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palavras-chave

resumo

Espaco de Besov, suavidade generalizada, interpolacdo com parametro
funcdo, decomposicio em "wavelets", base de Schauder incondicional, es-
paco de Lebesgue, integrabilidade variavel, espaco de Sobolev, expoente var-
iavel, potencial de Riesz, potencial de Bessel, integral hipersingular, funcio
maximal, derivada fraccionaria, imers3o de Sobolev, espaco de Holder, ordem

variavel.

Suavidade generalizada e integrabilidade variavel sdo dois importantes tépi-
cos de investigacdo na teoria de espacos de funcdes. Neste trabalho consid-
eramos tanto espacos de Besov com suavidade generalizada como espacos
de Lebesgue (e de Sobolev correspondentes) com pardmetro de integragdo
variavel. S3o estudadas no caso geral propriedades de interpolacdo com
pardmetro funcio de espacos de Besov generalizados, as quais estendem re-
sultados ja conhecidos formulados no caso Banach. Além disso, obtemos
decomposicdes em "wavelets" para estes espacos através do uso de técnicas
de interpolacdo apropriadas, que por sua vez sdo usadas para obter novos

resultados de interpolacdo.
Potenciais de Riesz e de Bessel sdo tratados no dmbito dos espacos de

Lebesgue com expoente varidvel. Em particular, estudamos a inversdo do
operador potencial de Riesz e apresentamos uma caracterizacdo, tanto para
os espacos de potenciais de Riesz como para os espacos de potenciais de

Bessel, em termos de convergéncia de integrais hipersingulares.
Também lidamos com desigualdades pontuais no quadro dos espacos de

Sobolev com pardmetro de integracdo variavel. Tais desigualdades s3o us-
adas para generalizar imersdes de Sobolev classicas ao contexto de expoentes
variaveis, no caso em que, para além de condi¢Bes naturais de regularidade,
o expoente toma valores superiores a dimensdo do espaco euclidiano. Por
outro lado, sdo dados resultados acerca da limitacdo de operadores hipersin-

gulares definidos em espacos de Sobolev variaveis em dominios limitados.






keywords

abstract

Besov space, generalized smoothness, interpolation with function parameter,
wavelet decomposition, unconditional Schauder basis, Lebesgue space, vari-
able integrability, Sobolev space, variable exponent, Riesz potential, Bessel
potential, hypersingular integral, maximal function, fractional derivative,

Sobolev embedding, Hélder space, variable order.

Generalized smoothness and variable integrability are two important research
topics in the theory of function spaces. In this work, we consider both
Besov spaces with generalized smoothness and Lebesgue (and correspond-
ing Sobolev) spaces with variable exponent. Interpolation properties with
function parameter of generalized Besov spaces are studied in the general
case, which extends already known results stated for the Banach case. More-
over, we obtain wavelet decompositions for these spaces by using suitable
interpolation techniques, which in turn are used to get new interpolation

results.
Riesz and Bessel potentials are considered within the framework of the vari-

able exponent Lebesgue spaces. In particular, we study the inversion of the
Riesz potential operator and give a characterization both for the Riesz po-
tential spaces and for the Bessel potential spaces, in terms of convergence

of hypersingular integrals.
We also deal with pointwise inequalities in the context of the variable Sobolev

spaces. Such inequalities are used to extend some classical Sobolev embed-
dings to the variable exponent setting, in the case when, besides natural
assumptions, the exponent takes values greater than the dimension of the
Euclidean space. Furthermore, boundedness results for hypersingular integral

operators on variable Sobolev spaces over bounded domains are given.






Contents

Symbols

Introduction

1

3

Preliminaries
1.1 Basic notation . . . . . . . . . L

1.2 Classical function spaces . . . . . . . . . . ..

Real Interpolation of Generalized Besov Spaces and Applications

Real Interpolation of Besov Spaces with Generalized Smoothness

2.1 Besov spaces of generalized smoothness . . . . . . . ... ... ... ...
2.1.1 A short note on Besov spaces . . . . . ... ... ... .. .. .. ...
2.1.2  Definition and basic properties . . . . . ... ... oL

2.2 On real interpolation with function parameter . . . . . . . . ... ... ... ..

2.3 Interpolation of spaces Bg)q (R™) withp fixed . . . . ... ... ... ... ...,

Further motes . . . . . . . e

Wavelet Bases in Generalized Besov Spaces and Applications

3.1 Wavelet representation for Besov spaces . . . . . . . .. .. .. ... ... ...
3.1.1 Theclassical case . . . . . . . . . ...
3.1.2 Thegeneralcase . . . . . . . . .. ..

3.2 Interpolation properties of spaces Bﬁq(Rn) with changeof p . . . .. ... ...

Further notes . . . . . . . .

11

13
14
14
15
17
21
32



II Riesz and Bessel Potential Spaces of Variable Exponent and Point-

wise Inequalities on Variable Sobolev Spaces 51
4 Lebesgue Spaces with Variable Exponent 53
4.1 A brief historical outline . . . . . . . . .. ... L 53
4.2 Definition and basic properties . . . . . . . ... Lo 55
4.3 The Hardy-Littlewood maximal function in L) spaces . . ... ... ... .. 58
4.4 Convolution operators in variable Lebesgue spaces . . . . . .. ... ... ... 59
4.5 Fractional integrals and fractional maximal operators . . . . . . . . .. .. ... 60
5 Inversion of the Riesz Potential Operator on Variable Lebesgue Spaces 63
5.1 Denseness of the Lizorkin class in variable Lebesgue spaces . . . . . . . . .. .. 64
5.2 Hypersingular integrals on L,y spaces . . . . .. .. ... ... ... ... ... 67
5.3 The inversion theorem . . . . . . . . . ... 70

5.4  On the independence of the hypersingular integral on the order of finite differences 72

Further notes . . . . . . . . e 75

6 Characterization of Riesz and Bessel Potentials on L) Spaces 77
6.1 Description of the Riesz potential spaces . . . . . .. .. ... ... ... ..., 78
6.2 Function spaces defined by fractional derivatives . . . . . .. .. ... .. ... 81
6.3 Bessel potentials on variable Lebesgue spaces . . . . ... ... ... ... ... 88
6.3.1 The Bessel potential operator: basic properties . . . . ... ... .. .. 89

6.3.2 On two important convolution kernels . . . . . . . ... ... ... ... 90

6.3.3 Characterization of the Bessel potentials in terms of hypersingular inte-

6.4 Comparison of the Riesz and Bessel potential spaces with the variable Sobolev

SPACES  « . v v e e e e e e e e e e e e e e e e e e e e e e e 99

6.5 A note on the Sobolev embedding theorem . . . . . . . . ... ... . ... ... 101
Further notes . . . . . . . . e e 102

7 Pointwise Inequalities on Variable Sobolev Spaces and Applications 103
7.1 On Holder spaces of variable order . . . . . . . ... .. .. ... ........ 104

7.2 Pointwise inequalities . . . . . . . . ..o 105

ii



7.3 Sobolev embeddings with variable exponent . . . . . .. ... ... ... ... 107

7.4 Hypersingular operators on Wp(.)(Q) ........................ 111
Further notes . . . . . . . . 114
Bibliography 115
Index 129

iii



v



Symbols

Basic notation:

0 empty set;

. takes the place of the variable with respect to which the function is evaluated,
the (quasi-)norm is calculated, etc;

= equality, by definition;

~ equivalence (according to Section 1.1);
f*g convolution product;

I decreasing rearrangement of f;

N, Ny set of natural numbers, N U {0};

R set of real numbers;

C set of complex numbers;

# cardinal of a countable set;

[a] entire part of a € R;

R"” n-dimensional Euclidean space;

7" lattice of points in R™ with integer components;
8! Bil--- Byl for = (B, ..., Ba) € Np:

|- | the Euclidean norm of an element of R™ or the length of a multi-index or
the Lebesgue measure of a set of R™;

diam diameter of a set in R";

-y scalar product in R";

B(z,r) open ball centered at x € R™ and of radius r > 0;

B(z,r) corresponding closed ball;

XE characteristic function of the set E;

supp support of a function (or distribution);

Q, 00, 2 domain in R” (i.e., a non-empty open subset of R"), boundary of €,

closure of §2;

Bessel function of the first kind, v > 0;

Gamma function;

B

binomial coefficient, given by % with a € R, k € N;

~—
S
o —

D classic or weak partial derivative of order § € N7;
A,V Laplacian, gradient;

Ag finite difference, with £ € N, y € R";

— continuous embedding (between function spaces);
O end of proof.



Other symbols and pages where they are introduced:

{Ao, A1}
(AO’ Al)'%q

B )
,
b
i,

C(Q)
Cr(R™)
C>(R")
o (R™)
Co0)(Q)
C*(R™)
C'(R")
Do

Dg,
D)
PP
Fpg(R™)
[flag).0

¢
o(R")
¢'(R™)
Ga
Hy(R™)

17
19
19
19
15
89
90

15
46
37
38
45

104

37
69
68
111

104
15
64
79
89

hp(R™)
Ip(')vﬂ
14

I Ly(.)]
K(t,a)

vi



Introduction

This dissertation is divided into two parts corresponding to the study of two important
features in the theory of function spaces: generalized smoothness and variable integrability.
Function spaces with generalized smoothness have been considered by many authors from

L Important contributions were made by the former Soviet school,

different points of view
where approaches based on approximation by entire functions (Kalyabin and Lizorkin [75]) and
modulus of continuity (Gold’'man [59]) were developed. As far as applications are concerned,
spaces of generalized smoothness have been successfully used in the resolution of some problems
coming from stochastic processes and probability theory (see [52] for further details).

Part I deals with Besov spaces Bf,’q(R”), where ¢ is a certain function representing a
generalization of the usual smoothness parameter s. These spaces arise naturally as the
interpolation result obtained by real interpolation with function parameter between Bessel
potential spaces. This and other interpolation properties were investigated in the Banach
case (p,q > 1) by Merucci [94] and afterwards by Cobos and Fernandez [23], following the
Fourier-analytical approach (see Definition 2.1.2). Although the extension to the full range
0 < p,q < oo has been announced in [23] as a forthcoming goal, the fact is that it has never
been published (and does not even exist as a draft, to the best of our knowledge). This
question is the starting point of the first part of our thesis.

In Part II we consider Lebesgue spaces with variable exponent, Lp(,)(Q), and the corre-
sponding Sobolev spaces, where now the exponent p = p(z) is a (measurable) function defined
on  (this is why we write p(-) instead of p). Riesz and Bessel potentials, hypersingular

integrals and pointwise inequalities are studied within the framework of these spaces.

The theory of variable exponent spaces have attracted many researchers during the last

!Function spaces of variable smoothness have also been studied by some authors. For instance, we mention

the contributions by Besov [11, 10, 12] and by Leopold [86, 87].
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years. The interest to these spaces comes not only from theoretical curiosity but also from
their relevance in some applications. They appear in the modelling of some problems of
fluid dynamics, elasticity theory and differential equations with the so-called non-standard
growth conditions. We refer to [34], [111] and [1] as examples illustrating these applications.
Recently, it was realized that variable exponent spaces are also very suitable to deal with

problems related to image restoration (see [89)]).

The spaces Ly(.y(£2) do not share all the properties of their classical analogues L,(§2) with
constant exponent p. For instance, Lp(.)(]R”) is not translation invariant, which brings some
problems related to the convolution on these spaces. Nevertheless, after the boundedness
of the Hardy-Littlewood maximal function has been proved by Diening [30], there was an
evident progress in the development of operator theory on the variable exponent setting.
Convolution, potential and singular type operators are examples of classic operators which
have been intensively studied during the recent years (see Chapter 4 for more details). The

work in the second part of our dissertation continues this line of investigation.

We now give a brief description of the topics treated in each chapter. Chapter 1 provides
the necessary preliminaries concerning the basic notation used throughout the text. For future

reference we also give a short review on classical function spaces.

The Chapters 2 and 3 form Part I. Chapter 2 is devoted to the study of interpolation
properties of spaces B;fq(R”) in the case when p is fixed. Corresponding statements given in
[23] for p,q > 1 are extended to the quasi-Banach case. We follow the same general principle,
that is, we make use of the so-called retraction and co-retraction method to reduce the initial
interpolation problem to the interpolation of appropriate sequence spaces. However, some
changes have to be made in the general situation, since the retraction and the co-retraction
constructed in [23] ((2.10 and (2.11), respectively), based on the Fourier transform acting in
L,(R™), are meaningless when 0 < p < 1. Such as remarked in [131] (Theorem 2.2.10), we show
that it is possible to replace the space L,(R™) by the local Hardy space hy(R™), 0 < p < oo,
in the definition of the Besov spaces (see equivalence (2.12)). In this way we overcome the
difficulties with the Fourier transform. On the other hand, one proves that B;fq(R”) is a retract
of the sequence space E?(hp(R")). We then get the desired interpolation formulas (see (2.26)
and (2.27) below) from the corresponding ones obtained first for the spaces E?(hp(R”)).

The aim of Chapter 3 is twofold. The first is to obtain wavelet decompositions for spaces
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B;fq(]R”), extending a recent result of Triebel [137] on wavelet bases in classical Besov spaces
B,,(R™). The proof of the main statement (Theorem 3.1.7) is based on suitable interpolation
techniques by making use of interpolation results studied in Chapter 2. In this way we avoid
the usage of several tools (such as local means and maximal functions) as in [137]. The second
objective of this chapter is to give further interpolation statements for spaces ng (R™) but now
in the case when p is changed. Theorem 3.2.6 provides a possible alternative to the approach
followed in [23], with the advantage of being valid in the quasi-Banach case. For its proof
we base ourselves on wavelet representations obtained in Theorem 3.1.7 to construct a new
retraction and a co-retraction. In general, our work in Chapter 3 emphasizes an interesting

role played between interpolation properties and wavelet expansions.

Chapter 4 is an introduction to Part II. It provides both specific notation and important
statements on variable exponent spaces which will be often used in the following chapters.

This chapter gives also a brief overview on the present theory of these spaces.

In Chapter 5 we study mapping properties of the Riesz potential operator 7¢ acting in
Lebesgue spaces with variable exponent. The main statement (Theorem 5.3.5) shows that
the Riesz fractional derivative D® provides the (left) inverse to the Riesz potential operator,
under the assumption on the boundedness of the maximal operator on Ly,.). This generalizes

previous results known for classic Lebesgue spaces (see [121]) to the variable exponent setting.

The study of the Riesz potential operator is continued in Chapter 6. A description of

the Riesz potential spaces Z%[Ly,.y| in terms of convergence of hypersingular integrals is given

n
«

when ess sup p(z) <
TzER™
for constant p (see [121]). We give also a characterization of the range B*[L,,], where B is

(see Theorem 6.1.4). Hence, we partially extend the known results

the Bessel potential operator. This statement is based on the previous description of Z¢[Ly.)]
and on the study of two important convolution kernels defined by their Fourier transforms,
which requires substantial efforts. Chapter 6 ends with a comparison of the Riesz and Bessel
potential spaces with the variable Sobolev spaces Wﬁ)(R"). In particular, we extend the

well-known identity B™[L,] = W;*(R"™) due to Calderén [19] to the variable exponent setting.

Finally, in Chapter 7 we study some pointwise inequalities within the context of the variable
exponent Sobolev spaces. After recovering the known fact that the oscillation of Sobolev
functions may be estimated by the fractional maximal operator of their gradient, we obtain

Sobolev embeddings into Holder spaces with variable order (see Theorem 7.3.7) and give
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boundedness results for hypersingular operators on spaces W;@(.)(Q) over bounded domains.
As far as possible, we have tried to give precise bibliographic references about the state-
ments already known or the places where they can be found. Nevertheless, this is not an
easy task due to the large number of people working on these topics. The numbers between
braces in the list of references mean the pages where each paper or book is referred in this
dissertation.
In order to facilitate the reading, all the notation and symbols used throughout the text

are listed in an appropriate table. Moreover, we also provide a subject index in the end.

Almost all the results obtained in this thesis have been published in scientific journals.
With exception of Section 3.2, the main statements in Chapters 2 and 3 are published in the

papers

e A. ALMEIDA, Wavelet bases in generalized Besov spaces, J. Math. Anal. Appl.
304, No. 1 (2005), 198-211;

e A. ALMEIDA, Wavelet representation in Besov spaces of generalized smoothness,
In “Function spaces, differential operators and nonlinear analysis”. Proceedings of
the conference FSDONA-04 dedicated to the 70th birthday of Prof. Alois Kufner,
Milovy, Czech Republic, May 28 - June 2, 2004, P. Drabek and J. Réakosnik (ed.).
Prague: Math. Institute Acad. Sci. Czech Republic, pp. 7-18, 2005.

The content of Chapter 5 is published in the paper

e A. ALMEIDA, Inversion of the Riesz potential operator on Lebesgue spaces with
variable exponent, Fract. Calc. Appl. Anal. 6, No. 3 (2003), 311-327.

The results in Chapters 6 and 7 are based on joint work with Stefan Samko and they can be

found, respectively, in the papers

e A. ALMEIDA and S. SAMKO, Characterization of Riesz and Bessel potentials on
variable Lebesque spaces, J. Funct. Spaces Appl. (to appear);

e A. ALMEIDA and S. SAMKO, Pointwise inequalities in variable Sobolev spaces

and applications, Z. Anal. Anwend. (to appear).



Chapter 1

Preliminaries

1.1 Basic notation

As usually, the set of natural numbers is denoted by N and Ny = NU {0}. We write Z,
R and C for the set of integer, real and complex numbers, respectively. By R™ we denote the
n-dimensional real Euclidean space with n € N. A point z € R™ is denoted by z = (z1, ..., 2y)
and its Euclidean norm by |z|. Z™ stands for the usual lattice consisting of all points in R
with integer components, and Njj denotes the set of all multi-indices 8 = (81,...,08y), each
component belonging to Ny. For 8 € Nj and = € R", we write |3 = 81 + -+ + 5, (without
risk of confusion), 8! = 3! -- G,! and z° = x?l e

Any reference with respect to measurability or to integrability should be always understood
in the Lebesgue sense. If E C R™ is a measurable set, then |F| stands for its measure. The
characteristic function over E is denoted by ygp. We write B(z,r) for the open ball centered
at z € R” and radius r > 0, and B(x,r) for the corresponding closed ball.

In general, we are interested in function spaces of (measurable) complex-valued functions

defined on R™. However, in Part II we shall deal with function spaces defined over other

domains. Partial derivative operators are denoted by a%j, j = 1,...,n, while higher order

derivatives are given by D? = % with 8 € Nj. The gradient of a function (with
-0y

enough regularity) f on R™ is the vector Vf := (%, ceey 867];) and the Laplacian is Af :=

o2 f o2 f
ﬁ + te + ﬂ
By C*°(R"™) we denote the class of all infinitely differentiable functions on R"™, and by

C§°(R™) the class consisting of those functions in C*°(R") with compact support. We write



6 Chapter 1. Preliminaries

S(R™) for the Schwartz space of all rapidly decreasing functions in C*°(R"™), and S’(R"™) for
its topological dual, that is, the space of all tempered distributions on R™. If ¢ € S(R™) then
Fy (or ) stands for the Fourier transform of ¢,

(Fo)(€) = / € p(r)dr, € € R (L1)

n

(x - ¢ meaning scalar product), whereas F~1p (or ) denotes its related inverse Fourier

transform. Both the Fourier transform and its inverse are extended to S'(R™) in the usual

way. The class of Fourier transforms of integrable functions will be denoted by Wy(R"™).
Given two quasi-Banach spaces X and Y, we write X — Y if X C Y and the natural

embedding of X into Y is continuous. Furthermore, writing the equivalence “~” in
ap ~ by or p(x)~p(x)
means that there are two positive constants ¢; and ¢y such that

crap by <coap or c1p(x) <Y(r) < e p()

for all admitted values of the discrete variable k or the continuous variable x, where {ay},
{br} are non-negative sequences and @, ¢ are non-negative functions. We will also use the
same symbol “~” to mean equivalence of quasi-norms.

All unimportant positive constants are denoted by C' (or ¢) which may be different even
in a single chain of inequalities. Sometimes, for convenience, we use additional subscripts
(c1, co,...) and we emphasize the dependence of the constants on certain parameters. For
instance, when we write “c(n)” it means that the constant ¢ depends on n and that other
possible dependences are irrelevant in the context. In what follows “log” is always taken with
respect to base 2.

Further notation will be properly introduced whenever needed.

1.2 Classical function spaces

We will deal with different generalizations of function spaces. By convention, in their
notation we shall write the smoothness index as superscript, while the integrability index is

written as subscript.
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For 0 < p < 0o, L,(R™) denotes the well-known Lebesgue space, quasi-normed by

e = [ sere)”, 12)

with the usual modification to esssup |f(x)| if p = co. We shall also use the notation || - ||,
z€R™
to denote the quasi-norm (1.2), mainly in the case of variable exponents p (writing || - ||, in

that case; see Part II).
As usual, Ly, (R™), 0 < p, ¢ < oo, denotes the classical Lorentz space, consisting of all
(equivalence classes of) Lebesgue measurable functions f on R™ such that ||f | Lpe(R™)]| is

finite, with
1/q

n Crao . edt ,
1wl = ([ @) F) it o<a<o,
n 1 * .
1 | Ly (R :=sup [t £(1)] i g = oo,
t>0
where f* denotes the decreasing rearrangement of f, given by
ff@)=inf{6>0: {zeR": |f(x)| >0} <t}, t>0.

C(R™) stands for the space of all uniformly continuous bounded functions in R™ and, for
r e N,
O (R") = {f e C(R™): Df e CR™), |8] < r} , (1.3)

normed by
IFICTRM)| =D ID°f | Loo(RM)]I.
I81<r
Let {¢;j}jen, C S(R™) be a system with the following properties:

supp ¢o C {£ € R™ : [¢] < 2}; (1.4)
supp @; C {f eR": 2971 < €] < 2j+1}, jeN; (1.5)
sup [DPp;(€) < e(B)27P, jeNy, BeNy (1.6)
£ERP
Y @) =1, R (1.7)
j=0

In other words, {¢;}jen, forms a dyadic smooth partition of unity in R”. Examples of such

systems can be constructed as follows: given ¢y € S(R™) such that

supp o C{€ €R™: [¢[ <2} and wo(¢) =1 if J¢| <1,
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one defines, for each j € N,

©i(€) = o(277¢) — po(27771¢), EeR™ (1.8)

~

If f e S'(R") then (¢; f)¥, j € Ny, makes sense pointwise since it is an analytic function
on R™ by the Paley-Wiener-Schwartz theorem (cf. [132], p. 13). Moreover,
o ~
=Y 19)
j=0
with convergence in &'(R™).
For s e R, 0 < p < o0, 0 < g < o0, the usual Besov and Triebel-Lizorkin spaces are
defined as the collection of all f € S§’(R™) such that

~ 1/q
11 BayR™)[| = | Y2750 [[(9;/) | Lp(R™)|2 (1.10)
j=0
and
o 1/q
£ 1 E M) = [ D275 (0, HY O] [ Lp(R™), (1.11)
=0

(with the usual modification if ¢ = oo, and assuming p < oo in the F-case) are finite, respec-
tively. Together with the expressions (1.10), (1.11), they form quasi-Banach spaces (Banach
spaces if p > 1, ¢ > 1) and they are independent of the system {y;};cn, chosen according to
(1.4)—(1.7), up to the equivalence of quasi-norms. We refer to [132] for a systematic theory on
these spaces. Sometimes we add a comma to the notation (for example, instead of Bj,(R")
we would write Bf 5(R")) to clarify the values that the parameters p and g are taking.

These scales contain some classical spaces as special cases. For instance,
po(R") = H (R"), seR, 1<p<oo,

are the fractional Sobolev spaces (also called Bessel potential spaces' or Liouwville spaces). In
particular, when s € N then F,(R") = W (R") are the classical Sobolev spaces, equivalently

normed by

IFIWs R == Y DI LyRY),  f € W (R,
|BI<s

Later, in Chapter 6, we will denote the Bessel potential spaces in a different way. Our preference by
another notation there intends to emphasize that these spaces are the range of the Bessel operator (acting in

Lebesgue spaces with variable exponent p).
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and Fg o(R™) = L,(R™) are the Lebesgue spaces. Moreover,
F)5(R™) = hy(R™), 0 <p < oo, (1.12)

are the local Hardy spaces introduced by Goldberg [58] and
B (R") =C*(R"), s>0, (1.13)

are the Holder-Zygmund spaces (see [132], Section 2.2.2, for precise definitions). Notice that
all these identities should be interpreted in the sense of equivalence of quasi-norms.

We shall make use of general weighted sequence spaces as follows. If { X, };cs is a countable
family of quasi-Banach spaces, w = {w; };cs is a non-negative “sequence” and 0 < ¢ < oo, then
we will denote by £,(1, X;,w;) the “weighted sequence space” of all the families a = {a;}icr,

with a; € X;, ¢ € I, such that ||a|¢4(1, X;,w;)]| is finite, where

1/q
lla| (I, Xi,wi)| == (Z(wl l|la; | XJ)‘I) , 0<g< oo, (1.14)

iel
and

la]loo (L, X5, wi)|| == Sup wi [|ai | X (1.15)
1€

define quasi-norms. The right-hand side in (1.14) expresses the g-summability? of the non-
negative family {w; ||a; | X;||}icr in R.

