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1. Introduction

In the recent years, significant work has been done in the field of number sequences due to their wide range of applications in quantum
physics, number theory, robotics, and image encryptions. Number sequences also plays an important role in the areas such as stock market,
currency exchange and many others [1,2]. An examination of specific number-theoretic properties in the context of algebra reveals a
fascinating relationship between quaternions and number theory. Particularly, quaternions from classical number theory are useful tools for
contemporary mathematics and engineering because they not only improve fundamental identities but also have uses in modular arithmetic,
norm-based division tests, and matrix construction. Hamilton [3] was the first to introduce the concept of quaternions as:

H={p+ig+jr+ks|p,qrsecR,i*=2=k>=—1,ij=—ji=k, jk=—kj =i ki=—ik = j}.

where i, j, k are the quaternionic units and are non-commutative under the multiplication rule. Quaternions are important in many areas
of applied mathematics, such as computer science, physics, differential geometry, quantum physics, engineering, and the calculation of
rotational motions in three dimensions. Numerous studies have looked into the relationships between quaternions and the algebra of
sequences. For more detailed insights, refer to the works cited in [3—12]. Dual hyperbolic quaternions can be considered an algebraic
extension of quaternions, with the properties of hyperbolic and dual numbers. Quaternions form a basis in 3D rotation and algebra, while
dual hyperbolic quaternions are used in special relativity, kinematics, and theoretical physics.

The set of hyperbolic number H can be expressed as [13]:

H={z=q1+hg| h¢ R,1> = 1,q1,42 € R},
while, dual-hyperbolic numbers DH can be expressed as [14]:
DH = {w=z+¢€2 |z1,22 € H, > = 1,62 =0, #0, (je)> = 0}.
Here z; = q1 + ¢2, 20 = q3 + g4 then any dual hyperbolic number can be written as : w = (g +¢»j) + €(¢3 + q4j) where j> = 1,€> =

0, #0,(je)> =0.
Many areas of mathematics and physics have been transformed by quaternion algebra, leading to new insights and creativity. These adaptable
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structures endowed researchers and practitioners with the power to gain deep insights into intricate systems and space transformations.
Aydin [15] introduced the concept of dual hyperbolic Pell quaternions along with several identities related to these quaternions. Additionally,
a number of researchers have conducted investigations on dual hyperbolic quaternions, and for more details, one can refer to [16, 17].
Recently, the concept of hybrid numbers was introduced by Ozdemir [18], which are a combination of real, complex, dual, and hyperbolic
numbers. The set of hybrid numbers H is defined as:

H={z=a+bi+ce+dh;a,b,c,d € R},

where 1,€,h are operators such that 12=—-1,e2=0,"2=1,1h=—ht =€e+1. The conjugate of a hybrid numbers z is defined as:
Z=a+ bl +c€ +dh = a— b1 — c€ — dh. The character of hybrid number z is defined as the real number C(z) = 2z =7z = a> + b* — 2bc — d*
and the norm of hybrid number z is defined as y/|C(z)| and denoted by ||z|| [18]. Hybrid numbers, as an extension of these sequences,
offer versatile tools that have proven valuable in diverse mathematical domains, including algebra, number theory, and geometry. Beyond
theoretical mathematics, hybrid numbers and their associated sequences have found meaningful applications in fields such as linear algebra,
kinematics, engineering design, and theoretical physics. Their widespread utility underscores their importance in both abstract theory and
real-world problem-solving. Hybrid numbers with various sequences have earned a lot of interest in recent years [19-25]. Through a
comprehensive literature review, we found no prior studies addressing dual hyperbolic Narayana and Narayana-Lucas hybrid quaternions.
This gap highlights the distinctive novelty of our work.

The primary objective of this study is to introduce the concepts of hyperbolic and dual hyperbolic Narayana and Narayana-Lucas quaternions,
and to associate with these structures the concept of hybrid number in order to form the respective hybrid quaternion structures. Additionally,
we aim to investigate the relationships between these constructs. For these newly introduced quaternions, we also derive recurrence relations,
Binet formulas, generating functions, exponential generating functions, and various significant identities.

2. Preliminaries

In order to address the problem in hand related to the construction of dual hyperbolic Narayana and Narayana- Lucas hybrid quaternions,
here in this preliminary section we are re-calling certain definitions which will serve as a foundational framework for the subsequent analysis
to carried out and interpretation of the results.

