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1 Introduction
The classical or the usual convexity is defined as follows:
A function f : I € R — R is said to be convex on interval [ if

ftx+ (1 -t)y) < tf (x) + (1= 0)f ()

forallx,y e I and t € [0, 1].
Letf:1 € R — R be a convex function on I and a,b € I with a < b. The following in-
equality is known in the literature as the Hermite—Hadamard inequality for convex func-

tions:

b
f(a;b> = %ﬂfu f(X)dxfw'

In [8], Hudzik and Maligranda considered the class of s-convex functions in second
sense. This is defined as follows:

A function f : [0,00) — R is said to be s-convex in second sense if the inequality

f(tx+ 1- t)y) <fx)+1Q-°fly)

holds for all x,y € [0,00), t € [0,1], and s € (0, 1].
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In [4], Dragomir and Fitzpatrick established a variant of Hermite—Hadamard inequality
which holds for the s-convex functions.

Theorem 1.1 Suppose that f : [0,00) — [0,00) is an s-convex function in second sense,
wheres € (0,1]. Leta, b € [0,00) and a < b. Iff € L[0, 1], then the following inequality holds:

zslf(mb)_b_ /Md [0

For the generalizations and applications of the Hermite—Hadamard inequalities, see [1—
3,5-7,9,12-15,17, 19-21].

A number of studies have shown that many of the results obtained about the theory of
inequalities has a close relationship with the theory of convex functions.

The celebrated inequality of Holder is well known for its fundamental role in many
branches of pure and applied sciences. It has also important applications to the theory
of convex functions as well as in many disciplines of applied mathematics. The power-
mean integral inequality is also one of the most famous inequalities on applications to

convex functions.

Theorem 1.2 (Holder inequality for integrals [16]) Letp>1and 1/p+1/q=1.Iff and g
are real functions defined on [a, b] and if |f|P and |g|? are integrable on [a, b], then

b b : b :
f V(x)g(x)|dx§(/ V(x)’pdx> (f |g(x)|qu) s

with equality holds if and only if A|f (x)|P = Blg(x)|? almost everywhere, where A and B are

constants.
A different version of Holder integral inequality is given as follows.

Theorem 1.3 (Power-mean integral inequality) Let g > 1. If f and g are real functions
defined on [a,b] and if |f|, |f||g|? are integrable on [a, b), then

b b 1—% b %
/ v<x>g(x>|dxs< / Lf<x)|dx) ( / lf(x)llg(x)lqu> .

In [10], Iscan obtained the following inequality for integrals which gives better results
than the classical Holder inequality.

Theorem 1.4 (Holder—Iscan integral inequality) Letp > 1and 1/p+1/q=1.1ff and g are
real functions defined on [a, b] and if |f|¥ and |g|? are integrable on [a, b], then

b b 117 b é
/[f(x)g(x)‘dxfbid{</ (b—x)[f(x)‘l’dx) (/ (b—x)|g(x)"1dx)
Lo ;
< (x—a)|f(x)] dx> ( f (x—a)lg(x)|”dx> }
([t ([ (o).
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In [11], a different representation of Holder—Iscan inequality was given as follows.

Theorem 1.5 (Improved power-mean integral inequality) Let g > 1. If f and g are real
functions defined on [a, b] and if |f|, |f||g|? are integrable functions on [a, b), then

b 1 b 1-% /b i
/ b‘<x>g(x>|dxsm{< / (b—x>lf(x>|dx) ( / (b—xmx)llg(x)lqu)

b 1-% 7 b i
+(/ (x—a)Lf(x)|dx> (/ (x—a)[f(x)||g(x)|qu> }

b -1 :
< ( [ v(x)ydx) ( | Lf(x)||g(x)|qu) . @
2 Main results

In this section we obtain some new results about Hermite—Hadamard inequality for s-
convex functions by using Holder—Iscan integral inequality and improved power-mean
integral inequality which provide better approach than the classical Holder and power-
mean integral inequalities, respectively.

In [5], Dragomir and Pearce obtained the following equality for differentiable functions.