We shall omit the index set [ if it is clear from the context. When X; = X for every i € 1
then we shall write ¢(1, X,w), where w = {w; };cr. Moreover, in the particular case X = C we

will also omit the “X” in the notation and we write only £,(I) if w; =1 for all i € I.

2The expression “summable family” is used in the case when the set of indices is not ordered, at least a
priori. Sometimes the summability is referred as the (uncondicional) convergence of the corresponding series

(see Chapter 3 for further details).
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Chapter 2

Real Interpolation of Besov Spaces

with Generalized Smoothness

In this chapter we deal with Besov spaces with generalized smoothness, which will be
denoted by B&(R"). These spaces are defined as in (1.10) with ¢(27) instead of 27¢, where ¢

is some “admissible” function.

Real interpolation with function parameter of spaces Bﬁq (R™) was first studied by Merucci
in [94]. The investigation in [94] was then followed up by Cobos and Fernandez 23] leading

to the extension of several classical results to spaces Bg)q(R").

The statements both in [94] and in [23] were only formulated in the Banach case p, ¢ > 1.
Some of them can be extended to the quasi-Banach case although the same techniques are no
longer available when 0 < p < 1. This fact was observed in [23] (see Remark 5.4) based on a
earlier remark from [131], Theorem 2.2.10. Since we did not find further information on this
subject in the literature, we decided to give a detailed description how this question in the

general case may be dealt with.

We start Section 2.1 with some historical remarks concerning Besov spaces. Then we in-
troduce the generalized Besov spaces we are interested in and compare them to other known
function spaces. In Section 2.2 we provide a review of basic tools on real interpolation with
function parameter. Section 2.3 is devoted to the discussion of interpolation properties of
B&(R") spaces in the general context mentioned above. The main statements provide inter-

polation formulas between these spaces in the case when the parameter p is not changed.
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2.1 Besov spaces of generalized smoothness

2.1.1 A short note on Besov spaces

In a sense, Besov spaces B,,, appeared to fill the gaps between the Holder-Zygmund spaces
and the Sobolev spaces. Nikol’skii was the first who introduced the spaces B .. Afterwards
they were generalized to the case where ¢ is different from oo by Besov [9] (with s > 0,
1<p<oo,1<qg<o0)at the end of the fifties of the last century, by means of the modulus
of continuity. The Fourier-analytical characterization of these spaces was provided by Peetre
in the sixties, based on the principle that every tempered distribution can be decomposed
into a sum of entire analytic functions (see (1.9)). The same author extended the definition
to the whole range s € R, 0 < p,¢q < oo in the earlier seventies (see [103]). We refer to the

monographs [104], [132] and [133] for further historical remarks on this subject.

Besov spaces are very useful from the applications point of view. They arise often in
problems of signal processing and image compression. An important task is to get information
on Besov functions from the study of the distribution of the associated wavelet coefficients. We
mention the paper [73] as an example where such problems are treated. The case 0 < p < 1
seems to be particularly useful to check the quality of the approximation of solutions of
certain boundary value problems, obtained from numerical algorithms (see, for instance, [26]

for further details).

Besov spaces (and other function spaces) with generalized smoothness have been considered
by several authors from different approaches. They started to be studied in the 1970’s mainly
by the Russian school. For instance, we refer to [59] for an approach in terms of modulus of
continuity and to |75] for a study based on approximation by entire functions of exponential
type. Generalized Besov spaces were also studied from the interpolation point of view by
Merucci [94] as the interpolation spaces obtained by real interpolation with function parameter
between Bessel potential spaces. Further historical remarks and references can be found in

[52].

We notice that function spaces of generalized smoothness have interesting applications to
other fields. For example, they were recently used in some investigations in probability theory

and stochastic processes (see [52]).
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2.1.2 Definition and basic properties

Roughly speaking we obtain Besov spaces of generalized smoothness by replacing the
usual regularity index s in (1.10) by a certain function fulfilling certain properties. The

generalization we are interested in is based on the class 98 defined as follows.

Definition 2.1.1. We say that a function ¢ : (0,00) — (0,00) belongs to the class B if it is

continuous, ¢(1) =1, and

S g(t)

< 00

for every t > 0.

We refer to [94] for details concerning this class. A basic example of a function belonging
to B is ¢(t) = ¢s0(t) = t%, s € R. Other examples will be given later. As we will see in the
sequel, the class 9B is sufficiently wide in the sense that it allow us to cover the most common
cases appearing in the literature.

We will follow the Fourier-analytic approach as in (1.10) to introduce the spaces we are
interested in. First we need some auxiliary sequence spaces.

If F is a quasi-normed space, 0 < ¢ < oo and ¢ € B, we may consider the sequence spaces
E?(E) := £,(No, B, $(27)) equipped with the quasi-norms || - |¢,(No, E, ¢(27))]|, according to
(1.14) and (1.15) (with I = Np). When ¢(t) = t°, s € R, we simply write £;(E) instead of
EZ)(E) for short.

Definition 2.1.2. Let {¢;}jen, be a dyadic partition of unity with the properties (1.4)-(1.7)
above. For ¢ € B, 0 < p < 00 and 0 < q < o0, we define ng(]R") as the class of all
f € S'(R™) such that {(goj-f)v}jeNO € E?(LP(R”)) with the quasi-norm

17 1B ) = || Lo P)Y Ve £ (Lp(B))|

These spaces were studied by Merucci [94] as the result of real interpolation with function
parameter between Sobolev spaces and afterwards by Cobos and Fernandez in [23|. Like in
the classical case (according to (1.10)), they are quasi-Banach spaces and are independent
of the system {y;};ecn, chosen, up to the equivalence of quasi-norms. We point out that the
spaces By, (R") can be obtained as a particular case of the spaces Bﬁq (R™) by taking ¢(t) = t*,

s € R. For convenience we shall refer to the spaces B, (R") as classical Besov spaces.
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As mentioned above, Besov spaces with generalized smoothness have been considered and
studied by many authors in different contexts. The paper [52] gives detailed information about
literature concerning this subject. In [52] we can also find a general and unified approach for
these spaces, as well as the counterpart for the Triebel-Lizorkin scale. As far as Besov spaces
are concerned, it is possible to define generalized spaces By (R™) by replacing #(27) by oj,
J € Np, in Definition 2.1.2, where o is a certain admissible sequence of positive real numbers

(in the sense of [52]):
By, (®") = {f € S ®"): || BL®")| = [{o; (0:/) sero | a(Lp®) | <o}, (21)
where 0 = {0} jen, satisfies the condition
dooj <oji1 <dyoj, Vje N, (2.2)

for some dp, di > 0. The definition given in [52] is even more general: it is introduced a fourth
parameter N = {N;};ecn, related to generalized decompositions of unity, namely allowing
different sizes for the support of the functions ;. We restrict ourselves here to the standard
decomposition, that is, to the case N = {2j}j€N0.

Some “other” generalized spaces of Besov type were introduced by Edmunds and Triebel
[39], [40]. Those spaces, usually denoted by BI()Z’\P) (R™), are defined as in (1.10) with 275¢ ¥(277)4
in place of 2789, The parameter ¥ here represents a perturbation on the smoothness index s
and it satisfies certain conditions. We refer to [96] for a systematic study on spaces BI(?Z’\I}) (R™).
In the particular case ¥(t) = (1 + |logt|)®, t € (0,1], b € R, one obtains the spaces B;;Ib(R”)
considered by Leopold |88|.

The spaces B,(?Z’\P) (R™) are covered by the general formulation (2.1). In fact, as remarked
in [52], the sequence {0;}jen, given by o; = 2/°¥(277), j € Ny, is admissible. Since
6(1/2)7 1 p(27) < (2711) < §(2) p(27), 7 € Ny (see (2.9) below), the spaces Boy(R™), ¢ € B,
are also a particular case of the spaces defined in (2.1). Nevertheless, we would like to stress
that it suffices to consider the spaces Bffq(R”). This fact may be justified by the following

result, which was suggested to us by Caetano.

Proposition 2.1.3. Let o be an admissible sequence in the sense of (2.2) and 0 < p, q < 0.

Then there ezists a function ¢, € B such that

Bbe (R") = By, (R™).
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Proof. Let o be admissible. First, we remark that one can always assume o9 = 1 without loss
of generality. In fact, the sequence o’ defined as o = 1 and 0} = 0, j € N, is equivalent to
o, so that B, (R") = BS, (R").

We can construct a function ¢, € B as follows:

S (t—2) +oy, te[2,21h)) 5 e N,

g0 ) te (071)

¢U (t) =

(cf. [18], Section 2.2). Hence, ¢,(2’) = o; for all j € Ny and we get the result. O

According to this proposition we will only consider generalized Besov spaces from Definition
2.1.2 in what follows.

We summarize now some basic embedding results which will be used later.
Proposition 2.1.4. (i) Let¢p € B, 0<p<o0, 0<qg<oo. Then
S(R") = BY,(R") — S'(R™).
(ii) Letpe B, 0<p<o0, 0<qo<q1 <oo. Then

Bg’qo (R") — B¢ (R").

pq1

(ii)) Let ¢, € B, 0 < p<oo, 0<qoq1 <oo. If {j;gj)) }jENO € linin{qy, 1y then

BY (R") — B% (R™).

Pqo pq1

We do not give the proofs here since they are similar to the classical case treated in [132],
p. 47-48. Embeddings (i) and (74) generalize properties (2) and (4) contained in Theorem
4.1 in [23].

2.2 On real interpolation with function parameter

By an interpolation quasi-normed couple { Ag, A1 } we mean a couple of quasi-normed spaces
Ap and A; which are both continuously embedded in some Hausdorff topological vector space.

In this case, the expressions

HG‘AO ﬂA1|| = max(”a]AoH, Ha]A1||), a € AgN A,
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and

lal Ao+ Ayl = inf  (Jao| doll + lar | A}, @€ A+ A,

agE€AQ, aj €A
(where the infimum is taken over all possible decompositions of a as the sum of elements in
Ap and A;), define quasi-norms in Ag N A; and Ay + Aj, respectively.

Roughly speaking, the interpolation property may be described as follows. Given a second
interpolation quasi-normed couple { By, By }, we say that the spaces A and B (4gNA; — A —
Ao+ Ay and ByN By — B — B+ By) are interpolation spaces (with respect to {Ag, A1} and
{By, B1}) if for every linear operator T : Ay+ Ay — By+ B whose restrictions to A;, i =0, 1,
are bounded linear operators from A; into B;, then its restriction to A is also a bounded linear
operator from A into B. In the particular case when Ag = By and A; = By, then we shall say
that A is an interpolation space (with respect to {Ag, A1}).

There are several ways to construct interpolation spaces. We refer to the monographs [§]
and [134] for a detailed presentation and references on interpolation theory.

We shall make use of the real method of interpolation based on the K -functional introduced
by Peetre (this is why it is sometimes referred as the K-method). This functional is defined
by

K(t,a) = K(t,a; Ap, A1) = inf (llag | Ao|| + t|la1 | A1l]), t>0, a€ Ap+A;. (2.3)

a:a0+a1
ag€Ag, a1 €AY

For each t € (0,00), K(t,-; Ag, A1) gives an equivalent quasi-norm in the linear sum Ay + A;.
K(-,a) is an increasing function for each a € Ay + A;. Furthermore, it admits the following

estimate, which can be checked directly:
K(t,a;Ao,Al) S CKq(t, a; Ao,Al), (24)
where ¢ > 0 is independent of ¢ > 0 and a € Ay + A1, and

Kq(t,a) = Ko(t,a; Ao, A1) = inf  (ao| Ao|” +# lax | Ax]|)/?,  0< g < o0. (25)
a=ag+aq
ag€Apg, a1 €A

We are interested in general interpolation spaces where the function parameter is taken
from the class B (recall Definition 2.1.1). Nevertheless, the usual statements of interpolation
theory require additional hypothesis on the function parameter. These assumptions are usually

expressed in terms of the Boyd indices. For a function ¢ € 9B, the Boyd upper and lower indices
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og and 55 are given by

. logg(t) .. log (1)
“ = tlggo logt and ﬁg o %E% log t

)

respectively. They are real numbers, 55 < oz and they satisfy the properties (see [14]):
: , L o(t)
fz >0 if and only if — dt < oo (2.6)
0

and

ag <0 if and only if /100 qﬁgt) dt < oo. (2.7)
Example 2.2.1. ([94]) The functions ¢, given by
bap(t) =t (1 +|logt])’, a, beER, (2.8)
belong to the class B. Moreover,

Gap(t) =1t (1+ [logt)”!  and ag = G5, = @
Other examples can be found in [91, 92].
The following proposition summarizes several useful properties of class B.
Proposition 2.2.2. (|94])
(i) If ¢, do, b1 €B and >0, then also ¢, 5, dod1, 2 € B with

P(t)="(1), 1/o(t) = d(1/t), dodi(t) < do(t) S1(1),  do/d1(t) < bo(t) b1 (1/1),

and ags = 50@ o Qg = g, T g being the same formulas valid for the lower indez.
Moreover, the connection between ¢ and ¢ is made by
¢(u) =
==~ < ¢(ut) < o(u) d(t), u,te(0,00). (2.9)
o(1/t)

(i)  For every » € B such that B > 0 (resp. aj < 0) there exists an increasing (resp.
decreasing) function g € B equivalent to 1, that is, o(t) ~ ¥ (t).

Definition 2.2.3. Let {Ag, A1} be an interpolation couple of quasi-normed spaces. Let also
v €B and 0 < ¢ < co. The space (Ao, A1)~,q consist of all a € Ag+ Ay for which ||al|y,q is

finite, where
OO -1 gdt\V"
ot = ([ b Kea) ) i 0<a<o,
lallyq := sup () K(ta)] if q=o0,

are quasi-norms.
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If 0 < By < a5y < 1 then (Ag, A1),4 is an interpolation quasi-normed space (with respect
to {Ao, A1}). Moreover, if Ag and A; are quasi-Banach spaces then (Ag, A1)y,4 is also a

quasi-Banach space.

Example 2.2.4. In the particular case v(t) = ¢go(t) = t?, 0 < 6§ < 1, then (Ap, A1)y,q =

(Ao, A1)p,q is the usual interpolation space, quasi-normed by || - [, = || - [lo,¢ (cf. [8], [134]).

An interesting way to describe interpolation spaces is by the so-called method of retraction
and co-retraction. This method gives us the possibility to obtain unknown interpolation
spaces from known ones with the aid of retractions and co-retractions. We shall make use of
this procedure to obtain interpolation results for Besov spaces from interpolation formulas of
suitable sequence spaces.

Let us give precise definitions (see [8], [134]).

Definition 2.2.5. Let A and B be quasi-normed spaces. B is a retract of A if there are
bounded linear operators R : A — B (retraction) and J : B — A (co-retraction), such that
the composition RJ s the identity on B.

The method of retraction and co-retraction is provided by the following theorem, whose

proof may be derived from the basic properties of interpolation theory.

Theorem 2.2.6. Let {Ag, A1} and {Bo, B1} be two interpolation couples of quasi-normed
spaces. Let also v € B, with 0 < By < a5 < 1, and 0 < ¢ < oo. If B; is a retract of
A;, i = 0,1, with mappings R and J as in Definition 2.2.5, then (By, B1)~,q is a retract of

(Ao, A1)~,q with “the same mappings” R and J .

Proof. The hypothesis guarantees the existence of bounded linear operators R : A; — B; and
J : B; — A; such that RJ = Ip, (where Ip, denotes the identity on B;), i = 0,1. Both “R”
and “J” can be defined on the linear sums Ag + Ay and By + Bj, resp., in the usual way.
For instance, one defines Ra := Rag + Ra1, where a = ag + a1 is a decomposition of a as
the sum of elements ay € Ap and a; € A; (note that this definition does not depend on the
representation a = ag + a; taken). Moreover, simple calculations show that R7 = Ip,+5, .
Now we conclude that (B, Bi)y,q is a retract of (Ao, A1),,4 by using the interpolation

property described above. O
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Remark 2.2.7. In a concrete case we may describe the unknown space (By, B1)~,q from the

knowledge of the already known space (A, A1)4,4 by using the equivalence

||f | (BO,BI)%qH ~ ”jf | (Ao,Al)%q”a

which is a consequence of Theorem 2.2.6.

2.3 Interpolation of spaces Bf, (R") with p fixed

This section concerns the discussion of interpolation properties for spaces ng(]R”) in the
case when p is fixed. The results given below, being valid in the quasi-Banach case, extend
previous statements obtained by Cobos and Fernandez in the Banach case p,q > 1 (see
Theorems 5.1 and 5.3 (1) of [23]).

The approach followed in [23| was based on interpolation properties of sequence spaces.
Those properties were then transferred to the generalized Besov spaces by means of retractions
and co-retractions as described in Section 2.2. The key point is that Bﬁq(R") is a retract of
the sequence space EZ)(LP(R”)) when p > 1. Indeed, it is possible to show that, for any system
{pj}ien, € S(R™) with the properties (1.4)—(1.7), the mapping

[e'e) 1
R{fi}ieno = > F7H@; Ff;), with &= > @i (2.10)
j=0

r=—1

(convergence in S'(R™)) is a retraction from E?(LP(R”)) into stq (R™) and

Tf={F"@j Ff)}jer, (2.11)

is the corresponding co-retraction (see [8], Theorem 6.4.3, and [134], Section 2.3.2, for a
discussion of the classical case ¢(t) = t°). In (2.10) we assume that ¢_; = 0.

The mappings in (2.10) and (2.11), based on the Fourier transform acting in L,(R™), are
meaningless if 0 < p < 1. Nevertheless, some interpolation statements obtained in 23] for the
spaces ng(]R”) remain valid in the quasi-Banach case as well, if we replace L,(R™) by the
local Hardy space h,(R™) in the definition of the Besov spaces (see Remark 5.4 in [23]).

In the sequel we describe the main steps of the general procedure. Inspired by the proof

of Theorem 2.2.10 in [131], we state the following result.
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Proposition 2.3.1. Let f € S'(R"), 0 < p < 0o and {@;}jen, satisfy the conditions (1.4)-
(1.7). Then F~Y(o;Ff) € Ly(R™) if, and only if, F~1(o;Ff) € hy(R"), j € Ng. Moreover,

there exist constants c1, ca > 0 independent of f and j such that
1 [F7H e P LyRY| S 1F7H @i F ) [ hpR™)]| < e [FHo FF) [ Ly®Y)[] (2.12)

Proof. Only the case 0 < p < 1 is of interest since h,(R™) = L,(R") when 1 < p < co. Let
{®j}jen, be a dyadic smooth partition of unity satisfying conditions corresponding to (1.4)-
(1.7). If we assume _; = 0 then we have ¢; = ¢; i Yj4r, for every j € Np.

Hence, for fixed f € S'(R™) and j € Ny, we get =

[F~ i Ff) I Lp(RY)]| < Z |F=H (e 05 F )| | Lp(R™)

r=—1
1/2

< V3 (Zyp W%Ff)}) | Ly(R")
r=—1
. 1/2

= \/§ Z ‘F ¢k:90JFf| |LP(Rn)
k=j—1
- 1/2

= V3 (Z\F1[¢kF(F1(soij))]\2> | Lp(R™)
k=0

= VB[P g F )| Epy(RM)|,

which proves the left-hand side of (2.12) taking into account (1.12).

Conversely,

- 1/2
P13 ) hp®D)]| < (2\F1<wm|2> L")
k=0

IN

ar > [F Wy F(F (0 F )] | Lp(R™)]|

r=—1

1
< e Y [ @) [WRM|| | F (e FF) | Ly(R™)]|

r=—1
where the last inequality follows from estimate (13) in [132], p. 28, with m € N such that
m>n (% — 7> We observe that supp 1;4+,(271:) C B(0,2). Moreover, property (1.6) yields

D9 (4, (2712)| < (8) 29107, Jaf <2,
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Hence
ger (P W R S5 Y [ DOegar(@41) | La(®Y)|| < €
1B1<m
for some C > 0 not depending on j and f. This completes the proof. O

The replacement of L,(R™) by h,(R™) (0 < p < 00) in Definition 2.1.2 is now clear from
inequality (2.12). The situation p = oo does not bring any problem since, in that case, it is

not necessary to replace Loo(R™) for our purposes.

Lemma 2.3.2. Let g € B, 0 < p < o0 and 0 < g < co. Assume that {gj}jen, C S'(R")
fulfills the conditions

supp Fgo C {z: |z| <2} and supp Fg; C {w: 277! < |z| <27t} jeN.
If H{gzﬁ(Zj) gj}j |€q(hp(R”))H < oo then Y gj converges in S'(R™).
=0

Proof. Some arguments used below are similar to those used in [140]|, where convergence
problems were discussed in the case ¢(t) = t°.

Let us consider

Y(t) = ¢t)t™°, t>0 (withd>0). (2.13)

Then ¢ € ‘B and {1/1(2:)} € ¢1. Moreover, for appropriate values of §, we also have
¢(2%) J ke

{1/1(2k)}k€N0 € ¢1. Indeed, if gy = og — 0 < 0 then, by Proposition 2.2.2, there exists a

decreasing function g € B with g (t) ~ 9 (t). Since ¥(2F) < 1,(2¥) and 1), is decreasing, it
suffices to show that [~ ¥y(2") dt < co. But

/looq,z)o(?)dtgc /200Wdu<oo

u

according to (2.7). Hence, we shall choose § > max (0,045). For such a choice and the

corresponding function v from (2.13), we have
9j € hyp(R") = Fpo(R") < By (R") — BY (R")

in view of Proposition 2.1.4, ().

We prove the convergence of the series above in §’(R™) by showing that { gtv] } NeNy® with

N
g™l given by 3 g, is a Cauchy sequence in B;,poo (R™).

7=0
For N > M one gets
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N
| = | B Y| = P |ew< o(R))
=M+
[e'S) N
< > op(2h) Z “Hpn Fgj) | hp(R™)
k=0 =M+
N+2
< D> wh) ZF_I(‘Pkng—f—thp(Rn)
k=M—1 j=—2
2 N+2
< o) Y 3 | P e Far) [y (R
j=—2k=M-1
—0 as N,M — oo, (2.14)

where the first inequality follows from the embedding ¢; — ¢, and the second is obtained
from the relation supp ¢ N supp Fg; = 0 for |k — j| > 2 (under the assumption ¢, = g; = 0 if

k, j < 0). The convergence in (2.14) follows from the convergence of the series on k for fixed

k
(e
¢ [{e@) |17 or Fgussl @]} 164
o [[{#2) llguss | o@D}, 1 (2.15)
e 627) {62 lgers IR ®DII}, 16
2027) |{e@) g} 16| < .

VE

sup
keNp

Z 62 o Fonas] (R

B(2) F [orFgns] | i (R")|

IN

IN

IN

IN

The second inequality is easily justified by the embedding ¢, — ¢, while in the fourth one we
took into account the property (2.9). In (2.15) we have applied a Fourier multiplier theorem
for hy(R™) = FJ5(R™), namely Theorem 2.3.7 in [132], as follows:

[F = ok Fgnag] LhpR™)|| < ¢ Dowlly lgres [ hp R, (2.16)

with ¢ > 0 not depending on k nor f, and

Dﬂ‘ﬂk( )| s (2.17)

loklly = sup sup (1+]af” )
|B|<N zeR™

where N is a large natural number (N > +n-+2). It remains to show that the quantity

mm(p 2)

(2.17) may be estimated by an absolute constant with respect to k. For convenience, we may
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assume that {(x }ren, is the particular system given by (1.8), so that ¢ = 1(27%+1.), k € N.
For || < N,z € R" and k > 1,

(14 o) 2 Digy(a)| = (1+[2) 7 2| (D) (2 )|

_ (22(k1)+|2k+1x\2>|§ ’(Dﬁ<p1)(2’k“x)‘.

Since 1 € S(R™) we easily obtain

N
2

lrlly < sup sup (14 [y*)
|BI<N yeR™

This completes the proof. O

The interpolation statement given in [23], Theorem 5.3 (1), can be extended to the quasi-

Banach case in view of the theorem below.

Theorem 2.3.3. Let ¢ € B, 0 < p < 0o and 0 < ¢ < co. Then B&(R") s a retract of
€3 (hp(R™)).

Proof. We are to show that the mappings defined in (2.10) and (2.11) are, respectively, a
retraction and a co-retraction acting on the corresponding spaces, now with h,(R"™) in place
of L,(R™).

