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ABSTRACT
Geometric Inequalities and Bounded Mean Oscillation

Ryan Gibara, Ph.D.
Concordia University, 2020

In this thesis, we study the space of functions of bounded mean oscillation (BMO) on
shapes. We prove the boundedness of important nonlinear operators, such as maximal func-
tions and rearrangements, on this space and analyse how the bounds are affected by the
underlying geometry of the shapes.

We provide a general definition of BMO on a domain in R", where mean oscillation is
taken with respect to a basis of shapes, i.e. a collection of open sets covering the domain. We
prove many properties inherent to BMO that are valid for any choice of basis; in particular,
BMO is shown to be complete. Many shapewise inequalities, which hold for every shape in
a given basis, are proven with sharp constants. Moreover, a sharp norm inequality, which
holds for the BMO norm that involves taking a supremum over all shapes in a given basis,
is obtained for the truncation of a BMO function. When the shapes exhibit some product
structure, a product decomposition is obtained for BMO.

We consider the boundedness of maximal functions on BMO on shapes in R". We prove
that for bases of shapes with an engulfing property, the corresponding maximal function is
bounded from BMO to BLO, the collection of functions of bounded lower oscillation. When
the basis of shapes does not possess an engulfing property but exhibits a product structure
with respect to lower-dimensional shapes coming from bases that do possess an engulfing
property, we show that the corresponding maximal function is bounded from BMO to a
space we define and call rectangular BLO.

We obtain boundedness and continuity results for rearrangements on BMO. This allows
for an improvement of the known bound for the basis of cubes. We show, by example, that
the decreasing rearrangement is not continuous on BMO, but that it is both bounded and
continuous on VMO, the subspace of functions of vanishing mean oscillation. Boundedness

for the symmetric decreasing rearrangement is then established for the basis of balls in R™.
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Chapter 1

Introduction

Introduced in [54] by John and Nirenberg, the space BMO of functions of bounded mean
oscillation is an important function space in harmonic analysis and PDEs. It has connections
to the theory of quasiconformal mappings, Muckenhoupt weights, and Hardy spaces. Most
importantly, it has found a role as a remedy for the failure of L* in many situations.

One such situation is the following. A well-known inequality in PDEs, the Gagliardo-
Nirenberg-Sobolev inequality implies the Sobolev embedding W'?(R") C LF"(R") for 1 <
p < n. Here, p* = n”—_pp and WHP(R") is the Sobolev space of functions in LP(R™) having
weak first-order partial derivatives in LP(R™). From this embedding, one might expect that
Whn(R™) C L*(R"), letting p — n~. In dimension n > 1, however, this is false: there exist
unbounded functions in W1"(R™). A correct statement is obtained, thanks to the Poincaré
inequality, by enlargening L>(R") to BMO(R™). This is but one of many important examples
where replacing L>*(R™) by BMO(R™) produces a correct statement.

With this said, we come to the definition of BMO(R"). Consider a function f € L (R").

For such functions, it makes sense to define its mean oscillation on a cube Q C R" as

1
@/Q\f—fg\,

where |(Q)] denotes the Lebesgue measure of @) and fg denotes the mean of f on . We say
that f is in BMO(R") if
Il i=sup f 17 = fol < o (1)
Q@ JQ



where the supremum is taken over all cubes (). Here, a cube is understood to mean having
sides parallel to the axes.

As mentioned earlier, BMO(R") contains L>*(R"™) and, in fact, this inclusion is strict.
The quintessential example is given by f(z) = —log|z| € BMO(R™) \ L>*(R"). There is,
however, a fundamental difference between BMO(R™) and L*>°(R") that is immediate from
the definition. This difference is that BMO (R") is defined with respect to a fixed, and special,
geometry on R", namely cubes.

An equivalent characterisation of BMO(R™) is obtained by replacing the cubes in (1.1) by
Euclidean balls, an observation that has allowed the study of BMO to transcend Euclidean
space into metric measure spaces. The reason for this is that cubes and balls have a similar
geometry from the viewpoint of measure. After all, cubes can always be fit inside balls that
are not too much bigger and vice versa.

This is not the case, however, for strong BMO(RR™), which is defined by replacing the
cubes in (1.1) by rectangles (again, with sides parallel to the axes). As cubes are rectangles,
every cube can trivially be placed inside a rectangle of the same measure, namely itself. An
arbitrary rectangle, however, can be very thin in one direction, and so fitting it inside a cube
would necessitate one of much larger measure. From this perspective, cubes and rectangles
are somehow incompatible. A consequence of this is that strong BMO(RR™) is a strict subset
of BMO(R™).

From here, many questions arise. How does the choice of geometry, in this case reflected by
the choice of the sets on which to measure mean oscillation, affect BMO? What properties
are intrinsic to BMO and which are consequences of our choice of geometry? How does
this choice affect the boundedness of various operators defined on BMO, especially if those
operators are intimately tied to geometry themselves? These questions are the topic of this

thesis.

In Chapter 2, these ideas are made more concrete. The space BMO () is defined, where €
is a domain in R", as the space of functions with bounded mean oscillation on sets coming
from a fixed collection ., known as a basis of shapes. These shapes are taken to be open sets

of positive and finite measure, and are assumed to cover {2. This point of view of studying



BMO with respect to a basis of shapes is new, and it provides a framework for examining
the strongest results that can be obtained about functions in BMO while assuming only
the weakest geometric assumptions: if f has bounded mean oscillation with respect to some
basis, what can be said about f?

A first interesting phenomenon is that a large number of properties with which one clas-
sically associates BMO hold for any basis, showing a “geometry-free” side to BMO. These
properties are, then, somehow inherent to BMO itself and, in the classical case of cubes,
never had anything to do with the cubes, in the first place. An example is the completeness
of BMO () in the sense of metric spaces (see Theorem 2.3.9).

Even if a certain inequality holds for all f € BMO () for any basis, it is possible
that this inequality involves a constant that may depend on the choice of .. Of interest is
determining the sharpest (that is, best) constant and to determine its dependence on ..

A distinction must be made between shapewise inequalities and norm inequalities. A
shapewise inequality is one that holds for each shape in the basis ., while norm inequalities
involve the BMO norm defined in (1.1). An example of the importance of this distinction is
the following simple open problem in the area of sharp constants in BMO.

Given a function f that is in L'(S) for every S € ., it can easily be shown that |f|

1 2
m/g!!f\—!ﬂslﬁﬁfs\f—fs!

for every S € .. This is true for any basis . and an example can show that the 2 is sharp

satisfies

in the sense that for every S € . there is a function f for which the constant 2 cannot
be decreased (see Example 2.4.11). This shapewise inequality implies the following norm
inequality: |||f[llemo.,, < 2| fllBmo,, for all f € BMO(€2). This constant 2, however, is not
necessarily sharp! Known results due to Korenovskii are that the sharp constant is, in fact,
1 in one dimension when .7 is the basis of open intervals and in n dimensions when .7 is the
basis of rectangles (see Section 2.5). The problem is open, to my knowledge, for other bases.

A sharp norm inequality that is proven is the following. For f € BMO ,(Q2), define its
truncation at height k to be Tr(f, k) = min(max(f, —k), k). In Corollary 2.6.5, we prove that
|Te(f, k)llBmo,, < [[fllBmo,, for any basis .. Truncations are a useful tool, as they allow

one to approximate the BMO norm of a function by the BMO norm of L*> functions.



A situation where the geometry of .% plays a major role is in the product setting. When
the shapes exhibit some product structure, namely that the collection of shapes coincides
with the collection of Cartesian products of lower-dimensional shapes, we prove that this
product nature is passed along to BMO ,(€2) in the sense that BMO ,(Q2) has a relationship

with spaces defined by uniform lower-dimensional mean oscillations (see Theorem 2.8.3).

In Chapter 3, geometric maximal operators are studied. These are important operators in
analysis, as their boundedness very often implies other results. A well-known example of
this phenomenon comes from the uncentred Hardy-Littlewood maximal function, M f. For
f € Ll (R"), define

loc

M (z) =supﬁ /Q £l (1.2)

Q>x
where the supremum is taken over all cubes () containing the point x. The weak-type

(1,1) boundedness of this operator (see Appendix II for more details) implies the Lebesgue
differentiation theorem, a fundamental result that will be used throughout this thesis.

The boundedness of M on BMO(R") was first considered by Bennett-DeVore-Sharpley in
[3]. They showed that if M f # oo, then M f € BMO(R") when f € BMO(R"). This result
was improved by Bennett in [2] by showing that if M f # oo, then M f € BLO(R™) when
f € BMO(R™). The space BLO(R"™) of functions of bounded lower oscillation, introduced
by Coifman-Rochberg in [18], is defined by replacing the mean fg in (1.1) by the essential
infimum of f on Q.

The generalisation to M, the maximal function with respect to the basis ., is done
by replacing the cubes in (1.2) by shapes from .. This definition is not new; there is an
entire area of analysis devoted to the study of such maximal functions (see the monograph
[44]). Having developed a theory of BMO with respect to a basis ., a natural question is
the following: for what bases .7 is My bounded from BMO ,(R™) to BMO ., (R"), whenever
M4 f is finite almost everywhere?

A partial answer is provided by considering a class of bases. We define what it means for
a basis to be engulfing. This is most easily described for balls: given two intersecting balls
with one much larger than the other, the larger of the two balls can be dilated in such a

way as to engulf both balls without having to grow too much. This is in sharp contrast to



the case of rectangles, where either of two intersecting rectangles that are long and narrow
in orthogonal directions would need to grow a lot, in terms of measure, to engulf the other.
In Theorem 3.3.2, the geometric property of being engulfing is exploited to show that for
such bases, My is bounded from BMO ,(R™) to BLO (R"), where BLO ,(R") is defined
analogously to BLO(R™) by replacing cubes with shapes in .7

A product decomposition is shown for the class BLO ,(R™) when the shapes exhibit
some product structure (see Theorem 3.4.6). This is done much in the same way as the
corresponding result for BLO ,(R™). In this case, however, a sharp constant is obtained.

As both BMO ,(R") and BLO ,(R™) inherit some product structure from the shapes in
<, perhaps M inherits some boundedness properties when the shapes . are products of
lower-dimensional shapes that are engulfing. Only relying on this product structure and
the engulfing property of lower-dimensional shapes, we prove that My is bounded from
BLO ,(R™) to a space we define, rectangular BLO ,, (see Theorem 3.6.1).

The model case of a basis . for which the boundedness on BMO ., (R™) is unknown is the
basis of rectangles. In this case, the maximal function M is known as the strong maximal
function, and has been studied going back to the work of Jessen-Marcinkiewicz-Zygmund
([52]). This basis satisfies the hypotheses of Theorem 3.6.1, and so we have shown, in
particular, that the strong maximal function is bounded from strong BMO (R™) to rectangular

BLO.

In Chapter 4, we consider equimeasurable rearrangement operators. Given a measurable
function f on R™, one such rearrangement is its decreasing rearrangement, the unique de-
creasing function f* on Ry = (0,00) that is right-continuous and equimeasurable with |f].
This rearrangement is important in areas such as interpolation theory, and there is interest in
studying function spaces that are invariant under equimeasurable rearrangements (see [4]).

The work of Bennett-DeVore-Sharpley in [3] implies that the decreasing rearrangement
[+ f*is bounded from BMO(R"™) to BMO(R, ) with || f*|[smo < 2" f|lsmo. We ask: for
what other bases . is the decreasing rearrangement bounded on BMO?

Our main result in this direction is Lemma 4.3.2, which determines a class of bases for

which the decreasing rearrangement is bounded from BMO ,(R™) to BMO (R, ), even in



the generality of a metric measure space. In particular, this is used to improve the Bennett-
DeVore-Sharpley bound from 2" to 22" (see Theorem 4.3.10).

The decreasing rearrangement is a nonlinear operator. As such, we no longer have ac-
cess to the equivalence of boundedness and continuity that is familiar from working with
linear operators. It turns out that there is a simple example showing that the decreasing
rearrangement can fail to be continuous on BMO (see Theorem 4.4.1).

When looking for a subspace of BMO on which the decreasing rearrangement might be
continuous, a natural candidate is VMO, the space of functions of vanishing mean oscillation.

If Qo is a cube in R", we say that a function f € BMO(Qy) is in VMO(Q) if

lim sup Q(f,Q) =0,

=07 §(Q)<t

where the supremum is taken over all cubes () with diameter at most ¢. This function space,
introduced by Sarason ([77]), often plays the role of the continuous functions in BMO(Qy).

This candidate turns out to be a good choice: it is proven that the decreasing rearrange-
ment is bounded and continuous from VMO(Qy) to VMO(O0, |Qo|) (see Theorems 4.4.6 and
4.4.9), assuming that we normalize functions to have mean zero.

Another important rearrangement is the symmetric decreasing rearrangement, which as-
sociates a measurable function f on R" to a measurable function Sf on R" that is radially
decreasing and symmetric in such a way that | f| and S f are equimeasurable. This rearrange-
ment is important in the study of geometric functional analysis and PDEs. The symmetric
decreasing rearrangement may be defined by means of the formula Sf(z) = f*(w,|z|") for
x € R" where w, denotes the measure of the unit ball in R™. As such, the symmetric
decreasing rearrangement is intimately connected to the decreasing rearrangement and one
may ask whether BMO-boundedness results for f* can be transferred to Sf.

The theory of BMO on shapes provides the proper point of view to achieve this result.
By the definition of the symmetric decreasing rearrangement, mean oscillations of f* on
intervals can be compared with mean oscillations of Sf on balls and annuli centred at the
origin. Such shapes, along with sectors thereof, are then comparable with general balls (in the
sense of Definition 2.2.2). As such, we obtain that the symmetric decreasing rearrangement

is bounded from BMOgz(R™) to BMOgz(R™) (see Theorem 4.5.1).



As this thesis is a compilation of three separate works, there is bound to be quite a bit of
repetition. I am sure that BMO will be defined at least three times more throughout this
text. Hopefully, all occurrences of a given definition will be the same in each instance. Even
worse, notation may vary from chapter to chapter, sometimes in a significant way. Hopefully,
everything is written in such a way that meanings remain clear. In general, the following
is maintained: BMO ,(R"), possibly with R" replaced by some other domain of definition,
denotes the space of locally integrable functions on R™ of bounded mean oscillation with
respect to some fixed basis .; and, BMO(R") is reserved for the classical case . = Q or
S =B.

At the end of the thesis, there is an appendix containing auxiliary results and some
additional details. Throughout the text, footnotes are used to signify a moment when the
reader may wish to visit the appendix, along with the specific location of the relevant material

therein.



Chapter 2

BMO on shapes and sharp constants

2.1 Introduction

First defined by John and Nirenberg in [54], the space BMO of functions of bounded mean
oscillation has served as the replacement for L*° in situations where considering bounded
functions is too restrictive. BMO has proven to be important in areas such as harmonic
analysis, partly due to the duality with the Hardy space established by Fefferman in [32],
and partial differential equations, where its connection to elasticity motivated John to first
consider the mean oscillation of functions in [53]. Additionally, one may regard BMO as
a function space that is interesting to study in its own right. As such, there exist many
complete references to the classical theory and its connection to various areas; for instance,
see [37, 42, 56, 79].

The mean oscillation of a function f € Ll _(R") was initially defined over a cube Q with

sides parallel to the axes as

][ |f = fal, (2.1)
Q

where fgo = fQ f and fQ = ﬁ fQ. A function f was then said to be in BMO if the quantity
(2.1) is bounded independently of (). Equivalently, as will be shown, the same space can be

obtained by considering the mean oscillation with respect to balls; that is, replacing the cube

OFirst published in Contemporary Mathematics 748 (2020), published by the American Mathematical
Society. (© 2020 American Mathematical Society.



Q) by a ball B in (2.1). Using either characterization, BMO has since been defined in more
general settings such as on domains, manifolds, and metric measure spaces ([8, 19, 55]).

There has also been some attention given to the space defined by a mean oscillation
condition over rectangles with sides parallel to the axes, either in R™ or on a domain in
R™, appearing in the literature under various names. For instance, in [60], the space is
called “anisotropic BMO” to highlight the contrast with cubes, while in papers such as
[22, 30, 31, 35], it goes by “little BMO” and is denoted by bmo. The notation bmo, however,
had already been used for the “local BMO” space of Goldberg ([40]), a space that has been
established as an independent topic of study (see, for instance, [11, 28, 87]). Yet another
name for the space defined by mean oscillations on rectangles - the one we prefer - is the name
“strong BMO”. This name has been used in at least one paper ([64]), and it is analogous
to the terminology of strong differentiation of the integral and the strong maximal function
(20, 44, 51, 52, 76]), as well as strong Muckenhoupt weights ([5, 68]).

In this paper we consider BMO on domains of R” with respect to a geometry (what will
be called a basis of shapes) more general than cubes, balls, or rectangles. The purpose of
this is to provide a framework for examining the strongest results that can be obtained about
functions in BMO by assuming only the weakest assumptions. To illustrate this, we provide
the proofs of many basic properties of BMO functions that are known in the literature for
the specialised bases of cubes, balls, or rectangles but that hold with more general bases of
shapes. In some cases, the known proofs are elementary themselves and so our generalisation
serves to emphasize the extent to which they are elementary and to which these properties
are intrinsic to the definition of BMO. In other cases, the known results follow from deeper
theory and we are able to provide elementary proofs. We also prove many properties of BMO
functions that may be well known, and may even be referred to in the literature, but for which
we could not find a proof written down. An example of such a result is the completeness of
BMO, which is often deduced as a consequence of duality, or proven only for cubes in R™.
We prove this result (Theorem 2.3.9) for a general basis of shapes on a domain.

The paper has two primary focuses, the first being constants in inequalities related to
BMO. Considerable attention will be given to their dependence on an integrability parameter

p, the basis of shapes used to define BMO, and the dimension of the ambient Euclidean space.



References to known results concerning sharp constants are given and connections between
the sharp constants of various inequalities are established. We distinguish between shapewise
inequalities, that is, inequalities that hold on any given shape, and norm inequalities. We
provide some elementary proofs of several shapewise inequalities and obtain sharp constants
in the distinguished cases p = 1 and p = 2. An example of such a result is the bound on
truncations of a BMO function (Proposition 2.6.3). Although sharp shapewise inequalities
are available for estimating the mean oscillation of the absolute value of a function in BMO,
the constant 2 in the implied norm inequality - a statement of the boundedness of the map
f +—|f] - is not sharp. Rearrangements are a valuable tool that compensate for this, and we
survey some known deep results giving norm bounds for decreasing rearrangements.

A second focus of this paper is on the product nature that BMO spaces may inherit
from the shapes that define them. In the case where the shapes defining BMO have a
certain product structure, namely that the collection of shapes coincides with the collection of
Cartesian products of lower-dimensional shapes, a product structure is shown to be inherited
by BMO under a mild hypothesis related to the theory of differentiation (Theorem 2.8.3).
This is particularly applicable to the case of strong BMO. It is important to note that the
product nature studied here is different from that considered in the study of the space known
as product BMO (see [13, 14]).

Following the preliminaries, Section 2.3 presents the basic theory of BMO on shapes.
Section 2.4 concerns shapewise inequalities and the corresponding sharp constants. In Section
2.5, two rearrangement operators are defined and their boundedness on various function
spaces is examined, with emphasis on BMO. Section 2.6 discusses truncations of BMO
functions and the cases where sharp inequalities can be obtained without the need to appeal
to rearrangements. Section 2.7 gives a short survey of the John-Nirenberg inequality. Finally,
in Section 2.8 we state and prove the product decomposition of certain BMO spaces.

This introduction is not meant as a review of the literature since that is part of the content
of the paper, and references are given throughout the different sections. The bibliography
is by no means exhaustive, containing only a selection of the available literature, but it is
collected with the hope of providing the reader with some standard or important references

to the different topics touched upon here.
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2.2 Preliminaries

Consider R™ with the Euclidean topology and Lebesgue measure, denoted by |- |. By a

domain we mean an open and connected set.

Definition 2.2.1. We call a shape in R™ any open set S such that 0 < |S| < co. For a given
domain €2 C R", we call a basis of shapes in {2 a collection .# of shapes S such that S C 2
for all S € . and .¥ forms a cover of (2.

Common examples of bases are the collections of all Euclidean balls, B, all cubes with
sides parallel to the axes, O, and all rectangles with sides parallel to the axes, R. In one
dimension, these three choices degenerate to the collection of all (finite) open intervals, Z. A
variant of B is C, the basis of all balls centred around some central point (usually the origin).
Another commonly used collection is Qg4, the collection of all dyadic cubes, but the open
dyadic cubes cannot cover €2 unless € itself is a dyadic cube, so the proofs of some of the
results below which rely on . being an open cover (e.g. Proposition 2.3.8 and Theorem 2.3.9)
may not apply.

One may speak about shapes that are balls with respect to a (quasi-)norm on R", such
as the p-“norms” ||-||, for 0 < p < oo when n > 2. The case p = 2 coincides with the basis B
and the case p = 0o coincides with the basis Q, but other values of p yield other interesting
shapes. On the other hand, R is not generated from a p-norm.

Further examples of interesting bases have been studied in relation to the theory of
differentiation of the integral, such as the collection of all rectangles with j of the sidelengths
being equal and the other n—j being arbitrary ([89]), as well as the basis of all rectangles with
sides parallel to the axes and sidelengths of the form (61, by (g, g, ... ,ﬁn,l)), where ¢

is a positive function that is monotone increasing in each variable separately ([21]).

Definition 2.2.2. Given two bases of shapes, . and 97, we say that % is comparable to
ﬁj written . < 15/7, if there exist lower and upper comparability constants ¢ > 0 and C' > 0,
depending only on n, such that for all S € .# there exist 51,5, € 7 for which S, CSCS,
and c|S| < |S] < C15]. If ¥ < 7 and . <., then we say that . and . are equivalent,
and write .% &~ 7.

11



An example of equivalent bases are B and Q: one finds that B < Q with ¢ = %2 and

C = w, (‘/Tﬁ)n, and Q < B with ¢ = i (\%)n and C' = %, where w,, is the volume of the
unit ball in R”, and so B ~ Q. The bases of shapes given by the balls in the other p-norms

|||, for 1 < p < oo are also equivalent to these.

If ¥ C . then . < 7 withe=C =1. In particular, @ C R and so Q < R, but
R £ Qand so Q # R.

Unless otherwise specified, we maintain the convention that 1 < p < co. Moreover, many
of the results implicitly assume that the functions are real-valued, but others may hold also

for complex-valued functions. This should be understood from the context.

2.3 BMO spaces with respect to shapes

Consider a basis of shapes .. Given a shape S € ., for a function f € L!(S), denote by

fs its mean over S.

Definition 2.3.1. We say that a function satisfying f € L'(S) for all shapes S € .¥ is in
the space BMO”,(Q) if there exists a constant K > 0 such that

(fir-ser) "ok (22)

holds for all S € .¥.

The quantity on the left-hand side of (2.2) is called the p-mean oscillation of f on S. For
f € BMOL(Q), we define ||f|guor, as the infimum of all K for which (2.2) holds for all
S € . Note that the p-mean oscillation does not change if a constant is added to f; as
such, it is sometimes useful to assume that a function has mean zero on a given shape.

In the case where p = 1, we will write BMOL,(©2) = BMO ,(Q). For the classical BMO
spaces we reserve the notation BMOP(Q) without explicit reference to the underlying basis
of shapes (Q or B).

We mention a partial answer to how BMO”,(Q2) relate for different values of p. This
question will be taken up again in a later section when some more machinery has been

developed.
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Proposition 2.3.2. For any basis of shapes, BMOZ(Q) € BMOZ(Q) with 1fllemons <
Hf”BMo’;z for 1 < py <py < oco. In particular, this implies that BMO%,(2) € BMO () for

all 1 < p < 0.
Proof. This follows from Jensen’s inequality with p = Z—f > 1. O

Next we show a lemma that implies, in particular, the local integrability of functions in

BMO?,(Q).

Lemma 2.3.3. For any basis of shapes, BMO”,(Q) C L}

loc

Q).

Proof. Fix a shape S € . and a function f € BMO”, (). By Minkowski’s inequality on

I2(S, ),
|S| ) 1/p< ) 1/p
(fur) = (fur=ssp) 1
1/p
([17) " <181 (1w, +1541)
S

As . covers all of , for any compact set K C ) there exists a collection {S;}¥, C .

and so

for some finite N such that K C Ufil S;. Hence, using the previous calculation,

1/p N 1/p N
(Lim) "= (L) <182 (15lowor, +1551) < o0

]

In spite of this, a function in BMO%,(Q2) need not be locally bounded. If © contains the
origin or is unbounded, f(x) = log|z| is the standard example of a function in BMO(Q) \

L*>(Q2). The reverse inclusion, however, does hold:

Proposition 2.3.4. For any basis of shapes, L>(Q) C BMO”,(Q) with

_ [ fllee, 1<p<2;
1/ lemoz, <
21 fllze, 2 <p<oo.

