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VARIABLE EXPONENT BESOV-MORREY SPACES
ALEXANDRE ALMEIDA* AND ANTONIO CAETANO

ABSTRACT. In this paper we introduce Besov-Morrey spaces with all indices variable
and study some fundamental properties. This includes a description in terms of Peetre
maximal functions and atomic and molecular decompositions. This new scale of non-
standard function spaces requires the introduction of variable exponent mixed Morrey-
sequence spaces, which in turn are defined within the framework of semimodular spaces.
In particular, we obtain a convolution inequality involving special radial kernels, which
proves to be a key tool in this work.

1. INTRODUCTION

In recent years there has been an increase of interest in studying smoothness spaces

based on the idea of Morrey spaces. The so-called Besov-Morrey spaces N;u , and the

spaces By of Besov-type are examples of that. Roughly speaking, these spaces differ
from the classmal Besov spaces B, , by the introduction of a local control as on the
Morrey scale M, ,,, though the way that control is implemented differs depending on the
scale of spaces considered. The spaces N;u o were introduced by Kozono and Yamazaki
[31] and developed later by Mazzucato in connection with the study of Navier-Stokes
equations. We refer to the papers [45] and [47) and the surveys [48], for various
properties and historical remarks. The spaces B, seem to have been first introduced
by El Baraka [I5] [16], but for a systematic study and further references see [53] and the
surveys [48, 49]. In particular, it is known that the scales N, and BT are different
whenever ¢ is finite. Nevertheless, both include the classmal Besov spaces B; , as a
particular case.

The theory of Morrey spaces goes back to Morrey [4I] who considered related inte-
gral inequalities in connection with regularity properties of solutions to nonlinear elliptic
equations. A further development of such theory was carried out in [§] leading to a wider
class of spaces known as Morrey-Campanato spaces. The Morrey scale M, ,, refines the
usual scale of L, spaces since M, , = L,. Morrey spaces and Besov spaces have important

applications in the study of heat and Navier-Stokes equations, see [33] 34, 35], [50]. As
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deeply discussed in [35], the later equations constitute a challenging problem and a better
understanding may require new features in new function spaces.

In the last decades function spaces with variable exponents have attracted the attention
of many researchers not only by theoretical reasons but also by the role played by such
spaces in some applications, including the modeling of electrorheological fluids [46], im-
age restoration [9, 36], PDE and the calculus of variations involving nonstandard growth
conditions [1l 17, B8]. We refer to the monographs [10], [I3] and [28] for the main prop-
erties, historical remarks and harmonic analysis results on variable exponent Lebesgue,
Sobolev and Morrey-Campanato spaces (and others). Variable exponent Morrey spaces
My ()u-y were introduced in [2] and independently in [29, and [40]. The Besov scale

B;E; o) with all the indices variable was introduced by the first named author and Hésto

[3] through the consideration of the mixed Lebesgue-sequence spaces {g.y(Ly()). In par-
ticular, the exponent ¢ was allowed to depend on the space variable like p(x). A simpler
case occurs when ¢ is a constant since in that case ¢,(L,)) becomes an iterated space
and hence preserves the properties of the basis space L,.). Note that the consideration of
all the indices variable allow us to study important properties involving the interaction

among all the parameters as it occurs, for example, in trace properties.
Recently Drihem [11, 12] and Yang, Yuan and Zhuo [52] studied variable exponent

versions B 8 o) and BS( ; f( ) of spaces of Besov-type (see also the even more recent paper

[51]). These two scales cover both the variable Besov spaces B E) o) and the Besov-type

spaces By;. On the other hand, Fu and Xu [18] considered spaces Np(-),u(-),q’ therefore
allowing p and v to vary from point to point but keeping s and ¢ constant. Nevertheless,
up to authors’ knowledge, a full variable generalization of the Besov-Morrey scale /\/;f g
is still not available. Probably, the main issue in dealing with such a generalization
N S() () with all indices variable has to do with the role played by the exponent ¢
When 1t is non constant. Even considering the partial variable generalization ./\f&_)vu(,)’q

from [I§], quite some results presented there are unreliable, as some of the arguments
used are wrong (see the end of Section Bl below for more details).

In this paper we present an appropriate setting to the full scale ./\f};q ((_'))m(_),q(_) of Besov-
Morrey spaces with variable smoothness and integrability. Actually, based on the knowl-
edge we have acquired in [4, 5], the new setting even works for 2-microlocal versions

/\/;)“(’) w()a(): As discussed in the survey paper [48| for the constant exponents case, there

is no coincidence between this scale and the scales B E)’T(( and B;E) a0) mentioned above.

We introduce mixed variable Morrey-sequence spaces £,(.) (Mp(% (.)) within the frame-
work of semimodular spaces. For non constant ¢, these spaces have a mixed structure
like £4(.y(Lyp()), which prevent us to use maximal function inequalities as explained in [3]
Section 4]. The lack of such tools does not allow to fit our spaces in the general axiomatic
approach given in [22]. On the other hand, the approach proposed in [37], based on Pee-
tre maximal functions, does not help us as well, since it does not cover the cases when ¢
varies from point to point. Apart from possible applications to the study of Navier-Stokes
equations, the new spaces N;I(J-),u(-), ) unify into one single scale various function spaces
treated separately by different authors in the recent years.

The new Morrey-sequence spaces introduced in this paper refine the Lebesgue-sequence
scale introduced in [3] since £4(.) (Mp(~)7p(-)) = Lg()(Lp(y). This implies that the new variable
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includes the variable Besov scale B;‘Z_), g() 85 2 particular

Besov-Morrey scale Ny o) .0
case, namely N()p()q() Bufxqo'

In this article much of the substantial work focuses in the study of various fundamental
properties of the mixed Morrey-sequence spaces themselves. This constitutes a first part
of the paper and it includes the study of the semimodular and quasinormed structures
(Section [3)) and a key convolution inequality that should replace maximal inequalities in
this context (Section M]). The study of the full variable exponent Besov-Morrey scale is
developed in a second part. After introducing the spaces N )q() 1D Section [B, we
present a characterization in terms of Peetre maximal functlons (1n Section [@]) and estab-
lish atomic and molecular representations for these spaces (in Section[f]). As a by-product
of the discrete decompositions, we also establish the embeddings & < N¥ pOu()a() S’

and show the completeness of the new spaces ./\fpw_ Ou()a():

2. PRELIMINARIES

As usual, we denote by R” the n-dimensional real Euclidean space, N the collection of
all natural numbers and Ny = NU {0}. If a is a positive number then |a] denotes its
integer part. We write B(z,r) for the open ball in R™ centered at x € R™ with radius
r > (0. We use ¢ as a generic positive constant, i.e. a constant whose value may change
with each appearance. The expression f < g means that f < cg for some independent
constant ¢, and f ~ g means f < g < f.

Throughout the paper we denote by M(R") the family of all complex or extended
real-valued measurable functions on R", and by My(R"™) the family consisting of all
those functions from M (R™) which are finite a.e. (with respect to the Lebesgue measure
in R™).

2.1. Semimodular spaces. We refer to the monographs [I3] and [43] for an exposition
on (semi)modular spaces. For the sake of completeness we give here a brief review on
this subject.

Definition 2.1. Let X be a (real or complex) vector space. A functional o : X — [0, 0]
1s called a semimodular on X if:

(ii) o(Ax) =0 for all X > 0 implies x = Ox;
(iii) o(Az) = o(x) for all x € X and all X\ with |\| =1;

The function o is called a modular if, in addition,

(iv) o(z) = 0 implies x = Ox.
We say that o is left-continuous if

(v) lim o(Ax) = o(x) for allx € X.

A 1-

If there exists A > 1 such that

(vi) o(fx + (1 —0)y) < Alfo(x) + (1 —0)o(y)] for allz,y € X and 0 <0 <1,
then o is said to be quasiconvex (convez if one can take A =1).

We consider also the functional || - ||, : X — [0, co] given by

||| :==inf {A > 0: p(z/\) <1}

(assuming the usual convention inf @ = 00).
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If the semimodular o is left-continuous then we have
|z][, <1 ifand only if p(z) <1

This fact, referred in [13] as the unit ball property, is very useful from the technical point of
view since it allows one to skip working with the complicated structure of the quasinorm
directly, in many situations of interest.

If ¢ is a (quasi)convex semimodular, then

(2.1) X, ={r € X :p(\r) <oo forsome A >0}

is a vector subspace of X and ||-||, defines a (quasi)norm on it (X, is called a semimodular
space).

2.2. Variable exponents. By P(R") we denote the set of all measurable functions
p: R" — (0,00] (called wvariable exponents) which are essentially bounded away from
zero. For a measurable set F C R™ and p € P(R"), we denote p}, := esssupy p(x) and
pp := essinfp p(z). For simplicity we use the abbreviations p* := pg, and p~ := pg..

The variable exponent Lebesgue space Lyy := Ly (R") is the family of (equivalence
classes of) functions f € M(R™) such that

2:2) b0/ = [ o () o

is finite for some A > 0, where
tP@if p(x) € (0, 00),
(2.3) Op(a)(t) == 4 0 if p(z) = o0 and t € [0, 1],
00 if p(z) = o0 and t € (1, o0].
It is clear that g,y makes sense in M(R™) and it is known that it defines a semimodular

in the vector space (of equivalence classes of functions in) My(R") and that L., becomes
a quasi-Banach space with respect to the quasinorm

||f|Lp(.)|| = inf {)\ >0: Qp(.) (f/)\) S 1} .

This functional defines a norm when p~ > 1. Simple calculations show that

(2.4) A Loy all = 1 | Eno I 2 € (0,00).

If p(x) = p € (0,00] is constant, then L,.) = L, is the classical Lebesgue space.
Although the connection between the semimodular and the quasinorm is not so simple

as in the constant exponent case, for variable exponents p € P(R") we always have

opy(f) <1 ifandonly if  [|f[Lyy] <1

due to the left-continuity of the semimodular g,.).

