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Abstract: This paper investigates a new class of fractional integral operators, namely, the
exponentially damped Riesz-type operators within the framework of variable exponent
Lebesgue spaces LP("). To the best of our knowledge, the boundedness of such operators has
not been addressed in any existing functional setting. We establish their boundedness under
appropriate log-Holder continuity and growth conditions on the exponent function p(-).
To highlight the novelty and practical relevance of the proposed operator, we conduct a
comparative analysis demonstrating its effectiveness in addressing convergence, regularity,
and stability of solutions to partial differential equations. We also provide non-trivial
examples that illustrate not only these properties but also show that, under this operator,
a broader class of functions becomes locally integrable. The exponential decay factor
notably broadens the domain of boundedness compared to classical Riesz and Bessel-Riesz
potentials, making the operator more versatile and robust. Additionally, we generalize
earlier results on Sobolev-type inequalities previously studied in constant exponent spaces
by extending them to the variable exponent setting through our fractional operator, which
reduces to the classical Riesz potential when the decay parameter A = 0. Applications to
elliptic PDEs are provided to illustrate the functional impact of our results. Furthermore,
we develop several new structural properties tailored to variable exponent frameworks,
reinforcing the strength and applicability of the proposed theory.

Keywords: Sobolev inequality; exponentially damped Riesz operator; Hardy-Littlewood
maximal operator; variable Lebesgue spaces; boundedness of fractional operators;
regularity of elliptic equations
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1. Introduction

In harmonic analysis, a basic idea that controls the behavior of several integral and
multiplier operators in function spaces is the boundedness of operators. We investigate
extensively operators including the Hardy-Littlewood maximal operator, singular integral
operators (such as the Hilbert transform), and fractional integrals for their boundedness
characteristics in Lebesgue and Sobolev spaces. Establishing convergence, regularity, and
stability of solutions to partial differential equations [1,2] depends on an operator mapping
one space into another boundedly. For instance, numerous findings in real-variable har-
monic analysis rely on the boundedness of the maximal operator in the space LP for p > 1.
Analogously, the Calderén-Zygmund theory offers a detailed framework to investigate the
boundedness of singular integrals in LP spaces [3]. The development of weighted norm
inequalities has further extended the scope of these results to more general settings [4].
Furthermore, in the context of function spaces with variable exponents, such as LP(*), the
study of operator boundedness continues to evolve with new challenges and techniques [5].
It is also worth noting that different types of integral operators and their associated elliptic
equations have gained recent relevance in applied harmonic analysis, particularly in the
fields of image reconstruction, denoising, and encryption. For instance, operator frame-
works involving convolutional structures and kernel decay have been effectively employed
in machine learning and computer vision pipelines, including projectile prediction via
hybrid deep models [6], and lightweight medical image encryption schemes leveraging
structural transforms [7]. For further applications of such operators across various applied
fields, including signal processing, computer vision, and mathematical modeling, we refer
the reader to [8-12] and the references therein.

One fundamental work in this area is presented in [13], which thoroughly explores the
behavior of fractional integrals. As shown in [14], the study of weighted norm inequalities
for fractional operators, including sharp bounds and sparse dominance, has recently ad-
vanced significantly. In particular, with respect to the weights A, the fractional maximal
operators are investigated in [15]. The modern development of classical harmonic analysis
with an emphasis on non-integer-order operators acting on classical function spaces, includ-
ing LP(R™), Sobolev spaces, and Hardy spaces, is fractional harmonic analysis. The analysis
of singular integrals and nonlocal partial differential equations has greatly benefited from
these fractional operators, including those of the Riesz potential and fractional maximal
function. The framework of variable exponent Lebesgue and Sobolev spaces is imperative
to address more generalized growth conditions and variable integrability; refer to [16]. As
demonstrated in [17], applications to nonlocal and fractional PDEs have been discussed
in the context of nonlocal diffusions and non-standard Sobolev embeddings. A detailed
explanation of the function of self-adjoint extensions of fractional Laplacians in harmonic
analysis and operator theory can be found in [18]. In [19], recent advances in interpolation
theory are discussed along with their applications to function space embeddings and frac-
tional smoothness. An excellent source for a comprehensive and up-to-date introduction
to Fourier and harmonic analysis that deals with fractional operators is presented in the
monograph [20].

The evolution of harmonic analysis within the framework of variable exponent
Lebesgue spaces LP()(R™) has given researchers a strong and adaptable framework to
examine non-standard growth phenomena that occur in engineering and physics. The
integrability exponent in LP() depends on the spatial variable, in contrast to classical
Lebesgue spaces, enabling more realistic modeling of anisotropic structures and hetero-
geneous media [21]. The boundedness of classical operators on these spaces, such as the
Hardy-Littlewood maximal operator, Calderén—-Zygmund singular integrals, and frac-
tional integrals, has been a focus of recent work. The well-established boundedness of the
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maximal operator under log-Holder continuity conditions [22] serves as a fundamental
tool to prove the boundedness of more complex operators. In this context, the generalized
fractional integral operators and their commutators with bounded mean oscillation (BMO)
functions have also been studied [23]. Furthermore, operators in variable exponent Morrey
and Herz spaces have been extensively studied. For example, the fractional maximal oper-
ator and the singular integrals are bounded under appropriate structural conditions on the
variable exponent function [24]. New results on multilinear operators and modular-type
inequalities have significantly expanded classical theory [25]. The study of Triebel-Lizorkin
and Besov spaces, with a variable exponent where the boundedness of operators is in-
timately related to smoothness functions and modular growth conditions, is one recent
development [26]. The regularity theory of nonlinear partial differential equations with
non-standard growth has found use for these findings, especially in image processing and
fluid dynamics [27]. For additional related results that support the developed outcomes,
we refer the reader to the works in [28-32].

A cornerstone result in geometric and functional analysis, the Sobolev inequality
plays a fundamental role in the theory of partial differential equations. It provides crucial
estimates linking the norms of functions to those of their derivatives. Specifically, if
u € Wl'P(R“), that is, u belongs to the first-order Sobolev space, then the following
inequality holds:

||u||Lp* (R®) < CHVuHLP(R“)/

where p* = % is the critical Sobolev exponent and C > 0 is a constant independent of
u [33].

There has been substantial progress in applying this classical inequality to more com-
plex situations. As an example, it has been expanded to include spaces with variable or
fractional smoothness, weighted Sobolev spaces, and Sobolev spaces on manifolds [34].
Fractional Sobolev spaces have further improved our understanding of nonlocal phe-
nomena in analysis and PDEs [35]. In these settings, researchers have also developed
compactness properties and improved the constants related to embeddings [36]. Further-
more, the interaction between geometry and analysis is demonstrated by studies of Sobolev
inequalities on manifolds, where the functional inequalities are influenced by topology and
curvature [37]. Sharp versions of the Sobolev inequality and the identification of extremal
functions have been motivated by related variational problems such as the Yamabe prob-
lem [38]. New insights into the geometric structure of the Sobolev inequality have been
revealed by recent contributions that have also examined connections between the mass
transport method and functional inequalities [39].

Adams and Hedberg [40] made significant contributions to the study of Sobolev in-
equalities in the classical Lebesgue space framework through the lens of the Riesz potential
operator . Let 1 be a locally integrable function on R". The Riesz potential of order
o € (0,n) refers to a classical fractional integral operator and is formally given by

Toh(p) = / &d\/, ne R

R W —v[Rre

A foundational result, commonly known as Sobolev’s inequality, establishes that

1/p

(. |Ia1b(u)|qdu>l/q§C( J oGP an)

whenever the exponents p, q satisfy the relation

, withl<p< 2.
08
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For some other recent results related to Sobolev inequalities, we refer the readers
to [41-44].

The primary contribution of this study is the investigation of the boundedness of
an exponentially damped Riesz-type fractional integral operator, defined in Definition 4,
which, to the best of our knowledge, has not been addressed in the existing literature within
any functional framework. In this work, we establish its boundedness in variable exponent
Lebesgue spaces LP("), under suitable growth conditions on the exponent function p(-).
To emphasize the significance, novelty, and practical relevance of the proposed operator,
we conduct a comparative and critical analysis. We demonstrate that the exponentially
damped Riesz-type fractional integral operator is particularly effective for analyzing the
convergence, regularity, and stability of solutions to partial differential equations, due to
the presence of an exponential decay factor that enhances these properties over broader
domains. Specifically, in Example 2, we show that our operator remains bounded over a
wider range compared to classical Riesz potentials [45] and Bessel-Riesz operators [46],
which are typically restricted to narrower domains or limited classes of locally integrable
functions. Several additional examples are presented to reinforce the robustness and
broader applicability of the proposed operator. Moreover, while earlier work such as [40]
explored Sobolev-type inequalities in the classical Lebesgue space setting via the Riesz
potential operator, our study generalizes these results to the more flexible framework of
variable exponent Lebesgue spaces LP("), employing a more general fractional operator
that reduces to the classical case when the exponential decay parameter A = 0. In addition,
we present applications to elliptic partial differential equations (PDEs), showing that
the corresponding solutions belong to appropriate Sobolev spaces. To further support
the validity of our results, we develop several new structural properties under various
exponent conditions.

The article is organized as follows. In Section 1, we provide an introduction and
overview of the study. In Section 2, we recall essential definitions and existing results
that are instrumental in establishing our main findings, including those related to the
boundedness of operators and properties of variable exponent Lebesgue spaces. Section 3
presents our primary contributions, where we introduce new structural properties and
establish the boundedness of the exponentially damped Riesz-type fractional integral
operator on variable exponent Lebesgue spaces, together with several related estimates. In
Section 4, we develop a new class of Sobolev-type inequalities, and the associated results
involve our newly defined operator. In Section 5, we present key applications of our main
results, specifically focusing on the regularity theory of elliptic partial differential equations
(PDEs). Finally, Section 6 provides a summary of our main conclusions and highlights
potential directions for future research.

2. Preliminary Framework

In this section, we recall essential definitions and preliminary results that are funda-
mental to the development of our main findings, particularly those related to the bound-
edness of operators and key properties of variable exponent Lebesgue spaces. For further
details on these concepts, we refer the reader to the monograph [5]. Before proceeding
further, we fix certain notations and concepts that will be frequently used throughout
the article.
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Notations
In the sequel, unless otherwise specified, we adopt the following notations:

e R™ The n-dimensional Euclidean space.
e RT: The set of all positive real numbers.
e |Q)f: The Lebesgue measure of a measurable set () C R™.

o P%JOg (Q)): The set of log-Holder continuous exponent functions defined on a domain
QCR™

e WLUP(R®): The Sobolev space of functions in LP(R®) whose first weak derivatives also
belong to LP(R™).

*  Thenotation ) < ¢ means that there exists a constant ¢ > 0, independent of essential
parameters, such that Y < c¢. Similarly, P ~ ¢ indicates P < ¢ < .

2.1. Semi-Modular Spaces

The variable Lebesgue spaces form a part of semi-modular spaces, which broaden
the normed space framework. This framework begins by exploring essential definitions
together with fundamental results pertaining to modular spaces.

Definition 1 ([5]). Consider a vector space M over a field K, which may be either real or complex
numbers. A function p : M — [0,00) is referred to as semi-modular on M if it satisfies the
following conditions:

*  Nullity : p(0) = 0.
e Unit Scalar Invariance: For all & € M and t© € S with || =1,

p(T&) = p(&).

e Definiteness: If p(t&) = 0 for all T > 0, then it necessarily follows that & = 0.

o Left-Continuity: The mapping [0,00) > T — p(T&) exhibits left-continuity for every & € M.

®  Monotonicity: The mapping [0,00) > T +— p(T&) is monotonically decreasing for each
EeM.

If p is a semi-modular on a vector space M, then the associated modular space is
defined as
M, := {& € M | 3A > 0 such that p(A&) < +oo}.

This general form is used when p is not assumed to be convex. If convexity is assumed,
it reduces to the simpler form

{&E e M| p(&) < +o0}.

On the space M, we define the Luxemburg-type functional || - ||, : My — [0, +-c0] by

Elp := inf{’c >0 | p(i) < 1}, forall £ € M,,.

This structure is central in the study of modular spaces and underpins normability,
completeness, and related topological properties.

This formulation plays a crucial role in the study of normability and the geometric
properties of semi-modular spaces. This functional serves as a key tool in the analysis of
the structure of the semi-modular space, providing a framework for norm-like properties

that emerge from the semi-modular function p.
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Proposition 1 ([47]). Let M be a vector space equipped with a semi-modular function p. Then, for
every element & € M, the following equivalence holds:

p(&) <1< |&fp <1

Proof. Suppose that p(&) < 1. By the definition of the semi-modular norm || - ||, it directly
follows that |||, < 1.

Conversely, assume that ||&]|, < 1. By the definition of ||&||,, this implies that for
every T > 1, the left-continuity of the mapping v — p(&/7T) ensures that

(8
T
Thus, the equivalence is established. [

2.2. Variable Exponent Spaces

We recall the notion of variable exponent Lebesgue spaces. Let () be a Lebesgue
measurable subset of R®, and let p : () — (0,00) be a measurable function, called the
variable exponent. Define the essential infimum and supremum of p by

p :=essinfoeqp(0) =sup{a:p(0o) > xa.e. in O},
p" :=esssup,.p(0) =inf{a:p(0) < xae. inQ}.

We also consider the following subsets of (:

Qo == {0 € 0:1<p(0) < oo} =p~'((1,)),
O =={o€Q:p(0) =1} =p ' ({1}),

Qe :={0€Q:p(0) =0} =p }({oo}).

The conjugate exponent p’ : QO — [1, 00] is defined by

o, (WS Ql/
"(6) := ﬂ, o€ O,
p(o) p(o) —1

l, [ Qoo

This definition satisfies the conjugacy relation

1 1
CREICI

for almost every o € ().

Note that if p(+) is a constant function, p(0) = p, then p’(-) = p’ is the usual conjugate
exponent. It is important to clarify that the notation p/(-) refers to the conjugate exponent
associated with p(+), rather than representing the derivative of the function p(-).

Examples of variable exponent functions include

p(o) =p (constant exponent),

and oscillatory examples such as
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p(0) =2+sin(o).

We denote by Py(Q2) the collection of all measurable functions p : QO — (0, o) satisfy-
ing p~ > 0, and by P(Q)) the subset of Py(Q2) withp~™ > 1.
Let M be the vector space of all measurable functions on Q). For p € Py(Q)), define the
semi-modular

Pp(.)((P) = QTp(T)(|(p(T)|) dT,
where
T, ifp € (0,00),
Yp(1) =40, ifp=ccandt<1,

oo, ifp=ocoandT > 1.

Definition 2 ([5]). The variable exponent Lebesgue space LPU) (R™) is defined as the collection
of all measurable functions \p : R* — C for which there exists some N > 0 such that the

modular functional
LA
pp(-)<)\> = /n
is finite.

Equipped with the Luxemburg quasi-norm

(o) [P

g do
A

: P
||ll)||p() = 1nf{?\ >0: Pp() (}\) < 1},

the space LP() (R™) is a quasi-norm space whenever the essential infimum of the exponent satisfies

p :=essinfp(o) > 1,
occRn

and becomes a Banach function space when p~ > 1.

Notably, the characterization of the space LP(*)(Q) simplifies under the assumption
that p4 := esssup wen p(p) < co. In this case, a measurable function ¢ belongs to Lr() (Q)
if and only if

/Qlcp(u)lp(“) du < oo.

Example 1. Let the variable exponent function p : R — [1,00) be defined by
3, ifoe[-11],
p(o) =9 :
0°+2, ifoeR\[-1,1],

that is,
p(0) = 3x[_1,1)(0) + (6> +2) XR\[-1,1] (0)-

Now, consider the function

¥(0) = (1= 0%) x[_11(0),

which is supported only on the interval [—1,1] and satisfies (o) > 0 on its support.
We aim to compute the modular p,.y (b /A), defined by
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p(o)

Y(o) [P

A

o (3) =

Since \p(o) = 0 outside [—1,1], and p(o) = 3 on this interval, we get

Pe() (f) -/,

Now compute the definite integral:

1—023
A

do = l/1 (1—o?)%do
=/, :

Use the binomial expansion:
(1-0%)%=1-30%430* - 0",

s0,

1 1
/ (1—0%)%do = / (1 —30% 4 30* — 0°)do.
-1

-1

Due to symmetry and evenness,
1
- 2/ (1- 302 +30* — 0®)do.
0

Now evaluate

1
' _21-5 16

1
/0(1—302+3G4—06)dcr: [0—03—}—205—;0 . 35 =

So the total integral is

1 16 32
1-0%)Pdo=2-— = .
/J C)do=2-35 =5

Hence, the modular becomes

To compute the Luxemburg norm,

. 32

Solving % <1 gives

32 32\/3
3> 22 > (==
A Z 35 = ?\_<35> .

Therefore, the Luxemburg norm is

ol = (32) -

Thus, | € LPC)(R) with norm (%)1/3.
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To establish the applicability of several pivotal findings throughout this study, it be-
comes imperative to impose appropriate regularity constraints on the exponent function
p: Q — RT. In particular, the function p is said to exhibit the property of local log-Hélder
continuity on the domain Q) provided there exists a constant cjog(p) > 0 such that, for every
pair of points u, v € ),

Clog(p)
e+1/|u—v|)’

lp(p) —p(v)| < og(

Moreover, p is said to be log-Holder continuous at infinity (or to exhibit log-decay at infinity)
if there exists a constant exponent po, € () and a constant Clog > 0 such that, forall u € Q,

Clo (p)
[P(K) — Poo| < m-

If p satisfies both local and asymptotic log-Holder continuity conditions, then we say that p
is globally log-Holder continuous, and denote the class of such exponents by Cig(p)-
Accordingly, the subclass of globally regular exponents is defined by

P3(@) = {p € Po(0) : ] € Ciglp)

In the sequel, we shall formulate several classical and practically useful results concerning
the semi-modular py,.) and the Luxemburg-type quasi-norm || - || 1P ()"

Proposition 2 ([47]). Let p € Py(Q) be such that p, < oo, and suppose that ¢ € LP()(Q)).
Then,

min{ (st9) g (#50(9)) pi} < st o) < ma"{ (Ppr (@) - (pe (@) . }

Proposition 3 ([5]). Given Q) and p(-) € P(Q):
(1) Ifp" < oo, then forall A > 1,

AP p(0) < p(Ae) < AP p(g).

When 0 < A < 1, the reverse inequalities hold.
(2) Ifpt(Q\ Q) < oo, then forall N > 1,

p(A@) < AP (0] 5y,

Proposition 4 ([5]). Let Q be a measurable set and suppose that p(-) € P(Q)). If ¢ € LPU)(QQ)
and || (pHLP(,)(Q) > 0, then the following inequality holds:

%
Py | ——m | < 1.
p() ( ||<P||Lp<-)(o))

Moreover, if pt < oo, then for every non-trivial function @ € LP()(Q), we have the equality

P
Py | ——— | = 1.
P() <||(P||Lp(~)(0)>
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Corollary 1 ([5]). Given Q and p(-) € P(Q), suppose p™ < co. If Il e0) () > 1 then

op() (@)% < [l 1501 () < Pp( (0)77

If0 < [l@ll1p0)(q) < 1, then

Pp() (@) < @l iy ) < Pp() ()17

Theorem 1 ([5]). Given a measurable set () and a variable exponent function p(-)
for every function @ € LPU)(Q)), there exist functions @y and @ such that

¢ = @1+ P2,

where
1 € P (Q)NLPO(Q) and @, € LP (Q)NLPL(Q).

€ P(Q), then

Theorem 2 ([5]). Let Q be given, and let p(-) € P(Q). For any functions {p € LP()(Q) and

® € LP'O)(Q), the product v € L1(Q) and the following inequality holds:

[ 0 (0)b(@) a5 < Ky 10l 1t ) 18l
where

1 1
Koty = o= = 5=+ Ixaclle + Ixalle + X0l

Definition 3 ([5]). Let \{ € Lll0 -(R™). The Hardy-Littlewood maximal function M1 of \ is

defined for each . € R™ by

1
M) = sup o JABIET

where the supremum is taken over all cubes Q C R® containing y whose sides are parallel to the

coordinate axes.

(p1) Letp(n) be a continuous function on R* that is both locally and globally log-Holder

continuous, i.e., p(-) € PBOg(Rn), satisfying the following conditions:

p— = inf p(p) >1 and pe:= lim p(n) > 1.
peR® [p]|—o0

(p2) There exists a constant C > 0 such that

C
lp(n) —p(V)| < ————,
log (e + 1)

forall u,v € R* with [p—v| < 1.

M

@

The Hardy-Littlewood maximal operator M satisfies the following properties:

1. M is sublinear, that is, for all ¢, € M(R") andn € R,

M(d+1) (1) < Mo(p) + Mp(n), and Mnd)(n) = M[Md(w),

for almost every u € R™.

10
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2. If ¢ is not identically zero, then for any bounded measurable set (2 C R", there exists
€ > 0 such that
Mo(p) >e, YueQ.

3. If ¢ is not zero almost everywhere, then
Mo ¢ LY(R).
4. If ¢ € L®(R"), then M¢ € L®(R™) and the norms coincide:
Mo = [[b]co-

Theorem 3 ([5]). Let p € LP(R™) with 1 < p < oco. Then, for every t > 0, we have

3v40P
tP

(e R My > e} < = [ (P an.

Moreover, if 1 < p < oo, then
1
M| pgny < C(n)(P') P[] 1o (ro)-
Theorem 4 ([5]). Let p(-) € P(R™) such that 1/p(-) € Pg’g(Rn), ie., the function 1/p(-)

satisfies both local and decay log-Holder continuity. Then, for any measurable function \p and any
t > 0, the Hardy-Littlewood maximal operator satisfies

HtX{HiMﬂ’(u)>t} Lp() (RM) = CHwHLP(‘)(R“)’

and, if in addition p— > 1, then

HMIL‘HLP(')(R“) < C||1L’||Lp(~)(Rn)'

Here, the constant C = C(n,p—,p+, (1/p(+))) depends explicitly on the dimension n, the
essential infimum and supremum p_, p4., and the log-Holder constants of 1/p(-).

3. Main Results

The objective of this section is to investigate the boundedness properties of a fractional
integral operator characterized by a Riesz-type kernel with a damped exponential weight.
Before presenting our main theorem, we establish several auxiliary results that play a
crucial role in supporting and facilitating the proofs of the principal results.

Exponentially Damped Riesz-Type Fractional Integral Operator

Definition 4. Let 0 <1 < nand 3 > 0. The fractional exponential-type damped integral operator,

denoted by I, g, is defined as the convolution of a function\ € Lfo(c') (R™) with an exponentially
damped Riesz-type kernel:

(T s ) () 1= [ 2 Bl ay,

Re [ — [

where | denotes the order of the fractional operator and (3 > O controls the exponential decay. For
3 = 0, the operator coincides with the classical Riesz potential.

11
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Remark 1.

e When 3 = 0andn = 2, the operator defined in Definition 4 reduces to

Lb(w) = | blv)

R [p— vz

where ¢, = , With wy being the surface measure of the unit sphere in R®. This is

(n—2)wy
the classical Newtonian potential, which satisfies

—AZ)) (1) = W (w)

in the distributional sense. For a detailed treatment, see Stein [48]. In portions of the paper
where scaling is not central, we adopt cn, = 1 for simplicity.
o When the exponential decay factor 3 = 0, we recover the classical Riesz potential:

@)= [,

R [ — [
as defined in [48].

The figure below (Figure 1) illustrates the hierarchical structure and the relationships
among various classical potentials associated with this new operator.
Novelty and Significance of the Operator

Figure 1. Hierarchical structure of potentials: from Newtonian to exponentially damped Riesz
fractional operator.

A Specific Example Distinguishing the Operator 7, g:

Example 2. Consider the fractional exponential-type damped Riesz operator defined by

(T s 0)(w) 1= [ 2 omBlevlay,

R [ — [

12
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for0 <m < mnand 3 > 0. We construct a function \p for which this operator is well-defined
pointwise.
Choice of function. Let

XB(0,1)¢ (1) n—n
=l L p>
= Togle+ T P B
This decay condition ensures that the function \p is sufficiently integrable at infinity for the operator

to be bounded.
Boundedness under the operator I, g. For all u € R®, the following estimate holds:

e_f’“'"_'v'

Tnp * < / dv
e WIS e o= (logle T )P
Thanks to the imposed condition p > %, this integral converges due to the dominating exponential
decay of the kernel.

Limitation of the classical Riesz and Bessel-Riesz potentials. When the exponential decay is
absent (i.e., 3 = 0), the kernel reduces to the classical Riesz form:

| —v["77,

and the associated integral
1

d
/\v\>R V= (log(e + V)P ©

may diverge for moderate values of p. In particular, convergence typically requires p > 1, indicating
a limitation in applying the classical Riesz potential to such slowly decaying functions.

Remark 2. The function
XB(0,1)¢ (1)
(log(e + |w)P

belongs to the domain of the exponentially damped Riesz operator L, g provided that

(w) =

> 2
P B
This ensures sufficient decay of the function at infinity to maintain integrability of the kernel. In
contrast, the classical Riesz and Bessel-Riesz operators may be subject to stricter decay requirements
on \p, which limits their applicability in certain cases. This highlights the enhanced flexibility and
reqularizing power of the exponentially damped operator.

First of all, in order to establish the validity of this operator, we have investigated
several of its structural properties, which are subsequently utilized in the derivation of
the main result. In view of conditions (1) and (2), and taking into account the framework
established by Diening [49], a similar type of result was obtained for the Hardy-Littlewood
maximal operator.

Lemma 1. Let \p be a measurable function taking values in the interval [0,1] on R®, i.e., P : R® —
[0, 1], satisfying the following properties:

Y =0 almost everywhere on the ball B(0,2ko), and |||y <1,

13
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where the norm is taken with respect to the variable exponent Lebesgue space LP()(R®), and the
exponent function p(-) satisfies the standard log-Holder continuity and boundedness conditions.
Then the exponential-type fractional integral operator

Toab(p) == / b(v)

» [p VI"*“[MWV‘dv
o T

satisfies the inequality
o PW gy <,
/B(O,Ko) [ mAA (H” =

where C is a constant depending only on n,m, A, p(+), Ko, and not on .

Proof. Let p € B(0, kp). Since P(v) = 0 on B(0,2kq), it follows that |v| > 2kg wherever
P(v) # 0, and hence,
=] = [v| = [u| = 2k — ko = Ko.

Therefore,

Lavws [ O eesav <o [ way

Iv|>2K0 [0 —V[*T v|>2ko

Since Y (v) € [0,1] and [[¥]|(.) < 1, we use the modular inequality

/Rnlb(v) dv < /Rntl)(v)p(v) dv < 1.

Thus,
Iyab(p) <M forall p e B(0, ko),

where M depends only on kg, A, and n.
Now we estimate

T P(H) g, < P(Wgy < C.
Sy TP [ Mgy <

Note: Since ) € [0,1] € L®(R") N LP()(R"), and the exponent function p(-) is log-
Hélder continuous and essentially bounded, both the integral and modular expressions are
well-defined. The change in the order of integration is justified by Fubini-type theorems
adapted to variable exponent spaces (cf. Diening et al., 2011 [16]). Therefore, no issues arise
concerning measurability or integrability.

This concludes the proof. [J

Lemma 2. Let \p be a measurable function taking values in the interval [0,1] on R®, that is,
P : R* — [0,1], such that

V=0 onB(0,2xy), and Hl,pr(,) <1.
Then the exponential-type fractional integral operator
Zyab(n) = /

satisfies
/(O,Ko)[ n,/\ll)( )} =

where C is a constant depending only on n,m, A, p(+), ko, but not on .

14
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Proof. Let u € B(0,kp). Since P = 0 on B(0,2kp), it follows that if v € supp(), then
|v| > 2ko. Here, the support of the function {, denoted by supp (1), is defined as the closure
of the set where 1\ is nonzero, i.e.,

supp(P) := {v € R* : {(v) # 0}.

Thus, since 1 € B(0, kg) and every point in supp () lies outside the ball B(0, 2ky), it
follows that |1 — v| > kg. Therefore,

—AKg
Zyab(p) < / Mtﬁf)‘KO av="° o /11)(\/) dv.

n— n—
R™M\B(0,2x0) K Ko

Since P(v) € [0,1] and [[||5(.) < 1, we obtain

/nlb(v) dv < /nlb(v)P(V)dv <1
Hence,
Zyab(p) <M forall ue B(0, k),

for some constant M depending only on the fixed parameters.
It follows that

T b(w]P™a g/ MPWay < C,
./B(o,KO)[ mAb ()] " B(0,x0) H

which completes the proof. [J

Before proving the lemma below, we define the Hardy operator, which will be used in
the sequel:

1
Mll)(V) = |B(0, |V|)‘ /B(O,\x\) N’(H)| dy,

where B(0, | v|) denotes the ball centered at the origin with radius |v|, and |B(0, |v|)| is its
Lebesgue measure.

Lemma 3. Let \p be a measurable function on R® taking values in the set of non-negative extended
real numbers, i.e., P : R® — [0,00), such that \p = 0 on the ball B(0, kq), and moreover, it satisfies
the modular constraint |||y < 1. Define the exponentially damped Riesz-type operator by

(V) e
7 = [ P AVl R?, .
(Zy 2+ W) (1) /Rn‘u_wn,ne v, RER? [u]>xo

Then, for all w € R® with |u| > ko, it holds that

1/p(w)
T 1) 4) < CeXp<<IB(0,1IuI)I /B(o,w) b dv) )

where C > 0 is a constant independent of \p and .

Proof. Lety € LP()(R®) be a measurable function taking values in the set of non-negative
real numbers, i.e., P(&) > 0 for almost every & € R, such that { = 0 on the ball B(0, o)
and [[$|lp.) < 1. Define

1

Fi=——— B(v)PY) v,
B, D] s P

15
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Since P = 0 on B(0, ko), the kernel | — v[1~2e~A1=V| decays rapidly. Thus, the dominant
contribution to the integral arises from v € B(0, |p|) \ B(0, ko).
to

We use Holder’s inequality with exponent q(v) := p(v), so ¢'(v) := %,

estimate

(T ) = [P oteoviay

R® [ —v[ATn

V(OV) A
S/B e MM TVigy

©Oul) [ —v[rn

(v 1/q'(w)
- / {1ewv]q( >dy pl/p().
= B [ —v[rn

Since the kernel is integrable over R™ for 0 < 1 < n, and the exponential term ensures
decay, the integral is bounded. Thus, we obtain

(Zoa W) (1) < C-exp(F/20),

for some constant C > 0 depending only on n,n, A, and the modular exponent p(-), but not
on 1\ or . This completes the proof. [J

Theorem 5. Let 0 <1 <n,0 <y < cowithn < vy, and suppose that p(-) € Pg)g(Q)(R+), ie.,
the exponent function satisfies the log-Holder continuity condition. Then, the fractional integral
operator with exponential-type kernel

Inpb(n) = / W) pluvi gy

R [ — v[ro
is bounded on the variable exponent Lebesgue space LP() (R), ie.,
Top : LPO(RT) = LPO(RT)
is a bounded operator.

Proof. Since the essential supremum p; < oo and the exponent function p(-) satisfies
the log-Holder continuity condition, i.e., p(-) € P%)Og(ﬂ) (RT), it follows that the Hardy—
Littlewood maximal operator M is bounded on the variable exponent Lebesgue space
LP()(R1). More precisely, there exists a constant ¢y > 0 such that for every { € LP()(R1),
we have

MG 1) (r+) < COllWll o0 (m+)-

Now, fix any u € Rt and let € LP()(RT). Consider the fractional integral operator
with exponential kernel defined by

67[3“17\/‘ dv.

Thpb(n) := / b()

R® [pL—v[e

To facilitate estimation, we split the integral into two parts based on the distance
between p and v:

Lo, pb(1) :/ II)(V)E_Bl“_VdVJr./l. &B—B\u—v\dv_

lu—v|<1 [t — V[ w—v|>1 [p—v[rn

=T1(p) =T32(1)

16
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Now, fix any u € RT and let € LP()(RT). To estimate the local part of the fractional
potential operator, we begin by decomposing the unit ball centered at u € R", defined by

B(w1):={veR":|p—v| <1},

into a countable union of dyadic annuli, which facilitates control over the singularity and
decay behavior of the kernel.

The dyadic annuli are given by
Ay = {v ERM: 2" < |u—v|< 2k+1}, fork < —1.
These sets are pairwise disjoint, and their union covers the unit ball:

~1
|J Ax (disjoint union).

k=—c0

Hence, the local integral

Il(u) — /“L |1|)(V)‘ e—ﬁ\u—v| dv

—vl<t [p—v[rn
can be estimated by summing over the dyadic annuli:
v [W(v)|
Ti(w) < / el e Bluvl gy,
WL e
Since |u — v| < 1 for all v € Ag, we observe that e Blr—vl < 1. Therefore,

<Z/

k=—00

Iu V\“ nd

On each annulus Ay, we have the estimate | — v| ~ 2%, so we may write

Y(v 1
/Ak u|—(\’|2‘|“dv < o /Ak [W(v)]dv.

Using the volume estimate for balls and the definition of the Hardy-Littlewood
maximal function, we obtain

[, Wl av < By 2] - Mib() < Ca- 22 M (1),

k

where C, = |B(0,1)| - 2™ is a dimensional constant.
Combining the above inequalities yields

w l—v[r 2k(n-=n)

Summing over all k < —1, we obtain

Ti (1) < Cp- MY(p Z 2K — ¢ M (),

k=—c0

17
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where
72—
1—-2—7n’

—1
Cri=Co Y 21=0¢,.

k=—0o0

since the geometric series converges for 1 > 0. This completes the estimate for the local
term Z7 (u).
Now, we consider the global component of the regularized fractional integral operator:

A B e TR

u—v|>1 [ — V[P

where0 <n <n, 3 >0,andp € Lllo (R?). Our goal is to estimate this term in terms of the

Hardy-Littlewood maximal function M (p).
We decompose the domain of integration into dyadic annuli:

Th(p) < 3 / M[ﬁlufwdy‘

= ) s vl<aet [ v[ET
For each fixed k > 0, and v € R® such that 2% < | — v| < 2571 we observe
e Blu—vl < o= B2
= v| 7 < (28) ",
Hence,

/ Me_ﬁ‘u_\d d'\/ge—BZk.#‘/
2R | p—v| <2kt | —v[r 2k(n—m) 2k | p—v | <2kt

[b(v)[av.
Now, the measure of the annular region satisfies
Hv ERM: 2K < u—v| < 2k+1}‘ <y -2,

and the integral over the annulus can be estimated using the maximal function:

wlav< [ )|av < €25 M ().

/zkgm,vkzkﬂ B(j,25+1)

Therefore, each dyadic term is bounded by

/2 I —plu-vi gy < ¢ 2082 g ().

e<fp-v|<2et [0 —v[rn
Summing over all dyadic shells gives
Tr(p) < C- Mip(p) Y 217 F%,
k=0

Since e~ F2 decays faster than any polynomial growth of 25", the sum converges:
Y 281 B2 < oo,
k=0

Thus, we conclude

Ir(n) < Co- Mp(w),

where C > 0 depends only on n, 1, 3.

18
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Combining the local and global estimates,

Znpb(n) = Ti (1) + Io(p) < C- Mi(p).

B e {ﬁ >O:pp(4)</\/éq)> <1}.

‘Zr],ﬁll)(u)/c?)
B

Let

Then we have

< M|
- B

Applying the modular function p;(.), we obtain

T p0/C My
Po() <”B[33) < Pp() <,3> <1

oo (B2%) 3}

By the definition of the Luxemburg norm, it follows that

Using the boundedness of the Hardy-Littlewood maximal operator on variable expo-

This implies

2
mBY < M| -
& |l = MWl o

nent Lebesgue spaces LP("), we get

[ MW 1p0) < col[ W]l o0

Hence, we conclude
1Zn,8 Wl e < Call Wl o0y

where Cy = Czcp. [

Example 3. Let 0 <n <nand 0 <y < oo withn < vy. Assume that the exponent function p(-)
belongs to the class P%)Og(()) (RT), i.e., it satisfies the log-Holder continuity condition on R.
For the specific casen =1,m = %, and y = 1, consider the variable exponent function

p(n) =2+ weRrRt,

14 |ul’

which satisfies
2<p(n) <3, forallp>0.

We verify that p satisfies the log-Holder continuity condition, i.e., there exists a constant
C > 0 such that for all w,v € RT with u # v,

C
() —p(v)] < — S
log(eJrﬁ)
Note that
1 I I
Pl —p(v)[ = ’1+|u| TTEN| T A AT
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By the triangle inequality,
i = [vI] < Ju =],
hence,
w— V|
T+ [u)) (1 +]v])

For t := |p—v| € (0,1], since the function

lp(p) —p(v)| < ( < [pu—vl

1
P(t) = tlog(e—i— t)
is bounded below by a positive constant, there exists C > 0 such that

C
t= log(e—i- %)

Therefore,

C
lp(k) —p(v)| < m-

Thus, p satisfies the log-Hélder continuity condition on RT. Define the fractional integral
operator by

Tob(w) = [ PO ey, pert,

0 [u—v[tmn

Let \p be the characteristic function of the interval [0, 1], defined by
Y(v) = xjoq(v) = {

The Luxemburg norm of \ in the variable exponent Lebesgue space LP()(RT) is given by

o (1)
).

HleLp(-)(R-J-) = inf{ﬁ >0: /0

Since P () = 1 for p € [0, 1] and zero elsewhere,

r

Using the lower bound p(p) > 2,

p(w)

P(p)

1
du = —P(P—)d :
B i /O B M

1 1
[ e Pans [ ptan—p2
0 0
Choosing 3 = 1 yields

1
/ 1_P(“)du <1,
0

SO
0l gy < 1.

For p € R, the operator T, , (1) evaluates as

1 e_lp—_\"
dv.

Znyb(w) = /

0 Ju—v|2
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Thus, p satisfies the log-Holder continuity condition on R™T.
When w > 2, we have |\ — v| > 1, and therefore,

11 _
Tb(w) < | Spav=c"

For n € [0,2], since |u — v| < 2,

1 1 11
Tob() < [ —avs [ thar—2,

0 k=
where the change of variable t = | — v| has been used. Thus,
TnyW(w) < C:=max{e 2}

forall > 0.
For any finite M > 0, the norm

[ Zn b HLP(')([O,M])

is evaluated by considering

/

Since p(p) > 2, it follows that

In,’yﬂf’ ( U)

M/ o\ P Cc\?2
b () e=m(s)

Choosing p = CM'/? ensures

p(K)

Iy (1) dn <1

p

/

||In,71b||Lp(-)([0,M]) <cM'V?,

and thus,

Consequently, the operator Ly, ., is bounded on L*0) ([0, M)) for all finite M > 0.

Lemma4. Let 0 < 3 < nandn > 0. Consider the exponential-type fractional kernel
K 1 e
n,ﬁ(t) - — tni_ne 7 t > 0

Suppose the variable exponent function v : Rt — (0, c0) satisfies

<V7§V+<00.
n—n

Then Ky p € LYO)(RT).
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Proof. By definition of the modular in the variable exponent Lebesgue space L¥() (R1),
for any p > 0,
K | Ko a(t) [V(E) 00 —pty V()
pv(.)< TLB)_/ ‘ n,8(t) dt:/ (18 ) .
n 0 n 0 \ute
Fix u € (0,1). Using the inequality v(t) < v, it follows that

Pv(‘)<’cn/ﬁ>§ ! /mtf(nfn)v(t)e’ﬁ"(t)tdt.
0

B T

Split the integral into two parts:
I = /1 tf(nfn)v(t)efﬁv(t)tdt, T, := /Oo tf(nfn)v(t)efﬁv(t)tdt/
0 1

so that

K 1
Ou() (:L'|3> < e (Il +Iz).

On (0,1), since e Bv(t)t <1 one has
1 1
7, < / @) gy < / b @)ve gy
0 0
which converges if and only if

(Il — T])V+ < 1.

However, this contradicts the assumption v_ > ﬁ To ensure integrability near zero, the
essential lower bound must satisfy

1
n—n

On (1,00), using v(t) > v_ and exponential decay,
I, < /oo g @)V BV-tgy
1

which is finite for every v_ > 0.
Thus, under the conditions

Vo > and vy < oo,

n—n

both integrals 7; and 7, are finite, implying
Pu() <K:Lﬁ> < oo forallp>0.
Hence, Ky p € LYO)(RT). O
Example 4. Let 0 <m < nand 3 > 0. Consider the exponential-type fractional kernel

1
Knp(t) = e Pt £ >0
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Suppose the variable exponent function v : Rt — (0, c0) satisfies

<v_ <vy <oo,

n—n
where
Vo= gr;gv(t), Vioi= ili}gv(t).
Taken = 3,m =1, and B = 2, and define
v(t) =2+ L, t > 0.
1+t
Then 1 1
V- :éggv(t) =2> n-n 2
and

vy =supv(t) =3 < oo.
t>0

In this case, the exponential-type fractional kernel reduces to

e—2t

Ki2(t) = s v> 0.

We verify that K1, € LYC)(R1). Indeed, for any 1 > 0,

1
/w’ Kia(t) V(t)dt _ /°° (eZt)Hl“ it
0 18 0 \ ut?

On (0,1), since v(t) < 3,

1 -1
/t_zv(t)dtg/ £ 0dt,
0 Jo

which converges in the variable exponent Lebesgue sense because the condition v_ > ﬁ = % is
satisfied, and the exponential term is bounded by 1.
On (1, c0), the exponential decay dominates,

o (o]
/ g 2(E) e~ 2v(t)t gy < / t 4284t < oo.
1 1

Hence, K1, € LYO)(RT).

Lemma5. Let 0 <m <nand 3 > 0. Define

e Bt
Knp(t) = S fors >0,

and let v : Rt — (0, 00) be a variable exponent function with

_ = infv(t), =5 t).
v— = infu(t), v ti%v< )

Then, for any fixed k > 0, there exists an integer Ty such that for all integers k, the following hold:
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e Fork < T,

—(@-n)v_+1 _ k+1
pv(-) (}Cﬂ/ﬁ X[Zk K, 2K+1 K]) > Cl (2k K) (n—m)v p Bv.2 K’
e Fork >,
—n= +1 _ k+1
pv(~) (’Cﬂ/ﬁ X[zk K, 2k+1 K]> > CZ (sz) (n—m)vy e Bv_2 K’
where C1,Cy > 0 are constants independent of k and «.

Proof. We aim to estimate the modular

o / ,— Bt V(t)
|7Cn,f3(t)|v(t)dt:/ (e ) dt.

0 \tt "

Pu()(Knp) = /

RT

Decompose the integral over dyadic intervals scaled by a parameter k > 0:

2t /Bt v(t)
pV(')(’Can) = 2/2 <tn—n> dt.

k
kEZ K

For t € [2Xk,2¥*1k), we have
e—Bt > e—[52k+1|<, t—(n—n) > (2k+1K)—(n—n)‘

Recall the bounds on the exponent:

vo <v(t) <vg.

Thus,

7

to N

_ v(t)
(6 Bt) BV (am)u(t)

and since e~ PVt decreases as v increases,
e—[ﬁv(t)t > e—ﬁut/
while the power term satisfies
g emv(t) > p—(@-n)vs

Define the integer 7« € Z to split the sum into two parts:
Case 1: Fork < 7,

okl o Bt v(t) kA1
/ dt >/ e Pty —(mm)v-gy
2k 21 —J2

K

Z C] (sz) —(Il—T])Vf-‘rle_ BV+2k+1 K,

Case 2: Fork > Ty,

2k+1K e_Bt V(t) 2k+1K
2%k 2Kk

> Cy(2k) T By 2

7
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where Cy, C, > 0 are constants independent of k and k.
To handle this carefully, we split the sum over k into two parts as in our lemma:

e Fork < 7Ty, corresponding to small t, the exponent v_ dominates;
e Fork > 7y, corresponding to large t, the exponent v dominates.

Split the sum over k by choosing an integer 7, such that
2Tk >1, 2«1,

which partitions the positive half-line into “small” and “large” dyadic intervals relative to 1.
Lower bound for k < Ty: On these small t intervals, we use the lower bound on the
exponent v_:

ki1, _ v(t) k1
/2 <e ﬁt) dt = /2 e BVt~ (mmevlt) gy
2 2

k th—& k
_2k+1
> < e—Bv+tt—(n—oc)v, dt,
T J2kk
because
efﬁv(t)t > e BVt and tf(nfoc)v(t) > tf(nfoc)v,'
Moreover,
2k+l 2k+l
/ : e BVity—(m—)vo 4y > e*BV+2k+1K / < tf(nfcx)vfdt,
2k 2k
since e~ PV+* is decreasing in t.
We proceed to evaluate the integral
/ t P ds,
where
B:=(n—oa)v_,
noting that 3 > 0.
It is well known that
pl=B _ 1B
b —, ifB #£1,
/ t Pdt = 1-8
a

In(b) —In(a), ifp=1.

Assuming 3 # 1, it follows that

/2k+1.< t*B gt — (2k+1|<)1’f5 _ (sz)lfﬁ _ (ZkK)l—B (21—5 . 1)
2k 1-p 1-p ’
Therefore,
2k+1K
/Zk t—(n—oc)v, dt =G (sz)l—(n—oc)v,,

K

where - w)
2= _ 1 2l-(n—x)v- _ 1
Cl = = > O,

1-p  1-(m-o)v_

since we assume (n — x)v_ < 1 to guarantee the convergence of the integral.
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Combining the estimates for k < 7, we obtain the lower bound

k+1 _ v(t)
/2 K (e Bt) dt>C (2k|<)1_(n_°‘)v*€_ﬁv+2k+lK-
2

k¢ tnfoc

For large values of t (i.e., for k > 7), we use the upper exponent v, for the power
term and the lower exponent v_ for the exponential term:

kil , v(t) k1
/2 <e At > dt — 2 e AVt — (v (t) g
2

K TR 2k
2k+1 K

> / e—)\v,tt—(n—oc)erdt,

T J2xk

because e~ M (P)t > p=AV-t (gince v(t) > v_)and

g (@mev(t) > gon-egve forg > 1.

Since e~*V-* is decreasing in t, it follows that
ok+1 2k+1
e M-t~ (v gy > e*?\V72k+1K —(m—)vy gy
2kk 2kk

We now evaluate the integral with B’ := (n — &)v4:

2k+1

B g = ¢, (2%k) P
/2kK t t »(2K)

where
21-p" _ 1  ol-(n—o)vs _ 7

R U ) e

>0,

under the assumption (n — )vy < 1.
Thus, we obtain the estimate

1 _ v(t)
/2k+ K ( et ) dt > ¢ (ZkK)1_(n_oc)v+e_}\v’2k+l'<.
2

ko tnfoc

Now, the modular functional satisfies the estimate

o+ oAt v(t)
T]v(‘)(’co(,)\) = Z-/Z (tn—oc) dt

xez /25K
2 Z Cl (ZkK)lf(n*O()er_)\V+2k+1K
k<Tx
+ Z cz(ZkK)lf(n*“)VJref?\v,Zk“K. 3)
k>Ty

Therefore, for each k,
e Ifk <7, then
Mv(:) (ICCX,)\) > C (sz) I-(n—a)v_ 87)“,+2k+1 3

e Ifk > 7y, then
Tlv(.)(ICw\) > Cp (ZkK)lf(nfoc)v+e,)\v_2k+1K'
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Example 5. Let Ky, g : (0,00) — R be defined by

e Bt

ICT],[S (t) = e

where n,m, B > 0 are fixed parameters. Let v : RT — (0, 00) be a variable exponent function with
essential bounds

_:=infv(t = t).
v—:=infu(t), vs ili}g‘f()

For any fixed k > 0, define the integer T, € N such that
2Tk >1 > 27 k.

In particular, let

and
v(t) = 1.1+ 0.2sin (log(1+t)),

so that
v =09, vi=13.

Choosing
1

1/
ensures the dyadic partitioning condition above is satisfied.
For k < Ty, the modular satisfies

TK :2,

K =

Py (Kn,pXaxk, 22414) = C1 (D)1 (mm)v g By 2
and for k > T,
Bu() (K X 2e14)) = Ca(25k) 1 (@M gmBy- 27
Explicitly, withn —n = 2:

o Fork=1<Tg:

1 —0.8
(21k)1=2v- (2) =208 ~ 1741,

_ 2 — —
e [3V+2 K e 1x1.3x1 —¢ 1.3 ~ 02725’

Il
S
N =
~
—
i
S
o

I

yielding
pu() (Knpx(1y)) 2 04747C.

e Fork=3>"Tg:
(2%k)1727+ = (23 x 1)172x13 _ 91-26 _ »=16 33,

— 4 — —
e [?)V72 K _ e 1x0.9x4 —e 3.6 ~ 00273,

thus
pu() (Kn,p X)) > 0.0090C,.

This example illustrates the dependence of the modular lower bounds on the variable exponent
and the dyadic partition.
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Lemma 6. Let K, 5 € Lve) (RT), and assume that
0< ||1Cn,[3||LV(-) <1

Then, there exists an integer T, depending on «, such that for any k < T, we have the following
lower bounds:

o Fork < Tg:
e~ 52k+1

1/V+ > Cl (zk )1/v+—(n—n)

1K,

e Fork>Tg:
_62k+1

2n—

Here, C!,Ch > 0 are constants derived from the original modular bounds that satis
1742 8

1/V+ > CZ (ZkK)l/‘”_(n_”),

1K,

Cl =)', = ()"
Proof. We consider the exponential-type kernel

1
Knp(t) = el Bt ¢>0,

and the associated modular

o) (Knp) = [, 1K ()P,

Decompose the integral into dyadic intervals:

ok+1 v(t)
Py Z/ (tn e —Bt ) dt.

keZ

Estimate each term:

_ k+1 1
/ N (s Bregy s €T / T
Ok (2k+l )(nfn)vJr ok
e*f)v+2k+]K .
- (2k+1g)(mn)ve 2k
Now simplify
(2k+1 K)(nfn)v+ _ (zn*ﬂ)‘H . (sz)(nfn)VJF'
Hence,
k+1 V(t) k _ 2k+1 _ 2k+1
/2 ) { e Pt dt > (2f)e” Py _ ¢ proz - (2%k) 1= (mmm)ve
2k ¢ £ 2(n—n)v+(2kK)(n—n)v+ 2(n—n)v+
Let T € Z such that 27<k > 1 > 27« 1k. Then,
- Fork < 7y,
— B2kt
(k- & T T
Py() (Knp) = C1- (2%) PYCET
- Fork > Ty,
_Bv+2k+1K
e (n—
pv(~)(Kn,B) > (- e (2%k)! (a—m)v+
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Now applying the modular-norm inequality

Ilo > (o)),

we conclude

- Fork <7y,

By 26l 1/vy _parHg

1/v € k \1—(n— _ € k \1/vi—(n—
1K gl = <Cl'2<n-nm'<2 K ‘””*) = 0] S - (25,
- Fork > 7T,
1/ _ 2k+1
+ 1 —(n—
1K pll i >ch-° = (%) /v (@),

O

Lemma 7. For any u € Rt and any function € LPC)(RT), the following pointwise estimate
holds for the fractional integral operator with an exponential-type kernel:

2Kk n ﬁ
bl e| T 0o me+ B |w|Lp<.>]-

k<7«

Proof. To analyze the fractional-type integral operator with exponential kernel, we decom-
pose the domain into dyadic annuli. Fix k > 0, and for each k € Z, define

Ag(p) = {\/ ER™: 2%k < |u—v| < 2k+lK}.

