CRM?*

CENTRE DE RECERCA MATEMATICA

This is a preprint of: Variable Lebesgue Spaces: Foundations and Har-
monic Analysis

Journal Information: CRM Preprints,

Author(s): David Cruz-Uribe.

Volume, pages: 1-74, DOL:[--]



Variable Lebesgue Spaces:
Foundations and Harmonic
Analysis

David Cruz-Uribe






Contents

Chapter 1. Introduction and Motivation

1.1.
1.2.
1.3.
1.4.

An intuitive introduction

A brief history

Motivation

Organization of this monograph

Chapter 2. Properties of Variable Lebesgue Spaces

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.

Exponent functions

The modular and the norm

Convergence and completeness

Embeddings and dense subsets

Hoélder’s inequality, the associate norm and duality
The Lebesgue differentiation theorem

Chapter 3. The Hardy-Littlewood Maximal Operator

3.1
3.2.
3.3.
3.4.
3.5.
3.6.

Basic properties

The maximal operator on LP, 1 < p < oo

The maximal operator on variable Lebesgue spaces
The necessity of the hypotheses in Theorem 3.13
Weakening the hypotheses in Theorem 3.13
Modular inequalities

Chapter 4. Extrapolation in Variable Lebesgue Spaces

4.1. Convolution operators and approximate identities
4.2. The failure of Young’s inequality in LP()
4.3. Approximate identities on variable Lebesgue spaces
4.4.  Muckenhoupt weights and weighted norm inequalities
4.5. Rubio de Francia extrapolation
4.6. Applications of extrapolation

Bibliography

S O Ut Ut

11
13
17
21
23
29

31
31
32
35
40
44
46

49
49
50
52
95
o7
62

69



CONTENTS



CHAPTER 1

Introduction and Motivation

We begin with an intuitive introduction to the variable Lebesgue spaces, briefly
sketch their history, and give some of the contemporary motivations for studying
these spaces.

1.1. An intuitive introduction

Recall that given an open set  C R”, the classical Lebesgue space LP({),
1 < p < o0, is defined to be the collection of measurable functions f such that

/ 1f ()] dz < +o0.
Q

For our purposes, the key point in this definition is its homogeneity: each point
of the space is treated the same as every other. A standard way to weaken this
homogeneity assumption is to replace Lebesgue measure with a measure u, where
u = w(xz)dx. This leads to the theory of weighted norm inequalities, for which
there is an extensive literature. (See [33, 44] and their references. There are some
surprising and deep connections between weighted spaces and variable Lebesgue
spaces: see, for instance, Chapter 4 below and Lerner [69].)

On the other hand, in a variable Lebesgue space we vary the exponent, replacing
p by a function p(-). More precisely, given a measurable function p: Q@ — [1,00),
we define LP()(Q) to be the set of measurable functions f on Q such that for some
A >0,

(1.1) /Q (@)pm dr < +oo0.

The factor A is introduced for technical reasons which will be made clear below; for
the moment, think of A = 1.
As a simple example on R, consider the function

(1.2) plz) = {2 v=0

4 x>0.

Then LPO)(R) consists of all functions f such that

0 e’}
1'235 1'435 0.
/ If()\d+/0 (@)t dr < +

— 00

The lack of homogeneity of this space is immediate: the function |z|~'/3 is not in
LPO(R), but |z|~3x 1,0y, [2]73x(1,00) and |2z + 1|73y (_1,1) are.

Clearly, the more complicated p(-), the more delicate the resulting space. For
instance, if we partition R into the union of two sets E and F', and let

(2) 2 xeF
€Tr) =
P 4 x€F,
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6 1. INTRODUCTION AND MOTIVATION

then the resulting space depends heavily on the geometry of the partition. As we
shall see, even if we assume p(-) is uniformly continuous, we can still get quite
complicated behavior.

We can also consider spaces where the exponent function p(:) is unbounded.
For example, on R we could take p(x) = 1+|z|. Such spaces behave quite differently
than the classical Lebesgue spaces. For example, in this case we have that L>°(R) C
LPO)(R): given g € L™, fix A > ||g||oo. Then

R

and so g € LPO)(R). Note that here is why we include the factor X in the definition
of LPO): if did not, then we can easily find g such that [|g[. > 1 and

[ lo@) ds = .
R
Thus, g is not in L) (R) but we would have cg € LP()(R) for ¢ sufficiently small.

1.2. A brief history

The variable Lebesgue spaces have a long history that falls roughly into three
overlapping stages. They were introduced by Orlicz [81] in 1931; their proper-
ties were further developed by Nakano [77, 78] as special cases of the theory of
modular spaces. In the ensuing decades they were primarily considered as im-
portant examples of modular spaces or the class of Musielak-Orlicz spaces, con-
crete examples of modular spaces that are also generalizations of the classical
Orlicz spaces. See, for example, [76, R ], and in particular the work of
Hudzik [53, 54, 55, 56, 57, 58, 59, 60, 61] that foreshadows many modern
developments.

The variable Lebesgue spaces were independently discovered by the Russian
mathematician Tsenov [101], and extensively developed first by Sharapudinov [94,

, 96, 97] and then by Zhikov [104, , , , , , , , ]
Russian mathematicians were the first to consider applications of variable Lebesgue
spaces to problems in harmonic analysis and the calculus of variations.

The third stage in the study of variable Lebesgue spaces is usually thought to
begin with the foundational paper by Kovacik and Rékosnik [64] in 1991. Following
its publication a number of mathematicians became interested in these spaces.
Without being comprehensive, we mention the work of: Fan and Zhao [36, 37,

, 39] on the calculus of variations; Edmunds [34, 35] on variable Sobolev spaces
(i.e., the space of functions whose distributional derivatives up to order k are in
LP0)); and Samko and Ross [84, 90, 92, 93] on fractional differential and integral
operators of variable order.

In 2000 the field began to expand even further. Motivated by problems in
the study of electrorheological fluids (see below) Diening [25] raised the question
of when the Hardy-Littlewood maximal operator and other classical operators in
harmonic analysis are bounded on the variable Lebesgue spaces. These and related
problems are still the subject of active research to this day.

1.3. Motivation

The variable Lebesgue spaces are interesting not only in their own right, but
as we have indicated above, for their application to a wide variety of problems. We
first consider a very simple example given in [20]. By a classical result of Calderén-
Zygmund [11], given a bounded domain 2 with a smooth boundary and f € LP(Q),
1 <p< o0, if uis asolution to Au = f, then w € LI(Q2), where 1/p — 1/q = 2/n.
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Note, however, that the conclusion, while global, is affected by the local behavior
of f. Thus, f might be badly behaved only on the small subset A C € but this
affects u on all of Q. (See Figure 1.)

However, this result remains true if we replace the constant exponent p with a
variable exponent p(-) with modest smoothness assumptions (see [20]). Therefore,
if we choose an exponent function that more precisely reflects behavior of f on the
bad set A and the good set B, we get a correspondingly sharper estimate for u.
Similar results hold for other kinds of PDEs.

FIGURE 1. € and the good and bad parts for f.

More generally, we can consider problems that incorporate the variability from
the beginning. For example, in the calculus of variations Zhikov was interested in
minimizers of functionals of the form

F(w = [ (. Vu)dz,
Q
where the Lagrangian satisfies the non-standard growth condition

—co+ a1l < f(2,8) < co + e2f€)’, 0<a<b.

An important example of such a Lagrangian is f(x, &) = |£[P(®), where a < p(x) < b.
The Euler-Lagrange equation associated to this function is the p(-)-Laplacian

Apyu = — div(p(-)| Vul[PO~2Vu) = 0.

The appropriate function spaces for analyzing the solutions of these equations
are the variable Lebesgue spaces LP() and the associated variable Sobolev spaces
WHkr(), These problems have been studied by a number of authors and continue
to be an active area of research; for further details see the survey articles by Har-
julehto, et al. [51] and Mingione [74].

In the past decade, the one application that provided the most impetus for the
study of the variable Lebesgue spaces is the modeling of electrorheological fluids.
These are liquids whose viscosity changes (often dramatically) when exposed to an
electric field. (See [48, 98] for further information on their physical properties and
potential for wide-ranging applications.) While broadly understood experimentally,
a comprehensive theoretical model is still lacking. Extensive work has been done
on modeling these as non-Newtonian fluids; in one extensively studied model the
energy is given by an expression of the form

| Du(x) [P da,
Q
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where Du is the symmetric part of the gradient of the velocity field of the fluid,
and the exponent function p(-) is a function of the electric field. (Similar energy
expressions have appeared in the study of other kinds of fluids. See, for example,
[111].) This model has been extensively studied by Ruzicka [3, 89] and Acerbi
and Mingioni [4, 88]. As we noted above, this problem contributed to extensive
development of harmonic analysis on the variable Lebesgue spaces.

The variable Lebesgue spaces have also emerged in the study of image process-
ing. In 1997 Blomgren, et al. [8] suggested that smoother images could be obtained
by an interpolation technique that uses a variable exponent: the appropriate norm is

/ |Vu(z) [PV da,
Q

where the exponent monotonically decreases from 2 to 1 as Vu increases. These
and related ideas has been explored by a number of authors [1, 2, 9, 13, 14, ]
in recent years.

1.4. Organization of this monograph

The remainder of this monograph is organized as follows. In Chapter 2 we
present the fundamental function space properties of the variable Lebesgue spaces,
concentrating primarily on the case when the exponent p(:) is bounded. There
are several approaches to this. The first is to treat them as examples of abstract
Banach function spaces, using the machinery developed by, for instance, Bennett

and Sharpley [7]. A second approach is to follow their historical development and
use the machinery of Musielak-Orlicz spaces [76]. This approach was adopted by
Diening et al. [30]. However, we prefer to take a more direct approach, proving ev-

erything “with our bare hands.” While at times not as elegant as other approaches,
we believe that this has the singular advantage of making clear the similarities and
differences between the classical and variable Lebesgue spaces.

In Chapter 3 we turn to the behavior of the Hardy-Littlewood maximal oper-
ator. We prove that sufficient conditions for the maximal operator to be bounded
are the log-Hdélder continuity conditions,

Co
px) —pWY| < —F——F, le—yl <1/2
p(@) = p)] £ s el <1/
Coo
— < = R™.

These conditions are not necessary, but are the sharpest possible pointwise conti-
nuity conditions possible. Our understanding of the boundedness of the maximal
operator is still incomplete, and we will briefly consider some current areas of re-
search.

In Chapter 4 we consider the boundedness of other classical operators in the
variable Lebesgue spaces: convolution operators, singular integrals, Riesz poten-
tials. As motivation and to illustrate a key difference between the classical and
variable Lebesgue spaces we consider convolution operators, the failure of Young’s
inequality, and the convergence of approximate identities. Then, rather than treat-
ing the other operators individually, we develop a powerful generalization of the Ru-
bio de Francia extrapolation theorem from the theory of weighted norm inequalities.
As a consequence, we show that if an operator satisfies weighted norm inequalities,
then it is bounded on variable Lebesgue spaces given reasonable assumptions on
the exponent p(-) (e.g., log-Holder continuity). These results are closely related to
recent developments in the study of Rubio de Francia extrapolation, and we refer
the reader to [24] for more information. For completeness we will provide a brief
introduction to the theory of Muckenhoupt A, weights.
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Throughout this monograph we assume that the reader is familiar with basic
real and functional analysis; we refer the reader to the standard books by Roy-

den [85], Rudin [86, 87] and Brezis [10]. For brevity we will cite many results from
classical harmonic analysis without proof; for complete details the reader may con-
sult the books by Duoandikoetxea [33], Garcia-Cuerva and Rubio de Francia [44]

or Grafakos [46, 47].

We have attempted to provide copious references throughout the text, both to
standard results and to the original proofs of many results about variable Lebesgue
spaces. However, given the long and complex history, many results have been dis-
covered independently, often with slightly different hypotheses. Therefore, our notes
will often fail to be comprehensive, and we apologize in advance for any omissions.
As general references, we recommend the papers by Kovacik and Rakosnik [64] and
Fan and Zhao [40], the recent book by Diening, et al. [30], and the forthcoming
book by the authors of the present monograph [19].






CHAPTER 2

Properties of Variable Lebesgue Spaces

In this chapter we develop the function space properties of variable Lebesgue
spaces. We begin with the basic properties and notation for exponent functions.
We then define the modular and the norm, and prove that LP(") is a Banach space.
We prove a version of Hélder’s inequality, define the associate norm, and then
characterize the dual space when p; < oco. We conclude with a version of the
Lebesgue differentiation theorem.

We want preface this chapter, however, by making a general comment about
theorems and proofs in this context. The variable Lebesgue spaces closely resemble
the classical L? spaces, especially when p; < co. However, while this often suggests
what should be true, the proofs can range from nearly identical to the corresponding
proof in the classical case to completely different.

The situation is very reminiscent of the scene in Lewis Carroll’s Alice in
Wonderland, in which Alice is invited to play croquet with the Queen of Hearts.
However, instead of the traditional mallet and ball, she is given a flamingo and
hedgehog. (See Figure 1 below.) The flamingo is uncooperative, and when she is
finally ready to take a shot, the hedgehog has unrolled and wandered off. In the
same way, a proof in the variable Lebesgue spaces can be equally uncooperative,
and corralling the various pieces at times takes patience and ingenuity.

2.1. Exponent functions

Throughout, Q will be a subset of R™ with positive measure. It is helpful to
think of it as an open connected set, and occasionally we will make these or other
assumptions on €.

DEFINITION 2.1. Given a set , let P(€Q) be the set of all Lebesgue measurable
functions p(-): 2 — [1,00]. The elements of P(£2) are called exponent functions.

In order to distinguish between variable and constant exponents, we will always
denote exponent functions by p(-). To measure the oscillation in p(-) € P(Q), given
aset £ CQ, let

p_(FE) =essinf p(x), p4(F) = esssupp(x).
z€E 2€E

If the domain is clear we will simply write p_ = p_(Q), py = p4+ (). We define
three canonical subsets of €:

Q{,’Q ={z € Q:p(x) =0},

11



12 2. PROPERTIES OF VARIABLE LEBESGUE SPACES

- > =~ P — A N
v % BN s,
FIGURE 1. Alice, the flamingo and the hedgehog.

RO = {zeQ:pl) =1},
Y = {z€Q:1<pla) < oo}

We will omit the superscript p(-) if there is no possibility of confusion. Below, the
value of certain constants will depend on whether these sets have positive measure;
if they do we will use the fact that, for instance, [[Xqr()[loo = 1.

1

Given p(-), we define the conjugate exponent function p/(-) by the formula

L + L =1, x €,

p(x)  p(x)

with the convention that 1/00 = 0. Since p(-) is a function, the notation p/(-) can
be mistaken for the derivative of p(-), but we will never use the symbol “’” in this
sense.

The notation p’ will also be used to denote the conjugate of a constant exponent.
The operation of taking the supremum/infimum of an exponent does not commute
with forming the conjugate exponent. In fact, a straightforward computation shows
that

! !
@), =), @)= ).
For simplicity we will omit one set of parentheses and write the left-hand side of

each equality as p'(-), and p’(-)_. We will always avoid ambiguous expressions
such as p/, .
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The function space theory of variable Lebesgue spaces only requires that p(-)
be a measurable function, but in subsequent chapters we will need p(-) to have some
additional regularity. In particular, there are two continuity conditions that are of
such importance that we want to establish notation for them.

DEFINITION 2.2. Given Q and a function 7(-): @ — R, we say that r(-) is
locally log-Hélder continuous, and denote this by r(-) € LHy(Q), if there exists a
constant Cy such that for all z, y € Q, |z — y| < 1/2,

Co
rz)—ry)| < —————.
7@ =TS g
We say that r(-) is log-Holder continuous at infinity, and denote this by r(:) €
LH (), if there exist constants Cn, and 7 such that for all x € Q,

COO
log(e + |z[)”
If r(-) is log-Holder continuous locally and at infinity, we will denote this by writing
r(-) € LH(Q).

[r(2) = roo| <

REMARK 2.3. Local log-Holder continuity was first considered for the vari-
able Lebesgue spaces by Sharapudinov [96]; log-Ho6lder continuity at infinity was
introduced in [22].

One nice property of log-Holder continuity is the following extension theorem.
For a proof, see [20].

LEMMA 2.4. Given a set Q@ C R"™ and p(-) € P(Q) such that p(-) € LH(Q),
there exists a function p(-) € P(R™) such that:

(1) pe LH;
(2) p(z) =p(z), v € Q;
(3) p— =p— and py = py.
2.2. The modular and the norm

Intuitively, given an exponent function p(-) € P(f2), we want to define the
variable Lebesgue space LP()(Q) as the set of all measurable functions f such that

/ |f(z)|P®) do < oc.
Q

There are two problems with this approach: first, as we noted in the Introduction,
there is a problem with homogeneity if p; = oco. Moreover, if Q. has positive
measure, then the integral no longer makes sense. We therefore make a more
careful definition.

DEFINITION 2.5. Given ©, p(:) € P(€2) and a measurable function f, define the
modular functional (or simply the modular) associated with p(-) by

o) (f) = /Q\Q [F (@) d + [l (2ee)-

If there is no ambiguity, we will write simply p(f).

REMARK 2.6. There are two other definitions of the modular in the literature.
One immediate alternative is to define it as

p(f) = max (/Q\Q |f (@) P da, ”fHLOO(QOO)) :
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This was done by Edmunds and Rékosnik [35]. Clearly this is equivalent to our
definition and yields the same norm. A very different approach motivated by the
theory of Musielak-Orlicz spaces is to define

p(f) = i | (2)[P™) da,

with the convention that > = 00 - X(1,00)(t). This modular (or, more precisely,
semi-modular) is no longer equivalent to ours, but the resulting norm is equivalent
to ours. See Diening et al. [30] for further information about this approach.

The modular has the following properties.

PROPOSITION 2.7. Given Q and p(-) € P(Q), then:
) for all £, p(f) > 0 and p(If]) = p().

2) p(f) =0 if and only if f(x) =0 for a.e. x € L.

3) If p(f) < o0, then f(x) < oo for a.e. x € .