It is worth noting that L,.) has the lattice property and that the assertions f € L,,
and || f| Lp)|| < oo are equivalent for any f € M(R"). With an absolute constant,
Holder’s inequality holds in the form

/Rn [f(@)g(x)| do < 2| f [Lpey [l llg [Lp

for p € P(R™) with p— > 1, where p’ denotes the conjugate exponent of p defined
pointwisely by ﬁ + Wlx) =1, x € R™ These and other fundamental properties of the

spaces L.y, at least in the case p~ > 1, can be found in [32] and in the recent monographs
[10], [I3]. The definition above of Ly, using the semimodular g, is taken from [I3].
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2.3. Morrey spaces with variable exponents. For p,u € P(R™) with 0 < p~ <
p(x) < u(x) < oo, the variable exponent Morrey space M) u(y := My (R™) consists
of all functions f € M(R"™) with finite quasinorm

(2.5) 1f IMpyuer|| = sup ¥ 5| f Xy [ Lo -
zER™ r>0
By the definition of the L) quasinorm, we see that (Z3) can also be written as
/1M sl = sup_ inf {A >0 0y (T““‘)_W§ XB(w)) = 1} :

Note that variable exponent Morrey spaces were introduced in [2] in the Euclidean case
and independently in [29] B0] in the more general setting of quasimetric spaces. Embed-
ding results and equivalent norms were given in [2] in the case of bounded domains and
p(z) > 1, under the log-Hoélder continuity of the exponents. Morrey spaces with variable
exponents also appeared in [44] and [19], the latter considering even generalized versions.
We also mention [21] where a partition norm was introduced in variable exponent Morrey
spaces, which allows to pass from local results to corresponding global ones on R™. Not
all definitions found in the literature are equivalent, though. The definition above with
the quasinorm (2. follows the approach from [20], where the boundedness of various
classical operators in such spaces was studied on unbounded domains.

Like in the L.y case, simple calculations show that

AT Moo el = 1 1 Mo a5 £ € (0, 00).

As in the constant exponent setting, the variable exponent Morrey scale includes the
variable Lebesgue spaces as a particular case. This property is formulated in Lemma
below.

First we observe that, in a certain sense, the supremum and the infimum involved in
the definition of the Morrey quasinorm may interchange with each other.

Lemma 2.2. Let p € P(R"), v : R" — [0,00) be measurable and g be a complex or
extended real-valued function on R™ x RT x R™ such that, for any (z,r) € R™ x RT,
g(z,r,-) is measurable on R™. Then

(2.6)

sup inf{)\ >0 0p) (%) < 1} = inf{)\ >0: sup 0y (%) < 1} :
zER™,r>0 zER™,r>0

Proof. For simplicity, let a and b denote, respectively, the right-hand side and the left-
hand side of ([26]). We show first that a < b (assuming the latter finite, otherwise there
is nothing to prove). Given any ¢ > 0, for all x € R" and r > 0 we have

b+5>inf{>\>0zgp(.) (%) Sl}.

by the monotonicity of g,). Passing to the supremum on z and r, we get b +¢ > a.
Hence the claim follows by letting ¢ — 0. We show now that a > b (for a < 0o0). Given
any € > 0, we have

Thus

g(z,r,-)
su Z|=—— <1
xER"E>O %() ((a + 6)”“) B
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since sup g, is order preserving. Consequently, for all z € R" and r > 0,

zER™,r>0
g('ru r, )
&p() (m) <1,

inf{)\>0zgp(.) (%) §1} <a+te

Therefore b < a + ¢, from which the claim follows by the arbitrariness of € > 0. U

which implies

Using Lemma 22 with v(y) = 1 and g(z,7,y) = rﬁfﬁf(y) X B (Y), we get
Corollary 2.3. Let p,u € P(R") with p(z) < u(z). For any f € M(R™) it holds

(2.7) Hf |Mp(.)7u(.)H = inf {)\ >0: sup 0y ( @ b I)fXB 3”,)) < 1} .

zeR™ r>0

The identification in (27]) was already observed in |2, Lemma 3] in the case 1 < p(z) <
Jr
pT < oo.

Remark 2.4. Note that (Z7) suggests an alternative way of introducing variable expo-
nent Morrey spaces. Instead of presenting the Morrey quasinorm (23] directly, one can
introduce it from an appropriate semimodular space setting. In fact, it can be checked
that

Op()u()(f) == sup oy (TW_Wf XB(w))
zeR™,r>0

defines a left-continuous semimodular in Mo(R™) and that M.y coincides with the
space built according to (2.1]).

Lemma 2.5. Let p € P(R™). For any g € M(R"),

Proof. Since ¢y (|g(y)| XB(0,N) (y)) increases with N € N, an application of the monotone
convergence theorem yields

Sup  0p() (9XB@r) = sup oy (9 XB0ON)) = sup O w (19 xBo.M(©Y))dy

zeR™,r>0 NeN NeN
=t [ 000 (19000 o ) dy = e (o).
The converse inequality is clear since |g| xp(,r) < |g| for any x € R™ and r > 0. O

By (Z7) and Lemma 25 we obtain the following coincidence:
Lemma 2.6. For any p € P(R") we have My py = Lyy (with equal quasinorms).

2.4. Mixed Lebesgue-sequence spaces. To deal with variable exponent Besov and
Triebel-Lizorkin scales we need to consider appropriate mixed sequences spaces. For
the variable Triebel-Lizorkin scale one can easily define the space L,.)({y.)) for every
p,q € P(R™) through the quasinorm

(2.8) 1CEDw Loy (Cae) | = 11 @) ol Lo

on sequences (f,), C M(R") where (28) is finite (cf. [I4]). This is always a norm if
min{p~,¢"} > 1. Note that 4 is just a standard discrete Lebesgue space (for each
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x € R™), and that (28] is well defined since ¢(z) does not depend on v and the function
= |[(fo (%)), [lg) | is always measurable when g € P(R").

The situation is much harder in the variable Besov scale due to the dependence of
q on the space variable z. Nevertheless, in [3| Definition 3.1 the authors were able to
introduce the mized Lebesgue-sequence space q.y(Ly(y) within the setting of semimodular
spaces as follows. For p, ¢ € P(R"), the functional

(2.9) 0y () = Dt {0 > 0 0,y (f/050) <1}

v>0

defines a left-continuous semimodular on Mo(R™) (with the convention A= = 1). Note
that if ¢t < oo then (Z9)) takes the simpler form

(210) ng(')(Lp(,)) ((fl/)y) = Z H‘fu|q(-)|Lz8 H

v>0

When ¢t = oo and p(z) > ¢(x) a.e. we can still use this simpler form of ([29), with the

interpretation 2 = 1 and the ¢(-)-power inside the L, -norm understood as ¢q(.) (| f.|)

a(-)
according to (2.3), cf. [27, Remark 1].
The space £4(.)(Lp(.)) consists of all sequences (f,), such that 0y (L) (,u(f,,),,) < 00
for some p > 0. In [3] it was shown that

(2.11) 1(f)w |£q(')(Lp(-))|| ;= inf {:u >0: Qéq(»)(Lp(»))(i(fV)V) < 1}

defines a quasinorm in £,y (Ly.y) for every p,q € P(R") and that ||- [¢4)(Ly))| is a norm
either when ¢ > 1 is constant and p~ > 1, or when ﬁ + ﬁ < 1 almost everywhere.
More recently, it was observed in [27] that it also becomes a norm if 1 < ¢(z) < p(x) < 0.
Contrarily to the situation when ¢ is constant, the expression ([2I1]) is not necessarily a
norm when min{p—, ¢~} > 1 (see [27] for an example showing that the triangle inequality
may fail in this case).

It is not hard to check that ||(f,), |[€g¢)(Lpey)|| < oo implies (f,), € €4)(Lyp(y), which
in turn implies f, € L, for each v € Ny. Note also that the left-continuity of the

semimodular ensures the useful equivalence
1 (fo)v gy (Lpey) |l <1 if and only if 00y (L) ((fy)y) <1  (unit ball property).

It is worth noting that £4.y(L,() is a really iterated space when ¢ € (0, 00| is constant
(|3, Proposition 3.3]), and in that case the quasinorm is given by

(2.12) 1) g (L) = (| (1F 1L ), 1£a]l-

As shown in [3| Example 3.4|, the values of ¢ have no influence on ||(f,), [gc)(Lp) ||
when we restrict ourselves to sequences having just one non-zero entry. In fact, as in
the constant exponent case, there holds ||(f,)y | £g¢)(Lp)|l = ||.f | Lp)|| when f,, = f for
some fixed 1y € Ny and f, = 0 for all v # vy.

3. VARIABLE EXPONENT MIXED MORREY-SEQUENCE SPACES

We introduce new mixed sequence spaces in the variable exponent Morrey setting as
follows.
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Definition 3.1. Let p, q,u € P(R™) with p(x) < u(z). Given a sequence (f,), C M(R"),
we set
(3.1)

O,y (Myy () ((fl,),,) = Z sup inf {)\ > 0 op() (rﬁfﬁ)f,, XB(M)/)\W> < 1} )

V>0 z€R™ r>0

Remark 3.2. Note that the infimum inside the expression (B.I]) depends in general on

v € Ng, 2 € R" and r > 0. Therefore, we should take into account this fact when

calculating o, o (M ())((f,,),,). When ¢" < oo or ¢ = oo and p(x) > ¢(r) we can
o) (M-

simplify (B like in the £o()(Ly)) case:

(32) qu(.)( ) ((fu)u) Z sup

V>0 zeR™,r>0

Pq(-) (Tﬁ”)_ﬁ | fv] XB(;L«,T)) | L%
L

)su(:)

Definition 3.3. Let p,q,u € P(R") with p(x) < u(z). The mized Morrey-sequence space
oty (M) consists of all sequences (f,), C M(R™) such that o, oo (M, )( w(fo)) <

oo for some p1 > 0. For (f,), € £y ( (), (.)) we define
(3.3) H( vl ) )H inf {'“ >0 00y (M) (af”)”) = 1} '

It can be shown that /4. ( () ul- )) is a vector space: the fact that it is closed with
respect to the sum follows snnultaneously with the proof of the (quasi)triangle inequality
of H | g ( () H (cf. Proposition 311l and Theorem BI2]); the other properties are
simple to prove

()yu()

defines a semimodular and that H | Loty (M) u()) H

Later we shall prove that g, (M)
defines a quasinorm in £y (M ), u(.)). Straightforward calculations show that
34) U oy (M) | = 1AL | aese (Mo ateye) vt > 0.