Definition 2.1. The Narayana sequence N,, and Narayana-Lucas sequence U, are defined as [25]:
For the Narayana Sequence:

Nyi3 =Nppo+Ny,Ngo=0,N; =1,N, = 1.
For the Narayana-Lucas Sequence:
Uiz =Upi2+Up,Up =3,U1 = 1,U, = 1,
for n > 3 respectively.
Definition 2.2. The Narayana hybrid sequence N,],'I and Narayana-Lucas hybrid sequence U,f’ are defined as [19]:

NP =Ny + 1Ny 1 + N2 + ANy 3,
Uylli =Up+1Up41 +€Upp2 +hUn+3~,

where 1, €, h are operators such that 12=—1,2=0,i =1,1th=-h=¢+1.

3. Dual Hyperbolic Narayana and Narayana-Lucas Quaternions

In this section, we introduce the definitions of Narayana quaternions and Narayana-Lucas quaternions, as well as dual-hyperbolic Narayana
and dual-hyperbolic Narayana-Lucas quaternions, by using the basic definitions as mentioned in the previous Section 2. We substantiate our
discussion with theorems and provide valuable identities related to these newly introduced dual hyperbolic Narayana and dual hyperbolic
Narayana-Lucas quaternions structures.

Definition 3.1. Let Z, and T,, be the Narayana quaternions and Narayana-Lucas quaternions, respectively, which can be defined as:
Zp =Nn+iNpt1 + jNn+2 + kNpy 3,
Ty =Un+iUpt1 + jUpt2 +kUpy s,

respectively, where 2 = j* =k®=—1,ij=—ji=k, jk=—kj=iki=—ik=j.

Definition 3.2. Let DHZ, and DHT, be the dual hyperbolic Narayana quaternions and dual hyperbolic Narayana-Lucas quaternions,
respectively, which can be defined as:

DHZ, :Nn+an+1 +8(Nn+2+an+3)7 (3.1
DHT, = U, + jUn-H + S(UI’H-Z +jUn+3)a (3.2)

where N,, denotes the n'* terms of Narayana sequence and U, denotes the n'" terms of Narayana-Lucas sequence and {Jj, €, je} denote the
dual hyperbolic quaterionic units which satisfy the non commutative multiplication rules:

PF=1e#0e>=0,ej=j¢(j.€)?=0 (3.3)
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The addition, subtraction, and multiplication of dual hyperbolic Narayana and Narayana-Lucas quaternions can be defined as:

(DHZ, + DHT,) =(Nu F Un) + j(Npt1 FUni1) +€(Np2 FUpy2) + J.€(Npy 3 FUny3)
(DHN,, - DHU,) =(Np =+ jNuy1 +ENpy2 + €Ny y3) - (Un + jUn i1 +€Uny2 + j. €U, 3)
=(NnUn + Nyt 1Un1) + j(NnUni1 + Ny g1Un) + €(NaUp43 + Na 1 U3 + N2 U + Ny 3Up 1)
+J €(NpUnt3 + Nut1Unt2 + Nat2Unt1 + Nui3Un)

Definition 3.3. Let DHZ, and DHT, be the conjugates of dual hyperbolic Narayana quaternions and dual hyperbolic Narayana-Lucas
quaternions, respectively, which can be defined as:

DHZn =Ny — an+1 - E(NnJrZ +an+3)7
DHTn =U,— jUn+l - e(UrH-Z +jUn+3)7

where Ny, denotes the n'™ terms of Narayana sequence and U, denotes the n'" terms of Narayana-Lucas sequence and {J,€, je} denote the
dual hyperbolic quaterionic units which satisfy the non commutative multiplication rules:

PF=1,e#0e>=0,ej=j¢(j.€)?=0

Theorem 3.4. Let DHZ, and DHT, be the dual hyperbolic Narayana quaternions and dual hyperbolic Narayana-Lucas quaternions
respectively. Then the recurrence relations for these quaternions hold:

DHZ, = DHZ,_, +DHZ,_3,

DHT, = DHT,,_, + DHT,_3.
DHZ, +3DHZ,_» = DHT,,
3DHZ,, | —2DHZ, = DHT,.

Proof. From Eq. (3.1), we have

DHZ, +DHZ, 3 =N,_1+ jNn+ 8(]vthl +an+2) +Np—3+ jNp—2 + S(Nn,1 +an)7
= (Na1 +Nu3) + j (N + Np—2) + €(Nag1 +No1) + j(Nny2 +Na)),
=Ny + jNps1+ 5(NnJrZ +an+3)7

DHZ, | +DHZ, 3 =DHZ,.

Similarly from Eq. (3.2), we obtained that
DHT, = DHT, | + DHT,_3.
From Eq. (3.1), we have

DHZ, +3DHZ,_» =Ny, + an+l + 8Nn+2 +j8Nn+3 + 3(Nn—2 + jNp—1+EN, + jeNn+l )7
:(Nn + 3Nn72) +j(Nn+l + 3Ivrhl) + 8((Nn+2 + 3Nn) +j(Nn+3 + 3Nn+l ))7

by using the identity of Narayana sequence U, = N, +3N,_> (see [25]) in the above equation, we obtain

DHZ,+3DHZ, » =U, + JUn+1+€Uptp + j€Up1 3,
DHZ, +3DHZ,_, = DHT,, n > 2.

