A NEW WAY OF LOOKING AT DISTRIBUTIONAL ESTIMATES;
APPLICATIONS FOR THE BILINEAR HILBERT TRANSFORM.

DMITRIY BILYK AND LOUKAS GRAFAKOS

ABSTRACT. Distributional estimates for the Carleson operator acting on characteristic
functions of measurable sets of finite measure were obtained by Hunt [12]. In this arti-
cle we describe a simple method that yields such estimates for general operators acting
on one or more functions. As an application we discuss how distributional estimates are
obtained for the linear and bilinear Hilbert transform. These distributional estimates show
that the square root of the bilinear Hilbert transform is exponentially integrable over com-
pact sets. They also provide restricted type endpoint results on products of Lebesgue spaces
where one exponent is 1 or the sum of the reciprocal of the exponents is 3/2. The proof of
the distributional estimates for the bilinear Hilbert transform rely on an improved energy
estimate for characteristic functions with respect to sets of tiles from which appropriate
exceptional subsets have been removed.

1. INTRODUCTION

Let T be a linear or sublinear operator defined on a subspace of measurable functions on
a measure space (X, 1) and taking values in the space of measurable functions on a measure
space (Y,v). We are interested in estimates of the form

(1) v({z: |T(xr) (@) > A}) < u(F)p(N)

where the function ¢ is decreasing. An important example is given when ¢(A) = C' A7P for
some 0 < C,p < co. Then T is said to be of restricted weak type (p,p). This means that T
restricted to characteristic functions maps LP(y) to LP*°(v) (with norm at most C''/P).

A single restricted weak type (p,p) estimate does not provide boundedness information
beyond LP. Knowledge of restricted weak type (p,p) estimates for two values of p = p; and
p = po yields a distributional estimate

(2) v({z: |T(xp)(2)] > A}) < w(F) min (Cy AP, Co A P2)

which captures the LP boundedness of 7" on LP for p between p; and po.

Suppose that T is of restricted weak type (1,1). Then we expect p(\) = CA~! as A — 0.
If T" also happens to be bounded on LP for all 1 < p < oo, then we expect that the function
©(A) has decay faster than any negative power of A as A — oo. We may therefore guess that
©(A) = Ce™ as A — oo for some fixed C, ¢ > 0. This is indeed the case with the classical
Hilbert transform defined for functions g on the line by

Hig) @) = 21im [ ga—0n%, r€R,
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2 DMITRIY BILYK AND LOUKAS GRAFAKOS

which satisfies the distributional estimate

for A < 1,

>|=

(3) {z eR: [H(xp)(x)| > A} < C|F
e~ for A > 1,

for some constants C,c > 0. Here | | denotes Lebesgue measure on the line. A proof of
estimate will be given in section 3.
Good distributional estimates are also known for the Carleson-Hunt operator:

+N )
/ f(&)emfdf‘
N

defined for functions f on the line. Then again the decreasing function ¢ is explicit. We
have for some constants C,, c,:

C(f)(x) = sup

N>0

$(1+1logg) for A< 1
(4) {zeR: [C(xr)(@)] > M} < CoF|
g~ CoA for A > 1.

Estimate (4) was first obtained by Hunt [12] for the analogous operator on the circle using
a variation of the method developed by Carleson [4] in his proof of the boundedness of the
maximal partial sums of square integrable functions on the circle. Approximately 35 years
later, estimate (4) was reproved by Grafakos, Tao, and Terwilleger [10] using time-frequency
analysis via a refinement of the L? argument of Lacey and Thiele [16]. The latter was
influenced by the work of Fefferman [5].

It is worth mentioning that extrapolation techniques by Antonov [1] show that estimate
(4) implies the boundedness of C on Llog L logloglog L of every compact set; this implies
the almost everywhere convergence of the partial Fourier integrals of functions locally in
this class. On this, the reader may also want to consult the work by Sjélin and Soria [18].

Our purpose in this article is to discuss a way of studying distributional estimates that
does not require the estimation of the measure of a set. In the next section we formulate
a proposition that shows the equivalence of the two approaches for linear and multilinear
operators. As an application we derive distributional estimates for the linear and the bilinear
Hilbert transforms.

The second author of this paper would like to thank T. Tao for discussing with him many
of the ideas presented in this work. Both authors would like to thank the organizers of the
7th International Conference on Harmonic Analysis and Partial Differential Equations at
El Escorial for the wonderful research atmosphere and their warm hospitality during the
meeting.

2. NEW LOOK AT DISTRIBUTIONAL ESTIMATES

As in the previous section suppose that 1" is a complex-valued linear or sublinear operator
defined on a subspace of measurable functions on a measure space (X, u) and taking values
in the space of measurable functions on a measure space (Y,v). In the sequel ! denotes
the inverse of a strictly decreasing continuous function ¢ which vanishes at infinity.

Proposition 2.1. Let T' be as described previously, let ¢ be a (strictly) decreasing function
on (0,00), and let A > 0.
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A NEW WAY OF LOOKING AT DISTRIBUTIONAL ESTIMATES 3

(I) Suppose that for all pairs of finite measure subsets (E, F) of Y x X, there is a subset E’
of E such that

1 1 (V(E)
(5) v(E') = Jv(E)  and /EIT(XF)dz/ < Av(E) 1<u(F))'
Then for all A > 0 we have
©) A e Y T > M) < 4P o(5 )

(1I) Conversely, suppose that for all finite measure subsets F' of X the distributional estimate

(7) v({y €Y [T(xp) (W)l > A}) < w(F)o(N)

holds for all A > 0. Then for all pairs of finite measure subsets (E,F) of Y x X, there is a
subset E' of E such that

1 E
®) W#) 2 grE)  and | [ T <vment ().
Proof. For simplicity, in the proof below we use the Lebesgue notation | | to denote the

measures g and v.
Let us first prove assertion (I). Take E to be one of the four sets {ReT(xr) > =},

V2
{ReT(xr) < =25}, E={ImT(xr) > J5}, or E = {ImT(xr) < —J5}. Then

— < < I'(xr)dz| < A|E|p

and solve for |E| to obtain

21 < 1Pl (577

The claimed distributional estimate (6) follows by summing over the four choices of E.
We now prove assertion (II). Given E and F' define

E'={yecE: |T(xr)(y)| <c}

for some ¢; > 0. Then T(xr) is bounded and therefore integrable on E’ and it is a conse-
quence of (7) that

[ENE'|={z e E: |T(xr)(@)] > ci}| < [Flp(er).

