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Abstract. In this paper, we prove the boundedness of B-maximal operator, B—singular integral operator
and B-Riesz potential in the variable exponent Lorentz space Ly, (R},). As a consequence of the
boundedness of B—Riesz potentials in variable exponent Lorentz spaces, we also obtain that B—fractional

maximal operators are bounded in Ly ), (IR}, )-

1. Introduction

Harmonic analysis consists of significant operators such as singular integrals, maximal operators, frac-
tional maximal operators, Riesz potentials and convolution type operators. On various function spaces,
the problem of boundedness of these operators and their versions which are generated by Laplace-Bessel
differential operators play a critical role in harmonic analysis and PDE’s. Over the years, singular inte-
gral operators generated by Laplace-Bessel differential operators have been investigated by Aliev, Aykol,
Ekincioglu, Gadjiev, Guliyev, Kaya, Kipriyanov, Klyuchantsev, Lyakhov, Safarov, Serbetci, Stempak, others
[1-3,7,9-12,15-19].

On Lorentz spaces Ly ,,,, behavior of generalized B—potential integral operators and rough B—fractional
integral operators have been investigated in [9, 10]. Later, in [12, 13], pointwise rearrangement estimates
for generalized B—convolution operators and O’Neil type inequality for B—convolution type operators
have been obtained and boundedness of generalized B—Riesz potentials, generalized B—fractional maximal
function have been proved. Also, O’Neil type inequality for the Hankel convolution operator have been
obtained [2]. Then, Aykol and Serbetci [3] have shown that fractional B—maximal operators defined on
Lorentz spaces are bounded.

Nowadays, there is a big attention on variable exponent function spaces and several results of harmonic
analysis have been discussed on these spaces, for example, Ephremidza et al. [8] have considered maximal
operators, fractional integral operators and singular integral operators on variable exponent Lorentz spaces.
In [8], the boundedness of such operators have been shown by assuming some decay conditions of log-type
on the exponents. Several fundamental properties of variable exponent Lorentz spaces have also been
obtained in [14]. The above results inspire us to investigate B—maximal operator, B—singular integral
operator and B—Riesz potential defined on variable exponent Lorentz spaces. With this motivation we
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aim to obtain that B—maximal operator, B—singular integral operator and B—Riesz potential are bounded
in variable exponent Lorentz spaces by using the rearrangement estimates and O’Neil type inequalities
for these operators. It is worth noting that in general log-Holder continuous conditions are well used to
obtain the boundedness of these operators. But here, we are able to avoid this condition since the Hardy
inequalities are applicable.

The construction of the article is as follows: The first section is devoted to introduction. In the second
section, we recall some basic concepts, notations and some known results which we need throughout the
paper. In the third section, we have obtained that B-maximal operators are bounded in variable exponent
Lorentz spaces. The fourth section is devoted to boundedness of B—singular integral operators. Finally, in
the fifth section, we present that B—Riesz potentials are bounded in variable exponent Lorentz spaces and
as an immediate consequence of it we obtain that B—fractional maximal operators are bounded in these
spaces.

Throughout the paper we use the letter C for a positive constant, independent of appropriate parameters
and not necessary the same at each occurrence.

2. Preliminaries

We first give some basic concepts, notations and known results which are beneficial for us.

Let x = (', x”), ¥’ = (x1,...,%) € RY, and ¥ = (X41,...,%,) € R"™*. Denote R}, =fxeR": x; >
0,....x5x>0,1<k<nl,y=01---, 7,71 >0,...,7x>0,and |[y| = y1 + ... + yx. We denote by B, (x,7),
the open ball of radius r centered at x, namely, B.(x,7) = {y € IRZ,+ tlx—yl <r}). Let By(0,7) C RZ,+be a
measurable set, then

IB+(0,7)l, = f (x')dx = w(n,k, y)rQ,
B.(0r)

n—k k yitl
L)

ZkH Yi AQ=n+lyl

i=1 2
The definition of the generalized shift operator is as follows:

TYf(x) := G, fo fo FIG1 s ) Gy Yo — ] (@),

where Cy, = n T(ED T, (W, yi)e = (2 = 2xy;cosa; + y2)2, 1 < i <k 1 <k < n, and dy(a) =
k

H sin” ! a;da; [17,18]. Notice that the generalized shift operator is related to the Laplace-Bessel differential
i=1

(l)perator,

k n
22 ?* yid
Ap = B; + —, Bi=—+~——, 1<k<n
’ I'Z:;l 1;1 ox; l ox} i ox; !

where w(n, k,y) =

The B—convolution operator associated with T? is as follows:

(o0 = [  FnTsw iy

ocC

For a function f € L} y(]RZ+)’ the B—maximal operator and B—fractional maximal operator are defined

by, respectively,

M, f(x) = sup B, (0, )| fB | TNy

r>0

>0

M?f(x) = supB, (0, |8 " f T @I ) dy, 0<a<Q.
B.(0r)
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It is easy to observe that Mg),f =M, f for a = 0 (see [11]).
B—Riesz potential is defined by the following:

