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SHARP NORM INEQUALITIES FOR COMMUTATORS
OF CLASSICAL OPERATORS

DaviD CrUZ-URIBE, SFO AND KABE MOEN

Abstract: We prove several sharp weighted norm inequalities for commutators of
classical operators in harmonic analysis. We find sufficient Ap-bump conditions on
pairs of weights (u,v) such that [b,T], b € BMO and T a singular integral operator
(such as the Hilbert or Riesz transforms), maps LP(v) into LP(u). Because of the
added degree of singularity, the commutators require a “double log bump” as opposed
to that of singular integrals, which only require single log bumps. For the fractional
integral operator I, we find the sharp one-weight bound on [b, o], b € BMO, in
terms of the A, 4 constant of the weight. We also prove sharp two-weight bounds
for [b, Io] analogous to those of singular integrals. We prove two-weight weak type
inequalities for [b,T] and [b, I] for pairs of factored weights. Finally we construct
several examples showing our bounds are sharp.
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1. Introduction

Given a linear operator 7" defined on the set of measurable functions
and a function b, we define the commutator [b,T] to be the operator

[b,T]f(z) = b(x)T'f(x) — T(bf) ().
Commutators of singular integral operators were introduced by Coifman,
Rochberg, and Weiss [11], who used them to extend the classical factor-
ization theory of HP spaces. They proved that if b € BMO, then [b, T is
bounded on LP(R™), 1 < p < oo. Janson [27] later showed the converse:
if [b,T] is bounded, then b € BMO.
Given 0 < a < n, define the fractional integral operator I, by
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The commutator [b, I,] was first considered by Chanillo [7], who showed
that if b € BMO, [b,1,] maps LP(R™) into LY(R™), where 1/p —1/q =
a/n; a dyadic version of this result and further applications were given
by Lacey [29].

While commutators share the same LP bounds as the underlying oper-
ators (e.g., singular integrals are bounded on L? and fractional integrals
map LP into L?), they are, nevertheless, more singular. This fact was first
observed by considering their behavior at the endpoint. For instance, a
singular integral operator T is bounded from L!(R") to LY*°(R"), but
[b,T), b € BMO, is not. Instead, it satisfies a weaker modular inequality,

o € R [B.T)f )] > A} < Clbllawo [ @ (fgy)') dy,

Rn

where ®(t) = tlog(e + t). See [39]. A similar result holds for fractional
integrals; see [13].

The greater degree of singularity of commutators is also reflected in
the differences between the sharp weighted norm inequalities for a com-
mutator and the underlying operator. This was first shown in a recent
paper by Chung, Pereyra, and Pérez [10]. (See also [8], [9].) To state
their result, recall that for 1 < p < co we say that w is an A, weight
(or, more simply, w € A4,) if

s, = sup <]é w(e)dr) <Jé w(@) dx) <,

where the supremum is taken over all cubes ) with sides parallel to the
coordinate axes. If T is a singular integral operator, then

max 1,%
||T||Lp(w)ﬁLP(w) < C[w Ap ( >7

and this estimate is sharp in that max(1,p’/p) cannot be replaced by
any smaller power. (This result has a long history and has only recently
been proved in full generality. See [17], [18], [24], [26] for details and
further references.) However, Chung, Pereyra, and Pérez showed that if
b € BMO, then

2 max(l,%)
16 T Lo ()= Lp (w) < cw] 4 :

P

and this exponent is again sharp.
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In this paper we continue the study of weighted norm inequalities for
commutators. We prove two-weight, strong type norm inequalities for
commutators of singular integrals and one and two-weight strong type
norm inequalities for commutators of fractional integrals. In both cases
the results we get are sharp, and (like the result of Chung, Pereyra, and
Pérez) they demonstrate that commutators are more singular than the
underlying operators. We also consider two-weight, weak type inequal-
ities for both operators and prove results for a special class of weights,
the so-called factored weights (which we will define below). These re-
sults are of interest because they strongly suggest what the sharp results
should be, and we make two conjectures.

Singular integrals. We first consider singular integral operators. Be-
cause of our approach, our proofs are restricted to singular integral oper-
ators that can be approximated by “dyadic” singular integral operators
that are generalizations of the Haar shifts. (Precise definitions will be
given in Section 2 below.) Such operators include the classical singu-
lar integrals: the Hilbert transform, Riesz transforms, and the Ahlfors-
Beurling operator. In one dimension it also includes any convolution
type singular integral whose kernel is C?: see [48]. However, in light of
recent results [24], [26] we conjecture that Theorem 1.3 below is true
for any Calderén-Zygmund singular integral.

Before stating our result for commutators, we provide some context.
It has long been known that the two-weight A, condition is not sufficient
for two-weight norm inequalities for singular integrals: see [36]. An
important substitute is the so-called A,-bump condition,

Sup WP a0llv™ P B,q < o0,

where A, B are Young functions and || - ||4,0, || - ||5,o are normalized
Luxemburg norms on the cubes Q. (Precise definitions are given below.)
These conditions have been extensively studied: see [16], [18], [19], [20],
[21], [22]. Like the Muckenhoupt A, weights, these weight classes have
two advantageous features. First, the A,-bump condition is “universal”:
it applies simultaneously to large families of operators. Second, it is
straightforward to check that a given pair satisfies the condition or to
construct a pair of weights that does or does not satisfy it.

For the class of singular integrals we are concerned with, the best
result is the following.
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Theorem 1.1 ([16], [17], [18]). Given p, 1 < p < 00, suppose (u,v) is
a pair of weights such that

(L.1) sgpHul/P||A,QHv*1/P\|B,Q < 0o,

where A(t) = tPlog(e + t)P~149 B(t) = t* log(e + t)P ~1+% for some
0 > 0. If T is any singular integral that can be approximated by dyadic
singular integrals (in particular, if T is the Hilbert transform, a Riesz
transform, or the Ahlfors-Beurling operator), then

ITflley < cllfllzrew)-

Further, this result is sharp in the sense that if 6 = 0, then it does not
hold in general.

Theorem 1.1 was proved in [16] for the Hilbert transform, and was
proved in general in [17], [18].

Remark 1.2. Here and in subsequent theorems, our hypotheses can be
stated in greater generality, replacing the “log-bumps” (as Young func-
tions like A and B are generally called) by more general Young functions
determined by the so-called B, condition; see Definition 2.6. However,
for commutators it is most natural to state our results in this form. For
a brief description of a more general formulation, see Remark 2.13 below.

We can now state our main result for commutators of singular inte-
grals.

Theorem 1.3. Given p, 1 < p < 0o, suppose (u,v) is a pair of weights
that satisfies

(1.2) SgpHul/pllA,QHU_l/pHB,Q < 0,

where A(t) = t? log(e + )22~ and B(t) = t* log(e 4+ t)27' ~1%9, § > 0.
If T is any singular integral that can be approximated by dyadic singular
integrals (in particular, if T is the Hilbert transform, a Riesz transform,
or the Ahlfors-Beurling operator) and b € BMO, then

(1.3) 16, TV | ey < cllbllBaollfllLe v)-

Further, this result is sharp in the sense that if § = 0, then inequal-
ity (1.3) does not hold in general.

Remark 1.4. The constant in inequality (1.3) depends on the constant
from the condition on the weights in (1.2), and in fact this dependence
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is linear. This follows from a general scaling principle for two-weight
inequalities first observed by Sawyer [46]. Let

(U, V]p,a,B = Sup 0P a,0llv ™ 7| 5,0

then by Theorem 1.3 we have
(1.4) 16, TSl ) < @([w, v]p.a, )10l BarO | f ]| o ()

for some positive function . We now exploit the fact that a two weight
norm inequality has two degrees of freedom: for any s,t > 0,

[su, tv]p, a5 = s/Pt /P [u, 0], 4 5.
Hence, if we substitute (u,v) — (su,tv) in inequality (1.4), we get
s T) oy < (828 0lp,a,8)t P10l g0 L f | o -

Let t = [u,v]} 4 p and s = 1; this gives us

116, TS N[y < e()[w, v]p,a, 810l 81O fI| Lo (0

which is the desired linear bound.

The higher degree of singularity of the commutators is reflected in
the power on the logarithms in the definition of A and B: roughly twice
as large as for a singular integral. (For this reason, we say that the
commutator requires “double log bumps”.) The phenomenon of having
the degree of singularity reflected in the power of the logarithm was first
conjectured in [19] for the dyadic square function and the vector-valued
maximal operator, and confirmed in [18].

