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GENERALIZED HERMITE -HADAMARD TYPE INTEGRAL
INEQUALITIES FOR FRACTIONAL INTEGRALS

MEHMET ZEKI SARIKAYA AND HUSEYIN BUDAK

ABSTRACT. In this paper, we have established Hermite-Hadamard type in-
equalities for fractional integrals depending on a parameter.

1. INTRODUCTION

Definition 1. The function f : [a,b] C R — R, is said to be convex if the following
inequality holds

fz+ (1 =Ny) < Af(2)+ (1 =) f(y)
for all z,y € [a,b] and X € [0,1]. We say that f is concave if (—f) is convex.

The inequalities discovered by C. Hermite and J. Hadamard for convex functions
are very important in the literature (see, e.g.,[15, p.137], [9]). These inequalities
state that if f : I — R is a convex function on the interval I of real numbers and
a,b e I with a < b, then

(1.1) f(“;rb>gbia/abf(x)dxgw.

Both inequalities hold in the reversed direction if f is concave. We note that
Hadamard’s inequality may be regarded as a refinement of the concept of convexity
and it follows easily from Jensen’s inequality. Hadamard’s inequality for convex
functions has received renewed attention in recent years and a remarkable variety of
refinements and generalizations have been found (see, for example, [1, 2, 9, 10, 15])
and the references cited therein.

In [10], Dragomir and Agarwal proved the following results connected with the
right part of (1.1).

Lemma 1. Let f : I° C R — R be a differentiable mapping on I°, a,b € I° with
a<b. If f' € L]a, b] then the following equality holds:

(19 LSO b_a/“f _b A(l—%ﬁ%m+%1—ﬂwﬁ.

2

Theorem 1. Let f:1° CR — R be a differentiable mapping on I°, a,b € I° with
a <b. If |f'] is convex on [a,b], then the following inequality holds:

(1.3) ‘f<);f _a/‘f @
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Meanwhile, Sarikaya et al.[18] presented the following important integral iden-
tity including the first-order derivative of f to establish many interesting Hermite-
Hadamard type inequalities for convexity functions via Riemann-Liouville fractional
integrals of the order o > 0.

Lemma 2. Let f : [a,b] — R be a differentiable mapping on (a,b) with a < b. If
f' € Lla,b], then the following equality for fractional integrals holds:

(1.4)

fla)+f(0) T(a+1)

5 ap_a) ar/ O+ A f(@)] =

b—a

It is remarkable that Sarikaya et al.[18] first give the following interesting inte-
gral inequalities of Hermite-Hadamard type involving Riemann-Liouville fractional
integrals.

Theorem 2. Let f : [a,b] — R be a positive function with 0 < a < b and
f € Lyfa,b]. If f is a convex function on [a,b], then the following inequalities
for fractional integrals hold:

(Ls)  f <a - b) < QF ((If‘ _+al)i (72, £(B) + Jgf(a)] < M

with o > 0.

In the following we will give some necessary definitions and mathematical pre-
liminaries of fractional calculus theory which are used further in this paper. More
details, one can consult [11, 12, 14, 16].

Definition 2. Let f € Li[a,b]. The Riemann-Liouville integrals J3', f and J* f of
order a > 0 with a > 0 are defined by

I f@) = o [ e =07 0 2>
and
b
Je f(w) = r(la)/ (t—2)° " f(B)dt, @ <b

respectively. Here, T'(t) is the Gamma function and JO, f(z) = J)_f(z) = f(x).

For some recent results connected with fractional integral inequalities see ([3, 4,
5, 6, 7, 8],[13],[17],[19],[20],[21])

The aim of this paper is to establish generalized Hermite-Hadamard type inte-
gral inequalities for Riemann-Liouville fractional integral and some other integral
inequalities using the generalized identity is obtained for fractional integrals. The
results presented in this paper provide extensions of those given in earlier works.

2. MAIN RESULTS

We give a important fractional integral identity for differentiable convex func-
tions:

/1 [(1—8)" —t*] f' (ta + (1 —t)b) dt.
0
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Lemma 3. Let f : [a,b] — R be a differentiable mapping on (a,b) with 0 < a < b.
If f' € La,b], then the following equality for fractional integrals hold:

fa+ (1 —=X)b)+ f(Ab+ (1 — Na) MNa+1)
a (1=2\)(b—a) (1—20)F1(b — q)otl

x [J(aAbJr(l—A)a)*f()‘a + (1 =2)b) + I s a-np)- F(A+ (1 = A)a)
(2.1)

- / (1= — 2] ' tha+ (1 — \)b) + (1 — (A + (1 — Na)] dt
0

where A € [0,1]\{3} and o > 0.

