Du et al. Journal of Inequalities and Applications (2016) 2016:306 ® Journal of Inequalities and Applications

DOI 10.1186/513660-016-1251-5

a SpringerOpen Journal

RESEARCH Open Access

@ CrossMark

Properties and Riemann-Liouville
fractional Hermite-Hadamard inequalities for
the generalized (o, m)-preinvex functions

TingSong Du'", JiaGen Liao', LianZi Chen' and Muhammad Uzair Awan?

“Correspondence:
tingsongdu@ctgu.edu.cn
'Department of Mathematics,
College of Science, China Three
Gorges University, Yichang, 443002,
China

Full list of author information is
available at the end of the article

@ Springer

Abstract

The authors first introduce the concepts of generalized (o, m)-preinvex function,
generalized quasi m-preinvex function and explicitly (e, m)-preinvex function, and
then provide some interesting properties for the newly introduced functions. The
more important point is that we give a necessary and sufficient condition respecting
the relationship between the generalized (&, m)-preinvex function and the
generalized quasi m-preinvex function. Second, a new Riemann-Liouville fractional
integral identity involving twice differentiable function on m-invex is found. By using
this identity, we establish the right-sided new Hermite-Hadamard-type inequalities via
Riemann-Liouville fractional integrals for generalized (o, m)-preinvex mappings. These
inequalities can be viewed as generalization of several previously known results.
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1 Introduction
The following notation is used throughout this paper. We use [ to denote an interval on
the real line R = (00, 00). For any subset K € R”, K° is used to denote the interior of
K and R” is used to denote a generic n-dimensional vector space. The set of integrable
functions on the interval [, b] is denoted by L![a, b]. The non-negative real numbers and
the positive real numbers are denoted by R, = [0, 00) and R, = (0, 00), respectively.

Let f : I € R — R be a convex mapping defined on the interval I of real numbers and
a,b € I with a < b. The inequality

a+b 1 b fla) +f(b)
f( ) )Em[zf(x)dxff, (L1)

referred to as Hermite-Hadamard inequality, is one of the most famous results for con-
vex mappings. A number of papers have been written on this inequality providing new
proofs, noteworthy extensions, generalizations, refinements and new inequalities con-
nected with the Hermite-Hadamard inequality. The reader may refer to [1-9] and the
references therein.

We need, now, some necessary definitions and preliminary results as follows.
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Definition 1.1 ([10, 11]) A set S € R” is said to be invex set with respect to the mapping
n:Sx8— R"ifx+tn(y,x) € Sforeveryx,y € Sand t € [0,1]. The invex set S is also called

an n-connected set.

Notice that every convex set is invex with respect to the mapping 7(y,x) = y — x, but the

converse is not necessarily true. See [10], for example.

Definition 1.2 ([12]) A set K € R” is said to be m-invex with respect to the mapping
n:K x K x (0,1] — R” for some fixed m € (0,1], if mx + An(y,x,m) € K holds for each
x,y € K and any X € [0,1].

The Definition 1.2 essentially says that there is a path for some fixed m € (0,1], starting
from mx, which is contained in K. We do not require that y should be one of the end points
of the path. However, if we demand that y should be an end point of the path for every pair
x,7, then n(y,x, m) = y — mx with m = 1, reducing to convexity.

It is noticed that every convex set is m-invex with respect to the mapping n(y,x, m) =
y — mx with m = 1, but the converse is not necessarily true. See [12], for example.

Definition 1.3 ([13]) The function f: [0,b] — R, b > 0, is said to be («, m)-convex where
(a, m) € (0,1] x (0,1], if we have

Sftx+m(1—1t)y) < *f (x) + m(1-t*)f (y) (1.2)
forallx,y € [0,b] and £ € [0, 1].

Definition 1.4 ([11]) The function f defined on the invex set K € R” is said to be preinvex
with respect to 7 if for every x,y € K and ¢ € [0,1], we have

flx+m@,x) <Q-0f(®) +tf (). 1.3)
The function f is said to be preconcave if and only if —f is preinvex.

The concept of preinvexity is more general than convexity since every convex function is
preinvex with respect to the mapping n(y, x) = y — x. Further, there exist preinvex mappings
which are not convex.

Theorem 1.1 ([14]) Letf: K = [a,a + n(b,a)] — (0,00) be a preinvex function on the in-
terval of the real numbers K° and a, b € K° with n(b,a) > 0. Then the following inequality
holds:

2a +1(b,a) 1 a+nlba) fa)+£(b)
f( 5 ) < n(b’d)/ﬂ flx)dx < — (1.4)

The inequality (1.4) is usually termed the Hermite-Hadamard-Noor-type inequality
for preinvex mappings. This result is analogous to the original Hermite-Hadamard in-
equalities. If n(b,a) = b — a, then the inequality (1.4) reduces to the remarkable Hermite-
Hadamard’s inequality (1.1).
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For recent results on some new generalizations, refinements of integral inequalities in-
volved with the preinvex functions, one can see [12, 15-18] and the references therein.
In [19], Latif and Shoaib raised the so-called («, m)-preinvex function below.

Definition 1.5 ([19]) The function f on the invex set K C [0,b*], b* > 0, is said to be
(o, m)-preinvex with respect to n if

fx+myx) < (1—t“)f(x)+mt“f<:q). (1.5)

holds forallx,y € K, ¢ € [0,1] and («, m) € (0,1] x (0,1]. The function f is said to be (¢, m1)-
preincave if and only if —f is («, m)-preinvex.

We also need the following fractional calculus background.

Definition 1.6 ([20]) Let f € L![a,b]. The left-sided and right-sided Riemann-Liouville
fractional integrals of order « > 0 with a > 0 are defined by

" fx) = ﬁ /ﬂx(x -0)* () dt, a<x,

and

b
Jp-f (%) = ﬁ f (t—x)*"f()dt, x<b,

respectively, where I'(-) is Gamma function and its definition is I'(«) = fooo ey ldu. It
is to be noted that ]2+f(x) = ]g_f(x) = f(x).

In the case @ =1, the Riemann-Liouville fractional integral becomes the classical inte-
gral.