Proof. Fix f € L>*(Q2) and a shape S € .. For any 1 < p < oo, Minkowski’s and Jensen’s

1/p 1/p
_fP 9 P N oo
(]é\f fs!) < (]ém) <2/
13

inequalities give



Restricting to 1 < p < 2, one may use Proposition 2.3.2 with p, = 2 to arrive at

(fir-ssp) Ve (fir- 1<) "

dz

, |S‘), observe that f — fs is orthogonal to

Making use of the Hilbert space structure on L?*(S

constants and so it follows that!

_ 2 _ 2 _ 2 2 2
]élf 5l ]ém £l s][sm < IfIR.

A simple example shows that the constant 1 obtained for 1 < p < 2 is, in fact, sharp:

Example 2.3.5. Let S be a shape on () and consider a function f = xg — xge, where E is a
measurable subset of S such that |E| = 3|S] and B¢ = S\ E. Then fs =0, |[f— fs| = |f| =1

]£|f—f5|7’: L.

There is no reason to believe that the constant 2 for 2 < p < oo is sharp, however, and

on S and so
Thus, [|fllesior, > 1 = || £l

so we pose the following question:

Problem 2.3.6. What is the smallest constant co(p, ') such that the inequality [ f|lgyor, <
Coo(D, )| f|| oo holds for all f € BMOY,(2)?

The solution to this problem was obtained by Leonchik in the case when 2 C R and
S =1.

Theorem 2.3.7 ([63, 60]).
Coo(D,T) =2 sup {h(1 — h)? + hP(1 — h)}'/P.
0<h<1

An analysis of this expression ([60]) shows that ¢, (p,Z) = 1 for 1 < p < 3, improving on
Proposition 2.3.4 for 2 < p < 3. Moreover, ¢« (p,Z) is monotone in p with 1 < c(p,Z) < 2

for p > 3 and ¢oo(p,Z) — 2 as p — oc.

1See Proposition 5.1.5 in Appendix I for more details.
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It is easy to see that H'HBMOPy defines a seminorm. It cannot be a norm, however, as a
function f that is almost everywhere equal to a constant will satisfy || f||gmor, = 0. What
we can show is that the quantity ||-||zmor, defines a norm modulo constants.

In the classical case of BMO(R"), the proof (see [42]) relies on the fact that B contains
C and so R™ may be written as the union of countably-many concentric shapes. When on
a domain that is also a shape, the proof is immediate. In our general setting, however, we
may not be in a situation where (2 is a shape or .% contains a distinguished subcollection of
nested shapes that exhausts all of €2; for an example, consider the case where €2 is a rectangle
that is not a cube with ./ = Q. As such, the proof must be adapted. We do so in a way

that relies on shapes being open sets that cover €2, and on €2 being connected and Lindelof.

Proposition 2.3.8. For any basis of shapes, || f|lsmor, = 0 if and only if f is almost every-

where equal to some constant.

Proof. One direction is immediate. For the other direction, fix f € BMO%, () such that
[ fllenoz, = 0. It follows that f = fs almost everywhere on S for each S € ..
Fix Sy € . and let Cy = fg,. Set

U=|J{8es: fs=Cu}.

Using the Lindelof property of €2, we may assume that U is defined by a countable union. It
follows that f = Cj almost everywhere on U since f = fg = Cjy almost everywhere for each
S comprising U. The goal now is to show that Q = U.

Now, let

V= J{Ses: fs # Co}.

Since . covers {2, we have 0 = U U V. Thus, in order to show that Q = U, we need to show
that V is empty. To do this, we note that both U and V' are open sets and so, since € is
connected, it suffices to show that U and V are disjoint.

Suppose that x € U N V. Then there is an S; containing x which is in U and an S
containing x which is in V. In particular, f = Cjy almost everywhere on S; and f # Cj
almost everywhere on S;. However, this is impossible as S; and Sy are open sets of positive

measure with non-empty intersection and so S; N .S, must have positive measure. Therefore,

UNV = and the result follows. O
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As Proposition 2.3.8 implies that BMO”,(€2)/C is a normed linear space, a natural ques-
tion is whether it is complete. For BMO(R")/C this is a corollary of Fefferman’s theorem
that identifies it as the dual of the real Hardy space ([32, 33]).

A proof that BMO(R")/C is a Banach space that does not pass through duality came a
few years later and is due to Neri ([70]). This is another example of a proof that relies on
the fact that B contains C (or, equivalently, that Q contains an analogue of C but for cubes).
The core idea, however, may be adapted to our more general setting. The proof below makes
use of the fact that shapes are open and that €2 is path connected since it is both open and

connected.
Theorem 2.3.9. For any basis of shapes, BMOY,(Q) is complete.

Proof. Let {f;} be Cauchy in BMO?,(€2). Then, for any shape S € .7, the sequence {f; —
(fi)s} is Cauchy in LP(S). Since LP(S) is complete, there exists a function f° € LP(S) such
that f; — (fi)s — f° in LP(S). The function f* can be seen to have mean zero on S: since

fi — (fi)s converges to f¥ in L'(S), it follows that
1—00

][fs = lim { f; — (fi)s = 0. (2.3)
S S

If we have two shapes S;, Sy € . such that S; NSy # (), by the above there is a function
5 € LP(S;) such that f; — (fi)s, — f% in LP(S;) and a function f°2 € LP(S,) such that
fi — (fi)s, — f in LP(S,). Since both of these hold in LP(S; N S,), we have

(fi)se = (s, = [fi = (f)si] = [fi = (fi)so] = F7 = f%2 in LP(S1 N Sy).

This implies that the sequence C;(S1,S2) = (fi)s, — (fi)s, converges as constants to a limit

that we denote by C(S1,S2), with
[ — 2 =C(5,5,) on S NS,
From their definition, these constants are antisymmetric:
C(S1,52) = —C(Sz, S1).

Moreover, they possess an additive property that will be useful in later computations. By a

finite chain of shapes we mean a finite sequence {S;}¥_, C % such that S; N S;1 # 0 for all
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1 < j < k—1. Furthermore, by a loop of shapes we mean a finite chain {S;}*_, such that
S1NSe # 0. If {S;}¥_, is a loop of shapes, then

k—1
C’(Sl,Sk) - O(Sj,Sj+1). (24)
j=1
To see this, consider the telescoping sum
k—1
(F)s. = (f)se = D (s = (fi)s,
j=1

for a fixed 7. The formula (2.4) follows from this as each (f;)s,,,
C(S;,Sj41) since S; N Sjy1 # 0 and (f;)s, — (fi)s, converges to C(Sy, Sk) since Sy NSy, # 0.
Let us now fix a shape Sy € . and consider another shape S € . such that SyN S = (.

- (fi)Sj converges to

Since (2 is a path-connected set, for any pair of points (z,y) € Sy x S there exists a path
Yoy © 10,1] = Q such that 7,,(0) = = and ~,,(1) = y. Since . covers 2 and the image
of v, is a compact set, we may cover 7, , by a finite number of shapes. From this we may
extract a finite chain connecting S to Sy.

We now come to building the limit function f. If x € Sy, then set f(x) = f%(z), where
f% is as defined earlier. If x ¢ Sy, then there is some shape S containing z and, by the

preceding argument, a finite chain of shapes {Sj}le where S, = S. In this case, set

k-1

flx) = o (x) + Y C(S), Si)- (2.5)

J=0

The first goal is to show that this is well defined. Let {gj}§:1 be another finite chain

connecting some gg with z € §g to Sy = §0_ Then we need to show that

k—1 N -1
Fo (@) + Z C(Sj, Sj41) = [ (x) + Z C (S, Sj+1)- (2.6)

First, we use the fact that 2 € S, NS, to write f5(z) — fgf(x) — C(Sk, S). Then, from the

antisymmetry property of the constants, (2.6) is equivalent to
C(Sk, S¢) = C(Sk, Sk_1) + - -~ + C(S1, S0) + C(So, S1) + - - + C(Sp_1, S0),

which follows from (2.4) as {Sk, Sk_1,- - -, S1, So, S1, S, ..., §g} forms a loop.
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Finally, we show that f; — f in BMO,(Q). Fixing a shape S € ., choose a finite chain
{S;}_, such that Sy = S. By (2.5), on S we have that f = f° modulo constants, and so,
using (2.3) and the definition of £,

]é (i) — F(@)) — (fi — sl d = ][ (i) — £5(2)) — (fi — £9)sl da
][m —(f)s - @) de

as ¢ — 00.

2.4 Shapewise inequalities on BMO

A “shapewise” inequality is an inequality that holds for each shape S in a given basis. In
this section, considerable attention will be given to highlighting those situations where the
constants in these inequalities are known to be sharp. A recurring theme is the following:
sharp results are mainly known for p = 1 and for p = 2 and, in fact, the situation for
p = 2 is usually simple. The examples given demonstrating sharpness are straightforward
generalisations of some of those found in [60].

For this section, we assume that .# is an arbitrary basis of shapes and that f € L(S)
for every S € .7.

We begin by considering inequalities that provide equivalent characterizations of the space
BMO%,(€2). As with the classical BMO space, one can estimate the mean oscillation of a
function on a shape by a double integral that is often easier to use for calculations but that

comes at the loss of a constant.

Proposition 2.4.1. For any shape S € .7,

L fuor-swpavas)'s (fi7- 1) < ( fuso - s avas)’

Proof. Fix a shape S € .. By Jensen’s inequality we have that

]é’f(@—fsfpdl“:]é dm<][][]f f(y)? dy dx

f U@ - rw)ay
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and by Minkowski’s inequality on LP(S x S, (‘lg(‘lgy ) we have that

(][][’f o dyd$> ; B (]é]é‘(f(f) —fs) = (fw) = fs)[" dydx)l/p

1/p
SQ( \f—fs|p) :
S

O
When p = 1, the following examples show that the constants in this inequality are sharp.

Example 2.4.2. Let S be a shape in 2 and consider a function f = xg, where F is a
measurable subset of S such that |E| = $|S|. Then fs =% and so |f — fs| = 3xs, yielding

f1r ==

Writing E¢ = S\ E, we have that |f(x) — f(y)| =0 for (z,y) € E x E or (z,y) € E° x E°,
and that |f(x) — f(y)| =1 for (x,y) € E° x E; hence,

][][lf y)| dydz = \SI?[EL/V ()| dy dz mfs—w:%

Therefore, the right-hand side constant 1 is sharp.

Example 2.4.3. Now consider a function f = xg, — Xg,, Where £y, By, 3 are measurable
subsets of S such that S = E) U Ey U Ej is a disjoint union (up to a set of measure zero) and

|Ey| = |Es| = B|S]| for some 0 < § < 5. Then, fs =0 and so

fir=ssd=f1n =25

Since |f(x) — f(5)| = 0 for (2,9) € By x By, j = 1,2,3, |f(x) — f(5)| = 1 for (2,) € By x B,
when |i — j| =1, and |f(x) — f(y)| = 2 for (z,y) € E; x E; when |i — j| = 2, we have that

_481S1(S1 - 2818) + 45
J[ ][ (@) = Fy)ldyde 52

= 46(1 — 2B) + 432

As
28 1 1

15(1—28) 1432 2-28 2
as f — 07, the left-hand side constant % is sharp.
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For other values of p, however, these examples tell us nothing about the sharpness of the
constants in Proposition 2.4.1. In fact, the constants are not sharp for p = 2. In the following
proposition, as in many to follow, the additional Hilbert space structure afforded to us yields

a sharp statement (in this case, an equality) for little work.

Proposition 2.4.4. For any shape S € .,

<][][|f dedx) /QIﬂ(]élf—fsP)l/Q

Proof. Observe that as elements of L?*(S x S, %TS”), f(z) — fs is orthogonal to f(y) — fs.
Thus,

i@ = s ayas = f15@ = s ayas+ f {110 - s dyao
(][ f1sta) = st dy dcc) o ﬂ( )y - fs|2)1/2

In a different direction, it is sometimes easier to consider not the oscillation of a function

and so

]

from its mean, but its oscillation from a different constant. Again, this can be done at the

loss of a constant.
Proposition 2.4.5. For any shape S € .7,
1/p 1/p 1/p
wt (fir—er) < (fur-ser) "z (fir-e)
¢ \Js S ¢ \Js
where the infimum is taken over all constants c.

Proof. The first inequality is trivial. To show the second inequality, fix a shape S € .. By

Minkowski’s inequality on LP(S, | S|) and Jensen’s inequality,
1/p 1/p . 1/p
(frr=ssp) < (fir=er) s tss=em<2(fir-er) .
S S S

As with Proposition 2.4.1, simple examples show that the constants are sharp for p = 1.

[]
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Example 2.4.6. Let S be a shape on 2 and consider the function f = yg — xge as in
Example 2.3.5, with |E| = |S|/2, E°= S\ E. Then

][’f - fS’| = 17
s
and for any constant ¢ we have that

][|f_c|_ L= cllE[+ |1 +cl[E] _[L—c[+ 1+ -
s 5| 2

with equality if ¢ € [—1,1]. Thus

e f1f =l = 17 = 5.

showing the left-hand side constant 1 in Proposition 2.4.5 is sharp when p = 1.

Example 2.4.7. Consider, now, the function f = yg where E is a measurable subset of S

such that |E| = a|S| for some 0 < & < 1. Then, fg = a and

gy A=a)asl (Sl -alShe _,
]£|f fsl = T 5] = 2a(1 — a).

For any constant ¢, we have that

1= lel[IE] | |el(1S] = |E])
f—rcl= + =a|l —|c|| + |¢/(1 — a).
fir—d="=g 5 [ 1= fel| + [el(1 = )

The right-hand side is at least a(1 — |c|) + |¢|(1 — @) = a + |¢|(1 — 2«), which is at least «

inf][|f—c|:oz.
¢ Js

2a(1 — «)

with equality for ¢ = 0, and so

As a — 0T,

— 2,
showing the right-hand side constant 2 in Proposition 2.4.5 is sharp when p = 1.

When p = 1, it turns out that we know for which constant the infimum in Proposition

2.4.5 is achieved.

Proposition 2.4.8. Let f be real-valued. For any shape S € .7,

w17 =l = £ 17 =,

where m is a median of f on S: that is, a (possibly non-unique) number such that |{x € S :

flz) >m}| < %|S| and |[{z € S: f(x) <m}| < %|S|
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Note that the definition of a median makes sense for real-valued measurable functions.
A proof of this proposition can be found in the appendix of [24], along with the fact that
such functions always have a median on a measurable set of positive and finite measure (in

particular, on a shape). Also, note that from the definition of a median, it follows that
1 1
{re8: fla) > m)| = ||~ |{r €5 fx) > m)| > IS| — ]8] = o1S]

and, likewise,

1
[{z €5 flz) =m}| = 5[S].
Proof. Fix a shape S € . and a median m of f on S. For any constant c,
/|f(x)—m\dx:/ (f(z) —m) da:+/ (m — f(2)) da
S {z€S: f(z)>m} {zeS: f(z)<m}
:/ (f(x)—c)dx+(c—m)]{x€$:f(x)zm}\
{z€S:f(z)>m}
+/ (c— f(@))dz+ (m—c){z € S: f(z) <m}|
{zeS: f(x)<m}
Assuming that m > ¢, we have that

/ (f(x) =) da s/ (f(x) =) dz
{zesS:f(z)>m} {z€S:f(x)>c}

and

/ (c — f(x)) dr <0,
{z€S:ec<f(z)<m}

and so we can write

/S]f(x)—m\dx < /{ e }(f(:v)—c) de + (c —m)|{z € S : f(z) > m}|

+/’ (¢~ f(@) dz + (m— ) [{z € 5+ f(x) < m)]
{zeS:f(z)<c}

/|f )= ol da

S d)l{r e §: J() < m)l Iz e S fa) 2 m
< [1#@) = cldo+ o) 3151~ 3151

- [l —dax
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In the case where m < ¢, we may apply the previous calculation to —f and use the fact

that —m is a median of —f:

i) =mlde = [ 1= @) = (zm)ldr < [ 1= @) = (e de = [ 15(e) = cla

]

For p = 2, we are able to do a few things at once. We are very simply able to obtain
an equality that automatically determines the sharp constants for Proposition 2.4.5 and the

constant ¢ for which the infimum is achieved.

Proposition 2.4.9. For any shape S € .7,

1/2 1/2
: 2 _ 2
H(}f( S\f c| ) (]é!f Is] ) ,

where the infimum is taken over all constants c.

Proof. Fix a shape S € .% and a constant c. As previously observed, f — fs is orthogonal to

any constant in the sense of L?(S, | 5\> in particular, f — fs is orthogonal to fg — ¢. Thus,

fir ek = 1= s+ 15— ol = £ 17— f5P

with the minimum achieved when ¢ = fs. O]

The following proposition shows that the action of Holder continuous maps preserves the

bound on the p-mean oscillation, up to a constant.

Proposition 2.4.10. Let F' : R — R be a-Hoélder continuous for 0 < o < 1 with Holder
coefficient L. Fix any shape S € % and suppose f € L'(S) is real-valued. Then, for

I <p<oo,

( |[Fof—(Fo )\p);§2L(S]f—fS|p>g. (2.7)

<]£|Fof—(Fof)s|2>§§L<][S|f—fs|2)g. (2.8)

When p = 2,
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Proof. Fix a shape S € .. By Proposition 2.4.5 and Jensen’s inequality, we have that

FIFos—rons <2 f|FG@) - Fis) i
S S
<20 |f(a) = ol da
< (fif-sp)

When p = 2, Proposition 2.4.9 shows that the factor of 2P in the first inequality can be

dropped. O

As has been pointed out in [24], if one uses the equivalent norm defined by Proposition
2.4.5, the result of Proposition 2.4.10 holds with constant L for any p > 1, since the factor
of 2 comes from (F o f)g # F(fs).

The following example demonstrates that the constants are sharp when p =1 and p = 2.

Example 2.4.11. Consider the function F'(z) = |z|, so that « = 1 = L, and fix a shape S
in 2. Taking the function f = xpg, — X&,, as in Example 2.4.3, where S is a disjoint union

E1 U E5U E; and |E;| = |E3| = f|S| for some 0 < 8 < 3, we have |f|s = 25 and so
Fls1=111s] = 42— 285,
S

Since fs|f fs| =26 and 40— 25 — 2 as f — 07, the constant 2 is sharp for p = 1.
For p =2, when f > 0 we have F(f)= fand F(f)s = F(fs), so equality holds in (2.8).

While we have shown that the shapewise inequalities (2.7), for p = 1, and (2.8) are sharp
for F(xz) = |z|, in the next section it will be shown that better constants can be obtained for
norm inequalities.

Now we address how the BMO?,(§2) spaces relate for different bases.

Proposition 2.4.12. For any shape S € ., if S is another shape (from possibly another

basis) such that S C S and |S| > ¢|S| for some constant ¢, then

(]Qf _ f§|p); e (]{q'f - f5|”);
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Proof. From Proposition 2.4.5,

][Jf g <2 fir - b < 2”c‘1][ sl
S S S
]

An immediate consequence of this is that BMOZ,(©) € BMO7(Q) if 7 <4 .. More-
over, if . ~ .7 then BMOY, (©2) = BMO”,(Q2). In particular, it follows that BMOj(€2) =
BMO%(£2). Since Q C R, it is automatic without passing through Proposition 2.4.12 that
BMO% (©2) € BMOP(Q2) with || fl[emor < || fllemor, - The reverse inclusion is false. The fol-
lowing example of a function in BMO(£2) that is not in BMO(£2) is taken from [60], where

the calculations proving the claim can be found:

Example 2.4.13. Consider Q = (0,1) x (0,1) € R? The function

F= 2 X(oa+1)x(0,})

oo
k=1

belongs to BMO(2) \ BMO«(€2).

2.5 Rearrangements and the absolute value

Consider two measure spaces (M, u) and (N, v) such that (M) = v(N).

Definition 2.5.1. We say that measurable functions f : M — R and g : N — R are
equimeasurable if for all s € R the quantities pf(s) = p({z € M : f(z) > s}) and vy(s) =
v({y € N : g(y) > s}) coincide.

It is important to note that this is not the standard definition of equimeasurability. Typ-
ically (see, for example, [4]) equimeasurability means jf(s) = jg/(s) for all s > 0; however,
for our purposes, it will be useful to distinguish between two functions being equimeasurable

and the absolute value of two functions being equimeasurable. That said, it is true that

Lemma 2.5.2. Let f and g be measurable functions such that pis(s) = vy(s) < oo for all s.

Then, pug(s) = vig)(s) for all s.
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Proof. Fix s € R. Writing

{xeM:f(x)<—s}:U{xeM:f(x)S—S—%},

neN

we have that

(o € M+ f(a) < =5}) = i (01) =y (=5 = 1)

n

Here we use the convention that infinity minus a finite number is infinity and use the fact

that 1y < 0o. Since puy = v,, by assumption, it follows that

,u({x eEM: f(x) < —5}) = y({x eN:g(x) < —3}).
If s > 0, then
u({r e M:[f(@)] > 5}) = p({e € M+ f(2) > s}) + p({e € M f(z) < —s})
v({y € N:gly) >s}) +v({y € N:gly) < —s})
=v({y e N:|g(z)] > s}).

If s <0, then

p({z € M < [f()] > 8}) = u(M) = v(N) = v({y € N : |g(a)| > 5}).
O

A useful tool is the following lemma. It is a consequence of Cavalieri’s principle, also called
the layer cake representation, which provides a way of expressing the integral of ¢(|f]) for a
suitable transformation ¢ in terms of a weighted integral of jiy. The simplest incarnation
of this principal states that for any measurable set A,

/A P = / Ttz € A: |f(@)] > a}|da,

0

where 0 < p < co. A more general statement can be found in [66], Theorem 1.13 and its

remarks.

Lemma 2.5.3. Let M C R™, N C R" be Lebesque measurable sets of equal measure, and
f:M —Randg: N — R be measurable functions such that |f| and |g| are equimeasurable.

Then, for 0 < p < oo,

/Ifl”:/lglp and  esssup|f| = esssup|g.
M N M N
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Furthermore, under the hypothesis of Lemma 2.5.2, for any constant c,

[ iri=el = [ llsl =l

Moving back to the setting of this paper, for this section we assume that f is a measurable

function on €2 that satisfies the condition
Hzx e Q:|f(x)] > s} —0 as s — 00. (2.9)

This guarantees that the rearrangements defined below are finite on their domains (see [81],

V.3).
Definition 2.5.4. Let I = (0,|?]). The decreasing rearrangement of f is the function
() =inf{s >0: {x € Q:|f(x)| > s} <t}, telg.

This rearrangement is studied in the theory of interpolation and rearrangement-invariant
function spaces. In particular, it can be used to define the Lorentz spaces, LP4, which are a
refinement of the scale of Lebesgue spaces and can be used to strengthen certain inequalities
such as those of Hardy-Littlewood-Sobolev and Hausdorff-Young. For standard references on
these topics, see [4] or [81].

A related rearrangement is the following.

Definition 2.5.5. The signed decreasing rearrangement of f is defined as
fo(t) =inf{s e R: {z € Q: f(z) > s}| <t}, telq.

Clearly, f° coincides with f* when f > 0 and, more generally, |f|° = f*. Further
information on this rearrangement can be found in [17, 60].
Here we collect some of the basic properties of these rearrangements, the proofs for which

are adapted from [81].
Lemma 2.5.6. Let f: Q — R be measurable and satisfying (2.9). Then

a) its signed decreasing rearrangement f° : Ig — (—00,00) is decreasing and equimeasur-

able with f;
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b) its decreasing rearrangement f* : Ig — [0,00) is decreasing and equimeasurable with

|f1-

Proof. If t; > t,, it follows that
{s:{{zeQ:fx)>s} <t} C{s:{zeQ: f(zx)>s} <t}

Since this is equally true for |f| in place of f, it shows that both f* and f° are decreasing
functions.

Fix s. For t € I, f°(t) > sif and only if t < [{z € Q: f(x) > s}|, from where it follows
that

Htelog: f°(t) > st ={z eQ: f(x) > s}.
Again, applying this to |f| in place of f yields the corresponding statement for f*.

[]

One may ask how the rearrangement f* behaves when additional conditions are imposed
on f. In particular, is the map f — f* a bounded operator on various function spaces?
A well-known result in this direction is that this map is an isometry on LP, which follows

immediately from Lemmas 2.5.3 and 2.5.6.

Proposition 2.5.7. For all 1 < p < oo, if f € LP(Q) then f* € LP(Ig) with || f*||r(1g) =

1 fllzre)-

Another well-known result is the Pdlya-Szegé inequality, which asserts that the Sobolev
norm decreases under the symmetric decreasing rearrangement ([10]), yet another kind of

rearrangement. From this one can deduce the following (see, for instance, [17]).