Proof. 1t suffices to note that

(=8 =] f [tha+ (1 = N)b) + (1 —t)(Ab+ (1 — X)a)] dt

~
Il
O\H

1 =8)f tAa+ (1= N)b) 4+ (1 —t)(Ab+ (1 — Na)] dt

Il
o—__

—/t“f’ [t(Aa+ (1 =X)b) + (1 —t)(Ab+ (1 — N)a)]dt
0

= L -1

Integrating by parts

1
L o= /1—t fOa + (1= \b) + (1= )b+ (1 — Na)] dt
0

(L= fltAa+ (1= Nb) + (1 —t)(Ab+ (1 — Na)]|'

(1-=2)\)(b—a) 0

1
1_% /1—15“ L Oa+ (1= A)B) + (1 — (b + (1 — Na)] dt
0
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CFb+ (1= X))
(1-20)(b—a)
1

/1_#* U FIEOa 4+ (1= A)b) + (1 — )M + (1 — N)a)] dt

1 - 2>\
0
fOb+ (1= Na) N Xa+(1-A)b
T T 1-20)0b-a) + (1= 2\)a+1(h — a)atl / [(Aa + (1= \)b) — ] f(z)dz
Ab+(1-A)a
Fb+ (1= Na) o+ 1)

S TN —a) Az (@it ova e[ Aat (1= A0)

and similarly we get
1

L, = /t“f’ [t(Aa + (1= \)b) + (1 —t)(Ab+ (1 — N)a)] dt
0
1% (1—\)b) Aa+(1—N)b
a + — Ie
(1=2\)(b—a) (1—2)\)F1(b—a)ot! [z — (A4 (1 —N)a)] f(x)dz
Ab+(1-N)a
F(Aa+ (1= )b) (a+1)

T-Nb—a) (1 anari(p et Oaraxn- [0+ 1= A)a)
From I; and I, it follows that
I = I1—1,

fQa+ (1 =Xb)+ f(Ab+ (1 — Na)
a (1—2\)(b—a)

Pla+1) o a
R e\ e [J(Ab+(1,A)a)+f(Aa F (1= D) + s 1oagy - f b+ (1 )\)a)} .

This completes the proof. O

Remark 1. If we take X = 0 in Lemma 3, then the identity (2.1) reduces the
identity (1.4) which is proved in [18]. Similarly, if we take A =1 in Lemma 3, then
(2.2)

1
o s U @+ a0 = [0 0% =17 et (1= ) .

By using J& f(a) + Jo f(b) = (=1)® [J f(b) + J2 f(a)] in (2.2), it follows that
(2.3)

O I0) 20D e+ g sl = O30 [1a -0 =017 tas 0 - 0wy
0

2

If we choose a =1 in (2.3), it follows that (2.83) reduces to (1.2).
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Theorem 3. Let f : [a,b] — R be a differentiable mapping on (a,b) with 0 < a < b.
If1 17, ¢ > 1 is convex on |a, b], then the following inequality for fractional integrals
holds:

Sa+ (1=2)b) + f(Ab+ (1 = Na) la+1)
‘ (L=2X\)(—-a) (1 =2\t (b — a)ot!

% [T amna FO@+ (1= M)+ I3uaor- SO0+ (1= Na)|

Q=

(24)< 2 [ail (1 - ;)} [1F/(ha+ (L= N)B)[* + [/ (b + (1 = Na)|]

where A € [0,1]\{} and o > 0.

Proof. Firstly, we suppose that ¢ = 1. Using Lemma 3 and convexity of |f’|?, we
find that

(1—=2X\)(b—a) (1 —2\)ati(h — g)at?

‘f(Aa—F (1= A)b) 4+ fF(Ab+ (1 = Na) T(a+1)
% [T aoaar FOa+ (1= 20) + T sy SO0+ (1= Na) |

[(1=6)* =t |f [tha+ (1 = N)b) + (1 —t)(Ab+ (1 — N)a)]| dt

IN
o _

(L= =2t [/ (Aa+ (1= Nb)| + (1 =) [f'(Ab+ (1 = A)a)|) dt

IN
o—__

(A=) =] [t [/ (ha+ (1= Xb)| + (1 = ) [f A0+ (1 = Na)[] dt

I
O\
[N

+/[ta — (A=)t Aa+ @ =Xb)]+ Q=) |f (A+ (1 —Na)|]dt

1
2

(2.5)= Kj + Ko.
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Hence, conculating K; ve K5, we have

