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CHARACTERIZATIONS FOR ARBITRARY BEKOLLE-BONAMI WEIGHTS

CARLOS MUDARRA AND KARL-MIKAEL PERFEKT

ABsTRACT. We precisely characterize the relationships between the reverse Holder inequality, the
Fujii-Wilson condition, the Békollé-Bonami B, condition, the Bo, condition, and the reverse Jensen
inequality, for arbitrary weights in the unit disc. This is achieved by introducing new side conditions
that turn out to be necessary and sufficient. The side conditions are simple and testable, and can
be interpreted as integral versions of the much stronger condition of bounded hyperbolic oscillation,
which has been considered earlier in the literature.

1. INTRODUCTION AND MAIN RESULTS

The Békollé-Bonami class B,(ID) was introduced in [2] [3] in order to classify the weights w in
the unit disc D such that the Bergman projection, as well as the associated maximal function [21],
is bounded on LP(D,w), 1 < p < oo. The Békollé-Bonami condition is similar in form to the
Muckenhoupt A, condition [18]; one simply replaces the basis of all balls with the much sparser
basis of all Carleson squares in the definition.

The limiting class Ao = Up>14, plays a major role in the classical weighted theory of harmonic
analysis. Accordingly, there are a large number of equivalent characterizations of A,, weights. For
example a weight w belongs to A, if and only if any of the following conditions apply: w satisfies
a reverse Holder inequality [5 4], [15], w satisfies the Fujii-Wilson condition [9, 22], w satisfies
a condition of quantitative absolute continuity [8 19], or if w satisfies reverse Jensen exponential
inequality [13]. For a detailed exposition on classical results concerning A, weights, we refer the
reader to [10, Chapter IV] and [12 Chapter 7].

In the setting of Békollé-Bonami weights, the equivalence between any two of these conditions
turns out to be false. The recent preprint [11] demonstrates this through many illustrative examples.
We refer also to the influential paper [7] where variants of the A.-condition are studied for general
bases (in particular, for the basis of Carleson squares). The primary obstacle is that pointwise
estimates of the form

w < const - Mw (1.1)

fail for maximal functions M formed from sparse bases of sets.

A natural subclass of weights w in which the equivalences between the various concepts of B
are restored, was identified relatively recently [I]. Namely, the class of weights w which are constant
in top-halves of Carleson squares, that is, weights of bounded hyperbolic oscillation in the unit disc.
Note that the pointwise estimate (I.I]) holds under this condition. Further studies of Békollé-Bonami
for this class and other subclasses of weights can be found in [4} 6, 111 [17].

The purpose of this article is to characterize the pairwise equivalences between various notions of
B in terms of necessary and sufficient side conditions. We begin by defining these key conditions,
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which for Carleson squares ) are formulated in terms of the dyadic maximal function Mg,

Mow(z) =  sup ][ w, T € Q,
Q'2z,Q'CQYQ
Q' dyadic

and the dyadic minimal function mg,
mow(z) =  inf ][ w z € Q.
Q'5z,Q'CQ S
Q' dyadic

More precise definitions of Mg and mg are given in Section [2

Definition. Let w be a weight in D.
We say that w satisfies the condition (MLP)), when there exist pg > 1 and C' > 0 so that

L@Mscém@m (ML)

for all Carleson boxes @) and all 1 < p < pg.
We say that w satisfies condition (Mduwl) if there exist constants A > 1 and b € (0,1) so that

w({re@:w)=>A-Mou(z)}) <b-w(@), (M dw)

for every Carleson square Q).
We say that w satisfies the condition (mLP]) when there exist pp > 1 and C' > 0 so that

1 1
1 e LV~ )(D)  and / <l> " < C’/ <L> . (mLP)

for all Carleson boxes () and all p > pyg.
Finally, we say that w satisfies condition if [;logw > —oc and there exists C' > 0 so that

[ 1ogtma(u) < [ 1og(Cu) (m1log)
Q Q
for all Carleson boxes Q.

Note that condition (mLP)) implies (mTog)), by a standard limiting argument. Note also that if the
maximal and minimal operators were formed with respect to a basis of sets for which the Lebesgue
differentiation theorem holds, all conditions in the definition would be trivially satisfied. In our
setting, weights of bounded hyperbolic oscillation also satisfy the conditions in an obvious manner,
since the pointwise estimates

C ' 'mouw(z) < w(z) < CMouw(z), wE Q,

hold for such weights as well. In general, such estimates are far from holding true in the basis of
Carleson squares, even for B, weights with the reverse Holder inequality, cf. Example 5.2

We are ready to state our main results. The precise definitions of the various Boo-type conditions
are given in Section 2l We only note here that we have chosen Boo (D) itself to mean the weakest
form of the quantitative absolute continuity condition, and for Bjog(ID) to denote the class of weights
which satisfy a reverse Jensen inequality with respect to the exponential.

Theorem 1.1. The following are equivalent.

(a) w satisfies the Fujii-Wilson condition (EW)) and condition (Mdwl).
(b) w belongs to Boo(D).

Theorem 1.2. The following are equivalent.

(a) w satisfies the Fujii-Wilson condition (EW]) and condition (MLP)).
(b) w satisfies a reverse Holder inequality (RHI).
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In Theorem it is actually enough to verify the inequality of (MLP) for one sufficiently small
number p (depending on the Fujii-Wilson constant), cf. Remark
Our other main theorems are as follows.

Theorem 1.3. The following are equivalent.
(a) wis a By(D) weight for some 1 < q < oc.
(b) w belongs to Boo(D) and satisfies condition (mLP).

Theorem 1.4. The following are equivalent.
(a) w is a Biog (D) weight.
(b) w belongs to Boo (D) and satisfies condition (mlog)).

