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Abstract
We consider multilinear commutators with vector symbol b= (b1, -, by,) defined by

m

1@ = [ |T1e@) = b)) | Kwn)swis

j=1

where K is a Calderén-Zygmund kernel. We prove the following a priori estimates for w € A.
For 0 < p < oo there exists a constant C' such that

175 2oy < CIBIIM oy () oo

and
1 " 1 " -
sup gy Wy € BT W) > 1) <. sup sty € B My (1) > 1)

where ||b]| = | Hijosceszrj, ®(t) = tlog/" (e+t), 1= %—i—--—i—i, and My 1o 1 an Orlicz
type maximal operator. This extends, with a different approach, classical results by Coifman
[5] (see also [6] [24]).

As a corollary we deduce that the operators T; are bounded on LP(w) when w € A, and

that they satisfy corresponding weighted L(logL)l/ " type estimates with w € Aj.
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1 Introduction

The main purpose of this article is to prove sharp estimates for multilinear commutators involv-
ing nonstandard symbols. This will be established by means of appropriate maximal operators
which somehow control the commutators. This illustrates the classical Calderéon—Zygmund prin-
ciple which roughly states that any singular integral operator is controlled by a suitable maximal
operator.

Background

Motivated by the work of Calderén on commutators, Coifman, Rochberg and Weiss intro-
duced in [7] the operator

Tof(0) = [ (bla) b)) K (x,0) (0) . (1)

where K is a kernel satisfying the standard Calderén-Zygmund estimates (see section 3.1) and
where b, the “symbol” of the operator, is any locally integrable function. The operator is called
commutator since T, = [b,T] = bT — T'(b-) where T is the Calderén-Zygmund singular integral
operator associated to K. The main result from [7] states that [b, 7] is a bounded operator on
LP(R™), 1 < p < 0o, when the symbol b is a BMO function.

These commutators have proved to be of interest in many situations. We shall only men-
tion the recent results in the theory of non divergence elliptic equations with discontinuous
coefficients [2] [3] [9]. There is also an interesting connection, as pointed out in [21], with the
nonlinear commutator considered by R. Rochberg and G. Weiss in [23] and defined by

f—= Nf=T(flog|f]) = Tf log|Tfl.

This is in turn is related to the Jacobian mapping of vector function and with nonlinear P.D.E.
as shown in [13] [14].
A natural generalization of the commutator [b,T] is given by

17 1) = [ 0e) = W) K e, 0) . (1.2

where m € N. The case m = 0 recaptures the Calderén-Zygmund singular integral operator.
(m times)

——
Observing that T = [b,--,[b,T]] we have that for m € N, T} is also a bounded operator on
LP(R™), 1 < p < 0o, when b is a BMO function.
It was shown in [21] that there is an intimate connection between the commutator 7" and
iterations of the maximal operators. Indeed, the main theorem from [7] was sharpened in [21]
as follows: for any 0 < p < co and any w € Ay there is a constant C such that

| s@p wde < Clbligho [ 00 @) wds (1.3
R Rn



where M™*+! denotes the m + 1 iterations of the Hardy-Littlewood maximal operator, namely
(mtimes)

M™ = M o--oM. Furthermore, this inequality is sharp since, by the Lebesgue differentiation
theorem, M™*! can not be replaced by the smaller operator M™.

Estimate (1.3) can also be seen as a generalization of a by now classical result of Coifman
for Calderén-Zygmund singular integral operators. See [5] and also [6].

There is a weak version of inequality (1.3) obtained in [20]. Indeed, if we let ®,,(t) =
tlog™ (e +t), for any w € As and b € BMO there is a constant C' such that

sup ——w({y € R* : [T f(y)] > t}) < C sup —

>0 Cbm(%) iy (I)m(%)w({y ER™: M™Lf(y) > t}).  (1.4)

A priori inequalities of the form (1.3) (or (1.4)) encode a good amount of information about
the behavior of the operator. The first observation is that in any case they reflect the higher
degree of singularity of T/", as compared with T, since a larger operator than M, namely M™+1,
is needed to balance the inequality. As a second instance, if p > 1 we can apply m + 1 times
Muckenhoupt’s theorem to conclude from (1.3) the well known fact that high order commutators
are bounded on LP(w) whenever w € A,. It should be mentioned that this A, estimate follows,
as it is well known, from an estimate due to Stromberg (see [15, p. 268], [25, p. 417]). This
method is powerful and can be applied to different situations. As a sample we remit to [10]
for a very nice application to commutators with strongly singular integral operators. However,
this estimate of Strémberg is not sharp enough neither to derive (1.3) nor (1.4). In fact it can
be shown from (1.4) the following (L log L type) endpoint estimate first deduced in [20]: let
w € Ay and b € BMO, then there exists a constant C' such that for all A > 0
£l 1/ (W)l

(1+log™ (=)™ wly)dy. (1.5)

w({y eR" [T f(y)| > A}) <C Y A

As a third instance, it was shown in [21] that estimate (1.3) implies a sharp two weighted
inequalities for the commutator of the form

| 1T P s < C bl [ 1£@I M (w)ds,
R™ R"

where no condition on the weight w is assumed. This result is an extension of the case m = 0
proved in [18] generalizing some previous partial results by M. Wilson [26]. The approach
considered in [18] is different from that in [26] and it combines (1.3) with certain sharp two
weighted estimates for the Hardy-Littlewood maximal function derived in [19].

