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1. Introduction

The mapping property of the fractional integral operators on Lebesgue spaces
is one of the important topics in harmonic analysis, theory of function spaces
and partial differential equations. It is related to the embedding properties
of Sobolev spaces and homogeneous Sobolev spaces [25]. It is also a major
component in fractional calculus [37]. Furthermore, it is used to establish the
restriction theorem of Fourier transform [41, Chapter VIII, Section 4].

The study of the fractional integral operators (Riesz potential) was ini-
tialized by Riesz in [36]. The mapping properties of the fractional integral
operators were extended to Morrey spaces by Spanne (result published in [35])
and Adams [1]. They show that the fractional integral operator I, is bounded
from MP to M? when 0 < p < gand0§r<nsatisfy%—%:%forthe
Spanne’s result and % — % = < for the Adams’s result. Notice that for both
results of Spanne and Adams, they require p < g.

The mapping properties of the fractional integral operators on Morrey
spaces provide some estimates and inequalities for the studies of partial dif-
ferential equation [17, 30, 34].

Recently, the mapping properties of the fractional integral operators have
been extended to a number of Morrey type spaces such as the generalized Mor-
rey spaces [9, 20, 31], the Orlicz-Morrey spaces [33, 38], the Morrey spaces with
variable exponent [3, 10, 12, 14, 15, 28, 29, 27], the weak Morrey spaces [19]
and local Morrey spaces [5, 4, 11, 18]. Roughly speaking, the above mentioned
results are generalizations of the Spanne and the Adams results in different set-
tings. For instance, for those results on Morrey spaces with variable exponent

MY in [12], we find that I, : MPO - 20 is bounded when p(-) and ¢(-)
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satisfy -~ — -~ = 2 and some other conditions. Therefore, we see that we
p()  a() n

also have p(-) < ¢(-).

To obtain a complete description on the mapping properties of the fractional
integral operators on Morrey spaces, it is natural to investigate the mapping
properties for I, acting from M? to M when 0 < ¢ <p < 7.

From the study of the fractional integral operator on Lebesgue spaces, we
find that %— o= Lis a necessary condition for the boundedness of I, : LP — L%
[40, Chapter V, Section 1.2]. Hence, the condition p < ¢ is also a necessary
condition.

On the other hand, when we consider Lebesgue space defined on general
Borel measure instead of Lebesgue measure, we have positive results.

The results for the mapping properties of I, with Lebesgue spaces on
Borel measure as the target function space [25, Section 8] give us direction
for the study on Morrey spaces. In [25], we see that for the case ¢ < p on
Lebesgue spaces, we have positive results when we consider I, as a mapping
from Lebesgue space to Lebesgue space on a Borel measure when this Borel
measure satisfies some conditions involving capacity.

Therefore, the main theme of this paper is to extend this result to Morrey
spaces. Roughly speaking, when the Borel measure satisfies the requirements
for the boundedness properties of I, on Lebesgue spaces, then I, is also a
bounded operator from the Morrey spaces to the Morrey space built on the
given Borel measure. As applications of our main results, we have the Poincaré
and the Sobolev inequalities on Borel-Morrey spaces.

This paper is organized as follows. Some definitions and the mapping prop-
erties for the fractional integral operators on Lebesgue spaces for the case ¢ < p
are presented in Section 2. The boundedness properties for the fractional in-
tegral operators from Morrey spaces to Borel-Morrey spaces are established in
Section 3.

2. Fractional integral operator on Lebesgue spaces

This section aims to present the mapping properties of the fractional integral
operators from Lebesgue spaces LP to Lebesgue spaces on Borel measure L7(p)
with ¢ < p.

For any x € R™ and r > 0, write B(z,r7) = {y : |y — 2| < r}. Define
B={B(z,r):z € R",r > 0}.

