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ABSTRACT. One of the main results in modern Harmonic Analysis is the extrapolation
theorem of J.L. Rubio de Francia for A, weights. In this paper we discuss some
recent extensions of this result. We present a new approach that, among other things,
allows us to obtain estimates in rearrangement-invariant Banach function spaces as
well as weighted modular inequalities. We also extend this extrapolation technique
to the context of A,, weights. We apply the obtained results to the dyadic square
function. Fractional integrals, singular integral operators and their commutators with
bounded mean oscillation functions are also consider. We present an extension of the
classical results of Boyd and Lorentz-Shimogaki to a wider class of operators and also
to weighted and vector-valued estimates. Finally, the same kind of ideas leads us to
extrapolate within the context of an appropriate class of non A, weights and this can
be used to prove a conjecture proposed by E. Sawyer.
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1. INTRODUCTION

The purpose of this paper is to give a survey of some of the basic ideas and results
developed in recent work on extrapolation [CMP1], [CGMP], [CFMP], [CMP2], [CMP3]
(see also [Mal], [Ma2]). We believe that this circle of ideas should be very useful in
studying some open problems in harmonic analysis.

The extrapolation we are considering concerns the theory of A, weights. There is
another theory of extrapolation more closely related to interpolation and having as its
seminal result Yano’s theorem. We refer the reader to [MM] for a very interesting paper
relating both fields.

The pioneering result for the theory of extrapolation with Muckenhoupt weights is
the extrapolation theorem of Rubio de Francia:

Theorem 1.1 (Rubio de Francia, [Ru2]). Let T be any operator acting a priori in some
reasonable class of functions. Suppose that for some 1 < py < 0o, and every w € A,,,

[z e <c [ 5@ u ds (1)

where the constant C only depends upon the A,, constant of w. Then for all1 < p < oo
and for all w € A,,

/Rn T f ()P w(z) de < 0/ (@) w(z) dz, (1.2)

n

where the constant C' depends upon the A, constant of w.

Rubio de Francia’s theorem is one of the most beautiful and useful results in Harmonic
Analysis. Roughly speaking the theorem says that it is enough to have a good initial
starting point from where to “extrapolate” in order to get the whole range of scales.
Observe that no assumption on the operator 7' is assumed, although in the original
sources [Ru2|, [Gar| and [GR] it is assumed that T is sublinear. If we further impose
this condition, we can interpolate and obtain the following very useful consequence.

Corollary 1.2. Let T be a sublinear such that T is of weak type (1, 1) with respect to any
weight w € Ay, i.e., T : LY (w) — LY*®(w) for all w € A;. Then for any 1 < p < oo,
T is bounded on LP(w) for any w € A,, that is

/R TS @) wle) de < / f @) () do. (1.3)

These two extrapolation theorems are by now classical. The original proof of Rubio
de Francia [Rul, Ru2] was based on “abstract” methods. By this we mean that the
proof was not constructive; instead it worked by first “lifting” the problem to a related
one involving vector-valued inequalities. In fact there is the anecdote that Rubio de
Francia discovered the theorem while riding the bus to his office, without making any
computations. Shortly thereafter, J. Garcia-Cuerva [Gar] found an interesting construc-
tive proof that later appeared in the monograph [GR]. This proof was simplified more
recently by J. Duoandikoetxea in [Duo]. The same family of ideas allowed Rubio de
Francia to give a different proof of P. Jones’ factorization theorem (see also B. Jawerth
[Jaw|, E. Herndndez [Her| and [CJR]).

Even though the constructive proofs mentioned above are interesting, they have the
drawback that the proofs require multiple steps—for instance, the proof of Garcia-
Cuerva has two cases, depending on whether p < pg or p > pg. In this paper we survey
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a new approach to this theorem that has the advantage that it requires a single step and
can be extended to many different contexts, including rearrangement invariant Banach
function spaces (RIQBFS in the sequel), and modular estimates, see [CMP3]. We get
all this extrapolating from A, weights (as in the Rubio de Francia’s theorem) and also
from the bigger class of A, weights (see [CMP1], [CGMP]).

This approach has two additional important features. First, vector-valued inequalities
arise very naturally and without additional work. Second, the method is flexible enough
that it allows us to consider more general bases that somehow behave, at least from the
point of view of L? for p > 1, as the basis formed by cubes. An important special case
is the basis formed by rectangles that is associated to the strong maximal operator.

In certain cases we can push our method further to derive results for weights that are
not in A,. In 1985, E. Sawyer, in a very interesting and frequently overlooked paper
[Saw], proved the following weighted weak-type inequality for the Hardy-Littlewood
maximal function on R: for all u,v € Al,

M(fv)(x)
v{x ER:— / () u(z)o(z) dz (1.4)
This estimate is a highly non-trivial extension of the classical weak (1,1) inequality
for the maximal operator. One difficulty is that the product uv need not be locally
integrable: for instance, u(z) = v(z) = |z|~7/2 € A; on the real line, but u(z)v(z) =
’l" ! ¢ Lloc( )

One motivation for studying inequality (1.4) stems from the fact that it yields a new
proof of the boundedness of the maximal operator on LP(w), w € A,, assuming the
factorization theorem of A, weights. In his paper, Sawyer conjectured that the same
inequality held for the Hilbert transform. We give a positive answer to this conjecture
in [CMP2]. We do so by showing that these inequalities extend to the Hardy-Littlewood
maximal function and Calderén-Zygmund singular integrals in R", and hold for a larger
class of weights. We also extend to higher dimensions some related and interesting re-
sults of Muckenhoupt and Wheeden in [MW?2]. Our proof uses some of the extrapolation
ideas we are going to describe below.

In Section 5 we present the essential ideas for proving all the extrapolation results
mentioned above. The proofs all have a common scheme and are based on the use of
the so called Rubio de Francia algorithm to construct two operators:

= M*h(z) =\ SEh(x)
Ruth(@) =2 e Rs,h(x) =2 g, [
k=0 k=0 w

where M denotes the Hardy-Littlewood maximal operator and S, is in some sense a
“dual” operator defined by
S h(z) = Mhw)@)
w(z)
The relevance of this operator can already be seen from (1.4). We adapt the algorithm
to each situation by choosing the “norms” ||M|| and ||S||. See Section 5 for more details.

The remainder of this paper is organized as follows. In Section 2 we describe in
greater detail the questions we are interested in and some of the consequences of our
work. In Section 3 we give the exact statements of the main extrapolation results. Some
needed background can be found in Section 4. In Section 5 we sketch the steps common
to the proofs of the extrapolation results. Finally, in Section 6 we give a number of
applications of our extrapolation results.
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2. THE MAIN QUESTIONS

In our work on extrapolation, we have addressed the following questions.

Is it possible to deduce an extrapolation result if in the initial extrapolation
hypothesis (1.1) we consider A,, weights?

This question is strongly motivated by the following inequality due to Coifman
[Coi, CoF]: for 0 < p < oo and w € Ay,

/Rn T f(x)|P w(z)de < C M f(z)? w(z) dx, (2.1)

]Rn
where T is any singular integral operator with standard kernel and M is the Hardy-
Littlewood maximal function. Throughout this paper, these inequalities and similar
ones will be understood in the sense that they hold for any “nice” function f (that
is, f € L°,Cg°, .. .) such that the lefthand side is finite and the constant C' depends
on the A, constant of w.

