(Ty — Th)
1—t—¢3

G(t) =) Tut" = . (32)
n=0

This completes the proof. []

Theorem 3.6. Let Z,, and T}, be the split Narayana quaternions and split Narayana—Lucas

quaternions, respectively, then the exponential generating functions can be defined as:

N oy . Vv ut A At
Z’n,_ - 6“ _I_ e _I_ e 5
,; nl o (p=v)(p—2A) (v —p)(v=2A) (A=A —v)

> tn ’ / /

E T,— =u pett 4+ vve’t + X Ae.
n!

n=0

Proof. By using the Binet formulas for the split Narayana quaternions (which we already defined
in (29)) and the definition of exponential generating function we obtained as:

o 1 > M"un+1 y/ Vn+1 /\’)\nJrl tm
Zn_ - + + )
HZ:O n! nzzo[(u—V)(u—A) (v —p)(v=2A) (A—u)(A—V)}n!
oy = ()" V' = (vt)” A = (A"
= + + ,
(u—ﬂ(u—M% nl (v=p)(v=2A) nz% nl - (A=p)(A=v) 7; n!
N ’ n A A7
SN 7, = R N et + e, (33)

nl (p=v)(p—2A) (v =) (v =2A) (A=A —v)



Thus the proof is completed for the exponential generating function for the split Narayana quaternions.
In a similar manner, we can also prove the following exponential generating function for split
Narayana—Lucas quaternions as:

> T = et 4+ v vet + XN e (34)
n=0 ’

This completes the proof. [

3.1 Numerical simulation for split Narayana quaternions

To better illustrate or visualize the theoretical findings, we present a numerical simulation of the
newly introduced split Narayana quaternions. Table 1 reports the numerical values for Narayana
sequence and the norm of split Narayana quaternions N (Z,) for indices 0 < n < 20. Then
Figure 1 is plotted with the help of Table 1.

Table 1. Numerical values for Narayana sequence
and norm of split Narayana quaternion N (Z,,).

n Np Nppi Npgpao Nags N(Z,)
0 0 1 1 1 —1
1 1 1 1 2 -3
2 1 1 2 3 —11
3 1 2 3 4 —20
4 2 3 4 6 -39
) 3 4 6 9 —92
6 4 6 9 13 —198
7 6 9 13 19 —413
8 9 13 19 28 —895
9 13 19 28 41 —1935
10 19 28 41 60 —4136
11 28 41 60 88 —8879
12 41 60 88 129 —19104
13 60 88 129 189 —41018
14 88 129 189 277 —88065
15 129 189 277 406  —189203
16 189 277 406 595  —406411
17 277 406 595 872  —872844
18 406 595 872 1278 —1874807
19 595 872 1278 1873 —4024004
20 872 1278 1873 2745 —8649486
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Figure 1. Norm of split Narayana quaternion N/ (Z,,) vs n.

The results reveal that all norms are negative, which decrease steadily as n increases. Starting
with V'(Zy) = —1, the norm decreases gradually, reaching N'(Z19) = —4136, and then drops
sharply at higher indices, attaining N'(Z5) = —8649486. This sharp decrease indicates that
the quadratic form defined by the norm, N'(Z,,) = N? + N2,, — N2,, — N2, is significantly
dominated by the negative terms as n grows. In other words, the components {N, o, N, 13}
grow faster than the components {N,,, V,, 11 }, causing the overall norm to shrink. In geometrical
interpretation, a sharp decrease suggests that the quaternion’s trajectory in its four-dimensional
space moves more intensively toward a light-like region. As the norm becomes extremely small
(or extremely negative), it may lead to instability in encryption, signal modeling, or physical

interpretation where these split quaternions are applied.

4 Split Narayana and Narayana-Lucas hybrid quaternions

In this section, we introduce the concept of hybrid numbers within the context of split Narayana
quaternions and split Narayana—Lucas quaternions (as discussed in Section 3). Additionally, we
have presented certain theorems along with their proofs, and identities associated with these
newly introduced hybrid quaternions.