Theorem 1.3 generalizes a number of known results for commutators
of singular integrals. Alvarez et al. [3] showed that if W is any class of
weights that is stable —i.e., if (u,v) € W, there exists » > 1 such that
(u",v") € W— then given any pair (u,v) € W, [b,T]: LP(v) — LP(u).
The main example of a class of stable weights consists of pairs (u, v) that
satisfy (1.2) when A(t) = ¢"? and B(t) = t"*', r > 1. This class has the
remarkable property that given any such pair (u,v), there exists w € A,
such that c;u < w < cov. See [37] (also see [19]). In [22], Theorem 1.3
was proved with A(t) = "7, r > 1, B(t) = t* log(e + )2 ~1*9; this
was improved in [12] where it was proved with A(t) = t? exp([log(t?)]"),
0 < r < 1. Finally, in [16] Theorem 1.3 was proved with A(t) = t? log(e+
£)3p—1+6

In [16], the condition (1.2) was conjectured as being sufficient for the
commutator of any Calderén-Zygmund singular integral operator, and
Theorem 1.3 is substantial evidence for this conjecture. There were two
motivations for this conjecture. First, it is a natural generalization of
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an old (and still outstanding) conjecture of Muckenhoupt and Whee-
den. They conjectured that given a pair of weights (u,v), a sufficient
condition for a singular integral to map LP(v) into LP(u) is that the
Hardy-Littlewood maximal operator satisfy

(1.5) M: LP(v) = LP(u), M: LP'(UPP') Ny (Ulfp’)'

The maximal operator naturally associated with commutators is not M,
but the Orlicz maximal operator My 1o 1, (defined below); therefore, it
seems natural to conjecture that if we replace M by My e in (1.5)
then we get a sufficient condition for [b,T]: LP(v) — LP(u). The bump
condition (1.2) is sufficient for My 1 to satisfy these two estimates
(this follows from Theorem 2.7 below).

A second motivation for this conjecture is that for the special class of
factored weights we could readily prove a result that was nearly optimal.
We will consider this approach more carefully below.

Fractional integrals. We can prove both one and two-weight results
for commutators of fractional integrals. In the one weight case the ap-
propriate class of weights is A, ,, a generalization of the A, weights
introduced by Muckenhoupt and Wheeden [35]. More precisely, given
a,0<a<n,and p, 1 <p<n/a, fix ¢ so that 1/p—1/q¢ = a/n. Then
w e A4 if

s, =5 (f wteyas ) (f wie o) "

There is a close connection between A, , weights and A, weights: it is
immediate from the definition that [w]a, , = [w]a4, .-

If we A, then I,: LP(wP) — L%(w?), and in [30] the sharp con-
stant in this inequality was given:

(1-2) max(1,2)

(1.6) 1ol e @wr)—La(wa) < clwly, :
(A local version of this result was proved in [2].) Our next theorem is
the corresponding result for commutators.

Theorem 1.5. Given o, 0 < o < n, and p, 1 < p < n/a, fix q such
that 1/p — 1/q = a/n. Then for any b € BMO and any w € Ay,
[b,14]: LP(wP) — LY (w?), and

(27%)max(1,%/>
(L7) I La]ll e (wry—Lawey < cllbllBuolw] 4, -
Further, this result is sharp since (2 — a/n)max(1,p’/q) cannot be re-
placed by a smaller power.
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The restriction 1/p — 1/q¢ = «a/n in the one-weight case follows from
homogeneity: see [19, Section 5.6]. However, in the two-weight case,
since the weights © and v may have different homogeneity, there is no
corresponding restriction. Pérez [38] proved that if 1 < p < g < oo, and
if the pair (u,v) satisfies

o1 1 _
T Y 4o lvT P g < oo,

sup |@
Q

where A(t) = t9log(e + )77 and B(t) = t* log(e + t)*' 119, then
I,: LP(v) — L%(u). Given this estimate, our next result is the natural
analog of Theorem 1.3 for commutators of fractional integrals.

Theorem 1.6. Given o, 0 < a<mn, andp, q, 1 < p < g < 00, suppose
the pair of weights (u,v) satisfies

oyl 1 —
(1.8) sgpl@\"*q Pt a,qllo TP lsq < oo,

where A,(t) = t7log(e+ )27 and B(t) = t*' log(e + )2 =10, Then
for all b€ BMO,

11b; La] fll Laquy < cllbllBmoll fllLr w)-

Further, this inequality is sharp since it does not hold in general if we
take § = 0 in the definition of A,.

As this paper was being completed, we discovered that the sufficiency
of (1.8) in Theorem 1.6 was proved earlier by Li [33], who adapted
the proof of the two-weight norm inequalities for I,. Here we give a
somewhat more elementary proof along with an example to show that
this condition is sharp.

Though not directly connected with our results on commutators, we
digress to give a sharp constant result for the weighted Sobolev inequal-
ity. In [30] the authors used their results for fractional integrals to show
that for p, ¢ such that 1 <p <mnand 1/p—1/¢=1/n,

1/n’
(1.9) 11wy < clwl ™ 119 Fll o gur)-
Here we show that this inequality is the best possible.

Theorem 1.7. Supposen > 1,1 <p <mn and 1/p—1/q = 1/n, then
inequality (1.9) is sharp since the exponent 1/n’ cannot be replaced by
any smaller power.

To show that (1.9) is sharp we cannot use the standard examples of
the form f(z) = |x|*xs(z) where B is a unit ball or unit cube, since
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(1.9) requires f to be smooth. We instead introduce a new family which
is smooth and decays exponentially at infinity.

Weak type inequalities. We begin with our two conjectures for weak
type inequalities for commutators.

Conjecture 1.8. Given a Calderdn-Zygmund singular integral opera-
tor T, if for some p, 1 < p < oo, the pair of weights (u,v) satisfies

(1.10) sup [[u!/?[|agllv™ P 5.q < oo,
Q

where A(t) = t? log(e + )P~ § > 0, B(t) = t* log(e + t)?', then for
any b € BMO,

(1.11) [b,T): LP(v) — LP*°(u).

Conjecture 1.9. Given a, 0 < a < n, if for some p, 1 < p < o0, the
pair of weights (u,v) satisfies

(1.12) Sup QI 1 Plla,@llv ™ Pl < oo,

where A(t) = t? log(e + )P~ § > 0, B(t) = t* log(e + t)?’, then for
any b € BMO,

(1.13) [b, I]: LP(v) — LP™>(u).

Conjecture 1.8 was proved in [21] when A(t) = ¢"P, r > 1; in [12] this
was improved to A(t) = t* exp([log(t?)]"), 0 < r < 1. Conjecture 1.9 was
proved by Liu and Lu [34], again when A(t) = t"P, r > 1; they did so
by adapting the argument in [21] to the case of fractional integrals. By
combining their proof with the ideas in [12], we get that this conjecture
is also true with A(t) = t? exp([log(¢¥)]"), 0 < r < 1.

By comparison, a singular integral T satisfies T': LP(v) — LP»*°(u) if
the pair (u, v) satisfies (1.10) with A(t) = t? log(e+t)?~'*% and B(t) = t?
(see [20]), and it is conjectured that I, satisfies a weak (p,p) inequality
if the pair (u,v) satisfies (1.12) with this same pair of Young functions.
(See [19].)

We cannot prove either conjecture; however, we can prove two results
for a special class of weights that strongly suggests that these conjectures
are true. We consider the so-called factored weights: pairs of the form

(w1 (Myws2)' 7P, (Mewr)wy ),

where Mg and My are Orlicz maximal operators (which are defined in
Section 2 below). Such pairs are a generalization of the pairs (u, Mu)
that have appeared in many contexts. Their explicit structure can be
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combined with Calderén-Zygmund decomposition arguments to prove a
variety of weighted norm inequalities. In addition, their factored form
(which is in some sense a two-weight version of the Jones’ factoriza-
tion theorem) makes it straightforward to construct examples of pairs of
weights that satisfy A, bump conditions. Factored weights were intro-
duced and studied systematically in [19].