First we prove that the series involved in the definition of R (see (2.10)) converges in

(o]

S'(R™), namely the series Y. F~@; Ff;], with §; = ©j_1+¢; +©j+1, where now {f;};en, €

7=0
E?(hp(R”)). According to Lemma 2.3.2, we have to show that

H{qs(zj) F o Ffj}, Mq(hp(]R”))H <oo, for m=j—1,5,5+1 (2.18)

(under the assumption ¢, = 0 when k < 0). Let us take, for instance, m = j. An application

of the Fourier multiplier theorem for h,(R™) as above (see (2.16)) yields

[{0@) Ftes FA}, Teahp®)|| < ¢ [[{0(27) £33 1alhp(®))]| < co.
The statement (2.18) corresponding to the cases m = j F 1 can be shown by using similar
arguments.
As regards the mapping properties of R and J, only the boundedness of R requires long
justifications, because the boundedness of J is clear from (2.12) and

RIfF=D F e Ffl=1

J=0
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by (1.9) (note also that ¢; = 1 over supp ;). The continuity of the Fourier transform on
S'(R™) together with the properties of the system {¢;};en, yield (with ¢, = Ff; =0if 1 <0)

|Res1s 1 Br @) > F UG P B (R
7=0
k+2
= (REV D wn@i Ffi| o [£2(hp(R™)
j=k—2 A
k+2
< ¢ > 628 || F w35 F 5] hp(R™)[ o[£
j=k—2

k

< a3 3 {6 1F ek onssn P ]} 16
1

j:—? m=—

As before, we may apply the Fourier multiplier theorem for h,(R™), leading to the quantity
lox ©rtjrmlly (With N large). This quantity can be estimated (by a constant independent of
k), just by proceeding as above, with the aid of the Leibniz rule on the differentiation of the

product. Hence, we obtain

[Ris 1B ®Y)|| < e > [{6@ Iss 1ra @)1} 164
j=—2
< o Y Fe) [{6@) Nws 1n @1} 144
j=—2
< e [[{Adi 1600 ™)
where ¢3 > 0 does not depend on { fx }ren,- O

Remark 2.3.4. When p = oo then ng(]R”) is a retract of E?(LP(R”)) (see Theorem 2.5 in
[23]).

By Theorem 2.3.3 the interpolation problem of Besov spaces is now reduced to the study
of interpolation properties of sequence spaces. Having in mind future applications, we give
the proofs in a more general context. Hence, until the end of this chapter F will denote a
quasi-normed space.

The general ideas below are inspired by the study of the classical case, which may be found

in [8], mainly Section 5.6. Let us start with a somewhat technical result.
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Lemma 2.3.5. Let sp, s1 € R and 0 < ¢ < co. Then

o 1/q
Ko(t,& £°(B), 61(E)) ~ [ > [min(27%,29°1¢) ||¢; | E||]* (2.19)
j=0

where § = {§;}jen, € £°(E) + (31 (E), t >0 and K, is the functional defined in (2.5).

Proof.
o 1/q
Kq(t,& 60 (B), lg (B) = g:i;(}fgl (27 |17 | EIN? + (271t |I€] | E)Y)
giee;i<E) j=0
1/q
m . .
= |t (@ B+ @ gl 1))
0 e =E;
]_0 777
5;.613
1/q
= Jsoq q ; 0 q 2751t 1 q
= D 2g | B inf {5 [ BN+ | S5 ) M5 [ E
=0 5= e T
nj€E, §;#0g
, 1/q
N s 9ds14\ 4
= (g iees (52)))
=0
where
Fi(u):=  inf  ([Jao| E|" +u [lar [ E[[?), u>0.
S
J
a;€EE

The result follows now from the equivalence Fj(u) ~ min(1, ) (with constants not depending

on j and u). Indeed, simple calculations yield
Fj(u) <min(1,u) < O}, max(1,297") Fj(u), u>0, j€ Ny,
where Cg > 1 is the constant coming from the quasi-triangular inequality of E. O

Theorem 2.3.6. Let ¢ € B, 0 < qo, q1, ¢ < 00. Let also sg, s1 be real numbers such that
51 < B$ < ag <so. Then
(L0 (E), £q1 (B))y.q = Eﬁ(E% (2.20)

where

t e (0,00). (2.21)
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Proof. Step 1. First we prove the embedding

(€33(E), £35(E)),q = L5 (B). (2.22)

We start by observing that v € B, with the Boyd indices given by
S0 — Oéa

s0 — B3
0< —=p<as= ¢
S0 — S1 S0 — S1

<1,

which can be shown by simple calculations.
Let £ € (L2(F), 5L (E))y,q and 0 < ¢ < 0o. A suitable change of variables yields
s e

us0 u

el = (o= s0) [ Kl g (

Denoting ¢o(u) = w0, u > 0, then we have ¢py € B. Moreover, since gg, = Qg — 50 < 0,
there exists a decreasing function ¥ € B such that 1) ~ ¢¢g (see Proposition 2.2.2).
We also observe that if €0 + ¢! = ¢, €0 € ¢35, i = 0,1, is any decomposition of £, then
€7 122 (B) |+t 1" [ €L (E)]| = ¢ sup min(2*0, 271t) ||¢; | B (2.23)
Jj€No
with ¢ > 0 independent of ¢ and £. Hence

2k+1

>° du
q > K S0—S1 q q
gy = e 3 [ K grer
[o'e) 2k+1 ' ' q du
> e Y0 [ | sup mini 2o o g | B | vl S
b oo ¥ 2F j€No U
e 2k q du
> e [ [, 20 2k gy ) e 2
ok u
k=0
o) 2k:+1
> ey / o0t || | B[4 yp(2+1)a 2 (+D) gy
k=0"2

k
o
k
> e lle | Bl o2"),
k=0
where we have made use of property (2.9) in last inequality. The case ¢ = oo can be proved
in a similar way, just by replacing the “sum” and the “integral” above by the corresponding
Step 2. Let us show now that

(2(E) — (6°(E), 651 (E))y,q forall 0<r<q. (2.24)
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Since 35 > 0, Proposition 2.2.2 guarantees the existence of an increasing function n € B

equivalent to 7. We prove (2.24) in the case 0 < ¢ < 0.

k(s s
ok(sg—s1) dt

lelg, < e Z / K(t,&) ()%

(k=1)(sg—s1)

Qk(SO Sl) _(k'_l)(SO—Sl)
2
< k(so—s1) ¢)a
= Z /(k 1(so- 51>K (2 0 n(2(k—1)(s0—s1))q di
< ey K@M g)ay (o) (see (2.4))
k=—00
o] 00 q/r
< e Z[mm 27%, gh(oms)gis ) |Ig; !EH] H(2E=DE0=s)) =0 (gee (2.19))
k=—o00 \7=0
q/r
= ¢ Z Z [Q(k-w)so min(1,27 j(so—s1) ) 1€k ‘EH} 7(2(k—1)(50_51))_q

k=—o0 j=—o0
k435>0
q/r

e e (k+7)s0

= ¢ > | Y |min(1, 27900750 g2k ) Héchrj’EH¢(2k+j)7(2(k—1)(80—81))]

k=—o00 \ j=—o L
k+j>0

a/r
o o

<Y Y 'min<1,2-j<80—81>>2”05(2‘]‘)¢<2’“+j>kamEH}T
=—oo \iTi%

where the last inequality follows from Proposition 2.2.2, property (2.9). From Minkowski
inequality, we also obtain

r/q\ YT
oo o0

| | 3 [min(1, 2000wy 2050 G2 625 g, | 21

j:—oo k=—o00
k+j=>0

= c (A E1E®E),

IN

where
oo

An(y)i= 3 [min(1,27700me0) 20—

j=—o00
It remains to show that the quantity A,(v) is finite. Since S5+ = r 5 > 0 and Ay =
t
r (a5 —1) <0, then

[) 8- [rorte [(2) #n o



30 Chapter 2. Real Interpolation of Besov Spaces with Generalized Smoothness

according to statements (2.6) and (2.7). On the other hand, for every o > 0, we derive

> dt & 2(i+1)o "
/ min(L DO T = 2 / [min(1,t~H)7(t)]" —
0 t i e ;
> c Z (2(j+1)0 _2j0) [min(1’2—(j+1)g) ﬁ(2jg) r o (410
p——
w N .
+ e S intt 2 )
j=—o00

where 7 is an increasing function in 8 equivalent to v as above. Thus, the finiteness of A, (¢)

is an immediate consequence of (2.25) together with the last estimate (with o = s¢9 — s1).
The case ¢ = oo can be proved analogously with the necessary modifications.

Step 3. The proof of the theorem can now be completed from a combination of (2.22) and

(2.24), by choosing 0 < r < min(qo, g1, ¢) in the latter:

(G(B) = (£2(B), 61 (B))yq — (Lg (B), Lo (B))y.q = (E3(E), L(E))yq — L5 (E).

’q1 q

O

Following the discussion from Theorem 2.3.3 we are now able to formulate general inter-

polation results for generalized Besov spaces.

Theorem 2.3.7. Let o € B, 0 < p < o0 and 0 < ¢o,q1,q9 < 0o. Suppose that sg, s1 € R
satisfy s1 < 55 < ag < 50 and v is given by (2.21). Then

(Bpoo(R™), Bpa, (R™)) = By (R") (2.26)

Pqo pa1

Proof. Formula (2.26) follows from a combination of Theorems 2.3.3 (and Remark 2.3.4), 2.3.6
(with £ = h,(R™) if 0 < p < 0o and E = Ly(R") if p = c0) and Remark 2.2.7. Recall that
the retraction and the corresponding co-retraction involved are given by (2.10) and (2.11),

respectively. O

Theorem 2.3.7 will play a crucial role in the next chapter. It shows that generalized Besov
spaces may be obtained by real interpolation of classical Besov spaces with a suitable function
parameter. This fact was already observed in [16] for the spaces BI(;Z’\II)(R”) mentioned in

Subsection 2.1.2.
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Theorem 2.3.8. Let ¢p, ¢1, 7€ B, 0<p<o0and0<qo, q,qg<00. If0<B5<ay<1
and B—5—>0 (or ¥y < 0) then

(51 e
(Bﬁ?o (R"), Bjg, (R")>w = By, (R"), (2.27)
where ¢ € B is given by
o(t) := % (2.28)
" (dn(t))

Proof. The proof of the statement ¢ € B may be found in [22]|, Theorem 5.3.
We choose sg, s1 € R such that
51 < min(ﬁ@o’ﬁ%’%) < max(ago, 0%1’0‘8) < 8.
By Theorem 2.3.7 we have Bg, (R") = (B4 (R™), BY (R™)),,4:5 @ = 0,1, with 7; € B defined

by (2.21) with ¢; in place of ¢. Now the reiteration theorem (see [94], Theorem 2) yields

(BG2 (R™), BoL (R™))y.q = (B (R™), B34 (R™))q,

where

plt) =rolt) 7 (245

Direct calculations show that p may be expressed in terms of the function ¢ given by (2.28),
1
namely p(t) = ¢ (tso—ﬂ ) Applying Theorem 2.3.7 once again we get
(Bya(R™), By (R™))pq = Bpy(R™),
which completes the proof. O
Remark 2.3.9. We did not go into details when mentioning the use of the reiteration argu-

ment in the proof above. However, it is not hard to check that all the assumptions required

in Theorem 2 in [94] are satisfied.

Example 2.3.10. Let s, 51 € R. If ¢o(t) = 1%, ¢1(t) = t°* and v(t) = t? (0 < § < 1), then

the formula corresponding to (2.27) is

(B18720 (Rn)’ Bls7¢1]1 (Rn))%q = B;q (Rn)a

s:=(1—60)sp+ 0s1, so # s1, which is the statement (i) given in Theorem 2.4.2 in [132]. In

fact, we have ¢(t) = t(,(fosgsl) = t(1=0)s0+0s1 — 45 here the restriction sy # s; comes from

the assumption on the Boyd indices of %
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Further notes

Real interpolation with function parameter was developed by Peetre in [102] in the sixties
of the last century. This theory has been also studied by other authors such as Gustavsson [61],
Kalugina [74], Merucci [93, 94], and Persson [105, 106]. We dealt with function parameters
belonging to the class B, which was very suitable according to our purposes. However, in a
general theory, there are other possibilities for classes where the interpolation parameter may
be taken from (see the references above).

Theorem 2.3.8 extends Theorem 5.3 (1) of Cobos and Fernandez [23] to the quasi-Banach
case. As we have mentioned before, this was not a mere generalization of the earlier result.
This fact was stressed by Cobos and Fernandez when they announced a new paper dealing
with the case 0 < p, ¢ < 0o (see the introduction in [23]). As far as we know, no paper has
appeared in that direction.

In this chapter we described interpolation properties of spaces B}‘fq(R”) for p fixed. Inter-

polation spaces with change of p will be investigated later in Section 3.2.



Chapter 3

Wavelet Bases in Generalized Besov

Spaces and Applications

Wavelet decompositions have applications to non-linear approximation and to numerical
resolution of some partial differential equations. In general, the consideration of wavelets in
numerical problems has the advantage of providing fast and efficient algorithms. Nevertheless,
our interest here in wavelets comes from their relevance in the theory of function spaces.
Wavelet bases give us the possibility of describing the elements of a function space in terms of
basic and simple “building blocks”. In general, an important point is that we can characterize
the original (quasi-)norm by means of certain sums involving the wavelet coefficients. On
the other hand, wavelet bases can be quite useful to study some intrinsic questions related
to functions spaces. Recently, for example, they were successfully used to estimate entropy
numbers of compact embeddings between weighted spaces (see [69] for details).

We refer to the monographs [28], [95], [139] and to the references therein for a detailed
discussion on wavelets. We also mention the paper [56], where wavelet decompositions of
anisotropic Besov spaces were provided in a multiresolution analysis framework.

Motivated by a recent work of Triebel [137] on wavelet bases in function spaces, we deal
with wavelet representations in Besov spaces with generalized smoothness. In [137] it was
proved, in particular, that compactly supported wavelets of Daubechies type form an uncon-
ditional Schauder basis in the classical Besov spaces B, (R"). Our main aim in this chapter is
to extend this statement to the spaces Bﬁq (R™) studied in Chapter 2, showing that the same

wavelet system also provides an unconditional Schauder basis in these spaces.
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We realize that it is possible to get the result without repeating the approach suggested in
[137]. Hence, instead of making use of all those powerful tools (atomic decompositions, local
means, maximal functions, duality theory), we try mainly to take advantage of the “classical
case” by means of suitable interpolation techniques. We would like to remark that interpolation
tools were recently used by Caetano [17] in order to get subatomic representations of Bessel
potential spaces modelled on Lorentz spaces from the corresponding ones for the usual spaces
H;(R™).

The content of this chapter is basically divided into two sections. In the first section we
study the wavelet representation of Besov spaces. For completeness, we will contextualize the
problem recalling what is already done in the “classical case”, and then we formulate our main
result as well as some of their consequences. In Section 3.2 we obtain new interpolation results

for generalized Besov spaces from an appropriate usage of wavelet representations.

3.1 Wayvelet representation for Besov spaces

The aim of this section is to obtain wavelet representations for the generalized Besov spaces
under consideration. We will make use of the system considered in [137] and follow the same
notation.

Let Ly = L =2"—-11if j € Nand Ly = 1. It is known that, for any r € N, there are real

compactly supported functions!

Yo € CT(RY), leC"(RY), I=1,...,L, (3.1)
with
/n 2’ Y x)de =0, BeNE, |8 <, (3.2)
such that
{2j”/2¢§.m L jENy, 1<I<L; me Z"} (3.3)
with
%m() _ o(- —m) , 7J=0,meZ" [I=1, (3.4)

Pt —m), jeN, meZ"1<I<L,

!The function vy in (3.1) is often referred in the literature as scaling function or father wavelet, while

functions ¢!, with [ = 1,..., L, are called (mother) wavelets.
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is an orthonormal basis in Ly(R").

The existence of such a system was proved by Daubechies |27, 28| in the one-dimensional
case. We refer to [95], Theorem 3, p. 96, or to [139], Theorem 4.7, for precise formulations and
further details. The extension to the n-dimensional case follows by the standard procedure by
means of tensor products.

Nowadays the systems {I/Jém} described above are known as Daubechies wavelet bases.
Their properties are sufficiently good to provide unconditional bases in many classical function
spaces.

Before passing to the discussion of concrete examples we briefly review important basis
notation. Recall that a family {z)}rea in a quasi-Banach space X (with A countable) is

summable, with sum z € X, if for every £ > 0 there exists a finite subset Jy C A such that

x— Y X

AeJ

< &, whenever J is a finite subset of A satisfying J O Jy. The summability of

o0

the family {z)}rea (with sum z) expresses the convergence of the series ) z,(;) (to z) for
j=1

every one-to-one and onto map o : N — A. This means that we may take any order for the

summation without changing the sum.

Definition 3.1.1. A sequence {b;}32, in a (complex) quasi-Banach X is called a Schauder

basis if every x € X admits a unique representation as
o0
z= ujbj, nj€C (3.5)
j=1

(with convergence in X ). If, in addition, {by(;)}32, is again a Schauder basis for any re-

arrangement o of N (i.e., o is an one-to-one map of N onto itself), and

=D Ho(y) boty) (3.6)
j=1

then {b;}32, is called an unconditional Schauder basis.

A detailed discussion on unconditional bases within the framework of the Lebesgue spaces
may be found in [139].

In the sequel ¥,., r € N, will stand for a Daubechies wavelet system {¢§m}(l,j,m)e 7 with
the properties (3.1)-(3.4) above, where I = {(l,j,m) : j € Ng, 1 <1 < L;, m € Z"}. We
also consider below I’ = {(,7) : j €Ny, 1 <1< Lj}.
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It is known that W, provides an unconditional Schauder basis in the Bessel potential spaces
Hy(R™) if 1<p<oo, r>]|s|
in particular in L,(R") if 1 < p < oo and r € N, and in the Besov spaces
By (R") if 1<p,g<oo, r>|s

(for details see [95], Chapter 6).
These examples show that the smoothness required on the wavelets in (3.1) should be
large enough, depending on the regularity of the functions that we pretend to represent. This

dependence will be also underlined in next subsections.

3.1.1 The classical case

The main aim in [137] was to extend the assertions above on unconditional bases in Sobolev
spaces and some Besov spaces to the entire scales By, (R") and Fy (R"). For convenience, we

recall here the main statement related to Besov spaces.

Theorem 3.1.2. Let se R, 0 < p<o0, 0<q<o00 and

2
r(s,p) ;= max <5, ?n + g - 3> . (3.7)

(i) Assumer € N with v > r(s,p) and let f € S'(R"). Then f € B, (R") if, and only if, it
can be represented as
f= > whpih, where p={uh}ajmer €y (3.8)
(l,gm)el
with summability in S'(R™) and in any space Bl (R"™) if t < s. Moreover, the representation
(3.8) is unique:
p=plf) with il (f) =2, 0. (3.9)

Furthermore, f — {27"(f, w§m>} defines an isomorphic map of B, (R") onto by, and

(Ljm)el

1£1 By R™)|| ~ [|(f) 155 (3.10)

(equivalent quasi-norms).
(i1)  In addition, if max(p,q) < oo, then (3.8) with (5.9) is summable in B, (R") and

{zﬁ;m}(l’jym)g provides an unconditional Schauder basis in B, (R").
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Here b, is the space of all complex-valued “sequences” ;1 = {Mé‘m}(l,j,m)e 7 such that

1/q

a/p
| B3l = ) 2ismn/pla ( > yug-m\p> < o0, (3.11)

(Lg)el’ mezn

with standard modifications if p = oo and/or ¢ = 0.
The “weight” 27(s=7/P)2 expresses some adaptation of the spaces bpq from [135], (13.13), to
the set of indices I. In this way, the normalization problem is shifted to the structure of the
sequence spaces. Note that the atomic decomposition theorem is an important tool for the

proof of Theorem 3.1.2.

Remark 3.1.3. The symbol (f, w§m> in (3.9), with f € B, (R") and wém € C"(R™), should
be properly interpreted since the functions wém are not in S(R™) in general. As remarked
in [137|, it makes sense if r > —s + o, (with o, := max(n/p — n, 0)), which is covered by
condition r > r(s,p). In fact, in that case, the function f may be interpreted as an element
of the dual of a space to which ¢§m belongs to. We take the opportunity to show how this
can be derived.

The case 1 < p < oo (0, = 0): Since 1,/1§»m has compact support then wé-m € W;,(R”) =
F;,Q(R”), where p’ denotes the usual conjugate exponent. Now we can show that f €

F o(R")" using embedding arguments (and noting that s > —r):

B;q(Rn) - B];:rlin(p,Q) (R”) - pré’(R'ﬂ) = ;’,2 (Rn),

The case p = oo (0, = 0): Taking into account the embedding B, (R") — B3, (R"), the
duality (f, ¢},,) makes sense if ¢t € BI{(R"). But ¢t € W[(R") — Bj (R"), which

follows from the fact that the quantity > ||D?f | B} (R™)|| provides an equivalent norm in
|Bl<r
B (R"), together with the embedding L;(R") — B} (R™) (cf. [132], p. 89). It remains to

observe that B (R") < By 7(R") when r > —s.
The case 0 < p < 1: The smoothness of @bém and the compactness of its support allow us to
conclude that ¢§'m € C"(R™), where C"(R™) denotes the completion of S(R™) in C"(R™). We

also have
o

C'(R")" = By 1(R")
(cf. [137]). Hence it remains to observe that

By, (R") = By ;7" (R") < By [(R")
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when r > —s 4+ 0, (see also [132|, Theorem 2.7.1).

The statements in Theorem 3.1.2 have been recently extended to weighted versions of B—

and F-spaces (see [69]).

3.1.2 The general case

The proof of Theorem 3.1.2 was based on atomic decompositions, characterizations by
local means and duality theory (we refer to [135] and [136] for details on these properties).
An important point there was that the Daubechies wavelets were simultaneously atoms and
kernels of those local means. In [137] there was also commented the possibility of getting a
similar result in the context of other scales of function spaces. To do that, it would be enough
to have the same tools available. However, as we mentioned before, we will not follow this
approach. Instead, we will consider a scheme based on interpolation techniques in order to
take advantage of the already known wavelet expansions for the classical context.

Let us introduce some generalized sequence spaces according to our purposes.

Definition 3.1.4. Let ¢ € B, 0 < p < 00, 0 < q < oo. The space bgq consists of all

complez-valued sequences p = {,ué.m}(

1j,m)el Such that
1/q
”N|bq|| = Z (¢(2J jn/p) (Z Mjm|p> (3.12)
(Lj)er o

(with the usual modifications if p = oo and/or ¢ = 00) is finite.

It is not hard to see that b pq 1s a linear space quasi-normed by (3.12). When ¢(t) = t*,
s € R, then bpq coincides with the space by, from (3.11). We would like to remark that sequence
spaces with this structure were introduced by Frazier and Jawerth [54], [55] in connection with
atomic decompositions of (classical) Besov and Triebel-Lizorkin spaces and they have been
used afterwards by many authors.

The interpolation property below will be very useful for proving our main result.

Proposition 3.1.5. Let ¢ € B and 0 < p, q, qo, ¢1 < 00. If s, s1 are real numbers fulfilling

51 < ﬂ$ < ag < so, then we have

(B30, bSL )y g = b2 (3.13)

Pqo’ “pq1 pg>

where v is defined as in (2.21).
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Proof. First of all we note that the spaces bpg and byt form an interpolation couple since they

are continuously embedded in byl . We can interpret b, as the sequence space (3’ (Lp(Z™))
with ¢ (t) := ¢(t)t~™/P, t € (0, 00), since the main role in the first sum in (3.12) is played by
j. Simple modifications show that formula (2.20) (with £ = £,(Z")) remains valid for these

spaces. On the other hand, the lower and upper Boyd indices of ¢; are given by

_ n
_aa—f

n
%1:ﬂ$—5 and O[a p

1

Taking o; = s; — %, 1 =20, 1, then we get o1 < ﬁ$1 < ag <00 and

90
tao—al
71(t) =

(i)

is the function given by (2.21). By formula (2.20) we obtain

(Cos (€p(Z7), L3H(G(ZM)), , = €3 (p(Z"))

)

which allows to arrive at (3.13). O

We would like to emphasize that the summability in (3.8) is not an additional assumption,

S
but a consequence of u € b,

Lemma 3.1.6. Let s € R, 0 < p< oo and 0 < g < oc0. If {uém}(l,j,m)el € by, and r is a
natural number such that r > max(s, o, —s), then {,uém wj'm}(l,j,m)éf is summable in By, (R")

if ¢ < 0o and in any B;q(]R”), with t < s, if ¢ = o0.

Proof. First we assume that ¢ < co. Properties (3.1), (3.2) and (3.4) of the system VU, show
that, for each [, j, m, the functions 2-7(s=7/p) ¢§'m are normalized 1,-atoms (j = 0) or (s, p),,—
atoms (j € N) according to [135|, Definition 13.3, ignoring constants which are independent
of ¢, j and m.

Let K be an arbitrary finite subset of I. For each [, the function f; := Z > ué-m é-m (with
the sums running over all indices j and m such that (I,j,m) € K) belorigsmto By, (R™). In

fact, we may write

- l . .
[ o Wi s 1f (1,5,m) € K
fl - Z Z luém @bém Where /‘Lém — jm

=0 meznr 0 , otherwise.
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On the other hand, 277(=/P) i b, (see (13.13) in [135]). So the “Atomic Decomposition
Theorem” (cf. [135], p. 75-76) ylelds

qa/p
[ Boy )7 < e 3 2/ (Zl m|p) <o

7=0 mezZm™

with ¢ > 0 not depending on [. Taking now the sum over [, we get the estimate

q

q/p
S i | By R <0 S e (zm]m\p) (.1)

(Lim)eK Lj

(the sums on the right-hand side run over all indices (I, j) and m such that (I,7,m) € K),
where C' > 0 is independent of K. From this estimate and from the summability of the two
families of positive real numbers involved in (3.12), we conclude that the partial sums on
the left-hand side of (3.14) constitute a generalized Cauchy sequence in the complete space
B, (R™), so that it converges in this space.

