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CRACKTIP IS A GLOBAL
MUMFORD-SHAH MINIMIZER

Alexis Bonnet, Guy David

Abstract. — We show that the pair (u, K) given by K = (—00,0] C R? and
u(rcos®,rsinf) = \/2/m r'/?sin(9/2) for r >0and —7T <O <7

is a global Mumford-Shah minimizer. This means that if K is another closed set in
the plane with locally finite Hausdorff measure, % is a function on R? \ K with a
derivative in L .(R?>~ K), and the pair (%, K) coincides with (u, K) out of some disk
B, then
HY (K NB)+ /
B\K
where H' denotes Hausdorff measure.

We shall also show that every global Mumford-Shah minimizer (u’, K’) that is
sufficiently close to (u, K) near infinity must be equivalent to it. This is the case, for
instance, if some blow-in limit of (v/, K') equals (u, K).

The proofs will be based on a detailed study of the harmonic function v’ conjugated
to v/, and its level sets. We shall also use blow-up techniques and the monotonicity
of an energy integral.

Vul? < Hl(me)Jr/ v,
B\G
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Résumé (Cracktip est un minimum de Mumford-Shah global)
Le résultat principal de ce texte est que le couple (u, K) défini par K =] —00,0] C
R? et
u(rcosf,rsinf) = \/2/m r*/%sin(0/2) pour r >0et —T <O <7

est un minimum global de la fonctionnelle de Mumford-Shah. Ceci signifie que si K
est un fermé du plan de mesure de Hausdorff de dimension 1 localement finie, u est
une fonction définie sur R? \ K dont la dérivée est dans L2 (R? \ K), et si le couple

loc
(u, K) coincide avec (u, K') hors d’un disque B, on a

Hl(KnB)+/

[Vaul® < Hl(me)Jr/ |val?,
BN\NK

B~\G
ot ’on note H'! la mesure de Hausdorff.

On montrera aussi que tout minimum global (u/,K’) de la fonctionnelle de
Mumford-Shah qui est suffisament proche de (u, K') a l'infini lui est équivalent. C’est
le cas par exemple si 'une des limites de (v/, K’) par implosions est égale & (u, K).

La démonstration est basée sur une étude détaillée de la fonction harmonique conju-
guée de u’ et de ses ensembles de niveau. On utilise aussi des techniques d’explosion
et la monotonie d’une intégrale d’énergie.
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CHAPTER A

GENERAL INTRODUCTION

1. Introduction

The main goal of this paper is to verify that cracktips (as defined below) are
global minimizers of the Mumford-Shah functional. This gives a positive answer to
a question of E. De Giorgi [DG]. We shall also prove that all the global minimizers
of the Mumford-Shah functional that are close enough to cracktips (in ways that will
soon be made precise) are cracktips.

The global version of the Mumford-Shah functional that we consider here is morally
given by

(1.1) T(u, K) = /R _IVul + H(K)

where H!(K) denotes the one-dimensional Hausdorff measure of the closed set K
[see for instance [Fa] or [Ma] for definitions]. This is only a moral definition, because
J(u, K) = +o0 for all interesting competitors (u, K), and so we shall have to give a
more local definition of competitors and minimizers.

Let us first define the set Uy of admissible pairs (or competitors). These are the
pairs (u, K), where K is a closed subset of the plane, u € VVlf)cz(R2 \ K) is a function
defined on R? \ K and whose distributional gradient Vu lies in L2 _ (R? \ K), and
which satisfy the additional requirement that

(1.2) H'(K N Bg) +/ |Vu|? < 400 forall R >0,
Br~\K

where we denote by B = B(0, R) the open disk centered at the origin and with
radius R.

Next let (u,K) € Uy be given. A competitor for (u,K) is an admissible pair
(v, G) € Up which satisfies the following properties for some (large) R > 0:

(13) G\BR =K\337



2 1. INTRODUCTION
(1.4) v(z) = u(z) on R?\ (KU Bg),

(1.5)  if 2,y € R? \ (K U Bg) are separated by K, then G also separates them.

[We say that K separates x from y when x,y lie in different connected components
of R”Z\ K|

Note that if (1.3)-(1.5) hold for R > 0, they also hold for all R’ > R.

Definition 1.6. — A global minimizer (for the Mumford-Shah functional) is an admis-
sible pair (u, K) € Uy such that

(1.7) HY(K N Bg) + / |Vu|®* < HY(G N Bg) + / |Vol?
Br~\K Br~\G
for all competitors (v, G) for (u, K) and R > 0 such that (1.3)-(1.5) hold.

Note that we do not need to be too specific about R: if (1.7) holds for some R such
that (1.3)-(1.5) hold, it stays true for all such R (by (1.3) and (1.4)).

This class of global minimizers was introduced in [Bo|, where it is shown that if
(uo, Ko) is a minimizer for the (usual) Mumford-Shah functional

(1.8) J(u,K)=/Q Klu—g|2+H1(K)+/Q IV

(on a bounded domain 2, and with a given bounded function g on ), then all limits
of (u, K) under blow-ups are global minimizers as in Definition 1.6. Our topological
condition (1.5) actually comes from this in a natural way; see Section 12 for details
about this.

Note that if (u, K) is a global minimizer, we can always add any closed set of
H'-measure zero to K, and this gives another global minimizer equivalent to (u, K).
We shall 1 say that the global minimizer (u, K) is “reduced” if there is no > proper closed
subset K of K such that u extends to a function & € Wloc (R% < K) and (@, K)
is a competitor for (u,K). [We add this last constraint because of the topological
condition (1.5); we want to avoid opening holes that would change the true nature of
(u, K).]

It is not too hard to check that for each global minimizer (u, K) there is a reduced
global minimizer (%, K) which is equivalent to (u, K), that is, such that K C K,
@ is an extension of u, and (4, K) is a competitor for (u,K). Because of this, we
shall always assume that all our global minimizers are reduced. We don’t loose any
generality, and this will allow us to give more pleasant descriptions of K.

The natural analogue in the present context of the celebrated Mumford-Shah con-
jecture in [MuSh] is that all (reduced) global minimizers belong to the following short
list:

(1.9) K = @ and u is constant;
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1. INTRODUCTION 3

110 K is a line and u is constant on each
(1.10) of the two connected components of R? \ K ;
(1.11) K is a propeller (see the definition below) and

' u is constant on each of the 3 components of R? \ K ;
(1.12) (u, K) is a cracktip (also see below).

We call propeller a union of three half-lines with a common endpoint (called center)
and that make 120° angles with each other.

We call cracktips the pairs (u, K') such that, after a suitable change of coordinates
in the plane,

(1.13) K = {(z,0) ; z <0}

(a half-line) and u is given by
0
(1.14) u(rcosf,rsinf) = £+/2/m rl/zsin§+C’

for r > 0 and —7 < 6 < w. The (constant) sign + and the value of the constant C
obviously do not matter.

If the conjecture above where true, then the Mumford-Shah conjecture would quite
probably follow, using the arguments in [Bo] (we did not check all the details). The
converse is less clear a priori (there could be global minimizers that do not show up
as blow-ups of Mumford-Shah minimizers).

Recall that if (u, K) is a global minimizer and K is connected, then (u, K) belongs
to the short list above. This is one of the main points of [Bo], where it is used to
prove that isolated components of Ky for Mumford-Shah minimizers are finite unions
of Cl-curves.

The pairs (u, K) in (1.9), (1.10), and (1.11) are easily seen to be global minimizers.
Note that the topological condition (1.5) is needed for this. The main result of this
paper is that

(1.15) Cracktips (as defined by (1.13) and (1.14)) are global minimizers.

Note that in the case of cracktips, the topological condition (1.5) on competitors
for (u, K) is void, because K does not separate any pair of points. Thus cracktips are
also minimizers for De Giorgi’s definition, even though [DG] does not mention (1.5).

Our proof of (1.15) will also give that all global minimizers that are sufficiently
close to a cracktip are actually cracktips. The precise meaning of “sufficiently close”
may vary a little. Here is an example of sufficient condition.

SOCIETE MATHEMATIQUE DE FRANCE 2001



4 1. INTRODUCTION

Theorem 1.16. — Let (u, K) be a global minimizer. Suppose that there is a connected
component Ko of K such that K\ Ky is bounded. Then (u, K) is one of the minimizers
of the short list (1.9)-(1.12).

As we shall see later, the only new case is when K| looks like a half line at infinity,
and then (u, K) is a cracktip. The other cases correspond to simpler global minimizers
as in (1.9)-(1.11).

Another result that we shall prove is that if (u, K) is a global minimizer and at
least one of its blow-ins is a cracktip, then (u, K) is a cracktip. Since we want to
avoid giving the definition of blow-ins now, the precise statement will only be given
later. See Theorem 40.4.

The two statements above can be seen as progress in the direction of the Mumford-
Shah conjecture. We can also hope that the techniques of this paper will be useful to
get further information on Mumford-Shah and global minimizers. On the other hand,
the results obtained here can be seen as one more perturbation result of the type
“global minimizers that are close enough to a minimizer of the short list (1.9)-(1.12)
are in the list”.

It seems very plausible that there exist simple domains  (like the unit disk B(0,1)),
functions g € L*°(Q) (like the restriction to B(0,1) of the cracktip function u in
(1.14)), and minimizers (u, K) of the Mumford-Shah functional in (1.8), such that K
is a C! curve with an open end in § (like K = (—1,0] in B(0,1)). The results of this
paper do not seem to imply this directly.

The proof of (1.15) will be long and technical, but the general scheme is not too hard
to describe. To make this paper less unpleasant to read, we give in the next section
a reasonably precise description of the argument; this description would almost be a
proof if we knew already that our minimizers are sufficiently smooth (for instance,
finite unions of C! curves). After this, we give the proof in all its gory details.
Probably the reader will not want to see some of them (like the proof of existence of
minimizers for a functional which is very close to to the usual one); we shall try to
help by cutting the proof in fairly small steps with explicit titles, so that the reader
can skip some sections and see where he stands in the general scheme.

Our proof contains a few partial results that also hold for global minimizers, and
may have independent interest. We also reprove some known results, because we
need to extend them to our special minimizers. In particular we give (near Section 9)
a slightly more detailed version of a proof of existence of Mumford-Shah minimizers
from Dal Maso, Morel, and Solimini [DMS]. Note that this will be done also in [MaSo],
without the slightly unpleasant worry about the extra boundary (—oo, —1], and with
an argument that works in higher dimensions.

We also check with a little more detail than in [Bo] the fact that limits of global
minimizers are global minimizers (Section 12)(also see [Lé3]), and that if (v,G) is a
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2. A DESCRIPTION OF THE PROOF 5

reduced global minimizer, R? \. G has no bounded connected component (Section 15).
In fact, every component of R\ G contains disks of arbitrarily large radii (Section 17),
and is even a John domain with center at infinity (see Lemma 20.1 and Remark 20.5).
We also have to settle the relatively easy case when v is locally constant somewhere
(Section 18).

The construction of a harmonic function w conjugated to v, as well as the descrip-
tion of its boundary behaviour near G and the structure of almost all its level sets I'y,
(as in Sections 25-32) could be useful in later developments. See in particular Lemma
22.3, Propositions 25.1, 26.2, 28.2, 30.1, and the first lines of Section 32.

We should mention here that since this manuscript was written, it has been proved
[DaLé] that for reduced global minimizers, R \ G is connected (unless G is a line
or a propeller). Some additional local regularity properties of G are deduced from
this, but although these results can simplify some of the arguments below, they do
not seem to allow enormous shortcuts.

The second author wishes to mention the fact that the scheme of the proof is due to
the first author. He is ready to admit that he is responsible for many of the technical
details, though. Both authors wish to thank Marie-Claude Vergne for typing the
manuscript.

2. A description of the proof
We shall denote by (ug, Ko) the cracktip with

(2.1) Ko ={(z,0); z <0}
and
(2.2) ug (r cos @, rsin @) = /2/m ri/? sin 2

2
for r > 0 and —7 < 6 < 7, which corresponds to the sign + and C =0 in (1.14).

We shall assume that (ug, Ko) is not a global minimizer, and our first task will
be to find a minimizer (v,G) # (ug, Ko) which looks a lot like (ug, Ko) at infinity.
Unfortunately we shall not be able to do this with exactly the same functional J as
above. The point is that if (u1, K1) is a competitor for (ug, Kp) which is strictly better,
it is too easy to find even better competitors by just dilating (u3, K1). To avoid this
lack of compactness, we shall introduce slightly different functionals Jr (where the
parameter R is a large radius, and our competitors will be forced to equal (ug, Ko)
out of Bg). In the definition of Jr we shall replace H'(K) with a nonlinear function
of H1(K). The usual theory of Mumford-Shah minimizers will still give us minimizers
(ur, Kg) of Jg, and the effect of the nonlinear function will be to force Kg to be a
compact perturbation of Ky (with the symmetric difference KgAK contained in a
ball that does not depend on R), without having to put special constraints to that

SOCIETE MATHEMATIQUE DE FRANCE 2001



6 2. A DESCRIPTION OF THE PROOF

effect. The desired minimizer (v, G) (of a slightly different functional) will then be
obtained as a limit of the pairs (ugr, Kg).

The rest of the argument consists in showing that any (reduced) minimizer (v, G)
(either for the initial Mumford-Shah problem or the slightly modified functional) that
is close enough to (ug, Ko) at infinity must be a cracktip. This will then produce the
desired contradiction.

We shall have to use many of the known results on global minimizer (and their
straightforward extension to our modified functional). In particular, we shall con-
stantly use the fact that for H!-almost every point zo of G there is a small radius
r > 0 such that GN B (2¢,7) is a C'-curve that crosses B (29,7). [See [Da] or [AFP].]
We shall call such points zp regular points of G.

Since v minimizes / |Vv|? locally, it is harmonic on R2 <. G. We shall check that v

has a harmonic conjugate, that is, a harmonic function w on R? \ G such that v + jw
is holomorphic on R? \ G = C \ G. This is a (probably quite classical) consequence
of the fact that v satisfies the Neumann condition dv/0n = 0 on the boundary G.
See Section 22.

Next we want to check that w has a continuous extension to R?, and that this
extension is constant on each connected component of G. This is not surprising, and
would even be very easy if we knew that G is sufficiently smooth. The point is that
at the locations where G is a C'-curve, v and w have C' boundary values (one from
each side of the curve). [See Section 14.] From the Neumann condition dv/dn = 0
and the definition of w we deduce that the tangential derivative dw/01 = 0v/dn
vanishes, so that the boundary values of w near regular points are locally constant.
This essentially gives the result; the technical part of the proof consists in checking
that w does not have weird jumps near the (possibly infinitely many) non regular
points of G. See Sections 25-27.

We shall need to know that for each regular point zp of G,
(2.3) the jump of v at zg is # 0.

By jump of v we mean the difference between the boundary values of v from both
sides of G; we do not need to be precise about the sign of the jump here. This will be
fairly easy to check: if v had no jump at 2y, we would be able to produce a competitor
strictly better that (v, G) by removing a small arc G N B (2o, 7) near 2 from G, and
modifying v in B (29,2r) so that the values in B (2o,7) patch nicely. By choosing r
small enough (and because v has no jump at zero) it would be possible to do this

with a much smaller loss in energy ( / |Vv|2> than H! (GN B (20,7)). Note that

removing a piece from G is allowed by our topological condition (1.5), because R\ G
has only one unbounded component. Thus we would get a contradiction, and (2.3)
holds. See Section 16 for details.
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2. A DESCRIPTION OF THE PROOF 7

A consequence of (2.3) is that
(2.4) R? \ G is connected

In other words, R? ~\ G has no bounded connected component. Indeed, if Q was a
bounded component of R? \ G, we would be able to find a point 29 € Q which is a
regular point of G. Note that we can add any constant to v in Q without affecting
the minimizing property of (v, G). By choosing the constant correctly, we can arrange
a contradiction with (2.3). This proves (2.4). [See Section 15, and Section 17 for a
more precise result.|

An important part of the argument is the study of the level sets
T ={z€R?; w(z) =m}.

Let us normalize w (by adding a constant to it) so that w(z) = 0 on the unbounded
component of G. We shall prove that I', = @ for m > 0 and I'y, is a rectifiable
Jordan curve through infinity for almost all m < 0. Moreover, the function v is
strictly monotonous on each such Jordan curve.

If G had only countably many connected components, this would be fairly easy. Let
us describe the argument in that case. Because w is constant on each component of G,
only countably many sets I';, can meet G. For the other values of m (and if 'y, # @),
I',, is a level set of the harmonic function w in R? \ G. Note that w is not locally
constant anywhere in R? \ G, because R? \ G is connected and this would imply that
v is constant on R? \ G. [This is not possible if (v, G) looks like (ug, Ko) at infinity.]
Thus I',, is composed of analytic arcs, which may possibly meet in a starlike way
at critical points of w. These critical points are zeroes of the holomorphic function
(v + iw)’, so they are isolated point in R? \ G. They are also isolated points in
I', € RZ\ G. Because (v, Q) is close to (ug, Ko) near infinity, it will be easy to check
that w has no critical point in a neighborhood of infinity. Altogether, I';,, contains
only finitely many critical points. Thus I';, has a simple structure: finitely many
analytic arcs that connect critical points or go to infinity.

Next I';,, does not contain any (closed) loops. Indeed, suppose 7 is a loop in T'y,,
and denote by Q the bounded domain with boundary v. We may assume that 2
is minimal (among such domains), because I'y,, is composed of finitely many arcs.
Then I'y, does not meet Q. (This also uses the fact that arcs of I'y, have to end at a
critical point or escape at infinity). So w — m does not change signs on Q. Assume
for definiteness that w(z) > m on Q. Except at (a finite number of) critical points,
the normal derivative Ow/dn (with a choice of normal pointing into ) is positive on
09, and so the tangential derivative Ov/0T = dw/dn is also positive (if we choose the
trigonometric orientation on v = 9). Thus v is strictly increasing along 7, which is
of course impossible since 7 is a loop.

Thus I';, has no loops. Then each connected component of ', is a tree, with finite
arcs connecting critical points and infinite arcs escaping to infinity. Because (v, G) is
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8 2. A DESCRIPTION OF THE PROOF

close to (ug, Ko) near infinity, we can easily check that there are at most 2 branches
of I'y, going to infinity. [We shall find lots of large radii R for which 8Br NI, has at
most 2 points.] Then the only options are I';, = @ (which happens for m > 0) and
I'y, is a Jordan curve through infinity (which happens for m < 0).

The fact that v is strictly monotonous on I',,, when I'y, is a Jordan curve as above
is easy, because we now know that there is no critical point on I', (they would create
too many branches) and dv/d1 = dw/dn does not change signs on T'y,.

In the general case when G has uncountably many connected components, we
can exclude first the countably many values of m for which I';,, meets a nontrivial
connected component of G. [There is at most countably many such components, since
each of them has positive measure.] Nonetheless we are left with a bad subset G’ of
G (the set of points z € G such that {z} is the component of z in G). Of course
H'(G') = 0 because G’ contains no regular point of G, but nonetheless G’ could a
priori meet many (or even most) I'y,. We shall have to check that G’ has a small
effect on the properties of I',, described above, at least for almost every value of m.
See Sections 28-32 for details.

Our study of the level sets I',,, will allow us to give a good description of the vari-
ations of the boundary values of v on G when you turn around a bounded connected
component Gy of G. The only interesting case is when Gy is not reduced to a point.
Then almost every point of Gy is a regular point, and v has boundary values at those
points (from both accesses).

We shall prove that when you turn around Gy and restrict to regular points, the
variations of (the boundary values of) v are as simple as they can be: v is strictly
increasing and then strictly decreasing. Let us only give a fairly loose argument
here, based on Figures 2.1 and 2.1 bis below, just to convince the reader that this
is coherent with what we know from the behavior of v on the level sets I',,,. Denote
by my the constant value of w on Gy (so that Gy C I'y,,). We can find sequences of
numbers m tending to mg from above and from below, such that each I'y, is a Jordan
curve through infinity and v is strictly monotonous on I';,,. Note that these curves
do not meet each other, and all the points of Gy are limits of points of such curves.
[Indeed, otherwise w would have a local minimum somewhere, and since almost all
its level lines contain no loop, this would force w, and then v, to be locally constant
somewhere.] We shall see in the proof that this forces a behavior of v on G like the
one suggested by Figure 2.1. and Figure 2.1 bis. See Section 34.

To continue our argument we set mo = inf {w(2) ; z € G}. Note that mg > —o0
because G has only one unbounded component G,, and G \ G is bounded. Next
set

(2.5) Qo ={z€R?; w(z) <mo}.
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2. A DESCRIPTION OF THE PROOF 9

FIGURE 2.1 FIGURE 2.1 BIS

FIGURES 2.1 AND 2.1 BIS. The arrows indicate the direction where v increases.
The minimum of v is at m and the maximum at M.

It is not too hard to show that

(2.6) 0 is connected.

Actually, we shall not really need to check (2.6), it will be enough to know that 0%
is the limit of Jordan curves I',,, m < myg.

For each fixed point = € Qy, set

2.7) ®(r) =+ / Vo|?
T JQonB(z,r)

for r > 0. Because of (2.6), we can apply the monotonicity argument of [Bo] to get
that

(2.8) ® is nondecreasing.
Indeed, the argument in [Bo] only needs (2.6), plus the fact that v is harmonic and
Ov/On = 0 on 0. This last property holds on 9y N G by the Neumann condition

on v, and on 8Q \ G C I'my N (R? \ G) because dv/dn = dw/dr = 0 there. See
Section 35.

Set £(x) =lirrb ®(r). We can use (2.8) and the fact that (v, G) looks like (ug, Ko)
T—
at infinity to show that ¢(z) < lim ®(r) = 1.
T—00

Because the only case when ®(r) can be locally constant in the monotonicity ar-
gument of [Bo] is the case of a multiple of a cracktip, we even get that ¢(z) < 1.
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It is also possible to get rid of the case when 0 < ¢(z) < 1. The rough idea is that
in this case (v, G) would have blow-ups at = for which the analogue of ® is constant.
These blow-ups would have to be multiples of cracktips (as above), and they also
would have to be global minimizers (as are all blow-ups of (v, G)). This last would
force £ > 1 (essentially, by direct computation on a cracktip).

The argument in Sections 36-37 is a little more complicated than what was just
implied, because we have to take care of the difference between Q¢ N B(z,r) and
B(z,r) N\ G in (2.7).

So we finally get to know that ¢(z) = 0 for all x € Qy. Modulo the difference
between QN B(xz,r) and B(z,7) \ G, this means that all points of y are “low energy
points”. We are only interested in points z € G N Qy = G N Y and (like in the
standard Mumford-Shah theory for low energy points) we shall be able to prove that
all points of G N 0§ are either regular points of G (as defined above) or “spider
points”. This last means that for r small enough, G N B(z,r) is the union of three
disjoint C! arcs that connect = to B(zx,r), and make 120° angles with each other at
their common endpoint z.

We are now fairly close to the final contradiction. Pick a point zo € 9Qy N G.
Note that G is not connected, because otherwise the argument in [Bo] would show
that (v,G) is a cracktip. Thus we can choose zo out of the unbounded connected
component G, of G. [This uses the fact that w = 0 on G, and w < 0 everywhere;
actually we even show that mg < 0, so that Q¢ does not touch G.] Finally denote
by Gy the connected component of 2o in G. Since zo is a regular or a spider point of
G, Gy is not reduced to one point.

We now use our description of the variations of (the boundary values of) v when
we turn around Go. We shall use a parameterization z : S' — Gg of Gg, which we
shall call the “tour of Gy”, and which corresponds to turning around Gy (once) in the
trigonometric sense. For almost-every t € S!, z(t) is a regular point of G, and 2’(t)
exists and is nonzero. For such ¢, v has a limit at z(t), where we only consider the
access from R? \ G from the right of G (which makes sense because z’(t) # 0). Call
this limit u(t). It turns out that u has a continuous extension to S! and that, as was
suggested above, S! splits into two intervals I; and I, with disjoint interiors, where
u is respectively strictly increasing and decreasing.

When t € I; and z(t) is a regular point of G, the part of R? \ G on the right of G
near z(t) lies in Qo, because dw/dn = —Jv/d7 < 0 at z(t). Hence z(t) € 0, and
this stays true for all t € I; by continuity.

So z(I;) is entirely composed of regular and spider points of G. Since spider points
are isolated by definition, and G is compact, there are only finitely many of them.
Hence z(I;) is composed of finitely many C! arcs, which may only meet at spider
points. See Figure 2.2; we do not know how ugly G can be on 2(I3), but we shall not
care.
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«l)

z2Iy)

FIGURE 2.2. Symbolic picture of z(I1).

Note that the restriction of z to I; is injective. This comes from (2.4), which forbids
the existence of any loop in G, and our description of z(I;) as a finite union of C!
curves with no endpoint in I; (which prevents z(.) from arriving at the end of an arc,
and then returning on the other side, as one imagines happens for a cracktip).

Let t € I; be such that z(t) is a regular point. Then there is another point
t* € S! \ {t} such that 2(t*) = 2(t), and we know that t* € I, because t € I;.
Set u*(t) = u(t*). One can check that t* is a (locally) decreasing function of ¢ (by
plane topology and because z turns around G in the trigonometric sense), hence u* is
increasing on I; (because u is decreasing on I3). This is true near points ¢ € I; such
that z(¢) is regular, but when z(t) is a spider point, t* and u*(t) may have jumps,
which are respectively negative (by topology again) and positive.

Altogether, u is continuous and increasing on I; (the continuity comes from the
fact that all points of 2(t) are regular or spider points), and u* is increasing also, with
a finite number of positive jumps that come from spider points. Also, u(t) # u*(t) on
I, because of (2.3). [When z(t) is a spider point, u*(t) takes two values, and both
are different from u(t).]

Here comes at last the contradiction. Call a the initial endpoint of I;. Because u
increases on I; and decreases on I, u(a) = inf{u(t);t € S'}. Hence u(a) < u*(a),
with obvious adaptation to the case when z(a) is a spider point. Since u*(t) # u(t) on
I, u is continuous, and u* has only positive jumps, we get that u*(t) > u(t) on I;. In
particular, if b denotes the endpoint of 7, we get that u*(b) > u(b). But u*(b) < u(b),
by the same argument that led to u(a) < u*(a). This contradiction will complete our
proof.

For the rest of this paper we shall try to give proofs that are as detailed as seems
reasonably possible. Hopefully the reader will be able to skip rapidly through some
sections; we shall try to make this easier by giving explicit names to them. In some
occasions, we shall ask the reader to believe that the usual proof that Mumford-
Shah minimizers have some property extends to the situation of this paper, instead
of repeating the (long) proof; we shall try to limit these occasions to a small number.
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CHAPTER B

EXISTENCE AND REGULARITY RESULTS
FOR A MODIFIED FUNCTIONAL

3. The functional Jg, R > 1

As we said in the introduction, our general plan for proving (1.15) is to assume
that the cracktip defined by (2.1) and (2.2) is not a global minimizer, try to use this
to define an other, exotic minimizer, and eventually derive a contradiction.

Our first stage will be to define, for each R > 1, a functional Jg which is fairly
close to the global Mumford-Shah functional of the introduction, and which admits
minimizers that are not the cracktip. For Jr we shall force our competitors to coincide
with (ug, Ko) outside of B = B(0, R), but later on we shall let R tend to 400, and

then undesirable local boundary effects will disappear.

Let us first define our set Ug of acceptable competitors. Set
(3.1) Ur= {(v,G)€Up:G contains L = (—o00,—1], G\ Bg = Ko \ B,
' and v(z) = uo(z) for all z € R* \ (BrUKj)},

where Uj is the set of admissible pairs in the introduction. Next set

(3.2) Jr(v,G) = h (H (G N L)) + fB . |Vo|?,

where h is a nice increasing function with the following properties. First
(3.3) h(t) =t for 0 <t <ty,

where t; > 2 will be chosen soon. The main point will be to make sure that (ug, Ko)
does not minimize Jr. Next we want that

(3.4) h(t) = At for t large enough,

with a (large) constant A that will be chosen later. The point here is that if A is large
enough, it will not be worth taking competitors with large values of H!(G \ L). This
in turn will help us prove that for minimizers (vg, Ggr) of Jg, Gg \ L stays bounded
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(independently of R). We also require that

(3.5) h be increasing, convex, of class C*,
and that
(3.6) h'(Bt) < 2h/(t) for all t >0,

with a large constant B to be chosen later. [So A’ only increases very slowly; this will
make our life easier.]

Of course the constraints on h are not optimal; we only want a reasonable choice
of h to work with.

We shall now choose t1; the other constants A and B will be chosen later in the
proof. Since we have assumed that (ug, Kp) is not a global minimizer, there is a
competitor (u1, Ki) for (ug, Ko) which does strictly better. Thus (uj, K;) coincides
with (ug, Ko) (as in (1.3) and (1.4)) out of some ball B; = B (0, R;), and

(3.7)  HY'(K;NB) +/

|VU1|2 < H?! (K() n Bl) +/ IVUo‘z .
B]\Kl

B\ Ky
[See (1.7) and the remark that follows; also note that (1.5) is void here, because
R? \ Ky is connected.]

A small computation using the homogeneity of ug shows that Ko = Ri‘lK 1 and
ug(z) = Rl_l/ 2u1 (Ryz) also have the properties above, but with the radius Ry = 1.
Thus we may assume that (u;, K1) was already chosen with Ry = 1. Then (u1, K;) €
Ug for all R > 1. We now choose t; > 2 so that H!(K; \ L) < t;. With this choice
of tl,

(3.8) Jr (u1, K1) = H' (K1 N L) +/ |V, |2
Br~\K;

< H' (Ko~ L) +/ [Vuol|® = Jr (uo, Ko)
Br~Kp

by (3.7), and because the contributions from Bg \ By and H' (L N Bg) are equal.
Set

(3.9) n(R) = inf {Jr(u, K) ; (u,K) € Ur}.
We have just seen that
(310) U(R) < Jgr (UO, K()) .

In the next few sections, we want to prove the existence of minimizers for the
functional Jg on Ug. At the same time, we want to derive some information on
the minimizers. All this will be very close to standard proofs in the Mumford-Shah

theory. We shall give the details anyway, both for completeness and because we need
to convince the reader that some of our estimates do not depend on A.
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4. LOCAL AHLFORS-REGULARITY FOR MINIMIZERS OF Jgr 15

Our proof of existence will use minimizing sequences and uniform estimates (like
the concentration property of [DMS]), instead of the compactness properties of BV
or SBV. Because of this, it will be useful to consider also the restriction JX of Jg to
the smaller class of candidates

(3.11) Uk = {(u,K) € Ug : K has at most k connected components} .

The advantage of this class, as we shall see, is that J 1’3 automatically reaches its
minimum on U¥.

4. Local Ahlfors-regularity for minimizers of Jgp

Let R > 1 be fixed, and let (v,G) be a minimizer for Jg (on Ug) or for J§ (on
Uk).

We shall systematically assume that (v, G) is “reduced”, which means that there
is no closed subset G’ of G, with G’ # G and L C G’, and such that v has an

extension in W,22(R? \ G). In the case of J&, we only consider sets G’ with at most

k components. In other words, we require that G be minimal with the given v. It
is fairly easy to replace any minimizer for Jg (or J ,’%) with a reduced minimizer with
(essentially) the same v. Set

(4.1) G T =G~NL=G\ (—o00,-1].

The main purpose of this section is the prove that G~ is locally Ahlfors-regular,
like in the elimination lemma of [DMS]. We start with simpler properties.

Lemma4.2. — For z € R? and r > 0,
(4.3) H' (G~ NB(z,r)) < 2nr.

To prove this, simply compare (v, G) with the competitor (v1,G;) where
(4.4) G1=GU(BrNB(z,r))\ (G~ NB(z,r)),

and v is the same as v except on Bg N B(z,r), where we take v; to be any constant.
It is clear that (vi,G1) € Ug. If (v,G) € UL and GN B(z,r) # @, then G; does
not have more connected components than G, and (v1,G;) € U, 1’% as well. [Otherwise,
(4.3) is true trivially and we don’t need to worry.] Obviously

(4.5) / Vo |? = / Vof? - / Vol < / Vol?,
Br~Gi Br~\G BrNB(z,r)\G Br~\G

and since
(4.6) H'(Gy) <H'(G™) - H' (G~ N B(z,r)) + 277
by (4.4), we get (4.3) by minimality of (v, G). O
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The same argument also tells us something about

a= / |Vol?.
BrNB(z,r)\G

Let us assume that
4.7) GNB(z,r) # 9,
so that G; above does not have more connected components than G and (v1,G1) € U 1’3
if (v, G) € UL. Since (v, G) is a minimizer,
(4.8) a <h(H'(GY)) —h(H' (G7))
by (4.5) and (3.2). This will be easier to use if 7 is not too large. Set
(4.9) r¢ =B+ BH'(G7),
where B is as in (3.6), and
(4.10) A=Xc=h(H(G)).
Let us check that
(4.11) h(H'(G7) +t) <h(H'(G™)) +4xt for 0 < t < 107¢.

If t < (B*—1)H'(G™), this is an immediate consequence of (3.6) (because h’
is nondecreasing). Otherwise H! (G~) < t/(B? —1) < 10rg/(B% — 1) and, if B is
large enough, a comparison with (4.9) gives that H' (G~) < 1. In this case A = 1,
t < 10rg < 20B, and (4.11) follows again from (3.6).

We may now return to (4.8). Note that H! (G7) < H! (G™)+2nr by (4.6). Hence,
if r < r¢ we may apply (4.11) with ¢ = 277, and (4.8) says that a < 87rA. Let us
summarize.

Lemma 4.12. — If (v,G) minimizes Jg or J&, x € R, 0 < r < rg, and if (4.7) holds,
then

(4.13) / |Vo|? < 87
BrNB(z,r)\G

We now come to the more delicate part of this section, the local Ahlfors-regularity
of G~. The next result is only a minor modification of the “elimination lemma” in
[DMS]. Our proof will be more like the one in [MoSo] or [DaSel]; we shall repeat the
main lines because we need to be careful about the dependence on constants.

Proposition 4.14. — There is a constant C1 < 1, that does not depend on A, B, or R,
such that for all R > 1, all minimizers (v,G) for Jg or for some J&, allz € G~ and
all radit v > 0 such that

(4.15) r<rg
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and

(4.16) B(z,r) C Bg ~ {-1},
we have that

(4.17) H' (G~ nB(z,r) > Cy'r.

We want to prove the proposition by contradiction, and so we assume that we can
find z,r as in the statement, but such that (4.17) does not hold. We want to produce
a contradiction (if C; is large enough).

First observe that since (v, G) is a reduced minimizer, H! (G N B(z, p)) > 0 for all
p > 0. This uses the fact that closed sets with vanishing one-dimensional Hausdorff
measure are removable for bounded functions in W'lif In more concrete terms, if
H! (G N B(x,p)) =0 for some p > 0, we could extend v through G N B(z, p) to get a
function in VVlﬁf near z. The argument is classical (see already [MuSh]), and so we

do not elaborate.
Since z € G~ = G ~\ L we also get that H! (G~ N B(x, p)) > 0 for all p > 0.

By a minor variant of the Lebesgue differentiation theorem (see for instance [Ma,
page 86), we know that for H!-almost all y € G,
(4.18) limsup p™'H' (G~ N B(y,p)) > 1.

p—0

In particular, we can find points y € G~ N B (z,r/10) such that (4.18) holds. For such
points, the disk B (y,r/10) still satisfies the constraints (4.15) and (4.16), and does
not satisfy the conclusion (4.17) either, except for the fact that we have to replace C;
with 10C;. Thus we may as well assume that our first choice of x satisfies (4.18).

All the disks B (z,1077r), j > 0, satisfy the hypotheses (4.15) and (4.16). Because
z satisfies (4.18) (and if C; > 10, say), many of these disks satisfy (4.17). Thus we
may replace our initial choice of r with a new one (of the type 10~77, but which we’ll
call r immediately), which still satisfies the negation of (4.17), i.e.,

(4.19) H' (G~ N B(z,r) < Cy'r,
but for which r/10 satisfies (4.17), i.e.,
(4.20) H' (G~ N B(z,7/10)) > (10C;) "' r.

We want to show that this is impossible if C; is large enough. We shall start with
the most delicate case when

(4.21) B(z,r/8) meets L.
Denote by x; the point of L closest to z. Obviously
(4.22) |21 — 2| < g.
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We want to construct a competitor (vi, G1) that should be better than (v, G), by
removing a good part of G~ N B(x,r). We first choose a disk B; = B (z1,71) with
the following properties:

2r 3r
(423) ? < T < T,
(4.24) 0B NG™ =
(4.25) / |Vu|? < 103,
8B1\G
and
(4.26) / dist (2,0B1) Y2 dH(2) < I,
G~ NB(z,r)
where we set
_ 100 3r/4 ~1/2
(4.27) / / dist (2,0B (x1,t)) "% dH(2)dt.
t=2r/3 JG-NB(z,r)

The precise reasons for our last constraint (4.26) will become clear later. Let us
first observe that we can choose B; as above. Indeed the set of radii r; that satisfy
(4.23) but not (4.24) has measure < C; 'r because of (4.19). [This set is contained in
the image under the 1-Lipschitz mapping z — |z — 21| of G~ N B(z,r).] So most of
the choices of 1 in (4.23) satisfy (4.24). Similarly, (4.25) holds for most choices of 1
because of (4.13), and we can also add the final constraint (4.26), by Chebyshov and
the definition of I.

So we can choose B; with the properties (4.23)-(4.26). Note that since z; € L,
|z1 — x| < r/8 (by (4.22)), and B(z,r) C Br ~ {—1} (by (4.16)), we know that the
half-line L contains a diameter of B;. Let us first modify G and v in the upper half

(4.28) Bf” = {(a,b) € B1 ; b> 0}
of By. We take
(4.29) Gi =G~ B

and let v; be the function defined on R\ G, equal tov on R?\ (Bf U G), continuous

on FIL ~\ L, harmonic on BfL, and which minimizes
(4.30) E, = / Vo2
Bf

Note that the half-circle 0B;" \ L does not meet G because of (4.24); hence the
values of v; on Bj" can be computed from the values of v on OBf" \ L by first
extending these to B; by symmetry, and then taking the restriction to B; of the
Dirichlet extension. We shall give more details about this construction after (4.53); for
the moment, let us just observe that (vy,G1) € Ur. We also have that (v1,G1) € UE
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if (v,G) € UE. The point is that the piece of G that we have removed could not be
essential to connect together pieces of G;: the remaining piece L N B; can be used at
least as efficiently.

Now we want to compare our two candidates, and in particular estimate the cost
in energy that we have to pay for removing G N Bi" , namely,

(4.31) AE=E —-E=E, — / [Vol?.
Bf~G-

In the computations that follow, and in order to get more rapidly to the central
part of the argument, we shall integrate by parts on the slightly irregular domain
Q= B;L ~. G~ without much justification. These integrations by parts are the same
(in fact, a little simpler because there is no initial image g here) as in [MoSo], where
they are carefully justified.

For the sake of completeness, let us also describe an (essentially equivalent) way
to deal with this issue. For each small € > 0, we can surround G~ N By by a finite
collection I', of piecewise C' curves. In fact, we can even take I'c to be composed of
line segments and arcs of circles, to stay within € of G~ N By, and to be contained in
Bfr U (LN By). Then consider the domains Q. bounded by 6Bf' UT. and contained
in Q. On these domains we define harmonic functions v, with the same boundary
values on BBfL \ L as v and v;, and which minimize the energy E. = / IVvel2 .

Qe

On the domain ), we can integrate by parts, and the argument below will give
good estimates on E; — E. that do not depend on €. It is easy to check that (after
taking a subsequence if you wish) the functions v. converge to v, and that E. tends to
E. We then get the desired estimates on AFE with a limiting argument (and without
integrating by parts on irregular domains). Let us not give more details here (and
refer to [MoSo]), but only mention that the construction of the curves I'; and domains
Q. will be done later, although in a slightly different situation (see Section 23), and
the limiting arguments concerning v, and FE, also (see Section 24).

So let us proceed to our estimate of
(4.32) AE = / {1V - [90l?}.
Q
Write |Vo;|? — |[Vo|®> = V (v; — v) - V (v1 + v); then Green says that
(4.33) AE = —/ (v —v) A (v +v)+/ (1 —v)M
Q N on
1o} (’01 + ’U) 1
= vy —v) ——— dH",
AQ( ! ) 877,

with the choice of unit normal n to 92 that makes the signs in our formula right, and
because v and v; are both harmonic on 2.

dH*!
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Decompose 012 into three disjoint pieces 9;, 02, 93, with
(4.34) 0 =0Bf \L, 8,=0BfNL, and 83=G NnB;.

By definition of v; (and also (4.24)), v1 — v vanishes on ;. So we may forget
about 0; in (4.33). Next Ovy/0n = 0 on d.; this is the (classical) Neumann condition
on v; that comes from the minimality of E; (through the Euler-Lagrange condition).
Similarly, dv/0n = 0 on 9, U 85. Thus we can also forget about 9> in (4.33), and
(4.33) simplifies to

(4.35) AE = /8 (v1 —v) W dH! = /G_ (v — v) 2%

Note that we just committed a slight abuse of notation, because in the last integral,
we still mean an integral on 83. Thus it is implied here that a given point of G~ N Bf
may be counted more than once in the integral (in general, twice and with opposite
orientations of the unit normal).

We can also get rid of v10v1/8n in (4.35). First apply Green’s formula on Bj to
get that

B
(4.36) / |Vv1|2=—/ lev1+/ L =/ 0
Bt Bt aB; on 8B on

because v; is harmonic on B;f. The same computation with the domain Q = B NG~
yields

7] 17
(4.37) / [V’u1|2=/ |Vv1|2=/ v1ﬂ+/ vl—vl,
BY Q ot On G-nBf ~ On

with just one additional term that comes from the inside boundary, and with the same
convention (or abuse of notation) concerning integration on G~ N By as in (4.35).
From (4.36) and (4.37) we get that

(91)1
(4.38) /G - Vg = 0,
and then (4.35) yields
Bvl
. E=- -—.
(4.39) A /G G

This is the usual formula about jumps (except that we managed to get to it without
talking about jumps). Indeed it turns out that almost every point of G~ N Bi" is
counted twice in (4.39) (one for each access from ), with opposite choices of unit
normals. Note also that v; is differentiable on G~ N By because it is harmonic on
Bi" . We may choose to regroup the two occurrences of almost each point of G~ N B{" ,
and then we would be integrating Jump(v)dv; /dn in (4.39). We decided to avoid this
way of presenting things, because it makes it more clear that our computations also
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work in approximating domains Q. (as above), and almost allows us not to mention
that G~ is rectifiable.