We showed in [CMP1] that if (2.1) holds for one specific exponent p = pg, 0 <
po < oo, and for all w € A, then it holds for the whole range 0 < p < oo and all
w € Aw. In other words, all the information contained in (2.1) is encoded in the
corresponding estimates where the exponent is fixed; in applications some interesting
cases are p = 1 or p = 2. In [MPT] this result is used to show that the classical
Hormander condition for a singular integral operator is not sufficient to guarantee
Coifman’s inequality (2.1).

Another useful result obtained in [CMP1] states that it is enough to work with the
best and smallest class of weights A, provided the initial estimates hold for an open
interval of exponents p close to 0. That is, if (2.1) holds for all w € A; and for all
0 < p < po for some pg, then one recovers the whole range of exponents 0 < p < o0
and w € A.

In [CMP1], we use this approach to give a proof of Coifman’s estimate (2.1) that
does not use good-A inequalities. The proof is straightforward. We start with the
following inequality due to Andrei Lerner [Ler]:

/ |Tf(x)|w(x)de < C M f(z) Mw(x) dz, Yw > 0.
R7 R™

The proof of this estimate is interesting because it completely avoids the use of good-A
inequalities; instead, it involves decomposing the weight in an appropriate way. If we
look at Lerner’s proof more closely we can see immediately that for every 0 < p < 1,

/ Tf@)Pwde<C [ Mf@P Mo@)de, Yuw>o.
R7 R”
Then, for every w € A; (which means that Mw < Cw a.e.) we obtain that (2.1) holds
for all 0 < p < 1. As mentioned above, by extrapolation (see Theorem 3.2 below) we
derive the whole range 0 < p < oo and all weights in A.

Can we derive weak type estimates from a strong type estimate?

This is one of the main points in [CMP1]. Let T"and M be two given operators (here
we do not assumed linearity, sublinearity; 7" and M are defined in some reasonable
class of functions). Assume that there exists 0 < py < oo such that for all w € A,

/Rn T f(x)|P° w(z)de < C /Rn |M f(z) P w(x) da. (2.2)



EXTENSIONS OF RUBIO DE FRANCIA’S EXTRAPOLATION THEOREM 5

As mentioned in the previous question, this yields that the same estimate holds for
all 0 < p < oo and all w € A,,. Furthermore, the corresponding weak type estimate,
ITA1,, -, < CIMFI

Lp:>o(w LPvOO(w)7

holds for any 0 < p < co and for any w € A. (Again this inequality is understood
in the sense that it holds for any function such that the lefthand side is finite.)

This result should be compared with the fact that there is no analog in the context
of Rubio de Francia’s theorem. Indeed, this theorem roughly says that a strong
initial estimate yields a strong conclusion for each p > 1; if we further assume that
T is sublinear then a weak (1,1) initial estimate yields a strong type (p,p) result
for each p > 1. However, in general

[STRONG » WEAK |

That is the case for M? = MoM, where M is the Hardy-Littlewood maximal function.
By Muckenhoupt’s theorem, M? is bounded on LP(w) for all 1 < p < oo and all
w € A, (since M is). However, M? is not bounded from L'(R™) to L»*°(R") since
the following L log L type estimate

[{z e R": M?f(x) > A} §C/Rn@(l+log+ (@))dm (2.3)

holds as the right end-point estimate for M?2.

Can we derive estimates for function spaces other than the Lebesgue L? or
Marcinkiewicz "> spaces?

This question was addressed in [CGMP]. In that paper it is shown that if (2.2)
holds, for any rearrangement invariant Banach function space X with finite upper
Boyd index ¢x < co, we have for all w € A, that

T < M .
ITfll,, < CUMSIL,,

More generally, X can be any rearrangement invariant quasi-Banach function space
with upper Boyd index gx < oo such that X is p-convex for some 0 < p < 1, or
equivalently, X" is Banach for some r > 1. Examples of spaces to which this result
can be applied include L4, L? (log L)*, LP? (log L)*; we refer to [CGMP] for further
examples, such as generalized Lorentz or Marcinkiewicz spaces, and for a variety of
applications such as those in the context of multilinear estimates.

In [CFMP] we derived estimates of this type for variable LP() spaces, that is, Banach
function spaces modeled on Lebesgue space in which the exponent p(-) is a function.
This turned out to be very useful in solving and giving an unified approach to some
open problems in this theory. Note that variable LP() spaces are not rearrangement
invariant and so the theory developed in [CGMP] cannot be applied to them.

Can we derive estimates of modular type?

Our examination of this question in [CGMP] was strongly motivated by the fact
that there are operators for which the natural endpoint space is not L1*°: for example,
the operator M? = M o M mentioned above in (2.3). This operator arises naturally
in the study of commutators,

[b, T]f(x) = b(x) T'f(x) = T(b f)(x),



DAVID CRUZ-URIBE, JOSE MARIA MARTELL, AND CARLOS PEREZ

where T is a singular integral with standard kernel and b € BMO. The maximal
operator associated to this operator is M? = M o M; this can be seen, for instance,
by the following estimate from [Pe4]:

. I[b, T f(z)[Pwdx < C . M?f(z)P w(x) dz, (2.4)

for all w € A, and any function f such that the lefthand side is finite. This control
of the commutator [b, T] by M? suggests that [b, T satisfies a modular inequality like
(2.3). This was already obtained in [Pe3], where it was shown that for w € A,

sup p(A) w{y € R" : |[b, T]f(y)| > A} < C S/.\lilo)gp()\)w{y cR: M*f(y) > A}, (2.5)

A>0

where ¢(X) = A/(1+log™ §). From that estimate one can obtain

‘{y €R": Hb’ T]f(y)} > A}‘ < C”bHBMO /]Rn¢ (|f()\1‘)|) dz.

In [CGMP] we showed that this kind of modular estimates can be obtained by
extrapolation: there is a general extrapolation result that allows one to pass from (2.4)
to (2.5). Given a non-negative increasing function with ¢(04+) = 0 and ¢(c0) = oo
such that ¢ is doubling, if we assume again that (2.2) holds, then for all w € A,

[ ort@) v <o [ o) uwd, (2.6)

n

and similarly,
sup p(N) w{z : f(z) > A} < C sup p(A) w{z : g(x) > A}
Y A

Can we extend Rubio de Francia’s theorem to function spaces or to mod-
ular type estimates?

In [CGMP], the extrapolation result for A, weights in [CMP1] is extended to
obtain estimates in function spaces and also of modular type. It is natural to wonder
whether starting from A, weights as in Rubio de Francia’s theorem (see Theorem 1.1
above) one can get similar estimates. This question is considered in the forthcoming
paper [CMP3]; see Theorem 3.1 below. In this paper we also give a proof of Rubio de
Francia’s extrapolation theorem in which we do not need to distinguish between the
cases p > po and p < py (see [GR], [Gar], [Duo]). This approach allowed us to obtain
the extensions of Rubio de Francia’s theorem to the context of function spaces and
to modular type estimates.

Can we work with non-A_ weights?

As we mentioned above, Sawyer [Saw] proved (1.4) in R for the Hardy-Littlewood
maximal function and conjectured that the analogous estimate held for the Hilbert
transform. As the previous questions show, our extrapolation results combined with
Coifman’s inequality yield that 7" and M behave the same way in Lebesgue spaces,
Lorentz spaces, RIQBFS and also in the sense of modular estimates and this can be
done with respect to A, weights.