Theorem 1.10. Given a Calderdn-Zygmund singular integral opera-
tor T and p, 1 < p < oo, then for any pair of non-negative, locally
integrable functions wy, ws, the pair of weights

(@,8) = (w1 (Myws)' 7, (Mew: )w; ")

where ®(t) = tlog(e 4+ )29, § > 0, W(t) = tlog(e + t)*'t1, satis-
fies (1.10) with A(t) = t*log(e + )220 and B(t) = t* log(e + t)P'+1,
and for any b € BMO the commutator [b, T satisfies (1.11).

In the next result, Mg, and My, are fractional Orlicz maximal
operators; these will be defined in Section 2 below.

Theorem 1.11. Given o, 0 < a < n, and p, 1 < p < o0, then for
any pair of non-negative, locally integrable functions wy, wa, the pair of
weights

(@, 8) = (w1 (My,qws)" "7, (Ms,qwi)w; ")
where ®(t) = tlog(e+1)219 5§ > 0, U(t) = tlog(e+1t)*, satisfies (1.12)
with A(t) = t?log(e 4+ )29, and B(t) = t* log(e + t)?', and for any
b € BMO the commutator [b, I,] satisfies (1.13).

In both theorems the power of the logarithm on the function A is 2p+4
instead of the conjectured 2p — 1+ 9; we believe that this extra logarithm
is not fundamental but rather is a consequence of the proof. The proof
uses a two-weight inequality for the sharp maximal function M# which
results in a loss of information. The proofs of Theorems 1.10 and 1.11
can be adapted to prove Theorems 1.3 and 1.6 for factored weights, but
again in both cases we have to take A(t) = t? log(e+t)?**9. (Details are
left to the interested reader.) As we noted above, this result for factored
weights was one motivation for initially conjecturing that Theorem 1.3
was true.

Organization. The remainder of this paper is organized as follows. In
Section 2 we gather a number of definitions and results needed in our
proofs. In Section 3 we estimate the local mean oscillation of the commu-
tator of a dyadic singular integral, a key step in our proof of Theorem 1.3,
which we give in Section 4. In Sections 5 and 6 we prove Theorems 1.5
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and 1.6 for commutators of fractional integrals. In Section 7 we prove
our weak type inequalities for factored weights. And finally, in Section 8
we construct the examples which show that our results are sharp.

Throughout this paper, all notation is standard or will be defined as
needed. We will denote by ¢ a constant that generally depends only on
the dimension, the operator under consideration and the value of p; the
value of this constant, however, will often vary from line to line.

2. Preliminaries

We start with some basic facts and notation. By a weight we will mean
a measurable, non-negative function that is positive on a set of positive
measure. A pair of weights (u,v) will always consist of non-negative,
measurable functions such that: w > 0 on a set of positive measure,
u < oo almost everywhere, v > 0 almost everywhere, and v < oo on a
set of positive measure. Given p, 1 < p < oo, p’ will denote the dual
exponent p/(p —1). For 1 < p < oo and a weight w, LP(w) is the set of
all measurable functions such that

lani = ([ 1501w an) < oo

When w = 1, we write LP(R™).

Hereafter, @ will denote a cube. Let D be the set of all dyadic cubes
in R™: i.e., cubes of the form 2¥(m + [0,1)") where k € Z and m € Z".
For Q € D, D(Q) is the set of all dyadic subcubes of ). Given a dyadic
cube Q € D and an integer 7 > 0, Q7 will denote the unique dyadic
cube containing ) such that |Q7| = 27"|Q).

Given a set E, we will use two different notions of an “average” of a
function f on the set E. Let ay(E) denote the mean value of f on the
set I

os(B) = f f(w)do = T | faaa.

Let ms(E) denote the median value of f on E: the (possibly non-unique)
number such that
E
max(|{z € B¢ £(x) > my(E)}].|{x € B+ fla) < mp(E)}]) < 2.
2.1. Dyadic operators. Below we will actually prove Theorems 1.3
and 1.6 for dyadic singular and fractional integral operators. Here we

define these operators and show how they can be used to approximate
their non-dyadic counterparts.
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Definition 2.1. Given an integer 7 > 1 we say T¢ is a dyadic singular
integral of order 7 if

Tf(x) =Y (f.hq) - go(@),

QeD

where hg and gg are functions that satisfy:

(i) hg and gq are supported on Q;

(ii) hg and gg are constant on Q' € D(Q) with |Q'] <277*|Q|;

(i) [lhqllos: 9@l < 1QI72;
)

(iv /QhQ(x)dx:/QgQ(m)dxzo.

Dyadic singular integrals are bounded on L?*(R") and of weak
type (1,1). The L?(R") bounds follow from the Cotlar-Stein lemma
and the weak (1, 1) inequality follows from the usual Calderén-Zygmund
decomposition and the properties (ii) and (iv) above. (See [31].)

The corresponding maximal truncated dyadic singular integral is de-
fined by

(2.1) T!f(x) = sup T f (z)]
leZ

where

Tif(x) = > (f,hq) - g9o(@).
QeD
|QI>2™

These operators also satisfy strong (2,2) and weak (1,1) inequalities
(see [25]).

For » > 0 and 8 € R, let ¥D? be the collection of cubes of the
form r2¥(m + [8,8 + 1)), where m € Z". Define the dyadic singular
integral operator of order 7 adapted to rD? by

TP f(x)= Y (f.ha) - ga(2),

QerDF

where hg and g¢g satisfy properties (i), (ii), (iii), and (iv) for cubes
in #DP. The classical singular integral operators lie in the convex hull of
the dyadic singular integral operators adapted to rDP. As a consequence
we have the following approximation theorem.
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Theorem 2.2 ([23], [43], [44]). Given p, 1 < p < oo, suppose T is the
Hilbert transform, a Riesz transform, or the Ahlfors-Beurling operator.
Then there exists T > 1 (depending on T) and dyadic singular integral
operators {T™P} of order T such that

ITfllzr) < er sup 1T fll Lo o)
germ

for all weights v and functions f.

For example, the Hilbert transform can be approximated by dyadic
singular integrals of order 2, the so called Haar shift operators. Hence,
to obtain a bound on the norm of the Hilbert transform it suffices to
bound the corresponding dyadic singular integrals 777 with a constant
independent of r and 5. Below we will prove estimates only for the
standard dyadic grid; it will be immediate that the same proofs yield
bounds for dyadic singular integral operators adapted to any grid »D?.

To apply our results to more general singular integral operators, we
would need to derive bounds on the dyadic singular integrals that were
polynomial in the order 7. However, the constants we get are exponential
in 7; this is one of the obstacles that prevents us from obtaining bounds
for general singular integral operators as in [24]. We will indicate the
precise places where this occurs in Remarks 3.3 and 4.2 below. We do not
know if our methods can be modified to obtain a polynomial dependence
on the order 7.

The fractional integral operator is easier to approximate because its
kernel is positive and locally integrable. Sawyer and Wheeden [47] in-
troduced the dyadic fractional integral operator and proved it could be
used to approximate I,.

Definition 2.3. Given «, 0 < a < n, define the dyadic fractional inte-
gral operator by

i) =3 |@|“/”]{2 F) dy - xo(a).

QeD
To estimate I, we only need to average I over translations, 74 f =
fC—1).
Theorem 2.4 ([47]). Given a, 0 < a <mn, and p, 1 < p < 00, then
Hafllrw) < C;g%;”Tﬂlg(T—ﬁf)HLwy)

for all weights v and functions f.
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2.2. Young functions and Orlicz spaces. We follow the terminol-
ogy and notation of [19]. A function ® is a Young function if ®: [0, c0) —
[0,00) is continuous, convex and strictly increasing, ®(0) = 0 and
O(t)/t — oo as t — oco. We will use the letters ®,V,... along with
A, B, ... to represent Young functions. The main examples we will be
dealing with are ®(t) = t"[log(e + t)]® for some r > 1 and s € R. (Here-
after we will write this more simply as t"log(e 4 ¢)°.) Given a Young
function ®, the associate function ® is the Young function defined by

O(t) = sg%)[st —®(s)], t>0.

The functions ® and ® satisfy
t<d ) (t) <2t, t>0.

Given two Young functions ®, ¥, we will use the notation ®(t) ~ ¥(¢)
if there exists constants ¢, C, ¢y > 0 such that for all ¢t > ¢,

®(t) < U(t) < CB(t).

