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ABSTRACT

This paper introduces the framework of generalized dual hyperbolic Pandita numbers, contributing a novel
class of structured sequences to the expanding domain of number theory. Anchored in the principles of dual
and hyperbolic systems, these constructs pave the way for exploring algebraic symmetries and recursive
behaviors beyond classical formulations. Particular attention is devoted to notable special cases, including
the dual hyperbolic Pandita and dual hyperbolic Pandita-Lucas numbers, whose properties are meticulously
examined. To deepen understanding and facilitate computation, we derive explicit closed-form representations
using Binet-type formulations, construct generating mechanisms through formal power series, and establish
summative expressions with broad applicability. Additionally, matrix-based representations are developed to
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offer an algebraic lens through which structural dynamics can be modeled and analyzed. These formulations
not only enrich the theoretical foundations of discrete mathematics and symbolic computation but also highlight
promising applications in engineering disciplines—particularly in the modeling of iterative systems, signal
transformations, and the analysis of complex networks. The insights presented herein lay groundwork for future
exploration into hybrid sequence systems and their role in interdisciplinary problem solving.

Keywords: Pandita numbers; Pandita-Lucas numbers; dual hyperbolic numbers; dual hyperbolic pandita numbers.

2020 Mathematics Subject Classification: 11B37, 11B39, 11B83.

1 INTRODUCTION

The hypercomplex numbers systems, (Kantor and Solodovnikov, 1989), are extensions of real numbers. Some
commutative examples of hypercomplex number systems are complex numbers,

C = {z = a+ ib : a, b ∈ R, i2 = −1},

hyperbolic (double, split-complex) numbers, (Sobczyk, 1995),

H = {h = a+ jb : a, b ∈ R, j2 = 1, j ̸= ±1},
and dual numbers, (Fjelstad and Gal, 1998),

D = {d = a+ εb : a, b ∈ R, ε2 = 0, ε ̸= 0}.
Some non-commutative examples of hypercomplex number systems are quaternions, (Hamilton, 1969),

HQ = {q = a0 + ia1 + ja2 + ka3 : a0, a1, a2, a3 ∈ R, i2 = j2 = k2 = ijk = −1},
octonions (Baez, 2002) and sedenions (Soykan, 2019e) are part of a sequence of real algebras constructed
through a recursive method known as the Cayley–Dickson process. The algebras C (complex numbers), HQ
(quaternions), O (octonions) and S (sedenions) are all derived from the real numbers R via this doubling procedure.
The process can be extended beyond sedenions to generate higher-dimensional algebras known as 2n-ions [see
for example (Biss et al., 2008; Imaeda and Imaeda, 2000; Moreno, 1998)].

Quaternions were introduced by the Irish mathematician W. R. Hamilton (1805–1865) as an extension of the
complex numbers (Hamilton, 1969). Hyperbolic numbers with complex coefficients were first studied by J. Cockle
in 1848 (Cockle, 1849). Later, H. H. Cheng and S. Thompson (Cheng and Thompson, 1996)] introduced dual
numbers with complex coefficients, which they termed complex dual numbers. Dual hyperbolic numbers were
subsequently introduced by Akar et al. (2018).

A dual hyperbolic number is a hyper-complex number and is defined by

q = (a0 + ja1) + ε(a2 + ja3) = a0 + ja1 + εa2 + εja3

where a0, a1, a2 and a3 are real numbers.

The set of all dual hyperbolic numbers are denoted by

HD = {a0 + ja1 + εa2 + εja3 : a0, a1, a2, a3 ∈ R, j2 = 1, j ̸= ±1, ε2 = 0, ε ̸= 0}.
The base elements {1, j, ε, εj} of dual hyperbolic numbers satisfy the following properties (commutative multiplications):

1.ε = ε, 1.j = j, ε2 = ε.ε = (jε)2 = 0, j2 = j.j = 1

ε.j = j.ε, ε.(εj) = (εj).ε = 0, j(εj) = (εj)j = ε
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where ε denotes the pure dual unit (ε2 = 0, ε ̸= 0), j denotes the hyperbolic unit (j2 = 1), and εj denotes the dual
hyperbolic unit ((jε)2 = 0).

The product of two dual hyperbolic numbers q = a0 + ja1 + εa2 + jεa3 and p = b0 + jb1 + εb2 + jεb3 is

qp = a0b0 + a1b1 + j(a0b1 + a1b0) + ε(a0b2 + a2b0 + a1b3 + a3b1) + jε(a0b3 + a1b2 + a2b1 + b0a3)

and addition of dual hyperbolic numbers is defined as componentwise.

The set of dual hyperbolic numbers constitutes a commutative ring, a real vector space, and an algebra. However,
H D does not form a field, as not every dual hyperbolic number possesses a multiplicative inverse. For further
details on the algebraic structure and properties of dual hyperbolic numbers, see (Akar et al., 2018).

We now recall the definition of generalized Pandita numbers.

A generalized Pandita sequence {Wn}n≥0 = {Wn(W0,W1,W2,W3)}n≥0 is defined by the fourth-order recurrence
relations

Wn = 2Wn−1 −Wn−2 +Wn−3 −Wn−4 (1.1)
with the initial values W0,W1,W2,W3 not all being zero. The sequence {Wn}n≥0 can be extended to negative
subscripts by defining

W−n = 2W−(n−1) −W−(n−2) +W−(n−3) −W−(n−4)

for n = 1, 2, 3, .... Therefore, recurrence (1.1) holds for all integer n. Soykan has conducted a study on this
particular sequence, for more details, see (Soykan, 2023).

The first few generalized Pandita numbers with positive subscript and negative subscript are given in the following
Table 1.

Table 1. A few generalized Pandita numbers

n Wn W−n

0 W0 W0

1 W1 W0 −W1 + 2W2 −W3

2 W2 W1 +W2 −W3

3 W3 W0 +W1 −W2

4 W1 −W0 −W2 + 2W3 2W0 − 2W1 + 2W2 −W3

5 W1 − 2W0 −W2 + 3W3 3W2 − 2W3

6 W1 − 3W0 − 2W2 + 5W3 3W1 − 2W2

7 2W1 − 5W0 − 4W2 + 8W3 3W0 − 2W1

8 3W1 − 8W0 − 6W2 + 12W3 W0 − 3W1 + 6W2 − 3W3

9 4W1 − 12W0 − 9W2 + 18W3 5W1 − 2W0 −W2 −W3

10 6W1 − 18W0 − 14W2 + 27W3 3W0 +W1 − 5W2 + 2W3

11 9W1 − 27W0 − 21W2 + 40W3 4W0 − 8W1 + 8W2 − 3W3

12 13W1 − 40W0 − 31W2 + 59W3 4W1 − 4W0 + 5W2 − 4W3

13 19W1 − 59W0 − 46W2 + 87W3 9W1 − 12W2 + 4W3

If we set W0 = 0,W1 = 1,W2 = 2,W3 = 3 then {Wn} is the well-known Pandita sequence and if we set
W0 = 4,W1 = 2,W2 = 2,W3 = 5 then {Wn} is the well-known Pandita-Lucas sequence. In other words, Pandita
sequence {Pn}n≥0 and Pandita-Lucas sequence {Sn}n≥0 are defined by the second-order recurrence relations
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Pn = 2Pn−1 − Pn−2 + Pn−3 − Pn−4, P0 = 0, P1 = 1, P2 = 2, P3 = 3, n ≥ 4, (1.2)

and

Sn = 2Sn−1 − Sn−2 + Sn−3 − Sn−4, S0 = 4, S1 = 2, S2 = 2, S3 = 5, n ≥ 4. (1.3)

The sequences {Pn}n≥0 and {Sn}n≥0 can be extended to negative subscripts by defining

P−n = P−(n−1) − P−(n−2) + 2P−(n−3) − P−(n−4)

and

S−n = S−(n−1) − S−(n−2) + 2S−(n−3) − S−(n−4),

for n = 1, 2, 3, ... respectively. Therefore, recurrences (1.2) and (1.3) hold for all integer n.

We can list some important properties of generalized Pandita numbers that are needed.