Picking ¢; so that ¢(c1) = % we conclude that [E’| > %|E| while the second inequality

in (8) follows by passing the absolute value inside the integral and using the definition of
C1. O

We note that if T is a real-valued, then both constants 2v/2 and 4 in in (6) may be replaced
by 2. We also notice that nowhere in the proof we used that T is a linear or sublinear
operator. The only thing we used is that T is well-defined on characteristic functions.

Next we give a multivariable version of the previous proposition. Here we assume that
T is a defined on a subspace of measurable functions on the product of measure spaces
(X1, 1) X -+« X (X, ) that contains all m-tuples of characteristic functions of sets of sets
of finite measure. We also assume that 7T takes values in the set of measurable functions of
another measure space (Y, v) and that it is complex-valued.
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4 DMITRIY BILYK AND LOUKAS GRAFAKOS

Proposition 2.2. Let T be as above, ¢ be a decreasing function, and let A, y1,...,¥m > 0.
(1) Suppose that for all m+1-tuples of subsets (E, Fy,...,Fy) of Y x X1 X -+ x X, with
finite measure, there is a subset E' of E such that

v(E) _ v(E)
< Av(E) ¢ 1(M(F1)m.'.um(Fm)%).

(9) v(E')> and ’//T(XFl,--.,XFm)dV

Then for all A > 0 we have

A
10 ey : T ey >AH < 4dp(FO)™ oo (F) "™ o ——=— ) -
(10) vy €Y T xR > A < 4 (F) g (F) ™ ()
(1I) Conversely, suppose that for all finite measure subsets F' of X the distributional estimate
(11) v({y €Y [T(xp,- - xR W) > AY) < (B (Fin) ™ (N

holds for all A > 0. Then for all m+1-tuples of finite measure subsets (E, F,...,Fy) of
Y x X1 x---x X,,,, there is a subset E' of E such that

v(E) )
201 (FL) . gy (F)m )

(12) v(E') > ”(2E) and

/ T(XFl""?XFm)dV
E/

<v(B)e!(

The proof is the same as in the case m = 1 and is omitted.
We note that if 7" is a multilinear singular integral operator, then the exponents ; satisfy
Y1 + -+ -+ vm = 1 by homogeneity.

3. DISTRIBUTIONAL ESTIMATES FOR THE (LINEAR) HILBERT TRANSFORM

In this section, we prove the distributional estimate (3). In this case we take both spaces
X and Y to be R and both measures 1 and v to be Lebesgue measure. We begin by noting
that the inverse function of

% for A\ <1
p(A) =
e~ for A>1
is the function
1 1
—1/p\ . x + 4
© (t)—cmln(l,t) (1—{—log t)’ t>0

for some constant ¢ > 0. Using Proposition 2.1 we have that (3) is equivalent to the following:
There is a constant C' > 0 such that given any pair (E, F) there is E' C E with |E'| > }|E|
and

(13) '/E/H(Xp)dx < C|E|min (1:11;:) (1 +log* :?)

We will obtain (13) as a consequence of the more general statement below:

Proposition 3.1. Suppose that T is bounded from L*(X) to L*(Y) and T and T* are of
restricted weak type (1,1). Then the following is valid: For any pair (E, F) of sets of finite
measure there is E' C E with |E'| > 1|E| such that

+ IF

< C|B|min (1 @) (1+togs 1) -

. JRCEL ] F 1]
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A NEW WAY OF LOOKING AT DISTRIBUTIONAL ESTIMATES 5

Proof. Let ¢ be the norm of T from L' — L% and ¢y be the norm of 7™ from L' — L1,
The proof uses an iteration argument.

F
Case 1: |E| > |F|. Set E' = E\ {|T(XF)y > zcou}. Then

|E]
2l _ i (1, F]
(15) T(xr)dx| <2cy|E| <2¢y|F| =2co|F|min | 1, .
B | E| |E]
Note that |E'| > 1|E| since
|F] [F\ 1
ENE < |{IT(k)] > 200} < o (2e015) 171 < S1EL.
|E] |E] 2

Case 2: Suppose that |F| > |E|. Then by the previous case there is an F/ € F such that

|F’'| > 3|F| and
/ T (xp)dz| = ’/T(XF/)d.’E
F E

Find a subset F" of F'\ F' with |[F"| > 3|F'\ F'| such that

PV E
Find by induction sets F7 C F\ (F' U---U Fi~1) such that [FJ| > 3|F\ (F'U--- U FI71)

" /Fj T*(xp) dz| = ‘/ET(XFj)de
IF

Stop when F™ = F'\ (F'U---U F™ 1) has size at most |E|. Note that m < 1 + log, |f|

<2¢;|E|

<2¢|E|.

<2¢|E|l, j=1,2,...,m.

Fo|F

F FWI

FIGURE 1. Choosing the subsets F7 of F.

Sum the estimates

[ T as

and the easy estimate

|F|

Sch‘E|7 ']:172,,7’I’L§1—|—10g2E

[ T de] < ITla
to obtain
F
(10 [ Tt de] < 265+ 17 01B1 1+ 10t 1)
with ' = E.
Combining estimates (15) and (16) obtained in cases 1 and 2, respectively, we obtain (14)
with constant C' = max (2co,2¢§ + ||| 72— 12)- O
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6 DMITRIY BILYK AND LOUKAS GRAFAKOS

We note that if T" happens to have a bounded kernel or T can be written as a limit of
operators with bounded kernel, and T" and T™ are weak type (1, 1), then 7' must necessarily
1

be L? bounded (with ||T|[z2z2 < 10 (||T||p1—pree||T* |1 z1.0)2) by the interpolation
theorem in [11]. Therefore in this case the L? boundedness assumption on T in Proposition
3.1 can be dropped. It is unknown, as of this writing, whether the conditions on the kernel
in [11] can be dropped.