Lemma 2.1 Letf:I C R — R be a differentiable function on I° where a,b € I with a < b.
Iff’ € Lla, D), then the following equality holds:

f@+f®)
2

1 [t b-—a 1
b—a/af(x)dx:Tﬂ/o (1-20)f"(ta+ (1 -t)b) dk.

In [17], Muddassar et al. obtained the following inequality for s-convex functions by
using Lemma 2.1 and Holder integral inequality.

Theorem 2.1 Letf :I° C R — R be a differentiable function on I°, a,b € I° with a < b and
f'€Lla,b). If|f'|1 is s-convex on [a,b], p > 1 such that q = ;%1’ then

b
OO 1,

In the following theorem, we will obtain a new upper bound for the right-hand side of

b-a (lf/(a)lqﬂf/(b)lq)%.
2(p+1)%, s+1

< 3)
Hermite—Hadamard inequality for s-convex functions, which is better than inequality (3).

Theorem 2.2 Letf :I° C R — R be a differentiable function on I°, a,b € I° with a < b and
f'€Lla,b).If |f'|1 is s-convex on [a, b], where p > 1 such that q = ﬁ, then

lf(a) +f(b)
2

b
bia/ fx)dx
b-a 1

=T 1 1
27 (p+1)7 (s+1)7

5 {[<s+ DIf (@) + Wb)w]% . [waw 45+ 1)[f’(b)|‘1:|%}'

(4)

s+2 s+2
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Proof From Lemma 2.1 and using Hélder—Iscan integral inequality (1), we have

b b
‘f(a);rf( )_bia/f(x)dx

_ 1
< b;/ 11— 26[|f (ta + (1 - £)b) | dt
0

b 1 s / i
< 2”{(/0 (1—t)|1—2t|pdt> (/0 (1-t)[f(m+(1-t)b)}th>

+ (/:tll—2t|pdt);</01t[f/(m+(1—t)b)|th>;}.

Since |f’|? is s-convex on [a, b], then

1 1
/ tv/(ta+(1—t)b)|th§/ tElf @]+ -2 |f(b)|"] dt
0 0
_ G+ DI @I+ "B

(s+1)(s+2) ®)
and
1 1
/ 1-9|f (ta+ 1 -t)b)|"dt = / tlf' (tb+ (1 - t)a)|" dt
0 0
@I+ s+ D' (D) ©)
N (s+1)(s+2) ’
and also
1 1
/ b1 -2t)P dt = / (1-1)|1—2¢) dt
0 0
1
T2p+1) @)
By inequalities (5), (6), and (7), we get inequality (4). |

Corollary 2.1 Let f : I° € R — R be a differentiable function on I°, a,b € I° with a < b
and f' € Lla,b]. If|f'|1 is s-convex on [a, b], where p > 1 such that q = }%, then

b
fO10 L

b
< bre 1 l(1+ L l)({f’(u)h{f’(b)l). ®)
27 (p+1)7 (s+2)7 (s+1)4

Proof Using the fact Y1 (a; + b))k < > (a;)* + > _(b)* for k € (0,1) with p > 1 such that

q= 1% completes the proof. O



Ozcan and iscan Journal of Inequalities and Applications (2019) 2019:201

Remark 2.1 Inequality (4) is better than inequality (3). Indeed, since the function g :
[0,00) — R, g(x) =«”, r € (0,1] is concave, we can write

a’;ﬁ’:g(a);g(ﬁ)Sg(a;ﬂ):<a;ﬂ)’ ©)

for all o, B > 0. In inequality (9), if we choose

_ s+ DI @)+ [f' b)) g = If"(@)|7 + (s + D)|f"(b) |

s+2 s+2

and r = é, then we have

;[<s+ D)|f ()| + Lf’(bnq]% . 1[lf/(a)|"+ (s+ I)V’(b)lq]%
2 s+2 2 s+2

< [lf/(a)l‘f + lf/(b)l"]%.

- 2

Thus, we obtain the following inequality:
b-a 1
il 1 L
27 (p+1)r (s+1)7

§ {[(s+ DIf (@) + Lf/(b)w]é . [W)w + (s + 1)1f/(b>|q}$}

S+2 s+2

_ b-a 1 [Wanuv«b)wr
T2 (pe1)p (s+1)8 2
b-a 1 1
= . (If' @]+ |f'®)|")a.
2 +1)p (s+1)5(v | V |)

If we take s = 1 in Remark 2.1, we have the following result which was obtained by Iscan
in [10].