• Binet formula of generalized Pandita sequence can be calculated using its characteristic equation which is
given as

x4 − 2x3 + x2 − x+ 1 = (x3 − x2 − 1)(x− 1) = 0

The roots of characteristic equation are

α =
1

3
+

(
29

54
+

√
31

108

)1/3

+

(
29

54
−
√

31

108

)1/3

,

β =
1

3
+ ω

(
29

54
+

√
31

108

)1/3

+ ω2

(
29

54
−
√

31

108

)1/3

,

γ =
1

3
+ ω2

(
29

54
+

√
31

108

)1/3

+ ω

(
29

54
−
√

31

108

)1/3

,

δ = 1,

where

ω =
−1 + i

√
3

2
= exp(2πi/3).

Using these roots and the recurrence relation, Binet formula can be given as

Wn =
z1α

n

3α− 2
+

z2β
n

3β − 2
+

z3γ
n

3γ − 2
+ z4

= A1α
n +A2β

n +A3γ
n +A4,

where z1, z2 and z3 are given below

z1 = (αW3 − α(2− α)W2 + (−α2 + α+ 1)W1 −W0),

z2 = (βW3 − β(2− β)W2 + (−β2 + β + 1)W1 −W0),

z3 = (γW3 − γ(2− γ)W2 + (−γ2 + γ + 1)W1 −W0),

z4 = −W3 +W2 +W0.
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and

A1 =
z1

3α− 2
, (1.4)

A2 =
z2

3β − 2
,

A3 =
z3

3γ − 2
,

A4 = z4.

Binet formula of Pandita and Pandita-Lucas sequences are

Pn =
αn+3

3α− 2
+

βn+3

3β − 2
+

γn+3

3γ − 2
− 1,

and

Sn = αn + βn + γn + 1,

respectively.

• The generating function for generalized Pandita numbers is

∞∑
n=0

Wnx
n =

W0 + (W1 − 2W0)x+ (W2 − 2W1 +W0)x
2 + (W3 − 2W2 +W1 −W0)x

3

1− 2x+ x2 − x3 + x4
.

For more details about generalized Pandita numbers, see (Soykan, 2023).

Next, we give the exponential generating function of
∞∑

n=0

Wn
xn

n!
of the sequence Wn.

Lemma 1.1. (Kalça and Soykan, 2025), Lemma 1.4]. Suppose that fWn(x) =
∞∑

n=0

Wn
xn

n!
is the exponential

generating function of the generalized Pandita sequence {Wn}.

Then
∞∑

n=0

Wn
xn

n!
is given by

∞∑
n=0

Wn
xn

n!
=

(αW3 − α(2− α)W2 + (−α2 + α+ 1)W1 −W0)

3α− 2
eαx

+
(βW3 − β(2− β)W2 + (−β2 + β + 1)W1 −W0)

3β − 2
eβx

+
(γW3 − γ(2− γ)W2 + (−γ2 + γ + 1)W1 −W0)

3γ − 2
eγx

+(−W3 +W2 +W0)e
x.

The previous Lemma 1.1 gives the following results as particular examples.

Corollary 1.2. Exponential generating function of Pandita and Pandita-Lucas numbers

a)
∞∑

n=0

Pn
xn

n!
=

∞∑
n=0

(
αn+3

3α− 2
+

βn+3

3β − 2
+

γn+3

3γ − 2
− 1)

xn

n!
=

α3eαx

3α− 2
+

β3eβx

3β − 2
+

γ3eγx

3γ − 2
− ex.

b)
∞∑

n=0

Sn
xn

n!
=

∞∑
n=0

(αn + βn + γn + 1)x
n

n!
= eαx + eβx + eγx + ex.
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Next, we give some information on published papers related to hyperbplic and dual hyperbolic numbers in literature.

• Cockle (1849) presented the hyperbolic numbers with complex coefficients.

• Akar et al. (2018) introduced the dual hyperbolic numbers.

• Cheng and Thompson (1996) studied dual numbers with complex coefficients.

Next, we give some information related to dual hyperbolic sequences presented in literature.

• Soykan et al. (2021) introduced dual hyperbolic generalized Pell numbers given by

V̂n = Vn + jVn+1 + εVn+2 + jεVn+3

where generalized Pell numbers are given by Vn = 2Vn−1 + Vn−2, V0 = a, V1 = b (n ≥ 2) with the initial values
V0,V1 not all being zero.

• Cihan et al. (2019) studied dual hyperbolic Fibonacci and Lucas numbers given by, respectively,

DHFn = Fn + jFn+1 + εFn+2 + jεFn+3,

DHLn = Ln + jLn+1 + εLn+2 + jεLn+3.

where Fibonacci and Lucas numbers, respectively, given by Fn = Fn−1 + Fn−2, F0 = 0, F1 = 1, Ln =
Ln−1 + Ln−2, L0 = 2, L1 = 1.

• Soykan et al. (2023) introduced dual hyperbolic generalized Jacopsthal numbers given by

Ĵn = Jn + jJn+1 + εJn+2 + jεJn+3

where Jn = Jn−1 + 2Jn−2, J0 = a, J1 = b.

• Bród et al. (2020) studied dual hyperbolic generalized Balancing numbers are

DHBn = Bn + jBn+1 + εBn+2 + jεBn+3

where Bn = 6Bn−1 −Bn−2, B0 = 0, B1 = 1.

• Yılmaz and Soykan (2024) introduced dual hyperbolic generalized Guglielmo numbers are

T̂0 = T0 + jT1 + εT2 + jεT3

where Tn = 3Tn−1 − 3Tn−2 + Tn−3, T0 = 0, T1 = 1, T2 = 3.

• Dikmen (2025) introduced dual hyperbolic generalised Leonardo numbers given by

l̂0 = l0 + jl1 + εl2 + jεl3

ln = 2ln−1 − ln−3, l0 = 1, l1 = 1, l2 = 3.

• Soykan et al. (2021) introduced dual hyperbolic generalized Woodall numbers given by

R̂0 = R0 + jR1 + εR2 + jεR3

where Rn = 5Rn−1 − 8Rn−2 + 4Rn−3, R0 = −1, R1 = 1, R2 = 7.

In this paper, we define the dual hyperbolic generalized Pandita numbers in the next section and give some
properties of them.
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2 DUAL HYPERBOLIC GENERALIZED PANDITA NUMBERS AND THEIR
GENERATING FUNCTIONS AND BINET’S FORMULAS

In this section, we define dual hyperbolic generalized Pandita numbers and present generating functions and Binet
formulas for them. We now define dual hyperbolic generalized Pandita numbers over HD. The nth dual hyperbolic
generalized Pandita number is

Ŵn = Wn + jWn+1 + εWn+2 + jεWn+3. (2.1)

The sequence {Ŵn}n≥0 can be extended to negative subscripts by defining

Ŵ−n = W−n + jW−n+1 + εW−n+2 + jεW−n+3.

for n = 1, 2, 3, ... respectively. Therefore, recurrence (2.2) holds for all integer n. Note that

Ŵ0 = W0 + jW1 + εW2 + jεW3

Ŵ1 = W1 + jW2 + εW3 + jεW4 = W1 + jW2 + εW3 + jε(W1 −W0 −W2 + 2W3)

Ŵ2 = W2 + jW3 + εW4 + jεW5 = W2 + jW3 + ε(W1 −W0 −W2 + 2W3) + jε(W1 − 2W0 −W2 + 3W3)

Ŵ3 = W3 + jW4 + εW5 + jεW6 = W3 + j(W1 −W0 −W2 + 2W3) + ε(W1 − 2W0 −W2 + 3W3)

+jε(W1 − 3W0 − 2W2 + 5W3)

It can be easily shown that

Ŵn = 2Ŵn−1 − Ŵn−2 + Ŵn−3 − Ŵn−4 (2.2)

and

Ŵ−n = Ŵ−(n−1) − Ŵ−(n−2) + 2Ŵ−(n−3) − Ŵ−(n−4)

The first few dual hyperbolic generalized Pandita numbers with positive subscript and negative subscript are given
in the following Table 2.

