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1.1 Methodological Framework

The techniques used throughout the book combine classical methods from geometric
function theory with modern operator-based and g-analytic approaches. The principal
tools include:

e Differential subordination and superordination, adapted to q-difference and
symmetric g-difference operators.

e Hadamard convolution techniques, used to encode operator effects through coefficient
modifications.

e Coefficient comparison principles leading to bi-directional inequalities and sharp
coefficient bounds.

e [terated and higher-order operators, which create hierarchical families of analytic
subclasses.

e Analytic properties of special functions, especially g-hypergeometric and ¢-Bessel
functions.

e Symmetric quantum derivatives, which provide balanced deformation mechanisms
with improved geometric stability.

Together, these tools form a unified analytical strategy that governs the entirety of the
research program.

1.2 Overview of the Main Contributions

The book introduces several novel operator-induced subclasses of analytic and meromorphic
functions and provides sharp analytic characterizations for them. The major contributions
can be found in [8, 12, 13, 11, 10, 7, 6, 5, 4] and may be summarized as follows:

(1) g-Difference and Bessel-type operator classes.

New families of analytic functions defined through generalized ¢ -difference operators
and ¢-Bessel-type transforms are introduced. Their geometric properties — starlikeness,
convexity, growth, distortion — are obtained using subordination methods and coefficient
inequalities.

(2) Janowski-type subclasses generated by higher-order g-derivatives.

Using iterated g¢-differential operators, the book defines ¢-Janowski classes that
generalize classical Janowski theory. Sharp coefficient bounds, subordination criteria,
and radii results are derived.

(3) Operator-induced classes generated by symmetric g-differential operators.

The symmetric g-derivative is used to define new subclasses of analytic and multivalent
functions with enhanced geometric properties. Symmetry significantly improves the
behaviour of bounds, leading to sharper inequalities and more stable operator dynamics.

(4) Meromorphic p-valent Janowski-type classes defined by iterated symmetric
g-differential operators.

A completely new class of meromorphic functions is introduced through an operator
Ef’q. Sharp characterizing inequalities, extremal functions, coefficient estimates, growth
and distortion theorems, and radii of starlikeness and convexity are established.

(5) Unified operator framework across analytic and meromorphic contexts.

Across all chapters, the book develops a common structural methodology, showing that
various classical results have natural g-analogues and symmetric g-analogues.



1.3 Preliminaries and Analytical Background

This chapter is devoted to preliminaries required for the development of the results
presented in the subsequent chapters.

We introduce the necessary function classes, operators, and tools from geometric
function theory, together with elements of g-calculus, symmetric g-operators, and fractional
g-calculus. All notions recalled here are well established and serve as a common framework
for the analysis carried out in the following chapters.

Let H (U) denote the collection of complex-valued functions that are analytic on the
open unit disk,

U={ze€C:|z| <1}.

We define A, as the subset of 7 (U) consisting of functions that satisfy the normalization
condition

A, ={feHU): f(z) =P+ ap 12" +..., 2€ U}, (1.1)

where p € N={1,2,3...}. In the special case p = 1, this family coincides with the
classical class A = A; = {f € H(U) : f£(0) = 0, f (0) = 1}, consisting of normalized
analytic functions on the unit disk.

Each function f € A admits the power series representation

fl2)=z+ Zajzf, zeU. (1.2)

Having introduced the general class A, we next consider certain subclasses that will
play a role in future developments.

Within the framework of A, we now focus on a subclass determined by the signs of the
coefficients.We denote by 7, the subclass of A, consisting of all functions with negative

coefficients, that is,
(o]

) =2 =3 lagepl 7. (1.3)
j=1

Such classes arise naturally in extremal problems and in the study of growth and
distortion properties for p-valent functions.

Next, we turn to meromorphic p-valent functions. Let M, denote the class of all
meromorphic functions f that are p-valent ( p € N* ={1,2,3....}) and analytic in the
punctured unit disk U* = {z € C: 0 < |2] < 1} ([42, 20]). Each function in this class is
assumed to satisfy the normalization condition:

oo

f(z)= % + Y aj,27 TP 2 e U (1.4)
j=1
Clearly, when p = 1, the class M, reduces to the class M of univalent and meromorphic
functions (see [20, 18]).
Since subordination relations are often expressed through Schwarz functions, we briefly
recall their definition and a key lemma.

Let €2 denote the class of Schwarz functions @ (z) of the form
O (2) = chzj,z eU,
j=1
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which are analytic in the unit disk and satisfying
®(0)=0and |[P(2)] <1, z€. (1.5)
Lemma 1.3.1. (Schwarz lemma) If ® (2) € , then for all z € U,
@ (2)| < 2]
and for the first coefficient, we have
ler| < 1.

One of the central tools used throughout this work is differential subordination and its
dual concept, differential superordination.

Differential subordination is a powerfull technique used to establish the conditions
under which an analytic function is subordinate to another.

w(0) =0, Jw(z)] <1and f(z) = g(w(z)).
If g is also a univalent in U, then the relation f < g is equivalent to the condition:

f(0) = g(0) and f(U) C g(U).

Now, let ¥ be a given mapping from C3 x U to C and let / be an injective function in U.
A function, s, holomorphic in U is said to satisfy a second-order differential subordination
if
V(s(2), 28 (2), 228" (2); 2) < h(2). (1.6)
In this setting, a function, u, univalent in U, is called a dominant of all the solutions of
(1.6) if
s < u,

for all s satisfying (1.6). Furthermore, if u is the smallest such dominant in a subordination
sense — meaning that for every other dominant, v, of (1.6), we have

u(z) <v(z),

then u is referred to as the optimal dominant. Except for a rotational transformation of
the unit disk U, the leading dominant remains singular, illustrating the inherent rotational
symmetry present in the class of Schwarz functions.

Let ¢ : C* x U — C be a given function, and let h be an analytic function
defined in U. Suppose that s is a holomorphic mapping in U such that both s and
V¥ (s(2), 28 (2),2%8" () ; 2) are univalent in U. If the differential superordination condition

h(z) < (s(2), 25'(2), 225" (2) ; 2) (1.7)

is satisfied, then the function s constitutes the fulfillment of the second-order differential
inequality condition defined by (1.7) (see [29]). In this context, the function u, being
analytic, is regarded as the subordinate entity under the differential superordination
condition (1.7) if

u =< s,

for all s satisfying (1.7). If u is the greatest such function in the sense of subordination —
ie., if
v(z) <u(z),

>



for every subordinant v of (1.7) then w is called the best subordinant. This function
represents the maximal element (with respect to subordination) among all the admissible
subordinants and is unique up to rotation in U.

In their foundational work, Miller and Mocanu [30] proposed that the implication
below is valid under appropriate constraints on the functions h, u, and :

h(z) < ¥(s(2), 28 (2), 228" (2);2) = u(z) < s(2).

Under these conditions, the function u serves as the best subordinant for the given
differential superordination problem. Under the established framework of differential
subordination and superordination, one is often interested not only in identifying extremal
functions like the best subordinant, but also in exploring structural operations that preserve
or reveal the subordination properties. One such operation, which plays a central role
in geometric function theory, is the Hadamard product (or convolution). This operation
allows us to combine analytic functions in a coefficient-wise manner and examine how
subordination relationships behave under such combinations.
Let us consider two functions that are holomorphic in U, given by

f(z) =2+ Zaj+pzj+p and g(2) = ¥ + ij_i_pzj—i-p'
Jj=2 j=2

The function (f * g) (2), representing the Hadamard (convolution) product of f and g,
is expressed as

) eg(2) = (F50) () = 27+ 3 agupbyps ™.

j=2
Below, we present the definition of the Al-Oboudi operator, which will play a key role
in obtaining our forthcoming results.

Definition 1.3.2 (Al Oboudi [34]). Let f be an element of the class A, X\ a non-negative
real number, and m a natural number; the operator DY is described as DY : A — A:

Df(2) = f(2),
Dif(2) = (1= f(2) +Azf'(z) = Daf (2),
DV f(z) = (A=XNDy'f(2)+ 22 (DY f(2)) =Dy (DY f(2)), for z€U.

Remark 1.3.3 (Al Oboudi [34]). If f € A and f(2) = z + > 72, a;27, then
Dﬁ\"f(z):z—i-Z[l—i-(j—l))\]majzj, for z e U. (1.8)
j=2
Remark 1.3.4. The earlier formulation reduces to the Salagean differential operator upon

setting A = 1 [27].

Definition 1.3.5_([29]). Denote by Q) the set of all the functions, f, that are analytic
and injective on U\F (f), where F (f) = {¢ € oU : lin}f (z) = oo}, and are such that
2=

f(€) #0 for ¢ € OUNF (f).

Lemma 1.3.6 ([29]). Assume that the function u is one-to-one in U and that 6 and ¢
are holomorphic in a domain, D, which contains the image of u (U). Further suppose that
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¢ (w) # 0 for every w € u (U). Define the auxiliary functions Q (z2) = zu’ (2) ¢ (u (z)) and
h(z) =0(u(z)) + Q(2). Let the following conditions be satisfied:
1. Q is starlike and injective in U,

2. Re (Sg((;))> >0, for all z € U.

Now, consider a function, s, that is analytic in U, such that
s(0) = u(0),
s(U) € D,

and
0(s(2)) + 25" (2) ¢ (s(2)) =0 (u(z)) + 20" (2) ¢ (u(z)).
Then it follows that
s(z) <u(z),

and u is the extremal function in this subordination framework.

Lemma 1.3.7 ([9]). Let u be a convex and injective function within U, and suppose that
v and ¢ are holomorphic in a region, D, that includes the image of w (U). Assume that

the following conditions hold:
1. Re(%) >0, forzeU;
2. (2) = zu' (2) ¢ (u(2)) is univalent and starlike in U.

Now consider a function, s(z), satisfying

s(z) e Hlu(0),1]NQ,
s(U) C D,
v(s(2)) + 28 (2) ¢ (s(2)) is injective in U,

and
v(u(2)) + 20 (2) ¢ (u(2) < v (s(2)) + 25 (2) ¢ (s (2)) -
Then it follows that
u(z) <s(z),

and u 1s the best subordinant.

Before turning to specific function classes, we also recall a family of functions that
frequently appears in subordination and univalence criteria.

We define by P the family of holomorphic functions 6 (z) defined in U, whose range
lies entirely in the right half plane:

Re (0 (z)) > 0, for all z € U,

and wich are normalized by 6 (0) = 1. These mappings serve as a cornerstone in geometric
function theory, as they frequently arise in the investigation of univalent and starlike
function classes. Numerous foundational results and deep structural properties have been
developed with respect to this class. Each function 6 € P admits a development in series
expressed as

oo
0(z)=1 +ijzj, zeU,
j=1
where the coefficients w; are complex-valued and the series converges for all z € U. These
functions are commonly referred to as Carathéodory functions.
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We denote by S be the class all functions in .4 which are univalent in U. Denote by
S* the subclass of functions f(z) € S that are starlike with the respect to the origin.
Anaytically, it is well-known that f (z) € S* if

Re (z}fé’;)) >0, z€U.

The class S* (a) of starlike functions of order a consist of thodse functions f (z) € A

that satisfy
!
Re(zf (Z)> >a, zelU, 0<a< 1.
f(z)

Beyond starlike and Janowski-type classes, further generalizations have been proposed
in the literature. We briefly recall several of them, as they will be relevant for our
applications.

We recall that Janowski introduced a generalization of the class S* as follows:

Definition 1.3.8. [24] We say that f € A lies in the subclass S* (A, B) if:

') (A _
Re((B—1) o — (A1)

(B+1)HE —(A+1)

)20, —-1<B<A<I1.

Equivalently, this condition can be written as a subordination relation of the form

zf () 1+(1-27)2
) 1-2

for a suitable choice of parameters.

Let K, C' denote the usual subclass of A whose members are close-to-convex, convex
in the open unit disk U. Gao and Zhou [17] introduced the class K of analytic functions,
which is a subclass of the class C. We say that a function f € A is in the class K, if there

exists a starlike function g € S§* (%) such that

2 !

Re{—M} >0, zeU.
9(2)g(==)

In [19], Goyal, Singh and Bulboaca defined and studied a subclass of analytic functions

related to starlike functions. If f € A, we say that f € K (A, B;u,v) if there exists a

function g € S* (%) such that

,2elU, 0<7<1.

w2 f (2) 1+ Az
= , 2
g(uz)g(wz) 14+ Bz
(-1<B<A<lu,veCHul <1,|v] <1).
More recently, J.K. Prajapat [36] introduced and studied a new subclass of

analytic functions y;(y). A function f € A is said to be in the class x;(7),
(0 <~ < 1,|t] <1,t #0), if there exists a function g € S* (%) for which

Re{%} >, z€U.

A function f € M, is said to belong to the class SM; (a), where 0 < a < p, of
meromorphic p-valent starlike functions of order a (see [40, 39)), if:

2f (2)
pf(2)

8
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In particular, for a = 0, the class SM; (0) coincides with SM;, the class of meromorphic
p-valent starlike functions.

The class CM,, (o), 0 < a < p , consists of meromorphic p-valent convex functions of
order « (see [18]). A function f € M, is said to belong to CM, («) if for z € U*:

(= () .
Re{—pf,(z) }< a, zelU" 0<a<p. (1.10)

Similarly, we denote by KM (c) the class of meromorphic p-valent close-to-convex
functions of order « (see [39]), defined by:

2f (2)
pe (2)

lﬂ@eKW@@)¢:Iﬁ{ }<—% 2zeU", 0<a<p, (1.11)

where e (z) € SM, , for z € U*. Since several results in this work involve g-deformations
of classical function classes, we next summarize the necessary background on g-calculus.

We briefly recall some notations and concepts of g-calculus. The theory of ¢g-analogues
or g-extensions of classical formulas and functions is based on the observation that

1—¢

li =4,q€(0,1),j €N, 1.12
S, =72€(0.1).7 (1.12)
The quantity
G 1=
DL—l_q

is called the basic number (or g-number). The g-factorial [;],! is defined by

= { VUt Mo e =2 (113)

Asq— 17, [j]q — 7, and this is the bookmark of a g-analogue: the limit as ¢ — 1
recovers the classical object.

In [23] and [22] Jackson introduced the g¢-difference operator (D,f) () acting on
functions f (z) € A defined as follows:

f(2) = f(g2)
z(1—q)

One can see that (D, f) (z) — f (2) as ¢ — 1™.

The ¢-difference operator plays an important role in the theory of hypergeometric series
and quantum phisics (see [2], [16]). Therefore, for a function f (z) = 27 the g-derivative is
given by

D,f(z) = , 2#0, 0<q<1;(Dyf)(2)|.=0 = ' (0). (1.14)

_1-7
- =2

21

D,f (2) = Dy (/) = [j]qzj_l, (1.15)

then liIriqu (2) = lirri [j] 21 = jzi~' = f'(2), where f (2) is the ordinary derivative.
4 a—

From (1.14) we have

q




o0 ~
For the function f € M,, f (2) = & + 3 aj4,27™P, 2 € U*, the power series of D, f is
j=1

P, =

2Dyf (2) = =2+ D [+ Pl ™. (1.16)
j=1

Under the hypothesis of the definition of ¢g-derivates operator, for f, g € A we have the
folowing rules:

Dy ((af (2)) £bg (2)) = aDyf (2) £bDyg (2), a,b € C,

Dy (f(2)g(2)) =g (2) Dof (2) + f(g2) Dyg (2),

D, (f(z)) _ g(2) Dyf (2) — f (2) Dqg(z), 9(2)g(qz) #0.

9(2) 9(2)g(qz)
The g-integral of f over [0, z] is given by (see [23])

| rwae==0-0% 01 @),

provided the series converges.
In the limit ¢ — 17, this reduces to the usual integral

tm [ 0= [

Higher-order g-derivatives are defined recursively by

DPf(2) = f(2), D f(z) =Dy (D Vf(2)) .

Explicitly, the g-derivative of the function f(z) of order r is given by

L e il e
D(T)f ) = ﬂzp Ty L L N X T 1.17
q ( ) [p—T]q! ;[]+p_r]q! Jj+p ( )
for0<r<p—TlandreNy=1{0,1,2,...}.
The definition of the ¢-Gamma function I'; (z) is given by

lf:roo 1_qj+1
FQ(m):(l_Q) Hl—qj+x’x>0’
7=0

which satisfies the following fundamental properties:
Uy (z+1) = [z],Iy (2),

and
Ly (G+1) = [jlg,

where j € N and the g-factorial [j],! is defined in Equation (1.13).
We next recall some definitions related to fractional g¢-calculus operators for
complex-valued functions f(z).

10



Definition 1.3.9 ([37]). The fractional g-integral of order o > 0 for the function f is

defined by

(T2, £)(2) = D; 2 f () = ﬁ / (2 = gt)as f(8) dyt,

with f (z) analytic in a simply connected region of the complex plane that contains the origin.
Here (z—qt)o—1 denotes the standard fractional q-shifted kernel used in fractional q-calculus,
taken on the branch for which log (z — qt) is real whenever z — qt > 0. Throughout, we
assume the principal branch and that the resulting integrals/series are absolutely convergent

for z € U.

Definition 1.3.10 ([37]). The fractional q-derivative of order a for the function f is
defined by
1 z
e _ 1—«a _
(Dg.f)(2) =Dy .1, f(2) = me,z ; (z —qt)-af(t)dgt,0 < a < 1.
For each j € N, the expression mq, referred to as the symmetric g-analogue of a
number, is introduced below:
i A
It is important to emphasize that the symmetric g-number differs from the classical
(non-symmetric) g-number typically used within the framework of quantum harmonic
oscillators under ¢g-deformation [14]. This distinction is significant, especially in applications
involving symmetry and operator algebra.

—~

The symmetric g-shifted factorial, denoted by [j] !, is defined recursively in analogy
with the classical factorial, but using symmetric g-numbers:

bl = {Eﬁqf;gj_z% Ul for 21,2, (1.19)

A notable limiting property is

lim [j] =
Jim ], =7
which shows that the symmetric g-factorial converges to the classical factorial in the
standard limit~. N
We now define the symmetric g-derivative operator [25], denoted as D, f (z), which
acts on functions f € A,. The operator is defined by

- fla2)—f(q"'2) 0 1l.zeU:
qu (Z) — { z(q—q*l) ’Z % 7q # ’Z i (120>

f'(0), for z=0.

As ¢ — 17, the operator converges to the classical derivative:

lim D,f (z) = £ (2).

q—1-

’

A direct computation confirms that the symmetric g-derivative of the monomial z? yields

qup - qup_:L?

11



and for a general function, f (z), its symmetric g-derivative has the following power series
expansion:

2D, f (2 j{: Plyajp2’ P (1.21)

The operator 15q satisfies several essential identities [26], which mirror the properties
of the classical derivative but reflect the underlying symmetric g-structure:

By(f()+9() = Duf()+ D),
P(f(2)9(2) = 9o z)Df()+f(q)Dqg(Z)
= g(g2) D + f(q7'2) Doy (2),
PN fen)D <> 9(g12) D <z>
Dq<g<z>> - 9(012)9(¢2) ’

ﬁqf(z) = ﬁqu(q z)

The difference operator helps us to generalize the class of starlike, convex,
close-to-convex functions analitically. The g-analogues to the functions classes S* and K
are given as follows.

A function f € A is said to belong to the class S; of g-starlike functions if it satisfies

2(Def)(2) 1
f(2) l—q| = 1—g¢
A function f € A is said to belong to the class K, of g-close-to-convex functions if

there exists a starlike function g € S* such that

,zeU. (1.22)

2D, f (2) 1
g(z)  1—g¢q

In this case we say that f € K, with respect to g. Some properties of functions in the class
IC, were studied in [38] and [41]. In [35], Y. Polatoglu investigated basic characterization,
growth and distortion theorems for the class S .

In [1], S. Agrawal and S.K.Sahoo introduced the class of g-starlike functions of order
a, denoted by Sy («).

A function f € A is said to belong to the class Sy (), for 0 < a < 1, if

2D, (f(2)) 1—ogq 11—«

f(2) l—q |~ 1—¢q
In particular, when a = 0, the class S} («) coincides with the class S}, which was introduced
by Ismail et.al.(see [21])

Let S, (5,0) denote the subclass of A, defined through analytic subordination for
0 < B <1 and a function § € P , as described in [3]:

Sq(ﬁ,e):{feA: 1iﬂ(zl?fqé§z)_ﬁ) <«9(z),z€U}.

Remark 1.3.11. As q approaches 1 from the left, S, (6) recovers the family S (6), as
considered by [28].

, zeU. (1.23)

=12y

,ze U

Remark 1.3.12. As ¢ — 17, the g-analog class S, (3,0) converges to the classical class
S (B,0), which is defined through standard analytic subordination, as detailed in [15].

12
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Remark 1.3.13. Furthermore, when ¢ — 1~ and the function 0 (z) is chosen as
S, (0) recovers the conventional starlike function class.

Remark 1.3.14. When the function 0 (z) is taken to be}igz, where the parameters satisfy
—1 < B < A <1, the corresponding class S, (0) becomes equivalent to the class S, (A, B),
which was studied in detail by Noor and collaborators, as documented in [33]. Furthermore,
in the limiting case as q approaches 1, S, (A, B) converges to S (A, B), previously analyzed
in the work of Janowski, referenced [24].

Remark 1.3.15. If the function 0 (z) is defined as ﬁ, then the associated class S, ()
is equivalent to the class considered by Noor in [31].

Remark 1.3.16. When 0 (z) = 11_%, the corresponding class S, (6) coincides with the

q-starlike function class S, (1, —q), discussed in [43] and [32].

Equivalently, membership in the family S, (1, —¢) of starlike mappings defined in terms
of g-calculus in U (see [21]), is characterized by the condition:

2D f(z) 1 _ 1
fiz) 1=q| 1-¢

1.4 Concluding Remarks

This introductory chapter positions the book within the broader context of geometric and
quantum calculus-based operator theory. The results presented in the following chapters
demonstrate that the interaction between classical geometric function theory and g-analytic
structures is not only natural but also remarkably fruitful. By introducing new operators,
developing sharp inequalities, and extending classical subclasses into quantum-deformed
settings, the book contributes to the deepening of the analytical foundations of modern
geometric function theory.

13
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The interplay between g¢-calculus and geometric function theory has attracted
considerable attention in recent years, mainly due to the rich family of analytic
transformations generated by g¢-difference operators and g¢-special functions. These
operators provide natural g-analogues of classical differential operators and lead to new
subclasses of analytic and univalent functions.

In the first part of this chapter (see [4]), we introduce and investigate a generalized
g-close-to-convex class K 4, defined through a structural condition involving the g-difference
operator and an auxiliary starlike function. This framework allows us to derive
subordination results, coefficient inequalities and Bieberbach—de Branges type estimates.

In the second part (see [5]) , we turn to operator-induced subclasses generated by
generalized differential operators associated with normalized Jackson g¢-Bessel functions.
These operators provide a complementary mechanism for constructing ¢-starlike functions
of order av and for extending classical results to g-deformed settings.

Together, these two approaches illustrate how ¢-difference tools contribute to the
development of geometric function theory and highlight the unifying role played by
subordination techniques in both structural and operator-theoretic contexts.

2.1 The Generalized ¢-Difference Class K,

In followings we give a generalization of the class introduced in [10], by using the g-difference
operator.

Motivated by the recent developments in g-calculus and its applications to geometric
function theory, we now introduce a generalized g¢-difference close-to-convex class, denoted
by Ki4. This class extends previously studied families and serves as a natural setting for
deriving subordination and coefficient estimates.

Definition 2.1.1. A function f € A is said to be in the class K4, (Jt| <1,t# 0,q €
(0,1)), if there exists a function g € S* (3) for which

tz2D,f (2) 1 1
9(z)g(tz) 1—q| = 1—9¢
We say that f € K, with respect to g.
We give an example of a function belonging to this class.

, zeU. (2.1)

Example 2.1.2. The function fy(z) = z + % belongs to the class K, with respect to
g (z) =2,t| <1,t#0,q€ (0,1), z € U. Indeed, fo is analytic in U with f,(0) =0 =
fo(0) =1 and go € S* (). We have
tz*D,f (2) 1
g(2)g(tz) 1—q|~ 1-q

This means that fo € Ky, with respect to go (2) = 2.

zelU <= |z(1—-q)—q| <1, z€U

The following result plays a crucial role in understanding the structure of the class
K, ,. It establishes that the auxiliary function G, defined in terms of a starlike function
g, remains starlike. This allows us to replace the dependence on g by a single starlike
majorant G.

Theorem 2.1.3. Let g € S* ( ), defined by

1
2

g(z)==z+ anz”, zeU, (2.2)
n=2
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and let

G(z):W:z—l—icnz”, zeU, (2.3)

where ¢, = > biby_j 177 with by =1, [¢t| < 1, t #0. Then G (2) € S*.
=1

J

!

Proof. Since g € 5* (4) and from the definition of starlike functions, we get Re {Zg (S) } > 1,

z € U. We note that for z € U, we have |tz| < |z] < 1. So, we obtain Re {tzgg(tg)z)} > 1.

Therefore, Re {zg(g)} = Re {%S) + tzgg(g;) — 1} > % + % — 1 = 0. This proves the

conclusion of the theorem. O

This result shows that the condition defining K}, can be reformulated in terms of the
function GG, which simplifies the subsequent analysis and leads naturally to subordination
relations.

Remark 2.1.4. According to Theorem 2.1.3, the relation (2.1) is equivalent to

2D, f (2) 1 < 1
G(z) 1—¢q| 1—¢q

: (2.4)

thus it is obvious that K;, C K.

In this section, we introduce a new class of analytic functions K, , in the unit disk U by
making systematic use of the previously defined ¢-difference operator. Within this unified
framework, we established several basic properties of this class, including its relationship
with the classical close-to-convex functions and with the class K, defined in terms of
g-difference conditions.

The main tools employed were subordination, coefficient comparison, and Clunie’s
method. In particular, the subordination relation

tz*D,f () 1+z
9(2)g(tz) 1—gz’

allowed us to derive inclusion results, growth estimates, and sharp coefficient inequalities
for functions in K.

We also obtained sufficient conditions for membership in this class in terms of the
Taylor coefficients of f and of the associated starlike function g.

Furthermore, we established a Bieberbach—de Branges type theorem for the generalized
class K;,, providing explicit upper bounds for the coefficients |a,| in terms of the
parameters ¢ and t. These results extend known coefficient estimates for close-to-convex
and g-close-to-convex functions to the more general ¢-difference setting.

The analysis presented here indicates that classes such as K;,, defined in terms of
g-difference operators and auxiliary starlike functions, form a natural bridge between
classical geometric function theory and its g-deformed analogue. This perspective will
be further developed in the second part of the section, where we study operator-induced
subclasses associated with normalized g-Bessel functions.
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2.2 Inclusion, Subordination, and Coefficient
Estimates for K,

Using the representation obtained above, we now provide a subordination characterization
of the class K;,. Such characterizations are essential for deriving coefficient bounds and
inclusion relations.

Theorem 2.2.1. Let f € A given by the power series representation
f2)=2+4) a2, z€U. (2.5)
j=2

We have f € K, with respect to the function g € S* (%) iof and only if
tz?D,f ()  1+z
9(2)g(tz) 1-gqz’

Proof. Let f(z) be an element of K;,. We have

el. (2.6)

tz*D,f (2) 1 ’ 1
_ < L g€ (0,1),]t|<1,t#£0,2 €T,
g(2)g(tz) 1-q| " 1—¢q (0.1). 1t 7

which is equivalent with
tz2D,f (2)
9(z)g(tz)

So, the function

1
—M'gM, M=\ M>1[{|<1t#0,z€U.
—q

12D, f(5)
*C) = @

has modulus at most 1 in the unit disk U. Therefore,

LtzQqu(z) . (% N 1)

o (z) = 180_(2(; (—O)S;((OZ)) _ — (J\ig(j)gl(;)(Ltﬂqu(z) - 1) (2.7)
M M g(2)g(tz)
satisfies the conditions ¢ (0) = 0 and |¢ (z)| < 1. By Schwarz Lemma we get
o(z) <z (2.8)
From (2.7) and (2.8), we obtain
t2°Dyf (z) 14+ ¢(2) 1+ 9(2) (2.9)

9(2)g(tz) 1-(1-F)é() 1-ad(z)
The equality (2.9) shows that

tz2D, f (2) - 1+z2

U.
gDyl 1-gz = ©

tZ2Dq
Conversely, let 9(2)g(

tzquf(Z)_ 1+ ¢(2) M:L M>1t|<1,t#0,z€ U
q R

g(2)g(tz)  1-(1-L)o(z) 1—
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t(ZZ)) < lquzz. We have




So,
tzQqu( % + ¢ (2)

)
@tz MGy

1-M
On the other hand, the function (JT;—LZ((ZZ)))’ with ¢ (0) = 0 and |¢ (2)| < 1 maps the
M

unit circle onto itself, so that

<M =

t2°Dyf (2) _ LM+ ¢(2)
9(2)9(t2) M‘ 'M1+1—f}” )
tz°Dyf () 1 ‘

g9(2)g(tz) 1—¢q

and the proof is now complete. O

1
1—a q€(071)7’t‘§17t7é0726(]7
—q

Remark 2.2.2. If we use the notation (2.3), the relation (2.6) is equivalent to

2D.f(2)  1+=z

G o) < e qe(0,1), zeU. (2.10)

Corollary 2.2.3. Let f € K, with respect to the function g € S* (%) Then

1— tz*D 1
P |ERS G I )  < Lt £0,2 €U (2.11)
L+qgr = |g(2)g(tz) 1-—
Proof. The linear transformation w (z) = 11+q |z| = r onto the circle with the centre
C <fiz—q{;, O) and the radius p(r) = ( —2r 2 Using the subordination principle, we obtain
t22D,f (2) 1+ qr? ( q)r
— , € (0,1),t| <1,t#0,z€ U,
g@a(t) 1o = 1-g 15 OIS LEZ02
which implies the desired result. O

The next step is to obtain coefficient inequalities for functions in the class K, ,. For this
purpose we apply a technique due to Clunie, which is widely used in geometric function
theory to handle expressions involving Schwarz functions.