4) p is convez: given o, 8 >0, a+ =1,

(1
(
(
(

plaf +Bg) < ap(f) + Bp(g)-
() If |f(x)] = lg(z)| a-e., then p(f) = p(g).
(6) If for some A >0, p(f/A) < oo, then the function A — p(f/N) is contin-
uous and decreasing on [A, 00). Further, p(f/A) = 0 as A — oo.

An immediate consequence of the convexity of p is that if & > 1, then ap(f) <
plaf), and if 0 < o < 1, then p(af) < ap(f). We will often invoke this property
by referring to the convexity of the modular.

PROOF. Property (1) is immediate from the definition of the modular, and
Properties (2), (3) and (5) follow from the properties of the L' and L° norms.

Property (4) follows since the L norm is convex and since for almost every
z € Q\ Qoo, the function ¢ — tP(*) is convex.

To prove (6), note that by Property (5), if A > A, then p(f/)) is a decreasing
function, and by the dominated convergence theorem (applied to the integral) it is
continuous and tends to 0 as A — oo. O

With the modular in hand we define the variable Lebesgue spaces.

DEFINITION 2.8. Given Q and p(-) € P(Q), define LP()(Q) to be the set of
Lebesgue measurable functions f such that p(f/A\) < oo for some A > 0.

While this more technical definition is necessary when p(-) is unbounded, we
can simplify the definition when p; < oo.

PROPOSITION 2.9. Given  and p(-) € P(Q), if py < oo, then f € LPO)(Q) if
and only if

:/ |f(z)|P® do < oc.
Q

PROOF. Since p; < 0o, we can drop the L*° term in the modular. Clearly, if
p(f) < oo, then f € LP(). Conversely, by Property (5) in Proposition 2.7, we have
that p(f/X\) < oo for some A > 1. But then

p(z)
o) = [ (HER) o <ore @iy < 0

In the proof we “pulled” a constant out of the modular. The ability to do so
is very useful, and makes the study of variable Lebesgue spaces in this case much
simpler. The proof of Proposition 2.9 is easily modified to prove the following
inequalities.
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PROPOSITION 2.10. Given Q and p(-) € P(2):
(1) if py < oo, then for all X > 1,

N=p(f) < p(Af) < NPHp(f).

When 0 < XA < 1 the reverse inequalities are true.
(2) If p+(Q\ Qo) < 00, then for all X > 1,

p(Nf) S APHEONE=)p(f),

We now want to prove that LP()(Q) is a Banach space. Here we will prove
that it is a normed vector space; we defer the proof that it is complete to the next
section.

THEOREM 2.11. Given  and p(-) € P(), LP)(Q) is a vector space.

PROOF. Since the set of all Lebesgue measurable functions is itself a vector
space, and since 0 € LP()(Q), it will suffice to show that for all i, 3 € R, not both
0, if f, g € LPO)(Q), then af + Bg € LPO)(Q). By Property (5) in Proposition 2.7,
there exists A > 0 such that p(f/\), p(g/A) < co. Therefore, by Properties (1), (3)
and (4) of the same proposition, if we let = (|a| + |3]) A, then

of + 589\ _ Iaf+ﬁg|> ( ol 1. 18l |g>
”( r ) ”( v ) =P\l v a x a8 x

<ol i+ m’jnmpwm <o O

ol + 15

Next, we define the norm. On the classical Lebesgue spaces, if 1 < p < o0,
then the norm is gotten directly from the modular:

1/p
Ifllzr) = (/Q |f(33)|pdx> )

Such a definition obviously fails since we cannot replace the constant exponent
1/p outside the integral with the exponent function 1/p(-). Instead, we use the
Luxemburg norm, similar to that used to define Orlicz spaces (cf. [7, 66]).

DEFINITION 2.12. Given €, p(-) € P(f2), and a measurable function f, define
Il vy ) = inf {A > 0: pyy.0(f/A) < 1}.

If there is no ambiguity over the domain €2, we will often write || f||,(.) instead of
£l Lee) ()

When p(-) = p, 1 < p < oo, Definition 2.12 is equivalent to the classical norm

on LP(Q): if p < oo and
f@N
/Q< X > dr =1,

then A = || f||Lr(q); the same is true if p = co.

THEOREM 2.13. Given Q and p(-) € P(S2), the functional || - || o) () defines a
norm on LPO)(Q).

ProoF. We will prove that || - ||,y has the following properties:
(1) [[fllpcy = 0if and only if f = 0;
(2) forall a € R, [lafllpc) = [l fllpe);
B) 1+ glloey < 1Ny + lglloe-



16 2. PROPERTIES OF VARIABLE LEBESGUE SPACES

If f =0, then p(f/A) =0 <1 forall A >0, and so || f|,.) = 0. Conversely, if

lfllpy = 0, then for all A > 0,
z p(x)
('f”') d + /A~

tzom= [ (55

O\ %o
We consider each term of the modular separately. It is immediate that we have
| fllzo= () < A; hence, f(x) = 0 for almost every x € Qu. Similarly, if X < 1, we
have

1> AP / |f ()P da.
O\ Qoo

Therefore, Hf(~)p(')||L1(Q\QOO) =0, and so f(x) = |f(x)|P™® = 0 for almost every
2 € Q\ Qoo. Thus f =0 and we have proved (1).
To prove (2), note that if & = 0, this follows from (1). Fix a # 0; then by a
change of variables,
lefllpey = mnf{A >0 p(lalf/A) <1}
= |a|inf {X/|a| > 0: p(f/(M/|a])) <1}
= lalinf {u > 0: p(f/p)) <1} = |alllfllpe)-

Finally, to prove (3), fix Ay > [|f|[,(.y and Ay > ||gl[p(.y; then p(f/Af) < 1 and
p(g/Ag) < 1. Now let A = Ay + A;. Then by Property (3) of Proposition 2.7,

) (f+9> — ) (/\ff I )‘99> < %p(f/)\f)"‘ %p(g/kg) <L

A A A
Hence, ||f + gllp() < Af + Ay. Taking the infimum over all such Ay and A, we get
the desired inequality. O

REMARK 2.14. There is an equivalent norm on LP()(Q) that is usually referred
to as the Amemiya norm. For p; < oo, define
I£1l50) = Inf{A >0 X4 Apy (f/N)}-
Then
1fllpe) < Hf”?(-) < 2[[fllpy-
For a proof, see Samko [91].

Though the norm is defined by an infimum, if f is non-trivial, then the infimum
is always attained. (If f = 0, then clearly the infimum is zero and is not attained.)
In Proposition 2.15 below we will prove that p(f/| fllp.) < 1, 50 A = || fllpc) is
always an element of the set {\: p(f/A\) < 1}.

PROPOSITION 2.15. Given Q and p(-) € P(Q), if f € LPO(Q) and || f||,() > 0,
then p(f/Ifllpcy) < 1. If py < oo, then p(f/|fllpcy) = 1 for all non-trivial f €
LPO(Q).

PROOF. Fix a decreasing sequence {\,} such that A\, — |/ f|,). Then by
Fatou’s lemma and the definition of the modular,

pUf /11 fllpc) < Timinf p(f/X,) < 1.

Now suppose that p; < oo but p(f/[/fllp)) < 1. Then for all A\, 0 < X <
lfllp.y» by Proposition 2.10,

_ (Ml f ) <|f||p<~))p+ ( f )
P/ ”( x o) S U ) e )
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Therefore, we can find A sufficiently close to || f||,.y such that p(f/X) < 1. But by
the definition of the norm, we must have p(f/\) > 1. From this contradiction we
see that equality holds. O

COROLLARY 2.16. Fiz Q and p(-) € P(). If || fllp¢) < 1, then p(f) < [|fllpc);
1 fllpey > 1, then p(f) = |1 fllp()-
PROOF. If || f|l) = 0, then f =0 and so p(f) = 0. If 0 < || f[|,(.y < 1, then by
the convexity of the modular (Property (4) of Proposition 2.7) and Proposition 2.15,
p(f) = pUlfllpey S/ pey) < NF ey pCF /1L pey) < (1 [lpe-

If || fllpy > 1, then p(f) > 1: for if p(f) < 1, then by the definition of the norm we
would have || f||,) < 1. But then we have that

p(x)
o(f/0(f)) = /Q . ('i ((g') dz + p(f) 1 ey
< / F@PD () dz + p(f) "Ml = 1.
O\ Qoo
It follows that || f||,) < p(f). O

The previous result can be strengthened by the following result due to Fan and
Zhao [40].

COROLLARY 2.17. Given Q2 and p(-) € P(R2), suppose py < oo. If || fllpy > 1,
then

PP <\ f oy < p()P-
FO<[[fllpy €1, then

PO < fllpy < p(S)MP.

If p(-) is constant, Corollary 2.17 reduces to the identity

i1 = ([ If(x)lpdx)l/p.

PROOF. We prove the first pair of inequalities; the proof of the second is es-
sentially the same. If p; < oo, by Proposition 2.10,

p(f) ( f > p(f)
s = \iho ) ST

By Proposition 2.15, p(f/[|fllp¢.)) = 1, and we are done. O

2.3. Convergence and completeness

To prove that variable Lebesgue spaces are Banach spaces, we first consider
norm convergence. The following results are all of interest in their own right; in
addition the first two are necessary for the proof of completeness.

THEOREM 2.18. Given Q and p(-) € P(), let {f.} € LPO)(Q) be a sequence of
non-negative functions such that fi increases to a function f pointwise a.e. Then
cither f € LPO(Q) and || fillycy — | Fllocy. or £ & LPO(Q) and [l — oo.

In the context of Banach function spaces, Theorem 2.18 is referred to as the Fa-
tou property of the norm. To emphasize the connection with the classical Lebesgue
spaces, we will refer to it as the monotone convergence theorem. This result was
first proved in [12].
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PROOF. Since {fi} is an increasing sequence, so is {||fx|[p(.)}; thus, it either
converges or diverges to co. If f € LPO(Q), since fi < f, [fullp) < 1o
otherwise, since f;, € L) (), Il fellpy < 00 =|fllpc). In either case it will suffice
to show that for any A < || f|,.), for all k sufficiently large || fx |,y > A.

Fix such a \; by the definition of the norm, p(f/A\) > 1. Therefore, by the
monotone convergence theorem on the classical Lebesgue spaces,

o= [ (W))p(z) dz 4+ 3 ey

O\ Qe A
o L@
= (g (55)" a0
= lim p(f/A).
k—o0
Hence, for all k sufficiently large, p(fr/A) > 1, and so || fillp) > A. O

The next result is the analog of Fatou’s Lemma. It is proved in [19].

THEOREM 2.19. Given Q and p(-) € P(2), suppose the sequence {fi} C
LPO)(Q) is such that fr — f pointwise a.e. If

lim inf | fi]lp() < oo,
then f € LPO)(Q) and
1£1lp¢) < Nt | fillpe)-
PROOF. Define a new sequence
9u() = ik |2
Then for all m > k, gr(x) < |fm(2)|, and so g, € LP()(Q). Further, by definition
{gx} is an increasing sequence and
lim gg(x) = liminf |f,(z)] = |f(z)], ae. z€Q.
k—o0 m—00
Therefore, by Theorem 2.18,
170> = Jim okl < Jim (g [l fmly) = Tamint el < o
and f € LPO(Q). O

Unlike the previous two results, to prove a version of the dominated convergence
theorem we need to assume py < oo. This result was first proved in [19] The proof
requires a lemma relating convergence in norm to convergence in modular.

LEMMA 2.20. Given Q and p(-) € P(Q), suppose py < co. For any sequence
{fi} € LPO(Q) and f € LPO(Q), || fr — fllpe) —= 0 if and only if p(f — fr) = 0.

PROOF. Suppose the sequence converges in norm. By Corollary 2.16, for all k
sufficiently large,

p(f = fi) S Nf = fellpe) < 1,
and so p(f — fr) — 0.
To prove the converse, fix A < 1. By Proposition 2.10,

(=< (3) ol -

Hence, for all k sufficiently large we have that

p(f_/\fk) <1.
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Equivalently, for all such k, [[f — frllp) < A. Since A was arbitrary, fx — f in
norm. U

THEOREM 2.21. Given Q and p(-) € P(Q), suppose p1 < oo. If the sequence
{fr} is such that f,, — f pointwise a.e., and there exists g € LP()(Q) such that
|fr(z)| < g(x) a.e., then f € LPO(Q) and ||f — frllp) — 0 as k — oo.

Proor. By Proposition 2.9,
|f (@) = ful@) P < 2P| f(2) PO 4 | fu(2) P)
< 2P+g(2) P € LN(9Q).

Then by the dominated convergence theorem on L, p(f — fi) — 0 as k — 0, and
by Lemma 2.20, || f — f|lp) — O. O

The final convergence result shows that norm convergence yields pointwise con-
vergence on subsequences. The proof depends on showing that norm convergence
implies convergence in measure; see [19] for details.

THEOREM 2.22. Given Q and p(-) € P(Q), if fx — f in norm in LPC)(Q), then
there exists a subsequence { fx,} that converges pointwise a.e. to f.

REMARK 2.23. Convergence in norm is not equivalent to convergence in mod-
ular when py = co. We can also consider the relationship between these and
convergence in measure. For a careful discussion of all of these ideas, see [18, 19].

We can now prove completeness. We do so by first proving that the Riesz-
Fischer property holds in variable Lebesgue spaces. This proof is from [19]; a very
different proof of completeness appeared in [64].

THEOREM 2.24. Given  and p(-) € LPO)(Q), let {fi} C LPO)(Q) be such that

Z [ fkllp(y < o0
k=1
Then there exists f € LP)(Q) such that
St f
k=1
imn norm as i — o0, and
1715y < D felloco-
k=1
PROOF. Define the function F on 2 by
F(z) =) |fs(@)],
k=1
and define the sequence {F;} by
Fy(@) =Y |fulx)]
k=1

Then the sequence {F;} is non-negative and increases pointwise a.e. to F. Further,
for each i, F; € Lp(')(Q)7 and its norm is uniformly bounded, since

IFilpey < D Mkl < D 1fkllne) < oo
k=1 k=1
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Therefore, by Theorem 2.18, F € LP()(Q).
In particular, F' is finite a.e., so the sequence F}, converges pointwise a.e. Hence,
if we define the sequence of functions {G;} by

Gl(x) = Z fk(m)v
k=1

then this sequence also converges pointwise a.e. since absolute convergence implies
convergence. Denote its sum by f.

Now let Gg = 0; then for fixed j > 0, G; — G; — f — G; pointwise a.e.
Furthermore,

liminf ||G; — Gjllpey < Tminf D [|felloey = D Malloe) < oo
k=j+1 k=j+1

By Theorem 2.19, if we take j = 0, then
[ £lloey < lminf |IGilloey <l fellogy < oo
k=1
More generally, for each j the same argument shows that

If = Gillpey < iminf|Gs = Gillpy < D7 1 fillp:
k=j+1
since the sum on the right-hand side tends to 0, we see that G; — f in norm, which

completes the proof. O

The completeness of LP() () is a consequence of Theorem 2.24.

THEOREM 2.25. Given Q and p(-) € P(Q), LP)(Q) is complete: every Cauchy
sequence in LPC)(Q) converges.

PrOOF. Let {fi} € LPO)(Q) be a Cauchy sequence. Choose k; such that
Ifi = fillpey < 27! for i, j > ki, choose ko > ki such that || f; — fll,.) < 272 for
i, j > k2, and so on. This construction yields a subsequence { fx, }, kj11 > kj, such
that

||fkj+1 - fkj”p(') <277

Define the new sequence {g;} by g1 = fx, and for j > 1, g; = fx, — fr,_,. Then
for all j we get the telescoping sum

J

> gi=

=1

further, we have that

> gillpey < e llpey + D277 < co.

j=1 j=1
Therefore, by Theorem 2.24, there exists f € LP()(Q) such that fr, — f in norm.
Finally, by the triangle inequality we have that
1 = fellpey S = Sy oy + 1Lfky = Frlloes

since {fx} is a Cauchy sequence, we can make the right-hand side as small as
desired. Hence, fr — f in norm. O
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2.4. Embeddings and dense subsets

In the classical Lebesgue spaces, if || < oo, then LP(Q) C L%(Q2) whenever
p > ¢. Similar embeddings holds in the variable Lebesgue spaces.

THEOREM 2.26. Given Q and p(-), q(-) € P(Q), suppose || < oco. Then
L1O)(Q) ¢ LPO(Q) provided that p(z) < q(x) almost everywhere. Furthermore, in
this case we have that

(2.1) 1oy < 12D lge)-

PROOF. Suppose that p(z) < g(x) a.e. By the homogeneity of the norm, it will

suffice to show that if f € LIO(Q), || flly) < 1, then || f[l,) <1+ 2\ Q&E‘)|. By
the definition of the norm,

12 py0(5) = |

oo MO 41

In particular, |f(z)| <1 a.e. on Q1) Further, since p(x) < g(z), o2  af)
up to a set of measure zero. Therefore,

_ p(z) p(z) _
o) = [ @P e [P de 1
<Hzen\oy): If(x)|§1}|+/ |f ()7 da

oy

< |Q| + pq(-)(f)
<|Q]+ 1.

Hence, by the convexity of the modular,

f pp(-)(f)
< <
Pr() (|Q|+1> O E 1,

and 50 || fllp) < 9]+ 1. O

As an immediate corollary we get the following embedding relationship between
the variable and classical Lebesgue spaces.

COROLLARY 2.27. Given Q and p(-) € P(Q), suppose || < co. Then there
exist constants c1, ca > 0 such that

allfllp- < 1fllpey < call fllp, -

In particular, given any Q, if f € LPO)(Q), then f is locally integrable.

Unlike the classical case, when € is unbounded it is possible to get a non-trivial
embedding—for instance, as we noted in the Introduction it is possible to embed
L in LP() (). The precise conditions required are given in the following theorem.
For a proof, see [19, 30].

THEOREM 2.28. Given Q and p(-), q(-) € P(Q), then L1 (Q) c LPO)(Q) and
there exists K > 1 such that for all f € L10)(Q), I fllpcy < Kl fllgcy, if and only if:

(1) p(z) < q(x) for almost every x € Q;
(2) there exists A > 1 such that

(2.2) / AT@) dz < o0,
D
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where D = {z € Q : p(z) < q(x)} and r(-) is the defect exponent defined
by

It is possible to decompose a function f € L”(')(Q) so that the pieces are
contained in Classical Lebesgue spaces. This decomposition complements Corol-
lary 2.27 and is very useful in applications.

