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1 Introduction

One of the most fruitful notions in current Mathematics is that of the convex
function, which has spread in various directions (the interested reader can
consult [12], where a fairly complete overview of the generalizations and
extensions of the convex function concept is presented). In our work we will
use the notion of a s-convex function, given in the following definition.

An s — convex function was introduced in Breckner’s paper and a number
of properties and connections with s — convezity (see [3]).

Definition 1.1 Let s be a real number, s € (0,1]. A function ¢ : [0,00) — R
is said to be s-convex in the first sense if

dlax + By) < a’(x) + Bd(y). (1.1)
for z,y € 10,00), a,8>0 and o + 3° =1

Definition 1.2 Let s be a real number, s € (0,1]. A function ¢ : [0,00) —
[0,00) is said to be s-convex in the second sense if

dlax + By) < a’(z) + B¢(y). (1.2)
for all x,y € [0,00), a, B > 0 with o + § = 1.
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2 Juan E. Ndpoles Valdés, Florencia Rabossi

Of course, s — convexity means just convexity when s = 1 for functions
defined on [0, o).
Some observations about this kind of functios:

— ¢ is s-convex if and only if

P(tr+ (1 —t)y) <to(x) + (1 —1)°(y)

for each z,y € (0,00) and t € [0, 1].

— ¢ is convex if and only if ¢ is s-convex in any sense.

— If ¢ is s-convex in the second sense and ¢(0) = 0 then ¢ is s-convex in the
first sense.

One of the most important inequalities, that has attracted many inequal-
ity experts in the last few decades, is the famous Hermite-Hadamard in-
equality for convex functions:

5 (al + az) < 1 /"2 o) di < ¢(ar) + ¢(as) (1.3)

2 a2 — a1 Jq, 2

holds for any function ¢ convex on the interval [ay, as]. This inequality was
published by Hermite in 1883 and, independently, by Hadamard in 1893. It
gives an estimation of the mean value of a convex function, and it is im-
portant to note that it also provides a refinement to the Jensen inequality.
The interested reader is referred to [1,5-7,9-11,13] and references therein
for more information and other extensions of the Hermite-Hadamard in-
equality.

In [4], we can see a variant of Hadamard’s inequality wich holds for s-
convex functions in the second sense.

Theorem 1.3 Suppose that ¢ : [0,00) — [0,00) is an s-convezr functions
in the second sense, where s € (0,1), and let ay,as € [0,00), a < b. If
¢ € L'ay,az], then the following inequalities hold:

2514 <a1 + az) < 1 /a2 o(z)dw < ¢(a1) + ¢(az) (1.4)

2 a2 — a1 Jgq, s+1

The constant k = S_%l is the best possible in the second inequality in (1.4).

All through the work we utilize the functions I" (see [15,16,20,21]) and
I (see [5]):

I'(z)= /OOO t*~le7tdt, R(z) >0, (1.5)

I(2) :/ e "R At k> 0. (1.6)
0
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A note on some fractional integral inequalities 3

Clearly if k — 1 we have I(z) — I'(2), Ik(z) = (k) I (%) and I'y(z +
k’) = sz (Z)

To encourage comprehension of the subject, we present the definition of
Riemann-Liouville fractional integral (with 0 < a; < ¢ < ag < 00). The first
is the classic Riemann-Liouville fractional integrals.

Definition 1.4 Let ¢ € Li[ay,as]. Then the Riemann-Liouville fractional
integrals of order o € C, Re(a) > 0 are defined by (right and left respec-
tively):

o () = F(la) /m (@ =)o) dt, > a (1.7)
oy d() = F(la) / (t—2)*'g(t)dt, x < as. (1.8)

We can define the fractional derivatives, of any order n, corresponding to
the previous operator as follows.

Definition 1.5 For ¢(z) € L(ay,as), a € C, Re(a) > 0 and n = [Re(a)] +
1, then the left and right sided Riemann-Liouville fractional derivatives are
defined as:

D50 = (1) (@00) @) (19)

(D)) = (—;fc)"(fgza ) (@), (1.10)

Next we present the weighted integral operators, which will be the basis
of our work.

