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Abstract. In this paper, we aim to examine and construct a novel variant of the Hermite-Hadamard
and Pachpatte type integral inequality via the Atangana-Baleanu fractional integral operator within the
concept of generalized preinvex function. By employing this concept, we construct a new identity that
correlates with preinvex functions. Furthermore, based on this newly derived fractional identity, some
new estimations of fractional Hermite-Hadamard type inequalities involving m-preinvex via Atangana-
Baleanu fractional sense are investigated. This research offers new and remarkable enhancements over
previously reported findings in terms of both results and unique instances.
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1 Introduction

The evolution of convex theory is compelling and kicks off in the last decades of the nine-
teenth century. The idea of “convex functions” is frequently employed and addressed in
the popular and extensively read book “Inequalities,” authored by G. Polya, G.H. Hardy,
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and J.E. Littlewood. This book, which focuses only on inequality, has quickly become an
indispensable resource for mathematicians and offers a comprehensive overview of this fas-
cinating field. The convex concept demonstrates the techniques and appropriate guidelines
for focusing on a wide range of issues in scientific research. The significance of mathemat-
ical inequalities to the growth of numerous facets of mathematics and other scientific fields
has been widely accepted in the last few decades. This framework has wonderful uses in
economics, engineering, finance, and optimization. This analysis serves as a solid basis for
the creation of numerical resources for the analysis and solution of challenging mathemati-
cal issues. For the literature, see [1-6].

The fractional analysis has numerous uses in control systems, transform theory, nan-
otechnology, modeling, fluid flow, mathematical biology, epidemiology, optimal control and
physics. Because of the above-mentioned widespread viewpoints and significance, readers
and academics found an investigation of fractional operators to be interesting. When de-
scribing and evaluating statistical issues and formulas that resemble quadratures, this theory
is helpful. For the literature, see [7-20].

Mathematicians have recently become intrigued with fractional calculus, which con-
centrates on fractional integration across challenging domains and has gained attraction
because of its useful applications. Researchers urge learners to become curious about im-
plementing the fractional operator to overcome challenges in the real world. The differ-
ent types of integral inequalities like Hermite-Hadamard (H-H) [21], Hermite-Hadamard-
Mercer (H-H-M) [22], Simpson-type [23], and Ostrowski [24] have all been investigated
in the frame of Riemann-Liouville fractional integral operator (RLFIO). The Katugampola
fractional integral operator (KFIO) in [25] was utilized to address the H-H integral in-
equalities, whereas [26] implemented the Atangana-Baleanu fractional operator (ABFO)
to examine the Simpson-Mercer integral inequality. Also, the H-H-M inequality was exam-
ined via the Caputo-Fabrizio fractional integral operator (CFFIO). The discussion explained
above indicates that inequalities and fractional integral operators are related.

The Atangana-Baleanu (AB) fractional operator is a significant advancement in frac-
tional analysis that offers enhanced modeling features for intricate systems. Unlike tradi-
tional fractional derivatives, such as Riemann-Liouville and Caputo derivatives, which rely
on singular kernels, the AB operator employs a non-singular and non-local kernel based on
the generalized Mittag-Leffler function. This innovative design enables more accurate cap-
ture of real-world phenomena, particularly those exhibiting memory effects and hereditary
properties. As a result, the AB fractional operator has gained widespread acceptance and
application across various scientific and engineering disciplines, allowing for more precise
and flexible modeling of complex systems.

Hanson was the first to examine the term “invex function” [27]. Mond and Weir inves-
tigated the concept of preinvexity [28]. One could consider Mond and Ben-Israel’s [29]
analysis of the preinvex and invex theory using the bifunction to be a major contribution to
the optimization field.

This work’s novelty and goal are to use preinvexity in the framework of ABFIO to
present a novel variation of H-H and Pachpatte-type integral inequality. Additionally, we
are to use ABFIO to construct some refinements of H-H type integral inequality.

This specific document is organized as follows:

First, we review some common concepts and terms in Section 2 that will aid us in the
subsequent sections of our investigation. We present a new type of H-H-type inequality
via ABFIO in Section 3, along with some intriguing corollaries and observations. A new
integral identity is examined in Section 4, and some improvements to the H-H inequality
are also constructed using this identity. We examine a new type of Pachpatte-type inequality
using ABFIO in Section 5, along with a few corollaries and observations. We provide a brief
conclusion and list some potential avenues for future research in the concluding Section 6.
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2 Preliminaries

With so many theorems, definitions, and comments, it is best to examine and delve deeper in
this section to ensure quality, reader interest, and completeness. The objective of this portion
is to illustrate and analyze several common terms and definitions that we will need for our
research in the following sections. First, we introduce the preinvex, m-preinvex, invex, and
m-invex functions. This section is made more appealing by the addition of Condition C
and extended Condition C. We conclude this section by reviewing the CFFIO and ABFIO
fractional integral operators that are necessary for our evaluation.

Definition 2.1 ([30]) X C R" is invex w.rit £2(.,.), if
v + pQ(UQ,Ul) € X,
YV ui,vy € Xand p € [0,1].

There are numerous uses for the term “invexity” in the fields of pure and applied sciences,
as well as in nonlinear optimization and variational inequalities.

Definition 2.2 ([31]) Let 2 : X x X x (0,1] = R™ and X C R™. Then X is m—invex w.r.t.
2, if
muvg + p§2(v1,v2,m) € X

holds ¥ v1,v2 € X, m € (0,1] and p € [0, 1].
Example 1 ([31]) Letm = %, X = [55,0) [J(0, 3] and

mcos(vg —v1) if vr € (0,5],v2 € (0, 5

—mecos(ve — p1) if v1 € [F,0),v2 € [F,0);
mcos(v1) if vy € (0,
—mecos(vy) if vy €]

2(vg,v1,m) =

Then, X is an m—invex set but not convex V p € [0, 1].

In 1988, Weir and Mond [28], employed the idea of invexity and investigated the idea of the
preinvex function.

Definition 2.3 ([28]) Let 2 : X X X — R" and X C R". Then ¥ : X — R is preinvex w.r.t
2 if

U (vg + pR(v1,12)) < e (v1) + (1 —p) ¥ (ve) Yoy, vo € X, p€0,1].

