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SOME INTEGRAL INEQUALITIES OF HERMITE-HADAMARD TYPE
FOR DIFFERENTIABLE (s,m)-CONVEX FUNCTIONS VIA
FRACTIONAL INTEGRALS

B. BAYRAKTAR, §

ABSTRACT. In this paper, we present new inequalities connected with fractional integrals
for twice differentiable functions derivatives which are (s,m)— convex functions. To
obtain this, integral inequalities were used classical inequalities as Holder inequalitiy
and power mean inequality.This results are related to the well-known integral inequality
of the Hermite-Hadamard type. Also some applications to special means are provided.
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1. INTRODUCTION

The property of convexity is fundamental in mathematics along monotony, continuity,
differentiability,etc. This property widely used in the theory of extremal problems.

Definition 1.1. The function f : [a,b] — R, is said to be convez, if we have
fOz+ (1 =Ny) <Af(x)+ (1 =N f(y)
for all x,y € [a,b] and X € [0,1].

It is well known that in the nonlinear analysis the Hermite-Hadamard type double
inequality plays a very important role. This inequality is stated as follows in literature
(see [3])

Theorem 1.1. Let f: I CR — R be a convex function and let a,b € I, with a < b. The
following double inequality

f<a+b> E bia/bf(x)dacgf(awrf(b)

2 2

1s known in the literature as Hadamard’s inequality.

J. Park asserted a new definition given in the following and gave some properties about
this class of functions in [11].
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Definition 1.2. ([11]) For some fized s € (0,1] and m € [0, 1] a mapping f : I C [0,00) —
R is said to be (s,m)— convex in the second sense on I if

[tz +m(1=t)y) < f(x) +m(l —1)°f(y) (1)
holds for all z,y € I and t € [0,1].

Remark 1.1. In Definition 1.2 if we take m = 1, then obtain s— convex second sense
functions introduced by W. W. Breckner in [1] or if we choice s = 1 then obtain m— convex
functions introduced by G.Toader in [17].

The definition of a Riemann—Liouville fractional integral in the literature is given in the
following way

Definition 1.3. Let f € Li[a,b]. The Riemann Liouwville integrals J& f and J f of
order a > 0 with a > 0 are defined by

Jﬁf@):réw/%@—iﬁ”f@Mu r>a
and
b
Jgf@):Féw/Xt—meﬂﬂﬁ, v <b

Here is T'(a) =

oy

e "u* du and if a = 0 then JO, f(z) = J) f(z) = f(z).

For some recent results about Hermite-Hadamard type integral inequalities via Riemann
— Liouville fractional integrals are reflected in [2], [4], [6]- [10], [13], [15], [16], [18] and
references cited therein.

The purpose of this study is to establish new Hadmard type inequalities via fractional
integrals for the classes of convex functions whose the second derivatives are (s,m)—
convex.

2. SOME RESULTS FOR MIDPOINT INEQUALITIES

We formulate and prove lemma on which the obtained results are based.

Lemma 2.1. Let f : I CR — R be a twice differentiable function on I° (I° is interior of
I). If fN € L[a,b], where a,b € I and a < mb, then Yo > 1 the following equality holds:

204—2F(a) a—1 m a—1 a)| — a+ mb
= et |7y 10+ {10 =5 (57) .
(mb — a)?
= T ara (I1 + I2)
where

1/2 1
h:/‘t%ﬂw+mﬂ—ﬂWﬁmd&:/§ﬂ—ﬂ%ﬂm+mu—ﬂwﬁ
0 1/2
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Proof. Integrating both integrals by parts twice, we have

1 [a+mb a a—+bm
L = _(mb _ (L)Qaf ( 92 > - (bm _ a)22a—1f < 2 > (3)
ala — 1/2
1 L [a-+mb o a+bm
b=t ( 2 ) - <bm—a>22a-1f< 2 > w
ala — !
a0t —

If we make at + (1 — t)b = z the transformation in both integrals in (3) and (4), and
then summing these equalities, then we can write

2a a+bm ala—1DINa—1
L+ = o = a)220‘*1f ( +2 > ((mb _) a()aH ) (5)
a—1 m a—1 a
[ o)+ e, )
(bm—a)?