In a similar manner, we can see that

3DHZ, 11 — 2DHZ, =3(Npt1 + jNas2 + ENpy3 + jENu14) — 2(Ny + jNuy1 + ENpy2 + jEN,13),
:(3Nn+l - 2Nn) + ‘](3Nn+2 - 2NI’I+1) + 8(3Nn+3 - 2Nn+2) +]£(3Nn+4 - 2Nn+3),

and by utilising the identity U, = 3N, 1 — 2N, (see [25]) in the above equation, this equation reduces to the following form

3DHZn+l —2DHZ, = Uy +jUn+l + 8Un+2 +j8Un+37
3DHZ,, — 2DHZ, = DHT,,.

O

Theorem 3.5. Let DHZ, and DHZ, be dual hyperbolic Narayana quaternions and conjugate of DHZ, respectively, then the following
relations hold:
DHZ,DHZ, :N;% +Nr%+l _N3+2 _Nr%+37
DHZ, + DHZ, =2N,,
DHZ2 =2DHZ,N, — DHZ,DHZ,.
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Proof. From Eq. (3.1) and using conditions (3.3), we have

DHZ,DHZ, :(Nn + jMH—] + 8Nn+2 + jeNn+3)(Nn - an+1 - 8Nn+2 - jgNn+3)7
DHZ,DHZ, =N} + N2, | — N2, —N2,5.

In a similar manner, we can see that

DHZ, + DHZ, = (Nn + an+1 + £Nn+2 +j€Nn+3) + (Nn - an+1 - 3Nn+2 - jENn+3)7
DHZ,, + DHZ,, = 2N,. (3.4)

From Eq. (3.4), it follows that
D]HIZ,% = DHZ,DHZ, = DHZ, (2N, — DHZ,) = 2DHZ,N,, — DHZ,DHZ,.

O

Theorem 3.6. Let DHZ,, and DHT, be the dual hyperbolic Narayana quaternions and dual hyperbolic Narayana-Lucas quaternions,
respectively. Then the Binet formulas can be written as:

'uu'un+l vavn+1 )La/'LnJrl
+ + ,
u=v)(u=2) (v-—u)(v=2) A-u)(A-v)
DHT, :”a”n 4 yayn +7L”l",

DHZ, =

where u® = (1+ ju+eu®+j-ep®),vi=(1+jv+evi+j-ev¥) A9 =1+ jA+ el +j-e13).
Proof. Let DHZ, be the dual hyperbolic Narayana quaternions. From Eq. (3.1), we have

DHZH == Nn +]Nn+1 +£Nn+2 +‘]€Nn+3

Therefore, by using the Binet formulas for the Narayana sequence (see [25]) in the above relation we have,

B “n+1 vn+1 ﬂ,"+1 ] ”n+2 vn+2 )Ln+2
DHZ"_((M—V)(M—M+(V—u)(V—l)+(l—u)(l—\/)) J((N—V)(u—/l)+(V—u)(V—l)+(l—u)(l—V)>
’un+3 vn+3 An+3 ) “n+4 vn+4 ln+4
+S((M—V)(u—/l)+(V—u)(v—/l)+(l—u)(l—V))ﬂ'S((u—V)(u—/l)+(V—u)(v—l)+(l—u)(l—w)’
B ’un+l ) ) vn+l ] ' )L"+1 . .
*7(“7‘,)(“71)(1+‘/I~L+8.u2+j48”3)+7(\/7“)(‘/71)(1+jV+8V2+j.8V3)+7(/,L7“)(17‘/)(1+j/l+€/12+j.€l3),
_ ,LL"H u Vn+1 B ﬂ,’hLl Y
PRz = o T we ) T e 3-3)

Moreover, from Eq. (3.2) we have
DHT, =U,+ jUyt1 + €Uyt + j.€Up43.
Again, by using the Binet formulas for the Narayana-Lucas sequence (see [25]) in the above relation we have,
DHT,, =" + v + A" Jrj(Mn-s-l 4ynt Jrln-H) +8(u"+2 + vn+2+ln+2)
+J~.£(un+3 +ynt3 +/In+3)7

=1+ ju+eu® 4 jepd) +vi(1+ jv+evi 4 j.evd) + AN (1 + jA +eAd? + jedd),
DHT, =pu" +v4v" + 194", (3.6)

O

Theorem 3.7. Let DHZ, and DHT, be the dual hyperbolic Narayana quaternions and dual hyperbolic Narayana-Lucas quaternions,
respectively. Then the generating functions can be written as:

_ DHZy(r) +1(DHZ (r) — DHZy(r)) +1*(DHZy (r) - DHZ (r))
l—rt—13

G(r) = i)DHZn(r)t” :
n _ DHTy(r) +1(DHT; (r) — DHTy(r)) +1*(DHT(r) — DHT, (r)) .

