
Gaussian Numbers with Generalized Pandita Numbers Components

Abstract: In this study, we introduce and investigate a new class of numerical sequences in the com-

plex domain– Gaussian generalized Pandita numbers– which extend the classical theory of linear recurrence

relations. In particular, we focus on two distinct cases: the Gaussian Pandita numbers and the Gaussian

Pandita-Lucas numbers. For these sequences, we derive and present a comprehensive set of mathemati-

cal results, including recurrence relations, closed-form expressions via Binet-type formulas, ordinary and

exponential generating functions. In addition, we establish various algebraic identities, provide matrix rep-

resentations, and prove generalized forms of Simpson’s formula. Summation identities are also developed to

further explore the structural and analytical properties of these numbers. The findings contribute to the

broader theory of Gaussian integer sequences and open new directions for applications in discrete mathe-

matics and computational number theory.

Keywords: Pandita numbers, Pandita-Lucas numbers,Gaussian Pandita numbers, Gaussian Pandita-

Lucas numbers, Binet’s formulas, generating functions, exponential generating functions.

1. Introduction

In this section, we give some preliminary result on Pandita numbers.

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

recurrence relations as

Wn = 2Wn−1 −Wn−2 +Wn−3 −Wn−4. (1.1)

with the initial values W0,W1,W2,W3 are not all being zero.

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

W−n = −W−(n−1) + 2W−(n−2) +W−(n−3) −W−(n−4).
1
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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 [47]

Characteristic equation of {Wn} is

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

whose roots 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).

Note that

α+ β + γ + δ = 2,

αβ + αγ + αδ + βγ + βδ + γδ = 1,

αβγ + αβδ + αγδ + βγδ = 1,

αβγδ = 1.

Note also that

α+ β + γ = 1,

αβ + αγ + βγ = 0,

αβγ = 1.

For n = 1, 2, 3.... Hence, recurrence (1.1) is true for all integer n.

For the fourth-order recurrence relations has been studied by many authors, for more detail see [54, 55,

49, 50, 53, 52, 59, 48, 47, 56].

We now present Binet’s formula for the generalized Pandita numbers.
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Theorem 1.1. [47]Binet formula of generalized Pandita numbers can be presented as follows:

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

n

3α− 2

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

n

3β − 2

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

n

3γ − 2
−W3 +W2 +W0.

Now we define two special cases of the sequence {Wn} as follows: The Pandita sequence {Pn}n≥0 and

the Pandita-Lucas sequence {Sn}n≥0 are respectively defined by the fourth-order recurrence relations as:

Pn = 2Pn−1 − Pn−2 + Pn−3 − Pn−4, P0 = 0, P1 = 1, P2 = 2, P3 = 3, (1.2)

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

The sequences {Pn}n≥0, {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),

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

for n = 1, 2, 3, ... respectively. As a result, recurrences (1.2)-(1.3) hold for all integer n. Binet’s formulas of

Pn and Sn are given as follows.

Corollary 1.2. For all integers n, Binet’s formula of Pandita and Pandita-Lucas numbers are

Pn =
αn+3

3α− 2 +
βn+3

3β − 2 +
γn+3

3γ − 2 − 1,

and

Sn = αn + βn + γn + 1.

respectively.

Next, we give the ordinary generating function
∞∑
n=0

Wnx
n of the sequence Wn.

Lemma 1.3. Suppose that fWn(z) =
∞∑
n=0

Wnx
n is the ordinary generating function of the generalized

Pandita sequence {Wn}. Then,
∞∑
n=0

Wnx
n is given by

∞∑
n=0

Wnx
n =

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

3

1− 2x+ x2 − x3 + x4 .

Proof. Take r = 2, s = −1, t = 1, u = −1 in Lemma 47. �
Next, we give some information about Gaussian sequences from literature.

We provide some Gaussian numbers that satisfy second-order and third-order recurrence relations.



4 FATIH ZAHID KALÇA,YÜKSEL SOYKAN

• Horadam [20] introduced Gaussian Fibonacci numbers and defined by

GFn = Fn + iFn−1

where Fn = Fn−1 + Fn−2, F0 = 0, F1 = 1 (in fact, he defined these numbers as GFn = Fn + iFn+1

and he called them as complex Fibonacci numbers.).

• Pethe and Horadam [31] introduced Gaussian generalized Fibonacci numbers by

GFn = Fn + iFn−1

where Fn = Fn−1 + Fn−2, F0 = 0, F1 = 1.

• Halıcıand Öz [19] studied Gaussian Pell and Pell Lucas numbers by written, respectively,

GPn = Pn + iPn−1

GQn = Qn + iQn−1

where Pn = 2Pn−1 + Pn−2, P0 = 0, P1 = 1 and Qn = 2Qn−1 +Qn−2, Q0 = 2, Q1 = 2.

• Aşcıand Gürel [1] presented Gaussian Jacobsthal and Gaussian Jacobsthal Lucas numbers given

by, respectively,

GJn = Jn + iJn−1

Gjn = jn + ijn−1

where Jn = Jn−1 + 2Jn−2, J0 = 0, J1 = 1 and jn = jn−1 + 2jn−2, j0 = 2, j1 = 1.

• Taşçı[64] introduced and studied Gaussian Mersenne numbers defined by

GMn =Mn + iMn−1

where Mn = 3Mn−1 − 2Mn−2, M0 = 0, M1 = 1.

• Taşçı[66] introduced and studied Gaussian balancing and Gaussian Lucas Balancing numbers given

by, respectively,

GBn = Bn + iBn−1

GCn = Cn + iCn−1

where Bn = 6Bn−1 −BJn−2, B0 = 0, B1 = 1 and Cn = 6Cjn−1 − Cn−2, C0 = 1, C1 = 3.

• Ertaş and Yılmaz [17] studied Gaussian Oresme numbers and defined them as

GSn = Sn + iSn−1

where oresme numbers are given by Sn = Sn−1 − 1
4Sn−2, S0 = 0, S1 =

1
2 .

Now, we present some Gaussian numbers with third order recurrence relations.
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• Soykan at al [57] presented Gaussian generalized Tribonacci numbers given by

GWn =Wn + iWn−1

where Wn =Wn−1 +Wn−2 +Wn−3, with the initial condition W0, W1, W2.

• Taşcı[65] studied Gaussian Padovan and Gaussian Pell- Padovan numbers by written, respectively,

GPn = Pn + iPn−1

GRn = Rn + iRn−1

where Pn = Pn−2 + Pn−3, P0 = 1, P1 = 1, P2 = 1, and Rn = 2Rn−2 + Rn−3, R0 = 1, R1 = 1,

R2 = 1.

• Cerda-Morales [7] defined Gaussian third-order Jacobsthal numbers as

GJn = Jn + iJn−1

where Jn = Jn−1 + Jn−2 + 2Jn−3, J1 = 0, J2 = 1, J2 = 1.