Definition 4.1. Let Z H,, be the n-th split Narayana hybrid quaternions can be defined as:
/H,=NH,+iNH,,1 +jNH, s +kNH,,s3,
= (Ny + tNpy1 + €Npyo + hNpy3) + i(Npy1 + tNpyo + €Npys + hiNp i)
+ j(Npio + tNyss + €Npig + hiNyys) + E(Npys + tNpg + €Npys + hN,, 16),
where , €, h are hybrid units and i, j, k are split quaternionic units.
ZH,=27Z,+ 12y 1+ €Zpio+ hZ, 3. (35)
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Definition 4.2. Let T'H,, be the n-th split Narayana—Lucas hybrid quaternions can be defined
as:

TH,=UH, +iUH,+, + jUH, 1o + kKUH, 3,
= (Up + tUps1 + €Upia + hUpy3) + i(Ungr + tUpgo + €Unys + hUpqa)
+ §(Unya + tUpys + €Upia + hUpys) + kE(Upys + tUpya + €Upys + AUy u6),
where 1, €, h are hybrid units and 1, j, k are split quaternionic units.
TH, =T, + (T, 1+ €l o+ hT, 3. (36)
Lemma 4.1. Let Z H,, and T'H,, be the split Narayana hybrid quaternions and split Narayana—

Lucas hybrid quaternions, respectively, then the recurrence relation for these quaternions can be

defined as:
ZH,=Z7ZH, 1+ ZH,_ 3,
TH,=TH, 1+ TH,_s.
Proof. From Equation (35), we have
ZHy 1+ ZHy, 3=2Zy 1+ 17y + €Zpi1 +hZpio+ (Zy 3+ 172y o+ €2, 1+ hZ,),
= (Zna+ Zn-s)+uUZy+ Zn2)+ e€(Zns1 + Zn-1) + WM Zpio + Zy,),
/H, 1+ Z7ZH, 3s=7H,.
Similarly, from Equation (36), we obtain
TH,=TH, +TH,_ ;. [

Theorem 4.1. Let ZH,, and T H,, be the split Narayana hybrid quaternions and split Narayana—
Lucas hybrid quaternions, respectively, then the Binet formulas for these quaternions can be
defined as:

’ o+l /on+1 "ynt1
[ VY o AA o
(h=v)(—A) (v=p)(v=2A) (A=A =v)

TH, =y p"e" +v'v"e” + X \"e.

ZH, =

Proof. Let Z H,, be the split Narayana hybrid quaternions. From Equation (35), we have
ZHn = ZTL + LZn+1 + EZn+2 + th+3.

Therefore, utilising above relation in Equation (29), we have
" on+1 room+1 "yn+1
ZH, = < pe +— 42X )
(h=v)p=2) (=pv=2) A=-pA-v)
M/Mn+2 V/ Vn+2 )\’)\n+2
+t ( + + )
(w=v)(p=A) (== A=-pA-v)
M/Nn+3 V/ Vn+3 )\’)\n—i—?’
+e€ ( + + )
(h=v)(p=2)  (=p=2)  A=pA-v)
! n+4 ! on+4 /\’)\n+4
+h ( rE + —= + > ,
(w=v)p=2)  (=pv=2) A=-pA-v)
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Iu’lun—H Ul Vn—l—l

(1+ i+ ep® + hpd) + (1+w+ev® + h?)

(= v) (=) (v—p)(v—2A)
+ AN (14 A+ eX* + hA?)
(A=p)(A=v) ’
Hence,
7 on+1 ! on41 "yn+1
7H, = —HF e Y o A s 37)

(w=v)p=2)  w=—p=2)  A=-p(A-v)

where e/ = (1 + v+ epi> + hp?), e = (L + w + ev? + o), et = (14 A + eA? + hA3).
Moreover, from Equation (36), we have

THn = TTL + LTn+1 —|— ETn+2 + th+3
Therefore, utilising the above relation in Equation (30), we have
TH, = (4t + V0" + XA + (i " + 00 XA 4 e(p 42 4 072 4 X A t2)
—i—h(,u/u"%’ + V’Vn+3 + )\n+3)’
= o (1 + o4 ep® + hpd) + V' V(14w + e + h®) + X1+ 0\ + eX? 4+ b)),
TH, =y y"e" + v v’ + N \"e. (38)
This completes the proof. []

Theorem 4.2. Let Z H,, and T'H,, be the split Narayana hybrid quaternions and split Narayana—
Lucas hybrid quaternions, respectively, then the generating functions for these quaternions can
be defined as:

o0 _ ) B
G(t) = ZZHnt” _ ZHy+i(ZH, — ZHy) + t°(ZH, ZHl)’
n=0

1—t—13
= . THy+t(TH, — THy) +t*(TH, — TH,)
G(t) =) THt" = — .
n=0

Proof. Let us consider the following formal power series to be the generating function for the
split Narayana hybrid quaternions as:

