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Abstract In this paper, we study the relation between Stummel spaces, Morrey spaces, and Lebesgue
spaces. We show the existence of an embedding from Lebesgue spaces to Stummel spaces, and also from
Morrey spaces to Morrey-Stummel spaces. The key of showing the existence of those embeddings relies

on the boundedness of Riesz potential operator both on Morrey spaces and Lebesgue spaces.
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1. Introduction

For 1 < p < oo and 0 < A < n, the Morrey space LP* = LPA(R") is the set of all
locally integrable functions f on R™ that satisfy || f||zr.» < 0o, where
1
1 » P
[ fllLer == sup .Y |f(y)[Pdy
r B(z,r)

Morrey spaces can be viewed as a generalization of Lebesgue spaces in the following way:
we allow the integral fB(x " | (y)|Pdy over an arbitrary open ball B(z,r) to grow with

an order of 7 as r grows to oo. Note that when A = 0, we have LP° = LP, the usual
Lebesgue space. Historically, these spaces were introduced by C.B. Morrey [6] to study
the behavior of solutions to some partial differential equations. Indeed, the notion of
Morrey spaces is important in the study of Navier-Stokes [1] and Schrédinger equations

[5]-
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Meanwhile, Stummel classes were first developed by Ragusa and Zamboni in 2001 [7]

as the set &, of all locally integrable function f on R"™ that satisfy
n(r) := sup / Mdy —0, asr—0,
zER™ |z — y[n—e
B(z,r)

where 0 < o < n. They call n(r) the Stummel modulus of f. Later, this Stummel classes
were modified by Almeida and Samko [1] as the set of all measurable functions f that
satisfy

t
Wl = sup | [ 4y} <o,
TERN ‘LL’ — y|
R’Vl

where 1 < ¢t < oo and 0 < B < n, and these classes thus become Stummel spaces
&hl = &hA (RM).

Inspired by the works of Ragusa-Zamboni and Almeida-Samko, we shall here introduce
a more general type of Stummel spaces G5%F# = G458 (R™) for 1 <t < 0o, 1 < 5 < 00,
and 0 < 8 < n, which consists of all measurable functions f that satisfy

1

£ s

¢
Ifllstss = / m dy | dr| < oo. (1.1)

Note that if we let s — 0o, then we get GH>F = &%,

As one may observe, there is a close relation between Morrey spaces and Stummel
spaces. It can be seen that, members of a Stummel space can be identified as members
of a Morrey space (see [7]). In this paper, we shall show the existence of embedding from
Lebesgue spaces to Stummel spaces, as well as from Morrey spaces to Morrey-Stummel
spaces, which we shall discuss in the next section.

2. Preliminaries

Recall that for 1 < p < oo, the Lebesgue space LP = LP(R"™) consists of all measurable
functions f that satisfy

D=

e = | [ 1Py | <o,
R
The boundedness of various operators on Lebesgue spaces have been studied extensively.
One of the operators that is relevant with our purpose is the fractional integral operator
or the Riesz potential I, where 0 < o < n, which is defined by

Iaf(x) = /lzf(z;y?nady’ HAS Rn7
R’n

for any suitable functions f on R™. The Riesz potential I, is known to be bounded from
LP to L7 for 1 < p < g < oo where % = % — . The associated inequality that shows the

boundedness of the operator is

Mo flla < Cogllfllee, feL?,
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which is known as the Hardy-Littlewood-Sobolev inequality. This result is extended by
Chiarenza and Frasca to Morrey spaces as in the following theorem.

_ (63

1
P n—A\"

Theorem 2.1. [2] Let0 <a<n,1<p< 2, and0 <)\ <n—ap, andlet%:
Then there exists Cp, 4 > 0 such that

LafllLar < CpgllfllLon, f € LP

This result has been extended further to generalized Morrey spaces LP'® = LP:¢(R"),
which consists of all measurable functions f such that

p

1 1 /
6 = su — | — Pd < 0.
”f”LP ¢ zeR”,l:7)“>0 (’I") |B(ZC, T)| |f(y)‘ Y
B(z,r)
Here ¢ : (0,00) — (0,00) satisfies the doubling condition, that is, there exists C; > 0
such that

1 mn 1 _ ¢(r)
Sclcos < < Oy, 2.1
27 rg T le¢(r2)71 ( )
and the inequality
o 4P
[ < o), 22)
R

for every R > 0. Note that if ¢(r) = r%n, then LP¢ = [P,

The following result is due to Gunawan and Eridani [3].
Theorem 2.2. [5] Suppose that ¢ satisfies (2.1) and (2.2). If o(r) < Cr7 for =2 < v <
—a and 1 <p < %, then we have

[ Iafllpaw < C\fllpos, f€LP?,

where ¢ = & and ¢(r) = G(r)e, r>0.

The above theorem will be used to study the relation between generalized Morrey
spaces and generalized Morrey-Stummel spaces, denoted by Ggs’ﬁ = foﬁ (R™), where
1<t<oo, 1<s<oo,and 0 < B < n. Here a measurable function f belongs to the

generalized Morrey-Stummel space 623’6 if

1 1 IO
fllgtss = sup — | 55— / /7dy dx < 00.
WMlleyen = swe_ 5o | 1BG) o= yP?

z,r R™
(2.3)

Note that when ¢(r) = r%, we write 62;5’6 = Gf\’s’ﬁ, which we recognize as the (classi-
cal) Morrey-Stummel space. Here the norm is given by

1 Fly)[t ¢
[fllgtes = sup = / Mdy i

2ER™ >0 |z —y[?
B(z,r) \R™

In general, we still require ¢ to satisfy (2.1) and (2.2).
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3. Main Results

In this part, we present our main results, which are the embedding between Lebesgue
spaces and Stummel spaces, and the embedding between Morrey spaces and Stummel
spaces. We start by establishing a theorem that shows the existence of embedding between
Lebesgue and Stummel spaces.

