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INTERPLAY BETWEEN DISTRIBUTIONAL ESTIMATES AND
BOUNDEDNESS IN HARMONIC ANALYSIS

DMITRIY BILYK AND LOUKAS GRAFAKOS

ABSTRACT

In this paper, a proof is given that certain boundedness properties of operators yield distributional
estimates that have exponential decay at infinity. Such distributional estimates imply local
exponential integrability, and apply to many operators such as m-linear Calderén-Zygmund
operators and their maximal counterparts.

1. Introduction and the main result

It is a classical result that the Hilbert transform H and its maximal counterpart
H.,, defined for functions f on the line by the identities

H(f)(x) = 1im1jltl> fa—0% H(f)@) =swpt

e—0 T t’ e>0 T 7

dt
J|t25 flxz—1) ¥

satisfy, for all measurable sets F' of finite measure, the distributional estimates

A~! when A < 1,

H > A\ + |{|H. > A < CIF
{IH (xr)| H A+ HIH. (xr)] } | |{66A when A > 1,

for a pair of constants C' and c. For a proof of this result we refer to the book by
Garsia [1], in which explicit properties of the kernel 1/¢ of H are exploited.

In this paper, we show that distributional estimates of the type (1) hold for a
variety of linear (and sublinear) operators that may not have the rich structure
of the Hilbert transform. In fact, we prove that any linear operator of restricted
weak type (1,1), whose adjoint is also of restricted weak type (1, 1), must satisfy
the distributional estimate (1), provided that it has a bounded kernel, or can be
written as a pointwise limit of linear operators with bounded kernels. Our results
also apply to m-linear operators that are of restricted weak type (1,...,1,1/m) and
whose adjoints have the same property. Extensions of this result to certain maximal
operators are also obtained.

We will be working with a multilinear operator T, defined on the m-fold product
of spaces of measurable functions on measure spaces (X, it;) that contain the simple
functions. We assume that T takes values in the set of measurable functions on
another measure space (X, ). We denote by T*7, the adjoint with respect to the
jth variable, where j € {1,2,...,m}. The operator T/ satisfies

JgT(fla”-af'rn)dﬂ = ij T fi=1:0s fis1,---) dpy
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for all functions f1,..., fm, ¢ in the corresponding domains; an implicit assumption
is that all integrals converge absolutely. We also set 7%0 = T.
We say that a multilinear operator T is of restricted weak type (p1,...,Pm,q) if

there is a positive constant A such that for all measurable sets Fi, ..., F,, of finite
measure, we have
||T(XF1 ye s XFy )HLq.oo < A:ul(Fl)l/pl - -/vLm(Fm)l/pm . (2)

Here, ||g||s.> = supy=q Al{|g] > A}|'/9, and the smallest constant A such that (2)
is satisfied for all sets Fi,..., F), is called the restricted weak type (p1,...,Dm,q)
constant of T'.

We have the following result.

THEOREM 1.1. Suppose that for some py, > 1 (k=1,...,m), the operator T is
of restricted weak type (p1,...,Pm,q), where q satisfies 1/q=1/p1 + ...+ 1/ppm,.
Suppose also that for all j = 1, ..., m, the operator T*7 is of restricted weak type

(P1js- -+ +Pmaj»45), where 1/q; = 1/p1j+ ...+ 1/pmj, p,j = 1, and pj j = 1.
Finally, suppose that T maps L®P' x ... x L®Pm to L9 for some o > ¢~ .
Then there are constants C' and ¢ (depending on the previous indices, T and m)

such that for all measurable sets F, ..., F,, of finite measure, we have

pAT Gerss- x| > ) A0 when A< 1

< C(Ml(Fl)l/p1 ---Hm(Fm)l/pm)q {ecA when A > 1 ®)

REMARK 1.2. In many cases, the assumption that 7' maps L*P! x...x L*P™ into
L*7 can be removed. For example, if T" has a bounded kernel, this condition follows
from the restricted weak type conditions on 7™ via the multilinear interpolation
theorem given in [5]. The same conclusion follows for operators that can be written
as a limit of a sequence of operators with bounded kernels.

Theorem 1.1 is motivated by the properties of the bilinear Hilbert transform that
satisfies the restricted weak type assumptions modulo some logarithmic factors. A
similar conclusion is valid for this operator as well (see the subsequent work of the
authors). Setting all exponents py, pr, j equal to 1, we obtain the following important
corollary.

