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1. Introduction

For convex functions, several inequalities have been studied by many authors,
see [1], [2]-[9]. But the inequality obtained by Hadamard [8] is considered the
most significant and rich in applications. Let ¢ : Z C R — R be a convex
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function on the interval Z. The inequality in [8] is given by

« A «
(1) g( +B>< ! /g(u)dugg()—i_g(ﬁ) a,f €T and a < .

2 T B—-a 2 ’

As mentioned in [8]: ”inequality (1) is known as the Hermite-Hadamard (H-H)
inequality for convex functions”. The inequalities will be reversed for a concave
function. Hadamard inequality refines the concept of convexity and various
classical inequalities can be derived from it.

Recently, several extensions, refinements and generalizations have been dis-
cussed by the many authors, see [2, 7, 9, 16, 18]. Dragomir et. al. [5] proved
the following lemma for the class of convex functions.

Lemma 1.1 ([5]). Suppose that g : Z° C R — R be a differentiable mapping on
Z° «,B € I° such that o < 8. If ¢’ € L]o, f], then

a A —a [
(2) 2l );g(ﬁ) —ﬁia/a g(u)du:ﬂQ /0(1—2t)g’(ta+(1—t)/3>dt'

Hanson [10] introduced the concept of invexity which is a significant gener-
alization of covexity. The concept of preinvex functions was introduced by Weir
and Mond [17], later Jeyakumar et. al. [13] investigated some properties of these
functions. They [13] also studied the role of preinvex functions in optimization
and mathematical programming. Yuan et. al. [18] investigated some new char-
acterizations of preinvex and prequasi-invex function under some assumptions.
Noor [14] derived H-H inequality for preinvex and log-preinvex functions, later
Igbal et. al. [11] investigated some refined integral inequalities and discussed
its applications to special means.

The objective of this work is to formulate some new refined inequalities of H-
H type for the functions that have preinvex absolute values of third derivatives.
We have considered various special means to show its applications. Our findings
extend the previously known results.

2. Preliminaries

The following definitions and known result will be used in the sequel.

Definition 2.1 ([10]). A set X C R"™ is said to be inver with respect to n :
X x X — R" if

(3) v+tn(u,v) € X,V u,ve X &tel0l].

As discussed in [10], "the definition says that there is a path starting from
v which is contained in X. It is not necessary that u should be one of the end
points of the path. However, if we require that u be an end point of the path
for every pair u,v € X, then n(u,v) = u — v, reduces to convexity.”
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Define
Py :={w:w=u+tn(v,u):tec[0,1]}.
It represents the n-path joining the points v and y := u + n(v,u) for every
u,v € X.

Definition 2.2 ([17]). Let X C R™ be an invex set with respect ton : X x X —
R™. Then, the function g : X — R is called preinvex with respect to n, if

(4) g(v+tn(u,v)) <tg(u)+ (1 —t)g(v), Yu,ve X &tel0,1].

Preinvex function is the generalized class of convex functions. The function
f(u) = — | u| is preinvex with respect to 7, where

u—wv, ifu<0,v<0andu>0,v>0,
n(u,v) == .
v —u, otherwise.

But it is not convex. Recently, Barani et. al. [1] extended the Lemma 1.1
for invex sets as follows:

Lemma 2.1 ([1]). Suppose that A C R be an open invex subset with respect
ton: Ax A — R and o, € A with n(a, ) # 0 and that g : A — R be
differentiable function. If ¢' is integrable on the n path Pg., v =  + n(a, B),
then

- 2 e B)
n(a, B)

1
=12 [N = 2n)g/(5 + (e )

490 B | L[
B

2

Using Lemma 2.1, Barani et. al. [1] established H-H type inequalities for
preinvex functions.

3. Main results

We now extend the previous known results for the functions whose third deriva-
tives absolute values are preinvex. Consider the function n: A x A — R with
n(a, B) # 0, for a, B € A. Henceforth, we assume that A C R is an open invex
set with respect to 7.

