TIME-FREQUENCY ANALYSIS AND CARLESON’S THEOREM:
A STUDENT’S POINT OF VIEW

JOAO PEDRO G. RAMOS

ABSTRACT. The goal of this article is to study the proof of Carleson’s Theo-
rem by M. Lacey and C. Thiele, contained in [8]. Throughout this proccess,
the relation between this proof and the recently sharpened methods of time-
frequency analysis will be clear, besides the links of the problem with some
other classical problems in harmonic analysis.

1. INTRODUCTION

Given a function f : [—%, %] — C such that f € L2, its Fourier Transform is

defined as the sequence of complex numbers { f(k)}rez given by

~

N 1/2 .
fio = [ e o
1/2

One of the most fundamental facts in harmonic analysis is that, for this class of
functions, the Parseval Identity holds. It guarantees that

S Fkyermivk Ly fia).

[k|<N

We may ask ourselves, therefore, if the convergence holds almost everywhere
(with respect to the Lebesgue measure on [-1/2,1/2]).

The hugely celebrated theorem of Carleson [I], in 1966, gives the affirmative
answer to such question. In the subsequente years, a considerably big amount of
effort has been made to understand Lennart Carleson’s techniques to solve the
problem. In 1968, Hunt [5] proved that we may also prove this convergence for
feLP 1< p<2 Itisworth to notice also that, way before Carleson could prove
the veracity of the theorem for square-integrable functions, Kolmogorov had already
proved that we cannot obtain the same convergence in the L' case , showing even
that there are functions whose Fourier series diverge everywhere. As proving this is
not our main goal, we leave to the interested reader to check his original article ([6]).

In 1973, Charles Fefferman ([2]), in one of the articles that were responsible for
his Fields Medal, gave a new, simpler proof of the almost everywhere convergence
of Fourier Series in L2. Effectively, Fefferman used some ideas originally used by
Carleson in [1], introducing a Maximal operator associated to the problem, which
is called, nowadays, the Carleson operator, defined by
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Cf(x) = sup F(k)e?miak ||
NezZ |k|¥N

and proving that it satisfies an estimate of the type

ICfllr < Clifll2

for every f € L?. Years later, Michael Lacey and Christoph Thiele ([8]), inspired by
the techniques contained in Fefferman and Carleson’s work, proved a generalization
in the context of Fourier integrals: Given a f € L?(R), if we define its Carleson
operator as

Cro=3e

)

[ g

then it can be proved that there is a constant A > 0 such that for all f € L? and
all A,

(1) m({e € B:C(w) > X)) < 51713

We call this type of inequality a weak-type (2,2) inequality. The conection be-
tween a weak estimate and pointwise convergence is fundamental in harmonic anal-
ysis. We may already conclude the theorem assuming the estimate () to be true.

In fact, if f € C2°(R), then

R o~ i R—
fr(€) = / Fla)e2mweds 2%, pe),

From the most basic properties of the Schwartz class (see, for example, [3, Sec-
tion 2.2]), we know that the set of f € S whose suppf is compact is dense in all
the LP spaces. In this way, given any f € L? and &,n > 0, pick a g € (C°)Y such
that ||f — gll2 < en.

m({z € R;limsup fr(z) — liminf fr(z) > c}) =
<m({z € R;limsup(f — g)r(z) — liminf(f — g)r(z) > c})

A
< E—QHf—Q”% < An?.

As n was arbitrary, we may conclude that, in fact, the measure of all the sets above
is null, which implies that the lim sup coincides with the lim inf almost everywhere.
By Plancherel’s Theorem (see [3]), we have that this limit must agree with the
function almost everywhere, which completes the proof.

So, in order to understand completely Carleson’s Theorem, we must study the
estimate (). To do so, we will follow the main ideas on the original article [§],
in the auxiliary articles [7], [9] and the general ideas concerning wave packet and
Time-Frequency analysis in the book [10] and in |4, Chapter 11]
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2. BAasic CONCEPTS AND PRIMARY DEFINITIONS

Before entering the toughest part, we must introduce the basic notation to be
used throughout this paper. Therefore, when we write down a function ¢, we mean
an element ¢ € S(R™) such that its Fourier Transform is a positive function b e cee
such that supp<$ C [-1/10, 1/10],$ =1 em [—0.09,0.09]. Besides, we will pick a
measureable, integrable function w (weight function) defined by

w(@) = 1+ )77,

where R € N is a big natural number, whose specific value is not interesting to us.
We define also the n-Modulation, y-Translation and A, p-dilation by, respectively,

M, f(x) = ¥ f (2);
T, f(z) = f(x - y);
DR f(w) = A"VPf(A ).

It is immediate to verify that all these operators are LP isometries. In particular,
ncerning these operators when p = 2 and their action on L?, we have the following:

Proposition 1. Vf € L?(R"), we have that

M,f =T,f;
T,f = M_,Ff;

Df = Di/\/f.

Proof. For the Proof, see [3, Proposition 2.2.11]. O

For the proof of our result, we need a fundamental concept that will allow us to
reconstruct and linearize the Carleson operator. In this way, we see that an interval
I is dyadic if if there are two integers n, k € Z such that I = [2Fn, 2% (n +1)).

The set of all dyadic intervals will be denoted by D. Dyadic intervals are central
objects in harmonic analysis, but our focus will remain mainly in slightly more
complex objects these induce: we say that a dyadic rectangle s € D x D is a tile
if s = I x w, where |I||w] = 1. The interval T is called the tile’s space compo-
nent, whereas the interval w is called the frequential component of the tile. We will
denote the set of all tiles by 7. To achieve our mentioned goal of linearizing the
Carleson Operator, we need to find an efficient way to localize (in the phase plane)
our objects of study.

Given a dyadic interval w, its upper part is defined as the interval wy = [¢(w), +00)N
w, where ¢(J) is the center of the interval J. We define, then, the lower part of
such an interval as w_ = w\wy. Given these notions, we build the adapted bump
function with respect to the tile s = I X w as
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2
¢s = Me@w )\ Te(ryDi79
(2) :€2ﬂixc(w,)|l|71/2¢ <$_C(I>) )
1]
Using Proposition [l and the definition of ¢, we have that the Fourier Transform
¢s is supported in %w,. We also define

ws(x) = wr, (z)

= TC(IS)Dllls‘w(ZE)

- |115|w (%@) '

From these definitions, we see immediately that |¢(z)| < C|Is|*/?|ws(z)|, where C
does not depend on s. These objects so defined will play an essential role through
the unfolding of the Theorem’s proof.