1—rt—13

G(r)= Y DHT, ()t
n=0
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Proof. Let us consider the following formal power series to be the generating function for the dual hyperbolic Narayana quaternions as

G(t) =Y. DHZ,(r)" = DHZy(r) + DHZ (r)t + DHZy (r)i* + ...
n=0

Then we have

1tG(t) = rDHZy(r)t + rDHZ, (r)t* + rDHZ, (r)f> + . ..,

£G(t) = DHZ(r)t> + DHZ, (r)t* + DHZy (r)f + ...

Thus, we obtain
G(1) — rtG(t) — 3 G(t) =(DHZy(r) + DHZ, (r)t + DHZ, (r)i*> + ...) — (rDHZo(r)t + rDHZ, (r)i* + rZo (r)> +...)
— (DHZy(r)f> +DHZ, (r)t* + DHZ (r)° +...).

From the above relation, we further deduce that

G(t)(1 —rt —13) =DHZy(r) + (DHZ, (r) — rDHZy(r))t + (DHZ, (r) — rDHZ, (r))*

o)~ DEZ0(r) + H(DEZ\(r) = DHZ(r)) +*(DHZy(0) ~ DB (1)
(1—rt—13) ’
> DHZy(r DHZ, (r) — rDHZy(r 2(DHZ,(r) — rDHZ, (r
oo - ol H{DHE, )~ DB 1 OHEA )~ D).

Thus, the proof is completed for the dual hyperbolic Narayana quaternions
In a similar manner, we can also prove the following generating function for dual hyperbolic Narayana-Lucas quaternions as

DHTy(r) +t(DHT (r) — DHIy(r)) + t*(DHT> (r) — DHT (1)) .

=) DHT,(r)" =
n;() (r) 1—rt—13

O

Theorem 3.8. Let DHZ, and DHT, be the dual hyperbolic Narayana quaternions and dual hyperbolic Narayana-Lucas quaternions,

respectively. Then the exponential generating functions can be written as

- " utp véy A4 2
DHZ,(r)— = M+ e+ eM,

n;() ()"! (L=v)(u—=2) (v—u)(v=-2) (A—u)(A—-v)

Yy D]HITn(r)% =puet +vive' + 1% e

n=0 :

where u® = (1+ ju+ep®+j-eud), vé = (14 jv+evi+j-ev3), A9 = (14 jA +er?>+j-eAd).

Proof. By using the definition of exponential generating functions and Binet formulas for the dual hyperbolic Narayana quaternions (see

(3.5)), we obtained as:

oo u 'un+] vavn+1 luanrl "
DHZ,( + + —
,;0 n;o (=v)(u—=2) (v-u)(v-21) A-p)A-v)|n

[ o (u1)" vev v (V)" A -

m v)(u—l)ngo ! +(v—,u)(v—7L)n§'0 2 A== 20 n‘
ln “a“ vavn Aaln 2’
DHZ,(r)— = HEy Vit !
D i Ty § Al cvmmyry 72y S M 7y

Thus, the proof is completed for the exponential generating function for the dual hyperbolic Narayana quaternions
In a similar manner, we can also prove the following exponential generating function for dual hyperbolic Narayana-Lucas quaternions (see

(3.6)), we obtained as:

”
ZDHTn ) =1 el 4 vive” + A% A

n=0
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4. Dual Hyperbolic Narayana and Narayana-Lucas Hybrid Quaternions

In this section, we extend the dual hyperbolic Narayana and dual hyperbolic Narayana-Lucas quaternion structures (as discussed in section 3)
in the context of hybrid quaternions. Additionally, we have presented certain theorems along with their proofs, and identities associated with
these newly introduced hybrid quaternions.