A multilinear version of Proposition 3.1 is proved in [2].

Before we end this section we point out that there exist analogous statements to Propo-
sition 3.1 for bilinear operators.

These will not be discussed in detail but the main idea is that for all (E, F1, F») there is
E' C E such that |[E'| > £|E| and
Fi| |F:
< cup (151,124,

B B

Here ® is a suitable function of two variables whose precise form will be investigated for the
bilinear Hilbert transform, see for instance (38), (44), (45).

We note that the equivalent facts discussed up to this point may also be stated with-
out specific references to operators. One could, for instance, consider the set P of all
pairs (f,a) (where f is a measurable function and o > 0) satisfying (5) with u(F) re-
placed by a and T(xr) replaced by f. Then elements of P are exactly those that sat-
isfy a version of (6) with u(F') replaced by a and T(xr) replaced by f. Taking P to
be the set of all pairs (f,a) = (T(xr),u(F)) for any measurable subset F' of X we
obtain Proposition 2.1. For Proposition 2.2 we may take P to be the set of all pairs

(f7 Oé) = (T(XF17 e 'aXFm)mul(Fl)Fyl e ',UJm(Fm)’ym)'

/ T(XFl ) XF2) dx
E/

4. DISTRIBUTIONAL ESTIMATES FOR THE BILINEAR HILBERT TRANSFORM

The family of bilinear Hilbert transforms was introduced in the early sixties by A.
Calderon in his study of the first commutator, an operator arising in a series decomposition
of the Cauchy integral along Lipschitz curves. Properties of the bilinear Hilbert transforms
remained elusive until the appearance of the fundamental work of Lacey and Thiele [14],
[15] in the late nineties who established their boundedness on certain products of Lebesgue
spaces.

The bilinear Hilbert transforms also arise in a variety of other problems in bilinear Fourier
analysis in a way analogous to that which the linear Hilbert transform arises in linear Fourier
analysis. For instance, the study the convergence of the mixed Fourier series:

(17) lim Z Z ﬁ(m)@(n)ezm(ern)x

N—oo
[m—an|<N
[m—n|<N
for functions F', G on the circle is related to boundedness properties of the bilinear Hilbert
transform, see [6], [8].
The bilinear Hilbert transform operator is defined for a parameter a € R by

1. dt
Ha(f, 9)(x) = — lim flz—t)g(z +at)—, zeR
T e—0 [t|>e t
for functions f, g on the line. Lacey and Thiele [14], [15] proved that H, maps LP* x LP? to
LP whenever 1 < py,ps < 00, p% + p% = %, and % < p < o0, whenever a # —1.
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A

A
Y

Y

FIGURE 2. The summation in (17) is taken over all lattice points (m,n)
inside an N-dilate of a fixed quadrilateral in R?.

In this and the later sections we indicate the ideas of the proof of estimates analogous to
(4) for the bilinear Hilbert transform H,. These estimates are contained in the following.

Theorem 4.1. Let 2 < ps < o0 and o € R\ {0,—1}. Then there exist constants C =
C(a,p2),c = c(a,p2) such that for all measurable sets Fy, Fy of finite measure we have

p2 2po
Loz AT (14 log 5) 72T when A < 1
18 Ho(xF, Xm)| > A < C (|Fy| | Fa|p2 ) p2tt Y ,
(18) HIHalcmsxm)| > N < € (1B [Fal2) 75 % D when A > 1.

Analogously, the following estimate is valid for 2 < p; < co:

Pl 2p1

m o JAT T (14 log )T when A < 1

19 Ho(xm, xm)| > AH < C (|Fy|7r |Fy]) prt! 5y ,

(19) {lHa(xm, xm)| > A (IFu|er [Fal) o—cVA when A > 1.

These estimates correspond to the line segments {(pi17 p%)

{(Pil’ 1%2) : 2 < p1 < oo, pp = 1}. As a corollary we obtain the following distributional

i i i L 1y. 1 1 _ 3

estimate corresponding to the line segment {(p—l, ;72) c 1< p1,p2 <2, L + 1= 5}‘

:pr =1, 2 < py < oo} and

Corollary 4.2. For any o € R\ {0, —1} there exist constants C = C(«),c = c(a) such that
for all measurable sets Iy, Fs of finite measure we have
(20)

2 4
1oL 1.2 [AT5(1+1logl)s for <1
H, , >\ < C(|F1|2|Fy|2 min(|Fy, |Fy|)2) 3 h
’{‘ (XF1 XFz)‘ }‘— (‘ 1’ ’ 2‘ (‘ 1’ ’ 2‘) ) {e_c\/j‘ for)\zl

Remark. In the distributional estimate (20), the expression |F1|% ]F2|% min(|F1|%, |F1|%) is
dominated by |F1]ﬁ]F2\$, where 1 < p; <2 and pil + p% = 3. Thus this estimate (up to a
logarithmic term) is similar to restricted weak type estimate for such exponents.

We note that the exponential decay of the distribution function of H, as A — oo is not
as strong as in the case of the Carleson-Hunt operator. At the moment we don’t know if
this decay is sharp. Estimates (18), (19), and (20) not only capture the boundedness of H,
on products of Lebesgue spaces but also yield other crucial quantitative information such
as local exponential integrability and boundedness on other rearrangement invariant spaces
even at the endpoint cases. Along these lines we have the following corollary concerning the
exponential integrability of H,.

Corollary 4.3. Let « € R\ {0,—1} and ¢ = c¢(a) be as in Corollary 4.2. Then there is a
constant C' = C'(«) such athat for any bounded measurable set K and for all measurable
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8 DMITRIY BILYK AND LOUKAS GRAFAKOS

sets Fy, Fy of finite measure the following holds:
’ 1 2
/ R Cl<|K| + (|F1|%|F2|% min(|Fy |, |F2|)%) 3)
K

for any 0 < < c.