However, as we noted before, in (1.4) for u, v € A; it may happen that uv is not
locally integrable, and so uv is not an A, weight. Hence, all the previous results
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cannot be applied. We need an estimate of the form

5

for all u, v € A;. If such result were true, then, taking 7' = H, by (1.4) we would
prove the conjecture for the Hilbert transform. Moreover, if we could extend Sawyer’s
estimate (1.4) to R" (for the Hardy-Littlewood maximal function or even for its dyadic
version) then we would get, by extrapolation, that Sawyer’s estimate (1.4) holds for
any Calderén-Zygmund singular integral.

This problem was considered in [CMP2], where we showed that if " and M are
two operators satisfying (2.2), then (2.7) holds for all u € A; and v € A. (These
hypotheses are weaker than we need, since above we only need v € A;.) This yields
Sawyer’s conjecture not only for the Hilbert transform but also for Calderén-Zygmund
singular integrals in R™ (see Section 3.3).

<o

(2.7)

L1 (uw) L1 (uv)

What about vector-valued estimates?

It is well known that vector-valued inequalities and weights are closely related.
Indeed, Rubio de Francia’s extrapolation theorem was originally proved in [Ru2] using
this connection. This connection extends to all the extrapolation results we have
mentioned. Roughly speaking, every time we can extrapolate from an estimate like
(2.2) we (automatically) obtain vector-valued inequalities. For instance, we get that

[(Swary], <el(Snar)
forall 0 < p,r < 00 and all w € A,. There is also a version for function spaces:
[yl = el mar)y

J

We can also get Vector—valued modular estimates: see Theorem 3.2. The same can
be done starting with A, weights. To prove vector-valued inequalities, we change our
point of view and work with pairs of functions instead of operators. This leads to the
following question.

(2.8)

LP(w) LP(w)

X(w)

Do we really need to work with operators?

n [CMP1] (see also [CGMP] and [CP]), we observed that in the extrapolation
results we were considering, the operators do not need to appear explicitly since they
play no role. Instead, we could work with pairs of functions. This means that we can
consider (2.2) as an inequality for pairs of functions of the form (|T°f|, |M f|) with f
in some class of nice functions.

Let F denote a family of ordered pairs of non-negative measurable functions (f, g).
In place of (2.2) we assume that there is 0 < py < oo such that for all w € A

. f(x)PPw(z)de < C /n g(x)P w(zx)dz, (f,9) € F, (2.9)

and we always mean that (2.9) holds for any (f,g) € F such that the lefthand side is
finite, and that the constant C' depends only upon the A, constant of w.

In [CMP1] we showed that starting from (2.9) one can extrapolate, and the same
estimate holds for the full range of exponents 0 < p < oo and for all w € A, with
constant C' depending only upon p and the A, constant of w. Similarly, all of the
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results mentioned above can be restated in this form; see Section 3 for the precise
statements.

This approach immediately yields vector-valued inequalities. For example, to prove
(2.8), define the new family F, to consist of the pairs of functions (F,, G,), where

R = (Sl G = (o)

j
and apply extrapolation to these pairs.

e Can we go beyond the standard basis formed by cubes?
Many of the results we have mentioned can be extended to the context of more
general bases B with associated maximal functions

1 :
Mi@) =swp o [ Iy, it | B,
B3s |B| Js BeB

and M f(z) = 0 otherwise. (Recall that a basis is a collection of open sets B C R",
such as the set of all cubes.) The class of weights A, s with respect to B is defined by
replacing the cubes by the sets of the basis in the classical A, condition (see Section
4).

We restrict our attention to the following class of bases: B is a Muckenhoupt
basis if for each p, 1 < p < 0o, and for every w € A, 5, the maximal operator M is
bounded on LP(w), that is,

Mf(x)Pw(x)de < C / |f(z)]Pw(z)de. (2.10)

Rn n
These bases were introduced and characterized in [Pel]. Three immediate examples
of Muckenhoupt bases are D, the set of dyadic cubes in R™; Q, the set of all cubes
in R™ whose sides are parallel to the coordinate axes, and R, the set of all rectangles
(i.e., parallelepipeds) in R™ whose sides are parallel to the coordinate axes—see [Duo].
One advantage of these bases is that by using them we avoid any direct appeal to the
underlying geometry: the relevant properties are derived from (2.10), and we do not
use covering lemmas of any sort.

In [CMP1], [CMP3] we showed that many of our extrapolation results can be ex-
tended to Muckenhoupt bases. In some cases (namely for RIBFS and for modular
inequalities) we need to assume that the basis satisfies an openness property (that is,
w e Ayp, for 1 < p < oo, implies w € A,_. g for some ¢ > 0). In the case of the
extrapolation in L? with w € A, there is no need to assume that.

3. MAIN RESULTS

In this section we give the precise statements of all the extrapolation results discussed
above.

Let F be a family of ordered pairs of non-negative measurable functions (f, g). Recall
that if we say that for some pg, 0 < py < 00, and w € Ay (or w € A,,),

[ aru@de e [ garued, (Lo e

n

we always mean that this estimate holds for any (f, g) € F such that the lefthand side
is finite, and that the constant C' depends only upon p and the A, (or A,) constant of
w. We use the same convention when instead of the L” norm we use any other norm,
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quasi-norm or any modular inequality. Throughout this section we will state our results
for pairs of functions instead of for operators.

3.1. Extrapolation from A, weights. We first present Rubio de Francia’s extrapo-
lation theorem an its extensions. Here in place of writing specific operators we state
our result using pairs of functions.

Theorem 3.1. Let F be a family such that for some 1 < py < o0, and for every
w € A,

- fl@)PPw(x)de < C /n g(x)P w(zx)de, (f,g9) € F. (3.1)

Then, for all (f,g) € F and all {(f;,g;)}; C F we have the following estimates:

(a) Lebesgue spaces [Ru2|, [Gar|: For all 1 < p,q < oo and for every w € A,,

110 < Clall H( )Lp(w)gc“@(gj)q)é

(b) Rearrangement invariant Banach function spaces [CMP3|: Let X be a RIBFS
such that 1 < px < gx < 0o. Then for all1 < ¢ < oo and for every w € A,,,
1

170y < Mol H(Z(fj)q>q xw = H(Z(gﬂq);

(¢) Modular inequalities [CMP3]: Let ¢ € ® be a convex function such that 1 < iz <
I, < oo (i.e., ¢, ¢ € Ny). Then for all 1 < q < oo and for every w € A;

/n ¢(f(95)) w(z)de < C gb(g(x)) w(r) du,

Rn

/Rﬁb((Z:fJ’(z)q);)w(ﬂf)dﬂf < C Rn¢<(zgj(x)q>;>w(:c)dx,

Furthermore, for X as before one can also get that ¢(f) is controlled by ¢(g) on
X(w).

