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MAXIMAL THEOREMS FOR THE DIRECTIONAL HILBERT
TRANSFORM ON THE PLANE

MICHAEL T. LACEY AND XTAOCHUN LI

ABSTRACT. For a Schwartz function f on the plane and a non-zero v € R?
define the Hilbert transform of f in the direction v to be

H, f(z) = p.V./Rf(x—vy) d_yy

Let ¢ be a Schwartz function with frequency support in the annulus 1 < |¢] < 2,
and {f = ¢ * f. We prove that the maximal operator SUP|y|=1 |Hy ¢ f| maps
L? into weak L2, and LP into L? for p > 2. The L? estimate is sharp. The
method of proof is based upon techniques related to the pointwise convergence
of Fourier series. Indeed, our main theorem implies this result on Fourier series.

1. INTRODUCTION, PRINCIPAL THEOREM

Our interest is in the directional Hilbert transform applied in a choice of direc-
tions of the plane. Thus, for v € R? — {0}, set
dy
H, f(z) = p-V-/ flz—vy) —.
R )
This definition is independent of the length of v, and below we shall only concern

ourselves with |v| = 1. Let ¢ be a Schwartz function with frequency support in the
annulus 1 < [€] <2, and ¢f = { * f. Our theorem is

1.1. Theorem. The mazimal operator H) f := sup‘v‘:1|Hv Cf| maps L? into weak
L?, and LP into LP for p > 2.

This theorem is a complement to a corresponding result, due to J. Bourgain [3],
for the directional maximal function, namely

t
(12) M fa) = sup sup(20)” [ [¢f@ o) d.

[v]=1 t>0 —t
See Section [3 for a discussion of norm bounds for this operator. For both this
operator and H*, the estimate of weak square integrability is sharp, as was pointed
out to us by M. Christ [5]. This argument is summarized as follows. Begin with
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4100 MICHAEL T. LACEY AND XTAOCHUN LI

FIGURE 1. The function f is depicted by the circle centered at the
origin with a planar wave in the vertical direction indicated by the
two horizontal lines. In the shaded region, H, f ~ =

im.

a Schwartz function ¢ > 0 with frequency support in a small ball about the origin
in the plane. Then consider f(z1,z3) := €2 p(x1,22). For any point in the plane
z = (z1,®2) with |z1] > 2 and 22| < 155|21], consider the line that passes through
x and the origin. The real part of f will not change sign on this line, so we compute
the Hilbert transform with no cancellation. That is, H* f(z) ~ M* f(z) ~ |z|71,
and |z| =1 is just in weak L2. See Figure [l

Whereas, Bourgain’s argument for the maximal estimate is not difficult, the the-
orem above is of necessity somewhat harder, as it implies the pointwise convergence
of Fourier series in one dimension. This is an observation in the style of De Leeuw.
One considers the trace of the operator in frequency variables along any line in the
annulus 1 < |¢] < 2. This is Carleson’s theorem, [4], but also see [6]. As such,
we use a method which is adopted from the proof of Carleson’s Theorem given by
M. Lacey and C. Thiele [12].

Perhaps the principal novelty of this paper is the suitable adaptation of the
time frequency analysis of Lacey and Thiele to the current setting of the plane and
measurable choice of directions. In comparison to the proof of Lacey and Thiele, we
find a rather precise analogy between the proofs on the real line and the proofs on
the plane. Some differences arise from the notion of a tile, which requires some care
to define, and the proof of the “size lemma”, an orthogonality statement, requires
a small amount of innovation.

Finally, there is an outstanding question, attributable to E. M. Stein [I4], con-
cerning the boundedness of the Hilbert transform on families of lines that are de-
termined by, say, a Lipschitz map. Thus, for a map v : R? — {|z| = 1}, one wishes

to know if
dy

/ 11 fo= () 2

is a bounded operator on, say, L?. Positive results for analytic and real analytic
vector fields are due to, respectively, Nagel, Stein and Wainger [13], and to Bourgain
[2]. In a subsequent paper, the authors [I1] will prove that the operator above is
bounded on L? if v € C'*¢, for any positive e. The results of this paper are a
crucial aspect of the proof of this result.

The presentation of this paper has been substantially improved by skilled and
generous referees.
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2. DEFINITIONS AND PRINCIPLE LEMMA

We begin with some conventions. We do not keep track of the value of generic
absolute constants, instead using the notation A < B iff A < K B for some constant
K. Also, A~ B iff A< B and B < A. We use the notation 14 to denote the
indicator function of the set A, and the Fourier transform on R? is denoted by
f(ﬁ) = [p2 € 2™ f(x) dx, with a similar definition on the real line.

2.1. Definition. A grid is a collection of intervals G so that for all I,J € G, we
have INJ € {0, I, J}. The dyadic intervals are a grid. A grid G is central iff for all
1,J € g, with I Cx J we have 100/ C J.