We obtain Theorem 4.1 using the model sum reduction of Lacey and Thiele [14],[15], a
tree analysis based on a selection inspired by Lacey [13], and an “improved energy estimate”
borrowed from the proof of (4) by Grafakos, Tao, and Terwilleger [10]. A variant of this
energy estimate also appeared in the related work of Muscalu, Thiele, and Tao [17]. A
detailed proof of Theorem 4.1 is given in [3]. An outline of the proof in this article is
presented below.

5. DECOMPOSITION OF THE BILINEAR HILBERT TRANSFORM

We fix a € R\ {0,—1}. Until the end of this paper we will drop the dependence of H,,
on « and will simply denote it by H. We will use the notation (f,g) for the complex inner
product [ f(z)g(xz)dz. We will also use the notation A < B to express that a the quantity
A is at most a constant multiple of the quantity B.

The main object of study will the trilinear form

(F1. o f3) — / H(f1, f2)(x) fs () de

for three functions f1, f2, f3 which will be characteristic functions of sets of finite measure,

Le. fi=Xr, f2 = xR, and f3 = xpr.
We fix L to be the smallest integer greater than 2'° max{|a/, é—‘, ﬁ}‘g The dependence

of the bounds on a will enter the proof through polynomial dependence on L. The dis-
tribution p.v.% that appears in the definition of H can be written as ¢1dg + coy for some
constants c1, ca, where Jg is the Dirac mass at the origin and ~y is another distribution that
satisfies 7 = X(0,00)- Since all the estimates that we are going to be proving in this paper
are trivial for §p, we may restrict our attention to . Let 6 be a smooth function which is
equal to 1 on (—o00,2L) and 0 on (3L, c0). Define

b(€) = 0(€) — 0(2€).

Observe that 121\ is nonzero and is supported in [L,3L]. For each integer k we define

vi(z) = 2772 ).
Then a quick examination of Fourier transforms yields that
_k
Y=Y 2720,
keZ

Matters therefore reduce to the study of the trilinear form

(21) A(fl, fo, fg) = Z 2_§ //fl(:l? — t)fz(x + Oét)fg(:ﬂ)l/]k(t) dt dx.

keZ

We further decompose the function ¢ into a sum of at most 2L functions 1) such that

—

(M) is supported in the interval [M — %, M+ %] for L < M < 2L. It suffices to study each
such function separately. For notational convenience, we will omit the dependence on M
and will just write 1.
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A NEW WAY OF LOOKING AT DISTRIBUTIONAL ESTIMATES 9

Next we fix a Schwartz function ¢ of L? norm 1, with Fourier transform supported in
-1 3 2] which also has the property that for all 5 € R we have

Z BG l/2 =Cy
leZ
for some constant Cy > 0. Let u = I,, X w, be a rectangle in R? and set
Ou(x) = |Iu|_%¢<$7c(”)>e2mcwu)w’
| L]

where ¢(J) denotes the center of the interval J. For each k € Z we consider the set of dyadic
rectangles of scale k:

Se = {(2"n,2%(n+ 1)) x (27%m/2,27%(m/2 + 1)) |m,n € Z}.

Then S = |J,, Si, is the set of all dyadic rectangles of area 1 in R2.
Using the result in [9] one has that

1
f=g 2 (o

UESE

where the series converges a.e. for all f € LP, 1 < p < o0.
Inserting this decomposition of the identity in the k' term of (21), as in [15], we obtain

(22) A(flaf2>f3) = Z Z Ck:,ul,ug,u3Ak,u1,u2,U3(flaf2af3)a

k€EZ uy,u2,us€Sy

where
Cramsss = O [ [ Guale =000l + at)ony (e)in(t) dt d
and
Absuraizius (F1s for £3) = 272 (f1, $u){F2s Bua) (3, bua):
A quick examination of the coefficients Cy y; uo.u; yields that, with A; = |(I ‘) for ¢ =
1,2,3, (note 4, =n — 3 for some n € Z) for any m > 10, there exists a constant C,, such
that

diam{A4;}\ " max; j [e(Iy,) — c(Ly,)]\ ™™
< - - - — ’ i J )
(23) ‘Ck’,uhuQ,ug‘ > Cm (1 + 1L > Cm <1 + ok AL

Setting Fi(x,t) = ¢u, (x — t)pu, (x + at), Fo(x,t) = duy(x)i(t) we have
R6T) = pyam( s Jom(S0).

14+« 14+« 14+«

BEn) = 1 dul©h)

Applying the two-dimensional Plancherel formula, we deduce

20 (ol < ot [ (S50 = 21)a($5L - B2 ) e - B

1+«
where B; = % 2k¢c(wy,;). Note that each B; is an integer or a half-integer.

dédr,

Assuming that the integral above is not zero, an easy calculation shows that the triple of
parameters B, Bo, B3 depends only on the parameter Bs. More precisely, for each value of
Bs, the quantities By and By only take a finite number of values depending on «.
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10 DMITRIY BILYK AND LOUKAS GRAFAKOS

Next we introduce parameters vy, Vo, i1, 42 by setting

Ay = Az + v, Ay = Az + 1o, By = B3 + 1, By = B3 + po.

a+1 a+1
We also set v = max |v;]. We aim to reduce the sum over wuj,ug,us € Si as the rapidly
converging sum over vy, Vs, [i1, fto of the sum over the tiles ug.

For N sufficiently large we have

IA(f1, f2, f3)] <

25) > v+ > >N
v=0

(1/1,112 M1 2
max |v;|=v

Z Z € ,va, 01, 142,u3 Ak,U1,U2,u3(f17f27f3)

k€Z uz €Sy,

where u; = uj(u3) and ug = ug(ug) are uniquely determined by ug in terms of vy, vo, u1, 2,
Evy,vo,u1,u2,us 15 @ constant of modulus at most 1, and p1 and po take only a finite number
of values depending on a.

