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ON HADAMARD k-FRACTIONAL INTEGRALS

SANA IQBAL, SHAHID MUBEEN AND MUHARREM TOMAR

ABSTRACT. In this paper, we introduced the Hadamard fractional integral in
terms of a new parameter £k > 0. We also proved some properties of this
newly defined k-fractional integral. Some inequalities involving Hadamard k-
fractional integral are also be proved.

1. INTRODUCTION

In mathematical analysis, the fractional calculus is a very helpful tool to perform
differentiation and integration with the real number or complex number powers of
the differential or integral operators. This subject has earned the attention of many
researchers and mathematicians during last few decades (see [1, 2, 3, 7, 16, 17]).
There is a large number of the fractional integral operators discussed in literature
but because of their applications in many fields of sciences, the Riemann-Liouville
fractional integral operator and Hadamard fractional integral operator have been
studied extensively.

The Hadamard fractional integral operator was introduced by Hadamard [6]. Tt
can be defined as follows:
Let f € L'([a,b]), the left and right sided Hadamard fractional integrals of order
a > 0 and a > 0 are defined respectively as

H;f(x)zr(z)/: (m%)a*lf(t)% O<a<z<b (1)
and
H,?f(a:)_r(la)/: (111;)&_110(7:)?, O<a<a<b )

Because of the wide applications of above defined fractional integrals, many
researchers extended their studies to derive more applications, properties and in-
equalities of Holder, Minkowski, Hermite-Hadamard, Griiss and Ostrowski type
involving left and right sided Hadamard fractional integrals for different types of
functions (see [13, 14, 20, 21, 22, 24]).
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In this paper, we extend the idea of different types of inequalities involving
the Hadamard fractional integral in terms of a new parameter k£ > 0. For this,
we introduce the k-analogue of Hadamard fractional integral with some properties.
The theory of special k-functions was introduced about a decade ago when Diaz and
Pariguan [5] defined the generalization of the classical gamma and beta functions in
terms of a new parameter k > 0, called gamma and beta k-functions respectively.

o0 tk
k() :/ t*te=®dt, Re(a) > 0.
0

and
1 ! a_q B_q
Bi(a, B) = E/ (11— )i dt,  Re(a) > 0, Re(8) > 0. 3)
0

This idea of generalization of special functions in terms of some new parameter
fascinated many researchers and mathematicians. Several properties, identities
and inequalities involving special k-functions were proved during past several years
(see for instance [8, 9, 10, 11, 12, 18, 23]).

The functions T’y defined on Rt and By(z,y) on (0,1) hold the following four
properties:

(z
Ip(k) =1;
Iy (z) is logarithmically convex;
L ()T (y)
For the first time, Mubeen and Habibullah [15] used this special k-functions the-
ory in fractional calculus and introduced the k-fractional integral of the Riemann-

Liouville type as

1 k o
127 (1) = m/ (t— o)t f(2)dz, € [a,b],
where I'y is the Euler gamma k-function.

Later, Romero et al. [19] introduced a new fractional operator called k-Riemann-
Liouville fractional derivative by using gamma k-function. They also proved some
properties of this newly defined fractional operator and found its relationship with
Riemann-Liouville k-fractional integral.

In the subsequent section, we introduce a new fractional integration with pa-
rameter k > 0 which generalizes Hadamard fractional integrals. We also establish
properties of semigroup for this integration. Finally we obtain some weighted Griiss
type inequalities for new Hadamard k-fractional integral operator.

2. MAIN RESULTS

Definition 1 For k& > 0, let f € L'([a,b]), the left and right sided k-fractional
integrals of order a@ > 0 and a > 0 are defined respectively as

’ g1 d
Hoesd @) = s [ (05)7 10T 0<a<o<i (4)
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and
b a1
H?,ﬁkf(x):m/ (lni) f(t)%, 0<a<z<hb. (5)

Throughout this paper we will use Hg ) In place of HS, ;.
Theorem 1 For k > 0, let f be continuous on [a,b] and « > 0, 8 > 0. Then

SR (@) = HE M f (@) = Ho (@), (6)
Proof. By using relation (4) and Dirichlet’s formula, we obtain
1 £ AN dt
o B _ i B i
Ha,k:[Ha,kf(I” - ka(a) /(; (ln t) Haykf(t) t

