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Abstract: Integral equations and inequalities have an important place in time scales and harmonic
analysis. The norm of integral operators is one of the important study topics in harmonic analysis.
Using the norms in different variable exponent spaces, the boundedness or compactness of the
integral operators are examined. However, the norm of integral operators on time scales has been
a matter of curiosity to us. In this study, we prove the equivalence of the norm of the restricted
centered fractional maximal diamond-a integral operator Mg 5 to the norm of the centered fractional
maximal diamond-« integral operator M5 on time scales with variable exponent Lebesgue spaces.
This study will lead to the study of problems such as the boundedness and compactness of integral
operators on time scales.

Keywords: time scales; variable exponent; fractional integral; maximal operator

1. Introduction

The founder of the time scale theory is Stefan Hilger [1]. At the time, this theory
caught the attention of many mathematicians who have demonstrated various aspects of
integral inequalities, dynamic equations and integral operators on time scales [2-13]. For
example, Li [4] demonstrated non-linear integral inequalities in two independent variables
on time scales. Anastassiou [5] demonstrated some properties of fractional calculus on
time scales. Ugar et al. [9] demonstrated fractional integral inequalities on time scales.

Dynamic equations and integral inequalities have many applications in different areas
of science. Some areas are electrical engineering, fluid dynamics, quantum mechanics, phys-
ical problems, wave equations, heat transfer and economics [14-24]. Tisdell and Zaidi [15]
demonstrated basic qualitative and quantitative results for solutions to non-linear dynamic
equations on time scales with an application to economic modelling. Seadawy et al. [18]
demonstrated non-linear wave solutions of the Kudryashov-Sinelshchikov dynamical
equation in mixtures of liquid—gas bubbles under the consideration of heat transfer and
viscosity. Akin [25] demonstrated fractional integral type inequalities on time scales. Hig-
gins [26] demonstrated asymptotic behavior of second-order nonlinear dynamic equations
on time scales. Ozturk and Higgins [27] demonstrated limit behaviors of non-oscillatory
solutions of three-dimensional time scale systems.

The variable exponent, Lebesgue space LP(), is one of the cornerstones of harmonic
analysis. Mathematicians working in this field have comprehensively analyzed the oper-
ators and inequalities in the variable exponent, Lebesgue space LP() [28-37]. Akin and
Dusunceli [38] demonstrated a new approach for weighted Hardy’s operator in “variable
exponent Lebesgue spaces” (VELS). This work also has been stimulated by problems of
elasticity, fluid dynamics, electrorheological liquids and calculus of variations.

In variable exponential spaces, problems such as the boundedness and compactness
of integral operators, take an important place. The concept of norms has the most im-
portant place in solving these problems. If we can obtain the norms of integral operators
by the method we apply, then we can see the boundedness and compactness of these
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operators. However, there are almost no studies on the problems of time scales. Our main
purpose in this study is to examine the equivalence of the norms of fractional integral oper-
ators. Thanks to these results, we will be able to establish the constraint and compactness
conditions of integral operators on time scales.

The organization of this article is as follows. In Section 2, we give necessary definitions,
lemmas and theorems. In Section 3, we prove the equivalence of the norm variable exponent
LPU) of the restricted centered fractional maximal diamond-« integral Mg 5 to the norm

variable exponent LP( ) of the centered fractional maximal diamond-« integral M for all
0 <8 <oand1 < p(x) < oo on time scales. In Section 4, we give the conclusion.

2. Materials and Methods
In this section, we provide necessary concepts and statements related to time scale

and variable exponent Lebesgue space. The reader can refer to the monographs [1-43]
for details.

Definition 1. [39] Let O3 C R" be an open set. The fractional maximal operator M, f is defined
as follows

Muf(t) = sopiy [ I wldy M)

BﬂO

for 0 < a < n. In the limiting case a = 0, the fractional maximal operator reduces to the
Hardy-Littlewood maximal operator.