G(t) :ZZHntn — ZH0+ZH1t+ZH2t2—|—---
n=0

Then, we have

tG(t) = ZHot + ZH\t* + ZHot? + - - - |
t3G(t) = ZHot® + ZHt* + ZHyt? + - - -
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Therefore, we get
G(t) —tG(t) — t°G(t) = (ZHy + ZHyt + ZHot* + -+ ) — (ZHot + ZH t* + ZHot> + - --)
— (ZHot? + ZH t* + ZHyt? + - - ),
Gt)(1—t—t*)=ZHy+t(ZH, — ZH,) +t*(ZH, — ZH,),

_ ZHy+t(ZH, — ZH,) + t*(ZH, — ZH,)
B (1—1t—13) ’
ZHy+t(ZH, — ZH,) + t*(ZHy — ZH,)

G(t) = ;ZHnt" = T . (39)

G(t)

Thus the proof is completed for the generating functions for split Narayana hybrid quaternions.
In a similar manner, we can also prove the following generating function for split Narayana—Lucas
hybrid quaternions as:

= THy+t(TH, — THy) +t*(THy — TH,)
G(t) = TH,t" = . 40
() Z‘a e (40)
This completes the proof. [

Theorem 4.3. Let Z H, and T H,, be the split Narayana hybrid quaternions and split Narayana—
Lucas hybrid quaternions, respectively, then the exponential generating functions for these
quaternions can be defined as:

= " Ty ' Vv . A A
ZH,— = elel 4+ e’e” + ete™,
; nl o (p=v)(p—2A) (v —p)(v—2A) (A=A —v)

oo tn
/ / /
5 THn—' = perett 4 vere’t + N eteM,
n!
n=0

Proof. By using the Binet formulas for the split Narayana and Narayana— Lucas hybrid quaternions
from Theorem 4.1, we obtain

Sz S [ () b (1wt 4 )
n—y = — € — L €
— ol =l (p=v)(p=A) (v—p)(v—=2~)
)\’)\n+1 ) 3 tm
+—()\_M)<)\_V)(1+L)\+€)\ + hA )}m,
o 2 3 — (ut)" Vv 2 3
= 14+ +ep”+h + 1+w+ev”+ hv?),
G L e ) )
= (vt)" A ) 2 e (A"
+ 1+ 1A+ e+ hA ,
; n! ()\—u)()\—y)( >n2:% n!
- " ,u/u t y/]/ v vt >\/)\ A A
ZH,— = elett + e’e’t + e*e™.  (41)
; nl o (p—=v)(p—=2A) (v —p)(v—=2A) A=p)A=v)

Thus the proof is completed for the exponential generating function for the split Narayana

hybrid quaternions.
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In a similar manner, we can also prove the exponential generating function for split Narayana—
Lucas hybrid quaternions, we have

o0
tn ! I !
E THn—' = pete! +vere’t + NeteM (42)
n!
n=0

This completes the proof. [

Theorem 4.4. Let m and n be any positive integers and m > n, then the following relations hold
as:

262)\(# _ V)/\’Q)\Qm+n+1 + V/\/LL,(A _ M) (_6)\+,u> (Mm)\n + )\m'un)
A=A =v)(p—v)
—2e2H (N — V) 2u P AV (e — v)et Y (UMt pmun) + 2e (A — p)v 2yt
+ )
A=A =v)(p—v)
N (=eMH) (20 — Av — ) (™A™ — A" )
A=A =v)(p—v)
NV MY (= A+ 2 v — ) (VA — N — p' Vet (2uy — Mp + v)) (vt — pmon)
+ .
A=A =v)(p—=v)
Proof. By using the Binet formulas from Theorem 4.1, we obtain

ZH,TH,+TH,ZH, =

ZH,TH,-TH,ZH, =

/H,TH,+TH,ZH,
B ( 7 (V’Vm-i-l) . oht (M’Mm—i—l) e ()\’/\m—l—l)

N N (/\—u)()\—u)> (Verv + lerp + N ex)

eV (V’Vn-i-l) eH (M’Mn-i-l) e ()\’/\n—H) )

+ (V vt +pelu™ + Ne Am) <(1/— N (v —p) + (=Ap-v) A=pA-v)

