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Abstract: This paper introduces new versions of Hermite-Hadamard, midpoint- and trapezoid-
type inequalities involving fractional integral operators with exponential kernels. We explore these
inequalities for differentiable convex functions and demonstrate their connections with classical
integrals. This paper validates the derived inequalities through a numerical example with graphical
representations and provides some practical applications, highlighting their relevance to special
means. This study presents novel results, offering new insights into classical integrals as the fractional
order 8 approaches 1, in addition to the fractional integrals we examined.
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1. Introduction and Preliminaries

Convexity is a fundamental concept in both pure and applied mathematics that serves
as a basis for optimization, inequality, and problem-solving in several fields of study.
A function g is considered convex on the interval [v,w], if for all zq, zo € [v,w] and
» € [0,1], the following inequality holds:

g(oez1 + (1= 2)20) < 29(z1) + (1 — 2)g(22).

One of the most intriguing results associated with the concept of convexity is the
Hermite-Hadamard inequality (see [1,2]). This inequality has garnered significant attention
and is widely recognized for its utility in related fields. For a convex function g on the
interval [v, tv], we have

1o
/g(z) dz < 9(0)29(1‘0)_

1Y

() < &

w—u

(1)

In [3], Kirmaci obtained the following result connected with the left-hand side of (1)
as follows:
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Theorem 1 ([3]). Let g : I C R — R be a differentiable function on I such that g € L[, o]
(Lebesgue integrable), where v, vo € [ with v < w. If |¢'| is convex on [v, 0], then the following
inequality holds:

8(%5%) — ks [6(2) dz) < 252 |9/ (0)] + [g/ ()]

A refinement of the above result was provided by Kadakal in [4] as follows:

Theorem 2 ([4]). Let g : I C R — R be a differentiable function on I such that g € L[v, w], where
v, w € [withv < w. If |g/| is convex on [v, 1], then the following inequality holds:

IN

o [0/ (0)] + 49" (%5%) [ + |’ (w)[].

Dragomir and Agarwal presented the subsequent result associated with the right-hand
side of (1) in [5].

Theorem 3 ([5]). Let g : I° C R — R be a differentiable function on I°, v, wo € I° with v < to.
If |¢'| is convex on [, w], then the following inequality holds:

to

9(“);9(“’) _ 1 /g(z) dz

< 2g2[|g'(0)] + |’ (w)]].

tw—vu
o

In [6], Kavurmaci et al. provided a refinement of the above result as follows:

Theorem 4 ([6]). Let g : I C R — R be a differentiable function on 1° such that g € L[v, o],
where v, o € I with v < vo. If |g’| is convex on [v, ], then the following inequality holds:

< =t [lo'(0)[ + o/ (*52) [+ ' (w)[].

Fractional calculus expands upon conventional calculus by incorporating derivatives
and integrals of non-integer order. It is utilized in various scientific disciplines to accurately
represent non-local and non-Markovian phenomena. Various fractional integral operators
have been developed to enhance the modeling of different phenomena in science and
engineering. One of the most frequently seen operators is the Riemann-Liouville operators,
which can be defined in the following manner.

Definition 1 ([7]). Let g € L[v,o]. The left and right Riemann—Liouville fractional integrals of
order B > 0 are defined by

J5.8) =rl [ (e = 2)f Ta(z)dz, s>,

Jhoa02) =r; [ 2= 0 a2z, w5,

XN ——d s~——N

respectively, where T(B) = [ e~VvP~1dv is the gamma function, and ]g+g(z) = ]gj_g(z) = g(2).
0
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In [8], Sarikaya established the analogue of inequality (1) for Riemann-Liouville
fractional integrals as follows.

Theorem 5 ([8]). Let g : [b,w] — R be a positive function such that g € L[v, ] with0 < v < 1o.
If g is convex on [v,w], then for p > 0 the following inequalities hold:

8(552) < gy [Jo-a(w) + 1 a(o)] < S50,

where ]f _and | 5 . denote the left and right Riemann—Liouville integrals, respectively.

In [9], Sarikaya and Yildirim provided another version of the Hermite-Hadamard
inequality for Riemann-Liouville fractional integrals.

Theorem 6 ([9]). Let g : [b,w] — R be a positive function such that g € L[v, w] with0 < v < to.
If g is convex on [v,w]|, then for p > 0, the following inequalities hold:

p—1
0(55) < TG ) 8000+ T c00) | < R

In the same paper, the authors derived the Riemann-Liouville fractional midpoint-type
inequalities as follows:

Theorem 7 ([9]). Let g : I C R — R be a differentiable function on I such that g € L[v, ],
where v, to € [ with v < r. If |g’| is convex on [v, w], then for B > 0, the following inequality for
fractional integrals holds:

a(5) — TR 1 o)+, o)

<t [[6/(0)] + [o/ () ).

In [10], Ozdemir et al. provided the following trapezoid-type inequalities via Riemann—
Liouville fractional integrals.