For any positive locally finite Borel measure w on R™ and F being a w
measurable set, we write w(E) = [, dw. Let M(w) be the collection of w
measurable functions. For any 1 < p < oo, define

() = {f € M) Iflzro = ([ If(x)”dw)l/p < oo} .
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When w is the Lebesgue measure, for brevity, we write M(w) = M and LP(w) =
Lr.

For any 0 < a < n and Lebesgue measurable function f, the fractional
integral operator (Riesz potentials) I, is defined as

[y
rf@) = [ Ay
rr [T — Yl
Let 0 < a < n and w be a locally finite Borel measure. We define
d
Tww(z) = / 7w(y) .
re T =y

As the condition that guarantees the mapping properties for the fractional
integral operator involves the notion of capacity, we recall the definition of
capacity from [25, Section 7.2.1].

Let 1 < p < oo, @ >0 and A be the Laplacian. The Riesz potential space
h; consists of those Lebesgue measurable function g satisfying

lgllng = l1(=2)*"%g]|L» < co.

For any compact set E, the capacity associated with the Riesz potential
space hy is defined as

capy o(E) = inf{||g||pg :g€eCe,g> 1onE}.
DEFINITION 2.1. Let 0 < a <n and 1 < ¢ < p < co. For any positive locally

finite Borel measure w, we write w € Cp 4o if there is a constant C' > 0 such
that for any collection of open sets { Ex}rez with Ex11 C FEx, k € Z, we have

i (W(Ek)_W(Ek-&-l))pzq<C.

capp’a(Ek)Q/P

k=—o0

A sufficient condition for w € C) 4 is given in [25, Section 8.4.3]. When
g =1, [25, Section 8.4.4, Theorem 2] assures that w € Cp 1o if ||[Tw| < 00
where T is either the Riesz potential or the Bessel potential.

We now present the mapping properties for the fractional integral operator
on Lebesgue spaces for the case ¢ < p.

THEOREM 2.2. Let 0 <a<n, 1 <qg<p<Z andw be a positive locally finite
Borel measure on R™. If w € Cp 4,a, then there exists a constant C > 0 such
that for any f € LP, we have

HI(Xf”Lq(w) < C”fHLP (1)
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The above result is obtained by Maz’ja [25]. For the case p = g, we have
the following result [2] and [26, Section 11.5, Theorem 2].

THEOREM 2.3. Let 0 < a < n, 1 < p < oo and w be a positive locally finite
Borel measure on R™. There exists a constant Cy > 0 such that for any f € LP,
we have

MafllLe@w) < Cillfllee (2)
if and only if there exists constant Cy > 0 such that

Io((Law)") () < Colaw(x), ace. (3)

The reader is referred to [25, Sections 8.3 and 8.4.2] and [2] for the proofs
of Theorems 2.2 and 2.3, respectively. The result presented in [25, Sections
8.3 and 8.4.2] is in term of the embedding from the Riesz potential spaces to
Lebesgue spaces. In view of the definition of Riesz potential spaces, it is easy to
see that it is equivalent with the boundedness of the fractional integral operator
presented in (1).

The reader is referred to [13, 16, 24, 32] for the mapping properties of the
fractional integral operators on rearrangement-invariant quasi-Banach function
spaces, modular spaces, Herz spaces and some other function spaces appeared
in analysis.

The above theorem gives us the direction and foundation for the study
of the fractional integral operators on Morrey spaces with ¢ < p in the next
section.

3. Main result

The main result of this paper is presented and established in this section. We
begin with the definitions of Morrey spaces.

DEFINITION 3.1. Let 1 < p < oo and w be a positive locally finite Borel measure
on R". Let u : B — (0,00). The Borel-Morrey space MP(w) consists of f €
M(w) satisfying

1
P,y = SUD ——<||XB p(w) < OO.
Iz = 50 —slixn fllnce
In particular, the Morrey space M? consists of all f € M satisfying
171 sl <
p = SUPp ——< B Lp 0.
M pes u(B) X

When 1 <p <r < ooand u(B) = |B|%7%, MP reduces to the classical Morrey
space introduced by Morrey in [30]. Furthermore, the family of Morrey spaces
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defined in Definition 3.1 also covers the generalized Morrey spaces studied
in [31].
The main result of this paper is presented in the following theorems.