Theorem 2.2.4. Let f € K, , with respect to the function g, f given by (2.5), g(z) =
z+ Y bpz", g € S*(3). Then
n=2

k g k—1 B 2
Z Ay —— anq a + ¢l (2.12)
l—¢q l—gq
n=1 n=1
where ay = ben jt" I, withby =1, [t <1,¢t#0, g€ (0,1), z € U.

Jj=

Proof. Using Theorem 2.2.1 and Remark 2.2.2, we have

Zqu_(Z) = —1+¢<Z) z Z)— =z z Z) = z z z
o = Togm TP (D) -0 Do () =GR+ G () 6(2) &

2D, f (2) = G(2) = ¢(2)(G(2) +2z¢D,f (2)).

22



From the definition of D, f (2), we get

n

> 1—gq )j Cn( q—q""! ) n
an —cp | 22 =0 (2 ap——— 4+, | 27,
Z( l—q (); l1—gq

n=1

where a1 = 1,¢, = Y bjb,—j1t" 7, with by = 1, [t] < 1,t #0, g € (0,1), z € U. Thus,
=1

k n 00 k—1
Z(an%—cn)z”—l— Z d,z" = Z(anql__qq —l—cn)z”,

n=1 n=k+1 n=1

oo
where the sum Y d,2" is convergent in U. Let z = re®. Since |6 (2)| < 1, we deduce

n=k+1
that
k 1— qn 2 k— q . q 2
2k
; anl_q — Cp, g 1_q Cn r . (213)

Passing to the limit in (2.13) as r — 1, we obtain the inequality (2.12), which completes
our proof. O

This proof is based on a method introduced by Clunie (see [9]).
As a direct consequence of the above argument, we obtain the following inequality
when the auxiliary function g is chosen to be the identity.

Corollary 2.2.5. Let f € K;, with respect to the function g, f given by (2.5) and
g(z)=2,9€ 5" (%) Then

k 1 qn n+1\ 2
9 _
a, (1+ 24 a, , 2.14
éJ |(1—q> q) EI I( 1__q) (2.14)

where [t| <1,t#0,q€ (0,1), z€U.

Next, we give a sufficient condition for functions to belong to the class K.

Theorem 2.2.6. Let f € A, given by (2.5), g(z) = z+ > by2",g € S*(3), and

n=2

Cp — Z bjbn_j+1tj_1, with bl == ]., |t| S 1, t 7é 0. [f
j=1

i (‘10—%q ~ ol

n=2

+ 1‘6"’ ) <1, qe(0,1),2€U, (2.15)
—q

then f € K, with respect to g.

Proof. If f € K;,, the relation (2.1) is equivalent to

q+ > len —an(l—q")|
n=2

<1,qe€(0,1),t| <1,t#0,z € U. (2.16)

o0

1= |enl

n=2
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From (2.16) we obtain

gz + > (cn + anq" — ay)z"
n=2

- <1,q€(0,1),]t| <1,t#0,z €U,
Z4 > cpzt

n=2

or equivalently,
2Dy f () 1 <
G (z) l—¢q| " 1—¢q

Therefore, if the function f satisfies the inequality (2.15), then f € K, with respect to g.
The proof of our theorem is now complete. O

, ¢€(0,1),]t| <1,t#0,z € U. (2.17)

Remark 2.2.7. In the particular case when fo(2) = z+ % and go (2) =z, |t| < 1, t #0,

q€(0,1), z€ U, fo belongs to the class K, with respect to go (see Example 2.1.2). But

2

n=2

Cn
- —ap [n],

|cal 1

This shows that (2.15) is only a sufficient condition.

2.3 Bieberbach - de Branges Theorem for the class
K,

We now turn to coefficient growth estimates of Bieberbach-de Branges type. These
estimates describe the sharp upper bounds for |a,| in the class K;, and generalize classical
results for close-to-convex functions.

We need the following result:

Lemma 2.3.1. A function f € K, with respect to g if and only if there exists a function
gesS” (%) such that

9 (2) g (tz) +tz(f (q2) — f(2))|
l9(2) g (t2)]

Proof. The proof can be obtained from

<1, [t|<1Lt£0,g€(0,1),2 €U (2.18)

tz>Dq f(2) _ tz(f(g2)—f(2)) []
9(2)g(tz) g(2)g(tz)(g—1)

If we use the notation (2.3), the inequality (2.18) is equivalent to
G (2) + f(g2) — f (=)
|G (2)]
We now proceed to state and prove the Bieberbach - de Branges Theorem for the
generalized class K;,. The Bieberbach - de Branges conjecture for close-to convex functions

is proved by Reade (see [11]). It states that if f € K, then |a,| < n, for all n > 2. The
Bieberbach - de Branges Theorem for the class of g-close-to-convex functions is proved in

([12]).

Theorem 2.3.2. Let f € K, with respect to g, [ given by (2.5), g(z) = z+ Y b,2", g
n=2

e 9" (%), then

<1,¢qe(0,1),z€U. (2.19)

1—
|an| <

=1 for allm > 2. (2.20)
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Proof. Since f € Ky, by (2.19), there exists a function w: U — U, w (2) = ¢+ >_ w,2"
n=2

such that
G(z)+ f(qz) — f(2) =w(2)G(2). (2.21)
Evidently, w (0) = ¢. By assuming a; = ¢; = 1, we have

(Cn +0an - CLn ZJ chnz + Z (Z Wn— 1cn> Zna q € (07 1)

Equating the coefficients of 27, for n > 2, we obtain

s

n—1

an, (" —1)=cy(qg—1)+ an_lcn, g€ (0,1).

n=1

It is easy to verify that |w,| <1 —|wi|=1—¢? foralln >1,¢€ (0,1) . Since G (z) €
S*, then |c,| < n, for all n > 2. Therefore we get the bound

n—1
l—¢
la,| < T n—i—(l—l—q);n] , g€ (0,1), for all n > 2,
which shows that the desired assertion (2.20) holds. O

Corollary 2.3.3. Let f € K;, with respect to g = = € S* (%), f given by (2.5),
€ (0,1), [t| <1, t#0, then for all n > 2 we have

(1—t")(t+q)
J<—— 1 1 , 0,1). 2.9
Proof. By rewritting the function g (2) = = =z + ) 2", we get
n=2
g(2)g(tz) _~t"—1
G ==t = E "ot <1,t#£0 U.

From (2.5), we obtain

;t—lz —i—(CI—l)Z—i—;(C] —1)a,z :<q+;wn2>;'t_1z'

This is equivalent to

z; " —1)a,z" —(1—q)z+(q—1)2:1.t::112”+z;.t;__1lz”z;wnz"

Equating the coefficients of 2™ on both sides of (2.5) for n > 2 | we have

At I S et S
—1 f—1 Ty T T e

(" —1)a,=(q—1).

Since |w,| <1—|wd| =1—¢* foralln>1,q€ (0,1), [t| <1,t#0 we get

tn—1 tn—1 -1
" Dla, < (g—1). 21 1
(" = Dlanl < (g =1) 7 + (4 )(t_1+ et )
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which implies

1—¢q |1 iy QR
|an|§1_qqn[1 1+q2 T ],forn22.
k=1

Or, equivalently,

(1=t (+q)
t—1

[(1+q)(n+l)+ ],fornZZ.

1 1
|ap| <
[n],1—1
This completes the proof. n

If we consider g (z) = z in Theorem 2.3.2, we obtain:

Corollary 2.3.4. Let f € K, , with respect to g(z) = z € S*(3), [ given by (2.5),
€ (0,1), [t| <1, t#0, then for all n > 2 we have

14¢

T,

In what follows, we turn from classes defined directly by g¢-difference inequalities, such
as K, , , to classes generated by g-differential operators built from special functions. In
particular, we focus on operators associated with normalized Jackson ¢ -Bessel functions of
the second and third kind and investigate their role in characterizing ¢-starlike functions
of order «. This provides a complementary viewpoint on how g-calculus interacts with
geometric function theory.

la,| < ——, ¢ € (0,1), for alln > 2. (2.23)

2.4 ¢-Bessel Functions and Associated Differential
Operators

The Jackson’s second and Hahn - Exton (or third Jackson) g-Bessel functions are defined
by (see [6])

vl ) (_1) (_)2j+u N
J2 (z;9) = (9”34 2 FUt) 2.24
(z:9) (@D 45 (@), (275 9); 224

and

IO (s5q) = @ 0o g~ (L7

1 ./
g2, 2.25
(@9 S5 (659); (075 9); (2:25)

where 2z € C, v > —-1,0< ¢ < 1 and

(a;9)y = H 1—ag"™") (a:q) = [] (1 - ad*™).

k=1 E>1

These analytic functions are g-extensions of the classical Bessel functions of the first
kind J,. Properties of the above g-extensions of Bessel functions can be found in [3] and

[7] and in the references therein. Because neither J? (z;q), nor JP (z;q) belongs to the
class A, we consider the following normalized forms (see [2]):

h? (z:q) = 2"¢, (q) 220D (Vziq) = ) K2, (2.26)

Jj=0
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and

W (z:0) = ¢, (@) 22T (Vzig) = ) T2, (2.27)
i20
(=1)7 g?G+) B (—1)7 236G+

(3:9)
where ¢, (q) = 12—, K;, = — , =
D =5as M= 3 9); (@), 7 (@a); (@),
0<g<l1, zeC.
Clearly, the above functions h? (z;q), s € {2, 3}, belong to the class A.

We now define the following two differential operators:

H2 (@) f(2) = f(2)*h? (2;q),
H2 @) f(2) = (1=N) f(2)*h® (29) + \2Dy (f (2) * b2 (2:9))
HE™ (@) F(z) = HE' (HR" ' (@)f () =

~ g i [1 + ([k;]q - 1) A]m Kyraz2®, (2.28)

and v > —1,

for A >0,v>—-1,0<qg<1,z¢eC, meN, where x denotes the usual Hadamard product

of analytic functions,
(_1)k—1 q(kz—l)(k—i-u—l)

K, | =
Pt (q; Q)k—l (qvth q)k—l

and

HE (@) f(2) = f(2)xhD (259),
HO @) f(2) = 1=\ f(2)*hD (z:0) + A2Dy (f (2) * b (2:9))

~ g i [1 + ([k;]q - 1) A]mTk_lakzk, (2.29)

k=2

for A > 0,vr>—-1,0<qg<1,z¢eC, meN, where x denotes the usual Hadamard product

of analytic functions and
(—1)F" gkt

Tp = :
(@)1 (@59),4

2.5 (Geometric Properties of ¢-Starlike Classes
Defined via ¢-Bessel Operators

The next theorem provides a necessary and sufficient condition for the transform
Hl(,?’m (q) f (2) to be g-starlike of order a. Such characterizations generalize classical
results for Bessel-type operators.

Theorem 2.5.1. The function Hﬁm (q) f (2) € S () if and only if

2D, <H£2§m (@) f (Z)) i [1—a(l+q)
H2™ (q) £ (2) L-e

,2elU, 0<a<],0<g<,A>20,v>—1.
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Proof. Assuming that h (z;¢) € S; (), we have:

Dy (B2 07() 1-ag| 120 [1-g Do(BE"@IE) 1-ag
HZ™ () f (2) l—q |7 1=q |1-=a  HR™(q)f(2) 1—q

Therefore, the function

g D (HRT@FE) 1o
T T e 1

has modulus at most 1 in the unit disk U and ¢ (0) = —q.
Let

=D, (HR ™ @1()
®(z) = p(2) —¢(0) _ HE ™ @) (2)
=009 () 114 g+ g 2R 010)

HE ™ (9)f(2)

The function ® (z) satisfies the conditions of Schwarz lemma, i.e. ® (0) =0, |®(0)| < 1,
so, we have:

@ (2)] < 2
We obtain
([ —a(ltq)td() 2D, (HE™ (a) £ (2)) =D, (HE™ (@)1 (2)) y
' TTHO 1 H @/ :
So,

2D, (Hfi’m (q) f (z)) 14 @(2)[1—a(l+q)
3 @i TmaeE

The above equality shows that

2Dy (HE™ @1 () 14201 —a(1+q)
(2),m B 1 -
H,3" (q) f (2) 7

Conversely, let

2D, (H,Ez,zm () f (Z)> 14+ 2z[1—a(l+q)]
2),m = 1-—
HZ™ () f(2) 7

Then, we have

Dy (HA" @1) 1401 —a(+q)
12" (@)1 (2) L-ale)

D, (HR" @ F(2) 1 ag 1480 -a(tq)] 1-og
H2™ () f (2) l—q 1—q® () 1—q
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:<I>(z)(1—a)—q(1—a) _ l—a —q+2(z)
(1-¢®(2)(1—q) l—q 1-q®(z)

, with ® (2) =0, |® (2)| < 1, maps the unit disk into itself, so

—q+P(2)

The function g% (2)

qu<H,£,2>?’m(Q)f(2)> _1—aq _‘1—04_—q+<1>(z) <1—a
HE™ () f (2) I—q| |1-q¢ 1-q2(2)| 1-g¢

and the proof is now complete. O]

Theorem 2.5.2. The function Hﬂ’m (@) f (2) € S; () if and only if

2D, (HS’A)’” (@) f (Z)) 14+ z[1—a(l+q)]
3).m B 1—
H,3" (q) f(2) 1

z2el, 0<a<],0<g<1,A>20,v>—1.

Proof. The proof is similar to the proof of Theorem 2.5.1. O
Corollary 2.5.3. Let Hl(,,z;’m (@) f(2) € Sy (). Then

l-rfl-a(l+q)] _ ZDq<H§,2§’m(Q)f(Z)) _l+rl—a(l+g)
brar T|OHRQ" @) | L—gr

forzelU 0<a<l1l, 0<qgq<1,A>20,vr>-—1.

Proof. The linear transformation
w (2)

maps |z| = r onto the circle with the center C' (r) = (¢, 0), where

L w(r)tw(=r) 1 1+T[1—a(1+Q)]+1—T[1—a(1+q)]

14 z[l-a(l+q)]
N 1—gz

2 2 1—qr 1+qr

1%l a1+ )
1—q27“2

and the radius
_l+rfl-a(+q)] 1+r’qg—ar’q(1+q)
N 1—gqr B 1 — g¢%r?
r(1-a)(i+q)

1— q27,2 ’
Using the subordination principle, we get

p(r)

#Da <H£’2A)’m @) f('z)) 4t l—a(+q)]| _r(l-=a)(1+9)
HZEQ))\m (q) f(2) 1 —¢?r? = 1— ¢2r2

Y

which readily yields

l—r[l-a(l+q)] _ 2D, <H1£,2))\’m(Q>f(Z)) 147[1—a(l+q)
L+ar T HA™ () f(2)

1—qr
This proves the conclusion of the corollary. O]
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Corollary 2.5.4. Let H(?’g "(q) f(z) € S¥(a). Then

(3),m
l—rl—a(l+q)] _ 2% (HV,A (Q)f(z)) _l+rll—a(l+g)
e A S O C R
Proof. The proof is similar to the proof of Corollary 2.5.3. ]

Using again Clunie’s method, we now derive coefficient inequalities for functions whose
transforms under the operator Hﬁ?’m (q) are g-starlike. These quadratic estimates play an
essential role in extending Bieberbach—de Branges type results to the operator setting.

Theorem 2.5.5. Let Hﬁ?m (q) f(2) € S; (a), then

J _ Lk m _1\k-1 (k=1 (k+v—1)
1
S 1AL [+ (1w, - 1) A U7 gL <
k=2 1—q A1(g )1 (@115 9),
i1 _ gkt (V1 (=1 (ktr—1) 2
l—q (D" ¢
< S ana) i+ (1) .
k=2 ( l—q ( ) | ]q A g @)y (@5 0)5 *

i=2,3,...

Proof. By using de definition of D, f (z) we get

_ k m (_1)k—1 q(k:—l)(k-i-u—l)
1 (1K, = 1) 2] g
_ [ + [k]q A 41 (¢; q>k71 (¢ q)k,lakz

(2.30)

=Dy (HA™ (a) £ () =

On the other hand,

2Dy (H3" @ F () 150 (:)[1—a(l+q)]
HY @) f(z)  1-e®()

It follows that
2Dy (HE™ (@) 1) = HA™ (@) ] (=) = (2:31)
= @) [HQ" (@) F () (L= a(l+q) + =D, (HA™ (@) £ ()] (232)
Using (2.28) and (2.29), we obtain

© 1 _ ¢ m (_1)1%1 q(k—l)(k+y—1) N
z+ [ ([k:] - 1) /\] agz® —
Z 1—q ! e 0)p (75 0)5

—Z—i[H([k]q—l) 3 CU g DR
k=2

A= )y (@75 @)y
- mo(—1)Ft gk le) i
1—a(l+4+9q)|z+ [ ( ))‘} Z R
Zz A g @)y (@5 0)5

>~ 1 qk m (_1)k 1 q(k—l)(k+z/—1) N
gz + 1+ (1, - 1) A" = qarz
; 1—gq a A1 (g3 @)y (@5 9)g s

= 2 (:)

_|_
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o 1— qk m (_1)’“*1 q(kfl)(k+ufl) p
3 < - 1> [1 ' ([k]q - 1> A] PG, @,

) Q)k—l

— — ¢! m Vel (k—1)(k+v—1)
149 (-1)" ¢ .

+ —+1—a1+q)[1+(k —1>A} a2

§< 1—y¢ tra) 1, (g q)y (@),

So,
. q—qF m (1)L kD) (k+r-1)
q—q [1+ ([k:]q—1> A] k(l )" q 1 ok —

k=2 l—q A1(g ), (@15 0),

@ (2 )[(1+Q)(1—a)2+
1—¢ m (=1)FT gD k=) .
+ al—i—q)l—l—k‘—l)\ apz" | .
Z( ( ) [ <[ ]q > ] A @)y (@5 @) *
By Clunie’s method (see [8]) we obtain the required inequality. O
Theorem 2.5.6. Let Hgm (@) f (2) € S; (), then

J _k m (_1\k1  Lk(k-1) 2
q4—q [ < ) } (=1)" "¢
T+ (k] —1) A ap| <
Z 1—¢ Hy (6@t @50y
J— _ k1 m _\k-1 Lk(k—1) 2
1—¢ (=1)" ¢z .
< . SASpN 1—|—q)[1—|—<k: —1>>\] ar| =23, ..
k=2 ( L—q ( ) 1 (@3 @)1 (@505 ’
Proof. The proof is similar to the proof of Theorem 2.5.5. O

The following results establish Bieberbach—de Branges type inequalities for the classes
generated by Hy?i’m (q) and H,S:?m (¢). They provide explicit upper bounds in terms of
the operator parameters and the ¢-starlikeness order.

The Bieberbach conjecture for the class S} is proved in [12].

A necessary and sufficient condition for functions f (z) to be in S} (o) was obtained in

[1]:
Theorem 2.5.7. A function f (z) € S} () if and only if

f(qz) ‘
= —qq| <1—a, z€U.
f(z)
2Dy f (2) 1 < f(QZ)) L
Proof. From g = 1-— and from the definition of S* (o) we get
/ ‘ o T T TR () wes
the result. O

By using this result, we will analyse the Bieberbach - de Branges theorem for the class
of g-starlike functions of order «.

Theorem 2.5.8. If Hﬁm (q) f (2) € S; (a), then for all k > 2, we have

0 < P g0 (0, (1-¢)(1-0a) ﬁ ( 1—¢*)(1- 04))
- [1 n ({k]q _ 1) A} D 1) q—q* e q—q ’

forzelU, 0<a<l, 0<g<1,A>20,v>—1.
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Proof. Let
HE™ (q) f (g2)

HY™ () f(z) € Sia) & ’ —ag = 1 -
’ 1 HA™ (q) f(2)

H2"™ (9) f(g2)
H(2)7m

2"wie |

1—a B
HE™ (9) f ()
. H(2)7m z
Then there exists w : U — U such that w(z) = LA (f)_fo(é )

Clearly, w (0) = gq.
It follows that

H™ (q) £ (g2)
w(z)(1—a)=— — agq,
== e ™

S0,

HZ™ () f(q2) = @ () H™ (@) £ (2) (1 — @) + agHE™ (g) f (=) -

For a; =1, wy = q we get

5 1+ (1, 1)) o g -

k=1 ! A1), (@5 9),
> > m (_1)’6*1 q(kfl)(kﬂ/fl) i
w2 ﬁ+(w]—gx] v h AN
kz% ) (; ! A1 (g q)py (5 0),

m (_l)k—l q(kfl)(k+l/fl) .
1+ < k] — 1) A] k2 =
[ 4 (g )y (75 0)5,

(-t o) 21 ()] et

—0 1;q>k71

[M]¢

(1 —a)+aq

T
I

Comparing the coefficients of 2 (k > 2), we get

" (_1> - q(k—l)(k+v—1) .
1+ ([k] —1)A WRd =
[ <[ Jo ) ] A1(g ), (@15 0), “

[ [k] \ m (_1)1%1 q(k—l)(k—l-z/—l)
_ a1+< ~1) ] arq +
e 4h—1 (q; Q)k_1 (qVH; Q)k_1 :

\ m (_1)k—1 q(kfl)(kJrufl)
(1-« [1 + < ) } arq +
A1 (g q)g—y (75 0)5

k—1 -1 _ _
m -1 (I-1)(l+v—-1)
1—0( E wkl[ ( 1>)\i| ( ) g ay,
=1

A= (g 9),-, (@ 9), 4

thus,

m (_Dkfl q(kfl)(kﬂ/fl) .
[ <[ ]q ) ] 4h—1 (q; q)k;—l (qV—H; q)k:—l i (C] q>
-1

m (_1)1*1 q(l—l)(l+u—1)
= (l-a e |14+ ([, —1) A
( ) - k—1 [ ([ ]q ) ] 4l-1 (C]; q)l—l (qu-i-l; Q)l—l

o

a;, for k > 2.
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Since |wg| <1 — ]w0|2 =1—¢% for k>1,

b ()

g Q>k 1 (vt q)k—l

k—1

1— (1— m _ 1)1 =D (r-1)
DS [ (- )] i g b2 2
q—q¢ 47Hg ), (@ 9),

(1-¢°)(1—a)
q-—q*

<

m <_1) q1+y
Thus, for k = 2, |[1+ A] , and for k > 3,

a2
41 (g; q)y (75 9),
by applying a similar method to estimate |ax_1|, we obtain

1+ (10, -1) A" (—1)* gDkt
()
e 4k-1 (QS Q)kfl (QVHS Q)kq :

< (1-¢% (1k_ a) <1+ (1—q2)<1_a>> "i [1+ ([l] _1> A]’” (1) gDl o

q—q q—q~! — A (g @)1 (@5 9)

Iteratively, we conclude that, for k > 3,

m (_1>k—1 q(k—l)(k-l—u—l)
1+ ([k] —1)A a
[ ([ ]q ) ] 4k-1 (q; Q)k—l (QVHQQ)k—l *

< ﬂ—@ﬂﬂg%0<y+ﬂ—qﬂgfaf>O+X1—¥M1—avlnO+}1—fﬂl—®)7

q—q q—q~- q—q+? q—¢?

<

and the proof is now completed. O

Theorem 2.5.9. (The Bieberbach - de Branges theorem for Sy (a)) If ng)m (q) f (2)
€ S; (a), then for all k > 2, we have

(0,1 (@5 9), 1-¢)(1-0a) 1-¢%)(1-a)
[ () e e )

forzelU 0<a<1l, 0<q<1,A>20,vr>-—1.

Proof. Let o
H3™ (q) f (q2)
H(S),m g v, . < 1 —
VA <Q) f (Z) € q (CY) <~ | HZE?))\’m (q) f (Z) (6% >~ (07 <~
fﬂf?m(Q)f(QZ)__aq
H™ @) ()|
l—« -

HR"@f @)
H™ (q) f (2)

Then there exists @ : U — U such that @ (z) =
Clearly, @ (0) = gq.

l—«
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It follows that

HO™ () f (g2)
w(z)(l—a)=— — agq,
D= = e

SO,
HE™ (q) f (g2) = @ (2) HY™ (q) £ (2) (1 — @) + agHE™ (q) £ (2).
For a; =1, wy = q we get

o) (—l)k 1q§k(k 1)

Zl [1 * <[k]q B 1) )‘}m (@ @) (¢ ,q)k_laquZk -

(1) g

— <i wkzk> (i [1 + <[k’]q - 1) )\]m @GO @ ﬂQ)klaka> (1—a)+

. (—1)* gzt

—|—an [1 + ([k]q - 1> )\}m GO @ a2 =

00 00 m (_1)k 1q2k(k 1) X
= ((1-a)) @+ ag L+ ([k], —1)A apz".
( Z kz: [ ( ! ) ] (@)1 (@5 0)4y
Comparing the coefficients of 2% (k > 2), we get

m  (—1)F1  5k(k—1) .
[1 + ([k]q B 1) A} (Q'(q)i) . (qz“; Q)k_lakq -

k1q§k(k 1)
= e ()"
q aq)k—l

) } (1) ikt
(q; Q>k 1(qy+1§q>k—1

(1—a) [14—( arq +

mo(—=1)7t el
+(1-a) lz;wkl [1 + <[l]q B 1) /\] (q; Q>l—1 (qurl; Q)l—l o

thus,

1+ (= 1)) G =) -

S

= (1-a) S Wh— [1 + ([l]q - 1) A}m (q;(q_)ll)i (ICIQ2Z(»IC];)11

=1

a;, fork > 2.

Since |wy| < 1 — |wo]” =1— ¢, for k> 1,

m o (=1)F ! gaktD
1+ (k] —1) A a
[ <[ ]q ) ] (q;Q)k;—l (qy+1§CI)k—1 :
21(1-1)

B ) k 1 m 1)1 3
Lo > [1+ (1= 1) A (q;(q)ll_)l (qq To e

q—q" —1

<

Thus, for k = 2,

—1 1—¢*)(1—

1+ A" ( )ql aQ'g( Q)(2 a>,andf0rk23,by
(¢;9), (¢*'50), q—q

applying a similar method to estimate |ax_1|, we obtain
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m (1)1 k(=)
[1 - Gk]g N 1> A] (q;<Q)t)1 (q?’“; Dot :

k—1 1

L 1=)(1-a) <1 L= qj)q(kl_l— a)) 3 [1 N <[l]q B 1) A]m ( (1) g2l o

q— ¢ q — @)1 (@45 0),

Iteratively, we conclude that, for k£ > 3,

m 1\ k(1)
[1 " ([k]q N 1> A] (q;(q)i)_1 (q%“; D ¥

(1-¢)(1-a) <1+<1—q2><1—a>> (H(l—q?)(l—a))_,_ (1+<1—q2><1—a>)7

q—q* q—q¢kt q—q+? q—¢?

<

and the proof is now completed. O
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Chapter 3

Higher Order g-Derivatives and
Normalized Function Classes
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In this chapter (see [6, 3]), we develop a unified framework for the study of analytic
function classes defined by higher-order g-derivatives, extending classical geometric function
theory to the setting of ¢-calculus and preparing the ground for the Janowski-type
multivalent classes introduced later in the chapter.
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3.1 Higher-Order g¢-Derivatives and Associated
Normalized Function Classes

Let f € A,, given by f(z) = 2 + Zjil a;j+p2?tP. We consider the ¢-differential operator
qup : A, = A,, defined by:

Vé =P+ Z j+1 a]+pzj+p (3.1)

This g-differential operator was mtroduced by convolution in [11].

Remark 3.1.1. The operator \/épf(z) corresponds to a generalization that simplifies
to the Salagean type q-operator for p = 1, originally formulated by Govindaraj and
Sivasubramanian [9]. In the limit as ¢ — 1~ with p = 1, the operator specified in ( 3.1)
recovers the well-known Salagean derivative [23]. This shows that the generalized operator
naturally extends classical results.

