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A Fefferman—Stein inequality
for the Carleson operator

David Beltran

Abstract. We provide a Fefferman—Stein type weighted inequality for
maximally modulated Calderén-Zygmund operators that satisfy a priori
weak type unweighted estimates. This inequality corresponds to a maxi-
mally modulated version of a result of Pérez. Applying it to the Hilbert
transform we obtain the corresponding inequality for the Carleson opera-
tor C, that is C: LP (M PIH 1) — LP(w) for any 1 < p < 0o and any weight
function w, with bound independent of w. We also provide a maximal-
multiplier weighted theorem, a vector-valued extension, and more general
two-weighted inequalities. Our proof builds on a recent work of Di Plinio
and Lerner combined with some results on Orlicz spaces developed by
Pérez.

1. Introduction

Let M denote the Hardy—Littlewood maximal operator. In 1971, Fefferman and
Stein [22] proved that there is a constant C,, < oo such that, for any 1 < p < oo,

(1.1) /R M F(2)[P w(z) dz < Cp p! /]R | (2) [P Muw(z) da

holds for all weight functions w, where p’ denotes the conjugate exponent of p, that
is, 1/p+ 1/p’ = 1. By weight we mean a non-negative locally integrable function.

The question of the existence of inequalities like (1.1) has been raised on a more
general level. More precisely, given an operator U and an exponent p € [1,00),
one may attempt to identify a controlling maximal operator 9t for which there is
a constant! C' < oo such that

(1.2) / UF@P ) de <O [ 5@ M) da

R
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IHere and throughout the paper we use the letter C' to denote a constant that may change
from line to line that is, in particular, independent of the function f and the weight w. We also
use the notation A < B to denote that there is a constant C' such that A < CB.
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holds for all admissible functions f and weights w. An inequality like (1.2), together
with an elementary duality argument, allows to transfer bounds from 9t to U,
that is,

1
(1.3) U N Lassza S UL 0L army

for ¢,§ > p. This induces a concept of optimality in the maximal operator 9t
and the weighted inequalities (1.2); for any fixed exponent p, we would like to
determine a maximal operator 9 whose Lebesgue space bounds allow to recover
optimal Lebesgue space bounds for U via (1.3).

In this paper we address the problem of controlling the Carleson operator and
more general maximally modulated Calderén—Zygmund operators by an optimal
maximal function. Despite the oscillatory nature of these operators, the techniques
we make use of are closer to Calderén—Zygmund theory. We start therefore with
a careful inspection of inequalities of the type (1.2) in the context of Calderén—
Zygmund operators.

A Calderén-Zygmund operator 7 on R” is an L?-bounded operator repre-
sented as

Tf(x) = - K(z,y) f(y)dy, « ¢ supp f,
where the kernel K satisfies

(i) |K(z,y)| < =5 for all @ # y;

[z —y|™

(i) |K (w.y) = K (@', y)] + K (y.2) — K(y,2')] < C (2555 for some 0 < 6 < 1
when |z — 2| < |z —y|/2.
Cérdoba and Fefferman [12] showed that, for s > 1 and 1 < p < oo, there is a
constant C' < oo such that

(1.4) [ rr@ru@d<c [ (M) i
n Rn

holds? for any weight w, where M w(x) := (Mw?*(z))/*. Observe that the op-
erator M is not an optimal maximal operator in the sense described by (1.3).
For each s > 1, M, fails to be bounded on L" for 1 < r < s. Thus, for a fixed
1 < p < oo, the mechanism (1.3) only allows one to recover L? bounds for 7" in the
restricted range p < ¢ < ps’, missing the exponents in [ps’, c0); we recall that T is
an L7 bounded operator for 1 < ¢ < co. This problem was resolved by Wilson [46]
in the range 1 < p < 2, and by Pérez [40] in the whole range 1 < p < oo, who
showed that for 1 < p < oo, there is a constant C' < oo such that

(1.5 | @ e@dr <c [ 1f@pyaet o) s

holds for any weight w. Here |p| denotes the integer part of p, and M lp)+1
denotes the (|p| 4+ 1)-fold composition of M. The operator MPJ*1 is bounded

2This can also be seen as a consequence of the Ap theory, since Msw € A1 C Ap for p > 1,
with constant independent of w, and w < Msw.
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on L", 1 < r < oo, for any p. Thus, given 1 < p < 0o, it is an optimal maximal
function as we can recover via (1.3) the L? boundedness of T' for the whole range
p < g < oo. Furthermore, their result is best possible in the sense that (1.5) fails if
M PI+1 s replaced by M P!, Tt should be noted that for each s > 1 and k > 1, the
pointwise estimate M*w(z) < CMsw(z) holds for some constant C' independent
of w.

Our goal is to extend (1.5) to a broad class of maximally modulated Calderén—
Zygmund operators studied previously by Grafakos, Martell and Soria [23] and Di
Plinio and Lerner [18]. Let ® = {¢o}aca be a family of real-valued measurable
functions indexed by an arbitrary set A. The mazimally modulated Calderon—
Zygmund operator T'® is defined by

(1.6) T%f(x) = sup [ T(M? f) ()],

where M%= f(x) := 2™ f(z). We will consider operators T® such that for
some ro > 1 satisfy the a priori weak-type unweighted inequalities

(1.7) IT® fllr.0 S D)l

for 1 < r < rg, where ¥(r) is a function that captures the dependence of the
operator norm on r. This definition is of course motivated by the Carleson operator

eQTriay
¢s() =su [pv. [ S ),
a€R RZT—Y

since it may be recovered from (1.6) by setting T = H and ® to be the family of
functions given by ¢, (z) = ax for @ € R. Expressing Cf in terms of fallows it
to be reconciled with the classical expression for the Carleson maximal operator
in terms of partial Fourier integrals. It is well known that the Carleson operator
satisfies condition (1.7) for 1 < r < oo, implying almost everywhere convergence of
Fourier series for functions in L"; see Carleson [9] and Hunt [26] for the celebrated
Carleson-Hunt theorem, or Fefferman [21] and Lacey and Thiele [31] for alternative
proofs.