Given a cube @, define the normalized Luxemburg norm of f on @

by
. . |f ()]
||f||q>,Q—1nf{/\>0.]{;)<I)()\ ) dx§1},

When ®(t) = ¢" for some r > 1, then

Iflog = (i) If(x)lrdx)l/r oy

There is a generalized Holder inequality for the Luxemburg norm.

Q-

Lemma 2.5. If &, U, and © are Young functions such that
N UT(t) < kOTH(Y)
fort >ty >0, then

Ifglle.q < cllflle.lgllv.e-

In particular, for any Young function ®,

]{2 F@)g(@)| dz < el fllaclgl

3,Q
Given a Young function ¢ define the associated maximal operator by

Mg f(x) = sup | flle.q-
Q3
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There is also a dyadic version:

Mg f(z) = sup || f]la.q-
QeD
TEQ

For each a, 0 < a < n, define the associated fractional maximal opera-
tors by

My o f(x) = sup [Q*"| fllo.q, Mg, f(x) = sup [QI"||]a.-
Q>x QES
xE

When ®(t) = tlog(e + t) we will replace the subscript ® with Llog L;
when ®(t) =~ e! we will replace the subscript with exp L.

As we noted in the Introduction, Young functions play an important
role in generalizing the A, condition to prove two-weight norm inequali-
ties. Central to this are Young functions that satisfy the following growth
condition.

Definition 2.6. For each p, 1 < p < 0o, a Young function ® is said to
belong to B, if for some ¢ > 0,

(2.2) /w@%@o

tp

The next three results depend on the B, condition and will be used
in the proofs of our main results. We start with a characterization of B,
in terms of the Orlicz maximal function due to Pérez [40].

Theorem 2.7. For allp, 1 < p < oo, Mg: LP(R") — LP(R™) if and
only if ® € By,

We next give sufficient, A4, bump conditions for two-weight inequali-
ties for the operators Mg, T, and T2,

Theorem 2.8 ([40]). Given p, 1 < p < o0, let @, ¥, and © be Young
functions such that ¥ € B,, and which satisfy ®~1(t)¥~1(t) < cO71(2)
fort >ty > 0. If (u,v) is a pair of weights such that

pollv™?lle.q < oo,

sup /7
Q

then for every f € LP(v),

Mo fllzrw) < cllfllze)-
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Theorem 2.9 ([18]). Let T? be a dyadic singular integral operator of
order T, and let T be the associated mazximal dyadic singular integral
operator. Given p, 1 < p < oo, and Young functions ®, U such that
® € By and ¥ € B, if the pair of weights (u,v) satisfies

(2.3) Sup lu"Pllo.Qllv™ 7w, < oo,

then for any f € LP(v),

1T Fll oy < el Flloo)
and
1Tl oy < el Fllpew)-

The next two norm inequalities will also be used below. The first is
due to Yano; for a proof, see [50].

Theorem 2.10. Given a sub-linear operator S that is bounded on LP (R™)
for 1 < p < po, suppose that given any set Q and f such that supp(f) C

Q
(f ISf(x)Ipd:v>l/p < (f If(x)l”dx)l/p,

]{2 1SF(@)] d < €|l |08 L.

2’

then

It follows immediately from Marcinkiewicz interpolation that we can
take S to be any operator that is bounded on L?(R") and is weak (1,1).

The next result is a weak (p, p) inequality for My, 10g 1, It was proved
in [19, Proposition 5.16] for a = 0; the proof for a > 0 is essentially the
same. For completeness we sketch the details.

Theorem 2.11. Given a, 0 < o < n, and p, 1 < p < n/a, if the
pair (u,v) satisfies

SgpIQIQ/”Hul/”IIp,Q||7fl/”||B,Q < o0,

where B(t) = t* log(e + t)*', then

c

Wl € R Mutog10f (@) > M) < 55 [ If(@)Po(e) do.



162 D. Cruz-URIBE, SFO, K. MOEN

Proof: By a variant of the Calderén-Zygmund decomposition for Orlicz
maximal operators (see [40] and [13]), for each A > 0 there exists a
family of disjoint dyadic cubes Qg\ and a constant v > 0 such that

|Q§\|a/an||LlogL,Q? > v\ and

{Z‘ cR": MLlogL,ozf(x) > )\} C USQ])\
J

If ®(t) = tlog(e + t), then B~1(¢)t'/? < c¢®~1(t). Therefore, by the
generalized Holder’s inequality,
u({a: cR": MLlogL,af(-r) > /\})
C o/ n
< 30 22BN 17 oy .0

J

£ Xpa/n|, 1/p (P ~1/p|P M| Fol/P)P
< )\pzj:|Qj|pa "l pprgQ])}Hv pHB’gQ;P’QjH'fU p||p7Q;

IN

¢ / 1f@)P(z) do. 0

Finally, we give some special Young functions that will be used in our
proofs. First, if ®(¢) = tlog(e + t), then a simple calculation shows that
®(t) ~ et. We will use this to apply the generalized Holder’s inequality.

In Theorems 1.3 and 1.6 our hypotheses are stated in terms of the
Young functions
(2.4) A(t) = tP log(e + t)?P~1+°

(2.5) B(t) = t* log(e + )2~ 149,

where > 0. Closely related to these are the Young functions

’

tP
(2.6) C(t) = log(e + )1+ —1)3
(2.1 D) -

" log(e + )1 @-15"
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Lemma 2.12. Fizp, 1 <p < oo, and let A, B, C, and D be as in (2.4),
(2.5), (2.6) and (2.7). Then B,D € B, and A,C € By, and so
Mg, Mp: LP(R™) — LP(R™), M4, Mc: LP (R™) — L¥ (R™).
Furthermore, if we let ®(t) = tlog(e +t), then
ATHHOTH ) <@ (t) and BT'#)D7H(t) < c®@7(1)
fort >ty >0, and so for all f, g,
I f9llLiogz.q < cl f]

Proof: Straightforward calculations show that

aqllgllc.as 1f9lciogr.o < clfllsellgllpe-

ti/p

—1 ~
AT(t) ~ log(e + t)1+1/p'+6/p

ATN(t) m P log(e + t)HY/PHO/P

/

_ P
Alt) = log(e + )P 1+’ =1)3"

and
CL(t) = t7 log(e + t) /P HO/P
_ /v
Ct)~
®) log(e + t)1/P'+0/p

C(t) = tP - log(e + t)P~1+°.

Similar calculations hold for B and D (just exchanging the roles of p
and p’'). The desired conclusions now follows from Definition 2.6, Lem-
ma 2.5, and Theorem 2.7. O

Remark 2.13. Since they are the principal examples, we have stated our
main results in terms of Young functions A and B which are log bumps
(i.e., of the form (2.4), (2.5)). However, we can actually prove somewhat
more general results. The key properties we need are those given in
Lemma 2.12. Given a Young function A, we will say that C' is its Llog L
associate if
ATY®)CTH () < @71 (1),

where ®(t) = tlog(e + t). Then we can restate the hypotheses of The-
orem 1.3 as follows: Given a Young function A with Llog L associate
C € By, and a Young function B with LlogL associate D € B, if
the pair (u,v) satisfies (1.2), then (1.3) holds. The hypotheses of Theo-
rem 1.6 may be reformulated similarly. Details are left to the interested



164 D. Cruz-URIBE, SFO, K. MOEN

reader. Our proofs of the weak type results in Theorems 1.10 and 1.11,
however, only work for log bumps.

2.3. Bounded mean oscillation. Let BMO denote the space of func-
tions of bounded mean oscillation: functions b such that

Ibllsao = sup][ 1b() — ap(Q)| dar < 0.
Q JQ

Below we will need that BMO functions satisfy exponential integrability
conditions; this is a consequence of the John-Nirenberg Theorem.

Theorem 2.14. Given b € BMO, there exists a constant c,, such that
for every cube Q,

[b(z) — ab(Q)I)
(2.8) sgp]{? exp ( 3 20 paro dz < ¢y,

In particular,
(2.9) 16 = ap(@)llexp L. < €n2"*2|[b]l Buro-

A proof of inequality (2.8) is in [28]. Inequality (2.9) is an immediate
consequence of (2.8) and the definition of the Luxemburg norm.

3. Estimates on the local mean oscillation of [b, T%]

In this section we state a decomposition theorem due to Lerner [32]
and make the estimate we need to apply it to commutators of dyadic
singular integrals. We begin by recalling a few facts. Given a cube @
and A\, 0 < A < 1, define the local mean oscillation of f on @ by

wr(£,Q) = mE((f = )xa) (N@QD.

