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Introduction

These notes deal with complex analysis, harmonic analysis and geometric measure
theory. My main motivation is to explain recent progress on the Painlevé Problem
and to describe their connections with the study of the L?-boundedness of the Cauchy
singular integral operator on Ahlfors-regular sets and the quantitative theory of rec-
tifiability.

Let F C C be a compact set. We say that E is removable for bounded analytic
functions if, for any open set U D E, any bounded analytic function f : U\ E — C
has an analytic extension to the whole U. The Painlevé problem can be stated as
follows:

Find a geometric/metric characterization of such removable sets.

In 1947, L. Ahlfors [1] introduced the notion of analytic capacity of a compact
set E:

Y(E) = sup{|f'(00)|, f : C\ E — C is analytic bounded with ||f||cc < 1}

and proved that E is removable if and only if v(E£) = 0. But, as wrote Ahlfors himself
(in this quotation, M (G) is the analytic capacity of the boundary of G where G is a
complex domain of finite connectivity),

“Of course our theorem is only a rather trivial restatement of Painlevé’s Problem
in what one might call finite terms. But it shows that a ”solution” of Painlevé’s
Problem will be found if we can construct an explicitly defined quantity, depending on
G, which tends to zero simultaneously with M(G). Just what is meant by an explicit
definition is of course open to discussion, but most mathematicians would probably
agree that the ultimate goal is a definition in purely geometric terms. The solution
would then be the same general character as one which refers to measure or capacity.”

By Riemann’s principle for removable singularities, a singleton is removable. On
the other hand, by arguments of complex analysis, (non degenerate) continua or
compact sets with non zero area are not removable. This suggests that the metric
size of the set should play an important role. This observation can be stated more
precisely in terms of Hausdorff dimension (denoted by dimy) and 1-dimensional
Hausdorff measure (denoted by H'):

(i) If H(E) = 0, then F is removable.
(i) If dimg E > 1, then E is not removable.

Unfortunately, examples of A. Vitushkin, J. Garnett and L. Ivanov [42] [43] show
that the condition H'(E) = 0 is not necessary for the removability of the compact
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set E. Sets they considered are purely unrectifiable in the sense of geometric measure
theory. This leads to the Vitushkin Conjecture:

The compact set E C C is removable for bounded analytic functions if and only if
Fay(E) = 0.

Here, Fav(FE) is the Favard length of E and is defined by Fav(E) = / |Py(E)|d6

where Py is the projection on the line of C that makes an angle 6 with the Seal axis and
|Py(E)| is the Lebesgue measure of the projection of E on this line. If H'(E) < oo,
the condition Fav(E) = 0 is equivalent to H'(ENT) = 0 for any rectifiable curve T
of C (that is E is purely unrectifiable in H. Federer’s terminology).

The work of P. Mattila [63], P. Jones and T. Murai [51] showed that the Vitushkin
conjecture is not true for general sets, but left open the case of sets with finite length
(that is such that H'(E) < 00). In 1977, A. P. Calderén [11] proved the L? bounded-
ness of the Cauchy operator on Lipschitz graphs with small constant. This famous
result implies a solution to the Denjoy Conjecture (and therefore one sense of the
Vitushkin conjecture for sets of finite length):

Let E C C be a subset of a rectifiable curve I'. Then, E is removable if and only if
HY(F)=0.
At that time, it was clear that the removability of a compact set F is closely

related to the behavior of the Cauchy operator on E. This motivates the following
question:

For which Ahlfors 1-reqular sets E is the Cauchy operator bounded on L*(E) (with
respect to the restriction of H' to E) ?

A set E in C is Ahlfors 1-regular if there exists C' > 0 such that
C'R<HYEnNB(z,R) <CR

whenever z € E and R € (0,diamFE). The example of Lipschitz graphs show that
rectifiability properties of the set should play a role. Recall that a set £ C C is
1-rectifiable if there exist Lipschitz curves I'; such that H'(E \ U;I';) = 0. For this,
P. Jones [50] (for 1-dimensional sets), G. David and S. Semmes [28] [29] (in higher
dimensions) have developed a quantitative theory of rectifiability.

In 1995, M. Melnikov [71] rediscovered the Menger curvature and used it to
study the semi-additivity of the analytic capacity. The Menger curvature c(z,y, z)
of three non collinear points x, y and z of C is the inverse of the radius of the
circumference passing through z, y and z. If the points z, y and z are collinear, we
set ¢(z,y,2) = 0. If p is a positive Radon measure on C, the Menger curvature c?(p)
of p is

c*(n) = / / / c(w,y, 2)*dp(x)dp(y)du(z).

If we assume that ¢?(u) < 400, our intuition says that most (with respect to p) triples
are nearly collinear, in other words p is “flat”. In fact, G. David (unpublished) and
J.C. Léger [56] proved that, if £ is a compact set of C which satisfies H'(F) < 400
and ¢*(H|y) < +00, then E is 1-rectifiable.

Using the Menger curvature, M. Melnikov and J. Verdera [72] gave a simple and
geometric proof of the L? boundedness of the Cauchy operator on Lipschitz graphs,
and with P. Mattila [69], they proved that the Cauchy operator is bounded on a
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Ahlfors-regular set F if and only if F is contained in a regular curve (that is F is uni-
formly rectifiable in the sense of G. David and S. Semmes). From this and a previous
work of M. Christ [18], they proved the Vitushkin conjecture for Ahlfors regular sets.
The general case was solved by G. David [26].

Very recently, X. Tolsa gave a characterization of removable sets in terms of Menger
curvature :

A compact set E of C is not removable for bounded analytic functions if and only
if E supports a positive Radon measure with linear growth and finite Menger curvature.

Recall that a measure p in C has linear growth if there exists C' > 0 such that
u(B) < CdiamB whenever B is a ball in C.

In this book, I would like to tell you this very beautiful story, and I will follow
the following plan. In Chapter 1, basic notions of geometric measure theory (like
Hausdorff measures, Hausdorff dimension, rectifiable and purely unrectifiable sets)
are defined. In particular, we will give several characterizations of rectifiable sets. We
will conclude with the proof of a covering lemma by Ahlfors-regular sets. Chapter
2 is devoted to the geometric traveling salesman theorem of P. Jones and the the-
ory of uniformly rectifiable sets of G. David and S. Semmes. In Chapter 3, we will
define the Menger curvature and describe some of its properties. In particular, we
will show that the Menger curvature is a useful tool to study the geometry of sets
and measures in the complex plane. In this part, the reader will find the proofs of
some unpublished results of P. Jones. In Chapter 4 is given an overview of the theory
of Calderén-Zygmund operators. We also include Melnikov-Verdera’s proof of the
L? boundedness of the Cauchy operator on Lipschitz graphs. The last part of this
Chapter will be devoted to the proof of Mattila-Melnikov-Verdera’s characterization
of Ahlfors-regular sets on which the Cauchy operator is bounded. In Chapter 5, we
will define the analytic capacity and we will prove some of its basic properties. The
Denjoy and Vitushkin conjectures are proved in Chapter 6. In the last Chapter, we
will describe X. Tolsa’s characterization of removable sets and we will discuss some
open problems.

This book is almost self contained. Only a basic knowledge of real analysis, com-
plex analysis and measure theory is required. Most of the proofs are given. When
a proof is omitted or sketched, a reference is indicated where the reader can find a
complete proof.

There are good surveys about the subject of this book [25] [67] [106]. I hope
that these notes are a complement to these papers and a modest continuation of J.
Garnett’s Lecture Notes [42].

These notes are based on lectures given at the Ecole Normale Supérieure de Lyon
and on a graduate course given at Yale University. I would like to thank J. P. Otal
and P. Jones for their kind invitation.

I am very grateful to G. David, J. Garnett, N. Kang, P. Mattila and J. Verdera for
their suggestions and encouragements. Part of this work was done while the author
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has the benefit of a “delegation” at the CNRS. The author is partially supported by
the European Commission (European TMR Network “Harmonic Analysis”).



Notations and conventions

If x, y € R*, the Euclidean distance between x and y is denoted by |z — y|. If
z € R" and A C R”, d(z,A) = inf{|z — a|;a € A}, and if B C R", d(A,B) =
inf{la —b;a € A,b € B}.
The open ball with center € R" and radius r > 0 is denoted by B(z,r). In the
special case n = 2, that is in C, we will also use the notation D(x,r). For instance,
the unit disc in C is D(0,1) = {z € C, |z| < 1}.
If B is a ball in R, we often denote by Rp the radius of B. If k € R™, kB is the
ball with the same center as B, but whose radius Ryp is k.Rp.

If E et F are two sets in R™, then E+ F = {z + y,z € E,y € F} and, for any
reR x4+ F={z+y,y€F}

A measure g on R™ for us will be a non-negative, monotonic, subadditive set func-
tion which vanishes for empty sets. We always assume that u(R™) #£ 0. A set A C R®
is p measurable if u(E) = u(ENA) + u(E\ A) for all E C R™. The measure 4 is a
Borel measure if all Borel sets are p measurable. The measure 4 is a Radon measure
if 1 is a Borel measure and satisfies
(i) u(K) < 400 whenever K is a compact set in R”;

(ii) u(0) = sup{u(K), K C O compact} whenever O is an open set in R™;

(iii) u(A) = inf{u(0); A C 0,0 is open }.

If 1t is a measure on R™ and if E C R"™, then p;z will denote the restriction of y to E.
The support of a measure g in R"™ (denoted by Suppp) is the smallest closed set K
such that p(R™\ K) = 0.

The Lebesgue measure in R” will be denoted by L£™.

A dyadic cube @ in R™ is a subset of R™ of the form @ = II}_, [k;27%, (k; + 1)27%]
where k € Z and k; € Z. We denote by A the set of all dyadic cubes in R and by Ay
the subset of A of k-th generation, that is of side length 27%. In the special case n = 1
(respectively n = 2), an element @ of A will be called “dyadic interval” (respectively
“dyadic square”).

Let @ be a dyadic cube in R™ whose side length is I[(Q). Then, if k£ € N, kQ denotes
the cube with sides parallel to the axis, whose center is the center of ), but whose
side length is kI(Q).

If E C R™, the characteristic function of E is denoted by xg.

A constant without a subscript (like C') may vary throughout all the book.



X NOTATIONS AND CONVENTIONS

If A(X) and B(X) are two quantities depending on the same variable(s) X, we
will say that A and B are comparable if there exists C' > 1 not depending on X such
that C7'A(X) < B(X) < CA(X) for every X.
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CHAPTER 1

Some geometric measure theory

In this chapter, we will define the notions of Hausdorff measures, Hausdorff di-
mension and rectifiability. Most of the proofs will be omitted. The interested reader
is urged to consult [35], [36] or [65].

1. Carleson measures
A measure pon R" x R* is a Carleson measure if there exists C' > 0 such that
(1) u(B(z, R) x (0, R]) < CR"

whenever x € R", R > 0. The best constant C' such that (1) holds is called the
Carleson constant of y. The set B(z, R) x (0, R] is usually called a Carleson box. The
Carleson condition (1) says that the measure of the Carleson box B(z, R) x (0, R] is
controlled by the Lebesgue measure of B(z, R).

dt
A measurable set A C R™ x R* is a Carleson set if XA(x,t)dﬁ"(x)7 is a Carleson
measure, that is if there exists C' > 0 such that

R dt
@) / / ale 0de (@)X < cRrr
B(x,R) J0 t

whenever x € R", R > 0. The best constant such that (2) holds is the Carleson
constant of A.

Ezample. The set {(z,t) € R" x RT;to < ¢ < 100tp} is a Carleson set.

Let a(z,t) be a positive quantity depending on z € R™ and on ¢ € RT. We

dt
will see later several examples of such quantities. Assume that a(:z:,t)dﬁ”(m)?

is a Carleson measure. Then by Tchebychev inequality, for any ¢ > 0, the set
{(z,t) € R" x R, a(z,t) > e} is a Carleson set (with constant depending on ¢).

It should be noticed that a Carleson set is a “small” set in R™ x R*. For in-
stance, let F' C N and set Ap = {(z,t) € R* x RT;2/ < t < 27! for some j € F}.
Then, Af is a Carleson set if and only if F' is finite, and in this case, the Carleson
constant is comparable to the number of elements of F' (see the nice discussion in [94]).

The notion of Carleson measure is one of the main ingredients of L. Carleson’s
proof of the Corona Theorem [14]. More generally, the notion of Carleson measure
plays an important role in real and complex analysis. For instance, let f € LP(R) (for
some 1 < p < +o00) and denote by uy its Poisson integral (see [44]). Assume that p
is a measure on R x R*. Then, uy € LP(u) for all f € LP(R) if and only if p is a
Carleson measure. This result is due to L. Carleson (see [33] or [44] for a proof and
other examples).

H. Pajot: LNM 1799, pp. 1-15, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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2. Lipschitz maps
A map f: E CR"— R™ is a Lipschitz map if there exists K > 0 such that

|f(x) = f(y)] < K|z =y

whenever x, y € E. The smallest constant K such that this holds is called the Lips-
chitz constant of f and will be denoted by Lip(f).

A d-dimensional Lipschitz graph is a subset of R" of the form {(z, f(z));x € R%}
where f : R? — R" 4 is a Lipschitz map or is the image of such a subset by a rota-
tion. Here, we identify R? x R*? with R™.

We now discuss basic properties of Lipschitz maps, namely extension, differentia-
bility and approximation by affine functions.

THEOREM 1 (Kirszbraun’s theorem ). Let f : E C R" — R™ be a Lipschitz map.
Then, there exists a Lipschitz map g : R* — R™ such that g(x) = f(x) for anyxz € E
and Liplg) = Lin(f).

The proof of this theorem is quite hard (see [38] 2.10.43). Instead, we will prove
a weaker result. For this, denote by f; the k-th coordinate function of f. Define
gr(z) = inf{fe(y) + Lip (fe)lz — yl;y € E} for x € R* and k = 1,...,m. Then, g
is Lipschitz and Lip(gx) = Lip(fx). By using the triangle inequality, you can easily
convince yourself that § = (g1, ....., §m) is a Lipschitz map and f = § on E. The point
is that Lip(§) < 4/nLip(f) and the equality Lip(g) = Lip(f) does not hold in general
(see [35]).

THEOREM 2 (Rademacher’s theorem ). If f : R™ — R™ is a Lipschitz map, then
f is differentiable almost everywhere (with respect to the Lebesque measure L) in R™.

We now give a very elegant proof of this result due to A. P. Calderon. I learned
it from [54]. See [35] or [65] for the classical proof.

PRrROOF. First, note that it is enough to prove the case m = 1. Indeed, the general
case follows by studying coordinate functions.
In fact, we will prove that every function u € WHP(R"™) with p > n is differentiable al-
most everywhere. Lipschitz functions correspond to the case p = oo (see [54] theorem
6.12 for more details). Recall that W5?(R™) is the space of L? integrable functions u
such that every weak derivative d;u (j = 1,...n) is L? integrable. Since the problem is
local, we can assume that u is in W1P(B) where B is a ball of R (Technical remark:
we need this localization in order to use a Sobolev type inequality).
Then, the weak gradient Vu of u exists almost everywhere in B and almost every
point z( of B is a Lebesgue point of Vu, that is

lim ]/ Vu(e) = Va(ao)PdL (x) = 0 (see [108]).
T B(zo,r)

We claim that if xq is a Lebesgue point of Vu then w is differentiable at zy and the
differential of u at zg is Vu(zg). To see this, set v(z) = u(z) —u(xo) — Vu(xo)(x — x0).
Then it is clear that v € W'P(B) and that Vu(z) = Vu(z) — Vu(zg) for almost every
T € B.

Recall the classical Sobolev embedding theorem (see e.g. [108]): If f € WP(B) with
p > n, then |f(z) — f(y)| < C(n,p)|z —y|* 7 ||V f||, whenever z, y are in B.
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We now apply this theorem to v:
[u(y) — u(o) = Vulzo)y — o)l = loy) - vlao)

Conly-nl(f, ~ wpaee)’

IN

Thus,

1

) o) =S = i (o) - e

ly — 2o

Hence, we get

lim [uly) — u(wo) — Vu(zo)(y — 20)| -0,
Y=o ly — o]

and the proof is complete.

O

It is classical in analysis to relate the regularity of a function to some quadratic
estimates. A basic example is the following result of E. M. Stein and A. Zygmund
(see [98] or [95]). A function f: R — R is differentiable almost everywhere on a set
E C R if and only if for almost every z € F,

flz+1t)+ flz —t) —2f(z) = O(|t]) when ¢t — 0;

and, for some d > 0,

AIQ

In the same spirit, the work of J. Dorronsoro [31] gives a more quantitative version
of Rademacher’s theorem for Lipschitz functions. Before stating his result, we need
to introduce some quantities. We follow here the formulation of [29].

Given a function f: R"™ — R and 1 < ¢ < 0. Define (for all z € R™ and ¢ > 0)

* dt

flx+1) + fle—t) - 2f(x)
t

1

ety = wee {e [ O )

Yoo, 1) iﬂf{tl sup If(y)a(y)l}

yEB(z,t)
where the infimum is taken over all affine functions a : R™ — R.
THEOREM 3. Let f : R — R be a Lipschitz function and assume that 1 < q¢ < 0o

2
ifn=1and1<qg< n2 if n > 2. Then, there exists C' > 0 such that
n—

f 2 n dt n
Q [ [ weracw <cr
0 B(z,R)

dt
for all x € R™, t > 0. In other words, Wq(y,t)QdE"(y)T is a Carleson measure on
R™ x R*
Roughly speaking, the Carleson estimate (3) allows us to control in each ball the

size of the set of (x,t) such that the Lipschitz function f is not well approximated by
affine functions at z with respect to the scale ¢ (whereas the Rademacher theorem says
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that f is infinitesimally well approximated almost everywhere by affine functions). See
the discussion of the previous section.

3. Hausdorff dimension and Hausdorff measures
Let E C R™ and let s > 0. For § > 0, consider

Hi(E) = inf {Z(diamUi)s; E ¢ |JU;, diamU; < 5} ‘

The s-dimensional Hausdorff measure H*(E) of E is defined by
H*(E) = lim Hj(E) = sup Hj(E).
6—0 §>0
Then, H* is a regular Borel measure, but is not a Radon measure if s < n (since H*
is not locally finite if s < n).

Assume now that h : R™ — RT is a non-decreasing function with 4(0) = 0. We
define the Hausdorff measure associated to h by

S

Therefore, H® corresponds to the function h(t) = ¢°.

PROPOSITION 4. Let E CR™ and let 0 < s <t < +00.
(i) If H*(E) < 400, then H'(E) = 0.
(i) If HY(FE) > 0, then H*(E) = 400.

PROOF. It is clear that (ii) follows from (i). To prove (i), consider a covering (U;)
of E such that diam U; < § for every 4, and ), (diam U;)® < HZ(E) + 1. Then,

HY(E) <) (diam U;)' < 6> (diam U;)* < 6"*(H;(E) + 1).

By taking 6 — 0, we get HY(E) = 0. O
We can now define the Hausdorff dimension of £ C R" by
dimpgE = sup{s > 0, H*(E) = 400} = inf{t > 0, H'(E) = 0}.

Let f : R — R™ be a Lipschitz map, £ C R® and 0 < s < oo. Then,
Hé(f(F)) < (Lip(f))*H*(E). In particular, if p is an orthogonal projection, then
H*(p(E)) < H*(E). See [35] for a proof.

Examples:

(a) HO is the counting measure, that is H°(E) = card £ where cardE denotes the
number of elements in £ .

(b) A curve I in C is a set of the form I' = ¢([a, b]) where [a, b] is a closed interval
in R and ¢ : [a,b] — C is continuous. Moreover, if ¢ is injective, we say that I' is a
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Jordan curve. If ¢ is Lipschitz, we say that I' is a Lipschitz curve. The length I(I") of
T is defined by

I(T) = supz |o(t;) — (tiz1)]

where the supremum is taken over all subdivisions a =ty < t; < ..... <tp1<t,=0>
of [a,b]. If [(I') < 400, we say that the curve I' is rectifiable. It is clear that a
Lipschitz curve is rectifiable. If I' is a rectifiable Jordan curve, define the function
s : [0,{(T")] — C by s(t) is the only point ¢(u) such that I(¢([a,u])) = ¢. Then,
s is a parameterization of I' called the arc length parameterization. Note that s is
1-Lipschitz.

PROPOSITION 5. If T is a Jordan curve in C, then HY(T') = I(T"). In particular,
if T is a rectifiable curve, then dimyl = 1.

Proor. We start with a technical result.

LEMMA 6. Let C be a curve joining two points x and y in C. Then, HY(C) >
[z —yl.

To prove this lemma, consider p the orthogonal projection on the line passing
through = and y. Since p is 1-Lipschitz, we have

H'(C) = H'(p(C)) = H'([z.y]) = L[z, y]) = |z —yl.
In the last estimate, we have used the fact that H' = £ in R (see below).
We now prove the proposition. Assume that I' = ¢([a,b]). Then by the lemma
above, for every pair (u,t) € [a, b)?,

HY(g([t,u])) = [o(u) — ¢(1)].

Therefore, for every subdivision tg = a < t; < ..... < tpo1 < tp = b of [a,b], we have
D o) = dtia)] <Y HY ([t 1)) = HN(T).
i=1 i=1

(Note that there is a problem with the endpoints ¢(¢;), but the 1-dimensional Haus-
dorff measure of a singleton is 0). By taking the supremum over all subdivisions of
[a,b], we get [(T') < HY(T).

Conversely, if I(T") = oo, it is obvious. If {(I") < oo, then T is rectifiable. Thus, we
can consider the arc length parameterization s of I'. Since s is 1-Lipschitz, we get
HY(T) = H'(s([0,1(T)])) < U(T).

See [36] page 29 for a discussion of the case of non Jordan curves.

O
¢) If E C C, then H*(E) = éﬁz(E). In particular, H2(B(z,r)) = (2r)? whenever
7

z € C and r > 0. This follows from the isodiametric inequality:
L2(E) < %(diaInE)2

whenever £ C C. Note that this inequality is sharp for a ball of diameter diamFE.
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2"(3n)!
In general, if £ C R", H"(E) = ¢, L"(E) and ¢, = (5n) (see [35]).

n
T2

In fact, it is not difficult to see that H™ and L™ are equal up to some constant, that
is there exists ¢, > 0 such that H"(E) = ¢,L™(E) if E C R". This follows from the
fact that these two Borel regular measures are uniformly distributed (see [65]). The
main problem is to give the exact value of ¢, and to do this, we need the isodiametric
inequality.

d) We now discuss the case of Cantor type sets.
log 2

log 3

1
If E is the classical g—Cantor set, then dimpgFE = = s and H*(E) =1 (for a

proof, see [36]).

We now introduce a planar Cantor set which will play an important role in our
story !

Let Ey = [0, 1] be the unit cube. Then, E; is the union of 4 squares of side length
1 and these squares are located in the corners of Fy. In general, E, is the union of

4" squares denoted by Q7 (j =1,.....,4") of side length 47", each )/ is in the corner
of some QF_|. Let £ = ﬂ E; .

=0

PROPOSITION 7. Let E be the four corners Cantor set described above. Then,
0 < HY(E) < +oc.

PRrOOF. By Pythagorean theorem, diam@) = /24", Fix § > 0. If 4™ < ¢,
then H}(E) < Z?; diam@? = V2. By taking § — 0, we get HY(E) < V2. We now
show that H'(E) > 0. Note first that if B is a ball in C such that diam B > 4"
and BN E # 0, then ZQ%B#@ diam@? < CdiamB where C is a constant which does
not depend on n. Assume now that H'(E) = 0. Then, we can cover E by balls
B; such that ) ,diamB; < ¢ for some € > 0. Since E is compact, the collection
of balls B; is finite. Let § = inf; diamB; and let n € N such that § > 4=™. Then,
2 i 2o QinBiAD diam@?’, < Ce. But, Y, 2o QB0 diam@? is comparable to v/2 !!!
Hence, H'(E) > 0.

O

Remark. More precise computations show that H'(E) = v/2.

We conclude this section with the Frostman lemma which provides a useful tool
to estimate Hausdorff dimension.

THEOREM 8. Let E be a Borel set in R". Then, H*(E) > 0 if and only if
there exists a finite positive Radon measure j compactly supported on E such that

w(B(z,r)) <r® for every x € R™, r > 0.

See [65] for a proof and other versions of this theorem.
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FIGURE 1. The sets Ey, F; and Ey

4. Density properties of Hausdorff measures

The classical Lebesgue theorem states that, if £ C R™ is a measurable set,

LM B(z,m)NE)

i
=0 L(B(z,7))
is equal to 0 for £™ almost every x € R" \ E. In this section, we shall see that much
less can be said for the Hausdorff measure H*® (if s # n).

=1 for £" almost every z € E and the limit of the same ratio

Let E C R™ and let s € [0,n]. We define the lower and upper s-density of E at
x € R" by

0 (x, E) = lim iglf H(Blx,r) N E) (B(z,r) N E)
r—

@2r) 7

. H*(B(z,r)NE)

0**(x, FE) =1 7
() =y =

If 65(z, E) = 6*(z, E), we denote by 6°(x, E) the common value (called the s-
density of E at x).
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Remark. Let L be a line in R™. For every z € L and r > 0, L N B(z,7) is an
interval that we denote by I(z,r) of diameter 2r. Thus, for every 2z € L, 81(z,L) =1
since HY(I(z,r)) = 2r.

PROPOSITION 9. Let s € [0,n] and let E C R™ with H*(E) < 400.

(i) 27° < 0*(2,E) <1 for H*-almost every z € E;
(ii) If E is H*-measurable, then 60**(z, E) = 0 for H*-almost every z € R*\ E;

(iii) If E is H®-measurable and if F is an H*®-measurable subset of E, then for
H?-almost every z € F,

0:(z, F) = 0(2,FE) and 0*°(z, F) = 6*°(z, E).

For a proof of this proposition, see [65].

Remark. There exist compact sets £ C R™ with 0 < H*(E) < oo such that
05(z, E) = 0 for every x € E (see [65] page 91).

We will use this proposition to prove a covering theorem by Ahlfors-regular sets
(see [86]).

A set E C R" is said to be Ahlfors-regular with dimension d € R if there exists
Cy > 1 such that

4) Cy'r? < HY(E N B(x,r)) < Cor®

whenever z € F and R €]0,diamF]. In this case, dimy E = d. The best constant such
that (4) holds is called the regularity constant of E. Basic examples of Ahlfors regular
sets with dimension 1 include lines, Lipschitz graphs and the four corners Cantor set
considered in the previous section. Note that for a curve, the lower bound is auto-
matic (at least for small radius). This notion of regularity has been introduced by L.
Ahlfors for curves and by G. David for general sets. Ahlfors regular sets are spaces
of homogeneous type in the sense of Coifman and Weiss [19] which provide a very
general setting to do classical analysis (e.g. covering theorems, Lebesgue differentia-
tion theorem, the Calderon-Zygmund theory of singular integral operators and many
other techniques of real analysis work on them). Recall that a metric measure space
(X,d, ) is a space of homogeneous type if the measure p is doubling: there exists
Cq > 0 such that u(B(z,2r)) < Cqu(B(x,r)) whenever z € X and r > 0. Recently, it
has been showed that this doubling condition is not necessary to do analysis in metric
spaces (see chapter 6).

Analytic and geometric properties of Ahlfors-regular sets have been widely studied
by G. David and S. Semmes [28], [29].

THEOREM 10. Let E C R”™ be a compact set such that
(i) HY(E) < +oo;
(ii) 04(z, E) > 0 for H-almost every z € E.

Then, E C Ey U (UgenFy) where HY(Ey) = 0 and for every k € N, Fy is Ahlfors
reqular with dimension d.
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We will sketch the proof of this theorem for two reasons. The first one is that this
proof involves some classical tools and techniques. The second one is that the original
proof is in French !

ProOOF. Without loss of generality, we can assume that the right hand side of (4)
is verified with a constant Cy for every @ € E and every r € (0, diamFE).
Indeed,

EcGu(l Gy

peN
where H%(Gy) = 0 and, for every p € N* (where N* = N\ {0}),
Gy = {x € E : for every r € (0,diamE), HYENB(z,r)) < prd}.
Moreover, for every p € N*, under the condition H4(G,) # 0,
(i) for any = € G, any r € (0,diamFE),
HYG,N B(x,r)) < H(EN B(z,r)) < pr;
(ii) for H%almost every z € G,, 0%(x,G,) = 0¢(x, E) > 0 (by proposition 9).

Therefore, we can consider G, instead of E.

The strategy of the proof is clear. First choose a family (F} ), of subsets of £ such

that £ C EgU (UUprs) where H%(Ey) = 0. Then, for every (p, s), add pieces of

p s
d-planes (which are locally d-regular) where the density of I}, ; is too small so that
the new set £, ; which you obtained by this procedure contains F}, ; and is d-regular.

Consider, for every p € N*, for every s € N*, the following sets.
1
F, = {x € E : for every r € (0,diamE), HY(E N B(z,7)) > frd}
p
1
F, = {z € F, : for every r € (0,diamE), HY(F, N B(x,r)) > 7'd} .

ps

Remark: The choice of F), ; is reasonable. The idea is to consider a “good” covering of
F,\ F, s by balls B and to add to F}, ; pieces of d-planes Cz C B (of size comparable
to HY(E N B)) so that the new set obtained E, ; is regular.

‘We have

(i) For H%-almost every = € E, 0%(z, E) > 0, and thus there exists p € N* such
that x € F),.
(ii) For H%almost every x € F,, 0%(x, F,) = 0%(x, E) > 0 (see proposition 9).

Thus, (i) and (ii) imply
(5) EcEU(JUFR.
p s

where H%(Ey) = 0. We shall now construct the d-regular set E, ; which contains F, .

Recall a classical result (see [65], theorem 2.7).
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THEOREM 11 (Besicovitch covering theorem). Let A be a bounded subset of R™
and let B be a family of balls such that every point of A is the center of some ball of

B.
Then, there exists a countable collection of balls (B;) of B such that

(i) Ac B
(ii) every point of R™ belongs to at most P(n) balls B;, where P(n) is an integer

depending only on n.

