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1. Introduction

Special functions and special polynomial families occupy a fundamental position in modern pure
and applied mathematics. They serve as structured analytical tools for solving differential, integral,
and operator equations and frequently provide compact closed—form representations of complex
mathematical models. In many applied problems, the structure of a physical or computational model
naturally leads either to new properties of known special functions or to the development of new
generalized or hybrid polynomial classes. Such extensions often reveal deeper structural features
and interconnections across different branches of mathematical analysis and mathematical physics.
Expressing models in terms of special functions not only refines their analytical form but also supports
efficient numerical and symbolic treatment, while sometimes exposing hidden links between seemingly
unrelated problems.

A powerful general framework for studying polynomial systems of this type is provided by
operational techniques together with the monomiality principle. This approach has its origins in
the work of Steffensen on poweroids [16] and was later systematically developed by Dattoli and
collaborators [4, 5, 7]. It provides an operator-based mechanism for constructing and analyzing
polynomial sequences that mimic the behavior of monomials under suitable raising and lowering
operators. The basic axioms of the monomiality principle are given by

—_—

Ane1(@1) = M{A (o)}, (1.1)

and

—_

n An-1(@1) = P{A(p1)}. (1.2)

The associated operators satisfy the Weyl-type commutation relation
[P M =T.
From this structure, one derives the operational identities
MPIA(p1)} = n A1), (1.3)
Au(er) = M1, (14)

P ML) = )" Al
n=0 :

The Kampé de Fériet polynomials, also known as higher—order Hermite or Gould—Hopper
polynomials, are defined by [8]:

L] QDkQDn_mk
H g, ) =nl Y —2L
W (o1 02) £ l(n — mk)!

The two-variable Hermite (Gould—Hopper) polynomials 7-{,[lj](¢,01,<,02) admit the generating function
representation [1]:

& n

j i X
efrex! — § 7.(5]](()01’902);_
n=0 ’
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An important feature of the Gould—Hopper polynomials is their strong algebraic and differential
structure, which becomes transparent through operational identities. These identities provide a
direct and systematic mechanism for deriving recurrence relations, differential equations, and explicit
representations, and they help connect this class with other special polynomial families. In operational

form, one has
[/] o’
H (o1, 9) = exp| pr—— |1

1

The quasi—-monomial structure of H (¢1, o) 1s expressed through the operators

. !

M = @1 + mp,——, (1.5)
1 2890{_1
p.=2
I

Another central pillar in the theory of polynomial sequences is the class of Sheffer polynomials
introduced by Sheffer [15]. These sequences appear naturally in operational calculus, approximation
theory, combinatorics, and mathematical physics. A key advantage of the Sheffer framework is that
many classical polynomial families including Hermite, Laguerre, Bernoulli, and Appell polynomials
arise as special or limiting cases. Modern algebraic, approximation, and umbral approaches to Sheffer
and related polynomial sequences, including those developed by Costabile et al. [2, 3, 14], and several
other authors [19-21] further highlight their structural importance and computational usefulness.

A polynomial sequence {S,(¢)}>, is called a Sheffer-type sequence if it is characterized by the
exponential generating function

A explerHO) = | SulenS; (1.6)
oy n.
with A(y) and H(y) given by
(o) Xn
Aly) = Z:;F; Fo#0 (1.7)
and

H(y) = an%, b, # 0.
n=1 :

Following Roman [12], a polynomial sequence S, (¢;) can be described in a natural and systematic
way by means of two formal power series. More precisely, it is completely determined by the pair

O-(X) = Z O—n%’ 0o = 07 (O] * 0’
n=0 ’

and

[&e] Xn
H(x) = Zﬂn;, Ho # 0,
n=0 ’
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where the first series controls the compositional structure while the second provides the multiplicative
component of the construction. The exponential generating function of the sequence S,(¢) then takes
the form

Ry P ) = ZS &

for all x € C, where o~!(y) denotes the compositional inverse of o-(y). This representation makes
the dependence on the pair (u, o) transparent and is especially convenient for operator and generating-
function techniques.

In view of Eqgs (1.4)—(1.7), one can directly read off the corresponding structural functions as

1
= ey
and
H(x) = o (x).
Hence, the sequence S,(¢;) defined through (1.9) is precisely the Sheffer sequence associated with the
pair (u(x), o(x))-

An important special situation occurs when the pair reduces to (1,0(y)). In this case one obtains
the associated Sheffer sequence, characterized by the generating function

xp (prH()) = ) Palor).
n=0 :

On the other hand, if the pair is of the form (u(y), ), the Sheffer sequence simplifies to an Appell
sequence, whose generating function is given by [15]

A explpry) = Z Ay (901)—

n=0
For specific value of A(y), several members of the Appell polynomial family are given in Table 1.

Table 1. Certain members of Appell sequences.