Lp(w)

X(w)

3.2. Extrapolation from A, weights.

Theorem 3.2. Let F be a family such that for some 0 < py < oo, and for every
w € A,

f@)w(x)de <C | g(x)w(z)de,  (fg) €F, (3.2)
R” R

or equivalently, for some 0 < py < 00, and for every 0 < p < po the following estimate
holds for every w € A;:

f@fw@)de <C [ g(@)w(@)de,  (f,g)€F.
R" Rn
Then, for all (f,g) € F and all {(f;,9;)}; C F we have the following estimates:

(a) Lebesgue spaces [CMP1]: For all 0 < p,q < oo and for every w € A,

iy < ol (20,0, <€) (St07)’

L (w)
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(b) Rearrangement invariant quasi-Banach function spaces [CGMP]: Let X be a
RIQBFS such that X is p-convex for some 0 < p <1 —equivalently X" is a Banach
space for some r > 1— and with upper Boyd index gx < oo. Then for all 0 < ¢ < oo

1

and for every w € A,
Wl < Clilgy | (20) ., <€ (o)’
J J

(¢) Modular inequalities [CGMP]: Let ¢ € ® with ¢ € Ay and suppose that there
exist exponents 0 < r,s < oo such that ¢(t")* is quasi-convex. Then for all 0 < q <
oo and for every w € A,

[ oty uwiar < ¢ [ o) utn

Rn

/ <<Zf] >é> (@)dz < C Rnﬁb((zj:gj(x)q);)w(:c)dx.

Furthermore, for X as before one can also get that ¢(f) is controlled by ¢(g) on
X(w). In particular, if X = LY, then for all w € Ay the following weak-type
modular inequalities hold:

sup oM wlz: fz)> A} < C sup p(N) wiz : g(x) > A},

swoele: (Later) =2} < Caporufe: (Sa)>2}

3.3. Extrapolation and non-A,, weights.

Theorem 3.3 ([CMP2]). Let F be a family such that for some py, 0 < py < 0o, and
every w € A,

X(w)

faru@dr<C [ g@ru@ds,  (f.g) €7, (33
Rn n
Then for all weights uw € Ay and v € AOO,

U ILLoo (wv) —

(f,g9) e F. (3.4)

As mentioned before, the point of this result is that the product of two A; weights
need not be locally integrable.

Theorem 3.3 allows us to prove the following result which was conjectured by E.
Sawyer [Saw].

Theorem 3.4 ([CMP2]). Ifu € A;, andv € Ay orv € A (u), then there is a constant
C such that for allt > 0,

L °°(uv)

uv{xew:% >t} ¢ [ 1#@uta) () de, (3.5)
L TGo@| ) _C o
uv{xER L >t} T [ @) v (3.6)

where M s the Hardy-Littlewood mazximal opemtor and T is any Calderon-Zygmund
singular integral.
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Inequality (3.5) was obtained in R in [Saw| and he conjectured (3.6) for the Hilbert
transform. Here we extend (3.5) to R™ and we show (3.6) not only for the Hilbert
transform but also for any Calderén-Zygmund singular integral. As before, we can also
prove vector-valued extensions of these estimates (see [CMP2]).

We give a brief sketch of the proof of this conjecture.

Step 1: We establish (3.5) with the dyadic Hardy-Littlewood maximal function M,
in place of M. This requires two cases; if v € A (u) we use a Calderén-Zygmund
decomposition; if v € A;, we use a more subtle decomposition argument based on the
ideas in [Saw| for the case n = 1.

Step 2: We extrapolate from the classical inequality

M fllrw) < C | Mafll o), 0<p<oo, we€Ax.

Thus Theorem 3.3 and Step 1 yield (3.5).
Step 3: We again use Theorem 3.3 to extrapolate from Coifman’s estimate (2.1); thus
(3.5) implies (3.6).

4. PRELIMINARIES

In this section we present some definitions and results which provide a useful prelim-
inary to the results given in the previous section.

4.1. Muckenhoupt weights. We begin with some basic facts about the A, theory of
weights necessary for our results; for complete information we refer the reader to [Duo],
[GR]. The Hardy-Littlewood maximal function in R™ is defined by

Vi) =sw o [ 11y
Q> |Q|

where the cubes () C R™ have their sides parallel to the coordinate axes. This operator
is bounded on LP for every 1 < p < oo and it maps L' into L. One can change
the underlying measure in the Lebesgue spaces by introducing a weight w, i.e., a non-
negative, locally integrable function. The estimates of M on weighted Lebesgue spaces
LP(w) = LP(w(z)dz) are governed by the Muckenhoupt weights, which are defined as
follows: we say that w € A,, 1 < p < oo, if there exists a constant C' such that for every
cube Q C R™ we have

(o 29 (g o ) <

when 1 < p < oo, and, for p =1,

|Q!/ x)dr < Cw(x), for a.e. x € Q.

This latter condition can be rewritten in terms of the Hardy-Littlewood maximal func-
tion: w € A, if and only if Mw(z) < Cw(x) for a.e. x € R". The class A, is defined
as Ace = Uy 4p-

Muckenhoupt [Muc] proved that the weights for the weighted norm inequalities for
the Hardy-Littlewood maximal function are characterized by the A, classes: M maps
L'(w) into LV (w) if and only if w € A; and M is bounded on LP(w), 1 < p < oo, if
and only if w € A,.
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4.2. Basics on function spaces. We collect several basic facts about rearrangement
invariant quasi-Banach function spaces (RIQBFS). We start with Banach function spa-
ces; for a complete account we refer the reader to [BS]. Let (2,%, ) be a o-finite
non-atomic measure space. Let M denote the set of measurable functions. Given a
Banach function norm p we define the Banach function space X = X(p) as

X={feM:|lIfllx=p(f]) <oo}.

The associate space of X is a function space X’ such that the following generalized
Holder’s inequality holds:

/Q gl < 1l gl

A Banach function norm p is rearrangement invariant if p(f) = p(g) for every pair
of functions f, g which are equimeasurable, that is, p; = p, (where py is the distri-
bution function of f). In this case, we say that the Banach function space X = X(p)
is rearrangement invariant. It follows that X’ is also rearrangement invariant. The
decreasing rearrangement of f is the function f* defined on [0, 00) by

fr@) =inf {A > 0: py(N) < t}, t > 0.
The main property of f* is that it is equimeasurable with f, that is,
p{r e |f(x)] > A} = [{t e R : f*(t) > A}

This allows one to obtain a representation of X on the measure space (R*,dt). That
is, there exists a RIBFS X over (R*,dt) such that f € X if and only if f* € X, and
in this case ||f|lx = ||f*[lx (the Luxemburg representation theorem, see [BS, p. 62]).
Furthermore, the associate space X’ of X is represented in the same way by the associate
space X of X, and so | fllxr = 1|.f*|lse-

From now on let X be a rearrangement invariant Banach function space (RIBFS) in
(R™,dr) and let X be its corresponding RIBFS in (R¥,t).

The Boyd indices px, gx of X give information about the localization of X in terms of
interpolation properties. Roughly speaking, X is an interpolation space between LP*~¢
and L%, (The definition involves the norm of the dilation operator in X see [BS, Ch.
3] for more details.) One has that 1 < px < ¢gx < oo. The relationship between the
Boyd indices of X and X' is the following: px = (¢x)’ and ¢x = (px)’, where, as usual, p
and p’ are conjugate exponents. As expected, the spaces LP, L4 LP(log L)* have Boyd
indices px = gx = p.

We now consider weighted versions of these spaces. Given w € A, on R", we use the
standard notation w(FE) = [, w(x)dz. The distribution function and the decreasing
rearrangement with respect to w are given by

wr(A) =w{z € R": |f(z)] > \}; fo@)=inf {A>0: wp(X) <t}

w

Define the weighted version of the space X by
X(w) ={f e M: ||If3llx < oo},

and the norm associated to it by || f||xw) = [|fallx. By construction X(w) is a Banach
function space built over M(R", w(x) dx). The same procedure with the associate spaces
shows that the associate space X(w)" coincides with the weighted space X'(w).