To finish this first part, we remember two classical Theorems from Fourier Anal-
ysis that are going to be undicriminatedly used through the text:

Proposition 2 (Necessary Background). The following items hold:
(a) For all f,g € L*(R™),

(f,9) = {f,9)-
(b) If an operator Q : L*(R™) — L*(R") commutes with T, D%, and has in

its kernel the functions f whose suppf C [0,400), then there is ¢ € R such
that

O o~ .
Qf(x) = ¢ 1 Fle)ermintae,

Proof. See [3, Chapter 2] for this and many other interesting properties of the
Fourier Transform and Fourier Multiplier Operators. (I

We will generally refer to Proposition 2] part (a), as Plancherel’s Theorem.
Throughout the text, C,C’,C", C1, Co, C3 will always be absolute constants, whose
values are not necessarily equal, and may change from line to line.

3. THE CORE OF THE PROOF

Our primary goal will be to reconstruct the Carleson Operator, employing some
basic ideas from harmonic analysis:

(i) The use of the functions {@s }se7 to work as an ‘almost’ orthonormal basis,
as they allow us to control our function successfully in space and frequency
(i) A way to Characterize of an Operator by its Group of Symmetries, or
simply by its relation with symmetries.
(iii) The Linearization the Study of an Operator by looking at it with duality
statements rather than crude measure-theoretical conditions.
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3.1. Decomposition of the Carleson Operator. Instead of analyzing the Op-
erator f_goo f(t)e%”tdt, we wish to build some sort of ‘discrete’ analog of it. Put
more clearly, we want to come up with an Operator that captures most of the
properties of this one, but is easier to handle. Using the idea in (i) above, we may
take:

Qef =D Xuny (E)(f: 05) s

seT
Notice that this has one essential feature that our operators have: if a term in the
sum above is nonzero, then £ € ws, supp 5; C ws—. Therefore, supp 5; C (—00,8).
However, we still do not know if this Operator is really well-defined. That is, among
other properties, the content of the next proposition. Before proving it, we define
the auxiliary operators

anf: Z st+<f7 ¢s>¢57

5€ETm
where T, = {s € T; |Is| =27™}.

Proposition 3. Let £ € R and m,k € Z. Then:

(a) The operators Qé.” are bounded in L?, with bound depending neither on m
nor on &.
(b) The operator Qe =3,y Q¢ is bounded in L2, with bound independent of

£.
(c) The following identity holds:
QE == Dgfk Q2—k£ng
Proof. (a) We start by noting that (¢s, ds)Xw.; (§)Xw._ (&) # 0 = ws = wy. In-
deed, Plancherel’s Theorem gives that, for this sum to be nonzero, it is necessary
that supp ¢s Nsupp ¢s # 0 = ws_ Nwg_ # (). On the other hand, the conditions

on £ give that the upper parts of the intervals also intersect. This can only happen
if wg = wyr.

Next,we write, using the intersection property above,

2

<Y X X, (OB, 0) ([ 00)(f, 050

2 5,8 €T ws=w 1

< Z st+(§)|<fa ¢s>|2|<¢57¢s/>|

5,8 €ETm ws=wy/

S CVl Z |<f7 ¢s>|2st+(€)7

5,8 €ETm ws=wg/

D X (O(F 05) 05

SETm

where we have used a Cauchy-Schwarz inequality and that, for s € 7, then

Z |<¢sv¢s/>|§01

§'E€ETmwyr =ws

(You may check, for example, Lemma [6]). Now, we start to estimate:
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-N
[(f, ¢s)] §C|IS|_1/2/R|f(y)| (1+W) dy

-N
—Z
<o [l (1+ 52y
R s

< CMLMPM f(z),

for all z € I, where M denotes the Hardy-Littlewood Maximal operator and we
have used [3, Theorem 2.1.10]. This gives us directly

I ba)l? < 02/ M f(2)2dz
I

This, along with the previous considerations and the fact that M : L? — L? bound-
edly, gives the desired conclusion for part (a).

(b) We are just going to use part (a) in a nice way. First, note that for m € Z
fixed, there is exactly one dyadic interval with length 2~* for which ¢ € - Wi Let Wm
be this interval, and wy,y = wy,—. Define, then, the functions f,, by fm = Xw,, f
From the properties of the functions ¢, and Plancherel’s Theorem, we get that
Q' (fm) = QF'(f). Moreover, if m # n = wyy Nwy = 0, because Wyt Nwpt #
() = wy C wp or vice-versa. Then, from the disjointness property,

2
S| =Y el
meZ 2 meZ
= Q& (I3
meZ
<O lfml3
meZ
=C > | fml?
meZ
=C|fI3 = ClIf|%

This already shows both that the operator Q¢ is well-defined in L? and that it
is bounded with bound not depending on &, as desired.

(c) This is just a calculation involving the definitions of Q)¢ and of ¢, and because
of that we omit this proof. O

3.2. Reconstruction of the Carleson Operator. Now we are able to really em-
ploy our second idea: find a way to take into account the symmetries the operators
of partial Fourier inversion have. This will follow a few steps:

First, let M_,,T_U xQun D2 TyM, =F, A This expression has the easily

verified property that it is pemodzc iy and n. In fact, we know exactly the period:
in g, it is 2™, and in 7, it is 2*~™. Moreover, the following lemma will help us
bound the size of P, | f.
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Lemma 1. Fiz a function f € S(R), a tile s and &,1,y,\. Then, for sufficiently
large m depending only on &,

+ . m
s (S5 UDAT M, 1,640 < Cpmin1, 27,

Proof. The ‘1’ is the easiest part: using a Cauchy-Schwarz inequality yields this.
Therefore, our focus will be on the other inequality. Using the properties of these
operators and Plancherel’s theorem, we see that, in the case where & +n € 2 w, |,

(Do Ty My f, ds)| = [(f, M—yT—y D35 s)]
= |<J?7 T—nMyDg%a;;H
< 2Hf|\L1((—oo,—W)u(W,+oo))||$:||oo
< 02| fll
< Cy27,