• Yılmaz and Soykan [73] presented Gaussian Guglielmo and Guglielmo-Lucas numbers by written

respectively,

GTn = Tn + iTn−1

GHn = Hn + iHn−1

where Tn = 3Tn−1 − 3Tn−2 + Tn−3, T0 = 0, T1 = 1, T2 = 3, and Hn = 3Hn−1 − 3Hn−2 + Hn−3, H0 =

3, H1 = 3, H2 = 3.

• Dikmen [13] presented Gaussian Leonardo and Leonardo-Lucas numbers by written respectively,

Gln = ln + iln−1

GHn = Hn + iHn−1

where ln = 2ln−1 − ln−3, l0 = 1, l1 = 1, l2 = 3, and Hn = 2Hn−1 −Hn−3, H0 = 3, H1 = 2, H2 = 4.

• Ayrılma and Soykan [2] presented Gaussian Edouard and Edouard-Lucas numbers by written re-

spectively,

GEn = En + iEn−1

GKn = Kn + iKn−1

where En = 7En−1 − 7En−2 + En−3, E0 = 0, E1 = 1, E2 = 7, and Kn = 7Kn−1 − 7Kn−2 +Kn−3,K0 =

3,K1 = 7,K2 = 35.
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• Soykan at al [58] presented Gaussian Bigollo and Bigollo-Lucas numbers by written respectively,

GBn = Bn + iBn−1

GCn = Cn + iCn−1

where Bn = 4Bn−1 − 5Bn−2 +2Bn−3, B0 = 0, B1 = 1, B2 = 4, and Cn = 4Cn−1 − 5Cn−2 +2Cn−3, C0 =

3, C1 = 4, C2 = 6.

• Eren and Soykan [16] describe Gaussian Woodall and Woodall-Lucas numbers by written respec-

tively,

GRn = Rn + iRn−1

GCn = Cn + iCn−1

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

C0 = 1, C1 = 3, C2 = 9.

Next, we give the exponential generating function of
∞∑
n=0

Wn
xn

n! of the sequence Wn.

Lemma 1.4. Suppose that fGWn
(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.

Proof: Using the Binet’s formula of generating Pandita numbers we get

∞∑
n=0

Wn
xn

n!
=

∞∑
n=0

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

n

3α− 2

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

n

3β − 2

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

n

3γ − 2 −W3 +W2 +W0)
xn

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

3α− 2

∞∑
n=0

αn
xn

n!

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

3β − 2

∞∑
n=0

βn
xn

n!

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

3γ − 2

∞∑
n=0

γn
xn

n!

+(−W3 +W2 +W0)

∞∑
n=0

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 1.4 gives the following results as particular examples.

Corollary 1.5. 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 − e
x.

b):
∞∑
n=0

Sn
xn

n! =
∞∑
n=0

(αn + βn + γn + 1)x
n

n! = eαx + eβx + eγx + ex.

2. Gaussian Generalized Pandita Numbers

This section introduces the Gaussian generalized Pandita numbers and explores key properties, including

Binet’s formula and their generating function.

Gaussian generalized Pandita numbers {GWn}n≥0 = {GWn(GW0, GW1, GW2, GW3)}n≥0 are defined by

GWn = 2GWn−1 −GWn−2 +GWn−3 −GWn−4. (2.1)

with the initial conditions

GW0 = W0 + i(W0 −W1 + 2W2 −W3),

GW1 = W1 + iW0,

GW2 = W2 + iW1,

GW3 = W3 + iW2.

not all being zero. The sequences {GWn}n≥0 can be extended to negative subscripts by defining

GW−n = GW−(n−1) −GW−(n−2) + 2GW−(n−3) −GW−(n−4). (2.2)

for n = 1, 2, 3, .... Thus, recurrence (2.1) hold for all integer n. Note that for all integers n, we get

GWn =Wn + iWn−1, (2.3)
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and

GW−n =W−n + iW−n−1. (2.4)

The first few generalized Gaussian Pandita numbers with positive subscript and negative subscript are

presented in the following table.

Table 1. The first few generalized Gaussian Pandita numbers with positive subscript

n GWn

0 W0 + i(W0 −W1 + 2W2 −W3)

1 W1 + iW0

2 W2 + iW1

3 W3 + iW2

4 W1 −W0 −W2 + 2W3 + iW3

5 W1 − 2W0 −W2 + 3W3 + i(W1 −W0 −W2 + 2W3)

and with a negative subscript shown in Table 2

n GW−n

0 W0 + i(W0 −W1 + 2W2 −W3)

1 W0 −W1 + 2W2 −W3 + i(W1 +W2 −W3)

2 W1 +W2 −W3 + i(W0 +W1 −W2)

3 W0 +W1 −W2 + i(2W0 − 2W1 + 2W2 −W3)

4 2W0 − 2W1 + 2W2 −W3 + i(3W2 − 2W3)

5 3W2 − 2W3 + i(3W1 − 2W2)

We can define two special cases of GWn : GWn(0, 1, 2 + i, 3 + 2i) = GPn is the sequence of Gaussian

Pandita numbers , GWn(4+i, 2+4i, 2+2i, 5+2i) = GSn is the sequence of Gaussian Pandita-Lucas numbers.

So Gaussian Pandita numbers are defined by

GPn = 2Pn−1 − Pn−2 + Pn−3 − Pn−4. (2.5)

with the initial conditions

GP0 = 0, GP1 = 1, GP2 = 2 + i, GP3 = 3 + 2i.

Gaussian Pandita-Lucas numbers are defined by

GSn = 2Sn−1 − Sn−2 + Sn−3 − Sn−4. (2.6)

with the initial conditions

GS0 = 4 + i, GS1 = 2 + 4i, GS2 = 2 + 2i, GS3 = 5 + 2i.

That for all integer we have

GPn = Pn + iPn−1,

GSn = Sn + iSn−1.
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The initial values of the Gaussian Pandita and Gaussian Pandita—Lucas numbers, for both positive and

negative subscripts, are presented in Table 3.

Table 3. Gaussian Pandita numbers, Gaussian Pandita-Lucas numbers, with positive and negative

subscripts, special cases of generalized Pandita numbers.

n 0 1 2 3 4 5 6

GPn 0 1 2 + i 3 + 2i 5 + 3i 8 + 5i 12 + 8i

GP−n 0 0 −i −1− i −1 −i −1− 2i

GSn 4 + i 2 + 4i 2 + 2i 5 + 2i 6 + 5i 7 + 6i 11 + 7i

GS−n 4 + i 1− i −1 + 4i 4 + 3i 3− 4i −4 + 2i 2 + 8i

Next, we present the Binet’s formula for the Gaussian generalized Pandita numbers.