Although the expressions in () and (B3] are quite complicated to deal with in
general, in some situations nice simplifications occur. Let us discuss how the semimodular
and the quasinorm behave in some special cases. The corresponding properties are listed
below as propositions.

As for the variable Lebesgue-sequence space (cf. [3, Proposition 3.3]), we shall have a
really iterated structure when ¢ is a constant:

Proposition 3.4. Let p, q,u € P(R") with p(x) < u(x). If ¢ € (0, 00] is constant (almost
everywhere), then

(3.5) 110000 | = ([ (15 1 Moo 1),
for every sequence (f,), C M(R").
Proof. Using ([B2) and (24I), for constant ¢ € (0, 00) we have

Oty (tyy ) (F)) = D 1ol Mo || = H(va [ Myyuio ), 1o

v>0

q

from which (B.5]) follows, taking into account (3.3)) and the homogeneity of Mpy.) (.- and
{,~-quasinorms.
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Consider now the case ¢ = oco. In a sense, the arguments we will use are similar
to those mentioned in the proof of Proposition 3.3 in [3]. However, we give details for
completeness. Let s := sup,qy, Hf,, | Mp(.),u(.)H and

A= {M>O:Zinf{)\>0: sup gp(.)<iru(nw>zfmeXB(x,T))Sl}}.

V>0 zER™ r>0

We want to show that s = inf A (here we are using the result from Lemma with, in
particular, v(y) = 1/q(y) = 0 a.e.).

We show first that inf A < s by showing that s + ¢ € A (for s < 0o, otherwise there
is nothing to prove) for any € > 0. By the alternative definition of M)y, . given in
Remark [2.4] and the monotonicity of the expressions involved, we have, for any € > 0,

(rrx)_mfy XB(:B,T)

< 1, Vv e NQ,
€+ ||fu| Mp(-),u(~)|| >

Sup — Op(,)

z€R™,r>0

and then also

SUP  0p()

n___n_
<TU(1) p(z) fy XB(z,r)
zeR™,r>0

e+s
So, all the infima in A for y = s + ¢ are zero and hence s + ¢ € A.

Now we show that s < inf A (with inf A < oo, otherwise it is clear). For any p € A
one must have that

(36) sSup - Op(,) (i rﬁx)_ﬁfy XB(:B,T’)) <1 ) Vv € NOa
zER™,r>0

>§1, VVEN(].

as otherwise at least one of the infima in A would be infinite and then p could not be in A.
From (B.0) and the alternative definition of M, (), we conclude that || f,, | Myey.u()|| < 1
for all v € Ny. Consequently, s = sup,,y, Hf,, | Mip() () H < g and hence s < inf A. O

The result above justifies the notation £;.) (Mp(.)m(.)) even when the space is not iterated
and hence the mixed structure prevails.

Next we show that the values of ¢(x) have no influence when we calculate ([B1) for
sequences with at most one non-zero entry, as it occurs in the constant exponent situation.
This fact was already observed in [3, Example 3.4| for the Lebesgue-sequence spaces

Loty (Lp(y)-

Proposition 3.5. Let p, q,u € P(R™) with p(x) < u(z). If f,, = f for some f € M(R")
and vy € Ng, and f, =0 for all v # vy, then

[(Fo)o 1oty (Mpeyuer) || = (11 Moy,

Proof. Notice that the result is immediate when ¢ is constant, since the space is iterated
in that case. For general ¢ € P(R"), recalling ([B.3]), we evaluate the infimum

s . . . 1 TﬁfﬁfXB(m)
a :=inf {u >0 weiggwmf {)\ >0 0p0) (u 1740 <1,;,<13.

By Lemma 22 with v(y) = 1/q(y) and g(x,r,y) = irﬁfﬁf(y) XB(zr)(Y), we have

@) " HD
a = inf{u >0: inf{)\ >0: sup 0y (ﬁ L Al/i_;CB(m’r)> < 1} < 1} =:inf A.

z€R™,r>0
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We show that the previous infimum equals

b := inf {,u >0: sup 0y <% T“(L”)_#”)fXB(x,rO < 1} =:inf B,

zER™,r>0
which is precisely H T Mpyucy H by Corollary 2.3
Let us prove that a > b (where we can assume a < oo without loss of generality), which

is equivalent to prove that a + ¢ > b for all € > 0. It suffices to show that a + ¢ € B (for
arbitrary € > 0). For any ; > 0, we have

. 1 Tﬁ%fﬁ%fXBuw
f<A>0: _ ’ <1 <1.
" { verrrso T <a +e1 Al/aC) T

Therefore, for any g5 > 0,

1 TﬁiﬁfXB x,r
sup gp(_)< ( )> <1

zER™ r>0 a-+¢e; (1 + 52)1/Q(')

Given any ¢ > 0, consider £;,5 > 0 such that a +¢ > (a + &1)(1 + €5)"/9 . Then
a+¢e> (a+e)(1+e9)"7) and hence

Sup - Op(,) Tﬁx)_ﬁfXB(x,r)) < 1.

z€R™,r>0 (a + €

This implies a + € € B, as claimed.
Next we prove a < b by showing that A D B. Given any u € B,

L T T f X
oub o) (ﬁ 11/40) =1

zeR™,r>0
Therefore
. . 1Tﬁ%iﬁ%fXBuﬂ
inf {)\ >0: :re]?&g,liw Op(.) (; 1740 <1, <1,
and hence 1 € A. dJ

The next result shows that if u(z) = p(x) almost everywhere, the variable exponent
mixed Morrey-sequence space coincides with the mixed space €4(.)(Ly(.)) introduced in [3].

Proposition 3.6. If p,q € P(R™) then

) (o)) = 0ty 2,0 ((Fi)o)

%WKMMMM
for every sequence (f,), C M(R™). Consequently,

Caty (Mp(yp)) = Laey (L) (with equal quasinorms).
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Proof. The coincidence above follows from Lemmas and

. fu XB(z r)) }
V) = sup InfsA>0:0,0) | V77— ) <1
QZq(») (Mm-),p(»)) ((f ) ) ;mw,&o { Op() ( A/a() =
= Zinf{)\ >0: sup o) (w) < 1}
v>0 2ER™ >0 Al/aC)
= > infiA>0:¢ ) <
PEPO A\ N0 ) =
v>0
= 0ty (Jo)v).
U
It is time to show that (B really defines a semimodular.
Theorem 3.7. Let p,q,u € P(R") with p(x) < u(zx). Then o, o (M) is a left-

continuous semimodular. Moreover, it is a modular if ¢& < oco.

Proof. Recalling Definition 2], we need to check properties (i)-(v). Properties (i) and (iii)
are clear. Property (ii) can be shown using the result given in Proposition Indeed,
given any > 0 and any sequence (f,), C M(R™) such that ggq(,)(Mp(')’u(,))(ﬁ(fy)y) =0,
we have

0= qu()(M Yu()) (B(fu)u) = qu()(M u())(( O Bfuoa 7)) >0
for each vy € Ny. Thus

[ oo | My || = 1€05 250, fu, 0, ) [ gy (M) || = 0

and hence f,, = 0 almost everywhere. To check property (iv), Just use the assumption
that ¢ is bounded and the characterization (B.2]).

Let us move now to the proof of the left-continuity (v). We give the details in the case
0y (M (. ))((f,,),,) < oo only. The arguments can be adapted to treat the other case.
Suppose there exists € > 0 and a sequence (f,), C M(R") such that for every p € (0,1)
we have

Oty (M ()u())((fu)u) Oty (M, ()u())( *(fV)V) >¢, forsome p* € (u,1).
Then, for each v € Ny, we find z, € R™ and 7, > 0 such that
3 inf{)\ >0 Qp(_)( ST ) /Aq()) < 1}
v>0
€

= Z [ Sup lnf{)\ >0 Qp(_)<7’mfm fl/ XB(JC,T)/)‘m) < 1} - ?:|

V>0 z€R™,r>0

0040y (Mp( u() ((fV)V) =26 2 004y (My(y ( (fv)v)
But this implies

qu(-)(Lp(-)) <(TW P(zv) f” XB(L"TV))V) 2 Qéq(')(Lp(')) ('u (TJ(TV) P(zv) f” XB@VJ’V))y) —¢&

which would contradict the left-continuity of the semimodular o, (1, (see |3, Propo-
sition 3.5]). O
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Remark 3.8. We take the opportunity to fix the formulation of 3| Proposition 3.5(a)|.
As we can conclude from the explanation above, the claim there holds if ¢* < oo.

For constant exponents the connection between the semimodular and the quasinorm
is immediate. That connection is not so clear when we deal with non-constant indices.
The following inequality gives some information on the estimation of the functional (B.3))
by the semimodular (B.1]). This will be useful in Section [ below.

Lemma 3.9. Let p,q,u € P(R™) with p(x) < u(z) and q- < oco. If gt < oo or
Ctyy (M )((f”)”) >0, then

100 s M) | < max {0y, o) ()T 00 (aa ) () T

The proof consists essentially in showing that the right-hand side above is, when pos-
itive, one of the p’s in the defining formula (33) and using also the fact that the semi-
modular being considered here is indeed a modular when ¢* < co (cf. Theorem [B.7).

Finally, we will show that (B3] really defines a quasinorm in the space 4. ( (), u(.)).
Since the main issue here is the proof of the (quasi)triangle inequality, for the sake of
intelligibility we prove the other quasinorm properties in a separate lemma.

Lemma 3.10. Let p,q,u € P(R™) with p(x) < u(z). Then B3) defines a homogeneous
modular in the vector space of all sequences contained in My(R™).