Combining Theorems and [L3lwith the fact that every B, weight satisfies the Fujii-Wilson con-
dition and that the reverse Holder inequality implies the B,, property, we also obtain the following
result.

Corollary 1.5. The following are equivalent.

a) w satisfies a reverse Holder inequality and property .
. Helder i i d
(b) w € By(D) for some 1 < q < oo and w satisfies property (MLP).

The paper is organized as follows. In Section 2l we recall some elementary definitions and various
classes of weights and maximal and minimal operators that have been previously considered in
the literature. Section Bl contains various lemmata adapted to the setting of the Carleson square
basis, providing alternative arguments and slight improvements in some cases. In Section E] we
prove Theorems [LTHI'4l In Section [§] we also characterize the logarithms of Bp,-weights in terms
of bounded mean oscillation. Additionally, we provide two examples of weights that showcase the
optimality of our theorems.

Notation. As usual, for any two nonnegative quantities A and B depending on a number of
parameters, we write that A < B or B 2 A if there exists a constant C' € (0,00) such that
A < CB. Furthermore, we write A ~ B whenever there exist constants C1,Cy € (0,00) such
that C1A < B < (5A. This notation is used where the exact magnitude of the constants is not
of interest. We indicate the dependence on a variable x of the implied constant with a subscript,
AZq B,

2. PRELIMINARIES AND CLASSICAL CONDITIONS

Throughout this paper, we consider the unit disc D equipped with the two-dimensional Lebesgue
measure. If £ C D, the Lebesgue measure of E is denoted by |E|. If |E| > 0 and f is a nonnegative

m(fa;sura;bl(f funCthH, we Wlll d(EHOl(E
.; - E /

Also, in the unit circle T, we consider the normalized Lebesgue measure, so that |T| = 1 and for
every arc I C T, the measure |I| of I is simply the normalized length of I as an arc.

By a weight in D, we understand a function w € L'(D) with 0 < w(z) < oo for almost every
x € D. For a measurable set £ C D, we will frequently use the notation

w(E) = /E w(z)dz, wp = ]{3 w= ﬁ /E w(x) dz,

where in the latter definition we naturally assume that |E| > 0.

The basis of sets over which we will be modeling our conditions for weights is the collection of
Carleson squares of the disc. Namely, if I C T in an arc, which can be open, closed, or half-open,
the Carleson box Q1 associated with I is the set

Qr={z€D: z/|z| €l and 1—-|I]| <|z| <1}
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A computation shows that

Q1| < 4‘Q%I , and ‘QI\Q(I—&)I‘ < 2|Qq|, e€(0,1), I arcof T. (2.1)
The top-half T of the square Q7 is the set
To, :=Tr={2€D: z/|z|] €l and 1—|I| < |2| <1—|I|/2}.

Now, if we fix a half-open interval (or arc) I of T, we may consider the collection D(I) of all the
right-open dyadic subarcs of I, which are obtained by recursively bisecting the interval I. We also
write

D(Qr) ={Qs : J € D)}
Observe that if € @ = @y, then there exists a unique J € D(I) with x € T7.
In some of our proofs, it will be useful to consider maximal operators with respect to more
general measures. In connection with this, let us define doubling measures and doubling weights
with respect to Carleson boxes.

Definition 2.1 (Doubling measures and weights). We say that a measure p on I is doubling when
there is some C' > 0 so that

wQn) < Cu (Q;)

for all arcs I C T. Here %I denotes that arc of T with the same center as I and length |I|/2. Note
that then there is another constant C' so that

w(Qr) < Cu(Qr), (2.2)
for any arc I and I’ € D(I) with |I'| = |I|/2.
In addition, we say that a weight w in D is doubling when the corresponding weighted measure
w(z) dz is doubling on D, that is, there exists C' > 0 so that

w(Q) < Cw (Qy)
for all arcs I of T.
In this paper, we will deal precisely with the following maximal operators over Carleson boxes.

Definition 2.2 (Maximal Operators). Given a function f € L] (D), the maximal function M f of
f is the measurable function

Mf(x):= sup XQI(x)-]{? | f]s xz € D.

ICT arc

1
loc

Also, for ameasure pin D, an f € L; (D, u), and a Carleson box Q7, the dyadic u-mazimal function

with respect to Qg is the function

My, f(x) == sup Xg,(z)- ][ |f] du, z € Q.
JeD(I) Qs

When the underlying measure is the Lebesgue measure, we simply write Mg, f. Moreover, when no

confusion is possible, we will use Mg or Mg in place of Mg} or Mg, .

Now, we consider the corresponding dyadic minimal function for Carleson squares. This will
allow us to formulate some of our characterizations in a very neat manner. In the setting of cubes
in R™, the non-dyadic minimal function was introduced by D. Cruz-Uribe and C.J. Neugebauer,
establishing the corresponding weighted LP-inequalities; see [5, Theorem 3.1].

Definition 2.3 (Dyadic Minimal Operator). For arcs I, one can also define the dyadic minimal
operator:

mo, f(z) == inf X, (z)- ]é . eean

JeD(I)
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Remark 2.4. If w is a weight in D and @ is a Carleson square, then
0 < mguw(x), Mow(z) < co, forall ze€@Q.

Indeed, if z € Q = Qy,, there exists a unique I € D(Iy) so that x € T7. By the properties of the
dyadic intervals, there are only finitely many J € D(Iy) with x € @ ;. Therefore

Mow(z) = max ][ w < 00
JeD(Io),2€Q J g,

as a maximum of finitely many finite terms. Similarly, using the fact that | pw > 0forall ECD
with |E| > 0, one shows that mgw(z) > 0.