2¢° (1 = v)AZNE 4 uN (A = ) (M) (AT )
A=A =v)(p—v)

N =262 (N — V) 2p A AV (= v)er T (Ut o) + 2e (N — p)v 2yt

A=A =v)(p—v) '

/H,TH,+TH,ZH, =

Similarly, we have
/H,TH, —TH,,ZH,
B ( eV (V’Vm+1) oh (M'umﬂ) e ()\’)\m—i—l)

Vel "l " AN
=N (V) (A—u)(A—V)>< Fi e X

(S ey oy () e ) e (A
(fevsiietun ) ((v—»(u—u) e <A—u><A—v>) ’
X' (=eMH) (20 — Av — ) (™A™ — A" )
A=A =v)(p—v)
N NV MY (= A+ 200 — ) (VA — N — p' Vet (2uy — M+ v)) (vt — o)
A=A =v)(p—v) '

This completes the proof. [

ZH,TH,-TH,ZH, =
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Theorem 4.5. (Catalan’s identities) Let Z H,, and T'H,, be the split Narayana and Narayana—Lucas
hybrid quaternions, respectively. Therefore, for n > 1, we have

o AT (= M- V)N v et (ur — vr)?)
(A=A =v)*(p —v)?
)\—T/JJ—TV—T«)\ _ ,U) (/jJ _ V)ur)\’)\n—l—ly’yn-l—le)\—&—u(/\r _ V’I‘)Q)
A= p)P(A=v)*(p—v)?
/\—r“—ry—r(o\ _ V)(H . V)Vr)\’)\n+1,u’un+1 (—BAJF“) ()\r _ “r)2)
(A= p?A =v)*(p —v)? ’
TH,., TH, , — (THn)2 _ Afrlufryfr()\r,u’uny’yne/wru (,LLT _ Vr)2 + Mr)\’)\ny’yneAJrzx (/\r _ Vr)2
+ VAN e (N — ).

ZHpr ZH,_, — (ZH,

+

+

Proof. By using the Binet formulas from Theorem 4.1, we obtain

ZH, oy ZH, .y — (ZH,)?

B ( eV (V/Vn+r+1) ol (M/Mn+r+1) o ()\/)\n+r+1) )

=N —1) = NE—v) =@ —v)

. < 7 (V/anr+1) . ol (,u/unfr+1) . o (X/\nfqurl) )

=Nv=—p) (p=Np-v) A=pA-v)

- < eV (I/anJrl) .\ ol (,ulpwrl) o ()\/An+1) )2

=N —p) = NE—-v) = mh—»)

2) /\n+1u’un+16,\+u o\ \ntly pyntl At QM’MnJrly’VnJrle,quu
T 0w NO=E—r) A== =N —p) (=N =N ) —p)
N e\ \ntr+l MI Mn—r-i—l N eMr ) \n—T+1 MI Iun+r+1
A=w)p=NA=v)(p—v)  A=p)p=AA=-v)(p-v)
. AV (L Tl . AN N
A=pw)A=v) =N —pn)  A=pA=v)v =N —p
. ety Ly . ety ety ynr+ |
(L= =Np=—v)v=—p)  (p=AE=Np—v)—p)
Hence,

AT (1= A = V)N T o er e (ur — )
ZH, o ZH, . — (ZH,)? = 2 (A)(_ u)Q()A _M,f;z(ﬂ e W =v))
)\_TN_TV_T(O‘ _ ,u)(u _ V>lur>\’)\n+1y’l/n+1e)\+y()\r _ Vr)2)

(A=A =v)(p—v)?
/\ﬂﬂu—ry—r((/\ _ V)(M _ V)VrX/leM’MnJrl (—e/\ﬂ‘) ()\r _ NT)Z)
(A=A =v)(p—v) ’

+

_|_
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Similarly, we have

TH,,TH, ., — (TH,)?
= (V eV 4 et 4 )\/e’\)\"JrT) (1/ VT 4 et 4 )xle’\)\”’r>
— <y/e”u” + et + )\/e’\/\”>2 ,
= N A et — o N AT MY — 2y ) Vet
N NI T Ay gy e
+ VNN T AN Nt
e T T ey ey e
=X"u v " (Xﬂﬁ"ul Ve (=) 4 N N M (=0T N N e (N — u’")z)

This completes the proof. []

Theorem 4.6. (Cassini’s identities) Let Z H,, and T'H,, be the split Narayana and Narayana—
Lucas hybrid quaternions, respectively. Therefore, for n > 1, we have

