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ABSTRACT: In this research, we prove a new theorem by applying the symmetrizing operator 5§TJ;S+1.
Using this theorem, we introduce a novel family of generating functions for products involving Gaussian
Pell-Padovan and Gaussian Perrin numbers combined with certain (p, ¢)-numbers, as well as special bivariate
polynomials with consecutive and nonconsecutive indices. These generating functions enable the derivation of
new identities and relationships among the sequences under consideration.
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1. Introduction

Generating functions are among the most useful tools in discrete mathematics and mathematical
analysis. They enable the determination of the terms of linear and recurrent sequences with constant
coefficients, making them an effective method for solving a wide range of mathematical problems. This
approach also shows how these terms can be derived directly, without the need to compute the preceding
ones. This study focuses on constructing new generating functions for the products of various types of
numbers and polynomials, based on distinct consecutive and non-consecutive indices. Several previous
works have addressed related problems, and the most notable contributions are summarized below.

In 2018, in [6], A. Boussayoud and co-authors introduced new symmetric endomorphism operators
using suitable infinite product series. Their main results showed that these operators can be effectively
used to derive generating functions for k-Jacobsthal numbers and Tchebychev polynomials of the first
and second kind.

Later, in 2019, in [8], A. Boussayoud and co-authors introduced a new operator to investigate the
symmetric properties of Fibonacci numbers and Chebychev polynomials of the first and second kind. By
means of this operator, they derived new generating functions for these sequences.

Subsequently, in 2021, in [2], the authors introduced a new family of generating functions for the prod-
ucts of bivariate complex Fibonacci polynomials with various Gaussian numbers, including the Gaussian
Fibonacci, Lucas, Jacobsthal, Jacobsthal-Lucas, Pell, and Pell-Lucas numbers.

Mor recently, in 2025, in [16], the authors constructed new generating functions for the products
of various (p,¢q)-numbers at consecutive and nonconsecutive indices. They also developed generating
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functions for the products of these (p,q)-numbers with Mersenne numbers, establishing several new

symmetric relations and identities.

In the present work, we focus on sequences of bivariate polynomials defined by second-order recurrence
relations. Such polynomials have attracted considerable attention in the literature. One of the earliest
studies in this direction was made by M. Catalani in 2004 (see [9]), who introduced the bivariate Fibonacci

and Lucas polynomials defined by

Fn(‘xay) = J"Fn—l('rvy) + yFn_Q(Jf,y) I n Z 2a
Fo(xay) = 07 Fl(xay) =1

and

Ln(l‘, y) = an—l(xay) + yLTL—2(xa y) , nZz 2,
Lo(x,y) = 2; Li(x,y) = .

We also consider the bivariate Jacobsthal and Pell polynomials (see [17,20]), defined, respectively, by

I, y) = 2yJn_1(z,y) + 2yJno(2,y), n>2,
Jo(x,y) =0, Ji(z,y) = 1.

and
Pn(xay) :2xypn—l(z7y)+ypn—2(xay) ) 77'227
Po(l',y) = 07 Pl(mvy) =1

Furthermore, we investigate second-order sequence numbers such as the (p, ¢)-Fibonacci, (p, ¢)-Lucas
and (p, ¢)-Pell Lucas (see [18]), given by

Fp,q,n = pr,q,nfl + qu,q,n72 , n>2,
Fpg0=0,Fpq1=1,

Lp,q,n = pr,q,nfl + qu,q,n72 , n2>2,
Lpq0=2, Lpq1 =D,

and

{ Qi’%q,n = 2pr,q,n—1 + QQp,q,n_g , n>2,
Qp,q,0 =2, Qpq1 = 2p,

Finally, we examined third-order sequence numbers, including the Gaussian Pell-Padovan numbers
and the Gaussian Perrin numbers (see [19,11]), which are described, respectively, by

GR, = 2GR, >+ GR,_5, n>3,
GRy=1—1i, GRi =144, GRy =1 +1,

and

Grn,=Gry_o+Grp_3, n>3,
Gro = —1+3i, Gry = 3, Gry = 2i.

This paper begins with an introduction outlining the motivation and contextual background of the
study. It then presents the essential definitions and preliminary results that underpin our work. Subse-
quently, we state and rigorously prove a generalized theorem that forms the foundation for all subsequent
developments. We then construct novel generating functions for the products of Gaussian numbers with
(p, ¢)-numbers and with bivariate polynomials, addressing both consecutive and nonconsecutive indices.
The paper concludes with a synthesis of the main results and a discussion of potential directions for
future research.
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2. Notation and some properties

In this section, we introduce a symmetric function and investigate its fundamental properties. We
also present relevant definitions and concepts from the existing literature, which will serve as essential

tools in the subsequent sections.

Definition 2.1 [1] Given two alphabets A and E, we define S,(A — E) as

oo [T (1—et)

n _ eEE
ZSn(A—E)t “Ta—a)

n=0 €A

with Sp(A— E) =0 in case n < 0.

Corollary 2.1 Setting A = {0} in relationship (2.1) yields

> Su(—E)t" = [ —et).

n=0 eckl

Thus, we obtain

oo

i S, (A— E)t" = (i Sn(A)t"> X (Z S, (—E)t"
n=0 n=0

n=0

Remark 2.1 If A= E, then

(2.2)

) |

Definition 2.2 [12] Assuming that A = {a1,as} is an alphabet and n € N, we generate the n'" sym-

metric function Sy (a1 + az) by

n+1 n+1
— S W
Sn(A) = Sn(al + ag) = a1 — a s
with
So(A) = Sg(a1 —+ ag) = 1,
S1(4) = Si(a1 +a2) =ay +as,
Sa(A) = Se(ag + as) :af—i-alag—i—a%,

Definition 2.3 [5] We define the symmetrizing operator 6% . by

af f (a1) — ab f (a2)

ap —az

6§1a2f(a1) =

, Vk € Np.

Proposition 2.1 Letn € N. The symmetric functions of the Gaussian Pell Padovan, Gaussian Perrin,
(p, q)-Fibonacci, bivariate Fibonacci and Lucas polynomials, bivariate Jacobsthal and Jacobsthal Lucas,

bivariate Pell polynomials are respectively given by
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GRy = (1= )8u(B) + (1 +1)Sn_1(E) + (—1 +30)Su_»(E),
Grnp = (=14 38)Sp(E) +3S,—1(E)+ (1 —i)Snh—2(E) (see [14)),

Fpgn = Sn—1(a1 + [—az]),

Ly gn =2S(a1 + [—az] — pSn—1(a1 + [—az]), (see [15)),

Qp.gn = 28n(a1 + [—az] = 2pSy_1(a1 + [—az]) Pu(z,y) = Sn—1(ar + [—a2]) (see [15,15]),

Fn(xay) = Snfl(al + [_a2])a
Ly (z,y) =25, (a1 + [—az]) — xSn_1(a1 + [—az]) (see [13]).
Jn(z,y) = Sp—1(ar + [—az]) (see [13]).