Theorem 2.5.8. If f € W'P(R"™) then

“ , . :
nwl/ ( / ‘if*a) tp/"’dt) s( / IVf!p) |
o |t e

where n' is the Holder dual exponent of n and w, denotes the volume of the unit ball in R™.

Despite these positive results, there are some closely related spaces on which the operator

f > f*is not bounded. One such example is the John-Nirenberg space JN,(€2). We say that
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f € LL.(Q)is in JN,(Q) if there exists a constant K > 0 such that

loc
p
ﬂ@}j@d(éulﬁ@o < K?, (2.10)

where the supremum is taken over all collections of pairwise disjoint cubes (); in 2. We define
the quantity || f|yx, as the smallest K for which (2.10) holds. One can show that this is a
norm on JN,(€2) modulo constants. These spaces have been considered in the case where
) is a cube in [27, 54] and a general Euclidean domain in [49], and generalised to a metric
measure space in [1, 69].

While it is well known that LP(2) C JN,(2) C LP»*°(Q2), the strictness of these inclusions
has only recently been addressed ([1, 27]).

In the case where Q = I, a (possibly unbounded) interval, the following is obtained:

Theorem 2.5.9 ([27]). Let f : I — R be a monotone function with f € L*(I). Then there
exists ¢ = c¢(p) > 0 such that

fllaw, = ellf = Cllze

for some C' € R.

In other words, monotone functions are in JN, (1) if and only if they are also in L?([). In
[27], an explicit example of a function f € JN,(I)\ LP(I) is constructed when [ is a finite
interval. This leads to the observation that the decreasing rearrangement is not bounded on

IN,(I).
Corollary 2.5.10. If I is a finite interval, there exists an f € JN,(I) such that f* ¢ JN,(I).

Proof. Since f ¢ LP(I), it follows from Proposition 2.5.7 that f* ¢ LP(I;). As f* is monotone,
it follows from the previous theorem that f* ¢ JN,(I;). O

We consider now the question of boundedness of rearrangements on BMO?, () spaces.

Problem 2.5.11. Does there exist a constant ¢ such that || f*|[syor (1) < ¢l fllBmoz, () holds
for all f € BMO”,(Q)? If so, what is the smallest constant, written c,(p,.”), for which this
holds?
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Problem 2.5.12. Does there exist a constant ¢ such that || f°[|smor(1g) < ¢l flBmoz, ) holds
for all f € BMO”,(Q)? If so, what is the smallest constant, written ¢,(p,.”), for which this
holds?

Clearly, if such constants exist, then they are at least equal to one. The work of Garsia-
Rodemich and Bennett-DeVore-Sharpley implies an answer to the first problem and that
c(1,Q) < 2" when Q = R™:

Theorem 2.5.13 ([3, 39]). If f € BMO(R"), then f* € BMO((0,00)) and

£ IBMo < 2"2|| fllmo-

These results were obtained by a variant of the Calderén-Zygmund decomposition ([78]).
Riesz’ rising sun lemma, an analogous one-dimensional result that can often be used to obtain
better constants, was then used by Klemes to obtain the sharp estimate that for 2 = I, a

finite interval, ¢,(1,7Z) = 1.

Theorem 2.5.14 ([57]). If f € BMO(!), then f° € BMO(I;) and

1f°llBmo < || fllBMmo-

An elementary but key element of Klemes’ proof that can be generalised to our context

of general shapes is the following shapewise identity.

Lemma 2.5.15. For any shape S, if f € L*(S) then

2 2
][S L A SRy B!

Proof. Write

/S (@) — fs|de = /{ e T = e / (fs — f(x)) d.

{zeS:f(x)<fs}

Since

/ (f(x) — fs)do + / (f(2) - fs) d = / (F(z) — fs)dz = 0.
{zeS:f(z)>fs} {zeS:f(x)<fs} S
it follows that

/ @)~ fydo = [ (fs - Fla)) dr,
{z€S:f(2)>fs} {z€S:f(2)<fs}
which gives the identity. O]
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The next sharp result concerning rearrangements is due to Korenovskii, showing that for
Q2 = I, a finite interval, ¢,(1,Z) = 1. The proof of this result makes direct use of Klemes’

theorem.

Theorem 2.5.16 ([58]). If f € BMO([), then f* € BMO(I;) and

I lemo < || fllBMO-

Important in Korenovskii’s transition from a sharp estimate for c¢,(1,.) to one for
c(1,.) is the fact that |f|° = f*, bringing us to consider the boundedness of the absolute
value operator. Recall from Example 2.4.11 that F'(z) = |x| gives us the sharp shapewise
inequality in Proposition 2.4.10 with p = 1, which implies that [||f|lemo,, < 2//f[Bmo, -

However, this need not be sharp as a norm inequality, and so it is natural to ask

Problem 2.5.17. What is the smallest constant ¢|(p,.#) such that for all f € BMO%, (),

H|fH|BMO§, < ¢(p, y)”fHBMO’;, holds?

It is clear that cp(p,.”’) > 1 and Proposition 2.4.10 implies that c|(p,.#) < 2. Applying
this estimate along with Klemes’ theorem yields the non-sharp bound ¢,(1,Z) < 2.
In order for Korenovskii to obtain a sharp result for ¢,(1,Z), a more subtle argument was

needed that allowed him to conclude that ¢ |(1,Z) =1 when Q = I:
Theorem 2.5.18 ([58]). If f € BMO(I), then |||f||lsmo < || fllBmO-

The following is one of the essential parts of this argument. It demonstrates that the

behaviour of the absolute value operator is more easily analyzed for decreasing functions.

Theorem 2.5.19 ([58]). Let I be a finite interval and f € L'(I) be a decreasing function.
Then,

]{||f| 1l < 31ég]€|f—fJ|

where the supremum is taken over all subintervals J of I.

Further sharp results were obtained by Korenovskii in the case where 2 = R, a rectangle,
and . = R: it was shown that, similar to the one-dimensional case just discussed, c.|(1,R) =

(LR)=c(l,R) = 1.
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Theorem 2.5.20 ([59]). If f € BMOg(R), then |f| € BMOgx(R) and f°, f* € BMO(Ig)
with

11 flllemo, < |IfllBMO,, 1f°llBmo < [ flIBMoOy, 1f*]IBmo < || fllBmoy, -

This demonstrates the paradigm that rectangles behave more similarly to one-dimensional
intervals than cubes do. In particular, the generalization of Klemes’ theorem to the higher-
dimensional case of rectangles (the result that ¢,(1,R) = 1) employs a multidimensional
analogue of Riesz’ rising sun lemma using rectangles ([61]) when such a theorem could not
exist for arbitrary cubes.

Following the techniques of [58], general relationships can be found between the constants
c|(1,7), co(1,7), cu(1,.7) for an arbitrary basis of shapes. First, we show that ¢ (1,.) <
e (1,.7).

Proposition 2.5.21. For any collection of shapes 7, if f € BMO_,(Q) and || f°|lsmo (1) <

c||f||BMo , then ||| flllBmo (@) < CHf||BMo () for the same constant c.

Proof. Fix a shape S € . and assume that f € BMO () is supported on S.

Since f is equimeasurable with f° by Lemma 2.5.6, it follows from Lemma 2.5.2 that |f|
is equimeasurable with |f°| (recall that |S| < oo). Writing £ = (0,|S]), by Lemma 2.5.3 we
have that |f°|g = | f|s and also, then, that

|S| 19|
[oer=11el = e = 1515l = [l -1l

Thus, by Theorem 2.5.19,

fh=isi=f it < s Al

For all J C (0, ]S|), we have that

FI = = 1 o 0g59) < 1 o) < el llnso,

and, therefore,
]é\\f! — I fls| < ellfllBmo,, @)-

Taking a supremum over all shapes S € .% yields the result.
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This result in turn allows us to prove the following relationship:
C*(lay) < cl-l(Ly)Co(lﬂSﬂ) < Co(lay)z'
Proposition 2.5.22. For any collection of shapes .7, if f € BMO ,(Q) and || f°||smo(1q) <
cll fllemo, ), then || f*lBmog) < ¢l fllBro., @)

Proof. By Proposition 2.5.21, it follows that

[ fllemo, ) < cll fllBmo,, o)

Writing f* = | f|°, we have that

1/*IBMo ) = % lBmo ) < elllfllBymo @) < €l flBymo, @)
O

From these results, we see that a sharp result of the form ¢,(1,.7) = 1 would immediately
imply two more sharp results, ¢ (1,.”) = 1 and ¢.(1,.) = 1.

Although the dyadic cubes do not, in general, cover a domain, the space dyadic BMO
has been extensively studied in the literature (see [38] for an early work illustrating its
connection to martingales). In fact, many of the results in this section hold for that space;
as such, extending our notation to include . = Q4 even though it does not form a basis, we
provide here a sample of the known sharp results.

Klemes’ theorem was extended to the higher-dimensional dyadic case by Nikolidakis, who

shows, for Q = @, that ¢,(1, Qy) < 2™

Theorem 2.5.23 ([71]). If f € BMOg (Q), then f° € BMO(Ig) and

HfOHBMO < 2n||f||BMon.

As a corollary of Proposition 2.5.22 and Theorem 2.5.23 we have the following, which

shows that c,(1, Q4) < 2" an improvement on Theorem 2.5.13.

Corollary 2.5.24. If f € BMOg (Q), then f* € BMO(Ig) and
1 lsmo < 2"+1||f||131\/109d-
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The previous discussion emphasized the situation when p = 1. For p = 2, even more
powerful tools are available: using probabilistic methods, Stolyarov, Vasyunin and Zatitskiy

prove the following sharp result.

Theorem 2.5.25 ([84]). c.(2,Qq) = 2111—372

2.6 Truncations

An immediate consequence of the bounds for the absolute value is the following result demon-

strating that BMO is a lattice.

Proposition 2.6.1. For any basis of shapes, if fi, fa are real-valued functions in BMO?, (),
then max(fi, f2) and min(fy, fa) are in BMO%,(2), with

< 1 +C|.\(p,§ﬂ)

[max(f1, £o)llmos, < ——5= (Il Aillmor, + llf2llpyor, )

and
2

IN

[min(f1, f2)llsmor, (HleBMO’;, + ||f2||BMo‘;,> :

Proof. This follows from writing

(fr + f2) +f1 = fol
2

(fi+ fo) = | i = fo
2

max(fi, f2) = and  min(fy, f2) =

and using the estimate for the absolute value:

111 = felllemor, < c(p, ) (Il fillBmor, + [l follBmor, )-
[

In particular, applying Theorems 2.5.18 and 2.5.20, this yields the sharp constant 1 for
p=1when .¥ =7 or R.

We can also obtain the sharp constant 1 via a sharp shapewise inequality for the cases
p =1 and p = 2, regardless of the basis. The proof of the case p = 2 in the following result
is given by Reimann and Rychener [73] for the basis . = Q.
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Proposition 2.6.2. Let p = 1 or p = 2. Let . be any basis of shapes and fix a shape

S ez If fi, f € BMOY,(Q) and f = max(fi, f2) or f = min(fy, f2), we have

Fir = <L 15 = sl + £ 12 (sl

Imax(f1, f2)llsmor, < [[fillemoz, + (| f2llBmoz,

Consequently

and

[min(f1, f2)llBmor, < [l fillemor, + |l f2llBmoz, -

Proof. First, for p = 1, fix a shape S € . and let f = min(fi, f2). Note that fg
f<fion S fori=1 2. Let

Ey={zeS: filz) < fola)} ={z € 5: f(z) = filz)}, E=5\Ew.

By Lemma 2.5.15,

][!f(x)—fs!dx - 2 (fs = f(z)) dx
s S| Jizes:pe)<ss)

2
a2,

= — (fs — fi(z)) dz
|S| Zzl {z€E;: fi(x)<fs}

2

2| > /{ s (U85 = R @) o

S
:][|f1 (f1) |+][|f2 (f2)s

IN

(2.11)

< (fi)s as

For f = max(f, f2), the previous arguments follow in a similar way, except that we apply

Lemma 2.5.15 to write the mean oscillation in terms of an integral over the set {z € S :

f(ﬂf) > fs}

For p = 2, we include, for the benefit of the reader, the proof from [73], with cubes

replaced by shapes. Let f = max(fi, f2). We may assume without loss of generality that

(f1)s = (f2)s. Consider the sets

={zes: hlr) < @)}, Sp={reS: falr) > fi(z) and fo(z) = (fi)s}

and

Sy =S8\ (S1US8) ={z€S: filz) < folz) < (fi)s}.
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Then
15 =0t = [ 106 - s+ [ 156 - (sl de+ [ 1) - (sl i
190 = GsPde+ [ 1) = (ol e+ [ 160 = (F)sPdo
/|f1 () |dx+/|fz ~ (f)sl? o

Using Proposition 2.4.9 and dividing by |S]| gives (2.11). Similarly, the result can be shown
for min(f1, fa). O

For a real-valued measurable function f on €2, define its truncation from above at level

k€R by
f* = min(f, k)

and its truncation from below at level 7 € R as

fi = max(f,j).

We use the preceding propositions to prove boundedness of the upper and lower trunca-

tions on BMO%, ().

Proposition 2.6.3. Let .7 be any basis of shapes and fix a shape S € 7. If f € BMO",(Q)
then for all k,j € R,

wax (f 1940) = (Psp s f110) - (spas) < eof [0 - pepas a2

where
1, p=lorp=2
CcC =
min <2, HC"TM> , otherwise.
Consequently

1F*emon, < ellfllsmor, and |l fillemon, < cllfllsuor, -

Proof. For the truncation from above, observing that |f*(x) — f*(y)| < |f(z) — f(y)| almost
everywhere and for any k, Proposition 2.4.1 gives (2.12) with ¢ = 2. On the other hand,
applying Proposition 2.6.1 to f* = min(f, k) and using the fact that constant functions have
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HC"TM These calculations hold for any

zero mean oscillation, we get the constant ¢ =
p>1

For p = 1 and p = 2, we are able to strengthen this by deriving the sharp shapewise
inequality, namely (2.12) with ¢ = 1, from (2.11) in Proposition 2.6.2 and the fact that

constants have zero mean oscillation. Alternatively, for p = 2, fix a shape S € .¥ and

assume, without loss of generality, that fg = 0. Then, by Proposition 2.4.9,

(k) (k) 2 (k) 2 (k)2 2 . 2
][S|f (F®)g] §]£|f ss| —]élf |§]£|f| —]élf fsP.

The calculations for the truncation from below are analogous or can be derived by writing
fi = —min(=f, =j). O

For p =1 and p = 2, this is clearly a sharp result: take any bounded function and either
k > sup f or j < inf f.

Also note that for p = 1, the sharp shapewise inequalities (2.11) and (2.12) give the sharp
shapewise inequality (2.7) (with constant 2) for the absolute value by writing

[fl = fo + fo =max(fy, f-),  fe=fo, f-=~(f").

For a measurable function f on , define its (full) truncation at level k as

k, flz) >k

Te(f, k)(2) = { flz), —k< f(z) <k

-k, f(x) < —k.

Note that Tr(f, k) = (f*)_x = (f_&)* and that Tr(f, k) € L>(Q) for each k. Moreover,
Tr(f, k) — f pointwise and in L] () as k — oo ([56]).

For a general function f € BMO(), it is not true that Tr(f, k) — f in BMO(Q), unless
Q2 is bounded and f € VMO(S2), the space of functions of vanishing mean oscillation ([9]).
Nonetheless, as shown in Corollary 2.6.5 below, ||Tr(f,k)|lsmo — ||f||Bmo (as mentioned

without proof in [79, 80]), and in fact for any basis .7.

Problem 2.6.4. Does there exist a constant ¢ such that, for all k and for all f € BMO%, (),
ITr(f, k)llBmor, < el fllzmoz,, and if so, what is the smallest constant cr(p,.#) for which

this holds?
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If er(p,.) exists, then clearly cr(p,.#) > 1. The results above provide a positive answer

to the first question and some information about cr(p, .%).

Corollary 2.6.5. For any choice of shapes, if f € BMO,(Q) then Tr(f, k) € BMO,(Q) for

all k and ||Tx(f, k)|lsmor, < ¢l fllsmoz, , where

1, p=1lorp=2

N 2
min (2, (HC"—M> ) , otherwise

C =

2

Moreover, for p =1 or p =2, [Te(f, M)llmsios, = I o, as k= oo.

Proof. Writing Tr(f, k) = (f*)_x and applying inequality (2.12) in Proposition 2.6.3 gives us

the shapewise inequality
FIts0) = (TP < of 17 = fop (213)
S

NN 2
with constant ¢ = 1 for p = 1 and p = 2, and ¢ < (min <2,1+C'+(p’/))> . We get ¢ < 2

(as opposed to 2?) by applying Proposition 2.4.1 directly with the estimate |Tr(f, k)(x) —
Te(f, K )l < 1£(@) — )]

For the convergence of the norms in the case p = 1 and p = 2, we have that |Tr(f, k)| <
|f| € L'(S) implies (Tr(f,k))s — fs, and since Tr(f, k) — f pointwise a.e. on S, we can
apply Fatou’s lemma and (2.13) with ¢ =1 to get

1r = gl < timint f 17 R) = (RSP
S — Jg
< Tim sup ][ Te(f, k) — (Te(f, K))s]? < ][ i fslP.

k—oo

]

This result gives the sharp constant for p = 1,2 and an upper bound for c¢r(p,.”). Of
course, the known upper bound cj(p,.#’) < 2 implies
(1 +c|-.<p,f>>2 29
2 !
(which appears, for example, in Exercise 3.1.4 in [42]), but this is worse than the truncation
bound cr(p,.”) < 2. On the other hand, if ¢(p, ) < 2v/2 — 1, then the bound depends on
c.|(p,”). In particular, a result of ¢ (p, ) = 1 would imply that cy(p, ) = 1.
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2.7 The John-Nirenberg inequality

We now come to the most important inequality in the theory of BMO, originating in the

paper of John and Nirenberg [54].

Definition 2.7.1. Let X C R"™ be a set of finite Lebesgue measure. We say that f € L'(X)

satisfies the John-Nirenberg inequality on X if there exist constants ¢y, cy > 0 such that
Hr e X :|f(x) — fx| > a}| < ]| X]e™9, a> 0. (2.14)
The following is sometimes referred to as the John-Nirenberg lemma.

Theorem 2.7.2 ([54]). If X = Q, a cube in R", then there exist constants ¢ and C such
that for all f € BMO(Q), (2.14) holds with ¢; = ¢, co = C/||f|Bmo-

More generally, given a basis of shapes . on a domain Q2 C R", || < oo, one can pose

the following problem.
Problem 2.7.3. Does f € BMO”,(Q) imply that f satisfies the John-Nirenberg inequality
on €27 That is, do there exist constants ¢, C' > 0 such that

{z € Q:|f(z) - fol > a}] SC\Q\eXp< Loz) ,a>0

1/ lleno,

holds for all f € BMO?Y,(Q)? If so, what is the smallest constant cq n(p,.#) and the largest

constant Cgq ,x(p, ) for which this inequality holds?

When n =1, Q = I, a finite interval, and . = Z, the positive answer is a special case of
Theorem 2.7.2. Sharp constants are known for the cases p = 1 and p = 2. For p = 1, it is
shown in [65] that c;,n(1,Z) = 2€¥/¢ and in [58] that Cy,x(1,Z) = 2/e. For p = 2, Bellman
function techniques are used in [86] to give ¢y n(2,Z) = 4/e* and Cr,;x(2,Z) = 1.

When n > 2, ) = R, a rectangle, and .¥ = R, a positive answer is provided by a
less well-known result due to Korenovskii in [59], where he also shows the sharp constant
Crn(1,R) =2/e.

Dimension-free bounds on these constants are also of interest. In [25], Cwikel, Sagher,
and Shvartsman conjecture a geometric condition on cubes and prove dimension-free bounds

for cq (1, Q) and Cq (1, Q) conditional on this hypothesis being true.
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Rather than just looking at €2, we can also consider whether the John-Nirenberg inequality

holds for all shapes S.

Definition 2.7.4. We say that a function f € L{ (Q) has the John-Nirenberg property with

respect to a basis . of shapes on (2 if there exist constants ¢1, ¢, > 0 such that for all S € .,
(2.14) holds for X = S.

We can now formulate a modified problem.

Problem 2.7.5. For which bases . and p € [1,00) does f € BMO", () imply that f has
the John-Nirenberg property with respect to .7 If this is the case, what is the smallest
constant ¢ = ¢,y (p, ) and the largest constant C' = C)x(p, ) for which (2.14) holds for all
f€BMO,(Q) and S € 7 with ¢1 = ¢, o = C/|| fllgmoz, ?

Since Theorem 2.7.2 holds for any cube ) in R" with constants independent of @), it
follows that for a domain Q C R", any f € BMO(Q) has the John-Nirenberg property with
respect to Q, and equivalently B. Similarly, every f € BMO,(€2) has the John-Nirenberg
property with respect to R.

In the negative direction, f € BMOZL(R™) does not necessarily have the John-Nirenberg
property with respect to C ([62, 67]). This space, known in the literature as CMO for central
mean oscillation or CBMO for central bounded mean oscillation, was originally defined with
the additional constraint that the balls have radius at least 1 ([15, 36]).

We now state the converse to Theorem 2.7.2, namely that the John-Nirenberg property

is sufficient for BMO, in more generality.

Theorem 2.7.6. If f € L} () and f has the John-Nirenberg property with respect to .,

loc

then f € BMOY,(Q) for all p € [1,00), with

(e (p) ¥
p < —tr
I lsior, <

Proof. Take S € .#. By Cavalieri’s principle and (2.14),
Fir= g =& [ ol € 55 1f(@) - £5] > o) da
s 5] Jo

< pcl/ a? Lexp (—cpa) da
0

c1pl’(p)
coP

Y
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from where the result follows. ]

By Lemma 2.3.3, this theorem shows that every f with the John-Nirenberg property is
in L}, ().

A consequence of the John-Nirenberg lemma, Theorem 2.7.2, is that
BMOP*(R") =2 BMO”?(R")

for all 1 < py,ps < co. This can be stated in more generality as a corollary of the preceding

theorem.

Corollary 2.7.7. If there exists py € [1,00) such that every f € BMO2(Q) has the John-

Nirenberg property with respect to .7, then
BMO% () = BMOZ(Q),  po < p1,p2 < 0.

Proof. The hypothesis means that there are constants c;y(po,-7), Cix(po,’) such that
if f € BMO%(R) then f satisfies (2.14) for all S € .7, with ¢ = cy(po,), 2 =
Cin(po, L)/ || flBaore

From the preceding theorem, this implies that BMO*(2) € BMOZ, () for all p € [1, 00),
with

(ean(po, & )pT (p))'/P
HfHBMOpy = Cox(po,-7) HfHBMOf;Q~
JN )

Conversely, Proposition 2.3.2 gives us that BMO”,(Q2) € BMO%(2) whenever py < p <

00, with Hf“BMOZQ < [[fllznoz, -

Thus all the spaces BMO?, (), py < p < 0o, are congruent to BMOY(2). ]

The John-Nirenberg lemma gives the hypothesis of Corollary 2.7.7 for the bases Q and
B on R™ with py = 1. As pointed out, by results of [59] this also applies to the basis R,
showing that BMO% (2) = BMO% (2) for all 1 < py, py < 0.

Problem 2.7.8. If the hypothesis of Corollary 2.7.7 is satisfied with py = 1, what is the small-
est constant c(p, ') such that || f|lsmor, < c(p,-)[|flzmo,, holds for all f € BMOY,(©2)?

The proof of Corollary 2.7.7 gives a well-known upper bound on ¢(p,.7):

(CJN<17 y)pr(p)) v
WIS T 0, )

41



2.8 Product decomposition
In this section, we assume that the domain 2 can be decomposed as
Q=0 xQy x -+ xQ (2.15)

for 2 < k < n, where each (; is a domain in R™ for 1 < m; < n — 1, having its own basis of
shapes ..
We will require some compatibility between the basis . on all of €2 and these individual

bases.

Definition 2.8.1. We say that .7 satisfies the weak decomposition property with respect
to {F}F, if for every S € .7 there exist S; € .7 for each i = 1,...,k such that S =
Sp xSy x ... x Sy. If, in addition, for every {S;}F_,, S; € .7, the set S X Sy X ... x Sy € .7,
then we say that the basis . satisfies the strong decomposition property with respect to
{SHe

Using R; to denote the basis of rectangles in €2; (interpreted as Z; if m; = 1), note that
the basis R on Q satisfies the strong decomposition property with respect to {R;}*_, and for
any k. Meanwhile, the basis Q on () satisfies the weak decomposition property with respect
to {R;}¥_, for any k, but not the strong decomposition property.