Remark 2.2 Let f:I° € R — R be a differentiable function on I°, a,b € I° with a < b and
f' €Lla,b].If |[f'|1 is convex on [a, b], then

fla)+fb) 1 [*
‘ 5 _b—a/a fx)dx

b-a {[zv/(a)w ¥ Lf’(b)w]% . [W)w +2Lf’(b)|qﬁ

T ap+1) 3 3
b-a [[f/(a)wﬂf/(b)q%
T o(pr 1) 2

where L +1 =1,
pq

In [17], Muddassar et al. obtained the following inequality by using Lemma 2.1 and
power-mean integral inequality.
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Theorem 2.3 Let f: I° € R — R be a differentiable function on I° where a,b € I with
a<bandf €Lla,b).If |f'| is s-convex on [a, b] for some p > 1 such that q = ﬁ, then the
following inequality holds:

b b
‘f(a);rf( )_bia/f(x)dx

b-a s+278 . g g i
= (e rr o] 10

If Theorem 2.3 is proved again by using improved power-mean integral inequality, then
we get the following result.

Theorem 2.4 Let f:I° C R — R be a differentiable function on I° where a,b € I with
a<bandf €Lla,b).If |f'| is s-convex on |a, b] for some p > 1 such that q = 1%, then the
following inequality holds:

b
(LI

b-a 1
= 1’ 1
247  (s+1)4

(s+1)(s+1+27 @]+ (s—1+27 s+ 5))|f"(b)|2 i
X{[ (5+2)(s+3) }

Q=

N [(s —1+27 s+ 5)|f' @+ (s+1)(s+ 1+ 251)[f’(b)|‘1}

(s+2)(s+3) } (11)

Proof From Lemma 2.1 and applying improved power-mean integral inequality (2) for
q > 1, we have

fla)+fb) 1 [*
‘ 5 _b—a/a f(x)dx

. | oy !
< 2a{</0 (l_t)ll—ztldt) (/0 (1‘t)“—2t|lf/(m+(1_t)b)’th>

+ (/01t|1—2t|dt)1%</01t|1—2t|[f/(ta+(1—t)b)|th)%}.

By s-convexity of |[f'|7 on [a, b], we have

/1 t11 - 2t||f(ta+ (1 - )b)|" dt

0
1
< / (1 - 26([£]f (@)|" + (0 - £ (B)|"] dt
0

s+ D+ 1+ 27D @)+ (s —1+27 (s +5)|[f (b)|?
- (s+1)(s+2)(s+3)

(12)



Ozcan and iscan Journal of Inequalities and Applications (2019) 2019:201

and

/1(1 — )1 -2¢||f'(ta + (1 - t)b)|" dt
0

1
:/ t|1-2¢|f(th + (1 - H)a)|" dt
0

- (s=1+27 s+ 5)|f" @]+ (s + 1)(s + 1 + 277 |f"(b)|2
- (s+1)(s+2)(s+3) '

Furthermore,
1 1
/ t1 -2t dt = / (1-1)|1-2t|dt

0 0

1
=, 13
1 (13)
By using inequalities (12) and (13), we get inequality (11). d

Remark 2.3 Inequality (11) is better than inequality (10). Indeed, using inequality (9) in

Remark 2.1, we have

I[(s+D(s+1+27 Y| @]+ (s—1+27 (s +5)|f" () i
E[ (s+2)(s+3) ]

I[(s=1+2" s+ 5)|f @]+ (s+ 1)(s+ 1+ 21 |f"(B)| i
+§|: (s+2)(s+3) ]

()]

Therefore, we obtain

S

-a 1

. (s+1)%

(s+ D+ 1+27 Y@+ (s—1+2 (s +5))|f"(B) i
X{[ (s+2)(s+3) :|

=

2.4

(s=1+275 s+ 5) | @]9+ (s + 1(s+ 1+ 275 )|f"(b)| i
+[ (s+2)(s+3) :| }

_b-a 1 [<s+2—S)<[f/(a)|q+[f/(b)w)]é
- 4}, (S+1)% s+2 2

_b—a s+ 27 ) . / Nt
S [(<s+1><s+z))<V<ﬂ>l +|r®)| )] .

