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Abstract

In this project we introduce the notion of analytic capacity () as well as some of its essential
properties. Using this concept we identify the family of removable compact subsets of C, which
are those such that, for any bounded holomorphic function defined on their complementary,
they allow to extend analytically such function to the whole complex plane. From this point
on, we discuss a possible geometric characterization for removable subsets, popularly known
as the Painlevé problem. The previous task is done in terms of the Hausdorff dimension of
these subsets, obtaining a full classification for values different than 1. This remaining case,
usually referred to as the critical dimension associated to 7y, has to be dealt with apart. It
is at this point that we invoke the theory of singular integrals in order to study a particular
family of these subsets: those contained in graphs of Lipschitz functions. We end our project
by tackling this case, introduced by Arnaud Denjoy in the early 1900’s, and providing a proof
of a characterization theorem in this particular setting.
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Chapter 1

Introduction

Let us start by recalling a basic result that is typically encountered in a first course in complex
analysis. The details of the proof can be found in [I4, Proposition 3.3.4].

Theorem. Let D C C be open, a € D and f € H(D \ {a}). Then, f having a (unique)
holomorphic extension over a is equivalent to f being continuously extendable over a.

This result can be extended, by means of Morera’s theorem, to the case where, instead of
single point, the set where f is continuous but not holomorphic is a line segment.

Bearing in mind such property, assume that we want to distinguish between compact subsets
E C C depending on the kind of holomorphic functions we may define on their complemen-
tary. That is, depending on the properties of the family H(C \ E). For example, if £ = {a}
a single point it is clear that the elements of H(C \ E) are either functions which are entire
or that exhibit a pole or an essential singularity at z = a. On the other hand, if E is a line
segment, such family does not admit a clear characterization in the same terms as with the
previous example. And the reason for this relies, mainly, in the fact that we have imposed
no condition on f other than being holomorphic on C\ E. Hence, a first reasonable way to
approach the problem of classifying compact subsets of C would be to restrict the properties
of f in order to gain control over its extensions. So a question arises: what is the proper
subfamily of H(C \ E) suitable for this purpose?

The choice that will be made in this project is to restrict f to the family of bounded holo-
morphic functions on C \ E. This way, it is possible to distinguish compact subsets of C.
Indeed, one can check, using Liouville’s and Riemann mapping theorems [I3], §5.1]; that the
possible extensions for a bounded function f € H(C\ E) are different if E is a point or a line
segment. Moreover, if one proceeds this way, a new concept emerges naturally: the analytic
capacity of a compact subset. Its definition was first introduced by Ahlfors [I] (1947) and it
is the following:

Definition (Analytic capacity). The analytic capacity of E C C compact is
V(E) = sup | f'(c0)],

where f/(00) := lim;_,00 2(f(2) — f(00)) and the supremum is taken over all functions f €
H(C\ E) satisfying |f| < 1.
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Figure 1.1: Two examples of sets with Hausdorff dimension greater than 1.

Throughout the project we will see that the nature of the extensions of a bounded function
in H(C\ E) is closely related to the analytic capacity of E. In particular, we will prove that
compact subsets with null analytic capacity, known as remowvable subsets, are exactly those
such that for any f € H(C\ E) bounded, they admit an holomorphic extension of f to C.

At this point, we may also wonder if there is a way, apart from the previous (analytic) point
of view, to identify removable subsets in a pure geometric way. This perspective leads to the
study of the Hausdorff dimension of compact sets of C, that turns out to be connected to their
analytic capacity. In fact, we will be able to prove the following fundamental result:

Theorem. If E C C, then dimy(E) < 1 implies that E is removable. On the other hand, if
dimy(E) > 1 the set will not be removable.

This means, for example, that the usual real Cantor set, that has Hausdorff dimension
logs(2) =~ 0.631 is removable; but a greater variety of sets, precisely those with a well-defined
positive length (maybe infinite), are not. Examples are a line-segment, the graph of a Lip-
schitz function or even more exotic sets like the von Koch curve, with Hausdorff dimension
logs(4) =~ 1.262; or the Sierpinski triangle, with Hausdorff dimension logy(3) ~ 1.585 (see
Figure . The reader may consult the book of Mattila [I6, Chapter 4] for computational
techniques of the Hausdorff dimension of self-similar sets such as the last two mentioned.

And what about the case dimy (E) = 17 It is, precisely, in the study of this critical dimen-
sion that the theory of singular integrals becomes helpful. We will introduce the Calderdn-
Zygmund theory to prove a result — proposed by Arnaud Denjoy (1884-1974) near the first
decade of the 20th century — related to the specific case where E is a finite rectifiable curve.

The previous approach clarifies the connection between analytic capacity and singular inte-
grals; but, in fact, although the early work in analytic capacity relies on one complex variable
methods, in recent articles such as the one from Verdera [28] (2007), ~ is expressed as



v(E) = sup{\(T, D] : TeCX(R?) st. supp(T) C E and ||T %2 Yoo < 1}.
T

Let us justify, rather informally, the reason for this alternative definition. First notice that
since (—mz)~! is the fundamental solution to the J-equation (Theorem , then O(T *
2_1) ~ T, and so we can think 7" as represented by a function of the type 0f. Notice that
since T is supported on E, then f becomes holomorphic in C \ E and, in fact, bounded,
because HT*z_lﬂoo = || flloc < 00. Consider now R > 0 so that supp(df) C D(0, R) and pick
¢ € C°(R?), with 0 < ¢ < 1, satisfying ¢ = 1 for |2| < 2R and ¢ = 0 for |z| > 3R. This way,
the Cauchy-Pompeiu formula (Theorem assuming JF regular enough) yields

1

5 [, f)z=mf (o).

(Toe) = [ Bf(eredcz) = [ Bf()ac) -

E E
and since R is arbitrary, we may define (T, 1) as wf'(c0), so that it clarifies that both defi-
nitions of y(FE) are equivalent. Hence it is natural to suggest that there will be a connection
between the properties of analytic capacity and those of the singular integral given by the
convolution against a specific kernel, precisely z~!. In fact, it is by changing the nature of
this kernel that we are able to define many other capacities (such as the harmonic, Lipschitz

or C! capacities, for example. See Mattila & Paramonov [I7] for more details).

In any case, our project will focus on studying a particular capacity, the analytic capacity.
As we have mentioned initially, we will present some of its properties as well as its relation to
Hausdorff measure and the geometric characterization of removable subsets of C. For this, we
will need some basic results in measure theory in our proofs, found in the introductory chapter
of Mattila [16]. From that point on, in order to study those sets of Hausdorff dimension 1, we
will develop the necessary theory of singular integrals to give a partial proof of a conjecture
proposed by Denjoy, that was first tackled by Calderén [3] in 1977 and fully answered by
Coifman, McIntosh & Meyer [4] in 1982.

The geometric characterization of removable compact subsets of the complex plane with Haus-
dorff dimension 1 has been a challenging problem of the 20th century, and many mathemti-
cians have worked on it (Pommerenke (1960) [22]; Garnett (1970) [11]; Calderén (1977) [3];
Coifman, McIntosh & Meyer (1982) [4]; David (1984) [5]; Mattila & Paramonov (1995) [17];
Garnett & Verdera (2003) [12]; Tolsa (2003) [25], (2005) [26]). Two of the most recent and
relevant results are found in the last two papers by Xavier Tolsa, in which two fundamen-
tal tools were introduced. The first was the semiadditivity of v [25], meaning that for any
compact subsets E, F' C C there exists an absolute constant C' > 0 so that

YEUF) < C(y(E) +~(F)).

The second refers the stability of analytic capacity with respect to homeomorphic bilipschitz
transformations [26]. That is, if ¢ : C — C is a bijective map satisfying that there exists
L > 0 so that

LYz —w| <|p(z) — p(w)| < Lz —w|, Vz,weC,

then, there exists C' > 0, depending only on ¢, so that for any compact subset F

C™1y(B) <~(E) < Cy(B).



Chapter 2
Analytic capacity

We would like to begin our project by defining, straightaway, the concept of analytic capacity,
which will be one of the main pillars of our study. In order to do it, we review first some
of the basic notation needed to define it, to carry on with the statement of some of its basic
properties. To provide a proof of the latter, we will need some important results in complex
analysis such as Montel’s, Weierstrass’ or the 1/4 Koebe theorems. These will lead us to a
more geometric comprehension of the notion of analytic capacity. We will continue by giving a
particular meaning to those compact sets £ C C which have null analytic capacity. This goal
will be achieved using the Cauchy transform, a tool that will allow us, eventually, to connect
the previous notions with the theory of singular integrals using the Hausdorff measure as an
intermediary.

2.1 Some preliminaries and definition of analytic capacity

Previous to presenting the notion of analytic capacity let us clarify some aspects of notation.
Our general setting will be the complex plane C and holomorphic functions defined on open
subsets of the form C\ E, for E compact. Observe that these may have different connected
components, since F/ might not be simply connected. This gives rise to a first definition.

Definition 2.1.1 (Outer boundary). Let E C C be a compact set. Its outer boundary,
denoted by 9, F, will be the boundary of the unbounded connected component of C\ E. It is
clear that 0,F C OF.

Also, given f: C\ E — C holomorphic function, we will use the following notation

. 1
f(o0) :=lim(f o g)(w), where g(w)= —,
z—0 w
whenever the previous limit exists. This way of writing is motivated by viewing the domain
of f as an open subset of the Riemann sphere C,, and defining its value at oo via the Mobius
transformation g(w) = w™!, which is just the usual inversion.
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This way of thinking allows us also to define, for example, the values of the derivatives of f
at infinity just as

F®)(00) := (fog)®(0), soin particular  f/(c0) := lim 2(f(z) — f(o0)).

Z—00

This motivates considering the Laurent expansion of f near oo, which is the Laurent expansion
of fog near 0. Since f is holomorphic in C\ E, fog also is in a neighborhood of 0. Therefore,
the Laurent expansion at this point lacks its principal part, obtaining

(fog)(w):ao+a1w+a2w2+---

which holds for every w € D, C g(C\ E), where D, = D(0,r) is the closed disk of radius
r > 0 centered at the origin. Recall that the coefficients aj, are given by

o d
"= : /613,. (fwkglgw)dw_ 1 /_aDl/rf(z)Zk+122_ . f(2)2"de.

- 2mi - 2mi —22 " 2mi Jop,

So, formally, we can state the definition of the Laurent expansion of f near infinity as:

Definition 2.1.2 (Laurent expansion near co). Let E C C be compact and f: C\ E — C
holomorphic. Its Laurent expansion near oo will be

1
f(z):a0+a7_|_72+_,, , Wwhere ak:,/f(z)zk_ldz’
z 21 Jr

and T' is any curve (regular enough) enclosing E. Notice that

k!

) (00) = /Ff(z)zk_ldz, so in particular  f'(oc0) = ;m/Ff(z)dz (2.1.1)

21

Now we are ready to present the notion of analytic capacity, that will possibly seem, at first,
rather not intuitive. By this we mean that its definition might not be as transparent as it
could be to convey, just with a first glance, what is its purpose as a mathematical object
neither the meaning of its value. The motivation to conceive the previous concept was to try
to understand better the so called removable subsets.

Definition 2.1.3 (Removable subset). A compact subset £ C C will be called removable
(for bounded holomorphic functions) if for every open set Q containing E, any bounded
holomorphic function on © \ E has an analytic extension to (2.

And it was in 1947 that Ahlfors [I] introduced the concept of analytic capacity, a positive
quantity associated to each compact subset of C that becomes helpful when characterizing
removability.

Definition 2.1.4 (Analytic capacity). The analytic capacity of a compact subset £ C C is

V(E) := sup|f'(c0)], (2.1.2)

where the supremum is taken over all holomorphic functions f : C\ E — C with |f] < 1.
Holomorphic functions defined on C\ E satisfying this last condition will be called admissible.



2.2 BASIC PROPERTIES OF ANALYTIC CAPACITY

Example 1: one trivial example to consider is the case where F is a finite collection of points.
In this case, notice that the family of admissible functions is the family of entire bounded
functions, that is, the family of constant functions. Therefore v(E) = 0.

Example 2: consider E = D,, the closed disk of radius r centered at the origin. In this case
we deduce that its analytic capacity must be positive, since taking the admissible function
f(z) =7zt we get y(E) > r. Later on we will see that, in fact, we have an equality.

Hence, the previous results may suggest that we should understand v(FE) as “the size” of E
as a removable singularity. In Section we will formalize the connection between the value
of v(F) and its removability with respect to the bounded functions of H(C \ E).

2.2 Basic properties of analytic capacity

In this section we would like to give some of the most basic but yet fundamental properties
of analytic capacity. In order to discuss and prove these features, we will need two important
theorems that are typically encountered in an advanced course in complex analysis. These
will provide us with information about converging sequences of holomorphic functions and
the properties of their limits regarding holomorphicity.

2.2.1 The theorems of Weierstrass and Montel

Let us denote by 2 C C a domain of the complex plane and H(2) the class of holomorphic
functions on 2. The first result we will present, known as Weierstrass’ theorem, gives a suffi-
cient condition to ensure the holomorphicity of a function obtained as a limit of holomorphic
functions. To obtain it, first we need to consider a specific kind of convergence.

Definition 2.2.1 (Uniform convergence on compact subsets). We will say that a sequence
(fn)nen C H(Q) converges uniformly on compact subsets of § if there exists a function f :
) — C such that for any K C 2 compact

Jim | fn = fllpee ) = Tim sup [fu(2) = f(2)] = 0.

Theorem 2.2.1. (Weierstrass, [14, Theorem 3.1.8]). Let (fn)nen be a sequence of functions
in H(Q) that converges uniformly to f on compact subsets of Q. Then

1. f e H(Q).

2. For each k € N, the sequence of k-th derivatives (f}zk))neN converges uniformly to f*)
on compact subsets of §2.

Proof. Let us begin by proving I. Since holomorphicity is a local property, it will be enough
to fix an arbitrary zo €  and a small disk D(zg,e) C 2 and check the property there. By the
hypothesis of uniform convergence, f is continuous in D(zp,¢). Therefore, applying Morera’s
theorem in this disk and using that the uniform convergence allows us to take limits outside
of the integral, we are done.

Concerning 2, we again fix any zg € €2, a disk D(zg, ) C £ and a possibly bigger one of radius
R > e > 0 so that D(zp, R) C . The Cauchy formula applied to f, — f yields
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f(k)(z) _ f(k)(z) - 2% /aD( o de, Vz € D(zp,¢).

Then k!
FPE = 1PE < s |fa(w) = f)lp— R
weD(z0,R)

Therefore taking the supremum over all z € D(zp,e) and letting n — oo we obtain the
uniform convergence for closed disks. But since every compact subset can be covered by a
finite number of open disks, we can deduce the result for general compact subsets. ]

Turning to the second result, in some way, it will be similar to the well-known Arzela-Ascoli
theorem. That is, it will give a sufficient condition for a sequence of holomorphic functions
defined on a compact subset to have a subsequence converging uniformly on compact subsets.
As we know, the Arzela-Ascoli theorem relies on two conditions that the family of functions
must satisfy: uniform boundedness and equicontinuity. In our setting, the functions of any
family we may consider will be holomorphic, and this property will relax both of the previously
mentioned requirements. Montel’s theorem (see [24], §2.2] for a proof) formalizes this fact,
and in order to state it we will need the following definition.

Definition 2.2.2 (Normal family). Let ® C H(2) be a family of holomorphic functions.
We will say that ® is a normal family if every sequence in ® has a subsequence converging
uniformly on compact subsets of €.

Theorem 2.2.2 (Montel). Let ® C H(Q) be a family of holomorphic functions. Then the
following are equivalent

1. ® is normal.

2. ® is uniformly bounded on compact subsets. That is, for each K C § compact, there
exists Cx > 0 such that sup req sup,ef | f(2)] < Ck.

2.2.2 Properties of analytic capacity

Let us state some of the most basic properties concerning analytic capacity. Some of them
will follow right away from its definition, just as the following ones.

Proposition 2.2.3. Let £, F C C and z, A\ € C. Then the following hold

1. If ECF, then y(E) < ~(F).

2. y(z+ AE) = |[A|y(E).

3. If E is compact, then v(E) = v(0,F).
Proof. Property 1 is just a consequence of the fact that if f is admissible for F, then it is also
admissible for F'. Regarding 2, proving that ~ is invariant under translations is just a matter
of a change of variables given, precisely, by this same translation. Also, if we dilate the set

E by A, again by a change of variables and taking into account that |f/(Az)| = |\||f/(2)], the
result easily follows.
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For 3 we apply 1 to get 7(0,F) < v(F). The equality can be deduced arguing by contradic-
tion, using the fact that we can always extend, if necessary, an holomorphic function in C\ E
to C\ 0,E (by defining it to be constant with modulus less than 1, for example) as well as
that E is bounded, so the possibly modified values of the extension do not affect | f'(c0)|. O

Let us give now the first main theorem about analytic capacity that will assert that, for £ C C
compact, the supremum involved in the definition of analytic capacity is attained by some
admissible function. That is, for every compact subset £ C C, there is an extremal function
f for 4(E). In fact, under an additional condition, this function will be unique.

Theorem 2.2.4. Let E C C be compact. Then, the supremum defining v(FE) is attained.
Moreover, if v(E) > 0, the extremal function is unique and it satisfies f(oco) = 0.

Proof. We begin by proving the existence of an admissible function attaining the supremum.
Let @ be the family of admissible functions for E. By property & of Proposition [2.2.3] we can
assume that each connected component of E is simply connected, so that C\ E is connected;
and by property 2 we also assume that there exists a connected component of E that contains
the origin. Consider now the auxiliary family of functions

P = {fog : fed, g(z) 22_1}7

whose elements are holomorphic in ¢(C \ E) with modulus bounded by 1. Notice also that
g(C \ E) is a bounded subset of the complex plane that contains the origin. We pick a
sequence (fn 0 g)nen C @' so that at the origin it approximates the value sup seq [(f © g)'(0)].
Applying Montel’s theorem we deduce that the family ® is normal in g(C \ E), so we
may consider a subsequence (fy, o g)r convergent on compact subsets. This way, taking an
exhaustion by compact subsets of g(C \ F) and applying Weierstrass’ theorem we may
construct I holomorphic in C\ E with [F| < 1 so that |(F o g)'(0)] = supseq |(f © 9)'(0)],
that is [F"(0c0)| = sup ey | f'(00)], and we are done.

Before proving the uniqueness, we will see that if v(E) > 0, then any extremal function f
must satisfy f(oco) = 0. To do it, we consider the following function on C \ E

f(z) = f(oo) _ f(z) = (fog)(0)
1

— 1
h(z) = —— e , where g¢(z)=-.
B = i) 1= G0/ o) =

Since |f(z)] < 1in C\ E, we notice that h(z) has the form of an automorphism of the unit
disk, and so |h(z)| < 1 for every z € C\ E, meaning that h is admissible for E. Moreover,
h(cc) = (hog)(0) =0 and

B(00) = (hog)(0) = lim P29y ) = pi 2RI 200D J(0)

2—0 z z2—00 I f(OO)f(Z) 11— |f(OO)|2

Therefore, |h'(00)| > |f'(c0)|. But since f attains the supremum, the inequality must be an
equality and so necessarily f(oo0) = 0.

Finally, let us see now that if v(F) > 0, such function f is unique (we will follow the proof of
Fisher [10, Theorem 1]). Suppose that fi, fo are admissible functions with f{(c0) = f4(c0) =
Y(E) and f1(00) = f2(o0) = 0. Let
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ﬁ+ﬁ _fo—
f= , g=T

Notice that both f and g are admissible with f(co) = g(oo) = 0, and f'(c0) = v(E). In

addition, we have the identities fi = f — ¢ and fo = f + ¢. Therefore |f £ g| < 1, which

means, explicitly

[f £ g =P+ 91> £ 2%Re(f7) < 1.
Adding both inequalities, we deduce |f|?> + |g|*> < 1, which at the same time implies

lo? _1=UP _ (=11 .
: <

’9‘
1—|f = + — < 1.

Now, let us assume that g # 0 in the unbounded component of C\ E and reach a contradiction.
If this was the case, in particular g # 0 in a neighborhood of co and we may consider the
Laurent series of g?/2 near oo

9(2)? _ On | Ony1

3 n e

with n > 2, because g(co0) = 0 and g is raised to the second power. Assume also that n was
chosen so that a, # 0. Now we choose € > 0 small enough and define the function

Fe) = 1) + emen 1 21,

so that |e@,2"!| < 1 in a bounded neighborhood V' of E. Then, in this neighborhood

n—1 9(2)2
2

F&I < 1£(2)] + <[fEI+ ==

Eanz

So in (C\ E) NV the function ] is bounded by 1. On the other hand, since by construction
f(oc0) = 0, we also have this bound for |f| in a neighborhood of co. This implies, by the
maximum modulus principle, that the bound holds in the whole unbounded component of
C\ E, ie. [ is an admissible function. Finally, since f'(co) = f/(c0) + elan|2 > v(E), we
reach the desired contradiction. From it we deduce that g = 0, i.e. fi = fo, in the unbounded
component of C\ F, which we have assumed to be connected. Hence f; = fs. O

Definition 2.2.3 (Ahlfors function). Let £ C C be a compact set with (E) > 0. Then,
the unique admissible function f : C\ E — C attaining the supremum in ~(E) is called the
Ahlfors function of E, and it is such that f(oo) = 0.

The existence of functions defining the analytic capacity for compact subsets provides a first
tool to compute this quantity by approximating methods, as the next result shows.