Definition 1.6 Let ¢ € Li[a1,as] and let w be a continuous and positive
function, w : I — R, with first and second order derivatives piecewise con-
tinuous on I and w(0) = w(1) = 0. Then the weighted fractional integrals
are defined by (right and left respectively):

1 _
wIa1+¢(-'E) = m /a1 w'" (a:_ (tzl>¢(t) dt, x> a (111)

Wl d(z) = F(la)/: w”( f-w )d)(t)dt, z<ay (L12)

az — ai

Remark 1.1 It is easy to notice that if in the previous definition, we put

_— a—la 1 . . . . . .
w(t) = %, then we obtain the Riemann-Liouville fractional in-
tegral operators. Other known fractional integral operators can be derived,
without difficulty, from the previous definition.
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4  Juan E. Ndpoles Valdés, Florencia Rabossi

In the work [14], inequalities of the Hermite-Hadamard type are obtained,
for functions with first derivative and their powers, in the s-convex class.
In this paper, we obtain new variants of the inequality (1.3), within the
framework of the weighted integral operators of the Definition 1.6 for s-
convex functions, considering the second derivative.

2 Hermite-Hadamard type inequalities for fractional weighted
integrals

Now let’s present the following result, which we will use throughout the
work.

Lemma 2.1 Let ¢ a real functwn defined on some interval I, I C R, twice

differentiable on I a,b € I a<bandw:I— R, with first and second order
derivatives piecewise continuous on I, w(0) = ( )=0.If¢" € L[a,b], then
we have the following equality:

—w(0)(¢(a1)(z—a1) + ¢/ (az) (a2 —x)) + w'(0)(¢(a1) + ¢(az)) —2w'(1)$(x))

a2 — a1

- (Mg o) + 15 0()

(1)) +

= P Pt o+ (1-)an) e 2228 Lt (ta-+ -t

az2—ai a2 —ai

Proof. Integrating by parts twice, we get

/tlu(t)qs” (tz+(1—t)ay) dt = w(t)g (to+(1—t)ar)

' /1w’(t)¢’ (tr+(1-t)ar)

X — ay 0 r — ap
_w(@)¢' () —w(0)¢'(a1) w'(t)¢ (tz+(1-t)ar) 1 ' (8)¢ (tz+(1—t)ar)
a T —ay (x —a1)? 0+/0 (z —a1)? di
_w(1)¢' () —w(0)¢'(a1) n w'(0)¢ (a1) w'(1)d(x) +/]’w”(t)¢(f$+(1—t)a1)dt
T —aq (x —ay)? 0 (x —a)?

Putting z = tx + (1 —t)a1, so dz = (x — aq)dt, with this change of variables,
we obtain

/0 w(t)d" (2 + (1 - t)ay) de = L@ ZwOF @) ),

r — ay

W (0)¢ (1) —w' (Do) I(a)" 12 ¢(x)

+ (x —aq)? (r —a1)?
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A note on some fractional integral inequalities 5

Analogously,
(1)¢' () — w(0)¢'(az)

ag — T

/01 wt)d (tz + (1 — t)ag) dt = — (2.2)

w (0)¢ (a2) —w'(1)(x) | () I ¢(x)
(a2 — z)? (a2 — z)?

Multiplying both sides of (2.1) and (2.2) by (@=a)? ong (G20 , respec-

. . . . o, . 2_'041 a2_a1
tively, and adding the resulting identities we obtain

+

1

W/O w(t)d" b+ (1—t)ar) dt +(“2””)2/0 w(t)” (tx + (1 - t)az) dt

az2—ay az — ai

= o (W) () w0 () + o (w1 ()~ w(0)6 (a2)
L W0)6 (a)—w (Vo) | w'(0)9 (a2) ~w/(1)6(x) | T'(a)

("ol 1g, o(x))
O

Remark 2.1 If we take w(t) = t(1 — ¢*), we obtain the Lemma 1 of [2]
working with ¢”(tas + (1 — t)a;) instead of ¢ (tx + (1 — t)a;) and with
@"(tar + (1 — t)as) instead of ¢ (tx + (1 — t)az).

For simplicity let us denote

—w(0)(¢'(a1)(x—a1) + ¢(az)(ag —) Hw'(0)(¢(a1) + P (az)) —2w'(1)$(x))

az —ax

(w1§l+¢(m) 4o I;J;_gb(m)) — L(HH)

I'(a)

+w (1) (z) + ——
a9 aq

We want to estimate the above functional, as a way of refining the well-
known Hermite-Hadamard Inequality, for the case of the weighted integrals
of the Definition 1.6.