(=00, — go5m )Y (g-5m +0))

where we have used that (i) 5 has nice support properties; (ii) =5 0 e w,y; (i)
Holder’s Inequality; (iv) f € S(R). This clearly completes the proof

O

Using this Lemma and some algebraic manipulation, along with the fact that
¢ € S, we see that [P f| < C min(27™/2,2™/2) where O depends on f but
not on &,y,m, A

We want now to perform averages to catch the symmetries of our partial Fourier
inversion operators. More specifically, we want to show that the limit

1 1 N L
Ni% . INT /0 /, N / , FeaafdydndX

exists indeed. The next lemma will then play a crucial role:

Lemma 2. Let g : R?> — R be a measurable, bounded and periodic function of
period Py on the first variable and Py on the second one. Then

P P>
lim )dady = dzd.
Ki,Ky—00 4K1K2/ / x y = P1P2/ / x y) v

PTOOf. Write K7 = PTh + 7, Ky = PT5 + 72, where T; € N,Ti S [O,Pz],l = 1,2
Then:
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P2T2
Ydady = )dad
4K1K2/ / 9z, y)dedy = 4K1K2/ /Png = y)dzdyt
g(x,y)dzdy
4I(v1[(2/ / Ko, Ko)\[—P2T2,P>T5] ( )

2T K p
- dzd
4K1K2/ / 9(z, y)dzdy+

g(x,y)dzdy
4K1K2/ /KQ,KQ N\[=P2T2,PaT]

But the second term is small, because the function is bounded, and the integral
will then be over a set of measure < 2K, still normalized by 4K Ks. The ratio
T5/ K> is close, while Ko — 00, to 1/P,. Applying the same procedure to the other
coordinate gives us the result.

O

Now, to conclude the existence of the limits above, it suffices to note that, as
the bound [P, | \f| < Cy min(2-™/2,2™/2) tells us, the limit

pim 4NL/ / Peymafdydn

is also bounded by C min(2_m/ 2 gm/ 2). Using the Dominated Convergence The-
orem, we may change the order of limit with the integral, getting the desired con-
clusion.

From the bound we have and using the Dominated Convergence Theorem twice,
we see that the following limit

, 1
Mef:= lm = / / / M,nT,yDg,AQmD;TyMnfdydndA

NL%OZALNL// / Py afdydnd

mze:ZN’liIE"om/o /_N /_L Py fdydndX
= _ngf

mEeEZ

also exists. This new operators Il¢ f are our means to rebuild the partial Fourier
inversion operators. In fact, our next theorem contains much of what is needed to
prove it:
Theorem 1. Let £ € R. Then the following items hold:

(i) [Hefll2 < C|fll2 for a constant C > 0 independent from &.

(11) M79H§+9M9 = Hg, fm’ all g, 0 € R.
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(ili) II¢ is a positive semidefinite, nonzero operator.

(iv) The Operators M_¢Ile Me commute with dilations and translations, be-

sides containing on their kernels the functions h € L? such that supp hC
[0, 4+00).

Proof. (i) This follows directly from Fatou’s Lemma and Proposition Bl
(ii) Explicitly, we have that

M,gOPJrgyn)\OMgf_

E+0+n
= Z Xwsy (T <D§ATyM9+nf= ¢S>M—9—nT—yDg*A¢S
5€ETm

so that when we integrate with respect to the modulating factors, we will have,
instead of an integral from —L to L, one from —L + 6 to L 4+ 6. As our procedure
is a limiting one, this will disappear as we grow L, and, thus, both limits must be
the same.

(iii) That this operator is positive semidefinite comes from examining the ex-
pression (Il¢ f, f), looking at each 1Ig" sepparately, throwing the limits out of the
inner products and exchanging orders of integration. In fact, doing all that, we end
up with

mer =ty [ [ 3 ey (€ + 1) IUDBT, My )Py d

To notice it is nonzero, it suffices to notice that the Lemma [2] along with re-
stricting to s € To (tiles that are, in fact, unit squares) shows us that it is enough
to find a function h € S(R) such that, for some tile s € Ty, (D3, Ty Myh, ds) # 0
for all A\,y,n in a small neighbourhood of zero. This comes from the fact that

27 2
(Teh, by > / / / S Xy (€ +1)/2Y) (DB T, Myh, 6,) Pdy dn dA.

s€To

In order to achieve this, pick first a tile such that £ € wsy and then a range of
numbers 7, A small enough so that 27*(¢ + 1) € ws, in this range. Take, then,
h = ¢, the function adapted to this tile. For a small enough range contained in
the previous one, as dilations, modulations and translations are continuous opera-
tors, the inner product wanted is nonzero. In that case, the integral will be strictly
positive also, as we wanted.

(iv) The proofs that the operators M_ Il M, commute with dilations and trans-
lations follows the same ideas of the proof of (ii), except that we have to use that
DI%M77 = Mn/bDf, T.M, = e_QWiWZMnTZ and D%Tz = szDg. Because of the not
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enlightening at all calculations, we omit them. Finally, the support property follows
easily from a direct computation with the property that supp ¢s C ws_. (]

We are ready to prove the reconstruction property: in fact, the Proposition [2]
part (b), gives us immediately that, as M_¢IT. M,:
(i) commutes with translations and dilations;
(ii) is nonzero;
(i) is positive semidefinite;
(iv) has on its kernel the functions h such that supp h C [0, +00);

then it must be the case where M_II¢ My = c¢ fEm F(t)e2it=dt, for some c¢ €
R\{0}. From the item (ii) of the Theorem [II we see that ¢ = cg4e = ¢ for all
0, € R. This also allows us to write

£ ,
e f(z) = c/ f(t)e* s,
Thus,

1
Cf(z) = — sup [l fl.
|c| £€R

3.3. Linearization of the Problem. In this section, we are going to further
reduce our problem to a more treatable one, with the aid of the tools we have built
on the first two subsections. This one will consist only of a single proposition:

Proposition 4. In order to prove that the Carleson Operator is a weak type (2,2)
operator, it is enough to check that there is an universal constant C > 0 such that,
for all f € S(R);||fll2=1, N : R — R measurable, E C R; |E| € (1,2] measurable
set and P C T finite set of tiles, we have

(3) Z|<f7¢s><¢saXEﬁN*1(ws+)>| <cC

seP

The inequality [3]is is what we are going to call our Key Estimate. After we prove
the proposition, we will focus entirely on this new estimate that arose.