3. The Generalized Theorem and Its Proof

In this section, we present the generalized theorem that constitutes the main theoretical result of
this study. A detailed proof is provided to establish its validity, thereby providing the framework for the
construction of novel generating functions and the analysis of their associated properties in the subsequent

sections.

Theorem 3.1 Consider the two alphabets E = {e1, ea,e3} and A = {ay,a2}. Then we have

o0

Z Sn (E) Spiryi—s (A) 2"

n=0

Sk41-5 (A) + S1(=E)arazSgy1-s-1(A)z + S2(—F )a1a2Sk+l s—2(A)2”

+83(—E)aja3 Syti—s—3(A)2* — a?+l_s+la§+l_s+lzk+lis+2 Z Sntk+i—st+2 (—E) Sn (A) 2"
n=0

(nisn (—E) ayzn) <z S, (—E) a3 z”>

for alln, k € Ng and k,l,s € {0,1,2,3}

&)

Proof: By using the operation §¥%/=5*1 to the series f (a12) = Y S, (E)alz", we get

n=0

a’f+l_s+l <Z Sn (E) a?z”) — a§+l_s+1 <Z Sn (E) agz")
n=0

n=0

5k+l s+1 (alz) _

ez a1 — az
0 an+k+l—s+1 _ an+k+l—s+1
= g S, (E) -2 2 2"
a; — ag
n=0

= Y S0 (E) Snirii—s (A) 2"
n=0

Alternatively, by using the operation 65;’[32 s+1 to the series f (a12) = =—————, we get
Z Sn(_E)aT/Zn

n=0

GRS+l gkHl—s+1
=) 1 T T 2
ftlst1 > Sn(—E)alzm > Sp(—E)afzn
6 S a,lz — n=0 n=0
ala f( ) a1 _ a2
ktl—s+1 o~ ktl—s+1 o~
-5 n . n —s n,n
ay Eo Sn (—E)ayz" — ay Zo Sn(=E)afz
n= n

= (al—az)(fsn( az”)(ZS( )azn)

n=0
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k+l—s+1 k+l—s+1
n=0 a1 — az
oo oo
(£ s-mra) (£ 50 (-B)ag)
n=0 n=0
o) ak+l—s+1—n _ ak+l—s+1—7L
S S, (—E)ayay -t 2 Z"
n=0 a1 — az
oo oo
(Es0-mra=) (£ 50 -E)ag)
n=0 n=0
Equivalently
ot L L 2_:0 Sn (_E) a?agSk+175,n (A) 2"
6(1;‘:12_5-‘— f(alz) = oon7 o
< 20 Sn (—E) a’fz”) ( 20 Sn (—E) aSz”)
k+l—s 0o
X Sn (—E)ataySkyi—s—n (A) 2" + > Sn (—FE)ataySkyi—s—n (A) 2"
n= n=k+l—s+2

(55 cmapen) (5 50 -magen)
Skti—s (A) + S1(=E)ar1a2Sk+1-s-1(A)z

+SQ(7E)a%a§Sk+l—s—2(A)22 + S3(*E)a?agsk+l_s_3(14)z3

oo ak+lfsfn+l _ a12c+lfsfn+1 N
z
ap —az

+ > Sn (—F)atas ( L
n=k+l—s+2

(55 Cmar=n) (55 Cmagen)

Skti—s (A) + S1(—E)ara2Skri—s—1(A)z + S2(—E)aia3Skyi—s—2(A)2*

oo ak+l75+1an _ ak+l75+lan
S3(—E)ata3Siti1—s—3(A)2°+ Y Snu(—E)- 2 "% L,n
n=k+l—s+2 al — a2

(io: Sn (—E) a?z") ( io: Sn (—E) aé‘z")
n=0 n=0
Skti—s (A) + S1(—E)arazSiyi—s—1(A)z + So(—E)ata3Skyi—s—2(A)z*

S3(—E)ata3Skyi-s—s(A)2°

oo n—k—l+s+1 _  n—k—Il+s+1
— Y Sy (—E)aktimetightizstt ! 2 o
n=k+l—s+2 ay —az
(£ s cma) (£ s pags)
n=0 n=0
Skti—s (A) 4+ S1(—E)a1a2Sky1—s—1(A)z + S2(—E)afa3 Sky1—s—2(A)2°
S3(—E)a3a3Skti—s—3(A)2% — S Sa(—E)ahtimstightiostig L (A)2"
n=k+l—s+2

Sn (—E) agzn>

(£ 5 Cma=) (

i
3
gk
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which, also, gives
Ski-5 (A) + S1(=E)arazSpyi—s—1(A)z

+S2(—E)aa3Skti—s—2(A)z? + S3(—E)a3a3 Spi1—s—3(A)23

o0
_alchiSJrla§+lis+1zk+l_s+2 > Sntkti—st2 (—F) Sy (A) 2"
6k+l s+1f(alz): — n=0

" (£ s -Brapn) (£ 50 (-B)agn)

Thus, the desired outcome is obtained.

O

e For E = {ey,e2,e5} and A = {a1,a2} and k,l,s € {0,1,2,3} in theorem 1, we deduce the following

lemmas.

Lemma 3.1 Assuming that E = {e1,ea,e3} and A = {a1,as2} are two alphabets, we have

oo w1 —a1025(—E)2* — ajaz(ar + az)S3(—FE)2?
%’ ) (ni:fosn(_ )a”z”) (z S.(~E )Z z”)

Lemma 3.2 Suppose that E = {e1,ea,e3} and A = {a1,as} are two alphabets. Then we have

(a1 + az) + a1a25:(—F)z — a%a353(— )23
Z S """1 ) "= 00
<Z S,,/(E)a?z”) <Z Sp(—E)al z")
n=0
Lemma 3.3 Let E = {e1,e2,e3} and A ={ay,a2} be two alphabets. Then we have

(a1 + a2)? — araz + araz(ay + a2)S1(—E)z + aia3 So(—E)2?

=0 B (gjosn(— a z”) (z S(—E)as z)

Corollary 3.1 The relationship (3.4) allows us to obtain

i g o [(a1 + a2)? — aras]z? + a1az(a; + a2)S1(—E)z3 + a2a2S:(—E)2*
n—2 = .