Table 2. A few dual hyperbolic generalized Pandita numbers

n Ŵn Ŵ−n

0 Ŵ0 Ŵ0

1 Ŵ1 Ŵ0 − Ŵ1 + 2Ŵ2 − Ŵ3

2 Ŵ2 Ŵ1 + Ŵ2 − Ŵ3

3 Ŵ3 Ŵ0 + Ŵ1 − Ŵ2

4 Ŵ1 − Ŵ0 − Ŵ2 + 2Ŵ3 2Ŵ0 − 2Ŵ1 + 2Ŵ2 − Ŵ3

5 Ŵ1 − 2Ŵ0 − Ŵ2 + 3Ŵ3 3Ŵ2 − 2Ŵ3

6 Ŵ1 − 3Ŵ0 − 2Ŵ2 + 5Ŵ3 3Ŵ1 − 2Ŵ2

7 2Ŵ1 − 5Ŵ0 − 4Ŵ2 + 8Ŵ3 3Ŵ0 − 2Ŵ1

8 3Ŵ1 − 8Ŵ0 − 6Ŵ2 + 12Ŵ3 Ŵ0 − 3Ŵ1 + 6Ŵ2 − 3Ŵ3

9 4Ŵ1 − 12Ŵ0 − 9Ŵ2 + 18Ŵ3 5Ŵ1 − 2Ŵ0 − Ŵ2 − Ŵ3

10 6Ŵ1 − 18Ŵ0 − 14Ŵ2 + 27Ŵ3 3Ŵ0 + Ŵ1 − 5Ŵ2 + 2Ŵ3

11 9Ŵ1 − 27Ŵ0 − 21Ŵ2 + 40Ŵ3 4Ŵ0 − 8Ŵ1 + 8Ŵ2 − 3Ŵ3

12 13Ŵ1 − 40Ŵ0 − 31Ŵ2 + 59Ŵ3 4Ŵ1 − 4Ŵ0 + 5Ŵ2 − 4Ŵ3

13 19Ŵ1 − 59Ŵ0 − 46Ŵ2 + 87Ŵ3 9Ŵ1 − 12Ŵ2 + 4Ŵ3
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As special cases, the nth dual hyperbolic Pandita numbers and the nth dual hyperbolic Pandita-Lucas numbers
are given as

P̂n = Pn + jPn+1 + εPn+2 + jεPn+3 (2.3)

and

Ŝn = Sn + jSn+1 + εSn+2 + jεSn+3 (2.4)

respectively. The sequences {P̂n}n≥0 and {Ŝn}n≥0 can be extended to negative subscripts by defining

P̂−n = P−(n−1) − P−(n−2) + 2P−(n−3) − P−(n−4)

and

Ŝ−n = S−(n−1) − S−(n−2) + 2S−(n−3) − S−(n−4)

for n = 1, 2, 3, ... respectively. Therefore, recurrence (2.3) and (2.4) holds for all integer n

For dual hyperbolic Pandita numbers (taking Wn = Pn, P0 = 0, P1 = 1, P2 = 2, P3 = 3,) we get

P̂0 = j + 2ε+ 3jε,

P̂1 = 2j + 3ε+ 5jε+ 1,

P̂2 = 3j + 5ε+ 8jε+ 2,

and for dual hyperbolic Pandita-Lucas numbers (taking Wn = Sn, S0 = 4, S1 = 2, S2 = 2, S3 = 5,) we get

Ŝ0 = 2j + 2ε+ 5jε+ 4,

Ŝ1 = 2j + 5ε+ 6jε+ 2.

Ŝ2 = 5j + 6ε+ 7jε+ 2

A few dual hyperbolic Pandita numbers and dual hyperbolic Pandita-Lucas numbers with positive subscript and
negative subscript are given in the following Table 3 and Table 4.

Table 3. Dual hyperbolic Pandita numbers

n P̂n P̂−n

0 j + 2ε+ 3jε j + 2ε+ 3jε
1 2j + 3ε+ 5jε+ 1 ε+ 2jε
2 3j + 5ε+ 8jε+ 2 −jε
3 5j + 8ε+ 12jε+ 3 −1
4 8j + 12ε+ 18jε+ 5 −j − 1
5 12j + 18ε+ 27jε+ 8 −j − ε

Table 4. Dual hyperbolic Pandita-Lucas numbers

n Ŝn Ŝ−n

0 2j + 2ε+ 5jε+ 4 2j + 2ε+ 5jε+ 4
1 2j + 5ε+ 6jε+ 2 −4j + 2ε+ 2jε+ 1
2 5j + 6ε+ 7jε+ 2 j + 4ε+ 2jε− 1
3 6j + 7ε+ 11jε+ 5 ε− j + 4jε+ 4
4 7j + 11ε+ 16jε+ 6 4j − ε+ jε+ 3
5 11j + 16ε+ 22jε+ 7 −3j + 4ε− jε− 4
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Now, we will state Binet’s formula for the dual hyperbolic generalized Pandita numbers and in the rest of the paper,
we fix the following notations:

α̂ = 1 + jα+ εα2 + jεα3, (2.5)

β̂ = 1 + jβ + εβ2 + jεβ3. (2.6)

γ̂ = 1 + jγ + εγ2 + jεγ3 (2.7)

δ̂ = 1̂ = 1 + j + ε+ jε, (2.8)

Note that we have the following identities:

α̂2 = 1 + α2 + 2αj + 2α2 (α2 + 1
)
ε+ 4α3jε

β̂2 = 1 + β2 + 2jβ + (2β4 + 2β2)ε+ 4jεβ3,

α̂β̂ = 1 + αβ + (α+ β) j +
(
α2 + β2 + 2αβ3 + α3β

)
ε+ (α+ β)

(
α2 + β2) jε,

α̂2β̂ = 1 + α2 + β2 + α2β2 + 2 (αβ + 1) (α+ β) j + 2
(
α2 + β2 + α2β2 + 4αβ + 1

) (
α2 + β2) ε

+4 (α+ β)
(
α2 + β2 + αβ3) jε,

α̂β̂2 = 1 + β2 + 2αβ +
(
α+ 2β + αβ2) j + (β2 + 2αβ + 1

) (
α2 + 2β2) ε+ (α+ 2β + αβ2) (α2 + 2β2) jε,

α̂2β̂2 = 1 + β2 + α2 + α2β2 + 4αβ + 2 (αβ + 1) (α+ β) j + 2
(
α2 + β2 + α2β2 + 4αβ + 1

) (
α2 + β2) ε

+4 (αβ + 1) (α+ β)
(
α2 + β2) jε

Theorem 2.1. (Binet’s Formula) For any integer n, the nth dual hyperbolic generalized Pandita number is

Ŵn = A1α
nα̂+A2β

nβ̂ +A3γ
nγ̂ + 1̂A4. (2.9)

where α̂, β̂, γ̂, δ̂ are given as (2.5)-(2.8)

Proof. Using Binet’s formula

Wn = A1α
n +A2β

n +A3γ
n +A4.

where A1, A2, A3, A4 are given in (1.4) we get

Ŵn = Wn + jWn+1 + εWn+2 + jεWn+3

= A1α
n +A2β

n +A3γ
n +A4 + j(A1α

n+1 +A2β
n+1 +A3γ

n+1 +A4)

+ε(A1α
n+2 +A2β

n+2 +A3γ
n+2 +A4) + jε(A1α

n+3 +A2β
n+3 +A3γ

n+3 +A4)

= A1α
n(1 + jα+ εα2 + jεα3) +A2β

n(1 + jβ + εβ2 + jεβ3)

+A3γ
n(1 + jγ + εγ2 + jεγ3) +A4(1 + j + ε+ jε)

= A1α
nα̂+A2β

nβ̂ +A3γ
nγ̂ + 1̂A4.

This proves (2.9). □

As special cases, for any integer n, the Binet’s Formula of nth dual hyperbolic Pandita number is

P̂n =
αn+3α̂

3α− 2
+

βn+3β̂

3β − 2
+

γn+3γ̂

3γ − 2
− 1̂ (2.10)

and the Binet’s Formula of nth dual hyperbolic Pandita-Lucas number is

Ŝn = α̂αn + β̂βn + γ̂γn + 1̂, (2.11)
Next, we present generating function.
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Theorem 2.2. Let fŴn
(x) =

∞∑
n=0

Ŵnx
n donate the generating function of dual hyperbolic generalized Pandita

numbers is given as follows:

fŴn
(x) =

∞∑
n=0

Ŵnx
n =

Ŵ0 + (Ŵ1 − 2Ŵ0)x+ (Ŵ2 − 2Ŵ1 + Ŵ0)x
2 + (Ŵ3 − 2Ŵ2 + Ŵ1 − Ŵ0)x

3

1− 2x+ x2 − x3 + x4
.