Corollary 2.2.5. (Outer regularity, [27, Proposition 1.7]).  Let (E,)n>0 be a sequence of
compact sets in C satisfying En+1 C E, for each n. Then

7< N En> = lim y(Ey).

n>0
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Proof. Set E := (1,5¢ En and notice that property I of Proposition implies that the
sequence {Y(Ey)}n>0 is non-increasing. So in particular lim, ,. y(F;,) makes sense. In
addition, since E C E,, for all n, we obtain v(E) < lim,_,o 7(Ey). To see the other inequality,
we pick f, admissible for E,, with |f}(c0)| = v(En), for every n. By Montel’s theorem [2.2.2] we
get that (fy)n is a normal family on C\ E. Hence, we may choose (fy,)r a subsequence that
converges uniformly on compact subsets of C\ E to a function f, that also satisfies |f| <1 in
C\ E. In addition, by Weierstrass’ theorem f is holomorphic in this domain, meaning
that f is, in fact, admissible for E. Now, using the uniform convergence of the sequence ( fp, )k
and the relation for k=1, we get

f'(00) = lim f, (c0).
k—o0
On the other hand we know that |f;, (c0)| = v(Ey, ), and so we obtain the identity

[f/(00)] = lim y(En,) = lim y(Ey),

n—oo

Therefore we conclude y(E) > |f'(c0)| = lim, 00 7(E,) and we are done. O

We continue by giving another helpful theorem to compute the analytic capacity of compact
connected subsets of C. The result involves a conformal transformation of the unbounded
connected component of C\ E to D, the unit disk.

Theorem 2.2.6. Let E C C be a compact connected set with with at least two points. Let f be
a conformal map from the unbounded connected component of C\ E to D satisfying f(cc) = 0.

Then, y(E) = [f'(c0)|.

Observe that the assumption of E being different from a single point is to avoid the case
where this point is the origin, since in this context we would not be able to apply the Riemann
mapping theorem [I3, §5.1] to ensure the existence of the conformal map appearing in the
statement (since the inverted domain would be the whole C).

Proof. Notice that f is admissible, so y(E) > |f’(o0)] > 0. The second inequality can be
assumed, without loss of generality, by the Riemann mapping theorem. Let g be any other
admissible function that, by Theorem is such that g(co) = 0. We want to see that
|g’'(00)| < |f'(00)|. Observe that go f~! : D — D is an holomorphic map fixing the origin.
Hence, by Schwarz’s lemma [13, §3.1, p. 130] we get |[(go f71)(2)| < |2|, V2 € D. Defining
now w := f~!(z) € C\ E, we have

lg(w)| < [f(w)],  YweC\E.

In addition, using the genuine definition of derivative at co (a method that was already used,
implicitly, in the proof of Theorem [2.2.4])
J(00) = Tim =(f(2) - f(o0)) = lim 2f(z), and  ¢(00) = lim 2g(2),

Z—00 Z—00 Z—00

so we deduce straightaway that |¢'(c0)| < |f’(c0)|, that was what we wanted to prove. O

Using the previous theorem we can compute explicitly the analytic capacities of a disk and a
segment of finite length.

10



2.2 BASIC PROPERTIES OF ANALYTIC CAPACITY

Corollary 2.2.7. The following hold:
1. Let D, C C be any disk of radius r. Then y(D,) = r.
2. Let [z,w] C C be the line segment joining z,w € C. Then vy([z,w]) = £([z,w])/4, where
(([z,w]) denotes the length of [z, w].
Proof. For the first statement, if D, = D(zp,r) we pick the transformation

r

f(z) =

z—z0

that maps conformally C\ D(zp,7) to D with f(co) = 0. Hence, by the Theorem we
deduce v(D,) = | f'(c0)| = .

For the second statement we assume, without loss of generality, that the line segment is the
real interval [—L/2, L/2]. Now, we consider the transformation

o= (=+1)5

that maps conformally the unit disk to C\ [-L/2, L/2] and is such that f(0) = co. Hence

([ 55]) =t o0 = 700 = iyl = £

2Z—00 w—0

O]

To end this section let us present a bound for the values of the analytic capacity for compact
connected sets in terms of their size, more precisely in terms of their diameter. To prove this
bound we will need the following result conjectured by Koebe and proved by Bieberbach.

Theorem 2.2.8 (1/4 Koebe). Let f : D — C be an holomorphic and univalent (injective)
function with f(0) =0 and |f'(0)] = 1. Then, D(0,1/4) C f(D).

A proof of this result can be found in [23] Theorem 14.14]. We present now the theorem we
have anticipated above:

Theorem 2.2.9. Let E C C be compact and connected. Then,

diam(FE)

1 <~(F) < diam(FE).

Proof. The right inequality follows from the monotonicity of analytic capacity and the fact
that E is contained in a closed disk with radius diam(FE). To prove the left inequality let
V' C C the unbounded component of C\ E and consider the conformal map f: V — D with
f(00) = 0 (here, to obtain this conformal map, we do not take into account the case where E
is a single point, for which the result is trivial). By Theorem Y(E) = |f'(o0)|. Since E
is compact we may pick 21, z2 € F so that |z; — 23] = diam(F), and consider the function

v(E)

SN ECERY

11



2.3 THE PAINLEVE PROBLEM. AN APPROACH USING THE CAUCHY TRANSFORM

As f~!is, in particular, univalent, ¢ is also a univalent map defined on D satisfying g(0) = 0.
Moreover

_ ’ V(E)
f'(o0)

lg'(0)] = lim = lim

z—0

v(E) YE) | _ i ’ v(E) ‘
2(fHz) — =1) 2f71(2)|  wooo| flw)w

Also, by construction, 2z ¢ f~(D), and so 1) ¢ g(D). Therefore, by Theorem [2.2.8| we

-1

2o—21
conclude ) 5
1 v(E)
4 |22 — 21|
and so the inequality follows. O

Corollary 2.2.10. Let E C C be compact with v(E) = 0. Then, each connected component
of E contains exactly a single point.

Proof. Since analytic capacity is a monotone function, every connected component of F also
has null analytic capacity. Then, by Theorem their diameter is 0. But recall that for
any A C C the definition of diameter is diam(A) := sup{|z1 — 22| : 21,22 € A}, and so the
result follows. O

2.3 The Painlevé problem. An approach using the Cauchy
transform

The main aim of this section is to relate the analytic capacity of a compact subset £ C C with
the kind of bounded holomorphic function that can be defined on C\ E. More precisely, we
will prove that if F/ is any compact set with null analytic capacity, then E will be removable

(Definition [2.1.3]), and vice versa.

Theorem 2.3.1 (Ahlfors [I]). Let Q C C be open and E C C compact. Then, v(E) = 0 if
and only if every bounded analytic function on Q\ E can be extended analytically to the whole
set Q, i.e. E is removable.

The characterization of removable subsets for bounded holomorphic functions does not only
admit this way of proceeding. Another natural approach could be purely geometrical. That
is, given a compact subset of C, are we able to determine if its removable or not just with
geometric techniques? The problem of typifying removable sets by geometric terms is known
as the Painlevé problem and for us it will be the key concept that will allow us, eventually,
to connect analytic capacity and the theory of singular integrals.

2.3.1 The proof of the characterization theorem

In order to proof Theorem [2.3.1] we will introduce another pillar of our project: the Cauchy
transform. Basically, we have to understand it as an operator acting on complex measures.
Its properties are really helpful in order to express, in a more compact way, the attributes
that are essential about holomorphic functions. It makes its first appearance here, allowing us

12



2.3 THE PAINLEVE PROBLEM. AN APPROACH USING THE CAUCHY TRANSFORM

to prove a characterization theorem for removable subsets, but it will also play a crucial role
when trying to understand the meaning of having null analytic capacity in terms of another
parameter such as the Hausdorff dimension of the compact subset itself. This methodology
will be the center of our work in posterior sections.

But for now, let us start by presenting the definition of Cauchy transform:

Definition 2.3.1 (Cauchy transform). Let v be a finite measure (possibly with complex
values) on C. We define its Cauchy transform as

%V(z):/(cgizdv(g).

The integral involved in €v is well-defined in the sense that it defines a locally integrable

function in C (with respect to the planar Lebesgue measure d£?) and thus it is well-defined
L2%-a.e. Indeed, for any compact subset K C C, taking R > 0 so that K C D(0,R), we

have
et (b eto)ocos ([ o

=21 Rr(C) < 0.

Let us make precise the above statement in which we claimed that the Cauchy transform
compactifies the notation for holomorphic functions. Indeed, this operator appears naturally
in complex analysis, just observe that for any holomorphic function defined on an open simply
connected set Q@ C Cand I' C Q any closed Jordan curve (with no self-intersections and regular
enough), if z is a point that belongs to the interior of I' (and hence z € ), then

1

f(z) =%¢v(z), where v= %f( z)dzr,

that is just the usual Cauchy integral formula.

Apart from this, the Cauchy transform has some genuine and essential properties that we
summarize in the following theorem:

Theorem 2.3.2. Let v be a finite complex measure on C. Then:

1. v € Li (C) with respect to the measure dL?. So €v defines a distribution.

2. €v is holomorphic in C\ supp(v).

3. If supp(v) is compact, then €v(co) =0 and (€v)' (<) = —v(C).
Proof. The first property has already been proved, just after the definition of the Cauchy
transform, so let us focus on 2. Recall that the support of a measure is the smallest closed
set F' such that v(C\ F') = 0. So we want to prove that ¥v is holomorphic in C\ F. Let us

check the property locally for each point of this last open set. So fix zp € C\ F and € > 0 so
that D(zg,e) C C\ F. For any w € D(z9,¢/2) we have

o) = [ i) = [ oo,

13



2.3 THE PAINLEVE PROBLEM. AN APPROACH USING THE CAUCHY TRANSFORM

and since [ — w| > £/2 we get that €v is continuous in D(zg,e/2) (applying, for example,
the dominated convergence theorem and that v is a finite measure). We may apply Morera’s
theorem, so consider A any triangle in D(zg,e/2) and compute

[ #vtwrtvs = [ ( / 5_1wde>du<e>=o,

where the inner integral is 0 since the integrand is holomorphic in D(zp,e/2). Also, to apply
Fubini’s theorem we have used, again, the bound | —w| > ¢/2 and the fact the v is a finite
measure. Hence, by Morera’s theorem we get the result.

Finally, let us check the identities of 3. If F' := supp(v), pick R > 0 so that F' C Dp :=
D(0, R). Then, if we fix 0 < ¢ < R™! and any w € D(0,¢) we have

|w €

ot = | [ gt < [ oo < e

yielding the first equality taking the limit as e — 0. Turning to (¢v)'(c0), by definition we
know

(€v) (o) = lim w(€v(w)—€r(co)) = lim wév(w) = lim ! dv(§),

W—00 w—00 n—0Jp 7‘]5 -1

where 17 := w™!. By the same argument as before, defining the corresponding disk D(0, ¢) we
can justify the application of the dominated convergence theorem, take the limit inside the
integral and obtain the second equality of 3. O

For w € supp(v), the value of €'v(w) does not need to be defined v-a.e. since v may be singular
with respect to d£?. This is because the domain of integration involved in the definition of
%v(z) contains a point where the integrand is not defined. Hence, to assign a value in this
case we work with a truncated operator

Cev(z) ::/g ! dv (&)

EF:|E—z|>¢e §—=z
and define €v(z) := lim._,o 6:v(z) whenever this last expression makes sense.

The definition of the Cauchy transform can be extended to the whole family of compactly
supported distributions.

Definition 2.3.2 (Cauchy transform of a distribution). Let v be a compactly supported
(complex) distribution (by support of a distribution we mean the largest K C C so that for
every U C K open, we have v|ce () # 0). We define its Cauchy transform as

Cv(z) = <1/, Tz( - 5_1)> =vx (— 5_1)(2),

where 7, is the translation 7, f(-) = f(-— z) for f: C — C.

14
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Let us clarify the notation we have used. Let v be any distribution given by f € Li (C)

loc

compactly supported (imlpying, by definition, that v is compactly supported). Then

%V(z):/f(f)d/ﬁ(f).

cé—=2

For this particular setting it is clear that €v € L. (C), and so it also defines a distribution.

In fact, there is an analogous version of Theorem for compactly supported distributions,
obtaining the same results in a distributional sense (we will not prove it, see [27, Proposition
1.15] for more details).

A key property that explains why the Cauchy transform is so important in complex analysis
is a direct consequence of the Definition and Theorem

Theorem 2.3.3. If v is a compactly supported distribution on C, then

I(Cv) = —mv.

1
loc

(C) is analytic in a neighborhood of co and f(oo) = 0, then

€ (0f)=—nf.
Proof. The (distributional) equality 9(4v) = —mv is a direct consequence of Theorem
that gives us the fundamental solution to the d-equation. For the second equality, observe that
since f is holomorphic in a neighborhood of oo, we shall think 0f as a compactly supported
distribution on C. Hence, by the first equality we obtain

As a consequence, if f € L

3(¢@f) = -ndf & B[€@f) +nf]=0.

So €(0f) + 7w f is holomorphic on C and null at oo (by the distributional version of Theorem
2.3.2)), and so it is bounded and therefore constant, yielding the desired equality. O

Next, we will present the fundamental operator that will do the task of relating the concepts
of compact sets with null analytic capacity and hence their removability.

Definition 2.3.3 (Vitushkin’s localization operator). Let f € L{ (C) and ¢ € C°(C). We
define the Vitushkin’s localization operator (associated to ¢) as

Vof =of + %‘ﬁ(fgw)-

The principal property of V,, (that will be responsible for the reason we refer to V,, as a
localization operator) is presented in the following lemma

Lemma 2.3.4. f € L _(C) and ¢ € C(C). Then, we have the following equality between

loc
distributions

Vol =~ €(e0f)

where Of should be also understood in the distributional sense.

15
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Proof. Using the definition of V,, as well as Theorem [2.3.3]
_ _ I D o 1 _
OV, 1) = [0+ 0] + L3¢ (130) = 0 =0 - L(000)).

Since ¢f and fOp are compactly supported, Vo f also satisfies this property; and as 0O f
has compact support, —%‘5(@5 f) also has. Therefore V,,f and —%‘5(@5 f) are both analytic
in a neighborhood of co and are 0 at co. Therefore, applying € (-) and the second part of
Theorem to the above equality, we get the desired relation. O

Observe that, with the notation of the previous lemma, if we fix f to be v, where v is a
compactly supported complex measure or distribution; we have

Vo(6v) = C(pv).

We know that v is analytic in C \ supp(v), so supp(v) can be understood as the set of
singularities of €v. Hence, by the previous equality, we have that V,(¢v) is analytic in the
(larger) set C\ supp(yv). That is why we say that V., is a localization operator, because now
the singularities of V,,(¢'v) are localized in supp(v) N supp(y).

Lemma 2.3.5. Let ¢ € CX(C) be supported in D, = D(0,r), the open disk of radius r
centered at the origin. Then, for any f € Li (C), the following hold

loc

1. Vo fllo < Clif XD, lloc: for some C > 0.
2. V,,f is holomorphic in C\ (supp(df) N supp(y))

Proof. By the definition of V,, we have

1 _
IVie flloo < Ml flloo + — 1€ (f09)lloo-

It is clear that ||¢f]lco < ||XD, flleo- For the second term notice that for any z € C
1

e ©1I9e()dL5(E)

E(fBp)(2)| < /D

1
< HfXDTIIoOIIVsDHoo/ dL*(€) S [1fxp, lloos
p, 1§ — 2|
and so we have 1. Property 2 is just a consequence of Lemma and the distributional
version of Theorem [27, Proposition 1.15]. O

Now we are finally ready to prove Theorem [2.3.1]

Proof (Theorem [2.3.1). Proving that v(E) = 0 assuming that E is removable is almost trivial.
To do it, notice that the assumption implies that every function analytic and bounded in C\ E
is constant. Indeed, given f : C\ E — C holomorphic, we may consider its restriction to Q\ E.
Then, by hypothesis, we can extend it to an entire bounded function, and thus constant.
Therefore, by the definition of analytic capacity we conclude that, necessarily, v(E) = 0.
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Let us see now the reverse implication. We may assume, without loss of generality, that € is
bounded (if not, just consider a open bounded subset of {2 containing E and construct the
analytic extension using the argument that will follow). Consider a grid of squares {Q;}ier
in C with side length ¢, the same for every @;, and {y;}icr a family of smooth functions
satisfying, for each ¢

1L 0<p<l.
2. gilg; =1 and @i|c\ag, =0 -
3. Zie[ Wi = 1.
In other words, {¢;}; is a partition of unity subordinated to the family of squares {Q;}..

Let us begin by extending f by 0 to (2 \ E)¢. As Q is bounded, we have that f vanishes out
of a bounded set. Therefore, since f is analytic in a neighborhood of oo and f(o0) = 0, by
Theorem we have f = —%‘5 (0f). We also observe that once we restrict ourselves to a
square @; satisfying that 2@Q; does not intersect the support of df, by Lemma we have
Vo, f = 0. In all, we deduce

__le@ :_1<g< 9 ) = IS ea) = STV S
f=——¢0f) = gwf F; @f)%;m
where the sums taken over I are well-defined by the last observation. Let us see first that,
if 2Q; N0Q = @, then V,,, f = 0. We begin by noticing that supp(df) C E U 0, so Lemma
yields
supp (Vi,, f) = supp(9€ (00 f)) C 2Q; N (E U Q).
Therefore, if 2Q; N 0N = &, then V,,, f is analytic out of 2Q; N E. As V,,, f vanishes at oo and

the extension of f by 0 to the whole C is bounded, we can apply the first point of Lemma
to deduce ||V, f|loo < 00. Therefore V,,, f is admissible for 2Q; N E. On the other hand

12QiNE)<~(E)=0 = ~2Q;NE)=0

Let us see that the previous condition implies that the function Vi, f needs to be constant.
Assume not and let us reach a contradiction. Under the previous hypothesis, there exists
zp € C\ (2Q; N E) so that Vi, f(z0) # Vi, f(c0) = 0. Now, we may define the function
Vo, f(z2) =V, f(z
g(Z) — ‘sz( ) ‘sz( 0)’ fOI' Py ;é 20
Z— 20

and g(z0) :== (V, f) (20). It is clear that g is admissible for C\ (2Q; N E), g(o0) = 0 and
g/(00) = lim 2(g(2) — g(o0)) = Vi, f(00) — Vi f(20) # 0
which contradicts y(E) = 0. Hence, necessarily, V,,, f = 0 if 2Q; N 02 = &. So we conclude

f= 3 Vaf

1€l
2Q:NON£0
Considering the open neighborhood of 9 Uy (0R) := {z € C : d(z,09) < 4¢}, we have
that in Q \ Uy (09) the function f is a finite sum of holomorphic functions (recall that V,,, f
is analytic out of 2Q); N E) and hence is holomorphic. But ¢ can be chosen to be arbitrarily
small, so we conclude that f is analytic in the whole 2 and we are done, since we have found
the desired extension. O
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2.4 Connection between analytic capacity and Hausdorff mea-
sure

In this new section we return to a problem we have already presented: the characterization
of removable subsets in terms of purely geometric properties. To do this, we will introduce
the concept of Hausdorff measure, that we may understand, intuitively, as a continuous gen-
eralization of the usual Lebesgue measure.

2.4.1 Definition of Hausdorff measure. The Hausdorff dimension.

The concept of Hausdorff measure is a particular case of a more general family of measures
introduced by Carathéodory (1914) [2]. First, we will present this general construction and
some of its fundamental properties, to follow with a more complete study of the Hausdorff
case.

Definition 2.4.1 (Carathéodory’s d-measure). Let X be a metric space, F C P(X) a col-
lection of subsets of X and ¢ a non-negative function on F. Assume that

1. For every 6 > 0 there exist Ey, Fo,--- € F such that

X =|JE; with diam(E) <.
=1

2. For every ¢ > 0 there exists E € F so that ((E) < ¢ and diam(F) < 4.

Then for 0 < § < oo we define the Carathéodory’s 6-measure 15 : X — [0, 00] to be

'lbg(A) = inf { ZC(EO :AC U E;, diam(EZ-) <46, F; € ]'—}
=1

i=1

Observe that the first hypothesis of the definition was just added to ensure that the coverings
appearing in the definition of 5 exist for each §. On the other hand, one of the reasons to
add the second condition is to have ¥5(2) = 0 for every J. Indeed, this property allows us to
construct a sequence (Ey),>0 C F with ((E,) — 0 and diam(E,) — 0 as n — oo.

Proposition 2.4.1. The Carathéodory’s §-measure is monotonic and subadditive.

Proof. Let A, B € F with A C B. Let us also fix 0 < § < co. Assume (E,),>0 C F is such
that B C ;2 E, and diam(E,) < §. Then A C |J77, E,, implying

n—

{(En)n CcCF:BcC GE}-, diam(FE;) < (5} C {(En)n CF:AC GEi’ diam(FE;) < 5},

i=1 i=1
and so ¥5(A) < 15(B), since the infimum of ¥5(A) is computed taking into account a larger

family of sets.

Let us see now that is subadditive. We will treat explicitly the case 1s(AUB) < 95(A)+1s(B)
for any A,B € F. Fix ¢ > 0 and pick (Ep a)n>0 C F and (Ep, p)n>0 C F such that
Ac U, Eyaand B C Uy By B, with diam(E, 4) < ¢, diam(E,, g) < ¢ and also satisfying
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2.4 CONNECTION BETWEEN ANALYTIC CAPACITY AND HAUSDORFF MEASURE

> C(Bna) =Us(A) +e, > C(Enp) =¥5(B) +e.
n=0 n=0

Now define the alternating sequence (En)nzo with By, = E, 4 and E2n+1 = E, p. This way
we obtain

5(AUB) Zc = C(Ena) + > ((Enp) = $5(A) + 1s(B) + 2,
n=0 n=0

and by the arbitrariness of € we are done. By induction we get the result for finite unions and
by a limiting argument we obtain the general result. O

Another natural property that follows from the definition of the Carathéodory’s d-measure is
that
if 0< 51 < 62 < 0, Qpﬁg (A) < ¢(51 (A)a

since the infimum in the definition of 15, includes a larger family of sets. This property
justifies the following definition:

Definition 2.4.2 (Carathéodory’s measure). The Carathéodory’s measure, denoted by 1) =
W(F, (), associated to the family of sets F with function ( is

P(A) =limips(A) =supps(A4), for ACX
640 5>0

Theorem 2.4.2. Let X be a metric space, F C P(X) a collection of subsets of X and ¢ a
non-negative function on F. The following properties hold:

1. Y = (F,() is a Borel measure.
2. If F C B(X), the family of Borel sets, then 1 is Borel regular.

Proof. Proving that v is indeed an (outer) measure is just a matter of checking the defining
properties, which follow straightforward from the definition of . To see that is a Borel
measure we will apply Carathéodory’s theorem [16, Theorem 1.7], that states that v is a
Borel measure if and only if

(AUB) = u(A) + u(B), VA,BC X with d(4,B) > 0.