Define the dyadic local sharp maximal function on a fixed dyadic cube @
by

(3.1) MyGf(z) = sup wi(f. Q).
Q'eD(Q)
z€Q’

By the properties of rearrangements, for all p > 0,

(3.2) (fx@)"N@D < AP fllLe=(@.az/i0l) < A P f | Lr(.dzsiaD-

Given a dyadic cube Q, Q will be its dyadic parent: the unique dyadic
cube of twice the side length of @ that contains Q.
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Theorem 3.1 ([32]). Given a measurable function f and a dyadic
cube Q, for each k > 1 there exists a pairwise disjoint collection of

cubes {Qf} C D(Q) such that if =, Qf
(1) Qk+1 C Qk;
(ii) 1241 N Q5| < 31QF1;

(iii) for almost every z € Q,

() = mp(Q)] < eMiC f( +v§jw1 Q@)xgr ().

We make one observation which will be used heavily in what follows.
In general the sets {Qf} are only pairwise disjoint for a fixed k. However,
if we define E} = QF\Qp 1, then the sets {EF} are pairwise disjoint for
all j, k and satisfy |E]k| < \Qﬂ < 2|Ejk|

To apply Theorem 3.1 we need to estimate the local mean oscillation
of [b, T).

Lemma 3.2. Suppose T? is a dyadic singular integral of order T, Q is
a dyadic cube and 0 < A < 1/2. Then there exists ¢ = ¢(n,T,\) such
that for any f and every x € @,

(33) w6, Tf,Q) < clbllpmo (I fllzrog L.or + Jnf T!f(y)),
and
(34) MEG (b, T ) (@) < cllbll mro (M 1o £.f (2) + T f ().
Proof: We will prove (3.3); (3.4) follows at once from the definition
4,d
of M.
Fix a dyadic cube @ and decompose T as

Tf(x) = Y (f,hq)gq (z)

Qep
= Y (fhodge @)+ D (fho)gg ()
Q< Q5

=T f(x) + T f ().

The first term T} is localized in the sense that T¢ f(z) = T (fxo~ ) ().
Furthermore, it is a dyadic singular integral operator and so is bounded
on L?(R™) and weak (1,1). The second term T2, f(x) is constant on Q
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since Q' O Q7. Thus for z € Q,

T @) =] D {fiho)ge (z)
Q' DQ7

= Y (f hglge ()| < inf TIf(y).
Q'eD veq
@' >2 Q)

To estimate the commutator, we rewrite it as
[0, T f = (b= ap(Q)Tf + T ((as(Q7) — b))
= (b—ap(QNTif + (b— ap(Q) T f

+ T ((a(QT) = 0)f) + Toni ((as(QT) — b) f).

The last term is constant on @, so let cg = T4 ((ap(Q7) — b) f)(z) for
some r € . Then we can estimate the local oscillation of [b, T f by

Wb, Tf,Q) < (1. T°)f — cQ)x@) (@)

< (0 - @Dl (250

0 @)@l (M)

+ (b= ap( Q)T F)xal* <>\|3Q|>

= H, + Hy + Hs.

We estimate each piece in turn. By inequality (3.2), the weak (1,1)
boundedness of T and the exponential integrability of BMO functions
(Theorem 2.14), we obtain

Hy < XY TE((0 = au(QT) fxor) L1 .z /101
< b— T d.
<onf b= a@)l1f) de

<exllb = ap(Q lexp .o 1 fllL10g 2.Q7

< exllbllmollfllziog L.
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To estimate Hy we use (3.2) with p = 1/2 and Hélder’s inequality to
get

Hy < A ( [ 10— (@) s dm)

<C>\||bHBMO][ T (fxqr)| dx

< exllbllsmollfllziog L.qr-

In the last inequality we used Yano’s theorem (Theorem 2.10); this is
possible since T is bounded on L? and weak (1,1).
Finally we estimate Hs: by (3.2) and (3.5) we have that

C .
Hy < £ T8 F@Ib - (@) de < crBlanvo inf TéF(w). O
Q yeQ

Remark 3.3. Inequalities (3.3) and (3.4) are the first of two points in
which we pick up the exponential dependence on the parameter 7. In
fact, if ¢ = ¢(n, 7, A) is the constant from (3.3), then careful examination
shows that ¢ = ¢)2"".

4. Proof of Theorem 1.3

For the proof of Theorem 1.3 we will need the following estimate. A
similar inequality was proved in [16].

Lemma 4.1. Given p, 1 < p < oo, suppose the pair of weights (u,v)
satisfies

(4.1) Sup [ Pllallo ™7l < oo,

where A and B are defined by (2.4) and (2.5). Then for f € LP(v) and
h e L (R™),

/ M f(2) M (uMPh) (@) de < ell fl oo 1Pl o gy -

Proof: By a standard density argument we may assume f, h are non-
negative functions in L. Set a = 4™ and let w = u'/Ph. For each
j, k € Z define

Qg = {z:a" 771 < Mw(z) <Py N {x ol < Mif(x) <ol
then

R

M2 f(x)Mw(z) de < Z/ M4 f(z)Mw(z) da
gk 7Rk
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For I,m € Z let { PL}, be the Calderén-Zygmund cubes of w at height a'
and {Q7}; be the Calderén-Zygmund cubes of f at height a™ (see [19],
[38]); then ay,(P!) ~ a', af(QT) ~ a™, and

{o: Mlw(@) > a1y = | PEIY, o MAf(@) > o'} = | Q1.

We then have that
Qjx C UPf—j-l NnQa.

Let E;’,‘: =Q; N (PFi-1n QJ) if ET . # &, then either
PYIT CQl o QIgPrTh
Define I'y, Ty C Z* by
L1 = {0 k,r,8) s PF771 C QL)
Ty ={(G kyrys) 1 QL& PP/

We can now estimate as follows:

/ MAf(z)Mw(z) de < Z/ MAf(z)Mw(z) da
n Tk Qj,k
< ZZ M2 f(x)Mw(z) d

I,k 78 E7s

< § § a]+1ak—J+1|Er,z
J,

7,k 7,8

< E a]+1ak_J+1|Er-’z|

J,
(4,k,r,s)€l
+ E aj+1ak7j+1‘EJrj;|
(5, k,rys)€T2

= Il + IQ.
We first estimate I;. Let
—P0\{z: Mluw(z) > a1} and QM =QU\{z : Mf(z) > a™*1};

then |P!| > 1P, Qm| > 11Q™| and the families {P'},; and {Q7}sm
are pairwise disjoint. (See [38].) Further, for (j,k,7,s) € I'; we have
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PFI=LC QI and |Ef| < |[PF771 < 2|PF777. We now estimate I

n<e Y (ﬁ e d:v) - ( 1@ dm) B

(4,k,r,s)€T1

d x)dz - |BfH
S (frm)

(7, k: r s)EFl
< cZ( (@) dx) S M) ds
J,s Qs k,r: Pl
(4,k,ry8)€T

<Y ( ) da:) - ( M (xpu)(@) dx) 101
~ Vo Q!