Proof. STEP 1. First, we introduce the quasinorm

200 = sup Am({z;|g(@)| > AP,
AERL

gl

as this characterizes the fact that the Carleson Operator satisfies the desired bound
as [|Cfll2.00 < C||f|l2- From the classical theory of Lorentz and weak LP spaces (see,
for instance, [3, Chapter 1]), we know that the Fatou Inequality holds with these
norms: that is, if fi > 0, then || iminfy_ oo fr|l2,00 < Hminfr_ oo || f2]l2,00-

Now we use it with

1 L N 1
I, f| < liminf M_,T_,D2_ D2, T, M, f|dy dn d\
sup | 5f|_lgggnoo4KL/L/N/0§2§| Ty D33 Q £n D3\ T, My fldy dn d,
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along with the fact that the basic operators involved are all isometries with respect
to the quasinorm || - ||2,00 and the Minkowski’s inequality for weak LP spaces. This
implies that, if we have an estimate of the kind

I Slt}pnglez,oo < Cllfll2,

we can conclude.
STEP 2. Select a measurable function N : R — R such that, for all x € R,

sup Qe f| < 2|QN ) f(z)]

This is ‘linearizing’ the supremum, and that’s what dubs our subsection. Again, it
suffices to prove that |Qn fll2,00 < C||fl2 to prove our result.

STEP 3. Instead of summing through all tiles, summing through a finite set
will suffice to our purposes: actually, we could have taken the function N to take
values only on (some finite subset of) the rational numbers. That would imply, in
particular, that the series defining the function @y f converges almost everywhere,
and we may conclude that this sum is a limitting procedure of sums over finite sets
tiles. Therefore, if, for a finite set of tiles P, we have that |Q% fll2.cc < C|f]|2 for

C depending neither on N nor on P, then we may take limits and again by Fatou’s
Lemma for the quasinorm we can conclude.

STEP 4. Now we employ another tool from the theory of rearrangement functions
and Lorentz spaces: it is relatively easy to see that a function g € L>* if and only
if it satisfies that, for all measurable set £ C R with finite measure,

/E g(z)da

Apply it to the function Q () f(x). We get almost what we want: for the Carleson
operator to be of weak-type (2,2), it is enough that

< C(g)| B2,

Z<f’ ¢s><¢quEﬂN*1(ws+)> < CHfH2|E|1/27

seP

and now we perform a triangle inequality to get to the same expression as above,
but with absolute values inside the sum.

STEP 5. The last one in our process. Now things reduce to only a change of
variables: in fact, to reduce to || f]l2 = 1, we don’t even have to do that, just divide

by the norm. If, nevertheless, 2% < |E| < 28! then let E' = zlkE (set of points x
such that 2z € F). This set has the required properties. But:

_ ok
/ ou(w)s 2 b(2"y)dy
ENN-1(w.y) E'NN—1(wsy)

— k2 / ~ 6o (u)dy,
E'A(2kN)~1(w,)
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where s’ = (27FI,) x (2%w,) and N(t) = N(2Ft). As ¢y (z) = 2¥/2¢,(2%z) =
D2, ¢s(x), we may, changing possibly f to D%, f, E to E', P to P’ = {s/;s € P}
and N to 2FN, get to the desired conclusion that it is enough to prove for that
specific class of objects. O

From now on, we let
E,=ENN Yws) and Eqy = EN N (wey).

3.4. The Three Central Lemmas. It turns out that the Key Estimate () has a
lot to do with a way to order tiles. That is because the basic estimate can be even
sharpened for a specific class of sets of tiles — which will be called trees —, and our
task will be to decompose sets of tiles as unions of trees with nice properties.

Before going on with the proof, we have to start with the definitions:

Definition 1. (a) We say that two tiles s,s’ are comparable if sNs" # 0. We
write s < s’ if I, C Iy and wy C ws.

(b) A set of tiles T is a tree if there is a tile sy = Ir X wr, which will be called the
top of the tree, such that s < s for all s € T.

(c) A tree is called a positive tree (resp., negative tree) if it satisfies that wsy D ws,
(resp., ws— D wsy) for every s € T.

The tree structure is quite simple to understand, and the basic drawing to illus-
trate this is the following:

ST

S1
52

S3 S4

S5 56
Here, st is the top of our represented tree T, and sy > s; > s3 > s5 and
ST > S9 > S4 > Sg.
These are the sets we are going to use to reduce the proof of the Key Estimate
to another estimate, this time concerning trees. Before stating our Lemmas, we
still have to define two very important notions:
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Definition 2. (i) We define the mass of a tile as the number

M({s})= sup /Ewp(:zr)dx.

s<p,p€T
(7i) The mass of a set of tiles P is just
M(P) = sup M ({s}).
seP

Definition 3. (i) We define the basic energy of a Tree T as

A(T) = (ﬁ S, w)

(i) The energy of a set of tiles P is just
E(P) =sup{A(T); T C P positive tree }.

2

Let’s state a few consequences of the definition. First, as ||ws|]; < 1 for all tiles
s, then so does M (P) < 1, for all sets of tiles P. Second, if P is finite, then there
is at most a finite quantity of positive trees contained in it. As for finite trees the
energy is always finite (because, for instante, of the Cauchy-Schwarz inequality),
we see that the Energy of a set of tiles is always finite, but may depend on the finite
set of tiles. However, this will not impose us a big restriction while proving the
Key Estimate. Finally, we see directly from the definitions that Energy and Mass
are both monotonic notions: if P C P’, then E(P) < E(P’) and M (P) < M(P’).