Implicit in the work of Di Plinio and Lerner [18] there is the following analogue
of the estimate (1.4) for maximally modulated Calderén—Zygmund operators.?

Theorem 1.1. Let T® be a mazimally modulated Calderén—Zygmund operator
satisfying (1.7). Then for 1 < s <2 and 1 < p < oo there is a constant C' < 0o
such that, for any weight w,

(1.8) / |T? f(2)|P w(zx)dx < C |f(z)|P Msw(zx) dx.
Rn Rn
Note that the inequality (1.4) can be recovered from (1.8) simply by taking
o =0 for all a. As in the case of (1.4), for any fixed 1 <p < oo and 1 < s < 2,
Theorem 1.1 does not allow one to recover the full range of Lebesgue space bounds
for T® from those for M; via (1.3).

3Again, this result can be seen as a consequence of the Ao theory in [23]. In the case of the
Carleson operator C, the result follows from the A, theory in [27].
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One may address this question and obtain optimal control of 7% by combining
the ideas developed by Pérez in [40], [41] with Di Plinio and Lerner’s argument [18].
The main result of this paper is the following.

Theorem 1.2. Let T® be a mazimally modulated Calderén—Zygmund operator
satisfying (1.7). Then for any 1 < p < oo there is a constant C' < oo such that,
for any weight w,

a9 [ r@P e <0 [ @Mt ) d

As may be expected, the constant C' in (1.11) depends on the exponent p and
the assumed weak-type estimate (1.7); we refer to Section 8 for a further discussion.

Of course, one may recover the estimate (1.5) from Theorem 1.2. As observed
for (1.5), given 1 < p < oo, the control given by the maximal operator M PI+1
is optimal here. Moreover, one cannot replace |p] + 1 by |p] in the statement of
Theorem 1.2 as the resulting inequality is shown to be false for the (unmodulated)
Hilbert transform [40].

Theorem 1.2 may be viewed as a corollary of a more precise statement that
allows one to replace M P)1 by a sharper class of maximal operators. This strategy
originates in Pérez [40] for the case of unmodulated Calderén—Zygmund operators.

Let A be a Young function, that is, A: [0,00) — [0, 00) is a continuous, convex,
increasing function with A(0) = 0 and such that A(t) — oo as t — oo. We say
that a Young function A is doubling if there exists a positive constant C' such that
A(2t) < CA(t) for t > 0. For each cube @ C R", we define the Luxemburg norm
of f over QQ by

|flag=inf{x>0: ﬁ/@A(@) dy <1}

and the maximal operator M4 by

Maf(z) = sup | flla,q
Q3

where f is a locally integrable function and the supremum is taken over all cubes Q
in R™ containing z.* In this context we are able to characterize the class of Young
functions for which a Fefferman—Stein inequality holds with controlling maximal
operator 9 = M 4.

Theorem 1.3. Let T® be a mazimally modulated Calderén—Zygmund operator
satisfying (1.7). Suppose that A is a doubling Young function satisfying

(1.10) /:O (ﬁ)pq% < 0

4The Orlicz space L“(R™) consists of all measurable functions with finite finite global Lux-

emburg norm ||f|| 4, where the measure %dm in the definition of || f||4,¢ is replaced by dz.
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for some ¢ > 0. Then for any 1 < p < oo there is a constant C' < oo such that for
any weight w

(1.11) / T f ()P w(x)de < C [ 1f(@)]P Maw(z) da.
n Rn

In the unmodulated setting, Pérez [40] pointed out that condition (1.10) is
necessary for (1.11) to hold for the Riesz transforms. Hence it becomes a necessary
condition for Theorem 1.3 to be stated in such a generality, characterizing the class
of Young functions for which (1.11) holds. It is interesting to observe that the
condition (1.10) does not depend on the behaviour of the weak-type norm ) (r).

Applying our main result to the Carleson operator one may deduce the corre-
sponding Fefferman—Stein weighted inequalities.

Corollary 1.4. Let C be the Carleson operator. Then for any 1 < p < oo there is
a constant C' < 0o such that for every weight w

(1.12) /R|Cf(m)|”w(x) dz < C/R|f(x)|thpJ+1w(m) da.

We shall remark that weighted inequalities for the Carleson operator have been
previously studied by many authors. Hunt and Young [27] established the L?(w)
boundedness of C for 1 < p < oo and w € A,. Later Grafakos, Martell and
Soria [23] gave new weighted inequalities for weights in A, as well as vector-valued
inequalities for C. More recently, Do and Lacey [19] deduced weighted estimates
for a variation norm version of C in the context of A, theory that strengthened the
results in [27]. Finally, Di Plinio and Lerner [18] obtained LP(w) bounds for C in
terms of the [w]a, constants for 1 < ¢ < p. Note that inequality (1.12) does not
fall within the scope of the classical A, theory.

