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Abstract: In this article, we prove some new fractional dynamic inequalities on time scales via
conformable calculus. By using chain rule and Holder’s inequality on timescales we establish the
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In 1920, Hardy [1] established the inequality
00 12 k k k oo .
n=1 i=1 n=1

where w(n) is a positive sequence defined for all n > 1. After that, Hardy [2], by using the calculus of
variations, proved the continuous inequality of (1) which has the form

/Ooo (1 /Ox g(s)ds)kdx < (&)k/ooogk(x)dx, @)

for a given positive function g, which is integrable over (0, x), and g¥ is convergent and integrable over
(0,00) and k > 1. In (1) and (2), (k/ (k — 1))k is a sharp constant. As a generalization of (2), Hardy [3]
showed that when k > 1, then

0 x k koo
/0 xh (/o g(s)ds> dx < (L) /o gk (x)dx, forh > 1, ®)

o 00 k ko
/0 h (/ g(s)ds) dx < <1E> /0 xk_hgk(x)dx,forh < 1. (4)

and
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The constants (k/(h — 1)) and (k/(1 — k))" in (3) and (4) are the best possible. Copson [4] demonstrated
that if g(x) > 0,k > 1 and g*(x) is integrable on the interval (0, ), then

[
/000 (/:’ g(ss)ds>kdx <K /Ooogk(x)dx, 5)

where k¥ is the best possible constant. Some of the generalizations of the discrete Hardy inequality (1)
and the discrete version of (5) and its extensions are due to Leindler, we refer to the papers the
papers [5-8]. For example, Leindler in [5] proved thatif p > 1, A(n), g(n) > 0, then

converges for x > 0 and

ni (Zg >p<ppnz_1ﬂp <; ),, ©6)

and

ngk:
>

0 p 14
n) (Zg(k)> SPPZ)\l P(n (ZA ) g (n @)
k=n

1 n=1

3
Il

The converses of (6) and (7) are proved by Leindler in [6]. He proved thatif 0 < p <1, then

=1

) n P 14
Y An) (Zg(k)> > pF ZAl P(n (ZA ) gh(n ®)
n=1 k=1

and

0 0 P n P
Y A(n) <2g(k)> > p? Z AP (n (ZA > g (n ©)
n=1

n=1 k=1

For more generalization Copson in [9] showed that if k > 1, A(j) > 0, w(j) > 0, Vj > 1
Q(m) = ]mzl A(j),and h > 1, then

Lo (iwo‘)w): <k)k Y () Ok ()t () (10)
O (m) S\l '

andif 0 < h < land k > 1, then

(m)

k
Zg,f’") (Zw(j)A(ﬂ) ( ) ZA YO (m)wk (m). (11)
m=1 i

The integral versions of the inequalities (10) and (11) was proved by Copson in [10] (Theorems 1
and 3). In particular, he proved thatif k > 1,1 > 1, and Q(s fo t)dt, then

o0 )\(S) k k .00 /\(S)
0 Qh(s)¢k(s)ds<<h_l> /0 mgk(s)ds, 12

where ®(s fo t)dt,and if k > 1,0 < h < 1, then

© A(s Kk \F o Ads
/0 Qh((s>)<l>k(s)ds§<1_h) /0 Qh_(kzs)gk(s)ds, (13)
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where ®(s f A(t)g(t)dt. Leindler in [5] and Bennett in [11] presented interesting different
1nequaht1es Leindler estabhshed thatifk > 1, 0% (m) = 2, A(j) < o0,and 0 < h <1, then

S m k k oo

(m j=1 m=1

and Bennett in [11] showed thatif 1 < h < k, then

i u (Zw >k< )ZA )k (m). 15)

m

In last decades, studying the dynamic equations and inequalities on time scales become a main
field in applied and pure mathematics, we refer to [12-14] and the references they are cited. In fact, the
book [13] includes forms of the above inequalities on time-scale and their extensions. The timescales
idea is returned to Stefan Hilger [15], who investigated the research of dynamic equations on timescales.
The books by Bohner and Peterson in [16,17] summarized and organized most timescales calculus. The
three most common timescales calculuses are difference, differential, and quantum calculus (see [18]),
ie,atT=N,T=R,and T =g = {g°: s € No} whereq > 1.

In recent years, a lot of work has been published for fractional inequalities and the subject becomes
an active field of research and several authors were interested in proving inequalities of fractional type
by using the Riemann-Liouville and Caputo derivative (see [19-21]).