We now state the first two Lemmas we will use to prove the Theorem:

Lemma 3 (Mass Lemma). There is an absolute constant C' > 0 such that, for
every finite set of tiles P, we may decompose it as P = Plgnt U Pheqoy, where

M (Pyigni) < zM(P),

N =

and, besides M (Pheavy) > %M(P), we can write Pheavy = UperT, where T are
all trees, and

C
> x| < P

TeT

What this Lemma is basically telling us is that every finite set of tiles has a
subset that condenses most of its mass, and this set is well-behaved, in the sense
that, if the mass of P is too big, then the elements of the set that concentrates
mass Ppeqvy must be contained in ‘narrow’ trees. This may seem way too specific
to care about, but we will see in a moment that it is what, in fact, will make it
possible to estimate well the Key Expression in ([3]). In the same spirit, we have the
following

Lemma 4 (Energy Lemma). There is an absolute constant C > 0 such that, for
every finite set of tiles P, we may decompose it as P = Py U Phrign, where

E(Plow) S E(P)a

1
2
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and, besides E(Pprign) > %E(P), we can write Phign, = UpepT, where T are all
trees, and

C
Z 7| < PR

TeT

We can already perform a decomposition of an arbitrary finite set of tiles P with
these two Lemmas. We wish to decompose P = U2 ___P,,, where ng € Z, and P,
has certain properties that make it possible for us to prove the Key Estimate. We

then run the following algorithm:

(i) Pick the least n € Z such that both M(P) < 22" and E(P) < 2".

(ii) Select the inequality between the two above that is the ‘borderline’ one:
that is, if 27~ < E(P) < 2, select the second estimate, and if 22(*~1 <
M (P) < 227 select the first one. Clearly, from the minimality of n, one of
the two above must fulfill this requirement. For illustration purposes, we
suppose it is the Energy estimate that is the borderline one.

(iii) Use the Energy (resp., Mass when we select the first estimate) Lemma, to
decompose P = Pjoy U Ppign.

(iv) Add Ppign to Py, and set Py, := P on step (i).

(v) Repeat this process until we run out of tiles.

As our sets are all finite, our process does end. Moreover, we note that, from
the way we have selected the sets that form P,, these sets can be written as
P, = Uret,T, where T, is a set of trees, and they satisfy

> | < o2,

TET,
This can be seen from the fact that all our inequalities selected are borderline ones,
and that, from the selection and the Energy and Mass Lemmas, the sets P’ se-
lected in the process forming P,, satisfy either E(P’) > 12" or M(P') > 122"
This, together with the tree structure of those sets, enables us to conclude the de-

sired estimate.

To summarize, we have just proved the following
Proposition 5. Every finite set of tiles P can be written as | J,> ___ Py, where the
sets P, satisfy

(a) BE(P,) <2", M(P,) <2,
(b) Either E(Py) > 2™ or M(P,) > §2°".
(c) The set Pp = Upcq, T of trees T such that

> Il < c27n
TeT,

As we promised, we now state — to only prove it later — the Fundamental Estimate
that allows us to reduce the subject to trees.

Lemma 5 (Fundamental Estimate). There is an absolute constant C > 0 such
that, for every tree T, the following inequality holds:
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D 1 86) (B XEAN 1 (w24))| < CE(T)M(T)|Ir|.

seT

Its proof is going to be exposed later, in the last section of this paper, because
of its technical character. Nevertheless, this already permits us to prove the Key
Estimate. First, decompose the set P according to the Proposition Then we
start to estimate: if we write

Z |<f7 ¢s><¢saXEﬁN*1(ws+)>| < Z <Z |<f7 ¢s><¢quEﬂN1(ws+)>|>

seP n=—oo \seP,
no
<c >y (Z E(T |IT|>
n=—oo \TeT,
<C Z 2" min(1, 2%") ( Z |IT|>
n=-—o00 TET,

no
<C' Y 2"min(1,227)27%"
n=—oo
<C'> min(2",27") < 3C,
nez
where (i) in the second inequality, we have used the decomposition of P,, and the
Fundamental Estimate; (ii) in the third inequality, we have used the monotonicity
of Energy and Mass and (iii) in the fourth inequality, we have used Proposition [l

So, for the rest of the paper, we are going to prove the Lemmas that we have used
in the proof of the Key Estimate.

4. PROOF OF THE MASS LEMMA

We are going to decompose our finite set of tiles P into two sets. First, let Ppequy
be ezactly the set of tiles {s; M ({s}) > $M (P)}, and define the set Piigns to be the
set of all tiles in P that do not belong to Ppeqvy. From this definition, we already
see that the first part of the statement of the Mass Lemma already holds.Thus, it
suffices to prove the second one.

For this purpose, let, for every tile s € P, t(s) be some tile with s < ¢(s) and

1
/ wy(s)(z)dz > - M (P).
Ei(s) 2
Then form the collection ¢(P) = {t(s);s € P}, and define P’ to be the set of all

tiles in ¢(P) that are maximal with respect to the partial order of tiles.

Claim 1. It suffices to prove that

ZIII_—

sEP!
for some absolute constant C' > 0.
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Proof. If Ppequy is the union of a set of trees T, then, if s and s7/ are two top
tiles subordinated to the same tile s € P’, we have that I+ N I+ = (), because,
as both are subordinated to s, ws, Nws,, D ws. As both are tops, they cannot
be comparable, and thus we have the desired disjointness. From this, we’ve that,
collecting the tops of trees according to their superior tiles,

PRI A

TeT s€P’
and then the claim follows easily. O

We are going to focus on the inequality stated on Claim 1. In order to prove it,
we are going to divide the set P’ into disjoint sets, each of which has nice properties:

Claim 2. There exists ¢ > 0 such that, for every tile s € P', there exists k € N
such that

|E, N 28I, > 22 M(P)|I,].
Proof. We write

- 1

> / we(x)dz = / wg(x)dz > =M (P).
1 Y EsN2RI\2k=1], E, 2

From this, we may conclude that

= |E, N2k i 1
ZT(1+2k D) R>§M(P),
k=1 s

and, thus, there exists k € N such that

|E, N2k, g 27k
T(1+2’“ D) R>TM(P),

which, in turn, implies the desired inequality, with ¢ = 27 %1 (|

Inspired by the last claim, we decompose the set P’ into the sets P}, each of
which consists of the tiles in P’ such that the inequality in Claim 2 is fulfilled with
k being the least possible. This allows us to write P’ = UgenP}. Obviously, in
order to prove the inequality (1), it is enough to prove that

Sl <ceFm@)
sEP]

To prove this last inequality, and finally complete the proof of the Mass Lemma,
we perform a Vitali-like process of selection of tiles: Build, in P}, the enlarged
rectangles 5§ = 2F I x w,. Our proccess will, then, select successively the tile in P,
with the largest |I5| and delete all tiles such that their enlarged rectangles intersect
the enlarged rectangle of the selected tile.