So let A, B C X with d(A, B) > 0. We will be done if we prove ¥(AU B) = ¢¥(A) + ¢(B).
Choose 0 < § < d(A, B)/2 so that if By, Ea,--- € F cover AU B and are such that d(E,) < 6,
then no FE,, intersects both A and B. Therefore

YCE)= Y CE)+ Y ((Ea) > vs(A) +s(B),
n=1 ANE,#2 BNE,#2

and so taking the infimum over this family of coverings we get 1s(A U B) > 1s5(A) + v5(B).
But as the other inequality follows from subadditivity, we have ¥s(A U B) = v
and letting § | 0 we obtain the desired result.
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Let us prove now 2, that is, we have to prove that for any A C X there is B € #(X) so that
Y(A) = ¢(B). To do it, for each n = 1,2,... we consider a sequence Ey1,Ep2,--- € F C
PB(X) satisfying

Ac | Eum,  diam(E, ) <

m=1

and Y () < (4) 4 L
m=1

1
n

1
n

This sequence exists due to the hypothesis of Definition Then,

oo oo
B:=() U Eum

n=1m=1
is a Borel set, since it belongs to the o-algebra of measurable sets, and satisfies, by construc-
tion, A C B. Moreover, for every n we have B C Uzzl Epm,so¢(B) < 1/);(14)—}—%. Therefore
¥(B) < 9(A), and by the monotonicity of 1) we obtain the equality ¥(A) = (B). O

Given this construction by Carathéodory, we obtain the definition of the Hausdorff measure
for a particular choice of F and ¢ (under the additional assumption that X is separable).

Definition 2.4.3 (Hausdorff measure). Let X be a separable metric space and let s € [0, 00).
Choose
F :=P(X), ((F):=diam(FE)*,

with the conventions 0 := 1 and diam(@) := 0. The corresponding measure 1) for this case is
called the s-dimensional Hausdorff measure and is denoted by H®. Notice that by Theorem
H? is a Borel regular measure. More explicitly

H(A) = lim H3(A) = sup H5(A),
440 §>0

where

H3(A) = inf { > diam(E,)* : AC | ] B, diam(E,) < 5}.
n=1

n=1

Let us try to give a better intuition about the role of this measure in each dimension. We
will briefly comment some particular cases and state the most relevant results. If the reader
seeks a more detailed discussion about the topic we suggest to consult the books of Evans &
Gariepy [8, Chapter 2] or Mattila [16, Chapter 4].

1. For the case s = 0 it is not difficult to prove that the Hausdorff measure H° coincides
with the counting measure, i.e.

H°(A) = card(A) = number of points in A.

2. For s = 1, the value of H! also has a concrete meaning as a generalized length measure.
Let us recall first the following definition:

Definition 2.4.4 (Rectifiable curve). Let I : [0,1] — R™ be a curve. We will say that
I" is rectifiable if it is a continuous curve that admits a Lipschitz parametrization.
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We know that a Lipschitz function is differentiable at almost every point with bounded
derivative [8, Theorem 3.2], implying, in particular, that rectifiable curves have finite
(Lebesgue) length. Then, if one wants to consider a line integral along a certain curve
(such as in Definition the choice of requiring, at least, the curve to be rectifiable
is a reasonable hypothesis to ask for, much less restrictive than demanding, for example,
continuous differentiability. For a rectifiable curve I' in R™ it can be shown that H(T")
equals the length of I'. For unrectifiable curves one gets H!(I') = co.

. In the setting X = R", if 1 < s < n and s € Z; it also can be proved that the restriction

of H* to any s-dimensional C'-submanifold is proportional to the Lebesgue measure of
R™ restricted to the same submanifold. In fact, one has that there exists a constant
C = C(s,n) so that following inequality holds for any x € R™ and r > 0

H(B(z, 7)) = c(s,n)re. (2.4.1)

This condition on a measure is usually referred as having s-dimensional growth.

. Again in R", for the case s = n, the following fundamental equality between measures

can be proved
1\" n
HP = (27r_§> r<2 + 1> cr, (2.4.2)
where here I denotes the usual gamma function. Hence, in particular, we obtain

H"(B(z,r)) = (2r)", VzxeR" re(0,00).

5. Finally, for any s > n in R", we have H*(R") = 0.

Continuing our discussion about the general properties of the Hausdorff measure, in practice
one often is only interested in determining which sets have null H*-measure. Observe that in
this context, since for 41 < o2 we have Hy < Hj , it is enough to study the approximating
measures H3. In fact, the following result shows that we do not need any measure at all.

Proposition 2.4.3. Let X be a separable metric space, s € [0,00) and § € (0,00]. Then, for
any A C X the following conditions are equivalent

1. HH(A) =0

2. H3(A) =0.
8. For each € > 0 there exist B, Ey,--- C X such that

AcC [j E,, and idiam(En)s <e.
n=1 n=1

Proof. The implication 1=-2 is trivial. To prove 2=3 begin by fixing £ > 0 and by observing
that if H3(A) = 0, then for every n > 0 there exists {FE, ,}n so that A C ;2 Ey,, and
>oo2 jdiam(E,)® < 1. Hence choosing n := ¢ we are done. Finally, let us check 8=1. Fix
€ := 0° so that

AC Ej E,, and idiam(En)s < 6°.

n=1 n=1
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Then, diam(£,) < ¢ for each n. Hence Hj < §°, and so taking the limit as 6 | 0 we obtain
the result for 0 < s < 0co. For the remaining case s = 0 notice that if 8 holds, picking ¢ < 1
we obtain that A = &, meaning H°(A) = card(@) = 0, that is what we wanted to prove. [J

Observe that the previous theorem holds, in particular, for the case § = oo, meaning that
there is no restriction with respect to the diameters of the chosen coverings. This special case
receives a name of its own.

Definition 2.4.5 (Hausdorff content). Let X be a separable metric space and s € [0, c0).
We define the s-dimensional Hausdorff content of A C X, H5, as

HE (A) = inf { > diam(E,)" : Ac | En}
n=1 n=1

By the previous result we have that H: (A) =0 < H(A) =0.

We will finish this introduction to H by presenting one of its most essential and elementary
properties, which will motivate the definition of the Hausdorff dimension.

Theorem 2.4.4. Let X be a separable metric space, 0 < s <t < oo and A C X. Then
1. H5(A) < oo implies H'(A) = 0.
2. HY(A) > 0 implies H*(A) = oco.
Proof. Notice that 2 is just a restatement of I, so as soon as we prove the first property

we will be done. By the infimum involved in the definition of H§ we are able to consider
A c Uy, E, with diam(E,) <6 and Y, diam(E,)* < H3(A) + 1. Therefore

Hj(A) < diam(E,)"* ) " diam(E,)* < §* ) " diam(E,)* < 6" *(H3(A) + 1),
n=1 n=1
and taking the limit as § | 0 and using the hypothesis H*(A) < co we obtain the result. [

Notice that Theorem [2.4.4] implies that when calculating the Hausdorff measure of a certain
set, there exists a borderline value of s (what we will understand as dimension) for which if
we consider smaller values than that, the Hausdorff measure is oo, and for bigger values the
Hausdorff measure is 0. So according to this observation we may define:

Definition 2.4.6 (Hausdorff dimension). Let X be a separable metric space and A C X.
The Hausdorff dimension of A is
dimy (A) = sup{s : H*(A) > 0} =sup{s : H*(A) = o0}
=inf{t : H'(A) < oo} =inf{t : H'(A) = 0}.
In other words, dimy(A) is the unique value (that might be oo) for which s < dimy(A)
implies H*(A) = oo; or, equivalently, ¢ > dimy (A) implies H!(A) = 0.

For the case s = dimy (A) we do not have any general information about the value of H*(A).
It may happen to be 0, co or finite. However, what we know is that if for a given A we can
find some s so that 0 < H*(A) < oo, then s must be the Hausdorff dimension of A.
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2.4.2 Estimating analytic capacity using the Hausdorff measure

We are ready to give some of the most important theorems of our project. These will connect
the concepts of the analytic capacity of a compact subset of C with its Hausdorff measure,
giving a first geometric understanding of 7. More specifically, the first (old) result, due to
Painlevé, yields an estimate for y(E), where E C C is compact, in terms of the one-dimensional
Hausdorff content of F.

Theorem 2.4.5 (Painlevé, 1888 [21]). For every compact set E C C, the following estimate
holds

1(E) < HL(E).
Therefore, if H'(E) = 0, then E is removable.

Proof. Let us begin by fixing ¢ > 0 and cover E with a family of sets {A,,}, so that

Zdlam ) < HL(E) +e.

Without loss of generality, we can assume that {A,}, is a finite family of balls {B,}\_,
with respective radii 7,. Indeed, take if necessary r, slightly bigger than diam(A,) so that
E C U, Bnand Y, r, < HL(E)+ 2¢, and use that F is compact to obtain a finite open
subcover.

Consider now the curve I' = 8O(U£LV:1 Bn> and apply relation (2.1.1) so that, if f is the
Ahlfors function of E (that recall that satisfies |f| < 1 in C\ E), we obtain

<7 <7 < H!
27rz/f )dz Z/F@ 2)||dz| ZQwrn Hoo(E) + 2,

and letting € — 0 we obtain the result. O

(o0

We also have the following estimate for the particular case in which E C C is a compact set
contained in R.

Theorem 2.4.6. Let E C C be a compact set contained in R. Then

1 1
~HY(B) <~y(E) < —HY(E).
4 s

Proof. Since we can express any compact set of R as the limit of a sequence ﬂ 1 K, where
K is a finite collection of disjoint intervals; by Corollary [2.2.5( (outer regularity), it is sufﬁcient
to prove the result for E a finite collection of disjoint intervals.

So let us assume that F is of this form and consider € > 0 and a rectifiable curve I' surrounding
E (that we may think as the sides of a rectangle) with H!(I') = 2H!(E) + 2¢ (recall that, for
this type of curves, H!(T') coincides with the length of the curve). By an analogous argument
to the one used in the proof of Theorem [2.4.5] for any f admissible function for E we get

(o0 2m/f ()| <~ (H!(B) +<),

and so we deduce the first estimate v(E) < 2H(E).
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To prove the remaining inequality we define the function f := %‘5(7—[” ). Notice that if
w=uz+1iy ¢ E, then

Imf(w) = % /E Im——an (1) = % /E Y.

t—w

Hence, if y = 0 we have Jmf(w) = 0, and if not

1 Y] 1 4
J <3 dH (t) = .
So, in general, we deduce that f maps C\ E to the strip [Jm(z)| < §. We now consider the

conformal map
(2) e’ —1
Z2)= ——
2 e

that maps the strip [Jm(z)| < § to the unit disk. This way g := o f is an admissible function
for E and, as f(o0) =0 and ¢(0) = ¢(0) = 0, we have

A(E) 2 19/(00) = tim ()] = tim 7 )| 2D <o)t
and using that f'(co) = —2H!(E) and ¢'(0) = § we get the desired estimate. O

In fact, there is a much stronger result concerning the analytic capacity of compact subsets of
the real line due to Pommerenke [22 Theorem 3], that we will not prove, that asserts

HY(E). (2.4.3)

Now we turn our attention to sets of Hausdorff dimension bigger than one. The result we will
prove is the following essential estimate:

Theorem 2.4.7. Let s > 1. Then, for every compact subset EE C C there exists ¢ > 0 such
that the following estimate holds

w =

)Hgo(E) .

The proof of the previous theorem relies on the following lemma:

Lemma 2.4.8. (Frostman, [I6, Theorem 8.8]). Let 0 < s < d and E C R? compact. Then
H5 (E) > 0 if and only if exists a non-trivial Borel measure v supported on E so that

v(B)<r(B)® and v(E)>cHi(E),
for any ball B, where r(B) is the radius of B; and for some constant ¢ > 0.

Proof. Let us assume first that such measure v exists and let us check that H5 (E) > 0.
Consider any covering E C J,, A, (that, by compactness, can be assumed to be finite) and
take, for each n, a point x,, € A,,. Since the union of the balls B(z;,diam(A;)) is a covering
of E, we obtain
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2.4 CONNECTION BETWEEN ANALYTIC CAPACITY AND HAUSDORFF MEASURE

D diam(A4,)* =Y " r(B(zn, diam(4,)))" 2> v(B(aa, diam(A,))) > v(E).

n

So taking the infimum over all coverings we deduce HZ (E) 2 v(E) > 0, since v is non-trivial
and supported on E, and we are done with this implication.

Let us check now the converse. Assume that E is contained in some dyadic cube (by translating
it, if necessary). Also, recall that the definition of H3_(FE) was

HS_(E) = inf { > diam(Ey)* : EC | J En}
n=1 n=1

Therefore, if 1, @2, . . . is any family of cubes that cover E, we get that there exists a constant
c > 0 so that
> diam(Qy)* > cHI(E). (2.4.4)
i

For every m € Z., we consider the family of dyadic cubes Q,, with side length 2. We
define a measure ™ (depending on E) on R? by requiring that for all Q € Q,,,

1
m — 27777/5

fim|Q Q)

tmlo =0, if ENQ=0a.

LYo, if ENQ# 2,

This indeed defines a measure in R%, since Q,,, covers the whole space implying that we can
decompose any L%measurable subset as a disjoint union of subsets of Q,, and use the o-
additivity of the Lebesgue measure.

Now we modify " by defining another measure p/_; requiring that for every Q € Q,,—1
(the dyadic parents of the cubes in Q,,) we have

—(m—1)s 1 m : m —(m—1)s
pm_ylg =270 Mm(@#mlcz, if  pm(Q) > 2 mls

i ilo = mlo if (@) < 27(mbs,

Notice that the pv_,-measure of a dyadic cube belonging to Q,,—; does not increase with
respect to its p;-measure. We continue this recursive definition, setting p/" ., to be, for
each Q € Qp—g-—1,

. A 1
Mﬁkﬂ@zmm{ly? (m—k 1)5M}M%MQ-

m—k

We stop this process as soon as E C @ for some Q € Q,,_, and put u™ := P —ky - Observe
that by construction we have the following estimate

pM(Q) <27 for Q€ Quug, k=0,1,2,... (2.4.5)

In addition, observe that any set in R? not intersecting F has p™-measure 0. That is because
the p"-measure of such set would be 0 and the recursive definition implies, eventually, that
it has also p"-measure 0.
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Moreover, observe that for every x € E we will always be able to find k € {0,1,...,ko} and
Q € Q,—k so that x € @ and if £(Q) denotes the side length of @,

pmQ) =27 MR — (((Q))* =d 5 - (Vd-£(Q))° = d~2 - diam(Q)°. (2.4.6)

Let us clarify this. Assume we fix m and = € E. Let us pick the unique Q € Q,,_, so that
zeQ Iy 4 1(Q) > 9~ (m—ko)s we are done, choosing k := ko. If not, that means that
o1 (@) < 2~ (m=ko)s and therefore, by definition, 1 (Q) = o ko+1(@). This process
might continue, in the worst scenario, until we reach that ™ (Q) = p(Q), but even for this
case we would have 1" (Q) = 27", so by choosing k := 0 we would be done.

Picking for each = the largest @ satisfying the property (2.4.6), we obtain disjoint cubes
Q1,...,Qn that cover E. Now, using that if any A C R? is such that AN F = @, then
p™(A) =0, we have

N N
prRY) = p™(E) = p™Qi) =d 2 ) diam(Q;)* > d72cHE(E).
i=1 i=1

where we have applied relation (2.4.4]). Let, for each m € Z
1

m . m

=
It is clear that v™(F) = v™(R%) = 1 and also that for every k = 0,1,2,... and Q € Q,,_1

I/m(Q) < 1 27(mfk)s

T d2cHs (E)
because of relation (2.4.5). Therefore, we have obtained a sequence (¥™),, of measures in R%
that satisfy sup,,cz, v™(K) < oo for every compact set K C R?. Hence, there is a weakly

convergent subsequence v — v as k — oo [16, Theorem 1.23], v being a Borel measure and
v(E) =v(R?Y) =1.

Now, for any x € R” and 0 < r < oo we can find p € Z, so that B(x,r) is contained in the
interior U of a union U?il Q; of 2¢ cubes Q; € Q, with
diam(Q) = 27Pdz < 4rd>.
That is, p has been chosen so that the interior of 2¢ cubes of Q, cover B(z,r) and do not
have side length bigger than twice its diameter. Hence for m > p,
1 4 1

VU) <202 <2
d 2cHS (E) d 2cHs (E)

1
(4r)° = P
d 2cHE (E)

Now, using [16, Theorem 1.24] we conclude

1
v(B(z,7)) < v(U) < liminf ™ (U) < 24% —— s,
k=00 d 2cHS (E)

and so v(B(z,7)) S r®. Also, as v(E) = 1, choosing ¢ small enough so that ¢H: (E) < 1, we
are done, since we obtain the second estimate v(E) > ¢HS (E). O
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Proof (Theorem [2.4.7). Use Frostman’s lemma to pick v a Borel measure supported on
E with v(E) > cHi (F) and v(B(z,r)) S r for each z € C and r > 0. Consider the function
[ := €v and observe that f(co) =0 and |f'(c0)| = v(E), by Theorem Moreover

:/O‘”V({w : |w—z|<t‘l})dt:/OOOV(B(z,t_I))dt,S/Ooomin(y(E),t_s)dt.

And computing this last integral we obtain

/V(E)
0

Therefore, ||flloo S =2 I/(E)li%. Now, normalizing f to be f/| f|loo in order for f to be

s—1
admissible, we finally conclude

R e o B e N

Tl TN s s

0=

& 1
v(E)dt + / tdt = u(E) s +
v(E)"s s—1

0=
=

@

2.5 The critical dimension and Denjoy’s conjecture

The two main results of the previous section that allow us to estimate the analytic capacity
of a compact subset via its Hausdorff measure/dimension are Theorems and The
first yields

*x Y(E) < Hoo(E) < HYE). So in particular if dimy(E) < 1, then y(E) = 0,
and the second, by Proposition [2.4.3] implies
* If dimy (E) > 1, then v(E) > 0.

So by the above statements we deduce that dimension 1 is the critical dimension for the
analytic capacity. A natural question arises: if a compact set E has positive analytic capacity,
does it mean that its one-dimensional Hausdorff measure, H!(E), is non-zero (maybe infinite)?
That is, do the reciprocal implications hold?

Finding the answer to the previous question is not an easy task, and it was first achieved by
Vitushkin in the 1960’s, when he constructed a compact set with positive one-dimensional
Hausdorff measure and null analytic capacity, concluding that the answer to the problem was
negative. A paradigmatic example of such set is the so called four-corner Cantor set. This set
is constructed in similar way as the usual Cantor set of R. We show the first four iterates of
its construction in Figure (let us remark that the set of points we are considering in each
iterate is formed by the union of the boundaries of the different squares of each generation).
If E denotes the previous singular set, in Tolsa [27] we can find a rather simple proof of the
fact that 0 < H'(E) < /2, implying that dimy(E) = 1. On the other hand, the proof of
~v(E) = 0 turns out to be more intricate, and it was found by Garnett [11].
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O
0o g 0o g
0o g 0o g
0O 0O O 0O o5 oo
Ey Eq Ey E3

Figure 2.1: First four iterates involved in the definition of the four-corner Cantor set.

A full characterization of removable subsets of positive one-dimensional Hausdorff measure
is not a trivial task. So from this point on, we will restrict ourselves to a more particular
setting, focusing our attention on the following question:

given E C C compact, connected and with H1(E) < oo; if y(E) = 0, what does this
imply about the geometric structure of E¢

Eventually, the type of compact sets E we will study will be those of Hausdorff dimension 1
with finite measure, so we can understand them as usual sets of Lebesgue dimension 1, with
null area and finite length measure. Using [9, Exercise 3.5] we deduce that E being compact,
connected and with finite H!-measure is equivalent to being the image of a rectifiable curve.
So our case of study can be rephrased, in a slightly more general way, as follows:

given I' C C rectifiable curve and E C T compact, what are the implications of y(E) = 0
on the geometric structure of E?

The previous problem was first outlined by Arnaud Denjoy (1874-1974), and he proposed the
following conjecture:

Conjecture 2.5.1 (Denjoy). If a rectifiable curve contains a compact set with positive length,
then this compact set has positive analytic capacity (and thus it is not removable).

Denjoy first thought of it as an extension of Pommerenke’s result in R. This conjecture
was first partially answered (positively) by Calderén [3] by means of the L2-boundedness of
the Cauchy transform. In his response he covered the case where the slope of I' was small
enough, connecting the subjects of analytic capacity and the theory of singular integrals.

For us this will be the objective from this point on. That is, we will develop the necessary the-
ory concerning singular integrals in order to understand Calderén’s partial proof of Denjoy’s
conjecture.
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Chapter 3

Maximal operators and the Hilbert
transform

Our main goal in the forthcoming sections is to present, eventually, the definition of a
Calderon-Zygmund operator. We will see that the Cauchy transform is particular case of
this type of operator and its properties will be the key to tackle Denjoy’s conjecture in a
similar way as Calderén did, covering a partial proof of it. More particularly, we will prove
that if the slope of the graph of the curve I' is small enough, Denjoy’s conjecture holds.

But in order to achieve the previous goal as rigorously as possible, we need to do some ground-
work. Indeed, to be able to cover the definitions and the proofs of some of the most important
results, we will need to present a series of concepts which are necessary to give a coherent
and significant meaning to the theory of singular integrals. In fact, in this chapter we will
introduce some theorems that will be essential in order to establish, eventually, the bounded-
ness of singular integral operators. More precisely, the main results will be the Marcinkiewicz
interpolation theorem (Theorem and a result concerning maximal operators (Theorem
. Both will ease the task of checking the boundedness property of operators by checking
it for just some specific cases so that, if they are proved to hold, then the boundedness will
also follow for the rest.