Theorem 8 ([10]). Let g : I C R — R be a differentiable function on I such that g € L[v, o],
where v, to € [ with v < rv. If |g’| is convex on [v, w], then for B > 0, the following inequality for
fractional integrals holds:

g(v)ta(w) _ 2P7IT(B+1) | 1 p
o) LB P a(0) 4 )]

<roge G218/ (0)] + |/ (m)]] + oyl (552) ]

Remark 1. Setting B = 1 in Theorem 8 yields Theorem 4.

For additional studies on fractional integral inequalities involving Riemann-Liouville
operators, readers may refer to [11-15] and the references cited therein.

In [16], Ahmad et al. introduced the following new fractional integrals with exponen-
tial kernels.

Definition 2 ([16]). Let g € L[v,)]. The fractional integrals If+ and I‘i, of order B € (0,1) are
defined, respectively, by
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In the following, for the sake of simplicity, we adopt the following notation: A =
% (to — ).
Remark 2. From Definition 2, one can derive the following statements.
o
1. élmIﬁg fg ) dz and llgi_)rr%I‘i,g(%) = ig(z) dz

2 BT} g( ):llgblﬁ_g(%)zg(%)

In the same paper, the authors provided the Hermite-Hadamard inequality as well as
trapezoid-type inequalities via the newly introduced fractional integrals.

Theorem 9 ([16]). Let g : [v, 0] — R be a positive function such that g € L[v, w] with0 < v < ro.
If g is convex on [v, )], then for B € (0,1), the following inequalities hold:

0(™5) < ety | Lo o) + 25 g(0)] < 2ehale),

Theorem 10 ([16]). Let g : [v,w] — R be a differentiable function on [v, ro] such that g’ € L|v, 1]
with 0 < v < w. If |g'| is convex, then we have

<o tanh(%)“g |+|9 (m)l]

On the other hand, Wu et al. in their publication [17] introduced midpoint-type
inequalities for the same operator in the following manner:

Theorem 11 ([17]). Let g : [v,w] — R be a differentiable function on v, ro] such that g’ € L|v, 1]
with 0 < v < w. If |g'| is convex, then we have

}g("z“’)— A T=ep (AT [Zﬁ+g( >+fog(u)”

<woo (; ta“‘()) (g (0)] + |g/ ()]].

In [18], the authors explored another variant of the Hermite-Hadamard inequality
as well as Hermite-Hadamard-type inequalities for left-sided fractional integrals with
exponential kernels. Furthermore, Zhou et al. [19] established a series of results related
to three-point quadrature formulas for twice-differentiable convex functions. However,
the most intriguing work related to this type of operators was performed by Yuan et al.
in [20]. In this study, the authors conducted a parametric analysis on the same operator
previously addressed by Ahmad et al. [16] and Wu et al. [17], and they were able to establish
the following result, from which they deduced the error bounds of several quadrature rules.

Theorem 12 ([19]). Let g : [v, 0] — R be a differentiable function on [v, v] such that g’ € L[v, w]
with 0 < v < w. If |g'| is convex, then we have for 0 < A <'1

1= A)g(og) +asletelel o of (26 a(w) + 5 o(v) |

<oz (1224 =) (o 4 o),
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In this study, we present new versions of Hermite-Hadamard and Hermite-Hadamard-
type inequalities by employing fractional operators with exponential kernels that differ
from the ones previously established in Theorems 9-11. The results we obtained are analo-
gous to those established in Theorems 6 and 8; although, it is important to mention that
our findings are just generalizations of classical inequalities. The study is supported by
graphical representations that confirm the validity of the acquired results.

The organization of this paper is as follows: Section 1 presents some previous results
and useful definitions pertinent to our study. Section 2 is divided into three subsections.
In the Section 2.1, we provide a new version of the Hermite-Hadamard inequality for
fractional integrals with exponential kernels. The Section 2.2 is dedicated to the study of
the midpoint inequality for the same type of integrals. The Section 2.3 establishes several
trapezoid-type inequalities for the same operators. Section 3 provides a numerical example
with graphical representations that justify the accuracy of our outcomes, while Section 4
presents some applications of the obtained results to special means. The study concludes
with a summary of the key findings in Section 5.

2. Main Results

In this section, we initiate our study by establishing a novel version of the Hermite—
Hadamard inequality for the new fractional integrals introduced in [16]. Subsequently, we
introduce two new identities, from which we derive several new midpoint- and trapezoid-
type inequalities for differentiable convex functions.

2.1. Hermite-Hadamard Inequality

In this part, we present a new version of the Hermite-Hadamard inequality specifically
tailored for fractional integrals with exponential kernels.

Theorem 13. Let g : [v,tv] — R be a positive function such that g € Lo, w] with 0 < v < to.
If g is convex on [v, )], then for B € (0,1), the following inequalities hold:

9(°3%) < gl 1) [ Fogm) 90) Ty 0lw) | < 205800 @)
Proof. From the convexity of g, we have
(1) < g(u)-;g(w_ 3)

By performing the variable changes u = 25%v + ¥w and v = %v + 2%, inequality
(3) yields
Zg(DEm)<g(2 /{U“l‘ m)+g( +2 % ) (4)
Multiplying both sides of (4) by exp(—%A%) and then integrating the resulting
inequality with respect to s over [0, 1], we obtain

4(17ex12‘f7%A)) p

(%)
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_ 28 |7B B
v I(me)—G(“) +I(t,+2m)+g(m)}.