Theorem 2.1. The Binet’s formula for the Gaussian generalized Pandita numbers is

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

n

3α− 2

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

n

3β − 2

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

n

3γ − 2 −W3 +W2 +W0

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

n−1

3α− 2

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

n−1

3β − 2

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

n−1

3γ − 2 −W3 +W2 +W0).

Proof. The proof follows from (1.1) and (2.3). �
The following results are immediate consequences of the preceding Theorem.

Corollary 2.2. For all integers n, we have following identities:

(a): GPn =
αn+3

3α− 2 +
βn+3

3β − 2 +
γn+3

3γ − 2 − 1 + i(
αn+2

3α− 2 +
βn+2

3β − 2 +
γn+2

3γ − 2 − 1).

(b): GSn = αn + βn + γn + 1 + i(αn−1 + βn−1 + γn−1 + 1).

The next Theorem presents the generating function of Gaussian generalized Pandita numbers.

Theorem 2.3. Let fGWn(x) =
∞∑
n=0

GWnx
n donate the generating function of Gaussian generalized

Pandita numbers is given as follows:

fGWn
(z) =

∞∑
n=0

GWnx
n = 1

1−2x+x2−x3+x4GW0+(GW1− 2GW0)x+(GW2− 2GW1+GW0)x
2+(GW3−

2GW2 +GW1 −GW0)x
3.
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Proof. Using the definition of Gaussian Pandita numbers, and substracting xf(x), x2f(x) and x3f(x)

from f(x) we obtain (1− 2x+ x2 − x3 + x4)fGWn
(x)

(1− 2x+ x2 − x3 + x4)fGWn(x)

=

∞∑
n=0

GWnx
n − 2x

∞∑
n=0

GWnx
n + x2

∞∑
n=0

GWnx
n − x3

∞∑
n=0

GWnx
n + x4

∞∑
n=0

GWnx
n,

=

∞∑
n=0

GWnx
n − 2

∞∑
n=0

GWnx
n+1 +

∞∑
n=0

GWnx
n+2 −

∞∑
n=0

GWnx
n+3 +

∞∑
n=0

GWnx
n+4,

=

∞∑
n=0

GWnx
n − 2

∞∑
n=1

GW(n−1)x
n +

∞∑
n=2

GW(n−2)x
n −

∞∑
n=3

GW(n−3)x
n +

∞∑
n=4

GW(n−4)x
n,

= (GW0 +GW1x+GW2x
2 +GW3x

3)− 2(GW0x+GW1x
2 +GW2x

3) + (GW0x
2 +GW1x

3)−GW0x
3

+

∞∑
n=4

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

= GW0 + (GW1 − 2GW0)x+ (GW2 − 2GW1 +GW0)x
2 + (GW3 − 2GW2 +GW1 −GW0)x

3.

And rearranging above equation, we get (2.3). �
The following results are immediate consequences of the preceding Theorem.

Corollary 2.4. For all integers n, we have following identities:

(a): fGPn(z) =
∞∑
n=0

GPnx
n =

ix2 + x

x4 − x3 + x2 − 2x+ 1 .

(b): fGSn(z) =
∞∑
n=0

GSnx
n = − (1− i)x

3 − (2− 5i)x2 + (6− 2i)x− 4− i
x4 − x3 + x2 − 2x+ 1 .

Theorem (2.3) gives the following results as special cases,

(1 − 2x + x2 − x3 + x4)fGPn(x) = GP0 + (GP1 − 2GP0)x + (GP2 − 2GP1 + GP0)x
2 + (GP3 − 2GP2 +

GP1 −GP0)x3 = ix2 + x,

(1 − 2x + x2 − x3 + x4)fGSn(x) = GS0 + (GS1 − 2GS0)x + (GS2 − 2GS1 + GS0)x
2 + (GS3 − 2GS2 +

GS1 −GS0)x3 = − (1− i)x3 + (2− 5i)x2 − (6− 2i)x+ 4 + i

Next, we give the exponential Gaussian generating function of
∞∑
n=0

GWnx
n of the sequence GWn.

Lemma 2.5. Suppose that fGWn
(x) =

∞∑
n=0

GWn
xn

n! is the exponential Gaussian generating function of

the generalized Pandita sequence {GWn}.

Then
∞∑
n=0

GWn
xn

n! is given by
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∞∑
n=0

GWn
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

+i(
1

α

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

3α− 2 eαx

+
1

β

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

3β − 2 eβx

+
1

γ

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

3γ − 2 eγx + (−W3 +W2 +W0)e
x).

Proof. The proof follows from the Binet’s formula of GWn and GWn = GWn+ iGWn−1 (Lemma1.4). �
The previous Lemma 2.5 gives the following results as particular examples.

Corollary 2.6. Exponential Gaussian generating function of Pandita and Pandita-Lucas numbers

a):
∞∑
n=0

GPn
xn

n! =
∞∑
n=0

( α
n+3

3α−2 +
βn+3

3β−2 +
γn+3

3γ−2 − 1 + i( α
n+2

3α−2 +
βn+2

3β−2 +
γn+2

3γ−2 − 1))
xn

n! =
α3eαx

3α−2 +
β3eβx

3β−2 +

γ3eγx

3γ−2 − e
x + i(α

2eαx

3α−2 +
β2eβx

3β−2 +
γ2eγx

3γ−2 − e
x)).

b):
∞∑
n=0

GSn
xn

n! =
∞∑
n=0

(αn + βn + γn + 1 + i(αn−1 + βn−1 + γn−1 + 1))x
n

n! = eαx + eβx + eγx + ex +

i( 1αe
αx + 1

β e
βx + 1

γ e
γx + ex).

3. Obtaining Binet Formula From Generating Function

We next find Binet’s formula generalized Gaussian Pandita number {GWn} by the use of generating

function for GWn.

Theorem 3.1. Binet’s formula of generalized Gaussian Pandita numbers)

GWn =
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)

where

q1 = W0α
3 + (W1 − 2W0)α

2 + (W0 − 2W1 +W2)α−W0 +W1 − 2W2 +W3,

q2 = W0β
3 + (W1 − 2W0)β

2 + (W0 − 2W1 +W2)β −W0 +W1 − 2W2 +W3,

q3 = W0γ
3 + (W1 − 2W0) γ

2 + (W0 − 2W1 +W2) γ −W0 +W1 − 2W2 +W3,

q4 = W0δ
3 + (W1 − 2W0) δ

2 + (W0 − 2W1 +W2) δ −W0 +W1 − 2W2 +W3.
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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

GWnx
n =

(GW1 −GW0 − 2GW2 +GW3)x
3 + (GW0 − 2GW1 +GW2)x

2 + (GW1 − 2GW0)x+GW0

(1− αx)(1− βx)(1− γx)(1− δx) .