We now turn to the study of the spaces BMOY, (), first defined using different notation
in the context of the bidisc T x T in [22]. For simplicity, we only define BMO?, (£2), as the
other BMOY, (2) for i = 2,...,k are defined analogously. We write a point in Q as (z,y),
where z € Q; and y € Q = Qs X -+ X Q. Writing fy(x) = f(x,y), functions in BMOY, (2)
are those for which f, is in BMOY, (©), uniformly in y:

Definition 2.8.2. A function f € Lj () is said to be in BMO?, (Q2) if

loc

||f||BMo§;,1(Q) = Szg”fyHBMog,l(Ql) < 00,
)

where f,(z) = f(z,v).

Although this norm combines a supremum with a BMO norm, we are justified in calling

BMOY, (©2) a BMO space as it inherits many properties from BMO?,(€2). In particular, for
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eachi=1,2,...,k, L>(Q2) C BMOY, (©2) and BMOY, (©2) = BMO'Z (Q2) forall 1 < py,pa < 00
if the hypothesis of Corollary 2.7.7 is satisfied with py = 1 for .#; on €2;. Moreover, under
certain conditions, the spaces BMOY, (Q2) can be quite directly related to BMO¥,(§2), revealing
the product nature of BMO”,(Q2). This depends on the decomposition property of the basis
<, as well as some differentiation properties of the .#;.

Before stating the theorem, we briefly recall the main definitions related to the theory
of differentiation of the integral; see the survey [44] for a standard reference. For a basis of
shapes .7, denote by . (x) the subcollection of shapes that contain x € Q2. We say that ./
is a differentiation basis if for each x € ) there exists a sequence of shapes {Sy} C ¥ (z)
such that 6(Sx) — 0 as k — oco. Here, 6(+) is the Euclidean diameter. For f € LL _(Q), we
define the upper derivative of [ f with respect to .7 at @ € Q by

/fx —sup{hmsup fA{Sk} € F(x), 5(Sk)—>0ask—>oo}

k—o0

and the lower derivative of [ f with respect to . at z € Q by

/f, = inf {hmmf f Sk} € L(x), 6(Sk) > 0ask — oo} .

— 00

We say, then, that a differentiation basis .7 differentiates L

loc

(Q) if for every f € Ll _(Q) and
for almost every = € Q, D( (Jf,z)=D([f, x) . The classical Lebesgue differentiation
(Q). Tt is known,
(Q2), but does differentiate the Orlicz

theorem is a statement that the basis B (equlvalently, Q) differentiates L]

loc

however, that the basis R does not differentiate L
space L(log L)"~1(Q2) ([52]).

Theorem 2.8.3. Let 2 be a domain satisfying (2.15), % be a basis of shapes for Q and 7;
be a basis of shapes for ;, 1 <1 < k.

a) Let f € ﬂle BMO’}Z_(Q). If 7 satisfies the weak decomposition property with respect
to { S}, then f € BMOL,(Q) with

1 f lBmoz, () < ZHf“BMo

b) Let f € BMOY, (). If .7 satisfies the strong decomposition property with respect to
{F} | and each 7 contains a differentiation basis that differentiates L, (), then
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f € N, BMOY, (Q) with

.....

When p = 2, the constant 2*=1 can be replaced by 1.

This theorem was first pointed out in [22] in the case of R in T x T. Here, we prove it in
the setting of more general shapes and domains, clarifying the role played by the theory of

differentiation and keeping track of constants.

Proof. We first present the proof in the case of k = 2. We write 2 = X x Y, denoting by
(x,y) an element in Q with x € X and y € Y. The notations .#x and .y will be used for the
basis in X and Y, respectively. Similarly, the measures dx and dy will be used for Lebesgue
measure on X and Y, respectively, while dA will be used for the Lebesgue measure on Q.

To prove (a), assume that . satisfies the weak decomposition property with respect to
{Fx, #v} and let f € BMOY, () nBMOY, (). Fixing a shape R € ., write R = S x T
for S € .Yx and T € .%. Then, by Minkowski’s inequality,

(]{%\f(:c,y) - fR\PdA);g <]{Jf<gj7y) _ (fy)s‘pdA> %—i- (]Q(fy)s B fR’pdy); |

For the first integral, we estimate

[f (@, y) = (fy)slP dA < 1 fyllpnor, ) < 1 IBmor, (@) (2.16)
B | b () (9

For the second integral, Jensen’s inequality gives

(][T‘<fy)s — frl? dy) 1/p _ <]£ ]éfy(x) di _fg]éf(x’y) s
B <][T ]{g(f(x7 y) = (f)r) do pdy) 1/p

< (f1stn) - (apras) "

< 11 lensor,, @

P 1/p
dy)

where the last inequality follows in the same way as (2.16). Therefore, we may conclude that

f € BMO%,(Q2) with HfHBMog,(Q) < HfHBMOpyX(Q) + ||f||BMogy(Q)-
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We now come to the proof of (b). To simplify the notation, we use O,(f,S) for the

p-mean oscillation of the function f on the shape S, i.e.

5)i= {1 = £sP.

Assume that .7 satisfies the strong decomposition property with respect to {-%x, %y},
and that #x and .#y each contain a differentiation basis that differentiates L (X) and
LiI-OC

Let f € BMOY,(Q). Fix a shape Sy € .-#x and consider the p-mean oscillation of f, on

(Y), respectively.

S0, Op(fy:S0), as a function of y. For any T € A, writing R = Sy x T' € ./, we have that
R € . by the strong decomposition property of ., so f € BMO%,(Q) implies f € L'(R)

and therefore

/ o (fysS0) d / |fy(x) — (fy)s,|P dxdy < —— /|fmy|pdxdy<oo
T 1Sl Jr s, S0l

By Lemma 2.3.3, this is enough to guarantee that O,(f,, So) € Li..(Y).
Let € > 0. Since .%y contains a differentiation basis, for almost every 1y € Y there exists

a shape Ty € .%y containing 1, such that

(2.17)

][ O s So) dy — Oy(fons S0)| <
To

Fix such an zy and a Ty and let Ry = Sy X Ty. Then the strong decomposition property
implies that Ry € ./, and by Proposition 2.4.5 applied to the mean oscillation of f, on Sp,

we have

foutesnt = £ 16 - (1)sl dedy
To ToY So
< 2p][ F(@,y) — frol? du dy
To J So

=24 |f(z,y) — fr,|" dA
Ro

< 2prHBMol" Q)"
Note that when p = 2, Proposition 2.4.9 implies that the factor of 27 can be dropped.

Combining this with (2.17), it follows that

(fymSO) <e + 2p||f||BMop )
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Taking ¢ — 0%, since Sy is arbitrary, this implies that f,, € BMO", (X) with

nyo”BMog,X(X) < 2[[fllsmoz, (9)- (2.18)

The fact that this is true for almost every yo € Y implies that || f{lsmor, @) < 2| fllBmor, (o)-
X
Similarly, one can show that ||f|[zmoz, @) < 2[[fllsmoz, @) Thus we have shown f €
Y

BMO?, () N BMO”, () with

maX{HfHBMo{;,X(Qy ”fHBMOPyy(Q)} < 2|[fllemor, )

Again, when p = 2 the factor of 2 disappears.

For k > 2, let us assume the result holds for £ — 1. Write X = Q7 x Qg x ... X Qi1
and Y = Q. Set .Yy = .. By the weak decomposition property of .¥, we can define the
projection of the basis . onto X, namely

k
Sx ={S1 x S x ... x G118 € 4,35 € A, [[Si € 7} (2.19)

i=1
and this is a basis of shapes on X which by definition also has the weak decomposition
property. Moreover, .# has the weak decomposition property with respect to .x and .%y.
To prove part (a) for k factors, we first apply the result of part (a) proved above for
k = 2, followed by the definitions and part (a) applied again to X, since we are assuming it
is valid with k& — 1 factors. This gives us the inclusion ()}, BMOY, () € BMO,(Q) with
the following estimates on the norms (we use the notation z; for the k& — 2 tuple of variables

obtained from (xy, ...,z _1) by removing x;):

| fllBmor, @) < ||f||BMo{;X(Q) + ||f||BMof;y(Q)

= ilelgﬂfy”BMo;X(X) I llsmor,, @)

k—1
<sup Y || fyllmor, x) + 1 f o, )
yey = 7 Yy

k-1

—sup Y supl ()

yey i—1 Ti

BMO”, (0) + HfHBMOpyY @

k—1
<> sw lfigllmvos, @) + 1 v, @

i=1 (Zisy)
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k—1
= ZHf”BMOZ,,i(Q) + ||f||BMo§,,k(Q)
=1

k
= ZHfHBMOPyi(Q)-
=1

To prove part (b) for k > 2, we have to be more careful. First note that if . has the
strong decomposition property, then so does .#x defined by (2.19). We repeat the first part of
the proof of (b) for the case k = 2 above, with X = Oy x Qs x ... x Q1 and Y = Uy, leading
up to the estimate (2.18) for the function f,, for some y, € Y. Note that in this part we only
used the differentiation properties of Y, which hold by hypothesis in this case since Y = (.
Now we repeat the process for the function f,, instead of f, with X; = Q; x Qg x ... x Q49

and Y; = ;. This gives

H(fyo)ylHBMog,X1 1) < 2 fwllsyor, o) < 4l fllsvor, @ Y91 € Qa1 yo € Q.

We continue until we get to X3 = ), for which “x, = ., yielding the estimate

1tz lBri0n, @) < - < 252 g llmaton, ) < 271 fllmuor, o)

for all k& — 1-tuples y = (yx—2,...,%) € Q=0 % ... x Q. Taking the supremum over all
such y, we have, by Definition 2.8.2, that f € BMO%, (Q2) with
||fHBMO§,1(Q) = SungyHBMO’;,,l(Ql) < QkilufHBMOI;(Q).
ye

A similar process for i = 2,... k shows that f € BMOY,(Q) with

Hf”BMO”yi(Q) < 27! fllsmor, @)-

As the factor of 2 appears in the proof for £ = 2 only when p # 2, the same will happen
here. O

Since Q satisfies the weak decomposition property, the claim of part (a) holds for BMO,
a fact pointed out in [79] without proof. Also, it is notable that there was no differentiation
assumption required for this direction.

In the proof of part (b), differentiation is key and the strong decomposition property

of the basis cannot be eliminated as there would be no guarantee that arbitrary S and T
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would yield a shape R in 2. In fact, if the claim were true for bases with merely the weak
decomposition property, this would imply that BMO and BMO,4 are congruent, which is not
true (see Example 2.4.13).
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Chapter 3

Geometric Maximal Operators and

BMO on Product Basess

3.1 Introduction

The uncentred Hardy-Littlewood maximal function, M f, of a function f € L{ (R") is defined

loc

as

Mf(z) = sup ]2 £l = supﬁ /Q £l (3.1)

Q> Q>
where the supremum is taken over all cubes () containing the point = and |@Q] is the measure

of the cube. Note that, unless otherwise stated, cubes in this paper will mean cubes with
sides parallel to the axes. The well-known Hardy-Littlewood-Wiener theorem states that the
operator M is bounded from LP(R"™) to LP(R") for 1 < p < oo and from L'(R™) to L*°(R")
(see Stein [79]).

This maximal function is a classical object of study in real analysis due to its connection
with differentiation of the integral. When the cubes in (3.1) are replaced by rectangles
(the Cartesian product of intervals), we have the strong maximal function, M;, which is also
bounded from L?(R™) to LP(R™) for 1 < p < oo but is not bounded from L'(R") to L1 (R").
Its connection to what is known as strong differentiation of the integral is also quite classical

(see Jessen-Marcinkiewicz-Zygmund [52]).

OThis is a post-peer-review, pre-copyedit version of an article that is to be appear in The Journal of

Geometric Analysis.

49



When the cubes in (3.1) are replaced by more general sets taken from a basis .%, we
obtain a geometric maximal operator, My (we follow the nomenclature of [47]). Here the
subscript . emphasizes that the behaviour of this operator depends on the geometry of the
sets in ./, which we call shapes. Such maximal operators have been extensively studied;
see, for instance, the monograph of de Guzman ([44]). A key theme in this area is the
identification of the weakest assumptions needed on .¥ to guarantee certain properties of
M. For examples of the kind of research currently being done in this area, including its
connection to the theory of A, weights, see [43, 46, 47, 68, 82, 83].

Introduced by John and Nirenberg in [54] for functions supported on a cube, the space

of functions of bounded mean oscillation, BMO(RR"), is the set of all f € L. (R") such that

loc
Sgp]élf — fol < oo, (3.2)

where fo = fQ f is the mean of f over the cube () and the supremum is taken over all cubes
Q.

An important subset of BMO(R™), introduced by Coifman and Rochberg in [18], is the
class of functions of bounded lower oscillation, BLO(R™). The definition of this class is
obtained by replacing the mean fg in (3.2) by ess Qinf f, the essential infimum of f on the
cube Q).

Just as cubes can be replaced by rectangles in the definition of the maximal function,
the same can be done with the definition of BMO(R"™) (and, likewise, with BLO(R™)). The
resulting space, strong BMO, has appeared in the literature under different names (see [22,
30, 60]).

Pushing the analogy with maximal functions even further, one may replace the cubes in
(3.2) by more general shapes, coming from a basis .. This space, BMO ., (R"), was intro-
duced in previous work of two of the authors in [26]. In this work, a product characterisation
of BMO ,(R™) was shown when the shapes in .#” exhibit some product structure.

In the two-parameter setting of R” x R™, there is a related space, rectangular BMO, that
is larger than strong BMO. The unacquainted reader is invited to see [12, 14, 34, 35] for
surveys connecting rectangular BMO to the topic of the product Hardy space and its dual,
known as product BMO, which will not be considered in this paper.
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Considering shapes in a basis . that exhibit a product structure like what was investi-
gated in [26] naturally leads to a definition of rectangular BMO with respect to .. As will be
shown, this product structure can also be exploited to define a rectangular BLO space, which
can easily be defined in even a multiparameter setting. The relationship between rectangular
BLO and rectangular BMO will be shown to mirror, in some ways, the relationship between
BLO and BMO.

The boundedness of M on BMO(R™) was first considered by Bennett-DeVore-Sharpley
([3]). They showed that if M f # oo, then M f € BMO(R") when f € BMO(R"). In [2],
Bennett refined this result, showing that if M f # oo, then M is bounded from BMO(R") to
BLO(R™). In fact, he showed the stronger result with M defined by averages of f as opposed
to | f|. Further work in this direction can be found in [16, 23, 41, 64, 72, 75, 88|.

As the geometric maximal operator M, generalises the Hardy-Littlewood maximal op-
erator M and the space BMO ,(R™) generalises BMO(R™), it makes sense to consider the

following problem:

Open Problem. For what bases . is the geometric mazimal operator My bounded on

BMO, (R™) ?

Although the result of Bennett-DeVore-Sharpley implies that the basis of cubes is one
such basis, it is currently unknown whether this holds for the basis of rectangles.

This problem is the topic of the present paper. The first purpose of the paper is to
establish a class of bases for which My is bounded on BMO ,(R™). A basis is said to be
engulfing if, roughly speaking, one of two intersecting shapes can be expanded to engulf the
other without having to grow too large. This class includes the basis of cubes but excludes
the basis of rectangles. It is shown, under an assumption on the basis ., that (see Theorem

3.3.2):

Theorem I (Engulfing bases). If . is an engulfing basis, then My is bounded from BMO ., (R™)
to BLO ,(R™).

As an intermediary step to defining and studying rectangular BLO spaces, the product
nature of BLO ,(R") is studied in more detail. When the shapes exhibit a certain product
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structure, it is shown that a product decomposition for BLO ,(R™) holds (see Theorem 3.4.6).
This is analogous to what was done for BMO ., (R") in [26].

The third purpose of this paper is to address the situation when .# does not possess an
engulfing property but is instead a product basis. By this we mean that the shapes in .%
exhibit some product structure with respect to lower-dimensional shapes coming from bases
that do have engulfing. Purely using this product structure, the following theorem is shown
in Section 3.6, under certain assumptions on the basis . (see Theorem 3.6.1 for the exact

statement):

Theorem II (Product bases). If .7 is a strong product basis, then My is bounded from
BMO (R™) to rectangular BLO o, (R™ x R™ x -+ x R™), where ny +ng + ...+ ng = n.

In particular, this theorem applies to the basis of rectangles, and so it follows that the

strong maximal operator M, takes functions from strong BMO to rectangular BLO.

3.2 Preliminaries

Consider R™ with the Euclidean topology and Lebesgue measure. We call a shape in R™ any
open set S such that 0 < |S| < co. By a basis of shapes we mean a collection . of shapes
S that forms a cover of R”. Unless otherwise stated, 1 < p < oo.

Common examples of bases are the collections of all Euclidean balls, B, all cubes, Q, and
all rectangles, R. In one dimension, these three choices degenerate to the collection of all
(finite) open intervals, Z. Other examples of bases are the collection of all ellipses and balls
coming from p-norms on R".

Fix a basis of shapes .. We assume here and throughout the paper that f is a measurable

function satisfying f € L'(S) for all shapes S € .. This implies that f is locally integrable.

Definition 3.2.1. The maximal function of f with respect to the basis .# is defined as

My f(z) = sup ][ £l

BZEREY

Since shapes are open, it follows that M f is lower semicontinuous, hence measurable!.

!See Section IL.1 in the appendix for the proof of this and a basic discussion of the Hardy-Littlewood

maximal function.
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One shows this in much the same way as one shows the lower semicontinuity of the Hardy-
Littlewood maximal function.

An important feature of a basis is the question of the boundedness of the corresponding
maximal operator on L? for 1 < p < co. Indeed, there exist bases for which no such p exists:
the basis of all rectangles, not necessarily having sides parallel to the coordinate axes ([29]).

In [26], the space of functions of bounded mean oscillation with respect to a general basis

< was introduced:

Definition 3.2.2. We say that f belongs to BMO”, (R") if

1/p
/oo, = sup (][ . mp) < o,
Se.v S

The notation BMO ., (R™) will be reserved for the case where p = 1. By Jensen’s inequality,
BMO%,(R") € BMO(R") for any 1 < p < oo with [|f|lzmo,, < || fllemor,- If the opposite
inclusion holds, that is BMO,(R") € BMO%,(R") for some 1 < p < oo with || f|lgmor, <
c||fllBmo, for some constant ¢ > 0, then we write BMO”,(R") = BMO ,(R"). This holds,
in fact for all 1 < p < oo, if the John-Nirenberg inequality is valid for every f € BMO ,(R")
with uniform constants (see [26]). This is the case for the basis Q, for instance, as well as
the basis R ([60]).

There do exist bases that fail to satisfy BMO ,,(R") ¢ BMO%,(R") for any p. An example
is the basis Q. of cubes centred at the origin with sides parallel to the axes ([67]).

Note that the maximal function of an f in BMO ,(R") need not be finite almost every-
where. For example, Mo f = oo if f(2) = —log|z| € BMOy(R").

Many familiar BMO properties were shown in [26] to hold at this level of generality,
even when working with functions defined on a domain in R™. In particular, BMO%, is
a Banach space modulo constants. Moreover, BMO%, is a lattice: if f,g € BMO’,, then
h € BMO”,, where h is either max(f,¢) or min(f,g). This follows readily from writing
max(f,g) = 3(f + g+ |f — g|) and min(f,g9) = 3(f + g — |f — g|), because the operator
f = |f| is bounded on BMO”, and BMO?, is a linear space.

An important subset of BMO that often arises is the class of functions of bounded lower
oscillation. Analogously to what was done in [26] for BMO, we define this set with respect

to a general basis:

23



Definition 3.2.3. We say that f belongs to BLO ,(R") if

||f||BLoy ‘= sup ][[f —essinf f] < co.
sesJs s

Note that BLO ,(R") € BMO (R™) because, for any shape S € .,

][\f—fs!SZ f—al
S S

holds for any constant « and so, in particular, for a = esssinf f. Moreover, the inclusion can
be strict: the function f(z) = log|z| is an element of BMO4(R™) \ BLO(R™). The function
f(z) = —log |z|, however, is in BLO4(R™). This example shows that, in general, BLO ,,(R")
fails to be a linear space.

As such, the approach used above to argue that BMO ,(R") is a lattice is not immediately
applicable to BLO ,(R™). The following establishes that BLO ,(R™) is an upper semilattice;
that is, max(f, g) € BLO ,(R™) whenever f,g € BLO(R").

Proposition 3.2.4. For any basis .#, BLO ,,(R") is an upper semilattice with

| max(f, g)llsro,, < Iflsro, + llgllsro,, -

Proof. Let f,g € BLO(R") and fix a shape S € .. Writing h = max(f, g) and considering
the set £ = {z € S : f(z) > g(2)}, we have that

/S[h — esssinf h] = /E[f — esssinf h] +/ lg — esssinf h)

S\E

< /E[f — esssinf f] +/ lg — esssinfg]

S\E

< /S[f - esssinf f1+ /S[g - esssinf q]

< |SI[Iflsro,, + llgllero, ] -

Dividing by |S| and taking a supremum over S € . yields the result. O

3.3 Engulfing bases

In this section, we provide a generalisation of Bennett’s theorem that the maximal function
is bounded from BMO to BLO. What is essentially the same proof as that of Bennett holds

for a class of bases. The key property is that . is an engulfing basis.
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Definition 3.3.1. We say that . is an engulfing basis if there exist constants c4,c, > 1,
that may depend on the dimension n, such that to each S € . we can associate a shape

Ses satisfying the following:
(i) SO S with |S| < cqlS];

(i) if T €. is such that SNT # ) and S°NT # 0, where S¢ denotes the complement, of
S, then there exists a T € . such that T > S U T with [T < c.|T].

Note that the choice of engulfing shape T depends on S, T, and the choice of shape S to
associate to S.

An example of an engulfing basis is the family of open balls in R™ with respect to a
p-metric, 1 < p < oo. The bases B and Q are special cases, with p = 2 and p = oo,
respectively.

More generally, the basis of open balls in any doubling metric measure space is an engulfing
basis. Denote by B(z,7) a ball with centre z and radius r > 0. Every ball B; = B(z,7) has
a natural double B; = B(z,2r) satisfying B, O B; and ]él\ < ¢4|By| for some ¢z > 1. In R",
we have ¢g = 2". Furthermore, if By = B(w, R) satisfies By N By # () and Ef N By # (), then
R > r/2 and there is a ball By centred at a point in B; N By of radius max(2R, 3r) < 6r.
This ball satisfies B, O B; U By and | Ba| < ce| By| for some ¢, > 1. In R", we have ¢, = 6"

An example of a basis which does not satisfy an engulfing property is R. No matter what
choice of R is made that satisfies (i), there is no ¢, for which condition (i) holds. To see
this, consider the case n = 2, as well as the intersecting rectangles R; = (0,w) x (0, H) and
Ry = (0,W) x (0,h) for H > h and W > w. Any engulfing rectangle R, would have to
contain (0, W) x (0, H). Thus,

| Ry S HW _H
|Ry| = hW — h

— 00

as either H — oo or h — 0%, and so there can be no ¢, < oo satisfying condition (ii)
uniformly for all rectangles.

Now we come to the statement of the theorem.
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Theorem 3.3.2. Let . be an engulfing basis such that there exists a p € (1,00) for which
My is bounded on LP(R™) with norm A,. If f € BMO,(R"), then

fMyf < ¢l fllsmor, + esssinf My f (3.3)
s

for all S € .7, where c is a constant depending on p,n,cq, c., and A,. Assuming the right-
hand side of (3.3) is finite for every shape S € &, it follows that My f is finite almost
everywhere and My f € BLO ,(R™) with

1M flleLo,, < CHfHBMof;,-

Moreover, if BMO",(R") = BMO 4 (R"), then |[My f|lgLo, < C|/fllBmo,, holds for all
f € BMO ,(R™) for which Mo f is finite almost everywhere.

Remark 3.3.3. This theorem contains not only that of Bennett, but also the corresponding
result of Guzman-Partida ([45]) for the basis Q.. This is an engulfing basis and the bound-
edness of Mg, on LP follows from the fact that Q. C Q and the boundedness of Mg on
LP.

Proof. Fix f € BMO%,(R™) and S € .. Write f = g + h, where g = (f — f5)xg and
h = fsxg + fXxg.- Then, by the boundedness of My on LP(R"™),

1 Ap 1/p p v
Fr < Mgl < ol < Al (f17-s5)

Thus,
fm@@m%ww%. (3.4)
S

Fix a point z5 € S and a shape T' € .% such that T'> z,. If T' C §, then

Finl=15el < 111 < Mo7(2)
T S

for every z € S. In particular, this is true for every z € S, and so

][]h] < esssinfj\/[yf. (3.5)
T
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If TNSe #£ (), then by the engulfing property there exists a shape T containing 7" and S such
that |T| < c|T|. Hence,

Ce Slfe £ s
£|h—fT|Sce]§|h—fT|——|T‘ [|S||fs i+ [ 1 fT@
Ce s s
=T [/g'f fTH/ngc'f qu

1/p
—cf 1= sl <a (5= sP) < clflomor,

]5 e ][ h— frl + ][ 1< eollfllmmion, + Mo f(2)

for every z € T. In particular, this is true for every z € S, and so

Thus,

F 101 < o, + essint M (3.
T
Combining (3.5) and (3.6), we have the pointwise bound

My h(z) < cel| fllBmor, + esssinf Myf. (3.7)

Therefore, combining (3.4) and (3.7), we arrive at

FMf < f Mg+ f Moh < el flnor, +essint M .
S S S

3.4 Product structure

In this section, we follow Section 8 of [26]. Write R* = R™ x R™ x ... x R™, where
ni+no+...+n, =nand 2 <k <n. Let . be a basis of shapes in R™ and, for each
1 <i <k, let .7 be a basis of shapes in R™. For z € R", write Z; when the ith component
(coming from R™) has been deleted and define f:, to be the function on R™ obtained from
f by fixing the other components equal to ;.