Over the past decade, many scholars have worked to refine the idea of preinvex function
in various directions. The generalized m-preinvex function was introduced by Kalsoom [32]
and is expressed by

Definition 2.4 Ler 2 : X x X x (0,1] — R" and X C R". Then ¥ : X — R is generalized
m-preinvex w.r.t. 2 if

g/(mUQ + p‘Q(ULUQ?m)) < pg/ (Ul) +m (]‘ - p) v (UQ) ) (21)

holds for every v1,v3 € X, m € (0,1] and p € [0, 1].
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Condition C': Suppose that X C R is an open invex subset w.r.t. {2: X x X — R. We
say that the function {2 satisfies the condition C, if for any v, v € X and p € [0, 1],
) (Ulv v+ @ (2 (U27 Ul)) = —p ) (U27 Ul)
0 (UQ,Ul + 2 (UQ, Ul)) = (1 — p) (9] (UQ,Ul) .
For any v1, v € X, g1, p2 € [0, 1], then according to the above equations, we have

2 (v1 + p2 2 (v2,v1), v1+ @1 2(v2,01)) = (P2 — p1) 2 (v2,01).

The optimization and development of the theory of inequalities depend heavily on this
condition (see [33,34]).

Extended Condition C: [35] Let X C R be an open invex subset w.r.t. {2 : X x X X
(0,1] — R. We say that the function {2 satisfies the Extended Condition C, if for any
v1,v2 € X, p € [0, 1], we have

2 (UQ, muv + 2 (U17 U2, m) ’m) =—p 2 (Ula U2, m)
2 (Ula mug + g 2 (U17U27m) 1m) = (1 - @) 2 (Ulv U27m)
2 (v1,v2,m) = =82 (ve,v1,Mm).
Theorem 2.1 [36] Letp > 1 and 5 + ¢ = 1. If W1, ¥y : [z1,22] — R such that ¥, [P and
|W5|7 are integrable on [x1, x3]. Then

/;2 V1 (2)Ps () |de < (/:E2 Wl(x)'pdx);(/

1 Z1 1

iy

2 1
|w2(x)|qczx) .

Theorem 2.2 [36] Let p > 1 and % + % = 1. IfU1,¥; : [x1, 2] — R such that |¥1|P and
| W3] are integrable on [x1, x2]. Then

[ @@l < ( |

1 x1

Definition 2.5 [37] Let W € H'(vi,v2) = {y € L?(v1,v2) : v/ € L?(v1,v9)}, v >
v1, « € [0, 1] then, Caputo-Fabrizio fractional integral is:

— X (6] ¢
CEIo (1)) =~ Lty + 2 / D (y)dy

1

| (@)fPda)” (/ 0 ()| d /x \%(m)qu);.

1 1

T

B B,
and
CPIo (@(t)) = }9(‘;;%) + 5 / W (y)dy,

where B(«) is normalization function.

Tariq et al. [38] investigated the new form of H-H type inequality pertaining to C-FFIO
involving preinvexity as follows.

Theorem 2.3 Let ¥ : I = [vy,v1 + 2 (va,v1)] — (0,00) be a preinvex function and
U e Livi,v; + 2 (va,01)]. Ifa € [0,1], then

v <2U1+Q(U2,U1)>

2
Bla) a o 2(1 — )
Sm |:§1FI {l[/(k)} + CFI’U1+.Q(’U2,'U1){W<I€)} - W@(l{)
RICHEL1E)

where k € [v1,v1 + £2 (v2,v1)].
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Atangana and Baleanu use the Mittag-Leffler function to study the new derivative operators
in the C-F derivative operator.

Definition 2.6 [39] Suppose W € H'(v1,v2),v2 > v1,a € [0, 1) then, the CFD is defined

by
B(a) [ (t —x)"
ABC na _ / _ 7
ABC pefip (1) 1_a/vly7(x)Ea[ L 22)
Definition 2.7 [39] Suppose W € H'(v1,v2),v2 > v1,a € [0, 1) then, the CFD is defined
by
B(a) d [* (t—x)*
ABR N«
DX (t)| = — U(x)E, | —a——— . 2.
wropwn) = 05 [ vk, |—oli= as @3)

Definition 2.8 [39] The fractional integral associated to the new fractional derivative with
non-local kernel of a function W € H'(vy,v3) is defined:

— (0% ¢
W) = G50 g L W,

where b > a,a € (0, 1].

Abdeljawad and Baleanu presented the right-hand side of the integral operator as follows
in [40]: The definition of the right fractional new integral with ML kernel of order v € (0, 1]

B0} = 550+ o [ =0

3 Hermite-Hadamard Inequality via AB Fractional Integral Operator

Hadamard’s inequality is considered to be the most prominent and important inequality in
the realm of inequality investigations. First to establish this inequality were Hermite and
Hadamard [41]. It has several applications and a very intriguing geometric interpretation.
The H-H inequality, which adhere to the Jensen’s inequality, is an extension of the concept
of convexity. Many mathematicians became motivated by the premise of this inequality to
assess and examine classical inequalities using different convexity definitions.

The main aim of this section is to offer a new kind of the H-H-type inequality for a
m-preinvex function via ABFIO.

Theorem 3.1 Suppose that I C R is an open and non-empty m-invex subset w.r.t. {2 : I X

I — Rand vy, vy € T withmuy < mui+82 (ve,v1,m). If¥ : [muy, muy + 2 (v, v1,m)] —
R is a m-preinvex function, ¥ € L [muvi, mu; + 2 (v2,v1, m)] and 2 satisfies extended
condition C, then for « € (0, 1], we have

v <2mv1 + Q(’Ug,vl,m)>
2

B(a)I'(«) AB B
I“{w (9] I¢ ¥
= 2092 (09, 01, m)° |:mU1 {@ (mu1 + 2 (v, v1,m))} + 7L 4 0 0,m) 1Y (MU1) }

—5 [S (sz)l;(:;))]a @ (mvy) + ¥ (v1 + 2 (v2,v1,m))]

< m¥ (v1) + ¥ (v9)

< 2 )

where B(a) > 0 is the normalization function and I'(.) is Gamma function.