Proof. The homogeneity can be shown in the standard way using a change of variable in
the infimum: apart from the obvious case a = 0,

laCFi)w [ oy (Mpyu00) || = inf{ﬂ>030zq()( Myrmr) G 1 (fo)) < }

= |af 1nf{ >0: 0y (M )(M/lm\ (f)u)Sl}

= lal [|(F) | £ty (Myu) || -
It remains to prove that (8.3]) satisfies properties (i)-(iv) of Definition 211 Property (i)
is easy and property (iii) is clear from the homogeneity. On the other hand, property
(ii) follows from (iv), which we proceed to show. If ||(f,)s | y)(Mp()uy)|| = O then

)< (fy)y) < 1 for all g > 0. This implies

1/ o n
qu(-)(Lp(')) E <TU(1) = f” XB(LT))V < 1

for all x> 0, x € R™ and r > 0. Hence
’ (Tﬁ_(_) fo XB(w))V | €q<->(Lp<->)H =0

for every z € R™ and r > 0. Since ||-| €y)(Ly())|| is a modular in the vector space of
all sequences contained in M(R"), then we have f,(y) XB(,(y) = 0 almost everywhere,
for each v € Ny, z € R™ and r > 0. Hence f, = 0 almost everywhere for all v € Ny. [

Proposition 3.11. Let p,q € P(R™) be such that there exists A € [1,00) and t € (0, 00)
such that

BT )+ @) Lo o)l < A (1 e (B [+ [0 o (Loo)[)

for all (f,)u, (90)0 € Logy (L. ) Then, gz’ven u € P(R") such that p(x) < u(z), B1) also
holds with (o) (Ly()) replaced by Loy (Mpy,ur) s for any (fo)u, (90)v € Loty (Mpeyu()) -

94’()( p()u
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Proof. Tt is not hard to check, using the fact ¢ > 0, that H Jo)vl g ( () u )H < 00
for sequences (f, ), € 40 (M, ()u()) Let (f,), (90)n € Loy (M, ()u()) and denote
pr = || () | ooy (M, )H and g := [[(g0)u | gy (M) H

It is clear from the previous lemma that (3.7) is trivial if at least one of the previous
quantities is zero. So, we assume jis, jt; > 0. Consider any sequences (x,), C R™ and
(ry)y C (0,00). Let

n n
P u(zy) - (zv) u(zy) (IV)
E,=r) Y XB@u) and Gy, o=y " Gy XByr) V€ No.

Then (F),), and (G,), belong to Eq(.)(Lp(.)), with

1) [ (L) | < g and - [[(Go)o ] €ty (L) || < 1.
Indeed,
1B 1 oy (L) | = inf {12 > 0+ 00y 0,0 (B(F)) <1
' . T,V(zu) p(zu)fUX Ty )
= inf u>0:z>%1nf )\>0:Qp(.)<1 )\1/q()B( }<1
) ) TU(I) P(z)f XB(a.r
< 1nf{u>0:;$6%1£>01nf{)\>0:gp(_)< S0 B( ) < }<1}
= it {u> 050, GG ST = [0ty (M) || = 1

and analogously for (G,),, (gy)y. Hence, by the hypothesis (3.7),

[rez oty (Lpy) || < Alpg + pg)-
(F,), + (G.),

' (Al + pg)]M*
and then, by the unit ball property,

Thus

|€q<->(Lp<->)H <1

| T (4 ,) Xb(eer)
me A0 Qp(-)( [A<,Uf +,ug)]1/t A\L/a() ) <1;<1.

v>0

Observe that this implies that each infimum is at most one and, being valid for any
sequences (z,), C R™ and (r,), C (0,00), also implies that the corresponding

: "’ﬁfﬁ(fuﬂLgu) XB(z,r)
3.8 sup inf )\>O:g_( ’>§1
39 reR7 >0 { PONTTAGuy + pg)J/E A0

is finite (and even at most one). Therefore, given any € > 0 and v € Ny, it is possible to
find y, € R™ and R, € (0, 00) such that

Rwim&fu + gl/) XB(yV,Ru)> <1 o

<1 D O0p(- —.
BI) <inf< A >0 Qp()( [A(is + pg)]V/E N/40) + v
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Taking the sum with respect to v in both sides, we get, for the F,, GG, built from y, and
Ry,

fv+ 90 F,+G,
s (200.00) <([A<uf + ugnw)u) = s (1) ((MW T Mg>]1/t)u) fres e

By the arbitrariness of € > 0, we conclude that

fv+9v
Ctaty My ) (([A(,uf +,ug)]1/t)u) =1

and, consequently,

Jo+9v
([A<,uf + Mg)]lﬁ)l’ | ECI()(MP()W()) H S 1’

from which the desired inequality follows by homogeneity. O

From Lemma and Proposition B.11] combined with [3, Theorems 3.6 and 3.8] and
[27, Theorem 1], we get the following final result:

Theorem 3.12. The functional [B.3) defines a quasinorm in the vector space £q(.) (Mp(.),u(.))
for any p,q,u € P(R™) with p(x) < u(x). Moreover, it induces a norm in the following
cases (each one understood for almost every x € R"):

(1) p(z) > 1 and q € [1,00] is constant;

(2) 1 < qla) < pla) < u(x) < oo;

1 1
(B)M—'—mgl.

Remark 3.13. Note that, in particular, the previous theorem summarizes the cases where
we known that H |l (Mp(.),u(.)) H satisfies the triangle inequality. We would like also to
remark that there are exponents p, g € P(R™) with p(z) > 1 and ¢(x) > 1 for all x € R"
(even for constant p) for which |- | €4y (My(.)u()) || does not satisfy the triangle inequality
(cf. |27, Theorem 2|, with p(z) = u(z)).

4. A CONVOLUTION INEQUALITY

It is known that the Hardy-Littlewood maximal operator is bounded in Ly if p~ >
1 and 1/p is globally log-Hdlder continuous, in the sense of conditions ([A2]) and (3]
below (see [I3] Chapter 4] for a detailed discussion including references). This fact has
been crucial, for instance, for the development of harmonic analysis in variable exponent
Lebesgue spaces. However, the situation is more complicated when we consider the
mixed Lebesgue-sequence spaces. In fact, as observed in [3, Section 4] (see also [14] for
the vector-valued case) we can not expect the so-called maximal inequality to hold in the
spaces lq()(Lp()) when ¢ is non-constant. Therefore, the mixed sequence space loses an
important feature of the iterated space, namely the inheritance of properties from the
starting space L,.). We face a similar problem in our setting of mixed Morrey-sequence
spaces.

The difficulty described above was successfully overcome, first in [I4] and then in [3],
through the study of convolutions involving nice kernels, namely the n-functions defined

by

onv
7]u,m<~r) = ( Ve NQ, m > 0.

1+ 2v|z|)m’
Note that 1,,,, € Ly for m > n and the corresponding L;-norm does not depend on v.
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Convolution inequalities with kernels given by the functions above have been heavily
used as a replacement of the boundedness of the maximal operator in the mixed Lebesgue-
sequence spaces. Consequently, they proved to be key tools for the development of the
theory of the Besov and Triebel-Lizorkin scales with all the indices variable (cf. [3], [14]).
Such a convolution inequality was particularly hard to obtain for the spaces £g(.)(Ly())
when ¢ is variable (such an inequality is immediate from the corresponding result in Ly,
only for constant ¢). The following inequality was proved in [3, Lemma 4.7]; see also [26]
Lemma 10| for the size condition indicated on m.

Lemma 4.1. Let p,q € P8(R") with p~ > 1. If m > n + cg(1/q), then there exists
¢ > 0 such that

(4.1) 1(m * f)o | Loy (Lpe)I| < e [1(fo)w [ gy (Lol
for all (f,), € Lyoy(Lpe))-

Note that the class of exponents P'°8(R") and the meaning of c4(1/q) are defined
below in Section 1] by means of (42) and (3]

The main goal of this section is to obtain a corresponding convolution inequality for
the mixed Morrey-sequence spaces £, (Mp(.),u(.)). First we collect some auxiliary results.

4.1. The log-Ho6lder continuity and auxiliary results. We say that a continuous
function g : R™ — R is locally log-Holder continuous, abbreviated g € C’llgcg(R”), if there
exists ciog(g) > 0 such that

Clog(g)
4.2 g(x) —g(y)| < , for all x,y € R™.
(12) o) — 90| <

The function ¢ is said to be globally log-Hélder continuous, abbreviated g € C'°8(R"), if
it is locally log-Hoélder continuous and there exists g, € R and ¢4 (g) > 0 such that

Coo(9)
4.3 T) = Goo| < ————, for all z € R™.
(4.3) 19(x) = 900l < T 2D
The notation P'°8(R") is used for those variable exponents p € P(R") such that % €
C'°8(R™). Moreover we consider Ii = (%)OO.

Sometimes we need to estimate norms of characteristic functions on balls. The following
result is taken from [I3], Corollary 4.5.9].

Lemma 4.2. Let p € P8(R") with p(z) > 1. Then

0] if r<l1
z,r L ~ L’ . .
e | Zoll~ { 77 TS

with the implicit constants independent of x € R™ and r > 0.

The convolution operator behaves well in L, for log-Holder continous exponents if
we take radially decreasing integrable kernels (cf. [I3] Lemma 4.6.3]).

Lemma 4.3. Let p € PY8(R") with p(z) > 1. Let ¢ € Ly and v.(x) = e ™)(z/e),
for e > 0. Suppose that V(z) := supy, >, ¥ (y)| (the radial decreasing majorant of 1) is
integrable and f € Ly.y. Then

[ S Loy | S T T LAl ST Lo

(where the implicit constant depends only on n and p).
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Remark 4.4. Tt is not hard to see that the n-functions above are good convolution kernels
in the sense of the previous lemma. Indeed, taking v = ng,,, with m > n, then we have
U = 19, € Ly. Thus, putting . = 1, ,,, with e = 27", we get the inequality

if m > n and p € P°¢(R"), with p(x) > 1.

The following result allow us to move some special weights inside convolutions with
n-functions; see [14, Lemma 6.1] and [20, Lemma 19].

Lemma 4.5. Let o be a locally log-Holder continuous function on R™ and m > 0. If
[ > ciog(c) then

2D yma(z — ) S 27 (2 — )
with the implicit constant depending only on the function a.

