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Abstract: In this paper, we aim to find unified estimates of fractional integrals involving Mittag—
Leffler functions in kernels. The results obtained in terms of fractional integral inequalities are
provided for various kinds of convex and related functions. A variant of Hadamard-type inequality
is also presented, which shows the upper and lower bounds of fractional integral operators of many
kinds. The results of this paper are directly linked with many recently published inequalities.
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1. Introduction

Special functions play very important role in mathematical analysis, complex analysis,
geometric function theory, physics, statistics, and many other subjects. Now, they are
frequently utilized in fractional calculus. For example, the Mittag—Leffler function is the
generalization of exponential, trigonometric, and hyperbolic functions, depending on the
well-known gamma function. Likewise, the beta function is also utilized to extend the
Mittag-Leffler function.

The Mittag—Leffler function appears in the solutions of fractional differential equations,
such as exponential function, which occurs in solving ordinary differential equations.
Therefore, the fractional integral operators are defined using a Mittag—Leffler function in
their kernels. Integral operators are important tools in many areas, including the theory of
integral and differential equations, approximation theory, the theory of Fourier series and
Fourier integrals, and summability theory, see [1,2].

Now, integral operators are used routinely in establishing generalized versions of clas-
sical inequalities. Among very familiar inequalities, Hadamard-, Ostrowski-, Minkowski-,
and Griiss-type inequalities are studied very commonly for fractional integral operators.
For instance, the reader can see recently published articles on Hadamard inequality in [3,4],
while, for Ostrowski inequality, we refer to [5,6].

Motivated by the recent research on fractional inequalities, the aim of this paper is to
estimate the bounds of fractional integral operators in different forms by using a certain
type of convexity. A fractional version of Hadamard inequality is provided; a lot of such
inequalities are deducible for convex, and exponentially convex functions of almost all
kinds that are directly linked with Definition 8.

In [7], the general forms of integral operators of fractional order are defined by using
the modified Mittag-Leffler function. Before defining these operators, first we provide the
definitions of gamma function, beta function, A-beta function, and pochhammer symbol,
see [8,9].
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Definition 1 ([10,11]). The gamma function for z > 0 is provided by

I'(z) = /000 e Yw* ldw. 1)

The k-analogue of gamma function is provided by

_ ok

Tv(z) = / w ek dw, ()
0
where z € C with R(z) > 0and k > 0.

Definition 2 ([10]). The beta function is defined by

Blp.g) = /01 wh (1 —w)T dw,
where R(p), R(g) > 0.

Definition 3 ([12]). The definition of A—beta function is provided by

1
,BA(P/ Q) - / wpil (1 — w)qflg w(l/\—w) dw,
0
where min{R(p), R(g)} > 0and R(A) > 0.

Definition 4 ([10]). The pochhammer symbol for r € C is provided by

(”)ny = W 3)

Next, we provide the definition of an integral operator that is directly linked with
many well-known fractional integral operators.

Definition 5 ([7]). Let ¢ : [a,b] — R be a differentiable and strictly increasing function, g
be a positive and ¢ € Lq[a,b] where 0 < a < b. Furthermore, let u,p,z,v,0c € C, R(u),
R(z) >0, R(r) > R(p) >0,A >0, v,6,k>0with0 < u < e+ . Then, for t € [a,b] the

integral operators ’(;,Kg?;rzﬁg(, ) and Kxf1" o(.,.) are defined by;

Oy, 0u,z,0
d a €U, x
(b o8) (1) = [ (9(t) = plw) FELS, (z(«p(t) - ¢<w>>m)g<w>d<¢<w>>, (4)
and
b a €0, i
(b o 8) (52) = [ (o) —p(0) T EESS (z<q><w> - ¢<t>>k;A)g<w>d<¢<w>> (5)
where the Mittag—Leffler function is provided by
per v _ v Balptnuwr—p)  (u W"
Eroax @) = b Sy R+ ) e ©

The above Definition 5 in particular cases provides the definitions of the fractional
integral operators defined in [13-15].