The operator can be rewritten as

T pb (1 2/ |u v|n - e Bln=vl gy,

keZ

We split this into local and tail parts:

Tnpb(w) = J1(w) + Fa(n),

where

Te—1 4
Ji(u) = o D) = o
1(!4) k:Z_oo /Ak(u) Z(H) k;} ./Ak(u)

Here 7« € Z is chosen such that
2T 1 <1 < 27wk

For indices k < T — 1, the distance between p and v satisfies the asymptotic relation
|u — v| ~ 2Xk. Consequently, the exponential decay term is bounded by

e Bl—vl <1,

Therefore,
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Te—1
\ N)(V)' —Blu—v|
W< Y /Akw e v

k=—00 p‘ - -v|n7n
Te—1 1

T g [y 0

Since | Ax(1)| ~ (2%k)®, it follows that

<

Lo PO < CRSP M),

and thus,
Te—1
|7 (W) < CMb(n) Y (25

k=—00

Incorporating the exponential kernel gives the sharper bound

Te—1 K
[T1(W)] < CMp(n) )] (f;k):-

k=—00

In this region, |n — v| > 1, so we use Holder’s inequality and properties of variable
exponent Lebesgue norms. We estimate
= 1 K
Ja(w)] < 76762K/ Y(v)|dv.
%001 < Y, e 1P

Using Holder’s inequality in the variable exponent setting,

Lo PO < 005t [t

Standard estimates for the norm of characteristic functions in variable exponent

spaces yield
o]y < CLALI-® < claeyero00,
Hence,
/Ak(u) ()| dv < Cl |l o (256)™/ 7).
Substituting back,
®© (k. \n/p_(k
1200)] < Cllso ey Lo <2(2>)/P“ﬁz
Recall . L ) ) .
p’ (k) p+(k) p’ (k) p+ (k)
Thus,

(sz)n/pi (k) _ (sz)nfn/m(k)‘
Therefore, the estimate becomes

[eS) 2kK niﬁ
|2 (W] < Il oo gy D %
k=7, ¢

— /K

The exponential decay ensures the convergence of the series.
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Combining the local and far-field parts, we obtain

Te—1 [~k o0 N e o
K 2k )N L 3% P+ (®)
Zapb(w] < M) & ZOT 4 el 1 E
k=T

k=—0c0

O

Remark 3. This estimate demonstrates the boundedness of the generalized fractional integral
operator I, g on variable exponent Lebesgue spaces. The decomposition into local and far-field
contributions, coupled with exponential decay and Holder-type estimates, ensures integrability and
convergence of the series, validating the operator’s well-definedness and continuity.

4. Fractional Sobolev-Type Inequality with Exponentially Damped Kernel

Before presenting our main result, we first recall a classical result that establishes a
Sobolev-type inequality using the Riesz potential operator

Let 1 be a function belonging to the class of locally integrable functions on R®, that
is, P € Lll0 -(R?). The Riesz potential of fractional order « € (0,n) associated with 1 is
introduced by the expression

dv, upneRM

Tap(w = [ 20

R |p— VAT

A classical result, known as Sobolev’s inequality , asserts that

(/Rn |chlb(u)|qdu>l/q < C(/Rn ()P du>1/p,

provided the exponents satisfy

1:1—5, with1<p<3.
q P n 0.8

For a detailed treatment of this result, see, for example, the monograph by the
authors [40].

In this section, we extend the classical Sobolev inequality to a logarithmic Sobolev-type
inequality involving a fractional exponential-type damped integral operator within the
framework of variable exponent Lebesgue spaces LP(*) (R).

To this end, we assume that the exponent function p(-): R* — (1, c0) satisfies the
standard continuity and boundedness conditions, together with the additional assumption

sup p(p) <
pneR®

318

Lemma 8. Let 1 € LP()(R®) be a non-negative function such that (v) = 0 for v € B(0, ko),
and ||| 5y < 1. Suppose that p(-) € PI°8(R®) satisfies

n
sup p(u) < —,
pHeR® n
and define the dual Sobolev exponent by
bt
pi(n)  p(w) n
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Moreover, assume the log-Holder continuity condition for p’(-):

P'(0) —w(u—=v)) <p'(v) <p'(0) + w(|n—v))
forall v € B(u, 1)\ B(0, o), where the modulus is given by

C

“(%) = fogle+ 1/%)"

Then, for any 0 < & < 1and p € R™\ B(0, ko), the following estimate holds:

/ &e—ﬁlu—w dv < C5~™/PR(W)
JB(1\B(ws) [ — V[>T

where C is a constant independent of 5, \, and .

Proof. Let u > 0 be a parameter to be chosen later. Applying Holder’s inequality with
respect to variable exponents yields

P'(v)
¢<V) —Blu—v| e Rln—vl
el 4 dv < _ dv+1|,
/B(u,l)\B(u,S) I — v " /B(u,l)\B(u,é) pp— v

where p'(v) = P?\(,ﬁl is the variable conjugate exponent. The estimate follows from the

Peter-Paul inequality:

/ 1 1
v, P — 4=
ab < ua¥ + WAk fora,b>0, u>0, N +f 1.
Using the log-Holder continuity of p(-), there exists a modulus w(t) := 108(9%
such that
p'(v) =P (W] S w(lu—v]) forve B(u1).
Thus,

o Blu—v| p'(v) § o Bl—v| P (W) +w([pn—v])

Passing to polar coordinates v = p+ k, with k = |u—v| € (5,1) and § € S*1,
we have
dv = ¥ ldcdo(6),

so the integral becomes

o—Blu—v \P) 1 , ,
et dv < Cy / =) (B () +w(x))+n—1,~ Br(P'(W)+w(x)) 7,
/Bm,l)\B(u,s) lp— v -~ s

Define the exponent
A:=0-0)@F (1) +w(K) +n-1
Then,
1
/ ktdk < €641, since A+ 1> 0.
8

Now we choose .
N 0w

pi=293
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Substituting back, we estimate

W@ re®) | ga _ 5 (rtprtan ) 1@ W +e@)+A+
After simplification (detailed in computations), this leads to
/ VO -blevl gy < o5 TS
B(w1)\B(ws) [w— V[>T

Finally, recall the Sobolev conjugate exponent:

Lo L0 s/ = g
pp(p)  p() =
Hence, . .
L) <8N TR = C(,*n/Pjp(u)/
as w(d) ~ m — 0 for small 8. This completes the proof. [

Lemma9. Let € LP() (R™) be a non-negative function with
[W]ljp) <1 and b =0 on B(0,ko)

for some ko > 0. Define the exponentially damped Riesz potential as

. v o
Ty g (u) := /R“ ”Ll_l)(v)nne Blu=vlgy, 0< n<n, f>0.
Let p* (1) be defined by ) )
-~ _n
p(w)  p(w) n

Suppose p € P°8(R®) and n < p%. Then there exist constants Ay, C > 0 such that for every
we R\ B(0,kg) and & > e, the following inequality holds:

k)= | V) Bl gy < 500 (1og 5) Aoe B,
np (1) JR2\{B(0,|u|/2)UB(w,8)} [ — V[N (log )

Proof. Let 1 > 0 (to be chosen later). By the Peter-Paul inequality, we write

Ié _ 11)(\/) —Bln—v| 4
np (1) /R“\{B(o,ml/z)us(u,é)} v’ Y

< e Blu=vl|y —ypn-n P(v) "
d Vg
= /Rn\{B(O,|u|/2)UB(p,5)} " v+ /RHID(V) v

Bl yn-n )P
<u / ¢ =] av+1],
R\ {B(0,k0) UB(0, || /2)UB(1.6)} m

where p/(v) = % is the Holder conjugate of p(v).

Let us split the domain of integration into two parts:

e_ﬁhl_v

\
E:= {v € R"\ B(0,|u|/2) : fm—w”_“ > 1},

F:=R"\ (EUB(0, k) UB(k, 9)).

33



Fractal Fract. 2025, 9, 458

Estimate over F :

On F, the integrand is bounded:

CBlu_v 2\ P'(V)
(e e ) < WP — | R (V)= B (I,
v

By the log-Holder continuity of p, we may bound p/(v) < p/(n) + w for small w > 0,
yielding

/(. )dv < u*P/(u)er/ It — v| (1) (1) =) o= B (P (1) @) 1=V gy
F lu—v|>6

This integral converges and can be estimated by
csm—)(F' (k) —w)+n,—B(p'(1)—w)é

Estimate over E:

Similarly, for v € E, we obtain

/(. v < pPW-w / I — v| (1R (1)) o= B P (W) +@) 1=V g
E o Jlp—v|>é
which is bounded by
csM—)(p'(W)+w)+n,—B(p (1) +w)s
Choice of u:
Set )
wi= 0" PG w e BY,
Then,

—n/pt —Bs
) (1) < Cu=Co /P (W) (logs)Aoe P,
for some Ay > 0, due to the log-Holder continuity and the behavior of the extra exponent

involving w. Thus, the proof is completed. [

For a given measurable function ¢ defined on the Euclidean space R®, the Hardy-type
operator Hy, of fractional order 1 is expressed as

Hod(w) = [ [ lo(v)]av,

nb(k) = [u B(o,|u\)| )l

where B(0, |1|) denotes the open ball centered at the origin with radius |u|, and the
integration is taken over this region.

Lemma10. Let p: R* — [0, 00) be a measurable function satisfying the norm bound |||y < 1.
Assume further that \p vanishes identically on the open ball B(0, kq) for some fixed radius ko > 0.
Under these conditions, we introduce the operator defined by

.f V(v) —Bln—v]|
Inlﬁll)(}l) — ./I‘{n m e dV,
where 0 <n < nand B > 0. Let
1 n
pi(w) = p(n) o
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Then the following pointwise estimate holds:

amp(1)/p
>) +CHyb (),

where M1 denotes the maximal function, Hy\p is the Hardy operator of order n, ag > 0 is a

(1) /0% (1) 1
IT],BQ’(H) SCMII)(H)P R (log(€+ Ml-l)(u)

constant depending on the modular structure, and pe := sup LERD p(w).

Proof. We aim to estimate Z,, g\p(1) in terms of the fractional maximal type function M1
and the Hardy operator Hy,\p. To proceed, we split the function 1 into

P =g+,

where
V1 =W Xvap(v)z1p W2 = X yvap(v)<1)-

To obtain a precise bound for Z,, g2 (1), we partition the domain of integration into
three mutually disjoint regions, each corresponding to a specific geometric scale relative
to the point p. This allows us to estimate the integral on each region individually and
combine the contributions accordingly.

i) B(w?d);
(i) R™\ [B(0,|u|/2) U B(w,5)];
(i) B(0, [u|/2).

Region I: B(y, §)

. ll)z('V) —Blu—v] II)Z(V)
N A vigy < §n dv < C6"M .
/Bmé) [ —v[r v /zs’(u,z’») v balw)

Region II: R™ \ [B(0, |1|/2) U B(w, d)]
Using the fact that e~ PI*=Vl < ¢=P® and adapting Lemma 9, we obtain

/ L(V)efﬁlufﬂ dv < Ce—BO5—n/pF (1) (log 5)4.
R™\[B(0,|u|/2)UB(1,5)] [k — V[*™

Region III: B(0, |u|/2)
Sincep = 0 on B(0, kg) and p ¢ B(0, ko), we have

/ 711)2(\/) e P4y — 0.
B(

0uf/2) [ —v[rn

Combining Regions I-II1

Ty pba(1) < C" My (i) + CePP52/P (W) (log 5) .
Choose

5 =M —p(n)/n (] 1 aop(1) /p%
= M, (n) <Og(e+/\/lll)z(u))> '

Then,
CM p()/P (1) (] 1 amp(n)/p%
7 < Lo |
npw2(k) < b (1) < 0g <€ My (1) >)

Estimate for Z,, gy (w):
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Since P1(v) > 1, we estimate using the classical Riesz potential:

Togta(0) < [P0 av = T ()

By Lemma 8, we obtain

(0708 ) 1 agnp(m)/p%
Inl.l)l(u) < CM'L')](LL)F H)/PTK (10g<6+ ./\411)1(”))) +CHT]'LI)1(}L)

Final Estimate:
Combining both parts,

. 1 amp(1)/p%
Ty, b (1) < CM ()PP () (10g(€+ Mlb(p))) + CHy ().

O

5. Applications to Elliptic Partial Differential Equation

In this section, we apply our main results concerning the boundedness of the newly
defined operator and demonstrate its applications to the existence of solutions, which play
a fundamental role in the regularity theory of elliptic partial differential equations. We
are primarily motivated by the work of Maria Alessandra Ragusa [50], who investigated
homogeneous Herz spaces and their applications to regularity results, as well as by the
study of grand variable exponent Morrey spaces by Makharadze et al. [51], which provides
a refined analytical framework for addressing various classes of differential and integral
operators. Let @ # () C R®, withn > 3, be a bounded domain and consider the following
boundary value problem:

—Lu=1 e LPO(Q),
ne W(l)’Z(Q),

Here, £ is a second-order elliptic partial differential operator in divergence form, defined by

Lp= i i (aij ajH)r

ij=1

where the coefficient matrix (all) satisfies the following structural conditions:

al € L*(Q) foralli,j=1,...,n, and ae. p € Q; 4)

all(p) =al(n) foralli,j=1,...,n, andae. ne (5)

vIEP < Y al(w) EE < VIE?, VEER ae.pebB, 6)
ij=1

for some constant v > 0. These conditions guarantee that £ is a uniformly elliptic operator
with bounded, measurable, and symmetric coefficients. For almost every p € B, and for
T € R*\ {0}, we denote by Ajj(it) the entries of the inverse matrix of (aj; (u))zjzl. Let us
observe that if 5 C B is a measurable subset on which the structural conditions (4) and (5)
hold pointwise, then for any fixed py € B, the function I'(po, T) defines a fundamental
solution for the constant-coefficient operator

Lov(n) == ,il a3 (10) Ay V().
ij=
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We define the first- and second-order partial derivatives of the fundamental solution
I' with respect to the variable T as

0 92
ri(HfT) = EF(H/T)/ rij(H/T) = mr(uﬂ)-
Furthermore, we define the uniform bound
ol Ty (T
M := max max # ,
ij=1,...n||<2n ot L= (Ox)

where « is a multi-index, and X denotes a compact set excluding the singularity at T = 0. It
is well known that the kernels I';j(, T) are Calderé6n-Zygmund type in the variable .
A particularly important instance of such an elliptic operator [52] arises in the study of the
modified Helmholtz equation (also referred to as the screened Poisson equation) on the full
space R?, given by

—Ap+ B =1,

where $ € Cwith ®(p) > 0, and {p € LP(R?) for some 1 < p < co. This equation arises in
various physical contexts, including screened electrostatics, steady-state heat conduction
with absorption, and wave propagation in lossy media. The operator £ := —A + p? is
elliptic due to the positive definiteness of the leading symbol. The zero-order term p2n
introduces exponential spatial decay, with the fundamental solution exhibiting the form

676|H|
G(w) ~ W/ | — oo,

highlighting a significant departure from the behavior of the classical Poisson equation.
Notably, exponential decay is governed by (), and since the equation involves p2, both
f and —p yield the same operator. Hence, requiring 3 # 0 and R(f) > 0 sulffices; the sign
of 3 is immaterial to ellipticity or the decay rate.

The classical Poisson equation —Aun = 1 has a well-known solution given by the
Newtonian potential

Y(v)
I, = ————av.
2 Cn,ZAn |H—V‘n72

When the damping term B2 is included, the fundamental solution changes due to the
exponential decay introduced by 3. This leads to the exponentially damped Riesz potential,
which describes how the influence of 1\ diminishes more rapidly with distance:

I efﬁ’lufv‘
=c ————(v)dv,
2 = Cn2 ./R“ |u—V|“*21p( )

where ¢y, 5 is a normalization constant depending on the dimension n. This representation
ensures integrability and decay properties necessary for solutions in unbounded domains.

To study the regularity properties of 1, we compute its gradient. Define the
kernel function

eff)“lfvl
K(w,v) = ln— V|n72‘

Then the gradient of 1 is given by
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V(n) = Vu<cn,2 /RnIC(u,v)Ll)(v) dv> = Cnp /Rnlb(v)VuIC(p,v) dv.

Here, we differentiate under the integral sign, which is justified by the smoothness
and decay of the kernel £C(p, v).
Letting k = | — v|, we apply the product and chain rules

VuK = VH(E*BKK*(H*Z)) = e*ﬁKVH(Kf(“*ZO + K*<n*2>vu(e*f“),

VHKf(nQ) =—(n—2)k *(n—v), VuefﬁK = —BeiBKLKV.
Substituting these gives

VK = =P (u—v) (- 2)x = + g 1],

Hence, the gradient of the solution is given by

V(W) =~z [

[ e P (=) [ = 2) = | 4 Bl v av.

This expression explicitly reveals the decay and singular behavior of Vi, demonstrat-
ing how the regularity of i depends on the integrability properties of 1.

To control the gradient, we estimate it by means of the Hardy—Littlewood maximal
operator, a fundamental tool in harmonic analysis that provides pointwise control of
singular integrals. Define the maximal operator as

1
M) (w) = SUP 1B ()] /BK(m [b(v)|dv,

where B (1) denotes the ball centered at p with radius k. This operator captures the local
average behavior of 1 and is crucial for pointwise estimates.
Let us define the kernel

Lw,v) =e P —v) [(n =2)lu=v[ "+ Blp - vlf(nfl)}.
We observe that the size of this kernel can be estimated as
£(1,v)| S e P — v =D,

since
=] == p— v 7Y,

and the exponential factor ensures rapid decay at infinity.

This kernel satisfies the Calderén-Zygmund conditions due to its decay, size, and
smoothness properties enhanced by the exponential factor. Therefore, standard singular
integral theory implies the pointwise bound

V(W] < CpyM(W)(w),

for some constant C, depending only on p and n.

38



Fractal Fract. 2025, 9, 458

To see this more explicitly, we perform a dyadic decomposition of the domain
into annuli
Ag:={veR: 28 < |u—v| <2}, ke Z

Then,
v < 0 8 e_B“’L_V‘
————dv.
Vls X[, ol ey

k=—c0

On each annulus, using the fact that e Blu—vl <e~ B2* and | —v| ~ 2k we obtain

MRS P @70 [ ).

k=—00 k
Since the volume of the annulus satisfies
|A| ~ [Byer ()| ~ (297,

we can bound

1
[ elavs [ Wley = B (W] e [ O)lav

Applying the maximal operator yields

[, blay < @MW) (1),

Substituting back, we have
V)l S M) Y e P @) @) = M) () ) e P¥ox,
k=-—co k=—o00

The exponential decay ensures that the series converges, so we conclude

V(W] < CM@) ().

The Hardy-Littlewood maximal operator is bounded on LP(R") for 1 < p < oo,
satisfying
HM(]'b)HLP(')(R“) < CPHII)HLP(-)(RH)-

This implies the gradient estimate

||VH'HLP(‘)(R“) < CPHIL’HLP()(RH)'

Consequently,
b € WP(R),

which shows that the solution not only exists but also inherits integrability and weak
differentiability from the source term 1. This conclusion is fundamental in the regularity
theory of elliptic partial differential equations.

Theorem 6. Under conditions (4), (5), and (6), and assuming p(-) satisfies the log-Holder conti-
nuity as in Theorem 5, there exist constants C = C(n, p(-),m, B) > 0and pg = po(C,n) > 0 such

that for any ball Bs C Q with o < py, and for every u € Wg’p(') (Bg) satisfying

g € LPOV(By) and Ly =1 € LPU(By),
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the following estimate holds:

n
ij

Proof. Letn > 3 and B C R™ be an open ball. Suppose (ajj) iy satisfies the uniform

Hxix Bo) = C||1I)HLP(')(BG) forallij=1,...,n.

Lp(‘)(

ellipticity conditions, and let i € WS/P(-) (B). Then, for almost every p € B, the following
representation formula holds (see [50]):

n

Hxin<u) =PV, /B rij(ul B = V) [ Z (ahk<u) - ahk(v))uxhxk (V) + ‘CH(V) dv
hk=1

+£u(u)/‘| lfi(u,T)TjdcTT,
T|=

where I';; denotes the second-order derivatives of the fundamental solution associated with
the frozen-coefficient operator, and the last term arises from boundary correction.

Now, using the boundedness of the exponentially damped fractional integral operator
T, on variable exponent spaces as shown in Theorem 5, we apply the estimate

1,6 ()l 50158,y < ClIBll e,y forall ki € LPO)(By).

Applying the previous results to the representation formula of the second-order
derivatives Hxix;/ and invoking the Calderén—-Zygmund theory in the context of variable
exponent spaces, we obtain the following localized estimate:

To justify the above, we evaluate the norm of the second-order derivative Hxix; in the variable

Hxix; : < Clllpo (8-

LP(')(BU

exponent Lebesgue space LP(") (B). Specifically, the Luxemburg norm is defined by

p(w)
— 1 N < .
] s, = A0 /B du<1

Based on the representation formula involving the fundamental solution T'jj(i, 1 — v) and

uXin (u)
A

H'Xi Xj

its derivatives, we obtain the pointwise bound

Hxix]- (H) 5 IT],B (11)) (H),

where the exponentially damped fractional integral operator is given by

efﬁ‘ufvl d-v

Lop@)w) = [ )

Bes | - V|n_n
From Theorem 5, we know that In,B is a bounded operator on () (Bs). Therefore,

1Zn,8 (W)l et) (5,) < ClIW I p0) (5, )-

Combining these results, we deduce the desired estimate

HXi Xj

L20)(By) < Clwlie (s,
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where the constant C depends on the dimension n, the exponent function p(-), the parame-
ters 11, 3, and the ellipticity constants associated with the operator £. [

6. Conclusions and Future Remarks

In this work, we have developed a novel and comprehensive framework for studying
the exponentially damped Riesz-type fractional integral operator within the context of
variable exponent Lebesgue spaces LP("). Our primary contribution lies in establishing
the boundedness of this operator under suitable conditions on the exponent function,
including log-Holder continuity and appropriate growth behavior. To support these results,
we introduced several new structural properties tailored to the variable exponent setting,
providing a solid functional foundation for further exploration.

Moreover, we extended classical Sobolev-type inequalities to this more general frame-
work using our newly introduced operator, thereby offering a unified approach that en-
compasses both classical and exponentially modified settings. The applications to elliptic
partial differential equations illustrated the practical value of our findings, especially in
enhancing the understanding of regularity and integrability properties of weak solutions.

The exponential damping term not only enriches the theoretical landscape but also
widens the domain of boundedness beyond that of classical Riesz and Bessel-Riesz po-
tentials. This feature opens up new possibilities in the analysis of nonlocal operators and
fractional PDEs over complex and unbounded domains.

Future Work
Several promising avenues remain open for future research. For instance,

* Investigating the compactness, weak-type estimates, and sharp bounds of the expo-
nentially damped operator under refined modular conditions.

e  Extending the current framework to more generalized function spaces such as variable
exponent Morrey- or Besov-type spaces.

¢  Exploring connections with time-fractional and space-time nonlocal evolution equa-
tions, where the damping effect could yield improved regularity criteria.

*  Developing numerical schemes or approximation theories based on this operator for
solving real-world models involving anomalous diffusion or memory effects.

e  Studying the boundedness and potential inequalities involving the composition of the
exponentially damped operator with other integral or differential operators.

We believe that the techniques and results established in this article will serve as a
foundation for further advancements in harmonic analysis, nonlinear PDE theory, and
applied mathematics involving non-standard growth phenomena.
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Abstract

In this study, we develop new Hermite-Hadamard and Hermite-Hadamard-Fejér type
inequalities for fuzzy interval-valued functions (FIVFs) that exhibit i-Godunova-Levin
convexity, using the framework of the Riemann-Liouville fractional (RLF) g-integral. We
introduce novel fuzzy extensions of classical inequalities and establish corresponding
inclusion relations by utilizing the properties of fuzzy RLF g-integrals. Furthermore, we
validate the theoretical results through illustrative numerical examples and graphical rep-
resentations, demonstrating the applicability and effectiveness of the derived inequalities
in the context of fuzzy and interval analysis.

Keywords: Hermite-Hadamard inequality; 1--Godunova—-Levin convex functions; fuzzy
interval-valued functions; Riemann-Liouville fractional g-integral

1. Introduction

The concept of convexity has long played a central role in various branches of mathe-
matical analysis, particularly in optimization, functional analysis, and inequality theory. In
recent years, significant advancements have been made in the study of functions exhibiting
different types of convexity, including log-convexity [1], F-convexity [2], harmonically con-
vexity [3], h-convexity [4] and h-Godunova-Levin convexity [5]. These developments have
provided powerful tools for advancing many fields within mathematical analysis. Among
the classical results, the Hermite-Hadamard inequality, first introduced by Hadamard in
1893 [6], plays a central role in inequality theory. This fundamental result provides an
elegant estimate of the integral mean of a convex function and has served as the foundation
for countless generalizations.

Over the years, researchers have developed several extensions of the Hermite-Hadamard
inequality in different frameworks. Steinerberger [7] studied the Hermite-Hadamard
inequality in higher dimensions, highlighting its importance in the geometry of convex
bodies. Alongside these advancements, considerable attention has also been devoted to
inequalities associated with convex functions, particularly the classical Hermite-Hadamard
(HH) inequality.

Fractal Fract. 2025, 9, 578 https:/ /doi.org/10.3390/ fractalfract9090578
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Theorem 1 ([8]). Suppose ¢1 < G and f : [¢1,62] — R be a convex function, then

G1+62 1 2 fg1) + f(g2)
f( 2 )<€2—€1/g1 flx)dx < 2 ’

holds.

Fractional calculus has also seen widespread application across a broad range of
fields, including mathematics, physics, and engineering. Fractional versions of these
inequalities have also been established, for example, in the monograph by Wang and
Feckan [9], where fractional Hermite-Hadamard inequalities were systematically investi-
gated. Furthermore, generalizations involving preinvexity and other convexity concepts
were obtained by Awan et al. [10], who derived fractional Hermite-Hadamard-Noor type
inequalities via n-polynomial preinvex functions. Recently, Du et al. [11] extended the
study of Hermite-Hadamard-type inequalities to the multiplicative fractional setting by
employing multiplicative Atangana—-Baleanu fractional integral operators. Their results
further broaden the scope of HH-type inequalities within fractional calculus, highlighting
the versatility of such inequalities across different fractional frameworks. In a related
work, Lakhdari et al. [12] derived new fractal-fractional Hermite—-Hadamard- and Milne-
type inequalities, further broadening the scope of fractional analysis. Moreover, Du and
Xu [13] obtained Hermite-Hadamard- and Pachpatte-type inequalities for generalized
subadditive functions in the fractal setting. These contributions highlight the richness
of Hermite-Hadamard-type inequalities and their adaptability to different settings in
mathematical analysis.

In particular, fractional g-calculus has emerged as a powerful tool for solving differ-
ential and difference equations, as well as in combinatorics and signal processing [14-17].
Similarly, Xu et al. [18] explored new estimates for Hermite-Hadamard inequalities in
the framework of quantum calculus through (a, m)-convexity. RLF g-integral operator,
introduced in [19], has served as a foundation for numerous advancements. Building upon
this, Tariboon [20], introduced a modified definition of the RLF g-integral and established
existence and uniqueness results for impulsive fractional g-difference equations. Further
extending these ideas, the work in [21], introduced the notion of the interval-valued RLF
g-integral and explored unique solutions to interval g-Abel integral equations, thereby
expanding fractional g-calculus into the framework of interval analysis. Growing inter-
est in fractional g-calculus and its applications to convexity-based inequalities. These
contemporary contributions further emphasize the timeliness and wide applicability of
Hermite-Hadamard-type results across multiple branches of mathematical analysis.

Interval analysis has rapidly gained attention due to its effectiveness in handling un-
certain data, error analysis, nulti-attribute decision-making, inequality theory, optimization,
and related fields [22-30]. Particularly in the last five years, several extensions of classical
inequalities involving fractional integrals have been proposed within interval and fuzzy
spaces. For instance, Budak [31] established new interval-valued RLF integrals and associ-
ated inequalities. Du and Zhou [32] proved HH-, HH-Fejér-, and Pachpatte-type inclusion
relations and Khan [33], derived new fuzzy variants of HH- and HH-Fejér-type inequalities
by utilizing fuzzy RLF integrals with up and down convex fuzzy interval-valued functions.
Additional fuzzy HH- and HH-Fejér-type inequalities have also been investigated using
fuzzy RLF integral operators with exponential kernels [34].

Motivated by the above developments, this paper aims to establish new Hermite—
Hadamard- and Hermite-Hadamard-Fejér type inequalities for fuzzy interval-valued
functions exhibiting i-Godunova-Levin convexity, utilizing the Riemann-Liouville frac-
tional g-integral framework. The paper is organized as follows: Section 2 introduces
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preliminary concepts and fundamental results necessary for the development of the main
results. Section 3 presents new inclusion relations and the main inequalities. In Section 4,
we provide illustrative numerical examples to support the theoretical findings. Finally,
Section 5 concludes the paper and discusses potential directions for future research.

2. Preliminaries

In this section, we provide the essential definitions and mathematical background that
form the basis of our study. These include concepts from fuzzy set theory, interval analysis,
generalized convexity, and fractional g-calculus. The notations and operators introduced
here will be used throughout the paper.

Definition 1 ([35]). Let Ry = {[¢1,62] : ¢1 < ¢2,61,62 € R}. If g1 > 0, then [g1,62] € R,

where R} is the set of all real positive intervals. Given (1,5, [v1,02] € Ry and 6 € R, then
0(c1, 2] is defined by

0lc1,62] = {[061,0¢2] if > 0,[0c2,061] if < 0}.

and the addition is given by

[61,62] + [v1,v2] = [¢1 + V1,62 + V2.

For [¢1,62], [v1,v2] € Ry, the inclusion relation “Z_)’I’ , also called the “up and down” (“UD”) order,
is defined by
[61,62] 21 [v1,02] & 61 v, 02 < 6.

Let f(x), f(x) : [g1,62] — R be two real functions and satisfy f(x) < f(x) for every x € [¢1,¢2]-
Then F : [1,6o] — Ry with F(x) = [f(x), f(x)] is called an interval-valued function.

We employ the notation C([g1,62],Ry) to represent the set of all continuous interval-valued
functions on [g1, G2]. Again, the notation C([g1, ¢2], R) characterizes the set of continuous real-
valued functions.

Definition 2 ([36]). Let F € C([¢1,62], Ry). Then the Aumann integral(Al) of F over [g1, 2] is
defined by
62 62
(AI)/ F(x)dx = { Flx)dx: f € S(F)},
61

61

where S(F) = {f € L'([g1,¢2]) : f(x) € F(x) for almost all x € [g1,62]} and L'([g1,¢2]) is
called the set of all mappings that are Lebesque-integrable over [1, G2].

Theorem 2 ([37]). Let F € C([g1,62],R;). Then F is Al-integrable over (g1, 2] if and only if
]:,? € LY([¢1, ¢2]). Furthermore, suppose F is Al-integrable over [¢1,¢2], then

(1A) /” F(x)dx — [ Z [ f(x)dx} .
J61 61 61

Definition 3 ([38]). A fuzzy subset of R is a function I : R — [0,1]. The notation F(R) denotes

the set of all fuzzy subsets of R. A fuzzy subset [ of R is regarded as a real fuzzy interval providing

it satisfies the following properties:

(i) Tis normal.

(ii)  1is fuzzy convex.

(iii) Tis upper semi continuous on R.

(iv) Tis compactly supported.
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We denote by F¢(R) the space of fuzzy intervals.

Definition 4 ([38]). Let [ € F¢(R), the level sets of I are defined by [1]¢ = {x € R|I(x) > &} for
every & € [0,1]. These sets are &-level sets of I. In particular, [1]° is the support of [I)!, which is the
core of I.

For,h € F¢(R), the UD order relation D is given by

Toph< [ 27 1, € € [0,1].
Let I,h € Fo(R), and 6 € [0,1). Then the arithmetic operations are given by
(e 1¢ = o[,
Fon)t = [ + A,
[@h]® = [ x [h)°.

A fuzzy interval-valued map F : [g1,¢2) — Fe(R) is called an fuzzy interval-valued function
(FIVF). For notational simplicity, we appoint S([¢1,62], Fc(R)) and SC([g1,62], Fc(R)) to
denote the set of all FIVFs and continuous FIVFs in [g1, 2], respectively.

Definition 5 ([39]). Let F € S([c1,¢2], Fo(R)). Then the IVF Fr : [g1,62] — Ry given by
Fr(x) = [F(x)]¢ = [f (x), f(:( x)] for every x € [c1,¢a] is said to be E-levels of F for every
¢ €[0,1], where L_;( x) and fg( x) are two real-valued functions for every & € [0,1].

Definition 6 ([39]). Let F € S([c1, 2], Fe(R)). Then F is continuous at x € [¢1, ¢y if and only
if Fz € Cllor, cal Ry) forall § € [0,1] . £, (x), F(x) € Cller, 2] ) forall ¢ € [0,1],

Definition 7 ([37]). Let F € S([gl,gz] Fe(R)). The fuzzy Aumann integral of F (FA-integral)
over [G1, 62|, denoted by (FA) f °2 F(x)dx, is defined level-wise by

[(FA) /;2 (x )dx} — (AD) /:2 Fi(x)dx = {/gfzfg(x)dx:fg = 5(1:5)},

1

forall ¢ € [0,1]. Iffgz x)dx € Fe(R), then F is integrable over [¢q, G2)-

Theorem 3 ([40]). Let F € S([c1,c2], Fc(R)) and E-levels of F be given by Fe(x) =
[L:(x),fé(x)] for every & € [0,1] and for all x € [¢y1,¢2]. Then F is integrable over [cq,c2]

if and only ifig(x),fg(x) € LY([c1,¢2]) for all & € [0,1]. Moreover, suppose F is integrable over
¢

(61,62, then
s = | [ [T
- /gngc(X)

1

Definition 8 ([41]). Let F € S([1,c2), Fc(R)). Then the fuzzy left and right RLF integrals of F
with order v > 0 are defined by

/x(x — BBt (x> ¢),

~ 1
I"F(x) = ——
PO =1 L
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and

[ = s [ - 07 0 (2 < ),

where I is Euler gamma function.
Now we shall discuss the notion of convexity.

Definition 9 ([42]). A non-negative function f : K — R is known as a Godunova—Levin convex
function if for all s, t € Kand v € (0,1), we have

(s)  f()

flvs+ (1 —v)t) < T T

Definition 10 ([42]). Let h : (0,1) € W — R be non-negative function. We say f : W — R
is known as h-Godunova—Levin convex function f € SGX((1), W) if forall s,t € W and
€ (0,1), we have

floss+(1—-v)t) < m—i_h(l—v)'

Definition 11 ([42]). Let h: (0,1) € W — R be non-negative function. We say f : W — R}
is the interval valued h-Godunova—Levin convex function, or f € SGX((}), W, R} ) if for all
s,t € Wandv € (0,1), we have

fs s (1—vy) 2 £ 4 S
Proposition 1 ([42]). Let f : [s,t] — R be h-Godunova—Levin convex interval valued
function such that f(v) = [f(v),f(v)]. Then f € SGX((3),[s,t|,R}) if and only if
f€SGX((),[s,tL,Rf), f € SGV((}),[s, 1], R ).
Proposition 2 ([42]). Let f : [s,t] — R] be h-Godunova—Levin concave interval valued
function such that f(v) = [f(v),f(v)]. Then f € SGV((3),[s,t,R}) if and only if
fESGV((3).[s,tLRf), f € SGX((1),[s, 11, RY).
Now we shall give details of basic concept of g-calculus.

Definition 12 ([20]). Suppose q € [0,1] and g1,t,v € R. Then the g-integral number is defined by

g =1+qg+¢"+..+q" ' =

A g-shift operator is defined by

a1 Qq(t) =gt + (1 —q)c1.

Let m > 0 be an integer, then we obtain

Particularly,

Proposition 3 ([43]). Assuming 7,t,v € R with v # g1, then
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0 _teey i (t*.Cl q)

. 1-5=1 =)o
(1) 0= =(v—c)"J] —L— = (v—¢q)T 1,
a )q ( 61) igo 17%‘1”, ( G1) (27?1 7)o

(i) (0= QD)) = (0 - c1)T il
Choosing v € R/{0,—1, =2, ...}, then g-gamma function is given as

0(1—0 (1)

h =g g

Moreover, [y],T4(y) = Tg(y +1).
Lemma 1 ([43]). let 7y, x > 0, then we get the following relations for x € [g1,Go]:

(aIf (t= 1)) (x) = SO (= g

Ty(x+v+1

Definition 13 ([43]). Let f € C([¢1,62],R) and v > 0. The RLF g-integral on [g1, 62| is defined
by (o, Inf (1)) (x) = f(x) and

(I f()(x) = /glglx e Q1) )( V(1) dot
— ( 3% c1) ;qgl glQ;—i—l(x))yfl)f(glﬂé(x)).

Definition 14 ([44]). Let F € C([g1,62],Ry) and v > 0. The RLF Ig-integral on [g1,¢2] is
defined by (¢, IJF(t))(x) = F(x) and by

(e JTF(D) (x) = riw / o (2 =y Qg (1) VE(t) e dyt.

Definition 15 ([8]). Let F € SC([g1,62], Fc(R)). The fuzzy interval valued RLF g-integral on
(61, 62| is defined as

(IEO)(x) = rqu,) [ eate = g0V E ) gt
- (1_1?!)123';)_(;1) iﬂigl (x —¢, Qtifrl (x>)t(l%l)ﬁ(g1057(x)>'

forally > 0,x € [61,62].
Moreover, it is defined level-wise by

HEO@E = 1 [ al—a Q)" Ee(t)e dyt

= T )/g a (X —¢ Qq(t))‘gY—l) X [L:(t)'f(f(t”gdqt/

forall & € [0,1]. If (¢, IJE(t))(x) € Fe(R), then F is RLF g-integrable over [c1,¢o].

Theorem 4 ([8]). Let F € S([g1,¢2], F¢(R)). Then F is RLF g-integrable if and only ifL,;(x)
and fz(x) are RLF g-integrable over [g1, ). Moreover, F is RLF g-integrable, then

(I E(D) () = (o [T R () (x) = [( 1] £, (D) (%), (e, 1§ Fo (D) (2)):
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3. The Main Results

To lay the foundation of our core results, we introduce a precise framework of no-
tation relevant to the study of UD-h-Godunova-Levin convex or concave fuzzy interval-
valued functions.

Definition 16. Let F € S([g1, 2], F¢(R)). Then F is a UD-h-Godunova—Levin convex function
if and only if
= F(s) , _F(t)

Flvs+ (1 —v)t) OF W + m/

for every v € (0,1) and for all s,t € [g1,¢2], where h : (0,1) € M — Rt and h # 0. If
is reversed, one obtains that F is a UD-h-Godunova—Levin concave function. The family of all
UD-h-Godunova—Levin convex (UD-h-Godunova—Levin concave) FIVFs on [¢1,G2] is given by
UDSGX([c1,62], Fe(R), 1) (UDSGV ([g1, 62, Fe(R), 7))

Remark 1. The UD-h-Godunova—Levin convex FIVFs have some very nice properties, similar to
convex FIVFs.

1. If F is a UD-h-Godunova—Levin convex FIVF, then YF is also a UD-h-Godunova—Levin
convex FIVF for Y > 0.

2. If F and G are UD-h-Godunova—Levin convex FIVFs, then max(F,G) is also a UD-h-
Godunova—Levin convex FIVF.

Next, we analyze some distinctive exceptional cases of UD-h-Godunova-Levin convex
FIVFs.

1.  If h(v) = v, then UD-h-Godunova-Levin convex FIVFs become UD-s-Godunova-—
Levin convex FIVFs, that is,

F(vs + (1 —v)t) D FIESS) + (1F_(t1)/)s

2. If h(v) = 1, then UD-h-Godunova-Levin convex FIVFs become UD-P-Godunova-—
Levin convex FIVFs, that is,

foralls,t € [g1,62],v € (0,1).

F(vs+ (1 —v)t) D F(s) + E(t)forall s, t € [c1,¢a],v € (0,1).

3. If h(v) = v, then UD-h-Godunova-Levin convex FIVFs become UD-Godunova-Levin
convex FIVFs, that is,

. F F
Flvs+ (1—v)t) OF % + 1(_—t)1/for all's, t € [¢1,62],v € (0,1).

Theorem 5. Let F € S([c1,¢a], Fe(R)). Then
~ 1
if and only if for all ¢ € [0,1],

]:g(x) € SGX([glr 52]7R+/ :l)l

and .
Fetx) € 56V (lenal B, ).
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Proof. Assume ¢ € [0,1], L:

FIVF on [¢1, 62]. Then we have

(x) and f:(x) for each h-Godunova-Levin convex and concave

t
£6) £

]:g(vs +(1—-v)t) < foralls,t € [g1,62],v € (0,1),

n(v)  h(1—v)
and _ _
Felvs+(1—v)t) > ];‘3((5)) + h(ff(_t)v) forall's,t € [g1,¢2],v € (0,1).
Then B
Fe(vs + (1= v)t) = [f,(vs + (1 = v)8), Fp(vs + (1 = v)1)]
-, [J;,C(S,S))J;,C(S/S))] n [h{f(—t)v)’hég(_tz/)] foralls,t € [¢1,6],v € (0,1).
That is,
E(vs + (1—v)t) Of f((j; n h(f(i)v)
Hence,

_ 1
Fe UDSGX([gl,gz],]-"C(R),h) foralls,t € [g1,62],v € (0,1).

Conversely, let F is UD-h-Godunova-Levin convex function on [¢1,62]. Then, for all
s,t € [¢1,62],v € (0,1), we have

F(vs + (1—)t) O 5((5; N h(i(ﬁ)y}
Therefore, -
Fe(vs + (1 —v)t) = []:g(vs + (1 —=v)t), felvs +(1— v)t)].
This implies that

R RO LD RG] [ L0 R
ORI ED O Ol R =ik

forall s, t € [g1,62],v € (0,1). Then, by the UD-h-Godunova-Levin convexity of F, we
have forall s, t € [g1,¢2],v € (0,1), such that

) £
hw) (=)

jjg(vs +(1—-v)t) < foralls,t € [g1,¢2],v € (0,1),

and

Teus 4000 2 555+ 51

foreach¢ € [0,1]. O

foralls,t € [g1,¢2],v € (0,1),

The next result will be established by utilizing the UD-h-Godunova-Levin convex
FIVFs to derive the RLF g-HH inequalities.
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Theorem 6. Let I € SC([g1,¢2], Fe(R)) NUDSGX([g1, 2], Fe(R), 1) and h() # 0. IfF
is RLF g-integrable on (g1, 2], then

h(3 = = F
Fq(v(izl)OF(gHZ_Q) = <g2—1gmOKglIJHx))(fsz)@&JJF(@HZ—"))(GZ”
> [Fen @ Flea)lo (off |y + o7 | ) 1

Proof. By Theorem 5, it follows that

(D)(59) (1= e

Sig((l—V)Gl +V92)+[g((1—1/)€2+1/€1)- D

Multipl OO i
ply (1) by T, and g-integrating over [0,1]. We have

rqir)/) /01 0(1—0Qy (u))g'V*l)ig((l — )Gy + VG )odv
1
+ rq?}/) /O o(1—o Qq(y))b(]’Yfl)iC((l —v)ca + ver )odv.

Let us say
[<h+Ip 2)

First, we calculate [; by using Proposition 3, Lemma 1, Definition 12, and Definition 13;

we have

b= rqiw [ o004V f, (- Ve +vealody
= s [ o0V el
- (1_2#2‘70 (=0 Q5 )5V f (6 (s2)
B (quz;]))?i"lgq:ﬁzng 3 0 (c2))
= (gz_(gll)_ﬂrq(,y) li)tf(@z—m)“%fg(glo;( 2)
= miqi(gzgl)% ((Z::’Z))]:é(glﬂé(gz))
Sl e S RN O ACRHCS
- Garmm L 0@ e 0 VL e
- o)
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Now, similarly, we can calculate I, and get
1
= — — (r=1) _
b= iy o0 NI e e s

1
(
1
- 1“{117) /0 o(1—o QQ(V))L(]ryil)/ig(Gl +62 —¢; Qq(62))odv

(1-q9)(1-0) & (v-1)

= ) gqio(l —0 Q" (1)g" fo(61+ 62— Yl2)
_ © (41 .
B (qu('rq)) g EZW’,Z;:&(Q 62 7a (y(62))
_ o i+1. 4
= (o S)Wﬁqfq(’y) ;Jql(gz - gl)vlmfg(gl +62—¢, Q;(gz))
_ e = i+1. ‘
= W igfil(gz - €1)71237+i22))2f§(€1 +62 —¢; Q(62))
- m L (62 = O TV f (61 + 62— O4(62))
1 62 _
= oo L @@ e e VL6 6 - ds
= (gz_lgl)y(mlqvfé(gl + 62— x))(62)-

Similarly, we can calculate I as

h(3)f(5%2)

[ = ZF:’MZ/010(1_0%(1/));7—1)0@_h(;)fé(“;gz)(om)(l)
- h(%)ig(g;gz)
IR VGV

Putting the values of I, I; and I, in (2), we get

h(3)f (55%2) .1
rq('Y"'l) ~ (c2—¢1

S (6 + oy @6+ 2 = 0)(e) O

Now, by the definition of the h-Godunova-Levin convex function, we have

f((A=v)e1+v6a) + [ (1 —v)ea +ve1)
fele2)  foler)  file)  filc2)

= ) Tha=v T ey Tha =y
= 1,60+ £, 507 + 5= ) @

1*OQq(V )5]771)

Multiply (4) by ol Tq(“r; and g-integrating over [0,1]. We have

[ o =0 04DV, (= Ve +veods

[ o =0 04NV E, (1~ v)ea + ve)ods

IN

! (-1 1 1
oy Ualon) + (62 o0 =0 Qa7 | e o gy fodv
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Let us say
hth < )
where :
= rqéfy) /0 o(1 —o Qq(”))tg%l)[’:((l —v)g1 + Vg2 )odv,
2= Fqéy) /01 o(1—o Qq(V))g%l)L:((l — V)¢ + vc1 )odv,
and

_ 1 ! (-1 1 1
J3 = W(ig(gl)+ig(92))/() 0(1—0 Q)" W+h(1—v) odv.

Now we calculate, similarly, J;, J», and J3, and we get

1

h = m(gﬁq&;(ﬂ)(@)
h o= ool a e -
f.(61) +f.(¢2)
_ =4 2 (
J3 = W/O 0(1—0Qy(v ))qv b [ (1/ (1 — )}odv

o

= (e + £le2) (o0d |

Putting the values of [, [ and /3 in (5), we get

1 1

m(gl I;ié(x))(€2) + m(gl I;L:(Ql +62—x))(62)

< (f, (1) +£,(62)) (Ozg [h(lv) n h(llv)Da). ©)
From (3) and (6), we can written as

h(3)f(55%2) ) 1

LoD S (o) el () +

<gz—1gm<€1 I f.(61+ 62— %))(c2)

< Wt + £ (off |55 + ey | ) O 7)

Similarly,

h(3)fe(%52) 1 1 _ .
Ty(y+1) - (62 —61)7 (€27g1)7(5113f¢(g1+g2 )e2)

> (Flen) + 7l (olf | 07 + ey ] ) O ®)

(11 fz(x))(62)) +
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So, from (7) and (8), we have

n(3)
Ly(y+1
1
G—c)7
[ £, (0)(62) + (e ] £, (61 + 62 = 1)) €2), (6 T ())(€2) + (e [F T 61 + 62— 1)) 2)]

21 Iften) + £lea Flen) + el (o | 57 + sy | ) O

)[L:(Ql ;Qz)jé(gl ;52)}

Hence,
h(3) =i+ 1 - _
Foan TE ) 2 oy o el T @ @I Fe + 62 = x)(s2)
> [Flen) o Fleallo (off | 77 + ey | ) @
O
Remark 2.

1. Ifwereplace h(v) by ﬁ in Theorem 2, we obtain the results of in ([8], [Theorem 23]), i-e.,

1 ~61+¢ 1 ~ ~
e TR ) 2 oy e liF®)(e2) @ (@[T F(er + 62— ) (c2)

2 [F(g1) @ F(g2)] o (ol [(v) + (1 = v)])(1).

2. Ifwelet q — 1~ and replace h(v) by ﬁ in Theorem 2, then we get ([45], [Theorem 5]).

3. Ifwereplace h(v) by % and g — 17 in Theorem 2, then we get ([33], [Theorem 3.1]).

4. Ifweletq — 17, = 1 and replace h(v) by ﬁ in Theorem 2, then we get ([31], [Theo-

rem 3.4]).
5. Ifweletq — 17,y = ¢ = 1 and replace h(v) by ﬁ in Theorem 2, then we get ([46],
[Theorem 4.1]).

Theorem 7. Let F,G € SC([c1,¢2], F¢(R)). If E® G is RLF g-integrable on [¢1,¢,], F €
UDSGX([61,62], Fe(R), ) and G € UDSGX([61,62], Fe(R), 7;7), then

ooy © (@) @ C()(62) @ (] Flea +62— 1) @ Clea + 62— 1)(c2)

D T(v) ®[F(g1) ® G(g1) @ F(g2) ® G(2)] & R(v)[F(c1) ® G(g2) @ F(g2) ® G(g1)],

where
1 1 1 1
) = (o 17wy ) O+ (=7 =) ©
and
1 1 1 1
R{v) = (01“7 () =) ) W+ (013 ) () ) - a0
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Proof. Derived from the stipulated conditions, one can deduce

L:((l — V)61 +V62)g é( (1—-v)g1 +v62)

( fe(c1) )) ( g:(c1) g§(92)>
<
- hl(l_V hy(1—v) ha(v)
[,:(91)85(91) fg(gz)gg(gz) [6(91)55(92) Jjg(gz)g,:(gl)

A=k —v)  m@hE)  n0 -k | h@hi—v)

The remaining proof follows from Theorem 6. [

Theorem 8. Let F,G € SC([¢1,ca), Fe(R)) and hi($)ha(3) £ 0. If F® G is RLF g-integrable
on [61,62], F € UDSGX([¢1,62], Fe(R), ) and G € UDSGX([¢1,62], Fe(R), 5 ), then

I (3)ha(3)F(<5) ® G(“152)
Ta(y+1)
<gz—1gm ° (e [{F(x) @ G(x))(62) & (a1 Fle1 + 62 = ¥) @ Glo1 + 62 = ¥) (62))

@ T)o[F(c1)®G(c2) ® E(c2) ® G(g1)] @ R(v)[F(51) ® G(g1) @ F(2) ® G(g2)],

2F

where T(v) and R(v) defined as in (9) and (10), respectively.

Proof. By hypothesis, we have

hy <2) 5<€1 ;Q) D1 F:((1—v)g1 4+ vga) + Fe(ver + (1 —v)g2),

and
hy (;) G (91 ;Q) 21 Ge((1 = v)g1 +vg2) + Ge(vgr + (1 —v)g2)
Hence,
1y, 61+ G1+62
(g (z) B (272 e (2 72)
21 Fe((v)g1+(1—v)g2)Ge((v)g1 + (1 —v)62) + Fz((v)g1 + (1 = v)62) G ((1 = v)g1 + (v)62)
+  F((1-v)g1+ (v)62)Ge((v)g1 + (1 —v)ga) + Fe((1 —v)g1 + (v)62)Ge ((1 = v)g1 + (v)62)
o1 Fe((v)e1+ (1 =v)62)Ge((v)g1 + (1 —v)g2) + Fz((1— )Gl +(v)62)Ge((1 = v)g1 + (v)g2)
+ Fe)Ge(6d) + Frle2)Gelen) | iy * i) hz —

+ [F§(€1)Gc(€1)+Fg(€2)Gc(€z)}~{hl(v)h;(l,1,) 17vh2 }

Using the technique in Theorem 6 and the theorem holds true. O
Now we shall derive some known results from our general result.

Remark 3.

1. If we replace hy(v) by hlL(v) and hy(v) by ﬁ(v), and letting g — 1~ in Theorem 3 and
Theorem 4, we obtain the results of ([45], [Theorem 6 and Theorem 7]), respectively.