Definition 2.5 (The Fujii-Wilson property and reverse Holder inequality). A weight w on D satisfies
the Fujii-Wilson condition when
Jo, M(w - Xg,)
v = 22100
f Q¥

On the other hand, we say that w satisfies a reverse Holder inequality when there is p > 1 so that

: I arc of ']I'} < 0. (FW)

JCwap

[w]rHI, := sup ﬁ : Tarcof T » < 0. (RHI)
Qr w)

It is important to mention that in [I], the class of weights with the Fujii-Wilson property is
denoted by Bo . Our definition of Bo, and the rest of the B, classes is as follows.

Definition 2.6 (B, and Békollé-Bonami weights). Let w be a weight in D.
We say that w is a Boo(D)-weight if there are constants o, 8 € (0,1) so that for every arc I C T
and every measurable set E C 7, one has
Bl < alQ1] = w(E) < fw(Qr). (Boo)
W say that w is a B, (D)-weight, 1 < p < oo, if

wly = sup (721 ) <7[QI wﬁfo_l <o ()

We say that w is a Biog(ID)-weight if [;logw > —oo and

[W]iog == sup <][ w> exp <—][ logw> < 00, (Biog)
I arc of T Qg Qr

where we understand that exp(—oo) = 0.

Regarding the classes defined in Definition 2.6 the following information is well known.

e The condition (Bag) is analogous to the A, (R™)-condition for cubes considered by C. Fef-
ferman and B. Muckenhoupt [§].
e In the limiting case p — 1, we get the class By (D), consisting of those w with

sup <][ w> - ess sup <l> < o0.
I arc of T Qr Qr w
One therefore has, by virtue of the Jensen Inequality, that B;(D) C By(D) C Bq(D) for
I<p=<gq
e Furthermore, Jensen’s inequality for the convex function t — exp(—t) shows that B,(D) C
Biog(D) for all 1 < p < oo.
Less elementary, but still well known, is the inclusion Bjyg (D) C Boo(ID).

Lemma 2.7. If w € Biog(D) for 1 <p < oo, then w € Boo(D) as well.
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Proof. A very direct proof of this result is in [I3, Theorem 1] in the setting of cubes in R™, but its
proof is valid for general measure spaces and bases. For a different proof, proving other interesting
conditions on the way, see |7, Theorem 4.1]. O

We will make use of the following equivalent form of Buo.

Lemma 2.8. A weight w € Boo(D) if and only if there are constants o, B € (0,1) such that

w <{x €Q : w(x) > éwQ}> < fw(Q),
for all Carleson boxes Q.

Proof. This is well known and a proof can be found, for instance, in |7, Theorem 3.1| for general
measure spaces and bases. O

Concerning the connection between B, weights and the reverse Holder inequality (RHI), perhaps
the only easy implication is given by the following lemma, based on a direct application of the
classical Holder inequality. We have chosen to include it for the sake of completeness.

Lemma 2.9. If w satisfies a reverse Holder inequality, then w € By (D).

Proof. Let p > 1 the exponent for which w satisfies the (RHI). Also, let I C T be an arc, and
E C Qg a measurable set. Applying first the classical Holder inequality and then (RHI), we get

=, ees () (1) <ol (£,2) () ™

which, after simplifying leads to

w(E) e (BN
w(QnS”RHIp(\er) |

It is then immediately seen that w satisfies the (By) condition. O

3. PREPARATORY LEMMAS

3.1. Calder6on-Zygmund decompositions. We will make frequent use of Calderon-Zygmund
decompositions for the dyadic maximal function with respect to Carleson squares. In this setting,
the Calderon-Zygmund squares {Q;‘} of a function f > 0 over a cube ) provide an exact partition
of the set @ N {Mgf > A}. Unlike the classical setting, we cannot necessarily relate this set to the
distributional set @ N {f > A}, due to the falsity of estimates of the type f < Mf.

We begin with an elementary observation.

Lemma 3.1. Let Iy C T, and F C D(ly) a subcollection. Let F* be the collection of mazimal arcs
of F : those I € F that are not strictly contained in any larger I' € F. Then
o Fvery I € F is contained in a unique I* € F*. And so, every Qp, I € F, is contained in a
unique Qp«, I* € F*.

® Urer I =Uper- I" and Urer Qr = Upecp- Q1+
o The intervals of F* are mutually disjoint. Thus, {Qr+}+cr+ are mutually disjoint.

Proof. Tt follows from the fact that if I,I'" € D(ly), then INT" € {@,I,I'}, and that any chain
I; C I C --- has Iy as an upper bound, thus stopping after finitely many steps. O

The previous lemma enables us to obtain the Calderén-Zygmund decomposition of a function,
with almost all the properties that one has in the setting of cubes in R”. We include the well known
proof for completeness.
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Lemma 3.2. Let p be a doubling measure in I, let f : D — [0,00] be a nonnegative L' (D, )
function, let I C T be an arc, denote Q = Q, and assume fod,u < X > 0. Then, there is a

countable collection of arcs {I;}; C D(I) such that
e {I;}; are pairwise disjoint.
o For every j,
r<f o fap< o
Qr;
o Any J € D(I) that properly contains some I satisfies JCQJ fdu <A
o {r e : M’éf(x) > A} =U; Qr;. Consequently,

Qo> < |

FEC@ - Ap(QO{MEF >} (3)
QN{MG f>A}

In the case where p is the Lebesque measure on D, one can take C(u) = 4.