Differentiating qup with respect to the g-derivative, we arrive at:

Vapl(02) = Vi f(2)
z(g—1)

(qutf,p) f(z) = [plgz"~" + Z (] +1] ) j —i—p] a;1p?’ H(3.2)

Remember that, in the first chapter, we introduced the operator:

. flez)— f( 0 1 c U
Df(z)=4 oo~ 7he# Lz (3.3)
f(0), for z=0.
By iterating the g-derivative and using (3.2) together with (3.3), we arrive at:
(D§Vip) £(2) = (DgVyy) F(2),
— (. € . -
(DPVEF) (2) = [Plalp — 11,277 + ) ([J + 1]q) [+ 0], [ +p = 1, a2 772,
j=1
=+l ¢ -
(DPVES) (2) = bl + 3 (1+11,) a5ep?’ (3.4)
j=1 a

Here, (Dép )V:fp f) (z) denotes the p-th order g-derivative of me f, where p € N.

In a more general setting, the k-th g-derivative of qup f, with 0 < k < p, takes the
form:

[e.e]

! k + q! : Jj+p—k
(DC(JK)Vq%pf) (2) = I [ﬁ]l]q!zp + ; [j[j-p—f]k]q! ([J + 1]q)€ Aj+p2 : (3.5)

The following basic identity, relating consecutive parameters £ and & — 1, will play a
crucial role in what follows.

Proposition 3.1.2. The identity given below is valid for the involved operators and holds
for all functions f € A,:

2 (DPVE 1) () = (DFOVE ) (2) (3.6
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Proof. Indeed,

- =i+l /. £-1 .
2(DPVEF) (2) = [pllz+ ) T’q ([J i 1]q> a2t

j=1 q
= [j+pl, ¢ |

- mq’”Z = ([j+ 1] ) aj4p2”
Jj=1 [‘7 + 1]q! !

= (D) (),

The proof is complete. =

We now use the higher-order g-derivatives of qu’; ! to introduce normalized classes of
analytic functions. These classes will be the main objects of study in the first part of the
chapter.

Employing the operator D((Ip ) Vq%j Lf we introduce the ensuing families of holomorphic
functions parameterized by 0 < 8 < 1, along with a function 6 € P,

S = { feA: ﬁqlpgp—ﬂv;f;l fes, (e)} : (3.7)
S (B,0) = { feA: ﬁqlpgp—ﬂvgy fes, 8, 9)} : (3.8)
Specifically, we define
S Gig'z) —SS1(AB), —1<B<A<1, (3.9)
and
S (5, iig'z) —SSU(BAB), —1<B<A<1, (3.10)

These definitions generalize well-known classes in geometric function theory and allow
us to study the effect of the parameter ¢ through inclusion relations based on subordination.

3.2 Inclusion, Subordination, and Structural Results

We begin with a lemma of subordination type that will be used repeatedly to compare
classes with parameters £ and & — 1.

Lemma 3.2.1. [1] Let 0 € P and Re{o60(z) + 7} > 0, o,7 € C. If x is holomorphic in
U and satisfies the normalization x (0) = 1, it follows that

2Dyx (2)
ox (z)+7

X (2) + <0(z), zeU,

implies x (z) < 0(z), z€ U.

This lemma will allow us to propagate subordination from a differential expression
involving y back to y itself, and therefore to relate the classes corresponding to different
values of €.

We now establish inclusion criteria among the classes Sjp_l (0) and Ss,p_l (8,0),

This part of the chapter focuses on establishing inclusion criteria among the classes
Sg’pfl (0) and Sg’;l (0) and similarly for their 8- versions. The key idea is to use
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higher-order g-derivatives of the operator qup together with Lemma 3.2.1 to show that
class membership is preserved when passing from the parameter £ to & — 1. Special choices
of #, such as HZ , will then yield concrete families that play a central role in geometric
function theory

Theorem 3.2.2. Let f € A,, and 0 € P. Then the following inclusion property is satisfied:

SE

q,p—1

(0) € S5,% (0).

q,p—1

Proof. Suppose that f belongs to the class Sé,p ().

We define
2D, <p],D(”1V5 ') ) -
Ghor e o
which is equivalent to .
’ ngp 1) =x(2), (3.12)

(Dé”‘%%plf) (2)

under the conditions that x € H (U), satisfies x (0) = 1 and 6(z) does not vanish.
Substituting equation (3.6) into (3.12), we obtain:

(PP VEF) ()

— — =x(z). (3.13)
<qu Y szg,p 1f> (2)
Logarithmic g-differentiation of (3.13) yields
)
( pvg f)( ) quX(Z)
<Dq Vq,pf) (2) X
Given that f € S qp L (0), we infer from (3.14) that
zDgx (2)
X(2)+ ———=<0(2).
() + 20 <)
Through the use of Lemma 3.2.1, it follows that
(p)Vg—l -
o) fp_lf( ) <0(2).
(qu Vap f> (2)
Consequently, f € Sg pl 1 (0), completing the proof. O]

Theorem 3.2.2 shows that decreasing & by one enlarges the class, in the sense that
every function belonging to Sg »—1 (0) remains in the corresponding class with parameter
& — 1. The following corollaries record this inclusion for specific comparison functions.

Corollary 3.2.3. For f € A,, the inclusion below is satisfied:

85

q,p—1

(A,B) C S~ (A B),

q,p—1

where —1 < B< A<1
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Proof. Let 6 (z) = }igi, where —1 < B < A < 1. By applying Theorem 3.2.2, the desired

inclusion follows directly. O]
Corollary 3.2.4. Given f € A,, the inclusion below follows:

Sgp 1( ) S§p11(17_Q>'
Proof. Taking 0 (z) = 11+qzz and applying Theorem 3.2.2, yields the stated outcome.  [J

Corollary 3.2.5. Suppose f € A,. Then the following inclusion relation holds:
Sep1(0,—q) € 85,01 (0,—q).

q,p—1

Proof. Let 0 (z) = ﬁ. By applying Theorem 3.2.2, the conclusion follows immediately.
O

We next extend this type of inclusion to the more general classes depending on a
parameter 3.

Theorem 3.2.6. Let f € A, and 0 € S be such that

Re{6(2)} < %. (3.15)

Then the inclusion
qp 1(ﬁ7 ) Sgpll(ﬁ 9) (316)
holds.

Proof. Assume f (2) € S(ip_l (B,0) and set
1 (#Da (GDPVE ) (2)

R (DF"Vis ' f) (2)
provided x is holomorphic, normalized so that x (0) = 1. Expression (3.17) is equivalent to
L (2(0PVE) @
PO (D) )

— 31, (3.17)

X (2) = -1,

Using identity (3.6), we find

< p)v& 1f>( ) B D((Zp—l)vépf(z)

(D) () (D) (o)

Substituting this into (3.17) we obtain

Dy Ve ()

(PP Vi r) (=)

Now, logarithmically g-differentiating equation (3.18), we derive
[ (0PvE) )

L=B (D) 2)

=1 =0)x(2)+5, (3.18)

zDgx (2)
(1=B)x(2)+p8

- Bl =x(2)+ (3.19)
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Since the condition Re {0 (2)} < % implies Re{(1 — ) x (2) + 5} > 0, we can apply
Lemma 3.2.1 to (3.19) thereby obtaining

f(2) € 85,5 (8,0),
as required. O]

As before, Theorem 3.2.6 implies the corresponding inclusions for the Janowsky-type
subclasses.

Corollary 3.2.7. For f € A,, the inclusion below is satisfied:

S¢ 1 (B,A,B) C 8L (8, 4,B),

q,p—1

where —1 < B < A< 1.

Proof. Let 0 (z) = iig'z, where —1 < B < A < 1. Applying Theorem 3.2.6, and

considering the notation (3.10), the desired inclusion follows directly. [

Corollary 3.2.8. Given f € A,, the inclusion below follows:

St (B 1,—q) S (B,1,—q) .

Proof. Taking 6 (z) = 11:; and applying Theorem 3.2.6, along with the notation from

3.10), we obtain the result. O
(3.10),

Corollary 3.2.9. Suppose f € A,. Then the following inclusion relation holds:

Sg,pfl (ﬁ? 07 _Q) g Sg,;il (B, 0, —q) .

Proof. Let 0 (z) = ——. By applying Theorem 3.2.6, and taking into account notation

1—qz
3.10 conclusion followg immediately. m

Observation 3.2.10. The inclusion theorems established in this section illustrate
the central role played by subordination in the analysis of the operator-based classes.
In particular, the subordination results obtained above highlight how the generalized
higher-order q-differential operator creates structural connections between the newly
introduced subclasses and well-studied families of analytic functions. In particular,
these relations show that the q-calculus framework preserves many of the hierarchical
properties known from the classical theory while also providing genuinely new phenomena
for0<qg<1.

Observation 3.2.11. We note that the method used here relies essentially on subordination.
Although duality methods could also be applied to study related questions, we leave such
wmvestigations for future work.

3.3 Coefficient Estimates and Extremal Problems

We now turn from inclusion properties to coefficient estimates. In this subsection, we
focus on two particular subclasses, for which we shall derive sharp Fekete-Szegd type
inequalities and sufficient coefficient conditions.

For brevity, we introduce the notation

SE! ( L+e ) =S8 (1, —q) = LS5 (3.20)

q,p—1 1 — qz q,p—1 q,p—1
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and

_ I+z _ _
Sfipil (67 1 — qz> = Sg,pil (67 ]-7 _Q) = [’Sg’pil (5) (321)

In what follows, we investigate sharp coefficient inequalities in ES;;I and its generalized
form £85! (6). By employing the higher order g-derivative of Vflj ! together with

p—1
subordin;’fion techniques and expansions of associated Carathéodory functions, we derive
Fekete—Szegd type estimates for the coefficients a,1; and a,12. Additionally, we provide
adequate analytic constraints under which f € A, is contained in these function subclasses,
and we analyze special cases obtained by choosing specific values of the parameter £. As a

preliminary step, we recall the following lemma concerning Carathéodory functions.

Lemma 3.3.1. [19] Let the function w(z) given by w(z) = 1+ w2z +wqz* + -+ - belonging
to P, the set of mappings in U whose range lies in the {z € C: Re(z) > 0}. Thus, for
every complex constant K, the relation below is satisfied:

—AK +2, K <0

lws — Kw?| < <2, 0< K <1 (3.22)
4K -2, K >1.

For K outside the interval [0, 1], the identity in (3.22) is valid exclusively when w(z) = 112,
or a rotated instance of it. For K in the interval (0,1), the identity in (3.22) holds precisely
if w(z) assumes the form }sz or a rotated counterpart. The relation stated in (3.22) is
valid under the condition K = 0, if

140\ 1+= 1—0\1—-2
_ <5<1
w(z) ( 2 )1—z+( 2 )1+z’ 0=o=1,
or a rotated analogue. In the case K =1, the identity in (3.22) is fulfilled whenever w(z)

is the inverse (in the compositional sense) of a function for which the relation holds in the
K =0 scenario.

Using Lemma 4.1.4.1, we are now in a position to derive Fekete-Szeg6 type bounds for

the classes ES;;L and ESS’;L (B). We begin with the non-parameterized case.

Theorem 3.3.2. Consider f € A, belonging to the class LS. Then

q,p—1-
% K(p€) A<
[1+pl,[2+p],(13],)
2 2 q : < < .
a/p+2 - )\aerl‘ S q[1+p]q[2+p]qg[3]q)§72 Zf 71 — >\ — ,}/2 )
2
- 4 —K (q,p, 1 < A,
q2[1+101q[2+p]q([3]q)g K (a8 e
where
2(¢-2) ) 2(6-2) =
alt+2],(2,)  +@+n0+p,(2,)  -Aw,2+5,(3),)
K (q,p.§) =




and 26
1+, (121,)

2,244, (B,)

Y2 =

FEach of these results is sharp.

Proof. Assume that f € £S§p11 By (3.7) and (3.20), it follows that

Vf 1f(Z) . 1+ 2
(qu Y Vqé,p 1f> (2) L—qz

We proceed to define the function w € P,

1+v(z)

—— L =14 w2+ w2 + wzz® + ...
1—v(2)

w(z) =

From (3.24) we deduce that

Hence, from (3.23), it follows that

zD((,p)Vé;lf(z) 1+v(2)

(DY Vi ) (o) 1)

where
1+v(z) 2w (z)

l—qu(z) (1-quw(z)+(1+q)
So, from (3.25) and (3.26), we obtain

V5 Lf(2) _ 2w (2)
<qu 1‘/(1§p1f> (2) 1—qw(z)+(1+q)

Using (3.25), it follows, upon simplification, that

1(q+ 1) [w} (g — 1) + 2w,)

2 1
U)(Z) _1+_(q+1>w12+4

1-quw(z)+(1+q) ~ 2
Proceeding similarly, we obtain that
zD(p)VE 1 (z)
<D(p 1)‘/;1517 1

+[1+ p ¢ < > qapi1%
2(¢-2)
+

il {2l (8,) aapia - 00l (21,

Thus, we obtain

qaiﬂ} .

(3.23)

(3.24)

(3.25)

(3.26)
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and
2], [wi (¢* + 1) + 2quy]

a2+, (18,)

ap+2 =

It is clear, therefore, that
2],

2q[1+p], 12+ 7], (13],)

|ap+2 - )\a123+1| = = ’wg — kw?|, (3.27)

where

A [Q]q 2 +p]q ([3](])5_2 @+ +p]q ([2]q>2(§_2)

21+, (12,)"

The desired result is obtained through the application of the Lemma 3.3.1 in (3.27). [

k=

As a direct consequence of Theorem 3.3.2 with & = 1, the subsequent outcome emerges.

Corollary 3.3.3. Assume f € A, belongs to the family ESg’pfl. Then
21,3, - .
e K (4:7) A<
(21,031, - _
|apro — a2,y | < W frn<A<7;
2, (3],

e, K (@p) e <A

where

K(g.p)=¢+q+1—

(¢ +1)[1+p],[3],

(12,) 2+,

M=

e [, 8,
P ACETA

All of these results represent best-possible cases..

We next extend these Fekete-Szegl type estimates to the generalized class £S5 (B8).

q,p—1
Theorem 3.3.4. Assume that f € A, is contained in the family ES;;L (B). Then
2),(1-8) .
—K (q,p,&, if A <3
q2{1+p1[q§2(+p1q()[31q)5 K (4.p.8,9) SA<
2], (1-8 :
!ap+2—)\af,+1|§ s if 3 <A<y

a[1+p],[2+p], ([3]q;£72

(2,15 .
- . =K y Py Sy < >‘7
(12[1+p]q[2+10]q([?’]q)5 (.05, ) I

where
€2

(1= B8) 2+, (13],)
e, (2,)°

K(q,p,&8)=0-p)[2),— " +2q -
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i+ (2,)" " {a-92, - a1}
3 = £—2 ’

(1-8)2+, (1],)

and

1, (2,)° {08, - ¢ +30)
Y4 = [ .

(1= 8) 2+, (13],)
FEach result is the best possible one.

Proof. Let f € ,CS;;L (B). Using (3.7) and (3.21), we obtain that
(= (PVE) ) ANRES .
_ < . .
PR (Vi) () Lo

Define the function w € P as follows.

1
w(z) = 11”;22 =14 w2+ wez® + w3z + ... (3.29)
It can be deduced from (3.29) that
-1
v(z) = w(z)
w(z)+1

Consequently, by (3.28), we obtain

I (ngvqf;lf) (2) 1+ v(z)
1-3 (<D§p1>vq§p1f> o 5) (3.30)

where
1+ (z) 2w (2)

= (3.31)

L-—qu(z) (I-qQuw(x)+(1+q)
It follows from (3.30) and (3.31) that

(P)y e~
1 Z(qu V:f,plf> () 5 = 2w (2)
=5\ (o vis) ) T—gu+0+a
By using (3.30), it can be deduced, after simplification, that

2w (2) _ 1 W2 1 w2 (0 — ws] 22
(1—q)w(z)+(1+q)_1+2(Q+1> 1 +4<Q+1)[1(q 1) +2 2} + .

By proceeding in a similar manner, we obtain

(2 (DPVE) ) ] =2 (DPVE) () =B (DY IVE ) ()
o\t e ) a-s (D) ¢
1+, (12,)

= 1+ -3 Ap+172
1+ - (6-2)
+ [1 _p’gq {[2 +pl, ([3](1)5 2Q%H —[1+7p], ([2](1)2;E i qaﬁﬂ} 2+

47



Hence, we find

(1-p)(g+1)
21 +4], (12,)

Apy1 = wy,

and

2, {08 [1- 82, +ala—1)] wi+ 2}

a4l 249, (8,)

Qp+2 =

Clearly, we have that

AL
2q[1+ 9], 12+ 2], (13],)

: (3.32)

2 —
Gpy2 — Aap—&-l‘ =

where
=B, 24, (18,) e, (12,) {2,0-8) —aa-1)
= 2(6-2) '
2q[1+], (12],)
Applying Lemma 3.3.1 in (3.32) yields the desired result. O

Choosing ¢ = 1 in Theorem 3.3.4 leads directly to the subsequent result.

Corollary 3.3.5. Suppose that the function f € A, lies within the subclass ESgp_l (B).

Then
%K(q,p,l,ﬁ) iFA<s
|apsa — Aas | < % ifys <A<
—%K(q,p, LB)  ifu <A
where 3
Kol — (15 mq_qmq_m—ﬁ) (121,) 2+ sl
[1+p],[3],
1+ p], 18, {12, (1= 8) — ¢ + ¢}
Y3 = 3 ,
-5 (12,) 2+,
and

1+, 3], {[21,0— /) —a(a— 1) + 20}

-5 (2,) 2+7,

V4 =

Fach of these results is sharp.

The coefficient bounds obtained so far are sharp but not yet phrased as simple “if and
only if” coefficient conditions. In this subsection, we give equivalent formulations of the
definitions of the classes ﬁSi;l and Eng;il (B) in terms of explicit inequalities involving
the Taylor coefficients of f. From the defining subordination relations, one easily checks

that
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feLs ! e - < . (3.33)
D

(P)yre-1
- z(Dq Vo f)<z)_( 1-5) 1-8
fes; - (8) (Dgp‘”v 57;1f> o = )| <1T=¢ (3.34)

We now show how these relations can be rewritten as coefficient inequalities.

Theorem 3.3.6. We say that f € A, is a member of the family [,Sgp 1 when the following

condition holds: [ |
=i+t €1
> O (+10,) Jasel <1. (3.35)
q’ q’

j=1
Proof. Given that (3.35) is satisfied, it is enough to demonstrate that
< P)Vg 1f>( ) ] ]

— < .
(PP v ) () tma) 1a

Thus,

oG A B G R
(D¢ v )@ Lo (D s ) | e
(Dé e f) @)—(Dé”‘”Vfglf) @,

= -
(PP V" f) () L=

oo Litel! (1 Sy :
21 [;+f1'<[9+1]Q> ([JJrl]q_l)“j*pz] L4

i+p),! (1. &l , 1—
Pl + 5 e (1)) e !
0o L+l (. -2 /.
S (+1,) (U1, = 1) lagsl
J 71, . q
oo litely! (1 -2 I
il = S e (+1,) gl ’
Under the assumption that (3.35) is satisfied, the last expression does not exceed 11:,
which concludes the proof. O

Example 3.3.7. Consider f € A,, defined by f (2) = 2P+ 2P+ which implies that a, = 1
and ajip, = 0, for all j > 2. Therefore, using the criterion established in Theorem 3.5.6, f
€ £S€p 1 provided that the condition below is satisfied:

e-1
1+, (12,) <1
The following result is obtained by substituting ¢ = 1 in Theorem 3.3.6.
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Corollary 3.3.8. A function f € A, belongs to ESg’p_l under condition:

= [j+0p],!
S U e,

=l ),

We now extend the same strategy to the class £S§ o1 (8).

Theorem 3.3.9. The analytic function f € A, lies in the subclass £S§p L (B) if the
following condition holds:

S P () (11, 8 fage <1 (3.30)

2 1T,
Proof. Once condition (3.36) is assumed to be valid, the goal reduces to proving that:

< p)vélf>() ( 1_5> _1-8

Ca U N

1—g¢q

Hence,

(D) V“f><>_( S (DG | a-p)

(D8 1) ) (D) e | 1

(D Ve r) () = (DEVE ) )] (- gy
) (DY Vi) (=) Y
L CRL D (TS e Iy
bl X5 e (1) g Lo
Dl CAR M CAR ) [ o)
bl — 22 S ([411,) lagel -

Under the assumption that (3.36) holds, the final expression remains less than %, which
completes the proof.

Example 3.3.10. Let again [ € A,, defined by f (z) = zF + 2P so that a,1 1 = 1 and

ajrp =0, for all j > 2. We now verify whether f belongs to the class £8§p 1 (B) based on

the sufficient condition stated in Theorem 3.3.9. Since all terms vanish except for j =1,
the inequality (3.36) simplifies to

£—2
1+, (12,)  (12,-8) <1-85
In particular, for & =1, the inequality reduces to
1+, (12, - 8)
2],

which coincides with the required condition, thereby confirming the validity of the example.

<1-p5,
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Corollary 3.3.11. Let f € A,. Then f is included in the subclass ESgp_l whenever the
ensuing inequality is satisfied::

= U+ /.
> W‘Eﬂ' <[J +1], - 5) |aj4p| < 1. (3.37)
j=1 q Wlq

Proof. Substituting £ = 1 into Theorem 3.3.9 yields the result. m

3.4 Janowsky-Type ¢g-Multivalent Classes Defined by
Higher-Order ¢-Derivatives

The theory of univalent and multivalent functions has seen major developments through
the introduction of various subclasses defined by analytic, geometric, or operator-based
properties. A fruitful approach involves the use of differential operators and subordination
principles to describe starlike or convex function classes. When extended to the
framework of ¢-calculus, these ideas give rise to discrete analogues such as ¢ -starlike or
g-convex functions.

For -1 < B< A<1and0<f<p, Aouf [4] defined the class P(A, B;p; ), which
represents a subclass of the family A, and comprises functions represented by

0(2) =p+piz+pezt +p3t 4o,

with the property that

_pEpB(A-B)p-B):

o(2) T B

In the same works Aouf (see [4]) introduced the subclass S*(A, B;p; 5) of multivalent
quasi-starlike functions defined by a subordination involving the derivative zf'(2)/f(z)
and the fractional transformation of Janowski-type. Later, authors like Srivastava et al.
(see [15, 20, 16]) developed further classes using higher-order g-derivatives and generalized
subordination functions.

In this part of the chapter, we extend this line of research to the ¢ -calculus setting and
fill a gap in the literature by introducing a unified framework for Janowski-type subclasses
defined via higher-order ¢ -derivatives, in both the positive- and negative-coefficient
cases. More precisely, we define two new normalized g-classes within the standard
family A,, driven by higher-order g¢-differential operators and Janowski subordination.
For these classes we obtain sharp coefficient inequalities, structural properties such as
invariance under weighted and arithmetic means, parameter monotonicity, and distortion
bounds. Furthermore, we establish Goodman—Ruscheweyh—-type neighborhood inclusions
and study the action of fractional ¢-integral operators, with particular emphasis on the
g-Jung—Kim-Srivastava operator. As ¢ — 17, all our main results reduce to known classical
results in geometric function theory.

To begin, we introduce the generalized Janowski-type function

nlq _ [n]g + (Bn], + (A = B) ([n], — B))2
¢E4},B;6<Z) = 11 B )

where -1 < B<A<land0<p<[n),neN, n<n.
We now define the central family of classes associated with higher-order g-derivatives.

(3.38)
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Definition 3.4.1. Let p € N, r € Ny = {0,1,2,...} with0 <r <p—-1, ¢ € (0,1),
£e€0,1,0<B<[p—r]gand A,B € R with -1 < B < A<1. A function f € A, is
said to belong to the class M}L}(A, B; ¢, B) if
2Dy V()
(1— & plezr + €D f(2)

that is, there exists a Schwarz function w(z), analytic in U with w(0) =0 and |w(z)| < 1,
such that

< ¢ ph(z), zel, (3.39)

2Dy f(2)
(1= &)pezr—r+ D[ f ()

with (251[‘:;;}5 given by Equation (3.58).

= ol (w(2)),

Remark 3.4.2. Because the series representations of Dt(f)f and D((fﬂ)f are absolutely
and uniformly convergent on compact subsets of U, all termwise operations are justified.
Throughout, we assume, without repeated mention, that the following conditions hold:
zeU peN reN=1{012...} withO<r<p-—1,q € (0,1), £ € [0,1],
0<B<[p—ry and A,B € R with -1 < B < A<1.
The class Mg,;(A, B; &, B) reduces to several known subclasses of multivalent functions
for particular choices of parameters:

e [fqg—1",&=1, andr =0, then Mgg(A,B;g,ﬁ) reduces to the class S*(A, B;p; )
introduced by Aouf (see [4]) where

z2f'(2)  p+[pB+(A-B)p—p)=
f(2) 1+ Bz '

e [fB=-1,A=1,q— 1 and £ =1, then MéfZ,(A,B;g,ﬁ) becomes the class of
p-valent starlike functions of order 3, S;(f3).

e [fr=0,¢£=1,6=0and qg— 17, then ./\/l;(;ft)](A, B; &, B) specializes to the class
Sy (A, B) investigated by Hayami and Owa [10].

e [fp=1,r=0,£=1,q— 1" then M%(A,B;ﬁ,ﬁ) reduces to the class S;(A, B; )
proposed by Polatoglu et al. [21].

e lfp=1,r=0,{=1,qg—> 1 and B =0, then Mﬁ,f;(A,B;f,ﬂ) reduces to the
subclass S*(A, B) considered by Janowski [12] and was further studied by Goel and
Mehrok [7].

e [fB=-1,A=1,q—1",p=1,r=0, £ =1, then Mg),(A,B;f,B) reduces to
(8.

elfB=-1,A=1,¢g—>1",p=1,r=0,(=1and B =0, then MJ)(A, B;¢,B)
reduces to S*.

In addition, we introduce TMX;(A, B; ¢, B) = ,(J’:;(A,B;f,ﬁ) N7y
By assigning specific values to the parameter values, we recover several well-known
subclasses of analytic functions in U with negative coefficients:

e Ifq—1",&=1andr =0, then TMI(DO)(A,B; 1, B) becomes the class introduced
and studied by Aouf (see [5]).
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e IfN=—1,M=1,¢g—1,&=1andr =0, then TMU)(A, B¢, 8) reduces to
the class Py(B) proposed by Sekine and Owa (see [24]).

e IfN=-a, M=a,¢q—1 ,£=1,7=0,8=1,p=1, then TM{)(A, B;&,B)
reduces to the class D*(«) investigated by Kim and Lee (see [17]).

For ¢ = 0, we denote the class TMI(D’;)](A, B; 0, 3) by TM;’:;(A, B; ).
Finally, we recall the following lemma, which will be used repeatedly in the inclusion
results.

Lemma 3.4.3 ([18]). Let —1 < Ny < N; < A} < Ay <1, then

1+A12 < 1+A22’
1—|—B12 1—}-322'

Next, we derive a coefficient inequality that characterizes functions belonging to the
class TM](D’:()](A, B; &, B). Building on this characterization, we establish sharp coefficient
bounds and investigate inclusion properties of various subclasses. Furthermore, we
examine the behavior of these classes under weighted and arithmetic mean operations,
prove several distortion theorems, and derive related corollaries. These results provide
a unified framework for analyzing geometric properties of g-multivalent functions with
negative coefficients.

Theorem 3.4.4. Suppose f(z) = 2V — 3777 |aj | 24P is analytic in the unit disk U.
The function f belongs to the class TMS:;(A, B; &, B) if and only if

> e [l = rly (6= )~ Ul + bl ol <€ (340
where
Xiq = (—6A+B¢)[p—rly+EB8(A— B)+ Bljl,, (3.41)
and
|
C = (A=B)(lp-rl,- 5 2 (5.49)

Proof. The subordination condition defining the class TM% (A, B; &, 5) can be written
equivalently as

(r+1)
(-6 2 11) 20 ffrz)D(”f( ;=
Bt (A= B) (p—rly )~ B | <" B
Pt Pt (16 Rz~ +eDy £(2)
Using the basic-number relation
j+p—rlg=lle+d’lp—rle  Jp.7r €N, (3.44)
which follows directly from the definition [m], = 111‘1: ,m € Ny and substituting the series

expansion for D f and DYV, we obtain

S o (] (6 — @) — [y} ajap? P .
Cor + 3700, ]izj]r]qlquaﬁrpzﬁp "
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Taking |z| = 1 and applying the triangle inequality to numerator and denominator, we get

> e |[p = 7], (6 = ¢7) = [lal a1
C - Zj:l J[f:ﬂﬁ]qv |X] q| |aj+p|

which leads directly to Equation (3.40), where x;, and C' are given by Equations (3.41)
and (3.42).