Indeed the oscillatory nature of the Carleson operator and the operators T'®
brings to mind weighted inequalities of the form (1.2) in other oscillatory con-
texts. Such inequalities have received considerable attention over the last decades,
notably with a longstanding conjecture raised by Stein in the context of the disc
multiplier. In [44], Stein suggested that the disc multiplier may be controlled, via a
general weighted L? inequality, by some variant of the universal maximal function

Nuw(x) = sup — /
( Rz |R|

where the supremum is taken over all rectangles R containing x. This conjecture,
which is often referred to as Stein’s conjecture, is far from having a satisfactory
answer for n > 2,5 although positive results were obtained by Carbery, Romera and
Soria [6] in the setting of radial weights. Of course Stein’s conjecture may be viewed
as a departure point towards a generalisation of the weighted inequality (1.12) to
higher dimensions, where we naturally define the n-dimensional Carleson operator
to be
Cnf = sup ‘ / 27rm £ d§
[€l<r

r>0

5The case n = 1 reduces to the study of the Hilbert transform.
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for x € R™. A similar conjecture to that of Stein’s was raised by Cérdoba [11]
in the context of Bochner—Riesz multipliers; see Carbery and Seeger [8], or Lee,
Rogers and Seeger [32] for results in this direction. For further recent examples of
control of highly oscillatory operators by maximal functions we refer to Bennett,
Carbery, Soria and Vargas [4], Bennett and Harrison [5], Bennett [3], Cérdoba and
Rogers [13], and the work of Bennett and the author [2]. The results of this paper
may be seen to combine aspects of the more classical inequalities (1.1) and (1.5)
and the oscillatory examples just described.

Structure of the paper. In Section 2 we present the results of Lerner [35], [34],
and Di Plinio-Lerner [18] that allow to bound in norm T'® by the so-called dyadic
sparse operators. In Section 3 we recall the results obtained by Pérez in [40], [41]
concerning the maximal operator associated to a Young function. In Section 4 we
provide the proof of Theorem 1.3 and explain how to apply it to deduce Theo-
rem 1.2. Section 5 contains some applications that may be deduced from our main
result, and Section 6 is devoted to a vector-valued extension of the main theorem.
In Section 7 we are concerned with an extension of our result to a more general
two-weight setting. Finally, we conclude with a section on further remarks.

Acknowledgements. The author would like to thank his supervisor Jon Bennett
for his continuous support and for many valuable comments on the exposition of
this paper.

2. A norm estimate by dyadic sparse operators

Here we present a result in [18] that allows one to reduce the proof of (1.11) to
a Fefferman—Stein inequality for dyadic sparse operators. This reduction rests on
a certain local mean oscillation estimate. Such estimates have been developed
by Lerner and other authors and have become a powerful technique over the last
few years. See, for instance, [33], [34], [18], [28], and [29]. We have considered it
instructive to recall this local mean oscillation estimate approach as it will also be
used for the vector-valued extension presented in Section 6.

We start by recalling some standard definitions. By a general dyadic grid D we
mean a collection of cubes such that: (i) any Q € D has sidelength 2%, k € Z; (ii) for
any Q,R € D, we have QN R € {Q, R, 0}; (iii) the cubes of a fixed sidelength 2*
form a partition of R™. Given a cube )y we denote by D(Qp) the set of all dyadic
cubes with respect to @q, that is, the cubes obtained by dividing dyadically Qg
and its descendants into 2™ subcubes.

We say that S is a sparse family of cubes if for any cube @ € S there is a
measurable subset E(Q) C @ such that |Q] < 2|E(Q)| and the sets {E(Q)}ges
are pairwise disjoint.

Given a measurable function f and a cube @, the local mean oscillation of f
on @ is defined by

wA(f3Q) = it ((f — hx) (V@)

€

for 0 < A < 1, where f* denotes the non-increasing rearrangement of f.
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The median value of f over a cube @, denoted by m(Q), is a nonunique real
number such that

Hz e Q: f(z) >mp(@} <|Q/2 and [{z € Q: f(z) <ms(@)} <|QI/2.

Given a measurable function f and a cube @y, one may pointwise control the
value of f on Qg in terms of the median value of f on Qy and the local mean
oscillation of f in a sparse family of cubes. A first version of this result was
obtained by Lerner [33]; see [28] for the following refined version.

Theorem 2.1 ([28]). Let f be a measurable function on R™ and Qo be a fized
cube. Then there exists a sparse family of cubes S C D(Qo) such that

/(@) = mp(Qo) 2 wijans2(f: Q) xo(a)

QeS

for a.e. x € Q.

Di Plinio and Lerner [18] applied the above local mean oscillation estimate
to T®f to obtain an estimate for HTq’fHLp(w). Then, one is concerned with ob-
taining a bound for the local mean oscillation of T® f on a cube Q.

Proposition 2.2 ([18]). Let T® be a mazimally modulated Calderén—Zygmund
operator satisfying (1.7). Then, for any cube Q C RY and any 1 < r < 7o,

1 1
e w5 v (g [ 1) 2m5(|2mQ| [ 19)

where Q = 2/nQ.

Given a sparse family S, the above proposition suggests to consider the dyadic

sparse operator

Qes

The following norm estimate result allows to deduce boundedness for the opera-
tor T® from uniform boundedness on the dyadic grids D and the sparse families
S C D for the operator A, s.

Proposition 2.3 ([18]). Let T be a mazimally modulated Calderén—Zygmund
operator satisfying (1.7). Let 1 < p < oo and let w be an arbitrary weight. Then

1T fllzoqy S nf {o(r) sup | Ars S llio }
D,S

1<r<rg
where the supremum is taken over all dyadic grids D and all sparse families S C D.