Let LP() (Q)) denote the space of the measurable and integrable functions on Q, such
that for A > 0, with norm

p(t)
IFlly00=infd A >0 ('J‘(A”') dr<1l,
Q

where p(.) : O — [1,00) is a measurable function (for details, see [25,40]). These spaces are
also the variable exponent Lebesgue spaces LP().

Now let us define some properties of the centered fractional maximal operator which
will help us prove our results. We know that the centered fractional maximal operator is
defined by

1
Myf(t) = sup———— |f(T)ldT, 2)
>0 |B(t,r)|} 7 B(w{m

and the uncentered fractional maximal operator is defined by

Mif(t) =sop iy [ If(0)de ©

BﬁQ

for0 < a < nandt € R", where the supremum is again taken over all balls B, which
contain ¢ (for details, see [25,29,37]). We well know that the fractional maximal operator
plays an important role in harmonic analysis. The restricted operators have important
properties (for details, see [28,41]).

MEF(E) < Mof(t) <2"MEF(H),  VteR™ )

Let us define the restricted centered fractional maximal operator and the restricted
uncentered fractional maximal operator, respectively,

Misf() = sup ———— [ |f(r)lir, ®)

§>r>0|B(t I B(t,r)NQ
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and
1

Ma,&f(t) = sup

1—a
15>r>0,|x—t\<r|B| "

[ 1for, ©)

B(x,r)NQ

fort €e R",0 <a <nandd € Ry (for details, see [28,29,41]). It is clear that using (5) and
(6), we can write the following inequalities

Mg sf (1) = Mapf(t) < Maf(t)
and

Masf(t) < Mapf(t) < Maf(t),
for 6 < 0, Vt € R™. As a result, again if we use (5)—(6) and J < 0, then we can write the
following inequalities and

||Ma,15f(t)||Lp(~)(Rm)_>Lp(~)(Rm) < ||Mﬂ,9f(t)HLP(~)(R”’)_>LP(~)(R"’)
< ||Maf(t) ||LP(»)(]R"1)_>LP(»)(]R”1)

for1 < p(.) < oo, t € R™ and some real positive numbers J,6. We have seen here that
the norm of the restricted operator is less than the norm of the unrestricted operator. The
normed inequalities obtained above will help us prove our results.

To prove our main results, we first provide some definitions and lemmas which will
be used as follows.

Definition 2. [29] If f is a measurable function on R™, then distribution function dg on [0, +o0]
is defined by
dp(B) = {x € R : [f(x)] > B}, )

where |[{x € R™ : |f(x)| > B}| is the Lebesgue measurable of the measurable of {x € R™ : |f(x)| > B}.

Lemma 1. [30] If f € LP(R™) with 0 < p < oo, then we have

1A oy = # [ BB, ®)
0

Lemma 2. [31] Let 7 be a positive measure on M such that M is a o-algebra. If By C By C
Bs,...,By € M,and B = U;,_ By, then nli_r)r;on(Bm) = 711(B).

Using Lemma 2, we can formulate the following conclusions.

Lemma 3. (Lemma 2.3, [29]) If operators M{; and M, ; are defined as in (2) and (5), then the equality

sy (B) = Jim dys ¢(B), ©

—00 a6

holds Vf € LP(R™) and g > 0.
Lemma 4. (Lemma 2.4, [29]) If operators M, and M, s are defined as in (3) and (6), then the equality

dum,f(B) = limdy, ¢ (B), (10)

d—r00

holdsVf € LP(R™) and p > 0.
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Lemma 5. [29] For p > 1 and 0 < €, there exists a function h € C_¢* (Rm) such that
Mch m
IME |1 oy 1 () — € < Ml ey (11)
[172]] L (e
| M&RlLp gm
where ||M1§||LF’(R’”)—>LP(R'”) = sup W@I{(’f))
171l Lp (gemry 70

Let us give information about the time scales that will help us in our work.

A time scale T is a nonempty closed subset of R (for details, see [19,20]). Let [a, b] be
an arbitrary closed interval on time scale T. The time scale interval [a, b} is denoted by
[a,b] N'T (see p. 7 [42]).

