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1. Introduction

Integral inequalities play a vital role in the field of fractional differential equations. In the past few
decades, researchers have paid their valuable consideration to this area. The significant developments
in this area have been investigated, for example, [1-3], and [4] (cf. references cited therein). In [5],
Ngo et al. established the following inequalities

1 o+1 1 o
/O @7 (1)dt 2/0 g (1)dt (1)

and

[ s mar= [Cig o ®
0 ~Jo ’

where ¢ > 0 and the positive continuous function g on [0, 1] such that

1 1
/g(t)dtz/ tdt,x € [0,1].
X X

Later on, Liu et al. [6] established the following inequalities
b b
/ QT ()t > / (t—a)7g7(t)dt, 3)
a a
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where o > 0,y > 0, and the positive continuous g on [4, b] is such that

b b
/ S ()dt > / (t— a)’dt,5 = min(1,7),t € [a,b].
a a
Liu et al. [7] derived two theorems for integral inequalities as follows:

Theorem 1. Suppose that the functions fi and g are positive and continuous on [a, b, (a < b) with f; < g
on [a, b] such that the function é%’ (g1 # 0) is decreasing and the function fy is increasing. Assume that the
function ® is a convex with ®(0) = 0. Then, the following inequality holds

b b
[y AHde _ J7 @ () dt
b = b ’
Jrgi(hat ~ [P (gi(t)) dt
Theorem 2. Suppose that the functions fy, fo, and f3 be positive and continuous on [a,b], (a < b) with

f1 < fa on [a,b] such that the function %, (fa # 0) is decreasing and the functions fi and f3 are increasing.
Assume that the function ® is a convex with ®(0) = 0. Then, the following inequality holds

[ il _ [ @ ((0) fa()t
LR = [P (fa(t)) fo(t)dt

The inequalities in Equations (1)—(3) and their various generalizations have gained attention of
the researchers [8-12].

Furthermore, the research of fractional integral inequalities is also of prominent importance.
In [13,14], the authors presented some weighted Griiss type and new inequalities involving

Riemann-Liouville (R-L) fractional integrals. In [15], Nisar et al. introduced many inequalities
for extended gamma and confluent hypergeometric k-functions. Certain Gronwall inequalities for
R-L and Hadamard k-fractional derivatives with applications are observed in [16]. The inequalities
concerning the generalized (k, p)-fractional integral operators can be seen in [17].

The generalized fractional integral and Griiss type inequalities via generalized fractional integrals
can be found in [18,19]. In [20], the authors examined the (k,s)-R-L fractional integral and its
applications. In [21], the authors presented generalized Hermite-Hadamard type inequalities through
fractional integral operators. Dahmani [22] introduced some classes of fractional integral inequalities by
employing a family of #n positive functions. Further the applications of fractional integral inequalities
can be found [23,24].

In the last few decades, the researchers have paid their valuable consideration to the field
of fractional calculus. This field has received more attention from various researchers due to its
wide applications in various fields. In the growth of fractional calculus, researchers concentrate to
develop several fractional integral operators and their applications in distinct fields (see, e.g., [25-33]).
Zaher et al. [34] presented a new fractional nonlocal model.

Such types of these new fractional integral operators promote the future study to develop
certain new approaches to unify the fractional operators and secure fractional integral inequalities.
Especially, several striking inequalities, properties, and applicability for the fractional conformable
integrals and derivatives are recently studied by various researchers. We refer the interesting readers
to the works by [35—44], and [45]. The applications of conformable derivative can be found in [46—49]
(cf. references cited therein).
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2. Preliminaries

Jarad et al. [50] proposed the following left and right generalized proportional integral operators,
which are sequentially defined by

(a75F) (0) = gz [ expl S (x = DlT =0 (D)t < T @)

(€)

and
(75°7) (0 = (sérl(g) /Tb exp[‘%l@ — Ot =0 f(Ddt, T < b, ®)

where the proportional index § € (0,1] and ¢ € C with Re({) > 0 and I'(7) is the well-know gamma
function defined by I'(7) = [ " e !dt [51-53].

Remark 1. Setting 6 = 1 in Equations (4) and (5), we obtain the following left and right R-L:

(7% (1) = r(lg) /aT(r _ O (b a < T,
and

(7f) (0) = r(lg) /Tb(t — D)L (1)dt, T < b,
where & € C with Re(&) > 0.