Proof. Using the definition of dual hyperbolic Pandita numbers, and substracting xf(x), x2f(x) and x3f(x) from
f(x) we obtain (1− 2x+ x2 − x3 + x4)fŴn

(x)

(1− 2x+ x2 − x3 + x4)fŴn
(x)

=

∞∑
n=0

Ŵnx
n − 2x

∞∑
n=0

Ŵnx
n + x2

∞∑
n=0

Ŵnx
n − x3

∞∑
n=0

Ŵnx
n + x4

∞∑
n=0

Ŵnx
n,

=

∞∑
n=0

Ŵnx
n − 2

∞∑
n=0

Ŵnx
n+1 +

∞∑
n=0

Ŵnx
n+2 −

∞∑
n=0

Ŵnx
n+3 +

∞∑
n=0

Ŵnx
n+4,

=

∞∑
n=0

Ŵnx
n − 2

∞∑
n=1

Ŵ(n−1)x
n +

∞∑
n=2

Ŵ(n−2)x
n −

∞∑
n=3

Ŵ(n−3)x
n +

∞∑
n=4

Ŵ(n−4)x
n,

= (Ŵ0 + Ŵ1x+ Ŵ2x
2 + Ŵ3x

3)− 2(Ŵ0x+ Ŵ1x
2 + Ŵ2x

3) + (Ŵ0x
2 + Ŵ1x

3)− Ŵ0x
3

+

∞∑
n=4

(Ŵn − 2Ŵn−1 − Ŵn−2 − Ŵn−3 + Ŵn−4)x
n,

= Ŵ0 + (Ŵ1 − 2Ŵ0)x+ (Ŵ2 − 2Ŵ1 + Ŵ0)x
2 + (Ŵ3 − 2Ŵ2 + Ŵ1 − Ŵ0)x

3.

And rearranging above equation, we get (2.2). □

The following results are immediate consequences of the preceding Theorem.

Corollary 2.3. For all integers n, we have following identities:

a)
∑∞

n=0 P̂nx
n =

(j + 5ε+ 4jε) + (1− ε− jε)x+ (ε+ jε)x2 + (3jε)x3

1− 2x+ x2 − x3 + x4
.

b)
∑∞

n=0 Ŝnx
n =

(2j + 2ε+ 5jε+ 4) + (ε− 2j − 6x− 4jε)x+ (3j − 2ε+ 2)x2 + (2ε− 4j + 8jε+ 7)x3

1− 2x+ x2 − x3 + x4
.

Theorem (2.2) gives the following results as special cases,

(1 − 2x + x2 − x3 + x4)fP̂n
(x) = P̂0 + (P̂1 − 2P̂0)x + (P̂2 − 2P̂1 + P̂0)x

2 + (P̂3 − 2P̂2 + P̂1 − P̂0)x
3 =

(j + 5ε+ 4jε) + (1− ε− jε)x+ (ε+ jε)x2 + (3jε)x3,

(1 − 2x + x2 − x3 + x4)fŜn
(x) = Ŝ0 + (Ŝ1 − 2Ŝ0)x + (Ŝ2 − 2Ŝ1 + Ŝ0)x

2 + (Ŝ3 − 2Ŝ2 + Ŝ1 − Ŝ0)x
3 =

(2j + 2ε+ 5jε+ 4) + (ε− 2j − 6x− 4jε)x+ (3j − 2ε+ 2)x2 + (2ε− 4j + 8jε+ 7)x3.

Next, we give the exponential dual hyperbolic generating function of
∞∑

n=0

Ŵn
xn

n!
of the sequence Ŵn.

Lemma 2.4. Suppose that fŴn
(x) =

∞∑
n=0

Ŵn
xn

n!
is the exponential dual hyperbolic generating function of the

generalized Pandita sequence {Wn}.
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Then
∞∑

n=0

Ŵn
xn

n!
is given by

∞∑
n=0

Ŵn
xn

n!
== A1e

αxα̂+A2e
βxβ̂ +A3e

γxγ̂ +A4e
x1̂.

where α̂, β̂, γ̂, δ̂ are given as (2.5)-(2.8)

Proof. Using Binet’s formula

Wn = A1α
n +A2β

n +A3γ
n +A4.

where A1, A2, A3, A4 are given in (1.4) we get

∞∑
n=0

Ŵn
xn

n!
=

∞∑
n=0

Wn
xn

n!
+ j

∞∑
n=0

Wn+1
xn

n!
+ ε

∞∑
n=0

Wn+2
xn

n!
+ jε

∞∑
n=0

Wn+3
xn

n!

=

∞∑
n=0

(A1α
n +A2β

n +A3γ
n +A4)

xn

n!
+ j

∞∑
n=0

(A1α
n+1 +A2β

n+1 +A3γ
n+1 +A4)

xn

n!

+ε

∞∑
n=0

(A1α
n+2 +A2β

n+2 +A3γ
n+2 +A4)

xn

n!
+ jε

∞∑
n=0

(A1α
n+3 +A2β

n+3 +A3γ
n+3 +A4)

xn

n!

= (A1e
αx +A2e

βx +A3e
γx +A4e

x) + j(A1αe
αx +A2βe

βx +A3γe
γx +A4e

x)

+ε(A1α
2eαx +A2β

2eβx +A3γ
2eγx +A4e

x) + jε(A1α
3eαx +A2β

3eβx +A3γ
3eγx +A4e

x)

= A1e
αx(1 + jα++εα2 + jεα3) +A2e

βx(1 + jβ ++εβ2 + jεβ3)

+A3e
γx(1 + jγ ++εγ2 + jεγ3) +A4e

x(1 + j ++ε+ jε)

= A1e
αxα̂+A2e

βxβ̂ +A3e
γxγ̂ +A4e

x1̂

This proves (2.4). □

The previous Lemma 2.4 gives the following results as particular examples.

Corollary 2.5. Exponential dual hyperbolic generating function of Pandita and Pandita-Lucas numbers

a)
∞∑

n=0

P̂n
xn

n!
=

α3eαxα̂

3α− 2
+

β3eβxβ̂

3β − 2
+

γ3eγxγ̂

3γ − 2
− ex1̂.

b)
∞∑

n=0

Ŝn
xn

n!
= eαxα̂+ eβxβ̂ + eγxγ̂ + ex1̂.

3 OBTAINING BINET FORMULA FROM GENERATING FUNCTION

We next find Binet’s formula generalized dual hyperbolic Pandita number {Ŵn} by the use of generating function
for Ŵn.

Theorem 3.1. Binet’s formula of generalized dual hyperbolic Pandita numbers

Ŵn =
q1α

n

(α− β)(α− γ)(α− δ)
+

q2β
n

(β − α)(β − γ)(β − δ)
+

q3γ
n

(γ − α)(γ − β)(γ − δ)
+

q4δ
n

(δ − α)(δ − β)(δ − γ)
. (3.1)
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where

q1 = Ŵ0α
3 +

(
Ŵ1 − 2Ŵ0

)
α2 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
α− Ŵ0 + Ŵ1 − 2Ŵ2 + Ŵ3,

q2 = Ŵ0β
3 +

(
Ŵ1 − 2Ŵ0

)
β2 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
β − Ŵ0 + Ŵ1 − 2Ŵ2 + Ŵ3,

q3 = Ŵ0γ
3 +

(
Ŵ1 − 2Ŵ0

)
γ2 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
γ − Ŵ0 + Ŵ1 − 2Ŵ2 + Ŵ3,

q4 = Ŵ0δ
3 +

(
Ŵ1 − 2Ŵ0

)
δ2 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
δ − Ŵ0 + Ŵ1 − 2Ŵ2 + Ŵ3.

Proof. Let
h(x) = x4 − x3 + x2 − 2x+ 1.

Then for some α, β, γ and δ we write

h(x) = (1− αx)(1− βx)(1− γx)(1− δx).

i.e.,

x4 − x3 + x2 − 2x+ 1 = (1− αx)(1− βx)(1− γx)(1− δx). (3.2)

Hence 1
α
, 1
β
, 1
γ

and 1
δ

are the roots of h(x). This gives α, β, γ and δ as the roots of

h(
1

x
) =

1

x2
− 2

x
− 1

x3
+

1

x4
+ 1 = 0.

This implies x4 − x3 + x2 − 2x+ 1 = 0. Now, by it follows that

∞∑
n=0

Ŵnx
n =

(
Ŵ1 − Ŵ0 − 2Ŵ2 + Ŵ3

)
x3 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
x2 +

(
Ŵ1 − 2Ŵ0

)
x+ Ŵ0

(1− αx)(1− βx)(1− γx)(1− δx)
.