THEOREM 3.2. Let 0 < a <n, 1 < q <p < %, w be a positive locally finite
Borel measure on R™ and w : B — (0,00). Ifw € C’ p.g,a and there is a constant
C > 0 such that for any x € R™ and r > 0, u satisfies

u(B(z,2r)) < Cu(B(z,r)), @
= 1/q A
j;o (M) uw(B(z, 2" 1r)) < Cu(B(z, 7)), (5)

then there exists a constant K > 0 such that for any f € MP, we have

Mo f | azg ) < KN llaz-

. . 1
We give an example for Theorem 3.2. Since p < ¥, we have & + o < 1.
Thus (& + 7, 1) # 0.
Let € € (%—l—i,l),@: ﬁ We have 6 > 1and§—1% = 2. Let

f € LY(R"). Define g = (Mf)¢ where M is the Hardy-Littlewood maximal
function on R™. In view of [8, Theorem 6.1.3], we have

HagllLy < Cllgllpose = CIM F) [ose = CIM fllze < Clfll7e < o0,

where we use the boundedness of the Hardy-Littlewood maximal function on
LY because 0 > 1. Let dw = gdx. According to [25, Section 8.4.4, Theorem 2],
we have w € Cp 1 .q-

In view of [8, Theorem 9.2.8], w € A; where A; is the Muckenhoupt class
of weight functions. For simplicity, we refer the reader to [8, Chapter 9] for the
definition and properties of the Muckenhoupt class of weight functions.

According to [8, (9.3.3) and Theorem 9.3.3 (d)], we have a ey > 0 such that
for any r > 0, j € Nand x € R”,

w(B(z,r)) —jneo
(B, 2r)) = 22 (6)

for some Cy > 0.
Let s € [0,1) and u(B) = w(B)®, B € B. By using (6), we have

& WB(r V) g~ (_w(Br) '
S 3 T B _;)(w(B(a:ajHr))) ¢

J=

for some C' > 0. Thus, (5) is fulfilled for u and w.
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In view of [8, Proposition 9.1.5 (9)], we have
u(B(z,2r)) = w(B(z,2r))* < Cw(B(z,r))* = Cu(B(z,1)).

Therefore, (4) is satisfied for u.

Theorem 3.2 gives the mapping properties of I, from Morrey spaces to
Borel-Morrey spaces for the case ¢ < p. The subsequent result gives the corre-
sponding result for the case p = q.

THEOREM 3.3. Let 0 < a < n, 1 <p < %, w be a positive locally finite Borel
measure on R™ and u : B — (0,00). If w satisfies (3) and there is a constant
C > 0 such that for any x € R™ and r > 0, u satisfies

u(B(x,2r)) < Cu(B(z,T1)), ™
= w(B(x,r 1/p ‘
JZ::O (M) u(B(z,2"'r)) < Cu(B(z,r)), (8)

then there exists a constant Cy > 0 such that for any f € MP, we have
Mo f a2 () < Coll fllaaz-

Since the proof for Theorem 3.3 follows from the proof of Theorem 3.2, for
brevity, we just present the proof for Theorem 3.2 in the following.

Let v € Ay where A, is the Muckenhoupt class of weight functions. For
any Lebesgue measurable set E, we write v(E) = [, v(x)dz. In view of [39,
Theorem 2], we find that (2) holds, if there exists a constant C7 > 0 such that

for any B € B
o 1 1/p
|B|» " » </ v(x)dx) < (1.
B

Notice that the conditions given in [39] are presented in terms of cubes while
it is easy to see that the conditions for cubes and conditions for balls are
equivalent. Moreover, [39, Theorem 2] assumes that v belongs to A% which
includes Ao as a special case, see [39, p.817-818].

According to Theorem 2.3, the measure vdx satisfies (3).