Finally, there is a relationship between (1.4) and the endpoint behavior of the operator.
Indeed, an interesting observation that occurs in the development of the theory of commutators
is that the LP theory, p > 1, was developed without appealing to any endpoint estimate. On the
other hand, it is well known that in the classical Calderén-Zygmund LP theory, p > 1, a crucial
step is to show that the operators are of weak type (1,1). However, this is not the case of the

commutator [b, 7] when b € BMO as shown in [20] and estimate (1.5) is the right replacement.
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This can be seen as another way of expressing the fact that commutators have a higher degree
of singularity as compared with the Calderén-Zygmund singular integral operators.

Results of this paper

In this paper we obtain similar estimates for a wider class of commutators. Given a Calderon-
Zygmund singular integral operator 1" with kernel K in R™ x R™ and a vector b= (b1, ..,bp) of
locally integrable functions, we define the multilinear operator

m

7o) = [ |T10s6e) = )| Kw) s (1.6
n ]:1
generalizing the commutator (1.2). We remit the reader to [6] for an extensive study of multi-
linear operators.
We will be considering the following class of symbols: for » > 1 and for any locally integrable
function f, we define

R T L s

LT

being the supremum taken over all the cubes @) with sides parallels to the axes. Here || g||exer Q

is the mean value of g on the cube @ with respect to the Young function ®(t) = !’ — 1. See
Section 2.2 for the precise definition. As usual, fg denotes the average of f on Q. For r > 1 we

define the space Osc by

expL™
1
O056pir = {1 € Lhoe®) : fll

In the particular case of r = 1, Osc_,

< oo}

oL coincides with the BM O space by John-Niremberg’s
theorem. Also we have Oscprr G BMO for any r > 1. Other examples are provided by
Trudinger’s inequality for Riesz potentials. To be more precise, for any 0 < o < n and any
f € L™*(R™), the Riesz potential I, f of order a belongs to OscC, o pn/ay (cf. [12, 27))

For the statement of our results we introduce some notation that will simplify the presen-
tation. Along this paper m will always be the number of symbols of the operator T} where
b = (b1,..,by) is a family of m locally integrable functions. If ri,..,r,, are m positive real

numbers, we denote

1 1 1
= — 4+ +—
r ™ T'm

m
=TT Wl
7j=1

Our main results are the following.

and

Theorem 1.1 Let 0 < p < 00, w € A Suppose that Tpf is the commutator (1.6) where b is
as above such that b; € Osce r; > 1,1 <i<m. Then there exists a constant C > 0 such
that

xpLTi’
| msn@ire@s < CIRP [ My (@) o@ds (1.7
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for all bounded functions f with compact support.

For the precise definition of the operator M o1 see Section 2.2.

Inequality (1.7) shows that the maximal operator M L(logL)!/r 18 the one that controls the
multilinear commutators 7j. Since r; > 1 for each 4, it follows that M L(logL)!/r 18 pointwise
smaller than M7 jogr)= and this in turn is known to be equivalent to m + 1 iterations of the
Hardy-Littlewood maximal operator M™+!. Hence we can use again Muckenhoupt’s theorem
and deduce the boundedness of T; on LP(w) for p > 1 and any w € Aj:

Corollary 1.2 Let 1 < p < oo and w € A,. Suppose that Tyf is the commutator (1.6) where
b is as above such that b; € Osce r; > 1,1 <1< m. Then there exists a constant C > 0
such that

Q?pLT'L }

| mn@reis < P [ i@ (18)

for all bounded functions f with compact support.

As we mentioned above this estimate is a generalized version of Coifman’s result in [5].
However, our approach is different and will be based on a pointwise inequality that roughly can
be expressed as

MF(Tpf) (@) < C Bl M ogry1/ f(x) + R(f)(2) (1.9)

for an appropriate positive but small enough number §. R denotes certain “remainder” operator
which is smoother, less singular, than M L(logL)!/7 in some suitable sense. See Lemma 3.1 for a
complete and precise statement of this estimate.

Moreover, reasoning as in [21], Theorem 2, from this theorem we deduce the following
estimate for general weights. As usual [o] will denote the integer part of «.

Theorem 1.3 Let 1 < p < oo and let T be as in Theorem 1.1. Then there exists a constant C
such that for any weight w

- 1
| mn@re@ds < CIP [ 7@y w)e) da
for all bounded functions f with compact support.

Remark 1.4 We remark that the number of iterations of the maximal function needed in the
Theorem is optimal as can be seen in [21], Section 5. In fact it follows from the proof of Theorem
1.3 that there is a sharper estimate:

[ TO@P w@de < IR [ 15@F M, g @)@

Rn

where € > 0, being the result false for ¢ = 0.