If we take s = 1 in Remark 2.3, we have the following result for convex functions which

is better than the inequality given in [18, Theorem 1].

Page 7 of 11
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Remark 2.4 Let f :I° C R — R be a differentiable function on I°, a,b € I° with a < b and
f' € Lla,b].If |f'|9 is convex on [a, b], then

b b
‘f(a);rf( )_bia/f(x)dx

<b—ﬂ{[ﬂfmﬂq+v%mw}%+[V%mw+3ywmw]é}
T 420 4 4

< b-a[wmrf + WW]%
p— 4 2 ’

where }7 +==1.

1
q

3 An application to trapezoidal formula
Let D be a division of the interval [a, b],i.e.,D:a =xg < X1 < - -+ < %,_1 <X, = b and consider

the quadrature formula

b
I:/ fx)dx=T(f,D) + R(f, D),

where

n-1
T(f,D)= ZM(MH = Xk)

k=0 2

is the trapezoidal formula and R(f, D) denotes the associated approximation error of the

integral 1.

Proposition 3.1 Let f:1 C R — R be a differentiable function on I°, a,b € I with a < b
and f' € L{a,b). If |f'|1 is s-convex on [a,b] for p,q > 1, for every division D of [a,b], the
following trapezoidal error estimate holds:

|R(frD)|§ s ! 1 ! 1<1+ ! 1)
27 (p+1)F (s+2)7 (s+1)4
n-1
x Y (rar = 2)> ([ o) ] + [ (i)
k=0

Proof Applying Corollary 2.1 on the subintervals [xx,xx,1], (K =0,1,2,...,n — 1) of the

division D, we have

fx)dx

f(xk) +f(xk+1) 3 1 ka+1

2 Xisl — Xk

Xk

Kk+1 — Xk . 1 )l (1 + ! - )(lf/(xk)| + lf/(xk+1)|)~

T a1 (542 (s+1)7
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Summing over k from 0 to # — 1 and using the generalized triangle inequality, we get

b
IR(f,D)| = ’T(ﬁD)— f F)dx

n-1

(x<) + (x . ) Xk+1
i Z(“‘“ ) "ky# ol S d")
k=0 X
- Xk+1
<> |Gk —xk)w - f(x) dx|.
k=0 Xk
So, we have
n-1
f (k) +f (k1) 1 K
R, D)| = Fhe1 = %, - x) dx|,
[R(f, D) gm k)\ 2 pravpsevl) S
which is the required result. O

4 An application to special means
In [6], Hudzik and Maligranda gave the following example.
Leta,b,c € Rand s € (0,1). For ¢ € [0, 00), define the function f : [0,00) — R as

a, t=0,
S =
bt +¢, t>0.
If 5> 0and 0 <c <a, then f € K2. So, we have f : [0,1] — [0,1], f(¢t) = £, f € K? for
a=c=0andb=1.
Let us recall the following special means for arbitrary real numbers a and b (a # b).

(1) The arithmetic mean:

A= Ala,b) = “—;b.

(2) The p-logarithmic mean:

bp+1 _ ap+1

L,:=L,(a,b)= [7@ Do-a)

p
] , peR\{-1,0}

Proposition4.1 Letp>1,a<b,s€(0,1),and q = }%. Then we have

|As(a, b) — Li(a, b) |

b-a s

1
= T I <1 + 1)(|ﬂls1 +67Y).
27 (p+1)P (s+2)9 (s+1)2

Proof By Corollary 2.1 applied for the s-convex function f : [0,1] — [0, 1], f(x) = «° for
5 €(0,1), the proof is completed. d
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5 Conclusion

In this paper, some new results of Hermite—Hadamard type for s-convex functions are
established. It is shown that the results obtained here are better than the known re-
sults. Some applications of these results to trapezoidal formula and to special means have
also been presented. The results of this paper may stimulate further research for the re-
searchers working in this field.
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