4.2. A convolution inequality in mixed Morrey-sequence spaces. The next the-
orem gives a corresponding inequality to (4I]) now for variable mixed Morrey-sequence

spaces 4. (Mp(.),u(.)) .
Theorem 4.6. Let p € P¢(R") and q,u € P(R™) with 1 < p~ < p(x) < u(x) < oo and
1/q locally log-Hélder continuous. If
m > n+ ceg(l/q) +n max{O, sup (ﬁ — ﬁ) — L}
xER™
then there exists ¢ > 0 such that

(4.5) 1G5 F)o 1oy (Mo 0) | < € ([ () [ o) (M) |-
for all sequences (f,)y € Loty (Mp()u())-

Proof. We assume first that ¢— < oo (the case ¢ = oo will be detailed in the last part of
the proof).

Step 1: Let zp € R™ and ry > 0 be (arbitrarily) fixed. We prove that inequality (L5
follows if we show that there exists c¢q € (0, 1] (independent of xg, ro, v and (f,),) such
that

u(go)_p(zo)
CoT vom ¥ Ju P
inf< A >0: Op(") 0°0 (T’ . f )XB( 0,70) <1
a0
Tﬁ_#x) y o
(46) S sup lnf )\ > O . Qp() ‘1f XB( 5 ) S 1 + 27117
zeR™,r>0 A7O)

provided the supremum on the right-hand side is at most one.

Let (fo)y € Loty (Mpeyucy) wWith [[(fo)u | o) (Mpeyu(y)|| < 1. If (@B) holds, passing to the
supremum with respect to xy and rg and then taking the summation on v, we get

By Lemma [3.9 we have
[ % £ 1oy (M) || < 3% 57
Thus ([L5) follows by homogeneity.

Step 2: We prove (4.0]).
Suppose that ¢* < oo (the case ¢ = oo can be treated in a similar way; technically it is
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more complicated since we have to work directly with infima properties instead of Lp_

N

quasinorms as below). Then (@) can be written as
(4.7)

_n ___n
u(zg) o

2 a(-)
CoTy (nu,m * fV) XB(zo,r0)

|L

q()
| L
q(-)

+27

< sup @ p@ fu X B(z,r)

z€R™,r>0

p()
a(’)

(assuming the supremum on the right-hand side be at most one). For each v € Ny, let

0, 1= sup @ 5@ Jv XB(@r) + 277,

zER™
>0

q(-)
| Ly
q(-)

Then we want to show that there exists ¢y € (0, 1] (as indicated above) such that

q(’)
‘Lp('

q(-)

q(’)
< 1.

1 _mn "
co Oy “TS(”’) o (num*f’/)XBm’m)

<1

N2

By the unit ball property the latter is equivalent to

To obtain (@8] we decompose each f,, v € Ny, into the sum

=R+> 1
i=1

_L
D) “(wo) P(wo)

Co 51/ o Ty (nu m X fl/) XB(JBOJ"O)

where

V=, X B(z0,2r0) and fl=1r, X B(zo,27+ 7o)\ B(z0,2ir0) » ¢ € N.

Then we have

(4.9) 6, ° (num*fu ‘ 25 (z) nvm £, ‘)( )< Z(num/* ‘5;mf£})<x>

=0
The second inequality follows from Lemma with | = ciog(1/q) and m' :==m — 1 > n.
Let us give some details on the application of this lemma. Due to the assumption on the
right-hand side of ([@7), we have 27" <4, < 1+27" for every v € N. If 1°g2 v e [0,1] we
use Lemma [0 with o = —1/¢ (observing that coe(—1/q) = c10g(1/q) > O) to get

logg Sy logg oy

1 by by 1
5y a(z) _ <2*@) v 5 <2*m (1 + 21/‘1, . y|)010g(_1/Q)> v 5 o, a(y) (1+2u|x_y|)clog(1/Q).
The same argument works when logi € [-1,0] (choosing this time aw = 1/q). The case

v = 0 can be handled in a similar way using that log, do € [0, 1].
Returning to (E:QD, the lattice property and the triangle inequality in L) yield

(nvm * fl/) X B(xo,70) |LP(

'5—71+-72,

where

[1 =

Tg(zo) p(zo) nym ’5 Q()f(]’)XB(xo,ro ‘L H
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and
© -.n ___n
u(zg) p(zg)

S S
I = Ty (nl/,m' N ’5’/ Q(')f”) XB(zo,r0) |Lp()

i=1

Thus we obtain the desired inequality if we show that I; + Ir < 1.
Step 3: We show that I; <1 and I, S 1.

For the first, we apply Lemma (and Remark [4]) and get

_L n n
< 5.7 (2r) 7 | 2] 1Ly

~Y

-n ___n 1
G [

which gives the desired estimate taking into account the definition of §,,.

The estimation of I, is harder. We start by estimating the convolution appearing in
that part. For x € B(xg, 1) and y € B(xg, 2" 'rg) \ B(xo,2'rg), we have |z —y| > 277 1r,
and hence

Tt (T — ) < 277 (1 4 2VF Ly )7 < Qrmom! (1 4 vty

Using this fact and applying Hélder’s inequality, we have

1 , , -
(o 100 "7 F3]) (@) S 27 (14 27570) ™™ X Bwo,2%1r0) | L) | 100 ™ f | Lo |

for every x € B(xg,70). Therefore,

00 7 n
. —_— . n____n
IQS E 2””(1+2V+ZT0)_mITOU(xO) p(xO)(QH'lTO)p(xo) u(zq)
i=1

. _n___n -k i
X HXB(:on”lro) ‘ Lp/()H H(22+1T0> ulzo)  plzo) 5V a0 fz/ | LP() H HXB(mo,To) | LP()H

Since the last but one norm is at most one (by the definition of §,), we have I, < I
where

Iy =) 2 (142" rg) ™™ (2770 560 || X pag2+1r) | L) | 1XBomo) | Lo -
i=1

In order to estimate I3, we consider two cases.

The case 0 < 19 < 1: Choose J € N such that 27ry < 1 < 271y (consider J = 1 if no
such number exists) and split the sum with respect to i € N into two parts, E;.]:_ll and
Yoo (the first sum does not exist if J = 1). Denote by 34 and I35 the corresponding
splitting implied in I5.

If i <.J—1 we have 27"1ry < 2’7y < 1. By Lemma 2

n

HXB(IO,TO) ‘ Lp(-)” ~ Té)(x()) and HXB(mo,Qi’HTo) | Lp/(.)” ~ (2i+17“0)17/(w0).

Using these estimates, we get
J—1
g <) 27m(1 427 o) ™™ oy (27K W
i=1
For v € {0,1} we use (1 + 2Fr5)™™ < 1 to obtain
J—1
LaSry Y 2" S (20m)" S 1.

i=1
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For v > 2 we have 2 > 4 > (2/7!ry)™! (recall that 2/ g > 1), which implies J — 1 >
—v — log, 9. We consider two separate cases depending on the size of 2"r:

The case 2“7y > 1/2: here we use that (1 + 2Fir)™™ < (2¢Firg)~™" and m’ > n, and
obtain

J— e
[3A ovn . Z 21/+z 7m i)n—ﬁo) 2n—u(7;0) S 21/(nfm’) Tgim/ 22@(1171%’) 5 (QVTO)nfm/ 5 1
=1 =1

The case 2"y < 1/2: here we have —v — log, 79 > 1 and we can split the summation in
I54 as

|—v—logg 7o | J—1
Iis = Z e Z o=t Iya, + Iy,
i=1 t=|—v—logy ro |+1

To handle I54, we use again that (1 + 2“%%r)~™ < 1, and get

|—v—logy 0|
I3A1 < QU ). n Z (21-1—1)71 S gvn Tg 2n(—u—log2 r0) ~ 1.
=1

In order to handle I34,, we note that (1 4 2/%irg)~™ < (2"%r)~™ and m’ > n. Then
we obtain

J—1
Iy, S 200 Z (2u+ir0)—m/(2i+1)n7ﬁo)
i=|—v—logg ro |+1
5 (2ur0)n—m’ Z 2i(n—m’) 5 (2yr0)n—m’ 2(n—m’)(_u—log2 T0) _ 1.

i=|—v—logy ro|+1
Let now ¢ > .J. Since 2/7!rq > 1, by Lemma we have
”XB(:Bo,Q”lro) ‘ Lp/()” ~ <2i+1,r0)(p’)oo — (2i+1r0)(1700)/’.

We have

[e.e]
n
N _n___n_ _n oy
IBB g § :2un(1_'_2u+zro) m (21+1>p(990) a(zo) (21+1T0)n Pos Tg( 0)
~ 2V(n_ml)7«07m+n77 p(zo) E 21+1 m+P(Io) U(IO)JF Poo)

Since, by hypothesis, —m’+sup_cpn (TZ) — )) +n— - <0, the series above converges.

u(x

Recalling also that m’ > n and that here rq < 1 and 2J lrg > 1, we get

—m/tn— gt ity 9D m s — e T pes) — (2J+1r0)( M+ 5lee) " wlog) T pos) ro) < 1.

Isp S o

The case g > 1: In this case Lemma (.2 gives

IXBGowro) | Lol & 1¢=  and  ||XBoziting) | Ly || & (27 rg) 5
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. . . . , ,
Using again the size conditions m’ > n and —m' + sup,cga (ﬁ — ﬁ) +n— 1% < 0, we
have
> n
[3 5 Z gvn 2m’(1 + 2u+i+lro)fm’ <2i+l>m—m <2i+17,0>n7p%.0 Tg:
i=1

[ee]
~ 2V(n—m’) Tg—m/ 22(i+1)(—m/+ﬁo)_ﬁ+n—%) < 1
i=1
Step 4: Now we consider the case ¢~ = oo (i.e., ¢(x) = oo almost everywhere).