As a result, we obtain

g(ngm) < 2(179)(1})_(/3,%14)) [Ié;ljém)g(n) +I€$)+g(m) . (5)

Furthermore, we have for » € [0,1]

and

By adding the above inequalities, we obtain

8(37%v + 5w) +g(Fo+ 25%w) < g(0) +g(w). ©)
Multiplying both sides of (6) by exp (— %A%) and then integrating the resulting inequality
with respect to s over [0, 1], we obtain

2020 (34) 15(0) + g(10))

=555 7e><p[—1ﬁ<z—n>}g<z>dz+ [ ep[-Hw—2)]o()dz
:mzfn {I(/Sném)g(n) +I}(‘_’)n+2m)+g(m):|,
that is 1/3[213 a(v) + 7P g(m)] < g(o)ta(w) 7)
w30 [ 00 F gy 0] = 55

The desired result is obtained by combining inequalities (5) and (7).
The proof is completed. [

Remark 3. For f — 1, we have

. 1-B o 1
él_)“}za—exp(—fx)) = 2(w_v)’

Thus, making B tend to 1, inequality (2) will be reduced the classical Hermite—Hadamard inequality (1).

2.2. Midpoint-Type Inequalities

Here, we focus on the study of the midpoint inequality, extending it to apply to
fractional integrals with exponential kernels.
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Lemma 1. Let g : I C R — R be a differentiable function on 1°, v, € I° with v < to,
and g’ € Lo, w]. Then, for g € (0,1), the following equality holds:

p

(HTm)+9(m)

(e = [ P g(0)+7T

)~ a1 o)

1

2

:m /(1 —exp(—Ax))g (1 — 5)v + »tv)ds
0

—_

- (1 —exp(—A(1—)))g' ((1 — »)0 + s10)ds|.

NI=

Proof. Let

L4

(1 —exp(—Asx))g (1 — »)b + 310)ds,

N\»—-\b—\ O\N\»—'

Lo (1 —exp(—A(1—)))g' (1 — »)0 + s0)d>.

Integrating by parts £1, we obtain

Ly = ml—n (1 —exp(—As))g((1 — 3)v + >v) Zi;
_ m‘fn/(exp(—A%))g((l — 3)0 + 30)d
0

:ml . (1 — exp(—%A))g(UEm) _ ﬁ(m__ﬁu) 7 exp(—Tﬁ(u — n))g(u)du
= (1-exp(=34) Ja(*5®) - R8T, (o) ®)

Similarly, we obtain

»=1

£2 = 5ls (1= exp(=A(L = 5))a((1 =)o + )|,

1
+ mén/exp(_A(l —3))g((1 — 5) + s10)d>e
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=- L (1 —exp(—%A))g(”Tm) + %IfHTm)Jrg(m). 9)

Making the difference between (8) and (9), and then multiplying the resulting equality by

m we obtain the desired result. [

Theorem 14. Let g : [v, ] — R be a differentiable function on [v, w] such that g’ € L[, ro] with
0 < v < w. If |g'| is convex, then we have

9(4) = oty [Fogn) 90+ Ty 9|
Sz(leZ(°1A>)[(88?A§3AZ+’§A§eXP( 14)) (Is'(
+2< oA +A2exp( ))‘g(“*m)”.

Proof. From Lemma 1, properties of modulus, and the convexity of |g’|, we have

o)| +[g'(w)])

o55%) = o (e 90+ ey

Sm /|1 - exp(—Az)Hg’((l — )0+ %m)|d%
0

)b + 1) |dse

1
+ [—exp(=A(1 = ))l[g/((1 -
(e (-34)) {(1_6XP(—A%))((1—%)|9/(“)|+%|9/(UJ5m)|)d%
1
+ [ (= exp(= A1 =) (1= ) |g (242)] + g ()| )
= t-o_ /1—exp 2))(1—s)dse | |g(v)]
0
3 1
+ /(1—exp(fA%))%d%+/(1fexp(—A(l—z)))(l—%)d% o (252)]
0 1
1
+ /1—exp

I En) (35524 + 42 exp(—14) ) |9/ (0)] + |0/ (w))

A))le (=52)]],

— )5 di | |g ()|

—I-Z( SAZ +A 2exp(
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where we have used
1
2
/(1 —exp(—As)) (1 — s)ds
0
1
:/(1 —exp(—A(l —)))sdsx
3
1
1 2
= (%4— %exp(—A%)) (1—2) g + /(%+ L exp(—A%)) ds
0
1
=1 (% + %exp(—%A)) — 1+ (%%Z - ;2 exp(—A%)) :
“1r drow(-44) ~ b on(-14) +
_ 2 _
_8 BgXA—IEC’:A + %exp(—%A) (10)
and
1
2
/(1 —exp(—Asx))x dx
0
1
:/(1 —exp(—A(1 — 3)))(1 — s)ds«
%
1
1 2
= (%+ x exp(fA%)>% ; - /(%+ %exp(fA%)>d%
0
1
:%(% +1 exp(—%A)) - (%%2 — ﬁexp(—A%)) :
=45+ 52 ep(—14). an