The key pointwise estimate (1.9) is also used to derive the next endpoint result. Recall that
commutators with BMO functions are not of weak type (1,1).
Recall that we denote |[b]| = [ 1bll,,. . and @) = tlog'/"(e + t), where 1=
expL J

1 1
Theorem 1.5 Let w € Ay . There exists a constant C > 0 such that for all A > 0

w(ly e« i) > <o [ adPIWL 0, (1.10)

o )

for all bounded functions f with compact support and for all b.
The proof is based on the following result which generalizes inequality (1.4).

Theorem 1.6 Let w € Ay. Then, there exists a positive constant C such that
1 1 g
sup ——w({y € R : [T (y)] > 1}) < C sup —rw({y € R" : Mo(|[Hl)(y) > 1)) (111)
>0 ®(3) >0 P(3)

for all bounded functions f with compact support.

In any of the above results, if we choose by = - = b, and r{ = -~ = 1, = 1, we recover
completely the corresponding results from [20] and [21].

As usual C' will denote a positive constant that can change its value on each statement. If
the constant depends on precise parameters it will be pointed out.

2 Preliminaries

In this section we introduce the basic tools needed for the proof of the main results.

2.1 The Fefferman-Stein inequality for A, weights

A weight will always mean a positive function which is locally integrable. We say that a weight
w belongs to the class A,, 1 < p < oo, if there is a constant C' such that

(,QI‘/Qw(y) dy> (@/Qw(y)l‘p' dy>p_1 <C

1

for each cube ) and where as usual % +y =

1. A weight w belongs to the class A if there is
a constant C' such that

1 / )
— [ w(y)dy < Cinfw.
QI Jg ) Q

We will denote the infimum of the constants C' by [w] , . Observe that [w], > 1 by Jensen’s
P P

A
inequality.



Since the A, classes are increasing with respect to p, the A class of weights is defined in a
natural way by A = Up>1A4,. However, the following characterization it is more interesting:
there are positive constants ¢ and p such that for any cube ) and any measurable set E contained
in @ then

w(E) (!E \)p
—=<c|l—=) -
w(Q) Q|

A simple fact that will be useful is that, for any w € A, and any m > 0, wy, = min{w, m} €

Ap with [wp], < Cplw], . For more information on A, weights we remit the reader to the
P P
references [11] and [25].

We recall now the definitions of classical maximal operators. If, as usual, M denotes the
Hardy—Littlewood maximal operator, we consider for § > 0

. 1/6
x) = N (z) = [ sup — J
Ms f(z) = M(|f[°)/°(x) (Qag |Q|/Q|f(y)\ dy) ;

Qox ¢ Q>3

L1 1
MH(f)(a) = supint 2 [ 170 el dy ~ sup 2 [ 170~ faldy
QI Jg Ql Jg
and a variant of this sharp maximal operator that will become the main tool in our scheme
M f(x) = MF(|f°)()"/°.

The main inequality between these operators to be used is a version of the classical one due
to C. Fefferman and E. Stein (see [24], [16]).

Lemma 2.1 Let w be an Ay weight, then there exists a constant ¢ depending upon the As
condition of w such that for all A\,e >0

w({y € R™ : Mf(y) > X\ M¥ f(y) < Ae}) < celw({y € R" : M f(y) > %})-

As a consequence we have the following estimates for 6 > 0.
a) Let ¢ : (0,00) — (0,00) doubling. Then, there exists a constant ¢ depending upon the A
condition of w and the doubling condition of ¢ such that

iugw(A)w({y €R™: Msf(y) > A}) <c iurgso(A)w({y ER™:MJf(y) >\ (21)
> >

for every function such that the left hand side is finite.

b) Let 0 < p < oo there exists a positive constant C upon the Ao condition of w and p such
that

| sp@)y w@de <€ [ MF f@)P s, 22)

for every function f such that the left hand side is finite.



2.2 Orlicz maximal functions

By a Young function ® we shall mean a continuous, nonnegative, strictly increasing and convex
function on [0, 00) with
P(t t
lim Q: lim —— =0.
t—0+ T t—o00 (I)(t)

We define the ®-averages of a function f over a cube @ by

o0 =lsw =inttr >0 o [ o (LM )ar <y
Q[ Jo A
For Orlicz norms we are usually only concerned about the behavior of Young functions for
large values of t’s. Given two functions B and C, we write B(t) ~ C(¢) if B(t)/C(t) is bounded
and bounded below for ¢ > ¢ > 0. We also recall that if B(t) < C(¢) for ¢ > ¢ > 0, then

IfllBq < Clf

cQ

with C' an absolute constant. For more information on the subject see the reference [22].
Associate to this average we can define a maximal operator Mg given by

Mg f(z) = Mg(r) f(x) = sup I flle.q

where the supremum is taken over all the cubes containing z.
For example, if ®(z) = e*" — 1, then || - ||exer’Q and M, ., denote respectively the
d-average and the maximal operator associated to ®. Similarly we have for ®(z) = xlog"(e+x)
| [ Ltogr)r,@ and Mpjog1)r- Observe that by the above remarks, M f < CMyoqry-f for any
r > 0. These examples will be relevant in our work.
Finally, we will be using the following known pointwise inequality: if m € N then

(m~+1times)

—_—~—
My (ogrym ~ M™ 1 =Mo--oM,

the m + 1 iterations of the Hardy-Littlewood maximal operator. A generalization of this equiv-
alence can be found in [§].