Proof. Define F := {J € D(I) : fQJ fdu > A}, and assume that F # @, as otherwise the claim

holds vacuously. Consider the maximal arcs F* of F as in Lemma B} and set {I;}; := F*. The

first property and the first inequality of the second follow immediately. For the upper bound for

sz} fdp, note that I; is strictly contained in I (by the assumption JCQ fdu < X), and so there
J

is a dyadic parent J € D(I) of I;, which satisfies u(Qs) < C(p)u(Qr;) by the doubling property
([2.2). Note that 2.I)) gives u(Q) < 4u(Q1,;) when p is the Lebesgue measure. Moreover, by the
maximality of I;, we must have JCQJ fdu < A, and so

1 w(Qr)
7ggfd“§/AQ@> o = iy <O

The third claim is a consequence of the maximality of the I;’s. For the last property, note that if
M’éf(x) > A with € @y, then there is J € D(I) so that Q; contains x and JCQJ fdp > A Thus
Qs € F, and so it is contained in some Qp; with I; € F*, whence = € Qp;. The reverse inclusion is
a consequence of the second claim. O

3.2. The maximal and minimal operators for doubling weights.

Lemma 3.3. Let w be a weight in D, and Qo := @, a Carleson square. Then

M(w - Xg,)(z) = sup Xp,(x) - ][ w, z € Qo.
ICI() QI
Furthermore, if w is doubling in D, then
M(w - Xg,)(z) = Mg, w(z), x € Qo.

and also

mg,w(x) ~ Iiélfo X, (z) - ][Q w, =€ Qo, (3.2)
I

with implied constants depending only on w.

Proof. Let x € Qo and @ = @ be a Carleson box associated with I C T and =z € Q. In the case

where |I| > |Iy|, we simply estimate
fw o)<t w
Q Qo
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Now, if || < |Ip], since x € QrNQy,, it is clear, by shifting I inside Iy, that there exists an interval
I' C Iy containing I N Iy with |I'| = |I|. Therefore Qp C Qo, * € Qo N Qr C Qr, and

1 1 1
— w- X, < —— w- Xo, = —— w.
Qi Jo, T 1@l Jo, T T 1@ Jg,

This proves the first equality.
Assume now that w is doubling. Let x € Qq, and I C Iy an arc with x € Q; C Qq. Let k € NU{0}
so that

27k 1| < |1 < 27F|Iy).

Denote D;(1y) :={J € D(Ip) : |J| =277|Iy|} for every j € NU{0}. Note that I intersects at most
2 intervals of the family Dy (Ip), as otherwise I would intersect at least 3 intervals of Dy(1p), thus
containing some I’ € Dy, (Io) with |I| > |I'| = 27%|Iy|, a contradiction. Let Iy, Iy € Dy(Iy) those for
which I NI, I, NI # &. Since Dy(Iy) defines a partition of Iy, we have that I C I1 U 5. Also, note
that

1 .
Snl<il<inl j=12
This implies that Qr C Qr, U Qr, and, according to (1),

1 .
JQul <l <lQnl =12

Assume that @, is the box containing x. If J := I; U Iy (not necessarily a dyadic sub-interval of
Iy), one has that 2|I;| = |J|, and by the doubling property of w:

w(Qr) < w(Qy) Sw w(Qr)-

Therefore, we have the estimate

1 1
— w Sy —— w < Mg,w(x).
‘QI’ Q[ b ‘Qll‘ QIl 0
But also, since |I| > |I1|/2,]I2]/2 we have that |I| > |J|/4. Since I C J, the doubling condition of
w tells us that w(Qr) 2w w(Q) and therefore

L L > > 1 > () O
— W — W 2w T w > — w > mg,w(x).
Qi1 Jo, 1@nl o, ™~ 1QnlJo, T 1QnlJa,, @0
Remark 3.4. If w is a doubling weight, then Lemma [3.3] shows that conditions (MLP) and (Mduwl)
can be formulated with M(w - Xp) in place of the dyadic maximal function Mg w.

Similarly, for doubling weights w, the conditions (mL”]) and (mlog]) can be reformulated with the
minimal function defined in the right-hand side of (3.2) instead of mgw.

3.3. The Fujii-Wilson property and the class B, (D). Here we establish two important lemmas
concerning (Bog]) weights and the Fujii-Wilson (EW]) property.

The implication (Bo) = (EW)) was proven in [7, Theorem 6.1] for the Carleson square basis
in the half-plane. There, the authors used an argument based on a discretized version of the usual
maximal function. Here we offer an alternative proof based on Calderén-Zygmund decompositions
at arbitrarily large scales, making use of the fact that for doubling weights w one can replace
M(w - Xg) with Mgw; see Lemma [3.3]

Lemma 3.5. Let w be a weight in D with the (Bod) condition. Then w is doubling and satisfies the
Fujii-Wilson property (EW)).

Proof. Let o, 8 € (0,1) be as in the (By)-condition.
We will first verify that w is a doubling weight. For each arc I C T, and € € (0,1) consider the
box E. = Q1 \ Qu—z)r; where (1 — )l has same center as I and length (1 —¢)[/|. By (1], we
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get that |E.| < 2¢|Qr|. Thus we can take ¢ = e(a) > 0 small enough so that |E.| < «|Q|, and
therefore w(E:) < fw(Qr). In other words,

w(Qu—e)r) = (1 = B)w(Qr).
[terating this inequality, we get that

w(Qsr) = (1= BN u(Q)),

for a natural number N(«) depending only on «.