The reader can find the details on how to construct such a central grid structure
in [7].

Let p be rotation on T by an angle of —7/2. Coordinate axes for R? are a pair
of unit orthogonal vectors (e, e ) with e = pe, .

2.2. Definition. We say that w C R? is a rectangle if it is a product of intervals
with respect to a choice of axes (e,e;) of R?2. We will say that w is an annular
rectangle if w = (—2'=1,2!=1) x (a, 2a) for an integer [ with 2! < a/8, with respect
to the axes (e,e ). The dimensions of w are said to be 2! x a. Note that the face
(—2!71,21=1) x @ is tangent to the circle |¢| = a at the midpoint to the face, (0, a).
We say that the scale of w is scl(w) := 2! and that the annular parameter of w is
ann(w) := a. In referring to the coordinate axes of an annular rectangle, we shall
always mean (e, e, ) as above.

It is imperative to keep in mind that the choice of basis in the definition of a
tile depends upon the tile in question. These definitions are illustrated in Figure 2
Also see Figure[ll

Annular rectangles will decompose our functions in the frequency variables. But
our methods must be sensitive to spatial considerations; it is this and the uncer-
tainty principle that motivate the next definition.

2.3. Definition. Two rectangles R and R are said to be dual if they are rectangles
with respect to the same basis (e, e ), thus R = r1 X 9 and R = r; X ry for intervals
riri, @ = 1,2, Moreover, 1 < |ry| - |r;| < 2 for ¢ = 1,2. The product of two
dual rectangles we shall refer to as a phase rectangle. The first coordinate of a
phase rectangle we think of as a frequency component and the second as a spatial
component.

We consider collections of phase rectangles A7 which satisfy these conditions.
For 5,8 € AT we write s = Rs X ws, and require that

(2.4) ws is an annular rectangle,

(2.5) R;s and w, are dual rectangles,

(2.6) the rectangles R, are the products of intervals from a central grid,
(2.7) {R: Rxw, € AT} partitions R?, for all w;,

(2.8) ann(ws) = ann  for some fixed ann,

(2.9) #{ws @ scl(s) = 2', ann(s) = ann} > cann27, leZ.
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FIGURE 2. The two rectangles wys and R; whose product is a tile.
The gray rectangles are other possible locations for the rectangle
R;.

Ws1
Ws2 —
0« ' PWs1 Wy

F1GURE 3. An annular rectangular wy, and three associated subin-
tervals of pwsi, ws1, and wgo.

We assume that there are auxiliary sets ws, ws1,wso C T associated to s—or more
specifically ws—which satisfy these properties:

(2.10)
(2.11)
(2.12)

(2.13)

(2.14)
(2.15)

Q= {w,,ws,ws2 : s€ AT} is a grid in T,
w1 Nwga =0, w; = hull(wg, wsa),
ws1 lies clockwise from wso on T,

o < 200
{f : €cw} Cpwa,

to each w, there is a W, €  such that 2w, C W, C 4ws.

Recall that p is the rotation that takes e into e . Thus, e, € wsi. See Figure Bl

Note that |ws| > |ws1| > scl(ws)/ann(ws). Thus, e, is in wsy, and w, serves
as “the angle of uncertainty associated to Rs”. Let us be more precise about the
geometric information encoded into the angle of uncertainty. Let Ry = rs X 751
be as above. Choose another set of coordinate axes (€¢/,¢/,) with €/ € w, and let
R’ be the product of the intervals r, and r,, in the new coordinate axes. Then
Ko_lR’ C Ry C KyR' for an absolute constant Kg > 1.
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We say that annular tiles are collections A7 (ann) satisfying the conditions (2.4])—
[214) above. The constant ann > 0 appears in (2.8) and (2.9). We extend the
definition of e, e, , ann(w) and scl(w) to annular tiles in the obvious way, using
the notation es, es, ann(s) and scl(s).

A phase rectangle will have two distinct functions associated to it. In order to
define these functions, set

Tran, f(z) = f(x —y), y€R® (Translation),
Mode f(z) :== € f(z), &€ R? (Modulation),
1 ( T )

= Dilation).
imimn Gap i) )

In the last display, 0 < p < 0o, R; X Ry is a rectangle, and the coordinates (x1,x2)
are those of the rectangle. Note that the definition depends only on the side lengths
of the rectangle, and not the location, and that it preserves the LP norm.

For a function ¢ and tile s € AT set

]:)1111031 X Ro f(l‘l, ZL'Q) =

s 1= MOdc(ws) Tc(Rs) DIIQRS ¥,

where ¢(J) is the center of J. Below, we shall consider ¢ to be a Schwartz function
for which @ > 0 is supported in a small ball about the origin in R?, and is identically
1 on another smaller ball around the origin.