Then we write

(
Ŵ1 − Ŵ0 − 2Ŵ2 + Ŵ3

)
x3 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
x2 +

(
Ŵ1 − 2Ŵ0

)
x+ Ŵ0

(1− αx)(1− βx)(1− γx)(1− δx)
=

B1

(1− αx)
+

B2

(1− βx)
(3.3)

+
B3

(1− γx)
+

B4

(1− δx)
.

So

(
Ŵ1 − Ŵ0 − 2Ŵ2 + Ŵ3

)
x3 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
x2 +

(
Ŵ1 − 2Ŵ0

)
x+ Ŵ0

= B1(1− βx)(1− γx)(1− δx) +B2(1− αx)(1− γx)(1− δx)

+B3(1− αx)(1− βx)(1− δx) +B3(1− αx)(1− βx)(1− γx).

If we consider x = 1
α
, we get Ŵ0 + 1

α2

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
− 1

α3

(
Ŵ0 − Ŵ1 + 2Ŵ2 − Ŵ3

)
+ 1

α

(
Ŵ1 − 2Ŵ0

)
=

−B1

(
1
α
β − 1

) (
1
α
γ − 1

) (
1
α
δ − 1

)
.

This gives

B1 = α3(Ŵ0 +
1

α2

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
+

1

α3

(
Ŵ1 − 5Ŵ0 − 4Ŵ2 + Ŵ3

)
+

1

α

(
Ŵ1 − 2Ŵ0

)
)

=
Ŵ0α

3 +
(
Ŵ1 − 2Ŵ0

)
α2 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
α− Ŵ0 + Ŵ1 − 2Ŵ2 + Ŵ3

(α− β)(α− γ)(α− δ)
.
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Similarly, we obtain

B2 =
Ŵ0β

3 +
(
Ŵ1 − 2Ŵ0

)
β2 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
β − Ŵ0 + Ŵ1 − 2Ŵ2 + Ŵ3

(β − α)(β − γ)(β − δ)
,

B3 =
Ŵ0γ

3 +
(
Ŵ1 − 2Ŵ0

)
γ2 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
γ − Ŵ0 + Ŵ1 − 2Ŵ2 + Ŵ3

(γ − α)(γ − β)(γ − δ)
,

B4 =
Ŵ0δ

3 +
(
Ŵ1 − 2Ŵ0

)
δ2 +

(
Ŵ0 − 2Ŵ1 + Ŵ2

)
δ − Ŵ0 + Ŵ1 − 2Ŵ2 + Ŵ3

(δ − α)(δ − β)(δ − γ)
.

Thus (3.3) can be written as

∞∑
n=0

Ŵnx
n = B1(1− αx)−1 +B2(1− βx)−1 +B3(1− γx)−1 +B4(1− δx)−1.

This gives

∞∑
n=0

Ŵnx
n = B1

∞∑
n=0

αnxn +B2

∞∑
n=0

βnxn +B3

∞∑
n=0

γnxn +B4

∞∑
n=0

δnxn =

∞∑
n=0

(B1α
n +B2β

n +B3γ
n +B4δ

n)xn.

Therefore, comparing coefficients on both sides of the above equality, we obtain

Ŵn = B1α
n +B2β

n +B3γ
n +B4δ

n.

The following identity establishes a relationship between the dual hyperbolic Pandita numbers and the Pandita–
Lucas numbers.

Corollary 3.2. For all integers m,n the following identities holds:

Ŵm+n = Pm−2Ŵn+3 + (Pm−4 − Pm−3 − Pm−5)Ŵn+2 + (Pm−3 − Pm−4)Ŵn+1 − ŴnPm−3.

Proof. First we assume that m,n ≥ 0.The Theorem (3.2) can be proved by mathematical induction on m. If m = 0
we get

Ŵn = P−2Ŵn+3 + (P−4 − P−3 − P−5)Ŵn+2 + (P−3 − P−4)Ŵn+1 − ŴnP−3.

which is true since P−2 = 0, P = −1, P−4 = −1, P−5 = 0. Assume that the equality holds for m ≤ k. For
m = k + 1, we get

Ŵk+1+n = 2Ŵn+k − Ŵn+k−1 + Ŵn+k−2 − Ŵn+k−3,

2(Pm−2Ŵn+3 + (Pm−4 − Pm−3 − Pm−5)Ŵn+2 + (Pm−3 − Pm−4)Ŵn+1 − ŴnPm−3)

−(Pm−3Ŵn+3 + (Pm−5 − Pm−4 − Pm−6)Ŵn+2 + (Pm−4 − Pm−5)Ŵn+1 − ŴnPm−4)

+(Pm−4Ŵn+3 + (Pm−6 − Pm−5 − Pm−7)Ŵn+2 + (Pm−5 − Pm−6)Ŵn+1 − ŴnPm−5)

−(Pm−5Ŵn+3 + (Pm−7 − Pm−6 − Pm−8)Ŵn+2 + (Pm−6 − Pm−7)Ŵn+1 − ŴnPm−6).

Consequently, by mathematical induction on m, this proves Theorem 3.2.

The other cases of m,n can be proved smilarly for all integers m,n. □

Taking Ŵn = P̂n or Ŵn = Ŝn in above Theorem, respectively, we get:
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Corollary 3.3.

P̂m+n = Pm−2P̂n+3 + (Pm−4 − Pm−3 − Pm−5)P̂n+2 + (Pm−3 − Pm−4)P̂n+1 − P̂nPm−3,

Ŝm+n = Pm−2Ŝn+3 + (Pm−4 − Pm−3 − Pm−5)Ŝn+2 + (Pm−3 − Pm−4)Ŝn+1 − ŜnPm−3.

4 SIMSON’S FORMULAS

In this section, we present Simson’s formula for the dual hyperbolic generalized Pandita numbers . This is a special
case of [(Soykan, 2019c), Theorem 4.1].

Theorem 4.1. (Simpson’s formula for dual hyperbolic generalized Pandita numbers) For all integers n we have,∣∣∣∣∣∣∣∣∣
Ŵn+3 Ŵn+2 Ŵn+1 Ŵn

Ŵn+2 Ŵn+1 Ŵn Ŵn−1

Ŵn+1 Ŵn Ŵn−1 Ŵn−2

Ŵn Ŵn−1 Ŵn−2 Ŵn−3

∣∣∣∣∣∣∣∣∣ =

∣∣∣∣∣∣∣∣∣
Ŵ3 Ŵ2 Ŵ1 Ŵ0

Ŵ2 Ŵ1 Ŵ0 Ŵ−1

Ŵ1 Ŵ0 Ŵ−1 Ŵ−2

Ŵ0 Ŵ−1 Ŵ−2 Ŵ−3

∣∣∣∣∣∣∣∣∣ = (Ŵ3 − 2Ŵ2 + Ŵ0)(Ŵ3 − 2Ŵ1 +

Ŵ0)(Ŵ
2
3 − Ŵ 2

2 +Ŵ 2
1 − Ŵ 2

0 − Ŵ2Ŵ3 − 2Ŵ1Ŵ3 + Ŵ1Ŵ2 + Ŵ0Ŵ3 + 2Ŵ0Ŵ2 − Ŵ0Ŵ1).

Proof. Using Theorem 2.1 it can be proved by using induction use [(Soykan, 2019c), Theorem 4.1]

From the Theorem 4.1 we get the following Corollary.

Corollary 4.2. For all integers n, the Simson’s formulas of dual hyperbolic Pandita numbers and dual hyperbolic
Pandita Lucas numbers are given as respectively

a)

∣∣∣∣∣∣∣∣∣
P̂n+3 P̂n+2 P̂n+1 P̂n

P̂n+2 P̂n+1 P̂n P̂n−1

P̂n+1 P̂n P̂n−1 P̂n−2

P̂n P̂n−1 P̂n−2 P̂n−3

∣∣∣∣∣∣∣∣∣ = 17 + 16j + 115ε+ 113jε.

b)

∣∣∣∣∣∣∣∣∣
Ŝn+3 Ŝn+2 Ŝn+1 Ŝn

Ŝn+2 Ŝn+1 Ŝn Ŝn−1

Ŝn+1 Ŝn Ŝn−1 Ŝn−2

Ŝn Ŝn−1 Ŝn−2 Ŝn−3

∣∣∣∣∣∣∣∣∣ = 452 + 655j + 1125ε− 126jε.