As we will see in Section 4, Theorem 1.3 may be deduced from its analogous
statement in the context of the dyadic sparse operators A, s.
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3. Bounds for the maximal operator

Let B be a Young function. We define the complementary Young function B to
be the Legendre transform of B, that is

B(t) = sup{st — B(s)}, t>0.

5>0
We have that B is also a Young function, and it satisfies
t< B Y t)B7(t) < 2t

for t > 0. For all functions f,g and all cubes @ C R", the following generalised
Hoélder’s inequality holds:

1
@/Qf (@) g(a) do < | fll.0llgl5 0

Pérez [41] characterised the Young functions B such that Mp is bounded in LP
for p > 1; such characterisation is commonly known as B, condition. He also
established that condition to be equivalent to certain weighted inequalities for Mp
and related maximal operators.

Theorem 3.1 ([41]). Let 1 < p < oo. Let A and B be doubling Young functions
satisfying B(t) = A(tP"). Then the following are equivalent:
(i) B satisfies the By condition, denoted by B € By: there is a constant ¢ > 0

such that )
> B(t) dt o g \p-1dt
/E i 7“/6 (B(t)) TS

(i) There is a constant ¢ > 0 such that

/:O (3m) T

(ili) There is a constant C' < oo such that, for all non-negative functions f,

Mpf(x)Pdx <C f(x)P de.
R R

(iv) There is a constant C' < oo such that, for all non-negative functions f and
any weight u,

Mpf(x)Pu(x)de < C f(z)P Mu(x) de.
R™ R"

(v) There is a constant C' < 0o such that, for all non-negative functions [ and
any weights v and w,

p% - T IJM X
(3.1) . Mf(x) (Maw(z))p-! dr < C e f(x) w(x)p=1



A FEFFERMAN-STEIN INEQUALITY FOR THE CARLESON OPERATOR 229

A classical result from Coifman and Rochberg [10] asserts that for any locally
integrable function w such that Mw(z) < oo a.e. and 0 < 0 < 1, the function
(Mw)?(x) is an A; weight with constant independent of w. More precisely,

1
M ((Mw)°) () < Cy 1—5(M’w)5(w)
for almost all # € R™. As Pérez remarks in [40], the function (M4w)® still con-
tinues to be an A; weight for any Young function A. Proceeding as Coifman and
Rochberg, one may indeed see that the A; constant is independent of the Young
function A; we leave the proof to the interested reader.

Proposition 3.2. Let A be a Young function. If 0 < § < 1, then (Maw)® is
an Ay weight with A1 constant independent of w. In particular,

1
M ((Maw)®) (z) < G, 1-5 (Maw)’(x)
for almost all x € R™.

4. Proof of Theorems 1.2 and 1.3

In this section we give a proof of Theorem 1.3 and we use it, thanks to an obser-
vation due to Pérez [40], [41], to deduce Theorem 1.2. Our proof follows a similar
pattern of a proof of Di Plinio and Lerner in [18].

As seen in Section 2, the boundedness of T'® may be essentially reduced to the
uniform boundedness of the dyadic sparse operators A, s. In particular, we have
the following Fefferman-Stein inequality for A, s.

Theorem 4.1. Let D be a dyadic grid and S C D a sparse family of cubes.
Suppose that A is a Young function satisfying (1.10).Then for 1 < p < oo, there
is a constant Cy, p 4 < 00 independent of S, D and the weight w such that

p+1

A s fllLrw) < Cn,p,A((T)I)l/THfHLT’(MAw)

holds for any 1 <r < ”Qi and any non-negative function f.

Proof. We first linearise the operator A, s. For any @, by LP duality, there ex-
. . ~ 1 7.’ _
ists gg supported in @) such that ] f@ g5 =1 and

1 AT 1
(@/@f) Z@/Qfgcg-

Of course the sequence of functions {gg}¢o depends on the function f. Given such
a sequence, we can define a linear operator Ly by

Lyh(z) = (ﬁ/@hgcz) xQ(x)-

QeS
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Note that evaluating in f one recovers A, sf, that is Ly(f) = A, sf. Then, in
order to obtain an estimate for ||A, s/ () independent of S and D, it is enough
to obtain the corresponding estimate for || L h|| 1p () uniformly in the functions gq.
For ease of notation we remove the dependence of f in L. By duality, the estimate

2000001 < ot ((Bt) ) Wl

is equivalent to

. p+1 N\ 1/r
(4.1) HLimLﬂ«mekﬂ)gcamﬂ((—Zf)) [ Pepm—s

where L* denotes the L?(R™)-adjoint operator of L. Since A satisfies (1.10), one
can apply Theorem 3.1 with p replaced by p’. Using (3.1) with v = 1, the esti-
mate (4.1) follows from

. p+1 N 1/r
@2) 1Al oy < On((P) ) IMH at vy

We focus then on obtaining (4.2). By duality, there exists 7 > 0 such that
1l e (raw) = 1 and

LBl ot 'y = / L*(h)n = / WL,

By Hoélder’s inequality and the L" boundedness of 90,

o 1= 2 |Q|/”9Q frsX IQI/ W/h
< Z @/_77’" ) ( @/_h ) v @

7"/(LD-H) 1/7" P/(IJ-H)
4.3 =
ws) =3 (g / al / (i /

Qes

Recall that, by definition of the Hardy—Littlewood maximal operator,
(4.4) / ) dz < Mh(y)

]
holds for every y € Q. Combining this and the sparseness of S,

. 1 ey N\ L p/(p+1)
(43) <2(2vA) c;S(@/Q«Mh) o)) (g L) @)

