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GENERALIZED FRACTIONAL INTEGRAL INEQUALITIES FOR
HARMONICALLY CONVEX FUNCTIONS

G. ABBASY2 G. FARID3, K. A. KHAN?, AND A. U. REHMAN3

ABSTRACT. In this paper we are interested to obtain the generalizations of
some inequalities of fractional integrals for harmonically convex functions.
These inequalities have connection with some known results via generalized
fractional integral operator containing generalized Mittag-Leffler function.

1. Introduction and Preliminary results

Inequalities for convex and related functions play a captivating role in mathemat-
ical analysis. Many authors are continuously working on various integral inequali-
ties and produced very interesting results for different kinds of functions. Recently
a lot of integral inequalities of the Hadamard type for harmonically convex func-
tions via fractional integral have been published (see [3} 6] [7, [8] and references there
in). In the following Theorem Classical Hadamard inequality is given.

Theorem 1.1. Let f: I — R be a convex function on interval of real numbers I.
Then for all a,b € I:

f(““’) <! /abf(a:)d:céf(a)+f(b)

2 b—a 2
holds.

In 1906 Fejér gave the weighted version of the Hadamard inequality which is well
known as the Hadamard-Fejér inequality and is stated in the following theorem.

Theorem 1.2. Let f : [a,b] — R be a convex function and w : [a,b] — R is
non-negative, integrable and symmetric with respect to “;b. Then the following
inequality holds

f<“;b> /abw(x)sz /abf(z)w(r)dxs W[lbw(w)dx-
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Definition 1.3. [7] A function f : I — R is said to be harmonically convez function
on the interval I of non-zero real numbers if

Ty
(s ) <t +a-n5e) (1)

holds for x,y € I and t € [0,1]. If inequality in is reversed, then f is said to
be harmonically concave.

Example 1.4. [7] Let f : (0,00) — R be defined by f(t) =t and g : (—o0,0) = R
defined by g(t) = t, then f is harmonically convex function and g is harmonically
concave function.

Definition 1.5. [6 ] A function K : [a,b] C R\ {0} — R is said to be harmonically

symmetric about 2 z'f
1
Ka)=K|+————
(=) (i-i—ll)—x)

The following definitions and preliminaries of theory of fractional calculus are
useful to establish the new results.

Definition 1.6. [15] Let f € Lla,b]. Then the left hand and right hand Riemann-

Liouwille fractional integral operators of f of order p > 0 are defined as follows

@) = o5 [ @07 0 2> a

holds, for x € [a,b].

and

b
I f(z) = ﬁ/ﬁ (t — )P L f(H)dt, z < b.

In this era of research many mathematicians taking a great interest to study
the fractional integral operators. And in this race of research many generalized
fractional integral operators also take a part in generalizing the theory of fractional
calculus (see [4, [9] 10, T3] 14, [15]). A lot of authors of this age are working on in-
equalities involving fractional integral operators for example for Riemann-Liouville,
Caputo, Hillfer, Canvati etc (see [I, 2, [5, [6l [§] and references there in).

Definition 1.7. [13] Let p, v, k,1,7,0 be positive real numbers and w € R. Then
the left hand and the right hand generalized fractional integral operators contain-
ing generalized Mittag-Leffler function for a real valued continuous function f are
defined as follows:

(Gt f) @) = / o= T Bl — ) F(O)dt
and
(e 1) @) = / (¢ - 2 L - o) 0,

where the function EZik is generalized Mittag-Leffler function defined as

E:Fun+u . (1.2)
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This is generalization of Mittag-Leffler function defined by Srivastava and Tomovski
n [14] and Prabhaker in [I1]. If we put w = 0 in (1.7), Then the left hand and the
right hand generalized fractional integral operators containing generalized Mittag-
Leffler function reduces to the the left hand and right hand Riemann-Liouville frac-
tional integral operators [13].