In [21], Sarikaya et al. established the following interesting inequalities of Hermite-
Hadamard-type involving Riemann-Liouville fractional integrals.

Theorem 1.2 Let f : [a,b] — R be a positive function with 0 < a < b and f € L'[a,b]. If f
is a convex function on [a, b, then the following inequalities for fractional integrals hold:

b Cle+1) a (a) +f(b)
with a > 0.

Observe that, for « = 1, the inequalities (1.6) becomes the original Hermite-Hadamard
inequality (1.1).

For some recent results associated with the fractional integral inequalities, one can con-
sult [22-32].

Inavery recently published paper [33] by Hussain and Qaisar, they found some Hermite-
Hadamard integral inequalities for mapping whose absolute values of derivatives are
(o, m)-preinvex, and in the article [34] by Qaisar et al.,, they also obtained Riemann-
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Liouville fractional Hadamard-type integral inequalities for mappings whose absolute
value of first derivatives are preinvex.

Motivated by this idea and based on our previous work [2, 12,17, 35, 36], in the present
paper, the next section we are going to introduce new concepts, to be referred as the gen-
eralized (o, m)-preinvex function, the generalized quasi m-preinvex function and the ex-
plicitly («, m)-preinvex function, respectively, and then we derive some interesting prop-
erties for the newly introduced functions. In this section, the more important point is
that we give a necessary and sufficient condition with respect to the relationship be-
tween the generalized (o, m)-preinvex function and the generalized quasi m-preinvex
function. In Section 3, we will discover a Riemann-Liouville fractional integral identity
involving twice differentiable preinvex functions. By using this identity, we explore the
right-sided new Hermite-Hadamard-type inequalities for mappings whose absolute value
of second derivatives are generalized (o, m)-preinvex via Riemann-Liouville fractional in-

tegrals. These inequalities can be viewed as generalization of the results of [37, 38].

2 New definitions and properties
As one can see, the definitions of the preinvex, («, m)-convex, and («, m)-preinvex map-
pings have similar configurations. This observation leads us to generalize these varieties
of convexity.

We next give new definitions, to be referred to as the generalized («, m)-preinvex func-
tion, the generalized quasi m-preinvex function and the explicitly («, m)-preinvex func-
tion, respectively.

Definition 2.1 Let K € R” be an open m-invex set with respectton: K x K x (0,1] — R".
(i) Forf:K — R and some fixed o, m € (0,1], if

f(mx+kn(y,x,m)) 5m(1—k“)f(x)+)»°‘f(y) (2.1)

is valid for all x,y € K, A € [0,1], then we say that f(x) is a generalized
(o, m)-preinvex function with respect to 7.
(ii) Forf:K — R and some fixed m € (0,1], if

S (max + An(y,x,m)) < max{f(x),f ()} (2.2)

is valid for all x,y € K, A € [0,1], then we say that f(x) is a generalized quasi
m-preinvex function with respect to 7.

The function f(x) is said to be strictly generalized (o, m)-preinvex function on K with
respect to 7, if a strict inequality holds on (2.1) for any x,y € K and x # y.

Remark 2.1 In Definition 2.1, it is worthwhile to note that generalized (o, m)-preinvex
function is an («, m)-convex function on K with respect to n(y,x, m) = y — mx.

Definition 2.2 Let K C R” be an open m-invex set with respectton : K x K x (0,1] — R".
For f: K — R and some fixed o, m € (0,1], if VA € (0,1), Vx,y € K and f(x) #f(y), we have

S (max + An(y,x,m)) < m(1-2)f (x) + X%f (9), (2.3)

then we say that f(x) is an explicitly («, m)-preinvex function with respect to .



Du et al. Journal of Inequalities and Applications (2016) 2016:306 Page 5 of 24

Example 2.1 Let f(x) =sinx, & = 1, and let

siny—m sinx

X, 1) = mcosx
10y ) {0, y<x.

Y =X

Then f(x) is a generalized (1, %)-preinvex function with respectto n: R x R x (0,1] — R.
However, it is obvious that f(x) = sinx is not a convex function on R. By letting x > y =

A= %, we have

e ) =1+ o)) s 1)

and
1 . 1
m(1=2%)f(x) + A*f (y) = 2 Sinx+ o

Thus, there must exist an xq > y = 7 such that f(xo) #f(y) = f(3) =1 and

2

. (1 1. 1

S| —Xop ) = —SIlnxg + —.
2 4 2

Hence, f is not also an explicitly (o, 7)-preinvex function on R with respect to n foro =1

and m = %

The so-called ‘generalized (¢, m)-logarithmically preinvexity, may be introduced as fol-

lows.

Definition 2.3 Let K € R”,be an open m-invex set with respectton : K x K x (0,1] — R”.
For f : K — R, and some fixed o, m € (0,1], if VA € (0,1), Vx,y € K, we have

S (mx + xn(y,x,m)) < [f(x)]m(l_xa) [f(y)]ka, (2.4)

then we say that f(x) is a generalized («, m1)-logarithmically preinvex function with respect

to n.

Based on the above Definition 2.1 and Definition 2.2, we investigate, now, some interest-
ing properties of the generalized (o, m)-preinvex function, generalized quasi m-preinvex
function and explicitly («, m)-preinvex function. The first observation is given as follows.

Proposition 2.1 Iff: K CR” — Ry is a generalized (o, m)-preinvex function on m-invex
set K with respect to n, then f is also a generalized quasi m-preinvex function on m-invex

set K with respect to n.

Proof Since f is a non-negative generalized («,)-preinvex function, we assume that
fx) <f(y), Vx,y € K, for every A € [0,1], we have

f(mx + A0y, x,m)) < m(1-2%)f (x) + Af(y) < [m(l S SE: A“]f(y) <f().
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In the same way, let f(y) <f(x), Vx,y € K, we can also get

f(mx + An(y,x,m)) <f).

Consequently,

S (mx + An(y,x,m)) < max{f(x),f()}.

That is, f is a generalized quasi m-preinvex function on m-invex set K with respect to 7,
the required result. d

The proofs of Propositions 2.2 and 2.3 are all easy to verify.