To estimate AE we shall use a localization argument. Let D be any disk centered
on 83 = B} NG~ and with radius 10C; 'r. Note that 2D C B(z,r) by (4.22) and
(4.23). Hence (4.19) and the same argument as for (4.24) (with the image of 2DNG~
by a Lipschitz mapping) allow us to find a new disk D’ with the same center as D,
such that D ¢ D’ C 2D, and

(4.40) aD'NG™ =w2.

Also, because of Lemma 4.12 and our hypothesis (4.15), we can even take D’ so that
(4.41) / |Vol® < 10%A.
oD'\L

[Here (4.7) holds because D is centered on G~, and we use Chebyshov as for (4.25).]
Set D" = D' N B, call D" the connected component of D" \ G that touches
OD" \ G, and denote by

(4.42) osc(v; D")=supv — inf v
Dt D"

the oscillation of v on D". We want to check that
(4.43) osc(v; D")<osc(v; D"\ G),
and even that

(4.44) supv < sup v,

DIII 8DII\G
and the similar (but opposite) inequality for the infimum. This is just saying that the
values of v on D" are controlled by its values on the part of (D" \ G) which is not
contained in G.

At this point we should rapidly discuss the uniqueness of v. We know that v
minimizes the energy I = [, _, |Vu)?, with the given boundary values on D" ~
G. If v € WH2(D” \ G) has the same boundary values as v on 8D” \ G, and
Jpnp IVV | = I, then, by the strict convexity of the L2-norm, (v+v') does strictly
better, unless |Vv'| = [Vu| almost everywhere on D” \ G. Thus v may not be unique,

but |Vv| is. In the situation above, we can take v’ = Min{v(z), sup v} and get
OD"\G

that |V(v' —v)| = 0 on D” \ G. This implies that v = v on D", and (4.44) and
(4.43) follow.

If W is a connected component of D” \ G that does not touch dD" \ G, we only
know that is v is constant on W, but the value of the constant could be anything,
and will not matter.
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Note that 0D” ~ G = 0D"” \ L (because of (4.24) and (4.40)), and that it is
connected. Thus

(4.45) osc(v; D" \ G) </ |Vo|dH?!
aD"\L

1/2
< H'(0D" < L)'/? {/ ]wﬁ’}
oD\ L

< (40mC )2 (2.1030) 2 < 10307 V22012

by Cauchy-Schwarz, because dD” \ L C (8B \ G) U (8D’ \ L), and by (4.25) and
(4.41). From (4.43) and (4.45) we deduce that there is a constant Cp such that

(4.46) lv(z) — Cp| < 103CT271/2\1/2 for 2 € D™
We are almost ready to plug this in (4.39), but let us first check that
3’01
(4.47) / — =0,
83ND" on
where 83 = Bff N G~ as usual. Indeed,
(4.48) Avy = / Av, = / %
D" D/nBiF oD 671
by Green, and the same computation on the almost identical domain D" \ G gives
ovy o ovy
4.49 Av, = / 9u _ [ Ou / on
( ) D ! 3(D""\G) an oD on D’'NG— on

(with the same abuse of notation as usual, and because L does not meet By (and
hence D" NG = D” N G™)). This proves (4.47).

Note that (4.47) stays true if we replace D” with another regular domain contained
in D" and whose boundary does not meet G~. Actually we shall use (4.47) with
domains of the type D" ~ U;’;l DY, where the D} are constructed just like D”.

Cover 05 by disks D;, j > 1, centered on 03 and with the same radius 10C] Ly in
such a way that the 2D;, j > 1, have bounded overlap. For each D, select D; as
above, and set D} = D} N Bf. Obviously the DY still cover 83, because 5 C By .
Finally set D} = D} \ Uy, Dy - Then

8’01 6’01
4.50 AE = — ’U— = -
( ) Z 63ﬂD*

by (4.39), and because the D are disjoint and cover d3. We can apply (4.47) to Dj,
because 0D} is composed of pieces of D}, k < j, and dD}/ does not meet G~ (by
(4.24) and (4.40)).

To compute |, 85nD; vOv; /On, we would like to use (4.46), but it only tells us about
the values of v in D} 2 ; the component of D} \ G that touches 0D} \ G. We also need
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to control v in the other components of D}’ N G. Let W be such a component; then
W is also a component of R? \ G. Also,

(451) diam W < H* (W N\ L) =H' (dWNG~) < H' (G- nD}) < Ci'r,

by (4.19). Hence W does not meet any D} (because D}/ \ L is connected, contained
in R? \ G, and its diameter is at least 10C; 'r). Thus W is either contained in D3,
or does not meet it. If we add or subtract a constant to v in W, this does not change
faan; vOv1 /O, because either OW NPz N D} = &, or else OW C (83N D) UL, and
then fagnaWnD;. Ov1/0n = [y, 0v1/0n = 0 as well, by the proof of (4.47). This is
not too surprising, because adding a constant to v in W does not change AE either.

So let us replace v by the same constant Cp, as in (4.46) in all the components
W, so that now (4.46) holds with D’ replaced with D7 \ G. Then

asy) [ o2 op) G2l <agoppee [0
83nD; on 83ND;} on 83ND; on
because (4.47) allows us to remove a constant, and by (4.46). Then (4.50) yields
(4.53) AF < 210301_1/27-1/2,\1/2/ @_1_ < 10301—1/2,’,1/2)\1/2/ Qv_l )
F; asnpy | ON 8 | On

Next we want to estimate the derivative of v; on Bf. We first return to the way
we can compute v; from its boundary values on 0B;" \ L. Denote by w the function
defined on &B; which is equal to v on 0B;" \ L and which is symmetric with respect
to L. [In other words, take w(a, —b) = w(a,b) = v(a,b) for (a,b) € B} \ L.] Note
that w is C' on B; \ L (because v is harmonic away from G and &B; does not
meet G7), and it is even continuous across the two points of 8B; N L, because it is
symmetric and has limits at those points. This last comes from (4.25), which implies
that fale 1 IVv| < +oo. Denote by v} the harmonic extension of w to By. It is
also the (unique) continuous function on B; which coincides with w on 8B; and

minimizes Ef = / (Vi [Uniqueness follows from the convexity of the problem,
B,
or from uniqueness for the Dirichlet problem.]
Since v} is symmetric, E} = 2 / |Vl (2. Thus, by definition of v; and E7, we
By

have that 2E; > E; (because the restriction of v} to B is a competitor in the
definition of E).

Also, it is not too hard to check that the symmetric extension of v; to By (which
we shall still denote by v;) lies in W12 (B;), coincides with w on 0Bj, and that

/ Vo[ = 2 / . [Vui)* = 2E). Then 2E; > Ej by definition of E}. Thus E} =
B, B}

2FE1, and v; = v§ by uniqueness of vy (or v7).
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Altogether, v; is equal on Bfr to the Poisson extension of w, and |Vv;| is easy to
estimate. In fact, with (4.25) and a few brutal estimates using the Poisson kernel,
one can get that

(4.54) |Vui(2)] < CAY?dist (z,8B;) ™2 for z € By .

Here C is an absolute constant. We may now plug this in (4.53) and use (4.26) to get
that

(4.55) AE < CCyY2art/? | dist (z,0B,) V2 dH(z) < CCT V2 a1/ T
93

because 03 = G~ N B ¢ G~ N B(x, ).
We still need to estimate I. By Fubini-Tonnelli,
100 sr/4 _
(4.56) =100 / lz — 21| — "2 dt S dH(2)
r G—NB(z,r) t=2r/3

< C’r'l/z/ dH(z) < Cr~Y/2H! (G~ N B(z,r))
G~NB(z,r)

<Cr'2H' (G~ nB)
by (4.19) and (4.20), and because B (z,r/10) C B; (by (4.22) and (4.23)). Hence
(4.57) AE < CCy'PAH' (G nBy),

where C is some absolute constant.

Recall from (4.31) and (4.30) that AFE is the cost in the energy term of (3.2) that
you have to pay for replacing our minimizer (v, G) with the competitor (v, G1). Since
(v,G) is a minimizer for Jg or J&, this cost must at least compensate what you win
in the length term by removing G N B = G~ N B from G, as in (4.29). Thus

(4.58) h(H'(G7))—h(H'(G])) < AE.
Let us check that
(4.59) h(b) — h(a) > }Ih'(b)(b —a)for0<a<h.

Note that h'(a) > h/(b)/2 for a > b/2, by (3.5) and (3.6). This gives (4.59) (with a
twice better constant) for a > b/2 . For a < b/2, we simply notice that h(b) — h(a) >
h(b) — h(b/2) = bh'/(b)/4 = (b — a)h’(b)/4, by the previous case; (4.59) follows.

Let us apply (4.59) withb = H! (G~) ,a=H' (Gy) = H' (G™)-H' (G~ nB{) =
b—H' (G~ N Bf) (because G = G~ \ B} by (4.29)) and h'(b) = &' (H' (G™)) = A
(by (4.10)). Then compare with (4.58) and (4.57). We get that

(4.60) H' (G~ N B}) = b—a < % (h(b) — h(a)) < %AE <4CCTVPHY (G- N By).
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We have obtained (4.60) by comparing the minimizer (v,G) with a candidate
(v1,G1) obtained by modifying (v,G) on the upper half Bf of Bi. The same con-
struction on the lower half B gives that

(4.61) H' (G~ nBy) <4CC?HY (G- nB)).
Thus
(4.62) H' (G- nBy)) = H' (G- nB})+H' (G- nBy) <8CC;/*H' (G- N By),

with the same absolute constant C as in (4.57). If C; is chosen larger than 64C?, we
get the desired contradiction.

This settles our most delicate case when B (z,r/8) meets L (as in (4.21)). When
B (z,7/8) does not meet L, we can use a similar but simpler argument. We choose
By = B (z,r1), with 1/10 < r; < 1/8, and otherwise the same properties (4.24)-(4.26)
as above (the proof of existence is the same). Then we take G; = G \. By and choose
v equal to v on the complement of B;, continuous on Bi, and harmonic in B;. The
estimates are the same as above, except that we don’t have to care about L, and they
give a contradiction in this case as well. This completes our proof of Proposition 4.14.

O

5. G~ stays in a fixed ball

We continue to assume that (v, G) is a reduced minimizer for Jg or J& and want
to prove that G~ = G \ L stays in a fixed ball Bg, (independent of R).

Proposition 5.1. — If the constants A and B in (3.4) and (3.6) are chosen large
enough, there erist constants Co and Ry, independent of R, such that if (v,G) is
a minimizer for Jg or JE,

(5.2) G ;=G\ L C Bp,

and

(5.3) H' (G™) < Co.

Remark. — In view of our main application, the fact that cracktips are global mini-

mizers of the Mumford-Shah functional, we shall be happy to fix A and B once and for
all, with the simple constraints (5.11), (5.59), and (5.83) that come from Proposition
5.1, and similar constraints that will make our proof of existence for minimizers of Jg
easier. Then the fact that Cy and Ry may depend on this choice of A and B will not
disturb us. It is very important that they do not depend on R, though.

Proposition 5.1 will rely mostly on the local Ahlfors-regularity property of Propo-
sition 4.14 (and specifically the fact that the constant C; there does not depend on
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R, A, or B). Before we come to that, we need to estimate the maximal amount of
energy we can hope to save by adding length to G in a ball. Let us first compute

(5.4) Ey = / Vo[,
Br~ Ko

where (ug, Ko) still denotes the reference cracktip, as in (2.1) and (2.2).

Let us continue to use polar coordinates (r,6) as in (2.2). Then

3u0 _ 1 —1/2 )
(5.5) B =3 2/mr sin g,
(5.6) % =3 2/mrt/2 cos =

Oug 2 Oug 2 1 2 0 0 1
7 Vuol? = [ 20 (220} -2 (gin2 2 27 ) =
(5:7)  [Vuol (3r> + r2 ( 89) 47" (sm g +oos 2) 27y’

and

- rdrd0
.8 Ey =
(58) 0= /BR 27r / / 27r

Since (uo, Ko) € UE for all R, a brutal comparison yields

(5.9) h(H' (G7)) € Jr(v,G) < Jg (uo, Ko) =1+ R

because we continue to assume that (v,G) minimizes Jg or some J&, and by the
definition (3.2) of Jg.

Note that the conclusions of Proposition 5.1 are automatically satisfied when R is
small. Indeed (5.2) holds trivially for R < Ry (because G~ C Bpg by (3.1)), and (5.3)
follows from (5.9) for R < Cy — 1. So we may assume that R is as large as we want.

Since h(t) = At for t large (by (3.4)), (5.9) implies that

1+R

(5.10) H'(G™) < Vi

if R is large enough.

Let x € G~ be given, and let us try to apply Proposition 4.14 with the radius
r = 2C1H' (G~). This is doomed to failure, because we chose r so that (4.17) does
not hold. So one of the hypotheses (4.15) or (4.16) is violated. We shall assume that

(5.11) B >60C; and A > 10C;.

Note that this make sense because C; does not depend or A or B in Proposition 4.14.
Then

(5.12) r=2C1H'(G7) < %Hl (G7) <rg
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by (5.11) and (4.9). Hence (4.15) holds and (4.16) must be false. One option is that
—1 € B(z,r), in which case

2CiR R
(5.13) lz| <1+r=1+2CH' (G7) <2+ C:; <7
by (5.10) and (5.11), and if R is large enough. The other option is that
(5.14) lzl 2 R—1> %

(for the same reasons).

Our next task is to exclude this second option, i.e., show that all z € G~ satisfy
(5.13). The proof will be similar to Proposition 4.14, but we shall have to deal with
the different boundary conditions on dBg. The general principle is the same: because
of (5.10), G~ \ Bpg/4 is too small to be really useful. Set

(5.15) G1=(GNnB(0,R/4))UL,

and define v; as follows. Observe that

(5.16) G1NB(0,3R/4) =GN B(0,3R/4)
because

(5.17) GNB(0,3R/4)~B(0,R/4) C L
(see (5.13) and (5.14)). We decide to keep

(5.18) v1(2) = v(z) for 2 € B(0,R/2) \ G,

(which makes sense because of (5.16)) and

(5.19) v1(2) = v(2) = ug(z) for z € R2 (BRUL),
which is natural if we want (v1, Gy) to lie in Ug. Let

(5.20) H=Br~ (B(0,R/2)UL)

denote the remaining domain. We take v; to be harmonic on H, have a continuous
extension to Bg \ (B (0, R/2) U L) which coincides with v on B (0,R/2) \ L and
with ug on 0Bg \ L, and to minimize the energy

(5.21) E1=/ (Vo |?.
H

Note that the boundary values that we gave ourselves on 9B (0, R/2) and dBgr\ R
are C! (and even, as we shall see soon, with bounded derivatives), so there is no
difficulty with the existence of v;. Also, it is easy to check that (vi,G1) € Ug , i.e.,
that v; € WL? (R? \ G1). Finally, if (v,G) € Uk for some k, then G; has at most k

connected components also (by (5.17)), and so (v1, G1) € UK. We shall need estimates
on v;.
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Lemma 5.22. — There is a universal constant C > 0 such that

(5.23) |Vu1| < CR™Y/2 on H.
Let us first check that
(5.24) |Vou| < CR™Y2 on B (0, R/2) \ L.

To do this, observe that we may assume that
(5.25) sup{|v(z)| ; © € B~ G} <sup{|uo(z)| ; z € dBr ~ L} = /2/7 R/

This is not necessarily true without modification, because Bg \ G may a priori have
connected components that do not reach  Bg, but then v is constant on each of these
components, and we may modify the values of the corresponding constants (to make
them all equal to 0, for instance) without changing Vv or (5.24). The main reason
for (5.25) is that if we set

(5.26) #(z) = Max {—\/2/7rR1/2, Min (\/2 JnRY2, v(z)) }
on Br \ G and 9(z) = ug(z) on R? \ (BrU L), then (v,G) € Ug (and also UE if

(v,G) € UE) as well, and / Vol < / Vol?.
Br~\G Br~\G

Note that once G has been fixed, the problem of minimizing / |Vo|? with the
Br~\G
constraint that v = ug on 0Bg \ L is convex: if v and v both satisfy the constraint,

then (v +v)/2 also, and if in addition v and v both minimize the energy integral
above, then Vv = V7 in L? because otherwise (v + 7)/2 would give a strictly smaller
energy integral. Thus v may not be unique (because of the connected components
that do not touch dBg), but Vv is. Our observation (5.25) follows from this.

We now return to the proof of (5.24). For z € 8B (0, R/2) such that dist(z, L) >
R/100, we use (5.25) and the fact that v is harmonic on B (z, R/100) to get that

(5.27) |Vu(z)] < CR™'sup{|v(2)| ; z € B(z, R/100)} < CR™Y/2.

So we only have to bound |Vv| on 8B (0,R/2) N B \ L, where B is the disk of
radius R/100 centered on the point of LN dB (0, R/2).

By the same symmetry argument as above (see between (4.53) and (4.54)), the
values of v on each of the two half-disks 2B* that compose 2B~ L can be obtained from
the values of v on the corresponding half-circle 8 (2B*) \ L by symmetric extension
to 8(2B) and then Poisson extension. In this situation also we can use (5.25) and
the same estimate as in (5.27) to get that |[Vo(z)] < CR™'/? on B (0,R/2)N B~ L.
This proves (5.24).

Because of (5.24) and the corresponding estimate on the restriction of ug to 0Bk,
Lemma, 5.22 will be a direct consequence of the following.
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Lemma 5.28. — Let H be as in (5.20), and let w be defined and differentiable on
OH ~\ L. Denote by Ow/0T the derivative of w on the two arcs of circles that compose
OH ~\ H. Suppose that

0
(5.29) lw| < RY? and aw

T

’ <R Y2 on 6H \ L.

Denote by vy the harmonic function on H which admits boundary values on 0H \ L

equal to w and which minimizes / |Vui)?. Then
H

(5.30) |Vui| < CR™Y? on H.

In this statement the constant C' does not depend on R, and actually the lemma
will follow from the special case when R = 2 (and with the same constant C') because
its statement is invariant under dilations.

The existence and uniqueness of v; in the statement of Lemma 5.28 is classical,
but let us just say a few words about it because it is an issue that will come out often
in this text. It is well-known and fairly easy to prove that functions in W12(H) have
boundary values radially almost everywhere on 0H \ L. Our boundary condition
on OH \ L, taken in the radial almost everywhere sense, defines a nonempty, closed
affine subspace of W12(H), and v; is the point of that subspace that minimizes the
norm. It is then easy to check that v; is harmonic on H and extends continuously to
OH ~ L. Note that this fits with our earlier declarations concerning the definition of
the competitor vy, around (5.21).

Now let w and v; be as in the statement of Lemma 5.28, with R = 2. We first
want to check that

(5.31) Vo] SCR™Y2=C on Hy,

where Hy = {re? ; 1<r <2and || <2r/3}. This is a little easier because we
shall not be bothered by L. Clearly / IVU1|2 < C (because it is very easy to find
extensions of w that satisfy this), so wtf can find 6y such that 37/4 < 6y < 47/5 and

(5.32) /2 {|Vv1 (reieo)l2 + |V (re—ioo)lz} dr < C.
1

The values of v; in H; are obtained from the values of v; on the line segments
{re® ; 1<r<2and ==y} and the values of v; = w on the arcs of circles
{reie ; =1or 2and || < 00} by application of an appropriate Poisson kernel.
A fairly brutal estimate then gives (5.31). [Note that the corners of the domain
{re® ; 1<r<2and |§] < 6o} are far from Hi; suitable estimates on the Poisson
kernel could always be obtained by mapping this domain conformally to a disk.]

We need also to estimate |Vu;| on the two remaining pieces of H \ H;. For each
of them we can apply the usual reflection argument to reduce our mixed Neumann-
Dirichlet problem to a pure Dirichlet problem on a similar domain with twice the
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FIGURE 5.1

aperture. The estimates are then the same as for (5.31). [We can even make them
a tiny bit simpler because (5.31) gives a slightly better estimate than (5.32) on the
radial part of the boundary.] This is probably more than enough details about the

proof of Lemma 5.28. O
As was mentioned before, Lemma 5.22 follows from Lemma 5.28. O
We are now ready to start estimating

(5.33) AE:/ s —/ |Vol? :/ {lvmf— |Vv|2}

Br~G1 Br~G H~G

(because the pairs (vy, G1) and (v, G) coincide on B (0, R/2); see (5.18) in particular).
Set @ = H~ G = Bg~ (B(0,R/2)UG). The same integration by parts as for
(4.33) yields

(5.34) AE = /aQ (01 — v) W(wl.

On 9B (0, R/2) ~ L and on 0Bg ~ G, the functions v; and v coincide, and so the
contribution of these sets is null. On the set L, the normal derivatives dv;/dn and
Ov/0n vanish, and so we can forget about L as well. So we are only left with the set
G~ NH=G ~B(0,R/2). Since dv/0n = 0 on this set, we get that
(5.35) AE = (v1 —v) %,

G-~ B(0,R/2) on
with the usual abuse of notation that a given point of G~ may be counted twice, one
for each access from €.

We want to “localize” this integral, like in the proof of Proposition 4.14. Set 0 =
G~ ~ B(0,R/2) and let D be any disk centered on d and with radius r = 2H! (G™).
We want to estimate the oscillation of v — v on D (or on the two pieces of D ~\ L,
when D meets L). We first choose a disk D" with the same center as D, such that
D c D' c2D,

(5.36) G- NoD = o,

and

(5.37) / |Vu|* < 100
OD'NBr~L
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It is easy to get (5.36) because the set of radii for D’ such that G~ N 9D’ # & has
measure at most H! (G~) < r/2. The second constraint is also easy to get, because

/ |Vv|2 < 167rA. This last comes from lemma 4.12, and the fact that
(BrRN2D)\G

2r = 4H' (G™) < rg, by (4.9).

So let D’ be as above, and denote by D" any connected component of D'NBg \ L.
Most of the time, D’ does not meet L and D” = D'\ Bg, but when L meets D’ there
may be two possibilities for D”. In the computations that follow, the oscillation of v;
on D" will not disturb, because

(5.38) osc (v, ; D") := sup v1— 1Dn/§ vy < CrR™/?
D/I

by (5.23).
Next we want to estimate the oscillation of v on D” \. G, and let us start with the
case when D’ does not meet dBpg or, equivalently, when

(5.39) D' C Bg.
Because v minimizes / |Vo|?, we may as well assume that
Br~\G
(5.40) osc(v; D"\G)<osc(v; D" \L).

[Note that the right-hand side makes sense because D" does not meet G~.] As for
(5.25), the “may as well assume” comes from the fact that we may need first to modify
the constant values of v on the connected components of Bg \. G that do not reach
all the way to 0Bpg. [Such modifications clearly do not change AE, and we shall see
soon that they do not change our computations.] The reason for (5.40) is the same

as for (5.25): otherwise we could reduce | |Vv|? by replacing v(z) on D" with
(5.41) (z) = Max{ inf v, Min (v(x), sup v) } .
oD\ L OD""\L

Note that by (5.39), 8D” \ L is a single (connected!) arc of the circle 8D’. It does
not meet G by (5.36), and so we may use (5.37) and Cauchy-Schwarz to get that

(5.42) osc(v; D" N\ L) < / |V < Cri/2a1/2,
aD'\L

Altogether

(5.43) osc(v; —v ; D"\ G) < Cri/2\/2

by (5.38), (5.40), (5.42), and because rR™Y/2 < r1/2 < r/2)1/2 [since r =
2H' (G7) < R (by (5.10)) and A > 1 (by (4.10), (3.5), and (3.3))].
Observe that

(5.44) /G du .

-AD" an -
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Indeed Av; = / Av; =0, and when we apply Green to these domains (as
D" D'\G~

in (4.48) and (4.49) above) we get that
(5.45) O _ / oy
8D on 8(D""~G™) on
The difference between the two boundaries is G~ N D” (with the usual abuse of
notation concerning multiplicities), and (5.44) follows.

Because of (5.44) we can subtract a constant from v; — v in the integral just below,
and get that

/ (v1—v)%‘<osc(v1—v;D”\G‘)/
G-nD" on G-nD"
< C’l"l/z)\l/zR—l/zHl (G— N D//) ,
because of (5.43) and (5.23). Here we used the fact that when we add constants to v
on components of Bg \ K that do not touch D" (to get (5.40)-(5.43)), we do not
change the left-hand side of (5.46). The argument is the same as for (4.53). Also, we
used (5.17) implicitly, to show that D” C H.
Our estimate (5.46) also holds if we replace D" with D"\ |J.*, D/, where the D/

are other pieces of disks like D”; the only thing that matters is that we still have
(5.44) for this smaller domain, for the same reason.

61)1

(5.46) o

Let us continue our localization of the main piece of (5.35). Set
(5.47) Go = {r € G~ <\ B(0,R/2) ; dist (z,0Bg) > 5r}.

Cover Gg by disks Dj, j > 1, centered on Gp, with the same radius r, and such
that the 2D; have bounded overlap. Construct the slightly larger disks D;, and then
define the pieces D}, as above. Re-enumerate the DY, if needed, to account for the

fact that some D; decompose into two pieces D;-’ . Finally set D} = D;-' ~ Uf;ll DY,
and G =G~ N (U] D;‘) By construction, Gj is the disjoint union of the G~ N D7,
and

(5.48)

< Cr'2AV2RTY2N"H' (G N D))
J
< CT1/2)\1/2R_1/2H1 (Ga) )
because (5.46) also holds for the D .

We still need to estimate the integral on the remaining set 8, = G~ ~
(B(0,R/2) U G}). Let us check that

(5.49) [v1(z) — v(z)| < CrY/2AY2 for z € .
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To be fair, we should mention that we are again abusing notations: we should note
that v(z) stands for the boundary value of v(z) (from the access which corresponds
to the “point” of 90 = O(H ~\ G) that = stands for). We shall actually prove the
inequality in (5.49) for z € Q in a neighborhood of 9;. This is of course enough to
control the boundary values that we just referred to; the proof will also give enough
control on v — v; to allow uniform estimates in the limiting arguments described after
(4.31), if we want to avoid integrating by parts directly on nonsmooth domains.

So let z € 01 be given, and set D = B(z, 10r). Since G§ contains Go by construc-
tion, dist (z,0Bg) < 5r and D meets 0Bg.

Let Z denote the point of B which is closest to z, and choose a disk D' = B (z, ')
such that 157 < ' < 30r, and which satisfies (5.36) and (5.37). The existence of D’
can be proved as above (note that 30r = 60H' (G~) < rg by (4.9)). We decided to
center D' on 8Bpg to make the picture below simpler. Note that D C D’, though.

Let D" denote the connected component of D’ N Bg . L that contains = and Z.
[See Figure 5.2.]

3B

FIGURE 5.2

By the same truncature argument as before, we may assume that
(5.50) osc(v; D" \NG)<osc(v; D" \G).

The relevant part 0D” <\ G of D" is itself composed of two pieces, 6; = Br N
0D"\G and d = BRNID" \G. On é; the function v coincides with ug (by definition
of Ug) and so

(5.51) osc (v,61) = osc (ug,d1) < CrR™Y2 < Cr/2.

Because of (5.36), o = BgNAD" \ L, which is an arc of the circle D’. To be fair,
this would not be true if we had chosen our radius 7’ just a tiny bit larger than the
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distance from Z to L (as in Figure 5.3), but we have enough latitude on our choice of
' to avoid this stupid case. [Recall also that r = H! (G~) < R by (5.10).]

L
[
FIGURE 5.3. A bad case (easy to avoid).

At least one of the two extremities of the arc d; lies in 0Bgr ~\. L. Call it z9. Then
20 € 91 (it does not lies in G~ because of (5.36)). Hence

(5.52) v (20) = v1 (20) = uo (20) -

Since 65 is connected and contained in 8D’ N By \ L,

(5.53) osc (v ; 82) </ |Vo| < Cri/2al/2

52
by (5.37) and Cauchy-Schwarz. Since 3 ends up in zg, we get that
(5.54) [u(2) — v (20)] < Cri/2X\1/2

for z € §>. Because of (5.51), and since zo € 41, (5.54) also holds for z € 6;.
Altogether, (5.54) holds on 8D” \. G = §; U g, and then on D” \ G by (5.50). On
the other hand,

(5.55) [v1(2) — v (20)| = |v1(2) — v1 (20)] < CrR™Y/2 < Crl/?
for 2 € D" \ G, because of (5.52) and (5.23). This and (5.54) yield
(5.56) [v1(2) — v (2)| < CrY/2AY2 for z € D" N\ G.
Note that D contains a neighborhood of our initial point z € 9y, and so (5.49) follows
from (5.56).

Now
(5.57) / (vr — v) 2| < or1/2p1r2 / o\ < oprzz2 g1z (4,

61 3n o n

by (5.49) and (5.23). By definition of 8, (just above (5.49)), G~ ~ B (0, R/2) is the
disjoint union of G§ and 8;, and so

(5.58) AE = (v1 — ) % < Cri/2\YV2RVZLHY (Gy) + HY (81)}
Gguo, n

= Cri2\V2R7Y2H' (G~ \ B(0, R/2))
by (5.35), (5.48), and (5.57).
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Recall that r = 2H! (G~) < (2R + 2)/A (if R is large enough), by (5.10). Let us
assume that, say,

(5.59) A > 10%C?
where C is the same absolute constant as in (5.58). Then (5.58) yields
(5.60) AE <107*\Y2H' (G~ <\ B(0,R/2)).

Let us summarize the situation. We have implicitly assumed here that G~ ~
B (0,R/2) is not empty, and we have constructed a new competitor (vi,G1). [See
(5.15)-(5.21).] Then we estimated the extra energy AE that we had to pay for re-
moving G~ \ B (0, R/2) and we arrived to (5.60). Since (v, G) is a minimizer for Jg
or J ,’%, we must have that

(5.61) Ah < AE < 1072\Y2H' (G~ < B(0,R/2)),
where
(5.62) Ah=h(H' (G™)) —h(H'(GY))

is what we gained in the length term of (3.2). Set a = H! (G7) and b = H' (G™)
Then

(563) b—a=H'(G~~G7)=H'(G"~B(0,R/4)) = H' (G~ ~B(0,R/2)),
by (5.15) and (5.17). Then h’(b) = A by (4.10), and (4.59) says that

(5.64) Ah = h(b) — h(a) > %(b —a)= 2 H' (G~ <~ B(0,R/2)).

Recall that A > 1 (by (3.3), (3.5), and (4.10)), and so (5.64) contradicts (5.61)
unless G~ C B(0,R/2).

Recall from the discussion that led to (5.13)-(5.14) that every point of G~ has to
satisfy (5.13) or (5.14). We finally managed to show that G- C B (0, R/2), which
excludes (5.14). Set
(5.65) Rt =sup{|z| ; € G™}.

We have just proved that
(5.66) RT <1+2CH' (G7)
where C} is still as in Proposition 4.14. [Compare with (5.13).]

To complete our proof of Proposition 5.1 (i.e., show in particular that RY is less
than an absolute constant) we need an estimate of H! (G~) in terms of R*. This will
be obtained by improving the energy estimate that led to (5.9), taking into account
that Rt may be much smaller than R.

Define a new competitor (v, G*) as follows. Take

(5.67) G+ = LUOBgs,
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(5.68) v (z) = up(xz) on R?~ (BRUL),

(5.69) vt(z) =0 on Bg+ \ L,

and

(5.70) vF(rcosf,rsinf) = ar'/?sin g +ar~Y2R* sin g

for Rt <r < Rand —7 < 8 < w, and where

R1/2
(5.71) o= V2T g -

We chose the constant « so that v+ would be continuous across Bg \ L (compare
(5.70) with (2.2) when r = R). Thus (v*t,G%) is an acceptable competitor for Jg,
and even (vt,Gt) € UL for all k.

Of course the formula (5.70) was not chosen at random. Let us check that v is
the harmonic function on Bg \ (Bgr+ U L) that coincides with 4o on dBgr \ L and
minimizes

(5.72) Et = / |vot|?.
Br~(Bp4UL)

We already know that v+ = ug on 8By ~\ L. To prove what we just said, it will be
enough to check that v* is harmonic on Bg\ (Br+ U L) and that its normal derivative
on OBp+UL vanishes. This is the usual characterization of energy minimizers in terms
of Dirichlet and Neumann conditions. We avoided to use it so far, but now it is slightly
more convenient. [The reader that would not know about this characterization can
retrieve it from our formulae giving AFE after integrations by parts.]

Set z = re? and 21/2 = rl/2¢9/2
aIm{z1/2 — R*2~1/2}, which proves that v* is harmonic (because z
are holomorphic).

with the notations above. Then vt(z) =
1/2 gnd »-1/2

The radial derivative is

ovt 0 0

—g;— = %r‘lm sin 5 — %r‘3/2R+ sin 7,

which vanishes when r = R*. This takes care of the normal derivative on dBgr+. The

normal derivative along L is also null, because

ot oy 0 oy 6
20 — 3" cos§+§r R €08 7,

which vanishes when § = 7. So v minimizes the energy, as promised.

(5.73)

(5.74)

By definition of R*, G~ is contained in Bg+, and hence

(5.75) / [Vol? > / |Vo|* = ET,
Br~\G Br~(Bg+UL)
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by the energy-minimizing property of v*. Next compute

(5.76) AEt = / |Vuol|® — / |vot]?.
Br~ Ko BR\(BR+UL)

We could do this brutally with (5.73) and (5.74), but let us use the analogue of
(4.39) in our situation, i.e.,

(5.77) AEY = / o+ 390 g,
aBR+ 31’

The access to dBg+ from the inside of Br+ does not contribute to the integral (by
(5.69)). Also,

8U0 _ 1 ~1/2 0
(5.78) 5 = V2T 57 sin 5,

while (5.70) yields

(5.79) vt = 20r!/? sing when r = RY.
Thus
0
(5.80) AET =./2/1 a sin? 3 dH' = \/2/mmR*
8Bp+
R'? + +
=2 gy B < 2R
Altogether
(5.81) B (H(G)) = Jr(v,G) - / Vol?
Br\G
< Jr(v,G) — EY < Jg (uo, Ko) — E*
= h(H' (Ko~ L)) + / Vuol? — E*
Br~ Ko

=1+AET <1+2R*

by (3.2), (5.75), because (v, G) is a minimizer and (ug, Ko) a candidate, by (3.2) again,
and then (3.3) and (5.80).

We compare this with (5.66) and get that
(5.82) h(H'(G7)) <3+4C,H' (G7).
Let us decide to choose
(5.83) A >5C.

Since h(t) = At for t large, (5.82) gives an upper bound on H! (G~), which proves
(5.3). The other conclusion (5.2) follows from (5.66). This completes our proof of
Proposition 5.1. O
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6. Existence of minimizers: general strategy

So far we introduced the functionals Jr and proved nice properties for their min-
imizers. We intend to take such minimizers, find a sequence of radii R that tends
to +o00 such that the corresponding minimizers converge to a pair (v, G), and then
prove that (v, G) minimizes a modest variant of the global Mumford-Shah functional.
After this, we shall prove that (v, G) must be a cracktip and eventually get the desired
contradiction. Before we do all this, we shall have to check the existence of minimizers
for Jg, at least for R large.

The verification of existence will take some time, probably much too long compared
to the amount of new information contained in the proof. We feel compelled to give an
argument for self-containedness and because the situation of Jg is slightly different
from the usual one, but this argument contains no surprise, and we would not be
shocked if the reader decided not to read it.

Our proof of existence will be rather constructive and will avoid compactness prop-
erties of BV. Instead we shall rely on the approach of Dal Maso, Morel, and Solimini
[DMS] and use their “concentration property”. OQur excuse for this is that we had to
prove reasonably carefully the local Ahlfors-regularity property of Proposition 4.14,
and we can use these estimates again for the existence.

Our general scheme for the proof of existence will be the same as in [DMS] or
[MoSo], but there will be a few differences because we don’t want to use BV or SBV.
Parts of the arguments will use ideas from [DiKo]| (for the “property of projection”)
or [DaSe2], or their presentation in the survey [DaSe3]. Also see [MaSo| for a new
existence argument based on these ideas.

To prove the existence of minimizers for Jg, we want to start from a minimizing
sequence (vn, Gy) and try to get the minimizer as a limit. Of course this cannot work
with any sequence, because even if the sets G, converge nicely (for the Hausdorff
metric on compact subsets of Bg, say) to a set G, we do not have that

(6.1) H' (G \ L) < liminf H* (G, \ L).
n—o0

The point of our argument will be that we can modify our sequence (v,, Gy) in such a
way that Gy, satisfies a nice regularity property (the uniform concentration property
of [DMS])), so that (6.1) holds.

One way to ensure the concentration property (and then (6.1)) will be to demand
that (vn,Grn) be a minimizer for some J&. If we want to do this and get minimizing
sequences, we need to show that

(6.2) n(R) = lim nx(R),
where
(6.3) n(R) = inf {Jr(v,G) ; (v,G) € Ugr}
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and, for k > 1,

(6.4) mk(R) = inf {Jr(v,G) ; (v,G) € UE}.

Of course there are other ways to get minimizing sequences with the uniform concen-
tration property without actually proving (6.2), but going trough (6.2) will be just as
convenient. Either way, we need to take a pair (v, G) € Ug that almost minimizes Jg

and improve it in various way. This is what we shall do in the next two sections. In
Section 9 we shall see how to deduce the existence of minimizers for Jg from (6.2).

7. First cleaning of a competitor for Jr

In this section we give ourselves a competitor (v, G) € Ug that nearly minimizes
Jr, and we show that G is not far from being locally Ahlfors-regular and rectifiable.

Let us remind the reader that if G is a closed subset of R? with sigma-finite H1-
measure, then G has an essentially (up to sets of vanishing H'-measure) unique
decomposition as

(7.1) G = Grec U Girr,

where Gy is rectifiable, which means that we can find a countable family {I';} of
simple curves of class C* such that

(7.2) H' <G N Un) =0,

while Gy, is irregular, or totally unrectifiable, which means that
(7.3) H'(Gir: NT) =0 for each C*—curve I

See for instance [Ma] (or [Fe], or other sources on geometric measure theory) for this
and other standard facts on rectifiability that will be used in this section.

Proposition 7.4. — Let (v,G) € Ug be such that

(7.5) Jr(v,G) < n(R) +¢
for some € > 0. Then
(7.6) H' (Girr) < Ce.

See (6.3) and the beginning of Section 3 for the definitions. The constant C' will
depend on various geometric constructions, but not on v or G. The dependence on
R does not really interest us here, but C' does not depend on R either, if we add the
constraint that ¢ be small enough (depending on R).

Also note that other information on G will come along the way (concerning almost
Ahlfors-regularity, etc...); (7.6) is just an example.
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To prove the proposition we can assume that € is as small as we want, because
otherwise a brutal estimate gives

(7.7) H'(Gix) < H' (G7) < h(H* (G7)) < Jr(v,G)
< Jr (uo,Ko) +e <1+ R+¢e < Cé,
by (7.5), (5.8) and (5.4).

From now on we let (v, G) € Ug be such that (7.5) holds, and we also assume that
€ < 1. We shall proceed by a series of little steps where we shall prove that, except on
fairly small sets, G has increasingly good properties. The various steps will look like
each other, if only by the systematic use of the same covering argument. We start
with a very simple property.

Lemma 7.8. — Set
(79) Zy={z € G ; thereis an r > 0 such that H' (G~ N B(z,7)) > 3nr}.
Then

(7.10) H' (Zy) < 15e.
For each x € Z1, set
(7.11) r(z) =sup{r >0; H' (G~ N B(z,r)) > 3rr}.
We still have that
(7.12) H' (G~ nB(z,r(z))) > 3mr(x)

(by a trivial limiting argument). Also, r(z) < (3m)"'H!(G™), so the radii 7(z) are
bounded. Thus we can use the standard i-covering lemma of Vitali (see the first
pages of [St]). We get a finite or countable set X C Z; such that the B(z,r(z)) ,
z € X, are disjoint, but the B(z,57(z)) , z € X, cover Z;.

Let Xy be any finite subset of X. We construct a competitor (v1,G1) € Ugr as
follows. Set

(7.13) G~ | B

z€Xo

where B, = Br N B(z,r(x)). It is easy to check that G, is closed, and it contains L.
Keep

U 2B.

z€Xo

(7.14) vi(z) = v(z) out of G1 U U B,
z€Xo
and set
(7.15) vi(z) =0 on U B;.
z€Xo
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Then (v1,G1) € Ug, and (7.5) says that
(7.16) J(v,G) < J (v1,Gy) + .
Let us now estimate how much we won in the length term. Observe that

U[U 9B,

z€Xo

(7.17) Gy c |G~ ~ |J Bla,r(@)

z€Xo

This would be obvious if we had not replaced the B, coming from (7.13) with the larger
B(z,r(x)). Sowe may have lost the sets G~ NB(z,r(z))\Bz = G~ NB(z,r(x))NOBR.
This is not the case: these sets are contained in the corresponding 0B, anyway.

From (7.17) and the disjointness of the B(z,r(x)) we get that

(7.18) H'(GT)<H'(G™)- > H' (G nB(z,r(x)+ Y H (9B,)
z€Xo €Xo
<H'(GT) -7 ) r(a),
z€Xo

by (7.12) and because H' (0B,) < 27r(z).