S.No. APF Generating function Aly)
L The Bernoulli polynomials [10] eXX_ le‘M: Yo Bn(gpl)’% Aly) =
1L The Euler polynomials [11] me“"* =20 8,1(901))2—’: Aly) = ﬁ
IMI.  The Genocchi polynomials [11] ij_( T¢ =3 ogn(%)n, Ay) = effl
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These two subclasses illustrate how the general Sheffer framework naturally contains several well-
known polynomial families.

Moreover, as established by Roman and Rota [13], a polynomial sequence S,(¢;) is a Sheffer
sequence relative to a binomial-type sequence $,(¢;) if, and only if, it satisfies the addition formula

Suer+e = (”)Sk(som_k(wz),
o \k

for all n > 0 and every ¢, € R, where R is any field of characteristic zero. This identity plays a central
role in characterizing the Sheffer structure through binomial-type convolution.

Let (S,(¢1))nen be the Sheffer sequence corresponding to the pair (u(y), 0(x)) and suppose it admits
the expansion

¢l = ZFn,k Si(e1). (1.8)
=0

Determinant methods play an important role in several areas of mathematical physics, including wave
propagation, nonlinear evolution equations, and relativistic models. The determinant characterization
of Sheffer sequences developed by Wang and Costabile [2, 3, 17] offers a systematic basis for
representing structured polynomial families. This framework is compatible with operational techniques
and is especially useful for interpolation and symbolic computation. Under the representation (1.8),
the polynomials S,(¢;) can be written in determinant form, which is particularly useful for explicit
computation and structural analysis. According to [2, 3, 17], the determinant form of (S,(¢;))
polynomials is given as

Solgn) = 7=,

| 4
Foo Fio Fao -+ Fuoio Fao
o | 0 Fy Fy - Fouy F
(=) 1.1 Fa 1,1 nl | o
S”((’Dl) = FooF11.-Fun
0 O Fop -+ Fun Fun
0 0 0 o Fn—l,n—l Fn,n—l

where F,,; denotes the (7, k)-th entry of the Riordan array associated with the pair (u(y), o(y)) [18].

A generalized Riordan array linked with a sequence (%),),cy, is determined by the same ordered
pair (u(x),o(y)) and produces an infinite lower triangular matrix (F,x)o<k<n<eo- Its entries are
generated through a coeflicient-extraction rule that connects each matrix element directly with the
generating functions u(y) and o(y). This viewpoint offers a clear and flexible framework for encoding
Sheffer-type polynomial sequences and for carrying out coeflicient manipulations in an operator and
combinatorial setting.

The defining rule of the generalized Riordan array is

()
Z

Fn,k = l%]ﬂ%)
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where the functions u(y)(o(x))*/%: serve as the column generating functions. Each column is
therefore generated in a uniform way, allowing compact representations and efficient computation of
the coefficients associated with the pair (u(y), o(x)).

Recently, the Sheffer-1-polynomials sA,(¢;1,¢>) were introduced through the generating
function [6, 11]

& n

A)e”" ™ cos( 1 x) = Z sAi (1, <pz)%,

n=0
from which one directly derives the explicit series representation

" (1) g Sulr)
Sl pa) =l Y

k=0

This form clearly shows how the new family blends the Sheffer structure with a cosine-type kernel.
These Sheffer-A-polynomials also satisfy a quasi-monomial structure with respect to suitable
multiplicative and lowering operators [6,9, 11]. In particular, the multiplicative operator is given by

. AH(D,) A 1 o [ e
Mgp = m + o H' (H ™ (Dy,)) - 3 tan( o1 H I(D‘Pz)) m,

while the corresponding lowering operator takes the simpler form
Py =H'(D,,). (1.9)

Together, these operators describe the operational behavior of the Sheffer-A family and support further
algebraic and differential investigations.

The main contribution of this work is the construction of a multiparameter hybrid Gould—
Hopper—Sheffer-A polynomial family through a unified generating function framework combined
with operational and monomiality-based methods. In contrast to standard Sheffer or Gould—Hopper
extensions, the present class uses a hybrid parameter structure that simultaneously produces several
classical families as special cases. Along with the defining generating functions, we develop operator
identities, recurrence structures, and determinant representations adapted to this hybrid setting, thereby
providing a coherent platform for further analytical and computational developments.

The paper is organized as follows. In Section 2, we introduce the Gould—Hopper—Sheffer—1
polynomials (GHSAP) via their generating function and establish their main structural properties,
including series and determinant representations through Riordan array techniques. Section 3
presents a systematic operational analysis based on the monomiality principle, where the associated
multiplicative and derivative operators are constructed and the resulting differential and operational
representations are derived. Section 4 contains illustrative subclasses obtained from specific
generating functions, such as the Gould—Hopper-Bernoulli-A, Euler—A, Genocchi-A, and Laguerre—4
polynomials, demonstrating the flexibility of the framework. A separate section discusses applications
and computational aspects, and the paper concludes with a summary and directions for future work.
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2. Gould-Hopper-Sheffer-1-polynomials

To introduce the GHSAP, denoted by ,HSA,[f](gol,goz,%), we first establish a fundamental result
that underpins its definition. This result offers a unified operational foundation that connects the
generating function, monomiality principle, and operator formalism in a coherent manner. The novelty
of this approach lies in the systematic incorporation of the A-parameter and multivariable structure,
which leads to a genuinely new class of hybrid special polynomials. As a consequence, the proposed
framework extends several known polynomial families as special cases while opening new directions
for analytical and applied investigations.