Lemma 3.1. Let g : A — R be three times differentiable function and g" is
integrable on the n-path Pg., v = +n(a, B), then

n(a, B)
12

. , 1 1 B+n(e.pB) J
/(54000 9) 4 (9)] o3 +nten )+ 0o [0 gt

(6] 3 !
o) D [ - 02t - 1" (6 + tn(a 5.
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Proof. Let a, 8 € A. Since A is an invex set with respect to n, 5+tn(a, f) € A
for every t € [0, 1]. Integrating by parts, we get

/1 t(1—t)(2t — 1)g" (b + tn(a, B))dt
0
_Fa—m%—n¢w+mmﬂwl
n(a, B)
1

1
— 77(045)/0 (=6t> + 6t —1)g" (B + tn(a, B))dt

| Fw_m+nﬂﬂHMmmql
0

0

77(047/3) 77(0[, B)
1
- n(alﬁ)?/o (12t — 6)g" (8 + tn(e, B))dt
1 . / 6
= gl (8 0. 8)) = 4 () = s lal8 + n(e ) + (5)]
12 B+n(e.f)
+ (77(0‘7/3)4/,3 g(u)du. u

Using above lemma, we prove some interesting results for the preinvex func-
tions.

Theorem 3.1. Let g : A — R be three times differentiable function and g" is
integrable on the n-path Pg, v =+ n(a, B). If |g"] is preinvex on A, then

164wt ) 0

B+n(e.B)
~3l0(B+ @B + 98+ ——— [ guldu
B

(e, B)
« 3
< B 21501 - |

Proof. Applying Lemma 3.1 and using the preinvexity of |g”'|, we get

ij%¢w+nmﬂ»¢wn2M5+Mmﬁ»+M@1

1 B+n(c,B)
+77(a,5) /ﬁ sl
(6% 3 !
- ln(uﬁ)I/O t(1—1)](2t — 1)||g" (8 + tn(c, B))|dt
(e, B)I°

<

1
S L[ = 1@ DI (@) + (1 = Dl ())ae
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a, B)]? ! !

= eI gl [ 2= ole- i+ 1g"@)] [ o1 - 0PIt - Dlas
a 3

L IR 0

Theorem 3.2. Let g : A — R be three times differentiable function and g" be
integrable on the n-path Pz, v = B +n(a,B). If |g"'[P/P=1 is preinvex on A for
p>1, then

'n(a ,B)

2155 + (e, 5)) — o (8)] ~ 3198+ (o)) + 9(5)]

1 B+n(a,B)
+7n(a B /B g(u)du

a,B)? P 2
<MD (2] (@ + @)l

p+1

Proof. Using Lemma 3.1, preinvexity of |¢”/[/?~1 and Holder’s integral in-
equality, we obtain

S5+ (0, 8) — (9] - 515+ nla ) + ()

1 6+T](a76)
ey AR

(6% 3 !
< o /0 01— D)2t = Dlg” (8 + tn(a, B)ldt

< WODE (1 r<2t—1|Pdt) ([ 1576+ tmta >>|th)

< O (22p+1(1p+1)>’1’ ([ e+ -0l )|th>q

o 3 P 1
< In 9’6@‘ (pi1> (Ig" (@) + 1g"(B)]) 7,

1 1 _
Wherei—i—g—l. O

Theorem 3.3. Let g : A — R be three times differentiable function and g" be

integrable on the n-path Ps, v = B+ n(a, B). If |g"'|9 is preinvexr on A for
q > 1, then

B3+ (e ) — ()] ~ 56+ (e 5)
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1 B+n(e.fB)
98]+ o /ﬁ g(u)du

3 1 ‘
< e () (B - 1g"@rr)

Proof. Since |¢”’|? is preinvex, using Lemma 3.1 and power-mean inequality,
we obtain