Definition 4.1. Let the n'" dual hyperbolic Narayana hybrid quaternions be DHZH and can be defined as:
DHZ! =Nf' + jNI, | + NI, + j.eNt 5,
:(Nn + 1INy +ENp2 + hNn+3) + j(Nn+1 +1Npp2 + ENy3 + hNn+4) + S(Nn+2 + N3 +ENppa + hNn+5)
+ j~£(Nn+3 +1Np4 +ENy 5+ hNn+6)7
where {1,€,h} are operators and {j, €, j.€} are dual hyperbolic quaternionic units.
DHZ! = DHZ, +1DHZ, | + eéDHZ, > + hDHZ, 3. 4.1
Definition 4.2. Let the n'" dual hyperbolic Narayana-Lucas hybrid quaternions be DHTnH and can be defined as:
DHT! =Ul! + jull | +eUl, , + j.eUl 5,
=(Un+1Wpy1 +€Upso +hUpi3) + j(Ups1 +1Uny2 +€Upi3 +hUpya) + €(Upgo +1Uny 3+ €Uy g +hUp5)
+j.-&(Uny3 +1Up1a + €Upys +hUy,y6),
where {1,€,h} are operators and {j, €, j.€} are dual hyperbolic quaternionic units.

DHT! = DHT, +1DHT,, | + eDHT,,, » + hDHT,, 3. 4.2)

Lemma 4.3. Let DHZ,? and D]HITnH be the dual hyperbolic Narayana hybrid quaternions and dual hyperbolic Narayana-Lucas hybrid
quaternions, respectively. Then the recurrence relation for these quaternions holds:

DHZ! = pHZ! | + DHZ!
DHT! = pHT! | + DHTH ;.
Proof. From Eq. (4.1), we have

DHZ! | + DHZY , = DHZ, | +1DHZ, + eDHZ, | + hDHZ, >+ (DHZ, 3 +1DHZ, ,+€eDHZ, | +hDHZ,),
= (DHZ,_| + DHZ,_3)+1(DHZ, + DHZ, ») + €(DHZ, | + DHZ, )+ h(DHZ,, + DHZ,),
= DHZn + lDHZ,H,l + 8DHZ,,+2 + ]’ZDIH:[Z,.H,37
DHZH | + DHZ! , = DHZ!.
Similarly, from Eq. (4.2), we obtain
DHTH = pHTH | + DHTH ;.
O

Theorem 4.4. Let DHZf and DHTnH be the dual hyperbolic Narayana hybrid quaternions and dual hyperbolic Narayana-Lucas hybrid
quaternions, respectively. Then the Binet formulas for these quaternions can be written as:
ap b nt+l ay,byn+1 aybyntl
vivPy AGAPA
pHzl = FHHE + :
m=v)(u=2)  (v-p)(v=-24) A-p)(A-v)
DHTH =ppubpu™ +vivbvt + 29252,

where ¢ = (14 ju+eu®+j-eu?), vi = (1+jv+evi+j-ev3), A% = (1+ jA+ed?+j-eA?) ul = (1 4+ 1u +ep® + hud),vb =
(A+1v+evi+hv3), AP = (1 +1A +eA? 4+ hAd).

Proof. Let D]HIZ,If be the dual hyperbolic Narayana hybrid quaternions. From Eq. (4.1), we have
DHZ! = DHZ, +1DHZ, | + eéDHZ, > + hDHZ, 3.

Therefore, utilising Eq. (3.5) in above relation for each term, we have

o ”a”n+l va Vn+1 Auanrl ua”n+2 vavn+2 )LaanrZ
DH%"(w—vXu—AY*w—MXv—M*XA—uxz—w> <w—vxu—1f*w—uxv—w*wx—uxx—w>
( ‘ua'un+3 N yaynt3 N papnt3 ) ( u"u”+4 N yaynta N papnt4 )
(m=v)(u=2) (v-p)(v=-24) A-p)(A-v) H=V)(p=2) (v-p)(v=24) A-w)@A-v))’
‘ua'unJrl ) 5 vaanrl ) 3
:m(l—i—lu—keu +hu )—i—m(l—ﬂv—f—ev +hv?)
kalll+l

+ T (1+1d+er?+nA?),
a—mi ' )
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“a'unJrl b vavn+l b ;La/'LnJrl b
—+ v+ A )
w-u-0" TV —a) A—u)(A-v)

where u? = (1+1u +ep® +hu’),v? = (1+1v+ev2 +hv3), A = (1 + 1A + eA? +hA3).
Moreover, from Eq. (4.2), we have

DHZA =

n

DHTH = DHT, + 1DHT,,, | + eDHT,,, 5 + hDHT,,, 3.
Therefore, utilising Eq. (3.6) in the above relation for each term, we have
DHTH = (" + vov" + A9A") 4 1(uap™ 4 yayntl p apntty yg(uopn+? 4 ynt2 4 japnt2)
FR(UOTS 4 yayms o ant3),
=" (1 + 1+ e + hi) £ vV (1 +1v +evi 4+ hv3) + A4 1+ 1A +eA> +hA3),
DHTH =ppu"ub +vavivb 4 29272°.
O

Theorem 4.5. Let DHZ,fI and DHTnH be the dual hyperbolic Narayana hybrid quaternions and dual hyperbolic Narayana-Lucas hybrid
quaternions, respectively. Then the generating functions for these quaternions can be written as:

Glt) = i DEZ (7" = DHZH (r) +t(DHZ! (r) — DHZE (r)) + t*(DHZE (r) — DHZ! (1))

o (1—rt—13) '
Gl = io DHTH ()" — DHTy! (r) +1(DHT! (r) 71()?7Ti (i) t)3)+12(DHT2H (r)—DHT{ (r)) .