Definition 3. [19] The mappings o,p:T — T are defined by o(t) = inf{s e T:s>t},
p(t) =sup{s € T:s >t} fort € T. Respectively, o(t) is forward jump operator and p(t) is
backward jump operator.

If o(t) > t, then t is right-scattered and if o(t) = t, then t is called right-dense. If
p(t) < t, then tis left-scattered and if p(t) = t, then t is called left-dense.

Definition 4. [19] Let two mappings u, 9 : T — R, such that u(t) = o(t) —t, 9(t) =t —p(¢).
Here, the mappings y(t) and 9(t) are called graininess mappings.

If T has a left-scattered maximum m, then TX = T — {m}. Otherwise T = T.
Tk is defined as follows (for details, see [19,20,42])

Tk _ T~ (psupT,supT]|, if supT < oo,
- T, if supT = oo,

by the same way
T, — T \ [infT, o (infT)], [infT| < oo,
k= T, infT = —co.
Assume that i : T — R is a function.

(i)  If his A-differentiable at point t (t € T*(t # minT)), then & is continuous at point ¢.

(ii) If his left continuous at point f and ¢ is right-scattered, then & is A-differentiable at
point ¢,

h?(t) — h(t)

A _
=

Let t be right-dense.
(iii) If his A-differentiable at point f and limt%, then
S—

WA (t) = lim () = 1),

(iv) If his A-differentiable at point t, then h7 (t) = h(t) + u(t)h®(t).

Remark 1. (For details, see page 3 in [42]) If T = R, then h®(t) = K (t), and if T = Z, then
W2 (t) reduces to Ah(t).
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Definition 5. [20] If H : T — R is defined as A-antiderivative of h: T — R, then H® = h(t)

holds for ¥t € T and we define the A-integral of h by

fors,t € T.

We now give similar definitions for the nabla operator.

Definition 6. [20] Where h : T}, — R is called V-differentiable at t € Ty. If € > 0O, then there

exists a neighborhood V of t such that

h(p(1)) = h(s) =k (D) (p(t) = 5)| < elo(t) =],

forvVs e V.

Definition 7. [20] Where H : T — R is called a V-antiderivative of h : T — R, then we define

/h(’L’)VT — H(t) — H(s),

fors,t € T. Let f(t) be differentiable on T for a,t € T. Then, we define f«(t) by
For(t) = aft () + (1-a) V(1)
for0<a <1.

Proposition 1. [20] If we have f,h : T — R, o, -differentiable for a,t € T, then

(i) f+h:T — R is op-differentiable for t € T with (f +h)** (t) = fo(t) + h°(¢t).

(i) Letk € R, kf : T — R is oq-differentiable for a, t € T with (kf)°*(t) = kf«(t).
(iii)  f,h: T — R is o,-differentiable for a,t € T with

() (£) = o ()h(E) + afT (RO () + (1 — a) f(RY (8).

Definition 8. [20] If f: T — R is integrable and a,b,t € T, then

/tf( oaé—a/f YA+ (1 — /tf
b b

for0 <a <1.
Definition 9. [12,25] If f € C,4(T,R) and t € T, then

o(t)
| f@eat=nvf(0).

t

Here, we can define the fractional maximal diamond-u integral
1 t
Mﬁm—mm——7/ﬂw%n
a

B>t |B| m
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where f € L1([a,t)NT) and Myf € L([a, t]N'T).

Now, we can define the restricted centered fractional maximal diamond-« integral
operator and the restricted uncentered fractional maximal diamond-« integral operator,

1
Msf() = sup ———— [ |f(D)]eat
oorso|B(t, 1)L sina
and
1
Mysf(h) = sup  ——= [ |f(D)]oT,
(5>r>0,\x—t\<r‘B| "

B(x,r)NQ
fort € R™ and 6 € R (for details, see [28]).