- [ 00 (ke [ (m;)“mf) &
- e 10 (097 () %]

Now by using the change of variables z = In % /In %, we get

VA A £\ 2\ a_q B
/ (ln ?) <ln §> - = <1n €> / (1—2)%tzrtd
0
f CE
= k (m z) Bi(a, B). (8)

By using (7) and (8) and relation (3) of beta k-function, we get

a+B_1
o 198 _ 1 AN 3
allanf @)= krk<a+,8)/a <1“§> Al

= o f(@). (9)
This completes the proof. O
Theorem 2 Let o, 8 > 0 and k > 0. Then following identity holds
= o1 T(p)
I\ & x k k
| =(In— — 10
“k[<na) } (na) Ti(a+pB) (10)
| t
Proof. By using (4) and change of variable u = n(@/t) , ¢ € (a,b],
In(x/a)

ﬁ_l xT a1 %—1
T\ k 1 T\ & t dt
ak{(lna) ] "), / (hlz (%) T

= (w3 kl“k /01<1_“) )

)
(n7) " Bl

ESe)
-

This completes the proof. ([l
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Corollary 1 Using definition of Hadamard k-fractional integral and relation (1),
we can easily get

(In(z/a)®
Tpla+k)’

The functions f, g C R — R are synchronous (asynchronous) on [a,b], a,b € R if

(f(x) = f)(g(z) —g(y)) > ()0 for allz, y € [a,b].

Theorem 3 Let f and g be two synchronous functions on [a, b], then for all a, 8 > 0
and z > a the following inequalities for Hadamard k-fractional integral holds:

o (1) = a,k>0. (12)

« ]'—‘k(a—'_k) « «
@ x)g(x)] > ———=H,, x)H, x). 13
@) 2 o m e (@M 0 ) (13)
and
o oo @A) Tulat k) s
Sl @O G T agaya) el @)
> M S (@)HL p9(@) + HE g(2)H,  f (). (14)

Proof. Since f and g are synchronous on [a, b], therefore for all A, 7 € [a, b], we have

Lf(m) = F(M]lg(n) — g(N)] = 0, (15)
that is

Fmgm) + f(Ng(X) = fF(N)g(n) + f(n)g(N). (16)

a_q
Multiplying both sides by T (a) (ln %) * % and integrating the resultant inequal-

ity with respect to n over (a,x), we get

He wlf (z)g(x —
k[ (@)g(@)] + (In(z/a))

Now multiplying the above inequality by m (ln %)

FNgN) = gV Ha (@) + FHG pg(2). (1)

-1

>R

% and integrating with
respect to A\ over (a,z), we obtain inequality (13).

To prove inequality (1
8_

with ( 5 (In%)* 1% and integrate the resultant inequality with respect to A
over (a,x). O

4), it is sufficient to multiply both sides of inequality (17)

Theorem 4 Let f and g be two synchronous functions on [a,b] and h > 0, then
for all x > a, a, 8 > 0, the following inequality for Hadamard k-fractional integral
holds:

o (n(w/a))* = Tu(a R
a,k:(fgh‘(x)) (ﬁ_’_k) (ln(:v/a)) a (f h‘( ))

> HS R (fh(@)HD (9(2)) + HS 4 (gh(@))HD L (f(2)) — HE g (h(@)HD . (fa(x)
—Hg,k<fg<x>m5,k(h(x>>+Ha,k<f<w>>Ha,k<g () + M (g(x))HE L (FR(@R)
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Proof. Since f and g are synchronous on [a,b] and h > 0, therefore for all A\,7 €
[a, b], we have

() = FN]lgn) = g(N)][~(n) + A(A)] =0
This implies

Fmamh(n) + fFN)gN)RA) = fF(N)gmh(N) + fF(n)g(Mh(A) — f(n)g(n)h(N)
= fNgNh(m) + F(Ng(m)h(n) + f(n)g(M)h(n) (19)

o

Multiplying both sides of the above inequality by m <ln %) ’ % and integrat-
ing the resultant inequality with respect to 7 over (a,x), we get

o (ln(w/a))
ak(fgh(x)) Tr(atk (F(NgM)A(N))