The summability in B}, (R") for t < s can be deduced from the previous case. Indeed,
one makes use of the atomic decomposition result as before (with ¢ in place of s) and observe

that b5 — bh, if 0 < u < oo. O

We are now prepared to give a wavelet decomposition statement for spaces Bg)q(]R") and

discuss some of their consequences.

Theorem 3.1.7. Let $ € B, 0 < p < 00 and 0 < ¢ < oo. Consider the system {%m}(l’j’m)g
as before. Then there exists r(p,p) such that, for any r € N with r > r(¢,p), the following
holds:
Given f € 8'(R™), then f € ng(}R") if, and only if, it can be represented as
Lot ith = Ik . b 3.15
Him ’IJZ)‘]m we K {/ij}(l,],m)el € 'Dq ( : )
(Lgm)el

(summability in S'(R™)). Moreover, the wavelet coefficients ,ué-m are uniquely determined by

W = pb (F) i=2T"(f, 0h,), (L, j,m) € 1. (3.16)

Further,
|71 B ®")

~ oz (3.17)

(equivalent quasi-norms), where p(f) = {Mém(f)}(l,j,m)EI
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Proof. Step 1. Assume that f € S'(R™) can be represented as
f= Z ,ué-m w;m (summability in S'(R™))
(1,5,m)el
for some p € bgq. Let sg, s1 € R. According to Lemma 3.1.6 above we conclude that the
operator
T: b +by)ly — B (R") + B (R™),
given by

TXN= Z )\é-m wé-m (summability in S’(R™)),
(l,gm)el

is well-defined and linear if, for example, r > max(r(so, p), r(s1,p)), where r(s;,p), i = 0,1, is
given by (3.7). Moreover, by Theorem 3.1.2 one concludes that the restriction of 7" to each b;’;l
is a bounded linear operator into B;fl (R™). Choosing sg, s1 above such that s; < 55 < ag < so
and by the interpolation property, Theorem 2.3.7 and Proposition 3.1.5, we arrive at the
conclusion that the restriction of T' to bﬁq is also a bounded linear operator into Bg)q(R").

Thus, f € Bj,(R™) and
1F 1 By R = IT 10| By(R™)|| < ¢ [l1a] 05|

for some ¢ > 0 independent of y and f.
Step 2. Now let f € B;fq. Assume that sg, s; and r fulfill the same conditions as in Step 1.
Consider the operator
S B (R") + B)L(R™) — 0% + b)Yy
defined by
Sg=mug) = {Qj” <<go, Wim) + (g1, ¢§m>)} : (3.18)

(Ljg;m)el
where g = go + g1 with g; € B’} (R"), i =0, 1. Theorem 3.1.2 (and Remark 3.1.3) shows that
S is well-defined, it is linear and its restriction to each B;fl (R™) is a bounded linear operator

into b;il. Taking into account the interpolation property as before, one concludes that the

restriction of S to ng(R”) is a bounded linear operator into b;fq as well. Therefore,

15 £ [Bpgll = () 105l < € ILf | Bpg (R, (3.19)

where ¢ > 0 does not depend on f. So, u(f) € b;fq and hence

9= Z Né’m(f) wé'm (summability in S'(R™)) (3.20)
(Lgm)el
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belongs to the space Bﬁq(R”) by Step 1. But Theorem 3.1.2 once again allows us to conclude
that TS is the identity operator, so ¢ = f. But we have (by Step 1),

1 1 By R < ¢ [la(f) | 05, (3.21)

¢ > 0 independent of f. Therefore, equivalence (3.17) follows from estimates (3.19) and (3.21).
It remains to show that representation (3.15) is unique. We do this next.
Suppose that f € B&(R”) admits the representation

f= Z uém w;m with p € b;fq (summability in S'(R™)).
(Lgm)el

Since By — B3 (R")+B5 (R™) — Bs! (R™) and bj, — b2 +b51 < b)) (note that so > s1),
then f € B, (R") has the representation
f= Z /"Lém T/’é'm with p € by, (summability in S'(R")).

which is unique by Theorem 3.1.2. The proof of the theorem is completed. O

Remark 3.1.8. We can choose sy and s; close enough to oy and 657 respectively, and take

2n n

r(¢,p) := max <a¢, o + 5 ﬂg) (3.22)

in Theorem 3.1.7. In fact, in that case, it is possible to choose € > 0 such that r is greater
than 65’ 27" + 5 = ﬁ$+ €, ag+e¢ and 2?" + 35— og. On the other hand, one can take sy and
s1 such that

[)L—e<51<ﬁ$§aa<so<ag+e.

<

In this way we have r > max (r(so,p), 7(s1,p)) as required in the proof above. In the par-
ticular case ¢(t) = ¢ one has ag = f5 = s, so that the quantity (3.22) coincides with the
corresponding one obtained by Triebel [137].

Remark 3.1.9. We would like to remark also that we did not make a direct use of duality
results about the spaces B;fq (R™). According to (3.18), we have defined the symbol (f, ém>
in (3.16) as the sum of two quantities interpreted as in Remark 3.1.3. Of course, taking into
account the choice of sp and s; made above (which implies Bﬁq(R”) — B} (R")), one can

take fo =0 and f; = f, so (f, zpé.m) can be evaluated as described in that remark.
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Corollary 3.1.10. Let ¢, p and q be as in Theorem 3.1.7. If r € N is large enough and

q < 00, then {lbé'm}(l,jm)el provides an unconditional Schauder basis in B;fq(R”).

Proof. According to Theorem 3.1.7, all we need to do is to check that the family involved in
(3.15) is summable in Bﬁq(R”) (if p, ¢ < 00). We proceed as in the first part of the proof of
Lemma 3.1.6: observe that ¢(27)~127/p wé-m are 1,-N-atoms (I =1, j = 0) or (o,p)p,N-
atoms (j € N) according to Definition 4.4.1 in [52], with o = {#(27)};en, and N = {27 },en,.
Hence, it is possible to use the “Atomic Decomposition Theorem” from [52], Subsection 4.4.2,
in order to get the counterpart of estimate (3.14), that is,

q

a/p
ST | B ®Y)| <e S (o)) 270mr) (Z rujm|p>

(1,j,m)eK lLj

with ¢ > 0 independent of K (K being an arbitrary finite subset of I'). We also have to assume
that r > r(¢, p) satisfies the conditions mentioned in that theorem restricted to our particular

case. We conclude now as in Lemma 3.1.6. O

The wavelet expansion obtained in Theorem 3.1.7 gives the following information about

the structure of the spaces By (R™).

Corollary 3.1.11. Let ¢, p, q and r be as in Theorem 3.1.7. Then

T: fr— {2 ) }

(Ljm)el

establishes a topological isomorphism from BZZ(]R”) onto bﬁq (with (f, ¢;m> interpreted as in
Remark 8.1.9 above).

Proof. This result follows at once from the properties of the operators 1" and S studied in the

proof of Theorem 3.1.7. O

3.2 Interpolation properties of spaces B]‘fq(R”) with change of p

This section may be viewed as a continuation of Section 2.3, where we have discussed
interpolation formulas for the spaces B&(R”) with p fixed. Contrarily to that case, the
change of p leads to different interpolation spaces, which are not included in the scale given by

Definition 2.1.2. This is not a surprise if we have in mind the classical situation corresponding
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to the smoothness ¢(t) = t* and to the interpolation function parameter v(t) = t’. Indeed,

Theorem 2.4.1 in [134] shows that

(Bpog(R™), By, g(R"))o,q = Bpy(q) (R™), (3.23)

poq p

%D:lp;oe—i—p% (withseR, 1 <pg#p1 <oo,1<g<ocand0<6<1), WhereB;q(q)(]R") is
the space obtained from (1.10) replacing L,(R™) by the Lorentz space Ly,(R™).

The counterpart of (3.23) for the generalized spaces Bffq(]R") was obtained in [23], lead-
ing to the introduction of more general spaces, defined as in Definition 2.1.2 but with some
generalized Lorentz space in place of L,(R™).

Only the Banach case was considered in [23] (see Theorem 5.8) and no reference was made
concerning the general situation. We realize that the method of retraction and co-retraction
described in Section 2.2 will help to deal with the quasi-Banach case. However, the approach
followed in Section 2.3 has to be changed, since the replacement of L,(R™) by the local Hardy
space hy,(R™) would require the knowledge of interpolation results with function parameter
for spaces h,(R™) (compare with (3.34) below), which are not available.

Following a suggestion of Caetano, we propose a new approach based on wavelet decom-
positions given by Theorem 3.1.7. The key point will be the usage of those representations
for functions in B;,bq(R”) to construct a new retraction (and the corresponding co-retraction).

First we need to introduce some auxiliary spaces. Following [22], [94], we consider Lorentz

sequence spaces over Z" as follows.

Definition 3.2.1. Let ¢ € B and 0 < ¢ < co. The Lorentz space A\g(p,Z") consists of all

bounded complez-valued sequences a = {am tmezn having a finite quasi-norm

o)

1/q
la|Aq(p, Z")|| == (Z [p(k) aj_]* k‘_l) if 0<q<oo,

k=1
la | Aq(e0, Z")|| »= sup [p(k) af ] if g =00,
keN

where {a} }ren, 5 the non-increasing rearrangement of {am tmezn, given by
ap =inf{0 > 0: #{m e Z": |an| >0} <k}, keN,.

If p(t) = t'/P with 0 < p < oo, then A\,(p,Z") is the Lorentz sequence space £p,(Z"),

which in turn is the classical space £4(Z") of g-summable sequences when p = q.
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Remark 3.2.2. The normalizing condition ¢(1) = 1 for functions ¢ belonging to B plays only
a technical role. There is no problem to consider spaces of the type Ay(n,Z") with functions
7 : (0,00) — (0,00) for which n(1)~!n € B. In fact, they coincide with \,(n(1)~1n,Z"), up

to equivalence of quasi-norms.
We also need to introduce a more general version of spaces bf,)q from Definition 3.1.4.

Definition 3.2.3. Let ¢ € B and 0 < p, q, v < c0. Let also T = {p;}jen, C B. We define

b¢=(y)

g 0 the class of all complex-valued “sequences” u = {Né‘m}(l,j,m)el such that

1/q

[ i (3.21)

= X [sen2

(Li)el

{tymYmezn | Xp(ps, 2")

(with the usual modifications if ¢ = 00) is finite.

b,(v)

Notice that (3.24) defines a quasi-norm in by .

Example 3.2.4. If p;(t) = t'/? for every j € Ny and v = p, then b%(;z = bf:q is the sequence

space given by (3.12).

When p = ¢ we shall write only b%(qu ) instead of b%(q'g for short. This sequence space
together with the Daubechies wavelet systems considered in the beginning of Section 3.1 allow
us to introduce a generalized space of Besov type as follows.

Let ¥, = {¢§m}(l,j,m)el be a wavelet system with the properties (3.1)—(3.4) (in particular,
each wavelet is a real function in C"(R™)). If f € Bﬁoq(R”) + Bg’lq(Rn) (with ¢ € B, 0 <
Po,P1,q < 00), and f = fo+ f1, fi € Bg)iq(R”), i = 0,1 is any decomposition of f, then the

quantities (f, wém), given by
<f7 ¢§m> = <f07¢§m> + <f17w§'m>7 (l7j7 m) € I? (325)

with (f;, wé ) interpreted as in Remark 3.1.9, are well-defined if we take r € N large enough,
e.g.

7> max (7(¢, po), (¢, p1)) , (3.26)
where (¢, p;) is defined by (3.22).

Note that the quantity (f, @Dém} does not depend on the decomposition of f taken as the
sum f = fo + f1, with f; € B;fiq(}R"), i=0,1.
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Definition 3.2.5. Let ¢ € B, 0 < po,p1,q, v < 00 and Yp,p = {pjljen, be a family
of functions in B depending on po, p1. Let also ¥, = {wjm} 1.jm)er be a Daubechies wavelet

system with the natural number r fized according to (3.26). We define the space B¢ (), [¥ }(R”)

071+
as
B @) = {[ € Bl (R") + Bj (R W) e vy 1
where in W, (f) = {2 (f, 0k Vajmyer (f0h,) is given by (3.25).
The space qu;’zj(;:l[ir} (R™) is naturally quasi-normed by
|#1BE0 )| = w1052 |- (3:27)

Now we are able to present the main statement of this section.

Theorem 3.2.6. Let ¢ € B, 0 < pog # p1 < 00, 0 < ¢ < oo. Let also v € B with
0< By <ay<l1. Then

B¢7(P0)7[‘1’r](Rn) (qu (R"), B® (R™))+.4 ‘—>B¢ (po),[¥r }(Rn)’ (3.28)

ro,>p1:9 Ppogq p1q Po p1-9

where Tpy p, = {Ay,pop1 (7) pj}jeNO’ Cpop = {A"/JJO:IJI ()" p }jeNo’ with

tro )
p](t) = (27jn( 1 N L,L) ,» JE€ N07 (329)
¥ TP/ tpo P1
and
—in 1 .
Agpon () =7 (277" Ga 30 ) 5 (276s70) e Mo, (3.30)

Proof. Step 1. By Theorem 3.1.7 we may construct a retraction R from bf,’iq into Bg’iq(R"),
1 =0, 1, defined by

Riphnt = > 4l vl (summability in S'(R™)) (3.31)
(Ljm)el

and a corresponding co-retraction J from Bgiq(R") into bf,’iq, given by

TS = {gm (N} with @, (f) = 27 (f, 05, (3.32)

where the duality in (3.32) is interpreted as described above. Taking into account Theorem

2.2.6 (and Remark 2.2.7) we get

| 71(B g (R, By R | ~ (|77 (s B (3.33)



3.2 Interpolation properties of spaces Bﬁq(R") with change of p 47

Step 2. Let us study the sequence interpolation space in the right-hand side of (3.33). We
observe that {bf,’oq,bg’lq} forms an interpolation couple since both spaces are continuously
embedded in £y (EOO(Z”), Q_jmgi)@j)). Each space b}iq, i = 0,1, may be interpreted as
a suitable weighted sequence space, namely {4 ({p,(Z™"),w"), where w' = {¢(27) 27].1’%}(,’]')61/

(cf. the notation from Chapter 1). By Proposition 3.2 (and Section 5) in [106] we obtain

(bq (€o(Z"), "), g (€5, (Z7),07)) = g ((Upo(Z7), €5y (Z7))1,.: w5) (3.34)

)

where
11

Bty =~ (27" ), jen,

If we put 3; = % then 7; € B for every j € Ny. Furthermore,

(gpo (Zn)v €p1 (Zn))’mq - (gpo (Zn)’ gpl (Zn))sj,q

(1)
where ﬁ (Lpo (Z), £y, (Z7))g,,q denotes the space (Lp,(Z"), L, (Z"))s, 4 equipped with the

quasi-norm ﬁ | - [lg;,¢- Now Theorem 3 in [94] yields

(epo (Zn)7£p1 (Zn))%,q = )‘q(ﬁjazn)a (3'35)

where \;(p;,Z"), j € No, are Lorentz sequence spaces (see Definition 3.2.1) and p; = 7;(1) p;,

with p; given by
t7o

pi(t) = ———-
NCE

Notice that (3.35) may be written in the “non-normalized form” as

j € Np. (3.36)

(Lo (Z7): p, (Z7));.0 = Aa(p5, 2"), 5 € No (3.37)

(recall also Remark 3.2.2).
Taking into account formula (3.34), we also need to known how the equivalence constants

from (3.37) depend on j. By Proposition 2.2.2; the following statement holds:

1 1

o1 1\ 1 11 :
7 (2" ) ) < (270 <7 (276 T) ), £ 0, jeN,
These inequalities together with (3.37) (in the case 7 = 0) give

1 Cin( 1\ 1 " /i1 n
=7 (27" %) A0, 2 S W Dy < €7 (2750770 ) 11 [0 (p0, 27
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with ¢ > 1 not depending on j. From these estimates we arrive at

1 A n , n .
= Aapom )7 1 1oy 21 <1 Dl € € Aypon () 1+ 1 Aalpg: 27 € No,

where Ay . () is given by (3.30). Thus

Ag(Aypopr (3) pis Z) = (Upo (Z7) Lpy (Z7))n. = Aq( Ay po.pm (j)_l pj, L"),
where now the “embedding constants” are independent of j, which leads to

b¢7(p0)

Tpg,p1:4

— b0 (3.38)

Tpy.p1,@°

- (bf’)OQ’ bglq)%q
with Ty p = {Aypo,p1 (7) Pitjen, a0d Tpopr = {4y pow (1) ) }jeNo'
Step 3. Finally, let us derive the interpolation statement (3.28).

The inclusion (Bf,)oq(R”), Bglq(R”))%q C BF’(pO)’[%] (R™) follows immediately from (3.38).

po,>r1:9

B¢’(p0)v[wr](Rn))

Tpg,p1:4

then we have f = fy + f1 for some f; € B;fiq(IR{"), i1=0,1,and Jf € bi}’gozl ¢ C (bﬁoq,bglq)%q.
Hence, we also have RJ f € (Bg)oq(]R"), Bfflq(R"))%q. But

The remaining inclusion in (3.28) may be shown in the following way. If f €

RIf=RIfo+RIfr=fo+1=1,

so that f € (Big(R™), Big(R™))-4-
As regards the equivalence of the quasi-norms, it follows from (3.33) combined with defi-

nition (3.27). O

Remark 3.2.7. The restriction py # p; arises when we apply Theorem 3 from [94], while the

restriction ¢ < co comes from Proposition 3.2 in [106].

Remark 3.2.8. The quantities Ay, p, (j) above cannot be uniformly estimated with respect
to j in general (consider, for instance, the functions v = ¢, from Example 2.2.1, with
a € (0,1) and b # 0). All we can say is that A, 5, (j) € [1,00), j € Np, which follows from
the properties of the class B.

In the classical case y(t) = t? (0 < 6 < 1), we have A, () = 1, so that, in this case,
Theorem 3.2.6 gives us an exact interpolation formula, that is, the corresponding endpoint

spaces in (3.28) coincide (up to equivalence of quasi-norms).
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Further notes

We have extended the wavelet representation from [137] to the Besov spaces Bg)q(R”) by
real interpolation with function parameter. In this way we avoided the usage of local means and
maximal functions (according to [135], Section 2.4.6 and p. 109, formula (55), respectively).
The statements in Theorem 3.1.2 were recently generalized to anisotropic spaces in ([138]) by
using an anisotropic version of the arguments from [137].

Section 3.2 presents a new possible way to obtain interpolation results based on the con-
struction of retractions from wavelet expansions. In a sense, this is an inverse approach to
that one followed in Section 3.1.

Theorem 3.2.6 provides information about the interpolation spaces between spaces Bffq(R”)
in the case when p is changed. Since the sequence {A, ,, ». (J)}jen,, defined by (3.30), is not
bounded in general, we can only “estimate” the space (B{?Oq(R”), Bf;lq(R”))%q from below and
from above. In this sense, our result does not provide a direct generalization of Theorem
5.8 in [23|. Nevertheless, the statement (3.28) will become an exact interpolation formula if
we find constants, playing the role of A, (j), which could be absolutely estimated (with
respect to 7). In that case, the corresponding result would give an alternative description of
the interpolation space when the range of parameters coincides with the corresponding range
in Theorem 5.8 in [23].

In this chapter we discussed interpolation properties and wavelet decompositions for gen-
eralized Besov spaces. An interesting question would be to obtain corresponding statements

for the generalized Triebel-Lizorkin spaces.
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Part 11

Riesz and Bessel Potential Spaces of
Variable Exponent and Pointwise
Inequalities on Variable Sobolev

Spaces

o1






Chapter 4

Lebesgue Spaces with Variable

Exponent

4.1 A brief historical outline

In this section we give a brief description of the historical background for the variable
exponent Lebesgue spaces. We make no attempt at completeness, so that we do not go into
many details in general. Further information may be found in the surveys [33], [80] and [122].

Probably, Lebesgue spaces with variable exponent appeared in the literature already in
1931 in an implicit way. In a paper by Orlicz [101], some convergence problem seemed to
have been discussed in connection with the Holder inequality. These spaces appeared later in
a book by Nakano [98| as an example illustrating the theory of the so-called modular spaces.
We refer to [71], [72] and [97] for a detailed presentation on general modular spaces and further
references.

Apparently, Lebesgue spaces of variable exponent (on the real line) were first studied as
a special object by Sharapudinov [124]. In this paper, notable efforts to understand these
spaces were made, starting with their topological structure and allowing general measurable
exponent functions. Sharapudinov studied some other properties of these spaces, such as the
existence of unconditional bases ([125]) and the boundedness of convolution operators ([126]).

A remarkable progress in variable exponent spaces was made in the beginning of the 1990’s
with the paper by Kovacik and Rakosnik [85], where several basic properties were established.

It should be noted, however, that the basic theory of these spaces has been independently
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developed by other authors. In this line, we also refer to the papers [42], [44], [51] and [120].

Roughly speaking, Lebesgue spaces with variable exponent are obtained from the classical
L, spaces by allowing the exponent p to vary from point to point. This simple procedure gives
rise to some undesired effects. For instance, these “new” spaces, sometimes called generalized
or variable Lebesgue spaces, are no longer translation invariant. At the first glance, the failure
of essential properties restricted strongly the techniques available and often used in the context
of the classical spaces. Nevertheless, the discovery of the appropriate smooth condition (the
log-Hélder continuity) for managing varying exponents led to the beginning of a new stage.
The boundedness of the maximal operator, proved for the first time by Diening [30], was an
important breakthrough as far as operator theory is concerned. From this point, a multitude
of results were derived, mainly concerned to the behavior of classical operators coming from

harmonic analysis.

The increase of interest to variable Lebesgue and to the corresponding Sobolev spaces may
be confirmed by the many papers published during the last years. Among them, we refer to
[44], [112], where the denseness of smooth functions was considered, to [31], [34, 35, 36|, [43],
[41], [81, 83, 84], [118, 119|, and to the recent preprints [20], [24], where various results on
maximal, potential and singular operators in variable Lebesgue spaces were obtained. We also
mention the papers [45], [46], [47], [65], [L08] on Sobolev type embeddings, and (38|, [53], |66],
[67], [68], [78], [113, 114], as well as the recent preprint [32], for further results on the variable

exponent framework.

The interest in these spaces is justified not only by theoretical reasons but also by their
importance in some applications. Variable exponent spaces arise naturally in modelling prob-
lems of fluid dynamics, elasticity theory ([111]) and image restoration ([89]). Moreover, some
mathematical models coming from these applications are related to the so-called variational
integrals and differential equations with non-standard growth conditions. Nowadays there are
many papers showing a strong connection between variable exponent spaces and variational
problems of such a type. For instance, we refer to the papers [1, 2, 4], [15], [21], [48], [49], [50],
[142], and to the former paper by Zhikov [141], where these problems started to be studied

related to the so-called Lavrentiev phenomenon.
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4.2 Definition and basic properties

Everywhere below {2 is assumed to be a domain in R"™.
Let p: ©Q — [1,00) be a measurable bounded function, called a variable exponent on €,

and denote

Do :=esssupp(z) and p, = ess inf p(z).
z€Q o Sy

Definition 4.2.1. The Lebesgue space with variable exponent Ly.y(S2) is defined as the space

of all measurable functions f on Q for which the modular

Ipy.a(f) 1=/ﬂ!f(a:)|p(‘”)d:c
s finite.

This is a Banach space endowed with the norm

||f||p(.)7Q = inf {)\ >0: Ipoe <§> < 1} , fe Lp(.)(Q). (4.1)

When p is constant then Ly.y(£2) coincides with the standard Lebesgue space Ly(2) (ac-
cording to (1.2) with € in place of R™) and the norms in both spaces are equal. A detailed
discussion on the properties of these spaces may be found in the papers [44], [51], [85], [119],
[120] and [124]. We also refer to the papers [38] and [99], where discrete analogues of spaces
Lyy(82) were studied.

In order to emphasize that we are dealing with variable exponents, we shall write p(-)
instead of p to denote an exponent function. In what follows, the omission of the € from
the notation means that we are working with 2 = R™. For example, we will then only write
| - lp.y instead of || - ||, rn to refer to the norm (4.1). We consider this assumption for short,
and we will make use of it throughout the text with other notations.

The spaces Lp(.)(Q) inherit some properties from their classical analogues. In fact, under
the additional assumption p, > 1, they are uniformly convex, reflexive and its dual space is

(isomorphic to) L, (.)(€2), where p’(-) is the natural conjugate exponent given by

=1, zeq. (4.2)

Nevertheless, there are some basic properties of the classical Lebesgue spaces which are

not transferred to the variable exponent case. For instance, the space Lp(.)(]R”) is no longer
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translation invariant. As a consequence, Young’s theorem and the so called mean continuity
property fail in general (see [85], [53], [119] for details).