1
Cover F,\ F}, ; by balls B(y,d(y)), withy € F,\ F,,,, d(y) = Tdist(y, F,s). Then, by

theorem 11, there exists a subset H, ; of F),\ F}, ; such that F,\ F},; C Uyep, ,B(y,d(y))
and any point of R™ belongs to at most P(n) balls B(y,d(y)), y € Hp,. For every
y € H,,, we can construct a piece of d-plane Cy, which is (locally) d-regular, such
that

(1) G, C B(y,d(y));
(2) 671 (d(y))* < HY(C,) < 0(d(y))*

(for some positive constant § > 0). Set E, , = F}, s U ( U Cy).
YyEHp s
Then, by (5), E C EqU (U UEPﬂS) (where H%(F,) = 0) and we claim that, for every

p s
p € N*, every s € N*, E, ; is d-regular. We shall only prove the regularity for x € F, ;.
For this, fix p > 0, s > 0 and consider = € F,, r € (0,diamFE). Let us begin with a
trivial result (we omit the proof).

LEMMA 12. Lety € H, s such that B(y,d(y)) N B(z,r) # 0.
Then d(y) < r and B(y,d(y)) C B(z,10r).

We first prove the upper regularity.
By definition of E, ;, we have

(6)  HYE,sNB(x,r) < HY(F,s N B(z,7)) + > HY(C,).
{y€Hp,s:CyNB(z,r)£0}

Because of the upper regularity of F,

(7) HYF, N B(z,r)) < Cor®.

Moreover,

IN

Z Hd(CU) Z Hd(cy)

{y€Hp,s:CyNB(z,r)£0} {y€Hyp,s:B(y,d(y))NB(z,r)#0}
0 Z(d(y))d (by construction of C)
y

IN

0 ZpHd(E N B(y,d(y)) (because y € F),)
y
CpdP(n)HY(E N B(z,10r)) (by lemma 12)
(8) CpdP(n)Co10%r*
where all the sums are taken over the set {y € H, s : B(y,d(y)) N B(z,r) # 0} and
where P(n) is the constant of the Besicovitch covering theorem.

IAINA
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Thus, inequalities (6), (7) and (8) give the upper regularity in x.
We now prove the lower regularity.

By lemma 12 (applied with radius L),

10
HYE,,N B(z,r)) > HYF,,N B(z,r)) + > HY(C,).
{y€Hy,:B(y,d(y)NB(z,15)#0}
Moreover,
Hyc,) > o Z ( by construction)
{y€Hp,s:B(y,d(y))NB(z, {5)#0}
> 607Gy Y HYE N B(y,d(y))
y
> 07'C HY(Fy \ F) 0 B(o, )

10
where the sums are taken over the set {y € H, s : B(y,d(y)) N B(x, %) £ (0}

Hence,

HY(E, N B(z,r)) > HUF,,0 B(z,~))+07'C; HY((F,\ Fy.) N Bz,

10))
9_100_1—10_drd(because x € Fyy).
ps

16 )

0~ 'CytHY(F, N B(x,

10

%

%

To prove regularity for x € C, (with y € H,, ), two facts are useful:

(i) There exists z € F,, , such that dist(z, z) < 11d(y) (therefore, we can use the
preceding case “z € F),,” for the big scales);
(i) The piece of d-plane C, is (locally) d-regular.

We conclude this section with a very nice result due to J. M. Marstrand.

THEOREM 13. Let E C R™ and let s > 0. Assume that H*(E) < +oo and that
0%(x, E) exists for H*-almost every x € E. Then, s must be an integer.

ProoOF. We will give a proof only in the case £ C C and s €]0,1[. Namely, we
will prove that, if £ C C and s €]0,1[ with H*(E) < oo, then 0°(x, E) fails to exist
almost everywhere.

Assume that the conclusion is false: there exists a subset of F with 0 < H*(F) <
oo such that the density at each point of this subset exists. Note that this density can

1
not be less than 27° > 3 (by proposition 9). Let € > 0. Then, there exists a subset
F C E (that we can assume to be closed) with H*(F') > 0 such that, if z € F, 65(z, F)
1
exists and for any r < e, H*(ENB(z,r)) > 5(27')_5. Let y be an accumulation point

of F' and let n €]0, 1[. We denote by A, the annulus B(y, (1 +n)r) \ B(y, (1 —n)r).
Thus, we have

@r)H(ENA,,) = (2r)H(EN B(y, (1+n)r)) — (2r)"H*(E N By, (1 —n)r)).
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From this, we get

3 Hs(Em AT,U) _ NS s s

lg%W =0°(y, E)(1 +n)" = (1L =n)°).
On the other hand, for arbitrarily small r, there exists € F such that |z—y| = r (this
follows from the fact that y is an accumulation point of F)). Therefore, B(x, 3r1) C
A, This yields

1 1
HY(ENA,,) > H(EnNB(x, 57“17)) > irsns,
and then,
270ty <0(y, B)((L+0)° = (1= n)°).

By taking n — 0 in the previous inequality, we get a contradiction. This proof is

taken from [36], pages 55-56. See [65] for a proof in the general case.
g

5. Rectifiable and purely unrectifiable sets

In this section, we restrict to subsets of C. But all the results given are true in
higher dimensions.

We say that 2 C C is l-rectifiable if there exist Lipschitz maps f; : R — C such
that H*(E\ U;f;(R)) = 0. In other words, E can be covered by a countable union of
Lipschitz curves (up to a set of zero 1-dimensional Hausdorff measure). For instance,
a rectifiable curve is a rectifiable set (be careful about the terminology !). For this,
see proposition 21. In fact (see [36]), E is l-rectifiable if and only E can be covered
by a countable union of rectifiable Jordan curves (up to set of zero measure).
Remark. By Kirszbraun’s theorem (see section 1), a set £ C C is rectifiable if and
only if there exist subsets E;, j € N, of R and Lipschitz maps f; : E; — C such that
HY(E\ U, f;(E))) = 0.

On the other hand, a set E C C is said to be purely 1-unrectifiable if H'(ENT) = 0
for every rectifiable curve I' C C. For example, the four corners Cantor set we de-
scribed in section 2 is purely unrectifiable (see below).

Every set E C C with H'(E) < oo can be decomposed in a “good” part and a
“bad” part, namely F' = E,¢ct U Eypnrect Where this union is disjoint, Epqct is rectifiable
and Fyprect is purely unrectifiable. To see this, set M = sup H'(E N F) where the
supremum is taken over all 1-rectifiable sets F' in C. Choose for any j = 1,2,..; a

1
L-rectifiable set Fj such that H'(E N F;) > M — ~. Then, it is easy to see that
J

Erewt = UJO-‘;le and Eyprect = E \ Ereet satisy the properties above. Note that this
decomposition is unique up to a set of zero measure (with respect to H*).

We now describe several characterizations of rectifiable sets in terms of density,
existence of tangents and size of projections. A crucial point is that all these charac-
terizations are only valid for sets F with H'(FE) < oo, although this condition is not
required in the definition of rectifiability given above.

We start with a very beautiful result due to A. S. Besicovitch (see [37] for a proof).
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THEOREM 14. Let E C C such that H*(E) < co. Assume that 0(z, E) > 2 for

almost every z € E. Then, E is rectifiable.

FNeY)

A. S. Besicovitch gave an example of a purely unrectifiable set £ C C for which

1
0z, E) = 3 He conjectured that the best upper bound in the previous theorem is

+ /46

1 2
7 The best known result is TR and is due to D. Preiss and J. Tiser [91].

THEOREM 15. Let E C C with H(E) < cc.
(i) E is rectifiable if and only if for H'-almost every x € E, 0}(z, E) = 6*!(x, ) = 1.
(ii) E is purely unrectifiable if and only if for H'-almost every z € E, 0} (x, E) < 1.

As a consequence of this theorem, we obtain that the set £} = {z € E,0(z, F) =
0*}(z, E) = 1} (respectively Ey = E \ E)) is rectifiable (respectively purely unrecti-
fiable) if H'(F) < oo. Thus, this gives an alternative proof of the fact that a set F
with HY(F) < oo is the disjoint union of a rectifiable set and a purely unrectifiable
set.

A set E that satisfies 01(z, F) = 1 for H'-almost every z € E is called regular in
the sense of Besicovitch. Theorem 15 says that rectifiable sets and regular sets in the
sense of Besicovitch are the same. This was originally proved by A. S. Besicovitch
in the plane, by E. F. Moore for 1-dimensional sets in R™, by J. M. Marstrand for
2-dimensional sets in R3. P. Mattila generalized Marstand’s proof in higher dimen-
sions. By using the notion of tangent measure, D. Preiss [90] proved the more general
result that the rectifiability is equivalent to the existence to positive and finite density
almost everywhere. See [65] for more details and references.

Remark. The notion of Ahlfors-regularity and the notion of regularity in the sense of
Besicovitch are quite different. For instance, the four corners Cantor set is Ahlfors-
regular, but is not regular in the sense of Besicovitch.

Proor. We will only prove (i). See [36] for a proof of (ii) in C.

Assume that F C C is rectifiable. Recall that this means that E can be covered by
a countable union of rectifiable Jordan curves (up to a set of zero measure). Therefore,
by Proposition 9, it is enough to prove that a rectifiable Jordan curve I' is regular in
the sense of Besicovitch. To do this, consider z € T" such that z is not an endpoint of
I'. The point x divides I' in two subcurves I'y and I's. Then, for r small enough,

HYT; N B(x,r)) > (i=1,2).
Hence,
HYT'N B(z,7)) > 2r, thus 0 (z, E) > 1.
Since 6*1(z, E) < 1 (by Proposition 9), the proof is complete.

Conversely, let £ C C be a set which is regular in the sense of Besicovitch and
which satisfies H*(E) < +oo . Then, E = E,eqt U Eunrees Where E,..; (respectively
Eunreet) is rectifiable (respectively purely unrectifiable). By Proposition 9, for H*
almost every z € Eunrect; 01(2, Bunreet) = 1. If HY(Eynreer) # 0, then Besicovitch’s
theorem above contradicts the fact that F,,.. is purely unrectifiable. Therefore,
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HY(Eunreet) = 0 and E is rectifiable.

For the convenience of the reader, we also give a more constructive proof (which
uses however a very strong result, that is theorem 14). Let £ C C be a set which is
regular in the sense of Besicovitch. Then, §'(z, E) = 1 for H'-almost every z € E,
and therefore, there exists a rectifiable curve I' such that H'(E NT) > 0. Indeed, if
such a curve does not exist, F is purely unrectifiable and by Besicovitch’s theorem,

3
0z, E) < 1 for H'-almost every z € E, which is impossible.

We can now construct by induction a sequence of rectifiable curves (I';) by the fol-
lowing way:

1
-HY ' NE)> 3 sup{ H'(I' N E); T rectifiable curve};
- Assume that I'y,...,I'; have been constructed and set Fy = E '\ Ule I';. The curve
1
['y41 is arectifiable curve such that HY(T'y1NEg) > B sup{ H'(T'NE}); T rectifiable curve};

We now have two cases:

- There exists K such that sup{ H*(I' N Fx); T rectifiable curve} = 0. Thus, we stop
the construction and we have H'(E \ UE_ T}) = 0.

- Such a K does not exist. Since >, H'(Txy1 N Ey) < HY(E) < oo, limy_yg H' (Tg+1 N
E}) = 0. Assume that H(E\ UiT},) > 0. Therefore, there exists a rectifiable curve T

d

such that HY(T'N (E\ Ul'y)) = d > 0. But, if k is big enough, HY(Ty;, N Ey) < 0
Then, for this k, I' would have been chosen instead of I'; in the construction above.
Hence, H'(E\UI'x) = 0. Note that the Proposition 9 has been used a lot of times. [

For every z € C, every line L passing through 2z, 7 > 0 and € > 0, we define the
cone C(z,r,e, L) by

C(z,re, L) ={y € D(z,7);d(y,L) < ely — z[}.
We say that the line L is the approximate tangent line at z to E if 65(z, ) > 0 and
1
lim, ,o —~H'(E\ C(z,7,6,L)) =0 for all £ > 0.
r

THEOREM 16. Let E C R? with H*(E) < oo.
(i) E is rectifiable if and only if, for H'-almost every x € E, there exists an approzi-
mate tangent line to E.
(ii) E is purely unrectifiable if and only if for H'-almost every x € E, an approzimate
tangent line to E fails to exist.

It is (almost) clear that for any point = of the four corners Cantor set E, you
can not find an approximate tangent line. If I' is a rectifiable curve, the fact that
there exists almost everywhere an approximate tangent line to I' comes from the
Rademacher’s theorem.

Let G be the set of lines in C passing through the origin 0. Usually, G is called
the Grassmannian of C. We can equip G with a natural measure ug, namely the
Lebesgue measure on [0, 271]. For any L € G, denote by Pj, the orthogonal projection
on L.

THEOREM 17. Let E C C with H'(FE) < oo.
(i) E is rectifiable if and only if for ug-almost every line L of G, HY(Pp(A)) > 0
whenever A is a measurable subset of E such that H'(A) > 0.
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(ii) E is purely unrectifiable if and only if for pg-almost every line L € G, H'(P(FE)) =
0.

PRrROOF. To prove the direct sense of (i), it is enough to prove that if E C I" where
I" is a rectifiable curve, then H(P.(E)) > 0 except perhaps for one line L. To do
this, consider z € E such that ©'(z, F) = ©'(2,T') = 1. Then, for € > 0, there exists
r > 0 such that
> (1—¢%).2r and
< (1+¢).2r
From this, we get
HY(ENB(z,7)) > (1—¢)H' (I'NB(z,1)) then
HY((T\ E)NB(z,7)) < eH' (T NB(z7)).
Therefore, we can find I'y C I' N B(z,r) such that
HY Ty \ E) < eHY(Ty) < 2¢ly — 2|,

where y and z are endpoints of T'g.

Let ¢ so that cos¢ > 2¢ and let Ly be a line making an angle of ¢ with the line
passing through y and z. We denote by P, the orthogonal projection on Lg. Then,
since Py is 1-Lipschitz,

H'(P,(E)) ly — 2l cos ¢ — H' (Py(To \ E))

ly — z|cosp — H'(Ty \ E))

ly — z|(cos ¢ — 2¢).

Hence, H'(P4(E)) > 0 except for ¢ such that cos¢ < 2e, for all € > 0, that is for at
most one direction.

Note that our proof implies that if £ C C is a set with H'(F) < oo such that
there exist two lines L; and Ly with H'(Py,(E)) = 0 (j = 1,2), then E is purely
unrectifiable. By using this result, it is not difficult to see that the four corners

Cantor set is purely unrectifiable. See [36] for a proof of the remaining directions in
(i) and (ii). O

(AVARAVARRY,



CHAPTER 2

P. Jones’ traveling salesman theorem

The classical Traveling Salesman Problem (TSP) consists in computing the length
of the shortest path passing through a given finite collection of points in the plane
R? (these points represent the cities that the traveling salesman should visit). In this
chapter, we are interested in a more geometric problem : under which conditions is a
compact set F C C contained in a rectifiable curve ? This problem was solved by P.
Jones by introducing the “f numbers”.

We will also give an overview of G. David and S. Semmes’ theory of uniformly recti-
fiable sets.

1. The 8 numbers

Let F C R"™. For any x € R™, any t > 0, we define
. d(y, L
BE (x,t) = inf  sup dy, L)
L yeEnB(zt)
where the infimum is taken over all lines L of R™. By convention, 8% (x,t) = 0
if EN B(x,t) = 0. Most of the time, we will use the notation 3, (z,t) instead of
BE (z,t). In the particular case n = 2, let S,,; be the strip of smallest width which
contains £ N B(z,t). Then, the width of S,: is equal to t0(x,t). The quantity
Bso(x,t) measures (in a scale invariant way) how well the set E is approximated by

lines in B(x,t). Note that if £ N B(z,t) is contained in a line, then [ (z,t) = 0. Let
+o0o

dt
Bo(E) = ﬁoc(x,t)2d£"(x)t—n. In some cases, it is more convenient to use

R~ Jo
discrete version of 3(z,t). Let Q be a cube in R™. Write

BE(Q) = ful@) = inf sup AL)

L yern3q diam@

where the infimum is taken over all lines L of R™.
Note that there exists C' > 0 such that

[T bt < Y pe@ame < ¢ [ [ sutwapaco

QeA
where A is the usual family of dyadic cubes in R™.

dt
tn

Remark. We can also define higher dimensional versions of the § numbers. For this,
take the infimum over all d-planes (for some given integer d) in the previous defini-
tion.The number d should be seen as the “dimension” of the set F.

Let I' be a rectifiable curve in R". Then, I' = s([0,(I")]) where s is the param-
eterization by arc length of T' (see chapter 1). Recall that s is 1-Lipschitz. By the
Rademacher’s theorem, s is differentiable almost everywhere on [0, [(I")] and therefore,
I' admits a tangent (in the sense of calculus) almost everywhere. Thus, we can expect

H. Pajot: LNM 1799, pp. 17-27, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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that lims o 6% (s(u), ) = 0 for L1-almost every u € [0,1(T)]. In fact, P. Jones proved
dt
in [49] that 8L (x,t) is in L? with respect to the measure dCQ(I)E. This result is

an analog for sets of the theorem of E. M. Stein and A. Zygmund given in the first
chapter.

THEOREM 18. Let T' be a rectifiable curve in R™. Then,

Boo(T') = / N " el L (2)F < CU)

where C' = C(n)

Peter Jones’ original proof [50] works only in C, because it uses complex analysis.
We will sketch the proof given in [80]. Even if this proof works in higher dimensions,
we will consider (for simplicity) only the case n = 2. Note that theorem 18 (in the
special case where I' is a Lipschitz graph) can also be seen as an easy consequence of
Dorronsoro’s result given in chapter 1.

Without loss of generality, we can assume that I' C )y where Qg is the unit
square. The general case will follow by using translations and dilations. We denote
by s:[0,1(T")] — C the parameterization by arc length of T

We now start with some notations and definitions.

We denote by A(Qo) the dyadic decomposition of @y, namely the family of dyadic
squares contained in Qy. Let Q € A(Qy). Similarly, we will denote by A(Q) the dyadic
decomposition of @ and by Ax(Q) the family of squares of A(Q) of the kth generation.

Let {T*, o € A(Q)} be the set of connected components of s7(Q).

Write (see figure 2)
I = s(T7);
S = [s(z), s(y*)] where 2% and y* are endpoints of 7%

ba = Sup d(y7 Sa)7

yer«
b(Q) = sup ba.
aeA(Q)

Note that b(Q) looks (up to some normalization) like a § number. Set r(Q) =
infz, sup,epng d(y, L). Then, 7(3Q) = [ (Q)diam(@Q.
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r
Ly 5(Ya)
s(xa)
s(ys)
Us
s(zs)
FiGURE 2.
For a € A(Q), write
Aai(Q) = {B; 7 C T* for f € A(Q') and Q' € Aw(Q)},
to = sup d(z, S5%).
2€58,8M4,1(Q)
We claim that bE® C1(I") where C' = C(n)
diamR — B M
REA(Qo),RCQ
Indeed, for any k = 1,2, ..., let (k) be an index such that to4) = sup tg. Then,

BEAL,K(Q)
it is clear that, for a € A(Q),

(9) bu S Zta(k)
k=0
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Moreover, by the Pythagorean theorem, for o € A(Q),

(10) .ti <cC > US| -use)

diam @ BENA1(Q)
The claim follows from (9), (10) and standard computations.

Consider now

A={Q € A(Qu); b(Q) < or(Q)},
B ={Q € A(Q);b(Q) > or(Q)}

where § > 0 should be chosen small enough.
Then,

1 Q)
B0 (@ leamQ — - < CouI).

Q; Z dlamQ (5 QGAZ(QO) diam@
The last step of the proof is a little bit technical and quite lengthy. The main idea is
the following:
Assume that § is small enough. Then, if @ € A, Q@ NT is almost a finite union of
straight segments. Therefore, you can associate to ) a piece of I' N @), denoted by
Eq, such that r(Q) < Cl(Eq) and Y, 4 l(Eq) < CI(T'). Note that to get the last
condition, it is enough to construct the Eg’s such that any point of I' belongs to Eg
for at most C squares @Q € A. If ' N Q is exactly a finite union of segments, such a
construction is not hard to do. The general case needs more efforts !
Assuming such a construction has be donc7 we get

Z Foo(@)*diam@ = Z dlamQ =0 Z (ll(lfli)Q Z [(Eq) < CUT)-

QeA QeA

Remark. The right subset of A(Qg) you have to consider is A = {Q € A(Qo); b(Q*) <
0r(Q)} where Q* is a well chosen square that contains AQ (The constant A > 1 should
be carefully chosen). See lemma 1 of [80].

Remark. Theorem 18 was originally proved by P. Jones for Lipschitz graphs (see [49]).
His motivation was to give a geometric proof of the L%-boundedness of the Cauchy
operator on Lipschitz graphs. We will come back later to this problem.

2. Characterization of subsets of rectifiable curves

It turns out that the condition of theorem 18 is also sufficient for a set to be
contained in a rectifiable curve.

THEOREM 19. Let E C R™ be a compact set. Assume that B, (E) < oco. Then,
there exists a rectifiable curve I' C R™ such that
(i) ECT;
(i) I(T) < C(Bw(F) + diam E).

Theorem 18 and theorem 19 together give a characterization of subsets of rectifi-
able curves in R™ and, by modifying a little the proofs, of subsets of regular curves.
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THEOREM 20. Let E C R"™ be a compact set.
(i) The set E is contained in a rectifiable curve T' if and only if foo(E) < 00.
(ii) The set E is contained in a Ahlfors reqular curve T if and only if for any x € E,
any R € (0, diamFE),

R dt
/ / Buoly, D2AH (1)L < CR.
ENB(z,R) J0 t

Note that the quadratic condition in (ii) is a Carleson type condition. More pre-

dt
cisely, it means that (u(z,t)*dH'(x)— is a Carleson measure on E x R*. Since E

is Ahlfors-regular, the discussion of the first section of chapter 1 makes sense in this
setting.

We now sketch the construction of I' given by Peter Jones in [50]. For this, we
start with a well known result (see [29] for a proof).

PROPOSITION 21. Let A C R™ be a continuum (that is a compact connected subset
of R"). Assume that H'(A) < co. Then, there exists a Lipschitz curve ' such that
ACT and HY(A) <I(T) < CHY(A) (where C > 1 is a constant that does not depend
on A).

Hence, to prove theorem 19, it is enough to construct a continuum I" that satisfies
(i) and (ii). Note that proposition 21 has no counterpart in higher dimensions. For
instance, a compact connected surface in R™ is not in general contained in a Lipschitz
surface. This explains that it is hard to give an analog of theorem 19 in higher
dimensions. Indeed, you have to construct “by hands” a nice parameterization of the
surface T’ that contains E (see [85]), whereas the Lipschitz parameterization of the
curve ' is given for free by proposition 21.
Without loss of generality, we can assume that diamF = 1. For any k& € N, consider
a set Ay, C F such that
- If z, y are in Ay, then |z —y| > 27%;
- For any y € E, there exists x € A, such that |z —y| < 27F.
Choose xy and gy in F such that |zg — yo| = diamE and let Ty be the segment
[®o — 2y0, Yo — 2x0]. Assume by induction that polygonal lines Iy, ......, I'; have been
constructed with A; C I'; and with some other additional properties (that we do not
need for our description of P. Jones’ construction). Note that all the endpoints of
segments of Iy, ...., Iy are not in general in E. The continuum I" will be the limit
(in a reasonable sense) of the sequence (I'y). Let z € Agyq \ Ar. We would like to
construct a new polygonal line (denoted by I';, ) passing through z by “deforming”
I'x. The point is to control {(T'},,) — I(I'x) by the f-numbers.
Assume first that S (x,C27%) > gy (where gy is small enough, see below). Then,
'}, is obtained by connecting z to all points of Ay N B(z, C27%). Then,

I(Ther) —UT) < C27°
< COeg?B2 (x,0277)27F,
From now on, we assume that 3. (z, C27%) < &y. Roughly speaking, this means that
E N B(z,C27%) is almost contained in a line (if g is small enough). Let [y, z] be
the straight segment of 'y, which is the closest to . The most favorable case is the

following;:
(a) y, z are in E;
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(b) The orthogonal projection of x on the line passing through y and z is in the
segment [y, z].

Assume now that (a) and (b) hold.

Case A: The point z is almost in the middle of y and z, that is K~z — 2| < |z —y| <
K|z — z| for some well chosen constant K > 0. The new curve ', ,; is obtained by
replacing [y, z] by [y, 2] U [z, z]. Note that the distance from x to the line passing
through y and z is comparable to 3(x, C27%)27%. Thus, by the Pythagorean theorem,
we get

[(Thyr) = UTw) < O (w, C277)278,
Case B: The point z is closed to one endpoint of [y, z] (for instance y), that is
|z —z| > K|z —y|. The new curve I', , is obtained by adding the segment [y, 2z —y].
Therefore, if K is big enough,

(T ) — 1) << 505, 2)

In fact, we prove that the sum of the lengths of all the segments (with endpoints y or
1
z) constructed by using case B is less that g\y — z| (if K is big enough). Note that

[y, z] will be contained in the final curve T.

The other cases can be treated in the same manner. Applying this strategy to the
other points of Agyq \ Ag, we get a new curve I'y;; which contains Ay 1. Then, by
taking the limit of the sequence (I';) (with respect to the Hausdorff topology), we get
a curve I which contains E. Moreover,

(T) < Y (UTj) = UT,)) +UTy)

jEN

CY Y Buolw, C27) + él(l“) + CdiamE.

JEN el

IN

The first term comes from case A, the second from case B and the third is I(I'g). From
this, we get
I(T") < C(Bx(E) + diamFE).
In [7], C. Bishop and P. Jones established a “local” version of theorem 19.

THEOREM 22. Let E be a compact set in R"™. Assume that there exists M > 0
diame dt
such that 500(36,15)2? < M for every x € E. Then, there exists a rectifiable
0
curve I' such that:
(i) ECT,
(ii) I(T) < Ce“M diam E.

Remark. A slight modification of the proof of theorem 22 shows that a compact set
E C R” satisfying the hypothesis of theorem 22 (that is there exists M > 0 such that

diame dt
/ Boo(, t)27 < M for every x € E) is contained in an Ahlfors-regular curve
0

whose regularity constant depends on M.
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The construction of I" is the same as in the proof of theorem 19. As previously,
the crucial point is to control the length [(T') in terms of 8. To do this, we construct
functions f; supported on Iy, (with the same notation as above) such that

(i) 0< fiule) <C+C)2, Bo(@)? where the sum is over all the dyadic squares
@ € A that contain z.

(ii) / e Trds < C.
Tk

From this, we easily deduce that I(I') < Ce“diamE. We now explain the construc-
tion of fx. Let fo = 0 and assume that fj is given. Recall that there are (almost) two
cases in the construction of 'y from I'y. With the same notations as above, if we
assume that 2 is closer to ¥, there exists a dyadic square @ of side length 27*+! such
that , y € 3Q. This follows from the fact that € Agyq \ Ay

Case A: Ko — 2| < |z —y| < K|z — z|.
Define fi.1(£) = fi(§) + Chx(Q)*x3q(§). Hence, since |y — x| + |z — 2| — |y — 2| <
CBs0(Q)*diam@Q, we get

/ e frids < / e Teds < C.
i1 Tk

Case B: |z — z| > K|z — y|.
Let I be the middle third interval of [y, z]. Define

Jri1(8) = fr(€) + CB(@Q)?x30(E) + Cxu(8).
Since I(I) >> diam(@ if K is big enough, we get

/ e Trrids < / e Trds < C.
it Tk

A version of theorem 22 in higher dimensions will be given in the next section.
Theorem 22 is a partial result toward the so-called Carleson 2 conjecture: Let
" be a closed Jordan curve and let €;, i = 1,2, the connected components of C \ T
For every x € T, every t > 0, denote by ©;(x,t) the angular measure of the largest
component of Q; N IB(x,t) and write e(z,t) = max;—1 2 |7 — O;(x,t)|. Thus, if I'is a
line, 0;(x,t) = 7 and e(z,t) = 0. Note that e(z,t) can be small whereas B (z, t) is big.
diamr "
L. Carleson conjectures that I' is rectifiable if and only if £%(w, t)? < 400

for almost every x € I'. Only the direct sense has been prgved (see [7] for a proof
using the harmonic measure).

We conclude this section with a very useful corollary of theorems 19 and 21 (see
[9] for a proof and [8], [10], [48] for applications).

THEOREM 23. Let E C R" be a continuum. Assume that G (z,t) > Bo for every
x € FE, every t €]0, diamE[. Then, dimgE > 1+ CB (for some absolute constant
C>0)

3. Uniformly rectifiable sets

The notion of uniformly rectifiable set introduced by G. David and S. Semmes can
be seen as a quantitative version of the notion of rectifiable set.
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Let E be a Ahlfors regular set with dimension 1 in C. Then, E can be equipped
with a family of “dyadic cubes” (see [25]) which plays the same role than the family
of usual dyadic intervals in R.

PROPOSITION 24. There exists a family A(E) of partitions Aj(E), j € Z, of E
by “dyadic cubes” Q@ C E such that

(1) If j >k, Q € Aj(E), Q' € Ay(E), then either @ C Q' or QN Q' = 0;
(ii) If @ C Aj(E) then

C™1279 < diam Q < C277,
Cc™'277 < HY(Q) < 027,
(iii) If Q € A(E), then there exists cg € E such that B(cg, C™ diamQ)NE C Q.
Moreover, if Q € A;(E) for some j, the number of “sons” of @ (that is the number
of cubes Q' € A;1(F) with @' C Q) is bounded (independently of 7).
Remarks. Cubes can be also build to have a “small” boundary, that is, for any
Qe A(E), forany 0 <7 <1,
H'({z € Q;d(z, B\ Q) < rdiamQ}) < Cre H'(Q).