Given a Banach function space X, for each 0 < r < oo, as in [JS], we define

X ={feM: | X} ={f e M: |Ifll= = |I/1"]5}.
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Note that this notation is natural for the Lebesgue spaces since L" coincides with (L')".
If X is a RIBFS and r > 1 then, X" still is a RIBFS but, in general, for 0 < r < 1,
the space X" is not necessarily a Banach space. Note that in the same way we can also
define powers of weighted spaces and we have (X(w))" = X" (w).

We will work with spaces X so that X = Y* for some RIBFS Y and some 0 < s < .
In this case the space X is a rearrangement invariant quasi-Banach space (RIQBFS in the
sequel), see [GK] or [Mon]| for more details. We note that another equivalent approach
consists in first introducing the quasi-Banach case and then restricting attention to those
RIQBFS for which a large power is a Banach space. This latter property turns out to
be equivalent to the fact that the RIQBFS X is p-convex for some 0 < p < 1.

In (b) of Theorem 3.2 we restricted ourselves to the case of X p-convex with ¢x < oc.
As we have just mentioned, this means that X" is a Banach space (with r = 1/p).
Thus, by the Lorentz-Shimogaki Theorem (see [Lor|, [Shi] and [BS, p. 54]) ¢x < oo is
equivalent to the boundedness of the Hardy-Littlewood maximal function on (X")'.

Some examples of RIQBFS are Lebesgue spaces, classical Lorentz spaces, Lorentz
A-spaces, Orlicz spaces, and Marcinkiewicz spaces; see [CGMP]| for more details. In
some of these examples, the Boyd indices can be computed very easily, for instance if
Xis Lp, LP9) LP(log L)* or L*9(log L)* (where 0 < p < 00, 0 < ¢ < 00, a € R), then
px = gx = p. In this cases, it is trivial to calculate the powers of X:

(LPa)" = [Pmar, (LP(log L)*)" = LP™" (log L)“.
The same observation applies to LP = LPP and LP(log L)* = LP?(log L)“.

4.3. Basics on modular inequalities. We introduce some notation and terminology
which are taken from [KK] and [RR]. Let ® be the set of functions ¢ : [0, 00) — [0, 00)
which are nonnegative, increasing and such that ¢(07) = 0 and ¢(o0) = oco. If p € P is
convex we say that ¢ is a Young function. An N-function (from nice Young function)
¢ is a Young function such that

lim @ =0 and lim 40

oo+ ¢ i 1

The function ¢ € ® is said to be quasi-convex if it is equivalent to a convex function.
We say that ¢ € ® satisfies the A, condition, denoted by ¢ € As, if ¢ is doubling, that
is, if
¢(2t) <Co(t), =0

Given ¢ € ® one can define a complementary function ¢ such that Young’s inequality
holds: _

st < o(s)+o(t),  s,t>0. (4.1)
If ¢ is an N-function, then ¢ is an N-function as well.

Associated with ¢ are the dilation indices iy and I, (see [KPS] and [KK]) that satisfy
0<iy <1, <oo. If ¢is quasi-convex, then 74, > 1 and if ¢ is an N-function, then we
have that iz = (I)" and Iz = (ig)'. The dilation indices provide information about the
localization of ¢ in the scale of powers tP. Indeed, if 0 < iy < Iy < 00, given € small
enough, we have for all ¢ > 0 that

p(At) < C.Neteg(t),  for A>1,
d(At) < O\ ¢(t), for A <1.

It is clear then that ¢ € A, if and only if I, < co. So if ¢ is an N-function, then
1 <4 <1y <ooif and only if ¢, ¢ € As.
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Remark 4.1. We would like to stress the analogy between the hypotheses of Theorem
3.2 parts (b) and (¢). That X" is a Banach space for some r > 1 and that ¢(¢")° is
quasi-convex for some 0 < r,s < oo play the same role. Indeed, in both proofs these
properties are used to ensure the existence of a dual space and a complementary function
which allow one to make a duality argument. On the other hand, in (b) one assumes that
gx < oo and in (¢) one assumes that ¢ € Ay which, as mentioned, means /5 < co. Thus,
in both cases we are assuming the finiteness of the upper indices. In the proofs, these
conditions are used to assure that the Hardy-Littlewood maximal function is bounded
on the dual of X" and also that it satisfies a modular inequality with respect to the
complementary function of ¢(t")°.

Some examples to which these results can be applied are ¢(t) = P, ¢(t) = ¥ (1 +
logt 1), ¢(t) = tP (1 +log™ ¢)* (1 + log" log™ #)? with 0 < p < co and «, 3 € R. In all
these cases iy = I, = p and ¢(t") is quasi-convex for r large enough.

5. ABOUT THE PROOFS

The proofs of all of the extrapolation results follow a common scheme that has to
be adapted to each situation. The central idea is to use appropriate versions of the
Rubio de Francia algorithm associated to the Hardy-Littlewood maximal function and
the “dual” operator S, f = M (f w)/w.

Consider, for instance, the case of extrapolation to LP(w) with w € A,. We have
that M is bounded on L”(w) by Muckenhoupt’s theorem. Since w € A, if and only if
wi? e Ay, Sy is bounded on LP (w). These two facts are enough to apply the Rubio
de Francia algorithm and define the new operators

> MF*h(z) = SFh(x)
Ryh(z) =) ——0ot—, Rs, h(x) =) —2 =t
2 S, 2 Sl

These have the following properties:

RM 7zS

w

0 < h(z) < Ruh(x) 0 < h(z) < Rg,h(x)

IRachllew) < 2[[PllLew) | 1Rl @y < 210l o w)

RMhEAl sth"LUGAl

Similar constructions can also be done in RIQBFS or with modular inequalities. In
this case M is associated with X or ¢ and S,, is associated with X’ or ¢. Given these
operators, one then uses a duality argument L? — L?, X — X/ or ¢ — ¢.

We emphasize that in Theorem 3.1 these ideas work without difficulty. However, in
Theorem 3.2 we are considering spaces LP with p < 1, RIQBFS X and ¢ € ®, so duality
cannot be used directly. But in the case of L? (resp. X) we have that (L?)" (resp. X")
is a Banach space for some r > 1 and consequently we can use this change in the scale
to apply duality arguments. Roughly the same approach is possible if ¢ is such that
¢(t")* is quasi-convex for some r, s.
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6. SOME APPLICATIONS

We now present some applications of these extrapolation results. In our first group
of applications, we show that in some cases there is a natural choice of py for which it is
easier to prove (3.2). For instance, in the case of the dyadic square function we show (3.2)
with the natural exponent py = 2 for the family F consisting of the pairs (|f|, S4f) with
f € C (see Proposition 6.2). We also consider certain potential operators generalizing
the fractional integrals and commutators of the fractional integrals with BMO functions.
Using a technique of discretizing the operator (see [Pe2], [Ped], [SW] and [SWZ]) we
show that these operators are controlled by a maximal function adapted to the situation.
This control is written in terms of (3.2) with py = 1 (see Propositions 6.5 and 6.8). The
fact that pg = 1 is crucial in the proofs since this allows us to take advantage of the
discretized operators.

