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BOUNDEDNESS RESULTS FOR COMMUTATORS WITH BMO FUNCTIONS
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VIA WEIGHTED ESTIMATES: A COMPREHENSIVE APPROACH
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ABsTRACT. We present a unified method to obtain unweighted and weighted estimates of
linear and multilinear commutators with BMO functions, that is amenable to a plethora of
operators and functional settings. Our approach elaborates on a commonly used Cauchy
integral trick, recovering many known results but yielding also numerous new ones. In
particular, we solve a problem about the boundedness of the commutators of the bilinear
Hilbert transform with functions in BMO.
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1. INTRODUCTION

The purpose of this work is to present a panoramic point of view on the topic of com-
mutators of linear, multilinear, and linearizable operators with pointwise multiplication by
functions which belong to the John-Nirenberg space of Bounded Mean Oscillation (BMO).
We will work in the weighted L? setting, where the weights will satisfy appropriate Muck-
enhoupt conditions. We will give a unified method for the weighted estimates of commu-
tators with BM O functions, first in the linear setting, and then in the multilinear setting.

Our approach is based on an idea going back to the pioneer work of Coifman, Rochberg
and Weiss [12], who first studied the commutators of Calderén-Zygmund operators with
BMO functions. They used what is now sometimes referred to as the Cauchy integral trick
to obtain boundedness properties of commutators from weighted estimates for the operator
itself. The idea is to represent the commutator as the derivative at the origin of an analytic
family of operators obtained by conjugating the given operator with complex exponentials.
Using the Cauchy integral to represent such derivative, estimates for the commutator follow
by Minkowski’s inequality and the fact that exponentials of BM O functions are essentially
Muckenhoupt weights.

This remarkably simple but elegant approach has been already generalized to other sit-
uations. For example, it was substantially extended in the work of Alvarez, Bagby, Kurtz,
and Pérez [1], where particular classes of pairs of weights were used, and iterated com-
mutators and some vector valued ones were studied as well. Their work provides a lot of
background and motivation for ours. Other applications have been used in the context of
spaces of homogeneous type, for example in the work of Hofmann, Mitrea, and Taylor
[24]. It is quite remarkable that such a general and soft approach to commutator estimates
produces, in some cases, sharp weighted estimates in terms of the character of the weights.
This was more recently shown by Chung, Pereyra, and Pérez [10]. We will further extend
the Cauchy integral trick so it can be applied to many new situations not covered by previ-
ous extensions of the method. In particular, we will be able to treat operators which map
a Lebesgue space into another one with a different exponent, multilinear operators, and
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operators which satisfies weighted estimates but only for limited classes of weights. We
will also be able to apply our approach in very general measure theoretic and geometric
contexts and multiparameter settings. We will recover many known results and establish
several new ones as well. When possible, we have tracked some of the constants involved
in our estimates using the existence of sharp bounds to the best of our knowledge. The
sharp dependence on the character of the weights in weighted norm inequalities continues
to be an area that attracts many investigators and new improvements in some of them have
been recently obtained. We want to emphasize, however, that our main objective is to show
the generality of our methods and hence we will have preferred clarity in the exposition at
the expense of the pursue of best constants, which may be slightly improved in some of
our computations. In some cases we have only indicated such possible improvements in a
remark leaving the computations to the interested reader.

The main new idea is to replace BMO by its exp L Orlicz representation denoted by
BMO, which allows for a better quantification of some estimates and more flexibility in
applications. Of course, in the classical Euclidean setting BMO = BMO, but this may not
be the case in more general contexts.

Nowadays, there is a myriad of papers on the topic of weighted norm inequalities for
commutators, both linear and multilinear. Although most of the works are based on the
same ideas, typically, the arguments have to be reworked every time since the operators
or the settings are different. Independently, for these settings and operators it is common
to find a well established weighted norm theory. Our results say that, with the exception
of some end-point results, the estimates for the commutators follow, almost automatically,
from the weighted theory. Thus, in most cases, the ad-hoc arguments for the commutators
can be skipped, provided the weighted norm inequalities have been proved. Our main result
for linear operators is as follows (we will provide detailed definitions in the next section).

Theorem 1.1. Let T be a linear operator. Fix 1 < p,q < 00, 8 > 0, and 1 < 5 < o0,
Suppose that there exists an increasing function ¢ : [1,00) — [0, 00) such that for all
weights w so that w¥ € Ay, and all f € LP(wP),

(1.2) IT Ay < @ ([, ) Ifllron.
Then, for each b € BMO and for each weight w and 1 < 7 < oo such that w" € A,

(1.3) (T, b]fHLq(wq) < C(¢, w, 6,1, 9) Ibllapo 1f1lLrowr
and, for every k > 2,

(14) H [T’ b]kaL‘f(Wq) < C(¢’ w, 0’ n,s, k) ”b”%M() ”f”LP(Wl’)-

Here we follow the approach and notation introduced by Grafakos [22], in particular,
[w]a, denotes the character of the weight (see Section 2.1 below) while ¢ is used to indicate
the dependence of the estimate on such quantity. As mentioned earlier, we will sometimes
just track such dependence without explicitly specifying the function ¢. The apparently
cumbersome form of the statement of the above theorem allows us to apply it to several
families of operators. For example, for classical Calderén-Zygmund operators one simply
takes p = g = 6 = s = 2. However, other situations require one to work with a power of
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a weight in a given class. Consider, for example, the operator L = —div(AV), where the
matrix A is uniformly elliptic, bounded and complex. One can study the Riesz transform,
functional calculus, and square function associated with this operator. All these satisfy
weighted norm inequalities in L?(w?) (or LP(u) after writing u = w?) for some range of p
and for some class of weights which can be written as w? € A; with 6, s depending on the
index p and the range of the un-weighted estimates. Another familiar situation is the one
given by the classical fractional integrals or Riesz potentials. There are natural weighted
norm inequalities for some p < g and for weights w € A, , or, equivalently, w? € A,y
(that is, w’ € A, for some # > 1 and s > 1). The same kind of behavior occurs for
fractional powers of the operators L above. A look at the existing literature (we will give
precise reference in later sections) reveals that the commutators of all the operators in the
previous families with point-wise multiplication by BM O functions satisfy weighted norm
inequalities, but the arguments need to be adapted to each operator in question. Our result
says that once the weighted norm theory has been developed, the estimates for commutators
follow at once.

Another important feature that we would like to emphasize is that the way the hypotheses
are written using the BMO space is amenable to several immediate generalizations, see
Theorem 3.17. For instance, we could replace the basis of cubes in BMO and the A,
conditions by other families of sets such as dyadic cubes, rectangles, and so on, as well
as replace the underlying space R” by a space of homogeneous type and more. In general
situations, the John-Nirenberg inequality or the self-improvement of the A, classes — that
is, the fact that w € A, implies wite e A, — may fail (see [15, p. 29]). However, as
we will see in the proof of our results, our formulation does not require any of these deep
properties. The BMO space we use here is defined using the exponential norm so that
it carries the John-Nirenberg inequality on its DNA. Hence, BMQO is in general smaller
than the usual BMO space defined using the L!-averages. Nonetheless, in addition to the
classical Euclidean setting, BMO does coincide with BMO also in some multiparameter
setting; see Theorem 5.22 below. Note that the conclusion in Theorem 1.1, is written for
weights w such that w?” € A for some 1, which, in the Euclidean setting with the Lebesgue
measure and with the Muckenhoupt conditions written in terms of cubes or balls, happens
to be true for every w? € A, by the fact that A p-weights satisfy reverse Holder inequalities.
This, however, may not be true for more general measures or geometries. When the reverse
Holder inequality does hold, we can give very precise estimates on the constants appearing
in Theorem 1.1; see Theorem 3.22.

We obtain in Theorem 3.31 a partial converse to Theorem 1.1, and multilinear versions
in Theorems 4.3 and 4.13. As a corollary we prove the first quantitative results for com-
mutators of multilinear Calderén-Zygmund operators, obtaining estimates in terms of the
character of the weights; see Theorem 5.6. A second important corollary is the proof of
the boundedness of the commutators of the bilinear Hilbert transform with BM O functions.
Although the first results about boundedness of the bilinear Hilbert transform by Lacey and
Thiele [31], [32] have been know for some 20 years now, the boundedness of its commu-
tators was a problem that eluded the efforts of several researchers. Our methods provide
the result including also some weighted estimates; see Theorems 5.7 and Corollary A.8.
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Moreover, combining this result with recent extrapolation ones by Cruz-Uribe and Martell
[14], we prove in Corollary 5.8 the boundedness of the commutators in the same range of
Lebesgue exponents known for the boundedness of the bilinear Hilbert transform itself.

We collect most of the basic definitions and properties of weights needed in the next
section; the expert reader can easily skip this part. The rest of the article is organized as
follows: the main results for linear or linearizable operators are presented in Section 3,
the general theorems in the multi-linear case are given in Section 4, and a multitude of
applications are outlined in Section 5. Finally, Appendix A contains some further results
for multilinear operators.