This property is very useful to get estimates for singular integral operators (see chap-
ter 6). The proposition above has been extended to space of homogeneous type by
M. Christ in [18] (where a very elegant construction is given).

We now define L? version of the (3,.’s.
Ifg>1,2€Candt >0, write

1 d(y, L)\ v
aen =i (3 [ (2 o)

and if Q) € A(E),

6,(Q) = in (diainQ /Q (d(yé L))q - (y))q

where the infimum is taken over all lines L in C.

Before stating a result of G. David and S. Semmes, we need a definition. We say
that F admits a corona decomposition if, for any & > 0, there exists C' = C(g) > 0
such that A(E) can be divided into a bad part B and a good part G which satisfy:
(i) The bad set B is not too big, in the sense that it satisfies a Carleson packing
condition, that is, for R € A(E),

Z diam@ < CdiamR,
QeB,QCR
(il) The good set G can be partitioned into a family F of subsets S of G such that:
- For any S € F, there exists a top cube Q(S) such that, if Q € S and if
Q' € A(E) with Q C Q' C Q(S) then, Q' € S (property of “coherence” of S);

-If S € F, E is well approximated by a Lipschitz graph I" on S, that
is, for any @ € S, any x € E with d(z, Q) < diam@Q, d(x,T") < Cediam@);
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- The regions (called stopping time regions) S are not too many: for
any R € A(E),

(11) Z diamQ(S) < CdiamR.
SeF,Q(S)CR
(or equivalently Z HY(Q(S)) < CH'(R).).
SEF.Q(S)CR
Fix ¢ € [1, 4+o0].

THEOREM 25. [28] Let E C C be an Ablfors reqular set of dimension 1. Then,
the following conditions are equivalent.

(i) E is contained in an Ahlfors-regular curve T';
(i1) There exists C' > 0 such that, for all x € E, all R €0, diamFE],

R dt
/ / By(z,t)*dH" (z)— < CR.
B(z,R)NE Jo 3

(iit) E admits a corona decomposition.
(iv) There exists a bilipschitz map f: R — C such that E C f(R);

A set that satisfies one of the condition (i)-(iv) is said to be uniformly rectifiable. A
typical uniformly rectifiable set is a Lipschitz graph. Note that the previous theorem
has an analogue in higher dimensions and there are a lot of other characterizations of
uniformly rectifiable sets (see [28], [29]).

By Tchebychev, the condition (ii) with ¢ = oo implies that E satisfies the weak
geometric lemma, that is for each £ > 0 the set A, = {(z,t) € E x R"; Boo(x,t) > €}
is a Carleson set. By the discussion of the first chapter, this means that the set A, is
“small”.

Peter Jones’s construction can be used to prove (ii) <= (i) in the case ¢ = oo (see
theorem 20). But, in the general case, his construction should be adapted and it is
not so easy (see [86]).

We now explain why a uniformly rectifiable set is rectifiable (in the sense of the
first chapter). For this, consider an Ahlfors-regular set £ C C which satisfies condi-
tions (i)-(iv). Fix R € A(F). With the same notation as above, denote by h(y) the
number of stopping time regions S € F so that y € S and § C R. Recall that the
Carleson packing condition Z HY(Q(S)) < CH'(R) holds. Let M > 0 and

SeF.Q(S)CR
set Far(R) = {y € R;h(y) > M}. Then, Y g rosycr H'(Q(S)) > MH'(Fu(R)).

Thus, for any M > 0, H'(Fy(R)) < %HI(R). This implies that almost every y € R

belongs to a finite number of stopping time regions. Therefore, H'-almost every x € E
belongs to a finite number of stopping time regions. Hence, for H'-almost z € E,
there exist S € F, tg(x) > 0 such that (z,t) € S for any t € [0,t5(z)[, so z € Ts.
Since the set of stopping regions S such that H!({z € F;(z,0) € S}) > 0 is countable,
E can be covered by a countable union of Lipschitz graphs (with uniformly bounded
Lipschitz constants).
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The proof of theorem 25 is quite long. We will only sketch the proof of (i7) = (ii7)
in the case ¢ = co. To do this, choose gy > 0 small enough. We denote by 3(Q) =
Boo(kQ) (where k > 1 is well chosen). Write

B={Q e A(E); B(Q) > ¢}
Let Qo € A(F) \ B and let Sy be the set of “dyadic cubes” @ € A(F) such that
- Q CQo;

- For any Q € A(E) such that Q € Q C Qo, Q € A(E) \ B;
- Any brother of @ belongs to A(F) \ 5.

For any cube @) € S, there exists a line Ly minimizing 5(Q). Let S be the set of
“dyadic cubes” @ € S, such that, for any Q € Sy with Q C Q C Q, or any brother
Q of Q, angle(Lg,, LQ) < n. The region S is the stopping time region with top cube
Qo-

Using this procedure, it is not difficult to construct the required stopping time regions.
We now explain how to construct a Lipschitz graph I'(S) associated to the stopping
time region S. Let Q(S) be the top cube of S. Denote by II the orthogonal projection
on Lgs) and by II* the orthogonal projection on Lé(s). The coordinate system is
now z = (Il(z), I+ (z)). For any Q € S, the line L is the graph of an affine function
ag. Denote by m(S) the set of minimal cubes of S. Using a partition of unity, we can
construct a function fg by gluing together the affine functions ag, @ € m(S).

For z € E, write d(z) = infges(diamQ+d(z, Q)). If d(x) = 0, then z = (II(z), [I*(z)).
If z and y are two points such that d(z) = 0 and d(y) = 0, then

(12) I (&) — I (y)] < 2n[T1(x) — 11(y)] < 20} — yl.

This yields |fs(z) — fs(y)| < Cn|z — y|. The first estimate of (12) follows from the
existence of a square ) with size comparable to |x — y|, closed to x and y, and such
that angle(Lg, Los)) < -

More generally, if x and y are two points of S such that |z — y| > inf(d(z), d(y)), the
previous estimate (12) still holds for the same reason.

Therefore, fg is Lipschitz and its graph I'(.S) satisfies d(z,T'(S)) < Ceod(z) whenever
x € S. The last point follows easily from the construction of the stopping time region

S.

The main point to prove the Carleson estimate (11) is to show that, for each stop-
ping time regions S, one of these three possibilities occurs:

(P1) H'({z € Q(5);d(z) = 0}) = CT HN(Q(S));

(P2) 3 gemes) H'(Q) > CT'HY(Q(S)) where m*(S) is the set of minimal cubes
in .S which have one child in B;

(P3) > ges Boo(Q)? > a«HY(Q(S)) where a > 0 is small enough.

Roughly speaking, regions which satisfy (P1) (respectively (P2)) (respectively
(P3)) are regions S where mostly you never stop (respectively you stop because
Bso((Q) > €) (respectively you stop because angle(Lqs), Lg) > 7).

Here, the delicate point consists in showing that a stopping time region which does
not satisfy (P1) and (P2) satisfies (P3). For this, we need precise estimates of |V fs|
and we use J. Dorronsoro’s theorem given in chapter 1.
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The stopping time regions for which (P1) holds satisfy the Carleson estimate (11)
because the sets of points {z € Q(S),d(z) = 0} are disjoint. The Carleson condition
(11) for stopping time regions which satisfy (P2) follows from the Carleson estimate
for the betas. The Carleson estimate for the stopping regions with (P3) follows from
the following estimate (which is a consequence of the Carleson estimate for the betas):

dt
Y. Be(@QF < / / Booly 1)*dH' (y) 7 < CR.
QCB(z,R) t€]0,R[ J ENB(z,R)

Using theorem 25 and the covering theorem by Ahlfors regular sets given in chapter
1, quantitative conditions of rectifiability can be given. This result has an analog in
higher dimensions (that is for set £ C R" with H%(FE) < +oo for some d € N).

THEOREM 26. [87] Let E C C be a compact set and let g € [1,400].
! dt
(i) If, for H'-almost all x € E, OL(x,E) > 0 and/ ﬂq(x,t)ZT < oo, then E is
0

1-rectifiable.
(i) If E is Ahlfors-reqular with dimension 1, E is 1-rectifiable if and only if, for

1
dt
H'-almost every x € E, / ﬁq(z,t)QT < 00.
0



CHAPTER 3

Menger curvature

In [71], M. Melnikov rediscovered the Menger curvature and underlined its rela-
tionship with the Cauchy integral (see (13) below). In this chapter, we will see that
the Menger curvature is also a useful tool to study geometric properties of sets and
measures in C. The last sections of this chapter will be devoted to the (hard) problem
of giving estimates of the Menger curvature of some measures.

1. Definition and basic properties

Let z, y and z be three non collinear points in C (in particular, z, y and z are
distinct). Then, the Menger curvature c(x,y, z) of z, y and z is the inverse of the
radius of the circle passing through x, y and z. If z, y and z are collinear, we set
c(x,y,z) = 0.

PROPOSITION 27. Let 21, zo and z3 be three points in C. Then,

(13) c(z1, 22, 23)° = ( oo, 2,20 )2—2 (2 1

|21 — 22||22 — 23||23 — 21| 1) — Zo(2))(Zo1) — 20(3))7

where o runs through the set of permutations of {1,2,3} and S(z1, 22, z3) is the area
of the triangle with vertices z1, zo and z3.

This formula is magic, since it shows that the sum over o is real and
nonnegative | We leave the proof of proposition 27 to the reader as an exercise of
elementary geometry.

From proposition 27 (or from its proof), we get two other ways to compute
c(z,y,2):
2d(x, Ly,
(14) o, ,2) = o L)

|z —yl|lz — 2]
where L, is the line through y and z.
sin «

L

where L is the length of a side of the triangle with vertices x, y, z and « is the angle
opposite to that side.

(15) oz, y,2) =2

Let @ be a positive Borel measure in C. We define its Menger curvature as the
quantity

) = [ [ [ o 2duto)duty)dnto)
If £ C Cwith H'(E) < 400, we set ¢*(E) = ¢*(H|p) where H|j; denotes the restric-
tion of H! to E.

H. Pajot: LNM 1799, pp. 29-54, 2002.
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30 3. MENGER CURVATURE

Let A= {(z,y,2) € C}; |z —y| < |x — 2] < |y — z|}. It is very useful to note that

(16) A <6 [ [ [ oy oPdntoauty)inGz)
A
Observe that, if z, y and z are three points in C such that |z —y| < |z — 2| < |y — 2|
x|y —z

MZJ‘D where C' > 0
depends on the previous constants. This remark suggests that the Menger curvature
can be used to study flatness properties of sets in C.

Remark. The triangle with vertices z, y and z may be “thin”, whereas ¢(z,y, z) is
not “small”. For instance, for any € > 0, ¢(—1,1,¢%) = 1 ! In other words, in the
previous observation, the fact that the distances |z — y| and |z — z| are comparable is

crucial. We will go back later to the comparison between the Menger curvature and
the betas.

and |z — y| is comparable to |z — z|, then ¢(z,y,2) < C

THEOREM 28. Let E C C with H'(E) < +oo. If (E) < +oo, then E is
rectifiable.

This result was originally proved by G. David (unpublished) by adapting P. Jones’s
construction given in the previous chapter. In [56], J. C. Léger proved the theorem by
using David-Semmes’ corona construction. The difficulties come from the fact that we
do not assume that E satisfies some density properties. J. C. Léger’s proof is based
on the following result.

PROPOSITION 29. For every Cy > 0, there exists n > 0 such that, if p is a
compactly supported measure on C that satisfies
(i) u(B(0,2)) > 1 and u(C\ B(0,2)) = 0;
(ii) u(B) < Cy diam B whenever B is a ball in C;
(i) ¢*(n) <,
then there exists a Lipschitz graph T such that p(I") > %,u
The theorem 28 follows easily from this proposition. Indeed, since H'(E) < +o0,
we can write F = Freqt U Eypreet Where Epeer and E,e are disjoint and respectively
rectifiable and purely unrectifiable. If H'(Eupet) # 0, then we can find a piece
F C Eypre which satisfies (up to some rescaling) the hypothesis of the proposition
29 (and with H*(F) > 0). This follows from a standard uniformization procedure
(see [36]). Therefore there exists a rectifiable curve I" such that H(Eypees N T) > 0.
This contradicts the fact that E,u.. is purely unrectifiable. Thus, H'(E prect) = 0
and F is rectifiable.

(©).

Note that proposition 29 is not true if we do not assume that 1 depends on Cj.
For instance, let 2 be the restriction of £2 on the unit disc D(0,1). Then, u satisfies
(i), (ii) and ¢*(u) < +oo, but for any Lipschitz graph T, u(') = 0.

Remark. Recently, Y. Lin and P. Mattila [59] proved that, if E C C is Ahlfors

1
s-regular (with 0 < s < 5) and satisfies

[E/E/EC(xm%Z)2Sst($)st(y)dH3(z) < +oo,
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then there exists a countable family of C' curves I'y, I's, ... such that

e 9)

1
This result is false if 3 <s<1.

2. Menger curvature and Lipschitz graphs

In this section, we give an estimate due to M. Melnikov and J. Verdera [72] of the
Menger curvature of a Lipschitz graph. This result will allow us to give in the next
chapter a geometric proof of the L? boundedness of the Cauchy operator on Lipschitz
graphs.

THEOREM 30. Let I' be the graph of a K-Lipschitz function f : I — R where I is
an interval of R. Then, 2(T') < C(1 + K)3 K2diaml .

The proof is based on a localization of f and on the following consequence of
Plancherel’s theorem:

JLh

whenever a is a locally integrable function with o’ € L2(R).
Remark. Throughout all the proof, we will use the notation dz instead of d£*(x).

a-a(x) _ a(z)—a(y) |2

y—x z—y

dxdydz < C/ |a/ (t)|dt

PROOF. Recall that, if x, y and z are points of C,

2d(z, Ly )

002 = e

where L, . is the line of C passing through y and z.
If r,s and ¢ are in I, we get, for z = (r, f(r)), y = (s, f(s)), and z = (¢, f(1)),

A(z,y,2) < <(f(t) —fr)(s=7r)=(f(s) = f(r)(t— r)))

|z —yllz — 2|y — 2]

FO=f() _ f&)=F()\ 2
< t—r Ss—r
- t—s

Write I = [a,b] and set g(t) = f(t) — (f(a)—&—(t—a)f(b;:i:(a)) if t € I and

g(t) = 0 otherwise. Then, g is a 2K-Lipschitz function whose derivative is in L2(R).
Moreover, if r, s and ¢ are in I,

g®)—g(r) _ g(s)=g(r) \ 2
2 < t—r s—r )
(z,y,2) < g
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This yields

Ar) < ///( e (3 ’M> L+ 1D+ ()2 (L + £/ (1)) 2 drdsdt
< 1+Ks///( t_r _f(S);f(T))QdT(Sdisz
< 1+Kg///( T+h})l f(r) f(T—&-k]i—f(r)) dr(hdfid:)T

By using Plancherel’s theorem, we get
e ih [ etk — 117 dhdk
nam [ ][] s
M=+ P | O
Thus, by using the changes of variables h — £h and k — £k, and again Plancherel’s

theorem,
A) < (1+M)} %{12 dhdk / GRS
< CU+K)} / FORE
< C(1+ K)?K2diaml.

3. Menger curvature and (5 numbers

In this section, we will compare  numbers and the Menger curvature. All these
results have been announced by P. Jones in lectures given at the Universitat Autonoma
de Barcelona, but have never been published. All the proofs we will give follow P.
Jones’ ideas (I guess !).

THEOREM 31. Let I' be a rectifiable curve in C and let p be a positive compactly
supported measure with suppy C T'. Assume that p has linear growth:
u(B ) < diamB for every ball B C C.
Then, () < CZQeAﬂF

+ o0 dt
(or equivalently, () < C// 5F 2 dp(r)— 7 y,

In particular, by P. Jones’traveling salesman theorem, this implies that ¢?(u) <
CI(T') < +oc0. From this and Frostman’s lemma, we get

COROLLARY 32. Let E be a compact set in the complex plane C. Assume that
HY(E) > 0 and that E is contained in a rectifiable curve I'. Then, there ezists a
positive Radon measure p compactly supported on E with linear growth and finite
Menger curvature.

We say that an Ahlfors-regular set £ C C satisfies the local curvature condition
if there exists a constant C' > 0 such that

/ / /(EQB)B clz,y, z)*dH" ()dH' (y)dH' (z) < CdiamB
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whenever B is a ball in C. For instance, by theorem 30, a Lipschitz graph satisfies
the local curvature condition.

From theorems 25 and 31, we get

THEOREM 33. Let E be an Ahlfors-regular set in C. If E is uniformly rectifiable,
then E satisfies the local curvature condition.

Remark. The estimate of ¢?(x) in theorem 31 can be improved if you assume that
the curve I' has some extra properties. For instance, if the measure p is supported
by an Ahlfors regular curve, then ¢(u) < Cu(C) where C' depends on the regularity
constant of the curve. In general, this estimate is not true (see [88]).

ProOOF. We start with three technical lemmas.

LEMMA 34. Let x, y, z and z' be four points in the complex plane C such that

(i) =, 2z, 2’ are collinear, and z € [x,2];
(i) |y — 2| <y -z
Then, c(z,y, z) < c(z,y,2').

Proof of lemma 34. First, Thales theorem gives

d(z,Lay) |z — 2|
(2, Lyy) |z — 2|

where L,, denotes the line passing through x and y.
Therefore,

2d(z, Lgy)
|z — z[ly — |
2d(#', Lyy)
|z — 2|y — 2|
2d(%', L,
7%’ y), = c(x,y,2").
|z — 2|y — 2|

oz,y,2) =

Note that the last estimate follows from (ii).

The next result can be found in [99].

LEMMA 35. Let x, y, z and 2’ be four distinct points in the complex plane C such
that

Ay — 2| <|y— 2| < Aly — 2|

for some constant A > 0.Then,

!
) —cley, )] < (44 24)
elo.9:2) = el )] < (44 24—
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Proof of lemma 35.
2d(z, Lyy) 2d(#', Lyy)
|z —allz =yl | — [z’ =y

|C(.Z',y,Z) - C(CE./y, Z/)| =

d(z, Luy)|2' — ]| —y| — d(, Luy)|2 — ]|z — y
= allz— 4l — allz — 4]
Az L) = d(z', Ly |2 — ]| — 4]
[z — allz — oIl — 2l — 9]
d(Z, Lay) |2/ — all —y] — |z — ]|z ]

= 2

< 2

+2
|z = zllz — yllz' — z||2' —y|
= I+1I
Since |d(z, Lyy) — d(2/, Lyy)| < |2 — 2|, we get
[<o 127

|z —allz =yl

Furthermore,

(12" = | = |z = =)|" =yl + (| =y = |z = y[)]z — 2|
2" = z[|" =y + |2 = 2|z — 2.

12" =[]z =y = |z — zllz =yl

IN

Thus, since d(2/, Lyy) < |2' — y| and d(#/, Ly,) < |2/ — x|, we get

d /-[/z /_ d /7-L/z /_
1< oo (Ll e
|2/ — || —yllz — 2|z =yl |2/ — 2] —yllz —2|[z — ¥
2|2 — 2| 2|2 — 2|
|z —z|[z —yl |z —=|[¢ =y
|2 — 2|

IN

2424)—m ——
2

Adding the inequalities obtained for I and II, we get the conclusion of lemma 35.
LEMMA 36. Let z, y and z be three points of I such that
(i) ||I*Z|‘§ |z =yl and |y — 2| <[z —yl;
o 1LY
(ii) St
Then,

<|z-— \<Tf0rsomen€N

Assume first that there exists k € {1,2,....,n} such that S (:1: 3| y') > eo.

c(r,y,2) <

Proof of lemma 36. Let £y be small enough.

Therefore,

2 2 |z — 9] C ~ |z — 1y
< < 3 : < 3 — .
c(z,y,2) = Boo (.T, ok ) =Tz —yl jE:O Boo | 2 %

Tz =yl T eolz -yl

Assume now that for any j € {1,2,...,n}, fw (x, 3|12_]y) < gg.

[z —yl
Qk

For any k = 1,...,n — 1, there exist points £ € I" such that |z — | = . Choose
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one of these points which we denote by & such that |y — &| is minimal. Let Dy, be
the line passing through x and &, and denote by D,, the line passing through z and
z (see figure 3).

Dy
Dy

Dy,

&1
&k
z
FIGURE 3.
3 —
Let Ly be a line minimizing (G <x, |x2k Yl
' 3z — T —1 Bl —yl\ lr—y
Then, since d(z, L) < 30 (3& | " y|) | 2ky|7d(§k7Lk) <30 (337 | ok |> | ok |
T —
and |z — &| = | 2ky|7 we get
3lr —1 T —
d(’li),Dk) S Cﬁoo <5E7 ‘ ok J|> %

3|z -yl
2k

whenever w e 'N D | x, . Moreover, by the definition of the betas, for any

3lx —
weFﬂD(J;, |2 y|>’

2k

3l — _
d(w, Liy) < 36 (I |2 y\) |z —yl

2k71 2k71

and hence,
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3 _
From all these remarks, we get that, for any w € ' D <x7 ] ),

ok
(18) d(w, Dy < Chu (2,2 Y) =l
w, Uk = o | T 2k 2k
3z —y|\ |z —y
(19) < O <’E7 ok—1 k-1
and
3z —y|\ 3|z —yl
(20) d(w, Dg_1) < Cl (a:, ‘21%1 ) ST
Thus,
3l —
(21) angle(Dy, Dy—1) < Cfx (m, 2k_1y|) .
To see this, consider a; and by two points such that |z — ax| = |v — bi| = |c2—ky| ,
ay € Dy, by, € Dy_1 and ay, by are chosen like on figure 4:
Dy,
r
Dy
ag
by
x
FIGURE 4.
. : , 3l —y|
Since I' is connected, there exists w, € I'N D | x, o such that
< Ble =yl o =ul g 19
|wk - ak' = /6)00 Zz, k-1 ok—1 (I'OHI ( ))7
3z —yl\ |z —y
|wg —bx] < CPls (ac7 = ) S (from(20)).
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3y — _
Therefore, |ay — by] < CPu (ac, |;1y|) |5;k71y| and (21) follows easily.

For any k = 1,...,n — 1, let n; be the point of the intersection of the line D; and
the circle centered at x of radius |« — z| which is closer to y.

3z —
Hence, by (21), |nx — 1] < Clz — 2|0 (x., |;kly> (if ¢ is small enough). By
lemma 35, this yields
c(@,y,m) < (T yme1) + o
e — || —
3lz—y]
o (T, )|z — 2
< ey + 22D
|z — 2|l =yl
C 3|z —y
< ~ ) .
= C(SL’, Y, Nk l) =+ |’L _ y|ﬁ (I 2k:—l
By induction, we get
- 3lz — y|
(22) C(x7y72) Sc(ffvyvnl)‘i‘CZﬁoo x-,W .

k=2

If € is small enough, |y — & < |y — m|. Hence, by lemma 34, c(z,y,m) < c(z,y,&).
o (T, 3|x —

Moreover, c(z,y, &) < Cw

|z —yl

. Inequality (22) and these two remarks com-

plete the proof of lemma 36.

We now go through the proof of the theorem. We start with some notations.
Let A; be the family of dyadic squares in C whose side length is 277, Let Q € A.
Denote by Q* the square 3Q. Write P(Q) = {R € A,Q C R} and F(Q) = {R €
ARcC Q}. If z, y € T, we say that (z,y) € Q if z, y € Q* and zdiam@Q < |z —y| <
3d1amQ
We now rewrite lemma 36 in terms of dyadic cubes.

LEMMA 37. Assume that Q € A and R € P(Q). Let x, y and z be three points in
T such that (z,z) € Q* and (x,y) € R*. Then,

C
oy, z) < diamR Z Beo ()

QCSCR

Note that ¢?(u) < 3¢%(u) where &(u) = /// c(x,y, 2)?du(z)du(y)du(z) and

A A
A={(z,y,2) €% o — 2| < |z —yl, [y — 2 < o —yl}.
We now estimate ¢2(p).

: < ez, y, 2)%du(s dp(x)dp
ACIEDY Lo Py S el 2int) | dnG@in)
<oy | > (dlamR (Z Fro (S ) R | (@)

QeA \ReP(Q) QCSCR
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Let « €]0, [ Then, for any Q € A and any R € A such that Q C R,

e (2 9]

QCSCR

B 1 5.9\
~ (diamR)2-2 < Z (diamR)“)

QCSCR
2
1 B(5)
(diamR)?—2« (QCZSU? (diamS)")

Therefore, by the Cauchy-Schwarz inequality, we get

2
dlamR (Z Bool S > =

QCSCR

1
(dlamR )22 ( Z Boo(S ) (diam@)?®

QCSCR

Using this estimate and Fubini theorem, we get

" ) *\2 R*
950 P | 2 G ) | 2 i

Sea QEF(S)

Moreover,

ReP(S)

and if we assume that S € A,

Q)
Z (diam@)2

QEF(S)

IN

<

<

Therefore, 52(M) < OZSEA ﬁoo(s)z

(")
L S A——
Z (diaan)thx - c

ReP(S)

Z 1 < c
RePs) (diamR)*2« ~ (diamsS)1 -2’

o 1(Q*)?
Z Z (diam@)?*

k=j QEALNF(S)

CZ Z (diamQ)' 2 u(Q*)

k=j QeARNF(S)

CZ 1 2a

C’(dlamS)1 2o(S).

1(S) and the proof of the theorem is complete. O

Conversely, if the set is Ahlfors-regular, we can control the betas by the Menger

curvature.

THEOREM 38. Let E C C be a Ahlfors-regular set (with dimension 1). Then, for

all balls B of C,

diam B
/ / ﬂE (z, 25)2dH1
ENB

<C///Em03)3 z,y,2)*dH" (z)dH" (y)dH' (2)

where C' > 0 depends only on the regularity constant of E.

We should emphasize that the betas in theorem 38 correspond to the set E,
whereas the betas in theorem 31 correspond to the curve I'.
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From theorems 25, 33 and 38, we get a complete characterization of uniformly
rectifiable sets in terms of Menger curvature.

THEOREM 39. Let E C C be a Ahlfors-reqular set (with dimension 1). Then, E
1s uniformly rectifiable if and only if E satisfies the local curvature condition.

We now prove theorem 38.

PROOF. Since E is Ahlfors-regular (with dimension 1), there exists a family A(E)
of “dyadic cubes” associated to E (see proposition 24). We claim that the theorem
38 will follow from the

PROPOSITION 40. Let Q) € A(E). Then,

()2 diamS < C c(x,y,1 2dHY(z)dH (y)dH(2).
3 Peldans < ][, copvran @ manc)

SCQ,SeA(E

To see this, consider B = B(xz, R). First, we claim that it is enough to consider

the case © € E and R € (0,diamFE). Indeed, if £ N B = ), then the integral in the
right hand side of the inequality of theorem 38 is zero, and if £ N B # @, then there
exists xp € E such that B C B(z, diamB).
From now on, we assume that © € £ and R € (0,diamF). Let j € Z such that 277 <
R < 279%1 Then, there exist “dyadic cubes” Q; € A;(E), i = 1,2,.., N, such that
B cC valei. Recall that C71277 < diamQ; < C277 and C~1277 < HY(Q;) < €277
where C' > 0 depends only on the regularity constant Cy of E. From this, we get
Ufil Q; C B(z,CR) and therefore there exists Ny depending only on the regularity
constant of E such that N < Ny. Thus,

/R/ By, t)dH( )@ CZN: D B(S)*diams
o JEnB@R) v o= = :

i=1 SCQ;

CZNl/l/i/i6(5617!527-733)2dH1(fL'l)dHl(M)dHl(%)

C/// (w1, g, x3) dH (21)dH" (25)dH" (3)
(ENB(z,CR))?

where C depends only on the regularity constant of E.

N

IN

IN

We now prove proposition 40 and for this, we start with some notations. Write
uw=H, |1E and denote by ji the normalization of u, that is

/Agdﬂ:ﬁ/ﬁdu-

Of course, [i is not a measure !
If 21, 29,..., 2z, are n pairwise distinct points in C, write

w(z1, 29, .., 2
/8(Z17Z27"'7Zn) = ( L2 n)
max;z; |2 — %]

where w(z1, 22, .., 2,) is the width of a (infinite) strip of smallest possible width which
contains zy, 29,..., Zp.
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Fix @ € A(FE). Recall (see proposition 24) that, by construction, there exists a
ball B = B(x, R) such that EN B C Q where 2 € E and R = C'diam@Q. Then, we
can find 21, 2z € EN B such that |z; — 25| > C™'R (where C' > 0 depends only on the
regularity constant of E). Indeed, fix z; € EN B and assume that the conclusion does
not hold, that is |z; —z| < C~'R whenever z € ENB. Thus, EN(B\B(z1,C'R)) =0
and therefore, p(B) = pu(B(z1, C™'R)). This yields

Ci'R < u(B) = u(B(21,C'R)) < CoC'R.

But, this estimate is impossible if C' >> CZ (here, Cj is the regularity constant of E).

Consider now zy € E'N B such that

sup d(zv LZ] 22) _ d(z()? L2122)
zeENB R R
. . d(20, Lz 2,)
where L,, ., is the line of C passing through z; and z5. Note that G,,(Q) < CT <

05(2’07 21, Zz)-

Claim: There exist A € (0,1) (depending only on the regularity constant of E) and
two collections of balls (B,,), (B,) centered on F such that
CI\"R < d(B,, B,) < CA\"R
C™'\"R < diamB,, = diamB, < CA"R
C'\"R < d(z, B,) < C\"R
CTI\"R < d(z, B,) < CA\"R

C'\"R < d(B,, Bpy1) < CA"R

C7'N\"R < d(B,, Bpy1) < CA\"R

where C' > 0 depends only on the regularity constant of F (see figure 5).
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20

+

B
Bn+1 n+1

FIGURE 5.
Proof of the claim: We start with an easy lemma.

LEMMA 41. Let £ € E and let v € (0, diamE). Then, there exists 6 € (0,1)
(depending only on the reqularity constant of E') such that

EN(BE )\ B(E,or)) # 0.