5 LINEAR SUMS

In this section, we give the summation formulas of the dual hyperbolic generalized Pandita numbers with positive
and negatif subscripts.

Now, we present the summation formulas of the generalized Pandita numbers.

Theorem 5.1. For the generalized Pandita numbers, we have the following formulas:

(a)
n∑

k=0

Wk = −(n+ 3)Wn+3 + (n+ 4)Wn+2 + (n+ 4)Wn + 3W3 − 4W2 − 3W0.

(b)
n∑

k=0

W2k = 1
3
(−3(n+ 2)W2n+2 + (3n+ 8)W2n+1 + 2W2n + (3n+ 7)W2n−1 + 7W3 − 8W2 −W1 − 6W0).

(c)
n∑

k=0

W2k+1 = 1
3
(−(3n+ 4)W2n+2 + (3n+ 8)W2n+1 +W2n + 3(n+ 2)W2n−1 + 6W3 − 8W2 +W1 − 7W0).
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Proof. For the proof, see [Soykan (2025), Theorem 3.12]. □

Theorem 5.2. For the dual hyperbolic Pandita numbers, we have the following formulas:

(a)
n∑

k=0

Ŵk = −(n+ 3)Ŵn+3 + (n+ 4)Ŵn+2 + (n+ 4)Ŵn + 3Ŵ3 − 4Ŵ2 − 3Ŵ0.

(b)
n∑

k=0

Ŵ2k = 1
3
(−3(n+ 2)Ŵ2n+2 + (3n+ 8)Ŵ2n+1 + 2Ŵ2n + (3n+ 7)Ŵ2n−1 + 7Ŵ3 − 8Ŵ2 − Ŵ1 − 6Ŵ0).

(c)
n∑

k=0

Ŵ2k+1 = 1
3
(−(3n+ 4)Ŵ2n+2 + (3n+ 8)Ŵ2n+1 + Ŵ2n + 3(n+ 2)Ŵ2n−1 + 6Ŵ3 − 8Ŵ2 + Ŵ1 − 7Ŵ0).

Proof. Use Theorem 5.1 and the definition of Ŵn. □

As a special case of the theorem 5.2, we present the following Corollary.

Corollary 5.3. For n ≥ 0, dual hyperbolic Pandita numbers have the following properties:

(a)
n∑

k=0

P̂k = −(n+ 3)P̂n+3 + (n+ 4)P̂n+2 + (n+ 4)P̂n + 1− 5jε− 2ε.

(b)
n∑

k=0

P̂2k = 1
3
(−3(n+ 2)P̂2n+2 + (3n+ 8)P̂2n+1 + 2P̂2n + (3n+ 7)P̂2n−1 + 3j + ε− 3jε+ 4).

(c)
n∑

k=0

P̂2k+1 = 1
3
(−(3n+ 4)P̂2n+2 + (3n+ 8)P̂2n+1 + P̂2n + 3(n+ 2)P̂2n−1 + j − 3ε− 8jε+ 3).

Corollary 5.4. For n ≥ 0, dual hyperbolic Pandita Lucas numbers have the following properties.

(a)
n∑

k=0

Ŝk = −(n+ 3)Ŝn+3 + (n+ 4)Ŝn+2 + (n+ 4)Ŝn − 8j − 9ε− 10jε− 5.

(b)
n∑

k=0

Ŝ2k = 1
3
(−3(n+ 2)Ŝ2n+2 + (3n+ 8)Ŝ2n+1 + 2Ŝ2n + (3n+ 7)Ŝ2n−1 +−12j − 16ε− 15jε− 7).

(c)
n∑

k=0

Ŝ2k+1 = 1
3
(−(3n+ 4)Ŝ2n+2 + (3n+ 8)Ŝ2n+1 + Ŝ2n + 3(n+ 2)Ŝ2n−1 +−16j − 15ε− 19jε− 12).

Next, we give the ordinary generating functions of some special cases of dual hyperbolic generalized Pandita
numbers.

Theorem 5.5. The ordinary generating functions of the sequences Ŵ2n, Ŵ2n+1 are given as follows:

(a)
∑∞

n=0 Ŵ2nx
n =

Ŵ2

(
x3 + 3x2 − x

)
+ Ŵ0

(
2x2 + 2x− 1

)
− Ŵ1

(
x2 − x3

)
− Ŵ3

(
x3 + 2x2

)
−x4 − x3 + x2 + 2x− 1

.

(b)
∑∞

n=0 Ŵ2n+1x
n =

Ŵ0

(
x3 + 2x2

)
− Ŵ3

(
x3 + x2 + x

)
− Ŵ1

(
x3 − 2x+ 1

)
+ Ŵ2

(
2x3 + x2

)
−x4 − x3 + x2 + 2x− 1

.

Proof. Similary, the proof can be constructed as in [Theorem 2.2].

From the last Theorem, we have the following Corollary which gives sum formula of dual hyperbolic Pandita
numbers (Take Ŵn = P̂n whit P̂0 = j+2ε+3jε,P̂1 = 2j+3ε+5jε+1, P̂2 = 3j+5ε+8jε+2, P̂3 = 5j+8ε+12jε+3
)

Corollary 5.6. For n ≥ 0 dual hyperbolic Pandita numbers have the following properties.

(a)
∑∞

n=0 P̂2nx
n =

(j + 5ε+ 4jε) + (1− ε− jε)x+ (ε+ jε)x2 + (3jε)x3

1− 2x+ x2 − x3 + x4
,

(b)
∑∞

n=0 P̂2n+1x
n =

(2j + 2ε+ 5jε+ 4) + (ε− 2j − 6x− 4jε)x+ (3j − 2ε+ 2)x2 + (2ε− 4j + 8jε+ 7)x3

1− 2x+ x2 − x3 + x4
.
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6 MATRICES RELATED WITH DUAL HYPERBOLIC GENERALIZED PANDITA
NUMBERS

In this sectiıon, using dual hyperbolic Pandita numbers, we give some matrices related to dual hyperbolic Pandita
numbers.

We define the square matrix A of order 4 as

A =


2 −1 1 −1
1 0 0 0
0 1 0 0
0 0 1 0


uch that detA = 1. Note that

An =


Pn+1 −Pn + Pn−1 − Pn−2 Pn − Pn−1 −Pn

Pn −Pn−1 + Pn−2 − Pn−3 Pn−1 − Pn−2 −Pn−1

Pn−1 −Pn−2 + Pn−3 − Pn−4 Pn−2 − Pn−3 −Pn−2

Pn−2 −Pn−3 + Pn−4 − Pn−5 Pn−3 − Pn−4 −Pn−3


for the proof see (Soykan, 2021e).

Then we give the following lemma.

Lemma 6.1. For n ≥ 0 the following identitiy is true:


Ŵn+3

Ŵn+2

Ŵn+1

Ŵn

 =


2 −1 1 −1
1 0 0 0
0 1 0 0
0 0 1 0


n


Ŵ3

Ŵ2

Ŵ1

Ŵ0

 .

Proof. The identitiy(6.1) can be proved by mathematical induction on n. If n = 0 we obtain


Ŵ3

Ŵ2

Ŵ1

Ŵ0

 =


2 −1 1 −1
1 0 0 0
0 1 0 0
0 0 1 0


0


Ŵ3

Ŵ2

Ŵ1

Ŵ0


which is true. We assume that the identity given holds for n = k. Thus the following identitiy is true


Ŵk+3

Ŵk+2

Ŵk+1

Ŵk

 =


2 −1 1 −1
1 0 0 0
0 1 0 0
0 0 1 0


k


Ŵ3

Ŵ2

Ŵ1

Ŵ0

 .
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For n = k + 1, we get


2 −1 1 −1
1 0 0 0
0 1 0 0
0 0 1 0


k+1


Ŵ3

Ŵ2

Ŵ1

Ŵ0

 =


2 −1 1 −1
1 0 0 0
0 1 0 0
0 0 1 0




2 −1 1 −1
1 0 0 0
0 1 0 0
0 0 1 0


k


Ŵ3

Ŵ2

Ŵ1

Ŵ0



=


2 −1 1 −1
1 0 0 0
0 1 0 0
0 0 1 0




Ŵk+3

Ŵk+2

Ŵk+1

Ŵk



=


Ŵk+4

Ŵk+3

Ŵk+2

Ŵk+1

 .