It will clearly suffice to study the boundedness of the expression inside the absolute values
in (25) and to obtain bounds independent of y; and polynomial in v, since for each v , there
are of the order of v pairs (v, v2) with max |v;| = v.

To facilitate the study of the sums above, we introduce tri-tiles. A tri-tile is a rectangle
s = Iy X ws and three subrectangles s1, so, s3 built in the following way:

Let (u1,u2,u3) be a triple of rectangles participating in the sum in (25). Define Iy =
I, = I,,;. Defining the frequency projections requires a little bit more work, we cannot just
use the dyadic grid. We want these projections to satisfy the following properties:

(26) J = U (ws Uws, Uwg, Uws,) is a grid.
seS

(27) If wg, ; J for some J € J, then w; ; J for some J € J for all j =1,2,3.
(28) ws; 7# Ws; for i # j
We build these intervals by induction on the cardinality of the set of triples of rectangles

but we omit here the precise construction.
We define the functions adapted to the tri-tile s with parameters v1, 1o, 11, o as follows:

oI (o
P () = ‘]S‘—§¢<x|lc(|s)_y1>ezm(cmc(wsl)wsllwsll)x = by, (@),
S
oI .
(pug,#% (LU) = ‘_[S‘é¢<x|lc(|s)_VQ)e?wl(a+1C(WS2)+9s2|st|) = ¢u2(l’),
S

-1 x_CIS i | c(ws s |wsa| )T
(p?s(g;) = ‘Is‘ 2¢<|I(|)>€2 (( 3)+0ss5] 3‘) :(Z5u3(x)7

Where the error terms 65, in the modulations are chosen so that ;55 c(ws, ) +0s, |ws, | = c(wy, ),
a—_H c(Wsy) + Osy|ws,| = c(wuy), and c(ws,) + Osy|wsy| = c(wyy). Obviously, |6s,| < CL.
Then the expression inside the absolute values in (25) becomes exactly

_1 v v
Z s ™20, wa 1 12,5 (1o 05 P ) ( oy 12 ><f3790?3>'

83€ U Sk
keZ

This expression needs to be controlled with bounds that grow polynomially in the parameters
v1, v, and are independent of p1, ue. We will work with sums over finite sets of tri-tiles
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A NEW WAY OF LOOKING AT DISTRIBUTIONAL ESTIMATES 11

and get bounds independent of the choice of the finite set, which is clearly sufficient by a
limiting argument.
For notational convenience, in the sequel we will suppress the dependence of the functions
ps; on the parameters vy, v, p1, po. Notice that
-10
z-elly) _, ) < C<1 +
s |

x — c(Is)

— Vg
||

sy (2)] < c<1+ )10@ )

6. ESTIMATES FOR THE MODEL SUMS. THE CASE I, € Q.

Let S be a finite set of tri-tiles with fixed data vq, va, u1, and po. Then we define the
“model sum” associated with S as follows:

Hy(f1, f2)(x) = Y L7 ealf1, 0o ) for 00r) 053 ().
seS
We set
0= {:U : M(xr,)(x) > 8 min <1, ‘|FE%’|>}U {x : M(xrp,)(x) > 8 min (1, ’|FEQ|‘>}’

where M is the Hardy-Littlewood maximal function. Since M if of weak type (1,1) with
constant at most 2, it is easy to see that |Q| < 3|E|. We now set E' = E \ Q. Obviously,
then |E'| > $|E|.

The main task is to obtain a good estimate for the expression

. Hs(xr, XR)(x)de = (Hg(XFy s XF,), XE')-

To do so we will break the model sum into two parts: the sum over those s € S for which
I, € Q (easier case) and the sum over tiles with I, € Q.

In this article, we briefly discuss (without proof) the easier case. Given a set of tiles S
we set

Sy={seS:I;=J}.
Then for A > 1 and F, F» sets of finite measure one can show (see [3], [15])

(29) s, (e )y < (1+0)*Car A= 1] inf M(xi)(@) inf Ma(xr) (@)

where Ms(g) = M(g?)"/2. Using this estimate, it is not difficult to obtain the following:

_1 . 1 1 1 _1
(30) ‘/E D T X 861 ) (X bs0) s () dir| < Cy(min |1, | F|)2 | Fy |2 | Fo| 2| B2

where C), has at mot polynomial growth in v.
The proof of estimate (30) follows by grouping all dyadic intervals J € € into sets F
(k > 0) in the following way:
Fe={J:2k7CQ, 2" ¢ q}.
We note that
> <4 <2l
JeFy

Indeed, assume J,q; is a maximal element of Fj with respect to inclusion. If J € J,,4, and
|J| < |Jmaz|, then J must have a common endpoint with Jp,., (otherwise, we would have

September 4, 2005.



12 DMITRIY BILYK AND LOUKAS GRAFAKOS

kLT = 2F(2.0) C 28 Jae € Q, thus J ¢ Fi). Thus, for each particular scale, Jyq, may
contain at most 2 intervals belonging to F5. Therefore

Yoo < iz—’f“um\ < 4 Jmasl-

JEF1,J S max k=0

Since the maximal elements of Fj, are disjoint, summing over them we obtain the required
conclusion.
Also, for any J € Fj we have B/ C ()¢ C (2¥J)¢. Thus we have:

‘ / Hyp coy(XFs XRy)d

S / HSJ XF17XF2)d
JCQ
= S| [ s v
k= 0J€.7:k
< Z > Hs, Nl ey
k=0 JEF}
o0
< Cu(t+v)*) > 1127 inf M(xr) inf Ms(xr,)
kaJe]-"k * *
20 kM ~2k+2 :
< Cu(l+v) 22 Co J;klﬂ Q;EfJM(XF1)2;I+1fJM2(XFz)
Bl (|22} ?
2
< (14 )0 g kM 2k 12|
= cty) Z %;”wr 2]
< (7(1+I/)20|Fl||F2|§|E|_E

7. ESTIMATES FOR MODEL SUMS. THE CASE I, g Q.

We will now deal with the harder case Iy ¢ . This part of the proof is based on an
adaptation of the L? x L? — L™ estimate in [13].