Theorem 2.1. The GHSAP ,HSAE,j]((pl, ©2, @3) is defined through the following generating function:

b n

ACO exp (¢ H0) + 2OV ) cos(VETD) = ) s 1.2, a) @1

n=0

Proof. By replacing the variable ¢; in (1.6) with the multiplicative operator A;Iwm given by (1.5),
we obtain

(9]

Ae) cos(VE) exp (M HO)) = 3 oAy (Myn) & (2.2)

n=0
Making use of the explicit representation of the operator Mﬂm given in (1.5), the left-hand side of (2.2)
can be rewritten as

aj_l b R n
ﬂCV)COS(\/sos)()eXP((cpﬁmwa = )X)=ZXA,, (M(Hr['/']))(_- (2.3)

|
1 ‘= n.

Next, we decouple the exponential operator appearing on the left-hand side of (2.3) by invoking the
Crofton-type identity [7]:

d’ d’
f(z e ) {1} = exp (M@) @b

which allows us to separate the operational components in a convenient form. As a result, we arrive at

n

d S !
A(y) cos(Vepsx )exp(soz%JeXp (<p17¥(x))—z [901 +m¢za — )% (2.4)

j—1
3 n=0 4

Finally, by expanding the first exponential operator on the left-hand side of (2.4) and introducing
the notation wSAE,J ](901 , 2, @3) for the resulting Gould—Hopper—Shefter-A polynomials on the righthand
side, namely,

: N o1
«HSAEZJ](‘Pl’ @2, QDS) = sAn (Mq{[ﬂ) = sAn (Sol + mQDZ—_lJ ’
n 690{
the statement in (2.1) follows immediately. This completes the proof. m|

Remark 2.1. For ¢, = 0, the GHSAP HSALjJ(gol,goz,gpg) reduces to the Sheffer-A-
polynomials s\, (¢1,p3) and is defined through the generating function:

b n

A(y) exp (o1 H (x)) cos(Vepzx) = Z sAu(p1, 903)%.

n=0
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Remark 2.2. For ¢; = 0, the GHSAP ,HSALj](gol,goz,cpg) reduces to the Gould-Sheffer-
polynomials ,HSE,J](QDI, ©>) and is defined through the generating function:

(o)

A exp (¢ HOO) + 2(HOOY) = Y usien o).

n=0

Remark 2.3. For j = 2, the GHSAP WSAE,j](tpl, ©2,¢3) reduces to the Hermite-Sheffer-A
polynomials , s\, (@1, 2, ¢3) and is defined through the generating function:

b n

Alx) exp (%ﬂ(x) + 902(7{@))2) cos(Vep3x) = Z w51, @2, 903)%.

n=0

Remark 2.4. For A(y) = 1, the GHSAP ﬂSAElj](gol, ©2,p3) reduces to the GHASAP (HPAEIJ](‘,OI, ©2,03)
and is defined through the generating function:

& n

exp (1 H () + ea(HOOY ) cos(VEnD) = 3 r A 102 pa) (2.5)

n=0
Next, we obtain the series definition of the GHSAP , sAY @1, ¢, 03) by proving following result.
Theorem 2.2. For the GHSAP ,, ALY (¢1, @2, 3), the following identity holds:
[n] m, m
(D" L1
—k)!

Al ) =n! —_— ( ).
7SN (P15 @2, @3 HSn—k ®1,¥2
kZ:;‘ (11— 020!

Proof. We start from (2.1) and use the cosine expansion

(o)

cos (VE) =

m=0

(=D)"(e3x)™
Q2m)!
Substituting this into (2.1), we obtain

) ) n -1 k k
AN exp (91 HO) + ea(H)Y ) cos (VEsp) = D s, 902)% > %. (2.6)
n=0 © k=0 :

Now, applying the Cauchy product rule to the righthand side of (2.6), we get

. o0 [n] ' —1)" my n
A exp (¢1H(0) + p2(H(x))') cos (VEp) = Z; n! ; wik@152) (,(1 - )k)(,fﬁ,)c)f(n! -

Inserting the righthand side of the expression (2.1) into the lefthand side of the preceding identity, and
comparing the coefficients of like exponents of y on both sides, yields the required result. O

Motivated by this approach, we now derive a determinant representation for
the GHSAP , sA (01, 92, 03).

AIMS Mathematics Volume 11, Issue 4, 9563-9586.
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Theorem 2.3. The GHSAP SA,[qj ]((,01 , 2, 3) has the following determinant representation

; (=1
ALl , 0o, —

Sy (@1, 92, 93) (60)"!
1 WPA[lj]((Pl,‘PZ,‘PS) ,HPA[zj](‘,Ol,QDz,%) Aj]1(901,902,903) HPA (01,02, 03)
6o 6, 0, 6,1 0,
0 b (})er (") (1) .