We now show the Fujii-Wilson property for w. Fix a Carleson box @, and let A > 1 be large
enough so that 4/X < a. Then, for each k € NU {0}, let {Q7.}; be the dyadic Calderén-Zygmund
subcubes of @) of level wg - ¥ from Lemma We define the sets

Fl=Qp\ UQLH, E] = Q] \ F. (3.3)

Observe that if [, j are indices so that QJ N Qk 41 # 9, then, by the properties of the dyadic cubes,
we have either fo C Qk+1 or Qk+1 C Qk. But since

][ w > wAF T > wo AP,
Qkt1
the first situation is impossible, by the maximality of Qj as a cube of level wQ)\k Therefore,

l 1 C Qk This observation will be taken into account to estimate the Lebesgue measure of EJ ,

in comblnatlon with the properties of the Calderén-Zygmund cubes (see Lemma [3.2)):

BI=1Q\Fl= >  1@nQul< > 1Qkul
{1:QnQ} , ,#2} {1:QnQL ,#2}

w(Qiﬂ) w(Qi) dwg - N¥ o4 i
= Z wq - Ak+1 S we - Net1 S we - )\k—i-l’Qk’ = X’Qk‘ < a’Qk’-
{1:QnQL ,#2}
By the (Bo) condition, we get that w(Ei) < ﬂw(Qi), from which
w(FY) > (1 - B)w(Q}), forall k,j. (3.4)

It is clear that @ N {Mgw > wq} can be written as the disjoint union the sets {Fg}k], by (B3] and
the trivial fact that Mgw is always larger than wq. Using ([8.4]), we have

MQw—ZZ/ MQw<ZZwQ)\k|F] Zzlk\ @)

Q3

1 N 1
Sm;;w(ﬂg)—mw(@)—ﬂ/@w

/QVO{MQU)>U)Q}

whence

1 2 —
/MQw:/ MQw—l—/ MQw§|Q|wQ+—/w:—6/w
Q QN{Mgow=wg} QN{Mg>wq} 1- 5 Q 1- 5 Q

Now, since we have already proved that w is doubling, Lemma [3.3] can be combined with the above
to conclude that

/Q M(w - Xg) < C(w) /Q Mouw < C(w, §) /Q w

thus obtaining the Fujii-Wilson inequality.
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O

The proof of the following lemma is a slight modification of [I5, Lemma 2.2|, adapted to the
basis of Carleson squares. In the proof we also prioritize obtaining a better power p, at the cost of
a worse multiplicative constant, cf. Remark

Lemma 3.6. Assume that w satisfies the Fugii-Wilson condition (EWI), and denote L = [w]pw.
Then, for every

one has
L p
Mow)? < ————
][Q( Q’lU) — 1—4L/p’ <][Qw> ’
for every Carleson square Q. Here p' is the dual indezx to p.

Proof. Fix a Carleson square ) = @y, and for each A > JCQ w, consider the Calder6on-Zygmund
intervals {I;‘ }; at level X of w as in Lemmal[3.2] denote the corresponding boxes by {Q;‘ i, Q;‘ =Qp,
J

and also denote Q) := Q N {Mgw > A}. Then, using the estimate (EW]) for @, we have the bound
Mow(2)) < Lw(Q), which allows us to write

/(MQw)p dr = /Oo(P— DAP2 (Mqw)(2y) dX
Q 0

wQ o
= /0 (p = DAP2 (Mqu)(Q) dA +/ (p = DA (Mqu)(2y) dA

< Lo 'w@+ [ -1 (X [ (Mgu)(w)ds | ax
wq j y

Given = € Q;‘, if v € Q = Qg for some J € D(I), then either Q' C Q;‘ or fQ,w < )\ as a
consequence of the maximality of the Calderén-Zygmund cubes; see Lemma Therefore the
supremum defining Mow(x) satisfies

Mow(z) = sup  AXg,(z) ]l w= sup Xg,(x) ]l w= MQ?w(m), x € Q;‘.
JeD(I),JCI} Qg JeD(I}) Qg

This observation says that the last integral coincides with

/ -2 [ / (Mgpw) () dz | dA.
wQ j Q;‘ !
By (EW)) and the properties from Lemma and, in particular, ([B.1]), this term is smaller than

L/Q (p— 1)AP-2 ZJ: /Q? wz)dz | d) = L/ (p— NVP2w (Q N {Mow > A}) dA

w wQ

< 4L/ (p — DXNHQ N {Mgw > A} dA
wQ

<L /Ooo(p — DA Q N Mow > A dA < % /Q(MQw)P.

Inserting this back into the inequality, averaging the integrals over (), and using the upper bound
for p from the assumption, we deduce the desired inequality. O
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4. OPTIMAL CHARACTERIZATIONS: PROOFS OF THE MAIN RESULTS

In this section, we prove our main results in the following order: Theorem [[LT] Theorem [I.2], and
then jointly Theorems [[.3] and L4l

4.1. Characterizing (B in terms of (EW)). In this subsection, we prove Theorem [Tl Let us
begin with some observations concerning the condition (Mduwl).

Remark 4.1. Let w be a weight in D.
(1) Condition (Mduwl) for w is equivalent to saying that there are A > 1 and b € (0,1) so that

w{z e w) <A -Mouw(z)}) = (1-0) w(Q)

for all Carleson boxes ). In other words, in terms of the weighted w-measure, the set of
points @ where w is dominated by the dyadic maximal function contains a uniform portion

of Q).
(2) A natural stronger version of (Mduwl) is as follows:

For any b€ (0,1) thereis A>1 st. w({z €Q : w(x) > A -Mow(x)}) <b-w(Q), (Mdw')

for every Carleson box @. We will show in Corollary B.4] that this opens up for a character-
ization of absolute continuity in a stronger sense than that of (By).

(3) If w is a doubling weight, then (Mduwl) and (MdwT) can be rewritten with the maximal
function M(w - Xp) in place of the dyadic maximal function Mgw, due to Lemma [3.3]

Lemma 4.2. If w € Boo(D), then w satisfies condition (Mduwl).