The goal of this paper is to establish the bounds for the k-fractional integral operators
provided in (4) and (5) by using a generalized class of exponentially convex functions.
In the following, we provide the definition of convex, exponentially convex, and other
important functions that will be helpful to study the linkages of this paper with already
published work.
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I%,a* (t; /\) =

Iz b
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Definition 6 ([16,17]). Let p,q € A where A C R is an interval and 0 < w < 1. Then, a real
valued function { satisfying the inequality
w)q) < wi(p) +

C(wp+(1- (1-

w)Z(q), @)

is called convex function on A.
Definition 7. Lef a function { : A C R — R, with A being an interval, satisfy the inequality

w)) <P 4 (1) eW

Glwp+(1- p T

Vpge A 0<w<1,and¢ € R. Then, { is called an exponentially convex function.

The aforementioned definitions motivated the researchers to define many new classes
of functions. For example, m-convex [18], exponentially m-convex [19], s-convex [20],
exponentially s-convex [21], h-convex [22], exponentially h-convex [23], (h — m)-convex [24],
exponentially (h — m)-convex [25], (s, m)-convex [18], (a, m)-convex [26], and exponentially
(«, m)-convex functions [27] are all defined after appearance of convex functions. An
exponentially (a, h — m)-convex function unifies all the above functions, and is defined
as follows:

Definition 8. Let i : B — R be a non-negative function, where B is an interval in R that contains
(0,1). Then, function { : [0,b] — R satisfying the inequality

¢(p) ¢(q)
lwp+ (1 —w)g) < k@) P a1 — o) £,
forall p,q € [0,b], (a,m) € [0,1],0 < w < 1, and ¢ € R; this is called an exponentially

(&, h — m)-convex function.

The Riemann-Liouville fractional integral operator with respect to an increasing
function is defined as follows:

Definition 9 ([28]). Let ¢ € L4[a, b]. Then, the Riemann—Liouville fractional integral operators of
order o € C, R(c) > 0 are defined as follows:

1580 = 15 [ 00 = ) Tg(wldp()) £ >4 @
4180 = s [ 0w) — g Tg(@ialglaw)), £ <b, ©

where ¢ is an increasing function on [a,b).

The classical Riemann-Liouville fractional integral can be obtained by setting ¢(t) = ¢

in the above definition. It can also be noted that (’5, ,’; ;P; roﬁ g)( 0) = 4I7.g(t) and
(’(;K’; ZPL rOb g) (£;0) = 4I;_g(t). From k-fractional integral operators (4) and (5), one can
see that:
T PEH, 7
(st 1) (62) = Ko ~ o) FELA i (<G00 - pta i ), (10)
7
(50, 1) (52) = k(9(b) — (D) FEDY (2(9(b) — (1) F;A (11
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Remark 1.

(i) The extended Mittag—Leffler function (6) in particular cases produces the related Mittag—Leffler
functions defined in [13,14,28-30], see [15] (Remark 1.3).

(ii) The operators (4) and (5) produce, in particular, several kinds of known fractional integral
operators, see [15] (Remark 1.4).

The rest of the paper is organized as follows: in the upcoming section in Theorem 1,
we establish estimates of fractional integral operators of Definition 5. Then, we outline
the consequences of this theorem in the form of corollaries. In Theorem 2, the continuity
of the aforementioned operators is proved. In Theorem 3, the estimates of the fractional
integrals are provided in the form of a modulus inequality; then, its consequences are
discussed. In the last theorem, a Hadamard-like inequality is proven, which generates
several important implications.

2. Main Results

Theorem 1. Let i, ¢ : [a1,a2] — R, be the two functions such that  is positive, integrable, and
exponentially («,h — m)-convex, m € (0,1], and ¢ is differentiable and strictly increasing with
¢’ € L[ay, az). Then, for o, T > k, & € R, the following fractional integral inequality holds:

(swoenr ) (EA) + (heboh a2,¢)<t;A> < (t—a1)Je g+ (5A) (l‘é)
fo h(Co‘)¢’(f—§(t—ﬂ1))d§+m ’" fo (t—g(t—ﬂl))dé) + (a2 — t) (12)
Trar (50 (B2 (o2 - t> + t)da’”;’g g)f(fh(l - 80 Cla =)+ 0.