In the reverse direction, let f(z) = 2” — >, a;4,2/* belong to class MX%(A, B; ¢, B).
So, we have

=Dy f(2) i
o ey P
B _ 1 ey 2Dy f(2)
B[p T]q + (A B) ([p T]q /8) B(l f) p[P];] : p—T+£D(<1T)f(z)
_ = Y el (g + [P — 1l (¢ — )} ajype?tr <1
Cor—r — Yo | P {(6A — Bgi) [p— 1], — €8 (A = B) — Bljlg} ajipsitrr

Fix 6 € R and write z = pe? with 0 < p < 1. To pass from the complex inequality to the
real-part bound, we choose z such that the transformed ratio is real, and use the inequality
Rew < |w|. We have

R {Zj‘l il ], (¢ = o) = [l agi } -1
(§] .
Capr — 2?1 [ﬁ:ﬂﬁ]qr |X] q| |aj+p| 2P

The limit as p — 17 is then justified by dominated convergence, owing to the absolute
and uniform convergence of the underlying series. So, we obtain

el =l =l (€= ) = Bl + busal} gl <

and the proof is now complete. O

Remark 3.4.5. Since the class T/\/l (A B; &, B) is a subset ofMpq(A B; &, B) it suffices
for the function f(z) = 2P + 23:1 aﬁ_pzj *P to satisfy Equation (3.40) of the previous

theorem in order to be a member of MI(;:,;(A, B; ¢, 5).

The theorem establishes a necessary and sufficient condition for a function with negative
coefficients to belong to T/\/l (A B; &, ), expressed entirely in terms of the magnitudes
of its coefficients. The proof proceeds by rewriting the defining subordination into an
equivalent disk condition, inserting the g-derivative expansions, and applying the triangle
inequality on the unit circle. The converse direction is obtained by reversing this argument
and using the dominated convergence theorem to pass to the radial limit.

The coefficient characterization plays a central role in that follows. In particular,
it allows one to identify extremal functions and to derive sharp individual coefficient
estimates, as shown next.

In order to illustrate the definition of the class TMI(J’:;(A, B; &, B), we provide an explicit
example for specific parameter choices.

Example 3.4.6. Letp=2,r=0, q= %, &= . We have

o=
s
I
—_



Hence C' =1 (% — %) -1 =1, where C is given by Equation (3.42). From Theorem 3.4.4,

the extremal function corresponding to j =1 is

f(Z) = 22 - %237
where
[3]4!
K = Wq, (11 + [2l4(q = O+ [(=€A + Bq)[2] + £B(A — B) + BJ)
g
= T(I1+30)+[-5+5) =%
Therefore,
1
oy
belongs to the class TMgg/Q(l, 0; %, %) and satisfies Equation (3.40) exactly.

Within the framework of A, we now focus on a subclass determined by the signs of the
coefficients.We denote by 7, the subclass of A, consisting of all functions with negative
coefficients, that is,

Corollary 3.4.7. Let f(z) be given by Equation

o0

F(2)=2" = lajip| 2777 (3.45)

j=1
If f(z) € TMI(:&(A, B; &, B), then for every j > 1 the coefficient bound
e (A=B) == A bl
T I+ gletle =l I = 7l (€= @) = [lal + [Xjal}
holds, where xj, = (—§A+ B¢?) [p —r], + £8 (A — B) + Bljl,. This estimate is sharp in

each coordinate: for every fized j, equality is attained by the extremal function

Y S (A=B)(p—rlg = B) [Pl +p—rlg! Li+p
flz)= Z [p+lg!lp — rlH{llp —7rlg (€ — @) — [lal + Ixsal}

Jj=1

Forg — 17,& =1 and r = 0 in Theorem 3.4.4, we obtain the following result previously
obtained by Aouf (see [5])

Corollary 3.4.8. The function f(z) = 2P — 3%, |aji,|27*7 belongs to the class
TM;O)(A, B; 1,B) if and only if

Z(J”rl(—A+B)p+B(A—B)+BJ|)|aj+p| <(A=-B)(p-0).

7j=1
For £ = 0 in Theorem 3.4.4, we obtain the following result:

Corollary 3.4.9. Let f(z) = 23" |aji,| 277 analytic in the unit disk U. The function
f belongs to the class TMI(:&(A, B; B) if and only if

ZOO [p + Jl4! c
< A4
j=1 [j+p—r—1]q!‘aj+p|_1+B’ (3.46)

where C' is given by Equation (3.42) and —1 < B < A < 1.

95



Theorem 3.4.10. Let the function f(z) = 2P — 322 |aj,| 277 belong to the class
TMI(JT)(A,B;B), where —1 < B < A< 1. Then

i‘aj+p‘§ (A—B)([p—?”]q—ﬁ)' (347)

B+ )+ 1,

Proof. Applying Corollary 3.4.9, Equation (3.46) yields

+1],! &
R >l

> (51 oy

<
= U+p—r—1]
[p],!
S A-B —Tlq — B )
hence Equation (3.47) follows immediately. ]

With the coefficient characterization in hand, we can now analyze the structural
behavior of TM;’:;(A, B; &, ) under basic operations. In this subsection we show that the
class is closed under certain convex combinations (weighted means and arithmetic means)
and that it enjoys a natural monotonicity with respect to the parameters A and (.

The next theorem in this section shows that if two functions belong to TM%(A, B;¢,B),
then any real convex combination of them (with parameter k € [—1,1]) also lies in the
same class. The proof is straightforward once we rewrite the new function’s coefficients as
linear combinations of the original ones and apply the coefficient inequality together with
the non-negativity of the weights. This property reveals that TMI(,TC)I(A, B; &, B) is convex
(in the sense of coefficient sequences).

Theorem 3.4.11. Let
fi(2) =22 = ajpl 777, fa(2) = 27 =D byl 7,
j=1 j=1

be two functions in the class TMI(,T()](A, B;&,B). For any k € [—1,1], define

1—k 1+k
Fi(s) = = i)+ o Do)
Then Fy, € TMY)N(A, B; €, B).
Proof. For ease of notation, set:
_p+ild! N
W; = [jT—qr]q! {Ilp =7y (€ =) = llal + x4l } =0, (3.48)

where x;, is given by Equation (3.41) and C'is given by Equation (3.42). By the coefficient
characterization Theorem 3.4.4, the functions f;, fs € TM%(A, B; ¢, p) if and only if

D Wilajpl <C; Y Wilbil < C. (3.49)

J=1 Jj=1
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In terms of its series representation, Fj, takes the form:

> 1—k 1+k

Fi(2) =20 =) ¢jup 2™, where ¢jy)) = —5 @i + =5 (bl

Jj=1

Since k € [—1,1], we have 1;—"” > (0 and % > 0, hence ¢j;, > 0 and the required sign

structure of the coefficients is preserved.
Using linearity and Equation (3.49),

- 1 —k 1+k
> Wiy = —5— > Wilaj| + 5 > Wi byl
=1 j=1 j=1

1—-k 1+ k
< C C=C.
-2 i 2
Therefore the characterization Equation (3.40) holds for the coefficients of F}, and thus
F, € TMI(;':;(A, B; &, 8). This proves that the class TMX;(A, B; &, B) is closed under the

weighted mean. |

The following result extends this idea to arithmetic means of finitely many functions
from the class. Writing the mean as a function with coefficients equal to the arithmetic
averages of the original coefficients, and summing the inequalities provided by Theorem

4.2.2.1., yields the desired result. Thus, the class TMS:;(A, B; &, ) is stable with respect
to averaging procedures, which is a natural and desirable structural property.

Theorem 3.4.12. Let

o

fl(z) :Zp_z‘aj+p,l”zj+p7 [ = 1727"'7m7

j=1

be functions in the class TM(T)(A, B; &, B). Then their arithmetic mean

G =3 fi(2)

also belongs to TMU)(A, B; €, ).

Proof. The function G can be expressed in the same negative-coefficients series
representation:

m

= 1
G(2) =2 =Y G ey = — D gl
j=1

=1

Clearly cj;, > 0, so the coefficient pattern required by the subclass is preserved.
In view of Equations (3.48) and (3.42) and by Theorem 3.4.4, a function f(z) =
2P — Z;’;1|cj+p| 277P belongs to TM%(A, B; &, B) if and only if

S Wilesal < C (3.50)
j=1
Since each f; € TM;L;(A, B; &, B), we have for every [ =1,...,m,

oo
D Wjlajpl < C.
j=1

o7



Using linearity and the definition of ¢;,,

S Wyei = W E]%wﬂ
j=1 j=1
= Z Z Wi lajip|

=1 j=1

< L ic =C

- mI
Thus Equation (3.50) holds for G, and by Theorem 3.4.4 we conclude G €
TM;T;(A, B; &, 8). This proves closure under arithmetic means. O

The next theorem establishes a monotonicity property with respect to the parameters.

Theorem 3.4.13. Let 0 < o < By < [p—r], and =1 < B < A; < Ay < 1. Then

Proof. Let f € TMS:;(Al, B; ¢, 51). From Equation (3.39), we have

A0 L =rlg+ (Blp = rlg + (A = B) ([p—rly — £1))2
_ o Pl (r) 1+ Bz '
(1-¢) —rlq!~ +&Dg f(2)

From 0 <y < By <[p—r],and —1 < B < A; < Ay <1, we obtain

1<pyA=Bp—rli=B) (A =B) (=1l =5 _ |

< B+

The middle inequality in the chain follows because the expression B + %ﬂjq_ﬁ)
increases with M and decreases with f.

In view of Lemma 3.4.3, we get

D§r+1)f(z) ~ p—r]y+ (Blp—r]ly+ (A2 — B) ([p — 1], — f2))=
(1— &) or—r 1 eD{ f(2) 1+ Bz :

Hence, f € TMU)(Ay, B €, Ba). -

3.5 Applications to Distortion, Neighborhoods, and
Fractional ¢-Integral Operators

We, now, turn to distorsion estimates for functions in ’7‘./\/1223 (A, B, 5)
Theorem 3.5.1. If [ € TM%(A,B;&,B), then for |z| =p, 0 < p <1,
C C
— —pt < < —prtt 3.51
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where C' is given in Equation (3.42) and
[p+ 1](1!

Wi=———— {1+ p—rll¢ = +[(=6A+ Bq) [p—rl, + £f (A - B) + Bl}.
p+1—r],!
(3.52)
The bounds in Equation (3.51) are sharp and are achieved by the function f(z) defined by
f(z)=2P — %z”“, (3.53)

at z=p and z = pexp ((2k + 1) mi).
Proof. By Theorem 3.4.4, one readily gets

WY lajapl <> Wilaj| < C,
j=1 j=1
and thus
JENS P+ D gl < 7+ 0 Y g < 0+ 0.
j=1 j=1

A similar estimate yields the lower bound.
PN =07 =Y lasld?™ 2 0 =1 Y lajipl 2 0 = -0
j=1 j=1

The extremal function f(z) = 2P — %zp“ attains equality in (3.51) at z = p (for the upper

bound) and z = p exp®* 17 (for the lower bound), since in these cases | f(p)| = pP — 5= p"+".
This confirms the sharpness of both bounds.
Hence, the proof is finished. O

For ¢ —+ 17, £ = 1 and r = 0, we obtain the following result previously obtained by
Aouf (see [5]).

Corollary 3.5.2. If f € TM,(JO)(A,B; 1,B), then for |z| = p, 0 < p < 1,

N (A-B)(p—5) (A—B)(n—p)
1+ [B+(B—A)(p—p) 1+ [B+(B—A)({p—p)
For £ =0, we get:

Corollary 3.5.3. If f € TMI(JZ(A, B; ) and N >0, then for |z| =p, 0 < p < 1,

o PP f(2)] <P+ P

C C
@ =0 = —p G <P+ —p, (3.54)
1 wy
where C'is given in Equation (3.42) and
[p+ 1],
wl:m{l+[p_r]qq+3q [p_/r]q—i_B}' (3.55)

The bounds in Equation (3.54) are sharp and are achieved by

f(z)=2P - < Pk (3.56)

w1

at z = p and z = pePF+Dm,
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The proof of the next result is analogous to that of Theorem 3.5.1, and is

therefore omitted.

Theorem 3.5.4. If f € TMU)NA, B; €, B), then for |z| =p, 0< p <1,

DG = [l [+ Ve (357
and o
1Dy f(2)] < [p]qpp_l +[p+ 1]11W110p7 (3.58)

where C' and Wy are given by Equations (3.42) and (3.52). The bounds in Equations (3.57)

and (3.58) are sharp and are achieved by the function specified by Equation (3.51).

For ¢ -+ 17, £ =1 and r = 0, we obtain the following result previously obtained by

Aouf (see [5]).
Corollary 3.5.5. If f € TMI(DO)(A,B; 1, ), then for |z| = p, 0 < p < 1,

1 @+1)(A=B)(p-0) (p+1)(A-B)(p—B)

P Ef )] <p Tt +

C1F[BH(B-A)(p-b) L+[B+(B—A)(p-0)
For £ =0, we get:
Corollary 3.5.6. If f € TM%(A,B;B) and B > 0, then for |z| =p, 0 < p < 1,

\DJ@HEi@LWI—@+H¢%ﬁ, (3.59)

1D f(2)] < [pl, /" +p+1]

qwl

<. (3.60)

where C is given in Equation (3.42) and wy is given in Equation (3.55). The bounds are

sharp and are achieved by Equation (3.56).

Example 3.5.7. Let’s take
p=1, r=0, ¢=07, (=1 M=08 N=-02, =03
Then [p—r], = 1], =1, [ply! = [1]! = 1, hence
C = (0.8~ (—0.2))(1—0.3) = 0.7,
where C'is given by (3.42). We also record the basic g-numbers (with ¢ = 0.7):

1-0.7 1-07 1-0.49

We give now coefficient bounds from Theorem 3.4.4 (for j = 1,2): Forp = 1,r =

Theorem 3.4.4 gives

ol < A=B WA+, ¢
= TG (UaE = @) — Glal + Poal) 1€ = @) = Dlal + Pal

with x4 giwen by Equation (3.41). For j =1:[j],=1, ¢ =0.7.

(€ —q") — [ = 1(05-0.7) = 1| = 1.2,

60
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Xig=(—%-08+(-02)-0.7)-1+2-0.3-(1.0) + (=0.2) - 1 = —0.59, |x1,4| = 0.59.

Hence,

Forj=2:[jl,=2],=17, ¢ =0.49.
(€ — %) — [2],] = (0.5 — 0.49) — 1.7| = 1.69,

Xo.q = (—0.5:0.84(—0.2)-0.49)-140.5-0.3- (1.0)+ (—0.2)- 1.7 = —0.688, | 24| = 0.688.

Hence,
0.7
< ———— &~ 0.294.
95 < 1591 0.688
Distortion estimate at p = 0.8. Forp=1,r =0,
21! _ ey = _0.5) =
gl
Thus,
C 0.7
Wy =12+0.59=1.79 — = — =~ 0.391
P e WL 1T ’

where Wy and C' are given by Equations (3.41) and (3.42).
Therefore, for |z| = p=0.8 and p =1,

f() € |p—520" p+W%p2] = [0.8—0.391-0.64, 0.8+ 0.391-0.64] ~ [0.550, 1.050].

Note The distortion theorem requires & < q (satisfied since 0.5 < 0.7) and (—(A+ Bq)[p —
rly +EB(A— B) + B > 0. For this parameter choice, the last quantity equals —0.59 < 0;
if one chooses N > 0, the hypothesis is strictly satisfied.

In the next step, we investigate neighborhood inclusion properties for the function class
TM;,(J”’;(A, B; 3). Following the classical approach initiated by Goodman and Ruscheweyh,
we introduce a suitable notion of p-neighborhood for functions in 7, and establish sufficient
conditions under which such neighborhoods are contained in the class ’TM;T;(A, B; ).
These results provide a natural extension of earlier neighborhood theorems to the setting
of g-calculus and multivalent analytic functions with negative coefficients.

In line with the classical approach of Goodman [8] and Ruscheweyh [22] (cf. [2]), we
introduce the p-neighborhood of a function f(z) € 7T, by

— I+,
050 = {040 = =3 b 9 € 753 Il <.
q

j+p—
(3.61)
with 1 > 0.

Theorem 3.5.8. Let f € TMg;l)(A,B;ﬁ). Then N, (f;h) C TM%(A,B;Q), where

(4-5) (=), - 8) (Ip -1, 1) Il
C+B)p—r], -1, |

o (3.62)
with —1 < B< A< 1.
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Proof. 1If f € TM TH)(A, B; 3), Corollary 3.4.9 implies

where C is given by Equation (3.42).
Hence -
[+ 4], [J+p—7"—1]q C
> " lajl < — .
J+p—r—1]! 1+ B

so that

- [p+ 3], - [+ 3], C
— E ) < E g ) <

- [p+4l,! | C

Now take h(2) = 28 — 322, |djyp| 217 € N,(f; h), where p is given in Equation (3.62).
From Equation (3.61) we have

S p+Jl,
Qjrp| — |d; < u, w > 0. 3.64
Z T ]q llajpl = [djspl| (3.64)

Jj=1

From Equations (3.63) and (3.64) it follows that

- [p+4l,! - [p+ 41!
;[j+p ] | +p|§Z[j+p—7“—1]q! | 4p]
> [p+ 4],
+ < ] fp— ]q Haj—s-p| - ’dj-i-pH
_(A=B)(lp—r],—8)n],
SUB -, " A B -, -1,
|

L A=B)lp=r, = Alp —rl, ~ D),

(1+B)[p—rl,lp—r],
_A=-B)(lp—rl,-B),}! C
B (1+B)[p—r], 1+ B

Therefore, applying Corollary 3.4.9 again, we conclude that h(z) € TMX&(A, B;5). O
For 8 = 0, we obtain

Corollary 3.5.9. Let f € TMX;D(A,B;O). Then N, (f;h) C TM;,’:&(A,B;O), where

(A=B) = (p—rl,~ ),
(1+B)[p—r], ’

with —1 < B< A<1.
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In this section, we investigate how the newly defined function classes behave
under the action of fractional g¢-integral operators, with a particular focus on the
g-Jung—Kim—Srivastava operator.

By employing the fractional g-integral operator for f € 7,, the ¢-Jung-Kim-Srivastava
integral operator is defined as follows (see [14]):

FQ(C+a+p) —c—a N)—a c—
WZI Dq,z (Z 1f(Z>)

_ Zp_ifq(c+a+p)Fq(c+j+p)|
Fylc+p)Lylc+j+p+a) @it

TKS, 5 f(2)

Easd (3.65)
j=1

where ¢ > —p, a > 0.

Remark 3.5.10. For p = 1 and ¢ — 1~ in Fquation (3.65), we obtain the
Jung—-Kim~-Srivastava integral operator defined in []3/ as

TKS™f(=

laj | 27T

F c—l—j—l—l—l— )

Theorem 3.5.11. If f € TMP’:q(A,B;f,ﬁ) and ¢ > —p, a > 0, then JKS_ [ €
TM (A, B;E,B).
Proof. Let f(z) = 22 — 322 |ajip|2?*? and

~Ty(c+a+p)Tylc+j+p)

—a — P _ . J+p
j’CSQ»pf(Z> z jzlFq(c+p)rq(c+j+p+a)|a1+plz .
TKS,of € TMU(A, B¢, ) if
— [p+Jl, : Tyc+a+p)Ty(c+i+p)
A _ J i <C,
;j—FP {‘ 7’ ( q) |+| JQ|} C—l—p)Fq(C+j+p—|—0z)|a]+p|_

where x;, and C are given by Equations (3.41) and (3.42).
Since ¢ > —p and a > 0, all arguments of I'; are positives. Using that I'; is log-convex

on (0, 00) for g € (0, 1), the function z —s T2t

e is increasing; hence, for every j € N,
q

L,(c+a+p) <Fq(c+j+p+a)
Lyle+p) = Tyle+j+p)

implies that
L c+a+p)Tyc+7+Dp)

< 1.
Fyc+p)Tylc+j+p+a) ~

So, it is evident that

il .

AL — 7] 7)) — + |x; ity .

- [j Tp— {’ ( ) [J]q} ’Xy,q|}| ol

By Equation (3.40), we have
AL C,

hence JKS, o f € TMU)(A, Bi€, B). O

Corollary 3.5.12. If f € TMU)(A, B;B) and ¢ > —p, 0 < a < 1, then JKS 5 f €
TMUNA, B; ).
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3.6 Remarks

In this chapter, we have explored a unified approach to analytic function classes defined
by higher-order g-derivatives, highlighting the interplay between g¢-calculus, subordination
theory, and geometric function properties. Two complementary frameworks were examined:
the operator-induced normalized g¢-classes generated by the generalized differential
operator V:fp, and the Janowski-type ¢g-multivalent classes ./\/lg()l(A, B; &, B), together with
their negative-coefficient variants. Both constructions reveal deep connections between
g-difference operators and fundamental geometric characteristics such as starlikeness,
convexity, growth estimates, and coefficient behavior.

A central theme emerging throughout the chapter is the pivotal role of subordination.
Subordination provides not only the structural foundation for defining these g-deformed
classes but also the principal method for establishing inclusion relationships, deriving
Fekete-Szeg6-type coefficient inequalities, and obtaining sharp bounds involving
higher-order g-derivatives. The results show that many classical geometric principles
remain stable under ¢g-deformation and that the ¢g-framework enriches the available analytic
tools in a systematic way.

The chapter also demonstrates that classes defined through higher-order g-derivatives
are stable under several fundamental operations, including weighted and arithmetic
means, as well as fractional g-integral transformations such as the g-Jung-Kim-Srivastava
operator. These structural properties highlight the robustness of the newly defined classes
and suggest natural avenues of generalization. Likewise, the coefficient characterization
theorems, distortion estimates, and Goodman—Ruscheweyh-type neighborhood inclusions
establish a strong parallel between classical function theory and its g-analogue.

The results presented here open several promising directions for future research.
Potential developments include studying extremal problems for the introduced classes,
deriving sharp radii results (radii of starlikeness, convexity, and close-to-convexity),
exploring g-analogues of differential subordinations involving other special functions,
and examining the limit transitions as ¢ — 17, to refine or extend known classical results.
Further extensions may incorporate fractional g-calculus, operator factorizations, and
integral transforms that remain compatible with ¢-deformations.

Overall, this chapter demonstrates that higher-order ¢-differential operators provide
a rich and versatile framework for generating and analyzing normalized function classes,
yielding a coherent and unifying perspective that bridges classical geometric function
theory with modern g¢-calculus.
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In this chapter (see [3, 4])we investigate a unified symmetric ¢ -differential operator
acting on the class A, of p-valent analytic functions in the unit disk U. The iterated operator

‘Z’éq,p depending on the parameters 7 > 0, 0<g<1, 8 > 0, p € N, simultaneously
extends several well-known differential operators in geometric function theory: in particular,
in the limiting case ¢ — 17, with p = 1 it reduces to the Al-Oboudi operator, while
for ¢ — 17, with p = 1 and 7 = 1 it collapses to the classical Salagean operator. This
provides a natural g-deformation framework in which classical results can be embedded
and generalized.

Within this setting we introduce three Janowski-type subclasses of multivalent

symmetric g-starlike functions associated with YZ[;”M, together with a Janowski-type

family jqﬂ (B, A, 7, \,p), defined through subordination conditions involving the same
operator. For these classes we derive coefficient inequalities, obtain basic inclusion
relations, and identify several classical subclasses as limiting or special cases. A second
main direction of the chapter is devoted to second-order differential subordination and
Vgt () g Vil ()

superordination results for transforms of the form = 5
Viapf(2) z

sharp conditions guaranteeing subordination/superordination to prescribed univalent
(typically Janowski-type) functions and determine the corresponding best dominant and
best subordinant. By combining these results we obtain sandwich-type theorems which
yield two-sided bounds for the images of U under the action of the symmetric g-operator
and thereby provide a coherent geometric description of the associated function classes.

, where we establish

4.1 The Symmetric ¢-Differential Operator Vf’qyp

Let f € A, f(z) = 2 + Z;)O:1 aj,27 . We now introduce the following symmetric
g-differential operator V., , : A, — A,, defined by:

Veanf(2) = (1=700],) F(2) + 72D, f(2) = (4.1)
= 2P+ Z (1 - qu + qu> ajp? P, (4.2)
where 7 > 0.

This operator can be iterated in a natural way. For § € Ny, we first set

‘77'1,q,pf(2) = ‘Z',q,pf(z)v

—_——

~ ~ —~ 0 o 2 )
‘/T%q,pf(z) = Vﬁ%ﬁ(‘@%pf@)) =2 + Z (1 - T[p]q +7[j + p]q) aj+pzj+p.
j=1

By induction, we arrive at the general formula:

—_—

~ ~ ~ © —~ B .
qumf(z) = ‘/:’_7Q7p(‘/;§(]_7171f<2)) =2+ Z (1 — T[p]q + 7y —l—p]q) aj+pzj+p. (4.3)
j=1

Remark 4.1.1. In the limiting case ¢ — 1=, p = 1, the operator described in (4.3)
becomes the standard Al Oboudi’s differential operator [11] in the classical framework. As
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qg— 17, p=1and T =1, the operator given in (4.3) collapses to the traditional Salagean’s
differential operator [17] in the classical case.

The key motivation for introducing the operator qu o (z) lies in its ability to
generalize classical differential operator within the framework of symmetric g-calculus. By
incorporating the parameters 7, 3, ¢ and p, the operator allows for a flexible treatment
of multivalent analytic functions and unifies various known cases. Its structure makes it
particularly suitable for studying function classes associated with Janowski-type conditions
and for establishing differential subordination results with sharp bounds. Applying the

symmetric g-derivative of qu , vields

Vel laz) = VB, fa ')

77 _
DiV7asl ) = z(g—q")

7,9,P

B —_—

= fpv]qu_l + Z <1 — qu + T[j/—;?] ) J +pl, ajp? TP (4.4)

Using this representation, we obtain the following relation, which will be essential in
what follows.

Proposition 4.1.2. Given 7 > 0, the following holds

12DV, f(2) + (L= 7lpl V2, f(2) = VEELf(2). (4.5)
Proof.
2DV f(2) + (1 ~ Iy, )Vf’qpf( )
- Tz[;)jqu_l + 72 Z (1 — qu + T[jf—i—\p/]q)ﬁ [j/—i—\p/]qaﬁpzﬂp_l
j=1
— —~ © —~ —~——\ B )
+ (1 - [p]qT> 2P + (1 - [p]qT> > (1 —7lpl, + 7l +p]q> ajp2’
j=1
> —~ B+1 .
= 4> (1 —7lpl, + 7l +p]q> a2 7 = VIELF(2).
j=1
So, the equality (4.5) is thus proven. ]

Remark 4.1.3. For ¢ — 17, p = 1, identity (4.5) becomes the well-known relation
associated with the Al-Oboudi differential operator:

l—7~

Vfl,lf(z)' (4.6)

2 (VAr) ()= V() -

4.2 Symmetric g-Starlike and Janowski-type Function
Classes

The following subclasses of symmetrized g-starlike functions of valency p involving the
symmetric g-operator V;,,f(z), with respect to functions from the Janowski class, are
presented in what follows. From this point onward, we assume that the following condition
is satisfied:

—-1<B<A<1 (4.7)

70



—~1
Definition 4.2.1. The function f € A, belongs to the class S* (7,p, 8, A, B) exactly
when the next requirement is satisfied:

ququZ
(B
(§]

(
: >0,
(B+1)M (A+1)
Vrlanf(2)
that is, by using (4.5)
o quf(z) _ _ [l _ _
(B -y (1-rhl) -r(a-b)
quf(z) - (1 - -
(B+1) EilS — (B41) (1-7[p],) = 7 (4+ 1)

~1
The class 8*, (7, p, 3, A, B), will be referred to as Class I of symmetric q-starlike mappings
associated with the Janowski family.

Remark 4.2.2. [t is important to highlight that if ¢ — 17, p = 1,8 = 0, the class
—~1
S*,(7,1,0, A, B) reduces to S; (A, B)

Now we define the second generalized class.

—~2
Definition 4.2.3. Membership of the function f € A, in the class S*,(7,p, 3, A, B) is
equivalent to the fulfillment of the following criterion:

D4V
B-pHgld-@-y 4 |
zDgVy z — g2 _ 2’
(B+1)Bgranl _ (aq1) 1= 1-a

that is, by using (4.5)

(B-vgefg- -y (-rhl,)-r-y |
(B+1) ijg; ~B+) (1-7f],) -+ 1-¢) 1-d

The class 3\;3 (1,p, B, A, B) will be called Class II of the symmetric q -starlike function
famaly connected with Janowski-type mappings.

Remark 4.2.4. By takingg — 1", p=1, =0, A= X and B = 0 in Definition 4.2.3,
the resulting class was investigated by Ponnusamy and Singh [15].

Fnally, we introduce the third generalized class.

—~3
Definition 4.2.5. Membership of f € A, in the class S*, (7, p, 8, A, B) is equivalent to
satisfying the condition below:

2DqVr g pf(z
<B_1>Vf—f(£)() (A_l) 1 1 4.8
q,p _ < , .
(B+1) 2Dg VP f(2) (A+1) ( )
VEapf(2)

that is, by using (4.5)

(B—1) —?f»éfijjg ~B-1)(1-7]],) - r(A-1)
— —1 <1 (4.9)
(B+1) il — (B 41) (1= 7[p],) = 7 (4+ 1)

We refer to this class, denoted by g“q (1,p,8,A, B), the Class III of symmetric q-starlike
functions corresponding to the Janowski famaly.
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We now turn our attention to a Janowski-type class associated with the operator ‘Z’fqm.