(nisn( E)ar z”) <z S(—E)ay Z”>

Corollary 3.2 The relationship (3.4) yields

Z Sn_1(E)Spi1(A)z" = [(a1 + a2)? — a1az)z + araz(a; + a2)S1(—E)z? + a3a3S2(—E)z3
(ZSMﬁmwﬂ<zs< mzﬁ
n=0

Lemma 3.4 Assuming that E = {e1,e2,e3} and A = {a1,as} are two alphabets, we have

(a1 + a2)[(a1 + a2)? — 2aias] + aras|(a; + az)? — ajas]

W Si(=E)z + (a1 + as)a2a3Sa(~B)2? + aladSy(— E)=?
;)S Sl = (niosn(_ Yan zn) (2 Su(—E a2z")

(3.5)

(3.6)
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Corollary 3.3 From the relationship (3.7), we get

(a1 + az)[(a1 + a2)? — 2a1a2)2? + araz((a1 + az2)? — ajas)

> S1(—E)2% + (a1 + 28 + a3a3S 5
3 Sua(B)S () = B e )i S B S ) (338)
= (£ su-Bpapen) (£ s ))
n=0
Corollary 3.4 Using the relationship (3.8), we obtain
(a1 + as)[(a1 + a2)? — 2a1az)z + araz((a1 + az)? — ayas]
S1(—E)z? 20428, (— 38 4
an 1 n+2(A) no_ 1( )ZOO+ (a’l + a’2>a’1a2 2( )Z + a1a2 3( ) (39)
(Z Sp(—=E)a} z") (Z Sp(—E)a} z")
n=0
Lemma 3.5 Suppose that E = {ey,ea,e3} and A = {aj,a2} are two alphabets. Then we have
[(a1 + a2)* — 3araz(a; + az)? + a?aj)
+81(=E)ajaz[(a1 + a2)?® — 2a1a2(ay + a2)]z
Z S0 () Sy a(A)2" = —|—SQ(—E)a%ai[(a1 +a2)? — araz)2? + aja3(a; + az)S3(—FE)z3 (3.10)
(Z Sp(—E)a} z”> <Z Sp(—E)a} z")
n=0
Corollary 3.5 It follows from(3.10) that
[(a1 + a2)* — 3araz(a; + az)? + a?a3)z? + S1(—E)aaz[(ar + az)?
—2ayaz(ay + ap)]z?
0o So(—E)a2a2 2 _ 4 3.3 Sa(—E)z
S S a(E)Snpa(A)2" = +S2(=FE)ataz[(a1 + a2) alaz]z + ajas (a1 + az)S3(—F)z (3.11)

e For the case where A = {a1,—as} and E = {ej, es,e3}, by replacing as with (—a2) in equations
(3.2), (3.3), (3.4), (3.5), (3.6), (3.8), and (3.11), we obtain

oo

1+ ajazSe(—E)2% + ajaz(a; — az)S3(—E)z3

nz::osn(E)Sn(al + [_GZDZTL = ele—IE(l _ 6a1Z) ele—[E(l ¥+ eagz) ’ (312)
n_ (a1 —as) —a1a251(=E)z — aja3 S3(—E)z°

ZS Sp(ar + [—ag])2" = T ean) T o) , (3.13)

ecE ecE
a1 — a2)? 4+ aras — aras(ar — a2)S1(—E)z + a?a38s(—E) 22
5 Bt s - - A SRR RSO
ecE ecE
= n (a1 —a2)z — a1a281(—E)2? — aia3S3(—E)z*

ngOSnfl(E)Sn(al + [_GZDZ - H (1 — ealz) H (1 + 6(1222) ’ (3]‘5)

ecE eckE
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= n o llar — a2)? + aras)z — araz(a; — az)S1(—E)z? + a2a3 S (—E)z3
T;)Sn,l(E)Sn+1(a1 +l-aa))e" = [T —earz) IT (1 + eazz) = ’

[ ecE
(3.16)
(a1 — az)[(a; — a2)? + 2aja)2* — a1a42[(a1 —az2)? + ajas]
e Si(—E)z2% + — 2a255(—F —a3a3S5(—F)z°
3 Su aB)Suinon + [ag))z = DT T eI RBRCERE ZGRCEE gy

IT(1—earz) IT (1+ eazz)

eckE ecE

$ Sy )5 + [oagor = (01700 £ 02— naster ) SE)2 ¢ ()
n=0

IT (1 —earz) IT (1 + eazz)

ecE ecE

(3.18)
[(a1 — a2)* + 3a1az(ar — az)? + a?a3)z?
—5;1 (;E)ala2[(62ll —az)? -J; 2a1?()12§a1 —ag)]|z? .
ad n +S2(=FE)ajas[(a1 — a2)® + ara2]z" — ajaz(ar — a2)S3(—E)z
;SH_Q(E)S"H(M +[ma2))2" = I1 (1 —earz) [ (1+ eazz) ’
ecE ecE
(3.19)
(aq — az)[(2a1 —ax)*+ 2%1%2& - a1a23[(a1 . gz)Q + alcﬁf]
> n Si1(=E)2 + (a1 — az)ata3S2(—E)z° — aja3S3(—E)z
nz:;)Sn—l(E)Sn-i-Z(al + [—ag])2" = 1 (1= carz) I] (1+ cazz) (3.20)

ecE ecE

[(a1 — a2)* + 3a1az(a1 — az)? + a?a3)z?

—Sl(—E)alag[(al — a2)3 + 2a1a2(a1 — QQ)}ZS

= n +So(—E)a2a3[(a1 — a2)? + ajas)z* — ada3d(a; — az)S3(—F)z°
;S"_Q(E)S"H(al +lmaa])2" = IT(1—earz) IT (1+ eazz) ’
ecE eclk
(3.21)
where
H (1—eaiz) H (1+eazz) = 1+ (a1 —a2)S1(—E)z+ [(a1 — az)’S2(—E)

—a1a2(57 (—E) — 252(—E))]2*
+[(a1 — a2)*S3(—E) — araz(a1 — a2)(S1(—E)S2(—E) — 353(—E))]2”
—[a1a2(a1 — a2)*S3(—E)S1(—E) — afa3(S3(—E) — 285(—E)Si (- E))]2*
+aia3(a1 — a2)Ss(—E)Sa(—E)z’ala3S; (—E)2°.
4. Novel generating functions for products of Gaussian numbers with (p, g)-numbers at
consecutive and nonconsecutive index terms

In this section, we develop new generating functions for the products of Gaussian numbers and (p, q)-
numbers, considering both consecutive and nonconsecutive indices terms. These constructions generalize
existing results and provide a rigorous framework for establishing new identities and investigating their
inherent properties.