PROOF. Assume that EN(B(E,r)\ B(,0r)) = (0. Then, p(B(&, 7)) = u(B(E, or)).
Thus, since E is Ahlfors-regular (with constant Cp),

Co'r < u(B(€, 7)) = u(B(, 0r)) < Codr.
From this, we get § > Cy 2. Therefore, if § < C;?,
EN(B( )\ B dr)) #0.

Fix now § given by the lemma and for n € N, write
A, = B(2,0""R) \ B(z0,6*"**R)
Cpn = B(z0,0"""'R) \ B(z0,6*""*R).
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Note that C,, C A, and ENC,, # 0.
Let &, € ENC,. Then,

52n+2R 352n+1R 52n+2R
Ble, " Y e (2.2 Y\ B =, A
(5"’ 1000 ) - (’ZO’ 2 >\ ('ZO’ 10 )

522 R G2 t3 R
By using the lemma again, there exists ¢, € EN (B <fn7 1000) \ B (fm 1000)) :
Set A = 2 and

B, = B(&,\""*R)
B, = B(C, \"T2R).
If 6 > 0 is small enough, the balls (B,) and (B,) satisfy the conclusion of the claim.

Step 0 : Up to some modifications in the construction above, we can assume that
2

the sets By, By and S = U B(z;,0R) are pairwise disjoint.
j=0

Define

Fo(e,y) = / (. 2 di(2),

G - | 0 / Fulr )i a)iy)

By Tchebychev inequality, there exist zo € By and 3o € By such that Fy(xzo, yo) <
CGp. Note that §(zg, 21,22) < C’Z]Q.:O B(24,%0,Y0) (where C' depends on A and the
regularity constant of E'). Thus, even if this means changing the labelling of the points
20, 21, 72, We can assume that 3(zo, o, 20) > C~13(20, 21, 22).

Our goal is to choose “good” points z, € B,, y, € B,.. We now explain what
means “good”. For this, assume that these points have been chosen. Then,

C
/BOO(Q) S Cﬁ(zmzh 22) S E Zw(xn’yn7zn+17yn+l)'

n

Buta W(znaymxnthynJrl) is comparable to B(xmymmnﬁ»bynJrl))\nRv and if we set
Cp = C(SC”, yn7 xn+l) + C(xnv yna yn+1)7 Cp, iS COmpafable tO /B(Inv y'm xn+17 yn+1)/\7nR71~
From this, we get

C C
ﬂOO(Q) < E a w(xmymxn+1>yn+1) < E;Cn()\nR)2

Since we would like to control (.(Q) by a triple integral of Menger curvature, a
natural idea is to choose the points (z,,) and (y,) such that

c<cf [ [ e ldudadi)
By J Bp J Bpy1UBpq1

Step n: Assume that we have chosen x,, € B, and y,, € B,, such that

(11) C(xnflv Yn—1, xn)2 S CQanl and C(mnfhynflv yn)2 S C’26;(n71
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where, as previously,

Fu(z.y) = / el lo)

/n/n (@, y)dfi(z)di(y).

By using the Tchebychev inequality, the definitions of F,, and G,,, the choice of z,,
and y,, we get

G

- C
[L({Z S Bn+1 U Bn+1§ C(CL’TL, Yn, Z)2 2 C2Gn}) < 61

2

I ~ 1
B i({(2,y) € Bpy1 X Bry1; Fagi(z,y) > CiGrpa}) < oA
1

By using these estimates, we can easily construct z,41 € Bnyq and ynp1 € Bpia
which satisfy the induction properties (i) and (ii) above.

Thus,
R

wec | n / n / ol PR C)

Then, by Holder inequality, we get
@7 < (X e r)’
C(Zcm“ (V'R %)ZA )7

Since > A3 < +oo0, this yields

where

La

IN

3(Q)? < CR™ Z E(A\"R)*(A\"R):?.

Moreover, since u(B,) and u(B,) are comparable to \"R,

(R < C / / / (2, g, 2 dp()du(y)dp2).
Bp+1UBp1
Thus,

ol

)

su@ame <ty ([ [ f el P )R

and therefore

diamP) 2

Gu(@imnQ<C Y[ w2 Pdute)dn(o)ut: >< o

PCQ,PEA(E)

where P* is the set of triples of points (2,2, 23) € (3P)® such that C~ldiamP <
|z; — x;] < 3 diamP for i # j.



44 3. MENGER CURVATURE

Fix now @ € A(F). By Fubini theorem, we get (the sum over S and P are for
S,P e A(E))

9. diamP\ 2
SCZC;MS) diamS < C%%/ (2, y, 2)*dp(x)dp(y)du(z ><diams)
< 0Y [ o audn)an:)
PCQ

< ¢ /Q /Q /Q (.9, 2 dpu(x)dp(y)dp(2).

and the proof is complete.

4. Menger curvature and Cantor type sets

We start with a general result of P. Mattila [66].

THEOREM 42. Let h : [0,400] — [0,00] be a non decreasing function such that
+o0
r3h3(r)dr < oo and let pi be a finite Borel measure in C such that, for every

0
ball B of radius r > 0, u(B) < Ch(r). Then,

(u) < Cu(C) /:OO 3R (r)dr.

Proor. We follow the proof given by P. Mattila in [66].
We start with some observations. Set u,(y) = u(B(y,r)).
h(r) ? o —-372 . h(r)
Then, ( —= ] <8 t~°h*(t)dt, hence lim,_,o —= = 0.
r , r

From this, we get

(23) lim A = 0 since () < hir) )
=0 1 r r
(24) fm @) _ g ginee @) o #(C)
r—+oo T r r

If 2, y and z are three points of A = {(z,y, 2); |z —y| < |z —z| and |z —y| < |y — 2|},
then
2d(z, Ly.,) 1

v —z2lly—2] = |y —2|

o(r,y,2) =

Therefore, we get
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3 [ [ [ @ uwintdnt:)
2 [ [ [ = dute)dutnant)
|/ / )i

_ 12//u ( ly — I))d/()du()

\y*ZP

Ql\')
S
IN IN

IN

= 12 / / y (r)du(y) (in the Riemann-Stieltjes sense)

By integrating by parts, and by using (23) and (24), we get
2 o] h2
0 <12 [ [ drauiy) < 2y [T ar
7 0 T

By Frostman’s lemma and theorem 42, we easily get

COROLLARY 43. Let E C C with dimy(E) > 1.Then there exists a positive finite
Radon measure p compactly supported on E with linear growth and finite Menger
curvature.

Let (A,) be a non-increasing sequence of real numbers with 0 < A < 1 We
associate a generalized four corners Cantor set F to this sequence in the following
way.

Let Ky be the unit interval [0,1] and let K; = [0, A\] U [l — A1, 1]. Assume that
K,,_1 have been constructed. The set K, is obtained from K, ; by replacing each
component of K, _; by the two endmost intervals of length A;...... An. Set K =N, K,

oo 4™

and then, £ = K x K. Note that F = m U Q7 , where @’ is a square of side length
n=1j=1

0p = M1....A,. The Cantor set constructed in the first chapter corresponds to the

constant sequence A, =

Z.
Let h : [0,+00) — [0,4+00) be a non-decreasing function such that h(0) = 0 and
h(on) =47 (for n = 1,2,..) and let A be the Hausdorff measure associated to the
gauge h (see chapter 1).

THEOREM 44. With the same notations as above, we have
(1) 0 < Ap(E) < 400 and there exists C > 1 such that

Ch(r) < A (EN B(x,r)) < Ch(r)
whenever x € £ and 0 < r < 2.

(ii) ]fz ({‘;) < 400, then 2(Ay) < +oo.

The proof of (i) is left to the reader. The part (ii) follows from P. Mattila’s result
4—n 2 +00
by noting that the sum Z <—) is comparable to / r3h3(r)dr.
n On 0
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5. P. Jones’ construction of “good” measures supported on continua

In this section, we will prove that any continuum £ of the complex plane C
supports a positive Radon measure with linear growth and finite Menger curvature.
As for theorems 31 and 38, this result has been announced by P. Jones who never
published his proof. The construction we will give is widely inspired by handwritten
notes of G. David (which are based on conversations with P. Jones). Recall that a
continuum F C C is a compact connected set.

THEOREM 45. There exists Cy > 0 such that, for any continuum E C C, there
exists a positive Radon measure p supported on E which satisfies
(i) u(E) > Cy'diamFE;
(i) w(B(z, 1)) < Cor whenever x € C and r > 0;
(iii) 2(u) < CodiamkFE.

PRrROOF. The strategy of the proof is the following. By using theorem 22 and
a stopping time argument involving the beta numbers, we associate to each ball B
centered on F an Ahlfors regular curve I'g which contains a large part of £ N B or
approximates a large part of £ N B. From this, we construct a sequence of measures
i; which converges weakly to a measure p supported on E. Finally, we check that
this measure satisfies (i), (ii) and (iii). Here, we use the fact that the restriction of
H' to any Ahlfors regular curve has linear growth and satisfies the local curvature
condition (by theorem 33).

Let M > 0 big enough.

Construction of ;1 (Step 1)

Let B = B(xzp, Rp) be a ball centered on E and with radius Rp < diamF. Let
K g be the connected component of EN B which contains 2. We leave to the reader
to check that Kp is a continuum with diamKpg > Rp.
For any x € Kp, set

tp(r) = inf {t € (O,RB);/RB ﬁgB(x.,t)Q% < M} .

s dt
Therefore, tg(z) = 0 if and only if BEE (g, t)QT <M.
0
Write Z(B) = {z € Kp;tp(x) = 0}.
By easy computations, we get, for any x € Z(B),

s dt Ao dt
/ ﬂfoug)(gat)?7 g/ ﬁggB(z,t)?? < 4M.

0 0

We say that B € G (respectively B € B) if H'(Z(B)) > 160
1

100

Rp (respectively

H'(Z(B)) < — Rp).

fin dt
Assume first that B € G. Since / BOZO(B)(x,tf? < 4M for any = € Z(B)

0
theorem 22 (see the remark after theorem 22) implies that Z(B) is contained in
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a Ahlfors-regular curve 'y (whose regularity constant depends only on M). Set
ptg = H\yp). Then,
. Rp
(i) 1p(C) = H(Z(B)) = {55
(i) up(B(z,7)) < Cr whenever x € C and r > 0;
(iii) *(up) < CRp by theorem 39,

where the constant C' > 0 depends only on M. We should emphasize that all the
constants C' in this proof depend on M and on nothing else.

Assume now that B € B. Set G(B) = (EN B)\ Z(B). Then, by a standard
covering lemma (see [54] page 2), there exists a countable set X(B) C G(B) such
that G(B) C Uzex(p)B(z, 10t p(x)) and the balls B(z, 2tp(x)), v € X (B), are pairwise

disjoint. If M is big enough, then t5(z) < 1—(51, since the beta numbers are always
less than 1.

We claim that

(25) > tp(x) > 10Rs.

Indeed, for z € X(B), set
H(z) = 0B(x,2tp(z)) UdB(x, 10tz(x)) U D,

where D, is any diameter of dB(z, 10tz (z)).

Then, H(z) is connected and H'(H (z)) < 100tg(z). Set E(B) = Z(B)U(Uzex s H(x)) .
We leave to the reader to check that F(B) is compact and connected (recall that £

is a continuum !!!). Moreover, since B € B,

H'(E(B)) < H'Z(B))+100 Y tp(x
z€X(B)
< mRBHoo > tu(@)
z€X(B)

To conclude, we need a lower bound and for this, we will use P. Jones’ traveling
salesman theorem.

Let y € E(B) \ Z(B). Then, there exists x € X(B) such that y € H(z). Let
xg € X(B) such that

tp(xo) = sup{tp(z);y € H(x)}.
We would like to prove that, if ¢ > 103¢5(xg), then

t

E(B) E
(26) BEP 1) 2 107265 (20, 7o

o0

For this, let L be a line minimizing ﬁ£(3> (y, 1), that is such that

d(z, L)

(27) .

< BEB)(y, 1) whenever z € B(y,t) N E(B).
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. t
Fix now z € B (:c(), 100) N E. Then,

IN

|z —yl |z — 20| + |20 — Y

t
ﬁ + 20153(.1’0)

3t
100

IN

IN

( by the choice of t).

t
Therefore, z € B (y, %) We divide now the proof of (26) into three cases.

Case 1. z € Z(B).
Since z € E(B)N B (y, £5) € E(B) N B(y,t) we get from (27),

(28) d(z,L)

< BEB) (y,1).

n
From now on, we assume that z ¢ Z(B). Therefore, by construction, there exists
x € X(B) such that z € B(z, 10tp(z)).

Case 2. B(x,10tg(z)) C B(y,t).
Thus, H(z) C B(y,t) N E(B) and

d(z, L
(t ) < gE® 1)
Case 3. B(x,10tp(z)) is not contained in B(y,t).

3t 97
Note that, since z € B(x,10tg(z)) N B <y, ﬁ.O)’ 20tp(z) > mt and then

(30) 30t (x) > t.

Since t > 103tp(zg), we get tg(z) > tp(zy) and thus, by the choice of zg, y ¢
3t 3t

B(z,10tg(z)). But, z € B(z,tp(x)) ﬁB(y,l—OO). Hence, 100 > |y — z| > 10tp(z).

This implies ¢ > 30tg(x) and this inequality contradicts (30). Therefore, this case is
impossible. Thus, (26) follows from (28) and (29).

(29)

By integrating (26), we get

Rp dt Rp dt
[0 et a0t [ e
103t g (wo) t 103t g (o) t
> 107*M —log 10 (since ¢ ¢ Z(B))
> 107°M (if M is big enough).

Thus, for any y € E(B) \ Z(B),

fi dt
(31) / ﬁo’i@(y,lt)?7 > 107> M.
0
We now prove (25) by contradiction. For this, assume that } v () ts(2) < 10Rp.
Then, H'(E(B)) < (107! + 10*)Rg. Thus, by theorem 18,

(32) / / BEB) (2, t)2dH (2 )dt < CRp.
<€E(B) i
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On the other hand, since F(B) is connected,
HY(E(B)) > diamE(B) > Rp.

Since H'(Z(B)) < 1(1)0]%157 we get HY(E(B)\ Z(B)) > % From this and (31), we
get
/ [ @ = 0 ) 28)
<€ E(B)\Z(B) t
> 10° 5MR23

This contradicts (32) if M is big enough, and the proof of (25) is complete. For
o dt
any x € Kp U X(B), / BOIZBUX(B)(x,t)QT < 100M. Therefore, by theorem 22,

KpUX(B) is contained0 in a Abhlfors regular curve denoted by I's. Since the balls
B(xz,tp(z)), v € X(B), are pairwise disjoint and HY(I'p N B(x,tp(x))), z € X(B), is
comparable to tg(z), we can assume that the curve I'g contains a cross G(z) for any
x € X(B). This cross G(z) is just the union of two perpendicular segments centered
on z and whose diameter is 2¢{g(z). We leave to the reader to check the details.

Let g be the restriction to Uyex(p)G(x) of H[FB

Construction of ;1 (Step 2)

Without loss of generality, we can assume that 0 € £, E C D(0,1) and diamF >

1
—. We first construct by induction a collection of balls F = U,enF; as follows:

- Fo={D(0,1)}.

- If we assume that F,, has been build, we set

Fos1 ={B(z,tp(z)),z € X(B) and B € F, N B}.

Remarks. 1) If every B € F,, is also in G, then F,, 1 = 0.

2) Let By, Bs be two balls of Fy. If B and B’ are two balls of Fj1 which are contained

in B; and By respectively, then BNB' = (), BN B; = () and B'N By = . To see this,
diamB diam B

recall that 2B, N 2By = 0, diamB < 1an5 ! and diamB’ < %

We set G; = F; NG and B; = F; N B. Our goal is to construct a sequence of
measures (u,) supported on these balls. Recall that a measure pp can be associated
to any ball B centered on E and the definition of ;15 depends on the fact that B € B
or Beg.

- po = aopp, where By = D(0,1) and ag > 0 is chosen such that 1o(C) = diamF.
- Assume that the measures p,...,4, have been build such that

(P1) p;(C) = diamC.

(P2) p; is supported on the disjoint (see remark 2) above) union of the balls B,

Be Fu(JZiGr).

(P3) w;(B) <107*Rp if B € Fy for some k > j (here, Ry is the radius of B).
We now construct pi,41. For this, consider B € F,,. As previously, there are two
cases.
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Case 1. Be€g.

(B
Set fin i1 tin(B)

~ H(Z(B))
for any ball B C B, pn,11(B) < CdiamB since pp is Ahlfors regular. Moreover,
Hn+1 (B) = :U’N(B)

Case 2. B € B.
For any = € X(B), set B(z) = B(z,tg(z)) and

pin(B) tp(r)
vex(p) tB(Y) 1B (B(x))

Then, fi,+1(B) = pun(B). Note that by (25) and by induction, p,41(B(z,tg(z)) <
107" p(x).

pn(B) 1n(B) n
. < < .
B ~Thon7 H(Z(B)) = 100 Ry = 107" by (P2). Thus,

Hnt11B(z) = Z HUB(x)-

It is not difficult to see that p,; satisfies (P1), (P2) and (P3).

Before explaining how we get the measure i, we recall some basic facts about weak
convergence of sequences of measures (see [65] pages 18-19). We say that a sequence
of Radon measures (v;) on R™ converges weakly to v if lim;_, | f ody; = f ¢ody for
all ¢ € Co(R™). This notion is very convenient since, if sup,cy vi(K) < 400 for all
compact sets K C R™, then there exists a subsequence of (v;) which converges weakly.
Moreover, if (1;) converges weakly to v, then

v(K) > limsup v;(K) for any compact K C R",

1—+00

v(0) < liminf 1;(O) for any open set O C R".

1—+00

Since u;(C) = diamFE < +oo, there exists a weakly convergent subsequence of
(11;). Denote by p its weak limit. Then, set u(B) = a(B)Rg. By (P3), if B € Fy,

(33) a(B) < 107",

id est, u(B) < C107*Rp. Moreover, if B’ C B is a ball of Fj 1, then a(B’) < Ca(B).
Note that (P1) implies the conclusion (i) of theorem 45 and p(C) < CdiamF.

The measure j has linear growth

First, note that is enough to prove that u(B(z, R)) < CR where z € Suppy and
R >0.
Indeed, consider x € C. If B(z, R) N Suppu = @, then u(B(z, R)) = 0. Otherwise,
there exists y € B(x, R) N Suppy, and therefore

p(B(z, R)) < p(B(y, 10R)) < CR.

From now on, we assume that « € Supp. Then there exists a collection of balls B;(z)
such that = € Bj(z) and Bj(z) € F;.The collection of balls Bj(z) may be finite if
x € B for some B € G.
diamFE .
IfR> , then u(B(z, R)) < p(C) < CdiamFE < CR. Assume now that R <
diamFE
10

. Let Bj(x) be the ball with the smallest radius such that B(z, R) C 2B;(x).
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Case 1. Bj(r) € G. Then, since pp, () is Ahlfors regular with constant depending
only on M, u(B(z,R)) < CR.

In the other cases below, B;(z) is supposed to be in B.

Case 2. Rp;x) < 10°R.
Then, by (33),
1(B(z, R)) < pu(2B;(x)) < CRp,(s) < C10°R.
Case 3. R < 10’6RB].(I).
Set K(x, R) = {B € Fj41,BN B(z,R) # 0}. Then, if B € K(x, R), then Rp < 10R.

Indeed, if not, B(xz, R) C 2B and this contradicts the choice of B;(z). Thus, any
B € K(z, R) is contained in B(z,20R). Note that B(z,20R) C 2B;(z). Therefore,

w(B(z, R)) > wB)<C > Rp(by (33)
BeK(z,R) BeK(z,R)
C > H'(pwnB)
BeK(z,R)
CH'(T g,z N B(x,20R))
CR (since I'p,(,) is Ahlfors regular).

IN

IN

INIA

The measure y has finite Menger curvature

We start with some notations and some observations.

To each ball B = B(z,tg(x)) € B corresponds a cross G(z). Denote by W;(B),
1
i =1,2,3,4 the four segments in G(z)N(B(z,t5(x))\ B (x, 2253(33)). Let y € Wi (B).
Set y = y1 and denote by ys, y3 and y4 the points of Wa(B), W3(B) and Wy(B) that
you get by rotating y. We set W (B) = UL, W (B;).

Observation 1

Let By, By and B3 be three balls of B such that 2B; N 2B; for i # j. Let 1, x4,
x3 be three points in By, By and Bj respectively.

Consider z € By. Then,

|z1 — 2| + |2 — 2]
2Rp, + |2 — 2|

3|z — 2.

|71 — 2

VAN VANRVAN

Therefore,

1

§|x2 —z1| <oy — 2] < 3|wg — 11
and, for the same reasons,

1
g\xg — x| < |zg — 2| < 3lzg — 2]
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By lemma 35, this implies

c(x1, ma, w3) < ¢(z, 9, x3) + IOM.
|z — x|z — 3]

Let y; € Wi(By). Then, there exists i € {1,2,3,4} such that |x1 —v;| < 10d(y;, Layes)-
Thus,

d(yiv Lﬁ?zxs)

C(ZIMTQ)'IZS) S C(yi7$27$3) +100———""—
lyi — @2|ly; — 3]

A

51c(yi, xa, T3).

Observation 2

Let B; and Bs be two balls of B such that 2B, N 283 = 0.
Let z € By. As previously,

1

g\xg — 11| < |zg — 2| < 3lzz — 2]
By lemma 35,
|71 — 2|

3) < 3) + 10——mM7———.
C(Ihx%xd) = C(Z,$27I5) |Z—.Z‘2||Z—f[3‘

Let y; € Wi(B1). Then, there exists ¢ € {1,2,3,4} such that |21 —y;| < 10d(ys, Lyyas)-
Thus, ¢(z1, z2,x3) < 5le(ys, T2, T3).

We now prove the estimate
(p) < CdiamE.

First, note that, if x, y and z are three points in Suppy, then there exists a minimal
ball B € F (denoted by B(x,y, 2)) such that x, y, 2 € B. Thus, this yields

(34) A(u) < *(G) + E(B)
where ¢3(G) = Y56 A(B), #(B) = Y pep®(B) and
A(B) = ///C(JC7 v, 2)2dp()dp(y)du(z)
where the integral is over all triples (z,y, z) such that B(x,y,2) = B.
Assume that B € G,,. Since BN Suppy is contained in a Ahlfors regular curve I'p,
/// c(x,y, 2)2dH" (x)dH (y)dH' (2) < CRp.
(BnSuppp)?
But, by construction of p,
e ooy [ [ el .2 () ()2
(BnSuppp)®

where a(B) satisfies u(B) = a(B)Rp and a(B) < 107" (see (33)). Thus, we get
*(B) < C(a(B))*Rp.
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Therefore,

AG) = Y ) &B)

n=0 BEG,
+o0
< C> ) (10)’a(B)Rs
n=0 BeGn,
+o0
< Y0 Y u(B).
n=0 Begn

Therefore, since the balls B € G are disjoint, we get
(35) (G) < Cu(E) < CdiamE.

Assume now that B € B,,. Let x1, x5 and z3 be three points of BNSuppu. Denote
by B;, i =1,2,3, the balls of F,,; such that B; C B and x; € B;, i = 1,2, 3.

Case 1. the balls By, By and Bj are disjoint.
Then by observation 1, for any choice of points y; € W(B;), i = 1,2,3 there exist
points z; € W(B;), which are obtained by rotating the y;’s, such that

c(w1, g, 3) < 200¢(21, 22, 23).
By integrating with respect to H' and then with respect to y, we get
(36)

) B;
c2(31,32,33)<c<njﬂ()> / / / o2, 22, 29 2AH (21)AH" (22)dH (25)
B; W (B1) JW(By) J W (Bs3)
where
By, By, By) = / / / e, 2, 2ol () )dp ) dpu(zs).
B1 J By J B3

Set ¢1(B) = Y5, Y5, d>op, (B, By, Bs) where the sum is taken over all triples
of disjoint balls By, By, By € F,4+1 such that B; C B. We have already seen that,

B; . .

by construction, M < Ca(B), i = 1,2,3. Therefore, by (36), and since I'p is a
B,

Ahlfors regular curve,

A(B) < Cla(B)) / / /(NB))Sc(zl,22,zg)QdHl(zl)dﬂl(z2)dH1(zg)
Ca(B)’rp.

IN

IN

Thus,

B7) D AB) =3 > dB)<CY Y (107)u(B) < Cu(E) < CdiamE.

BeB n=0 BeB, n=0 BEB,

Case 2. By = By and B3 # B.

Then by observation 1 and observation 2, for any choice of points y; € W(B;), i =
1,2,3, there exist points z; € W(DB;), which are obtained by rotating the y;’s, such
that

c(x1, T, x3) < 200¢(21, 22, 23).
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The rest of the proof is similar to those of the case 1.
By integrating with respect to H' and then with respect to u and if we set ¢*(By, By, Bs) =

/Bl /B2 /B3 c(wr, @2, w3) dp(wr)du(w2)dp(ws), we get
(38)

62(31732733)SC(H?:lu(Bi)>/ / / (21, 22, 23)2dH (21 )dH (20)dH (23).
W(B1) Y W (Bz2) /W (Bs)

r
i

Set ¢3(B) = Y5, Y5, 2op, (B, By, Bs) where the sum is taken over all triples of
balls of B satisfying By = By and B3 # B;. Then, by (38),

c(B) < C(0¢(B))3///(F )3c(zl,zg,23)2dH1(z1)dH1(zg)dHl(z3)
Ca(B)’rp.

<
Thus,
—+o0 —+o0
(39) > aB)=>_> aB)<CY > (107")’u(B) < Cu(E) < CdiamE.
BeB n=0 BeB, n=0 BeB,

Finally, (34), (35), (37) and (39) give ¢?(u) < CdiamFE and the proof of theorem
45 is complete. 0



CHAPTER 4

The Cauchy singular integral operator on Ahlfors regular sets

The main goal of this chapter is to show that the L?-boundedness of the Cauchy
operator on an Ahlfors-regular set in C is closely related to the rectifiability properties
of the set. For the convenience of the reader, we also include an overview of the theory
of Calderén-Zygmund operators and a proof (due to M. Melnikov and J. Verdera) of
the L2-boundedness of the Cauchy operator on Lipschitz graphs. However, for more
details about the material described in this chapter, the reader is urged to consult [17],
(24], [32], [73], [95] and [96] for instance. We should mention that the definitions
of standard kernels, singular integral operators, Calderén-Zygmund operators we will
give may differ from those given in these books.

1. The Hilbert transform

We start with an elementary, but very instructive example of singular integral
operator, namely the Hilbert transform in R. Formally, the Hilbert transform of a

function f is given by
L[ fy)
i@ = [ an).
T) o T—Y
The first problem is the convergence of the integral. For this, assume that f € C3(R)
(that is f is a C! function with compact support). The Hilbert transform of f (in the
principal value sense) is

Hf(x) — 1lim/_ ) %dcl(y)

T e—=0

=: %p.v./%dﬁ(y).

(p.v. means principal value).

1
We claim that the limit exists. Indeed, since / dL'(y) = 0, we get (if
|lz—y|>e r—y

we assume that suppf C [—1,1])

€ e<|z—y|<1

<Je—yl<1 T Y T—y
Now write
SO (O PP B (€ b (CO DYV W () b (O D
/s<|x—y<1 r—y = /z—y<1 rT—y W) /|w_y<€ T —y L y).

Since f is a C! function, the first integral of the right hand side is finite and the
second one tends to 0 with e. This completes the proof of the claim.

by ———, the principal value limit would

Note that, if we replace the kernel
r—y |z -yl

H. Pajot: LNM 1799, pp. 55-65, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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fail to exist. Thus, cancellation properties of the kernel play an important role.

Now it is possible to extend the Hilbert transform to L?(R) by means of the
following formula

— o~ §
() Hf(E) = —Zf(f)m

whenever ¢ € R*. Recall that f(&) = [e2™€f(z)dL!(z) and note that (¥) is true

for functions in C}(R). From Plancherel’s theorem and the density of functions of

C}(R) in L2(R), it follows that H has an unique extension to a bounded operator
from L2(R) to L3(R).

2. Singular integral operators

The study of singular integral operators in higher dimensions was initiated by
A. Zygmund and his student A. P. Calderén. Natural generalizations of the Hilbert
transform in R™ are Riesz transforms:
Tj—Yj n
Rif(x) =cn | fly)——i5dL"(y
@) = e [ S0
1
n—2|— 77"% and T is the classical Gamma function.
In their fundamental paper [13], A. Zygmund and A. P. Calderén consider “kernels”
Q :R™ — R such that
(i) € is homogeneous of degree 0, that is Q(Az) = Q(z) for any x € R™, any A > 0.
(i1) [guo1 Qy)dy = 0 where S"~! is the standard unit sphere of R".
(iii) |Q(y) — Q)] < w(ly — ¢/|) whenever y, v are in S" ! and where w is a non
1
w(t)

decreasing function such that / Tdﬁl(t) < 00. A basic example of such a function
0

where ¢, =T

w is w(t) = t* where o > 0.
Then, they define the family of operators

T.f(x) = /| ) b, yacny)

z—y|>e |y|n

and they prove that, if p > 1, ||T.f||er@n) < Apl|f||r(mny where A, > 0 does not
depend on . From this, they get that the sequence (7:) tends (with respect to the
LP topology) to an operator 1" and that this operator T" is bounded on LP(R").

The study of the Hilbert transform involves a lot of methods from complex analysis.
For instance, the proof of M. Riesz of the L? boundedness of the Hilbert transform is
based on contour integral techniques. By contrast, A. P. Calderén and A. Zygmund in-
troduce real-variable methods, for instance what is now called the Calderén-Zygmund
lemma and the Calderon-Zygmund decomposition (see [95] for these notions and [97]
for an history of these developments).

We now describe what Y. Meyer and R. Coifman call “les nouveaux opérateurs de
Calderén-Zygmund” (see [73]). These operators differ from those considered by A.
Zygmund and A. P. Calderén by the fact that they are not convolution operators.