Recently, the generalized proportional derivative, and integral operators are established and
studied in [54,55]. Certain new classes of integral inequalities for a class of n (n € N) positive
continuous and decreasing functions on [a, b] via generalized proportional fractional integrals can
be found in the work of Rahman et al. [56]. The generalized Hadamard proportional fractional
integrals and certain inequalities for convex functions by employing were recently proposed by
Rahman et al. [57]. The bounds of proportional integrals in the sense of another function can be found
in the work of Rahman et al. [58].

3. Main Results

In this section, we establish proportional fractional integral inequalities for convex functions by
employing proportional fractional integral operators.

Theorem 3. Suppose that the functions f and g are positive and continuous on the interval [a, b], (a < b) and
f < gonla,b]. If the function éi, (g # 0) is decreasing and the function f is increasing on [a, b], then, for any
convex function ® with ®(0) = 0, the following inequality satisfies the proportional fractional integral operator
given by Equation (4)

ajg’é [f(7)]
o T [8(T)]

where § € (0,1], ¢ € C with Re(¢) > 0.

T [@(f(1))]
T [B(3(7))]

>

(6)
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Proof. Since @ is convex function with ®(0) = 0, the function fz) ( ) is increasing. As f is increasing,

the function q:([fz())) is also increasing. Obviously, ! E ; is decreasmg function. Thus, for all p, 6 € [a, b],
we have

Q(f(p))  @(f(0)\ (fO) flo)
( f(p) f(0) )(g(G) 8(P)> =0

It follows that

©(f(p) f(0) | 2(f(0)) flp) _ 2(£(0)) f0) _ 2(f(p)) flp) - @)

flo) g f(8) glo)  f(O) s(6)  flo) &lp)
Multiplying Equation (7) by g(p)g(6), we have

D(f(p)) O(f(0)) _®(f(9)
o) f(0)g(p) + ) f(p)g(0) )

£(0)g(0) — Q%S))f(p)g(ﬁ?) S0, ®

Multiplying Equation (8) by 551,1 @ exp| 3 (T —p)](t — p)¢ 1, and integrating with respect to

pover [a,T],a < T < b, we have

-1 2(f(0)

1 T 5—1
m/ﬂ exp[——(7—p)l(t~p) o) —2 2 £(0)g(p)dp
®(£(6))
0 =y S e)sO)dp

e L oPl g e plie
L[ ! (£(6))
5@, Pl (T o) TR F (o)

L RN L @(f(p))
NG [ el 5=l =) o) P)3(0)dp = 0.

Then, it follows that
16)a7% (P 5(0) + (2L s00)) w50

_ cI>(f(9)) ) N &0 CD(f(T))
( £0) f(9)) oT°((7)) — 8(0) T (f(T) f(T))ZO. )

1 -1
Again, multiplying both sides of Equation (9) by ST () exp[é : (T — 0)|(r — 051
and integrating the resultant inequality with respect to 6 over [4, 7], a < T < b, we get

T (f(1)) 0T (q’jfz(f)”g(r)) T (q’}{g”g(r)) T (f(1))

> 0T (8(1)) 0T (R(f(7))) + T (®(f (1)) o T (3(7)).

It follows that

T (f(D) L _aTH(2(f(T)))
T (8(7)) jf;é( g (7 ))

(10)

Now, since f < g on [a,b] and ( ) is an increasing function, for p € [a,7],a < T < b, we have

®(f(p) . 2(8(p))
flo) = glp) ~

(11)
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Multiplying both sides of Equation (11) by 551}(@) exp[(sgl(l' —p))(t — ) 'g(p) and

integrating the resultant inequality with respect to p over [a, 7], a2 < T < b, we get

7 |, Pl el =)t

3551}@ _/; expl o —— Lz~ p))(x = p)i-1 2680

which, in view of Equation (4), can be written as

e (P(f(7))
o7 ( G

Hence, from Equations (10) and (12), we get Equation (6). O

ﬂﬂ)<a5“«maﬂ». 12)

Remark 2. Applying Theorem 3 for 6 = 1, we get Theorem 3.1 proved by [59].
Remark 3. Applying Theorem 3 for ¢ = 6 = 1 and x = b, we get Theorem 1.