Proposition 2.2 Iff;: K CR" — R (i=1,2,...,n) are generalized (o, m)-preinvex (explic-
itly (o, m)-preinvex) functions on m-invex set K with respect to the samen : K x K x (0,1] —
R for same fixed o, m € (0,1], then the function

n
f=> afai=0 (i=12...,n)
i=1

is also a generalized (o, m)-preinvex (explicitly (o, m)-preinvex) functions on m-invex set
K with respect to the same 1 for fixed o, m € (0,1].

Proposition 2.3 Iff;: K CR" — R (i=1,2,...,n) are generalized (o, m)-preinvex (explic-
itly (o, m)-preinvex) functions on m-invex set K with respect to the samen : K x K x (0,1] —
R for same fixed o, m € (0,1], then the function

f=max{f,i=1,2,...,n}

is also a generalized (o, m)-preinvex (an explicitly (o, m)-preinvex) function on m-invex set
K with respect to the same ) for fixed o, m € (0,1].

In Proposition 2.4 we prove that the combination of a generalized («, m)-preinvex func-
tion with a sublinear and nondecreasing function is a generalized (o, m)-preinvex func-

tion.

Proposition2.4 Let K be a nonempty m-invex set in R” with respectton : K x K x (0,1] —
R”, f: K — R be a generalized (o, m)-preinvex function with respect to n for some fixed
a,me (0,1],andletg: W — R (W C R) be a sublinear and nondecreasing function, where
rang(f) € W. Then the composite function g(f) is a generalized (a, m)-preinvex function
with respect to n on K for fixed o, m € (0,1].

Proof Since f is a generalized («, m)-preinvex function, for all x,y € K, we have
f(mx +An(y,x,m)) <m(l- k“)f(x) + A% (y)

holds for any 2 € [0,1]. Notice that g is a sublinear and nondecreasing function, it yields

g(f (mx + Any2,m)) < g(m(1-22)f () + 22F ) < m(1 - 1)g(Fx)) + 2%¢(F0)),
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from which it follows that g(f) is a generalized («, m1)-preinvex function with respect to
on K for some fixed o, m € (0,1]. O

Proposition 2.5 Let K be a nonempty m-invex set in R" with respectton : K x K x (0,1] —
R”, andf,g: K — R be generalized («, m)-preinvex functions with respect to the same 1 for
some fixed o, m € (0,1]. Then their product fg is also a generalized (o, m)-preinvex function
provided that f and g are similarly ordered functions with fg > 0.

Proof Since f and g are two similarly ordered generalized («, m)-preinvex functions, we
have

f(mx+ an(y,2,m))g (mx + An(y,2,m))

< [m(1=2)f@) + 22f )] [m(1 - 2*)g() + 2"g()]
[m(1=2) £ @)g) + (22)F0)g0) + m(1- 1) A [f@)g) +f(»g)]
[m(1=2)*f @)g () + () F0)g) + m(1 - 1) 2 [f(@)g(x) + £ 2)g)]
m(1=24)[m(1=2) + 27 (R)ge) + 2% [m(1 - 1%) + 22 ]f (¢)g )
m(1-27)f (®)g(®) + 2% (),

A 1

IA

where we used the required condition fg > 0. This shows that the product of two gener-

alized (o, m)-preinvex functions is also a generalized (o, m)-preinvex function. (|

Proposition 2.6 Ifg;: R" — R (i = 1,2,...,n) are generalized (o, m)-preinvex functions
with respect to the same n for same fixed o,m € (0,1], then the set M = {x € R" : gi(x) <
0,i=1,2,...,n} is an m-invex set.

Proof Since g;(x) (i =1,2,...,n) are generalized (o, m)-preinvex functions, for all x,y € R”,

we have

g,»(mx + An(y,x,m)) < m(l - k“)gi(y) +A%(x), i=1,2,...,n,

holds for any X € [0,1]. When x,y € M, we know g;(x) < 0 and g;(y) < 0. From the above
inequality, it yields

g,»(mx + kn(y,x,m)) <0, i=12,...,n
That is, mx + An(y,x, m) € M. Hence, M is an m-invex set. O

Proposition 2.7 Letf: Ry — Ry is a generalized (o, m)-preinvex function with respect to
n:Ro xR x(0,1] — Ry for some fixed o, m € (0,1]. Assume that f is monotone decreasing,
n is monotone increasing regarding m for fixed x,y € Ro, and my < my (my, my € (0,1]). Iff
is a generalized (o, my)-preinvex function on Ry with respect to n, then f is also a generalized
(o0, my)-preinvex function on Ry with respect to 1.

Proof Since f is a generalized («, m1;)-preinvex function, for all x,y € Ry, we have

f(mlx +An(y,x, ml)) <m (1 - )\a)f(x) +A%f (y).
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Combining the monotone decreasing of the function f with the monotone increasing of
the mapping n regarding m for fixed x,y € Ry, and my < my, it follows that

f(mzx +An(y, x, mz)) §f(m1x +An(y,x, ml))

and

my (1= 20)f (x) + A%f (y) < ma(1 =A%) f () + A°F ().

Following the above two inequalities, we have

S (max + An(y,x,m3)) < may(1-A%)f (%) + 2°f (y).

Hence, f is also a generalized («, m;)-preinvex function on R, with respect to » for fixed
a € (0,1], which ends the proof. d

Proposition 2.8 Let K be a nonempty m-invex set in R” with respectton : K x K x (0,1] —
R”, and f;: K — R (i e [ ={1,2,...,n}) be a family of real-valued fucntions which are ex-
plicitly (o, m)-preinvex functions with respect to the same n for same fixed o, m € (0,1] and
bounded from above on K. Then the function f(x) = sup{fi(x),i € I} is also an explicitly

(o0, m)-preinvex function on K with respect to the same n for fixed o, m € (0,1].