Definition 10. [35] Let p : ® — [1,00) be a measurable function for ® C R™ and LP") be the
space of all measurable functions on open set ®, such that

Lcﬁwwﬂgﬁ

for some A > 0. The norm in LP(Y) is the generalization of the norm in LP (p is constant). The
Luxemburg norm in LP™) is defined as follows:

p(t)
(RAIFTSS —inf{/\>0:A) (W) dtgl}.

Theorem 1. (See [Theorem 2, in [21]) If h is A-integrable on [a, b], then |h| is A-integrable on

[a, b] and we have
b
< / Ih(7)|AT.
a

Theorem 2. [40] Let M, s f be defined by (6), and let § > 0. Then

T)AT

||Ma,5f||Lp<x)(RmHLp(x) (Rm) = ||Maf||Lp(x)(Rm)ﬁLp<x> (R™)

holds for 1 < p(x) < oo.

Proof. From the definition of the operator M, ;f in (6), we obtain

Mosf(6x) = — sup  — f 1 (y)1dy
5>r>0,|t— 5x|<r| ‘
= sup  —— f\f«”— )|Ay
0>r>0,|t— x\<r " [t|<r
= sup ,% [ 16t =y))lay
5>r>0,|t— x\<’v"’r [t <% (12)
= sup — 5 [ [(wf)t—y)lAy
1>§>0,\t—x\<§”m(o) [t <%
= sup [ (wf)(x —y)|ay
1>r>0,|tfx|<rv'”r [t|<r

= Mo (tsf) (%),
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where vy, is the volume of the unit ball in R" and the dilation operator t; is defined as follows

(t6f)(x) = f(6x),

for 6 > 0 and x € R™. It follows from (12) that

HMll5f||LP Rm) ||Mu,t5f(5)||Ln(X)(]Rm) . HMu,l(TtSf)”LP(x
Hf”uﬂ ) (R™) ||f(5)||Ln(1)(Rm)

(&)
1T Nl o) (momy

Taking the supremum over all f € LP®) (R™) with || f]|, LP() (Rm) # 0 for the two sides
of the above equation, we have
||Ma,5f“LP(X> (Rm)—LP(*) (Rm) ||Mu 1fHLP

foralld > 0and 1 < p(x) < oo.
Next, we will prove that

]Rm)%Lp(x) (R”l)’ (13)

HMuéfHLV ) (Rm)—LP() (RM) ||MﬂfHLP ) (Rm)—LP() (Rm)*

We will use Equation (13) for proof. If f € LP(¥) (R™), then we have Mf € LP() (R™).
From Lemma 1, Lemma 4 and Equation (13), we obtain

(YA [ — O LA TN

Ofﬂ" 1hmdM sF (A

}g{;of#” RO

(14)
—hmuMMW”QW)
ﬂmwmwwmemm -

= UMt 1252 oy s o LI oy
Now, taking advantage of inequality (14), we get the following inequality
IMall26E) o my = M5 i oy (15)

Hence, we obtain from (14) that

p(x)
||MH||Lp( Rm)*)Lp( )( HMlllH Rm)*)Lp(x)(Rm)’

3. Main Results

In this section we give statements and proofs of our results

Theorem 3. Suppose that M, s f (x) is defined by (5). Then

||M 5||Lr7 ) (Rm)—LP(¥) (Rm) — HMSHLP(X)(RW)*)LP( ) (R™)
holds for 5 > 0and 1 < p(x)

< 00,
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Proof. For 0 < § < oo, we first prove
”MZ,A‘HLP(X)(RW)HLP( ) (R™) HM P (Rm)— LP(¥) (RM)*
If we use the definition of the operator M¢ 5 in (5), then we have
1
Misf(0)= sup ———— [ [@loy= sup — [ Ifx-p)louy, (16)
§>r>0| (x,7)] B(x )N 6>r>00m " yi<r
for0 < 6 < o and x € R™, where v, is the volume of the unit ball in R"”. Hence,
we have
M; ;f(6x) = sup 7% J 1fOx—=y)lony
5>r>o”m’ ly|<r
= sup —— [ |f(0x—dy)|ony
5>r>0”mr lyl<%
= sup — [ [f(dx —0y)| ony (17)
1>§>Ovm(5) |y\<’
= sup —— [ |f(6x —dy)|ony
1>r>09m" ‘y|<r
= M 1f(6x),
for 0 < § < oo and x € R™. If we use (17), then we have
IME sl e my (MG 5f (O) | ooy oy I1MG 1 f (02) || o) e (18)
||fHLp(X>(R ”f(‘sx)”Ln (®) (Rm) ||f(5x)HLP (®) (Rm) .