THEOREM 2.29. Given Q and p(-) € P(Q), if f € LPO)(Q), then we can write
f=fi+ fo where fi € LP+(Q) N LPO)(Q) and fo € LP-(Q) N LPO(Q).

PROOF. By the linearity of the norms we may assume without loss of generality
that || f[|,.y = 1. This implies that || f| . ) < 1. Decompose f as fi + fa, where

J1 = fX{ee:f(@)<1}
J2 = [X{ze\Qu:|f(z)|>1}-
Clearly, f1, fo € LPO(Q). If p; < 00, |Quo| = 0, so by Corollary 2.16,

[1n@r s [ 15@po e < o =1
Q N\ Qoo

/ Fa(@)I~ do < / F@P® de < [ fllyey = 1.
Q Q\Q

Hence,
[ fullpss [f2llp- < 1= [fllp)-
If py = oo, then we argue as before for fo and for fi we note that || fileo <
L= 1[fllpe)- O

We now consider the problem of dense subsets in LP()(R2). A good understand-
ing of dense subsets only exists when py < co. For the case p; = oo, see [19].

THEOREM 2.30. Given an open set Q and p(-) € P(QQ), suppose py < oo. Then
the set of bounded functions with compact support with supp(f) C Q is dense in
LPO)(Q). Moreover, the set C(Q) of smooth functions with compact support is
dense in LP)(€).

PRrOOF. Fix f € LP)(Q). Let K}, be a nested sequence of compact subsets of
such that Q = J,, K. (For instance, let Kj, = { € Q : dist(z,0) > 1/k}NB(0).)
Define the sequence {f} by

k fk(x) >k
ful@) =3 fla) —k < fa) <k
-k fr(z) < -k,

and let gi(z) = fr(x)xk, (z). Since f is finite a.e., gp — f pointwise a.e.; since
f € LPO(Q) and |gr(2)| < |f(z)], gr € LPO(Q). Since py < oo, by Theorem 2.21,
gr — f in norm.

To show that C°(Q) is dense, fix € > 0; we will find a function h € C°(£2)
such that || f — hl|,() < e. By the above argument there exists a bounded function
of compact support, g, such that ||f — g,y < /2. Let supp(g) C B N for some
open ball B. Since p; < oo, C(B N Q) is dense in LP+(B N ); thus there exists
heCxr(BNN) C CX() such that

€
— hllr» = —h|lpr 91 L 1R~ON"
lg = Rllwe«o) = llg = hllor+ ooy < 5B QD
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Therefore, by Theorem 2.26,
19 = Rl ey ) = 19 = PllLee) (BRo)
<A+ |BNQg = hllrr+ By < €/2,
and so
1f = Rllpey < NF = gllpcy +llg = Allpey <e O

If p+ < oo, LP* is separable, so the proof of Theorem 2.30 can be readily
modified to yield the separability of LP() in this case. This is false when py = oo;
see [19].

THEOREM 2.31. Given an open set 2 and p(-) € P(Q), if p+ < oo, then
LPO)(Q) is separable.
2.5. Hoélder’s inequality, the associate norm and duality

In this section we show that the variable Lebesgue space norm satisfies a gen-
eralization of Holder’s inequality, and then use this to define an equivalent norm,
the associate norm, on LP() (). Based on this we will be able to characterize the
dual space when p; < oc.

THEOREM 2.32. Given Q and p(-) € P(Q), for all f € LP)(Q) and g €
L O(Q), fg € LY(Q) and

/Q |f(@)g(z)|dz < Kpoo | f oy llgllp ¢

whe7e
K. Qoo |00 Q1 |loo Q, [loco-
2() b- P+ !
PROOF. Our proof is adapted from [64]. If || f|,.) = 0 or ||g[[,() = 0, then

fg = 0 so there is nothing to prove. Therefore, we may assume that || f||,.), 19/l
> 0.

We consider the integral of | fg| on the disjoint sets Qoo, Q1 and Q. If z € Q,
then p(z) = oo and p'(z) =1, so

/LWMMMSWmJMW%M

= [l fx lpy 19X I ) S N llpylgllpr -

Similarly, if we reverse the roles of p(-) and p'(-), we have that

AgmmmmsmmmM+

To estimate the integral on {2, we use Young’s inequality:

@@, e ( £ ()] )”(”) L ( 19(2)| )p’@) .
/Q* f||p(')||g||p’(~) v /Q* p(x) ||pr(,) T+ p/(m) Hng’(-) 4

. 1
< o2 U lo) + = 0/ 1))

Since
1 1 1

PO () - IZ’
and by Proposition 2.15, p,y(f/[fllp)) < 1 and a similar inequality holds for g,

we have that ) )
[ el L, L
a. 1fllpey gl P o
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Combining the above terms, and using the fact that each is needed precisely
when the L° norm of the corresponding characteristic function equals 1, we have
that

1 1
/ |f(z)g(z)|dz < (IIXQM oo + Ix@u oo + — — — + [Ixa. ||oo) 1A oy gl s
Q p P+

which is the desired inequality. O

As a corollary we get a generalization of Holder’s inequality. For a proof, see
Diening [28] and Samko [91, 92].

COROLLARY 2.33. Given Q and exponent functions r(-), q(-) € P(Q) define

p(-) € P(Q) by
1 1 1

= + )
plx)  q(z)  r(z)

Then there exists a constant K such that for all f € L)(Q) and g € L™ (Q),

fg € LPO)(Q) and

1f9llpey < Kl fllge)llgllvcy-

Using Hoélder’s inequality we can define an alternative norm on LP(), the so-
called associate norm.

DEFINITION 2.34. Given Q and p(-) € P(£2), and given a measurable function
f, define

(2.3) 11 = sup / f(@)g(x) d,

where the supremum is taken over all g € LP' () (Q) with lgllpry <1

Temporarily denote by MP(") (Q) the set of all measurable functions f such that
||f||’p(,) < 0o0. We will show that MP() and LP() are the same space, and || - (8
and || - [} () are equivalent norms.

PROPOSITION 2.35. Given Q and p(-) € P(Q), the set MPO)(Q) is a normed
vector space with respect to the norm || - |},. Furthermore, the norm is order

preserving: given f, g € MPC)(Q) such that |f| < |g|, then ey < Nlgllycy-

PROOF. Tt is immediate that MP()(Q) is a vector space. The fact that || - [
is an order preserving norm is an consequence of the properties of integrals and
supremums and the following equivalent characterization of || - || ;(.). First note that
it is immediate from this definition that for all measurable functions f,

/ f(@)g(x) dx
Q

< sup |/ (2)g ()| da,

£y < sup
= lgllr .y <1 /o

lgll,ry<1

but in fact all of these are equal. To see this, note that for any g € Lp/(')(Q

),
lgllyy < 1, [f(2)g(z)| = f(z)h(z), where h(z) = sgn f(z)|g(z)| and ||h]) <
gl () < 1; hence,

/Q | (@)g(a)) di = / F@)h() dz < I O

THEOREM 2.36. Given €2, p(-) € P(Q), and a measurable f, then f € LPC)(Q)
if and only if f € MPC)(Q); furthermore,

kol oy < My < Kpy 1 f1nc)s



2.5. HOLDER’S INEQUALITY, THE ASSOCIATE NORM AND DUALITY 25

where
1 1
Koy = — — — + Ixa. llso + Ix1 lloo + X0 oo
pP— P+
1
= Ixexlleo + lIxen llee + [Ixa.lloo-
p(-)

To motivate the proof of Theorem 2.36, recall the proof of (2.3) if 1 < p < oo.
By Hélder’s inequality, || f]|;, < ||f[|,- To prove the reverse inequality, let

_ (@I
o) = (7)) nsto

Then ||g]/,, = 1, and
/Q F(@)g(@) dz = |l

and so in fact the supremum is attained.

LEMMA 2.37. Given Q and p(-) € P(Q), if [|fxa. |,y <1 and p(fxa.) < oo,
then p(fxa.) < 1.

PROOF. Suppose to the contrary that p(fxq,) > 1. Then by the continuity of
the modular (Proposition 2.7, (6)) there exists A > 1 such that p(fxq,/A) = 1. Let

2\ PE) -1
o) = (L) s e 00

Then pp(y(9) = pp(y (fxa./A) =1, 50 [|g|l () < 1. Therefore, by the definition of
the associate norm,

1xe.ll, > /Q f(@)xa. (@)9()

- )\/Q* <=’c(;)|)p(m) de = Ap(Fxa. /) > 1.

This contradicts our hypothesis on f, so the desired inequality holds. U

PROOF OF THEOREM 2.36. One implication is immediate: by Theorem 2.32,
||f||;(.) < Kp()1f -
To prove the converse, we will assume that
201, 1257, 1927 > .

If any of these sets has measure 0, then the proof can be readily adapted by omitting
the terms associated with them. Further, by the definition of the norm we may
assume [ is non-negative.

We will prove that if [| ||}, ) <1 and py()(fxa.) < oo, then

(2.4) Pp() (kp(y f) < 1.
Given this, fix any non-negative f € M?()(Q); by homogeneity we may assume
that | f]|,., = 1. For each k > 1, define the sets

Er = Bp(0) N (Q\ QL U{z € Q. : p(z) < k}),
and define the functions fi = min(f, k¥)xg,. Then fr < f, so by Proposition 2.35,
Ifellyy < Ny < 1. Furthermore, the sequence {fx} increases to f pointwise.

Finally, p(frxa,) < oo, and so we can apply (2.4) with f replaced by fi. Therefore,
by Fatou’s lemma on classical Lebesgue spaces and (2.4),

o) ko) f /1 lpy) = Pocy (Ro £) < liminf pp s (ki fi) < 1.
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Thus, we have that
1£1py < Bph 1 llngy-

To complete the proof, fix f with [|f[|, ) <1 and p(fxq.) < oo; we will show

that (2.4) holds. First note that by Proposition 2.35, || fxqre) [}y < 1. Now fix €,

0 < € < 1; then there exists a set E. C Q%) such that 0 < |Ee| < 0o, and for each
r e K.,

@)= (1= Il s
Now define the function g. by
ko) lf @@ sgn f(a) @ et =0r',
9e(x) = 4 ky() sgn f () e = a0,
| el " xe, (@) sen f(2) @ e 020 =0,
We claim that pp(.y(ge) < 1, 50 [|gellp () < 1. To see this, note that

s 0/ < [ 1F@PE) dat sgn e o, + 1B [ v (o) do
* 1

= ~/Qp(') |f(x)|p(l’) dx + || Sgnf”LOO(Qlf(‘)) + |Ee|_1 AP(_) XEE (if) dfl}'

By Lemma 2.37, the first term on the right-hand side is dominated by 1; the second
term equals 0 or 1, and the third term always equals 1. Therefore,

1
kp(')

P () (9e/Fp)) < 1Xgr lloo + IXgper oo + IXqpe oo =

Since k,.y < 1, by the convexity of the modular (Proposition 2.7),
Py’ (- )(ge) < kp( YPp' (- (ge/k )

which is what we claimed to be true.
Furthermore, we have that

[ s@awrdr =ty [ 15@P© ek [ o TN+ bt @)l do

2t [ @ de 0= ol i~

> (1= &)kp()pp() (f)-
Therefore, by the definition of the associate norm, since [|ge||, ) <1
125l = [ f@a)do > (0= Dy (1)
Since € > 0 was arbitrary, again by the convexity of the modular we have that

12> kpyppy (F) = pp(y (k) £)- U

We digress to prove Minkowski’s integral inequality as a corollary of Theo-
rem 2.36. This was first proved by Samko [91, 92].

COROLLARY 2.38. Given Q and p(-) € P(Q), let f: 2 x Q — R be a measur-
able function (with respect to product measure) such that for almost every y € ),

f(,y) € LPO(Q). Then

(2.5)

dyH < ko [ 1)l d
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PROOF. If the right-hand side of (2.5) is infinite, then there is nothing to prove,
so we may assume that this integral is finite. Define the function

o) = / f(y) dy,

and take any h € LP'()(1Q), A,y < 1. Then by Fubini’s theorem (see Roy-
den [85]),

/Q lg(2)h(x)] dz < / / (@, y)|dy |h(z)| de

://|f(x,y)h(x)|dxdy
QJQ
< Koy [ Il Il dy

< Ky / 17 Gl

Therefore, we have that

lallsey < Koo /Q 1769 oy o

and inequality (2.5) follows by Theorem 2.36. O

We finally turn to the dual space LP()(Q)* of continuous linear functionals
®: LPO)(Q) — R with norm

[ = sup [®(f)]-
Hf“p(-)fl

It follows immediately from Theorem 2.36 that given a measurable function g,
5(7) = | 1) do

is a linear functional if and only if g € L¥'()(Q2) and
(2.6) kgl ) < 19l < Ky lgllpr -
When p(+) is bounded, we get every element of the dual space in this way.

THEOREM 2.39. Given Q and p(-) € P(Q), if py < oo, then the map g — P4 is
an isomorphism: given any continuous linear functional ® € Lp(')(Q)* there exists
a unique g € LP O)(Q) such that ® = ®, and gl .y = ||®]|. Moreover, if p— > 1,
then LPC)(Q) is reflexive.

REMARK 2.40. Our proof is taken from [19] and is adapted from the proof for
classical Lebesgue spaces in Royden [85]. When p; = oo this result is false. This
was proved in [64]; their proof depends on deeper results about Orlicz-Musielak
spaces due to Hudzik [61] and Kozek [65]. In [19] we give a direct proof.

ProOOF OF THEOREM 2.39. Since p'(-), = (p-)’, reflexivity follows at once
from the first part of the theorem. Therefore, we will concentrate on proving the
equivalence.

Suppose first that p; < co. Fix ® € LPO)(Q)*; we will find g € L") (Q) such
that ® = ®,. Note that by (2.6) we immediately get that ||g||,.) = ||®].
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We initially consider the case when |Q}] < co. Define the set function p by
w(E) = ®(xg) for all measurable E C Q. Since ® is linear and xpur = XE + XF
if ENF =0, pis additive. To see that it is countably additive, let

o0
E=JE,
j=1

where the sets F; C Q) are pairwise disjoint, and let

k
F, = U E;.
j=1
Then by Theorem 2.26,

Ixe — xrlpe) < A+ 12DIxe — xFlp,
= (1+Q)|E\ Fy|'/P+.

Since |E| < oo, the last term tends to 0 as k — oo; thus xp, — Xxg in norm.
Therefore, by the continuity of ®, ®(xr,) — ®(xE); equivalently,

> ulE)) = w(E),
j=1

and so p is countably additive.
In other words pu is a measure on 2. Further, it is absolutely continuous: if
ECQ,|E|=0, then xg =0, and so

u(E) = ®(xg) = 0.

By the Radon-Nikodym theorem (see Royden [85]), absolutely continuous measures
are gotten from L' functions. More precisely, there exists g € L'(£2) such that

¢<XE>=;m£»::/£xEcwg@»dx

By the linearity of ®, for every simple function f =} a;xg,, E; C Q,

Mﬂ=4f@ﬂww-

Arguing as we did in the proof of Theorem 2.30, we have that the simple functions
are dense in LP(") (). Hence, ® and @, agree on a dense subset. Thus, by continuity
® =@, andsoge LP'O(9).

Finally, to see that ¢ is unique, it is enough to note that if g, § € Lp,(')(Q) are
such that ®, = @3, then for all f € LP()(Q),

(2.7) | re)ate) — gta) de =
By Corollary 2.27, g—§ € LP O(Q) ¢ LP')-(Q) = L®P+)'(Q), and since (2.7) holds

for all f € LP+(Q2) C LP)(Q), by the duality theorem for the classical Lebesgue
spaces, g — g = 0 a.e.

We now consider the case when |Q| = co. Write

Q= fj s,
k=1
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where for each k, |Qx| < oo and Qi C Qi1 1. Given ® € LP()(Q)*, by restriction ®
induces a bounded linear functional on LP()(Q;) for each k. Therefore, by the above
argument, there exists g, € L?' () (Q) such that for all f € LPO)(Q), supp(f) € D,

O(f) = . f(z)gr(z) da.

Further, [|gxlly ) < k;}‘) o, 2]l < 3||®[|. Since the sets ) are nested, we must

have that for all f with support in £,
f@on(e)dz = [ f@gnr(o)de
Qp Qri1

Since the functions gj are unique, we must have that gy = gx+1Xq,. Therefore, we
can define g by g(z) = gi(x) for all x € Q. Since supp(gi) C Qx, the sequence |gx|
increases to |g|; hence, by Theorem 2.18,

Ity = Jimn llgellcy < 3] < oo.

Thus g € LP O)(Q).

Now fix f € LPO)(Q) and let fr = fxa,. Then |f — fx| < |f|, so by Theo-
rem 2.21, fi, = f in norm. Further, frg — fg¢ pointwise, and by Holder’s inequality
for variable Lebesgue spaces (Theorem 2.32), |frg| < |fg| € L'(R2). Therefore, by
the classical dominated convergence theorem and the continuity of @,

[ t@geydo = fim [ fi()gla)do
Q

— 00 Q.

k—o0

= Jim [ i()ge(e) do = Jim @(fi) = ()

Finally, since the restriction of g to each Qj is uniquely determined, g itself is
the the unique element of L?'()(Q) with this property. This completes the proof. [

2.6. The Lebesgue differentiation theorem

If f € L, then for almost every x € R™,

loc»
lim fy)dy = f().
r—0 BT(:E)
If fe L (R™),1<p< oo, then a stronger result holds: for almost every z € R,
lim |f(y) = f(2)[P dy = 0.
r—0 B,(Z)

These results are usually referred to collectively as the Lebesgue differentiation
theorem—see [33, 46]. When p; < oo the Lebesgue differentiation theorem holds
in the variable Lebesgue spaces; this is due to Harjulehto and Hésto [49]. A slightly
weaker results holds when py = co: see [19].