3.1
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Proof. Since ¥ is m-preinvex function on [muvy, vy + §2 (v, v1,m)], we can write (see,

e.g., %2,43]3_ oY )
mu Vg, U1, M
2 (LI ) < g o o2 (o, 00 m) s+ (1 )2 (2, 00,m)
(3.2)
Multiplying both sides of the above inequality (3.2) by B(a)ar(a) ¢! then integrating

the resulting inequality with respect to ¢ over [0, 1], we obtain

2 lZ/(2mv1-1-(2(1)2,111,771))

B(a)I'(«) 2
- ! a—1
< W/{) T (muy + 982 (ve,v1,m)) do

« ! a—
+B(OZ)F(OZ)/0 t llp(mvl+(1—(,0)~Q(U2’Ulam))d90

Q mu1+§2(v2,v1,m) ol
o mu1+2(va,v1,m) -
+B(a)F(a) [2 (v, v1,m)]® / (mvy 4 £2 (v2,v1,m) —y)™ " ¥(y)dy.
) ) muvi

Then we can write
2 W(val—i-()(vg,vl,m))

B(a)I'(a) 2
1 Q mu1+§2(v2,v1,m) - ot (1 B a)
: [£2 (v2,v1,m)]* | B(a)I'(c) /mvl (@ —mu1)* " ¥(z)de + Bla) ¥ (muy)
- (1 — a) muv
Ba) (2 (moz, o ")
o mu1+82(v2,v1,m)
T2 (s, zlfl,m)]“ B(a)I(a) / (mu1 + 2 (va,v1,m) — Y)W (y)dy
Gl (1-a)

W(mvl+9(v2,vl,m))] - =¥ (muy + 2 (v2,v1,m)) .

B(a) B() [£2 (vz, v1,m)]

So, using ABFIO, we get
2 y_j(ZmUl—l-Q(vg,Ul,m))

B(a)I'(a) 2
1 N .
< [\Q (U27 v1, m)]a [71?151[ {w (m'Ul + 9 (’UQ, U1, m))} + ABImU1+Q(U2,U1,m) {W (mvl)}]

B (1—-a)
B(a) [£2 (v2,v1,m)]

and the first inequality is proved.

For the proof of the second inequality, we first mark that if ¥ is a m-preinvex function,
then

= [¥ (muy) + ¥ (muy + 2 (v2,v1,m))]

U (muy + ¢ (va,v1,m)) < m(l — )& (v1) + ¥ (v2)
and
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W (mu1 + (1= ¢)02 (v2, v1,m)) < mew (v1) + (1 = )& (v2).
By adding these inequalities side by side, we have

U (muy + @2 (va,v1,m)) + ¥ (mor + (1 — )2 (va,v1,m)) < M¥ (v1) + ¥ (v2) .
3.3)

(87

Then, multiplying both sides of the above inequality (3.3) by ﬁp(a)ap ~1 and integrating

the resulting inequality with respect to ¢ over [0, 1], we obtain

@ 1
B(a)F(a)/O (pa_lw (mu1 + 82 (v2,v1,m)) dp

o L
o [ G+ (1= 920,01,

« v
SB(a)F(a)[mW(Ul)—FW(WH/O P dp.

Then, we can write

1 o N
[Q (’UQ, U17 m)]a |:71;‘L51‘[ {Ep (mU1 + Q (U27 U1, m))} + ABImvl—‘r.Q('L)z,vl,m) {W (mvl)}]

(o)
—B(Oé) [2 (vg, v1, m)]* (@ (mvy) + ¥ (moy + 2 (v2,v1,m))]
m¥ (v1) + ¥ (v2)
B(a)I(«)

So, the proof of this theorem is completed.

Remark 3.1 Choosing m = 1 and {2 (vg,v1) = wvg — vy, we attain the result in [44,
Proposition 2.1], inequality (13).

Remark 3.2 Choosing m = 1 and o = 1 in the above theorem, we have the result in the
paper [45].

Note that, if in Theorem 3.1, we put m = 1, then we attain the novel sort of H-H integral
inequality over preinvexity via ABFIO.

Remark 3.3 Let I C R be an open invex subset w.r.t. {2 : I x I — Rand vy,v2 € [
with v; < v1 + 2 (vg,v1). If ¥ : [ug,v1 + 2 (v, v1)] — R is a preinvex function, ¥ €
Lvi,v1 + 2 (vg,v1)] and 2 satisfies extended condition C, then for a € (0, 1], we have

’ <2v1 + Q(Ug,v1)>

A5 (01 + 2 (02, 00)} + 2P Ty gy ) 12 (1)}

———————5 ¥ (1) + ¥ (v1 + 2 (v2,11))]

Also, if in Theorem 3.1, we put {2 (ve, v1, m) = v — muy, then we attain the novel sort
of H-H inequality over convexity via ABFIO.
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Remark 3.4 If ¥ : [mvy, v2] — R is am-convex function, ¥ € L [muvy, ve] and {2 satisfies
extended condition C, then

mu1 + U2
w == 7=
(*5)

B)I(0) g o
= 2[(’[]2 _mvl)]a [mull {lp (UQ)} + IU2 {W (mvl)}] _

- m¥ (v1) + ¥ (v2) .
- 2

(1-a)l(a)
2[(v2 —mu1)]

a [¥ (mv1) + ¥ (vg)]

4 Generalizations of H-H-Type Inequality via AB Fractional Integral Operator

Many scholars in the realm of convex theory have started to collaborate jointly on novel
approaches to this challenge from different angles. Convex function and inequality are a
fundamental concept in pure and practical mathematics. In recent decades, H-H inequalities
in the form of of convexity have attracted a lot of attention, leading to a significant number
of incremental advancements and findings.

The purpose of this section is to investigate and present a novel equality. Based on this
recently studied equality, we use an ABFIO to derive some new improvements of H-H-type
inequalities. We add a few remarks to enhance the content and draw readers in. We start by
proving a lemma in the ABFIO frame.

In this section, the normalization function is denoted by B(«) and the gamma function
by I'(.).