Ky = /[(1 =) =t [t Aa+ (1= X)p)| + (1 =) [f'(Ab + (1 = Na)|] dt
0

= |f’(/\a+(1_)‘)b)|/[(1—t)at—ta+1} dt

1

+ 1 b+ (1 — )\)a)\/ [(1—t)*t —>(1 —t)] dt
0

’ 1 1
= [f(Aa+(1=A)b) [(a+1)(a+2) o 2a+1(a+1):|

(2.6) +1f/ A0+ (1 = Na)] [Oé-li-Q - 2a+1(ix+1)}

and
Ky, = /[ta (A=) Qa+ (1 =ND)| + (1= t) [f'(Ab+ (1 = N)a)|] dt
(2.7) 10+ (1= A)a) [(a + 2)1(a +1) B 2a+1(1a + 1)} ’

Using (2.6) and (2.7) in (2.5), it follows that

fOa+ (1= \)b) + f(Ab+ (1 — Na) T(a+1)
' (1-=2\)(—a) (1 —2))e+L(b — q)o+!

% [T et FO@+ (1= 28) + Ty T+ (1= Na)|

1 1 , ’
e ] LI RR R D R TSR EEpV A}
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Secondly, we suppose that ¢ > 1. Using Lemma 3 and power mean inequality, we
obtain

(1 =) =t |f [tha+ (1 = X)b) + (1 —t)(Ab+ (1 — N)a)]| dt

o _

(/|(1—t)°‘—ta|dt)
0

(/| (1 =) —t*|f [tha+ (1 —A)b) + (1 —t)(Ab+ (1 — /\)a)]|th)
0

Q=

Hence, using convexity of |f/|? and (2.8) we obtain

fa+ (1 —=X)b)+ f(Ab+ (1= Na) Ia+1)
(1=2))(b—a) T (1= 2)\)e (b — g)o+?

% [T amrw FO@+ (1= NB) + I aonp- FOb+ (1= Na)|

1 1-3
< (/|(1—t)a—t@|dt>
(/|1—t ta|f[(/\a+(1—)\)b)+(1—t)(Ab+(1—)\)a)]|th)
0
1 -3
< [(1— )™ — ] dt + (1—)%] dt
Juoor e -
1 :
(/|1—t —t [t]f (Ma+ (1 - )b)|q+(1—t)|f’()\b+(1—>\)a)|q]dt)
0
2 1IN\ "7/ 1 17\*
(au{l‘zaD (aﬂ{l‘za])
< [1'(a+ 1= AB)|"+ [f/ (b + (1 — Na)|"] *
<

2T Léil (1 ;aﬂ (1 O+ (1= M)+ 1 (b + (1 — Na)["] 7

This completes the proof. (I
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Corollary 1. Under assumptation Theorem 3 with A =0 and A = 1, we have

f@) £ S0) Tt 1)
2 e R

< 27 [ (1o ) | @+ ror

[Ja+ F(0) + Ji- f(a)]

Q=

where ¢ > 1.

Proof. By using J2, f(a) + J& f(b) = (=1)* [J2 f(b) + J& f(a)] in Theorem 3
with A = 1, we obtain the inequality (2.9). O

Remark 2. If we take o =1 in Corollary 1, we have

Q=

b
f(a);f(b) B bia/f(x)dx < bga2%l [/ (@) + £ ()]

where ¢ > 1. Choosing g = 1 in last inequality, it follows that

b
MO 10 L [ i) < 22 1)+ 7o)

which are proved Dragomir and Agarwal in [10].

Theorem 4. Let f : [a,b] — R be a differentiable mapping on (a,b) with 0 < a < b.
If |f'|* convex on [a,b] for same fivred q > 1, then the following inequality for
fractional integrals holds:

fQAa+ (1 =2)b) + f(Ab+ (1 — Na) T(a+1)
’ (1-=2)\)(b—a) (I —2\)at1(b— q)atl

% [Tt anyart FO@+ (1= 28) + Ty S0+ (1= Na)|

[ 2 (1 1)F(lf'(/\a+(1—>\)b)|q+If’()\b+(1_/\)a)|q);

ap+1 1\ 20p 2

1 1
where , + iy L, a>0and A€ [0,1]\{3}.
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Proof. Proof: Using Lemma 3, convexity of | f|? and well-known Holder’s inequality,
we obtain