PROPOSITION 2.41. Given p(-) € P(R™) such that py < 00, and f € Lfo((;) (R™),
then for almost every x € R",

(28) lim 4 [(f(y) = F@) [ dy =0.
0B, (2)

PROOF. Since this is a local result, it will suffice to fix a ball B and prove it
for a.e. € B. Since f € LPU)(B), by Proposition 2.9,

/U@W%m<w
B
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Enumerate the rationals as {¢;}; then

J 100 =)y <2 S+l dy <o
B B

Therefore, for each 4, by the classical Lebesgue differentiation theorem, for almost
every x € B,

im f[(fy) — i) " dy = (@) — )"

r—0 B, (x)
Since the countable union of sets of measure 0 again has measure 0, this limit holds
for all 4 and almost every x € B. Fix such an x. Fix ¢, 0 < € < 1, and choose ¢;
such that

|(f(l’) *Qi)| <e€

Then we have that

limsup]{g (=) ‘(f(y) - f(x)) ’p(y) dy < 2P+~ limsup (][ ’(f(y) - qi) |p(y) dy

r—0 r—0 B, (z)

of 10w - a)la)
=2 (|(F@) = a) " + (@) - 0))])

< 2Pte.
The limit (2.8) follows at once. O



CHAPTER 3

The Hardy-Littlewood Maximal Operator

In this chapter we turn to the study of harmonic analysis on the variable
Lebesgue spaces. Our goal is to establish sufficient conditions for the Hardy-
Littlewood maximal operator to be bounded on LP(): in the next chapter we will
show how this can be used to prove norm inequalities on LP() for the other clas-
sical operators of harmonic analysis. We begin with a brief review of the maximal
operator on the classical Lebesgue spaces and introduce our principal tool, the
Calderén-Zygmund decomposition.

3.1. Basic properties

The results on the maximal operator in this section are well-known; see for
example, [33, 44, 46].

DEFINITION 3.1. Given a function f € L{ _(R™), then M f, the Hardy-Littlewood

loc
maximal function of f, is defined for any x € R™ by

M) = sup ]2 F()) dy,

where the supremum is taken over all cubes ) C R”™ that contain x and whose sides
are parallel to the coordinate axes.

There are several variant definitions of the maximal operator, all of them point-
wise equivalent. We could restrict the supremum to cubes centered at x; this
is referred to as the centered maximal operator and is denoted by M€. Clearly,
Mef(x) < Mf(z). On the other hand, given any cube @ containing x, there
exists a cube Q centered at = and containing Q such that \Q| < 3"|Q|. Hence,
M f(x) < 3"M°f(x). Similarly, the supremum could be taken over all cubes and
not just those whose sides are parallel to the coordinate axes; again, this definition
is pointwise equivalent to Definition 3.1. Alternatively we could define the maximal
operator by taking the supremum over all balls that contain z, or even over balls
centered at x. Again, these two operators are equivalent pointwise to one another
and to the maximal operator defined with respect to cubes.

The maximal operator is very difficult to compute exactly for most functions,
but in certain cases it can be approximated easily. The following example and vari-
ations of it occur repeatedly in practice; the proof is a straightforward computation.

EXAMPLE 3.2. In R", let f(x) =|z|7% 0 < a <n. Then
Mf(z) ~ [x]°.

We record some elementary properties of the maximal operator that follow at
once from the definition.

PROPOSITION 3.3. The Hardy-Littlewood maximal operator has the following
properties:

31
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(1) M is sublinear: M(f + g)(z) < Mf(x) + Mg(z), and for all o € R,
M(af)(x) = |o|Mf(z).

(2) If f is not identically zero, then on any bounded set ) there exists € > 0
such that M f(z) > €, x € Q.

(3) If f is not equal to 0 a.e., then M f ¢ L*(R™).

(4) I T € L2(R™), then Mf € L=(R™) and | M ]lo = ||fe.

A deeper property of the maximal operator is a consequence of the Lebesgue
differentiation theorem, which in turn can be proved using the weak (1, 1) inequality
proved below.

PROPOSITION 3.4. Given a locally integrable function f, then for a. e. x € R™,

|f(2)] < M f(z).
3.2. The maximal operator on LP, 1 < p < c©

In this section we prove the classical norm inequalities for the Hardy-Littlewood
maximal operator. We will need these results, and the tools used to prove them, to
control the maximal operator on the variable Lebesgue spaces. Further, it is useful
to recall these proofs to compare them to the more complicated argument needed
in LP(), In this section we follow the presentation in [33, 44].

THEOREM 3.5. Given f € LP(R™), 1 < p < oo, for every t > 0,

[ 1@ aa.

(31) fre R Mf@) > ) < 2

Further, if 1 < p < oo, then
(3.2) 1M fl|ogamy < C)@) fll o an).

REMARK 3.6. The weak (p,p) inequality (3.1) can be rewritten in terms of L?
norms:

(3-3) tixX(zermm s @)>t o < C(n, ) fllp-

This is the form which we will generalize to LP().

We will prove Theorem 3.5 using the Calderén-Zygmund decomposition, one
of the most versatile tools in harmonic analysis.

DEFINITION 3.7. Let Qo = [0,1)", and let Ay be the set of all translates
of @y whose vertices are on the lattice Z". More generally, for each k € Z, let
Qr = 27%Qp = [0,27%)", and let Ay be the set of all translates of Q) whose
vertices are on the lattice 27¥Z". Define the set of dyadic cubes A by

A:UAk.

Z€EL

The dyadic cubes have the following properties which are immediate conse-
quences of the definition.

ProprosITION 3.8.

(1) For each k € Z, if Q € Ay, then £(Q) = 27*.

(2) For each x € R™ and k € Z, there exists a unique cube Q € Ay such that
T EQ.

(3) Given any two cubes Q1, Q2 € A, either Q1 N Q2 = 0, Q1 C Q2, or
Q2 C Q1. _

(4) For each k € Z, if Q € Ay, then there exists a unique cube Q € Aj_4
such that Q C @ @ is referred to as the dyadic parent of Q.
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(5) For each k € Z, if Q € Ay, then there exist 2" cubes P; € Ap41 such that
P, cQ.

Associated with the dyadic cubes is a corresponding maximal operator.

DEFINITION 3.9. Given a function f € L{ _(R"), define the dyadic maximal
operator M? by
Mif) = s f 17wy

Q3x
QEA

Somewhat surprisingly, even though the dyadic maximal operator is pointwise
smaller than the maximal operator, we can use it to control the maximal operator.

LEMMA 3.10. If f € Li, (R") is such that {, |f(y)ldy — 0 as |Q| — oo, then

for all t > 0 there exists a (possibly empty) set of disjoint dyadic cubes {Q;} such
that

Bl ={z eR": Mf(z) >t} = Q;
J
and

(3.4) t< ]é |f(z)|do < 27t

Further, for a.e. v € R"\J; Q;, |f(2)] < t.

The cubes {Q;} are referred to as the Calderén-Zygmund cubes of f at height .
As part of the proof we get that the (); are the largest dyadic cubes with the
property that fQ |f(y)|dy > t, and any other dyadic cube with this property is
contained in one of the ;. We refer to this property as the maximality of the
Calderon-Zygmund cubes.

By Hélder’s inequality, the condition that f,[f(y)|dy — 0 as |Q] — oo is
satisfied if, for example, f € LP(R™), 1 < p < oc.

PrOOF. Fix t > 0; if E¢ is empty, then there are no dyadic cubes @ such that
JCQ |f(y)| dy > t so we will let the collection {Q;} be the empty set. Otherwise, take
x € EZ. By the definition of the dyadic maximal operator, there exists Q € A such
that € @ and

][ F@)ldy > t.
Q

Since JCQ |f(y)|dy — 0 as the size of @ increases, if there is more than one dyadic
cube with this property, then there must be a largest such cube. Denote it by Q..
Since we can do this for every such z,

(3.5) Elc | Qu

z€EY

Conversely, given any other point 2’ € Q,,

M) = | 1rwldy >,
and so 2’ € E{. Therefore, Q, C E{ and equality holds in (3.5).

Since A is countable, the set {Q, : z € E{¢} is at most countable. Re-index this
set as {@);}. The cubes @), are pairwise disjoint; for if there exist two different cubes
that intersect, then by Proposition 3.8 one is contained in the other. However, this
contradicts the way in which these cubes were chosen since each was supposed to
be the largest such cube.
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The left-hand inequality in (3.4) follows from our choice of the Q;; furthermore,
since each (); was chosen to be the largest cube containing a point x with this

property, if we let éj be its dyadic parent,

vz vwla =2 1wl

J J
Finally, for every x € R™ \ E¢, M?f(z) < t. Therefore, for a.e. such x, by the
Lebesgue differentiation theorem,
|f(z)| = lim

TEQEA
Q=0

]é ) dy‘ < Mif(z) <t 0

LEMMA 3.11. Let f € Li,(R™) be such that f,|f(y)|dy — 0 as |Q — oo.
Then for any t > 0, if {Q,} is the set of Calderén-Zygmund cubes of f at height
t/4m,

By ={z eR": Mf(z) >t} C| J3Q;.

PROOF. Fix x € E;; then there exists a cube @) containing x such that

][If ) dy > t.

Let k € Z be such that 27%~1 < ¢(Q) < 27%. Then Q intersects at most M < 2"
dyadic cubes in Ay; denote them by P, ..., Py. Since £(P;) = 27% < 20(Q), w
have that

M M
t<]éf(y)ldy§ Ing/ﬂ If(y)ldy§2”;]{% F@) dy.

Therefore, there must exist at least one index ¢ such that

t t
dy > > —.
L 5= 5
In particular, P, C E¢

b since it is a dyadic cube, by the maximality of the
Calderén-Zygmund cubes, P; C @; for some j. Further, P; and @) intersect, so x €
Q C 3P; C 3Q;. This is true for every « € Ey, so we get the desired inclusion. [

PROOF OF THEOREM 3.5. We will first prove inequality (3.1) and then prove
(3.2) for 1 < p < co. We have already shown that the maximal operator is bounded
on L*°: by Proposition 3.3 we have that ||M f|lec = ||f]co-

Fix p, 1 <p < oo, and f € LP(R™). For any ¢t > 0, by Lemma 3.10, there exist
the disjoint Calderén-Zygmund cubes {Q;} of f at height ¢t/4". By Lemma 3.11
and Hélder’s inequality (when p > 1),

{z e R" : Mf(z) >t} <

[e’e] p
g|scz]| <]le"\cz] ( ]é |f<x>|dx>
<Swai, e < 55 [ o

Now fix p, 1 < p < oo, and f € LP(R™). The heart of the proof is an appeal to
Marcinkiewicz interpolation: see [33]. To make clear why the proof will not extend
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to variable Lebesgue spaces, we include instead adapt the proof of interpolation to
this particular problem.
For each ¢ > 0 we can decompose f as f&+ f, where
fo = fXeris@i>rzy, i = FXquermis@)i<y2y-
Since || f1]leo < t/2, we have by Proposition 3.3 that
Mf(x) < Mfo(x) + Mfi(z) < Mfo(a) +1t/2.
Given a function h € LP(R"),

_ - -1 n.
(3.6) Ih|z —p/o 2 1{z € R™ : |h(x)| > t}] dt.
(See [71, 86].) Therefore, by the weak (1, 1) inequality and Fubini’s theorem,

M f(2)? dz = p/ootp_1|{x CR": Mf(z) >t} dt
R" 0

< p/ootp_1|{33 eR™: Mfi(zx) > t/2}| dt

0 o0
<2p- 12"/ tp_z/ |fi(x)| da dt
O n

:2p~12”/ tpfz/ |f(x)| dxdt
0 {zeR™:|f(z)|>t/2}

2|f (2)]
=2p- 12”/ |f(x)\/ tP=2 dt dx
n 0

:2p’~12"/ |f(z)|P du. O

REMARK 3.12. This proof will fail in the variable Lebesgue spaces because (3.6)
does not hold: this inequality reflects in a fundamental way the fact that the LP
spaces are rearrangement invariant. The variable Lebesgue spaces do not have this
property: in fact, they are not even translation invariant: see Theorem 4.5 below.

3.3. The maximal operator on variable Lebesgue spaces

The maximal operator is well-defined on any variable Lebesgue space. The
easiest way to see this is by using the embedding theorems in Section 2.4. If
f € LPO)(R™), then by Theorem 2.26 f is locally integrable, so Mf is defined.
Moreover, by Theorem 2.29, f = fi + fo where f; € LP- and fy € LP+. Then
Mf < Mfi + M fs, and by Theorem 3.5 the right-hand side is finite a.e.

The central result of this chapter is that log-Holder continuity is sufficient for
the maximal operator to be bounded.

THEOREM 3.13. Given p(-) € P(R™), if 1/p(-) € LH(R™), then

(3.7) Itx{z:nrp @) >ty | ey @ny < ClFll e @ny-
If in addition p_ > 1, then
(3.8) M fll oo @y < CllflLre) @ny-

In both inequalities the constant depends on the dimension n, the log-Holder con-
stants of 1/p(+), p—, and peo (if this value is finite).

Theorem 3.13 is due to a number of people. It was first proved by Diening [25]
when p; < oo and p(+) is constant outside a large ball. The full result, including
the LH, condition, but again when p; < oo, was proved in [22]. Independently,
Nekvinda [79] proved it with a slightly different condition at infinity: see below.
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The case p; = oo is due to Diening [28]; see also [29]. The proof given here is
adapted from [15].

We will only prove the strong-type inequality (3.8) in the special case 1 < p_ <
p+ < oo. This proof reveals the essential ideas of what is going on without getting
obscured by technical details. The weak-type inequality when p_ = 1 is gotten by
modifying this proof. For the complete proof when p, = oo, see [15, 19].

For the proof we need three lemmas. The first is a geometric characterization
of local log-Holder continuity due to Diening [25].

LEMMA 3.14. Given p(-): R™ — [0,00) such that pi < oo, the following are
equivalent:

(1) p() € LHo(R™);
(2) there exists a constant C depending on n such that given any cube Q and
r€Q,
|QIP@—P+@) < ¢ and |Q|P-(@~P) < (.
PROOF. Suppose p(-) € LHy(R™). We will prove the first inequality in (2); the
proof of the second is identical. If £(Q) > (2y/n) ™!, then
QP =P+(@) < (2/n)"(P+=P-) = C(n,p(-)).

If £(Q) < (24/n)7 1, then for all y € Q, |z — y| < 1/2. In particular, since p(-) is
continuous, there exists y € @ such that p(y) = p4(Q). Therefore, by the definition
of LHQ,

|Q|p(:c)—p+(Q) < (n_1/2|33 . y|)—n|p(w)—p(y)l

< exp (Co(log(n1/2) — log |£Zf - y)> < C(n,p())
—log [ —y|
Now suppose that (2) holds. Fix z, y € R™ such that |z —y| < 1/2; then there
exists a cube @ such that z, y € @ and £(Q) < | —y| (and so |Q] < 1). Combining
the two inequalities in (2) we have that

C > ‘Q|P—(Q)—P+(Q) > |Q‘—|p(.’1‘:)—p(y)|

> |z —y| P POl = exp (= n|p(z) — p(y)|log(|z — yl))-
If we take the logarithm we get that

C
p(z) —pY)| < —————,
L e ()
where C' does not depend on z, y. Hence p(-) € LHy(R"™). O

The second lemma shows that given log-Holder continuity at infinity, we can
work with modular inequalities by replacing the variable exponent with a constant
one at the price of an error term. Versions of this inequality appeared in [12, 15,

.

LEMMA 3.15. Let p(-) : R™ — [0,00) be such that p(-) € LHoo(R™) and 0 <
Poo < 00, and let R(z) = (e + |z|)™N, N > n/ps. Then there exists a constant C
depending on n, N and the LHy, constant of p(-) such that given any set E and
any function F with 0 < F(y) <1 fory € E,

(3.9) téﬂWWWSCLF@“@+CLR@“@,

(3.10) /E F(y)P~dy < C [E Fy)*W dy+C /E R(y)P=> dy.
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PRrROOF. We will prove (3.9); the proof of the second inequality is essentially
the same. By the LH, condition,

R(y)~ W) =P=l = exp (Nlog(e + [y])|p(y) — psol) < exp(NC).

Write the set E as Eq U Ey, where By ={r € E: F(y) < R(y)} and Ex = {z € E:
R(y) < F(y)}. Then

/ Fy)*@dy < [ R(y)P® dy
El El

< [ R(y)P=R(y)"PW=P=ldy < exp(NCs) | R(y)P=dy.
E1 El

Similarly, since F(y) <1,

F(y)*W dy < F(y)P=F(y) P =rel gy
E2 E2

< [ Fyp=R(y) P01l dy < exp(NC) / Fly)P dy.
E2 E2

O

Our third lemma allows us to apply the Calderén-Zygmund decomposition to
functions in LP()(R™). This result is from [19].

LEMMA 3.16. Given p(-) € P(R™), suppose py <oo. Then for all f€ LPO)(R™),
JCQ lf(y)dy = 0 as |Q| — co. In particular, the conclusion of Lemma 3.10 holds.

PRrROOF. Fix f € LP()(R™) and a cube @ with |Q| > 2. Then by Theorem 2.32,
]{2 FW)dy < Koy Q1 xallyo 1.

We will show that [Q|~*||xqll,() — 0. By the definition of the norm, since Q] > 2,

HXQHP’() = lnf{)\ >0: / ) )\—p’(w) dx =+ )\_1HXQHL<>0(QP’(‘)) S 1}
Q\e&" >
<inf{A>1: / AP @) dp 4 A7 < 1}
Q\ex®)

<inf{A>1: 2770 |Q+ A7 < 1}
< inf{A > 2P0 AP O Q| + A7 < 1}

The last infimum is obtained when A satisfies A" ()-|Q| + A~! = 1. Fix this value
of \. Then 1 < A~?' ()= Q| + 271/”/(')—, and so

1/p"(-)_
.l

(12 /PO IO

Hence,
. . QO
QI Ixellp() < 1QITA <

Since py < oo, p'(+)_ > 1, and so the right-hand term tends to 0 as |Q| — co. O

(1— 9=1/p'(")_ )1/10'(')

REMARK 3.17. As an alternative to using this lemma, we can prove norm
inequalities by first proving them for bounded functions of compact support, and
then use an approximation argument with the monotone convergence theorem and
the density of such functions (Theorems 2.18 and 2.30). This is the approach used
in [15].
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PROOF OF INEQUALITY (3.8). We begin the proof with some reductions. First,
without loss of generality we may assume f is non-negative. Second, given the
assumption that p; < oo, then 1/p(-) € LHy is equivalent to assuming p(-) € LH,

since
‘p(w)—p(y)' <’ 11 ‘< ‘p(x)—p(y)’
()2 |~ Ipl2)  p(y) -2 |
The same computation with p, in place of p(y) shows that 1/p(-) € LHs is
equivalent to p(-) € LHy.