Proof Since each fi(x) (i € I) is an explicitly (o, m)-preinvex function with respect to the

same 7 for same fixed o, m € (0,1], we have for each i € I
Si(max + an(y,x,m)) < m(1-2%)fi(x) + A°fi(»),  Vx,y € K, 1 €(0,1).
Therefore, for each i € I,

Silmx + An(y,x,m)) <m(l- A“) supfi(x) + A% supfi(y), Vx,y€ K, A €(0,1).

iel iel

Taking the sup of the left-hand side of the above inequality, we obtain

supﬁ(mx +An(y, %, m)) < m(l - )J") supfi(x) + A% supfi(y), Vx,y€ K, A €(0,1).
iel iel iel

That is, f(x) = sup{fi(x), i € I} is also an explicitly («, m)-preinvex function on K with re-

spect to the same 7 for fixed o, m € (0,1]. O

Proposition 2.9 below reveals that a local minimum of an explicitly («, #1)-preinvex func-

tion on an m-invex set is a global one under some conditions.

Proposition2.9 Let K be a nonempty m-invex set in R” with respectton : K x K x (0,1] —
R”, andf : K — Rg be an explicitly (o, m)-preinvex function with respect to n for some fixed
a,m € (0,1]. If x € K is a local minimum to the problem of minimizing f (x) subject to x € K,
then x is a global one.
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Proof Suppose that x € K is a local minimum to the problem of minimizing f(x) subject
to x € K. Then there is an e-neighborhood N, (x) around X such that

f®) <f(x), VxeKNN(). (2.5)
If X is not global minimum of f(x) on K, then there exists an x* € K such that
f (x*) <f(x).

By the explicit (o, m)-preinvexity of f (x) and the fact that m(1-1%) + A% <1, we can deduce
that

f(ma'c + M)(x*,a'c, m)) < m(l - )J")f(a'c) + A"‘f(x*) < [m(l - A"‘) + k"‘]f(a'c) <f(x)
for all 0 < A < 1. For a sufficiently small X > 0, it follows that
mx + An(x*,%,m) € K NN, (%),
which is a contradiction to (2.5). This completes the proof. O

By Proposition 2.9, we can conclude that explicitly («, 7)-preinvex functions constitute
an important class of generalized convex functions in mathematical programming. The
function in Example 2.1 is not an explicitly (c, #)-preinvex function with respect to n
based on Proposition 2.9.

For investigating the relationship between the generalized («, m)-preinvex function and
the generalized quasi m-preinvex function, we will present the extended Condition C and
Lemma 2.1.

Let us recall the Condition C introduced by Mohan and Neogy [39] as follows.

Condition C: Let 7 : R” x R” — R”, we say that the mapping 7 satisfies the condition C
if for any x,y € R”,

(C1) nlx,x+ An(y,x) = =An(y,x),
(C2) n(x +An(y,%) = 1 -21)n(y,x),

for all A € [0,1], hold.

Similarly, we present here the so-called ‘extended Condition C’

Extended Condition C: Let 1 : R” x R” x (0,1] — R”, we say that the mapping 7 satisfies
the extended condition C if for any x,y € R”,

(C1) n(x, mx + xn(y,x, m),m) = —An(y,x, m),
(Ca) U(Y,mx+}\fl(%x,m);m) = (1_)\)77(%95, m),
(C3) 77(%%, Wl) = —U(x»y» Wl),

for all A € [0,1] and fixed m € (0,1], hold.

Lemma 2.1 Let K € R” be a nonempty m-invex set with respect to the mapping n : R" x
R” x (0,1] — R” and n satisfies the extended Condition C. If f : K — Ry satisfies f (mx +
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n,x,m)) <f(),V¥x,y € K, and there exists a t € (0,1) such that
Sf(mx+tn(y,x,m)) <m(1-t*)f(x) + £°f(9), Vx,y€K, (2.6)

then the set A = {A € [0,1]|f(mx + An(y,x, m)) < m(l — A¥)f(x) + A*f(y),Vx,y € K} is dense
in [0,1].

The proof of Lemma 2.1 is much akin to that of given method for Lemma 3.2 in [40],
p-232. The details are left to the interested reader. The next theorem shows the relationship
between the generalized (o, m)-preinvex function and the generalized quasi m-preinvex

function.

Theorem 2.1 Let K be a nonempty m-invex set in Ry with respect to n: R x R x (0,1] —
R, where n satisfies the extended Condition C. Then the real-value decrease function f :
K — Ry is a generalized (o, m)-preinvex function if and only if it is a generalized quasi
m-preinvex function on K and there exists a t € (0,1) such that

Sf(mx+tn(y,x,m)) <m(1—t*)f(x) + £°f (), Vx,y€K. (2.7)
Proof The necessity is proofed by Proposition 2.1. We only need prove the sufficiency.
For every x,y € K, let z; = mx + An(y,x,m), A € [0,1]. Two different situations where

mf (x) = f(y) or mf (x) #f(y) will be considered as follows, respectively.
(I) mf (x) = f(y). We need to prove that

f(max+ any,2,m)) <m(1-29)f(x) +2°f(y), Vre[0,1].

By contradiction, assume that there exists 8 € (0,1] such that

flzp) :f(mx + ﬁn(y,x,m)) > m(l - ﬁ"‘)f(x) + B%f(y) = mf (x) =f (y). (2.8)
(i) Suppose that 0 <y < B <1.Let u = tf_;;’ From the extended Condition C, we have

zg =z, + yn(y, 2y, m).

From (2.7) and (2.8) and the decrease of f on K, we deduce that

f(zg) =f (2 + Y1y, 2, m))
<f(mz, + yn(y,zu,m))
<m(1-y*)f(z.) + y*f(y)
<mf(z,,)
<f(z0). 2.9)

To prove the third inequality above, we used the fact that f(y) < mf(z,). Otherwise, this

breeds a contradiction to (2.8). On the other hand, let § = 5’7“ and from the extended



Du et al. Journal of Inequalities and Applications (2016) 2016:306 Page 11 of 24

Condition C, we get
zy =z + 6n(x, 2z, m).