*1 o 0 o S (R ()6, > 27)

0 0 0 0o (")

where 3 N1, 92,005 = exp (@100 + p2(HO0Y ) cos(VED) - 785 = z 0.5

n=

Proof. Using the generation function (2.1), we get

[eS) k o "
exp (9017‘((/\() + wz(W(X))J) cos(\p3x) = (Z gk%] (Z A1, 0, %)%] .
k=0 !

’ n=0

Thus, on using (2.5) on the 1.h.s. of preceding expression, it follows that

Z pAL (901,<P2,s03)— = (Z 9k—J [Z SMJV%WL%)%]-
n=0

Employing the Cauchy product, we find

Z/]_{PA[‘]](¢1’¢2’ ()03)— Z ( )gk HSA[J]k(‘pl’ (pZ’ S03)_
0 k=0

n=0 n=

By comparing the coefficients of % from the polynomial equation, we get

n

AN (@1, 02, 03) = Z (k)gk wsAY (01,00, 03), neN,.
k=0

This leads to the following system of equations:
qﬂ’AE)j](‘pl 02, 03) = 6 ,},SA([)j](Sé?] 02, 03),
AU] =0 A[j] 0 AU]
4PN (@1, 02, 03) = Oy, SN (01, 02, 03) + 01, A (01, 02, 93),

. . ) . .
q{PAgj](‘Pl, 2, 3) = 6 WSA[ZJ](‘PI’ ©2,03) + (1)91 ﬂSA[lj](‘Pl, 02, 3) + 6, WSA([)j](‘Pl,SOz, ©3),
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1 .
1 )91 ,HSAU (@1, 92, 03) + -+ 0,4 HSA[OJ](%,SDZ,%),

A[j]l((P] s 2, 03) = o wsAn (@1, 02, 03) + (

AN @1, 02, 03) = 00, sA (@1, 02, 03) + ( )91 HSA 1(901, ©2,3) + -+ 0, ,Hs/\gj](%, ©2,93).

Applying Cramers’ rule, we get

6 0 0 pA“](sol, ©2.¢3)
0 0o 0 HPA @1, 02, 93)
6 (1) 0 LA @)
s ;)92 0 ,H:DA[;](% L2, 03)
-1 (nIl)Qn—z O ) ,,m/\[’]l(%, ©2,¥3)
0 O ()01 (1)0 pA o102 09)
‘HSAn (()01’ ©2, ()03) = 60 0 0 0
0, o 0 0
6 () .. 0 0
6 (3)6 0 0
6, 1 (”;1)9,1_2 6 0
0 (o ()00 o
By taking the transpose in the last equation, we have
A[j]( ) = 1
HqS1t¥y 01, $2,93) = (00)n+1
6o 6, 6,1 0,
0 6o g";l;en_z (1)1
0 0 "1, 216,
% v 3 (2) ' 2
0 0 b ( " )or
.HPA([)]](%,(PL%) ,HPAEJ](%,SDL%) A[j " (@1, 02, 03) H@A @1, 02, 93)
Thus, simple row operations are used to finish the proof. O

Note. Although the determinant construction follows the Riordan-array methodology, the present
form 1is specialized to the hybrid Gould-Hopper—Sheffer—A structure. The parameter coupling
and generating-function form lead to modified coefficient arrays and new parameter-dependent
determinant entries.
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3. Quasi-monomial properties

To place the GHSAP WSALj](gol,goz,%) in the setting of the monomiality principle, we establish
the result stated below. This theorem demonstrates that the proposed polynomial family exhibits a
quasi-monomial structure with respect to suitably defined multiplicative and differential operators.

Theorem 3.1. The GHSAP sAY (¢1, @2, 3) form a quasi-monomial sequence under the action of the
following multiplicative and derivative operators:

. A(H D)) . . @1 B
M = ?{(7—{—1(D¢2)) (<P2+J903 [7{(7{ (Dtﬁz))] )7{(7’{ (Dy,))— 2‘/7—( (D) tan(\/%?{ '(Dy,)),

(3.1
and

P=H"'D,,), (3.2)
respectively.