Definition 4.2.6. Let f € A, denote a function from the analytic class A,. The function
f is said to be a member of the class jqﬁ (B, A, 1, \,p) if it fulfills the required subordination

condition.: -

1 D,V 1+ B

— DiVigp () S I Sy (4.10)
[p]q )\ 2P 1+ Az

where =1 < B<A<1;0<A<land0 <\ < [p]q. In view of the standard subordination
principle, this is equivalent to a disk condition for the corresponding analytic expression.
More precisely, f belongs to the associated class [ € 735 (B, A, 7,\,p) if and only if:

D,Vf
P -,

~ B
ARDVe0nl &) 4\ (A~ B) ], B

zP

<1. (4.11)

Remark 4.2.7. In the limiting scenario where g — 17, it is observed that by assigning

specific values to the parameters 3, p, B, and A, the class jqﬂ (B, A, 1, \,p) simplifies to

various established subclasses of analytic functions. We list some particular cases below:
1. The class

~0 B 1 z(VT?pf(z))/_ 1+ Bz
jl (B,A7T,>\;p)—{f€-’4pp_/\< zb )\ -<]_+AZ

was investigated in detail by Aouf (see [1]);
2. The subclasses

iO(—1,1,T,A,p):{feAp; L (Z(VT(?pf(Z))_A)J—Z}

p—A 2P

and

B VO () 1+ @2y-1
Jlo((2’y—1)m,mm0,p)={feAp:Z< z;zj;(Z)) = +(11m2)mz}

were ezxplored by Owa (see [13, 12]);
3. The class

50 _ : z(VT?pf(z))/ 1+ Bz
Pl (B,A7T70,p)—{f€-/4p' pzp = 1+AZ
was analyzed by Chen (see [5]);

4. The class

‘710((7—1)717mn,7—70’p):{feAp:Z(Vr?pf(z)) - 1+(’Y—1)nz}

pzP 1+mnz

was the subject of analysis by Kim and Lee (see [8]);
5. The class

- Vo ) B
TP ((2y —1)m,m,7,0,1) = {f €A, : z ( lef(z)) 5 1+ (121mi)mz}
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was considered by Juneja and Mogra (see [7]);
6. The class

_ o ,
Jlo(B,A,T,O,l):{feAp:Z( T,lzf(z)) <H§j}

was examined by Mehrok (see [10]);

7. The class
_ AL ' _
\710 (_1’1’7_’0’1) — {feAp . Z( T,lf(z)) =< 1 Z}

z 142

was studied by Mac-Gregor (see [9]);
8. The class

z 1+~z

T (=7,7,7,0 1):{f€Ap: (V) 1_,%}

was investigated by Padmanabhan (see [14]) and by Caplinger and Causey (see [2]).

4.3 Coefficient Inequalities and Basic Inclusion
Results

—~3
The next result provides a sufficient condition for membership in the class $*, (1, p, 8, A, B)
based on a coefficient inequality, which also serves as a sufficient condition for the classes

—~9 —~1
S*,(7,p, B, A, B) and §* (7,p, 3, A, B).

Theorem 4.3.1. Let f € A,. If the following coefficient inequality is satisfied:

—_—

=@ +1B)) (1= rlpl, + 7+ ) 4] < (B+1)Z—24,  (412)

where the quantities are defined by:

—~ P —~

A=1-[pl,Y=1-[j+pl, Z=A+1-[pl, B=[j+p,(B+1)-A-1,

q7
then f belongs to the class :’52 (1,p, 8, A, B).

Proof. To initiate the proof, we assume that the condition stated in equation (4.12) is
satisfied. Under this assumption, it remains to demonstrate that the following implication
holds:

—~

_ quf(z) _ _ _ —_
(B-1 g - By (1-7bl,) -r(4-y _
Vianl(2) ol '

(B+1) 202 — (B+1) (1-7lp],) 7 (A+1)
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Thus,

(B-1) G2 — (B -1) (1-7]],) -7 (A1) 1
(B +1) Fell )-r(a+1)

-1

)
(B~ D) VI = (B=1) (1= 7], ) VB, /(2) = 7 (A= 1) VE,,f(2)
(B+ 1) VEG () = (B+1) (1= 70p],) Vanf (2) = 7 (A+1) Vien f(2)
(147 = 7lol,) V2 (2) = VEsL1(2)
(B+1) VA2 f(2) = (B+1) (1= 7lp], ) Wanf (2) = 7 (A+ 1) Vi f (2)

T (1 — mq> 2P 4 TZ;; (1 — [j/—;;]q) (1 — qu + T[mq>ﬁ&j+pzj+p
7 (B+1) (fﬁq —A- 1) 2T, (A +1-[i+p),(B+ 1)) (1 —rp], + r[mqy ;423 P

2{r (1= G 1+ r S (- G 0L,) (L7, + 7 ) el 171}
(B 1) [, — A1l — S |+ 0l B+ )~ A 1] (L, 7)) el 27

2 {TA +ryRY (1 - T[p]q +7[j +p]q>ﬁ !aj+p!}

< ——\7
T(B+1)Z =2 1Bl (1= 7lpl, + 7l +2l,) las
2{A+zj°1y(1—Tfﬂq+f[mq>5|aj+p|}
= —— : (4.12
(B+1)2 =332, 1Bl (1= i), + 71 +7),) oyl
where
A=1—[pl,Y=1-[j+p,Z=A+1-[p, B=[j+p,(B+1)—A—1.

he final term in (4.13) does not exceed 1 under the condition (4.12). The desired result is
Nnow proven. ]

Theorem 4.3.2. Consider f € A,. The function f is a member of the subclass
jqﬁ (B, A, 7, \,p) provided that it fulfills the associated condition:

—_

S —— \B [+, A-B
> (1ol G ) Sl < 5 (1.12)

Proof. Under the assumption that (4.14) holds true, it is sufficient to prove that

% _ [p]q

< 1.

AVl ) (A~ B) - [p],B

zP
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Indeed,

D,VE
Zlq ég,pf(z) _ [p]q

AZﬁqf/-rB,q,pf(Z) + by (A _ B) _ [p] B

2P q

P ﬁ/\_/

552 (1=l + 7l 2, b+ plageps

B ———

(mq - )\) (A=B)zr+ A2, (1 - qu + qu) [J + Pl aj4p27tP

— e~ \ B ——
S5 (U=l + 7l +l,) G+, el

B~

(I, ~ ) (A= B) ~ A, (1=l + 70+ 2,) G+l laseol

Provided that condition (4.14) is fulfilled, the preceding inequality is bounded above by 1.
As a result, the function f qualifies as a member of the subclass jqﬂ (B, A, 7,\,p). ]

For A =1 and B = —1, the previous theorems simplifies as follows:

Corollary 4.3.3. Assume that f € A,. The function f lies in the subclass
jqﬂ (—=1,1,7, A, p) whenever the related condition holds:

. ~ s+
1—7 T — Laje,| < 1.
;( [, + 707 +2,) a4 <

Remark 4.3.4. In connection with Corollary 4.3.3, it is worth emphasizing that the special

choice of B= —1 and A =1 leads to the subordination condition
1 2D,V z 1 —
— Va2 ) 1=E oy
[p]q Y zZP 1+2

which corresponds to the Janowski function mapping the unit disk onto the right half-plane.
This case highlights a well-known subclass of q-starlike functions associated with the right
half-plane, extending and generalizing earlier results obtained in a classical setting. Hence,
Corollary 4.3.3 not only simplifies the analytic condition but also establishes a direct bridge
between our generalized symmetric q-framework and these classical subclasses.

We now turn to structural relations between the three generalized symmetric g-starlike
classes introduced earlier. The following theorem describes a strict chain of inclusions
which clarifies the hierarchy among them.

~1
The exposition starts with the inclusion results concerning the classes S*, (7,p, 8, A, B),
—~3

—~—2
S*, (7,p,B8,A,B) , 8, (7,p,, A, B) which represent generalized multivalent symmetric
g-starlike function classes associated with Janowski functions.

Theorem 4.3.5. If the parameters satisfy the condition (4.7), then the following chain of
strict class inclusions holds among the extended structure of symmetric q-starlike functions
of higher valency related to the Janowski- type functions

—~—3 —~2

S (1,p.B, A, B) C 8. (r,p, 8, A, B) C &, (.p, 3, A, B). (4.15)
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—~3
Proof. Let us consider a function f € §* (7,p, 3, A, B). According to Definition 4.2.5,
this implies that the condition below is met:

(B-1) Bl (g —1) (1-1p],) -7 (A1)
Vrap/ () ! 1l <1
(B+1) D — (B41) (1= 7[p],) — 7 (A+ 1)
From this inequality, we can derive the relation:
V.,- ;’; z T
(B 1) gl — (-1 (1—T[p]q) (A1) . r
Ve — -1 +1 2<1+1 5. (4.16)
(B+1) ES — (B 41) (1= 7p],) — 7 (A+ 1) —q —4

Now, applying the triangle inequality to the left-hand term of expression ( 4.16), yields:

(B-vgeg-E-y(-rbl)-r4-y | o
VP f(2) T 1—¢? 1—q? '
(B+1) S — (B+1) (1-7p],) 7 (A+ 1)

Inequahty (4.17) satisfies the condition stated in Definition 4.2.3 , which characterizes
the class S* (1,p, B, A, B). Therefore, it follows that
—~2
feS*q(T7p757A7B)
and consequently, we have the class inclusion:
—~3 —~2
S*q<T’p7/87A’B)CS*q(T7p7/67A’B)'

—~2
Now, let us assume that f € S* (7, p, 8,4, B). According to Definition 4.2.3, this is
equivalent to satisfying the inequality (4.2.3).
Due to the fact that

Vfﬂng z K
(B-1) g —(B-1) (1=1p),) —r(A-1)
- —~ o 2
(B+1) Viﬁzzjjg; (B+1) (1-7pl,) —r(a+1) 174
| (BBl (g (1= 7lpl,) ~7(4-1) .
— o Vrawf (2 <
- 2 T,9,P [ - 2’
1—q <B+1)W§E§—(B+1) (1—T[p]q) —r(A+n| 1-d
we can express the inequality as:
(B—1) Vfﬁ);gz; (B-1) (1-r]l,) - 7(4-1)
Re rarl(z — > 0.
(B+1) g8 — (B+1) (1-7p],) — 7 (A+1)

This inequality corresponds exactly to the condition required in Definition 4.2.1,

for a function to be classified within :S:;; (1,p, 8, A, B).

:Sv*i (1,p, B, A, B), which establishes the inclusion:

—~2 —~1
S*q (Tap>ﬁ7A7 B) - S*q (7_7paﬂaA7 B) :

Accordingly, the assertion of the theorem has been established.
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The following preliminary lemmas are essential to establish our results for this section.

Lemma 4.3.6 (see [9]). If the constants By, By, Ay, and Ay are real and satisfy —1 <

By < By < A < Ay, <1, then % 15 subordinate to %.

Lemma 4.3.7 (see [16]). Let a; = 1 and suppose that a; > 0 for all j > 2, with the sequence
{a;} being conver and non-increasing; that is, a; — 2a;11 + ajio > 0 and aj41 + ajio > 0
for all j € N. Consequently, the following relation is satisfied throughout the unit disk U:

Re {Z ajz]_l} > 5

j=1

In order to prove the upcoming theorem, we begin by demonstrating the following
lemma.

Lemma 4.3.8. Provided that T satisfies T > ﬁ, the following inequality holds for all
P

q
zeU:

o0

1 - 1
Re{ 1+ — —2) > —. (4.18)
i=1 L=[p|, +7i +p],
Proof. Let
> 1 . > .
P =14y 14 Y Y,
i=1 1=7lpl, +7[j + 1], i=1
with X
Y' = —~—— —_~—

L—7[pl, + 77 +pl,

given any j > 1,7 >0,0< ¢ <1, and p € N. Clearly, Y¥; > 0 for any j > 1.
A simple calculation shows that

1
Yjpr = — —, (4.19)
1—7lpl, +7[j+p+1],
and .
Yjp2 = — —, (4.20)
1—7lpl, +7[j+p+2],
SO

L r(litpra,-litpr1l,) o
T (el e ) (-, i T e 2,) T

By applying (4.19), (4.20), and (4.21), we deduce that

Yj =2V + Yo
TX1 —|—7’2X2

(1 —7lpl, + 7l —i—p]q) (1 - qu +7lj+p+ 1]q> (1 —7pl, + 7l +p+ 2]q)

where X; = (1 — T[p]q> (2[j +p+ 1]q -y +p]q —lj+p+ 2]q> and

Xo=[+p+1i+p+2], -2 +plli+p+2,++plli +p+1],.
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Based on the assumption that 7 > ﬁ, we conclude that Y; — 2Y;; — Yj» > 0 for

q
any j > 1. Consequently, since {Y;} is a monotonically decreasing convex sequence,

Lemma 4.3.7 yields
= 1 : 1
Re{r(z)} = Re 1—1—2 — ——2 > —.
Jj=1 1_T[p]q+7_[]+p]q

Thus, the proof is established. O
Theorem 4.3.9. If 7 > ﬁ,
p.

q

T8 (B, A, 7\ p) C TP (B, AT\, p) . (4.22)

Proof. Assume that f € jf (B,A,7,\,p). Invoking the definition of the class
zﬁ (B, A, 7, \,p), it follows that

1 (zﬁqf?fq’pf(z) B )\) . 1+ Bz'
[p]q )\ P 1+ Az

Through the application of g1 B, A, 7, )\, p) and a convolution operation, we arrive at
& q

2DV f(2) [pl,27 + 2252 (1 —7lpl, + 7l +p]q) [J + Dl ajp2 P
[p],2* [p] 2
= e,
- 1—|—Z <1—T[p]q+7[] ~|—p]q> —— a2
x 1 : - — —~—\slitp :
= 1—|—Z — ——2 | * 1+Z<1—T[p]q—|—7’[j+p]q> [A/—](]ajﬂ)zj
=1 1=7[pl, +7[j + 1], i=1 [p],
s D8
S b ). #DgVey I (2)
i=1 L=7[p], +7[j +p], [p],2*

Hence, combining the above expression with (4.10), it follows that

I <zﬁqvg;; () A)

[pl, — A #
N = \ LB
S 7 ) e — L THACA
[p]q - >\ 7=1 1 — T[p]q + T[j +p]q [p]qu
> , D,V?
= ]_ + Z —— 1 —— Zj * —=— 1 (Z g T’Z’pf(z> - )\)
i=1 L=7[pl, +7li +pl, [pl, — A &
_ 1+ Bv(z)
= ")

with v (0) = 0 and |v (z)| < 1. The application of the Herglotz theorem and the previous
lemma yields
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1 (zﬁq‘z‘?;; () )\) . 1+ Bz

[p], — A 2P 1+ Az’
as iiﬁj possesses convexity and univalence in U. Accordingly, this implies that
78 76-1
k7q (B7 A7 T? A71)) g jq (B7 A? T7 A’Z)) *
This establishes the claim. O]

Theorem 4.3.10. If the constants By, By, Ay, and As are real and satisfy —1 < By <
B <A <Ay <1andp >0, it follows that

jqﬁ (A1, By, 7, A\, p) C jqﬂ_l (Ag, By, T, A\, p) .
Proof. Employing Lemma 4.3.6, it follows that
TP (A, Bi, 1\ p) C TP (A, Bay 7\ ) (4.23)
In view of (4.22) and (4.23), it follows that
T8 (A1, By, 7\, p) C TP (A1, Bi, 7\ p) © TP (A, Ba, 7\, p) -

Hence, we get B _
jqﬂ (Ala B177—7 A7p) g \7qﬂ_1 (A27 BQ; T, )‘7p) .

Therefore, the desired result is proved. [

4.4 Second Order Differential Subordination and
Superordination for the Symmetric ¢-Operator
Vo
.q.p

The lemmas below, which are symmetric g-analogues of known results for the classical
derivative, will be instrumental in deriving second-order differential subordination results.

Lemma 4.4.1. Consider a one-to-one analytic function u defined in U and let 0 and ¢ be
holomorphic functions on a domain D that contains the image u (U) with the condition that
¢ (w) # 0, for allw € u(U). Define Q (z) = zDgu (2) ¢ (u(2)) and h (z) = 0 (u(2))+Q (2).
Assume the following conditions hold:

1. Q s a one-to-one starlike function within U and

2. Re(%) >0 forall z€ U.

If s is analytic in U, satisfies s(0) =u (0), s (U) C D and
0(s(2)) +2Dys (2) 6 (s (2)) < 0 (u(2)) + 2Dgu (2) ¢ (u(2)) = h(z),  (4.24)
then s (z) < u(z) and u(z) represents the optimal dominant.

Proof. Suppose u is analytic and one-to-one in U, and define Q) (z) = zﬁqu (2) ¢ (u(2)),
h(z) =0 (u(z)) + Q(z), where 6 and ¢ are holomorphic functions in a region D that
includes w (U) such that ¢ (w) non-vanishing on w (U), for all w € u (U). Assume that
conditions 1 and 2 hold. Define m (z) = 0 (s (2))+2Dys (2) ¢ (s (2)), where s is holomorphic
in U, s(0) =u(0), s(U) C D. By hypotheses m (z) < h(z).
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When ¢ approaches 17, the symmetric g-operator Eq f (2) reduces to the classical
derivative f’(z). Therefore, (4.24) becomes:

0(s(2)) +25(2) d(s(2)) <0 (u(2)) + 20 (2) ¢ (u(2))

Applying the known lemma for the classical derivative, it can be concluded that s (z) < u (2)
and u represent the principal dominant. O]

We are now in a position to state the first main result of this section, which
concerns a second-order differential subordination involving the symmetric ¢-differential

operator qup The first main result presented in this section concerns a second-order

differential subordination involving the symmetric ¢-differential operator qup This
theorem establishes sufficient conditions under which a function transformed by this
operator is subordinate to a given univalent function. A significant feature of this result is
that it not only guarantees the subordination relation but also explicitly identifies the best
dominant — that is, the minimal univalent function (in the subordination sense) to which
all admissible solutions are subordinate. This sharp bound enhances the applicability of
the theorem and reflects the precision afforded by the use of the symmetric g-calculus
framework.

Theorem 4.4.2. Let f € A,, and suppose that the function VTB“ "; 2) belongs to H (U),
T,q,p

where z € U. Let u(z) be a convexr univalent function in the open umt disk, normalized,
satisfying u (0) = 1. Consider that for some constants a, b, c, € C, with ¢ # 0, the following
condition 1s satisfied:

a Dou(q 1tz 2DPy (2

L — }>0, zeU. (4.25)
€ ¢ Dyu (z) Dyu (z)

Let us describe the function \11qu (a,b,c;z) as
V6+1 vV B+
N v 1GL =)
Vil (2) Vin! (2)
ViR Ie) | VARG (1 ;) Vil (%) ]
TVquf( z) qupf( ) ! VT,q,pf( )
V6+2 Vﬁ+1
e | Vi [(2) <1_T[p] > rap (2 )] ' (4.26)
Vﬂq,pf(qz) VT,q,pf(qZ)
If the subordination
\Ilfqp (a,b,¢;2) < au(z) +b(u(2))” + czﬁqu (2) (4.27)
holds in U, then the following subordination result is valid::
VBt
Veap /(2) <u(z), (4.28)
T,qvpf@)
and u s the best dominant.
Proof. Let
VB+1
s(z) = =—— quf(z) (4.29)

7q,pf(z)
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where z € U\{0}, f € A,. Clearly, s is analytic U and s(0) = 1. By applying the
symmetric g-differentiating to s (z), we find

2DV, (VA1) = 2D Va2, (a7 2)

zﬁqs(z)— T,4;P T,4;P T,4:P

ﬂq,pf(q—lz)‘/;,q?pf(qz)
Invoking identity (4.5), this expression simplifies to:

By (c) = Vst @) (1 VERSE) 17, ViSO
! Vﬂq,pﬂqz) TVT,q,pf( ) T VTv‘M’f( +2)
L VAR f(2) 1=l VEELS(2) (4.30)
CTVefa) T Vif(ez) |

Now define the auxiliary functions: 6 (w) = aw + bw? and ¢ (w) = ¢, where a,b,c € C
and ¢ # 0. It is clear that 6 is holomorphic on (C\{O} ¢ is likewise holomorphic and
non-vanishing on the same domain. Set Q(z) = 2D U (2)d(u(z) = czD 0 (2) and
hiz)=0(u(z)+Q(2) = au(z) +b(u(2)) + czDyu(z), z € U. By direct computation,
we obtain:

z Dgu(q~! D@z )
Re ( ZCDQq( ) )> = Re {% + IZ) [u(gz) +u(qg'2)] + qﬁq(Z(z)z) + 4 g;u(zg )} > 0. Applying

(4.30), we have

s = VERG) Vil ()
as(z) +b(s(z))" +czDys(z) = 7100 (a + bqup (z))
Vf;;ﬂqz) LTS ~\ VAR
—(1-~+ _Tapt \7)
i qpf(qz) qpf( ~12) ( mq) Vquf(qlz)]
c [ VBRI Vien/(2)

_ 1—7 .

T ﬂq,pf(qz) < [p]q> ﬂtbpf(qz)]

Based on (4.27), we conclude that
as (2) +b(s(2))” + czDys (2) < au (2) + b (u(2))? + czDyu (2) .

Hence, the conditions of the subordination from Lemma 4.4.1 are satisfied and it follows

that s(z) < u(z), for all z € U; that is, ;}Lﬁ; < u(z), z € U, with u being the best

dominant. O

Corollary 4.4.3. Let u(z) = %IBZ, and suppose that conditions (4.7) and (4.25) are
satisfied. If f € A, and

W2 (a,b,c;2) <a

7,9,p )

1+ Az b 1+ A2\ ¢z[ABz(¢*—1)— (A— B) (]
1+ Bz 1+ Bz q+ Bz(¢>+ 1) + ¢B?2?

for a,b,c € C, ¢ # 0, under the condition that W
then it follows that

a,b,c; z) is formulated on ( 4.26),

qu(

Vf;l}f(z) 1+ Az
T,q,pf(z) 1+ Bz

eU,

1+ Az

5. represents the optimal dominant.

and
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Proof. Substituting u (z) = %igz into Theorem 4.4.2 yields the stated corollary as a direct

consequernce. O]

Remark 4.4.4. The function u(z) = }igz defines a conformal mapping of U into a

circular area in the complex plane exhibiting symmetry relative to the real azis. Specifically,
the region covered by U under u (z) = }Ig‘z is a disk with center at =48 and radius 2=5.

In the special case where B = —1, the image becomes a half-plane. The endpoints of the
diameter of the image disc on the real azis are given by: M = G g, O) and N = (}i—g, 0)
. These mappings, often referred to as Janowski functions, are widely used in geometric
complex analysis, particularly in a focused inquiry into subfamilies of analytic functions

with univalence and starlikeness.
Corollary 4.4.5. Assume that u(z) = w, 0 <~v <1 and that condition (4.25) is
satisfied. If f € A, and

1+ (1-29)z 1+(1-29)2\° ez[z(1—=29)(1—¢?) —2(1—7) ]
1—2 +b( 1—2 )+ q—2(>+1)+qz?

U8 (a,b,c;2) <a

7,4,P )

given a,b,c € C, ¢ # 0, and assuming that ¥ a,b,c; z) is specified in (4.26 ), then we

conclude that

’qu(

VG  1+0-2):
T,q,pf(z) 1=z

and HU=2)2 represents the optimal dominant.

1—z

Proof. Letting u (z) = %, with 0 <~ < 1 in Theorem 4.4.2, the conclusion of this

corollary readily follows as a particular case. O

We now illustrate Theorem 5.5.0.2. by considering several important choices of the
dominant function u, all of Janowski type.

Corollary 4.4.6. Let u (z) = 22 and suppose that condition (4.25 ) is satisfied. If f € A,
and the subordination

142 1+2\>  czlz(1—¢%) —2q]
vl (a,bcz) < b
rap (4:5,¢:2) Tz <1—z) +q—z(q2—|—1)+qz2

holds for a,b,c € C, with ¢ # 0, where ¥
concluded that

a,b,c;z) is defined in (4.26), it can be

qu(
VA f(2) - 1+2
T,q,pf(z) l—=

142

and 1= is the best dominant.

Proof. This result arises as a straightforward implication of Theorem 4.4.2 by selecting
the function u (z) = i; , which serves as a specific instance satisfying the conditions of

the theorem. 0

Corollary 4.4.7. Let u(z) = (11:;2)2, z € U and suppose that condition (4.25) is satisfied.

If f € A, and the subordination

\Iffqp(a,b,c;z) <a

14z 142 \? 02[(1+q2)<[§]:,z—2>—(1—q‘12)2}
i) (1-1,

2 2
1—2’) 1—2) Z+22>
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holds for a,b,c € C, with ¢ # 0, where ¥?
that

a,b,c; z) is defined in (4.25), then it follows

T,9,P (
VEILF(2) L 1+
ﬂq,pf(z) (1—- Z)2
1+z

and 0y represents the optimal dominant.

Proof. This result is derived by evaluating Theorem 4.4.2 at the specific function u (z) =

( 11+Z)2, which leads directly to the stated conclusion. O

We next turn to a related but technically simpler subordination problem involving the
ratio Vapf ()
2P :

Theorem 4.4.8. Assume that f € A, and that the function ”Z”f 2) belongs to the
class H (U), where z € U\{0}. Suppose that u(z) is a convex univalent function in U,
normalized by the condition u(0) = 1. Let m,n € C, with n # 0, and suppose that the
following condition is satisfied:

5
Re @+n+,qu—zL(z) >0, zel. (4.31)
" Dqu (2)

The function ¥, (m,n;2) is given by

Vil (%) lm

7,q9,P

qup(mun; Z) P

r (Vf;;f ) 1)] . (4.32)
T T,q,pf(z)

If the subordination B
W (mym; 2) < mu(z) + nzDau(z), (4.33)

1s satisfied in U, then the subordination relation

Vol ()

zP

<u(z), ze€U\{0}, (4.34)

holds and u represents the finest majorant.

Proof. Let the following auxiliary expression be given:

VTIBq pf( )

zp

s(z) =

where z € U\{0}, f € A,. It is evident that z is analytic in U and satisfies the
normalization criterion s (0) = 1.

By applying logarithmic symmetric ¢-differentiation to s (z), on both sides of (4.35),
we obtain

: (4.35)

Zﬁqs (2) _ =D Vquf(Z) . E’T
s (2) Vieof(2) '
Using identity (4.5), this expression reduces to

zﬁqs () Vi f(2)
Dale) ( il 1>. (430
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We now introduce two auxiliary functions defined by 6 (w) := aw and ¢ (w) := b, where
m,n € C and n # 0. The function @ is clearly analytic in C\{0}, and ¢, being constant
and nonzero, is also analytic in C\{0} and non-vanishing in C\{0}.

Next, we define the function @ (z) = zﬁqu (2)p(u(z)) = nzﬁqu (z), and consequently,
we define h(z) = 0 (u(2)) + Q (2) = mu (2) + nzDyu (2).

Through straightforward calculation, we arrive at the following result:

zﬁqh (2) B
%(cu@) -

e
Red ™ ypq 2Rru@ Ly
n D,u(2)

By substituting from identity (4.36), we obtain the following relation:

zP T zP

(Wﬁﬂ) Ql
Vianf(2)

Based on (4.33), we can conclude that

Vﬁﬂd+nWLﬂ)<W%ﬂ@_q

+ Eq _ 74P
ms (z) + nzDys (z) =m T

wzﬂ>h+
ms (2) +nzDys (2) < mu () + nzDyu (2).

Therefore, the requirements of the subordination in Lemma 4.4.1 are fully met, which
implies that s (2) < u (2) for all z € U\{0}. In other words, %ﬂ) <u(z), z€ U\{0},

where u serves as the best dominant for this subordination. O
Corollary 4.4.9. Let u(z) = }Igj and —1 < B < A <1 and suppose that condition

(4.51) is satisfied. If f € A, and

1+ Az s A-—B

1+ Bz (1+ Bgz)(1+ Bq'z)’

for the complex constants m,n € C and n # 0, —1 < B < A < 1, where the function
¢qu (m,n; z) is defined in (4.32), then the following subordination holds:

WP (mynyz) < m

VE L f(2) L 1t4z

, zeU,
2P 1+ Bz
and the function ligz is the best dominant.
Proof. By choosing u (z) = }igz, with parameters in the range of -1 < B < A < 1,

and applying Theorem 4.4.8, the desired conclusion follows immediately as a particular
case. O

Remark 4.4.10. The function u(z) = }Igz, z € U, where =1 < B < A <1, was
originally introduced by Janowski [6]. It defines a conformal mapping of U onto a circular
area in C, exhibiting reflectional symmetry acmss the real line. Speciﬁcally, the image of

U under u (z) = Y42 is a disk centered atl with a radius of 2 In the limiting case

1+Bz B2 - B2
when B = —1, the image degenerates into a right half-plane. The real axis intercepts of the
circular image— i.e., the endpoints of the diameter — are located at M = (} g, 0) and N =
(}i—g, O). These mappings, commonly referred to as Janowski functions, play a fundamental

role in geometric function theory. They are extensively used in the characterization and
analysis of various subclasses of univalent, starlike, and convex functions.
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Corollary 4.4.11. Suppose that u(z) = M 0 <~ <1 and that condition (4.31)

is satisfied. If f € A, and the function ¢?
subordination relation

L ap (m,n, z), as given in (4.32), satisfies the

1+ (1—27v)z 2(1—7)
Y ; —< - 4 )
Vrap (Mo 2) <M e T
for some complex constants, m,n € C, and n # 0, then the subordination
Vo (2) 14 (1-2)
zP 1—2z

)

holds, and the function % 15 the best dominant.