Finally, we multiply both parts of equality (5) by the expression - 5=%- and taking into
account the Gamma function property (o —1)I'(a — 1) = I'(«) we complete the proof. O

Theorem 2.1. Let f: I = [0,b*] = R be a twice differentiable function on I° such that
" € Lla,b] where a,b € I° with a < b and b* > 0. If |f"| is in the (s,m)— convex
function and a < mb, then for all a > 1 the following inequality holds:

oot |7y 0+ oy 1] 1 (57 o
< W [+ By (a+ Ls+ D] (|f"(@)] +m] "))

where
v = [(a+8+1)20‘+5+1]_1 and B is incomplete FEuler Beta function :
x
Ba(pa) = [ 07 0— 0"t pog> 0.0 € (0.1]
0

Proof. If we use the triangle inequality to the right-hand side of (2) from Lemma 2.1, we
obtain:

29720 () m a1 ol — a+mb
oo [y 0+ Sy 10| =1 (2572 "
o) m 2
= O vl < T2 (1 + o)

And since the |f”| function is (s,m)— convex with account of inequality (1), we can
write

1/2 1/2
|I1] < \f”(a)\/ t*T5dt +m \f”(b)\/ t*(1 —t)%dt
or 0 0
1] <y |7 (@)] +m |f()] By (a+ 1,5 +1) (8)
And likewise
[fo] < By (a+ 1,5 +1) | ()| +~ym | f" ()| (9)
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Adding (8) and (9) we get

|L] + || < [’y +Bi(a+1s+ 1)} (| f"(a)| +m | f" (b)) (10)
And multiplying both sides of the inequality (10) by the expression (Z;);_af taking (7)
into account, we obtain (6). The proof is completed. O

Corollary 2.1. If we choise m =1, s = 1 and o = 2 in Teorem 2.1, then from (6) we
get the inequality

‘b_la/:f o =1 (50)| < S 1@l + o) (1)

This inequality for convex functions obtained M. Sarikaya and Aktan (see [14], Prposition
1) and Y. Erdem et al. (see [5], Corollary 2, for ¢ =0).

Theorem 2.2. Let f: I = [0,b*] — R be a twice differentiable function on I° such that
1" € Lla,b] where a,b € I° with a < b and b* > 0. If | f"|? is a (s,m)— convez function
and a < mb, then for alla>1,q¢>1 andt € (0,1) the following inequality holds

‘THF(Q) {J‘H +f<mb>+J<“;iM)_f<a>]—f(“zmb)] (12)

(mb—a)e=t [ (=52)

Ry
< (721722_2) xEx F

where

F= [y @]+ By (o + Ls+ )]

+ By (@+ 1,5+ 1) /(@] +ym | 0)]] v

1
3
1_ _
¢ = [(a+1)20] 7 Yand v = [(a+ s+ 1)20F5H] !

and B is incomplete Fuler Beta function.

Proof. If we use the triangle inequality to the right—hand side of (2) from Lemma 2.1, we
obtain:

20‘*2F(a) a—1 a—1 a+mb
iy [y 0+ iy g0 =1 (25
b—a)? b—a)?
- (TnaQQ—Z) ’Il +12| < (77;22_2) (’Il| + ‘[2‘)

Using the well-known power—mean integral inequality and since | f”|? is a (s, m)— convex

function with account of inequality (1) we obtained

1/2 -3 1/2 1/2
L] < (/ t"‘dt) [\f”(a)\q/ ta+5dt+m\f"(b)\Q/ t“(l—t)sdt]
0 0 0

LI <&x [y |f" @] +m| " ®)]' By (a+1,5+1)] e (13)

1/q

Or

Since

1 1/2
\Izlz/l (1—=1)* f"(at + m(1 —t)b)dt :/0 t*f"(a (1 — t) + mtb)dt

/2
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Similarly for I we can write:
" q 11 q 1/a
LI <€x [By (a+1s+1)|f"(@)]"+m |1 @)] (14)
Adding inequalties (13) and (14), we get:

||+ 2] <EXF

and multiplying both sides last inequality by the expression (mbiaf we obtain (12). The

22

proof is completed. ]

Corollary 2.2. If we choise m =1, s =1 and o = 2 in Theorem 2.2, then from (12) we
get

b N2

‘bia/ f(w)d:r—f(a;b)'g(b OBy (15)
where

5o [B\f”(a)rq;5#"(6)\‘T/q+ [5|f”(a)\q—g3!f”(b)!q e

This inequality (15) for convex functions obtained by M. Sarikaya and Aktan (see [14],
Proposition 5.).

Theorem 2.3. Let f: I =[0,b*] = R be a twice differentiable function on I° such that
f" € Lla,b] where a,b € I° with a < b and b* > 0. If | f”|? is a (s,m)- convex function
and a < mb, then for all a,q and p > 1, such that %—l—% =1 the following inequality holds

204—2:[\ b
< (";Z;;_Z)Q x 273 S W
where
1/q

W= |u|f @[+ By (0= D)a+25+)m | ®)]

+ By (g0 = a+2,5+1) [f(@)|" + pm | " (0)]] e

p=[(go — g+ s +2)200 75+ -

1
2

and B is incomplete Fuler Beta function.