Proof. By Lemma 2.8 condition (BoJ]) implies the existence of constants a, 8 € (0,1) with
w
w(foeQ: we) > =2}) < fu(Q)

for all Carleson boxes (). The trivial pointwise estimate wg < Mow(z), z € Q, thus yields

w(fee Qs v 2 IMou)}) < u (o€ @+ wi) = 223) < pu(Q)

which is (Mduwl) for A =1/ and b= §. O
Lemma 4.3. If w satisfies (EW) and (Mduwl), then w € Boo(D).

Proof. Let A > 1 and b € (0,1) be as in (Mdul), and denote by L = [w]pw the Fujii-Wilson (EW])
constant of w. Let A* > 1 be a large parameter whose value will be specified at the end of the proof,
depending on A,b, and L.

Using (Mdul) we can estimate

w{re@ w(x) > A" wg})
<w{zre@ :wx)>A Mow(a)}) +w({re@ : A" -wg <w(z) < A-Mgw(z)})
<b-w@+w{re : A" wg <w(z) <A -Mouw(x)}). (4.1)
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We now focus on estimating the second term of (41]). We first apply the Holder inequality for some
1<p<4L/(4L — 1), and then Lemma [3.0] precisely for that p:

w{re@ : A" wg <w(z) < A-Mouw(x)})

:/ w(w)dxﬁ/ A-Mow(z)dz
QN{A* wg<w<A-Mqw} QN{A* wog<w<A-Mqw}

<

/ A-Mow(z)dz
QN{Mqu=>(A*/A)wq}

<A < /Q (MQw)p> l/p QN {Mqw > (A*/A) - wo}| "

L 1/p 1 " o
SA(W) Q7 w(@) QN {Mow > (A7/A) -wg}"". (42)

Using first Markov’s Inequality and then the Fujii-Wilson (EW]) condition, one has

Q0 Mg > (4°/4) woll € 7 [ Maw < L owi@) = Al

A* - wg — A*-wg
Plugging this estimate into ([£2]), we deduce
w{r e : A" -wg <w(x) < A-Mguw(x)})

. 1/p
AL\Q!) _CALD) ), 43

<4 <ﬁ)w QI w(Q) < e (AW

for a constant C(A, L,p) > 0 depending only on A, L, and p. Now, we choose A* large enough so
that

C(A, L,p) < 1-b

(AP = 2
From (4.1 and (4.3) we conclude that
. 1-b 1+0b
w(fr€Q : u(r) > A wg}) < bw(Q) + 5 2w(Q) = 1ilu(@)
where (14 0)/2 < 1. By Lemma [2Z.8 this shows that w € By (D). O
Proof of Theorem [I1l It follows by combining Lemmas B.5] €2 and A3l O

With an almost identical proof, one can obtain the following equivalence.

Corollary 4.4. For a weight w in D, the following statements are equivalent.

(a) w satisfies (FW) and (MdwT]).
(b) For every B € (0,1) there exists a € (0,1) so that if Q is a Carleson boxr and E C Q is
measurable with |E| < a|Q|, then w(E) < fw(Q).

Proof. 1f (a) holds, it is clear from the proof of Lemma [£3] that w satisfies the following property:

for any 8 € (0,1) thereis a € (0,1) with w ({:17 €Q : wx) > éwQ}> < pw(Q) (4.4)

for all Carleson boxes (). This is known to be equivalent to (b) for arbitrary weights and general
bases.
The other direction follows the proofs of Lemmas and 3] almost verbatim. O
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4.2. Characterizing the Reverse Holder Inequality in terms of (FW).
Lemma 4.5. Let w be a weight in D satisfying (RHI) with exponent py > 1, that is,

fomse ()

for a constant C > 1 and all Carleson squares Q. Then, for every 1 < p < pg and Q, we have that

AWSCLNW%

with the same constant C' as above. That is, condition (MLP) holds.

Proof. Let 1 < p < pg. Note that the estimate Mow(x) > JCQ w for all z € Q) gives

(o) "= (o))~

Applying first Jensen’s Inequality and then (RHI), we get

1/p 1/po 1/p
() "< ()" s fwsom (f o)
Q Q Q Q

which yields the desired inequality. O

Proof of Theorem [L2 Assume first that (a) holds. If pg > 1is as in (MLP), take 1 < p < po smaller
than 4L/(4L — 1), where L = [w|pw. Applying condition (MZP) for p and Lemma B.6] we get

(f) "= (fanr) "< (i) "y

This is the p-reverse Holder inequality, which can be rewritten as

P P L ?
wﬁC’i(][w).
Jé; 1 —-41;/p/ Q

Conversely, if (b) holds, then Lemmas 2.9 B3] and E.H give (a). O

Remark 4.6. In the previous proof, we really only needed the inequality (MZLP)) for a single exponent
p satisfying
4[w]pw

I<p<< ——mm—.
P Yolew — 1

4.3. Characterizing B, and B),, weights in terms of B.

Lemma 4.7. If w € B, (D), with 1 < pg < 00, then

/Q@ﬁ <wi” | %w)—

for all Carleson boxes Q and all p > pg. In other words, w satisfies condition ([mLP]) with constants
1

po—1

po and C = [w]py

Proof. The B, condition for w is precisely

(£ ()"t
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for all Carleson boxes @), and by Jensen’s inequality we get, for all p > pg, that

(£ (o)<

Now, by the pointwise estimate JCQ w > mouw(z)Xg(x), we get

= 1
<][ w> < (mqw) -7 - Xg.
Q
1

<][Qw> < ][Q(me)ﬁ,
][Qw > (é(me)ﬁy_p,

for all boxes . This estimate and (5]) lead us to

(][wap)p_l < [w]p, (jé(m@w)fp)p_l < B> (Jg(me)&)p_l’

after using that [w],, > 1. This is the desired estimate. O
Lemma 4.8. If w € Biog(D), then

o3 < oo

for all Carleson boxes Q. Consequently, holds.