Proof. When choosing u (z) = H(llTh, with 0 < v < 1 in Theorem 4.4.8, the stated

result follows immediately as a particular instance of the general theorem. O]

Corollary 4.4.12. Let u(z) = lfz and assume that condition ( 4.31) is satisfied. Suppose

1
that f € A, and the function ¢ (m,n;z), defined in ( 4.32), satisfies the subordination

1+ 2 2

1—2 +nz(1—qz) (1—gq12)’

for some complex constants, m,n € C, with n # 0. Then it follows that

w'rqp(mvn;z) =m

Vﬁ f(2) ~ 1+z2

7,4,P
2P 1—2’

1+2

and = represents the best dominant.

Proof. This conclusion is an immediate consequence of Theorem 4.4.8 when selecting the

specific function u (z2) = 1“ which satisfies the hypotheses of the theorem and corresponds

to a particular case within its framework. O

Corollary 4.4.13. Let u(z) = -2, 2 € U and suppose that condition (4.31) is satisfied.

(l—z)27
If f € A, and the function ¥ m,n;z), as defined in (4.31), satisfies the subordination

’qu(

1+2 +nz(q_1—q)z2+( —¢*)z-3(qg"—q)
? (=g \)(1—qz)’1—q'2)*

(1-2)

form,n,c € C, with ¢ # 0, then the subordination relation

PP p (MM 2) <M

Vil () | 1tz
@ (-2

holds, and the function a +Z)2 serves as the best dominant.

Proof. The result is obtained as a direct consequence of Theorem 4.4.8 by choosing

u(z) = (11+Z)2, which satisfies the theorem’s assumptions and yields the stated conclusion
as a particular case. O

Next, we consider the dual problem to differential subordination, namely
superordination, and then combine both directions to derive sandwich-type results. The
basic tool is the following lemma, which is a symmetric g-analogue of a classical result for
first-order differential superordination.
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Lemma 4.4.14. Suppose u is convex and injective in U and v and ¢ are holomorphic
within a domain D that contains the image u (U). Let us assume:

1. Re (qu EL(;)))) >0, given any z € U, and

2. W(z) = zDgu(z) ¢ (u(2)) is analytic, injective, and starlike in the open unit
disk. Assume that s(z) € H[u(0),1] N Q, where s (U) € D and the composed mapping
v(s(2)) +2Dgs (2) ¢ (s(2)) is injective in the unit disk and

v(u(z))+ zﬁqu (2)p(u(2)) <v(s(2))+ zﬁqs (2)d(s(2)),

then u (z) < s(z) and u is identified as the extremal solution among all subordinants.

Proof. This proof mirrors the method used in the previous lemma. O

The subsequent theorem addresses a second-order differential superordination involving
the symmetric ¢-differential operator qu - 1t provides sufficient conditions under which
a given univalent function is superordinate to a transformed analytic function. A key
contribution of this result lies in the identification of the best subordinant — that is,
the largest function (with respect to subordination) among all admissible subordinants
satisfying the differential inequality. This result not only complements the earlier
subordination theorem but also highlights the duality structure inherent in the theory.
The use of symmetric ¢-calculus facilitates a more refined formulation of the problem,
allowing for greater generality and improved analytical control over the behavior of the

solutions.

Theorem 4.4.15. Let u be an analytic and injective mapping on the open unit disk U,
with the property of convexity, satisfying u (0) = 1. Suppose that for constants a,b,c € C,
where ¢ # 0, the following condition holds:

Re (% + g [u(gz) + u (qlz)]) > 0. (4.37)

Assume that f € A, and that the function % belongs to the class H[u(0),1] N Q.

Suppose also that the function \I/qu (a,b,c; z), defined in (4.26), is univalent in U. If the
subordination B
au (2) 4+ b (u(2))* + czDgu (2) < vl (a,b,c2), (4.38)
18 satisfied, then it follows that
VAL £( 5
u(z) < quf( ) (4.39)
Tqupf(z)

and w 1s the best subordinant.

=B+1
Proof. Let s(z) = %, z € U\{0}, f € A,. Define the auxiliary functions: v (v) =

av + bv? and ¢ (v) = c¢. Clearly, v is holomorphic in C and ¢ is analytic except at the
origin and non-vanishing in C\{0}. A straightforward computation shows that:

Dy (u(z)) _a
olu(z) ¢

By hypothesis (15), the real part of this expression is positive for all z € U, that is:

Do ()Y _pe (@ bt ooy 4o (s
Re( o) >R (2 Sl +ul2)) >0
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Using the subordination assumption (4.38), we obtain
au (2) + b (u(2)) + czﬁqu (2) < as(2) +b(s(2)) + czﬁqs (2).

Now, applying Lemma 4.4.14, it follows that:

ﬁ—f—l P
u(z) < s(z) = ==—— quf() zeU
T,q,pf(z)
and that u is the best subordinant. O

Several corollaries can be obtained again by choosing Janowski-type functions for u.
In each case, the resulting statement asserts that the given Janowski mapping is the best

subordinant for the corresponding family of analytic functions transformed by qu i

Corollary 4.4.16. Let u(z) = iigz, where —1 < B < A < 1. Assume that condition
=B+1
(4.37) is satisfied. If f € A, and the function s(z) = VeunlG) o included in the class

H[u(0),1]NQ, and if the subordination

a

1+ Az b<1+Az)2 cz[ABz(¢* — 1) — (A— B) (]

v b, c;
1+ Bz 1+ Bz = (a,b,¢;2)

q+ Bz(¢* + 1) + ¢B222 P

holds in U, for constants a,b,c € C, with ¢ # 0, where ¥
), then the following subordination relation holds:

a,b,c; z) is defined in (4.26

qu(

14 Az V’B+1f(2)

7,9,P

1+ Bz VT,q,pf(Z)

,ze U,

and u (z) = }igi represents the optimal subordinant.
Proof. The assertion is a direct consequence of Theorem 4.4.15, with the choice u (2) =

}igz , under the stated assumptions. -

Corollary 4.4.17. Assume that u(z) = M ,0 <~y <1,z€U and that condition

(4.37) is satisfied. If f € A, and Jﬁ”;j € Hu(0),1]NEQ and

AEIUE I (1 +0-2) >+ F1=29) (=) —2(1=7)4

q—z(@+1)+q¢z° np

for a,b,c € C, ¢ #0,, 0 < v < 1, where ¥?
conclude that

(a,b,c;z) is formulated (4.26), then we

7,9,P

L+ (=292 Vi f(2)
1—2 qu,pf(z)

represents the optimal subordinant.

1+(1-2
and FU=20)z - )z
—Z

Proof. Corollary follows through the use of Theorem 4.4.15 for u (z) = H(ll—? 0<y <

1. [l
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Corollary 4.4.18. Let u(z) = }fj, z € U and suppose that condition (4.37) is satisfied. If
f € A,, and define the function s (z) = Vednl(2) Suppose further that s (z) € H [u (0),1]N

T T VEpf()
Q@ and that the subordination

a1+z—l—b 1+2\>  ezz(1—¢%) —2q
11—z 11—z

B .
q_Z<q2+1>+q22 < \IJT,q,p<a/7b7C7Z>7

holds for some complex constants a, b, c, where ¢ # 0, and assuming that \Ilf%p (a,b,c; z) is
introduced as in ( 4.26), the subsequent subordination statement holds:

Lt+z Vi /()
L=z ‘N/fq,pf(z) 7

and % represents the sharpest subordinant.

Proof. The result is obtained as a direct consequence of Theorem 4.4.15, by choosing

u(z) = }fz, which is a conformal convex mapping on U, so that u(0) = 1. The assumptions

ensure that all hypotheses of the theorem are fulfilled, hence the conclusion follows. [

Corollary 4.4.19. Let u(z) = (11_23)2’ z € U and suppose that condition (4.37) is satisfied.

If f € A, and define the function s (z) = mf@'; Suppose further that s (z) € H [u (0), 1]N

V.rﬁ,qu(z
Q) and that the subordination

14 +b( 14 - >2+cz[(1+qz) ([5];2—2)—(1—([12)2}

a(1—2)2 (1-2) (1_[/2\];24_22)2 -<\I/f’q7p (a,b,¢;2),
holds for a,b,c € C, with ¢ # 0, where \Iff,q’p (a,b,c;2) is defined in (4.26). Accordingly,
the subsequent subordination statement holds true::
1+2 VARG
(1=2)"  Vipf(2)’
and (lljzz)g constitutes the sharpest subordinant.
Proof. This outcome follows directly from Theorem 4.4.15, by selecting u (z) = 1%, a

(1fz)2 )
one-to-one convex holomorphic mapping defined in U, satisfying u(0) = 1. Under the
given assumptions, all the premises of the theorem are fulfilled, and the outcome is thereby

established. n

By simultaneously invoking the conclusions of Theorem 4.4.2 and Theorem 4.4.15,
we derive a comprehensive result in the form of a sandwich-type theorem. This theorem
encapsulates both the subordination and superordination frameworks, yielding a two-sided
inclusion for the analytic function under consideration. Specifically, it establishes that the
function transformed by the symmetric g-differential operator lies between two extremal
functions — designated as the optimal subordinant and dominant, respectively — each
characterized by precise geometric or analytic conditions. The result provides a sharp
and symmetric containment of the target function, demonstrating the power of combining
differential subordination and superordination theories within the structure of symmetric
g-calculus.

The general formulation and its Janowski specializations are given in the theorem and
corollaries that follow in your text (for u; and u; of the form 14z or L+(1-2y)2 ), and we

1+ Bz 1-z
do not repeat the detailed formulas here, as they remain unchanged.
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Theorem 4.4.20. Consider uy and us as injective analytic mappings in the unit disk U,
such that uy (2) # 0 and uy (2) # 0, for each z € U. Assume further that the functions
2Dyuy (2) and zDyuy (2) are starlike and univalent in U. Suppose that the functions u;

satisfies ( 4.25) and ug satisfies (4.57) , f € Ay, and the function < Vedal®) s included in

Viapf(2)
the class H [u (0),1]NQ. Assume also that the function \Iqup (a,b,c; z) defined in Theorem
4.4.15 maps U conformally onto its image, and that for constants a,b,c € C, with ¢ # 0
the following double subordination holds:
auy (2) + b (uy (2)) + czﬁqul (2) < \I/fqp (a,b,¢;2) < auy (2) + b (ug (2))* + CzﬁqUQ (2),
Then it follows that:

Vﬁ+1
u (2) < quj:(( ; < ug (2),

and the functions u; and us serve, respectively, as the sharp subordinant and dominant
associated with this sandwich-type relation.

Let uy (2) = }igii, ug (2) = }i—g;j , where the parameters satisfy the ordering —1 <

By < By < Ay < Ay < 1. Under these conditions, the following corollary holds.

Corollary 4.4.21. Assume that the conditions specified in (4.25) and (4.37) hold for the

functions uy (z) = % and uy (2) = }I‘gf, respectively, where the parameters satisfy

—1< By < By <A <Ay <1. Let f €Ay, and suppose the function Vednf(2) belongs

V0w f(2)
to the class H[u(0),1] N Q. Assume further that the function W2 (a,b,c;z) defined in
(4.26), is univalent in U, and that for constants a,b,c € C, with ¢ # 0, the following

double subordination holds:

2
Lt 1A cz[iBiz (¢ — 1) = (A4 — Bi)d < Wl (a,b,c;2)
1+ Bz 1+ Bz ¢+ Bz (¢* +1) + ¢Biz? o
14+ Asz 14+ Aoz — (Ay — By) |

. N cz[AyByz (¢ — 1)
a
1+ Byz 1+ Bsz q+ Baz(¢? 4+ 1) +¢B322
Then it follows that:
1 + AQZ

1+ Alz 3
W ‘]/ b ] Z (
( ’ ,C’ ) 1 BQZ,

1+Blz P

and consequently, the functions H—gi d % represent the sharp subordinant and

dominant, respectively, associated with this subordination structure.

Corollary 4.4.22. Suppose that the conditions stated in references (4.25) and (4.37)
are satisfied for the functions uq (z) = w and us (z) = w, respectively,

where the pammeters fulfill the inequality 0 < v < v < 1. Let f € A,, and assume
that the quotient Vedpl(2) belongs to the class H [u(0),1] N Q. Furthermore, assume that

Vigwf (2)
the function U2 (a,b,c;z) defined in (4.26), is univalent in U, and that for constants

a,b,c € C, with ¢ # 0, the following double subordination holds:

(- 271)z+b (1 +(1— 271)2)2+cz [2(1=27)(1—¢*) —2(1 =)

b .
1_2 1_Z < (a,b,C,Z)

q—z(q°+1) +qz° T

1+ (1—2y)2 1+ (1—2%)2\* | ez[z(1—27%) (1—¢*) —2(1—72)q]
<a +0b +
1—2 1—2 qg—z(¢>+ 1)+ gz2

Y
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Thus, it follows that:

1+(1—272)Z

1+(1-2
aal 71>Z<\Ilﬂ (a,b,c;2) < ]
-z

1 — 2z T,4,p

Y

and accordingly, the functions H(ll:i’“)z and 1+(1172ny2)2 act as the optimal subordinant and

dominant, respectively, within this subordmation}mmework.

Theorem 4.4.23. Consider u to be an injective and convex mapping within U, normalized
such that u (0) = 1. Suppose that there exist constants, m,n € C, with n # 0, for which
the following condition is satisfied:

Re (M> > 0. (4.40)

n

Assume that f € A, and that the function w belongs to the class H[u(0),1] N Q.
Further, let @/nyq’p (m,n;z), defined as in (4.32), be univalent in U. If the subordination
condition B
mu (2) +nzDgu (2) < ¥2,, (m,n;z), (4.41)
holds in U, then the subordination
VA f(z
vy < Pl )

o (4.42)

follows, and the function u is the best subordinant.

78
Proof. Let s(z) = VT%J(Z) and z € U\{0}, f € A,.
We introduce the auxiliary functions:

v (w) =mw and ¢ (w) := n.
Obviously, v is a holomorphic function on C, and ¢ is holomorphic on C and nonzero and

non-vanishing in C\{0}.
It can be easily verified that

Based on assumption (15), we have

Dyv (u(2)) _ Re mDgu ()
Re<¢ama>)‘”‘( n >>0

Now, employing the subordination condition in (4.41), we obtain
mu (2) + nzDgu (z) < ms (z) +nzDys (2).

An application of (4.4.1) then guarantees the subordination

VB f(z
u(z) <s(z) = Lf(), zeU,
zp
and further establishes that « is the best subordinant. O
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Corollary 4.4.24. Let u(z) = LFBZ, where —1 < B < A < 1. Assume that condition

(4.40) holds. If f € A, and the function s (z) = %fz) belongs to the class H [u (0),1]NQ,
and if the subordination
m 1+ Az s A-B
1+ Bz (14 Bqz) (1 + Bq~'z)

holds in U, for constants m,n € C, with n # 0, where """ (m,n; z) is defined in (4.52),
then the subordination relation

8
1+AZ<V f(2)

qup<m7n; Z)?

T.4,P
,2€U,
14+ Bz 2P :
is satisfied, and the function u (z) = }Ig'z represents the best subordinant.
Proof. The result follows immediately by applying Theorem 4.4.23 with the specific choice
u(z) = ﬂg'z and —1 < B < A <1, provided that the conditions are satisfied. O

Corollary 4.4.25. Assume that u(z) = w 0<~y<1lzeU and assume that

condition (4.40) is satisfied. Suppose that the function f € A, and “”’f ) € H[u(0),1]N
Q. Assume that the subordination

14+ (1-2 —

it t=2yz  2(-1)
1—2z (1—qz)(1—q~

holds in U for the complexr constants m and n, with n # 0, and where ~ is within the

range (0, 1], where 2, (m,n;z) corresponds to the definition in (4.52 ). In that case, the
subordination result

12,’) < I/J'rqp(m7n; Z>7

7.q9,p

1+(1-2y)z VI f(2)
<
1—2 2P

holds, and the function (1—227)2 18 the best possible subordinant.

Proof. The corollary emerges as a special case of Theorem 4.4.23 when choosing u (z) =

14+(1—27)
1—Z’YfOI'O<’}/<1 O

Corollary 4.4.26. Let u (z) = 22, z € U and assume that condition (4.40) is satisfied. Let

f € A,, and define the function s (z) = Vearl @) - Consider also that s(z) e Hlu(0),1]NQ

Vi
and that the subordination
1+2 2

m1—2+n2<1—q2)(1—q_12) w‘rqp(m7n;z)7

holds for some constants, m,n € C, with n # 0, where the function ¢

defined in (4.32). Then the subordination

1+Z_<VTﬁqpf()
1—=z2 2P

B op (Mom; 2) s

)

holds, and the function ; ﬁ 15 the best subordinant.

Proof. The conclusion follows directly by applying Theorem 4.4.23 with the specific choice
u(z) = 1, which is a convex univalent function in U, satisfying the requirement u(0) = 1
. The stated assumptions ensure that all the hypotheses of the theorem are satisfied, and

thus the desired result follows. O
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Corollary 4.4.27. Let u(z) = (lljZZ)Q, z € U and suppose that condition (4.40) holds.

Let f € A, and define the function s(z) = M Assume additionally that s(z) €
H[u(0),1] N Q and that the subordination

Itz -2+ (@7 —¢)z2—3( —q) <P
(q—q (11— qz)2 (1-— q—lz)Q 4P

holds for constants m,n € C, with n # 0, where ¢§,q,p (m,n;z) is defined in (4.32). Then
the subordination

(m,n;2),

14z < ‘Z‘?q,pf(z)
(1-2) P

holds, and the function (11:;2)2 15 the best subordinant.

)

Proof. The result follows as a direct application of Theorem 4.4.23 when taking u (z) =

( lljzz)g, a convex univalent function in the unit disk U, normalized by u(0) = 1. Given the
stated assumptions, all the hypotheses of the theorem are satisfied, thereby ensuring the
validity of the conclusion. O

By jointly utilizing the statements of Theorems 4.4.8 and 4.4.23, a unified conclusion
is formulated in the form of a double subordination theorem. This finding combines the
structures of both lower and upper function dominance, producing a bidirectional inclusion
for the analytic function under consideration. Specifically, it demonstrates that the function
transformed using the symmetric g-differential operator is bounded above and below by two
extremal functions — identified as the best subordinant and best dominant, respectively —
each satisfying specific geometric or analytic criteria. This formulation offers a sharp and
symmetric enclosure of the transformed function, highlighting the effectiveness of combining
subordination and superordination techniques within the structure of symmetric g-calculus.
Sandwich-type theorems of this nature are particularly significant in geometric function
theory, as they deliver precise information about functional behavior and constraints
within complex domains.

Theorem 4.4.28. Let u; and us be holomorphic and one-to-one functions in the unit disk
U, where for every z € U, both uy (2) and uy (z) do not vanish. Furthermore, assume that

the functions zDgyuy (2) and zDguy (2) are both starlike and univalent in U. Suppose that
uy satisfies condition (4.31) and uy satisfies condition (4.40), and let f € A, be such that

5
Vﬂ%ﬂz) belongs to the class H [u (0),1] N Q. Assume also that the function 1/)7/{[14) (m,n; 2)
as defined in (4.32) is univalent in U, and that for constants m,n € C, with n # 0, the
following double subordination holds:

muy (z) + nzﬁqul (2) < ¢f7q’p (m,n;z) < mug (2) + nzﬁqug (2),

Then it follows that

VE (=
ul(z)<%()<uz(2);

and the functions u; and us represent, respectively, the best subordinant and the best
dominant in this sandwich-type subordination.

Let uy (2) = }I’gij, ug (z) = ﬂ“gzj, assuming an ordered relation among the parameters,

—1< By < By < A; < Ay <1 . Under these constraints, the following corollary is valid.
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Corollary 4.4.29. Assume that the conditions specified in (4.31) and (4.40) are satisfied

for the functions uy (z) = % and us (2) = iigzz, respectively, where the parameters are

subject to the ordering —1 < By < By < Ay < Ay < 1. Let f € A,, and suppose that the

7B
function VT%J(Z) belongs to the class H [u(0),1] N Q. Assume further that the function
@Df’q’p (m,n; 2), defined in ( 4.32), is univalent in U, and that for constants m,n € C, with
n # 0, the following double subordination holds:

1+ Alz i A1 — B1 < @bﬂ ( )
m——— +nz m,n; z
1+ Bz (1+ B1gz) (1 + Big'2) TP

< 1 + AQZ 4 AQ — _82
m———rTnz )

1+ Byz (14 Bsqz) (1 + Bag'2)
It can therefore be concluded that

1+A22’

1+Aiz s L 142
1—}-3227

1+ Blz = 77b7-,q,p (man; Z)

. 1+ A2 1+ Aoz . -
and consequently, the functions ENCIp and T B, serve, respectively, as the best subordinant

and best dominant within this double subordination framework.

Corollary 4.4.30. Assume that the conditions specified in (4.31) and (4.40) are satisfied
for the functions uy (z) = %QZ“)Z and us (2) = 1+(+2sz)2; respectively, where the

parameters fulfill the inequality 0 < v < v < 1. Let f € A,, and suppose that

5
the function Vf%pf(z) belongs to the class H[u(0),1] N Q. Furthermore, assume that

the function wf’%p (m,n; 2), defined in (4.32), is univalent in U, and that for constants

m,n € C, with n # 0, the following double subordination holds:

1+(1—2m)z 2(1 =)
" 1—2z —i—nz(l —qz) (1 —q71z2)
1+(1—272)z+nz 2(1— ) |
1—2z (1—q2)(1—q7'2)

_< 1/}57q7p

(m,n; 2)

<m

Accordingly, we conclude that

14+ (1—2%)z
1—=2 ’

14+ (1—2v)z .

1— 2 T,q,p (man; Z) =

and therefore, the functions 1+(11:?1)Z and 1+(11:2sz)z serve as the optimal subordinant and

dominant, respectively, within this subordination framework.

4.5 Concluding Remarks

In this chapter we developed a unified framework based on a single symmetric ¢-differential
operator that generalizes several classical operators in geometric function theory. This
operator, defined through successive iterates and involving the parameters ¢, «, p and
B, allows a flexible treatment of multivalent analytic mappings and naturally extends
both the Al-Oboudi and Salagean operators when the quantum parameter tends to
one. Using this operator, we introduced three generalized Janowski-type subclasses
of multivalent symmetric ¢-starlike functions. Their structural hierarchy was clarified
through a strict chain of inclusions, showing how the geometric restrictions become
progressively stronger across the three classes. We also considered a broader Janowski-type
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family defined by subordination conditions involving the same operator and established
coefficient-based criteria ensuring membership in these classes. These results highlight the
role of the symmetric g-operator as a unifying tool for capturing fine geometric behavior
of analytic functions. A second central theme of the chapter was the development of an
extensive subordination and superordination theory associated with the operator. Using
symmetric g-versions of classical differential subordination techniques, we derived sharp
conditions under which transformed analytic functions are subordinate or superordinate
to prescribed univalent functions. In each situation we identified the corresponding best
dominant or best subordinant—functions that play an extremal role and describe the
optimal geometric bounds for all admissible solutions. By combining both directions,
we established sandwich-type theorems that provide two-sided constraints and offer a
complete picture of the analytic behavior of the functions under the action of the symmetric
g-operator. Overall, this chapter illustrates that the ¢-deformed operator introduced here
serves as a powerful instrument in generalizing classical results, organizing Janowski-type
subclasses, and formulating sharp differential inequalities. The methodology and results
presented suggest several promising avenues for further research, including extensions
to bi-univalent or harmonic mappings, fractional and weighted operator variants, and
potential applications in quantum calculus and related areas where symmetric difference
structures are of central importance.
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In this chapter (see [1]), we introduce and investigate a new Janowski-type class of
meromorphic p-valent functions generated by an iterated symmetric ¢ -differential operator,
and we derive sharp analytic and geometric properties for this class. We have defined, in
the first chapter, the operator:

Bt () = %z#Oq#lzeU (5.1)
! 1 (0), for z=0.
Also, the normalization condition:
1 > :
f(z)= > + Zajerz”p, z e U (5.2)
j=1

is used in this chapter.

5.1 The Symmetric ¢-Differential Operator and the
Associated Janowski-type Meromorphic Classes

In this section, the symmetric g-derivative serves as the basis for introducing a new linear
operator acting on M,. This operator will be instrumental in the definition and analysis

of a Janowski-type subclass of meromorphic p-valent functions.
We proceed to define a new differential operator £, , : M, = M,, as follows:

Leaf (2) = (14700, ) £ (2) + 72D (2). (5.3)

where 0 < g < 1, 7> 0,z € U*. B
Applying (5.2) and the power series of D, f in relation (5.3), we conclude that

—~——

Loof (2) ==+ Z (1 +7pl, + 7l +p]q> aj4p2 . (5.4)

For convenience in what follows, we now introduce the iterates of the operator Zﬂq by

L0 = ),
Lr,f(z) = Logf(2)
~ & —~—\2 ‘
B ) = Loy (Eraf () = 5+ 3 (14700l + 711 7,) ™.
7=1
Analogously, we derive the following result:

—~—

B )
2o f :_+z(1+7 T+ pl,) 4, BEN. (5.5)

Remark 5.1.1. [t is worth noting that the operator Eﬂq, as defined in 5.3, maintains a
deep connection with classical differential operators widely used in the theory of harmonic
and geometric function theory. In the limit as ¢ — 17, the symmetric g-derwative D,
converges to the ordinary derivative, and hence the operator Eﬂq, reduces to the classical
linear form L.f (z) = (14 7p) f (2) + 7pf' (2), which resembles known structures such
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as the Libera operator and certain weighted Salagean-type operators. These operators
are fundamental tools in the analysis of starlike, convex, and close-to-convex functions,
especially in establishing distortion bounds, growth estimates, and coefficient inequalities.
Moreover, when combined with subordination conditions, the operator aligns with the
framework of Janowski-type function classes — an established approach for generalizing
classical geometric properties via the theory of differential subordinations. This connection
reinforces the theoretical foundation of £qu, positioning it as a natural q-deformation of
classical analytic operators, while also enabling the extension of geometric function theory
into the realm of symmetric q-calculus.

Remark 5.1.2. As ¢ — 17, the symmetric q-differential operator defined in (5.3) reduces
to the classical differential operator introduced in [4].

We now use the iterated operator Eﬁq to introduce and study a new Janowski-type
class of meromorphic p-valent functions. Throughout this section, all results are considered
forz€eU*, 0<qg<1, 0<A<1,72>0,0<a<pandf € N unless specified otherwise.

A subclass /EMW (p, 5, A) of M, is now introduced, defined through the use of the

operator £? . as follows.

T’q )

Definition 5.1.3. Let f be a meromorphic function in M,. The function belongs to the
subclass KM, (p, B, A), if it satisfies the following condition:

2D, (£3,1 (=) 14 2[1—A(l+q)
— g(z) < 1 —
[p, 4

(5.6)

for which g (2) € SM;. The symbol < denotes the well-known concept of subordination

(see [3]).

Remark 5.1.4. We say f € IET\AW (p,B,A) if and only if in the case that
_zﬁq([}?qf(z))
[pl,

<1 —q— %‘2) and radius f_’qﬁ.

g(2), where g (2) € SM;, takes all values in the circular domain centered at

In view of standard subordination theory, an equivalent analytic condition for
membership in E?\l,q (p, B, A) can be easily established and will be frequently used
in the proofs of the main results.

An equivalent condition for a function f € mm (p, B, A) is given below and can be

easily established.
2Dq(L74(2))

= +1
1— A(1 _ ,2ra\EradE))
(I a) —a=000

5.2 Coefficient Conditions, Extremal Functions and
Sharp Bounds

In this section, we first derive sufficient conditions that characterize membership in
the newly introduced class, KM, , (p, 3, A). Subsequently, we obtain sharp coefficient

bounds for functions belonging to this class, thereby contributing to a deeper analytical
understanding of their geometric and functional properties.
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More precisell\w/e will derive the core analytic conditions that characterize the newly
defined subclass M, (p, B, A). These conditions are established using a combination of
symmetric g-calculus techniques, subordination principles, and coefficient estimates. The
primary goal is to provide a clear and tractable inequality that ensures class membership
based on the behavior of the function’s coefficients. The first main result, presented
below, offers such a condition and serves as the foundation for subsequent corollaries and
sharpness results.