We notice that the assumption p, > 1 is quite natural when one deals with the conjugate
space of L,)(€2). It often proves to be necessary within the framework of operator theory in
these spaces, starting with the boundedness of the maximal operator (see Section 4.3 below).

Hence, in what follows, we always consider exponents p(-) such that
1 <py <p(x) <pg <oo, z€ (4.3)

We will often assume the uniform logarithmic assumption

A
ple) =P < > wye |r—yl<1/2, (4.4)

lz—y]

on the exponent (Ap > 0 not depending on z). This local condition, usually called log-
Hélder continuity or Dini-Lipschitz continuity, arises naturally when one deals with variable
exponents, both as integrability index (see, for instance, [3], [107]) and as variable order of
the Holder condition (cf. [76, 77], [110]).

This assumption allows to prove a multitude of results in variable exponent spaces. Note
that (4.4) implies
2N Ay

In 2N 7
[z—y|

Ip(z) — p(y)] < r,y€Q, |r—yl <N, (4.5)

where N € N.
In general, when we deal with unbounded domains, the exponent p(-) is also supposed to
have a logarithmic decay at infinity, namely

A

15234 0 4.6
In(e + |z|)’ T e (4.6)

(%) = poo| <

where ps > 1 and Ay, > 0 are constants independent of x. This assumption was considered
in [119] and it is equivalent to the uniform condition

C

—_— Q > |z|. 4.7

Ip(z) — py)| <

Conditions (4.4) and (4.7) are optimal to get various results on operator theory in the

context of the spaces Ly(.)(£2).
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The Sobolev space Wp(.) (©2), m € Ny, is introduced as the space of all measurable functions

f on Q whose (weak) derivatives D f up to order m are in Lyy(2). The norm

A lmpre =D ID°Fllper0r | € Wity (), (4.8)
|B]<m

makes Wp(_)(Q) a Banach space.
For completeness, we briefly state some essential properties of variable Lebesgue and

Sobolev spaces. Their proofs can be found in the papers mentioned above.

Lemma 4.2.2. (Hélder inequality) There exists ¢ = ¢(p) > 0 such that

[ 1@t de < el ol
forall f € L,y(Q) and g € Lyy((Q), with p'(-) given by (4.2).

A central property of these spaces is that the convergence in norm is equivalent to the

modular convergence.

Lemma 4.2.3. Let f € Ly)(Q2). Then || fllp),0 < c if and only if I,y o(f) < ca. Given
{frtkeny C Lpy(Q), then || fillp).0 — 0 if and only if Iy o(fx) — 0, as k — oo.

As in the classical case with constant exponents the following embedding holds.

Lemma 4.2.4. Let p(-) and q(-) be exponent functions such that p(x) < q(x) almost every-
where in Q. If 2 is bounded then Lgy.)(Q2) — Lyp.)(2) with

£ llp).0 < X +12D 1 £llqe).0-

Another important tool is the denseness of smooth functions in variable exponent spaces.
The class C5°(§2) consisting of all infinitely differentiable functions with compact support in
Q is dense in L,)(€2). This was shown in [85], Theorem 2.11, together with the first basic
properties of these spaces. However, the denseness of this class in the Sobolev spaces Wp(.)(Q)
proved to be a more difficult problem and the solution required additional assumptions on the

exponent. The following statement was proved by Samko [112]|, Theorem 3.

Theorem 4.2.5. The class C§°(R™) is dense in WZ?(T‘)(R”) under the assumption (4.4) on the

exponent p(-).

The proof of this theorem was based on the uniform boundedness of dilation convolution

operators. Other denseness results on general domains can be found in [30], [44], [51] and [70].
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4.3 The Hardy-Littlewood maximal function in L,.) spaces

The mazximal function, Mg, of a locally integrable function f is defined by

Maqf(x) =sup 1

_— f)|dy, x €.
r>0 |B($,T‘)’ B(x,r)ﬂQ‘ >‘

This is an important tool in the study of classical operators from harmonic analysis such
as potential type operators and singular integral operators. While the behavior of Mg on
standard Lebesgue spaces L, () is well-known, its boundedness on variable exponent spaces
Ly (§2) remained an open problem for a long time. It was first proved by Diening [30] over
bounded domains, under the assumption that p(-) is log-Holder continuous. He later extended
the result to the case 2 = R™ by supposing, in addition, that the exponent p(-) is constant

outside some large fixed ball; see [31].

Diening’s result was independently improved by Nekvinda [100] and Cruz-Uribe, Fiorenza
and Neugebauer [25] by obtaining the boundedness of Mg over general unbounded domains
), for exponents not necessarily constant at infinity. In the former, some integral condition
was imposed, while in the second it was assumed that the exponent has a certain logarithmic

decay at infinity. The statement in [25] runs as follows.

Theorem 4.3.1. If the exponent p(-) satisfies the conditions (4.3), (4.4) and (4.6), then the

mazimal operator Mg is bounded in L.y (€2).

The logarithmic Hoélder continuity assumptions on the exponent are sufficient to derive
several results based on the boundedness of the Hardy-Littlewood maximal operator. Fur-
thermore, they are close to necessary. This is why conditions (4.4) and (4.6) are widely used
in the theory of L.)(§2) spaces nowadays. We mention the papers [25] and [107] for concrete
counter-examples in R

We notice that weighted boundedness results for the maximal operator were studied in
[84].

For simplicity, we shall denote by P(£2) the class of all exponents p(-), 1 < Po < Po < 0,
such that Mg is bounded in LP()(Q). Recently, Diening [29] has given a necessary and
sufficient condition for the exponent p(-) to be in P(R™) (see [29], Theorem 8.1).
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4.4 Convolution operators in variable Lebesgue spaces

Since Lp(.)(R") is not invariant with respect to translations, we should expect some prob-
lems related to convolutions. In general, the convolution operator does not behave well on
these spaces, contrarily to what happens on Lebesgue spaces L,(R™) with constant exponent.
Therefore, Young inequality does not hold for variable exponents if we take an arbitrary inte-
grable kernel (see [118, 119] for details). In spite of the failure of this basic property, in [112]
it was shown that it is possible to use the mollifier technique within the framework of variable
Lebesgue spaces, if one assumes that the exponent satisfies the uniform logarithmic condition
(4.4).

The approximation problem via mollifiers is closely related to the boundedness of the
maximal operator (cf. [129], Section II1.2.2). Diening [30] observed that the Stein theorem on
convolutions with radial integrable dominants remains valid for the variable exponent setting.

The statement in [30], Corollary 3.6, runs as follows.

Theorem 4.4.1. Let ¢ € L1(R™) and define -(-) = e "¢(-/¢), € > 0. Suppose that the least

decreasing radial majorant of ¢ is integrable, that is, A := [p, sup |¢(y)|dx < co. Then
[y|>|z|

(i) sup|(f + pe)(z)] < 24 (MS)(2), f € Ly()(R"), = € R™.

If p(-) € P(R™), then also

(i) |1f * pellpey < e 1fllpey

(with ¢ independent of € and f) and, if in addition [, p(x)dx =1, then

(1) f*@e — f ase—0in L,y (R") and almost everywhere.

Theorem 4.4.1 is an important tool which allows us to obtain boundedness of various
concrete convolution operators, even in the case when they are defined by the Fourier transform
of their kernel. Later we shall discuss some examples.

Having in mind further goals, we would like to remind the Riesz transforms given by

R; f(x) = lim cn/| ’%Ljﬂ flx —y)dy, ji=12,...,n, (4.9)

e—0 y|>e |y
which are convolution type operators defined in the principal value sense. It is already known
that R; are bounded operators in L.)(R") as long as p(-) € P(R"). This follows from more
general statements given in [24| and [34| on the boundedness of singular integral operators in

variable Lebesgue spaces.
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Singular operators on spaces Ly have been studied also in other papers. We refer to [82],
[83], where weighted boundedness results were obtained and to [35], where Calderén-Zygmung

singular operators were considered related to the half-space.

4.5 Fractional integrals and fractional maximal operators

The study of fractional integral operators on variable Lebesgue spaces is an important

topic in our thesis. We recall here their definition.

Definition 4.5.1. Let 0 < o < n and f € LI*°(Q). The fractional integral of order o, I§,

also known as the Riesz potential, is defined by

i) = [ A0

[z —y[rm
The function f is sometimes called the density of the potential Zg f, being this designation

inspired by physical backgrounds.

Remark 4.5.2. It is also possible to consider Riesz potentials of variable order o = (), z €
Q (see [118], for instance). In that case, we shall write Ig(') instead of Z&. We will make use

of these “variable potentials” later, in Chapter 7.

The classical Sobolev theorem on fractional integrals says that Z& is a bounded operator

from L,(€2) into Ly(€2), where ¢ is the Sobolev exponent given by % = % — o, withl<p<?Z
(see, for example, [129], Section V.1.2). The boundedness of Z& on Lebesgue spaces with
variable exponent was firstly considered by Samko [118|, where a conditional result for bounded
domains was proved. After Diening has proved the boundedness of the maximal operator, the
conditional Sobolev theorem in [118| became an unconditional statement. For further goals,

we recall here the statement in [118], which was stated for general potentials of variable order.

Theorem 4.5.3. Let § be a bounded domain. Suppose that p(-) satisfies (4.4) and o = o(x)

satisfies the conditions

ess inf a(x) >0, esssup a(z)p(x) < n, (4.10)
and let Tlm) = ﬁ — #, x € Q). Then there exists ¢ > 0 such that

|

07|, <elflbr e L@, (4.11)
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Diening [31] proved the Sobolev theorem on R™ for p(-) satisfying the local logarithmic
condition (4.4) and being constant at infinity. Some weighted version of the Sobolev theorem
on R™ was obtained by Kokilashvili and Samko [81]. Weighted estimates were also given in
[84] for potential type operators of variable order, associated with weighted estimates for the
maximal operator. More recently, Capone, Cruz-Uribe and Fiorenza [20] proved the Sobolev
theorem on arbitrary domains for exponents p(:) not necessarily constant at infinity. Their

statement for the case of the whole space R" runs as follows.

Theorem 4.5.4. Let 0 < a <n andlet 1 <p <p < 2. Assume also that p(-) satisfies the

log-Hdolder conditions (4.4) and (4.6). Then there exists ¢ > 0 such that

IZ%Fllay < e Mfllpys f € Lipg) (RY), (4.12)

where q(-) is the Sobolev exponent given by

1

1 —_
q(z)  p(x)

Remark 4.5.5. Theorem 4.5.4 is sometimes referred to in the literature as the “Hardy-

, TeR™ (4.13)

3Ie

Littlewood-Sobolev theorem”, since its corresponding version for constant exponents was first
proved by Hardy and Littlewood in R' and then extended to the multidimensional case by

Sobolev.

Closely related to the Riesz potential operator is the fractional maximal function defined
by
M) =swp o [ gy, 0<A<n, (4.14)

r>0 |B(z,7)|'"% JB(ar)ne
where f is a locally integrable function. This is a classical tool in harmonic analysis, being
also used to study the behavior of Sobolev functions.

Although the Hardy-Littlewood maximal operator may be regarded as a limiting case of
Mg (by taking A = 0), their mapping properties on the Lebesgue spaces are quite different.
It is known that the behavior of the fractional maximal operator is similar to the behavior
of the Riesz potential operator of the same order, in terms of norm inequalities. For classical
results on this subject see the monographs [5], [37] and [129].

In Chapter 7 we will use generalized versions of maximal functions by allowing variable

orders as well. For future use, we state here a boundedness statement obtained in [81].
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Theorem 4.5.6. Let Q be a bounded domain. Let p(-) satisfy (4.4) and A(x) satisfy the

conditions
ess inf A(z) >0, esssup A(z)p(z) < n, (4.15)
e z€Q
Ao 1A
and let ORI - Then
A(-
M )qu(,m <cllfllperos  f € Ly (4.16)

Observe that (4.16) follows from the well-known pointwise estimate
AC A(-
Mg f(@) < e O (f)@), weQ,

(see [5], p. 72) and from the Sobolev type Theorem 4.5.3.

The boundedness of the fractional maximal operator on general domains €2 was obtained in
[20], Theorem 1.6, under the same assumptions on the exponents p(-) and ¢(-) as in Theorem
4.5.4, but now over ). As a consequence, the classical Sobolev embedding into Lebesgue
spaces was extended to the variable exponent setting in the case 2 = R" (see [20]|, Theorem

1.7). We state it here for completeness.

Theorem 4.5.7. Suppose that the exponent p(-) satisfies the uniform conditions (4.4) and
(4.6). If 1 <p<p< [, then
Wp() (Rn) — Lq() (Rn),

1 1
wherem—@—%, :ﬂGR"

This may be proved as in the classical case (see [143], Remark 2.8.6) by making use of the

denseness argument given in Theorem 4.2.5 above.

Remark 4.5.8. The first version of the Sobolev embedding theorem on R™ was obtained
by Diening [31] under a stronger condition on p(-) at infinity, namely he assumed that the
exponent was constant outside some large ball. In the same paper, he also obtained corre-
sponding embeddings for bounded domains 2 with Lipschitz boundary, assuming only that
p(+) is locally log-Hoélder continuous. Diening’s results generalized earlier statements given in

[45], [47] and [85].
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Inversion of the Riesz Potential

Operator on Variable Lebesgue Spaces

The behavior of the Riesz potential operator Z% have been studied by many authors within
the framework of the Lesbesgue spaces with variable exponent. Starting with earlier results
from [118], several statements were given leading to the generalization of the Sobolev theorem
(cf. Theorem 4.5.4). In general, the content of this chapter may be seen as a continuation of

the study of the mapping properties of 7% on L,.) spaces.

Our main aim is to show that hypersingular integrals provide an inverse operator to the
Riesz potential operator acting in Ly.y(R™). This is a known fact when we deal with densities

from the classical Lebesgue spaces L,(R™); see [121] for details and references.

In Section 5.1 we prove the denseness of the Lizorkin space in the variable Lebesgue
spaces. We notice that the Lizorkin space is the appropriate class to deal with the Riesz
potential operator, since it is invariant with respect to this operator. Section 5.2 is devoted
to the consideration of hypersingular integrals of functions in L,.)(R"). We shall formulate
the inversion statement in Section 5.3. Finally, we pay some attention to the hypersingular
integral operator acting in L,.)(R") concerning its independence on the order of the finite

differences used in its construction.
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5.1 Denseness of the Lizorkin class in variable Lebesgue spaces

None of the classes C§°(R™) and S(R"™) is invariant with respect to Riesz potential operator,
since, roughly speaking, the Riesz potential of a nonnegative C§°(R")-function, not equal to
zero identically, slowly vanishes at infinity. This is a known fact and the details can be found
in [123], p. 493.

The appropriate class with the required property is the so-called Lizorkin space.
Definition 5.1.1. One defines the Lizorkin space ®(R™) via Fourier transform as
®(R") = {p € SR") : (D’P)(0) =0, B¢€ Ny}
where DB stands for the usual derivative.
The proof of the following statement may be found in [121], p. 46.

Proposition 5.1.2. The Lizorkin space ®(R™) is invariant with respect to the Riesz potential
operator T%. Moreover,

I¢@[R")] =2(R"), 0<a<n.

Now we shall prove that ®(R") is dense in L,.)(R") following ideas from [121], Chapter
2. Let us start with some convolution results.

For k € S(R") and f € L,)(R") we put ky(z) := N""k(x/N), N € N, z € R". The
convolution ky * f is then given by

kn * f(z) :/ k(y) f(x — Ny)dy, x€R", NeN.

In a certain sense, the lemma below can be regarded as an alternative to the Young

inequality.

Lemma 5.1.3. Let k € S(R") and f € Ly)(R"). If p(-) € P(R"), then

e gy < € £l
with ¢ > 0 not depending on N and f.

Proof. Having in mind results from Theorem 4.4.1, we observe that the least decreasing radial

majorant of k is integrable. In fact, since k € S(R™), we have

n k(Y
sup |k(y)|dx = / sup (1-+ |y[2 — 7 dx
/R" ly|>|e| Rr |y|2\x|( ) (1+y?)

n 1
< sup (14 |y/*)" |k 7 dx < 0.
/n Lean( W) RO T e
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Hence, the statement (ii) of 4.4.1 allow us to arrive at the uniform estimate
e Py < €1,
with respect to N (and f as well). O
Lemma 5.1.4. Let k, f and p(-) be as in Lemma 5.1.3. Then
[N fllp.y — 0 as N —oo.

Proof. Since Cg°(R™) is dense in L,)(IR™), it is sufficient to check the convergence for ele-
ments in this class. In fact, taking ¢ > 0 arbitrary, there exists @5 € C§°(R"™), such that

If = @sll,.) < 0. Thus, by Lemma 5.1.3, we have

v * fllpy = len = (f =05+ @5)ll
< ke (f = @8)llpy + 1k @51l
< Cf = esllpey + I1kn = @l
< OO+ kv * sl

for all N € N. Hence, if the statement of the lemma is valid for elements of C§°(R"), we get

[k i) < €6,

lim

N—o00
and obtain the desired result in view of the arbitrariness of § and the independence of the
constant C on N.

It remains to justify the passage to the limit for f € C§°(R"™). In this case one has
kn * f € S(R") for all N, which implies kx  f € Ly(R") N L(R™). Moreover,

Ly(R™) N Lp(R™) < Ly (R™)

with

IN

Vo« fllpy < max (len = £, by + £1l5)

[k £l + Nkn o+ iz -

IN

At this stage, we may proceed like in [121], p. 42, where the case of constant exponents

p(x) = p was treated.
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Let q € {g, ﬁ}. If ¢ = 2 then

ey I8 = [ 10 ) AWy 0 as N =, (5.1

which follows from the Parseval identity and from the Lebesgue dominated convergence the-
orem. The case ¢ # 2 may be reduced to the previous case as follows. Let > 1 be a number
such that ¢ is located between 2 and r. Since f € S(R"™), then we may apply the Holder
inequality and get

[y Fllg < ln o+ £l ™ M1k = £

with A € (0,1) given by A = %%. Now we derive the convergence [|ky * f||, — 0 (as N — oo)
in view of the uniform estimate ||kx * fl|,. < [|k|[1 || f]|, combined with (5.1). O

We are able now to formulate the main statement of this section.

Theorem 5.1.5. If p(-) € P(R™), then the Lizorkin class ®(R™) is dense in the variable

Lebesgue space Ly (R™).

Proof. Since S(R™) is dense in L.y (R™) (see [85]), it is sufficient to approximate each element
in S(R™) by elements in ®(R"), in the norm of L,.)(R").

Let f € S(R™). Consider u € C*°([0,00)), such that p(r) = 1 for r > 2, p(r) = 0 for
0<r<landO0<pu(r) <1 Weput

Un(x) = p(N|z|)(F~'f)(z), z€R", NeN,
Then we have ¢y € S(R™) with ¥n(x) = 0 when |z| < 1/N. If we define fy := Fin then

fn € ®(R™). Moreover, considering the notations v(-) := u(| - |) and vV (-) := v(N-), and

making use of the properties of the Fourier transform on S(R"™), we successively have

@)= 07| Pl =)o = Ny dy= f(@) = @m)7" [ N = 0l(/N) o =) dz
— f@) - Cn) " [ Pl oM - 2 ds

n

= flz) — 2m)"F (2m)"[1 - o] F7'f) (2)
= fla) = FF ' fx)+ F (o - F7'f) (x)
= fn(2).

Taking the kernel k(y) = (2m) " F[1 — v](y) in Lemma 5.1.4, one obtains

Jim 1 = Sl = Jim e ) = 0,
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which completes the proof. O

5.2 Hypersingular integrals on L, ., spaces

An important fact concerning hypersingular integrals is their application to the inversion
of potential-type operators. There are many papers on this subject, but we only refer to the
monographs [121] and [123], where several references and historical remarks may be found.

A typical hypersingular integral has the form

! / (Af’f) (@) dy a >0, (5.2)

dn,e(x) y|nte

where Ag f denotes the non-centered finite difference of order £ € N of the function f,

l L ‘ _1\k ¢ o n
(AN =D (D ) fle—ky), yeR" (N, (53)
k=

0
and dy, ¢(c) is a certain normalizing constant, which is chosen so that the construction in (5.2)
does not depend on ¢. The precise value of d,, ¢(«) is not important for our purposes. We
refer to [121], Chapter 3, for full details concerning the normalizing constants.
It is known that the integral (5.2) exists (for each z € R™), for instance, for functions
f € S(R™) with £ > «. In fact, in that case, from the Taylor’s formula with the remainder in
the integral form (see Lemmma 3.7 in [121]), we derive ](Aéf)(w)] < C(, f) ly|*. Hence,

[(AYf) @], |(AY) ()] [(AYS) ()]
/n W= /|y<1 dy+/|y|>1 W

|y|to |y |t |y |t
dy dy
< o / W) £l /
i<t ly[ntet l>1 1y
< Q.

Remark 5.2.1. For simplicity, in this chapter we consider only non-centered finite differences
in the construction of the hypersingular integral. Nevertheless, centered differences are also
admitted if we introduce necessary modifications. The important fact here is that the order
¢ should be chosen according to the following rule (as stated in [121], p. 65), which will be

always assumed from now on:

1) in the case of a non-centered difference we take ¢ > 2 [%} with the obligatory choice £ = «

for a odd;
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2) in the case of a centered difference we take ¢ even and £ > o > 0.

We remind that the centered differences are defined as in (5.3), but with  — ky replaced by
T+ (% — k) y in the right-hand side. In Chapter 6 we shall make use of centered differences

in an explicit way.

In general, the integral in (5.2) may be divergent, and hence it needs to be properly

interpreted. Let us start with the following definition.

Definition 5.2.2. Let f € LﬁOC(R”) and o > 0. The truncated hypersingular integral operator

of order a is given by

o floy= L (8y1) (=)
D@ = gy | el 20 (5.0

The operators Df’, behave on L,.)(R") as follows.

Proposition 5.2.3. If p(-) € P(R"), then the truncated hypersingular integral operator D,
is bounded in Ly (R™), for every e > 0.

Proof. We have

DG f ()]

IN

ly|>e |y|n+a

4
¢ / |f(z — ky)|
Y+ dy
( y|>5 ’y|n+a kz <k> ly|>e ’y|n+a

IN

where the convolutions

|f(z — ky)|
)= [ dy = &
ly|>e ‘y|n+a |z|>ke ’Z‘n—’—a
generate bounded operators in the space Lp(.)(R") by Theorem 4.4.1 (they are convolution
operators with radial decreasing integrable kernels).

To estimate |[DF_flly(.), it suffices to evaluate I, (D, f) assuming that | f[,.) < 1. Taking



5.2 Hypersingular integrals on L.y spaces 69

estimate (i) of Theorem 4.4.1 into account, we obtain

p(z)
Lo (D) < C(Q,@/Rn< |+Z<> e.a) Mf(z )) dz
< Cat) [ (If@PD -+ Mp@)y) da
= Cle,a,0) (Ipy (f) + Lp(y (M)
< C(g,a,0),

where the value of C(e, @, £) may change in the chain. Recall that Mf € L,.y(R") because
we assume p(-) € P(R").
Now, since || f||,.) < 1 implies I,.y(f) < 1, then I,y (M f) < C for some constant C' > 1.

Therefore I, <%> < 1, which allows us to arrive at the inequality

H gEfH Ce,a,0) (see (4.1)).

O

Remark 5.2.4. When p(z) = p is constant, the proof is easier. In fact, in that case, it suffices
to apply Minkowski inequality and then to make use of the property HAg f Hp <c | fllp, where

¢ > 0 does not depend on y.

Remark 5.2.5. From Proposition 5.2.3 and Theorem 4.4.1 one concludes that the composi-
tions D’ 7 are well defined on the space L,.)(R") when p < >

The hypersingular operators we are interested in are operators defined by a suitable limiting

process. More precisely, we intend to deal with operators of the form
Dff:=lmDg.f,  a>0. (5.5)
e— ’

According to our purposes, the limit in (5.5) will be taken in the norm of L,)(R"). This
makes sense in view of the Proposition 5.2.3 above.

We recall that the order ¢ of the finite differences is chosen taking into account the rule
from Remark 5.2.1, so that “many” possibilities are allowed. However, it is possible to ensure
the independence of the hypersingular integral on £. We will return to this question in Section
5.4.

Sometimes Dy is also called the Riesz fractional derivative since it can be interpreted as a

certain positive fractional power of the Laplacian operator (see Section 5.3 below).
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5.3 The inversion theorem

The Riesz potential operator T may be seen as a negative fractional power of the Lapla-
cian, namely

I8f=(=A)"2f, 0<a<n, (5.6)

which can be shown for sufficiently smooth functions f from basic manipulations with Fourier

transforms (cf. [129], p. 117). On the other hand, the Riesz derivative Df realizes the positive

fractional powers of the same differential operator,
D f=(=A)2f, a>0, (5.7)

as is shown in [121], p. 57, for functions f € ®(R™). Identities (5.6) and (5.7) suggest that
the hypersingular operator generates an inverse operator to the Riesz potential operator Z¢,
being it clear over the Lizorkin class ®(R™). However, this statement holds also on the whole
domain of Z¢ within the framework of the standard spaces L,(R™) (see [121] for details).
Our aim here is to extend the inversion results from [121] to the Lebesgue spaces of variable
exponent.