Firstly Srivastava and Tomovski [I4], secondly Salim [I3] studied the properties
of the generalized fractional integral operator 1ok .+ and the generalized Mittag-

v, l,w
Leffler function Elif(t) in brief. In [I3] it is proved that E;’if(t) is absolutely
convergent for k <!+ p and t € R.

Since
oo tn
Ev,é,k B < (7)]6774 ,
Bt (O < nz::() L(un +v)(0)m
if we say that Y > |7F(Ifﬁ_’“;’)t($)m | =5,
then
.k
|EZ,V,l (t)‘ S S

In our main results We will use this property of generalized Mittag-Leffler function
in sequal.

Also we use in sequal the following special functions known as beta function and
hypergeometric function respectively [9].

T(u)T !
8sv) = 1 = [Tt >0
1
o Fy(a,b;c;w) = m/o 71 = 1) (1 — wt) Tt

where 0 < b < ¢, |z] < 1.

In this paper we are interested to construct some Fejér-Hadamard type fractional
integral inequalities for harmonically convex functions via generalized fractional
integral operator containing generalized Mittag-Leffler function. In connection with
we deduce the results of [6]. Also from coming generalized results the Hadamard
type inequalities can be obtained.

2. Main Results

To obtain our main results we need the following lemmas.
Lemma 2.1. [12] For 0 < a <b and 0 < pp < 1, we have
|a¥ —b*| < (b— a).

Lemma 2.2. Let f: I C (0,00) = R be a differentiable function on the interior
of I and [’ € Lla,b] where a,b € I. Also let g : I C (0,00) — R be an integrable

and harmonically symmetric about %, then the following equality for generalized
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fractional integral holds

(25) (255000 (2) <328 00 ()

( OO s (f90 ) (a) et ﬁbf(fgoK) (2))
L) st (1) ot
T

where K(t) =1 fort € [3,1].

Proof. To prove this lemma, we have

[ ( / t (+- })) £t (o s 2)) (g0 K)(s)ds> (f o K (t)dt
f (s N gt (s 1) e K)(s)ds> (oK)
L) s (e (1)) we s s oo

() ) o) (2
- (- 2)”_1@35? («(t-3)") we w00 e YOt

a+b
2ab

1
b
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And similarly
/.. < L) (e (29 <goK><s>ds> (o Y (@t
(/ o ) st (w(3-+) ) oK)(s)ds) o]
+/ (1 —'f)HElii“ (v(3-1)) wers e )0

([ )R ) o) (25
- / : t) Bt (w5 t)) (g0 K)O)(f o K)(t)dt.

2ab

S

1
b

This implies

/;, (/tl (clz - S>H By (w (i - 8) M) (go K)(s)ds> (f o K)'(t)dt

2ab

F(25) 0 oo (G) e isom) (5) @2

a+b) wylw 55 povslw, S

on substracting (2.2) from (2.1)), we get the result. O

Theorem 2.3. Let f : I C (0,00) — R be a differentiable function on the interior of
I and f' € Lla,b] where a,b € I with a <b. If |f'| is harmonically convex function
on [a,b], g :[a,b] C (0,00) = R is a continuous and harmonically symmetric about
2ab then the following inequality for generalized fractional integrals holds

a+b’
2ab 8,k 1
s 7,0 -
7(@55) (s too9 (3) +4lise 0000 (5))

—<Zi'fwa+bb+(fgoK)<a>+ it e (90%) (3))]

—a vl
_ ”O;(ab()”l G W)If (@) + G B))

where

—2 a a+b)”
C\(v) = iz P2 v+ v+ 31— %) — m2F1(2 v+ Ly 3;25e)
and

v+1 ’ b+a

Co(v) = B (2,135 1—4) = U2 1y (212 B 4 (D By (2,04

v+ (v+2)2

Lv+3;552)

with 0 <v <1, K(t)Z%forallte[% l]
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Proof. Using lemma [2.2] we have

() (520 () 5 0 (1)

) (Emlzw»%if*(fgof{) (G)+ s wser (5))]