Proof. Taking the derivative on each side of generation function (2.1) with respect to y, we have

00

X" A
ZHSA 1 (e1 92, 903)— - AW

) T exp (e2H00) + @3 [HOOV ) cos( Vi x) + e2H () Alx) exp (9027{()()
n=0

+ sog[ﬂm]f‘) cos(V@1X) + jios (HOY ™ H (0 A exp (o2 H () + @3l H()V ) cos( Vgt x)
1 .
~3 \/% sin( Vo)A exp (e2H () + @3 [H)V) cos(vgr -

The above expression can be simplified as follows:

[ee)

Z s 1(¢1,¢2,<p3)— = A exp (2 H () + @s[H)V ) cos(vepr x )[ﬂ(x)
n=0

+Jips (HOO) ™ H (1) = 5 \/% tan(veip)|- (3.3)

+ @ H ()

Also, we have

Dy, (AG) exp (e2H () + @3 HOOV ) cos( g x)) = HO)A) exp (e2H(x) + e[ HOOV ) cos(er x).
3.4)
Thus, on using (3.4) in (3.3), we find

[ee)

DA (g1, 903));—! = AQ) exp (2 () + @s[H)V ) cos( Vg )|

n=0

A (H (D))
AH(Dy,))

+ 2+ Jios [HOH D] ) H HO D) - 5 tan( \JerH1(D,) |

1 (D(pz)
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Further utilizing (2.1) in the r.h.s. of the above equation, we find

;w,sAnH(‘:"l’%’ P = nzz(;[ A(H(Dy,))

+ (2 + Jios [HEH (D)) ) H (HT (D)
L [ o [ : X"
— = [t H-Y(D A1, 05, 03) .
2\ H(D,,) a1{ #1 ( 902)):| N (@1, @2 903)n!
By comparing the coefficients of y on both sides of the above relation, we obtain

A (H ' (Dy,)) , » -1
AH D) T (<Pz + jo3 | H(H'(D,,)] )

, 1 .
X H (H(D,) - 5 /#tan(\/wlﬂ_l(Dapz))]ﬂsA,[f](Sﬁl,902,903)- (3.5)
¢2

In view of (1.1) and (3.5), assertion (3.1) follows.

WSA,[ﬁl(‘Pl P2, 3) = [

Next, using Eq (2.1) in (3.4), we find

(o8]

- & ) Xn )
H 1(D“’2)Z_;"*SA’E]](%’¢2’%)E = Z_(;ﬂSAEZJ]((pI’%’%)

n+1

X
n!’

thus on comparing the coefficients of y on both sides of the above relation, we obtain

7-{_1(D<P2)713A}[1j]((p1’ ©2, Q03) =n ﬁSA,[,lel(Qol’ ¥2, ‘103)’ nz 1
In view of (1.2), the preceding equation implies assertion (3.2). O

In light of Eq (1.4) together with the relations given in (3.1), we derive the following result as a
direct consequence of Theorem 3.1.

Corollary 3.1. The GHSAP ,, sAY ](901 , P2, @3) has the following explicit representations:

«HSAr[zj]((pl’ ©2,3) = MZ;HSP {1},

and

A (H™'(Dy,))
AH(Dy,))

1 7 ~ "
) ,/WIDW) tar /1 H 1(D@m))) (1

Since the structural properties of a quasi-monomial sequence are encoded in its multiplicative
and derivative operators, these operators can be directly employed to obtain the differential equation
satisfied by the GHSAP , sAY (1, 02, ¢3).

1A (1. 02 03) = ( + (2 + jios [HOH (D)) H(H (D))

AIMS Mathematics Volume 11, Issue 4, 9563-9586.
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Theorem 3.2. The GHSAP SA,[qj ]((,01 , 2, 3) satisfies the following differential equation:

((ﬂ (H™'(Dy,))

AT, 6t des [HOC ] ) H )
P2

ﬁll)w) tan( \/9017’{_1(D¢2)))7‘(_](D¢2) - n)ﬂs/\,[f](‘ﬁl ,02,3) =0. (3.6)

Proof. Using Egs (3.1) and (3.2) in (1.3), we get assertion (3.6). |

Theorem 3.3. An explicit operational formula establishing the connection between the GHSAP
,HSAE,J ]((pl, ©2, @3) and the Sheffer-A polynomials s\, (1, ¢>) is given by

‘ 5
AsAT @1, 02, 03) = exp (<P3 5 ) {sAu(p1,02)}
o/

Proof. The result follows immediately from the defining relation (2.1). Indeed, applying the
operational identity given in (2.4) yields the stated representation in a straightforward manner. O

4. Examples

To present meaningful illustrations, it is helpful to recall that the theory of Sheffer sequences
provides a unified framework in which many classical polynomial families can be described in
a systematic manner. In the present setting, different choices of the functions A(y) and H(y)
immediately produce distinct hybrid polynomial families. Although these subclasses differ in form,
they preserve the same operational foundation and quasi-monomial structure. The examples that follow
therefore illustrate how the general construction systematically recovers several classical families as
particular cases.

From an applied perspective, these examples underline the practical strength of the framework.
A single generating-function mechanism is capable of accommodating both traditional polynomial
systems and their hybrid extensions, thereby demonstrating the coherence, flexibility, and extensibility
of the proposed approach.