This produces a refined collection of tiles P} that satisfies the condition that,
for all s € Py, it is associated to a unique tile s’ € P) with the property that
|I,| < |I|, and the enlarged rectangles § N5’ # (. For a fixed element s € P}, as
the tiles in P’ are pairwise disjoint, but the enlarged rectangles of all tiles associated
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to s are not, we conclude that, if p, ¢ are tiles, both of which are associated to s,
then I, N I, =0, and I,,, I, C 2**2],. Therefore,

DL < Y P < e M®P)T Y |Ban2bL | <027 M(P) T

sEP) s'ePy s'ePy

where the second inequality is justified by the definition of the set P}, and the
third one by the disjointness properties of the enlarged rectangles in the refined
collection. This completes the proof of the Mass Lemma.

5. PROOF OF THE ENERGY LEMMA

The basic idea to prove this lemma is essentially the same one in the Mass
Lemma: we are going to pick undesirable trees and remove them from our collec-
tion. More specifically, we adopt the following procedure: we select the positive
tree T' with the property that

(i) A(T) > 3 E(P);
(ii) ¢(wr) is minimal among the positive trees with the desired property.

After picking the positive tree T, we select the biggest tree T inside P with the
same top as 7. We then add T to T, and T to T, and repeat the strategy above
until we run out of choices of positive trees. In this case, either there will be no tile
left, in which case we set P, = ), or there are going to be some tiles left, and we
then take them as our Py,,. We see straightforwardly that the set Py, satisfies
the first assertion of the Energy Lemma. As it is expected, the set Pjgp is defined
as the union of the trees in T.

Before proving the second assertion, we need the following

Claim 3 (Strong Disjointness Property). (i) Suppose that s € T,s" € T’, where
T # T’ are positive trees in Ty. If ws C wg_, then It NIy = (.

(i) Suppose that p € Th,q € Ty are two tiles, with Ty # Ty being positive trees in
T, such that ws C wp— Nwq—.Then I, NI, = 0.

Proof. (i) c¢(wr) € wr C ws C we— = c(wr) < c(wrr), and, therefore, T has been
selected before T". If I7 NIy # (), then s’ € T, which is impossible, as this implies
that s’ would have to be selected before T".

(ii) Without loss of generality, ws C wp— C wg— = wp C wy—. This, along with
part (i), implies that I, NI, C Iy, NI, = 0, and this completes the proof of the
claim. (]

Now, we are ready to prove the Lemma. We have to prove that

(4) EP)* Y |Ir|<C,

TeT
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for some absolute constant C' > 0. Let, now, P be the set of tiles in Urer,T. A
simple calculation shows that the left hand side of () is bounded by a constant
times

> U 08,

seP

which, in turn, is bounded by

> (f 005

seP 2

because || f|l2 = 1. To prove the desired bound, it suffices to prove that

2

(5) S {f.0)0.|| < CE®P)? Y Iy

seP 9 TeT,

Because of the fact that (¢, ds) # 0 = ws— Nwy— # O, using the symmetry
involved, we may bound the required left hand side of Bl by

(6) Z |<fa¢s><¢s;¢s’><f7¢s/>|+2 Z |<fa¢s><¢s;¢s'><f7¢s/>|'

5,8’ €Pjws=w,/ s,8"€PjwsCw,yr_

In order to continue, we need an estimate concerning the inner product of func-
tions adapted to tiles:

Lemma 6. For s, s’ tiles such that |Iy| < |I;|, we have that

(s, 65| < CILIY2| Lo |72 wsxs 1.

Proof. First, we are going to prove that, if |Iy/| < |I4], then, in the same condition
as above,

le(Iy) — c<fs>|>‘R

(B9, 60| < CIL V21,742 (1 LA

We distinguish two cases: First, we are going to deal with the case when |¢(Is) —
c(Is)| < |I]- In this case, we simply use Holder’s inequality:

(s, 05| < NIl dslloc < ClLo V21712

—-R
R e

For the second one, supose, without loss of generality, that ¢(Iy) < ¢(Is), and
let ¢ be the midpoint of them. We split
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c +oo
|<¢s,¢s,>|s' / b0 (2P0 @) + / 6 () (@) da
< e el 2o (0rey + 1 Balla 1w 2= ertoo)

-R
— (I,
A (e S

||
-R
C|I |1/2|I ,|—1/2 (1 + |C_C(Is’)|)
| Zs/|
-R
R e
— S S |IS| I

Where (i) the second inequality is just Holder’s inequality; (ii) in the third one, we
use the estimate |¢, ()| < C|I,|"/?ws(x); (iii) in the fourth, we notice that c is the
midpoint between ¢(I) and ¢(Iy), and simply estimate the second summand by
the first (as R is large).

Now, to prove the desired original inequality, we notice that, if x € Iy, then,
from triangle’s inequality,

|z — c(s)| . |e(Ls) — e(Ls)|
|Is| |IS|
We get almost directly from that that there are cr,Cr > 0 such that, for all
x € Iy,

This, along with the previous estimate, allows us to conclude the proof of the
claim (]

1
<=,
-2

This estimate already allows us to successfully estimate the first summand of (@)):
Indeed, we first use a Cauchy-Schwarz inequality in the sum, estimate the terms
concerning |(¢s, s )|, use the disjointness of the intervals I, such that w, = wy
and the fact that |Jws||1 = 1 to conclude:

Z |<f7¢s><¢57¢s/><fa¢s’>|SO Z |<fa¢s>|2|<¢57¢s/>|

s,s’ef’;ws:wsz s,s’ef’;wszws/
S CZ|<f7¢s>|2 Z ”wsXIS/ 1
seP s’ef’;wszwsz
<CY (f 00
seP

<CEP)* Y |Ir],

TeT
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as the last estimate follows from the definition of P. The second part of the estimate
is subtler. We begin by estimating it, with the use of a Cauchy-Schwarz inequality,
by