In this case we do not have an error term like in (A6]). Instead of such inequality, now
we want to show that there exists a constant ¢g € (0, 1], not depending on x, 7o, v and

(f,)v, such that

HCO Tét(xo) p(xo) (

Nv,m * fl/) X B(z0,r0) ‘ Lp( ) < sup ru@ P fl/ XB(z,r) ‘ Lp()” :

z€R™
>0

for all (f,), € (Mp(~),u(~))- This is equivalent to show that there exists ¢; > 1 (also
independent of zg, ro, v and (f,),), such that

(4.10) ’ rat T (1 1) XB(enrn) | L ’ < evsup [ S, Xt | L”(')H '
>0
for all (£,), € oo (Mpeyu(y).
As in the last part of Step 2, we have
’ T-g(zo) IO) (nl/m * fl,) X B(zo,r0) ‘L H <
< 7“5(10) p(:l:o) (num |f |) X B(z0,10) |LP()H + Tg(IO) zo) (num }f ’ XB (zo,70) |Lp()'
1= 1

The estimation of the last two norms can be done as we did in I; and I, in Step 3,
except that now we get them dominated by the right-hand side of (AI0) instead of being
dominated by constants alone. Note that Lemma is not necessary here, which means
that we can proceed just with m’ = m in the calculations. O

Remark 4.7. The arguments used in Step 4 of the proof above work not only for ¢~ = oo
but also for any constant exponent ¢ € (0, oo] (with some minor modifications). We can
see from the proof that the big difference between the constant ¢ case and the variable ¢
case appears in Steps 1-2.

From Theorem with constant ¢ (so cjg(1/¢q) = 0) combined with Proposition
we can establish a convolution inequality for variable exponent Morrey spaces as follows.

Corollary 4.8. Let p € P5(R") and u € P(R") with 1 < p~ < p(x) < u(z) < co. If

m > n+n max {0, sup,cgn (ﬁ — ﬁ) — Ii , then there exists ¢ > 0 such that
(4.11) [ F I Moy || < € ([ T M0 |

for allv € Ny and f € My ().

Note that (AI1]) extends to variable Morrey spaces the convolution inequality (4.4))
already known for variable Lebesgue spaces. Note that when u(z) = p(z) we recover the
same assumption on m used in (7).
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5. VARIABLE EXPONENT BESOV-MORREY SPACES

In the recent years there was an increase of interest in studying so-called smoothness
Morrey spaces (with constant exponents). Basically, they are function spaces built on
Morrey spaces with additional information on the smoothness of their elements. Let us
give some details on the definition of such spaces of Besov type.

The set S denotes the usual Schwartz class of infinitely differentiable rapidly decreasing
complex-valued functions on R™ and S’ denotes its dual space of tempered distributions.
By f we denote the Fourier transform of f € § given by

foy=n e [ e ger
and by f we denote the inverse Fourier transform of f. Both transforms are extended to
S’ in the usual way.

A pair (¢, @) of functions in S is called admissible if
e suppp C {z € R": § < |z| <2} and |p(x)] > ¢ >0 when 2 < |z < 3
e supp® C {z € R": |z <2} and [®(z)| > ¢ > 0 when |z| < 2.
Set g := ® and ; := @(277-) for j € N. Then ¢; € S for all j € Ny and
suppp; C {r € R": 2771 < |z| <271} j €N,

Accordingly, {¢;} constructed as above is called an admissible system.
Let se R, 0<p<u<ooand 0 < g < oo. The Besov-Morrey space le,uvq is the set
of all distributions f € &’ such that

1 TNl = 1275 (030)Y) ; 1 a(Mp,)|| < o0

Hence the Besov-Morrey space N, , generalizes the usual Besov space By, (recall that

the latter is modeled on L, spaces instead of Morrey spaces). The spaces N;ﬂh‘] were

introduced by Kozono and Yamazaki [3T] motivated by applications to partial differential
equations and they were further developed by Mazzucato [39] in connection with the

study of Navier-Stokes equations.
Besov spaces 828 4() On R™ with all parameters variable were introduced in [3]. More
recently, Besov spaces B;‘Z,) o) with variable integrability have been studied in the general

setting of 2-microlocal spaces, [4] and [24] 25]. Here w = (w;);en, belongs to the class

WS o> consisting of sequence of positive measurable functions w; on R™ such that
(i) there exists ¢ > 0 such that
(5.1) 0 < wj(@) < cwy(y) (1+ 2]z — y|)"

for all j € Ny and z,y € R™;
(ii) there holds
2% w;(z) < wip(z) < 2% wy(x)
for all j € Ny and =z € R".

Then we say that w = (w;);en, constitutes an admissible weight sequence. In the sequel
the parameters @ > 0 and a;, s € R (with a; < ay) are arbitrary but fixed num-
bers. We refer to [23, Remark 2.4 for some useful properties of class W ., and to [4,
Examples 2.4-2.7] for a compilation of basic examples of admissible weight sequences.
On the other hand, variable exponent Morrey spaces M.y .,(.) have been recently stud-

ied by many authors. Then one may ask for a full variable exponent generalization for
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the spaces J\f;w above. Now that we have mixed Morrey-sequence spaces available, we
can introduce 2-microlocal Besov-Morrey spaces with all indices variable. This new scale

provides an unification for various function spaces recently introduced in the literature.

Definition 5.1. Consider an admissible system {p;}. Let w = (w;); € WS, . be ad-

1,02

missible weights and let p,q,u € P(R™) with 0 < p~ < p(z) < u(x) < co. We define
p“(’_)m(_),q(_) as the collection of all f € 8" such that
Hf |Npu()-),u(-),q(-)H = H(wj(%f)v)j |€q(-)(Mp(~),U(-))H < 0.

In the particular case w;(z) = 27*®) with s € Cllgf(R”), we have Besov-Morrey spaces

with variable smoothness and integrability, and we write in that case

5000 = NoOuratr
Remark 5.2. In view of Theorem we see that /\/’p“(’.)’u(_)vq(_) are quasinormed spaces
(normed spaces in each one of the cases listed in Theorem B.I12)). Moreover, as we shall see
below (cf. Remark [65) the spaces Np’l?),U(-),q(-) are independent of the admissible system
{¢;} taken in its definition, at least when some parameters satisfy regularity assumptions
like log-Holder continuity. This means that different admissible systems should produce
equivalent quasinorms in the corresponding spaces.

Remark 5.3. As regards the partial variable generalization ./\f&_)vu(.)’q given in [I§] (already
mentioned in the Introduction), it contains wrong arguments used in some proofs. For
example, they mix results concerning two different approaches for variable Morrey spaces
when working in R™ and state, in their Lemma 2.1, a maximal inequality which is not
clear to hold without some restrictions on the parameters for the variable Morrey spaces
considered in that paper. Related to this, in [20, Corollary 5.1] a maximal inequality
is presented, however with some extra restrictions on the parameters. Still in [I8], an
important vector-valued maximal inequality is given in their Theorem 2.2, but the proof
uses their Lemma 2.5, which does not hold in the setting of R".

6. MAXIMAL FUNCTIONS CHARACTERIZATION
For (v;); C S we set ¥, := @ZA)j € S. The Peetre mazimal functions of f € S are
defined, for every 7 € Ny and a > 0, by

W) (o) i sup 82 D))

. , x €R™
yern L+ [27(z —y)|*

We consider here the construction starting with two given functions vy, ¢y € S and
¥i(x) =1 (277 e), jeN\{1}, zeR™

Then we write ¥; = @Z}j as mentioned above.

The Peetre maximal functions are important tools in the study of properties of various
classical functions spaces. The main goal of this section is to present a characterization
of the spaces ./\fp ?_)7u(.)’q(.) in terms of such functions and, consequently, the independence
of their definition with respect to the admissible system considered (cf. Remark [6.5]).

The following technical lemma gives a discrete convolution type inequality in mixed
Morrey-sequence spaces. It can be proved by adapting the arguments used in the proof
of [4, Lemma 3.4]. For completeness we give the details in the Appendix.
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Lemma 6.1. Let p,q,u € P(R") with p(z) < u(zx). Let 6 > 0. For any sequence (g;);en,
of nonnegative measurable functions on R", we denote

G, (x) = Z 2"”’j‘5gj(a:), r€R", veN.
=0

Then it holds
(6.1) 1(Go)o [ oy (M ue) || S 1109505 1oty (M) ||-

The next theorem compares maximal functions built from different starting functions.

Theorem 6.2. Let w € Wy, ,, and p,q,u € P(R") with p(x) < u(z). Let a > 0 and

R € Ny with R > an. Let further g,y € S with
D% (0) =0 for 0<|B| <R,
and ¢o, 1 € S with
|po(x)] >0 on {zeR":|z| <ke},
|p1(z)] >0 on {zeR":e<|z| < 2ke}
for some e >0 and k € (1,2]. Then
15 ) i) ; | ey (Mu) || S 11U25F) i) 5 1 oty (M) |
holds for every f € S'.

Proof. We follow the details given in the proof of [0, Theorem 4.9]: near the end of that
proof the following inequality is stated:

(\Il,’if)a(x)w,,(x) < ciQ'j”‘s((I);f)a(x)wj(x), reR”, veNy, fed8,
=0

with 6 := min{1, R — as}. It was derived with no reference to p, ¢ or u (so, in particular,
without any consideration of a concrete space of functions, apart from §’). Using now
Lemma and the lattice property of £, (Mp(~),u(~))7 the desired result follows. U

Below we use the following abbreviation:

1/ 1) = max {0, 10 (585 =t =}

TER™
Note that co(1/p,1/u) = 0 when p(z) = u(z) or p(x) = p is constant.

Theorem 6.3. Let w e W ,,. Assumep € P5(R") and q,u € P(R") with p(x) < u(x)

and 1/q locally log-Hélder continuous. Let 1o,y € S with
[ho(z)| >0 on {xeR":|z| <ke},

[i(z)| >0 on {zeR":e< x| < 2ke}
for some e >0 and k € (1,2]. If
(6.2) a > a+ cog(1/q) +n (5= + coo(1/p, 1)),
then

[CCW5£) w03); 1oy (M) | S 1[(C5 5 Fws) ; gy (Mpyu0)) |

holds for all f € S'.
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Proof. Now we follow the proof of [0, Theorem 4.10] (and the references mentioned there)
where almost all the details can be found: for a > « one has

((1),®) (o) < 3 gt (e (15 % )" ),

Jj=v

with the involved constant independent of f € &', x € R™ and v € Ny, and where ¢t > 0
and N € Ny with N > a are at our disposal. It is clearly stated in the mentioned proof
in [0] that the above estimate has nothing to do with the consideration of the parameters
P, q,u (so, it was obtained without any consideration of a particular space of functions,
apart from §’).