Then we write

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

2 + (W1 − 2W0)x+W0

(1− αx)(1− βx)(1− γx)(1− δx) =
B1

(1− αx) +
B2

(1− βx)(3.3)

+
B3

(1− γx) +
B4

(1− δx) .

So

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

2 + (W1 − 2W0)x+W0

= 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 getW0 +

1
α2 (W0 − 2W1 +W2) − 1

α3 (W0 −W1 + 2W2 −W3) +
1
α (W1 − 2W0) =

−B1
(
1
αβ − 1

) (
1
αγ − 1

) (
1
αδ − 1

)
.

This gives

B1 = α3(GW0 +
1

α2
(GW0 − 2GW1 +GW2) +

1

α3
(GW1 − 5GW0 − 4GW2 +GW3) +

1

α
(GW1 − 2GW0))

=
GW0α

3 + (GW1 − 2GW0)α
2 + (GW0 − 2GW1 +GW2)α−GW0 +GW1 − 2GW2 +GW3

(α− β)(α− γ)(α− δ) .

Similarly, we obtain

B2 =
GW0β

3 + (GW1 − 2GW0)β
2 + (GW0 − 2GW1 +GW2)β −GW0 +GW1 − 2GW2 +GW3

(β − α)(β − γ)(β − δ) ,

B3 =
GW0γ

3 + (GW1 − 2GW0) γ
2 + (GW0 − 2GW1 +GW2) γ −GW0 +GW1 − 2GW2 +GW3

(γ − α)(γ − β)(γ − δ) ,

B4 =
GW0δ

3 + (GW1 − 2GW0) δ
2 + (GW0 − 2GW1 +GW2) δ −GW0 +GW1 − 2GW2 +GW3

(δ − α)(δ − β)(δ − γ) .
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Thus (3.3) can be written as

∞∑
n=0

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

This gives
∞∑
n=0

GWnx
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 coeffi cients on both sides of the above equality, we obtain

GWn = B1α
n +B2β

n +B3γ
n +B4δ

n.

and then we get (3.1). �

4. Some Identities About Recurrence Relations of Gaussian Generalized Pandita Numbers

In this section, we present some identities on Gaussian Pandita, Gaussian Pandita-Lucas,

Theorem 4.1. The following equations hold for all integer n

GPn =
54

31
GSn+3 −

41

31
GSn+2 +

6

31
GSn+1 −

50

31
GSn, (4.1)

GSn = −GPn+3 + 3GPn+2 +GPn+1 − 4GPn.

Proof. To proof identity (4.1), we can write

GPn = aGSn+3 + bGSn+2 + cGSn+1 + dGSn.

Solving the system of equations

GP0 = aGS3 + bGS2 + cGS1 + dGS0,

GP1 = aGS4 + bGS3 + cGS2 + dGS1,

GP2 = aGS5 + bGS4 + cGS3 + dGS2,

GP3 = aGS6 + bGS5 + cGS4 + dGS3.

we get a = 54
31 , b = −

41
31 , c =

6
31 , d = −

50
31 .

The other identities can be found similarly.

GSn = aGPn+3 + bGPn+2 + cGPn+1 + dGPn.

GS0 = aGP3 + bGP2 + cGP1 + dGP0,

GS1 = aGP4 + bGP3 + cGP2 + dGP1,

GS2 = aGP5 + bGP4 + cGP3 + dGP2,

GS3 = aGP6 + bGP5 + cGP4 + dGP3.
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we get a = −1, b = 3, c = 1, d = −4.

Lemma 4.2. 18, Let’s assume that f(x) =
∞∑
n=0

anx
n is the generating function of the sequence {an}n≥0.

Then the generating functions of the sequences {a2n}n≥0 and {a2n+1}n≥0 are stated as

fa2n(x) =

∞∑
n=0

a2nx
n =

f(
√
x) + f(−

√
x)

2
,

and

fa2n+1(x) =

∞∑
n=0

a2n+1x
n =

f(
√
x)− f(−

√
x)

2
√
x

.

respectively.

The generating functions of the even and odd-indexed Gaussian generalized Pandita sequences are pro-

vided by the following theorem.

Theorem 4.3. The generating functions of the sequance GW2n and GW2n+1 are provided by

fGW2n
(x) =

GW2

(
x3 + 3x2 − x

)
+GW0

(
2x2 + 2x− 1

)
−GW1

(
x2 − x3

)
−GW3

(
x3 + 2x2

)
−x4 − x3 + x2 + 2x− 1 , (4.2)

fGW2n+1
(x) =

GW0

(
x3 + 2x2

)
−GW3

(
x3 + x2 + x

)
−GW1

(
x3 − 2x+ 1

)
+GW2

(
2x3 + x2

)
−x4 − x3 + x2 + 2x− 1 . (4.3)

Proof. We only proof (4.2). From Theorem (2.3) we can obtain following identities.

fGWn
(
√
x) =

1√
x3 − x2 + x+ 2

√
x− 1

((GW1 +GW2 −GW3)
√
x3 + (2GW0 +GW2 −GW3)x

+(−GW2 + 2GW0)
√
x−GW0),

fGWn
(−
√
x) = − 1

−
√
x3−x2+x+2

√
x−1 ((GW0 −GW1 + 2GW2 −GW3)

√
x3

+(−GW3 − 3GW2 + 2GW1 + 2GW0)x+ (2GW1 −GW3)
√
x−GW1).

Thus, the result follows from Lemma (4.2). and the other identity can be derived analogously. �
From Theorem (4.3), we get the following Corollary.

Corollary 4.4.

fGP2n(x) =
ix3 + (1 + i)x2 + (2 + i)x

x4 + x3 − x2 − 2x+ 1 ,

fGP2n+1(x) =
(1 + i)x2 + (1 + 2i)x+ 1

x4 + x3 − x2 − 2x+ 1 ,

fGS2n(x) =
(1− 4i)x3 − 2x2 − 6x+ 4 + i

x4 + x3 − x2 − 2x+ 1 ,

fGS2n+1(x) =
(−1 + i)x3 + (−5− 2i)x2 + (1− 6i)x+ 2 + 4i

x4 + x3 − x2 − 2x+ 1 .

From Corollary 4.4 we can obtain the following Corollary which presents the identities on Gaussian

Pantida sequences.