Consequently, from the decrease of f on K and the generalized quasi m-preinvexity of f,

we derive that

flzu) :f(zﬂ + Sr)(x,z,g,m)) ff(mzﬂ + Sr)(x,z,g,m)) < max{f(zﬁ),f(x)}. (2.10)

(a) If f(x) < f(zp), from the inequality (2.10), we have f(z,) < f(zg), which contradicts
the inequality (2.9).

(b) If f(x) > f(zg), from the inequality (2.10), we have f(z,,) < f(x), which contradicts the

fact that f(x) < f(z,.).
(ii) Assumethat 0 < B <y <1.Letu = g > B. From the extended Condition C, we obtain

zg = mx + yn(z,,x, m). (2.11)
From (2.7) and (2.11) as well as (2.8), we deduce that

flzp) :f(mx + yn(zu,x,m)) < m(l - y“)f(x) +Y%f(z,) < flzy). (2.12)
Let$ = ‘1‘%5, by the extended Condition C, we have

zy =zg + 6n(y, zg, m). (2.13)
In the same way, from (2.7) and (2.13) as well as (2.8), we get

fleu) =f(zp + 800,25, m))
< f(mzp + 603,25, m))
<m(1-y®)f(zp) + y°f ()
<flzp).

which contradicts the inequality (2.12).
(II) mf (x) #f(»). In this case, we also need to prove that

S (mx + An(y,x,m)) <m(1-21%)f(x) + (), VA e[0,1].

By contradiction, assume that there exists 8 € (0,1) such that

f(zp) =f (mx + Bn(y,x,m)) > m(1 - B*)f (%) + BF(y). (2.14)

From Lemma 2.1, we know that, for A, defined in Lemma 2.1,

S (mx + an(y,x,m)) <m(1-21%)f(x) + 12 (), VA€A.
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(1) Assume that mf(x) > f(y). Then from (2.14) and the density of A, there exists u € A
with i < 8 such that

f(z) = f (max + pn(y,x, m))
< m(1-p*)f () +uf ()
<f(mx + Bn(y,x,m))
=f(zp). (2.15)

Let s = f;:}’f . Clearly 0 < § <1 and from the extended Condition C, we have

zg =2, + 6n(y, 2y, m).

(a) If f(y) < f(z,), from the decrease generalized quasi-m-preinvexity of f, we obtain

f(zp) =f (2 + 51y, 2, m))
< (2 + 603,20 m)
< max{f(z,),f ()}
<f(z),

which contradicts the inequality (2.15).
(b) If f(y) > f(z,), similarly, by the decrease generalized quasi-m-preinvexity of f and
mf (x) > f(y) we obtain

f(zp) =1 (2 + 50y, 2, m))
<f(mz, +80(y,2,,m))
< max{f(z.).f ()}
=f
<m(L=B*)f(x) + B°f(y)
<f(zp),

which is a contradiction.
(2) Assume that mf (x) < f(y). Then from (2.14) and the density of A, there exists u € A

with u > 8 such that

f(z) = f (mx + un(y,x,m))
< m(L-pu)f () + uf ()
<f(max + B(y,x,m))
=f(zp). (2.16)

Let$§ = ﬁ Obviously 0 < § < 1 and from the extended Condition C, we have

zpg = mx + 61(z,, %, m). (2.17)
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(a) If mf (x) <f(z,), from (2.7) and (2.17), we obtain

flzp) :f(mx + 612, %, m)) < m(l - 8"‘)f(x) + 8% (z,) < flzp),

which contradicts the inequality (2.16).
(b) If mf (x) > f(z,,), in the same way, and utilizing mf (x) < f(y), we obtain

f(zp) = f (mx + 5n(z,,, %, m))
<m(1-8")f(x) + 8°f(z,)
= mf(x)
<m(1=B%)f(x) + B (y)
<f(zp),

which is a contradiction. This completes the proof.

Page 13 of 24

d

The result established by Theorem 2.1 shows that under certain conditions the gener-

alized (o, m)-preinvexity is equivalent to the generalized quasi-m-preinvexity when there

exists a point to satisfy generalized («, m)-preinvexity. The extended Condition C seems

to be an indispensable hypothesis.

3 Riemann-Liouville fractional Hermite-Hadamard inequalities

Let f : K — R be a differentiable function, throughout this section we will take

F(ma) +foma + (b, a, m))
2

o +1)
- 2n%(b, a,m)[

Ry(ot;n,m, a,b) :=

]ztﬂ*f(nul + n(b’ a, I’}’l)) +]gna+n(b,a,m))-f(7nﬂ)]»

where K C R be an open m-invex subset with respect to : K x K x (0,1] — R for some

fixed m € (0,1], a,b € K with a < b, « > 0 and T is the Euler Gamma function.

We prove the following lemma to obtain our new results in this section.

Lemma 3.1 Let K C R be an open m-invex subset with respect to n: K x K x (0,1] - R
for some fixed m € (0,1] and let a,b € K, a < b with n(b,a,m) > 0. Assume that f : K — R
is a twice differentiable function, f" is integrable on [ma, ma + n(b,a,m)], then the fol-

lowing identity for the Riemann-Louville fractional integral with o > 0 and x € [ma, ma +

n(b, a, m)] holds:

Ry(o;n,m,a,b) =

n2(b’ ol,m) /1 1- toz+1 _ (1 _ t)a+1
2 0 o+1

Proof Set

I nz(b,a,m) /l l_ta+1 _(1_t)ot+l
= ) ;

1 " (ma + tn(b,a, m)) de.

" (ma +tn(b,a, m)) dt.