The proof is completed. O

Corollary 1. In Theorem 14, using the convexity of |g'|, we obtain

05) e Fge) 80 T o)

p( ) <(A_2)+2exp<_%A)>HGI(U)|+|9/(m)|]'

§4A(1—exp<—%A

Remark 4. By making 8 tend to 1, we find

1. lim L =

p—1 2<1—exp(—%(m_o))) w—o"

2. ki 1 : - =10
p—1 16(%01)70)) (17exp<72—ﬁﬁ(m7n)))
18 o) seal 2 (o012 exo( — =B (1o
3 lim ( 5 (1 Ul))ﬂ 8j4 zﬁ (in n)+21) p( 25 (10 n)) _ 1172
p—1 8( 5 (w0 u)) (1 exp(— 5 (w0 n)))
(5 (r0—0)-2) +2exp(~ 5 (w—v))
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Corollary 2. In Theorem 14, letting B tend to 1, we obtain

M)_

g(*% < =2 [[o' ()| + | (%52) | + |¢" () []-

1o
ml_t,/s(Z)dz
a

This represents a new result analogous to that established by Kadakal in Corollary 1 from [4].
Remark 5. By tending B to 1, Corollary 1 will be reduced to Theorem 2.2 from [3].

Theorem 15. Let g : [v,10] — R be a differentiable function on (v, o) such that g’ € L[v, ro] with
0 < v <. If|¢|"is convex where g > 1 with % + % =1, then we have

2

1
1 r
2 P 1019 /\H—mql (vt |9 ’ 'il
_ 1—exp(—Asx 3lg’(0)|"+|9' (57 q o' (=57 )|"+3[g' ()" \ 7
<oz | [(esttay) o K prl ) (RO ) ]
0

Proof. From Lemma 1, properties of modulus, Holder’s inequality, and the convexity of
|g'|7, we have

vt 1-p B B
g( JE ) - 2(1—exp(—3A4)) [I(ném)g(n) +I(045m)+g(m)] ‘

1 1

1 P

1
2 2
- W= _ _ P / _ q
gz(l,exmp(i%A)) 4|1 exp(—Asx)| ds {|g (1 %)n+%m)| ds

q

1

q

==

1 1
+ /|1—exp(—A(1—%))|pd% /|g’((1—%)b+%m)|qd%

1 1

((1 =598/ (0)|" + [’ (252) |7 ) e

O\N\»—-

Sm /(1 —exp(—Ax))Pds
0

e

1
i | [ (@ =l (252) 7+ g () ")

. 1
2 p / q 7 o+w \ |1 1 1 o4\ |9 ' q 1

. 1—exp(—Ax) 3g’(0)| "+’ (25=)|" \ 7 lo'(25=)|"+3lg/ (w)|7 | 7

=ty 4((1%})(“))) dx [( 5 + 5 :

The proof is completed. O

Corollary 3. In Theorem 15, using the convexity of |g'|", we obtain

005) ~ sty [T 80+ T 0|
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1 1
3 P

1 , , 1
<o /(1 exp(=4 3) Ao l(ﬂg (U)Iqlt\g(m)\”’)q + (\Q(U)I"EZIQ (m)q)q]_
0

1 exp(

Remark 6. By making 3 tend to 1, we get

lim 1fexp< 1-p (mfn) ) _
ﬁ%lZ(lfexp(fTﬁﬁ(m n))) '

Thus, we obtain

1

1
2 -B 2
1—ex —-
lim ( ep( p (( > /2% VWdx = p1+1)
0

—1 1—exp(—1F
B 0 P( 2P

Corollary 4. In Theorem 15, letting B tend to 1, then we obtain

<=

1 1
- 3g’ (o) "+ g’ (25=) [T\ 7 o (25| +3]g'(w) |7\
s (1) [( eI (e |
Corollary 5. In Corollary 3, letting B tend to 1, we obtain

S%(r’}”)p[(W)u(W)q]

Theorem 16. Let g : [, 0] — R be a differentiable function on [v, t] such that g’ € L[, w] with
0 <o <. If|g'|" is convex where q > 1, then we have

’9(°J§m) - 2(1—e>31;(ﬁ—%A)) [Ifuém)g(n) +I€u§m)+g(m)} ’
<mv (A—Z-"—Zexp(_%A) >1;

24(1—exp(—3A4))