Consider now a > 0 satisfying (62), N > a + |ay| and t € (0,p~) such that still

a> o+ cog(l/q) +n (3 + coo(l/p, 1/u)).
Applying first Lemma Gl with § = (N —a+a;)t and then Theorem A6l with m = (a—«)t
(and p/t, q/t, u/t instead of p, q, u, respectively), we get
1) 00) ), Lot Moy eacr) | S | (iamern * (195 % Flwg) ) Haerre (Mo aacyse) |
SO flwg)') s | e (Mo peaacyse) |-

The conclusion follows now from (B.4)). O

Now we are ready to formulate the main result on the characterization of the spaces
plf-) u()q( I terms of Peetre maximal functions. Its proof works exactly as the proof of

[6, Theorem 4.5] (given just before the References in [6]), using now our Theorems [6.2)
and above instead of [6] Theorem 4.9] and [0, Theorem 4.10], respectively.

Theorem 6.4. Let w € W¢ Assume p € P8(R") and q,u € P(R"™) with p(z) < u(z)

a0

and 1/q locally log-Hélder continuous. Let R € Ny with R > ag and 1y, € S with
DPy(0)=0 for 0<|B| <R,
and
[Yo(2)| >0 on {zeR":[z] < ke},
[i(z)| >0 on {zeR":e< |z| < 2ke}
for some e >0 and k € (1,2]. If a > a+ co(1/q) +n( + co(1/p, 1/u)), then

1IN el = (15 Fws) s Ty (Mpeuen) || = ([ ((Z5F) gw5) 5 1 oy (Mpyues) |
holds for all f € S'.

Remark 6.5. Notice that the above theorem contains the conclusion that the spaces
plf-) W) given in Definition [5.1] are independent of the admissible system considered,

when p € P'°8(R") and 1/q is locally log-Hélder continuous. Note also that Theorem
generalizes to the Morrey setting the maximal function characterization [4, Theorem 3.1|
already established in the Lebesgue setting. In particular, the assumption a > a +
cog(1/q) +n ( + ¢o(1/p, 1/u)) agrees with the corresponding one in [4, Theorem 3.1]

since ¢ (1/p, 1/u) = 0 when p(z) = u(z).
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7. ATOMIC AND MOLECULAR CHARACTERIZATIONS

In this section we characterize the spaces Np’z’.) w()a() in terms of atoms and molecules.
As a by-product, we establish the embeddings

!
S = NoOurat) = S

and, moreover, we show that ./\f&’_)’u(_), o) are complete spaces.

We use the notation @)j,,, with j € Ny and m € Z", for the closed cube with sides
parallel to the coordinate axes, centred at 27/m and with side length 277. By xj, we
denote the corresponding characteristic function. The notation d Qj,, d > 0, will stand
for the closed cube concentric with Q;,, and of side length d277.

The building blocks we are interested in are defined as follows:

Definition 7.1 (Atoms). Let K,L € Ny and d > 1. For each j € Ny and m € 7", a
CE-function aj, on R"™ is called a (K, L,d)-atom (supported near Qjm) if

SUPI)ajnLCZliC?ﬁna
sup |D7aj, ()] <2, for 0 <|y| <K,
reR™

and
(7.1) / 2 ajm(r)dr =0, for 7>1 and 0<|y| < L.

Definition 7.2 (Molecules). Let K,L € Ny and M > 0. For each j € Ny and m € Z",
a CE¥-function [aa)jm on R™ is called a (K, L, M)-molecule (concentrated near Q) if

1D [aa)jm(z)] <20V (1 4+ 2|z —277m|)™™, 2 eR", 0< ]| <K,
and

/ 27 [aa)jm(z)de =0, for j>1 and 0<|y| < L.

Remark 7.3.

(i) A (K,0,d)-atom is an atom for which condition (7)) is not required (so, no
moment conditions are required). A similar interpretation applies to a (K, 0, M)-
molecule.

(ii) It is easy to check that if a;,, is a (K, L, d)-atom (so supported near Q);,,), then,
given any M > 0, (1 + %ﬁ)_Majm is a (K, L, M)-molecule concentrated near

ngnr

For the atomic and molecular representations of the spaces Np“(’_) w()a() e need to
introduce appropriate sequence spaces.

Definition 7.4. Let w € Wg, ,,, andp,q,u € P(R") with p(z) < u(x). The set ny

7u(')7Q(')
consists of all (complez-valued) sequences X = (Ajy,)sen,  such that
mezZn

mezZn

M 750 u0),00 |1 = ( > Njmw;(277m) ij(-)> | Cay (M) || < 00
J
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Using standard arguments, it is easy to see that the set n;‘z_) () become a quasi-

normed space equipped with the functional above. Furthermore, taking into account the
properties of class WY, ,,, we can use w;(z) in place of w;(277m) in the expression above,
up to equivalent quasinorms.

For short we will write (\;,,,) instead of (\j,,)sen, when it is clear we are working with

the exhibited set of indices. e
Below we shall use the next embedding. Its proof will be given in the Appendix.

Lemma 7.5. For every we W _ and p,q,u € P(R"), with p(x) < u(z), it holds

a1,002
w w
Mp()u()a() 7 () ()00
The next statement shows that any Besov-Morrey function can somehow be written as
a linear combination of atoms.

Theorem 7.6. Let w € WS, .. p € P5(R") and ¢, u € P(R") with p(z) < u(z) and 1/q

a

locally log-Holder continuous. Further, let K, L € Ny andd > 1. For each f € N;?-),u(-),q(-)

there exist (K, L,d)-atoms aj,, € S , j € Ng, m € Z", and X(f) € T (gt Such that

(7.2) f= f: Z Nim(f) @jm (convergence in S')

7=0 mezn"

and there ezists a constant ¢ > 0 (independent of f) such that

MO T50.u000| < ellF TN w000l

The proof follows exactly the scheme given in the proof of [7, Theorem 5.5|, using
now Theorem above instead of [6 Theorem 4.5] and directly the lattice property of
the Morrey-sequence spaces £4(.)(Mp(.yu()) instead of the corresponding property of the
Morrey spaces Mp.) (). In the last part, to prove that the inner sum in (Z.2) converges in
S’ for the regular distribution given by the pointwise sum, we can use the arguments given
in second step of the proof of [, Theorem 5.6|, since we have ”;%),u(-)g(-) — n;)?),u(-),oo
(cf. Lemmal[7H]). Note that the hypothesis on L there was not used and we can consider
our atoms to be essentially molecules with the required M (actually, M > o + n will be
enough for that effect).

Corollary 7.7. Let w € WS . p € P¢(R") and q,u € P(R") with p(z) < u(z) and
1/q locally log-Hélder continuous. Then it holds

w /
NoOyuyaty = S

The proof of this corollary is essentially the same as the proof of |7, Corollary 5.7]. We
have to replace 5;‘(’.)#(_)761(_), 6&-)7u(~),q(~) and [7, r_[jheorem 5.5] respectively by ./\/'p“(’.%u(,),q(.),
n;‘z_)m(,),q(,) and Theorem above, and use again that n;‘z_m(,),q(,) s nﬁ_m(,)m.

The next statement establishes the completeness of the variable Besov-Morrey spaces.

Corollary 7.8. Let w € W¢ p € P(R™) and q,u € P(R™) with p(x) < u(z) and

g,

1/q locally log-Hdolder continuous. Then the spaces ./\@lé’_m(_),q(,) are complete.

Since the proof contains many complicated technical details intrinsic to the definition
of the semimodular o, oMy ) WE prefer to write it down in the Appendix and hence
0y (Mp(y .

continue here to the atomic/molecular representation of our spaces.
The next theorem gives a result in the opposite direction to Theorem above. We
use the standard notation o, := n(m —1).
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Theorem 7.9. Let w € WS ,,, p € P5(R") and q,u € P(R") with p(x) < u(x) and
1/q locally log-Hdlder continuous. Let X € nyiy .y and [aaljy, be (K, L, M)-molecules

with K > o,

n
(7.3) L>—o;+ max{m, Op- + Cog(1/q) + nco(1/p, 1/u)}
and
(7.4) M > L+2n+2a+ 0y- + ciog(1/q) + necso(1/p, 1/u).
Then
(7.5) f= Z Z Njm [aa] jm (convergence in S')
7=0 mezZn"

belongs to ./\@lé’_)m(_),q(_) and there exists ¢ > 0, independent of A and [aal;m, (as long as
K, L, M are kept fized), such that

1IN | < I w00

Proof. We follow the scheme of the proof of [T, Theorem 5.21]. Note, however, that here
the exponent u needs not be bounded (cf. [7, Remark 5.16]).

Step 1: First we observe that the iterated sum in (ZH) converges in &’. This follows
from [7, Theorem 5.6], observing that A\ € nz%),u(-)g(-) C n;‘z_)vu(.)’oo. Following the first
step of the proof of [7, Theorem 5.21] for the set of special hypotheses (70), (71) of that
theorem on L and M, we have to replace 5;‘(’_)#(_)7(1(_) and 6&-)#(-)«1(-) by N;?-),u(-),q(-) and

n;‘z_) w( () respectively. In our case, the hypotheses on L and M above guarantee that

(7.6) L > —oq+0,- + cog(1/q) + ness(1/p, 1/u)
and
(7.7) M>L+2n+a+0,- +cog(l/q) +nes(l/p, 1/u),

so that it is possible to choose t € (O, min{l,p‘}) such that
a+n/t+ cog(l/q) + nes(l/p,1/u) < min{M — L —n,L+n+ oy + a},

and N strictly in between these two quantities. In what follows we assume that ¢t and N
have been chosen in such a way.

Step 2: It works much as the second and third steps of the proof of [7, Theorem 5.21].
Note now that the choices made in Step 1 guarantee that

(N —a)t >n+tan(l/q)+nte(l/p,1/u).