Proposition 4.1 Forn € N, we present a newly proposed generating function for the product of Gaussian
Pell-Padovan numbers with (p, q)-Fibonacci numbers as follows

(1 —3) + (1 +)pt+ [(—p® — 3q) +i(3p® + 5¢)|t* + (=1 + i)pgt® + (3 — 5i)q2t4_

4.1
1= (2p* + 4q)t* — (p* + 3pq)t® + 4¢>t* + 2pg°t> — ¢3t6 1)

Z GRan,q,n-th =

n=0
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Proof: By citing [14] and [15], we have

GR, = (1—9)Su(E)+ (1+i)Su_1(E)+ (=1 + 3i)S,—2(E),
Fpgnt1 = Sn(ar +[—a2]).

Note that

S GRuFpgnit"” = Y11= 0)Sn(E) + (1 +0)Sn—1(E) + (=1 + 30)Sp_2(E)]Su(ar + [—az])t"

n=0 n=0

= (1—14) ZS Sp(ay + [—ag))t" + (14 1) ZSnl S (ay + [—ag))t" +
—1 + 3i) Z Sn(a1 + [—ag))t",

we obtain

S GR.F, o (L) 4+ (L+9)pt+ [(=p* = 3¢) +i(3p” + 5)1¢* + (=1 + i)pgt’ + (3 — 5i)g*t*

e 1—(2p% +49)t? — (p* + 3pg)t3 + 4¢*t* + 2pg>t® — g3t '
This complete the proof. O

Proposition 4.2 Let n € N. The new generating function corresponding to the product of Gaussian Pell
Padovan numbers with (p, q)-Fibonacci numbers is given by

(1—)p+ (1 +i)P* + @)t + (=1 +3i)p(p? + 2¢)t> — (1 + 3i)¢*t>

- N +(2 = 68)pg*t* + (—1 + 3i)g>t°
Z GRuEpgniat” = 1— (2p2 + 4q)t2 3 1 3pa)t3 + 4g2t4 + 2pg2td 346 (4.2)
o — (2p* +4q)t* — (p* + 3pq)t® + 4¢°t* + 2pg*t> — q
Proof: According to [15], we have
Fpanv2 = PFpgni1 + qFpqn-
Note that
Z GRpFpgni2t" = Z GRy. (pFpgn+1 +qFpgn)t"”
n=0 n=0
= pz GRy . Fpgnt1t" + QZGR pant”
n=0
On the other hand, we have (see [10] )
Z GR.F _ (A4t +p(1 4+ )t + [(p? — q) +i(=p® = 39)]t° — pa(1 + i)t* + ¢*(=1 + 30)t°
P 1 — (2p% + 4q)t2 — (p® + 3pg)t3 + 4¢>t* + 2pg>t> — ¢3t6
After performing simple calculations, we get the result. O

Proposition 4.3 For every natural number n, the new generating function corresponding to the product
of Gaussian Perrin numbers with (p, q)-Fibonacci numbers is introduced as follows

(=1 +3i) + 3pt + [(p? + 2q) +i(—p* — 4q)|t? + (1 — 3i)pqt> + (2 + )¢t

ZGrnan,n-&-ltn = 2 2 3 3 244 245 346
n=0 1— (p? +2q)t2 — (p? + 3pg)t3 + ¢2t* + pg?t® — g3t

(4.3)
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Proof: Using [14] and [15], we have

Grn = (=1+430)Sn(E) 4+ 3Sh—1(E) + (1 —i)Sh—2(E),
Fpgn+1 = Snlar+[—az]).
The proof follows the same steps as in Proposition 4.1. O

Proposition 4.4 Let us consider n € N. The new generating function of the product of Gaussian Pell
Padovan numbers with (p, q)-Fibonacci numbers is defined by

(=1+30)p +3(p* + @)t + (1 — i)p(p® + 29)*
ad =42 + 323 + (=1 + )pg?t* + (1 — i) g3td
Z GT”vaqv"“‘Qtn = [ 2q q2 } 3( )?)pq 244 ( 2)5q 3467 (44)
1= (p? +2q)t? — (p® + 3pq)t3 + ¢°t* + pgt® — g3t

n=0

Proof: By citing [15], we have

Fpqn+2 = PFpgn+1 + @Fpgn-

Then, (see [10])

i R 2pit? + [(—p? — 4q) + (3p* + 3¢)i]t> — 3pqt* + ¢*(1 — i)t°
b S 1 — (p? +29)t2 — (p* + 3pa)t3 + ¢*t* + pg®t> — g3t
Using the same proof as in Proposition 4.2, we obtain the result. O

Corollary 4.1 By setting (p = k, ¢ = 1), we obtain new generating functions for product of Gaussian
numbers with k— Fibonacci numbers.

i GRFoy oy = LD+ (L Dk + [(—=k% = 3) +4(3k* +5)]t* + (=1 + i)kt* + (3 — 5i)t* (4.5)
Ly T 1— (2k2 + 4)t2 — (k3 + 3k)t3 + 4t1 4 2kt5 — 16 B
i QR F o~ (L= Dk (1 i)(k* 4+ D)t + (=1 + 3i)k(k* + 2)t* — (1 + 3i)t° + (2 — 60)kt" + (=1 4 3i)¢°
Ly i ihn2t 1— (2k2 4 4)t2 — (k® + 3k)t3 + 414 4 2kt> — 16 '
(4.6)
iGT B — (=14 30) + 3kt + [(k® +2) + i(—k> — D]t + (1 — 30)kt3 4+ (2 +i)t! (4.7
2 ntkn+1 1— (k24 2)t2 — (k3 + 3k)3 + t4 + kt> — 16 . .
i o F o (=1 +3i)k +3(k% + D)t + (1 — i)k(k? + 2)t% + [—4 + 3i]t3 + (=1 + i)kt* + (1 — i)t°
P nt'kn+2t = 1— (k2 + 2)t2 _ (k3 + 3k)t3 4+ t4 + Kkt —¢6 .

(4.8)

Remark 4.1 By putting k = 1 we obtain new generating functions for the products of Gaussian numbers
with Fibonacci numbers as shown in Table 1.