Example 4.1. We consider the special choice A(y) := X

7 and H(y) = 2y in the left-hand side of

the generating function (2.1) associated with the Gould Hopper—Bernoulh A polynomials (GHBAP).
Under this specification, one obtains the generating function of the GHBAP ,HBA,[{ (@1, 92, ¢3) 1n
the form

& n

; X
S cos(Vex) = Z '}-{BA)[’L]](SOI » P2, 903);-

n=0

X
eX — 1

In. consideration of the preceding expression, the series representation of the GHBAP
28 (91, 2, @3) follows as

n

. n .
78A (@1, 02, 03) = Z (k)Bk AT (01,02, 03).

k=0
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Moreover, the GHBAP 7{31\,[1"'](901,902,cpg) constitutes a quasi-monomial family relative to the
operators defined, respectively, by

. ! 1 [ e (1-8,,) -1
M=2 + joz—— | — = . [—tan 0,,) + ,
(soz Jgs a¢21—1) 5 N o, (%19, @ — 1)

P |
P = 50902.
As a consequence of this quasi-monomial structure, the GHBAP ,HgA,[f](gol,goz,go3) satisfies the
differential equation

e 1. (& (11— 8,,) -1 |
((‘Pz + J¢3w) O, — 4_16” A /a—m tan( \/¢10,,) + 2P le) —n),8AY (@1, 2. 03) = 0.

and

In .addition, a direct connection between the classical Bernoulli polynomials 8,,(¢;) and the GHBAP
4 8A (@1, @2, ¢3) is expressed by

J

0y’

#8A (@1, 02, 03) = exp (903 ) {8Au(p1,92)} -

1
Finally, by taking 6y = 1 and 6; = 1 fori=1,2,...,nin (2.7), one arrives at the determinantal

representation of the GHBAP _, 3A,[1j ](gol , 2, 3). More precisely,

78A (@1, 2, 03) = (—1)"

1 ﬂA[lj](%l,cpz,%) ﬂA[zj](9011,902,903) (HALJ_]I(‘Plla(Pz,(%) ﬁAL”(soll,soz,%)
1 Z Z -

2 31 n | n+11

2 n—1 n
0 1 (1)_ 1 ) _ (1 .
2 n-1
8 0 0 1 n-l 1 ’
! )n -2 (2)n -1

: : 1
0 0 0 1 (nfl)E

where ,HA,[f] (¢1,92,3), (n =0,1,2,...) denote the Gould-Hopper A-polynomials of degree n.

Next, we present the surface plots of these polynomials to better illustrate their geometric behavior
and variation with respect to the parameters. These graphical representations provide a clearer
understanding of how the GHBAP evolves for different orders and parameter choices, highlighting
the changes in curvature, growth, and overall surface structure.

Surface plots of GHBAP for varying orders and parameters are presented from Figures 1-4.
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Figure 1

CHNWLWL G o
»a"\£~2]

Figure 1. Surface plot of HBAgz](gol, ©2,©3).

Figure 2

Figure 2. Surface plot of q-[ggAgz]((pl, 02, ¥3).

Figure 3

Figure 3. Surface plot of 7{3/\52](()01 P2, 93).
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Figure 4

Figure 4. Surface plot of wBA[53] (@1, 2, 3).

2
Example 4.2. Let us choose A(y) := I and H(y) = 2y in the left-hand side of the generating

function (2.1) associated with the Gould—Hopper—Euler—/l polynomials (GHEAP). Under this choice,
one obtains the following generating function for the GHEAP ﬂSALﬂ(@] , 02, 03):

[Se]

. X"
= oMerctesy! cos(Verx) = Z 'HSA}[’lj]((p] » P2, 903);'

X
e+1 oy

In consideration of preceding expression, the series representation of the GHEAP follows in the form

n

; n
«HSA;[Ilj](QDl’ ©2, 903) = Z (k)gk HA[] k(wla (72 903)
k=0

Moreover, the family of GHEAP WgALj ] (¢1, ¢2, 3) constitutes a quasi-monomial family relative to
the operators defined, respectively, by

. ! 1 o1 \/7 %
M= 2(902 ’ J9035902j_1) “2Va,, tan( 9016502) Cn it

1
500

As a consequence of this operational framework, the GHEAP satisfies the differential equation

.ot 1 [ [ e Ll _
¥+ J%W 0y, — Zatpz am tan( 9015¢2) - mam = 1|, &N (@1, 02,03) =0

In addition, a direct connection between the classical Euler polynomials &,(¢;) and the GHEAP is
expressed by

and
p=

. 9
7eMT(@1, 92, 93) = exp (<P3 3 ) {eNn(@1, )} .
o/
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1
Finally, by taking 6, = 1 and 6, = =1 for(i=1,2,...,n)in Eq(2.7), one arrives at the determinant
L
representation of the GHEAP ,HgAE,J ](901 , 2, ¢3), which is given by

Wal\,[f](% 2, 03) = (=1)"

1 ﬂA[lj](cml,soz,sos) 741\[{](9011,902,903) ﬂALj_]l(cpll,cpz,sv3) ,},A,[lj](soll,%ws)
1 3 3 3 b

y 0 1 (?)% (n;l)% (7)%
0 0 1 o () EE
o 0 0o (!

where ﬂA,[f](gol s P2, 93), (n=0,1,2,...) denote the Gould—Hopper A-polynomials of degree n.

