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1 Introduction
The classical Hermite—Hadamard inequality is as follows:

b
g<a+b) 1 /g(s)dssg(a);g(b) (1)

S—
2 b-a

for convex functions g: [a,b] C R — R (see [1]).

In the past decade, fractional calculus has been regarded as one of the best tools to
describe long-memory processes. Many researchers are interested in such a model. The
most important of these models are described by differential equations with fractional
derivatives. Their evolution is much more complex than the classical integer-order case,
and the corresponding theory is also more difficult in the integer-order case. The theory
of fractional integral inequalities plays an important role in mathematics.

The Hermite—Hadamard integral inequality for convex functions is one of the most fa-
mous inequalities. Ten recently published papers [2—11] are focused on the generaliza-
tions and variants for the convexity and Hermite—Hadamard inequality. Many mathe-
maticians devoted to the promotion and expansion of (1). For more information, refer
to [1, 12—18] and closely related references.

With a wide application of fractional integration and Hermite—Hadamard inequality,
many researchers extended their research to the Hermite—Hadamard inequality, includ-
ing fractional integration rather than ordinary integration; see [19-27]. Sarikaya et al. [19]
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derived an interesting Hermite—Hadamard-type inequality, which contains the fractional
integral instead of the ordinary one. The study attracted many researchers to consider the
problem. So far, some new integral inequalities have been obtained by using fractional cal-
culus. Sousa et al. [28] introduced fractional integral operators with ¥ -Riemann—Liouville
kernel and proved similar inequalities.

In addition to the classical convex functions, Hudzik and Maligranda [29] introduced
the definition of s-convex functions in the second sense.

Definition 1.1 (see [30, Definition 1.4]) A functiong:I C R, — R, is said to be s-convex
in the second sense on [ if inequality g(Ax + (1 — 1)y) < A%g(x) + (1 — A)°g(y) for allx,y € I
and A € [0,1] and for some fixed s € (0, 1].

Definition 1.2 (see [28, Definition 4]) Let (a,b) (—00 < a < b < 00) be a finite or infinite
interval of the real line R, and let o > 0. Also, let ¥(x) be an increasing positive func-
tion on (a,b] with continuous derivative ¥'(x) on (a,b). Then the left- and right-sided
Y -Riemann-Liouville fractional integrals of a function f with respect to the function y
on [a, b] are defined by

% g(w) f VO - 0) g0 de

F(ot

1
B0 = s [ VOO - v g

respectively, where I" is the gamma function.

Lemma 1.3 Let h: [b,c] — R be a differentiable mapping on (b,c) with b < c. Also, let
h € L[b,c]. Then we have the following equality for fractional integrals:

h(b) +h(c) T(a+1)
2 " 2c-b)

[[:Z:—]/i(by (hy) (¥ ) + Ixo/j:—l//l(c)— (h°y) (v ®)]
1
= #/0 (1 =% —e*)H (tb + (1 - t)c) dt. )

Proof From [31] we have

hb) +h(c) T(a+1)
2 " 2(c-b)

(1% 4y (BE0) (2 0) + 1% (B9) (97 9)]
1 Y1) . .,
= e or b)a / [(W () =B)" = (= y ) ](H Y)Wy (v)dv
o) —b o _ o
LT () oo
c—y(v)
(lett: p— )

1
- # (=6 — )W (th + (1 - t)c) dt
0

The proof is completed. g
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Lemma 1.4 Let h:[b,c] — R be a differentiable mapping on (b,c) with b < c.Ifh € L[b, ],
then we have the following equality for fractional integrals:

Fla+1) o - o ° - :
2(ca +b)a [13/ L(rey) (v o) +I1,,—v/1(c>- (moy) (v (0)] _h(%)
- % f (ko - (- YW (e s (- 1) ¥
0
where

Proof Note that

_ 1
c-b ki (tb + (1 - £)c) dt
0

_ 1
% (tb+(1—t)c)dt—%/; W(th+ (1 - t)c) dt
2

h(e) - h(%¢)  h(b) - h(%F)

2
By Lemma 1.3 we have

r 1., » . . b
2(ia—+b)‘3 Uﬁ(’”* (o) (71 @) + 174 - (o) (47 0)] _h(j)

2
_[#(b) + h(c) B b+c
[ ()

B {h(b) +h(c) T'(a+1)

(% ) (57 @) 1% (o) (07 )|

2 2c-b)"
_ezh kh (tb+(1—t)c)dt——/ (-8 — )i (th + (1 - t)c) dt
c—b ,
=— (k+ =1 -0)*)H (tb+ (1 -t)c)dt
0
The proof is completed. O