%, and 1 < p < q < co. Suppose that ¢ = 3,
(

R") C &H*n=*(R™). Moreover, the identity

Theorem 3.1. Let 0 < a < n, a = %

where 1 <t < s < co. Then we have LP!
map I : LP* — &5~ s bounded.

Proof. Let f € LP', which is equivalent to |f|* € LP. From Hardy-Littlewood-Sobolev
inequality, we get the result that

Ialf"llze < CpglllfI*llze-
Since
I ze = (1] Zoe
we obtain
[ ZalfI"llze < Cp gl FIl7oe-
Therefore

IZalfI*lEs < Cpgll fllLo. (3.1)

Now observe that, since ¢ = 3, we have

1 1
Ml FI1E0 = Il £
But

1 t )
Hal f107 s = / /Mdy de | = ||f]lgten—o.

|z —y|n
n RTI,
Hence, from the inequality (3.1), it follows that, if f € LP!, then f € G%*"~. Therefore
we can conclude that Lt C Ghsn—a,
Moreover, the inequality (3.1) tells us that the identity map I : LP* — &H5n~2 g
bounded. [

We move to the existence of embedding between Morrey spaces and Stummel spaces.
In order to prove it, we need the following lemma.

Lemma 3.2. Let 1 <t < oo and1 <p<oo,0< A< n. Then there exist C; > 0 such
that

A 2o = 1 I oes-
Proof. Observe that for every x € R™ and r > 0 we have
b o
1
5 [ wwra| =% [ o

B(x,r) B(x,r)
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Hence
1 1
P pt
. i pt g — . i pt g
sup S f)Pdy | = sup S |f()IP" dy
zeRrr>0 | T zER™ r>0 r
B(z,r) B(z,r)
But
1t 19t
pt pt
1 1
ap || [ e | =] swo (S [ @
z€R™,r>0 r z€Rn r>0 | T
B(z,r) B(z,r)

Therefore, we can conclude that

A o = 1 I

as desired. -
We are now ready to prove the existence of embedding between Morrey spaces to

Stummel spaces, which is based on the inequality that was established by Chiarenza and
Frasca [2].

Theorem 3.3. Let 0 <a<n, 1 <p< 2, and0 <A <n-—ap, and leté:%f -
Suppose that ¢ = ¢, for 1 <t < s < oo. Then we have LrtA C Gi\’s’"_a. Moreover, the

identity map I : LPY* — G5 is bounded.

Proof. Let f € LP**  which is equivalent to |f|* € LP*. From Chiarenza-Frasca’s theo-
rem, we get that

ol f*llLar < CpglllFI*ll o
Since
A zes = 111 pens
we obtain
||Ia|f|t||L‘1’A < Cp’qu”tpr
It thus follows that

1
a1 fas < CpgllFllzres- (3.2)

Observe that, since ¢ = §, we have

1 1
Il 1N an = Il £ < -
But

1 1 f Wl
LJIfIN s, = — — d = st
AT N N B ) =2 B R
B(z,r) \Rm™
Hence, from the inequality (3.2), we find that, if f € LP**, then f € &5*" ™. Therefore,
we can conclude that LPt-A C Gtsn—a,
Moreover, the inequality (3.2) tells us that the identity map I : LPXA — &5°" 7 is
bounded. ]
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We finally establish the existence of embedding between generalized Morrey spaces and
generalized Stummel spaces, which is the ultimate goal of this paper.

Theorem 3.4. Suppose that ¢ : (0,00) — (0,00) satisfies (2.1), (2.2), and the inequality
o(r) < Cr7 for —% <y < -—aandl <p< 2 Let (r) = (b(r)% where ¢ = Oj—f’y. If
q= % for1 <t < s < oo, then we have Lrtd C fo’"_a. Moreover, the identity map

I:Lpt¢ fo’"_a is bounded.

Proof. Let f € LP?, which is equivalent to |f|* € LP*®. From Gunawan-Eridani’s theo-
rem, we get that

1ol F1 Nl Law < Cpglll F1ll oo
Since

A o = 1o

we have

ol f 1"l o < Cogllfllzne-

Accordingly, we obtain

1
ol f*ll 0w < C;',,qllf\lmt«»- (3.3)
Observe that, since ¢ = 2, we find that
)t )t
Half Il Lo = Hal £ o -
But
. 1
TALE- 1 / =
s = sup X
Le zermr>0 (1) |B(Z r) |$*y\" «
(z,7) R™
= fllgrnr

Hence, from the inequality (3.3), we see that, if f € LP"?, then f € 625’"_(’. Therefore
we can conclude that LPH¢ C 6;’5’”_“.

Moreover, the inequality (3.3) tells us that the identity map I : LP*® — fo’"*a is
bounded. L]

4. Concluding Remarks

We have been successful in establishing the existence of an embedding from Lebesgue
spaces to Stummel spaces, and also from (generalized) Morrey spaces to (generalized)
Morrey-Stummel spaces, based on the boundedness of the Riesz potential operator on
Lebesgue spaces and (generalized) Morrey spaces. With these results, we know now
that Stummel spaces and (generalized) Morrey-Stummel spaces are bigger spaces than
Lebesgue and (generalized) Morrey spaces, respectively. The topology on these bigger
spaces are determined by the norms defined by (1.1) and (2.3), respectively. It is inte-
resting to study the topological and geometrical properties of these spaces, which will be
our next project.
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