We begin with some technical lemmas on convex functions whose proofs are standard.

Lemma 2.2 ([17], Lema 2.1) If ®¢, @4, ..., P, are real-valued, non-negative, nondecreasing, left

continuous functions defined on [0,00) such that, with the definition

o (2) = inf{y : ®;(y) >},

(2

it verify

o7 (2) @3 (2) 97, (2) <@g (x), (2.3)



then for all 0 < x1,x9,..,Tm < 00

Do (r122 - T) < Py(w1) + Po(22) + - - + P (1)

Lemma 2.3 Let ®g be a convez function such that ®43(0) = 0 and let ®q,..,P,, as in the
previous lemma all verifying (2.3). If fi, fa,.., fm are functions satisfying that || fille, 0 < o0
for all 1 <i <m and for a given cube Q, then

[f1- - fnlloo,@ < mllfillerq - - I fmll@n.q- (2.4)

PROOF: Taking € > 0 small enough, by Lemma 2.2 and convexity

b (@) fa(z) - - fm ()
P dr <
QI Jo " \m(lAllere +e)lf2lleg +&) (I fmllen.o +e)
li ®, < fi(z) fo(z) - - fm(2) > dr <
m|QJo ~ \(lfille,.@ + &) falleso + ) - (| fmlle,..q +€)
11
L o ( DY (B Y]
m Q| Jg 1f1lle,.o +e [ fmlle,,.@ +€
which implies that
[f1f2 - - fmlleo.@ < m[fillerq +€) - ([ fmlle,.q + &)
Now, taking letting e — 0 we get (2.4).
The main example that we will be using is the following:
1
@ /Q ‘fl o fm g’ < CHfIHprLn,Q U Hmeemerm,Q|’g”L(logL)1/"",Q7 (25)
where rq,..,7, > 1 and
1 1 1
= 4.
rooT T

Indeed, in this case we can write for any x > 0 that

1 N
logm (1 + x) ~--10grin (14+2)— xl <u.

log™ T (e + 1)

Then (2.3) holds for

1=1,..,m and
ol (z) = .
+1 I BRI
" log™ T (e + z)

1 1

The inverse functions are given by ®;(z) = ¢*" —1,i = 1,..,m, and ®,11(z) ~ = logﬁ+”+7‘m (e+



2.3 The oscillation of a function

We define the oscillation osce (f, Q) of a function f with respect to any Young function ® as

osca(f, Q) = |If — folle.q-

We list the following properties that are very easy to check.

Lemma 2.4 For any cube QQ and any locally integrable functions f and g, we have
i) osca(f +9,Q) < osca(f, Q)+ osca(g,Q)
i1) osce(Af, Q) = |Mosca(f,Q) for all X € R.

1f1.Q) < 20sco(f,Q)-

min{f, g}, Q) < 3(osco(f, Q) + 0sca (g, Q)).

v) oscy(max{f,g}, Q) < 3(osca(f, Q) + 0sca(g,Q)).

iii) o0sce
i) osce

(
(
(
(

Given a function g, we define for any N € N,

N, g(x) > N
gV () =19 g(z), |g(x)| <N (2.6)
—N, g(x)<-—-N

Now, from Lemma 2.4 and taking into account that ¢ = max{min{g, N}, —N}, we infer

that for any locally integrable function oscs(g", Q) < Cosca(g, Q) and consequently
N
loseq < C llgll

oscy —

g (2.7)

05CP

for all N € N and where C > 0 is an absolute constant.

3 Proofs of the main results

3.1 Proof of Theorem 1.1

By a kernel K in R x R™ we mean a locally integrable function defined away from the diagonal.
We say that K satisfies the standard estimates if there exist positive and finite constants v and
C such that, for all distinct z,y € R™ and all z with 2|z — z| < |z — y|, it verifies

i) |K(z,y)| < Clz —y|™",
i) |K(z,y) — K(z,y)| <

i) |K(y,z) — K(y,2)| <

10



We define a linear and continuous operator 7' : C§°(R") — D'(R™) associated to the kernel
K by

Tf(x) = - K(z,y)f(y)dy

where f € C3°(R™) and « is not in the support of f. T is called a Calderén-Zygmund operator
if K satisfies the standard estimates and if it extends to a bounded linear operator on L?(R").
These conditions imply that T is also bounded on LP(R™), 1 < p < oo and is of weak type—(1,1).
For more information on this subject see [4],[6] or [16].

Given any positive integer m, for all 1 < j < m, we denote by C7" the family of all finite
subset 0 = {o(1),..,0(j)} of {1,..,m} of j different elements. For any o € C]" we associate the
complementary sequence o’ given by ¢’ = {1,2,..,m} \ o.

Let b= (b1, b2, ...,by,) be a finite family of integrable functions. For all 1 < j < m and any
o={o(1),..,0(j)} € CJ*, we will denote by = (bo(1)s "> bo(j)) and the product by, = by(1)---byy

So, with this notation, we write for any m-tuple r = (71, .., ) of positive numbers

i)

HbUHOSCe‘xpLTU - Hba'(].)HoscexerU(l) e Hbg(j)HOSCexerg(]’) :

For the product of all the functions we simply write

[ = [[ba] wo e [lom|

0SCeqpLT 0SCepprT1 08CezprTm

For any o € C}", we denote

Ty f(z) = /n(bau)(l’) —bo)(¥)) -+ (bo(j) (@) — by (W) K (2, y) f(y)dy.