We introduce the tool to decompose the singular integral kernels, and a measur-
able function v : R? — {|z| = 1} that achieves the maximum in our operator, up
to a factor of say % We consider a class of functions v, t > 0, so that

(2.16) each 1); is supported in frequency in [—6 — k, —0 + K],
(2.17) ()] S (1 + Jf) /"

In these conditions, 0 < k < 1 is a small fixed constant that need not concern us.
In the top line, 0 is a fixed positive constant that is only needed to ensure that
@I]) below is true. For the current paper, we will need only a single choice of
function v, but for the authors’ subsequent paper [I1], countably many choices of
1) will be needed.

Define

ba(z) = / sz — y0(@))a(y) dy
(2.18) E

— 1o, (0()) / al — yo(2)) s (s) dy,
(2.19) ay) = scl(s) (o) (sel(s)y)-

An essential feature of this definition is that the support of the integral is contained
in the set {v(z) € wga}, a fact which can be routinely verified, for an appropriate
choice of # in [ZTI6]). See Figure[dl That is, we can insert the indicator 1,,_,(v(x))
without loss of generality. The set wo serves to localize the vector field, while wg
serves to identify the location of ¢ in the frequency coordinate.

Remark. It seems likely that we could prove our theorem using the simpler definition
¢s = (1w, ©0)ps. This would be the natural analog of the decomposition used by
Lacey and Thiele [I2]. But, in our subsequent paper on this subject [I1], we will
need to consider a truncation of the Hilbert transform, which suggests the definition
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Ws1

— e

Ws2

FIGURE 4. The support of ¢, is contained in v=!(w,2).

of ¢s we have adopted above. We will also want to rely upon facts proved in this
paper, to deduce our theorems concerning smooth vector fields.

The model operators we consider are defined by
Cann,vf = Z <f; @s>¢s .
s€AT (ann)
In this display, A7 (ann) := {s € AT : ann(s) = ann}.
2.20. Lemma. Assume that the vector field is only measurable. The operator Cann

extends to a bounded map from L? into weak L?, and LP into itself for 2 < p < co.
The norm of the operator is independent of ann.

We shall prove that Cynn,, maps L? into weak L?, with a constant independent
of ann and v. By duality, it suffices to show that for all f € L? N L™ of L? norm
one, and sets F' C R? of finite measure,

(2.21) (Camno /LRI S D [(fr00) (65 )| S |FIV2.
s€AT (ann)

By dilation invariance of the Cann,, With respect to powers of 2, we can further take
1<|F| < 2.
For the case of LP, 2 < p < 0o, we shall demonstrate the restricted-type estimate

HCannwle > A} S ATP|E], 2 < p<oo.

We need only consider this for A > 1, by the weak L? bound. Moreover, this
inequality follows from

‘ <Cann,v 1E7 1F>|

IN

> s 1) (¢, 15)]

s€AT (ann)

(2.22) [Fl{log(|EI/IFD)},  9F| < |E].

A

Observe that by dilation invariance we can assume that |E| ~ 1. We also assume
that the vector field v is defined only on F'.

The proofs of (2.2I]) and ([2.22)) are given in Section[d] and follow lines of argument
that are similar to the one-dimensional case, as given by Lacey and Thiele [12] for
the case p = 2, and as in the work of Grafakos, Tao, and Terwilleger [§] for the case
of p > 2. Also see the survey by Lacey [10].
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Remark. The results for p > 2 are available essentially because functions that are
in LP are also locally square integrable. In one dimension, the proof of convergence
of Fourier series for 1 < p < 2 is closely linked to the boundedness of the Hardy
Littlewood maximal function. In the current setting, the corresponding maximal
function would be the unbounded Kakeya maximal function. The relationship
between maximal functions and LP bounds for 1 < p < 2 has a subtle role to play
in our companion paper [I1].

3. A MAXIMAL FUNCTION ESTIMATE

We outline a proof of the weak-type estimate on L? for the directional maximal
function M* given in (2.

3.1. Proposition. For functions f € L? and X\ > 0, we have the estimate
{M"F > A S 27215
It suffices to give the same bound for the model operator

Mann,vf = sup |<f7 @s>¢s|~
s€AT (ann)

We remark that this inequality is an immediate consequence of ([Z20). The sum
defining Cann,, is in fact unconditional convergent as a sum over tiles. As a conse-
quence the square function below, which trivially dominates Mjnn ,, satisfies the

weak-type inequality:
172

> 1 f sl

s€AT (ann)

There is however a more direct proof. The fundamental fact, a simpler instance
of the size lemma, Lemma [5.5] is this.