Table 1: New generating functions of the products of Gaussian numbers with Fibonacci numbers

oefficient of z enerating function
Coefhi t of 2™ G ting funct
(1—4)+ (1443)t+[—448i]t>+(—1+4)t>+(3—53)tT
GRy P 1—6t2— 413+ 4t +2t5—¢°
GR.F (1—3)+2(1+4)t+3(—143i)t2 — (1+30)t>+(2—64)tT+(—143i)t°
nin+2 1617 45 1417+ 215 1 .
(—143%)+3t+(3—5i)t2+(1—3i) >+ (2+1)¢t
GrnFni T—3t2 431 t1 42510
Gr F (—=1439)+6t+3(1—i)t>+[—4+3i]t5+ (= 1+i)tT+(1—0)t°
ntn+t2 1—3t2— 4134341510
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Theorem 4.1 Forn € N, we define the newly proposed generating function for the product of Gaussian
Pell-Padovan numbers with (p, q)-Lucas numbers as follows

(1—i)p+ A +9)(P* +2q)t + p[(—p* — q) +i(3p* + Tq)]t*
—q[(—p* + 2q) +i(p? + 6¢)]t> + (1 — Ti)pgt* + (=2 + 6i)¢>t°

GR, L, s pi1t" = . 4.9
2 GRaLpant: 1= (2p? + 4q)t2 — (p° + 3pq)t® + 4g*t* + 2pg*t> — g3t %9

n=0

Proof: Using [15], we have
Lpgn+1 = 25, (a1 + [_a2] - pSnfl(al + [—GQ])-

The same proof as in Proposition 4.1, applies O

Proposition 4.5 Suppose that n € N. The new generating function for the product of Gaussian Pell
Padovan numbers with (p, q)-Lucas numbers is introduced as follows

(1—=14)(p* +29) + (1 +9)(p* + 3q)pt
H](—p* — 4p2q — 6¢%) + i(3p* + 12p%q + 10¢?)]t2
— (34 i)pg*t® — ¢*[(—2p* — 6q) +i(6p? + 109)]t* + (—1 + 3i)pg*t®

GR, Ly gniat" = : 4.10
Z P,q;n+2 1 — (2p2 + 4q)t2 — (p3 + 3p)t3 + 4¢2t4 + 2pg>t5 — ¢3t6 ( )

n=0
Proof: According to [15] and [10], we have

Ly gnt+2 = PLpgn+1 + qLpgn-
2(1 —14) + p(1 + i)t + [(—3p* — 6p) + (5p + 10¢q)i]t?

- n (=P = pg + (0 + 5pg)ilt® + [(p°q + 6¢°) + (P*q — 10¢°)iJt* — pg® (=1 + 3i)t°
E GR,Lpqnt" = _ .
v @ 1—(2p% +4q)t2 — (p® + 3pg)t3 + 4¢°t* + 2pgt> — ¢3t6

After performing simple calculations, we get the result (the same proof as Proposition 4.2) . O

Proposition 4.6 For n € N, we introduce the new generating function for the product of Gaussian
Perrin numbers with (p, q)-Lucas numbers as follows

(=14 3i)p + (3p* + 69)t — p[(—p? — 2q) + ip?]t*

i G L o Hal(=p® —8q) +i(3p® +6q)]t + (—4 + Dpg*tt + (2 — 20) ¢t (4.11)
=" Pt 1 — (p? +2q)t? — (p3 + 3pq)t® + ¢*t* + pg?t> — ¢3t6 ' ’

Proof: The same proof as in Proposition 4.1 applies. O

Proposition 4.7 Let us consider n € N. The new generating function for the product of Gaussian Pell
Padovan numbers with (p, q)-Lucas numbers is presented as follows

[(—p* — 2q) + i(3p + 6¢)] + (3p® + Ipq)t
+[(p* + 4p*q + 4¢%) +i(—8¢* — 4p*q — p*)|¥*
+pg*(—2 — 30)t3 + ¢*[(4q — p*) + i(p* + 2)]t* + (1 — i)pg’t®

o0
Gr L " = : : 412
Z nipant? 1 — (p? +2q)t? — (p3 + 3pq)t® + ¢*t* + pg?t> — ¢3t6 (4.12)

n=0

Proof: We have
—2+ 6i 4 3pt + [(2 — 4i)(p* + 29)]t> + [(p° + 6pq) + (—3p* — 9pq)i]t®
+[(49% + 3p%q) + 2¢%it* — pg” (1 — i)t°
1—(2p* +4g)t> — (p* + 3pq)t® + 4¢°t* + 2pg*t> — 316 ’

> GraLpgat" = (See [10] ).
n=0

which follows by the same proof as in Proposition 4.2. O
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Corollary 4.2 Setting (p = k and q = 1) yields new generating functions for the product of Gaussian
numbers and k— Lucas numbers.

(1 — i)k + (1 +4)(k* + 2)t + k[(—=k* — 1) +i(3k* + 7))t?
—[(—k% 4+ 2) +i(k® 4+ 6)]t3 + (1 — Ti)kt* + (=2 + 6i)t°

GRy, Ly i t" = . 4.13
2 GRaLins 1— (2k2 + 4)2 — (k3 + 3k)t3 + 4t + 2kt5 — 16 (4.13)

n=0
(1—3)(k* +2) + (L +i)(k* + 3)kt + [(—k* — 4k® — 6) + i(3k* + 12k? + 10)]¢?
i CRI o —(3414)kt? — [(—2k? — 6) + i(6k* + 10)]t* + (=1 + 3i)kt®
L T2 1— (2k2 4 4)2 — (k3 + 3k)t3 + 4t4 + 2kt5 — 16
(4.14)
(—1+ 3i)k + (3k? + 6)t — k[(—k* — 2) + ik?]¢?
> +[(—k% — 8) +i(3k? 4 6)]t> + (—4 + i)kt* + (2 — 20)tD
L = 4.1
;Gr" k1t 1— (k2 +2)12 — (k3 + 3k)t3 + t4 + kt® — 6 (4.15)
[(—k? — 2) 4+ i(3k* + 6)] + (3K + 9k)t + [(k* + 4k* + 4) +i(—8 — 4k? — k*)]t?
i L . +h(=2 = 3i)t3 + [(4 — k%) + i(k? + 2)]t* + (1 — 4)ktD
L ik 1— (k2 +2)t2 — (k3 + 3k)t3 + t4 + kt® — (6

(4.16)

Remark 4.2 By taking k = 1, we obtain new generating functions for the products of Gaussian numbers
with Lucas numbers as show in Table 2.