2. Ifwe replace hy(v) by hlL(v) and hp(v) by %(V) in Theorem 3 and Theorem 4, we obtain the
results of ([8], [Theorem 27 and Theorem 28]), respectively.
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3. Ifwereplace hy(v) and hy(v) by L in Theorem 3 and Theorem 4, we obtain ([33], [Theorems 3.4
and Theorem 3.6]), respectively.
4. Ifwereplace hy(v) and hy(v) by 1, and letting & = 1 in Theorem 3 and Theorem 4, we obtain
([31], [Theorems 3.5 and Theorem 3.6]), respectively.
1

5. If we replace hy(v) by ey and hy(v) by %@), and letting y = ¢ = land g — 1~ in

Theorem 3 and Theorem 4, we obtain ([46], [Theorem 4.5 and Theorem 4.6]), respectively.

Theorem 9. Let F € SC([¢1,¢2], Fe(R)) NUDSGX([c1, 2], Fe(R), %)andc@ € Clo1,62], RY)
be symmetric with respect to % with ¢, 1@ (x))(g2) > 0. If F(x)@(x) is RLF g-integrable on
(61,62, then

=611+ 62 1 =
F(*— ) 2 Tt O(e, I{ F(x) © @(x)) (62)

@(gllf;rf(gl +62+x)O@(61 +62+x))(62).

Proof. Since f

4(x) € SGX([c1,62), R, %), we have

M) (EF2) < £, v)r +vea) + £,(( —v)ga +ver).

(1-00 () Vo ((1-v)g1+62)

Multiply both sides by ° T,(7)

and g-integrating over [0, 1]. We have

h(3)f,(%5%2)
rq(')’)

! 1
< [ o= 0NV =v)er +ve2)@((L V)1 + c2)odgy

[ o100, V(1 v)es + e2lodgy

1
+ [ o= 0NV ((1=v)ea + ven)@((1 = V)1 + c2)odyv.
Let us say
Ky < K; + Ksj. (11)

First, we solve K; by using Proposition 3, Lemma 1, Definition 12, and Definition 13.

We have
h(l)f (§1+gz
Ky = 2 1?5(,),)2 /010(1 —0Q (u))37*1)@((1 — V)1 + ¢2)odgv
h(l)f (€1+€2
- i Glew)e)
Similarly,
1
K, = /0 o(1—¢ Qq(v));H)L:((l —v)g1 +vG2)@((1 —v)g1 + ¢2)odqV
= oo el el )
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and

' 1
K = /0 o(1—o Qq(v));% )Jic;‘((l — V)62 +v61)@((1 - v)g1 + ¢2)odgv
- (gz—lgm(gll‘;fé(gl o= x)a(er+ 62— x))(62).

Putting the values of K3, K, and K3 in (11), we get
h(z)f(£5%)
(62 —¢c1)7

1 1
m(g IJQ(X)w(X))(gz) + a—c)?

(e [{@(x))(c2)

(a1 13[6(91 +62 —x)@(¢1 + 62 — x))(62)-

LT ) o)) (62) < (e 1] £, (0@(0))(€2) + (e 7 (61 + 62— D)0l + 62— ) c2)

Similarly,

T (T E) () (62) < (e o (00@(x)) (€2) + (e T 61+ 62— 1)@l + 62— ) 52)

So, we have

[&(91 ;(52),?6(91 ergz)]
1

h(3) (1 @(x))(c2)

(eI fe()@(x))(62) + (o, I (61 + 62 — )@ (61 + 62 — %)) (62)]-

o) (6 7 £,()0(0)(62) + (6,11 (61 + 2 — 1)@(61 +62 = 1) (62),

?(gl—’_gZ)D 1

7 ) X i Teme @@ eeme)

B TF(c1+ 6+ x) ©@(g1 + 62+ x))(2)-
0

Theorem 10. Let F € SC([¢1,62], Fe(R)) NUDSGX([61, 62, Fe(R), ) and @ € C([c1,62], Ry)
be symmetric with respect to 1552 with ¢, I/ @(x))(c2) > 0. If F(x)@(x) is RLF g-integrable on
61, 62], then
1 ~ ~
B ® (¢ I]F(x) © @(x))(52) &(( I F(g1+ 62— x) ©@(61 + 62— x))(62)

(62 —61
Or [F(51) @ F(g2)] © M(v),

where M(v) = (Olga)(vgl +(1-— v)gz)[h(lav) + ﬁ])(l)
Proof. According to the given condition, we have

J:(;(V€1 + (1 —v)g2)@(ver + (1 —v)g2)

1

= [h(y)i,g(Gl) + h(ll_v)fg(GZ)]‘D(Vgl +(1—-v)g2), (12)
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and

£,((L = V)61 +ve)((1 ~ v)e +ve)
< ke + e le(( — V6 + ), 13)
Adding (12) and (13),

f:ver + (1 =v)ga)@(ver + (1 —v)ea) + £ ((1 —v)e1 +vea)@((1 —v)61 +vg2)

< ki) + prmyyfelole + (1= v)e)

+ i )+ e felele(( — v + ).

_ (r=1)
Multiply both sides by %

the result self-evident. [

; the remaining proof is similar to Theorem 5, making

Remark 4.

1. Ifwe replace h(v) by ﬁ in Theorem 5 and Theorem 6, then we have ([8], [Theorem 30 and
Theorem 31]), respectively.

2. Ifwe replace h(v) by h(lT)' and letting g — 17 in Theorem 5 and Theorem 6, then we have
([45], [Theorem 9 and Theorem 8]), respectively

3. Ifwe replace h(v) by L, and letting g — 1~ in Theorem 5 and Theorem 6, we have ([33],
[Theorem 3.8 and Theorem 3.7]), respectively.

4. Ifwelet { = 1 and replace h(v) by h(lT) in Theorem 5 and Theorem 6, we obtain ([44],

[Theorems 3.14 and Theorem 3.15]), respectively.

4. Numerical Examples
Example 1. Let F € SC([0, ], F¢(R)) and -levels of F be given by Fz(x) = [(1 — &)x* +
24¢, (1 — &)(25 — x2) + 24¢] for all & € [0,1] and for all x € [g1,62],h(v) = L, forv € (0,1).

Obviously, F(x) satisfies the assumptions in Theorem 2. If we let q = % and v = 2, then

h(3) G1+c, 2 0+
Fq(’Yz—i-l)fé‘( ) = r%(3)i¢( 7 )
= %Hzg
Secondly,
h(3) — c1+¢ 2 - 0+m
100 — 72
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and
fe(61) + f(62) B f:(0) +£.(m)
Ty(y+1) a 1 (3)
_ 24F + (1 — &) + 248
>
2
= M—kBZC.
3
Next,
7&;(51)+7§(€2) B 7@;(0)+7g(”)
Ty(y+1) n r%(3)
 (1—8)254248 + (1 —¢)(25 — %) + 24¢
- 3
2
_ 2(1-¢)(50 - )
= = +3%,
and
oo (Gl + (176 - 62 = 0)(2)
(11@:@(96))(71)+(1I§f§(0—ﬂ—X))(ﬂ)
- (m—0)2
5477
= g (1-0)+32
Also,
a0 (2) + (6 [ (1 — 2~ 1) (62)
(6 —quyr e el e T e T
(L () () + G £ (0 — 7w = x)) ()
- (m—0)2
—5472 + 3500
= e (=432
Therefore,
— 2 ) 2 _ 2
087 o, (1 0 w30 21 e (1 )+ 32, “E 00 gy ooy
> 24 ’35)"2 1 agg, 2000 ) L 3¢, (14)
As shown in Figure 1, the green chain line represents F(¢), where f(¢) = % +32¢,

and () N (1- C)M +32¢,¢ € [0, 12] The dashed red line represents G(&), where

(&) = (1 —¢) + 322, and g(&) = =2T5350(1 — &) + 322, & € [0,1]. The solid black line
2 — 2

represents H(&), where h(&) = M +32¢,and (&) = w +32¢,¢ € [0,1].
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Figure 1. A visualization of the inequality (14) left, middle, and right terms.

Example 2. Choose hi(v) = hy(v) = 1 forv € (0,1). Let F,G e SC([0,2], F¢(R)) and
¢-levels off G be given by Fg(x) = [(1—¢&)x*+5¢ (1 —&)(10 — x?) + 5¢] and Gz(x) =
[(1-— é‘) +5¢, (1 —&)(12 — x2) + 5¢] for all & € [0,1] and for all x € [gl,gz} respectively,
since F(x) and G(x) satisfy the assumptions of Theorems 3 and 4. Choose q = T and y = 2. Then
we have T(v) = 8 and R(v) = ££&.

F(S g (ST = (1 - g2 + 102 (1 - §) + 2582,

Fo(S1T52)g (EL72) — 99(1 — £)2 +1008(1 - §) + 2582,
fo(61)8,(c1) + f,(c2)g,(62) = 16(1— &)* +40¢(1 — ) + 508,
fe(61)8:(62) + f(62)g,(61) = 405(1 =) + 5082,
Fe(61)8:(61) + f2(62)8s(62) = 168(1 — §)* +180§(1 — &) + 5057,

Fe(61)8e(62) + f(62)8 (1) = 152(1 — §)* + 180& (1 — &) + 5057,

Since
(gz_lgl)W((glf’f (0)8,(x))(52) + (611 f (61 = 62 = X)8,(61 — 62 — x))(52))
= -+ -0+
and
(gzlg)((gﬁgfg(x)g (x))(g2) + ((911775(91 — 62— x)?;:(gl —62—x))(62))
1182128 2648 100
= o 1=+ -0+ 578
So, we get
61664 144 100, 1182128 2648 100
e (1= 82+ —-8(1=8) + -8 — = (1= 8P+ e(1 - 8) + &)
288 80 100, 11504 100
01510+ FE1 -+ 564 = (1= + 12061 - ) + & (15)
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As shown in Figure 2, the dashed red line represents F(G), where f({) = Gleed(1—-¢)2 +
Bea—¢)+ 19022 and f(¢) = 11987261528(1 — )2+ BBe(1 - ¢) + 189¢2. The solid blue line
represents G(£), where g(8) = ZB(1~ £ + BE(1— £) + 102 and 3(2) = WH(1 — )2 +
1205(1 — &) 4 190¢2.

120+

100

80

60

40

20

e TN e Rl i R R S S S S SRR S SR S S

0

Figure 2. A visualization of the inequality (15) left and right terms.

Also,
[2(1 —2)%+ %05(1 —O+ @g 264(1— &) + ?gg —o+ @g ]

51 8 200 ,,
o1 o (1= + Se (1 -8 + 500, B2 (- 07 + 2261 - 8 + 220, 19)

As shown in Figure 3, the dashed red line represents F(&), where f(§) = S(1-0)2+8¢(1-
&)+ 2082 and £(&) = 264(1 — &) + 80¢(1 — &) + 2°¢2. The solid black line represents G(¢),
where ¢(2) = $W2(1- )2 + $26(1 - 2) + 2022 and 3(2) = 26(1 — £ + (1 -
R N

T

250

200

150

100

50

PIETTLELE, i 1 1 1 | I I 1 | I 1 I | I 1 I |

Figure 3. A visualization of the inequality (16) left and right terms.
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Example 3. Let F € SC([0,¢], Fc(R)) and &-levels of F be given by Fz(x) = [(1 — &)x* +
10Z, (1 — €)(24 — x2) + 10¢] for all & € [0,1] and for all x € [g1,62),h(v) = L, forv € (0,1).
Obviously, F(x) satisfies the assumptions in Theorems 5 and 6. If we choose q = % v = 2and
@(x) = (x — )2, we have

2
(BT = S -+,

o _ 2
Fo(E52) =27 gy 10,

4
(@())(e) = o1 (x— 51)(e) = s

0 Ig;(x))(gz) (1 f(x)0(x))(62) + (1 [ f (61 + 62 — X)@(61 + 62 — %)) (62))
_ 1232¢% — 127566786 + 3534 (1- &)+ 10z,
DTt (DRt + (T e + 62~ D 62~ 1) c2)
_ 38874 — 112362;2 + 2568¢ (1-2) 410z,
C-g+105 20— g+ 10g
5 [1232e2 — 12756678e 3554 1y 4 q0p, 38874 112;62;2 2568 1 o108 )

As shown in Figure 4, the dashed green line represents F(¢), where f () = %(1 —¢)+10¢
and f(&) = #(1 — ) +10¢, ¢ € [0,1]. The solid blue line represents G(&), where g(&) =
2_ _ _ 2 -
1232¢ 12756678€+3534(1 _ g) 4 105 and g(ér) __ 38874 112;62; +2568¢ (1 _ é’) 4 10615 c [O, 1]

Figure 4. A visualization of the inequality (17) left and right terms.
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Also,

(gl_lgz)z(&llq”g(x)w(x))(gz) + (ol fo(c1+ 62— x)@(c1 + 62— x))(52))

1232¢* — 2568¢% + 353462 38¢2
= 9765 (1=0+57¢

(gl_lgz)z((gllgfg(x)@(x))@z) + (1 fe(61+ 62— x)@(61 + 62— x))(62))

38874¢2 — 1232¢* + 2568¢3 38¢2
- 9765 =8+ 576

4 2
(1) + £ (e)IM) = T (1-8) + g,

_ _ e2 — 19¢* e?
[Felon) + FleM) = 2P0 -5+ g,

1232¢* — 2568¢% + 353462 38874¢% — 1232¢* + 2568¢3 38¢2
{ 9765 1=+ 21 s 9765 (1-8)+5¢

19¢* 38¢2 9122 — 19¢* 38
21 [ (1= 8) + & — (1= 8) + 2], (18)

As shown in Figure 5, the dashed red line represents F (), where f () = 1230¢* _239%3”534"2 (1-

&)+ 38‘3 25-C and f (&) = 38874@2_1927%25@ +2568¢> (1-¢)+ 385 25-C, & € [0,1]. The solid green line repre-
serts G(é),whereg(é‘) =P8 (1-2)+ % cand 20 = N2 (1 ) + B,z e [0,1).

25

20

15

10

Figure 5. A visualization of the inequality (18) left and right terms.

5. Conclusions

In this paper, we successfully extended Hermite-Hadamard and Hermite-Hadamard-
Fejér inequalities to the setting of fuzzy interval-valued functions possessing h-Godunova-—
Levin convexity by employing the Riemann-Liouville fractional g-integral operator.
Through rigorous analysis, we derived new inclusion relations and demonstrated that
the proposed inequalities generalize several existing results. Numerical examples and
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visual graphs were provided to illustrate the validity and sharpness of the obtained re-
sults. This work not only broadens the scope of convexity and integral inequalities into
the fuzzy setting but also highlights the potential of fractional g-calculus in addressing
problems involving uncertainty and imprecision. Future research may focus on exploring
related inequalities under different fractional operators or extending these results to more
generalized convex structures.
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Abstract

This work presents generalizations and extensions of previous results by incorporating
weighted integrals and a refined class of second-type (/, m)-convex functions. By utilizing
classical inequalities, such as those of Holder and Young and the Power Mean, we establish
new Hermite-Hadamard-type inequalities. The findings offer a broader and more flexible
analytical framework, enhancing existing results in the literature. Potential applications of
the developed inequalities are also explored.

Keywords: weighted integrals; integral inequalities; Hermite-Hadamard-type inequalities;
fractional derivatives

1. Introduction

Convex functions play a fundamental role in various areas of mathematical sciences
today, primarily due to their properties that guarantee existence, uniqueness and the ease
of finding solutions in optimization problems. For example, in optimization (Mathematical
Programming), convex functions are probably most crucial. In analysis and geometry, con-
vexity is a property that connects concepts of analysis and geometry. Epigraph: A function
is convex if and only if its epigraph (the set of points on or above its graph) is a convex set.
This provides a powerful geometric interpretation. Derivatives and Criteria: For doubly
differentiable functions, convexity is characterized by a nonnegative second derivative (or
Hessian matrix in multiple dimensions). This facilitates its identification and analytical
handling. Classical Inequalities: Convex functions are the basis of important inequalities,
such as Jensen’s inequality, which relates the value of a function to the expectation of a
random variable and is fundamental in probability and information theory. Moreover, the
uses of convex functions have become widespread in interdisciplinary applications: Data
Science and Machine Learning, Economics and Finance, Engineering and Signal Processing,
among others, are very fertile fields where the different notions of convexity have proven
their worth. In short, convexity is a structural property that, when present, transforms
mathematical problems that could be intractable into well-defined and efficiently solvable
problems, making it an indispensable tool in modern applied mathematics. We add to
the above the Hermite-Hadamard inequality, one of the most fundamental and elegant
integral inequalities in the field of analysis, since it provides an upper and lower bound on
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the integral mean value of a function, based solely on the property of the convexity of that
function. Today, this inequality is the focus of the attention of numerous researchers, both
pure and applied, for four main reasons: using new notions of convexity; using different
points on the interval, not just the endpoints; using new integral operators; and defining
functionals that allow establishing new bounds.

Thus, this work focuses on two of the most dynamic topics in mathematical research
today: convexity and Hermite-Hadamard inequalities.

2. Preliminaries

In [1], the following definitions were introduced.

Definition 1. Let 1 : [0,1] — [0, +c0) be a non-negative function, such that h # 0, and let
g:1C[0,400) — [0, +00). The function g is called modified and (h, m)-convex of the first type
on I if it satisfies

glypr +m(1—y)pa) <H(7)g(p1) +m(1 —h(7))g(k2), 1

forall py, pp € Iand vy € [0,1], where m € [0,1] and s € [—1,1].

Definition 2. Let h : [0,1] — [0, +00) be a non-negative function, such that h # 0, and let
g:1C[0,4+00) — [0,400). The function g is called modified and (h, m)-convex of the second
type on I if it satisfies

glymr +m(1 —y)p2) <K (y)g(p1) +m(1—h(v))°g(p2), )

forall pq, pp € Land v € [0,1], where m € [0,1] and s € [—1,1].

Remark 1. Definitions 1 and 2 enable us to define the set Nj,  [p1, p2], where py, pp € 1, as the
set of modified (h, m)-convex functions. Here are some convexity classes—special cases described by
the triple (h(vy), m,s):

1. (h(7),0,0),(7,0,1),(7,1,1) and (7,0, s); we have, respectively, the increasing starshaped
classic convex on I and s-starshaped functions [2].

2. (7,1,8) s € (0,1]; then ¢ is s-convex (see [3,4]), and for s € [—1,1], it is extended and
s-convex on I (see [5]).

3. (v, m,s)witha € (0,1); then  is an s-(x, m)-convex function on I [6]. If & = 1, we have
an (s, m)-convex function on I [7], but if m = 1, we have an («,s)-convex function on
1[8,9], and lastly, if s = 1, we have an («, m)-convex function on I [10].

4. (h(7y),m,1); then ¢ is a variant of an (h, m)-convex function on I [11].

The weighted integral operators, which underpin our analysis, are presented
next [1,12].

Adding a particular weight function to the definition of an integral operator is a new
and general way to define an integral operator and start the process of generalizing a
known result. This may be performed as follows:

Definition 3. Let g € L[y, pz] and let w : I — R be a continuous, positive function, whose first
derivative is integrable in 1°. The weighted fractional integral operators are introduced as follows
(right and left, respectively):

w X 4 H2—z
= ["w d 3
y;g(x) /ﬂ1 (m — y1>g(2) z, X > M, ®3)
w M2 z2—
i = w d . 4
Jyzg(x) /X <y2 — ﬂ1>g(2) z, X< 4)
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Remark 2. The inclusion of the first derivative of the weight function w arises from the inherent
nature of the problem. Alternatively, the second derivative or a higher order derivative, can also
be considered.

Remark 3. We examine particular examples of the weight function w' to better demonstrate the
scope of Definition 3:

(a) Setting w'(z) = 1 recovers the classical Riemann integral.

(b)  Choosing w'(z) = % leads to the Riemann—Liouville fractional integral.

(c) By selecting appropriate weight functions, w', various fractional integral operators can be
derived, such as the k-Riemann—Liouville integrals [13]; right-sided fractional integrals of a
function, g, relative to another function, h, on [yy, po| [141; and integral operators introduced
in [15-18].

(d) Additional well-known integral operators, fractional or otherwise, can be retrieved as particular
cases of the above formulation. Interested readers may consult [19,20].

The Caputo-Fabrizio definition’s main basic feature can be explained (cf. [21]) with

O<a<l:
(1) 00 = 377800 + 7035 /L. 82) = ©
(°15:8) (0 = 37580 + 3707 | 821 ©)

where M(a) is a normalization function, such that M(0) = M(1) = 1.

Caputo’s fractional derivative is well known, given by the following expression [22]:

(§D58) 00 = =g [} -9 9= %

The idea comes from replacing the singular kernel (x —z)~* in the Caputo fractional

derivative, given in Formula (7), with the kernel exp {— %} .
In the paper [23], the same authors proposed a more complete study of the
operator (7) by presenting the definition of the adapted fractional integral operator © I7,

when M(a) = 1.

()00 =1 [ ew |- - 2)sta) e ®

o

As one can notice, this definition shows a significant resemblance to the classical
Riemann-Liouville fractional integral, as given by

(§'158) () = r(la) /O

In this work, we present some variants of the well-known Hermite-Hadamard inequal-

"X -2 1g(2) dz. ©)

ity in the context of (h, m)-convex functions of the second kind using weighted integral
operators. Our results include several well-known cases from the literature.

Definition 4. Let g € L[y, pi2]. The Riemann—Liouville integrals RLI:‘l .gand RLI‘;, g of the
1 2

order & > 0 are defined as

1 X _
R g0 = o [ (-2 g()dz,
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R g0 = 7 o -0 (@)

where T () is the Gamma function.

Throughout this work, N will be understood as the set of natural numbers (0,1,2,...)
and R will denote the set of real numbers.

3. Generalizations

Theorem 1. Let g: I C R — R be a differentiable mapping on 1°, u1, up € I° with py < ys.

Let w : [0,1] — R be a continuous and positive function with first derivative integrable on
(0,1). Suppose that g is modified and (h, m)-convex of the second type and £L, £2 € Dom(g); then
it is true that

M1+ U2 B 51 r+1 _, TH + U2
g( 2 >(w(1) w(o))§h<2)ﬂ2—#1]/‘1+g< r+1>
_|_

1
S
(]

n(-4()) s ()

) [g(ﬂl)Nl + mg(%)Nz

m(l—h(i))slg(uzmwmg(”)NJ, (10)

where r € N, N = fol w' () hs(%) dy, Np = fol w'(7y) (1—h(—'{)> dy, N3 =
fo v) kS (m’(:;’l)) dy and Ny = f01 w'(7) (1 - h(mz:zl)))s dvy.

Proof. By means of the (h, m)-convexity of ¢ with v = 1, we have

R MR P

forx,y € L
Substituting x = 2y + r+1 Ty andy = 2 p, + r+1 Ly in (11), we get
mitp s L) (Tt
g( 2 ) =h (2 srei r+1"2
1\)° r+ 1—
en(in(y)) sGip vt ampee) 0
Multiplying both sides of (12) by w’(-y) and integrating over [0, 1], we obtain
s(E2) (1) —wi@) <1 (3) [ wn)s o ) dy
2 - r+ 1 +1

)
( ()) /01w ( T tr_ﬂ)”l)‘”
(D)1 (1)) "

Rewriting the integrals, we find that
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rin+
L=+t /y1 w 7%_36 (x)dx
N S CETR

_ r+1 w TH1 + U2
= (i s (00

] rpatih
m(r+1)\ [# Y= (1)
L= ( ) ﬁ?‘z*}‘l o' H2—11 g(y) dy

Fa =1 /i) m(r 1)

_<m<7+1>>]w (W)
"\ —m Ve ¥+ )

From (13), (14) and (15), it follows that

H1+ po s(1\ r+1 o (rH1+ o
g(z )(W(l)W(O))Sh<2)y2_m]ﬁg< 1t) )

- 1 “m(r+1)_, TH + U1
+m<1 h<2)> Vz—#1]”2g<m(7+1)

Again employing the (h, m)-convexity of g, we obtain

1 r+y 1—v )
/
— <
/O w(v)g< p r+1}42> dv_g(m)Nlerg( )Nz.

r+1 m

! r—7 1—7 H1
/
w Ua + U dy < u2)N3 +mg( — | Na.
/0 (v)g(m(rle) 2 m(r+1) 1) 7 =8(12)Ns g(mz) 4

By combining (13)-(18), we arrive at (10). O

(14)

(15)

(16)

(17)

(18)

Remark 4. Settings = m = 1, r = 0, h(z) = z and w'(z) = 1, we recover the classical

Hermite-Hadamard inequality.

Remark 5. Considering s, m, r and h(z) as in Remark 4, but with w'(z)
Theorem 2 of [24].

Remark 6. Lettingm =1,n =0, h(z) = zand w'(z) = %, we have

M1t
g - a—1
( 2 )< 1 /Mz(m z) o(2)dz
IS

C(a+1) = 25(uo — pu)T(a) Juy \pi2 — 1

1 b zZ— a—1
T 2500 — )T (@) /a (Vz—m) 8(z) dz

1 g(p1) g(p2) [ e s
= 25 (zx—i—s)ll"(oc) + F(vcz) /o @ (1-2) dZ]
1 g(p2) g() 1 4 s
25 (a+s)2F(oc) + F(ocl) /o @7 (1-2) dz].

Utilizing Definition 4 in (19), we find
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Pitpo
g( 2 ) < 1 Ry
Tla+1) = 2°(p2 — )"

® g(m) +g(p2)
SZSll"(zx—»—l)( : 2 2)

+8(p2) + RLI;g(#l)]

Hy
1 2 1
1-— . 20
oc+s+oc+s< 2’”5)] (20)

Multiplying the three terms by 2°~'T (a + 1) in (20), we complete (1) of [25].

Remark 7. Under the same assumptions as before, but with w'(z) = 1, we complete Theorem 2.1

of [26].
Remark 8. Maintaining the previous assumptions, but considering w'(z) = ';“(5, we derive
Theorem 3 of [27].

Remark 9. Under the conditions of Remark 4, but with w'(z) = e)(p(ai_gz), where ¢ = %, we
retrieve Theorem 3.1 of [28].

Remark 10. Substituting w(z) = %, r=0,m=s=1and h(z) = z in the previous result leads
to the following inequality for the Riemann—Liouville fractional integral (this refers to Theorem 2
in [24]):

g(y : ;”2> < z(i,(zaj ;1))a (R, gu) + ¥, gy | < BT BUR)

Remark 11. Theorem 5 in [29] (also see Theorem 1 in [30]), which is based on k-Riemann—Liouville
fractional integrals, can be obtained from Theorem 1 by setting w(z) = zk,r =0, m = s = 1 and
h(z) = z.

The above results form the foundation for deriving other inequalities by using different
types of integral operators, as demonstrated in the following remark.

Remark 12. We consider s-convex functions (0 < « < 1, m = 1; h(z) = z); by puttingr =0
in (10) and choosing w'(z) = 1, we obtain

7

25_1g<m +uz> <1 /”Zg(z)dz < 8(m) +8(p2)
K2 — 1

2 1" - s+1

taking into account

1 H2 - M(tx) 1—a N N
i o 80 = s W g ) 80

+ 380 + gy [ 8@ = 2t .

Using the last two results, we can easily derive Theorem 2.1 of [31]. If, additionally, s =1,
from the above we can derive Theorem 2 of [32].

Theorem 2. Let us have g, w, 1, piy and yy as in Theorem 1. If ¢’ € L[y, pz|, then
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%/Ol[wu —7) —w()lg’ (:i}lﬂl (111);42) dy

Z}Tg(mrljlm) +Jz(ur#1+zfz> -8(m)

r+1

=+ D] (@(0) - wlv) |sn) + (L2 | - . @

Proof. Let us consider

/1[W(1 —7) —w(y)lg <ri1# 4 ;1);42) dy

_/‘ w(d =y ( 1M (113V0d7—éadﬂy(:i¥m+j _?yad

=7, — D (22)

Integrating 7; by parts, we get

1= o wl0)s() —wi)g( 2 ) |

r+1 1, (H—’y 1—1v )
— 1-— dry. 23
uz—m/ow( &\ st ke ) Ay (23)

Making a change in the variables x = =21 + 1=2) 4, in (23), we find that

r+1 r+1
r+1 ry1+y2>}
1= w0 — o) (L

r+1 /”33'2 /<x—u1> ( +y  1-9 )
- w — |8 1+ po | dy
Ha =1 i Ba +1 r+1

_or+1 B T2\ | r+1 _, rpy + Ho
- [wm)g(m) w(l)g( cad )} ﬂz_mJﬁg( cad ) 24)

Analogously for Z,, we can prove

_ r+1 T]ll+y2>:| r+1 w
T2 = 1 - - em). (@
2= {w( )8 (1) w(o)g< P Mz—ml(%) g(m).  (25)

From (22), (24) and (25), we have

/01[10(1 -) —W(v)}g’C:/m + 1“ }42) dy

r+1

_2(r+1) T+ Ul
=2 w0 - vt [sn) +5( 52| - . S

z)fg(m’]jlm) + J?wﬁﬂz)’g(yl)

142 M1

By multiplying both sides of (26) by , we obtain the desired result. [

Remark 13. Using convex functions, r = 0 and w(z) = z, in this way, Theorem 2 becomes the
following lemma:
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Lemma 1. Let g be a real-valued function defined on [y, up| and differentiable on (u1, uz). If
g € Ly[p1, ua|, then the following equality holds:

8(#1) +8(p) (I Ha—p ! :
d 1-2 +(1 dy,
> uz—m/a 8(u)du 5 /0( M8 (v + (1= 7)) dy

which is Lemma 2.1 of [33], one of the most important results in the Theory of Integral Inequalities.

Remark 14. Establishing r = 0 and w(z) = z%, Lemma 2.1 of [29] is derived for A,k > 0.

Theorem 3. Let g, w, r, py and iy be defined as before. Suppose that |g'| is modified and (h, m)-
convex of the second type; the following inequality holds:

+g(7’lflrl++11/‘2) szrwlz) -8(p1)
2

(r+1)< w(l) —w(0) —

< @ [1g" (1)W1 + 18/ (12)|W2], (27)
where

wi= [ et -7 - wim| e (27 ),

+1

wz_/ w(1—7) — H'(l_h(:iD)de'

Proof. By using Lemma (2) and the (h, m)-convexity of g, we have

o g(t2) i) 2(1)

r+1

(r+1) w(l) —w(0) — 7

po—p1 ! (Tt 1
< Pl _ ) —
<22 M=) =y (T 1 T )|

< m;’“[w%m/j ot =)~ winlie (27 )y
+|g’<uz>|/01|w<1v>w<v>|(1h(:ﬂ))sdv]

= B2 P (1! () W+ I8/ (1) [ W)

The proof is finished. O

Remark 15. Assuming the same conditions as in Remark 13 and invoking Lemma 1, we recover
Theorem 2.2 of [33].

Remark 16. Under the same assumptions of Remark 14, we retrieve Theorem 6 of [29].

Theorem 4. Let g, w, n, pq and iy be defined as before. Suppose that g is modified and (h, m)-
convex of the second type and £, L2 € Dom(g); then it is true that

m’ m
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o( M52 ) ) —w)) < [hs (3 )70t 8002

2 (1-(3)) Ty 5]
< hs(;) [g(m)Ns +mg( )Ne

+m(1 - h(i)) [g(ﬂz)N7+mg(y )Ns], (28)

where

le'/olw’('r)hs(%)d% Nz:'/Olw’('r)(l—h(%))sd%
N3:/01w’('y)hs<nmn >d’y, N4:/Olwl('y)(l—h(n’;n’y)ywy.

Proof. By means of the (/1, m)-convexity of g with v = 1, we have

() on(a ) e
forx,y € I.

Substituting x = Tyy + —Lup and y = Lu, + =Ly in (27), we get

() (i)
{5

Multiplying both sides of (12) by w’(vy) and integrating over [0, 1], we obtain

(M5 ) - wo) < (3) [/

). (30)

)8( M1+ Mz)d’Y
S/1W’(’r> Xy + T )y
0 8 mnt2 mn

om(i-o()
oen{roa()

Rewriting the integrals, we find
" (=D +pq x—p
Ly=— / w2 =2 | g(x) dx
’ (Vz—lll) 2 <”1;"2>g( )

— n ) /H2 /<}42—x>
= — Dy iy @ —— | g(x) dx
(},{2 M1 1 52‘*'11 P‘2nV1

n w
B (;12 _ ‘u1>J<(n1)£:2+pl>+g(V2)r (32)
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Mo+ (n=Dy "
— mn mn / y_%
b= <Vz—m)/ﬂ;ﬂ1 w<M>g(y)dy

_ mn w H1
- (ﬂz—-ﬂl)J(M+WUM)‘g(rn)‘ (33)

mn

From (13), (14) and (15), it follows that

g(V11;”2>(w(UaAO))S yszyl[hs(;>1?m4%?ﬂq>+g0m)

-+m<1—h<§)>}?mﬂwnm)g(ﬁ;ﬂ- (34)

m

Again employing again the (h, m)-convexity of g, we get

1
/ T, oY 1o
A < r=z
A wtwg<nu1+ 711m>d7_5ﬂm)Nr+mg(m)Nz (35)
1
' o, 4 BT K2 M
Léa%ﬂg<mnm+-mnuﬂdvﬁg(m)Ns+mgQ#)N¢ (36)

By combining (29)—(36), we arrive at (28). O

Remark 17. Specializing to the case where g is convex, w(z) = z and n = 1, we yield the
celebrated Hermite-Hadamard inequality.

Remark 18. Considering n = 1, we obtain a new result for modified (h, m)-convex functions of
the second type.

Remark 19. If g is a convex function and n = 1, by setting w'(z) = z*~! with a > 0, we derive
Expression (2.1) of Theorem 2 (see [24]).
Indeed, applying Theorem 4, we obtain

7738 2) + g Sgﬁg%%gﬂg)

1g(ﬂl+ﬂz> 1
o 2 ~ 2(pp—m

According to Definition 3, we have

1 (m +y2> - 1 [ 12 o 12 1 ]
- < zZ— z)dz + —z z)dz
ocg( 5 2012 — i1)* /m (z—m)" g(2) " (2 ) 8(2)

< 8(1) +8(p2)
- 20

Given that T () is well defined for & > 0, it follows that

pitp al (o) 1 [ . 1 [ .
g( o 2) < s [W) [ = tst@ e+ s [ -2 1g<z>d4

< 8() +8(p2)
= 2

From Definition 4, we conclude that

mot Hatd) fripe ) g(m) +8()
g( 1 2 2) = 2(p2 — )™ {RLIy;g(Vl) +RLI,41+8(M2)} < %
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Remark 20. With w(z) = % m=s=1,r=2and h(z) = z, the previous result simplifies to
Theorem 4 in [34].

For s-convex functions, using w(z) = % and n = 1, we recover Theorem 2.1 from [25].
Additionally, Theorem 3 in [27], for w(z) = z*, provides further results. In this work, Theorem 5
for m-convex functions is also established under similar conditions and can be easily derived.

Remark 21. By assigningn =m =s = 1 and h( ) = z in (28), which corresponds to working

with convex functions and choosing w'(z) = "(‘;)k 1(“ the left-hand side yields

H1t 2 1 1 it o g(z)
g( 2 )B(D‘)rk(o‘) = 2(ppy — ‘ul)% [kB(D()l"k(oc) /141 (z— lll)l_% dz

w e g(2)
+kB(Dc)l—‘k(Dé) /,111 (M2 — z)l_% dZ‘| ’

g(u1+uz>2(uz—u1)? <t (" (I
4

2 B(a)T(a) — kB(a)Ty(a) Ju, (Z*],ll)lf?’
« gt
T r el M @)

Adding the term =~ 1)+ »)) on both sides of (37) and considering that <
dding th 5 (g (ua) +g(n both sides of (37) and considering that g 11512

w, we obtain

g(ﬂl ;m) [Zé}gi)_r;il))k - (%(_a‘;)] <APIg(p2) +4P I, (). (38)

A similar approach applied to the right-hand side of (28) gives

! @ o gm) gl
202 = )’ l"BW)TM L o T BN @ /; TEE 1

1 g(p1) +8(p2)
SB(@W)( 2 )

Multiplying both sides by 2(puy — 1) %, adding (113(_;;) (g(p1) + g(u2)) and rearranging terms,

we arrive at

ABLS o) +AB T, _g(jn) < lz(uz—m)ﬁ n (1—04)] (g(m);rg(uz)). (39)

B(a)T(a) B(a)

By combining (38) and (39), we obtain a relation that closely resembles Theorem 6 in [35].
Moreover, setting k = 1 in this expression yields a result comparable to Proposition 2.1 in [36].

Remark 22. Theorem 7 of [29] can be established by takingm = s =1, n = 2 and w'(z) = zk 1,

Lemma 2. Let g, w, n, py and py be defined as before. If g € L{uy, pio], then
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/; w(7y) lg’ (7;11 + Mw) -¢ <7M2 + (n;ﬂm)] dy

- . m [w(o)(g(m) +8(2)) —w(1) ((Z’“ n W;Wm) +g<ZV2 N (n—nv)m>ﬂ
0 \2
+ <y2 — Hl) [J(Zuﬁ(”;”uzfg(m) +J(zﬂz+w;wyl)g(y1)].
Proof. Let
Jy wos (Z“ i (71;7)"2> i [ty (Z"Z N m;ﬂm) dy =T~ T, (41)

. . . . . _ ’Y nf’y
By integrating Z3 by parts and making a change in the variables x = 7 u1 + —*p2, we
have, after some computations,

I3 = i i " {w(O)g(Vz) - w(l)g<ZP[1 L ; 7;12)} + (Vz i m)zyz’zyﬁmmyg(yz).
Analogously for 74, we get
n v n—-y 0 \2
Iy = Ph— {w(l)g(nliz +— #1) - w(O)g(Vz)} + (Vz — V1> J?%Hﬁ%uzfg(yl)'

From (42) and (43), (2) follows. [
Remark 23. By setting n = 2 and w(z) = z* with a > 0, Lemma 3 is derived from [34].
Remark 24. Lemma 3.1 in [29] may be derived by settingm =s =1,n =2 and w'(z) = zk.

Remark 25. By adopting a strategy similar to that utilized in Lemma 2, we establish a comparable
result concerning the midpoint of the interval.

Lemma 3. Let g be a real-valued function defined on a closed real interval, [y, uz|, differentiable
on (p1, u), and w' is an integrable function on [y, u|. If § € Li[p1, pa], then the following
equality holds:

() o (25225 (55
5 iy ) oy 235

_m—m (! d(rtoymtpe 1= N rtyptp  1-9
_4(r+1)2/ow(t){g(r+1 2 +r+1yl) g<r+1 2 it 4,

forr e NU{0}.
Below we present some remarks that show the breadth and generality of (44).

Remark 26. By setting w(z) = z* and r = 0, we recover Lemma 2.1 of [37]. A similar result can
be obtained very easily for the k-Riemann—Liouville integral of [13].
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Remark 27. Letting w(z) = z and r = 0, we find a new result in the framework of the Riemann

integral:

m+#z>_ 1 /’“ z) dz
s(15) - [

- P‘2;P‘1 /(;lw(y)[g’<7ﬂ1;ryz—I—(l—’y)]ﬁ) —g/(’Ylezryz-l-(l—'Y)VZ)]d

Remark 28. Considering w(z) to be a linear function, but different for Iy and I, and r = 0, we get

HZ/Ol(v—M)g( 1412#2 (1 —7)u1>d7—/01(7—)\2)g< MZ“Z (1 —’y)yz)d'y,

where
A, A ER,

_ /! ry 1+ o
Hl/()w(7)g(r+1 R +1V1)d%

- 1 r+7yur+ U2
Hz_./owmg(rﬂ 2 + 1”2>

From here we obtain

2-M Azg(ﬂlJer) n Ag(p1) +pg(pa) 1 /Hzg(u)du _ Mg

2 2 2 Mg — M1 4

Given that
-1 + 1 +
/0 (vAl)g’(vmzﬂz +(17)ﬂ1) dy =/0 (17A1)g’<w1 +(1-nEE ”2) dv,

we retrieve Lemma 2.1 of [38].

Remark 29. Readers will have no difficulty in proving, in a similar manner, the following result.

Lemma 4. Let g be a real function defined on some closed real interval [y, pz], differentiable
(1, M2), and w' is an integrable function on [uq, ua|. If § € Li[p1, 2], then we find the

following equality:
npy +ﬂ]+142 nito +1¢1+V2
(. (1)g(#1)+g(ﬂz>+w(0)g( )
n+1 2 2

+ 1 Jw q y1+?‘1+?‘2 +Jw q n]/lz—l-@
po—pq |10F n—+1 M2 n+1

_ (! (ntamtm 17 nty gt
_4(n+1)2/w(7)[ <n+1 2 +n+1’“) g(n+1 2 + 1”2”’17’

forn €N,

This result completes Lemma 2.1 of [37]. Of course, remarks, similar to those presented above,

can be derived.
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Theorem 5. Let g, w, n, 1y and py be defined as before. If |¢'| is modified and (h, m)-convex of the

second type, then it is true that
Gol+lGlws w9

where L is the left-hand side of (2), W3 = fol w(y)h® (L) dy and Wy = fol w(y)(1—h(L)) dy.

L] < (I8 ()] + I8 ()| ) Wa +m ([

Proof. From Lemma 2, by employing the properties of the modulus, we obtain

< [ ][y (T + 22|+ g (5 + Lie ) |4

Utilizing the convexity property of |¢’|, we get

g ( o+ o MZN Shs(%)@'(m)\ +m(1—h(%))s

r(n— 1N
/(" <m(1-1(3))
Summing the last two inequalities, we have

(=7 v
8< Pl1+ Vz)‘ 8( p #1+nﬂz>’

<hs( )(\g p)| + 18/ (r2)]) + (1_h(1)>s(

n

()
ORI

4

and

7#1 =+ ZHz)

Gl Gl

Taking into account the accepted notations, we obtain (5). The proof is completed. [

Remark 30. If we consider the usual class of convex functions and n = 2, then from Theorem 5,
we obtain

1
LI < (8l + I G) [ win)ar.

Here, if we take w(z) = z, then we obtain Theorem 2.2 from [39] and Theorem 5 from [34]. If we
choose w(z) = (1 — z), then we have Theorem 2.2 in [33], and if w(z) = z*, then we obtain the
inequality from [40] (remark of Theorem 1, for w(z) = (1 — z)%).

Remark 31. By adopting a strategy similar to that utilized in Theorem 5 and by employing
Lemma 3, we establish a comparable result concerning the midpoint of the interval.

Theorem 6. Let g: [p1, p2] — R be a differentiable function on (uy,uz), such that ¢ €
Ly(pa, pa). If || is modified and (h, m)-convex of the second type and L, £2 € Dom(|g'|),
then the following inequality holds:

(5 ol (2] o () e

|L(w, g, 1, p2,m)| <2

where
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L(w,g, 1, p2,1) =
- sy ox(52) o) (557
e []T(’“?Z) (W)”ﬁ”m;w)* (M)

Hi = /Olww)hs(:ifly)d%
My = /Olw('y) {1 —h(:i;Y)rdy.

Corollary 1. Under the assumptions of Theorem 6, we have the following:

1. Ifwe choose m = 1, then we derive the following inequality:

|L(w, g, pu1, p2,1)| <2

g(m;m) ’% + (18 (ua)| + |8 (m2) ) e,

‘H1 and H are as before.
2. Ifs=m=1,then

|L(w,g, 11, p2, 1) <2

g/(Merm> ’HM) + (18" + 18/ (m2) ) Ha (),

where

ng/olw(y)h<:—:_’1y>d'y, 7-[4:/0160(7)[1—}1(:1’{)}517.

3. Ifwetake w(z) =z, v = 0and s = m = 1, we obtain the following inequality, new for the
Riemann integral:

s(2) [ s

<2

+ 1
g’(yl 5 ”2>‘/0 vhy)dy

+ (18" (m)| + 18" (m2)|) /01 y(1 = h(v))dy.

o

4. Putting w'(z) = r = 0, readers will have no difficulty in obtaining a new

_z
I'(a+1)
inequality for the Riemann—Liouville integral.

Remark 32. The generality of this result can be easily verified since, for different notions of
convexity contained in our Definition 2, with different values of r and for different kernels, w', new
results can be derived under the conditions from Theorem 6.

Theorem 7. Let us have g, g, w, p1, yp and n as in Theorem 9. Suppose that |¢'|7 is modified and
(h, m)-convex of the second type and £, L2 € Dom(|g'|"); then the inequality below is satisfied:

¢

g'(%) ‘qHZ); + (18 ()17 Hy 4+

ul < BFlwg [(|g’<m>|ml +m
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==

where p,q > 1, U is the right-hand side of Equation (2), W5 = (fol wP () d’y) ,H =

Jo e () dy and Hy =[5 (1= k(%)) dr.

Proof. By adapting the approach used in Theorem 9 but by employing Holder’s inequality
instead, we arrive at

Ul < @ [/Olw(v) g’(Zm + @ﬂz))var/olw(v)

. VZ;#]</Olwp(fy)d,Y)p K/Ol g’(ZmﬂL(n;ﬂm)
+ </01 g’(Zuﬁ (";WM> qd7>q]

< B2 Pw, [(Ig’(ul)l" Hy g (521 H2>37 + (18 ()l Hy +m

n

3’(2#2 + (;1;7)#1) ‘ d?]

1
q q
d’y)

1
(M1 q q
o))
Therefore, the desired result has been established. [

Remark 33. Ifw(z) = z* and g is convex, we obtain the inequality of Theorem 6 presented in [34]:

(Mt
(5)

Sm—m( 1 ) {<|g’(ﬂl)|q+3|g'(ﬂz)|”’>‘l7+(g’(#2)|q+3|g’(y1)|q)q

4 \ap+1 4 4 4 4

21T (a4 1)

RLyua RLyua
+
(,VZ ,ul)a

(M>*g(.u1) I(m)+g(ﬂ2)

<2 () gl + g Gl

Remark 34. Ifw(z) =4z, 9 = L;l and g is convex, we obtain an inequality similar to Theorem
2.3 presented in [39]:

-1

1 p1 p=1\ p-1
L [ s(ods ()| < o (ALY (0T 3 ”
H2 = M1 I 2 - 16 p+1 4 4

p
p=1 P11\ p-1

n (Ig’(uz)l i +3Ig’(m>| ’ ) ]

4 4 '

Remark 35. Utilizing a procedure parallel to that applied in Theorem 7 and invoking Lemma 3, we
obtain an equivalent statement pertaining to the midpoint of the interval:

Theorem 8. Let g : [p1, pia] — R be a differentiable function on (1, pa) such that ' € Ly [pq, pa].

If |¢'|" is modified and (h,m)-convex of the second type and L1, £2 € Dom(|¢'|"), then it is
true that
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L(w, g 1, p2,7)] (46)
P2l { /(u1+uz> ! /(ﬂ)’q)y ]‘1’

Az o) IB 2 )1 )T
(e e mem )

with % + % =1,Hs = fo W (s BYdt, He = fo (1- (il)) dt and Wy defined as before.

7—[5+m(

7‘[54—171(

Corollary 2. Under the assumptions of Theorem 8, we have the following:
1. Choosing m =1, then we obtain the following inequality:

i+ 2\ |
2

|L(w, g m1, pia, 1)
<t ([ o) ([
«|

2. Ifs=m=1,then

+ (|8/(#1)\q)7'16]q

E(wfgfﬂl,yz,rﬂSM(/Olwp(t)dt);
{[g(”i”)q O h(:+f>dt+|g ()|’ /( (Iji))dtf
+[g/(V1;742> q.;lh(:—ti)dt+|g,(m)’q/(;( _h<rii))dt];}'

3. Bearing in mind Corollary 1, items 3 and 4, we can derive new inequalities for Riemann and

Riemann-Liouville integrals, respectively.

Theorem 9. Let g, ¢, w, u1, w2, n, W3 and Wy be as in Lemma 2. Suppose that | |1 is modified
and (h, m)-convex of the second type and £L, L2 € Dom(|g'|1); then the following result emerges:

] < ”;’“m[(@'(m) ¢(2) ]qw4> " <|g'(142) g (5) ]"w4>q],

where g > 1, Wg = ( fo dv) and U is defined as before.

Proof. Employing Lemma 2, the triangle inequality, the Power Mean inequality and Defi-
nition 2 for |g|7, we obtain
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Ul <

/

k- /; w(y) [g’(Zm L — 7);!2) g’(ZHz + (n;v)mﬂ dy
o

< W;”l[/olw(y) Z}l1+(n;7)}lz>’d?+/olw(7) g’(Zuer(n;wm)‘d“r]
mn(furn) g
; (/Olwm

< uwe l<|8/(141)

=

K/Olw(v)

8(#4‘(; 1

r (n—2)
8(n#1+ " Vz)

)

¢(B2)f W4> <Ig’<#z)

1

¢()'w)' |

n
Hence, the proof is finished. O

Remark 36. Theorem 8 in [29] follows as a consequence when the parameters m, s and n and the
function w' are selected as in Remark 24.

Remark 37. In light of Theorem 9 and Lemma 2, we similarly obtain a result for the midpoint of
the interval:

Theorem 10. Let g: [p1, u2] — R be a differentiable function on (py,uz), such that ¢ €

Lq[p1, u2). If |§'|" is modified and (h,m)-convex of the second type with q > 1 and L1, E2 €
Dom(|g'|"), then it is true that
po—p1 (! g
'C 787 7 7 = S/ T \0 / t dt 47
£ag )] < 2500 ([ o) @)

H1+m(

()]
@'}

Al
o)

where H1 and H, are defined above in Theorem 6.

7‘[1—1—7’1”1(

Theorem 11. Let g,8',w, i1, w2, 1, p, q, U, Hy and Hy be as defined in the preceding result.
Suppose that |g'|1 is modified and (h, m)-convex of the second type and L, E2 € Dom(|g'|); then
it is true that

(CIR

2= ! 94 o gy H1 r( |7 He
U] < BB Wy o (I )l + I )l )= o et (48)
wherewyzzfl w) 4

Proof. Following a similar line of reasoning as in Theorem 9 but replacing the key inequal-
ity with that of Young, we get
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uj < B ”1[

o +( )‘var/
<V2V1[ / d +/ )ﬂz)‘
¢ e )\qd,y]

(im0

dy

<H2— M
n

Gl

SOE

W7 + (I8 ()| + Ig’(#z)q)lj]1 +m(

This concludes the proof. [

Remark 38. If we consider the usual class of convex functions and n = 2, then from (48), we
obtain
2(Ws)" | 8" (r)l" + 18" (1)

Ul <
q

+

Here, if we take w(z) = z, then we get

) 1 +V2)‘ 2 18" (1) |7+ 18 (42)|”
z)dz — < + .
-/141 8 g( 2 p(p+1) q

Remark 39. By building upon the method employed in Theorem 7 and drawing on Lemma 2, we
derive a parallel result concerning the midpoint of the interval.

Theorem 12. Let ¢ : [u1, pa] — R be a differentiable function on (uy,pz) such that §' €
Li[p1, wa). If |§'|" is modified and (h,m)-convex of the second type with % + % = 1 and
B1 12 Dom(|g'|), then

m’ m

|L(w, g, p1, p2,7)| < m{;/()lw”(t)dt+3
e ()

holds, where Hs and H¢ are defined above in Theorem 8.

Hs (49)

Remark 40. Remark 32 remains valid in these results.

Remark 41. Readers will have no difficulty in formulating the corresponding corollaries to
Theorems 10 and 11.

4. Conclusions

This work focuses on the generalization and extension of existing results related to
integral inequalities. The main results and contributions are Theorem 1 and Theorem 2,
which establish new inequalities for (%, m)-convex functions of second type using weighted
integral operators. It also provides remarks showing how these new results generalize or
connect with existing theorems in the literature by establishing specific parameters for s, m,
and h and the weighting function w’'.