2 (2v/n)" Z o MT((Mh)l/(p“)n) (Mh)p/(p+1)
Qes

(45)  <2@2vn)" | M (Mh)Y®Dy) (Ah)P/PHD,
RTL

where we have used that (E(Q))ges are pairwise disjoint and that (4.4) also holds
fory e E(Q) € QCQ.
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By Hoélder’s inequality with exponents p = (p+1)/2 and p’ = (p+1)/(p— 1),

(0.5) = 2 V)" | MY+ (M) D (AP D (M ) )
n 1
(46) < 2(2vA)" Mo (MDY P On) | s aagguysroy IMAIESED

For r < (p+1)/2, we can apply the classical Fefferman—Stein inequality (1.1) to
the first term in (4.6):

||Mr((Mh)1/(p+1)7l)HL<P+1>/2((MAw)1/2)

p+ 1y’ 1/r
< Cn ((7) ) ||(Mh)1/(p+1)77”L(p+l)/2 (M((Maw)'/2))s
and by Proposition 3.2,
IR PO s ar(arawy/2)) < Cul MRV T iz (ag gy r2)-
Finally, by an application of Holder’s inequality with p = 2p’ and p’ = 2p/(p + 1),
(M E)Y P Ly 2 (hawyiz)
_ (/ ((M1)2 (M) /) (50 D/2(0 )/ 20)))

2/(p+1)

1/(p+1 1/(p+1
SIMAIEED, vy Wllesaan = IMBISEED

where the last equality holds since ||9||r(ar,w) = 1. Altogether,

. p+1\\/"
V2 Bl (apysy < 22V Co (B ) ) MRl ot gy

This concludes the proof. O

We are now able to prove Theorem 1.3.

Proof of Theorem 1.3. By Proposition 2.3, it is enough to show that

inf {w(r) sup [ Ars v § 1 lanasan

1<r<rg

for any 1 < p < oo. By Theorem 4.1,

P41y’ 1/r
At o () W
%TEHA SfllLewy < Cnp,a o I fll e (aaw)

for any 1 <r < (p+1)/2, since the bound was independent of D, S.
For every p > 1, consider

-1 2
rp = min {ro,l + pT} = min {7“0,2%}.
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We have that 1 < r, <rgand r, < (p+1)/2. Then

p+1 N\ 1/Tp
1T Fllzoq) S () sp [ Ary s Flloc) < ) Crpa (=) ) I lisaan-
D,S 27“p -

Observe that the proof of Theorem 1.3 may be extended to other operators
whose bounds depend in a suitable way on those of A, s. This will be the case of
the vector-valued extension presented in Section 6.

Theorem 1.2 may be deduced from Theorem 1.3. Given the specific Young
function A(t) = tlog!?) (1 +t), which clearly satisfies (1.10), there exits a constant
C < oo such that Maw(x) < CMWPIH1y(z) for any weight w. This observation is
due to Pérez [40], [41].

5. Applications

5.1. Maximal multiplier of bounded variation

The essence of the classical Marcinkiewicz multiplier theorem is the observation
that a multiplier of bounded variation on the line often satisfies the same norm
inequalities as the Hilbert transform. In particular, if m is a bounded variation
multiplier and T, is its associated operator, one may deduce

/ (T f (@) P w(z) di < C / @) M () de
R R

for any weight w. Using Corollary 1.4, the analogous maximal-multiplier inequality
in the sense of Oberlin [39] follows. Consider the maximal-multiplier operator

Mey f(z):= sup |(mf) (z)],

m:||m|sy <1

where the supremum is taken over all functions whose variation norm is less or
equal than 1. Recall that the variation norm is defined by

(5.1) Imllsy = mlloo+  sup_ (Zma m(&-1)l),

where the supremum is taken over all strictly increasing finite length sequences of
real numbers. The second term in the right-hand side of (5.1) is known as the
total variation of m.

Theorem 5.1. For 1 < p < oo, there is a constant C < oo such that
(5.2) [ Mavs@p @) de <€ [ 1#@PM ) do
R R

holds for any weight w.

Proof. Since m is of global bounded variation,

T f(2) = cf (x /Stoo>f z)dm(t) < cf (x /Cf ) dmi(t
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~

where (S(t,00)f) ™ (§) = X(t,00)(£) f(§) and dm denotes the Lebesgue-Stieltjes mea-
sure associated to m. Then

sup T f(2)| < c|f(z)] +|Cf(x)]  sup /Idml(t)SCIf(x)lJrICf(m)l,

m:||m|sv<1 m:||m|sv<1JR

where the last inequality follows since the integral of |dm| corresponds to the total
variation of m. The proof concludes by taking LP(w) norms and using Corol-
lary 1.4. O

Remark 5.2. Let m be a multiplier of bounded variation and let m;(&) = m(t§).
Consider the maximal operator associated to these multipliers, that is,

Tnf(z) = sup [(mef ) ()],

Since m and m; have the same variation norm, 7.5 f(z) < ||m|pyMpv f(z), so the
inequality (5.2) also holds for T}, in place of Mpy.

5.2. Carleson-type operators in higher dimensions

Concerning higher dimensional Carleson operators, the Fefferman—Stein weighted
inequality also holds for the operator

Cpf(x —sup‘/ f ) e da|,

>0
where P is a polyhedron with finitely many faces and the origin in its interior.
Indeed, Fefferman deduced in [20] that the norm of this operator is bounded by
the norm of the one-dimensional Carleson operator C in any Banach space.