If supremum is taken over all the f € LP(*)(R™) for the two sides of (18), we have

1M,

(Rm)_>Lp<)( HM{IIHLP )(Rm)— LP() (Rm)* (19)

Next, we will use Equation (19) to prove

MG sl oo = [IMall peo

) (Rm)—LP () ( ) (Rm)— L) (R )/

for V6 > 0and 1 < p(x) < oo. We just need to prove

”M 5||LV ) (Rm)—LP() (R™) > ||Mzcl ”Lp(x) (Rm)—LP(¥) (RM)*
If we use Lemma 5, for € > 0, then there exists a function f € CZ°(R™), such that

IMEfIl ooy
1Al Lo

R‘m

") = 1Mt gy s 60 oy — (20)

Since f € C®(R™) implies f € LP™Y) (R™), we have MSf € LP()(R™). If R is a real
integer, then we have

I(Mzf)x

Now we set 6yp = Z1 + R (Z4 is a positive integer and R is a real integer). Then it can
be written from the definition of M, ; that

Mf(x) =

(112R) [ peo ey < €lf Il Loeo qomy- (21)

Z,(sof (x), (22)
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holds for |x| < R. Hence, from (20)-(22), we obtain

IME g Ul gy = (M 5o f ) 11 <r) e g
= | (MEA)X (x| <r) | o (em

> M il — St =
> ||Mfz||Lp(x)(Rm)_>Lp(x)(Rm)||f||Ln<x>(]Rm) - 2€||f||Lp(x)(Rm)~
Obviously, (23) implies that
c
P D 3 Il e =2 @)
Here, the inequality (24) yields
||MZ,5O||LP(X>(]R"1)_>LI’(X) (Rm) > ||Mfl||LP(X)(RW!)_>LP(X)(]R'”) —2e. (25)

From (19) and (25), we have
” MZ,& ”Lp(x) (Rm)—LP() (Rm) = || MZ ”LP(X) (Rm)—LP(x) (R 7
for V6 > 0and 1 < p(x) < oo. Thus, proof of Theorem 3 is complete. [

Now, let us prove the weak (1,1) boundedness for the restricted centered diamond-«
fractional maximal operator.

Theorem 4. If My ; is defined by (5) and 1 < p(x) < oo, then

||Mfz,(sHLl(Rm)—mLOO(RM) = ||M§||L1(R"1)—>LL°°(RM)

holds for all 5 > 0.
Proof. Let MZ, s be defined by (5) for 0 < 6 < co. First, we prove that

||MZ,6HL1(R’")—>LL°°(R'”) = HMZ,l 1 (Rm)— L1 (Rm)-
From the identity (17), we get
Mg sf(0x) = M 1 (T5f)(x). (26)

For any 0 < o, we obtain from (26) that

{x3MZ,5f(x) > y}‘ (27)

[{x: Mo1(of) > pt] = [{x: My sf(0x) > p}| = ’{x L M of (x) > ﬂ}‘ ="

y
Thus (27) implies that

_ X
supp|{x: Mg (tsf) > p}| =6 mSUPVH P Mg sf (x) > VH (28)
u>0 u>0 y

If || fll o1 ey # O, then it follows from (28) that

5 Msupu | {x:MZ/o-f(x)>y} | supy‘ {x:M;’1 (tsf) (x)>]4} |
u>0 u>0

HfHLl(]Rm) Hf‘ILl(Rm)

(S*msup;t| {x:MZréf(x)>;t} |
u>0

HthfHLl(Rm)