Corollary 4.5. a): (2+ i)GS2n−2+(1 + i)GS2n−4+ iGS2n−6 = (4+ i)GP2n+(−6)GP2n−2+

(−2)GP2n−4 + (1− 4i)GP2n−6.
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b): GS2n + (1 + 2i)GS2n−2 + (1 + i)GS2n−4 = (4 + i)GP2n+1 + (−6)GP2n−1 + (−2)GP2n−3 +

(1− 4i)GP2n−5.

c): (2+4i)GS2n+(1− 6i)GS2n−2+(−5− 2i)GS2n−4+(−1 + i)GS2n−6 = (4+i)GS2n+1+(−6)GS2n−1

+(−2)GS2n−3 + (1− 4i)GS2n−5.

d): GS2n+1+(1 + 2i)GS2n−1+(1 + i)GS2n−3 = (2+4i)GP2n+1+(1− 6i)GP2n−1+(−5− 2i)GP2n−3+

(−1 + i)GP2n−5.

e): (2 + i)GS2n−1+(1 + i)GS2n−3+iGS2n−5 = (2+4i)GP2n+(1− 6i)GP2n−2+(−5− 2i)GP2n−4+

(−1 + i)GP2n−6.

f): GP2n + (1 + 2i)GP2n−2 + (1 + i)GP2n−4 = (2 + i)GP2n−1 + (1 + i)GP2n−3 + iGP2n−5.

Proof. From corollary (4.4) we obtain

(ix3 + (1 + i)x2 + (2 + i)x)fGS2n(x) = ((1− 4i)x3 − 2x2 − 6x+ 4 + i)fGP2n(x).

LHS is equal to

LHS = (ix3 + (1 + i)x2 + (2 + i)x)

∞∑
n=0

GS2nx
n,

= (2 + i)x

∞∑
n=0

GS2nx
n + (1 + i)x2

∞∑
n=0

GS2nx
n + ix3

∞∑
n=0

GS2nx
n

= (2 + i)

∞∑
n=0

GS2nx
n+1 + (1 + i)

∞∑
n=0

GS2nx
n+2 + i

∞∑
n=0

GS2nx
n+3

= (2 + i)

∞∑
n=1

GS2n−2x
n + (1 + i)

∞∑
n=2

GS2n−4x
n + i

∞∑
n=3

GS2n−6x
n,

= (7 + 6i)x+ (5 + 11i)x2 +

∞∑
n=2

((2 + i)GS2n−2 + (1 + i)GS2n−4 + iGS2n−6)x
n.

Whereas the RHS is equal to

RHS = ((1− 4i)x3 − 2x2 − 6x+ (4 + i))
∞∑
n=0

GP2nx
n,

= (4 + i)

∞∑
n=0

GP2nx
n − 6x

∞∑
n=0

GP2nx
n − 2x2

∞∑
n=0

GP2nx
n + (1− 4i)x3

∞∑
n=0

GP2nx
n

= (4 + i)

∞∑
n=0

GP2nx
n + (−6)

∞∑
n=0

GP2nx
n+1 + (−2)

∞∑
n=0

GP2nx
n+2 + (1− 4i)

∞∑
n=0

GP2nx
n+3

= (4 + i)

∞∑
n=0

GP2nx
n + (−6)

∞∑
n=1

GP2n−2x
n + (−2)

∞∑
n=2

GP2n−4x
n + (1− 4i)

∞∑
n=3

GP2n−6x
n

= (7 + 6i)x+ (5 + 11i)x2 +

∞∑
n=3

((4 + i)GP2n + (−6)GP2n−2 + (−2)GP2n−4 + (1− 4i)GP2n−6)
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By comparing the coeffi cients, the proof of the first identity (a) is done. We can prove other identity similarly.

�
The following identity establishes a relationship between the Gaussian Pandita numbers and the Pandita—

Lucas numbers.

Corollary 4.6. For all integers m,n the following identities holds:

GWm+n = Pm−2GWn+3 + (Pm−4 − Pm−3 − Pm−5)GWn+2 + (Pm−3 − Pm−4)GWn+1 −GWnPm−3.

Proof. First we assume that m,n ≥ 0.The Theorem (4.6) can be proved by mathematical induction on

m. If m = 0 we get

GWn = P−2GWn+3 + (P−4 − P−3 − P−5)GWn+2 + (P−3 − P−4)GWn+1 −GWnP−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

GWk+1+n = 2GWn+k −GWn+k−1 +GWn+k−2 −GWn+k−3,

2(Pm−2GWn+3 + (Pm−4 − Pm−3 − Pm−5)GWn+2 + (Pm−3 − Pm−4)GWn+1 −GWnPm−3)

−(Pm−3GWn+3 + (Pm−5 − Pm−4 − Pm−6)GWn+2 + (Pm−4 − Pm−5)GWn+1 −GWnPm−4)

+(Pm−4GWn+3 + (Pm−6 − Pm−5 − Pm−7)GWn+2 + (Pm−5 − Pm−6)GWn+1 −GWnPm−5)

−(Pm−5GWn+3 + (Pm−7 − Pm−6 − Pm−8)GWn+2 + (Pm−6 − Pm−7)GWn+1 −GWnPm−6).

Consequently, by mathematical induction on m, this proves Theorem 4.6.

The other cases of m,n can be proved smilarly for all integers m,n. �
Taking GWn = GPn or GWn = GSn in above Theorem, respectively, we get:

Corollary 4.7.

GPm+n = Pm−2GPn+3 + (Pm−4 − Pm−3 − Pm−5)GPn+2 + (Pm−3 − Pm−4)GPn+1 −GPnPm−3,

GSm+n = Pm−2GSn+3 + (Pm−4 − Pm−3 − Pm−5)GSn+2 + (Pm−3 − Pm−4)GSn+1 −GSnPm−3.

5. SIMSON’S FORMULA

This section is devoted to the presentation of Simson’s formula associated with the generalized Gaussian

Pandita numbers. This is a special case of [51, Theorem 4.1].

Theorem 5.1. For all integers n, we can write the following equality:∣∣∣∣∣∣∣∣∣∣∣∣

GWn+3 GWn+2 GWn+1 GWn

GWn+2 GWn+1 GWn GWn−1

GWn+1 GWn GWn−1 GWn−2

GWn GWn−1 GWn−2 GWn−3

∣∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣∣∣∣∣

GW3 GW2 GW1 GW0

GW2 GW1 GW0 GW−1

GW1 GW0 GW−1 GW−2

GW0 GW−1 GW−2 GW−3

∣∣∣∣∣∣∣∣∣∣∣∣
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= (GW3 − 2GW2 +GW0)(GW3 − 2GW1 +GW0)(GW
2
3 −GW 2

2

+GW 2
1 −GW 2

0 −GW2GW3 − 2GW1GW3 +GW1GW2 +GW0GW3 + 2GW0GW2 −GW0GW1).

Proof. Using Theorem 2.1 it can be proved by using induction use [51, Theorem 4.1]

From the Theorem 5.1 we get the following Corollary.