Third, to prove (3.8) we will need to pass between a norm inequality and a
modular inequality. In the classical Lebesgue spaces this is trivial, since norm
and modular inequalities are equivalent. This is no longer the case in the vari-
able Lebesgue spaces: in fact, as we will see below in Theorem 3.36, the modular
inequality

M@ de <C [ |f(@)P) do
is always false unless p(+) is constant.

To avoid this, we will use the following approach that can be adapted to many
other operators. By homogeneity, it is enough to prove (3.8) with the additional
assumption that || f[|,.y = 1; in this case, Corollary 2.16 implies that

/ |f ()P da < 1.
Then by Theorem 2.9 it will suffice to prove that

M f(z)P®) de < C,
R”L

since then we have that

||Mpr(') <C= C”f“p(‘)'

We now argue as follows. Decompose f as fi1 + fa, where

J1= X {a:f@)>1)5 Jo = [X{a:f(2)<1}s
then p(fi) < || fillpcy < 1. Further, since M f < M f; + M fo, it will suffice to show
that for i = 1,2, that [|M fi[[,(.y < C(n,p(-)); since p; < oo, as we argued above it
will in turn suffice to show that

M fi(z)P®) dx < C.
Rn

The estimate for fi. Let A =4", and for each k € Z let
Q= {z €R": M fy(z) > A*}.

Since f; € LPO)(R™), as we noted at the beginning of Section 3.3, M fi(z) < oo
almost everywhere; similarly, without loss of generality we may assume f; is non-
zero on a set of positive measure, and so by Proposition 3.3, M f(x) > 0 for all z.
Therefore, up to a set of measure 0, R” = (J, Qi \ Qi41. Further, by Lemma 3.16
for each k we can apply Lemma 3.10 to form the Calderén-Zygmund decomposition
of f at height A*~1: pairwise disjoint cubes {Q?}J such that

Q C U3Q? and ]{gk fi(y) dy > AFL,
J Fi

From the second inequality we get that

fily) dy > 3 AR,
3Q%
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Define the sets EF inductively: EY = (% \ Qk41)N3QF, ES = (% \ Qr11)N3Q5)\
EY, BY = ((Q \ Q&y1) N3Q5) \ (EY U E3), etc. Then the sets E} are pairwise
disjoint for all j and k and Q4 \ Qr11 = U, E}.

We now estimate as follows:

M fy (z)P®) da:—Z/ M fy(2)P® da:

Qe \Qp41

< / [ARFP@) g
Xk: Qp\Qk41

p(x)
< A%P+3np+ / ( fl (y) dy) dzx.
kXJ: Er \J3Q"

To estimate the last sum, note that since fi(z) =0 or fi(x) > 1 a.e., if we let

pir = - (3Q%),

(3.11) fl(y)l”(y)/pjk dy < / fl(y)p(y) dy < 1.
3Q* 3Q"

Rn

Further, since p(:) € LHy(R™) and p; < oo, by Lemma 3.14 there exists a constant
C' depending on p(-) and n such that for = € 3Q§,
(3.12) 3Q417) < i)l
Therefore, since for z € EJk C SQ;?, p(z) > pjr > p—, by (3.11), (3.12) and Holder’s
inequality with exponent pji/p—,

p(z)

p(z)
Z/ y) dy dx < Z/ |3Q§‘—p(z) / fl(y)p(y)/pjk dy dr
5 PR 3Q¥

Pjk

< k|—pjk p(y)/pjk
<cy [ say (/SQkfl(w dy) do
k.j 7 J
Pjk
< CZ/ ( y)PW)/Pix dy) dx
p_
< CZ/ ( p(y)/p dy) dx

< CZ CM(fi() )/P=) ()P~ da

<C M(fl()p( Py ()P~ da.
RTL
Since p_ > 1, by Theorem 3.5 the maximal operator is bounded on LP-(R™).
Hence,

M(ﬁ(,)p()/p,)(m)p, de < C f1 (x)p(x) dr < C.
R R
If we combine the above inequalities we get the desired result.

The estimate for fa Since 0 < fo(z) < 1, we have that 0 < M fo(z) < 1.
Since 1 < poo < 00, if we set R(z) = (e + |x|) ™", then by inequality (3.9),

Mfo(z)P® de < C | Mfy(x)P>de+C | R(z)P= da.
Rn R Rn
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The second integral is a constant depending only on n and p.,. To bound the first
integral, note that since ps > p— > 1, by Theorem 3.5 and (3.10),

Mfo(z)Podx < C [ fa(z)P~ dx
Rn R‘IL

<C | fo2)Dde+C [ R(x)P~ds<C.
R Rn

Combining these two inequalities we get the desired estimate for fo. This completes
the proof. [l

3.4. The necessity of the hypotheses in Theorem 3.13

Since in the classical case the maximal operator is bounded on LP for both p
finite and p = oo, it is makes sense that Theorem 3.13 includes the case p. = co. At
the other end of the scale of Lebesgue spaces, by Proposition 3.3 the maximal oper-
ator is not bounded on L!. Initially it was conjectured that if p(x) > 1 everywhere
and is “far” from 1 except on a small set—for example, if p(z) = 1 + |log(x)|~*
near the origin—then the maximal operator could be bounded on LP("). However,
this is never the case. The following result first appeared in [22] with the addi-
tional assumption that p(-) is upper semicontinuous; this hypothesis was removed
by Diening [28]; see also [19, 30].

THEOREM 3.18. Given p(-) € P(R"™), if p— = 1, then the mazimal operator is
not bounded on LPC)(R™).

PROOF. For each k € N, choose s; such that

1 -1
1 - — .
<sk<n<n k+1>

Then for each k, since p_ = 1 the set
Er ={z:p(z) < sx}

has positive measure. By the Lebesgue differentiation theorem, for each function
XE, there exists a point zj € Ej such that

B
lim M =1.
r—0t | B(zy)]
In particular, there exists Ry, 0 < Ry < 1, such that if 0 < r < Ry, then
|Br(xk) n Ek|
|Br(xk)|

Let By = Bp, (x)) and define

(3.13) R U

fu(@) = & = au| " T x g (@)
We now must prove that fj, € LP()(R™), and that
IM fillpey = e(n)(k+ D)l fellp)-

To see the first, note that since Ry < 1 and —n + Til <0,

mn>:/‘ o — g | T
BrNE}

< / |lx — xk|(_"+k+rl)s’“ dzr < oco.
BrNEL
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For the second, we will use the equivalent definition of the maximal operator
and consider averages over balls. Fix x € By N Fy and let r = | — x| < Rg. Then

1 .
Mfi(z) > ——— ly — @] "R dy.
|Br(zk)| J B, (2i)n By
Let 8, = 2= (*+1: then
{y : 0kr <y — x| <r}| = (1 =27 B (2)].

Therefore, since |z — :ck|7”+k%l is radially decreasing and since by (3.13)
|B,(z) N Ey| > (1 —27"*+1)|B,.(x)|, we have that
1 1
Mfi(z) > ly — x| T dy
|BT'(I]€) Br(wk)ﬂEk

()™ / ly — " dy
{Srr<ly—ar|<r}
1
e(n)(k+1)(1 — 6|z — | TR
> c(n)(k+1) fr(x).

Trivially, this inequality also holds if = & BN Ey; hence, ||M fi|[p.) > c(n)(k + 1)
| fillp(.), and this completes the proof. O

v

We now turn to the regularity assumption in Theorem 3.13. The next example
shows that a simple jump discontinuity will cause the maximal operator to be
unbounded. We first saw this example in the Introduction.

ExXAMPLE 3.19. Let Q =R, and let
2 <0
p(z) = {

4 z>0.
Let f(z) = |z|72/®x(_1,0)(x). Since |z|~*/5x 1,0y € L*(R), by Proposition 2.9,
f € LPO)(R). On the other hand, M f ¢ LP*)(R): if 0 < = < 1, then
1 [° 1 5
Mi@) 2 o [ 1@l = o [ vy = 2o ¢ (o,
0

T2z J_,

hence p(M f) = oo, so again by Proposition 2.9, M f ¢ LP()(Q). Further, from this
inequality we get that for any ¢ > 0,

5\ 5/2
t'{z e R: M f(z) > t}| > t* (6t> ;
hence, for ¢ large, by Corollary 2.17 we have that
5/8
1/4 )
Xt 5@y ) 2 P(EX(arrp@y>y) T 2 8 (&) :
Since the right-hand side is unbounded as t — oo, (3.7) does not hold.

The next example shows that local regularity is also not sufficient: there must
be some control at infinity.

EXAMPLE 3.20. Let p(z) = 3 + sin(x). Then the maximal operator is un-
bounded on LPC)(R).



42 3. THE HARDY-LITTLEWOOD MAXIMAL OPERATOR

PRroOF. For all k € N, define the sets

T 3T
A = | =+ 2km, — + 2
k {4—# km, 1 + kﬂ':l,
om T
If we let a = 34+ +/2/2 and b = 3 — v/2/2, then if v € Ay, p(z) > a and if € By,

p(z) <b.
We now define the function

Flz) =)l ™, (@),
k=1

Since a/3 > 1,

o0 o0
o) =3 / 2P g < / 2]~/ dz < oo,
k=1" Ak

/4427

so by Proposition 2.9, f € LP()(R). On the other hand, given z € [2k, 2(k + 1)7],
1 2(k+1)w
Mf@) 2 o [ Sy claf .
27 2km
Therefore, since b/3 < 1,

o)z 3 e [ ol P da
k=1 7Bk

00 00 —b/3
ZZC/ |x|*b/3dx202 (ZT—i—anr) = 00,
k=1 7Bk

k=1
and so again by Proposition 2.9, M f ¢ LP()(R). O

As we will see in Section 3.5, the log-Holder continuity conditions are not
necessary. However, as the next two results show, they are sharp in the sense that
if we replace the right-hand side by any larger modulus of continuity, we can find
an exponent function p(-) such that the maximal operator is not bounded. The
following two examples are from [22] and [82].

EXAMPLE 3.21. Fix peo, 1 < peo < 00, and let ¢ : [0,00) — [0,1) be such that
d(0+4) =0, ¢4 < poo — 1, ¢ is decreasing on [1,00), ¢(z) — 0 as x — oo, and
(3.14) zlggo o(z) log(z) = oo.

Define p(-) € P(R) by
Poo z<0
p(@) = {poo —¢(z) z>0.
Then p(-) ¢ LHo(R) and the maximal operator is not bounded on LP()(R).

REMARK 3.22. A family of functions that satisfy the hypotheses of Exam-
ple 3.21 is
Do x € (—00,0]
p(x) = {P0 ~ iozere < € (0,1)
Po — m (S [lv OO),

where pg > 2 and 0 < a < 1.
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PrOOF. It is immediate from (3.14) that p(-) does not satisfy the LHo(R)
condition, so we only have to construct a function f such that f € LP()(R) but
Mf ¢ LPO)(R). By inequality (3.14) we have that

: Pos o
zlggo (1 - p(2x)> log(z) = —o0,
which in turn implies that

lim g!~Pe=/P(22) — (.
xTr—r0o0

Hence, we can form a sequence {c¢,} C (—oo, —1) such that ¢,41 < 2¢, and
|Cn|1—poo/p(2\cn\) <o m,

Let d,, = 2¢,, and define the function f by

oo

Fa) =" len /P00 Dx 4, o (@),

n=1
Since py < o0, by Proposition 2.9 it will suffice to show that p(f) < oo and
p(Mf) = oco. First,

o)=Y [ led D s = 3 [ e 100D
n=1 dn n=1 dn

oo o0
— Z ‘cnll_poc/P(‘dnl) S Z 27" = 1.
n=1 n=1

On the other hand, if © € (|¢,|, |dn|), then

1 dn|
MI@) 2 g [ sy

1 cn 1
> =1/p(ldnl) gy — Z1c |~1/P(dnl)
2 2|dn|Ln [cn] y=7leal
Therefore, since p(+) is an increasing function on (1, 00) and |¢,| > 1,

P+ ‘dn|

1 —p(x
p(Mf) > (4) 3 (e ~P@/0a) gy
n=1

lenl

1\ P+ & ldn| 1\ P+ &
> <4) Z/ ey [P D/p1n]) gy — (4> S 1=w O
n=1

n=1 |Cn|

ExAMPLE 3.23. Fix po, 1 < py < 00, and let ¢ : [0,00) — [0, 1] be such that ¢
is increasing, ¢(0) =0, ¢(z) — 0 as z — 0T, and

(3.15) lim ¢(x)log(zr) = —oc.
xz—07+
Let Q = (—1,1) and define p(-) € P(Q) by
+o(x) >0
p() = {po ()
Po z < 0.
Then p(-) ¢ LHy(2) and the maximal operator is not bounded on LP()(€).

REMARK 3.24. A particular family of exponent functions p(-) that satisfy the
hypotheses of Example 3.23 is

(@) 2 z € (—1,0]
p(x) =

2+W 556(0,1),
where 0 < a < 1.
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PROOF. The construction of this example is very similar to the construction
of Example 3.21. Tt is immediate from (3.15) that p(-) does not satisfy the LH(§2)
condition at the origin, so we only have to construct a function f such that f €
LPO(Q) but M f ¢ LPO)(Q). Intuitively, we will generalize Example 3.19 by showing
that f(z) = |x|_1/p(‘$|)x(,1’0) (z) is in LPO)(Q) but M f is not. However, to simplify
the calculations we replace this f by a discrete analog.

By (3.15) we have that

L, (1 - p(i(;2)> log(x) = —oo;

. 1— B0
lim z= »&@/2 =0.
z—0t

Hence, we can form a sequence {a,} C (—1,0) such that a,/2 < a,+1 and

equivalently,

|an|1—p0/:0(|an|/2) <27,

Let b, = a,,/2 and define the function f by

flx) = Z |an|_1/p(|bn|)X(an,bn)(x)'

n=1

Since p; < oo, by Proposition 2.9 it will suffice to show that p(f) < oo and
p(M f) = oco. First, we have that

oo br
Z/ | P07 (100 1) g
n=1van

_ % S fag /D) < S 9=t <o,
n=1 n=1

On the other hand, if = € (|b,], |a,]), then

p(f)

2|an|
1
2|an|

|an‘
Mp@) = o [ Wy

>

bn
/ g~ /P0D) gy — L1, ~1/p000D,
: 1

Therefore, since p(+) is an increasing function and |a,| <1,

P 20 rlan]
p(Mf) = (i) Z/ |ap|~P@/P(bnD) gy
n=1 |

bn|

N I " -1
Z (4> Z I |an| PUOR 1)/ PLIOn dx = <4> Z 5 = OQ. ‘:l
n=1 n=1

bnl

3.5. Weakening the hypotheses in Theorem 3.13

While the log-Hélder continuity conditions are sufficient and sharp as pointwise
conditions, they are not necessary. In this section we review some recent work on
weaker sufficient conditions and conclude with a necessary and sufficient condition
due to Diening that has important theoretical implications.

To see that the log-Holder continuity is not necessary, we give three examples.
Since the details of their proof are quite complicated, we omit them and refer the
reader to the literature. The first example shows that L H., is not necessary. For
a proof, see Nekvinda [80].
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EXAMPLE 3.25. On the real line, if

p(z) =po + w,

po>1and 0 < a <1, then M is bounded on LP()(R).

The second shows that the L Hj condition is not necessary. For a proof, see [19].

EXAMPLE 3.26. Given a, 0 < a < 1, let I, = (—e=3"",e=3"") ¢ R. Then the
exponent p(-) € P(I,) defined by

1 1 1

_— =
p(x) 2 log(1/[z[)e
then M is bounded on LP()(I,).

If we compare these examples with Examples 3.21 and 3.23, we see that in the
latter examples the proof depends in an essential way on the asymmetry of p(-).
In fact, if we maintain symmetry, then it is possible to construct a discontinuous
exponent such that the maximal operator is bounded. The following remarkable
example is due to Lerner [68].

EXAMPLE 3.27. Given pp > 1 and p € R, define p(-) € P(R) by
p(x) = po — psin(loglog(1 + max(z|, |z[~))).

Then for u sufficiently close to 0, the maximal operator is bounded on LI’(')(}R)7 but
p(+) does not have a limit at 0 or infinity.

REMARK 3.28. The following interesting question is suggested by the previous
examples: does there exist an even, continuous exponent function p(:) on R such
that 1 < p_ < py < oo and the maximal operator is not bounded on LP()(R)?

Motivated by these examples, there has been an effort to find weaker sufficient
conditions, both locally and infinity. Much more is known locally. At infinity, the
only known condition that can replace the LH, condition is due to Nekvinda [79],
who used it to independently prove Theorem 3.13.

DEFINITION 3.29. Given p(-) € P(R"), we say that p(-) € N (R") if there
exist constants Ao > 0 and po € [1, 00| such that

1 1!
/ exp —Aoo‘— dr < oo,
Q4 p(.T) Poo

1 1
Q+:{xeR":‘—’>0}.
p(x)  Poo
The N condition implies that the exponent p(-) satisfies the log-Ho6lder con-
tinuity in some average sense at infinity. In fact, the proof of the strong-type in-
equality above goes through with LH, replaced by N..: a version of Lemma 3.15

is still true. This is essentially Nekvinda’s argument. The N, condition, however,
is not necessary; this is shown by Example 3.25 above.

where

An interesting replacement for local log-Holder continuity is the Ky condition
introduced by Kopaliani [62].
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DEFINITION 3.30. Given p(-) € P(R™), then p(-) € Ko(R™) if there exists a
constant C'k such that

(3.16) sup Q1" I e Ixal 0 @) < O < 00,

where the supremum is taken over all cubes Q.