We also present an extension of the classical results by Boyd and Lorentz-Shimogaki
for Calderon-Zygmund singular integrals and the Hardy-Littlewood maximal function.
Finally, we give natural end-point estimates for the commutators of Calderén-Zygmund
singular integrals with functions in BMO.

6.1. Dyadic square function. Given the set D of dyadic cubes in R", for each m € Z,
let D,, = {Q € D: £(Q) = 2™}. For each Q € D, let Q denote the dyadic parent of

Q:if Q € Dm, the unique cube Q € D1 such that Q C Q. Given a function f, let
fo=1QI " [, f Q x) dx. The dyadic square function S, is defined by

Saf(z (er@ fal* Xl ))1/2.

QeD

In what follows let A% denote the Muckenhoupt basis given by dyadic cubes. In
[CMP1] we showed that Theorem 3.2 part (a) holds for any Muckenhoupt basis and in
particular for the one given by dyadic cubes.

The following result seems to be known (at least for p = 2, see [CWW]), but an
explicit proof does not appear in the literature.

Theorem 6.1. If w € AL | then for all f € C* and 0 < p < oo,
[ @l <o [ suwpoar (6.1)

We obtain this by giving an elementary proof (using ideas from [Buc]) when p = 2
which is the natural exponent for square functions. We actually prove a more general
result, at least for the case p = 2, since in our proof we only use the fact that w is a
dyadic doubling weight: w(Q) < cw(Q) for any dyadic cube Q.

Proposition 6.2. If w € A% | then for all f € C®
/ |f(2)?w(z) de < C/ Saf (x)? w(x) dx.
n R

This result plus Theorem 3.2 part (a) applied to the family of pairs (|f|, S4f) with
f € € yield Theorem 6.1. We remark that our proof does not use a good-\ inequality.

L (R™), then for any m € Z,

S Nolfa— 122 =3 Mo(fe - F2).

QEDm, Q€Dm

Lemma 6.3. Given a sequence {\g}gep and f € L
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Proof. The desired equality follows from a straightforward computation:

ST xlfa—1fa)= D D Aelfo—fe)= D A > (fd—2fofr + f3).

QEDy, PEDpm+41 QﬁDm PeDpy1 Q~E'Dm
Q=P Q=P

For a fixed cube P € D, 41,

n+1
Z 2foP-2| /7 Z /f )dx = 2" 2

Q~6Dm QGDm
Q=P Q=P
Therefore,
2. e D Ug—2afe+fi)= 3 e D (Fa—12)= D Alla—13)
PEDp 41 Q~6'Dm PeDpy41 Q:eDm QEDm
Q=P Q=P

0

Proof of Proposition 6.2. Fix f; by a straight-forward argument we may assume it is
real-valued. Since w is a dyadic doubling weight and by Lemma 6.3 we have

/n Saf (@) w(z)de =Y " (fo — fa)*w(Q) > ¢ Y (fo — f3)*w(Q) = ¢ Y (f§ — f3)w(@

QeD QeD QEeD
=Y (2w(@)f5 —w(@Q)fF) + ) (w(@Q) —2"w(Q)) f5 = Wi + Wa.
QeD QEeD

To complete the proof, we first claim that Wy > 0, so that we may discard this term.
To see this, for each P € D we gather all the terms in W5 in which w(Q) appears; we
then get

W= 3 (S wrisg) - 2ue)sz) = S we) X (- 12)

PeD Q=P PeD Q=P
Arguing exactly as we did in the proof of Lemma 6.3, we see that for each P,
2
w(P) Y (f§ = f7) =w(P) Y (fo— fr)
Q=P Q=P
It follows immediately that W5 > 0. To estimate Wi, we set
r)= ) foxa(®) A=) 20@f§=2" [ ful2)w(z)da.
Q€D QEDp R

Since f is bounded and has compact support, it follows immediately from the dominated
convergence theorem and the Lebesgue differentiation theorem that

W, = ZAm — A1 = hm Ay — lim Ay =2" f(x)*w(z) dr
— R"

N——0c0 M —+oc0

This establishes the desired inequality. 0
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6.2. Fractional integrals and potential operators. Recall that for 0 < a < n, the
fractional integral of order a (also known as the Riesz potential) is defined by

_ f)
]af(x) - /]Rn |.I’ - y|n_a dy7

and the closely related fractional maximal operator is defined by
1
Maf() =swp i [ 1) d,
@3z |Q 7 Jg

where () is any cube with sides parallel to the coordinate axes. It is well known that
for every x, M, f(z) < CI,(|f|)(z). The converse pointwise inequality is false, but the
following norm inequality is true.

Theorem 6.4. Given 0 < o < n, then for every 0 < p < 0o and w € Ay,

[ f(z)Pw(x)de < C M, f(z)? w(z) de.
R™ R™
Theorem 6.4 is due to Muckenhoupt and Wheeden [MW1], who proved it using a
good-\ inequality relating I, and M,,.
Here we give an alternate proof that applies to more general potential operators,

Tof(@) = [ Vo= )f) dy

whose kernels satisfy a very mild size condition: there exist constants §,c¢ > 0, and
0 < e < 1, such that for every k € Z

sup  U(z) < 2% U(y) dy. (6.2)
2k <|x|<2k+1 5(1—€)2k <|y|<6(1+e)2k+1
Examples of functions which satisfy (6.2) include functions ¥ which are radial and
monotonic; more generally we can take W which are essentially constant on annuli, that
is, W(y) < cW(x) for yl/2 < || < 2yl
Associated to the operator Ty is the maximal operator My defined by

U (0(Q
Mg f(z) = SupM/ fly) dy,
TEQ |Q‘ Q
where W(t) = Jiaj< ¥(2) d.
Note that if ¥(z) = ||, then (6.2) holds and the operators Ty and My are I, and
M,. The key will be the following result.

Proposition 6.5. Let U be a kernel satisfying condition (6.2). Then for every weight
wE Ay,
/ Ty f(z)|w(z)de < C M f(z) w(x) dx. (6.3)
R7 R7
In the proof of this result it is crucial that p = 1, since we perform a discretization of
Ty and then we change the order of integration. As a consequence of Theorem 3.2, by
extrapolation we get the full range of exponents.

Theorem 6.6. Let U be as above. Then for every 0 < p < oo and w € Ay,

[ mer@pu@ar <o [ Msaru e

]Rn
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Sketch of the Proof of Proposition 6.5. We follow [Pe2] using a discretization method
for Ty developed in [Ped]. (This in turn is based on ideas from E. Sawyer and R.
Wheeden in [SW], see also [SWZ] and [PW].) We refer the reader to [Pe2], [Ped] for full
details.

For each t > 0, define

_ 1
T() = sup U(a), w(t) = L / U(y) dy,
(1—e)t<|y|<26(1—e€)t

t<|a|<2t t

where 6, ¢, € are the constants provided by condition (6.2). Without loss of generality
we may assume f > 0. We discretize the operator Ty to get

Tt =Y [ IR LS LULES oy (@) / 1)y Xqf)

keZ QeD

The next step is to replace the sum over all dyadic cubes by a sum over dyadic Calderén-
Zygmund cubes. As in [Ped] (to be rigorous here we must restrict w to a fixed (big)
cube; we skip these technical details), we fix a > 2" and for each k € Z we take the
collection {Qy ;} of disjoint maximal dyadic cubes such that

1
Qrjl Jo.,

Further, every dyadic cube which satisfies the first inequality is contained in a unique
cube Qy, ;. Finally, if we define Ej ; = Q. \ Di+1, then |Qy ;| = |Ek;|. For each k € Z,
define

Dy = {z € R": M%w(z) > a"} = UQJ?’“’ a® < w(z)dr < 2"a".
J

{QeDa<|Q|/ z)dr < a"™}.