Proof. If we use the triangle inequality to the right-hand side of (2) from Lemma 2.1, we
obtain

20721 (@) |:Ja1 L f(mb) + Jo7 ! f(a)]—f<a+mb)’

i

(472) (472) 2
(mb — a)? (mb — a)?
= 97 [+ 12| < o (|11 + | I2])
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Using the well-known Holder integral inequality and since | f”|?

with account of inequality (1) we get

is a (s, m)— convex function

1/2 » 1/p
< </0 (tl/p> dt)

i 1/2 1/2 1
X |f”(a)}"/0 tq(a—1)+s+1dt+m\f”(b)\q/o et (1 — ) gt

1/2
11| = / P a =t f (ot 4 m(1 — t)b)dt
0

and so
1
] <2790 [ /@] 4 m | )] By (g0 — g+ 2,5+ 1)) (17)

Since

|I2| =

1 1/2
/ (1 =) f"(at + m(1 — t)b)dt / t*f"((1 = t) a + mbt)dt
1 0

/2

Similarly for Is, we can write

Q=

L] <275 [By (g0 — g+ 2,5+ 1) | /()| + pm | ()]

Adding inequalties (17) and (18) we get

(18)

1
2

3
|Il| + ‘IQ| <2 rxW

and multiplying both sides last inequality by the expression (mb—a)® e obtain (16). The

a22—«a

proof is completed. O]

Corollary 2.3. Since % =1- % if we choise m =1, s =1, a = 2, in Theorem 2.3 then
from (16) we get

L gy () < O xD (19)
’b a/a ( 2 )’ 32

where

¥ (q) =[(g+3)(g+2)] "9,
D=[(q+2) /@] + @+ | O]+ [(g+2) | @] + @+2) | /)|

1/q
‘ . 1 . _ 1 1
Here, since the ql_lfﬂw (q) = 15 and qlgglow (q) =1 then 15 < (ﬁ) <1 for all g > 1.

For ¢ — 17 from (19) we get (11).

3. SOME RESULTS FOR TRAPEZOID INEQUALITIES

We formulate and prove the following lemma

Lemma 3.1. Let f : I CR — R be a twice differentiable mapping on I°. If f" € L[a,b],
where a,b € I and a # b, then for all o > 1 the following equality holds:
fla)+ ) T(a+1)

> ap—ap 1 U

I +Iz) (20)
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where
(a+ 1)
h—

1 1
I = / t(1—)*f"(at + (1 — t)b)dt and Iy = / t1—t)f" (1 —t)a + tb)dt
0 0

U= [T f () + Jg fa)] = [JET f(0) + T2 f(a)]

Proof. To calculate the integrals we first make a transformation of variables 1 —¢ = z, and
then twice integrating by parts we obtain:

1 o\ —
I = /0 2%(1—=2)f"((1 — 2)a + 2b)dz = (bf_(bczy T (15 - a)12)

X 10‘_2 —2)a+ 2 Z—M lzo‘_l —2)a + zb)dz
J A L e e R (BT

If we make (1 — z)a + zb = z transformation in both integrals obtained and taking into
account the property of the Gamma function, we obtain:

b Cla+1) T(a+2
B G s @ - g f@

Similarly for the other integral

f(a) Fla+1) T(a+2)
b—a)? " b—a)pt o (b)_W Jar f (D)

I =

Summing these equalites and then grouping the summands we get

Fa+1)

L+ 1= (b—a)ot!

[f(a) + f(b)] + — xU (21)

1
(b—a)?

And multiplying both sides of the equality (21) by the expression (b;a)Q we obtain (20).
The proof is completed. U

Theorem 3.1. Let f: I = [0,b*] = R be a twice differentiable function on I° such that
" € Lla,b] where a,b € I° with a < b and b* > 0. If |f"| is in the (s,m)— convex
function and % € I°, then for all a > 1 the following inequality holds:

fla)+f(b)  Tla+1)

2 2(b —a)a—1 U' (22)
2
< (b 20’) [B(s +2,a+ 1) +(] <}f” a)| +m|f" (;)D
where
v =D e p0) g pa)] - [ 0) + 5 @)
(=[(s+a+)(s+a+2)]"
and B is Euler Beta function: B(z,y) ft‘” Y1 —tyv=tat, Vz,y>0

Proof. From Lemma 3.1 and from the triangle inequality we obtain:

fla)+ f(b)  T(a+1) (b—a)?
T e

(Ml + [12]) (23)
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Since |f”| is (s,m)— convex with account of inequality (1), we can write

|I1|<’f” |/ 41 (1 < )’/ t)otsay

< |f"(a)| B(s +2,a+ 1)+ ¢m | f” <:1)‘ (24)