Lfe) = fR TV f(y)(y')'dy, 0<a<Q.

k,+

It is well known that the inequality Mj, < CI} holds.
Singular integral operator generated by a generalized shift operator (B—singular integral operator) is
defined as

T, f(x) = p.v. jﬂ;ﬂ %[Tyf(x)](y’)}’dy
a0

= lim 2T Iy Y dy = Uim T, f(x), (1)
20 Jiyery :lyl>e) lyl? f@lly) dy e f

where 0 = y/|yl|, and the characteristic 2(0) belong to some function space on the semi-sphere S, = {x €
R}, : |x| = 1} and satisfying the “cancellation” condition
f Q(6)(6') da(B) =0
5k,+

(do(0) is the area element of the sphere 0| = 1). B—singular integral operators are the convolution type

| |g) and thus it can be written as T, f(x) = (K® f)(x).
¥
The existence of the limit (1) for all x € R}, and for Schwartz test functions f(x) can be proved in the

operator, where the kernel of these operator is K(y) =

standard way by considering the well-known estimate |Ty flx)—f (x)) < c(X)lyl.

We will now introduce the variable exponent Lebesgue spaces Ly, (IR} ). Let (R} ) be the set of all
measurable functions p(-) : ]R,’(’,+ — [1,0]. The elements of P(]Rzﬁ) are called variable exponent functions
and also let 1 < p_ := eses]Rinnf p(x) < py = ess Rsnup p(x) < co. The space Ly, (R} ) is known as the set of

T Xe .

measurable functions f such that for a variable exponent p(-) : R} | — [1, o],

1,2, = nF{A >0 gy (F/A) <1,

where
Op()y = f LFEPO)Y dx + 1| flle.., & ). < oo
RE AWRE e ’

Given p(-), the conjugate exponent function is as follows,

B

plx) - p'(x)
Let P(0, o) be the set of all measurable functions p(-) on interval (0, co).
The elements of (0, o0) are called variable exponent functions and also let

n
1, x¢e le/Jr.

p- = ess infp(t), p+ = ess sup p(t)

O<t<oo O<t<co
satisfying the conditions

Co 1
Ip(®) = p(O)l < i’ O<ts<sy, ()
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and

Ip(£) = p(eo)l < )

In(e+1t)

We will use the notation P, = {p: a < p- < p, < oo} fora = 0 ora = 1. We denote by IP(0, o), the set of all
classes of measurable functions p(-) € L(0, o0) such that there exist the limits

p(O) =limp(t) ~ and  p(eo) = lim p(#).
We denote IP,(0, ) = IP(0, o) N P,(0, o).
Definition 2.1. [5, 8] Let p(t) and v(t) are measurable functions on (0, c0). The weighted Hardy operators Hf 8 and

H f ((.‘)) with power weights acting on ¢ are defined by

t
Hﬂ( (t) = OO P(y)
0 yV(I/)

and

pO) s [ PW)
Hp(t) = t ft yv(y)+1d

We need the following Hardy inequalities in variable Lebesgue spaces (see [5] and the references therein)
which will be used in the proof of our main theorems.

Theorem 2.2. [5, 8] Let p(-) € IP1(0, o0), and B, v € IP(0, o) and

0< B(oo) < — @

0 <B0) < p(oo)

1
p(0)’
Let also q(-) € IP1(0, oo) such that

1 1

g(e) ~ (00)
Then the inequalities

R

| V()(pHL )0, oo) ”(P”Lm(o 00)
and
()
” f()(P”L N oo) ”(P” p()(0,00)
hold if and only if
v(0) < R v(c0) < L, (6)
p’(0) p’(e0)
and
v(0) > L and  v(co) > 1 7)
p(0) p(o0)’

respectively.



C. Aykol, E. Kaya / Filomat 37:17 (2023), 5765-5774 5769

2.1. Variable exponent Lorentz spaces
Given a measurable function f : R/, — R and any measurable set E with |E|, = f (x)'dx, the
’ E
y—rearrangement of f in decreasing order is defined as
fiH =infls>0: fio(s) <t}, VEe(0,00),

where f. ,,(s) denotes the y—distribution function of f given by
) =[x e Ry, 1f I > s}'y .

The average function of f;* is defined as

*k 1 ' *
Fo=7 [ fed
0
for t > 0, and the following inequality is valid (see [6]):
(f +9)y () < (1) + g, ().

Some properties of y—rearrangement of functions are given as follows (see [4, 6, 20]):

e if 0 < p < oo, then
[ vereyi- [ gora,
Ry, 0
e foranyt >0,

t
sup fE FIY dx = fo fi()ds, ®)

|El, =t

f I dx < f £t (b,
R 0

e it is well known that
(f +9),®) < £, (t/2) + g, (t/2) )
holds.