Because of (7.14) and (7.15) we have not increased the energy term. So

(7.19) J(v,G) = J (v1,G1) > h (H (G7)) = h (H" (GY))
>H'(G)-H'(Gy) =2~ Z r(z)
z€Xo
by (3.2), because A'(t) = 1 (by (3.3) and (3.5)), and by (7.18). Now (7 16) says that
™ Z r(z) < € and, since X, was any finite subset of X, 7 Z < € as well. Now
z€Xo zeX

we use the fact that the B(z,5r(x)) cover Z; to get that

(7.20) Y(21) < Y H' (G~ N B(z,5r(x))) <31 Y br(z) < 15,
zeX zeX

where we used the definition (7.11) of r(z) for the second inequality. This completes
our proof of Lemma 7.8. O

Next we want to control |Vv|2 , like in Lemma 4.12.
Lemma 7.21. — Set

(7.22) Zy = {:c €EG; / [Vo> > 57rA for some 0 <7 < 1},
B(z,r)NBr~\G

where A = b/ (H' (G™)) as usual. Then
(7.23) H' (Z3) < 30e.
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Because of Lemma 7.8, it is enough to control Z; \ Z;. For each z € Z5 \ Z;
choose 0 < r(z) < 1 such that

(7.24) |Vol® > 5rr(z)A.

/B(x,r(a:))ﬁBR\G

Then let X be a finite or countable subset of Z, \ Z; such that the balls B(z,r(z)),
xz € X, are disjoint but the B(z,5r(z)), z € X, cover Z \ Z;. Let X, be any
finite subset of X, and let (vi,G;) be the same competitor as in Lemma 7.8. [The
construction is the same but the accounting will be different.] Obviously

(7.25) H' (Gy) <H'(G7)+2r Y r(x)
z€Xo
by (7.13). Let us assume that
(7.26) > () <5
z€Xo

to simplify our estimates. Then (3.3), (3.5) and (3.6) imply that A/(t) < 2 for
t < H' (G™)+2mY x, 7(x) (recall that we already assumed that B > 60). Thus

(7.27) h(H'(Gy))-h(H'(G7))<h [Hl (G7)+2r Y r(x)] —h(H'(G7))

T€Xo

<A4mA Z r(z).

z€Xo

On the other hand

(7.28) / Vs |? = / Ty / Vo|?
Br~Gy Br\G BrNB(z,r(z))\G

z€Xo
S/ |Vol® — 57 Z r(z),
Br\G: z€Xo
because the B(z,r(z)) are disjoint and by (7.24)). Altogether
(7.29) J (v1,G1) < J(,G) =X Y r()
z€Xo

(by (3.2), (7.27) and (7.28)), and (7.5) yields

(7.30) A Z r(z) <e.

z€Xo

So far we only proved this for finite subsets of X that satisfy (7.26). On the other
hand, all r(z) are < 1, A > 1, and € < 1, so we can get (7.30) for all finite subsets of
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X by adding elements one by one (so that (7.26) stays true). Then (7.30) is also true
with Xg = X, and

(7.31) H(Zy~ 7)) < Y H((Z2~ Z1) N B (,5r(x)))
zeX

< Y H'(G™ N B(z,5r(z)))

zeX
<157 Y r(z) < 15¢
zeX
because the B(z,5r(x)), z € X, cover Z3 \ Z1, the points z € X do not lie in Z;, by
(7.30), and because A > 1.
Now (7.23) follows from this and (7.10); this completes our proof of Lemma 7.21.
a

Next we want to worry about local Ahlfors-regularity (as in Proposition 4.14). Let
C> > 0 be a fairly large constant, to be chosen soon. [It will be an analogue of C; in
Proposition 4.14.]

Lemma 7.32. — Set
(7.33) Zz={x € G \0Bpg; thereexists 0 <r <1
such that B(z,r) C Bg \ L and H' (G~ N B(z,r)) < C3'r}.
Then, if Cs is large enough (depending on nothing),
(7.34) H'(Z3) < Ce.

Note that we decided not to worry about points of L or 9B because we won’t
need to and this would complicate the argument (as in Sections 4 and 5).

To prove the lemma, first observe that since Z3 is a Borel set with finite H-
measure, the Lebesgue differentiation theorem says that for almost all z € Z3,

(7.35) limsup r'H' (G~ N B(z,r)) > 1.

r—0
See for instance [Ma), Theorem 6.2 p.86.

Let Z denote the set of points of Z3 \ (Z1 U Z2) that satisfy (7.35). Of course it
will be enough to control Z, since

(7.36) H'(Z5) < H' (Z1)+ H' (Z,) + H* (Z).
For each x € Z choose a first radius r(z) such that

(7.37) 0<r(z) <1,

(7.38) B(z,r(z)) C Br \ L,

(7.39) H' (G~ nB(z,r(z)) < Cy'r(z),
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but r(z)/8 does not satisfy (7.39), i.e.,
(7.40) H' (G~ N B(z,r(z)/8)) > (8C2) ™" r(z).

The definition of Z3 gives a radius that satisfies (7.37)-(7.39). It is then easy to get
(7.40) as well by replacing r(z) with r(z)/8, or r(x)/64, etc., as needed. The process
converges because of (7.35) (and if C5 is large enough).

Note incidentally that since B(z,r(z)) does not meet L we can replace G~ with G
in (7.39) and (7.40).

Choose again a subset X of Z such that

(7.41) the disks B (z,7(z)/5),z € X, are disjoint
and
(7.42) z c |J B(=,r(x)).

reX

Let Xy be a finite subset of X, and let us construct a competitor (v, G1) like the
one used for Proposition 4.14. For each z € Xy choose a disk B, = B (z,r,) with the
properties

r(z) r(x)
(7.43) 3 <re <=7,
(7.44) 0B, NG =2,
(7.45) / [Vol® < 103),
OBy
and
(7.46) / dist (z,0B,) " /?dH'(2) < I,
GNB(z,r(x))
where
r(z)/5 _1)2
(7.47) I, = 10%r(z)! / dist (z,0B(z, )"/ dH (2)dt.
t=r(z)/8 JGNB(z,r(x))

[Compare with (4.23)-(4.27).] We can find such a radius r, because of (7.39) (to get
(7.44)), because x € Z5 (to get (7.45)), and of course by Fubini and Chebyshov.

We still need to cut X, into two subsets. Set
(7.48)

X6={.’D€X0;/

|Vo|?> < 103AC; 'r(x) for all y € G N B, } :
B,NB(y,20C; 'r(z))~G
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and Xg = Xo \ X(3. The computations that follow are the same as in Section 4,
only simplified slightly because we do not have to worry about L or 0Bgr. Our new
competitor is given by

(7.49) G1=G~ ( U Bx),
z€X]
(7.50) vi(z) =v(x) on RZ~ [Gl U ( U Bm)],
z€X]

while on each B, we require v; to be harmonic and have a continuous extension to
B, that coincides with v on 0B,. This makes sense, because OB, does not meet
G, by (7.44). Note also that the disks B, are disjoint (by (7.41) and (7.43)), so our
modifications are independent from each other.

It is easy to check that (v1,G1) € Ug (i.e., it is an acceptable competitor for Jg).
The same computations as in Section 4 (but simpler, because we do not need to reflect
on L) give the analogue of (4.55), i.e.,

(7.51) AE, = / |V |2 — / IVo|? < CCy Y2 Ar(z)2I, .
Ba: BI\G

[This is where we need the condition in (7.48).]
The estimate for I, can be carried as in (4.56): Fubini gives that
(7.52) I, < Cr(z)"Y2 H' (G N B(z,r(z))),

and then we can use (7.39) and (7.40) to see that this is < 8C'r(z)~'/?2 H' (G N By).
Thus

(7.53) AE, <CCy'*AH' (GNB,) =CCy* A\H' (G- N By),

with a constant C' that does not depend on Cy. We choose C so large that CCy 172 o
1/8 in (7.53), and then sum over = € X{ to get that

A
7.54) AE = A 2—/ Vol? = AE, < = H' (G- NnB,).
(7.54) AL CI ALY g 2 H'( )

z€X, z€X{

On the other hand we may apply (4.59) with a = H' (G7), b = H'(G™), and
R'(b) = X (by (4.10)). We get that

(155) h(H'(G)) ~h(H'(G)) =b-a>b-a)=2 3 H' (G~ nB,),

z€X}
by (7.49). Now we can sum and get that
(7.56) J(v,G) = J (v1,G1) =h (H'(G7)) —h(H' (Gy)) — AE
A -
>3 > H' (G NB),
z€X]
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by (3.2), (7.55) and (7.54). Since J(v,G) < J (v1,G1) + € by (7.5), we get that

(7.57) AY H'(GNB,) <8

z€X|

We still need to control the similar sum for Xj = X, \ X;. For each z € X{,
select y € G N B, such that

(7.58) /D Tl 21090 ),

where we set D(z) = B,NB(y,20C; 'r(x)). We construct a new competitor (vy,G1) €
Urg by taking

(7.59) G =GU ( U BD(:L')),
zeXl
v1 = v out of UzGX{,' D(z) ,and v; =0 on U:cEX” D(z) ~ G . Then
> / |w|2 >10° A G5t Y r(a)
zeXy zeXy

by (7.58) and because the D(z),z € X{/, are disjoint (by (7.41) and (7.43)). On the
other hand,

(7.60) Vol — / |V |2 =
Br~\G Br~

(7.61) H'(Gy)—H'(G™) < Y H'0D(x)) <100 C3* Y r(z),
zEXY zeX{
hence
(7.62) h(H (GT)) —h(H'(G7)) 200X Gyt D r(a)
zeX(
at least if
(7.63) 100X C3t > r@) <1,
zeXy

In this case, we can use (7.5) and the definition (3.2) to get that
(7.64) 1001 C;1 ) r(z)<e

zeX}

by (7.60) and (7.62). Thus (7.64) holds when we have (7.63), but we can add points
of X{ one by one, and get (7.64) and (7.63) in all cases; the argument is the same as
before.

We deduce from (7.57), (7.40), (7.43) and (7.64) that

(7.65)
AN HY (G NB,)<8e+X Y, H' (GTNB,)<8c+8CA Y r(z) <Ce
E€Xop zeXY zeXy
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Since this inequality holds for all finite subsets Xy of X, it also holds for X, and
then

(7.66) H'(Z)< > H'(ZNB(z,r(x)) < Y H' (G~ NB(z,r(z)))

zeX TeX
<8Y H' (G NB(z,r(z)/8) <8> H' (G NB;) <Ce
rzeX ze€X

by (7.42), (7.39), (7.40), (7.43), and (7.65).

Lemma 7.32 follows from this, (7.36), and the two previous lemmas (on Z; and
Z3). O

Now we want to prove Proposition 7.4 itself. To control Gy, we want to use
the equivalent here of the “property of projections” introduced by F. Dibos and G.
Koepfler ([DiKo], [Di]). Our presentation will be closer to the one in [Lé1] or [DaSe3].
Set Z4 = Giyr \ (Z1 U Zy U Z3). For H'-almost every = € Z4, we have that

(7.67) r ¢ LUOBg
by (7.3),
1
(7.68) limsup ;Hl (Z4n B(z,7)) > 1
r—0

by the same density theorem as for (7.35), and
1
(7.69) limsup ;Hl ((G\ Zy) N B(z,r)) =0,
r—0

again by a standard density theorem. [See for instance Theorem 6.2 on page 86 of
[Ma] ]

Denote by Z the set of z € Z4 that satisfy (7.67)-(7.69). Because of the previous
remarks and the three lemmas above, (7.6) and Proposition 7.4 will follow as soon as
we prove that

(7.70) HY(Z) < Ce.

For each z € Z, choose a radius r(x) such that

(7.71) 0<r(z) <1,

(7.72) B(z,r(z)) C Be \ L,

(7.73) H'(Z4N B(z,r(z)/5)) > y,
and

(7.74) H'[(G \ Z4) N B(z,r(x))] < 7r(z),

where the small constant 7 will be chosen soon.
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As usual, choose a family X C Z such that

(7.75) the disks B(z,7(z)), = € X, are disjoint,
but
(7.76) z c | B(z,5r(x)).

T€X

Let Xy be a finite subset of X; we want to modify (v, G) on the disks B(z,r(z)),
x € X, to construct a better competitor (v1, Gy).

For the moment, fix x € X. For each direction § € S!, denote by 7y the orthogonal
projection from R? onto the line of direction 6§ through the origin. Also call 7} the
projection in the orthogonal direction. A theorem of Besicovitch tells us that

(7.77) H? (79 (Girz)) = 0 for almost all 0 € S'.

See for instance [Ma], Theorem 18.1 on page 241. The same thing obviously holds for
75 and, since Z4 C Girr, We can choose § € S1 such that

(7.78) H (1 (Z4)) + H' (7} (Z4)) = 0.
Then (7.74) yields
(7.79) H! (19(G N B(z,r(x))) + H' (73(G N B(z,r(z))) < 27r(x).

We want to use this information to choose a square @, such that 0Q,; NG = @,
and then remove Q; N G from G, but before we do this we need some estimates on
the derivative of v.

Fix p € (1,2), for instance p = 3/2. For all y € GN B (z,r(z)/5) and 0 < t <
r(z)/5, set

2/p
(7.80) wply,) = £1=4/7 { i |w|"}
B(y,t)\G

(where we integrate against the Lebesgue measure). The exponent 1 — 4/p was just
chosen so that wy(y,t) be a dimensionless number. If y € Z4 (so that in particular
y & Z2), we can easily get that wp(y,t) < CX by Holder (see (7.22)); the following
lemma says that much more is true on average.

Lemma 7.81. — There is a constant Cp, > 0 such that

1
() W < 0 x1(@)

(7.82) .

/yeZﬂB(x,r(m)/S) /0<t<7‘(z)/2

This is actually proved in [DaSe2], Proposition 4.5 page 311, modulo slightly dif-
ferent hypotheses that do not really matter. In order not to confuse the reader (and
also not to force on them the definition of Carleson measures) we shall give a rapid
proof here.
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Set K = Z N B(zx,r(z)) and, for 2 € R?, d(z) = dist(z, K). Let 2 < 0 < 400 be
such that L + £ =1, and also choose b € (0,1/0). Write

m e = (e (42)) 7 {9}
’ t t
and apply Holder. We get that
(7.84) wp(y, t) < VP I(y, 1) J(y,1)*/7,
where
d(2)\ 27
(7.85) I(y,t) //B(w)\GIVU( )|? ( ( )>
and

(7.86) J(y,t) = / /B o (fi-(fl)_ba.

To estimate J(y,t) we shall need to know that for 0 < p < 1,
(7.87) l{z € B(y,t) ; dist(z, K) < pt}| < Cpt?.

To prove this we may assume that p < 1/3 (the other case is trivial). Cover the set
in (7.87) by balls B(w, 2pt) centered on K NB(y,t+2pt) and such that the B (w, pt/5)
are disjoint. Since Z does not meet Z3 (because Z C Zy = Girr \ (Z1 U Z3 U Z3)) we
have that

(7.88) H (G~ N B (w,pt/5)) > (5C) "

(compare with (7.33)). Since we are only interested in points y € Z (see (7.82)), we
may assume that y € G~ \ Z;, and hence H! (G~ N B(y, 2t)) < 6nt. [Compare with
(7.9).] Since the B (w, p/5) are disjoint and contained in B(y, 2t), (7.88) implies that
there are at most Cp~! such balls; (7.87) follows.

To estimate J(y,t) we decompose B(y,t) \ G into regions By where d(z)/t ~ 27,
k > 0. The contribution of By, to the integral in (7.86) is < C2*% | By| < C2Fb7 2~ ktz

by (7.87). The series converges because we chose b < 0!, and the sum is less than
Ct?. So

(7.89) J(y,t)*/7 < Cth/ve,
and
(7.90) wp(y,t) < C' =7 %37 I(y,t) = Ct™1I(y, 1)

by (7.84) and because X + £ = 1. Thus the left-hand side of (7.82) is less than C
times

(7.91) / / / Vu(z) ( z))z”/” dzdI-.g(y)dt
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where we integrate with the constraints y € Z N B (z,r(z)/5), 0 < t < r(z)/2, and
z € R\ G lies at distance < t from y. In particular 2z € B (z,7r(z)/10). By Fubini,

(7.92) I< / a(z) |[Vu(2)) dz,
z€B(z,r(z))\G

where

(7.93) ale) = /0<t<r(a:)/2 (é(tz_)>2b/p {/yeKnB(z,t) dHl(y)} %

(recall that K = Z N B(z,r(x))). Let us check that
(7.94) / dH'(y) < Ct.
KNB(z,t)

Suppose K N B(z,t) is not empty, and let £ denote one of this points. Then
K N B(z,t) € G- N B(&,2t). [Recall that K C Z, which does not meet L by (7.67).]
Since ¢ € K, it lies in G~ \ Z; and H! (G~ N B(&,2t)) < 67t (see (7.9)); hence (7.94)
holds with C' = 6.

Note also that the left-hand side of (7.94) vanishes unless d(z) = dist(z, K) < t.
Hence

2b/p
(7.95) a(z) < C d(_z)_) ’ at <C,

d(z)<t<r(z)/2 ( t

7 S
and then
(7.96) I<C |Vu(z)> < CAr(x)
B(z,r(z))~G
by (7.92), and because z € Z C G~ \ Z,. [See (7.22).]
This completes our proof of Lemma 7.81. O

Next we want to deduce from the lemma that for each (small) a > 0 there is a
C(a) > 0 such that for all z € X, as above, we can find y € Z N B (z,r(z)/5) and
t € [C(a)~ r(z),r(x)/2] such that

(7.97) wp(y,t) < a.

Suppose not. Call J the left-hand side of (7.82). We would have that

r(z)/2 dt
(7.98) J > / / aXdH'(y)—
y€ZNB(z,r(z)/5) JC(a)~1r(x) 3

C C

> a)H' (Z N B (z,r(z)/5)) Log % > a)\r—(é2 Log %

by (7.73), and because almost all of Z4 lies in Z. [See around (7.67)-(7.69).] Of course
this would contradict (7.82) if C(«) is large enough, whence the existence of the pair

(y,1).

ASTERISQUE 274



7. FIRST CLEANING OF A COMPETITOR FOR Jgr 51

Now choose T so small, depending on a (which will be chosen soon), so that 7 <
(100C(x))~*. Then (7.79) tells us that we can find a square Q, centered at y, with
sides parallel to 6 and the orthogonal direction, and such that

(7.99) B (y,t/10) C Qz C B(y,?)
and
(7.100) 0Q: NG =o.

Indeed, if ¢ denotes half the sidelength of @, (7.99) allows all choices of £ between
t/10 and t/2, while (7.79) (and the fact that B(y,t) C B(z,r(z))) only forbid a set

of values of £ with measure < 47r(z). [The extra factor 2 comes from the fact that

both £ and —¢ have to avoid the projections in (7.79).] Since 47r(z) < %E(QL) < 1,

this leaves a lot of room for the choice of £ and Q.

In fact, there is even enough room left for the choice of ¢ to allow the extra re-
quirement that

100 100 p/2
(7.101) / |VolP dH' < e // |Vol|P = - {t%—lw,,(y,t)}
0Qz B(y,t)NG

= 100t P/ 2w, (y, t)P/? < 100aP/2\P/241-P/2
by (7.80) and (7.97).

Denote by v; the harmonic extension on @, of the values of v on 8Q, (which are
of class C! by (7.100)). It is well-known (and not hard to check with the Poisson
kernel) that functions on a circle which have a derivative in L? have an extension to

the disk with finite energy / / |VU|2. This fact, plus the bilipschitz equivalence of

squares to disks and a small homogeneity argument, yields

2/p
(7.102) // |V |2 < Ct22/P {/ |Vo|? dHl} <Calt,
Qax 0Qxz

by (7.101).

Now we can choose « so small that Ca < (10002)‘1, where Cs is the same constant
as in the definition (7.33) of Z3. Then

(7.103) // Vo |? < (100C2) ™" At < 107*AH! (G~ N B (y,t/10))
Qa

<107MAH' (G NQy)
because y € Z, Z C G~ \ Zs, and by (7.99).

We are now ready to conclude. For each € X, (our finite subset of X, chosen
just after (7.76)) we choose y,t, and Q, as above. Then we take

(7.104) Gi=6~ (U @)

z€Xo
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We still have that G; D L and G; C Bp, because Q, C B(y,t) C B(z,r(z)) C
Br\ L (by (7.72) in particular). Also, the Q. are disjoint because the B(z,r(z)) are
disjoint (by (7.75)), and so we may define v; on R? \ G; by keeping v; = v out of the
squares (), and defining v; on each @, as above. Then

(7.105) / |w1|2—/ Vol? < Z/ Vo |2
Br~\G: Br~\G Qz

z€Xo

<1072 ) H'Y(GTNQy)
r€Xo
<107 [H' (GT) N H' (GT)]
because the Q) are disjoint, by (7.103), and by (7.104).
On the other hand,

(1106)  h(H'(G7))~h(H(GT)) > [H} (G7) - (G7)]

by (4.59), and so

(7.107)  J(v,G) — J (v1,G1) > (2 - %) [H' (G™) — H' (G])]
6 . 6 1 _r(@)
= Eg};oﬂ (G NQ,) > Ezez;ocg 00

because for each z, Q, contains B (y,t/10), which is centered at y € Z C G~ \ Z3,
and t > r(z)/C(a). See (7.99), the definition of y and ¢ before (7.97), and (7.33).

We also know from (7.5) that J(v,G) < J (v1,G1) + €, and hence
(7.108) A r(z) < Ce.
z€Xo

Of course (7.108) still holds with X, because it holds for all its finite subsets Xj.
Finally

(7.109) H'(Z)< ) H'(ZnB(z,5r(x)) < 157 Y r(z) < Ce
rzeX reX

by (7.76), because Z C G~, because all points z € X lie in G~ \ Z1, by definition
(7.9) of Z;, and because A > 1.

This completes our proof of (7.70) and, as explained just before (7.70), of Propo-
sition 7.4. O

8. The JX approximate Jg

In this section we complete the proof of (6.2), i.e. the fact that n(R), the infimum
of Jg, is the limit of the corresponding infima 7 (R) of the JE.
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Note that U% increases with k, so mx(R) is a nonincreasing function of k and
ngnoo nx(R) = n(R). To complete the proof we give ourselves a small € > 0 and a
competitor (v,G) € Ug that satisfies (7.5) (i.e., for which Jr(v,G) is almost mini-
mal). We want to use (v, G) to construct a competitor (u, K) in some UL such that
J(u, K) < n(R) + Ce. This will give a k for which nx(R) < n(R) + Ce, and (6.2) will
follow because nx(R) is a nonincreasing function of k.

So let € > 0 and (v,G) be given, and assume that (7.5) holds (just like in the
previous section). Let us look more closely at the rectifiable part Grec of G. The
definition (7.2) says that Gyec is covered, except perhaps for a subset of vanishing
H'-measure, by a countable collection {I';} of simple curves of class C1. We may as
well assume that I'; = L. Then G ~ T'; has finite Hl-measure, and we can find a
finite subcollection I'y, . ..,T',, such that

(8.1) Hl(Grec N 0 Fi) <e.
i=1

Set E; = (Grec NT;) N Ui<j E;. Then E; C T'j N Grec, the E; are disjoint, and
H! (Grec ~ Uj Ej) < €. The Lebesgue (or Hausdorff) measure on each I'; is regular,
so we can find an open set O; C I'; which contains E; and such that H' (O; \ E;) <
e/m. The open set O; is a union of at most countably many intervals of I';, and we
can choose a finite union O of these intervals so that H' (O; \ O}) < ¢/m. For
j =1 we keep O;. = 0; = L. Also, for j > 1, me may have taken I'; C Bg, and then
(9;- C Bpg as well.

Finally denote by Kg the union of all the closures 5; of these intervals. Then

(8.2) Ky is closed, contains L, and is contained in L U Bp,
(8.3) K has finitely many connected components,
(8.4) H*' (Grec ™ Kop) < 2¢,

(8.5) H' (Ko \ Grec) < €.

Because of (7.6) we also have that
(8.6) H' (G~ Ky) < Ce.

We need to find a way to get rid of G \ Ky, without paying too much in terms
of Jg, and most importantly without adding infinitely many connected components
to K().

As usual, we start with a covering of G \ K. For each z € G \ Ky, set

(8.7) ri(z) = sup {r e€[0,1]; /

|Vol? > 5m}
B(z,7)NBr~G
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ifx € Zy (see (7.22)), and r1(x) = 0 otherwise. Thusri(z) > 0ifz € Z. Alsori(z) <
1/10 (if € is small enough), because otherwise we could add some d8(B(z,r) N Bg) to
G, replace v with a constant on B(z,r) N Bg, and reduce Jr(v,G) by much more
than . See the proof of Lemma 7.21 for more detail. Of course,

(8-8) / IVvl2 < 5nrA for r(x) <r <1,
B(z,r)NBRr~\G

by definition of 1 (z) and a small limiting argument (to get r = r1(x) also). Next set
(8.9) ra(z) =sup {r > 0; H' (B(z,r) NG\ Ko) > r/4}
for x € G \ Ky. By the same density theorem as for (4.18) or (7.35), we have that

ro(z) > 0 for H!-almost every x € G\ Kp. Because of (8.6), ro(x) < 1/10 everywhere.
Set

(8.10) r3(z) = Max (r1(z), r2(z)),
(8.11) Zs = {x € G\ Ky : r3(z) > 0},
and

(8.12) Zs =G~ (KoU Zs) .

Choose a set X5 C Zs such that the balls B (z,r3(z)), z € X5, are disjoint, but
the B (z,5r3(x)), © € X5, cover Zs.

Denote by X{ the set of € X5 such that r3(z) = r2(z). Then
(8.13) Z r3(z) = Z ra(z) <4 Z H (B (z,72(2)) NG\ Ko)
z€EXY z€EX{ TEX{
< 4H' (G \ Kp) < Ce
by definition of r2(z), and then the disjointness of the B (z,73(z)) and (8.6).

Also set X! = X5 \ X{. Then X/ C Z,, because r3(z) = r1(z) > 0 for z € X/
(and z € G~ because L C Kj). The same argument as in Lemma 7.21 tells us that

(8.14) A Y ri(z) <e.

zeX!

[See in particular (7.30) and the comment that follows it; the additional information
that the points of the set X (in the proof of Lemma 7.21) all lie in G~ \ Z; was
not used for (7.30), but only in (7.31) to deduce an estimate on H! (Z2 \ Z1) from
(7.30).] Since r3(z) = r1(z) on XY, we can group (8.13) with (8.14) and get that

(8.15) > rs(z) < Ce.

z€Xs

We also want to cover Zg. Since ro(z) > 0 almost-everywhere on G\ Ko, H! (Zg) =
0. Thus we can cover Zg by disks B (z,74(x)), z € X§, with ZzGXé rqa(z) < e. We
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may even assume that X} C Zg (otherwise, change the centers and double the radii).
Let us use the Vitali type covering lemma again to find a subset Xg of X§ such that
the disks B (x,r4(x)), z € X, are disjoint, and the B (z,5r4(x)), z € Xg, cover Zs.

To make our notations more uniform, set X = X5 U X¢, and also r4(z) = r3(zx) for
z € X5. By the preceding discussion,

(8.16) GNKo=25UZ C | J B(z,5ra()),
zeX
and
(8.17) > ra(z) < Ce.
zeX
Denote by z1,z2,...Z;,... the elements of X. We can choose this description of X

in such a way that the sequence of radii {r4 (z;)} be nonincreasing. [This is because
of (8.17).] For ¢ > 1, we shall choose a last radius r; = r(z;) with the following
properties. First,

(8.18) Bry (.1:1) <r; <107y (.’L‘,)
and, if we set B; = B (z;,7;),
(8.19) 8B;:NG~ Ko = 2.

So far, this is easy to obtain, because 74 (x;) > 72 (x;), and by the definition (8.9).
We also require that

(8.20) / |Vo]? < O
OB;NBr\G

This is also easy to get because 74 (x;) > 71 (x;), 1074 (z;) < 1 (by (8.17)), and by
(8.7). We add a last constraint on the choice of 7;. Set
(8.21) J(i) ={j <i:B(zj,11rs (z;)) meets B (x;, 11r4 (z;))} .

Note that J(z) has at most C elements, because 74 (z;) > 74 (x;) for j € J(i), the
disks B (z,r4(z)), x € X5, are disjoint, and so are the B (z,r4(x)), z € X¢. We also
require that for all j € J(i) either

(822&) dist (BBi, 8BJ) > 0 Min (7‘,‘, rj)
or else
(8.22b) 0B, and 0B; intersect with an angle > 6,

where 6 > 0 is a small positive constant.
Finally we require that (8.22a) or (8.22b) hold also with 0Bp instead of dB; (and
R instead of r;).

If we choose 6 small enough, then we can add the new constraints (8.22) to the
previous ones (8.18)-(8.20). This is because for each j € J(i), the constraint (8.22)
only forbids a set of measure < Cr4 (z;) of potential choices for r;, and there are at
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most C such constraints. [The final constraint on transversality with dBpg is treated
the same way.|

So we choose the radii r; with the properties above. Note that our condition (8.22)
is actually satisfied for all j < i (because (8.22a) holds trivially when j ¢ J(4)), and
even for all j # i (because (8.22) is symmetric).

Let us modify a last time our list of disks B;. For each i > 1, set
(8.23) D; = B; N\ Bpg.

Remove from our list of disks B; all those for which D; is not maximal, i.e., those for
which D; is strictly contained in some other D;. If two or more disks D; coincide,
just keep one of them and remove all the other ones. Of course these modifications
do not change |J; (B; N Br), so we still have that

(8.24) G\ Ko C|JB;

after this modification, and now

(8.25) D; is not contained in D; when i # j.

Let us also use the opportunity to re-number the B;. Choose a new ordering such
that the sequence {r;} (with the new ordering) is non-increasing.

We are now ready to start the construction of a new competitor (u, K) € Ug. This
competitor will be the limit of a sequence {(v;, G;)} which we want to construct now.
We shall define at the same time a nondecreasing sequence of closed sets K; C Gj;
the main property of K; will be that it does not have more connected components
than Kj.

We start with K, as above, Go = GU K, and for vg the restriction of v to R2\ Gy.
[This may look artificial, but we want to have Ko C Gp.] Note that (vo,Go) € Ugr
because of (8.2) in particular.

Now suppose that ¢ > 1 and that we already defined the v;, Gj and K;, 0 < j <
i — 1. Our construction will be simpler if

(8.26) 0D; meets K;_1

(with D; as in (8.23)); we shall then say that ¢ € I;. In this case we take
(8.27) K; =K, 1U0D;,

(8.28) G; = K;U[Gi-1 \ Dy,

and we define v; by

(8.29)

V; = Vi—1 out of D,
v; =0 on D;.
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It is easy to check that K; C G;, K; does not have more connected components
than K;_; (by (8.26)), G; is closed, and (v;,G;) € Ug (if we already have that
(vi-1,Gi—1) € Ug). Note also that

(8.30) K;,G;, and v; coincide with K;_1, G;_1, and v;_; out of D;.
Now consider the more delicate case when i € I, where
(8.31) I, ={i>1; 0D, does not meet K;_1}.

In this case we do not want to add 8D; to our boundary (because this would increase
the number of components of K;), and instead we shall try to get rid of the part of
G;i_1 inside B;. More precisely, set

(8.32) D; =D;~ | JB;,
j<i
and then take

(8.33) K, =K;
and
(8.34) G; =K; U (Gz’—l N D:) .

We still have that K; C G; and, since K;_1 C G;—1 by our (implicit) induction
hypothesis, G; coincides with G;_; out of D}. Before we are able to define v;, we
shall need a lot of information on the sets D; and Dy. Let us first check that

(8.35) D;ND; =2 when i€, j€I, andj<i.

Assume instead that D; meets D;. Because of (8.25), 0D; meets 0D; (because
otherwise we would have that D; C D; or D; C D;). This is not possible under the
conditions of (8.35), because D; C K; C K;_1 and 0D; does not meet K;_;. So
(8.35) holds.

For most of the definition of v; we shall have to wait a little more, but we can
already decide to keep

(8.36) vi(z) = v;—1(x) out of D;.

This seems reasonable because we did not modify G;_1 out of D;. If we keep with
this resolution, we will have that

(8.37) K;,G;, and v; coincide with K;_;,G;—1 and v;_1 out ot D;.

For the rest of the definition of v;, we shall need to know more about D] before
we can do the necessary gluing. Note that the slightly degenerate case when D} is
empty may happen. This will not disturb us, in this case we simply keep (v;, G;) =
(vi—1,Gi=1). So let us assume now that D] is not empty, and let us try to describe
it better.
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Lemma 8.38. — The boundary 0D} is composed of a bounded number of arcs of cir-
cles of radii > r;, and int (D}) is composed of a bounded number of disjoint simply
connected domains that are all bilipschitz-equivalent to disks of radius r;.

We shall even have a uniform control on the bilipschitz constants for the compo-
nents of int (D}) that depends only on the constant § > 0 in (8.22).

To prove the lemma, first note that D} is composed of a finite number of arcs of
circles. This is clear from the definitions (8.32) and (8.23). The corresponding circles
are either OBR, or various 0Bj, j < 4, and they all have radii > r; because r; is a
monotone function of j. Moreover, (8.22) and its analogue for dBp tell us that the
circles are at distances > 0r; from each other or meet with angles > 6. Thus there
are at most C' such circles (they all meet B;), and there are at most C” arcs of circles.

The open set int (D7) is obtained from D; = B; N Br by removing its intersection
with various disks B;. To prove that each connected component of int (D) is simply
connected we can proceed by induction on the number of B; that were removed from
D;. The point is that if U is a simply connected domain contained in D; and B; is
a disk which is not contained in D;, then all the connected components of U \ Fj
are simply connected. A well known fact from two-dimensional topology is that this
follows from the connectedness of the complement of U \. B;. This last comes from the
fact that all points of B; are connected through B; to the exterior of U. Thus int (D)
has simply connected components. The fact that they are all bilipschitz equivalent
to disks of radius r; comes from our estimate on the number of arcs of circles (of
radii > r;) that compose D}, their angles > 6 when they meet, and the fact that
D} C D;. This completes our proof of Lemma 8.38. a

Next we want information on d; = 9D} N Bg and its closure 0.

Lemma 8.39. — We have that

(8.40) 0;NG; =2 for 0<j<i—1,
(8.41) 0;ND; =@ for jeh, j<i,
and

(8.42) d;nint (D}) =@ for jel, j<i

To prove the lemma, first recall that 9; is composed of a finite number of arcs of
circles dB;, j < i. Then 9; is the same as 9;, except that we also add the endpoints
of these arcs that lie in dBg. Let us first check that

(8.43) 9; does not meet Gy = G U K.

Let 7 be one of the arcs that compose 9;, and let j < ¢ denote the index such that
v C 8B;. Since v C D; N'D;, (8.35) says that j € I if j < 4; this is also true if j = 1,
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trivially. Note that

(8.44) O0BjNBrNGo=o for j€ L.

Indeed dD; does not meet Koy C K;_; (by definition of I, see (8.31)), hence 0B; N
Br C 0D; does not meet Ky either, and finally 0B; does not meet Go~ Ko = G\ K
(by 8.19)).

So the arc ¥ cannot meet Gy, because it is contained in 0B; N Bpg. This proves
(8.43).

The rest of (8.40), i.e., the case when j > 0, will follow from (8.43) as soon as we
prove (8.41). This is because G; C Gj—1 U9D; when j € I, (by (8.27), (8.28), and
the fact that K;_; C Gj__l), and G; C Gj_1 when j € I, (by (8.33), (8.34), and
because K;_1 C Gj_1).

To prove (8.41) simply observe that 9; N —Dj c D;n ﬁj, which is empty when
j € I, j < i, because of (8.35).

Finally (8.42) holds because 9; C 8D}, which cannot meet int (D;‘) for j € I,
Jj < i, because intD; C B; and by (8.32). This completes our proof of Lemma 8.39.

a

We are now ready to define the function v; on D}. [Recall that the rest of R2\ G;
was taken care of by (8.36) already. We want to take

(8.45) vi(z) =v(z) on &;,

(8.46) v;i(z) = uo(z) on OB NID;,
and then define v; on int (D}) by the condition that
(8.47) v; is continuous on D; and harmonic on int (D).

We want to check that this is coherent, and we shall proceed by induction. Thus
we assume that all the functions v;, j < i, j € I, have been chosen according to these
rules, and we shall check that v; also can be defined through (8.45)-(8.47).

Because of (8.40), all the function vj, j < 1 —1 are defined on 0;. Let us check that
(8.48) v;(z) = v(z) for x € 9; and j < i — 1.
This is true for j = 0, because vy is the restriction of v to RZ\ Gp. If 1 < j <i—1
and (8.48) holds for j — 1, there are two options. If j € I, then (8.48) holds because
of (8.41) and (8.30). If j € I and = € 9; \ D3, then v;(z) = vj_1(x) = v(z) by
(8.36) and induction hypothesis. Since d; does not meet int (D;) by (8.42), we are
left with the case when j € I and z € 9; N GD;. Then either z € 9; = BD;‘ N Bg,
and v;(z) = v(z) by (8.45) (and induction hypothesis) or else z € dBr N 9D} and
vj(z) = uo(z) = v(z) by (8.46). This proves (8.48).

Because of (8.48) for j = i —1, the two definitions that we have given of v; on ; (in
(8.36) and (8.45)) coincide. The situation on 8 BgNAD} is similar; we chose v; = ug in
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(8.46), and (8.36) also forced v; = ug on 0BRNID} \ G;_1 because (v;—1,Gi—1) € Ur

(by induction hypothesis). Here we may have defined v; (in (8.46)) also on a piece of

dBr N G, but this does not matter. So (8.45) and (8.46) are compatible with (8.36).
Since 9; N Gy = @ (by (8.40)), the restriction of v to 8; has limits at the points

of 8; N OBR which coincide with the values of ug at these points. [This is because

v(z) = ug(z) on dBRr \ Gy, since (v,G) € Ug.] Thus

(8.49) (8.45) and (8.46) define a continuous function v; on 4D .

Because of this (and also of Lemma 8.38) our definition of v; on int(D}) (that is,
by (8.47)) makes sense.

Thus we can define v; as in (8.36) and (8.45)-(8.47). Moreover, v; is continuous
(and even piecewise C') across &D}. It is easy to check that (v;, G;) € Ug, because
of this, (8.36), and (8.34).

This completes our definition of v;, G;, and K; by induction. We need some esti-
mates on Vv; before we let ¢ tend to +00. Because of Lemma 8.38, we can estimate
the Dirichlet integral of v; on D} like on a bounded collection of disks of radius ;,
and

8.50 / Vv,-2<0ri/
(8.50) v e |7

where Ov; /01 denotes the (tangential) derivative of the restriction of v; to dD}. Ob-
viously
6’02‘

8.51 / v
( ) dDrNOBR or

by (8.46). Since 0D} \ 0Bgr = 0D} N Br = 0; is composed of finitely many arcs of
circle Bj, j < 1, we may use (8.43) and (8.20) to get that
2

2

B’Ui dHl,

2

< CTiR_l

(8.52) / duil” < o
8D} ~0Br or
Thus / |Vui|? < Cri), by (8.50)-(8.52), and then
D;
(8.53) / Vol < / Vi1 [ + Crid
Br~\G; Br~\G;i-1

because of (8.36).
We are now ready to go to the limit. Set

(8.54) K= (D Kz-)—.

Let us first check that K does not have more connected components than K. For
each connected component A, of Ky, choose an origin 2z, € A,. For all ¢ > 1, every
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point of K; can be connected to one of the z, by a path contained in K;. [This is
because the only times when we modified the sets K; were when ¢ € I, and then we
added a piece 0D; connected to K;_; (by (8.26)).] Consequently, if A} denotes the
connected component of 2, in | J; K;, the union of the sets A} contains all the sets K;
(and hence is dense in K). The desired result follows, because the closure (in K') of
each A} is connected.

Next we check that

(8.55) K C KoUGU (U BD,»).
i€l

Since by (8.27) and (8.33) all the K; are contained in the right-hand side of (8.55),
the only interesting points are those of K \.|J; K;. Let = be such a point, and let {z,}
be a sequence of points of | J; K; which converges to z. If z, € G U K for infinitely
many values of n, then z € GU K (which is closed by (8.2)) and we are happy. If z,,
lies in a single 8D;, ¢ € Iy, for infinitely many values of n, then z € dD;; this does not
happen because we assumed that ¢ ¢ K,;. We are left with the case when z,, € D;
for n large enough, with an index ¢, that tends to +oo. Since 0D;, C Ein and B;,
is centered on G, we have that dist (z,,G) < r;,. Also r;, tends to 0 (by (8.17) and
(8.18)), and so z € G. This proves (8.55).

Lemma 8.56. — For all x € R? \ K, there is a neighborhood W of x and an index
7 =1 such that, for alli > j,

(8.57) W RN Gy
and
(8.58) vi(2) =vj(z) on W.

In other words, every point of R? \. K has a neighborhood W on which v; is defined
for ¢ large and {v;} is stationary.

Let us first check that for all z € R? \ K there is a neighborhood W, of z that
meets only finitely many sets D;, i € I;.

Suppose not. Then there is a sequence {in}nZI of indices %,, € I; such that 7,, tends
to +oo and d, = dist (x, D;,) tends to 0. Note that dist(z, K) < dn, + diamD;, <
dn + 2r;, because 0D;, C K, C K. Since r;, tends also to 0, we get that z € K, a
contradiction. This give the existence of Wj.

Let us first prove the conclusion of the lemma when

(8.59) zeD=|]J D
i€l

Let j denote the largest integer of I; such that x € D;; j is well-defined because
z € Wy and Wy meets only finitely many D;, ¢ € I;. Note that x ¢ dD; for any
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i € I, because 0D; C K and z ¢ K. Thus
(8.60) dist (z,D;) >0 for all i€ I1,i> j.

Only finitely many D;, i € I1, can ever get close to = (because x € Wp), so (8.60)
implies that we can find a neighborhood W of z that does not meet any D;, i € I
and ¢ > j. We may as well modify W (by reducing it) so that W be open,

(8.61) WcDinWy, and WNK =g

(because z ¢ K).

Note that by (8.35) D; does not meet any D;, i € I and i > j. Then it does not
meet the corresponding D either. We already know that W does not meet any of
the D;, i € I, and i > j. Altogether, (8.30) and (8.37) tell us that all the K;, G;, and
v;, © > j, coincide with K, G;, and v; on W. Thus (8.57) and (8.58) will follow as
soon as we prove that W does not meet G;.

By (8.61), W does not meet K; C K. Since G; N D; = K; N D; by (8.28), we get
that W does not meet G; (by (8.61)), as needed. This completes our discussion of
the case when z € D (as in (8.59)).