We denote by P the set of all tri-tiles s € S, for which I, ¢ Q. Tri-tiles admit a partial
order. We say that s < s if Iy € Iy and wy S ws. We note that s and s’ intersect as
rectangles if and only if they are comparable under “ < ”.

The construction of tri-tiles has as a consequence that if s < ¢, then wy € wj, for some
1 =1,2,3 or it is disjoint with all wy,’s.

We say that a collection of tri-tiles T" is a tree with top ¢ if for all s € T, s < t. Every
finite collection of tri-tiles S is a union of trees. Indeed, if we denote by S* the set of all
elements in S which are maximal under “ < ”, and, for each t € S*, T; is the maximal tree
in S with top ¢, then S = U;cg-T;. We refine the notion of the tree by saying that 7" is a
J-tree (j =1,2,3) if T'is a tree with top 7" and for every s € T', ws; Nw; = 0.

For a tree T', s € T, s # t, at most one of the intervals ws, can intersect w;. Thus if we
denote T, = {s € T : ws, Nwy # 0}, k = 1,2,3, then T}, is a j-tree for j # k (there are
also elements such that ws, Nwy = 0 for all i = 1,2, 3, but those may be added to any of the
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Ty’s). Then T = U%ZlT Lk, 1.e. any tree is a union of at most three subtrees which are j-trees
for at least two choices of j.
We define the k-energy of a finite set of tiles S by

1 -1 9 2
(FALE ('m Z|<fk>90sk>|> :

seT

=

(31) &e(S) = sup

where the supremum is taken over all k-trees T' € S. Note that a singleton {s} is a k-tree
for all k, so for all s € S,

L6173 )| < E(S) | fell2-

Now fix some j = 1,2,3 and let T be a k-tree for k # j. Applying the above estimate
and the Cauchy-Schwarz inequality, we deduce

32 [H ) i) < 3 N T 0,

seT ’I ’2 k#j
< &) 1512 X T 1 on)]
se€T k#j
: ;
< s>\fjuzutrﬂm(m|1Z<fk,%k>\2) il
k#j seT
< utrr[s 155l

This is crucial estimate on a single tree that will be used in conjunction with the idea that
any tree can be written as a union of three trees of the above type.

Next, we state the main lemma which will allow us to obtain the estimates for the model
sums (cf. [13]).

Lemma 7.1. Let S be a finite set of tri-tiles. Then S can be written as a union of two sets
S = 51 U8y, which have the following properties. Let ST be the set of elements which are
mazximal in Sy under “ <7 (i.e. Sy is a union of trees with tops in S7). We then have

(33) Y Il < Ci(1+0)?E,(5) 72,

tesy

(34) E(S) < %Ek(S).

This lemma only yields weak-type estimates from L? x L? into L. But the fact that
we are now working with the set of tiles P = {s € S : I, ¢ Q} and all functions are
characteristic of some sets gives us an advantage quantified by the following energy estimate
which appeared in [10], [7], and is essentially contained in [17]:

Lemma 7.2. For k = 1,2 and fi, = Xxr,, there exists a constant C > 0, such that the
following estimate is valid:

(35) £:(P) < C|E|"% min [('ﬁé“,') ('@fﬂ)}

-
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14 DMITRIY BILYK AND LOUKAS GRAFAKOS

Using these lemmata we can derive an estimate of the model sum for the case Iy ¢ Q in
the following way. We construct inductively the sequence of pairwise disjoint sets P; such

that
no
U #
j=—o0
and the following properties are satisfied:
(1) E(P) < 29t for k=1,2,3.
(2) P is a union of trees Ty, such that 3 [Top(7;,)| < Co(1 + v)29272 for all j < ny.
(3) E(P\ (P U---UP;)) <27 for k=1,2,3.
Using the families P; we obtain the following:

|<HP(XF1>XF2) XE)|

S Z Z| k XF:[’XFQ) XE’>|
j=—o0 k
1 1 1
< CZ Z\ItopT )E1(xF Sj)E(xXRy, Sj)E3(xmr, S| F1|2 | Fo|2 | E|2
j=—00
|F| P2
. 2 . 2 . .
< Z 2% min (|| "2, \;3\ ,2J)min(]F2\_%,ﬁ,2j)2] |Fy|2 | B2 |E|2
j=—00
o) 1
i Iy _1 |F ; 1 11
60 = ¢ 3 wmin a0 o win (s ) nin e,
j=—o00

where we used the estimate on a single tree (32) and the improved energy estimate (35).
It takes some work but one can show that the last expression above is at most

1
. 1 1. \F1|§\F2|2 ’Fﬂ
(37)  Cymin(|F1|3, |F|?) min ( JEE ) (1 ‘1 og A1 ‘
|E|2 \EI ®TE]

for some C > 0. We summarize the results so far in a proposition.

Proposition 7.3. There exists a constant Cy such that, for any sets E,F|,Fy with the
property that |E> > |F\||Fy| there exists a set E' € E with |E'| > 1|E| such that for any
set of tri-tiles S we have the following estimate:

1 1
] [Fel ]2 [ [ F2l )2 |E]?
§C’1|E|m1n[ ) 1+log ——+).
[E|"|El] LIE] |E| [Fi| | F2

(38) I_IS(XFUXF2)(33)d'r

’E’

This estimate is also valid for the bilinear Hilbert transform H.

Proof. The result for Hg follows from the estimates (30) and (37). Note that the construction
of E’ did not depend on the choice of the set of tri-tiles, so E’ is the same for any S, and
by an averaging argument this estimate is also valid for H. O

It is clear that, since both adjoints of Hg, are “essentially” the same operators, the same
estimate (with different constants) also holds for them.

September 4, 2005.