Lemma 1.5 (see [32, Definition 1.1]) Let (§2, A, 1) be a measure space with 0 < u(§2) < 1,
and let ¢ : 1 — R be a convex function defined on an open interval I in R. Iff : 2 — I is
such that f, 9°f € L(82, A, ), then

1 1
— | fd — du.
¢(M(9) /gf “)5 () /_Q $() du @

In the case where 2 is strictly convex on I, we have equality in (4) if and only iff is constant
almost everywhere on 2.
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Remark 1.6 Inequality (4) is reversed if ¢ is, that is,

1 1
—= d — du.
d)(u(ﬂ) fgf “) = ,L(mfg‘i’(f’ " 5)

The main purpose of this paper is to introduce some new Hermite—Hadamard-type
inequalities involving ¥ -Riemann—-Liouville fractional integrals via s-convex functions in
the second sense. For these functions, we establish some results related to the left end of
new inequalities similar to inequality (1). We give some applications to special mean of a
positive real number.

2 Main results
We now in a position to establish some inequalities of Hermite—Hadamard type involving

Y -Riemann—-Liouville fractional integrals (with « € (0, 1)) via s-convex functions.

Theorem 2.1 Let o € (0,1), let h: [b,c] — R be a positive function with 0 <b<cand h €
L[b,c], and let  be an increasing positive function on [b, c] having a continuous derivative
Y’ on (b,c). If h is an s-convex function on [b, c], then we have the following inequality for
fractional integrals:

b r 1) o .
2S1h< + C) < (O( + )[I‘tz;llll(b)+ (how)(w—l(c)) +I$.—¢1(C)— (how)(w—l(b))]

2 )7 2c-b)
< 3a i o h(b) + h(c)' ©)
a+s (o +s)2uts 2
Proof Since h is an s-convex function on [b, c], for every x,y € [b, c] with A = %, we have
x+y 1 1

h( 5 ) < 2Sh(x) + 2Sh(y),

thatis, withx=tb+ (1 - t)c,y = (1 - )b + tc,
b+c
zsh(T> <h(th+(1—-1t)c) +h((1-t)b+tc). (7)

Multiplying both sides of (7) by t*! and then integrating the resulting inequality with
respect to ¢ over [0, 1], we obtain

1 1
f t“h(tb+ (1-t)c)dt + f 7 h((1 - )b + tc) dt
0 0

1

z/ t‘“s-lh(ﬂ)dt
0 2

- Z_Sh(b+c).

T a 2

Next,

I'lx +1)

m[lﬁ,ﬁ/’lw (o) (71 @) + 1% - (ow) (7 0)]
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_I'(a+1) t,
" 2c-b) [r(a)/ v OW W) -v@) (Py)@®dt

-1 a-1/,0
e f OO -y (1 B) vf)(t)dt]

v

_I'(a+1) 1 , B vl
“2c-by | T(@) [ /w_l(b) VB (e-v®) h(v(e)at

) -
+ f 'O (W (©) -b)" h(v() dt:|
w—l

(letm=1p )

_ / c-m h( Vd /C m—b a_lh( )d
2(c nl), Uc—p mamn |\ cZp e
(letu— m,v:m—b, thenlett=uandt=v

c-b c-b

1 1
- % [/ £ Vh(th + (1 - t)c) dt + / (1 - 0)b + tc) dt:|
0 0
2 « 2
- lh(b + c))
2
so the left-hand side inequality in (6) is proved.
To prove the right-hand side inequality in (6), since / is an s-convex function, for ¢ €
[0,1], we have
h(tb +(1- t)c) <thb)+ (1 -1t)°h(c)
and
h((1-10)b+tc) < (1-1)°h(b) + £'h(c),
and then
h(th + (1 —1)c) + h((1 - )b+ tc) < (¢ + (1 - 2)°) (h(b) + h(c)). (8)

Multiplying both sides of (8) by £*~! and then integrating, we obtain
1 1
/ t*h(th+ (1-t)c)dt + / (1 - )b + tc) dt
0 0
1
/ 7 E + (1= 0)°) (h(b) + h(c)) dt
0

/ govs- 1dt+ 11 _t)sdti| (h(b) + h(c))
0

1
[ 1 s o-1 s
[(HS (1-¢) dt+/1 11 -1 dt:| (h(b) + h(c))