We can define a BMO space on R” that measures uniform “lower-dimensional” bounded

mean oscillation with respect to .#; in the following way.

27



Definition 3.4.1. A function f € Lj,.(R") is said to be in BMO%, (R") if f;, € BMO? (R™)

loc

uniformly in 2;; i.e.

||fHBMo§,i(Rn) 1= sup || f

BMO?, (R"i) < OO
It turns out that under certain conditions on the relationship between the bases {.7;}%_,
and the overall basis ., there is a relationship between BMO ., (R") and BMO ,,(R"). We

present the theorem, after a definition, below.

Definition 3.4.2. Let .¥ be a basis of shapes in R™ and .¥; be a basis of shapes for R",

1§i§k,wherenl—i-ng—i-...—i—nk:n.

1. We say that .# satisfies the weak decomposition property with respect to {7}, if
for every S € ., there exist S; € .%;, 1 < i <k, such that S =57 x Sy X ... X Sk.

2. If, in addition, for every {S;}¥_,, S; € .7, the set S} x Sy X ... x Sy € ., then we say

that the basis . satisfies the strong decomposition property with respect to {.7;}5_,.

Starting with bases .#; in R™, 1 < i < k, the Cartesian product .¥] X %% X ... X .. is a
basis of shapes in R" with the strong decomposition property with respect to {.%;}%_;.

When ., = R;, where R; denotes the basis of rectangles in R™, the Cartesian product
above coincides with the basis R in R™. As such, R satisfies the strong decomposition
property with respect to {R;}%_,. In particular, when k¥ = n and so n; = 1 for every
1 <i < n, R satisfies the strong decomposition property with respect to {Z;},.

The basis Q does not satisfy the strong decomposition property, however, with respect
to {Q;}F_, for any 2 < k < n, where Q; denotes the basis of cubes in R™ as the product
of arbitrary cubes (or intervals) may not necessarily be a cube. Nevertheless, Q does satisfy

the weak decomposition property with respect to {Q;}X_,.

Theorem 3.4.3 ([26]). Let . be a basis of shapes in R" and .%; be a basis of shapes for
R™,1<i<k, whereni +ns+ ...+ n, =n.

a) Let f € ﬂle BMO”, (R"). If .7 satisfies the weak decomposition property with respect
to {.S}F_,, then f € BMOY,(R™) with

k
1 lenoz, @y < Z Hf”BMOf;i(]R")-
=1
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b) Let f € BMO",(R"). If .7 satisfies the strong decomposition property with respect to
{FYr_ | and each .F; contains a differentiation basis that differentiates L1, (R™), then
f €N, BMO?, (R) with

1H<1a<>§f{||f||BMOp @®n} < 25~ 1||f||BMOp R")-

When p = 2, the constant 2¥=% can be replaced by 1.

Remark 3.4.4. The condition that a basis .¥ contains a differentiation basis that differentiates

Ll

loc

S € . such that S 2 z and

(R") implies that for any f € L{_(R") and & > 0, for almost every z there exists a shape

ff—f@><e

The bases of B and Q are examples of differentiation bases that differentiate L

L (R™). The

basis R does not differentiate Ll (R™), but it contains Q and so R also satisfies the assump-

tions of this theorem.

Just as there are “lower-dimensional” BMO spaces, one may define “lower-dimensional”
)

BLO spaces in an analogous manner.

Definition 3.4.5. A function f € L{ (R") is said to be in BLO, (R") if

1/ lIBro,, @) == sup ||

Zz

BLO , (R™) < 0Q.

It turns out that a BLO-version of Theorem 3.4.3 is true. The proof follows the same lines
as that of Theorem 3.4.3 given in [26], but we include it here to illustrate how the nature of

BLO allows us to attain a better constant in part (b).

Theorem 3.4.6. Let .¥ be a basis of shapes in R™ and .%; be a basis of shapes for R™,

1 <i<Ek, whereni +ngs+ ...+ ng =n.

a) Let f € ﬂle BLO . (R"). If 7 satisfies the weak decomposition property with respect
to {7}, then f € BLO ,(R") with

k
1/ lIBLo @) < Z [ f1lBLO., (R")
=1
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b) Let f € BLO,(R"™). If .7 satisfies the strong decomposition property with respect to
{FYr_ | and each .F; contains a differentiation basis that differentiates L1, (R™), then
f €L, BLO, (R") with

m} < .
max {||f Lo, @0} < |1 FllbLo,, e

Proof. We begin by proving the case k£ = 2, where R" = R™ x R"2 for ny + no, = n. Write
&, for the basis in R™ and « for points in R™; write ., for the basis in R"? and y for points
in R™2.

To prove (a), assume that . satisfies the weak decomposition property with respect to
{2, Sy} and let f € BLO, (R") NBLO,, (R"). Fixing a shape S € ., write S = 51 x Sy
where S; € .7, and Sy € .. Then,

]é? ]él[f(ﬂc, y) — esssinf fldzdy = ]{92 ]él[f(w, y) — es%linf fy) dx dy +]£2[es%1inf fy— esssinf fldy.

For the first integral, we estimate

1{ fg[f(%?ﬂ - eS%ijfy] dx dy S]é [ fyllBro,, @) dy <[/ fllsro,, @&-

For the second integral, fixing ¢ > 0, the set E of (x,y) € S; x Sy with esssinf f>flx,y)—e

has positive measure. Moreover, the set I of (z,y) € S1 xSy such that f(z,y) > esssinf fy and

flz,y) > esséinf fz has full measure, and so |ENF| > 0. Then, taking a point (xg, o) € ENF,
2

]é?[essé}nf fy — esssinf fldy < ]éz[fy(xo) — f(zo,yo) + €| dy
—f )~ flao )y +
< [ 0) — esgint £ dy + =

< [ falBLO,, (B72) + € < || fllBLO,, (B7) + €.
Therefore, letting ¢ — 07, we conclude that f € BLO,(R") with
Ifllero, @ < I fllBLo,, @ + [ fllsLo,,, @m-

We now come to the proof of (b). Assume that . satisfies the strong decomposition

property with respect to {.%,.%,}, and that ., and .7, each contain a differentiation basis
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that differentiates L1

L (R™) and L]
S, € .%,. Consider

loc

(R™2), respectively. Let f € BLO(R") and fix a shape

o) = f (o) — esgint £ da

S1
as a function of y. For any Sy € ., writing S = 57 x 53, we have ess, inf f, > esssinf f for
1

almost every y, and so

[ )y < 1Sal{ 1 s 11 < ISall o, o,

implying that g € L} (R"2). Let £ > 0. Since .¥, contains a differentiation basis, for almost

every yo € R" there exists a shape Sy € ., containing y, such that

<eE.

][ 9(y) dy — g(yo)
Sa

Fix such a yo and an Sy, and write S = S; x S3. We have that

§ Unla) = essint ) do = gl) < <+ f g(u)dy <=+ o, ao
Sl S2
Taking ¢ — 0", since S is arbitrary this implies that f,, € BLO,, (R™) with

1 fyollBLo,, &) < [l fllBLo., (R7)-

The fact that this is true for almost every yo implies that || f|[srLo ., &) < ||fllBLO, (R7). Sim-

ilarly, one can show that || f|[srLo., &) < ||fllBro,, (). Thus we have that f € BLO,, (R")N
Yy

BLO,, (R") with

max{|| fllsro,, @, [ fllBLo,, ®n} < [ flleLo,, @

To prove part (a) for k > 2 factors, we assume it holds for k& — 1 factors. Write X =
R™ x R" x ... x R™-1 Y = R™, and set .y = .. Write x for the elements of R"! x
R™ x ... x R™-1 and y for the elements of R™. Denote by Z; the result of deleting x; from
reR™ X R™ x ... x R™-1,

Assume that .7 has the weak decomposition property with respect to {.%}*=!. As such,

we can define the projection of the basis . onto X, namely

k
Fx ={S1 xSy x ... x S_1: 8 € 7,35 € A, [[Si € ). (3.8)

=1
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This is a basis of shapes on X which, by definition, has the weak decomposition property
with respect to {.7; f;ll. Moreover, .# has the weak decomposition property with respect to

{Sx, Sy }. Beginning by applying the proven case of k = 2, we have

| fllBLo , &) < Hf”BLOyX(R”) + |’fHBLOyy(R”)-

Then, we apply the case of £ — 1 factors to X to yield
k-1 k—1
||f||BLOyX(R") = 22}1{/) ||fy||BLOyX(X) < 32}12 ; ||fy||BLO5,i(X) = 2252 sup ||(fy)ii||BLOyi(R"i)

- i
i=1 4

k—1 k—1
<2 s | felono, o = 3 I o, e
i=1 Tis =1

Therefore,
k—1 k
IfllBLo., e < IfllBLo, @ + IfllBLo,, @) = > If1lBLo., (")
=1

i=1

To prove part (b) for k& > 2 factors, first note that if . has the strong decomposition
property, then so does .#x defined by (3.8). We repeat the first part of the proof of (b) for
the case k = 2 above to reach

1fwllBLo,, (x) < IfllBLo, @)
for some yo € R™. Now we repeat the process for the function f,, instead of f, with
X;=R™M xR™ x ... x R"™2 and Y; = R™-1. This gives
H(fyo)yl”BLoyxl(Xl) < [fuwllBro, ) < flBLo,@m Yy € R™ 1,y € R™.

We continue until we get to X;_; = R™, for which ., = .7}, yielding the estimate

[z IBLO, @1) < - < [ fyollBro, ) < IfllBLo,, @n)

for all (k — 1)-tuples y = (yg_2,...,%) € R™ x ... x R™. Taking the supremum over all
such y, we have that f € BLO, (R") with

IflBLo., &) = Sup 1fyllBLo,, @) < lfllBLo,, @m-

A similar process for i = 2,..., k shows that f € BLO, (R") with

If1lBLo,, @ < I fllsLo., @
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3.5 Rectangular bounded mean oscillation

Let . be a basis of shapes in R" and denote by .7,,.7, bases of shapes in R™ and R"2,
respectively, where n; 4+ ny = n. Additionally, we maintain the convention that .# has the
strong decomposition property with respect to {.7,,.,}. Writing « for the coordinates in
R™ and y for those in R, denote by f, the function obtained from f by fixing x. Similarly,
fy is the function obtained from f by fixing y.

We begin by defining the rectangular BMO space at this level of generality.

Definition 3.5.1. We say that f is in BMO,. ,(R™ x R"2) if

Ifllsmo,,, , == sup ][ |f(@,y) = (fa)s, = (fy)s, + fs| dy dz < oo, (3.9)
Sleyz,SQny S1JSs
where S = 57 x S5.

In the literature, the classical rectangular BMO space corresponds to ., = Q, and
Sy = Qy, and so .7 is the subfamily of R that can be written as the product of two cubes.

In dimension two, this is the same as R.
Proposition 3.5.2. If f € BMO,, (R")UBMO, (R"), then f € BMO,,, »(R™ x R"?) with
I flleno,,, , < 2min(|[fllemo,, , I fllBymo,,, )-

Proof. We have

Jé [ 11(w0) = sl dyde < s £ 1@ = (sl de = [l

y€S2J Sy

and
A iws - vt = f 506 - s o= |f rnas—f (s)s | do
< ][ 1) = (o)
< ][ 1y, < | lvo,,
Thus, writing
) = (Fo)ss — (s + Fs] < £ ) — (F)s, ] + (o) — .
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it follows that

F £ 1@ = (s~ (s, + Sl dyde < 20 v

Similarly, one shows that || f|lsmo, ., < 2| fllBmo, - O
rec, y

Proposition 3.5.3. If f € BMO(R"), then f € BMO,,, ,(R™ x R"2) with

[ fllemo,,, . < 3/l flBmo,, -

Proof. We have
F f 15w~ fsldyds < [ F o,
S1J 8,

]{91 SQ|(fI>SQ_fS|dyd'T :]él

and, similarly,

fm(y) dy - fS

Sa

iz < ][ [ \fe) = foldy e < [ Flovo,,-

£ £ 165 = s dudz < 7o,
Thus, writing
f(x,y) - (fm)sb - (fy>51 + fS = [f(a:,y) - fS] - [(fz>52 - fS] - [(fy)sl - fS]7

it follows that

]é [ 11(009) = (s = (s + Fsldydo < 3] o,
]

Remark 3.5.4. In the case where ., .7, each contain a differentiation basis that differentiates

Ll (R™) and L]

loc loc

Proposition 3.5.2. We identify BMO ,(R") with BMO_, (R") " BMO, (R"), so that

(R™2), respectively, another proof is possible using Theorem 3.4.3 and

BMO,, (R") C BMO,, (R") UBMO,, (R") C BMO,, ,(R™ x R"2),

with || fllemo,,. , < 4l fllBmo,-

rec,.&

Unlike BMO ,(R™), it turns out that BMO,,. »(R™ x R") may not be a lattice. As
BMO,. »(R™ x R") is a linear space, this property is equivalent to being closed under

taking absolute values.
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Example 3.5.5. Consider f(z,y) = x —y. We have that f(z,y)— —(fy)s, + fs equals

i (o= fo) - (f i)+ (]{Slm_ ]zs2ydy) :

and so it follows that f € BMO,,. »(R x R) for any basis .7
For the function h(z,y) = |f(z,y)| = |*r — y|, however, a computation shows that if
S1 =8y =1, =10,L] for L > 0, then

2 2 2L
Tty - dody

2
F o eag) = G, = )+ by = 5
nJi

by symmetry of the integrand with respect to the line y = x. As the integral of the expression

inside the absolute value is zero on I x I, it follows that

x +y 2L // 2?2 +y? 2L
— —| dedy = 2y — — —|dxd
3 ray = 72 i Y 7 3 T ay,

. . .y 22492 oL .
where R is the region defined by the conditions 0 <z <y, 0 <y < L, 2y > =* + 5. This

region corresponds to the intersection of the disc 2+ (y — L)? < %2 and the upper triangle of

the square I, x I;,. Converting to polar coordinates relative to this region, one can compute

//{ x+y2_%]dmy— //{——x—y L)]da:dy
//(——'r)'rd@dr_ﬁf;

Therefore,
4 L3  wL
][ \h(z,y) — (ha)r, — (hy) 1, + hiy x| dedy = 7 X o =18 — ooas L — oo,
1, /1,

showing that h ¢ BMO, . (R x R).

Just as we defined rectangular BMO, there is a possible analogous definition of rectangular

BLO, defined by having bounded averages of the form

][ |f(z,y) — essinf f, — essinf f, + essinf f|dy dz.
s, J s S5 S S

This definition, however, has a few deficiencies. For one, without the absolute values, the
integrand is not necessarily non-negative, which is something one would expect from any
class labelled as BLO. Another property of BLO that fails with this definition is being an

upper semilattice, as exhibited by the following example.
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Example 3.5.6. If f(x,y) =« and g(x,y) = y, then, for any shapes S, Ss,

f(z,y) —essinf f, —essinf f, + essinf f =2 — 2 —essinfx + essinfx =0
Sa S1 S S1 S1

for almost every xz € S; and
g(z,y) — essinf g, — essinf g, + essinf g = y —essinfy — y +essinfy =0
S5 S s S5 Ss

for almost every y € Ss.
Considering the function hA(x,y) = max(z,y), however, and S = Sy = I, = [0, L] for
L > 0. We have that

X1

][ \h(x,y) — essinf h, — essinf h, + essinf h|dy dz
) ifs I T

equals

1 L pL 1 L pL ] I3 I
ﬁ/0/0|max(ﬂv7y)—$—y|dydx:ﬁ/0 /Omin(x,y)dydx:ﬁxgzg’

which tends to oo as L — oo.

These deficiencies are rectified if the essential infimum of f over S; x Sy is replaced by

the minimum of the essential infima of f, over Sy and f, over Si:

][ |f(z,y) — essinf f, — essinf f, + min{essinf f,,essinf f, }| dy dz.
5.5, S5 S S5 Sy

The identity max(a,b) + min(a, b) = a + b gives us that this is equal to

][ ][ [f(z,y) — max{essinf f,, essinf f,}] dy dz,
S, J S, Sa S1

where the integrand is now clearly non-negative almost everywhere. Boundedness of these
averages is the definition we choose for rectangular BLO.

An additional benefit to this definition is that it can be defined at a higher level of
generality. As in Section 3.4, we decompose R” = R" x R™ x ... x R™ for 2 < k < n and
let . be a basis for R™ for each 1 < 7 < k. We continue to assume that .¥ has a strong
decomposition property, but now with respect to {-}¥_,. Recall that 2; denotes the result
of deleting the ¢th component from z € R" and that f;, denotes the function on R™ obtained

from f by fixing the other components equal to z;.
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Definition 3.5.7. We say that f is in BLO,,, »(R™ x R"2 x ... x R™) if

| fllsto,. == sup ][[f(z) -
’ SesJS

1§?§>§€{es%:nf fz} dz < o0, (3.10)

where S =57 X Sy X ... x S}.

Proposition 3.5.8. BLO,,, ,(R™ x R" x ... x R"™) is an upper semilattice with

| max(f, 9)llsro,, ., < Ifllero,. , +llglsro,, -
Proof. The proof is the same as that of Proposition 3.2.4. n
The following generalisation of Example 3.5.6 illustrates Proposition 3.5.8.

Example 3.5.9. If f is a function of some variable z;, alone, that is f(z) = F(z;,) for some
function F, and g is a function of z;, alone, that is g(z) = G(z;,) for some function G, then,

for any shape 5,

1<i<k

f(z) — max {esssjnf fa} = F(z,) — max(F(zil),esg_inf F)=0
for almost every z;, € S;, and

g(z) — max {es%jnf 9z} = G(zi,) — max(G(z,), esg_inf G)=0

1<i<k

for almost every z;, € S;,. Therefore, || f|grLo,__ , = llgllsLo, ., = 0.

Meanwhile, if h(z) = max(f(z), g(z)) = max(F(z; ), G(z,)), then for any shape S,

h(z) — max {essslinf hs,} = max(F(z;,), G(z:,)) — max(F(z;,), G(z,)) = 0,

1<i<k

and so [|2[|pro,, , = 0.

This example shows that taking functions of one variable and the maximum of two such
functions yields examples of zero elements of rectangular BLO. Other sources of examples

come from the following two propositions.
Proposition 3.5.10. If f € ", BLO, (R"), then f € BLO,, o(R™ x R" x ... x R™)
with

[ fllsro,,, ., < fg}gk{nf”BLoyi}'
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Proof. Write

]é (=)~ max {essnf f- )] dz < ][ /() — essint f.] dz

1<i<k g :

sf Ifallero,, dz < [[fllaro,
S,L 1 1

for each 1 <4 < k, where S; is the result of deleting S; from S. From this it follows that
BLO, (R") C BLO, »(R™ x R™ x ... x R™) for 1 <i < k. O

Proposition 3.5.11. If f € BLO,(R"), then f € BLO,,, »(R™ X R"™ X --- X R™) with

1o, < Iflloro, -

Proof. This follows from the fact that

essinf f < max{essinf f;.
S f_lgig)i{ 5, fai}

7

holds almost everywhere. Therefore,

]é[ (2) — max (essinf f- )] d= < ][[ £(2) — essinf f]dz < [f 1o,

1<i<k S

]

Remark 3.5.12. In the case where each .7, contains a differentiation basis that differentiates

Ll

loc

with Remark 3.5.4.

(R™), another proof is possible using Theorem 3.4.6 and Proposition 3.5.10, by analogy

One way of generating a function in BLO ,,(R"™) is demonstrated in the following example.

This allows us to exhibit a function in BLO,,, ;, with non-zero norm.

Example 3.5.13. Let g(x) € BLO(R) and then consider f(z,y) = g(x — y). Writing
7, for the basis of intervals in the z-direction and analogously for Z,, we have that f &
BLO, (R?) N BLOZ (R?). From Theorem 3.4.6, it follows that f € BLOg(R?). One can
check that || f|lsLo, < ll9llBLo-

In particular, f(z,y) = —log |z — y| is in BLO(R?) and has non-zero norm. Regarding
R? as R x R and taking the rectangle [0, 1] x [1,2], one can compute | f||sro,_, > 2log2—1.

rec,R —
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3.6 Strong product bases

Write R" = R™ x R™ x ... x R™ for 2 < k <n where ny +no + ...+ n, =n. For z € R",
denote by z; € R™ its ith coordinate, according to this decomposition.

Let . be a basis for R™ and .¥; be a basis for R™ for each 1 <3 < k. Assume that . has
the strong decomposition property with respect to {.%;}%_,, that each .7 is an engulfing basis
with constants ¢} and ¢!, and that each .; contains a differentiation basis that differentiates

Ll

loe(R™). We will call such a basis a strong product basis.

Theorem 3.6.1. Let . be a strong product basis such that there exists a p € (1,00) for
which My is bounded on LP(R™) with norm A,. If f € BMOY,(R"), then

st < el + f o {esint a1, (3.11)

for all S € 7, where ¢ is a constant depending on p,n,k, A,, {c\}r_,, {c}r . Assuming

that the right-hand side of (3.11) is finite for every shape S € .7, it follows that My f is
finite almost everywhere and My f € BLO,,, o(R™ X R" x ... x R™) with

HMYfHBLOm,y <c “fHBMOpy-

Moreover, if BMOY, (R") = BMO ,(R"), then ||My fllsro,,, , < Cl/fllsmo,, holds for all
f € BMO ,(R"™) for which My f is finite almost everywhere.

Proof. Fix f € BMO%,(R") and S € .. We write S = S; x S X ... x Sj, where S5, € ..
Here we are using the weak decomposition property of .. As each .¥; is an engulfing basis,
each S; has associated to it a shape §Z € .% as in Definition 3.3.1, and so we write S for
the shape in . formed by S X Sy X ... x gk Here we are using the strong decomposition
property of .#.

For I € {1,2,...,k}, we denote by I the set {1,2,...,k} \ I. For a fixed shape S € .
and I C {1,2,...,k}, consider the family of shapes

Fi(S)={Tes: TNS#0and ;NS £ 0 =icl}). (3.12)

This is the family of shapes that intersect S and “stick out” of S in the directions corre-
sponding to I. The notation indicating dependence on S may be suppressed when it has

been fixed and there is little possibility of confusion.
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Let = denote the I-coordinates of z, that is those coordinates {z; € R™ : i € I}, and y
denote the I°-coordinates of z, that is {z; € R™ : ¢ € I°}. When |I| = 1, in which case y is
all coordinates except z; € R™ for some 1 <1 < k, we write y = 2; as in previous sections.

Consider the basis .7 in X = [[,.; R™ defined by

el
1 =[]
el

For f € Li (R"), define

loc

HfHBMOpyI(R") = Sgp nyHBMOf;I(X)'

Applying Theorem 3.4.3 to .#; and then to . which has the strong decomposition prop-
erty with respect to {7 }F_,, we have

||f||BMo{;I(1R<n) < Sgpz ||fy||BMo{';,i(X) < Z ||f||BMo{;,i(Rn) < cllfllBmoz,@ny. (3.13)

il icl
where ¢, = 2F1k.
Writing
M;f(z) =sup {£|f| T e Fr(S)andT > z} ,

we have that

My f(z) = max M;f(z)

I1c{1,2,...,k}
for z € S. As such, we consider each M| f separately.

Case I = () or I¢ = (): Here F; consists of those shapes that do not leave S in any direction

when I = (), and those shapes that leave S in every direction when I¢ = (). These two cases
are treated together as the proof proceeds as in the proof of Theorem 3.3.2.