5.3. The polynomial Carleson operator

Let d € N. The polynomial Carleson operator is defined as

etP ()

(53) Caf@) = swp[pv. [ fa -,
deg(P)<d R Y

where the supremum is taken over all real-coefficient polynomials P of degree at

most d. Note that for d = 1 one recovers the definition of the Carleson operator.

It was conjectured by Stein that the operator C4 is bounded in L? for 1 <
p < oo. In the case of periodic functions, this conjecture has been recently solved
by Lie [38] via time-frequency analysis techniques; see [36] for his previous work
for C».

One may write Cqf(z) = suppep |HY(MPE f)(2)| for z € T, where M7 f(z) =
e’P(@) f(z) and HT denotes the periodic Hilbert transform. Straightforward modi-
fications in the proof of Theorem 1.2 yield a similar result for the periodic case and
thus, for any 1 < p < oo there is a constant C' < co such that, for any weight w,

[Icas@r v s < [ 17@Pare o) .
T T
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6. Vector-valued extensions

Let T® be a maximally modulated Calderén-Zygmund operator. Given a sequence
of functions f = (fj)jen, consider the vector-valued extension of T?, given by
T®f = (T*f;)jen. For ¢ > 1, we define the function |f|, by

i 1/q

@l = (D 15@)17)

Jj=1

As in the case of T®, we will assume that the operator T'® satisfies the a priori
weak type inequalities

(6.1) 1T fll roeeay S ) Fllzr(eay

for 1 < r < 7 and some ro > 1. Theorem 1.3 naturally extends to T'® in LP(¢9)
in the following way.

Theorem 6.1. Given q > 1, let T® be a vector-valued mazimally modulated
Calderén—Zygmund operator satisfying (6.1) and 1 < p < co. Suppose that A is a
doubling Young function satisfying

[ Gw)
- — <0
e VA(1) t
for some ¢ > 0. Then there is a constant C' < oo such that, for any weight w,

/n |T<Pf(m)|f]’w(m) de < C . |f(2)[f Maw(x) da.
As mentioned in Section 2, Theorem 6.1 may be proved via the local mean
oscillation estimate approach. In particular, we apply Proposition 2.1 to [T'® f|,.

To this end, we need to obtain a bound for the local mean oscillation of |T'® f|, on
a cube Q.

Proposition 6.2. Let ¢ > 1 and T® be a vector-valued mazimally modulated
Calderén—Zygmund operator satisfying (6.1). Then, for any 1 < r < rg,

_ 1 AT S 1 1
62 (1150 30 (g [ 1717) + 3 o (g g o)

Note that the bound obtained in (6.2) is the same as the one in (2.1) with
T? f replaced by |T® f|, and f replaced by |f|,. One may then obtain an analogue
of Proposition 2.3 for |T?f|, and |f|,, from which Theorem 6.1 follows after an
application of Theorem 4.1.

We proceed now to the proof of Proposition 6.2. The ideas used are quite
standard; see for instance [42] for a similar result in the case of vector-valued
Calderén—Zygmund operators.
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Proof of Proposition 6.2. Write f = 0+ f°°, where f° = IXg- Denote by cq the
centre of the cube Q. Then

IT® £ (@)l =IT*F=(cQ)la| < IT*f(@) = T* 1< (c0)ly

- (fj [sup (7% 5)0)] = sup [T (%" £ o)l | ")
< (3 sup (M) @) — T 7))

j=1 €A

< [T* @ + (3 sup [P(MP £9)(@) ~ T(MP ) eq) ")

= 1046

Since T is of weak-type (r,7), it is straightforward to see that

=P £0
(7* "lyxa)" (18D 5 000 (15 / T

For the second term, if x € Q,

(Zsup M f5%) () = T(MP [ eq)l7)

a€cA

q>1/¢1

sup ’ / K (x,2) = K(cq,2)] M%fjoo(z) dz
aca ! Jrmq

= (i (/Rn\Q |K (x,2) — K(cq, 2)| |foO( )|dz>q>1/q
=1
= /R”\2Q <§|K(x’z) K(cq,2)|?]f°(2)| >1/qdz

oz —col” >1/q
< — = |f® q d
o /Rn\QQ (z:: |$ _ Z|qn+q6 |f] (Z)| Z
OOE E ' |z — CQ|q 1/q
- 1 |m — z|qn+q6 (Z)|q> dz
m

> 0(Q)° oo l/q
<2 Gy /2m+1\2mQ @ )

3 o

=0

m+1Q\2mQ (

where we have used Minkowski integral inequality and the regularity of the ker-
nel K.
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Choosing ¢ = [T® f*(cq)|, in the definition of wy(|T® f|,; Q),

WA(IT% flg: Q) < (IT* f°lax@)* (AQI)

+sup | (iz‘;a (M [2)(w) ~ T () ea)l?) |
O

For g > 1, the vector-valued version of the Carleson operator is bounded on L"
for r > 1 (see [43], [23]). Thus, for any 1 < p, ¢ < 0o, one may apply Theorem 6.1
and obtain the weighted inequality

S eh@l) w@de < ¢ [ (3 15@0)" M ) de,
L2 (2

with C' independent of the weight function w. The same result follows for the
vector-valued version of C4, due to its boundedness on L" for 1 < r < oo —see
remarks in [38].