Lemma 4.1 Suppose I C R be an open and non-empty m-invex subset w.r.t. {2 : I xI — R
and vi,ve € I with mvy < mvy + 2 (va,v1,m). Let ¥ : I — R be a differentiable
Sunction. If W' € L [muvy, muvy + 2 (va,v1,m)], then

B(a)I'(«
5 (U; U)h in))]aﬂ [?1]31 I{¥ (mvy 4+ 2 (ve,v1,m))} + AB[??lvlJrQ(vz,vl,m) {w (Wﬂ)}}

B ([Q (vg,v1,m)|“ + (1 — @) ()
[€2 (vg, v, m))*H

> (¥ (mv1) + ¥ (mur + 2 (v2,v1,m))]

1 1
- / (1— )" (mvy + 2 (v3,01,m)) dip — / S0 (s + 92 (v, v1,m)) dep
0 0

where o € (0,1], ¢ € [0, 1].

Proof. By using integration, we have

1
/ (1 — )W (mvy + 82 (v, v1,m)) dp
0

(1 — )W (mvy + @12 (ve,v1,m)) ! o /1 .
2 (v, v1, m) N Doy Jy ot e (v m) (- )"y
m¥ (vy) a 1 .
2 (v, v1,m) + 2 (vg,v1,m) /0 (1—-¢) (mu1 + pf2 (v2,v1,m)) dp
m¥ (v1) e! /mv1+9(v2,v1,m) -
- " mu1 + 2 (vg,v1,m) — )" ¥(z)d.
2 (v, v1,m) (2 (Uz,vl,m)]aﬂ oy (muy (v2,v1,m) ) ()

“.1
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If we multiply both sides of the above inequality (4.1) by B ) Ty e get

1 ! aygy! _ v (Ul)
B(a)F(a)/O (1= )" (muvy + 9 (vo, o1, m)) do = = s o o)
o mu1+$2(v2,v1) 0 )_ )04—1 lp( )d
T B () [2 (a0 m) /mvl (o1 + & (vz, o1, m) — 2 e
Then, we can write
1
B(og)lf(a)/o (1 = @)W (muy + 82 (v2, v1,m)) dp
_ v (muy)
B(a) ()82 (vg,v1,m)
1 a mv1+Q(U2,v1, ) o1
+ 2 (va, o)L | Ble) (o) /mvl (mvy + 2 (ve,v1,m) —x)* " ¥(x)dx
(1—-a) (1-a)
+ Ba) U (muy + 2 (va, Ul,m))] - Bla) (2 (0n) Ul,m)]o‘ﬂw (muy + 2 (vg,v1,m)).

Using ABFIO, we have

1
e [0 oW s i

_ v (muy) 1 AB e . S
= BT @2 o) @ (g o L 2o m))
(1-a)

 B(a) [2 (v, 01, m)]* T

U (muy + 2 (vg,v1,m)) . 4.2)
Similarly, using integration, we get

1
/ W' (mu1 + @02 (v, v1,m)) d
0

W (muy + 912 (vg,v1,m)) ||
2 (vg,v1,m)

«

1
~ v 02 alg
0 Q(U2gvl7m)/] (mv1+<p (U27U17m))90 2

¥ (mur + 2 (v2,v1,m)) o /1 .
= _ a ‘p Q d
£2 (v2,v1) 2 (s, or,m) Jy ¥ (muy + 982 (v2, v1,m)) dp
@ (o1 + 2 (v3,v1,m)) o e B
- - - @ (u)du.
2 (vg,v1,m) (2 (02, 01, )" S (u —muy) (u)du

(4.3)

If we multiply both sides of the above inequality (4.3) by — 5 B @) ) we have

1
_ B(oz)lf(a)/o W' (muy + 82 (vg,v1,m)) dip

_ U (muy + 2 (ve,v1,m)) a muy+02(va,v1,m) - ot
 B(a)I'(a)R2 (vg,v1,m) + Bla)(a) [22 (s, 01, m)]P T / (u—muy)* " ¥ (u)du.

()’

mui
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Then we can write

1
B(oz)ll“(a)/o W' (mvy + 912 (v2,v1,m)) dp

0 (w4 2 (va,01,m) | o petteaem
B(a)T ()2 (vz,v1,m) [ (vg,v1,m)|* T | B(@)T'(a) /mvl (= moy)*™ ¥ (u)du
(1-a) (1-a)

+ V3 (mU v (mvl) .

B(a) 1)] B B(a) [2 (UQ,Ul,m)]OHrl

Using ABFIO, we have

1 1 ,
- B(a)F(a)/O W (muy + @82 (va, v1,m)) dip
__!p(mU1+Q(U2,U17m)) 1 AB ra
=T BI(@)2 (o2 vt m) 2 (g onm)P L L e 0em) ¥ (mu1)}
_ (1—a) W (mvy). wa)

B() [£2 (v2, 01, m)]* "
By adding identities (4.2) and (4.4), we obtain the proof of Lemma 4.1.

Remark 4.1 If we put {2 (vg, v1, m) = vg — mvy and m = 1 in Lemma 4.1 then we have
the result in [44, Theorem 3.1], equality (29).

Theorem 4.1 Let I C R be an open and non-empty m-invex subset w.rt. {2 : [ xI — R and
v1, vy € I with mv; < muy + 2 (vg,v1,m). Suppose that ¥ : I — R is a differentiable
function and W' € L [mvy, muy + 2 (va, v1,m)]. If |¥'] is m-preinvex function, then

B(a)I'(«
‘ 5 (UQ(’ U)h T(n))}a-l—l [fglla {¥ (mvr + 02 (v, v1,m)) } + ABI%MJFQ(UQ,m,m) {w (mvl)}}

B ([Q (vg,v1,m)]* + (1 —a)I'(@)
)]a+l

[£2 (vg,v1,m > [W (mvl)+&D(mU1+Q(U2’U17m>)]‘

- m [P’ (v1)] + [P (v2)]
- a+1

9

where o € (0, 1].
Proof. From Lemma 4.1, we have

B(a)I'(«
‘ [Q (U;’ U)h 7(71))}a+1 [éﬁlja {¥ (mv1 + 2 (v, v1,m))} + ABI%m—i—Q(vz,vl,m) {w (mvl)}}

B ([Q (vg,v1,M)|“ + (1 — ) [(«)
[Q (U27vlvm)]a+1

1 1
/ (1 — )W (mu1 + o2 (vz,v1,m)) dp — / W' (mu1 + @12 (va,v1,m)) dw‘
0 0

) [ (mu1) + ¥ (moy + 2 (v, Ulam))]‘

1 1
< / (1—¢)* ’!7’ (muy + @2 (Ug,vl,m))‘ dy + / o“ }LZ/’ (muy + pf2 (UQ,Ul,m))| dep.
0 0
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Since |¥'| is m-preinvex function, we obtain