Corollary 5.2. For all integers n, the Simson’s formulas of Pandita and Pandita Lucas numbers are

given as respectively.

a):

∣∣∣∣∣∣∣∣∣∣∣∣

GPn+3 GPn+2 GPn+1 GPn

GPn+2 GPn+1 GPn GPn−1

GPn+1 GPn GPn−1 GPn−2

GPn GPn−1 GPn−2 GPn−3

∣∣∣∣∣∣∣∣∣∣∣∣
= 1− i.

b):

∣∣∣∣∣∣∣∣∣∣∣∣

GSn+3 GSn+2 GSn+1 GSn

GSn+2 GSn+1 GSn GSn−1

GSn+1 GSn GSn−1 GSn−2

GSn GSn−1 GSn−2 GSn−3

∣∣∣∣∣∣∣∣∣∣∣∣
= 31 + 31i.

6. SUM FORMULAS

In this section, we identify some sum formulas of generalized Gaussian Pandita numbers.

Theorem 6.1. For all integers n ≥ 0, we get sum formulas below

a)
n∑
k=0

GWk = −(n+ 3)GWn+3 + (n+ 4)GWn+2 + (n+ 4)GWn + 3GW3 − 4GW2 − 3GW0.

b)
n∑
k=0

GW2k =
1
3 (−3(n+2)GW2n+2+(3n+8)GW2n+1+2GW2n+(3n+7)GW2n−1+7GW3− 8GW2−

GW1 − 6GW0).

c)
n∑
k=0

GW2k+1 =
1
3 (−(3n+4)GW2n+2+(3n+8)GW2n+1+GW2n+3(n+2)GW2n−1+6GW3− 8GW2+

GW1 − 7GW0).

Proof. It is given in Soykan [53, Theorem 3.12]. �
As a special case of the theorem 6.1, we present the following Corollary.

Corollary 6.2. For all integers n ≥ 0, we get sum formulas below:

a)
n∑
k=0

GPk = −(n+ 3)GPn+3 + (n+ 4)GPn+2 + (n+ 4)GPn + 1 + 2i.

b)
n∑
k=0

GP2k =
1
3 (−3(n+ 2)GP2n+2 + (3n+ 8)GP2n+1 + 2GP2n + (3n+ 7)GP2n−1 + 4 + 6i).

c)
n∑
k=0

GP2k+1 =
1
3 (−(3n+ 4)GP2n+2 + (3n+ 8)GP2n+1 +GP2n + 3(n+ 2)GP2n−1 + 3 + 4i).

As a special case of the theorem 6.1, we present the following Corollary.

Corollary 6.3. For all integers n ≥ 0, we get sum formulas below:
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a)
n∑
k=0

GSk = −(n+ 3)GSn+3 + (n+ 4)GSn+2 + (n+ 4)GSn − 5− 5i.

b)
n∑
k=0

GS2k =
1
3 (−3(n+ 2)GS2n+2 + (3n+ 8)GS2n+1 + 2GS2n + (3n+ 7)GS2n−1 − 7− 12i).

c)
n∑
k=0

GS2k+1 =
1
3 (−(3n+ 4)GS2n+2 + (3n+ 8)GS2n+1 +GS2n + 3(n+ 2)GS2n−1 − 12− 7i).

Next, we give the ordinary generating functions of some special cases of Gaussian generalized Pandita

numbers.

Theorem 6.4. The ordinary generating functions of the sequences W2n, W2n+1 are given as follows:

a)
∑∞
n=0GW2nx

n =
GW2

(
x3 + 3x2 − x

)
+GW0

(
2x2 + 2x− 1

)
−GW1

(
x2 − x3

)
−GW3

(
x3 + 2x2

)
−x4 − x3 + x2 + 2x− 1 .

b)
∑∞
n=0GW2n+1x

n =
GW0

(
x3 + 2x2

)
−GW3

(
x3 + x2 + x

)
−GW1

(
x3 − 2x+ 1

)
+GW2

(
2x3 + x2

)
−x4 − x3 + x2 + 2x− 1 .

From the last Theorem, we have the following Corollary which gives sum formula of Gaussian Pandita

numbers (Take Wn = GPn whit GP0 = 0,GP1 = 1, GP2 = 2 + i, GP3 = 3 + 2i ).

Corollary 6.5. For n ≥ 0 Gaussian Pandita numbers have the following properties.

a)
∑∞
n=0GP2nx

n =
ix3 + (1 + i)x2 + (2 + i)x

x4 + x3 − x2 − 2x+ 1 .

b)
∑∞
n=0GP2n+1x

n =
(1 + i)x2 + (1 + 2i)x+ 1

x4 + x3 − x2 − 2x+ 1 .

7. Matrix Formulation of GWn

In this section, we present the matrix representation of generalized Gaussian 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


such 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 [56].

Then we present the following lemma.
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For n ≥ 0 the following identitiy is true:


GWn+3

GWn+2

GWn+1

GWn

 =


2 −1 1 −1

1 0 0 0

0 1 0 0

0 0 1 0



n
GW3

GW2

GW1

GW0

 .

Proof. The identitiy (7) can be proved by mathematical induction on n. If n = 0 we obtain


GW3

GW2

GW1

GW0

 =


2 −1 1 −1

1 0 0 0

0 1 0 0

0 0 1 0



0
GW3

GW2

GW1

GW0


which is true. We assume that the identity given holds for n = k, we deduce that the following identitiy is

true 
GWk+3

GWk+2

GWk+1

GWk

 =


2 −1 1 −1

1 0 0 0

0 1 0 0

0 0 1 0



k
GW3

GW2

GW1

GW0

 .

For n = k + 1, we obtain


2 −1 1 −1

1 0 0 0

0 1 0 0

0 0 1 0



k+1
GW3

GW2

GW1

GW0

 =


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
GW3

GW2

GW1

GW0



=


2 −1 1 −1

1 0 0 0

0 1 0 0

0 0 1 0




GWk+3

GWk+2

GWk+1

GWk



=


GWk+4

GWk+3

GWk+2

GWk+1

 .

Consequently, by applying mathematical induction on n, the proof completed. �
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We define

NGw =


GW3 GW2 GW1 GW0

GW2 GW1 GW0 GW−1

GW1 GW0 GW−1 GW−2

GW0 GW−1 GW−2 GW−3

 , (7.1)

EGw =


GWn+3 GWn+2 GWn+1 GWn

GWn+2 GWn+1 GWn GWn−1

GWn+1 GWn GWn−1 GWn−2

GWn GWn−1− GWn−2 GWn−3

 . (7.2)

Now, we have the following theorem with NGw and EGw

Theorem 7.1. Using NGw and EGw , we get

AnNGw = EGw.