< CZ ( o f(z) daz) : ||w||L10gL,Qg : |Qé|

<ed llfv

the Young function C is as in equation (2.6) and we have used the
generalized Holder inequality (Lemma 2.5) and Yano’s theorem (Theo-
rem 2.10) in the second to last inequality. By Lemma 2.12, M5 and M¢
are bounded on L?(R™) and L? (R™) respectively. Hence, by (4.1) and
Holder’s inequality with respect to the summation,

, ;||h||c,Qg||u1/p||A,Qg -|Q7;

1/p 1/p
hse| S @) | Sz @
7,8
1/p 1/p
Z M (fo'/?)(2)P dx Z y Mch(z)P da
j Qs
2,8

1/p’

<c ( . Mz(fo'/?)(z)P d:17> v < . Mch(z)” d:z:>

< el fllee @10l Lo gy
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The estimate for I is similar. Since E7p C Q) ¢ PF77' for
(4, k,r,s) € T's we have that

L<c | > (]{Df_j“ w(z) da:> . ( ” f(x) da;) BT

(4,k,7,5)E€T2

gc;]{giw(z)d < @ ) E]

j k,r s)EFz

<eXf, v (£, seas) 122

(],k T s)EFg

92@{ ) ( M) >x>-ﬁ’f.|

U(x)l/ph(x) dﬂ?) : ||f||Llog L,PL" \15”

< e N Plapellbll el fo P, pllo ™ Pl pr - P

r,l
< el flle @Bl Lo gny;

D is as in (2.7) and we have once again used (4.1), Yano’s theorem,
and Lemma 2.12 for the boundedness of M4 and Mp on L? (R™) and
LP(R™). O

Proof of Theorem 1.3: The first part of our argument is similar to one
found in [18, Theorems 5.1, 5.2]. Fix f; by a standard approximation ar-
gument we may assume without loss of generality that f € L°. Let R,
1 < 5 < 2™ denote the the n-dimensional quadrants in R™: i.e., the
sets R x R x ... x R* where Rt = [0,00) and R~ = (—o0,0). For
each j, 1 < j < 2", and for each N > 0 let Qn ; be the dyadic cube ad-
jacent to the origin of side length 2%V that is contained in R’ Since T is
weak (1,1) and strong (2,2), by interpolation and duality it is bounded
on LP(R™), 1 < p < oo. Therefore, since |ms(Q)| < (fxq)*(|Q]/2)
(see [32]), by inequality (3.2), mp rajf(Qn,;) — 0 as N — oo. There-
fore, by Fatou’s lemma and Minkowski’s inequality,

116, T f1l Lo w)
2n 1/p
< liminf (/ b, T f () — mp, a1 (Qn ) [Pu(x) d;v) .
N—oco ]:1 QN,j
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Hence, it will suffice to prove that each term in the sum on the right is
bounded by c¢|| f||»(») Where ¢ is independent of N. Further, by duality,

it will suffice to show that for any h € L¥', ||hl, = 1,
7w i (@) 1) e < el
N

Fix j and let Qv = Qn ;. By Theorem 3.1 and Lemma 3.2 we have
the following pointwise estimate:

|[, Td]f(x) - m[b,Td]f(QN)\

< My (0, TYf) —l—cZw (0, T 1, Q5)xgx (x)

< cl|bll Bro (MY 1oq 1. f () + T2 f ()

+Z||f“LlogL,P;"XQk +Z lefg T f(y )XQk( )

gk Jk
= cl|bll pao (M 1oq 1. f(2) + T f () + F(2) + G(2)),

where Pf = (Qf)T Fix h € L’ (R™), |||,y = 1; then we have
|75 = Qo) () d
< clbllmnio( [ Mg o (outa)Phi) o
QN
+ / T f(x)u(z) Ph(z) dx
—|—/ F(z)u(z)YPh(z) dx

+ G(x)u(z)Ph(z) d:c>

QN

= c||bll pmo(J1 + J2 + J3 + Ja).
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We first note that J; and J> are bounded by || f||z» (), since the pair (u, v)
satisfies the conditions for the two-weight norm inequalities for the op-
erators M}f log L and T¢. More precisely, by Hélder’s inequality and The-
orem 2.8 we have that

Ji S IIMEvog L f ool Lo gy < ellflloe-

Similarly, by Theorem 2.9,

T2 T fll oy 1Bl o gy < el Fllzooy-

Let EJ’“ = Q?\Q;H_l so that the sets {EJ’“} are pairwise disjoint and
satsify |E]k| R~ |Q§| (see the comment following Theorem 3.1). We now
estimate J3:

J3 = Z Hf”LlogL,Pf ']ék u(x)YPh(z) da - |Q§|

J.k J

<ch||L10ngk']{2 u() /P h(z) de - | E¥|

J.k J

< CZ val/pHDyf v~

Jik

] s A,
where D is from (2.7). By Lemma 2.12 Mp: LP(R") — LP(R™) and
Mj: L' (R™) — L* (R™). Hence, by (1.2),

— k
T3 < SN0 i 07 g e 1B g e L, | S
J.k

1/p 1/p’

e\ 2 0 - 5 lehllAQk 1751

1/p 1/p’

JZk/E;C Mp(fo'/P)(z)? dx Z 2)? dx

1/p'

< c( . Mp( fvl/p)(x)pdx>1/p ( . M ;h(z)” dx)

<l fllzr
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Finally we estimate J;. We have

Jy < inf T4 ][ u(z)Ph(z) dx - | EF
4_§(yeQ? fw) . () /Ph(x) dz - |EF|

< c/ T f ()M (u'/Ph)(z) da.

To estimate the right-hand term, we apply a reduction argument very
similar to the one given above to show that it will suffice to prove

(4.2) /Q sup [T1 1) = Q)M (! ) ) d

< |l fllLo ) 1ol o gny-
(For the details of this reduction for maximal dyadic singular integrals,
see [18, Theorem 6.1].)

To prove (4.2) we again use the Lerner decomposition argument. As
was shown in [18], we have that

supun(T1f, Q) < ][ ()| da,
LEZ "

and so

sup My4 (11 f)(z) < eM?f(x).
lEZ

Therefore, by Theorem 3.1,

| sup 1) = e (@) M 0 Ph) o)
Qn l€Z

<c / M () M (P B) () da

z)|dz - A PR (x) dx - |EF
+§]prf()ld A @) do B
=c(Js + Jg).

(Note that the families of cubes {Q’;} and {Pf} = {(QAI;)T} are different
from the families in the first part of the proof.)
To estimate Js we use Lemma 4.1 to get

Js <N Fller @) 1Al Lo gy
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To estimate Jg, we argue as follows:

' ik ]{Df f(w)| do ][Qj. (W h)(@) de - B
E dz - MEUUMPhy 5 de - |EF
< j’k]éf |f($)| 7y ]{2? (u XQj)(x) T | ]|

Y ][ f(@)| da - ][ MM Phxg i) (@) de - | Y]
7,k P]k Qf !

= J; + Js.

For J; we argue as we did in the estimate for J3 above to get

g,k 7 J

<> f 1@l dn [0 bl g - 1S
7,k J

<cy St
Jik
< el fllzr -
To estimate Jg, first note that Md(ul/phXRn\Q?) is constant on Q?:
for x € Qf,

B,P¥ [o=1/7|

gl L gr bl gx |

1
Md(ul/”thn\Qk)(x): sup —
J

S 0] foor lu(y)/Ph(y)| dy.

Q205
Hence,
Js = ][ z)|dz- | inf M*uPhygn Bk
8 jzk: P |f(z)] <y€Q§ ( XR \Q?)(y) | J|

SCZ MAf(z) MY (uPh)(x) da

<ec / MAf(z) MY (uPh)(x) da

<l fller ),

where the last inequality follows from Lemma 4.1. O
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Remark 4.2. The second point at which we pick up exponential depen-
dence on 7 is in the estimates of J5 and J; above. In order to use (1.1)
to estimate

1?1l 4, 4 o™l 5 pr,
J J

we have to replace Q? by P]k in the first term. Since |Pf\ = 9n(7+1) \Qﬂ,
by the homogeneity of the norm we can do so at the cost of a constant
27(T+1/P (see [19, Section 5.2]).

5. Proof of Theorem 1.5

Our proof is similar to that for commutators of singular integrals
in [10]. By the sharp, off-diagonal extrapolation theorem in [30], it
suffices to prove (1.7) in the particular case

2
2_, .
P n

It follows at once that in this case, ¢ = p'.

By a standard approximation argument, we may assume f € C2°(R"™).
Given this assumption, we can represent the commutator using the
Cauchy integral formula: for all € > 0,

1 L))
b, L] (2) /m_e e

" 2mi
(See [3], [11].) Fix w € A, ; then by Minkowski’s integral inequality
we have that

1 _ _
6.1) b Lal fllLaqws) < 45— ‘- 11721 Ta(e™ " ) Lo (o dIC].

dc.