1/2
> (Z|<f,¢s>|2> H(T)'* <CEP) Y |Ir|'*H(T)"/?,

TET, \seT TET,

where we define
2

H(T) ZZZ Z |<¢su¢s’>||<f7¢s’>|

seT s’ef’;wSCwS/,

This reduces the matter to showing that H(T) < CE(P)?|Ir|. In order to
achieve this, we first observe that {s} is, itself, a positive tree, and therefore it
satisfies |(f, ¢s)| < E(P)|Is|'/2. Thus, using also the almost orthogonality Lemma
above, we get that

2

H(T) < CE(P)* ) |L] > lwaxalh
seT s’ef’;wstS/,
Now the Strong Disjointness Property becomes useful. Notice that, from this prop-
erty, all the intervals Iy in the sum inside the parenthesis are mutually disjoint.
Moreover, they are all disjoint from I7. Therefore, we may bound this sum by

> lwsxa o < Cllwsxag -

8 €PswsCwyr_

As we also have that [lws|li = 1 = [Jwaxre |7 < [lwsxre ||, and this permits us to
estimate

H(T) < CEPY Y Lo 1.
seT
To bound } . [I7|||wsx1g |1, we notice that, for each k& € N, we may divide the
interval I7 into 2% intervals of length |I7|27%. For each of these, there is at most
one interval s € T such that the spatial component of s, I is a specific tile in the
k—scale of I, because, if s,s” are both tiles with Iy = I, then, as ws Nwy # 0,
s =s'. Then:

OIATREITES ph= I/ s e
s€T k=1 SET; |Js\ 2-Fk|Ip| [
i O
\1 \
k= [Ir] TlseT|Is =2—F|Ip| (1+ U

// dzdy
|T| 1 1+‘”” tlyr

< CS|IT|7
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where, in the first two inequalities, we have used the aforementioned disjointness
of space-scales, and the following result:

Lemma 7. For every interval J C R and every real number b > 0, we have that

dzdy
// ‘m U\ C(b|J|)2
(1+

Proof. We may, after translating, suppose that J = [0,|J|], and, after changing
variables, that |J| = 1/b. In this case, we reduce matters to proving that

/ / %R <C.
0,178 Jio,178e (1 + |z —yl)

But this is explicitly computable; let’s evaluate only the part flo/ob:

° dy [ d (1+1/b—z) "
/1/b (1+y—$)R_/1/bz(1+t)R_ R—1 7
and, thus, our desired integral is
/Ub dz _l-(+/pR .
o (R—1)1+¢t)E-1 (R-1)(R-2) — 7
for a suitably large R. O

From this last inequality, we prove the desired bound on H(T'), which completes
the proof of the Energy Lemma.

6. PROOF OF THE FUNDAMENTAL ESTIMATE LEMMA

Let J’ be the colection of dyadic intervals of scale $1(T"), where [(T') = inf{|I,|,s €
T}. For all J' € J', 3J' does not contain any of the intervals I5. Now let J be the
colection of mazximal dyadic intervals with this property. Clearly, J constitutes a
partition of R.

Now we write

D U b ) bssxm ) =D €slfs bs) (b, XE ),

seT seT
where €5 are complex scalars of absolute value 1. We then reduce the estimate
on the sum above to an estimate on

Zes<f ¢s ¢SXE st

seT

< Z Z ||<f7 ¢S>¢SXE3+HL1(J)

1 JET \seT;|1.|<2]J]

+ Z Z €S<f7 (ZS.S>¢5XES+

JET ||s€T;|Is|>2]J|
=: 51+ 5.

L(J)

We are going to sepparately estimate S7 and Sy next:
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6.1. Estimating S;. We begin by noting that, from the Energy definition and the
fact that ¢ € S(R),

I{f, Ps)Psx oyl (0) < CE(T)|L|"?| L2 |wixE. . FAYES

dist (I, J))‘R
s |

< CE(T)M(T)|L| <1 +

Now we break the first sum defining S; into scales:

Z H<f7 ¢s>¢sXEs+

SET;| L] <2 J]|

<CEMM(T) Y >k (1+M>_R

I
k<log, 2|J| \s€T;|I,|=2" 1%

. —-R/ . Ny
<cemmr) S 2| % (HM) RQ(Hdlst(Is’J)) n/

L1 <

k<log, 2|J| SET;|I|=2F [ 7] L]
dist(I7, J)\ /2
<C'E(T T ok (1 i s ,
<C'EMM(T) ) T

k<log, 2|J|

where the second inequality follows from the fact that dist(Ir, J)/|I7| < dist(Is, J)/| 15|,
and the third one from the fact that, as 3J does not contain any I, there are at
most two intervals I such that neither of them are contained in 3.J and dist(1s, J) €
[m2F, (m + 1)2%). This last estimate plainly implies that

. nys
1 < CEMMT) Y || (1 N M) f

JeT |17
r—c —E/2
o [ (1 Em)

< C'E(T)M(T)|Ir],

where our second inequality followed from the fact that either JNIr =0 or J C Ir,
and these imply, in turn, that, after some boresome calculations,

. —R/2 _ —R/2
(1 B DY (14 ) T e,
I7] 7|

and we used that J partitions R. This finishes this part of the proof.

6.2. Estimating S5. Notice that we might reduce the sum defining S5 to one that
contains only those intervals J such that 2|J| < |I | for some s. In this case,
|J| < |Ir| obviously, and then J C 3Ip (as all dyadic intervals in J disjoint from
3Ir may be taken — as they are maximal — with lengths > |Ir|). Then, we define
Ty ={s € Tiwst Dwrs}, and T— =T\ T}. Related to these two trees we define
the functions



CARLESON’S THEOREM 23

Fjy = Z €s<f7 ¢S>¢5XE5+'

SETL;|Is|>2|J|

Clearly, estimating S5 is the same, after a triangle inequality, as estimating these
two kinds of functions. That is what we are going to do:

6.2.1. Inequality for F;_. We notice first that, whenever two tiles s,s’ belong to
different scales, then either ws; C wy — or the reverse inclusion holds. This already
implies that ws1 Nwg = @ for those tiles, and consequently Esy N Fyy = 0.
Therefore,

[E7-1lLray S NFs-lnee(n)|G(T)]

AN

< sup osup| Y e{f,8)bs(2)xE,, | IG(T)]

k>log, 2|J| z€J

s€T_s|I;|=2F
1
< s s Y B (G
k>log, 21| 7€ | Lo (1+ \rf;gls)l)
—k dy
<CE(T) sup sup2 —5IG(J)]
k>log, 2|J| z€J uI H_\wy\)
2k

< C'E(T)|G(J)],

where we define G(J) = J N U,ery 1, |>2)7) Es+- The second inequality is justified
by the mentioned disjointness of scales, the third one by the fact that |¢s(z)| <
C|I,|"?ws(x) and that a single tile {s} is itself a positive tree, the fourth one by

estimating the terms m by the respective integrals over Is and the fifth
ok

one by a direct integration after a change of variables. To finish this term, we have
to prove the following

Lemma 8. There is C > 0 such that, for all J € J, we have
G(N)] < CM(T)|J].