Acknowledgement. Part of this work was carried out while the second and two last
named authors were together at the Instituto de Ciencias Mateméticas (ICMAT), Madrid,
Spain, as participants of the Research Term on Real Harmonic Analysis and Applications
to PDE in 2013. Since then the authors have presented this work at many venues and added
several new applications of the methods initially developed. Most recently the last author
presented this work at the Mathematical Sciences Research Institute (MSRI), Berkeley,
California in February 2017, during the Harmonic Analysis program. The authors would
like to thank the ICMAT, the MSRI, and the organizers of the programs mentioned for
providing such a great atmosphere to carry out mathematical research. The authors would
also like to thank an anonymous referee for some suggestions and corrections.

2. PRELIMINARIES

Let |E| denote the Lebesgue measure of a measurable set £ C R”*. Throughout this paper,

we use the notation .
fi = ffdx . /f(x)dx
E |E| JEg

with the understanding that the term is zero if the set £ in question has zero or infinite
Lebesgue measure. We also use Q to denote cubes with sides parallel to the coordinate
axes.

2.1. Muckenhoupt weights. By a weight, we mean a non-negative, locally integrable
function. We now recall the definition and several properties of Muckenhoupt’s A, classes
of weights. For 1 < p < oo, a weight w is said to belong to A, provided

p—1
[wla, := sup <chdx> <JC wi=r dx> < 00
QcR” 0 o

as usual, p’ denotes the conjugate exponent of p. For p = 1, wisin Ay if

[Wla, 1= sup < f wdx) i) < o0,
OcR” o

or, equivalently, [w]s, = |[[Mw/wl|r~@n. Here and elsewhere M denotes the Hardy Little-
wood maximal function,

Mf() = su f Ol dy.
03x JQO
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We set

As =4,

p=1
We say that a weight w belongs to the reverse Holder class RHy, 1 < g < oo, if

l/q -1
[WlgH, := sup (JC wi dx> (J[ wdx) < 0.
QcR" 0 0

When g = oo, we say that w € RH, if
-1
(WlgH., := sup ||w||Loo(Q)<JC wdx) < co.
QCR" 0

In the case that g = 1 we define RH to be all A, weights.
We list a few properties that will be important for us later on. The proofs are standard,
and can be found for instance in [21]. For (g), see [28].

Proposition 2.1.
(a) A1 CAp CAgforl < p<g<oowith[wls, 2[wla, = [Wla,.

(b) RHe C RH,; C RH), for 1 < p < q < co with [Wlgn,, 2 [Wlgn, = [W]rH,.
(c) Ifwe Ay, 1 < p < oo, then there exists 1 < q < p such that w € A,.
(d) If we€ RH,, 1 < g < oo, then there exists ¢ < p < oo such that w € RH,,.

© Ao= |J 4= | rH,

1<p<co 1<g<eo
(f) Ifl <p<oo,weA,ifand only if w'=F € A,.
(@) Ifl<g<ooand1 < s < oo, thenw € Ay NRH if and only if w* € Agg-1)+1.

As we will work in the weighted setting, we need the notion of weighted L? spaces:
LP(w) = LP(R", wdx) denotes the collection of measurable functions f on R" such that

1/p
1A llzrowy = (/R” If(x)lpw(x)dx> < 0.

2.2. The space of functions of bounded mean oscillation. We recall here the definition
of the John-Nirenberg space of functions of bounded mean oscillation, BMO(R"), and in-
dicate how it identifies with an appropriate Orlicz space. We say that a locally integrable
function f € BMOR") if

1fllswo = sup f f = fol dx < +oo:
Q0 Jo
the supremum is taken over the collection of all cubes Q c R". We will simply write BMO

instead of BMO(R") when it is understood that the underlying space on which it is defined
is the Euclidean space.
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Now, given a cube Q c R”, the localized and normalized exp L-norm is defined as

fllexp 1.0 = inf{/l >0 :f (/V - 1) dx < 1}
0
= inf {/l >0: JE elfsm dx < 2} .
0

Note that,
_ IF-sol
JlefQ|de J[ <ef_fQIIexpL,Q _ 1) de 1
(0] “f - fQ”eXpL,Q 0
or
f f = foldx < 1If = follep .0

0
and hence
2.2) 1fllaso = sup f 1f = foldx < supllf  follesp.0-

o Jo 0

On the other hand, the John-Nirenberg inequality says that there exists a dimensional
constant C,, such that for every f € BMO we have

(2.3) lfllzao < Slép If = follexp.0 < CullfllBMo-

The estimate (2.3) captures the exponential integrability of a BM O function, a fact that
is going to be crucial for our results about commutators and weights. Therefore, it is con-
venient to re-normalize BMO and use the exponential norms as this will make the com-
putations and the constants in our arguments cleaner. Thus, we can define an a priori new
Orlicz-type space BMO(R") (or simply BMO) via the norm

ILllapo = sup b = bollexp £,0-
0

Clearly, (2.3) implies that in the classical Euclidean setting (BMO, || - ||smo) and (BMO, || -
llepmo) are equivalent quasi-normed spaces; nevertheless, the appearance of MO in the
statements of our results is to emphasize that || - ||ga0 is used.

2.3. Commutators. We recall the notion of commutators with linear operators. Suppose
T is a linear operator. Define, whenever it makes sense, the (first order) commutator of T
with a measurable function b by

2.4) Ty f(x) = [T, b1f(x) = T(b)(x) = bOT f(x) = T ((b(-) = b)) f()) (x).

One can also define the higher order commutators of 7" with a measurable function b by
the recursive formula Tl/f = [Tl’j‘l, b] for every k > 2. Instead of Tk the notation [T, b]; is
sometimes used in the literature. It is immediate to see that in such a case,

Thf = T((b0 - b)) fO) 0, k=0,

where it is understood that T,? =T.
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The previous definition can be extended to linearizable operators. We say that a sublinear
operator T is linearizable if there exists a Banach space B and a B-valued linear operator
7 such that T f(x) = ||7 f(x)||z. In this way we set, for all £k > 0,

Th@) =I5l = || 7 ((66) = b0) 7O .|| =7 ((60) = 60) 1)) 00,

3. THE GENERAL THEOREM

3.1. Commutators in the classical setting I. The following result is a generalized version
of the classical theorem of Coifman-Rochberg-Weiss [12] which will cover many of the
commutators results in the literature. It is a more precise formulation of Theorem 1.1 stated
in the introduction. Moreover, the formulation can be further sharpened using stronger
properties of the Muckenhoupt weights, but we will do this in Section 3.4. For now, we
prefer to state our result in a way that can be generalized to some other situations where the
associated Muckenhoupt weights may fail to verify such properties. Recall that we have the
identification of spaces BMO = BMO. The operators we consider here act on functions
defined on R”.

Theorem 3.1. Let T be either a linear or a linearizable operator. Fix 1 < p,q < o0, 6 > 0,

and 1 < s < oo. Suppose that there exists an increasing function ¢ : [1, 00) — [0, o0) such
that for each f € LP(wP) we have

(3.2) IT flusony < 6 ([, ) Wllrms Y € Ay,

Then, for each b € BMO, for each weight w and 1 < n < oo such that w®" € Ay we have

"0 min{Ls—1) 1
33) T B e < ﬁ ¢ (4T [w""]Aﬁ”) 1Bllz 10 11 lzroor;

and, for every k > 2,

"0 k min1,s—1)
GA) (T | gy < K (mmﬁs_l}) p (4 v [Wf)n]zﬂ) 1BIE pio 1 Lo or)-
3.2. Proof of Theorem 3.1. It is well-known that 8MO functions and A, weights are
related. Indeed one can show that if w € A, then logw € BMO. The converse is “almost”
true: if b € BMO, then '’ € A, provided |1| is sufficiently small. A first quantitative
version of this result was given by Pereyra in [40, Lemma 3]. We present a similar quan-
tification, computing precisely the parameters involved in terms of ||b||gp0-

Lemma 3.5. Let b € BMO. Then e’ € Ay, Ibllgyo JOT every |A] < ||b||5_glMO; moreover,

3.6) [e/l b] < 4Mllibligro

ALABlg A0
In particular, for each 1 < p < co and A € R verifying

3.7) |/l|<min{1,p—1}
— Ibllsmo
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we have e'? € A, and

3.8) [e’lb]A < 4Mllibligyo

4

Proof. By homogeneity considerations we may assume that ||b||gpo = 1. Then, for every
cube Q, we have

(3.9) JC elP=bol gy < 2.
0

Now, given |A| < 1, let g = 1 + |A]. We have to prove that e*? € A, with [e“’h < 4K,
q

The case A = 0 is trivial. Assume otherwise that 0 < |1] < 1. By Jensen’s inequality and
(3.9) we have

[
(3.10) f eMIb=bol gy < ( f elb~bol dx> <M
0 0

On the other hand, since ¢’ — 1 = ||}, (3.9) implies that

(3.11) feu”b_bgl(",_l)dx = JC bl dx < 2.
Q Q

These estimates and the fact that ¢ < 2 imply that

q-1
(f e/lbdx> <J[ e“’““”dx)
0 0
q-1
_ ( JC A b=bo) dx> < JC A b=bo)1-¢) dx)
0 0
q-1
< ( ][ SHI1b=bol dx) ( JC eanb—bQKq'—l)dx)
0 0

< oMt = M,

Taking the supremum over all the cubes Q c R” we conclude that e'? € A, with [6“7 }
4.