Before dealing with the inversion problem we need to introduce some basic notation.

Definition 5.3.1. We define the Riesz kernel of order o, 0 < a« < m, as

1
ko(z) i= —— |z|*77,
@)= S !
where v, () = % is the well-known normalizing constant.

We make use of the kernels k¢, and Ky, as in [121], Section 3.2:
¢

Fral@) i= (A k) (2) = ! Z(—l)T<f)\x—rel|a_”,

where e; = (1,0,...,0), and
1
Krale) = g [ Fnalu) dy (5.8)
dn,e(Q)|Z|™ Jjy1<|a|

The kernel (5.8) has the following property:

Lemma 5.3.2. Let 0 < o < n. Then there exists C' > 0, such that

>, 2] <1
Kealz)] <C

|o¢—n—€*

|z , 2l >1

where £* =0+ 1 if £ is odd and ¢* = { otherwise.
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The proof is essentially technic and it may be found in [121], p. 68.
A key step in the inversion of the operator 7% on classic spaces L,(R") is the following

representation formula for potentials:
Dy f(z) = K, *p(z), z€R", >0, (5.9)

where K7 ,(z) = L Koo (£) and f=T%, with ¢ € L,(R"), 1 < p<n/a and 0 < a < n.

€

First of all, we intend to obtain this kind of representation but now in the context of the
spaces of variable integrability. We cannot extend this identity to the spaces Ly,.)(R") directly,
but its validity on L,.)(R™) may be obtained by considering the linear sum Lz(R™) + L,(R")

as follows.

Theorem 5.3.3. Let 0 <a <n and 1 <p <p < =. Then for any p € Lz(R") + Lp(R"),

and consequently for any ¢ € Lp(_)(R"), the following representation formula holds:
DzEIacp(x) = Z,acp(x), ze€R™, >0, (5.10)
where K7 ¢ := K, *¢.

Proof. Let ¢ € L,)(R") and € > 0 be fixed. Recall that

DZ&IQ@@) - dn,el(a) /|y>e |y’i+a <A§ (Ia@) (@) dy

and

abl@) = [ oo =) Kial)dy. (5.11)
From (5.9) we have DZZ : Ly(R") — Lp(R") and DZZ? : L5(R") — Lp(R™). Hence, we
can define D2Z% on Ly(R™) + Lp(R™) in the natural way. On the other hand,

Ly)(R™) C L(R™) + Lp(R"),
since we can split ¢ into ¢ = o + @1, with g € Ly(R") and ¢y € Ly(R"), where

o), le(@)] >1

0, otherwise.

wo(r) =

Making use of representation (5.9) for each term, we get

]D)Zsl—a(p = Dzazagpo + DZEIa(pl = Kza@ﬂ + Ki,agol = KZOAO'
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Corollary 5.3.4. Let 0 < o < n and p(-) € P(R") withp < §. Then the compositions Dy I

are uniformly bounded in L, (R™) with respect to ¢, that is,
HD?,EIQQOHP(.) <c ”SOHp() ’ V(p € Lp()<Rn)v
where ¢ > 0 does not depend on € > 0.

Proof. The proof follows from (5.10) and from the uniform estimate given in statement (i7)
of Theorem 4.4.1. Note that the kernel Ky, has an integrable decreasing radial majorant in

view of the bounds given in Lemma 5.3.2. O
The inversion result below is basically a consequence of the arguments discussed above.
Theorem 5.3.5. (Inversion theorem) Let p(-) € P(R") and p < %. Then
DiI% =, @€ Ly)(R"),
where the hypersingular operator Dy is taken in the sense of convergence in Lp(.)(R”).

Proof. Since the least decreasing radial majorant of Ky, is integrable (cf. Lemma 5.3.2) and
K¢o has the averaging property [, Kro(x)der = 1 (which is a consequence of the choice of
the normalizing constant), then we can pass to the limit in (5.10) in the norm || - [|,.) (see

(7i7) of Theorem 4.4.1), and write
lim Dy 7% = lim Kj , * ¢ = .
e—0 7 e—0 7
O

Remark 5.3.6. From Theorem 4.4.1, we may conclude that the convergence holds almost

everywhere as well, under the same conditions:
lim D7 Z%(2) = ¢(x),
e— ’

for almost all z € R".

5.4 On the independence of the hypersingular integral on the

order of finite differences

Let us return to the independence problem introduced at the end of Section 5.2. As

discussed there, any order of finite difference is admissible in the sense of the rule stated in
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Remark 5.2.1. We intend to prove the independence of Dy f with respect to £ within the
framework of the variable exponent Lebesgue spaces.

Let us start with the following identity, which is the analogue of Lemma 3.26 in [121].
Lemma 5.4.1. Lete >0, 0 <a <n and p(-) € P(R™). Then for any f € Ly (R"),
Ko.aD% e f = K, oD o f (5.12)
where K5, is the convolution operator (5.11), 7 =0,1.

Proof. The proof is basically the same as in [121], Lemma 3.26. For completeness, we briefly
point out the main steps.

First, one obtains (5.12) for f in the Lizorkin space ®(R™). For this, we note that we may
write f = Z% for some ¢ € ®(R™) (see Proposition 5.1.2), then apply equality (5.10) and
use properties of the Fourier transform on convolutions. After that we extend the equality
to the whole space L,)(R™) by continuity. Note that ®(R") is dense in L, (R") because
p(-) € P(R™), by Theorem 5.1.5. Moreover, the operators involved in (5.12) are bounded:
boundedness of KZ ., follows from statement (ii) of Theorem 4.4.1, while the boundedness of

]D)Z_’ . was proved in Proposition 5.2.3. O

We are able to deal with the independence problem as follows.

Theorem 5.4.2. Let f € L,)(R") and 0 < a < n. Assume also that p(-) € P(R™). Suppose

that the hypersingular integral
Df,f = limDf, ./
exists for some £y (in the sense of convergence in the L,y norm). Then for any other { for

which the derivative DY f exists (in the same sense), we have
Dy f = Dy, f.

Proof. Let f € Lpy(R™) and € > 0. All we need to do is to justify the passage to the limit in
the equality
t0,aDeef =Kg oD o f (5.13)

Lo,

given in Lemma 5.4.1.
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Assume that Dj, _f converges to D7 f in Lyy(R™). Then

HKZ,QD?Q,Ef - D?opr() = HKZQ (]D)?O,Ef - Dgof) + K?,Q]D)?Of - D?Qf”p()
I3 (B, o7 ~ DA, + IKELDE S ~ D7,

C |[Df, of — DG £l + K5 DG, f = DF |

IN

IN

where the constant C'is independent of €, because the operators K7 | are uniformly bounded in
Lp(,)(]R") with respect to . But the kernel Einng,a (g) constitutes an identity approximation,
so that we can pass to the limit as e — 0 in last inequality (see statement (7i7) of Theorem
4.4.1). So, we arrive at the conclusion that the right-hand side of (5.13) converges to Dy f in
Lyy(R™). On the other hand, taking into account that D7, f converges to D¢ f, we conclude
also, using similar arguments, that the left-hand side converges to D¢ f in L,.y(R"). Hence

the limits on both sides are equal, that is, D7 f = Dj f. O

This shows that the order of finite differences that we choose is irrelevant to the value of
the Riesz derivative. As a consequence, we can omit the parameter £ in D? f and simply write

D% f for functions f belonging to variable Lebesgue spaces, with 0 < a0 < n.

Remark 5.4.3. As mentioned before, the independence of the hypersingular integral on the
order of finite differences is a consequence of the choice of the normalizing constants. In
the case of functions in the Lizorkin class, the independence was already clear, according to
identity (5.7). Note also that we could extract similar information for functions of potential

type from the inversion Theorem 5.3.5.

Further notes

In general, we dealt with non-centered differences in this chapter. However, centered
differences could be also considered as long as necessary technical modifications were made
(we refer to [121] where full details are given).

The inversion of the Riesz potential operator was first investigated by Samko [115, 117] in
the context of the classical Lebesgue spaces. Theorem 5.3.5 above may be seen as one more
step in the knowledge of the mapping properties of the operator Z¢ within the framework of

the Lebesgue spaces with variable exponent.
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The Lizorkin class ®(R™) was intensively investigated by Lizorkin in connection with
function spaces of fractional smoothness (see [90], for instance). Its invariance with respect
to the Riesz potential operator is particulary important to deal with Riesz potentials in the
distributional sense (cf. [121]).

The denseness of ®(R") in the classical Lebesgue spaces L,(R™) was originally proved
by Lizorkin. An alternative proof of the same result was given by Samko in 1976 (see [121],
Theorem 2.7, for details). Our denseness statement given in Theorem 5.1.5 above was based on
Samko’s approach, under the assumption that the maximal operator is bounded in Lp(_)(IR{”).
An interesting problem would be to obtain the same result under weaker conditions on the
exponent.

Riesz fractional differentiation D* was introduced by Stein [128] in the case 0 < o < 2 to
describe the space of Bessel potentials (see Chapter 6 below). The generalization to the case
of arbitrary a > 0 is due to Lizorkin [90]. We refer to [121] and [123] where a systematic and

comprehensive approach to hypersingular integrals and their applications may be found.
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Chapter 6

Characterization of Riesz and Bessel

Potentials on Lp<,> Spaces

The generalization of the classical Sobolev theorem (see Theorem 4.5.4) to the variable
exponent setting was an important step in the operator theory on variable Lebesgue spaces. An

obvious consequence is that the range of the Riesz potential operator 7%, acting on L) spaces,

p(-

is contained into the corresponding Lebesgue space L.y whose exponent q(+) is determined

q(-
by (4.13). As in the classical case it is possible to obtain further information, giving an
exact description of the Riesz potentials of densities in L,.)(R"™) in terms of convergence of
hypersingular integrals. Such a characterization will be provided in Section 6.1, which partially
extends the known results from [121] for constant exponents p(z) = p.

In Section 6.2 we deal with function spaces of fractional smoothness defined in terms of
hypersingular integrals, and analyze its connection with the Riesz potential spaces.

Section 6.3 is devoted to the consideration of Bessel potentials on spaces Lp(,)(R"). Map-
ping properties of the Bessel potential operator acting in these spaces and a description of the
range of this operator in terms of Riesz fractional derivatives are provided. A special attention
will be paid to the study of the properties of two convolution kernels, which allow us to derive
important results and connections.

Section 6.4 contains a comparison of the spaces of Riesz and Bessel potentials on Lp(.)(R”)
with the Sobolev spaces W;?

The last section may be seen as a short note where an alternative proof of the Sobolev

)(R”) of variable exponent.

embedding theorem on R” is discussed.
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In this chapter, we shall consider both non-centered finite differences and centered ones
in the construction of the hypersingular integrals. However, when we write Ag without any
specification we mean a non-centered difference (as we did in Chapter 5). We point out that

we still assume the rule stated in Remark 5.2.1.

6.1 Description of the Riesz potential spaces

When p < 7 then the Riesz potentials of densities in L,,.)(R") are defined pointwise. Let

us introduce the following definition.

Definition 6.1.1. The space of Riesz potentials on Lp(.)(R”) 1s defined in a natural way as
_n
I Ly = {f €LY*(R"): f=T%, ¢e¢ Lp(-)(Rn)}a p<—.

Following approaches in [121], we will show below that the space Z%[L,.)] can be described
in terms of convergence of hypersingular integrals. First we give two auxiliary statements.

Let

dy
Ba’b7c(x) 2:/ .
re (Y121 + [y])blz — yl°

The following statement is contained in Lemma 1.38 in [121].

Lemma 6.1.2. Leta <n,b>0,c<n anda+b+c>n. Then
Bupe(z) < C (14 fo|meatemnO)) a5z -0,

ifa+c#mn, and

C

Ba,b,c(l’) < (1 + |x|)min(a+b+cfn,c)

as x| — oo,

ifa+b+#n.

Lemma 6.1.3. Let 1 <p < p(x) <p< %, € R", with0 < a < n. Let p/(:) be the usual

conjugate exponent and q(-) be the Sobolev limiting exponent given by ﬁ = ﬁ — = Ifp(+)
satisfies the logarithmic conditions (4.4) and (4.6), then so do p'(-) and q(-).

Proof. The proof follows at once from the inequalities

(@) =) € gy ) =P, @R
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and
@) - ) < —— Ip(z) — p(y) cR"
x) — —— |p(x) — x )
q q\y _(n—aﬁ)Qp Pyl Y
O
Theorem 6.1.4. Let0<a<n,1<gﬁﬁ<g,$:ﬁ)—% and let f be a locally

integrable function. Assume also that p(-) satisfies the log-Holder continuity conditions (4.4)
and (4.6). Then f € T%[Ly)] if and only if f € Ly)(R™) and there exists the Riesz derivative
Df (in the sense of convergence in Ly (R™)).

Proof. First, assume that f € Z%[L,)]. The fact that f € L, (R") follows from Theorem
4.5.4. On the other hand, as f = Z% for some ¢ € Ly.)(R"), then we have

DUf = imDIT% = ¢ (6.1)

according to Theorem 5.3.5, with the convergence taken in L, (R").

Conversely, let f € Ly.(R™) and suppose that its Riesz derivative D f exists. Our aim is
to prove that f = Z*Df and hence that f € Z%[L,,)].

Both f and Z*D*f can be regarded as elements of ®'(R™), the dual space of the Lizorkin
class ®(R™). Let us show that they coincide in this sense.

For all ¢ € ®(R"),

[ roiwowar = [ o) ([ P a

_ (ALF)(®) a
B ‘ll_r’% R (/z|>€ dn,@(a) |Z’n+a dz) g ¢(y) dy
4

S (=D)F () f(w) T(u + kz)
= lim / k=0 du | dz
=0 1z15e | Jrn dno(a) 2]

o (AL, 7%¢)(u)
B ;l_r’% R™ f(U) </|z|>z—: dn,e(a) |Z|n+a dz) u

= lim (u) D2Z%(u) du
e—0 Rn

= f(u) ¢(u) du.
R

We give some justifications about the arguments used in the chain above. The first equal-

ity follows from the Fubini theorem since the double integral converges absolutely. In fact,
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since |o(y)| < W with an arbitrary large N, then by Lemma 6.1.2, the Riesz potential

Z(|¢])(z) is bounded and Z%(|¢|)(z) < = as |z| — oco. Thus

e
(14|

dr
(1 + |z|) (=)' (2)

< 00,

Lo @ (o) = [ E D@l e <erte |

because ian (n — a)p'(z) > n. Hence, using Holder inequality we arrive at
TER™

/Rn ID*FWIZ (191 () dy < ¢ D fllpey TSNy < oo

In the second equality, we notice that the convergence with respect to the L,.)(R™) norm
implies weak convergence in ®'(R™) (note that Z%¢ € ®(R™) since this class is invariant with
respect to Z¢).

The third equality follows from similar arguments to those used in the first one, and then
by the change of variables y — u+kz, with fixed z. We only observe now that DZ'f € L,.)(R")
(cf. Proposition 5.2.3 and Lemma 7.8).

Finally, the last passage is obtained by making use of the Lebesgue theorem. Indeed, since
¢ € Lyy(R"), then DEZ% € Lyy(R™) (cf. Proposition 5.2.3 and Lemma 7.8 again), so
that f(-) (D2Z%¢)(-) € L1(R™). Then the result follows from the inversion theorem (Theorem
5.3.5).

To finish the proof, we observe that since both f and Z¢D“f are tempered distributions,
then Z¢D*f = f 4+ P, where P is a polynomial (see Proposition 2.5 in [121]). Therefore
f+ P € Lyy(R"), which implies P € Ly.)(R"). Thus we should have P = 0, which means
D f(z) = f(z) for almost all z € R™. O

We generalize another characterization which is contained in Theorem 7.11 in [121].

Theorem 6.1.5. In Theorem 6.1.4 above one can replace the assertion on the existence of
the Riesz derivative of f by the following uniform boundedness condition: there exists C' > 0
such that

1D fllyy < C (6.2)

for all e > 0.

Proof. 1f f = T%p for some ¢ € Ly.(R"), then (6.2) is immediate by Corollary 5.3.4.

Conversely, if sup ||Dgf|l,.) < oo then there exists a subsequence of {DZ2f}. ., say
e>0

{Dg, f},cn which converges weakly in Ly)(R") (note that L,)(R") is a reflexive Banach
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space under conditions 1 < p < p < c0). Let us denote its limit by g € L, (R"), and let
¢ € ®(R™). As in the proof of Theorem 6.1.4, we get

/ () (x) d /R 9(y) I°6(y) dy

= lim Dg, f(y) Z%¢(y) dy

k—+oo Jrn
= Jdim [ @570 s
= f(2) ¢(2) dz

R’ﬂ

The second equality follows directly from the weak convergence in Lp(.)(R") by noticing
that 7% € Ly y(R"), while the last one is justified by the convergence of D2 7% to ¢ in
Ly y(R™) (taking into account the inversion theorem and the Lemma 7.8 once again) and
from the fact that f € (Lgy(R"))" = Lgy(R"). Hence, as previously, one gets f = Z%g, so
that f € Z%[L,,]. O

6.2 Function spaces defined by fractional derivatives

Hypersingular integrals can also be used to construct function spaces of fractional smooth-

ness. Similarly to the classical case let us consider the space
Lo (R™) = {f € Lyy(R") : Df € Ly (R")}, o >0,

where the fractional derivative D is treated in the usual way as convergent in the L,.)(R")
norm. We remark that this space does not depend on the order of the finite differences (chosen
according to the rule from Remark 5.2.1), at least when 0 < av < n (see Section 5.4), which is

the case we are interested in. Lp(_)(R") is a Banach space with respect to the norm

1F 1S R = £l + D Fllp.

These spaces will be shown to be the same as the spaces of Bessel potentials. They are

connected with the spaces of Riesz potentials in the following way.

Theorem 6.2.1. Assume that the exponent p(-) satisfies the usual logarithmic conditions (4.4)

and (4.6). Let also 0 <a<nand1 <p<p<Z. Then

Ly (R™) = Ly (R™) N T%([Lyy()|.
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Proof. By Theorem 6.1.4 we only need to prove the embedding LIC;(.)(]R”) C Ly (R™) N
I%Ly()]- So, let f € Ly (R™). As in the proof of Theorem 6.1.4 (but here under the
assumption that f € L,.)(R") instead of f € Ly)(R") as there), we have f(z) = 7D f(x)

almost everywhere, so that f € Z%[L,,)]. O

Remark 6.2.2. Theorem 6.2.1 also holds if one takes centered differences (everything in the
proof of Theorem 6.1.4 works in a similar way). Hence, from this theorem we conclude that
the space L;‘(.)(R”) does not depend on the type of finite differences used to construct the

fractional derivative D%, at least when p < 7, with 0 < o < n.

For further goals, we will show that functions from L;‘(_)(R”) can be approximated by

C5°(R™) functions. We start with a preliminary denseness result as follows. By w0 (R™) we
denote the Sobolev space of all functions of L,.)(R") for which all their (weak) derivatives

are also in L.y (R™).

Proposition 6.2.3. The set C*°(R") N W

p(.)(R”) is dense in L

p(.)(R”) for all p(-) € P(R™).

Proof. For simplicity, we split the proof into two parts.

Step 1: Let us show that C°°(R™) N w0

in the case of variable exponents. If f € C*°(R"™) N w0 (R™) then we already know that

(R™) C LZ(_)(R"), which is not clear at first glance

/ BD@) Ly (R?) (6.3)

|y|nte
ly|>e

for any € > 0 (see Proposition 5.2.3). On the other hand, we have

/(Aif)(x)dy —0 as d—0. (6.4)

|y|nte
ly| <8 ()

To prove (6.4), we use the representation

_TZZ - kk,r<£>

|j|=r k= 1

/ DI kg (65)

0

(see [121], formula (3.31)) with the choice £ > r > «. Hence

ALf) j ,
/(| T d —chrjk/ /|yli+a (D7 f)(x — kty) dy | dt.

ly|<d lgl=r k=1 y|<é
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The change of variables y — ¢z yields

[ G S [0 (s () ) e 09

—r k=1
ly|<s lgl=r

where K are given by

J
Kj(z) = ‘Z‘iﬂx when |2/ <1 and Kj(z)=0 otherwise,

and 0y (t) = kdt. Since [j| = r > «, the kernel K has a decreasing radial integrable dominant,

so that Theorem 4.4.1 is applicable and we have

1 — )"t e M(DIf)(z) dt, (6.7)

[ S0 ) <o S S

=r k=1
ly|<é lgl=r k=

where ¢ > 0 is independent of 5 (t). Hence,

L
Lo /Wdy <cdIR N LG (M(DIf) — 0 as 5 —0. (6.8)

y|<é ll=r

We remind that the convergence in norm is equivalent to the modular convergence (see
Lemma 4.2.3). Further, under the present assumptions on p(-), the maximal operator M maps

L ()(Rn) into itself.

From (6.3) and (6.7) we see that the integral f Wl +(a) dy converges absolutely for all x
and defines a function belonging to L,.)(R"). Moreover by (6.8), it coincides with the Riesz
derivative:

/(Agf)(a:)dy / Wdy - /(A?l;f)(x)dy — 0 as € —0,

|ly|te |yt |yt
ly|>e () ly|<e ()

n

so that DYf € Ly (R™).

We would like to remark that some modification is needed if « is odd. Indeed, in that
case, we should choose ¢ = a so that we cannot proceed from (6.5) above (recall the rule from
Remark 5.2.1). Nevertheless, if we consider centered differences then ¢ > « already, and we
can proceed in a similar way.

Step 2: We use the standard approximation by using mollifiers (as in [121], Lemma 7.14). Let
¢ € Cg°(R") such that ¢ > 0 and [p, ¢(x)dz = 1 with supp ¢ C B(0,1). Put pp,(z) :=
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m" p(mx), m € N. Then ¢, € C§°(R") and supp ¢, C B(0,1/m). Given f € Lp(.)(R”) let
us define
o) = o @) = [ o) £ (o= L) dy,
m

Hence f,, € C*°(R"). Moreover, we also have f,, € Ly)(R") by Theorem 4.4.1 and D/ f,, =

n

DI (pm) * f € Lyy(R™). In the case of fractional derivatives we have, for each ¢ > 0 and
m € N,

DE fm = (DE )
that is,

D (pm * f) = pm * DL f,

which can be proved by Fubini theorem. Hence
D fu = lim (m * D2f) = o * D f = (D°f),,

where the second equality follows from the continuity of the convolution operator. In partic-
ular, one concludes that D f,,, € Ly (R").

It remains to show that the functions f,, approximate the function f in the Lp(.)(R”)
norm. Of course, || f — fullp) — 0 as m — oo by Theorem 4.4.1 once again. On the other

hand, using similar arguments, we have
ID*(f = fr)llpcy = DS =D frnllpy = DS = (DY) pllpy — 0
as m — oo, since DYf € L,y (R"™). O

Theorem 6.2.4. If p(-) is as in Proposition 6.2.3 withp < %, then the class C§°(R") is dense
in Lp(.)(R”).

Proof. By Proposition 6.2.3, it is sufficient to show that every function f € COO(R”)HWPO(‘?) (R™)
can be approximated by functions in C§°(R™) in the norm || - |Lz‘(.)(R”)H. As in the case of
constant p, we will use the “smooth truncation” of functions.

Let g € CO(R™) with p(x) = 1if |2| < 1, suppp C B(0,2) and 0 < p(x) < 1 for every
z. Define pm(z) = p (£), z € R, m € N. We are to show that the sequence of truncations
{tm [},en converges to f in Lp(,)(R").

The passage to the limit n%gnoo If =t fllpey =0 <= Tr}gnoo Ly (f = pmf) = 0 is directly
checked by means of the Lebesgue dominated convergence theorem. It remains to show that

L, y(DY(f — pm f)) also tends to zero as m — oc.
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Taking Remark 6.2.2 into account, we may consider centered differences in the fractional
derivative (under the choice ¢ > « with ¢ even). For brevity we denote vy, = 1 — piy,. As
centered differences can be written in terms of non-centered ones, we have

l

Arv Nz + Ly) (ASF )z + (L -k
Da(ymf)(l') _ 1 Z <Ii> /Rn ( y )( + Qy) ‘(y’3+af)( + (2 )y) dy

d"f(a)k 0

= dn,el<a>k (1) Amar e

=0

~

So we need to show that I,.y(Amkf) — 0 as m — oo, for k= 0,1,...,¢. We separately treat
the cases k =0,k =fand 1 <k </—1.