(3.1)
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Since a,b € K and K is an m-invex subset with respect to 7, for every ¢ € [0,1] and some
fixed m € (0,1], we have ma + tn(b,a, m) € K. Integrating by part yields

1
I

~ 7)2(1’),(1, m) |:1 _toz+1 _ (1 _ t)oz+1

5 f/(ma +tn(b,a, m))

(a + 1)n(b,a,m) 0

_/1 (e + Dt + (1 - +1)
0

(e + (b, a,m) f'(ma + tn(b,a,m)) dt]

) n*(b,a, m) |:f(ma +1(b,a, m)) N f(ma)

2 n2(b,a, m) n2(b,a, m)
Lot 4 (1 - )@t
_ /(; 2 b.am) f (ma + tn(b,a, m)) dt]
_ f(ma) + f(ma + n(b,a, m))
- 2

o

) [/Ol(tal + (1= 0)*)f (ma + tn(b,a, m)) dti|'

Let u = ma +tn(b,a, m), then du = n(b, a, m) d¢, and using the reduction formula I' (@ + 1) =
al'(a) (o > 0) for Euler Gamma function, we have

o IMa+1)

1
el a-1 — o
5 |:‘/0 t f(ma +tn(b, a,m)) dt:| 72#1([),“’m)](mam(b,u’m))ff(ma)

and similarly we get

1 . .
% [fo 1 -0 f (ma + tn(b,a,m)) dt] = %Iﬁwﬂma + (b, a, m).
Thus, we have conclusion (3.1). O

Remark 3.1 If n(b,a, m) = b — ma with m =1 in Lemma 3.1, then the identity (3.1) reduces
to the following identity:

fla)+f(b) T(x+1)

STl LA Ry SIC)
@ _2 a)? /01 1- ta+1a_+(11 - t)wf” (th+ (1 - t)a) dt. 3.2)
By using J§.f (@) + J&f () = (~1)*[%f (b) + J-f(a)] and exchanging a with b in (3.2), it
follows that
= C0)
@ _2 a)? /01 1- ta+1a_+(11 - t)a”lf”(tﬂ + (- 0b)de, (3.3)

which is proved by Wang et al. [30]. Based on this identity, they established some inter-
esting Riemann-Liouville fractional integrals for m-convex and (s, #1)-convex mappings,

respectively.
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If we choose o = 1 in (3.3), it follows that

fla) +f(b / f)d (b a)z / t1-t)f"(ta+ (1 -1)b)dt,

0

which is used by Odemir, Avci and Set in [6] to establish many interesting Hermite-
Hadamard-type inequalities for m-convexity.

With the help of Lemma 3.1, new upper bound for the right-hand side of (1.6) for gener-
alized (o, m)-preinvex functions via the Riemann-Liouville fractional integral is presented
in the following theorem.

Theorem 3.1 Let A C R be an open m-invex subset with respect ton: A x A x (0,1] - R
for some fixed m € (0,1] and let a,b € A, a < b with n(b,a,m) > 0. Assume that f : A — R
is a twice differentiable function, |f"| is a generalized (o, m)-preinvex function on A for
some fixed a,m € (0,1] and x € [ma, ma + n(b,a, m)), then the following inequality for the
Riemann-Louville fractional integral with 0 < a <1 holds:

|R(ct;1,m,a,b)|
n*(b,a, m) 202+ —2 .
2w +1) [’”((a +2)2a+2) +’6(°‘+1’“+2))V (@
1 !
+<2a+2—ﬁ(a+1,a+2))[f (b)]}. (3.4)

Proof Since ma + tn(b,a, m) € A for each t € [0,1], by using the properties of modulus on

Lemma 3.1, we can obtain

_ ta+1 _ (1 _ t)a+1
a+1

|Rf(0l; n,m,a, b)| < [f"(ma +tn(b,a, m)) | de.

Using the generalized (o, m)-preinvexity of |[f”| on A, we have

[

=

1-— tot+1 _ (1 _ t)ot+1
a+1

1
/ (1= =@ =) (m(1 =) |[f"(@)| + e |f"(®)]) de

a+1J

: 207 +a -2 1
- a+1[m<(a+2)(2a+2) +’3(a+1’“+2))[f (a)|

1 1!
+ <2a+2 —,3(a+1,a+2))[f (b)|:|.

To prove the second inequality above, we used the facts that

[f”(ma +tn(b,a, m))| de

/1(1 Ot+1 (1 t)ot+l © oy t20¢+1) dr = 20° + o =2
0 (¢ +2)2a +2)

! 20+1 1
o 2o+ —
/0 (-2 de 200 +2
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and
1
/ 1-0)tde = Bla+ Lo +2),
0

where the Beta function,

1
/3(96,)/):/ £ 1 -ePtd, Vx>0,
0

which completes the proof. d
By means of elementary calculation, it is easy to deduce the following results.

Corollary 3.1 With the same assumptions given in Theorem 3.1, if n(b,a, m) = b — ma, we
obtain

f(ma) +f(b) Ma+1) [, o
’ 22— may e/ OIS (m“)]‘

(b — ma)* 202 + o -2 .
= ua+n[m<m+m@a+m+ﬂW+L“+”>V(m’

f(a) +f(b) 1 b (b-a)T|f"@)+ ")
l 2 _b—a/af(x)dx‘f 12[ 2 ]

This is one of the inequalities given in [38], Theorem 2.

1 /!
+ <2oc+2 —ﬁ(oz+1,oz+2)>[f (b)

specially for « = m =1, we get

Corollary 3.2 In Theorem 3.1, if the mapping (b, a, m) with m = 1 degenerates into n(b, a)
and we choose a = 1, then (3.4) becomes

f(a) +f(a+n(b,a)) 1 a+n(ba)
2 " (b, a) /ﬂ Sf(x)dx

which is the same as the inequality established in [37], Theorem 4.1.

2(b’ ) 1/ 1/
<1 24“ [IF"@] +|f"®)|],

Theorem 3.2 Let fbe defined as in Theorem 3.1, If the function |f"|? for q > 1 is a general-
ized (o, m)-preinvex function on A for some fixed o, m € (0,1] and x € [ma, ma +n(b,a, m)],
then the following inequality for the Riemann-Louville fractional integral with 0 <o <1

holds:
|Rf(ot;n,m,a,b)|
n*(b,a, m) qo+a+1 2 -
< 2@+ { [(a+1)(q+1)—q(a+1)+1+ﬁ(a+1,q(a+1)+1)}[f(a)|

+ [# Bl +1,q(a +1) +1)] [f”(b)|q}q.