A (o- 2) £l (o (s=3) ) oo ) (o KY(B)dt
+/ (/ % (o~ ) w5 )) (90 K)(s)ds ) I(foK)’(t)Idt]

using | g |lco= sup |g(t)] and absolute convergence of Mittag-Leffer function,
t€la,b]

above inequality becomes

‘f (jj_%) <€Zi];w7a+b+(goK) (i) +€ Zi];w,‘;f{f (9o K) (2)) (2.3)
e ()i ()
oth t 1 v—1

([ (-3) ) (7« KO

<lhglle S

/2u.b
% % 1 v—1
+/ (/ (—s) d8>|(foK)'(t)|dt
a+b t a
S ((t— 1)V 1 1 P )
b - [ = a7t 1 (1
/}7 ( v t2>|f (t)|dt+/z+g v 2 |f (t)dt .
Setting ¢ = w in , we have
2ab V.0 k 1 bk 1
‘f (a+b) <€”v”=l’wv"é?f§+(gOK)(a> et (90K) (5 (2.4)
1 1
(o) (D) e voe (7))
_ v+1 % v
SYPIIS TIE el S S S S 1
v(ab)r—1 o (ub+ (1—u)a)? (b + (1 —wa)

et (reti) ]

Since |f’| is harmonically convex on [a, b], it can be written as

=g llc S

Q|

/ ab , /
/ <<ub+(1_u>>>\ < ulf (@) + (1=l O] (25)
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Using (2.5)) in (2.4), we have

2ab 7,6,k 7.6,k 1
’f <a+b> (Euylw’$+(9°K) a +e #l,,lw 2+£>_(90K) b

(s oo (D g grer))]

wov,lw, Hv”lwvzab

_ay-‘rl % u?
g |o;(§ b<)byl ) l | i @1+ (=l o)

' (1_11’)” / _ /
+, e e @1 (=l <b>|>du]

that is

2ab
(a55) (oo () i om0 (3)) (26)
~,8,k 1 5.k 1
(st oo (B st vren ()]
lglle SG—a) ™" [ (12w bou(l - ) ,
< V(ab)y—l l(/o mdu +/; mdu |f (Cl)|

i </0 (ub + (1 u)a)?d“+/§ (ub + (1 u)a)Zdu> |f(b)]

One can has by using Lemma [2.7]

3 ur Tt Lo =)
|, e ), e
B ! (1 —w)u 3 Y — (1 —u)
_/0 (b + (1= wap s +/0 (b + (1= wa)2 "4

(- w)ru " H (1—2u)” wdu
S/0 b+ (0 —wa)’ +/O (b + (1 —u)a)? d(2'7)

In second part of integral on Right hand side of inequality (2.7)) replace 2u by wu,
we have

3 urtt w1 =)
/0 bt —war T / b+ (1= wa)r

1
2

w1 -
< || Gt 1, S+ (1 - Do P
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On making substitution u = 1 — w on the right hand side of inequality (2.8]), we
have

2 u’tl w1 =)
/0 (ub+ (1 —u)a)Qd”+/; (b + (- w2

< [a-wwr (1w (1-4)) e
[ (e (- 552))

b+a

b2 a
:szl(QyVJFl;#JFg;l*g)
(a+ b)~2 b—a
—— F1(2 1; ;——
CEDIEDE 1(2,v + ’V+3’b+a>

:Cl(l/).

(2.9)
And similarly

/0 (“b+(1—u)a)2d +/§ (Ub+(1—u)a)zd
S € ) e L k)
_/O (ub+(1_u)a)2du+/0 b+ (I—u (1 —wu)du
P owrt P20 —w)
S/O (Ub+(1_u)a)2du+/o (ub+(1—u)a)2d“

(2.10)
On setting 1 — w = v in the first integral and 2u = v in the second integral on

R.H.S. of inequality (2.10), we have
V(] — 1 1 — )t
/2 _wllzw) du+/ Gl du
o (ub+ (1—u)a)? 1 (ub+ (1 —u)a)?
1 v+1 1 v
v 1 (1—-v)
< e — Z
<[ ot el o e