Then we have that

/,Lwa( ndr<C) ) ¥ (&f)) /3Qf(y)dy/Qw(x)dg:

k QeCy
L - a@)
: %]-:|Qk,j| Qk,jw(x) ! QEE:D @ ( 5 /BQf(y)
Q C Qk,j
1 .
C %—‘QM o w(x)de V(6 (1+€) {(Qry)) /3% f(y) dy,

where the last inequality will follow if we show that there is a constant C'y such that
for any dyadic cube P,

S |@!@(L§>>/3Qf(y)dy§0w Gu+aar) [ s 6

QeD
QCP

We show this estimate below. Since w € A, we have that w(Qy ;) =~ w(E) ;). Hence,

/ Tuf(@)u()de < OZ /E (W / . 'f(y)dy> w(w) da

< CZ/ Mg f(x dng/nM@f(x)w(x)d:p,

Eyg ;
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where 7 = max{3,8 (1 + €)}. Note that we have also used that ¥ is nondecreasing and
that the sets £y ; are pairwise disjoint.
We now prove (6.4): if £(P) = 27", then

> v (") [ wa=yerve ¥ [ e

QeD i=ig QeD:QCP
Qcrp 0Q)=2""

< wayy zrEe <o [ gy e,
3P i=io 3P i=ig
since the overlap is finite and where we have used (6.2), that is, U(27%) < Oy ¥(277),
for all © € Z. We get the desired estimate by observing
> 22! < Gy / U(y)dy = CU(5(1+€) ((P)).
i=ig ly|<é (1+€) £(P)

O

6.3. Commutators of fractional integrals. The techniques used in the previous
example can be exploited again to get estimates for commutators of fractional integrals.
For 0 < o < n and b € BMO, define

b(x) — by
b 117(0) =) LbGo) ~ a0 )w) = [ T )y
Rn
These commutators were considered by S. Chanillo [Cha], who proved that if 1/p—1/q =
a/n, then [b, I,] is bounded from LP(R™) into L4(R™). A weighted version of this result
also holds. For such pairs (p, q) we say that w € A, , if for all cubes @,

1 1/q 1 , 1/10'
(—/ wqu> (—/w_p dx) < (0 < 0.
Q1 Jo 1@l Jo

Note that if w € A,,, then w € A..

Theorem 6.7. Fiz 0 < a < n. Suppose 1 <p <n/a and 1/p—1/q = «a/n. Then for

all w € Apg,
1/p

1/q
( [0, 1o] f|* w? dx) <C ( | f|P w? dm) . (6.5)
R R"

A proof of this result was given in [CF| which depended on the good-A inequality
relating the maximal function and the sharp maximal function.

Our proof instead relies on extrapolation and on the weighted norm inequalities for
fractional Orlicz maximal operators which were also proved in [CF|. Define the fractional
Orlicz maximal operator as follows: given a Young function 1, let

My of(z) = sup Q1™ || .-

(For notation and basic facts about Orlicz spaces see below.) Let ¥(t) = tlog(e + t).
Then (6.5) is true with the commutator replaced by My ,. To prove Theorem 6.7 we
apply Theorem 3.2 to the family of pairs (|[b, 1] f|, My.of), starting from the following
result. We want to highlight that this approach yields vector-valued inequalities which
are new.
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Proposition 6.8. Given 0 < a <n, b € BMO and w € Ay, then

/ |16, L) f (2)dz <C | Myof(z)w(z)de.
R7

The proof of Proposition 6.8 is taken from [CMP1]| and we have included it below
for completeness. Again the fact that the exponent is 1 plays an important role in the
proof.

Before beginning the proof, we need to state some definitions and basic facts about
Orlicz spaces. For a complete information, see [RR, BS]. Let ¢ : [0,00) — [0, 00)
be a Young function, that is, a continuous, convex, increasing function with (0) = 0
and such that ¢(t) — oo as t — oo. The Orlicz space L is defined to be the set of
measurable functions f such that for some A > 0,

/ﬁb(@) dr < oo

The space Ly is a Banach function space when endowed with the Luxemburg norm

Il = 151z, =int {30+ [ o (V) o <1},

Each Young function ¢ has associated to it a complementary Young function 1. For
example, if () = t* for 1 < p < oo, then L, = LP(u) and (t) = t*". Another classical
example is given by ¢ (t) =t log(e + ¢). In this case L, is the Zygmund space Llog L.
The complementary function, ¥(t) =t for 0 <t < 1 and ¥ (t) = exp(t — 1) for ¢t > 1,
gives the Zygmund space exp L.

We also need a localized version of the Orlicz norm: for every @, define

. o |f ()]
||f||¢,Q—1nf{>\>0-@/Q¢< X )dxﬁl}.

There is a generalized Holder’s inequality associated with these norms:

a1 el de <207l oo (6.6)

Sketch of the Proof of Proposition 6.8. The proof of this proposition is similar to the
one given for potential operators and uses ideas from [Pe2] (see this reference and
[CMP1] for more details). Throughout the proof, let ¥(t) = tlog(e +t). Fix f; without
loss of generality we may assume that f > 0.

The first step of the proof is to discretize the commutator as we did before with the
potential operators:

\b 1] (z) dx )l fy) dyw(z) de
er IQ!

LI Q /'b )~ bolulz d“”/f

QeD

w0 S SEE [ ) ol sy [ wieds

QeD
=C (A+ B);
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we will estimate each term separately. To estimate A, we use that w satisfies a reverse
Holder inequality with some exponent 6 > 1 (since w € Ay):

1Ql / bler) = balwlr)dr < <ﬁ é'b(x)_leeld“});/ (IQLI /Qw(x)edx)é

1
< Clhllmo 7 /Q w(z) ds
Therefore,

A < (JQ;) 0l / fly dy/ w(z)de < C RnMaf(x)w(x)dx

< C My o f(x)w(z)dz,

R

where the last estimate was shown in [Pe2].

To estimate B, we use the John-Nirenberg inequality: for every cube (), we have
16 — bgllexpr.o < CbllBmo and ||b — bgllexpr3g < C'||bl|mo- As we noted above, the
conjugate function of ¢! —1 is t log(1+t). Hence, by the generalized Holder’s inequality
for Orlicz spaces, for every cube @,

1l / —bol f(y) dy < 2[|b = bollexp 3@ 1/ L10g .30 < C [[bllBMO [ fll 2108 230-

Therefore, we conclude that
B<C Y UQr Mlmea [ wlo)d
QeD Q@

We next show that there is a constant C such that for any dyadic cube P,
> UQ QI llzwersq < CLP)Y [PI| £l L1og s p- (6.7)

QeD:QCP

Using a characterization of the Orlicz norms in [RR], for any A > 0,

> Q10 W lsso <€ @1l it {3+ [ v (L) ar)
QeD:QCP QeD:QCP

SR L(Hw(@))dxfcwLp(lw('f&”‘))dx
— CU(P)*|P| <)\+|31P| w(‘f(;)‘) dm),

where in the last inequality we used [Pe2, Lemma 3.1]. This estimate holds for every
A > 0 and so we can take the infimum over all A to get (6.7).