(@+1)(g+1) (3:5)
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Proof Since ma + tn(b,a, m) € A for every t € [0,1], by using the properties of modulus on

Lemma 3.1 and making use of Holder’s integral inequality for g > 1, we can obtain

|R(ct;1,m,a,b)|

2 1
_n (b,a,m)/
< 5 \
1

2(b’ 4 ) ! 1_‘1? ! a+ a+ 1 a
5%(/0 1dt> [/0 (1- = - (1= ) 7f (ma+tn(b,a,m))|th]

1-— tou—l _ (1 _ t)at+l
a+1l

" (ma + tn(b,a, m))| dt

Z(b, ! ) ' o+ o+ 1/ %
= %[/o (1_,;41( D _(1- ) 1))v (ma+tn(b,a,m))’th] .

To prove the third inequality above, we used the following inequality:

(1-t (1 - t)au)q < 1— @) _ (] _ pyaleD) (3.6)
for any ¢ € [0,1], which follows from

(A—B)T < A7 B
foranyA>B>0andg > 1. O

Using the generalized (o, m)-preinvexity of |[f”|7 on A, we have

1
/ (1= 16D _ (1~ D) | (g + (b, a,m)) | dt
0

1
< / (1 _ t(a+1)q _ (1 _ t)(oz+1)q) (Wl(l _ ta) lf//(a)ri + % lf//(b)|q) de
0

B ag+o+1 2
_m|:((x+1)(q+1) _q((x+1)+1

+B(a+1,q(a+1)+ 1):| If"(a)|”

' [% “PlarlalarD +1>]Lf~<b>rq-

Thus, we can get the desired result.

Direct computation yields the following corollary.

Corollary 3.3 With the same assumptions given in Theorem 3.2, if (b, a, m) = b — ma, we

obtain

f(ma) + f(b) M+l ., .
’ 2 "~ 2(b - ma)® []ma’ff(b) +]b—f(ma)]‘
(b — ma)? qo+a+1 2 o
< 2(e +1) { [(a+1)(q+1) T+l +/3(a+1,q(a+1)+1)]lf (@)

1
q
’

q Z q
+ [m —ﬂ(Ol+1,q(Ol+1)+1)i|lf (b)| }
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specially fora =m =1and |[f"| < K on [a, b], we get

f@+f) 1 * (b-a)® (2q-1\1
5 —b_a/af(x)dx'f 2 <2q+1> K

(b-a)?
4

=

K. (3.7)

For proving the second inequality of (3.7), we use the facts that

o [2g-1\7 1
lim ==
g—1* 2q+ 1 3

and

1
2g-1\1
lim (2= ) " -1
g~ \ 2g +1

Therefore, we have

1
1 [2g-1\1
| <1, qe(1,00). (3.8)
3 2g +1

A similar result is presented in the following theorem.

Theorem 3.3 Letfbedefined as in Theorem 3.1 with }9 + % =1,q > LIf|f"|? is a generalized
(o0, m)-preinvex function on A for some fixed o, m € (0,1] and x € [ma, ma +n(b, a, m)), then
the following inequality for the Riemann-Louville fractional integral with 0 <« <1 holds:

|Rf(a; n,m,a, b)|

ﬂz(b:ﬂ»m) P0l+p—l }9 mo o, q 1 " q %1
2(c +1) (Pa+p+1> (a+1lf(d)| +mv(b)|> : (39)

Proof Since ma + tn(b,a, m) € A for every t € [0,1], by using the properties of modulus on
Lemma 3.1 and Holder’s integral inequality for g > 1, we can obtain

|Rf(a; n,m,a, b)|

n2(b’ a, 1 1-— ta+1 _ (1 _ t)o[+1

oa+1

b //
SZ(T:Z_IWI(/ [1-¢4-(1- t‘“l|pdt) </ If ma+tn(ba,m))|th> .

Using the inequality (3.6) and the generalized (o, m)-preinvexity of |f”|7 on A, we have

[f”(ma +tn(b,a, m))! dt

|Rf(Ol; n,m,a, b)|

1

P bam) ([t ey @y a, )’
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1

x (/Ol(m@ — ) @) + |f" (1)) dt) !

2 1 1
_ n (b,ﬂ,m) pa +p— 1\» mo " P 1 . q 7
e+ <p0t+p+1 ari/ @ @l

Therefore, we can get the required results. O

Elementary calculation provides the following corollaries.

Corollary 3.4 With the same assumptions given in Theorem 3.3, if n(b,a, m) = b — ma, we
obtain

’f (ma) +f(b)  T(x+1)
2 " 2(b - ma)®

1
(b—l’}’l&l)z pa+p_1 P 1/ q 1/
= 2a+1) \pa+p+1 oz+1lf()| Lf(b)|
specially for a = m =1 and |f"| < K on [a, b], we get

fl@+f®) 1 [* (b-a) [2p-1\7
’ 2 _b—ﬂ/af(x)dx = 4 <2p+1) K

Corollary 3.5 In Theorem 3.3, if the mapping n(b, a, m) with m = 1 degenerates into n(b, a)

0 +1§f(ma)]‘

and we choose o = 1, then (3.9) becomes

a+n(b,a)
‘f(a) +f(a2+ n(ba) bla) / " ) d

2(p - —1\7 /1\4
Sy(ﬂ) (%) (V‘//(a)’q+V-//(b)|q)

2p+1

_Q=

reea (s ) (r @[+ [F @), (3.10)

where we also use the inequality (3.8) for p > 1 and }7 + % =1

It is noted that the result of the second inequality (3.10) is the same as the one presented
by Barani, Ghazanfari, and Dragomir in [37], Theorem 4.3. Clearly, the result of the first
inequality (3.10) is better than the inequality established by Barani et al. in [37], Theo-
rem 4.3.

A different approach leads to the following results.