~D)ap
1 ! (1 —v)"v ’
i e o

Put 1 — v = w in second and third integral on R.H.S. of inequality (2.11)), we have

/02 Mdqu/; Mdu (2.12)
[ s f o (50) (e (557)) @

1 b—a
0

+a

IN
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That is

T ow(l-uw) L@ —w)vtt
/0 (ub+(1—u)a)2du+/ (u b+(1—u)a)2du
22F1(2 v+1p+3;1— b)

2(a +b)~? b—a (2.13)
——5 F(2 1; 2;
v+1 2P v+ Lt "b+a b a

(a+0b)72 b—a

- ————— 2 F1(2 1; 3 ——
(V+1)(V+2)2 12, v+ Lv+ ’b—i—a)

= CQ(I/).

Using . ) and (| in , we get the result. (I

[N

t@‘
+

Remark 2.4. From above result we can deduce the following results.

(i) If we put w = 0 in Theorem [2.3, then we get [6, Theorem 6].

(#) If we take v =1 along with w = 0, then we get [6, Corollary 1(1)].

(#i3) If we take g(x) =1 along with w = 0, then we get [6, Corollary 1(2)].

() If we take v =1, g(x) = 1 along with w = 0, then we get [6l Corollary 1(3)].

Theorem 2.5. Let f: I C (0,00) — R be a differentiable function on the interior
of I and f' € Lla,b] where a,b € I with a < b. If |f'|7, ¢ > 1 is harmonically
convex function on [a,b], g : [a,b] C (0,00) — R be a continuous and harmoni-

cally symmetric about Qf;), then the following inequality for generalized fractional
integrals holds

2ab 1 !
() (5t e <gof<><a>+ s 6o (3))
1 1
7,0,k v,0,k
(g0 (1) + 2t woom0 ()

_a v+1 -1 1
o "j(‘jb(f,,_l ) [(cg L) (G @] + )| B

-

1

(G () (G ) @) + Cs(V)If’(b)lq)i}

where

Ca(v) = St 1(3+1)2F1(2,1,y+2, bea)

Cy(v) = ;ﬁﬁﬁmgﬂ(z v+ 3; 222)

Cs(v) = C3(v) = Calv)

CG(I/):szl(Q V+1 Z/+2 ( —%))

Cr(v) = 2"+1(u+2)2F1(2 v+Lv+255(1-9))— %2F1(2;u+2;1/+3;%(1—%))
Cs(v) = Cg(v) — C7(v)

withv > 1, K(t) =1 forall t € [3,1].
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Proof. By inequality (2.4)) of Theorem we have

2ab ok 1 5.k 1
Y K v, 1
‘f (a+b) <€“”lwa+£+(go )<a> te uulw,‘;j;g’ (9o K) b (2.14)

(s om0 () it ook (5))
g lloe S (0—a) ™ [ [ u’ , ab
= v(ab)¥—1 [/0 (ub+ (1 —u)a)? —u)a

! (1 —u)" ab
+/; @b+ (1 - wa) |f((ub+(1—u)a)2)|du]'

S

Using power means, inequality (2.14]) becomes

2ab 0.k 1 s 1
‘f(a+b) (6/“/1‘”’2@ (QOK)< >+ uulw,zn}: (gOK) E (2'15)
1
(:xz'; w00 (1) 14255, 00 ()

/(&
Lol SO [(/ — )Qdu>1_q
x (/0 (ub + (1 " Wa)?

! (1—u)”
. </ (@b + (1 - w)a)?