8—8A+3A%+4(A-2)exp(—1A) | | A2— 8+4(A+2)exp (=34) | ( )|q i
8A2(1-exp(—3A)) g 8A2(1—exp(—3A)) g
1
A2—8+4(A+2)exp( 3A) | Jioaron (g , 8—8A+3AZ+4(A- 2)exp —34) q
( 8AZ(1—exp(—1 )§ o' (25=) "+ 8A2(1—exp(—3A)) : |9 )"

Proof. From Lemma 1, properties of modulus, power mean integral inequality, and the
convexity of |g’|7, we have

‘Q(UJEm) - 2(1,62}:(18,%14)) [Ifuém)g(“) +I€0Em)+9(m)} ‘
11
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==

11— exp(—As)||g' (1 — 5)0 + sv) | "dse

X
O\N\H

1—

|-

|1 —exp(—A(l —»))|dsx

+
N\H\»—l

/|1 — exp(—A(1 — 50))|[g/ (1 = )0 + er0) |"de

% o
<2 = exp o / —exp(—Ax))dsx
0
. g
2
X /1—exp ))( )g'( ’q+%‘9(n+m)|q)d%
0

Y-

1
| fa—exp=a0 =) (1= 5[/ (352)|" + g’ (1))

1
8—8A+3A2+4(A-2)exp(—3A A2_8+4(A+2)exp(— 1A q
X l( e ( 2 )|g/(0)|q+ o ( 2 )|g/(n+m)|‘7

1
A2—8+4(A+2) exp(—34 8—8A+3A2+4(A—2)exp(— LA 7
_|_( iz ( 2 )’g/(thm)r?_’_ o ( 2 )|g/(m)|ﬂ ,

where we have used (10) and (11). The proof is achieved. [

Corollary 6. In Theorem 16, using the convexity of |g'|", we obtain

008) ~ sty [T 80+ T )|

1
<w-v A—2+2exp(—%A) =5
=2

2A(1fexp(7lA))

1
A2—8+4(A+2)exp(—3 A) | /() w) q

Ol 1642 (1—exp(—1A))

8 16A+7A%+(12A—8) exp(—1A)
16A2(1—exp(—34)) |

\ g

(A2—8+4 (A+2)exp(—3A)

1
8—16A+7A%+(12A—8)exp(— 3 A) q
16A2(1—exp(—3A)) | |g ‘ ’

16A2(1—exp(—3A))

Remark 7. By making B tend to 1, we find
P (w—v)—2+2exp(- 1 ﬁ flwv))
R Y T e g )
lim 8— 8( ﬁ (ro— n) (%ﬁ( n)) -:4(%(m—n)—2)exp(—%(m—n))
p—1 8(5E (v —v))" (1-exp(~14))

Q=
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3 li = 75.
pot 8( 55 (mv)) " (1-exp(~ 5 (o)) 12
4 T 8—16(%0’0—0))—#7(%(\1)—0)) +<12<%(m—n)) 8>exp<—12—ﬁﬁ(m n)) 5
im - 5 - = -
p—1 16(T(m—n)) (1—exp(——ﬁ(m—n)>)
_ 2 _ _
5 lim (% mfnp 78+4(127ﬁ(mfn)+2> exp(f%(mfn)) _ ﬁ
p—1 16(%500713)) (lfexp(f 2/S(mfn)>)

Corollary 7. 11’1 Theorem 16, letting ‘B tend to 1, we obtain
! | ( )|¢] 7 | ( )lq ! 7
— 2|E/(°)‘ +|g'(® 1 o' (° JFZ‘E/(‘U)‘ 1
< m8 v [( 2 ) ( 2 > ] .

Corollary 8. In Corollary 6, letting B tend to 1, then we obtain

o(>52) -

v
mlfn /g(z)dz
o

o

g(me) - ml—n/g(z)d‘z

o

< mo l(w(nﬂéﬂg'(mn”)% N (|g'<n>|"+659'<mﬂ)ﬂ.

2.3. Trapezoid-Type Inequalities

Now, we establish several trapezoid-type inequalities for the same fractional integral
operators, further enriching our theoretical framework.

Lemma 2. Let g : I C R — R be a differentiable function on Z°, v,vwo € I° with v < 1o,
and g’ € Lo, w]. Then, for g € (0,1) the following equality holds

g(v)zg(m) _ 2(1—6)31:)_(‘37%14)) {I(’swzm)g(n) +I(’50+2m)+9(m)}
3o~ 14)) / (exp(~34) —exp(~420 )/ (1 — )0 + sw)doe

(exp(—%A) —exp(—A(1l— %)))g’((l — )b+ sw)dx |

N\H\)—‘

Proof. Let

ke
I

(exp(—%A) - exp(—A%))g’((l — )0 + 10)d s,

&
I

(exp(—%A) —exp(—A(1— %)))g’((l — 3)b + 10)de.