Write f = g;+hy, where g; = (f—f3)xg and by = fsxg+[xg.- Then, by the boundedness
of My on LP(R"),

1 Ap 1/p P p
]éMyQI < |S|—1/pHMygflle < |S|—1/p||91||Lp < Apey ]é:|f — f5 ,

where ¢y = ¢} x ¢ x -+ x c&. Thus,

][ Myg;r < ][ Mogr < A/ Fllaion, . (3.14)
S S
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Fix a point 2y € S and, for the moment, a shape T' € F; such that T' > z5. When I = (),
this implies that T C S and so

ALES AESTE

for every z € S. In particular, this is true for every z € S and so
][]h1] <essinf Mo f.
T s
Hence, we have the pointwise bound
Mihi(z) < esssinf Myf. (3.15)

When I¢ = (), for each 1 < i < k there is a shape T; € .%, containing 7} and §Z such that
IT;| < ¢i|T;|. We then create the shape T = Ty x T X ... x T,. This satisfies T > T'U S

and |T| < ¢,|T|, where ¢, = c! x ¢2 x ... x ¥, and so
ce [\ =
fns = st < cof o = g1 = 3= Blss = sl + [ 17 - 5
T T T Tn3e
Ce
<Z 1=+ [ 1l
T LJs Tnge

1/p
et < (f1r- ) <l

][T ] < ][ hy — f] + ][ 1< coll flomior, + M £(2)

for every z € T, in particular for every z € S, and so

Hence,

][|h1‘ < el fllzmor, + esssinf My f.
T

Thus, we have the pointwise bound
Mihi(20) < cel flBmoz, +ess;nfMyf. (3.16)

Case I # (), I° # (): Here the shapes in F; leave S only in those directions corresponding
to 1. Write Sy for [],., S; and Sy for [1.., Si.
Write f = g1 + hr, where gr = (f — (f)g,)xg and hr = (f,)5,x5 + fxg.. Then, by the

boundedness of My on LP(R™),
1/p
]{’f - (fy)§,’p) )
5

1 Ap 1/p
]éMygI < |S|—1/I,!|M¢91HLP < |S|—1/,,H91HLP = Apcy

el
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where ¢y = ¢} x ¢ x -+ x ¢k As

1/p 1/p
(Jf—(fy)g,lp) (£ (160 tslar)ar) " < flvos, o,
S Sre St

we have
1 1
][M[gl < ][Mygf < Apcd/p||f||BMo{;I < Apcd/pck||f||BMO§,(R")7 (3.17)
s s

where the last inequality follows from (3.13).

Fix a point zg € S and, for the moment, a shape T € F; such that T' 3 z,. For each i € I,
there is a shape T; € .% containing T; and S; such that IT;| < &|T;|. We then create the
shape T; = [Lc: T;. This satisfies T; D T; U S; and IT;| < cl|Ty|, where ¢ =[] For
i ¢ I, write T; = T, and recall that T; C 5‘2 Then, we form the shape T =T x Ty x - - - x Tj,.

el e

Fixing y € Tje C S 1, we proceed as in the proof of Theorem 3.3.2, but work only with

the directions in I:

|(hr)y(@) = (f)7, | do < cof (hn)y(2) = (fy)7,| do

Ty T,
c! i

i / (fy)g, — (fy) T,\da:+/Tm§?|fy(x) - (fy)TI|d3;]
! B ) i

< 7 | §I!fy(:c) - (fy)T,!der/ngny(x) (fy)TI|dx]

1/p
e ACE <fy>T,|da:<c( 1 fy>TI|pdx)

< Cé”fHBMof;I(Rn) < Ceck“f”BMog,(Rn)

by (3.13). Thus,

|(hr)y () de < 4 [(hr)y(2) = (fy)7, | dz + . |[fy(@)] dz < coenll fllmmor, + . | fy(@)| da.

T] TI

From here, integrating over y € Tj., we have that

F bl < clealfllwor, + 11 < cleel fllonor, + Mo (2
T T

for any z € T. This is true, in particular, if the I¢ coordinates of z are equal to y,, where

denotes the I°-coordinates of zy, and = € S;. Thus,
M[h[(ZO) S Cécka”BMO’; + eS%inf(Myf)yo. (318)
- I
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Combining (3.14) and (3.17) yields

][m?X Migr < Z][MIQI < 2Apc;/p||f||BMOpy + Z ApC;/kaHfHBMo{;
S T /s 140,140 (3.19)

< C||f||BMo{;~

We combine (3.15), (3.16), and (3.18) to yield

]iﬂl]&XM[h] < c|[fllsmor, +]£max{esssinfMyf, #r(ral,z}éw{es%}nf(Myf)y}} :

Since the infimum can only grow as we fix more variables, the inequality
inf My inf (M < inf(Myf)s,
e {essinf 01, e, {essinf (7))} < o (esginf (01 1)),

holds almost everywhere in S, and so
]ém]ax Mihi(2) dz < c|| fllsmor, —i-]é fg%i{es%:nf(]\[;ﬁf)gi} dz. (3.20)
Therefore, (3.19) and (3.20) imply that
][Myf(z) dz = ][m}ax M;f(z)dz < ][Hl[aXM[(g](Z) + hi(2)) dz
S S S
< ][max Migr(2) dz —|—][max Mih;(z)dz
s 1 s 1

< el o, + . pcfesyint (V1 1): =

We end by giving two examples of bases that satisfy the conditions of Theorem 3.6.1.

Example 3.6.2. The first example, which is in many ways the model case and the motivation
for studying this problem, is R. When k = n, and so n; = 1 for every 1 < i < n, the basis
R has the strong decomposition property with respect to {Z;},, where Z; is the basis of
all intervals in R. Each basis Z; is both a differentiation basis that differentiates L (R)
and an engulfing basis (one can take ¢; = 2 and ¢, = 4). Moreover, the strong maximal
function, Mj, is well known to be bounded on LP(R™) for all 1 < p < oo ([52]). The
anisotropic version of the John-Nirenberg inequality due to Korenovskii ([59, 60]) implies

that BMO% (R") = BMOg(R") for all 1 < p < co. Therefore, My maps BMOg(R") to
BLO, (R X R x -+ x R).
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Example 3.6.3. A second example is when k£ = 2. Denote by B,,_; the basis of all Euclidean
balls in R"~! and by Z the basis of intervals in R. The differentiation and engulfing properties
of these bases are known. In R® = R"! x R, define a cylinder to be the product of a
ball B € B, 1 and an interval I € Z. The basis of all such cylinders C has the strong
decomposition property with respect to {B,,_1,Z}.

By comparing (in the sense of Definition 2.2 in [26]) these shapes to a family of rectangles,
the LP(R™) boundedness of M for any 1 < p < oo follows from that of M. Moreover, it
can be shown along the lines of the work of Korenovskii [59, 60] that the John-Nirenberg
inequality holds for C, and so BMOZ(R™) = BMO,(R™) holds for all 1 < p < co. Therefore,
M maps BMO,(R") to BLO,.¢(R"! x R).
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Chapter 4

Rearrangement inequalities on spaces

defined by mean oscillation

4.1 Introduction

Given a measurable function f on R", its decreasing rearrangement is the unique decreasing
function f* on Ry = (0,00) that is right-continuous and equimeasurable with |f|. The
concept of the decreasing rearrangement of a function is an important tool in interpolation
theory and the study of function spaces. In particular, there is interest in function spaces
that are invariant under equimeasurable rearrangements (see [4]). The Lebesgue spaces LP,
1 < p < o0, are one such example as the norms that define inclusion in these spaces depend
only on the distribution of a function.

In 1961, John and Nirenberg introduced the space BMO of locally integrable functions
of bounded mean oscillation on cubes ([54]). This space has proven useful as a replacement
for L>™ in contexts such as singular integral operators and Sobolev embedding theorems. It
is easy to see, however, that BMO is not invariant under equimeasurable rearrangements’.
As such, it is an interesting question to ask whether the decreasing rearrangement of a BMO
function is in BMO. Throughout this paper, cubes will always be taken to have sides parallel
to the axes. In one dimension, cubes are intervals.

In this direction, the work of Bennett-DeVore-Sharpley in [3] implies that the decreasing

1See Section III.1 in the appendix.
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rearrangement operator f — f* is bounded from BMO(R") to BMO(R,) with || f*||smo <
2"5|| fllsmo- Moreover, if one is willing to assume that fo, = 0 (see Property (O1) in the
preliminaries), then f — f* is bounded from BMO(Qy) to BMO(0, |Qo|) with || f*||smo <
25| fllsmo for any cube Qy C R™.

When n = 1, the work of Klemes [57] along with subsequent steps taken by Korenovskii
[58] shows that f — f* is bounded from BMO(1;) to BMO(0, |Iy|) with the sharp inequality
|/ IBmo < || fllBmo for any interval Iy C R.

Later work of Korenovskii ([59]) generalises this to BMOy, the anisotropic BMO space
(also called the strong BMO space, see [26]) of locally integrable functions of bounded mean
oscillation on rectangles. As with cubes, rectangles will always have sides parallel to the
axes. Korenovskii shows that f — f* is bounded from BMO4(Ry) to BMO(0, | Ry|) with the
sharp inequality | f*|lsmo < [/fllB7mo, for any rectangle Ry C R™.

In [26], Dafni and Gibara introduced the space BMO ,, of locally integrable functions of
bounded mean oscillation, replacing cubes by shapes S coming from a fixed basis .. Section
4.2 presents the relevant definitions. In view of the known results on the boundedness of the
decreasing rearrangement on BMO with respect to intervals, cubes, or rectangles, it makes

sense to ask
Question 1. For what bases . is the decreasing rearrangement bounded on BMO ¢

This question is partially addressed in Section 4.3. A general theorem, inspired by the
proof of Klemes ([57]), shows boundedness for a number of examples. In particular, under
some assumptions, we are able to obtain a result for balls in a metric measure space. We are
also able to obtain a dimension-free bound for a special family of rectangles with bounded
eccentricity and use this to obtain the following improvement for the case of cubes (see

Theorem 4.3.10):

Theorem III. The decreasing rearrangement is bounded from BMO(R™) to BMO(R..) with

n+3

1 lemo <272 || fllBMoO-

By its very nature, the decreasing rearrangement operator f ~— f* is non-local and
nonlinear. This lack of linearity means that boundedness on a function space does not imply

continuity. This leads to the following natural question.
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Question 2. Is the decreasing rearrangement continuous on BMO ? If not, what is a de-

scription of the subset on which it is?

In Section 4.4, an example is given showing that the decreasing rearrangement can fail
to be continuous on BMO. Considerations are then turned to the important subspace of
functions of vanishing mean oscillation, VMO. It is shown that (see Theorems 4.4.6 and

4.4.9)

Theorem IV. The decreasing rearrangement is bounded from VMO(Qo) to VMO(0, |Qol),
where Qo is R™ or a finite cube. Moreover, it is continuous when Qg s finite, for functions

that are normalized to have mean zero.

Another important rearrangement is the symmetric decreasing rearrangement, which as-
sociated a measurable function f on R" to a measurable function Sf on R™ that is radially
decreasing in such a way that |f| and Sf are equimeasurable. This rearrangement is im-
portant in the study of PDEs and many geometric problems (see [10]). We may define the
symmetric decreasing rearrangement by means of the formula S f(x) = f*(w,|z|") for z € R™,
where w,, denotes the measure of the unit ball in R".

Given the immediate connection between the decreasing and the symmetric decreasing

rearrangements, one may ask whether BMO-boundedness results for f* can be transferred

to Sf.
Question 3. Is the symmetric decreasing rearrangement bounded on BMO ¢

This question is answered in the affirmative in Section 4.5. By passing through shapes on
which the mean oscillation of f* and Sf can be directly compared (and, in fact, are found to
coincide), one is able to obtain the following (see Theorem 4.5.1), where by BMO, it means

the locally integrable functions of bounded mean oscillation on Euclidean balls.

Theorem V. The symmetric decreasing rearrangement is bounded from BMOz(R™) to BMOgz(R™)
with

n+3
15 fllBmo, < Q%Wnnn/zufHBMOB-

7



4.2 Preliminaries

4.2.1 Rearrangements

Let (M, u) be a positive measure space and consider a measurable function f : M — R.
For a > 0, write E, = {x € M : |f(z)| > a}. The distribution function of f is defined as
pr(a) = u(E,). Note that g : [0,00) — [0, 00] is decreasing and right-continuous.

We say that a measurable function f is rearrangeable ? if u; satisfies ps(a) — 0 as

a — oo. For such functions,

Definition 4.2.1. The decreasing rearrangement of f is the function f*: R, — R, defined
by
f*(s) =inf{a > 0: pp(er) < s}.

The condition that f is rearrangeable guarantees that the set {& > 0 : ps(a) < s} is
non-empty for s > 0 and so f* is finite on its domain. The set {& > 0 : ps(a) = 0},
however, can be empty. If f is bounded, then f* tends to || f||=~ as s — 0T; otherwise, f* is
unbounded at the origin. As is the case with the distribution function, f* is decreasing and
right-continuous.

If u(M) < o0, it follows from the definition that f*(s) =0 for all s > u(M), and so f* is
supported on (0, u(M)). Thus we write M* = (0, u(M)) and have f*: M* — R,.

The following standard properties of the decreasing rearrangement will be used through-
out this paper.> The notation | - | will be used throughout this chapter to denote Lebesgue

measure.

Property (R1) The functions f* and |f| are equimeasurable; that is, for all & > 0, ps(a) =
my« (o), where m-(a) = [{s € M* : f*(s) > a}|.
Property (R2) For any a > 0 such that puf(o) < oo and > «,

p{z e Mo <|[f(x)] < B}) =[{s € M":a < [*(s) < B}.

2See Section II1.2 in the appendix.
3See Proposition 5.3.10-5.3.13 in Appendix III.
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Property (R3) The decreasing rearrangement f +— f* is an isometry from LP(M) to

LP(M*) for all 1 < p < oo. Furthermore, it is non-expansive, thus continuous.

Property (R4) (Elementary Hardy-Littlewood inequality) For any measurable set A C M,

JEYRE

where A* = (0, u(A)).

The reader is invited to see [81] for more details on the decreasing rearrangement.

4.2.2 Bounded mean oscillation

Let Qp be an open (not necessarily finite) cube in R™. In particular, @)y may be R;. A shape
is taken to mean an open set S C R™ such that 0 < |S| < co. A basis of shapes in @)y, then,
is a collection . of shapes S C )y forming a cover of ().

Common examples of bases are the collections of all Euclidean balls, B, all cubes with
sides parallel to the axes, O, and all rectangles with sides parallel to the axes, R. In one
dimension, these three choices degenerate to the collection of all (finite) open intervals, Z.

For a shape S C )y and a real-valued function on )y that is integrable on a shape S, its

mean oscillation is defined as

1
Q(f,S)ZE/SIf—fs\Z]ng—fs!,

where fg is the mean of f on S.

Some properties of mean oscillations are the following (see [26] for the proofs of all but

(04)):
Property (O1) For any constant a and shape S, Q(f + «, S) = Q(f, S).
Property (02) For any shape S, Q(|f],S) < 2Q(f,S).
Property (O3) For any shape S,
QLS = oo [(F= o) = g [Uhs=1)
) |S| g S)+ |S| g S +>

where y; = max(y,0).
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Property (04) * For any shape S, if S is another shape such that S C S and |S] < c|S]|
for some constant ¢, then

O(f,5) < eQ(f,9).

Property (O5) For any shape S,

it £ 17 —al = £ 17 =i,

where the infimum is taken over all constants a and m is a median of f on S (that
is, a (possibly non-unique) number such that [{z € S : f(z) > m}| < 1]9| and
{z € S+ flx) <m}| < 3|8

Property (O6) For any shape S,
Qf, ) < Qf,5),

where f is a truncation; i.c. f = min(max(f,a),3) for some —oo < a < 4 < co.
Definition 4.2.2. We say that a function satisfying f € L*(S) for all S € . is in BMO ,,(Q))
if
[ fllemo,, = sup Q(f, S) < oo, (4.1)

where the supremum is taken over all shapes S € ..

The notation BMO(Qy) will be reserved for the case .¥ = Q. Note that because of
Property (O1), elements of BMO ., (Qo) can be considered modulo constants.
We collect here some properties of BMO functions that will prove to be useful in subse-

quent sections.

Property (B1) ° If Qo] < oo and f € BMO(Qy), then f — fo, € L'(Qo) with | f —

faollzr@e) < 1QolllfllBMO(Qo)-

Property (B2) When @)y = R, and f is monotone decreasing,

| fllBMo = St;ng(ﬁ (0,2)).

4See Proposition 5.3.14 in Appendix III.
5See Proposition 5.3.15 in Appendix III.
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Introduced by Coifman-Rochberg ([18]), BLO(Qy) is the class of f € L{ _(Q) such that

loc

sup][[f —essinf f] < oo,
Q Ja @

where the supremum is taken over all cubes Q@ C Q. It is a strict subset of BMO(Q) and
it can easily be shown that it is not closed under multiplication by a negative scalar. For
non-increasing functions, however, being in BMO(R,) is equivalent to being in BLO(R, ).
As such, any statement about f* € BMO(R, ) can be interpreted in the stronger sense that
f* € BLO(R,).

For a reference on BMO functions, see [60].

4.2.3 Vanishing mean oscillation

An important subspace of BMO(Q)) is the space of functions of vanishing mean oscillation,

VMO(Qy), originally defined by Sarason in [77]. Let 6(-) denote the Euclidean diameter.

Definition 4.2.3. We say that a function f € BMO(Q) is in VMO(Qy) if

lim sup Q(f,Q) =0, (4.2)

=07 §(Q)<t

where the supremum is taken over all cubes () with diameter at most t.

Notice that by the geometry of cubes, having vanishing diameter is equivalent to having
vanishing measure. As such, the supremum in Definition 4.2.3 could be taken over all cubes
() with measure at most t.

The space VMO(Qy) often plays the role of the continuous functions in BMO(Qy). In
fact, VMO(Qy) is the closure of C,(Qg) N BMO(Qp) in the BMO(Qg) norm, where C,(Qo)
is the space of uniformly continuous functions on @y. For VMO (R™), there is another char-
acterisation as the subset of BMO(R"™) on which translations are continuous with respect to
the BMO(Qo) norm.

In the case when () is unbounded, note that there is also a strictly smaller VMO space,
sometimes denoted VMO(Qy) and other times denoted CMO(Qy) (see [7, 85]).

When considering a more general basis than Q, a naive generalisation of VMO that will
suit our purposes is the space of functions that have vanishing mean oscillation with respect

to measure:
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Definition 4.2.4. We say that a function f € BMO (Qp) is in VMO ,(Qo) if

lim sup Q(f,S) =0, (4.3)

t—0t+ |S|<t

where the supremum is taken over all shapes S of measure at most .

Again, the notation VMO(Qy) will be reserved for the case ./ = Q.

This differs from the classical definition of VMO in an important way. It usually involves
a modulus of continuity that looks at vanishing diameter. Of course, for bases such as Q and
B, vanishing diameter is the same as vanishing measure. For general bases, however, this
is not true: vanishing diameter is strictly stronger than vanishing measure. Consider R, in
which a sequence of rectangles can all have the same diameter but have measure tending to
zZero.

Even worse, there are bases for which the condition (4.3) holds vacuously for any f €
BMO ,(Qo) because there are no shapes of arbitrarily small measure. An example would be
the basis of cubes with sidelength bounded below by some constant.

One way to guarantee that Definition 4.2.4 is non-trivial is by assuming that . is a
differentiation basis; that is, for each z € R" there exists a sequence of shapes {Sy} C .%¥

each containing = such that 6(S;) — 0 as k — oo.

4.3 Boundedness of the decreasing rearrangement

In this section, we present a general theorem claiming the boundedness of the decreasing
rearrangement on BMO under assumptions on the basis .. Let (X, p, 1) be a metric measure
space. That is, (X, p) is a metric space endowed with a non-trivial Borel measure u. Note that
the definitions in the previous section carry over in this context. Also, Properties (O1)-(O6)
remain true.

In this section, we restrict our attention to u(X) = oo and rearrangeable f € BMO ,(X).
It follows that f* is supported on R,. By Property (B2), to show that f* € BMO(R,), it
suffices to consider the mean oscillation of f* on intervals of the form (0,¢) for ¢ > 0.

Note that if f is not rearrangeable, defining f* might lead to f* = oo for a function

f € BMO,(X). An example is f(z) = —log |z|, a prototypical function in BMO(R").
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Lemma 4.3.1. Let 0 < f € L*(X) and c. > 1. For anyt >0, set ay = (f*)(0,) and assume

that there exists a countable collection of pairwise-disjoint shapes {S;} such that

]é.f>at§

(i) for all i, there exists a shape S; D S; for which ju(S;) < c.pu(S;) and

][fSOétQ
S;

(iii) and, f < oy p-almost everywhere on X \ |J S;.

(i) for all i,

Then,
Q(f*v (07 t)) < G SupQ(fv gl)

Note that the collection {S;} will, in general, depend on ¢.

Proof. Fix a t > 0. By the hypothesis of the theorem, we can find a countable collection of
pairwise-disjoint shapes {S;} for which conditions (i), (ii), and (iii) hold. Denote by E the
union |J.S; and by E,, the finite union (J_, §Z

By Property (R4) and (i),
sof 1> (Zu )atat |

w(En)
0

From the monotonicity of f* it follows that
t>u(E Z (S, (4.4)

As this holds for all n, u(F) < t.
Denoting by E the set U S;, we find that

/Ot\f*—@t’:2/Ot(f*—at)+=2/E(f_at)+'

Here we use Properties (R1) and (O3), and (iii). Hence, by (ii),

2 [(F=an). < 221;/§i<f—at>+ < 2;/5;i(f—f§i)+
=2 u@fg 1 = Jsl e Do n(SHaf.8) <e. (Z u(S») sup 2/, 3))
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Combining this with (4.4), we reach

0. 00) = [1F =l < cosup(f, 5,
[

Proposition 4.3.2. Assume that pu(X) = oo and that .# satisfies the hypotheses of Lemma
4.3.1 for every bounded function. If 0 < f € BMO(X) is rearrangeable, then f* €

BMO(Ry) with || f*|[smo < e+ fllBMmoO-

Proof. Consider the truncations f; := max{min{f,k} — k} for k > 1 of f and fix t > 0. As
f* is decreasing, f*(t/2) is a median of f* on (0,t). If & > f*(¢/2), then f*(¢/2) is also a
median of (fy)* on (0,1).

The truncations f; are bounded and so we may apply the result of Lemma 4.3.1 to each

of them. Combining this with Properties (05) and (O6), it follows that

]{ [(fe)" = £ #/2)] < Q(fx)",(0,2)) < el frllBmo < el fllBMO

for each k > f*(¢/2). As (fx)* converges monotonically to f*, the monotone convergence

theorem implies that
t
Fir - sl <.
0

demonstrating that f* € L (R,).

loc

Therefore, another application of the monotone convergence theorem implies that

Q(f7,(0,1)) = lim Q((fe)", (0,2)) < el fllBr7o-

k—o00

By Property (B2), f* € BMO(R,) with [|f*|[zmo < ¢4/ f|[Bmo- O

Note that this proposition holds for non-negative functions. To remove this restriction and
to obtain the boundedness of the decreasing rearrangement for rearrangeable f € BMO (X))
that attain negative values, we compose the rearrangement with the absolute value. Since
|fI* = f*, we have || f*|[smo = |||f]*|lBmo. Then, denoting by c.|(#) the smallest constant
such that [|| f[[lsmo,, < ¢ /(L) fllBmo,, for all f € BMO,, (see Property (02)), we have the

following corollary.
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Corollary 4.3.3. Let f € BMO (X)) be rearrangeable. Then, under the hypothesis of Propo-
sition 4.3.2, f* € BMO(Ry) with || f*[|smo < ¢ ()el| fllBmo, -

In the following subsections, we will consider some examples of settings in which the
hypothesis of the theorem holds. We will show that the hypothesis holds by constructing the
families {S;} and {S;} for which the Conditions (i), (ii), and (iii) hold.

4.3.1 Families of balls in metric spaces

Consider a metric measure space (X, p, 1) where p is a non-trivial Borel regular measure. By
a ball we will specifically mean that it has positive and finite radius. Furthermore, for each
ball we will assume that it comes with a prescribed centre and radius.

When dealing with balls in a metric space, we have the following general form of the

Vitali covering lemma (also called the basic covering theorem).

Lemma 4.3.4 ([48]). For every family F of balls in X of uniformly bounded radii, there
exists a pairwise-disjoint subfamily G such that

U Bc 5B (4.5)

BeF Beg

We make the following assumptions on the metric measure space (X, p, u): (D) that p is
doubling, (I) that |X| = oo, (C) that the function r — |B(z,7)| is continuous for all z € X,
and (U) that every family F of balls in X of uniformly bounded measure has uniformly
bounded radii (and so the Vitali covering lemma applies for such families).

For a ball B = B(z,r), we write A\B = B(x, Ar) for A > 0. Recall that a doubling measure
is one for which there exists a constant ¢4 > 1 such that 0 < p(2B) < cgu(B) < oo holds
for all balls. A consequence of this doubling condition is that for any A > 1 there exists a
constant ¢y such that u(AB) < cypu(B). With this notation, ¢q = cs.

Note that the Lebesgue differentiation theorem holds in the setting of a doubling metric
measure space ([48]). A further consequence of doubling (see, for instance, [50]) is that any
disjoint collection of balls is necessarily countable. Thus, the collection G from the Vitali

covering lemma can be assumed to be countable.
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The condition (D) implied, in particular, if the measure p is lower Ahlfors Q-regular for
some @ > 0: car? < p(B(z,r)) for some ¢y > 0 and for all z € X, 0 < r < diam (X).