Lemma 2.3. [3] For any measurable set A = (A',A,) C R}, A, C (0,00), A" = Ay X -+ X Ap-1 C R"™1, and
y € R}, then the following equality holds

where A = A’ x (=m,m) x [0,m), m = sup A, and dp(z, z,4+1) = szdzldzz o dz,dz,..

Lemma 2.4. [3] For any measurable set A C R}, and for any y € R} , the following equality holds

K+

¢
sup LTVIf(x)l(y’)}’dyzC),Lf;(s)ds.

A, =t
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Definition 2.5. The Lorentz space Ly, (IR} ) is the collection of all measurable functions f on R} such that the
quantity

® g dt\"?
(f (¢ £0) 7) ;o 0<p<eo, 0<g<oeo
1 llp.ay = o
supt’ f3(t), O<p<oo, g=0
t>0

is finite.

If0 <p <00, q= 00, then Ly (RY,) = WL, (R} ), where WL, (R} ) is weak Lebesgue space of all

measurable functions f with following norm

Ifllwe,, @) = su(}; PP fr(t) <o, 1<p<oo.
t>

If1 <q<p, orp=gq = oo, then the functional ||f||,, is a norm (see [4, 10, 20]). If p = q = oo, then the space

Loo,co,y (R}, ) is denoted by Lo, (R ).

In the case 1 < p,q < co, we give a functional || - ”;z,q,y by

® g dt\"?
i (CEmr2) ocremncses
Py =

suptrlﬂ (), O<p<oo, g=o
t>0

(with the usual modification if 0 < p < oo, g = co) which is a norm on Ly, (R} ) for 1 <p < o, 1 < g < c0o0r
p=4q=co.

We will now introduce the variable exponent Lorentz spaces Ly(,q¢), (R} ,)-

Definition 2.6. Let p(-), q(-) € Po(0, c0) be variable exponent functions. Then the variable exponent Lorentz spaces
Lyy.q0,y (R ,) are known as the set of measurable functions f on R _such that 7070 f5(#) € Ly(y(0, ), ie.

R " O
\SP(')M(')(f) = tr® |f),(t)| dt < oo.
0

and the norm on these spaces is defined by

ey, = IE{A > 05 000 (F14) < 1 = 0770 0

Ly (0,09)

If we take p(-) = q(-), then we obtain variable Lebesgue spaces Ly() (), = Ly, For the proof of this, the
reader may refer to [14].
One can write the following norm

1 1
* W - W "%
Ilf ”Lp(-m«),y(RE,J t f 4 (t)“Lqm (0,00)

The validity of the following can be obtained easily from the definition of Lorentz Ly, 4, (IR} ,) spaces:

o If p(-), q(-) € P(0, ), then the functional ||f|l. is a quasi-norm.

p()40)y

o Let p(-) € Po([0, £]), q € P1([0, €]). Then ||f|lL,,,,, and || f ”*Lq@,q(.),y are equivalent, i.e.,

Wl <A < CllFl, (10)

if and only if p(0) > 1 and in the case of £ = oo, also p(c0) > 1, where C > 0 does not depend on f.
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3. Boundedness of B—-maximal operators in variable exponent Lorentz spaces

In this section, we will first give sharp rearrangement inequality for B-maximal operators. By using
this inequality, we obtain that B-maximal operators are bounded in Ly 4(),, (R} ).

Lemma 3.1. [3] Sharp rearrangement inequality for B—maximal operators,
holds, where C = C(n, y) is a positive constant.

Theorem 3.2. Let p(-), q(-) € P1(0, o). Then B—maximal operator M, is bounded on Ly()q), (R} ).

Proof. From the inequalities (10) and (11) we obtain

1, 0

1 1
PO £ (¢
h v ®) Ly((0,00)

= ClAL 00, R2)- (12)

M =
1My 0, R ) Ly(0,00)

<C

Hence, the proof is completed. [J

4. Boundedness of B—singular integral operators in variable exponent Lorentz spaces

In this section, we obtain that B—singular integral operators are bounded in variable exponent Lorentz
spaces. We will first give two theorems which is used in proof of Theorem 4.3. While Theorem 4.1 states
O’Neil type inequality for B—convolution operator, Theorem 4.2 states a pointwise rearrangement estimate
of generalized B—potential integral. For more details, see [12].