Now suppose that © ¢ D. Then

(8.62) dist(z, D) = dist (a: U aDi) > dist(z, K) > 0,
1€l

because K contains all the 8D;, ¢+ € I;. Let us now assume that

(8.63) x € B; for some j € Is.

Let W be a neighborhood of z which is contained in B; and does not meet K or
D. [Such a W exists, by (8.62).] Then W does not meet any of the D;, i € I;. It
does not meet the D¥, i € I, and ¢ > j either (by (8.32)); hence the K;, G;, and v;
stay the same on W for ¢ > j as for ¢ = j, by (8.30) and (8.37). Once again, it will
be enough to show that W does not meet Gj.

Since K; C K and W does not meet K, it will be enough to check that
(8.64) GjNB; CKj for je€ L.

(because W C B;). To prove (8.64) we may forget about L (which is contained in
K)); thus it is enough to control G; N B; N Bg = G; N D;.

The only situations where we ever add something to G; are when ¢ € I; and we add
dD;. This never affects D, because D; N D; = @ for such i, i < j (by (8.35)). Thus
all the points of G; N Bj already lie in Go. Let z be such a point. Let jo denote the
smallest index of Iz such that z € Ejo; then jo < j because z € 5j. If z ¢ K; (the
only interesting case in view of (8.64)), z ¢ Kj, either. By definition of jo, 2 € Dj
(see (8.32), use (8.35) again, and note that z € Dy if it lies in some By). By (8.34),
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z & Gj,, and since z was never put back in G; (by the remark about the D;, i€ L),
z & G;. This proves (8.64).

We are left with the case when (8.59) and (8.63) both fail. Let us first check that
there is a neighborhood W; of z that only meets finitely many sets D;, i € I; U I,.

Suppose not. Then there is a sequence i, that tends to +oo and such that
dist (z, D;,, ) tends to 0. Since the B;, are centered on G, dist(z, G) < dist (z,D;,, ) +
7;,,, which tends to 0 because r;, also tend to 0. Thus z € G. Since it does not lie in
K, z € G\ Kj. By (8.24), z lies in some B;. Obviously i € I, since (8.63) does not
hold. We do not have z € D;, because (8.59) fails. Thus z € B; \ D;, and there are
only two options: z € 8D; or x € L. Both cases are impossible because LUJD; C K,
and z € R? \ K, by the only hypothesis of Lemma 8.56. This proves the existence of
w;.

Now let j be so large that no D;, i > j, meets W;. Then for all ¢ > j the
restrictions to W; of K, G;, and v; are the same as for ¢ = j. Thus it is enough to
find a neighborhood W of  such that WNG; = @ and W C W;.

Simply choose W connected, contained in W7, and disjoint from K. Suppose, to
get a contradiction, that W N G; contains some point z. Note that G; C GU K
(because Gy = G U Ky and all the pieces that we ever added to the G; were also
added to some Kj;, hence lie in K). Since W does not meet K, z lies in G. We even
have that z € G \ K because Ko C K. In particular z € Bg (because L C Kj), and
also (8.24) says that z € B;, for some 7o > 1.

We claim that W does not meet any D;, i € I;. Indeed if i € I;, D; does not meet
W (because 0D; C K) and x ¢ D; (because we are still in the case when (8.59) fails).
Since W is connected, it cannot meet D;. This proves the claim, and the consequence
is that ig € I (since z € B;, N Br C D,,).

We know from (8.64) that G;, N B;, C K;,. Hence z € G,,, since z € W and W
does not meet K. Since z € WNG; (by definition of z) and all WNG;, ¢ > j, coincide
with W N G; (because W C W), we must have ig < j. This means that z has been
added to G; some time between ig and j. This is impossible because the only points
that we ever add to the sets G; lie in some dD;, i € I, and so lie in K.

This contradiction proves that WNG; = @, and completes our proof of (8.57) and
(8.58) in the last of our three cases. Lemma 8.56 follows. O

Because of Lemma 8.56, the functions v; converge, uniformly on compact subsets
of R? \ K, to a function u. The convergence is excellent: the sequence is stationary
on each compact subset of R? \ K. Hence u € W12 (Bg \ K), and

(8.65) / IVu|? < liminf / Vil < / Vol + NS s
Br\K t—+00 Br\G; Br~\G

i=1
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by Fatou and (8.53). On the other hand,

(8.66) H'(K~):=H'(K~L)<H'(G")+H" (Ko~ G)+ > H'(dD;)
1€l

o0
< H'(G) +e+27r2ri
=1

by (8.55), (8.5), and the trivial fact that Grec C G. Since
(8.67) > ri<Ce
=1

by (8.17) and (8.18),
(8.68) Jr(u, K) < Jr(u,G) + CAe

by (3.2), (8.65)-(8.67), and also the definition (4.10) of A, the basic properties (3.3),
(3.5) and (3.6) of h, and our assumption that € < 1. Note that

(8.69) (u,K) € UK for some k,

The fact that (u, K) € Ur comes from our construction of K and u, and in particular
the fact that u € W12 (Bg \ K); then (u, K) € UE for some k by the observation
that follows (8.54).

We are now ready to conclude. For each ¢ > 0 (small enough) we can choose a
competitor (v,G) € Ug that satisfies (7.5). We have just shown that we can use
(v, @) to construct a new competitor (u, K) in some UE, that satisfies (8.68). Thus
Nk (R) < n(R) + CXe for that k; the desired estimate (6.2) follows because nx(R) is a
nonincreasing function of k, as was explained at the beginning of this section. [Recall
from (3.4), (3.5), and (4.10) that A < A.]

This completes our proof of (6.2). a

9. Existence of minimizers (the concentration property)

In this section we complete the program announced in Section 6 and prove the
following result.

Proposition 9.1. — For R > 1 large enough we can find (vg,Gr) € Ur such that
(9.2) Jr (v, Gr) = n(R),
where n(R) = inf {Jgr(v, G); (v, G) € Ur} as in (6.3).

To prove the proposition we shall use (6.2) and a classical argument based on the
concentration lemma of [DMS]. See [MoSo].

Our first observation is that for each k > 1 there is a pair (vg, Gr) € UX such that
(9.3) Jr (vr, GR) = nk(R).
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To find a minimizer for J§ we start from a sequence {(vk,¢, Gk,e)}, in U such that
(9.4) le}l{.lo JR ('Uk,Z’ kag) = nk(R).

Modulo extracting a subsequence, we may assume that the closed sets G ¢ con-
verge, for the Hausdorff metric, to a limit Gx. We can also assume that for each ¢,
Uk,¢ has been chosen so as to minimize

(9.5) Ep = / |Vog,e|*
Br~\Gg,e

with G fixed, and under the usual constraint that v = ug on Br \ Gg¢. Then
Vk,¢ is harmonic. This is good, because we have an upper bound for E; that does
not depend on ¢, and we can use this to prove uniform estimates on Vuy ¢ away from
Gi. Then Montel allows us to extract a new subsequence so that (after extraction)
the sequence {vg} , converges on R? \. G} to a function v, uniformly on compact
subsets of Bg . Gx. Then vy is continuous on R? \. G}, harmonic on Bg ~ G, and
(’Uk, Gk) € Ug.

Also, Gk has at most k connected components, because Hausdorff limits of con-
nected compact sets are connected, and so (vg, Gx) € U 1’3. By Fatou,

(9.6) / |Vu|? < liminf / [Vor.el?.
Br~Gk £—+00 JBp\Ge

So far, the argument is quite general, and would work with any minimizing sequence
in Ug. The point now is that the restriction of the Hausdorff measure H'! to compact
connected sets of finite length is lower semicontinuous, and hence the same thing
works with sets with at most k components. [You may always extract subsequences
so that each component converges.] See for instance [MoSo], p.125. The conclusion
is that, in the present case

1 — o . 1 —
9.7) H' (G;) < liminf H' (G,)
and hence
(9-8) Jr (vk, Gk) < lim inf Jp (Vk,e, Gk,e) = Mk (R).

This completes our rapid proof of existence of minimizers for each J&. See [MoSo]
for additional details.

Now we turn to the existence of minimizers for Jg. We start from the sequence
{(vk, Gk)} of minimizers for J§ that we just obtained. Note that this is a minimizing
sequence for Jg, because of (6.2). Follow the same argument as above; we get a limit
(v,G) € Ur as before, and we even get the analogue of (9.6), i.e., that
(9.9) / |Vol® < lim inf / [Vur|?.

Br\G k—+o0

Br~\Gg
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For the next stage (i.e., the analogue of (9.7)) we cannot use the same argument as
before, since we have no uniform bound on the number of components of the Gy. Of
course, the analogue of (9.7) is false in general (that is, without information on the
sets Gy other that the fact that they converge to G). [Think about powder-like sets
that converge to a thick limit G.]

In order to get the analogue of (9.7) anyway, we shall use the fact that (vk,Gx)
minimizes J 1’% to get an additional regularity property of the Gy (the uniform concen-
tration property of [DMS]).

We shall say that {G} satisfies the uniform concentration property if for all e > 0
we can find a constant C(e) (independent of k) with the following property. For each
disk B = B(z,r) centered on G}, with radius r < 1, and that does not meet L, we
can find a disk B(y,t) centered on G}, contained in B, and such that

(9.10) t>Ce) Ir
and
(9.11) H' (Gy NnB(y,t)) > (2 —e)t.

Our definition is slightly different from the one in [DMS] or [MoSo|. This is mostly
to simplify the statement and accommodate the special status of L here, but the
difference does not really matter.

We shall sketch a proof of this property soon, but let us first see how to use it to
get the analogue of (9.7) and conclude.

Consider the compact set A = G N Bgr, which is the Hausdorff limit of the sets
Ay = Gx N Bg. We want to apply Proposition 10.10 on page 123 of [MoSo], and so
we need a Vitali covering B of A. We pick a countable, dense subset of A, and take
for B the collection of all disks centered on the dense subset and with rational radii
< 1. Obviously Bis countable, and it is a Vitali covering of A, as defined in the first
lines of Subsection 2 on page 82 of [MoSo].

To apply Proposition 10.10 of [MoSo| we have to check that for each € > 0 we can
find a constant C. such that for all B € B there is a kg > 1 such that for k > kg we
can find By € B with By C B,

(9.12) diamBj, > C.diamB
and
(9.13) H' (A N By) > (1 — ¢)diamBy.

[Compare with (10.11) in [MoSo] (with a = 1), and with the relevant definition (8.1)
in [MoSo].]

This is easy to check. When B = B(z,r) is a disk of B such that B (z,r/2) meets
L, then we can find a disk B’ € B with comparable diameter, contained in B, centered
on L N By (or at least very close to LN Bpr if we forgot to include a dense subset
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of L N By in the dense set in A that was used to define E), and which is completely
crossed by L N Br. Then we can take By = B’ for all k, and (9.12),(9.13) are easily
checked.

Now suppose that B = B(z,r) € B and B (x,7/2) does not meet L. For k large
enough, we can find zy € Ay such that
(9.14) |z — zx| < 7/10.

Moreover, z € G, because L is too far. We apply the uniform concentration
property to the set G5 and the disk B (zx,r/3) and get a disk B (yx, tx) centered on
G}, . If k is large enough (depending only on r and €) we can find points of A very
close to yk, and hence there is a disk By, = B (zg, px) in B such that

(9.15) |2k — yi| < [10C()] ' er
and py is larger than, but extremely close to, tx + [10C()] " er.

Clearly By, C B (by (9.14), because B (y,tx) C B (zk,7/3), and because By is very
close to B (y,tx)). Also, (9.12) holds with C. = 3C(e), by (9.10). Finally, (9.13)
follows from (9.11), the fact that B (y,tx) C Bx by construction, and because py is
close enough to t.

We are almost in position to apply Proposition 10.10 in [MoSo]. The only detail
that still needs to be addressed is that sets in B are required to be compact in [MoSo].
This is easily fixed: take closed disks instead of open ones in the definition of B above.

So we get that {Ax}, has a “uniformly concentrated subsequence”, in the sense of
[MoSo] this time. We then apply Theorem 10.14 in [MoSo| and get that
(9.16) H'(A) < lim inf H' (Ag),
—00

maybe after extracting a new subsequence (but a posteriori we know that this is not
needed). After removing the constant contribution of L N Br, we get the desired
analogue of (9.7), that is,

(9.17) H'(G7) < lim inf H' (Gy).

The argument can then be completed as in the existence of minimizers for Jz’%
above: (9.9) and (9.17) yield

(9.18) Jr(v,G) < likminf Jr (vg, Gk) < n(R)

because {(vk, Gk)} is an extracted subsequence of a minimizing sequence for Jg.

To complete our proof of Proposition 9.1, we still need to say how to get the uniform
concentration property for minimizers of J 1’%.

In our definition of that property, we restricted ourselves (on purpose) to disks
B(z,r) that do not meet L and have radii r < 1. Also these disks never get close to
O0BR, because of Proposition 5.1 (and if R is large enough). Finally the presence of
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the function h in the definition (3.2) is not a special worry either, because r < 1 and
none of the modifications involved in the proof will ever need adding more than Cr in
length to G. For all these reasons, the proof of the uniform concentration property for
(reduced) minimizers of J& is the same as the usual proofs given in [DMS], [DaSe3],
or [MoSo].

Because we already gave in Section 6 a big part of the argument, let us rapidly
review how it goes for the convenience of the reader.

Let € > 0 be given, and let B = B(z,r) be a disk of radius r < 1 centered on G},
and that does not meet L, as in the definition of the uniform concentration property.
Let @ > 0 be a small constant (to be chosen later, depending on ¢). The same
argument as for (7.97), but simpler because here we have a true minimizer (instead
of a candidate that satisfies (7.5)) and hence we can use the mass estimates from
Section 4 (instead of their ersatz with the sets Z;), says that we can find another
constant C(a) > 0 such that, in the situation above, there is a disk B(y,t) centered
on G~ N B(x,r/5), with radius ¢t > C(a)~!r, such that B(y,t) C B(z,r), and for
which (7.97) holds. By the definition (7.80), this means that

2/p
4
(9.19) // |V |? <aitr L
B(y,t)~\G

We want to prove that this ball B(y,t) satisfies the required properties in the
definition of uniform concentration, at least if « is chosen small enough. Since (9.10)
is obvious, we only need to check (9.11). Suppose that this is not the case, that

(9.20) H' (Gx N B(y,t)) < (2 —e)t.

[Note that G; N B(y,t) = Gx N B(y, t), because B(z,r) does not meet L.] Set
(9.21) E={pe (0,t); Gx N8B(y, p) has at most one point}.

We claim that

(9.22) IE| > %t

This is not hard to prove, especially if we allow ourselves to use the rectifiability of
Gx. The point is that the radial projection z — |z — y| is 1-Lipschitz, so that

(9.23) H' (771 ((0,t) N E)) >2((0,t) \ E| =2t — 2|E],

where the factor 2 comes from the multiplicity. Since (9.23) is fairly intuitive, and
anyway we can refer to other proofs of the uniform concentration property, we omit
the details. Of course (9.22) follows from (9.23) and (9.20).

From (9.22) and (9.19) we deduce that we can find p € E such that p > €t/4 and
(9.24) / VuelP < Cle, Na?/? {1712,
0B(y,p)~Gk

where C(g, A) depends on € and A, but we won’t care.
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From (9.24) and Holder we get a very good control on the jump of the restriction
of vk to 8B(y, p) at the only point of dB(y, p) N Gi. [If B(y, p) does not meet Gy,
the argument is even simpler.

We can use this to construct a better competitor than (vg,Gk), as follows. We
remove G N B(y, p) and replace it with an arc v of dB(y, p) centered at the point
of dB(y, p) N Gk, and with length 2H' (Gx N B(y, p)) = C~'p (by the local Ahlfors-
regularity of Gx). This way, we shall save at least (2C)~1p in the length term.

The interest of 7 is that we can extend the restriction of vx to dB(y, p) \ v linearly
on v, and get a continuous function w on 8B(y, p) such that

(9.25) / |Vw|? < C'(e, \)aP/? t1-7/2,
0B(y,p)

[The estimate is not hard to get, but we shall omit the details.] Then we can extend
w to the whole disk B(y, p), with

(9.26) / / [Vw|® < C”(e, Not.
B(y,p)

We keep the function vy out of B(y, p), and replace it with (the extension of) w in
B(y, p); (9.26) is an upper bound for what we have to pay in the energy term of Jg.

Altogether we can choose a so small that the loss in the energy term is the less
than the gain in length; this gives a contradiction with the minimality of (vk,Gk),
and proves (9.11) by contradiction.

This completes our rapid review of how to get the uniform concentration property
for G, and at the same time the proof of Proposition 9.1. O

10. Limit in R of the minimizers for Jg

So far we defined for each large enough R a functional Jr on a set Ug, and we
proved the existence of minimizers (vg, Gg) for Jg. All this will be used to produce
a minimizer for a special (global) functional. In this section we choose an increasing
sequence of radii for which the corresponding pairs (vg, Gg) converge to a limit (v, G).
We also give a few estimates on the rapidity of convergence. These estimates will
be used later, like in Section 11 to prove that (v,G) is a minimizer for our special
functional.

We start with estimates on vg — ug. For each (fixed) R > 1 and (v, G) € Ug, set
(10.1) E(v) = / Vol
BR\G
Let Ry denote, as in Proposition 5.1, a large radius such that

(10.2) G}_% =Gr~LCB (O,Ro)
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when (vg, GRr) is a (reduced) minimizer for Jg. To simplify the exposition, we shall
only consider parameters R > 2Ry.

Denote by v}, the continuous function on B \ (Bg, U L) which coincides with ug
on dBg \ L, is harmonic on Bg \ (Bg, N L), and minimizes

2
(10.3) E* = / |Voi|™.
Br~(Br,UL)

We can always extend v?z’ by taking ’UE = 0 on Bpg, and ’UE = ug out of Bg. Then
(vh,LUOBR,) € Ug and E* = E (v}). The pair (v}, LUOBE,) is the same as
the pair (vt,G%) in (5.67)-(5.71), except that now R* is called Ry. At any rate the
estimate (5.80) on AEY = E (ug) — E is still valid, and writes

(10.4) E (up) < E* +2R,.

[See (5.76) for the definition of AET.] From (10.2) and the definition of v} we deduce
that

(10.5) E(vg) = E* > E (uo) — 2Ry

when (vg, Ggr) minimizes Jg.

We also need an upper bound for E (vg). Denote by vy the harmonic function on
Bpg \ L associated to the choice of G = L. [In other words, vj is also continuous on
Br ~ L, coincides with ug on 8Bg \ L, and minimizes E (vﬁ) with these constraints.]
Note that

(10.6) AE™ := E (vg) — E (wo)
is a decreasing function of R, because for R’ > R the function vy is an acceptable
candidate for the minimization of || Bu~L |Vo|? (as in the definition of vg,).

Denote by C3 the value of AE™ for R = 2. Then
(10.7) E(vg) < E (vg) < E(ug) +C3 for R>2.

We want to use (10.5) and (10.7) to get estimates for vg — ug. We will do this with
Hilbert spaces and the Pythagoras theorem.

Denote by H the set of functions on D = B \ (FRO U L) that are defined modulo
an additive constant and have a derivative in L?(D). With the natural norm

(108) = { [ |Vw|2}1/2,

H is a Hilbert space.
All the function vg, Vg, Uo, Vg mentioned so far have restrictions in H, and even
in
(10.9) V = {w € H ; w is harmonic on D and has a continuous extension
to Br~ (Bgr, UL) that coincides with ug on Bg . L}.
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Note that V is a closed affine subspace of H (because |w||; controls moduli of con-
tinuity of w, including up to 8Bgr \ L, for functions of V). Also, the boundary
constraint in (10.9) cancels the indetermination on functions: functions in V' are no
longer defined modulo a constant.

Among all element of V, v}; is the one that minimizes the norm | ||. This is
just the definition of v;. In other words, v} is the orthogonal projection of the origin
on V. Then

(10.10) il = lloi |3 + llw = of|l5, for weH

(by Pythagoras), and in particular if we take w = ug or w = vr we get that
(10.11)  [lw|% < E(w) < E (uo) + Cs < EY + 2Ro + Cs = ||}t ||, + 2Ro + Cs
by (10.7), (10.5), and (10.3). Hence

(10.12) Jlw = v& |15 = Il - okl < 2Ro + Cs

for w = ug and w = vy (by (10.10)), and the triangle inequality yields

(10.13) o — vrlly < 2(2Ro + C3)'/? for R>2.

Lemma 10.14. — For all x € R? \ L such that |z| > 2Ry and all R > 2|z|,
(10.15) |Vur(z) — Vuo(z)| < Cla| ™"

Here as above, vg comes from a minimizer (vg, Gg) of Jg. To prove the lemma,
consider w = up — vg. Then w is harmonic on D = Bg \ (Brg, U L), satisfies the
usual Neumann condition dw/0n = 0 on L, and (10.13) says that ||w| 5 < C.

If z and R are as in the statement and in addition dist(z, L) > |z| /10, we simply
use the harmonicity of w on B = B (z, |z| /10) to get that

1/2
(10.16) |Vw(a:)|<—1—/ |Vw|<C|z|_l{/ ]Vw|2} <Cla ™",
|B| JB B

by the mean value property for Vw and Cauchy-Schwarz.

When dist(z, L) < |z| /10 we take for B a disk centered on L, with radius < |z| /3,
and such that z € %B. By Fubini and Chebychev, we can choose B so that

(10.17) / Vo2 < Clalwll? < Clz "
OB

The values of w on the half-disk BT that contains x are obtained by symmetrizing the
values of w on 0BT \ L ~ 8B+ N 8B with respect to L and then taking the Poisson
integral. In this case we easily deduce (10.15) from (10.17). This proves the lemma.

O
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We want to use Lemma 10.14 to estimate vg — ug, and for this it will be good to
control the mean value of vg — ug on some circles. We claim that

(10.18) / VR = / VR = / ug=0 for Ry <r <R.
OB,.\L OBR~\L OBRr~\L

The last equality is true by definition of ug, and the previous one because
(vr,GRr) € Ugr and Gg does not meet dBg \ L (by 10.2)), so that vg = up on
OBg \ L. To prove the first one we differentiate with respect to r. Set

(10.19) a(r) = -1—/ VR = / vr(r0)do.
T JoB,~L 8B1~{-1}
Then
a’UR 1 8’UR
10.20 a’r=/ ——r0d0=—/ -
( ) ) 8B1~{~1} 37°( ) T Jop,~1 Or

_1 / Ovr _ 1 / Avg = 0
T JoB.~Gr) 07 T JB.<Gr ’

because Ovg/On on the piece of boundary [0 (B, \ Gr)] \ [0B, \ L] that we had to
add to 0B, \ L (by the Neumann condition that comes from the minimality of vg).
The last equalities in (10.20) use Green and the harmonicity of vg; the reader that
would (still) be worried about the validity of our integration by parts can consult
[MoSo], or go through the limiting argument suggested in Section 4. This completes
our proof of the claim (10.18).

Let z € R?2 \ L be such that 2Ry < |z| < R/2. Since the mean value of vg — uo on
the arc of circle B, \ L, r = |z|, is zero, we can integrate (10.15) on 8B, \ L and
get that

vl

(10.21) |[vr(z) —uo(z)| < C for 2Ry < |z| <

We now have as much information on vg — ug as we’ll ever need, and we can start
to think about taking limits (in R).

First choose a sequence {Ry.},,, of radii R,, > 2R such that R,, tends to +o00
and the compact sets Bg, N Gg,, converge (for the usual Hausdorff metric) to a limit
G'. Set G=G UL.

Note that the sets Gg,, have the uniform concentration property discussed in
Section 9. The situation is a little different here, but the proof is the same. Thus we
can apply Proposition 10.10 and Theorem 10.14 in [MoSo| as in the last section and
get that

(10.22) H'(GNL)< liminf H'(Gg,, \L).
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Now we want to take a subsequence so that the vy, converge as well. Let us first
check that for each r > 2Ry there is a constant C(r) such that

(10.23) |vg,. ()] < C(r) on B, \ GRg,,-

at least when R,, > 2r. Of course it is important that C(r) does not depend on m.

To prove (10.23), it is enough to restrict to £ € 0B, \ L because, by the usual
truncature argument and the minimality of vg,, , the values of vg,, on 0B, \ L control
the values of vg,, inside. We do not need to worry about the components of Br \ G
that do not touch dBg, because be can set vg,, = 0 there. Now (10.23) follows from
(10.21) (applied with |z| = r); we can take C(r) =6zupL luo(z)|+C = \/2/7r/? +C,

N\

where C is as in (10.21).

Because the function vg,, are harmonic in Bg, \ GRg,,, we can use the Montel
property, the estimates (10.23), and the fact that Gg,, converges to G to extract a
subsequence of our sequence {R,,} (which we’ll still call {R,,}) such that

(10.24) {{va} converges on R? \ G to a limit v,

uniformly on every compact subset of R? \ G.

Also, v is harmonic on R? \ G, since the vg, are harmonic. We can say a little
more than (10.24) when we stay away from Bg,: from (10.24) and the estimate for
Vg, that follows from (10.15), we can easily deduce that

(10.25)  {vg,,} converges to v uniformly on every B, \ (LU Bag,), 7 > 2R,.

This is slightly better than (10.24), because it means that we don’t have to worry
about losing uniform convergence when we get close to L (outside of Bag,).

For 1 < p < +o0 and r > Ry, denote by WP (8B, \ L) the set of (continuous)
functions on 9B, \ L with a derivative in LP. We claim that we can always extract
a new subsequence so that (after extraction)

(10.26) {vr,.} converges to v in W2 (0B, \ L)

for every rational radius r > 2Ry.

This is easy. We restricted to rational radii to simplify the argument; with this
restriction we only have to be able to get (10.26) for a single radius. Then one
uses (10.15) and compactness properties of W1+ (8B, \ L) in W12 (8B, \ L). Of
course any other value of p € [1,400) (instead of p = 2) would work as well. We omit
the (classical) details.

We have enough information now on the convergence of the pairs (vg,, ,Gr,,) to
(v, G) to prove minimizing properties of (v, G). This will be done in the next section,
but let us first record an easy estimate on v, to be used much later.
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Lemma 10.27. — For every x € R?,

(10.28) limsup 1/ Vol
B(z,r)\G

r—4o00 T

In fact the limit exists and is equal to 1, but we only need (10.28). Of course it is
enough to prove (10.28) for z = 0, because B(z,r) C B(0,|z| +r) and r~ (|z| + )
tends to 1. The contribution of B (0, Ry) does not change the limsup either, so it will

be enough to estimate / |Vv|?, where S = B, \ (Bg, U L). First,
s

) {f er“}m d/ |VU0|2}1/2 +{ [ (vl - |w|>2}1/2,

by the triangular inequality. Next

(10.30) / [Vuo)? < / |Vuol®> =
B-\Kjo

by (5.8) and the notation (5.4), while

(10.31) / (|Vuo| — [V])? /|Vu0—Vv| limsup/ |Vug — Vg, |
S

m—+00

< limsup/ |Vug — Vg, |° < C
Bnm (BROUL

m—~+00
by Fatou, (10.13), and the definition (10.8).
Finally, (10.29) yields

1/2
(10.32) {/ |Vvl2} <r? 40,
s
and Lemma 10.27 follows. O

11. Our modified functional and why (v, G) minimizes it

Let us first define our modified (global) functional. Denote by U (our set of
competitors) the set of pairs (v,G), where G C R? is a closed set that contains
L = (—00,—1], G~ := G~ Lis bounded, H! (G™) < 400, and v is a function defined
on R? \ G with a derivative in L2 (R? \ G) and even such that [,_|Vv|® < +00
for every ball B. The restriction that G~ be bounded is not really needed here, but
will not disturb either.

Let (v,G) € U be given. A competitor for (v, G) is a pair (u, K) € U such that for
R large enough,

(11.1) G~ and K~ = K \ L are contained in Br
and more importantly

(11.2) u(z) =v(z) for x € RZ\ (BRUL).
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Here we don’t have to worry about an analogue of the topological condition (1.5),
because R? \ (BR UG) = R2\ (Br U L) for R large, and R? \ (Bg U L) is connected.

Definition 11.3. — A minimizer of the modified functional is a pair (v,G) € U such
that

(11.4) h(H' (G7)) +/

Vol? < h (H (K7)) +/ V2
Br~\G

Br~\K

for each competitor (u, K) for (v, G) and all large enough R.

Here h is the same function as in Section 3, with A and B chosen so that the
results of Section 4-9 are valid. Note also that as long as (11.1) and (11.2) hold, the
inequality (11.4) does not depend on R. The main goal of this section is to prove the
following.

Propositions 11.5. — The pair (v, G) introduced in the last section is a minimizer of
the modified functional.

The proof will be very similar to arguments in [Bo]; the situation is a little simpler
here because we won’t have to worry about the number of connected components at
infinity. We give the proof for the convenience of the reader.

We have already checked in the last section that (v,G) € U. See in particular
(10.2), (5.3), (10.22), and (10.28). Let us argue by contradiction and assume that we
can find a strictly better competitor (u, K) for (v, G). Let R be such that (11.1) and
(11.2) hold, but (11.4) fails. We can easily assume that R is rational (to be able to
use (10.26)) and that R > 10Ry, because otherwise we can replace R with a larger
(rational) radius. Of course we want to use (u, K) to construct a competitor for Jg,,
that is better than (vg,,,Gr,,) for some (large) m.

For the moment, let m be any integer such that R,, > R, and set G,,, = Gg,, and

Um = UR,, to simplify notations. We want to construct a pair (,G) € Ug,,. Let us
keep

(11.6) G=K
and
(11.7) v =uv, outof Bg.

This is possible, because anyway all our singular sets G, G,, K are reduced to L
outside Bg. Since (v, Gm) € Ug,, and R,, > R, (11.6) and (11.7) imply that

(11.8) @, G) = (up, Ko) out of Bg,.
Next we want to define ¥ on Bg ~ G = Bg ~ K. We shall take ¥ of the type
(11.9) T=u+w on Br\G,
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where w will actually be defined on the whole Bg ~ L. Since we want ¥ to be
continuous across OB \ L, we have to require that

(11.10) W=vym—u on 0BR\L
(because of (11.7)). Note that this is equivalent to
(11.11) W=vy—v on 0B\ L,
by (11.2).

We choose for w any reasonable extension to Br \ L of the values of v,, — v on
O0BRr ~ L. We can take the harmonic extension with the usual Neumann condition
on L as the reader probably expected, but even cruder choices will work as well. For
instance we could interpolate radially between the boundary values on Bg \ L and
the mean value 8 of v,,, — v on Bg \ L using a formula like

2r— R 2R —2r
R R
for R/2<r < Rand —7 < 6 < 7, and

(11.12) w (re?) =

{vm (Re®) —v (Re®)} + Jé]

(11.13) w (re?®) =B for r <

SR

The only constraint on the choice of w is to have

(11.14) / IVwl? < cR/ IV (o — )2,
Br~L OBR~L

where we shall not even care about the way the constant C'r depends on R. Of course
(11.14) is easy to get.

The right-hand side of (11.14) is equal to Cg ||vm — ’UH%/VM(BBR\L) and (10.26) tells
us that it tends to 0 when m tends to +o0o. Let € > 0 be given, to be chosen later.
Then (11.14) says that

(11.15) / |Vw|? < €2 for m large enough.
Br~L

Now we want to compare (7,G) with (Um,Gyp). First notice that (7, G) € Ug,,,
by (11.7), (11.9), (11.15), and because v is continuous across 0 Br . L. Moreover

(11.16) Jg,, (¥,G) = h(H (G \ L)) +/ - ik
BRr,, ~

— W(H'(K ~ L)) +/ |va|2+/ V(e w)?
Rm ~(BRUL) B

B rNG

by (3.2), because G = K (by (11.6)), by (11.7) (and the fact that K = G = L out of
Bg), and by (11.9).
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Set a? = / |Vu|? and b% = / |Vw|?. We know from (11.15) that b < &
Br~\K Br~\K

if m is large enough; hence

(11.17) / ~|V7(u+w)|2 < a? + 2ab + b% < a® + 2ae + €2,
Bgr~\G
because G = K. Now set
(11.18) A =Jg, (3,G) — Jr,, (Um,Gm).
Then
(1119) A=Jn,@C)-WE' G~ [ [VoaP
Br,,~\Gm
= W(EE) -G+ [ Varu)lf- [ (Tuf
Br~\G Br~Gm
by (11.16) and because the middle integrals cancel. Then (11.17) yields
(11.20) A < Ah +/ |Vul|® + 2ae + & — / [Vom|?,
Br~\K Br~Gnm

with Ah =h (H' (K~)) — h (H (G;,))-
Now we want to use our assumption that (11.4) fails. Denote by ¢ the left-hand
side of (11.4), minus the right-hand side. [Thus § > 0.] By (11.20),

(1121)  A+s<{n(H(G7)) - h(H (G))}

+/BR\G |V _/BR\Gm |Vom|® + 2ae + €2
Now
(11.22) limsup h (H' (G™)) —h (H' (G;;)) <0

by (10.22), and

(11.23) / [Vol* < limsup/ [Vom|?
Br~\G m—+00 Br~Gmn

by Fatou and because the Vv, converge to Vv, in fact uniformly on every compact
subset of Bgr \ G. Of course 2ae + €2 is as small as we wish (because a is a fixed
number that does not depend on m in particular). By choosing ¢ small enough, we
can force the right-hand side of (11.21) to be < §/2 for m large enough. This gives
A < 0, a contradiction with the minimality of (v, Gm) = (vr,,,GR,,)- [See (11.18)
for the definition of A.]

So we were wrong to assume that (11.4) could fail, and (v, G) is a minimizer of the
modified functional. Proposition 11.5 follows. O
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CHAPTER C

REVIEWS ON BLOW-UP LIMITS AND C' PIECES

12. Blow up

The main goal of this section is to prove that limits of our minimizer (v, G) by blow-
up procedures are essentially global minimizers of the Mumford-Shah functional, as
in Definition 1.6. The word “essentially” means that we’ll have to multiply the length
terms in (1.7) by A = &’ (H* (G7)).

First we’ll need a few definitions; we start with the appropriate extension of the
notion of global minimizer.

We keep the same class Uy of admissible pairs as in Section 1 (a little before (1.2)),
and also the same notion of competitors for an admissible pair (u,K) € Up (see

(1.3)-(1.5)).

Definition 12.1. — Let X\ > 0 be given. A global A\-minimizer (for the Mumford-Shah
functional) is a pair (u, K') € Uy such that

(12.2) AH! (KN Bg) + /
Br~\K

\Vul? < \H' (G 1 Br) +/ Vol?
Br~\G

for all competitors (v, G) for (u, K) and all large enough radii R.

This definition is mostly a matter of convenience, because there is not much differ-
ence between global minimizers (with A = 1, as in Section 1) and global A-minimizers:
it is easy to see that (u, K) is a global A-minimizer if and only if (A\=1/?u,K) is a
global 1-minimizer.

Next we want to give a few definitions about limits. We start with limits of closed
subsets of the plane.

If G, K are nonempty closed subsets of the plane and R > 0, set
(12.3)
dr(G, K) = sup {dist(z, K) ; £ € GNBg} +sup {dist(z,G) ; = € KN Bg}.
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For small values of R it may be that G N Bgr or K N By is empty. We shall then
define the corresponding supremum to be zero.

If {Gr} is a sequence of nonempty closed sets in the plane and G is a nonempty
closed set, we say that {G,} converges to G if dg (G, G) tends to 0 for each R > 0.
Of course it is enough to check this on integer values of R, since dr(G, K) is a
nondecreasing function of R.

Next we define convergence of pairs (v, G). Our presentation will be slightly closer
to the one in [Lé2] than the original definition of [Bo], but the notion is the same. We
are interested in pairs (v, G), where G C R? is closed and nonempty, and where v is
a C'-function defined on R? \ G. Let us call U; the set of such pairs. Note that in
the present paper the C! requirement is easily checked; our functions v will always
be harmonic on R? \ G.

Let {(vn,Gn)},>, be a sequence in Uy and (v,G) € U;. We say that {(vn,Gn)}
converges to (v, G) if {G,} converges to G (as above) and if for each compact subset
A of R? \ G, the derivatives Vv,, converges to Vv uniformly on A.

Note that for n large enough, G, does not meet A, which allows us to talk about
the convergence of Vv, on A. Also, this definition only determines v up to an additive
constant on each connected component of R? \ G. We can remove this ambiguity by
choosing an origin in each component of R? \ G, and fixing the values of v there. The
issue is the same as in the following.

Lemma 12.4. — Suppose that {G,} converges to G and that {Vv,} converges uni-
formly on each compact subset of R? \ G. Suppose also that for each connected com-
ponent O of R?2 \ G there is a point z € O such that {v,(2)} converges. Then {v,}

converges to a limit v on R? \ G, and the convergence is uniform on every compact
subset of R? \ G.

This is easy. The point is that if A is a compact subset of R? \. G, then A meets
only finitely many components of R? \ G. If O is one of them, then AN O can be
connected to the point z of the statement by a compact connected set contained in O.
The rest of the proof is routine.

Note also that it is always easy to find converging subsequences, as in the following
lemma.

Lemma 12.5. — Let {(vn,Gn)} be a sequence in Uy, suppose that for each m, v, is
harmonic on R? \. G, and also that for each R > 0 there is a constant Cr such that
(12.6) / |Vua|? < Cg for all n.

Br~\Gp

Then there is a subsequence {(vn, ,Gn,)} that converges to some (v, Q).

This is also standard. We can extract a first subsequence so that the G,, converge
to some G. Our statement was a little imprudent, because we have to allow also
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the case when G = &, but this makes no real difference. Then we use (12.6) and
the harmonicity of the v, to get uniform bounds on the second derivatives of the
Un,, k large, on every compact subset of R \ G. We can then extract repeated
subsequences, using Montel, an exhaustion of R? \. G by compact sets, and the same
sort of arguments as in Lemma 12.4. We omit the easy details.

Let us now describe blow-ups for our minimizer (v, G) of the modified functional.
We select a sequence of points y, € G (the most interesting case) and a sequence of
radii t, > 0. Then we consider the pairs (v,, Gp) € U; given by

(12.7) Gn =t," (G = yn)
and
(12.8) Un(2) = ;%0 (tpx 4+ yn) for € RZN Gh.

[Note that B (yn,tn) for G becomes the unit disk for G,,.] We shall first restrict to
situations where

(12.9) lim t, =0

n—00

(which corresponds to what we mean by blow-up) and
(12.10) lim t-tdist (yn, L) = 400,

which will make boundary effects due to L disappear.
Note that we are in the situation of Lemma 12.5. Indeed

(12.11) / Vo ? = t;l/ IVof? < 4mAR
Br~Gnp B(yn,tn R)NG

as soon as t, R < 1, say. The inequality comes from the fact that (v, G) is a minimizer
of the modified functional (try a competitor with K = G U 0B(yn,tnR) and v = 0
in B(yn,tnR)). We could also get it from Lemma 4.12 and Fatou, because Vv is the
limit of a sequence Vug,, . We easily deduce (12.6) from (12.11), because for each
fixed R we do not care about the first values of n.

Because of this, we can always extract subsequences so that the pairs (vy, ,Gn, )
converge (in the sense described above).

Proposition 12.12. — Let (v, G) be a minimizer of the modified functional. Let {t,},
{yn} be as above, and in particular satisfy (12.9) and (12.10). Suppose the sequence
{(vn,Grn)} converges to a limit (u,K). Then (u,K) is a global A\-minimizer, with
A=W (H'(G\L)).

The proof of Proposition 12.12 is almost the same as in [Bo], Section 2.2 (iii). We
sketch it here anyway, mostly because of the slight differences in definitions.

Let (v,G), {(vn,Gr)}, and (u, K) be as in the proposition, and suppose (u, K)
is not a global minimizer. We want to proceed as in Section 11 and find a better
competitor than (v, G). Let us first check that (u, K) € Up, the set of acceptable
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pairs defined in Section 1. For this and the rest of Proposition 12.12, the main point
is that for all R > 1,

(12.13) H'(K N Bg) < liminf H' (G, N Bg) < 27R.

The last inequality is easy to obtain, with the same proof as in Lemma 4.2. Note
that the argument involves replacing G, N B (yn, Rty) with B (yn, Rt,), and that
B (yn, Rt,,) does not meet L for n large enough, by (12.10).

The first inequality is proved like its counterpart (10.22), using the uniform con-
centration property for the sets Gy, N Br (or equivalently, the sets G N B (yn, Rty)).
The uniform concentration property can be proved exactly as (suggested) for the sets
Gr in Section 9, using the minimality of (v, G). The details are the same as in Section
9, [Bo], or [DMS].

The functions v, are harmonic on their domain of definition R? \ G,,, and so u is
harmonic on R? \ K. Also,

(12.14) / |Vu|? < liminf |Vun|? < ATAR
Br~K n=+% JBr\Gn

by Fatou and (12.11). Altogether, (1.2) holds and (u, K) € Up.

Since we have assumed that (u, K) is not a global A-minimizer, there is a competitor
(@, K) for (u, K) such that (12.2) fails for R large enough. [Recall that the failure of
(12.2) does not depend on R, provided that R is large enough, because of (1.3) and
(1.4)]. Choose a (large) radius R such that (1.3), (1.4), and (1.5) hold, (12.2) fails,
and also such that

(12.15) K N OBpg has at most 10 points.

[This last is easy to get, by (12.13) and a standard argument using radial projections
and Chebychev.]

Let € > 0 be small, to be chosen later. Set
(12.16) Z ={2€0Bg; dist (2, KNOBR) < &}.

Note that 0Bg \ Z is a compact subset of R? \. K. For n large enough, it does not
meet G,,. We shall restrict to these large values of n and set

(12.17) G = [(Gn U Z) ~ Br]U [f{ N BR] .

Note that én is closed because K N O0Br = KNOBg and G,, N 9BR are contained in
Z.

On the complement of Bg U G, we keep U (z) = vn(z). In B ~ Gp,, we want to
set

(12.18) Un(z) = u(z) + wn (),
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where we’ll need to choose w,, such that
(12.19) wn () = vp(x) — u(x) on OBR \ Z,

so that our definitions of ¥, on Bg and its complement agree nicely on Br \ Z.