Proof. Let t € [ay,a;]. Then, for w € [aq,t) and ¢ > k, the following inequality holds:

4

(9(8) = () FTE (2(9 (1) — p(w)) 1) ¢/ () (13)
< (9() = pla) FER (2(9(0) = pla)) F 1) ().

By applying the definition of the exponentially («, h — m)-convex function, for § € R,

one can have
() (TR

f—a t—ar) | (i

The following inequality is yielded after multiplication of the inequalities (13) and (14)
and then integrating on the interval [ay, f]:

[0 = o)L (2(0(0) ~ ()

< (gb(t) - ¢<a1)> Z1E$2%<z(¢(t) - ¢<a1>>Z;A) [‘Pegp /f h<t_ w)

oo (8 [1(o- (175 oo

Inequality (15) is obtained by utilizing the definition of left integral operator

(2; ﬁ?:,’m w)( 0) < (=g (50 (S8 7 B0 (¢ 0= m))g

15)
W1~ )¢/ (¢ C(t—al))d§>-
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On the other hand, we obtain the inequality (16) for w € (t,a;] and T > k:
(§(w) = p(0) F D (2(g(w) — (e >>%,A)¢< )
< (plaz) = p(1)F VL (2(p(a2) — p(1)F5 1)/ (w).

For ¢ € R, the following inequality is acquired by applying the definition of exponen-
tially («, h — m) convex function ¢:

w =t §la) w—t\"]9()
<h . 17
v <h(5 =) S o= (20) |58 )
The following inequality is yielded after multiplication of inequalities (16) and (17)
and then integrating over [t, a5]:

(16)

/taz (p(w) — ¢(t ))1Efyi?;§((z(¢(w) — (1) ;A) ¢ (@) (w)dw
< (e —¢<t>)“£§i’;1(z<¢<az> — gyt ) [U [ (22L)
oo 8 ({1 (25 Y]

Inequality (18) is obtained by utilizing the definition of the right integral operator

(5 #) (BA) < (@2 = Dy (¢ (s Jo M9/ (§a2 = 1)+ D)dg

p() (18)
+m g(g) fo h(1—g%)¢'(T(az —t) + f)dC)-

After doing the sum of inequalities (15) and (18), we obtain the inequality (12). O

Corollary 1. Along with assumptions of Theorem 1, if p € Loo[a1, az], then the following inequal-
ity is established:

(b p)sa)+ (e lp)(m) <1191l (0= 1) g (1)
(egal foh(C“M’/(t—é(f—al d§+ fo (1—=7%9'(t é(t—ﬂl))d§)+(ﬂ2—f) (19)
T (5 1@ 02 - . >dC+Mf&h(l—mf@(az—t>+t>da)]

Remark 2. By settinga = 1, m = 1, «a =m = 1, h(t) = t; h(t) = tand « = 1; h(t) =
and o = m = 1in (12), it holds for exponentially (h — m) convex, exponentially («, h)-convex,
exponentially h-convex, exponentially (x, m) convex, exponentially m-convex, and exponentially
convex functions, respectively.

Remark 3.
(i) If we say thatk = 1, ¢(t) = t, h(t) = t,and { = 0 in (12), then we obtain [31] (Theorem 2.1).
(ii) Ifwesetk =1, ¢(t) =t,a = 1, and & = 0in (12), we obtain [32] (Theorem 1).

Theorem 2. With the assumptions of Theorem 1 if € Loo[a1,az], the operators defined in
(4) and (5) are bounded.
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Proof. Using inequality (15) for i € Lo [a1,a2], we obtained the following inequality

](’;,xzf,*;c al+¢)<t;A>] < 1l oot = 1) T 0, ()

Jo (Fh(@ )8 (=2t =)+ mLeh(1 = 2 (6= 2t — ) ) g .
< [[9llo (a2 —al)J%,m(ﬂz})\) @)

I3 <e¢1a1 h(Z*)¢ (a2 — (ay — ) + mﬁh(l —0%)¢ (a2 — (a2 — ﬂl))>d€-

Therefore, we obtain

‘(5 ifr};rzmll’)( )‘ < M|[¢]]eo, (21)

where

l !
M =02 = 0]y, (1) [ (@06 (02 = Loz = )
2= 0 (02— L2 — ) ) .