Then using the lattice property of the mixed Morrey-sequence space Eq(_)(Mp(_),u(_)),
Lemma [6.J] above with ¢ := min{L +n+a; — (N —«a), K — as}, (B4) and Theorem
with m := (N — )t (and p/t, q/t, u/t instead of p, q, u, respectively), we get that

1IN wa0ll S H( > Pmlwy(277m) ij)J. e (Mpc),u(-))H = M5 a0
mezZn

)

finishing the proof. U
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Remark 7.10. As in [7, Theorem 5.21|, in the situation sup (1 — %) < p~ (which
reR?

necessarily holds when p~ > 1), the conclusion given in Theorem [.9 above also holds
under the alternative conditions

L>—ai+0, + cog(l/q) + nceo(1/p, 1/u,min{1,p"})
and

M > L+ 2n + 2a 4+ max{1, 2¢,4(1/p) } 0,p- + clog(1/q) + n oo (1/p, 1/u, min{l,p‘}),

with the abbreviation c.(1/p, 1/u,r) = maX{O, sup (1/p(z) — 1/u(z)) — r/poo}. In
reR?

fact, following the arguments above with [7, Theorem 5.14 and Remark 5.20] instead of
[7, Theorem 5.6 and Remark 5.16], this set of assumptions also guarantees that (.6]) and
(C7) hold, hence concluding similarly.

Remark 7.11. Since (K, L,d)-atoms are, up to a multiplicative constant, (K, L, M)-

molecules (cf. Remark [3]), Theorems [7.6] and [Z.9 (see also Remark [TI0) above allow us
to obtain both atomic and molecular characterizations for the spaces ./\fp IE’_) w( ()" This

generalizes, in particular, the results obtained by the authors in [5] for the non-Morrey
case (cf. [B, Corollaries 4.14 and 4.15]).

The same type of arguments as in the proof of |7, Corollary 5.22] can now be used to
show that the Schwartz space is embedded into the spaces Np?_),u(% o) Using Theorem [T.9]
above and taking advantage of Proposition 3.5l we get then

Corollary 7.12. Let w € WS, ,,, p € P¢(R") and ¢,u € P(R") with p(z) < u(z) and
1/q locally log-Hdolder continuous. Then it holds

S = Npi)u()a0)-

APPENDIX

7.1. Proof of Lemma We can assume that p,q > 1, otherwise one can always take
t € (0,min{1,p~, ¢~ }) and use (B4 as follows:

(G gty (M) | = H(GZ) a0y (M)

2~ li—vlot .t '
o (Maga Z 95 160 (Moo )

w0 H = [1(9)s 1atr (Miyu9) ||

) (Mo
t
So, let us prove Lemma [61] for any p,q > 1 (with u > p). Suppose that

1= 10955 1oy (Mpy.u00) || € (0,00)
(otherwise there is nothing to show). By the unit ball property of o, o
(6.1)) will follow from the inequality

(Go)y
Q&;L)(Mp(.),u(.)) (W <1,

for some constant ¢ > 0 independent of u, which will be derived next. With the convention
g; =0 for j < 0 and the abbreviation hy, () := 7@ " ?@ x g (-), € R",r > 0, by the

A\

J ()16

inequalit
Mp(-m(-))’ 4 y
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<)

Clu)\l/(I( p(

unit ball property of g,y and Minkowski’s inequality we get

Qéqm(MP(.),u(,)) ( c = ;gﬁe?g’}:w inf<A>0:

Al/q() 7 1Ls)
(7.8) < Z sup 1nf{)\>0 ZQ 1o

V>0 zeR™,r>0 ez

I}

Let us define

L(x,r) = inf{)\ >0: ¢ le(0)27119/2 A0

w |Lp(_)H < 1}

for v € Ny, | € Z, x € R", r > 0, where ¢(d) := ., 2-119/2 We claim that, for each
v € Ny (and each z € R", v > 0), the sum ) ,_, [,,;(x,r) is not smaller than the infimum
in (Z.8). We may assume that this sum is finite. For any ¢ > 0 we have

hx,r(') v+

1 —[1|6/2
§2-lus/ ey
) wlL (z,7) + e2-1]1/a0) Ly || <1,
so that
ha ( )9 l
ZQ ‘”5 v+ ZQ |l|5/2
Im
lez plLa(z, r) + e2-l]1/40) 2
Therefore
- h ()9 l
116 or() Gus
’ 1/4( ‘L <1,
< p (Ekez[fu,k(x,r) + 52f\k|])
and hence
. .1 7|6 gl/+l e
mf{)\>0. 22 ,LL>\1/q L) 'Sl}gzly,k<%7’)+822 ,
€7 keZ =

The claim follows by the convergence of the second series on the right-hand side and the
arbitrariness of ¢ > 0. Now using it in (C8) and making a convenient change of variables
(choosing the constant ¢ > ¢(§) and noting that ¢ > 1), we have

(Go) —|k[6/2 P (+) Gork
—_— < 9 <
gfq(.) (Mp(.)’u(,)) ( CM = ;weiul::>0kzzlnf )\ > O (5)2 M)\l/q() |Lp() < 1
v €
_ ha () Gur
< sup c 9)2” IkI9/2 inf {a >0 7,,+ <1
N VZW%ZZ:BER Ir)>0 pot/at) [ Lp || <
h v
= 20710(5)2’“‘2'5/2 sup inf {a >0: M | Lpey|| < 1}
keZ V>0 z€R™,r>0 no /a()
_ —1 —|k|6/2 (9;)
ZC 0(5)2 gq()( ()u()) ( )
kEZ

with the choice ¢ = ¢(§)? and taking into account our definition of u. The proof is
complete.
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7.2. Proof of Lemma [T.5] We use the following auxiliary result which can be of inde-
pendent interest:

Lemma 7.13. Let ¢ be an increasing and left-continuous semimodular in My(R™). Let
g € P(R") and f € Mo(R"). If inf {} >0 Q(%) <1} <1, then o(f) < 1.

Proof. It inf{)\ >0: g(%) < 1} <1, then Q(%) <1 for every A > 1. Hence

o) < ol5ry) < 1

for such values of A\. Since /\1/% — 17 as A\ — 17, by the left-continuity of o we get

o(f) = lim @(%) <1.

A—1t

The embedding in Lemma [[.3] follows if we show that

[ CF) oo (Mpeyuer) || < 1135 1oty (Mipy,u09) |

for every (f;); € S&'. The inequality is clear when the quasinorm on the right-hand
side equals 0 or oco. If this is not the case, by homogeneity it is enough to prove that
| (f7)5 [€oc (Mp(yu(y) || < 1 when such quasinorm is less than or equal to one.

As above, let us use the abbreviation h, ,(-) := T“(Lx)_ﬁx)XB(%r)('), x e R"r>0. By

the unit ball property we have o, o My ) ( ]) < 1. Thus
q(- p(-),u

inf{)\>0: 00 A1§2f> gl} <1

for each x € R",
we also have g, (h

r >0 and j € Nyg. By Lemma (applied to the semimodular gp.))
+.r(+) fj) < 1. Therefore
) (1)) = > sup inf{A>0: gy (hee() f;) S1p=0<1.

0
oo (Mp(»m(-) S0 ©ER™r>0

7.3. Proof of Corollary [T.8 Let (fx)r be a Cauchy sequence in '/V;F-),u(-),q(-)' By Corol-
lary [[.7] and the completeness of &', there exists f € S’ such that limg_, fr = f in §'.
We have to show that the convergence occurs also in N (gl

Given € > 0, let kg € N be such that, for k,[ > k:o, ‘fk — fl|/\/ (_)H < g/2.
Together with the unit ball property and Lemma [2.2] this 1mphes that

hfl’ NS
j>0 §>0 zeR",r>0 )\q(.)e/z

with h,, as in the previous proof. For any k > ky, we show that, given any j € Ny, there
exists {; such that

h (i LV
(7.9) B = inf{)\ >0: sup gp(.)( L wj(%l fe = f) ) < 1} < Ak

z€R™, >0 MO g
for [ > 1;. Assume, on the contrary, that for some j, € Ny and any [/ there would always
exist L > [ such that Bj, , > Aj, x,. We then could construct the following:
e for [ = kg fix such a L and call it [;. So, Bj, 1 > Ajy k1, and 13 > ky;
e for [ =1, +1 fix such a L and call it 5. So, Bjr > Ajy k1, and lo > Iy;
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o for [ =1y + 1 fix such a L and call it l3. So, Bjyr > Ajy k1, and I3 > lo;

® - - -
In this way we construct sequences (I;);eny and (Ajovkvli)ieN with [; — oo as i — oo and
Bj, . > Aj ky, for all © € N. Suppose that B;,; < oco. For each z € R" and r > 0, we
have

hx,r wjo(@jo f — fli)v SN hx,r Wio (ijo fk _ f)v as 1 — 00
e T
S Bl

pointwisely. Since the L.y semimodular of the left-hand side is at most one and g,
satisfies Fatou’s lemma (cf. [I3] Lemma 2.3.16(a)]), the corresponding semimodular of
the right-hand side is also less than or equal to one. Hence

By ws (00 Fo— f)Y
z€R",r>0 B]fi)('ll 8/2
If ¢~ < oo, using the fact % < (Zq%)l/ 90 and monotonicity properties, we get
ha e wjo (95 ]ﬁ)v
SUp () | <1
zeR™,r>0 (;Q_O_’k) a) ¢

But this contradicts the definition of Bj, ;. Note that if ¢~ = oo, then either Bj, , = oo
(ruled out here) or Bj, ;, = 0, in which case ([9) is clear.
Using similar arguments, it is not hard to check that the case Bj,; = oo leads also to a
contradiction. Hence inequality (.9) is proved.

Consider now J € N. From (Z.9), for | > max{ly,...l;} we have

J 7
Z B < Z At
=0

J=0

Choosing, in addition, [ > kg, we also have

J e
ZBj,k < ZAj,kl <1,
=0 =0

and hence also Z]O‘io B, < 1. This shows that
ka - f|-/\/;,l€.),u(.)7q(.)H <e for k> k.

Finally, we conclude that

= =10+ e €Nueaey and m fro=fin N2y o) g0
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