Theorem 5.2.1. Let f € M, be a function with a series representation as given in (5.2).
Then f belongs to the class KM, (p, 5, A) whenever the following inequality is fulfilled:

o0

Z((Hmwﬁﬂ T —L —2‘.4p[p]q)s<1—A>E)L- 55)

‘= @+ G+p)  J+p

This condition is sufficient for membership in the class mﬂq (p, B, A).

Proof. To validate the sufficiency condition, we aim to verify that the subordination
inequality (5.7) is indeed satisfied under the given assumptions.

e R - ) R
L= AQ ) - IO o[- A(+ ]l () - 2Dy (Laf (2)

Assume that g (z) may be represented as the following power series:

o0

1 )
9(z) = » + D b

=1

To simplify our computations, we define the following compact notation for the
expression of the coefficient that appears repeatedly in the summation.

A= <1+7’[p] + i +4] )ﬂ[jﬂ?]q-

By first applying (5.3), and then making use of (5.1) and (5.4), we deduce — after
appropriate simplifications — that the preceding expression is equivalent to:

Z A] Tpa]+p2]+2p + Z [ ] J+ng+2p

—~ [e.e] —_——

(1=A) A +q)lpl, +[1 = A +q)] Z [Pl b5 — g Z Al + Dl ajepai

]:

[ee])

> AT 45l + [Py 3 I

< =

(1= A) (1+q)[pl, — [1 - A +0q)] 7, i:)l [bj+pl = 4 iﬁﬁf,p Iaj+p|'

Given that g (z) € SM;, it is known from [6] that its coefficients obey a specific
inequality that we now apply to simplify the sum.

(J +p) [bj+p| = 2p. (5.9)
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Substituting this expression into our earlier inequality and invoking the inequality (5.8),
we obtain

zﬁq,(v[:é’qf(z))

1
e
ZDq( ‘rqf(z)>
—AQ1 el A
(1+4q) - l,0(2)
[ee] —~— ﬂ —~—— o~ o0
;(um Frli+l,) O+l lasl + 2000, X 7
< = —

[e.e]

(L= ) (U @) B, = 200 = AL+ llp], 3~ 03 A el

Thus, since the transformed expression remains strictly less than 1, the inequality in
(5.7) is satisfied, completing the proof of sufficiency.
In the reverse direction, suppose that f € KM, (p, 8, A) is a function represented by

the series expansion given in (5.2). Then, applying (5.7), we deduce that the following
relation holds for all z € U*:

ZDq( T qf(z))
pl,9(2)

Zﬁq Zqﬁ-qf(z)
1—A(1+q)—q—[% - )

+1

—_—

(L+ 7559)" [J + Plyayp2 2 + Zl [P bj+p2? T2
J

e

Il
—

J

X0 ~

(1-4)1+q) B;]q T+ —-AQ+ ] X [plbjpa™ —q Z ]Tpa]+pzj+2p |

Jj=1 Jj=1

As |Re(z)| < |z|, it follows that

00 e~ \ B ——

X (14 7lply + 7l 8L,) 0 Bl X Bl

Re < 1.

(1= A) (L4 0) [l + [0 A +0) X Blbros ™ — 0 2 A7 ay1020°%

(5.10)
Z~ 2 4
% remains
real-valued. By clearing the denominator in (5.10) and considering the limiting behavior

as z — 1~ on the real line yields (5.8), thereby establishing the desired condition. [

Now, let us restrict z to real values such that the expression

The previous theorem provides a global coefficient condition ensuring that a function
belongs to the newly defined class. Next, we comment on the role of the symmetric
g-difference operator in this framework.

Remark 5.2.2. The symmetric q-difference operator used in this study offers several
advantages compared to classical q-derivatives and convolution-type operators. Unlike
standard forward or backward q-derivatives, the symmetric form uses function values
at both qu and g 'u, resulting in more stable and balanced behavior near singularities
and ensuring better convergence as ¢ — 1=. The operator exhibits improved rotational
invariance, which is beneficial for function classes defined in circular domains such as
the punctured unit disk. The operator is embedded in a parametric form ET o allowing a
tailored analysis through adjustment of T and (. This gives it broader applicability and
adaptability than fized-kernel convolution operators. As shown in Remark 1.1, the operator
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18 reduced smoothly to the classical derivative operator as ¢ — 17, ensuring compatibility
with well-known results in classical function theory. The operator facilitates the derivation
of precise subordination conditions and coefficient bounds, as demonstrated in Theorem
2.1. Such tractable inequalities are less accessible when using traditional convolution
techniques. These advantages motivate the use of the symmetric q difference operator to
define and analyze the class of functions KM, (p, 5, A) and justify its theoretical and
practical relevance.

The next result is an immediate specialization of Theorem 6.3.0.1 to the case p = 1.

Corollary 5.2.3. Let f € M. Then f belongs to the class Ia/\//lm (1,3, A) whenever the
following inequality s fulfilled:

. o h 4 2A
Z((1+T+r[g+1]q> U+ U lasnal+ Ty 551 _j+1) =t

j=1
This condition is sufficient for membership in the class Ie\f\//lm (1,5, A).

Example 5.2.4. For the function

4p[p] Cplp]
1 (A=A, - st o
f(z) = - — q  (g+1))(p+j) Pty p+l

(1+ ), +rp+41,) 44,

Y

we obtain

~ 8~ (1= A, - (qf))(};ﬂ) + Qi@q aplp),
L+7lpl, +7lp+3l,) [P+, — e R—— :
( ) (Ctrlpl, + ot aL,) g, @O

2Aplp], ~
T, — Ak,

Hence, [ € laJ\/lT,q (p, B, A), as well as the inequality (5.8) attains sharpness for this case.

__To deepen the understanding of the analytic behavior of functions in the class
KM, (p, B, A), we now establish explicit coefficient estimates. These bounds offer direct
insight into how the parameters of the symmetric g-operator influence the growth of the
function’s series expansion. In particular, the next result provides a sharp upper bound
for each coefficient a,,, derived using subordination techniques and classical inequalities.
This theorem complements the general inequality in Theorem 5.8 by refining the functional
structure of admissible elements within the class.

The following lemma due to Rogosinski plays a key role in establishing our main results.

Lemma 5.2.5. [5]. Let v (z) be an analytic function with series representation v (z) =

1+ Y v;27, and let w (2) be a univalent and convex function in U represented by w (z) =
j=1

1+ Y wizd. Ifv(z) <w(z), then it follows that |v;] < |wy], for all | € N*,

Jj=1

Using this lemma in combination with the subordination relation that defines the class,
we can now obtain a refined coefficient estimate.
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Theorem 5.2.6. Assume that f € IE;\//IW (p, B, A) and has the series representation given
by (5.2). Thus

2plp], ( T (1+q)( A)>
|ajp| < — —— — + :
(147l + 7+ 71,) G, VTP H e

Proof. Assuming that f € M, and lies in the class Eﬂw (p, B, A). It must satisfy the
condition below:

ﬂ%(fﬂf@»_<1+u—u4ﬂ+QHZ

7,9 () 1-¢z
Given that _
D (2) = o (Lf’qf (2)) (5.11)
Pl '

as Re® (z) > 0, ® () can be expressed as

2) =1+ ¢;7.
j=1

Thus,
1+[1—A(1+q)=

1—gz

D (z) <

By performing basic calculations, we arrive at w =1+(1+q¢(1—-A)z+..
and by means of Lemma 5.2.5, we deduce

;] < (1 +q)(1-A). (5.12)
From (5.5) and (5.11), we obtain
W, oo N e +p
Bos> (1 rlpl, + 7l +0],) [+ l,a5007

L+ Y g0 = —=
j=1

—~ o0
j=1
After simplification, comparing the corresponding coefficients of z/*? yields

—_— B/\_/

— (L7l + 7l +2,) U+ Plyase = [Plbie + T, S ekt
k=1

By considering the absolute value of both sides and invoking the triangle inequality
along with (5.12), it follows that

.

-1

(1 7lpl, + 70+ 81,) U+ 8l gl < B, byl + (04 @) (1= A5l Y el (513

With the aid of (5.13) and (5.9), we arrive at

e~ \ B —— — —

(1 7lpl, + 7l +2,) 1+ P, lagenl < 91,20 G+ ) "4 ) (1= A) o], > 20 (k+ )
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So

2p[p] 2(1+q) (1—A)plp| — )
|aj1p| < i + T (k+p) ",
(147, + 7 +0l,) G+pl,G+p) (1470, + 7 +2),) [+p), =
and the result follows as required. O

Figures 5.1 and 5.2 offers a visual comparison between the numerical bounds for |a;.,|
derived in Theorem 5.2.6. The 2D plot illustrates how the bounds vary with respect
to the index [, providing insight into the decay behavior of the coefficients for fixed
parameters. In contrast, the 3D plot shows the sensitivity of a specific coefficient bound
(for [ = 5) to changes in the operator parameters ¢ and 7. Together, these plots enhance
the interpretation of the theorem, highlighting both the local and parametric effects on
the structure of the function class.

0.25f

|a_{j+p}| Upper Bound
o [S] <)
5 & P

o

o

a
T

0.00 * . - ° °
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Figure 5.1: Coefficient upper bound (Theorem 5.2.6)

|a_{j+p}| Upper Bound

Figure 5.2: Coefficient bound surface for j = 5 (Theorem 5.2.6)
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As a direct consequence of Theorem 5.2.6, we obtain the following specialization for
the univalent case p = 1.

Corollary 5.2.7. If f € 16.\//\/{77(1 (1,5, A) and has the series representation given in (5.2).

Then .

2 1 —~(1+¢(1-A

|aj41] < e R—— (j+1+z( k)il )>
1+T—|—T[j+1]q> b +1],

5.3 Growth and Distorsion Results for la\//lm (p, B, A)

As a natural continuation of the coefficient and distortion estimates, we now focus on
bounding the magnitude of the symmetric ¢ -derivative of the transformed function
L f(z). This result is essential for understanding how the generalized derivative behaves
across the punctured disk, particularly under the subordination framework. The next
theorem provides sharp upper and lower bounds for the modulus of the operator in terms
of the parameters ¢, T, 5, A and the radial distance r, thereby extending the analytic
characterization of the proposed function class.

Theorem 5.3.1. If [ € lgj\//lw (p, B, A) and is given by (5.2), assuming |u| = r, we
arrive at the following estimate:

[1-(1—-AQ+q)—r](L—r)""[p]

(1+q—r)rrt! e ‘ﬁq (quf(z)ﬂ
_ bra-AQ+e) - —n
- L—g=r)ri |

Proof. Let us assume that [ € I/C\./\ZW (p, B, A). Therefore, we can express

Dy (B9) 1ea-antg):

pl,9 () 1-qz

So, for |z| = r, we get

D (2P
2D, (ﬁf,qf (Z)>g(z) _lxl-AQ+gle?) 1+-AQ+glr o
mq 1+ ¢?r? - 1—qr '
By simplifying, we arrive at
N B
I-[1-A(1+q)]r < _qu (Ef’qf(z)) oI [1—A(1+q)]r (5.15)
L+qr - ploz) | L—qr
Since g (z) € SM;, it is well known [2] that
(L—n"" (L=
T§]9(2)|§T, |zl =rand 0 <r < 1. (5.16)
Making use of (5.15) and (5.16) , the conclusion is established. O
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To further explore the geometric behavior of functions in the class l/C7\/l/T,q (p, B, A)
we now derive sharp distortion bounds. These estimates describe how the modulus of a
function in the class behaves on circles of fixed radius within the punctured unit disk. The
following result establishes upper and lower bounds for | f(z) | in terms of the parameters
of the symmetric ¢ -operator, thereby providing insight into the radial growth and control
of the function across the domain. Such estimates are fundamental in geometric function
theory and confirm the analytical stability of the class under symmetric g-deformations.

Theorem 5.3.2. Let [ € Ia\//lm (p, B, A). For|z| =r, it holds that

[p], (1 —A)

—_~— 6 P

JIO S —
(1 +7[pl, + 7lp + 1]q) [p+1],

rp

rP,

and

— A
FEl< L+ pl, (1= 4)

(147, + 7l +11,) p+1],

Proof. Inasmuch that |z| = r < 1, we have

1f (2)] =

1 = 1 > : 1 e
» T D a7t < ot D lajupl 2P = s D lagipl .
Jj=1 j=1 =1

We get 7Pt < rP and

o0

1
IS5+ lasm. (5.17)
j=1
Analogously,
1 o«
N2 = lagil. (5.1)
j=1

Since it has been demonstrated from (5.8) that

v po— aplpl, 2A4p[p], .
; ((1—1—7'[] +7[j +p]q) U+l lasel + o G T s ) < (1-A4)[pl,
However,
(1+TH +rp+1] ) p+ 1] Z|aj+p|
- TN T 4pf17]q 2Apfpv]q
z::(( +7'[]+p]> [J+p]q|aj+p|+(q+1)(j+p)_ j+p>.
Therefore,

(147, + o 11,) 1] Z|aj+pr< (1-A4) [,
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and is equivalently written as

—_~

S (1—A)[p]
> lajil < = (5.19)
j=1 <1 +7[pl, + 7lp + 1]q> [p+1],

Applying (5.17), (5.18) and (5.19) at this point yields the required result. ]

The graphical representations provided in the Figure 5.3, Figure 5.4 and Figure 5.5
illustrate the behavior of the upper and lower distortion bounds for |f(z)], as established
in Theorem 5.3.2. These bounds are analyzed with respect to variations in the operator
parameters g and 7, while keeping the modulus r fixed. The plots demonstrate how the
symmetric ¢-difference operator influences the growth and contraction of the function
within the punctured unit disk. This visual analysis enhances the theoretical results by
revealing the sensitivity and stability of the distortion bounds under parameter shifts,
offering deeper insight into the geometric properties of the defined function class.

—— Upper Bound
2.3F — Lower Bound
2.2¢
L 21r
c
=]
]
oM
= 2.0f
=
191
1.8
0.2 0.4 0.6 0.8 1.0

Figure 5.3: representation of upper and lower bounds of |f(z)| as a function of |u| = r,
(Theorem 5.3.2)
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Figure 5.4: Lower bound - Variation of the minimum |f(z)| with respect to ¢ and 7 at

fixed r=0.7
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N
=

Figure 5.5: Upper bound - Variation of the maximum |f(z)| with respect to ¢ and 7 at

fixed r=0.7

Corollary 5.3.3. Let f € mm (1,8,A). For|z| =r, it holds that
1 1—A 1 1—A
<)<t L

(1+7+702,) 2,

—~

ro —~—\ 5
To(terrR,) 12,

To complete the analysis of the geometric and analytic behavior of the proposed
function class, we now turn to the behavior of higher-order symmetric g-derivatives. This
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is particularly relevant for assessing the growth and smoothness of functions under multiple
iterations of the ¢-difference operator. Theorem 5.3.4 provides sharp upper and lower
bounds for the modulus of the - th order symmetric g-derivative of f(z), showing how
the class remains analytically stable even under repeated operator application. These
estimates generalize the earlier results and further demonstrate the robustness of the
operator framework.

Theorem 5.3.4. Assume that f € /67/\/177(1 (p, B, A) and takes the form described in (5.2).
Thus, for every |z| = r, we obtain

DY f (=) < [p+6/_jq! + P s, (1_1 5
rethp —1] ! (1—1—7[] +T[p+1]>
and o .
LT 1)) (1+T[] b))

Proof. To obtain the higher-order g-derivative Dgﬁ ) f(2), we use the recursive application
of the symmetric g-difference operator defined in equation (5.1).

DR () = Dy(Dyf (2)) = L2 Y S~ T 15 T 1

7=1

After observing the pattern from the second derivative D[(f) f(2), we generalize to the
[-th order, obtaining the following representation.

_ ( 1)3 [p] [p + 1]21)—1_[2;"{' B - 1](]

+ S G Bl - Ui+ — (B D agape
7=1

—~——

p+p—-1]! & i+ p],! ,
_ 1 5g+ uaﬁpzﬁp—ﬁ.

—_—~~— S~

#HPp -1 = i+p-8],)

Given that the parameters satisfy 5 < [,l > p+ 1 and |z| = r < 1, one obtains
r3=8 < rP_ Thus, this leads to

-1 = [+l
D) < L ey VIR (5.20)
rtip —1] ! =1 [j+p—4],
Analogously,
pri-1) & i+l
DO ()] 2 ===t =Py = lajul (5:21)
rrBp =1, =i+ e -8l



To bound the series involving |a;4,|, we now apply the sufficient condition (5.8), which
provides a convenient upper bound in terms of the parameters.

@+¢@L+T@+HD§:EIEJ%WMEu—Aﬂﬂq

Jj=1

This leads to

(1+T[p] Tlp+ 1] ) i]er ]a]+p|<(1—A)[?9L.

7j=1
Thus, -
- (1—A)[p]
STl 41, lagl < .
j=1 <1—|—T[p]q+7'[p+ 1](1)
Still, one can easily verify that
= [j+nl,
o |ajp] < Z J +p |a]+p|
=L [j+p— ﬁ] j=1
giving
— i+l (1—A)[pl,
Z |jp| < — ——— 38"
= i +p— 5], @+¢@L+T@+HJ

Substituting the upper bound into inequalities (5.20) and (5.21) completes the derivation
of the desired estimates for the symmetric ¢-derivatives O]

5.4 Radii of Convexity and Starlikeness

I/n\t/he final part of this chapter, we investigate geometric radii associated with the class
KM, (p, B, A). In particular, we determine explicit disks in which functions of this class
are convex or starlike of a prescribed order. These results extend classical radius theorems
to the symmetric g-deformed setting.

The following two theorems establish the convexity and starlikeness radii for functions

of the class EMW (p, B, A).

Theorem 5.4.1. Consider the case where [ € la/\/lm (p, B, A). Consequently f €
CM,, (o), within the disk |z| < p1, where

po—0) (1l + G oa,) G, )
Tl = — . (522)
(p+3)(p+j+a)pl,(1-A4)

Proof. Assume that f € I/C\./\qm (p,8,A). In order to establish that f € CM, (a),
demonstrating that the following condition holds is sufficient for the proof

f () +(p+1) f ()
2f" () + (1 +2a-p) f (2)
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From (5.2) and elementary algebraic manipulation, it follows that

Z (p+.7) (p+]+a) |aj+p‘ |Z|j+2p <1 (523)
~  rlp—a)
By applying (5.8), we arrive at:
00 ~—\ B —~— _
S (1 rlel, + i+ 8,) U+ Pl lasel < (1= A) b, (5.24)
7=1
This leads to 5
<, (14 7lpl, + 7l +2l,) b+,
Z |ajip| < 1.

=1 ], (1 4)

Inequality (5.23) holds provided that the following condition is satisfied:

_ e\ B —~—
(p+i)(p+j+a) 42 > <1+T[p]q+T[j+p]q> [j+p]q .
S T < . 0]
Hence,

P 5/\_/

p(p—a) (1+70p), +7li +7),) 1i+7,
(p+)p+i+a)lpl, -4

|Z|j+2p <

It follows that

e~ \B —~— \ T

’ P —a) (L+ 7, + 7l +8l,) G+,
zZ| < =T
(p+ ) (p+ 5 +a) [pl, (1 = A) |

and this yields the required result. O]

Corollary 5.4.2. Let f € Igj\//lﬂq (1,8,A). Hence f € CM («), in the domain {z € C :
|u| < r} under the assumption that

1
B~ jr2

(=a)(1+r+rli+1,) [+,
1+7)Q+j+a)(1-A)

r =

The next theorem is devoted to the radius of starlikeness of order «.

Theorem 5.4.3. Assume that f € WW (p, B, A). Thus, the function f remains in the
class SM;, () throughout the subdisk |z| < ry, where

1
e~ \B ——— \ T

(=) (1, + Tl +A,) A,
o (p+ 3 +0) [p), (1 - 4)
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Proof. Tt is known that the function f is a member of SM; () if next condition holds:

of (2) +pf (2)
2f' (z) = (p—a) f(2)

From (5.2), after a few simple steps, it can be deduced that

~ptita -
SRR < 1. (5.25)
- p—«
7=1
Making use of (5.24), immediately yields

> (1 +7lpl, + 7l +p]q) j -+,
= |ajip| < 1.

=1 pl, (1 = A)

For inequality (5.25) to hold, the condition reduced to

o (1470, +7l+l,) G+l

p+] +a q q
Z |aj1p] 2 ’]+2p < Z = |aj4p| - (5.26)
= (p+ij+a)(l—A4)[pl,

This generated

—_— B/\_/

(=) (1+7lpl, + 7l +2l,) [+,
(b -+ +a) (1= A)p, |

So,
. ~—\B —— \ 7%
(=) (1+ 7], + 7l +7l,) 1+,
2| < —= =ro.
(p+Jj+a)(l—A)[p,
Therefore we arrive at the desired conclusion . O

Corollary 5.4.4. Assume that f € Imm (1,8, A). Then f also lies in the class SM* («)

within the disk |z| < rq, where

~——\B —— \ 72
(1—a)(1+T+T[j+1]q> J+1],

ry = — . (5.27)

(14+j+a)(l—A)[p]

q

5.5 Concluding Remarks

The main contribution of this chapter is the introduction of a new Janowski-type class
of p-valent functions generated by an iterated symmetric ¢-differential operator. Unlike
existing approaches that rely primarily on classical or one-sided g-derivatives, the operator
used here is symmetric, parameter-dependent, and specifically adapted to the geometry
of the punctured disk. This yields a genuinely new analytical framework that is not
present in earlier studies. A first original aspect of the chapter is the formulation of
a sharp and verifiable coefficient condition that characterizes membership in the newly
defined class. This criterion, derived through a combination of symmetric g-calculus
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and subordination theory, unifies and extends several classical results while introducing
new behaviours controlled by the operator parameters. The construction of an extremal
function showing the optimality of this condition further strengthens its contribution
to the literature. A second innovative feature is the development of precise coefficient
bounds obtained through a modern application of Rogosinski’s lemma within a ¢-deformed
setting. These estimates reveal how the symmetric g-operator influences the growth
structure of p-valent meromorphic functions, providing insight not available in earlier
works based on standard g¢-derivatives or convolution operators. Another significant
contribution of this chapter is the derivation of sharp growth and distortion estimates for
the operator transform and for the functions in the class. These results demonstrate that
the symmetric g-differential framework remains stable and analytically well-behaved, even
under repeated operator iteration. Such detailed radial control is new in the context of
symmetric g-calculus and complements existing results in the analytic and meromorphic
settings. Finally, the chapter establishes explicit radii of starlikeness and convexity for
the newly introduced class. These radii theorems extend classical geometric criteria to
a symmetric g-deformed environment and highlight how the operator parameters govern
the preservation of fundamental geometric properties. This represents a substantial
advancement over the existing literature, where such radii results are either absent or
limited to classical or unidirectional g-operators. In summary, the chapter provides
a coherent and genuinely original contribution to the geometric theory of ¢-deformed
multivalent functions. It introduces a new operator, a new class, sharp characterizing
inequalities, refined coefficient and distortion results, and explicit geometric radii — all of
which open promising perspectives for further developments in symmetric ¢g-calculus and
modern geometric function theory.

114



Chapter References

V.A. Caus. “A Subclass of Meromorphic Multivalent Functions Generated by a
Symmetric ¢g-Difference Operator”. In: Mathematics 13(11), 1797 (2025).

[. Graham and G. Kohr. Geometric Function Theory in One and Higher Dimensions.
Boca Raton: CRC Press, 2003.

S.S. Miller and P.T. Mocanu. Differential subordinations theory and applications. CRC
Press, 2000.

A. Mohammed and M. Darus. “On new pu-valent meromorphic function involving
certain differential and integral operators”. In: Abstr. Appl. Anal. 2014, 208530 (2014).

W. Rogosinski. “On the coefficients of subordinate functions”. In: Proc. Lond. Math.
Soc., (48). 1943, pp. 48-82.

W.C. Royster. “Meromorphic starlike multivalent functions”. In: Math. Soc. 107
(1963), pp. 300-308.

115






References

[12]

[13]

[14]

A.A. Abubakar, K. Matarneha, S. Al-Shaikha, M.F. Khanb, and M. Kamalet. “New
subclass of meromorphic harmonic functions defined by symmetric ¢g-calculus and
domain of Janowski functions”. In: Heliyon. 10(20), 38960 (2024).

M.N. Aftab, S.I. Butt, and Y. Seol. “Fundamentals of dual basic symmetric quantum
calculus and its fractional perspectives”. In: Fractal Fract. 9, 237 (2025).

S. Agrawal and S.K. Sahoo. “A generalization of starlike functions of order alpha”.
In: Hokkaido Mathematical Journal 46 (2017), pp. 15-27.

B. Ahmad, M.G. Khan, M.K. Aouf, W.K. Mashwani, Z. Salleh, and H. Tang.
“Applications of a New ¢-Difference Operator in Janowski-Type Meromorphic Convex
Functions”. In: J. Funct. Spaces 2021, 5534357 (2021).

B. Ahmad, M.G. Khan, B.A. Frasin, M.K. Aouf, T. Abdeljawad, W.K. Mashwani,
and M. Arif. “On g-analogue of meromorphic multivalent functions in lemniscate
of Bernoulli domain”. In: AIMS Mathematics. 6(4) (2021), pp. 3037-3052.

B. Ahmad, W.K. Mashwani, S. Araci, M. Saima, M.G. Khan, and B. Khan. “A
subclass of meromorphic Janowski-type multivalent g-starlike functions involving a
g-differential operator”. In: Adv. in Cont. and Discrete Models 2022, 5 (2022).

N. Ahmad and W.A. Khan. “A new generalization of ¢-Laguerre-based Appell
polynomials and quasi-monomiality”. In: Symmetry 17, 439 (2025).

Q.Z. Ahmad, H.M. Srivastava, M. Tahir, B. Khan, M. Darus, and N. Khan. “Certain
subclasses of meromorphically -starlike functions associated with the -derivative
operators”. In: Ukrains’ kyi Matematychnyi Zhurnal 73(9) (2021), pp. 1260-1273.

I. Aktas and A. Baricz. “Bounds for the radii of starlikeness of some ¢-Bessel
functions”. In: Results Math 72 (2017), pp. 947-963.

I. Aktas and H. Orhan. “Partial sums of Normalized Dini Functions”. In: J. Classical
Anal. 9(2) (2016), pp. 127-135.

A. Alamer and M. Nasiruzzaman. “Approximation by Stancu variant of A-Bernstein
shifted knots operators associated by Bézier basis function”. In: J. King Saud Univ.

Sci. 36(9), 103333 (2024).

I. Aldawish and M. Darus. “Starlikness of ¢-differential operator involving quantum
calculus”. In: Korean J. Math. 22(4) (2014), pp. 699-709.

H. Aldweby and M. Darus. “Some subordination results on g¢-analogue of
Ruscheweyh differential operator”. In: Abstract and Applied Analysis 2014, 958563
(2014).

J.V.W. Alexander. “Functions which map the interior of the unit circle upon simple
regions”. In: Ann. Math. 17 (1915), pp. 12-22.

117



[15]

[16]

[18]

[19]

[20]

21)
22)
23]
24]

[25]

K.R. Alhindi, K.M.K. Alshammari, and H.A. Aldweby. “Classes of analytic functions
involving the ¢-Ruschweyh operator and ¢-Bernardi operator”. In: AIMS Math.
9(11) (2024), pp. 33301-33313.

E.E. Ali, R.M. El-Ashwah, and A.M. Albalahi. “Application of fuzzy subordinations
and superordinations for an analytic function connected with ¢-difference operator”.
In: Azioms 14, 138 (2025).

E.E. Ali, R.M. El-Ashwah, A.M. Albalahi, R. Sidaoui, and A. Moumen. “Inclusion
properties for analytic functions of g-analogue multiplier-Ruscheweyh operator”.

In: AIMS Math. 9(3) (2024), pp. 6772-6783.

E.E. Ali, R.M. El-Ashwah, and R. Sidaoui. “Application of subordination and
superordination for multivalent analytic functions associated with differintegral
operator”. In: AIMS Math. 8 (2023), pp. 11440-114509.

E.E. Ali, G.I. Oros, R.M. El-Ashwah, W.Y. Kota, and A.M. Albalahi. “Geometric
properties connected with a certain multiplier integral g-analogue operator”. In:
Symmetry. 16, 863 (2024).

O. Altintas, O. Ozkan, and H.M. Srivastava. “Neighborhoods of a certain family
of multivalent functions with negative coefficients”. In: Comput. Math. Appl. 47
(2004), pp. 1667-1672.

L. Andrei and V.A. Caus. “A Generalized Class of Functions Defined by the
¢-Difference Operator”. In: Symmetry 13(12), 2361 (2021).