3.1 The Marcinkiewicz interpolation theorem and maximal
operators

We begin our discussion by introducing a weaker condition than usual boundedness for op-
erators. We will find this necessary when studying maximal operators defined in LP(R™).
Indeed, during this process we will see that for the case p = 1 such operators satisfy a weaker
condition rather than being bounded in an ordinary way. So let us first introduce this less
restrictive notion in a general setting for measurable spaces (although we will mainly work
with R™ endowed with the Lebesgue measure).
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Definition 3.1.1 (Weak type (p,q) operator). Let (X, u),(Y,v) be measurable spaces, 1 <
p<ooand T:LP(X,u) = {g:Y — C, measurable} an operator. We will say that T is of
weak type (p,q), 1 < q < o0, if for every f € LP(X, u) there exists C' > 0 such that

ey el >n) < () wso

This last inequality will be usually referred as the weak type (p, q) inequality. We will also say
that T is of weak type (p,o0) if T is a bounded operator from LP(X, u) to L>(Y,v).

The next lemma proves that the previous notion is less restrictive than being bounded.

Lemma 3.1.1. Let T : LP(X, ) — LYY, v) be a bounded operator. Then T is of weak type
(P q)-

Proof. Let us fix f € LP(X,pu) and put Ey :={y €Y : |Tf(y)| > A\}. Then

x)|? q q
5= [ wtor< [ [0 g < LA (ITULY

AT A
For the sake of completeness we introduce the following definition just to fix notation.

Definition 3.1.2 (Strong type (p, q) operator). Let (X, u), (Y, ) be measurable spaces and
let T': LP(X,u) — L9(Y,v) be an operator. We will say that T" is of strong type (p, q) if it is
a bounded operator. Notice that, for us, if ¢ = oo, weak and strong boundedness will refer to
the same property.

Let us introduce now the concept of maximal operator associated to a family of operators,
one of the central notions of this section.

Definition 3.1.3 (Maximal operator). Let {7;}; be a family of operators defined from
LP(X,n) to the space of measurable functions from X to C. We define the mazimal op-
erator T* associated to the family {T};}; as follows

" f(z) = sup T3 f ()]

The interest in considering the maximal operator of a certain family is to infer properties
of the latter just by studying the former. This is the case, for example, of the following
theorem.

Theorem 3.1.2. If T* is of weak type (p,q), then for every —oo <ty < 0o
1. The set {f € LP(X, p) : limy_yy, Ty f (x) = f(z) p-a.e.} is closed.
2. The set {f € LP(X, ) : limy_yy, T1f (z) exwists p-a.e.} is closed.
Proof. We will begin by proving 1. Let us fix tg and consider (f,), a sequence of functions

converging to f in LP(X, u) and such that T;f,(z) converges to f,(x) p-a.e. for every n as
t — tg. We first observe the for almost every x we have
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tim sup 73 () — f(2)] = lim sup (1T (2) — f(@)] = T fu(a) = fu(2)])
< limsup [T4(f ~ fu)(x) = ( = £u) &)

< lirtnjtlp T (f = fa) @)+ [(f = fo)(@)].

Fix A > 0 and use the above inequality, the weak type (p,q) inequality and Chebyshev’s
inequality to obtain

,u({x € X : limsup|Tif(z) — f(z)] > A})

t—to

< ({oex: s it - £)@1+ 10 - @) > 2] )

t—to

< ({rexs mmswini - f@i> 5 1) v ({eex: 10 - m@i>3})
<y <{x EX: T(f - f)@)> ;‘}) Tou ({x € X |(f— fa)@)| > ;})

2C 1 2 P
< (W= nla) + (1= sl) o0

proving the first result. To prove 2 notice that it is enough to check that

,u({x € X : limsupT;f(x) —litrg%nthf(a?) > A}) =0, VA>0.
0

t—to

Again, take (f,), converging to f in LP(X, ) such that T} f,(x) converges to a certain value
ln(z) prace. for each m as t — typ. Adding and subtracting ¢,(x) and using that ¢,(z) =
limsup,_,;, T fn(z) = liminfy 4, T3 fr(7) p-a.e. we get for every A >0

u({:c € X : limsupTif(x) — ligitnthf(x) > A})

t—to
i
<u(

One of the main applications of this result is the pointwise a.e. convergence of approximate
identities in LP spaces, 1 < p < oo. The way to proceed will be to prove it for the functions
of the Schwartz class and use their density in the LP spaces along with the previous theorem
to deduce the general result.

x € X : limsupTy(f — fn)(x) — lig%nth(f — fa)(x) > A})

e
{

vex: (- @ >a) < (K- al) oo

n—oo

O

As we can see, although the study of a maximal operator tells us a lot of information about
its original family of operators, we are left to check an inequality that may be hard to prove.
However the following result will ease significantly the previous task:
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Theorem 3.1.3. (Marcinkiewicz interpolation, [7, Theorem 2.4]). Let (X, pu),(Y,v) be mea-
surable spaces, 1 < po < p1 < 00 and T a sublinear operator from LPO(X, )+ LPY(X, pn) to
the space of measurable functions from'Y to C. Assume T is of weak type (po,po) and of weak

type (p1,p1). Then, T is of strong type (p,p) for po < p < p1.
Previous to the proof of the theorem let us clarify the notation used in its statement:

e First, by the space LPO(X,pu) + LP'(X, ) we mean the set formed by the C-valued
functions defined on X which can be written as a sum fo+ f1 where fy € LPO(X, u) and
fi € L (X, p).

e And second, when we say that T is a sublinear operator we mean that it satisfies the
following properties: for every f,g € LPo(X,pu) + LP1 (X, u) and y € Y

LAT(f +9) @)l < [Tf)]+Tg(y)l-
2. For every A € C we have |T'(Af)(y)| < |A|Tf(y)]-

In addition, let us introduce a specific function that will be helpful in the proof of the theorem
as well as one of its basic properties.

Definition 3.1.4 (Distribution function). Let (X, 1) be a measure space and let f : X — C be
a measurable function. The distribution function of f (associated to u), as : (0,00) — (0, 0]
is defined as

ar(A) == p({z e X |f(z)| > A}).

Proposition 3.1.4. Let ¢ : [0,00) — [0,00) be differentiable, increasing and such that $(0) =
0. Then the following identity holds for every measurable f: X — C

| or@hdu= [~ ¢ Wanir
X 0

Proof.
i@ ©
[otr@nan= [ [7 dovinau= [ "o | ) dx
X x Jo 0 {zeX: |f(z)|>A}
~ [ #Wasan
0
where in the first equality we have used that ¢(0) = 0 and in the second that ¢'(\) > 0, so
that we can apply Tonelli’s theorem. ]

One particular case in which we will be interested in is when ¢(A) = AP. The result reads as
follows:

12 =p / TN Las (). (3.11)

Proof (Theorem[3.1.3 ). Let us fix p € (po, p1) and prove that T is of strong type (p, p). First,
we choose f € LP(X, pu) arbitrary and we prove that f can be written as f = fy + f1, where
fo€ LPo(X,pu) and f1 € LP2(X, u). Indeed, let ¢ > 0 and A > 0, and set

Jo = Ixqisenys  J1:= FXqf1<en)-
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Applying Holder’s inequality (with the exponents p/py and p/(p — pp)) and Chebyshev’s
inequality, we obtain

1 follpo = /X ’f($)X{\f|>c)\}(x)‘podﬂ(x) < |IflIEou ({x = [f(x)] > c)\})l_po/p
171 = (N ] < .

<A1 55

(¢ )

And similarly for fi, applying Chebyshev’s inequality we get

(A / [F@)xg1cens @ dp(x) < (A p({z = [f(2)] < eA}) < (A)PTPIFG < oo

Moreover, since T is sublinear we have for every y € Y the estimate |T'f(y)| < |Tfo(y)| +
|T f1(y)|. This implies, in particular

ars(\) = p({z : |Tf(@)] > A}) < <{:p T fo(z)] > ;\}) + 1 <{x DT fi(z)] > ;})

carn () <o (3) 012

Now we proceed with the proof by assuming first that p; = oco. Since T is of weak type
(p1,p1), for every g € L*°(X, u) we have that T'g € L*°(Y,v) and ||Tg]|cc < A1]/g]|co for some

Ay > 0. Then, by fixing ¢ := (241)~! we get that || filleo < A\/(241) and so ||T f1]loo < A/2,

which implies ary, (A\/2) = 0. Now, regarding fo, the weak type (po, po) inequality yields

A 2A po
arfo <2> < O||f0Hp0> :

So for this case, the decomposition (3.1.2) as well as the relation (3.1.1) imply the result,

namely

o0 _ 00 B )\
11115 :P/ N agp(N)dA <p/ N g, <2> d\
0 0

<pd [t ([ F@)Pdu(z) ) dx
0 {2A1]f|>A}
241]f ()] . p2P N
— p(2A0) / )P / =gy | du(e) = 22— Az 4z 1.
X 0 P —Po

For the remaining case, p; < oo, we will use both weak type inequalities

A 2A po A 2A P
arp (3) < (B2 )+ ar (5) < (B0

and by the exact same argument as the previous one (now done also for fi, since ary, (A\/2)
may not be 0) we obtain

ITFIE < p <( (240)P0 N (2A;)P1 > e,

p—po)cP~Po  (p1 — p)cPrP
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3.1.1 The Hardy-Littlewood maximal function

We will now study an specific maximal operator whose properties will be closely related to
those of certain families of functions which define an approximate identity. Before introducing
the operator itself, as a motivation, let us recall what we mean by approximate identity and
some of its properties.

Definition 3.1.5 (Approximate identity). Let ¢ € L'(R") such that [, ¢(z)dz = 1. For
t > 0 we define

o= o (2).

which clearly satisfies ¢; € L'(R") and [, ¢¢()dz = 1. We will call the collection {¢¢}e=o
an approzimate identity.

We know that we can identify every integrable function in R™ as an element of S&'(R™) —
that is, the space of linear continuous functionals defined in the Schwartz class S(R™). More
specifically, and in the case of ¢;, that functional is

Ty, f = - f(@)pe(x)dx = - fizx)p(x)dx, feSRM). (3.1.3)

Later on we will obtain a result that will allow us to state that the association ¢; — Ty,, which
is clearly linear, is injective. Observe that for almost every x € R™ we have lim;_,g ¢(x) f(tx) =
¢(z)f(0) and also |¢(x)f(tz)| < || f]lect(x), with ¢ € LY(R™). So by the dominated conver-
gence theorem we get

lim T, f = ( /. ¢<x>da:) F0) = £0) = [ 1o = Gos). S € SEY,

being dp the Dirac measure at {0}. An immediate consequence of the previous argument is
that if {¢;}1~0 is an approximate identity and f € S(R™), then ¢; * f converges pointwise to
fast — 0. In fact, there is a well-known refinement of the previous statement concerning
the convolution with approximate identities that we will not prove [7, Theorem 2.1]. It reads
as follows,

Theorem 3.1.5. Let {¢1}i>0 be an approximate identity. Then
1. If f € LP(R™), 1 < p < o0, we have ||¢¢ * f — fll, . 0.
—

2. If f € Co(R™) (continuous and tending to 0 as |z| — o0), we have ||¢p¢* f — f|loo P 0.
—

In any case, suppose that we want to determine for f € LP(R™), 1 < p < oo, if there is also
pointwise convergence L™-a.e. of ¢, * f to f as t — 0. Since this result is true for f € S(R"),
if we manage to prove that the maximal operator

frsup|ogx f|l, feLP(R")
>0
is weakly bounded for a certain class of approximate identities {¢:}¢~0, by the density of

Schwartz class in the spaces LP(R™) (with respect to each of their norms) and Theorem
we can deduce the result.
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3.1 THE MARCINKIEWICZ INTERPOLATION THEOREM AND MAXIMAL OPERATORS

Now, we are left to study a certain class of integral operators depending on an approximate
identity. Writing explicitly the maximal operator we want to study, it is of the form

W¢dwﬂw—ymy- (3.1.4)

f(x) — sup

>0

A particular case of function ¢, that gives rise to the definition of the Hardy-Littlewood
maximal function, is obtained if we choose ¢(z) := [B(0,1)| ' x g(0,1) (%)

Definition 3.1.6 (Hardy-Littlewood maximal function). Let B, := B(0,7) C R™ be the
euclidean ball of radius r centered at the origin and let f € LIIOC(R”) be a locally integrable
function. The Hardy-Littlewood mazimal function of f is given by

1
M f(x) := sup
f( ) r>0 ‘Br‘ B

|f(z = y)|dy.

Notice that for non-negative functions we have that M f coincides with the maximal operator
in (3.1.4). The fundamental property of the M operator is given in the next theorem:

Theorem 3.1.6. The operator M is of weak type (1,1) and of strong type (p,p) for1 < p < oco.

We will give a proof of this result for the case n = 1. The reader may find in the book of
Duoandikoetxea [7, Chapters 4 & 7], the proofs for the remaining cases. In any case, returning
to the one-dimensional setting, first we will need the following lemma:

Lemma 3.1.7. Let {I,}aca be a collection of open intervals in R and let K C R be compact
and contained in | Jye g Lo Then, there exists a finite subcollection of intervals {Ij}é\[:1 C

{Io}aca satisfying
N
1. KcUY,

2. The intersection of three intervals of the subcollection is empty, i.e.
N
Y xi(@) <2, zeR
j=1

Proof. Since K is compact we can pick a finite subcovering {1, }é\le from the initial collection
of intervals. In addition, we will assume that I,; VK # 0 for every j = 1,..., N and, moreover,
that there is x; € I,, with = ¢ Ugilvk# I,, and z; € K, for every j = 1,...,N. Our final
assumption will be that K is a closed interval that we name [a, b] (the general case would be
treated analogously using the argument that follows).

Let us begin by choosing i1 € {a1,...,an} so that a € I;; = (z;,,yi,) and we define I; := I;,.
Notice that if y;, ¢ K, then we are done. On the other hand, if y;, € K we pick iz so that
vi, € I, = (x4,,9i,) and we define Iy to be

I2 = Iig N <$11—2i_y”7y12> 5
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3.1 THE MARCINKIEWICZ INTERPOLATION THEOREM AND MAXIMAL OPERATORS

so that we do not have I} C I». Again, if y;, ¢ K we would be done. If not, we pick i3 so
that y;, € Ii; = (24,4, Yiy) and we define I3 to be

I3 :=1I;; N <y“;LyZ27yls> :

This last construction illustrates the general pattern we need to repeat — a finite number of
times, since K C Ujvzl I; — to obtain the finite subcollection we are interested in. O

Proof (Theorem|3.1.6)). Begin by observing that if f € L>(R™), it is immediate that || M f||oc <
I fllso- Thus, by Marcinkiewicz interpolation theorem it is enough to prove that M is of
weak type (1,1).

So pick f € LY(R) and for each A > 0 consider Ej := {x € R : M f(x) > A\}. If x € E,, then,
by definition of M, there is an interval I, centered at x such that

ra ALCIZER SRS Ol (315)

Let K C E) be compact and apply Lemmato this set and the initial covering {I, }zcE, -
Then, we obtain {1, }é\le a finite covering of K with Zévzl X1, < 2. Therefore by (3.1.5))

al Y1 Y1 2
1< 30l <35 J, 1wl < 5 @1ty < S0

Since this inequality is true for every compact K C F), we obtain the desired weak type (1,1)
inequality, i.e. |[Ex| < %||f|l1 (that is because the Lebesgue measure is a Radon measure, so in
particular the measure of any open set can be obtained as the supremum over the measures
of the compact sets contained in it). O

Hence, now we can state the following result, which will be a consequence of the previous
Theorem (we present it in its one-dimensional form, but recall that it is still valid in the
multidimensional case).

Corollary 3.1.8. If f € LP(R) with 1 < p < 00 and ¢ := 2*1)((_171), then
lim(g  f)(x) = f(z),  Lae.

In addition, the result is still true also if f € Co(R™).

The last assertion is just a consequence of the second point of Theorem [3.1.5] and notice that
for this case the convergence is more restrictive since it becomes uniform, i.e. with respect to
the norm || - [|oc-

We may wonder if this last corollary could be also deduced if we chose another positive
integrable function ¢ with similar properties to x(_1,1). And, indeed, this is the case, as it
is shown in Duoandikoetxea [7, Corollary 2.9], where the result is proved just assuming that
a general function ¢ would be a proper choice if |¢| is bounded L-a.e. by @, a positive,
integrable, radial and decreasing function.
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Returning to Corollary we would like to stress a particular case of the multidimensional
version for p = 1, and we state it in a slightly more general setting. This important result
has a name of its own:

Theorem 3.1.9. (Lebesgue differentiation theorem, [7, Corollary 2.13]). If f € L (R"),
then

lim
r—0+ ‘Br‘ B,

flz—y)dy = f(z), L"-a.e.

Proof. We already know that the result is true if f € L*(R"). In the case f € L{ (R") we

consider f:: fxB,, which belongs to L!(R™). Hence we get the result for almost every point
x € B, with r > 0. So by this same argument applied to every B,, with n € N and making
n — oo we get the result for almost every x € R™. O

As a consequence of this last theorem we are able to prove that the identification we did in
(3.1.3), between an integrable function and a linear functional of S(R™), is injective.

Theorem 3.1.10. If ¢ € L'(R") is such that T, = 0, then ¢ =0 L™-a.e.

Proof. We know that for every f € S(R™) we have 0 = Ty, f = [, ¢f. Now, since the class of
smooth functions with compact support (test functions) is dense in L!(R") and it is contained
in S(R™), we are able to consider a sequence (f,), of test functions that converges in L'(R")

to xp,. In fact, we may assume, by restricting ourselves to a subsequence, that it converges
pointwise L™-a.e. Therefore, for every a € R", the dominated convergence theorem yields

¢(x —a)dx = o(x —a)xp,dxr = lim ¢(x — a) fn(x)dz = 0.
B, Rn n—oo Rn

So multiplying both sides by |B,|~!, taking the limit as 7 — 0T and applying Theorem
we obtain the result. O

Finally, to end this section on the Hardy-Littlewood maximal function we remark that, al-

though we know that M is of weak type (1,1), it is not of strong type (1,1). In fact the
following result holds:

Proposition 3.1.11. If f € L'(R") and f is not identically 0, then M f ¢ L*(R™).
Proof. There exists R > 0 such that fBR |f| > &> 0. Now, if || > R we have Br C B(x, 2|z|)
and so )
€
Mf@) 2 o [ If@lde > o
2lz1)?* Jpg 2%z

Therefore, if we were to compute the L!(R™) norm we would get (using polar coordinates)

[ sz £ [ B2 [T o
R 2n 0

R |:E|n - 27 T
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3.1.2 The dyadic maximal function

Our goal for this last point about maximal functions is to introduce another relevant example.
Its interest not only relies in the fact that its definition, similar to the one of the Hardy-
Littlewood maximal operator, gives rise to a result analogous to the Lebesgue differentiation
theorem; but also relies in the tools needed to prove its boundedness. Indeed, we will introduce
the concept of Calderdn-Zygmund decomposition that will be useful when studying the Hilbert
operator and, more generally, Calderén-Zygmund operators.

First, we begin fixing some notation (that was already used, inadvertently, in the proof of
Lemma [2.4.8)):

e In R" we will understand the unit cube, open on the right, as the set [0,1)"; and we let
Qo be the collection of unit cubes congruent to [0,1)™ and such that its vertices lie on
the lattice Z".

o If we dilate Qg by a factor of 27%, k € Z, we obtain the family Qj, formed by cubes,
open on the right, with vertices lying at the lattice (27%Z)" and volume 27

Definition 3.1.7 (Dyadic cube). We call dyadic cube any element of any family Qy, k € Z.
The collection of dyadic cubes satisfies the following basic properties:

1. Let k € Z and x € R™. Then, there is a unique dyadic cube in Q) that contains x.

2. Two dyadic cubes are either disjoint or one is contained in the other.

3. A dyadic cube Q € Qj, is contained in a unique dyadic cube of Q;, j < k. Moreover, @
contains 2" dyadic cubes of Q1.

Based on these collection of dyadic cubes it is natural to define the following approximation
of f in terms of every O, since 9, defines a partition in R".

Definition 3.1.8 (Conditional expectation of f with respect to Q). Given f € L{ (R"™), we
define its conditional expectation with respect to Q) as

Buf@) = ) (,é /Q f> Yol@).

Qe

It is clear that if f € L'(R"), then Ej f satisfies

/nEkfz [

Also observe that as & — —oo the size of dyadic cubes of Qj gets larger. Therefore, since
f € LY(R™) we have, for almost every x € R",

B <1 3 2 xale) = 1152 0, 3.6
QeQy

Definition 3.1.9 (Dyadic maximal function). The dyadic maximal function My is defined
for each f € LY(R") as

Mg f(z) = sup |Ef()|.
kez
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Again, as with the Hardy-Littlewood maximal function, we aim to prove an analogous version
of Theorem Nevertheless, we will first obtain a result — which will be important by
itself and useful in the sequel — that will imply a certain weak boundedness of M.

Intuitively, given a non-negative f € L!(R™), we know that its integrability must have an
effect on its growth as x| — oco. So the idea is to construct a sequence of measurable subsets
of R™ (which in the end will be cubes), depending on f, so that f is essentially bounded outside
of them and so that the measure of the union of all the subsets forming the sequence is finite.
Moreover, as f is also finite £L™-a.e., we might ask for its expected value in every subset of
the sequence to be finite. The existence of such sequence is given by the next theorem.

Theorem 3.1.12. (Calderén-Zygmund decomposition, [7, Theorem 2.11]).  Given a non-
negative f € LY(R™) and X\ > 0, there exists a sequence (Qj); of disjoint dyadic cubes such
that:

1. f(z) < X for almost every x & |J; Q;.
2. |U; Qi1 < 3lIflh-
3. For every @Q; we have: A < @ fQj f <2

Proof. Let us begin by defining for each k € Z
Qp:={zeR" : Exf(x) > X and E;f(z) <X if j<k}.