In the particular case of ¢ = {1,..,m} we understand 7}~ as simply ;.
Finally observe that T(f) satisfies the following homogeneity on the symbol T~(i) =T=(f)

¢ " T b
where b= (b /||b]| b /||| ) such that |[b]| = 1.

The following lemma gives a pointwise estimate of Mg#(Tg f) in terms of other maximal

R
08C, 1 Td 0SCeqgpLTm

functions of operators of lower order. This result can be understood as the extension of Lemma
7.1 in [20] to high order commutators and for the classes of symbols considered in this paper.

Lemma 3.1 Let Tg be as in Theorem 1.1 and 0 < § < € < 1. Then there exists a constant
C > 0, depending only on § and € such that

MF(Tif) (@) < C B Mpgogrym f@) + D0 D Moolly,, . Me(T,- (@) (3.1)
7=1 JECJm

for any bounded function f with compact support.

11



Recall that ||b]| = H;"zl 1051] ..
PROOF:
Recall that the operator Tp =Ty, b

"3

is defined by

m

Tif() = | {H(bm) —bi()) | K(w9)f ().
j=1
By homogeneity we may assume that ||b]| = 1.
We first consider the case m = 1. Hence, we only have one symbol b € 0SC, pprs T > 1 and
(3.1) becomes
MET)(@) < Clblly, . [ Mgy f(@) + MAT)(@)] (3:2)

For any A € R we have
Tf() = [ O - Hu)K w0 F)dy
= (b(a) ~ NTS(@) ~ T((b = D))

Now, fixed x € R", for any number ¢ and any ball B centered at z and radius R > 0, since
0 < d < 1 implies ||a|® —|8]°| < |a — B|° for any «, 3 € R, we can estimate

1 s 5 1/6 1 5 1/6
(5 [lmswr =1e¢[ar) < (o [ mse -t o)

<|;!/B|(b(y) _)‘)Tf(y)l‘sdy> 1/6

" <|;, /B T((b— N f)(y) - c\‘sdy)wl

= I+11.

C

We analyze each term separately taking along all the proof A = (b)2p, the average of b on
the ball concentric with B but with double radius. For any 1 < g < €/§ we have by Holder and

Jensen’s inequality,

1 5ol 1/6¢' 1 5 1/8q
I < C’(/ by—)\qdy> (/ Tf(y qdy)

Ol Mao(T ) ()

< OMA(Tf)(). (3.3)

IN

To deal with I1 we split f as usual by f = f1 + fo where fi1 = fxop and fo = f — fi. This
yields

12



11

IN

<rB\ f T =N dy) :
+ (g [T = )0~ e ay) w]

= [IT+1V.

For I11, since (b—\) f1 is integrable and T is of weak type—(1,1), by Kolmogorov’s inequality
([25], p. 104) and (2.5) we get

Il < - A d

< na / 1£()ldy
ClIb = Ml 28 N L 10g )17 28
< CHbHogceszrML(ZOQL)I/Tf($)

= CML(logL)l/Tf(x)' (34)

IN

For the last term IV we make the election ¢ = (T'((b— A) f2))) . Hence, by Jensen’s inequality,
it follows that

v

IN

IN

IN

IN

IN

@20 - o - sl dy

o ( [ K@w)bw) - f2(w)dw>
_I;I /B ( Kz w)(bw) - A)fz(w)dw) dz
7 )|,

wel, ), /WB Ky, w) = K (2, 0)]p(w) - )\Hf(w)\dw] dzdy

s L) =
B> Js /B ; 2k R<|w—z|<2++1R

ly —wl*
1
OZ <2kR> QkR) /2k+13 [b(w) — Al|f(w)|dw

€32~ Al o gy s (35
k=1

dy

/ (K (y, w) — K (2 w0)) (b(w) — A)f(w)dw] dz| dy
R"\2B

y—z
y—w

[b(w) — /\Hf(w)ldw] dzdy

13



The fifth inequality follows because y,z € B and w € R™ \ B and therefore 2|y — w| < |z — w|,
the sixth does since |y — 2| < 2R and |y — w|™' < ((2¥ = 1)R)~! < C(2¥R)~!, and the last one
is an application of the generalized Holder inequality (2.5).