Theorem 2.2 Let ¢ a real function defined on some interval I, I C R,

twice differentiable on ID, the interior of I, where ay,as € I with aq < as and
w: I = R, with first and second order derivatives piecewise continuous on
I, w(0) = w(l) = 0. If |¢"| is a s-convex function on [a1,as], then for all
x € [a1,a2] and a > 0 we have:

()| < (“ —a)” (e ‘22) @l [ Cw(h)ed

a2 — ai a2

(g + 22w ) [ w0 - ovar

az — ax
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6 Juan E. Ndpoles Valdés, Florencia Rabossi

Proof. From Lemma 2.1, property of the modulus and using the hypothesis
that |¢”| is s-convex, we have:

—ap)? !
()| < &) [ 1oz + 0= ayla

n (32;22 /01 w(t)|¢” (tr 4 (1 — t)as)|dt

< C0P Pt (6@ + - 016"

# 2 ) (0167 + (1 016"
=l ([t [ w01 el
([l + [ w01 et

_ 2 _
— <(I al) + (aQ l‘ ) |¢// |/ tsdt
as — ap as — ap

(g + 2= ) [ wra o

0

_|_

O

Remark 2.2 If we take w(t) = t(1 — t*), from this result we obtain the
Theorem 2.2 of [17] where they work with ¢”(taz + (1 — t)a;) and with
¢"(ta; + (1 — t)az) instead of ¢"(tx + (1 — t)ay) and ¢"(tx + (1 — t)as),
respectively.

Theorem 2.3 Let ¢ a real function defined on some interval I, I C R,
twice differentiable on 12, the interior of I, where a1,as € I with a1 < az and
w: I = R, with first and second order derivatives piecewise continuous on
I, w(0) = w(l) = 0. If |¢"|? is a s-convex function on [a1,as], %+% =1,
x € [a1, aq] then the following inequality for fractional integrals holds:

) < = ([ iy dt>i GEE fw(al)yz);

+ o) ( / 1(w(t))pdt>i <'¢"(m)'21'f’"(“2)'q); (2.3
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A note on some fractional integral inequalities 7

Proof. From Lemma 2.1, property of the modulus and using the Holder
inequality, we have:

|L (15r11r)|<%2_a612/0 w(t)|¢” (tx + (1 — t)ay)|dt
+ % / w16 + (1~ t)as)ldr
az —ay 0

s“‘f(/( <>Pdt> (/ 8 m+<1—t>a1>|th)l
+(ZZ:22</01( (t) pdt) </ |¢” t:z;+(1—t)a2)|‘1dt>1

Since |¢"|? is s-convex on [a1, az], we get
1 1
/0 16" (2 + (1 — t)ay)|1dt < / (E16" ()] + (1 — )°]¢"(ar)|?) dt
1 1
= |¢"(x)|? t5dt ! a 1—¢)%dt
6 <x>|/0 16" ()] /0< )

= ——1¢"@)|" + —=1¢"(a)

s+1 s+1
18" (@) + ¢ (an)
s+1

/0 ¢ (tz + (1 — t)as)|"dt < /O (t°1¢" (2)|* + (1 = 1)*]¢" (a2)|?) dt

1 1
— ") /0 #dt + 6" (az)|? /0 (1 t)dt

— /! q
s+1|¢ @I+ s+1

@) + 16 (a2
s+1

6" (az)|"

Hence we have:

\L(HH)| < (z—a1)? </01 (w(t))pdt>:’ <|¢>”(m)lq + ¢"(a1)|q>2

as — aj s+1

O

Remark 2.3 Under the same conditions as the previous Remarks, from
this Theorem we obtain Theorem 2.4 of [17].
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8 Juan E. Ndpoles Valdés, Florencia Rabossi

Theorem 2.4 Let ¢ a real function defined on some interval I, I C R,
twice differentiable on j, the interior of I, where ai,as € I with a1 < as
and w : I — R, with first and second order derivatives piecewise continuous
on I, w(0) = w(l) = 0. If |¢"|7 is a s-convex function on [a1,az2], ¢ > 1,
x € [a1, aq] then the following inequality for fractional integrals holds:

z—ap)?([!