N\»ﬂ\»ﬂ O\M—

Integrating by parts K1, we obtain

=

S N

Ky = mln (exp(—%A) - exp(—A%))g((l — )0+ %m)‘

=

A

w—u

(exp(—Ax))g((1— »)v + »w)ds

O\M»—l
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:ﬁ(l - exp(—%A))g(U) - 1;97exp(—A%)g((1 — 3)b + 1) d
0
:ml—n (1 o exp(—%A))Q(n) - ,g(iu__ﬁt,) ] eXp(—%(u — U))g(u)du
==L (1 - exp(—%A))g(n) - nlJ:liIfHTm),g(n). (12)

Similarly, we obtain

Ko = ks (exp (—34) — exp(—A(1 ) )o((1 = =)o + )|,

1
:mln (exp(—%A) — 1>g(m) + %/exp(—A(l —2))g((1 = 2)0 + 3c10)dse

=5 (exp(—34) —1)g(w) + ;:izf%mfg(m) (13)

Making the difference between (12) and (13), and then multiplying the resulting equality
by —— 2= we obtain the desired result. [
2(1—exp(—jA))

Theorem 17. Let g : [v, ] — R be a differentiable function on [v, w] such that g’ € L[, ro] with
0 < v < w. If |¢'| is convex, then we have

(0)+g(w) 1-8 B
ML) T [Py 900+ gy )|

B
(5
<stet (48— 5= o (—44) ) (18] + [g () )

+2(L_A2+4A+8exp( ))‘g(n+m)|]

AZ 8A2
Proof. From Lemma 2, properties of modulus, and convexity of |g’|, we have

g(v)+g(w) 1-p
2

ST Zfngn) 800+ g 00|

1
2

A exp 71A / exp %A —exp(—A}f)’)|g’((l—;f)n+%m)|d%
0

+

lexp(—3A4) — exp(—A(1 — ))|[g'(1 = 3)0 + saw0) |dse

N\»—\\»—l

/\

=2 e %A 4\e><p —eXP(—A%)‘((l—%HE/(U | + g (55 ) |)d>x
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+/\exp —1A) —exp(=A(1 - >><<1%>g’<°2‘°)+%g/<m>>d%]

a7 | (00 2) o0 (44)) (=l <l 252
0

1
+ /(exp(—A(l — %)) — exp(—%A)) (1 =50)|g" (252)| + »]|g' (w0 |)d%]

Zm {(/(exp(A%) - exp(—%A)) (1- %)d%) g/ (0)]
0

7<exp(A%) —exp (f%A) ) 2 dsx
0

+
—

=ity [ (45 - 5= exp (—34) ) (/)] + |9/ (w)])
+2( - () e (—34) )0/ ()],

where we have used

7(exp(—A%) - exp(—%A)) (1—5)ds

2
=45t - B ep (1), (14)

A244A+48 exp (—%A), (15)



Fractal Fract. 2024, 8, 345 16 of 24

2
:ﬁ — AT+8A+8 Jgi‘?+8 exp(—%A) (16)

and

7 = exp(— ))—%exp( %A)) ds
1
b
AAzl 73‘42;;{‘ 8 exp( 1A>. (17)

The proof is completed. O

Corollary 9. In Theorem 17, using the convexity of |g'|, we obtain

(v)tom)  1-p 5 5
T T e (14)) [I(u?u) 9(0) + Loy y-8( )H

ittty (2 @+ Aexp(=14)) 80|+ o (w)]]

Remark 8. For B — 1, Corollary 9 reduces to Theorem 3 established by Dragomir and Agarwal
in [5].

Remark 9. By making 8 tend to 1, we find
1 i L = ot
/S1—>n} 2(1 exp( ﬁﬁ(m—n)» b

(Tﬁ(mfn)fl)f( (ﬂ(mfn))2+4<%(mfn)) )exp( ﬁﬁ(m n))

. - 5
2 ;E 16n2<1 exp( zﬁﬁ(mfn))) -
3 . 8—((%(m—n))2+4(Tﬁ(m—n)>+8> exp(—lz;ﬁﬁ(m—n)) o

' ﬁinl (7o) (1-op(-5fn) S

Corollary 10. In Theorem 17, letting B tend to 1, we obtain

1y
olebiol) _ 1o fo(z)iz| < B2 [5]g' (o) + 208’ (55=)] +5]g'(m)].
v

This represents a new result analogous to that established by Kavurmaci et al. in [6].
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Theorem 18. Let g : [b, ] — R be a differentiable function on (v, ) such that g’ € L[v, w] with
0 <o <. If|g'|" is convex where q > 1 with % + % =1, then we have

(v)+o(m) _ 1-p 8 5
: —;g 2(1fexp(f%A)) [I(uém)g(n) +I(u45m)+g(m):| ’

1
2 exp(—Ax) —exp(—14) Pd
/ 1—exp 71A) 7
0
1 1
% l(3g/(n)‘7+Lg/(n+zm)|q>q " <|g/(n+2m)|‘;+3|g/(m)|q)q]'

Proof. From Lemma 2, properties of modulus, Holder’s inequality and the convexity of
|g'|7, we have

g(v)+g(ro) 1-B 7P 7P ”
R = LA DR/
2 ) e '
S i—exp(—14)) (1 exp —lA /’exp *eXp(—AJ{)‘ dx /|9/((1 *%)D+%m)’qd%
0 0
1
q
1 P q
/‘exp(f§A> —exp(—A(1— %))‘ ds /|g )b + sr0) | dse
1