Now, we claim that

b= Al gtras < CRlbl,, - (3.6)
Indeed,
”b - )‘Hemer,QkHB < ”b - (b)2k+1BHexer’2k+1B + H(b)Qk‘HB - )\HexpLT,QkH*lB
< b= ®)gesspllopyr peirp + [B)assp — A
< Ck[b]|
0SCeqpI™
where the last estimate follows by the standard inequality [(b)25 — bs| < 2[bll,,, = (cf. [16],
exp
p. 31), and then we take supremum over the balls.
Thus, IV is estimated by
Vo< O @RI, Moy f(2)
k=1
< CML(logL)l/Tf(x)' (37)

;From (3.4) and (3.7) we conclude
17 < CML(logL)l/’"f('r)

which, together with (3.3), gives (3.2) and proves the lemma for m = 1.
Consider now the case m > 2. Then, for any X = (A1, .., Am) € R” we have

Tif@) = [ 02@) =01 (o) ~ b)) K 9) )y

= [ (@) =20 = @10) = 20) - (Ble) = ) = (bon(9) = A ) K 2 9) )y

= > 3 ) - N [ 00) - DK 0) )y
Jj=0oceC

= (@) = A) -+ (bn(@) = Am) T f ()

F(=D)™T((br = A1) - - - (b = Am) ) ()

m—1
FY S (U0 = N [ (b)) K ) ()

7j=1 O’EC}-”

14



Now, expanding (b(y) — X)o = [(b(y) — b(x)) + (b(z) — X)]o as above it is easy to see that
Tpf(x) = (b1i(x) = A1) - - (bm() = Am)T'f ()
F(=D)"T((br — A1) - -+ (bm — Am) f)(2)

+ZZCW = No T, f ()

j=1 UECJ’"

where ¢, ; are absolute constants depending only on m and j.
Now, fixed z € R", for any number ¢ and any ball B centered at x and radius R > 0 it
follows since 0 < 6 < 1

<|B|/“Tf — || )dy>1/6 < <|;|/B‘T5f(y)—6|6dy>l/6
(57 [ 1tn0) =20 Guts) = AT ) dy)w

3)> CIACS @)rdy)l/&

7j=1 chCm

1 N
+ <]B\ /B |T((b1 — A1) -+ (b, — Am) f)(y) — ¢ dy) ]

= I+II+11I

Reasoning as in (3.3) with \; = (b;)2p, @ = 1,..,m, using this time the standard Holder
inequality for finitely many functions with 1 < g < €/§, we have

I <CM(Tf)(x) (3.8)
and .
m<cy >y M (T, f)(x) (3.9)
j=1 aEC’Jm

with C' > 0 depending only on m.
For I11 we split f = fi1 + fo with fi = fxep and fo = f — f1. So

1/6
(r;\ /B IT((br = A1)+ (b = Am) 1) )] dy)
1 5 1/6
* <|m/B'T“”1 =21 (b = An) f2) () — dy) ]

= IV+V.

111 < C

15



Now, as in (3.4) and making use again of Kolmogorov’s inequality and (2.5), we can estimate
IV by

C
v o< |23|/wlbl(y)—/\l!'“!bm(y)—/\m!\f(y)\dy

IN

CHbl - Al”e.rpL”,ZB T Hbm - )‘mHea;ermQBHfHL(logL)l/T',QB

CML(logL)l/T'f(x)a (310)

IN

where recall that

1 1 1
_|_..

Finally, for V', choosing ¢ = (T'((by — A1) - *(bm, — Am) f2))) B and repeating the argument used
to get (3.5), it follows from (2.5) and (3.6) that

o0 1 m
L (W) — A
Vo< O3 g oy | L0 =0 ) 1wl

k=1

o0 m
< CZ Pl H llb; — >\j||empLTj 2k+1B ||f||L(logL)1/T,2k+1B
k=1 j=1
oo m
< C 22_]”/@7”] HHijosc o My, ogyr/r f (@). (3.11)
k=1 Jj=1 “r

Finally, from (3.10) and (3.11) we conclude
II7 S CML(lOgL)l/rf(x),

which together with (3.8) and (3.9) gives (3.1) and the proof of the lemma is finished.

We are now in a position to prove Theorem 1.1
PrROOF OF THEOREM 1.1: We may assume that

/R" (M, ogryr/m f (@) w(z)de < oo, (3.12)

since otherwise there is nothing to be proved.
To apply the Fefferman-Stein inequality (2.2) we first take for granted that || Ms(T;f) || £r(w)
is finite. We will check this to the end of the proof.

16



We proceed by induction on m. For m = 1, by (2.2) and Lemma 3.1 we can estimate

1To, fllzry < 1Ms(Toy )l ()

< C|MF (T, )| o uy

IA

C b AT )|y + 1M og iy Fllry)]

0SCeqpr™1

< il oy 1T i) + 1M iogiyrins Flio)|

< Ol

1 £l 2oy + 1M g gogzypsm Flisn |

08Ceqpr™1

< C Hblnosc oLl ||ML(logL)1/T1 f”LP(w)

where the fourth inequality follows since w € Ay, and therefore there exists ¢ > 1 such that
w € Ay, then we can choose ¢ such that 0 < € < p/q (we may take ¢ > p if necessary). The
fifth holds by the classical estimate (1.3) for m = 0 (see [6], Chapter 1).