We now estimate
1€ Tae™ Dl = Iale™P ) o oy

Since ¢ = p’, it follows from the definitions that since w € A, /, then
wP' € Ay and

’

[wla, , = [w"]a, = [ ]a,.

p,p’

Therefore, both w? and w=* satisfy the reverse Holder inequality. In
particular, by the sharp reverse Holder inequality in [42, Lemma 8.1]
(see also [10, Lemma 2.3]), for every cube @,

(i) w(z) T dx)l/r < 2]2 w(z)* dr,
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where

If we first apply Holder’s inequality with this exponent to the two in-
tegrals in the definition of A, ,» and then apply the reverse Holder in-
equality, we get that

ReCb < [oyT1Y/7T (o ReCoL/T r' Re ¢ byl/r’
[eReSPuls, < w7 e BT < aula, e P
Fix e > 0 such that
9—(n+2) .
€= m ~ ([W]A,,,,,/ 16l Brro) -

Then it follows from Theorem 2.14 (see [10, Lemma 2.2]) that e” B¢ ¢t e
A, and [eT/Regb]Apjp, < ¢p, (where ¢, is the constant in Theorem 2.14).

Hence, if we combine this estimate with the sharp inequality for the
fractional integral operator (1.6), we get

e (e*be) (1 (¥ Re Cbayp’)
e 1-2 - -2
= C[eR wa]Ap,p/ ”f6 Cb”LP(wF’ePRECb) < C[w]Ap,p/ ”fHLp(wp)'
This inequality together with (5.1) then yields
_ 1-« g_a
[|[b, Ia]f”Lp/(wp’) < ce 1[w]Ap;L, Il e (wry = ch||BMo[w]Ap7:/ | £l Lo o)

This completes the proof. O

6. Proof of Theorem 1.6

By duality, it will suffice to prove that for all f € LP(v) and all
he LT R"), by =1,

[ b @)@ do < el flzs

By a standard approximation argument we may assume f,h € LZ2°.
Further, since I¢ is a positive operator, we may assume f and h are
non-negative.
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Fix f and h. Then
[ b 25 @nGoutz)/ds

a/n
<y @ /Q /Q b(2) — b{)| f ()h(w)u(e) /2 dy d

2
a/n b(z) —a h(z)u(z)Y9 de - d
gng ]{gu W(Qh(z)u(z) /Qf(y)y
a/n b —a dy - W) u(z)9 de
+Q;|Q| ]éuy) Q) (y) dy /Q (@)u(z)
= K; + K.

We will estimate K7; the estimate for Ky is gotten in the same way,
exchanging the roles of f and u'/Ph. By Holder’s inequality (Lemma 2.5)
and the exponential integrability of BMO functions (Theorem 2.14), we
have that

][ Ib() — ap(@)lh(x)ux)/ da
Q

< cllb — ap(Q)llexp .Ql1Pu" | L10g L. < cllbll Bazo |ut || L 10g .-

Hence,

Ky < elbllmo 3 1QI ™ 5t/ 1 10g 1.0 / 1) dy.
QeD Q

By an argument in [15] (see also [38]) we may replace the sum over all
dyadic cubes with the sum over the Calderén-Zygmund cubes of f. More
precisely, for each k € Z, let {Q;“ } be the set of disjoint maximal dyadic
cubes such that

O ={a: Mf(2) > a*} = @),
J

where a = 4™. Let EJ’“ = Qf\QkH; then the sets Ej’C are pairwise disjoint
for all j and k, and |Ejk| > %|Q§\ Then

S QI et g . /Q J(y) dy

QeD

< e S IQ W psae s - [ Sy

7.k J



178 D. Cruz-URIBE, SFO, K. MOEN

Define the Young function C; by

’

14
log(e + t)1+(@'—1)o"

Cq(t) =

By the same argument as in the proof of Lemma 2.12, we have that C; €
By and AJ'(t)C 1t (t) < c¢®71(t), where ®(t) = tlog(e + t). Further,
by the same lemma, B € B,. Therefore, by the generalized Holder’s
inequality (Lemma 2.5), (1.8), and Holder’s inequality with respect to
the summation,

Ky < ¢||bllsmo

< S IAlc,elluM L a, i 170 Pl o o7 5 g - 1@

J.k
< clbllsao 3 Ihlle, g I F0 /715, g - 1QE+1/P
J.k
1/p 1/p’
< cllsaro | Y1507 Gl BSL| - SR, gul 4P/
7.k j

Since p < q, p'/q' > 1. Therefore, by convexity and Theorem 2.7,
1/p 1/q’

Ky < clblloaro | D107 ol B Z IRIE, el B2
J.k

1/q'

1/p ,
< clbllawo ([ Matrmran) ([ Mooy ao)

< ebowo ([ 15eterar) - ([ e )

= c||bll Bmoll fl| e (v)-

This completes the proof. O

7. Proofs of Theorems 1.10 and 1.11

We need two lemmas, both taken from [19].
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Lemma 7.1 ([19, Theorems 6.4, 6.16]). Givena, 0 < a <n, andp, 1 <
p < n/a, and Young functions A and B, define two new Young functions
®(t) = A(t/?) and U(t) = B(t*/?"). Then for any non-negative, locally
integrable functions wy, wa, the pair of factored weights

(1, 9) = (w1 (My,aws2)" 7P, (Mg qwi )wy ?)
satisfies

(7.1) Sup QI |1&"P|la,0ll5 ™7l < oo

For clarity and completeness, we include the short proof.

Proof: By the definition of the Orlicz maximal operators and the Lux-
emburg norm,

~ ~nl
137 4. ~ llally%
_ 1 _ / 1 —1
= w1 (M 0ws) P55 < QI ) ||y wsllg 47
In exactly the same way we have that

al/(n —1 1
157 3,0 < Q1™ Juwn |3 47 w5

The desired conclusion follows at once. O

To state the next result, recall that the Fefferman-Stein sharp maxi-
mal operator is defined by

M# f(z) *sup]llf y) — af(Q)| dy.
Q3x

Given 8, 0 < § < 1, let M7 f(x) = M#(|f]°)(x)/°.

Lemma 7.2 ([19, Theorem 9.10]). Let S and T be a pair of operators
such that for all 6, 0 < § < 1, Mf(Tf)(m) < ¢sSf(x). Then for all p,
1 < p < oo, if the pair (u,v) satisfies

sup [[u'?|la.llv P lpr.q < o0,
Q
where A(t) = tPlog(e + )P~ v > 0, then

IT £l oo (uy < 1S Fll Lo ()
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To apply this lemma, we will need the following sharp function in-
equalities:
o (Adams [1]) For0<a<nand 0 < <1,

(7.2) M (L)) < M, f(x).

e (Alvarez and Pérez [4]) If T is a Calderén-Zygmund singular inte-
gral operator, then

(7.3) MF(Tf)(x) < Mf(z).

o (Pérez [41]) If T is a Calderén-Zygmund singular integral operator
and b € BMO, then for 0 < § <e <1,

(74)  MZ(b,T1f)(2) < c|bllyo (Mc(Tf) (@) + Mpiogrf(x)).
e ([13]) For0<a<n,0<6<1,and be BMO,

(7.5) ME([b, ) f)(z) < c|lbl sro (T f (@) + Mpiog Lo f(2)).
o ([14])
(7.6) MF(Mf)(x) < eM?* f(x).

If we combine inequalities (7.3) and (7.6), we get another sharp func-
tion inequality. Fix 0 < § < e < 1, and let 0 = §/e < 1. Then

MF (M(Tf))(x) = M#(M(Tf|)7) ()7
(7.7) = MF(M(Tf|))(x)¢ < eM#*(|Tf|)(x)
= MF(Tf)(x) < cMf(x).

1
€

1
€

Proof of Theorem 1.10: Recall that ®(t) = tlog(e + t)P*9. Let ®o(t) =
tlog(e 4 t)P~149/2 and ®,(t) = tlog(e + t)2*~'*9. Then by a result of
Carozza and Passarelli di Napoli [6] (see also [19, Theorem 5.26]), we
have that for any function h,

M‘Po (M‘Poh) (1‘) < CM‘IHh’(‘r)

and
M (Mg, h)(z) < cMgh(zx).