On the other hand, the authors in [22,23] introduced a new fractional calculus called the
conformable calculus and gave a new definition of the derivative with the base properties of the
calculus based on the new definition of derivative and integrals. By using conformable calculus, some
authors have studied classical inequalities like Chebyshev’s inequality [24], Hermite-Hadamard’s
inequality [25-27], Opial’s inequality [28,29] and Steffensen’s inequality [30].

The main question that arises now is: Is it possible to prove new fractional inequalities on
timescales and give a unified approach of such studies? This in fact needs a new fractional calculus on
timescales. Very recently Torres and others, in [31,32], combined a time scale calculus and conformable
calculus and obtained the new fractional calculus on timescales. So, it is natural to look on new
fractional inequalities on timescales and give an affirmative answer to the above question.

In particular, in this paper, we will prove the fractional forms of the classical Hardy, Bennett,
Copson and Leindler inequalities. The paper is divided into two sections. Section 2 is an introduction
of basics of fractional calculus on timescales and Section 3 contains the main results.

1. Preliminaries and Basic Lemmas

We present the fundamental results about the fractional timescales calculus. The results are
adapted from [16,17,31,32]. A time-scale T is non-empty closed subset of R (R is the real numbers).
The operators of backward jump and forward jump express of the closest point ¢t € T on the right and
left of t is defined by, respectively:

p(t) :=sup{s € T:s < t}, (16)

o(t) :=inf{s € T:s > t}, (17)

where sup ¢ = inf T and inf ¢ = sup T (¢ denotes the empty set), for any ¢ € T the notation f7(t) refer
to f(o(t)),ie., f7 = f oo. The graininess function y : T — [0, c0), defined by p(t) := o (t) — ¢.
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Definition 1. The number T2 (f)(t) (provided it exists) of the function f : T — R, fort > 0and a € (0,1]
is the number which has the property that for any € > 0, there exists a neighborhood U of t S. T.

() = F(&)IE % = TE(F(1)) (o () *S)’ <elo(t)=s)|, foralltcU

T2(f(t)) is called the conformable a—fractional derivative of function f of order « at t , for conformable
fractional derivative on T at 0, we define it with T2 (£(0) = lim,_,o+ T2(f(t)).

The conformable fractional derivative has the following properties

Theorem 1. Let v, u : T — R are conformable fractional derivative from order a € (0, 1], then the following
properties are hold:

(i) Thev+u:T — Ris conformable fractional derivative and

T2 (v +u) = T2 (v) + T2 (u).

(ii)  Foraall k € R, then kv : T — R is a—fractional differentiable and
T2 (kv) = kT2 (0).
(iii)  If v and u are a—fractional differentiable, we have vu : T — R is a—fractional differentiable and
TS (vu) = TR (0) u+ (voo) T (u) = T2 (v) (uoo) +v T2 (u).
(iv)  If vis a—fractional differentiable, then 1/v is a—fractional differentiable with
. (1) s ON
v v (voo)

(v)  Ifvand u are a—fractional differentiable, then v/u is a—fractional differentiable with

T2 (0)u — T2 (u)

T (w/u) = u(uoo)

7

valid ¥ t € TX,where u(t) (u(o(t)) # 0.

Lemma 1. Let v : T — Ris continuous and a—fractional differentiableat t € T forax € (0,1], andu : R — R
is continuous and differentiable. Then there exists d € [t, o (t)] with

T2 (uov)(t) = u (v(d)) T2 (o(t)). (18)

Lemma 2. Let u : R — R is continuously differentiable, « € (0,1], and v : T — R be a—fractional
differentiable. Then (u o v) : T — R is a—fractional differentiable and we have

1
T2 (10 0)(s (/ i (o(s) + hp(s)s*~ 1T£<v<s>>)dh) T2 (0(s)). (19)
0

Definition 2. Let 0 < a < 1, the a—fractional integral of f, is defined as

/f(s)Aas:/f(s)s“*lAs.

The conformable fractional integral satisfying the next properties
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Theorem 2. Assumea,b,c € T,A € R. Letu,v: T — R. Then

(i) f)o(s) +uls >]Aas—f 0(5) s + [ 1(s)Aus.
(ii) fub 8)Ays = )Lf Aas
(i) [} 0(s) s = — i o
(iv) fab (8)Ags = ; Aas + f ) Ags.
@) [ v(s)Axs =0.