85



Fractal Fract. 2025, 9, 647

In essence, we consider this work to contribute significantly to the theory of convex
functions by providing a more generalized and flexible framework for Hermite-Hadamard-
type inequalities through the introduction of weighted integrals and refined classes of
(h, m)-convex functions.
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Abstract

The Yang local fractional setting provides the generalized framework to explore the non-
differentiable mappings considering the local properties. Due to the dominance of these
concepts, mathematicians have investigated multiple problems, including mathematical
modelling, optimization, and inequalities. Incorporating these useful concepts, this study
aims to derive Weddle-type integral inequalities within the context of fractal space. To
achieve the intended results, we establish a new local fractional identity. By using this
identity, the convexity property, the bounded property of mappings, the L-Lipschitzian
property of mappings, and other famous inequalities, we develop numerous upper bounds.
Additionally, we provide 2D and 3D graphical representations and numerous applications,
which show the significance of our main findings. To the best of our knowledge, this is the
first study concerning error inequalities of Weddle’s quadrature formulation within the
fractal space.

Keywords: generalized convex mapping; Weddle’s inequality; midpoint inequality;
lipschitz mapping; applications

MSC: 26A33; 26A51; 26D07; 26D10; 26D15; 26D20

1. Introduction

Convex mappings have potential applications in many domains, which include opti-
mization, coding hypothesis, designing, and inequality theory. But their role is unprece-
dented for the derivation of mathematical inequalities. Working on this benchmark class
of mappings, it is not difficult to conclude the fundamental results of analysis. In the
fields of applied science, mathematical inequalities are considered to be the essential struc-
ture for connecting qualitative and quantitative analysis. First, we recall the definition of
convex mapping.

Definition 1 ([1]). Any mapping T : I C R — R is termed as convex, if

T((1—e)vy+exy) < (1—¢)T (v1) + €T (x1), 1)

Fractal Fract. 2025, 9, 662 https:/ /doi.org/10.3390/fractalfract9100662
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for every value of e € [0,1] and vy, %1 € L.

Many inequalities have been proposed in the literature using convex mappings and
their different classes. For more details, see [2-5]. The following double inequality is
commonly called Hadamard'’s inequality in the literature:

Theorem 1 ([1]). Let T : I — R be a convex mapping. Then

T(V1 +"1) < 1 /K] T(6)ds < L0 £ Tx1), @)

2 K — Vv Jy 2

forallvi,xy € I, and v < 3.

It was introduced by Hermite in 1881 (see [6]) and Hadamard in 1893 (see [7]). The
inequality (2) also holds in reverse direction if we take 7 is a concave mapping. In scientific
research, the most prominent Simpson’s type of inequality is described as follows:

Theorem 2 ([8]). Consider a four time continuously differentiable mapping T : [v1,x1] — R.
Then,

1 v+ %1 1 S (1 —V1)4 4
‘6<T(V1)+4T( 2 ) +T(K1)> K- /V1 T(&)dé‘ : WHT =

where || T*leo = sttpsey, ) |[T*(8)] < oo.

The Newton's inequality, which is based on the four-point closed formula, is described
as follows:

Theorem 3 ([9]). Let T : [v1, k1] — R be four times continuously differentiable mapping. Then,
1 2 2 1 K
T ) £37 (A a7 () L ) - / " T(6)ds
8 3 3 K1 —V1 Juyy

4
K1 —1"
< @l

where || T*|leo = supse(y, ) | T*(9)] < 0.

The Maclaurin method does not correlate with any boundary points in the quadrature
method. It is utilized to alleviate the drawbacks of Simpson’s approach. It is formulated
as follows:

Theorem 4 ([9]). Let T : [v1, k1] — R be a four times continuously differentiable mapping on
[1,51) and [T oo = supacy )| TH(6)] < . Then,

1 5v1 4+ x4 V1 + K1 v1 + 5K 1 1
(o) or(832) o ()] 2 e

71— 1)t 4

Now, we present Boole’s formula type inequality, which is widely recognized in the
literature. This formula executes a polynomial of degree four to estimate the integral over
five points.

89



Fractal Fract. 2025, 9, 662

Theorem 5 ([9]). Suppose that T : [v1, k1] — R be a six times continuously differentiable mapping
on (vy,x1). Then,

9% {7(7'(1/1 + T (x1))) +32<T<3V1ZK1> +T(U1 Z3K1>) +12T<V1;Kl)]

1 1 (k1 —11)% 6
— 0)dd| < ———~— 0o,
PR— /Vl 70) ’ < og5360 |7 |

where || T°leo = supse(y, ) | T(8)] < 0.

The exploration of non-differentiable mappings along with local attributes is a fascinat-
ing domain of mathematical sciences. Various strategies have been discussed in literature,
including quantum calculus and setups within the fractal domain. Working on that prob-
lem, Yang defined A level sets of real numbers and the operations over them. Also, he
published two monographs, in which fractal calculus and local fractional functional analy-
sis are discussed in detail. Over the years, mathematicians dealing with fractal geometries
have been taking the benefit of it. Fractals are those sets whose Hausdorff dimension is
greater than topological dimensions, and Hausdorff dimension measures the complexity.

Now, we recall the basics of Yang calculus.

Yang Local Fractional Calculus

In this section, we recall the basic concepts of local fractional calculus which are
essential to our main findings given in [10].

o ZM:i={£0M 14, 424,03,

o Qt:={v'= (%)A 11,12 € L,y # 0},

. @”\ = {z;)\ £ (%)A 111,10 € Z,1p # 0},

+ R':=Q'uQ™t

Also, the multiplication and addition are defined as

M xdh =Mt = (cd)? and M 4dhi=(c+d)

and both c*d*, ¢ + d* € RA. Clearly, (RA, +, %) is a field.
The local fractional continuity is defined as follows.

Definition 2 ([10]). The local fractional derivative of T (J) of order A at § = &y is described as

dMT(6)

AMT () — T (60)
(do)" ‘

TME) = 8DIT (6) =

where AT (6) — T (60)) =T(1+ A)(T(6) — T (do)). Let s € Nand T*(5) = D}T(6). If
(s+1) times

TEHINE) = DT (8) - DIT(8) - - - DAT (8) exists for any 6 € [v1, k1],

then we say T € D 1))

We now present the local anti-derivative operator of 7 (6) € Cy(v1, 7).
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Definition 3 ([10]). Let A = {é,91,62,...,6;,0i11,...,00}, where ¢ € N, be a division of
[v1,%1] such that 6g < 61 < 8y < ... < & Then the local fractional integral of T on [v1,x1] is
defined by

1 K1 1
WIAT(8) = m/Ul ¥(6)(do)* = WAH)ZT

where Aé; = 611 — 0 fori =1,2,3...0. The space of all local integrable mappings is represented
by I} vr, 11].

From the above, one can easily conclude that ,, I{}l T () =0ifv; =x1and ,, I,?‘l T(6) =
K Iﬁ‘l T (6) when 11 < k1. Now, we present some significant findings about integration
and local derivatives that will help us in our future work.

Lemma 1. Consider 0 < A < 1. If T(8) = r*(8) € Cy[v1,%1]. Then

V1 leg( ) r(Kl) - T(Vl)-

Furthermore, we have

dA(SSA _ F(l + S/\) 5(5—1)A
(o)~ T(1+(s—1)A)

and

1 . T(1+sA) . s
Sy / 5N (o) = NEERCESITY (K1(+1)/\_V1(+1)A)'

The fractal calculus has been utilized to study new mathematical inequalities. Moti-
vated by ongoing research in this area, Mo et al. in [11] generalized the concept of convexity
in fractal space as follows.

Definition 4. A mapping T : [v, k1] — R is known-as generalized convex in fractal space if
T(ev1 + (1 —e)ky) <M (v1) + (1 — )M (k1) 3)
foralle € [0,1] and 0 < A < 1.
The trapezoidal inequality in fractal space is given next. For more details, see [11].

Theorem 6. Let T : [vy, k1] — R* be a generalized convex mapping, where 0 < A < 1. Then,

T(V1+K1) < (I“(l—i—)\) o 7_(5) < T(l/l)—f—T(Kl). )

2 K1 — 1/]))L M1

Sarikaya and Budak [12] utilized the generalized convexity within the framework of
Yang local calculus to investigate the weighted Hadamard'’s type inequalities. In [13,14],
the authors considered the local fractional operators along with generalized convexity to
study the various error inequalities. In [15], Erden and Sarikaya explored the mean value
theorem and some Pompeiu-like inequalities leveraging the concept of Yang calculus. Al-
mutairi and Kilicman [16] investigated the trapezium-type inequalities through generalized
Breckner convexity.

Lou et al. [17] discussed the fractal weighted Hadamard’s inequalities through gener-
alized convexity and also delivered the utility of results. In [18], the authors focused on the
applications of Hermite-Hadamard-like inequalities in signal processing. Butt et al. [19]
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proved the Jensen’s type in inequalities in fractal space and developed some new counter-
parts of Hadamard-Mercer-like inequalities. Luo et al. [20] worked on improved Holder’s
inequalities and their applications to construct some Simpson-like inequalities. Alsharari
et al. [21] bridged the fractional operator and local Yang calculus to approximate the
error bounds of Simpson’s rule. Meftah et al. [22] looked at error analysis of Milne rules
considering generalized convexity within fractal calculus. Liu et al. [23] presented upper
bounds of fractional Maclaurin’s inequality and presented the applications to nonlinear
analysis. In [24], the authors proved some new advancements in Ostrowski’s inequalities
relying on Mercer inequality for fractal Breckner convexity. For more details see [25-28].

Motivation and Structure of Study: Over the years authors have tried several ap-
proaches to assess the bounds of local fractional operators, the average value of fractal
mappings, and the error analysis of Newton-Cotes schemes within the context of Yang
fractal calculus. It is a common fact that approximations through higher-order polynomials
show minimum error. The Generalized Weddle’s procedure is superior due to better accu-
racy and minimum error as compared to Simpson’s and Newton’s procedures. Here are
the few questions that elaborate on the need for the study.

e How can the error terms of Weddle’'s rule be established for local fractional differen-
tiable mappings? Mathematically,

1 A OV + K 2v1 + 11 A V1K1
gy | T 5T () 7 (258 gy ()

e  How different generalized classes of mappings can be used to evaluate the bounds of
the above inequality?

e What are the applications of the proposed bounds?

*  How can the bounds of several local fractional integrals be found incorporated with
the proposed inequalities?

To address these problems, we have organized this study into multiple steps. First, we

discuss the research problem background and fundamental concepts to carry out the further

proceedings. Our approach includes the generation of error bounds through identity. In

the following context, we will construct a fractal identity, which will later on be helpful

to estimate our main findings. At the end of each result, we provide its 2D and 3D

graphical validations. Lastly, some applicable analysis will be discussed. To the extent

of our knowledge, this approach is new and novel for discussing error bounds of fractal

Newton—Cotes schemes.

2. Fractal Estimates of Weddle’s Inequality
The space of fractal integrable mappings is denoted by L{vy, x1].

Lemma 2. If T : [v1,x1] — R is a local differentiable mapping and T* € L{vy, 1], then

T'(1+A
W(vy,x1) — (Kl_yl))/\‘/l L, T(5)

_ <"1;V1>Ar(11“) /Olg(s) [TH( = ey +ext) = THew + (1 - e)) | (de), 5)
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where . )
(8—21—0) , €€ 0,%),
N i
(e—%)" celb),
N ]
(=%)" e<[ih).
Afe) =
A
(8)" e<lus).
A
(%) ec3D)
A
(e-%) ec21]
and
W(Vl,Kl)
- 1 A 5v1 + 17 2v1 + 11
= 20))\{7'(1/1)4-5 T( 6 )—i—T( 3 )
o7 (i) (252 cor(524) s )

Proof. From the definition of A(¢), we have
A A A
ey . [ AT~ -+ o)~ T e + (1 - )] (de)

e (e

)AT’\ ((1—e)vy +exq)(de)?

I\)
CD

A

+m+A) / (6= ) 7= +am) (a0
+ / (s—270)Am<1—s>vl+sx1><dsv
Y / (s—;)Afﬂa—e)vﬁsxl)(dsv
+ / (s—g)ATA((l—S)wHKl)(dE)A
A ;(’;)ATW — &)y +exy) (de)
+ FTT) J (- £>ATA(€”1 Sl
+ T / (260 B £>ATA(€” e am) (e
+ T / (2 £>ATA(€” + = ejm)(de)
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1 g (14 _ S)Awm (1 - ) (de)

A
Frg (3 ¢) THen - amaer

We can use integration by parts to solve these integrals

1

1 A
L= 1"(11+7\) /6 (s — 210) TH(1—e)vy + ex) (de)*

:<K1_y1 K ) (5V1+K1> ( )AT(W)]—mVlIWT(&,

% 6\ N
I = (1+)\ ( 20) T 1—8 1/1 +£K1)(d£)
— 1\ (2n 45 5v1 + K T(1+A)
‘w[(a) () (&) ()| s s TO)

% 7\ .\ N
Iy = 1+)\ ( 20) TH(1—e)vy + exp)(de)
A
— vyt Ky 2u+x\ | T(+A)
a (K1*V1 [( ) T( > ( ) T( 3 > (1 — 1) EiRa] IV1§K1 T(0),
I % =B (1 e + o) (de)?
4= (1+A 20 e)vy + exq)(de
A A
— v+ 2K1 11+ K1 B r(1+/\)
_<K1*V1 [( ) T(5) () T(M57)| - g s a0

5 A
6 A - A
Is = (1+)\ : ( ) TH(1 —e)vg + exq)(de)

_(Kl—w[( ) (u1+5;<1> ( )AT(mzzKl)]_wmﬁle(a),
I = mlﬂ) /2l <e— ;(9)) TM(1 = e)uy + ex1) (de)

- (&) o+ (&) ()| -t
I = r(11+A) /é(210 e)AT)‘(em%—(l—e)Kl)(ds))‘

1 A
Iy = F(11+A) /13 (260 - g) THevi + (1= e)m)(de)*

6
_ 1 [ 2 A V1 + 5K 1 A V1 + 2K1 r(1+/\)
Tk —w)t (15) T( 6 )+(30) T( 3 ) 7W%I@T(5)’

b= r<11+A> J : (270 - S>ATA<€V1 +(1—e)xr)(de)
() () (3) 7 (3)
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z A
o= (11+A ( 8) THen + (1 - e)x)(de)’
2
1 1+ K 2U + K 1+/\
B (k1 —v1)t [( ) ( 1 1) ( 0) T( 13 1) N (Kl(V1)3A2‘1+K11V1§K1T(5),
1 % A
I =ran /; ( 8) THev + (1= e)) (de)*
3
1 A (204K 2\ (5 +« 14A
= Ty [( )T ! 1) (15) 7'( = 1) —MSWHIWT((S),
1 19 \' ., N
Ip = GES)) /2 (20 ) TH(evy + (1 —e)xy)(de)
1 1\* 7\ _(5v1 + T(1+A)
=(K1—V1)AKZO) T(V1)+<60) T( : ) - (Kl—vl)wll“l%ﬂé)'

Now, by taking Y12, I; and after simple computations we get (5). It ends the proof. [

Now we establish the first bound for Weddle’s rule.

Theorem 7. Suppose that all constraints of lemma 2 are fulfilled. If | T*| is a generalized convex
mapping, then

T(1+A)
‘W(Ul,Kl) — WV] I;clT(é)
T(1+A) (4" TA+2))
g(mum{ M(Q +(1+3A)(150) 1'” )l

T(1+A) (14\" T(1+22)
*mzm(zzs) (1+3A)(150)]TA("1)|}

Proof. Through Lemma 2 and generalized convexity of | 7|, we have

’W(V1,K1) m\a%T(‘s)‘
K1 —V A
< ( - 1) F(l—l—)t)/o |A(€)"T/\((1—E)V1 +exy) = T (evr + (1 - e)x) |(de)

1 § A
r(1+;\)/O €750 ‘TA((l_g)Vl‘FEKl) (de)*

A
< K1 —1
- 2
A

=y s 0| [0 =0 +aa’

1 7 M N
+1’(1+)\)/§ €= 55 TH(1 —¢e)vy + exq) |(de)
2

% A
+r(114>)\)/; e — E 7—/\((1 —5)1/1 +£K1) (ds))\

5

1 3 _E A B \
a7 e (@)

1 1
+F(1+A)/g T

N 1 /é 1
L(1+A) Jo

A
[ TH((1 = &) +ex) | (de)

o5~ | [T e+ (1 - o) (de)®
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+r(11“)/5 - |7 e + (1= o)) | (de)?
+mlﬂ>/5 7 - |7 e + (1= o)) | (de)?
*r(11+A>/ B e + (1 - )| o)
+r(11“>/2 % e[ M e + (1 — o))t
ek 156 —¢f [7en + -y ]

1

1 /Es_i
TF(1+A) Jo 20

< K1 —V A
- 2
A

+r(11+A)/ e— % (1= )MTH(v)] + & T (1) [} (de)*

A
[(1 =M T (v)] + €T (1) 1) (de)*

1 A

e e ] 1A= 9N ]+ T ) e
2 A

+r<11+A>/3 € % [(1 =T (v1)| + & T (1) [ (de)*

5 A

+mlm/ e= g5 (1= T (00) €7 c) de)

1 /1€_19A
L(1+A)Js
A

20
+F(11+A)/6 2% —e| [MT v+ (1= &) T (x1) ] (de)*

+ [(1 = MT ()| + €T (k1) [(de)*

1 A
+r(11+A) / % —e| [NTM )| + (1= )M T (k)] (de)*

1 A

+1’(11+)\) /; % —e| [T ()] + (1= )M T (k)] (de)*

2

2 A
*rulm / 30 —¢ 1T 00l + (1= T ) )

5 A

+T(11+)\)/§6 %_8 [T (v)] + (1 — &)} T (1) [ (de)*
1 1 19

ey |2

—(’“; 3

L i (e ) 1 T )l T ) e

20

A

+ 5 ¢l T )+ (=T ()] (de)*

A
i A>/m<zlo‘€) (1= N7 ()] + T k1) ] (de)!

A
/120<260 8) (1= )M TH(wi)| + €T ()]} (de)*
6

% 6\"
5/ (6= 35) L= T w0+ T ) e
i% 7 A
/1 (20 ) MTM(v1)] + €T (x1) ) (de)*
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1 A
T 2(87) [(1=&)M T (1) + €T (k1)1 (de)*

13 A
ey (@) (-0 T e+ T e

2 A
trrr Jy (o 3) 10T T o)

3= A
T ./20<14_€) (1= &) T ()[4} T (k1) ) (e)!

T(1+A) 0
T / (f - %)A[ﬂ =&/ T )+ €T () ) (o)
+r(11)\) /;g(lﬁ—s)AKl—s>A|TA<v1>|+sA|TA<K1>|]<ds>A
i Jo (- o) 10T )7 )

A
(T By /0<210_8) [T (v) + (1= )| T (k1) [](de)*

1 A
r(l1 ) /16 (ezlo) [T (v)] + (1= )T (k)] (de)

+A) L
L A
+r<11+A> A <z6o B S) [T )]+ (=) T (k) ) (de)*
1 A
o g (7 2) T 01 0N o)
A A
ey <270 } ) [T )l + (1= &) 77 (x)ll(de)!

T(1+A) 0
2 A
+r(11+A) (—f) (M7 (1) + (1= )T (k) [} (de)*
14 A
+r(11+A)/20<1§‘8) [T (v) + (1= )| T (k1) [](de)*

+r<11+A>/11 (“@ [T )] + (1= )M T ()] (de)* .

19
0
Finally, we get our intended inequality. []

Example 1. If we take T () = 6}, v; = 0 and x; = 3 in Theorem 7. Then, 2D and 3D
validations of Theorem 7 are

Figure 1a,b illustrate the comparison between sides of Theorem 7.
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= n
35 4.0 45 5.0

(a)

Figure 1. (a) Three- and (b) two-dimensional simulations of Theorem 7 for A € [0.6,1] , A = % and
o € [3,5], respectively.

Now we give other bounds for Weddle’s rule by utilizing the well known Holder’s
inequality.

Theorem 8. Suppose that all constraints of Lemma 2 are fulfilled. If | T*|"2 is a generalized convex
mapping, then

I(1+A)
GRS

< (r —Vm{ (m ( (2)"" () Wm)) .
x ( T ) ((i)Almm)rz ¥ (;)ATA(M)WH A
e
(e () ()™

( ran ((8) 7o (&) e >|)]
R (&) o (3) o))
(it <<50>W+<éo>“““)>*
( 0 (2 e () )

Be((2)'m vw(;)wz)]é)}f

W) - 70)

+

+

+

+

—+

1 1 _
whereﬁ—l—a—l.

Proof. Through Lemma 2, Holder’s inequality and generalized convexity of | 7|, we have

T(1+A)

’wm,xl)— e )MI,QT(&)’

= < 2 >A1‘(1+/\)/0 ‘A(S)“TA(O—E)W +€K1)_TA(Slll-‘r(l—E)Kl)’(ds)/\
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TH(1 - e)vy + 1) (de)?
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Arq % g r
(ds)A) (I“(ll—l—)\)/g [T e + (1— S)K1)|r2(ds))‘>

5

-l-(M/;g

14
20

1 1 19| T 1 . 2
*(mm IARE (“V) (ra Jo 17 e+ 0Ol (o)) ]
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1
Ary 23
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1
1 5 7 )Lrl A r
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[H1a— e T el + eArrA(m)rq(ds)A) )

3
Arq %
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+<r1+A gS—BMl(ds)Ay

(r 1+A) [N T ()2 + (1 €)A|TA(K1)|rZ](d€)A) B
+<r S_g A’l(dg)A)é

<r o Jy €T <1—8>A|TA<K1>|’21<ds>A>Q
+<F 1+A) .1 19 " (ds)A>y11
x(r 11A) / T )] + (1 — e T (k)] (de A);}

S<’“Z”Y{(mmM(( )

( fréljz%((éé)A'm o+ () 1T l)]
- rr((lljzAA)) ((;)ATA(W)VZ |7~A ,zﬂlz)

<;O><““>n<55>““”>>
ML (Y i eor+ (&) 1™ ﬂ
m(( >w e @)
(&) @) )
fszA ) e+ () e |)}
Fr(lljzAA))<<;6>ATA(V1>|“ (;)Almxlwﬂé)
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(I 3)'rr)]
Fr(llizy)« )W( DI + (356)A|TA(K1>“>T)

T(1+Ar) 2\ (n+1A 1\ (DA i
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I'(142A)
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(&) e+ (3) )]
ran ((}L)AWWZ ) (112)A|TA(K1)|Q>} )
( M(( ) e + )Arﬂ(,{l)yz)]é

R () oo (&) o))

This ends the proof. O

1

N TN
—_

Example 2. If we take T (8) = 6}, v; = 0and x; = 3 in Theorem 8. Then, 2D and 3D
validations of Theorem 8 are

Figure 2a,b illustrate the comparison between sides of Theorem 8.

f(n)

n LHS
35 4.0 45 5.0

Figure 2. (a) Three- and (b) two-dimensional simulations of Theorem 8 for A € [0.6,1] , A = % and
o € [3,5], respectively.

Next, we construct a new estimate of Weddle’s inequality.

Theorem 9. Suppose that all constraints of lemma 2 are fulfilled. If | T*|"2 is a generalized convex

mapping, then

Ir(1+A)
(k1 — 1/1)A

K1 —V A /\
S(12 l) {( ((11:2)\ 1800 )
<[ (PO AT P)E + (AT )+ AT )
PN
(i)

. {<A3|T/\(V1)|rz + A4|TA(K1)|72) : + (A4|T/\(V1)|rz + A3|TA(K1)|72) Q}

F(1+A) / 41 \* =
+<F(1+2A)(1800) )

‘W(Ul,Kl) - ul;(lT(é)’
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1 L
« [(AW(UW + AT (k1) [2) 2 + (A6l T ()72 + As| T (1) |2 }

T(1+A) [ 41 \* -
+<r(1+2A)<1800) )
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= | T(1734) \ 108000 T(1+2A) \ 12000 ’
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12 T(1+27) \ 36000 T(1+3A) \ 108000 :

Proof. Through Lemma 2, power mean inequality and generalized convexity of |T*|™2,

we have
'W(Ul,Kl) - m:;IKlT(5>‘
A
< (Kl gvl) r(11+A) /01|A(8)\’TA((1_S)V1+8K1) = T (ev1 + (1= e)r1) | (de)”*
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19
20

1 1 A N 17%
+<F(1+A)/g e (de))

! 7
X<I~(11+)\)/51£_;(9) [£A|TA(U1)|”+(1_€)A|TA(K1)’r2](d5))‘> ]

Hence, the desired relation ia acquired. [

Example 3. If we take T () = 6}, v; = 0 and x; = 3 in Theorem 9. Then, 2D and 3D
validations of Theorem 9 are

Figure 3a,b demonstrate the accuracy of Theorem 9.

f(n)

p)
T
»

b —— " - n
() 35 4.0 45 5.0

Figure 3. (a) Three- and (b) two-dimensional simulations of Theorem 9 for A € [0.6,1] , A = % and
o € [3,5], respectively.

Now, we develop a new counterpart for the remainder of Weddle’s quadrature rules
involving Young’s inequality.

Theorem 10. Suppose that all constraints of Lemma 2 are fulfilled. If there exist m, M € R such
that m < T™(e) < M for e € [v,%1]. Then

T(1+A M —m)(k; —v) T+ A) [ 26\
W(I/l,Kl)—(KE_J:/l))MLqT(é) S( ;)(Lrl(l +12))\)( - )<225> ’

M > 0.

Proof. From Lemma 2, we have

T(1+A)

W(vq,x1) — (=) L, T (9)

_ (Kl ;Vl)AmlM) /Olme) [THA = e)vr +ex) = THew + (1 - )xr)] (de)”

- (KlQVl)A r(11+A> /oé (8_210>A<TA((1_£)'“”’“)_m;M>(d€>A
T / (e_260>A(TA<<1—8>V1+£K1>—””2M)<de>A
e (- 5) (0w -2 5)
e L
e ) (oo 25)
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e (= %) (=T e+ (-0 @0
rr (- B ) (2 - T e+ (-0 ) @0
rre b (e aa) (2 =T e+ (om0

st e B) (52 s -om o]

By taking the modulus of the above equality, we obtain
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Asm < T*(e) < Mand e € [vy, K], we have

m—+ M M—m

TMevi + (1 —€)iey) — | < (6)
and
m;M—Tﬂm+m—@m)gM;m. @

From inequality (6) and (7), we obtain

r(1+A
W) — G 1 T()
A 1 1 A
K1 — 11 1 /6 1 / )t /7 7 A
< _ _
= ( 2 ) Ta+A) Jo £ 20 @t )y [ 2] ()
2 A 5
3 . 13 A 6 14 /\ .
—I—/% €= 55 (de) +—|—/§ 20 (de) ++/ ](M m)

This yields the required inequality. [

Example 4. If we take T (6) = 6%, v = 0 and x; = 3 in Theorem 10. Then, 2D and 3D
validations of Theorem 10 are

Figure 4a,b illustrate the comparison between sides of Theorem 10.

LH.S

(a) N ' (b) 35 20 45 50 "

Figure 4. (a) Three- and (b) two-dimensional simulations of Theorem 10 for A € [0.6,1] , A = % and
o € [3,5], respectively.

Theorem 11. Suppose that all constraints of lemma 2 are fulfilled and T satisfies the L-Lipschit
property. Then

’W@Lm) (?+fﬁﬂhTwﬂ<lxmzfﬂm ;?:2$<££)A—£81§3(ﬁ%)W‘
Proof. From Lemma 2, we have
W, k) — é?+£;mhl(®
(Kl_Vl)Al"lJrA [ 20T~ +ex) ~ THen + (1 - o) (de)
B (m—w)A . %(s_§)>A[TA<<1_g>ul+sxl>_TA<svl+<1—e>x1>]<ds>A

SSCEN (1+/\) /f(s 26()>A{TA((1—£)U1+EK1)—7—/\(81/14-(1—8)1(1)}((:18))‘
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TN —e)vy +exy) — TH(evy + (1 —€)iy }

1
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) |
+r(11+/\)/j(s—%)A{T’\((l—s)vl—l—sxl) THevy + (1 —e)xy) }

(=) | ) (@)
e e

Since T is L-Lipschitzian functon, we obtain

T(1+A)
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< <K1—1/1>A
2
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+r(11+)\)/; e— D172 (1 = evy + ex1) = T ey + (1 — e)y) | (de)®

’W(V1,K1) - IK1T(5)‘
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— A‘TA((l —e)vy +exq) — T (evy + (1 —€)xy) | (de)?
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+T(11+?\)/; e— ~| |TH(1—e)vy +exy) — THevy + (1 — )xcy)| (de)”

+1“(11+7\) /§6 € % TH(A —e)vg +exy) — THevn + (1 — e)xq) | (de)?

F(11+A)/gl . % /\’7')‘((1 e tex) — Tenm + (1 —S)Kl)](dS)A]
k1 —11\" §
S<12 1> [(F(l:—)x)/o = 3] (@0 +/
+/ )L(I—Zs) (Kl—vl)A+</1§e—;g
5 ") ++/ >L(2e—l) (Kl—ul)A].

6
+,
3

Finally, we get the required relation. [

+

20

20 20

Example 5. If we take T (6) = 6%, v = 0 and x; = 3 in Theorem 11. Then, 2D and 3D
validations of Theorem 11 are

Figure 5a,b illustrate the comparison between sides of Theorem 11.
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LHS

(a) : (b) 35 20 15 50 "

Figure 5. (a) Three- and (b) two-dimensional simulations of Theorem 11 for A € [0.6,1] , A = % and
o € [3,5], respectively.

3. Applications

3.1. Applications to Means

This subsection offers some new inequalities associated with generalized means and
their differences. First, we look at binary means.

1.  The generalized arithmetic mean:

A A A
V1" + K v+ 1K1
Ay(vy, 1) = = < ) -

24 2
2. The generalized weighted arithmetic mean:
mi\le + m%xl/\

A (v, K1;my,my) =
w /\( 1, 81,1, 2) (1/1_'_1(1))L

3. The generalized log-r{-mean:

r(1+ 7’1)\) K1(71+1)/\ — V1(71+1))\ n -
TA+A+r)A) (m+Dk—v)r | 71 € R\ {-10}.

Ly (v1,x1) =

Proposition 1. For vy,x1 > 0, the Theorem 10 results in the following inequality,

T+ (c—DA)[,.s e 51 ) -
(90))\1"(1+0-)\) (2) A)\(Vl S| )+5 wA/\ V11K1/6/6 _|"(,¢)A)L V],K1,3,3

12 15
+6/\Ag(1/]r Kl) +w AK (Vll Kl/ 5/ 3) + 5/\ wAg\' (V]/ K]/ g/ 6):| - F(l + )\)LUA',U(Vl,K])

(M —m) (k1 —v)"T(A+A) [ 26 \*
= 2Ar1(1 +12)\) (225) ‘

T(14(c—1)A)

A .
T(1+oA) (6)7", ¢ > 0 in Theo-

Proof. The proof follows directly by applying 7 () =
rem 10. [

3.2. Error Bounds

To conclude composite generalized Weddle’s rules with the help of newly established

results, we consider a partition of the interval [vy, 7] suchas: P:v; =) < & < 6 < ... <
s =K1 ,and by = ’51“6751' (k=1,2,3---,0 —1), where 0 must be divisible by 6. Then

mlﬂ) / fl T(8)ds = e(A, T) + R\, T,
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where
o—1 . _ 5. . . . .
€</\/ 7-) — ;) (51(+210)A51) [7-((51) + 5)\7-<55z ‘251+1> + 7—<2f51 ‘;51+1>
+7—<5i +25i+1> n 7—<5z‘ +325i+1) . 5AT<5i +:5i+1) N T((SZ-H)} .

where R(A, T) is the error term.
Proposition 2. From Theorem 7, we have
_ o1 AITa+a) 4Nt Ta+20) 7 1N\
ROLT) < B (61 =) { o () * riean (536) ]w ()|
MEGESINE DRSS (1)A] mw}.
T(1+2A) \ 225 T(1+31) \ 150

Proof. To obtain the desired result, we apply Theorem 7 over the subinterval [d;, ;1] and
take the sum fromi =0toi =c¢. O

Proposition 3. From Theorem 8, we have
i 1_'_)\1,1 Z 1’1+1 i 71+1)/\ Iy
& (Ji41 = T(1+ (rn+1)A) \ \ 60 20
(1+A) G 1 A
( T(1+21) < |T |2+(36 (8i1) >]
1
T(1+A) ([ 1 Aoy (11 2
S (&) e+ (5 i )1 )
1+)\7’1 l (1’1+1))\+ 3 (1’1+1)/\
(14 (r1+1)A) (30) (15)
T(141) 1 .
(F(1+2A >|TA |2+< >|T i) )]
1
r1+2) . 7
r<1+zA><< ) e (4 ) i) )1 )
1_’_)”,1 r1+1 1 Yl-'rl)/\
T(1+4 (rn +1)A) ( ) (6)
1
T(1+A) 7 . 2
(F(1+2A )'TA |2+< > Gr1) )]
1
)

m« ) TN + (55 |T<z+1>'z)] )}

3=

+

+

+

+

+

1 1 _
whereﬁ%—afl.

Proof. To obtain the desired result, we apply Theorem 8 over the subinterval [J;, ;1] and
take the sum fromi =0toi=0c. O
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3.3. Applications to Probability

Let p : [11,%1] — [0,1]* be a probability density mapping over convex set X. Then
cumulative distribution is demonstrated as

PR(X < x1) = Bi(k1) = g [ PO)@O)A.

(14+A) Jy
Utilizing the fact that
1 1

EMX :7/ 5 p(5)(d6)

(X) TOED) oy p(6)(dd)
K

EMX) = #p) — — / "EL(6)(d0).

K1 —V1 Jiyy

Proposition 4. Considering Theorem 7, we have

1 2 Sv1 + K1 2v1 + 11 A V1 + K1
‘(20))\ {Pm(vl) +5 Pr/\( 3 > +PrA< 3 + 6" Pry 5

vy + 2K v1 + 5K KA—E)\(X)
+P7’/\( 3 > +5AP1’/\<6 ) +P7’/\(K1):| — 7(11(1 —1/1))‘
A

T(1+A) (4\' T(1+21) /1
S(Kl_l/l)/\{ M(ﬁ) +M<15()) ]p(yl)l
F(1+A) (14\" T@a+20) /1 \*
" r(1+22\)(225) _IW(m) ]|P(K1)|}-

Proof. We conclude this result employing probability density function on Theorem 7. [

Remark 1. By using the proposed inequalities, we can prove several bounds for generalized expected
values and moments.

e Itis a known fact that various definite integrals cannot be evaluated through ana-
lytical techniques neither in classical nor in Yang local fractional calculus. They are
approximated through Newton-Cotes schemes. In the aforementioned sections, we
have provided the error bounds of definite integrals approximated through general-
ized Weddle’s incorporated with various classes of mappings. Our results provide
the upper bounds of error terms for first-order local differentiable mapping. Addi-
tionally, from these bounds one can compute the upper bounds of definite integrals.
For this, we apply Theorem 7 for T (x) = exp(x?%) over [0,2] with « = 1. Then we
get —10.2302 < f02 exp(x?)dx < 22.8469. Note that this bound can be refined by
increasing the order of differentiability. Through the application of our proposed
inequalities, one can establish the bounds and relation between special functions like
g-digamma function, modified Bessel functions and Beta functions. For further detail,
consult [29-31].

e  Adopting the technique of [32], several new iterative methods to solve non-linear
equations can be obtained. To discuss the convergence and dynamic analysis of
proposed methods will be a new challenge for researchers.

e Also by following the technique of the papers [33,34] on our proposed results and
generalized Hilbert transform defined in [35], various estimates for Hilbert transform
can be investigated through the utilization of diverse function classes.
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4. Conclusions

In this manuscript, we have presented the error analysis of Weddle’s procedure in the
framework of Yang fractal calculus. Our approach involved the generation of inequalities
through a local differentiable identity, generalized convexity, bounded mapping, and
Lipschitz mapping. Our results unify what already exists in the literature. The confirmation
of inequalities has been provided through various simulations. It is an interesting and
new problem; we hope the new researchers will explore its implications across various
mathematical domains. One can explore the generalized fractional calculus approach within
fractal domain through other general classes of convexity especially strong convexity. In the
future, we will also focus on tight bounds of fractal inequalities utilizing diverse function
classes of convexity. Another interesting problem is the construction of error inequalities of
general Newton—Cotes schemes up to seven points leveraging the fractal calculus.
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Abstract

In this study, we introduce and rigorously formalize the notion of (P, m)-superquadratic
stochastic processes, representing a novel and far-reaching generalization of classical
convex stochastic processes. By exploring their intrinsic structural characteristics, we
establish advanced Jensen and Hermite-Hadamard (H.H)-type inequalities within the
mean-square stochastic calculus framework. Furthermore, we extend these inequalities
to their fractional counterparts via stochastic Riemann-Liouville (RL) fractional integrals,
thereby enriching the analytical machinery available for fractional stochastic analysis. The
theoretical findings are comprehensively validated through graphical visualizations and
detailed tabular illustrations, constructed from diverse numerical examples to highlight
the behavior and accuracy of the proposed results. Beyond their theoretical depth, the
developed framework is applied to information theory, where we introduce new classes of
stochastic divergence measures. The proposed results significantly refine the approximation
of stochastic and fractional stochastic differential equations governed by convex stochastic
processes, thereby enhancing the precision, stability, and applicability of existing stochastic
models. To ensure reproducibility and computational transparency, all graph-generation
commands, numerical procedures, and execution times are provided, offering a complete
and verifiable reference for future research in stochastic and fractional inequality theory.

Keywords: mean-square stochastic RL fractional integrals; (P, m)-superquadratic stochastic
process; Jensen’s inequality; H.H's inequality; stochastic divergence; RIL fractional stochastic
H.H-divergence

MSC: 26D15; 94A17; 26 A33; 26 A51; 26D10; 60G05; 94A15

1. Introduction

The mathematical notion of convexity occupies a pivotal role in engineering and
mathematics, as it supports a wide range of theoretical and applied phenomena. The
core of convex analysis are convex sets and convex functions that are essential tools in
simplifying very complicated systems and optimizing complex mathematical models. By
virtue of their well-behaved nature, especially the fact that there is a global minimum
problems in convex functions become much easier to handle, and hence are central in
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optimization. Besides its interest for its own sake as pure mathematics, convexity has deep
implications in most fields like control theory, economics, and systems engineering. In
control theory, for instance, convexity guarantees that the designs for systems are stable
and robust over a wide range of operating conditions. In economics, convexity also plays
a role in the description of consumer preferences and analysis of market behavior, hence
enabling efficient decision-making and resource allocation. It is interesting to note that
convexity has practical applications in addition to being a theoretical or academic idea.
Convex structures are frequently encountered by engineers and practitioners who are
attempting to maximise system performance in order to increase operational efficiency and
dependability. Convex functions are essential to integral inequalities, which may be the
most aesthetically beautiful use of convexity. In mathematical analysis, integral inequalities
are essential, particularly when it comes to bounding or approximating integral values.
The H.H inequality, which gives estimates of the average value of a convex function over a
specified interval, is one of the most significant of these [1-3]. The topic is a rich and potent
area of current mathematics research because of the relationship between convexity and
integral-type inequalities.

Fractional calculus that generalizes classical calculus to non-integer order derivatives
and integrals has emerged as a hot topic in recent years due to its ability to model systems
with memory and with hereditary characteristics. It emerges as a valuable tool in physics,
engineering, and even perhaps surprisingly in computer science [4]. Its increasing relevance
is not only restricted to practical sciences; fractional calculus has also been instrumental
in the building of inequality theory. Fractional integral inequality is now a favorite and
rapidly developing field of research in recent years. Sarikaya et al. [5] added an important
contribution by using the RIL fractional integrals framework to establish the generalized
H.H inequality. Their research enhanced the mathematical techniques employed in dy-
namic systems analysis and the theory of inequality analysis by creating tighter bounds in
analytical terms and greater understanding of the behavior of convex functions. Recent
studies also broadened this field with new methods for fractional integral operators and
inequalities. Ndpoles-Valdés and Bayraktar in 2025 [6], explored Caputo-weighted integrals
and their uses, citing the potential to generalize traditional results and refine analytical
procedures in fractional frameworks. Similarly, Guzman and Népoles-Valdés in 2025 [7],
explored HL.H-type fractional integral inequalities, formulating new bounds and extensions
that close the gap between classic analysis and modern fractional theory. These advances in
their entirety enrich the knowledge of the structural features and uses of fractional integral
inequalities in mathematics analysis and applied sciences.

After the landmark discovery of the HLH inequalities for the RIL fractional inte-
grals, important advances have been made in extending H.H-type inequalities to sev-
eral fractional integral definitions. Researchers have explored these inequalities in the
context of numerous fractional operators, including the generalized proportional frac-
tional integrals [8], Sarikaya fractional integrals [9], Katugampola fractional integrals [10],
k-fractional integrals [11], ¢-RIL-fractional integrals [12], (k — p)-fractional integrals [13],
generalized RIL-fractional integrals [14] and conformable fractional integrals [15]. Along-
side these developments, a wide array of inequalities of fractional order has also been
established, reflecting the growing depth and diversity of the field. These include fractal
Hadamard-Mercer-type inequalities [16], Simpson-type inequalities [17], Euler-Maclaurin-
type inequalities [18], Bullen-type inequalities [19], and Ostrowski-type inequalities [20],
among others. For readers seeking a comprehensive overview of recent advancements in
fractional integral inequalities, several up-to-date contributions are recommended, such
as those found in [21-23] and the references therein.
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A collection of random variables parameterized by time or space describing the
change of a system under uncertainty is referred to as a stochastic process in statistics and
probability theory. They characterize the apparently random change of a system, often over
different time or space separations. The term “stochastic” qualifies processes that occur
at unpredictable or irregular rates. Stochastic processes can be used to simulate random
change over time in systems. For instance, there are many random parameters that may
result in fluctuations of bacterial growth, but long-term forecasting is not impossible. Just
as thermal noise within electrical systems produces random changes in voltage or current,
such apparently random behavior can be represented by simple stochastic processes, and
these can offer insight into the behavior of the system.

Physicists and mathematicians have traditionally used stochastic processes as mathe-
matical models to describe a wide range of phenomena, including changes in population in
ecosystems, randomly diffusing gas molecules, and stock price fluctuation. Stochastic mod-
els, which have many uses in research and engineering, can often be used to model these
processes and other elements like molecular interactions whenever there is unpredictability.
They mimic population dynamics or the emergence of diseases in biology, and they depict
systems based on the mobility of various molecules in physics. The importance of stochastic
processes lies in their ability to systematically explain systems that behave randomly. They
are vital in domains where randomness or particular results at every stage are critical, such
as computer science, data transfer, cryptography, and signal processing. They are therefore
essential for conducting research and resolving practical issues. Scientists and engineers
are able to forecast future trends, optimize systems, and design solutions that consider
environmental uncertainties by numerically simulating these processes. System state pre-
diction, data compression algorithms, and secure communication through cryptography
are other significant applications. Recent developments in fractional stochastic processes
provide a strong foundation for our study. Jiang and Miao [24] examined anomalous
stochastic processes via generalized fractional calculus, offering models for non-classical
diffusion behavior. Sahebi Fard et al. [25] introduced a financial market model using the
y-Caputo fractional derivative, effectively capturing memory and hereditary effects in
market dynamics. Guidoum et al. [26] analyzed fractional and higher-order moments of
stochastic differential equations, highlighting the behavior of moments under fractional
dynamics. These works collectively illustrate the breadth and applicability of fractional
stochastic modeling.

Convex stochastic processes, which generalize the concept of classical convex func-
tions to stochastic processes systems including randomness were initially introduced by
Nikodem [27] in 1980. Further, he found that such stochastic processes exhibit a number
of properties similar to classical convex functions. The Jensen convex mapping, central to
the theory of inequalities, is one such useful tool in this respect. A number of crucial in-
equalities can be obtained from this mapping, and their applicability to stochastic processes
was demonstrated by Skowronski [28] in 1992. Expanding on these concepts, Kotrys [29]
showed that, in particular, for convex stochastic processes, the upper and lower bounds
of the H.H inequality may be found using integral operators. Kotrys’s work showed how
the HLH inequality, an important result in convex analysis, could be adapted for stochastic
processes. There have been a great many papers in the literature over the last few years on
all sorts of convexity for stochastic processes. Okur et al. [30] used the idea of p-convexity,
which is a particular kind of convexity, to construct the H.H inequality for stochastic pro-
cesses. Erhan [31] made a further contribution by building these inequalities with the use
of another version of convexity called s-convexity. Budak et al. [32] generalised the work
of other academics by presenting these inequalities using the concept of h-convexity. As
mentioned in the sources [33-35], there have been many research investigating different
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kinds of convexity for individuals who are interested in the most recent developments
in stochastic processes. Further broadening the applicability of these mathematical ideas,
Tung in [36] made a substantial contribution by developing the Ostrowski-type inequality
particularly for h-convex functions. Zhao et al. [37] have connected inequality to interval
mathematics, putting these inequality within the context of interval analysis. Using interval
analysis as a foundation, Afzal et al. [38] presented the notion of stochastic processes before
the end of 2022. They also created new versions of the Jensen and H.H inequalities that
are particularly designed for stochastic processes, fusing these two mathematical ideas
in an innovative way. A novel mathematical framework called the (m, 11, hp)-G-convex
stochastic process was presented by Eliecer et al. [39]. It incorporates functions /11 and h;
together with a parameter m to extend classical convexity to stochastic processes. By this
approach, they were able to establish some inequalities associated with stochastic analysis.
By utilizing fractional operators in order to use fractional calculus on the (m, k1, hp)-convex
stochastic process, Cortez [40] generalized this work and obtained more inequalities. These
developments strengthen mathematical models in many disciplines through the power of
estimating systems subject to fractional dynamics and uncertainty. Hafiz [41] discussed
the applications of fractional calculus to stochastic processes, paving the way for modeling
stochastic processes reliant on memory. Kotrys [42] extended classical inequalities such
as Jensen, H.H, and Fejér inequalities to strongly convex stochastic processes, providing
vital information regarding probabilistic convexity theory. Further advances were made
by Agahi and Babakhani [43], who introduced fractional-order forms of Jensen and H.H
inequalities for convex stochastic processes to make them more effective in stochastic
modeling fields. Fu et al. [44] subsequently investigated n-polynomial convex stochastic
processes and presented H.H-type inequalities for such functions, which determined the
domain of stochastic optimization and uncertainty modeling. The work in general stresses
the importance of convexity in stochastic situations and its use in mathematical inequalities,
probability theory, and optimization in practice.

Superquadraticity gives tighter and more reliable bounds than ordinary convexity, con-
siderably enhancing integral inequality theory. This is extremely welcomed in applications
of applied mathematics, where a better approximation means increased model accuracy,
and for optimisation tasks, where boundary estimate quality decides the optimum solution.
Thus, superquadraticity broadens the theory basis of inequality structures and enhances
their applicability. It effectively presents a robust analytical foundation for the development
and use of integral inequalities in a wide range of mathematical and applied problems.

The concept of superquadraticity extending the traditional convexity was first intro-
duced by Abramovich et al. [45]. This initial work prepared the ground for a wider analyti-
cal framework that could provide tighter inequalities compared to those obtained from reg-
ular convex functions. Abramovich and co-authors [46] later introduced a formal definition
for superquadratic functions together with essential theoretical observations that further en-
hanced the understanding of this function class. Working from this basis, Li and Chen [47]
took the theory further by applying the fractional view of H.H-type inequalities through
RL fractional integrals, representing a huge step beyond superquadraticity to the world of
fractional calculus. More was done by Alomari et al. [48], who brought about the concept of
h-superquadraticity, studied their structural properties and defined a new subclass within
the larger family. In a valuable work in interval analysis and generalized function the-
ory, Khan and Butt [49] introduced cr-order interval-valued superquadratic functions and
their fractional counterparts, emphasizing their applicability through multiple illustrations.
Following this endeavor, Khan et al. [50] introduced the (P, m)-superquadratic function,
an even broader concept that includes examples, fundamental characteristics, integral
inequalities, and real-world applications, thus enriching superquadraticity’s functional
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atmosphere. Continuing their exploration of information-theoretic applications, Butt and
Khan [51] developed information inequalities for superquadratic functions using the tools
of interval calculus, connecting functional inequalities with measures of information. A
foundational theoretical advance was made by Bani¢ et al. [52], who refined classical in-
equalities and solidified the theoretical underpinnings of superquadratic functions, paving
the way for future researchs in the study of superquadratic stochastic processes.

In the aforementioned, we have discussed several well-known stochastic extensions
of convexity, such as convex stochastic processes, p-convex, s-convex, h-convex, (m, 1y, hp)-
G-convex, and n-polynomial convex stochastic processes, each providing generalizations
within the convexity framework. However, the recently developed concept of (P, m)-
superquadraticity serves as a refinement of convexity, offering significantly sharper bounds
than those obtained from the classical and modern variants of convexity. Despite its strong
potential, neither a stochastic formulation of (P, m)-superquadraticity nor its fractional
counterpart has appeared in the literature. To fill this gap, the present work introduces the
new class of (P, m)-superquadratic stochastic processes, establishes their key properties,
develops Jensen-type and H.H-type inequalities of integer order, and further generalizes
them to fractional H.H-type inequalities via stochastic RL fractional integrals. Moreover,
we provide the first applications of this new class in information theory, demonstrating
its analytical strength and broad applicability beyond the traditional convexity-based
stochastic models.

The paragraph that follows provides an explanation of the paper’s structure:

Following the review of the required background knowledge and pertinent data
regarding convexity, superquadraticity, convex stochastic processes and their inequalities
in Sections 1 and 2, we use 2D and 3D graphical representations to analyze the stochastic
version of superquadraticity and their features. More importantly, in Section 3, we develop
new Jensen’s and H.H-type inequalities. Then, in Section 4, Inequalities of H.H-type are
obtained in fractional form. To evaluate the effectiveness of the results, examples and
graphic descriptions of the findings are also taken into account. How the findings may
be used to information theory is covered in Section 5. In the final section, Section 6, a
clear and concise conclusion is drawn, accompanied by an overview of potential future
developments inspired by the current work.

2. Preliminaries

The terms of significance for fractional integrals, convexity, and superquadraticity are
defined in this section along with the associated inequalities.

Definition 1 ([3]). Let the function ¥ : [Z/IO, Vo] C R — R be a convex then
Y(By1+ (1= By2) < p¥(y1) + (1 —B)¥(y2), 1)
is valid for every y1, y2 € [Uo, Vo|, and p € [0,1].

The H.H's inequality is a fundamental mathematical result that establishes both lower
and upper bounds for mean values. In inequality theory, it is among the first types of
inequality to use convex functions. For error calculations that use numerical integration,
such as the trapezoidal and midpoint formulae, this inequality is an essential tool. This
well-known finding is defined as follows.
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Theorem 1 ([3]). H.H's inequality states that if the function ¥ : 1 C R — R, is convex in
J C R, where V, > U,. The following statement satisfies:

Y<u0+vo)< 124 /vow(y)dyg‘lf(uo)wf(vo) o)

2 Vo — 2 ’
V Uy, Vo €7.

Definition 2. RL-fractional integrals with order B > 0 with U, > 0 are defined as

¥ 0) = £ fo =30 ¥y (3> 1),
and
¥ 0) = 1 [ o=y O, (5 <)

The notations 350+‘I’(y) and Jﬁo,T(y) are the left and right sided operators. Where I is a stated
as gamma function and given by T(B) = [ yoP~te Yodys.

Definition 3. A function ¥ : [0,00) — R is superquadratic, if

¥(yo) = ¥(y) + & (yo —y) + ¥(lyo —yl), ®3)
holds for every y, > 0, €y € R, where y > 0 and &y is a constant.
Remark 1. If the inequality (3) is reversed then ¥ is called subquadratic.