Table 2: New generating functions for the products of Gaussians numbers with Lucas numbers

Coefficient of z" Generating function
GR. L (1=)+3(A+i)t+(=2+i109)t* — (1+7)t3+(1=Ti)t*+(—2+6i)t
ntn+l 1—6t2— 4¢3 14t 12510
GR. L 3(1—1)+4(1+i)t+(—114+250)t2— (3+4)t> —(—8+160)t +(—1+3i)t"
nn+2 1—6t2—4t3+4t1+25—¢6
Gr L (—=1439)+9t—(=34+0) t> +(=9+9) > +(—4+i)t* +(2—20)t°
nntl 132 4¢3 412541510
Gr L —34+9i+12t+(9+30)t°+(—2—34)t> +(3+34)tT+(1—i)t°
Tnbnt2 1—3t2— 413411415 —t0

Proposition 4.8 Let n € N. The newly proposed generating function for the product of Gaussian Pell-
Padovan numbers with (p, q)-Pell Lucas numbers is given by

201 —i)p +2(1 +1)(2p° + @)t + p[(—8p* — 2¢) + i(24p* + 14¢)]t?

i GR.Q o _Fal(4p® +2q) +i(—4p® — 6q)]t° + (2 — 14)pg°t" + (=2 + 61)°t’ (417
o 1= (p* +4q)t> — (8p® + 6pq)t® + 4¢°t* + 4pg*t> — ¢3t° '
Proof: Using [15], we have

Qp,q,nﬂ = 2Sn(a1 + [—02} - 2P5n71(01 + [—az])'
which follows by the same proof as in Proposition 4.2. a

Proposition 4.9 Given n € N, the new generating function corresponding to the product of Gaussian
Pell Padovan numbers with (p, q)-Pell Lucas numbers is introduced as follows

2(1 —i)(2p? + q) + 2(1 + i) (4p? + 3q)pt + [(—16p* — 16p3q — 64°)
+i(48p* + 48p%q + 10¢°)]t? — (6 + 2i)pg?t?
+[(8p%q? + 6¢3) +i(—24p2¢? — 10¢°)|t* + (=2 + 6i)pg>t®

GR, neat” = . 4.18
Z Q@p.gn+2 1 — (p2 + 4q)t2 — (8p3 + 6pq)t3 + 4q2t4 + 4pq>t5 — ¢3t6 ( )

n=0
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Proof: From [15] and [10], we get

Qpgn+2 = 2Ly g1+ qLpgn-

2(1 — i) + 2p(1 +4)t + [(—12p? — 6q) + i(20p? + 10q)]t>+
[(—8p® — 2pq) +i(8p® + 10pq)]t>
+[(4p%q + 6¢) + i(4p®q — 10¢?)]t* — 2pg®(—1 + 3i)t°
1 — (2p2 4+ 4q)t2 — (p3 + 3pq)t3 + 4¢%t* + 2pg>t> — ¢35

> GR,Qpgnt" =

n=0
After performing simple calculations, we obtain the result (the same proof as in Proposition 4.2
applies) . O

Proposition 4.10 Given n € N, we define the new generating function corresponding to the product of
Gaussian Perrin numbers with (p, q)-Pell Lucas numbers as follows

(=2 + 6i)p + [(12p% + 6q) — 12p2i]t + p[(8p? + 4q) — Sipq]t>

i GraQ P (G 8¢%) 4 i(12p%q + 6¢%)]t% — (8 + 4i)pg*t* + (2 — 2i)¢3t° (4.19)
r = .

i ot 1 — (4p? + 2q)t? — (8p° + 6pq)t> + ¢*t* + 2pg*t® — ¢3t6

Proof: which follows by the same proof as in Proposition 4.1. O

Proposition 4.11 Let us consider n € N. The new generating function for the product of Gaussian Pell
Padovan numbers with (p, q)-Pell Lucas numbers is given by

[(—4p® — 2q) +i(12p® + 6q)] + [(24p® + 18pq) + i(—24p* — 6pq)]t
+[(16p* + 16p3q + 4¢?) + i(—16p* — 16p3q — 8¢?)]t?
—4pg*t® 4 ¢?[(4q — 4p?) +i(4p” + 2q)]t* 4 2(1 — i)pg*t°
1 — (4p% + 2q)t2 — (8p> + 6pq)t3 + ¢>t* + 2pgt> — ¢3t6

o0
Z GrnQpgniat” =

n=0

. (4.20)

Proof: We have

(=2 4+ 6i) + (6p — 6pi)t + [(8p° + 4q) + i(—16p* — 8¢)]t* + [(8p” + 12pq)+
i(=24p® — 12p)]t° + [(12p°q + 4¢%) +i(2¢° + 12p°))]t* — 2pg° (1 — i)t

G " = , , : . (See [10]).
2 GraQra 1 — (4p® + 29)12 — (8p® + 6p)t® + 214 + 2pg2t> — *1° (8ee 110D

n=0

The proof proceeds in the same manner as in Proposition 4.1. O

Corollary 4.3 From (p =k and g = 1), we obtain new generating functions for the product of Gaussian
numbers with k-Pell Lucas numbers

2(1 — i)k + 2(1 + ) (2k2 + 1)t + k[(—8k? — 2) + i(24k? + 14)]¢?

> +[(4k2 + 2) + i(—4k* — 6)]t> + (2 — 14i)kt* + (=2 + 66)t°
Z GRuQpnpat" = ( )2 ! 2 1} ( 3 Zi g 6 ) (4.21)
n:o 1 — (k2 +4)t2 — (8k3 + 6k)t3 + 4t + 4kt> — ¢
2(1 — i) (2k% + 1) + 2(1 +4)(4k? + 3)kt + [(—16k* — 16k> — 6)
+i(48k* 4 48K + 10)]t2 — (6 + 2i)kt>
= +[(8k% + 6) 4 i(—24k% — 10)]t* 4 (=2 + 64)kt®
0 Qk 2t = 4.22
;GR Qiint2 1— (k2 + 4)2 — (8k® + 6k)t3 + 4t* + 4kt> — 15 (4.22)

(=2 + 6i)k + [(12k% + 6) — 12k%i]t + K[(8Kk? + 4) — 8ik]t?
+[(—4k? — 8) +i(12k% + 6)]t> — (8 + 4i)kt* + (2 — 24)t°

GrnQpniat" = : 4.23
2 CraQuon 1 — (4k% + 2)t2 — (83 + 6k)t3 4 t4 + 2kt — 16 (“22)

n=0
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[(—4k? — 2) +i(12k2 + 6)] + [(24k3 + 18K) + i(—24k3 — 6k)]t
+[(16k* 4+ 16k2 + 4) + i(—16k* — 16k> — 8)]t?
> . —4kt? + [(4 — 4K?) +i(4k2 + 2)]t* + 2(1 — i) kt®
Z GrnQpntat” = 2 2 3 31 44 5 _ 46
1 — (4k? + 2)t2 — (8k3 + 6k)t3 + t* + 2kt — ¢

n=0

(4.24)

Remark 4.3 For k =1, we obtain new generating functions for the products of Gaussian numbers with
Pell Lucas numbers, as presented in Table 5.