Integrating over () we obtain

and thus

Proof. By the pointwise estimate fQ w > mouw(x) for all x € Q, we get

log <][ w> > log (mgw(x)), z€@Q.
Q
Integrating over ) we derive that
log <][ w> 2][ log (mgw) ,
Q Q

]{Qw > exp <]€2 log (me)>

for all boxes ). This estimate and the definition of the condition gives us that

exp <][Q log (me)> < ][Qw < [w]iog exP <][Q logw>.

Taking logarithms and rearranging, we get the desired inequality. O

and thus

Our next goal is to show that conditions (mLF)) (resp. (mlog))) are sufficient for a B, weight to
satisfy a (B)) (resp. (Biog)) property.

Lemma 4.9. Let w € Boo(D), with parameters o and . Then there is a constant C' = C(w) such
that
C(w)A

1-p

QN {1l/mgouw > A}| < w(@N{l/w > \a}), (4.6)

for all Carleson bozes Q and X\ > 1/wg.
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Proof. For all Carleson square @ denote E = Q N{w > wg/a}. By Markov’s inequality, we have
that |F| < a|Q| and so

w(Q N {w > wo/a}) < Au(Q). (@7)
Now let du := wdz, which is a doubling measure by Lemma So, for each box @ and A >
JCQ w™tdu = 1/wg, let {Q;}; be the Calderén-Zygmund cubes at height A for the function w™?
with p as the underlying measure, c¢f. Lemma We then have that

1
A< — < C(w)A, forall j. (4.8)
wQ,

Combining (A7) and (A8, we get
w(@y) = w (@5 N {w > wg, fa}) +w (Q; N {w < wq, /a}) < Fw(@y) +w (@ N {w < 1/(a)}),
and thus
w(@,) < 775w (@ N {w < 1/0a)).

This estimate, along with (48] and the properties of the Calderén-Zygmund boxes lead us to

QN M) > N = |JQs| < Cwn Y wi@y)

C(w)A
< T v @0 w < 1/0a))
< R QN fw < 1/0a)).
This is the desired inequality, since for all x € Q = @1, one has
Jo,wtdu Q|
MY (w1 (z) = sup S B sup —
@ Q,5z,dep(ry Q) Q,5z, Jenr) W(Q.)
1 1

= = . |:|
inf  2Q)  mou(r)
Q 3z, JeD(1) Q7]

Lemma 4.10. Let w € Boo(D). Then, the following hold.
(i) If w satisfies [mLP), then w € B4(D) for some 1 < ¢ < 0.
(ii) If w satisfies (mlog)), then w belongs to Biog (D).
Proof. We begin with part (i), for which we assume (mZLP)), and let pg be as in that condition.

Letting g := 1/(pp — 1) and 0 < & < gg, condition ([mZLP]) and Lemma yield, for an arbitrary
Carleson square @), and a constant C' > 0,

/ w™e < 0/ (mouw) ™ = o/oo eXHQ N {1/mow > A} dA
Q Q 0

1/wgq ()
< 0/ eXHQldN + C eXTHQ N {1/mow > \}| dA
0 1/wQ

Q) e
<CLoy +0/0 Xw (QN {1/w > Aa}) dA

_ A 19| Ce .
_C(wQ)E+(1+€)0<1+€/C2w ’
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Dividing by |Q|, we deduce that

Ce
—& < C —& _8.
f@ W Olug) ]{gw

Now, condition (mZLP) implies that w==° € LY(D), and so, by Holder’s Inequality, also w== € L}(D).
For sufficiently small ¢ > 0 we thus conclude that

() for =
w w < .
Q Q L= Gxare

This shows that w € By(D) for g =1+ 1/e.
For part (i7), assume that w satisfies (mlog). If fQ logw = 400, trivially holds. We may
therefore assume fQ logw € R. Using condition (mTog)), we find a constant ¢ > 0 such that, for all

boxes @,

— [ 310N (/moutz) 2 t/ugldt = [~ 11QN (1/mou > e}l at.

1/wq
By Lemma [£.9] the last term is not greater than

m/l/wa(Qﬂ{l/w>at}) dt < m/o w(QN{l/w > at}) dt

O [ o e g CW [ Clw
e ), r@n ) (1—5>a/de 1B

Here o and 8 are the (BoJ)-constants of w. Dividing by |Q|, there is thus a constant C' = C’(w)

such that
][ log (ﬂ) <,
Q w

which yields that w € Biog (D). O

Combining the lemmatas in this section, we have now proven Theorems [[.3] and [[L4l Similarly
to Remark [4.6], the proof of Theorem [[.3] shows that it is sufficient to check the inequality (mZP])
for one sufficiently large p, depending on the parameters of the (By)-condition and the doubling
constant of w. We choose not to make this explicit.

5. FURTHER RESULTS AND EXAMPLES

5.1. Bp-weights and bounded mean oscillation. In the classical setting, one obtains the func-
tions of bounded mean oscillation by taking logarithms of Muckenhoupt weights. This is a conse-
quence of the celebrated John—Nirenberg inequality [16]. The connection between Békollé-Bonami
weights and BMO(D) was explored in [17], with bounded hyperbolic oscillation as a key side con-
dition.