That is, x € Qy if Erf(x) is the first conditional expectation of f bigger than A. Notice that
this definition makes sense because of , which ensures the existence of this first value of
k. Observe that if @y, is the unique dyadic cube of Q) containing x, then for every y € Q1
we have also y € Q, by definition of Eif. So 0 can be expressed as the disjoint union of
dyadic cubes of Qj. Moreover, by definition of Q, if j < k, then Q; N Q) = &. Therefore,
the family {Q%}rez is a collection of disjoint dyadic cubes of different families Qy, k € Z. We
define the sequence (();); as these precise disjoint dyadic cubes.

Let us prove that the previous sequence satisfies 2. We claim that the following identity holds:

{z e R" : Myf(x >)\}_|_|Qk_|_|Q], (3.1.7)

keZ

(notice that the second equality follows just by Constructlon) where the notation | | stands
for disjoint union. Let us prove the first. The inclusion D is clear, so we focus on the other.
Let x € R™ be such that Myf(x) > . By definition, there exist ¢ > 0 and k € Z satisfying
By f(z) > A+ ¢ (indeed, we can argue this by contradiction) and so z € | |;<; €2; and we are
done. So we obtain the following estimate

(o e R : Muf(z) > Al =Y Il < 3+ /Ekf

keZ keZ

%N Q|
VIR e O

keZ Qe 9y,

> \

y)dy < *Hfllh
Z

which proves 2 as well as the fact that My is of weak type (1,1).
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Now, concerning 1, if x ¢ (J; @, then Ejf(x) < A for all k € Z. If we proved that
limg 00 Exf(x) = f(z) for almost every point, that would imply the result by a limitting
argument. Let us see first that this is the case if f is continuous. Fix z € R™ and ¢ > 0.
Choose K, a compact neighbourhood of x with diameter small enough so that by uniform
continuity |f(x1)— f(x2)| < €, for any 21,29 € K,. Pick also k large enough so that Q. , € Qp
(the unique dyadic cube of diameter /n2~* containing z) satisfies Q;» C K. Then,

1

1
<
‘kax’ Qk,x

B ‘Qk@l Qk,x

fy)dy — f(z)

Euf(x) — f(@)] = \ ) - f@)ldy < (31.8)

obtaining the result, since z is arbitrary. If now f € L'(R"), use the density of continuous
functions and that M, satisfies a weak type (1, 1) inequality together with Theorem

Finally, regarding 3, the first inequality is clear given the definition of the cubes @);. On the
other hand, if (); is the dyadic cube containing (); with sides twice as long, by the definitions
of Qi and E_1f, we get the desired estimate:

1 1Q;

- do < 21—
= Qi Ja,

(x)dz < 2™\
Q] Jq,

O]

Corollary 3.1.13. The dyadic mazimal operator My is of weak type (1,1) and of strong type
(p,p), 1 <p < oo. Also, if f € L (R™), then im0 Ex.f(z) = f(z) for almost every point.
Proof. We have already seen in the proof of the previous theorem that My is of weak type
(1,1). Notice that, although we have only checked the result for non-negative functions, since
every real integrable function f can be decomposed as f = f™ — f~, the result still holds
(and if f took complex values, we may decompose f = Re(f) + iIJm(f) and apply the same
argument to its real and imaginary parts). Moreover, if f € L>°(R"), then

Qék (@ /Q f(y)dy> xQ(x)

and so My is of weak/strong type (00, 00), and by the Marcinkiewicz interpolation theorem
we get that My if of strong type (p,p) for 1 < p < oc.

Now, let f € LL (R™). Since for every Q € Qy we have fxg € L'(R"), by the argument of
(3.1.8) we deduce limy_,o Exfxo(x) = fxg(x) for almost every point of R". Equivalently,
limg oo Exf(z) = f(x) for almost every point in . But since @ is arbitrary and Qy is

countable, we obtain the result for £"-a.e. z € R". O

< [ flloo

[Maflloo = sup [Maf(x)| = sup sup
rER”™ zeR" k€Z

To end this section about maximal functions we will present a technical lemma that will be
useful in the sequel, proving properties of the maximal operator of a family of Calderdn-
Zygmund operators.

Lemma 3.1.14. If f € L'(R") is non-negative and A > 0, then, if C = 72l (% + 1), we
have
Hzx e R" : Mf(x) > C8"A} <2"{zx € R" : Myf(z) > A}
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Proof. Begin by considering (Q);); the Calderén-Zygmund decomposition associated to f and
A. We know by (3.1.7) that {z € R" : Myf(z) > A} = [[;Q;. If we define 2Q; to be
the cube centered at same point as (); with double side length, since the cubes are disjoint,
[L;2Q;1 = 27|, Q;] = 2"[{z € R™ : Myf(xz) > A}|. So it is enough to check {z € R" :
Mf(z) > C8"A} C | |;2Q; to obtain the desired estimate.

Let us fix then z ¢ |_|j 2Q); and let @ be any cube centered at z. If £(Q) is the side length of
Q, we choose k € Z so that 28=1 < ¢(Q) < 2*. Then, Q could intersect, at most, 2" dyadic
cubes of the collection Q. Let Ry,..., R, be those precise cubes, for m < 2". Notice that
for every s = 1,...,m, Ry € @Q; for any j, because if not, since @Q C 2R,, we would have
x€Q C2R; C |_|j 2Q;, which contradicts the initial choice of x. Hence, for every R, there
exists a certain x5 € Ry such that supycy |Erf(2s)| < A. This means, by the definition of My,
that the mean of f in each Ry is, at most, A. Therefore
2kn m

1 1 - 2nk .
@/Qf:@!;/cms \QIZ\R]/RZ_fSW—nm)‘S‘l A.

On the other hand, we know that if B is the biggest ball centered at x and contained in @,
then, as f is non-negative

Q 27T (% + "
m < ima = = = () TG

and since @) (and hence B) is arbitrary, we are done. O

3.2 The Hilbert transform

Now we will turn our attention to a specific operator that will motivate the forthcoming
study of the Calderén-Zygmund theory. Such operator is the Hilbert transform and, as in the
previous section, our main goal will be to prove its LP(R)-boundedness (in Chapter @ we will
treat the R™ situation).

The key result of the sequel will be the Kolmogorov-Riesz theorem (Theorem and even
more importantly its proof, that will justify, eventually, the definition of a Calderén-Zygmund
operator. Indeed, we will establish its definition regarding, essentially, at the properties of
the Hilbert transform that imply its LP-boundedness.

3.2.1 Motivation and definition

Informally, the typical example when one is presented with the concept of singular integral
is
a

1
lim —dx, a,b>0,
a,b—=0 J_p T

which is not well-defined if we do not specify how one approaches 0 both from the right and
the left. It is well-known that one convention to assign a value to integrals of the last kind is
to tend to 0 from both sides at the same rate, defining the so called Cauchy’s principal value
of the singular integral. In the previous example we would have
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1 . 1

p.v. —dx = lim —dx = 0.
—a T €70 Je<lz|<a ©

Notice that in the last computation, if the numerator of the integrand would have been

any even (locally integrable) function defined on (—d,9) \ {0} for some § > 0; we would

have obtained the same result. This motivates the study of a possible generalization of this

particular principal value and a natural way to do it is via tempered distributions.

Definition 3.2.1 (Principal value of 1). We define the tempered distribution p.v.1 called
the principal value of% as

e—0 T

pv%(qﬁ) = lim/| Mdm, Vo € S(R).

Proposition 3.2.1. The principal value of% 18, indeed, a tempered distribution.

Proof. Let us fix ¢ € S(R) and notice that

/ d)(:z)—d)((])dx‘ + ’/ gZ)(:C)dﬂv‘ S8l + lz¢lloe < o0,
e<|z|<1 z e>1 &

e—0

’pvalc((b)‘ < lim

and hence p.v.% is well-defined. To check that it is also a continuous functional, since it is
clearly linear, it is enough to prove that if we have (¢, ), C S(R) tending to 0 in S(R), then
p.v.1(¢) tends to 0 in C (recall that (¢,), — 0 in S(R) means that the sequence tends to 0
with respect to all the seminorms that are defined, for any @ > 0 and 8 € N U {0}, as the
quantity sup,eg |£*¢?) (x)]). But observe that this is immediate because of the estimate we
have found at the beginning of the proof (which depends on two specific seminorms). O

Observe that the previous proof shows that the principle value of % can be defined also for
any even locally integrable function or any Lipschitz function f for which there exists some
a > 0so that 271 f € L'(a,00). An example of the first is the cardinal sine, i.e.

-1 .
sine(z) = { 57737) sin rx ifg,

with principal value 0, since it is an even function.

Thinking of the principal value of % as a tempered distribution, it is reasonable to be interested
in computing its Fourier transform. In order to do it, we prove first the following lemma:

Lemma 3.2.2. Let Q; := £ 5L. Then, the following equality between tempered distributions

T 242"
holds
1 1

lim Q¢ = —p.v.—.
t—0 ™ X

Proof. Let us express first the principal value of % as the limit of another tempered distribu-
tion: Yy(z) := %X{|$|>t}' Indeed, if ¢ € S(R) then

] <p.v.i - m) <¢>’ -

. ¢(x) — ¢(0) )
lim /Km D =00 | < 21)1¢' oo — 0.

e—0
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Thus, it is enough to prove that lim;_,o(Q¢ — %)(qﬁ) =0, V¢ € S(R). So we fix ¢ and compute

O@r%ﬂ@=/xmwm—/mdmm

R 12 + a2 x

1
:/ fgzﬁ(x)de —/ % — — |o(x)dx
o|<t t°+ T lo|>t \I* + 2% @
t t
[l [ s,
wl<1 1+ lej>1 (1 + %)
It is clear that we can apply the dominated convergence theorem in both integrals when

considering the limit ¢ — 0, obtaining two integrals of odd functions in symmetric domains.
Hence the limit is 0. ]

As a direct consequence of this lemma, we obtain, for any f € S(R)

[<71Tp.v.;> ) f} (z) = {(}g% Q:) + f] (2). (3.2.1)

Now we wish to take the Fourier transform at both sides of the previous equality and apply

its multiplicative property with respect to the convolution. Let us check that we are able to

do it in the case where one of the terms is the tempered distribution p.v.%. Consider the

explicit expression of the Fourier transform

(R R A S

Let us prove that we can take the limit outside the outer integral and we can interchange
the order of integration. With respect to the first matter, notice that the pointwise limit is

well-defined and it is (%p.v.% * f) (z). On the other hand notice that

o B | e P

Iin / |f(z —y)|
sALﬂxtM@+KJHWHN@+AN —hay

where t4,t_ € (0,1) and depend on y. Integrating with respect to x and applying Tonelli’s
theorem, we get that the first and second integrals are bounded by ||f’|l;. Regarding the
third, since |y| > 1 we can estimate it as follows

2m [e'e]
[ e =otdio < [ 15— ildnir =2 [ [ 1t irinds < 2221,

Therefore, we can apply the dominated convergence theorem and put the limit outside. Notice
also that the previous computations also prove that we can apply Fubini’s theorem in (3.2.2)),
so we finally obtain:
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3.2 THE HILBERT TRANSFORM

l 1 * " — l : f(x—y) > —2mikx
|:<7Tp.v‘y> f:| (g) o7 /]Rgl_a% (/|y>6 Yy dy Je e

1 1 . .
= — lim —e~2mity </ flz — y)e_27r15(m_y)dx> dy
ly|>e Y R

T e—0
1 1 , ~
— ( lim/ e_meydy>f(f).
T e—0 ly|>e Y

So indeed the multiplicative property holds. Hence, taking the Fourier transform at both
sides of (3.2.1)), recalling that it is a continuous operator from S’(R) to itself, and using that
Q:(&) = —i - sgn(€)e 27l (this can be proved by a direct computation) we obtain

~ ~ ~

[<1p.v.;) . f]A(ﬁ) — 1im Qu(€)(€) = —i - sen() F(©)

s

so we conclude

(ip.v.D (€)= i sga(e).

Now we are ready to state the definition of the Hilbert transform, that, in fact, has already
been presented.

Definition 3.2.2 (Hilbert transform). Given f € S(R), we define its Hilbert transform as

Hf(z) = [(ip.v.?/) ) f} ().

It can be equivalently defined through its Fourier transform, that is, H is the only operator
satisfying -
Hf(§) = —i-sgn(§) f(§) (3.2.3)

Let us make a series of observations regarding H:

1. Recall that p.v.% is a tempered distribution that acts on functions ¢ of the Schwartz class

as the integral operator: p.v.%(qﬁ) = lim._,q f\x|>s @dm. So notice that the convolution

of this operator against ¢ is just its action to a translate of ¢.

2. Relation (3.2.3) yields Hf € L(R), therefore |[Hf|l2 = |Hf|l2 = ||fll2 = ||f|l2. This
determines, in particular, the Hilbert transform of a function f € L?(R). Indeed, if
(fu)n € S(R) is a sequence approximating f in L?(R), then

Han - Hfm”Q = ||fn - meQ —— 0.
n,Mm—00

So (Hf,)n is a Cauchy sequence in L?(R) and hence convergent to a certain limit,
defining the Hilbert transform of f (strictly, we would still have to check that this
definition does not depend on the approximating sequence).
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3.2 THE HILBERT TRANSFORM

3. The previous point motivates considering the iteration H(H f), for any f € S(R). This
makes sense since H f € L?(R). By doing it, notice that if we write the explicit expression
of the Fourier transform of H(H f) we obtain

e = [(Toxd) o[ (Rowd ) o] @ = i semiersio = o

™ T

and so we conclude that H(H f) = —f.
4. The following identity holds for any f,g € S(R) (or L?(R))

/Hf(x)g(x)dw = —/ f(x)Hg(z)dx. (3.2.4)
R R

This is just a consequence of the previous point, the polarization identity in L?(R) and
the fact that ||H fl2 = || f]]2.

3.2.2 The Kolmogorov-Riesz theorem

The main goal of this section is to extend H as a bounded linear operator on LP(R) spaces,
1 < p < o (Riesz’s theorem). On the other hand, for p = 1, similarly as with the Hardy-
Littlewood maximal function, we will prove that H satisfies a weak type (1,1) inequality
(Kolmogorov’s theorem). Nevertheless, let us fix first some notation before moving on to the
result itself.

Definition 3.2.3 (Good and bad parts of f). Let f € S(R) and A > 0. Let (I;); be a
sequence of disjoint dyadic intervals associated to a Calderén-Zygmund decomposition of f
in R with respect to A. We define the good part of f as

(z) = f(z) z & U; 1,
gri® %f y)dy x € Ij.

On the other hand, the bad part of f is
1
@:Zm7mMamm:Qm—wAﬂmﬁmm
j I

Observe that by construction of the Calderén-Zygmund decomposition we get gr(xz) < 2.
Also, notice that by ; is supported on I; and so the sum that defines b; makes sense pointwise.
We will also need the following basic properties regarding g; and by:

Lemma 3.2.3. The good and bad parts of f satisfy:
1. For each j, by ; has null integral.
2. The sum }_; by ; converges to by in L3(R).

3. gl < [Ifllx and, in fact, [y gp(x)de = [g f(

4. It makes sense to consider Hgy and Hby.

45



3.2 THE HILBERT TRANSFORM

Proof. The first assertion is trivial, so let us begin by focusing on the second. Recall that,
by definition, for every interval I; there exists k € Z so that if = € I}, then Eif(x) > A
and Esf(r) < X if s < k. Hence |I;| = |I;(k)| = 27%. This, combined with the conditions
U; Ll < AU flli and I; N1 = @ for i # j, implies, necessarily, lim;_, |I;| = 0. Now, using
the almost sure convergence given in Corollary

1
lim <f(a:) - / f(y)dy) xi; () =0, for L-a.e. z€R.
d—00 5] J1,

Hence, for all € > 0 there exists jo so that if j > jo we have

Hw el ‘f(x) —Gj,/}jf(y)dy‘ > J;TAH _o.

Then, we can conclude

[N

Jo o0 2
1
Hbf—be,j = / > <f(w)—m/f(y)dy>xfj(m) dx
7=0 2 R j=jo+1 atJi;
1 1
0 1 2 2 o0 1 2
<[ X [l [ rwafa) <o 2 o] <
- I; ’” I e 27
j:J0+1 J J J ]:]0+1

To prove & we compute

[ lostalde = > | lostaiae s | N

<3 [ /MU_”C f@)ldz = [ |f(a)lde.

The equality between integrals follows also from the same argument but without taking the
absolute value of the integrand.

In order to prove that Hg; makes sense we will prove that g; € L?(R). If we do this, since
by = f—gyr, Hby will be also well-defined. But this follows from Cauchy-Schwarz’s inequality:

2
z)|2dr = i ) |dz 2)2dx
/Rgf( )|7d ;’Ij‘ </1J |/ ()]d ) +/Rm(uj1j)c’f( )|%d
z)2da )2dr = 2)2dz < co.
s}j:/lj\f( )|%d +/mujfj>c’f( )|d /R\f( )2dz <

O

Theorem 3.2.4. (Kolmogorov-Riesz, [7, Theorem 3.2]). Let f € S(R). The following hold:
1. H satisfies the weak type (1,1) inequality: |{x € R : |Hf(z)| > A\}| < %||f||1

2. H satisfies the strong type (p,p) inequality for 1 < p < oco: || H f|l, < Cpll fllp-
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3.2 THE HILBERT TRANSFORM

Proof. We will start by proving 1. Let us fix A > 0, f € S(R) non-negative and (;); a
sequence of intervals in R associated to a Calderén-Zygmund decomposition of f with respect
to A. By the last statement in Lemma we have H f = Hgy + Hby and therefore

{zeR : |Hf(z)] > Al g‘{xeR | Hop(2)] > ;}’+'{xeR | Hb ()| > 2}’
(3.2.5)

Regarding the first term, since ||H f|l2 = || f]|2 and 0 < gf(x) < 2,

erR:mwuﬂ>;H§(if@ymmm%w=;Agﬂw%xsiéw@Mx

8 8
=3 [ s@iz = 1.

where we have used the third statement of Lemma [3.2.3]in the second equality. On the other
hand, in order to estimate the second term in , let 27; be the interval with the same
center as I; and with double side length. Observe that |, 2I;| < 2|, ;| < 211 fl1, by
construction of the Calderén-Zygmund decomposition. So

erR |Hb(z) H ngéUﬂ |Hb(x \>AH

2
gum+A/ [Hby ()
RA(U, 21)°

Observe that |Hbs(x)| < >, |Hbsi(z)| for L-a.e. x. This is immediate if the sum is finite.
If it is not finite, by the second point of Lemma and the continuity H in L?(R), the
estimate still holds. So we can bound the last integral expression as follows

Hb¢(x)|dx < / Hbep(z)ldz < / Hbrp(x)|dx,
Am%%y|f s [ Vp@le <Y [ o)

Notice that Hby () is well-defined for € R\ 21;. Indeed, since |z — y| > |I;|/2 for every
y € I, we have

[Hbj ()] = lim

e—0

1
/{x|>a}mlk (f(y) ’Ik’ I, flu)d >x - ydy‘ ]I A |f(y)ldy < co.

Also, if we denote by ¢, the center of Iy, since by has null integral, we get the following

estimate
b 1 1
[ i = [ |25 e [ (- e
R\ 21}, R\2I, | JI, T—Y R\2I | J Iy, r—Yy T —C

ly — cxl >
< b / —2 7 dx |dy.
/Ik | f’k(y”( r\27,, [T = yllz — il Y

Now, using that |y — cx| < |Ix|/2 and |z —y| > |x — cx|/2,
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3.2 THE HILBERT TRANSFORM

ly — cil | 1|
bri(y (/ ——— dx |dy < bri(y ———dx |dy
Ik‘ d (@)l R\2/} |z — yllz — cxl 1k| ! @)l R\21;, |z — cxl?

1
-/ |bf,k<y>\( / Qdu)dyzz by (y)ldy.
I, R\(—1,1) |ul I,

Therefore we conclude
S [ itbgade <23 [ puldy <Y [ 15@ldy < 4l
i JR\2Lk g 7k % Ik

and combining these estimates we deduce the weak type (1, 1) inequality:

2 8

(o e R : [Hf@)] > )] < (i i 24 A) 170 =2, (3.2.6)

which is valid for non-negative f € S(R). But since any other function in the space can be
decomposed in its positive and negative parts, we also get the result for a general f € S(R)

(and if f takes complex values we apply this same argument to its real and imaginary parts).
So we have proved 1.

In order to prove 2, since we already know that H is of strong type (2,2), combining I and
the Marcinkiewicz interpolation theorem we get the strong type (p,p) inequality for
1 < p < 2, allowing to define the Hilbert transform in the spaces LP(R), 1 < p < 2 (we will
give the details on how to do it after the proof). We also observe that relation still
holds for f € S(R) and g € LP(R), 1 < p < 2 (this follows from the density of S(R) in LP(R),
the already proved continuity of H in this space, and the dominated convergence theorem,
that we can apply taking a subsequence of functions in S(R) converging L-a.e. to g).

The case p > 2 will follow by duality. Indeed, observe that if p’ is such that p=* + (p/) =1 = 1,
that is, p’ = p%l; then p’ € (1,2). Hence, by strong type inequality for this last case, we get

‘/RHf(fE)g(x)dﬂﬁ < Cylflpllglys Vg e LP (R),

- ‘ [ s@itgwys

which proves that Hf is a bounded linear functional in L” (R) with norm at most Cy || f|,.
But we know that there is an isometric isomorphism between LP(R) and (L¥ (R))’, implying
that ||H f||, < Cylfllp, and so we are done. O

In the previous proof we have claimed that the strong type (p, p) inequality of the Kolmogorov-
Riesz theorem allows to extend the definition of the Hilbert operator to LP(R) spaces, 1 <
p < oo. Indeed, if f € LP(R) and (f,)n C S(R) is a sequence that approximates f in the
LP(R) norm, the strong type (p,p) inequality implies that (H f,), is also a Cauchy sequence
in LP(R), so by completeness it is convergent. Hence, we define Hf to be the limit of the
previous sequence.