1
/ t1—t)*f"(1—t)a + tb)dt‘ =
0
Similarly for the second integral |I3| we can write:
b
— || B 1 2 2
(m)‘ (a+1,5+2) (25)

Summing these inequalities (24) and (25) and the since Beta function is simmetric

(B(z,y) = B(y, z)) then can write:
I e

And we multiply both sides of inequality (26) by the expression % and taking into
account inequality (23) we obtain (22). The proof is completed. O

Since

1
| = /0 (1= 0% f"(ta + (1 — £)b)dt

|| < ¢|f7(a)| +m|f"

||+ || < [Bla+1,s+2)+ (] [‘f”(a)‘ +m|f”

Corollary 3.1. In Theorem 3.1 if we choise m = 1, a = 2 and s = 1 from (22) ve get
Trapezoid inequality:

f()2 —a/f Vda

This inequaliti for convex functions obtained by M. Sarikaya and Aktan (see [14], Propo-
sition 2.).

<! Hf” a)| + |f"(0)]] (27)

Theorem 3.2. Let f: I = [0,b*] = R be a twice differentiable function on I° such that
f" € Lla,b] where a,b € I° with a < b and b* > 0. If | f”|? is a (s,m)- convex function
and % € I°, then for allaw>1,q > 1 and t € (0,1) the following inequality holds:

f(a) ; 1) _ Qé(f ;L)i)_l «ul<b=9” _2‘1)2 XXV (28)

where

(sz )[J3+f(b)+Jz?—f(a)]— [T F(0) + T2 f(a)]

[ (8+2,0&+1)’f”(a)’q+Hm‘f”(b)’q]l/q
+ [M‘f”(a)‘q+m‘f"(b)|q (s+2, oz—i—l)}l/q

v=[la+1)(a+2)]r " u=[la+s+1)(ats+2)"

U
V

and B is Euler Beta function.

Proof. From Lemma 3.1 and from the triangle inequality we obtain

fla)+f() _ Tlat+1)
2 2(b—a)>1

0] < = gy 4 (20)
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Using the well-known power—mean integral inequality and since | f”|? is a (s,m)—

convex function, we have

|| < /01 t1 =) | (at + (1 - t)b)| dt < (/01 " —t)adt>
x [/01(1 — )% [ts @)+ m (1 — )| 7" (:;) q] dt} g

(2)]”

1| = ‘/01 H1— %" ((1 — t)a + tb)dt’ - /01 (1= t) f"(ta+ (1 1) b)dt‘

Similarly to the first, for the second integral, we can write:

2)

1—-1
q

L] <vx [}f”(a)\qB<s+2,oz+ 1) + pm

Since

q

1/q
|I] < v x {u\f«a)\um B(s+2,a+1)]

And adding the last inequalites we get

L]+ ][] <vxV (30)
Multiplying both sides of the last inequality by the expression @ and taking into
account inequality (29) we obtain (28). The proof is completed. O
Corollary 3.2. In Theorem 3.2 if we choise m =1, a =2 and s =1 from (28) ve get
‘f )+ fb) /f a| < ¢ ) « E (31)
—a
where
B- [2\f"<a>|q+3|f”<b>|T/"+ [3|f"(a>|‘J+2|f"<b>|q e
B 5 5

This inequality is of the same order as the Trapezoid inequality for convexr functions ob-
tained by M. Sarikaya and Aktan (see [14], Prposition 6.)

Theorem 3.3. Let f: I =[0,b*] = R be a twice differentiable function on I° such that
f" € Lla,b] where a,b € I° with a < b and b* > 0. If | f’|? is a (s,m)- convex function
and % € I°, then for all a,q > 1 and t € (0,1) the following inequality holds:

a @ —a)?
L i) Mol 8ol oy )
where
_ (a+ ) (e’ e _ [ 7a—1 a—1
U= TG F0) + - f@)] = [T (0) + 7 fa)]
1/q
D:[[f B(s+2,aqg+1)+£&m (:;) q]
q 1/q
+ [Kf m | f" (i) B(s+2,aq + 1)]

[(ag+ s+ 1)(ag+s+2)]!
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and B is Euler Beta function.