Suppose now that for m — 1 the theorem is true and let’s prove it for m. So, the same

argument used above and by the induction hypothesis gives

I T5flleewy < IMs(Tp ) e (w)

< CIMET) o w)
< O bl Mol o 1M tagry e Fliscu

m—1

203 bl 1M, o

i=1 oeCm P
< O Il M0l I Mgyl

m—

2:: Z(; HbgHOSCE:CpL“HbgluoscerpLo/HML(logL)l/TU'f 7 (w)
< COlbtllpne, Mol o 1M giogryte FllLo

since ML(lOgL)l/Ta/ < CMypgogryi/e
Let us check now that for appropriate § we have ||Ms(T;f)|l1rw) < oo. Indeed, as above
since w € A, there exists ¢ > 1 such that w € A, and we can choose J small enough so that
p/d > q. Then by Muckehoupt’s theorem all is reduced to checking that ||T,f||1r(w) < 00.
Suppose that the symbols b;’s and the weight w are all bounded functions. Since f has
compact support we may assume that the support of f is contained in the ball B = B(0, R).
Then we can split the integral as

[ @ = [ mr@peeds s [ ggfere:

17



The first integral can be easily estimated making use of the L*°~boundedness of the b;’s and
w and the L%—boundedness for ¢ > 1 of the Calderén—Zygmund operator T

For the second term, by the properties of the kernel K and the boundedness of the symbols
by’s, since |z| > 2R, we have the following pointwise estimate

b1(@) = br(@)l - [bm (@) = b W) F W)

T-f(zx)] < C
L5 ()l B |z —y|™
C
< sl
|z B(0,|z|)
< CMf(x)
< oM, (@), (3.13)
Thus,
T-f(x) Pw(x)de < C 1 f(x)Pw(x)dx
/|$>2R| /(@) Pu(z) NI I

which is finite by the assumption (3.12).
For the general case, we will truncate the symbols by’s and the weight w as follows (cf [6],
p. 40). We denote by bV the vector of truncated elements by N, i.e., bN = (b, .., b)) where

each bYY is the truncation of by, as it is defined in (2.6). Observe that in our case (2.7) becomes

N
168 e, ., < Clltl (3.14)

0SCopn LTk
with C' > 0 a constant independent of N. Analogously we consider the truncations of the weight
w by wy = inf{w, N} that satisfy

[wn], < Clw], . (3.15)

oo

Then (1.7) holds for the operator T3 and the weight wy. Combining (3.14) and (3.15), this
estimate gives

| mas@pes@dr<c (TLmle,

j=1

) [ Oty f@puta)a
expL J R»

Next, taking into account that f has compact support, we deduce that any product bf-\lf . -bf-z
converges in any L9 for ¢ > 1 to b;, - -b;, f as N — oo. Hence, the classical L-boundedness
of the operator T' gives, at least for a subsequence, that |T,3 f(z)[Pwn(2) converges pointwise
almost everywhere to |T;f(z)[Pw(z) and by Fatou’s lemma we conclude the theorem for this
general case. The theorem is proved.

3.2 Proof of Theorem 1.5

We adapt here some of the arguments from [20]. Since the proof of Theorem 1.5 is based on
Theorem 1.6 we prove this first, namely we must show that

sup q)é)wqy ER": T ()] > 1)) < C suwp q)é)wqy eR": Mo(|Bll/)(w) > 1)) (3.16)
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for all bounded functions f with compact support. Recall that ®(t) = ®;(t) = tlog'/" (e + t).
In fact we are going to prove something stronger than (3.16) namely:

For every b, ¢ : (0,00) — (0,00) doubling with ¢(t) < C't, t > 0, and for every
0 < 6 < 1 there exists a constant C' such that

supp(t)w({y € R™ : Ms(Tpf)(y) > 1}) < O supp(t) w({y € R™ : Ma(|[Bl1£)(y) > t})

t>0
(3.17)
for all bounded functions f with compact support.
By the Lebesgue differentiation theorem and taking ¢(t) = ®(3)~! = m it is clear
t

that (3.17) implies (3.16).
By making use of the weighted version of the Fefferman-Stein lemma 2.1, more precisely
estimate (2.1), we have that

swpp(t)w({y € R™ : Ms(Tpf)(y) > 1}) < C supo(t) w({y € R™ : MI(Tf)(y) > 1)) (3.18)
whenever the left hand side is finite. Therefore (3.17) will follow from

iggw(t)w({y ER": MF(T;f)(y) > t}) < C sup p(t) w({y € R™: Mo (|[B]|f)(y) > t}). (3.19)

We first check that the left hand side of (3.18) is finite for all bounded function f with
compact support. By proceeding as in the proof of Theorem 1.1, we may assume that b and w
are bounded. For the general case of unbounded symbols and unbounded weight we reproduce
the argument used in the proof of Theorem 1.1 taking into account this time the weak—(1,1)
boundedness of the operator T which gives the convergence in measure.

Suppose that supp f C Br = B(0, R). Hence, since 0 < ¢ < 1, it follows

pt)w({y € R": Ms(Tpf)(y) > t}) < Co(t) {y € R" : Ms(xB,z T5f)(y) > 1/2}]|
+Cp(t) {y € R™ : Ms(Xpm\5,, T3 ) (y) > t/2}|
= I+11.

For I we use that M is of weak type—(1,1) and the fact that ¢(t) < C't, then

I

IN

Ct|{y e R": M(XBQRTgf)(y) > t/2}]
c /B Ty

1/2
CR? ( /. |Tf<y>|2dy> ,

which is finite since T' is a Calderéon—Zygmund operator and using that the symbols by’s are
bounded.