Let us now obtain (3.8). The case p = 1 is trivial since A = 0. Suppose next that 1 < p <
2; in this case, (3.7) implies that 1 + || ||bllgpmo < p and |4] < IIbIIZ‘;}W). Then, we can apply
(3.6) and Proposition 2.1 (a) to obtain (3.8). Finally, if 2 < p < oo, we observe that (3.7)
implies that || < ”b'@wo and therefore (3.6) holds. Notice that 1 + |A|||bllgpmo < 2 < p
and we can get the desired estimate as in the previous case. O

Lemma3.12. Fix 1 <r<ooand1 <n < co. Ifw' € A, and b € BMO, then we'? € A,
for every A € R verifying

4, S

min{l,r— 1}

3.13) |A] < )
1" 1bllspmo
Furthermore,
1
(3.14) [wett], < [wr)y 44Plsvo,
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Proof. Let U = we?. Holder’s inequality yields

r—1 r—1
(J[ U(x)dx) (f U dx) = (JC we“dx) (f wl="’ e“’“-”)dx)
0 0 0 0
; ; 5 o
< <JC w"dx)” (JC e/l”,bdx>” <JE (Wn)l_r,dX> ] <JC e(l_r,)/“"bdx> ]
0 0 0 0

1 1 1
< w1 [ P)1 < [wr]) 4iIPlsvo,

where we have used that |A| " < min{1, r — 1}/[|b||lgpo Which, by Lemma 3.5, implies that
el e A, with [e’l ’7'1’] A S 4Win IPllsmo | This readily leads to the desired estimate. O

Proof of Theorem 3.1. We start with the case of a linear operator 7. Fix b € BMO and
assume that ||b||gro = 1. Fix 1 <5 < oo and w such that w?? € A;. Set

_ min{l,s— 1}

= 9777’

Write, whenever it makes sense, ¥(z) f(x) := ¢ 2?™@T(e*? f)(x). Fix z € C such that || < §
and set W = we R¢@? By Lemma 3.12 we have that

[WH] A — [WO e—Re @b E)] B

since our choice of ¢ gives that

0:

< [Wen]i 49|Re(z)l < [Wf)r}]js 495

s

min{l, s — 1}

4

O Re(z)| <606 =
Thus, we can apply (3.2) and obtain

@) ooy = 1T Hllzaway < ¢ ([WBJAS) lle* fllLrcwr).

hence

1
(3.15) V(@) fllzaquay < ¢ <[w""} A 495) 11£1lze o)-
On the other hand, we notice that
V(@) f (1) = =b(x) eI T f)(x) + eI T (B e ).
and by the Cauchy Integral Formula, we have that

1
[7.01f(0) = ¥'(0)f(x) = 5 /| =0

See [1] for a rigorous proof of this commonly used formula.
Next, we use Minkowski’s inequality and (3.15) to conclude that

1
T, b1 fllooway < / () fllLaowayldzl
(w9) 27152 s (w)

Y(2)f(x)
T dZ.

1 -
< — nln 49(5 nld
27252 /|z|:6¢ <[W I4, > A llzrowryldzl



COMMUTATORS WITH BMO FUNCTIONS 11

1 1
<<¢ ([w""} A 495> 1 1o or)-

Plugging in the value of the parameter ¢ in the previous estimate we obtain (3.3).

For T linearizable we proceed in the same way but replacing T by the B-valued linear
operator 7. In such a case we need to work with the Bochner space L{ (w?) whose associ-
ated norm is || f]| L) = H IIf|ls H Lawa)’ This is still a Banach space and then in the previous
argument it is legitimate to use Minkowski’s inequality. The rest of the argument extends
mutatis mutandis and the details are left to the interested reader.

We now consider the kth order commutator. As before, it suffices to assume that 7T is
linear as the linearizable case follows using the same scheme. The proof is very similar
after observing that the Cauchy Integral Formula gives

T 00 = WO fo = - [ TS

. dz.
27i l=6 Zk+1

This and the previous argument readily leads to the desired estimate. ]

3.3. Commutators in general settings. As mentioned before, our main result can be eas-
ily extended to more general settings. We can replace the Euclidean setting and the Muck-
enhoupt classes associated with the basis of cubes by any measure space (we do not even
need to have a distance) and basis formed by collection of sets. The commutator result
is abstract and needs a few ingredients. In several interesting applications, however, one
needs to get back to friendlier settings.

Let (27, %, u) be a measure space where X is a o-algebra and u is a non-negative measure.
A basis # C X is a collection of sets such that each B € 4 is u-measurable and 0 < u(B) <
co. We can define the A, classes associated with . A weight w is a non-negative function
such that fB wdu < oo for every B € 28. We say that a weightw € A, , 1 < p < oo, if

p-1
[Wla, g = sup (chd,u) (J[ wi=r d,u) < 00,
' Be# \JB B

Notice that for our results we do not define the “problematic” class A| . As before, for a
given weight w, we write LP(w) = LP(wdu). The following properties are trivial and we
omit the proof.

Proposition 3.16.
(@) App CAyzforl <p<q<ocowith [W]Ap,% > [w]Aqﬂ@.

(D) If 1 < p <oo,we€A, gz ifand only ifwr e Ay 2.

We can also define a BMO space associated with the family %. We say that a measur-
able function f € BMO»(Z) or simply f € BMOy (when the underlying space 2~ is
clear from the context) provided [, g fldp < oo for every B € % and

Ifllspmoz = sup llf = follexprLs < .
Be#

Clearly, when 2 = R", # denotes the basis of cubes and du = dx, we have BMO 4z =
BMO = BMO.
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The notation fp is, as before, for the u-average of f on B, while the norm || f{lexp 2,5 18
defined as

inf{a>0:f<e'5'—1>dugl}=inf{1>o:fe'ﬁ‘dusz}.
B B

This definition of BMO carries the John-Nirenberg inequality as part of the definition
and therefore it is what we need for our purposes. One could also define a BMO 4 space
using L' averages. In general, we have

BMO» C BMO,

and, unless some further properties are assumed, one cannot expect these two spaces to
coincide.
We have the following commutator result.

Theorem 3.17. Let T be either a linear or a linearizable operator. Fix 1 < p,q < 0, § > 0,
and 1 < s < oo, Suppose that there exists an increasing function ¢ : [1, 00) — [0, o) such
that for each f € LP(wP) we have

(3.18) IT iy < ¢ (07,0, ) Wik, Vo € Ay

Then, for each b € BMOy, for each weight w and 1 < i < oo such that w7 € Ay 5 we
have

' 9 min(Ls~1) 1
(3.19) H[T,b]fHLq(Wq)Sﬁ¢<4 7 [w""}/(j@) 1Bl M0 5 1P or;

and, for every k > 2,

' 9 k min{l,s—1)
(320) || TEF| 0 < &' (nmgs_l}> ¢ (4 7 [wenn/:@) 161 p10,, ILFLoGer)-

The proof is exactly as before with the only exception that in Lemma 3.5 when 4 = 0
one has that w € A, » for every g > 1 (recall that we have not defined A} ») and also that,
in the second part of that result, the case p = 1 is excluded. Taking all this into account,
one can follow the proof of Theorem 3.1 line by line and the argument goes through with
only notational changes.

Remark 3.21. If one forgets about the dependence on the constants, Theorem 3.17 can be
re-stated in a qualitative way. Such a result will say that if 7" is bounded from L?(w”) to
Li(w9) for every w such that w € A 4 then the commutators Tz]f with b € BMOy4 are
bounded from LP(wP) to L4(w?) for every w such that w?" € A g for somen > 1.

Examples of bases % in R” with the Lebesgue measure are the sets of all cubes, or balls,
or dyadic cubes or rectangles with sides parallel to the axes. In spaces of homogeneous
type, one can also take balls, or Christ’s dyadic cubes. All these classes have some addi-
tional features that allow one to refine the statement of Theorem 3.17. We will discuss this
in the following section.
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3.4. Commutators in the classical setting II. Our next goal is to sharpen Theorem 3.1
and exploit the fact that the Muckenhoupt weights have self-improving properties. We
first notice that in that result the weighted estimates for 7' are assumed to hold for every
weight w in the class w’ € A,;. However, in the conclusion, the weighted estimates for
the commutators hold provided w7 € A, where n > 1, which is apparently stronger than
w? € A,. Nevertheless, the self-improvement of the weights gives that w’ € A which
implies w7 € A, for some 57 > 1 which is typically very close to 1. This value of 7 depends
on s and [we] 4. and has been precisely quantified in [11]. Let us notice again that this
property depencis very much on the setting. In the abstract context of the previous section

without any further assumptions there is no reason to think that w? € A implies w?” € A;.

Theorem 3.22. Let T be either a linear or a linearizable operator. Fix 1 < p,q < oo,
08>0, and 1 < s < co. Suppose that there exist an increasing function ¢ : [1, 00) — [0, o)
such that for each f € LP(wP) we have

(3.23) IT fluson < 6 ([7],, ) Wllrms Y € Ay,

Then, for each b € BMO and for every w? € A, we have

2 max{s,s’}+n+2
2 x{s,s"}+n 9 H}max{],s%]}

(3.24) (T, b1f A

<«
LiwhD = min{l,s — 1}

¢ (4705125 [w] ) bl 1 oy

and, for every k > 2,

22 max{s,s’ }+n+2 0) k [ 6] k max{1,—}

329 175 s Sk!( min (1,5 — 1) A

p <4min{1,s—1} 2° [w] AS) 1Bl p10 11 lr -

Before proving this result, we need the following auxiliary lemma due to Pérez [11].