A (= N = )\ v et (i — v)?)
(A=p)P?A=v)*(p—v)?
A T (N = ) (= ) pN AT T A () — 1)?)
(A=A =v)(p—v)
A (A = ) (= ) ANt (=) (A = p)?)
A= w2 A =v)?(p—v)? ’

TH, \TH, 1 — (TH,)? =Xy v ()\u/,u"l/lune““ (1t —v)° + pAN XD VM (A — 1)

ZHp1ZH, oy — (ZH,)? =

+

+

+ VAN e (N — p)? )

Proof. By substituting » = 1 in Theorem 4.5, this theorem can be easily proved. U

4.1 Numerical simulation for split Narayana—Lucas hybrid quaternions

To better illustrate or visualize the theoretical findings, we present a numerical simulation of the
newly introduced split Narayana—Lucas hybrid quaternions. Table 2 reports the numerical values
for Narayana—Lucas hybrid sequence and norm of split Narayana—Lucas hybrid quaternions
N (TH,) for indices 0 < n < 20. Then Figure 2 is plotted with the help of Table 2. The norm of
a split Narayana—Lucas hybrid quaternion is computed using the following relation:

N(TH,) =U2+2U2, 1 — 2Uns1Upi2 — 2Up9Un s — 3U2 5 + 2Up 43Uy — 2U7
+ 2Un14Unis + Up s + U s
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Table 2. Numerical values of Narayana—Lucas hybrid sequence
and norm of split Narayana—Lucas hybrid quaternions N (T H,,).

n UH, UH,. UH,., UH,.; N(TH,)
0 3 1 1 1 139
11 1 1 2 313

2 1 1 2 3 711
31 2 3 4 1468

4 2 3 4 6 3139

5 3 4 6 9 6673

6 4 6 9 13 14164
76 9 13 19 30079

8 9 13 19 28 63712

9 13 19 28 41 134923
10 19 28 41 60 285274
11 28 41 60 88 603607
12 41 60 88 120 1277425
13 60 88 120 189 2702122
14 8 129 189 277 5716903
15 129 189 277 406 12099034
16 189 277 406 595 25604293
17 277 406 595 872 5A197467
18 406 595 872 1278 114756334
19 595 872 1278 1873 242958451
20 872 1278 1873 2745 648741012

The simulation results reveal a rapid growth in N (T'H,,) as n increases.

Starting with

N(TH,) = 139, the norm rises steadily, surpassing one million at n = 12 and ultimately reaching
N (T Hayy) = 6.487 x 10%. According to the classification provided by Ozdemir [17], the nature
of hybrid numbers and quaternions depends on the sign and growth of their norm. From Figure 2,
the geometrical interpretation of the norm of split Narayana—Lucas hybrid quaternions remains
strictly positive for all computed values of n, the corresponding hybrid quaternions are elliptic
in nature. As the norm increases, the split Narayana—Lucas hybrid quaternions exhibit stable
and elliptic behavior, which may lead to enhanced performance in image encryption, improved
convergence in hybrid differential systems, and greater stability in quantum like modeling.
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Figure 2. Norm of split Narayana—Lucas hybrid quaternion N (T'H,,) vs. n.

5 Conclusion

In this study, we associate the concept of hybrid numbers in the context of split Narayana
quaternions as well as split Narayana—Lucas quaternions. We further explore their interrelationships
and derive Binet formulas, generating functions, exponential generating functions, and various
well-known identities respectively related to these newly introduced quaternions. Furthermore,
we provide a numerical simulation to illustrate the behaviour and implications of both split
Narayana quaternions and split Narayana—Lucas hybrid quaternions.

The novelty of this work lies in its potential to formulate hybrid wavelets, which can be
applied to solve both linear and nonlinear hybrid differential equations. The Caputo—Katugampola
derivative, Caputo—Fabrizio derivative, generalized Caputo fractional derivative, and several other
fractional derivative operators are significantly growing as fundamental tools in contemporary
fractional calculus. Earlier research has already applied these operators to quaternions, showing
that they work well for studying quaternionic systems. In the same way, our work expects the
extension of these concepts to quaternionic hybrid constructions, where the exploration of such
connections may provide interesting possibilities for future research. Besides this, the present
work may contribute well to the development of designing the new cryptographic protocols for
providing a robust security mechanism in real-world applications.
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