Wl

One can obtain the inequality (22) by using inequality (18):

(St ) (1) < K[l (22)

where

K =(az — a1)]z - (P, A) /1( 7 W(Z)¢ (p+ (a2 — )
- Th(1= {09 (p+ Lo ) ) .

ebm

Therefore, (f;) ifﬂrmlﬂ/’)( A) and (’4‘) zi’:tr” 1p)(t;)L) are bounded. O
Theorem 3. Let i, ¢ : [a1,a2] — R, be functions such that  is positive and integrable, that |{|
is exponentially («, h — m)-convex, and m € (0,1] and ¢ are differentiable and strictly increase
with ¢' € L[ay, az)]. Then, for 0,7 > k, & € R, the following fractional integral inequality for
generalized integral operators as (4) and (5) holds:

(Gt @)} (i) + (§ ‘;ii‘fw (9 9)) (13 A

)
< (E—a)]g 0+ (EA) (llp - ) fo hi* ' (t — {(t — ar))dg + m'g(%':l))‘

(23)
% R g/ (- gt - a1>>d§) T (02— D gy (6A)

('”;g:;foha (4 €2 = )+ L (1 = 29+ laa = ) ).

where

I
—~
<
—~

—
~—

\
<
—~

g
~—
~—

ta]
L

(b (@) (i)
Eifr]yk (Z(‘P(t) —¢(w)) t; /\) ¢ (w)y (w)dw
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and

e

k peyr
(‘P Y, T,U,2,00 " <(P lp t’w’A

s (29 (w) — (1) 52 ) () (w)dw

~

Proof. Lett € [a1,az] and w € [ay,t). Then, for { € R, applying the definition of exponen-
tially («, h — m)-convexity of |¢'|, the inequality (24) holds:

¥ (w )|<h<t_al>“|¢;§il>l+mh[l_<sz)“} '”}E

From the above inequality, one can obtain

o o 1t
¢/ (a1)] t—w\" ¢ Gl
< - .
¥(w) h(t—a ) eSm +mh|1 t—m (i) @)
Now, by multiplying inequalities (13) and (25) we obtain the following inequality:

<¢<t>f¢<w>>“1E§?;2(z< (5) = ¢@) ;1) ¢’ ()¢’ (w)
(9() = plan)) EELEH (2(0(8) — plar))F31) ¢/ () 26)
lp

<
(i) 5o () )

)

Further, the following inequality is yielded after integrating over [ay, t]:

Ji (@(8) = p(w)) EEDES (2(9(1) — p(w)) F1) ¢ () (w)eew

< (9() — plar >>%*1E§§’;1( (o) —glan)Fi0) (g [l n( 1)

¢(w)dw—|—m y fu]h<1—( ) )4)’ w)d ) 27)
= (¢ ) (12) (B2 0 (0 = o))t -+ 5

Ji 1= €09 = 20 = o)) ).

)|
B

(24)

ST

3\-*

3~

Simplifying the left-hand side of inequality (27), we have

(bt (90 w))(nw;m s (o, +<t;A>('”’ foul

(28)
SERgegl (¢t — 2t — ar)) Bl (t@(tamdg).

From inequality (24), we have

A L

Similarly, one can have the following inequality:

(R0 0590 (02) = (= ) 5 A>(' o
> Jo h'(t—2(t~ ))d€+m %'fo <t—g<t_a1>>d6>.

W

(30)
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The following inequality is obtained from inequalities (28) and (30),
(50 @+ ) (L)
It
< (t*al)I%,alJr(t})\ <|lpggll | fO hC"‘ §(t—a1))d§+m‘¢(;"))‘ (31)

eg(ﬁ
I (- )¢t — gt m))dé).