Corollary 3.2.5. The Hilbert transform is a bounded linear functional in LP(R),1 < p < oco.
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3.2 THE HILBERT TRANSFORM

If p =1, in the previous context the weak type (1,1) inequality would yield

lim {zeR: |[(Hfy,— Hfn)(z) >e}| =0, Ve>0,
m,n— 00
which means that the sequence (H f,), is Cauchy in measure, and so also convergent in
measure (see [I8, Theorem 5] for details). We will call the limit (measurable) function the
Hilbert transform of f.

So in particular we may wonder what is the Hilbert transform of a simple integrable function
that is not smooth, such as a characteristic function. If we compute H f for f = x[o,1] we

obtain ) J ) .
Hf(z) = - lim Y _ Ly 22 il

= n = — .
Tes0 Jocycr @ —y Tes0 |p—1] 7 |z—1

Observe that H f is neither bounded nor integrable, which shows, at the same time, that H
does not satisfy (in general) a strong type (p,p) inequality for p = 1 or p = co. In fact, we
can easily prove the following result that characterizes the integrability of H f.

Proposition 3.2.6. If f € S(R), then Hf € L'(R) < [ f(z)dz = 0.

Proof. (<) The case f non-negative is trivial. The general case is deduced from the decom-
position f = f*—f~. R
(=) We know that Hf(§) = —i-sgn(§)f(§). Since Hf is integrable, its Fourier transform

is, in particular, (uniformly) continuous, which implies necessarily that f(0) = 0. But this
means, by definition, [, f(x)dz =0, so we are done. O
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Chapter 4

Singular integrals

One of the motivations to study singular integrals is the Hilbert transform, presented in the
previous section. Recall that given f € LP(R), 1 < p < oo, we defined H to be

Hf(x) = K}Tp.v.1> \ f] (@) = 2im [ LE=Yg,

Yy T e—0 |y|>€ Yy

Now, observe that we can rewrite this last expression as

1 lim/ sn(y) flx —y)dy.
ly|>e

T e—0 |

This writing motivates an extension of the definition of H to R" in the following sense. Ob-
serve that the function sgn( -) is homogeneous of degree 0, i.e., for every z € R and A > 0 we
have sgn(Az) = sgn(x). Then, we can think of it as a function defined on the unit sphere of
R, which is just the pair of points {—1,1}. Then, if we aim to define an analogous version
of the Hilbert transform in R™, we need to take into account its possible dependence on a
certain function 2 with domain S™~!, integrable and with null integral over S"~! (so that its
properties resemble the function sgn(-) of the one-dimensional case).

4.1 Definition and basic properties

Definition 4.1.1 (Singular integral). A singular integral in R™ will be an operator on S(R")

of the form A
Tf(z):=lim W)

=0 J|y|>e |y’n

flx —y)dy, (4.1.1)

where ' := y/|y| and where Q is a function defined on the unit sphere S"~! C R", integrable
and with null integral over "1,

Now we make two important observations that justify the definition given in (4.1.1)):
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4.1 DEFINITION AND BASIC PROPERTIES

1. The reason to raise the denominator of the integrand to the n-th power is to obtain that
the singular integral operator is well-defined for ¢ € S(R"):

i [ o= [ Gty [ o -y
Y

=0 Jye [yI" >1 1yl e=0 Jocpyi<1 [YI"

For the first term on the right-hand side, taking absolute values and using polar coor-
dinates (denoting the Lebesgue measure of S"~! as do) we obtain

‘/OO : /Sn ' r(@’ —y))do(y)dr

Whereas for the second term, since € has null integral in S” !, we may use the mean
value theorem for convex domains and the Cauchy-Schwarz inequality to obtain

i [ (ot =) —ot@)ar| < [ @iy

e=0 Jocpyl<1 [yl™ ly|™

/y|<1||y|("1|¢ z)ldy // )¢’ (@)|do(x")dr

< sup [¢'(2)] - |2 1 (sn-1) < 0,
r€eR”™

|
< sup |z6()| - HQHLl(Sn_l)/l yir < oo

reR™

where T is a point, dependent of y, in the segment that joins x and y. So the singular
integral operator is well-defined. Moreover, notice that by the exact same argument we
used in the proof of Proposition|3.2.1] we get that T is given by the following convolution

T(-)=p.v. FD x(-) e S'(R™).

2. Let us see that the condition of € having null integral over S™~! is necessary for T to
make sense. Indeed, choose f € S(R™) so that f =1 if |x| < R. If we split the singular
integral as we have done at the beginning of the first observation (now with respect to
the radius of reference R), the first term remains bounded, but concerning the second,
for any |z| < R/2 we have

Q' d
hi% (yn)f( y)dy = lim . /2 T/ ()
=0 Jecyl<f 1yl =0 Jecpyi< B ry| = -

(R o
~ iy in (51 ) /5 a)dety).

that diverges unless the integral of Q over S"~! is 0.

In order to understand better singular integral operators, as they are tempered distributions,
we are interested in studying their Fourier transform. To do it, let us introduce the concept
of homogeneous distribution. To motivate its definition, notice that if ¢ € S(R™) and A > 0,
we may consider ¢y := A"¢(A"'z). Then, for any function f homogeneous of degree a
determining a tempered distribution (via integration against it), we have

f@)oa(z)de = A [ f(z)¢(z)dx
R™ :

Therefore, we can define

o1



4.1 DEFINITION AND BASIC PROPERTIES

Definition 4.1.2 (Homogeneous distribution of degree a). A (tempered) distribution is said
to be homogeneous of degree a if for any ¢ € C°(R™) (S(R™)) and A > 0 we have

T($x) = A"T(¢), where ¢y =A"p(A z).

Given a homogeneous tempered distribution of a certain degree, its Fourier transform will be
also homogeneous with a degree related to the one of the original distribution:

Lemma 4.1.1. If T € S'(R™) is homogeneous of degree a, then its Fourier transform is
homogeneous of degree —m — a.

Proof. For any ¢ € S(R™) and A > 0 we have

T(¢A) = T(dx) = T(S(X ) = A"T(dy-1) = AT () = X" "D (g).

For the particular case T' = p.v.%—ﬁ), we obtain
1 . Qy) Yy 1 Qu) _
T =—1 —Z |ldy=—1 —u)du = \""T
(@) = 1w al_r)r(l)/y|>€ yr Y= 65%/1»; g @ — w)du (),

and since singular integral operators are homogeneous of degree —n, their Fourier transform
is homogeneous of degree 0.

The second piece of information that we know about the Fourier transform of a singular
Q')

integral operator is that it will be the Fourier transform of a convolution against p.v. B

Therefore, by definition, given any function f € S(R")

() 7] 0= [ [ e =)ot

Following an analogous argument as the one we did for (3.2.2)), we can take the limit outside
the outer integral and change the order of integration. This way, if for any z € R™ we are
able to compute the quantity

/
lim Q(y )e—%ﬂy,f)d%
e—0 E<|y|<% |y|n
we will obtain a function (thought as a distribution) corresponding to the Fourier transform
of the singular integral operator. The following theorem gives the explicit expression:

Theorem 4.1.2. Let ) be an integrable function on S™~' with null integral. Then, the Fourier
Q(z')

|z

transform of the tempered distribution p.v.
by

is the homogeneous function of degree O given

™

m(§) = /Sn1 Q(u) {Qisgn(u,g) —In [{u, &) |do(u). (4.1.2)
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Proof. Without loss of generality we can assume || = 1. Since 2 has null integral, we rewrite
m as follows:

1/e )
m(€) := lim Ay ) —2mi(u:8) gy = lim Q(u) [/ 62MT<U’£>dT:| do(u)
e—0 e<ly|<1/e | e—=0 Jgn-1 e r
1/e
— lim I:/ 6727rzr u,€ ) dr + / 67271'21”<u &) dT:| da(u)
e—0 Sn— 1 r 1 T
1/e
= lim [/ cos (2mr(u,&)) — )dr +/ cos (27rr<u7§))dr} do(u)
e—0 Sn— 1 r 1 r

_ Z( lim /S o) [ / e in (27r7“(u,§>)(ir] da(u)>. (4.1.3)

Notice that since the integrals |, oo sin x) f ! Cos(i and [ > COS(m) are finite, and () is integrable

over S"~1, we can apply the domlnated convergence theorem to enter the limit inside the outer
integrals. Also, assuming that (u, &) # 0 (for this case it is clear that m(0) = 0), we do (at the
inner integral) the change of variables s := 271 (u, &), for each fixed u. Hence, for the inner
integral of the imaginary part of we have

1/e 2m(u,8) Je o
lim sin (27Tr<u,§>)l = lim sin (5) -sgn(u, £)ds = Esgn(u,f).

e—0 c r e—0 2me(u,€) S 2

On the other hand, for the inner integrals of the real part of (4.1.3) we get
27 (u,&) d 2m(u,&) /e d
lim [/ (cos (s) — 1) il +/ cos (s)s]
e—0 2me(u,&) S 27 (u,&) S

1 27 (u,€) /e 2m(u,§)
= lim [/ (cos(s)—l)ds—l-/ COS(S)dS_/ ds]
e—0 2me(u,&) $ 1 $ 1 S

= /01 (cos(s) — 1)§ + /000 COSS(S)ds —In(27) — In|(u, &)|.

S

Integrating now this expressions against Q(u) over S"~! the constant terms disappear, ob-
taining the desired result. O

This result is coherent with the expression we obtained for the Fourier transform of the
Hilbert transform, which was —i - sgn(¢). Indeed, for this particular one-dimensional case,

since Q(u) = 7~ 'sgn(u), the expression ({.1.2)) reads as

m(é) = /{ ) gpsen(u’) — n fugl| o) =~ (sen(€) - sen(~€))
— i san(¢’) = —i - sgn(e),

as expected. Notice that the parity of the two terms multiplying Q in (4.1.2) is important,
since they might not contribute to the value of the integral depending on the parity of €.
Indeed, observe that

e The first term is odd and bounded, so it will have no contribution if {2 is even.
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4.2 THE CALDERON-ZYGMUND THEOREM

e The second term is even, so it will not contribute to the integral if €2 is odd. Although
it is not bounded, any (positive) power of it is integrable in S"~!. Indeed, if a € R and
we assume & = (1,0,...,0) without loss of generality (by the symmetry of the integral),
expressing the integral in polar coordinates of R™ we get

LIn(z)e

In [(u, &)||*do (u 5/ In | cos Yp=-2 | —F=dx
[l oot < [ nfcose)ae = -2 [

being this last integral finite for all a > 0.

Therefore, since every function 2 in S"~! can be decomposed in its odd and even parts as
follows 0 0
Qu(u) = W Q, (1) =

we obtain immediately the following corollary (by Holder’s inequality):
Corollary 4.1.3. If Q is an integrable function on S™~' with null integral such that
1. Q, € LY(S™ 1),
2. Q. € LI(S™ 1) for some ¢ > 1,
Q(z))

o is bounded.

then the Fourier transform of p.v.

In fact, it is possible to carry out a study of the boundedness of singular integral operators in
terms of their parity. The reader may find details of this approach in [7, Chapter 4], which
involves techniques such as the method of rotations or the Riesz transform.

4.2 The Calderon-Zygmund theorem

If one follows the book of Duoandikoetxea [7], the approach commented above regarding the
study of boundedness of singular integral operators in terms of their parity, relies essentially,
in properties about the Hilbert transform. In fact, the arguments used to prove the bounded-
ness of such operators try to encapsulate the necessary information to retrieve an analogous
kernel to that of the Hilbert case, and try to resemble the expression of a singular integral to
a directional Hilbert transform; an approach that is possible once working with polar coordi-
nates and applying H, independently, in each line passing through the origin.

The conditions for boundedness that are presented this way seem to rely excessively on the
properties of the one-dimensional case. Far from this point view being not appropriate, we
seek conditions rather more general and intrinsic to singular integral operators that allow us
to formulate theorems which are independent of the nature of the particular kernel associated
to the operator. A fact that suggests that such development could be necessary is that in [7]
Chapter 4] one does not obtain information about the case p = 1.

In order to start our study, we wish to designate the necessary properties that makes us
think of an operator K as a singular integral operator. We may start imposing a condition
that characterizes the kernel 1/|z|™ in R™, which does not rely excessively in its form. The
condition we choose is that
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4.2 THE CALDERON-ZYGMUND THEOREM

K is a tempered distribution corresponding to a locally integrable function on R™\ {0}.

This opens new possibilities such as having a kernel of the form In|z|. But now, we wish to
demand additional properties that allow us to prove its boundedness (either weak or strong)
as an operator. We may find some pieces of information in the proof Theorem [3.2.4, where
we studied the boundedness of the Hilbert transform. To carry out the proof, notice that we
had covered in advance a specific case (p = 2) that could be shown rather easily. To study
this case we strongly relied on properties of the Fourier transform of the operator. By the
observations done after Definition [3.2.2] notice that it will be sufficient to ask for

the Fourier transform of K to be essentially bounded.

Later on, this last condition will be improved in the sense that we will deduce the same
boundedness results just relying on properties of K.

Finally, we observe that the main argument to extend the boundedness to every other case was
based on the Marcinkiewicz interpolation theorem [3.1.3] and we reduced ourselves to prove
the weak type inequality for the case p = 1 using a Calderén-Zygmund decomposition and
considering the study of the good and bad parts of f € S(R). In fact, checking the proof, the
argument only relied on the precise definition of the Hilbert transform when proving

[ itbgataide < € [ loraolds,
R\21 Iy,

which implied the weak type (1, 1) inequality. Now, this condition could be written as

[ @l <c [ i
R\2Qx Qk

where (Q;); is a sequence of disjoint dyadic cubes associated to a Calderén-Zygmund decom-
position of f in R™ for some A > 0. To achieve the previous bound, we will require K to
satisfy the so called Hérmander condition:

/ |K(x —y) — K(x)|de < C, VyeR".
|z[>2ly|

This assumption, in practice, is often obtained from another (stronger) property, that is
such that if K satisfies it, then also verifies Hormander’s condition. It is called the gradient
condition, which holds if

C

|m|n+1’

VK (z)| < Va # 0.

If this is true, by the mean value theorem we get that for every x there exists y = y(z) in the
segment joining = and x — y (and thus satisfying |y| > x/2) such that

/ K(z - y) - K(2)|dz < / VE@)|lyldz < C g,
j|>2]y] j|>2]y] jel>2ly| 191
1 1 -1 > dr -1
< 2" Cy| g da = 20T ||y\/ — =2"Cl5"| < oo,
jal>2ly| 12| 2y T

and so the Hormander condition holds.
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4.2 THE CALDERON-ZYGMUND THEOREM

Combining all the properties of the operator K we can state and prove the result we were
looking for:

Theorem 4.2.1. (Calderén-Zygmund, [7, Theorem 5.1]). Let K be a tempered distribution
that corresponds to a locally integrable function on R™\{0} and that satisfies for some A, B > 0

1. \I?({)\ < A for almost every £ € R™.

2. The Hormander condition:

/ |K(x —y) — K(x)|de < B, Vye&R"
|z[>2]y|

Then we have:
(i) For 1< p< oo | K * flly < Cpllfllp, for some Cy > 0.
(ii) There exists C' > 0 such that for every A > 0: [{x € R" : |K x f(x)| > A\}| < %Hle

Proof. As we have been arguing before, it will be sufficient to prove for f € S(R™) that
Tf := K« f is of weak type (1,1). This is because the strong type inequality for p = 2 is
already satisfied, so by the Marcinkiewicz interpolation theorem [3.1.3] the cases 1 < p < 2 are
covered, as well as those for which 2 < p < oo, by a duality argument. In this case what we
mean precisely by the latter consists of taking f € LP(R") and g € L¥ (R") with p > 2 and p/
conjugate of p (and hence such that 1 < p’ < 2), and observing that

[ (s @)g(a)da

where in the first equality we have been able to apply Fubini due to the boundedness assump-
tion for 1 < p < 2 and Holder’s inequality. Then, K x f is a bounded linear functional in
LP (R™) with norm at most Cy|| f||,, and applying the isometry between LP(R™) and (L (R™))’
we are done.

Returning now to the proof of the weak type (1,1) case, we consider, as in Theorem
a Calderén-Zygmund decomposition of f in R” with value A > 0. We denote the associated
sequence of disjoint dyadic cubes as (Q;);. As previously mentioned, the key point to deduce
the result was to check if

. W) E (=) * g)(y)dz| < Cpl| fllpllglly,

/ (Tbs ()] da < o/ by 4 (2)|da.
R™\2Qy Qj

Let ¢ be the center of @, and recall that each by has null integral. Hence, if x ¢ 2Qy

Thste) = [ K= pbpatiy = [ [Kle =)~ K@ = ety

k

and so we obtain

Lol [l [ Ko - K- el iy
R™\2Q; Qj R™\2Q;

where the inner integral of the right-hand side is bounded, since R" \ 2Q; C {z € R" :
|z — ¢j| > 2|y — ¢;|}, and so we can apply Hérmander’s condition. O
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4.2 THE CALDERON-ZYGMUND THEOREM

4.2.1 Refining the Calderén-Zygmund theorem using truncated integrals

In the discussion previous to Theorem it arouse the necessity to obtain, in a rather
direct manner, the boundedness for the case p = 2. We chose to approach this problem by
assuming a certain property about the Fourier transform of the operator K. The goal of
this section is to determine conditions concerning the properties of K itself that ensure its
LP(R™)-boundedness, for 1 < p < co. We begin by stating the following result that will cover
our goal not for the operator, but for a truncation of it.

Theorem 4.2.2. Let K € LL (R™\ {0}) be a function satisfying

loc

1. There exists A > 0 such that for every 0 < a < b < 0o

‘/ K(z)dz| < A. (4.2.1)
a<|z|<b
2. There exists B > 0 such that for every a > 0
/ K (2)|dz < B. (4.2.2)
a<|z|<2a
3. There exists C' > 0 such that for every y € R™
/ K(z —y) — K(2)|dz < C. (4.2.3)
|z|>2ly]

Then, for any ¢ >0 and R > 0 the function K. g(7) := K(%)X{c<|z|<R} Satisfies
|K.r| <C.

Proof. Let us fix £ € R and ¢, R positive constants. Observe that for ¢ < |¢|7! < R we have
Kon©= [ K@e o
e<|z|<R

:/ K(:p)e_2m<x’£>d:p+/ K (z)e 248 dy (4.2.4)
e<|e|<|€]~! €]~ <|z|<R

(in any other case, i.e. |£|7! or [(|7' > R, we would only need to study one of the two
integrals). Let us focus on the first integral. We rewrite it as

/ K(z)dx —l—/ K(z) (6_2“i<x’§> - 1)d£L’.
e<|z[<[¢] SNES

Taking absolute values and applying the mean value theorem we obtain the estimate

/ K(z)dx
e<lz|<l¢l~*

o K0 6

< A+ 2ml¢] / 12| K ()| da (4.2.5)

<|lz|<l¢l~t
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4.2 THE CALDERON-ZYGMUND THEOREM

To bound the second term we claim that relation (4.2.2)) is equivalent to

/ 12| K (2)|dz < B'a, (4.2.6)
|z|<a

for some constant B’ > 0 and for every a > 0. Indeed, observe that if we assume (4.2.2))

o oo
[ lk@ia=Y" | | K(@)de <3 o B = 2Ba.
lz|<a k=0 #<|z‘<2ik k=0
and on the other hand, if (4.2.6]) holds

/ K (2)]dz < / 12} g () < / 12} k() < 2,
a<|z|<2a |z|<2a

a<|z|<2a @ a

so the claim is proved. Hence, returning to (4.2.5) we get the bound A 4 27 B’.

For the second term of ({.2.4), we introduce the new variable w := 1£|¢|72, that satisfies
e2miw€) = —1. Changing the variable & — 2 — w, the integral, that we will call I, reads as

I:= —/ K(z —w)e @8 qy.
€]t <Jo—w|<R
Hence, summing this expression with the equivalent one of (4.2.4) we get
2] = / K (x)e 278 gy — / K(x —w)e @8 dy,
[~ <]z|<R €7 <|z—w|<R

Observe that 2|w| = [£|7!, which means that |z — w| = |z — §|¢|7!|. Then, the domain of
integration of the second integral is contained in (%\f]il, R+ %|§]*1) and, at the same time,
contains (3]¢|71, R — $|¢|7!). Therefore

21 = / [K(z) — K(z — w)]e_2”i<x’§>dx + / K (x)e 28 dy
Slel <zl <R—g g~ =t <[wl<3lgl?

+ / K (z)e 2748 dy — / K(z — w)e @8 qy
R—1e|-1<|z|<R

€] <|z—w|<2|¢| -1

- / K(z — w)e @8 4y,
Rf%|£\*1<|27w\<R

Now, taking the modulus and enlarging the domains of integration, we can bound 27 in the
following way

21| < /|€_1<Ix ‘K(:I:)—K(x—w)‘dx—i—Q/ K (2)|da

1 — _
el <al <S¢t

+2 / K (2)|da
R 16l <lel<R+ el
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4.2 THE CALDERON-ZYGMUND THEOREM

Since [£|~! = 2|w|, we can bound the first integral by (4.2.3)); the second one can be bounded
as follows

2/ \K(x)\dx:2/ \K(x)\dw—i—Q/ K () dz
slEl <]zl <3 gl-t slEl <]zl <3¢l el <|ml< 3 gl-T

§2/ |K (x)|dx + 2B < 4B,
zlel—t<|z|<lg|

and the third can also be bounded it by 4B by a similar argument, so we are done. O

An immediate consequence of the previous theorem is the following:

Corollary 4.2.3. If K satisfies the hypothesis of Theorem then for every e > 0 and
R > 0 the operator K. g * - is of weak type (1,1) and of strong type (p,p) for 1 < p < oc.

Proof. Notice that is just a mere application of Theorem [4.2.1] since if the conditions of
Theorem [£.2.2] are satisfied, then so are those of the former theorem. O

It is clear that our next goal should be to try to transfer the properties of the truncated
operators to the original one. That is, we wish to define the singular integral operator T as
the limit, in some sense, of K, g* f as € — 0 and R — oo so that the properties are preserved.