B(a)I'(«
‘ [“Q (UZ(u U)l) T(n))}aJrl [251106 {W (mvl +42 (U2’ U1, m))} + ABIrOréLerQ(UQ,Ul,m) {W (mvl)}i|

N ([Q (v2,v1,m)]" + (1 — a) ()
[“Q (U27U17m)]a+1

> W (mv1) + ¥ (muy + 9(U2,U1,m))]‘
1

g/ (1= 9)* [m(1 = @) [ (v1)| + ¢ [&' (va)|] dop
0

1
+/ o [m(1— ) |7 (1) + 0 |¥ ()] dio
0

_ m | (v1)] + [# (v2)|
a+1 '

So, the proof is completed.

Remark 4.2 In the above Theorem 4.1, if we choose m = 1, then we obtain

B(a)I'(«
‘[Q("(Qa)vl()](j—‘rl leIa {Lp (Ul +0 (Ug, Ul))} + ABIS1+Q(1)2,U1) {LD (Ul)}}
_ <[9 (v2,v1)]* + (1 — @) ['()
(2 (U27U1)]a+1
o 1P ()] + 9 (v2)]
- a+1

> W (v1) + V¥ (v + 2 (vg,vl))}'

Remark 4.3 In the above Theorem 4.1, if we choose (2 (vy, v1,m) = v9 — muvy, then we
obtain

PO e ) 4481, 0 o]
TR0 v
_m &' (vy)| + |&' (U2>‘.
= a+1

Remark 4.4 In the above Theorem 4.1, if we choose {2 (vg, v1, m) = vo—muvs andm = 1,
then we obtain

(B(O‘)ng‘L (021 {W (v9)} + AP I3, {@ (v1)}]
Vg — U1
B ((w — o)+ (16;?)“@)) W (v1) + W (v9)]
(v2 — 1)
_ 1 )]+ 1 (o)
= a+1

Theorem 4.2 Suppose I C R be an open and non-empty m-invex subset w.rt. {2 : I x I —
R and vy,v9 € I with mvy < muvy + 2 (ve,v1,m). Let W : I — R is a differentiable
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unction and W' € L [muv1, mur + 2 (va, v1, m)]. If |9’ is a m-preinvex function, then
/4

Bla)I'(« .
’ % (U2(’ U)b fn))}aﬂ [ﬁmfl I*{¥ (mv1 + 2 (vg,v1,m))} + ABImvlJrQ(thm) {w (mvl)}}

_ ([Q (UQa U1>m)]a + (1 — Oé)F(Od)
)t

[£2 (s, U1, m >[¢’ (mv1)+W(mv1+Q(v2,ul,m))]‘

§2< 1 >’1’<mIW’(v1)Iq+|@(U2)q>27

ap+1 2
wherep '+ ¢ 1 =1,¢>1,a € (0,1].
Proof. From Lemma 4.1, we have

B(a)'(« N i
‘ % (U; U)h r(n))}aﬂ [ffql {¥ (mvr + 02 (v, v1,m)) } + ABImU1+Q(U27U17m) {w (mvl)}}

B <[‘Q (U27 U17m)]a + (1 — O[)F(Oé)
)]a+l

(2 (vg, v1,m ) [ () + @ (moy + 9<v27v1,m>>]\

1 1
< / (1—¢)* ’!7’ (muy + @2 (Ug,vl,m))‘ dy + / o~ }LZ/’ (muy + @2 (Ug,vl,m))| dep.
0 0

By employing Holder inequality, we get

B(a)I'(« .
‘ 5 (U;’ U)h fn))}a-i-l [le[a {¥ (mv1 + 2 (v, v1,m))} + ABImU1+Q(U2,U1,m) {w (mvl)}}

. <[‘Q (U27 Ulam)]a + (1 — a)F(a)
)]a+1

[£2 (v2,v1,m ) w <mv1)+lp(mvl+g(v2”’1’m))]‘

< </01(1 - so)apd(p); </01 @' (mu1 + 2 (UQ,’Ul,m))‘ngO>é

1 1
1 ? 1 3
+ </ ‘P%dap) </ ‘W’ (muy + @2 (UQ,Ul,m))‘qd(p) )
0 0

By utilizing m-preinvexity of [¥’|?, we have

B(a)I'(« .
’m(f}Za)Ul()]C?Jrl [ﬁjgl [ (moy + 2 (vg, 01, m)} + ABImvlJrQ(vz,vl,m) 4 (mvl)}}

B ([Q (vg,v1,m)|“ + (1 — @) [()
[£2 (vg, v, m))*H

< </01(1 - go)o‘pdg0>; (/01 [m(1 — @) |&' (v1)|" + ¢ &' (v2)]"] d@) '

By calculating the integrals in the above inequality, we get the desired result.

> W (mwy) + W (moy + 2 (v, vl,m))]‘
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Remark 4.5 In the above Theorem, if we choose m = 1, then we obtain

Bla)I'(«
‘[9(1(12,)1)1()]63“ [le]a {¥ (v1 + 2 (vg,v1))} + AB[glJrQ(UQ,UI) {w (Ul)}:|

B <[Q (v2,v1)]* + (1 — a)(a)
[‘Q (U27U1)]a+1

2 (Gph) (M)

Remark 4.6 In the above Theorem, if we choose (2 (va,v1,m) = vy — muvy, then we
obtain

> W (v1) + V¥ (v1 + 12 (Ug,vl))}'

B(a)I'(a)

o (o 1A (v2)} + P15, {@ (mon)}]

mui 2

(vg — muy

B (vg —mu1)* + (1 — a)l(«) - "
< (vg — mup)* ! > b (o) + ( 2)]’

Cof LN (1 )| ()] 7
~ " \ap+1 2 '

Remark 4.7 In the above Theorem, if we choose (2 (vg, v, m) = vo — mv; and m = 1,
then we obtain