(exp(—A%) - exp(f%A) ) P

O‘\_N\»ﬂ

<[ [ (- A (252 )
0

=

1
s | (@ =l (252 + g () 7)

1
p

1
T 4 exp(fAz)fexp(f%A) pd
T2 / 17exp(7%A) >
0

» l(w%vwgﬂ'(vzmn")% ) (g«wgwm«mm)%}

The proof is completed. [J

Corollary 11. In Theorem 18, using the convexity of |g'|?, we obtain

(0)+g(w) 1 p 8 5
: Jgg 2(1—exp(—%A)) {I(bém)g(b) +I(l,45m)+g(m):| ‘
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1
1 p

2 1 1
woo [ [ exp(—Ax)-exp(-34)\" 718" (0)|7+1g’ ()| \ 7 (g (0)|"+7]g" () |7\ 7
<% /( Top( 1) ) % (etelbgetell) " (leeligetll) ),
0

Remark 10. By making 8 tend to 1, we get

FEHERY [(a n>"+|g<“+m>”)l . (|g<°+m>|q+s|g< N )]

Corollary 13. In Corollary 11, letting B tend to 1, then we obtain

< np (i) | (e’ (st |

Theorem 19. Let g : [, 1] — R be a differentiable function on [v, t] such that g’ € L[, w] with
0 < v <. If|g'|"is convex where g > 1, then we have

ro
Q(U)gg(m) _ ml—n/g(z)dz
o)

alo) o) _ 2(1_exlg(/5_%A)) [Z?Uzm)g(u) +Z€U+2w)+g(m)] ’

<o) (22 Al
3 [(Sm-lié/ﬁiﬁ*gﬁfﬁ*; i) g o) 4 et e i) <°+mw);
+ (st (e 1 R e |)3’].

Proof. From Lemma 2, properties of modulus, power mean integral inequality and the
convexity of |g’|7, we have

(v)+a(m) 1P 8 5
: 29 2(17exp(7%A)) |:I(UJEm) ( )+I( nJEm)Jrg(m)} '

1
1‘7

1
2
< 2(i- exp JA /‘exp —exp(—A%)’d%
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==

X
O\I\)\»—\

lexp(~34) — exp(—A50)||6/(1 = )0 + set0) "¢

1—

‘exp(—%A) —exp(—A(1 - %))'d%

S|

+
N\H\H

1 %
/‘exp(—%A) —exp(—A(1— %))“g’((l — 50)0 + saw) | Tds¢
1-1

1
5 q

gm /(exp(—A%) —exp(—%A))d%
0

exp —Ax) —exp( ))((1—%)‘g/(n)|q+%’g’(°+Tm)‘q)d%

X
o\ww

exp ))—exp(—%A))((1—%)’g’(MTm)‘q—l—%‘g'(m)]q)d%

+
N\P—'\H

=(r0 —v) <2_26XP(_%A)—AEXP(>—%A) ) 1-4

4A(1—exp(—3A)

y [<S(A—1) (3A2+4A-8) exp(—1A) |

|q (A +4A+8)exp( A |g( )|q)é

16A2(1—exp(—3A)) g 16A2(1—exp(—14))
1
8—(A2+4A+8)exp(—3A) vty (9 , 8(A—1)—(3A24+4A—8)exp(—3A) 7
+ 16A2(1—exp(—3A)) |g( 2 )‘ 16A2(1—exp(—3A)) |9 | !

where we have used (14)—(17). The proof is achieved. O

Corollary 14. In Theorem 19, using the convexity of |g |7, we obtain

(v)+g(1w) 1-p P
) ) gy S0+ Tyl
1 ex % 1= ;
(o o) (22 A A0n(CA4))
c[(rm et St )

n (8 (A2+4A+8) exp(—3A)

1
16A—8—(7A%+12A—8) exp(—
32A2(1—exp(—1A)) ‘9 )T+ | ()] > ]

32A2(1—exp(—1A))
Remark 11. By making B tend to 1, we find

. 2—2exp( B (m n))—%(m—n)exp(—%(m—n)) o
L é1—>n} 41 ﬁ(mft-)(l exp( 1F (m U))) o
_ 8(%(m—n)—1)—( <1ﬁ/3(m n)) L (v —n)—8>exp<—1£—ﬁﬁ(m—n)>
2. lim

p—1 16(%00 U) (1 exp( —ﬁﬁ

N
~—
&l
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3. _ 1
p—1 16<% 10— n)) ( ( 4
. i 16%(:73 v)—8— ( L ﬁ (ro— n)) Tﬁ w—v) 8) exp(fz—ﬁﬁ(mfu)) 1
= 25w (- o) "
(=B (- 1- ﬁ ex J _
s im 8 (( 5 (o n)) +4—2F (o— n)+8> p( B (ro n)) _ %

p—1 32(%017—0)) (1—exp(—w(m v) )

Corollary 15. In Theorem 19, letting B tend to 1, we obtain

1 1
< wov l(59/<n>|”7+|69'("?")|‘7> n (g/(“z"’)|2+5|g'<m>|q> q].