2

Page 50f 13
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1

1 2 !
[a t /0 (1-t)*"'dt+ /% st dt] (h(D) + h(c))

[ 3 + 1 :|(h(b) +h(c)).

a+s  (o+s)2ets

IA

IA

So then

I'a+1)
2(c — b)*

_O{ ! a1 ! a—1
_E[/Ot h(tb+(1—t)c)a’t+/ ¢ h((l—t)b+tc)dt}

0

(252 4 (B0 (071 0) + 1% - (0) (v ()]

<9 X[ 3 1)2a+s}(h(b)+h(c))

2 a+s (x+s

B [ 3o o }h(b) + h(c)

a+s (o + 8)22+s 2

The proof is completed. d

Theorem 2.2 Let h: [b,c] — R be a positive function with 0 < b < ¢ such that h € L[b, ],
and let W be an increasing positive function on [b,c] having a continuous derivative '
on (b,c). If W' is an s-convex function on [b,c] for some fixed s € (0,1], then we have the

following inequality for fractional integrals:

I'lox +1) W B : ) i b
‘2@ ) [135 () (v @) + I - () (v 1(,,))]_;4(7)\

—2(5 (Ih(b)l 1 (©)])- )

Proof Using Lemma 1.4 and the s-convexity of /1, we have

F(a * l) 1 o -1 b+c
‘2(6_ oo L (B0 (071@) + 1% - (1°9) (07 ®)] —h(T>
= # /(; (k+t°’—(1—t)°‘)h’(tb+(1—t)c)dt'
= ﬂ{/7(1+f“—(1—t)“)[t5]h’(b)] + (-2 |H(0)|] dt
2 0

1
- /1 (A=-0% +1-)[£|H®)| + (1 - 2| (0)]] dt}

~ c-b

{‘h/(b)‘/i[ts+t°‘+s—ts(l—t)°‘]dt

0

+ |h/(C)|/0'7[(1—t)s+ta(1_t)5_(1_t)ot+s]dt
1

+ |h,(b)|/; [ts(l ¥+ £ _toc+s] dt

1
+ |h’(c){f1 [(l—t)"’”+(1—t)s—t°‘(1—t)s]dt}
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c-b ’ % s / % s / !
§T{|h(b)|f0 ¢ dt+|h(c)|/0 1- dt+|h(b)|é £ dt
1
+|h/(c)|ﬁ (l—t)sdt}

c-bf,, 1 ) 1 .
=T{|h(b)|/0 tsdt+|h(c)|/0 (1-1) dt}

_ c-b
To(s+ 1)

(|7 ®)] + |1 (0)]).
The proof is completed. O

Theorem 2.3 Let hi: [b,c] — R be a positive function with 0 < b < ¢ such that h € L[b,c],
and let  be an increasing positive function on [b, c] having a continuous derivative ' on
(b,c). If |K'|1 (q > 1) is an s-convex function on [b,c] for some fixed s € (0,1], then we have
the following inequality for fractional integrals:

F( 1) a: ° — : ° _ b
{2(00‘_;)“ [Iwﬁ(bﬁ (°y) (v (o) +17/*w1(c)* (r°y) (v (®)] - h(%)
1 7 1 i
=le- b)<(ap ¥ 1)2“1“1) ((s n 1)2”1)
< [(H®)7+ (27 1)@ + (2 - DK ®)|* + K|, (10)
where £ =11,
p q

Proof Using Lemma 1.4 and the Holder inequality via the s-convexity of |/'|7 (g > 1), we

have
Ir( Do ° - - ° ) :
‘ﬁ[ﬁ/f—wmbﬁ (°y) (¥7(0) +Iw-1//1(c)'(h V@) _h(¥>
e e o
0

1
+/1 Q- +1-t*)|H (tb+ (1 —t)c)|dt}

2

ﬂ % a _ Aa\? }7 % / _ q )%
== {(/0 (L+*-(1-2)") dt) (/0 W (tb+ (1-t)c)|" dt
1 }7 1 ‘li

+</1 ((1—t)“‘+1—t°‘)pdt) (/1 |h/(tb+(1—t)c)|th> }

2

—b( [? S (E / 1
SCT(/O (1+t"‘—(1—t)"‘)pdt> {(/0 [ts|h(b)|q+(1—t)s|h(c)|q]dt)

1 i
. ( / [ts|h/(b)|q+(1—t)5|h/(c)|q]dt) }

2

S%(/O%(l+t“—(1—t“))pdt)}j
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1 , p 1 / ;

: KW'"“”' (1 2s+1>|h<c>l)

1 1 / 1

+(S+—1(1 2s+1)ih(b)|q WU’I(C)V) }
c-b PooNP( 1\

< [((H @[+ @ =) I @) T+ (2% - 1) B+ W (@)])7]

1 ’ 1 ;
= (C_b)<(ozp+ 1)2"‘1’*1) <(s +1 2”1)

)
< [((H @B+ @ =) |H @)1+ (2% - 1)@+ 1 (@) 7].