In general it is natural to consider the larger class of functions f € BMO¢(D) for which

Iflmvoc = s 1 = fo,l <.
I arc of T I

where the supremum is taken only over the basis Carleson squares. Similarly, we say that f € L!(D)

satisfies the John—Nirenberg inequality with respect to Carleson squares when there are constants

C and b > 0 such that

{z €@ : |f(z) = fol > t}] < Cexp(-bt)|Q) (JN)
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for all ¢ > 0 and all Carleson squares Q.
We outline the proof of the following characterization of logarithms of Bj-weights. Note that a
side condition is necessary, since f(z) = —ﬁ, z € D, is an example of a function f € BMO¢ (D)

such that e/ € L}(D) for every & > 0, but e/ is never a Bp,(D)-weight for any 1 < p < co.

Theorem 5.1. Let 1 < p < oo and f € L'(D). Then the following statements are equivalent.
(a) There exists € > 0 such that that e/ € B,(D).
(b) f satisfies the John-Nirenberg inequality (JN).
(¢) f € BMO¢(D) and there are constants C, A,a > 0 such that
{z €Q : 1£(x) — fal - AMg(f — fo)(@) > 1}] < Cexp(~at)[Q| (Mexp)

for every t > 0 and Carleson square Q.

Proof sketch. By scaling, it is sufficient to consider p = 2. It is clear that (b) implies (c). That (a)
and (b) are equivalent has an identical proof to the corresponding result for the basis of cubes in
R™ cf. [10, Corollary 2.18].

It remains to show that (c) implies (b). The key is that f € BMO¢(D) implies the existence of
constants K, k > 0 so that

{z € Q : Mq(f — fo)(x) > t}] < K[Q|exp (—kt/||flBmo) (5.1)

for every t > 0 and @. This can be proved by imitating the arguments of [20, pp. 64-66], taking
Lemma into account and replacing the sets @ N {|f — fo| > t} with Q@ N {Mqg(f — fog) > t}
at the appropriate points. Clearly, (5.I)) in conjunction with allows us to derive (IN)) for
sufficiently small b > 0. d

5.2. Examples. We finish the paper with two examples of weights demonstrating the optimality
of our results. First we give an example of a weight which is not dominated by any of its maximal
functions. In particular, it falls outside of the frameworks considered in [I] 4] [6] [17].

Example 5.2. We shall consider a radial weight w(z) = v(1 — |z|), z € D, where
a7k, 2Rl < <271 4 27R
o(r) =< k+1, 2711427 < <27F(1 — 27572, k=0,1,2,...,
xk, 27k —27k2) < < 27F
for a given number 1 < < 2. Then the following hold:

(1) w satisfies a reverse Holder inequality;
(2) w satisfies (MLP) and w € By(D) for some 1 < ¢ < o0;
(3) w- Xy £ Mow and mouw £ w - Xy, with constants independent of the Carleson box Q.

To see this, note that for any ¢ € R and Carleson square ) with
271 < dist(Q,0) < 27",
we have that
nd, % <z?1<2
2 = %,
2 < x? < 4,
Lyn, 2 <2t <,

00, otherwise.

g

00 1
][ w =~ 2" Z 27K (kT - 27k (z79k 4 29%)) = { (
Q k=n (

l\3|”_l

Therefore w € RHI, if and only if 1 <p < iggi, and w € By(D) if and only if 1+ }zgg <qg<oo. In

view of Theorems [[.2] and [[3] w must then satisfy (mZP) and (MLP) (and thus (mlog)). This can
also be verified directly.
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Next we give an example of a very poorly behaved weight with the Fujii-Wilson condition, demon-
strating that side conditions are a must. Furthermore, the example shows that one cannot replace
the maximal function Mgw with the general maximal function Mw in condition (MZLP).

Example 5.3. We again consider a radial weight w: D — [0, 00),

v(r)
. r>1/2,
w(rew) =
20(1/2), r <1/2,
where
1
2¢ (1-x)2

The following hold.

(1) w e L*®(D), so that, in particular w is a weight in D.

(2) w satisfies the Fujii-Wilson condition.

(3) w(z) < Mw(x) for all x € D, but w - Xg £ Mgw, with a constant independent of Q.

(4) w is not doubling. In particular, w does not satisfy the (Bg) property, and thus no reverse
Holder inequality holds for w. Moreover, in accordance with Theorem [LI] w cannot satisfy

vem)

Observe that the function

e_(171x)2
is decreasing. Therefore, for |z| > 1/2,
"y e o
Mw(z) =  sup @ — squp — =24

1/2<a<|z|<1 1 =@ 1j2<a<|zj<1 1—a

Since w is bounded, we conclude that w(z) < Mw(z), z € D.
Suppose now that @ is a Carleson square with dist(Q,0) = b > 1/2. Then, for z € @, using again
that the function in (5.2)) is decreasing, we see that

1

1 _
v - X e (1—max(a,b))?
M(w - Xg)(z) =  sup M = sup ———
1/2<a<|zl<1 1 —a 1/2<a<|z|<1 l—a
1 1
e (=97 1 —max(a,b) e (-7
< sup < .
1/2<a<z<1 1-0 I—a 1-0

This shows that w - Xg £ M(w - Xg), as otherwise there would exist a constant C' > 0 such that
1 1
2e (1-=)? e (1-0)2
<C
(=] = 1=b 7

which would imply that (1 —b)? > 1/(2C) for all b € [1/2,1). In particular, w - Xy £ Mguw.
The same computation shows that w satisfies the Fujii-Wilson condition, since

|z| € (b,1), be[1/2,1),

1
e (1-b)2

M(w - Xo)(z) £ S ~ ]le, 2 Q, dist(Q,0) =b>1/2.

/QM<w-XQ>s/Qw

and consequently
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Finally, to check that w is not a doubling weight, note that for b € (1/2,1) we have

S S
w(Q) e (-2 e -7  _3_

T — -
w(3Q) w2 e b2

2
I
|

o
L

which diverges as b — 17.
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