A NEW WAY OF LOOKING AT DISTRIBUTIONAL ESTIMATES 15

8 L™ x L™ — L" BOUNDEDNESS OF THE BILINEAR HILBERT TRANSFORM.

We briefly mention why estimates (30) and (37) imply boundedness of the model sum
operator Hg from L™ x L™ to L" for = - —|— - ry,ro > 1, r > % This section can be
skipped by citing [14], [15].

Take some p1,po such that p% + p% = % and pi,p2 > 1. We will show that Hg is of

restricted weak type (ri,792,7) where % = p% — g, % = p% — ¢ and % = % — 2e. Then the
strong boundedness for the claimed range of exponents follows by the interpolation theorem
of Grafakos and Tao [11] (the operator Hg has bounded kernel whenever S is a finite set).

We recall that a bilinear operator T is of restricted weak type (r1,79,r) if and only if the
following is valid: For any sets E, F;, Fy of finite measure there exists a set £’ C E with

|E'| > %|E|, such that

T T

11
[ F1f [Fy|
B
Take arbitrary sets E, Fy, F, of finite positive measure. It follows from (30) and (37) that

1 1
|Fi|Pr |[Fa|P2 ( | F1 |F2|
S————(1+ ‘1 0g —— ‘ 1+ ‘1
|E|2 |E| 1E]
We will use the fact that 1 +logz < 2° for x > 1. In the case when |E| > max(|F1|, | Fz])
we can estimate the righthand side of (40) by the expression

1 1 1 1 1
Fy|71 | Fy|Pe E E B Byl |Fy || B
!1|1|12|2(+log|\><1+10g||> | F1 |71 1|2!2 :|1|11|z|2'

|E|2 | F1 | F| |E|z—% B!

Now consider the case |Fi| < |E| < |F| (as the case |Fy| < |E| < |Fy| is symmetric). Fix
some €1 > 2¢. Put o = p% —e+e¢1 (e and &1 have to be chosen small enough, so that o < 1)

and 8 = p% — €1 + ¢ (thus 8 < 1 also). We have a + f = % Thus, similarly to (40), we
obtain:
P | Fl? E F
|E|2 1R ®TE]

< ’Fl\a\F2’ﬁ<!E!> <\F2!>51_28
~ \E|l | F1 |E|

1 1 1
!Fllp1 \F2|‘°2 RGN AE

BB

The remaining case is |E| < min(|F}|,|F2|). We observe that in this case the set 2 is
empty, since M (xr,) < 1. We therefore only need to use (36) which for |E| small yields:

\/ Hs(xrmoxi) dz| < min<rF1\,|FQr>%rE%<1+1g‘ ')(m '2’)
. |Er Bl

1
1 1 1 |F1| |F2| 27¢

1 1 1
Rl Rl R R
|E|22 B!

(39)

~

| Tt )@

(40) \ [ Hs(xroxr)do
E‘/

HS(XF17 XFQ) dx
E/
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16 DMITRIY BILYK AND LOUKAS GRAFAKOS

Thus, for any measurable sets F and Fy, F», Hg satisfies (39) and this implies that it is of
restricted weak type (r1,72,7). The strong type estimates for the same range of exponents
can now be obtained by varying r; and 79 and using the result on interpolation between
adjoint operators (cf. [11]).

9. DISTRIBUTIONAL ESTIMATES CORRESPONDING TO THE CASE p1 =1, 2 < py < 00.

In this section we fix 2 < ps < co. In the case po = 2 for the moment we shall assume
that |Fy| < |Fs|. We consider four cases:

CASE: py =2, |E|Z > |R||R|3, |Fi| < |Fy| <|E|.

Since |E|2 > |Fi||F2|2 and |Fy| > |F1|, we have |E|? > |Fy||Fy|. Using estimate (38) we
obtain

1 3
Fy| |3 B3
(41) < 01|1‘2|2<1 +log||2>.

1 1
|E|2 |F1| [ Fal2

/E’ H(xr,XF)dz

We note that this estimate is also valid if |E| > max |F;|, even when |F}| > |F3|. We will
use this estimate in the inductive procedures below.

1 1
CASE: p» > 2, |E|"T72 > |Fy| | Fa|72, |E| > | P

Let o = 3 — p% >0,=1- }%2 > 0. Since |E| > |Fy| we must have |E|?> > |Fy||Fy|.

Using (38) we obtain

1 1
Fi||Fs|ez (| \* E|'e E|8
Hixm, xn) (@) de| < ¢ P72 (' 2') <1+log BV g 12 )

’E’

B\ Fl|RE P
|Fy| | a7 B9
(42) < —_— 1+logﬁ ,
|E|P2 |F1| | Fy|P2

since the function f(z) = z%(1 + log 3%3) is bounded on [0, 1] when o > 0 (here z = %)

1 1
CASE: pp > 2, |E|' "7 > |F\||Fy|52, |E| < |Fy| (which implies |E| > |F]).

In this case we will obtain an estimate via an iterative procedure. The iteration procedure
will consist of two parts. At first, we set FY = F». We will continue this part of the iteration
until the first integer n such that |Fy| < |E|. Let H*? be the second dual of H. At the j

step, according to the estimates above, we choose a subset S7 of FQJ with |S7| > %]FZJL such
that:

1 . 1 1

) 71lEs I IaaT s
‘/H Q(XF1,XE)(x)d:L“ < W(l—i—log’?‘l) < |F1\(1+log| 2| 1>.

57 | Fy| 7 || |2 || | B2
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Then we set FJJrl = F] \ S7. Obviously, for the number of steps n we have n < 1+ log ||l;2“

Thus, we have

‘/H(XFmXFz)dx N |F1|<1+10g2|) <1+1 ’E> ‘/HXF“XF")CZIE
E |Fy| | E|P2 |E|
1 1+L
Fi| | F5|r2 Bl "r2
< |1||f|<1+10 ||) ‘/HXFUXFn)dx
|E| P2 |[F1| [ F|P2

In the last line we have used the following simple inequality

2
(43) (1 +log (ab1+P12)) <1 +1ogb) < <1 +log ‘ﬁ) b2
br2

_1
for a > 1, b > 1, such that ab r2 >1 (Witha:ﬂ b:@).