As an example, we may use ¥(y) = y¥. The function ¥ is superquadratic for y > 0
and k > 2, but subquadratic for 0 < k < 2. Let ¢y = 1<yqu in this instance. Atk = 2,
equality is also preserved in (3).

More precisely, any randomly chosen superquadratic function meets the three supple-
mentary conditions outlined in Lemma 1:

Lemma 1. Let ¥ : [0,00) — R be a superquadratic function, then

. ¥(0)<o.
e Provided that ¥ is differentiable at y > 0 and satisfies ¥(0) = ¥/(0) = 0, it follows that
Y'(y) = ¢y.

e IfYis positive and ¥ (0) = ¥'(0) = 0 on (0, 00), then ¥ is convex.
Two major inequalities that contribute to the growth and development of su-
perquadraticity are inequalities of Jensen’s and H.H's types, which are the most significant

and frequently applied results.

Theorem 2 ([46]). Let ¥: ] C [0, 0o[— R be a superquadratic then
n n
> B (yi) = ¥(F) + ) B¥(lyi -5 @
i=1 i=1

holds for all B; € (0,1) and y; > 0, wherey =Y 1, Biyi, and Y; i = 1.

Bani¢ et al. [52] contributed to the field of superquadraticity by formulating the
following HL.H-type inequalities.
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Theorem 3. Let ¥: | C [0, 00[— R be a superquadratic on | = [Uy, V,] then

Up + Vo 1w Up + Vs 1 W
() et f (- s gt f, o
Y(U,) +¥(V, 1 Vo
< T )‘o;o—uo)z/o (Vo =y)¥(y —Uo) + (y —U)¥ (Vo = y)ldy. (5)

The line of support concept of superquadraticity is defined in Definition 3. In the
following, we offer an additional definition.

Definition 4 ([45]). Let ¥: ] C [0, c0o— R be a superquadratic function then

Y((1-B)y1+By2) < (1-B)¥(y1) +BY¥(y2) — BY((1 - B)ly1 — y2l)
—(1=B)¥(Blyr — y2l), (6)

holds for every B € (0,1) and yq,y2 > 0.

Remark 2. Subquadraticity of the function ¥ corresponds to the reversal of the inequality sign
in (6).

Theorem 4 ([47]). Let¥: ] C [0, 0o[— R be a superquadratic function on | = Uy, V,| then

U, +V, B Vo (1Uy+V, - _
‘F( 2 >+2(Vo—uo)ﬁ U ‘Y(‘ 2 _XD((V“_Y)/% =)y
< M(IZDJ(VO) +10 ¥ (Uy))
Y(U,) +¥ (V) p Vo y — U Vo —y
< LTI L (55 o=+ (5= )y —w)
X ((Vo _}’)1371 + (Y_UO)ﬁil)dY/ (7)

where IZJ’ and Iﬁu_ are given in Definition 2.

Definition 5 ([50]). A function¥ : ] C R — R is called (P, m)-superquadratic on | = [0, k] for
k>0andm € [0,1]; if

Y(BUy +m(1 = p)Vo) < B[Y(Us) —F((1 = B)|Uo — Vol)]
+m(1—B)[Y (Vo) =¥ (Blts — Vo|)],

holds for any Uy, V, € J and B € [0,1]. ¥ is defined as a (P, m)-subquadratic function whenever its
negation —Y satisfies the (P, m)-superquadratic condition.

Definition 6 ([27]). A mapping ¥ : [T — R is considered a random variable if it is A-measurable.
1t is defined on the probability space (T],2, P), where I denotes the set of all possible outcomes, A
is a o-algebra representing the collection of measurable events (subsets of [1), and P is a probability
measure that assigns probabilities to these events.

Example 1. [magine a coin toss in which [] = {H = Head, T = Tail}, 2 includes complete
subsets of [, and P assigns a probability of 3 to each conceivable circumstance. So, ¥ (T) = 1 and
Y (H) = 0 would be the definitions of a random variable Y.

Definition 7 ([27]). If forally € ], ¥(y, -) is a random variable, then a map ¥ : | x [T — R is
called a stochastic process.
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Example 2. Think about taking daily readings of the temperature at noon for a week. ] can
represent all possible weather conditions in this instance, | = {1,2,...,7} represents each day of
the week, and ¥ (y, w) gives the temperature on day 'y, provided that w is met. As a random variable,
Y (y, ) for each fixed day y shows how the temperature varies under different meteorological
conditions. Temperature variation over time, as influenced by changes in vy, is modeled by the
stochastic process ¥ (y, -).

Definition 8 ([27]). A stochastic process ¥ : | x [T — R, is called to be continuous on | C R, if

for every k € ], we have
P—lim¥(y,-) =¥k, -).
y—k

The notation P-lim is used to represent convergence in probability within a probability space.

Definition 9 ([27]). A stochastic process ¥ : ] x [T — R, is called to be mean-square continuous
on | C R, if for every k € ], we have

lim E[(¥(y,") — ¥(k,1)?] =0.
y%

Where the random variable’s expectation is represented by E[¥ (y, -)].

Remark 3. Probability continuity is obviously shown by mean-square continuity, while the con-
trary is not true.

Definition 10 ([27]). A stochastic process¥ : J x T]T — R is called to be mean-square differentiable
on | C Ratk, ifa random variable ¥ : | x T[] — R is given. This means that:

¥(k, ) =P lim 20~ ¥k
y—k y—k

7

Definition 11 ([27]). A stochastic process ¥ : | x [T — R, is called to be mean-square integrable
on ] C R, ifforeveryy € J, with E[¥(y,-)?] < oo, [y1,y2] CJ,y1 =ko <k <kp...<
kn = yo, partitions [y1,y2], and y; € [ki_q,k;],Vi=1,...,n then

lim E

n—00

n 2
(Z%‘P(Yi, )(ki —kio1) — S(')> ] =0.

It indicates that the stochastic process’s mean-square integral is S : | x [T — R, and it may be

expressed as
Y2
S() = [ ¥y )ay ®

1

Remark 4. The mean-square continuity of the stochastic process Y is sufficient to ensure the
existence of the mean-square integral.

Remark 5. It asserts that if ¥(y,-) < S(y,-) forall y € [y1,y2], then the following holds:

/yz‘l’(y, dy < /yz S(y, -)dy. )
Y1 Y1
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Lemma 2 ([29]). Let a stochastic process ¥ : ] x T] — R be defined by ¥(y,-) = A(-)y + B(+),
where A,B : [T — R are such that E(A%?) < co and E(B?) < co. If [y1,y2] C ], then the
following holds:

. 2,2
L ¥y = AP 4 BO) 2 - y), (10)

1

where A and B denote random variables.

Definition 12 ([29]). We define a process ¥ : | x [T — 3 to be convex stochastic on | C R if, for
every B € [0, 1], the following condition is satisfied:

Y (BU + (1= B)Vo, ") < BY (U, ) + (1= B)F¥( Vs, ), (11)

forany Uy, V, € J.

If B = L is chosen in (11), the process ¥ is referred to as Jensen convex. Furthermore, if ¥
exhibits convexity, then its negation —Y is regarded as a concave stochastic process. For more
interesting characteristics, the reader is referred to [28].

Lemma 3 ([28]). Ify1,y2 € Jo and y1 < ya, then the following inequalities hold.
FLyr) < ¥ilyu) < ¥lyz ) < ¥ilya, ) (12)
where ¥',, and ¥'_, are the right and left derivatives of Y.

Theorem 5 ([28]). It states that if a convex stochastic process ¥ : ] x [T — R is mean-square
continuous and satisfies Jensen’s convexity on |, then the following inequalities holds

2 Y2 = Y1 /n 2

for every yi,y2 € |

Definition 13 ([41]). Let ¥ : ] x [T — R be a stochastic process satisfying the conditions stated
in Definition 11. Then, the mean-square stochastic RIL fractional integrals of order & > 0, denoted
by I, s and I}, _, are defined for ¥ as follows.

L, +[¥](y) = r(la) /y(y —5)" ¥ (s, )ds, y > U,

0

and

B 0) = g ) a9 e s,y <

3. Analysis of Integral Inequalities Involving (P, m)-Superquadratic
Stochastic Processes

In this section, we begin by introducing the definition of an (P, m)-superquadratic
stochastic process, which generalizes the concept of an (P, m)-convex stochastic process.
This generalization allows for the development of more refined results. Based on this
definition, we investigate its properties and establish associated integral inequalities.
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Definition 14. Let Y : | x [T — R be a (P, m)-superquadratic stochastic process over | = [0,k],
Where k > 0 for m € [0,1] then

Y (BUy +m(1—B)Vo, ) < [¥(Uo,-) —F((1 = B) Vo —Uol, )]
Fm[¥(Vo,) —F(BIVo — Ul )], (14)

holds for every B € [0,1] and Uy, V, € ].

Ifg= % is chosen in (14), then the process ¥ is termed as Jensen-(P, m)-superquadratic.
If the process ¥ is classified as (P, m)-superquadratic, then —VY is then termed as (P, m)-
subquadratic stochastic process.

Example 3. A process ¥: [2,00] x [] — R defined by ¥(y,-) = y* for k > 2 is a (P, m)-
superquadratic stochastic process for every m € [0, 1]. The graphs in Figure 1 illustrate the validity
of Definition 14 via the process ¥ considering different values of the parameters that go into it. Let
R and L denote the right and left sides of the expression (14) respectively. It has been shown in the
in Figure 1 that pink color represents the right term of the Definition 14 while black color represents
the left term of the Definition 14. We noticed that for various values of the parameters m, U, and V,
and B, the pink color always occurs above the black color. It implies that the Definition 14 holds true.

™ 25 [

|

[ i [

@
T
1
1
1
1
1
1
1
1
mFT AT -—"T--—-Tt---r---r--Fr

Lio__l___L___1

0.8 1.0 0.0 0.2 0.4 0.6

=}
=
=}
ha
=
IS
=
m
Lot
|
-
=

(0)

Figure 1. Graphical illustration of Definition 14. (a) m, U, and V, are fixed, while  varies such
thatm = 0.2, U, =3, V, =4and B € [0,1]. (b) B, U, and V), are fixed, while m varies such that
B=05U=3,V,=4and m € [0,1]. (¢) U, and V), are fixed, while B and m vary such that U, = 3,
Vo =4,p € [0,1] and m € [0,1]. (d) U, and V, vary, while B and m are fixed such that U, € [3,3.4],
Vo € [35,4],=05and m =0.7.

Next, we investigate the core properties that define and characterize (P, m)-superquadratic
stochastic processes.
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Proposition 1. If ¥y, ¥, : [0, k] x [T — R are (P, m)-superquadratic stochastic processes, then
Y1+ Yo and Y, where r > 0 are (P, m)-superquadratic stochastic processes.

Proof. Let ¥ and Y, be (P, m)-superquadratic stochastic processes, we have

lIrl(rguo —|—m(1 - /3)Vo, ) < (Tl(um ) _Tl((1 - ,B)Wo —Z/{0|, )) +m(‘Y1(V0,~)
_Tl(ﬁwo —U0|,-)),

and

¥ (Blo +m(1 = B)Vo, ) < (F2(Uo, ) — ¥2((1 = B) Vo — Uol,-)) +m(¥2(Vo, )
—¥2(BVo —Us|,")),

now

(¥1+¥2) (Blho + m(1 = )V, ) = ¥1(BUo + m(1 = B)Vo, ) + Y2 (BUs + m(1 = B)Vs, ")
< ($2Uor) — 2((1 = BVe — o] ) +m(¥1(Var) — 1 B1Vo —th], )

+ (Y2(Uo,-) = ¥2((1 = B)[Vo —Uol,)) + m(¥2(Vo, ) — Y2 (B[Vo —Uol,-))

= ((Y1+¥2)(Uo,-) = (F1 +¥2)((1 = B) Vo — Uol,-))

+m((¥1+¥2) Vo, ) — (F1+¥2) (BIVo — U, ).

Thus we have

+m((¥1 +¥2)(Vo, ) — (Y1 + ¥2) (BVo — U], ). (15)

(Y14 ¥2) (BUs +m(1 = B)Vs,-) < ((F1+¥2) (Uo,-) — (Y1 +F2) (1 = B)|Vo — Uol,-))

Similarly

¥ (BUy, +m(1 - B)V,, )
<1((YUo, ) =¥ (1= B)Vo = Uo|, ) +m(¥ Vo, ) = Y (BVo —Uol,-)))
= (YU, -) =¥ (1= B) Vo —Usl|,-)) + m(r¥ Vo, ) — ¥ (B|Vo — Usl, -)).

Thus we have

r¥ (BUy +m(1 = B)Vo,-) < ((r¥ (Uo, ) — ¥ ((1 = B)[Vo — Uol,*))
+m(rY Vo, ) —r¥(B|Vo —Us|,)). (16)

Therefore, (15) and (16) jointly imply that both ¥ + ¥ and r¥ satisfy the definition of
m-superquadratic stochastic processes. [J

Proposition 2. Let ¥1, ¥, : [0,k] x [T — R be the (P, m)-superquadratic stochastic processes,
then ¥ (y, -) = max{¥1(y,-), Y2(y, -) } is a (P, m)-superquadratic stochastic process.

Proof. Since one derives that
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Y (BUy + m(1 = B)Vo, ")

= max{¥1(BUs + m(1 — B)Vo, "), ¥2(BUo + m(1 = B)V,, ")}

< max{[¥Y1(Up,-) = ¥1((1 = B) Vo — Uo|, )] + m[¥1(Vo,-) — ¥Y1(B[Vo — Uo], )],

[¥2(Uo, ") = ¥2((1 = B)[Vo — Usl, )] + m[¥2(Vo, ) — Y2 (B[Vo —Uo|, )]}

< [max{¥1(Uo, ), ¥2(Uo, ") } — max{¥1((1 — B)[Vo — Uo|,-), ¥2((1 = B)[Vo — Uol, ) }]
+m[max{¥1(Vo,"), ¥Y2(Vo, )} — max{¥1(B|Vo —Uo|,-), ¥2(B[Vo — Uo|,)}]

= [¥YUo, ") = ¥((1 = B) Vo —Uo|, )] + m[FT (Vo) = F(B|Vo — Uol|, )] (17)

Consequently, ¥(y, -) is a (P, m)-superquadratic stochastic process. [J

Theorem 6. Let ¥ : [0,k] x [T — R be a (P, m)-superquadratic stochastic process and y1 < ya <
ya forall y1,y2,y3 € [0,K], then

Y(y1,- 1 Y(ys, - 1
Flya) 0| _ ( (})’1 ) . (Y;a( )7 | -
0 1] = ‘I’( Yz;}:;s(};;m) ) ) 1 g (’ (mysmxiﬁ yo| ) 1
holds, for every m € [0, 1].
Proof. Let the stochastic process ¥ is a (P, m)-superquadratic, then
¥(By +m(1 = B)yo, ) < (¥(y,) =¥ (1= B)ly —yol, "))
+m(¥(yo, ) =¥ (Bly —yol,-))- (19)
Setting
y2 = By +m(l = f)yo. (20)
Next putting y = y; and y, = y3 in (20), we get
y2 = Byr +m(1 - pys.
= p= 3T Y2
mys —yi
Substituting y = y1,y, = y3 and p = zg:gf in (19), we get
(y2 = y1)(y3 —y1) )}
b4 a S Y 7)) Y 7"
(v2) < ¥, -y (| D200
mys —Yy1
It implies that
[‘I’(y1, 3y Y(‘ (y2 = y1)(ys —y1) )}
my3 —yi
(mys — y2)(y3 = y1) ﬂ
+m|¥(ys,, ) —F L —%¥(yp,-) > 0. 21
¥y, -y (a2l (v2,) e

127



Fractal Fract. 2025, 9, 771

Inequality (21) can be written as follows

Y(y1,) 1 ¥(ys ) 1 (ya,-) 0
1}:( (y2=y1) (ya=y1) ,,> | T T(‘(mya—yz)_(ys—yﬂ ’,) il 21 % I+ @
my3—y1 my3-y1

Hence this concludes the proof. []

Next we provide the proof of an inequality of Jensen’s type for (P, m)-superquadratic
stochastic processes.

Theorem 7. Let ¥ : [0,k] x [T — R be a (P, m)-superquadratic stochastic process then

n
Y(Z%ﬁm-) Zm" “f( ) Zm” I‘P(‘ Zflnyll ) (23)
1=
holds Yy1,...,yn € [0,K], B1,..., Bn > 0, such that Y.} ; B; = 1, wherem € [0, 1].
Proof. We prove this result by using the principle of mathematical induction, therefore by

ml) () (e R1)

Which reflects the Definition 14. Thus the statement (23) is true for n = 2.
Next we assuming the validity of (23) for n — 1, it follows that:

) =g

taking n = 2 in (23), we have

¥ (B1y1 +Bay2, ) < ¥y ) — <l31

Z Biyi

mnlz

) , (24)

mnlz mnlz

(Em) < (i

now let us prove that (23) is valid for n.

‘P(gﬁiyi,-)— (ﬁnwmﬁzﬁy’ ).

where g = Y /31, then it implies that

n

(Zﬁ}’z/)<‘1’yn, +m1f<lzll( th)
_‘I’<,8yn—nz<f$> ) mY(

using (24) in (25), then we obtain
g (

)
L) e
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n
=Y m"'Y (
i=1

_ imnql}r vio\ imnfﬁf yi i Biyi
T4 ] X ~ mn—i * mnr—i
1= 1= =

-1

- y By Biyi

m w(\n@—m';_z L (E=)))
1
n —1
() = Tey(| 2 -
=
mn—n.{,<’ Yo PBnyn 7“&{ ( Biyi ) )
mi—1n mh—n = mt—i )|

mﬂ i ia mﬂ 1

mn—nqu Yn Z ( ﬁyz )

mi’l—}’l = ml’l i

mn—!
Hence the proof. [

Theorem 8. The following statements are true for m € [0,1] and ¥ Uy, V,, ¢, € [0,K] and
pel01]

1. Y € Sm[0,K]|, where Sy [0,k|=Set of (P, m)-superquadratic stochastic processes.

2. The process Y holds the result given below:

F(Bilho+ (1— 1)V, ) < ¥ (U, ) —T((l ~polu

en(r(5) (o 21)

3. For B1+ B2 =1, the process Y holds the inequality given below:

W

m

W

)

F(Billy + Vo, ) < ¥y, ) — ¥ (ﬁz

en(r(5) vloke-2h)
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4. ForU, < ¢y <V, the inequality given below holds:

1 T(um ) ( |Z’{0 B E ’ ) 1
—1 m|(¥(%,) - uuo—a,»)} 0| >o.
0 Y(co, ) 1

Proof. It is straightforward that (1) < (2) < (3) and (3) < (4). Since U, < ¢, <V, there
exists a scalar B1 € [0,1] such that ¢, = B1ly + B2Vo = B1lho + (1 — B1)V,. Consequently,
the following results can be established.

Y(co, ) =Y(Brlho + B2Vo, ) =¥ (Brlho + (1 = P1) V0, ") = ‘I’(ﬁﬂ/lo Fm(l - ﬂl)%’ >

v 1)) 2 ) o2 )
Since it follows that
1 YUy, ) —¥((1—py) yuo—a,) 1
—01 m(¥(%,) T(C(O/f?)luo w=l) (1)
—¥(th, )~ ¥ (- p) o~ 2|+
(x5 o) 0
Hence, (4) is satisfied (4) = (1). In view of the assumption
¥ (U, ) T((151) % ) +m(‘1’(11)
¥ (pife - 22| )) - ¥w <0,
it can be applied to
(e, ) = ¥(Brldy + (1 1)V, )
(et w2 2) o)

Hence the proof. O

Next we offer the H.H's inequality for (P, m)-superquadratic stochastic processes.
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Theorem 9. Let ¥: [Uy, Yo] x [T — R be a mean-square integrable (P, m)-superquadratic stochas-
tic process, then

U, +v, 1+m Vo Uy + Vo) — (m+ 1)y
‘I"< > .>+Vo /0 ‘I"( T L+ |dy
1 Vo d d
<
—Vo—uo{/o ¥y ) y+m/ y,)y}

<) em{r(2) () +v ()

vt b (o))

e (| ) e ([P )
emty(|O R ) )

holds ¥ Uy, V, > 0and m € (0,1).

Proof. Since Y is a (P, m)-superquadratic stochastic process therefore we have

0 0 1 [
(7)) =72 (3)(5)) = (v -v(h - 5}))
Yo 1 Yo
(o) ¥ B}
Replacing y by fU, + (1 — B)V, and y, by BV, + (1 — B)U, in (27), we get.

T(uo ;L Vo > <Y(BU + (1~ B)Vo, ") +m‘F<W’ >

) 28)
After mean-square integration of (28) w.r.t § over [0, 1], we have

P2 ) < [y 0 g g m [y (BB
—(1+m) /()11?(‘ (14 m)UoB+ Vol — B)) — (Uo + Vo)

= - )dp.
It implies after change of variables and simple calculations that

MQ+V0 1 Vo
‘F( 5 ,'>§V0_uo{/ Yy, - dy+m/ Y/)d}’}
Vo
1+m/ Y(‘(UO+V°> (m—i—l)y")dy'

Vo — U Ju 2m
(Up+ V) — (m+1)y
2m

(L+m)Uop+Vo(1—B)) — (Uo + Vo)
2m

- (1+m)‘I’<’

Thus

Z/[0+Vo 1+m Vo
*(*5 ’>+vo—ua/u T( )
<1 " ¥y, ) )d 29

Since Y is an (P, m)-superquadratic stochastic process, it follows that
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m

co(uemi-n(Z)) (-0t ().
<t -+ (o )) (o () (5752 )
(e () )) (o) (eonl5)

integrating (30) w.r.t § over [0,1] and after simple calculation and change of variables

¥ (BUy + (1— B) Vo, *) +m‘{’<'BVO+(1_'B)uO/ )

we get

Vs 1% { /Mv ¥y, )dy + m/;“ Ty, -)dy}
vty emr (G o x () v (G )}
AV (rvering b

B (e e D (=i

ey (|l Y} -

mz (Vo - z/lo)
Combining (29) and (31), we get what we want. [

Corollary 1. When the inequality in (26) is reversed, it gives rise to an inequality of H.H-type
characterizing (P,m)-subquadratic stochastic processes.

To verify Theorem 9, we present the following example involving (P,m)-superquadratic
stochastic process.

Example 4. Consider the same process as given in Example 3, then we have the Figure 2a,b given
by Figure 2, depict the right, middle and left terms, which are denoted by R, M and L respectively
for Theorem 9.

7000 ! : ! !
m L M R 6000
0.1 | 2573.33 | 18,809.1 | 5.34x10°
0.2 | 276.909 | 2372.04 | 169,857 5000
0.3 | 72.4611 | 719.63 | 23,361.5
0.4 | 30.056 317.4 5984.62
0.5 | 17.9503 | 174.162 | 2195.01 3000
0.6 | 14.0841 | 110.849 1022.4
0.7 | 12.9429 | 78.6475 | 564.916 2000
0.8 | 12.7918 60.57 354.138

4000

09 | 12.9999 | 49.6485 | 244109 | 9% ,
1.0 | 133151 | 42.6653 | 180.865 o :
U.IO 0.I2 O.I4 UIG EIB
(a) (b)

Figure 2. Graphical and numerical description of ¥ = y3 via Theorem 9 for U, = 3,V, = 4 and
m € (0.1,1.0). (a) Numerical description of Theorem 9. (b) Graphical description of Theorem 9.
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In the aforementioned Example 4, the graph consists of three colors: pink, black
and red. Pink, black and red stands for the right, middle and right terms of Theorem 9,
respectively. It is obvious from Theorem 9 that right term is always greater than the middle
and middle term is greater than the left term, therefore the graph’s pink color always
occur above the black, and black always occur above the red color for various values of the
parameters involved in it. This graphically confirms that the established result is true.

4. H.H Type Inequalities for (P, m)-Superquadratic Stochastic Processes:
A Fractional Calculus Approach

This section is devoted to deriving fractional analogues of the H.IH inequalities via RIL
fractional operators.

Theorem 10. Let ¥: [Uy, X2] x [T — R be a mean-square integrable (P, m)-superquadratic

m
stochastic process, then

Uo+Vo

up + Vo 2(1+m)a 2 a1 Uy + V) — (m+1)y

Y( 2 7 > " (Vo — Uy )" /Uo Vo—y)* ¥ 2m o )y
F(1+“) o o~ MO

< TR . Ly 2.

< W i) 3, Y (Vo, ) +m 3% ¥ o

o onlo () o) (3}
e U o (e )

e (| R ) e ([P )

+m2q,(’ (y =Uo) (Vo — mlhy) ))dy} (32)

mz(VO - Z/lg)
holds for all Uy, V, > 0and m € (0,1).

Proof. Let the process ¥, satisfying the conditions of (P, m)-superquadratic stochastic
process, suggest that

(055 ()(5) =015
cm((2) (-2 ), 33)

Replacing y with U4, + (1 — B)V, and y, with BV, + (1 — B)U, in (33), we obtain the follow-

ing
T(uo er Vo > <Y(BlU + (1~ B)Vo, ") +m‘F<W’ >
(1+m)‘1f<’(1+m)(u°ﬁ+v°2(1_’3)) — Uy + Vo) ) (34

Multiplying (34) by f*~! and then integrating it via 8 over [0, 1], we have
‘BVO + (1 — ﬁ)u",-)dﬁ

1T<uo+vo
[ m

2 ) = ./: BN (BUy + (1= ) Vo, -)dp +m'/(;1 IBoc—hY(

,->d,3,

2m

! m o Y B B 0 0
) | ﬁahy(‘m )UoP + Vo1 = B)) — Uo + Vo)
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it implies that

\y<” erv > < (vlu){/ (Vo —y)* ¥ (y,)dy +m" /z;n <Y_Z$>M‘I’(y,->dy}

(VH;)/ SR T((Z/{+V) (m+1)y‘,,)dy,

2m
thus
() g (e te )
—OJC,F—((XL)lO)“ 3+ ¥ (Vo, ) +m* JFO Y(i{nﬂ (35)

again as Y is a (P, m)-superquadratic stochastic process, then we have

¥ (BUo + (1= P)Vo, ) + m\f(fw_ﬁ)uo )
(

oaea-a(2) ) o (15 w(5))
(AP (o) )
)
)) (36)

(o)
+m? (w(&) —‘I’((l —p)| Y
Multiplying (36) by ! and then integrating it via § over [0, 1], we have
[+ (- v, [t (PRI P g
< [ (v - ¥ (@ - p)| MR ) Yap
oo 1 () (o] )
b ) e
e [Cpt ()~ (- ) ™2 ) Y )
It implies that
| L ey ety e [ (5= w0
si‘l’(u )+% {‘I’(fn >+‘Y(Z£>+‘I’<:§>}
)

“wmar U o ()

()
()
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thus

r(“) n K~ Z/lO
m jung‘Y(Vo") +m J%,T a,'

b ol () () oo ()

“wa U o ([

e (| (TR ) e (| T )
e (O Jay) e

The proof is completed by merging inequalities (35) and (39). O

Corollary 2. The fractional inequalities of H.H-type for (P, m)-subquadratic stochastic processes
are obtained by applying RL fractional integral operators, provided that the inequalities in (32)
are reversed.

Corollary 3. The HL.H type inequalities for (P, m)-superquadratic stochastic process are obtained
by taking « = 1 in (32).

Theorem 11. Let ¥: [U,, %] x [T — R be a mean-square integrable (P, m)-superquadratic
stochastic process, then

T(1+«) { 1
2(m+1) | (mV, —U,)
m,-lmuo)a (35, - ¥ (mlo, ) + 37, ¥ (Vo, ))}
< (‘P(UOI ) + T(VOI ))

: (/mvo(mvv —Y)H(\P(’ (mV, = y) (Vo — Us)

x (jZ{O+T(mVo, ) + j?nV()f‘F(Z/Ig, ))

+

C2(mV, — Up)® \ i, mV, — Uy
(| ) )
o=t~ ([ ))
(|20 Jap) @)

holds for all Uy, V, > 0and m € (0,1).

Proof. Suppose that the process ¥ exhibits (P, m)-superquadraticity, then

Y(BUy +m(1— B)V,, ) < ¥(Up, ) —Y((1—B)|Vo —Ul,)
+m(T(V0") 7T(;B|VO 71/[0‘/'))/ (41)

and

Y((1—B)Us +mPBYy,-) < ¥ (U, ) — ¥ (B|Vo —Usl,-)
+m(T(V0/')_‘P((l_ﬁ)‘vo—uoL'))- (42)
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Adding inequalities (41) and (42), we arrive at the following result:

Y(BU, + m(1—B)V,, ) +¥((1 = B)Uy +mpBV,, )

<Y (Uo, ) =¥((1=B) Vo —Uol, ) +m(¥(Vo, ) = ¥ (BVo —Uol,-))

+ ¥ (Uo, ) =¥ (BIVo —Uo|, ) + m(Y(Vo,-) =¥ (1= B)[Vo — Uol, "))

= 2% (Up, ) +2m¥ (Vo) — (1+m) (F(BVo —Us|, ) + F((1 = B)[Vo —Uol, ). (43)

The inequality (43) is multiplied by g*~! and integrating via  over [0, 1], so we then
attain that

/01 B (BUy + m(1— B)Vy, )dB + /01 B (1 — Uy + mBVe,-)dp
<2 [ (H WU )+ mY (V)8
— ) ([ IV -+ [ (L BV~ Ul dp),

it implies that

v =y ey [ (- )y

Up

< (2% (U, -) +2mF(V,, )
__e(ltm) ( /m"o (mV, — y)-1 (11,(‘ (Vo —y) (Vo — Uo)

(mVy —Up)* \ Jui, mV, — U,
S
thus
e {8 Y, ) 438, (W) b < (¥ )+ m¥ (V)
st (. ey (v ([ )
g oy

Likewise, there are

F(BVo +m(1— B)Uo, ) < ¥ (Vo,-) — F((1— B)|Vo — Uol, )
+m(111(u01') 7‘{!(:3“}071/{0'/'))/ (47)

and
Y((1—B)Vo+mpPUy,-) <Y¥Y(Vo, ) —F¥(BIVo —Us|,")
+m(‘I’(L{0,-)—‘I’((l—lB)|V0—Z,{0|,~)). (48)

Adding inequalities (47) and (48), we derive:

‘P(,BVO +m(1— ﬁ)uo/ ) +F((1 - ,B)Vo +mpU, )
<2¥(Vo, ) +2m¥ (U, -) — (L+m) (F(BIVo — Uo|, ) +F((1 = B)|Vo —Uol,-))), (49)

136



Fractal Fract. 2025, 9, 771

the inequality (49) is multiplied by %! and integrating via B over [0, 1], we then attain that
BBV 1 B Y+ [ B B)Ve + mply, )8
< 2/01 BN (Y Vo, o) + m¥ (Us, ) dp
—rm) ([ R el g+ [ BBV -t i), (60)

it implies that

S o =)y [ =y

mido
/')

< (2¥(Vo, ) +2m¥ (Up, -))
a M(/VO (y — midy)* ! (l}f(‘ (y —mlp) (Vo — Up)

(Vo — mlo)® \ Jmit, Vo — mld
+‘I’<’ (Vo ?»oyi(szu: Uo) ,~>)dﬁ), (51)
thus
S {5 Yl )+ 2 ¥V ) < (F(Uo, ) + ¥ ()
“ a0 ()
+1},( (Ve ;OY)(E;/: Us) ,_))d/;), (52)

The required result is obtained by summing (46) and (52). O

Corollary 4. Under the assumptions of Theorem 11, and by taking « = 1, one arrives at the
following inequality for (P, m)-superquadratic functions.

(m1+1) {mvol— Uy /mVOT(Y")dH ﬁ mjaT(yr')dy} < (YUo,) +¥ Vo, )

8 ) (|0 )] ) )

- 2(mVol—UO) ( /u:nvo (T (’ (mVOHTV};)EVZZO_ “ mV, — U,
st () (2522 ) o)

V, — ml,
Example 5. Consider the same process as given in Example 3, then we have the Figure 3a,b given
by Figure 3, shows the right, middle and left terms, which are denoted by R, M and L respectively
for Theorem 10.

In the aforementioned Example 5, the graph consists of three colors: pink, black
and red. Pink, black and red stand for the right, middle and right terms of Theorem 10,
respectively. It is obvious from Theorem 10 that right term is always greater than the middle
and middle term is greater than the left term, therefore the graph’s pink color always occur
above the black, and black always occur above the red color for various values of the
parameters involved in it. This graphically confirms that the established result is true.
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10,000

L M R

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

5602.88 | 43,793.8 | 5.002 x 10° 8000
606.688 | 5512.50 163,981
173.250 | 1664.12 23,032.6

83.9077 | 727344 | 597539 so0e
57.7168 | 393.750 | 2204.63
485417 | 246296 | 1028.33 4000
45.0282 | 171301 | 567.665
43.6457 | 129.199 | 355.275 2000
431186 | 103.764 | 244.531

42.9375 | 87.5000 181.000 0

(a) ' ' ' (b)

Figure 3. Graphical description of Theorem 10. (a) Numerical description of Theorem 10. (b) Graphi-
cal and numerical description of ¥ = y3 via Theorem (10) for « = 0.6, U, = 3,V, =4and m € [0, 1.0].

5. Implications for Information Theory

Distinguishing between two probability distributions is a fundamental task across
various disciplines, including statistics, information theory and machine. Divergence
measures serve as quantitative tools for assessing the dissimilarity between probability
distributions. Lin [53], in 1991, proposed a novel class of divergence measures derived
from Shannon entropy, a core principle in information theory used to quantify uncertainty
and the informational content within a probability distribution. Lin’s departure provided
a principled, information-theoretic way of measuring distributional discrepancy. Shioya
and Da-te [54] later built on Lin’s contribution by bringing out the H.IH ¥-divergence in
1995. Their development utilized the HLH inequality, a standard mathematical finding
connected with convex functions, to create an extended and more versatile basis. This
breakthrough greatly extended the range of application of divergence measures, allowing
deeper understanding and new applications in the comparative examination of probability
distributions.

For clarity and focus, we restrict ourselves to the definitions that are directly relevant
to the results that follow.

Definition 15 ([55]). Csiszdr Y-divergence is defined as follows:

Dy (pullar) = | qo<y>w(§jg§)du<y>, 0o, € P.

In this context, P represents the collection of all probability densities with respect to a o-finite
measure U, U is assumed to be a nonempty set, and ¥ is a convex function defined over (0, +c0).

2= {boloe 6= Rpo(y) 2 0, [ ply)at(y) =1},

Remark 6. Tnking the function Y as an (P, m)-superquadratic function yields the Csiszdr
Y-divergence for (P, m)-superquadratic function.

Definition 16 ([56]). H.H Y-divergence is denoted and defined as follows:

o(y)

flqo(y) ‘I’(y)dy
Poly) _
(qo(y) 1)

k=3

DY (pol ) = [ au() UY), oo € P. 4
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Definition 17 ([57]). RL fractional H.H Y-divergence is denoted and defined as follows:

po(y)
q90(y)

D(TH) + Oy YO

“Dfp1(pol 90) = [ ao() AUY), oo € P. (55)

Where the Definition 2 provides the fractional operators used in (55).
Remark 7. We obtain (54), if &« = 1 is set in (55).

Definition 18 ([58]). Let ¥ : | x [T — R be a convex stochastic process defined on ] C (0,0),
satisfying the condition ¥ (1,-) = 0. Then, the stochastic divergence associated with p,,q, € P is
defined as follows:

s (ollan) = [ 2ol ¥ (22, ) att(y), posan € P, 560
v 90 (y)

Remark 8. When the convex stochastic process in (56) is substituted with an (P, m)-superquadratic

stochastic process, the resulting expression defines the stochastic divergence for (P, m)-superquadratic

stochastic processes.

Definition 19 ([58]). The stochastic H.H-divergence for p,,qo € P for a convex stochastic process
Y:]xII— Ron] C (0,00) is stated as

o(y)

o(y)
¥ _ L ¥y, )dy
SDy(pollde) = /ZS do(y) (Po(y) B 1) dU(y), po,q0 € P. (57)

b=

9o(y)

Remark 9. We find stochastic H.H-divergence for P-superquadratic stochastic process when P-
superquadratic stochastic process is substituted for convex stochastic process in (57).

Definition 20 ([58]). A convex stochastic process ¥ : | x [T — R, defined onJ C (0, 00) and
satisfies ¥ (1, -) = 0, provides the following definition for the stochastic divergence corresponding to
Po, 9o € P and is called RL fractional stochastic H.H-divergence.

. (5) 10

q0(y)

25 1)

“SDYp(pollao) = T+ 1) [ ao(y) AUy, poro € P. (58)

N

The fractional integral operators appearing in (58) are those provided in Definition 13.

Remark 10. By replacing the convex stochastic process in (58) with an P-superquadratic stochas-
tic process, we derive the RIL fractional stochastic H.H divergence corresponding to the P-
superquadratic case.

Here, we present the proofs of the results pertaining to fractional stochastic H.H-
divergence and stochastic H.H-divergence for P-superquadratic stochastic processes.
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Theorem 12. Let ¥: Uy, ¥2] x [T — R be a mean-square integrable (P, m)-superquadratic
stochastic process, and ¥ (1,.) = 0, then

1 1
D3 ( 30+ gollas) + 11 < 25Dk (pulan) < 25D (ollas) 2 69)

Y Po,qo € P, where

D11 (poll90) =

o( )(2) pz(y)
Wl—/ls(gzgg_o (/1q(Y>‘I’< e

and

S~
/N
k=3
S|
SRS
=
—_
N—
S
»K
<
had
<
=
<
N—
=
Ny
=

qo(y) q0(y)
Po(y) oly) Poly) Po(y)
_'_mqf( do(y) Y)(qo(}’) m) ) +m‘1’( (qu(y) Y)(qu(y) m) )
poly) ! 2(Poly) _ !
m(qa(y) 1) m (qa(y) 1)
(-1 - m
+m2‘I’(’ %(y) w))d}’) dU(y)}
mZ(Po(Y) —1)
qo(y)

holds for all U,,V, > 0 and m € (0,1).

Proof. Consider the H.H's inequalities for (P, m)-superquadratic stochastic processes, from

Theorem 9:
Uy + Vo 1+m [V
b4 . Y < )d
< 2 ’>+vo—uo/u0 ( ’>y
! " gy, ) %‘I’ d
< . .
— VO _Z/IO { /uo (Y’ ) y+m/zg (Y’ ) Y}
S ‘Y(Z/{O/.) +m{‘f<])0/'> +‘II<Z/{0/') +T<1}02/.)}
m m m

U (a2

U +V,) — (m+1)y
2m

e (| ) e ([P )
ety (| ) o)
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Now setting U, = 1, and V, = gg ,in (60), we obtain

y(Bl ) ) e /25\1,< %
24, (y) (& 1) N
(v)

Yo

1 qo qo
< po(y;_l{/l Yy, d}’+m/ Yy, )d}’}

qo(y

ot om0 (3 ) ()
_(pﬂ(y}_l){/lﬁi& <Y<(y (5 - m))
y

(y) tpoly) (m+1)y

2mq,(y) 2m

,->dy

+

do(y) m(qTEyg _1>

Po(y) Poly) Poly)
+m‘1,(<qo<y> ) (e —m) .)erq,((qa(y) gt ~™) )
poly / poy) '
m(gy — b m* (o ~ D
(v = 1) (2 — m)
2 qo(y) .
+mT<‘ m2(2) 1) ’))dy}' ©

Since ¥(1, ) = 0, it follows that:

o(y)
o (y) +po(y) ) 1+m Eo(y) <
b4 L b4
( 20.(y) (1) J

oy

Qo(y) +poly) (m+1)y

2mq,(y) 2m

+

) Po(Y)

¥y ym [y )y

po(y

< 1 /‘qo
- L(Y)_l J1

90(y)

(20 ) ¥ (2 ) ()
(y—-1) (%Eyy; - m)

1 o) ( )
S — ¥
Poly) _ / ( Poly) _
(bt —1) 1 m (0 1)
Po(y) Po(y) Po(y) _ \(Poly)
—i—m‘I’( do(y) y><qo(y) m) ) —i—m‘I’( (qo(y) Y)(qo(y) m) >
poly) ¢ Poly) _ !
m(qo(y) 1) mz(qo(y) 1)
o(y)
—1 —m
+m2‘1’<‘(y Moy =) ,-))dy}. (62)
m2(Po(Y) ~1)
%(Y)

Multiplying both sides of (62) by qo(y) > 0, for all y € U, and integrating the resulting

expression over U, yields:
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2q0(y)
qo(y)(L+m) (155 o (a0(y) Froly)  (m+1)
L (- ) Yo
poly po(y)
< [ 20 ( /;‘“Wi (y, >dy>du<y>+m R (1’"“““ ‘P<,->dy)du<y>
(qo(y) 1) " (qo y) 1) "
<m{ [t (20 Jau) + [ auly)¥ () )
: : 2 (|0~ DR —m)
# (G Juo b= { s (O ()
(qa(y) ) (qa(y) )
PZ(Y) _y)(PZ(Y) —m) (PZ(Y) _y)(PZ(Y) —m)
o) (=)
q0(y) 90 (y)
(y =15 —m)
sorn (2 ).
90(y)

By applying the definitions of stochastic divergence and stochastic H.H-divergence, we
arrive at the desired result. [J

Theorem 13. Let ¥: [Uy, X2] x [T — R be a mean-square integrable (P, m)-superquadratic

m

stochastic process, and ¥ (1,.) = 0, then

1 1
SD‘P(QCIO + jPquo) 2a(1+m)7

T(1+a) T Tt < 2°SDnjipy (pol|a0)

< riar { SDel i) + [ ¥ () ty) + masDy(rul )}
KT

CT(1+a)

Y Po,q0 € P,and a > 0, where

1
“SDfipi (pollt0) = qo(y}[“{j(pom") - ‘Y(/”d ,
Fre1 (ol [0 /Uz(pngyg_ly T ) ) T “
Goly

2m

o o — Po(Y) _
W/‘W<po<y> _y>“ HI,Q(HW)) (m+1)y
1

,->dy du(y),
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and

0 _ Po(y) _
an [ ( /';0252 (2 _y)“ 1@,(’@ DGy —m) )
Po(y) : Poly) _ ’
? (qo(g) _1> 1 () Mgty — 1
po(y) Poly) _ Poly) _ oy (Poly) _
+m\},< (@ Yi()qu) m) > +m\1,< ) Y)( s m) )
Poly) boly) !
m(qo(y) ) mz(qa(y) D)
fl)( o(y)
(|2 Yyt
m?2 (£ — 1)
qo(y)

holds for all Uy, V, > 0and m € (0,1).

Proof. Consider the fractional H.H-type inequalities for (P, m)-superquadratic stochastic
processes, established via RIL integral operators of order & > 0, as presented in Theorem 10

u, + V, 214 m)a [ o Uy + V) — (m+1
) R e A L e e

2m
F(]. +D() jg{ +‘P(Vo,') + O(j —‘F(Zr/ﬁ/>:|

(Vo —Uy)"

<

() () )

Lo )
oS, ) an [
i )

Now setting U, =1, and V, = p“gg in (64), we obtain

T(W) L 2a(l+m) /‘*“ﬁi@ﬁ“ <po<y) _y)al
oy |

O 1+ 90 Eyg) —(m+1)y -)dy
2m !
< e () e, ¥(5)]
y

S‘I’(L-)+m{‘1’<r§;g})’),-> +‘F(;> +‘1f( Po(y)
y

m2q,(y)’ >}
Po

(
0 « _ y)

U ) e )
GV e TR
qoly

Poly) )(PO(Y)_m) (PO(Y)_ )PU(Y)_m)

+mT( % (y) :(y)mw ) +m‘{,( % () Z(y;m(y) )
Mgty — m? (g — 1)

) Jav} (65)
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Given that ¥(1,-) = 0, it follows that:

xy<q<w+p<y> ) L 2em) /%%3:8;3“ <po<y> _y>"“1
2y) )7 (el )"
qo(y)

([ 2
r

qo(y qo(y)
Po(y) — N(Po(y) Po(y) N (Po(y)
+m‘I’( (qn(y) Y)(qu(y) m ) +m‘Y( (qo(y) Y)(QO(Y) m) )
poly) ! 2(Poly) !
Mgy — Y m? (o) —

o}

By multiplying both sides of (66) by q,(y) > 0, where y € U, and integrating the resulting
expression over U, we derive the following;:

1 do(y) + Po(y)
M/U%(Y)‘Y(Zqo(y)w)du(}’)

90 (¥)+po(y) a—1
o byl T (6 )

4o (y)

-l gy U () (g

(qa(y)_1> 1 o gy Y

- ) () —m) ) om( i) (5 —m) )
- TR

(P )

2 _
m?( gy — 1)

Employing the definitions of stochastic divergence, stochastic H.H-divergence and RIL
fractional stochastic H.H-divergence, we obtain the required result. [
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Remark 11. By setting « = 1 in Theorem 13, we recover the result stated in Theorem 12.

5.1. Assumptions Underlying the Study and Their Limitations

This study is built upon a carefully designed set of assumptions that ensure both math-
ematical rigor and practical relevance. The new class of (P,m)-superquadratic stochastic
processes is treated within the context of mean-square continuity, a general but natural
assumption which ensures integrability of the stochastic RL fractional integrals used in
our construction. The random variables and the stochastic processes are assumed to be
square-integrable, thus enhancing the stability and robustness of the theoretical results.
The derivation of more intricate H.H-type inequalities finds its basis in the generalized
convexity through the m-superquadratic requirement, significantly broadening the range
of investigation beyond the conventional techniques based on convexity. Through the use
of RLL operators within fractional extensions, the article opens new doors in stochastic
fractional calculus and provides a sound basis for future investigation with other fractional
operators like Caputo or Hadamard. The methodology through demonstrating its applica-
tion within information theory, namely through the presentation of innovative stochastic
measures of divergence, and thereby highlighting its interdisciplinary importance. To
ensure the theoretical contributions are credible, the paper has informative numerical
examples and accurate visualizations with the computation times specifically noted. To-
gether, these contributions provide a solid foundation for future work and application,
positioning this paper as an important contribution to the new field of stochastic analysis
and applications.

5.2. Complexity and Implementation

In order to justify the theoretical results and verify the applicability of our suggested
framework to (P, m)-superquadratic stochastic processes, we supply numerical benchmarks
for all symbolic calculations and plot outputs. The symbolic procedures employed to create
figures and numerical results for the Jensen-type and HLH inequalities and their fractional
RL counterparts were run using Mathematica 11.3 on a typical computing platform (Intel
Core i7 processor with 16 GB RAM). For illustrative tasks, the measured wall-clock times
varied between about 0.142565 and 5.36818 s, depending on the levels of symbolic inte-
gration and plotting required. In spite of the symbolic character of the procedures, these
findings establish that the calculations remain within efficient and comfortably within
practical limits. To allow complete reproducibility and transparency of computations,
we share a publicly available GitHub repository with the entire Mathematica notebook:
https:/ / github.com/dawoodpk1947 /-P-m--superquadratic-stochastic-processes.git. Fur-
ther, precise timing results can be viewed through: https:/ /github.com/dawoodpk1947/
time-for-P-m--superquadratic-stochastic-processes.git (visited on 10 July 2025), enabling
the users to navigate and replicate the computational steps stepwise.

6. Conclusions

In this work, we first proposed the notion of (P, m)-superquadratic stochastic processes,
which provided a new and mathematically rigorous extension of traditional superquadratic
theories in the context of mean-square stochastic calculus. Through rigorous analysis of
their structural characteristics, we established extended forms of Jensen’s inequality and
H.H inequalities, and then further extended these findings to their fractional analogues
by stochastic RL fractional integrals. These results greatly expand the analytical arsenal
available for fractional stochastic analysis.

The theoretical results were supplemented by well-conceived graphical representa-
tions and tabulated illustrations, confirming both the applicability and the generality of the

145



Fractal Fract. 2025, 9, 771

inequalities suggested. The legitimacy of the framework was also demonstrated further
through novel applications in information theory, specifically in constructing new classes
of stochastic divergence measures.

In order to facilitate reproducibility and computational transparency, all symbolic
procedures, graphical plots, and running times have been well documented and made
publicly available. This work not only contributes to the theoretical development of stochas-
tic inequalities but also opens the door for further investigation in fractional stochastic
processes and their inter-disciplinary applications.

Author Contributions: Conceptualization, S.I.B. and Y.S.; methodology, D.K. and S.I.B.; software, G.J.;
validation, S.I.B., D.K. and Y.S.; formal analysis, D.K.; investigation, G.J. and D.K.; writing—original
draft preparation, D.K.; writing—review and editing, S.I.B. and M. A.; visualization, M. A.; supervision,
Y.S.; project administration, Y.S.; funding acquisition, Y.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data is contained within the article.

Acknowledgments: This work was supported by the Dong-A University research fund. This research
was supported by the Global-Learning Academic Research Institution for Master’s-PhD Students
and Postdocs (LAMP) Program of the National Research Foundation of Korea (NRF) grant funded by
the Ministry of Education (RS-2025-25440216).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Agarwal, P; Dragomir, S.S.; Jleli, M.; Samet, B. (Eds.) Advances in Mathematical Inequalities and Applications; Springer: Singapore,
2018. [CrossRef]

2. Qin, Y. Integral and Discrete Inequalities and Their Applications; Springer International Publishing: Cham, Switzerland; Birkhauser:
Basel, Switzerland, 2016. [CrossRef]

3. Dragomir, S.S.; Pecari¢, J.; Persson, L.E. Some inequalities of Hadamard type. Soochow J. Math. 1995, 21, 335-341.

4. Jayaraj, A.P.; Gounder, K.N.; Rajagopal, ]. Optimizing signal smoothing using HERS algorithm and time fractional diffusion
equation. Expert Syst. Appl. 2024, 238, 122250. [CrossRef]

5. Sarikaya, M.Z.; Set, E.; Yaldiz, H.; Basak, N. Hermite-Hadamard'’s inequalities for fractional integrals and related fractional
inequalities. Math. Comput. Model. 2013, 57, 2403—-2407. [CrossRef]

6.  Ndpoles Valdés, J.E.; Bayraktar, B. Some remarks on Caputo-weighted integrals and applications. In The Fundamentals of Fractional
Calculus; Apple Academic Press: Burlington, ON, Canada , 2025; pp. 228-252.

7. Guzman, PM.; Népoles Valdés, ].E. On fractional integral inequalities of Hermite-Hadamard type. In Recent Developments in
Fractional Calculus: Theory, Applications, and Numerical Simulations; Springer Nature: Cham, Switzerland, 2025; pp. 47-84.

8.  Mumcu, I; Set, E.; Akdemir, A.O.; Jarad, F. New extensions of Hermite-Hadamard inequalities via gener alized proportional
fractional integral. Numer. Meth. Part Differ. Equ. 2024, 40, e22767. [CrossRef]

9. Han, J.E; Mohammed, P.O.; Zeng, H.D. Generalized fractional integral inequalities of Hermite-Hadamard- type for a convex
function. Open Math. 2020, 18, 794-806. [CrossRef]

10. Chen, H.; Katugampola, U.N. Hermite-Hadamard and Hermite-Hadamard-Fejér type inequalities for generalized fractional
integrals. . Math. Anal. Appl. 2017, 446, 1274-1291. [CrossRef]

11. Zafar, F; Mehmood, S.; Asiri, A. Weighted Hermite-Hadamard inequalities for r-times differentiable prein vex functions for
k-fractional integrals. Demonstr. Math. 2023, 56, 20220254 . [CrossRef]

12.  Liu, K;; Wang, ].R.; O’Regan, D. On the Hermite-Hadamard type inequality for ip-Riemann-Liouville fractional integrals via
convex functions. J. Inequal. Appl. 2019, 2019, 27. [CrossRef]

13.  Stojilikovi¢, V.; Ramaswamy, R.; Alshammari, F; Ashour, O.A,; Alghazwani, M.L.H.; Radenovi¢, S. Hermite-Hadamard type
inequalities involving (k — p)-fractional operator for various types of convex functions. Fractal Fract. 2022, 6, 376. [CrossRef]

14. Dragomir, S.S. Hermite-Hadamard type inequalities for generalized Riemann-Liouville fractional integrals of h-convex functions.
Math. Meth. Appl. Sci. 2021, 44, 2364-2380. [CrossRef]

15.  Bohner, M.; Kashuri, A.; Mohammed, P.O.; Ndpoles Valdés, ].E. Hermite-Hadamard-type inequalities for conformable integrals.