Begin by noticing that condition implies K. g € L'(R™), so by Minkowski’s integral
inequality [23, Exercise 16], for any f € LP(R™) the convolution K. g * f is well-defined in
LP(R™). Also, for ¢ € S(R"), if N = N(R,e) is the smallest positive integer satisfying
2V > Re~ !, we have

N
lim [+ 0(0)] < Jim K@)é@)de < tim > [ K (@) lo(a)]dr
R—o0 R—=00 Je<|z|<R R—o0 =0 Joke<|z|<2kH1e
N
. 1 2B
< i Bllelole 3 g = ol < o0

where the constant B appears in relation (4.2.2)). Therefore, K. o * ¢ is well-defined for
any ¢ € S(R™) (the previous computation has been done at the point 0, but an analogous
argument can be used for any other point considering a translation of ¢). In fact, we can
extend the previous definition to any f € LP(R"™) as follows: if (R,,), is an increasing sequence
of radii tending to oo, and (¢, ), C S(R™) approximates f in LP(R™), then

[ Kz r, * [ — K¢ R, * fllp
< HKE,Ri * (f - (bn)Hp + HKE,Ri * Op, — KE,Rj * anHp + ”KE,RJ‘ * (f - (an)Hp
< 1 Ke i llLf = onllp + | (Ke ri = Ke ;) * &nll + [1Ke [ f = énllp,
where the first and third terms tend to 0 as n — oo by construction, and the second also
tends to zero as i,j — 00, since we can apply again (4.2.2) and the fact that it involves an
integral of a rapid decaying function in a domain near infinity. Hence we have found that

the sequence (K¢ g, * f)n is Cauchy in LP(R"), and hence convergent, i.e. K.  * f is indeed
well-defined for f € LP(R"™).
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4.2 THE CALDERON-ZYGMUND THEOREM

Therefore, we have reduced the problem of giving meaning to the limit lim. 0 r—00 Kc R * f
to just studying the existence of

lim K(x)p(z)dz, ¢ SR"),
e—0 |z|>e
that is just the principal value of K applied to ¢. The next result answers this question:

Proposition 4.2.4. Let K € LL (R \ {0}) be a function satisfying [£.2.2). Then, the
tempered distribution p.v. K exists if and only if the following limit exists

lim K(x)dx.

=0 Joc|z|<1

Proof. Let us assume first that the tempered distribution exists. We pick ¢ € S(R™) so that
¢ =11in B(0,1). Then,

p.v. K(¢) = lim K(x)dx + K(z)p(x)dx.
=0 Joc|z|<1 |z|>1
Observe that the second integral is bounded by

/xm' @)ldz = Z / Bk @)(a) o

2k <|z|<2k+1 ’$|

< H|xr¢|rooz N o)ldz < 2B )6 < oo,

k | ‘<2k+1

and therefore the first integral must exist too. We prove now the remaining implication.
Assume that such limit exists, call it £. Then

p.v. K(¢) = 21_1}(1) e K(x)p(z)dx + /|x|>1 K(x)p(z)dx
= ¢(0)¢ + 21_1}(1) et K(z)[¢(z) — ¢(0)]dz + . K(x)¢(x)dx.

The second integral exists by the same argument of the previous implication. For first integral

using that |¢(z) — ¢(0)| < |[V¢||e|z| as well as property ([£.2.6), which is equivalent to (4.2.2)),

we can bound it by

/| _ K@)6(@) ~ o0l < |99l / 2] | K (2)|dz < B|Vé|oo,

z|<1
and so the principal value exists. ]
Corollary 4.2.5. If we add to the hypothesis of Theorem[{.2.9 the assumption
4. The limit lim._,q f5<|$|<1 K(z)dz exists,

then the tempered distribution T defined as

Tf(z) = lim K(y)f(z —y)dy

e—0 ly|>e

is extended to be a bounded operator in LP(R™), 1 < p < oo, which is also of weak type (1,1).
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4.3 CALDERON-ZYGMUND OPERATORS

Proof. Let f € LP(R™), 1 < p < o0, and (¢n)n, C S(R™) a sequence that approximates f in
LP(R™). Then, if (), is any sequence of positive real numbers approaching 0,

”K5i700 * f— Ksj,oo * f”p
< HKei,oo * f — Kep o0 * ¢an + HKSZ-,OO * O, — Kaj,oo * ¢an + HKej,oo * O — Kaj,oo * pr
< |[Kei o0llllf = @nllp + [(Kei o0 = Kejo0) * Pullp + [1HKe; oollll f = Pnllp-

By the comments previous to Proposition [4.2.4] the first and third terms tend to 0 as n — oc.
For the second term we use that the tempered distribution of the principal value of K exists,
and so as i,j — oo it also tends to 0. Therefore, the sequence (K.,  * f), is Cauchy in
LP(R™), and by completeness it converges. Such limit will define p.v. K * f. The process
of extension for the weak case is treated similarly but with the measure topology (see the
comments after Corollary [3.2.5]). O

4.3 Calderén-Zygmund operators

The conditions we have been giving so far in order to apply, ultimately, the Calderén-Zygmund
theorem [£.2.1] take advantage of the base case p = 2 and the fact that the operator involved
is the convolution with a tempered distribution.

Now we will proceed by assuming from the start the L?(R")-boundedness, so that the study
of the rest of LP(R™) spaces only relies on the Hérmander condition, for which the operator
needs not to be initially of the convolution-type.

Following the same reasoning as in the beginning of the previous section, we wish to find
sufficient conditions to follow a similar proof as the one given for the Kolmogorov-Riesz

theorem B.2.4

We begin by noticing that at the very end of the proof of Theorem to verify the weak
type (1,1) inequality, we reached an integral of the form

/Q e ([ .

and used that R"\ 2Qy C {z € R" : |z —cg| > 2|y — cx|} to apply Hérmander’s condition. In
the present case, if we want to generalize the last argument, we should start by understanding
our operator T (bounded in L?(R")) as represented by K, a function of two variables in
R™ xR". In fact, observe that we only need to use this kind of representation when applying T’
to by j, which belongs to the family of functions in L?(R™) compactly supported. Moreover, the
domain of K needs not to be R™ x R™, but we can discard the diagonal A = {(z,z) : = € R"}
due to the nature of the domains of integration. Overall, we require that there exists K defined
on R™ x R™\ A such that, if f € L?(R") has compact support, then T is given by

K(x—y)— K(xz — ck)‘dx>dy,

Tf(x) = - K(z,y)f(y)dy, Yz ¢ supp(f).

Moreover, it has to satisfy an analogous Hérmander condition, that now is written as

/ |K(x,y) — K(z, z)|dz < C.
|[z—y[>2|y—=2
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4.3 CALDERON-ZYGMUND OPERATORS

Also, there is a detail when generalizing the property for the case p > 2 using a duality
argument. If we look at the proof of Theorem there is a step where we do a change of
variables induced by the convolution itself. To follow the same argument we impose the same
Hérmander-like condition but with respect to the first variable, i.e.

/ K (2,y) — K(w,y)ldy < C.
|lz—y|>2|z—w|

Now we are ready to state the main theorem of this section.

Theorem 4.3.1. Let T be a bounded operator in L?>(R") and K a function defined on R™ x
R™ \ A such that if f € L*>(R™) has compact support then T is given by

Tf(z)= . K(x,y)f(y)dy, Yz ¢ supp(f).

Assume also that K satisfies

/ K (2,y) — K (2, 2)|dz < C, (4.3.1)
|z—y|>2|y—2

/ K (z,y) — K(w,y)|dy < C. (4.3.2)
|z—y|>2|z—w|

Then T is of strong type (p,p) for 1 < p < oo and of weak type (1,1).
Proof. 1t is analogous to the proof of Theorem [£.2.1] O

We may wonder if conditions (4.3.1)) and (4.3.2)) are too restrictive and do not give rise to
kernels of different nature. But, in fact, there exists a whole family of functions that satisfy
the previous Hormander conditions:

Definition 4.3.1 (Standard kernel). A function K : R” x R" \ A — C is called a standard
kernel if there exists § > 0 such that

K(z,y)| < ——, 43.3

Kyl € = (433)
ly—=° .

1K (z,y) — K(z,2)| §Cma if |z —yl>2ly— 2z (4.3.4)
jz —wl®

|K(x,y) — K(w,y)| §C‘$_y’n+5, if |z —y| > 2z —wl. (4.3.5)

We remark that standard kernels are functions such that its properties are clearly designed to
satisfy the Hormander conditions (4.3.1]) and (4.3.2)). These kernels motivate the definition of
a general type of integral operators that are continuous in LP(R™) for 1 < p < oo and satisfy
a weak type (1,1) inequality:

Definition 4.3.2 (Calderén-Zygmund operator). We will say that an operator T is a Calderdn-
Zygmund operator if
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1. T is bounded in L?(R").
2. There is a standard kernel K so that for any f € L?(R") with compact support

Tf(x) = - K(z,y)f(y)dy, Va ¢ supp(f).

Therefore, if we are given an operator defined through a standard kernel, if we show that it
is bounded in L?(R"), by Theorem m, it is enough to conclude that it is also bounded in
LP(R™) for 1 < p < co. We will tackle precisely this question in the next section.

4.4 BMO and the statement of the 7'1 theorem

The main goal of this section is to introduce a fundamental tool that will be helpful to check
the L2(R")-boundedness of an operator defined through a standard kernel, so that it has all
the properties of a Calderén-Zygmund operator. It will be the T'1 theorem and we will
state it without proof, since we find it rather technical and beyond the purpose of our project.
One may consult a complete proof in the book of Duoandikoetxea [7), §9.4] as well as a more
general version of it (that involves non-doubling measures) in the article of Nazarov, Treil &
Volberg [20, Theorem 1.2].

So we will begin our discussion by presenting a specific subspace of locally integrable functions
that will play a fundamental role in the T'1 theorem.

4.4.1 The space BMO

Definition 4.4.1 (Sharp maximal function). Let f € L{ (R") and @ C R" a cube. Let us
denote fp the average of f in @, i.e.

1
fa:= g /Q Fy)dy.

We define the sharp maximal function as

TV § N
M7 f(x) Zgr;Q/Qlf(y) foldy,

where we have to understand the supremum as taken over all the cubes containing x.

Definition 4.4.2 (Bounded mean oscillation). Let f € Li (R") be so that M# f is bounded.
In this case we say that f has bounded mean oscillation, and we denote the space of functions
with this property as BMO, that is

BMO = {f € LL(R") : M¥#f e L™(R")}. (4.4.1)

We wish to define now a norm in BMO and the first natural choice is

1l Baro = IM7 f .
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4.4 BMQO AND THE STATEMENT OF THE 7'1 THEOREM

However this is not a proper norm, since any function which is constant almost everywhere
has zero oscillation. Nevertheless, these are the only functions with this property, and so we
will understand (as it is customary also in LP spaces) BMO as the quotient of the original
space by the constant functions. This way, (BMO, | - ||pamo) not only becomes a
normed space, but a Banach space [7, §6.2].

Proposition 4.4.1. Let f € L{ (R"). Then, there exists a constant Cy, > 0 such that for
every x € R"
M# f(x) < CuM f(2),

where M is the Hardy-Littlewood mazimal function.

Proof. Let us begin by proving 1. Fix x € R™ us recall that M was defined as

1
M f(x) = sup
( ) r>0 |Br| B,

[f(z —y)ldy.

Our first observation is that computing M using balls or cubes is essentially equivalent.
Indeed, for every Q(0,7) = Q, C R™ (cube of side length 2r centered at the origin) we can
find 1 > 0 and r2 > 0 so that B,, C @, C B,,, and therefore for every r > 0 there exist
constants ¢; > 0 and ¢y > 0 so that

C1

— d
B/, e - wldy <

)|d )|d 4.4.2
o o i< 2 [ ey @42

We will denote the maximal operator computed through cubes as M’ and it is such that
M f(z) =~ M'f(x), where = refers to a relation such as (4.4.2)). Hence, if Q denotes a cube of

side length 2r containing x, we have

# _
M7 f(z) = sup |Q|/!f fQ\dy<sup |Q‘/\f )|dy

Q3
2 |Q(x,2y/nr)|
= d
S 1T Q. 2] Jgwaymn 14

=2(2v/n)" sup (y)|dy = 2(2v/n)" M f(x)

J;a\/ﬁr’/ fr
OJ

Notice that if we combine the previous result with Theorem for the case p = co, we have
the inclusion

L C BMO.
Let us now prove an important result that connects BM O spaces with singular integrals:

Theorem 4.4.2. Let T be a bounded operator such as in Theorem [{.3.1. Then, for any
bounded function f compactly supported, the following are satisfied:

1. Tf € BMO.
2. |TfllBro < C| flloo-
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Proof. Let us fix a cube ( C R" and denote its center by cg. Set also Q* the cube centered
at cg whose side length is 4y/n times that of @ (this dilation factor coincides with four times
the length of the diagonal of the unit cube of R™). Now we decompose f as the sum f; + fo
where fi = fxg~ and fo = f — fi. Finally, we choose a := T fo(cq) to obtain

@/Q]Tf(x)—ddxﬁ é/cy\Tfl(x)ldx+|22/ ITFo(w) = Tfaleq)lde

< (g1 J,rne d"““) al,

1 2 |
SC(IQI /*If( ) dx) Qf / /RH\Q* (2,y) = K(cq,y)|dydz - || fls
<N flloo +C" N1 flloo S M1 flloos

/ (K () — K(cg,v)] f(y)dy|dz
R™\Q*

where we have useded Hoélder’s inequality, the L?(R™)-boundedness of T and the estimate
(4.3.2)), that can be applied since if £(Q) is the side length of @, for every x € Q and y € Q*
we have |y — cq| > 2y/nl(Q) > 2|z — cg. O

One of the applications of the previous result is that it allows us to define an operator T as
in Theorem for any f € L*°(R™). We do it following a similar scheme as in the above
proof: consider f € L>®(R"™), a cube Q C R™ centered at the origin and its associated bigger
cube @Q*. We decompose f = fi + fo where f; = fxg+ is bounded and with compact support.
Hence T'f is well-defined thinking f; as an L?(R"™) function, and so T f;(x) exists for almost
every x. Now we define for each = € @

Tf(a)i=Thia) + [ [K(w.p) - KO.0)] hl)ds (143

The integral involved in the previous expression converges, since it can be bounded as

[ 8w~ KO s < e [ 1K) = KO0y S 1S

by the definition of @* and the assumptions made about K (implied by the fact that 7" is an
operator as in Theorem [4.3.1]).

Observe that if @ is some other cube centered at the origin containing ), we might encounter
a problem, since we have two definitions for T'f(z) if z € Q. But defining f; := fXQ* and

fo=f Xgm\ g+ W€ get that the difference between both definitions at = € Q) is

T=fos [ K KOy [ (K - KO] 0. (449

Since f1 —fvl € L%(R?) is compactly supported and = ¢ supp(f; — fl) = @*\Q*, we have

T e = [ K@ - Pwd= [ K S
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so the difference computed in (4.4.4) now simply reads as

- ﬁ K(0,y)f(y)dy,
o"\Q*

which is constant and independent of x. Therefore, both definitions coincide in BM O, so we
can take (4.4.3)) as the proper definition of T'f for f € L. In fact, by a similar argument as
the one done in the proof of the previous theorem, we can show that

Theorem 4.4.3. The results of Theorem also hold if f € L>®(R™).

4.4.2 The statement of the 71 theorem

Along this section we will consider operators 1" mapping the Schwartz class to the space of
tempered distributions, i.e. T : S(R") — S'(R™). We will also assume that T is associated
with a standard kernel K, meaning that for f,¢g € S(R") with disjoint compact supports, T
is given by

(Tf,q) / K(z,y)f(y)g(z)dzdy. (4.4.5)
n Rn
We will define its adjoint operator T™ as

<T*fvg> = <f7 Tg> Vf,g € S(Rn)y

where we think f as a an element in S'(R™). T™* is associated with the standard kernel

K*(z,y) = K(y, ).

We know that if T" is bounded in L?(R"™) it becomes a Calderén-Zygmund operator and so we
can define T'f for f € L>°(R"™) as an element in BMO. However, the boundedness condition
in L2(R™) may not be satisfied a priori. Hence, we will give another argument that allows us
to give meaning to T'f if f € L>®(R™) N C>(R™).

To do it we begin by fixing g € C23(R"), that, for us, will denote the space of smooth functions
in R compactly supported and with null integral. Assume supp(g) C B(0, R) and choose
also 11,19 € C*(R™) so that supp(y) C B(0,3R), v = 1 in B(0,2R) and also 11 + ¢ = 1.

Then, for any f € L>®(R™) NC>®(R") we get fi1 € S(R™) and so (T'(f11),g) is well-defined.
In fact, if f had compact support, since 12 = 0 in supp(g) C B(0,2R), we would have that
f1o and ¢ have disjoint supports and the following identity would hold

10 = [ [ Kan)i@ataa)dedy

However, as f may not be compactly supported, we define

T(r02).9) = [ [ ()~ KO0 @a()g()dady,

that generalizes the previous definition because g has null integral. This last expression makes
sense, since the support of ¥ lies in R™\ B(0, 2R) and because of condition (4.3.5]) on standard
kernels, that reads

j|°

|K(z,y) — K(0,y)| < C if |yl > 2|z|.

‘y|n+§’
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4.4 BMQO AND THE STATEMENT OF THE 7'1 THEOREM

Indeed

|f(y) > 5
C
walse | ( / o e )l

_ < dr
< sl B0 RS ([~ 555 ) < o

Definition 4.4.3. We define T'f, for f € L>®(R™) N C>*(R"™), to be

(Tf,9) =(T(fvn),9) + {T(fi2),9), Vg€ CH(R").

Notice that the fact that g has null integral ensures that the definition does not depend on
the choice of ¥; and 5. To prove it choose 1,2 and 91, 9. Since supp(g) € B(0, R)
and the differences 11 — 1 and s — ¥y are compactly supported in B(0,3R) \ B(0,2R),
we can apply the genuine definition to justify that the expressions (T'(f1 — f{/;l), 9),
(T(f1p2 — f1b2), g) make sense. Moreover, since 1 = 1)1 + 19 = 1)1 + 12, we deduce the equality
(T(fer — fin),g) = (T(fba — fib2), ), and so indeed (T'f, g) is well-defined.

Let us present now two more definitions that are necessary to state the T'1 theorem. First, for
a given f € L*°(R™) NC>®(R"), we will introduce what we will understand for T'f € BMO;
and second, we present a weaker condition than boundedness that will be sufficient to state
the desired theorem.

Definition 4.4.4. Given f € L>®(R") NC>*(R") we say that T'f € BMO if there exists a
function b € BMO so that

(Tf,g)=(b,g), VgeClhHR").

Notice that (b, g) is well-defined since BMO C L{ (R") and the functions g have compact
support.

Definition 4.4.5 (Weak boundedness property). An operator 7" will have the weak bound-
edness property (W BP) if for every bounded subset B C C2°(R"™), there exists a constant Cp
so that for any fi1,fo € B,z € R" and R > 0

T T n T - .
(TR £ < CR™, where f77(y) = o (y 7 ) for j=1,2.
Recall that a subset B C C°(R") is said to be bounded if for every functional ¢ € C°(R™)’
we have sup{|(¢, f)| : f € B} < oc.

Let us give an example of an operator that satisfies the weak boundedness property that will
be important in the sequel.

Proposition 4.4.4. Let K be a standard kernel which is anti-symmetric, i.e. K(x,y) =
—K(y,x); associated with the operator T : S(R™) — S(R™)" given by

(Tf,9) = lim e K(z,y)f(y)g(x)dydx, Vf,gec SR"). (4.4.6)
r—y|>e

Then T is well-defined and has the W BP.
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4.4 BMQO AND THE STATEMENT OF THE 7'1 THEOREM

Proof. Observe that by the anti-symmetry, the mean value theorem and property (4.3.3])
1
wral< s [ [ K@i - fwa)]ds
< [ [ K@l @) - Fwew)dyds

/ / (I f(W)gy) — f(x)g(y)|dyde

/
// |x—y|n1dd +/ / \ijjwddm’

and if we apply Fubini’s theorem and work in polar coordinates, it is clear that these last
integrals are finite. Therefore, the integral defining (T'f, g) is absolutely convergent and hence
well-defined.

Let us check now the W BP. Notice that for any bounded subset B C C°(R™) and f1, fo € B
we have

<Tff7R, ;R) :g% - K(:c,y)fl( >f2< )dyd:c
r—yY|>€
= lim R™K(Ru + z, Rv + 2) f1(u) f2(v)dudv.
=0 fe-yl> 5

So (T, £ can be written in terms of a new kernel T g := R"K (Ru+ z, Rv + z), which
is still standard and such that
(TFF5 f35) = BT nfi(f2) < R sup{l{¢, )] = f € B},

Hence, satisfies the W BP. OJ

We are now ready to state the T'1 theorem:

Theorem 4.4.5. (T'1 theorem, [7, Theorem 9.9]). An operator T : S(R"™) — S’(R"), associ-
ated with a standard kernel K, extends to be a bounded operator on L*(R™) if and only if the
following hold

1. T1 € BMO.
2. T*1 e BMO.
3. T has the WBP.

Observe that by Proposition [1.4.4] if K is an anti-symmetric standard kernel and 7 is its
associated operator, since T* = —T', we deduce that

T will be bounded in L*(R") <« T1 € BMO. (4.4.7)
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Chapter 5

Returning to Denjoy’s conjecture

We end our project by connecting the theory we have developed in the previous sections with
Denjoy’s conjecture being able to provide a proof of it for a specific case. We recall its
statement:

Conjecture (Denjoy). If a rectifiable curve contains a compact set with positive length, then
this compact set has positive analytic capacity (and thus it is not removable).