Lemma 3. Assume T bea time-scale, a, b € T whereb > a. Let u, v are conformable a—fractional differentiable,
a € (0,1]. Then the formula of integration by parts is given by

/ﬂb 0(s)T2u(s)Ags = [v(s)u(s)]Z — /ab u” (s) TE0(s) Ags. (20)

Lemma 4. Assume T be a time-scale,a, b € T and a« € (0,1]. Let u, v: T — R. Then

[ tots) |Aas<[/ fo(s |kA,xs} [/ u(s) |Aas]], e1)

wherek > 1and1/k+1/1 =1.

2. Main Results
Throughout the paper, we will assume that the functions are nonnegative on [, o) and its

integrals exist and are finite. We start with the fractional time-scale inequality of Copson’s type.

Theorem 3. Assume 1 < ¢ <k, define

D(x) := /ax/\(s)A,xs and Q(x) := /ax)\(s)g(s)Aas.
If

() < oo, and / AMS) A5 <o,
a (ol

( (S))cfowrl

then

© My ok kS e Ax@ke9(x)
J (@ ot (T A <c«x) J @ () EAHE DA @D

Proof. By employing the formula of integration by parts (20) on the term

*© )‘(x) I k
/a F(Q (x))" Dax,

(x))c a+1
with 17 (x) = (Q7(x )) and x3v(x) = %, we have that
/oo MY 0@ A = o(x)OK(x +/ (0F(x)) Aex (23)
@ (@7(x)) ' o
where - N .
—o(x) = /x W(S)(;C)_WA,XS = /x XBD(s) (D7(5))* ! Ags.
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By using the chain rule (18), we obtain that

—xf (P (x)) = —(a—c)d* 7 (d)xfP(x), whered € [x,0(x)]
(c — &) xp®(x)
T oeati(g)
(c —a) xg (P(x))
(cDg—(x))C—lx-‘rl :

Y

Then we have

-1
X @ (x),

2 (@(x)) (7 (1)~ < —

and thus

A(s) P (x)

) -1 )
—0\X) = — 7 A, < 7/ XA(Da_C_l S)As < .
) /x (@(s)) 1 Te—a e 7" (8)8as < ——

Again, by using the chain rule (18) to calculate
B (Qk(x)) = kO 1(d)x2 (Q(x)), where d € [x, ()],
at x8 (Q(x)) = A(x)g(x) > 0and d < o(x), we get that
st (0F(x)) < RA(x)g(x) (Q7 ()

Since Q(a) = 0, v(c0) = 0 and from (24), (25) and (23) we have

i )‘(x) I k
Iy ey O e < o

which reformulated as

[ @

K /00 )L(x)cpa—c(x)g(X) - (A(x) (Qa(x))k> N AgX.

c—a B ()]
(rw @ree) - N

Using Holder’s inequality (21) on

k-1
k

(A(x) <m<x>>k> A

(cpg—(x))c—lx-‘rl

[7 A0
(M) @) )

k-1
13

7@ A g (x) (7)) B,

6 of 15

(24)

(25)
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with indices k and k/ (k — 1), we have

/aoo W(}\xgg)cc)m (Q7 (%)) Agx <

“[werw ]
“Il [(dﬂ(x))”‘“] gl I
then

(cDU—(x))(C—IX-‘rl)(l—k) Alxx

cC— K

2@ C k[ ARt (g ]F
V Wi(n () Aex| < [/ .

(x))cfuﬂrl

This leads to

©  A(x) - k\® 2 A()@F—9) (x) gk (x)
A W (Q (x))k A,xx S (C—OC) /a (cpa(x))((?—ﬂé-l‘l)(l—k) A,xx,

that is the desired inequality (22). The proof is complete. [

Corollary 1. At « = 1 in Theorem 3, we obtain the inequality

"0 k
I @ty o aes ()

/.oo Pk(1—c) (x)

Ja (cw(x))C(l—k)Mx)g"(x)Ax.

that is the timescales version of inequality (2.8) in [33].

Corollary 2. Ata =1,and T =R (97 (x) = ®(x)) in Theorem 3, we obtain the integral inequality

[ ([ ass) ars (£5) [T corwg

which is of Copson type.

Corollary 3. Ata =1, T= R, A(x) = land a = 0, (®(x) = [y A(s)ds = x) in Theorem 3, we have
Hardy-Littlewood integral inequality (3)

/Ooo% (/Oxg(s)ds>kdx < (Cf1>k/ooo ﬁgk(x)dx.