Corollary 16. In Corollary 14, letting B tend to 1, then we obtain

o
B(U);g(m) _ ml—n/g(z)dz
v

o

9(0)42‘9(“0) _ mlu/g(z)dz

v

< mov [(nm/(n)q;g%mw)% N (g’<n>q+1121|g/<m)|°’)$],

3. Mlustrative Example

In this section, to confirm the accuracy of the established results, we provide an
example with graphical representations of the three types of inequalities discussed in this
work. It should be noted that the figures were generated using MATLAB 7.12.0 (R2011a)
software.

Example 1. Consider the function g : [0,1] — R defined by g(z) = e*. This function satisfies
the conditions of our theorems, as its derivative, given by ¢'(z) = €%, is convex on the interval
[0, 0] = [0,1].

Let us note that for the function considered, for p € (0,1), we have :

261
e 2P —1 o 2/3
() =10 o0+ 78 g(1) = { L €T te I P a8)
’ ’ 1-e te if p=73

Now, we will apply the three main theorems from our study to the specified function.

1. From Theorem 13, the Hermite—Hadamard inequality for the given function is expressed as

01 < 1-p

~Q(B) < 1,
) (B) <=

2(1—exp(%

where O\(P) is defined as in (18). The above result is graphically represented in Figure 1.
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—— Left term Middle term Right term

1.75 ¥

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Parameter B

Figure 1. Hermite-Hadamard inequality.

2. From Theorem 14, the midpoint-type inequality for the given function is given by

1982 —14p+3 (1-38) -8

%(1, &) (1) (REMEES | B3 o (- 128))
T )

where Q)(P) is defined as in (18). This result is graphically depicted in Figure 2.

Right term ‘

‘ = Left term

0.05 i i i i i i i i
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

Parameter B

Figure 2. Midpoint-type inequality.

3. From Theorem 17, the trapezoid-type inequality for the given function is stated as

Y- ey 0(5)‘

2(1fexp<%>)
B—28>  3-2p—9p> 1-8
SW[(l—i—E)((l_ﬁ)z ~ 50-p)° exp(—w))

(A ()]

where Q)(B) is defined as in (18). This result is illustrated graphically in Figure 3.
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—— Left term Right term

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Parameter p

Figure 3. Trapezoid-type inequality.

The three representations shown in Figures 1-3 confirm the accuracy and precision of
our results.

4. Some Applications
For arbitrary real numbers v, v we have the following:
The arithmetic mean: A(v, w) = 242,
0 if o=1

The logarithmic mean: L(v,t0) = _ . ,0< 0 <.
8 ( ) { ln:gflnnu if U#m
The harmonic mean: H (b, 1) = 222, 0 < b < 1.
Proposition 1. Let 0 < v < 1o, then we have
A (o, w) < 1-p [Iﬁ _glo) + TP g(w)| < H (v, ).
1) = S ea () [(m) 2 F (g 800N S ()

Proof. Taking g(z) = 1 for z > 0in Theorem 17. [

Proposition 2. Let 0 < v < 1o, then we have

ex - p p X X .
LA < s [T 60+ ()| < Alexp(o) exp(e)

Proof. Taking g(z) = expz for z > 0 in Theorem 17. [
Proposition 3. Let 0 < v < tv, then we have
‘ TR (ﬁ (exp(%n),exp(%n)) +4L (exp(%n),exp(%m)))
2<1fexp<f%(mftl)>)

_ =% exp(lﬁﬁA(b,m))‘

s (D8 e ) Ao (55),xp((5w).

Proof. Taking g(z) = exp %Z) forz > 0in Corollary 1. [

Proposition 4. Let 0 < v < tv, then we have

‘%?’E(exr’(ﬁn),exp(%n)) +4L (exp(%t)),exp(%m))

B
_ 2(1_’3"p<(212;§i(m_u))> A(exp (%n), exp (%m))
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— — — eX] 7ﬂ -
§2<25 (1) n);(ji)?( % n)>>A<exp<lyin),eXp(1_ﬁﬁm)).

Proof. Taking g(z) = exp(%z) for z > 0in Corollary 9. [

5. Conclusions

This research successfully extends the realm of Hermite-Hadamard inequalities
through the innovative use of fractional integral operators with exponential kernels, as ini-
tially proposed by Ahmad et al. [16]. The newly formulated inequalities enrich the existing
literature on fractional calculus by linking them with classical integral inequalities and
expanding their potential applications. The detailed numerical examples presented not
only verify the theoretical results but also highlight the sensitivity of these inequalities to
changes in the parameter 8. This study offers new insights into both the fractional integrals
that we investigated and classical integrals as the fractional order § tends to 1. These
findings pave the way for further explorations into more complex functions and different
types of fractional operators, potentially opening up new avenues for research in applied
mathematics and engineering.
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