Lemma 12.20. — For n large enough we can find a C*-function w, on BR~(Z U én)
such that (12.19) holds and
(12.21) / [Vwn)? <e.

Bn\én

To prove this lemma, we need to construct functions w, on Bg <G, with prescribed
boundary values on dBg \ Z, and obviously we can do the construction separately
(and independently) on each connected component of Bg \ (Z U G,). Solet V denote
a connected component of B~ (Z U Gy) = Br~(Z UK) (by (12.17)). If V does not
meet OBR, then we can take w, = 0 on V, because there is no boundary condition
coming from (12.19). So suppose that V' meets 0Bg. The various points of V N 0Bgr
are not separated by K (by definition of V'), hence (1.5) tells us that they are not
separated by K either. [Recall that K plays the role of G in (1.5).] Thus

(12.22) V N 8Bg is contained in some connected component O of R? \ K.

We need to know more about the values of v,, — & on the intersection of such an O
with 8Bg. For each O of R2 < K that meets 0Br, set

(12.23) o = {z € ON 8By ; dist (z,0Br N K) > %}

Obviously O* is a compact subset of O. Choose a point zp in O*, and set a, =
vn(20) —U(zo) = vn(z0) —u(z0) (because & and u coincide on O0Bg, by the analogue
here of (1.4)). Then

(12.24) {Vv,} converges to Vu uniformly on O,

just because (u, K) is the limit of the sequence {(vn,G,)} and O* is compact in
R2 \ K, but also

(12.25) {vn, — an} converges to u uniformly on O,

by definition of a,, and the argument of Lemma 12.4. [Some argument was needed
here, because O* could be composed of more than one interval of dBg, and we need
to use the fact that these intervals are connected by paths in R? \ K.].

From (12.24) and (12.25) we easily deduce that for n large enough we can find a
function h,, defined on the whole 0 B which coincides with v, —a, —u on the slightly
smaller set

(12.26) O] ={€ ONOBg; dist (2,0BgNK) > ¢},
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and which satisfies

(12.27) / Vhal? < 1010 R~1.
OBRr
Let us still denote by h,, the harmonic extension of h,, to Bg. Then
€
12.28 hol? < —.
(12.28) [ i< 5

We are now ready to define w,, on each connected component V of Br ~ (Z U Gh,).
By (12.22) and the definitions (12.16) and (12.26), V N dBg is contained in O for
some O as above. We take w, = h, + a, on V. Obviously

12.9 nl’ < —
(12.29) [ vt <5

by (12.28), and w, = v, —u = v, — U on V N dBg by definition of h, and because

u="uon dBgr~ K (by (1.4)). The function w,, that we have defined this way satisfies

the requirements for Lemma 12.20; in particular (12.21) follows from (12.29), because

there are at most 10 components V' that touch 0Bg, by (12.15). The lemma follows.

O

Now choose w,,, n large enough, as in Lemma 12.20. This gives a pair (17n,C~1'n)
that coincides with (v,,G,) out of Br. Set

(12.30) Gy, = tnGn + Yn
and
(12.31) vi(z) = tY2 %, (”;—y"> on R2~ G

[This is the inverse transform to the one in (12.7) and (12.8).] We get a competitor
(v5, G) for (v, ).

We still have to do the comparison of (v, G}) with (v, G) and get a contradiction

(if € is chosen small enough and n is large enough). The computations from now on
are essentially the same as in Section 11. First

(12.32)  H'(Gy~L)- H'(G7) =to [H' (Ga\Br) -~ H' (Ga N Br)|
<to [H' (KN Bg) - H' (Go N Br) + 21|

by (12.30), (12.7), (12.10), (12.17), (12.16), and (12.15). Since H' (KN Bg) <
liminf H! (G, N Br) by (12.13), we get that

n—-+400
(12.33)  H'(GL~L)— H'(G™) <tn [H1 (f{ N BR) — H'(KNBpg)+ 225]

for n large enough, and then
(12.34)

h(H' (G~ 1)) = h (H' (G7)) < Mo [H' (K 1 Br) - H' (K 1 Bg) + 23¢]
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for n large enough, because A = b’ (H' (G~)) and t, tends to 0. Next

(12.35) AE := |Vor|? — / [Vu|?
B(yn,tn R)NG?, B(yn,tn R)NG

=tn/ ) |va7,,|2—tn/ Vo2
Br~\Gn Br~\Gnr

1/2
by (12.31) and (12.8). We can use (12.18) and the fact that a = {/ _ |Vﬂ|2}
Br~\Gn

is finite to get that

1/2
(12.36) _|VEa)? < [a+{/ ~ |an|2} ]
Br~Gnp Br~Gn

<a?®+2ae'/? + e < a® +3ae'/? = / |Va|? + 3ael/?
BR\I?
by (12.21), if € is small enough, and because Br N G, = Br N K (by (12.17)). We
also have that

(12.37) / |Vul? < / [Voun|® + &
Br~\K Br~Gnp

for n large enough, by (12.14) (or Fatou and the convergence of Vv, to Vu). Alto-
gether,

(12.38) t-'AE < / v - / |Vul? + 3ae'/? + ¢
Br~\K Br~\K

for n large enough, by (12.35), (12.36), and (12.37).

It is now time to use our hypothesis that (12.2) does not hold to get the desired
contradiction: if ¢ is small enough, (12.34) and (12.38) contradict the minimality of
(v, G). This completes our proof of Proposition 12.12. O

We shall also need variants of Proposition 12.12 where the centers y, in the blow-

up procedure do not satisfy (12.10), but instead lie on the half-line L. The limits of
such blow-up sequences will then be “global A-minimizers in R? \ R” (when y,, stays

away from —1), or “global A-minimizers in R? \ (—o0,0]” (when y, = —1 for all n).
Let us first say what this means. Set

(12.39) Uz = {(u,K) € Up ; K contains R}

and

(12.40) Us = {(u,K) € Up ; K contains (—o0,0]}.

Definition 12.41. — A global A\-minimizer in R? \ R (respectively, in R? \ (—o0, 0])
is a pair (u, K) in Uy (respectively, in Us) such that (12.2) holds for all competitors
(v, G) for (u, K) that lie in U, (respectively, in Us) and all large enough radii R.
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In other words, the definition is the same as for global A-minimizers, except that
we add the constraint that K contains the line R or the half-line (-0, 0], both on the
admissible pairs and on the competitors. In the case of R?\ R, a global A-minimizer on
R2\ R is nothing more than the juxtaposition of two independent global A-minimizers
on the two half-planes that compose R? \ R.

Proposition 12.42. — Let (v,G) be a minimizer for the modified functional. Let {t,}
be a sequence of positive numbers tending to 0 (as in (12.9)) and {yn} a sequence of
points of L. Define (vn,Gyp) as in (12.7) and (12.8), and suppose that the sequence
{(vn,Gr)} converges to a limit (u, K) (with the notion of convergence defined at the
beginning of this section). Set A =h' (H' (G \ L)) as usual. If furthermore

(12.43) lim ¢ dist (yn, —1) = +o0,
n—-+00

then (u,K) is a global A-minimizer in R? <\ R. If instead y, = —1 for all n, then
(u, K) is a global A\-minimizer in R? \ (—o0,0].

The statement was long, but the proof is the same as above (except for a few minor
details that we leave to the reader).

The situation for limits of global A-minimizers is even a little simpler, because we
don’t need to worry about (12.9) and the derivative of h.

Proposition 12.44. — Let {(un, K,)} be a sequence of global \-minimizers (for some
fixed A > 0). Suppose that {(un,Kn)} converges to a limit (u,K), and that the
origin lies in K (a brutal way to require that K # @). Then (u, K) is also a global
A-minimizer.

The proof is still the same as in [Bo] and Proposition 12.12. There is an additional
verification (compared with the proof of Proposition 12.12) that we need to do in this
case. When we construct our competitor (vX, G:) for (v, G) (as in (12.30) and (12.31)),
we also need to check the topological condition (1.5) before we do the comparisons.
Let us sketch the argument, even though it is very close to its analogue in [Bo]. After a
dilation, we are reduced to showing that for n large enough, G, satisfies the analogue
of (1.5) with respect to G,,. That is, we need to prove that if y,z € R \ (B U Gy)
lie in different components of R? \ G,,, then én also separates them.

Suppose this is not the case. Then we can find a path v C R2\ G, that goes from y
to z. If v does not meet Bpg, then it does not meet G,, either, because G, ~ Bg C én
(by (12.17)). So y meets Bg. We can even find a subarc v’ of v which lies in Bg \ e
and has its two endpoints z; and 25 in 0Bg \ Z, and in two distinct components of
R? \ G,. [Consider successive points of v N dBg, and recall that y, z lie in different
components of R? \ G,]. Call I; and I, the components of z; and 23 in Bg \ Z.
Thus I; and I, are separated by G, in R?, but they are not separated by G NBpg in
Br. Note that G, NBg C KOBR, by (12.17), so KN Bpg does not separate I; from
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I, in Bg, and even less in R?. Recall that by construction (u, K ) was a competitor
of (u, K), and so K satisfies the analogue of (1.5) with respect to K. Hence K does
not separate I; from I, in R2.

For each given pair I, I> of components of 0Bg \ Z, if K does not separate I;
from I, then for n large G, does not separate them either, because {G,} converges
to K. [Think about a path from I to I that does not meet K.] Note that there
are only finitely many pairs I, Iz to consider, and so for n large enough, we cannot
find points y,z € R? \ (Bg U Gy) that lie in different components of R? \ Gy, but
which G, does not separate. This completes our sketch of verification for (1.5) and
Proposition 12.44. O

Let us add that there are also results like the ones in Proposition 12.42, where
limits of sequences of global A-minimizers in R? \ R and R? \ (—o0, 0] (corresponding
to blow up sequences or not) are shown to be global A-minimizers in R%, RZ\ R, or
R? \ (—00,0], depending on the situation. We shall only be more precise when we
need such results.

13. C! curves and spiders

For most of the rest of this text, we shall give ourselves a pair (v, G) and assume
that either

(13.1) (v,G) is a (reduced) minimizer of the modified functional
(as in Definition 11.3), or

(13.2) (v,G) is a (reduced) global A—minimizer

(as in Definition 12.1).

In this section we want to recapitulate some of the standard regularity properties
of (ordinary) Mumford-Shah minimizers that are satisfied by (v, G), with essentially
the same proofs. Thus this section will not contain much in terms of proofs.

The following convention will help us treat (13.1) and (13.2) at the same time.
Definition 13.3. — When (13.1) holds, we say that a disk B(x,r) centered on G is

acceptable if r < 1 and B(z,r) does not meet L. When (13.2) holds, an acceptable
disk is just any disk centered on G.

We start our list of regularity properties with an Ahlfors-regularity result: there is
a constant C such that

(13.4) C'r < H'(GNB(z,r)) < Cr

for all x € G and r > 0, with the constraint that » < 1 when (13.1) holds. Here
C depends on A in a simple way, but we don’t really care. The second inequality is
proved as in Lemma 4.2. The proof of the first inequality is the same as in Proposition
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4.14 when B (z,7/2) is acceptable; otherwise (13.1) holds and B (z,7/2) meets L, and
the desired inequality holds because G contains L. Next

(13.5) / |Vl < 4nrA
B(z,r)NG

for all disks when (13.2) holds, and for all disks of radius » < 1 when (13.1) holds.
Otherwise, we could add 0B(z,) to G and replace v with a constant in B(x,r). The
constraint on r comes from the function h, and the proof is the same as for Lemma
4.12.

Now we want to describe results from [Da] or [AFP].

Definition 13.6. — A regular point of G is a point x € G such that there is a disk
B = B(z,r) for which

(13.7) GNBisasimple C' curve that contains z and crosses B

(so that in particular G N @B is composed of exactly 2 points, and G N B is a curve
that joins them), and furthermore
(13.8)

the curve G N B is the image under a rotation of some 10~2—Lipschitz graph.

A disk with the properties (13.7) and (13.8) is called a disk of regularity for G.

Of course there is something a little arbitrary in the definition, but it will be
useful to have (13.8) in addition to the more natural (13.7), and this will not cost us
anything. Note that, thanks to (13.8), B(z,r’) is a disk of regularity for all v’ < r
when B(z, ) is a disk of regularity. We shall also need the analogue of Definition 13.6
with spiders instead of curves.

Definition 13.9. — A spider centered at x is a union of three simple curves of class C!
that all start from xo, make 120° angles with each other at zg, and do not intersect
except at zo. [See Figure 13.1.]. The three curves will also be called the legs of the
spider. We say that the spider is flat when each of its legs is the image under some
rotation of a 10~2-Lipschitz graph.

Definition 13.10. — A spider point of G is a point * € G such that for some disk
B = B(z,r), GNB is a flat spider centered at x, and G NJB has exactly three points
(one in each leg of the spider). Such a disk B will be called a spider disk. [See Figure

13.2]

FIGURES 13.1 AND 13.2.
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Proposition 13.11. — H'-almost every point of G is a regular point of G.

Let us start with the contribution of L in the special case when (13.1) holds. We
want to prove that in this case,

(13.12) almost-every point of L is a regular point of G.

To prove this, it is enough to check that for all (large) m, almost every point of
L, = [—m, -1- 7—11-] is a regular point of G. Let € > 0 be given, and denote by
X, the set of points of L,, that are not regular. Cover X,, with disks B(z, 5¢),
z € X9 where X0 C X,, is chosen so that the disk B(z,¢), z € X3, are disjoint.
Since z € X2 is not a point of regularity, B(z,e/2) meets G \ L. By the proof of
Proposition 4.14 (applied to a point of B(z,e/2) NG \ L),

(13.13) H'(GNB(z,e)\L)>C e for z € X2,

Hence

(13.14)  H'(Xm)=H'(LNXp) < Y H'(LNB(z,5))
z€eXY,

<10C Y H'(GNB(z,e)\L)<10C H'(Z),
zeX,
where Z. = {y € G\ L ; dist (y, Lm) < €}. Since the intersection of the Z. is empty
and each Z. has finite H'-measure, we get that

(13.15) lim H'(Z.) =0,

and hence H' (X,,) = 0. This proves (13.12) when (13.1) holds.

The rest of the proof of Proposition 13.11 can be imported, essentially without
modification, from [Da] and probably also from [AFP]. Let us be more specific. Be-
cause of (13.12), we can stay away from L and avoid all complications related to L.
The second difference with the situation of [Da] and [AFP] is the absence of the third
term in the usual Mumford-Shah functional (the term with the initial image g). Of
course this is only good for us, and would allow considerable simplifications in the
proofs of [Da] if we were to copy them down.

The third difference comes from the composition of the term H!(G~) with the
slightly non-linear function h. This never causes a real problem, for the same rea-
sons as we have seen in the previous sections (like Section 4). The situation is even
simpler here in that respect, because we can restrict to very small disks (and hence
systematically stay in the region where A\/2 < h/(t) < 2X).

The last difference with the situation of [Da] and [AFP] comes from the topological
condition (1.5) on the competitors for (v, G) when we have (13.2). It turns out that
in all the arguments used in [Dal, the competitors that are used to compare with
(v, G) and get estimates satisfy the additional constraint (1.5), except perhaps in the
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situation that we shall rapidly describe below. This is probably also the case in [AFP],
but we did not check this.

Let us describe the situation in [Da] where we compare (v, G) with pairs (7,G)
for which (1.5) does not necessarily hold. This shows up in Lemma 3.19 on page 790
of [Da], where we assume that G N dB(z,t) is contained in the union of two small
intervals I, I of 0B(z,t), and that, for some p € (1,2),

(13.16) hp(x,t) =51 / |Vol?
OB(z,t)\G

is not too large, and we want to get a lower bound on the variation of v on 8B(z,t) \
(I 1U I 2).

To prove that lemma, one compares (v, G) with a pair (v, é), where G is obtained
from G by adding two small intervals I, I of B(z,t) that contain I; and I3, and
removing G N B(z,t). We get a problem with (1.5) when the two connected compo-
nents of dB(z,t)~ (I U I) lie in different components of R\ G, because G no longer
separates them. On the other hand, if this is the case, we can add a large constant
to v in one of the connected components of R? \. G; this does not change (v, Q) in
any essential way, but it makes the variation of v on 0B(z,t) \ (I3 U I) as large as
we want. In other words, whenever we cannot apply the proof of [Da] because (1.5)
would be violated, we can still get the desired estimate cheaply by modifying v.

The reader should not be shocked by this. In fact the lower bounds on jumps of
v that we get from Lemma 3.19 in [Da] are only used to control the sizes of holes
in curves that connect I; to Iy above, i.e., the length of sets that we would have to
add to G N B(z,t) to get a curve in B(z,t) that connects I; to Is. If we cannot use
the argument of [Da] because of (1.5), then G N B(z,t) disconnects the two pieces of
OB(z,t) \ (I1 U I2) and there is simply no hole to fill.

Thus we can use [Da]; this completes our proof of Proposition 13.11. O

In addition to Proposition 13.11, we shall need some of the partial results from [Da]
that were used to prove it. We start with the basic way to find disks of regularity.

Lemma 13.17. — There is a constant € > 0 such that if B(z,r) is an acceptable disk
(see Definition 13.8), if
(13.18) / Vo] < er®2,
B(z,r)\G
and if there is a line D such that
(13.19) dist(z, D) < er forall 2 € GN B(z,r)
and
(13.20) dist(z,G) < er for all z € DN B(z,r),

then B (z,7/2) is a disk of reqularity.
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See Theorem 4.8 and the relevant definitions (2.5) and (2.11) in [Da]. Lemma 13.17
can be seen as a perturbation result. If, in the disk B(z,r), (u, K) looks enough like
the line minimizer from (1.10) (that is, a pair (v, K’) where K’ is a line and v’ is
locally constant), then K N B(zx,r/2) is a C' curve. A consequence of this is that if
(u, K) is a (reduced) global minimizer for which some blow-in sequence converges to
a line minimizer, then (u,K) itself is a line minimizer. [See Corollary 18.26 below.]
Note also that line minimizers are the tangent objects to minimizers at regular points.

We shall also need the analogue of Lemma 13.17 with curves replaced with spiders
and lines replaced by propellers (the corresponding tangent objects). Recall that we
call “propeller” a union of three half-lines that start from a same point (the center
of the propeller) and make 120° angles at this point. [So propellers are very flat
unbounded spiders.]

Lemma 13.21. — There is a constant € > 0 such that if B(z,r) is an acceptable disk,
if (13.18) holds, and if there is a propeller P centered at x such that

(13.22) dist(z, P) < er for all z € GN B(z,r)

and

(13.23) dist(z,G) < er for all ze€ PN B(z,r),

then there exists g € G N B(x,10er) such that B (x,7/2) is a spider disk.

This follows from Theorem 10.7 on page 876 of [Da], modulo a couple of minor
technical differences that we discuss now. The hypotheses (10.1)-(10.3) of that theo-
rem were slightly different from the ones we have in Lemma 13.21. Here we do not
care about (10.1), which was only coming from the additional g-term in the stan-
dard Mumford-Shah functional. Next (10.2) in [Da] is the same as (13.22) here, so
that we only need to worry about the hypothesis (10.3) on the jumps of v across a
neighborhood of dB(z,r) N P.

We cannot deduce (10.3) in [Da] directly from the hypotheses of our Lemma 13.21,
because (10.3) asks for a very large jump. However we can use an argument similar to
the one in Lemma 3.19 of [Da] to show that (10.3) in [Da] holds for some (significantly
smaller) B (z,7/C).

More precisely, we can first use (13.18) and Fubini to replace r with a slightly
smaller 7’ such the variation of v on each of the three main pieces of B(z,7’) \ G is
extremely small. Call Ji, Jy, J3 these main pieces, and «a;, ag, asz the mean values
of v on Ji, Jo2, J3 respectively.

If a1, a2, az are all very close to each other, we can get a contradiction roughly
as follows. From (13.18), (13.5), and Holder, we get a very good control of

/ |Vu|P, say, for p = 3/2. Because of this, we can assume that 7/ has also
B(z,r)\G

been chosen so that hy(z,7’) is very small (where h,(z,7’) is as in (13.16)). Then we
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can use the fact that ai, ag, a3 are very close to each other to modify v on a small
neighborhood of P in 0B(xz,r’) and get a function ¥ on dB(z,r’) such that

(13.24) 7,’22—1/ |[VolP  is very small
dB(z,r’)

(in fact, as small as we want). [Compare with (13.16).] Then we can extend v
harmonically in B(z,r’), in such a way that

(13.25) r“l/ |Vo]> s very small,
B(z,r’)

and replace G with G = [G \ B(z,r')] U Z, where Z is a small neighborhood of P
in 0B(z,r’"). We get a contradiction, at least if ('17, (~}') is an acceptable competitor.
The other case is when (13.2) holds and G does not satisfy (1.5). In this case we can
modify v on a component of R? \. G so that ai, as, as are not all close to each other.

[See the discussion in the proof of Proposition 13.11.] The construction is almost the
same as in Lemma 3.19 of [Da], so we omit the details.

We also need to exclude the situation where a; and ay are very close to each other,
but reasonably far from as. In this case we first use (13.18) and the co-area formula
to show that we can find a closed subset H of B(x,r’) such that

(13.26) H'(H\G)<Cer

and H disconnects completely J3 from Jy UJy in B(z, 7). The argument is very close
to Lemma 3.39 in [Da], so we omit the details.

We can easily assume that H is contained in an er-neighborhood of P. [If it is not,
we can always project it on such a neighborhood, and this only makes (13.26) slightly
worse, because of (13.22).] Call P; the branch of P that goes from the center z to
the point of P N dB(z,r’) near the junction between J; and J2. Set

(13.27) H, ={z€ H; dist(z,P3) > er}UIB (x,2er).
Then H; still separates J3 from J; and Jo in B(z,7’). [See Figure 13.3]

0B(x, r)

FIGURE 13.3
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Note that
(13.28) H'(H,) < H' (GnB(z,7)) - %

by (13.26), and because a good portion of G N B(z,r’) has been removed in (13.27),
by (13.23) and (13.4). Set

(13.29) G =[G~ B(z,7)]UH UZ,
where Z is the union of three arcs of B(z,’) centered at the points of PNOB(z,r’)
and with length r/6C, C as in (13.28). Thus

(13.30) HY(GnB(z,r) < H(GNB(z,7)) - %

The rest of the argument goes as above (or as in Lemma 3.19) of [Da]). We can
define a function ¥ on the circle dB(z, ') that coincides with v on J; N\ Z and Jo \ Z
(but not on J3), and which satisfies (13.24). [This is possible because «; is very close
to a2.] Then we can extend ¥ on B(z,r’), so that (13.25) holds. Because of the
separation property of H;, we can keep ¥ = v on the complement of B(z,r’) and on
the component of B(z, ') ~ G that contains Zs. This gives a pair (7, G) that strictly
improves (v, G), because of (13.30) and (13.25). If (7, G) is an acceptable competitor
for (v,G), we hold the desired contradiction. Otherwise we are in the situation of
(13.2), G does not satisfy (1.5), and hence G separates J; from Jo. In this case we
can modify v on the component of J, in R? \. G so that (after modification) oy, oz,
a3 become fairly distant from each other.

At this point of the discussion, we know that we can assume that a;, as, as are
all fairly different from each other. Of course they are not hugely different, as would
be required if we wanted to apply Theorem 10.7 of [Da] directly to B(z,r’). On the
other hand, we can use (13.18), (13.22), and the harmonicity of v to get that v is
nearly constant on each of the three components of

(13.31) {z € B(z,r") ; dist(z, P) > 2er}.

Consider the small disk B; = B (z,c17), where ¢; will be chosen soon. If € is small
enough (depending on ¢; in particular), the jumps associated to B; as in (10.3) of
[Da] are all > C~1r/2 (because |a; — ;| > 2C~r1/2). If ¢; is chosen small enough,
this is > ;! (clr)l/z, as required in (10.3) of [Da).

Thus Theorem 10.7 in [Da] applies to By, and we get that GN B (z, 3¢17) is a nice
spider. In the statement of that theorem, one insisted more on the chord-arc property
of the spider, but the proof also gives that G N B (z,cer) is a flat spider for some
(perhaps smaller) constant co.

This does not give yet Lemma 13.21, because we also need to control G outside
of B(z,cer). This control is easy to obtain (if € is small enough), because we can
apply Lemma 13.17 above to a fairly dense collection of points of GN B (z,3r/4). We
get that G N B (x,3r/4) is a spider by gluing the various curves obtained in this way.
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Then we get the desired control on the variation of the angle of the tangent to each
leg of the spider from the flatness of the curves given by Lemma 13.17 and the fact
that G N B(z,r) stays er-close to P (by (13.22)). To be honest, to get the precise
constant 10~2 in the definition of a flat spider, we need Lemma 13.17 to give us a
slightly better constant than 1072 in (13.8). Of course there is no problem with this.

This completes our sketch of proof for Lemma 13.21. O

The following consequence of Lemmas 13.17 and 13.21 will be useful.

Corollary 13.32. — Let y € G and a sequence {t,} of positive numbers be given.
Suppose that the sets G, = t-1(G — y) converge to a limit K. If we are in the
situation of (13.1), suppose in addition that y € G\ L and {t,} tends to 0.

If K is a line, then y is a reqular point of G. If K is a propeller, then y is a spider
point of G.

Here the notion of convergence of sets is the same as in the beginning of Section
12, i.e. convergence for the Hausdorff metric on every disk of the plane. Regular and
spider points are defined at the beginning of this section.

Let y and {t,} be as in the statement of Corollary 13.32. Because of the remark just
before Proposition 12.12 (or the corresponding observation for global A-minimizers),
we can always extract a subsequence so that the pair (v, Gy,) converges to some limit
(u, K), where we define v, by (12.8) with y, = y. Let us assume that we already
extracted such a subsequence.

By Proposition 12.12 or its analogue Proposition 12.44 for global A-minimizers,
(u, K) is a global A-minimizer.

If K is a line or a propeller, the associated function u must be constant on each
component of R? \ K. This is well-known, and fairly easy to prove. For instance, if
K is a line through the origin, we can use the fact that for all R > 0,

(13.33) / IVul? < CR
Br~\K
(by (13.5)) to get that for r < R,
(13.34) / |Vul> < CR™'r
B(0,r)\NK

by easy estimates on the solution of the Dirichlet-Neumann problem on B(0, R) \ K
(i.e., eventually, by scale invariance and even easier estimates on the Poisson kernel
on the disk). Once we have (13.34), we get that Vu = 0 on R? \ K by letting R tend
to +o0o with 7 fixed. The case when K is propeller can be treated in the same way;
the estimates are even more favorable.

So u is constant on each component of R? \ K, and hence Vv,, tends to 0 uniformly
on each compact subset of R? \\ K, by convergence of {v,} to u, and harmonicity of
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all our functions. Let us check that we even have that
(13.35) lim |Von| =0
n—+o0 JB(0,R)~(KUG,)
for every R > 0. For each small > 0, decompose B(0, R) \ (K U G,) into QF UQ%,
where
(13.36) T ={z € B(0,R) \ (KUG?,) ; |Vu,(z)| < n}
and Q% = B(0,R) \ (K UG, UQT}). Then

(13.37) / |Vun| < n|B(0, R)| = mnR?
ap

trivially, while

1/2
(13.38)/ |an|<{/ Ianlz} Q312
Qp Q3

1/2
<{t;1 /B . lef} 102 < {4n RAYY? Q3|12
Y,ln ~N

by Cauchy-Schwarz, (12.8) and a change of variable, and (13.5). Because |Vu,| con-
verges to 0 uniformly on compact subsets of B(0, R)\ K, the right-hand side of (13.38)
tends to 0 (for each fixed ), and (13.35) follows easily.

If K is a line, it follows from (13.35), the convergence of {G,} to K, and the
formulae (12.7) and (12.8) (with y, = y) that B (y,t,) satisfies the hypotheses of
Lemma 13.17 for n large enough. In this case y is a point of regularity.

If K is a propeller, then for n large enough B (y,t,) satisfies the hypotheses of
Lemma 13.21 and y is a spider point of G.

This completes the proof of Corollary 13.32. O

Here is another application of Lemma 13.17.

Lemma 13.39. — For each constant Cy > 0 there is a constant Cy > 0 such that for
every acceptable disk B(z,r) and every measurable set E C G N B (z,r/2) such that
HY(E) > C;'r, we can find a disk of regularity B(y,t) centered on E and with radius
te[Cylr ir].

See Definitions 13.3 and 13.6 for acceptable disks and disks of regularity.

As the reader may have guessed, we want to find y € F and t € [202_ Ly, %r] that
satisfy the hypotheses of Lemma 13.17. So let us fix our acceptable disk B(z,r) and
call A the set of pairs (y,t) € E x [2C;'r, 2r] that do not satisfy the hypotheses of
Lemma 13.17. Decompose A into A; U Aj, where
(13.40) A ={(y,t) € A; (13.18) fails}

and A; = AN A;.
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Let us first take care of A;. Fix 1 < p < 2, and set

2/p
(13.41) wply, ) = 177 { i |w|”} ,
B(y,t)~G

just like in (7.80). For each (y,t) € Aj,
2
(13.42) wplyt) > 1147 { /f |le} |B(y, 1)+
B(y,t)\G

2
=rr 23 // [Vu| ¢ > 7r%_252,
B(y,t)\G

by Hélder and since (13.18) fails. On the other hand,

dH?
(13.43) / / wp(y,t)ﬂ < CAr.
yeGNB(z,r/2) Jo<t<r/2 t

This is still Proposition 4.5 on page 311 of [DaSe2], and the proof is the same (but a
little simpler) as for Lemma 7.81 above. From (13.42) and (13.43) we deduce that
(13.44)

dHl 1
// —(y)dt < 2 e / / wp(y, t)—dH (y)at <Ce %Ar,
A t yeGNB(z,r/2) Jo<t<r/2 t

where we do not really care about the dependence in A, but it is important that C
does not depend on Cs.

To estimate the size of As we use the local uniform rectifiability of G.

Lemma 13.45. — For each € > 0 there is a constant C(e) such that, for every accept-
able disk B(z,r),

1
(13.46) // i (y)dt <C(e)r,
Asz(z,r) t

where Az(x,r) denotes the set of pairs (y,t) € GNB (z,7/2) x (0,7/2] for which there
is no line D with the properties (13.19) and (13.20) (with (z,r) replaced by (y,t)).

This lemma is a consequence of the local uniform rectifiability of G, and more
precisely of the fact that for every acceptable disk B(z,r), there is an Ahlfors-regular
curve I' with constant < C that contains G N B (z,2r/3), say. Here we can forget
about the precise definition of Ahlfors-regular curves (in terms of parameterizations)
and just recall that I" is a connected set such that

(13.47) H!' (I'n B(z,s)) < Cs for all disks B(z, s).

The constant C, just like C(¢) in our lemma, is allowed to depend on A.

The existence of the Ahlfors-regular curves I is proved in [DaSe2]. (See Theorem
2.8 on page 302 there). Of course the same proof works here also.
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Now Lemma 13.45 follows from the fact that uniformly rectifiable sets satisfy the
“bilateral weak geometric lemma”. The justification is the same as for Corollary 6.3
on page 319 of [DaSe2]; see in particular the definition (6.5). For a general discussion
about uniform rectifiability including the bilateral weak geometric lemma, we refer to
[DaSel].

We may now return to the proof of Lemma 13.39. It is clear from the definitions
of Ay and Ajs(z,r) that Ay C As(z,r). Hence Lemma 13.45 and (13.44) imply that

1
(13.48) / / AH ()t ooy .
A t
On the other hand
1
(13.49) // aH (y)dt _ H(E) Log (%) > ot rLogﬁ
Ex[205'r, 4] t 4 4

by our assumption on F, and it is now easy to choose Cs so large, depending on C; and
a fixed choice of € (the one that makes Lemma 13.17 work), that the right-hand side
of (13.49) is strictly larger than the right-hand side of (13.48). Then E x [Cy L, ir]is
not contained in A, Lemma 13.17 applies to some pair (y,t), and this proves Lemma
13.39. O

In view of the statement of Lemma 13.39, the reader may be worried about the
situation when (13.1) holds and B(z,r) meets L. The following lemma can help
reduce to the situation of Lemma 13.39.

Lemma 13.50. — There is a constant Cs such that if (13.1) holds, z € L, B(z,r) does
not contain —1 and G N B (z,7/2) is not contained in L, then

(13.51) H' ({y € GN B(z,r) ; dist(y, L) > Cy'r}) > Cy'r.
Suppose not. Let us first check that
(13.52) GNB(z,2r/3) C {y; dist(y,L) < ar},

where « is as small as we want (if we choose C3 accordingly large). This comes from
the local Ahlfors-regularity of G far from L (as in (13.4)): if GN B (z, 2r/3) contained
a point z at distance > ar from L, then the disk B (z,ar/2) would be contained in
the left-hand side of (13.51) (if C3 > 2a~!) but have a mass > C~'ar > C; 'r (again
if C3 is large enough). This proves (13.52).

We want to use (13.52) to construct a better competitor for (v, G). The idea will
be to apply a deformation of a disk of radius r/6 that collapses a good part of G onto
L, so as to win a nontrivial amount of length. First choose a point z € LN B (z,7/2)
which is essentially as close as possible to G~ = G \. L. Then

(13.53) dist (2,G7) < 2ar,
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by (13.52) and because B (z,7/2) contains points of G~ by assumption. Now there
is a C'! mapping ¥ of R? to itself such that

(13.54) U(y) =y on L and out of B = B(z,7/6),
(13.55) U(y) € L for all y € B(z,r/12) such that dist(y,L) < ar,
(13.56) |D¥(y)| < 1+ Ca everywhere,

and also such that there is an open set U of B ~ L that contains the set
{z € B\ L; dist(z,L) > ar or z ¢ B(z,r/10)}, such that

(13.57) the restriction of ¥ to U is a diffeomorphism onto its image B\ L,
and finally
(13.58) |D¥(y) —1d| < Caon U.

The simplest way to construct ¥ is to choose a nice pair of curves I'y, I'_ as
suggested by Figure 13.4, and collapse the region between I'y and I'_ onto L. The
domain U is the part of B that does not lie between I'} and I'_.

oB=0B (z,%)

A
) { L U
collapsed region L=¥T)=¥YT)

FIGURE 13.4

Now we take G = ¥(G). Note that G still contains L, by (13.54). Next
(13.59) B
HY(G™):= HYG~ L) < HY(G™) + CaHY (G~ N B) — HY(G™ N B(z,7/12)),

where we loose no more than CaH! (G~ N B) because only G~ NB moves (by (13.54)),
and by (13.56), and we win H! (G~ N B (z,7/12)) because all these points are sent to
L (by (13.55)).

Because G~ is locally Ahlfors-regular (which can be proved as in Section 4), this
gives that

(13.60) HYG™) < HYG™)-C1r,

at least if a is small enough.
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Now set 5(¢) = v (¥~1(€)) on R? \ G. This is well defined because L C G, by
(13.57), and because we can take ¥~1(¢) = £ out of B. Because of (13.58),

(13.61) IVT(€)| < (14 Ca) [V (T71(8))],

and a change of variable yields

(13.62) / VA < (14 Ca) / |Vol?.
B\G B\G

Thus the difference is as small as we want (compared to r), and because of (13.60)
(v, G) is a strictly better competitor than (v, G). This contradiction finishes the proof
of Lemma 13.50. O

14. C'-regularity of v near regular and spider points

In this section we take care of a minor technical issue: the fact that near regular
and spider points, v has boundary values on G (from both sides) that are of class C!.
Let us start with regular points.

Lemma 14.1. — Let B(x,r) be a disk of regqularity for G, and denote by Q1, Qo the
two connected components of B(xz,r) \ G. Then each of the restrictions of v to Q;
has a C'-extension to Q; N B (z,7/2).

See Definition 13.6 for disks of regularity. Also, do not pay attention to the radius
r/2, which is here mostly for convenience.

The lemma is standard. Here we can use the conformal invariance of energy in-
tegrals to give a soft proof. Obviously it is enough to prove the result for Q;. First
choose a domain D; such that

(].4.2) Q1NB (CL‘, 27‘/3) Cc Dy C O,

and whose boundary is a Jordan curve composed of two C1*¢ arcs, one contained in
G and one contained in 5, and which meet with right angles. [See Figure 14.1]. This
is possible because we know that G N B(z,) is actually of class C1*¢ for some € > 0
(and even C1! by [Bo]). This extra regularity on G at the places where it is C! is
easy to get (and actually comes for free in [Da]), and will allow a simpler control on
the conformal mapping below.

Next let Do be a half disk, and map conformally D; onto D,. We can do this so
that the conformal mapping 3 : D; — D4 sends the arc G N dD; to the straight part
of dD2 and the other piece Q; N @D to the circular part of D2. This makes sense
because ¥ has a continuous extension to the boundary, and it is possible because we
can find conformal mappings of the unit disk D that send two given distinct points of
0D to any two given distinct points of .

Because D; and D, are piecewise C'1*¢, the extension of 1 to D is also C, except
perhaps at the two corners. This comes from the fact that conformal mappings
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FIGURE 14.1

between C'*¢ domains are C'!' up to the boundary. [See for instance [Po], page
48]. Here, if we want to apply such theorems directly, we can always compose with
conformal mappings like z — (z — zo)2 near the corners, to get rid of the angles. Our
mapping is also fairly regular near the corners, because of the choice of right angles
in the definition of Dy, but this does not really matter.

Consider ¥ = v o9~ !, which is defined on 1 (T)—l ~ G) (i.e., on the union of Dy
and the circular part 0 of its boundary). The restriction of v to 0 is also C*, with
perhaps a singularity when we approach the two endpoints. This singularity is fairly
mild, because v and v are bounded anyway.

Also, v is the function on D9 which minimizes the energy with the given boundary
data on 0. This comes from the conformal invariance of energy integrals. By the
same symmetry argument as in Section 4 (see after (4.53)), the values of v on Dy are
obtained from its values on 0 by symmetrization and integration against the Poisson
kernel. [This also uses some of the mildness of ¥ on d mentioned above.] Thus v
extends in a C' way to Ds, except perhaps at the two corners.

Since v = v o 1), this gives the desired properties on v as well. [Note that
Y (B (z,7/2) N Q) lies in Do, far from the corners.] This proves Lemma 14.1. d

Here is an analogue of Lemma 14.1 for spider disks.

Lemma 14.3. — Let B(x,r) be a spider disk for G, and denote by €;, i = 1,2,3, the
connected components of B(z,7) ~ G. Then the restriction of v to each Q; has a C!
extension to Q; N B (z,7/2).

The proof is almost the same as for Lemma 14.1. Let us use a first conformal
mapping ® to get rid of the angle at 2. Set ®(z) = (2 — )/ on Q;, where the choice
of holomorphic square root does not really matter.

If Dy is a domain like the one used in Lemma 14.1 (but with one extra corner at
x), then D} = ®(D;) has only two corners left. We then map D’ onto a half-disk
Dy by a conformal mapping ¢ as above. Once again, v = vo ® oy~ !is C' up
to the boundary, except perhaps at the two corners. Finally, v = ¥ o1 o ® has a C!
extension to Q; N B (x,7/2) because ® has a (zero) derivative at z. [See the picture.]
The lemma follows. g
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FIGURE 14.2
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CHAPTER D

MISCELLANEOUS PROPERTIES OF MINIMIZERS

15. © = R? \ G has no bounded component

We continue with our assumption that (v, G) is a minimizer as in (13.1) or (13.2),
and set O =R? \ G.

Lemma 15.1. — The open set Q) has no bounded component.

In the special case of (13.1), we know from the definition at the beginning of Section
11 that G~ = G \ L is bounded, and so 2 has only one unbounded component. Thus
Lemma 15.1 will show that

(15.2) Q is connected when (13.1) holds.

Actually Lemma 15.1 is proved in [Bo], modulo minor details, but we continue with
our tradition of giving a proof for the convenience of the reader.

Let us proceed by contradiction and assume that Q has a bounded component Q.
Obviously 89 C G and H! (0Q0) > 0. If we are in the situation of (13.1), 8Q cannot
be contained in L, even up to a set of H'-measure 0, and so H! (0 N G~) > 0. By
Proposition 13.11, we can find a regular point z € G N 98, and if (13.1) holds we
can even take r in G™.

Let B = B(x,7) be a disk of regularity centered at z. Since B(x,7’) is also a disk
of regularity for all ' < r (see Definition 13.6 or the remark that follows it), we can
always assume that B is an acceptable disk (i.e., is not too large and does not meet
L) if (13.1) holds.

By Lemma 14.1, Vv has continuous extensions to the closures of both components
of B (z,r/2) \ G, and hence |Vv| stays bounded near . Thus we can assume that

(15.3) / [Vl < e,
B(z,r)\G
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where ¢ is as small as we want, because otherwise we could replace r with a smaller
radius.

By Fubini and Chebychev, we can find p such that r/4 < p < r/2 and

(15.4) / [V|? < 10e,
dD\G

where we set D = B(z, p)

Since z € 99y, one of the two components of Q that touch z must be Q. Let us
call ©2; the other one. Our intention is to modify v slightly in Q; N D and a little
more in §g to find a better competitor than (v, G) and get a contradiction. The idea
will be to first modify v on Qg (by adding a constant) to get a good contact near the
point z, and then do some gluing in D and eliminate a good portion of GN D.

Let us try to make our notations more transparent by calling v; the restriction
of v to Q;, i+ = 0,1. Also denote by m; the mean value of v; on the arc of circle
0D N Q;. [See Figure 15.1, and recall that the geometry of the situation is simple
because B(z,r) is a disk of regularity.]

FIGURE 15.1

Let Z denote the union of two small arcs of 0D centered at the points of 0D NG
and with lengths equal to 7/100. Denote by v the function on 8D which is equal to
vy on DNy N\ Z, to vg + my —mg on 0D N Qg N\ Z, and which interpolates in the
obvious linear way on Z. Then

(15.5) / Vo2 < Ce
oD

by (15.4) (and because v has essentially the same averages on the two pieces of D\ 7).

The harmonic extension of ¥ to D satisfies
(15.6) / Vo2 < Cer.
D

We define ¥ on Qg \ D by 9(z) = vo(z) + m1 — mg = v(2) + m1 — mg, and on the
rest of R%2 \ (G U D) by 9(z) = v(z). We also set
(15.7) G=(G~D)UZ.