Table 3: New generating functions of the products of Gaussians numbers with Pell Lucas numbers

Coefficient of z" Generating function
GR,Q 2(1—i)+6(1+i)t+(—10+38i)t>+(6—100)t>+(2—144)t* +(—2+64)t°
n¥ntl 1—5t2— 1434t 41510 r
GR,Q 6(1—i)+14(144)t+(—38+1067)t —(6+24)t° +(14—340)t* +(—2+6i)t"
ngnt2 1—5t2— 141314t +4t5 0
Gr,Q (—2469)+(18—=124)t+(12—8i)t>+(—12+180)t° — (8+4i)tT+(2—2i)t°
nigntl 1—6t2—14t34+ 12121515 r
GrnQ (—6+181)+(42—304)t+(32—404)t> —4t> +6itT+2(1—14)t°
T'nldn+2 T—6t2— 1415111126518

5. Novel generating functions of the products of Gaussian numbers with bivariate
polynomials at consecutive and nonconsecutive indices

In this section, we propose and investigate novel generating functions associated with products of
Gaussian numbers and bivariate polynomials at both consecutive and nonconsecutive indices. These
generating functions are then used to establish new identities and relationships among the sequences
under consideration.

Proposition 5.1 For n € N, the new generating function for the product of Gaussian Pell Padovan
numbers with bivariate Fibonacci polynomials is given by

(1—14) + (1 +i)at + [(—2% — 3y) + (322 + 5y)|t* + (=1 +i)ayt® + (3 — 5i)y2t4.

GR,Fyya(z,y)t" =
2 +1(@y) 1 — (222 + 4y)t2 — (a3 + 3ay)t3 + 4y2t* + 22y%t5 — 36

n=0

(5.1)
Proof: According to [13], we have
Fopi(z,y) = Sp(ar + [—a2)).
Note that
Z GRyFpia(z,y)t" = Z[(l —)Sn(E) + (1 +1)Sh-1(E) + (=1 4 3i)Sp—2(E)]|Sn(a1 + [—az])t"
n=0 n=0
= (1=i)Y Su(B)Sn(a1 + [—a2)t" + (1 4+1) Y Su1(E)Sn(ar + [—az))t"
n=0 n=0
(=14 30) Y Snu_2(E)Sn(a1 + [—ag])t",
n=0
we obtain
i ORF o (1 —4) + (1 +i)at + [(—2? — 3y) +i(3z% + 5y)|t2 + (=1 + i)ayt® + (3 — 5i)y*t!
v nEp gl 1— (222 + 4y)t2 — (23 + 3zy)t3 + 4y2t* + 2wy245 — 3316 '
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Proposition 5.2 Let us consider n € N. The new generating function for the product of Gaussian Pell
Padovan numbers with bivariate Fibonacci polynomials is given by

(1—d)z+ (1 +4)(2® + y)t + (=1 + 3i)z(z? + 2y)t?
—(1 4 30yt + (2 — 6i)xyt* + (—1 + 3i)y3t°
1 — (222 + 4y)t2 — (23 + 3wy)t3 + dy?t* + 2xy?t> — Y316

Z GR, Fpio(x,y)t" =

n=0

(5.2)

Proof: By citing [13], we have

Fn+2(xvy) = .’tFn+1($, y) + yFn(x,y)

Note that

Z GRnFn+2 ({L‘7 y)tn = Z GRn (anJrl(xa y) + yFn (.%', y) "
n=0

n=0

T Z GR,.Fpii(z,y)t" +y Z GR,.F,(x,y)t",

n=0 n=0

Moreover, we have ([10])

(1+i)t+x(1+i)t2 + [(22 —y) +i(—2? = 3Y)|t? — 2y(1 +)t* + > (=1 + 3i)t° .

GR,Fy(z,y)t" =
Z (@, 9) 1 — (222 + 4y)t2 — (a3 + 3zy)t3 + 4y2t* + 2zy2td — y3¢6

n=0
After a brief calculation, the result is obtained. O

Proposition 5.3 Let n € N, we define the new generating function for the product of Gaussian Perrin
numbers with bivariate Fibonacci polynomials as follows

(=14 3i) + 3t + [(2® + 2y) +i(—2? — 4y)]t2 + (1 — 3i)zyt® + (2 + i)y*t?
1 — (22 +2y)t? — (3 4 3zy)t3 + y2t* + zy?t5 — y3t6 '

Z GrpFp1(z,y)t" =
n=0
(5.3)

Proof: The proof follows the same steps as in Proposition 4.1. O

Theorem 5.1 Let us consider n € N. The newly proposed generating function for the product of Gaus-
sian Pell Padovan numbers with bivariate Fibonacci polynomials is

(=14 3i)x + 3(x2 + y)t + (1 — i)x(z? + 2y)t2 + [—4y? + 3iy?|t3
+(=1+d)ay?t* + (1 —0)y3t°
1 — (224 2y)t2 — (23 + 3ay)t3 + y2t* + xy?t® — y3t°

Z GrpFyyo(x, y)t" =

n=0

Proof: Using [13] , we have
Fn+2(m> y) = an+1($, y) + yFn(x, y)

Then ([10])

3t + 2xit? + [(—x? — dy) + (322 4 3y)i]t? — 3zyt? + y2(1 —i)t°
1— (22 + 2y)t? — (23 + 3ay)t3 + y2t* + zy?t> — y3t6 '

Z GrpF,(z,y)t" =
n=0

After a simple calculation, we have the result. a
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Proposition 5.4 For n € N, The newly proposed generating function for the product of Gaussian Pell
Padovan numbers with bivariate Pell polynomials is given by

(1 —4) + (1 +19)2zyt + [(—42%y? — 3y) + i(122%y2 + 5y)]t>

oo ; 243 244
+(—1+1%)2zy“t° + (3 — 51)y“t
ZGR"P”“(Q:’y)tn = 2,2 (2 )3 g (2 3 )yz 1 375 _ 1,376 (5.5)
— 1 — (8x2y? + 4y)t? — (8z3y3 4 6zy?)t3 + 4y2t* + dxy3td — y3t
Proof: By citing [13], we have
Poii1(2,y) = Sn(ar + [—az]).
The proof follows the same steps as in Proposition 4.1. O

Proposition 5.5 Assuming thatn € N, we present a new generating function for the product of Gaussian
Pell Padovan numbers with bivariate Pell polynomials as

(1 —4)2zy + (1 4 14)(4a®y? + y)t + (=1 + 3i)2zy(422y? + 2y)t?