<
U
<
N———
Q=

<
QU
<
N——
Q=
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By using the harmonically convexity of |f’|? in (2.15]), we have

2ab 0ok 1 bk 1
‘f<a+b> <E#Vlw’2ab QOK)< >+ ;Aulw,zj;b (90 K) b (2.16)

<W6k atb+ (fgo K) <1> or or (fgo K)

wovlw, 55 a M,jlw,hb

Mgl S-a)™
V( [(/0 (ub + ( 1—u) )2d“>
g </ i @ ) m)
1 (1—w)” 1-3
i </ <b+<1—>>d>

1 (1_u)u / q — )| q
8 (/ b+ (1w U @+ A= ulfO) ))

That is

(Z5) (oo (3) r iy 0on0(5)) e
- ( O s (f90K) (a) 6 e (FgOK) (2))‘

x ( [ g s [ Mwmm)i

x (/Wf_‘fl()))d fa >|Q+/;<1u>“+1|f'<b>|Q>>q] .

Now we evaluate the integrals of (2.17))

‘H/—\
S| =
N——
N———

Q=

Q=

SIS

u? 1

/o (ub+ (1 — u)a)2du ~ vl /0 (Lb+(1— %)a)de' (2.18)
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Substitute v =1 — w in (2.18)), we have

[ s oo (52) (e (552) T

(a+b)~2 b—a
=——"—0F (| 2;1; 2 ——
QV_I(V—i—l)Q 1|2 Lv+ "ht+a

= Cg(l/).

Similarly

B w't! 1 ! a+b\ 2 b—a
S ——— P TE S (e 1
/0 (ub+ (1 —u)a)? v 2”+2/0 ( w) ( 2 ) ( v <b+a

(a+b)~2 b—a
Ty ety 432
2w +2)2 ! e

= Cu(v).

3 u’(1 —u) B B o )
[ i = tu = Calo) - €)= o),

/é o 4(_1(; ﬁ);ayd“ = 2D1+1 /O (w)" 152 (1 - %(1 - %)>—2 dw

b2 1 a
= mQFl (2,l/+ 1,V+2, 5(1 — b)>
ZOG(I/).

/; (ub(—il— (_1u_)l$a)2du = 2y1+1 /Ol(w)'fb—Q (1 - %(1 - %)) ” dw

1 ! v+17—2 w a2
+2y+2/0(w) b (1—5(1—5)) dw

fL F(2v+1; +2'}(1—2))
72”‘*‘1(1/—&—2)2 sy LyT 43 2

b2 1 “
_m2F1(2,u+2,y+37§(1_3))
=Cr(v)

and

/é (ub+ (1 — u)a)Qdu B /; (ub+ (1 — u)a)Qd
= C(;(V) — C7(V)
= Cg(V).

Using (2.19)-(2.24)) in (2.17)), we get the result.

(2.19)

) o

(2.20)

(2.21)

(2.23)

(2.24)

O

Remark 2.6. Following results can be obtained by giving particular values to pa-

rameter in Theorem [2.3
(i) If we take w = 0, then we get [6, Theorem 7].
(i) If we take v =1 along with w = 0, then we get [6, Corollary 2(1)].
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(i4i) If we take g(x) =1 along with w = 0, then we get [6, Corollary 2(2)].
(i) If we take v =1, g(x) = 1 along with w = 0, then we get [6, Corollary 2(3)].

Theorem 2.7. Let f : I C (0,00) — R be a differentiable function on the interior
of I and f' € Lla,b] where a,b € I with a < b. If |f'|?, ¢ > 0 is harmonically
convez function on [a,b], g : [a,b] C (0,00) = R be a continuous and harmonically
symmetric about 292 then the following inequality for generalized fractional integral

atb’
holds
2ab ”,6.k ~,6,k 1
‘f (a+b) <€u7valvw7‘§§§+(g0K) (a) te W’lw"%ﬂf (g0 K) b
0,k , 1
_(Z,I/lw,a+b+(f90K)( )—’_Zl/lw (fgoK)<b>>‘
lglloe SB—a)"™ (2 1@+ 3B\
< P
- v(ab)r—1 g (v) 8
NG T O KO
Jr010(1’) ( 3
wl%ere
cr __ (atb) (201 2
9 (1/) 2vP—2pF 1 (pp+1) 2 1( D, L vp + ’b+a)
anld

- 2p @
Ci(v) = mﬁ’l(? vp+ Livp+2; 2(1 7 )

with v > 1, K()*lforallte[g,g]and %:1.