Similarly, recall that U (t) = tlog(e+t)? T1. If we let Uy (t) = tlog(e+t)*’
and W, (t) = tlog(e + t)? =1, then

M (Mg, h)(x) < cMg,h(x), M(Mg,h)(x) <cMgh(z).
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By Lemma 7.1, the pair
(w1 (M (My,ws))' P, Maywi (My,wa)' )

satisfies (7.1) with A(t) = t log(e+t)?~'%/2 and B(t) = t*'. Therefore,
by Lemma 7.2 and (7.4),

116, T)f Wl oo iy = 11105 TV Il o0 (1 (M) 1)

< cflbs TV Nl zooo (wy (M (Mg wa))1-7)

< c|bllzmro (M6<Tf>|Lp,oo<M%w1<M%w2>1p)

+ ||MLlogLfIIproo<M%w1<M%w2)lP)>-

We estimate each of the final terms separately. By Lemma 7.1 the
pair

(Mgowy (M (Mg, w3))' ™, Mo, (Ma,w:)(My,ws)"?)

again satisfies (7.1) with A(t) = t?log(e + t)?~1+%/2 and B(t) = t*'.
Similarly, the pair

(M, wi My, wz)' 7, M(Me, w1 )w; ")

satisfies (7.1) with A(t) = t? and B(t) = t*'. In particular, this pair sat-
isfies the two-weight A, condition. Therefore, by Lemma 7.2 and (7.7),
and by the two-weight, weak (p,p) inequality for the maximal operator,

[ Me(T f)l|Looo (Mg wr (Mygwa)t—) < CIMe(TF)|| Lowoo(aywi (M (M, ws))1—»)
< o[M fl Looe (May (Magwr) (M, ws)1 )
< M Fll oo (M, w1 (Mo, ws)1=7)
< el fll oo (010w w7
< Allf o (g wi—r)
= cllfllzo()-

The estimate for the second term is simpler. By Lemma 7.1, the pair

(Mo wi (My,wz)' 2, M(Meywi )ws ")
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satisfies (7.1) with A(t) = ¥ and B(t) = t* log(e + t)P'. Therefore, by
Lemma 2.11,

HMLlogLf”LPvOO(Mq)Owl(M\I,Owg)l—P) < C”fHLp(M(M(I)le)w;—P)

< C”f”[,p(Mq)wlw;*P)

= c| fllzr)- O

Proof of Theorem 1.11: The proof is nearly the same as the proof of The-
orem 1.10, except that instead of having to introduce the supplementary
maximal operators My, and My,, we use the fact that My ows € A;
(see [19, Proposition 6.15]), so M(My qw2) = My qws. Given this we
can repeat the steps of the above proof, using the appropriate sharp
function inequalities for [b, I,] and I,,. O

8. Sharp examples

8.1. Sharp two-weight condition for [b, T']. The example that shows
that in Theorem 1.3 we cannot take § = 0 was actually constructed
n [41]. There it was shown that (1.3) is false for the Hilbert transform
when we take the pair of weights (u, Mgu) where ®(t) = tlog(e+t)?P~1,
p > 1 an integer. By Lemma 7.1 this pair satisfies (1.2) with § = 0.

8.2. Sharp two-weight condition for [b, I,]. We show that we may
not take 6 = 0 in Theorem 1.6 when p = ¢ = k for a positive integer k,
1 < k < n/a. In fact, We construct a pair of weights (u,v) satisfy-
ing (1.8), a function f, and a BMO function b, such that that the weak
type inequality

u({z € R" - [[b, L] f(x)[ > 1}) < 0/ |f(@)[Fo() de,

]Rn
does not hold for any constant C' > 0.

Our example is similar to the example for the Hilbert transform given
above. Let ®.(t) = tlog(t + e)?*~! and consider the pair (u,v) =
(u, Mg, rou). The proof of Lemma 7.1 can be easily modified to show
that (u,v) satisfies (1.8) with A(t) = t?log(e+1)?*~1, B(t) = t* log(e +
£)2P' =146 5 > (. (In fact, we can take B to be any Young function.)

To work with this pair, we express v = Mg, rqu in a different way.
By an inequality of Stein (see [49, Chapter 10]),

1floe0 < ]{2 M () da,
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where M7 is the composition of M with itself j times. It follows that
Ma, ko f < cMyo (ML),
On the other hand we have (see [19, Example 5.42])
Mo (M1 ) < cMa, g f;
hence,
My, kof = My (M1 f).
Now define the weight

_ X]R"\B(O,ee)(x)
u®) = T g el og log a]

Then for |z| > e®", calculations show

M2y () (108 12D logloglog |1

|z[™ ’

and
log |z|)2*~1 log log log | z|
|x‘n—koz ’

Mka(M%*lu)(x) ~ (
Define the function f by
XR"\B(O,&EP‘)(I)

flx) = .
(*) = {2 (log [z])? Tog log ||
Then
/ £ Mo (M) (2) da
log log 1
z/ 08 108 og\x| kdx<oo.
R\ B(0,e¢) |2|" log |z|(loglog |x)

Further, for each z, 0 < I, f(z) < co.
Finally, let b(x) = log |z|; then for || > ¢ we have

L0H@ = [ log|y]

dy
Re\B(0,e<%) [T — y["*|y|*(log |y|)? log log |y]

1
> 20‘_"/ dy = oo.
Re\B(0,]2|) |¥]™ 10g |y|loglog |y|
Hence,
w({z € R : b, LIf(2)] > 13) > / (@) dz = oo,
R™\ B(0,ec®)
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8.3. Sharp one weight bound for [b, I,]. We show the estimate (1.7)
is sharp in the sense that the exponent (2 — a/n) max(1,p’'/q) cannot be
replaced by any smaller power. It will suffice to prove this assuming that
p’'/q > 1; the case when p’ /¢ < 1 follows at once by duality, using the fact
that the commutator is essentially self-adjoint (i.e., [b, [,]* = —[b, I.])
and the fact that if w € A, 4, thenw™" € Ay prand [w™a,, , = [w]i{:’;.

For each § € (0,1), define the weight ws(z) = |2|(®=9/?" and the
power functions fs(z) = [z[°~"Xp(,1)(z). A straightforward computa-
tion shows that

[ fsll o (ury = 6P,

Further, we have that

[wé]Ap,q ~ 5—(1/;0/.

Since wy is a radial function, it suffices to check this for balls centered
at the origin, again a straightforward computation.

Let b be the BMO function b(x) = log |z|. We estimate the commu-
tator as follows. For z € R", |z| > 2,

o) = [ D o,

B(,1) T =yl

log(1
— |Jj|5_n+a/ Og( /|ZD ‘Z|6—n dy
B

©,)z|-1) |2/]z] = 2"~

> |Z‘|5_n+a/ IOg(1/|Z‘) |Z|5—n dy
- B(,|z-1) (L+]z])"~

jz° -1 =~ 51
Z W|Sn |/0 log(l/r)r dr

C
= 62|w‘n7a7

where |S"71| is the surface measure of the unit sphere in R™. (See [10,
p. 11] for a similar calculation.)
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Integrating this inequality, and using the fact that 1/p — 1/¢ = a/n
and p'/q > 1, we get that

|z|(n=0)a/p! )Uq

\B(0,2) |z|(nm)a

1/q
=c5 2 / |x|75q/p/7” dx =520
R\ B(0,2)

](2—%)max(l,%)

= cws Ay,

I1[6; Ta) f5 ]| Laqusy > 62 </}R

I fsll Lo w2y

Since this is true for every d > 0, it follows that we cannot take any
smaller exponent in (1.7).

8.4. Sharp weighted Sobolev inequality. We will show that the
power 1/n’ is sharp in (1.9). Unlike the previous example, since we
are dealing with regular functions we have to replace the cut-off func-

tion X p(o,1) With a smooth function that has exponential decay.

Fix p, ¢ such that 1 < p < n and % —1_ %, and take any § € (0,1).

q
Define the weight

ws(a) = [o] /1,
if p > 1, then arguing as in the previous example we have that

9
(wila,., = lw; 3, =07

If p =1, we also have [ws]a, , = 6~ (see [30, Section 7]).
Define fs5(x) = exp(—|z|°); then we immediately have that

IV fo()| = 8lal’ " exp(~|z|).

Further, we have that

s s 1/q
lwsfalle = ( [ expl=alel el da:)
R"l

S 1/q n—1|\ 1/4
— (Sn—1|/ e—qr5r5—1 dT) _ <|S > — C5—1/11’
0 q0
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where again [S?7!| is the surface measure of the unit sphere in R”.
Similarly,

1/p
IV follzoqug) =0 ( / eXP(p|=’E|§)|$|("’H)5”dx>

00 1/p
A S (/ e Py du) =51V,
0

Combining these estimates we get

5~ Va ||f5||L<1(wg) < C[w5]1/n/|||vf6|||m(w§) ~ 5—1/n/61—1/p:51/n—1/p;

since this is true for all 4 > 0, we see that the exponent 1/n’ is sharp.
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