)
> Hop(F1(@)g(N) +He  (gh(2)) f(A) = Hax (h(2)) F(X)g ()
Her (F9(@)h(A) + H 1 (f(2)g(MR(A) + Hg 1 (9(2)) fF(AR((A). - (20)

+

=

Now by multiplying both sides of above inequality with ﬁ(ﬂ) (lnﬁ) 71% and

integrate the resultant inequality with respect to A over (a,z), we get the required
inequality. O

Theorem 5 Let f, g and h be three monotone functions defined on [a, b] satis-
fying the inequality

[£(n) = FM]lg(n) = gN][R(n) — h(X)] = 0. (21)

Then for all \,n € [a,z], z > a and «, 3 > 0, the following inequality for Hadamard
k-fractional integral holds:
8

(n(z/a))* _ Ti(a+k)

a.k(fgh(2)) TG (n(e/a) Hy i (fah(x))

)
> HE L (FR@)HE (9(2) + HE (gh(2))HD  (f(2) = HE o (h(@)HE  (fo(@))
MYy (Fg(a))H (W) — a,k<f<x>>H§,k<g () — HS 4k (g(@) M (Fh(@R)

Proof. The proof of this theorem is similar to the proof of previous theorem.  [J

Theorem 6 Let f and g be two functions on [a,b], then for all a, 8 > 0 and
x > a the following inequalities for Hadamard k-fractional integral holds:

(1) HZ (P2 @) M (1) + (BT (9%(2) > 2G4 (F (@) M 4 (9())

(2) H (2 @)H (1) + AT H (67 () > 21, (f (2)) ] 4 (9()

Proof. (1) Since [f(n) — g(\)]? > 0, then we have
F2) +g*(\) = 2f (n)g ().
2-1 4

a1
Multiplying both sides of above inequality with zr— 57 (m %) ComE)i L

and integrate the resultant inequality with respect to 1 and X\ over (a, z),
we get the required inequality.

(2) Use the inequality [f(n)g(\) — F(\)g(m)]* = 0. )
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To obtain weighted Griiss type inequality with one parameter involving Hadamard
k-fractional integral, we need following Lemma.
Lemma 1 Let w be an integrable function on [a,b] with ¢ < w(z) < ® and let p
be a positive function on [a, b]. Then for all z,« > 0 we have

(13 k()] [Ha p(pw®(2))] — [HE ) (pw(2))
= [‘I’Hg,kp( ) — ak (pw(z )] [H k(pw(x)) @Hg,kp(x)]
~Ha wp(x) [HE 1 {(® — w(z))(w(x) — @)p(x)}] . (23)
)

Proof. We use the following equality (see [4]

[@p(A) — w(N)pN)][p(mw(n) — ep(n)] + [@p(n) — w(n)p(n)][p(A)w(A) — ep(N)]
—p(n)p(N) [2 — w(n)] [w(n) — ] = p(m)p(\) [& — w(N)] [w(X) — @]
= pMw?(m)p(n) + p(nw?(N)p(A) — 2p(\)w(X)p(n)w(n). (24)

2

[

Multiplying both sides by ﬁ(a) (ln %) L % and integrate the resultant inequality
with respect to n over (a,z), we get
[©p(\) — w(Np(V)] [H (@) — oHE 1p(@)]
+ [@HE () — HE (wp(@))] PV)wN) — ¢p(V)]
—p(NHg p{p(2) [ — w(z)] [w(z) — @I} = p(A) [® — wN)] [w(A) — ¢l Hg p(x)
= pNHG k(w’p(a)) + w* (NpNHG kp(x) — 2p(\)w(NH  (pw()). (25)

—1

Now multiplying both sides by T (a) (ln ) X and integrate the resultant in-

equality with respect to A over (a,x), we get the required inequality. (I

Theorem 7 Let f and g be two integrable functions on [a, b] with ¢ < f(z) < ®
and ¥ < g(z) < ¥ and let p be a positive function on [a,b], then for all > a,
a > 0, we have