Now, for t € [a1,a;] and w € (t,a3]. Again, by using the exponentially («, h — m)-
convexity of |¢'| for ¢ € R, we have

|/ (w )I<h( 2_t>“|¢;§ff)|+mh[1—<;‘;:i)“} |lf;((§;)). (32)

Proceeding on the same lines as we did to obtain (31), the following inequality holds:

(648t )eon]<rg 0 (2

(33)
Jo e+ e = ) -+ m 2 1§“¢(f+C(azt))d€>-

From inequalities (31) and (33), using triangular inequality, (23) is established. [

Remark 4. By settinga =1, m=1,a =m =1, h(t) =t; h(t) = tand « = 1; and h(t) =t
and « = m = 1in (23), it holds for exponentially (h — m) convex, exponentially («, h)-convex,
exponentially h-convex, exponentially (x, m) convex, exponentially m-convex, and exponentially
convex functions, respectively.

Remark 5.
(i) Ifweusek =1, p(t) = t, h(t) = t,and { = 0in (23), then we obtain [31] (Theorem 2.2).
(ii) Ifwe usek =1, ¢p(t) =t,a = 1, and & = 0 in (23), then we obtain [32] (Theorem 2).

It is easy to prove the next lemma that will be helpful to produce the Hadamard-type
estimations for the generalized fractional integral operators.

Lemma 1. Let ¢ : [a1, may] — R, ay < may be exponentially (x, h — m)-convex function. If

ay+may—w
W = 9”6(;;') and m € (0, 1], then the following inequality holds:
e

() ) ()

Proof. Since 1 is an exponentially («, h — m)-convex function, one can write the follow-
ing inequality:

() <n(d) P S (- 4)

w—aq may — w
§(ma2,“lmllz+maz aq 1)

(35)

\ ( st )
= h(F) L)+ mh(1- %) o)

w—ay may —w Sw T (agtmay—w\ °
may—ay 1+ma2 ay may e 5( 1 m2 )
4 e
e

Hence, by using the condition on 1, we obtain the required inequality (34). O
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Theorem 4. Let ¢, ¢ : [a1,a2] — R, a1 < may, be functions such that i be positive, integrable,

ay+mapy—w
exponentially (a, h — m)-convex, and M = ‘/’e(g:;), m € (0,1], and ¢ be differentiable and
e

strictly increasing with ¢’ € L'[ay, as]. Then, for 0,7 > k, & € R, the following fractional integral

inequality holds:
iy (F2) U (030) + g (220
< (5» R #) (@) (S50 ) ()
< [T (0030 + g+ (2] (02— ( ) [ 9
(o + oz — a0))az + ") [ (1 = 209 (a1 + L2 an)d@).
Proof. For w € [ay,a;] and T > 0, we have
(9le) — plan) L (20000 — p(an) i ) g/ (o) ;
< (¢(a2) — ¢(a1>)1E§i’;2(z(¢(az> - ¢(a1>)¥m) ¢ (w). 7
For & € R, applying the exponentially («, & — n) convexity of § we have:
y(w) Sh(;‘;:‘;l) vio) +mh[ (;‘;:2” ‘Pﬁ%)). (38)

The following inequality is yielded after multiplication of inequalities (37) and (38)
and then integrating over the interval [ay, a3]:

/:W(w) - qb(al))*—lEgeT};; <z(¢(w) — p(a1))¥;
< (plan) — glan) B2 (2(0a) — (e i) [22) [ (L=’

dnwenfh [1(- (G20 o)

On simplifying, we obtain the inequalities (39) and (40) which are provided as:

. w) (@:2) < (9la) = plan)) B (<(0te) — plar)) i
(géaz fo ¢'(p+ (a2 —ar)) (a2 — a1)dg (39)
B Jo i (P+§(ﬂ2—01))(ﬂ2—a1)d§>,

(4, f;iﬁ;zuz w)wl, S

(40)
( TR (p +C(ay — )

o' (p+ (a2~ al))dé)-
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Similarly, on the other hand, the inequality (41) holds for t € [ay,a2] and ¢ > 0
as follows:

<

(9(a) — pleo))fELEL (<(0a2) — o)) 32 ) o' »
< (9le) — glan))¥ BT (2(002) = o)) Fi0 ) ).