COROLLARY 1.3. Suppose that for =0,1,...m, the operator T* is of
restricted weak type (1,...,1,1/m). Suppose also that T maps L™ x ... x L™? to
L4 for some q > 1. Then there are constants C' and c, such that for all measurable
sets Iy, ..., F,, of finite measure, we have

A"Um when \ < 1,

<C FD) ...y (Fo,
('ul( 1)t e~ when A > 1.

M<{|T(XF17~-~7XFm>| > )\})
))”’”{ W

REMARK 1.4. As in the proof of Theorem 1.1, the assumption that T maps
L™ x ... x L™ to L9 can be dropped if T is assumed to have a bounded kernel,
or if it can be written as a limit of a sequence of operators with bounded kernels;
see [5].
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The distributional estimates (4) imply that 7%/ is bounded from LP™ x ... x LP™
to LP for all indices 1/m < p < oco. It follows by duality and standard multilinear
interpolation [2, 6], that T is bounded from LP* x ... x LPm to LP whenever 1 <
Pl yPm < 00 and p~t = pfl + ...+ p, L. In this case, therefore, Corollary 1.3
recovers and strengthens the result given in [5].

In particular, in the linear case (that is, where m = 1), Corollary 1.3 implies that
estimate (4) holds for the Hilbert transform and other self-adjoint (or skew adjoint)
singular integrals that are of weak type (1, 1). In Section 3, we extend Corollary 1.3
for certain maximal singular integral operators.

2. The proof of Theorem 1.1

For simplicity, we denote the measure of any set S that appears in what follows
by |S|, on the understanding that this may be either p;(S) or u(S), depending
on the context. Let T be as in the statement of Theorem 1.1. We first prove the
following lemma.

LEMMA 2.1. There is a constant C; such that for all measurable sets of finite
measure E, Fy, ..., F,, there is a subset S of E such that |S| > }|E| and

J T(XFys-- - XE, ) du| < CyL BV Fy[YPr | Fp VP
S

Proof. Define

Fy|YPr | Fyy Y/ Pm
Q={x:T<xF1,...,xF,,L><x>>21/QA' 7 Pl }

|E|1/q

where A is the restricted weak (p1,...,pm,q) constant of 7. Then |Q| < 1|E|. Now
we set S = E '\ 2. We have |S| > $|E|, and also

Fy|VPr | Fpy |/
T d <21/‘1A| 1 m
JS bems ’XFM) M‘ |E|1/‘1 |E|
=(C} |E|171/q‘F1‘1/p1 .”|Fm|1/pm. 0

LEMMA 2.2. There is a constant Cy such that for all measurable sets of finite
measure E, F, ..., F,, that satisfy |E|"/9 < |Fy|Y/Pv .. |Ep|Y/Pm, we have

|F1|1/p1 . ‘Fm|1/pm
)

J T(XF17--~7XFm)dM‘ < O |E| (1+log
E

Proof. Let us denote Fi(o) = F; for i = 1,...,m. We now proceed inductively.
At the jth step, we choose the index k; such that |F,£j)\ = max(|F1(j)|, cee |F7(yf)|)
By Lemma 2.1 applied to T*% for exponents Plk;s -+ Pmk; > Qk; With the roles of
E and Fj; interchanged, we can choose S,(Cj) C F,g]]) such that \Sg)| > %|F,§JJ)| and

11/pix
|E‘Hi5£k]~ ‘Fi(j)| /i k;
i) (1 —1

J T*kj(XFU"'7XEa~'~XFm)d/J/kj <
sy

<ClE|.
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We now define
Fl-(jJrl):Fi(j)\Si(j) foralli=1,...,m,

where we set Si(j ) = for i # k;. We proceed by induction, and we stop at the
first integer n such that |E[Y/7 > |F{™|1/pr |F{)|V/Ps (Such an integer always
exists, since the quantity |F1(j) |Ve \F,Sf) |1/Pm gets smaller by at least a factor of
(%)1/ maxPi when j is replaced by j+1.) Obviously, the number of steps n is at most

|F1|1/p1 |Fm|1/pm
|E|1/a )

C(l + log

We now have the sequence of estimates

J T(XFl’ s 7XFm) dM’
E

JET(...7XS,E[()J) +XF/£(1))"”)dM’

<

J T*ko(...,XE,...)d/JkO
5(0)
ko

+ H T(XFfl),...,XEE})) du
E

< C|E| +‘J T(XF1(1>a"'7XFr$11)>dM"
B )

Writing Xpo as Xs“) + XF(Q) and applying this argument n — 1 more times, we see

that the previous expresswn is controlled by

TLC|E| + ‘J T(XFl(7l)""’XF7$,")) du’
5 .