The K condition is very similar to the Muckenhoupt A, condition for weighted
norm inequalities: see Chapter 4 below. Furthermore, it is a necessary condition.

PROPOSITION 3.31. Given p(-) € P(R™), if the mazimal operator is bounded
on LPO)(R™), then p(-) € Ko(R™).

The Ky condition is not sufficient: there exist examples due to Kopaliani [63]
and Diening [28] (see also [30]) of exponents p(-) such that p(-) € Ky, but the
maximal operator is not bounded on LP(). On the other hand, it is a replacement
for the LH, condition, as the next result due to Kopaliani [62] and Lerner [69]
shows. It is possible to prove this result by adapting the proof of Theorem 3.13
and using some ideas of Lerner: see [19)].

THEOREM 3.32. Given p(-) € P(R™), suppose 1 < p_ < py < oo and p(-) €
Ko(R™) N LHoo(R™). Then

(3'17) HMf”LP(*)(]R") < C”f”LP(')(R")'

We conclude this section with a necessary and sufficient condition due to
Diening [27, 30]. Though not easy to check in practice, it has important theo-
retical implications. To state it, we give two definitions.

DEFINITION 3.33. Let @ = {Q;} be a collection of pairwise disjoint cubes.
Given a locally integrable function f, define the averaging operator Ag by

Aof(@) = Ao ) v, (o)

DEFINITION 3.34. Given p(-) € P(R"), then p(-) € A if there exists a constant
C 4 such that given any set Q of disjoint cubes and any function f € LPC)(R™),

Ao fllpey < Callfllpy-

THEOREM 3.35. Given p(-) € P(R"™), suppose 1 < p_ < py < oo. Then the
following are equivalent:
(1) p() € A.
(2) The mazximal operator is bounded on LPC)(R™).
(3) The mazimal operator is bounded on LP' () (R™).
(4) There exists s >1 such that the mazimal operator is bounded on LPC)/5(R™).

A direct proof of the equivalence of (2) and (4) was given by Lerner and Om-
brosi [70]. As we will see in the next chapter, the equivalence of (2) and (3) plays
a major role in the application of extrapolation in the variable Lebesgue spaces. It
would be very interesting to have a direct proof of this result, even in the case of
the classical Lebesgue spaces.

3.6. Modular inequalities

We close this chapter by considering a different approach to norm inequalities
for the maximal operator. In the classical Lebesgue spaces, norm inequalities are
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equivalent to modular inequalities, so if we consider the particular case when p; <
00, then corresponding to inequalities (3.7) and (3.8) are the modular inequalities

(3.18) / tP@) dx < C / |f(z)|P®) da
{z:M f(x)>t} R~

(3.19) M f(z)P@® de < C / |f(z)|P®) da

RTL
By the definition of the norm, these modular inequalities imply the corresponding
norm inequalities, so these inequalities would be stronger results. However, they
are neve true unless p(-) is constant. This was proved by Lerner [67]. His proof
is interesting because it reveals a deep connection between the Muckenhoupt A,
weights (defined in the next Chapter) and the variable Lebesgue spaces.

n

THEOREM 3.36. Given p(-) € P(R"™), suppose pr < oo. Then the modular
inequalities (3.18) and (3.19) are true if and only if there is a constant py such that

p(") =po a.e.

There is a weaker formulation of a modular weak-type inequality; somewhat
surprisingly, given the above results, it is true with extremely weak assumptions on

().
THEOREM 3.37. Given p(-) € P(R"), if |Qs| = 0, then there exists a constant
C such that for all t >0 and all f € LPO)(R™),

{z e R": Mf(x) >t} < C/Rn <4|ft<f”)|>p(m) dz.

A version of this inequality was first proved in [22] with a much more compli-
cated proof. This version and its elegant proof are due to Aguilar Canestro and
Ortega Salvador [5].

PRrROOF. Fix f € LPO)(R™) and ¢ > 0. Define
J1 = FX{aerr:|f(@)|>t/2} J2 = FX{zern:|f(2)|<t/2}
By Proposition 3.3, M fo(z) < t/2. Therefore,
Hz e R": M f(z) >t} < [{x € R" : M f1(z) + M fa(z) >t}
<Hz eR": Mfi(z) > t/2}].

We estimate the last term: since |4t~ 1f;| > 1, by the weak (p_,p_) inequality for
the maximal operator (Theorem 3.5),

Hx € R": Mfi(x) > t/4}] = [{x € R™ : M (4t~  f1)(x) > 1}]
< [z e R : M((4t~ 1 f1)PO/P=)(z) > 1}

<o f ()
<o f (M) e

O






CHAPTER 4

Extrapolation in Variable Lebesgue Spaces

In this chapter we develop a general theory for proving norm inequalities for the
other classical operators in harmonic analysis. Our main result is a powerful gener-
alization of the Rubio de Francia extrapolation theorem. This approach, developed
in detail in [20, 24], lets us use the theory of weighted norm inequalities to prove
the corresponding estimates on variable Lebesgue spaces. This greatly reduces the
work required since it lets us use the well-developed theory of weights. The under-
lying philosophy might best be described by paraphrasing Antonio Cordoba’s pithy
summary of extrapolation theory [43]:

There are no variable Lebesque spaces: only weighted L?.

In the first three sections we discuss convolution operators and the convergence
of approximate identities. We begin by reviewing the basic properties of convolu-
tions on the classic Lebesgue spaces. We then show that these properties fail to
extend to the variable setting by proving that variable Lebesgue spaces are not
translation invariant, and, as a consequence, that Young’s inequality fails spectacu-
larly. On the other hand we are able to prove that approximate identities converge
given reasonable assumptions on the exponent functions. These results are of in-
terest in their own right, and the proof provides a motivation for the theory of
extrapolation.

In the final three sections we develop the theory of extrapolation. We first
digress briefly to present some basic facts about the Muckenhoupt A, weights and
weighted norm inequalities. We then prove the extrapolation theorem, and give
some examples of the kinds of inequalities that can be proved using this theory.
We develop in detail one particular example: convolution type singular integrals.
While not the most general, this example makes clear the technical considerations
that arise when applying the extrapolation theorem.

4.1. Convolution operators and approximate identities

We begin by recalling some basic results about convolutions. For further details
and proofs of these results, see [33, 46, 99].

DEFINITION 4.1. Given two locally integrable functions f and g, their convo-
lution is the function f * g defined by

frg(z) = A fx—y)g(y) dy,
wherever this integral is finite.

It is immediate from the definition that convolutions are linear and commute.
They also satisfy the following norm inequality referred to as Young’s inequality.
Though we omit the details, we recall the fact that the proof of Proposition 4.2
depends in a crucial way on the translation invariance of L?.

49
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PROPOSITION 4.2. Given measurable functions f and g, and given p, ¢, r, 1 <
p, q, 7 < 00, such that

1 1 1
S4l=Z42,
r p q
if f € LP(R™) and g € LY(R™), then fxg € L"(R™) and
(4.1) 1+ gllr < I fllpllgllq-

An important application of convolutions is the technique of approximate iden-
tities. Given a function ¢ € L!, for each ¢t > 0 let ¢;(z) = ¢t "¢(x/t). Then
[l¢¢]l1 = ||¢]|1- Define the radial majorant of ¢ to be the function

O(z) = sup [d(y)|.
ly|= x|
The function @ is radial and decreasing as |z| increases; however, it need not be in
L' even though ¢ is. In important cases, e.g. when ¢ is bounded and has compact
support, ® is in L'. It follows from the definitions that

(4.2) |6 % f(2)] < (D¢ x| f]) (=),

so in practice we can often replace ¢ by its radial majorant.

DEFINITION 4.3. Given ¢ € L'(R™) such that [p, ¢(x)dz = 1, the set {¢} =
{¢+ : t > 0} is called an approximate identity. If the radial majorant of ¢ is also in
LY (R™), {¢;} is called a potential type approximate identity.

THEOREM 4.4. Given an approximate identity {¢:}, then for allp, 1 < p < oo,
if f € LP(R™), then ||¢py* f — fll, = 0 ast — 0. Further, if {¢:} is a potential type
approximate identity, then for all p, 1 < p < oo, ¢ * f(x) — f(x) pointwise a.e.
ast— 0.

4.2. The failure of Young’s inequality in LP(")

As we noted previously, Young’s inequality fails to hold on the variable Lebesgue
space: the proof depends fundamentally on the fact that the classical Lebesgue
spaces are translation invariant. More precisely, given a function and h € R™, de-
fine the translation operator 73, by 71, f () = f(x—h). Then for any p, if f € LP(R")
and h € R”, 7, f € LP(R") and || f||, = ||7nf|lp- This property is never universally
true on the variable Lebesgue spaces; this was first proved by Kovacik and Rékosnik

[64].

THEOREM 4.5. Given p(-) € P(R™), each of the translation operators T, h €
R™, is a bounded operator on LPC)(R™) if and only if p(-) is constant. Moreover,
if p(-) is non-constant, there exists f € LPC)(R™) and h € R™ such that Thf ¢
LPO(R™).

PROOF. If p(-) is constant, then this is immediate. To prove the converse,
suppose that p(-) € P(R") is such that for all h, ||7nf|,) < Cullfllpy)- By a
change of variables we have that ||75, f||,.) = || fll-_,p()- More generally, fix h and
aball B. If f € LPO)(B) and f = 0 on R \ B, then 7,f € LP")(B + h), where
B+h={zx+h:2 € B}, and Hf||L77hp<.)(B) = ||Thf||Lp<.)(th). Hence, by our
assumption on 7,

11l e gy S ITnf e @ny < Cullfllzee) @ny = Cull flLeer (m)-

Therefore, by Theorem 2.28, 7_,p(z) < p(x) for almost every x € B. If we replace h
by —h and repeat the argument, we get the reverse inequality. Thus, m,p(z) = p(x)
a.e. in B. Since B and h are arbitrary, this implies that p(-) is constant.
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Given a non-constant p(-), to construct the desired function f, fix h € R"
such that 7, is not a bounded operator. Then there exists a sequence of functions
fi € LPO(R™) such that || fillp) < 1 but |7 fellp) = 4%, If for some k, 7, fi &
LPC)(R™), we are done. Otherwise, let

F=3 27l
k=1

Then
£l < D27 1 fkllpey < 1,
k=1

but for every k, f > 27F|fx|, and so
I fllpcy = 27 %7 fellpey > 2"

Hence, |75 f|p(.) = oo and 7, f & LPO)(R™). O

The failure of Young’s inequality is a direct consequence of Theorem 4.5; it was
first proved by Diening [25] in a somewhat different form.

THEOREM 4.6. Given p(-) € P(R™), the inequality

(4.3) I1f*gllpey < Cllifllpe gl
is true for every f € LPC)(R™) and g € LY(R™) if and only if p(-) is constant.

PROOF. If p(-) = p is constant, then (4.3) becomes (4.1).

Now suppose that p(-) is not constant but (4.3) holds for all f and g. By
Theorem 4.5 there exists h € R™ and f € LPC)(R™) such that 7,f ¢ LP0)(Q).
If we replace f by |f|/[|fllp.) we may assume f is non-negative and || f||,.) = 1.
For each N > 0, let gn(x) = min(f(x), N)xpy)- Then [[gnllpcy < [[fllp) < 1.
Further, since gy is a bounded function of compact support, for each N, and
Thgn € LPO)(R™). Since gy — f pointwise, by Theorem 2.19, 1 Thgn l|py — o0 as
N — oo. Therefore, for every k > 1 we can construct a new sequence {fx} such
that fr € LPO(Q) and || fillp) < 1, but |75 fe ) > 25

Let ¢ be a bounded, non-negative function of compact support such that
lolli = 1. For every ¢t > 0, let ¢y p(x) = t"¢((x — h)/t). Then by a change
of variables,

vuns i) =t [ o (””_i"h) Ju(y) dy

_ r—y
= [ o5 - s =6 (o)
By assumption, 7, fr € LP*)(R™), so by Theorem 4.9 below, ¢; * (7hfx) — T fx
pointwise a.e. Therefore, again by Theorem 2.19 and by (4.3),
25 <l frllp) < lim nf (| + (7a /i) [l

= liminf ([0 * fillpe) < Cllfellpo) [¥enl < C.

This is impossible for arbitrary k, so we get a contradiction. Hence, inequality (4.3)
holds if and only if p(-) is constant. d

As a consequence of Lemma 4.14 below we can prove a weak version of Young’s
inequality. This was first noted in [17].
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PROPOSITION 4.7. Let p(-) € P(R™) be such that the mazimal operator is
bounded on LPC)(R™). Then for every f € LPC)(R™) and every non-negative, radi-
ally decreasing function g € L*(R™),

1f % gllpcy < Cllfllprllglla-

However, even given the restrictive hypotheses of Proposition 4.7, Young’s in-
equality does not hold for general exponents. This example is also from [17].

EXAMPLE 4.8. Let p(-) € P(R) be a smooth function such that p(z) = 2 if
xz € R"\ [-2,2], and p(z) = 4 on [-1,1]. Then p(-) € LH(R), so the maximal
operator is bounded. Define

f(x) =z - 3|_1/3X[2,4],
g(x) = |$|72/3X[—1,1]~

Since f2 € L*(R), by Proposition 2.9, f € LP()(R). Similarly, since p/(z) = 4/3 on
[—1,1] and ¢*/3 € L*(R), g € L") (R). However, we do not have that

1f* gllee < CHpr(-)”ng'(-),

since f * g is unbounded in a neighborhood of 3. To show this, let E, = [2,4] N
[ — 1,z + 1]. Then by Fatou’s lemma on the classical Lebesgue spaces,

o RPN _—2/3), _ a|-1/3
fmint £+ g(o) = timinf [ o =57y =3 e, (1) dy

> . _1=2/31,, _ 9|-1/3
> [t (lo =0l — 3o () dy

Rﬂ.
4

= ly — 3| dy = oo.
2

4.3. Approximate identities on variable Lebesgue spaces

While the failure of Young’s inequality might suggest that no property of con-
volution operators can be salvaged in the variable Lebesgue spaces, the convergence
of approximate identities is preserved if we assume that the exponent function p(-)
has some regularity: in particular, if the maximal operator is bounded.

We consider both pointwise convergence and norm convergence. In the LP
spaces, the norm convergence of an approximate identity is relatively straightfor-
ward to prove, but pointwise convergence requires a more sophisticated argument
using the maximal operator. For variable Lebesgue spaces the opposite holds:
pointwise convergence is an immediate consequence of the classical result, but norm
convergence requires the boundedness of the maximal operator. The following two
results were proved by Diening [25] assuming that 1 < p_ < p; < oo and the
maximal operator is bounded on LP(). The general version of Theorem 4.9 was
proved in [17]. Theorem 4.11 was also proved there assuming that p(-) € LH. This
proof depended on a pointwise estimate for approximate identities. The proof of
Theorem 4.11 given here is from [19].

THEOREM 4.9. Given p(-) € P(R"), let f € LPO)(R™). If {¢;} is any potential
type approximate identity, then for all t > 0, ¢ % f is finite a.e., and ¢y x f — f
pointwise a.e.

Proor. By Theorem 2.29, write f = f1 + f2, where f; € LP+(R™) and fo €
LP-(R™). Since ¢py* f = ¢y* f1+de* fa, and ¢y € LE(R™), by Young’s inequality (4.1)
each term is finite a.e., and the desired limit follows at once from Theorem 4.4. [J
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REMARK 4.10. Though a simple application, the proof illustrates the utility
of Theorem 2.29: by decomposing f in this way we can immediately apply known
results in the classical LP spaces. Thus we do not have to work directly with
functions in LP(); we will use this idea repeatedly below.

We now consider the convergence in norm of approximate identities. To achieve
this we need a stronger assumption on p(-).

THEOREM 4.11. Given p(-) € P(R™), suppose py < oo and the maximal op-

erator is bounded on L”,(‘)(R"). If {¢+} is a potential type approximate identity,
then

(4.4) sup [|¢¢ * fllpey < Cllfllpc)s
t>0

and ¢y x f — f in norm on LPC)(R™). The constant C in (4.4) depends on n, p(-),
||M||B(LP/(')(]R")) and ||®||1.

REMARK 4.12. If we replace R™ by a bounded set 2, then we can modify the
proof to show that this result remains true if we only assume that p(-) € LHy(Q).
This fact is often useful in applications: for instance, in proving the density of
smooth functions of compact support in the variable Sobolev spaces. See [19, 30].

REMARK 4.13. The assumption p; < oo is redundant: if the maximal operator
is bounded on LP'()(R™), then p/(-)_ > 1, and so p, = (p/(-)_)’ < co.

The proof of Theorem 4.11 requires the following lemma which is adapted
from [33].

LEMMA 4.14. Let {¢:} be a potential type approzimate identity and let © be
the radial majorant of ¢. Then for every locally integrable function f and every x,

sup |y * f(z)| < C(n)[| @[ M f ().
t>0

PRrROOF. By (4.2) and the discussion in Section 3.1, it will suffice to prove that
given any non-negative f € Ll (R"), for all ¢ > 0,

Dy f(z) < |1 M f (),
where here we take the maximal operator to be the supremum of averages over

balls. For each 7, k > 1 let B]’-c = Bjy-x(0). Since @ is radial, we abuse notation
and let ®(|z|) = ®(x). Define the function @y by

= Z (727%) = 2(( + 1)275)) xpr (@ Za Xpi (@

Since ® is decreasing, a¥ > 0. Let A¥ = BF\ Bf ; then for 2 € A%,
Bi(x) =D (B(i27") = (i +1)27) = 2(j27") < @(x).
i=j
The middle sum converges since ® is a non-negative function that decreases to 0
as |xz| — oo. Further, {®} increases to ® pointwise a.e. Hence, by the monotone
convergence theorem on L'(R"), if f is non-negative, for each t > 0, (®y); * f
increases to ®; * f pointwise as k — oo. Therefore, it will suffice to prove that for
allk>1andt >0,
(Pr)e * flz) < [| @1 M f ().
We first consider the case t = 1. Since for all z,

BF| ™ x g —y)d dy < M f(z),
1B~ X+ £ f’fx y= fzawﬂwy f()
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D f(x) = Zaleﬂ |BS | X x f(w) < @[ 1M f(2) < |91 M f(2).