The proof is completed. d

Corollary 2.4 Let h: [b,c] — R be a positive function with 0 < b < ¢ such that h € L[b,c]
¥ (+) is an increasing and positive monotone function on [b, c], having a continuous deriva-
tive ' on (b,c). If |[W'|1 (q > 1) is an s-convex function on [b, c] for some fixed s € (0,1], then

we have the following inequality for fractional integrals:

F( 1) o o — RV o - b
S 00) (70) + 125 ) o)) - 25 )|

’ 1 i
=fle- )<(ap+1 2"‘P+1> ((s+1)25+1>

X (1+ (2" =) 1) (K@) + Q). an

1
where - =1 —
p

N

Proof We consider inequality (10), and we let a; = |/ (b)|4, by = (251 —= 1) (0)|4, ay =
L 1)K (b)|1, by = |H(c)|. Here 0 < l < 1for g > 1. Using the inequality > ;' (a; + b;)" <
Yorial+y rybiforO<r<1,a;>0,b; > O i=1,2,...,n,weobtain the required result. This
completes the proof. O

Theorem 2.5 Let h: [b,c] — R be a positive function with 0 < b < ¢ such that h € L[b, ],
and let  is an increasing positive function on [b, c] having a continuous derivative ' on
(b,c). If |H'|1 (q > 1) is an s-convex function on [b,c] for some fixed s € (0,1], then we have
the following inequality for fractional integrals:

e D 007 ) + 1% ) v )] - (22

c=b{ 1 \“ifa-1 1\'1 1 7
< + — -
- 2 \a+1 2 20 (s+1)2s+1

< [( P2 ) K]+ (2 - ) HG)| + 1)) 1], (12)
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Proof Using Lemma 1.4 and the power mean inequality via the s-convexity of |/'|7 (g > 1),

we have
1_,( 1) o _ o o - b
e 0) (070) + 157 () v )] - (25
f?{/Ju+ta_a-t>a>|h'<tb+<1—t>c>|dt
+/11((1—t) +1-)|H (b +(1-0) )‘dt}
: .
([ wee-a-ma)

1 1

fo (L+t* -1 -0%)|H (b + (1 )|"dt>q

X

1 -1 :
+ ﬁ((l—t)“+1—t"‘)dt> (ﬁ ((1—t)“+1—t“)\h’(tb+(1—t)c)\"dt> }

1

% 1-3
/ (1+2*-(1- t)"‘)dt)
0

</§(1+t CA -0 [EIH )|+ (1 - 0P| (0)]"]d )
0

IA
Q
K
A/

1

1

2
' q
+ (ﬁ ((1 _t)ot +1 _ta)[ts|h/(b)|q + (1 _t)s|h/(c)|q] dt) }

c=b{ 1 \"i a—-1 1\
2 \a+1 2 e

x {<|h’(b)‘q/§[ts+t°‘”—ts(1—t)°‘]dt

|H (e |/ “(1- )~ (1- )“”]dt)q

+ <|h/(b)|q lra-prer—e]ar

IA

1 q
+[H©@ | [A-9+ 1 -t —t*(1-t)"] dt) }

1
2

c-b( 1 \"ifa-1 1\
2 (oe+1) ( 2 +2_w>
1 1 1
x {<|h’(b)|q/2 £t + |h’(c)|q/2(1—t)sdt)q
0

! g
(|h/(b)| / gde+ W) | (1- t)Sdt) }

1
2
c-b 1 - 1
< il
- 2 (oe+1) ( 2)

IA

Page9of 13
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1 7o |4 1 1 Y %
: KWM(M +s+—1(1_ 2s+1>|h(€)| )
! PN CAY

c=b{ 1 \"afa—-1 1\“7 1 i
< + — -
- 2 \a+l 2 20 (s+1)2s+1

< [((H @[+ @ =) |H @)1+ (2% - 1) B[+ 7)) 7).