Also, if c = k, we obtain the standard Hardy inequality (2)

/000 % (/Ox g(s)ds)kdx < (kkl)k/ooogk(x)dx.

Theorem 4. Let 0 < ¢ < 1andk > 1. Define

[ee]

D(x) := /:)\(S)A,xs and Q(x) := /x A(s)g(s)Ags.
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f

then

[ oy on < (-

(x))c—lx-‘rl X —C

Proof. By using the formula of integration by parts (20) on

o Alx

with o(x) = QF(x) and x{u(x) = %, we have

(®7(x))

/a ” W(Axg;cc)_mﬂk(m«x — u(x)0k(x)

where

u(x) = /ax @)U/\(S)A s= /ax XD (s) (@7(s))* ! Ags.

(S))C70é+1 «

By using chain rule (18), then for d € [x,o(x)], we get that

xg (@7¢(x)) (= )" (d)xg (@(x)) =

(6= ) (®(x))
(@)

Vv

So

and then,

1
a—c

(@7 ()"~

<

[ (@) s <
Again, by using chain rule (18), we obtain
b (Qk(x)) = kO 1(d)x® (Q(x)), where d € [x,0(x)],
since x2 (Q(x)) = —A(x)g(x) > 0and d > x, then
—xb (0f(x)) <R3O (x).

Using ®(a) = 0, (3(c0) = 0 and (28), (29) and (27), we have that

A woku)m < [T @) T AR08,

(x))cfzx+1 N —C

)k | @ @) T A () B

:o—l— /ﬂoo u (x)x4 (—Qk(x)) Ayx,

8 of 15

(26)

(27)

(28)

(29)
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which reformulated as

£ (@) AW [ A@OE )
=/ ((@(x))”“) o

By employing Holder’s inequality (21) on

k=1
k

( M) 0 (x) ) As

(@7 (x)) "

k=1
k

JiClme IO
(M) @)

with indices k and k/ (k — 1), we have

A |l | e

q)g(x))c—a+l

then we have

This leads to

- A(x) k £ e o k—c+a—
| mw“’“’%“(a_c) [T @) A @ A,

that is the desired inequality (26). The proof is complete. [J

Corollary 4. At « =1 in Theorem 4, then

[wgrotwss (i) [[@mtamdws

which is the timescales version inequality (2.22) in [33].

Corollary 5. At « =1, and T= R in Theorem 4, we obtain the next integral inequality

r

k

q);f((xx)) (/xoo A(s)g(s)ds)kdx < <1k_c) /ﬂ.Oo @k—c(x)A(x)gk(x)dx,

9of 15
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which considered an extension of Hardy’s inequality (4) as in the following corollary.

Corollary 6. At w = 1, T= R, A(x) = 1 and a = 0 in Theorem 4, we have Hardy-Littlewood integral

inequality (4)
(o] 1 (o] k k k [e] 1 K
il < .
/0 p (/x g(s)ds) dx < (1 — c) /0 e (x)dx

A generalization of Leindler’s inequality (14) on fractional time scales will be proved in the

next theorem.

Theorem 5. Assume 0 < ¢ <1 < k, define

D(x) := /Xoo/'\(s)A,xs and Q(x) := /ﬂx/\(s)g(s)Aas.

If
Q(00) < o0, and /uoo %Aas < oo,
then
[e9) k [e9)
/ (m (7 (x))F Agx < (a k C) | m gk A (30)

Proof. Using the formula of integration by parts (20) on

©°  Ax
/a q)C_a(Jrl)(x)Qk(x)Aax,
Alx

with u%(x) = (Qv(x))k and x{o(x) = @%ﬂ)(x), we have

I dﬂ)\”‘(*% (O (1)) Bax = o))"+ [ —o(0x (2F) A, (31)

where
A(s)

v(x) = — /:o cI)CTH(S)AMS.

By chain rule (18), we see for d € [x, o (x)] that

() = (-0t i)t (@) = A
(v —c) A(x)
Hence
_ — *© )\(S) A <;1 © Acplec A <q)“7c(x) 32
o) = [ grarte S gog e Cbe < 5 =, )

from chain rule (18), we obtain
X8 (Qk(x)> = kO (d)xd (Q(x)), where d € [x,0(x)],

since

X8 (Q(x)) = AMx)g(x) > 0and d < o(x),

we get
s (0F(x)) < kA(x)g(x) (7 (x)). (33)
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Using Q(a) = 0, v(c0) = 0 and (32), (33) and (31 ), we get that

k
x—c

/aoo chAa(fl)(x) (Qg(x))k Ayx < /a°° @“7C(X)A(x)g(x) (Qa(x))kfl Anx,

which reformulated as
*®  Ax) k
/a Do+ (x) (Q7(x))" Apx <

k /oo cp(c—oc-i-l)(k%)(x)
X —CJa Akal(x)q)cfac(x)

AF (0 (@)

Ax)g(x) cp(cfwl)(k%l)(x)

aX.