7. Two-weighted inequalities

Our approach to obtain Fefferman—Stein inequalities may be extended to more
general two-weighted inequalities. In the spirit of the work done for the Hardy—
Littlewood maximal operator [41], and for Calderén—Zygmund operators [14], [33],
and [34], it is possible to deduce sufficient conditions on a pair of weights (u,v) in
order to T® : LP(v) — LP(u). Following the arguments in the proof of Theorem 1.3,
one may prove that if, for some 1 < r < min{rg, p}, a pair of weights (u,v) satisfy

_ 1
[, vlap = sup [[u/?aqllo="/P|HL, < o,
QCRn

where A and B are doubling Young functions such that A € B, and B €
B(p41)/(2r), there exists a constant C' = Cy, 4, Bu,v < 00 such that

[ 1t s@pu@ds < ¢ [ |f@p o) d,

n R"

However, there is an alternative way of obtaining such two-weighted inequalities
that does not involve the linearisation and the adjoint operator argument in the
proof given for Theorem 1.3. This approach is along the lines of a two-weighted in-
equality for Calderén—Zygmund operators proved by Lerner [34]. Our two-weighted
bumped-type inequalities seem to be novel in the setting of the Carleson operator
and the related operators discussed in Section 5.
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Theorem 7.1. Let T® be a mazimally modulated Calderén—Zygmund operator
satisfying (1.7). Let 1 < p < oo, and let A and B be doubling Young functions
such that A € By and B e By, for some 1 < r < min{rg,p}. Let u and v be
positive weights such that

i < o

sup ||u
QCR™
Then there is a constant C' = Cy, p A, B0 < 00 such that

(7.1) [ rer@pu@ds<c [ |f@p o) da,
RW Rn
Proof. By Proposition 2.3 it is enough to see that

[ ArsfllLe) < CllfllLec)s

with constant independent of the dyadic sparse family S. By duality there exists
g€ LP, |gllpy =1, such that

( Ar,sf(x)pu(x)dx)l/p: Arsf (@) u(@)V? g(z) da.
Rn» R

Then,

[ Ansputing |Q|/ )" g

) e

T, 1 —r 1
sanv/p 155 "I llu

QeS

< Z/ (Mp(fro"/P))"/" Mag
Qes’E@)

< [ (sl b

1
< |IMp(fro" )12 1M xg]l

p/r
r,Tr 1
S Mgl = 1F 1 2oy,

QeS

Q)]

where we have used Holder’s inequality for Young functions, the sparseness of the
family S and the boundedness of the operators M 5 and M 3. O

Remark 7.2. The obvious vector-valued extensions considered in Section 6 also
hold for this more general two-weighted case.
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Remark 7.3. One may recover the Fefferman—Stein weighted inequalities (1.11)
from Theorem 7.1 by considering the pair of weights (w, Mrw), where I'(t) =
A(t'/?) and the Young function B(t) = t®/)'+¢ that satisfies B € B p/r- 1N this
case, the constant C' in (7.1) does not depend on w, since

(Mrw) /7|17,

[w7MFw]A,B_QSup [|w
: o)\ e
= sup HwHF{g(_/(Mrw)_(T/P)((p/r) +g)) G

QCR™ QI Jo

1 ’ ’ ﬁ%
< sup @/(Mrw)(r/p)((p/r) +) (Mpw) /P (/7) +€)T> (p/m)’

QCR™

_ / (p/r) e _q
oCkn |Q| ’

where the second equality follows from the definition of Luxemburg norm.

An advantage of this alternative proof for inequality (7.1) is that it can easily
be adapted to a multilinear setting, since it does not involve any linear duality. In
particular, one may obtain two-weighted inequalities for the multilinear Calderén—
Zygmund operators introduced by Grafakos and Torres [24], that is, a multilinear
operator T' bounded from L% x --- x L9 — L9 for some 1 < q1,...,¢m < o0
satisfying 1/¢ =1/g1 + - - + 1/qm, and that can be represented as

T(flvvfm)(m)_/( nym K(m,ylvvym)fl(yl)fm(ym)dyldym

for all @ ¢ NJL,supp f;, where the kernel K: (RM™IN\A — R, with A =

{(z,y1,. ., Ym) : T =y1 = -+ = ym}, satisfies the following size condition:
A
|K(y0>y1,---,ym)| < ™ R
( k,1=0 lyr — yl|)
and the regularity condition
Aly; = yjl°

|K(y0,...,yj,...,ym)—K(yo,...,y;,...,ymﬂg — p—
(Zk,l:O |yr — yl|)

for some ¢ > 0 and all 0 < j < m, whenever |y; — y§| < %maxogkgm ly; — Ykl

Via a local mean oscillation estimate, Damidn, Lerner and Pérez [15] reduced
norm estimates for such a multilinear operator 7' to norm estimates for a mul-
tilinear version of the dyadic sparse operator A, s. Then, the proof of Theo-
rem 7.1 can be adapted to the multilinear Calderon—Zygmund framework; given
1 < p,p1y...,pm < oo satisfying 1/p = 1/p1 + -+ + 1/pm, and (u,v1,...,0m)
weights such that

—1/p;
Sw Hu”pnAQan P gy < oo,

=1
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where A, By, ..., By, are doubling Young functions such that A € B, and B; €
B,,,1=1,...,m, one has

/ IT(f1,. .., fm)(@)|Pu(z f[(/ 1 (@) Py (o )dm)p/pj.

Of course the multilinear analogue of Remark 7.3 allows one to deduce a Fefferman—
Stein weighted inequality for 7', that is, given 1 < p,p1,...,pm < 00 satisfying
1/p=1/p1+ -+ 1/pm, and a doubling Young function A satisfying (1.10),

m

/ IT(f1,.. s fm)(@)|P w(z) dz < CH (/ 15 (@)P Maw(a )dm>p/pj-

This allows one to recover the result obtained by Hu [25] via different methods;
Hu obtained the above inequality by induction on the level of linearity and using
the linear result (1.5).