[F1]” |E
It remains to estimate the term

‘/EH(XF17XFQTL)dx'

In the second part of the iteration process we proceed in a similar manner, only now we will
be splitting either F; or F, depending on which one is larger in size. We set £ = E. At
the j* step, if |EY| > |Fy|, we choose S C E7 such that |$7| > 1|E7| and

o1 1
| |Fi|2 B e
‘ H(xF, Xpi)dr| < |1’L21|<1+10gH¢>
59 ’ !EJ!” IFlHFJ\”2
Fi|» 9|3 E
< g = (+1 B +1g“>
|Ej|p2 \Fﬂ|p2 |1

E|
< |F1]( + log —
1]
where We have once again made use of the fact that f(z) = z - log% is bounded on [0, 1]
(l’ — ‘Fz |p < 1)

|B9]7 , , ,
In the other case, when |FJ| > |EY|, we choose S/ C Fj with |S7| > $|FJ| such that

_ A |Eﬂ|p2 Ry
—— (1 +log ——— ).

‘/ H*(xp, Xps) d| S —
|F]!p2 || |B7 |2

An identical calculation and the fact that |F23 | < |E| show that this can also be dominated
by \F1|(1 + log “E”)

In the first case we set F2ijl = F2j, Ei+l = BJ\ S7. In the second case we set FQjJrl =
FZJ \ $7, BTt = EJ. We proceed until the first integer m such that both |E™|,|F3"| < |Fy|.
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18 DMITRIY BILYK AND LOUKAS GRAFAKOS

Obviously, the number of steps in the second part m < (1 + log %) We now have

/H(XFUXF;)de’ = ’/ H(xF, xFp)dx
E Entlugn

< ’/ H(XFUXF;)@)dJU + H(XxF,, Xpn+1)dx

Sn En+1 2

£
< |F|(1+1 H nt1)d
~ ’ 1|( + log =/ ’F‘ Bt (XF17XF2+1) X
S
< m|F1!< + log ’F ) ’ H(XFlaXFzm)dx
| F1 B

E
S rF1|(1+1og ) e R
1

’E‘IJFE

2
)

|F1| | Fo P2

< ]F1|’ 2‘ <1+log
Bl

where we made use of the boundedness of H on L* x L* — L? and the following inequality:
1
For any a > 1,b > 1, such that ba ?2 > 1 we have

1
(1+logh)* < (1 + log(ba™#2))%ars,

1 1
CASE: py > 2, |E]1+5 < |F1| |F2|P2 (still assuming that |Fy| < |Fy| when po = 2).
Here we will need the following lemma which can be proved by an inductive procedure
similar to the one described above and whose proof is omitted (see [3]).

Lemma 9.1. Let 2 < P2 < 00. For all measurable sets E, Fy, Fy of finite measure satisfying
|E|1+p2 <|F| ]F2|P2 (and also |Fy| < |Fy| when py = 2) we have

Fi||Fy|?2 \?
< |E| 1+log7| T R
|E|1+E

/ H(XFl ) XFQ)(x)dx
E

We conclude this section by reviewing what we have deduced so far.
In the case po > 2 we obtain the following estimate: For any sets Fy, Fb, and E of finite
measure we can find E' C E with |E’| > 1|E| such that
:| 2

We now remove the assumption that |Fy| < |F3| when po = 2. For p» = 2, we can
consider the (symmetric) case when |F}| > |F3|, proceed as above with the roles of F} and
F, interchanged and putting together the two estimates we obtain: For any sets Fi, F5, and
E of finite measure we can find a set £/ C E with |E’| > £|E| such that

2
1T

T T
i) 2| F1|2 |Fa|2

(44)

+1
< |E| min [1 W} [14— )logim1

1+
|E| P2 |1 [Fa| P2

/ H XFl?XFQ)dx

H(XFl?XFQ) dx

< |B|min |1 min(IFi\)%u«;l\% L3k 1+’10g Paki
~ ? |E‘7 m1n(‘F|)

‘E’
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10. DISTRIBUTIONAL ESTIMATES FOR THE BILINEAR HILBERT TRANSFORM

We now have all the tools we need to prove Theorem 4.1.
For a given A > 0, we set E;\“ = {H(xr,Xr) > A} and B, = {H(xr,XR) < —A}.

1 N
Suppose that \E;]Hm > |Fy||Fy|P2. Then by (44) there is a subset Sy of EY of at least
half its measure so that

1 1+L 2
A F1 FQ p2 + P2
St <| [ o) do| < U (1o BAL 5
S5 |EY |72 || | Fo |2
This implies that
1 P _ Py 1 p22p+21
(46) |EY| < Cy (|Fy] |[FolP2 ) p2tT - X7 P2 <1+log A) )

1
But then this implies that there is a A\g > 0 such that for A > Ay we have |Ej\'\1+5
1 1 1
|F1| |F2|?2. Thus for A > X, \E;\']HE < |Fi||F3|P2 holds and estimate (44) gives

IN

1
Fy| |Fy| 2 \ 2
NES| < G5 B} | (1 +log'1'2"f)
+ 1145
|E,\| P2
from which one easily deduces that
1 1 P2
(47) Ef| < §ce—cﬁ(w | Fy|72 ) 72T

1 1
Suppose now that A < Xg. As shown, if |E/J\r\1+5 > |F1||F2|P2, then (46) holds. If

|E/\+|1+é < |F1] |F2|é then (47) holds which is even stronger.

The same argument applies for the set Ey with the same Ag.

For po = 2 we run the same argument for estimate (45) and at the end dominate the
expression min(|Fy|2, |Fy|2)|F1|2 |[Fy|2 by |Fi||Falz.

By a simple rescaling argument (replacing the constants C, ¢ by different ones) we may
take A\g = 1. Therefore estimate (18) is now proved. The companion estimate (19) is proved
likewise.

Finally, we note that Corollaries 4.2 and 4.3 are easy consequences of (18) and (19).

The authors would like to thank the referee for his/her useful suggestions and comments.
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