Proof. Let us consider the following formal power series to be the generating function for the hyperbolic Narayana hybrid quaternions as:
G(1) = i DHZH (r)i" = DHZ (r) + DHZ (r)t + DHZY (r)e* + . ...
n=0
Then, we have
11G(t) = rDHZE (r)t + rDHZE (1) + rDHZE (r)f* + ...,
£G(t) = DHZE (r)e* + DHZ! (r)t* + DHZE (r)° + ...
Thus, we obtain
G(1) — r1G(t) — 3G(r) =(DHZE (r) + DHZY (r)t + DHZY (r)e% + ...) — (rDHZE (r)t + rDHZ ()% + rDHZE () + ...)
— (DHZEH (r)® + DHZH (r)t* + DHZY (r)f + ...
From the above relation we further deduce that
G(1)(1 —rt —3) = DHZE (r) + t(DHZY (r) — rDHZE (r)) + > (DHZE (r) — rDHZH (r)).
Therefore, we have

_ DHZH (r) +t(DHZH (r) — rDHZE (r)) + > (DHZY (r) — rDHZH (1))

() (1—rt—13) ’
G(t) = i DHZH (1)1
n=0
 DHZE (r) +t(DHZH (r) — rDHZE (r)) + t*(DHZE (r) — rDHZY (1))
- (1—rt—13) i

Thus, the proof is completed for the generating functions for dual hyperbolic Narayana hybrid quaternions.
In a similar manner, we can also prove the following generating function for dual hyperbolic Narayana-Lucas hybrid quaternions as:
> DHTH (r) +t(DHTH (r) — DHT 2(DHT! (r) — DHTH
6(6) = 5 ezt (n = DETE! () + H(DET(r) - DHT! (1) + *(DHIJ!(r) - DHI{'(r))
= (I—rt—13)

O

Theorem 4.6. Let DHZ,If and DHTnH be the dual hyperbolic Narayana hybrid quaternions and dual hyperbolic Narayana-Lucas hybrid
quaternions, respectively. Then the exponential generating functions for these quaternions can be written as:

- " ”a” b _ut viv b vt AL b At
DHZH (r)— = — = — bl 4 vPeV 4 APeM

P bl i iy Ll ey AWt —v)

Y DT () = pubebt 4 vivbe + AapbeH,

n=0 :

where u¢ = (1+ ju+eu?+j-eu®), vt = (14 jv+evi4j-ev3), A% = (14 jA+eA2+ j-eA?),ub = 1 +1u +eu? 4+ hu’),vb =
(1+1v+evi+hv3) A0 = (1 + 1A + €A% +hA3).
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Proof. By using the Binet formulas for the dual hyperbolic Narayana and Narayana-Lucas hybrid quaternions from Theorem 4.4, we obtain

o P oo [.1“,[1"+1 ) 3 yayntl ) 3
DHZE(— =Y [ ————— (1 +wu+eu? +hud)+ ————— (1 +1v+evi+hv
L PR ) = LGy Gy e ) )
Aaanrl 5 3 1
+m(l+m+el +hA )}E’
Ty 2 3 v ()" viv 2 v (v)"
= "7 (l+iuteut+h + 1+1v+evo+hv
vy my ) S ) L
+%(1+m+elz+hl3)2 (;:,) :
- - n=0 :
- " e b ut vev b vt AL b At
DHZA(5)— =— = & bt | vleV 4 APleM.
LPHA 0 = e

Thus, the proof is completed for the exponential generating function for the dual hyperbolic Narayana hybrid quaternions.
In a similar manner, we can also prove the exponential generating function for dual hyperbolic Narayana-Lucas hybrid quaternions, we have

- -
Y DHT (r)— = pu®ubet’ 4 vivPe” + 22 M.
n=0 n

Theorem 4.7. Let m and n be any positive integers and m > n, then the following relations hold as:

pHZH pHTY + DHT! DHZ!