3.2. Lemma. Fiz f € L? and A\ > 0. Let S C AT (ann) be a collection of tiles
which are pairwise incomparable with respect to the partial order ‘<’, and moreover
for each s € S, |(f, vs)| = A/|Rs|. Then it is the case that

D IR < A72IF113.
SES

This is proved in e.g. Barrionuevo and Lacey [I], or one can inspect the proof of
Lemma for a number of simplifications which apply in this case.
It is then clear that the maximal function below maps L? into weak L?:

Ay f:= sup MIRS.
AT (ann) 4/ |Rs|
For t > 2, set
Ay f = sup 7|<f’ <p5>|1ms.

AT (ann) 1/ |Rs|

This also maps L? into weak L? with norm at most < t2. Indeed, given A > 0, let
S denote the maximal tiles with |(f, ¢s)| > A\/|Rs|. Then, it is the case that

{Aif >} | KtR,

seS
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for an absolute constant K. Hence, the claimed bound follows from Lemma
Then observe that

o0

Mann,vf 5 Z 274]6 AZ’“ f

k=0
4. PROOF OF THEOREM [[L1]

We show that (220)) implies our main result, Theorem [Tl Indeed, the Hilbert
transform in the direction of v is, in the limit, an appropriate average of the discrete
sums formed in the previous section. Let A be a smooth radial function satisfying

(4.1) 15 7(I€D) < X < 1 (€D

Let \¢(y) = t2A(ty), where we choose the dilation so that t is the Fourier param-
eter, as opposed to the more common definition ¢t=2\(y/t), where t is the spatial
parameter.

Let K be the distribution on R

oo

> 20y(20y),

j=—o0

where v is a Schwartz function with ’(ZJ\ > 0 supported in a small neighborhood of
—1. In particular, the distribution

1
/ 2°K(2%y) ds
0

is a non—zero multiple of the distribution associated with projection onto the neg-
ative frequencies on R, which is itself a linear combination of the identity operator
and the Hilbert transform.

To prove Theorem [[T]it suffices to demonstrate the same norm estimates for the
linear operators in which the distribution 1/y is replaced by K(y), namely for

(4.2) T, f(z) = /)\ann * fx —yv(x)K(y) dy

in which ann > 0, and the measurable v(z) are arbitrary.
For values of 27 < ann, let

gj,annf = Z (f, 0s) s,

s€AT (ann)
scl(s)=27

T, f(z) = / F( — yol(a)275(2y) dy.

Also, let Rot, be the operation of rotation by angle 7. The main point concerns
the operator

Sjann := lim —/ DilQO 9—s)x[0.2-s) Rot_r Tran_,
(4.3) Yoo Jpaxyy 0202
Sj,ann Tran, Rot, Dil%o,gs) x[0,2¢) dydT ds,
where Box(Y) = [0,Y]? x [0, 27] x [-1,1].
Observe these points. (1) The integral is an average over dilations, rotations,

and translations. Note that the averaging over dilations is done uniformly in all
directions, and that we are implicitly averaging with respect to the Haar measure
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on R, , with the rationale being that the dilations we are using are a representation
of that group. (2) Due to the assumption (2.7), the limit in Y will exist. If wy
were fixed we would only need to average over all translations indexed by a fixed
rectangle. (3) The rectangles ws fill a fixed percentage of the annulus, due the
assumption (Z9)). (4) The limit, applied to a Schwartz function f, is seen to exist.

4.4. Lemma. For each 27 < ann, we have the identity
Sj.ann Aann * f = ¢(J, ann) Aanp * f,

where the constant c(j,ann) satisfies c™1 < |c(j,ann)| < ¢, for some absolute con-
stant c.

To deduce bounds for ([@2]), observe that (Z20) concerns norm bounds for the
sums

Z C(j, ann)_l Tj,v Sj,ann)\ann * f
J
Of course the coefficients c(j,ann)~! do not appear in (Z20). Yet the placement of
the absolute values in (Z21]) and (Z22]) demonstrates that the sum is unconditional
over tiles, so that we can impose an arbitrary bounded sequence of coefficients, as
we have done here.

The same norm bounds hold for averages of these sums, such as the averages
that occur in ([£3). Hence, by the lemma just stated, we deduce the norm bounds
for the operators in ([£2). It remains to prove our lemma.

Before proving Lemma [£4] we record a simple lemma on convolutions.

4.5. Lemma. Let ¢ and ¢ be real-valued Schwartz functions on R?. Then,

‘/[ Z <fa Tranerm (P> Tranerm ¢ dy = f * (I)a
0

A2 eze
where b(x) = // o(u)p(z +u) du.
In particular, P = 5(;;
The proof is immediate. The sum and integral in question is in fact the integral
. f2)p(z = y)o(z —y) dydz,
and one changes variables, u = z — y.
Proof of Lemma B4l Fix w € , and let
Sufi=" > (fes)ps

s€AT (ann)
Recall (ZT). Consider the limit
Sy := lim Y2 Tran_, S, Tran, dy.
Yoo [0.v)2

This limit can be explicitly written as an integral which is as in Lemma with
an additional dilation. Thus, this limit is convolution with respect to ®., where

(Dw == @w@w-
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Ws
—

€s Ry

€sl

\—

FIGURE 5. On the left, the interval w, and the axes (es, e51). On
the right, a rectangle R,. In gray, the axes and rectangle R, are
rotated by an amount less than the length of w;.