Given an integer 0 < d < n, a standard kernel with homogeneity d is a function
K :R"x R*"\ {(x,y),z # y} — C such that for some constants § > 0 and M > 0
and for x # y,
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(i) [K(z,y)| <

|z —y|’ S
. -zl . 1
() 1K (o)~ Ke')| < ML i = o] < o =)
ly —yl° . 1
! !
(111) |K(I,y)7K($7y)| §M|x_y|d+5 lf |y 7y| <§|I7y|

We say that K is antisymmetric if K (z,y) = —K(y,z) whenever x # y. A basic
example of antisymmetric standard kernel is z%y in R, that is the kernel associated
to the Hilbert transform. Note that, if K is antisymmetric, (iii) follows from (ii). For

simplicity, we will only consider antisymmetric kernels.

Let p be a positive Radon measure on R™ and let K be an antisymmetric standard
kernel. The singular integral operator T" associated to K and applied to u is defined
formally by

Tﬂ@:/}@meW@»

Remark. By analogy with the Hilbert transform, the integer d in the definition of the
standard kernel K should be seen as the “dimension” of the measure p. In other words,
a natural setting (see e.g. [28], [29] or [68]) to study a singular integral operator
associated to a kernel K and applied to a measure p is when K is d-homogeneous and
w is Ahlfors regular with dimension d, that is there exists Cy > 0 such that

Ciy'R* < w(B(x, R)) < CyR?
whenever x € Suppp, R € (0, diam(Supp)pu).

Like for the Hilbert transform, we define the truncated singular integral operator
1: by

i@ = [ K

We say that T is bounded on LP(u) if the operators 7. are bounded on LP(pu)
uniformly on ¢ > 0.

Digression: The previous definition is very convenient because it allows us to speak
about the L” boundedness to T without giving a precise sense of T'! In most cases, it
is impossible to define the singular integral operator in the principal value sense like
for the Hilbert transform. Another way consists in using the theory of distributions.
Following R. Coifman and Y. Meyer [73], a singular integral operator T associated
to an antisymmetric standard kernel K is a bounded linear operator from C§°(R") to
its dual given by

<1hg>=5 [ [ K@@ - f@a)dudn).

Note that the singularity of the kernel K for x = y is killed by the estimate | f(y)g(x)—
9(y)f(x)| < Clz —y| (where C depends on f and g).

A Calderén-Zygmund operator is a singular integral operator which can be extended
to a bounded operator of L2(11). We denote by ||T||cz its norm as such operator. More
generally, we say that T is bounded on LP(u) if T' extends to a bounded operator on
LP(p). Anyway, if p is not atomic, this definition of L” boundedness of T' is equivalent
to the uniform LP boundedness of the truncated operators T; (see e.g. [24]).
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For more details about the relationship between the existence of singular integral
operators and the geometry of measures or sets, see the recent survey [68].

3. The Hardy-Littlewood maximal operator

Let p be a positive Radon measure in R™. The Hardy-Littlewood maximal operator
M, related to p is defined by

1
M, f(z) = i‘iﬁgm /B(I,R) |f(y)|dp(y).

The Hardy-Littlewood maximal operator is not of course a singular integral operator,
but is a very useful tool in the Calderén-Zygmund theory. We will illustrate this by
giving a version of Cotlar inequality at the end of this section.

THEOREM 46. Let (v be a doubling positive Radon measure in R™. Then, M, is
bounded on LF(u) for all 1 < p < oo and is of weak type (1,1).

Recall that an operator T' is of weak type (1, 1) (with respect to a positive Radon
measure p) if for all f € L'(p) and all A > 0,

nlle € BT f()] > 3 < o1l

PRrROOF. The proof is very instructive, since it shows why the notion of doubling
measure is very convenient (but not necessary) to do analysis.
We first recall a basic covering theorem (see [54] page 2).

THEOREM 47. Let F be a family of balls in a metric space X such that supgcr diambB <
+00. Then, there exists a subfamily G of F such that
- The balls of G are pairwise disjoint;
- Uper B C Upeg 5B, where 5B is the ball with the same center as B but whose
diameter is SdiamB.

Fix t > 0. For each z € {y € R" M,f(y) > t}, there exists R = R(z)
such that / |f(y)|dp(y) > tu(B(x, R)). By the previous covering theorem, there
B(z,R

exists a Countable family of pairwise disjoint balls B(z, R(z)), * € G, such that

{y € R, My, f(y) >t} C Uyeg B(z,5R(x)).
From this7 we get

n{y RS M f(y) > 1)) < > w(B(x,5R(x))

z€gG
< CZM(B(J:., R(z)) (since y is doubling)
z€g
< *Z/ |f(y)|du(y) (by definition of R(x))
z€G

< T / | f(y)|du(y) (since the balls B(x, R(z)) are disjoint)

The L? boundedness of M, follows from the weak (1,1) boundedness and the
following observations:
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(M,f >t} C {M,(fxz) > %}, where E = {f > %}

+o00o
/|Mﬂf|”d# = P/ P (M, f > t)dt
0

The last equality is usually called “Layer cake representation” (see [57]).
Note that this proof works also in a metric space (X,d) which carries a doubling
measure u (see [54] for details). O

Let T be a Calderén-Zygmund operator in the sense of the digression of the pre-
vious section (applied to pp = £"). Define T* f(z) = sup,-¢ 1. f(z)|. Then, for every
x € R,

T* f(2) < C(M(TF)(@) + |[TllozMf ()
where M is the maximal operator associated to yu = L£". In particular, this implies
that the operator T* is bounded on L*(R").
See [52] for more details and other versions of the Cotlar inequality.

4. The Calderén-Zygmund theory

We say that the singular integral operator T is of weak type (1,1) (with respect
to a positive Radon measure p) if there exists C' > 0 such that for all f € L'(p), all
A>0,alle >0,

If ||L 0w

pfz e R [T f(2)] > M) < C=——=

A very important fact in the theory of singular mtegral operators as developed by
A. Calderén and A. Zygmund is the following result.

THEOREM 48 (Calder6n-Zygmund). If u is a doubling measure and if T is a
singular integral operator on R™ which is bounded on L*(u), then T is bounded on
LP(u) forp € (1,4+00) and is of weak type (1,1).

Therefore, one important problem concerning singular integral operators is to
study their L? boundedness. We will see in the next section two powerful criteria due
to G. David, J. L. Journé and S. Semmes.

Before, we should mention that Calderén-Zygmund theory has a lot of applica-
tions to partial differential equations, potential theory and complex analysis (see for
instance the talks given at the ICM by C. Fefferman [39], A. P. Calderén [12], Y.
Meyer [74] and G. David [23]) and has also two more surprising applications:

- The resolution of the Beltrami equation for quasi-conformal mappings [3].
- The Atiyah-Singer index theorem [5].

5. The 71 and the Tb theorems
Let i be a doubling positive Radon measure on R". We say that f € BMO(u) if

/|f Jaldp < +o0

[ flBroq) =
BcC balls u(B

1
where fp = W/ fdp. Then, ||f||mog) is a semi-norm on BMO(y), but is
H B

a norm on BMO(u)/{constant functions} (that we call also BMO(u)). Note that
L(s) C BMO(s).
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THEOREM 49 (T'1 Theorem of David-Journé). Let u be a doubling positive Radon
measure on R™ with polynomial growth and let T be a singular integral operator (as-
sociated to an antisymmetric standard kernel). Then, T1 belongs to BMO(p) if and
only if T is bounded on L?(p).

Comments.

1) Recall that p has polynomial growth if there exist d > 0 and C' > 0 such that
w(B(z,7)) < Cr? whenever z € R", r > 0. G. David [22] proved that the polynomial
growth of y is necessary for the L? boundedness of singular integral operators asso-
ciated to kernels which satisfy |K(z,y)| > Clz — y|~¢, like for instance the Hilbert
transform. Thus, this hypothesis is quite natural.

2) What is the meaning of T'(1) ? One way consists to use the theory of distributions.
Given a bounded continuous function b (for instance, the constant function equal to
1) T is a continuous linear form defined on the space of functions g € C§°(R™) with
J g =0. More precisely, given g € C5°(R™), write b = by + by where b; € Cg°(R") and
by is zero in a neighborhood of Suppg. Then, Tb is the distribution given by

< Thg>=<Thy,g> + / / K (2, 9) — K(20,9)|ba(n)g(@)du(z)du(y)

where xj is a point of Suppg. Note that this definition does not depend on xg, the
decomposition of b and coincides with the definition of 70 when b € D(R™).
On the other hand (see [52]), T1 € BMO(y) if and only if for all balls B in R”,

/B|T(XB)\CZN < Cu(B).

3) If the kernel of T is not antisymmetric, we should require also that T*1 (where T"
is the transpose of T') belongs to BMO() and that T is weakly bounded (see [24]
for instance).

A more flexible criterion for the L? boundedness of singular integral operators is
the T'(b) theorem of David-Journé-Semmes.
Here, b : R™ — C is a bounded function such that there exists C' > 0 and § > 0 such
that for every € R?, every r > 0, there exists a cube @ with

1

o} /Q b(y)du(y)‘ >0

d(z,Q) < Cr, r < diam@ < r, and ]

C

Such a function is called “para-accretive”.

Remark. We will see later that the L? boundedness of the Cauchy operator Cr on
Lipschitz graphs can be easily proved by applying the Tb theorem with a natural
choice of b. On the other hand, it is hard to check that the hypothesis of the T'1
theorem for Cr are satisfied (except if you know what is the Menger curvature ! see
section 6).

THEOREM 50 (T'b theorem of David-Journé-Semmes). Let pu be a doubling positive
Radon measure on R™ with polynomial growth and let T be a singular integral operator
(associated to an antisymmetric standard kernel). If there exists a para-accretive
function b such that Tb belongs to BMO(u), then T is bounded on L*(u).

For a nice proof of the T'1 and the T'b theorems, see [24].



6. L> BOUNDEDNESS OF THE CAUCHY SINGULAR OPERATOR ON LIPSCHITZ GRAPHS 61

We conclude this section with a local version of the 70 theorem due to M. Christ
[18]. Before stating his result, we need a definition. Let £ C R™ be a d-dimensional
Ahlfors-regular set. We have seen that there exists a family A(E) of “dyadic squares”
associated to E. A system of functions {bg,Q € A(E)} is pseudo-accretive if there
exists C' > 0, € > 0 such that for every Q € A(E), [|bglls < C and |fQ bodH?| >

eHY(Q).

THEOREM 51. Let E C R™ be an Ahlfors-reqular set with dimension d and let T
be a singular integral operator associated to an antisymmetric kernel and defined with
respect to H[dE‘ Suppose that there exists a pseudo-accretive system (bg)gea(r) Such
that ||Thgllo < C for any Q € A(E). Then, T is bounded on L*(H{y).

This statement can be extended to spaces of homogeneous type (see [18]). If you
compare with the original T'b theorem, the main point is that you have to construct a
function b associated to each @ (“what you win”), but you have to check that Tbg
belongs to L*> instead of BMO (“what you lose”).

Remark. If b is special para-accretive with respect to A(F), that is if there exists
1
0 > 0 such that ‘Hl(Q)/ b(y)dHl(y)‘ > § for any Q € A(E), then (b.xg) is a
Q

para-accretive system.

6. L? boundedness of the Cauchy singular operator on Lipschitz graphs
Let T be a Lipschitz graph in C, that is T is a subset of C of the form
I'={z +iA(z),z € R} where A: R — R is Lipschitz.
We set v(z) =  + iA(z) and let ds be the arc length measure on T
Let f € L*(I",ds). The Cauchy integral of f along I is given formally by
ecf2) = o [ Iasce)

T 2w Jra—€
To give a more precise sense of the Cauchy operator on I', define a continuous linear
operator on the space of Lipschitz functions on I' by

<eefg>=3 [ [ @)~ falis)ist).

x

Note that this integral converges since I' is Ahlfors-regular, and f, g are Lipschitz
functions on I'. By using the density of Lipschitz functions in L*(T', ds), we can easily
extend this operator as an operator on L*(T", ds).

Set now F(z) = f(y(z))(14+ A'(z)). Then, || f||r2(ras) is comparable to ||F||;2g) and,
for z = v(z), we have formally

1 F(y)

. B 9(y) !
Crolo) = /| ) — )

Then (see [17]), Cr is bounded on L?(T',ds) if and only if C& is bounded on L?(R)
uniformly in e. In this case, we say that the Cauchy operator is bounded on L*(T").

L (y).

Define
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The L? boundedness of the Cauchy operator on Lipschitz graphs has been conjec-
tured by A. Zygmund and A. P. Calderén in the 60’s. In 1977, A. P. Calderén [11]
solved the problem when the Lipschitz constant of A is small enough. The general
case was solved by R. Coifman, A. MacIntosh and Y. Meyer [69]. There are now a
lot of different proofs of this famous theorem (see, for instance, [18], [20], [22], [49],
[76]. The proof that we present is due to M. Melnikov and J. Verdera [72]. First,
recall that T" satisfies the local curvature condition (see theorem 30).

Note that, by the T'1 theorem, it is enough to prove that, for any interval I C R,
[ iestutanraci@ < cin
where C' > 0 does not depend on I and where |I| denotes the length of 1.

But,

Jieunrac@) = [ eitute)Eatie @)
/ / / dLM (z)dL (y)dL (2)
11 (7(y) = (@) ((2) = 7(2))

We now symmetrize the domain by considering

where I.(x) = {t € I;|t — x| > €}.

SEZ{(I,y,Z) 613;|x—y\ >8,|.T—Z‘ >57|y_2| >6}‘

Thus, we get

Jetuntac = [ [ [ B o

See the proof of (40) below for more details about this estimate.

By permutating the position of the three variables in the integral of the right hand
side (recall (16)) and by (13), we get

Jiesupict <o [ [ [ caw.aw.a@rac@actmae ) + o).
Theorem 30 yields
[ iestute)iact @) < cipl.

and we conclude by using the T'1 theorem.

Remarks.

1) The L%*boundedness of the Cauchy operator on Lipschitz graphs can be easily
proved by using the 7'b theorem with b(z) = 1 + ¢A’(x). To see this, note that b is
defined almost everywhere on R (by the Rademacher theorem), b is para-accretive
since Re(b) > 1 (such a function is usually called accretive), and

b(y) 1 .
[ 5w St =0



7. CAUCHY SINGULAR OPERATOR AND RECTIFIABILITY 63

2) A classical result of I. Privalov [92] (see also [33] page 244) says that, except a set
of zero measure, the Cauchy integral f(z) = = d§ (where T is a rectifiable Jor-

dan curve) has a non tangential limit at zg if and only if the Cauchy singular operator
Cr exists at zq in the principal value sense. If T" is a Lipschitz graph (or equivalently
a Lipschitz curve), the L?-boundedness of the Cauchy operator on I' implies that

p.v. / o df exists almost everywhere for ¢ € L?(I",ds) (see the nice discussion in
[106]).

3) The L? boundedness of the Cauchy operator on Lipschitz graphs has a lot of ap-
plications to partial differential equations on non smooth domains (see [55]).

4) If T is a line, the L? boundedness of the Cauchy operator on I' follows from
Plancherel formula (see the section about the Hilbert transform). If T’ is a (gen-
eral) Lipschitz graph, then I' looks like a straight line at most places at most scales.
This can be stated in terms of beta numbers (see theorem 18). The proof of the L2
boundedness of the Cauchy operator on Lipschitz graphs given by P. Jones in [49]
uses these two observations.

7. Cauchy singular operator and rectifiability

Let E C C be an Ahlfors-regular set with dimension 1. As previously, we define
the truncated Cauchy operator by

e fz) = i)
i) = [ ),

where p is the restriction of the one dimensional Hausdorff measure to E.

In this section, we discuss the following problem: under which conditions is the Cauchy
operator Cg bounded on L?(u) ? We will see that this question has a nice answer in
terms of rectifiability.

Recall that an Ahlfors-regular set F is said to be uniformly rectifiable if E is
contained in an Ahlfors-regular curve. In the previous chapter (see theorem 39), we
proved that FE is uniformly rectifiable if and only if E satisfies the local curvature
condition:

[ [ [ v 22 ue)nintz) < cdiamp
BJBJB
for any ball B such that £ N B # {).

THEOREM 52 ([69]). Let E C C be a Ahlfors-reqular set (with dimension 1).
The following assertions are equivalent
(i) E is uniformly rectifiable.
(ii) Cg is bounded on L*(p).

PRrROOF. The proof of (i) — (i) is a straightforward modification of the proof
of M. Melnikov and J. Verdera in the case of Lipschitz graphs, by noting that the
properties of Lipschitz graphs that they use are the Ahlfors-regularity and the local
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curvature condition.

For the convenience of the reader, we give some details of the proof.
Since (E, 1) is a space of homogeneous type, we can use the T'1 theorem. Therefore,
it is enough to show that

/ IC5xs|*dp < CdiamB
B

whenever B is a ball in C.
But,

/B Cos (&) Pdu(x) / Coxs (2)Coxn (@ du(z)

/B/ E@/ (@) (y_x)l(z_x)dﬂ(x)du(y)du(z),

where B.(z) = {u € B;|u — x| > €}.
Consider S. = {(z,y,2) € B |z —y| > ¢, |z — 2| > ¢, |y — 2| > €}. Then, by using the
Ahlfors regularity of u (see the proof of (40) below), we get

/B ICoy (@) 2du(z) = / / / E (y_x)l(z_x)du(x)du(y)du(z)+O(diamB)

¢ [ [ [ 2P due)inintz) + OciamB) by (13)
Se
< (CdiamB by theorem 33

IN

To prove the converse, fix a ball B in C and note that by the L? boundedness of
the Cauchy operator applied to the constant function f = 1, we get

1=
/(EmB) / (ENB)\B(z:¢) f ©

Write I = I; + I, where

/ / / - _Z>d {()dH (Q)dH' (&),

={z¢9e EﬂB)B\Z—C|>€\Z—§|>€\C £l > e},
{(245) (EﬂB)S'\Z—C|>€\Z—§|>€\C—£|S€}~

2
dH'(z) < CdiamB.

Moreover, by the “magic” formula (13), /// x,¢, )2 dH (2)dH (Q)dH ()
and therefore, I; — éc2(u) when ¢ — 0. Furthermore we claim that
(40) I, = O(diamB).

Indeed, write

/// e @A O
/1] 5 W”WWOW@
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where U. = {(2,(,€) € (ENB)3|z — (| > g,e < |z —¢&| < 2e,]¢ —¢] < e} and
V.={(2,(8 € (ENB3lz—( >e |z =& > 2 =€ <e}

Note that, if (z,(,§) € V., |z = §] < 2|z = (.

By using the regularity of E, we easily get

/ / /U (C—z)l(é—z)dHl(Z)dHl(C)dHl(é)’ < CdiamB,
‘/ / /v @—;@—adHl(z)dHl(odHl(@‘ - / / / g %WdHl(z)dHl(C)dHl(ﬁ)
< CdiamB.

This yields
/// c(z,¢, )2 dH (2)dH" (¢)dH"(¢) < CdiamB.
ENB

Thus, E satisfies the local curvature condition and hence E is uniformly rectifiable
(by theorem 39). O

Open problem. Let d be an integer with d > 1 and let £ C R™ be a Ahlfors regular
set with dimension d.

Is it true that E is uniformly rectifiable if and only if the singular integral operator
associated to the kernel |z|*'z is bounded on L*(E,dH{}) ? See [28], [29] and [68]
for the definitions and related results. The main problem for extending the method
described above is that it seems impossible to find a Menger type curvature associated
to this kernel (see the discussion in [37]).



CHAPTER 5
Analytic capacity and the Painlevé problem

From our point of view, the history before 1950 of the notion of removability
in complex analysis can be summed up as follows. In 1851, B. Riemann stated his
famous theorem on removable singularities. Later, in 1880, P. Painlevé was interested
in a more general problem and asked for a necessary and sufficient condition for a
compact set E C C to be removable for bounded analytic functions. In 1947, L.
Ahlfors introduced the notion of analytic capacity and proved that removable sets for
bounded analytic functions are exactly sets with vanishing analytic capacity. In this
chapter, we will go over all these topics.

Most of the proof in this part are taken from [42] where the reader can find more
information about analytic capacity.

1. Removable singularities

Let f: C — C be a function. We say that f has an isolated singularity at zy € C
if f is analytic in a deleted neighborhood 2 of zy but is not analytic at zy. In this
case, f has a Laurent expansion at zy given by

+oo
fz) = Z ap(z — 29)F for z € Q.
k=—o00
Recall that a deleted neighborhood Q of zj (also called punctured disc in some books)
is a set of the form Q = {z € C;0 < |z — 2| < 0}.

We say that f has an isolated singularity at oo if f is analytic outside some
bounded open set. It is clear that f has an isolated singularity at oo if and only if

1
the function z — f > has an isolated singularity at 0.
z

Isolated singularities zp of f may be classified as follows (we will use the same
notations as above):

The function f has a removable singularity at zj if there exists a functions g which
is analytic at zo and such that f(z) = g(z) for z € Q. Obviously, this is equivalent to
the fact that the Laurent expansion of f at z is the power series

400

fz) = Zak(z — 29)F for 2z € Q.

k=0

For instance, the function z — B2 1 as a removable singularity at 0.
z
P
(2) for
Q(2)
z € Q where P and @ are analytic at zo, P(z0) # 0, and @ has a zero of order N at

The point z is a pole of order N (N € N) if f can be written as f(z) =

H. Pajot: LNM 1799, pp. 67-79, 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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zo. In this case, the Laurent expansion of f at zy is given by
400

fz) = Z ap(z — z)" for z € Q.

k=—N

Finally, 2 is an essential singularity if zy is neither a removable singularity nor a
pole.

THEOREM 53 (Riemann’s principle for removable singularities). If f has an iso-
lated singularity at zo and if f is bounded near zy, then f has a removable singularity
at 2.

See [82] for very interesting historical remarks about this result.

PROOF. Consider the Laurent expansion of f at z
“+oo

f(z)= Z ar(z — 2)* for z € Q.

k=—o00

By the Cauchy integral formula, the coefficients a,, are given (for r small enough)
by

1 / f(2)
A, = — - dz.
" 2w dD(zo0,r) (Z - Z0)7L+1
Since f is bounded near zp, there exist » > 0 and M > 0 such that |f(z)] < M for

1 M M
z € 0D(zo,7). Thus, |a,| < ———27r = —. For n < 0, lim,_,o0 — = 0, hence
2 rrtl rn rn

a, = 0. O

This raises to the more general problem of determining (compact) sets of the com-
plex plane which share with singletons the property of being removable singularities
for bounded analytic functions.

2. The Painlevé Problem

Let E C C be a compact set. We say that E is removable for bounded analytic
functions if, whenever U is an open set containing F, every bounded analytic function
f:U\ E — C has an analytic extension to U.

Ezample: It follows from Riemann’s theorem for removable singularities that every
singleton {zp} is removable.

The classical Painlevé problem consists in giving a geometric/metric characteriza-
tion of such removable sets.

To study this problem, L. Ahlfors [1] defined the analytic capacity v(E) of E by
Y(E) = sup{[f(00)], f : C\ E'— C is analytic, |[f|| < 1}

where f'(00) = lim, o 2(f(2) — f(00)).

See [16] for an account of the work of L. Ahlfors related to the Painlevé problem.
Since f is analytic and bounded outside a compact set, by the discussion of the
previous section, its Laurent series at oo can be written as

a Qa,
f(z):ao—i—;l—&— .......... +z—:+....



2. THE PAINLEVE PROBLEM 69

1
and therefore, a; = f’(c0). This implies that f'(c0) = 50 / f(2)dz where T is any
1T Jr

curve in C separating E and co. Roughly speaking, v(£) measures the size of the
unit ball of the space of bounded analytic functions outside E.

By considering g(z) = M, it is not difficult to see that we can restrict in
1— f(o0)f(2)

the definition of analytic capacity to functions vanishing at oo (for this, recall that, if
a € D(0,1), the M&bius transformation M, (z) = 1Z —

of the unit disk).

The analytic capacity satisfies the following basic properties.

(i) If E, F are compact sets in C with £ C F then y(E) < y(F).
(ii) Let a, b € C. If E is a compact in C, then y(aE + b) = |a|y(E).

o . . .
is an analytic automorphism

There exists an extremal function for the analytic capacity, that is there exists
a bounded analytic function f : C\ F — C with ||f]|oc < 1 such that f(oc0) = 0
and f’(co) = y(£). This can be seen by using a normal family argument involving
Montel’s theorem (see for instance the discussion in [40] pages 306-309). It turns out
that this extremal function is unique and is called the Ahlfors function of E. If E
has n components, more can be said. For instance, the Ahlfors function f is analytic
across 02 (where Q = C\ E) and is equal to 1 on 02 (if 99 is smooth). Moreover, f
has n zeros on Q (see [1], [42]).

If 41 is a finite complex measure supported on F, then its Cauchy transform C,
defined by
d
x) = [ ) (for - ¢ )
E—2z2
is analytic outside E. To see this, prove that 0f = 7 in the sense of distribution

= 1
where 0f = 3 (gi +Lg£) Moreover, C,(c0) = 0 and Cj,(c0) = —/du. This

motivates the introduction of an other “analytic capacity”:
v+ (E) = sup{||p||; p# is a positive Radon measure supported on E such that ||C,||e < 1}

(Here, ||p|| denotes the total mass of p. In other words, ||u|| = u(C)).

By the previous remark, v, (E) < «(FE) for every compact set £ C C. We will see
in the last chapter that the converse holds, that is, there exists C' > 1 such that
v(E) < Cv,(E) for every compact set £ C C. This solves a lot of problems concern-
ing analytic capacity (see again the last chapter).

Remark. For general sets £ C C, it is not true that any bounded analytic function
f:C\ E — C is the Cauchy transform of a complex measure p supported on E (see
the discussion in chapter IIT of [42]). However, we will see later that it is always true
if the 1-dimensional Hausdorff measure of E is finite (see chapter 6).

PROPOSITION 54. Let E C C be a compact set. The following assertions are
equivalent.
(i) 7(E) = 0;
(i1) Every bounded analytic function f:C\ E — C is constant;
(i1i) E is removable for bounded analytic functions.
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PROOF. It is clear that (ii) implies (i). Conversely, assume that (ii) fails. Then,
there exists a bounded analytic function f : C\ E — C with f(oc0) =0 and f(zp) # 0
for some zy € C\ E. Consider

(41) o(z) = J[(Z;:ii;f%) ifz#2and z€ C\ FE
. f(z0) if 2 = z.

It is not difficult to see that g is bounded and analytic in C\ E and satisfies ¢'(o0) =
f(z0) # 0. Thus, v(E) > 0.

The fact that (iii) implies (ii) follows from Liouville’s theorem. On the other
hand, assume that E satisfies (ii). We claim that E is totally disconnected. If not,
the Riemann mapping theorem applied to C\ Ey where Fj is one component of E
produces a non constant bounded analytic function (see the next section for more
details). Consider now an open set U containing F and a bounded analytic function
fin U\ E. Fix 2z in U \ E. Since F is totally disconnected, we can find two disjoint
smooth Jordan curves I'; and I's in U both surrounding F such that z, is inside I'y
and outside I's. By the Cauchy integral formula,

f(z) = 1 () 1 Mdz.

= dz — —
am Jp, 2 — 20 2im Jr, 2 — 2

We set, for j = 1,2,
1 z
fi(z) = 5— Sy

2w r; 2= %0

Note that these formulas can be used to define f; for z € U and f, for z € C\ F
since they do not depend on the choice of I'y and I'y. It is clear that fy is bounded
analytic in C\ E. Thus, by hypothesis, fo is constant. But, fs(co) = 0. Hence, f5
is identically equal to 0 in C\ E. Moreover, f; is analytic in U. Therefore, f; is an
analytic extension of f to U (since f(z) = f1(z) + fa(2) = f1(z) for every z € U). O

The proposition above does not provide a geometric characterization of removable
sets. Moreover, the study of the analytic capacity is not so easy. For instance, it was
a longstanding open problem to determine if v is semi-additive, that is if there exists
C > 0 such that v(EUF) < C(y(E) +~(F')) whenever E and F' are disjoint compact
sets in C (see the last chapter for a solution).

Remark. Analytic capacity plays an important role in the theory of rational approxi-
mation. For instance, let £ be a compact set in C. Let R(E) be the algebra of func-
tions f which can be uniformly approximated on E by rational functions with poles
off E and let C'(E) be the space of continuous functions on E . Then, C(E) = R(E)
if and only if v(D \ E) = r for each disc D of radius r. For more details, see the nice
survey [104] and the references therein.

3. Some examples

In this section, we will describe two useful methods to estimate the analytic ca-
pacity. The first one uses the theory of conformal mappings. The second one consists
in exhibiting an appropriate measure p supported on the set E such that the Cauchy

transform — * p is bounded outside E.
z
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3.1. Continua in the complex plane. In this part, we will prove that the
analytic capacity of a (non degenerate) continuum of the complex plane is not zero.
More precisely, we have

THEOREM 55. Let E be a non degenerate continuum of the complex plane C.
1
Then, v(E) > ZdiamE.

Recall that a non degenerate continuum of C is a compact connected set which is
not a point. The proof is based on the Riemann mapping theorem and some distortion
results for analytic functions (namely the Schwarz lemma and the one-quarter Koebe
theorem). We first state these very important results.

Denote by So, = C U {oco} the Riemann sphere. A region Q C C is simply
connected if its complement in S, is connected. We follow the terminology of [2].

THEOREM 56 (Riemann Mapping Theorem). Let Q C C be a simply connected
region which is not a point and the whole plane, and let zy be a point in Q2. Then,
there exists a unique analytic function f in Q normalized by the condition f(z) =0
and f'(z9) > 0 such that f defines a one-to-one mapping of Q0 onto the unit disk
D(0,1) = {w € C; |w| < 1}.

Note that the Riemann mapping theorem can be extended to functions defined
on the Riemann Sphere by the use of Mébius transformations (see [40] pages 294-297).