Proof. From Lemma 3.1 and from the triangle inequality we obtain:

fla)+f(b)  T(la+1) (b—a)
‘ 2 2(b—a)p Tt XU‘S 2

(M| + [12]) (33)

Using the well-known Holder integral inequality and since | f”|? is a (s,m)— convex
function, we have

= /olt(l — )" f"(at + (1 - t)b)dt‘ < /01 PR — )| f" (at + (1 — 1)b)] dt
< () () a) N [ a-oeefeir@rma—o| (2] dt}l/q
and so

2Ol

In the second integral, making the change of variables z = 1 — ¢, we can write

L] <2777 [f”(a)qu (s+2.aq+ 1)+ ém

|I| = /1 21— )P = )V (za + (1 — 2) b)dz
0

< </01(1 _ z)dz) 1/,, [/01 2991~ 2) | f"(za + (1 — 2)b)[? dz] v

()

Adding the last inequalites (34) and (35) and taking into account that the Beta symmetric
function we get:

and so
q

v
L] < 27 [5\f”<a>\q+m B<aq+1,s+2>] q (35)

I + || <27'?x D (36)

And we multiply both sides of inequality (36) by the expression % and taking into
account inequality (33) we obtain (32). The proof is completed. O

Corollary 3.3. Since % =1- % if we choise m = 1,s =1 and a = 2, in Theorem 3.3
then from (32) we get

a b —a)?
LCES RS

4

< x p(q) x F (37)

where

0(q) = (g +1)(2q +3)] 74,

F= [ZIf”(a)q + (20 + 1)|f”(b)|"]1/q T [<2q+ DI (@)|7 + 2|1 B)]1] 7
2¢+1 2¢+1

. . _ 1 . _ 1
Here, since the ql_l)]f{l+ ©(q) = 15 and qginoocp(q) =1 then 55 < ¢(q) <1 for all ¢ > 1. For

q— 17 from (37) we get (27).
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4. APPLICATIONS TO SPECIAL MEANS

We now consider the means (see Pearce, C.M.E. and Pecari¢, J. in [12] ) for arbitrary
real numbers o and 5.

(1) Arithmetic mean : A(a, B) = a—;rﬁ,

(2) Quadratic mean : Q(«, B) a? + B2,

(3) Geometric mean : G(a, ) = +/aB, af > 0;
(4) Harmonic mean : H(a, B) = C%%, a+ 8 #0;
(5

)
) Logarithmic mean : L(«a, 5) = —B-a a,f>0and a # 5.

InS—Ina’

Now, using results we give some applications to special means of positive real numbers.

Proposition 4.1. Let a = 0 and b € RT, then, we have

1 b b?
Al jweac.Qe)| @ (15)] < i @ e,
Proof. The assertion follows from Corollary 2.1 applied to the function f(xz) = V1 + 22.
O
Proposition 4.2. Let a,b € RT, a < b, then, we have
2
G (@2 8) — A2 (a,0)] < 029 {A7 (30749,5074) 4 A3 (507,357 |
2 a
Proof. The assertion follows from Corollary 2.2 applied to the function f(x) = %2, x >
0. O
Proposition 4.3. Let a,b € R", a < b. Then, we have
|IL7" (a,b) = A7 (a,b)| <167 (b —a)® (¢° + 5g + 6)_1/q
1/qg+2 qg+4 1/qg+4 q+2
At (2 (0 2]
Proof. The assertion follows from Corollary 2.3 applied to the function f(z) = 916, T >

0. U

Proposition 4.4. Let a =0 and b > 0 then we have
2

A(1,Q(b,1)) — A [Q(b, 1), %ln(QA(b,Q(b, 1)))] ’ < %H*l (Q°(b,1),1)

Proof. The assertion follows from Corollary 3.1 applied to the function f(x) = V1 + 22.
O
Proposition 4.5. Let a,b > 0 and a < b then we have
_ )2 1/q
|HY(a2,5?) — L (a2, b%)| < (b:‘) (g) x [A% (3719, 56719) + Au (5a_4q,3b_4q)}

Proof. The assertion follows from Corollary 3.2 applied to the function f(z) = —, z >
0. ]

Proposition 4.6. Let a,b > 0 and a < b then we have
|H™ (a,b) — L72(a,b)| < 2079/9(b — a)?[(q + 1)(2q + 1)(2q + 3)]7V/4
x [A% (2072, (2 + 1)) + AT (2 + D)a=0,2674)
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Proof. The assertion follows from Corollary 3.3 applied to the function f(z) = =, x >
0. O

5. CONCLUSION

Two lemmas are formulated. On the basis of these lemmas, through fractional inte-
grals, we obtain new integral Hadamard-type inequalities for functions whose second-order
derivatives are (s,m) — convex functions. As a consequence of these inequalities, upper
bound estimates are obtained for Midpoint and Trapezoid inequalities. The obtained
estimations correspond to the estimations in the literature.
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