Proof. By Using Lemma[2.2] we have

(55) (ot e () rathosn w1 (5)) e
(Zi’;wm (fg oK) <a)+ ) s (fgoK)(D)‘

[ </ (=2) " |mst (o (s 2) ) e ronspas ) (o £Y (1)
N

| st (v (3-5)) (goK)(s)ds> I(foK)’(t)Idt]

(e

s
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using || g ||o= sup |g(t)|, absolute convergence of Mittag-Leffer function and
t€la,b]

setting t = W in , we have
2ab 8,k 4,k 1
7, 7, 2
‘f(a—&-b) <6#Vlw“+£+(gOK) <a>+ Ml/lwa%:é) (gOK) b (2.26)
1 1
_ [ 0k : 7,0,k -
(o trae ) ()4t (oo ()]
vl 1 v
Mol SO [ (Y,
v(ab)r—1 o (ub+ (1 —w)a)? (ub+ (1 — u)a)
1
(1 —w)” , ab
du| .
*/; v \wra=wa )™
By using Holder inequality and harmonically convexity of |f’|?, (2.26]) follows
2ab 5.k 1 .k 1
7,8, : 7,6, -
‘f (a T b) <€u7l/lw7‘§j§£’+<g © K) (a> + e,u,u,l.,w,‘;T‘*':_(g o K) b

(et e toon (D) vt wse) (1))

Lol SG—a) ( J du) :
x(/j(af’(anq (1 -l B )é

" </1 (ub f@ ﬁ):))a)% d“>é ( /;W'f @+ (1~ u)lf/<b>|q>du> %

After simplification, we have

2ab 7,8,k 1 Yk 1
‘f <a+b> (6“”““’7 2?5+(QOK) a te ,ul/lw,‘;:r;)’ (g0 K) b (2.27)
1 1
_ 7,6,k - v,8,k 1
<M7Vlw72ub (fgo k) (a)—i—euulwy(?f (g K) <b>)‘

lollwS-ay™ [( 8w »
S @ </ (ub+<1u>a>2pdu>

y <|f/(a)lq " 3|f’(b)|q>‘1‘

) </ 0 f@%w“y (Fr §3f'<b>q);

Now we evaluate the integrals

’ o d L v d 2.2
|, i o ), meame o9




GENERALIZED FRACTIONAL INTEGRAL INEQUALITIES ... 15

put v =1 —w in (2.28)), we have

uv? 1 1 a+b —2p b—a —2p
— _ vp _
/o (ab + (1~ w2 ™ 2vp+1/o“ w) (2) (1 “’<b+a>) dw

(a+0b)=2P

Nl

b—a
= Fi(2p, 1; 2;
2Vp*2p+1(‘up+1)2 1( D, L;vp + ’b+a)
1
=Cg' (v)
(2.29)
and )
1 £
(1 —u)vP /2 P
du = d 2.
J, e, T (230

put v = ¥ in (2.30)), we have
1 1
(1 —w)vP 1 / 9 w a\\ —2pr
du = Py (1——(1—— d
/5 b+ (1—wa)2e "~ et J Y ( 2 ( b)) v

b= 1. a. (231)
SR — 1; 2 ~(1— - '
2VP+1(1/p+1)2 12 vp+Livp+ ’2( b))
= C(v)
using (2.29) and (2.31)) in (2.27)) we get the result. ([l

Remark 2.8. For particular values to parameter in Theorem [2.7] we have the fol-
lowing results.

(i) If we put w = 0, then we get [6l Theorem 8§].

(i1) If we put v =1 along with w = 0, then we get [6, Corollary 3(1)].

(#ii) If we put g(t) =1 along with w = 0, then we get [0, Corollary 3(2)].

(iv) If we put v =1, g(t) =1 along with w = 0, then we get [6, Corollary 3(3)].
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