Theorem 4.1. [12] Let f, g be two positive measurable functions on R} .. Then for all t > 0 the following inequality
holds:

t 00
o= (50 [ gwne [ s
t
Theorem 4.2. [12]If Ky € WLo/(0-0,y(R},), 0 < a < Q, then
t 0o
(Ke ®g),(t) < (Ko @) (1) < C (t“/Ql f Fils)ds + f s“/Qlf;(s)ds),
0 t
w’/lere C = Ck,}’(Q/a)2||K0(”WLQ/(Q,{,)'},(]RZ,+)'
Since T, f(x) is convolution type operator and from the above theorem, we can write
t 0o
(Ty F)5(0) < (T) fE)5 () < C (t-l f Fils)ds + f 5! f;<s>ds) . (13)
0 t
Now, we are ready to present Ly 4, (IR} ,)-boundedness of B—singular integral operators.

Theorem 4.3. Let p(-), q() € P1(0, o). Then B—singular integral operators T, are bounded on Ly()q(),y (R} ).



C. Aykol, E. Kaya / Filomat 37:17 (2023), 5765-5774

Proof. Letp(:), q(-) € P1(0, 00). Then,

11 .
Ty fll i = 77T, f)y(t)”Lq(.)(O/m)

< e (1, )|

Lyy(0,00)

Then from (13) and Theorem 4.2 we get

t (oe]
$75 70 (tl f f(s)ds + f slf;(S)dS)
0 t

! ' +
[T0IN0) fy (s)ds
0 Lq(‘)(o/oo)

(o]
7070 f 57U fo(s)ds
t

1 1
£ (T, £ (¢ “ <C
Ty ®) Ly((0,00)

Ly(y(0,00)

<C

+C

Ly5(0,00)
=L+ L.

From the inequality (12) we easily obtain

L <C ||f||Lp(')r’7(‘)r‘/(R;fl,+)'

For I, taking B(t) = 0, v(t) = ’% - ﬁ and ¢(t) = tﬁfﬁf"(t) in Theorem 2.2, we get

L =

00
76~ f 57U fo(s)ds
t

por [ PO
; gv(s)+1

= el

V) ](.)(0,00)

a1
< Cli@llL, 0,00 = CNEFOT0 FLBILy0y0,00) = CHF L0000, ®2,)-

Lgy(0,00)

Ly(1(0,00)

This completes the proof. [

5. Boundedness of B—Riesz potentials in variable exponent Lorentz spaces

5772

In this section, we will obtain the (Ly(),() (R}, ), Lgc)s¢),, (R}, ))—boundedness of B—Riesz potential.

For B—Riesz potential, the following inequality
a t 0 a
I, <L) <G (tQ_1 ‘fo fy(s)ds + f SQ_lf;(S)dS),
t
holds, where C; = Cy,(Q/a)*w(n, k, )@=/, For more details, see [9].

Tl’1e0rem 5.1. I;ei:‘ p(), q(), (), () € ]Pl(O,noo), 1< p(O),p(oz) <g 50T = 69 g~
Riesz potential I} is bounded from Ly(),r),, (RY ) t0 Lycys), (IRY)-

(14)

%. Then the
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Proof. The proof can be obtained in similar manner as in Theorem 4.3. From (14), we get

1 1
ITGREGI LA AN t”
U]

£~ 12 7|

a —
||ny||L{,(.>,s(~),,v(Rly<(,+) -

L()OOO)

<C tqﬁrs?»(té-lff;(s)dHf sé-lf;(s)ds)
(U t Ley(0,09)
t 1 1 0 a
< C||rin 0+ 8- ff;(s)ds +C tem‘swf 587 fr(s)ds
0 Ly((0,00) t Ly((0,00)
=li+)
1
We take v(t) = and o(t —tw) g ). Then, we get
() Ol (t) o(t) £ @) g
1 1 1 a
ﬁ()—— —=+ ==

TCEECRECEECAE®)

From Theorem 2.2, we obtain

t
Ty = [[oroa f P6) 4
0 SV(S) L
5((0,00)
ﬁ()

< C”(P”L,()(O o) = C||t”") "”ﬂ(t)HL 50,00 = CllfllLy 0, (R:

k+).

. 1 1 a 11
= - — = tr® O £*
We now estimate J,. We take v(t) OREG) and @(t) = 7070 fi(t) € Ly((0, ). Then, we get

1 1 1 o
Py = % RO )

Therefore, by using Theorem 2.2, we obtain

_ Nl [ 26)
fz—l't ft SV(S)Hcls

= clrefte],
V() Ls((0,00)

Ly(y(0,00)

< CllpllL, 0,0 = C||t”") "”fy(t)HL 00,00) = ClI L0, ®:

k+)

This completes the proof. O

From the inequality M7 < CIj and Theorem 5.1, the following corollary is easily obtained.

Corollary 5.2. Let p(-), 4(-), 7(-), s(-) € IP1(0,00), 1 < p(0), p(e0) < =, p(o) % =8
)

the B—fractional maximal operator M3 is bounded from Lp(.),r(.),),(]I{k,+) to Ly(),s0),y (R},

I}
s
x
S

11
and 55— 7o
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