Proof. Note that we get

AnNGw =


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




GW3 GW2 GW1 GW0

GW2 GW1 GW0 GW−1

GW1 GW0 GW−1 GW−2

GW0 GW−1 GW−2 GW−3



=


a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 a34

a41 a42 a43 a44
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where

a11 = GW1 (Pn − Pn−1)−GW2 (Pn − Pn−1 + Pn−2)−GW0Pn +GW3Pn+1 = GW3,

a12 = GW0 (Pn − Pn−1)−GW1 (Pn − Pn−1 + Pn−2)−GPnW−1 +GW2Pn+1 = GW2,

a13 = GW−1 (Pn − Pn−1)−GW0 (Pn − Pn−1 + Pn−2)−GPnW−2 +GW1Pn+1 = GW1,

a14 = GW−2 (Pn − Pn−1)−GW−1 (Pn − Pn−1 + Pn−2)−GPnW−3 +GW0Pn+1 = GW0,

a21 = GW3Pn −GW2 (Pn−1 − Pn−2 + Pn−3) +GW1 (Pn−1 − Pn−2)−GW0Pn−1 = GW2,

a22 = GW2Pn −GW−1Pn−1 −GW1 (Pn−1 − Pn−2 + Pn−3) +GW0 (Pn−1 − Pn−2) = GW1,

a23 = G (Pn−1 − Pn−2)W−1 −GW−2Pn−1 +GW1Pn −GW0 (Pn−1 − Pn−2 + Pn−3) = GW0,

a24 = G (Pn−1 − Pn−2)W−2 −GW−3Pn−1 +GW0Pn −GW−1 (Pn−1 − Pn−2 + Pn−3) = GW−1,

a31 = GW1 (Pn−2 − Pn−3)−GW2 (Pn−2 − Pn−3 + Pn−4)−GW0Pn−2 +GW3Pn−1 = GW1,

a32 = GW0 (Pn−2 − Pn−3)−GW1 (Pn−2 − Pn−3 + Pn−4)−GW−1Pn−2 +GW2Pn−1 = GW0,

a33 = G (Pn−2 − Pn−3)W−1 −GW−2Pn−2 −GW0 (Pn−2 − Pn−3 + Pn−4) +GW1Pn−1 = GW−1,

a34 = G (Pn−2 − Pn−3)W−2 −GW−3Pn−2 −GW−1 (Pn−2 − Pn−3 + Pn−4) +GW0Pn−1 = GW−2,

a41 = GW1 (Pn−3 − Pn−4)−GW2 (Pn−3 − Pn−4 + Pn−5)−GW0Pn−3 +GW3Pn−2 = GW0,

a42 = GW0 (Pn−3 − Pn−4)−GW1 (Pn−3 − Pn−4 + Pn−5)−GW−1Pn−3 +GW2Pn−2 = GW−1,

a43 = G (Pn−3 − Pn−4)W−1 −GW−2Pn−3 −GW0 (Pn−3 − Pn−4 + Pn−5) +GW1Pn−2 = GW−2,

a44 = G (Pn−3 − Pn−4)W−2 −GW−3Pn−3 −GW−1 (Pn−3 − Pn−4 + Pn−5) +GW0Pn−2=GW−3.

Using the Theorem 4.6 the proof is done. �
By taking GWn =GPn with GP0, GP1, GP2, GP3 in 7.1 and 7.2,

and

GWn =GSn with GS0, GS1, GS2, GS3 in 7.1 and 7.2.

respectively, we get:

NGP =


3 + 2i 2 + i 1 0

2 + i 1 0 0

1 0 0 −i

0 0 −i −1− i

 , EGO =


GPn+3 GPn+2 GPn+1 GPn

GPn+2 GPn+1 GPn GPn−1

GPn+1 GPn GPn−1 GPn−2

GPn GPn−1 GPn−2 GPn−3

 ,

NGS =


5 + 2i 2 + 2i 2 + 4i 4 + i

2 + 2i 2 + 4i 4 + i 1− i

2 + 4i 4 + i 1− i −1 + 4i

4 + i 1− i −1 + 4i −4 + 3i

 , EGS =


GSn+3 GSn+2 GSn+1 GSn

GSn+2 GSn+1 GSn GSn−1

GSn+1 GSn GSn−1 GSn−2

GSn GSn−1 GSn−2 GSn−3

 .

From Theorem 7.1, we can write the following corollary.
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Corollary 7.2. The following identities are hold:

a): AnNGP = EGP .

b): AnNGS = EGS .

8. Conclusions

Sequences defined by recurrence relations have long been a focal point of mathematical inquiry, due to

their inherent structure and wide applicability across diverse fields such as physics, engineering, architecture,

biology, and the arts. Classical examples include second-order integer sequences like the Fibonacci, Lucas,

Pell, and Jacobsthal numbers. Notably, the Fibonacci sequence– introduced by Leonardo of Pisa in his 1202

treatise Liber Abaci– was initially formulated through a rabbit population problem, and has since become

a cornerstone in the study of recursive patterns and mathematical identities.

In this context, we propose a novel extension of recurrence relations to fourth-order systems: the Gaussian

generalized Pandita numbers, along with two distinguished subclasses. For these newly defined sequences,

we derive Binet-type expressions, ordinary and exponential generating functions, and generalized Simson-

type identities. Additionally, we present closed-form summation formulas, recurrence properties, algebraic

identities, and matrix representations.

Given their foundational role in both theory and application, recurrence-based sequences offer powerful

tools for modeling and analysis. Therefore, we first examine the practical uses of second-order sequences

before situating our fourth-order generalizations within this broader mathematical landscape.

• For the applications of Gaussian Fibonacci and Gaussian Lucas numbers to Pauli Fibonacci and

Pauli Lucas quaternions, see [3].

• For the application of Pell Numbers to the solutions of three-dimensional difference equation sys-

tems, see [6].

• For the application of Jacobsthal numbers to special matrices, see [69].

• For the application of generalized k-order Fibonacci numbers to hybrid quaternions, see [25].

• For the applications of Fibonacci and Lucas numbers to Split Complex Bi-Periodic numbers, see

[70].

• For the applications of generalized bivariate Fibonacci and Lucas polynomials to matrix polynomi-

als, see [71].

• For the applications of generalized Fibonacci numbers to binomial sums, see [68].

• For the application of generalized Jacobsthal numbers to hyperbolic numbers, see [33].

• For the application of generalized Fibonacci numbers to dual hyperbolic numbers, see [34].

• For the application of Laplace transform and various matrix operations to the characteristic poly-

nomial of the Fibonacci numbers, see [11].

• For the application of Generalized Fibonacci Matrices to Cryptography, see [32].
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• For the application of higher order Jacobsthal numbers to quaternions, see [30].

• For the application of Fibonacci and Lucas Identities to Toeplitz-Hessenberg matrices, see [21].

• For the applications of Fibonacci numbers to lacunary statistical convergence, see [5].

• For the applications of Fibonacci numbers to lacunary statistical convergence in intuitionistic fuzzy

normed linear spaces, see [26].

• For the applications of Fibonacci numbers to ideal convergence on intuitionistic fuzzy normed linear

spaces, see [27].