B(a)I'(«)
)a+1

(BB 1 (W (v2)} + ABIS W (mvn)}]

v1 2

(U2 — V1, M

B (('UQ —v)*+(1 _aizp(a)) W (v1) +¥ (UQ)]‘
('UQ - Ulam)

<2 (aple 1); (IJ” (1) J; 4 (v2)|q)él

Theorem 4.3 Suppose I C R be an open and non-empty m-invex subset w.rt. {2 : [ x I —
R and vi,ve € I with mv; < muy + 2 (va,v1,m). Let ¥ : I — R is a differentiable
function and W' € L [muvy, muy + 2 (vo,v1, m)]. If |¥'|? is a m-preinvex function, then we
have the following inequality for ABFIO

B(a)I'(« N X
‘ T (U; U)h r(n))}aﬂ [ﬁmﬁlf {¥ (mvr + 02 (v, v1,m)) } + ABImU1+Q(UQ,U1,m) {w (mvl)}}

_ (W (v2, v1,M)]" + (1 = a)I'(a)
)]a—H

[£2 (v2, v1,m > 7 (mvl)+W(mu1+9(v2w17m))]‘

1 \'"u
<
- <a+1>

where o € (0,1],q > 1.

m )" ()T T m| )] ()]
( a+2 +(oH—l)(oM—2)> +<(a+1)(o¢—|—2)+ a+2 > ]’
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Proof. From Lemma 4.1 and the power mean inequality, we get

B(a)I'(«
2 (U; U)h fn))}aﬂ [éﬁl W (mwy + 2 (vg, v1, M)+ APIE o ) P (mul)}]

B ([Q (v2,v1,m)]* + (1 —a)[(a)
[Q (U27U17m)]a+1

) [ (mw1) + ¥ (moy + 2 (v, Ulam))]‘

1 1
< / (1 — @)% &' (muy + o2 (UQ,Ul,m))’d90+/ " | (moy + @2 (v, v1,m))| de
0 0

< </01(1—so)“dgo>1‘i (/01(1 — ) [ (mvy + 02 (vz,vl,m))\qw)é

1-1

1
1 q 1 q
+ (/ @adgc)) </ o~ |W’ (muy + @2 (Ug,m,m))’ngo)
0 0

y u%n(g %Priinvexity of |?’|%, we have
o) (o
[_Q (U2 vt m)}a—i_l 71?151 I« {g[/ (mUl + 2 (7}27 U1, m))} + ABIgmvl—l-Q(vg,ul,m) {W (mvl)}}

B ([(Z (va,v1,M)]* + (1 —a)'(@)
[“Q (U27U17m)]a+1

< </01(1 — @)"‘dv)) s (/01(1 — @) [m(1 =) [#' (v)|" + @ [# (v2)|] d’f);
+ (/01 w“chp)l_é (/01 o [m(1 =) [7 (v)|* + ¢ ¢ (v2)]"] d90> q
- (a-lu)lq

“l‘g'p, (Ul)’q ’Q,(U2)|q % “L|gl(vl)|q ’d,(v2)|q %
T'h pI'OOf is Completed.

> & (muy) + ¥ (muy + 2 (va, Ul,m))]‘

a+2 (a+1)(a+2) (a+1)(a+2) a+2

Remark 4.8 In the above Theorem, if we choose m = 1, we obtain

’m [leIOé {¥ (v1 + 2 (v2,v1))} + ABISI_FQ(UQ,M) {w (Ul)}]
B ([9 (va,v1)]* + (1 — ) I'()
[£2 (U27U1)]a+1

< (OHIF1>1_§ <W (v1)|? L (v2)? >§+< 7 (01)[? L (UQ)\‘I>§]'

a+2 (a+1)(a+2) (a+1)(a+2) a+2
Remark 4.9 In the above Theorem, if we choose {2 (va, v1, m) = vo — muy, we obtain

B(a)I'(e)
a+1

) W (02) + 0 (0 + 2 (03, 01))]

[on 1 W (v2)} + AP L5, (@ (mn)}]

mul 2

(v2 —muy)

) <(U2 —mo)® 4+ (1 ;?)F(a)> @ (muy) + ¥ (v3)]

2 o)l W @)l N7 (W (mo)l! ()] e
< a+2 +(oc—|—1)(oz+2)> +<(a+1)(a+2)+ a+2 ) ]

(vg — muy)

1 \'u
< -
- <a+1>
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Remark 4.10 In the above Theorem, if we choose (2 (va, v1,m) = v — mvy and m = 1,
we obtain

(B(O‘)F;fll (571w (w2)} + AP 12, {0 (01)}]
Vg — U1

B <(U2 — Ul)a + (1 ;?)F(OZ)> [Lp <U1> + v (UQ)]
(v2 —v1)

§<0H1r1>1_3; <W(v1)\q+ W (v9)|? )§+<( 7 (01)]? +‘W/(U2)‘q>é]‘

a+2 (a+1)(a+2) a+1)(a+2) a+2
Theorem 4.4 Suppose I C R be an open and non-empty m-invex subset w.rt. {2 : I x I —
R and vy,ve € I with mv; < mvy + 2 (ve,v1,m). Let ¥ : I — R is a differentiable
function and W' € L [mvy, muy + 2 (va, vy, m)]. If |¥'|? is a m-preinvex function, then we
have the following inequality for ABFIO

B(a)I'(«
’ 5 (v;’ U)l, fn))}aﬂ [ﬁila {¥ (mv1 + 2 (va,v1,m))} + AB]%UIJFQ(UQ,UI) {w (mvl)}}

B ([Q (v2,v1,m)]* + (1 —a)l'(a)

) [ (mu1) + W (moy + 2 (v, Ulam))]‘

[Q (U27 U1, m)]a+1
< 2 N m [0 (v1)|? + [ (vz)lq,
plap+1) q

wherep '+ ¢ 1 =1,¢>1,a € (0,1].