J

We can now repeat this argument with ®j replaced by (®y):; since ||[(Pg)e|l1 =
[|Px||1, we get the desired inequality for all ¢ > 0. O

PROOF OF THEOREM 4.11. Fix f € LP()(R") and t > 0. Let ® be the ra-
dial majorant of ¢. Then by (4.2) and Theorem 2.36 there exists h € LI’,(')(R")7
|2llpr .y = 1, such that

60 % flloey < N®@e | Flllpey < 2k,0y [ @ox|fl(@)h(z) de.
P() Jgn

Since ®; is a radial function, by Fubini’s theorem, Theorem 2.32, Lemma 4.14 and
our assumption on p'(+),

[ @ lfh@h@)de = [ 17@)@ s ho) do

<clels [ 17@)Mh)ds
]Rn
< CMI@ Ky 1 f lpe) 1M Al
< CHM||B(LP'(~)(R"))H.f”]l(')Hh”p’(-)
=C|fllpc)-
Since the constants do not depend on ¢, inequality (4.4) follows at once.

To prove that ¢ * f converges to f in norm on LP()(R™), we use an approxi-
mation argument. Fix € > 0. By Theorem 2.30 there exists a function g, bounded
with compact support and not identically zero, such that || f — g||,) < e. Then
by (4.4),

e x f — f”p(') < e * (f — 9)||p(~)
+ e x 9= gllpey + 1 = 9lloey
< Ce+ ot g —gllpey-

Since € > 0 is arbitrary, to complete the proof it will suffice to show that
li — 5 =0;
lim [|¢ # g = gllp() = 0;

since py < oo, by Lemma 2.20 it will suffice to show that

lim pe % g(2) — g()|P@) da = 0.

t—0 Rn

Let go(z) = g(x)/(2l|@l11]lglloe); since [16l] > 1, lgolloo < 1/2. Furthermore,
6o % go(2)] < / (6e( — 1) lgo(w)| dy < ||go||oo/ e — y)| dy < 1/2.
Rn R”
Therefore, ||¢: * go — golloo < 1, and so

; _ p(x)
fimy | 60 % 9(x) — (@)

— timy [ @0llgl) 161 * g0(2) — go(z) P da
—0 Jrn

< 2l¢lllglle +1)P* tlim/ |¢¢ * go(x) — go(a)[~ d.
—0 Jrn

Since go € LP-(R™) and 1 < p_ < oo, by Theorem 4.4 the last term equals 0. This
completes the proof. O
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In the proof of Theorem 4.11 we actually only need the hypothesis that p; < oo
to prove norm convergence; inequality (4.4) remains true if we assume py = oo,
p_ > 1 and M is bounded on LP(). In fact, slightly weaker hypotheses suffice:
see [30]. However, to prove norm convergence this hypothesis is necessary. For an
example, see [19].

We conclude this section by showing that the classical solutions to the Laplacian
and the heat equation extend to the variable Lebesgue spaces. The Poisson and
Gauss-Weierstrass kernels are defined as follows: for ¢ > 0 and x € R”, let

I(nt t
P(z) = (nfl) s Walz) = ¢ el
(2 [a2)

Clearly, {P;} and {W}} are potential type approximate identities.

PROPOSITION 4.15. Given p(-) € P(R™), suppose that py+ < co and the mazimal
operator is bounded on LP'O(R™). If f € LPO(R™), then u(z,t) = Py * f(z) is the
solution of the boundary value problem

Au(z,t) =0, (z,t) € Ri“,
u(z,0) = f(z), = e€R",

where the second equality is understood in the sense that u(xz,t) converges to f(x)
as t — 0 pointwise a.e. and in LPC)(R™) norm.

PROPOSITION 4.16. Given p(-) € P(R™), suppose that p; < oo and the mazimal
operator is bounded on LP )(R™). Given f € LPC)(R™), define w(x,t) = W, * f(x)
and w(x,t) = w(x,V4rt). Then w is the solution of the initial value problem

%—f(w,t) — Aw(z,t) =0, (x,t) € Ri+17
w(z,0) = f(z), r € R,

where the second equality is understood in the sense that w(x,t) converges to f(x)
as t — 0 pointwise a.e. and in LPC)(R™) norm.

Propositions 4.15 and 4.16 were first proved in [17]. Sharapudinov [97] proved
similar results on the unit circle.

PROOF. We sketch the proof of Proposition 4.15; the proof of Proposition 4.16
is identical. First, we show that u is a solution. By Theorem 2.29 write f = f1 + fo
with f; € LP-(R™) and fo € LP+(R™). By the classical theory (see [45]), u1 = Py* f1
and us = P; * fo are solutions, and so u = u; + us is also a solution. The identity
u(z,0) = f(z) follows from Theorems 4.9 and 4.11 since {P;} is a potential type
approximate identity. O

4.4. Muckenhoupt weights and weighted norm inequalities

In this section we give some basic definitions and state without proof some
fundamental results from the theory of weighted norm inequalities. For further
information and proofs of all the results, see the books by Duoandikoetxea [33],
Garcfa-Cuerva and Rubio de Francia [44] and Grafakos [47].

Hereafter, by a weight we mean a non-negative, locally integrable function such
that 0 < w(z) < 0o a.e. For 1 < p < 0o, a weight w is in the Muckenhoupt class
Ap—or simply, w € A,—if

(45) s, = sup (]{2 wle) o) (]é wla) da:) <o,
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where the supremum is taken over all cubes with sides parallel to the coordinate
axes. For p = 1, we say that w € Ay if

(4.6) [w] 4, = esssup

< o0
vern w(T) ’

where M is the Hardy-Littlewood maximal operator. It follows from this definition
that if w € Ay, then for almost every z,
(4.7) Muw(z) < [w]a,w().
In turn, this implies that for every cube @,
(4.8) ][ w(y) dy < [w]a, essinf w(zx).
Q T€EQ
The collection of all the A, weights is denoted by Au:
A = 4,
p=>1
LEMMA 4.17. The A, classes are nested: givenp, q, 1 <p <q<oo, A, C A,.

REMARK 4.18. In the definition of A, weights we can substitute balls for cubes.
In Section 3.1 we showed that the maximal operator can be defined using either balls
or cubes, and the same reasoning applies here: given any ball B, there exist two
cubes Q1, Qy with the same center such that Q; C B C Q and |Q2]/|Q:| = n™/?,
and a similar relationship holds with the roles of balls and cubes reversed.

The theory of extrapolation requires that we construct A; weights using arbi-
trary functions in LP(). We do so using an iteration technique referred to as the
Rubio de Francia iteration algorithm.

LEMMA 4.19. Given p(-) such that M is bounded on LPC)(R™), for each h €
LPO)(R™) define

Rh(x) = i MPF¥h(x)
- k k ’
=0 ZEIM g oo rny)

where fork > 1, M* = MoMo---oM denotes k iterations of the mazimal operator
and M°f = |f|. Then

(a) for all z € R™, |h(x)] < Rh(x);

(b) R is bounded on LPO)(R™) and IRAlpy < 2[hllpe)s

(C) Rh € A1 and [Rh]Al S 2||M||B(LP(')(R"))'

PROOF. Property (a) follows immediately from the definition. Property (b)
follows from the subadditivity of the norm:

<M
IRAlpy <> o

k k
k=0 2 HMHB(LZD(')(]R"))

< lhllpey 278 = 2f|]).
k=0

Property (c) follows by the subadditivity and homogeneity of the maximal operator:

o kL (o
MRR)(@) < Y e

k
B(Lr() (Rn))

k=0
> M*1h(z)
< 2||M||B(Lp<.>(Rn)) ok+1 HMHk'H S2||M||B(Lp(.>(R,,L))Rh(x). U
k=0 B(LPC) (R™))
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REMARK 4.20. The iteration algorithm is an extremely powerful tool. For
example, it can be used to give an elementary proof of Diening’s result (see Theo-
rem 3.35) that if M is bounded on LP(), there exists s > 1 such that M is bounded
on LP0)/s. For a proof, see Lerner and Ombrosi [70].

There is a close connection between Muckenhoupt A, weights and the maxi-
mal operator: the following result is fundamental in the study of weighted norm
inequalities.

THEOREM 4.21. Given p, 1 < p < oo, then w € A, if and only if for every
f e LP(w) and every t > 0,

C(Tl,p, [w}Ap)

(4.9) w{z e R": Mf(z) > t}) < T

[ 1@l da.

Furthermore, if p > 1, then w € A, if and only if

(4.10) M f(x)Pw(x) dz < C(n,p, [w}AP)/ |f(2)|Pw(x) de.

R n

We end this section by briefly describing a generalization of A, weights to
variable Lebesgue spaces. To motivate our definition we need to recast the definition
of A, weights. In (4.5) if we replace w by wP we can rewrite the definition of A, as

Sgp\Ql‘l\IwXQlelw‘lmllp' < oo

Then inequality (4.10) becomes
1M flwlly < Cl fwllp-

In this formulation, we treat w not as a measure (i.e., as wdx) but as a multiplier.
The advantage of this reformulation is that it extends immediately to the vari-
able Lebesgue spaces. We say that a weight w € A, if

up QI M lwxallpe) lw™ xellp ) < oo

Further, we have the following result, which was discovered by the authors and
Neugebauer [21] and independently by Diening and Hésto [31]. (Another proof
was given in [16].)

THEOREM 4.22. Given p(-) € P(R™) such that 1 < p_ < p; < oo and p(-) €
LH(R™), then w € Ay if and only if

1M Fwllpey < Cllfwlpey-

4.5. Rubio de Francia extrapolation

The theory of extrapolation is an extremely powerful tool in the study of
weighted norm inequalities. Our treatment in this section is derived from [24]
which gives a comprehensive development of the theory. To put our main result
in context, we first state the classical result, albeit in a recent formulation. While
a tool for proving weighted norm inequalities for operators, a surprising feature of
the proof is that the properties of the operator play no role. Therefore, we will
work with pairs (F,G) of non-negative, measurable functions. This may seem a
superfluous generalization, but it allows the theory of extrapolation to be extended
to prove a much wider class of results.
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Hereafter, let F denote a family of pairs of non-negative, measurable functions;
given p, ¢, 1 < p, ¢ < oo, if for some w € A, we write

(4.11) / F(z)Pw(z)dz < Cy G(z)Pw(zx) dz, (F,G) e F,

then we mean that this inequality holds for all pairs (F,G) € F such that the
left-hand side is finite, and that the constant may depend on n, p, and [w]4, but
not on w.

THEOREM 4.23. Suppose that for some py, 1 < pg < oo, the family F is such
that for all w € Ay,

(4.12) F(z)Pw(x) dx < Cp, /Rn G(z)Pow(x) de, (F,G) e F.

Rﬂ,
Then for every p, 1 < p < oo, and every w € A,

(4.13) /n F(z)Pw(z)dz < Cp /n G(z)Pw(x) dz, (F,G)e F.

The utility of the more abstract approach comes from ability to choose the
family of pairs. To apply the theorem to prove norm inequalities for an operator
T, we would consider a family of pairs of the form (|Tf|,|f]), where f ranges over
some appropriate collection of functions. We can also use extrapolation to prove
Coifman-Fefferman type inequalities of the form

/IWWWM@MSC/Sﬂﬁmwmz
R R

where T is (usually) some more singular operator and S is some positive operator
such as a maximal operator or square function. Here we would apply extrapolation
to a family of pairs (|Tf|,Sf). We can also use extrapolation to prove weak-type
inequalities of the form
C
wlfe B T4 > 1) < & [ |f@)Pule) do
R’!‘L
in this case we would apply extrapolation to the family of pairs

(tX{werr:|Tf ()| >t} [ ]);

see Corollary 4.28 below. In all of these applications, some care must be exercised
in constructing the family F so that the left-hand sides of the inequalities (4.12)
and (4.13) are finite, and so that the desired norm inequality can be shown to hold
for all functions in the space. We will consider this question further in the next
section when we discuss applications of extrapolation.

To state our version of Rubio de Francia extrapolation for variable Lebesgue
spaces, we extend our convention for the family F as follows: if we write

(4.14) IEN ey @y < Cp)llGllrer@ny,  (F,G) € F,
then we mean that this inequality holds for all pairs such that the left-hand side is

finite and the constant may depend on n and p(-).

THEOREM 4.24. Suppose that for some pg > 0 the family F is such that for all
wE Ay,

(4.15) / Flayow(@)de < Co | G@Pw)ds, (F.G)eF.

n R’IL
Given p(-) € P(R™), if po < p— < py < 0o and the maximal operator is bounded
on L(p(')/pO)l(R”), then

[Elpy < Cpy IGlpe (F,G) e F.
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REMARK 4.25. As was the case for Theorem 4.11, the hypothesis p; < oo is
redundant: if p. = oo, then ((p(-)/po)’)— = 1 and the maximal operator cannot be
bounded on L®()/Po) (R™). We include it for clarity.

REMARK 4.26. If pg < 1, then the hypothesis pg < p_ automatically holds.
However, this result can be extended to variable Lebesgue spaces defined for expo-
nents p(-) such that p_ < 1; these are quasi-Banach function spaces. For details,
see [20].

To motivate the proof of Theorem 4.24, we first reconsider the proof of Theo-
rem 4.11. Given a potential-type approximate identity {¢;}, the heart of the proof
is a duality argument that yields

@) [ @)@ ds < I8l [ 1f@)IMAG@) .

Suppose for the moment that h € A;. Then we would have that Mh(x) < [h]a, h(x),
and so we could rewrite (4.16) as

@i [ @)@ de < Clolibay [ 7@k de

R
At this point, the proof would continue as before. In other words: the weighted
norm inequality (4.17) would imply that the convolution operators ®; % f are uni-
formly bounded on LP()(R™).

The problem with this argument is obvious: in general h is not an A; weight.
In the actual proof we overcame this by keeping M h and using the norm inequalities
for M after we applied Holder’s inequality. A more flexible approach is to use the
iteration algorithm of Rubio de Francia and replace h by Rh. In this case we have
that Rh is an A; weight, and we can use the theory of weighted norm inequalities.

For the proof we need one lemma on the variable Lebesgue space norm.

LEMMA 4.27. Given R™ and p(-) € P(R™) such that |[R%| = 0, then for all s,
1/p- <s< oo,

17 oy = 1 115p0)-

ProOOF. This follows at once from the definition of the norm: since |[R7% | = 0,
if we let p = A%,

s\ p(x)
|f|5||p<->=inf{k>0:/" ('f(j)') dxgl}
sp(x)
= inf{/f >0: / (Jcif)') d < 1} = [ 115pc)- -

PRrROOF OF THEOREM 4.24. Fix p(-) € P(R") as in the hypotheses, and let
p(x) = p(x)/po. By assumption the maximal operator is bounded on LP'()(R™).
As in Lemma 4.19, define the iteration algorithm R on L? ¢)(R™) by

Rh(z) = i MP¥h(x)
= A % .
k=0 2 HM||B(L13’(-)(R7L))

Then we have that
(a) for all z € R™, |h(z)| < Rh(x);
(b) R is bounded on LPO)(R™) and [|RA|y ¢y < 2[|h]ly(;
(c) Rh € Ay and [Rhla, < 2||M|[g e (rny)-
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Fix a pair (F,G) € F such that F' € LP()(R™) (i.e., so that the left-hand side
of (4.33) is finite). By Proposition 4.27 and Theorem 2.36,

HF||£‘E.) = ||FP|5) < Csup/]R F(z)Ph(z) dz,

where the supremum is taken over all non-negative h € Lﬁ/(')(R") with ||h]| ) = 1.
Fix any such function h; we will show that

[ Faph@ e < claly,

with the constant C' independent of h. First note that by Property (a) we have
that

(4.18) P(2)™ h(z) dz < / F(2)7 Rh(z) da.
R"’L

n

We want to apply our hypothesis (4.31) to the right-hand term in (4.18). To do so we
have to show that it is finite: by the generalized Holder’s inequality (Theorem 2.32),
Property (b) and Proposition 4.27,

A F(x)PRh(z) dr < Kpy [[F™ |5 [|1RA ()

< 2K, [IF (¢ 1Al ) < oo

Therefore, by Property (c), (4.31) holds with w = Rh. Further, the constant Cy
only depends on [Rh]4, and so is independent of h. Hence, by (4.31) and again by
Theorem 2.32 and Proposition 4.27 we get

F(z)P°Rh(z)dx < Cy G(z)P*Rh(z) dz
R7 R7
< GollGPllp) [IRA
— GollGI2, IRl
Finally, we need to show that |[(Rh)||z(.) is bounded by a constant independent of
h. But by Property (b),
[Rhllprcy < 20l ) = 2-

This completes our proof. O

Theorem 4.41 has two corollaries, both of which further illustrate the value of
defining extrapolation for arbitrary pairs of functions. The first yields weak type
inequalities and the second vector-valued inequalities.

COROLLARY 4.28. Given R", suppose that for some py > 1, the family F is
such that for all w € Ay,

(4.19) w{r e R": F(z) > t}) < Cot% o G(z)P°w(x) dx (F,G) e F.