Consequently, by mathematical induction on n, the proof completed. □

We define

NŴ =


Ŵ3 Ŵ2 Ŵ1 Ŵ0

Ŵ2 Ŵ1 Ŵ0 Ŵ−1

Ŵ1 Ŵ0 Ŵ−1 Ŵ−2

Ŵ0 Ŵ−1 Ŵ−2 Ŵ−3

 , (6.1)

EŴ =


Ŵn+3 Ŵn+2 Ŵn+1 Ŵn

Ŵn+2 Ŵn+1 Ŵn Ŵn−1

Ŵn+1 Ŵn Ŵn−1 Ŵn−2

Ŵn Ŵn−1 Ŵn−2 Ŵn−3

 . (6.2)

Now, we have the following theorem with NŴ and EŴ

Theorem 6.2. Using NŴ and EŴ , we get
AnNŴ = EŴ .

Proof. Note that we get

AnNŴ =


Pn+1 −Pn + Pn−1 − Pn−2 Pn − Pn−1 −Pn

Pn −Pn−1 + Pn−2 − Pn−3 Pn−1 − Pn−2 −Pn−1

Pn−1 −Pn−2 + Pn−3 − Pn−4 Pn−2 − Pn−3 −Pn−2

Pn−2 −Pn−3 + Pn−4 − Pn−5 Pn−3 − Pn−4 −Pn−3




Ŵ3 Ŵ2 Ŵ1 Ŵ0

Ŵ2 Ŵ1 Ŵ0 Ŵ−1

Ŵ1 Ŵ0 Ŵ−1 Ŵ−2

Ŵ0 Ŵ−1 Ŵ−2 Ŵ−3



=


a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 a34

a41 a42 a43 a44


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where

a11 = Ŵ1 (Pn − Pn−1)− Ŵ2 (Pn − Pn−1 + Pn−2)− Ŵ0Pn +W3Pn+1 = Ŵn+3,

a12 = Ŵ0 (Pn − Pn−1)− Ŵ1 (Pn − Pn−1 + Pn−2)− PnŴ−1 + Ŵ2Pn+1 = Ŵn+2,

a13 = Ŵ−1 (Pn − Pn−1)− Ŵ0 (Pn − Pn−1 + Pn−2)− PnŴ−2 + Ŵ1Pn+1 = Ŵn+1,

a14 = Ŵ−2 (Pn − Pn−1)− Ŵ−1 (Pn − Pn−1 + Pn−2)− PnŴ−3 + Ŵ0Pn+1 = Ŵn,

a21 = Ŵ3Pn − Ŵ2 (Pn−1 − Pn−2 + Pn−3) + Ŵ (Pn−1 − Pn−2)− Ŵ0Pn−1 = Ŵn+2,

a22 = Ŵ2Pn − Ŵ−1Pn−1 − Ŵ1 (Pn−1 − Pn−2 + Pn−3) + Ŵ (Pn−1 − Pn−2) = Ŵn+1,

a23 = Ŵ−1 (Pn−1 − Pn−2)− Ŵ−2Pn−1 + Ŵ1Pn − Ŵ0 (Pn−1 − Pn−2 + Pn−3) = Ŵn,

a24 = Ŵ−2 (Pn−1 − Pn−2)− Ŵ−3Pn−1 + Ŵ0Pn − Ŵ−1 (Pn−1 − Pn−2 + Pn−3) = Ŵn−1,

a31 = Ŵ1 (Pn−2 − Pn−3)− Ŵ2 (Pn−2 − Pn−3 + Pn−4)− Ŵ0Pn−2 + Ŵ3Pn−1 = Ŵn+1,

a32 = Ŵ0 (Pn−2 − Pn−3)− Ŵ1 (Pn−2 − Pn−3 + Pn−4)− Ŵ−1Pn−2 + Ŵ2Pn−1 = Ŵn,

a33 = Ŵ−1 (Pn−2 − Pn−3)− Ŵ−2Pn−2 − Ŵ0 (Pn−2 − Pn−3 + Pn−4) + Ŵ1Pn−1 = Ŵn−1,

a34 = Ŵ−2 (Pn−2 − Pn−3)− Ŵ−3Pn−2 − Ŵ−1 (Pn−2 − Pn−3 + Pn−4) + Ŵ0Pn−1 = Ŵn−2,

a41 = Ŵ1 (Pn−3 − Pn−4)− Ŵ2 (Pn−3 − Pn−4 + Pn−5)− Ŵ0Pn−3 + Ŵ3Pn−2 = Ŵn,

a42 = Ŵ0 (Pn−3 − Pn−4)− Ŵ1 (Pn−3 − Pn−4 + Pn−5)− Ŵ−1Pn−3 + Ŵ2Pn−2 = Ŵn−1,

a43 = Ŵ−1 (Pn−3 − Pn−4)− Ŵ−2Pn−3 − Ŵ0 (Pn−3 − Pn−4 + Pn−5) + Ŵ1Pn−2 = Ŵn−2,

a44 = Ŵ−2 (Pn−3 − Pn−4)− Ŵ−3Pn−3 − Ŵ−1 (Pn−3 − Pn−4 + Pn−5) + Ŵ0Pn−2 = Ŵn−3.

Using the theorem (3.2) the proof is done. □

By taking Ŵn =P̂n with P̂0, P̂1, P̂2, P̂3 in (6.1) and (6.2)
Ŵn =Sn with Ŝ0, Ŝ1, Ŝ2, Ŝ3 in (6.1) and (6.2)

respectively, we get:

NP̂ =


5j + 8ε+ 12jε+ 3 3j + 5ε+ 8jε+ 2 2j + 3ε+ 5jε+ 1 j + 2ε+ 3jε
3j + 5ε+ 8jε+ 2 2j + 3ε+ 5jε+ 1 j + 2ε+ 3jε ε+ 2jε
2j + 3ε+ 5jε+ 1 j + 2ε+ 3jε ε+ 2jε −jε

j + 2ε+ 3jε ε+ 2jε −jε −1

 ,

EP̂ =


P̂n+3 P̂n+2 P̂n+1 P̂n

P̂n+2 P̂n+1 P̂n P̂n−1

P̂n+1 P̂n P̂n−1 P̂n−2

P̂n P̂n−1 P̂n−2 P̂n−3

 ,

NŜ =


6j + 7ε+ 11jε+ 5 5j + 6ε+ 7jε+ 2 2j + 5ε+ 6jε+ 2 2j + 2ε+ 5jε+ 4
5j + 6ε+ 7jε+ 2 2j + 5ε+ 6jε+ 2 2j + 2ε+ 5jε+ 4 4j + 2ε+ 2jε+ 1
2j + 5ε+ 6jε+ 2 2j + 2ε+ 5jε+ 4 −4j + 2ε+ 2jε+ 1 j + 4ε+ 2jε− 1
2j + 2ε+ 5jε+ 4 −4j + 2ε+ 2jε+ 1 j + 4ε+ 2jε− 1 ε− j + 4jε+ 4

 ,

EŜ =


Ŝn+3 Ŝn+2 Ŝn+1 Ŝn

Ŝn+2 Ŝn+1 Ŝn Ŝn−1

Ŝn+1 Sn Ŝn−1 Ŝn−2

Ŝn Ŝn−1 Ŝn−2 Ŝn−3

 .
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From Theorem (6.2), we can write the following corollary.

Corollary 6.3. The following identities are hold:

a) AnNP̂ = EP̂ .

b) AnNŜ = EŜ .

7 CONCLUSIONS

Recurrence relations define sequences where each term depends on previous ones. These sequences such as
Fibonacci, Pell, Jacobsthal, Tribonacci, Padovan, Narayana’s Cows, Leonardo, Tetranacci, and Pentanacci arise
across fields including engineering, biology, mathematics, and physics. Below, we present their definitions with
initial conditions using An notation and outline their real-world relevance.