Proof. From Lemma 4.1 and utilizing the Young inequality zy < %xp + %yq, we have

B(a)l'(«
‘ % (UQ(’ U)l’ T(n))}oﬂrl [ﬁzﬁlla {¥ (mv1 + 2 (va,v1,m)) } + ABI’rOréL’U1+-Q(U2,Ul,m) {w (mvl)}}

N ([Q (v2,v1,m)]" + (1 — a)I'(e)
[“Q (U27U17m)]a+1

> [& (mvy) + & (muy + Q(vg,vl,m))]‘
1 1
< / (1= @) ¥ (mvn + o2 (v2,01,m))| dip + / S (moy + 92 (v3, 01, m))| deo.
0 0
1

1 1 1
gp/ (1—s0)°“pd90+q/ 0 (s + o2 (va,01,m))|* dp
0 0

1t 1t
—|—p/ goapd<,0+q/ W' (mvl—i—ch(Ug,vl,m))’qd(p.
0 0

By using preinvexity of [#’|? and by a simple computation, we have the desired result.

Remark 4.11 In the above Theorem, if we choose m = 1, then we obtain

Bla)I'(« N )
‘[Q("(&,)Ul()]OLI [SlBI {Ep (Ul 4 (U2’ Ul))} + ABIU1+Q(U2,U1) {LD (Ul)}}

R

. 2 N & (v1)|? + |W' (v2)|q.
plap +1) q
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Remark 4.12 In the above Theorem, if we choose (2 (vg, v1, m) = vy — muy, we obtain

B(a)I'(a)

2 (B T4 (v2)} + A IS, {W (mon)}]

muvl 2

(vg — muy)

B <(v2 —mu)® + (1 ;?)F(a)> W (muy) + W (v2)]
('UQ — mUl)

2 &’ (mv)|? + | (v9)|?
~ plap+1) q ‘

Remark 4.13 In the above Theorem, if we choose (2 (vg, v1,m) = vo — mv; and m = 1,
we obtain

m (0710w (v2)} + AP L5, (W (v1)}]
V2 — U1

B <(v2 — o) + (1 ;@F(O‘)) @ (01) + ¥ (v3)]
(Ug — Ul)

< 2 W’ (v1)|? 4 [ (v2)]?
~ plap+1) q

5 Pachpatte-Type Inequality via AB Fractional Integral Operator

The combined study of convex analysis and integral inequality has become more and more
popular in recent years. In the practical sciences, convexity applications frequently lead to
an accounting of various inequalities. A lot of research papers have been published on the
famous inequality, namely, the Pachpatte-type inequality via fractional integral operators.
Numerous generalizations to and refinements of this inequality were first introduced by
Pachpatte [46] and Cristescu [47].

We study and explore this inequality via ABFIO, in light of the aforementioned results
and literature.

Theorem 5.1 Suppose I C R be an open and non-empty m-invex subset w.rt. {2 : I x I —
Rand vy, vy € I withmvy < mui+12 (ve, v, m). If ¥y, ¥ : [muy, muy + 2 (va, v, m)] —
R are m-preinvex functions, ¥,,¥5 € L [mvy, mu; + 2 (va, v1, m)), then the following in-
equality for ABFIO holds
! ABIO‘{WJ/ (mv1 + 2 (vg,v1,m))} + AB1 {0y (muy)}
3 oy o 17 (12 (mva o @ v, (e nm) L2 (01

[[% (mu1) o (mu1) + ¥ (v2) Y2 (va)] <a(a T 12)(a +2) Ty 41_ 2)

= Bla)[(a)
m [V (v1) Vs (v2) + ¥ (v2) P (Ul)q
(a+ 1) (a+2)

+2

+B(a) [((21(;2’0217 o (@1 (mur) P (muy) + W (muy + 2 (v, v1,m)) Yo (muy + 2 (ve,v1,m))],

where o € (0, 1].
Proof. Since ¥; and ¥; are preinvex functions on [muvy, mv; + 2 (va, v1, m)], we get

Uy (mug + 02 (ve,v1,m)) < m(l — )& (v1) + ¥ (v2) (5.1)
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and
Uy (muy + @82 (vg,v1,m)) < m(l — )W (v1) + W (v2) . (5.2)
By multiplying both inequalities 5.1 and 5.2 side by side, we get
Uy (muy + @2 (v, v1,m)) Yo (M1 + 2 (v2,v1,M))

m?(1 = )* W1 (v1) W (v1) + Wi (vg) Ps (v2)
+ mcp(l — QO) [&pl (Ul) 5} (UQ) + ¥ (Ug) vy (Ul)] . (5.3)

By multiplying both sides of (5.3) with (1 —)*~! and integrating the resulting inequal-
ity w.r.t. ¢ over [0, 1], we obtain

1
/ (1= )10 (w1 + 92 (v3, v1,m)) o (moy + 922 (v3, v1,m)) do
0

1
< [0 A1 = o (00) B2 (00) + P ) 02 (o)

+mp(1 — ) [¥1 (v1) P2 (v2) + P (v2) Y2 (v1)]] dep
. m2W1 (Ul) !pg (Ul) 9 !171 (Ug) BZ/Q (Ug) m [Lpl (U1) !pg (Ug) + lI/1 (Ug) LDQ (Ul)]
B a+2 ala+1)(a+2) (a+1)(a+2) '

By changing the variable muv; + ¢f2 (v2,v1,m) = x, we can write the inequality in
(5.4) as

(muy + 2 (vg,v1,m) — ) Wy ()W () da

1 mu1+82(v2,v1,m)
[Q (U27 v1, m)]a /

< m2!P1 (Ul) !pg (Ul) 9 ![’1 (Ug) !72 (’Ug) m [Lpl (Ul) !pg (Ug) + Q/l (’Ug) !I/Q (U1 )L

- a+2 ala+1)(a+2) (a+1)(a+2) e

By multiplying the both sides of (5.4) by m
(1—a)

B0 orm ™ L (mur + 2 (ve,v1,m)) Wa (muy + 2 (v2,v1,m)) to both sides of (5.4)
and finally using ABFIO, we get

muy

4)

and then adding the term

1 o
[‘Q (U2’U1’m)]a [éﬁlf {Eplﬂpg (mvl + (’Ug, Ul,m))}]

< « [m2% (Ul) WQ (Ul) 9 Wl (UQ) lI/Q (Ug) m [Wl (Ul) WQ (UQ, m) + 'I’l (UQ) WQ (Ul)]
~ B(a)['(«@) a+2 ala+1)(a+2) (a+1)(a+2)
L (1-q
B(a) [£2 (v2, v1)]"

Similarly, by multiplying both sides of (5.3) with %~
inequality w.r.t. ¢ over [0, 1], we obtain