L. Andrei and V.A. Caus. “Starlikeness of New General Differential Operators
Associated with g-Bessel Functions”. In: Symmetry 13(12), 2310 (2021).

L. Andrei and V.A. Caus. “Subordination results on a ¢-derivative differential
operator”. In: Mathematics 12(2), 208 (2024).

L. Andrei and V.A. Caus. “A Class of Symmetric Harmonic Functions Involving a
Specific ¢-Difference Symmetric Operator”. In: Symmetry 17(5), 721 (2025).

L. Andrei and V.A. Caus. “Janowski-Type ¢-Classes Involving Higher-Order
g-Derivatives and Fractional Integral Operators”. In: Fractal and Fractional 9(11),
699 (2025).

M.H. Annaby and Z.S. Mansour. g-Fractional Calculus and Equations. Berlin,
Germany: Springer, 2012.

K.J. Ansari and F. Ogzger. “Pointwise and weighted estimates for
Bernstein-Kantorovich type operators including beta function”. In: Indian
J. Pure Appl. Math. 56(5) (2024), pp. 1-13.

M.K. Aouf. “On a class of p-valent starlike functions of order . In: Intl. J. Math.
Math. Sci. 10 (1987), pp. 733-744.

M.K. Aouf. “A generalization of multivalent functions with negative coefficients
I1”. In: Bull. Korean Math. Soc. 25 (1988), pp. 221-232.

M.K. Aouf. “On certain subclass of analytic p-valent functions I1”. In: Math. Jpn.
34 (1989), pp. 683-691.

M.K. Aouf, T. Bulboaca, and T.M. Seoudy. “Subclasses of meromorphic functions
associated with a convolution operator”. In: Bull. Filomat 33 (2019), pp. 2211-2218.

A. Aral, V. Gupta, and R.P. Agarwal. Applications of q-Calculus in Operator
Theory. New York, USA: Springer, 2013.

118



[33]

[34]

[43]
[44]

[45]

M. Arif, M.U. Haq, and J.L. Lin. “A subfamily of univalent functions associated with
g-analogue of Noor integral operator”. In: J Funct Spaces. 2018 (2018), pp. 818-915.

M. Ayman-Mursaleen, B.P. Lamichhane, A. Kilicman, and N. Senu. “On ¢-statistical
approximation of wavelets aided Kantorovich g-Baskakov operators”. In: FILOMAT
38(9) (2024), pp. 3261-3274.

M. Ayman-Mursaleen, M. Nasiruzzaman, and N. Rao. “On the Approximation
of Szasz-Jakimovski-Leviatan Beta Type Integral Operators Enhanced by Appell
Polynomials”. In: Iran J. Sci. 49 (2025), pp. 1013-1022.

M. Ayman-Mursaleen, M. Nasiruzzaman, N. Rao, M. Dilshad, and K.S. Nisar.
“Approximation by the modified A-Bernstein-polynomial in terms of basis functions”.
In: AIMS Mathematics 9(2) (2024), pp. 4409-4426.

P. Bai, A. Ahmad, A. Rasheed, S. Hussain, H. Tang, and S. Noor. “A study on
g-starlike functions connected with g-extension of hyperbolic secant and Janowski
functions”. In: Mathematics 13, 2173 (2025).

A. Baricz, D.K. Dimitrov, and I. Mezoo. “Radii of starlikeness of some special
functions”. In: Proc. Amer. Math. Soc. 144(8) (2016), pp. 3355-3367.

D. Breaz, K.R. Karthikeyan, and E. Umadevi. “Subclasses of multivalent
meromorphic functions with a pole of order p at the origin”. In: Mathematics
10(4), 600 (2022).

R. Bucur, L. Andrei, and D. Breaz. “Properties of a new integral operator”. In:
Analele St. Univ. Ovidius and seria Matematica 24(2) (2016), pp. 127-136.

T. Bulboaca. “Classes of first order differential superordinations”. In: Demonstratio
Math. 35(2) (2002), pp. 287-292.

Q. Cai, R. Aslan, F. Ozger, and H.M. Srivastava. “Approximation by a new Stancu
variant of generalized (Aandpu)-Bernstein operators”. In: Alez. Eng. J. 107 (2024),
pp- 205-214.

T.R. Caplinger and W.M. Causey. “A class of univalent functions”. In: Proc. Amer.
Math. Soc. 39 (1973), pp. 357-361.

V.A. Caus. “A Subclass of Meromorphic Multivalent Functions Generated by a
Symmetric ¢-Difference Operator”. In: Mathematics 13(11), 1797 (2025).

V.A. Caus. “Applications of Symmetric Quantum Calculus to Multivalent Functions
in Geometric Function Theory”. In: Contemporary Mathematics 6(4) (2025),
pp. H172-5196.

V.A. Caus. “On Certain Normalized Classes Involving Higher-Order g-Derivatives”.
In: Contemporary Mathematics 6(5) (2025), pp. 7419-7440.

V.A. Caus. “On Certain Subclasses of Analytic Functions Associated with a
Symmetric ¢g-Differential Operator”. In: Mathematics 13(17), 2860 (2025).

M.P. Chen. “A class of p-valent functions”. In: Soochow J. Math. 8 (1982), pp. 15-26.

J. Clunie. “On Meromorphic Schlicht Functions”. In: J. London Math. Soc s1-34(2)
(1959), pp. 215-216.

J. Clunie and T. Sheil-Small. “Harmonic univalent functions”. In: Ann Acad Sci
Fenn Ser AI Math. 9 (1984), pp. 3-25.

A.M. DaCruz and N. Martins. “The g-symmetric variational calculus”. In: Comput
Math Appl. 64 (2012), pp. 2241-2250.

119



M. Darus and I. Faisal. “Inclusion properties of certain subclasses of analytic
functions”. In: Rev. Notas Mat. 7(1) (2011), pp. 66-75.

S.M. El-Deeb and L.-I. Cotirla. “Basic properties for certain subclasses of
meromorphic p-valent functions with connected g-analogue of linear differential
operator”. In: Azioms 12, 207 (2023).

T. Ernst. “The history of g-calculus and a new method - Licentiate Disertation
Thesis”. Uppsala University, 2001.

M.I. Faisal, I. Al-Shbeil, M. Abbas, M. Arif, R.K. Alhefthi, and H. Tang. “Problems
Concerning Coeflicients of Symmetric Starlike Functions Connected with the
Sigmoid Function”. In: Symmetry 15, 1292 (2023).

C.Y. Gao and S.Q. Zhou. “On a class of analytic functions related to the class of
the starlike functions”. In: Kyungpook Math. J. 45(1) (2005), pp. 123-130.

R.M. Goel and B.S. Mehrok. “On a class of close-to-convex functions”. In: Indian
J. Pure Appl. Math. 12 (1981), pp. 648-658.

A.W. Goodman. “Univalent functions and nonanalytic curves”. In: Proc. Am. Math.
Soc., (8). 1957, pp. 598-601.

A.W. Goodman. Univalent Functions. Vol. 2. Mariner Publishing, 1983.

A.W. Goodman. “On uniformly starlike functions”. In: J. Math. Anal. Appl. 155
(1991), pp. 364-370.

M. Govindaraj and S. Sivasubramanian. “On a class of analytic functions related
to conic domains involving g-calculus”. In: Anal. Math. 43 (2017), pp. 475-487.

S.P. Goyal, O. Singh, and T. Bulboaca. “Certain results on a subclass of
close-to-convex functions”. In: Palestine Journal of Mathematics 3(1) (2014),
pp. 33-43.

[. Graham and G. Kohr. Geometric Function Theory in One and Higher Dimensions.
Boca Raton: CRC Press, 2003.

B. Gul, D. Ritelli, R.K. Alhefthi, and M. Arif. “A Novel Family of Starlike Functions
Involving Quantum Calculus and a Special Function”. In: Fractal and Fractional
9(3), 179 (2025).

M.U. Haq, M. Raza, M. Arif, Q. Khan, and H. Tang. “g-analogue of differential
subordinations”. In: Mathematics 7, 724 (2019).

T. Hayami and S. Owa. “The Fekete-Szego problem for p-valently Janowski starlike
and convex functions”. In: Int. J. Math. Math. Sci. 2011, 583972 (2011).

W.K. Hayman. Multivalent Functions. Cambridge University Press, 1958.

Q. Hu, H.M. Srivastava, B. Ahmad, N. Khan, M.G. Khan, W.K. Mashwani, and
B. Khan. “A subclass of multivalent Janowski type g¢-starlike functions and its
consequences”. In: Symmetry 13, 1275 (2021).

S. Hussain and S. Khan et. all. “Applications of a g-Salagean type operator on
multivalent function”. In: Journal of Inequalities and Applications 2018 (2018),
pp. 301-312.

R.W. Ibrahim, S.J. Obaiys, and M. Darus. “Studies on Generalized
Differential-Difference Operator of Normalized Analytic Functions”. In: Southeast
Asian Bulletin of Mathematics 45(2) (2021), pp. 189-196.

120



[81]

[82]

[83]

[84]

M.E.H. Ismail, E. Merkes, and D. Styer. “A generalization of starlike functions”.
In: Complex Var Theory Appl. 14 (1990), pp. 77-84.

M. El-Ityan, T. Al-Hawary, S. Hammad, and B. Frasin. “A new subclass of
bi-univalent functions of complex order defined by the symmetric g-derivative
and subordination”. In: Gulf J. Math. 19(2) (2025), pp. 111-120.

F.H. Jackson. “On g-functions and a certain difference operator”. In: Transactions
of the Royal Society of Edinburgh 46 (1908), pp. 253-281.

F.H. Jackson. “On g-functions and a certain difference operator”. In: Trans R Soc
Edinb. 46 (1909), pp. 253-281.

F.H. Jackson. “On ¢-definite integrals”. In: Q. J. Pure Appl. Math. 41 (1910),
pp- 193-203.

W. Janowski. “Some extremal problems for certain families of analytic functions”.
In: Ann Polon Math. 28 (1973), pp. 297-326.

Y.P. Jiang and S.L. Tan. “A sufficient condition for differential subordination of
harmonic mappings”. In: J Math Anal Appl. 543, 128881 (2025).

A.R.S. Juma, N. Hameed, D. Breaz, L.I. Cotirla, M. Darus, and A. Danciu. “New
results on differential subordination and superordination for multivalent functions
involving new symmetric operator”. In: Symmetry. 16(10), 1326 (2024).

O.P. Juneja and M.L. Mogra. “A class of univalent functions”. In: Bull. Sci. Math.
103 (1979), pp. 435-447.

[.B. Jung, Y.C. Kim, and H.M. Srivastava. “The Hardy space of analytic functions
associated with certain one-parameter families of integral operators”. In: J. Math.
Anal. Appl. 176 (1993), pp. 138-147.

B. Kamel and S. Yosr. “On some symmetric g-special functions”. In: Le Mat. 68
(2013), pp. 107-122.

S. Kanas, S. Altinkaya, and S. Yalcin. “Subclass of k& uniformly starlike
functions defined by symmetric g-derivative operator”. In: Ukr Math J. 70 (2019),
pp- 1727-1740.

A. Khan, I. Al-shbeil, and A. Shatarah et. all. “A new family of multivalent functions
defined by certain forms of the quantum integral operator”. In: Math. 58, 20250128
(2025).

B. Khan, Z. Liu, and H.M. Srivastava et. all. “Higher-order ¢g-derivatives and their
applications to subclasses of multivalent Janowski type g-starlike functions”. In:
Adv. Differ. Equ. 2021, 440 (2021).

B. Khan, Z.G. Liu, and H.M. Srivastava et. all. “Applications of higher-order
derivatives to subclasses of multivalent ¢-starlike functions”. In: Maejo Int. J. Sci.
Technol. 15 (2021), pp. 61-72.

B. Khan, Z.G. Liu, H.M. Srivastava, N. Khan, M. Darus, and M. Tahir. “A study of
some families of multivalent g-starlike functions involving higher-order g-derivatives”.
In: Mathematics 8 (2020), pp. 1-12.

B. Khan, H.M. Srivastava, N. Khan, M. Darus, Q.Z. Ahmad, and M. Tahir.
“Applications of certain conic domains to a subclass of ¢-starlike functions associated
with the Janowski functions”. In: Symmetry 13, 574 (2021).

121



[88]

[89]

[96]
[97]
[98]

[99]

[100]
[101]

[102]

[103]
[104]

[105]

M.F. Khan, A. Goswami, and S. Khan. “Certain new subclass of multivalent
g-starlike functions associated with ¢-symmetric calculus”. In: Fractal Fract. 6, 367
(2022).

N. Khan, S. Khan, Q. Xin, F. Tchier, S.N. Malik, and U. Javed. “Some Applications

of Analytic Functions Associated with g-Fractional Operator”. In: Mathematics 11,
930 (2023).

Q. Khan, M. Arif, M. Raza, G. Srivastava, H. Tang, and S. Rehman. “Some
Applications of a New Integral Operator in g-Analog for Multivalent Functions”.
In: Mathematics 7, 1178 (2019).

S. Khan and S. Hussain et. all. “A subclass of ¢-starlike functions defined by using
a symmetric g-derivative operator and related with generalized symmetric conic
domains”. In: Mathematics 9(9), 917 (2021).

S. Khan, S. Hussain, and M. Darus. “Certain subclasses of meromorphic multivalent
g-starlike and g-convex functions”. In: Math. Slovaca 25 (2022), pp. 635-646.

S. Khan, N. Khan, A. Hussain, S. Araci, B. Khan, and H.H. Al-Sulami. “Applications
of Symmetric Conic Domains to a Subclass of ¢g-Starlike Functions”. In: Symmetry
14, 803 (2022).

H.S. Kim and S.K. Lee. “Some classes of univalent functions”. In: Math. Jpn. 32
(1987), pp. 781-796.

W.Y. Kota, R.M. El-Ashwah, and N. Breaz. “Hadamard Product on Subclasses of
Meromorphic Functions Involving ¢-Difference Operator”. In: J. Funct. Spaces 1,
9959888 (2025).

J.E. Littlewood. “On inequalities in the theory of functions”. In: Proc. Lond. Math.
Soc. and (23). 1925, pp. 481-519.

M.S. Liu. “On a subclass of p-valent close-to-convex functions of order 8 and type
o’ . In: J. Math. Study 30 (1997), pp. 102-104.

W. Ma and D. Minda. “Uniformly convex functions”. In: Annal. Polon. Math. 57
(1992), pp. 165-175.

W.C. Ma and D. Minda. “A unified treatment of some special classes of univalent
functions”. In: Proc. Conf. Complex Anal. Cambridge: International Press, 1994,
pp- 157-169.

A.J. Macfarlane. “On g¢-analogues of the quantum harmonic oscillator and the
quantum group SU(2),”. In: J. Phys. A: Math. Gen. 22, 4581 (1989).

T.H. MacGregor. “Functions whose derivative has a positive real part”. In: Math.
Soc. 104 (1962), pp. 532-537.

S. Mahmood, Q.Z. Ahmad, H.M. Srivastava, N. Khan, B. Khan, and M. Tahir.
“A certain subclass of meromorphically g-starlike functions associated with the
Janowski functions”. In: J Inequal Appl. 2019, 83 (2019).

B.S. Mehrok. “A class of univalent functions”. In: Tamkang J. Math. 13 (1982),
pp. 141-155.

S.S. Miller and P.T. Mocanu. Differential subordinations theory and applications.
CRC Press, 2000.

S.S. Miller and P.T. Mocanu. “Subordinants of differential superordinations”. In:
Complex Var. 48(10) (2003), pp. 815-826.

122



[106]

[107]

[108]

[109]

[110]
[111]
[112]

[113]

[114]
[115]
[116]
[117]
118]

119]

[120]
[121]
[122]
[123]

[124]

O. Mishra, A. Cetinkaya, and J. Sokol. “Harmonic close-to-convex mappings
associated with Salagean ¢-differential operator”. In: Stud. Univ. Babes-Bolyai
Math. 70 (2025), pp. 33-49.

A. Mohammed and M. Darus. “A generalized operator involving the ¢
hypergeometric function”. In: Mat. Vesnik 65(4) (2013), pp. 454-465.

A. Mohammed and M. Darus. “On new p-valent meromorphic function involving
certain differential and integral operators”. In: Abstr. Appl. Anal. 2014, 208530
(2014).

S.U.R. Muhammad, Z.A. Qazi, and H.M. Srivastava et. all. “Applications of
higher-order g-derivatives to the subclass of g-starlike functions associated with the
Janowski functions”. In: AIMS Math. 6 (2021), pp. 1110-1125.

K.I. Noor. “Some classes of analytic functions associated with ¢-Ruscheweyh
differential operator”. In: Facta Univ. Ser. Math. Inform. 33 (2018), pp. 531-538.

K.I. Noor and S. Riaz. “Generalized g¢-starlike functions”. In: Stud. Sci. Math.
Hungar. 54 (2017), pp. 509-522.

K.I. Noor, S. Riaz, and M.A. Noor. “On ¢-Bernardi integral operator”. In: TWMS
J. Pure Appl. Math. 8 (2017), pp. 3-11.

S. Noor, S. Al-Sa’di, and S. Hussain. “Some subordination results defined by using

the symmetric g-differential operator for multivalent functions”. In: Azioms 12, 313
(2023).

F.M. Al-Oboudi. “On univalent functions defined by a generalized Salagean
operator”. In: Ind J Math Math Sci. 27 (2004), pp. 1429-1436.

A. Oprea and D. Breaz. “Univalence conditions for a general integral operator”. In:
Analele St. Univ. Ovidius and seria Matematica 23(1) (2015), pp. 213-224.

S. Owa. “On certain subclasses of analytic p-valent functions”. In: J. Korean Math.
Soc. 20 (1983), pp. 41-58.

S. Owa. “On certain subclass of analytic p-valent functions”. In: Math. Jpn. 29
(1984), pp. 191-198.

K.S. Padmanabhan. “On a certain class of functions whose derivatives have a
positive real part in the unit disc”. In: Ann. Polon. Math. 23 (1970), pp. 73-81.

S. Palei, M.M. Soren, D. Breaz, and L.-1. Cotirla. “Sandwich-Type Results and
Existence Results of Analytic Functions Associated with the Fractional g-calculus
Operator”. In: Fractal Fract. 9, 4 (2025).

Y. Polatoglu. “Growth and distortion theorems for generalized g¢-starlike functions”.
In: Advances in Mathematics: Scientific Journal 5(1) (2016), pp. 7-12.

Y. Polatoglu and M. Bolkal et. all. “A study on the generalization of Janowski
function in the unit disc”. In: Acta Math. Acad. Paed. Nyhazi. 22 (2006), pp. 27-31.

S. Ponnusamy and V. Singh. “Criteria for strongly starlike functions”. In: Complex
Var. Theory Appl. 34 (1997), pp. 267-291.

J.K. Prajapat. “A new subclass of close-to-convex functions”. In: Surveys in
Mathematics and its Applications 11 (2016), pp. 11-19.

S.D. Purohit and R.K. Raina. “Certain subclasses of analytic functions associated
with fractional g-calculus operators”. In: Math. Scand. 109(1) (2011), pp. 55-70.

123



[125]

[126]

127]

[128]

[129]
[130]
[131]
[132]
[133]

[134]

[135]
[136]

[137]

138

[139)]

[140]

141]

[142]

K. Raghavendar and A. Swaminathan. “Close-to-convexity of basic hypergeometric
functions using their Taylor coefficients”. In: J. Math. Appl. 35 (2012), pp. 111-125.

C. Ramachandran, D. Kavitha, and T. Soupramanien. “Certain bound for g-starlike
and g-convex functions with respect to symmetric points”. In: Int. J. Math. Math.
Sei. 7, 205682 (2015).

M.O. Reade. “On close-to-convex univalent functions”. In: Michigan Math. J. 3(1)
(1955), pp. 59-62.

M.S.U. Rehman, Q.Z. Ahmad, H.M. Srivastava, N. Khan, M. Darus, and B. Khan.
“Applications of higher-order ¢-derivatives to the subclass of g-starlike functions
associated with the Janowski functions”. In: AIMS Math. 6(2) (2021), pp. 1110-1125.

M.S. Robertson. “Univalent functions starlike with respect to a boundary point”.
In: J. Math. and Phys. 15 (1936), pp. 11-17.

W. Rogosinski. “On the coefficients of subordinate functions”. In: Proc. Lond. Math.
Soc., (48). 1943, pp. 48-82.

W.C. Royster. “Meromorphic starlike multivalent functions”. In: Math. Soc. 107
(1963), pp. 300-308.

S. Ruscheweyh. “Neigborhoods of univalent functions”. In: Proc. Am. Math. Soc.
and 81. 1981, pp. 521-527.

S. Ruscheweyh. Convolutions in Geometric Function Theory. Montréal QQC, Canada:
Les Presses de L’Université de Montréal, 1982.

P.O. Sabir, R.P. Agarwal, S.J. Mohammedfaeq, P.O. Mohammed, N. Chorfi, and
T. Abdeljawad. “Hankel determinant for a general subclass of m-fold symmetric

biunivalent functions defined by Ruscheweyh operators”. In: J. Inequal. Appl. 2024,
14 (2024).

S.K. Sahoo and N.L. Sharma. “On a generalization of close-to-convex functions”.
In: Ann. Pol. Math. 113(1) (2014), pp. 93-108.

G.S. Salagean. “Subclasses of univalent functions”. In: Lecture Notes in Math. 1013
(1983), pp. 362-372.

E. Savag and M. Mursaleen. “Bézier Type Kantorovich ¢g-Baskakov Operators via
Wavelets and Some Approximation Properties”. In: Bull. Iran. Math. Soc. 49, 68
(2023).

S.M. Sayed, A.S. Mohamed, E.M. Abo-Eldahab, and et al. “A compact combination
of second-kind Chebyshev polynomials”. In: J. Umm Al-Qura Univ. Appll. Sci 11
(2024), pp. 766-783.

S.M. Sayed, A.S. Mohamed, E.M. Abo-Eldahab, and et al. “Spectral framework
using modified shifted Chebyshev polynomials”. In: Bound Value Probl. 2025, 7
(2025).

T. Sekine and S. Owa. “Note on a class of functions whose derivative has a positive
real part”. In: Bull. Soc. R. Sci. 54 (1985), pp. 203-210.

T.M. Seoudy and M.K. Aouf. “Classes of admissible functions associated with
certain integral operators applied to meromorphic functions”. In: Bull. Iran Math.
Soc. 41 (2015), pp. 793-804.

T.M. Seoudy, M.K. Aouf, and S.M. El-Deeb. “A general subclass of g-starlike
and g-convex analytic functions”. In: Contemporary Mathematics 7(3) (2024),
pp. 327-341.

124



[143)

[144]

145

[146]

[147]

[148]

[149]

[150]

[151]

152]

[153]

[154]

[155]

[156]

[157]

158

T.G. Shaba, F.M.O. Tawfiq, D. Breaz, and L.I. Cotirla. “New uses of g-generalized
Janowski function in ¢-bounded turning functions”. In: Math. 12, 1552 (2024).

S.G.A. Shah, S. Al-Sa’di, S. Hussain, A. Tasleem, A. Rasheed, 1.Z. Cheema, and
M. Darus. “Fekete-Szego functional for a class of non-Bazilevic functions related to
quasi-subordination”. In: Demonstratio Math. 56, 20220232 (2023).

I. Al-shbeil, S. Khan, H. AlAgad, S. Alnabulsi, and M.F. Khan. “Applications of
the Symmetric Quantum- Difference Operator for New Subclasses of Meromorphic
Functions”. In: Symmetry 15, 1439 (2023).

L. Shi, B. Ahmad, N. Khan, M.G. Khan, S. Araci, W. Mashwani, and B. Khan.
“Coeflicient Estimates for a Subclass of Meromorphic Multivalent g-Close-to-Convex
Functions”. In: Symmetry 13(10), 1840 (2021).

L. Shi, Q. Khan, G. Srivastava, J.-L. Liu, and M. Arif. “A study of multivalent
g-starlike functions connected with circular domain”. In: Mathematics 7, 670 (2019).

H.M. Srivastava. Univalent functions and fractional calculus and and associated
generalized hypergeometric functions. Ed. by H.M. Srivastava and S. Owa. John
Wiley and Sons, 1989.

H.M. Srivastava. “Operators of basic (or ¢-) calculus and fractional g-calculus and
their applications in geometric function theory of complex analysis”. In: Iranian
Journal of Science and Technology and Transactions A: Science 44(1) (2020),
pp. 327-344.

H.M. Srivastava and D. Bansal. “Close-to-convexity of a certain family of
g-Mittag-Leffler functions”. In: J. Nonlinear Var. Anal. 1 (2017), pp. 61-69.

H.M. Srivastava, D. Breaz, S. Khan, and F. Tchier. “Certain new applications of
symmetric g-calculus for new subclasses of multivalent functions associated with
the cardioid domain”. In: Azioms 13, 366 (2024).

H.M. Srivastava, B. Khan, N. Khan, and Q.Z. Ahmad. “Coefficient inequalities for
g-starlike functions associated with the Janowski functions”. In: Hokkaido Math J.
48 (2019), pp. 407-425.

H.M. Srivastava, B. Khan, N. Khan, Q.Z. Ahmad, and M. Tahir. “A generalized
conic domain and its applications to certain subclasses of analytic functions”. In:
Rocky Mountain Journal of Mathematics 49 (2019), pp. 2325-2346.

H.M. Srivastava, N. Khan, S. Khan, Q.Z. Ahmad, and B. Khan. “A class of
k-symmetric harmonic functions involving a certain g-derivative operator”. In:
Mathematics 9, 1812 (2021).

H.M. Srivastava and S. Owa, eds. Current Topics in Analytic Function Theory.
Singapore, New Jersey, and London: World Scientific Publishing Company, 1992.

H.M. Srivastava and J. Patel. “Applications of differential subordination to certain

subclasses of meromorphically multivalent functions”. In: J. Inequal. Pure Appl.
Math. 6 (2005), pp. 1-17.

H.M. Srivastava, M. Tahir, B. Khan, Q.Z. Ahmad, and N. Khan. “Some general
classes of ¢-starlike functions associated with the Janowski functions”. In: Symmetry.
11, 292 (2019).

H.M. Srivastava, M. Tahir, B. Khan, Q.Z. Ahmad, and N. Khan. “Some general
families of ¢-starlike functions associated with the Janowski functions”. In: Filomat.
33 (2019), pp. 2613-2626.

125



[159]

[160]

[161]

[162]

163

[164]

[165]

[166]

[167]

[168]

169

[170]

Z. Ssadiq and W. Atshan. “New results on fourth-order differential subordination
and superordination for meromorphic multivalent functions defined by a new
differential operator”. In: AIP Conf. Proc. 3264 (2025), pp. 050103-050101.

M. Sun, Y. Jin, and C. Hou. “Certain fractional ¢g-symmetric integrals and
g-symmetric derivatives and their application”. In: Adv. in Diff. Eq. 2016, 222
(2016).

S. Tan. “A sufficient condition for second-order differential subordination of
harmonic mappings”. In: Bull. Malays. Math. Sci. Soc. 48, 61 (2025).

A.S. Tayyah and W.G. Atshan. “Differential subordination and superordination
results for p-valent analytic functions associated with (r,k)-Srivastava fractional
integral calculus”. In: MethodsX. 13, 103079 (2024).

S.D. Theyab, W.G. Atshan, A.A. Lupas, and H.K. Abdullah. “New results on
higher-order differential subordination and superordination for univalent analytic
functions using a new operator”. In: Symmetry 14, 1576 (2022).

S.0. Ucar. “Coefficient inequality for g-starlike functions”. In: Appl. Math. Comput.
276 (2016), pp. 122-126.

A K. Wanas and S.C. Khachi. “Coefficient bounds and Fekete-Szego inequalities for
new families of bi-starlike and bi-convex functions associated with the ¢-Bernoulli
polynomial”. In: Appl. Math. E-Notes. 25 (2025), pp. 105-117.

Z.-G. Wang, Y. Sun, and N. Xu. “Some properties of certain meromorphic
close-to-convex functions”. In: App. Math. Lett. 25 (2012), pp. 454-460.

B. Wongsaijai and N. Sukantamala. “Certain properties of some families of
generalized starlike functions with respect to ¢-calculus”. In: Abstr Appl Anal.
2016, 6180140 (2016).

Y.-H. Xu, Q. Yang, and J.-L. Liu. “Some properties of meromorphically multivalent
functions”. In: J. Inequal. Appl. 86 (2012), pp. 1-6.

Y. Yang, R. Srivastava, and J.L. Liu. “A new subclass of analytic functions
associated with the g-derivative operator related to the Pascal distribution series”.
In: Symmetry 16, 280 (2024).

C. Zhang, S. Khan, A. Hussain, N. Khan, S. Hussain, and N. Khan. “Applications
of ¢-difference symmetric operator in harmonic univalent functions”. In: AIMS
Mathematics 7(1) (2021), pp. 667-680.

126



	C0
	C1
	C2
	C3
	C4
	C5
	C6
	Blank Page