• Fibonacci Sequence:

Fn = Fn−1 + Fn−2, F0 = 0, F1 = 1

• Pell Sequence:

Pn = 2Pn−1 + Pn−2, P0 = 0, P1 = 1

• Jacobsthal Sequence:

Jn = Jn−1 + 2Jn−2, J0 = 0, A1 = 1

• Tribonacci Sequence:

Tn = Tn−1 + Tn−2 + Tn−3, T0 = 0, T1 = 1, T2 = 1

• Padovan Sequence:

Pn = Pn−2 + Pn−3, P0 = P1 = P2 = 1

• Narayana’s Cows Sequence:

Nn = Nn−1 +Nn−3, N0 = N1 = N2 = 1

• Leonardo Sequence:

Ln = Ln−1 + Ln−2 + 1, L0 = 1, L1 = 1

• Tetranacci Sequence:

Mn = Mn−1 +Mn−2 +Mn−3 +Mn−4, M0 = M1 = M2 = 0, M3 = 1

• Pentanacci Sequence:

Pn = Pn−1 + Pn−2 + Pn−3 + Pn−4 + Pn−5, P0 = P1 = P2 = P3 = 0, P4 = 1
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These sequences demonstrate how mathematical
recursions extend into the fabric of our world whether
designing structures, analyzing algorithms, modeling
nature, or probing the quantum realm. Their recursive
beauty continues to inspire both theoretical and
practical exploration.

Next, we explore several real-world applications of
recurrence relations across disciplines.

• Engineering

– Fibonacci: Models recursive filters in
control systems and signal processing.

– Padovan and Perrin: Guide architectural
proportions using the plastic number.

– Jacobsthal: Applied in digital circuits for
counting and encoding.

• Science

– Tribonacci and Tetranacci: Simulate
biological systems with delayed
reproduction.

– Leonardo: Reflect branching in plants and
trees.

– Fibonacci and Narayana’s Cows:
Describe phyllotaxis and seed
arrangement in botany.

• Mathematics

– Recurrence Relations: Analyze
algorithms like mergesort and quicksort.

– Pell: Solve Diophantine equations and
approximate square roots with continued
fractions.

– Jacobsthal and Padovan: Used in tiling
and combinatorics problems.

• Physics

– Fibonacci and Tribonacci: Appear in
wave interference and quantum systems.

– Pentanacci: Used in recursive models of
particle interactions and fractals.

– Padovan: Linked to equilibrium modeling
via the plastic constant.

In this study, we extend the classical framework to
fourth-order recurrence systems by introducing the
dual hyperbolic Pandita numbers, along with two
distinguished subclasses. For these novel sequences,
we derive Binet-type formulas, ordinary and exponential
generating functions, and generalized Simson-type
identities. Our analysis also encompasses closed-form
summation formulas, algebraic properties, recurrence
behaviors, and matrix-based representations.

Recognizing the theoretical depth and real-world
utility of recurrence-based sequences, we first
revisit the applications of second-order sequences
to establish context. We then position our fourth-
order generalizations as a natural progression within
this broader mathematical landscape—offering new
insights and powerful tools for modeling, analysis, and
optimization in both pure and applied settings.

• For the applications of Gaussian Fibonacci and
Gaussian Lucas numbers to Pauli Fibonacci and
Pauli Lucas quaternions, see (Azak, 2022).

• For the application of Pell Numbers to the
solutions of three-dimensional difference
equation systems, see (Büyük and Taşkara,
2022).

• For the application of Jacobsthal numbers to
special matrices, see (Vasanthi and Sivakumar,
2022).

• For the application of generalized k-order
Fibonacci numbers to hybrid quaternions, see
(Gül, 2022).

• For the applications of Fibonacci and Lucas
numbers to Split Complex Bi-Periodic numbers,
see (Yılmaz, 2022b).

• For the applications of generalized bivariate
Fibonacci and Lucas polynomials to matrix
polynomials, see (Yılmaz, 2022a).

• For the applications of generalized Fibonacci
numbers to binomial sums, see (Ulutaş and Toy,
2022).

• For the application of generalized Jacobsthal
numbers to hyperbolic numbers, see (Soykan
and Taşdemir, 2022).

• For the application of generalized Fibonacci
numbers to dual hyperbolic numbers, see
(Soykan, 2021d).

• For the application of Laplace transform and
various matrix operations to the characteristic
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polynomial of the Fibonacci numbers, see
(Deveci and Shannon, 2022).

• For the application of Generalized Fibonacci
Matrices to Cryptography, see (Prasad and
Mahato, 2022).

• For the application of higher order Jacobsthal
numbers to quaternions, see (Özkan and Uysal,
2023).

• For the application of Fibonacci and Lucas
Identities to Toeplitz-Hessenberg matrices, see
(Goy and Shattuck, 2019).

• For the applications of Fibonacci numbers to
lacunary statistical convergence, see (Bilgin,
2021).

• For the applications of Fibonacci numbers to
lacunary statistical convergence in intuitionistic
fuzzy normed linear spaces, see (Kişi and
Tuzcuoglu, 2020).

• For the applications of Fibonacci numbers to
ideal convergence on intuitionistic fuzzy normed
linear spaces, see (Kişi and Debnathb, 2022).

• For the applications of k-Fibonacci and k−Lucas
numbers to spinors, see (Kumari et al., 2023).

• For the application of dual-generalized complex
Fibonacci and Lucas numbers to Quaternions,
see (Şentürk et al., 2022).

• For the application of special cases of Horadam
numbers to Neutrosophic analysis see (Gökbaş
et al., 2023).

• For the application of Hyperbolic Fibonacci
numbers to Quaternions, see (Daşdemir, 2021).

• For the application of Pell numbers to Gaussian
Hyperbolic numbers, see (Gökbaş, 2022).

In the following, we explore several applications
of third-order recurrence sequences across various
mathematical and applied contexts.

• For the applications of third order Jacobsthal
numbers and Tribonacci numbers to quaternions,
see (Cerda-Morales, 2017a) and (Cerda-
Morales, 2017b), respectively.

• For the application of Tribonacci numbers to
special matrices, see (Yilmaz and Taskara,
2014).

• For the applications of Padovan numbers and
Tribonacci numbers to coding theory, see
(Shtayat and Al-Kateeb, 2019) and (Basu and
Das, 2014), respectively.

• For the application of Pell-Padovan numbers to
groups, see (Deveci and Shannon, 2017).

• For the application of adjusted Jacobsthal-
Padovan numbers to the exact solutions of some
difference equations, see (Göcen, 2022).

• For the application of Gaussian Tribonacci
numbers to various graphs, see (Sunitha and
Sheriba, 2022).

• For the application of third-order Jacobsthal
numbers to hyperbolic numbers, see (Dikmen
and Altınsoy, 2022). For the application of
Narayan numbers to finite groups see (Kuloğlu
et al., 2022).

• For the application of generalized third-order
Jacobsthal sequence to binomial transform, see
(Soykan et al., 2022a).

• For the application of generalized Generalized
Padovan numbers to Binomial Transform, see
(Soykan et al., 2022b).

• For the application of generalized Tribonacci
numbers to Gaussian numbers, see (Soykan
et al., 2018).

• For the application of generalized Tribonacci
numbers to Sedenions, see (Soykan et al.,
2020a).

• For the application of Tribonacci and Tribonacci-
Lucas numbers to matrices, see (Soykan, 2020).

• For the application of generalized Tribonacci
numbers to circulant matrix, see (Soykan,
2021b).

• For the application of Tribonacci and Tribonacci-
Lucas numbers to hybrinomials, see (Taşyurdu
and Polat, 2021).

• For the application of hyperbolic Leonardo and
hyperbolic Francois numbers to quaternions, see
(Dişkaya et al., 2023).

In the following lists, we outline several applications of
fourth-order recurrence sequences across theoretical
and applied domains.

• For the application of Tetranacci and Tetranacci-
Lucas numbers to quaternions, see (Soykan,
2019d).

• For the application of generalized Tetranacci
numbers to Gaussian numbers, see (Soykan,
2019a).
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• For the application of Tetranacci and Tetranacci-
Lucas numbers to matrices, see (Soykan,
2019b).

• For the application of generalized Tetranacci
numbers to binomial transform, see (Soykan,
2021c).

We now explore several applications of fifth-order
sequences.

• For the application of Pentanacci numbers to
matrices, see (Sivakumar and James, 2022).

• For the application of generalized Pentanacci
numbers to quaternions, see (Soykan et al.,
2020b).

• For the application of generalized Pentanacci
numbers to binomial transform, see (Soykan,
2021a).
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dual hyperbolic numbers with generalized jacobsthal
numbers components. Indian Journal of Pure and
Applied Mathematics, 27(1):35–48.
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