Consider the basis of all balls in X, denoted by B. Fix 0 < f € L*®(X) and ¢t > 0.
Consider E,, = {z € X : f(z) > ay}. By the Lebesgue differentiation theorem, for almost

every = € F,, there exists an ro(z) > 0 such that

][ f>aq forall r < ry(z).
B(z,r)

By Property (R4), if r is a radius such that |B(x,r)| = ¢, then

][ [ <o (4.6)
B(z,r)

Let r1(x) be the smallest such r. Then,

][ f > aq for any r < r(x). (4.7)
B(z,r)

This is true, in particular, for r = r(x) = % <r(x).

Consider the family F = {B(z,r(x))}. By monotonicity of measure, each ball in F has
measure at most ¢, and so the family has uniformly bounded radii, by assumption. Applying
the Vitali covering lemma, we obtain a countable pairwise-disjoint subfamily G for which
(4.5) holds. This is the {S;} of Proposition 4.3.2.

Condition (i) holds by (4.7) with r = r(z) < r1(z). The role of {S;} will be played by

5G = {bB : B € G}. Condition (ii) holds by (4.6) with r = 5r(x) = r(x) as

W(B(a,5r(2))) < csn(Ble, ().

Condition (iii) is true since, by (4.5),

s> | BoE,
Beg BeF

holds p almost everywhere.

Therefore, applying Proposition 4.3.2; yields

Theorem 4.3.5. Let X satisfy conditions (D), (1), (C), and (U). If f € BMOgz(X), then
f* € BMO(R,) with

If*IBmo < s ¢ (B)|| fllBmoy,-
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Remark 4.3.6. The constant 5 in the Vitali covering lemma can be decreased to 3 + ¢ for
e > 0 (see, for instance, [6]). Using this refinement, the constant in the previous theorem

can be brought down (taking a limit as ¢ — 07) to csc)(B).

Remark 4.3.7. Note that one can take ¢y = cg\°%2¢ but this may not be optimal.

4.3.2 Families of rectangles in Euclidean space

Consider, now, R with the Euclidean metric and Lebesgue measure. We will consider bases
comprised of rectangles in R™. It is interesting to consider restrictions on the sidelengths of
the rectangles forming the basis has an effect on the boundedness.

On one side of the spectrum, if we impose the restriction that all sidelengths be the same,
we have the basis of all cubes, Q. Fixing ¢t > 0, we start by dividing R™ into a mesh of
cubes of measure t. By Property (R4), the average of f on each such cube is at least ay.
As such, we may apply the (local) Calderén-Zygmund lemma® to each of these cubes. Each
application yields a countable collection of cubes satisfying (i) of Lemma 4.3.2. Hence, the
union of these collections also satisfies (i) and f < a; almost everywhere on the complement.
Moreover, by construction, each such cube () is contained inside a parent cube @)’ such that
for < oy and satisfying |Q'| = 2"|Q|, where the constant 2" comes from the fact that @ is
obtained from @)’ by bisecting each of the n sides of ). Then, by continuity of the integral,
there is a cube Q) C @ C @' such that fé = «y. Thus, the collection of @s satisfies (ii).
Last, since f < a; almost everywhere outside the collection of @Js, it is also true outside the
collection of @S.

Therefore, Lemma 4.3.2 implies

Theorem 4.3.8. If f € BMO(R"), then f* € BMO(R,) with

1£*l[emo = 2% (D)l fllsao-

The basis R, where all the sidelengths are arbitrary, represents the other side of the spec-
trum. In [61], Korenovskii-Lerner-Stokolos were able to obtain a multidimensional analogue

of Riesz’ rising sun lemma. This implies, by the work of Korenovskii ([59]) that for any

6See Proposition 5.3.16 in Appendix III for a proof.
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rectangle Ry C R" if f € BMOg4(Ry), then f* € BMO(R) with

[/ [lemo < [l fllBmoy, -

This represents the extreme case of Lemma 4.3.2, where one has a single countable family that
is both pairwise disjoint and on which the averages of f can be made equal to a prescribed
value. This is, of course, a sharp result. Simple examples show that an analogue of the rising
sun lemma cannot exist for cubes. This shows a benefit of using rectangles over cubes.

The unfortunate limitation of this result is that arbitrary rectangles can have arbitrary
eccentricity, and so we cannot deduce from this result any information about the boundedness
of the decreasing rearrangement on BMO(R™).

A compromise between the rigidity of cubes and the absolute freedom of arbitrary rect-
angles are families of rectangles of bounded eccentricity. Sharpness of the constants is lost,
but these rectangles are still comparable to cubes, and so information about these bases can
be transferred (see Property (O4)) to the basis of cubes.

By selecting a family of rectangles that is closed under properly chosen bisections, we
are able to find an example of a basis for which the constant obtained in Lemma 4.3.2 is

independent of the dimension. Consider the basis
D={R=I0xIhx---x1I,:3a>0st ((I;) = a2/ for each j = 1,...,n},

where the intervals need not be ordered by increasing length. By bisecting the longest side
of such a rectangle, we obtain two congruent rectangles in D (in particular, with sidelengths

Si/m 27/m). This property, along with the fact that the Lebesgue differentiation holds for D as

these rectangles have bounded eccentricity, allows one to repeat the proof of the Calderon-

Zygmund lemma but with a constant of 27.

Theorem 4.3.9. If f € BMO,(R"), then f* € BMO(R,) with

1/ llBMo < 2¢/(D)]| fllBMO,, -

As mentioned previously, the fact that the rectangles in D have bounded eccentricity

allows us to improve on Corollary 4.3.8 for the basis Q. Every R € D can be fit inside a cube

"See Proposition 5.3.17 and the preceding discussion in Appendix IIL.
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Q) with
Q]  n
—_— = 2 2
|R|

and so it follows from the previous theorem and Property (O4) that

Y

Theorem 4.3.10. If f € BMO(R"), then f* € BMO(R,) with

1£*Ilemo < 2°% min(ey (D), ¢ ()] fllpyo-

In particular, as min(c).|(D), c.|(Q)) < 2 (see Property (02)),

n+3

1f*lBvo <272 || fllBmO-

4.4 Continuity of the decreasing rearrangement

In this section, we consider the question of continuity of the decreasing rearrangement on
spaces defined by mean oscillation. Recall, as explained in the introduction, that rearrange-
ments are fundamentally nonlinear, and so boundedness does not imply continuity.

Our first aim of this section is to show that in spite of the boundedness of the decreasing
rearrangement on BMO), it can fail to be continuous. The furnished counter-example is writ-
ten for BMO(0, 1), but simple modifications allow the argument to carry over for BMO(Qy)
for various Q.

One can wonder about the subset of BMO on which the decreasing rearrangement is
continuous. A natural subspace to consider is VMO as it very often plays the role of the
continuous functions within BMO.

Then, we show that under some assumptions on .%, boundedness of the decreasing
rearrangement from BMO ,(Qy) to BMO(Qf) implies boundedness from VMO ,(Qy) to
VMO(Qp). An example is provided, however, that shows that a function in BMO(Qy) \
VMO(Qp) can still have a rearrangement in VMO(Q}).

Last, we build upon this by using an analogue of the Arzela-Ascoli Theorem for VMO
due to Brezis-Nirenberg to show continuity of the decreasing rearrangement from VMO (Qy)

to VMO(Q}) in the case where @y is bounded.
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4.4.1 Discontinuity on BMO

Theorem 4.4.1. The decreasing rearrangement is not continuous on BMO(0,1). That is,
there exists a sequence {fr} C BMO(0,1) and a function f € BMO(0,1) such that f, — f
in BMO(0,1) but f; /4 f* in BMO(0,1). As a consequence, no inequality of the form

1f* = 9"llBmo < C|lf = gllBmo
can hold for all f,g € BMO(0, 1) for any constant C'.

Proof. For k > 1, define f; as the function

1, 0<z<1/2
v/ —logl3—4z], 1/2<z<1
and f as the function
1, 0<z<1/2
flz) = :
0, 1/2<z<1
We have
0, 0<z<1/2
fi(x) = flz) =

T/ —logl3—4z], 1/2<z<1
and || fr — fllBmo = %Hfl — fllBmo, showing that f, — f in BMO.

Since f is monotone and right-continuous, it follows that f* = f. The rearrangement of

fx is given by

(

21/ —log(2s), 0<s< 53

i) =191, = <s<smt3-

2ek2
V-log(2s—1), —r+5<s<1

(

\

We have

PV —log(2s) =1, 0<s< 55

0 Lo <s<i
HORFAOERSS R
]_, §§S<26W+§




Note that f; — f* has a jump discontinuity of height one at s = % and so, taking any interval

in (0,1) of the form (1 — 4,1 + ) for(5<min( L L ), we find

1
2ek27 2 T 9ek?

£z — f*llBvo > 1/2
for all k. ]

Remark 4.4.2. Alternatively, one could have reasoned that {f;} cannot converge to f* in
BMO(0,1) as follows. Each f; is in VMO(0, 1) and so, by Property (V2), its limit, if it
exists, must be in VMO(0, 1). However, f* ¢ VMO(0, 1) as it has a jump discontinuity.

This example can easily be modified to show that the decreasing rearrangement is not
continuous from BMO(Qy) to BMO(Qf) for other @y than (0,1). In particular, setting
gr(z,y) = fi(z) and g(x,y) = f(x) for y € (0,1)""! provides a counter-example when
Qo = (0,1)". Extending f and f, or gy and g by zero yields counter-examples for Qo = R
and Qg = R", respectively.

4.4.2 Boundedness on VMO

Before demonstrating the boundedness of the decreasing rearrangement on VMO, we need

two technical lemmas.

Lemma 4.4.3. Let 0 < f € L},.(Qo) and . be a differentiation basis. Assume that for
every t > 0 and every measurable A C Qg such that |A] > 0 and |A°| > 0 there exists a shape
S € .7 with |S| < t such that
[AnS|_1_JA°ns|
s 2 s
If f* has a jump discontinuity of height {, then

: 14
wt {17 ol = 17 = ms(7)| = 5. (48)
nJ3 S

where the infimum is taken over all constants n and mg(f) is a median of f on S.

Remark 4.4.4. The existence of a basis satisfying the assumption of this lemma is known in

many familiar contexts, such as B, Q, and R, due to the Lebesgue density theorem?®.

8See Lemma 5.3.18 in Appendix III for the proof that B satisfies the assumptions of this lemma.
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Proof. Fixt > 0 and assume that f* has a jump discontinuity at sqg € X*. Recalling that f*

is right-continuous, write

a=lm f'(s), B=1lim f(s), =20

+ —
S—)SO S—)SO 2

Then ¢ = (5 — «.
The set £, = {x € X : f(x) > 7} is measurable and satisfies, by equimeasurability of f
and f*, |E,| = so > 0 and [ES| = [X] — 50 > 0.
By assumption, we can find a shape S with |§ | <t such that
IE,0S) _1_|End|
5] 2 5]

In other words, v is a median of f on S. Hence, for any constant c,

1
JIREE <|E 5 L Egmg(v—f))- (49)

We proceed by estimating each integral separately.

First, by Property (R2) along with the fact that f* has a jump at s,

O=|{seX :a< f(s)<pl={re X :a< flzx)< B}

Writing Fz = {z € X : f(z) > B}, it follows that |E, \ Fj| = 0 and so

] - > =—. 4.10
B, N S| Ewﬁg(f "= |[FzN S| Fﬁms(f Nzh-v= 2 (4.10)

Similarly, |Ef, \ ES| = 0 and so

1 1 b —«
_ — _ >y —oa = . 411
5N 3 s D T B 0§ s 27 2 (1)

Combining (4.9), (4.10), (4.11), we find that

1/(—a p[—a« _B—a_{
]é’f_7|25< 5 g >_ 2 2

This demonstrates the inequality in (4.8). The equality is Property (O5). O

Lemma 4.4.5. Let I be a interval with left-endpoint at the origin. If g € Lj,.(Io)\ VMO (1)
1s monotone and has no jump discontinuities, then there exists an € > 0 and a sequence of

intervals {I = (ay, br)} such that ax, b, — 0 as k — oo but Qg, I) > ¢ for all k.

92



Proof. Take a monotone g € L (Iy) \ VMO(Jp) having no jump discontinuities. Since
g ¢ VMO(Iy) there exists an ¢ > 0 and a sequence of intervals {I;} such that |[;| — 0 as
k — oo but Q(g,Iy) > e for all k. Denoting by a;, the left-endpoint of the interval I, it
suffices to show that a;, — 0 as kK — oo.

Assume, by way of contradiction, that a; 4 0. Then there exists a subsequence {ay,, }
and an ¢ > 0 such that |ag, | > € for all k,. This means that I,, C Iy \ [0,¢'). On
Iy \ [0,€"), however, g is uniformly continuous and so one can take k,, sufficiently large so

that |g(z) — g(y)| < § for x,y € I;,,. Then, we have

e < Qg, I,) ][ ][ |dxdy<—
L, I I 2
[l
We write, for a function h, Tr(h,a) = max(h,a) — a. This is a vertical shift of a

truncation from below, and so, by Properties (O1) and (O6), we have that for any shape S,
Q(Tr(h,«),S) < Q(h, S).

Theorem 4.4.6. Let . be such that the assumptions of Lemma 4.4.3 hold and f* €
BMO(Q5) whenever f € BMO ,(Qo) with [|f*|lsmo < ¢l fllBmo,,. Then, f* € VMO(Qp)
whenever f € VMO ,(Qo).

Proof. Take f € VMO (Qy). By Property (02), |f| € VMO ,(Qo) and so it follows from
Lemma 4.4.3 that f* has no jump discontinuities (recall that |f|* = f*).

By way of contradiction, assume that f* € BMO(QF) \ VMO(QF). Then, f* satisfies
the conditions of ¢ in Lemma 4.4.5 and so there exists an € > 0 and a sequence of intervals
{I; = (ak, br)} such that ag, by — 0 as k — oo but Q(f*, I) > ¢ for all k.

Writing oy, = f*(bg), consider the intervals

Iy ={s € Q5 ar < f7(s)}

and the functions Tr(f*, k) = Tr(f*, ax). Three facts must be pointed out as they will be
used in what follows. First, note that |I;] — 0 as k — co. Second, note that Tr(f* k) = f*
modulo constants on both I, and on Ij. Finally, note that Tr(f*, k) = (Tr(|f], k))*.
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Thus, by the boundedness of f +— f* from BMO . (Qg) to BMO(Q}),

[(Te(1f1 B) lsmo - ITr(f, B) lsmo

C C

| Te([f], E)llB7o, >

>

Q1M

and so there exists a shape S such that Q(Tr(|f|, k), Sk) >

The fact that f € VMO ,(Qo) implies the existence of a § > 0 for which Q(f,S) < & if
|S| < 0. The goal is to show that |Sk| < § for sufficiently large k. Then, we would have, for
such k, that Q(f, Sk) < & while, at the same time,

S 8) o, AT(S]F) Se)

£
> _
S Se) 2 2 2 ~ 8¢

by Properties (O2) and (O6). This is a contradiction, implying the desired result.
If | Sk < ||, then we have immediately that |Sx| — 0 as k — oo since this is true of |I].

If | S| > ||, then we have that Tr(f*, k) = 0 on (|I],|Sk|) and so, by Property (R4),

3

p
1o S UTR(If] k), S) < Al SkTr(|f| k)
EN Tl
<wp) B [ mOe
Hence, -
k|
S| < %/0 Tr(F*, k). (4.12)

The functions g, = Tr(f*, k)x(o ) satisfy g < f*X(() ) € LY((0, |1:1|)) pointwise almost
everywhere as well as g — 0 as k — oo pointwise almost everywhere. By Lebesgue’s

dominated convergence theorem,

A%zlﬁﬁwwww

as k — oo. Therefore, by (4.12) the same must hold for |Si| and the proof is finished. O

Remark 4.4.7. A function f € BMO,(Qo) \ VMO (Qy) may have a rearrangement in
VMO, (Qf). An example is provided by f; in the proof of Theorem 4.4.1. The function
f1 is not in VMO((0, 1)) as it has a jump discontinuity at x = 1/2, while f; € VMO(0,1).
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4.4.3 Continuity on VMO

In this section, we show that when @)y is bounded, the decreasing rearrangement is continuous
from VMO(Qy) to VMO(Q5).

For such @), the following result of Brezis and Nirenberg provides us with an analogue
of the Arzela-Ascoli Theorem for VMO(Qy). This result is a crucial tool in the proof of

continuity for the rearrangement on VMO.

Theorem 4.4.8 (Brezis-Nirenberg [8]). A set F C VMO(Qy) is relatively compact if and
only if
lim sup Q(f,Q) =0

+
=07 QI<t

uniformly in f € F.

Theorem 4.4.9. Let )y be a finite cube. Then, the decreasing rearrangement is continuous
from VMO(Qo) to VMO(Q}). That is, if { fr} € VMO(Qy) have mean zero and converge to
[ in BMO(Qo), then {f;} € VMO(Qy) converge to f* in BMO(Q).

Note that since VMO is closed in BMO, it follows that f € VMO(Qy) and f* € VMO(Q).

Proof. Let us consider the application of Theorem 4.4.8 to a sequence { fr} C VMO(Qy) that
converges to f € VMO(Qy) in BMO(Qy). This means that, as a set, {fi} C VMO(Q)) is
relatively compact, and so

lim sup Q(fx, Q) =0 (4.13)

+
=07 |QI<t

uniformly in k.

By Theorem 4.4.6, f* € VMO(Q5) and f; € VMO(Qy}) for each k. It follows that

lim sup Q(fr, 1) =0 (4.14)

t=0F 1<t
for each k. This limit is not a priori uniform in k. However, assume for the moment that it is.
Then, applying Theorem 4.4.8 in the other direction, we find that the set {f;} € VMO(Q})
is relatively compact and so contains a subsequence {f; } converging in BMO(Qj) to some
function g € VMO(QY).
As each f; has mean zero and f, — f in BMO(Qy), we have that f;, — f in L*(Qo)
by Property (B1). By the continuity of the decreasing rearrangement on L'(Q,) (Property
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(R3)), we have that f — f* in L'(Qg). But by Property (B1), again, {f; } also converges
to g in L'(Q;). By uniqueness of limits in L', it must be that g = f* almost everywhere.

Applying the arguments in the above paragraph to any subsequence { fi, } instead of { fi}
yields a subsequence of { f;]} that converges to f*. This means that every subsequence of
{f#} has a further subsequence converging to f*, implying that {f}} converges to f*.

Of course, this argument has a flaw: the assumption of uniform convergence in (4.14).
To rectify this, we assume, by way of contradiction, that the convergence is not uniform in
k. Then there exists an £ > 0, a subsequence which we will relabel as {f;}, and intervals
{Ix = (ak, br)} such that |Ix| — 0 as k — oo but Q(f}, Ix) > ¢ for all k.

As in the proof of Lemma 4.4.5, we want to show that ay, b, — 0 as k — co. As f; and
f* are monotone functions in VMO(Q}), they are uniformly continuous on [a, |Qo|) for any
a > 0. Thus, on [a,|Qo|), {fi} is a sequence of monotone functions converging pointwise
almost everywhere to the uniformly continuous limit f*. This allows us to conclude that the

9. That is, we can

convergence is, in fact, uniform and that the sequence is equicontinuous
find § > 0 such that if |I| < § for I C [a,|Qo]), then Q(f}, I) < e for all k. Hence, aj < a for
k sufficiently large. As this is true for any a > 0, it follows that both ay, by — 0 as k — oo.

The rest of the proof follows the same lines as that of Theorem 4.4.6 with . = Q. We

write ag, = f}(bx), and consider the intervals
I ={s € Qy: n < fils)}

and the functions Tr(fy, k) = Tr(ff, o). As before, [ITk| — 0 as k — oo, Tr(fi, k) = f;
modulo constants on both I; and I, and Te(fi k) = (Te(| fel, k)"
By the boundedness of f +— f* from BMO(Q) to BMO(QY),

C

[Te(1fkl, B)llByo = >

oM

and so there exists a cube @, such that Q(Tr(|fx], k), Qr) > -

From the uniformity of (4.13) there exists a 6 > 0 for which Q(fy, Q) < £ for all k if
|Q| < 6. If we can show that |Qx| < § for sufficiently large k, then we would have, for such
k, that Q(fi, Qx) < & while, at the same time, Q(fx, Qx) > . This contradiction implies

the desired result.

9See Proposition 5.3.19 in Appendix IIL.
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If |Qx| < |Ix|, then we have immediately that |Qy] — 0 as k — oo since this is true for
|I|. If |Qk| > ||, then we have that Tr(f7, k) = 0 on (]I, |Qx|) and so, by Property (R4),

2 [l
= < UT(RLR.Q0) < o [ T B)

Hence,

8¢ [T
@ <% [l (1.15)
0

Since { f;} is convergent in L'(Q}), it follows that it is uniformly integrable!®. Setting g;, =
Tr( fZ, k)X(O,ITkI)’ the sequence {gx} is also uniformly integrable as g, < fi pointwise almost

everywhere. Moreover, g, — 0 pointwise almost everywhere, thus the Vitali convergence

I
/gk:/ Tr(fe k) =0
% 0

as k — oo. Therefore, by (4.15), |Qk| — 0 as k — oo. O

theorem (see [74]) implies that

Note that the finiteness of |Qy| was used crucially in two spots: the application of Theorem

4.4.8 and the application of the Vitali convergence theorem.

4.5 Boundedness of the symmetric decreasing rearrange-
ment

Now we turn out attention to the symmetric decreasing rearrangement. Recall that it may
be defined by means of the formula Sf(z) = f*(w,|z|") for x € R™, where w,, denotes the
measure of the unit ball in R™.

In this section, we will consider the question of boundedness of the operator f — Sf on
BMO. Due to the radial symmetry of Sf, it is most natural to consider BMO to be with
respect to the basis B of all Euclidean balls. Of course, by the comparability of balls and
cubes in R", this is the same space as BMO with respect to the basis Q.

Our main theorem of the section is

10See Section II1.5 of the appendix for the definition and relevant facts.
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Theorem 4.5.1. If f € BMOg(R") then Sf € BMOgz(R™) with

nt3
1S fllBmo, < 272 won™?| fllemo,-

To this end, we will proceed in four steps. The first step is to compare BMO , and
BMOg. Here, A denotes the basis of all balls and all annuli centred at the origin, along with
all sectors thereof, where sectors are taken to mean the intersection with a cone with vertex

at the origin.
Lemma 4.5.2. If f € BMO 4(R") then f € BMOg(R") with || f|[smo, < 2" f[lBMmo -

Proof. For each ball B € B the goal is to find an A € A such that B C A and |A| < 2"|B|.

Then, by Property (B5),
fis-sol<zfis- sl
B A

To this end, fix a ball B of radius » > 0 and centre x. There are four cases: = = 0,

from where the result follows.

lz| =7, x| <7, |z| >
When = = 0, one can choose A = B and then the ratio |A|/|B| = 1. When |z| = r, B fits

inside a half-circle A of radius 2r centred at the origin. In this case,

141 = —%wn(%’)" =t
| B Wi ™ '
When |z| < r, B fits inside the ball A of radius |z| + 7 centred at the origin. One calculates
Al wa(lz[+ )" < wn(2r)"
B wurn T wpr?

=2".

For the case |z| > r, we present the proof in dimension n = 2. The ball B fits inside a sector
A of aperture 2 arcsin(r/|z|) of the annulus with inner radius |z| — r and outer radius |z|+r
centred at the origin. Thus,

2 arcsin(r/|x|)

Al =7 (|2 +7)* = (J2| = 7)) o

= 4|z |r arcsin(r/|x|)

and so

Al 4fz|arcsin(r/|z|)

< 2.
|B| mr -
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The next lemma shows that for radial functions on R", being in BMO 4(R™) is the same

as having radial profile in BMO(R).

Lemma 4.5.3. Let f € BMO(R) and define g(x) = f(wn|z|"). Then g € BMO 4(R™) with

lgllemo,, = [1flBmo-

Proof. Any shape A € A can be described by a radius r € (rq,72), where 0 < r; < ry < 00,
and a region S C S"'. Then, denoting by o(-) the (n — 1)-dimensional Lebesgue surface
measure, we can compute

o(8) (15— r1)olS)
o(Sn1) n '

4] = (g = 17) x

Changing to polar coordinates, we compute the average of Sf on A as follows:

n

_ " ny\,.n—1
]{lg(x) dr = —(7“3 — 909 /5 8 fwpr™)r™ = drdo
n " ny,.n—
= —(Tg — /T1 flwpr™)r Ldr.