U1 (mug + 2 (vg,v1,m)) W (Mo + 2 (v, v1,m)) . (5.5)

1 and integrating the resulting

1
/ STy (moy + 90 (v3, v1,m)) Ty (moy + 0@ (v3, v1,m)) dip
0

< | o [m2(1 = )20 (01) W (01) + ¢ (vn) B (v2)

+mp(l — @) [P1 (v1) Yo (v2) + 1 (v2) P2 (v1)]] dep
m2lI/1 (’Ul) WQ (U1) Wl (Ug) Epg (’Ug) 4 m [Wl (U1) WQ (Ug) + Epl (’Ug) LDQ (U1)]
ala+1)(a+2) a+2 (a+1)(a+2)
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By making calculations similar to those in the proof of (5.5), we obtain

[£2 (w2, 11)1, m)]* [ABI%U1+Q(U2’“1’T”) e (mvl)}]
< (6% |: m2W1 (’Ul) WQ (Ul) wl (Ug) WQ (UQ) + m [Wl (’Ul) Wz (Ug) + Wl (UQ) LDQ (’Ul)]:|
~ B(o)'(a) | ala+1)(a+2) a+2 (a+1)(a+2)
(1-a)
B(a) [$2 (vz, v1, m)]*
Adding {5.5) and (5.6) side by side, we get

(2 (vg, v1,m)]” [’?fgi 19 {0 (mor + 2 (vg, 01,m))} + ABI%erQ(vz,vl,m) {1 (mvl)}}
«

2 1
< W |:[m2W1 (Ul) 153 (Ul) + U (Ug) ¥y (Ug)] (a(a n 1)(@ n 2) + o 2>

m [V (v1) Yo (v2) + W1 (v2) P2 (Ul)]}
(a+1)(a+2)
(1-a)
B(a) [“Q (U27U1>m)]a

lpl (mvl) lpg (mvl) . (5.6)

+2

+ (@1 (mur) Yo (muy) + W1 (mug + 2 (va, v1,m)) Yo (moy + 2 (ve,v1,m))] .

The proof is completed.
Note that in the above Theorem 5.1, if we put the value of m = 1, then

Remark 5.1 Suppose I C R be an open and non-empty invex subset w.r.t. 2: [ x [ — R
and vy,vy € I with v; < v1 + 2 (v, v1). If U1, Wy : [v1, 01 + 2 (v2,v1)] — R are
preinvex functions, ¥1,¥ € L [v1,v; + 2 (v2,v1,)], then the following inequality for
ABFIO holds
1

2 (v2, v1)]*

2 1
< Bla)(a) {[91 (v1) W2 (V1) + ¥ (V2) W (V2)] (oz(oz (@t 2) +- " 2>
[ (v1) 2 (v2) + W1 (v2) Yo (Ul)q
(a+1)(a+2)
(1-a)
B(a) [£2 (v2,v1)]"

Also, in the above Theorem 5.1, if we put {2 (va, v1, m) = vy — muy, then

[ﬁlBIO‘ {0, (v1 + 2 (ve,v1))} + A3131+Q(v2,v1) {0, (Ul)}}

+2

+ [P (v1) P2 (v1) + P (V1 + 2 (v2,01)) Yo (V1 + 2 (v2,01))] -

Remark 5.2 If &1, ¥, : [muvj,ve] — R are m-convex functions, ¥;,¥ € L [muvy,vs),
then

1

(vg —muy)” mflla {1y (v2)} + ABII?; {¥1W, (muvy)}]
a 9 1
< W [Wl (mm) WQ (mm) + Epl (’Ug) Wg (Uz)] <a(a n 1)(@ n 2) + o 2>

+2m [Wl (Ul) Uy (U2) 4! (UQ) 123 (Ul)]]

(a+1)(a+2)
(1-a)
B(a) (va — muy)®

+ [Wl (mvl) vy (mvl) + ¥ (UQ) 28 (Ug)] .
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Finally, if we put {2 (ve, v1,m) = v9 — mwvy and m = 1 inTheorem 5.1, then

Remark 5.3 If ¥, %, : [v1, v3] — R are m-convex functions, ¥, Wy € L [v1, vs], then

<u—1v> [P {0y (v02)} + AP I3, {010 (1)}
« 9 .
< Bla)[(a) W1 (v1) Y2 (V1) + W1 (v2) W (V2)] <a(a Y P + . 2>

+2

(W1 (v1) Y2 (v2) + ¥ (v2) Yo (Ul)]]
(a+ 1) (a+2)
(1-a)
B(a) (v2 —v1)*

+ [ (v1) 2 (V1) + W1 (v2) Pa (V2)] .

6 Conclusions

Fractional calculus has garnered significant attention from scholars and authors across di-
verse disciplines. Meanwhile, convexity theory has emerged as a powerful tool for develop-
ing innovative numerical models, enabling the solution of complex problems in both pure
and applied sciences. As a result, convex analysis and its associated inequalities are ex-
periencing a surge in academic interest and popularity, driven by ongoing advancements,
extensions, and applications.

In this work:

(1) First, using ABFIO and a few comments and corollaries, we looked into a novel type of
H-H inequality.

(2) We presented a novel lemma. We also talked about some new improvements to the H-H
inequality based on a recently developed lemma.

(3) We used a recently developed idea in the framework of the fractional integral operator
to introduce a new kind of Pachpatte-type inequality.

This work offers intriguing methods and insightful information that can be applied to
Raina function research. Additionally, the discussed inequalities can be investigated us-
ing interval analysis and quantum calculus as frameworks. Notably, research on integral
inequality is developing quickly. The application of quantum calculus and interval-valued
analysis to the study of integral inequalities is set to enthrall researchers and open up fasci-
nating new research directions.

Abbreviations

The following abbreviations are used in this manuscript:

AB Atangana—Baleanu
H-H Hermite—Hadamard
R-L Riemann-Liouville

KFIO Katugampola fractional integral operator
ABFIO  Atangana—Baleanu fractional integral operator
RLFIO  Riemann-Liouville fractional integral operator
CFFIO  Caputo-Fibrizio fractional integral operator
H-H-M Hermite—Hadamard—Mercer

CFD Caputo-Fabrizio derivative
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