Hacet. |. Math. Stat. 2022, 51, 775-786. [CrossRef]

146



Fractal Fract. 2025, 9, 771

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

45.

46.

Butt, S.I; Khan, A. New fractal-fractional parametric inequalities with applications. Chaos Solitons Fractals 2023, 172, 113529.
[CrossRef]

Merad, M.; Meftah, B.; Boulares, H.; Moumen, A.; Bouye, M. Fractional Simpson-like inequalities with parameter for differential
s-tgs-convex functions. Fractal Fract. 2023, 7, 772. [CrossRef]

Hezenci, F. Fractional inequalities of corrected Euler-Maclaurin-type for twice-differentiable functions. Comput. Appl. Math. 2023,
42,92. [CrossRef]

Zhao, D.; Ali, M.A,; Budak, H.; He, Z.Y. Some Bullen-type inequalities for generalized fractional integrals. Fractals 2023, 31,
2340060. [CrossRef]

Rahman, G.; Vivas-Cortez, M.; Yildiz, C.; Samraiz, M.; Mubeen, S.; Yassen, M.E. On the generalization of Ostrowski-type integral
inequalities via fractional integral operators with application to error bounds. Fractal Fract. 2023, 7, 683. [CrossRef]

Saleh, W.; Lakhdari, A.; Kilicman, A.; Frioui, A.; Meftah, B. Some new fractional Hermite-Hadamard type inequalities for functions
with co-ordinated extended (s, m)-prequasiinvex mixed partial derivatives. Alex. Eng. J. 2023, 72, 261-267. [CrossRef]

Zhou, Y.X; Du, T.S. The Simpson-type integral inequalities involving twice local fractional differentiable generalized (s, P)-
convexity and their applications. Fractals 2023, 31, 2350038. [CrossRef]

Atangana, A.; Baleanu, D. New fractional derivatives with non-local and non-singular kernel theory and application to heat
transfer model. Therm. Sci. 2016, 20, 763-769. [CrossRef]

Jiang, J.; Miao, B. A study of anomalous stochastic processes via generalizing fractional calculus. Chaos 2025, 35, 023156. [CrossRef]
Sahebi Fard, H.; Dastranj, E.; Jajarmi, A. A Novel Fractional Stochastic Model Equipped with i-Caputo Fractional Derivative in a
Financial Market. Math. Methods Appl. Sci. 2025, 48, 9653-9661. [CrossRef]

Guidoum, A.C.; Almulhim, FA.; Bassoudi, M.; Boukhetala, K.; Alamari, M.B. Fractional and Higher Integer-Order Moments for
Fractional Stochastic Differential Equations. Symmetry 2025, 17, 665. [CrossRef]

Nikodem, K. On convex stochastic processes. Aequationes Math. 1998, 2, 427—-446. [CrossRef]

Skowronski, A. On some properties of j-convex stochastic processes. Aequationes Math. 1992, 2, 249-258. [CrossRef]

Kotrys, D. Hermite-Hadamard inequality for convex stochastic processes. Aequationes Math. 2012, 83, 143-151. [CrossRef]
Okur, N.; Isgan, I; Dizdar, E.Y. Hermite-Hadamard type inequalities for p-convex stochastic processes. Int. . Optim. Control Theor.
Appl. 2019, 9, 148-153. [CrossRef]

Set, E.; Tomar, M.; Maden, S. Hermite-Hadamard type inequalities for s-convex stochastic processes in the second sense. Turk. J.
Anal. Number Theor. 2014, 2, 202-207. [CrossRef]

Budak, H.; Sarikaya, M.Z. A new Hermite-Hadamard inequality for h-convex stochastic processes. RGMIA Res. Rep. Collect. 2019,
19, 30. [CrossRef]

Barraez, D.; Gonzalez, L.; Merentes, N. On h-convex stochastic processes. Math. Aeterna 2015, 5, 571-581.

Budak, H.; Sarikaya, M.Z. On generalized stochastic fractional integrals and related inequalities. Theor. Appl. 2018, 5, 471-481.
[CrossRef]

Afzal, W.; Abbas, M.; Eldin, S.M.; Khan, Z.A. Some well known inequalities for (h1, h)-convex stochastic process via interval set
inclusion relation. AIMS Math. 2023, 8, 19913-19932. [CrossRef]

Tung, M. Ostrowski-type inequalities via h-convex functions with applications to special means. J. Inequalities Appl. 2013, 2013,
326. [CrossRef]

Zhao, D.; An, T,; Ye, G.; Liu, W. New Jensen and Hermite-Hadamard type inequalities for h-convex interval-valued functions.
J. Inequalities Appl. 2018, 2018, 302. [CrossRef]

Afzal, W.; Botmart, T. Some novel estimates of Jensen and Hermite-Hadamard inequalities for h-Godunova-Levin stochastic
processes. AIMS Math. 2023, 8, 7277-7291. [CrossRef]

Hernandez, J.E.H. On (m, hy, hy)-G-convex dominated stochastic processes. Kragujev. |. Math. 2022, 46, 215-227. [CrossRef]
Vivas-Cortez, ML.J. On (m, hy, hy)-convex stochastic processes using fractional integral operator. Appl. Math. Inform. Sci. 2018, 12,
45-53. [CrossRef]

Hafiz, EM. The fractional calculus for some stochastic processes. Stoch. Anal. Appl. 2004, 22, 507-523. [CrossRef]

Kotrys, D. Remarks on Jensen, Hermite-Hadamard and Fejer inequalities for strongly convex stochastic processes. Math. Aeterna
2015, 5, 104. [CrossRef]

Agahi, H.; Babakhani, A. On fractional stochastic inequalities related to Hermite-Hadamard and Jensen types for convex stochastic
processes. Aequationes Math. 2016, 90, 1035-1043. [CrossRef]

Fu, H.; Saleem, M.S.; Nazeer, W.; Ghafoor, M.; Li, P. On Hermite-Hadamard type inequalities for n-polynomial convex stochastic
processes. AIMS Math. 2021, 6, 6322-6339. [CrossRef]

Abramovich, S.; Jameson, G.; Sinnamon, G. Refining Jensen’s inequality. Bull. Math. Sc. Math. Roum. 2004, 47, 3—-14. Available
online: https:/ /www.jstor.org/stable /43678937 (accessed on 10 July 2025).

Abramovich, S.; Jameson, G.; Sinnamon, G. Inequalities for averages of convex and superquadratic functions. J. Inequal. Pure
Appl. Math. 2004, 5, 1-14.

147



Fractal Fract. 2025, 9, 771

47.

48.
49.

50.

51.

52.

53.
54.

55.

56.

57.
58.

Li, G.; Chen, F. Hermite-Hadamard type inequalities for superquadratic functions via fractional integrals. Abstr. Appl. Anal. 2014,
2014, 851271. [CrossRef]

Alomari, M.W.; Chesneau, C. On h-superquadratic functions. Afrika Mat. 2022, 33, 41. [CrossRef]

Khan, D.; Butt, S.I. Superquadraticity and its fractional perspective via center-radius cr-order relation. Chaos Solitons Fractals 2024,
182, 114821. [CrossRef]

Khan, D.; Butt, S.I; Seol, Y. Analysis of (P, m)-superquadratic function and related fractional integral inequalities with applications.
J. Inequalities Appl. 2024, 2024, 137. [CrossRef]

Butt, S.I; Khan, D. Superquadratic function and its applications in information theory via interval calculus. Chaos Solitons Fractals
2025, 190, 115748. [CrossRef]

Bani¢, S.; Pecari¢, J.; VaroSanec, S. Superquadratic functions and refinements of some classical inequalities. J. Korean Math. Soc.
2008, 45, 513-525. [CrossRef]

Lin, J. Divergence measures based on the Shannon entropy. IEEE Trans. Inf. Theory 1991, 37, 145-151. [CrossRef]

Shioya, H.; Da-Te, T. A generalization of Lin divergence and the derivation of a new information divergence. Electron. Commun.
Jpn. (Part III Fundam. Electron. Sci.) 1995, 78, 34—40. [CrossRef]

Csiszar, I. Information-type measures of difference of probability distributions and indirect observations. Stud. Math. Hungar.
1967, 2, 299-318. [CrossRef]

Basu, A.; Shioya, H.; Park, C. Statistical inference:The minimum distance approach. In Chapman & Hall/CRC Monographs on
Statistics & Applied Probability; CRC Press: Boca Raton, FL, USA, 2011.

Agahi, H.; Yadollahzadeh, M. A generalization of HH f-divergence. J. Comput. Appl. Math. 2018, 343, 309-317. [CrossRef]

Agahi, H.; Yadollahzadeh, M. Some stochastic HH-divergences in information theory. Aequationes Math. 2018, 92, 1051-1059.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

148



ractal and fractional N
® Ll by

Article

New Fractional Hermite-Hadamard-Type Inequalities for
Caputo Derivative and MET-(p, s)-Convex Functions with
Applications

Muhammad Sajid Zahoor !, Amjad Hussain ! and Yuanheng Wang %*

Department of Mathematics, Quaid-Azam University, Islamabad 45320, Pakistan;
sajidzahoor308@gmail.com (M.S.Z.); a.hussain@qau.edu.pk (A.H.)

School of Mathematical Sciences, Zhejiang Normal University, Jinhua 321004, China
Correspondence: yhwang@zjnu.cn

Abstract

This article investigates fractional Hermite-Hadamard integral inequalities through the
framework of Caputo fractional derivatives and MET-(p, s)-convex functions. In partic-
ular, we introduce new modifications to two classical fractional extensions of Hermite—
Hadamard-type inequalities, formulated for both MET-(p, s)-convex functions and loga-
rithmic (p, s)-convex functions. Moreover, we obtain enhancements of inequalities like
the Hermite-Hadamard, midpoint, and Fejér types for two extended convex functions by
employing the Caputo fractional derivative. The research presents a numerical example
with graphical representations to confirm the correctness of the obtained results.

Keywords: fractional integral inequalities; Caputo fractional derivatives; MET-(p, s) con-
vex functions; log (p, s) convex functions; Hermite—Hadamard inequalities
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1. Introduction

Convex functions play important roles in mathematical analysis, including optimiza-
tion theory and numerical integration. Among the many varieties of convex functions,
trigonometric convex functions have drawn a lot of interest because of their intrinsic qual-
ities and uses in a variety of physical and mathematical issues. Refining and improving
the conclusions in these disciplines has been made possible by the study of inequalities
involving such functions, especially fractional integral inequalities. Fractional calculus, a
generalization of classical calculus, involving derivatives and integrals of any order, has
been extensively used in the analysis of convex functions. In fact, such a generalization aims
to become a more general model for the problem and as such is a tool that is available for
estimating and justifying the results of solving problems based on real disciplines in which
the use of calculus is not possible. Therefore, it is very important to use the concept of the
inequalities of fractional integrals and Hermite-Hadamard ones in particular. Inequalities
of this kind play a key role in the estimation of integrals of convex functions, giving numer-
ical estimations for different integral expressions, all of which are necessary for physics,
engineering, and economic disciplines. The Hermite-Hadamard inequality is a basic result
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in convex analysis that provides bounds for the integral of a convex function over a certain
interval. Specifically, if f is convex on [x, y], the Hermite-Hadamard inequality states

f(x;y> < yix./:f(t)dtg f(X);f(y)_

The extension to fractional integrals has only recently become an attractive subject
for researchers. Substantial efforts have been made by numerous authors to formulate the
fractional version of Hermite-Hadamard’s inequality and apply it in the context of convex
functions of various types, including trigonometric ones. For instance, P. O. Mohammed
etal. [1] designed a new type of discrete inequalities of the Hermite-Hadamard type for
convex functions with integro-differential properties that cover trigonometric functions as
special cases. However, the most significant development was the inclusion of fractional
integrals in these inequalities, opening numerous new perspectives for applications in the
field of fractional calculus. In a similar manner, F. X. Chen [2] approached the fractional
generalization of the classical Hermite-Hadamard inequality for convex functions using
fractional integrals. This approach allowed the creation of a broader field for the study of
convex functions, which includes the trigonometric ones and academic methods for solving
fractional calculus for integral inequalities. The importance of these new findings lies in
the fact that modern applications of fractional derivatives or integrals require more precise
limitation of criteria based on the behavior of various systems represented by convex func-
tions. For the most recent discoveries related to the Hermite-Hadamard-type inequality,
the interested reader is directed towards [3-5]. The application of fractional calculus to
derive inequalities in relation to the behavior of convex functions includes broader fields of
investigations beyond conventional Riemann-Liouville fractional integrals. T. Abdeljawad
etal. [6] and G. Rahman et al. [7] have investigated the application of the Caputo fractional
derivative in inequalities, providing new bounds and findings relevant to the theory behind
the convex and trigonometric functions. These types of fractional derivatives provide users
with more opportunities to work with real-life systems with a memory effect, such as
energy consumption or material science. Furthermore, fractional calculus assisted in the
development of inequalities that feature Fejer-Hadamard inequalities, which are typically
associated with the Hermite-Hadamard inequalities (e.g., see [8]). G. Farid et al. [9] used
these inequalities in the framework of fractional derivatives, resulting in new findings
concerning convex functions. The researchers managed to include fractional integrals in
the study, which helps in broadening the field of application of such inequalities and their
validity over various issues associated with the study of trigonometric functions. Current
researches in fractional integral inequalities allow users to formulate new strategies and
approaches to study complex cases in fields involving mathematical modeling, optimiza-
tion, and numerical integration. Moreover, these advanced methodologies have enormous
influence on the development and enhancement of numerical quadrature of the exemplary
apparatus of convex functions and other approximate techniques such as trigonometric
ones. For example, M. Samraiz et al. [10] and R. S. Ali et al. [11] used fractional-type
inequalities to develop various new quadrature as a new worthy estimate of the integral
with convex functions.

The fractional Hermite-Hadamard-type inequality is a new area of research that
has recently been attracting much attention because it describes non-local dynamics and
memory-dependent processes in mathematical models. Classical convexity concepts have
been developed to various generalized settings such as logarithmic and exponential con-
vexity, but in practice, more flexible function classes are needed as well to model examples
with hybrid growth and oscillatory behavior. The natural generalization which can account
for both exponential and oscillatory phenomena for a wide range of its applications in
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engineering, physics, reliability theory and mathematical programming is the modified
exponential trigonometric (p, s)-convexity. Though Caputo fractional derivatives have
attracted more and more attention, to the best of our knowledge, there are no complete
Hermite-Hadamard-type inequalities for MET-(p, s)-convex and log-(p, s)-convex func-
tions in a higher-dimensional case under Caputo operators. This inspires us to consider new
fractional integral inequalities which gather advanced classes of convexity with non-local
fractional operators. The author overcomes this deficit by introducing new (Hermite—
Hadamard-type) inequalities with the use of Caputo derivative for MET-(p, s)-convex
and log-(p, s)-convex functions as well as providing motivation for their applications to
engineering problems.

2. Preliminaries

This section contains the materials and basic definitions on which this paper is based.
The standard definition of a convex function is stated as follows [12]:

Definition 1. A function f : I C R — R is said to be convex if it fulfills the inequality
ftar + (1= H)by) < tf(a1) + (1 =) f(br), @
where ay,by € Land t € [0,1].

Among the most significant generalizations there is s-convexity, introduced in [13]
as follows:

Definition 2 (s-convex function). For some fixed s € (0,1], a function f : [0,00) — R is said to
be s-convex in the second sense if

fltar + (1= 1)by) < £ far) + (1= )°f(b1), ©)
holds for all ay,by € [0,00) and t € [0,1].

Definition 3 (p-convex set [14]). If ] C (0,00) is a real interval and p € R\ {0}, then it is said
to be a p-convex set if

[ta;? + (1 — t)blp]% €] forallay, by € Jand t € [0,1]. 3)

Definition 4 (p-convex function [14]). Let ] C (0,00) be a real interval and p € R\ {0}. A
function f : | — R is said to be a p-convex function if

1
f([ta1p+(1—t)b1”]lﬂ> < tf(ar) + (1 - Df(by), @
forall ay,by € Jand t € [0,1]. If the inequality in (4) is reversed, then f is said to be p-concave.

Definition 5 (trigonometrically convex function [15]). A non-negative function f : I C R —
R is called a trigonometrically convex function on the interval 1, if for each a1, by € Tand t € [0,1],

f(tay + (1 —t)by) < sin(27tt) f(aq) + cos(27t) f(by). 5)
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Definition 6 (exponential trigonometric convex function [16]). A function f : ] CR — R s
defined as an exponential trigonometric convex function if

cos (%t

f(tar+ (1 —=t)by) < Sir:,l(_%)f(al) + T)f(bl)r (6)
forevery t € [0,1] and ay,by € L.

Definition 7 (modified exponential trigonometric convex function [17]). Let f: I C R —
Ry The function f is called a modified exponential trigonometric convex function if for every
a1,by € Land t € [0, 1], the following inequality holds:

f(tay + (1 —1)by) < sin(?)e(l_t)f(m) + cos(?)etf(bl). )

Definition 8 ([18]). Let p # 0and 0 < s < 1. A function f : (0,00) — R is said to be
(p, s)-convex in the second sense if, for all a,by € (0.00) and t € [0, 1], the inequality

(0ot + (=08 ) < o) + (1= 1) ®)
holds.
Example 1. Let f : (0,00) — [0, 00) be defined by
flx) =2, p>0,
and let 0 < s < 1. Then, f is (p,s)-convex in the second sense.

Definition 9 ([19-21]). Let f € L[a, b]. Then, the left-sided and right-sided Riemann—Liouville
fractional integrals of order & > 0 with a > 0 and a < x < b are defined as follows, respectively:

Bf) = g [ -0 f 0 x>0 ©)
b
I f(x) = r(lw)/x (t—x) L) dt, x<b, (10)

where T'(+) is the Gamma function.

These operators extend the classical integral to arbitrary real orders and are funda-
mental in fractional calculus.

Properties of Riemann—Liouville Fractional Integral

1. Linearity: [19,22] For x,y € R, the Riemann-Liouville fractional integral satisfies

I (xf+yg) = xIg f +yl3. g,

and similarly for I .
2. Reduction to the classical integral: [20,22] For « = 1, the Riemann-Liouville fractional
integral reduces to the standard first-order integral:

x b
LS = [ f0a, B_fe = [ fa
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3.  Identity property: [19,23] In the limiting sense,

lim [, f(x) = f(x),  lim Iy f(x) = f(x),

a—0F a—07T

for almost every x € (a,b).
4. Semigroup property: [19,20] For &, B > 0, the following composition rule holds:

+ +
g (0f) =1iPr (1 f) = 1Pr.
5. Action on power functions: [19,22] For > —1, one has

@ _ _I(p+1) @
Ly (x—a)l = W(X—“)H ,

with an analogous expression for the right-sided operator.
6. Differentiation rule: [20,23] If the derivative exists, then

TS =B, ws o,

and

21 f) = - ),

7.  Fractional integration by parts: [19,22] For suitable functions f and g, the following
identity holds:

[ s@a= [ fx) (1g) (x)

Definition 10 ([19,21,24]). For u > 0, u ¢ N, withm = |u| +1, m € N, f € Clay, b1] and
a; < x < by, the Caputo fractional derivatives of order y for the left and right sides are defined

as follows:
DI F(x) = Foy [ = 0" 0 an
where x > a1, and
by
Dl fx) = gy . (=0 0 12

where x < by, respectively.

3. Main Results

Firstly, we will introduce a new class of convex functions which is a new version of the
modified exponential trigonometric convex function known as the modified exponential
trigonometric (p,s)-convex function (i.e., MET-(p, s)-convex function).

Definition 11 (MET-(p, s)-convex function). A function f : I C R — R is called an MET-
(p,s)-convex function if for every p € R\ {0} and s € (0,1], then

f((talp—i— (1—t)b1p)il’> < sm< ;) (1-1)° f(a1) +cos<7;t)etsf(b1), (13)

where t € [0,1] and a1,by € L.
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Graphical Validation of the MET-(p, s)-Convex Function

Example 2. Numerical analysis of the MET-(p,s)-convex function inequality for f(x) = e* with
parameters a; =1, by € [4,6], p =1, and s = 1 demonstrates that the inequality holds across all
t € [0,1], with equality at the boundaries t = 0 and t = 1, as evidenced by the close alignment of
the left-hand side (LHS) and right-hand side (RHS) in Figure 1.

E g 8

Valua
5 8 8 8 8

(a) (b)

Figure 1. The 2D and 3D graphs for f(x) = e* are presented in figure (a) and (b) respectively.

Two-Dimensional Visualization Insights: The 2D plot (Figure 1a) illustrates the behavior
of the LHS, e, and RHS, esin(rtt/2)e! ™t + ¢® cos(mt/2)e!, revealing that the RHS consis-
tently dominates the LHS for t € [0, 1], with the largest discrepancy occurring around t = 0.5,
confirming the robustness of the inequality for large by.

Three-Dimensional Surface Analysis: A 3D surface plot (Figure 1b) over t € [0,1],a1 =1
and by € [4,6] highlights the exponential growth of both the LHS, e!*(1=%1 and RHS, driven by
the e cos(rct/2)e! term, with the RHS surface surpassing the LHS for by € [4,6].

Example 3. Let f be a mapping defined on real numbers by f(x) = x2; then, fis an MET-(p, s)-
convex function (see Figure 2).

(a) (b)

Figure 2. The 2D and 3D graphs for f(x) = x? and choice of parameters a; = 1,b; =2,p = 2,5 = 0.5
and t € [0, 1] are presented in figure (a) and (b) respectively.

In this section, we present advancements in fractional integral inequalities involving
MET-(p, s)-convex functions and Caputo fractional derivatives.

Theorem 1. Suppose that f : [ay,b)] C R — R is a function such that f™) € Clay,by],
m=[u]+1,meNand0 < ay < by. If f") is a MET- (p, s)-convex function, then with respect
to the Caputo fractional derivative, the following holds for every p € R\ {0} and s € (0,1]:

S

I(m—p+1) {CDg’”pf(’")(af)
1

N|—
~—

1
f(m)(ﬂl””lp)” o wel
2 - ﬁ(bf—ai’)m—ﬂ

+(=1)™ CDZ%”pf(m)(bf)} <26 x

2
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where yu > 0.

Proof. As f(") is a MET-(p, s)-convex function, then for xy,y; € [a1, b1], we obtain

£ (12%) < = U6+ ) 15
Put ! = aal + (1 - a)b! and y! = (1 —a)al +ab! Va € [0,1]; then, Equation (15)
becomes
b h (l)s 1
f(m)(al—; 1>p < e\;{f(m) <aa1 (1—06)bp) +f <(1_“)“f+“bf>p]'

Multiplying both sides by a” #~! and integrating « over [0, 1] yields

ﬂm)(“f;bf)”/olw—u—lda < ei}z)UOl(f( ) (aa? + (1 — w)bd) P a1 da

1
+ / F((1 = a)al + abl) P )aF . (16)
After making some suitable substitutions, we obtained the following result:

(m) +bp PeG)S
() <

b
+ (=" 1f(m)(v)(vp - af)mﬂlvpldv].
m

b
[ L () (bF — uPymr =1y
a

This implies that

1 1)?
f(m) af + bf 14 < pE(Z) r(m — I/l + 1) C ’,[ upf(m (ﬁ )
) = -y |

p
D ). (17)
Now, for the second part of the inequality,

sin 7T

£ e + (1) S 00 ) S o), (18)
and
£ 0+ (1~ a)al)F < ST l1 o o) 1 ST ) ), ()

by adding (18) and (19), we get

£ )(““14'(1—04)19;7)% f(m)(abf+(1—zx)af)% < {

SIN7TX (q_,\s = COSTIX s
Te(l %) +26"‘5] X

[f“") (a1) + f00 (m)] . (20)
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Since « € [0,1] and s € (0,1], then Sin%e(l_"‘)s + CosTRT < V2e(2)°, and
Equation (20) becomes

ﬂ%mla—wmifwm%<meﬁs¢ﬂwpwwwfwmﬁ
Multiplying both sides by a”#~1 and integrating a over [0, 1] yields
1 1

/0 " HLE) (b 4 (1 — )bl rda + /O " HLEO) (0P 4 (1 — a)al) P da

< ﬂ&ffww4mvmwﬂﬂm@%

By using the same procedure as used in the above inequality, we get

=

pe( ) F(m_y_l'l) CD}‘upf(m)( 1) + ( 1)mCDVupf(m (bl’):|

V2(b] — alym=n
+ ) (b)
5 ! ] (21)

2821*5 [f(m)(al)

Combining (17) and (21), we get the required inequality. [J

Corollary 1. Under the assumptions of Theorem 1, if we take p = 1 and s = 1, then we obtain the
fractional integral inequality for the modified exponential trigonometric convex function:

m +b r( —u+1 m
£ )<“1 : 1> < \/E(bz‘”_ a]:)m—iz {CDZ‘l_f( )(a1)

(=) Dl O ()}gze(f(m)(’”)

+ £ (by)
. 1 ) (22)

Theorem 2. Suppose that f : [ay,b] C R — R is a function such that f"™) € Clay,by],

m=[u]+1,meNand 0 < a; < by. If f") is a MET-(p, s)-convex function, then with respect
to the Caputo fractional derivative, the following holds for every p € R\ {0} and s € (0,1]:

() (9 0] ; Zm*”Pe(%)SNm—ﬂJrl) C pypi? (m) (pP

—= _ +
: V2] = ) (a;ubi“)’l“
7

+ (~1mCprH’

1
ai’ +lvf P
2

Proof. Since f™ is a MET-(p, s)-convex function, then for x1,y; € [a1,b1], we have

fmmﬂgyuvwwwvwm>

ay

where yu > 0.

Py (3)
Nwﬁz%)Si@Umeme» @y
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Put x| = %al + 25207 and y¥ = 25%" + 401 Va € [0,1],
Equation (24) becomes

PNy L(3)
m (MO et [y (& p 2—a
() = b (345

m—pu—1

1)]+f < B! R b”)l].

Multiplying both sides by « and integrating a over [0, 1] yields

py L 1)
e A T R
o [ (B o) . 25)

After making some suitable substitutions, we obtained the following result:

1 (m) af+bf % meﬂpe(%)b by ) ) B
m—n! ( 2 > = W[/ FO () (b7 — Py 1ty
1
PP

1
Vof P
2
1
a +b1

+ (_1)m/a1< i )Vf(’”)(v)(vp—af)m"107"1010}

This implies that

N mpy,(3)
(m) a1+b1>n - 2m=Fpe\2) T(m—pu+1) {CDV;W (m) (P
! ( 2 T V2 —a)mr (,,+bp>%*f )
1
2

+ (~ymepr

%

PP

(a1+b1>
2

Now, for the second part of the inequality,

_fm (a’f)} . (26)

1 . s s
£ (gai’ -0 1)l < S () 00 ay) 4 TR (8) f ), )
and
1 . s )¢
o (o0 + 2500 )" < SRR ) 4 TS ), o)

by adding (27) and (28), we get

1 . . .
) f(m)( ZZWQT)P < [smmxe(zza) +cos7wce(%) } "

f(m)<2”1

[ﬂ"” (a1) + ) <bl>] : (29)
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Since & € [0,1] and s € (0, 1], then Si‘}%e(%) + %e(%) < V/2e(2) Equation (29)
becomes

1 1
2— a 2— P s
f<’“>(§ai’+ z“bi’)p+f<m)(§bi’+ fﬂf)”sﬁe@ lf(’”)(ale(m)(bl)]-

Multiplying both sides by a”~#~! and integrating & over [0, 1],

1 1
_ v 1 _ » .
Zzabf)pda + / txmﬂlf(m)<;bf+2 aaf>pd¢x§ V2e(2) x
0

1
m—u—1 ¢(m) & p
/0 o f <2a1 + 5

[f“") (m) + f““)(bl)] /01 a"

By using the same procedure as used in the above inequality, we get

1 S
Zm’Vpe(f) I(m—pu+1) {C P ( C iisuiP
D" (8] 4 (<1 CDP £ ah)
V2(b] —afym# PP | ' Y. ’ !
e (9
215 [ £ (a1) + £ (by)

<2 5 ] (30)

i

Combining (26) and (30), we get the required inequality. [

Corollary 2. Under the assumptions of Theorem 2, if we take p = 1 and s = 1, then we obtain the
Caputo fractional integral inequality for modified exponential trigonometric convex function:

fom(ath <\f2’”‘”F(m—y+1)
2 V2 (bp—a)mH

+(=1)"CD L, (a)

<a1+b1 )
2

CD# +f(m)(b1)

a1+by
2

SNGIELICT

(31)

Definition 12. We assume that

1K™ = sup [h™(x)],

xe[“lrbl]

where h : [a1,b1] — Ris such that h € Clay, by].
We also introduce the following convolution f  h of the functions f and h, in the context of
Caputo fractional derivatives:

cprit! p :; S P — pym—p=1 g(m) (4py,(m) () pp—1
Dy (f xh)(xF) o= 70) ./ul(x tP) FUm (YR (1) P e,
where x > a1, and
Cpit (=)™ b — =1 £(m) ()7, (m) () $p—1
DY (F ) () = o2 [ — ) n O (e 1) ¢,
X

where x < by, respectively.
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Lemma 1 ([9]). For 0 < u <1, we have
lart = by"| < (by —ap)P.

Lemma 2 ([25]). Let f : [ay,by] — R, a; < by be such that f € Clay, by]. If f") is symmetric
to @; then, the inequality for fractional Caputo derivatives holds:

D} . f(b1) = (~1)" D}, f(ar) = 3[°DL. f(br) + (~1)"D} f(m)).

Theorem 3. Let f : [a1,by] — R such that f(") € Clay, by]. Also let f") be a +ve and MET-

(p, s)-convex function on [a1,by], m = [u] +1and m € N. Ifh : [ay,b1] — R is a function such
PP

that h € Clay, by and h™ is non-negative integrable and symmetric to (%) %, then with respect

to the Caputo fractional derivative, the following holds for every p € R\ {0} and s € (0,1]:

(3

X

a +b! g P P
o (L) ep o) + (1D el <

S

[CDZT (F s ™ (BF) + (=1)" CD;‘;‘L” (F) s 1) (ah) < 202

L) £ SN0 [epryong) 5 (-1 D v >

where yu > 0.

Proof. Since f™ is a MET-(p,s)-convex function, then for x1,y1 € [a1,b1], we have

Py L)
f<m>(1;r3/1) < e\ﬁ (F) (x1) + £ (32)). (33)

Put x! = aa} + (1 —a)b] and y} = (1 —a)a] +ab] Vae[0,1].
Equation (33) becomes

o (f;”f) < g 7 (aaf + 1 - a>bi’); 50 (0w -+ ]

Multiplying both sides by a™~#~ 11" (ab] + (1 — a)a}) and integrating « over [0, 1],

(3)

X

PPNy 1
o () [ + (1= a)af) e <
0

S

1
. 1
{/0 am_”_lhm(szf +(1— zx)af)%f(m) (aaf +(1- oc)bf) " du
1

) 1
+ /0 W"EI R (bl + (1 — uc)a’f)%f(m) ((1 —a)al + txbf) pdzx].

After making some suitable substitutions, we obtained the following result:
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N 0]
P (m) <ﬂ1 + bl ) ! 1 p_ gPym—pu=1pm =14, < pe‘? %
T N AV T S T

1
b
[/ " (@ b — Y EY (P — ol )R ()P
ay

m

n /bl f(m) (u)(bf _ up)m—y—lhm(u)up_ldu] )

This implies that

. .
o (B [eommat) 1 amenpima)] < S [com iy
+ (-p" CDZZ”(f(W *hm)(af)]. (34)
Now, for the second part of the inequality,
£ (0 + (1~ )b )b < ST ) gy . O ) ), (35)
and
£ @b] 4+ (1~ ayal)p < ST o ) 4 ST ) ), (36)

by adding (35) and (36), we get

£ @af 4+ (1= @)p))7 + F) @]+ (1 —w)al)r < [51“2”"‘41—@5 + =2 e”‘s] x

[f(’") (a1) + f(’”)(ln)] . (37)

Since w € [0,1] and s € (0, 1], then s‘ir‘%e(l_"‘)s 4 COST o < V2e(2) (37) becomes

£ (wal 4 (1~ a)bf)% + FU (b + (1 - a)af)% < v2e(2) [ﬂm) (a1) + f“”)(bl)] .

Multiplying both sides by a™~#*~1h™ (ab] + (1 — a)a} )% and integrating « over [0, 1],
1
/O "B (bt 1 (1 )a?)7 F) (aal
1 1 1
+(1—a)bl)rda +/ W HI M (bl 4 (1 — a)al) 7 x
0

f(m)(txbf +(1- tx)af)%d,x < V2e(2)

£ (ay) +f(’”)(b1)] x
/01 W™ (ab? + (1 — oc)a’f)%acm_"_ldzx.

By using the same procedure as used in the above inequality, we get
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DS @) 4+ (—1)" DY (F s hm) (a]) <26 x

(m) a (m) up
f ( l) ;f (bl)] [CDZ+ hm<bf)

+(1)’”CDZ”phm(af)]. (38)

Combining (34) and (38), we get the required inequality. [

Corollary 3. Under the assumptions of Theorem 3, if we take p = 1 and s = 1, then we get the
weighted Caputo fractional integral inequality for the modified exponential trigonometric convex

function:

f<m><“1;b1> [k (e) (-1 DY M (an)] < \fz (D2 (£ ™) (br)

£ (@) +f(””(b1)] .

+(=1)" CDZ, (fm) *hm)(al)] < 2e .

[CDi}hm(bl) + (=1 CDg‘;hm(m)] (39)

Definition 13 (Log (p,s) convex function). A function f : I C R — (0, 00) is said to be log-
convex if logf is convex, or, equivalently, has the inequality for every p € R\ {0} and s € (0,1]:

Flaal + (1 —a)bl)r < [f(ay)]* [f(br)] ", (40)

where ¥ a1,by € ILand « € [0,1].

Theorem 4. Suppose that f : [aj,b;] € R — (0,00) is a positive function such that f") €
Clay, by], m =[] +1,m € N,and 0 < ay < by. If f") isa log — (p,s)-convex function, then
for the fractional Caputo derivative we have, for every p € R\ {0} and s € (0,1],

f(m)<a€§bi’)? 3 (p(m—m%sr<m—u>>2s o o

(b —alym=r by~

S I ETEI RV )

X

where y > 0.

Proof. Since (™ is a log — (p,s)-convex function, then for x1,y; € [ay, b1], we have

flm) <M>” < )] I )] 42)

2

Put x] = aal + (1 — )b} and v} = (1 —a)a] +ab] Va€[0,1]andp € (0,1].
Then, Equation (42) becomes

1

fm) <“f;bf); < J [f(m) (mzf +(1 —zx)bf);r x $ {f(”” <(1 — a)a) +“bf)pr-
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Multiplying both sides by a”~#~! and integrating & over [0, 1],
oy (B BN | ! [ o) ((wa? v
m) %1 "Y1 m—p— < m—p— m _
f ( 7 ) /Ooc da < /Ooc [ [f (aa1+(1 oc)b1>
s
X [f(”‘) ((1—a)uf+ocbf> ] ]d:x.

By using the Rogers-Holder Inequality, we get

1 a 4P\ 1 5
(m) ([ 41 1 m—p—1| f£(m) NP
m—yf ( 7 ) < /Orx " [fm(zler(l oc)b) :|d1X

1 Llos
X / am—p-1 [f(m) ((1 —a)al + abf) p} du.
0

After making some suitable substitutions, we obtained the following result:

1 . 2P b\ . . s
) - e

1

p]s

s
1
This implies that
uP+bP % m % m— 2s y .
f(’”)<12 1) < (p( (bp”)a )En . u)) [CDz’l’pf(m)(af)X( 1) €D ) )} (43)
1
For the second part of the inequality, we again use the definition of log-(p,s)-convex
functions:
1 s )8
£ @ + (1= a7 < [ ()] [ (0] (44)
and
1 —a)s s
(1~ w)al +ab])7 < [0 (@) [0 (0] (45)

Multiplying (44) and (45), we get

£ (@af 4+ (1= )B)7 x fO (1= a)af +ab)? < [ (a)]" [0 ()] O

[ (@) L ()]

Since &® 4+ (1 —a)®* > 1fors € (0,1] and « € [0, 1], the above inequality becomes

£ (aal + (1= a)bl)7 x (1= a)al +abl)r < [F" (ay)] [£ (b)),

and taking 5 power on both sides, we get
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\/<f< )(aa1+(1—a)b*’)%> x\/<f(m)((1—a)af+abf);> </ [F (ap)]° x

multiplying both sides by a”~#~! and integrating « over[0, 1], we get

/01 wul\/(f( )(M1 +(1 _,x)bﬂ);> \/<f(m)((1 - tx)a’l’ +abf);> da < ‘/[f(m)(ﬂl)]s o«
VU] [ e,
by using the same procedure in the above inequality, we get
% . 2s p P .
(”(m(bp” P ) g pmah) < -y en )] <
1
ARG (46)

Combining (43) and (46), we get (41). O

Corollary 4. Under the assumptions of Theorem 4, if we take p = 1 and s = 1, then we obtain the
Caputo fractional integral inequality for log-convex functions:

N 2T () \ 2
() s <(m e m)

< \FO (ar) /00 (b). (47)

D} £ (ar) - (~1)" DL 1" <>]

4. Applications

Example 4. To authenticate the result obtained in Theorem 1, we have used Matlab, choosing
flx) = x2 with m = 2, p=1a =1, b = 2and including a combination of values
1 €{0.1,0.3,0.5,0.7,09} and s € {0.1,0.3,0.5,0.7, 1.0} for the graph of the Hermite-Hadmard
inequality (14) as shown in Figure 3. In Table 1, we provide the Hermite-Hadamrd inequality (14)
for numerical validation.

Figure 3. Three-dimensional view of the Hermite-Hadamard inequality (14).
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Table 1. Numerical validation of the Hermite-Hadamard inequality.

H s LHS Middle RHS
0.1 0.1 2.0000 10.0686 25.8260
0.1 0.3 2.0000 8.9271 20.3120
0.1 0.5 2.0000 8.0333 16.4532
0.1 0.7 2.0000 7.3307 13.6992
0.1 1.0 2.0000 6.5290 10.8732
0.3 0.1 2.0000 8.7540 25.8260
0.3 0.3 2.0000 7.7619 20.3120
0.3 0.5 2.0000 6.9858 16.4532
0.3 0.7 2.0000 6.3753 13.6992
0.3 1.0 2.0000 5.6784 10.8732
0.5 0.1 2.0000 71777 25.8260
0.5 0.3 2.0000 6.3665 20.3120
0.5 0.5 2.0000 5.7293 16.4532
0.5 0.7 2.0000 5.2300 13.6992
0.5 1.0 2.0000 4.6548 10.8732
0.7 0.1 2.0000 5.7453 25.8260
0.7 0.3 2.0000 5.0957 20.3120
0.7 0.5 2.0000 4.5857 16.4532
0.7 0.7 2.0000 4.1860 13.6992
0.7 1.0 2.0000 3.7261 10.8732
0.9 0.1 2.0000 4.3129 25.8260
0.9 0.3 2.0000 3.8238 20.3120
0.9 0.5 2.0000 3.4409 16.4532
0.9 0.7 2.0000 3.1409 13.6992
0.9 1.0 2.0000 2.7975 10.8732

Example 5. To illustrate the validity of Theorem 3, we present numerical results verifying inequal-
ity (32) for the functions f(x) = e and h(x) = x? over the interval [0,1], settingm = 0, p = 1,
and s = 1.0 for the graph of the Hermite—-Hadamard inequality (32), as shown in Figure 4. Table 2
below summarizes the values of the left, middle, and right sides of the inequality for fractional orders
i =0.5,0.75,1.0, and [a1, b1] = [0, 1] computed using the Caputo fractional derivatives.

25

N
S

Left Side
~— Middle Side
———Right Side

Inequality Values

[ N e -

0.5 06 0.7 0.8 0.9 1

I

(a) (b)

Figure 4. The 2D and 3D graphs for f(x) = e* and (x) = x?; choice of parameters a; = 1,b; = 2

and « € [0, 1] are presented in figure (a) and (b) respectively.
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Table 2. Numerical values verifying inequality (32) for f(x) = e*, h(x) = x? on [0, 1].

i Left Side Middle Side Right Side
0.5 1.240 5.858 7.596
0.75 1.128 5.324 6.917
1.0 1.042 4917 6.387

5. Conclusions

This study successfully establishes new fractional Hermite-Hadamard integral in-
equalities by leveraging Caputo fractional derivatives and MET-(p, s)-convex functions.
The introduced modifications to classical fractional extensions, encompassing both MET-
and logarithmic (p, s)-convex functions, provide a robust framework for refining inequal-
ities such as Hermite-Hadamard, midpoint, and Fejér types. The derived results are
substantiated through a numerical example with graphical illustrations, confirming their
accuracy and applicability. The results also improve and generalize fractional calculus and
convex analysis, with useful implications for both theoretical and applied mathematics.
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Abstract

The purpose of this research is to develop a set of Hermite-Hadamard-Mercer-type in-
equalities that involve different types of fractional integral operators such as classical
Riemann-Liouville fractional integral operators. Furthermore, some fractional integral
inequalities are obtained for three-times differentiable convex functions with respect to the
right-hand side of the Hermite-Hadamard—-Mercer-type inequality. Moreover, several new
results regarding Young's inequality, bounded function and L-Lipschitzian function are
deduced. The paper presents additional remarks and comments on the results to make
sense of them. To illustrate the key findings, graphical representations are provided, and
applications involving special means, midpoint formula, g-digamma function and modified
Bessel function are presented to demonstrate the practical utility of the derived inequalities.

Keywords: Hermite-Hadamard-Mercer-type inequality; s-convex function; fractional integral
operators; Holder’s inequality; power-mean inequality; Young’s inequality; bounded function;
L-Lipschitzian function; special means; midpoint formula; g-digamma function; modified
Bessel function

MSC: 26D15; 34A08; 26 A33; 26 A51

1. Introduction and Preliminaries

Convex analysis, a subfield of mathematical analysis, plays a pivotal role in various
fields, numerical analysis, optimization, convex programming, and statistics. Convex func-
tions, in particular, have been extensively studied due to their significance in these domains.
It is well-known that mathematical inequalities are the most useful tools in many areas such
as mathematics, special functions, physics, fractals, and number theory. Consequently, this
area has attracted considerable attention from researchers and continues to contribute to
the advancement of different branches of mathematics. The classical Hermite-Hadamard
inequality has extensive extensions and generalizations, for which it has been the subject
of intensive research over the past decade. Many researchers have been working on this
particular problem, as we can see in [1-5]. These investigations have led to the derivation
of related inequalities, including Ostrowski, Simpson’s, midpoint, and trapezoidal inequali-
ties, as well as various Hermite-Hadamard-type inequalities [6-9]. Moreover, the literature
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includes studies on Hermite—-Hadamard-type inequalities where the absolute value of the
third derivative satisfies convexity conditions, as presented in [10,11]. In this subsection,
we define and study a class of functions called convex functions.

Definition 1. The function X, : I C R — R is said to be convex on I, if
Ng(stl + (1 — Y)(Sz) < YN5(51) + (1 — Y)Ng(ég),
holds for all 61,6, € Tand Y € [0,1].

Definition 2 ([12]). Let s € (0,1]. The function X, : I C R — R is said to be s-convex
in the second sense if W, is non-negative, and for any 61,6, € Iand Y € [0,1], the following
condition holds:

Re (Y01 4 (1 =Y)d2) < Y*Re(61) + (1= Y)*Re(62). @

A function satisfying the reverse form of inequality (1) is referred to as s-concave in
the second sense. By setting s = 1, the concept of an s-convex function reduces to the
classical notion of convexity [13]. The required lemma was established by Benaissa and
Sarikaya in [14].

Lemma1l. LetY € (0,1). Then,

1
s

foralls € (0,1] : (1+5)

s s s—1
foralls € (0,1] : (Z) + (1 - Z) < (;) . 3)

Proof. Let N,(s) = In(s + 1) and consider the point A(1,In2). On the interval [0, 1], the
graph of N (s) lies above the line joining (OA). Consequently, for all s € (0,1],

> 2. @)

1
g

In(14+s) >sln2 (1+s)s >2.

By taking s = 0 in (3), we obtain equality. To establish inequality (3) for s € (0,1],
we proceed by contradiction. Suppose there exists s € (0,1], such that the inequality

62 -0

is violated:

Hence,
1 Y\$ 2% 1 s—1
— 1-—— Y - .
LG)0=3) e ()
This gives
1 1 s—1
- - S
() ()7 e e
Therefore,
(1+45)s <2,

which is contrary to (2). O
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The well-known Hermite-Hadamard inequality for convex functions, as established
in the literature (refer to [15]), is expressed as follows:

)
NS<51+(52> < 1 /51 Ng(u)dug N5(51)+N5(52)‘ @)

2 0 — 1 2

Let N, : [01,0] — R be a convex function. Additionally, if X is concave, the
inequality (4) holds in the opposite order. This inequality was originally introduced
by C. Hermite in [16] and was further explored by J. Hadamard in [15].

In 2003, Mercer’s presented a noteworthy variation of Jensen’s inequality in [17], now
commonly referred to as the Jensen-Mercer inequality. This result is outlined as follows:

For a convex function X, and any set of non-negative weights 6;, such that )/ ; 6; =1,
the inequality is given by

n n
Ne (Z 9ixi> <Y OiRe(xy).
i=1 i=1

This form generalizes the classical Jensen’s inequality by considering a weighted
average of points x;.

Theorem 1. For a convex function X, : [01,02] — R, the subsequent inequality is valid for all
values of x; € [61,02](i =1,2,...,n):

n

Ng<51+52—29ixi><N(51 + R () — ZQN (xi),
i=1

where 6; € [0,1](i=1,2,...,n)and Y 1 6; = 1.

We now formulate the Jensen—Mercer inequality under Breckner’s s-convex setting.

Theorem 2 ([18]). Let 61,05, ... ,0, be positive real numbers with n > 2, satisfying Y ' 1 0; =1
and Yi 4 65 < 1. If X is a real-valued Breckner s-convex function on [61,6,] C R, then for any
finite positive increasing sequence {x;}I' =1 € [61, 5], we have

M:

N, (51 + 6y — ZG x1> <N, 51) + N (52) 03 Ng(Xi).

i=1

In [19], Moradi and Furuichi worked on extending and refining Jensen—-Mercer-type
inequalities. Subsequently, Adil Khan highlighted the significance of the Jensen—-Mercer
inequality in information theory applications in [20]. Among their contributions was the
development of fresh estimates for Csiszér divergences and related measures. They also
employed the Jensen—-Mercer inequality to establish new bounds for Zipf-Mandelbrot
entropy. Furthermore, Kian et al. [21] utilized the recently formulated Jensen inequality to
propose new versions of the Hermite-Hadamard inequality, detailed as follows:

Theorem 3. Let X, : [01,02] — R be a convex function; then, the following inequality holds for all
%,132 S [51,(52] and & < ‘Bz :

Ns<51+5z—%252> < M)+ N) — g [ Selwya
S Ne(%)‘FNs(ﬁZ)_Ns(%;‘BZ)/
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and
S 4+ ﬁ2> 1 o1+6—P2
Nel 61+ — < N d
(arn-220) < L [T P
Ne(d1 402 — B2) + Re(d1 + 02 — )
- 2
N(S) + N
< N£(51)+N((52)7M~ )

Remark 1. If we put S = 61 and By = 95 in inequality (5), then we have the classical Hermite—
Hadamard inequality.

In recent years, Hermite-Hadamard-Mercer-type inequalities have been exten-
sively refined and generalized in various directions by numerous researchers (see, for
instance, [22,23]). For example, in [24,25], new forms of Hermite-Hadamard-Mercer-type
inequalities were developed for Riemann-Liouville fractional integrals. In contrast, Set et al.
and Ciurdariu et al. [26,27] presented Hermite-Hadamard-Mercer-type inequalities involv-
ing generalized fractional integrals, as well as fractional integrals applied to differentiable
functions. Additionally, Sial et al. [28] provided new bounds for Ostrowski-type inequali-
ties using Jensen-Mercer-type inequality, and Kara et al. [29] explored fractional Hermite—-
Hadamard-Mercer-type inequalities based on the concept of convexity for interval-valued
functions. Furthermore, Butt et al. [30] presented several Hermite-Hadamard-Mercer-type
inequalities for harmonically convex functions.

Fractional calculus has gained significant attention from researchers due to its unique
properties and wide-ranging applications across various scientific disciplines, including
epidemiology [31], nanotechnology [32], physics [33], and bioengineering [34]. Its impor-
tance lies in its ability to model complex phenomena and construct fractional integral
inequalities, which play a crucial role in approximation theory. Utilizing the fundamental
properties of fractional calculus, researchers have introduced novel fractional operators
and applied them to solve numerous real-world problems.

A substantial body of work, including numerous articles and monographs, explores
the use of new fractional operators to refine and extend integral inequalities such as
Ostrowski inequality, Simpson’s inequality, Fejér-type inequality, Hermite-Hadamard
inequality, Jensen—-Mercer-type inequality, among others. Among these, the well-known
Hermite-Hadamard inequality, associated with convex functions, stands out as one of the
most important and widely studied integral inequalities.

In recent years, an increasing number of studies have utilized new fractional operators
to address integral inequalities such as Simpson’s inequality, Fejér-type inequality, and
the Hermite-Hadamard inequality (see [35-37]). Similarly, for the Jensen—-Mercer-type
inequality, relevant contributions can be found in [38,39]. Additionally, numerous Hermite—
Hadamard-type inequalities have been investigated for functions whose derivatives, in
absolute value, exhibit convexity within the setting of fractional calculus (see [40]).

Following the discussion on essential inequalities related to convex functions, we
now proceed to recall the definitions relevant to this work. Specifically, we recall the
well-known definitions of Riemann-Liouville fractional integrals, which play a central role
in our analysis.
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Definition 3 ([41,42]). Suppose that X, € L[y, 02]. The definitions of the left- and right-sided
Riemann—Liouville fractional integrals of order p > 0 are as follows:

I§1+Ne(u) = r(lp) /;(u — )P IR(Y)AY, u > &,
Iﬁg Ne(u) = r(lp) /jz (Y — u)P IR (Y)Y, u < 65,

where T'(p) represents the Gamma function, while ]g1+ Ne(Y) = ]22, Re(Y) = Re(Y).

Recently, Pecari¢ [43] derived a Simpson-type inequality for L-Lipschitzian functions
on [d1,07], under the assumption that there exists a positive constant L satisfying the
following Lipschitz condition:

INe(x) — Re(y)| < L|x —y| forall x,y € [d1,6].

Theorem 4 ([43]). Let N, : [61, 2] — R be a L-Lipschitzian function on [1, 62); then, we have

1 /52 Ne(u)du — & ; . {Ng(él) +4N8<5l JZF‘SZ) ' NS(éz)] ‘

02 — 01 /5

5 2
< —L(dy—07)".
< % (02 —d1)

Theorem 5 (Holder Inequality for Integrals [44]). Let p > 1 and % + % = 1. Suppose that
N, @ are real functions defined on [51,8,], and if |R¢|P,|®|7 are integrable on [61,6,], then the
following inequality holds:

([ woora)

with equality holding if, and only if, A|N¢(u)|P = B|®(u)|7 almost everywhere, A and B
are constants.