fa+ (1 =Nb) + fAb+ (1 —=Na) Ma+1)
(1—=2X)(b—a) (1 —2\)at1(h — g)otl

% [T amra FO@+ (1= NB) + I raonn- FOb + (1= Na)|

[(1 =8> =t |f [tha+ (1 = A)b) + (1 —t)(Ab+ (1 — N)a)]| dt

IN
o _

=

1 1
< (/ [(1—t)* — P dt) (/ I [tAa+ (1= X)b) + (1 —t)(A\b+ (1 — )\)a)]|th)
0 0
< [(1—) Pdt+ [ t*— (1 —t)*]P dt
[firerraef
1
1 q
(/t|f (Aa+ (1 —=\)b)|* + t)|f’(Ab+(1—>\)a)|q}dt>
0
< [(1 =) —t*P)dt + [ [t*P — (1 —t)*P]dt
J [
1
N <|f/(Aa + (L =N+ [f (A + (1 — A)a)lq> q
2
1 1
2 L\ Tp 1/ Qa+ @ =0T+ ]/ (Ab+ (1 —Na)|" ¢
i (3] : )"
Here, we use
(A—B)P < AP —
for any A > B >0 and p > 1. a

Corollary 2. Under assumptation Theorem 4 with A =0 and A = 1, we have

f(?g ir CJ:)(b) _ (1; (_a J;aljl [J24 F(b) + T3 f(a)]

[ap2+1 (1 - T}‘pﬂ; (|f’(a)q -21- |f’(b)|q>; |

Proof. By using J2 f(a) + J& f(b) = (=1)* [J% f(b) + J& f(a)] in Theorem 4
with A = 1, we obtain the inequality (2.10). O

(2.10)

q
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Remark 3. If we take o =1 in Corollary 2, we have

|f(a)2 bfa/f b—a [pil (1_21}7)]i<|f/(a)|q-2|-f/(b)q);

which are proved Dragomir and Agarwal in [10].

Theorem 5. Let [ : [a,b] — R be a differentiable mapping on (a,b) with 0 < a <
b. If |f'|? conver on [a,b] for same fived ¢ > 1,then the following inequality for
fractional integrals holds:

fa+ (1 —=X)Db)+ f(Ab+ (1 — Na) MNa+1)
’ (I =2X)(b—a) B (1 —2))ot1(b — g)ot!

‘ [J&bﬂl_k)“”f()\a + @ =N0) + Jhara-np- FAb+ (1= )\)a)} ‘
L 1
[ : (1 - ﬂq ('m‘” (L= VB[ 1f b+ (1 A>a>lq)q

qo+ 1 2q0+1 2

where A € [0,1]\{3} and o > 0.

Proof. Using Lemma 3, convexity of |f/|?, and well-known Hélder’s inequality, we
have

‘f()\a+(1/\)b)+f(/\b+(l)\)a) B INa+1)
1-2)N(b—a) (1 — 2X)2F (b — q)ott
% [T e FO@+ (1= 2B) + T4y SO0+ (1= Na) |

[(T=6)* =t [tAa+ (1= A)b) + (1 —t)(Ab+ (1 — N)a)]| dt

1
/mt)
0

_ ( (1 =) =t f" [t(ha+ (1 = A)b) + (1 — t)(Ab+ (1 — N)a)]|* dt

IN
o— _

1
q

3=

IA

(/ 1 =t)* =t |f ta+ (1 - )b)+(1—t)(>\b+(1—)\)a)]qdt)

Q=

+/ (1= 67| [tha+ (1= A)b) + (1 — £)(Ab+ (1 — N)a)]|* dt
0
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1
2
< [1Foasra- )\)b)|q/ [(1— )5t — g9o+] gt
0

+f/Ab+ (1= Na)|” [ [(1 =)t —9%(1 —t)] dt

o
N

1
+|f a+(1— )\)b)|q/ [t1ott — (1 — ¢)9¢] dt

N|=

1 q
+f'(Ab+ (1 — )\)a)|q/ [t1%(1—¢t) — (1 — )7t ] at
1
= (== [1—=| ) 1 Qa+ = W)+ 1F b+ (1= N )H%
= \ax1 5o a a)l]e .
Here, we use (A — B)P < AP — BP for any A> B >0and g > 1. O

Corollary 3. Under assumptation Theorem 5 with A =0 and A = 1, we have

0 Kt o

{qai 1 (1 - 2qi+1>r <fl(a)|q ‘; |f’(b)|q>$ |

Proof. By using J2 f(a) + J® f(b) = (=1)*[J% f(b) + J f(a)] in Theorem 5
with A = 1, we obtain the inequality (2.11). O

(2.11)

Remark 4. If we take o =1 in Corollary 3, we have

b
fla) + f(b) 1
5 —b_a/f(x)da:

< b {qil (1 2q1+1)]i (If’(a)lqglf’(b)lq)é.
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