Fy VP |F,, VP
< C|E| <1+log| 1 | Eom )

B/
+ ||T||(ocp1 ..... opm 1) ‘Fl(n)‘l/azn o ’F?gln) ll/apm |E|1/((xq)/

|Fy VP | Ey |V
||/ )

<Gy |E| (1 + log

where in the second and third lines from the bottom we have used the Holder
inequality and the fact that T is of strong type (api, ..., apm, aq). ]

Combining Lemmata 2.1 and 2.2, we obtain the following corollary.

COROLLARY 2.3. There is a constant Cs such that for all E, Fy,...,F,

measurable sets of finite measure, there is a subset S = Sg p,, .., of E with
|S| > $|E| such that

JST(XFla--wXFm)dN‘

. |F1|1/p1...‘Fm|1/p'” N |F1‘1/P1.”|Fm|1/pm
< C3 |E|min (1, B/ 1+ log B[/ .

We are now ready to prove the distributional estimate (3).
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For a given A > 0, we set
E) ={Re T(xr, -, XF,) > A};
EY ={Re T(xp,, .-, XF,) < —Ak
B ={Im T(xp,,--» X5, ) > A};
Ey ={Im T(XF,,---,XF,) < —A}.
We shall prove the required estimate for a fixed Eﬁ\ Suppose that |E§|1/ 9>

|F1|M/P1 . |F,,|'/Pm . Then by Corollary 2.3 there is a subset Sf\ of Eﬁ of at least
half its measure, so that

|[Fy |V | Ey | P
E

i

BBl <N <[ Tl o) el < o

A

which implies that
|B{| < 2C3)1(|F1|MPr .. | F /P ) I

This in turn implies that if A > 203, we must have |EJ|V/9 < |Fy[V/Pr | Fy,|V/Pm .
In this case, Corollary 2.3 gives

1/ 1/pm
B < Culg] (14 10g P )

j|11/4
14
from which one easily deduces that |E| < C' e~ |Fy|'/P1 ... |F,,|'/?m )9, Summing

over j = 1,2,3,4, we deduce the required conclusion with a constant four times
as large.

3. Extensions to (multi)sublinear operators

Next, we prove the following extension of Corollary 1.3 for operators that may
be sublinear in each variable. Our setting here will be R (endowed with Lebesgue
measure), and M will denote the Hardy-Littlewood maximal operator.

THEOREM 3.1. Suppose that a positive sublinear operator T, satisfies the
following Cotlar-type inequality:

To(fis o ) S A|M(T(froeeos ) + [ ] M(fj)}
=1
for some operator T that satisfies estimate (3). Then there exist constants Cy, ¢, > 0
such that for \ > 1,
HT(XFrs - XE,) > A} < Cue M| F VP LBy M)

Proof. Obviously, it is enough to show that M(T(xr,,..-,Xr, )) satisfies the
required distributional estimate, since M (xr,) < 1. We denote

QAZ{M(T(XFN--~7XFM))>>\} and f:T(XF1""7XFm)’
and we set
E; ={z: 27"\ <|f(z)| < 277} for j > 0.
By our assumption, we have

|Ej‘ < Ceic2j>‘(|F1|1/P1 o ‘Fm|1/p'“)q,
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We claim that there exists a constant B > 0, such that for all z € Q) there exist
an integer k > 0 and a ball I containing x with the property that

[N Ey| > B272%|1]. (5)
Indeed, if this were not the case, then for any ball I containing x, we would have

1
_ )|d E d
\I\J 17(2)ld= T J'Im{|f<>\/2} 2)ldz+ |I| LmE (2)ld=

>\ 2joj+1
<3 +322 AP
7=0
= A(3 +4B)
<3
for B < {. However, this would imply that M(f)(z) < A and that = ¢ Qj, a

contradiction.
For each x € Qy, we denote by k, the smallest k for which (5) holds, and we set