Next, we present the colored surface plots of these polynomials to better visualize their structural
and geometric behavior. These graphical representations clearly demonstrate how the GHEAP varies
with different orders and parameter choices, revealing noticeable changes in curvature, oscillatory
patterns, and surface growth characteristics.

Surface plots of GHEAP for varying orders and parameters are presented from Figures 5-8.

Figure 5

Figure 5. Surface plot of q{gA[ZZ]((p] 02, P3).
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Figure 6

Figure 6. Surface plot of «HaAgzl (@1, 92, ¢3).

Figure 7

Figure 7. Surface plot of 7—(8A5_3 @1, 02, 03).

Figure 8

Figure 8. Surface plot of -7_(81\?]((,01 s 02, 93).
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2
Example 4.3. As a concrete illustration, we choose A(y) := XX 7 and H(y) = 2y in the
e

left-hand side of the generating function (2.1) corresponding to the Gould—Hopper—Genocchi-A
polynomials (GHGAP). With this choice, one obtains the following generating function for the GHGAP

Lo\ (@1, 02, 03):

ZX 2<p2,\(+2<p3/\/-i — N [j] Xn
L cos(Veory) = nz:(; w6\ (<P1,902,903)E-

In consideration of preceding expression, the series representation of the GHGAP gA,[f] (@1, 92, 3)

follows as .

. n .
(HQALJ](SDI’ ©2, 903) = Z (k)gk (HAL]_]k@PI, Y2, §03)
k=0

Moreover, the GHGAP ,HgALj](gol,goz,%) constitutes a quasi-monomial family relative to the
multiplication and differentiation operators defined, respectively, by

) o\ 1 (g e’ (1-9,,) -1
M =2+ jos—— | - = [ L1t d,,) + :
(902 Je3 Frs 1—1) 2\ o, an( y/¢10,,) P+ 1)

A~ 1
P = 56902’

and

respectively. _
As a consequence of this quasi-monomial structure, the GHGAP ﬁgA,[lj](()Ol,‘,Og,(pg) satisfies the
following differential equation:

&1 1 o e’ (1-08,,) -1 .
+ jp3—— |y, — =B, |1 By,) + —n),,6A (@1, 02, 93) = 0.
((902 J9038902]_1) 2~ 3% \3,, an(/¢19,,) 2+ 1) n| 6N (@1, 2, ¢3)

In addition, a direct operational connection between the classical Genocchi polynomials G,(¢;) and
the GHGAP ,, gA,[j] (1, @2, @3) is expressed by

. o'
76N (@1, 92, 93) = exp (903 6_) {eAn(e1, 02)} .
%

1
Finally, by taking 6, = 1 and 6, = =1 (i = 1,2,---,n) in Eq (2.7), one arrives at the
1

determinant representation of the GHGAP ,HgALj](cp],goz,%). Specifically, these polynomials admit
the determinant form

(HgA,[f]«Pl’ ©2, QDS) = (_1)"

[/ [/] [/ [/
1 A 00 03) WA (0L 03) - LN (@0L02,03) LN (01,02, 03)
1 [€9)] (€0)] D W1
2 4 6 2n 2n+1)
1 2\ (1) n=1Y (Dn-1 n\ (D
x 0 2 (1)T ( 1 )2(n—1) (137
1 n—1 (1))1—2 n (l)n—l ]
0 0 2 ( 1 )2(n—2) (2)2@—1)
1 n Y1)
0 0 0 3 ()%
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where (HALj]((p],goz,%), (n = 0,1,2,--+), are referred to as the Gould—Hopper A-polynomials of
degree n.

1
Example 4.4. Let us choose A(y) := N

and H(y) = ll’ which corresponds to the special

case where the Sheffer polynomials S,(¢;) reduce to the classical Laguerre polynomials £,(¢).
Substituting these choices into the left-hand side of the generating function (2.1), we arrive at the
following generating function for the Gould-Hopper-Laguerre A-polynomials LA,[,’](gol P2, P3):

1 —pox —x Y _N AL X'
Y eXp(l VRS (?{) cos(Verx) = ZWLAH (P12 03)" -

n=0

In consideration of preceding expression, the series representation of the Gould-Hopper-Laguerre A-
polynomials follows immediately and can be written as

n

ICERESEDSY ( k)ﬁkﬂf\,[ﬂk(sol, 02, ¢3)-
k=0

Moreover, the Gould-Hopper-Laguerre A-polynomials LAE,j](gol, ¥, 3) constitute a quasi-
monomial family relative to the multiplication and differentiation operators defined, respectively, by

R &1 1 [or P2 (1-9,,) -1
M=2 + jo3—— | — = —tan 0 + s
(()02 .]()03 6(,02]_1 ) 2 (9¢2 ( ()01 902) agﬁz (€a<ﬂ2 + 1)