THEOREM 57 (Schwarz Lemma). If f is analytic in the unit disk D(0,1) = {z €
C;|z| < 1} and satisfies the conditions
(1) | f(2)] <1 for every z € D(0,1);
(ii) £(0) =0,
Then, | f(2)| < |z| for every z € D(0,1), and |f'(0)| < 1. Moreover, if |f(z)| = |z| for
some z € D(0,1) or if | f'(0)] = 1, then there exists § € R such that f(z) = €z for
every z € D(0,1).

The Schwarz lemma follows from the maximum principle. For a proof, see for
instance [2].
THEOREM 58 (Koebe’s One-quarter Theorem). If f is a one-to-one analytic func-
tion on the unit disk D(0,1) = {z € C;|z| < 1} with f(0) = 0 and f'(0) = 1, then
1

By considering the function f(z) = 5+ you can easily see that the constant

(1-22

1
1 is sharp. See [93] for a proof and applications to potential theory.

1
We now prove that vy(FE) > ZdiamE whenever E' is a non degenerate continuum
in C.

PrOOF. By the Riemann Mapping Theorem, there exists a unique conformal map-
ping g of S, \ E onto the unit disk such that g(co) = 0 and ¢'(00) > 0. We claim
that ¢’(c0) = v(E) (in other words, g is the Ahlfors function of E). To see this, first
note that, by definition of the analytic capacity, ¢'(c0) < 4(E). On the other hand,
consider an analytic function f : C\ E — C such that ||f||lcc < 1 and f(co) = 0.
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Then, F = fog™! satisfies the hypothesis of the Schwarz lemma and thus, |F'(0)| < 1.

!
But, since F’'(0) = f/(oo)y we get Y(E) < ¢'(00), thus ¢'(00) = v(E).
g'(o0)
E
Let zy € E and consider f(w) = % forw € D(0,1). Then, f is univalent
g (W) — 2

and satisfies f(0) = 0, f’(0) = 1. Thus, by the Koebe’s theorem, f(D(0,1)) D

1 ~v(FE) 1
D(0,-). H -
( ’4) nee, (*)|zfzo| 4 |z — 20 4

E
some z € E, then AE) € f(D(0,1)), that is there exists w € D(0,1) such that

zZ— 20
E E
1(E) = 17( ) . This implies that z = g~!(w) which is impossible since z € F
2=z g (w) =2

1
and g is defined on S, \ E. From (x), we get v(E) > ZdiamE. O

%

whenever z € FE. Indeed, if

We proved that, if E is connected, v(E) = ¢'(c0) where ¢ is the unique confor-
mal mapping with the normalization g(oo) = 0 and ¢'(c0) > 0. We now give two
applications of this result.

PROPOSITION 59. y(D(z,r)) = r whenever z € C and r > 0.

This implies that, if £ C C is a compact set, v(F) < diamF since F is contained
in a disk of radius diamF. We left the proof of the proposition to the reader as an
easy exercise.

1
PROPOSITION 60. If I C R is an interval, then y(I) = Zﬁl(l) (where LY denotes

the 1-dimensional Lebesque measure).

1
PROOF. We first consider the case of I = [—2,2]. For this, define G(z) = z + —.

z
Then, G : D(0,1) = Sy \ E is analytic, one-to-one and satisfies G(0) = oco. Consider
now g = G~!. Thus, v(F) = ¢/(00) = 1.

If I = [a,b] where a, b € R with a < b, then

A= (P22 (150)) = T2 = 20 = 10

4

3.2. Analytic capacity of subsets of the real line. We have seen in the

1
previous section that (1) = Zﬁl (I) if I C Ris an interval. In this part, we will prove
that this equality is true for every subset of the real line.

1
THEOREM 61. Let E C R. Then, v(E) = Zﬁl(E).

Remark. The previous theorem improves a result of L. Ahlfors and A. Beurling [4]
who have observed that if £ C R,

ﬁliE) <q(E) < ﬁlfrE).

PrOOF. We first give a theorem of Pommerenke which is a consequence of the
fact that the Ahlfors function of a n-connected domain is a n-covering map.
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THEOREM 62. Let By, Es,........ , B, be pairwise disjoint connected domains in C.
Then, v (U1 E;) < v (E1 + ...... +E,).

Assume first that F C R is a finite union of pairwise disjoint intervals Fi, ...... , B
Then, By +........ + E, is an interval of length £'(E) and therefore, by Pommerenke’s

1
result, v(E) < ~L£'(E). The general case follows by approximating a compact set
E C R by finite unions of disjoint intervals.

1 dt
Conversely, let E be a compact set of the real line and consider f(z) = 7/

2 Et_Z
LY(E)

for z ¢ E. Then, f(oco) =0 and f/'(c0) = — 5

Easy computations show that

\y|/ dt 1/“’0 du T
I = — _ < - _— =
M f@I =5 | Gy 52/ . 1+w 2

1—ef®

Thus, Re e/*) > 0. Therefore, the function F(z) = T3 @
e z

its Laurent expansion is of the form

satisfies |F'(z)| <1 and

LY(E)
T

O

Hence, v(E) >

3.3. Analytic capacity and area. In this part, we will prove that a compact
set E2 C C with non zero area is not removable for bounded analytic functions. More
precisely, we have

1 [Area E
THEOREM 63. Let E C C with finite area. Then, v(E) > 2\ raz

Remark. If E C C is analytic, then the previous estimate can be improved by

[Area E
v(E) > T8 and it is sharp for a disc (see [42]).
’iT

dwidw

ProOF. Consider F(z) = 2 where w = w; +iwy. Then, F is analytic
w—z

E
outside E, lim, , F(z) = 0 and lim,_,,, 2F'(2) = —Area E.
Write now the Laurent expansion of F' at oo:
—Area F
Fo)= 22 %2

z 22
Consider the disc A = D(z, R) where R is given by the relation 7R?> = Area F.

Then,
| < // dwldwg // dwlde // dwlde
|7U—Z| ENA \w E\A lw — 2]

It is not difficult to see that

// dwldwg < // dwldwg
ma lw—z] ~ INVE A
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dw.d
Thus, F'(z) < // Y12 _ 97 R. Consider g(z) = fz) for z ¢ E. By the previous
A Jw— 2| 27R

Area E. R 1 [AreaFE
computations, ||g|le < 1, g(oco) = 0 and |¢'(o0)| = et _ o o, Al

2R 2 2 T
1 [Area E
Hence, y(E) > = et
2 ™

4. Analytic capacity and metric size of sets

We now come back to the Painlevé problem. The examples we have seen in the
previous section indicate that the metric size of the set should play a role. It turns
out that this intuition can be expressed in terms of Hausdorff measure and Hausdorff
dimension.

THEOREM 64. Let E be a compact of the complex plane C.
(A) If H'(F) = 0, then v(E) = 0.
(B) If dimy(E) > 1, then v(E) > 0.
Here, H'! denotes the 1-dimensional Hausdorff measure, and dimyE is the Haus-

dorff dimension of E (see the first chapter).

PROOF. (A) Let € > 0. Since H*(E) = 0, the set E can be covered by balls such
that the sum of diameters of these balls is less than €. Hence, we can surround E by
a finite collection of C* curves T'; such that Y, I(I';) < 27e. Let f: C\ E - Cbea
bounded analytic function. Assume that f(oco) = 0. Therefore, for any z outside the
domain bounded by the curves I';, the Cauchy integral formula yields

10=5-3 [ £

Thus,

7o) = 5-

Zﬁf@%

By taking ¢ — 0, we get y(F) = 0.

< 51l S UE) < el

Remark. Let E be a compact set in C. We define its Painlevé length by
PL(E) =inf [(0V)

where the infimum is taken over open sets V' O FE such that OV consists of finitely
many analytic Jordan curves surrounding F (here [(0V) is the usual length). Then,

PL(E
a slight modification of our argument above shows that v(E) < % (see [42]).
i

(B) Fix d so that 1 < d < dimgE. Then, H(E) = +oo.
By Frostman Lemma, there exists a finite positive Radon measure p supported on
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1
such that u(B(z,7)) < ¢ whenever z € C and 7 > 0. Consider f = — x u. We have
z

seen before that f is analytic outside E. Moreover,

1 1
— 1d — —¢17d
@< g [ O+ g G
< oo 2P u(B(z2Y))
j=0

+o0
C (1 + 221'23*1) < .
7=0

Therefore, f is bounded outside E and f’(co0) = —p(C) # 0. Thus, v(£) > 0.

IN

IN

O

We will see in the next section that there exist compact sets £ in C such that
HY(E) > 0 but v(E) = 0.
Remark. In fact, a purely metric characterization of removable sets for bounded ana-
lytic functions (that is only in terms of Hausdorff measures or Hausdorff dimension)
is impossible. See the discussion in [15].

5. Garnett-Ivanov’s counterexample

Let E C C be the linear four corner Cantor set as described before proposition
7. Recall that E = N%2yE, where E, is the union of 4" squares denoted by Q7
j=1,2,...,n whose side length is 4. We have seen that H'(FE) > 0.

THEOREM 65. Let E be the linear four corners Cantor set. Then, v(E) > 0

The original proof is due independently to J. Garnett [43] and L. Ivanov. Here,
we present the proof of P. Jones [49] (as described in [17]). See also [76] for an other
proof.

The first example of removable compact set (in the plane) but with non zero length
is due to A. G. Vitushkin (see for instance [42] for a description of this set).

PROOF. P. Jones’argument is based on some estimates of the harmonic measure
which we first recall.
Fix z € C\ E such that d(z, F) < 1. Let n € N such that C~'4™" < d(z, E) < 047"
and let Q(z) € E,, such that C7'47" < d(z,Q(z)) < C4™.
We denote by w, the harmonic measure relative to z and G(z, .) is the Green’s function
for C with pole at z (see [93] for definitions)).

LEMMA 66. There exists C' > 0 such that

(i) C7' <w.(Q(2) < C;

(i) If d(z, B) < Jd(§, ) < 1, then C71G(2,) < w(Q(2)) < CC(=,)
See [17] for a proof.

Consider now f C\ E — C a bounded analytic function and ¢ € C\ E. The Green’s
formula gives (see again [17] for details)

(42) /|f (&) Pdwe(z) = /C\E|f/(z)|2G(z,§)d£2(z).
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Thus, since f is bounded and w, is a probability measure, this yields

() swp [ 1P(PGLE AL < .
€€C\E JC\E

Remark. The estimate (42) is classical in the theory of BMO functions on the unit disc
(see [44]). By analogy of this case, we will say that an analytic function f : C\ E — C
belongs to BMO(C\ E) if (*) holds for f (here, E is any compact set in the complex
plane). L. Carleson asked if BMO(C\ E) is trivial if and only if E is removable for
bounded analytic functions. P. Jones’ proof of theorem 65 gives some credence to this
conjecture.

We now go through the proof of the theorem. First, construct circles C, j =
1,...,4™, such that

(i) C7 and Q7 have the same center;

(ii) 4 <d(Q},C5) < 04

(iii) If m > n and @), C @7, then CJ surrounds C? ;
(iv) d(Ci,, C) > C~14™ 1fn§m.

Set A2 = {z € C;d(z,C}) < e} where ¢ > 0 is small enough such that d(A%, A7 ) >
C~'4™ if n < m and n # m.

Let f: C\ E — C be a bounded analytic function with f(co) = 0. Our goal is to
show that f(2) =0if 2€ C\ E.
For this, set DI = sup,.cs 47" f'(2)]. Note that, by the mean value theorem,

e [ 1repic.

Fix now A7 and choose £ ¢ F such that C7147™ < d(§,Q9) < C4 ™ and d(&,Q) >
2d(z, Q%) for any z € AJ. Therefore, by lemma 66, we get for any Q! C Q7

(D@ < € [ IF () Pu@)acz)

IN

“/. ' (2)*G(2, €)dL? ().

Thus, since the annuli A, are disjoint,

() Z (Di)we(Q) < C | (2)]PG (2, £)dL?(z)
) C\B
< K,

where Ky > 0 does not depend on ¢ ! This follows from (*).

LEMMA 67. For every 6 > 0, there exists M = M(5) € N such that for every
n €N, every j =1,....,4", there exists Q, C QI withm < n+ M and D}, <.

PROOF. Since d(&,Q?) is comparable to 47", by lemma 66,

> wel@) =we(@) <C

Qi CQ%
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Assume now that for every m < n+ M, every i = 1,...,4™, DI > §. Then,

> (D) we(@,) = CO°M >> K,
QinCQn
if M is big enough. This contradicts (**) and the lemma is proved. O

Using this lemma, we can easily construct a finite collection of pairwise disjoint
squares (QJ¢ ) such that
(i) Dl < for any o
(i) H(E\ UaQin) <6

We choose now a finite collection of pairwise disjoint squares (Q"w) which are also
disjoint from all the (QJ* ) such that
(i) B C (U, Qi) U (Uy Qni);
(il) d_,47m0 < C6.
This is possible to find such family since H'(E \ U@l ) <
Fix z € C\ E. By the Cauchy formula, we get

1 1
:%gja_'_%;lg

where [, = / gf(f) d§ and Ig = [ g(g)zdg Choose z, € C* and write
Cm — (5 —
=, 7f(z)§:];(z")dé

IREE NP
cia Z— 2y E—z
C47 sup |f'(2)

2 Ch%,
< C47"e Dl
< Co4™"e.

Therefore, > |I,| < C§>, 47" < C6H'(E).
Moreover, |Ig| < C(2)||f]|4d™™# where C(z) = d(z, OF). Therefore,

Dol < COMNSll Y 47
5 5

CEflloo 0

Hence, there exists C' > 0 depending only on E and on z such that |f(2)] < C§
for any 6 > 0. Thus, f(z) =0

IN

O

Remark. J. Garnett and S. Yoshinobu [46] have observed that the same proof can
be used to show that, if F is a generalized four corners Cantor set associated to a
sequence (A,) with A\, = 47"(log(n + 1))% for some p > 2, then y(E) = 0. We will
improve this result in the last chapter.
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6. Who was Painlevé 7

Paul Painlevé was a famous French mathematician, but also a statesman.

He is born in Paris in 1863. Very gifted in literature and in sciences, he was ad-
mitted at the Ecole Normale Supérieure in 1883. Then, he received his agrégation
in mathematics in 1886 and defended his thesis [83] whose subject was the study of
singularities of analytic functions with applications to differential equations in 1887.
The referee of his thesis was E. Picard (the report can be found in [47] page 342) and
the president of the committee was C. Hermitte. P. Painlevé became Associate pro-
fessor at the University of Lille in 1887, and moved in 1892 to Paris where he taught
at the Faculté des Sciences (La Sorbonne), the Ecole Polytechnique, the Collége de
France (1896) and the Ecole Normale Supérieure. He won the Grand Priz des Sci-
ences Mathématiques in 1890 and was elected a member of the geometry section of
the Académie des Sciences in 1900.

P. Painlevé was very interested in the very recent field of aviation: He was
W. Wright'’s first French passenger in 1908, was professor at the FEcole Supérieure
d’Aeronautique (1909), wrote with Emile Borel a book entitled “L’Awviation” (Edition
Arcan, 1910) and headed several commissions on aerial navigation.

P. Painlevé entered in politics in 1906 when he was elected to the Chamber of
Deputy from Paris (Quartier Latin). During the first world war, he was involved
in the French political life. In 1914, he created the Service des Inventions pour les
Besoins de la Défense Nationale. Brought into A. Briand’s cabinet in October 1915,
he was given the Education Ministry. In 1917, he was appointed War Minister in A.
Ribot’s new ministry and was Président du Conseil (Prime Minister) from September
1917 to November 1917. He supported the efforts of the army of the Near East in
the hope of detaching Austria-Hungary from the German Alliance (He was a fervent
"Easterner”). He conducted the negotiations with W. Wilson over the sending of
American troops to France. He made the decision to replace General Nivelle with P.
Petain as commander of the Verdun salient and appointed Maréchal Foch as head of
the Allied chiefs of staff before resigning in favor of G. Clemenceau.

In 1920, P. Painlevé was commissioned by the Chinese government to reorganize

the country’s railroads. He led the Ligue de la République from 1921 to 1922 before
joining the Cartel des Gauches (the Left).
He served again as Président du Conseil from April-November 1925 but, like his pre-
decessor E. Herriot, was unable to secure passage of the Cartel’'s economic program.
As War Minister (1925-1929), he sponsored the construction of the Ligne Maginot
which was supposed to provide a defense against Germany in the next war (in fact,
this Ligne was never used). He inaugurated the Air Ministry in 1930 serving as its
chief twice until his retirement in 1932.

He died in Paris on 29 October 1933 at the age of 69.

P. Painlevé was interested by problems in pure and applied mathematics: study
of singularities of analytic functions and of singular points of differential equations,
rational transformations of algebraic curves, n-body problem, problems of friction,....
See [84] for an account of his work before 1900.
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One motivation of his thesis [83] was the study of the nature of singularities of single
valued (but also multi valued) analytic functions by using the recent set theory devel-
oped by G. Cantor. For this, he classified disconnected perfect sets F of the complex
plane as follows (compare with the notion of 1-dimensional measure and of Painlevé
length we have seen previously).

Let ¢ > 0. First, we surround the points of E by finitely many curves aq,..., o such
that their interiors are disjoint and any curve «; is contained in a disk with radius €.
Denote by L. the sum of the perimeters of these curves. The set E is said to be

(i) “ponctuel’ if L. tends to 0 when ¢ — 0 (for a suitable choice of the «;’s);

(ii) “Semi-linéaire” if (i) does not hold but L. is bounded when & — 0 (for a suitable
choice of the a;’s);

(ii) “Semi-superficiel’ if L. tends to co with 1 for any choice of the a;’s.

We follow here the terminology and the preserftation given in [84]. Using this notion
of “ponctuel’ set, Painlevé stated (without a complete proof) an analog of theorem
64 part (A) (see [83] page 24). This explains partially where the name “Painlevé
Problem” comes from.

It should be noted that a proof of theorem 64 part (A) can be found in [6] without
any mention to Painlevé’s work.



CHAPTER 6
The Denjoy and Vitushkin conjectures

In this chapter, we will give a partial solution to the Painlevé problem. Indeed,
we will prove (at least in the Ahlfors regular case) that, if £ C C is a compact set
with HY(E) < +o0o, then v(E) = 0 if and only if E is purely unrectifiable. We will
also construct a set £ C C with H'(E) = +oo such that v(£) > 0 but its projections
in almost all directions have zero length.

1. The statements
The main result of this chapter is

THEOREM 68. Let E C C be a compact set with H'(E) < +oo. Then E is
removable for bounded analytic functions if and only if E is purely 1-unrectifiable.

In the sequel, we will say that F has finite length if H'(F) < +oc0. Recall that E is
removable for bounded analytic functions if and only if v(E) = 0 (where v(E) denotes
the analytic capacity of F) and that E is purely 1-unrectifiable if H*(E NT) = 0 for
every rectifiable curve I' C C.

For some historical reasons, we prefer to split the previous theorem into two parts.

THEOREM 69. Let E C C be a subset of a rectifiable curve I'. Then, v(E) = 0 if
and only if HY(E) = 0.

The direction < has already been proved (and is still true, even if the set is
not a subset of a rectifiable curve). The other direction was proved by A. Denjoy.
Unfortunately, there was a gap in A. Denjoy’s argument, it is why this result was
called the Denjoy conjecture. The proof was completed only after the proof by A. P.
Calderon of the L? boundedness of the Cauchy singular operator on Lipschitz graphs
with small constant [11]. In the second section, we will present the proof of the
Denjoy conjecture given in [17] and sketch an alternative proof using the Garabedian
formula. The first proof is based on a duality argument that we will explain in the
first section. Note that Garabedian formula follows also from a (different) duality
argument. Theorem 69 implies the direct sense of theorem 68. Indeed, if E is not
purely unrectifiable, then there exists a rectifiable curve I" such that H(I' N E) # 0.
Hence, by theorem 69, v(E NTI') > 0, and thus y(E) > 0.

THEOREM 70. Let E C C be a compact set with finite length. If v(E) > 0, then
there ezists a rectifiable curve I' in C such that H*(ENT) # 0.

Obviously, theorems 69 and 70 give theorem 68.
Let E C C. Its Favard length (denoted by Fav(F)) is defined by
1 U
Fav(E) = f/ HY(Py(E))do
T Jo

H. Pajot: LNM 1799, pp. 81-103, 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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where Py is the projection on the line passing through the origin of C and making an
angle 6 with the real axis. We have seen in the first chapter (see theorem 17) that,
if £ has finite length, ' is purely unrectifiable if and only if Fav(E) = 0. Therefore,
theorem 68 can be restated as follows.

Theorem 68 (revisited). Let E C C such that H(E) < +oo. Then, v(E) = 0 if
and only if Fav(E) = 0.

This result was initially conjectured by A. Vituskhin without assuming that E has
finite length. We will see in the last section of this chapter that there exist compact
sets E C C with Fav(E) = 0, but v(E) > 0 (Of course, these sets have infinite length
1). Nevertheless, before the proof of theorem 70 by G. David [26], the result of theo-
rem 68 was usually called the Vitushkin conjecture.

Remarks. 1) In 2000, after a talk I gave at the University of Washington, D. Marshall
told me that W. Hayman was the first to guess that Vitushkin conjecture should be
true for sets with finite length. But, I prefer here to follow the standard terminology.
2) We should emphasize again on that fact that rectifiability properties of sets with
infinite length are not well understood. However, it should be noticed that a version
of theorem 17 in this general setting is given in [81].

Theorem 70 was first proved for Ahlfors regular sets by P. Mattila, M. Melnikov
and J. Verdera [69]. We will present their proof in the third section and explain how
to modify it in the general case. For this, we will use a lot of notions and results we
have seen in the previous chapters.

2. The standard duality argument

Let X be a locally compact Hausdorff space. Denote by Cy(X) the space of
continuous functions on X vanishing at infinity and by M (X)) the space of complex
finite Radon measures on X. For any bounded linear operator 7' : M(X) — Cy(X),
denote by T* its transpose. Recall that T* : M(X) — Cy(X) is such that for v,
A€ M(X),

/ (Tv) (@) (x) = / (TN (w)dv(w).

THEOREM T71. Let X be a locally compact Hausdorff space, p a positive Radon
measure and T : M(X) — Co(X) a bounded linear operator. Assume that T* is
bounded. The following statements are equivalent.

(i) The operator T* is of weak type (1,1), that is there exists Cy; > 0 such that

plfe € X: ()| > a}) < o))

whenever a > 0 and v € M(X).

(ii) There exists Cy > 0 such that for any Borel set E C X with 0 < pu(E) < 400,
W(E) < 2sup [ hdp, where the supremum is taken over all p-measurable
functions h : X — [0, 1] supported on E such that |T'(hdp)|(x) < Cy whenever
r e X.
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(iii) There exists C3 > 0 such that for any compact set K C X, u(K) < Cssup /d)\‘
where the supremum is taken over all measures A supported on K such that

IANX)| < w(K) and |[TA(z)] <1 forallz € X.

PrOOF. We first prove the implication (i) = (4¢) following [17]. For this, assume
that the conclusions of (ii) are false for some £ C X and consider

By = {f:X—)[O,l};f—Oalmost everywhere onX\E,/fd,u>M(2E)},
E

By = {T(fdw); f € Bo},

B, = {g€Co(X);llglloe < Ca}-
Then, By and B, are two convex disjoint subsets of Cy(X) (since (ii) is supposed to
be false). By the Hahn-Banach theorem, there exists | € (Cp(X))* (where (Co(X))*

is the dual space of Cy(X)) so that Re I(g) < Re l(h) for any g € Bs, any h € B;.
By the Riesz representation theorem, there exists a finite Radon measure A such that

Re </T(fdp)d)\) > Re/gd)\

for any f € By, any g € Bs.
By maximizing the right hand side, we get, for any f € By,

(43) Re ( / f(T*)\)du> > oA (X).
X
Let a = % Since T* is of weak type (1, 1) and by choice of a,
C K
p({z € X5 [T"A(x)| > a}) < ;H(X) = %
Therefore,
* 2
plz € B [T"A@)| < a}) > u(E).

1
Hence, we can find a closed subset F' of E such that u(F') > E,u(E) and |T*A\(z)| < «

for any z € F.
Consider f = xp. Then, f € By and

' [ 1@ @) < ante) < 3030x)

This contradicts (43) if Cy = 4Cy and the proof is complete.

The fact that (¢) = (4) is obvious. We now prove the implication (i) = (¢). For
this, set for 5> 0 and 6 € [0,27[, Egp = {z € X, T*v(z) € D(ﬁeig,Cglg)}. By using
a covering of C by discs of the form D(Be, Cy 1%), we claim that it is enough to prove

v(X
w(Ege) < CM. To prove the last estimate, consider a compact set Fgy C Egy

such that 2u(Fsg) > u(Esyp). By (iii), there exists A € M(X) supported on Fj 4 such
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that |MX)| < p(Fpe), |[TA(z)| <1 forall z € X and p(Fpp) < 205 /d)\|. Thus,

/L(Fﬂye) S 203ﬁ_1| ﬁ(iwd)\|

Fao

< 203871 T*(v)dA| + 205871 (B! —T*(v))d)|

Fao Fao

< 2037| [ T+ JAX)|

< 20557 (0] + il Fso).

Therefore, pu(Fgp) < 4C387 v(X)] and pu(Egp) < 2u(Fs) < 8C36 1w (X).
Fix now a > 0. To conclude, we consider a covering of {z € C; |z| > a} by some sets
Eg 9. More precisely,

+o0 g

{z e X;|T"v(z)| > a} C U U E(1+ﬁ)"a,2n§
n=0 k=1

where ¢ is the integral part of 10* Cs. Thus,

400 g
1
(ke € X T > o) < SOWO Y.
n=0 k=1 4C3
C
< =3 .
< =)

Note that the constants C;, Cy and Cj satisfy A7'C; < Cy < AC; and A™IC, <
(C3)® < AC, for some constant A > 0. O

As far as I know, this type of duality argument was used for the first time in [103]
(see also [30]).

We now explain briefly why theorem 71 is a useful tool to study analytic capacity.
For this, assume that X is a subset of C and that there exists a positive Radon
measure p supported on X such that

(i) p is doubling, that is u(B(x,2r)) < Cu(B(z,r)) whenever x € Suppu, r €
(0, diam( Suppg));
(i) The Cauchy operator is bounded on L?(p).
Then, by theorem 48, the Cauchy operator is of weak type (1,1). Let now E be
a Borel subset of X such that 0 < p(E) < 4o0o0. By theorem 71 applied to the
Cauchy operator on (X, ), up to some technical problems, there exists a function

h: X — [0,1] supported on E such that 2 | hdp > u(E) and the Cauchy transform
of hdy (see chapter 5) is bounded. Thus, v7(E) > C'u(E) for some absolute
constant C' > 0 and therefore v(E) > C~'u(E).

3. Proof of the Denjoy conjecture

In this section, we will prove that, if F is a subset of a rectifiable curve with
H'(E) > 0, then v(E) > 0 (theorem 69). For this, we first show that it is enough to
prove theorem 69 in the special case where I' is a Lipschitz graph. Then, we will use
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the strategy described at the end of the previous section to a Lipschitz graph endowed
with its arc length measure.

THEOREM 72. Let E be a subset of a rectifiable curve T' of C such that HY(E) > 0.
Then, there exists a Lipschitz graph G in C such that H'(E N G) > 0.

ProoF. Without loss of generality, we may assume that I' is (up to some rotation)
the graph of a continuous function g : R — R. To see this, recall that a rectifiable
curve is rectifiable in the sense of geometric measure theory (see chapter 1). Thus,
there exists My € ENT such that T' has an approximate tangent line (denoted by
Dy) at My and 0*(My, T) = 01 (My, E) = 1 (the last point follows from proposition 9).
Let € > 0 (to be chosen later) and let R = R(e) > 0 such that

2(1—e)R < HY (B(My,R)NE)<2(1+¢)R
2(1—e)R < HY (B(My,R)NT) <2(1+¢)R
e®R < HY '\ C(My, R, e, Dy)).

The cone C'(My, R, e, Dy) has been defined in the first chapter (section 5). Up to some
rotations and translations, we can assume that Dy is the real line and that M is the
origin of the complex plane. For any t € (=R, +R), set L, = {t+iy;y € R} and let p(t)
be the point of I'N L; which is the closest to ¢. If two such points exist, take p(t) as the
point located in the upper half plane. By smoothing the set {t+ip(t);t € (—R,+R)},
we easily get the graph of a continuous function g : (—R,+R) — R which contains
a “big piece” of E (if ¢ is small enough). Thus, up to some rotation, we can assume
that in the neighborhood of My, I' is of the form T’y = {z +if(z),z € I} where f is
continuous and of bounded variation on I = [a,b] (since I is rectifiable). Recall that
this means that

F =sup (Z |f(t;) — f(fj1)|> < +o0

where the supremum is taken over all subdivisions a = tg < t; < .... <ty = b of I.
Moreover, I can be chosen such that £'({z € I,z +if(x) € E}) > %L’l(l) (since
the density of E at My is 1). Now, we claim that there exists a Lipschitz function
h: I — R such that £'({z € I; h(z) = f(z)}) > f—oﬁl([) and therefore the Lipschitz

graph G of g satisfies the required properties. Without a loss of generality, we can
assume that f(a) = f(b). Before proving the claim, we recall the well known “Rising
Sun Lemma” due to F. Riesz (see for instance [33], page 232).

LEMMA 73. Let ¢ be a continuous function on a closed interval [c,d] such that
o(c) = ¢(d) and let A = {x € [c,d]; there exists & € [c,x) such that $(§) < ¢(zx)}.
Then there exist pairwise disjoint open intervals Iy = (ck,dg), k € K, such that
A =Urer Iy, and ¢(cr) < ¢(dy) for any k € K.
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FIGURE 6: The Rising Sun Lemma (in the case ¢(c) # ¢(d))

Remark. In fact, ¢(cr) = ¢(dy) except perhaps for an index kg such that d = dy,.