==

ieqla < ([

1

(1) i )

If we get |N||P| = <|N£| ?1’> (§| g ®|> in the Holder inequality, then we obtain the

following power-mean integral inequality as a simple result of the Holder inequality:

Theorem 6 (Power Mean Inequality [44]). Let g > 1. Suppose that Re, @ are real-valued
functions defined on [61,8;]. If |Ne| and |R.||®|T are integrable on [61,8;], then the following
inequality holds:

1

N 1
/5j2|Ns(u)d>(u)|du < (/:2|Ng(u)|du>l q(/:2|Ng(u)||<I>(u)qdu)q.

In the second part of this paper, we briefly recall several notions related to classi-
cal and fractional derivatives, together with their fundamental properties that will be
required in the subsequent analysis. In [45], A. Khan et al. derived several results, in-
cluding Theorems 7 and 8, for the particular case S = Jp and & = 47 with s = 1. The
primary objective of this study is to establish a comprehensive class of Hermite-Hadamard-
Mercer-type inequalities involving both classical and Riemann-Liouville fractional integral
operators. The obtained results provide significant generalizations of several well-known
inequalities in the literature, encompassing classical Hermite-Hadamard, Mercer, and
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fractional forms as special cases. In particular, Theorems 13-15 generalizes the classical
Mercer-type inequality, which is recovered by setting p = 1. The paper is organized into
two principal sections that present the main contributions of this study. Motivated by the
Hermite-Hadamard-type inequalities previously obtained for three-times differentiable
convex functions, the primary objective of this work is to establish new Hermite-Hadamard-
Mercer-type inequalities for differentiable functions whose powers of the absolute values
of their third derivatives are convex. To achieve this objective, Section 2 introduces a new
integral identity that serves as a key lemma and constitutes the main analytical tool for
deriving the proposed results. Using these identities, several inequalities are established in
Theorems 8 and 9 through the application of power-mean inequality and Holder’s inequal-
ity. Moreover, for the specific choices of the parameters f, = d, and & = ¢;, additional
midpoint-type inequalities are derived and discussed in [45]. Furthermore, some new
results regarding Young's inequality, bounded function and L-Lipschitzian function will be
obtained. In Section 3, we will explore some applications of our findings to special means,
midpoint formula, g-digamma function and the modified Bessel function. This Section 4
also includes two illustrative examples that confirm the validity and effectiveness of the the-
oretical findings. All figures in this work were produced with Mathematica (version 11.2).
Furthermore, the results developed in Section 2 possess a notable degree of generality, as
they can be extended to a wide class of integral operators, including k-Riemann-Liouville
fractional integrals, conformable fractional integrals, generalized fractional integrals, and
post-quantum calculus.

This study is structured as follows: in Section 2, we will introduce two fundamen-
tal integral identities as a key lemmas, serving as the main tools for our main results.
Theorems 8 and 9 leverage the power-mean and Holder’s inequalities to derive new results
pertaining to the class of s-convexity functions. Additionally, for specific values of ;
and J, several novel midpoint-type inequalities are presented. Furthermore, some new
results regarding Young’s inequality, bounded function and L-Lipschitzian function will
be obtained. In Section 3, we will explore some applications of our findings to special
means, midpoint formula, g-digamma function, and the modified Bessel function. This
Section 4 also includes two illustrative examples that confirm the validity of our results.
All figures in this work were produced with Mathematica (version 11.2). In Section 5, some
conclusions and future research directions for interested readers will be given.

For the reader’s convenience, we collect below the notation and standing assumptions
used throughout the paper. Let

S:={XN;, [,01,6, S, B},

where the symbols are defined as follows:

Symbol Description

N, A real-valued function N : [ = [61,07] CR — R.

I The closed interval [d1,d,] C R.

01,02 Real numbers denoting the endpoints of I, with §; < 6.
(61,62) The open interval on which X, is three times differentiable.
N/ The third derivative of X,.

N/ € L[y, 6] The third derivative of X, is Lebesgue-integrable on [d7, J].
L[61, 7] The space of all Lebesgue-integrable functions on [d1, 5]
S, B2 Arbitrary points in the interval [d1, 6;].

R A set of real numbers.
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2. Main Results
2.1. Hermite-Hadamard—Mercer-Type Inequalities

This section aims to establish a series of Hermite-Hadamard—Mercer-type inequal-
ities for functions where the powers of the absolute values of their third derivatives
are s-convexity.

Lemma 2. Assuming that hypothesis S is satisfied, then we obtain the following equality:

+0—S & a2 o
L/ Ng(u)du—N€(51+52_‘y+:B2>_(ﬁ224\9) Né’<5l+5z—dzﬁ2) ©

B2 — S Js+6,-pa 2

O i (5510 v (305

Proof. By using the integration by parts on the right side of equality (6), we obtain

1 Y. 2-Y
_ LINY// e
L = /OYNs (51+52 <2\$+ 5 ﬁz))dY
1
23N/ (6 + 62 — (Y3 + 5YB, Y. 2-Y
_ ( ﬁ2_<% ) ﬁz— /YZN”(51+52—<53+ . ﬁz))dY
1
Y x -Y
Ca s aemy s [ (30 )
R ARG 2 Br—S Br—S
0

4 1 Y., 2-Y
7;%2—‘3/0 YN2(51+527(§%+ /32))“}
2 %4»‘82 12 %4’182
— m}tg(éﬁ-éz— 5 )—(ﬁz_%)zNé(él—kéz— 5
24 1 Y Y
2 —5)

_ 2 " _%+ﬁ2 _ 12 ! _%+ﬁ2
= ﬁZ—%NS ((514‘(52 > (‘327%)2?‘% 61+ 5

1

| 2R(G+ - (354 5Yp))

Y
23
(B2 — )2 B2—S

+

0

_(,325‘3)2/01 Ng((51+(52— (%%ju zgyﬁz))dY

_ 2 " _%+ﬁ2 _ 12 I _%+ﬁ2
= ﬁz—(\}NS ((514‘(52 > (/327%)2?‘% 61+ 0 5

e 23 B e (o255

Putu =061+ — (%% + %[32), then we obtain

C\,
L = 2_%Né/(51+52_\y+ﬁ2>—(ﬁ 12 ) N/<(51+(52—\y+'82)

‘BZ 2 7 — S 2
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ﬁz

4 [a% 61+ —
+83N£(51+52— J“ﬁ) _ % /1 ’ Re(u)du.  (7)
(B2—9) 2 (B2 —S)" Jorto—p,
Similarly, we have
1 _
L = /O Y3Ng’(5l + 6y — (%,Bz—l—%S))dY
1
—20N (81 + 6 — (Y2 + 2329)) ’y
_ N/ o
= 55 +527 /YN <5l+5z ( ﬁz—l——\s))dY

_ —2 " %"".32 12 / S"".32
- ﬁz_%rzg(éﬁér 2 )7 (\)ZNS 01462 = —

2 — S
4 Y 2-Y_
+W/O YN€<51+527(§/32+ . \S))dY

-2 S+ B 12 S+ B2
= ﬁmg((slﬂsz— >_(ﬂ (\)ZN;(51+52— 5

B2 2 2 — <5

18 S+ 9%  [ortH-S
,WNE ((51 NI 2,32) + TR /5% oop, Re(u)dut.
= — 1+0— >

Subtracting the equality (8) from (7) and multiplying the equality with (B2 -8) 2o ‘y) , we obtain

01402~ ~ a2 N
! /51 : Ng(u)dqug(élJrgz,‘y"’ﬁZ)i(,32246) N2,<51+527JJ;52>

B2 -9 1+62—P2 2

- alir(sn- (Yor B5)) o (oo 2550) o

The proof of Lemma 2 has now been established. [

Corollary 1. Assigning By = 6, and = 61 in Lemma 2, we obtain

1 02 5146 (02— 81)% [ 01+ 6
0 — 0 /51 NS(H)dM?NS( 2 )7 24 N€< 2 >

_ @—751[/ yw( 54 20 Y52)dY /YSN,,,<YM2;Y51)M}

Corollary 2. Assigning N/ (@) = 0in Corollary 1, we obtain

1 b 61+ 0o
oy N (52)

_ (52*51)3 1 <INV Y 2-Y ! <INV Y 2-Y
- 2 /0 N (o + =0 dY—/O YN (S o+ So=ar )ay |

Theorem 7. Let s € (0,1]. Provided that hypothesis S is satisfied and |R."'| is s-convex on [61, 62),
then the following Mercer-type inequality holds true:

At S+p2\ _ (B2— S+p
/32—/@ du—N(le—i-zSz— : )— = N£<51+52— - )

1+ — ﬁz

-S ’ " " 3x 215 (~14 4245 — 75 — 7 /// "
: (ﬁz% | [;(}Ng Gol+Ix (5z)|)< ?1+s)((2+s+)(3+s)(4s+ss)> [RE(9)] + [ (ﬁz)l)}
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Proof. By using the Lemma 2, since |R/”| is s-convex, we have

1 5 +0, =S < _ )2 ~
/ Ng(u)du—NE(él Yo J;‘b) - (ﬁ224“) NQ(&l Yo %ﬁz)

B2 =S Js 465,
BN RS
S w(alwzf < gt 22X ))’dY}
< B I v (e e - ((3) e (25) ) )av

+/0'1 y3<|N;"(51)| + [N (82)] — ((%)IN 2)| + (2 zY) ‘NW(%)'))M]

_ (ﬁ _\Y /// m 3><21_5(—14+24+5—7S—S) " (\ ///
- ORI et e - (U s (@ e |

Accordingly, the assertion of Theorem 7 has been verified. [

Corollary 3. Taking s = 1 in Theorem 7, we have

1 S+6—S S G2 S
7/0_ Ng(u)du—Ng(él—i-éz— ”+ﬁ2) _ (’322;) Ng<51+52— JJ;’%)'

B2 — R} 1+62—B2 2

-3’1 1
< B LRON 0]+ @) - N+ 2|
Corollary 4. Assigning By = 6 and I = 6y in Corollary 3, we obtain

1 % 5146\ (62—61)% ., (61 +6
(52751/51 Ng(u)du—m( ; )— - NS< ; >

(6 — o)’
- 384

HNW 1)‘ + |N§”((5z)

which was previously proved by A.Khan et al. [45].

Corollary 5. Assigning X/ (51+52> = 0in Corollary 4, we obtain

1 % 01+ 6 (6, —61)° 1 1om "
0 — 01 /51 Ns(u)du NS( 2 ) ‘ — 384 HNS (‘51)| + ’Ns (52)H

Theorem 8. Let s € (0,1]. Provided that hypothesis S is satisfied and |R}"|" is s-convex on [81, 5,]
with % + % = land q > 1, then the following Mercer-type inequality holds true:

146~ ) _ )2 X
! [ Ne(u)duws((slwzf“Zﬁz>,(ﬁzz4ﬁ Ng'<51+«sz—°zﬁ2>

B2 — S Joy 164,

(529—6%)3 <3;j>% {(}NQ"((SI)|'7+N;”(52)}‘7 (25(517+1)| R ()] + %mm(ﬁz” ))

s+1 _ %
(paor e (s S |

f,,
-

IN
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Proof. Based on Lemma 2, and by employing Holder’s inequality and the s-convexity of

INZ/|1, we obtain

s e 258) BT )
- ua-433</*yde>¢{(/1wﬁgﬁ+5z(Y 2+ 25%5) ) a)’
= T\ 0| 2
1 Y 2—-Y q %
+</O Né”(&—i—éz—(zﬁz-kT%)) dY> }
< (-9) (/1y3de>%
- 96 0

{( (@ - ((3) R+ (Z‘ZY)Swg”(ﬂz)w))wf
H(f (mreor el - ((3) el (T)WN@”(%)V))M);}
L))’

- % ’ % " " ///
“u)cﬁﬂ{wmw+mwwcg+l o'+

" q "5 /// q s+1 -1 "o 19 %
+ (el + el - (G N+ par @) )) .
Accordingly, the assertion of Theorem 8 has been verified. [

Corollary 6. Taking s = 1 in Theorem 8, we have

1 frths S+ - % " S+B2
— Ve (u)du — Ve { 61+ — N (61 +dp —

(o

+(IN0[T+ N )l = (G )| + img”@)})ﬂ'

1

" (rsr

)"
| l

1 7
1‘N/// ’N/N ,32 ’ >)

Corollary 7. Assigning By = dp and = 61 in Corollary 6, we obtain

1 2 5146\ (b2—61)% (6146
s /51 Ns(u)du—Ns( . )— N (2
1 1 1
< (62— (1 \7| /3R (61)]T + R (5)] Ty N (61) 17 + 3R (62) 17\ 7
= 384 \3p+1 ’

4 4
Theorem 9. Let q > 1and s € (0,1]. Under hypothesis S, assuming that X2’ |7 is s-convex on
(01, 02], then the following Mercer-type inequality holds true:

L oS S+ _ (B2=9) S+ps
(,BZ_%)?) 1 177 1 " q " q
< o \1 Z(‘NE (O)|" + R (62) >
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1
;

1 e 275(3 x 2575 — 535 — 125 — s> —90)  ,, 7
_<2S<s+4>N O — e rera6rn M (ﬁz”q))

1
+(Z(‘NW |q—|—|N/" |q>

NG S(3><25+S*535*1252753790) e i
<ZSS+4' E' e neraeraern O] |

Proof. Based on Lemma 2, and by employing power-mean inequality and the s-convexity
of |R|7, we obtain

1 o1+6 -3 S+ B2 (B2 — %)2 ” S+ B2
—_— N —N + 8y — - N + 6y —
B2 — S Jo+6,-ps e(u)du =R ((51 02 2 ) 24 ¢ (51 %2 2 )

< (ﬁz— </ Y3dY) 3[(/(;1\{3 N;”((slwz, (Zgﬂ;‘{ﬁz))rw);
+(/01y3 Ng”<51 + 0, — (§ﬁ2+2?{s)>}qu)3]
- @ </01 Y3dy> o

. [(/ol (el + el - () @+ (255) ) )ar)

(e (meeor+ e - ((3) el + (ZZY)SINQ’%%)V))W);]
- B G )

(oot Ee )

(Gl + e )

/// 5(3X25+S—53S—1252—53—90) e %
(25 s+4) [ ()" + (s+1)(s+2)(s+3)(s+4) RS '

The proof of Theorem 9 has been successfully concluded. O

Corollary 8. Taking s = 1 in Theorem 9, we have

L oS S+p2\ _ (B2=9)" S+p2

; (1529—6%)3@)” [(i(!Né"@lW*|N§"(52)|) (ZW( )|q;03|w( 2)”));

+(%(‘Nﬁ”(lﬁ)w—k\Né”(52)| ) <3|N’”( )| '2*‘02|N”’(ﬁ2)|’7)> ]
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Corollary 9. Assigning By = 6, and I = 61 in Corollary 8, we obtain

1 2 5146\ (b2—61)% (6146
7(527(51/0_1 Ng(u)du—Ng( . )— - NS< . )

1 1
. Goa) [(3IN2"<51>W+zm;"<<sz>|q)q NEIOVEEL T ]
- 384 '

5 5

Theorem 10. Let s € (0,1]. Provided that hypothesis S is satisfied and |R!"|7 is s-convex on
[01, 62] with % + % = land q > 1, then the following Mercer’s type inequality holds true:

1 oS S+p2) _ (B9 S+p
N B\ — — R -
,BZ - S o1+62—p2 S(u)du ‘ (51 o 2 ) 24 ‘ ((51 o 2 )

B2-9)°( 1
: 96 (p(3p+1))
1 " " 3 x 21_5(714+24+s 775752) " (o "
Xq[(‘Nf ol + R =)l7) - < A+9)@+90+9)E+9) )(’Ns @)+ [ WZW’)}

Proof. Using Lemma 2, s-convexity of |X!’|7, we have

1 atess S+ (B2 S+p2
ﬁz—%/alwz—ﬁz Ng(u)dqug((SlJr&zf : )f e <5l+(527 - )

(,32_%)3 /1 3\ _ XC\ 2-Y
< T OY N (0 + 0 2\9+ 2 B2 dyY

1 _
+/0 Y3 (51 56— (;ﬁz—k %%)) ‘dy]

Applying the following Young’s inequality:

6160 < o7 + Lo,
P

we derive that

01+0—S X —
‘1/1 ’ Ng(u)du—Ng((H-l-(sz—\y—;'Bz)—(‘Bz

)2 S+
) Ng'<51+52— 2ﬁ2>'

B2 — S Joy+6,- s 24

o (o o (2 oo ()
ALt L (e (529

B ()

L e s wsr— (2o (2 b))
(G [ (e peel - () e+ (355) e ) o)

= (B2 9—6%)3 (p(sler 1)) {(%(mg/((sl)‘q + |N2”((52)}'7)
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1 1 " 25 (3 % 25+s — 535 — 1252 _ s3 _ 90) "
q(zs(s+4) YOI e aeTy - M (/32)|‘7>>

(G (e + el

1 1 ” 275(3 x 2578 — 535 — 1252 — 3 — 90) |
q<25(5+4)m5 B — e roeraeTs M (\W))]

(B2-9)°( 1 \1
= (p(3p+1>>6x

" " 3x2!s (*14 + 24 — 75 — 7 " "
|:<’Ns ((51)}q+ |Ns ((52)}q) - ( 1+5)(2+5)B3+s)(4d+5s) )(’N |q !Ns (52)‘q>:|

The proof of Theorem 10 has been successfully concluded. [

Theorem 11. Provided that hypothesis S is satisfied. If there exist constant —oo < d < D < oo
such thatd < R!'(Y) < D forall Y € [61,62], then the following Mercer-type inequality holds true:

1 5140, —S S+ B (B2 — %)2 7 S+B
Bo— 3 Joy+6,-B, Rewdu =X (61 et ) T (51 B >

_ (-9’0 -d)
- 384

Proof. Given that X!’(Y) is a bounded function, it follows that

d+D _ ., d+D d+D.
< _
d——— <W/'(Y)- = <D-—

Hence, we obtain
N () - 2P < Pod ©)

By applying the modulus property to Lemma 2 and subsequently using the observation (9),
we obtain

1 01+02-3 S+ B2 (B2 — %)2 " S+ B2
— N — (0 +0 — — N (0 + 6, —
B2 —S Js+o-p5 e(u)d = Re (‘51 & 2 ) 24 ¢ (‘51 & 2 )

(B2 = S)° [ [ ys] Y. 2-Y_\\ d+D
< = 7 [ T
< P _/OY R (6148 — (59 + =5~ pa) ) - 5 |av

1 Y 2-Y d+D
3w/ N £ T Y
+/0 Y NS ((51 + 6o (2 ‘32 + 3 \S)) 5 dY:|

Fromd < N/'(Y) < D forall Y € [61,d;], we obtain

y Y. 2-Y i+D| _D-d

_ [ = _AT 2"
N/ (51+52 <2u+ 5P S T (10)

and 2—-Y d+D D—d
W (qa - (3h+ 2509) ) - 0 < P18 an

By combining the relations given in (10) and (11), we obtain the following result:

Lo S+ _ (B=9) S+ps
ﬂ 5l+(527’32 Ng(u)du — Ng (51 + 52 — 5 — 4 NE (51 + (52 — 5 )
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IN

(6= 270 =4) [ va]

(B2 —9)°(D—d)
384 ’

The proof of Theorem 11 has been completed. [

Theorem 12. Provided that hypothesis S is satisfied, and if |N)'| is a L-Lipschitzian function on
[01, 2], then the following Mercer’s type inequality holds true:

1 [0te-S S4B\  (B2—9)? S+ B
N - - - N -
_g)t
< B=9)L
= 384

Proof. By using the Lemma 2 and the fact that |X}’| is L-Lipschitzian function, we have

1 atass S4B\ (B2—9) S+ B
ﬁz—ﬁ/alwz-,sz Ng(u)dqug((SlJr&zf - )f N (51”2, 5 )
(/32_%)3 /1 3\ _ X@ 2-Y
T o YN 01 + 0o 2\S+ 2 B2 dY

1 _
+/0 % Ng”(51+52— (%ﬁz—k%%))‘dﬁ{}

< 52_ {/ YAL(By — S dY+/ Y (1= Y)L(By — ¥)d }

(B2 — Q)L
384 ’

IN

This completes the proof of Theorem 12. [

Corollary 10. Assigning By = 6o and = 61 in Theorem 12, we obtain

1 o 5146\ (62—61)% ., [ 61+6
52751/51 Ng(u)du—N€< . )— - NS< ; >

(6 —01)*L
- 384

2.2. Fractional Hermite—Hadamard—Mercer-Type Inequalities

The following is a similar integral identity involving Riemann-Liouville fractional
integrals, which serves as a crucial foundation for deriving the subsequent results in the
context of three-times differentiable functions.

Lemma 3. Provided that hypothesis S is satisfied, then the following fractional equality holds true:

¥ T(p+1) - ’ N
Br—3F | (a2 TR sy Rl 279)
_ _S+132 (ﬁZ_‘S) // \f+,32
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I

gl s (52

1 -Y
f/ YOP2R (51 4 6y — Yoi2 2 ) )dY]|,
Jo 2 2

orallp > 0and &, By € [01,02], with' Y € [0, 1].
P

(12)

Proof. By using the integration by parts on the right side of equality (12), we obtain

1 Yo, 2-Y
/0 YP“NQ”(rSl—i—(SZ— (5 ﬁz))

1

2YPFIRY (5140, — (XS4 2526,
S( E\z 2 >> PJFZ / Yp+1N//<5 +52_(
po—< ~ B2-S

0
2 S+ 4(p+2 3+
— _SNQ'((51+52* ﬂz)((P (\;ZNQ(51+(52 ﬁz)

B2 2 2

+(P(;21_)i+2/ YPR! <5l+527 (§%+2;Yﬁz))d\{

2

Yo Zzyﬁz))dY

(s ) (;(p+§;2Né(5l+5z_s+ﬁz)+8<p+1)(p+2>

:BZ 2 D — 2
NE 51+52_ S+ﬁ2 (p+1) p+2 / Y‘D 1N/ 51+52_ X
2 (B2 — ) 2°
2 S+ B 4(p+2) S+ B
= N//<(5 + 6y — > N/ 61+ 6y —
ﬁz_% H 1 2 > (‘3270) 1 2 >

N (p+1)(p+2)N€<5l+5 _o+ﬁz)_2p+3(p+1)(p+2)

(B2 — Q) 2 (B2— Q)P (a+e-22)

Similarly, we have

1 Y.  2-Y
/0 yor2R! ((51 - (552 + T%))d\{

—2YPH2RY <(51 +0y — (%/32 + %%)) 1

(B2—9)°

) )

Re (81 + 2 — o).

2o +2) / YP”N”(& +527( ﬁ2+u\s>)dY

2

(B2 —9)°

i)

(B2 — Q)

Bo—S D
_ 52__2@;’(51%2—%*2/32) (ﬁ(sz)) N/(51+(52—%—;/32)
SECAR p—
N5(51+52—%J;ﬁ2)+ (p(;;l_)erz / Y- 1N’<5l+5z—(§
_ ﬁz_ngg’(éﬁéz—%gﬁz)—(Z(ijé)z‘%(‘sl”rggh)—8(p+1)(p+2)
NS((51+(52— %J;ﬁz) + 2p+(3ﬁ(fj;))(fﬁ;r2) ’E‘H&_%)ms(&ﬁr&z—%).
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3
Subtracting the equality (14) from (13) and multiplying the equality with %
we have
27 'T(p+1)
B2 —SF |'(srv0r242) e(01+ 02— B2) ]<51+527\,+2ﬁ2>+ e(01+0—9)

—N5(51+52—S;ﬁ2) (p(ﬁz1_><:)+z>N"<5 +6 - JJ;&)

il (o (o255

1 Y 2—-Y
—/0 YP+2N2"<51+52— (2%+ 5 ﬁz))dY:|.

Hence, Lemma 3 is proven. [

Theorem 13. Provided that hypothesis S is satisfied, and assuming that |R] | is convex on [61,62),
then the following fractional Mercer-type inequality holds true:

20" 'T(p+1) _ 0 &
B SF (ssn-age) MOTERTRIT Nl ”)]
S+ b2 (B2—S)* S+ b2

R CRR ) R e GRS >|
(,BZ - %)3 " " /// "
S BRG]+ N ) — (N)] + N Ba) )

Proof. By using the Lemma 3, since |R!”| is convex, we have

W (51”27#)7&(51 +62— o) +I’<’51+§r¥)me(él +6y— s)}
‘Nf(‘””z‘%;52)‘4(&1)(?;)&?(‘””2‘%\;ﬁz)‘

< %[/ Yo+ w(a +(sz_(§s+2;Yﬁz))'dY
R S

< M[/jwﬂ(lxz/wn+>N;”wz>\( R(@)] + 25X N (B) |)) qY

+ vz (] + o) - (el + 255 @) ) Jay]

_ (.3 _C‘\j)3 " " /// ///
- 16(P+1)2(P+2)(,0+3) [2(}?‘2& (‘51)‘ ers (‘52)|) (‘N ’Jr |N m

The proof of Theorem 13 is completed. O

Corollary 11. Assigning Bo = 6 and I = 61 in Theorem 13, we have

51+52>7 (52— 6)° (oLt o
(

207 1T(p + 1)
e Ne(51)+jf<)i+#)>Nf(52):| *Ns< 2 4p+1)(p+2) \ 2

(62— 01)°

I s s
(2%)
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(42 751)3 " m
60+ D(p+2)(p+3) [[R(61)| + R (62) ]

Corollary 12. Letting p = 1 in Corollary 11, we obtain

1 %2 o1+ 02 (02— 61)" (01 +6
Ne(1)du — R - N
5 — oy /(51 e(1)du €< 2 ) 24 S( 2 >

Rt
< 0 o+ 8 o))

Theorem 14. Provided that hypothesis S is satisfied, and assuming that |N."'|7 is convex on [61, 6]
with % + % = land q > 1, then the following fractional Mercer-type inequality holds true:

20T (p+1) ,

TR X\ . _Ne(1 +62 — + R R (G 460 —
(B2 —SF | (s+0r-2i2) (01 + 02— B2) ](151+5r“2’32)+ (01 +6—9)
_ 7%+:B2 _ (.BZ*%)Z " 7%+,32

R B A =i Cht

(B2 9) 1 e N (D)7 + 3N (B2 \ ) *
T (parerr) | (e e~ ( i )

+<|NQ”((51)|q+|N§”((52)|q (3\NW( )\q+|N"'(/32)|q)> ]

4

Proof. Based on Lemma 3, and by employing Holder’s inequality and the convexity of
INZ/|1, we obtain

o <‘51 o S+zﬁz> - 4<p(ﬁ+21_)<§)+22> A (‘51 o )
< iy ([ o) | (Do (ovne (Fo025%0)) ')
ALbe (s (3 259) )]

st U Y )
X{(/;(Ing”wl)m|Ng"<<sz)|'*(ZINQ”(%)" ) Ja)
() (oo s e - (GEr+ 5 @) o) 1

(-9 1 51 N ()1 + 3R (B2) I\ \ 7
- Tt o) {(N ar e ( 1 )

# (el - (TEREL lwzw))q.

e

4

The proof of Theorem 14 is completed. [J
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Corollary 13. Assigning fo = 6 and = 61 in Theorem 14, we have
I sy - Re(01) + 1

(0t (52— 1) w91t
(A422) (25%2) ‘2 4p+1)(p+2) ¢ 2

(=8’ L VP (BN @Y (N0l 3N ()
W 1072 (T 1) {( i )+ ( i )}

2071T(p +1)
(62— 61)°

+N£(‘52)

Theorem 15. Provided that hypothesis S is satisfied, and assuming that |X!"|1 is convex on [61, 6],
with g > 1, then the following fractional Mercer-type inequality holds true:

w P 0 g
(B — Q)P ( 3252)*2\28(51 +62 — 52)+](1 57ﬂ) Re(d1 +62— )
S+ B2 (B2 — ) " S+B

R R R L CRC R 2)’

(B2—9) ( 1 )1_
16(0+1)(p+2) \p+3

1

1 " q " 7\ 1 /// 94 5+p 1 q 1
x <p+3<|Ns (‘51)| +|Ns (‘52)| > 2(P+4 ‘ | (P2+12+7p)|N8 (ﬁ2)|

1
1 " q " A /// (n S+p " q 7
+(p+3(|N 1)| +{NS (52)| ) ( P+4 | :BZ ’ P +12+7P |Ne (%)| .

Proof. Applying Lemma 3, along with the power-mean inequality and the convexity
property of |[R/'|7, we obtain

2071 (p 4+ 1)
(B2 =)

7N5<51+52* %J;m) (p(izl_)(pl_z)}l”<51+5z J;m)‘

Re(01+02— Ba) + T

N Ne(01+6—S
(mwr%ﬁy o+ )}

(5r+0r-252)

1

() (e (s (22025 )
+</01Yp+2 N!’(zsl +6,— <§ﬁz+ %3)) qu>;}
< 1

s (£ )
« {( [ (el + el - (@ + 25 el ) Jav)
(v (e e - (Feer + 2 o)) Jay) q

- 16<£ﬁ+21_)<dp)+2>(p13>1"

| Gz (el + @) - (5o N O+ oty ifj”p)mz”(ﬁz)r’)f

1
Nl q " q\ _ /// q 5+P (S q q
(s (Ml + ) - (555 M@ + gt )|

The proof of Theorem 15 is completed. O

E
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Corollary 14. Assigning Bo = 6y and = 61 in Theorem 15, we have

51+52)7 (52— 1) Nu<(51+(52)‘
4(

21 [, . )
J(W)Ng(ol)ﬂ(w)m(&z)} w2 J (2

(62— &1)°

(2-a (1 \UH[aR@r L2\ 2Nl + el
16(p+1)(p+2) \p+3 20 20 '

3. Applications
3.1. Special Means
In this section, we apply the newly derived inequalities to various special means of

positive real numbers. Let §; and J, be arbitrary positive real numbers with 6; # J,. We
focus on the following two special means: (a) Arithmetic mean:

0+

A((Sl,éz) = >

(b) Generalized logarithmic mean:

(Sé’l-i-l . 51’1-&-1 n
L,(61,00) = | —5————| , 01,00 ER, 6y <, n € N.
Note that
Re(z) = 2", R = (n+3)z""2 R/ = (n+3)(n+2)z"""
N = (n+3)(n+2)(n+1)z" yields the convexity of z" on (0, ).
# h+o=S _ n+3 _ox _
R /M&rﬁ2 Re(uwydu = L3061 +62 — 9,61 + 6 — o)
o~
N, (51 46, — “J;ﬁz) = (2A(81,6,) — A(S, B))" 3
)2 IS )2
(132246) Ng/((sl_'_(sz_ J—;:BZ) — (7’l+3)(i’l ‘;z)(ﬁz ‘f) (2A(§1,(52)—A(<\\S‘,ﬁ2))n+1.

Proposition 1. Let 61,0, € R, such that 0 < 61 < 0y and n € N, then we have

L300+ 6, — S,01 + 62 — o) — (2A(81,82) — A(S, B2))" >

a2
A28 00(6,,5) - A, p2)"

n+1)n+3)(n+2)(B2— S)°
- 384

[24(7,63) = A(S", B2)].
Proof. The outcome is obtained by applying Corollary 3 with X.(z) = z"*3, z > 0. O

Proposition 2. Let 41,0p € R, such that 0 < &1 < &, withn € Nand n > 4, then we have

n(n—1)(6 )"

n _ n _
Ly(01,62)" — A"(61,02) 21

A"72(81,5,)
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< n(n— 1)(”?;;?(52 —4)° {A(<51>n731 ((52);173)}‘

Proof. The outcome is obtained by applying Corollary 12 to X¢(z) =z",z > 0. O

3.2. Midpoint Formula

Let P = {z0,21,22,...,2n} be the partition of the points z; € [01,0,],i =0,1,2,...,n
withd) =zp0<z1<zp < ...< 2z =0
For the partition P, the corresponding midpoint rule is given in [46]:

zZi+2z
(N, P ZN(Z 1) (2 = ).

It is well established that, if the function R, : [61, ] — R possesses a second derivative on
the open interval (41, ;) and

M = max ‘N z)| < oo, then
z€(61,02)
o
/;Ng(z) dz = k(R P)+ B(Re,P),
1

where ,B(Ng, P) denotes the approximation error incurred when estimating the in-
tegral f 5 z)dz via the midpoint quadrature formula k(X,, P), and it fulfills the
followmg cond1t10n.

B(Re, P) =

ME

2 Ziy1 — Zz

Proposition 3. Assuming the hypothesis stated in Lemma 2, if |N]'| is convex, then we have

B(Re, P)| ; 21— 2 [ (@) + N (i)

Proof. Consider the Corollary 5 on the subintervals [z;,z;11] (i =0,1,2,...,n —1) of the

1 .
1 Zz+1 Zi+ zi11
O<Zz+1_zz / ) ZN ( 2 >(Zi+l_2i)

1

partition P, we get

n

i

1 n—1
381 Y (zier —z) [ (=) | + R (zig) |-
20

The result is produced, by summing the resulting inequality (i =0,1,2,...,n — 1), and
then applying the triangle inequality.

n-1 1 Zit1
Y (/ Ng(z)dz> ~ k(R P)
i—0 \Zi+1 — Zi Jz;

i= i

< 72 (211 — 2 [IN ()] + [Nz )
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3.3. g-Digamma Function

Let0 < g < 1and z > 0. The g-digamma function, ¢, (z), is defined by

) qk+z
9q(z2) = —In(l1—¢)+Ing}), 1_ 7z
k=0 + — 1

0 qkz
= —Inl1—¢)+Ing ) T
k=1 q

which is well defined for all z > 0. It is known that for 0 < g4 < 1, the g-digamma

function is infinitely differentiable on (0, c0) and its higher-order derivatives admit series

"

representations with nonnegative terms. In particular, the function |¢j (z)‘ is convex

on (0,00) see, for example, the monotonicity and convexity results established for g-
polygamma functions in the literature [47,48]. For 4 > 1 and z > 0, the g-digamma function
@4 is defined as

(z) In(g—1) +1 Ll ]
p(z) = —In(g—1)+mglz—5-) ————
1 2 —1—gq (k+z)
1 0 qsz
= —In(g—1)+Ing z—z—k;l_q_k].

Proposition 4. From Corollary 12, we acquire

1 % 01+ 6o (6, —61)% ,1( 01+ 6
52—51/5] ‘P"(z)dz_")‘?( 2 )‘ 24 q’q( 2 )’

(62 —61)3 {
- 384

oy (61)| + |9} (e2)] .

Proof. The outcome is obtained by applying Corollary 12 by setting Re(z) = ¢4 (z). O

3.4. Modified Bessel Function

We assume that ¢ > —1 and z € (0, o). Under these conditions, the modified Bessel
function of the first kind, I, admits the series expansion [49]:

(z)aJan
_ 2
lo(z) = rg) nT(c+n+1)

The second kind of modified Bessel function C, [49] is defined as

7 l¢(z) — Ir(2)
2 sino7 )

Co(z) =
Let the function ¥, (z) : R — (0, 1], defined by

¥,(z) =2T(c + 1)z 7Cy(z),

It is known [49] that ¥ (z) is positive and increasing on (0, o) for o > —1. Moreover, from
the explicit representations of its derivatives given in

¥ (z) = ﬁ‘{jaﬂ(z)r (15)

and second derivative can be easily obtained from Equation (15) as
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2
1
¥i(z)=— ¥ — 7T 1
U(Z) 4(U+1)(U+2) (7+2(Z)+2(0.+1) (T+1(Z)/ ( 6)
and third derivative can be straightforwardly calculated from Equation (16) as
¥ (2) = 2 ¥oa(z) b ¥ () (17)
o\ T 8o+ ) (o +2)(c+3) TP 4o+ 1)(oc+2) T

Proposition 5. Let ¢ > —1 for any real numbers 0 < §1 < &y, then we have

1 %2 61+ 6
5 — 0 /51 ‘I’g(z)dz—‘I’g( 7 )

= ;451)2 [16((5511)%7)1 2) ‘fa+z(5l ; 52) * 2(al+ 1)\11"“(51 ; . ﬂ ’

(65 —61)3 53 36
< HB(U—I—1)(0i2)(0+3)1¥0+3(51)+4(0+1)1(¢7—|—2)

Yoi2(01)

5

T8+ D)o +2)(c13)

Yoi3(02) + LM%THZ(@) H .

Proof. The outcome is obtained by applying Corollary 12 by setting N, (z) = ¥4 (z),z > 0
along with the identities in Equations (16) and (17). O

4. Simulations

In the following section, we validate our main results through a series of graphical
illustrations.

Example 1. Suppose that all the conditions of Corollary 3 are satisfied. Let us consider the function
Ne(u) = (u+a)* defined on RT. Additionally, R (1) = a(a —1)(x — 2)(u + a)* >, where
« > 3 and a > 0 are also a convex function. By fixing the values 6y = 1, 0y = 4, B = 3 and
S = 2, we proceed as follows:

(a+3)a+1—(a+2)“+1_<5 >a_oc(oc—l)<5 >a—2

a1 7T 2 \2 1

2 2 (18)

a(w —1)(x—2) [2{(a+1)a—3+(a+4)a—3}7{(a+2)a—3+(a+3)a—3}}.

IN

In Figure 1, we select « € [5,6] and a € [5, 6], as a variable to illustrate the relationship
between the left-hand side and the right-hand side of inequality (18), through a graph.

Figure 1. Verification of inequality (18) for variable a and representative a.
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In Figure 2, we select a € [5, 6], as a variable to illustrate the relationship between the
left-hand side and the right-hand side of inequality (18), through a graph.

Value
25

T

52 54 56 58 60 @

Figure 2. Left-hand side (LHS) line is shown in blue, and the right-hand side (RHS) line is shown in
red as a function of a € [5, 6], with fixed « = 5.

In Figure 3, we select a € [5, 6], as a variable to illustrate the relationship between the
left-hand side and the right-hand side of inequality (18), through a graph.

Value

52 54 56 58 50 @

Figure 3. Left-hand side (LHS) line is shown in blue, and the right-hand side (RHS) line is shown in
red as a function of a € [5, 6], with fixed a = 5.

In Table 1, we consider the parameter values & € [3,7] and a € [1,3] to numeri-
cally illustrate the relationship between the left-hand side and the right-hand side of
inequality (18).

Table 1. Numerical verification of inequality (18) for selected values of the parameters « and a is
presented in Table 1.

% a Left-Hand Side Right-Hand Side
3 1 0.0208 0.0417
4 1 0.0833 0.1667
5 2 0.3125 0.6250
6 2 0.7813 1.5625
7 3 1.9531 3.9063

Example 2. Assume that all the conditions of Corollary 8 are satisfied. Let us consider the function
Ne(u) = (u+a)® defined on RY. Additionally, X (u) = a(a —1)(x —2)(u + a)* > where
« > 3 and a > 0, which is also a convex function. By fixing the values 61 = 1, 0y =4, B = 3 and
S = g = 2, we proceed as follows:

(a+3)"" —(a+2)""" 3 (; +u>“_ a(w—1) <5 )a—Z

a1 u \2te

2 19)
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[SE

a-3)2 «-3\?
< Mo De2) %(((a+1)“’3)2+((u+4)“*3)2>— 2((a+2) );)3<(“+3) )

3((a + 2)”“3)2 + 2((u + 3)“‘3)2

(((u+1)“’3)2+ ((u+4)“*3>2) - 5

FN.

Jr

In Figure 4, we select « € [5,6] and a € [5, 6] as variables to illustrate the relationship
between the left-hand side and the right-hand side of inequality (19), through a graph.

Figure 4. Verification of inequality (19) for variable a and representative a.

In Figure 5, we select a € [5,6] as a variable to illustrate the relationship between the
left-hand side and the right-hand side of inequality (19), through a graph.

Value
2000

1500

1000

52 54 56 58 50 @

Figure 5. Left-hand side (LHS) line is shown in blue, and the right-hand side (RHS) line is shown in
red as a function of a € [5,6], with fixed & = 5.

In Figure 6, we select & € [5,6] as a variable to illustrate the relationship between the
left-hand side and the right-hand side of inequality (19), through a graph.

Value

50000 /’

/
J
/
/
40000 '
V4

4
30000 g

20000 o

10000}

52 54 5.6 58 50 4

Figure 6. Left-hand side (LHS) line is shown in blue, and the right-hand side (RHS) line is shown in
red as a function of a € [5, 6], with fixed a = 5.
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In Table 2, we consider the parameter values « € [5,7] and a € [5,6] to numer-
ically illustrate the relationship between the left-hand side and the right-hand side of
inequality (19).

Table 2. Numerical verification of inequality (19) for selected values of the parameters & and a is

presented in Table 2.
o a Left-Hand Side Right-Hand Side
5 5 24.3750 51.8427
5 6 29.6875 63.1042
6 5 61.3281 132.9167
6 6 74.4141 161.4583
7 5 154.7852 336.7188
7 6 187.4023 408.5938

5. Conclusions

Integral inequalities play a fundamental role in fractional calculus and mathematical
analysis. Over the past forty years, this field has grown tremendously, with numerous
research articles introducing fresh perspectives and innovative ideas. Convexity serves
as a key tool in establishing results in this area, leading to various generalizations and
extensions. To better model mathematical inequalities arising in real-world applications,
researchers have turned to fractional calculus, as traditional calculus often falls short in
capturing the necessary complexity. This shift has led to several unexpected and valuable
discoveries, further enriching the field.

Since classical differentiation struggles to accurately model many applied problems,
this work explores Hermite-Hadamard-Mercer-type inequalities using various fractional
integral operators, including classical, Riemann-Liouville fractional integrals. Furthermore,
we introduced several related fractional integral inequalities associated with the right side
of the Hermite-Hadamard—Mercer-type inequality for three-times differentiable convex
functions, providing additional insights and observations. Moreover, several new results
regarding Young's inequality, bounded function, and L-Lipschitzian function are deduced.
To validate our results, we presented illustrative examples with graphical visualizations.
All figures in this work were produced with Mathematica (version 11.2). Notably, we
compare Theorems 8 and 9 (from Khan et al. [45]) in a special case. Finally, we examined
some applications related to special means, midpoint formula, g-digamma function and
modified Bessel function, reinforcing the significance of our findings. We hope and believe
that this work will inspire further research in fractional and quantum calculus, encouraging
researchers to explore new results using different generalized convexities and fractional
integral operators.
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Abstract

In this study, we introduce new versions of fuzzy fractional integral operators for both one-
and two-variable cases. Using these operators, several Hermite-Hadamard-type (H-type)
inclusions are established for fuzzy-number-valued convex functions (F-N - V-functions)
and F-N - V-coordinated convex functions. These results are obtained by employing
F-N - V-weighted functions within the framework of the newly defined Hadamard and
generalized fractional integrals in one- and two-dimensional settings. The use of general-
ized fractional integral operators provides a unified approach that encompasses a wide
class of classical and modern fractional integrals, including the fuzzy Riemann-Liouville
and Hadamard types. This unified setting enables the derivation of more comprehensive
and flexible inequality results in the fuzzy-number context. The inclusions obtained in this
work significantly extend and generalize several known H - H-type inequalities previously
established for real-valued and interval-valued functions (I - V-functions). Furthermore, the
proposed results yield a variety of meaningful special cases by specifying suitable kernel
functions and parameters of the generalized fractional integrals. In particular, we derive
new weighted H - H-type inclusions involving logarithmic functions in the fuzzy-number
framework. These findings underscore the effectiveness of generalized fractional integrals
in capturing nonlocal behavior and uncertainty, and they provide new tools for further
investigations in fuzzy analysis, fractional calculus, and generalized convexity.

Keywords: fuzzy convexity; Hadamard fuzzy-number-valued fractional integral operator;
generalized fuzzy-number-valued fractional integral operator; Hermite-Hadamard-type
inclusions

1. Introduction

One of the most fundamental results in the theory of convex functions is the H - H-
inequality, originally introduced by Charles Hermite and Jacques Hadamard; see [1,2]. This
inequality has attracted considerable attention due to its elegant structure, clear geometrical
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interpretation, and wide range of applications in mathematical analysis, optimization, and
related fields. Specifically, let I C R be an interval and let ¢, € [ with ¢ < 7. If
& :1C R — [0,1] is a convex function, then the H - H-inequality states that the value of
the function at the midpoint of the interval is bounded above and below by the integral
mean of the function and the arithmetic mean of its endpoint values, namely,

G(OIf)gfio/jG()é)dfégw. (1)

This inequality provides a useful estimate for the integral average of a convex function
and serves as a powerful analytical tool. Owing to its significance, numerous general-
izations and extensions have been developed, including variants for different classes of
convexity, multidimensional settings, and integral operators. These developments continue
to play an important role in advancing both theoretical results and practical applications.
When the function & is concave, the H - H-inequality holds with the reverse ordering of
inequalities. Over the years, this classical result has motivated extensive research, and
numerous authors have established various forms and extensions of H - H-type inequalities
under different assumptions. It is worth noting that the H - H-inequality can be derived
directly from Jensen’s inequality, and thus may be viewed as a refined manifestation of the
concept of convexity.

In recent decades, renewed interest in the H - H-inequality for convex functions has
led to a broad spectrum of refinements, improvements, and generalizations. These include
extensions to different classes of convexity, alternative integral operators, and multidimen-
sional settings, as documented in a growing body of literature (see, for example, [3,4]).
Such developments highlight the continuing relevance of this inequality in modern mathe-
matical analysis.

A significant role in these investigations is played by interval analysis, which provides
a systematic framework for handling uncertainty in mathematical modeling and computer-
assisted computations. Although the origins of interval-based reasoning can be traced
back [5,6] to early mathematical works, such as those of Archimedes on the quadrature
of the circle, interval analysis as a formal and structured theory did not gain substantial
attention until the mid-twentieth century. Since then, it has become an important tool
in both theoretical and applied mathematics, particularly in the study of inequalities,
numerical analysis, and uncertainty quantification.

In recent years, interval analysis has become an important mathematical tool for
dealing with uncertainties and rounding errors in numerical computations. It provides a
reliable framework for representing imprecise quantities by intervals and for performing
rigorous numerical calculations. Over the past decades, significant theoretical develop-
ments and practical applications of interval analysis have been reported in the literature.
Fundamental concepts and computational techniques of interval arithmetic and interval
computations were systematically studied in classical works on interval methods and their
applications [7,8]. Furthermore, interval analysis has been successfully applied to global
optimization problems and the reliable solution of nonlinear systems of equations [9].
Its applications have also been extended to various engineering and scientific problems,
where interval methods provide guaranteed bounds for uncertain parameters and mea-
surements [10]. In addition, interval arithmetic plays a crucial role in computer arithmetic
and reliable numerical computation, ensuring accurate error control in scientific comput-
ing [11]. The development of extended interval spaces has further enriched the theoretical
framework of interval analysis and opened new directions for mathematical modeling and
analysis [12]. These advances have naturally led to the broader acceptance of absolute
inequalities and interval-based approaches in modern mathematical analysis. As a natural
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generalization of [ - V-analysis, fuzzy-number theory provides a more flexible and expres-
sive framework for describing uncertainty by incorporating degrees of membership rather
than sharp bounds. Consequently, the study of inequalities for fuzzy-number-valued and
set-valued functions has attracted growing interest. In this context, a H - H-type inequality
for set-valued functions, which generalizes I - V-functions, was established by Sadowska,
see [13]. Subsequently, several authors extended these ideas to fuzzy-number-valued
functions, thereby enriching the theory and widening its range of applications.

Moreover, the introduction of generalized fractional integral operators has played
a crucial role in the advancement of H - H-type inequalities within the fuzzy setting.
In particular, new H - H-type inequalities involving fractional integrals in relation to
another function were obtained by Jleli and Samet [14], providing a unified approach that
encompasses several classical fractional operators. Furthermore, fractional integrals of
one function in relation to another for I - V-functions were first presented by Tung [15],
laying the groundwork for subsequent extensions to fuzzy-number-valued functions. These
developments strongly motivate the present study, which focuses on establishing H - H-type
inequalities for coordinated convex fuzzy-number-valued functions involving generalized
fractional integrals.

A unified framework that encompasses both the Riemann-Liouville and Hadamard
fractional integrals was introduced through the novel fractional integral proposed by
Katugampola. This generalization has proved to be highly effective in deriving new an-
alytical results and has stimulated further developments in fractional inequality theory.
Using generalized fractional integrals and classical integrals, Zhao et al. [16] and Budak
and Agarwal [17] established H - H-type inequalities for coordinated convex functions,
thereby unifying and extending several important fractional integral operators, including
the Riemann-Liouville, Hadamard, and Katugampola fractional integrals. Subsequently,
H - H-inequalities involving Riemann-Liouville fractional integrals [18] were investigated
for I - V-functions by Budak and coauthors [19], further highlighting the applicability of
fractional operators in interval analysis. In a related direction, I.V-left- and -right-sided
generalized fractional double integrals were introduced by Kara and collaborators [20], pro-
viding a broader setting for studying inequalities involving multivariable I - V-functions.
The concept of I - V-convexity has also been extensively explored in the literature. In
addition to classical I - V-convex functions, several generalized convexity notions—such
as [ - V-L - R-convex functions—have been examined to obtain sharper and more flexible
inequality results. On the other hand, the theory of fuzzy sets was first introduced by Zadeh
to deal with uncertainty and vagueness in mathematical models [21]. Since then, fuzzy
set theory has become an important tool in various branches of mathematics and applied
sciences. In particular, the concept of metric spaces of fuzzy sets has been extensively stud-
ied, providing a fundamental framework for analyzing fuzzy-valued functions and their
applications [22]. Moreover, the study of fuzzy differential equations has attracted consid-
erable attention due to its significant role in modeling dynamic systems under uncertainty.
Several researchers have contributed to the development of this field, including the pio-
neering work on fuzzy differential equations and their solutions [23,24]. Furthermore, the
concept of fuzzy quasilinear spaces and their applications has provided a useful structure
for studying fuzzy-valued mappings and related mathematical problems [25]. In addition,
the theory of fuzzy integrals for set-valued and fuzzy mappings has been developed to
extend classical integration concepts to fuzzy environments [26]. These developments have
laid the foundation for further research in fuzzy analysis and its applications in various
mathematical models. These studies form an important foundation for extending H - H-
type inequalities to fuzzy-number-valued functions—see [27]—and coordinated convexity
frameworks involving fuzzy fractional integrals [28], which constitute the main focus of
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the present work. In recent years, several researchers have introduced and investigated
different notions of L - R-convexity for [ - V-functions [29], thereby broadening the classical
concept of I - V-convexity (see, for example, [30,31]). Within this generalized framework, a
variety of H - H-type inequalities have been established for L - R-I - V-convex functions,
demonstrating the flexibility and effectiveness of L - R-convexity in inequality analysis.
Following the extension of the H - H-inequality proposed by Zabandan [32] in 2020,
further developments were achieved for fractional and logarithmic integral operators.
These results significantly enriched the theory by incorporating nonlocal operators and
logarithmic kernels. In a related direction, important H - H-type inequalities for coordi-
nated convex functions were derived by Sarikaya and Kiliger [33], highlighting the role
of coordinated convexity in multivariable settings. Moreover, several authors have ex-
tended H - H-type inequalities to the setting of Riemann-Liouville fractional integrals
combined with logarithmic integral operators. These extensions have further deepened
the understanding of fractional inequalities and have opened new avenues for research in
I -V and fuzzy-number-valued analysis. Such advances provide strong motivation for the
present study, which aims to develop new H - H-type inequalities for coordinated convex
fuzzy-number-valued functions involving generalized fractional integrals. The following
inequality is known as fuzzy-fractional H - H-type inequality, such that, as discussed in [34],

T(A+1)

) S(e) +6(2)
2 /=P ar— oA '

2

{7800 7/ 8(0)) < @
where & is a fuzzy-number-valued convex function over [¢, Z].

The principal aim of this paper is to establish several H - H-type inclusions for
I - V-convex functions and I - V-coordinated convex functions by employing I - V-weighted
functions. The results obtained in this study not only unify but also extend earlier findings
reported in the literature, particularly those presented in [27,28].