Using Holder’s inequality (21) on

/oo q>(c—oc+1)(k%)(x))\( X AT(x) (Q‘T(x))k—lA
o AT (e () el ) ()

with indices k and k/ (k — 1), we have
©_ AMx) k
/ﬂ q)cftx+1<x) (Qa(x» Aﬂx S

1
k 13
A“x] X
k-1
3

[ @)t ]E
[/a [A (X)q)(C—tX-‘rl)(kkl)(x)] Aax] ’

k

0 —c

AT () Do (x)

then )
13

an qx—):t(fl)(x) Q7 (x))* Aax]}( <~ f ; [ /ﬂ N quCJr“l(x))\(x)gk(x)Aax]
This leads to

o0 k o0
[t s @wians () [Tem s twig

that is the desired inequality (30). The proof is complete. [J
Corollary 7. At o =1 in Theorem 5, we get

o A(x koo
[ sk ars ((5) [Te e amgmar

which inequality (2.36) in [33].

110f15

A generalization of Bennett’s inequality (15) on fractional timescales will be proved in the

next theorem.

Theorem 6. Assume (0 < a < 1,1 < ¢ <k, and define

[e9)

P(x) := /xoox\(s)A,Xs and Q(x) := / A(s)g(s)Ags.

X
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If

® A(s)
Q(ﬂ) < Ooand /a mAQS < oo,

then

©_AX) ok K\ 1% pheean K
/ﬂ G Y ()8ex < (C_“> /ﬂ DT (1) A (1) ¢F (x) Agx.
Proof. Using the formula of integration by parts (20) on
©Ax) Ak
/a mﬁ (x)Aax,

with v(x) = O (x) and x3u(x) = @#ﬂ)m, then

/ cIWrxl)()Qk( VAxx = u( Qk

where

x A
x) :/a (I)C;Jii(s)Aas.

By using chain rule (18), we see for d € [x,0(x)] that

B @) = (e-@t s @) = g AT
(=0 A)
— (I)cfoHrl(x) '

we get,

(x) o(x)
wiw = [ M) peo b [ e (o)

Pe— oc+1( ) c—u
L @) ) ()

from chain rule (18), we find that
x5 (Qk(x)) = kO 1(d) x5 Q) (x), where d € [x,0(x)],

since
2(0(x)) = —A(x)g(x) <0and x < d,
then
% (04 (x)) < kA (x)2(x) 0" (x).
Using v(a) = 0, Q(c0) = 0 and (36), (37) and (35), we get that

[ 528 @ s < o [T e migoot ma

A 0(x)) B,

12 0f 15

(34)

(35)

(36)

(37)
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which reformulated as

[ st s <

o @t () 1 k=1(y
T g (o

Ayx,
A ()2 (x) o) (x)

c—uw
Using Holder’s inequality (21) on

¢(C*t¥+l)(k%1) (x) /\k;—l (x)Qkfl (x)
AFT](x)CDC*“(x) dD(Cf"‘H)(k%)(x)

JARICHE) A

with indices k and k/ (k — 1), we have
© Mx)
/a @_70 (x)Aax S

vc+1(x)

k=1

k 0 q)(cfrx+l)( T )<x> k %
! lm)g(x) W(x)dﬂ(x)] o

then

an q>A(+1)(> ()" M} < — [ [ o A g (.

This leads to

[7 20 orpfans (A1) [Tk es i mmgnan
0 Peatl(x) “=\e—-a) Ja e
that is the desired inequality (34). The proof is complete. [

Corollary 8. At « =1 in Theorem 5, we have the inequality

© MY oo kNS 1 e
[ e wiors (L) [Tomrmgman,

which the inequality (2.49) in [33].

3. Conclusions

The new fractional calculus on timescales is presented with applications to some new fractional
inequalities on timescales like Hardy, Bennett, Copson and Leindler types. Inequalities are considered
in rather general forms and contain several special integral and discrete inequalities. The technique is
based on the applications of well-known inequalities and new tools from fractional calculus.
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