The case £ = 0: we have

Apof(2) = dny(a) vim(z) D" f(z) + By f () (6.9)
where
U (T ERY(x+ L
Bmf(l‘) — /Rn + 2y |y|r(L+l](A f)( + Qy) dy
_ / — (@ + 5y) (AN + 5y)
R" |y|te

The convergence of the first term in (6.9) is clear, so that it remains to prove that I,..)(By, f) —

0 as m — oco. Put

To estimate the term BY, f, we make use of the Taylor formula (of order 1) with the remainder

in the integral form and obtain

14 z+ Sy
Hm (:U—l— 21/) o (2 szy]/D (97 < - dt.

‘um <x + §y> — pim ()

where ¢ > 0 does not depend on x, y and m.

Hence

C
< Z 6.10
<yl (6.10)

As in the proof of Proposition 6.2.3, we can estimate BY, f in terms of the convolution of

the derivatives of f with a “good kernel” in the sense of Theorem 4.4.1. In fact, taking (6.10)
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and (3.31) in [121] into account, we get

ol ZZ[/ 1= (o (zm) 1P ) @

|J|—7"1/——
+/;i(1 i <9V(1t)nK<9V'(t)) ’D]f’)U ]
+:”L]ijll/ol(lt>”<<eyl<t>>"K<@(t))*Djf i

where K is given by
K(z)=|z|""'™" @ if |z2/<1 and K(z)=0 otherwise,
with 6, (¢) = vt — £ and under the choice r > o — 1. So

Ly(B <— ZI M(ID7f))] — 0 asm — oo.
=

For the term Bl f we may proceed as follows. Since p is infinitely differentiable and
compactly supported, then it satisfies the Holder continuity condition of any order. Hence,

for an arbitrary € € (0, 1], there exists ¢ = ¢(e) > 0 not depending on z and y, such that

'Mm <w + §y> — ()

When o > 1, we may proceed as previously by considering r < o < £. Putting all these

C
< e ly|=.

things together, one estimates B}, f(x) as in (6.11) with the corresponding kernel K given by
K(y)=———— when |y[>1 and K(y)=0 otherwise.

Under the choice 0 < £ < min(1, «—7), the kernel K above has an integrable radial decreasing

dominant, so that we can apply Stein’s theorem once more and arrive at the conclusion that
Ip()( <—ZI (|ID7f]) — 0 as m — oo.
|il=r

The case 0 < o < 1 can be treated without passing to the derivatives of f. In fact, in this

case, we may take £ = 2, and hence

. . ) i@l Sy,
()= </| jyrro—e ‘“/wm ylrre—s y+/|y|>1 ypra—e
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Each term can be managed by using similar arguments as above but now with the choice
O<e<a.

The case k = ¥¢: let

Afym £ _ ¢
Amef (@) /R n( ’ x;ii’lf@ L
|

) )
~ "')dy+/|y>1(m)dy
=: B?n,éf( )+ By, of (@)

Notice that (Agum)(z) =— (Agum) (2) =— (A v u) (£). So, according to (6.5), one gets

the estimate

s (=2 )] - it (52

(with £ > r > «a). Hence,

Y| r
<o <‘ ) S 1Dl < -

|7|="

c
B f(0)] < -5 (K + |fl) ()
where K is now given by

1 .
K(y)ZW if |yl <

N

and K(y) =0 otherwise.

Since 7 > «, the kernel K is under the assumptions of Theorem 4.4.1. As before, we get
HB Zpr ) — 0asm — oco.
As far as the term B}n,e f is concerned, when o > 1 we may choose £ > « > r and proceed

in a similar way as in the case k = 0 above. When 0 < a <1 we may take £ = 2 and get

[z =yl

|y|te %

(2%1) (59)
Bl < [ .

/ |1 () 2#(%)+M(%)Ilf<x—y>!dy
ly[>1

|y|to

/ \M(T)—u(i)\!f(w—y)ldw/ i C2) = G =l
ly[>1 ly[>1

IN

|y |t |y|te
c €l f(x —
< |yl \fim y)ldy
me Jigs1 Yl

for any ¢ € (0, 1] (with ¢ > 0 independent of m). Thus we arrive at the desired conclusion by

taking € < a.
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The case k € {1,2,...,¢ — 1}: as in the previous case, we have
Aky ) (x + Ly) (ASF ) (@ + (L — &
n Yy

= /y|§1(...)dy+/|y|>1(...)dy

= Bg@,kf(x) + Brln,kf(fU)-

We may estimate the term B?n ./ by noticing that

](AZVm)(x " ﬁw’ <c (“")k

m
and then by proceeding as above with an appropriate choice of r.
For the term B%%k we first consider the case o > 1. Since (]7) = (kljl), for [ =0,1,...,k,

we may write

T+ & = x+ & x+ L
s (2)-E O () +(5t)
=0

if k is odd. When £k is even, we can also represent our finite difference as the sum of the
k

first order differences of two appropriate terms since Z(—l)l(lf) = 0. In both situations
=0

we may again make use of the Holder continuity (of order €) of the function u. Finally, we

shall arrive at the desired estimate by using arguments as above, but under the assumption
0 < e <min(l,a—1). The case 0 < o < 1 can be easily solved by taking ¢ = 2. In that way,

we have k = ¢ — k = 1 and hence

[ (AL w (5] 185 @)
ly|>1

Bl f(@)] < e dy
(4) 15 (4 £z - )]
< e, G
1 |yt ly>1 |yt
so that we can proceed as in the previous cases. O

6.3 Bessel potentials on variable Lebesgue spaces

The main aim of this section is to describe the range of the Bessel potential operator
on L.y (R™) in terms of convergence of hypersingular integrals. This is known in the case
of constant p, see [121], Section 7.2, or [123], Section 27.3, and references therein. Here we

consider only the case p < & with 0 < a < n.
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6.3.1 The Bessel potential operator: basic properties
The Bessel kernel G, can be introduced in terms of Fourier transform by
Go(z) = (1+|z))"*%, zeR™ a>0.
It is known that G, admits the integral representation
o ¢t a—n dt
Gy(x) = c(a)/ et art 2z 5 TE R",
0

where ¢(a) is a certain constant (see, for example, [129], Section V.3.1), so that G, is a non-
negative, radially decreasing function. Moreover, Gy is integrable with [|Gq|l1 = Ga(0) = 1.

The Bessel kernel behaves at the origin and at infinity as follows ([123], Lemma 27.1):

clayn) |z|*™™, if 0<a<n
Gao(z) ~ 4 c(n) In <ﬁ) , if a=n (6.12)
c(a,n) , if a>n.
as |z| — 0, and

a—n—1
2

Go(z) ~ c(a,n) |z| eIl (6.13)

as |z| — oo.

This shows that Gy, is similar to the Riesz kernel at the origin and it has an exponential
decay at infinity.

We recall also the estimate

0 < Gu(z) < ckq(x) (6.14)
for 0 < o < n, where k,, is the Riesz kernel from Definition 5.3.1.

Definition 6.3.1. The Bessel potential of order o > 0 of the density ¢ is defined by

B%p(x) = - Galz —y) @(y) dy. (6.15)

For convenience, we also denote B¢ = ¢.
Theorem 6.3.2. Ifp(-) € P(R") then the Bessel potential operator B is bounded in Ly.y(R").
Proof. The boundedness of the operator B® follows from the properties of the kernel G,
described above. Taking into account Theorem 4.4.1, there exists a constant ¢ > 0 such that

1B%@llpiy = 1Ga * @llpey < ¢ llellp)s

for all ¢ € L,y (R"). O
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We are interested in Bessel potentials with densities in L,.)(R").

Definition 6.3.3. One defines the space of Bessel potentials' as the range of the Bessel

potential operator,
B[L)] = {f e L°(RY): f=B%, ¢ec Lp(,)(R”)} . a>0.

According to Theorem 6.3.2, the space B [Lp(.)], also called sometimes Liouville space of
fractional smoothness, is well defined, being a subspace of L, (R™) if the maximal operator is
bounded in L,)(R"), in particular, if the exponent p(-) is log-Hélder continuous both locally
and at infinity.

B*[Ly,] is a Banach space endowed with the norm

17 1B Lyl = llepllp.) (6.16)

where ¢ is the density from (6.15). Note that (6.16) provides a consistent definition, since
B*p = B*) implies ¢ = ). This can be shown as for the classical case (see [129], p. 135).

Proposition 6.3.4. If p(-) € P(R") and a > v > 0, then B*[Ly.)] = BY[Ly(.)]-

Proof. The proof follows immediately from the properties of the Bessel kernel and from the
boundedness of the Bessel potential operator. Indeed, if f = B%p for some ¢ € L,.)(R™) then
one can write f = BY(B* 7). Thus f € B7[L,.)] by Theorem 6.3.2. Furthermore,

1 I BY[Lpolll = 1B Y ellpy < cllelpey =: cllf [ B [Lpelll-

6.3.2 On two important convolution kernels

The comparison of the ranges of the Bessel and Riesz potential operators is naturally made
via the convolution type operator whose symbol is the ratio of the Fourier transforms of the
Riesz and Bessel kernels. This operator is the sum of the identity operator and the convolution
operator with a radial integrable kernel. Keeping in mind the application of Theorem 4.4.1,

we have to show more, namely that this kernel has an integrable decreasing dominant.

'As observed in Chapter 1, we adopt here a different notation for the Bessel potential spaces just to

emphasize that they are the range of the Bessel potential operator acting in L,)(R").
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We have to show the existence of integrable decreasing dominants for two important kernels
Jo and h,, defined by (6.17) and (6.18), respectively.
Let g, and h, be the functions defined via the following Fourier transforms

L

————=14gs(z), a>0, zeR" 6.17
(14 |z[?)= (@) (6.17)
(14 ]z ~
ST =] 4 ho(x), : R"™. 1
T+ [ + ho(x), a>0, x€ (6.18)
Observe that
1+ |z|® ~ .
————— = Go(z) + Gul(x) + 1. 6.19
T = el +ale) (6.19)

It is known that g, and h, are integrable (see, for example, Lemma 1.25 in [121]).

The following two lemmas are crucial for our further goals.

Lemma 6.3.5. The function g, defined in (6.17) has an integrable and radially decreasing

dominant.
Proof. If we denote p = (1 + |z|?)!/2, then we have
S —1=(1—-p )21

Taking the expansion into the binomial series we get

1-p?i-1=% () o= i<_1>k<%2> o gl

k=0 k=1

Hence, for each = # 0,

Wg 1= (-1 (a]iz) Gor(w) == 3 ela, k) Gap(w),

(14 |zf?) k=1 k=1
where Go;, is the Bessel kernel of order 2k. Therefore
o0
ga(z) =) clayk)Gog(z), =€R"™ (6.20)
k=1

Now, we stress that
ma(z) =Y |e(a, k)| Gax(x)
k=1

defines a radial decreasing dominant of g., which is integrable,

()2
ol < 3 |(7)] <
k=1

(%2)‘ < tmam as kb — oo (cf. [123], p. 14). 0

since
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Lemma 6.3.6. The kernel hy given by (6.18) admits the bounds

C
’x‘n—a

|ha(z)] <

as x| <1, a = min{1, o} (6.21)

and

c
|ha(x)] < P as |z > 1. (6.22)

where ¢ > 0 is a constant not depending on x.

Proof. We split the proof into two different parts.
Step 1 (proof of (6.21)): Let us start by representing the function e as a finite sum of Fourier

transforms of Bessel kernels plus an integrable function. To this end, we denote t = ﬁ
Then hy () = m —1, with 8 = §. But
1 1 1 s k4
tﬁ+(1—t)ﬁ_1:(1—t)ﬂ‘ 51 1—tﬁZ (1—t> -1
1+ (%_t) k=0
where the series converges if -5 < 1, that is, if ¢ < 1 or |z| > 1. Since %—t = 1*‘;';‘2 and
o= ﬁ, we get
> (L+ 2% o~ (=1
ha(z) = FE kz_: Fra. 1, |z| > 1.
For each natural number N, we can write
ha(z) = (1 + |z[?) Z T |a(k+1 — 1+ An(z), 2| >1, (6.23)
where [An(x)] < mﬁ Indeed, since mﬁ — 0 as kK — +oo (recall that |z| > 1), we have
L+]zP)? & (—1)F 1+]z)s 1 2%
|| Ed EAR N
E=N+1
Now it remains to represent the powers W in terms of the powers \/1‘17|2 We observe

that for any v > 0, taking p = /1 + |z|2, we have

L (1-2)”2:/}7 f(—l)j(‘” 2>p2j+¢M<p> . (625)

p J

oulo) = > 17T
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converges absolutely for p > 1, that is, for x # 0. But

¢M(p)‘ > 1 1 c > 1 1
IMP) | < ¢ < : (6.26
where we took into account that |z| > 1, that is, p > /2. Hence
oulp)| o e (6.27)
| = pMAL = M :
Then from (6.25) and (6.27) we get
M i(—/2
1 (_1)3( j ) N
2 W ey ) (028
j=0
where
~ C
|By ()] < PR as |z| > 1. (6.29)

Substituting (6.28) into (6.23) (with v = a(k + 1)), and taking M = N, we arrive at

N (_1)k+j(*a(kj+1)/2>

ho(z) = Z A5 a)ok +7rn(z), (6.30)
k,j=0
20
where the function N
rv(r) = An(a) + (1+ [2?) 2 Y BakH( (6.31)
k=0
satisfies the estimate
Irn(x)| < ﬁ, @ = N min(2, ),
for all |z| > 1 according to (6.24) and (6.29). Hence, we only have to choose N > m in

order to get the integrability of rx at infinity.
The estimate at infinity was given for |z| > 1, but the equality (6.30) itself may be written
for all x € R™, just by defining rx as

N
rn(@) = ha(z) = Y elk,j) Gajran(z), z€R", N>

k,j=0
k4§70

min(2, )’

where Gaj4q1, are Bessel kernels and c(k, j) := (—1)k+ (_a(kfl)m).
So, we have ry € Wy(R"™). In particular, ry is a bounded continuous function. Also, 7y

is integrable at infinity in view of the estimate above and hence rny € Wy(R™) N L;(R™). On
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the other hand, we have also F~lry € Wy(R"™) N L1 (R™), since ry is radial. Thus, F~1ry is

a bounded continuous function too. So, there exists C' > 0 such that

N N
ha(@)] < Y letk, DHGojran(@) + [Frrn(@) < Y lelk, ) Gajrar(@)| + O, x € R

Attending to the behavior of the Bessel kernel given in (6.12), we derive

1 c

GQjJFak(x) ~ |:L.|n—2j—o¢k (1’) - ‘$|n—min(1,a) as ’m‘ <1

when 2j + ak < n. Thus, we arrive at (6.21) with a = min(1, «). In the case 2j + ak > n we

arrive at the same estimate since
Gojrak(@) ~ C(2) + ak), |z] <1.
For the case 25 + ak = n we have the following logarithmic behavior:

1
Gojror(z) ~ In <|x|> L kl<l

But In <| ‘> ‘i,a for any a € (0,n). The proof of (6.21) is completed.
Step 2 (proof of (6.22)): To obtain (6.22), we transform the Bochner formula for the Fourier

transform of radial functions via integration by parts and arrive at the formula
7 C ° (m) n
Flale) = oy [ WO Ty e t0 63

(1+42)2

where wa(t) = Tree

t >0, and m is an arbitrary integer such that m > 1+ 3.
To justify formula (6.32), we make use of the standard regularization of the integral (cf.

[130]):

Flha(e) = @m) " lm [ elemvhy (y)) dy
eE— Rn

n/2 00 N
= (2m)” nhm (2m) e~ ho(t) 72 T jo—1(t]z]) dt
Ja T Jy

- ’x‘u Tplv—1 6_}0/ fe(O) " Jy—1(t|z]) dt
G / S Ty (1)) dt (6.33)

where J,_1(t) denotes the Bessel function of the first kind, v = %, m € N and

fo(t) == e ha(t), t>0, &>0.
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The second equality above follows from the Bochner formula for Fourier transforms of
radial functions, while the last is obtained via integration by parts and the relation

¥ ()] = 1 ()

(see (8.133) in [121]). Here we assumed that some quantities vanish, namely

7O (1) ¢ M@mﬂ —0, k=0,1,...,m—1. (6.34)

To check this for s (t) = a(t) - ¢alt) With pu(t) = (14 t2)2 and ¢u(t) = ﬁ, we observe

that
" [k/2] h—2j
k _ , _
Spoz (t) - <pa(t) j;ocj(a) (1+t2)k_j7 k 0717'”
and
(k) (¢ )t dy( k=1,2,...
o (1) Z T ta) 2,

where the constants ¢;(a) and d;(a) may vanish (but not all simultaneously), which may be

proved by direct calculations. For k£ > 1, we have

k
pB) = Y (k)sog)(t) ()

r=0 "
k-1 [r/2] iy k—r
k cila)t" == i t]a
= ¢a(t)z ) Z A (k=r) -
—\r = (14 ¢2)r—J = +t
(k/2] k—2j
+ Ya(t) (Ci(j)ti)k—j
7=0

k
90 =3 (V) et o - (e (6.35)

j=0
Let k € {0,1,2,...,m — 1}. Taking into account that .J,(u) behaves like u** for small
values of u, we obtain
FE )t Typp(tlz]) — 0 as t — 0.

—et tu—1/2

On the other hand, J,4x(u) behaves like ﬁ for large values of u. Since e goes

to zero as t — oo and

Y (t)‘ behaves like a constant (0 or 1, if j > 0 or j = 0, respectively)
when ¢t — oo, then

@) T n(tlz]) — 0 as £ — oo,
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which completes the verification of (6.34).

To derive (6.32) from (6.33), we notice that the functions fg(m) () t" Jygm—1(t|z]), € > 0,
are integrable in (0,00). In fact, the integrability at the origin follows from the asymptotic
behavior of the Bessel function, while its integrability at infinity follows from the definition of
the Gamma function.

We notice now that fs(m) (t) — w((lm) (t) as € — 0, by (6.35), and that the passage to the
limit in (6.33) is possible if one assumes m > 1 + , which yields (6.32).

To obtain (6.22) from (6.32), we observe that the following estimates hold:

)¢gn>(t>\ < ti as t>1 (6.36)

and

P e (e mlE]) s <t (6.37)

So, we have

C

1 ! m v ! a—m-—rv
Wrml/o WS O [ Tyrmr (2] dt - < !:vl”ml/o Y Ty (2] dt

N

Cc

||
W /O ta_m—H/ |Jy+m_1(t)’ dt

IN

c e "

W/o LT Ty (8)] di
C1

s

IN

if m > 14+ v + «, which guarantees the convergence of the last integral at infinity. On the

other hand,

1 > (m) v dt < c > vem g < C1
Jzr+m=T J, e O | Jorm—1(t|z])] t_W ! t t_W

under the same assumption on m. The proof is completed. O

6.3.3 Characterization of the Bessel potentials in terms of hypersingular

integrals

Lemmas 6.3.5 and 6.3.6 allow us to describe the range of the Bessel potential operator
through the Riesz fractional derivatives. Before to formulate the main result of this section,

we prove the following two statements.
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Proposition 6.3.7. Let 0 < a < n and p(-) € P(R") with 1 <p <p < Z. Then every

Y E Lp(.)(R”) can be represented as
¢ = BYI +Ud)(p +D%), (6.38)
where I denotes the identity operator and U, is the convolution operator with the kernel hy,.

Proof. Identity (6.38) holds for functions ¢ € C§°(R™). This follows immediately from equality
(6.18) above through basic operations with Fourier transforms (see (7.39) in [121]). The
denseness of C§°(R™) in Lz‘(.)(R") (stated in Theorem 6.2.4) allows us to write (6.38) for all
functions in Lp(.)(R”). To this end, we observe that both operators B* and U, are continuous
in L,y (R™). In fact, the boundedness of B* was proved in Theorem 6.3.2. On the other
hand, the convolution operator U, is bounded since its kernel has a radially decreasing and

integrable dominant by Lemma 6.3.6. O
Proposition 6.3.8. Let0 <a <nandlet1 <p<p< g Then
B =TI + Ku) v, (6.39)

for all o € Ly(R") + Lp(R™), where I is the identity operator and Ko is the convolution

operator with the kernel g,,.

Proof. Representation (6.39) holds for densities belonging to classical Lebesgue spaces (see,
for instance, (7.38) in [121]), where the kernel of K, is precisely the function g, from (6.17).
By the Sobolev theorem one concludes that either B or Z%(I + K, ) are linear operators from
Ly(R™) into Ly (R™), with ng) = 1% — 9 and from L3(R") into Ly (R™), with ﬁ =i

So, we can define these operators on the linear sum L,(R"™)+ Lz(R™) in the usual way. Hence,

if 1 = tho + 11, with g € Ly(R") and ¢y € L3(R"), then we may make use of the already

q(®

known representation for each term and then arrive at equality (6.39). O

Now we are able to give the main statement. The following theorem in the case of constant
exponents p(x) =p, 1 < p < oo, is due to Stein [128] when 0 < a < 1 and to Lizorkin [90] in

the general case 0 < a < oo (see also the proof for constant p in [121], p. 186).

2 and p(-) satisfies the log-Hdlder

67

Theorem 6.3.9. Let 0 < a < n. If1 < p<Dp<

continuity conditions (4.4) and (4.6), then BY[Ly )] = Lp(.)(R") with equivalent norms: there

p(:
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are constants c1, co > 0 such that
e || | Ly R < N FIBH[Lpell < ez [[f [ Ly (RM)|l, - Vf € BY L)

Proof. Assume first that f € B*[L,]. Then f € L,.)(R") by Theorem 6.3.2. It remains to
show that its Riesz derivative also belongs to Ly.y(R"). Since f = B%p for some ¢ € L,)(R")
and L,y (R") C Lp(R™) + Lp(R™), then by Proposition 6.3.8 one gets the representation

B =TI + Kq) ¢.

Lemma 6.3.5 combined with Theorem 4.4.1, allow us to conclude that K, is bounded in
Ly (R™), and hence f € Z%[Ly.)]. So, according to the characterization given in Theorem
6.1.4, the Riesz derivative D*f exists in the sense of convergence in L,.y(R"). Therefore,

fe L;‘(_)(R”). Moreover,

I [ Loy R[] = (1Bl + [D*BYllp(
= [1B%llpey + DT + Ka) ¢llp(.y
= [[B*llp) + (1 + Ka) @llp(.)

< cllellpey = ellF 1B Lyl

The third equality follows from the inversion Theorem 5.3.5, while the inequality is ob-
tained from Theorem 6.3.2 and from the boundedness of K.

Conversely, suppose that f € L;‘(')(R”). Proposition 6.3.7 yields the representation
f=B*I+Uy)(f+Df).

Taking into account Lemma 6.3.6 and Theorem 4.4.1, we arrive at the conclusion that f &

Ba[Lp(.)] and
I 1B [Lyylll = [T+ Ua)(f + D f)llpey < U fllpey + D fllpy) = e llf [ Ly R
O

Corollary 6.3.10. If the exponent p(-) is under the conditions of Theorem 6.5.9, then C3°(R™)

is dense in the Bessel potential space BY[Ly.)].
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6.4 Comparison of the Riesz and Bessel potential spaces with

the variable Sobolev spaces

The identification of the spaces of Bessel potentials of integer smoothness with Sobolev
spaces is a well-known result within the framework of the classical Lebesgue spaces. The
result is due to Calderén [19] and states that B™[L,] = W*(R"), if m € Np and 1 < p < o0,
with equivalent norms. We extend this to the variable exponent setting. The proof will follow
mainly the case of constant p, which can be found, for instance, in [129], Sections V.3.3-4. In
particular, we will make use of the Riesz transforms R;, j = 1,...,n, defined in (4.9).

The key point is the following characterization.

Theorem 6.4.1. Let p(-) € P(R") and let « > 1. Then f € B*[L,], if and only if
fe Bo‘_l[Lp(,)] and % IS Bo‘_l[Lp(,)] for every 7 = 1,...,n. Furthermore, there exist positive

constants ¢1 and co such that

e lf [ B Lyl < (1 [B*7HL

\B@ 1’ ()1H < e If1BL0)l. (6.40)

Proof. Suppose first that f = B%yp for some ¢ € Lp(.)(]R”). Then for each j =1,2,...,n, we
have
of

= B —R;(I + K1)yl (6.41)
Ly

where I is the identity operator and K is the convolution operator whose kernel is g;, given
by (6.17) with @ = 1. This identity may be seen as a refinement of that in [129], p. 136, and
it is known to be valid for ¢ € L,(R™) when p is constant. Thus, it is also valid for variable
p(+), since Ly (R") C Lp(R™) + Ly(R™).

The right-hand side inequality in (6.40) follows from (6.41) and from the mapping prop-
erties of the Bessel potential operator on spaces Ly.)(R").

The proof of the left-hand side inequality follows the known scheme for constant exponents.
However, we need to refine the connection with the Riesz transforms and the derivatives,
in order to overcome the difficulties associated to the convolution operators in the variable
exponent setting. We write here the main steps of the proof for the completeness of the
presentation.