The proof is completed. O

Corollary 2.6 Let h: [b,c] — R be a positive function with 0 < b < c such that h € L[b,c],
and let  be an increasing positive function on |b, c] having a continuous derivative ' on
(b,c). If |W'|1 (q > 1) is an s-convex function on [b,c] for some fixed s € (0,1], then we have
the following inequality for fractional integrals:

r 1w o _ @ o _ b
‘2(ia_+b)a) [lw—‘lll(by (h W)(w I(C)) +I¢,—w1(c)— (h W)(‘P l(b))] _h<%)‘

c=b{ 1 \“ifa-1 1\'1 1 $
< + — R
- 2 \a+1 2 20 (s+1)2s+1

x (1+ (2= 1)7)([H®)| + |1 (©))- (13)

Proof We can obtain the result using the technique in the proof of Corollary 2.4 by con-
sidering inequality (13). O

Theorem 2.7 Let h: [b,c] — R be a positive function with 0 < b < ¢ such that h € L[b, ],
and let  be an increasing positive function on [b, c] having a continuous derivative ' on
(b,c). If W' |1 (g > 1) is a concave function on b, c], then we have the following inequality for

fractional integrals:

F( 1) a: ° — a: o — b
D ) (07 0) 15 000) )] - 22

1 P 1\ (b+3c (3b+c
<o) (&) (NP o

1
where - =1 —
P

1
7

Proof Using Lemma 1.4 and the Holder inequality, we have

I'a+1)
|2(c—b)°‘

5%(/‘02(1+t°‘—(1—t)°’)pdt>p{(‘/02|h/(tb+(l—t)c)|th)a
+ lh/ th+(1-¢)c)|"dt !
IR )

. ‘ b
[1;‘/;"’1(% () (1) + Iz'*wl(c)* (ev) (v ®)] - h(%)‘
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1

L/ %
= (C—b)(W) {(/(; |h (tb+ (1 —t)C)|th>
1 :
+ (/1 W (tb+(1 —t)c)\th> }

Noting that |/'|7 (g > 1) is concave on [b, c] and using the Jensen integral inequality (5), we

have

1

1 1 3 q q
th+ (1 -t)c)dt 1 b+3
/2|h/(tb+(1—t)c)|th§(/zt*dt) h/(fO( +1( )C) > SEh/< '; C>
0 0 f()? t* dt
Similarly,
1 1 [ith+ (=00 deN17 11 /3b+e)\|!
/ W (th+ (1 -t)c)|"dt < (f t*dt) h’( i ) <- h’( )
} } Jytrde 2 4

In this formula, t* is an arbitrary constant independent of . Combined with the previous

inequality, we get the required results. The proof is completed. O

3 Applications to some special means
Bivariate means are with respect to two elements. Consider the following bivariate means
(see [33]) for arbitrary m,n € R, m # n:

the harmonic mean

2

+

H(m,n) = , m,neR\{0},

N

1
m
the arithmetic mean

m+
A(m,n) = 5 n’ m,n € R,

the logarithmic mean

n_
L(m,n) = 1 ,  |m|#|n|,mn#0,
n

m
] —In|m]|
the r-logarithmic mean

nr+1_mr+1 3
L,(m,n):[ ], reZ\{-1,0},m,ne R,m+n.

r+1)(n-m)

Now we give some applications to special means of a real number.



Zhao et al. Journal of Inequalities and Applications (2020) 2020:128 Page 12 0f 13

Proposition 3.1 Letm,neR,,m<n,reZ,|r|>2,s€(0,1],and q> 1. Then

s+1|r|A(|Wl|r_1 |n|r—1)

2(” m)|r|((p+1 2p+1) ( s+1 23+1)
L 0mm) = AT m)|< 3 x (1+ (21 = DDA(m], |n),

Q-

(- m)lrI(L)2 )
X (1+ (2 = )DA(ml, 1),

where L =11,
p q

Proof Applying Theorem 2.2, Corollary 2.4, and Corollary 2.6, respectively, for h(x) =
¥ (x) =%, and o = 1, we immediately obtain the result. a

Proposition 3.2 Letm,neR,,m<n,reZ,s€(0,1],and q> 1. Then

STA(m|, |7,

1
Z(H—m)(m)”l(m)q
L m,n) -H(m ™, n )< x (1+ @ = 1) D)A(m| ™2, |n]2),
1 1
(1= ()
X (1+ (25 = 1)0)A(|m| 2, |n|72).

where L =1 -
p

=

Proof Applying Theorem 2.2, Corollary 2.4, and Corollary 2.6 respectively, for h(x) = %
¥ (x) =x, and « = 1, we immediately obtain the result. O
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