Proof. Let J' be the dyadic interval with |J'| = 2|J| < |I7|. By maximality of J,
we have that 3J" D I, for some sg € T. There may be some possibilites for sg
inside the set 3.J', but what matters is that there is a tile s’ with either |Iy/| = |J'|
or |Iy| = 2|J'| — depending on the properties of Iy, — such that s < s < s,
and Iy C 3J. We then claim that G(J) C J N Ey. Indeed, wy Nw, # O for all
s € T such that |I;] > 2|J|. But then |ws| < ﬁ < ﬁ = |wg|. This implies that
ws D wy, and, after remembering that Fy, = ENN Y wsy) C ENN Y wy) = By,
we prove our claim. To finish, we just estimate
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G| < ‘ / X, da

S CN|IS/|

/ XJws (7)xE,, dx
< C'|JIM(T),

where we have used that, for z € J,

—e(IH\F
|z — c(Iy)] < 10|J| < 5Ty =1 < 67 (1 + W} :

Now we are able to finish our inequality concerning Fy_:

S Bl <CEMMET) Y |J] < 3CE(T)M(T)|Ir].

JeJ;JC3Ir JeJ;JC3Ir

6.2.2. Inequality for Fy,. This is where all the difficulty relies.

Suppose that, for x € J € J we have that F;i(z) # 0. Then, as the inter-
vals {ws,s € T4} intersect, we may pick the largest interval w, 1 of the form ws,
where s € Ty, besides © € Eyy and |I;] > 2|J|. In the same way, we pick the
smallest interval wy o of the form wyy such that these conditions hold. Then it is
straightforward to see that a term in the sum defining F;; is nonzero if and only
if |wy 2] < |ws| < |wg,1]. We write, then:

Firi(z) = Z es(f, bs)ds(z).

€Ty |wg 2| <|ws| <|wsz,1]

Now let 1) € S(R) be a function such that x_

Claim 4. For every s € T, we have that
(a) if s accounts for the sum defining Fyy above, then

¢s = (bs * (Mc(wz,l)D‘lwerlw Mc(wx 2) D|w 2|~ 1"/])
(b) if s does not account for the sum above, then
0= s * (Mc@z,l)Dﬂwx,l\—lw — MC(WI,Q)Dﬁwm,lw).

Proof. (a) We take Fourier transforms on both sides, and notice that — as Fourier
transforms take convolution products to regular products — it suffices to prove that

{b\ (6 - C(W1,1)> . ’(//1\ (5 - C(wm,Q)) -1
|wz,1| |wm,2|

on the support of 5; C %ws,. But then, for £ € supp &:, 1€ — c(we1)] < 3|wanl,
because ws; C wy,1 in this case. Thus, the first summand is 1. It remains to show
that the second is zero. But

18

|20

1 1 1
|€ — c(wg2)| > dlSt(ng,,C(wzﬁg)) > Z|ws| +dist(-ws—, wst) = |waz 2],

- Solel >
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and this implies that the second summand must be zero. This already gives us the
desired equality.

(b) We will do the case where |ws| > |wy 1], the other one being similar. In this
case, the second summand is still zero, but w, 1 C ws:

.1 1
1€ — c(wsz,1)] 2 dlst(gws,, c(wg,1)) 2 |WS| + dlSt( Ws—y Wst) = | wz,1,

20| we| 2 20
and this shows also that the first summand must be Z€ro. O

Write, then

Fro(x) = | Y eslfrba)ds | % (Mo, ) Dl 1% = Moo, ) Dl 1) (@)

seT}

To shorten notation, let

F(I) = Z €S<fa ¢S>¢s-

seTy
Then we may estimate F;; by

1 T —
sw 4 [1F0o (S < e s 3 1w (22 ay
t>\w21| 1 t>]we |- T t
< C sup —/|F |w<x_ )
t>2\]\

< Csup<|F|,w1>,

because |wy 1|7 = |Iy,| > 2|J] and B(z, ) D J if a > 2|.J|,z € J. Notice that this
last expression is constant on J. We are now ready to estimate:

Yo IFslpy <€ Y G sup(|F|,wr)

Jeg JETJC3Ir Jcl
<C' S M) [ swFlendy
JeJ;JC3Ir

< C'M(T) / sup(|F, wi)dy
3Ip JCI

<CM(T) | MF(y)dy
3Ir

(7) < C'M(T)|MF o) Ir[/? < C"M(T)|| F||a|Ir|"/?,
where M denotes the Hardy-Littlewood Maximal operator. Here we have used a

similar idea from the proof of Proposition Bl It suffices to use the following lemma
to finish:

Lemma 9. Let Ty be a positive tree, and take {\s}ser, to be a sequence of Complex
Numbers. Then
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1/2

Yoo < | DD AP

seTy 9 seT}

Proof. This lemma is close in spirit to some propositions we have already seen. We
calculate

2
Z /\SQbS =

seTy 2

|
>
»
>
E’A\
<
M
<
fl:\

IN

Z |)‘S|2|<¢sv¢s/>|

s,8' €T ws=w,/

Z Z |<¢57¢s/>| |)‘S|2

s€Ty \s'€Tws=wgy

<C YA

seTy

IN

where we have used the fact that the bottom parts are disjoint if tiles are from
different scales — as the tree is positive —, a Cauchy-Schwarz inequality and Lemma
For further details, see the proof of Proposition [3 O

Now, we use it with the definition of F'. We get immediately that

1/2

IFlla < Cy [ D0 1(f, 06) < CLE(T)|Ip['2.

seT4

Put toghether with the previous estimate (), we finish the proof of the Fundamental
Estimate.
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