1

Lemma 3.26. Letw € A,, 1 < p < oo, and let p,, = 1 + P
p

0 Cc R", we have

1
(3.27) ( f e dx> " <0 JC wdx.
0 0

Remark 3.28. It was shown in [27] and [26] that one can get a sharper reverse Holder
exponent using the the Fujii-Wilson As-constant. More precisely, (3.27) holds for any
w e A, withp, = 1 + , where [w]s_ stands for the Fujii-Wilson A -constant

1
2n+11 [W] oo )
defined as

. Then, for any cube

[wla,, := sup

1
— M dx.
ochn w(Q)/Q (wxg)dx
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Proof of Theorem 3.22. Fix u = w? € A;. Write v = u'™ = w?(=5) € Ay, Apply Lemma
3.26 to u and v to obtain that

1 1
(3.29) < f e dx> " <o JC wdx, ( f W dx> " <o f vdx,
0 0 0 0

where
1 1 1

pu=1+ W, py=1+ 2254+l [y, | =1+ 225" +n+1 [u]z’—l'

s

Set n = min{p,, p,}. We see that 7 € A, by (3.29) and our choice of 7:

s—1

[u”]jv = sup (JC u' dx> ’ (Jc(u")l_sl dx> v
‘ 0 o
< sup <JC up“dx) (JC Vv dx)pv
o
(s—=1)
<sup?2’ <qudx> <vadx> = 2°[ula,.
Q 0 0

We now estimate 1’. We first observe that

77/ = max{p;,p;} = 1 + max {225+n+1 [M] 22s'+n+1 [u]s,‘_l}.

If 1 < s <2 we have that 22571 [y] 4 < < 22s'+n+l [u] Usince 1 < s’ —1and [u]4, > 1. On

the other hand, if 2 < s < oo we analogously observe that 22 s'+n+l [”];h <22 sintl [ula,.
Thus,

17’ =1+22 max({s,s’}+n+1 [u]glsax{l,s’—l} —1+22 max{s,s’}+n+1 [u]max{l,ﬁ}

By (3.3) in Theorem 3.1, the previous estimates, and the fact that " > 1 we obtain

'6 minf{l,s—
T80 iy < =y @ (477 (77157) Wllsio WAl

9
~ min{l,s— 1}

¢ (4 of MA,) IBllspio 1 AllLroun,
22 max{s,s’ }+n+2 0

’ max{l,sf}
(1 + 22 max{s,s’ }+n+1 [u]AS 1 )

max{l,5 }

[y,

© min{l,s— 1}
¢ (4707125 [, ) bl If oo
The proof of (3.25) is analogous and we leave it to the interested reader. O
Remark 3.30. By using the results from [27] and [26], see Remark 3.28, the estimate (3.24)
can be improved to the following:

2n+12 )

0 0(1-s")
TR LR (L P I

175170y <
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& (4m0051 25 [ ) Wbl Ifllsoun.

Further details are left to the interested reader.

3.5. Commutators vs weighted norm inequalities. In Theorem 3.1 we proved that if a
given linear operators T satisfies weighted norm inequalities, then so do the corresponding
commutators with 8 MO functions. In many situations, the theories of weighted norm in-
equalities and the estimates for the commutators run parallel without apparent connection.
Theorem 3.1 gives a very powerful one-way bridge between the two theories. It is therefore
natural to wonder whether there is in fact a two-way bridge between the two theories, that
is, also an abstract principle that allows one to say that estimates for the commutators imply
certain norm inequalities.

Suppose that a given operator 7" has the property that every commutator T{j is bounded
on L*(R") with an appropriate control on the constants. We wonder whether this implies
that 7 is bounded on L?(w) for some collection of weights. The best that one could expect
the class of weights to be is A, (or some A)), since we know that for the Riesz or Hilbert
transforms the condition A, is necessary and sufficient. However, this class is too big. In
fact, there are examples of operators whose commutators behave as the ones of the Riesz
or Hilbert transforms for which the class of weights cannot be A;. For example, consider
the Riesz transform VL™'/? where Lf = —div(AVf) is a second order divergence form
elliptic operator with bounded and complex matrix A. All commutators of L are bounded
on L?(R") with the appropriate constants; see [4] and Section 5 below. However, if VL™!/2
were bounded on L?(w) for every w € A, then the Rubio de Francia extrapolation theorem
would imply that VL~/2 is bounded on LP(R") for every 1 < p < co and this is not true
for all such operators L; see [2]. This shows that the class of weights considered for such a
converse should be small enough so that extrapolation does not lead to invalid estimates.

Theorem 3.31. Fix 1 < p < oo and suppose that T is a linear operator.
(a) Suppose there is a Ay > 0 and ¢ : [0, 9] — [0, o) an increasing function such that
for each b € BMO we have

Ao
Ibllgpmo”

(3.32) IT fllpperry < (1A 1IBNsMO) 1f s (ee), VA, 1A <

Then, for each k > 0 and b € BMO, one has

k
T fllLr@n < ¢(Ao) k! </fo> 16115 v 111 Lr en)-

(b) Conversely, suppose that there exists g, Co > 0 such that, for every b € BMO and
for every k > 0, one has

k
(3.33) ITE fllzegey < Co k! (f()) 16115 pi0 11l cen)-
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Then, there exists an increasing function ¢ : [0, 9) — [0, o0) such that for every

b € BMO we have

Ao

(3.34) IT fllzreewy < S(1A1IBIBMO) If oo, YA, |l < .
Ibllgmo

Proof. We shall first prove (a). The case k = 0 follows from (3.32) with 4 = 0. Let k > 1.

By homogeneity we may assume that ||bllgpo = 1. We set 6 = Ao/p. Write, as before

Y(2)f(x) := e POT(e2b f)(x). The Cauchy Integral Formula gives

k! P
Tyf(x) = YOO f(x) = 5 /||—5 (ZZISJ{I(X)

dz.

27 .
For every |z] = § we note that p [Re ()| < p & < Ag. Thus we can apply (3.32) with ¢ ?Re @b
and write

k! k!
ITh e < / N @) fllr@nldzl < = supIT (€ f)llpge-rres
b ( ) 27T6k+1 |Z‘=6 ( ) 6k |Z|:6 Lp(e P )

k! k!
< 2 W llr@ny sup ¢ (p Re (2)]) < = ¢(Ao),
0 l2]=6 0
which is the desired estimate.
Let us now turn to proving (b). By homogeneity we may assume again that ||b||gp0 = 1.
Define ¥(z) as before and and fix x. Since Y¥(z) f(x) is holomorphic, we can write

(o)

YOO f(x) 4
> Ko C

< Z | b/]:‘(x)| |Z|k-

k=0

P f (0] =

k=0
We now use (3.33) to obtain that if |z| < Ag/p then

(o) 1 (o)
@) fllr@n <D 2 REITE g < Collfllren Y 12 (
k=0

!
k! P

i

k
1 > = ¢zl p) 1 fllLr gy
0

where ¢ : [0,49) — [0, o0) is the increasing function defined by the formula ¢(s) =
Co(1 —5/29)"",0 < s < 2. Let us now take z = —A4/p with |4| < Ag (which implies that
|zl < Ao/p) and f(x) = g(x) e*?™/P_ The previous estimate yields

IT8llLrervy = 1M (=A/P) fllr@ny < @A Ifllzeery = SUAD I8l erey-
This completes the proof. O

4. MULTILINEAR OPERATORS

We turn now our attention to multilinear operators with the main goal of obtaining the
natural counterparts to the general results from the linear setting, Theorem 3.1 and Theorem
3.22. The situation here changes slightly since the good classes of weights come in two
flavors: product weights and vector weights.

Let us thus begin by defining the main objects that we will be dealing with in this setting.
T will always denote an m-linear operator from X X - - - X X, into Y, where X;,1 < j < m,
and Y are some normed spaces. In our statements the X; and Y will be again appropriate
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weighted Lebesgue spaces. Forf = (f1, f2, ..., f) € X1 XXz X- - - XX}, and for a measurable
vector b = (b, bs,...,by), and 1 < j < m, we define, whenever it makes sense, the (first
order) commutators

[T,ble;®) =T(f1,....bjfj, .. f) = b;T(f1,. .., fis- - f);
we denoted by e; the basis element taking the value 1 at component j and O in every other

component, therefore expressing the fact that the commutator acts as a linear one in the jth
variable and leaving the rest of the entries of f untouched. Then, if k € N, we define

[T’ b]kej = [ v [[T’ b]€j7 b]ej T 7b]6j9

where the commutator is performed k times. Finally, if @ = (a1, a2, ..., a,) € (N U {0})"
18 a multi-index, we define
(41) [T’ b]oz = [ o [[T9 b]mep b]azez e ’b]amem-

Informally, if the multilinear operator 7" has a kernel representation of the form

nmm=/;KumanMﬁm»~ﬂ@mwpuwm

then [T, b],(f)(x) can be expressed in a similar way, with kernel

m
[1®i6) = b)) K yi. . ym)-
j=1
Next, we define the appropriate vector-weights classes of Lerner, Ombrosi, Pérez, Torres
and Trujillo-Gonzélez [33].
Definition 4.2. Let P = (py,..., py) with 1 < py,..., p, < oo satisfying
1 1 1

e — = —,
P1 Pm p

m

/ .