Given p(-) € P(R™) such that pg < p— < py < o0, if the maximal operator is
bounded on L(p(')/po)/(R”), then for all t > 0,

(4.20) tx zermF@)> o) < CpIGllpey,  (FLG) € F.
PROOF. Define a new family F consisting of the pairs
(Ft, G) = (tX{zerm:F(a)>t} G, (F,G) e F, t>0.
Then we can restate (4.19) as follows: for every w € Ay,

1 Fill oo u) = tw({z € R : F(z) > t) VP < Co/*||Gllwrow)s  (Fr, G) € F.
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Therefore, we can apply Theorem 4.41 to the family F to conclude that (4.33) holds
for the pairs (F;, G) € F, which in turn immediately implies (4.20). O

COROLLARY 4.29. Given R™, suppose that for some pg > 1 the family F is
such that for all w € Ay,

(4.21) / Fla)™w(z)de < Co | GPw()dr, (F,G)eF

n Rn
Given p(-) € P(R™), if po < p— < py < oo and the maximal operator is bounded
on L(p(')/pO)/(R"), then for every r, 1 < r < oo, and sequence {(F;,G;)} C F,

(42 [(=m) ", <aol(e)™

Corollary 4.29 requires a more restrictive hypothesis than Theorem 4.41 or
Corollary 4.28 since it requires (4.21) to hold for a larger class of weights. In
practice, however, this restriction is only a problem if the operator T' is very “rough”
or “singular”. Most of the classical operators in harmonic analysis satisfy weighted
LP norm inequalities with weights in A,.

p()

ProoOF. Fix r, 1 < r < oco. We first reduce the proof to the special case of
finite sums. For if this case holds, given any sequence {(F;, G;)} C F, by Fatou’s
lemma for variable Lebesgue spaces (Theorem 2.19),

[(=m)"] <1}5ﬂ:£ofH(ZF’")
>1me(ZGr)l/rpo Gl (2 ya)”

Now form a new family F,. that consists of the pairs of functions (F;. n,Gr n)

defined by
v 1r N 1/r
r) = (Z Fz(zv)T> » Grn(z) = (Z Gi(x)T) ’
— i=1

where N > 1 and {(F;,G;)}Y, € F. We first apply the classical extrapolation
theorem: given (4.21), by Theorem 4.23 applied to the family F we have that for
all w € A,

’I“

p()

F(z) w(z)dx < Cy G(z) w(x)de, (F,G) e F

Rn Rn

Hence, for any w € A; C A, and (F,. n,Grn) € Fp,

/ Fon (@) () dr = zNj / Fi(2) w(z) da

Therefore, we can apply Theorem 4.24 to the family F, and get
1Er N oy < CopyIGr N llp, (Frn,GrN) € Fp.

But this is (4.22) for all finite sums, which is what we needed to prove. O
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4.6. Applications of extrapolation

In this section we apply Theorem 4.24 to prove LP(") estimates for three opera-
tors. We will concentrate on singular integrals, as these provide a good illustration
of the technicalities involved in using extrapolation. Following this we will discuss
more briefly the sharp maximal operator and the Riesz potentials.

Singular integrals. We begin with a definition.

DEFINITION 4.30. Given a tempered distribution K suppose that the Fourier
transform K € L* and on L{ _(R" \ {0}), K coincides with a locally integral
function that satisfies

Co
K(x)| <
K@< o
and |

Define the singular integral operator T'f = K * f, where f is a Schwartz function.

The basic properties of singular integrals are recorded in the following result.

THEOREM 4.31. Given a singular integral with kernel K, if f € L*(R™), then
for allt >0,

fwer Tf@] >0 < T [ 1f)]ds
R’IL
If fe LP(R"), 1 < p < o0, then

ITfllp < CllAp-
Furthermore, for f € LP, 1 < p < oo, Tf is defined pointwise a.e. by
(123) 17 =po. [ Ko 9)f()dy = lin Kz —y)f(y) dy.
Rn TV {z—y[>e}

The classical examples of singular integral operators are the Hilbert transform
on the real line,

1 1
Hf(x):p.v.f/Mdy:hmf/ Maly,
TJrRZT—Y 0T Jlz—yl>e} T Y
and in higher dimensions the Riesz transforms R;, 1 < j < n,

! -
R () = lim 2 ) / TV ) dy.
{

ntl _ 1
=0 772 |z—y|>e} |£C y|n+

Theorem 4.31 holds for a more general class of operators, referred to as Calderén-
Zygmund operators, that are not (singular) convolution operators. With appropri-
ate assumptions, everything we say below extends to this larger class, but we restrict
ourselves to singular integrals for simplicity. See [33, 46] for more information.

We can extend Theorem 4.31 to the variable Lebesgue spaces. This result was
proved by another method by Diening and Ruzicka [32]; the extrapolation proof is
from [20].

THEOREM 4.32. Let T be a singular integral operator with kernel K. Given
p(-) € P(R™) such that 1 < p_ < p, < 00, if M is bounded on LPC)(R™), then

(4.24) ITfllpey < Cliflloc)-
Ifp_ =1 and M is bounded on L? )(R™), then for all t > 0,
(4.25) X (sl s @ 1>l < ClFllpc)-



4.6. APPLICATIONS OF EXTRAPOLATION 63
To use extrapolation, we need a weighted norm inequality for singular integrals.
For a proof of the following result, see [33, 44, 46].

THEOREM 4.33. Given a singular integral T with kernel K, if w € Ay, then for
allt >0,

(4.26) w({z €R™: [Tf(@)] > 1)) < %/R 1 () [w(z) da.
Further, if 1 <p < oo and w € A,, then

. z)[Pw(z)de < C z)|[Pw(z) dz.
(127) | m@re@dr<c [ i

REMARK 4.34. Part of the proof of Theorem 4.33 is showing that if f € LP(w),
then T'f is well-defined, since Definition 4.30 only defines T'f for f in the unweighted
spaces LP(R™). However, if f is a bounded function of compact support it is in LP
for all p < oo, and if w € A, then f € LP(w). Since such functions are dense in
L?(w), Tf can be defined on the whole space by an approximation argument.

PrROOF OF THEOREM 4.32. We will prove the strong-type inequality when
p_ > 1; the weak-type inequality is proved in essentially the same way. Since the
maximal operator is bounded on L”(‘)(R"), by Theorem 3.35 there exists py > 1
such that M is bounded on LP()/Po(R™) and so on L®()/Po)’(R™). Define the family
F to be all pairs (|Tf],|f]) with f a bounded function of compact support. By
Lemma 4.17, if w € A;, then w € A,,. Hence, by Theorem 4.33, T is bounded on
LPo(w). In particular, for all such f, || f|| zro(w) < 00. Therefore, by Theorem 4.24,

ITfllpy < Clifllp

for every bounded function of compact support such that the left-hand side is finite.
But this is the case for every such f. Fix f and let B be a ball centered at the origin
such that supp(f) C B, and let 2B be the ball with the same center and twice the
radius. Then for z € R" \ 2B and y € B, we have that |z —y| > |z — |y| > 1|z|,
and so

i) = | [ K- 0

<o [ MOCay<cmf il < cmse).

|z — y|" By, (0)
Since M is bounded on LP()(R™),

1T fllLee @n2m)y < CIMfllpey < Cllfllpey < o0,
and by Theorems 2.26 and 4.31,
ITfllrer 2By < (L + 2BDIT fll e+ 2By < Clfll e+ () < 0.
This proves inequality (4.24) for bounded functions of compact support.

To complete the proof, fix f € LPO)(R™); we need to define Tf and show
that (4.24) holds. By Theorem 2.29 we can write f = f1+ f2, where f; € LP~(R™)N
LPO)(R™) and fp € LP+(R™) N LPO)(R™). Since py < 0o, by Theorem 4.31 we can
define

Tf(z) =Tf(z)+Tfax).

Again since p; < oo, by Theorem 2.30 there exist sequences {ff}‘;‘;l, 1 =1, 2,
of bounded functions of compact support that converge to f; in LP* and in LP().
(This simultaneous convergences follows from the construction.) Therefore, since

T is bounded on LP*, the sequence T' ff converges to T f; in LP* norm; by passing
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to a subsequence we may assume it also converges pointwise a.e. But then by
Theorem 2.19,
ITfllpy S NTfillpey + 1T F2llpe
< timinf (I7f7llpc) + 1T ()
< Climinf (|7 ) + 12 ()

= Ol frllpey + l2llp)
< ClFllpey-
The final inequality follows by the definition of the f;. This completes the proof. [

By Corollary 4.29 we also have vector-valued inequalities.

THEOREM 4.35. Let T be a singular integral operator with kernel K. Given
p(-) € P(R") such that 1 < p_ < py < o0, if M is bounded on LPC)(R™), then T
satisfies a vector-valued inequality on LP(‘)(R"): foreachr, 1 <r < o0,

0o 1/r 00 1/r
(1.25) [(Swwar) | <e(Sur)
i=1 ) i=1 p()

PROOF. Fix r and define the family F to consist of all pairs of functions (F, G)
such that

p

N 1/r N 1/r
F(z) = <Z |Tfi<x>|r> . G@)= (Z fi(w)l'”> ,
i=1 i=1
where N is any positive integer and each f; is a bounded function of compact
support. If we now argue as in the proof of Theorem 4.32, we get (4.28) for all pairs
in F. By Theorem 2.19, inequality (4.28) extends to any sequence of functions in
LPO)(R™). O

We conclude with two results that suggest that our hypotheses are in fact
necessary. For a proof of both, see [19].

THEOREM 4.36. Given p(-) € P(R™), if the Riesz transforms R;, 1 < j < n,
are bounded on LPC)(R™), then 1 < p_ < py < oo.

We conjecture that if the Riesz transforms are all bounded on LP("), then the
maximal function is as well. We cannot prove this, but we have the following
slightly weaker result.

THEOREM 4.37. Given p(-) € P(R™), suppose that all the Riesz transforms
satisfy the weak type inequality (4.25). Then p(-) € Ko(R™).

4.6.1. Sharp maximal function estimates. Given a locally integrable func-
tion f, define the sharp maximal function by

M#f(z) = sup ]l £(y) — fol dy,
Q JQ

where fgo = JCQ f(y)dy and the supremum is taken over all cubes @ with sides
parallel to the coordinate axes. The sharp maximal function was introduced by
C. Fefferman and Stein [41] and can be used (for instance) to define BMO. Its
importance comes from the fact that it controls the oscillation of functions by the
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Hardy-Littlewood maximal. For example, if T is a singular integral operator and
0 <d <1, then

MF(Tf) (@) = M*(TFP) (@) < CsMf(a).

(This is due to Alvarez and Pérez [6]; see also [24].)
Given a function f, f and M# f are comparable in L? norm: for all p, 0 <
p < m?
I1£1lp < 1M fllp < CIM* fllps
indeed, this is true if the L? norm is replaced by the L?(w) norm for any w € Ay
(Again see [24, 33].) The same inequality also holds in the variable Lebesgue
spaces.

THEOREM 4.38. Given p(-) € P(R"), 1 < p_ < py < oo, if the mazimal
operator is bounded on LP()(R™),

||Mf||p(') < CHM#pr(')'

This follows from extrapolation applied to the family F of pairs (M f, M# f),
where f is runs over all bounded functions of compact support. Note that in this
case the left-hand expressions || M f||1» () and || M f||,.) are automatically finite.

A weaker version of Theorem 4.38, with |[f|,.) on the left-hand side, was
proved by Diening and Ruzi¢ka [32] (see also [30]). The full result was proved via
extrapolation in [20].

Theorem 4.38 is an example of a Coifman-Fefferman type inequality; many
such inequalities can be proved using extrapolation: see [24] for details.

Riesz potentials. The Riesz potentials, sometimes referred to as fractional
integrals, play an important role in PDEs and Sobolev space theory.

DEFINITION 4.39. Given o, 0 < «a < n, define the Riesz potential I, also
referred to as the fractional integral operator with index «, to be the convolution
operator

Iaf(l') = 7(043 Tl) /n x_f(yZJ'l_a dya
where
r(5-3%)

Y(a,n) = —=2—=2-—.
#AT(8)
The constant y(a,n) is chosen so that if f is a Schwartz function, then the
Fourier transform of the Riesz potential is

L. (€) = (2ml€) ™ F(©)-
(See Stein [99].) The Riesz potentials are not bounded on LP(R™), but satisfy
off-diagonal inequalities: || I, fllq < C| f|l, provided 1 < p < n/a, and ¢ satisfies
1/p—1/q¢=a/n.

The Riesz potentials are well defined on the variable Lebesgue spaces. If py <
n/a and f € LPO(R™), then I,f(z) converges for every x. To see this, apply
Theorem 2.29 and let f = f1 + fo, where f; € LP-(R") and f, € LP+(R™). Then it
is straightforward to show that I, f(x) = I, f1(x) + I, f2(x) converges absolutely.

We can use extrapolation to prove norm inequalities for the Riesz potentials on
the variable Lebesgue spaces. This result was proved independently by Diening [26]
and the authors and Capone [12] using other means. Our proof using extrapolation
is from [20].
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THEOREM 4.40. Fiz o, 0 < o < m. Given p(-) € P(R™) such that 1 < p_ <
p+ < n/a, define q(-) by
1 o

1
pl@) q(z) n’
If there exists qo > ™= such that M is bounded on La()/90)" (R™), then

(4.29) Mo fllacy < Cllfllpc-

If p_ =1 and if M is bounded on L(Q(')/qO)I(R”) when qo = -, then for every
t>0,

(4.30) ||tX{m€]R’":|IQf(ac)|>t}Hq(‘) < CHpr(.).

The proof of Theorem 4.40 is very similar to the proof of Theorem 4.32 and
requires two ingredients: an extended version of Theorem 4.24 that yields off-
diagonal inequalities and the appropriate weighted norm inequalities. We will state
these results but omit the details of the proof itself.

The necessary extrapolation result was proved in [20] (see also [19]); the proof
is a straightforward modification of the proof of Theorem 4.24.

THEOREM 4.41. Suppose that for some pg, qo, 1 < po < qo, the family F is
such that for all w € Ay,

(4.31)
( Rnfxx)%umx)dx)l/% §(1)<

Given p(-) € P(R") such that po < p— < py < 2¥-, define q(-) by

1/po
G(z)Pow(z)Po/ % dx) , (F,G) e F.
Rn

1 1 1 1
(4.32) S

p(x) q(@)  po 4
If the mazimal operator is bounded on L(1()/90) (R"), then

(4.33) IFlla) < CooIGllpy, (G € F.

The requisite weighted norm inequalities are due to Muckenhoupt and Whee-
den [75]. Our version of the necessary inequalities is non-standard, but can be
easily derived from their results.

DEFINITION 4.42. Given «, 0 < o < m, and p, 1 < p < n/a, define g by
1 1 «

p g n
Then a weight w satisfies the A, , condition (denoted by w € 4, ;) if

ia = (f i) (f oo <o

When p= 1, let Al,q = Al-

The connection between A, , and the Muckenhoupt A, classes is an immediate
consequence of Definition 4.42.

LEMMA 4.43. Given a, 0 < o < n, and p, 1 < p < n/a, a weight w € A, 4 if
and only if w € A, v =1+ q/p'.
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THEOREM 4.44. Given o, 0 < o < m, and p, 1 < p < n/a, define q by
1/p—1/g=a/n and let w € Ay 4. If p=1, then for every t >0,

w({z € B" : [Lf(x)] > 1)) < C (1 [ 1@l dx) .
If p > 1, then

(/ el @) dx) Ve ( [ r@puy dx)”p.

We conclude this section with an application of Theorem 4.41 to variable
Sobolev spaces: we prove the Sobolev embedding theorem. When p_ > 1 this re-
sult follows from the strong type norm inequalities for the Riesz potential: see [12]

n

for details and references. When p_ = 1 the proof is more difficult. It was proved
by Harjulehto and H&st6 [50] for bounded domains and extended to all of R™ by
Hasto [52]. The proof we give here is from [24]; see also [19].

The variable Sobolev space W'?()(R") is the set functions f such that f, Vf €
LPC)(R™), where Vf is the distributional gradient. The norm is ||f|ly1e) =
I f1loc) + IV fllpey- If p+ < n, define the Sobolev exponent p*(-) by

1 1 1

p() ()
THEOREM 4.45. Given p(-) € P(R™) such that 1 < p_ < py <n and p(-) €
LH(R"), then WHPO)(R™) ¢ LP"()(R™); in fact,
1fllpy < CNV Fllpy-
REMARK 4.46. They hypothesis that p(-) is log-Ho6lder continuous can be weak-
ened; see [19]. For simplicity we consider this simpler case here.

To prove Theorem 4.45 using extrapolation we need the corresponding weighted
norm inequality. This estimate was implicit in [42] and its proof is based on an
argument due to Long and Nie [72] which in turn uses an idea from Maz’ja [73].

LEMMA 4.47. For allp, 1 <p<mn, w € Ay, and f € C°,

([ 110 o) dx)l/p* <o [ mrwpuape dx)” "

Proor. Fix f € C2°. For each j € Z, define
Q; ={z eR": 27 < |f(x)] <27},
and the function f; by
f@)| -2 weq,
fi(x) =142 x € Qy, 1> 7,
0 otherwise.

It follows immediately that |V f;(x)| = |V f(z)|xq;. Further, by a standard in-
equality (see [100]) we have that if x € €25, then

(4.34) a1 (Vi) (@) 2 [ fya ()] > 27,

where I is the Riesz potential. Since w € Ay C Ay pe/p, wl/?" e Ap p+. Therefore,
the Riesz potential satisfies the weak-type inequality in Theorem 4.44, so we can
estimate as follows:

[ @l v =3 [ 17w

P w(z) dx
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SZ/ 2U0+DP y(2) da

i

:4”}?:2/ [0512j_1]p*w(x)dx
- Q.
J 7

d<cC / 072127'71]1)*11)(3:) dx
T RV o) (@)>cn 12071}

p*/p
<C’Z</ IV £i_1( )|pw(x)p/p*dac>
p*/p

> [ Vi@ Py d

p*/p
<C < / IV £ () Po(z)P/7- dx) . 0
RTL

PROOF OF THEOREM 4.45. Let pp = 1 and ¢ = 1* = n/(n — 1). Then
Py < n = poqo/(go — po), and 1/p(x) — 1/p*(x) = 1/po — 1/qo. Define the family
F to consist of the pairs (|f],|Vf|), where f € C°. Since p(-) € LH(R™) we have
that the maximal operator satisfies the necessary norm inequalities. Therefore, by
Theorem 4.41, for all f € C® «() L CIIV fllpc)- (Note that the left-hand side
is automatically finite.)
Now fix f € WHP(), Since p(-) € LH(R"), C% is dense in WP()(R™) (see [17,
]), so there exists a sequence {f} C C° such that fy — f in WP} (R?). By
Theorem 2.22, if we pass to a subsequence, we may assume that fr — f pointwise
a.e. Hence, by Theorem 2.19 and the above estimate,

£ llpe ¢y < liminf || fillpe () < Climinf [V ficllyo) < CIV lp)-
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