Setting p = w,r", we have
n T2 1 Wn Ty
— flwpr™)r" L dr = — / f(p)dp,
(ry —17) /m wn(ry —17) W™
which is just the average of f on the interval (w,r},w,r}). Similarly, one can show that
Q(g, A) = Q(f, (wart, wery)), whence it follows that ||gllemo, < || fllBmo-
Conversely, for any interval I = (a,b) C [0,00), we may identify / with an annulus A of

1/n

inner radius (a/w,)"™ and outer radius (b/w,)"/", and so the previous calculations show that

Q(f,I) = Q(g,A). Hence, ||fllzmo < llgllBmo,,- O

Applying this meeting to the pair f* and Sf which satisfy Sf(x) = f*(w,|z|") yields
1Sfllemo,, = IIf*llBmo, thus providing a relationship between the behaviours of the two
rearrangements with respect to mean oscillation.

The third step is to relate cubes to balls.

Lemma 4.5.4. If f € BMOg(R") then f € BMO(R®) with || f|[zyo < wn (4)" T
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Proof. For each cube @) € Q there is a B € B such that @ C B and |B| < w, (%ﬁ)n Q).

fir sl <o () f1r - 1ol

from where the result follows. O

Hence, by Property (B5),

Now we can piece together these three lemmas, along with Corollary 4.3.10, to prove the

main theorem of the section.

Proof of Theorem 4.5.1. Let f € BMOgz(R™). Then,

n n * n LJF?’
1S fllsmo, < 2"(1S fllBmo, = 2"[1f*[lBvo < 2" x 2727 || f|lBmo

ni3 n\" ngs
<2" X272 Xuw, (%) | fllBmoO, = 2 5 Wn N /2||f||BMOs'

Therefore, Sf € BMOgz(R™). O
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Chapter 5

Appendices

The goal of this appendix is to supplement the chapters of this thesis. In some instances,
additional details or examples are given; in other instances, proofs are given of results that

are mentioned within the text.

Appendix I: BMO on shapes and sharp constants

I.1 1In this paper, there are three instances of the Hilbert space structure of an L? space
being used, which could use some further explanation. One such instance is the following, a

part of Proposition 2.3.4.

Proposition 5.1.5. For any basis .7, L>(2) € BMO?%,(Q) with

[fllenoz, < [[f[le-

Proof. Fix f € L*>*(f) and a shape S € ., and consider the Hilbert space LQ(S,%).

Denoting by (-, -) the inner product on this L? space, we see that for any constant c,

(f = fosc) = U = fsfo=elfs = Jo) =0

Denoting by || - ||z2 the norm on L?(S, I%Il)’ this orthogonality, along with the Pythagorean

inequality, implies that

1FI1Z2 = I(f = f5) + fsllze = I1f = fsllzz + 1 fsllz:
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and so
1f = fslze = If 172 — 1 fsl7

Writing out what this norm is, we have that

f = fsP = £ 1f1? = [ fs]? = £ [FI = | fs]”.
flo =t = fuoe = flsse =

Since | fs|* > 0, it follows that

2 2 2 _ .
]£|f sl S]{;'f' s]énfnm 171z

Appendix II: Boundedness for maximal functions and
BMO on shapes in the product setting

IT.1  We mention some of the basic results related to maximal functions. The notation

{f > a} and its variants will be used in what follows as shorthand for {z € R" : f(z) > a}.

Proposition 5.2.6. Let . be a basis of shapes in R™ and f € L*(S) for every S € .&.

Then, the maximal function My f is lower semicontinuous, hence measurable.

Proof. Fix a > 0 and consider the set E = {Myf > a}. If z € E, then My f(z) > « and so

there exists a shape S € .% containing x such that

finn=a

This implies that for any y € S, M f(y) > a. Since S is open, there is a ball B, C S
containing x, and so My f(y) > « for every y € B,. Therefore, B, C E. Since this is true
for every x € E, it follows that F is open. Hence, My f is lower semicontinuous and so

measurable. O

Recall that the distribution of a measurable function f on R™ is defined as ps(a) = {|f] >

a} for a > 0.
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Let 1 < p < oo. A measurable function f is said to be in the weak Lebesgue space,

L (R™), if there exists a constant C' > 0 such that pz(a) < < for all a > 0. We set

£l zr, = sup apup(@)'/?.
a>0

An operator T is said to be strong-type (p, p) if it is bounded from LP(R") to LP(R"™) and
is said to be weak-type (p,p) if it is bounded from LP(R"™) to LP (R™). From Chebyshev’s
inequality, it follows that a strong-type (p,p) operator is weak-type (p,p) with the same
bound. This is easy enough to prove by hand: Let 7' be an operator that is strong-type (p, p)
with || Tf]|,, < c||fllze for all f € LP(R™). Then, for f € LP(R™) and a > 0,

CYp/le(Oz):/ OépX{|Tf|>a}d90</ |Tf|pX{|Tf|>a}d$§/ T f|P d,
Rn Rn Rn

showing that T'f € LP (R™) with ||[T'f| 2 < || Tfll,, < cllfllze-
The following Hardy-Littlewood-Wiener theorem is the classical boundedness result in
the area of maximal functions. Its proof can be found in many texts, including [78], and is

also given here.

Theorem 5.2.7. The Hardy-Littlewood mazimal function Mg is weak-type (1,1) and strong-

type (p,p) for all 1 < p < oc.

Note that Mg is measurable for f € L] _(R"™) by the previous proposition. Also, we need
to know that LP(R") C L{ (R") for all 1 < p < oo. This is trivially true for p = 1 and holds

for 1 < p < oo by an application of Holder’s inequality: for any compact K C R",

/K’f! :/R [l < Iflleollxillze = [ETY91f o,

where 1 < g < oo is such that %%—ézl.

Since Q ~ B (see Definition 2.2.2 and the following paragraph), it follows that Mg ~ Mg
pointwise almost everywhere. Hence, Mg is strong/weak-type (p, p) if and only if Mg is. As
such, the proof is provided for Mp. In fact, the proof is actually provided for the restricted
maximal function Mp,, R > 0, where By is the basis of all balls of radius at most R. Then,

noticing that the bounds are independent of R > 0, we can send R — co.
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Proof. Fix @ > 0 and f € L*(R™). For each z € {Mp, f > a}, there exists a ball B 3 x such

that
][|f| - a
B

1
Bl< [ 1A

Consider the collection F of these balls. By assumption they all have radius at most R and

From here it follows that

they form a cover of {Mp,f > a}. By the Vitali covering lemma (see Lemma 4.3.4), there
is a countable pairwise-disjoint subcollection G for which
Mg >l <Y BBl <5 S Bl<5 Y~ [if1<2 [ |l
Beg Beg Beg B R
This shows that Mpg,, is weak-type (1,1). Note that countability of the subcollection G follows
either since R"™ is separable, hence Lindelof, or since Lebesgue measure is doubling.

To show that Mp, is strong-type (0o, 00) is very easy: for f € L®(R"),

Ma,(2) = sup ][ <l

for almost every x € R™, and so ||Mg,|lre~ < || f]|z-

To show the strong-type (p, p) result for 1 < p < oo, there are two options. On one hand,
this is exactly what comes from an application of the Marcinkiewicz interpolation theorem
since we already know that Mg, is weak-type (1, 1) and strong-type (0o, 00).

On the other hand, one can prove the result directly by, in essence, proving the special
case of the Marcinkiewicz interpolation theorem mentioned above. To that end, fix a > 0
and write f € LP(R") as f = fi + f2, where fi = fX{jfi<a/2}y and f2 = [X{f|>as2;. Clearly,
fi € L*(R™) since it is bounded above by a/2 almost everywhere. As p > 1, it follows that

) (ALY

« «

if |f(z)| > «/2, and so
[f(@)] <27 ol 7P| f ()P

almost everywhere. Thus,

[ 15l / Ixisar < 2Ll FI12, (5.1)
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showing that f, € L'(R™). Also, sublinearity of the maximal function implies that Mg, f <
Mg, f1 + Mg, fo < § + Mg, f2, and so

{Mp,f >a} C{Mp,f» > a/2}. (5.2)

This, along with Cavalieri’s principle, the weak-type (1,1) estimate applied to fs, and

Fubini’s theorem imply
My I =p [ M. f > a}] do
R” 0

<p [ @ {Mafo > a2} do
0

§2-5"p/ a?? </ |f2|) do
0 R"
=2. 5"p/ a?~? (/ IfIX{f|>a/2}> dex
0 R™
2|f ()]
=2.5"% ]f(m)\ / P2 da | dz
Rn 0

2P5"p
= 1P
p - ]_ R

]

A consequence of this theorem is that Mg f is finite almost everywhere for f € LP(R").
This should be compared with the case of f € BMO(R™), where Mg f may be identically in-
finite (for instance, if f(2) = —log|z[), even though BMO(R") C ;... Lp,.(R™). This last
statement follows from combining Lemma 2.3.3 with the fact that BMO(R™) = BMO”(R")
for all 1 < p < oo (see Corollary 2.7.7).

The fact that Mg is weak-type (1,1) does not preclude it from being strong-type (1,1).
What does preclude this is the following interesting fact: If f € L'(R") is not zero almost
everywhere, then Mg ¢ L'(R™). In other words, except for the zero element of L'(R™), the
Hardy-Littlewood maximal function maps L'(R") to outside of L!(R"). To see this, again

switching to the basis B, take r large enough so that

a = / |f| > 0.
B(0,r)

105



Then, for || > r, the ball B(x,r + |z|) contains B(0, ), and so monotonicity of the integral
gives

1 o
M (2) 2][ et / fl=—2
Bla,r+e)) |B(x, 7+ |z[)] 50, wn(r + [z])"

where w,, is the volume of the n-dimensional unit ball. The right-hand side is a non-integrable
function of x, and so Mpgf(x) cannot be integrable.

I1.2 Throughout the paper, it is used, vaguely put, that given a measurable function f
supported on a set of finite measure in R", the essential infimum of restrictions of f to
lower-dimensional cross-sections grows with the dimension of the cross-section. The simplest

manifestation of this fact is the following.

Proposition 5.2.8. Let S, 55 be measurable subsets of positive and finite measure in R and

f be a measurable real-valued function such that essinfg f > —oo, where S = 57 X Sy. Then,
. : : S s
mln{es§g ;nf fos ess, inf fy} > ess Smf f
almost everywhere, where f,(y) = f,(x) = f(x,y).

Proof. First, recall that the Lebesgue o-algebra on R? contains the family formed by the
product of two sets in the Lebesgue o-algebra on R. As such, the measurability of S; and
Sy implies the measurability of S. Moreover, the Lebesgue measure on R? coincides with the
product measure of two copies of Lebesgue measure on R, and so |S| = |S1]]Sa|.

By the definition of essential infimum, {(z,y) € S : f(z,y) < essinfg f} has measure
zero. By Fubini’s theorem (Lebesgue measure is o-finite), for almost every y € Sy, the set
{r € 51 : fy(x) < essinfg f} is measurable and has measure zero. By the definition of
essential infimum, again, this implies that for almost every y € S, essinfg, f, > essinfg f.

Hence,
{(z,y) € S: esssinffy > esssinff}| = |S1|{y € S : es%inffy > esssinff}| = |51]]S2] = |S].

Applying the previous argument in the other direction, we find that for almost every

x € Sy, essinfg, f, > essinfg f and

{(z,y) € S essinf fo > essinf f}| = [S].
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Therefore, the set
{(z,y) € S : min{essinf f,,essinf f,} > essinf f}
Sa S1 S

is the intersection of two sets of full measure and so, has full measure itself. The result follows

from this. O

Appendix III: Rearrangement inequalities on spaces de-
fined by mean oscillation

III.1 In the introduction, it is mentioned that BMO is not rearrangement invariant. A
specific example is the following. Let f be the function given by f(z) = —log(2%)x(0,1/2)
which is in BMO(0, 1). Then the function g defined by g(z) = —log(2x — 1)x(1/2,1) is just a
translate of f, thus equimeasurable with f. This function fails to be in BMO(0, 1).
III.2 Note that the definition of a function being rearrangeable is not uniform across the
literature. Some authors choose only to define the decreasing rearrangement for measurable
functions that vanish at infinity. That is, measurable functions for which ps(a) < oo for all
a> 0.

First, we show that notion is stronger than that of being rearrangeable as defined in the

text.

Proposition 5.3.9. If f be a measurable real-valued function that vanishes at infinity, then

it 18 rearrangeable.

Proof. Since pi(«) is decreasing and bounded below by zero, its limit as @ — oo exists.
Consider the sequence {a,, } where a,, = n. Then, the sets E,, = {|f| > n} satisfy E,1 C E,,
w(Ey,) = ps(n), and (), E, = 0. Since u(E,) < oo for all n by assumption, continuity of x

from above implies that

Jim pip(a) = lim pp(n) = lim p(E,) = p (ﬂ En> = pu(0) = 0.
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This shows that assuming that f vanishes at infinity is stronger than the assumption that
s vanishes at infinity. For 1 < p < oo, every function f € LP(R") vanishes at infinity. This
follow immediately from the fact that LP(R") C L2 (R"). On the other hand, every function
in L™ is rearrangeable, but does not necessarily vanish at infinity.
III.3 The preliminaries section contains some unproven assertions that are simple enough
to prove, so some are included here.

First, note that the distribution ps : [0,00) — [0,00] of a measurable function f is

decreasing since, by monotonicity of measure,
a<f=A{reM:|f(x)] > B} C{reM:|f(x)] >a} = puiB) < psla)
This implies, then, that the decreasing rearrangement is decreasing:
s1<so={a>0:pup(a) <s1} C{a>0: pp(a) < so} = f*(s1) > f*(s2).
Similarly, one shows that if |f| < |g|, then f* < g*.
Proposition 5.3.10 (Property (R1)). For all « > 0, pp(o) = my«(av).
Proof. Fix o > 0 and write £} = {s € M*: f*(s) > a}. Then,
seE e f(s)>aeinf{f>0:ur(f8) <s}>ae pupa) >s,

since jiy is decreasing and right-continuous.

Thus, B = {s € X* : jip(a) > s} = [0, j15(a)) and s0 my-(a) = |[0, j(a))| = iy(a). O

Proposition 5.3.11 (Property (R2)). For any o > 0 such that pig(o) < oo and > a,

p{r e Mo <[f(x)] < B}) =[{s € M": a0 < f*(s) < B}.

Proof. As the distribution is decreasing and right-continuous, we have that

p{z € M [f(z)| = B}) = lim ps(n).

n—p-

Defining pr(57) to be this quantity, it is finite since p is decreasing. Thus,

pfz e Mo <|[f(x)] < B}) = prla) = pg(67).
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By equimeasurability, pf(a) = my«(a). Also,

pr(B7) = lim pp(n) = lm myp(n) =my(67),

n—p" n—p~

keeping the notation consistent. Hence,
pp(a) = pr(B7) = mpe(@) =myp (B7) = {s € M™ : a0 < f*(s) < B}].
m

Proposition 5.3.12 (Property (R3)). The decreasing rearrangement is an isometry from

LP(M) to LP(M*) for all 1 < p < co. Furthermore, it is non-expansive, thus continuous.

Proof. That it is an isometry follows immediately from Cavalieri’s principle and equimeasur-

[ 1= "o ustarda = [Tpor up@yda = [ oy

To show that the decreasing rearrangement is non-expansive, first note that it suffices to

ability:

show this for f,g > 0 almost everywhere as

17" =g oy = MAT = gl loary <M1= lglllzoany < (1F = gl

by the reverse triangle inequality.
Take 0 < f,g € LP(M). As f < max(f,g) and g < max(f,g) almost everywhere, it
follows that f* < max(f,¢)" and ¢* < max(f,¢)*, and so max(f*, ¢*) < max(f,g)*. Then,

by equimeasurability,

[1r=gr = [ puaxto) =+ ol = [ 2max(r) - (74 9P
> [ pmax(rg) =+ a0 = [ =g

Proposition 5.3.13 (Property (R4)). For any measurable set A C M,
Jin< [ r
A A
where A* = (0, pu(A)).
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Proof. We consider (|f|xa)*. Since |f|xa < |f|, we have that ps,, < py and so (|f]xa)* <
fr.
If u(A) = oo, then u(M) = oo and so A* = M* = (0,00). Hence, the previous proposition

Jisi= 1= [y < [

If u(A) < oo, then pyg,, < |A| implies that (|f|xa)*(t) = 0 for all ¢ > |A|. Therefore,

with p =1 gives

(Iflxa)* < f*xa+. Using this and the previous proposition with p = 1,

Jist=[ 1= [ < [ = [

Note that the following is an improvement (by a factor of 2) of Proposition 2.4.12.

Proposition 5.3.14 (Property (O4)). For any shape S, if S is another shape such that
S C S and u(S) < cpu(S) for some constant ¢, then

Q(f, ) < eQf,S).
Proof. 1If fs < fg, then by Property (O3), or Lemma 2.5.15,
fir= sl =2fr = f9u <2efts - fere =ef1r - £l
Likewise, if fg > f5, then
Fir =t =24 s = £ < 2ef s = 1 = o If = 15
]

Proposition 5.3.15 (Property (B1)). If Qo is a cube in R™ of finite measure and f €
BMO(Qo), then f — fq, € L'(Qo) with ||f — foollzr@w < 1QolllflByo@o)-

Proof. This follows from Property (O1) and the fact that f — fp, has mean zero:

/Q f = faol = 1QolQS = foo, Qo) = [QolQ2(f, Qo) < [Qoll| fllBmo@0)-
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IIT1.4 The key to the proof of the boundedness of the decreasing rearrangement from
BMO(R") to BMO(RR.) with constant 2" is the Calderén-Zygmund lemma. This is a funda-

mental result in harmonic analysis.

Theorem 5.3.16 (Local Calderén-Zygmund lemma ([78])). Let 0 < f € LY(Qo) and o >
foo- Then there exists a countable collection of pairwise-disjoint subcubes {Q;} of Qo such

that
o <][ f <2«

for each i and f < « almost everywhere on Qo \ |J Q;.

Proof. Bisect Qg along each of its n sides and denote by )’ one of the resulting subcubes.
Then, one of two situations is possible: either fo > «, in which case it is placed into the
desired collection; or, for < «, in which case we do not. For these latter cubes, we repeat
the process. As a result, we obtain a countable collection of pairwise disjoint cubes {Q;} for
which fg, > « holds for each .

By construction, for each 7, there is a cube Q)'; D Q; satisfying fo. < . Furthermore,
(); was obtained by bisecting each side of @)';, so |@Q’;] = 2"|Q;|. Hence,

f<2"4 f<2%
Qi Q';

By Lebesgue’s differentiation theorem, for almost every x € Qg we have that

() =l ][Q /

for every sequence of cubes @ > x such that 6(Q) — 0. The construction yields for each
r € Qo \ UQ; precisely such a sequence of cubes with the further property that for each
cube, fo < a. Therefore, f(z) < o almost everywhere on @y \ |J Q:. O

In the text, it is claimed that the same process as above can be used within the context of
the basis D. With the proof written out, it becomes clear why. Whereas O has the property
that each cube can be bisected along each side to yield 2" congruent subcubes, the basis D
has the property that each rectangle can be bisected along its longest side to yield precisely
2 congruent subrectangles that are still in D.

Also, the rectangles in D have bounded eccentricity due to the relationship between the

sidelengths, guaranteeing that the Lebesgue differentiation theorem holds for these rectangles.
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Theorem 5.3.17 (Local Calderén-Zygmund lemma for D). Let 0 < f € L'(Ry), where Ry €
D, and o > fgr,. Then there exists a countable collection of pairwise disjoint subrectangles

{R;} C D of Ry such that
o) <][ f<2a
R;

for each i and f < « almost everywhere on Ry \ | R;.

II1.5 In Remark 4.4.4, it is mentioned that many familiar bases satisfy the assumptions of
the lemma. We give here a proof for B, but the same steps work for other bases, including Q
and R. Note that a key part of the proof is the Lebesgue density theorem. It is well-known
that it holds for the bases Q and B, but it also holds for R (see [44]).

Lemma 5.3.18. Let A be a measurable subset of R™ such that |A| > 0 and |A°| > 0. Then,
for all t > 0 there exists a ball B with |B| < t such that
0Bl _1_|anB
B2 Bl
Proof. Note, first, that measurability of A implies measurability of A¢ and that, for any ball
B, |[ANB|+ |A°N B| = |B|.
Fix t > 0 and % < n < 1. By the Lebesgue density theorem, there exist y € A, z € A€,
and r < t/2 such that

ANB A°NB
ANBul L A0 B
| B(y,7)] |B(z,7)|
This implies that
AN B(y,r)] AN B(z,r)]
— >y and —<1-n.
[ B(y, )] | B(z,7)]
Then, the function
|AN B(x,r)|
f@) = —%——
| B(z,r)|

is continuous and so there exists an = for which

ANB(@Fr)| 1 |A°NB(@E,r)|

B@.nl 2 |B(@,7)]
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II1.6 In the proof of Theorem 4.4.9, the following fact is used without proof.

Proposition 5.3.19. If {fi.} is a sequence of monotone functions on |a,b] converging point-

wise almost everywhere to a uniformly continuous limit f, then the convergence is uniform.

Proof. Fix ¢ > 0. By the uniform continuous of f, we may select a partition a = xy <
Ty < --- < zy = b of [a,b] such that |f(y) — f(2)| < ¢/2 for all y,z € [z;,2,41] for each
i=0,...,N—1.

We impose the additional specification that the partition points are chosen such that
{fr(x;)} converges to f(x;) for each i = 0,..., N. That is, there exist K; such that if £ > K,
then |fr(x;) — f(x;)| < €/2. Write K = max; K.

Fix = € [a, b] and select i such that = € [z, z,41]. For k > K, the previous two estimates
gives us that

J@) =& < fla) = 5 < filw) < fule) < fulwin) < flam) + 5 < f@)+e

if f; is monotone increasing, and the opposite inequality if f; is monotone decreasing.

In either case, we find that |fi(x) — f(z)| < ¢ for all £ > K and for all x € [a, ]]. O

II1.7 At the very end of the proof of Theorem 4.4.9, the concept of uniform integrability is
needed. We recall here those aspects of the theory that were used in the text. Let M be a

measurable subset of R™ with the induced Lebesgue measure.

Definition 5.3.20. We say that a family F of measurable functions on M is uniformly

integrable if for all € > 0 there exists a 0 > 0 such that if A C M is measurable and |A| < §,

i<

Note that this condition is always true if F is a singleton comprised of one integrable

then

for all f € F.

function.

Proposition 5.3.21. Let {fr} and {gx} be two uniformly integrable sequences on M. Then,
their sum {fx + g1} is also uniformly integrable on M.
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Proof. Fix ¢ > 0. By uniform integrability of {fi} there exists a d; such that

€
|A‘<61:>/’fk‘<§
A

for all k. By uniform integrability of {gx} there exists a do such that

19
\Ay<62:>/|gk]<§
A

for all k. Hence, if 6 < min(dy, ds), then

A <6:»/|fk+gk| s/rfk|+/|gk\ <e
A A A
for all k. ]

Proposition 5.3.22. If {fx} is a convergent sequence in L*(M), then {fx} is uniformly

integrable.

Proof. Fix € > 0. For each k, we have fy — f € L'(M) and so there exists a d;, > 0 for which

/A|fk—f’<€

whenever |A| < 0. Select K such that ||fx — f||z1 < & for £ > K and then set § = 1r<111<nK d;.
If |A| < 6, then if k > K it follows that o

/Am A< e fl <

and if k < K it follows that |A| < &, and so

/A\fk—f]<g.

Therefore, {fr — f} is uniformly integrable. By Proposition 5.3.21, it follows that {fx} =
{(fr — f) + f}.is uniformly integrable. O

Proposition 5.3.23. If {fx} is a uniformly integrable sequence on M and {gx} is another
sequence of integrable functions on M such that |gp| < |fx| for all k, then {gx} is also

uniformly integrable.
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Proof. Fix € > 0. Then, by uniform integrability of {fi}, there is a § > 0 such that |A| < o

Jiad= f1nl<e

for all k, showing that {gx} is uniformly integrable. O

implies

Theorem 5.3.24 (Vitali convergence theorem [74]). Let E be of finite measure. Suppose

the sequence of functions {fi} is uniformly integrable over E. If fr — f pointwise almost

everywhere on E, then f is integrable over E and

i [ 5= [ 5
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Chapter 6

List of function spaces

e [7: the Lebesgue space of p-integrable functions.
e [P : the space of locally p-integrable functions.

loc*

e WHP: the Sobolev space of L? functions with distributional first-order partial derivatives

in LP.
e JN,: the John-Nirenberg space.

e BMO_,: the space of functions of bounded mean oscillation with respect to a basis of

shapes .7.
e BMO,. »: the rectangular BMO space with respect to a basis of shapes ..

e BLO_,: the class of functions of bounded lower oscillation with respect to a basis of

shapes .7.
e BLO,,. : the rectangular BLO space with respect to a basis of shapes &’

e VMO, : the space of functions of vanishing mean oscillation with respect to a basis of

shapes ..
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