(Aalbanr”a”h“nJrlalbln) (lalbll+m(u7‘,)+(l7”)v1+mvavh+(7l+v)(”l+m”a”h))
A=A =v)(n—v)

N (A9ALAM 4+ papb pm 4 vavbym) (RAAPAH (1 —v) + (A — p)v! vV 4 plt et (-3 4 v))
A=A =v)(u-v) ’

DHZ! pHT! — DHT! DHZ!
(lalbl"Jrua[.Lbu”Jrvava") (lalbll"'m(ﬂfv)Jr(lf,u)vH'mV”Vh+(77L+V)(/.Ll+m,ua‘ub))
(A =p)A=v)(h=v)
(lalhlm+“auh”m+vavbvm) (l“l”)t””(u—v)—i—(/l—u)v1+”v“v”+u1+”u“u”(—/l+v))
(A=p)A=v)(h=v)

Proof. By using the Binet formulas from Theorem 4.4, we obtain

pHz!pHT! + DHTH DHZ!
ap b m+l ay,by,m+1 aybym+l
HpTu Vv AIATA ) b b b
= + + ApZu" +vavIvt L A0 A"
((uw)(u%) V-2 A-pA-v) (wn )

0 bom i b anbam /.l”,ub/J,nJrl vaybyntl Aa)bpntl

+ (B ur AR )((us)(ufl)+(vfu)(vfl)+(7tfu)(7th))’

DHZH pHTY + DHT! DHZ!

(lalbﬂ,"—l-[,laﬂbu"-i-ﬂ,albl”) (lulbllﬂn(u—v)ﬁ-(l—M)V1+mvavb+(—2,+V)([J]+m[,laﬂb))
A=A =v)(u=-v)

N (lalblm—Fuaﬂbum—Fvavbvm) (la/lb/lpr"(u—v)-l—(/l—M)V1+"Vavb+ﬂ1+"uaub(—/'1,+V))
(A —=p)A=v)(n=v)

Similarly, we have
pHZzH pHTY — DHT! DHZ!
_ “a“h”m+1 vavhvarl ﬂ,alhlJrl “bom b b
_<(u—V)(u—)L) T IO Ry Ty (" £ vV aeaP2")

ap b, n+l ay,by,n+1 aybqntl
a, b, m a,b.,m anbqam u-uru vivTy AAAPA )
- FVEVIVT AL A ( + ,
(” oE ) m=v)(u=2) (v-p)(v=-24) A-p)A-v)

pHZzE pHT!? — DHTY DHZ!
(la/lbl"—i-uaﬂbu"—i-vavb\/") (laﬂ,b/lprm(u—v)-l—(}t,—N)V1+mvavb+(—l+v)(u1+'"uaub))
A=A —=v)(p—-v)
(lalblm+uaubul7l+vuvbvm) (kulbll%»n(u_v)_'_(l_u)vlJrnvavb_‘_'ulJrn’uu‘ub(_/'L+v))
A—pw)A=v)(u—-v)
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Theorem 4.8. (Catalan’s identities) Let D]HIZ,IZ'I and D]HITnH be the dual hyperbolic Narayana hybrid quaternions and dual hyperbolic
Narayana-Lucas hybrid quaternions, respectively. Therefore, for n > 1, we have
pHZl, DHZ!, — (DHZY?
L (S2AE Qb T (g )y (gatbyn  yatbyn) 4 og 2brngaqbyr (g — )y (uitrgapb — yitnyayby)
(A—p)P2A—=v)2(u—v)?
(—lz“u“”u“ubv”nv“vb(u’ _ vr)2 _ /'Lr’uZJrn'uauvaJrnvavb(’ur _ vr)2 4 l”’u””u“uva”V“vb(,u 4 V)(/Jr _ vr)2)

:lirﬂir\/i

+

(A=A =v)(u—v)?
(—ll+"+2rlalbﬂ(ﬂ _ v)v('urvmerrn _ “a+b+nvr) _ 12+n+2rlalb('u _ v)(_”rv1+nvavb +“1+n”a“bvr))
(A=A =v)(u—v)?
N ll+nlalb”1+r(” _ v)vl+r(‘ua‘ubun+r _ vavhvn+r) _ 12+nlalh”r(u _ v)vr(“l+nua”h”r _ v1+n+rvavb)
(A—pP@A—v)3(u—v)? ’

DHTgrDHT,ﬁr . (DHTr{-I)Z — qulbln(ﬂaub‘un + vuvbvn) + xu}{blwrr(uaubunfr + vavbvnfr) + ’ua'ub‘unfr
+ vavbvn—r(ur _ vr)2 + lalbln—r(”a”b“rH—r 4 VaVan+r).
Proof. By using the Binet formulas from Theorem 4.4, we obtain
DHZE, pHZ! . — (DHZH)?
“a“lelJrnJrr vavbv1+n+r AalbllJrnJrr ”u b”1+n7r vuvbv1+n7r AulbllﬁLnfr
-( " n ) + + )
TR [T R 2T K BTy Yy L T iy § R Crmyry ooy B Ry 7 gy ey
apb14+n ay,by,14+n ay by l4+n 2
7( uutu N vaviy +7L/l/l )7
W—VIE—2) v -2 G-m-v)