Vw = l_ij7 Pi,
j=1

We say that the vector weight w € Ap if

l/plm_I - 1/p;
[W]4p :=sup (JC vwdx> <JEW ’dx) < 00,
"o \Jo o’

J=1

Letw = (wy,...,w,) and set

We observe that, by Holder’s inequality, we have

I/p m - I/p; m 1/pj - 1/p}
(J[vwdx) H(J[wj ’dx) SH(Jijdx> <chj ’dx) .
0 1 \Jo i1 o 0
and thus ,
1145, < 4e.
j=1

It was shown in [33] that the above inclusion is strict.
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4.1. Multilinear commutators I. We are now able to give a multilinear version of Theo-
rem 3.1 where each weight belongs, individually, to a Muckenhoupt class.

Theorem 4.3. Let T be an m-linear operator. Fix 1 < p; < oo, 1 < 5; < 00, and 6; > 0,
1<j<m Let1 < p < oo be so that

|
:;p/

and suppose that there exist increasing functions ¢; : [1,00) — [0, 00) such that for all

< -

o 0; .
w = (Wi,...,wy) satisfying wj’ € Asj, 1 < j <m, we have

(44) Aoz, < TT05 (0710, ) 15l 0
j:l J

Then, for all b = (by,...,by,) € BMO", for each multi-index « and vector weight w =
Wi,...,Wy) such that forall 1 < j < m, w:('/ej € Ay; with some 1 <nj < oo, we have

m
1 S0 0mil ;
@5 WLl < @ [T srds (422050 10500l 6y, (1)
j=1 %

min{l,s;—1} 1<i<m
A

Proof. We adapt the proof of Theorem 3.1 to the multilinear setting. Let then b € BMO™,
and without loss of generality assume that they are real valued and ||bllgpmo = 1,1 < j < m.
Define, as before, for z = (z1,. .., z»), the following holomorphic map

Y()(E) = e ZF AT (0 f, e et f)

The Cauchy integral formula adapted to several complex variables now yields

where 6 =

a! Y. (f)
4.6 T,bl.f = D*¥ = —— z dz1dzy - - - dz,,,
@0 AP O]y (2miy™ /bop(o,3> FTRFCINNT

where we denoted by by P(0, 8) = {(z1,22,...,2m) € C" |zl = 6,1 £ j < m} the so-called
distinguished boundary of the polydisc P(0, 3) ={(z1,22,...,zm) €C" 1 zj| < 6,1 £ j <
m}.
Fix now the weights w; so that wf.mj € Ag; for 1 < j < m and let us define v; =
w je‘Re(Zf' )i Note that
O _ | o~ Re(@)jb;

Vi =W

. 0in;
Since wi’"’ € Ay, and
min{l, s; — 1}

|RC(Z]‘)9J| < 5j0j < 5
j

>

by Lemma 3.12 we obtain that v?’ € Ay, and

0 Omj1/m;j 466,
[vi'la, < [wj I]A.ij4 i,
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By our hypothesis condition (4.4), we can write

Al orpr, wry = 1T fiso @ follnrpe, o)
i 0; b
< [To5 (071, ) 1677 il )
j=1 '
which, by the increasing property of the functions ¢; and the fact that
Zibj . ~ = |If. .
||e J -’f]”ij(vfj) “f]“ij <W;j)
further yields the uniform estimate over by P(0, 5):
u 0,41/
S Omiln;
Il gy gy < [T (490005700 ) Wl -
j=1 |
Now, by Minkowski’s inequality, we obtain that

a! Al o, Wiy
T, b m < — m—H dZ ce dZ
IE- Bleflrry, vy 2y /bomo,&) [T Izt el Izl

A 4061, 0miql/n . ;
o () W )

<

a! 1 276 L
aj+1
@ny" 1 6

which is (4.5). O

The statement of Theorem 4.3 and its argument can now be adapted in a straightforward
way to obtain a multilinear version of Theorem 3.22. We leave this task to the interested
reader. However, we would like to make several remarks on Theorem 4.3.

By re-normalizing the weights and writing w; := w? 7, the statement of our theorem can
be reformulated in terms of the weight vy, introduced in Definition 4.2. Ignoring the precise
constants in terms of the increasing functions ¢; in Theorem 4.3, we obtain the following.

Corollary 4.7. Let T be an m-linear operator. Fix 1 < p; < oo, 1 < s; < 00, and §; > 0,
1<j<m Let1 < p < o be so that

D

1
1pj’

] m
Pz
and suppose that for allw = (wy, ..., wy,) satisfying W?j/pj € Ay;, 1 < j < m, we have

4.8) ITAr 6y S [Tz (y)-

j=1
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Then, for allb = (by,...,by,) € BMO™, for each multi-index a and vector weight w =

W1, ..., Wy) such that forall 1 < j <m, w?jaj/pj € Ay, with some 1 <1; < co, we have
m
4.9) T, 1Al S T 16MEN Ol ory)-

j=1
The following is a variation on the corollary just stated, in which we express the condi-
tions on the weights in a simpler manner.

Corollary 4.10. Let T be an m-linear operator. Fix 1 < p; < oo, 1 < j <m, and 6 > 0. Let

1 < p < o be so that
l_zm:i

and suppose that for allw = (wy, ..., wy,) satisfying w? € Ap;, 1 < j<m, we have
m

(4.11) 1T A6y S [T (y)-
j=1

Then, for all b = (by,...,by,) € BMO", for each multi-index « and vector weight w =
(wi,...,wy) as above, we have

m
j

(4.12) T, Bleflrony < T [ 1M EpOI M2 )

j=1
4.2. Multilinear commutators II. The unsatisfying aspect of the statement of Theorem
4.3 or of its subsequent corollaries is that the dependence of the constants in the estimates
is on the Muckenhoupt constant of each one of the weights w; that comprise the vector
weight w. We present here a version with constants depending only on the Ap constant of
w.

Theorem 4.13. Let T be an m-linear operator. Fix 1 < p; < coand let1 < p < oo be so

that
1 Z’": 1
P 45 P

Suppose that there exists an increasing functions ¢ : [1,00) — [0, 00) such that for all
w=Wi,...,wWy) € Ap, we have

m
(4.14) ITAlLr ) < & (W1ap) T T2 -
j=1
Then, for allb = (by,...,b,) € BMO™ and for each multi-index a, we have

m

@15 T.blaflren) s @' (cpwlap) Wl 7P TT 0 Mgyl Fill i -
j=1

m T . /
where cp = 412 mintl/pi1/pj)
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For the convenience of notation, we will only prove this result for bilinear operators
(m = 2). Before we begin our argument, let us recall that if w = (w(,w,) and P = (py, p2),
then we have [33] the following equivalence:

W{)/pl p/p2

1-p, 1-p;
WEAp © vy = wh'P? € Agy oy i= w7 € Ay, and oy i= wy) P € Ay

Moreover, by [18, Lemma 3.1], we have [O‘j]Azp,. < [W]Z{),j = 1,2, and since p/p|+p/p5 =
2p — 1, Holder’s inequality gives '

2p-1
(JE Yy dx> <JC yi-2py dx)
o o
p/p p/ps
< <JE Vw dx> <JE o1 dx> <JC lop) dx> < [W]ZP,
o o 0

Proof. As before, and without loss of generality, we assume that b;, j = 1, 2 are real valued
and normalized so that their BMO norms are equal to 1. By repeating the argument with
the Cauchy integral trick in Theorem 4.3, given w € Ap we see that everything reduces to
showing that for some appropriate 61,5, > 0 (to be chosen later) and for |z;| = 61, |22] = 82,
we have

that is, [vwla,, < [w]ﬁP.

<o ) —Re(z1)p1b —Re(z)pmb
W = (W1, Wa) 1= (Wiep,, waep,) 1= (wye RECOPIDL ) o~ReGrbay ¢ pp,

1-p’, . .
Note that as observed above vy € Ay, and o := w; e Azp}, for j = 1,2. Using now

Lemma 3.26 and writing, for a given weight w, p(w) instead of p,,, we can find r = r(w) =

min{p(vy), p(c71), p(02)} > 1 so that
(4.16) r ~ max{ s, (01 1as, (021, ) < W P77

and the following reverse Holder inequalities hold:

1/r
4.17) (J{: vzvdx) < 2J[1/de
Qo Q

and for j=1,2

1/r
(4.18) (JC o-j-dx) < ZJCO'jdx.
o o

Using these, Holder’s inequality and regrouping terms, we get
1/p
1-p J
H < JC w; Pi dx)
Q

I/p
<JC v;vdx)
0 j=1
N A\
= <vaweglme£2p'dx> H(Jca'jebj ’dx)
0 o1 \Jo

2
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1/(pr) , , 1/(pr')
< (f Vi, dx) <JC e;)lp/pl e}r?zp/m dx)
0 0
1/(pr) e 1/pjr’
H <JC O';dx> <JE e;( P;)dx>
J
i 0 0

J=1

S\ Ve PN VT
<4iwls || ( JCQ e dx) ( J(Q e;]f Py dx)

j=1
')

Ap,;

2
< 4[Wla, H [e‘Re(Zf')”f’/bf}
J=1
< 41+(51+52 [W]AP7

. in{l,p,—1} .
where the last estimates uses Lemma 3.5 as long as we assume that 6; < %, j=12.