Note that (7, é) is a compact perturbation of (v, G) Si.e., is equal to it outside a
large ball) because Qg is bounded. Also, 7 € W22(R2 < G). If (13.1) holds, (7, G) is a

loc
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competitor for (v, G) because we did not touch L (recall that B(z,r) is an acceptable
disk). If (13.2) holds also (7, G) is an acceptable competitor for (v, G); the topological
condition (1.5) is not violated because we only connected 2; to a bounded component
Qo.

The comparison is easy to do. We did not modify Vv out of D, and in D we lost
at most Cer in the energy term, by (15.6). On the other hand (15.7) says that we
saved H'(GN D) — HY(Z) > 2p—r/50 in terms of length, so (7, G) is strictly better
than (v, G) if € is small enough.

This gives the desired contradiction and proves Lemma 15.1. O

Remark 15.8. — Lemma 15.1 also holds for global minimizers in R? \ R and R? \
(—00, 0], with essentially the same proof. The only point is that, as in the situation
of (13.1), we can find regular points of Qg that lie away from R or (—o0,0].

16. v really jumps at regular and spider points

Lemma 16.1. — Let z¢ be a regular point of G, By = B(xo,70) a disk of regularity,
and denote by Q1 and Qo the two connected components of By \ G. If (13.1) holds,
assume that o ¢ L. If (13.2) holds, assume that Q1 and Qg are contained in the
same connected component of Q = R% \ G. Then

(16.2) m v(zx) # JL‘EO v(x).
€M €2

Note that the limits in (16.2) exist by Lemma 14.1. The proof of Lemma 16.1 is
almost the same as above. Because of Lemma 14.1, the restrictions of v to 1 and s
have C! extensions up to the boundary in some neighborhood of g, and so we can
find a radius 1 < rg such that

(16.3) / ]Vv|2 <ery,
B(zo,r1)\G

where € will be chosen soon. We can also choose r; so small that for i = 1,2,
(16.4) sup{v(z); z € ;N B (zo,r1)} —inf {v(z) ; x € Q; N B (z9,71)} < eriﬂ.

If (13.1) holds, let us also choose r; so small that B(zg,r1) does not meet L. Next
we choose a disk D = B (zg,r) such that r;/4 <7 <r;/2 and

(16.5) / Vo[ < 10e.
OD\G

This is possible, by (16.3) and Chebychev. We want to define a competitor (¥, G)
with

(16.6) G=(G~D)UZ,
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where Z is the union of two small arcs of D centered at the points of 9D N G and
with lengths equal to r/100. Figure 15.1 is still an acceptable picture for this, except
that the ; have different indices and the center is now called zo. We want to keep

(16.7) v(z) =v(z) on RZ\ (GUDU 2),

and then extend v in a natural way to D. Still denote by ¥ the function on 8D that
extends v linearly on each of the two arcs of Z. We claim that if (16.2) does not hold,

(16.8) / Vo> < Ce.
oD

Indeed denote by m;, i = 1,2, the mean value of v on the arc 9D NQ; \ Z, and by
mo the common value of the limits in (16.2). Then

(16.9) Imy — ma| < |my — mo| + |ma — mo| < 27172

by (16.4), and (16.8) follows from this and (16.5), because the arcs of Z are not too
short.

Now define v in D to be the harmonic extension of its values on dD; thus
(16.10) / Va2 < Cer,
D

by (16.8). The accounting will then be easy; when we replace (v, G) with (7, 6’), we
lose at most C'er in energy (by (16.10)), and we win at least H*(GN D) — HY(Z) >
r1/4 in length. So we’ll get the desired contradiction as soon as we prove that (7, 51')
is a legitimate competitor for (v, G).

The fact that 7 € W,h2(R% \ G) is easy to check, as usual. If (13.1) holds, we
simply have to check that we did not remove a piece of L accidentally. This is the
case, because we made sure that B(zg,r1) would not meet L. If (13.2) holds, we have
to check that G satisfies (1.5), i.e., that for z,y out of some ball B(0, R), G separates
z from y whenever G separates them. Because we only modified G inside D, there
can only be a problem when z and y are connected to D in R? \ G. But then z and
y lie in the same component of R? \ G, by assumption on §2; and Q.

Thus (¥,G) was an authorized competitor, and our assumption that (16.2) fails
leads to a contradiction. This proves the lemma. O

We’ll also need a version of Lemma, 16.1 for spider points.
Lemma 16.11. — Let B (xg,70) be a spider disk, and denote by Qy, Qa, Q3 the con-
nected components of B(xg,m0) \ G. If (13.1) holds, assume that zo # —1. If (13.2)

holds, assume that Q1 and Qg2 are contained in the same connected component of Q.
Then (16.2) holds.

The proof is the same as above, except that we now work in DN (91 U ) instead
of D, and we only remove the branch of the spider D N G that separates Q; from
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Q5. See the picture. Note also that the case when xo € L, zo # —1 is impossible by
definition of a spider point. We leave the details.

G

keep V=v
.~ upto here

remove this arc

FIGURE 16.1

17. Q has no thin connected component

In this section we only consider global minimizers, as opposed to minimizers of the
modified functional for which the question of thin connected components does not
arise because ) is connected (by (15.2)).

So we assume that (u, K) is a (reduced) global minimizer, either in the whole plane
(as in (13.2)), or in R?\ R or R?\ (—00,0] (as in Definition 12.41). Let us still denote
by Q the complement of K in R?, R?2\ R, or R? \ (o0, 0]. Here is what we mean by
“not thin”.

Lemma 17.1. — Ewvery connected component of Q contains disks of arbitrarily large
radii.
We already know from Lemma 15.1 and Remark 15.8 that © has no bounded

component, so we only need to worry about infinite (but thin) components.

So let ¢ be a connected component of €2, and assume to get a contradiction that
for some d > 0, all points of €y lie at distance < d from 09Qy.

First pick an origin zg € 8Q. If (u, K) is a global minimizer in R?\ R (respectively,
in R? \ (—00,0]), choose 29 out of R (respectively, out of (—oo, 0]).

Then choose zg € €y and z; in some other component 2; of €2, both very close to
2z9. In particular, require that |z; — 29| < d/2 for ¢ = 0,1, and that ; lies in the same
connected component of R? \ R as Qo when (u, K) is a global minimizer in R? \ R.

Let us first complete the proof in the simpler case when (u, K) is a global minimizer
in R2. Set D, = B(20,r) for all 7 > d. Because Qo and ; meet D, and are both
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unbounded (by Lemma 15.1), 0D, meets both £y and 1, and so it meets 8Qp (in
fact, at least twice). Because of this,

(17.2) H' (89 NDr~Dg) >R—d forall R>d.

Take R very large, and apply Lemma 13.39 to the disk B (z, R), with C; = 2,
and with £ = Q0 N Dg \ Dg/,. We get a disk of regularity B(y,t) centered on E
and with radius t € [C’Q_ IR, R/ 2]. We also get a contradiction because one of the
two components of B(y,t) \ G must be contained in £ (otherwise, y would not lie in
98), and both components of B(y,t) \ G contain disks of radius > d if C; 'R > 2d.
This proves Lemma 17.1 when (u, K) is a global minimizer in R2.

Now suppose that (u, K) is a global minimizer in R? \ R. The same argument as
above works if we can choose 2y € 0§ (at the beginning of the construction) so that
dist (z9,R) > 2R, where R = 2C5d and C comes from Lemma 13.39 applied with
C1 = 2. So we are left with the case suggested by Figure 17.1 when 9, and hence
also Qy, is contained in a strip

(17.3) Sk = {z € R?; dist(z,R) < 2R} .

Q, (seen form far)

4 N

FIGURE 17.1

This situation is impossible, by the same argument as for Lemma 13.50. That is,
we can modify (u, K) in a very large disk D = B (zp,C R) (with any choice of z
as above) to get a strictly better competitor. The idea is to collapse Qp N -;—D and
9 N 3D onto the line R, and so save about H! (1D N8 \ R) > C R/3 in length.
For this we use a function ¥ like the one in (13.54)-(13.58) and Figure 13.4. The
estimates are the same as in the end of Section 13 (starting with the construction of
U a few lines before (13.53); we do not need the measure theory before because we
know that H' (D N0 \ R) > C R/3). We leave the details.

The case when (u, K) is a global minimizer in R? \ (—o0, 0] is treated in the same
way. This time the only case when the argument above does not apply is when €
stays at distance < 2R from (—o00,0], and we can apply the deformation argument
of Lemma 13.50 to a disk of radius C R, C very large, centered close to (—oo, 0] and
very far to the left.

This completes our proof of Lemma 17.1. O
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18. The case when u is locally constant somewhere

Lemma 18.1. — Let (u,K) be a global minimizer. If u is constant on one of the
connected components of @ = R?2\ K, then K is empty, or a line, or a propeller, and
u is constant on every component of ).

Recall that a propeller is a union of three half-lines ending at the same point, and
making 120° angles with each other at this point.

Of course, if u is constant near some point z € €2, it is constant in the component
of x, because it is harmonic.

Remark 18.2. — If (v,G) is a minimizer of the modified functional (as in Definition
11.3) and v is constant near some point of R? \ G, then v is constant on R?2 \ G, by
the simple observation above and because 2 is connected (by (15.2)). Hence the only
option allowed by Definition 11.3 is that G = L and v = C*. [This option will often
be ruled out later by conditions on the behavior of v at infinity, but it is still allowed
here.] This is the reason why we do not need to study minimizers of the modified
functional in (the rest of) this section.

Let (u, K) be as in the lemma, and let Q¢ be a connected component of 2 where u
is constant. We can assume that K is not empty, since otherwise the result is trivial.

Lemma 18.3. — g is conver.

Suppose not. Then we can find a line segment I whose endpoints lie in )¢ but
which is not contained in Q. Since we can move the endpoints a little bit, we can
even assume that I is not contained in the closure Q. This is easy to check, especially
because we can use (13.4) and Proposition 13.11, for instance. We can still move
a tiny bit in the direction orthogonal to I and keep these properties. We use this
observation to require two additional properties that will simplify our construction.
First we demand that

(18.4) every point of I N K be a regular point of K.

This is easy to arrange, because H'-almost every point of K is regular (by Proposition
13.11), and so the projection of the remaining part of K in the direction orthogonal
to I has measure zero. We just have to move I so that its projection avoids this set
of measure zero.

By Fubini, and the fact that H! (K N Br) < +oo for all R, we can also require
that

(18.5) IN K be finite,
and even that

(18.6) K meet I transversally at each point of I N K,
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because the projection in the direction orthogonal to I of the set of regular points
of K with a tangent parallel to I has zero measure, by Sard’s theorem. [Note that
here the fact that we restrict to regular points helps (because we can reduce to the
case of finitely many C'-curves), and we can get (18.5) and (18.6) by very elementary
means.

So let I have all the properties above, and then denote by J the closure of any
nonempty connected component of I \. Q. Thus J is a closed interval, its endpoints
lie in 89, but the rest of J lies in R2 ~ Q.

Call a and b the endpoints of J. Since a, b lie in Q¢ and are regular point of K, we
can find a path v in Qg (except for its two endpoints) and which connects a to b. [See
Figure 18.1; we start with two little segments orthogonal to K that start at a and b
and point into €, and then use the connectedness of g to join their endpoints.] We
may even require that v be of class C! and that it be simple.

a J bﬁ"

1o Q

FIGURE 18.1

If we add the segment J to «y, we get a Jordan arc 7. This is because J only meets
v at a and b, since the rest of J does not meet Q.

Call V the bounded component of R? \ 7. We replace K with

(18.7) K=(K~V)UJ,

and then define & on R? \ K by

(18.8) t=uonR*~ (KUJUYV)
and

(18.9) u=coon V,

where ¢y is the constant value of u on q. [See Figure 18.2.]

Note that the definition is complete: R?\ K is the disjoint union of R2~ (KUJuV)
and V. Now we want to show that (u, K) is a better competitor than (u, K).

First we need to check that u € I/VI})’S(R2 <K ). The only potential trouble is with
the interface between the two definition of 4, i.e., with the regularity of @ across oV

There is no difficulty with J, since we put it in K. There is no difficulty with v~ {a, b}
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FIGURE 18.2

either, because ¥ is constant and equal to ¢y in a neighborhood of v \ {a,b}. [Recall
that this arc is contained in Qg.]

To prove that (%, K) is a competitor for (u, K), we also need to check that (%, K)
coincides with (u, K') out of some large disk Br, and that the topological constraint
(1.5) is satisfied. The first condition is of course fulfilled if V' C Bg, and so it is
enough to check (1.5).

So suppose that z,y € R? \ (K U Bg) are separated by K, but not by K , and let
us find a contradiction. Let £ denote a path from z to y that does not meet K. Since
K separates = from y, £ must meet K, and this can only happen in V (because the
rest of K is contained in K).

Call a and 3 the first and last points of £ N 9V when we run along £ from x to
y. These points exist because x,y lie out of V (we implicitly assumed that V' C Bg).
Since € does not meet K and J C K the points @ and 8 must lie in v \ {a,b}. We
can replace the arc of £ between a an 8 by the arc of v between « and (; we get a
new arc §~ which still joins z to y, but no longer meets K (by definition of o and S,
and because vy \ {a,b} C Q). This contradicts our assumption that K separates x
from y, and proves that (4, K ) is a competitor for (u, K).

The accounting will be easy. We did not lose anything in the energy term, since @
is constant wherever it differs from w. In the length term, we won at least

(18.10) AL =HYKNnV)—-HY(J).

Let us check that AL > 0. For each point z € J\ {a, b}, denote by L, the half-line
with extremity z which is perpendicular to J and starts (from z) in the direction of
V. Obviously L, eventually crosses 7, and it must meet K NV before it does so for
the first time, because z € R? \. Qg and v C €. See Figure 18.3.

Denote by 7 the orthogonal projection onto the line that contains J. We have just
checked that 7(KNV') contains J~\{a,b}. Thus AL > 0. To prove the strict inequality,
we can use the fact that a is a regular point of K and the tangent to K at a is transverse
to I (by (18.4) and (18.6)). This shows that H* [1=*(4) N K N V] > H'(A) for some
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small subinterval A of J (close to a); see Figure 18.3 again. This proves the strict
inequality.

Thus (%, K) was a better competitor than (u, K), and this contradiction shows
that I did not exist, i.e., that g is convex. O

FIGURE 18.3

Next we want to say that Qo looks like a cone at infinity. Fix an origin z¢ € Q.
Since our problem is invariant, we may as well assume that zo = 0. Set

(18.11) J = {6 € S ; there is a sequence {y,} of points of €
In_ tends to 6}.

[Yn

Note that since Qg is not bounded (by Lemma 15.1) and S! is compact, J is not
empty. Let us check that

(18.12) for all € J, the half line Dg = {rf ; r > 0} is contained in Q.

First we show that Dy C Q9. Let 7 > 0 be given, and let {y,} be a sequence in £
such that |y,| tends to +oo and |yn|_1 yn tends to 6. As soon as |y,| > r, the point
T |yn|_1 yn, lies in Qo (by convexity and because 0 € Qg), and so rf € Qp, as needed.

such that |y,| tends to + oo and

To complete the proof of (18.12), observe that Qg contains a small disk B, centered
at 0. Let r6 be any point of Dg. If r = 0, then 78 = 0 € Qq, as needed. Otherwise,
2rf € Qo by the argument above, and so we can find z € Qo N B (276, p/10). Since
B, C g and € is convex, all points 3(z + u), |u| < p lie in Q. In other words, Qo
contains B (2/2, p/2) and in particular 8 € €. This proves (18.12).

Lemma 18.13. — There is a positive (universal) constant § such that diamJ > 4.

Let us choose 6y € J, and set Dy = Dg,. [Recall that J is not empty.] Since our
problem is invariant under rotations, we may as well assume that 6y = 1. We want
to proceed by contradiction and so we assume that diamJ < &, where 0 < § < 1/100
will be chosen soon.

Since J does not contain any point at distance > § from 1, we can find a radius
R; > 1 such that

(18.14) ‘%—1‘ <26 forall yeQo~B(0,R;).
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Let us now check that

R
(18.15) H' (89 N B(0, R) \ B(0,9R/10)) > 5
for all R > 2R;. Indeed, Dy C Qo by (18.12), while Qo does not meet

(18.16) D* ={(0,t) ; |t| > R}

(i-e., most of the vertical axis). Consequently every circle dB(0,7), 9R/10 < r < R,
must meet 8 at least twice (once above Dy and once below), and (18.16) follows.
See Figure 18.4.

B35
\‘ \
\ 1
~ L
C—— ——— D,
N T
1
Q I' I’
' 1
7/ II
D* 0B(0, R)
FIGURE 18.4

Now let us choose a point z € 9QpNIB(0, R) and apply Lemma 13.39 with r = R/3.
We take for E the same set Q9 N B(0, R) ~\ B(0,9R/10) as in (18.15). Note that
E C B(z,r) because of (18.14). We can apply Lemma 13.39 with C; = 5/3, and we
get a disk of regularity B(y,t) centered on F and such that C5 'r <t < r/2.

Since y € 982, one of the two components of B(y,t) \ K is contained in . Call
it O. Note that

(18.17) O C B(0,2R) ~ B(0,R/2),
because t < /2 = R/6 and dist (y, dB(0, R)) < R/10. Since R > 2R, O is contained
in the thin cone of (18.14). On the other hand, O contains a disk of radius ¢/10 >

R/30C. This is clearly incompatible with staying in the thin cone, at least if we
choose § small enough.

Thus we get the desired contradiction; this completes our proof of Lemma, 18.13.
|

Remark 18.18. — The same argument as in Lemma 18.13 shows that J cannot be
reduced to a set composed of two opposite points in S!. Indeed, if this were the case,
there would be a radius R; such that all the points of Qg \ B (0, R;) lie in a thin cone
around some line D (instead of half a line as in (8.14)). We could still apply the same
argument as above to get a contradiction.
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Claim 18.19. — Let 01,62 € J be such that 8; # —0s. Then the shortest interval of
St that contains 0; and 0 is contained in J.

Indeed (18.12) says that Dy, and Dy, are contained in g, and so the convex cone
generated by Dy, and Dy, is also contained in €. The claim follows, by definition
of J.

We are now ready to prove that

(18.20)

J is a closed interval of S, with diameter
at least § > 0 and length at most 7.

First, J is closed (by (18.11) and (18.12), say) and its diameter is at least §. Then
J contains at least two points, as in Claim 18.19 (see Remark 18.18); hence J contains
some nontrivial interval Jy of S!. For each other point of J, we can apply Claim 18.19
with some point of Jy; hence J is an interval of S'. Now the length of J cannot be
more than 7, because otherwise J would be the whole circle and £y would be the
whole plane (by Claim 18.19 and (18.12)). This proves (18.20).

Our information on J will be easier to use after a blow-in. Pick a (fixed) point
y € K and a sequence {t, } that tends to +00. As was observed just before Proposition
12.12, we can always extract a subsequence so that the pairs (un, K,) defined from
(u,K) as in (12.7) and (12.8) converge to some limit (u', K'). Proposition 12.44 tells
us that (u', K') is a global minimizer.

From (18.12) and the definition (18.11) of J it follows that {t;;'Q0} converges to
the closed cone

(18.21) C(J)={r0; r>0and § € J}.

For the same reason, {t;* (0€)} converges to C(J), the boundary of that cone. In
particular, K! contains C(J), and int(C(J)) is one of the connected components of
R2 < K. By the convergence of {u,} to u!, we also know that u! is constant on
int(C(J)).

By Proposition 13.11, almost every point of dC(J) is a regular point of K. Let x
be such a point and B(z,) a disk of regularity centered at z. Thus K! N B(z,r) is
just a diameter of B(z,r) , and coincides with 0C(J) N B(z, ).

Denote by Q; the connected component of R? \. K that contains B(z,r) \ C(J).
We claim that

(18.22) u' is constant on €.

By Lemma 14.1, u! has a C! extension on Q; N B (z,7/2), which we still denote
by u!l. Note that (18.22) will follow if we prove that

(18.23) the boundary values on 9§, of Vu! vanish in a neighborhood of z.
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This can be seen as a consequence of a theorem of Riesz but here, since u! is C!, we
can also use the Schwarz reflection principle and analytic continuation.

The shortest way to get to (18.23) is to use the classical formula that gives the
jump of 'Vu1|2 in terms of the curvature of K when K! is a C'-curve (as here).
[See [MuSh].] Let us nonetheless sketch a direct proof (which is of course equivalent).
Let w € R? denote the unit vector perpendicular to K* N B(z,r) and pointing in the
direction of Q; (as seen from z). Let ¢ be a smooth bump function supported on
B(x,r) and equal to 1 on B (z,7/2), and set ®(z) = z + t¢(2z)w, where t is a small
parameter. We replace (u!, K!), with (@, K), where K = ® (K'), we keep & = u!
out of ®(C(J)), and take u(z) = co on ®(int(C(J))), where ¢¢ is the constant value
of ! on int(C(J)). The point of the modification is that we save all the integral

(18.24) AE = |Vul|?

2(C(I)~C(J)
in the energy term, and AE > C~'t (for t small) if Vu! does not vanish on 99; N
B (z,7/2), while the length that we have to add is at most Ct2. This completes our
proof of (18.23)); (18.22) follows, as we said before.

Now we found a second connected component Q; of R? \ K! (in addition to
Int (C(J)), where u! is constant. To this new component we can associate an in-
terval J; of S!, defined as in (18.11) but with ; instead of £g. Note incidentally that
J (or J1) does not depend on the choice of origin, and neither does the description in
(18.20). So Ji also fits the description (18.20).

It is easy to see that J and J; have disjoint interiors, simply because €2; does not
meet C(J).

Let us take a second blow-in. Denote by (u?, K?) the limit of some blow-in sequence
constructed with (u!, K1), just like (u', K') was constructed above. Then (u?, K?)
is also a global minimizer. The same argument as above shows that dC(J) and 9C (J1)
are contained in K2, and Int (C(J)) and Int (C (J1)) are two components of R? \ K2
on which u? is constant.

If R? = C(J) UC(J1), then K is a line, and we shall see later how to conclude
from this.

Otherwise, we can choose a regular point of K2 in 8 (C(J) UC (J1)), and follow the
same argument as above. We find a new connected component 2, of R? \ K2, which
is contained in R%2 \ (C(J) UC (J;1)), and on which u? is constant. We associate to Q2
a third interval J, as in (18.11), and it is easy to see that J; is contiguous to J U Jy,
but its interior does not meet J U J;j.

We continue this construction until we get a union J U Jj - -- U Ji that covers the
circle, or equivalently

(18.25) C(J)uC (J1)U---UC(Jx) = R2
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This has to happen eventually, because the intervals J, have diameters > § and
disjoint interiors.

When (18.25) happens, the new blow-in limit (u**!, K¥+1) is such that K*+! =
AC(J)U---UdC (Jx) and uF*! is constant on int (C(J)) and its successors. It is then
easy to see that the only options are either k = 1 and K? is a line, or k = 2 and K3
is a propeller.

At this point we were able to show that some iterated blow-in of (u, K) is a line

or a propeller (each time with a function that is constant on every component of the
complement). Thus Lemma 18.1 will follow from the next lemma.

Lemma 18.26. — Let (u, K) be a global minimizer and suppose that there is a sequence
{tn} that tends to +o00 and for which {t; 1K } tends to a line or a propeller. Then K
is a line or a propeller, and u is constant on each component of R? \ K.

This is not new; see for instance [Bo]. Let us sketch the proof anyway. First we
need to know that if K is a line or a propeller, then u is constant on each component
of R? \ K. Suppose for instance that K is a line through the origin. We know that

(18.27) / |Vu|®* < CR
Br~\K
(see (13.5)), which allows us to choose radii R as large as we want such that

(18.28) / IVl < C.
OBRr~K

Then we use the fact that we can compute the values of u inside each half of
Bpgr ~ K by integration of the Poisson kernel against the symmetrized restrictions of
u to dBr \ K. This yields

2 r? 2 r?
(18.29) / Vu? < c Va2 < ¢
B.~\K R OBr~\K R
for r < R/2, say. Now we can fix r and let R tend to +oo, and we get that Vu =0
everywhere.

The case of a propeller (through the origin, say) is treated in the same way. The
point is that if V is one of the components of Bg \ K, we can still compute the
values of u on V from its values on &V ~ K: we first use the mapping z — 2z3/2 to
change variables and reduce to a half-disk, and then compute as above. This gives an
estimate which is even more favorable than (18.29); the rest of the argument is the
same.

Now let (u, K) be as in the lemma. Because the hypothesis of the lemma is invariant
under translations, we can assume that the origin lies in K. [This is just a minor issue,
due to the fact that we defined blow-up sequences only with points y,, € K]

Because of the remark before Proposition 12.12, we may as well assume that the
blow-in sequence {(un, K,)} associated to y, = 0 and t,, as in (12.7), (12.8) converges
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to a limit (ueo, Koo). [Otherwise, extract a subsequence.] We already know about the
convergence of {K,}, and so K is a line or a propeller. Since (oo, Koo) is a global
minimizer by Proposition 12.44, we get that u. is locally constant. In other words,
the functions Vu, converge to 0, uniformly on every compact subset of R? \ K.
[See our definition of convergence, a little before Lemma 12.4.]

Now we want to apply Lemma 13.17 or Lemma 13.21 to the unit disk and the
global minimizer (u,, Ky,) (if n is large enough). We get the hypotheses (13.19) and
(13.20) (for a line) or (13.22) and (13.23) (for a propeller) by convergence of K, to a
line or a propeller. So we only have to check (13.18), i.e., the fact that

(18.30) / Vun| < &
B(0,1)\Kn

for n large enough. This is an easy consequence of the uniform convergence of Vu,,
to 0 on compact subsets of B(0,1) \ Ko, Holder, and the fact that

(18.31) / [Vua|® < C.
B(0,1)\Kn

[See (13.35)-(13.38) for the same argument, almost in the same context.]

Thus we can apply Lemma 13.17 or Lemma 13.21, and we get that for n large
enough, K, N B (0,1/2) is a C!-curve or spider. In other words, K N B (0,t,/2) is a
C! curve or spider for n large.

We can now deduce that K is a line or a propeller. The shortest way in terms of
amounts of estimates is probably to observe that our conclusion that K, N B (0,1/2)
is a C'! curve or spider comes with uniform estimates. [In fact, we even have uniform
C*+°_estimates for some o > 0 with the same proofs.] These uniform estimates, when
scaled down to K, give better and better approximations of K N B, for any fixed r,
and the conclusion follows.

Since we do not want to rely on estimates that were not stated, let us also give
a brutal (but implacable) argument: from the fact that K N B(0,t,/2) is (arcwise)
connected for a sequence of ¢,, that tends to +o00, we can deduce that K is connected,
and then K is a line or a propeller, by [Bo].

This completes our proof of Lemma 18.26; Lemma 18.1 follows as well. O
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CHAPTER E

THE JOHN CONDITION

19. Connectedness and rectifiable curves

In this section we address a minor technical point: the existence of rectifiable curves
that connect points in a connected set with finite H'-measure. We consider a subset
Gy of the plane, such that

(19.1) Gy is closed, connected, and H' (Go N B) < +oo for every disk B,

and we want to study the arcwise connectedness of Gy.

Lemma 19.2. — If Gy satisfies (19.1) then for every choice of z,y € Go there is a path
Yz,y which is rectifiable (i.e., with finite length), supported in Go, and which connects
T toy.

This is of course a slight modification of the classical result that says that if Go
is connected, closed, and if H! (Gg) < +o00, then Gy is arcwise connected. The little
additional difficulty here is that Gy may not be bounded.

So let Gy satisfy (19.1), and let us assume that
(19.3) G) is not bounded;

otherwise, we may always use the classical result mentioned above (see for instance
[Fa]), or modify slightly the proof below. First we want to check that for all z € Gy
and R > |z|,

(19.4)  there is a rectifiable arc supported in Gy and which connects z to 0Bg.

The proof is standard; let us only sketch the argument. For every (small) € > 0,
call “e-chain” a finite sequence {zo,...,Zm} of points in Gy such that |z;41 — ;| < €
for 0 < ¢ < m. Since Gy is connected, for all y € G and all € > 0, there is an e-chain
that goes from z to y (that is, such that g = z and z,,, = y). Let us choose any
point y € Go \ Bg, and then only keep the beginning of the e-chain (before we leave
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Bp, for the first time). This gives an e-chain of points in Gg N Bg that goes from z
to some point of Go " Br \ Br_¢.

For each (small) €, let {zo,...,Zm} be such an e-chain. Let us choose this chain
so that m is minimal. Then |z; — z;| > € for |i — j| > 1, because otherwise we could
take a shortcut. Hence the disks B (z;,¢/2) have a covering number < 2 (i.e., no
point of the plane lies in 3 of them). Since H! (Go N B (z:,¢/2)) > /2 by (19.3) and
the connectedness of Gy, we see that

(19.5) m < 4e*H' (Go N BR)
because zg,...,Zm—1 all lie in Bg_. by minimality.
Denote by v, the polygonal arc obtained by connecting each point z;, 0 < i < m,
to x;4+1 by a line segment. Then
(19.6) length (v¢) < 4H' (Go N BR) + ¢

by (19.5). This allows us to define a parameterization z. : [0,1] — R? of ., which
is C-Lipschitz for some C that does not depend on e. [For instance, we can take
C = 4H'(Go N Bg) + 1]. By Montel, we can find a sequence {e,} that tends to 0
such that 2., converge uniformly to some C-Lipschitz function z. It is easy to see
that z parameterizes the arc that we want for (19.4).

Now return to Lemma 19.2. For each z € Gy, denote by G(z) the set of points
y € Gy that can be connected to x by an arc of finite length supported in Gyg. We
want to show that G(z) = Go.

Let us first check that

(19.7) H'(R) =0,
where
(19.8) R ={R >0 ; GoNIBg is infinite}

Clearly it is enough to show that H1(R N I) = 0 for all intervals I = [0, N). Let u
denote the image by z — |z| of the restriction of H! to Go N By. Thus
(19.9) wE) = H'({z € Gy ; |z| € E})

for measurable subsets of 1. By (19.1), u is a finite measure. By the Hardy-Littlewood
maximal theorem, or the existence of a Lebesgue density for p (Lebesgue-)almost-
everywhere, the upper density
t—e¢,t
(19.10) 4+ (t) = limsup ALt FED)
e—0t 2e
is finite almost everywhere on I.

On the other hand, if ¢ € I in such that Gy N 9B; has at least k& point, then
d*(t) > k/2. This uses the connectedness of Go. The estimate (19.7) follows.
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Note that (19.7) would still hold with the same proof if Gy was a countable union
of connected sets, provided of course that we keep the condition H! (Go N B) < +o00
for all B.

Now let R (large) be such that Go N 0B is finite, and denote by z1,...,z¢ the
points of Go N dBg. For 1 < j < ¢, set E; = BR NG (z;). By (19.4),

(19.11) GoNBr=|JE;.
J
Let us check that

(19.12) E; is closed.

Let {z,} be a sequence in F; that converges to some z € Go N Bpg. For each n
the proof of (19.4) gives an arc 7,, supported in Go N Bg, with length at most
C = 4H' (Gy N Bgr) + 1, and that connects z, to some point y, € Go N dBg. Since
zn € Ej, we also have that y, € E; (by definition of Ej).

Modulo extracting a subsequence, we can assume that the C-Lipschitz parameter-
izations of the arcs v, by [0, 1] given by the proof of (19.4) converge uniformly to
the C-Lipschitz parameterization of some arc v. Then « has finite length < C, is
supported in Gy N Br, and connects z to some point y € Go N dBr. Since Gy N OBg
is finite and y is the limit of {y,}, we see that y = y, for n large enough, and so
y € Ej. Then z € E; as well (because of ); this proves (19.12).

Note that for z,y € Go N Bg, y € G(z) if and only if z and y lie in a same E;.
Then (19.12) implies that G(z) N By is closed. Since we can take R as large as we
want, we get that

(19.13) G(z) is closed.

By definition, the sets G(z),z € Gy, are either equal or disjoint. Since for every
R as above, Bgr only meets finitely many such G(z) (because each of them coincides
with a union of sets E; in Bg), we get that G(z) is open as well.

Thus all G(z) are both closed and open. Since they are not empty and Gy is
connected, we get that G(x) = Gy for all z, as need for Lemma 19.2. O

We shall need the following slight improvement of Lemma 19.2.

Lemma 19.14. — If Gy satisfies (19.1), then for every choice of x,y € Gy there is a
simple, rectifiable arc v which is supported on Gy and connects x to y.

To prove this we just need to take the rectifiable arc 'ygy given by Lemma 19.2,
and make it simple. The standard way to do this is by removing the unnecessary
loops, and it is described in [Fa]. Let us point out a slightly different method. Set

(19.15) L = inf {length(y) ; « is a rectifiable arc in Gy that connects z to y} .
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Lemma 19.2 tell us that L < +o0o, and now we claim that we can find v;, as above
so that length (vz,y) = L.

This is fairly easy. We start from a minimizing sequence of curves +,, where
L,, = length () tends to L. We can parameterize v, in a L,-Lipschitz way from the
unit interval. As before, we can use Montel to find a subsequence of parameterizations
that converges uniformly on [0, 1] to some L-Lipschitz function. That function is a
parameterization of the desired curve 7, ,.

It is also easy to see that our minimizing curve v, , is simple (because if it had a
loop, it could be made shorter); Lemma 19.14 follows. O

Lemma 19.16. — Suppose G satisfies (19.1) and is not bounded. Then for all x € Gy
there is an injective Lipschitz path v, : [0,400) — Go such that v;(0) = x and
Jm |ye(t)] = +oo

Let z € G be given, and choose an increasing sequence {R,} that tends to +oo
and such that

(19.17) On = Go N OBg,, is finite

for every n. Such a sequence exists because of (19.7).

For each n, (19.4) tells us that we can find an arc +, from z to some point of d,,.
[From now on, all arcs will have finite length and be supported in Gy, by convention.|

Denote by z, the last point of v, N d;, when you run along v, from z to 8,. Since
0, is finite, we can find z; € 0; such that z, = x; for infinitely many values of n.
Thus there is an arc from z to z1, and z; is connected to 0, by an arc in Gy \ Bpg,
for infinitely many values of n. [Note that this also means “for n large enough”, since
you must cross O, to go from 9, to 8, when 1 < m < n.]

Let us continue our construction. We can get a sequence {z,,} of points z,, € O,
such that for all m > 1,

(19.18) Zm—1 is connected to x,, by an arc supported in Go \ Bg,,_,,
and
(19.19) Zm can be connected to 0, by an arc supported in Go \ Bg,,

for infinitely many values of n > m.

The verification is easy; we proceed as above with repeated applications of the pigeon
hole principle.

We construct a first path v(9) as follows. We glue together a first arc from z to z;,
then an arc supported in Gg ~\ Bg, from z; to zo, then an arc supported in Go \ Bpg,
from z; to x3, and so on. Since our path 7(%) eventually leaves every Bg, (and
R tends to 4+ 00), (the obvious Lipschitz parameterization of ) 4(9) satisfies all the
desired properties, except perhaps for injectivity.
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Let us see now how to modify our initial path v(®) to make it simple. We want to
construct a sequence of paths v("), starting with v(%).

To construct 71 from +(®) we take the last point z; of v(®) N 8; and replace the
subarc of v(%) between z and z, with a simple arc (in Gp) from x to z;.

Now let us construct v(?). Denote by 2, the first point of () N 8, and by y; the
first point of fy(l) N 0y that can be connected to 22 by an arc in Go \ Gg,. Such a
point exists, because 9, is finite. We simply replace the arc of ¥(!) between y; and z;
with a shortest arc in Go \ Gg, from y; to z2. Such a shortest arc exists by the same
argument as above, and it is automatically simple. It does not meet the arc of v(1)
between x and y; (except at 1), by definition of ;. Thus the subarc of 72 between
z and z; is simple.

We proceed in the same way to construct v from 4("~1). We denote by z,
the first point of "~V N §,, and by yn—1 the first point 4(®~Y N ,_; that can be
connected to 2z, by an arc in Go \ Bg,,_,. We then replace the arc of 7("—1) between
Yn—1 and 2, with a shortest arc in Go \ Bg,,_, that goes from y,—; to z,. This gives
a curve v(®). The arc of 4(™) between y,_1 and z, is simple (by minimality), and it
does not meet the arc of y(®~1) (or 4(™)) between = and y,_1 (by definition of y,_1).
Thus the arc of 7(® between & and z, is simple.

This completes our construction of the sequence {y(™}. Note that for m > n we
shall never modify the arc of v(") between x and the first point &, of Y™ N 8,.

Denote by 75") : [0, Tn] — Gy the parameterization by arclength of the arc of (™

between z and &,. Since R, tends to +oo, T;, tends to +o00 as well. Also, we just said
that the restriction of 'yg(gm) to [0,T,] coincides with ’yg(gn) for m > n. Thus {'77(5")}n
converges to a limit v, : [0, +00) — Go.

The function v, is injective, because each 'y,(ﬁn) is. Then v, (t) eventually leaves
every Bp,, because it can only cross Bg, finitely many times (by (19.17)) and
vz (T'm) lies out of Bg, for infinitely many (in fact, all) values of m > n.

Thus 7, satisfies all the properties required in Lemma 19.16; this proves the lemma.

O

20. Paths of escape to infinity in

We shall need later to estimate differences |v(z) — v(y)| in terms of L2-averages of
|[Vv| on Q. For this, some uniform control on the way € is connected will be useful.
In effect, we shall show that Q (or each of its components when (v,G) is a global
minimizer) is a John domain with center at infinity, at least locally.

In this section again, we suppose that (v, G) satisfies (13.1) or (13.2). Our main
result will be the existence for each x € 8 = R? \ G of an escape path to infinity, as
follows.
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Lemma 20.1. — There is a constant C; > 0 such that, for every z € Q = R2 \ G,
there is an escape path 7y, : [0,1] — Q such that

(20.2) 7:(0) = z,

(20.3) v, is C1-lipschitz,

and

(20.4) dist (v,(t), G) > C! {t + dist(z,G)} for all t € [0, 1].

Remark 20.5. — In the case of global minimizers (i.e., when (13.2) holds), we can

even define 7, on [0, +00). This is not surprising (in view of the invariance of (13.2)
under dilations), and it will easily follow from the proof.

We start the proof with a more local escape lemma.

Lemma 20.6. — There is a constant Cy > 0 such that, for each disk B(z,r) of radius
r < Cy! and each z € B(x,r) such that

(20.7) dist(z, G) > 107 %r,

we can find an arc vy in @ such that

(20.8) v C B(z,Car) \ G,

(20.9) dist(y,G) > C;'r,

and

(20.10) ~ connects z to a point w such that dist(w, G) > r.

We want to prove this by compactness. Let us restrict to the case of minimizers of
the modified functional (as in (13.1)); the case of global minimizers would be similar,
but simpler. So let us assume that the lemma is false for minimizers of the modified
functional. Then for each integer j > 1, we can find a minimizer (v;,Gj), a disk
Bj = B (zj,r;) of radius r; < 277, and a point z; € B; such that
(20.11) dist (z;, G;) > 107 2r;,
for which there is no path v C ; such that the analogue of (20.8)-(20.10) with
C, = 27 hold.

We are not exactly in the same situation as in Section 12 to take a blow-up sequence,

because the minimizer (v;, G;) depends on j, but this will not matter. Also, we shall

need to distinguish cases, depending on the position of z; relative to L and —1.
First observe that dist (z;,G;) < r;, because otherwise the trivial path form z; to

itself would have worked. So we can choose y; € G; such that |y; — z;| < ;. Set

(20.12) G; =17 (G —y5)
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and
(20.13) v;f (z) = 7‘;1/21)]‘ (rjz+y;) on R2 < G;;

these are the analogues of G,, and v, in (12.7) and (12.8), except that here G; and
v; are changing with j.

Our first case is when

(20.14) lim 7y ! dist (y;, L) = +o0
j—oo

The remark before Proposition 12.12 and Proposition 12.12 itself are still valid in
this case (with (20.14) and the fact that r; < 277 tends to 0 playing the role of (12.10)
and (12.9)). So we can extract a subsequence so that (after extraction) {(v},G3)}
converges to a global minimizer (u, K'). Modulo an additional extraction, we can also
assume that 2z = rj"l (25 — y;) tends to a limit 2.

By (20.11), dist (25,G5) > 1072 and hence dist(z, K) > 1072, In particular,
z€R?2\ K, and Lemma 17.1 says that its connected component in R? < K contains
disks of arbitrarily large radii. So we can find a path v in R? \ K that connects z to
some point w such that dist(w, K) > 2

Let D denote the diameter of v and d its distance to K. Call 7; the path obtained
from 7y by adding to it a line segment from 27 to z at the beginning. For j large enough,
7; stays at distance > d/2 from G7, and connects z] to w. Also, dist (w,G;) >1
and 75 is contained in B (zj,D + 1) It is easy to check that for j large enough,
vj = 157 + y; satisfies the analogue of (20.8)-(20.10) with Cz = 27, in contradiction
with the definition of (v;, G;).

This settles the case when (20.14) holds. The proof of Lemma 20.6 when (v, G)
satisfies (13.2) and without the restriction that r < C; ! also follows from this argu-
ment.

If (20.14) does not hold, then we can extract a subsequence so that
(20.15) dist (y;, L) < A,

where A is some fixed number (that depends on our sequence (v;, G;), but this does
not matter). Denote by y; the point of L that is closest to y;. Our second case is
when
(20.16) lim 77 'dist (yj, —1) = +o0.
J—» o0

Then we define v}, G}, 2} as above, but with y; instead of y;. We can apply Propo-
sition 12.42 and, modulo extractlon of a new subsequence, we get that {(v},G})}
converges to a global minimizer on R? \ R.

We can continue the argument just as before, since Lemma 17.1 also applies to
global minimizers on R? \ R. This settles our second case when (20.16) holds.
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In the remaining case when (20.16) fails, we can extract a new subsequence for
which ! (y; + 1) is bounded: This time we have that for some A’ > 0,

dist (2, —1) < A rj
(by (20.15) and because |y; — z;| < r;).