• For the applications of k-Fibonacci and k−Lucas numbers to spinors, see [28].

• For the application of dual-generalized complex Fibonacci and Lucas numbers to Quaternions, see

[63].

• For the application of special cases of Horadam numbers to Neutrosophic analysis see [23].

• For the application of Hyperbolic Fibonacci numbers to Quaternions, see [10].

• For the application of Pell numbers to Gaussian Hyperbolic numbers, see [24].

In the following, we explore several applications of third-order recurrence sequences across various math-

ematical and applied contexts.

• For the applications of third order Jacobsthal numbers and Tribonacci numbers to quaternions, see

[9] and [8], respectively.

• For the application of Tribonacci numbers to special matrices, see [72].

• For the applications of Padovan numbers and Tribonacci numbers to coding theory, see [60] and

[4], respectively.

• For the application of Pell-Padovan numbers to groups, see [12].

• For the application of adjusted Jacobsthal-Padovan numbers to the exact solutions of some differ-

ence equations, see [22].

• For the application of Gaussian Tribonacci numbers to various graphs, see [62].

• For the application of third-order Jacobsthal numbers to hyperbolic numbers, see [14].For the

application of Narayan numbers to finite groups see [29].

• For the application of generalized third-order Jacobsthal sequence to binomial transform, see [46].

• For the application of generalized Generalized Padovan numbers to Binomial Transform, see [35].

• For the application of generalized Tribonacci numbers to Gaussian numbers, see [36].

• For the application of generalized Tribonacci numbers to Sedenions, see [37].

• For the application of Tribonacci and Tribonacci-Lucas numbers to matrices, see [38].

• For the application of generalized Tribonacci numbers to circulant matrix, see [39].

• For the application of Tribonacci and Tribonacci-Lucas numbers to hybrinomials, see [67].

• For the application of hyperbolic Leonardo and hyperbolic Francois numbers to quaternions, see

[15].
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In the following lists, we outline several applications of fourth-order recurrence sequences across theo-

retical and applied domains.

• For the application of Tetranacci and Tetranacci-Lucas numbers to quaternions, see [40].

• For the application of generalized Tetranacci numbers to Gaussian numbers, see [41].

• For the application of Tetranacci and Tetranacci-Lucas numbers to matrices, see [42].

• For the application of generalized Tetranacci numbers to binomial transform, see [43].

We now explore several applications of fifth-order sequences.

• For the application of Pentanacci numbers to matrices, see [61].

• For the application of generalized Pentanacci numbers to quaternions, see [44].

• For the application of generalized Pentanacci numbers to binomial transform, see [45].
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[37] Soykan, Y., Okumuş, İ., Taşdemir, E., On Generalized Tribonacci Sedenions, Sarajevo Journal of Mathematics, 16(1),

103-122, 2020. ISSN 2233-1964, DOI: 10.5644/SJM.16.01.08

[38] Soykan, Y., Matrix Sequences of Tribonacci and Tribonacci-Lucas Numbers, Communications in Mathematics and Appli-

cations, 11(2), 281-295, 2020. DOI: 10.26713/cma.v11i2.1102

[39] Soykan, Y. Explicit Euclidean Norm, Eigenvalues, Spectral Norm and Determinant of Circulant Matrix

with the Generalized Tribonacci Numbers, Earthline Journal of Mathematical Sciences, 6(1), 131-151, 2021.

https://doi.org/10.34198/ejms.6121.131151

[40] Soykan Y, Tetranacci and Tetranacci-Lucas Quaternions, Asian Research Journal of Mathematics, 15(1): 1-24, 2019;

Article no.ARJOM.50749.

[41] Soykan, Y., Gaussian Generalized Tetranacci Numbers, Journal of Advances in Mathematics and Computer Science, 31(3):

1-21, Article no.JAMCS.48063, 2019.

[42] Soykan, Y., Matrix Sequences of Tetranacci and Tetranacci-Lucas Numbers, Int. J. Adv. Appl. Math. and Mech. 7(2),

57-69, 2019, (ISSN: 2347-2529).

[43] Soykan, Y., On Binomial Transform of the Generalized Tetranacci Sequence, International Journal of Advances in Applied

Mathematics and Mechanics, 9(2), 8-27, 2021.

[44] Soykan, Y., Özmen, N., Göcen, M., On Generalized Pentanacci Quaternions, Tbilisi Mathematical Journal, 13(4), 169-181,

2020.

[45] Soykan, Y., Binomial Transform of the Generalized Pentanacci Sequence, Asian Research Journal of Current Science, 3(1),

209-231, 2021.

[46] Soykan, Y., Taşdemir, E., Göcen, M., Binomial Transform of the Generalized Third-Order Jacobsthal Sequence, Asian-

European Journal of Mathematics, 15(12), 2022. https://doi.org/10.1142/S1793557122502242.

[47] Soykan Y., Generalized Pandita Numbers, International Journal of Mathematics, Statistics and Operations Research, 3(1),

107-123, 2023.

[48] Soykan Y., Sum Formulas For Generalized Tetranacci Numbers: Closed Forms of the Sum Formulas
∑n
k=0x

kWk and∑n
k=1x

kW−k,Journal of Progressive Research in Mathematics 18(1), 24-26, 2021

[49] Soykan, Y., A Study on Generalized Blaise Numbers, Asian Journal of Advanced Research and Reports, 17(1), 32-53, 2023.

DOI: 10.9734/AJARR/2023/v17i1463

[50] Soykan, Y., Generalized Friedrich Numbers, Journal of Advances in Mathematics and Computer Science, 38(3), 12-31,

2023. DOI: 10.9734/JAMCS/2023/v38i31748

[51] Soykan, Y., Simson Identity of Generalized m-step Fibonacci Numbers, Int. J. Adv. Appl. Math. and Mech. 7(2), 45-56,

2019.

[52] Soykan, Y., Generalized Richard Numbers, International Journal of Advances in Applied Mathematics and Mechanics,

10(3), 38-51, 2023.

[53] Soykan, Y., Sums and Generating Functions of Special Cases of Generalized Tetranacci Polynomials, International Journal

of Advances in Applied Mathematics and Mechanics, 12(4), 34-101, 2025.

[54] Soykan, Y., On Generalized 4-primes Numbers, Int. J. Adv. Appl. Math. and Mech. 7(4), 20-33, 2020, (ISSN: 2347-2529).

[55] Soykan, Y., Generalized Olivier Numbers, Asian Research Journal of Mathematics, 19(1), Page 1-22, 2023. DOI:

10.9734/ARJOM/2023/v19i1634

[56] Soykan, Y., Properties of Generalized (r,s,t,u)-Numbers, Earthline Journal of Mathematical Sciences, 5(2), 297-327, 2021.

https://doi.org/10.34198/ejms.5221.297327
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