Notice that this choice implies that 6; < min{l/p;, 1/ p}}. On the other ljland, recalling

max{p,p},ps}

(4.16) and assuming further than ¢; ~ [W];P

we eventually obtain

T, blofllirery) < @167765%2¢ (cplWlap) ILfillzer qop L f2llLe2 o)

with cp = 41+min{l/pi1/pil+min{l/p2,1/p3} This easily gives the desired estimate. |

4.3. Multilinear commutators vs weighted estimates. In this subsection we give a mul-
tilinear version of Theorem 3.31, thus showing that there is a two way bridge between
weighted estimates for commutators of the operator and weighted estimates for the oper-
ator itself in the multilinear setting as well. We do not include the proof as it follows the
linear situation very closely using the Cauchy integral formula for several complex vari-
ables (4.6) and a multivariable Taylor series.

Theorem 4.19. Let P = (py,...,pm) € (1,00)" and p > 1 be such that % = i + -+ i,
and let T be a multilinear operator.
(a) Suppose there are Ay > 0 and a function @ : [0, Ag]™ — [0, 00) that is increasing in

each variable such that for each b = (by,...,b,) € BMO™ we have

m
A o Py ) < ‘D(I/hlllblllsmo,...,I/lmlIImeIBMO)HIIfjlle,(
J

L (exp(%, £ exp(;b)))

J=1

for ;1 < Ao/lIbjllamo. Then, for each multi-index oz and b € BMO™

7. Blaflrery < @A, ..., d)e! [ |

<Pj||bj||BMO
j=1

@)
P > ||fj||LPj(Rn)-
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(b) Conversely, suppose there exist Cg, g > 0 such that for b = (by,...,b,) € BMO™
and for every multi-index a we have

T, blofllrrn) < Coa! H

(pj bjllzpmo
j=1

R ) ||fj||L1’./(Rn)-

Then, there exists a function © : [0, 1p)" — [0, 00), increasing in each variable, such
that for every b € BMO™ we have

1T, (s, i) < PO BsRO, - Wl lulisvo [T 15, (o)

J=1 p] =1
forall Ay, ..., Ay satisfying |4;| < Ao/||b;llamo-

After this work was completed and communicated at many venues, we have learned
that Kunwar and Ou [29] have extended some of our methods to the two-weight setting.
Actually, there is also a growing literature in the subject of two-weighted estimates and
numerous preprints using different methods have recently appeared, but those topics are
beyond the interest of our current work.

5. APPLICATIONS

The goal of this section is to apply our general results connecting weighted estimates
for an operator and those of its commutators in various situations, some explored and some
unexplored before. We begin with the case of linear or linearizable operators.

5.1. The Coifman-Rochberg-Weiss result. As a first application, from Theorem 3.22 we
recover the classical Coifman-Rochberg-Weiss (see [12]) whose quantitative control of the
constants appeared in [10].

Corollary 5.1. Let T be either a linear or a linearizable operator. Fix 1 < p < oo, and

suppose that there exist an increasing function ¢ : [1,00) — [0, 00) such that for each
f € LP(w) there holds

IT flleron < & (Wa,) fllergn, YW € Ap.
Then, for each b € BMO and for every w € A, and, for every k > 1, there holds

, k
22 max{p,p’}+n+2 p k max{l,%} i -
o <R <} [l T (4l 2P [y )

k
Hbe‘ min{l,p—1

1Bl 010 1/ 11270)-
If we now take T a Calder6n-Zygmund operator, the A>-conjecture proved by Hytonen
in [25] gives the result in [10]:
T fllLrowy < C [w IIfIILp<w>, YweAp,

and therefore for the commutators one obtalns

(k+1) max{

L
TS A1 1oy < CrlWly, Tl 11l
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5.2. Fractional integrals. We begin by recalling the notion of the Riesz potentials or frac-
tional integrals. For a more thorough introduction see [42, Chapter 5]. Given 0 < a < n,

we write
Inf () = (~AY 2 f(x) = / R Lo

where ¢, is a constant depending on n and «. The relevant class of weights is A, ; defined
as follows: w € A, if

, q/p’
[Wla,, = sup <JC wqu) (J[ wP dx) < oo.
' QcR” (@) 0

The weighted norm inequalities for I, were obtained by B. Muckenhoupt and R. Wheeden
[38] and the sharp behavior in terms of the weight constants by [30]. The precise estimate
is as follows: forevery 0 <a <n,1 <p <n/a,1/p—-1/qg=a/n,and w € A, one has

) max{1,2 )

HIozf”L‘i(w‘I) < Cpqa/[W]A ! ”f”LP(wP)-

It is easy to see that w € A, ; iff w? € A 1o and moreover
n
q -
[W ]A n—a [W]AM'

The commutators of fractional integrals and BM O functions were first studied in [8]. We
can use Theorem 3.22 and obtain the following quantitative weighted result which was
shown in [16] for k = 1, but seems to be new when k > 1.

Corollary 5.2. FixO<a <n, 1 <p <n/aand 1/p—-1/q = a/n. Foreveryk > 1 and
b € BMO one has

[wl, g ||b||’;w0 A llLrwr)s

P4

22 max{s,s’ }+n+2 CI> k (k+1-2) max(1,

H(Itl)]lngLq(wq) < Cpgok: < min {1, s — 1}

for everyw € Ap, 4, and where s = g™

5.3. Operators associated with the Kato conjecture. The following estimate models the
behavior of operators associated with the Kato conjecture (see below).

Corollary 5.3. Let 1 < r_ < p < ry < oo and assume that

T fllewy < Cw llfllLeow)s YweAr NRH ).
Then, for every b € BMO and for every k > 1
ITE fllzrony < Cr bl poll AllLron)s YweAr N RH(%)/-

Notice that if r, = oo it is understood that the condition RH; is vacuous. This result
follows easily from Theorem 3.22 (this time without paying attention to constants) after
observing that Proposition 2.1 (g) yields

i ) (r:r )/
WEArIiﬂRH(%) — w"r EA(%_) (L—1)+1'

r—
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Moreover, A » NRHr+) coincides with the class A, ,_ ) introduced in Appendix A where
r— P

one takes m = 1, with constants

pre

r+—p

=[w )
[ ]A,,,(L,,.L)

(Y
WP la,
() (£
Let A be an n X n matrix of complex and L*-valued coefficients defined on R". We
assume that this matrix satisfies the following ellipticity (or “accretivity’”) condition: there
exist 0 < 4 < A < oo such that

A1¢P <ReA(x)é-& and IA() € - 21 < A eI,

for all £,¢ € C" and almost every x € R"”. We have used the notation £ - { = &1 {1 +
<o+ + &, &, and therefore & - £ is the usual inner product in C". Note that then A(x)& - £ =
> e (%) &g ;. Associated with this matrix we define the second order divergence form
operator

Lf = —div(A V),

which is understood in the standard weak sense as a maximal-accretive operator on the
space L*(R", dx) with domain D(L) by means of a sesquilinear form. Associated to this
operator we can consider a functional calculus ¢(L) where ¢ is holomorphic and bounded
in some sector, the Riesz transform VL~!/2, and some square functions. The L theory for
these operators was developed in the monograph [2]. The weighted norm inequalities were
obtained in [4] using a generalized Calderén-Zygmund theory from [3]. As part of these
results it was obtained that the commutators of these operators with BMO functions also
satisfy weighted norm inequalities. It should be pointed out that the proof of the weighted
norm inequalities for the associated commutators followed from the developed Calderén-
Zygmund theory with a somehow technical adaptation of the proof of the weighted norm
inequalities for the corresponding operators. As we are going to see next, a simple appli-
cation of Corollary 5.3 gives the same estimates without any extra effort. In order to apply
Corollary 5.3 we just need to recall that the following weighted norm inequalities hold for
@(L) and VL2 (see [4]):

le(L) fllirowy < Cw llfllLr oy Vp-<p<pw weAL NRHpey;

and
VLT flron < Collflra.  Yq-<p<qe.weAr N RHs )

where (p p+) and (g-,q4+) are respectively the maximal intervals where the semigroup
{e7"1},50 and its gradient { vz Ve™"L},.o are uniformly bounded on LP(R"). This clearly
allows us to apply Corollary 5.3 and obtain the corresponding commutators results as de-
sired. Similar results can be obtained for the square functions associated with L (see [4] for
full details and references).