Theorem 4. Suppose that the functions f and g are positive and continuous on [a,b], (a < b) and f < gon
[a, b]. If the function é, (g # 0) is decreasing and the function f is increasing on [a, b], then, for any convex
function ® with ®(0) = 0, the following inequality satisfies the proportional fractional integral operator given
by Equation (4)

T [f(D] oI [(())] + o T [f(1)] 0T [@(g(1))]
T [$(D)] T [@(f(D)] + o TV [(T)] « T [@(f(7))]

where § € (0,1], & A € C with Re(¢) > 0and Re(A) > 0.

>1,

Proof. Since ® is convex function with ®(0) = 0, the function f (T) is increasing. As f is increasing,
the function q)%( ))) is also increasing. Clearly, the function £ E ; is decreasing for all p, 0 € [a,7],a <

—0))(r— 0"

inequality with respect to 6 over [a, 7], a < T < b, we get

u0+mjw( %“”ﬂﬂ)mﬂﬁuw»

T

(f(7) A (o(1
2 r0) o7 (512)).

T < b. Multiplying Equation (9) by and integrating the resultant

PN N
ST TP

)07 (2

oy 1)+ o7 (

> 0T (g(1)) 1T ( (13)

( 9 is an increasing function, for p € [a,7],a < T < b, we have

(f(p) _ ©(g(0))
floy = &)

Now, since f < g on [a,b] and

(14)

s Pl (7 — Pl — ) g(p) and

T],a < T < b, we get

~12(f(p))

Multiplying both sides of Equation (14) by

integrating the resultant inequality with respect to p over [a,

g(p)dp

s /Pl el )

Lr—p)l(r—p)t

1 T 5—
iG] / xpl—5

19(g(p)

f(p)

2(0) g(p)dp,
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which, in view of Equation (4), can be written as

75 (P g(0)) < 07 (@(g(0). (15)
Similarly, one can obtain
2T (cb;f(g))g(r)) < IV (@(8(7))). (16)

Hence, from Equations (12), (13), (15), and (16), we get the desired result. O
Remark 4. Setting ¢ = A, Theorem 4 leads to Theorem 3.
Remark 5. Applying Theorem 4 for 6 = 1, we get Theorem 3.3 proved by Dahmani [59].

Theorem 5. Suppose that the functions f, h, and g are positive and continuous on [a,b], (a < b) and f < h
on [a, b]. If the function é is decreasing and the functions f and h are increasing on [a, b), then, for any convex
function ® with ®(0) = 0, the following inequality satisfies the proportional fractional integral operator given
by Equation (4)

VAR [f(7)]
o T [(7)]

where § € (0,1], & € C with Re(§) > 0.

2T [@(f(1))h(7)]

= T @ (g(0)h(0)]’

Proof. Since @ is convex function such that ®(0) = 0, the function 2 i increasing. As the function

T
(f(©) f(0)

f is increasing, CDfT is also increasing. Clearly, the function o) 18 decreasing forall p,6 € [a,7],a <
T <b.

(P o) — T 00) ) (F@)sto) — Fp)s() > 0
It follows that
P(f(p)h(p) D(f(6))h(6) _ 2(f(0))h(6) _ 2(f(p))hle)
o) Oslo)+ === ()2 () oy 10l o) A Pe) =0 (17)

1 ox [5 -1
5r(g) P
inequality with respect to p over [4,T],a < T < b, we have

Multiplying Equation (17) by (T — p)](t — p)¢ ! and integrating the resultant

L[ eor® =1 1 2(f(p))
m/a exp|—5— (T = 0))(T — )T = T O30kl

e el e = ol = R p(o)gemep

R AT s —19(f(0))
_5¢r(g)/a exp[——(t—p)l(t—p)* 1W}‘(G)h(t‘))g(p)dp

e [ ool T e el 2D pgioigop = 0
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It follows that
70, (B gnn)) + (LS gom)) w5
. @(f(9)) &0 z6 @(f(1))
(P 0m6) ) 0T (500 ~06) o7 (L pome >) 0.y

551}(5) exp[(S ; L (1 —0)](t —6)° ! and

integrating the resultant inequality with respect to 6 over [a,7],a < T < b, we get

T (f(1)) T (q’}{f)”g(r)h(r)) LT (‘D%(f)”g(r)h(r)) T (f(1))

> 0T (8(1)) aT ¥ (R(f(T)1(T)) + o T (R(f(T)(1)) 0T (8(7)).