Theorem 3.4 Suppose that all the assumptions of Theorem 3.2 are satisfied. Then the
following inequality for the Riemann-Louville fractional integral with 0 < o« <1 holds:

|Rf(Ol; n,m,a, b)|

1

nb,a,m) (o« \7a 202+ -2 v g
= 2(a +1) <a+2> [m((a+2)(2a+2)+,3(oz+1,oz+2)>[f(a)|
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1 " q ‘li
- <2a+2 —ﬁ(a+1,a+2)>[f )| } . (3.11)

Proof Since ma + tn(b,a,m) € A for every t € [0,1], by utilizing the properties of modulus
on Lemma 3.1 and using Holder’s integral inequality for g > 1, we can obtain

|R¢(et; n, m, a,b)|
2 1 o+l o+l
Plam (-t
B 2 ./0 a+1 Lf (m“+t’7(b,d,m))|dt
2 1 1
M o+l a+l q
= 2(a +1) |:/0 (l_t -(1-1) )dt

q

1
X |:/ Q- = - 0)* N |f" (ma + tn(b,a,m))|" dti|
0

1-1
:%( o ) ‘1|:/0'1(1_ta+1_(1_t)a+1)b¢'//(ma+tn(b,a’m))|thi|q.

o+2

Using the generalized (o, m)-preinvexity of |f”|7 on A, we have
1
/ (11—t — @ = 0)*)|f" (ma + tn(b,a,m))|" dt
0
1
< / (1 _ ta+l _ (1 _ t)a+1)(m(1 _ ta) Lf//(ﬂ)‘q + 1 V-//(b)|"I) dt
0

202 +o -2 g
:m(i(a+2)(2a+2) +,B(oc+1,oz+2)>[f (a)|

1 7 q
+ <2a+2 —,B(a+1,a+2))v (b)| .

Thus, we get the desired inequality (3.11). d
Simple calculation yields the following results.

Corollary 3.6 With the same assumptions given in Theorem 3.4, if n(b,a, m) = b — ma, we
obtain

foma)+f(b)  T(a+1) ., )
‘ 2 - 2([9 — Wla)“ []matf(b) +]b-f(ma)]‘

(b-ma)? [ « -5 20+ -2 e 14
< —2(a+1) (a+2) |:m<7(a+2)(2a+2) +ﬂ(a+1,a+2)>v (a)|

L
q
)

1 1" q
+ <2a+2 —ﬁ(a+1,a+2))[f 2] :|

specially fora =m =1and |f’| < K on [a, b], we get

b
‘f @ ;f ® ; i y / f) dx' L@ Iza)zK. (B.12)

It is worthwhile to note that the inequality in (3.12) is better than the inequality in (3.7).
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Corollary 3.7 In Theorem 3.4, if the mapping n(b, a, m) with m = 1 degenerates into n(b, a)

and we choose a = 1, then (3.11) becomes

a+n(b,a)
‘f(a)+f(a2+n(b,a))_ bl )/ "y de

1
3 1
n (b’ 61) 17 1" q 1" q 1
which is the inequality established by Barani et al. in [37], Theorem 4.3.

Finally we shall prove the following result.

Theorem 3.5 Suppose that all the assumptions of Theorem 3.3 are satisfied. Then the fol-
lowing inequality for the Riemann-Louville fractional integral with 0 < o <1 holds:

|Rf(a; n,m,a, b)|

_no
= e
ap+oa+1 2 ) Dl o

X{m (¢ +1)(p+1) p(oz+1)+1+ﬂ(0“r pla+1) + )i|lf(ﬂ)|

q-1
yam) [ (g-pa-p+1 q
+1) L(g-pla+2q-p-1

1

+ [m—ﬁ(a+1,p(a+1)+1)]V"(b)|q} . (3.13)

Proof Since ma + tn(b,a, m) € A for every t € [0,1], by using the properties of modulus on

Lemma 3.1 and Holder’s integral inequality for g > 1, we can obtain

|Rf((:(; n,m,a, b)|

2 1
_n (b,a,m) /
< 9 |

2 1
n*(b,a, m) / 9P (gr41) 9P (41
- - 1 — -1 —_ 1 —_ l
= 2(x +1) [ 0( & -9 )dt

1-— ta+1 _ (1 _ t)a+1
a+1

[f"(ma +tn(b,a, m))| det

q_-l

Q=

XUI(I 21— (1 ) lf”(m“””(b’“’m))}th]
0

q-1

_nz(b,a,m)[ (g-pa-p+1 ]q
© 2(a+]l) [(g-pa+2g-p-1

X |:/1(1 el o1 - )“+l)p[f”(ma + tn(b, a,m))‘th:| , (3.14)
0

where we used the inequality (3.6) and the fact that

1 p— p—
/ (1 _ tg—’f (cr+1) (1 t)q 1(a+1 ) dt = (q P)Ot p+1 .
0 (@-pla+2q-p-1
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Utilizing the inequality (3.6) again and the generalized (o, m)-preinvexity of |f”|7 on A, we
have

1
/ Q- — - 0" | (ma + tn(b,a,m))|" dt
0

1
< / (1 _ t(ot+1)p _ (1 _ t)(a+1)p) (Wl(l _ ta) lf//(a)|q + 1 lf//(b)|q) de
0

3 ap+a+1 B 2 -
_m|:(oe+1)(p+1) p(a+1)+1+’3(a+1’p(a+1)+l)]lf(“)|
p ! q
+ [m—ﬁ(a+l,p(o{+l)+l):|v ®)|". (3.15)
Using (3.15) in (3.14), we get the desired inequality (3.5). 0

Corollary 3.8 With the same assumptions given in Theorem 3.5, if n(b,a, m) = b — ma, we
obtain

f(ma)+f(b) T(@+1) [, a
’ 2 " 2b - ma)y U (0) + - f )] ‘

q-1

- (b—ma)z[ (g-pa-p+1 }q

200+1) |[(g-pa+2g-p-1

ap+a+1 2
X{ |:(ot+1)(p+1)_p(a+1)+1

+B(a+1pla+1)+ 1)i| [f”(a)|q

+ [W"’Sﬁ —/3(0! +Lpla+1)+ 1)]V//(h)|q} ’

specially fora =m =1and |f"| < K on [a, b], we get

f(a)+f(b) 1 b
‘ 5 _b—a/; flx)dx

) gt
< (b-a) (q—2p+1) 1

1
2p—1\14
L7k,

4 3g-2p-1 2p+1

where X + 1 =1 withq>1.
poa
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