‘77(?’25){9’(5 +n(a, ) = g'(B)] — %[f(ﬁ +n(a, B))
1 B+n(e,B)
O o s

(6% 3 !
S'"(l’f)'/o t(1—6)|(2t — 1)||g" (8 + tn(a, B))|dt

o B3 1 -2
< ‘”(1’25” (/0 H1— 1)](2t — 1)|dt>

1 q
‘ ( [ ta-olee- vl + tn(a,m)\th)

o 3 1—% 1 q
gW(fG) ( / t<1_t>|<2t_1>|[t|g"'<a>|q+<1—t>rg'"<m|q1dt)

o 3 -1 1
<MEAE(5) (@i [ ea-olee- v
: :
1" q 42 _
He @ [ 1Pl jar)
o B)3 -2 7
<MEIE(5) T @i g+ g @)

12 32 64
_ ‘77(05:5”3 1 % 25, ,, " %
= 192 <2> (2|g (ﬁ)‘q — |g (a)|(1> ) 0

1

4. Some applications

For distinct positive real numbers a; and as, we have:

. . ay + ag
Arithmetic mean: A(ai,as) = 5
L ai — a
Logarithmic mean: Ly(a1,a2) = , and
Ina; —Inas
p+1 p+1
ap — 4

generalized logarithmic mean: Ly(a1,az) =

1/p
)] ,p# —1,0.

(p + 1)((11 — a9
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Let us suppose that

un+3
9(u) =
(n+1)(n+2)(n+3)
be a function and ag = as + n(ai,as), then
g(asz) + g(az) 1 n+3 n+3
pu— A
2 D+ D3 @ e

1 as 1 1 an+4 n+4
/ g(u)du = [ ] .
ﬁ(a1,a2) as U(al»a2)(7L4*1)(”‘+'2)(”‘+’3) n+4
For n(a1,a2) = a1 — ag, it becomes

1 a1 1
d = Ln+3
a; — ag /a2 g(u)du T D+ 2) (T 3) nis(ar, az),
(a2 + n(a1,az))"*? — a3+2
(n+1)(n+2)

g'(ag +n(a1,a2) — g'(az) =
For n(ay,a2) = a1 — ag, it becomes

oan) - o la) = P ),

Now, using the results of section 3, we discuss some applications to special
means of real numbers.

Proposition 4.1. For positive numbers a; and as such that a1 > as and 0 <
n <1, we have

|(a1 = a2)*(n + 2)(n + 3) Lyt (a7 2, a5 ™?)

—12A(a 3, af™3) + 120713 (a1, el )|

(e a2)|3

< M2 s s 2100+ 3) | g - ]

Proof. The statement takes after from Theorem 3.3 connected to the function

un+3

(n+1)(n+2)(n+3)

g(u) =

for n(ai,as) = a1 — as. O

Proposition 4.2. For positive numbers a1 and as such that a; > as and 0 <
n <1, we have

|(a1—a2)*(n+2)(n+3) L1 (al ™2, b T?) —12A(a} ™, a3 F2)+ 120075 (a7 T, af )|

(a1 — az)
- 8

»Q\»—t

WY -
<p+1> (n+ D+ 2)(n+3)((af 7 + [a3])7.
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Proof. The statement takes after from Theorem 3.3 connected to the function

g(u) =

un+3

(n+1)(n+2)(n+3)’

for n(ai,as2) = a1 — as. O

Proposition 4.3. For positive numbers a1 and as such thata; > as ,0<n <1
and q > 1, we have

|(a1—a2) (n+2)(n+3) Ly 11 (a7 72, a52) ~124(af "2, ay %) +12L5 15 (a7, a5 |

1

< ezl () s v+ 2)+9) [ D~ o]
Proof. The statement takes after from Theorem 3.3 connected to the function
un+3
1) = T DT D+ 3)
for n(ay,a2) = a1 — as. O

5. Conclusion

In this paper, we have extended the estimates of right hand side of Hermite-
Hadamard type inequality for the functions having pre-invex third derivative
absolute values. To show its application, we have considered several special
means for arbitrary real numbers. In the future, the results can be generalized
for higher order derivatives. Moreover, it can be studied in the context of g-
calculus, and various applications can be explored.
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