[He kp(@)He 1 (pfg(@)) — HE 1 (pf (2))He k (p9(2))]
[Hg",kp(x)} i
<L 7 1

<L @)@, (26)
Proof. First of all, we define

Fn, ) = [f(n) = fN)]lg(n) —g(N)]
= fmgm) +fNg\) = fF(m)g\) — F(Ng), 0, A € (a,2), a <z £2F)
Multiplying both sides of (27) with

e () 05" 2

and integrating the resultant inequality with respect to n and A over (a, ), we get

kQIék(a)/ab/ab (111;);:1 (1n§)%_1 p("zi(A)F(n, A)dndA

= 2[HZwp(@)] [Hax(pfo(2))] — 2 [HE k(f ()] [Har(pg(@)] . (28)
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Now applying the Cauchy-Schwartz inequality to the left hand side of the equality

(28),
we obtain

<k2r2 /a /a (m )k z1pmgg(A)FO%A)dndA>2

< W [ (m2) D) 2 ) s

,W / / (n )it (m ) lp(”;’;“ ) lgn) — a(N)] dna
= {2 [z p(@) [Hf:,kuof (@))] - 2 [He(pF @)}
x {2 [H p(@)] M1 (pg*(@)] 2 [H 1 (@))] "} (29)

From (28) and (29), we can write the following inequality
{2 [Hew(o)] [Haw(pfo(@))] — 2 [Hek(pF ()] [ (pg(@)]}
< {2 [Ha@)] e @)] -2 (M2 pr )]}
x {2 [ ()] [HS (g% ()] — 2 [H2 o))} (30)
If we apply (23) for w = f and then w = g, we obtain the inequalities respectively:

[He ()] [HE (0 f2(2)] = (M (pf (2)]
= [OHGp(x) — HEk(pf ()] [, (pf (7)) — @HE p(x)]

—Hg wp(x) (Mo {(@ = f(2))(f(z) — )p(2)}] (31)
and

[Hgkp( )] [ ak(sz(I))] - [ a,k (pg(x)) }

= [VHZp(x) — HE(pg(2))] [He k(pg(x)) — ¥HG pp(w)]

—Ha wp() [HE {(¥ = g(2))(g(z) — ¥)p(x)}] - (32)
Now since

—Hg wp(@) [H 1 {(@ — f(2)(f(2) — @)p(2)}] <0
and

—HE p(@) [HE (T — g(2))(g(x) — ¥)p(x)}] <0,
then we have
[H op() |[ M < (@) |- [He (o f ()]
< [OHS p(x) — HE W (0f (2)] [HE W (0f () — ¢ HE ()] (33)

and

[He ()] [HE 1 (pg?(2))] — [HE 1 (pg(2))]”
< [UHS p(x) — HE 1 (pg(2))] [Hor(pg(x)) — YHG pp(2)] . (34)
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By using inequalities (30), (33) and (34), we get

{2 [HG ()] [HE 4 (pfo(x))] — 2 [HE 4 (pf (2))] [HE 4 (pg ()]}
<4{ [@Hw > HE 4 (pf (2))] Mok (pf (@) — HS up(x)] }
x {[WHS p(2) — HE 4 (pg ()] [HE k(pg()) — wHE p(x)] }. (35)
Since 2cd < (¢ + d)?, ¢,d € R, then it yields

2 {[®HS wp(x) — Hek(pf (2))] [HE 1 (pf () — pHEep(2)] } < [(@ — @) HE ep(2)] (36)

2 {[WHE wp(x) — HE 1, (pg ()] [HE 4w (pg(@)) — WHE wp(2)] } < [(¥ — 9)HS ()] (37)

The required inequality can be obtained by taking inequalities (35)—(37) into ac-
count. g

Lemma 2 Let f and g be two integrable functions on [a,b] with ¢ < f(z) < @
and
¥ < g(x) < ¥ and let p and g be two positive functions on [a,b], then for all
a, B >0 and
x > a, we have

{ Mo p(@)M (af (@) + HE a(@)HE (0 9(2))
M ()M (a9(2)) — HE ()M (po(2) )
< M2 p@HL L (af* @) + H (@) HS o) — 21, (0] (@) HD y(af (@) |
x{ e p(@)HY (a9 (@) + i (pg (@) ML ale) — 2HE 4 (pg ()M ag («33)