QF ={z € Q: ky =k}
It is easy to see that
0f € {M(xg,) = B27%}.
Thus, using weak type (1,1) property of M, we obtain
04| < B'22%|Ey| < B'22R XA (|| LB Ve )

Now the required estimate for A > 1 is obtained by summing the series

[SNEDRAF O
j=0

4. Applications to m-linear Calderén—Zygmund operators

Bounded m-linear operators from LP* (R™) x ... x LPm (R™) to LP(R") (for some
exponents 1 < py,...,pm < 0o with p~! = p;t + ... +p,1) are called multilinear

Calderon—Zygmund if they have the form

T(f1,-.-,fm)(l‘)=J K(z,y1, - ym) 1) - S (Ym) dyi - - dym, (6)

(Rn)m
for some distributional kernel K(z,yi,...,ym) that coincides with a function
defined away from the diagonal © = y; = y2 = ... = y., that satisfies the size
estimate
A
|K(y03y1a"'

)l < = ot (7)
(Zk,l=o lyr — wil)

and, for some € > 0, the regularity condition
Aly; — yjl°
(Ezlzo lyr — Z/l|)

whenever 0 < j < m and |y; — y3| < %maxogkgm ly; — Yl

|K(y0a7yj7aym)_K(y07vy§7vym)‘< mn+te’ (8)
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In view of a result given in [3], an m-linear Calderén—Zygmund operator T must
be bounded from the product L' x ... x L' to LY/™_ As the properties of the
kernel K are symmetric in all variables, it follows that for any j between 1 and m
we also have T%7: L' x ... x L' — LY Thus multilinear Calderén-Zygmund
operators satisfy the hypotheses of Corollary 1.3. It follows that they must also
satisfy the distributional estimates (4).

Next we show that the maximal multilinear Calderén—Zygmund operators
also satisfy the distributional estimates (4). We define the maximal truncated
operator as

To(f1- -5 fm) =sup[T5(f1, -, fm)l,
6>0

where we set

Té(fh .- 7fm)(x)

:J K(zvyla-“aym)fl(yl)-~~fm(ym)dy1...dym.
le—y1[? 4. +lr—ym [><5?

It was proved in [4] that T satisfies the pointwise estimate

L d) < GG ) TG )
j=1
for some C),, > 0, whenever 0 < 1 < co.
Using Theorem 3.1, we therefore deduce the following conclusion.

ProroOSITION 4.1. IfT is a multilinear Calderén—Zygmund operator, then T,
satisfies the distributional estimate (4).

Proof. The estimate for A <1 follows from the weak type (1,...,1,1/m)
property of T, (see [4]); the estimate for A>1 follows from Theorem 3.1 and
inequality (9) with n = 1. O

The next corollary is an immediate consequence of the results just obtained.
Naturally, the same conclusion applies to any operator that satisfies the hypotheses
of Theorem 1.1 or Theorem 3.1 accordingly.

COROLLARY 4.2. There is a constant c¢; > 0 so that for any multilinear Calderén—
Zygmund operator T, for any ball B, and for any tuple of measurable sets
Fy, ..., F,, of finite measure, we have

J e T(XF1s s XFm) o + J et Te(XFy s XPm ) do < o0,
B B

5. Concluding remarks

One may wonder whether the conclusion of Theorem 1.1 would still be valid if
it were assumed that T and its adjoints are bounded on some product of Lebesgue
spaces LP' x...x LPm with all p; > 1. We show that this is not the case, even when
m=1.

Consider a linear operator T' that maps L? into L%*° for some 1 < q < 2, and
suppose that T* has the same property. Then both T and T* are LP bounded
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for all p € (q,q¢'). Suppose, furthermore, that 7" does not map L" into itself for
any r ¢ [q,q']. Following the same procedure as that discussed in the proof of
Theorem 1.1, we deduce that there is a constant C' such that for all sets F' of finite
measure we have

A4 when A < 1,

T >AH K C|WF , /
T > NSO e when Ao 1

(10)

where ¢ = ¢/(¢—1). Tt is clear that the term A~¢ (14 log A\)¢" cannot be replaced
by a term of the form e, as this would imply that T is bounded on L for all
p > q, which we assume is not the case.
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