It follows that

Again, multiplying both sides of Equation (18) by

aj§'5(f(T))> o T4 (D(f(1))h(7)) (19)
T3 = g6 (WD (r)h(r))

f(o)

In addition, since f < g on [4,b] and ( )

@(f(n)) _ P(g(n))
fr) = g(n) @)

is an increasing function, for 7,60 € [a,b], we have

Multiplying both sides of Equation (20) by zSCI’l((’,‘) exp[(S ; ! (T —n)](r — 1) Lg(n)h(y) and

integrating the resultant inequality with respect to 17 over [a, 7], a2 < T < b, we get

secey et e e - P gy

f
1 7 61 L, D(g
Sm/ﬂ exp| 3 (t=ml(t—1n)° 18(7

0 g(m)h(n)dy,
which, in view of Equation (4), can be written as
e <q’%g>> g(T)h(T)) < W T (@(g(1))h(7)). @1)

Hence, from Equations (21) and (19), we obtain the required result. [
Remark 6. Applying Theorem 5 for 6 = 1, we get Theorem 3.5 proved by Dahmani [59].
Remark 7. Applying Theorem 5 for 6 = ¢ = 1 and x = b, we get Theorem 2.

Theorem 6. Suppose that the functions f, h, and g are positive and continuous on [a,b], (a < b) and f < g
on [a, b]. If the function é is decreasing and the functions f and h are increasing on [a, b, then, for any convex
function ® with ®(0) = 0, the following inequality satisfies the proportional fractional integral operator given
by Equation (4)

T [f(D)] 2T [R((T)(D)] + o T [f(T)] 2T [@(g(T))(T)]
T [§(D)] o T [R(f(D))R(T)] + 2T [8(1)] o T [@(f (7)) 1(T)]

where § € (0,1], & A € Cwith Re(¢) > 0and Re(A) > 0.

>1, (22)
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! -1 _ AV ES B .
ST (M) exp[——(r—6)](r—6)""" and integrating

the resultant inequality with respect to 6 over [a,T],a < T < b, we get

Proof. Multiplying both sides of Equation (18) by

DTV (F(T)) 0T (@(f“”gmh(r)) g (‘W(T”g(r)hm) T (f(1))

f(7) f(7)
: s (P(f(7)) o (@(f(7)) ,
>0 (g(0) o7 (P pom(n) ) + 7% (PLE fom(e) ) o (s 2
Since f < gon [a,b] and @ is an increasing function, for 77,60 € [1,x],a < T < b, we have
2f(1) _ @ls()) o0

fr) g(n)

Multiplying both sides of Equation (24) by 551}(‘:) exp[5 ; ! (=)t = g(nh(y), n €
[2,x],a < T < b and integrating the resultant inequality with respect to 7 over [a, 7], 2 < T < b, we get
®(f(1)

TS <f(_[)g(r)h(r)> < 0T (®(g(1))h(T)))- (25)

Similarly, one can obtain

T (nghm) < o™ (@(g(1))h(1)). (26)

Hence, from Equations (23), (25), and (26), we obtain the required inequality in Equation (22). O
Remark 8. If we consider ¢ = A, then Theorem 6 leads to Theorem 5.

Remark 9. Applying Theorem 6 for 6 = 1, we get Theorem 3.7 of Dahmani [59].

4. Concluding Remarks

Some interesting integral inequalities for convex functions were presented by Liu et al. ([7]
Theorems 9 and 10). Later, Dahmani [59] improved these integral inequalities by utilizing the R-L
fractional integral operator. Here, we present some new fractional proportional integral inequalities
for convex functions by utilizing the proportional fractional integrals. In fact, we established the
inequalities presented in Theorem 1 and Theorem 2 using the fractional proportional integrals, which
are nonlocal and their orders depend on two indices: §, which is the proportional index, and ¢, which
is the iterated index.
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version of the manuscript.
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