(—2/11+”+rla/lb,ul+r(u _ v)v1+r (u‘”by” _ va+bvn) + 212+r+”/1a71,b/.1r(/.1 _ v)vr('ulJrn’ua‘ub _ v1+nvavb))
(A=u)P?(A=v)(u—v)?
(_2’2+r”1+n'ua'ubv1+nvavb(ur _ vr)Z _ Ar”2+n'ua‘ubv2+nvavb(”r _ vr)z + /l”’u”"u“u”vlﬂv“vb(u + v)(“r _ vr)Z)
(A=A =v)(u—v)?

N (7ll+’l+2rlalhﬂ(ﬂ _ V)v(“rva+h+z1 _ ua—o—b—o—nvr) _ ),2’“"*2%”&”(14 _ v)(fu’v'*'”v“vb +”1+n”aubvr))
(A—uPA—=v)(u—v)?

N lH"}V’/'Lbﬂ]‘H(/J _ v)v"”(u"ubu”“ _ vavbvn+r) 712+”l“lbur(,u _ v)vr(‘ul-!—nuaubur _ vl+n+rvavb) .
A2 —v)2 (i —v)?

:A—r”—rv—r

+

Similarly, we have
DHTH pHT! , — (DHT!)?
_ (uaub“nJrr + vavbvn+r + lalblnﬂ) (”a‘ub‘unfr + vavbvnfr + lalblnfr) _ (uu“b”n + vavbvn + laﬂ,b/ln)z ,
_ zlalbln‘uuubun + Aalbln+r”a“hun—r + Aalbln+r“a‘ub‘un+r —op4pbpnyaybyn — Zua’ubun
+ l“lbl”*’v“vbv”*’ + ua”b”nJrrvavbvnfr + lalblnfrvavbanrr + uaub”nfrvavbanrr’
- Z}Lulbln(ﬂuubﬂn + vuvbvn) + Aulbln+r(‘uaubﬂn7r + vuvbvnfr) + 'uvu'ub‘unfr 4 vavbvnfr(ur o vr)Z
+ lalbln—r(”a”b“n-&-r + VaVan+r).
O

Theorem 4.9. (Cassini’s identities) Let DHZ* and DHTH be the dual hyperbolic Narayana and Narayana-Lucas hybrid quaternions
respectively. Therefore, for n > 1, we have
DHZI DHZ | — (DHZI?
:A_]u_] v—l (_212+nlalbu2(u _ V)V2 (‘ua+b'un _ va+bvn) +2l3+nxalb'u(’u _ v)v(‘u1+n'uaub _ v1+nvavb))
(A —p)* (A =v)*(u—v)?
(—7L3v1+”u”u”v1+"v“v”(u _ V)2 _ A‘LLZJrn“a”vaJrnvavb(u _ V)2 +2’2“1+n“a‘ubvl+nvavb(” + V)(,Lt _ V)Z)
(A=) (A =v)*(u—v)?
N (7l3+’llalbﬂ(ﬂ _ v)v(uva+h+n _ ua+b+nv) _ l4+nl“lb(u _ V)(*[JVH'"Vth +‘ul+nuauhv))
A =P —V)P(u—v)
N },H"}L”/'Lbﬂz(‘u o V)VZ(’uaub‘unH _ Vavbvn-H) 712+”l“lbu(u _ V)V(I-lH"ll“lle o v2+nvuvb)
(12— V) (i —v)? ’
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DHTnIZIHDHTn@I . (DHT,{-I)Z :*Zlalbln(#aﬂbﬂn +VaVan) +laxbkn+l('uaubunfl +vavbvn71)
+[.La/,lbun_l+Vavbvn_l(,u7V)2+lalbln_l(ﬂaub,un+l+V”van+l).

Proof. By substituting r = 1 in Theorem 4.8, this theorem can be easily proved. O

5. Conclusion

This study explores the association of hybrid numbers within the framework of dual hyperbolic Narayana quaternions and dual hyperbolic
Narayana-Lucas quaternions. We further examined their interconnections and expressed Binet formulas, generating functions, and exponential
generating functions, along with an array of established identities related to these newly introduced quaternions. The novelty of this work lies
in its ability to formulate hybrid wavelets that can be applied to the solution of both linear hybrid differential equations and nonlinear hybrid
differential equations. Furthermore, these findings may help to analyze complex problems in graph theory. Moreover, the present work may
contribute to the development of new cryptographic protocols that can provide robust security mechanisms in real-world applications.
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