In particular, as v € A, when 0 < s < 1/p and w(B) = (v(B))®, B € B,
[8, Theorem 9.3.3 (d)] guarantees that (8) is fulfilled with dw = vdx and [8,
Proposition 9.1.5 (9)] shows that (7) is also fulfilled.

Conditions that similar to (5) had been used in [12, 15, 17] for the mapping
properties of the fractional integral operators on some Morrey type spaces.

We now present some applications of Theorems 3.2 and 3.3.

We start with the Poincaré inequality. Let n > 1. For any D € B, if
Jp f(z)dz =0 or suppf C D, then

@)l < Cntolve) =¢ [ mdy, Vo € D, ©)

‘n—l
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see [7, (4.3.4) and (4.3.5)].
The above inequality and our main results yield the Poincaré inequality on
the Borel-Morrey spaces.

THEOREM 3.4 (The Poincaré inequality). Letn > 1, 1 < ¢ < p < 00, w be a
positive locally finite Borel measure on R™ and u : B — (0,00). If

1. w e Cpq,1 and u satisfies (4)-(5) when q < p,
2. w satisfies (3) with « =1 and u satisfies (7)-(8) when q = p,

then, for any D € B and for any once continuously differentiable function f, if
either fD x)dx =0 or suppf C D, we have

s 575 (o 10000) " < € ([ o)

for some C > 0.

For the studies and the use of Poincaré inequality on function spaces, the
reader is referred to [7].

We also have the Sobolev inequality for the Borel-Morrey spaces. Let n > 2
and A denote the Laplacian. Since f = Io(Af), Theorems 3.2 and 3.3 give the
following Sobolev inequality on the Borel-Morrey spaces.

THEOREM 3.5 (The Sobolev inequality). Let n > 2, 1 < ¢ < p < 00, w be a
positive locally finite Borel measure on R™ and u: B — (0,00). If

1. w e Cpq2 and u satisfies (4)-(5) when q < p,
2. w satisfies (3) with « = 2 and u satisfies (7)-(8) when q = p,

then, for any D € B and for any twice continuously differentiable function f
with suppf C D, we have

1 1/q
sup —— x)|?dw < C'su / A pdx
BEIZ)S u(B) (/BmD |f( )‘ ) Be% | f |

for some C > 0.

The reader is referred to [17] for more results on the Poincaré and the
Sobolev inequalities on Morrey spaces. We now correct two typos in [17]. The
conditions [17, (4.2) and (5.3)] should be

p 1
SUp ———=5 dy / < 00
BeB \B|1 / |B|

with (v,u) € Fppa and BT [ v(y)dy < C, respectively.
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We now going to prove our main results. We need some estimates from the
fractional maximal operator to prove our main result. For any 0 < o < n and
locally integrable function f, the fractional maximal operator is defined as

1
Mo (@) = sup e [ 1701y,

where the supremum is taken over all B € B containing z.
It is well known that for any locally integrable function, we have

Mo(f) < CLa(|f1) (10)

for some C' > 0 independent of f and z € R™. For the proof of (10), the reader
is referred to [23, (3.2.3)-(3.2.4)].

LEMMA 3.6. Let 0 < a<n, 1 <qg<p<
Borel measure on R™. If I, : LP — L% (w) 4
C > 0 such that for any B € B

|3

and w be a positive locally finite
bounded, then there is a constant

® Q

w(B)T < C|B|7~%. (11)
Proof. For any B € B and locally integrable function g, define

1
Puno(®) = X (0) i [ o)y

According to the definition of M, there is a constant C' > 0 such that
|PoBg(x)] < CMag(x).
Consequently,
|Pa,Bg(x)| < CMag(z) < Cla(|g))(x) -
Since w € Cp 4.4, Theorem 2.2 assures that I, : LP — L%(w) is bounded.
Therefore,
| Pa,BYll La(w) < Cllgllr-
Consequently, for any g € LP with ||g||z» < 1, we have

1

B4 _
BB

/ g(y)dy\  Pasglliae < Clgllir < C.