8. Further remarks

8.1. Lacunary Carleson operator

Let A = {);}; be a lacunary sequence of integers, that is, Aj41 > 6\, for all j and
for some 6 > 1 and consider the lacunary Carleson maximal operator

27T’L)\j
Caf(s) = sup | p.v. /R T by dyl.

jEN r—=Yy

Of course one has the pointwise estimate Ca f(x) < Cf(z), so the Fefferman—Stein
inequality (1.9) trivially holds for Cx. This may be reconciled with a Fefferman—
Stein inequality for Cy obtained by more classical techniques. Consider the more
classical version of the lacunary Carleson operator in terms of the lacunary partial
Fourier integrals. Following the lines of [7],

/
110 =sup ISn ] <M1 a) + (1907 @)

where

S0 (6) = Xang (6) F(O),

1 is a suitable Schwartz function, and 'l,/;k (&) = 1’/;(9’165). Since Sy, satisfies the
same Lebesgue space inequalities as the Hilbert transform, from the estimate (1.5)
and weighted Littlewood—Paley theory (which can be obtained via a standard
Rademacher function argument and the results from Pérez [40] and Wilson [47]),
one may deduce the inequality (1.9) for C, with a higher number of compositions
of the Hardy—Littlewood maximal operator M.
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8.2. Walsh—Carleson operator

Following the lines of [18], one may obtain the corresponding Fefferman—Stein
inequality for the Walsh—Carleson maximal operator WW. This operator is defined as

W (x) = sup W f ()],
neN
for x € T = [0, 1], where W, denotes the n-th partial Walsh-Fourier sum, often
considered as a discrete model of the Fourier case. We refer to [45] for definitions
and elementary results on Walsh—Fourier series. Relying on the weak-type estimate
IW£llr00 S 7| ], established in [16], it is proven in [18] that for 1 < p < oo and

~

any Weight w,
P < .“f {7/S|] ./47- P }
”W.} HL (w) ~ 1ér<2 p ” 7S”L (w) (>

where

Ast@) = (g7 1) vate)

QeS

and § C D(T) is a sparse family of dyadic cubes. Thus,
[ws@P v e < ¢ [ If@Pu ) s
T T

follows by adapting the proof of Theorem 4.1 to the operators .ZT,S and to functions
defined in T.

8.3. The p-dependence of the constants

The constant C' in our Fefferman—Stein inequalities (1.11) depends on the be-
haviour of the assumed weak-type estimate (1.7), the Young function A, the ex-
ponent p and the dimension n. In particular,

p+ 1)')1/%’

C=9(rp)Cnyp,a (( 2r,

where C,, ;, 4 is the constant obtained in Theorem 4.1 and r, = min{ro, (p +2)/3}.
A careful inspection of the proof of Theorem 3.1 in [41] appears to reveal that, at
least for the specific choice of Young function A(t) = tlog!?!(1 + ), the con-
stant C, ,, 4 depends exponentially on p’. Thus, for the specific weighted inequal-
ities (1.9), our techniques show that the constant C' is bounded by

Cn /
o1 Y(rp) a?

for certain a > 1, an object which grows exponentially in p’ as p approaches 1;
note that in order for that growth not to be exponential in p’, the function ) (r)
should decay exponentially as r approaches 1, a property that the operators T'®
do not satisfy. It would be interesting to determine if a better behaviour on the
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constant C' could be obtained as p approaches 1, and in particular if the Fefferman—
Stein inequalities (1.9) are sensitive to the behaviour of the weak-type norm of T'®.

Concerning that weak-type norm, one possible way of obtaining information
about the function v is by studying the boundedness of the operator T'® near L.
As shown in [18], if

(8.1) IT*(fxQ) =) < 1QIIflre

for each cube @ C R™, where I' is a Young function and the implicit constant is
independent of (), then

T(t)\1/r
(32) L S I

In the case of the Carleson operator C the study of the boundedness near L' is
equivalent to determine an Orlicz space L' (T), with LP(T) ¢ L'(T) € L(T) for
all p > 1, such that there is convergence of Fourier partial sums for functions
f € LY(T). Tt is a well known conjecture that the largest Orlicz space such that
convergence holds is T'(t) = tlog(e + t); the current best known result, due to
Antonov [1], ensures that it holds for T'(t) = tlog(e + t)logloglog(e®” + t). An
application of Antonov’s result in the weak-type estimate (8.2) yields

Icf

which seems to be the best weak-type bound for the Carleson operator in the
literature. Of course if the Llog L conjecture were true one would obtain

roo S 7' loglog(e® + 1) || f]|r,

1
C T S — T
€S lIroo S — I

for 1 < r < 2. As discussed above, it would be interesting to determine if the
constant C' behaves as (p—1)~2 as p approaches 1 in case such conjecture were true.

We should notice that the weak-type bounds provided by the mechanism (8.1)—
(8.2) are not necessarily sharp. For example, in the case of the lacunary Carleson
operator Cy, in order to establish by such method the weak-type bound

ICAl

roo S log(e + TI)HJCHT

for 1 < r < 2, obtained by Di Plinio in [17], one would need to have a positive
answer to a conjecture of Konyagin [30], which states that the best Orlicz space
such that (8.1) holds for Cy is given by I'(t) = tloglog(e® + t); the current best

result is with I'(t) = tloglog(e® + t)loglog loglog(e®” +t), see [16], [37].
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