(29)
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Now taking the supremum over all f € L(R™) with || f| ;1 (rm) 7 0 for the two sides
of (29), we obtain

MG 5l 1 (o ooy = IMG 11l 1 (o= L100 (mem)- (30)
Next, we will use (30) to prove that
MG 5l 1 oy ooy = IIMG L1 (o) Lo (s
holds for 0 < 6. Now, let us prove the correctness of the following equation.
suppdygs(p) = limsuppdye ¢ (1), (31)

u>0 u>0

holds for any f € L'(R™) with ||f]| 1 (rmy 7 0. Clearly, the right side of (31) is not bigger

than the left side, so it is enough to show opposite inequality. From Lemma 3, we have

suppdpgf(pt) = supp ( Jim dye 0-f(V)>'
u>0 u>0 oo W

Let A = suppdycf(p). For 0 < ¢, there must be a 19 € R™ such that
u>0

A = podpgp(Ho) = A—e.

We conclude that

A —e < podgs(po) = limde ¢ () < supp ( lim de f(V)) '

“I/l>0 J—r00

This is equivalent to A < suppu ( lim d e af(y)) .

1>0 J—r00 a
Herewith, (31) holds. If we use Equation (31), we obtain that

suppd e ¢ (1)
IMallpt ()1 (mmy = SUp %
m

1l gy 20 EHE)
L p
- - Tagmy,

111 g 70 Flprgmy (32)
supyndéf(}l)
= lim sup e
HfHL1<RW1)

7% £l 1 o) 20

= 5113;0 | M 5 [l (Rm)—LLeo(Rm)*
Thus, we get the result we want to achieve. [J

Remark 2. Let M, be the uncentered fractional maximal operator defined by (3). Define the iterated
fractional maximal operator denoted by ML+ as follows:

Mg (y) = Ma(Mig) (v) (33)
fori=1,2,3,...and y € R™. Set (Mlg)(y) = (Mag)(y).

Lemma 6. Assume that a sequence {dy };._, satisfies the following two conditions simultaneously:
(@) dy=s€(01),
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(b)  foranyi>1,diy1 = (1—s)d;+s.
Then {dy } ., is strictly monotone increasing and we have

1—00
Proof. By the mathematical induction and the two conditions (a) and (b), we can easily
obtain 0 < d; < 1 for each i € N. Furthermore, the condition (b) implies

di_H—di:(1—S)di+5—di:S(1—di)>0.

This shows that {dj }_, is strictly monotone increasing. Since {dy }}_; is monotone
increasing and has the upper bound, the limit of {d} };- ; exists, and we can easily get

1—00

By Lemma 6, we have the following corollary. [
Corollary 1. For any g € L*(R™), the equation
lim Mig(y) = |18l
1— 00

holds fori =1,2,3,...and y € R™.

4. Conclusions

For more than a quarter century, the concept of time scales has taken an important
place in the literature. Mathematicians and scientists working in other disciplines have
demonstrated many applications of dynamic equations and integral inequalities; for exam-
ple, transformations, inverse conversions, extensions, wave equations, heat transfer, optics,
fluid dynamics, quantum calculus, economy, etc. The boundedness and compactness of the
integral operators we know from harmonic analysis occupy an important place in the liter-
ature. Norms in variable exponential spaces are used to solve these problems. Previously,
studies on the concept of the equivalence of norms in variable exponential spaces were
conducted. In this way, we obtain the boundedness and compactness of integral operators
that we do not have any information about. For more detailed information, we refer the
reader to references.

In this study, we wanted to relate the norms of integral operators with time scales. In
this article, we showed the equivalence of the norm variable exponent LP(*) of the restricted
centered fractional maximal diamond-« integral M¢ ; with norm variable exponent LP) of
centered fractional maximal diamond-« integral Mg forall0 <4 <ocoand 1 < p(x) < o
on time scales. Hereby, we will be able to establish the boundedness and compactness
conditions of fractional integral operators. In the future, we plan to carry these studies to
variable exponent grand Lebesgue spaces, which is more general.
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