By choice of ¢, it has non—zero Fourier transform and is identically one on a small
ball around the origin. Hence ®,, has Fourier transform with the same properties.
The definition of S;.nn also incorporates an average over dilations and rotations.
Concerning the average over rotations, recall (2.9, which states that we have an
essentially maximal number of w, of a given scale. Concerning the dilations, observe
that

Dilf} 2 [F # [Dilf)  /py2 G]] = [Dil}y ;)2 F] * G.

These observations lead to the conclusion that

Sj,ann f = C(.j7 ann)(I) * fa

1
o= / / Diljg 9:y2 Rot, ® dr dt.
—1J0,27] '

The leading constant in the top line satisfies the claimed bound ¢ < |c(j,ann)| < ¢ 1
for a positive constant ¢. The main point here is assumption ([29). This function
® has a Fourier transform that is identically constant for all ann < |£| < 2ann. The
value of this constant depends only on the choice of ¢. O

5. THE MAIN LEMMAS

We need these notions associated to tiles and sets of tiles, all directly inspired
by the proof of Carleson’s theorem as given by Lacey and Thiele [I2]. There are
however some changes in the current context, due to the setting of the plane, and
our frequency analysis in an annulus.

An important heuristic is that given a tile s, the interval wg serves as an “angle
of uncertainty” for the rectangle Rs;. The geometric consequence of this can be
described as follows. Write Ry = Rs1 X Rgo in the coordinate axes (eg, es1 ). There
is an absolute constant K so that the following holds. Suppose that (e, e; ) is some
other choice of coordinate axes with

|€s —e\, ‘esL _6L| < |ws‘

Write ﬁs = Rs1 X Rgo, but the choice of coordinate axes is (e, e ). Then, we have
R, C K ES and ﬁs C KRs. The implication is that Rs and ﬁs are essentially the
same rectangles. See Figure

There is a natural partial order on tiles, but it does take some care to define.
For a fixed tile s, let (es, es1 ) be the coordinate system associated with R;. While
we have not done so to date, at this point we insist that the origin in each such
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Tes/L Rs’
7T(]%s’ ) es’i) l l ~
s ~z
s b ———— oo >
' Cg/
(R, es)

FIGURE 6. For tiles s < §’, only showing possible relative positions
of Rs; and R., as well as the projections that define the partial
order.

coordinate system specify the same point in the plane. Let P be the set of the
projections of all R’s onto e; and let P, be the set of the projections of all R,’s
onto es;. We have assumed that P is a central grid in (Z6). Namely, recalling
Definition [ZT] any two intervals I # J in P which intersect, satisfy either 1001 C J,
or 100J C I. The reader can find the details on how to construct such a central
grid structure in [7]. As all tiles lie in a single annulus, the collection of intervals
P, consist of disjoint intervals of equal length that partition R.

Let 7(R,es) be the minimal interval in P containing the projection of R onto
es, and let (R, es) ) be the minimal interval in P, containing the projection of R
onto eg | .

For two tiles s, s’, write s < &' if and only if ws D wgy, (Rs,es) C T(Rsr,es),
and m(Rs,es 1) = m(Rg, es 1 ). This is illustrated in Figure [Gl

We have been careful to define this partial order in such a way that it is transitive
and that we have the conclusion

(5.1) if wy x Ry Nwgy X Ry # 0, then s and s’ are comparable under ‘<’.

Proof. We can assume that w, D wy, as these intervals of the circle come from a
grid. So it suffices to check that m(Rs,es) C m(Ry, es). By the assumption (2.0,
in which « is a small positive constant, we would have 7(Rs,es) C 100m(Rs, es),
and the last set is contained in 7(Ry, es ), by the central grid property. O

A tree is a collection of tiles T C AT (ann), for which there is a (non—unique)
tile wp X Ry € A7 (ann) with s < wp X Ry for all s € T. For j = 1,2, call T a
j—tree if the tiles {ws; x Rs : s € T} are pairwise disjoint. 1-trees are especially
important for us; Figure [7] presents a useful illustration of such a tree.

Observe that for any tree T we have, due to our comments about intervals of
uncertainty,

Rs; C KR, seT.