Set g(x) = f() 7

disjoint intervals I = (ax,bx), k € K, such that
- For any =, y € [a,b] \ Urly with z <y, g(y) < g(z), that is

x. By applying the rising sun lemma to g, we get pairwise

4F
(44 1)~ 1) < G o)
- Forany k € K, f(by) — f(ax) > %(bk — ag). Thus, by definition of F,
) = 0k~ aw) < S (Be) o) < P
k k k
Set
~ f(SC) lf X g Ukjk;

(45) UG fla;) + %(I —a;) if z belongs to some I;.
Then, £'({z € [a,b], f(z) # f(x)}) < Zﬁl(lk) < b;a = El([). Moreover, if z,

k

= = F
yelwithz <y, fly)— flz) < 2 (y — ). The proof of this estimate is divided

a
into 4 cases. Set A(z,y) = f(y) — f(z).
Case 1. x, y & Ugly.

Then, A(z,y) = f(y) — f(z) <

b—a

(y — x) by (44).
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Case 2. x € I;, y € I for some j,j' € K.
4F
Then, if j = 7/, Az, y) = b—(y — x). Moreover, if j # j', then A(x,y) =
—a

9(07) — 9la5) + o (y — ) < gy )

Case 3. y ¢ Ul and x € I; for some j € K.
4F 4F
Then, A(z,y) = f(y) — f(a;) — . a(x —a;) < m(y —x) by (44).

Case 4. y € I; for some j € K and = ¢ Uil,. Then, A(z,y) = f(a;) — f(z) +

4F AF
2 y—a) < (y— 44).
W @) < p—(y—2) by (44)

Thus, we get

(16) f) - Jw) < 5

—(y—2).

Applying now the rising sun lemma to x — ff(x) —3 x, we get pairwise
—a

disjoint open intervals J; = (¢, dy) such that f(y) — f(z) > b_fFa(y — z) (whenever
r <y with z, y ¢ UpJy) and >, L1(Jy) < bTTa. Set

f(z) if © ¢ UpJy;
(47) he) = fle;) — b4—Fa(I —¢;) if z € J; for some j.
For the same reason as above, £'({z € [a,b];h(z) # f(z)}) < bTTa, and hence
LY{z € [a,b], h(z) # f(x)}) < b g a Moreover, if z, y € [a,b] with z <y,
(43) o)~ h(@) 2 -2y )

Using (44) and dividing as previously the proof into 4 parts, we also get

(49) hy) — h(z) < 5 (y —2).

4F
Therefore, by (48) and (49), |h(z) — h(y)| < r|y — | and h is Lipschitz with
—a

O

constant < .
b—a

F
Remark. In fact, 4 can be choosen as small as desired (to see this, use the Lebesgue
—a

differentiation theorem). Therefore, we can only consider the case of subsets of Lips-
chitz graphs with small constant.

From now on, we assume that E is a subset of a Lipschitz graph I' such that
HY(E) > 0. As explained before, we would like to use the strategy described at
the end of the previous section. Indeed, the Cauchy operator Cr is bounded on
L*(T), and therefore (by theorem 48) is of weak type (1,1) (see chapter 4). Recall
that this means that the truncated Cauchy operator Ci is bounded (uniformly in €)
on L*(I',dH|y) and is of weak type (1,1). Note that, by the previous remark, we
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only need the boundedness of the Cauchy operator on Lipschitz graphs with small
constant (Calderon’s theorem). The idea to conclude is clear: First, apply theorem
71 to E C T and to C! to get a sequence of functions (h.) whose Cauchy transforms
are bounded, then take ¢ — 0 to get a (non constant) function h supported on E such

HYE
that/hdH1 2( ) and H* (hdH|g)||oc < C. Then, v(E) > 0, since the Cauchy

transform of a positive measure supported on F is a typical example of an analytic
function outside E. But, there are two problems:

(i) Cf does not map M(F) to Co(T).

(ii) The conclusion gives that C&h, is bounded on I, but not on C\ T'.

We now explain how to solve these two problems.

For the first one, consider a test function ¢ € C§°(C) such that ¢ = 0 in B(0,n) for
some small n > 0 and ¢(z) = 1 for |z| > M where M > 0 is big. If y is a Borel

measure supported on I', set C5pu(r) = /(x —y) ' (x—y) dp(z).
F E

PRrROPOSITION 74. With the same notations as above,
(i) C5 maps M(T") to Co(T');
(it) There exists C' > 0 such that

‘/ se v~z (@) = /F( v 1¢< )dHl( ))‘ < CMyf(x)

whenever e > 0, x € T, f € L*(I') and where

1 1N
My f(z) = ??lipﬂfmmf%))/rm(z,m |f(y)|dH"(y);

(iii) C5 is (uniformly in ) bounded on L*(T,dH|y) and is of weak type (1,1).

Note that (iii) follows from (ii) and the L? boundedness of the maximal operator
on I' (see theorem 46). Therefore, we can apply theorem 71 to C; instead of Cf. We
leave the proof of proposition 74 to the reader.

To solve the second problem, we prove the following result.

PROPOSITION 75. Let T be a Lipschitz graph in C. Assume that h. € L*°(T") and
that Cih. € L*(T') (uniformly in e). Then, there exists C > 0 (which does not depend
on €) such that

ICEhe||zee\r) < Cllhe||zoo(ry + C||CRA | Lo ()

PRrOOF. Throughout all the proof, we forget the &’s.
Fix z € C\T". Let zy € T such that |z —zo| = d(z,T") and set 6 = |z —z|. Decompose
now h: h = hy + he where h; is the restriction of h to B(xg, 105). Then,

h
(50) em@l = | [ O o)
PNB(z0,106) & — Z
(51) < |halleed " HY (T N B(x0,106))
(52) < C|h||s since I is Ahlfors regular.

Moreover, if y € B(xq,5), by some easy computations,

(53) |Crha(z) = Crha(y)] < CllA]|oo-
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Thus, by (50) and (53), for all y € B(zo,50) N T,

(54) ICrh(z)] < Cllhllsc + [Crha(y)]
(55) < Clhflee + [[Crhllo + [Crhn(y)].
Furthermore,
[ mir) < menses ([ emmParo)
TN B(x0,50) TAB(20,50)
< C8|[Crhul ey
< C(S%Hh/lHLQ(F) since Cr is bounded on L*(T)
< COl|h]|oo-

By integrating (54) on I' N B(xg, 55) with respect to H! and by using the previous
estimate and the Ahlfors-regularity of I', we can easily conclude. O

Let T be a Lipschitz graph in C and let E be a subset of T' with 0 < H(E) < +oo.
By applying theorem 71 to CF, we get that for every £ > 0, there exists a function h.
supported on E such that
(i) 0 < he(x) < 1 whenever z € C;
HYE
(i) / ne(wyir' () > T,
r
(i) [|C5hel | o (ry < C. But, by applying proposition 74 and then proposition 75, this
implies that |[CEhel|re(c) < C (uniformly in ).
Now, up to some subsequence, (h.) converges (with respect to the weak * topology
in L) to a function h which satisfies
(i) h =0 outside E and 0 < h(z) < 1 whenever x € C;
) o HY(E)
(ii) [ h(z)dH (z) = —y
r
(iii) [|Crhl[L=@c\r) < C-
Therefore, y(E) > 0 (since H'(E) > 0) and the proof of theorem 69 is complete.

We give an alternative proof of the Denjoy conjecture using the Garabedian formula.
We first recall some basic facts on the theory of Hardy spaces (see [33], chapter 10 for
more details and proofs, or [44]). Let 2 be a simply connected domain in C (with at
least two boundary points) and let p € [1,400). A function f, analytic in €, is said
to be in the class HP(Q) if the subharmonic function |f|? has a harmonic majorant
in Q, that is there exists a function F},, harmonic in 2, such that |f(z)|? < F,(z) for
all z € Q. A function f, analytic in Q, is said to belong to the class E?(2) if there
exists a sequence of rectifiable (Jordan) curves I'y, ..., T'y,...... in Q tending to the
boundary of € in the sense that eventually I',, surrounds every compact subdomain
of €, such that

|f(z)]Pldz| < C < +o0.
I'n

The spaces HP(2) and EP(Q)) are two generalizations of the classical notion of
Hardy spaces in the unit disc. In fact, in this case, they coincide. More generally,
they coincide if the derivative of a conformal mapping ¢ of the unit disc onto the
domain {2 satisfies a < |¢/(z)| < b whenever |z| < 1.

Assume from now on that € is a domain bounded by a rectifiable (Jordan) curve.Then,
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each function f € EP(£2) has a non-tangential limit almost everywhere on I'. More-

d
over, [.|f(2)P|dz] < +o0. Set [|f|l, = /If(Z)Ip%

f € E'(Q), then f(z) = — /Fg(é)

We now go through the proof of the Denjoy conjecture. For this, consider I' a
Lipschitz graph. Let f € L3I, ds) Where ds is the arc length on F) Set (if this

integral exists) Cf(z —/ I dH1 . Then, since the Cauchy operator is

bounded on L2(T, ds) Cf has boundary values C*f on I and C*f € L%, ds). This
implies that Cf € E%(Q2) (where Q is the domain of C whose boundary is I'). But,
(56) A1) = sup{I(c0)ls b € B, [[h]l ey < 1}

This have been proved by P. Garabedian [41] by introducing the dual extremal prob-
lem

. Finally, we mention that if

dH"'(£) whenever z € Q.

inf (Hg||E1(Q);g c El(Q),g(oo) = 1) .
Assume that E is a compact subset of I' and approximate E by a finite union £
of subarcs of I'. Then, by the discussion above, Cx; € E*(Q) since x5 € L*(T',ds).

1 _
Moreover, |(Cxz) (c0)| = Q—Hl(E)
T
Thus, if HY(E) > 0, by (56), v(£) > 0 and hence y(E) > 0. See [60] for more details.

Note that the two proofs of the Denjoy conjecture we have presented are based
on a duality argument. In fact, no constructive method to finding a non-constant
bounded analytic function in C\ E is known (unless I' is a smooth curve, see [42]).

4. Proof of the Vitushkin conjecture

Let E C C be an Ahlfors regular set with dimension 1. Assume that y(E) > 0.
Our goal is to construct a rectifiable curve I' C C such that HY(ENT) > 0 (proof of
theorem 70).

We start with some basic facts in measure theory (see [65] for more details).
Let p be a complex measure. The total variation of u for a Borel set B C C is

|p|(B) = sup {Z |u(B;)|; By, ..., By are disjoint Borel sets such that B = Ule,} .

Note that |u(B)| < |p|(B). We define the total variation of u by ||u|| = |u|(C). Let
(1) be a sequence of complex Radon measures with bounded total variations, that
is sup; [|p;]| < +oo, then there exists a weakly convergent subsequence of (y;). This
result is an analogue of those for positive measures described in chapter 3.

Let w be a positive Radon measure, let A C R™ such that u(A) < 400 and let B be a
family of closed balls such that each point of A is the center of arbitrarily small balls of
B (that is inf{r > 0, B(z,r) € B} = 0 for any x € A). Then, there exists a countable
collection of disjoint balls B; € B such that u(A\U;B;) = 0 (Vitali covering theorem).

Step 1. Since v(E) > 0, there exists a non constant, analytic and bounded function
f:C\ E — C with f(co) = 0 such that f'(co0) = vy(F). The next result says that f
is the Cauchy transform of a complex measure.



4. PROOF OF THE VITUSHKIN CONJECTURE 91

THEOREM 76. Let E C C be a compact set with H'(E) < +oc0 and let f : C\E —
C be analytic with |||l < 1 and f(c0) = 0. Then, there exists a complex Radon
measure o such that Suppc C E, |o(B(z,7))| < r for all z € C and r > 0, and
d
f(z) 7/ U(i) forall z€ C\ E.
z
Moreover, there exists a Borel function ¢ : E — C such that ||¢|lec < 1, 0(A) =
JA0(&)dH (&) for all Borel set A,and f(z) = / ﬂf)gdl—[l(ﬁ) forall z€ C\ E.
EZ~

PROOF. The beginning of the proof is similar to those of theorem 64 (A).
Since HY(E) < 400, for any k € N*, we can cover E with closed discs By 1, ..., Brn,
such that

(i) diam(By ;) < — for any j = 1,...,ny

k
1

(i) 5%, diam By, < 2H(E) + .

Set T'y = O(Uj%, By, ;). Then, for any z € C\ Uk, By j,

ERG

2im Jp, §— =

flz)=— dH' (€).

Consider now the complex Radon measure oy, defined by

/¢ §)do(§ /w €)dH (€)

for all continuous functions ’QZ} C—-C.
Thus, we have f(z /

bounded total variations:
llowll = lowl (€ / FOIH(€) < H(E) +

Hence, we can extract a subsequence converging to a complex measure o. Of course,

d%(i)forze((:\E.

We should now estimate |o(B(z,r))]|.
Let D be an open disc with

(57) HY(ENOD) = 0 and /BD/|5 — ' dlo|(6)dH (2) < +o0.

dok(g) for all z outside I'y, and the o}’s have uniformly

§—

suppo C E and f(z) =

1
Note that —L A ()

i Jop §— %

o [ reare - ([ )i - [ (G2 [ 9 aste o)

1 1
Therefore, |o(D)| < Q—Hl(aD) = EdiamD. We claim that this estimate is true for
’iT

all discs D of C. To see this, fix now 2z, € C. Since H!(E) < +00, except perhaps for

countably many r > 0, H'(E N dD(z,r)) = 0.

Moreover, since / |€ — 2| 7'dL*(€) < 4oo forall z € C, all R > 0, [|¢ -
D(z,R)

z|71d|o|(€) < 400 and thus, by Fubini’s theorem, faD(zo R) [ €=z dlo|(&)dH (2) <

+oo for all R > 0. Therefore, for almost every R > 0, (57) holds for D = D(z, R)

= xp(z) Hence, By Fubini’s theorem, we get
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and hence |0(D(zo, R))] < R. Fix now R > 0 and let ¢ > 0. Then, there exists
R. € [R, R +¢] such that |o(D(z9, R.))| < Re. Thus, |0(D(z0, R))| < |o(D(z0, Re)| <
R. < R+¢. By taking ¢ — 0, we get |o(D(20, R))| < R and the claim is proved.
Assume now that A C C is a Borel set with H'(A) = 0 and let € > 0. Then, we can
cover A by discs D; such that ). diamD; < 2e. Therefore,

(58) |<Z|a D < = ZdlamD <e

By taking € — 0, this yields

(59) |o(A)] =0.

Now we claim that, for general Borel sets A C F, |o|(A) < H*(A). Note that by
definition of the total variation, it is enough to prove that |o(A)| < H'(A) for all
Borel sets A C R™. To prove this, fix € > 0. Denote by B the collection of discs
D(z,r) centered on A such that (1 +¢)H(AN D(z,r)) > r. By proposition 9, if we

1
set A’ ={rec A0 A z)> 5} then H1(A\ A’) = 0 and by (59), |[o(A\ 4")| = 0.

Moreover, for every x € A', inf{r; D(z,r) € B} = 0. Therefore, by applying Vitali’s
covering theorem, we find dlb]()lnt discs D; = D(x;, ;) such that (1+5)H1(A0D ) >y,
|o|(A"\ U;D;) = 0. Then,

lo(A)] < Jo(A)][+|o(A\ A
< o(A)
< o(UiDy)| + |o(A"\ Ui Dy)|
<

3 lo(D)
>

(1+e)Y HY(AND)

(1+e)H'(A).

This implies that |o(A)] < H(A), and the claim is proved. It follows that o is ab-
solutely continuous with respect to H FE with Radon-Nykodyn derivative ¢ such that
||#]lcc < 1. This finishes the proof (which is taken from [65]).

IN

IN

IN

Step 2. Starting with the function ¢ (given by theorem 74) and using a stopping
time argument, we construct an Ahlfors regular subset F' of E and a para-accretive
function b supported on F such that H'(E N F) > 0 and Cp(b) € BMO(H|y). Thus,
by the T'(b) theorem, the Cauchy operator Cp is bounded on L*(H|p).

THEOREM 77. [18] Let E C C be an Ahlfors reqular set such that v(E) > 0. Then
there exists an Ahlfors reqular set F C E such that the Cauchy operator Cp is bounded
on L*(H|p) and such that H'(ENF) > 0.

Remark. This result has been extended to the case of sets supporting a doubling
measure by Y. Lin [58].
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ProoF. By thcorem 76, there exists a Borel function ¢ : F — C such that
[|6]]oo <1, / o€ dHl(g) < 1 whenever z ¢ E and / H(E)dH (&) # 0. Let A(E)

be the family of “dyadlc cubes” associated to E (see proposition 24). Recall that
“dyadic cubes” of A(E) have “small boundary”. Let € > 0. Consider

G ={Q e AE)| /Q (O (©) = <H'(Q)),

B={Q € A(E);Q ¢ G, but the father R of Q is in G}.

Recall that R € A(FE) is the father of Q € Ay(E) if R € A;1(E) and @ C R,
that is R is the “dyadic cube” of the previous generation containing Q. Let @ € G.
Then, there exists ¢y € E such that E N B(cg,20diam@)) C Q. Moreover, Q C

E N B(cg, Cdiam@Q) (see proposition 24). Let S be the union of two circles with
ddiam

@ respectively. Define go on Sg by
ddiam

center ¢ and with radii éddiam@ and

9o = C1(Q) on 9D (cq,ddiam@) and go = C2(Q) on 9D <CQ, Q) such that
|C1(Q)] and |C2(Q)| are uniformly bounded, and / godH" = / ddH".
Sq Q

Define F' = (E \ Uges@) U (UgenSq). Let b be the function defined by b = ¢ on
ENF and b=ggon any @) € B.

Then,

IA

[ oterar(e) - ¢><§>dH1<§>\

ENF

Qgg/d) E)dH( ’

e H'YQ)

QeB
cH'(E)

IN

IN

Thus, since / &(E)dH (&) # 0 and HY(E) < +oo0, / H(E)dH" () #0if e > 0 is
E ENF
small enough. This implies that H'(E N F) > 0.

We claim that F' is Ahlfors regular. To see this, first note that there exists C' > 1
such that

(60) C™'H'(Sq) < H'(Q) < CH'(Sg)

whenever () € B. Furthermore, recall that, by construction, there exists 6 > 0 such
that, for any Q € B, any « € E*,

(61) d(z,Sq) > ddiam@

where E* = E \ (UgepQ). Consider now z € F and R € (0, diamF).

Case 1. x € E*.

Write HY(F N B(z, R)) = Ty(x, R) + Ty (x, R) + T3(x, R) where
Ty\(z,R) = H'(E* N B(z, R)),
To(x, R) = Y gep, @.n) H'(Sq N B(x, R)) where Bi(z, R) is the set of cubes
Q € B such that Sg N B(z, R) # ) and diam@ < 1067'R,
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T3(z, R) = 3 0epy(am) H'(Sg N B(z, R)) where By(z, R) is the set of cubes
Q € B such that Sg N B(z, R) # 0 and diam@ > 1067'R.

Then, since E is Ahlfors-regular,
(62) Ti(v,R) < H(EN B(x,R)) < CR.
Let Q € Bo(z, R). Then, Q, Sg C B(z,CR) for some C' > 0 depending on d. Thus,
by (60),

Tx,R)< Y. HY(Sg)<C > H'Q) <CH(ENB(z,CR)).

QCB(x,CR) QCB(,CR)

Hence,
(63) Ty(z,R) < CR.
Assume now that By(z, R) # (0. Then, there exists Q € B such that d(z, Sg) < R and
diam@ > 1067'R. Therefore, by (61), ddiam@Q < d(z,Sg) < R < liodiamQ. This
estimate is impossible. Hence, T3(z, R) = 0 and by (62) and by (63), we get

(64) H'(FNB(z,R) < CR.
To prove the converse, choose S € A(F) such that € S and % < diamS < 5
where M; > M, > 0 are big enough. Then, ' ’
R
-1 v < 13-
(65) S C~ diam$
(66) < HY(EnN B(cg, diamS))
(67) < H'(E" N B(cs, 6diams)) + Y H'(Q N B(cs, ddiamsS))
QeB
(68) < H'Y(E*nN B(cs,diamS)) + Z H'(Q N B(cs, ddiam)).
QeB

Let Q € B such that Q N B(cs, ddiamS) # (. Then,
ddiam@ < d(z,Q) < |z — cs| + d(cs, Q) < CdiamS + ddiamS.

C
Hence, diam@) < MR. Moreover, if M, is big enough, for any y € Sp,
2

|z —y| < |z —cs|+]cs—y|l < %R—l—CdiamQ—l—%R<R.
Therefore, Sg C B(z, R) and

Y HY QN B(Cs,0diamS)) < > HY(Q)<C Y H'(Sy).

QeB SoCB(z,R) SoCB(z,R)
Finally, from (65), we get

C'R < CHYE*NB(z,R)+C >  H'(S)
SoCB(x,R)
< CHYFnB(z,R))

Thus,
(69) HY(FNB(x,R)) >C 'R
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Case 2. x € Sg for some Q € B.

Recall that there exists ¢ € E such that |[x—cg| < ddiam@). Moreover, d(x, E*\Sg) >
ddiam@. Assume first that R < ddiam@. Then, H'(FNB(z, R)) = H'(SqoNB(z, R)).
Since Sg is Ahlfors regular, we get

C'R< H'(FnB(z,R)) <CR.

From now on, suppose that R > ddiam@. Then, B(z, R) C B(cq,10R) and by
adapting the method using to prove (64), we get H'(F N B(cg, 10R)) < CR and thus
H'(F N B(z, R)) < CR.

Conversely, assume first that ddiam@ < R < diam@). Hence, since Sg is Ahlfors-
regular,

HY(FNB(z,R)) > H'(SgN B(z,R)) > C'R.

R
If R > diam@, B <CQ, E) C B(z, R). By adapting the method using to prove (69)

in case 1, we get H'(F N B(cq, 1£)) > C'R. Thus, H'(F N B(z,R)) > C™'R.

We now equip F' with a dyadic decomposition by “cubes”. For this, consider all
cubes Q € A(E)\ B, all Sg, @ € B together with each two circles of S together with
subsets of these circles obtaining by bisecting each circles into 2 semi-circles, then
repeatedly bisecting the semi-circles and resulting arcs. This family is a family of

“dyadic cubes” of F'. We will denote it by A(F'). Note that, by construction, “dyadic
cubes” of A(F) satisfy also the “small boundary” condition.

To prove that Cp is bounded on L*(H|p), we check that the hypothesis of the T

theorem (theorem 50) are satisfied.
First, we prove that b is special para-accretive (with respect to A(F)) that is

| / MOH' ()| = Q) for any Q € A(P)
Indeed, if @ € A(E) N A(F), by construction,

’/ &)dH (¢ ‘ ‘/(;5 €)dH( f)‘ > eHY(Q).

Moreover, if @ € A(F) \ (A(F) N A(F)), then @ is a subset of Sg for some R € B.
Thus, since C(R) and C5(R) are uniformly bounded,

[ o) = i)
Q
for some absolute constant C' > 0.

We now check that, for any ¢ > 0, C;b belongs to BMO(H|y) uniformly in e,

b
where as usual C%b(z) = / %dH '(¢). By some standard arguments (see the
FZ—
discussion in chapter 4), it suffices to prove that for any @ € A(F),

(70) /Q Co(bxo)ldH' < CHY(Q)
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where C' > 0 is an absolute constant. Recall that any ¢ € A(F) has a “small
boundary”, that if for 0 < 7 < 1,

(71) H'({z € Q;d(z, B\ Q) < rdiamQ}) < Cr H'(Q).
Fix @ € A(F') and € > 0. We divide the proof of (70) into three cases.

Case 1. Q) is a subset of some Sk (which is the union of two concentric circles). Using
the fact that by takes at most two values which are uniformly bounded, you can
easily prove that (70) holds in this case.

Case 2. Q € A(E). Hence, C5(bxg) = C5(dxq). First, we claim that, for any z € C,
(72) ICx(9)(2)] < C
where C' > 0 is an absolute constant which does not depend on ¢.

Since z — / ﬂf)gdH 1(¢) is bounded by 1 outside F, it is enough to consider the
o

case z € E. Fix z € E and choose positive constants ¢ < §” < ¢’ < § such that

() 8" < 2¢,

) ¥ < T
Then, if z ¢ E,
(73 Lo )| < 1+ | [ Ean)
(74) < I(z)+1
where

_ ) e [ 2© g
o-|[ e @ | &Ean (5)\.

Therefore, our strategy is to choose z ¢ E such that I(z) < C for some absolute
constant C' > 0. Write I(z) < I 1(z) + Iz(2) + I3(z) where

_ &) e D) ’
hiz) = /E\D(zo,é) §—20 dH(¢) /E\D(zo,é) §— ZdH ©
B &) e (&) n .
ne) = |[ o / o e
&) () n ’
I = dH — dH .
2(2) /D(zo,é) §—2 ©) /13(z0,5)\D(z0,5~) §— 2o ©
Assume first that z € D(zg,0"). Then,
Z— 20 1
h:) < ol [ s [T @
o' 1
< e-at®
< Chy (b).
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Furthermore,

Ir(z)

()
S g
/D<ZO,6~)\D(ZO,5> §— 2 ©

"

)
C H¢>||oo; since E is Ahlfors-regular
C by (a).

N

IN

Finally, since F is Ahlfors-regular, we can choose z € D(z,0’) such that
" "

© % <leo—s<2

6//
(d) ENnD (z, 10) =0.

Then, using (¢), (d), and the regularity of E, we get

?(E) n (&)
I(z) < L&) qm () — A8 gH
o) = /D<ZO,6>\D<ZO,6~>§—Z © /D<za,6>\D<zo,6~>5—Zo ©
D(€) ’
d
* /13(20,5//)52 H)
6//
Cl|9]s0 ———dH"! Cl|9]s0
< Cllelle [ e+l
< C.

Remark. To estimate the last integral above, write

1 N 1
dH(€) < dH*
/ (€ < Z/E() =l

A(D(20.8\D(z0.8)) 1§ — 212

where Ej(z) = {€ € E,27§" < |¢ — z| < 2771§"} and N € N satisfies 2V§” < § <
2N+15//.

Note that a slight modification of this proof gives, for any ball B = B(cg, Cdiam@)
c
centered on E such that Q C B (cB, mdiamQ),

(75) [ICE(¢¢B)|| 1w < C

where @p is a smooth function supported on B(cg, 1%diamQ) such that ¢p =1 on Q.
Choose now a ball By centered on F and a smooth function ¢p, supported on By as
above. Then, by (75),

(76) /Q 1C5.(dx)dH|

IN

| Icioonplat + [ [Cioton, - xo)| an
Q Q

(77)

IN

CH(Q) + /Q 1C5 (80, — x@))| dH".

Consider now a bounded function g supported on E such that supp g C Bg \ Q.
Then,

(78) /Q ICo(g)|dH" < CH'(Q).
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To see this, write

/Q Ci(g) | = /Q

Since g is supported outside @), we can omit . Set Ej(z) = {{ € (EN Bg) \
Q:2-idiamQ < d(=,€) < 2-7diamQ} and F(2) — {¢ € (E N Bo) \ Qd(2,€) >
diam@}. Note that, if F;(z) # 0, then d(z, F \ Q) < 277*'diam@). Thus, using the
fact that @ has a small boundary (see (71)) and the regularity of E, we get

—Z

/ Q(QdHl(g)‘ dH(2).
B\D(z¢) §

/Q Colg)ldH! < / /F ) IO ap a2
+ HY(&)|dH(2)
< 0H1<@>+§<2—j>%H1
< @

Therefore, (77) and (78) give (70).

Note that, since “dyadic cubes” of A(F) satisfy also the “small boundary” condi-
tion, we can adapt the previous proof to get, for any Q) € A(F),

(79) /Q G5 (oxo)|dH! < CHY(Q).

Case 3. Q = (@ N E) U (Urea@)Sr). Write Ci(bxq) = Ci(dXQ) + X gea(q) Cr((b —
®)Xsy)- Then, by the result of case 1 and (79), this yields

Jicetanat < [ ool s 3 [ iepo - oyl

REA(Q)

+ > / C5(bxs)ldH + Y / | (pxs,, )| dH

ReA(Q) REA(Q

CHl Z / |CF XSR)|dH

ReA(Q) 7 @\5r

+ C Y H'(Sp)+C Y H'(Sk)
ReA(Q) ReA(Q)

CHY(Q) + ICE((b— @) xsp)|dH".
RG;(Q) /Q\SR " °

IN

IN

Now, we claim that
| 160 = onsla < CH(Sx),
Q\Sr

Therefore, [, [Ci(bxq)|dH' < CH'(Q) and the proof of (70) is complete.
To prove the claim, set g = (b — ¢)xs,. Then, g is supported on Sg, g € L>(C) and

(by construction of b) / gdH" = 0. Let 5 be the center of Sk and set for z € Q\ S,
C



4. PROOF OF THE VITUSHKIN CONJECTURE 99

1 g
() = ——. Then, for £, ¢ € Sg, [®.(£) — D.(¢)] < CL“Q. In other words,
2 |z — &gl
®, is Lipschitz on Sg with constant less than W Hence,
Z =GR
t—z dH (§)| = 9(E)(P=(&) — (Er))dH (€)
Sp & T % Sgr
C
———— diamR 1(Sp)-
|2 — Enl? gl (sm)

Set F; = {z € Q\ Sg,2/diamSg < |z — &g| < 27F'diamSg}. Note that H'(F}) <
C2idiamR. To see this, use the Ahlfors-regularity of F' and the fact that F; C
B(y, 10. 2/diamSR) for some y € Sk.

Then,

/Q\SR / 5(—5)de1<@\“{1<2) < Cf / Lffldﬂl(z)\dw(z)
< Cllallos
< CH'(Sp)

This type of estimate is classical in the theory of singular integral operators (see the
discussion in [17], pages 17-18).