Remark 5.4. A careful examination of [6, Theorem 1.1, Proposition 6.4] gives that for the
family of operators in [6, Theorem 1.1] (or the sparse operators in [6, Proposition 6.4]) the
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following quantitative estimates hold:

m{(2)'(£) '}

(5.5) I fllerony < €plwly, =)

forallr- <p<riandwe A 2N RH( =y, and were we have employed the notation from

£ 11 2e ow)s

Appendix A with m = 1. Thus Corollary 5.3, via the method of Theorem 3.22, combined
with inequality (5.5) implies there exists some constant C such that

mac{ (2 (1) pekman{r- () 0 (5) )

WTE fllzoon < k! wly

forall - <p<riandweAr NRHxy.
= P

16115 Aol £ 1l L)

pr—ry)

5.4. Fractional operators associated with the Kato conjecture. Very much as before we
can consider the fractional operators L~%/2. The weighted norm inequalities for these were
proved in [5]. Using the same notation as before, if p_ < p<g< prand 1/p—-1/g = a/n,
then

1L fllisuny < Cullfllrn, YW E ALy NRH (4,

- q

Note that Proposition 2.1 (g) gives that the previous estimates hold for a class of weights
that can be written as w? € A for some 6 > 1 and s > 1. Then, we can apply Theorem 3.22
and conclude that, under the same hypotheses, for every b € BMO and k > 1

L™ Meswny < Cos WollgptollMerury, Y € Apy s ARH (. v
B q

These estimates were proved in [5] using a Calderén-Zygmund type result that allows one
to extend the unweighted estimates for the fractional operators to the commutators. The
present method immediately produces the same results once the weighted estimates have
been obtained.

We continue our applications by considering the case of bilinear operators. Several of
the statements can be generalized to m-linear operators, m > 2, an easy task that is left to
the interested reader.

5.5. Bilinear Calderén-Zygmund operators. We say that a bilinear operator T a priori
defined from S x S into S’ of the form

T(f.g)(x) = / n / K (63, D 0)8(2) dvd

is a bilinear Calderén-Zygmund operator if it can be extended as a bounded operator from
LPrx LP2 to LP forall 1 < py, pp < oo with 1/p; +1/p2 = 1/p, and its distributional kernel
K coincides, away from the diagonal {(x,y,z) € R : x = y = z}, with a function K(x,y, z)
locally integrable which satisfies estimates of the form

_2n—
0°K (x5, 3,1 < (k=Y +x =2 +ly—2) el < 1.

The estimates on K above are not the most general that one can impose in such theory, see
[23]. An immediate consequence of Theorem 4.13 and the known weighted boundedness
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of the bilinear Calderén-Zygmund operators [33] leads to the following result. The bounds
are sharp for the operator 7' (Ja| = 0), see [35].

Theorem 5.6. Let T be a bilinear Calderon-Zygmund operator, 1 < p1, pa, p < oo be such
that % = ﬁ + é, b=(b,b) e BMO* w = (w1, wr) € Ap and a a multi-index. Then, we
have

2
T Blaflren) < alwln "2 T b g g ol il o -

j=1
The quantitative estimates in the above theorem are new. The limitations in the value
of p in our methods come from the use of Minkowski’s inequality. However, for (non-
quantitative) boundedness results the range of exponents can be extended so that 1/2 < p <
co. See for example [33] for |o| = 1 and [41] for |a| = 2. Alternatively, from Theorem 5.6
the full range of exponents could be obtained by extrapolation (although not with optimal

constants); see the recent work [34, Corollary 1.5].

5.6. Bilinear fractional integrals. Consider now bilinear operators with positive kernels

of the form |
BI(f, = dydz,
row= [ o T s

with O < s < 2n. The appropriate class of vector weights to study these operators is defined
as follows. For 1 < py, pp < oo with 1/py + 1/p2 > s/n, let again P = (p1, pp) and g > 0
be such that

1 1 1 s

= —+ .
q p1 p2 n
The vector weight w = (wy, w) is said to belong to the class Ap g, if

1/q - 1/p} . 1/py
[Wlap, := sup (J[ w‘fw%dx) <JC Wlpldx> (f wzpzdx> < oo,
0 ) ) Qo

It was shown by Moen [37] and Chen and Xue [9] that Bl, : Lf"(wf N x Lpz(wgz) -
Li(wiw?) as long as w € Ap. The dependence on the weighted constant was shown in
[36]. Using this fact and the Ap, version of our multilinear result, Theorem 4.13, we

immediately recover the boundedness of the commutators of BI; with b € BMO? from the
work in [9]. Specifically, for @ a multi-index, we have

[BI,, blo : L' (W)')  LP(wh?) — LI(wiwg),

with appropriate quantitative estimates on the commutator operator norms similar to the
ones stated in Corollary 5.2.

5.7. The bilinear Hilbert transform. The bilinear Hilbert transform, defined via
dt
BHT(. g\ = pv [ flx=gtr+ ).
R

is a celebrity in harmonic analysis. It is a bilinear operator whose multiplier, unlike the ones
for bilinear Calderén-Zygmund operators which are singular only at the origin, is singular
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along a line when viewed in the frequency plane. Let 1 < pi, p2, p < oo be such that

1/p1 +1/py = 1/p and w = (wy, w») such that w?pl € Ay, and ngz € Ap,. Under these
conditions, Culiuc, Di Plinio and Ou [17] proved that

BHT : LP'(w") x LP*(wh?) — LP(wiw?).

In view of Corollary 4.10, we immediately get the following new boundedness result for
the commutator of BHT.

Theorem 5.7. Let b € BMO®, w = (w1, w) be such that w3 € A, , where 1 < p; < oo,
j=1,2and1 < p <ocobesothat1/p =1/py+ 1/p>. Then, for any multi-index @ we have

[BHT,b], : L?'(w1) X LP*(wp) — LP(vy,).

Combining this result with the extrapolation method from [14] we can obtain weighted
estimates for the commutators for % <p<lL

Corollary 5.8. Letb € BMO?. Given 1 < py, ps < oo, let p > 2/3 be so that % = i +
Then, for any multi-index a we have

1
P2’

5.9 [BHT,b], : L”' (w1) X LP*(wp) — LP(vy),

Jorallw = (wy, wy) such that w; € Amax{1,p;/2) N RHmax{1.2/p;}-

In particular,

(5.10) [BHT, by : L7 (IxI™) x LP2(Jx™) — LF (™),
ifa=0orif

(5.11) | — min {max {1, %} , max {1, %}} < a < min {1, %, %} .

As a result, (5.10) holds for all a € [0,1/2).

We would like to emphasize that (5.10) with a = 0 gives that [BHT, b], satisfies the same
unweighted estimates as BHT. The proof of Corollary 5.8 follows that of [14, Corollary
1.23] by simply replacing BHT by [BHT, b],. The bottom line is that Theorem 5.7 provides
the initial weighted norm inequalities needed to apply the extrapolation method and, in turn,
these are the same for BHT and [BHT,b],. The same idea allows us to get a version of
[14, Theorem 1.18] valid for [BHT, b],, and also some vector-valued inequalities. Further
details and the precise statements are left to the interested reader.

In Appendix A we also state some additional weighted estimates for the commutators of
the BHT with weights in some classes generalizing Ap, see Corollary A.8.

5.8. Multi-parameter operators. An interesting application of our general result in a
general setting is the boundedness of multi-parameter commutators of Calderén-Zygmund
operators of product type. Moreover, we shall discover that if we consider the basis of
rectangles R, then the two flavors of spaces BMOg and BMOg coincide.

For simplicity, we suppose that our underlying space is R?> = R x R, and we let R denote
the family of rectangles with sides parallel to the axes. As explained in Subsection 3.3, we
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can consider the following two versions of spaces: BMOg, defined via the norm

Ifllsmor = sup Ilf — frllexp L.k
ReR

and BMOg, defined via the norm
lf1lBmog = supflf—f,ddx.
ReR JR

The space BMOg is sometimes called “little BMO”—since it is smaller than the BMO(R?)
space defined on cubes—and denoted bmo. Now, since

1A lBmog < Iflle MOk
we immediately obtain that BMOg C bmo. It turns out that the converse inclusion

bmo c BMOg

is also true, a “little” fact previously unobserved to the best of our knowledge. In order
to prove it, we need a few preliminary lemmas. In what follows, we will write Ay =
A, (R?) to denote the class of A, weights defined with respect to the family %, see again
Proposition 3.16; and we will write A, = A>(R) for the usual A, class of weights, see
Subsection 2.1.

The lemma we first state below is proved in [21, pp. 406-408] for cubes, but the exact
same proof actually holds for any family Z. Our interest will eventually be in applying
these lemmas to the case where & = R.

Lemma 5.12. Let f be a real valued locally integrable function. Then, e/ is in Ay 5 if and
only if

sup fe'f_fBldx =Cy < 0.
Be#A JB

Moreover, if el € A, then Cy < 2[ef]A2'33.

Lemma 5.13. Let f be a real valued locally integrable function. If

sup Jcelf_f‘*'dx = Cp < oo,
Be# JB

then f € BMOg and ||fllgmo, < max{l,log, Co}.

Proof. 1If Cy < 2, then clearly, by definition, [|fllgpmo,, < 1. Assume thus that Cp > 2 and
let A > 1. By Jensen’s inequality, we have

1
felf_fifB dx < <JE /=18l dx) ' SCé‘.
B B

Taking A = log, Cy we obtain || fllgymo, < log, Co. O

We point out that, if f € BMO 4, then fB e =/5l dx may not be finite, but obviously

1f~/Bl
fefllg/\/@@ dx < 2
B
We have the following immediate corollary of the previous two lemmas.
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Corollary 5.14. Let f be a real valued locally integrable function. If e/ € As g, then
f € BMOyg and

(5.15) Ifllgmo, < 1 +loglel 14, 4.

Conversely, we recall that as observed above (3.8) in Lemma 3.5 is valid for arbitrary
bases provided p > 1. Thus, given f € BMOy, for all A > ||fllgpmo.,, We then have

HngMo%,
A

(5.16) [eﬂ <4

Az,08
Lemma 5.17. A weight w(x,y) is in Az,(R(Rz) if and only if w(x, -) and w(-,y) are uniformly
in A>(R) for almost every x,y € R.