> — (14 3i)y*t3 + (2 — 60)2zy>t* + (=1 + 30)y3t°
ZGRnPn+2(x,y)t”: 2 g )g (3 3 : 12/ 3 ( 24 L 315 _ 4316 ° (5.6)
o 1 — (822y? + 4y)t? — (8x3y3 + 6xy?)t3 + 4y?t* 4 day3td — y3t
Proof: According to [13], we have
Pryo(z,y) = 2zy Py (2, y) + yFu(z,y).
In addition, we have ([10])
N (1 4)t + 2zy(1 + g)tz + [(‘iﬂczyQQ— y) + z(_;m?y? — 3y)|t?
—2xy (1 +9)t* + —143)t
ZGR”P"(x’y)tn: 242 2y( 3)3 yg 3 )24 375 _ 376
— 1 — (822y? + 4y)t? — (8x3y> + 6xy?)t3 + 4y2tt + daxy3td — y3t
After a simple calculation, we have the result. o

Proposition 5.6 Suppose that n € N, then the newly proposed generating function for the product of
Gaussian Perrin numbers with bivariate Pell polynomials is given by

(=14 30) 4+ 6xyt + [(4o2y? + 2y) + i(—4xy? — 4y)]t* + (1 — 30)22y°t® + (2 + 9)y?t*
1 — (4x2y? 4 2y)t2 — (8x3y3 + 6xy?)t3 + y2t* + 2zxy3t> — y3t6 ’

oo
Z G""npn-kl(x»y)tn =
n=0

(5.7)
Proof: The proof proceeds in the same manner as in Proposition 4.1. O

Proposition 5.7 Assume that n € N. The new generating function for the product of Gaussian Pell
Padovan numbers with bivariate Pell polynomials is given by

(=14 3i)2zy + 3(42%y* + y)t + (1 — i) 2zy(4a?y? + 2y)t>
+[—4y? + 3iy?)t3 + (=1 + i) 2zy3tt + (1 — i)yt

Gr, P, St = . 5.8
Z rnPot2(2,4) 1 — (4a2y? + 2y)t? — (8x3y3 + 6ay?)t3 + y2th 4 2wy3t> — y3t6 (58)

n=0

Proof: From [13], we have
Puya(@,y) = 20yFoia(2,y) + yFu(2,y).
Note that
i Gro P ()" = 3t + dayit® + [(—4z?y? — dy) + (122797 + 3y)i]t® — 6xyt* + > (1 — i)t°
s ninE Y= 1 — (422y? + 2y)t? — (8z3y3 + 6zy?)t3 + y2tt + 2xy3t> — y3t6

(see [10])

A simple calculation yields the result. O
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Proposition 5.8 Assume that n € N, we define the newly proposed generating function for the product
of Gaussian Pell Padovan numbers with Jacobsthal bivariate polynomials, given by

(1 — i) + (1 + )yt + [(—2%y* — 6y) + i(322y? + 10y)]t?

> +2(—1 +9)zy?t> + 4(3 — 5i)y*t?
ZGRanH(x,y)t" = 2,2 g 3)3y 2 (3 )ZU2 1 : (5.9)
= 1 — (222y? + 8y)t? — (x3y3 + 6xy?)t3 + 16y>t* + 8xy3td — 8y3t6
Proof: By citing [13], we have
Int1(x,y) = Sn(ar + [—az]).
The proof proceeds in the same manner as in Proposition 4.1. O

Proposition 5.9 Let n € N. The new generating function for the product of the product of Gaussian
Pell Padovan numbers with Jacobsyhal bivariate polynomials is presented by

(1 —i)ay + (1 +19)(2%y? + 2y)t + (=1 + 3i)zy(2?y? + 4y)t?

> . —4(1 4 30)y?t3 + 4(2 — 61)ayPt* + 8(—1 + 3i)y>td
Z GRyJpio(2, y)t" = 2 2( >2 3 ?E )2 3 (2 1 375 376 (5.10)
—~ 1 — (222y? + 8y)t? — (x3y? + 6zy?)t3 + 16y%t* + 8xy3td — 8yt
Proof: Using [13], we have
Jnt2(2,y) = 2yJui1(z,y) + 2y Ju(z,y).
Note that
> GRuJna(zy)t" = Y GRy. (vyJos(@,y) + 2yTn(z,y)) "
n=0 n=0
oo oo
= 2y GRyJui(w,9)t" +2y Y  GRy.Ju(w, y)t",
n=0 n=0
Similarly, we have ([10])
(1 + i)t + 2y(1 + i)t? + [(z%y? — 2y)) + i(—2%y? — 6y))]t3
> —2zy?(1 + i)t* + 4y? (=1 + 3i)t°
> GRoJu(a, )" = y (L i)+ 4y ) .
o 1 — (222y? + 8y)t2 — (x3y3 + 6xy?)t3 4+ 16y2t* + 8xy3td — 8y3t6
After straightforward computations, we obtain the result. O

Proposition 5.10 For n € N, the new generating function for the product of Gaussian Perrin numbers
with Jacobsthal bivariate polynomials given by

(=1 4 34) + 3wyt + [(2y® + 4y) + i(—xy? — 8y)]t* + 2(1 — 3d)ayt® + 4(2 + i)y*t?

Grpdn ,yitt = - - -
2 Crndnsa(@.y) 1— (2242 + 4y)t% — (2393 + 6ay?)t® + 4y2td + dyPat® — 8y3to

n=0

(5.11)
Proof: By the same argument as in Proposition 4.1, the result follows. a
Proposition 5.11 Let n € N. The novel generating function for the product of Gaussian Pell Padovan
numbers with Jacobsthal bivariate polynomials is
(=14 3i)p+3(p° + @)t + (1 — i)p(p® + 20)t* + [-4¢* + 3ig*]t?
+(=1+9)pg®t* + (1 —i)g3td
1 — (22y? + 4y)t? — (23y3 + 6xy?)t3 4 4y2t* + dyBatd — 8y3t6

> Grpdpia(z,y)t" = (5.12)

n=0
Proof: We have ([10])
i Crad(@, )t = 25 2zyit® + [(—a?y® — 8y) + (3z%y* + 6y)i]t* — 6xy®t* + 4y*(1 —i)t°
Tndn ‘T7 =
n=0 Y 1 — (2292 + 4y)t2 — (2393 + 62y2)t3 + 4214 + dyBatd — 8y3t6

After a simple calculation, the result follows. O
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6. Conclusion

his study introduces a new theorem that enables the construction of generating functions for various

Gaussian numbers and (p, ¢)-numbers in combination with bivariate polynomials. The results extend
previous work and provide a unified framework for the study of generalized sequences and their analytical
properties. Future research may examine potential applications of these generating functions in areas
such as complex analysis and differential equations, as well as their connections with other classes of
special polynomials and complex numbers.
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