The way we will proceed will be the following: we will focus on one particular operator we
have already presented, the Cauchy transform (Definition , restricted to the graph of a
Lipschitz function, the rectifiable curve that will contain the compact set we are interested
in. We will assume that the graph, as a closed subset of R?, is bounded, since we are
interested in studying a compact set contained in it. We will see that the previous operator is
associated with an anti-symmetric standard kernel and, in the end, the result that will yield
the boundedness of the Cauchy transform will be relation [4.4.7

Having proved the latter, to tackle Denjoy’s conjecture we will have to present three different
lemmas, one without proof and the remaining two fully covered. The final proof will turn out
to be a rather direct consequence of the previous results.

5.1 L? boundedness of the Cauchy transform on Lipschitz graphs

Let A be a Lipschitz function on [a,b] C R (hence A’ exists almost everywhere with A" €
L>*(R)) and let I' be the graph of rectifiable curve given by ~(t) = t +iA(t), for ¢t € [a,b]. We
define for every f € LY(T) (that is f o~y € L'[a,b]) its Cauchy integral along T as

bt +iA())

erf(z) = Al - -

(1+iA'(t))dt = /b mclfy(t), Vz e C\T,

which makes sense since |y(f) — z| > 0. Observe that the previous definition, extending f by
0 to C\ I if necessary, can be rewritten as

Cﬁlx(z):/(C ! dv(w), where dv(w)= f(w)dH'|r(w).

w—z
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5.1 L? BOUNDEDNESS OF THE CAUCHY TRANSFORM ON LIPSCHITZ GRAPHS

By the properties of ¢, we already now that ¥v defines an holomorphic function in C \ T’
(Theorem [2.3.2). We must understand dH!|r as the usual length measure for a curve in C.

Our goal will be to give meaning to the previous expression when z € I'. This will lead to
consider the Cauchy transform of the length measure of a bounded Lipschitz graph, restricted
to the latter as a subset of C. The main result we will prove is that, under some additional
conditions, this last operator is a bounded operator in L?(T"). So the operator we are interested
in is the following:

Definition 5.1.1 (Cauchy singular integral operator). Let A : [a,b] — R be a Lipschitz
function with Lipschitz constant || A'||oc, and let I' = {y(t) =t + iA(t) : t € [a,b]} C C be its
graph. For f € S(R), the Cauchy singular integral operator (over the graph of A) is given by

“rf(2) = lim f(w)

€0 Jywel: |z—w|>e 7 — W

dHr(w), for HY|r-ae. z €T.

To prove that it can be well-defined in L?(T), we begin by checking that the kernel associated

with ér, that is
1
K(z,w) := , zywel,
Z—w

is standard. Observe also that it is anti-symmetric, i.e. K(z,w) = —K(z,w). Expressing
z = y(z),w = v(y) for z,y € [a,b], condition with n = 1, is deduced as a direct
consequence of the Lipschitz hypothesis:
< .
|z =yl

(z) — Aly)
T—y
Regarding ([4.3.4)), if £ = y(s) and |z — y| > 2|y — s| we have
y—s+i(A(y) — A(s))
[:E —y+ Z(A(:L‘) — A(y))] [:L‘ — 5+ Z(A(:E) — A(s))]

1 A
K (2 w)| < \1—i
|z —y

K (2, w) = K(2,§)] =

—1 -1
< ly=sl | A@) —AQ)| |, AR - Al) | y—8<1+A(y)—A(8))
~ oz —yl? r—y r—y r—y y—s
—1
ly — s ly — s p ly — s
< 1- 14 4x)| S .
PEe e Il e L0 Sl ey

Thus, the condition is satisfied for 6 = 1. In an analogous way we can prove that (4.3.5)) also
holds with § = 1. Therefore K is an standard kernel.

Now we continue by rewriting K so that its dependence on I'" becomes explicit. By this we
mean that instead of working with the complex variables z and w, we use that z = v(x) and
w = v(y) to obtain the equivalent expression

1 1
Ko = KOWAD = 560750) = oy —itam - a@)” Yl

Notice that if we assume ||A'|| < 1 we may expand the kernel K as a geometric series

1 Cﬂ@—A@»?

r—y r—=Yy

oo
K(x,y) =Y i*Ki(x,y), where Ky(z,y)=
k=0
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5.1 L? BOUNDEDNESS OF THE CAUCHY TRANSFORM ON LIPSCHITZ GRAPHS

Definition 5.1.2 (Calderén commutators). If ||A'||o < 1, the following anti-symmetric ker-

nels N
Kp(z,y) = ! (A(x) _A(y)) , k=0,1,2...
T —y x—y

are called Calderon commutators. In a similar way as for K, they are also a standard kernel
with § = 1 and constants proportional to || A’||%. .

By the T'1 theorem the kernels K} satisfy the following essential property:

Theorem 5.1.1. Let A : [a,b] — C be a Lipschitz function, k > 0 an integer and € > 0. The
linear functional Ty, : S(R) — C

Ty f(x) = lim Ki(z,9)f(y)dy

e—0 lz—y|>e
is bounded on L?(R) and there exists a constant C > 0 such that
k k
IT%l < C¥IIA]I5 -

Proof. First we notice that by Proposition Ty f is well-defined as an element of S(R)’
and so is also T} as a map from S(R) to S(R)". Moreover, since T satisfies the W BP, by the
T'1 theorem it will suffice to prove that T;1 € BMO to obtain the L?(R)-boundedness
of this operator.

In fact, we will prove that there is C > 0 so that for all k
I Tkl Bro < CFFH A (5.1.1)

Once we prove this, the second part of the statement will follow as a consequence of an
argument used in the proof of the T'1 theorem [7], §9.4] that implies that

the norm of Ty depends linearly on the constants of Kj as a standard kernel and the
BMO norm of Ty1.

Then, using that the first constants are proportional to ||A’||%, as well as (5.1.1]), we have
|Till 2o Baro < (O + CEFHIA'E, ~ CFFH| A, (5.1.2)

so the second statement of the theorem follows. Hence we focus on proving and we
will do it by induction. The case k = 0 is straightforward, since Ty is the Hilbert transform
and so Ty = 0. Now let us assume that the inequality holds for a fixed k and prove it for
k + 1. Integration by parts yields

Tpi1l =T,A"

(although formally it is clear, the details to make this statement rigorous become cumbersome.
See [7, Corollary 9.12] for a justification of the previous equality). Thus, by Theorem

| Tkr11llBro = | Te A Bmo < Tkl Broll A so-
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5.1 L? BOUNDEDNESS OF THE CAUCHY TRANSFORM ON LIPSCHITZ GRAPHS

Also, from the proof of Theorem and recalling that the constants from the estimates
that ensure that K is a standard kernel are proportional to ||A’||, as well as (5.1.2) (that
holds for the case k by induction hypothesis), we have the estimate

Il e maro < Co(| Tkl 22 + CrllA[15) < Co(C3CMH 4 Cr)|| A K.
Then, choosing C large enough so that Cy(C3C*+1 4 C;) < C¥*+2 we are done. O

Therefore, if ||A’||oc < 1 we can expand the kernel K as a geometric series and by Theorem
we deduce that T} is a Calder6n-Zygmund operator with standard kernel Ky (x,y).

Finally, setting dér := dH!|r(€) to ease the notation, we carry out the following computation
for f € S(R) (a priori)

1/2 2 1/2
16T fll L2(r) = (/F\Cfrf(z)lzdzr> = (/F gi—%/wer . K(z,w)f(w)dwr sz)
(9] 2 1/2
([ [ SR G0 0] )
|20 jz—y|>e k=0
9) 2 1/2
([l [ S #Raa a0+ ia G| )
20 Jjo—y|>e f=5
. . al .k . 2 1/2
= ([ ] A R W)+ A ) (@)

(5.1.3)

Observe that the product of functions g¢ := (f o7)(1+14A’) is bounded and hence belongs to
L?[a,b]. Notice that it can also be thought as a function in L?(R) once we multiply it by the
characteristic function x[, ). Let us define

ernfx —hm/l | Zszxy)gf dy—Zszgf x),
:cy>£

e—0
k=0

where now, because of Theorem we can assume f € L?(R) C L?[a,b]. Notice that if the
following estimate holds

CllA | <1, (5.1.4)
we deduce
N N N
—00
6o f = Conafllizn < D 1Tegslrziy < < > CkHA/”l;o)HngLQ[a y — 0.
k=M+1 k=M+1

Therefore, by completeness, the sequence (41 n)n is convergent to an element of %(L?[a, b))
(the space of bounded linear operators defined from L?[a, b] to itself) as N — oo. This means,
in particular, that for every f € L?[a,b], the sequence (4T n f)n is convergent to an element
of L?[a,b], that we will call % f. Taking a subsequence that converges for almost every point,
that abusing notation we will equally denote by (41 nf)n, we have
N
¢rf(z) = lim ¢rNf(zr) = lim lim ZikKk(:E,y)gf(y)dy, for L-a.e. x.
N—o0

N—oo0e—0 lz—y|>e =0
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5.1 L? BOUNDEDNESS OF THE CAUCHY TRANSFORM ON LIPSCHITZ GRAPHS

On the other hand, by construction, if we take the limit with respect to N inside, we recover
pointwise almost everywhere 4T f (see expression (5.1.3)). Then, érf and 4T f must coincide
pointwise L-a.e. on [a,b].

So if we now return to (5.1.3), we are able to take the limit with respect to N outside the
inner integral and obtain

2 1/2

dzr(x)>

16T fll L2y = (/
Tly—o
2 1/2 o)
dmx)) < 3 ITu(F o) ey
k=0

< o0
'l e—o

< (Zo’an’u’;)||fow||Lz[a,b] = (ch||A’||’;o>||f||Lz(p)
k=0 k=0

o0

Jim /| ybeikKk(a:,y)f(v(y))dwr(y)

e—0

FTL(f 0 7)(x)

Therefore, the previous argument together with assumption (5.1.4)) finally yield:

Corollary 5.1.2. There exists § > 0 small enough so that if ||A’||s < 9, the operator 61 is
bounded in L*(T) (and so it becomes a Calderén-Zygmund operator).

In other words, the previous corollary proves the L?-boundedness of the Cauchy transform of
the length measure of Lipschitz graphs with small enough slope.

Brief comments on the general result

The way we have studied the L?-boundedness using the T'1 theorem was first tackled by
Calderén [3] (1977). Those who first proved that the restriction ||A’||~ < € was not necessary
were Coifman, McIntosh & Meyer [] (1982). Later on, David [5] (1984) characterized the
curves on which the Cauchy integral defines a bounded operator on L?: they are precisely
those such that any circle of radius r contains in its interior a piece of the curve of length, at
most, Cr with C' > 0 fixed. These curves are referred to as Ahlfors-David curves.

In any case, the result that generalizes the one we have proved using the Calderén-Zygmund
theory is the following:

Theorem 5.1.3. Let A : R — R be a Lipschitz function and T' C R? its graph. Consider the
measure v = H|p. Then, the Cauchy transform €v is bounded in L? and its norm does not
exceed a constant depending only on || A||sc-

One can find an exhaustive proof of the previous result in Tolsa [27, Theorem 3.11], where
more advanced tools are used in the argument, such as the Calderén-Zygmund theory for
non-doubling measures or the Menger curvature of a measure.
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5.2 The Denjoy’s conjecture

The last goal of our project is to combine the techniques developed for singular integrals
as well as for analytic capacity to obtain an idea of the proof of Denjoy’s conjecture, whose
statement was foreshadowed at the end of Chapter[2l Let us recall it, now as a theorem:

Theorem 5.2.1 (Denjoy). Let I' C C be a rectifiable curve and E C T' compact. Then
Y(E) > 0 if and only if H'(E) > 0.

The proof of the previous result will rely heavily on the L?-boundedness of the Cauchy trans-
form on Lipschitz graphs. However, we will need a technical yet fundamental result that we
will not prove. That is the reason we mentioned before that we will just provide an idea of
the proof, since we will present the type of result needed to rigorously deduce the conjecture.
Previous to its statement, let us recall first that a measure v is said to have linear growth if
for every disk D,(z) — with center z and radius r — it satisfies v(D,(z)) < r. Bearing in mind
this definition, the result we are interested in asserts the following;:

Lemma 5.2.2. Assume that a compact set E C C supports a non-zero Radon measure v with
linear growth and such that €v is bounded in L*. Then v(E) > 0.

The proof of this lemma can be found in Tolsa [27, Remark 4.8] and it needs concepts that are
far from the scope of this project, such as weak Lebesgue spaces or the Calderén-Zygmund
theory for non-doubling measures.

Apart from this result, we will need two more geometric lemmas (easier to prove).

Lemma 5.2.3. Let F' C C be so that for any z,w € F there is a constant Cr > 0 satisfying
Jm(z) — Im(w)
Re(z) — Re(w)
Then F' is contained in the graph a Lipschitz function A : R — R.

<Cfr

Proof. From the property defining F' we observe that if z,w € F are such that Re(z) = Re(w),
then z = w. Hence, we may define the map

A : Re(F) — Jm(F)
Re(z) — Tm(z)

It is clear, by definition, that F' C {(z, A(x)) : = € Re(F)}. Moreover, the defining property
of F' makes A a Lipschitz map with constant at most Cr. In fact, we can extend A to a
Lipschitz map A : R — R by the formula

A(z) = inf {Z(y) +Crlz—y| :ye me(F)}.

It is clear that if # € Re(F), then A(x) = A(z). Moreover, for any € > 0, if z1, 25 € R we can
find y1,y2 € Re(F') such that
~ £ ~ 5
|A(z1) = A(y1) — Crler — w1 | < 5 |A(z2) — A(y2) — Crlaza — ol | < ok

Using this property, we check the Lipschitz condition on A for different cases depending on
whether if 1, x5 € F or not. It is clear that if both belong to F', the condition is satisfied. If
x1 € Fand 29 ¢ F,
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5.2 THE DENJOY’S CONJECTURE

|A(21) = Aw2)] < |A(z1) — Ay2) — Crlra — yol| < Crllwr — ya| — w2 — v2|
= Cpllz1 — w2 + 22 — y2| — |22 — 2|| < Crlar — 2o

and the argument for the case x1,z2 ¢ F' is analogous to the previous one, concluding that A
is still a Lipschitz map with constant at most Cr and with graph containing F'. O

Lemma 5.2.4. Let T be a rectifiable curve and E C T with H'(E) > 0. Then there exists a
compact subset F C E with H'(F) > 0 which is contained in the (possibly rotated) graph of a
Lipschitz function A : R — R.

Proof. Let g : [a,b] — C be the arc length parametrization of T, i.e. g([a,b]) = I' with g
differentiable L-a.e. in (a,b) with |¢/(t)] = 1. Observe that since ¢’ € L'[a,b], by Theorem
we have that for L-a.e. ¢y € (a,b)

1 to+¢e
lim / lg' (to — t) — ¢’ (to)|dt = 0.
Therefore, fixing ¢y one of the previous points, we can find an interval Iy 3 £y so that

19(6) — 9/ (o)t < 5 £(Ty). (5.2.1)
Io

We will also assume, without loss of generality, that ¢'(t9p) = 1 (by a rotation if necessary).
Now we consider the following set:

@ {t €lo: 3g'(t) and [g'(t) - 1] < 110}

The set G has positive L-measure due to condition (5.2.1). Indeed, recalling that ¢' exists
almost everywhere we have

£Uo) o [ g0y - g/to)dt = / 16/(8) — o/ (to) |t + / 19/(8) — 1]de
20 Io I\G
G
/|g t() |dt+(io\).

so if G had null measure we would reach a contradiction. Now for each m > 1 we set

s—t

Gm:{teG : ‘g(s’)g(t)—g’(t)‘gllo if \s—t|§§l}.

Since by definition (J,,5; Gm = G, we deduce that for m big enough £(G,) > 0. For such
value of m, we pick an interval J C Iy of length (2m)~! so that £(J N G,,) > 0. Now we
observe that if s,t € J N G,,, then

‘9(5) —g(t) 1‘ < ‘9(8) —9(t)

s—t

1

—g’(t)‘Jrlg/() 1] < +—O -

T)
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5.3 AND WHAT ABOUT OTHER TYPES OF COMPACT SUBSETS?

Observe that calling F'(s,t) := w we have obtained

F(s,1) — 1] = /PRe(F (s, 1)) — 17 + Im(F(s, )2 < %

so geometrically (thinking the last expression as the equation of a circumference), we have
Re(g(s)) —Re(g(t))| L 4 |Im(g(s)) —Im(g(®))| _ 1
s—t — 5 s—t -5
Hence, we finally obtain that for any s,t € J NG,
’3111(9(8)) - jm(g(t))‘ <1
Re(g(s)) — Re(g(t))

= 4'
So applying Lemma we get that g(J N G,,) is contained in the graph of a Lipschitz

function. Finally, taking a compact subset Fy C JNG,, with £(Fp) > 0 and setting F' = g(Fp)
we are done. O

Proof (Denjoy). Recall that we already know the inequalities v(E) < HL (E) < H1(E), given
by Painlevé’s theorem @ , so we are left to prove that for £ C T' with H!(E) > 0, we
have v(E) > 0. By Lemma @l we know that there exists a compact subset F' C E with
H'(F) > 0 contained in a (possibly rotated) Lipschitz graph. By Theorem we know
that the Cauchy transform is bounded in L? with respect to the arc length of this Lipschitz
graph. But it will also be bounded with respect to the measure H!|z, which is Radon (since it
is Borel regular and locally finite [16, Corollary 1.11]) and we know that satisfies a condition

of the type (2.4.1) with s = 1. Hence, we can apply Lemma obtaining v(£) > 0 and we
are done. ]

5.3 And what about other types of compact subsets?

The characterization of removable compact subsets has led to different conjectures apart from
the one we have presented. One of the most well-known is Vitushkin’s conjecture, proposed by
A. G. Vitushkin in 1967 [30], that asserts that removable subsets are those with null Favard
length. To define this notion, denote by py the orthogonal projection onto the line through
the origin at angle 6 to the positive z-axis. Then, the Favard length of a compact subset
E C C is the average length of its projections over all directions:

Fav(E) := /OW’Hl(pg(E))dH

The conjecture is y(F) = 0 < Fav(E) = 0. In 1986 Mattila [I5] proved this conjecture
wrong by showing that having positive Favard length is not invariant under conformal map-
pings, while removability for bounded holomorphic functions is. Nevertheless, although the
conjecture may not hold in full generality, it turns out to be true in the particular case where
E has finite length. This was proved by David in 1998 [6], where he showed that a compact set
E C C with finite length is removable if and only if is purely unrectifiable, i.e. if it intersects
any rectifiable curve at most in a H!-null set. And applying a theorem of Besicovitch (see
[16, Chapter 18] for more details) we deduce the result, since for subsets of finite length, being
purely unrectifiable becomes equivalent to having null Favard length.
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Appendix A

I‘he fundamental solution of the
O-equation.

A.1 The Cauchy-Pompeiu formula

A well known basic result in complex analysis is Cauchy’s integral formula, that says that if
f is holomorphic on €2, a bounded domain with piecewise regular boundary and positively
oriented, then for z € 2 we have

1= g [ I

2mi 3Qw—z

The formula we are about to present generalizes the previous integral representation for a
bigger class of functions:

Theorem A.1.1 (Cauchy-Pompeiu). Let 2 be a bounded domain with piece-wise regular
boundary and positively oriented. Then, if f € Cl(ﬁ), we have for every z € Q

21 Joq W — 2 w—z

Proof. Consider 0 < £ < d(z,09) and define Q. := Q\ D(z,¢). We name also g(w) := f(w)

w—z’
which belongs to C!(€.). Since the boundary of {2 satisfies the necessary conditions to apply
Stoke’s theorem, we can apply it to obtain

/Emsg(w)dw:/ﬂgd(g(w)dw) =/Q€ dg/\dw:/QE (9gdw + Dgdw) A dw

_ 0
= agdedw:/ |:af(uj)+f(w)de/\dw
Q. L lw—2z W — 2

:/ Of(w )(dx—i—zdy) (dac—idy):%/ 0 (w )d£2( )
Q

L w—2z Q. W=z

p /Q (;)Uf(_zxgs(w)d£2(w).
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A2 THE FUNDAMENTAL SOLUTION OF THE O-EQUATION

Now recalling that f € C!(Q) we deduce, in particular, that |df| is bounded by some constant
C > 0 in Q. Therefore

22/ Of (w (w)dL2 (w )‘ <20 AL (w) ZQC[/Q d£2(w)+/D(zad£2(w)]

Q |w—z| _w— 2| )]w—z]

2
< 20[5(;28) +27r5] < 00,

since {2 is bounded. Hence, by the dominated convergence theorem we obtain
)
lim g(w)dw = 21'/ J(w )d£2( )
e—0 0. QWwW-—=z2

On the other hand, if we do not apply Stokes theorem, we also have the identities

_ _ [ f(w) f(w)
/595 glw)dw = /89 glw)dw+ /c’)D(z,a) glw)dw = N w— Zdw " /8D(z,£) w = Zdw.

The second integral can be rewritten, using polar coordinates, as follows

2w i0 . 2m ;
/ ) gy = [THEEED vy — i [T gz 4 ecyan.
oDGD W — 2 0 ge’ 0

Using again the dominated convergence theorem we obtain that the integral converges to
2mif(z) as € — 0, and equating both equivalent expressions obtained for |, 20, g(w)dw once
we have taken the limit as ¢ — 0, we deduce the desired result. O

Corollary A.1.2. If f € C1(C) (compactly supported continuously differentiable function on
the whole C ), then for each z € C

ro =+ [ Sar)

w—z

A.2 The fundamental solution of the J-equation

One of the most important consequences of the Cauchy-Pompeiu formula has to do with the
fundamental solution of the -equation. By this we mean the following: suppose we are asked
to find a certain function f (preferably compactly supported and continuously differentiable
up to a certain order of derivatives) that satisfies

5(f ) = 0o,
where the equality is in the sense of distributions. To that end, notice that if f € C1(C) we
have, by the previous corollary

0 =-1 [ o ai-(-L)En- (- )]0

w
implying that
Theorem A.2.1. The fundamental solution of the 0-equation is —i. That is,

5023(1>.
Tz
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