P |
P = z(’)m,

and

respectively.
As a consequence of their quasi-monomial structure, these polynomials satisfy the
differential equation

o' 1 o1 P2 (1= 0,,) -1 .
oo, - ~a,, [Lit B,.) + — ). cAU1, 02, 09) = 0.
((902 J<P38902J_]) 2~ 3%\ 5, an( 4/¢10,,) 2@+ 1) n|, o) (@1, 92, 93)

Finally, the Gould-Hopper-Laguerre A-polynomials are connected to the classical Laguerre
polynomials £, (¢;) through the operational identity

J

0y’

2N (01, 02, 03) = exp (sos ) {eAn(@1, 92)}

These examples illustrates how the general hybrid generating structure reduces to the classical-

polynomial family under the indicated parameter choice, confirming the consistency and extensibility
of the framework.
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4.1. Applications and applicability of the proposed polynomial family

The polynomial family introduced in this work is not only of theoretical relevance, but also offers a
flexible and constructive framework that can be used in a variety of applied and computational contexts.
Because the polynomials are defined through generating functions and operational techniques, they
fit naturally into several analytical settings. In this subsection, we briefly describe some practical
directions in which the proposed Gould—Hopper—Sheffer-A type polynomials can be used.
Operational calculus and differential equations. The proposed polynomials arise from generating
functions together with multiplicative and derivative-type operators, which makes them well suited
for use in operational calculus. Their monomiality-based structure allows operator relations to be
translated into explicit polynomial identities in a systematic way. Consequently, they can be used
to express and manipulate solutions of linear as well as certain nonlinear differential equations. In
particular, operator factorizations and ladder-type constructions can be handled conveniently within
this polynomial framework, leading to clearer and more structured solution procedures.

Basis construction for higher-order differential models. Due to their recurrence relations and
operator characterizations, these polynomials form a convenient basis for representing solutions of
higher—order differential and integro—differential equations. Expanding solutions in this polynomial
basis often leads to expressions that are both stable and algebraically manageable. This approach
is especially helpful in parameter—dependent models, where the hybrid nature of the polynomials
provides additional freedom to accommodate boundary and initial conditions.

Hybrid special-function expansions in mathematical physics. Because of their hybrid structure,
the proposed polynomials are suitable for building mixed special-function expansions that occur
in mathematical physics and applied analysis. They can be used in the study of generalized heat-
type equations, evolution problems, and operator-based models. Moreover, since many well-known
polynomial families (including Bernoulli-, Euler-, Laguerre-type, and Genocchi-type cases) appear as
special subclasses, the present framework remains compatible with classical special-function methods
and existing analytical tools.

Determinant representations and computational schemes. The determinant representations
obtained in this work give compact and practical formulas for computing the polynomial sequences.
These forms are well suited for both symbolic and numerical implementation. Furthermore, the
connection with Riordan-array-type structures supports efficient coefficient extraction, recursive
computation, and algorithmic generation of the polynomials. This makes the family particularly useful
for computer algebra systems and for the development of symbolic computation routines.

Taken together, these aspects show that the proposed polynomial class is not only of theoretical
interest, but also serves as a practical and adaptable tool for applications in differential equations,
operational methods, and computational mathematics.

5. Conclusions

This paper presented a systematic investigation of the Gould-Hopper-Sheffer-1 polynomials by
embedding the Gould-Hopper framework within the general theory of Sheffer-A sequences. Through an
appropriate generating function approach, explicit series representations and determinant forms were
derived, providing a transparent algebraic and operational characterization of the newly introduced
polynomial family.
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The monomiality principle was shown to play a fundamental role in establishing the quasi-
monomial structure of these polynomials. The explicit formulation of the corresponding multiplicative
and derivative operators naturally gives rise to the associated differential equations, thereby
establishing the internal coherence as well as the analytical soundness of the proposed framework. In
addition, the derived operational representations that relate the Gould-Hopper-Shefter-A polynomials to
the classical Sheffer-A polynomials clearly emphasize the unifying character and the inherent flexibility
of the present approach.

Several important subclasses emerge as particular instances of the general theory, including the
Gould-Hopper-Bernoulli-A, Euler-A, Genocchi-A, and Laguerre-A polynomials. These illustrative
cases not only corroborate the validity of the theoretical development but also reveal how a wide
range of well-known polynomial families can be systematically retrieved within the proposed
operational framework.

The results obtained in this work contribute to the growing theory of hybrid special polynomials
and suggest several promising directions for future research. Potential extensions include the
investigation of orthogonality and bi-orthogonality properties, the development of fractional and
g-analogues, and the application of the proposed polynomials to fractional differential equations
and boundary value problems. Further exploration of combinatorial interpretations, probabilistic
models, and applications in quantum mechanics, signal processing, and mathematical physics may also
yield fruitful outcomes. The hybrid Gould—Hopper—Sheffer—A framework developed here provides a
unified and extensible structure that connects operational calculus, Sheffer theory, and hybrid special
polynomial systems. The added application directions and computational representations indicate
further potential developments in both analytical and applied settings.
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