The proof of this result can be found in [21, pp. 453-459]. The arguments there show
that

(5 1 8) €ss Supx [W(.x, ')]Az < [W]AzgR B €ss Supy [W(, y)]Az < [W]Azy«k B
and
(5.19) [Wla,g < Cuesssup,[w(x,-)]a, ess supy[w(-, Wla,»

where C,, is a dimensional constant.
A similar statement holds for bmo functions. The following result was proved in [13, pp.
279-281].

Lemma 5.20. Let f be a locally integrable function on R?. Then, f is in bmo if and only if
f(x,-) and f(-,y) are uniformly in BMO(R) for almost every x,y € R. Moreover,

(5.21) ess sup | f(x, llamo + ess sup [l f ¢, Vllsymo = [ fllbmo-
Finally, we are able to prove the following

Theorem 5.22. Let f be a locally integrable function on R>. Then, f € bmo if and only if
f € BMOg.

Proof. It suffices to show that || fllgpo, < IIfllme. Let then f € bmo. By (5.21)

LfCx, Dlmowy + ILFC WMBMmow) S I llbmor2)-
By the John-Nirenberg inequality in R we have that, for some fixed ¢ > 0,

ILf Cxs lsmom) + ILF G MlIsmor) < cllflpmor2)-
By (5.16) applied in R,

fx) fCy)
&Moo . | e Momo <4,
A2(R) A2(R)

which combined with (5.19) gives

{ecmim} < 16C,.
Axg
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Now, by (5.15) € BMOg and

f
HC”f”bmo

f
> C”f”bmo

<5 +log, C,,
BMOR 082 &n

and finally
Ifllamor < (5 +10g; Cp) ¢ Il fllbmo-
O

The following result was obtained by Ferguson and Sadosky [20, Theorem 2.1] on the 2-
dimensional torus. The version we state follows from Theorems 5.22 and 3.17. The needed
weighted estimates to use our approach in the 2-dimensional torus were obtained by Cotlar
and Sadosky [13] and in the Euclidean setting are due to Fefferman and Stein [19].

Theorem 5.23. Let H; denote the I-dimensional Hilbert transforms in the j-th variable,
j=1,2andlet b € bmo. Then, forall f € LP(R?),1 < p < co, we have

(b, H1H2]||L17(R2) < ”b”bmo”f||Lp(R2)~

The results above about bmo could be easily generalized to other product settings R" xR"
and if 7 is Calderén-Zygmund operator of product type in the sense of [19] then we can
recover with similar arguments the following known result.

Theorem 5.24. Let T be a Calderon-Zygmund operator of product type and let b be a
function in bmo(R" X R™). Then, forall f € LP(R" X R™),1 < p < oo, we have

Wb, Tl wesaremy S NOWpmoll fll L rscromy.

In fact, an even more general version of this theorem holds and was obtained through
different methods for certain operators of Journé type by Ou, Petermichl, and Strouse [39,
Theorem 7].

5.9. Operators on spaces of homogeneous type. All the previous applications, as long as
the operators can be defined, can be extended to the case where the underlying Euclidean
space is replaced by a space of homogeneous type. The details are left to the interested
reader.

APPENDIX A. MULTILINEAR COMMUTATORS 11

Shortly after this paper was posted on arXiv, a new extrapolation result was obtained in
[34] associated to the classes of weights Apr which generalize the classes Ap introduced
above. As a matter of fact, [34, Section 2.5] borrowed some of the key ideas from the
present paper and sketched an argument that yields a commutator result along the lines of
Theorem 4.13. We present here the complete argument with the quantitative bounds.

We begin by introducing the class of weights Apr. Let R = (ry,...,ry41) € [1, oo+l
and P = (py,..., pm) with

1 1
e,
p1 Pm

(Al) ri<pj<oo, j=1,....m; and el > P, Where

< |-
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Letw = (wy,...,w,) and set
m
r/pj
Vw = ij .
j=1

We say that the vector weight w € ApR if

I/An1+] m A ) I/AJ
[W]APAR = sup <f vaVerl/P dx> H <f WJ_ jlpj dx> < o0,
' o \Jo 1 \Jo

Jj=

where
i:l—i =1 m; and : :l_ :
A p T At P Thyy
It is straightforward to see that Apr = Ap whenever R = (1,...,1). See also [7] for other
similar classes of weights.
We next state the aforementioned result (the present formulation differs from [34, Theo-

rem 2.21] where the emphasis was put on extrapolation):

Theorem A.2. Let T be an m-linear operator. Let R = (ry, ..., rms1) € [1,00)"*! and P =
(p1s--.>pm) so that (A.1) holds and assume further that p > 1. Suppose that there exists
an increasing functions ¢ : [1,00) — [0, 00) such that for allw = (wy,...,wy) € Apr, we
have

(A3) 1T A < & (W1ape) T Tl y)-

J=1

Then, for allb = (by,...,b,) € BMO™ and for each multi-index a, we have
(A4) T bl S @' ¢ (cprWlapg) Wl ™2 TT by ol fillrs )
j=1

where cpg = 2T +2 20 min{p;/Aj.p/Amir}/pj

Proof. The proof follows the ideas of Theorem 4.13 and we only consider the bilinear case.
Without loss of generality, we assume that b1, b are real valued and normalized so that their
BMO norms are equal to 1. As before, we are going to use the Cauchy integral trick, and
given w € Ap R everything reduces to showing that for some appropriate 61,9, > O (to be
chosen later) and for |z;| = 61, |z2| = 2, we have

I R ) —Re(z)pib —Re(z2)pab
W= (W1, W) 1= (Wiep,, waep,) 1= (we RECUPIbI 4y o RE@IPb2y € Ap g

By [34, Lemma 5.3(i)] it follows that VVAV3/ PeA Lorp, and wi’ Ipj €A Lrg, OF, equivalently,
w.

i GAL;rAj for j = 1,2, where

I 1 1 1 1 1 1 1 1-r 1 _
—=—+—4+—>—+—+1-=-=1; — = -—, j=12.
rononoroptop P 0 r A
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Moreover,

1-r
7A_1
A Az . —Ajlpj Oi/pj| ™ Aj .
[sz/p] < (Wl o5 {wj ! ’] = {w/ ! SWlhp s J=12.
l—rA3 : Al:VA ’

Al
T Trgj

J
Using now Lemma 3.26 and writing, for a given weight w, p(w) instead of p,,, we can find
0 = o(w) = minfpOw’ /"), pw; ™7, p(wy *7} > 1 s0 that

—A —A A1,A2,A
, |:W1 1/171} ’ [Wz z/pz] } < [W]Ir‘fllji{ 1.02,A3}
ALy, ALy, ALy

(A5) o ~max { {VVAV"/”}

and the following reverse Holder inequalities hold:

/o
(A.6) ( JC VVA;@/de) <2 f Ve3P dx
o 0

and, for j = 1,2,

/o
(A7) (J[ WJ_-AjQ/pj dx) < ZJC wj_-Aj/pj dx.
0 0

Using all these and regrouping terms, we get

2
1/As A 1/68;
(fvés/de> | | (fw'Az/dex> d
0 w o 0 J
j=
1/As 2 S Age A\ 1/A;
— <JCQ VvAf/pebAf/pleﬁf/mdx) H (ﬁw}A'//pjegf'//‘v’dX) j

j=1
1/(As0) 2 . 1/(Ajo)
< ( J[ v$39/”dx> H < JC W/‘AJQ/PJd){) y
0 =1 ve

1/(A30")

2
. Ao D 1/(Ajo")
£ e max ) TL(f e max)™
J J
0 0

J=1

. 2 ) p/(As30'pj) g 1/(Ajo")
<2 i T (£ )™ (f o)™
0 0

J=1
- 20 gty PGP
<27 Wl [ ] [0
= AL+asp/8p)

1-r
=L 4+2(61+6;
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where the last estimate holds by Lemma 3.5 provided
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Notice that this choice implies that 6; < min{p;/A;, p/A3}/p;. On the other hand, recalling

(A.5) and assuming further that 6; ~ [W]ITE);{A] A2.A3)

T, blofllriy) S @167 6,20 (cpR[Wlapg ) 1Al gonll2llLra o)

with cpr = 27 t2minlp1/ALp/Ast/pr+2minip2/Aa.p/Ash/p2  This easily gives the desired esti-
mate. i

we eventually obtain

Using Theorem A.2 and [17, Theorem 3] we can immediately obtain the following
weighted estimates for the commutators of the BHT (note that, as before, one can remove
the restriction p > 1 by using extrapolation, see [34, Corollary 2.26]):

Corollary A.8. Let R = (r1,1r2,r3) be such that 1 < ry,ry,r3 < o and

1 1 1
: + — + —
min{r;,2} min{ry,2} min{rz,?2}

(A9)

Let P = (p1,p2) be such that ri < p1 < 0, 1 < pp < oo, and 1 < p < ry where
1/p=1/p1 +1/p;. Foreveryb € BMO?, w = (w1,w2) € Apr and any multi-index « we
have

[BHT,b], : LP'(w1) X LP*(wp) — LP(vy,).
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