Thus, the spatial locations of the tiles are localized. In addition, as ws; C wT, we
can regard all rectangles R as having a fized set of coordinate axes, namely those
of the top. This is a key point of the “tree lemma” below.
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Fix a positive rapidly decreasing function y, and for rectangle R set

(5.2) Xr = Tran.(g) Dilg x,
dense(s) := sup/ XR,, dz,
s<s' Jv—(wy)

dense(S) := sup dense(s),
sES

S) := U R, (the shadow of S),

seS
| fies)l :
, T is a 1-tree,
o3
size(S) = sup [|sh(T)| " Z| fips)] 1/2-

T is a 1-tree seT

Recall that we are to prove (221I)) and 222)). In @21) ||f]le ~ 1, |F| < 2, and v is
defined only on F'.

The first two lemmas concern density and size, and are the same form. The third
lemma, the ‘tree lemma’ relates size, density and trees.

5.3. Lemma. Any S C A7 (ann) is the union of Sheavy and Siigns satisfying these
conditions:

dense(Siight) < %dense(S).

The collection Speavy is a union of trees T € Theavy, with

(5.4) > [sh(T)| < dense(S)™'|F|.

TETheavy

5.5. Lemma. Any S C AT (ann) is the union of Spig and Ssman satisfying these

conditions:
size(Ssman) < %size(S).

The collection Syig s a union of trees T € Tyig, with

(5.6) Z |sh(T)| < size(S) >

TETbig

5.7. Lemma. For any tree T we have the estimate

Z|<f, es){ds, 1g)| < dense(T)size(T)|Rr|.

seT

The first lemma has a proof which is essentially identical to the proof of the
“mass lemma” in M. Lacey and C. Thiele [12]. We do not give the proof. The
second lemma follows the well-established lines of proof, yet must introduce a new
element or two to address the two-dimensional setting. The complete proof is given.
The proof of the last lemma is quite close to that of M. Lacey and C. Thiele [12].
We shall give a proof.

The lemmas are combined in this way to prove ([221), and hence [220) in the
case of the weak L? estimate. Lemmas [53] and should be applied so that
their principal estimates (4] and (B0 are approximately equal. The density of
AT (ann) is at most a constant. The size of A7 (ann) is at most a constant times
the L* norm of f. Thus, we can take the set of all tiles A7 (ann) and decompose it
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into sub-collections S,, o € {2" : n € Z}, so that S, is the union of trees T € 7,

such that
> |Rr| S,
TET,

dense(S,) < min(1,071),

size(S,) < o2,

Hence, it follows that

Yo Ifops)ds 1) S Y min(l,07 o™/ Ry

SES, TeT

< min(c'/2,071/2),

This estimate is summable over ¢ € {2" : n € Z} to an absolute constant. This
completes the proof of ([2Z.21).

A small variation on this argument proves ([2:22)). In this instance, the function
f = 1g, with |E| ~ 1, so that the size of AT (ann) is < 1. Also, A7 (ann) is a
union of sub-collections S,, o € {2" : n € N}, so that S, is the union of trees
T € 7, satisfying

> |Rt| S ol Fl,
TeT,

dense(S,) <o,
size(S,) < min(1, (o] F|)~1/?).
Hence, it follows that

D e, 0)(ds, 1) S [PV min(|F|/2,671/2).
SES,

Recall that in this instance, |F| < % This estimate is summable over o € {2" :
n € N} to |F|[log|F||. This completes the proof of ([2Z22)). Our proof of [220) is
complete, aside from the proofs of the three lemmas of this section.

6. THE SIZE LEMMA: ORTHOGONALITY

We give the proof of Lemma We find that the proof involves for the most
part a standard argument in the literature. See for instance the proof of the energy
lemma in M. Lacey and C. Thiele [12]. Yet there is a point at which we will rely
upon the strong maximal function, with respect to a choice of axes that is specified
in a particular way by the set of tiles.

We can assume that all wg lie in a fixed half circle. Note that in 1-trees, as
the scale of tiles increase, the intervals wy; move off in a clockwise direction, as
depicted in Figure[ll We take advantage of this in a specific way below.

The initial step of the proof is to construct a collection of 1-trees T € 7, and
use them to construct the collection of trees Tyis. The process is inductive. Let
size(S) = o. Initialize

T+ = @7 ,Tbig _ 0’ Sstock _ S
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N 7,
N Vi
FIGURE 7. A few possible tiles in a 1-tree. Rectangles ws are on

the left in different shades of gray. Possible locations of Ry are in
the same shade of gray.

While size(S5tk) > ¢/2, select a 1-tree T € S5tk such that

(6.1) > If el > 2| Rl

se€T

|Rr| is maximal, and wr is most clockwise. Then set 7(T) C S%°%k to be the
maximal (with respect to inclusion) tree in S%*°°k with top wr x Ryp. Update

T, =T, U{T},  Thig=ToigU{r(T)},  Sstock = gstock _

When size(S5°°%) < /2, set Stk = T, .1, and the process stops.
To conclude the lemma, we need to show that

(6.2) > |Rr| S0

TeT,

We have constructed these trees so that they satisfy a property very useful to the
verification of this inequality. Suppose T # T € 7, , and s € T and s’ € T’ with
ws C we1. Then Ry N Ry = (. We refer to this property as “strong disjointness”.
To see that it holds, we have wT C wy1, so that wr lies in the clockwise direction
from wrs. Hence T was constructed before T'. Thus, if Rt N Ry # 0, we would
conclude from (B that s’ < wr x Rp. Hence, s’ € 7(T), and so s’ would have
been removed from S%°° and so could not be in T".