IA

IA
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For IT we take into account the pointwise estimate (3.13) and the well known fact that
(M f)® € Ay, then we have

17

IN

Ctl|{y e R": Ms(M f)(y) > Ct}]
Ct|{y e R" : M f(y) > Ct}|

C [ 1f(y)ldy < oo.
R

N

IN

Combining the homogeneity and the linearity of T%, it is easy to see that we may assume
that ||b]| = 1 in both (1.10) and (3.16).
To prove (3.19) we proceed by induction on m.

3.3 The case m =1

This case is essentially taken from [20] and we repeat it, with minor modifications, for the sake

of completeness. In this case the operator Ty is simply defined by one single function b

Tof =, T]f =0T(f) = T(bf),

where T is any Calderéon—Zygmund operator. Recall that by homogeneity we may assume that
[0 = |b]] . ., = 1 and therefore what we must prove is
exp

S;lg@(t) w({y € R": MF (b, T]f)(y) > t}) < C Stlilgso(t) w({y € R" : M50 1y1-(F)(y) > 1})
(3.20)
for all bounded functions f with compact support. Now applying Lemma 3.1 with any « such
that § < a < 1 we have that the left hand side of (3.20) is estimated by

C supp(t) wlfy € B" + C [ Moy yo-(f) ) + Ma(TS)(0)] > 1))
< Csupp(t)w{y € R™ : Mygoq pyi/e(f)(y) > t}) +C Sup p(t)w({y € R" : Mo(Tf)(y) > t})

>0
where we also have used the doubling condition of ¢.

Next, considering the estimate
MF(Tf)(y) < Coa Mf(y), (3.21)

which holds for all 0 < a < 1 (see [1], Theorem 2.1), if we further select v such that 0 < ¢ <
a < 1, the Fefferman-Stein’s lemma yields

sup o(t) w({y € R" : M (1, T1f)(y) > 1}) <
<C sup ) w({y € R™ : My o0 py1/r(f)(y) > 1}) +C iglg@(t) w({y € R" : MF(T[)(y) > t})
<C ig}g@(t) w({y € R" : Mpoq py1(f)(y) > t}) +C iggs@(t) w({y € R" : M(f)(y) > t})
<C 2210)090(75) w({y € R" : My 45 1y1/-(f)(y) > 1}),

since trivially M(f) = ML(f) < My, 1oq £y1/-(f)- This finishes the proof of (3.20).
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3.4 The general case

Suppose now that (3.19) holds for m — 1 and let’s prove it for m. Recall that ®(t) = ®(t) =
tlog!/" (e 4 t) with 1= % +-- —i—#
Then, by Lemma 3.1,

iggs@(t) w({y € R™ : MF(Tpf)(y) > t})

<supp()w({y €R™: C | Ma(f)y) +Y_ Y 6ol ..., Mer (T, F)() | > 13)

t>0 j=1 O'EC;"

<O, sup o) w({y € R" : Mo (f)(y) > t})

oY Y supp(t) w(fy € B Mot (Tyz, (ol ., £)) () > 1)

j=1 ECm
Since ¢/ < 1 and we already checked that the distribution set on the left hand side is finite,

combining the Fefferman—Stein’s lemma together with the induction hypothesis on (3.19) to
T~ we can estimate the last expression by

DY sup p(t) w(fy € R ME (T, (100, 7)) ) > 1)

j=1 aeCm

<Y Y ety € B Moy (bl ool D) > 1)

j la.ecm t>0

Z > sup p(t) w({y € R" : Ma, (/)(y) > 1})

= ecm>

since ||by/|| — ||5|| = 1. Finally, using the trivial observation that Mq> - ( f) <

bl
osc sz o! O0SCexpl

Mo, ( ) = Mg(f) we have

stl;gw(t) w({y € R : MI(T3f)(y) > t}) < Cny stggw(t) w({y € R" : Mo (f)(y) > t})

and the claim (3.19) is proved.

We need the following lemma concerning estimates of the maximal operator Mg, which is a
more general version than the one given in Lemma 8.3 [20]. The proof is standard and we shall
omit it.

Lemma 3.2 Let w € Ay, then there exists a positive constant C such that for any t > 0 and
any locally integrable function f

w(lye 2 Mof) >0 <€ [ T huay
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We are now in position to prove Theorem 1.5

PrROOF OF THE THEOREM 1.5: By homogeneity it is enough to assume ¢ = ||b|| = 1 and hence

we must prove

w(ly €R": [Tf @) > 1) <C [ a(1f))ut)dy

Now, since ¢ is submultiplicative, namely ®(ab) < 2®(a) ®(b), a,b > 0 we have by Theorem
1.6 and Lemma 3.2

IN

C sup q)lw({y e R": Ty f(y)| > t})

w({y € R": [T f(y)| > 1}) >0 ®(1)

IN

C ilg @(%)w({y eR": Maf(y) > t})

1 |f(w)l
C Sup o) / O (——)w(y)dy

1
0 sup x| 2SN

¢ [ aswhutay

IN

IN

IN

and the proof is concluded.
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