In this case we do the blow up relative to the fixed origin —1, and Proposition 12.42
allows us to extract a subsequence of the corresponding {(v;‘, G;‘)} that converges to
a global minimizer on R? \ (—00,0]. The rest of the argument goes as in the two
preceding cases.

This completes our proof of Lemma 20.6 by contradiction and compactness. [
We can now proceed with the proof of Lemma 20.1.

Let z € Q be given. We want to construct a sequence of paths -;, which we shall
glue to each other to obtain ,.

We start from 29 = z, and distinguish between two cases. Set 1o = 10 dist (29, G).
Ifro > Cy 1 we can simply take for . a parameterization with constant speed of any
line segment [20, 1], where |2, — 2| = 3dist (2o, G).

So assume that ro < Cy 1. In this case we can apply Lemma 20.6 to the disk
B (20,m0). We get a first arc vo C B (20, Caro) \ G, with dist (0, G) > C{lro, and
which connects 2 to some point z; such that dist (21, G) = ro. We may as well assume
that length (7o) < Cs o, because otherwise we may replace o with a piecewise linear
arc that satisfies this, maybe at the expense of multiplying C3 by 2.

We want to continue this and construct a sequence of arcs ,,, with the following

properties. First, v, starts form a point z,, € Q (the endpoint of the previous arc if
m > 1). Next,

(20.17) dist (Ym, G) > C5 'rm,
where r,, = 10 dist (2, G). Also,
(20.18) length (vm) < Cs 1,

and finally 7, ends at a point z,,+1 such that
(20.19) dist (2m41,G) = T = 10 dist (2m, G) .

We continue this construction as long as we can apply Lemma 20.6, i.e., as long
as ry < Cy ! When this finally fails, we can complete our construction with a last
segment Yy, = [2m, Zm+1] of length 1dist (zm, G).

We get an arc v by concatenating the arcs «y,, defined above, and then the Lipschitz
parameterization 7y, required for Lemma 20.1 is obtained by parameterizing vy with
constant speed. Note that

(20.20) 107, < a1 < (10C3 + 1) vy
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by (20.19) and (20.18). Hence the radii vy, increase geometrically, the total length of
~ is comparable to the last radius (and hence, to 1), and the constant speed referred
to above is bounded. This proves (20.3). For the same reasons,

(20.21) C o1 <t < Crmo
when 7,(¢) lies in vy, m > 1; (20.4) easily follows from this and (20.17). This
completes our proof of Lemma, 20.1. O

In the special case of global minimizers (i.e., when (13.2) holds), we do not have
the constraint that r < Cy !in Lemma 20.6, and so we can construct our curves v,
indefinitely. This proves Remark 20.5. O

21. Consequences on the moduli of continuity of functions

In this section we continue to assume that (v, G) satisfies (13.1) or (13.2), and we
give ourselves a C!-function f on Q = R? \ G and a disk B = B (xg,79). We assume
that

(21.1) IVf(z)] < Co r0—1/2 + Cp dist(x, G)~Y/2 for z € Q,
and we want to estimate |f(z) — f(y)| when

(21.2) z and y lie in a same connected component of B \ G.

If (13.1) holds, let us also assume that r¢ < 1.

Lemma 21.3. — There is an absolute constant C4 such that, with the notations and
assumptions above,
(21.4) 1£(z) ~ f(y)| < Co Cary/®.

Remark. — Although the authors are quite proud of the proof below, it is only fair
to say that this is not the first occurrence of Holder estimates in a John domain. See
[HaKo] for similar (and anterior) arguments.

To prove the lemma, let B, z,y be as above. Set By = B (zo, (1 + C1) ro), where
C} is the same constant as in Lemma 20.1, and choose a finite subset E of B; ~ G
which is (10C;) ™" ro-dense in B; \ G. We can choose E with less than C elements,
where C' depends only on Cj.

Let us also choose a continuous path £ : [0,1] — B \ G such that £(0) = z and
£(1) = .

For each t € [0, 1], denote by E(t) the set of points z € E which can be connected
to &(t) by a path v =7y, : [0,79] — Q with the properties

(21.5) 7(0) =&(t) , v(ro) = 2,

(21.6) ~ is 2C;-Lipschitz,
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and

(21.7) dist (7(s), G) = (10C1) ™" {s + dist (£(t), G)} for 0 < s < ro.

[Note the similarity with the conclusions of Lemma 20.1.] Let us first check that
(21.8) E(t) is not empty.

Indeed Lemma 20.1 gives us a path ;) which starts from £(t), is C;-Lipschitz,
and satisfies (20.4) (which is 10 times better than (21.7). Note that, by Remark 20.5
in particular, e is defined on an interval at least as large as [0, 7¢]. Its restriction
to [0, 7] is almost what we need, except that its endpoints 2’ = ¢ (7o) may not lie
in E. On the other hand, (20.3) tells us that 2’ € B; \ G, and hence we can pick
z € E such that |z’ — 2| < (10C;) ™' r. Note that
(21.9) dist (7,2, G) > dist(z', ) ~ ¢/ — 2| > - O o,
by (20.4). We now set

2
(21.10) Y(8) = Yeqr) (%) for 0 < s < %—,
and
-2
(21.11) v(s) =2+ 3520 (2 —2) for 2% < s <.

It is easy to see that v satisfies (21.5)-(21.7), because of the analogous properties of
Ye(ty and (21.9). This proves (21.8).

Note that we kept some free room in our proof of (21.8). Because of this, the proof
also shows that for all ¢ € [0, 1], we can find a point z(t) € E(t) such that

(21.12) 2(t) € E(t') for all t’ in some neighborhood of ¢ in [0, 1].

Indeed, we just have to modify v above to make it start from £(¢') instead of £(¢). Note
that we do not want to get any precise lower bound on the size of the neighborhood
of t in (21.12).

Now let f € C1(Q) be as in the beginning of this section, and let us check that
(21.13) IF(€(t)) — £(2)| < CCori/? for z € E(t).
Simply choose v as in (21.5)-(21.7) and note that

(QL14)  |f(E®) - F(2)] < / " £ () ds
<2C1Cy /To {ral/z + dist (’y(s),G)_l/2} ds
0

To
<CCy {réﬂ +/ s—l/2ds} <CccCory?,
0
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by (21.6), (21.1), and (21.7). Next set

(21.15) E;={2€ E; z€ E(t) for some t € [0,1]},
and then

(21.16) t(z) =sup{t; z € E(t)}

for z € E;. We still have that

(21.17) F(Et(2))) - f(2)] < CCory?,

by (21.13) and the continuity of f o ¢&.

Our goal is to use (21.13) for diverse values of ¢ € [0,1], to get an estimate on
1f(z) = f()| = |f(€(0)) — f(&(1))|- We shall just need to be a little careful about the
way z varies in such formulae.

Set to = 0 and 29 = 2 (to), where z (¢9) is as in (21.12). In particular 2o € E (to)
and (21.13) says that
(21.18) 1£(z) — £ (20)] = £ (€ (t0)) — f (20)] < CCory/.

Set t1 =t (20). Then t1 > to, by definition of zp = z (tp) and by (21.12). Also,

(21.19) If (€ (1) = f (20)] = |F (€ (t(20))) = f (20)| < C Cory/?
by (21.17)

If t; = 1 we can stop here, because then £ (t1) = £(1) = y and (21.4) follows
from (21.18) and (21.19). So let us assume that ¢; < 1, and set z; = z(¢;). Since
z1 € E (t1), (21.13) says that

(21.20) 1f (€ (0)) — £ (1) < CCorg/™.
Note that z1 # 29, because by definition (21.12) of 21 = z (¢1), 21 € E(t') for values
of t' > t;. This would not be possible if z; = zp, by definition of t; = ¢ (20).

We can continue the construction in the same manner. We define a sequence of
parameters t; € [0,1] by

(21.21) ti =t (2i-1),
and at the same time a sequence of points z; € E; by
(21.22) zi =2z (t;).

We stop as soon as we get tr, = 1 for some k, and then we do not even define z.

First observe that {t;} is increasing, because t; = t(z;—1) and z;—1 = 2 (ti—1).
[This uses the definition (21.12) and the fact that t;_; < 1 if ¢; is ever defined.]

Also, each z;, i < k, is different from all its predecessors. Indeed z; = z (t;), hence
z; € E(t") for values of t' > t; (note that ¢; < 1 because i # k). But for all j < 1,
ti > tj+1 = t(z;), and hence z; could not lie in E(t') for any ¢’ > t;, as z; does. So
z; # zj, as needed.
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Since E; C E has at most C elements and all the z; are distinct, our construction
must stop for some k£ < C. In the mean time, we have the following estimates. First

(21.23) If (€(t:) — £ (2:)] < CCori/? for i < k,
because z; = z (t;) € E (¢;) and by (21.13), and

(21.24) If (€ (tis1)) = f(2:)] < CCora!? for i < k,
because & (ti+1) = £ (t (2:)) by (21.21), and by (21.17).

Note that & (tx) = £(1) = y and € (to) = £(0) = z. We can now add up all the
inequalities (21.23) and (21.24), and get the desired estimate (21.4) . [Note that there
are no more than 2C inequalities to add up, because k < C']

This completes our proof of Lemma 21.3. O
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CHAPTER F

THE CONJUGATED FUNCTION w

22. The conjugated function w

We continue with the hypotheses (13.1) or (13.2). Since v minimizes / [Vo|?

Q
locally, it is harmonic and satisfies the usual Neumann condition dv/0n = 0 on G.
This will allow us to define a conjugated function w, such that

(22.1) f(2) = v(2) + iw(z) is holomorphic on .

The construction is very general, and only requires the Neumann condition, so it
is probably very classical as well.

We want to define w separately on each component Q; of @ = R? \. G by
(222) wl2) = Cit [ Folr) (i) a,
I’Y

where C; is a constant, v : I, — €2; is an arc of class C! that goes from some origin
z; € Q; to z, and where Vv (v(t)) (—iv/(t)) denotes the derivative of v at y(t), applied
to —iv/(t), a vector orthogonal to the tangent to the curve v at y(t). [We are abusing
notation here, because we identify freely R? with the complex plane.] Of course (22.2)
is the standard way of recuperating a holomorphic (or harmonic) function from its
derivative, except that we modified it a little to recover w to v.

Lemma 22.3. — The formula (22.2) defines (for each choice of constants C;) a har-
monic function w on Q such that (22.1) holds.

What is almost obvious here is that locally (22.2) defines a harmonic function w
conjugated to v. We only need to check that the definition by (22.2) is coherent, i.e.,
that two choices of C! arcs 1 and 72 as above always give the same value of w(z).
In fact, it is enough to prove that

(22.4) /1 Vo (11(t)) (i (1)) dt = /I Vo (1a(t)) (~iny 1)) dt
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for all choices of two C'-arcs v; and 7y, supported in €, with the same origins and
the same endpoints. We can even assume that v; and -2 are simple and only meet at
their extremities; the general case follows by a slightly painful, but neither hard nor
surprising argument. We skip the details. Thus it is enough to show that

(22.5) / Vo (4(8)) (=i (1)) dt = 0

for every C!, simple loop v in €. So let v be such a loop, and denote by W the

bounded Jordan domain bounded by v. We may apply Green in the domain W \ G

and find that

(26) [ Vo) @) d == [
I’Y

Y

ov .,
B dH

0
=¢/ —vdH1=i/ Av=0,
A(W~G) on WG
where the sign + would be easy to compute, but does not matter here.

Here we used the fact that Ov/dn =0 on G N W (the missing part of d(W \ G)).
The reader may be worried because we have again applied Green on a domain that
is not too smooth. Since we feel too bad about doing this repeatedly, we shall give in
Section 24 a proof of (22.6) that only uses integrations by parts on smooth domains
(and a small limiting argument). See also [MoSo] for a justification of the Green
formula in our context.

This completes our discussion of the proof of Lemma 22.3.

23. How to surround a compact set with curves

In this section we give ourselves a compact set G in the plane and, for small values
of € > 0, surround G° with a finite collection of curves ', j € J(e), at distance about
¢ from G°. We intend to apply this to various compact subsets G° of G (where (v, G)
satisfies (13.1) or (13.2)), to justify some of our integrations by parts, but also to
finesse some issues related to the existence and regularity of boundary values of v and
w on G. The construction below is of course standard.

So let GY be a compact set in the plane, and € > 0 be given. First we want to
cover

(23.1) G? = {z e R?; dist (z,G°) < ¢}
with disks B;, ¢ € I(¢), centered on G°. Choose points z;, i € I(€), on G, so that
(23.2) every point of G° lies at distance < 10™2¢ from some x;, € I(g).

Since G° is compact, we can do this with a finite set I(¢). Let us even choose our
points z;,4 € I(€), at mutual distances > 2 - 10~3¢, say, so that

(23.3) the B (z;,1073¢) , i € I(e), are disjoint.
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This will be useful later.

For each i € I(g), choose a radius r; € [3¢/2,2¢] and set B; = B (z;,7;). We can
use our latitude in the choice of r; to ensure that

(23.4) the circles 0B; never meet tangentially,
and
(23.5) 0B;, N dB;, N B;, = & whenever 11,12,i3 € I(¢) are distinct.
Next set
(23.6) HE)= | B
i€l(e)
Obviously
(23.7) G? C H(e) c {z € R?; dist (z,G°) < 2¢}

because of (23.2). Also denote by U (e) the unbounded connected component of R? \
He).

Let us first study the boundary U (). Clearly dU (¢) is composed of arcs of circles
coming from the 0B;, i € I(g). There is only finitely many of these arcs, and they can
only meet transversally (by (23.4)); furthermore, there is no triple point (by (23.5)).

Denote by I, j € J, the connected components of U (¢). We want to check first
that

23.8 each IV, j € J, is a Jordan curve.
€

Let z € T be given. Assume first that z only lies on one circle dB;. Near z, we
must have H(e) on one side of 9B; (the side that contains B; C H(¢)), and U(g) on
the other side (because otherwise z would not lie on dU(g)). In this case, there is a
small neighborhood of z on which dU (¢) coincides with dB;, with U(e) on one side
and H(e) on the other side.

If 2z lies on more than one circle, we can find i, £ € I(g) such that z € dB;NIB,. In
this case, 0B; meets OB, transversally at z, and z does not lie on any other B; (by
(23.4) and (23.5)). Then, in a small neighborhood of z, H(e) coincides with B; U By,
U (&) coincides with the complement of B;UBp, and U (¢) coincides with 0 (B; U By).
See Figure 23.1.

Thus every point z € I'/ has a neighborhood where 8U (¢) is a simple, piecewise
C® curve; (23.8) follows easily because AU () is bounded. Note that

(23.9) I C8U(e) C dH(e)
by definitions; hence (23.7) and (23.1) imply that
(23.10) e < dist (2,G°%) < 2 forallz e, je J
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Fi1GURE 23.1

Next denote by ©, j € J, the bounded connected component of R? \ T'Z. [Recall
from (23.8) that I'/ is a Jordan curve.] Let us now check that

(23.11) R? is the disjoint union of U(e), the Q7,5 € J, and the I'/, j € J.
Let us first check that
(23.12) UE)NQ. =2 forjeJ

Let z € U(¢) and j € J be given. Let v be a path from z to oo in R? \. H(¢); such a
path exists by definition of U(g). Since I'Y C 9H () (see (23.9)), v does not meet ',
and hence z lies in the unbounded component of R? . I'/; (23.12) follows.

Next we want to check that for j, k € J, j # k,
(23.13) QN =0
First notice that
(23.14) rinof =g,

because (23.12) tells us that every point of Q¥ has a neighborhood which does not
meet U(e), while on the other hand I'! € 9U (¢).

Of course I'Y does not meet I'* (because these are distinct connected components
of OU(¢)); hence I’ ﬁﬁ: = @. Similarly, I* N2 = @. So we only need to prove that
Q) NQF = @ to establish (23.13). If this failed, Q7 (which is connected and does not
meet 9NF = I'*) would be contained in QF. Similarly, Q¥ would be contained in Q,
and so 7 = QF and I'Y = 9Q2 = 9QF = T'*. This is of course impossible when j # k;
hence Q/ N QF = @ and finally (23.13) holds.

So far we proved that all the sets mentioned in (23.11) are disjoint; we still need
to check that their union is the whole plane.

Let z € R? be given, and let v be a C''-arc from 2 to co. If 7 does not meet any I',
then it does not meet their union U (g), and hence z € U(e) (because U(e) contains
a neighborhood of o0). So let us assume that v meets some I'/, and denote by z;
the first point of 7 (when we leave from z) which lies on some I'/. We may assume
that z; # z, because otherwise 2 € I/ and we are happy. Note that near 21, I'/ is

a piecewise smooth curve, with U(£) on one side of I’/ and consequently Q! on the
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other side (because it cannot be on the same side, by (23.12)). Then z lies in U(e)
or in Y, depending on the position relative to I'J of points of « just before z;. This

proves (23.11). O
Next we want to check that
(23.15) G°cGlcHE |
jeJ

where G? and H () are as in (23.1) and (23.6). The first inclusions come from (23.1)
and (23.7), and so it is enough to show that for each of the balls B;, i € I(¢), that
compose H(e),

(23.16) B; C ! for some j € J.

By definition of U(¢) (as a component of R\ H(¢)), B; does not meet U(e). Since
B, is open, it does not meet OU (¢) either. Since AU (¢) is the union of the I'J, (23.11)
tells us that B; is contained in the union of the QJ, j € J. But this is a disjoint union
of open sets, and B; is connected. Hence B; is contained in a single Qg, as needed for
(23.16) and (23.15).

Remark 23.17. — When G° is connected, J has only one element, i.e., U (e) is con-
nected and composed of a single Jordan curve I..

To prove this, first observe that G° is connected and contained in the disjoint union
of open sets ! (by (23.15)). Hence G? is contained in a single J.

Let us also check that every Q7 contains some B;. Indeed, pick any point z € 'Y =
0. Then z lies on some OB;, and near z we must have U(e) one one side of I'
(because T2 C OU(e)). This must be the side that does not meet B;, because U(e)
does not meet H(c). We must also have QJ on one side of I'/, by definition of QZ, and
this cannot be on the same side as U(e), by (23.12). Hence B; meets Qf, and (23.16)
(and the disjointness of the Q) says that B; C £, as announced.

Now every B; meets G° (at its center, for instance), and hence all QJ must meet
G°. Since we know that G is contained in a single 7, the remark follows.
It will be convenient to apply the construction above with a sequence {e,} that

tends to 0, and for which the corresponding domains U (e,) are nested and converge
to their natural limit °.

Lemma 23.18. — Let G° be a compact subset of the plane. We can find a decreasing
sequence {en} that tends to 0 and for which

(23.19) U(en) CU (ep41) for all n,
and
(23.20) Qo =|JU (en),
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where Qg denotes the unbounded connected component of R2\ G°, and the U (¢,,) are
constructed as above.

To prove the lemma, let us first check that for all ¢ > 0,
(23.21) U(e) C Q.

Since U (e) is connected (by definition), contains a neighborhood of oo, and does not
meet 0Q C G° (by (23.15) and (23.12)), we get that U(e) C Q. Hence U(e) C O,
and (23.21) will follow as soon as we show that OU (¢) does not meet 92y C G°. But
AU (¢) is the union of the T', while G° is contained in the union of the QZ, by (23.15).
Thus (23.21) follows from the disjointness property in (23.11) or (23.14).

Next we want to prove that

for each compact subset T' of Qg, there exists
(23.22)

€0 > 0 such that T C U(e) for all e < g9

Let T be any compact subset of Qp, set 7 = dist (T, GO) > 0, and cover T" with finitely
many disks D, centered on T and with radius 7/2. For each ¢, choose a path ~, in
Qo that connects D, to co. Then 7, = dist (’)’[, G%) > 0. Set

6’3

Thus for every point € T there is a path 7, from z to co that stays at distance
> 3¢o from G°.

If ¢ < go and z € T, <, does not meet any I/ (by (23.10) and because
dist (7z, G°) > 3¢). Therefore = does not lie in any €, j € J. We already know that
it does not lie on any I'J; thus the only option left by (23.11) is that = € U(e). This
proves (23.22).

We are now ready to prove Lemma 23.18. If we choose {&,} so that &, tends to 0,
then we shall get (23.20) automatically, by (23.21) and (23.22).

The other condition (23.19) is also easy to obtain. First we can find R > 0 such
that R2\. Bg C U(g) when € < 1, say. Then assume that ¢, has already been defined,
and apply (23.22) with T,, = U (¢,,) N Br. We get that (23.19) holds if we choose
€n+1 small enough. A simple iteration gives the lemma. O

(23.23) g0 = Mln{ Mln Te}

Remark 23.24. — In the typical application of the construction above, G° will be a
compact piece of G such that

(23.25) dist (G°,G \ G°) >0
In this case, we get that
(23.26) McQ=RE\GforalljeJ

as soon as ¢ is small enough, by (23.10).
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We shall also use the construction with sets G° like

(23.27)

G’ =GnB,

where B is a closed disk such that

(23.28)

(23.29)
and

(23.30)

G06B={x0},

Zo is a regular point of G,

G is transverse to 0B at zg.

137

[A typical situation of this type is when (13.1) holds, B = Bg for some very large R,
and then zg is some point of L.] In the present situation, we do not have (23.26), but
we still have a good control on the way the I') may meet G. From (23.10) we deduce
that for € small enough,

(23.31)

dist(z,G) > ¢ for all z € U (e) \ B (xo, 5¢) .

On the other hand, a close look at the construction of U(e) from H(e) and the B;
gives that for € small enough,

(23.32) {

See Figure 23.2.

B (z9,5¢) N AU (e) is composed of a single, piecewise C* arc of

some I'J, which cuts G transversally in a single point of B (zo, 2¢).

oB

l"sj is the boundary of the
union of these disks

FIGURE 23.2
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24. A limiting argument to integrate by parts

Let us rapidly fulfill our promise of proving (22.6) without integrating by parts on
nonsmooth domains. So let v be a C!, simple loop in @ = R? \. G and let us try to
prove that
ov

—d
5 On
where the unit normal is associated to the domain W bounded by 7.

Set G° = G N W; this is a compact subset of W. Define a sequence {¢,} and let

U (e5) be as in Lemma 23.18. Since v C Qp (the unbounded component of R2\ G?), v

is contained in U (g,,) for n large. Let us only keep the indices n for which v C U (e,,),
and set

(24.2) Wo=WNU ().

(24.1) H' =0,

By (23.19) and (23.20), {W,} in an increasing sequence of piecewise smooth do-
mains, and

(24.3) Uwn =w?,

where W0 is the intersection of W with the unbounded component of R? \ G°.

The boundary 8W,, consist of v (the exterior boundary), and a finite collection of
curves I'J (which all lie inside W, by (23.10)).

Let v,, denote the harmonic function on W,, which has boundary values on « equal
to the values of v there, and minimizes

(24.4) E, = / Vo, ?

under these constraints. The existence of v, can be proved with a reasonably simple
convexity argument; the main point is that our constraint on the boundary values of
vp, on 7y defines a closed affine subspace of the Hilbert space of functions on W,, with
finite energy (as in the definition of E,); v, is the closest point of this subspace to
the origin.

Also, vy, has piecewise C! extensions to the curves I that compose the inner
boundary of W, and dv,/0n = 0 on those. This is also easy to prove, for instance
with the conformal invariance techniques of Section 14. Thus we can integrate by
parts, as follows.

Let 4 be a C1, Jordan curve in W,,; we are only interested in the case when 5 is
very close to -, but this does not matter. Denote by W the bounded component of
R2/7, and set Wy, = W N W,, = W NU (,) (by (24.2)). Then

Ovn yp1 — H'= [ Av,=0

Ovn O
5 on 3W on W,

(24.5)
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because dv,/On = 0 on the inside boundary of Wn, by Green, and because v, is
harmonic on W,.

We want to deduce (24.1) from this by taking limits. Set
(24.6) E=[ |v?= / Vol?,
WG wo

where W0 is, as for (24.3), the intersection of W with the unbounded component of
R2 \ GO. In fact, W% = W \ G because R? \ G (and hence R? \. G°) does not have
any bounded connected component (see Section 15), but even if we did not know this,
we would still have the second equality in (24.6), because v would have to be constant
on the bounded components of R? \. G°, by the local energy minimizing property of
v (and the fact that v does not meet these bounded components).

Since W, is an increasing sequence of domains and W is its limit (by (24.3)),
{E,} is a nondecreasing sequence and E, < E (because v is a competitor in the
definition of v, and E,, for instance). Since E, is uniformly bounded (by E) and
v, is harmonic on W,,, we can extract a subsequence so that (after extraction) {vy}
converges to some limit v, uniformly on every compact subset of W9. Then

(24.7) / |Voo|? < lim inf / |Vun)? = liminf E, < E,
wo n—oo Wy n— oo

by Fatou.

It is not difficult to check that v, also has boundary values on v equal to v. So v
does at least as well as v in terms of minimizing the energy E on W°. By uniqueness
of such minimizers, vo, = v on W°. We can also deduce from (24.7) that

(24.8) E =lim E,,

but what we really wanted to know here is that {v,} converges to v in W°. Because
we know that these functions are harmonic, this also implies that Vv, converges to
Vv, uniformly on compact subsets of W°. Then
Ov
24.9 —dH!' =0
(24.9) [ o

3
for all the C!, Jordan arcs ¥ for which we established (24.5).

We can now deduce (24.1) from (24.9) by letting 7 tend to . This completes our
proof of (22.6). d

Note that the argument of this section is sufficiently general to be applied in the
situations above where we have used integrations by parts on domain delimited by
G (or similar sets coming from minimizers) to compute differences of energy. See in
particular the proof of local Ahlfors-regularity (Proposition 4.14) in Section 4, but
also similar computations in Sections 5 and 7.
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25. v and w have limits at points where G is not connected

With this section we start an investigation of the boundary values of v and its
conjugate function w. We continue to assume that (v, G) satisfies (13.1) or (13.2).
We shall call “point where G is not connected” a point o € G such that {zo} is a
connected component of G.

We keep the notation f = v + iw, as in Section 22.

Proposition 25.1. — If xoy € G is a point where G is not connected, then the limit

(25.2) f* (@) = Jlim f(z)
2€R?*\G
exists.

First we want to put ourselves in position to apply the construction of Section 23
and surround x with curves that do not meet G. The following lemma is a little too
general for the present situation (where we could take Gy = {zo}), but we shall use
it again later.

Lemma 25.3. — Let G be a bounded connected component of G. For every 6 > 0, we
can find a closed set G° such that

(25.4) Go CG° c {z € G ; dist(z,G) < §}

and

(25.5) dist (G°,G ~ G°) > 0.

Since we did not find any simple, purely topological proof of this lemma, we shall
use the rectifiability of G and the fact that H'(G) is locally finite. The following
argument is a minor modification of an argument of [DaSe2], to which we also refer
the reader for additional detail. First define a sort of distance to Gy by

(25.6)  d(z) =inf {H'(y\ G) ; v is a simple, rectifiable arc from z to Go} .
It is easy to check that d(z) is a 1-Lipschitz function of x, that its restriction to
G is differentiable at every regular point of G, and that the derivative of d at these

points is zero. Since almost-every point of G is regular (by Proposition 13.11) and d
is Lipschitz, a minor modification of Sard’s theorem gives that

(25.7) HY(d(G)) = 0.
Next we check that
(25.8) d(z) = 0 if and only if z € Gy.

It is clear that d(z) = 0 on Gp. Conversely, suppose that d(z) = 0. For every
n > 0, choose a simple rectifiable arc =, from z to some point of Gg, such that

(25.9) H'(yaNG) < 27™
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First assume that 7, stays in a fixed disk Bg. Then H!(y,) stays bounded (be-
cause H' (GN Bg) < +00), so we can find uniformly Lipschitz parameterizations
&n 2 [0,1] — R? of the v,. Then we can find a subsequence of {{,} that converges
uniformly to some limit £. Note incidentally that

(25.10) G is closed,

just like any connected component of G (because Go would contain Go and still be
connected). Thus the arc v parameterized by ¢ still connects = to Go. If v was not
contained in G, we could find y on v, at distance d > 0 from G, and then we would
have H! (v, \ G) > d/2 for n large enough (because 7, would have to cross at least
half of B(y,d) to get close to y); this contradiction with (25.9) shows that v C G.
But then v C Go (which is a connected component of G), and € Go. This takes
care of the case when the arcs -, stay in a fixed disk Bg.

Suppose now that infinitely many arcs 7, leave Bg, where we choose R so large
that Go U {z} C Bgr-1. Of course we may as well extract a subsequence and so we
can assume that all -y, leave Bg before they reach Go. [We can always assume that
n does not meet Gy before its endpoint.] Then we can find a sub-arc v/, of v, that
is contained in By and connects Bg to Go. The same argument as above gives a
limiting arc v C G which still connects 9Bg to Gy. This is impossible because Gy is
a connected component of G and by definition of R. Thus the 7, were all contained
in a fixed disk, as in our first case. This proves (25.8).

Choose a decreasing sequence {t,} of positive numbers such that ¢, ¢ d(G) for all
n and t, tends to 0. This can be done, by (25.7). Set

(25.11) Vo={zeR?; d(z) <tn}.

Note that V,, is compact, a least for n large. Indeed, if R is such that Go C Bgr_1,
say, then p = 61%1 d(z) is positive, and V,, C Bg as soon as t, < p. By (25.8),

(25.12) [ Vn = Go,

hence for every fixed §
(25.13) Vo C {z € R?; dist (z,Go) < 6}
for n large enough.

Choose G° = GNV, for such an n. Then (25.4) follows from (25.13), and we only
need to check (25.5). But

(25.14) sup {d(z) ; = € GO} < ty,

because the supremum in question is attained (since G° is compact and d is continu-
ous), and because t,, € d(G). Then for € G and y € G \ G,

(25.15) |z —y| > |d(z) — d(y)| > tn — d(z) > tn —sup {d(z) ; z € G°} >0,
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which implies (25.5). Lemma 25.3 follows. O

Remark 25.16. — We can also apply the proof of Lemma 25.3 when G is replaced
with some closed subset G of G, and Gy is a bounded connected component of G. In
the conclusion, we just need to replace (25.5) with

(25.17) dist (G°,G . G%) >0

Return to the proof of Proposition 25.1. Let g € G be a point where G is not
connected, and let § > 0 be small. Let G® C GN B (o, ) denote the piece of G given
by Lemma 25.3 applied with Go = {zo}. Apply to G° the construction of Section
23, where we choose £ = £(8) so small that the curves I'/ that compose OU (¢) do not
meet G. [See Remark 23.24, and in particular (23.26).] Let us also choose € so small
that U (g) C B (zo,28). This is possible, by (23.10) and because G® C B (xo, 6).

By (23.15), z¢ is contained in some 7, which we shall denote by Q(6). Also denote
by I'(§) = 8K(J) the corresponding curve I'Z. By construction, I'(§) C B (zo, 26), and
hence

(25.18) Q(8) C B (z0,29).
Let us now verify that

(25.19) osc (f; W\G) = sup{|f(z)—f(y)| ; z,yeﬁ(_é—)_\G} < C 62,

We want to use Lemma 21.3, and so we need to check the hypothesis (21.1). First
observe that

(25.20) / IVF]? = 2/ [Vol* < 8mAr
B(z,m)\NG B(z,m)\G

for all disks B(z,r), with the only constraint that » < 1 when (13.1) holds. The
equality follows from the definition of f; for the inequality see (13.5).

If € Q = R? \ G we can apply this with 7 = dist(z, G) when (13.2) holds, or
r = Min (1, dist(z, G)) when (13.1) holds. Since f is holomorphic, we get that

(25.21)  |Vi(@) < Bz, /B L

1/2
< {IB(x,r)l‘l/ IVfl2} < CNV2pm1/2
B(z,r)\G

by Cauchy-Schwarz and (25.20). Thus

(25.22) IV f(z)] < CAY? dist(z,G)~Y/?
when (13.2) holds, and also when (13.1) holds and dist(z, G) < 1. Otherwise
(25.23) |[Vf(z)| < C when dist(z,G) > 1
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Therefore f satisfies (21.1) in all cases (because 79 < 1 when (13.1) holds). [Recall
that at this point X is a fixed constant.]

Now we want to check that

(25.24) Q(8) \ G is connected.

The simple curve 9Q(8) = I'(9) is clearly connected and does not meet G, so it is
enough to show that every point z € Q(§) \ G can be connected to () by an arc in
Q. [Note that such an arc stays in (6) \ G until it touches 9Q(6) for the first time.]

We simply use the escape path 7, given by Lemma 20.1. If § is small enough,
(20.4) applied with ¢ = 1 shows that

(25.25) |72(1) — o > dist (v:(1), G) > C7 ' > 26,

and hence v,(1) lies outside of ©(6) by (25.18). This proves that -y, crosses 9Q(4),
and (25.24) follows.

We are now ready to prove (25.19). Let z,y € Q(d) \ G be given. Take B =
B (z0,24); then (21.2) holds because of (25.24) and (25.18). Thus we can apply
Lemma 21.3 (provided that we took § < 1/2). We get that |f(z) — f(y)| < C§¥/%
this proves (25.19).

Now we can easily check that the limit f* (zo) in (25.2) exists. For each small
enough &, we found a neighborhood Q(d) of z¢ such that (25.19) holds. The existence
of f* (zo) follows at once (using the Cauchy criterion). This completes our proof of
Proposition 25.1. O

26. w has a continuous extension to R?

In this section we continue to assume that (v, G) satisfies (13.1) or (13.2), but we
also suppose, mostly for convenience, that

(26.1) Q = R2? \ G is connected.
Note that (26.1) is always true when (13.1) holds; see (15.2).

Proposition 26.2. — The function w has a continuous extension to R?, and the exten-
ston is constant on every connected component of G.

As was said in Section 2, the proof of this would be easy if we knew that G is
piecewise C'!. Then we would observe that w has piecewise C! boundary values on G,
and the Neumann condition dv/8n = 0 would tell us that the tangential derivative
Ow/0T equals 0. This would show that the boundary values of w on G are locally
constant, and the conclusion would follow. Thus all the trouble in this section and the
next one will come from the possible lack of regularity of G, which will force slightly
more complicated arguments.
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The most delicate part of the argument will concern the boundary values of w on
connected components of G that are not reduced to one point. An important first
step will be to control the boundary values at regular points, as follows.

Lemma 26.3. — Let Gy be a connected component of G, not reduced to one point.
Then there exists mg € R such that
(26.4) lim w(z) = myg for all regular points x € Gy.

F139]

We shall first prove the lemma in the slightly simpler case when Gy is a bounded
component of G, and in this case we shall not need our connectedness assumption
(26.1). The case when Gy is unbounded will be considered in the next section, and
Proposition 26.2 will be deduced from Lemma 26.3 just after that.

First we want to surround Gy by a Jordan curve in . By Lemma 25.3 (ap-
plied with § = 1) we can find a compact set G°, with Go C G° C G, such that
dist (G°, G\ G°) > 0.

Next we apply the construction of Section 23 to enclose G in a collection of Jordan

curves I'J. If we choose € small enough, the curves I/ do not meet G; see Remark
23.24 and (23.26).

We know from (23.15) and (23.11) that Gg is contained in the disjoint union of
open sets 7, and since Gy is connected, it is contained in a single . [See Remark
23.17 for a similar argument.] We shall call ; the O that contains Go, and I'; = 9§
the corresponding I'J. Thus

(265) Gy C Ql,

(26.6) € is the bounded connected component of R? \ I'y,
and

(26.7) I'; is a piecewise C' Jordan curve that does not meet G.

So far, we only chose a domain ; where it will be convenient to work. Consider
G! = GNQq, and apply Lemma 23.18 to G'. We get a collection of domains U (e;,)
that satisfy (23.19) and (23.20).

Denote by Qp the unbounded component of R2\ G (as in (23.20)). Clearly 'y C Qo
(by (26.6) and the definition of G'), and hence
(26.8) Qo =R2\ G,

because for every z € Q; \ G, the escape path 7, of Lemma 20.1 goes through TI';.
The proof of this last fact in the same as for (25.24); it relies on the fact that if we
chose ¢ in the definition of £2; and T'; above small enough (which of course we can
easily do), then all the points of I'; (and hence of ;) are pretty close to G*, by
(23.10). We may also get (26.8) directly from the connectedness of 2 if we want.
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From (26.8), (23.19) and (23.20), we deduce that for n large I'; is contained in
U (e,). Let us remove the first few values of n where this may fail. Next set
(26.9) W, =0 nNU (en).

Thus W, is a piecewise smooth domain whose outer boundary is I'1 and whose inner
boundary is composed of the Jordan curves I‘gn, j € Jyn, that also compose U (gy,).
We still have that

(26.10) Wi C Whia,
by (23.19), and

(26.11) UWn = ~G' = \G,

by (23.20) and (26.8).

Our intention is to deduce information on v from similar information on functions
v, defined on W,,. Before we do this, we want to modify slightly our domains W, to
make the comparison between v and v, easier near some given points of Gy.

So let z1,z2 be two given distinct regular points on Gp. Such points are easy to
find, because almost every point of G is regular (by Proposition 13.11) and Gy is
connected and not reduced to one point. Let us also choose two disks Dy, ¢ = 1,2,
centered at x4, such that

(26.12) 2Dy is a disk of regularity for G,
(26.13) Dycy

for £ =1,2, and

(26.14) DiND, =2.

For £ = 1,2, choose one of the two connected components of Dy \ G, and call it
V. We want to study the boundary values of w near the points x¢, with access from
the regions V.

First let us describe the sets U (e,) N Dy for n large. In the construction of U(g)
(in the early Section 23) we first defined a union H (&,) of small disks B; centered on
a 1072¢-dense subset of G, as in (23.6). Because 2D, is a disk of regularity for G,
H (e,) N Dy looks a lot like the thin corrugated tube of Figure 26.1 when n is large
enough.

Denote by y, the central point of the arc of circle V,NdD,. From (26.10), (26.11),
and (26.13) we deduce that

(26.15) ye € W, for n large,
and then that
(26.16) Ve~ H(gn) CW,
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(again for n large), because OU (&,,) C OH (g,,) (by (23.9)). We also get that
(26.17) OW,NV,;=0U (e,)NV,=0H (g,) NV,

(in the picture, the lower part of the corrugated curve).

H(e,)

FIGURE 26.1

Note that since G is connected, it is contained in a single Slg“ (by the same
argument as in Remark 23.17, say). We shall denote by I';, o the boundary of that
domain an. Because of the description above each of the two sets dW,, N Vi (as in
(26.17)) is contained in T',, o, and

(26.18) W, NVy=T, 0NV,

for £ = 1,2 and n large enough.

FIGURE 26.2

We decide to replace our domains W,,, n large enough, with
(26.19) Wr=Ww,uV,UVs,.

[See Figure 26.2; in effect we only add two thin tubular regions in D; and Dy.] We
still have that

(26.20) Wy W,
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and

(26.21) Uwr=a\¢C

by (26.10) and (26.11), and by construction. [Note in particular that W, C W;; C
Ql N G]

By the discussion above, OW,* and W), coincide out of D1 UD,, and in D, we get
oW} from OW,, by replacing the arc I', NV, with a new arc with the same endpoints,
and which is composed of two small arcs of the circle 8D, and the arc GN Dy;. In
particular

(26.22) OW; is a finite collection of piecewise C* Jordan curves,
and
(26.23) GN D; and GN D, are two arcs of the same connected component of W,

(i.e., the Jordan arc I'}, ; obtained from I'y o by the modification explained above).
Our domains W' have the same exterior boundary as the Wy, i.e., I'y = 09Q;.

Let us now define a function v, € W12 (W) by requiring that it have boundary
values on the exterior boundary I'; which coincide with v on I'; (note that v is defined
and continuous on I';, by (26.7)), and that it minimize the energy

(26.24) E, = / Vo, ?
Wi

under this constraint.

As for v, in Section 24, the existence and uniqueness of v, can be proved by
convexity arguments. [Also see (26.25) below if you are worried about components
of W* that would not touch I';.] We can use (26.20), (26.21), and the local energy
minimizing property of v to show that (modulo extracting a subsequence to make the
argument easier), v, converges to v uniformly on every compact subset of ; \ G.
The argument is the same as in Section 24.

Next we want to define conjugated functions w,. Let us first check that

(26.25) W, is connected.

By definition, U (e,,) is the unbounded connected component of R? \ H (&,,). Thus
every point of U (g,,) can be connected to co by an arc in U (&,). Then every point of
W, = Q1 NU (g,,) can be connected to I'; by an arc in W, [take the previous arcs, and
just stop when you hit 89;.] The same thing holds for W}, because the points of V;
that were added in (26.19) can be connected to points of V, N W,, by arcs in V,. Our
claim (26.25) follows because I'; clearly has a small neighborhood whose intersection
with W, is connected.
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Choose any origin A € W (the smallest of our domains W,,) , and define a conju-
gated function w, to v, on W} by

(26.26) wn(z) =w(A) + [ Voa(y(t))(—iv'(t))dt,
1’1
where v : I, — W} is an arc of class C! that goes from A to z, and the conventions
are the same as for (22.2) above.
For the same reasons as in Section 22 (and with simpler integrations by parts, since
W, is piecewise smooth), w, is well defined on W}¥, and

(26.27) Un, + {wy, is holomorphic on W,,.

Since wy, and w are both given in terms of v, and v by a formula like (26.26),
the uniform convergence of v, to v on compact subsets of ; \. G and the uniform
bounds on Vv, and Vv given by the harmonicity of these functions and our bounds
on energy imply that

(26.28) {wn} converges to w uniformly on every compact subset of Q; \ G.

Recall from (26.22) that OW: is piecewise C*. In fact it is piecewise C1** for some
a > 0 (by the same proof), and the same argument as in Lemmas 14.1 and 14.3 shows
that v, has boundary values on OW, and that theses boundary values are continuous
on OW;* and C! on each of the C'*%-arcs that compose it. Because of the formula
(26.26) we also get that
(26.29) wy(z) = lim wn(2)

zeW)

exists and is continuous on 8W*, and also that it is C! on each of the (open) C1*
arcs that compose it.