Proof. By using (27), we have

#- T gflp(n)qo\)
kQFk Fk /a/a (ln ) n ) F(n, \)dndA

= H p(x)H a,k<qu< >> +HY a(@)HE  (pf(x))
~HS L (pf (@))HD L (ag(x)) — HE . (af (2))HS 4k (pg (). (39)

By using Cauchy-Schwartz inequality for double integrals in (39), we can write

f—lpm)qw ?
lmk T (B // (“1) “* ™ [f(n)f(A)Mg(n)g(A)]dndA]

T / / (m) (1 2) 7 2N )

kZFkaFk /a/a (m )g n* 11%[9(?7)-9@)]2%%

[Hf:,kp@mf,k(qf (2)) + Ho i (2 (2) M ) — 2HE 4 (pf (2))H] (0 ()]

% [M2 p(@)H] (ag? (0) + HE 4 (pg (@) HE (@) — 2H3 k(g (0) ML (ag(@)] . (40)
(]
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Lemma 3 Let w be an integrable function on [a, b] with ¢ < u(x) < ® and p be
a positive function on [a,b]. Then for all «, 8 > 0 and = > 0, we have

HE ep(@)HE | (pw?(2)) + HE (pw? (2) H op(x) — 2H  (pw (@) HE | (pw(x))
= [OH (@) — MY (pw(@)| [He(pw (@) — oHE (@)
(@32 (@) = HE wpw(@))] [HE (@) — oHE p()|
—HY p(@) [He 1 {(@ — w(@) (w(z) — o)p(2)}]
“H (@) [HEA(@ = w(@) (w(e) - e)p(@)}] - (41)

Proof. Multiplying both sides of (24) with

k2rk<;>rk<ﬁ> (1“ 77> BNCSO p(n;};(k)

and integrating the resultant inequality with respect to n and A over (a, ), we get
the desired equality. O

Theorem 8 Let f and g be two integrable functions on [a,b] with ¢ < f(z) < ®
and ¥ < g(z) < ¥ and let p be a positive function on [a, b], then for all > a,
a, 3 > 0, we have

{He @M (0 9(w)) + Hesr (S 9(2)HL ()

—H;*,k@f(x))%fk(pg(m))—Hgk@g(m)%fk@f@»f
< { (oM ip(@) = He k(0 @)] [H 4 (pF (@) — $HE p(@)]

+ 0% (o) - H5k< <x>>][ Wb (@) — M2 ()] |

{ [WHE () = 2 (pg(@))] [H] 4 (po(w)) — 6H] ()]
+ [ U o) = H L (pg(@)] [HE 4(pg(a) = vHE ip(@)] }. (42)

Proof. Since
[ — f(][f(n) —¢] 20
and

(¥ —g(m]lg(n) —¥] > 0.
Then we can write

—HG (@) Hy L [(@—f(2))(f(2) =) =H] yp(2)He 1 [(B—f(@))(f(2)=0)] <0 (43)
and
—H wp(@)H] L [(T—g(2))(9(2) =) =H] (2 HG L [(T—g(x))(9(x)—1)] < 0. (44)

By using lemma ?? twice for w = f and w = g and then by using (43) and (44),
we obtain the required inequality. O

Theorem 9 Let f and g be two integrable functions on [a,b] satisfying ¢ <
flz) <@,
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Y < g(x) <V (p,®,9,¥ € R) and let p and g be two positive functions on [a, b],
then for all o, 8 > 0 and = > a, we have

ok (Pf9(@)H] palw) + He wp(@)H] (af 9(w) = Hy(pf (@) My 4 (a9(2))
~ Mk (pg())Hy 1 (af (2) < HG ()M pa(0) (2~ 9)(T = ¥)]. (45)
Proof. Since f and g be two integrable functions defined on [a,b] satisfying the

conditions ¢ < f(z) < ® and ¥ < g(x) < ¥ on [a,b], so for n, A € [a,b], we can
write

[f(n) = FM]lg(n) — g(N)] < (2 — ) (¥ = ¥), (46)
that is to say
Fmgm) + F(Ng(X) = F(mg(A) = F(N)g(n) < (@ — @) (T — ). (47)
Multiplying both sides of above inequality with