Adopt the notation F'(S') = > .q/(f,@s)ps. Now observe that for S, =
Urer, T, we have

2 Y Re| S Y (foe @) f

TeTy s€SL
= (f,F(84))
< fllNES4)l2-

This follows by Cauchy—Schwarz. Recall that || f|l2 = 1. To conclude ([6.2)) we need
only show that

(6.3 1B so] 3 rel]
TeT,
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For s € T, set
B_(s)={s €S, - T: w, =wy},
B(s)={s'€S; —T: ws; Cxrwy}.

Note that if s’ € S; — T is such that (@, ¢s) # 0, then s’ € B_(s) UB(s). Also,
if s € B_(s) UB(s), then (ps, ¢y = 0. We estimate

(6.4) IFSOI3S > IF(T)3
TeT,
(6.5) + D (fes)(@)s F(B=(s))
S€S+
(6.6) + > (f 0 (s, F(B(s))).
S€S+

It is a routine matter to verify that for each 1-tree T € 7,
IF(T)|2 S o|Re|"/2.
Therefore, the right-hand side of (6.4]) is no more than
DIFMI5S Y o® Rl
TeT, TeT,
For the term (G.5]), we use this estimate for tiles s, s’ with ws = wy,
|<S057 ‘PS’>| < Tranc(RS) DﬂORS X(C(RS’))~
This with Cauchy—Schwarz gives

@) < [ 1ol X |en FE_e))[]”

seSL seSL

S D Kfesl

sESL

5 02 Z |RT|5

TeT,

as required by (G.3)).
As for ([G.6]), use Cauchy—Schwarz in s to bound it by

3 (el FBE) < [ 31100l Y lew FBENE]

sES seSy seSy
1/2
S | D IRxl Yl FB)IP]
TeT, s€S

We show that for each T € 7,
6.7) S (e FB())2 S o Ral.

se€T

This will complete the proof of (6.3).
Observe that if we set B = J, . B(s), we have

{ps, F(B(s))) = (s, F(B)).
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This is a consequence of the grid structure on the intervals w,. Moreover, all tiles
s € TUB have ws D wr. This has two implications. The first is that all rectangles
R, can be regarded as rectangles with respect to a fixed set of coordinate axes,
those for the top of the tree. Let M denote the strong maximal function computed
in these coordinate directions.

The second is that the strong disjointness condition applies to each pair of tiles
in the collection B. This yields the essential observation that the rectangles {R; :
s € B} are pairwise disjoint, and do not intersect R.

Make a further diagonalization of the set B. Set By = {s € B : R; C 4Rt},
and for k > 1, set By = {s € B : R, C 4*Ry, R, ¢ 4*"'Rt}. Let us point out
that

IF(By)ll2 S 4" R |'/?.
Indeed, recalling the notation (&2)),
[F(By)| S o Z XR, * 1R.
s€EBg

Therefore, for any function g,

(F(Bk),g) So Z 1gr.XR. * g dz
seBy,

< 0/ Z 1p Mg dx
seBy
< o4 Re|' 2|l
Clearly, this implies ([6.7)) for Bj.
For k > 1, we can strengthen our inequality to the following:
[F(Br)l| L2417y S 4710k | Rep| 12,

We use this, together with the fact that the functions {¢, : s € T} are equivalent
to an orthonormal basic sequence. Hence,

S (s F(Ba) L1 )2 S 475 R,
seT

But the functions {5 : s € T} are highly concentrated in a neighborhood of Rr.
In particular, for any function g,

D Hpslime—ai-1rey, )2 S 47 10%gll3.
seT

Clearly, this completes the proof of (67)).

Proof of Lemma B7 We may fix the vector field, and assume that the standard
basis (e, e ) is the basis for the rectangle Rt. As a consequence, we can without
loss of generality assume that this is the basis for all the tiles s € T, and we write
Ry = Rse X Rs e, . Set 6 = dense(T) and o = size(T). For this proof, we set

ng) = Trangg,) Dil}; , 0<p<oo.