Assume that both f and belong to B~ HLyy]. If f = B* 1 with ¢ € Ly)(R™), then

the first order derivatives of ¢ exist in the weak sense and belong to L,y (R™) (see [129], p.
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137, for details). Moreover, é% = Bt (arj) Since ¢ € Wl( )(R") there exists a sequence

of infinitely differentiable and compactly supported functions {¢x }ren such that klim Y =
—00

and khm % = (%P in L, (R"), j =1,2,...,n. This follows from the denseness of C§5°(R")

in the Sobolev space Wp(,)( ") (see Theorem 4.2.5), which holds under the assumptions on

the exponent.
Since B! maps S(R™) onto itself, then, for each k, there exists ¢ € S(R") such that
o = B'y.. Now, from the fact

1=+ |z Y21+ )1+ |z]), =R,

given by (6.18) (with a = 1), one arrives at the identity

Y = (I 4+ Uy) sok—i-ZR <8(pk> ,

where U is the convolution operator as in Proposition 6.3.7. Now we make use of the bound-
edness of the involved operators and arrive at the left-hand side inequality in (6.40). This

completes the proof. O
Corollary 6.4.2. Let p(-) be as in Theorem 6.4.1 and let m € Ny. Then

B [Ly)) = Wi, (R?),
up to the equivalence of the norms.

Proof. The identity above is obvious when m = 0. It can be extended to the case m > 1 from

Theorem 6.4.1. O

The theorem below provides a connection of the spaces of Riesz potentials with the Sobolev
spaces. It partially extends the facts known for constant exponents p (see, for instance, [121],

p. 181) to the variable exponent setting.

Theorem 6.4.3. Let p(-) be log-Holder continuous both locally and at infinity, and suppose
that 1 <p <p < 7. Then we have

W (R") C Ly (R™) NI [ L] (6.42)
if 0 < a < min(m,n), m € N, and

oy (R™) = Ly (R") NI [ Ly (6.43)
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when 0 < m < n.

Proof. Let us prove (6.43) first. Let f € WI?("”_)(R"). From Corollary 6.4.2, Proposition 6.3.4
and Theorem 6.3.9, we derive that not only f € L,)(R"), but also that D™ f € L,.y(R"). On
the other hand, the Sobolev theorem states that f € Ly.y(R"), where q(-) is the usual Sobolev
exponent. Then by Theorem 6.1.4 one concludes that f is a Riesz potential.

Reciprocally, if f € Z™[L,,] then the application of Theorem 6.1.4 shows that D™ f exists
in Lp.)(R"™), which implies f € LZE,)(R"). As previously, one gets f € Wp(,)(R”).
The embedding (6.42) can be proved following similar arguments observing in addition

that Bm[Lp(.)] — BO‘[LP(.)] when m > o. O

6.5 A note on the Sobolev embedding theorem

The identity between the Sobolev spaces and the Bessel potential spaces given in Corollary

6.4.2 allows to derive a different proof for the embedding

with 1 <p <p < > and ﬁ = Wlx) — ™, x € R" (see Theorem 4.5.7).

This can be done by noticing that the Bessel potential can be estimated in terms of the
Riesz potential.

Let us assume that f € W (R") with [[f|[;, ) < 1. We need to show that || fle) < C,
which is equivalent to prove that I,.)(f) < C since g(-) is bounded in view of the assumption
mp <n.

Since Wp(_)(R") = B™[Ly(,] (with equivalent norms), then f = G, * ¢ for some function
¢ € Lyy(R™). But

[f (@) = |G p(x)] < ¢ T"(|¢]) (@),

with ¢ > 0 independent of =, which follows from (6.14).
Now we have I,.)(Z™(|¢|)) < C since

IZ"([eDllgcy < ellellpey = ¢ 1 1B™ [Lpy] < C [ fllmpey < C-

Therefore

[ @ <er [ @i d < c.
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with C' > 0 not depending on ¢ and f.
This provides another proof for (6.44). Note that we have assumed that the exponent

satisfies the logarithmic assumptions (4.4) and (4.6), since we have used the Sobolev theorem.

Further notes

The characterization of function spaces of fractional smoothness realizes another applica-
tion of the hypersingular integrals (recall that they have been used in the inversion of the
Riesz potential operator).

In general, the statements presented in this chapter extend classical results on the descrip-
tion of the Riesz and Bessel potentials on spaces L,(R™). We restricted ourselves to the case
where the Riesz potentials from Z[L,,] are defined pointwise (that is, when p < Z). The
characterization of Z%[L,,] in the case p > 7, and consequently the extension of Theorem
6.3.9 to this case remains an open question. As in the classical framework, it should require a
different approach since the Riesz potentials need to be considered in the distributional sense
over the Lizorkin space ®(R™), being it possible in view of the invariance of ®(R"™) with re-
spect to Z (see [121] for further details). We also note that the restrictions on the smoothness
parameters o and m in Theorem 6.4.3 are due to the initial assumption p < 7.

This is the first time that Bessel potentials are considered in the context of the Lebesgue
spaces with variable exponent. After our results have been obtained, this subject was studied
in the paper [60]. However, only the coincidence of the Bessel potential spaces with the Sobolev
spaces was given, without any characterization and comparison with the Riesz potentials.

Historically, the Bessel potentials were introduced by Aronszajn and Smith |7], and Calderon
[19]. Concerning Riesz potentials, they were first considered by Riesz [109], but their classi-
cal L, inequalities are due to Hardy and Littlewood [64] in the one-dimensional case, and to
Sobolev [127] in the general case.

We notice that the characterization of the space of Riesz potentials in terms of Riesz
derivatives was investigated by Samko [116], [117] within the framework of the usual Lebesgue
spaces. As remarked in the end of Chapter 5, the description of the Bessel potentials on these

spaces is due to Stein [128] and Lizorkin [90].



Chapter 7

Pointwise Inequalities on Variable

Sobolev Spaces and Applications

In this chapter we deal with pointwise type inequalities in Sobolev spaces with variable
exponent. We recover the known statement that the oscillation of Sobolev functions may be
estimated in terms of the fractional maximal function of its gradient (see, for instance, [13],
[62], [63], [79]), and use it to study the pointwise behavior of functions in variable exponent
Sobolev spaces. More precisely, we study Sobolev embeddings into Holder spaces with variable
order and consider hypersingular integrals of variable Sobolev functions. Our statements are
based on pointwise estimates discussed in Section 7.2.

Sobolev embeddings on variable exponent Sobolev spaces have been studied by many
authors, mainly in the case when the exponent is less than the dimension (see [31], [45],
[46], [47], [108], where Sobolev-type theorems were discussed). The case when the exponent
is greater than n was less studied. It was firstly treated in [45], where embeddings into
Holder spaces with variable order have been obtained (see Theorems 5.4 and 5.5 in [45]).
More recently, this case was considered in [65] where the capacity approach was used to
get embeddings either into the space of continuous functions or into the space of bounded
functions.

In Section 7.3, we prove slightly different embeddings into Holder spaces with variable
exponent from those obtained in [45], providing other proofs. We base ourselves on estimation
of the oscillation of Sobolev functions f by fractional maximal functions of V f. We show, in

particular, that Sobolev functions coincide almost everywhere with Hélder continuous func-
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tions of variable order, this statement being valid on bounded domains whose boundary is
locally the graph of a Lipschitz continuous function (see Theorem 7.3.7 below).

We also consider hypersingular integrals of variable Sobolev functions defined over bounded
domains. In Section 7.4, we will derive boundedness and pointwise results for the hypersingular
operator of variable order a = () acting in WP()(Q) into an appropriate variable Lebesgue
space, in the case when €2 is bounded with Lipschitz boundary. The results obtained here are

new, even in the particular case when the exponents are constant.

7.1 On Holder spaces of variable order

Holder spaces may been seen as a refinement of the spaces of continuous functions. They
are usually denoted by C%%(Q), a € (0,1], and their elements f are characterized by the

Hélder condition of order «, that is, there exists ¢ > 0 such that

f(z) = fy) <cle—yl*, =,y

These spaces have an important role in the study of regularity properties in the frame-
work of variational calculus and partial differential equations. We will consider an interesting
generalization by allowing the order a vary from point to point.

We recall that C'(Q2) stands for the space of all bounded uniformly continuous functions

on  equipped with the “sup” norm (according to the notation from Chapter 1).

Definition 7.1.1. Let a : Q — (0,1] be a measurable function. By C**()(Q) we denote the
space of all functions f in C(§) for which there exists ¢ > 0 such that

\f(z+h)— f@)| <clh*®,  z,z2+heq.

This is a natural generalization of the standard Holder spaces C%%(Q) with constant a.

C%()(Q) is a Banach space with respect to the norm

1F 12O = I fllsos2 + [flagy.0- (7.1)

where

[fla(y,o = sup |[f(z+h) — f(a:)]

x,x+heQ |h’a(x)
0<|h|<1
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As for variable exponent Lebesgue spaces, we shall write a(-) instead of a to emphasize that
we are dealing with a variable order of regularity. We observe that for 0 < a(z) < A(z) < 1,

x € {2, one gets

CPO(Q) — c%O(Q) — ().

We stress that Holder spaces with variable order were already considered in the papers
[77] and [110], related to mapping properties of fractional integration operators. As we will
see below (Section 7.3) they prove to be the natural target spaces when we deal with certain

Sobolev embeddings of variable exponent.

7.2 Pointwise inequalities

The oscillation of Sobolev functions can be controlled by the fractional maximal function
of its gradient. We refer to [13], [62], [63], [79], where this argument was used to derive
important properties of functions in Sobolev spaces within the classical setting. This will be
extended to the case of variable exponents (see Proposition 7.2.3 below).

The proof of the following inequality may be found in [57], p. 162.

Lemma 7.2.1. Let B be a ball in R™. If g € W}(B), then

Vg(2)]
lg(x) — gB| < c(n) /B|x—z|”1 d
almost everywhere in B, where gp 1= ﬁ fB g(z) dz denotes the average of g over B.

Now we recall a classical statement due to Hedberg (see [5]) on the estimation of Riesz
potentials through the maximal function. We also give its proof for completeness of the

presentation.

Lemma 7.2.2. Let D C R"™ be an open bounded set, 0 < a <n and 0 <\ < «a. Then there

exists ¢ > 0, not depending on f, x and X\, such that

/ PRIz iam(D)*> M f(x), (7.2)
D

|z — 2"~ = a— A

for almost all x € D, and for every f € Li(D), where it is admitted that X\ may depend on x.
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Proof. Let d = diam(D). We have

1£(2)] d= 1£(2)]
— —— 7 d
/\x—ana E:[$£Makw N

72k+1

> /9k+1
—_— d
kZﬂ( d ) /DOB(z,jc)‘f(Zﬂ :
o AN
= ( ) (2]“) /DmB( %)\f(z)|dz

k=0
kﬂ<3> M5 (@),

1
20-A"1 =

IN

tﬁ@[ﬁ

O

from which (7.2) follows, since

Proposition 7.2.3. Let Q be a bounded domain with Lipschitz boundary or let Q = R™. Then
for every f € Wiloc(ﬂ) and almost all x,y € ) there holds

‘1 A ‘17

A |z —
Ma(VIN@) + =

|z —

F@) = fw)l < |

Mo (VD () (7.3)

where A\, i € [0,1) and the constant ¢ > 0 does not depend on f,x,y, A and p and 2, and it is
admitted that A and p may depend on x and y.

Proof. For bounded domains estimate (7.3) can be proved as in [63], Lemma 4. For the case
Q) = R™ the arguments are similar: we observe that for all z, y € R"™, x # y, there exists a

ball B, containing these points such that diam(By,) < 2|z — y|. Then we write

[f (@) = fW) < [f(2) = B, | + [f(y) = [B..,]

and it remains to make use of Lemma 7.2.1 and afterwards Lemma 7.2.2 with o = 1. O

Recall that a domain €2 has Lipschitz boundary if, roughly speaking, its boundary is locally
the graph of a Lipschitz continuous function (see, for example, [6] for precise definitions).

Estimate (7.3) slightly differs from the usual formulation, since it allows different orders
for the maximal functions on the right-hand side as well as the dependence of those orders
on the variables. We shall see below that the consideration of maximal functions of variable

order is very useful to deal with embeddings of Sobolev spaces of variable exponent.
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7.3 Sobolev embeddings with variable exponent

The main aim of this section is to show that functions from W (Q) are Holder continuous
everywhere where p(x) > n.

First we need some auxiliary statements.

Lemma 7.3.1. (/31]) Let p : R™ — [1,00) be a continuous exponent. Then p(-) satisfies the

log-Holder condition (4.4) if and only if there exists a constant C > 0 such that
inf —L-— L
|B‘zEfB p(x) S0 B(=) <C (7.4)
for all open ball B in R™.

For simplicity, given a ball B in R™ and a bounded exponent p : R" — [1,00), we will

denote by p—; the average of the function % over B, that is,

1 1 dz

PB o E B P(2)

Lemma 7.3.2. ([31]) Let p(-) € P(R™). Then for every ball B there holds

1
IxBllp) < cp) |Bls. (7.5)

We will also make use of the following statement, in which
I, :={z € Q:p(x)>n}. (7.6)

Lemma 7.3.3. Let ) be a bounded domain and let f € Ly.y(S2), where p(-) satisfies condition

(4.4). Assume also that the set 11, o is non-empty. Then
ME? f@) <cllflpr00 = €y, (7.7)
with ¢ > 0 not depending on x nor f.

Proof. First we observe that the exponent p(-) may be extended to the whole space R™ with
the preservation of its continuity modulus. In fact, since p(-) is uniformly continuous (and
bounded) on  then it extends to a continuous function on Q. By a known extension result
described in [129], Chapter 6, Section 2, there exists an extension p : R” — [1, 00) satisfying a
corresponding condition to (4.4) on R™ (possibly with a different constant). From p(-) we may

n

construct another extension 5() : R™ — [1,00), also preserving the continuity modulus, in
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such a way that p(-) is constant outside some large ball (see [31], Theorem 4.2 and Corollary
4.3, for details). In particular, we have p(-) € P(R").

Let B = B(z,r) be any ball centered at x € II, o. By the Holder inequality we obtain

1 / c(p)
[f(2)]dz < 1fllgy Ixallg s
]B\l_ﬁ BrO ’B‘l—ﬁ 8() £ ()
where E/() is the usual conjugate exponent, % + 5'1(~) = 1, and it is assumed that f is

continued as zero beyond 2.
Since p(-) € P(R"), then the maximal operator is also bounded in Lﬁ/(')(R") (see [29],
a
Lemma 8.1). Therefore, Lemma 7.3.2 is applicable which yields HXBHg’ o < c1(p) |B|®s.

Hence,

1 Lt
S g MO S Wy 1B 79

11
If |[B|] < 1 then Lemma 7.3.1 provides the estimate |B|"™ #z < C, for some C' > 0
independent of B. Suppose now that |B| > 1. Notice that if r > diam(Q) then |B| > |Q], so
that

1 1
[ @l < — [ 1)z <@ o
|B| p(z) J BN |Q| p(z) JQ

Hence, only the case r < diam(£2) is of interest according to our purposes. In that case, the

right-hand side in (7.8) may be estimated as follows:
_1 _ 1 1-1
|B|*™) %5 < |B| # < Cdiam(Q)".
This completes the proof of (7.7). O
Now we are able to give an important pointwise inequality.

Theorem 7.3.4. Let 2 be a bounded domain with Lipschitz boundary and suppose that p(-)
satisfies the local logarithmic condition (4.4) and has a non-empty set 1L, o. If f € WZ}(,)(Q),

then
£(@) = F@)| < Ca,9) [V llpe0 |z — y|'~mmweam (7.9)
for all z,y € 11, o such that |z —y| < 1, where

C

C(z,y) = minp(z), p(y)] — n

with ¢ > 0 not depending on f,x andy.
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Proof. After modifying f on a set of zero measure, we make use of (7.3) with A = ﬁ €(0,1)

and p = -~ € (0,1) and get

p(y)
-1
c |1; — y| min([p(z),p(y)] p("r) ﬁ
@) = £0)] < S S MET (91D + MET (VS| (710
for all z,y € II, o. Hence, (7.9) immediately follows from (7.7). O

Remark 7.3.5. Let D be a subset in 11, o. Under the assumption in%p(x) > n, one may
HAS
take a constant in (7.9) not depending on x,y when z and y run the set D. In particular, if

Py, > n, estimate (7.9) is valid for the whole 2 with an absolute constant.

Corollary 7.3.6. Let Q be a bounded domain with Lipschitz boundary and let p(-) be under
the assumptions of Theorem 7.8.4. If f € Wpl(.)(Q), then estimate (7.9) may be written in the

form
c

min[p(z), p(z + h)]
where x, x + h € II,, o and |h| < 1, with ¢ > 0 not depending on x, h, and f.

[f(2) = fle+h)| <

1—_n_
— IV Flllpey. (A 76, (7.11)

Proof. It suffices to observe that for x and y belonging to a bounded set we have

[ = y[7 ~ o —y|7o (7.12)
thanks to the log-condition for p(-). Indeed, inequality (7.12) is equivalent to

1

oSl y| 77T < C, (7.13)

with C' > 1 not depending on x and y. But (7.13) means that

1 1 1
— In < (1, Ci=InC,
‘p@:) )| Jr—yl = '
ifo<|z—y| <1, or
‘1— Injz —y| <C Ci=InC
p(z)  p(y) =t !

in the case 1 < |[z—y| < diam(). It remains to observe that these inequalities are immediately

verified, since p(-) satisfies (4.4):

1 1 2 diam(§2) Ao
— — — | < |p(x) - < 2T 0
’p(:n) p(y)’ = @) =p)l= = 2dtom D
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Theorem 7.3.4 suggests that functions in Wp(.) (©) admit a Holder continuous representative

of variable order.

Theorem 7.3.7. Let Q be a bounded domain and suppose that p(-) satisfies the logarithmic
condition (4.4). If ingp(x) > n, then the estimate
xe

1£ .0
P08 1V 0 (7.14)

e <C [dist(z,00)]pE

is valid, with C' > 0 independent of x € Q and f € Wpl(.)

If, in addition, € has Lipschitzian boundary, then we have

().

01— -2
Proof. Fix z €  and let B, be a ball containing . According to Lemma 7.2.1, estimate (7.2)
with @ =1 and A = 7~ and inequality (7.7), for f € Wz}()(Q) we have

£ (x) = fr.| < cdiam(B,)' "7 ME ([Vf])(z) < cdiam(B,)' "7 [Vl (7.16)

where it is assumed that the radius r of the ball B, is sufficiently small, say r = % dist(xz,00).
For fp, we may proceed as in the proof of Lemma 7.3.3. Hence, the Holder inequality combined

with (7.5) yield the estimate

__1
/Bl < (@) [Ba| "2 (| fllp(. 0

I 1
Since |Bg| ?Bs < ¢ |Bg| »@, we also have

__1
|fB.| < c(p) |Ba| *@ |[flp(,0- (7.17)

Thus, having in mind the value of r above, we arrive at (7.14) from (7.16) and (7.17).
If © has Lipschitz boundary, then we may derive the embedding

In fact, in that case, it is known (see [31]) that there exists a bounded linear extension operator

such that €f|g = f almost everywhere, where p(-) is the extension of p(-) used in the proof

of Lemma 7.3.3. Similarly to (7.16), there holds

(@) = (Ef)B,| < e diam(B,) ™7 |V f]]l0).05
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where now we suppose that the ball B, is arbitrary (containing x). Moreover, we have

1

— 1 _—
((Ef)B,| < c|By| Pre Hngg(.) < i |By| e 1 llp().0

Taking a ball such that |B,| = 1, we get

[f (@) <|f(@) = fo.| + [fB.] < CW) [ fll1p0).05
which implies (7.18). The embedding (7.15) follows then from (7.11) and (7.18). O

In the particular case when the exponent is constant, p(x) = p > n, we recover the classic

Sobolev embedding into the standard Holder spaces.

7.4 Hypersingular operators on Wp(.)(Q)

In this section, we consider hypersingular integral operators of variable order o = «a(x),

0<a(r) <1, ze,given by

Da(')f(as):/ﬂf(x)_f(y)dy, zeqQ, (7.19)

o = gt

(see also (5.2). We recall that detailed information about hypersingular integrals of functions

defined in R™ can be found in [121].

Theorem 7.4.1. Let 0 < ag < az) < a1 < 1 and let Q be a bounded domain with Lipschitz
boundary. Assume also that p(-) satisfies (4.4) and

ess :1618 p(z)[1 — a(x)] < n. (7.20)

Then the operator D) is bounded from Wp(,)(Q) into Lg.)(Q2) for any exponent q(-) such that
1<QQ§§Q<oocmd

ess sup — =+ < —, 7.21
i e R e R T (720

the latter being equivalent to

q(z) = p@)  n where essgsﬂtelg A(z) + a(z)] < 1. (7.22)

Proof. We may assume that g(x) > p(x) since the domain is bounded and one has the imbed-

ding [|fll4) < el fllyr() where ¢*(2) = max{q(z), p(x)}.
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By Proposition 7.2.3, we have

" /(@) = ()]
POs@)] < | et ¢
c MV (@) + M (VD ()
= 1—)\(33)/Q : ’x_y’n+a(m)+f\2(as)—1 dy

for almost all z € Q, with ¢ > 0 not depending on = and f, where A(z) may be an arbitrary
function such that 0 < A\(x) < 1.
Put f(z) =1 — a(z) — A(z). Then 0 < B(z) < 1 under the choice A\(z) < 1 — a(z). We
choose A(z) so that
Az) >0 and esssup [A\(z) + a(x)] < 1, (7.23)
xeQ

which is possible, since esssup a(z) < ag < 1. Then

xef)
ess ;relsflﬁ(x) > 0. (7.24)
We have
ol My (V1)) (=) M (V£ ()
‘D ()f(x)‘ < ¢ /Q ’xﬂ_ J6) dy +c /Q ‘xﬁ_ W= d
< ol M (TN + e T (M (VI @), (7.29)

where Ig(') denotes the variable Riesz potential as before. Since this inequality holds pointwise

(almost everywhere), we may take the Lebesgue norms in both sides and write

AR (7.26)

q(')vg o

MEIVID] o+ e 727 [Ma7av ]

By condition (7.24) and the boundedness of the domain 2, the operator Ig(') is bounded
in the space Lg(.y(£2) so that

HDQ(.)qu(.),Q s HM?Z(.)(W‘)CDH,](.),Q' (7:27)

By Theorem 4.5.6 we then have

D) H <c||V yo<c 3. = - 5
[201], 0 SNV < el hpve
that theorem being applicable since

esssup A(x)p(z) < esssup [1 — a(z)]p(x) < n,
xeQ) z€eQ
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according to (7.23) and (7.20).

Thus the boundedness of D*() from Wp(.)(Q) into Ly(.)(£2) has been proved for exponents
q(+) of the form (7.22). It remains to show the equivalence of (7.22) to (7.21).

Condition (7.21) is easily obtained from (7.22). Conversely, condition (7.21) implies the

existence of § € (0, %) such that

1 1 alz) 1
- T <5 7.28
W@ a@ T w <n (728)
for almost all z € Q. Let us define
1 1
AMz)=n|————=1|, €0
@ =~

Then according to (7.28) we obtain

)\(x)—i-a(x):n[ L1 +a(x)]<n(1—(5>:1—n5

p(x)  q(z) n

almost everywhere. Therefore, one gets

esssup [A(z) + oz)] < 1.
e

O

Remark 7.4.2. In (7.25) we made use of the estimation of Riesz potentials of constant

densities. Let us note that this can be easily obtained as follows:

dy / dy c(n) . B(z)
— 7 < = diam/(Q)]7\*,
/ Ty D = o caiam@ o=y Ba) (2]

which allows to arrive at (7.25) taking into account assumption (7.24).

For constant exponents the following holds.

Corollary 7.4.3. Let a and Q be as in Theorem 7.4.1 and suppose that 1 < p < 1%=. Then

there exists ¢ > 0 such that

D% fllgo <cllf

‘1,p,Qv f € W;(Q)u

for any exponent q fulfilling
(7.29)
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Theorem 7.3.4 (and Corollary 7.3.6) allows us to make some conclusions about the point-
wise convergence of the hypersingular integral. More precisely, the following statement may

be derived.

Proposition 7.4.4. Let Q) be a bounded domain with Lipschitz boundary. Under the assump-
tion (4.4) on p(-), the hypersingular integral D*O), with 0 < ag < afz) < 1, z € Q, of

functions in Wp(.)(Q) converges at all those points x € Q for which p(x)(1 — a(z)) > n.

Proof. The pointwise convergence of the hypersingular integral is an immediate consequence

of (7.9). We only observe that the assumption p(z)(1 —«a(z)) > n implies ess ingp(x) >n. O
Te

Further notes

There are many papers in the literature dealing with Sobolev embeddings starting from
the original work due to Sobolev [127]. Our results contribute to the development of this topic
within the framework of the variable exponent spaces. We recall that the case studied was
already considered in [45]. However, we followed a different approach based on generalized
maximal functions of variable order. Also, we dealt explicitly with variable Holder spaces.

The statements above on boundedness and pointwise convergence of hypersingular integrals
are new even in the case when the exponents p(-) and «(-) are constant. They were obtained
under the usual log-condition on the integrability exponent. We stress, however, that no
special assumption was required to the regularity exponent ().

We worked over smooth domains having Lipschitz boundary. An interesting question

would be to check the possibility to derive similar results over more general domains.
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