1 (111 x)(’j_l (ln g)%*l p(mg(\)
k2Le(a)le(B) \ A nA
integrate the resultant inequality with respect to n and A over (a, z), we obtain the

required inequality. ([

If we use a = B in inequality (45), then we obtain the following inequality.
Corollary 2 Let f and g be two integrable functions on [a, b] satisfying ¢ < f(z) <
® and Y < g(z) < ¥ (p,P,9, ¥ € R) and let p and g be two positive functions on
[a,b], then for all 2 > a, a > 0, we have

ak(Pf9(@))Ho ka(x) + He pp(2)Hg i (af 9(x) — Hg . (pf (2))Hg 1 (q9(2))
—Hakpg(x))Ha k(af (x)) < HG pp(@)HG pa(@) (2 — @) (¥ = )], (48)
Theorem 10 Let f and g be two integrable functions on [a, b] satisfying
[f(n) = FN) < 1g(n) —g(N)],  a>0andn, A€ [a,b]. (49)

Also let p and ¢ be two positive functions on [a, b], then for all o, 8 > 0 and = > a,
we have

o (pfe(x))H, (x)wzkp() 7 afg(@))
Ho L (p <>> w(a9(2) = HE 1 (pg(2))HE | (af (x))
< HEL(p(x)H ak<qg<>> HE 1 (pg?(2))HE o)

—2H 1 (pg ()M, 1. (a9(x)). (50)
Proof. Since for all n, A € [a,b], f and g satisfy the condition (49), we can also write
[£(n) = FN)]lg(n) = g(N)] < lg(n) — gV (51)

Multiplying both sides of above inequality with

B8

1 Bl -1 A
i <ln w) (m g) 1 p(n)g(A)
R Ty(@)Tk(8) \ A nA
integrate the resultant inequality with respect to n and A over (a, ), we obtain the
required inequality. ([l
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If we use a = B in inequality (50), then we obtain the following inequality.
Corollary 3 Let f and g be two integrable functions on [a, b] satisfying the con-
dition (49). Also let p and g be two positive functions on [a, b], then for all z > a,
a > 0, we have

an (Pf9())HG 1q(x) + He (@) Ha i (af9())
—Har(f (@) Han(a9(2)) — Hax(pg(@))He (g f ()
< H k(@) HE k(ag® (2)) + Hex(pg® (@) H a(w) — 2HE 1, (pg () H 1k (a9(61)
Theorem 11 Let » > 1 and f and g be two positive functions on [a, b] such that
forall z >a 0 <Hg, f" Hy g <oo. If

O<m§@§M<oo, n € [a, b], (53)

g(n)

then for all « > 0
1 1

[Hak(FT @)™ + [H (g™ ()]

1+ M(m+2) 1
« T T 4
(m+1)(M+l) [ a,k((f+g) (!E))} (5 )
Proof. By using the condition (53) for all > a and 7 € [a, b], we have
1. g9(n)
M = f(n)
This implies
1 " _ (9 >T
=4 1) < ( +1
(M (n)
This gives us
(M +1)"f"(n) < M"(f +9)"(n). (55)
Similarly, we can have
(m+1)"g"(n) < (f +9)"(n)- (56)
a1
Multiplying both sides of inequalities (55) and (56) with gl <ln %) © Land

integrating with respect to 1 over (a,x), we get the following inequalities respec-
tively
1 M

[Ha x5 @] < 5y [He((F +9) @] (57)
and

el @) < — [ + 9 @) (58)
By adding inequalities (57) and (58), we get the desired inequality. O

Theorem 12 Let » > 1 and f and g be two integrable functions on [a, b] such
that for all z > a 0 < Hg . f", Ho 9" < oo. If the condition (53) is satisfied, then
forall @ >0

2
r

[HE L (Fr (@) + [HE (g™ ()]

> (DU o) e o)

1 1
™ ™

[Ha k(9" (2))] (59)
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Proof. Multiplying the inequalities (57) and (58), we obtain

% [Hg’k‘(ﬂ(‘r))]% [ aa,k(gT(x))]% < [ ff’k((f_s-g)’”(m))]

By applying the Minkowski’s integral inequality to the right hand side of above
inequality, we obtain the required inequality. O

3

(60)

Remark 1 All these properties and inequalities can be proved for right sided
Hadamard k-fractional integral.
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