That is,

/ wyy| < c B
P TR

By taking supremum over g € LP with ||g||» < 1, the definition of associate
space yields

B3
w(B)Ya’
Hence, we have w(B)Y/? < C’|B|%*%. 0

IBIY? = |Ixsllr <C
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When w is the Lebesgue measure, (11) is valid if and only if % = %— %, This
gives p < g which reassures that the Morrey spaces defined on the Lebesgue
measure cannot be used to study the case ¢ < p.

The preceding lemma is crucial for the proof of our main result. Moreover,
it also has its own independent interest. It gives a necessary condition for the
boundedness of the fractional integral operator I, and the fractional maximal
operator M,. The reader may consult [44] for more necessary or sufficient
conditions on the boundedness of the fractional maximal operators.

We are now ready to prove Theorem 3.2.

Proof of Theorem 3.2. Let f € MP. For any y € R” and r > 0, define fy

XBO(Oy,Qr)f and f; = Xpy2i+t1r\By,2infs J € N\{0}. Thus, we have f
20 fi-

Theorem 2.2 guarantees that
IXB(y.mLafollLa@w) < Cllfolle = Cllf XB(y2m)llLe- (12)

Consequently, (4) and (12) gives

1 1
— Lfoll oy < C—— e
U(y,’l“)”XB(y’T) fOHLQ( ) U(y,T)||fXB(y’2 )”L

1
< S < p. 1
< Ot xmganlis < Ol (13
We consider I, f; for j > 1. For any « € B(y,r), we have
Tafy(e) < it [ s
B(y,2i+1r)

The Holder inequality yields
X5y (@) Lo fi(@)| <C2770=pmmdoy g (@)
X IxB(y,2t1m) fll e X B(y,2+10) | Lo
SCQij("fa)rfnJraxB(yJ.) (z)
|B(y, 2/ 'r)|
By, 2+ )|

Since w € Cpq,o, Theorem 2.2 assures that I, : LP — L%(w) is bounded.
Consequently, (11) guarantees that

X [XB(y,2i+17) fllzp

XB(y,r) (@) o fj(z)]

i) —ntor : _o lIxBy25+1r) fllLe
< @27 Ima) Tt gy i) | ,
> r ‘ (yv 7’)| W(B(y,zj—i_lr))l/q

IXB(y,2+17) fll v
w(B(y, 27 +1r))t/a’
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As a result of the above inequalities, we obtain

||XB(y git1n) fllLe
XB(y, 7‘) Z II f] | < CXB(y 7‘) Z y 2i+1, )l/q

1

By applying the norm || - [|za(.,) on both sides of the above inequality, we
find that

© , 1/ ||XB(y 2i+1p) f e
XB<y,r)Z|IafJ| < Cw(B(y,r) qZ Bly, 2i+1r))1/a
J=1 La(w)

oo w 1/q ,
Z(yzfr)l)))> w(y, 21 ) | Fl sz

In view of (5), we have

1 (o)
X5y ) Hatjl < Cllfllap- (14)

J=1 La(w)

u(y,r)

Consequently, (13) and (14) yield

1

(y, )”XB(y, ( )Iozf“L‘I(w)

1 1 >
<cf|— Tofollpae SSTILS
= u(y,r) ||XB(y,r) afO”L (w) + u(y,r) XB(y, );| af]| o

< Ol fllaez

for some C' > 0 independent of B(y,r) € B. By taking supremum over B(y,r) €
B, we obtain

Mo f larg ) < CllFllaz-

The proof for Theorem 3.3 follows from the proof of Theorem 3.2 with the
modification that we use Theorem 2.3 instead of Theorem 2.2. Therefore, for
brevity, we omit the details.

In view of (10), whenever w and u satisfy the conditions in Theorems 3.2
and 3.3, we also have

Mo fllng oy < Cllfllaz
[ Mo fllaiz @) < Cllf Iz,

respectively. O
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