The paper is organized as follows. Section 2 recalls the fundamental definitions,
properties, and preliminary results related to I - V-functions that are essential for the
subsequent analysis. In Section 3, we present a concise overview of fractional integrals for
I - V-functions involving one and two variables. Section 4 is devoted to the derivation of
weighted H - H-type inclusions for I - V-convex functions, where several known results
are recovered as special cases. Finally, in the context of coordinated convex functions,
we establish new and significant H - H-type inclusions, thereby further enriching the
existing theory.

2. Preliminary Concepts

Let A be a fuzzy set in a nonempty set R with the membership function
nz:R—101] (©)
For any u € (0, 1], the p-cut (or p-level set) of A is defined as the crisp set
[A], = {# € R|7i(#£) > u} (4)

Additionally, the O-cut of A is defined as

[A], = {# € R[7(#) >0} ®)

where the bar denotes the closure of the set.
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The family of y-cuts { [A] H’ nelo, 1]} provides a complete characterization of the
fuzzy set A and plays a fundamental role in fuzzy analysis, particularly in the definition of
fuzzy numbers, fuzzy arithmetic, and fuzzy-valued integrals.

Note that the following four conditions are standard and essential for characteriz-
ing a fuzzy number. Normality ensures the existence of at least one element with full
membership, convexity guarantees that intermediate values are represented consistently,
upper semi-continuity ensures well-behaved membership functions, and compact sup-
port guarantees boundedness. Together, these conditions ensure that a fuzzy number is
mathematically well-defined and suitable for analysis and applications.

Definition 1 ([21]). A fuzzy number (F-N) is a normal, convex, upper semi-continuous fuzzy set
on R with compact support, whose u-cuts are nonempty closed bounded intervals for all y € (0, 1].
The set of all F-Ns is denoted by IFy.

Theorem 1 ([22]). A fuzzy set is if 77 : R — [0,1] is a F-N if, and only if, there exist two real-
valued functions.
7+, 17 :10,1] = R

such that, for every p € (0, 1], the p-cut of ij is given by

[ (1), ™ (w) .

Moreover, the endpoint functions 7. (), 7* (i) satisfy the following conditions:

1. 14(n) is bounded, non-decreasing, and left-continuous on (0, 1J;
. 7*(n) is bounded, non-increasing, and left-continuous on (0, 1];
3. m«(p) <y*(u) forall u € (0, 1].

Conversely, any pair of functions (77, (p), 7* (1) ) satisfying conditions (1)-(3) uniquely
determines a F-N “ij”.

Let 77,6 € [y represented parametrically {(#.(u),n*(1)):p €[0, 1]} and
{(0x(p),0"(n)) : p € [0, 1]}, respectively. We say that 7 <p & if for all u € (0, 1],
n*(n) < o (u), and 1«(u) < 0x(p) or [17«(u), 7" () ] <1 [0x(p),0"(u)], where <y is a
partial-ordered relation between the intervals. If 7 <p &, then there exists y € (0, 1] such
that 7* (1) < o*(u) or 175 (1) < 04 (). The fuzzy numbers 7j and & are said to be comparable
in relation to the partial order <p if either 7 <p 6 or 77 > & holds. Otherwise, they are
termed non-comparable. The set Iy forms a partially ordered set under the relation <p. In
what follows, we may equivalently write 7 <p 6 instead of & > 77 whenever convenient.

Let 7,6 € . If there exists a fuzzy number § € Fy such that

1=0®4, 6)

where @ denotes fuzzy addition, then the generalized Hukuhara (¢ %) difference between
7 and 0 is said to exist. In that sense, b is called the ¢ % -difference of j and 6, and it is
denoted by

1 ©gx O, @)

as defined in ref. [25].
If the ¢ -difference exists, then for each u € (0, 1] the endpoint functions satisfy

(3) (1) = (7 ©42 0) (1) = 17" (1) — 0" (1), (5), (1) = (77 O a2 6), (1) = () — 04 (1),
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and

i 6=15« - 8
1O 0 {orﬁzé@(—l)Q(S ®)

Having established these fundamental properties of fuzzy numbers under addition
and scalar multiplication, we now proceed to the case where 0 < ¢ € Rand 7,6 € Fy; then,

¢ ®7 and 7] @ 0 are defined as

706 ={(n(p) +oxs(p), 1" (1) +0"(n)) : p €10, 1]}, )

e @7 = {(en«(p), e (n)) : p €10, 1]}. (10)

Remark 1. It is evident that F( is closed under “©” scalar addition, and the features of Iy that
were previously defined match those that result from the traditional extension concept. Furthermore,
we obtain

foe={(n(u)+en (n)+e):pel0 1]} (11)

for every scalar number ¢ € R. A full metric space is generally understood to be the space IFy

equipped with the supremum metric, which is written as (7,8) = sup H([F]", [0]")) (see,
0<u<i1

e.g., [26]).

Definition 2 ([26]). Let & : [¢,£] — Fo bea F-N - V-mapping. Then, D-continuouity of & at
a point 7%q over fuzzy supremum metric I if

/éli_}rr)%OD(é(é), &(#¢)) = 0. (12)

Equivalently, & is D-continuous at £ if, and only if, for every p € (0, 1], the endpoint
functions
Su(5m), 6" () : [0, ¢] = R (13)

are continuous at £, uniformly in relation to .
The mapping & is called D-continuous on [¢, ] if it is D-continuous at every point
of [¢,7].

Remark 2. D-continuity in relation to the fuzzy supremum metric guarantees uniform level-
wise continuity of the y-cut endpoints and is particularly suitable for studying F-N - V-integrals,
fractional operators, and H - H-type inequalities.

Definition 3 ([27]). A mapping & : [¢,¢] — Fy is called F-N - V-mapping if, for every £ €
[¢,£], &(#) is a F-N. Equivalently, for every £ € [¢,£] and u € [0, 1], the u-cut of G(#) isa
closed and bounded interval given by

()] = 6u(£) = [6.(4 p), & (%; p)], (14)
where S, (#; u) < &*(%; n).

Definition 4 ([27]). Let &: [¢,£] C R — Fy be a F-N - V mapping such that, for each y €
(0, 1], the endpoints mapping

Gu( 1), & (5 p):[e, ] = R,
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are integrable ono, ¢].

The F-N - V Aumann integral of & over [¢,#] is defined as the F-N:

(FA) / " S(k)n, (15)

-

whose p-cut is given by

¢ ¢
[(FA)/ &% dfé}”— IA/ &,(£)d% = [/ (% ydfé/ “(#; y)d}%} (16)
where FA and IA represent F-N - V-Aumann and interval Aumann integrals, respectively.

The F-N - V-Aumann integral preserves the F-N - V-structure and plays a fundamental
role in fuzzy analysis, particularly in the study of f F-N - V-inequalities, F-N - V-fractional
integrals, and F-N - V H - H-type results.

3. Fuzzy-Number-Valued Generalized Fractional Integral and Convexity

This section consists of the classical definition of fuzzy convex function and newly
defined F-N - V-generalized fractional integrals. Additionally, some extended versions of
H - H-type inequality are also obtained.

Definition 5. A mapping & : A= [0,¢] — Fy is said to be a F-N - V-convex mapping if the
following inequality holds:

SwrA+t(1-v))<rro6AR)o(1-2v)06(s)
forall (#,3) € [¢,£],and v € [0, 1].

Definition 6. Let g: [¢,£] — R be an increasing and positive monotone mapping on (¢, ¢)
having a continuous derivative ¢'(£) on (o,¢) and & € IR((4,¢)- The F-N - V-left-sided
(J j+;g &(#)) and right-sided (J ?_;g &(#)) fractional integrals of & in relation to the mapping g
on [¢,¢] of order X > 0 are described by:

A &gy 1 £ () (e £ > o
T &(8) = F(K)(PA)/{} [g(}%)_g(v)]l_xe( Vo, # > (17)
" 5. &%) L(PA)/f o) &(v)do, £ < ¢ (18)
CrT T [g(e) —a(a) N A
respectively.

Corollary 1. If &: [¢,£] — Fy is an F-N - V-mapping such that from y-cuts, here, we pro-
duce the collection of I-V-mappings &, : [¢,¢] — Ry such that [&(»)]" = &,(z) =
[S(v; 1), &(e; 1), forall p € [0,1) and g : [¢,£] — R be an increasing and positive function
on (¢, ], having a continuous derivative g'(£) on (¢, ), then we obtain the following relation

fo/<+;g [é(é)]ﬂ = j0/<+;9614(7é) = [j0+g (1), 0+g (7%}.“)} (19)

and
T g [S(R)]" = 7/ 5u(8) = |75 S (A ), T & (A3 )] - (20)
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Proof. The result follows directly from Theorem 1 together with the stated properties of
the function g. (J

We now proceed to the proof of the first theorem. Throughout the subsequent analysis,
the following notation will be used:

F#) =6
B(£) =

£— k)A€ lo,f)

(£)® T (£). @)

Gr +

Theorem 2. Let g : [¢,£] — R be positive increasing mappings on (e, €| with continuous deriva-
tives such that g'(£) on (¢,¢). If & : [¢,¢] — Fy isa F-N - V-coordinated convex mapping on
[o, €] such that from p-cuts here, we produce the collection of I- V-mappings &, : [¢, €] — R
such that [&(2)]" = &,(v) = [&(v;5 1), & (v )], for all w € [0,1], then for X > 0, the
following H - H-type inequality holds in relation to g:

X (o4t [(A+1) £ & £ & 6(0)+6(2)
S(43%) <r o) —a()F © {f0+;gq’(f) ® fg—;g@(ﬂ‘)} <SF——7 - (22)

Proof. Letu = 07 + (1 —#)¢ and v = (1 — #)o + »£ for » € [0,1]. Convexity of & allows
us to write

3 £ U+ < 1
(0 8 < Lo 8w + 2 0 8(0)
2 2 2
That is, for all p-cuts,
Gu(ZFL) <1 L6 u(or+ (1= #)6) + 16,((1 — #)o +#£) (23)

Both sides of (23) are multiplied by

(¢ o) g7t +(1=7)e)
[(A) [8(2) —g(rt + (1= 7))~

and then integrating over [0, 1] in relation to », we have

T(Z+1)
— 174 ®u(0) 1)
(£—0) g (#+(1—7)0)

I(K) [g(#f+(l—1*)o)—g(0)]1*’<

and then integrating over [0, 1] in relation to 7, we get

£)—g(0)]
& (A <1 474 7 () + 15/ 4 8ul0)

T(A+1) (25)
= %jf_;gcby(o)
The inequalities (24) and (25) are added side by side to get
S G Pu(? <P
() ST — o7 @)+ Tyl
As a result, relation (22)’s first section is finished.
Nevertheless, due to &,,’s convexity, we may write
Sulor+(1—=#))+6,(1—»)o+#0) <1 Su(e) +6,(7) (26)
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Both sides of (26) are multiplied by

(¢ - o) g2+ (1 =7)e)

I(A) [8(2) —g(rt + (1= 7))~

and then integrating over [0, 1] in relation to 7, we get

[9(£)—g(e

A
TL T O+ 55 6u(e) = 7L 0u(e) < B (e, (0) + 8,(0)) 27)

Similarly, both sides of (27) are multiplied by

(¢ o) g2+ (1 =7)e)

I'(X) [g(#f +(1—=7)e)—g(e)=4

and then integrating over [0, 1] in relation to », we have

9(¢)—g(e))“

TS, T (o) + 7L, Gule) = 7/, Pule) <1 [F(Tl){@y({;) +6,(2)} (28)

Summing the relations (27) and (28),

T o @ulo) + I, Pu(f) <1

2[a(¢) —a(2)]“

T(<+1)

The proof is finished in this manner. [J

{Gule) +6,()}

Remark 3. (i) The inequality (2) is obtained by taking g(v) = v in (22). (ii) The F-N - V-left-sided
and right-sided Riemann—Liouville fractional integrals are obtained by taking g(v) = v in (17) and
(18), respectively. (iii) We obtain the FA-integral (15) of the & function if we take g(v) = v and

A =1in(17) and (18).

Theorem 3. Let g: [¢,£] — R be positive increasing mappings on (¢, £] with continuous deriva-
tives such that g'(£) on (¢,¢). If & : [¢,¢] — Fy isa F-N - V-coordinated convex mapping on
[0, ¢] such that from p-cuts here, we produce the collection of I - V-mappings &, : [¢,¢] — R
such that [&(2)]" = &,u(v) = [&(; 1), ()], for all p € [0,1], then for £ > 0, the

following H - H-type inequality holds in relation to g:

A

iy © 8(4)

where

S(#)®6(9)
2

(29)

for £, € [0,¢]. lf we take £ = 50 + 5527 and 3 = 2520 + 5¢ for » € [0,1], we obtain

Su(235) <1 38u(50+570) +36u(Br e+ 56) <)
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Both sides of (30) are multiplied by

(¢ -

)

2
) [a(e) ~ a5+

and then integrating over [0, 1] in relation to 7, we get

(¢ - o) ¥ (Ge+2570) ¢
—0) /1 20 2 o+
21 (<) o o A o)
{g(f) —o(5e+ Zf)}
(€ =2) (1a) 1 g/(gwrz;#f) [l S P
41-(/<)( )f() S ,_ . 1,/<_ }l(§0+ 2 )+ ,”( 2 0+§ ) 7
0(0) -G o+ 25 70)]
s 2—7
(¢ —0) 9(504‘ 5 ?) " Sule)+6,(7)
L(<) -0 P 7 2—#i 1=A 4
9(0) -~ 5o+ 2570)]
By change in variable v = 4 ¢ + 252¢, we have
1 ) o+t
{rv0f0+ 5(7) g@ﬂ%%d”}sﬂ 2
1 ¢ g (v)
1 ./ o' (v) Su(e) +6,(7)
Sf{r@0f0+f7[Mf> avnlxd”} 2
It is clear that
PENG
ff o) 51955 )
22L Tol6) — o) A
Inequality (32) and Definition 6 are used to get
A
o [906) - o(#49)] " ,(25)
<I %f(%)_hgqjy(f) (33)

< [a(

£)=a(249)]" &,(0)+6,(2)
T'(A+1) 2

Similarly, if we perform the operations that multiply (30)’s two sides by

(t=0)  d(Fot50)
A o250 +50) ~a(0)]

A
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When we change the variable # = 25%¢ + 57 and integrate over [0, 1] with respect to 7,

respectively, we get

o+7 )
L 2 g/ 4 o’ o+
F(/<)f0 [g(u)_g(O)]l—Ad Syl 5 )
o+ )
1 2 g'(» N 5 (o)lde 34)

= 2I(X) (IA)fjf [a(z) — a(e)]T 7 [Sy(v) + T (v))d

1 g'(v) L\ 8u(0) +6,()
SI r(/<) f0 [g(v) _9(0)]1_/< d >

In relation (34), if we apply the following:

o3 g(v)

o la(e) —g(e)) 4 A

we obtain

SEHETEK 0 (35)
7 ’
a(#4)-9(0)] " Spu(0)+6u(¢)
SI [ %(/<+1) ] I : I3
Summing the relations (33) and (35),
K] "
T(K?H)G"(%f) = %{j(/});g(py({}) +f(/’<‘§f)+;g(py(f)}
KS S,(0)+6,(2)
S e

Thus, the proof is finished.

Corollary 2. Taking g(v) = v from (29) gives us

~ A—=1 ~
&(240) <p LI g {f‘ e,

X S(o)e&(¢
I o (0} < SRS e

)
4. Fuzzy-Number-Valued Double Integral, and Coordinated Convexity

Firstly, we recall the concept of F-N - V-double integral given by Khan et al. [27] in a
previous study.

Definition 7 ([27]). Let A= [¢,¢] x [1, )] C R?>and let & : [¢,£] — Fq bea F-N - V-mapping.
Assume that, for every p € (0, 1], the endpoint functions

&) 1), &((); w) : [e ] [ U] = R,

are integrable over A.
The F-N - V-double integral of & over A, in the sense of F-N - V-Aumann, is defined as the
F-N:
(FD)ij S(7,v)drde, (37)
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whose p-cut is given by

(FD) [[, &(r,e)drdu | = (ID) [[ &u(r, v)drde

= [Jf, &0 p)ran, [, & (.0 wrdo].

The F-N - V-double integral preserves the F-N-structure and generalizes the classical double integral
to F-N - V-mappings. It plays a fundamental role in the study of fuzzy partial differential equations,
F-N - V-fractional integrals, and H - H-type inequalities for coordinated convex F-N - V-mappings.

Definition 8. Let & € FA([0 x|y The Hadamard F-N - V-fractional integrals

LG, 3;<fj_6 ok "6, ande _Goforder X, x > Qwith o,1 > 0 are described by

A = o 1 /)% /d é A-1 ﬁ N_lé(l},?‘)

I 6(8,3) = 71,(/01_()4)(1:14) ) (lnu) (ln?) o drde, > 0,3 > 1, (38)
SCIC ) P (FA)/)% /’(zn’%)K_lz VTS it k> s < (39)
Yory= OV )= T OO0 . L P

Ax _ 1 /f /4 v A3 16 (e, )

2 89) = Fariy FAY [, [ ()™ sy = e < £ > (40)
and

TN E(h,8) = (FA)/'f /J i) 12y TS g g < s < (41)
e " T(X)T(x) Jr Js v » or O 0SS
respectively.

Now, we give the following generalized F-N - V-fractional integral operators.

Definition 9. Let g : [¢,£] — R be an increasing and positive monotone mapping on (o, ¢],
having a continuous derivative g’ (#) on (¢,¢), and let x : [i, j| = R be an increasing and
positive monotone mapping on (1, j|, having a continuous derivative x'(3)on (1, j) and & €

FA((o,0111d
two variables are described by

)- The F- N - V-left-sided and right-sided fractional integral operators for mappings of

oy S = 1 ' ’ g,(v) K/(#) 5 v, 7 )aradr R )

T S(#,3) = 7F</<)F(>4)(FA)/0 T o7 o) g S B> 00> @)
S e ] fp d) ) st o g o o

TG, 9) = F(A)T(N)(FA)/o L TR G T &(v, #)drdo, £ > 0,0 <) (43)

S e — ] ‘W ) s i |

T B, 5) = F(K)F(N)(FA)/)% / e o TR S A <0
and

IS &k, 4) = ¥(FA)/£ /J g(2) X(r) &(v, #)drdo, # < £,3 <) (45)

‘— J ;8,X ’ F(/<)]—'(><]) 2 Js [g(é) _g(v)]l—K [I><(.j) _ D<(7()]17>< ’ ’ ’ y
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for £, x>0.

Based on the definitions given above, we may provide the F-N - V-integrals as follows:

~ + 1
ISy 88,2 = oo (FA) /

I'(X)

I &, Yy = (FA)/

2

o+7 1

e S5 09) = g A -

and

AT aan A P (FA)/’J

2

If we decide to g(v) = £
Definition 9.

Definition 10. Let & € FA([, /|«
with two variables are described by

1]

A,
PO, S(£,3) =

1-X<
0,0 /<>4 — p
157, &(#,9): T

POTLN &(#, ) = L

FA//

and

/<, ~
POl S(#,9) =

FA//

( ) G v — dly' é > v
7 7 (46)

&(o, I;——J)dv,é <¢ @

,7)dr, 3 >, (48)

,7)dr, 5 < . (49)

~, 0,0 > 0, the definition that follows is found in

)- The Katugampola fractional integrals for F-N - V-mapping

#0—1

pl=Agl=> Y o1
Far M), ||

— 1—x S o 1
r x)(FA)./j ./gj [#P :

i . 7}0]17N S(v, »)drdv, 2 > 0,3 > |, (50)
#0—1 B
S e S(v, »)drdv, > 0,3 <, (51)
(77 — 37]
#0—1

éPl A [Jg_rg]lfx

S(v,»)drdv, 8 < €,3 <1, (52)

#071

S(v,»)drde, 8 < €, <. (53)

ﬁp 1-K [7(0—_40—]1—%

Now, we recall the concept of F-N - V-coordinated convex mappings that is given by Khan et al. [27,28]

in a previous study as follows.

Definition 11. A mapping & : A= [,

convex mapping if the following inequality holds:

X [1, J) = Fy is said to be a F-N - V-coordinated

S(vr+(1—v)s,7u+ (1—2)x)
<ror06A,u)0v(l—2)06(#,x)Dr(1—2v)06(45,u)d(1—»)(1—v)®6E(s,x)

forall (#,u), (3,

Lemma 1. A mapping & : A= [o,¢] x

S,(u) = &(y,

X) €A, and »,v € [0, 1].

i, J| = B¢ is F- N - V-convex on coordinates if and
only if there exist two mappings Sy : [1, J) = Fj, S4(x) =
u) that are F-N - V-convex.

S(#,x)and &, : [¢,¢] — Fy,

Proof. The proof of this lemma is followed immediately by the definition of F-N - V-coordinated

convex mapping. []
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It is easy to prove that a F-N - V-convex mapping is F-N - V-coordinated convex, but
the converse may not be true. For this, we can see the following example:

Example 1. A F-N - V-mapping & : [0, 11* — FJ definedas &(£,4) = [£3, (6 — ¢*)(6 — ¢)]
is F-N - V-convex on coordinates, but it is not F-N - V-convex on |0, 1]2.

Note that the results obtained in the next section generalize and unify several existing
H - H-type inequalities. In the following section, we illustrate the applicability of our main
theorems through special cases and related consequences.

Related Inequalities

In this section, the derived inequalities extend classical H - H-results to the setting of
F-N - V-coordinated convex functions involving generalized fractional integrals, thereby
providing a broader and more flexible analytical framework. Several important corollaries
and special cases of the main results are discussed in the subsequent section.

Theorem 4. Let g: [¢,¢] — Rand x : [, j| = R be positive increasing mappings on (¢, ¢
and (1, j| with continuous derivatives such that g’ (%) on (¢, ¢) and x'(3) on (i, j), respectively.
Let A = [¢,¢] X [1, ). If &:A— Fy isa F-N - V-coordinated convex mapping on A such
that from p-cuts here, we produce the collection of I - V-mappings &, : A — R, described by
(&(#,9)]" = &,((#,2)) = [6((%,3); u),&((#,3); u)], forall y € [0,1] and (£,3) € A,
then for £, x > 0, the following H - H-type inequality holds:

X0 ' T(A+1)T (%41 A, A, A, X A,
6(i’ %) <F 16[g(f)7(g(0)])’< <[>< (J))—x(:)]” © {ﬂ]]of,&;g,xx(fff) D Jogj—;g/lxx(f’ ’) ® “]]f:jl+;g,l><x({;’~j) & Jf:jj—;g,xx(0r ’)]

o a (54)
<r b(o,:)%b(o,})ieb(f,:)%b(f,J)

= ’

X1(#,9) = &(o+7 — £,9),
X2(%,3) = &(#,14+)— ),
X3(#,3) =G(o+¢—A1+)—3),
D(#,3)=6(%3) K24, 24)
T(%,3)=6&(%,3) D K1(#,5)
B(#,5) =K1(£,4) D E3(#£, 4)

F(#,3) =K2(#,5) B X3(%,5)

X(#,3) =K1(#,5) ©K2(#,5) ©K3(#,5) @ &(#,5)

D(#,3) DI (%, 3)DB(£,5) D P(£,9)
2
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for (£,3) € [0,¢] x [1, J], where for all y-cuts € [0,1], we have [Xl(fé,d)r — Xy, (%,9),
{Xz(fé,a)r = X,,(%,9), {X3(fé,a)r = X3,(£,9), [D(£,3)]" = Dul#,9), [(#,5)]" =
H(£,3), [B(£,9)]" =8,(%,9), [Z(#,9)]" = Zu(#,9) and [&(£,5)]" = %,(#,9).
Proof. Since F is a F-N - V-coordinated convex mapping on A, we have

uto ptqy . S p o6k 956w p) o6 q)
2 - 2 /-F 4

&( (55)

for (u, p), (v, q) € A.Now, forv,» € [0, 1],letu = vo+ (1 — ¢v)f,v = (1 — v)o+

vt,p =1+ (1 — »)j,and g = (1 — »)i+ 7. Then, for all u-cuts € [0,1], we have

D,(255, <1 Du(vo+ 1 —v)l, i+ (1—2)))
+iGu(vo+ (1)t (1= )i+ ) (56)
+16((1—v)o+et,ir+ (1 —r)) +16,(1—v)o + v, (1= 7)i+ 7).

Both sides of (56) are multiplied by

¢ —o0)y—1) o ((1—v)o+v?) X ((1— 7)1+ 7))
TGO [a(6) — g (11— o) +60)] ™ [x() = x((1—#)i+79)]' 7P

and integrating the resulting inequality in relation to #, » over [0, 1] x [0, 1], we get

(Z—0)(y—1) o4t g ((1—v)o+ut) X' ((1=#)1+7y)
reartn) Srt 14k Jo [0(£)=6 (1=e)o+0) =~ [xuw((w):m)]l—ﬁ}d’*d”
(Z=e)y—1) (1—2)o+v?) X/ (1=7)1+7y) - .
<t e 1A fO 000 (st T TG (Tor)rg P On(# 0+ (L= )24 (1 M)}d’(dv

(6—c)(—1) o/ (1—v)o+uvt) x/(
+4W>F<>1> (14 Jo Jo [8(6)—g (1—e)otee)] " [x()—x

(
(
(Z—0)(U—1) 1 r1 g/ (1—v)o+ut) "((
Tarcare) (o o | [8(6) =g (1—e)otue)]'" [x()=x(
(

(

C—o)(y—1 1 1] "(1—v)o+of ! 7)1 |
+€Lr(/<))lgj(x)) (IA)IO Jo _[g(f>fg((((1_l)o+y)f)]1% ()= K( (- 2):+ij)]l Su((1—v)o+ovl,(1—7)i+ Vj)_ drdv

A& (vo + (1= )8, (1= #)i+ 7)) | drdo

X

1—

(1-

1—7)i47y) Su((1—v)o+uvl,ir+ (1—7r)))| drde
T—ryrrg P ' g

1—

X

By a simple calculation, we have

(1= v)o +vf) ! (1= #)1+ 7)) a(8) — ()] “[x () — x ()]
1) [ /[ (A= eyo+ 0% Q) —x(A—rpt ) P T K (t=a)0=)

Using the change in variables 7 = (1 — ¢)o + ¢ andny = (1 — #)1 + »j, we obtain

—q(e A _ J ><1 - , ,
— r?&ﬁl)r[?x%nx(ﬂ Gu(“4%, )< o (TA) ) [~ fj ©__ MJ)M (Z))]HS Su(e+¢ —1, 1+—1n)dydt
T J 9/ (0 ’( ) _
1 (1A) f f ] R O —x (T BGy(o—Hf T, n)dndt
/ ’ )
+W (14) f f'J gm)}” wfiﬁiw SulT, n)dndt

g
:%[J0+l+gl><x3y( ’J)+“H0+I+QD<X1‘H( /J)+J0+I+gl><x2]4( IJ)+J0+I+9><6H(KJ)}

= %"Ho-&- 1+;0,X }t(”p J)
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That is, we have

8(2) —g()“[x0) =X (]" & o+ 1+
T(A+1)I(x+1) 2 72

1
) <1 g0 Bul)  57)
Similarly, both sides of (56) are multiplied by

(¢=o)y—1) g((1-v)e+ot) x'((1L= 7)1+ 7))
T(AT()  [g(b) =g (1= w)o+ o) [x((1=r)i479) = x()]' 7P

and integrating the obtained inequality in relation to ¢, » over [0, 1] x [0, 1], we obtain

[0() = 9())“[x() = x()]* g0+l ity 1 s g
G} — ) <F-0J X
[(A+1I(x+1) ( 2 ' 2 )7F4 I e B(&01)  (58)
Moreover, both sides of (56) are multiplied by

(£ —2o)U—1) g ((1-v)o+uf) X' (1 —#)1+7y)
TAOT() g ((1—2)e+ ) —a(e)] 7 [x() = x (1= #)i+)]) P

and

(¢ —o)y—1) g (1—v)o+v?) X' ((1—7)1+7y)
TAT() (g (1= v)e+wt) —gle)] ™ [x((1=#)i+79) = x()]' P

Then, integrating the established inequalities in relation to ¢, » over [0, 1] x [0, 1] and for
all p-cuts € [0,1], we have the following inequalities:

0(6) () “[<0) — x())" & 0t 14

1
) SI ZJ;,—%H»;Q,KXH(O/J) (59)

T(A+1)T(x+1) 2 72
and
[“ﬂa%?ﬁﬁﬁkﬁmw WD Ty < 10 Bl (60)
respectively.

Summing the inequalities (57) to (60), we get
P T(A+1)T(%41)
Sul 25 ) S G st 0 <O

A, A, A, A,
x ["Hﬂswg,x Xu(Z,) + Joﬁr;g,xx%(f' )+ Jf—x,]/+;g,xxl4 (e)) + "Uf—fj—;g,x Xu(e, ')] ‘

This completes the proof of the first inequality in (54).
For the proof of the second inequality in (54), since F is a coordinated convex, we have
Suvo+1—2v)t,r+ A=) +6u(ve+ (1-v)f,(1—#)i+7))
+6ﬂ((1 —w)o+ovl, i+ (1—2)))+ 614((1 —v)o+ovl,(1—7)1+ 7)) (61)
<1 Gule, ) +6u(e,y) +6,(¢,1) +6,u(Z,)).
Both sides of (61) are multiplied by

(£—o)y—1) g(1—0)o +vf) /(1= 7)1+ 7))
TAOTGD [a(6) — g (1 —v)o +60)] ™ [x() = x((1—#)i+ 7)) 7P
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and integrating the resulting inequality in relation to «, » over [0, 1] x [0, 1], we get

g (1—v)o+ut)

[a(4)—g ((1 v)0+vf)]
(f 0 / / 5/((1 7)i+7)) dydu
4r(A <) (1) )P
(UO+(1 ), i+ (1 — 7))
B g ((1—2v)o+eut) _ E
(¢—0)y—1) 11 (0(¢) =g ((1-0)o+00)]
————(IA X' ((A=7)1H7y) drd
Tarorc | ) <O (A=) rrp] e
_6y(00+(1—v)f (T=r)i+r)
i v'((A=z)otevt) _ .
(¢ —0)y—1) 1 1 [a(4)— g’((((ll v))a:—r;)f)]
T/ N1/ . N\ 7)IT7 d d
T ) <O (=) rrg] e
L&y ((1—v)o+ovt, r+(1—r1)))]

g ((1—v)o+uf) _
(l’ﬂ — 0)(./ - /) 1 r [g(f)—gl((l:v)o-‘rvf)]
o rooron dA X/ (1=7)rr) o
4r(/<)r(>4) ( )/0 / [M(J)_K((l—#)l-i,-yj)]l*B Yal’a/d
Su((1—v)o+uvt, (1—#)i+2))

) (Su(e, 1) +6u(0,)) +6u(, 1)+ 6,(¢,)] x

1—v)0+vf) x'((1— 7)1+ 7))
A) drdv.
(1 / / l 1—1})0—1—1}1/”)] [l><(j)—l><((1—7/)l—|—7y)}1_[3

Then, we get

J0+l+gl><x3ﬂ( ’J)+J0+I+QD<X1‘H( ’J)+J0+I+gl><x2}4( lJ)+J0+I+g><xM(f/J)

—ale A — ik
<1 6u(e, ) +6u(0,) +6u(8,1)+6,u(7,)) o(%) F(E,;<(+)]1)F(<>(aj)+ 1)K( !

that is,

DAT DI+ D) g £,)) <1 G u(0,) +Gulo,)) +6u(l,1) +Gu(t,)). 62
9] — s Bl — e Bn(€) 1 Gplen) + Sylon) £ Gull1) + 64(2) )

Similarly, both sides of (61) are multiplied by

(£=e)y—1) g((1—v)e+ot) K (1= 7)1+ 79)
TAT() [g(2) =g (1= v)e +62)]' ™ [x((1= )i+ 75) = x ()] 7P

(£ —2o)U—1) g((1-v)o+uf) X' (1 —#)1+7y)

LAOTGD) (g ((A=v)o+ot) —g(e)] ™ [x0) = x (A=)t )] P
and

() ¢((1—v)o+uf) X' (1 —#)1+7y)

F(AT(3) (g ((1=2)o+vf) —g(e)] ™ [x((1—#)i+7g) —x(1)]' P

and integrating the resulting inequalities in relation to ¢, » over [0, 1] x [0, 1], we establish
the following inequalities:
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" (:(‘F)]l) [D(:zj)-f— 1) T Jé'ﬁ,ﬁ;glxxy(ﬂ ) <1640, 1) +6u(e,)) +6u(2,1)+6,(¢,)).

[a(¢) 1;(:(:)]1/11{&2;-_11((1)]% ?f!-ﬂ-;g,xx}l(ﬂ,J) <1 6u(e,1)+6u(0,) +6u(,1) +6u(Z,)).
and

[9(¢) i(:(j)}lllgi?J;jL(I)]x ;'jr;g,[xxy (0,1) <1640, 1) +6u(0,y)+6u(,1)+6u(t,)),
respectively.

By adding the inequalities (62) to (65), we have the following inequality.

T(K+1)T(x+1)
S e i T Bn (O V0 B ) + T B ) I (o)

<1 4[6u(0, 1)+ 6ule,)) + 6t 1)+ 6u(Z,))].

If we divide both sides of inequality (66) by 16, then we have the second inequality in (54).
This completes the proof. [

Corollary 3. Setting g(¢) = v and x (») = » in Theorem 4 yields the following inequalities for
the Riemann—Liouville F-N - V-fractional double integrals:

o+l It I'(A+1)I(x+1)
Sl Sk Yy

<r 6(0,/)@6(0,1)296(5’,1)@6(0’,1) )

Corollary 4. Assuming the conditions of Theorem 4 hold, setting g(v) = Invand x (») =In »
yields the following inequalities for the Hadamard F-N - V-fractional double integrals:

S(4L, ) <p LI 6 (350, K(4,0) 9 357 K(6,1) 9377, K(0,)) 9357, K(o,)]

TS g ]

<r 6(0,1)696(0J)29 (€ND6(y)

Corollary 5. Assuming the conditions of Theorem 4 hold, setting g(v) = %p and X () =
"70 , 0,0 > 0 yields the following inequalities for the Hadamard F-N - V-Katugampola fractional
double integrals:

5(etl 1 T(A+DT(x+1)p“c™
6(435 %) < 16 [£P — 0P| [F ="
<r 6(0,’)@6(0/J)Zﬁé(fr’)@6(fll)‘

Theorem 5. Let g: [¢,Z] — R and x : [i, j] — R be positive increasing mappings on (o, ¢|
and (1, j| with continuous derivatives such that g'(#) on (¢, ¢) and x'(3) on (i, j), respectively.
Let A = [0,6] X [1, ). If &:A — F{ isa F-N - V-coordinated convex mapping on A such
that from p-cuts here, we produce the collection of I - V-mappings &, : A — R, described by

O | TS0 8 I 68,0 © 70,8 0.) © 7,7 8(e,)]

A, X "' /< A, ~
© [P EE D @ P K ) ® P (o) ® P, Ko,

(63)

(64)

(65)

(66)
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(&(%,9)]" = &u((£,3)) = [6((£,3); n),&((%£,3); w)], forall p € [0,1] and (%,3) € A,
then, for £, »x > 0, the following H - H-type inequality holds:

E(otl ['(£+1) >(p 1t )
S35 <k gt © [Jﬁg%(f )@ If o (0, 50)]

T(x+1) 0+f X o+t
@‘s[xo)fxm”@[“”'” (23, ) @I n D25, )
[(A+1)F(x+1)

=F J6la(e)—a (@) [x () —x ()]
|:J0+H—gl>< ( /J)@J0+J ;9,X ( )@J 59, X ( ’J)@JK J— gxx(oll)}

SF gl © [T () O T () & T T (0,0) @7, 7 ()]

I'(x+1) ~ ~
Sl © [ HwD(e,) &I D)) @Jﬂ;x@(ﬁ‘f NeIL, D, ’)]

<Fr

S(e )06 (o,J)i%é (¢,N0&(¢,) )
(67)
where

X1(#,3) =S(e+¢—£,9),

X2(#,3) = &(#£,14+)—3),
X3(£,3) =6&(o+¢—#,14+5—3),
D(#, ) = &(#,4) © X2(#, 3)
T (%,3) = 6(#,3) © B1(%, )
B(#,4) = X1(%,5) @ X3(#, 5)
P(#,3) =K2#,3) DE3(A,9)
X(#,9) =X1(%,9) © X2(%, 3) DK3(#,4) © (£, )

D(#,3)DH(%,3) @K(ﬁ,a) SEAC)
2

for (#,3) € [o,¢] x 1, J]. where for all y-cuts € [0,1], we have [Xl(ﬁ,d)]ﬂ = Xy,(%#,3),
(%2(2,9)]" = %y (£,9), [£3(,9)|" = K, (£,9), [D(#,9)]" = Dy(£,4), [#(#,9)] =
Fu(#,9), [K(}‘é,d)] =8, (#,9), [Z(£,9)]" = Lu(£,5) and [X(fé,a)]” = X, (£, 4).

Proof. Since & is a F-N - V-coordinated convex on A, if we define the mapping
WL [,y = F§, hl = &(#,5), then hl(s) is convex for all £ € [o¢,¢] and %} (3) =

hk(s) @ (5 L(s ) G(é, 3) @ X (#,5) = D(#,4). If we apply the inequalities (22) for the
convex mapping h (3), then we have

I+J) < I(x+1) ;
2 4 () — x(1)]

Then, for all p-cuts € [0,1], we have

e © [T @ T 0] <
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Sul(#,

< —2 ) — S ®()
) <1 s | I e 2n (2, 3)ds+(1A) [/ O Qul A 9)d

GSu(#)+6S, (£y
<i i 2 : )

Both sides of (68) are multiplied by
A g (%)
la(#) —a(e)]” [9(¢) —g(£))~

and

A g'(#)
[6(¢) — ()] [a(£) —g(e)] ™~

then by integrating the obtained results in relation to x from ¢ to ¢, we get

I'(A+1) v
[a(£)— g(a)}“ﬂ Su(?, )
M Dre)
=1 o (@)=(@) (< O)—= ()" 5t Du(E) + V32, (69)
r(£+1)

<I m[%w (€, 0) +354,46u (£,0)]

113 ) a(e) "C8 g
< [(A+DT(x+1) A x
] 4[g(f)*9(0)]/<[p<(j)7><(,)] [J 1459, ><© ( /J) + pr J—ia, l><©1/l(0/ I):| (70)
I p
=1 Ag)-s(e) [‘Jfﬂggﬂ(ﬂf 0+ Jf*;96ﬂ(0rj)]
respectively.

On the other hand, since & is a coordinated convex on A, if we define the mapping
h2 [I,j]N% Fg, fzé(g) = le)%,d), then h2 (3) is convex for all £ € [¢,¢] and #2(3) =
W2 (3) &2 (3) = Xi(%,9) & E3(%,5) = B(£,5). If we apply the inequalities (22) for the
convex mapping 2 (4), then we have

14y B hZ(,)@hz(J)
Wi 2 FWQ[ l+><%;%()@in;D<%fg(/)} <r %

that is, for all p-cuts € [0, 1], we have

I+

K1, —7)
I B 7 x'(4) J e
< gm0 | g o I g M
< le(é,l) —I—XW (%£,))

2
Similarly, both sides of (71) are multiplied by

and

(68)

(71)
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then by integrating the obtained results in relation to x from ¢ to ¢, we get
L(A+1) £,
s e 2

T(A+1)T(x+1)
=1 o @)=a() (<0 LR NS P ) (72)

_ (<) p
SI Z[B(f)—g(o)} |:J0+ gxlﬂ(f’ I) + J0+;gxly(fzj):|

and
I'(A+1) J 1+
A

00)—a(o) Ve tn(er )

T(K+1)T(x+1)
S e T L s 1)+ I g Bt 73)

Il .
SI z[g(z,ﬂ)—‘g(o)]/< [Jf_}gxl]/l(ol I) + Jf—;gxlﬂ(or./)]

respectively.

Moreover, if we define the mapping h} : [¢,£] — F{, hi(#) = &(#,5), then h}(%)
is convex for all s € [1, jj and #Z} (%) = h}(£) @ h}()%) =6(%£,3) @ Xy, (#,2) = H(%,3).
If we apply the inequalities (22) for the convex mapping 1} (#), then we have

+¢ T(A+1) h (o) ®hi(¢)
() < O I3, (6) @ IS 7 (0)| <p 22000
"2 4lg(¢) — g(e)] © 5 . } 2
For all pi-cuts € [0,1], we have
6;4( o+t d)
< A ¢ g/(ﬁ) 2 gl(ﬁ)
<1 igercaer? | Ao fgarmaua (B 2)aR+(TA) [, s Cin u(#, 9)a% (74)

Gu(0,3)+6, (¢,9)
<I 1 > d

Similarly, both sides of (74) are multiplied by

B g'(2)
[x () = x()]P [x() — x(a)]" P

and

b 8(3)
[x() — x(N]P [x(3) = x (1)) P

then integrating the established results in relation to y from / to j, we obtain the following

inequalities:
I'(x 1 X o
TR L 2
T(A+1)T(x+1)
= o@)-a(@] <0~ O [J0+'+W%’( DI, w%ﬂ(”'f)i (75)
I 1
St S Gy (0,0) + 37y (£,))]
and I(x+1) 1 o+t
O U Orl 527)
I'(A+1)T(x+1)
=l 4s() =) <) —x ()" [J“J o () + T72 w%(”")i (76)
<1 g 18y (0,1) + 36 (£,1)
respectively.

214 https://doi.org/10.3390/ fractalfract10040228



Fractal Fract. 2026, 10, 228

Furthermore, if we define the mapping #3 : [¢,¢] — F{, h2( ) =2X5(%,4), then
h2(%) is convex for all 5 € [1, J] and #Z?(%) = h3(% ) @ h2(% ) Xy(%,3) @ Ks3(#,3) =
P(#,3). If we apply the inequalities (22) for the convex mapping h2(%), then we have

() & 15(¢)

+7
2 © (T4 20) @ T 72 (0)] <p =),

H5( > ) <r HA+1)

4lg(¢) — a(0)]”

for all p-cuts € [0, 1], we have

X, (2, 5) < —~ (1A [F — 8B o 5Nds(IA) [ — 8B o (5 5)dAk

2u( 2% 9) <1 4g(¢) ()" [( /o la(¢)—a(#)]"" u(#,9) ( )f [9(%)—g(e)) " u(42) (77)
XZ 1(0f5)+x2 t(f'd)

<I I 5 L

Similarly, both sides of (77) are multiplied by

and

B w'(4)
[ () = = ()]P [x(s) = ()] P

then integrating the obtained results in relation to y from / to j, we obtain the following

inequalities:

ﬁjfrx 2;4( +fr./)

ESSIYERRY
ST o (@)—s(0) [0 ()" o bian ZulCD) 4 3 g Za(01)] (78)

_reasn)
<1 2[x () —x (1] [Jz‘#;xxzy (e,0) + Jli;xxhz(f/l)}

and I(x41)
X R
P s e i)

T(K+1)T(x+1)
S o ()=s(@) [0 [J“J o L€ + 77, wgﬂ("}")] (79)

I'(x+1)
<1 g 1 By (o) + T By (6,

respectively.
Summing the inequalities (69), (70), (72), (73), (75), (76), (78), and (79), we have the
following inequalities:
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I3 98u(€,50) + 17 46u(e, )

18(0)= 8(o) | +354,0 K1, (2, 52) + T4 K1, (0, )
[(x +1) Fx Sp( 455 0) + T Gul 235, 1)
O =% 0T (07, Koy ( 242,0) + I, Koy ( 255,1)

Jo-l—l-&-glxgﬂ(ff)'i_"ﬂo-&ﬁ gxg ( )+“]] l+g><

< C(A+1)(x+1) X I (0) T T a5 ) + '+9NK (0.0) + 377 J- WKP,({; )
S G0 T OO 4T ) + T T ) 4+ T o T )+ T,
"‘J :+gxgy(fl)+=]]o+1 axZule rJ)+Jo+J ax Zu(, )+°Hf J— gxgﬂ(o’l)

J0+g6}l (¢, )+J0+96H (¢,)) —l—Jf_;g u (1) —l—Jf_;g w(Z,))
+J5,. 081,(2,1) +J4,. o81u(2,) + J?f;gxm(o, ) —I—Jéﬁgxw(o,j)
“DI+;D<6V (¢,)) +J],+,.M6y Z,)) —i—JJx' Sy (e,1) —I—JJN_;,XG}, (¢, ]
+ I B (o)) + 37 Koy (€,0) + 3,80 By (0, 1) + T2, B (1, 1)

(£ +1)
=1 20a(6)= a(0)]f

I'(x +1)

T RO <)

That is, we have

T4 L N
[0()—a(e)]° [“Me (€50 + 17 % (0,5 )}

+%[Jﬁ;xgy( ol )+J>i[>< ;4( o+t )}

[x()—x(1)
T(A+1)T(x+1) J0+ eI () +J0+J o Bu(Z1)
+"]]/< Nl+gl><xﬂ(0 J)+Jf J— gxxﬂ( )

=1 @) s @ X)X

I(£+1)
S LA GO ES A ACYES A AT RS ABE ACH)

2 14 Dp(0,0) + T Du(€s) + 3o Do, ) + T Dy(€, 1)

which completes the proof of the second and third inequalities in (67). On the other hand,

from the first inequality in (22), we have

4
otey £ ([ 7 [8u(A) + Sulo + ¢ — )]k
20T afa(e) —ale)) |

Sy (80)

2 [6u(#) + Syulo+¢— £)|k

ﬁ%m

)]

Since F is the F-N - V-coordinated convex on A, by using inequality (80), we obtain

f !
(1A) [ S (&4, ) + Syl +¢ — £, )|k
&u(55, ) <1 ’
¢{6y( V) 4 6, (0 + £ — ;%’ﬂ)}d/é

f/ %) + \z]];_;g%],{ (“0'/ %)} 7

and similarly, we have

33;,(01)4—.]@ . gKDH(o,/)

(81)
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J
IA)

&
s (o—i—f I+J) - y [ —M(J)]A
AT 2 ) =1 o — (0 J !

[6,4(%%,3) +6, (”Jr/ I+ — A)}dd

_ _ I'(x+1) o4t o+t
W[x@)w(»]*[ 'M@f‘( 'J)”ﬁ;xgﬂ( 0]

Combining the inequalities (81) and (82), we obtain the first inequality in (67). From the
second inequality in (22), we have

4
0] Gt S o +0=BNi8 | 6 0) rey0)

B S < (83)
4[g(#) — g()] +(1A)f&}”K[Gy<ﬁ)+gﬂ(0+5—ﬁ)]dﬁ I g

[a(£)—g

By using inequality (83), we obtain the following inequalities:

b Spule, 1) +6,(7,1)
) — gl e O )+ ey 2 54
I[(A+1) Su (o) 461000
D (1) 4 it < S S
F(N“r‘l)) X X S (0,1)+6 (0/J>
W[JlJr;x@y(Od)+ij;b<@y(0, ,)} < 4 . U (86)
and
I(x+1)) S22+ S4(6,)

m[ S Dult, )+Jf,;x’}3y(f,/)] < 5 87)

Combining the inequalities (84) to (87), we obtain the last inequality in (67). This completes
the proof completely. [J

Remark 4. (i) Assuming the conditions of Theorem 5 hold, setting g(v) = v, X (#) = » and p =
0 yields the following inequalities for the Riemann—Liouville F-N - V-fractional double integrals:

S(3%, 1)
< j(““ (786, + 54 6(0, )]

+ il [ gre(24E, ) + 76 (255, 1)

A, A%
o, TsnrCa | Fodn O+ 50,08
=1 4(f—0) (- +ij >7+6(0 J) + f/< ?_6( )

< W‘“) FAS(E) + T (1) + 74 8 0,) + 74 6(2,1)]

I [ 756(0,0) + 56 (2,0) + 716 (0,) + 516 (¢,1)]

6(0,I)+G(0,1)1—6(f,1)+6(f,1) .

<I

which are proved by Budak et al. [17] in a previous study.
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(ii) Assuming the conditions of Theorem 5 hold, setting g(v) = v, x(#) = », and u = 0
yields the following inequalities for the Riemann—Liouville F-N - V-fractional double integrals:

S(4, )
<o F o 7480, 4278005

@r(xfl) ® [J’,ﬁ(”%ﬂ@f &(24L, )}
T8, ) @ T 6(4,)
I/, 6(0,) © 7/ (0, 1)
(;‘*;@[Z}&( NeIL6(¢)) e 1L &)@ FLE(0,)]
[t) ) [726(0,0) @ 78(¢,) © 718 (0,1) @ 56(¢,)
S(o, l)@G(oJ)iBG(f NOE(Z,)

T(A4+1)T(x+1)
A(t—o0) (—1)"

S2)

<F

Corollary 6.  Setting g(v) = Inv and x (») = In » in Theorem 5 yields the following
inequalities for the Hadamard F-N - V-fractional double integrals:

TLD(25L,) @3 D( L)

O]

[(A+1 ~A o A 4
S(43, )< [ o [1 7 (0 ) 9L T (0, ) o

[(A+1)I(x+1) AKX X ~A XX /<>< /<><1
e © [958 B 0357, K6 0377, K0, 0377 Ko,

<r r(flefx@ 5T () @I T (C,9) @I T (0,1) & T[T (0,)]

T(x+1) AN AR ~X A AN A ~X AR
©itE @ D) 8T @ 3D (e ) & TD(,)

1

<r @(0,/)6@(0,1)29@(/,/)@@(&1)

Corollary 7. Assuming the conditions of Theorem 5 hold, setting g(v) = %’ and x (») = =
yields the following inequalities for the F-N - V-Katugampola fractional double integrals:

é(wrt’,l?)
I(A+1)p” A o A op I(x+1)c = =
5 S [ ) 0 R o 3 SR [T 244 © TR 455

T(A4+D)T(x+1)p" 0™ 0,0 AN X po AN X 0.0 /< X P07 A
=F 16[%7_00]%”—,0]”@{ 37 B @ PG K(e) & P17 K(o,)) @ #7157 K(e, )}

[(A+1)p" 0 - }
<F % © [PIS 7(6,1) @ PILF(£,0) @ PIL T (0,1) & PIS_F(0,))]
T 1 A X - _ 5 -
TP o [ TiD(0) @ TID(E,) @ TLD(e,)© LD, )|

<r S(e1)06(0y )ZGC”( ECIGN Y

5. Conclusions

In this work, we have developed several weighted H - H-type inequalities within
the framework of F-N - V-convex and F-N - V-coordinated convex mappings. By employ-
ing differentiable F-N - V-functions together with appropriate weighting schemes, we
derived new inclusions that extend classical H - H-inequalities to a more general fuzzy
setting using different fuzzy fractional integrals. This approach provides a flexible and
robust method for handling uncertainty and imprecision inherent in many real-world and
mathematical problems. Furthermore, a number of meaningful special cases of the main
results were examined, demonstrating that the established inequalities unify and generalize
several well-known results involving Riemann-Liouville-type fractional integrals and loga-
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rithmic integral operators. These special cases highlight the effectiveness of generalized
fractional integrals in the F-N - V-framework and illustrate the broad applicability of the
obtained results.

The findings presented in this paper contribute to the ongoing development of fuzzy
analysis and fractional inequality theory. Future research may focus on extending the
proposed inclusions to other generalized notions of convexity, such as strongly convex,
s-convex, or preinvex F-N - V-functions, as well as exploring additional classes of fractional
operators. Such investigations may lead to further refinements and new applications of
H - H-type inequalities in fuzzy mathematics and related fields.
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The following abbreviations are used in this manuscript:

F-N Fuzzy-number
F-N -V  Fuzzy-number-valued
H-H Hermite-Hadamard

I-v Interval-valued
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