We can now conclude that, by the T'b theorem, the Cauchy operator is bounded
on L2(F, dH[lF). O

Step 3. Since F is Ahlfors-regular and Cf is bounded on L2(F, dH%F), F is uniformly
rectifiable (by theorem 52). Therefore, there exists a rectifiable curve I' C C such
that HY(ENT) > HY(F NT) > 0. The proof of the Vitushkin conjecture in the
Ahlfors-regular case is now complete. ]

We now explain how to modify the proof in the general case. The fist step remains
unchanged, since the only property of E we need in theorem 76 is H'(E) < 4+o00. The
first problem in step 2 was to construct a “dyadic” decomposition of the set E. This
has been done in [27]. Using this and the measure fdH|; given by the theorem 76,
G. David and P. Mattila adapt M. Christ’s stopping time argument to construct a
new finite measure gdv such that

- v is a positive measure with linear growth.

- g: C — C is bounded and accretive, that is Reg(z) > C' for any z € C.

- [ fdu= [gdv=m>0.

- There exists a Borel set F' C E such that C~'v(A) < u(A4) < Cv(A) for all
Borel subsets A C F and v(F) > %

- The Cauchy transform of gdv is in a BMO type space.

The second problem was the lack of a Th theorem in the setting of nonhomogeneous
spaces (that is spaces equipped with a non doubling measure). In [26], G. David
proved a version of the T'h theorem in this general situation and used it to complete
the proof of the Vitushkin conjecture (see [78] for an other proof following the same
scheme). Indeed, by applying the Th theorem with b = g in the space Supppu, we
get that the truncated Cauchy operator C¢ is bounded on L%(v) uniformly in e. In
particular, ||C5(1)||z2) < C where C' > 0 does not depend on e. From this, by
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adapting the arguments given in the section 7 of the chapter 4, we get 2(v) < +o0.
Thus, by theorem 28 (or more precisely a slight modification of it), Suppw is rectifiable.
Therefore, F' N Suppv is also rectifiable. Hence, there exists a rectifiable curve I" such
that HY(T'N F) > 0 and the proof is complete.

It should be noted that other versions of the T'b theorems are given in [100] and [77]
where harmonic analysis in the setting of nonhomogeneous spaces was developed. As
wrote J. Verdera in his nice survey about the subject [107], “This has come as a
great surprise to those, the author among them, that felt that homogeneous spaces
were not only a convenient setting for developing Calderon-Zygmund theory, but that
they were essentially the right context” ! We conclude by giving a version of the T'1
theorem for the Cauchy integral operator (similar to those given in [100], [77] and
[105]).

THEOREM 78. Let u be a positive Radon measure in C with linear growth. Assume
that there exists C > 0 such that

(30) /D 1C2(x0)?dp < Cu(D)

for any disc D in C and any € > 0. Then, the Cauchy operator C,, is bounded on
L% ().

The conclusion of the theorem says that there exists C' > 0 such that / IC..(f) [Pdu <

C/ |fI?dp whenever f € L*(p) and € > 0 and where

C()(e) = /g O e,

cO\D(ze) § — %

We have seen in chapter 4 that, in the doubling case, the condition (80) is equivalent
to C,(1) € BMO(p). Note that by the proof given in [105], you can replace (80) by

(s1) | [ [ e oantaantuyint:) < Caiamp

for any disc D in C.

5. The Vitushkin conjecture for sets with infinite length

We now turn back to the original Vitushkin conjecture. Recall that it stated
that the removability of a compact set of C is equivalent to the fact that the Favard
length of the set is 0 (without assuming that the set has finite length). As we said
before, it is not true, but the story of this is quite amazing. First, P. Mattila [63]
showed that one of this condition (y(E) = 0) is conformally invariant, whereas the
other condition is not. However, his method does not indicate which implication is
false. Later, P. Jones and T. Murai [51] gave an example of set (of infinite length !)
with zero Favard length, but non zero analytic capacity. In this section, we present a
more simple example due to H. Joyce and P. Morters [53]. Note that it is still open
to determine if a set with non zero Favard length is removable or not for bounded
analytic functions (see the discussion in the last chapter). Recall that, if b : RT — R
is a non-decreasing function with h(0) = 0, then A, denotes the Hausdorff measure
associated to the gauge h (see section 3 of the first chapter).
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THEOREM T79. There exists a compact set E C C such that
(i) the projection of E in any direction has zero length;
(i) 0 < AR(E) < +oo for a function h : RY — RT fulfilling (for some ¢ > 0)

€
h(r)*r~* 'dr < +oc for every o > 1.
0

By theorem 42, this implies that the Menger curvature of the restriction of A, to
E has finite curvature. Moreover, there exists a subset F' C E such that the restric-
tion of Aj, to F has linear growth. To see this, fix 6 € (0,¢) small enough. We first
claim that there exists a compact subset F' of E such that 0 < Ap(F) < 400 and
A(EN B(z,r)) < 2h(r) for all r € (0,0) and all z € F. Indeed, if such a subset
does not exist, then, for Aj-almost x € E, there exists a sequence of radius r, — 0
such that A,(E N B(x,7,)) > 2h(r,). By the Vitali covering lemma (see the previous
section), we can cover Ayp-almost all E by a disjoint union of such balls and thus we
get the contradiction: Ay (F) > 2A,(F). We can assume that diamF < §. Moreover,

€ h
since [ h(r)*r~* 'dr < +oc for any a > 1, hir) — 0 and therefore h(r) < Cr for all
0 r

0 < r < 4. Hence, for all (closed) ball B of C, Ap(F N B) < CdiamB. We will see in
the next chapter (see theorem 79) that the existence of a positive measure supported
on F with linear growth and finite Menger curvature implies that y(F) > 0, and thus
v(E) > 0.

PROOF. The classical idea to construct sets with projections of zero length is to
use “Venetian blinds”. See for instance the construction due to Besicovitch given
in [36], pages 90-92. The construction of H. Joyce and P. Morters follows the same
strategy.

We first fix some parameters of the construction:
e Pick angles o; with a; = 21” if 27 < j < 2n*L;
1
e Choose a constant M > 3 such that M~ < E(IH_D sin(oy4q) for any k > 1;

e Set my, = M.k and write m(k) = my....my;

1
e Find an increasing sequence of numbers 3 < B < 1 converging to 1 so slowly

that (k + 1)2m(k)%em® =1 — 0 when k — +oo0;

1 ﬁk
e Set O = (t) .

First Step.
Let Fy be a closed ball of diameter 1 in C.

Second step.
o
Place m; balls of diameter 2L inside FE such that the centers are on the diameter of

my
Ey which makes an angle of a7 with real axis. We place these balls such that they
overlap as little as possible: two of these balls touch the boundary of Ey and the
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a1

“om
my — 1 '
These balls are called balls of the first generation and their union is denoted by FEj.

distance between the centers of two neighboring balls is d; =

(k4 1)-th step.

Assume now that Ej has been constructed. We put into every m(k) balls of Ej
exactly my 1 closed balls. The centers are on a diameter making an angle of Zf:ll %

01....0
with the real axis, the diameter of these balls are ﬁ and the distance between
m
the centers of two neighboring balls is equal to
1 — Tkttt
01....0k Mpt1

di1 = .
mMy....Mg Mky1 — 1

These balls are called balls of the (k + 1)-th generation and their union is denoted by
Ek+14

Assume now that, by induction, the E}’s have been constructed. Set E = N} E.
The crucial point is that two balls of the (k + 1)-th generation intersect only if they
are in the same ball of the generation & (by the choice of M). This allows us to code
our set, that is there exists a natural bijection p : HZ;’?{I, ceympy — E.

We now construct the function h. For this, define a piecewise linear function h by

h(r) = if dpy1 <7 < dg. Thus, since
01....0k
01....0%
h(diamB) < m(k)—""— <1,
O1eennn O

B balls of generation &

Ap(E) < 4+o00. To see that Ap(E) > 0, consider the probability measure p on E
defined by p(p((mi)i=1

—1,..kx)) = ——. Then, by the choice of the parameters,

1
w(B(z,r)) < Ch(r) for all z € E and all r € (0,¢). Cover now E by balls B(z;,;),
r; < g, such that Y, h(r;) < 10A4(E). Then, Ap(E) > C Y, u(B(z4,13)) > Cu(E) >
0.

£
Let o > 1 and consider [, = / h(r)*r~*"'dr. First, note that
0

~+o00 d
1 kodr
[a = 7/ -
; (o1.0p)® Sy . T

k1

W d
Moreover, / o _ log (—k> < Clogk for any k > 1. Furthermore, fix 8, >
d

k+1 i1

1
for some 3 > —. Then, for k > n,
e



5. THE VITUSHKIN CONJECTURE FOR SETS WITH INFINITE LENGTH 103

Finally, we get

+o0
log k
I,<C % < 0o (Bertrand series).

k=1
We now compute the length of the projection in the direction 6 € [0, 7]. For this,
let kg € N such that the diameter of a ball of the kqg-th generation is almost orthogonal
to the direction 6. Let B a ball of generation kq and pick up a large k € N. Note that
the distance from the center of a ball of generation (ko + k) to the diameter of B (in

direction ) is bounded by

ko+k ko
diamB sin E a; + E o —0|.
J=ko+1 Jj=1

Hence, the projection of BN E on Ly is contained in an interval of length

ko+k
|Ig] =2 <diamBk0+k + diamB (sin[z o — 6}))
j=1
where By, is a ball of generation k + ko in B.
Thus, we can cover the projection py(E) of E by my, intervals of length |I5|. By
the choice of the parameters, we can easily conclude. O



CHAPTER 7

The capacity v, and the Painlevé Problem

In this chapter, we will see that v and «, are comparable. As an application, we
will get a solution to the Painlevé Problem in terms of Menger curvature. All these
results have been very recently obtained by J. Mateu, X. Tolsa and J. Verdera.

1. Melnikov’s inequality

Let E be a subset of C. We denote by MC(E) the class of positive Radon measures
w supported on E with linear growth with constant 1 (that is such that u(B) < diamB
for any ball B in C) and finite Menger curvature.

THEOREM 80. [71] There exists Cy > 0 such that for any compact set E C C
WE)?

pemc(e) (u(E) + (u))>

Note that if MC(E) = (), then the supremum is 0 and (82) is obvious.

(82) V(E) = Co

Remarks.
1) Let £ C R™ and let d > 0. We define the d-Hausdorff content (denoted by C¢(E))

of £ by

CY(E) = inf {Z(diamUi)d; Ecl/ UZ} .
Theorem 31 and theorem 80 imply that
CYE)2

I(IT)2

whenever F is a compact subset of a rectifiable curve I" of C. This improves a previous
result of T. Murai [76] and was observed by J. Verdera (private communications).
2) Let E = E(\) be a generalized four-corners Cantor set associated to a sequence
A (see chapter 3). Then, theorem 44 and theorem 80 imply that v(E) > 0 if

v(E)=C

—n

2
Z (—) < +o00. We will see in the next section that the converse is also true.
UTL
n

PROOF. We follow here the proof given in [105] which is based on the T'1 theorem
for the Cauchy operator given in the previous chapter (whereas Melnikov’s original
proof uses the Garabedian formula).
Let E C C be a compact set. For any positive Radon measure p supported on F, we

1
define its “energy” (with respect to the Cauchy kernel —) by
z

&G0 = [ Du(e1au) + [ ()2

H. Pajot: LNM 1799, pp. 105-114, 2002.
© Springer-Verlag Berlin Heidelberg 2002



106 7. THE CAPACITY 4 AND THE PAINLEVE PROBLEM

D

where D, (z) = supM and ¢, (2)* = / / c(x,y, 2)dpu(x)du(y).
r>0 T cJc

We claim that theorem 80 follows from

PRrROPOSITION 81. There exists C > 0 such that for each compact set E C C,
YE) > CsupE(p) ™
where the supremum is taken over all probability measures j1 supported on E.

Indeed, let p be a positive Radon measure supported on F with linear growth and
finite Menger curvature (that is p € MC(E)). Then, D,(z) < Cu(C) since p has

linear growth and /cﬂd,u(z) < CCQ(M)M(C)% by Cauchy-Schwarz. Thus,
C

s(ﬁ) = O ()
Cu(C) 2 (1(©) + E(un(C)? )
< Cu(@©)F (u(©)} + ) -

IN

()
TN L 97 WL
(W(E) + ()2
We now prove proposition 81. For this, consider a probability measure u supported

on F such that £(u) < +00. Set A =2&(p) and G ={z € E;D,(z) < A and ¢,(z) <
A}. Then,

Hence, y(E) > C and the proof of theorem 80 is complete.

Ax [ Duz)du(z) + / cu(2)du(z) > 24u(C\ G).
C\G C\G

Therefore, there exists a compact set F' C E such that p(F) > - and D,(z) < A,

cu(z) < A whenever z € F. Set v = pp. Then,

() v(C) = () > 5;

(ii) v(D(z,R)) < AR whenever z € F and R > 0. Hence, v(D(z,R)) < 4AR
if z € Cand R > 0. Indeed, if D(z,R)NF = 0, v(D(z, R)) = 0. Oth-
erwise, there exists £ € F N D(z,R). Therefore, D(z,R) C D(£,4R) and
v(D(z,R)) < 4AR.

(iii) ¢,(2) < A whenever z € F.

Now, (ii) and (iii) imply

/D/D/Dc(x’y’Z)2dV(w)dV(y)dV(Z) < Cv(D)

for any disc D in C. Therefore, by the proof of theorem 78 (see the comments after
theorem 78), the Cauchy operator C, is bounded on L?(v) and is of weak type (1, 1),
that is there exists C' > 0 such that

v({zeClegml <) < e

where ) is any finite measure in C and £ > 0. Note the fact that the L? boundedness
of the Cauchy operator C, implies the weak L! inequality is classical if v is doubling
(see theorem 48). It is more delicate in the general case (see [79]). By the standard
duality argument (theorem 71), there exists a measurable function h supported on
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F such that 0 < h < 1, v(F) < 2/hdu and |C5(h)(z)] < CAif z € C\ F and
C
€ > 0. For the last estimate, recall that the constants C'; and C5 in theorem 71 are

1
comparable. Therefore, v, (F) > %I/(F) Hence, since v(F) > 3 and A =2&(p),

v(F)

V(E) = C—

> CE(p) .

A natural question is to determine if the reverse estimate holds, that is

pe3E

E)<C MR
M) SO e () + ()

It was observed by X. Tolsa in his thesis that this estimate is true for the capacity =, .
Recall that v, (E) = sup u(C) where the supremum is taken over all positive Radon

<1

o0

measures i supported on E such that

‘1
—_—
z
THEOREM 82. [102] There exists C' > 0 such that for any compact set E C C,

' su —M(C)% 1 FE C su —M(C)%
s (€ + Gt = TS C S (C) + )

Wl

As easy applications, we get

COROLLARY 83. Let E C C be a compact set. Then, v, (E) = 0 if and only if
MC(E) =0.

COROLLARY 84 (Semi-additivity of v, ). There exists C > 0 such that
Y+ (E1U Ep) < C(v4(E1) + 74 (E2))
whenever By, Es are two disjoint compact sets in C

To prove corollary 84, note that, if 4 € MC(E; U Es), then
- W(ELU Ey) > p(Ey), p(Ey U Ey) > p(Es) and p(Ey U Ep) = p(Er) + p(E»);
- () = A(um) + A(s,)-
Thus,

3

pC:  _, m(C) pa(C)2
W@ +ew)2 (@) +(m))?  (12(C) + A(p2))?
where p; = pyg,. By theorem 79, this implies v4(Ey U Ep) < C(v4(E1) + 7+ (E2)).

+C

Theorem 79 leads to the following question: Are v and 7, comparable 7 that is,
does there exist C' > 0 such that

V+(E) < 7(E) < Cyi(E)

whenever E C is a compact set 7 Recall that the left hand side inequality is obvious
(see chapter 5).
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2. Tolsa’s solution of the Painlevé problem

Very recently, X. Tolsa [101] proved that the answer to the previous question is
yes.

THEOREM 85. There exists C' > 0 such that

V+(E) <(E) < Cr4(E)
whenever E is a compact set in C. In particular, there exists C > 0 such that

p(C)? w MO
pemc() (u(C) + (n))2 pemc(e) (u(C) 4 ()2
Note that theorem 85 was first proved for generalized four-corners Cantor sets by
J. Mateu, X. Tolsa and J. Verdera [61].The general proof follows the same way, but is
more complicated and more technical. We will only describe their method in the case
of the linear Cantor set (J. Verdera, personal communications). Before, we give some

very important applications of theorem 85. We use the same notations as in chapter
3 (section 4).

c <H(E)<C

THEOREM 86. [61] Let E = E()) be a generalized four-corners Cantor set asso-
ciated to a sequence N = (\,). Then, for any N € N,

CEE)) sese(s(5))

Jj=1 Jj=1

N 2
43
By adapting Mattila’s proof of theorem 44, we get ¢(uy) < C Z () where
o
j=1 J
v is the restriction of A, to Ey. Thus, the left hand side inequality follows from
Melnikov’s inequality and this bound of the curvature of puy. The right hand side
inequality is a consequence of theorem 85 and a similar estimate for v, (Ey) (see the
work of Eidermann [34] or Tolsa [102])). In the linear case, the best known result

C
was due to T. Murai (see [75]) who proved that y(Ey) < Tog N (whereas theorem 86
0

gives y(Ey) < i)-

VN

COROLLARY 87. Let E = E(\) be a generalized four-corners Cantor set associ-
ated to a sequence X. Then, v(E) = 0 (that is E is removable for bounded analytic

functions) if and only if
nn 2
(Z <i) ) = +00.

THEOREM 88 (Semi-additivity of the analytic capacity). There exists C' > 0 such
that
Y(EL U Es) < C(y(E1) +7(E2))

whenever By, Fy are two disjoint compact sets in C

The proof is similar to those of corollary 84. In fact, Tolsa’s proof gives a better
result: There exists C' > 0 such that

YUienEi) < C Y y(E)

€N
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whenever the E;’s are compact sets in C. This suggests that the best constant in
theorem 88 should be 1. Theorem 88 confirms an old conjecture of A. G. Vitushkin
and has a lot of applications to uniform rational approximation (see [62]).

THEOREM 89. Let E C C be a compact subset of C. Then, v(E) > 0 (that is E
is not removable for bounded analytic functions) if and only if MC(E) # (.

Of course, theorem 89 provides a solution to the Painlevé problem (see the dis-
cussion in the next section).

Remark. Using theorem 89 and some estimates of the Menger curvature obtained
in chapter 3, we can give alternative proofs of some results about removability for
bounded analytic functions described in chapters 5 and 6. For instance, theorem 89
and corollary 32 imply theorem 69.

PRrROOF. We now prove theorem 85 in the special case of the N-th generation of
the linear four-corners Cantor set (see chapter 1 section 3). We will use the same
notations as above, that is Ey is the N-th generation of the four corners Cantor set

4N
and By = U Qg\, where Qf\, is a square whose side length is 4=V. We should mention
j=1
that, throughout all the proof, we will use the notation C(p) (instead of C,) for the
Cauchy transform of a measure p. The proof is based on the following result.

LEMMA 90. Assume that N is even (respectively odd) and that, for some constant
Co > 1, we have W(E%) < Cyy(Ey) (respectively v(E%) < Cyy(Ey)). Then,
there exists an absolute constant A > 0 such that y(Ey) < C’OA7+(E%) (respectively
1(Ex) < Cody(Essa) ).

Assume for a moment that this lemma is proved. Let N € N be even (the case
where N is odd can be treated in a similar manner). Recall that v, (E,,) is comparable
1
to \T for any n € N (Eiderman-Tolsa’s estimate, see above), and therefore there
n
exists an absolute constant C; > 0 such that 7+(E%) < 14 (En). We suppose by
induction that v(E,,) < AC?y,(E,,) for any m < N.

Case 1. y(En) < a’y(E%)

Then,
(Ex) < a(Ey)
YN CIV N
< AC’1'y+(E%) by induction hypothesis
< ACH(Ew).
Case 2. W(E%) < C1y(Ew).
By lemma 90,
1(En) < ACiy(Ey)
< ACYHy1(En)
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We now go through the proof of lemma 90. For this, fix N € N and assume that N
is even. The main idea of the proof is to construct a measure \ supported on BEg

such that

(i) A is doubling with absolute constant;
(ii) A(C) =~(EN);
(iii) The Cauchy operator Cy is bounded on L?(A) and its norm ||Cy]|2,2 is bounded
by C' Cy (for some absolute constant C' > 0).

If such a measure has been constructed, C, is of weak type (1, 1) with constant bounded
by C' Cy and therefore, by the standard duality argument (theorem 71), there exists
h supported on dEy such that 0 < h <1, A aw) <sup,, 2 [, hdp and [C(hd))(z)| <

C Cyfor z ¢ OF N For the last estimate, recall that constants C; and Cy in theorem
71 are Comparable Hence,there exists A > 0 such that y(Ey) = A(C) < A Cofy+(E%)

and the lemma 90 is proved.
Construction of )
Let f be the Ahlfors function of En (see chapter 5). Then, for z ¢ Ey,

LS,

U7 Jopy S—2

f(z) =

-1
where ¢(s) is the unit tangent vector. Set v = 2%f(s)t‘(s)ds[aEN. Then,
i

- v is supported on OEy;
- lC(w)(2)] < 1if 2 ¢ En;
SHEQ=00,0<n<N,1<j<4" set fo(z) = 1/ Mds‘for
AT Jopyng S— %
z ¢ OENNQ. Then, fg is analytic outside Q N Ey. Moreover, fq is bounded
(uniformly in @) outside @ N Ey. Indeed, let z € C\ (@ N Ex). Assume first
that d(z, Ey N Q) > epdiam@ (where gy is small enough). Then,

1
llH'(@NIEY) _
2meo diam@Q) -

(83) [fe(2)] <

Assume now that d(z,Q N OEN) < gy diam@ and consider Q a square con-
centric with @) but whose side length is 100 diam@. Then, f(z) — fo(z) =
1 f(w)

2 a0 W — 2

dH*(w). An estimate similar to (83) gives

R i)

0T Jog w — 2

dw‘ <C.

Thus, |fo(2)] < C+1. Therefore, |f;(c0)| = [v(Q)] < Cy(QN Ey) and then,
by translating and dilating, |v(Q)| < C4™"y(EN_,). In particular, if n = %,
we have

4
CCyy(En)u(Q) by hypothesis

v (Q)]

IN A

(where p is the arc length measure on 0F N ).
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1 1
Set \ = ZY(EN)N = Zv(EN)ds[aEN. Then, X is a positive measure supported on
2
N
OEy with AC) = v(Ey) and satisfies for 0 < n < B} and 1 < j < 4™,

(84) (Q1)] < CCA(Q)).
Cy is bounded on L*())
Note first that A is doubling with absolute constant () is also Ahlfors regular, but with

constant depending on v(Ey)). To prove that the Cauchy operator C is bounded on
L2(\), we will check that the hypothesis of M. Christ local 7'(b) theorem (theorem

. N
51) are satisfied with absolute constants, that is for any @7, 0 <n < 5 1< <47,

there exists b} supported on @’ such that
() (1]l < CC
(ii) [IC(bFdM) || < C;

(i) ‘ /Q | > 0N(Q))

where C' and ¢ are absolute constants. Furthermore, the proof of theorem 51 implies

that ||Cy||22 < CCy for some absolute constant C' > 0

Construction of the b}’s

Let QY be the initial square. Recall that C(v) is bounded. We would like to write

v = bd\ and set b° = b (where §° is the function associated to Q°). But, v is absolutely

continuous with respect to ds;Ey but not with respect to ds;g, . Thus, we should
2

adapt v to 8E%. To do this, set

F (@

=3

j=1 (Q

)
)

m‘zu.

XQJ .

>~

oz =

Then,
(i) [Ibl|oc < CCy since |v (Q’ )| < CCoA (Q” );

(i) |C(bdN)||eo < C. To see thls the idea now is to compare C(bd\) with C(v).
Assume that z is closed to OE%7 that is z € 2Q]70 for some jo. Write bd\ =

4 ds[BQJN
v(Q, 2 and v =" ; v. Then, using the fact that
2
(@) = |62) (@)
we get
ds ;i J 2
10Q% 3Qg
c (@) =) Xgiv | (2)] < —
2" Wieey) 2 ‘Lice
< C.

Since C(v) is bounded, we are done if C(ds[aQJ0 )(2) is bounded. If Qfo

a disc, it is obvious. Thus, up to some techmcal problems (smoothlng the
boundary of @ since the problem comes from the corners of Q]i’ ), we can
2 2
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assume that it is true. We leave to the reader the case where z is far away

from 8E%.
4%
(i) [ bah=3" (@) =¥(C) = 2(Ex) = A€) = XQ°)
Q o
N . . .
Fix now Q7,0 <n < 5 0 < j < 4™ As before, comparing with v, we prove that
4y ds Qk
the measure m = ; V(Qk ) (an ) has bounded Cauchy transform. The idea

now is to “transport” the measure m. To do this, write Q7 = 47"Q° + 27 and set
72 = 7(2) = 47242} We can assume that Q% = 7(Q%_ ) forany k =1,.. e
2 2

47]}771 dS[an
Then, the image measure 7, of m by 7 is given by 7,,, = Z Z/(Qk ) i@ Q" 3 Since
k=1

C(tm)(2) = 4"C(m)(4" (2 —2}')), 47 "7, has bounded Cauchy transform. NOW consider
b supported on Q7 such that

Then, b} satisfies
( ) ||bn||oo < CCO since V(Qk ) CCOA(QI&—TI)’
(i) [IC(b7dN)][se < C (see above)

(i) / DA = 4777, (C) = 47"(C) = 4" (Ey) = M(QJ).

This completes the proof of lemma 90, and therefore of theorem 85. See [62] for

another presentation of this proof and for a discussion of the general case.
O

3. Concluding remarks and open problems

Does theorem 85 provide a satisfactory solution to the Painlevé problem (for in-
stance, in the spirit of L. Ahlfors’ quotation given in the introduction) 7

We can not expect to give a definitive answer to this question. However, we will
describe two open problems related to removability for bounded analytic functions.
Question 1 (respectively question 3) has a metric (respectively geometric) nature. Us-
ing Tolsa’s result, they can be restated in terms of Menger curvature. Therefore, in
some sense, answering to question 1 and question 3 by the use of theorem 85 would
mean that Tolsa’s result provides a metric/geometric characterization of removable
sets for bounded analytic functions.
On the other hand, as we have seen in chapter 4, it is quite hard to estimate the Menger
curvature, and therefore to construct measures with finite curvature supported on a
given set. In other words, in order to prove that a set is removable for bounded ana-
lytic functions, it is not so easy to check hypothesis of theorem 85, or just to have the
feeling that a measure with finite curvature and supported on the set exists | Hence,
it would be useful to find (at least in some special situations) more “visual” conditions.
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Question 1: Is the class of removable sets for bounded analytic functions stable
under bilipschitz homeomorphism f: C — C ?

Recall that f : C — C is bilipschitz if there exists C' > 1 such that
Clz —y| <|f(x) = f(y)| < Clo —y|

whenever z, y € C.
An answer “yes” to the following question will imply an answer “yes” to question 1.

Question 2: Let p be a positive Radon measure in C with linear growth and finite
Menger curvature and let f : C — C be a bilipschitz homeomorphism. Denote by pf
the image measure of ;¢ by f. Is the Menger curvature of uy finite 7

Note that s has linear growth. The answer is “yes” if f is affine or of class C1*¢ (see
[99]). Therefore, the class of removable sets is stable under affine functions. This gives
an affirmative answer to a problem raised by A. O’Farrel who asked if v(f(F)) =0
whenever v(E) = 0 and f : R? — R? is the map given by f(z,y) = (z,2y) (see [104]).
We can not expect to control ¢?(us) by ¢*(u). To see this, consider for instance
W= E%[OJ]' Then, for any bilipschitz homeomorphism f : C — C, uy is supported by
a chord-arc curve (which is a typical example of Ahlfors-regular curve) and in general,
2(pus) > 0 whereas ¢?(u) = 0. A reasonable conjecture is that there exists C > 0
(depending on the bilipschitz constant of f and on the growth of y) such that

Aug) < C(u(C) + ().

This estimate holds if p is Ahlfors-regular [88]. See also [45] for some results in the
case of Cantor type sets.

Question 3: Let E be a compact set such that Fav(E) > 0. Is it true that E is not
removable for bounded analytic functions ?

This questions is the open direction in the Vitushkin conjecture (see chapter 6). By
theorem 85, it is equivalent to

Question 4: Let E C C be a compact set such that Fav(E) > 0. Does there exist
a positive Radon measure p supported on E with linear growth and finite Menger
curvature (that is MC(E) # 0) ?

A typical example of compact sets £ in C with Fav(E) > 0 is a continuum. In
this case, such a measure have been constructed in chapter 4. It is not clear how to
adapt these arguments in the general case.

Note that the relationship between analytic capacity and Favard length is far away
to be understood. As far as I know, the only result is due to T. Murai [76]: If £
Fav(E)?

I(T)z
N-th generation of the linear 4-corners Cantor set, we know that v(Ey) is comparable
-1

is a subset of a Lipschitz graph I', then v(E) > C . However, if Ey is the

1
to —=. On the other hand, it is known that Fav(Ey) > % [64]. A reasonable

VN o
conjecture is that Fav(Ey) < i and thus Fav(Ey) is comparable to v(Ey)2. An

upper bound is given in [89] (where the interested reader can find more details about
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this problem), but this bound is much bigger that %

A more challenging problem is to extend most of the results of the last two chapters
in higher dimensions, that is in the setting of the study of removable sets for harmonic
Lipschitz functions in R™. As noted previously, the main obstacle to do this is the
lack of an appropriate “Menger curvature”. Recall that a compact set £ C R"™ is
removable for Lipschitz harmonic functions if for any open set U containing E and
any Lipschitz function f : U — R which is harmonic in U \ E, f is harmonic in U. If
n =2 and if H'(F) < +o00, then E is removable for bounded analytic functions if and
only if £ is removable for Lipschitz harmonic functions. This follows from the results
of [26] and [27]. See [65] and [70] for the state of the art concerning this problem.
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