The following inequality is yielded after multiplication of inequalities (38) and (41),
and then integrating over the interval [ay, a3):

[ 0t~ g0t B (2l0(a) — 9D i )¢ (whp(o)
< (9le) — glan)E MBS (2(0(02) — gl
¢ (w)dw + mig%) /[:2 h(l — (H)D‘)(p’(w)dw} :

Further, we have:

=
>
~_
| —|
=
Y
QS
N
SN—
s
=
N
=
7/
RS
[
212
~_

(¢Ki’,il’wl+¢) (a2:4) < (p(a2) — g(ar))F 1E§;’:,;(z<4><az> 9(ar)F; A)
( s o B(Z)¢' (a1 + L (a2 — 1)) (a2 — a1)d( (42)
G (1 290+ Lo = o)) oz — o) )

(’4% ii’iiww) (00) < (o = ) (o) (42 o

Ji W@ o+ oz — )+ m )

Jo h1=2%)¢ 0n+§m2—agyg>
By summing the inequalities (40) and (43), we have;

(2K52Z2ﬂ27¢> (ﬂl /\) (I(;) g;};rzul+lp> (uz,/\)

= []I Ay~ (ﬂll ) + ]% ot (az; }\)} (gz —a ) (#’(ﬂz)

) (44)
Ji G a1+ Cla = o))+ LS 3 (1= 00+l — ) )

Multiplying the inequality (34) with (¢(w) — ¢(a1))F Esi’;;{ (z(<p(w) - ¢(a1))Z;A>

¢'(w) and then integrating it over [a7, a5], we obtain

(2572 ) [ (o) — plan)E B (20(0) = o)) FiA ) ()

(1) m(i-2)

2 (9(w) = @par) FEL (z(cp(w) - 4><a1>>1m> ¢' (w)yp(t)dw.

IN

Inequality (46) is obtained by utilizing inequalities (5) and (11)
Y <111+2muz> I%,af (al; A)

46
< ol b e ) +mh( 1= ) ) ( K20 (a1;A) 0
= eifw o m o ¢K’y,T,M,Z,l/727 IIJ al/ .
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Multiplying inequality (34) with (¢(a2) — ¢(w)) 1E$;’;rk (z(cp(az) - <p(w))Z;)\>

¢’ (w) and integrating it over [ay, 5], also utilizing (4) and (10), we obtain

¥ ("1*2’"”2) ]%,aﬁ (az;A)

(47)
€U, T
. o(2) (s 1)) (s )
Adding the inequalities (46) and (47), we obtain
Sw a1 +ma . .
T (F) e (630 + g (020 (48)

ke jrEshsT k L€ H,
= ((P YTz l'b)(ul’ )+ (‘P ’Yﬂuzuﬁlp)(uz' ).
From inequalities (44) and (48), inequality (36) can be obtained. [

Remark 6. By settinga =1, m =1, a =m =1; h(t) =t; h(t) = tand « = 1; and h(t) =
and « = m = 1in (36), it holds for exponentially (h — m) convex, exponentially («, h)-convex,
exponentially h-convex, exponentially («, m) convex, exponentially m-convex, and exponentially
convex functions, respectively.

3. Conclusions

Using exponential («, h — m)-convexity, we provided the bounds of fractional integral
operators incorporating Mittag—Leffler functions. The generalization of the numerous
results proved in [31,32] are established. In the form of well-known Hadamard-like in-
equality, we presented upper as well as lower bounds for operators of various types. The
results hold for almost all kinds of convex functions. By utilizing the integral operators
studied in this paper, it is possible to generalize Ostrowski-, Gruss-, and Ostrowski-Gruss-
type inequalities. The authors are further working on fractional equations for the integral
operators utilized in this paper.
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