We can now argue as we did in the proof of Proposition 6.5, replacing a sum over
all dyadic cubes with a sum over Calderén-Zygmund cubes. With the same notation as
there, we have that

p<oy [ w@de Y 4@ e

’Qkﬂ Qk.j QED:QCQy,;
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1
< C) w(x) de ((Qrj)* |Qrjl || 210g 2,304,
k,j ’Qky.]| Qkyj

< CZ Myof(@)w(z)de <C | Myof(z)w(z)ds.

E d R™

Combining our estimates for A and B we get the desired result. 0

6.4. Extensions of the theorems of Boyd and Lorentz-Shimogaki. We present
an extension of the classical results of Boyd and Lorentz-Shimogaki to a wider class
of operators and also to weighted and vector-valued estimates. These two theorems
are basic in the theory of rearrangement invariant Banach function spaces. They char-
acterize those RIBFS on which the Hilbert transform, in the case of Boyd, or the
Hardy-Littlewood maximal function, in the case of Lorentz-Shimogaki, are bounded
operators.

Theorem 6.9. Let X be a rearrangement invariant Banach function space associated
o (R,dz), let H be the Hilbert transform and let M be the Hardy-Littlewood mazimal
function. Then,

e [Boyd, 1967] H is bounded on X if and only if 1 < px < gx < o0.
e [Lorentz, 1955; Shimogaki, 1965] M is bounded on X if and only if px > 1.

The proofs of these results (see [Boy]|, [Lor], [Shi] or [BS, p. 154]) are based on the
pointwise rearrangement inequalities

(H ) ( <C</f ds+/f ds)
iy [ reds

0 <t < oo, where f*is the decreasing rearrangement of f. Observe that the righthand
side of the second estimate is just the classical Hardy operator acting on f* and that in
the inequality for H we have the sum of the Hardy operator and its adjoint. By using
the fact that the Hardy operator is bounded on X if and only if px > 1, we get the
restrictions on the Boyd indices that guarantee the boundedness of H and M. Both
results were originally proved for Banach spaces, but they have been extended to the
quasi-Banach case in [Mon] with the same restriction on the Boyd indices.

In [CGMP] the following extension of these classical results is obtained.

and

Theorem 6.10 ([CGMP]). Let T be a Calderdn-Zygmund singular integral and let M
be the Hardy-Littlewood mazximal function. Let X be a RIQBFS which is p-convex for
some p > 0 (equivalently, X" is Banach for some r > 1).

(i) If 1 < px < o0, then M is bounded on X(w) for allw € A,,.

(i1) If 1 < px < gx < oo, then for all w € A,,, T satisfies the following weighted
inequality

1T fllgy < C 1 gy
(w) (w)

In particular, T is bounded on X.
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(tii) If 1 < px < gx < oo we have that for all 1 < q < oo and for all w € A,,, M

satisfies .
(S, <l (i)’

In particular, takmg w =1, M satisfies the correspondmg vector-valued inequali-
ties on X. Similarly, T verifies the same estimates.

(6.8)

X(w

Part (i) extends Lorentz-Shimogaki’s result to the case of weighted RIBFS. Part (i)
generalizes Boyd’s theorem to cover both more general operators and Muckenhoupt
weights. Part (iii) extends both Boyd’s and Lorentz-Shimogaki’s results by establishing
weighted (and unweighted) vector-valued estimates for M and 7.

We also present a version of this result for modular inequalities.

Theorem 6.11 ([CGMP]). Let T be a Calderdn-Zygmund singular integral and let M
be the Hardy-Littlewood mazimal function. Let ¢ € ® be such that ¢ is quasi-conver.

(i) Let w € A, If 1 <iy < o0,

/n 6(Mf(x)) w(z)de < C / 6(C|f(2)]) w(x) da;
if iy =1,
supr w{xER” M f(z >>\}<C/ (C|f( >|) (z) da.

(ii) Let ¢ € Ay (i.e., Is <o0) and w € A;,. Ifig > 1,

/Rn o(|Tf(z)]) w(z)dz < C /Rn o(|f(2)]) w(z) dz;
ifig =1,
stipaﬁ(k)w{x eR":|Tf(z)] > A} <C /Rn (1 (@)]) w(z) da.

(4ii) Let ¢ € Ay (i.e., Iy < 00), w € Ay, and 1 < q < oo. Ifiyg>1,

/Rnaﬁ((Zij(x)q)i) w(z)de < C Rn(b((Z'fj(x)’q)é) w(z) di:
ifig=1,
apetyafes (Sarnen) o} <o [ o((Sison)’)wores

Similarly, T satzsﬁes the same estimates.

Part (i), under slightly stronger hypotheses (i.e., ¢, ¢ € Ay), was first proved in [KT]
(see also [KK].) Conclusions (ii) and (ii7) generalize some of the estimates obtained,
by different methods, in [KK, Chapters 1, 2|. We refer the reader to this book for a
complete account of modular inequalities.

The proofs of both results follow a common path. In each, part (7) is proved directly
with no use of extrapolation. Part (ii) in each result follows by extrapolation: Coifman’s
inequality (2.1) gives the starting estimates for the family of pairs (|T'f], M f) with
f e L(R™). Note that (3.2) holds for all 0 < p < oco. Thus, parts (b) and (c¢) in
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Theorem 3.2 yield that M controls T in RIQBFS and also in the modular sense. Then,
by (i) we get the desired estimates in part (77).

Part (iii) is again done by extrapolation: first it is shown in [CGMP] that for any
1<q<oo,forallO<p<ooandalleAoo,

H( WA < )

This gives a new startlng estimate in Theorem 3.2 (which holds for all 0 < p < c0) and
so the vector-valued operator associated with M is controlled by M itself. Thus part
(1) yields the desired vector-valued estimates for M. Since Theorem 3.2 yields that the
vector-valued operator associated with 7' is controlled by the one associated with M,
and we have already shown the desired estimates for M, we conclude that T satisfies
the same inequalities.

6.5. Commutators of Singular Integrals. Let T be a Calderén-Zygmund singular
integral and b € BMO. The first order commutator is defined as

Cy f(x) = [0, T1f () = b(z) T f(x) = T(b f)(2),
and, for m > 2, we define by induction the higher order commutators C}"f(z) =
[b, C7" 1 f(x). In [Ped] it is shown that

/Rn ICf(2)Pw(x)de < C | M™f(z)Pw(x) de (6.9)

Rn
for every 0 < p < oo and w € A, where M™" is the Hardy-Littlewood maximal
function iterated m + 1 times. Thus using Theorem 3.2, parts (b) and (c), we get that
M™*+! controls C}*. Hence, we can find end-point estimates for Cj" once we show them
for M™*1. This was done in [CGMP] where the following result was proved.

t

Theorem 6.12 ([CGMP]). Let ¢,(t) = 1+ log' )
og't)m™

Then

and U, (t) = t(1 + log™ )™

Cyt: L(log L)™ — M@m
and

{2 € R 1 (G f(2)] > A)| <c/Rn¢m (@) iz,

Similarly, both estimates hold for all w € A;.

In this later result, the Marcinkiewicz type space M@m is defined by the function
quasi-norm

1lz,,, = supeom(t) S (1)
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