O w(t)dt>1‘1’<|¢"<x>|%i<t>t3dt+¢“<a1>|q/0$<t><1—t>8dt);

az—ai \o

+<szij@L(ﬂdt)l‘1’(|¢”<nc>|q/0$<t>t5dt+|<z>"<az>|q/050<t><1—t)Sdt)i

Proof. From Lemma, 2.1, property of the modulus and using the power-mean
inequality we have

) < 10 [l + 01— g
az — a1 Jo
(a2 — x)?

220 [ ol e + (1 )

< Gaf { ([ w(t)dt)l_1 ([ w<t>|¢>”<m+<1—t>a1>|%zt)1}
4 M { </01 w(t)dt>1_‘l’ (/01 w(t)|¢>”(tx—|—(1—t)a2)|th>i}

Since |¢"]? is s-convex on [a1, as], we get:
/o w(t)]¢"(tz + (1 — t)ay)|dt < /Ow<t> (16" @)1 + (1 — 11" (ar)|7) dt
— ¢ ()] / w(t)t*di+18" (ar) |7 / w(t)(1—t)*dt
/0 w(t)] 6" (tz + (1 — t)az)[9dt < / wt) (916" ()] + (1 — 1)°]¢" (a2)|9) dt

— ¢ (@)]e / w(t)todt +]¢" (az)|? / w(t)(1—t)*dt

Then we have:

e < L(t)dz)li@“(x)q Juterear+167 e /O&t)(l—tfdt)i

+<szf@<t>d§1_;@”<x>w | w(t)e%de+ 16 (a)? /Oi@)(l—tfdtf

O
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A note on some fractional integral inequalities 9

Remark 2.4 With the same conditions of the previous Remarks, it is not
difficult to obtain Theorem 2.6 of [17] from this result.

Theorem 2.5 Let ¢ a real function defined on some interval I, I C R,
twice differentiable on I, the interior of I, where ai1,ao € I with a3 < as
and w : I — R, with first and second order derivatives piecewise continuous
on I, w(0) = w(l) = 0. If |¢"|? is a s-concave function on [a1,az], ¢ > 1,
x € [a1, az] then the following inequality for fractional integrals holds:

o (252)

Proof. From Lemma 2.1, property of the modulus and using Hélder inequal-
ity, we have:

2

L) < 20 (A(lw(t))l’dt) (@ a? T (a2 - )

a2 — ay

(25

)| < B0 [ w01+ 0= aar

Gy — a1

n (ag —x)

2 1 ,
p— /0 w(t)|¢” (tr + (1 —t)ag)|dt

<Ol ([t dt)‘l’ ([wera- t>a1>|%)i

4 (Zz_zig </01(w(t))”dt); (/01|¢"(m (- t)a2)|th>i

Since |¢"|? is s-concave on [a1, az], using the inequality (1.4), we have
n [T+ ar

¢ (5%)
y [T+ as

¢ (%)

1 q
/ 16 (b + (1 — t)ar)|9dt < 25~
0

q

1
/ 16 (b + (1 — t)ag)|9dt < 25~
0

Then we have

[L(HH)| < m (/01 (w(t))’”dt)i2'}l ¢" (‘”J;“l)‘

+ M (/Ol(w(t))pdt>;2sql " (”Cza?)‘

Remark 2.5 It can be verified that this Theorem contains, under the same
previous conditions, Theorem 2.8 of [17].

O
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10 Juan E. Ndpoles Valdés, Florencia Rabossi

3 Conclusions

In this work we have obtained new inequalities of the Hermite-Hadamard
type for functions with second derivative s-convex, in the framework of
heavy fractional integrals. We have seen that some results reported in the
literature can be obtained as particular cases of ours.

To point out the strengths and scope of the method used, the consideration
of a certain function w(t) subject to certain conditions, we will point out
that with this same idea and taking w(0) = 0 and w(1) # 0 we can obtain
Lemma 2.1 (from our Lemma 2.1), Theorem 2.2 (from Theorem 2.5) and
Theorem 2.4 (from Theorem 2.4) from [8]; as well as Lemma 1, Theorem 4,
Theorem 7 and Theorem 10 of [18], Lemma 2.1, Theorem 2.3, Theorem 2.5
and Theorem 2.4, respectively.

On the other hand, these results can be extended to derivatives of higher
orders, following our ideas. It is enough to consider a more general w(t)
function, that is, such that w(0) # w(1) # 0 thus, the work [19] can be
generalized.
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