Let J. be those maximal dyadic intervals J in R for which 3.J does not contain an
interval R . for some s € T. This collection partitions R. Let J., be that partition
of R into maximal dyadic intervals J such that Rr ., ¢ 3J. Let K = J. x J., . For
each rectangle K € IC, set T(K, %) to be those s € T for which &+ log|R; ¢|/|K.| > 0.
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Choose signs €5 € {£} such that

Slred @)l = [ o3 (oo do.

seT seT
Let
AS/ = Z 5s<fa @s>¢s~
seSs’

Estimate, without appeal to cancellation,

JamE s [ S e 0 @) do
K K

seT(K,—)

The rectangles R, are smaller than those of K, and do not intersect it. For each
x € K, the numbers Xﬁ;j)(a:) < 1, and they decrease as dist(Rs, K)-scl(s) increases.
The integral above is at most

/ |AT(K’_)\ dz < do min(|K|, |Rt|sup sup XEQO:) (2)).
K seTzeK

This is summable over K € K to at most < do|R|.
If T(K,+) is non-empty, then K C 4Rt. Set

Gk =Kn U vil(‘-'-’SQ)v
seT(K,+)

which contains the support of 1x AT 1) Our assertion is that |G| < 8| K|. To
see this, let K = K, x K., and let K/ be the dyadic interval that contains K,
and | K[| = 2|K.|. This interval is smaller than that of Rt . Then, by maximality,
3K contains some R, ., for s € T. Let s’ be the tile s < 8’ < wr x Rt for which
Ry = K. x Ry, . We have G C v~} (wg1). Also, since dense(T) < §, we deduce
the important inequality that

Gr| <K NvHwy)| < 8K

If T(K,+) is a 2-tree, then the sets {wse : s € T(K,+)} are pairwise disjoint,
so that the set v~ !(wy2) are either equal or disjoint. Hence

Ll AT S ol

Our desired bound fK\AT(K’+)| dzx < 04| K| is immediate.

If T(K,+) is a 1-tree, then all of the intervals wgo contain w. Thus, for each
x, there are e4(x) so that v(z) € ws iff e_(z) < scl(s) < eq(z). In particular, if
v(x) € wsa, then we have |v(z) —e| < e_(x)/ann. This permits us to argue that the
vector field v(z) can be assumed to be constant. Specifically one sees the inequality

La(v(@) [ on(e = y0(@) = o1l = )10 0)] dy 5 S o)

This inequality is in fact a straightforward calculation, but one that depends very
much on the uniform assumptions (Z.17).
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We make more definitions, and in the first definition, replace the vector field by

dy(x) == / ps(z —ye)vs(y) dy,
Ag = Z <fa ‘Ps>1w32(v($))¢/sv K e /C,

seT(K,+)

Bi= Y (fips)dh

seT

In the last line, it is a matter of convenience to assume that all trees T(K,+) are
1-trees, and that T = (. T(K,+). We have, by a straightforward estimate,

|ATEH) — 4] S olgy,

so that it suffices to estimate the L' norm of A on the interval K.
There are two points. The first is that for each K, Ak is dominated by a maximal
function applied to B. The second is that B obeys the inequality

(6.8) IBll2 S of Rr|*2.

Let us turn to the second claim. The claim will follow immediately if we can see
that we have the universal estimate

(69) 1 aill, < [Sla?] "

se€T seT

This holds for all numerical sequences {as}.

Indeed, the assumptions that we have placed on the function ¢, namely that it
have Fourier support in a small ball around the origin, and the uniform assumption
on the Fourier support of the functions v, as expressed in (2.16), imply that the
functions ¢, are supported in ws As these rectangles are either equal or disjoint,
it suffices to prove the estimate (€.9]) when the tree T has wy = wy for all s, s’ € T.
With this assumption, the assumption (ZI7) (with the value of k suitably small)
implies the estimate

2
64 S Xie -
This is more than enough to prove (6.9) under this restrictive assumption on the
tree.
Let us dominate Ag. For any choice of e_ < e, we have
1{5_<scl(s)<5+}¢; = (CE_ - <E+) * ¢/s

in which we take  to be a non—negative Schwartz function on the plane satisfying
112,122 < Zg 11_5/8,5/8) and set (.(zc,x., ) = eann((exc,annz,, ). The iden-
tity follows from the frequency properties of ¢ and of the class of functions v, as
described in (2.I0). From this, we conclude that

x| £ sup — [ |B)) d
JOR J

IThis calculation is available to us as we have replaced the vector field in the definition of ¢/,
by a fixed vector e.
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with the last quantity being a supremum over all rectangles J that contain K. This
supremum is constant on K. Thus,

/ |Ak| dz < |Gkl inf M B(z) < §|K| inf M B(z),
Gk reEK zeK

where M denotes the strong maximal function with respect to the (e, e, ) coordi-
nates.
This last estimate is to be summed over K C 4R :

§ Y |K|inf MB(z) <6 M B dz < §|Ry|V?|M B|j2 < 60| R
zeK AR
KC4AR~T T

This completes the the proof of the tree lemma.
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