Since the tangential derivative Qw}, /07 on the C1*-arcs of OW,* \ 'y coincides,
by (26.26), with the normal derivative dv,/dn, and since dv,/dn = 0 by the usual
Neumann condition on energy-minimizing functions, we get that

(26.30) 8{;3_” =0 on the C*** arcs of OW \ Ty,
and hence
(26.31) wj, is constant on T, ;.

Now we want to combine (26.31) with (26.28) to get an analogous statement on w.
Let us return to our two domains Vp C D,. Recall from (26.19) that W, contains V;
this will make things a little more pleasant, because it will allow us to take limits on
fixed domains.

Denote by ¢ the radius of Dy, and set V; = Vp N B(x¢,3r¢/4) and C, = V; N
OB (x¢,7¢/2). By the same argument as in Lemma 14.1, the functions vy, v, wn, w
have C? extensions to V; and V.
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Lemma 26.32. — The sequences {v,} and {w,} converge to v and w uniformly on Cs.

Of course the only new information concerns the uniformity of the convergence
near the extremities of Cy, since we already know that there is uniform convergence
on compact subsets of Q; \ G. First note that

(26.33) / {Ian|2 + |Vv|2} < En+/ IVol? < 2/ IVol?
VZ Ql\G Ql\G

by definitions, and also the fact that W C Q; \ G, by (26.21). Thus we can find
radii 7 = r(¢,n) such that 2r¢/3 < r < 3r,/4 and

(26.34) / {IVoal? + 170} < 25 / Vo2
VeNdB(ze,r) Q1\G

Next we can use the fact that v and v, minimize the energy on V; N B (x¢,r) with
the given boundary data on V; N B (z¢,r). Because Vy N B (z¢,r) is regular and by
the same technique as in Lemma 14.1 (i.e., use a conformal mapping to reduce to a
half-disk, and then a reflection to reduce to a simple Dirichlet problem on a disk) it
is easy to deduce from (26.34) that

(26.35) / {190 + (w0} < 0 / Vo =,
C[ Ql\G
where the precise value of the constant C’ will not matter. Set
(26.36) dn, = sup {|vn(z) — v(z)|;z € Co}
and, for each compact subarc T of Cy;
(26.37) 0n(T) = sup {|vn(z) —v(z)|;2 € T}.
Then
(26.38) 6 < 0u(T) + / (IVvul + |V0]} < 6(T) + 2(C")V2H" (Co ~ T) /2
Co\T

by (26.35) and Cauchy-Schwarz.

The second term can be made as small as we want by choosing T close to the
whole C¢, and then §,(T) is small for n large, by the uniform convergence of {v,} to
v on compact subsets of O \ G (like T'). Thus 4, tends to 0, and {v,} tends to v
uniformly on C;. The same argument, together with the fact that |Vw,| = |Vv,| by
definition of a conjugated function, gives the uniform convergence of {w,} to w on
Cy. This completes the proof of Lemma 26.32. O

Set my = limz—>‘a;z w(z). The existence of m, was never an issue (because V is
zE€

regular), but what éve want to know is that m; = mso. Note that my is also the
value of w at the two points of C; N G, again because V; is regular and by the same
argument as for (26.30). Also denote by m(n) the constant value of wy, on I ;. [See
(26.31).] In particular m(n) is the value of w at the endpoints of C,. Now Lemma
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26.32 and the fact that w and the w, have limits at the endpoints of C, imply that
my = lir}_x m(n) for each £, and hence m; = ma.
n—-1+0oo

Let us verify that Lemma 26.3 (in our special case when Gy is bounded) follows
from this. We have chosen two distinct, but otherwise arbitrary regular points in Gy,
and for each one an access region V;. Then we proved that the two limits m; and
mq are equal. If we apply this to the same choice of points z; and x5, the same V53,
but the other choice of V;, we also get that the two approach regions to z; give the
same limit (by comparing). The existence of the constant mg as in (26.4) now follows
easily.

27. The case when Gy is not bounded

We still need to prove Lemma 26.3 when Gy is an unbounded component of G. [In
the special case of (13.1), this means that Gy is the component of G that contains L.]
We shall need to modify the argument above, but fortunately not too much.

Our first trouble comes from the construction of ; and I';, at the very beginning
of the argument. If Gy is not bounded, we cannot surround it entirely by a curve
that does not meet G. Instead of this we shall choose a curve I'; that surrounds a big
piece of G and crosses G only once, in a nice transversal way.

Let again two distinct points of regularity z;, z2 of Gy be given. By Lemma 19.2,
there is a rectifiable curve v in Go which connects z; to z5.

Lemma 27.1. — There is a piecewise C> (closed) Jordan curve I'y and a point of
reqularity xo of G such that

(27.2) NG ={xo},

(27.3) I'; meets G transversally (and even perpendicularly) at zg,

and

(27.4) v C €, the bounded connected component of R\ T';.

We leave for later in this section the proof of this lemma, and first show how to
use it to complete the proof of Lemma 26.3.

Just as in the bounded case, set G! = GNQy, and apply Lemma 23.18 to G*. We
get an increasing sequence of domains U (e,,), whose union is still 9 = R? \ G! as
in (26.8).

Because of the intersection at xg, we cannot say that the whole I'; is contained in
U (e,) for n large, but only that

(27.5) I'1 N Do CU (en),

where Dy is a small disk of regularity centered at zo.
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Inside Dy, the situation is not too complicated, and looks like the one described in
the second part of Remark 23.24. The fact that £2; is not a disk (as in (23.27)) does
not play a serious role, and (23.28)-(23.30) come from Lemma 27.1. First, G N Dy is
just one of the two halves of the arc G N Dy, which starts from 0D, and ends at zo.
Then H (g,,) N Dy is, for n large enough, some sort of wrinkled sock around G' N Dy,
as suggested by Figure 27.1. The points of Dy which do not lie in the sock H (g,) lie
in U (e,), at least if n is large enough. The arguments are the same as in Remark
23.24 (compare with (23.32) and Figure 23.2).

We set W,, = Q1 NU () as before (see (26.9)). We still have (26.10) and (26.11);
the only major difference with the situation of Section 26 is that now the outside
boundary of W,, is composed of a long arc of I'; (in fact, almost all of I'; ), connected
to a long part of the arc I that gets close to o [See Figure 27.1.] The arc I'/ that
we just mentioned is the arc I', o that surrounds the connected component of zo in
G'; the argument is the same as in Remark 23.17: the component of zo in G must
be contained in a single I'J .

FIGURE 27.1

Also, the component of xo in G' contains v for the following reason. We know
from (19.4) (and because Gy is not bounded) that there exist arcs in Gy that connect
v to points of Gy arbitrarily far away. Such arcs start in Q; by (27.4), and end out of
Q; because €2 is bounded. The only point where they are allowed to cross I'y = 09
is zg, by (27.2). Our claim follows.

Let us continue our construction as above. Choose small disks of regularity D,
centered at x4, £ = 1,2, with the properties (26.12)-(26.14), as well as access regions
(i.e., components of Dy \ G) V;. Our description of U (g,,) N Dy is still valid, and in
particular (26.15)-(26.18) still hold for the same reasons.

Define W, as in (26.19). We still have (26.20)-(26.23), but the slight difference
is that the curve I'n o that has been modified to construct I';, 5 in now part of the
exterior boundary of W,,. Thus the exterior boundary of W, is composed of a long
subarc of 'y (most of it, as before), and a long part of I';, .
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We define v, € W12 (W}}) as before: we demand that it have the same boundary
values as v on the arc I'; NOW}} (i.e., most of I';), and that it minimize the energy in
(26.24) under this constraint. Thus we only put Dirichlet conditions on part of the
exterior boundary, but this will not prevent the argument above from working.

Here also, W; is connected. As before, every point of W, = Q; N U (g,,) can be
connected to infinity by an arc in U (¢,). The only way such an arc can leave W, is
by crossing OW,, \ 9U (e, ), i.e., the part of I'; that lies on OW,,. Since this arc of I';
is connected and has a small neighborhood whose intersection with W,, is connected,
we get that W, is connected. The connectedness of W} follows as before.

The construction of the conjugated function w, on W, and the various limiting
arguments that follow, can be repeated as above.

This completes our proof of Lemma 26.3 in the remaining case when Gy is not
bounded, modulo the proof of Lemma 27.1 which we undertake now. O

Note that in the special case of (13.1), Lemma 27.1 is trivial because we can take
I'y = OBg for a very large R. [Recall that when (v, G) is a minimizer of the modified
functional, G is the union of the half-line L with a bounded set.] Similarly, Lemma
27.1 is fairly easy when (v, G) is a global minimizer which is asymptotic to a cracktip
(or which has a blow-in sequence that converges to a cracktip). Thus the proof of
Lemma 27.1 that follows is not required for the main results of this paper.

Lemma 27.6. — Assume that Q = R? <\ G is connected, and let Gy be an unbounded
connected component of G. For every regular point x € Go, Go ~ {z} has ezactly two
connected components.

Let Go and z € Gg be as in the statement. Choose a small disk of regularity
D = B(z,r), and also a line segment I = [a,b] C B(z,r/2) which is centered at x
and crosses G perpendicularly at the point x.

Since Q is connected, we can find a polygonal arc v in  that connects a to b.
We can easily manage to make v simple, and disjoint from I except for its endpoints
a and b. By putting together v and the segment [a,b], we get a polygonal Jordan
curve I'(z). Denote by Q(z) the bounded component of R? \ I'(z), and by Q*(z) the
unbounded component.

Set G(z) = GoNQ(z) and Gt (z) = GoNQT(z); these will be the two components
of Go \ {z} promised in Lemma 27.6. Since I'(z) N G = {z}, it is clear that
(27.7) Go ~ {z} = G(z) UG (),

and that (27.7) is a partition of Gp \ {z} into (relatively) open sets. The partition
is nontrivial, because G(z) and G*(z) both contain little arcs of Go near = (one on
each side). Thus Lemma 27.6 will follow as soon as we prove that G(z) and G*(z)
are connected.
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Suppose we have a partition G(z) = F; UF; into disjoint (relatively) closed subsets.
Since the little arc D N G(z) is connected, it is entirely contained in Fy or in F3; say
it is contained in Fi. Set

(27.8) ﬁl =FRuU (Go ~N Q(.’B)) and ﬁg = F;.

The set F, is closed in G(z) = GoN€(z), and does not get close to dQ(z)NGo = {z},
hence it is closed in Go. Similarly, Fy \ {z} is closed in Go ~ {z}, and F, contains
a whole neighborhood of z in Gy, so Fl is closed in Gg. Thus 1::'1 and ﬁz form a
partition of Gg into closed subsets, and the connectedness of G implies that F; = @
(we know that F; # @).

This proves that G(z) is connected. The connectedness of G*(z) can be proved
the same way, and Lemma 27.6 follows. O

We may now return to the proof of Lemma 27.1. Recall that we are given two
points z1, z2 of an unbounded connected component of Gy, and a rectifiable curve
~ in Go that connects them. We want to find a regular point zo € Gp such that
the curve I'y = I'(zg) constructed above satisfies the conclusions of Lemma 27.1. We
already have (27.2) and (27.3) automatically, by construction of I' (z¢), and so we
only need to choose zo so that v C Q1 = (o).

Because of Lemma 19.16, we can find a simple curve v; in Gy that starts from
the final endpoint of -, say, and goes to co. Denote by v2 the curve composed of v,
followed by ;.

Choose a radius R so large that v C Bpg, and also such that all points of GoNOBg
are regular. Such an R exists, by Proposition 13.11.

Denote by zo the last point of y2 N B, let 7, be the portion of 7, strictly before
Zo, and 75 the portion of e strictly after zo. Both portions are clearly connected,
and they do not meet because ; is simple and vy does not meet v, by definition of
R.

Let D denote the small disk of regularity centered at zy that we already used to
define T (zo). Since v, and +y, are connected, disjoint, and both end up (or start) at
Zo, each of them contains one of the two arcs that compose D NG \ {zo}.

From this and the connectedness of jy; and 75, we deduce that 75 and v, are
contained in the two components G (zo) and G* (z¢) of Go \ {zo}. Since v is not
bounded, the only possibility is that 75 C G* (o), and then 75 C G (z0). Since 75
does not meet <y, v must be contained in -y, , and hence in G (o). This is exactly
what we wanted, because G (zo) = Go N Q (xo).

This completes our proof of Lemma 27.1 and, by the same token, of Lemma 26.3.
0O

Now we want to deduce Proposition 26.2 from Lemma 26.3.
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Lemma 27.9. — Let Go be a component of G, not reduced to a point, and let mq be
as in Lemma 26.3. Then
(27.10) lw(z) — mo| < Cdist (z, Go)*/?

for all x € Q such that dist (z, Gp) < 1.

So let = be as in the lemma, and set § = dist (z, Gy). Let us first replace z with a
point y which is reasonably far from G (instead of just Gy). Lemma 20.1 gives us an
escape path v, from z, but let us just use the restriction of -y, to the interval [0, §].
Set y = v(d). Then

(27.11) dist (y, G) > Cy'6,
by (20.4). Also choose 29 € G such that
(27.12) |20 — z| = 6.

Note that by (20.3) the length of v, between z and y is at most C;d. Thus this
arc is contained in B = B (2q,(Cy +2)J), and z and y lie in the same component
of B \ G because v, does not meet G. We want to apply Lemma 21.3 to control
w(z) —w(y), but we may not be able to do so directly if (C; +2) & > 1. This is not a
serious issue; the simplest way to deal with it is probably to cut «y, into less than C
consecutive arcs of length < 1, and apply Lemma 21.3 to each of these arcs. Let us
not worry about this issue and do as if we could apply Lemma 21.3 directly with the
disk B in all cases.

Note that f = v + iw satisfies the condition (21.1). This was checked in Section
25; see in particular (25.22) and (25.23). Here we only need to know that

(27.13) |Vw(z)| < C dist(z,G)~Y2 4+ C on Q,
which of course follows from (25.22) and (25.23). Thus Lemma 21.3 applies, and
(27.14) lw(y) — w(z)| < C 62

Next we want to compare w(y) with the limit of w at some regular point of Gy.
Choose a regular point 2; € Gp such that |2; — zg| < J; this can be done because H'-
almost all points of Gy are regular, and H' (Go N B (29,8)) > 0 (since Gy is connected
and not reduced to a point). Also choose z € Q such that |z — 21| < § and
(27.15) lw(z) — mo| < 6*/2,
where my is as in (26.4) (and Lemma 27.9).

Let v, denote the escape path given by Lemma 20.1, and set y; = 7,(6). Then

(27.16) dist (y1,G) > C{16
by (20.4),
(2717) |z0—y1| <26+|z~—y1I< (2+Cl)6
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by (20.3), and the same argument as for (27.14) gives that

(27.18) lw (y1) — w(z)| < C 82
Now set 7 = (2C1)™' 8, D = B(y,r), and D; = B (yy, 7). Note that
(27.19) lw(t) — w(y)| < C6Y2 for t € D
and
(27.20) lw(t) —w (y1)| < C6Y2 for t € Dy,

by (27.13), (27.11), and (27.16).
Denote by P the line through y and orthogonal to [y,y1] and, for each £ € PN D,
set £(§) = €, € +y1 — y]. Set
P ={¢€PnND; {&) contains some point of G which is not regular} .

Since H!-almost every point of G is regular (by Proposition 13.11), P; is contained
in the projection of some set of H'-measure zero, and hence H! (P;) = 0. Also set

(27.21) P,={¢£ € PN D;¢€) NG is infinite} .

Since H'! (G NUeepnp f({)) < +00, it is fairly easy to check that H! (P,) = 0. This
is essentially Fubini’s theorem, and the fact that we can remove P; and only consider
regular points of G makes the proof slightly easier. Nevertheless we shall omit the
proof.

Set Py = (PN D)\ (P, U P;). Thus H! (P3) = 2r. Note that all £(¢), £ € PN D,
are contained in B (2o, (C1 + 3) §) (by (27.17) and the analogous estimate for ). Then

(27.22) / / |Vw|dH' } dH' < / |Vw|
£eEPs LENG B(20,(C143)0)\G

1/2
<Cé / |Vw|? < C 82
B(20,(C1+3)0)~G

by Fubini, Cauchy-Schwarz, and (25.20). In particular we can choose £ € P3 such
that

(27.23) / |Vw|dH! < C 62,
LENG

Since £ € P, £(€) only meets G a finite number of times, and only at regular
points of G. Of course all these points lie in connected components of G that are not
reduced to one point (by definition of a regular point), and Lemma 26.3 tells us that
w is continuous at all these points. Recall that £(§) = [£,£'], with ¢ = &+y;—y € D;.
We have that

(27.24) lw(g’) —w(€)] < /e o |Vw|dH! < C 62
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by (27.23), and hence

(27.25) lw(z) —mo| < C 62
by (27.14), (27.15), (27.18), (27.19), (27.20), and (27.24). This completes our proof
of Lemma, 27.9. O

A trivial consequence of Lemma 27.9 is that if Gy is a component of G which is
not reduced to a point and mg is as in Lemma 26.3, then
(27.26) lim w(z) = mg for all z € Go.

z€EQ

Since we know from Proposition 25.1 that w also has limits at points of G where
G is not connected, we can extend w to R? by taking
(27.27) w(z) = lim w(2) for z € G.

Z€EN

To complete the proof of Proposition 26.2, we still have to check that w is contin-
uous. At this point, this is mostly formal. The continuity on €2 is not a surprise: w is
even harmonic there. Let x € G be given, and let us check that w is continuous at z.
Let {z,} be a sequence that tends to z. For each n, choose a point z, € Q such that
|2n — Zn| < 27" and |w (zn) — w (zp)| < 27". [We can take z, = z, if z, € Q, and
otherwise we use (27.27).] Then w (2,) tends to w(z) by (27.27), and w (z,,) tends to
w(z) as well. This proves the continuity of w.

Our proof of Proposition 26.2 is now complete. O

Remark 27.28. — Our hypothesis (26.1) that Q be connected was probably not
needed, but it was convenient. [Otherwise, we would at least have to worry about
gluing together the various restrictions of w to the different components of €2.]
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CHAPTER G

THE LEVEL SETS OF w

28. Variations of v on the level sets of w
In the next few sections we want to study the level sets
(28.1) I = {z € R%w(z) = m}

and show that, for almost-every m € R, I',, is either empty or a single, locally
rectifiable Jordan curve through oco. This will take some time; the purpose of this
section is to show that for almost-every m, the variations of v along (curves in) I'y,
are given by its derivative on 2, with no contribution from the various jumps and
singularities that v may have on G.

We continue with our usual assumptions that (13.1) or (13.2) holds, and that € is
connected (to be sure that w is continuous).

Proposition 28.2. — For almost-every m € R, v has a continuous extension to QUT,,
with the following property. For every simple arc 7y : [0,1] — 'y, such that
(28.3) v € L'([0,1)),

the function v o~y also has a derivative in L'([0,1]), and
1
(28.4) voy(l) —voy(0) = / (vory) (t)dt
0
-/ Vol(0) -7 (0t
{t; v(t)eq}

By (28.3) we mean not only that v has a derivative almost-everywhere, but also
that - is the integral of .

The proposition does not use the fact that the functions v and w are conjugated,
and would hold with v replaced with any other function that satisfies the same esti-
mates, i.e., (25.22) and (25.23).

Before we start to estimate, let us exclude the values of m for which v probably
has jumps on I';,. Denote by

(28.5) S={z € G; {z} is a connected component of G}
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the set of points where G is not connected. Since almost-every point of G is a point
of regularity (and hence is not in §),

(28.6) HY(S) =0.

The set G . S will be easy to exclude from our discussion. Every non trivial
component of G has positive measure, and so there are at most countably many such
components. Since w is constant on each nontrivial component of G (by Proposition
26.2) we get that

(28.7) {m e R ; I'y, meets G\ S} is at most countable.

The set S is small, but will create trouble. We only know that (28.6) holds, and
in particular S has no reason to be countable. Proposition 25.1 tells us that v is
continuous at each point o of S, but we expect |Vv| to blow up like |z — wo|—1/ 2 at
such a point. If inside I, the set S is a little too fat (typically, if its dimension there
is > 1/2), we can expect a nontrivial contribution of the singular part of Vuv. We want
to show that in average (over m) this behavior does not occur. To do this we shall
use a covering argument (to use (28.6)) and the co-area formula (to take averages in
m).

Let € > 0 be small; it will tend to zero at the end of the argument. Because of
(28.6), we can find disks Bj, j € J, with

(28.8) Bj = B (zj,75), z; €S,
(28.9) sc B,
jEJ
and
(28.10) dori<e
je€J

We may always replace r; with 5r; and apply the Vitali covering lemma in the first
pages of [St], and so we can assume that

(28.11) the B (z;,7;/5),j € J, are disjoint.
Let m € R be given, and suppose that

(28.12) Iy, does not meet G \. S.

Let 7 : [0,1] — I',, be a simple arc with a derivative in L', as in the statement of
Proposition 28.2. Set

(28.13) J(v) ={j € J; Bj meets ¥([0,1])}
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and then choose a finite subset Jy(7y) of J(y) such that

(28.14) Gny(0,1)=8n~(0,1)c |J B,
J€Jo(7)

The identity in (28.14) comes from (28.12), and Jy(y) exists because G N ([0, 1]) is
compact and the Bj, j € J(7), cover it (by (28.9) and the first part of (28.14)).

For each j € J, denote by A(j) the set of connected components of B (z;,2r;) \ G
that meet B;.

Lemma 28.15. — A(j) has at most C elements.

For every component a € A(j), choose a point z, € a N Bj, and denote by 7, the
escape path of Lemma 20.1 (applied with z = z,). Set t; = (2cy)7t rj, where C;
is as in Lemma 20.1, and y, = 7, (t;). The image of 7, does no meet G (by (20.4))
and is contained in B (z;,2r;) (by (20.3) and our choice of t;). Hence y, € a. Also

dist (ya, G) > C7't; = (2C12)—1 r; by (20.4). Altogether,

(28.16) {for each component a € A(j) we can find y, € an B (z;,2r;)

such that B, = B (y,,C~'r;) C q,

where we set C' = 2C%. The disks B,, a € A(j) are disjoint (because the components a
are disjoint), and there cannot be more than C’ of them because they are all contained
in B (x;,2r;). This proves Lemma 28.15. d

Return to our arc v in I';,,, and set
(28.17) R= {t €10,1]; 7(t) € R*\ Ujey, Bj},
where Jo = Jo(v) is the same finite subset of J(y) as in (28.14). Obviously R is
compact, and by (28.14) v(R) does not meet G. Hence
(28.18) ~(t) € Q for ¢ in some neighborhood of R

(because Q is open and < is continuous), and v o v has a derivative in L! in some
neighborhood of R.

Now we want to define two sequences {s,} and {¢,,} in [0, 1]. We start with s =0
and already distinguish between two cases. If sg € R, take

(28.19) to =sup{t; [so,t] C R}.
Thus ¢ is the last point of [0, 1] before we leave R for the first time.
If sp € R, take tg = sg.
Suppose now that we already defined sq < tg < -+ < 8, < tp, and that

(28.20)

t, = 1,or else there is a sequence {£} of points in
ltn, 1] \ R that tends to t,.
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Note that (28.20) holds for n = 0, because R is closed (which takes care of the case
when so € R), and by (29.19).

If t, = 1, we stop the construction. Otherwise, (28.20) gives us a sequence {&x}.
By definition of R, each y{&x} lie in some Bj, j € Jy, and since Jp is finite we can
find j, € Jy such that

(28.21) Ky ={k>0; v{&} € B,,} is infinite.

Recall from Lemma 28.15 that A (j,) is finite. Since for each k € K7, 7 (&x) lies in
@ for some a € A (j) (by definition of A (j,)), we can find a, € A(j,) such that

(28.22) Ky ={ke Ky ; v(&) € a,} is infinite.

This implies in particular that

(28.23) ¥ (tn) € @ N Bj,.
Take
(28.24) Sny1 =sup{s €[0,1]; v(s) €a,NB;,}.

Note that s,41 > t,, by (28.21) and (28.22).
If 5,41 & R, we take t,41 = Sp4+1. Otherwise, we set
(28.25) tn+1 =sup{t € [sn+1,1] ; [Sn+1,t] C R}.
We still have (28.20) for n + 1, because R is closed and by (28.25). It is also clear
that tp41 = Spy1 > tn.

Thus we can construct our two sequences by induction. Let us now check that
the construction stops after a finite number of steps, i.e., that t, = 1 for some n.
Obviously it is enough to check that

(28.26) the pairs (jn,an) are all different,

because there are only finitely many possible pairs.

To prove (28.26) notice that when we choose (jn, an), we make sure that there are
points & > t,, such that v (§x) € @, N Bj,,. [See (28.21) and (28.22).] If there was an
m < n such that j,, = j, and a,, = a,, we would have s;,4+1 > t,, by the definition
(28.24) of s;,+1. This would contradict the way we constructed our sequences (i.e.,
the fact that sp < to < 81 < t1---). Thus (28.26) holds, and our construction stops
after finitely many steps. Note that

(28.27) for every j € Jp, there are at most C integers n such that j, = j,
where C is as in Lemma 28.15. This follows from our proof of (28.26).

Next we want to study the variations of v o . First note that

(28.28) v has a continuous extension to QU S.
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Indeed, simply set

(28.29) v(z) = lim v(z) forz € S ;

z2€N
the limit exists by Proposition 25.1. To check (28.28) we only need to verify that v is
continuous at all points of S, and this can be done exactly like for the continuity of
w at the end of Section 27. [See the few lines after (27.27).]

Note that (28.28) is a little stronger than the first statement of Proposition 28.2,
because I'y,, does to meet G \ S, by (28.12) [See also (28.7).] Since + is continuous
and v([0,1]) C Ty, C QU S, we get that

(28.30) v o~ has a continuous extension to [0, 1].

Denote by N the last value of n in the construction above, i.e., the integer such
that ¢y = 1. Then

(28.31)
N-1

N
v(¥(1) = v((0)) = Y _{v (v (ta)) = v (v (su))} + D_ {0 (7 (s041)) — v (7 ()} -
n=0 n=0

Set

N
(28.32) Ry = JIsn,tal-

n=0
Note that when s, ¢ R we chose t, = s,, and so we are not adding any interval
to R;. When s, € R, the interval [s,,t,] is contained in R by (28.25) (or (28.19)).
Hence R; C R.

We have seen (just below (28.18)) that v o« has a derivative in L! in some neigh-
borhood of R. Hence

tn

(28.33) v(Y () —v(v(sn)) = [ Vo(r(¥) -7 (D)dt

Sn
(the case when s, € R and t, = s, is of course trivial). We can sum over n and get
that

N
(28.34) S ()~ vk = [ Tola(e) v 0.
n=0 1
To control the remaining sum, let us show that for 0 < n < N — 1,

(28.35) o (7 (sn41)) = v (7 ()] < C3/2.

By definition (28.24), sp1 is the limit of a sequence {nx} of points in [0, 1] such
that v (nk) € @, N Bj,. On the other hand, (28.21) and (28.22) say that t, is the
limit of a subsequence of {{x} for which v (éx) € @, N B;,. Thus v (sp+1) and v (t,)
lie in an ﬂan .
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We checked in Section 25 that f = v + fw, and hence v itself, satisfies the require-
ment (21.1) [See near (25.22) and (25.23).]. Thus we can apply Lemma 21.3 with
B = B(z;,,2r;,) (note that 2r;, < 1, by (28.10)). We can take for z and y (in (21.2)
and (21.4)) any pair of points of a,, but then also points of @, N (Q U S), by (28.28).
In particular we get that

(28.36) [0 (7 (8n41)) = v (7 (ta))] < C13/2.
Hence
N-1
(28.37) S () vt <C > 1,
n=0 Jj€Jo(7)

because (28.27) tells us that each r; shows up at most C' times in the sum. Then

W) = o0 - [ Velae) it <C 3
o i€T0()

(28.38)

by (28.31), (28.34), and (28.37).

This is essentially the best we can do with € and m fixed. Our next goal is to
average this over m, and then let € tend to 0 (to get rid of the right-hand side of
(28.38).

For each k > 0, set €4 = 2% and choose a covering of S by disks B, j€ JE as
in (28.8)-(28.11) and with € = .

For all m € R and all (large) M > 0, set
Jk¥(m, M) = {j € J*; B; C B(0, M) and B; meets a connected

(28.39)
component of I',, with diameter > 2"“}.

This looks a little strange, but it will work. Also set, for each choice of 7 > 0 (small)
and M > 0,

Zrm = {m € R ; T, does not meet G \. S and (28.41) holds

(28.40)

for infinitely many values of k},
that is,
(28.41) Son<

JEJT*(m, M)

where we denote by r; i the radius of Bj ;. Also set

(28.42) Z= ) Zm.
>0
M>0

Lemma 28.43. — H'(R\ Z) = 0.
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We shall prove this in the next section; in the mean time we want to finish the
proof of Proposition 28.2.

Because of Lemma 28.43, we can restrict our attention to m € Z. Note that v has
a continuous extension to Q U Ty, by (28.28).

Let 7 : [0,1] — T',, be a simple arc with a derivative in L', as in the statement of
the proposition. Choose M so large that v([0,1]) C B(0,M — 1). Also let 7 > 0 be
small, and choose k such that (28.41) holds and

(28.44) 27% < Min {%,diam (y([o, 1]))} .

We can find k because m € Z; .

Let us do the construction of the beginning of this section, with € = &, our
corresponding choice of disks Bj , and the curve v. We get a closed set Ry C [0, 1]
(which still depends on 7), and for which (28.38) holds.

Let us check that
(28.45) Jo(y) € J*(m, M),

where Jo(7) is the subset of J*¥ that shows up in (28.38) and is defined just after
(28.13). Let j € Jo(7y) be given. By definition of Jo(7), j € J(7) (the set in (28.13)).
Then B; = Bj 1, meets ([0, 1]), which is contained in a component of I';,, with diame-
ter > 27% (by (28.44)). Also B; C B(0, M) because ([0, 1]) C B(0, M — 1), B; meets
v([0,1]), and by (28.10) and (28.44). This proves (28.45) (compare with (28.39)).
Because of (28.41) and (28.45), the right-hand side of (28.38) is less than C 7. Let
us summarize the situation. Set
(28.46) Ry ={t€[0,1]; ~(t) € Q}.

For each 7 > 0 we have found a closed subset R; of Ry (see a little above (28.33) for
the statement that R; C R, and use (28.18)) such that

w((1)) - v(~(0)) - /R Volr(1)) '7’(t)dt‘ <cr,

by (28.38). We also want to control

(28.47)

(28.48) S OO
0
Since 7 is a simple curve and ' € L},
(28.49) I< / |Vo(y)|dH (y) < / |Vo|dH?,
y([0,1DNG I'mNB(0,M)NG

by a change of variables, the injectivity of 7, and the definition of M.

This is the right time for imposing a second condition on m. Set

(28.50) 7 = {m €z / |Vo|dH? < +00 for all M > 0}.
I'nNB(0,M)\G
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Lemma 28.51. — H'(R\ Z;) = 0.

To prove this, apply the co-area formula (see for instance [Fe], p.248) to the function
v, on the domain B(0, M) \ G. We find that

1 _
(28.52) /m dH|anB(0,M)nQdm = lpo,m)~c V| dz,

where dz denotes Lebesgue measure, and where (28.52) is an identity between finite
measures. To be honest, we should only apply the co-area theorem to Lipschitz
functions. Here we can do this on compact subsets of B(0, M) \ G, where v is even
C1, cover B(0, M)\ G by an increasing sequence of such compact sets, and then take
a limit.

Let us apply (28.52) to the function |Vv|. Since both |Vv| and |Vw| satisfy the
estimate in (25.20), we get that

(28.53) / {/ |Vv|dH1}dm =/ |Vo| |[Vw| dz < C(M),
m I'»NB(0,M)NQ B(0,M)~\G

where we have to take C(M) = CM? when (13.1) holds, since (25.20) is only valid
(with the constant 8) for balls of radius < 1.

We deduce Lemma 28.51 from (28.53) by applying Fubini, and then taking a count-
able union in M. O

Let us return to our argument. Because of Lemma 28.51, we may restrict our
attention to the case when m € Z;. Then the integral I above is finite.

Let us apply the argument that led to (28.47) to the restriction of v to any interval
[s,t] C [0,1]. The equivalent of (28.47) yields
(28.54) lo(y(8)) = v(v(s))] < / IVo(y(O)I 1Y (8)] dt + Cr
RoN[s,t]
because the analogue of R; in this situation is contained in Rg N [s, t].

This estimate is true with all choices of 7 (and with a constant C that does not
depend on 7). Thus it is also true with 7 = 0. Thus v o v has bounded variation,
and its total variation is less than I. Moreover, the derivative of v o v is absolutely
continuous with respect to 1g,(t) |[Vu(y(t))| |7/ (t)|dt, with a density < 1. Hence
(vox) € L0,1]), in the distribution sense.

This gives the first part of (28.4). The second part comes from the fact that
1

the contribution of [0,1] \ Ry to / (v o) (t)dt is zero (by the absolute continuity

0
mentioned above), and the fact that (v ov)/'(t) = Vu(y(t)) - v/(t) almost-everywhere
on Ry (by the chain rule).

This completes our proof of Proposition 28.2, modulo Lemma 28.43 that will be
proved in the next section. O

To conclude this section, we give a corollary of the proof of Proposition 28.2.

ASTERISQUE 274



29. PROOF OF LEMMA 28.43 165

Corollary 28.55. — For almost-very m € R, we have that if v : [0,1] — T'p, is such
that

(28.56) v e L([0,1])

and

(28.57)  Vu(y(t)) - v'(t) = 0 for almost-every t € Ry = {t € [0,1] ; ~(t) € Q},
then v(v(1)) 2 v(v(0)).

The main point of this new statement is that here we do not require v to be
simple; the conclusion is weaker, too. We can keep the same argument as in the proof
of Proposition 28.2, up until (28.47). [Indeed, the fact that v is a simple arc is only
used later, in the estimate of I.] From (28.47) and (28.57) we deduce that

(28.58) v(v(1)) —v(7(0)) = —-C7
and, since T was arbitrary, the conclusion of Corollary 28.55 follows.
This proves the corollary (modulo lemma 28.43). d

29. Proof of Lemma 28.43
Keep the notations of the previous section. Set
(29.1) Y ={m € R ; 'y, does not meet G \ S}
and, for each M > 0 and 7 > 0,
(29.2) Xrm ={m €Y ; (28.41) only holds for finitely many values of k} .
Then Z, p =Y \ X7 m, and

(29.3) z=y~|J Xrm,

T M
by the definitions (28.40) and (28.42). Since X, s is an increasing function of M and
a decreasing function of 7, we can make the union in (29.3) countable by restricting
to integer values of M and rational values of 7. Since in addition R \'Y is at most
countable (by (28.7)), Lemma 28.43 will follow as soon as we prove that

(29.4) HY (X, pm)=0

for all choices of 7 and M. Fix 7 and M, and set

(29.5) Ay = / { ¥ rjl.’/,f}dm,
meY L Jitm, M)

where J*¥(m, M) is as in (28.41) and (28.39).

Lemma 29.6. — There is a constant C(M) such that

(29.7) Ap < C(M)ey/.
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Maybe we should remind the reader that we chose e, = 27%, and then we con-
structed our covering of S by disks B; = B; x so that (28.8)-(28.11) would hold with
g = €.

We want to see first how to deduce (29.4) from Lemma 29.6, and then we shall
prove the lemma.

So let us assume that (29.7) holds. Set
(29.8) X (k) ={m e X; p ; (28.41) does not hold for k} .
Then 7 |X (k)| < Ax by (29.5) and Chebychev, and hence
(29.9) IX(K)| < 77 A < 7IC(M)e? = 71 C(M)2 K2

by (29.7) and our earlier choice of e5. Set

(29.10) E (ko) = |J X(k);
k>ko
then |E (ko)| < 471C(M)2~%o/2 by (29.9).

We claim that X, p C E (ko) for every ko. Indeed, if m € X, ar, (28.41) only
holds for finitely many values of k. In particular, for every kg we can find k& > kg such
that (28.41) does not hold for k. This exactly means that m € E (ko), as we claimed.

The consequence of our claim is that | X, p| < |E (ko)|, which is as small as we
want. Thus (29.4) actually follows from (29.7), and Lemma 28.43 will fall as soon as
we prove Lemma 29.6.

To prove this last lemma, first observe that when j € J*(m, M), B; meets a
component of I', of diameter > 27% (see (28.39)). Since r;x < ex = 27 by (28.10),
we get that

(29.11) HY(T,, N2Bj) > 7.
Set
(29.12) I =TnNB0,M+1)NQ.

Note that 2B; C B(0,M + 1) by (28.39) and because r; < 1. Also, for m € Y,
H'-almost all of T',, lies in Q, because I, does not meet G ' S (by (29.1)), and
H(S) =0 (by (28.6)). Thus

(29.13) H' (T, N2Bjk) > 7k

when m € Y, by (29.11), and hence

(29.14) Ax < { Y e PHN TN 2Bj,k)}dm,
mEY jGJ"('m,M)
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by (29.5). Let us replace H! (I'}, N 2B; k) with / ]lszydel, and then apply Beppo-
1"*

Levi to exchange the series and the integral. We "éet that
(29.15) Ax < / { / [er—;/?]]wj,k]dHl}dm,
mey Uy, Y57 7

where we can now be generous and sum over all j € J*. Denote by

(29.16) =5 12 s, ()

jeJ*

the function that we need to integrate. Let us use again the co-area formula (28.52),
but with M replaced with M + 1. We get that

(29.17) Ax < /m {/m hk(z)dHl(w)}dm = /B(O,M+1)\G hi(z) |Vw(z)| dz

2 2
<uhkn2{ / |le} =||hkuz{ / |w|}
B(0,M+1)~G B(0,M+1)~G

< C(M) [|Rll;

by Cauchy-Schwarz, because |Vw| = |Vu| everywhere on 2, and by (25.20). The
precise value of C(M) will not matter.

We see that Lemma 29.6, and hence Lemma 28.43, will follow as soon as we prove
that

(29.18) Ihill; < C e

Fix k, and decompose hj into

(29.19) he = fe,
£
where
(29.20) fo= > 7?15,
jeJ(8)

where we set r; = r;x and B; = B; ; for convenience, and

(29.21) J)={jeJk; 27t <ry <278},

Recall from (28.11) that the disks $B; , j € J*, are disjoint. Since for each £ the
Bj, j € J(¢), all have comparable radii, we get that

(29.22) > Iap(z) < C

jeJ(®)
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everywhere. Set

(29.23) W= |J 2B;;
jeJ®)

then

(29.24) fo < 02421y,

by (29.20)-(29.23). Next

(29.25) Iralls =D (fes fm) Z||fz||2+2ZZ (fe, fm)
¢ m

£ m>L
csz Wel +CY > 2™ |W, n W,
£ m>L
by (29.24). Set
(29.26) ap = 2812 |W,| /2.
Then
(29.27) > e =) 2wy <22‘ > 12B;]
¢ ¢ €I
<CY. Y r?=C) 1< Ce,
£ jeJd(e) jeJk

by (29.23), (29.21), and (28.10).
The first sum in the right-hand side of (29.25) is thus less than Cey, and we are
left with the rectangular terms. Let us first sum over

(29.28) A = {(z, m); £<m and [WeN W) < 26-™)/5 |We|} .

[This corresponds to a reasonable behavior: we can expect W, to be significantly
larger than W, when £ < m.] Set

(29.29) Ti= ) ) 22 W, N W,
(Z,m) EA;[
Then

(29.30) i< ST 22 WL W, 0 W
(£,m) €Ay

< Z Z o(¢+m)/2 |Wm|1/2 o(t=m)/10 |Wg|l/2
(£,m) €A1

< Z Z 9(e=m)/104, 4

(e,m) €A,
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Let us cut this sum in slices where m — £ = n. We find that

(2031)  Ti< )Y 27 arapa <Y 27" {ae}ly {aewn}ll; < Cex,

n>0 ¢ n>0
by Cauchy-Schwarz and (29.27).

We still need to sum over

(29.32) Ag = {(e, m); £ <mand Wy Wpy| > 2¢-m)/5 |Wg|}.
For (¢,m) € Ag,
(29.33) ap = 9t/2 |Well/2 < 24/29(m=£)/10 IWe N Wmll/z
< 2m/22(l——m)/22(m—13)/10 le|1/2 < 2—%(m—l)am’
and so
(29.34) Sao= 3 3 22w AW < YD aram
(¢,m) €Az (£,m) €Az
< Z {Z 2'%(’"‘2)(1,2,1} <C Zafn < Ceg,
m L<m m

by (29.27) again. Altogether (29.18) follows from (29.25), (29.27), (29.31), and
(29.34).

This completes our proof of Lemma 28.43. As was observed at the end of last
section, Proposition 28.2 and Corollary 28.55 follow. O

30. There are no loops in I',,
Proposition 30.1. — For all m € R, R? \ T, has no bounded connected component.

Let m € R be given. We want to assume that R?>\ T, has a bounded component U
and derive a contradiction. Let us first assume that U has a smooth exterior boundary
and rapidly sketch an argument for this case; this will give an idea of our strategy for
this section.

Since U does not meet I',,, w(z) — m has a fixed sign on U, and hence the normal
derivative dw/0On also has a fixed sign (but may vanish) on the exterior boundary of
U. The same thing holds for the tangential derivative dv/0T = dw/0n (recall that v
and w are conjugated). Since the exterior boundary of U is a loop, the only option
is that v is constant on it. Note that w also is constant on that exterior boundary
(which is contained in I'y, ), and so v is constant on the component(s) of 2 that meets
the exterior boundary of U. We shall see later in this section that this is impossible.

Our intention is to give sense to the argument above. The main difficulty will be
to find a loop 7 in AU such that U always stays on the same side of vy (so that we can
control the sign of dv/d7 along v, and then use Corollary 28.55). Our first goal is to
replace U with a simply connected domain V' D U; this will simplify the manipulation
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of boundaries. Essentially, V will be the union of U and the closure of its interior
components. Set

( ) V= { z € R? ; we can find a simple, polygonal Jordan curve I' in U
30.2
such that z lies in the bounded component of R? \ F}.

It is clear that U C V, and also that 9V C 9U. Since U is bounded, V is also
bounded. Let us check that

(30.3) V is simply connected.

Let I" be a loop in V; we want to show that I" can be deformed into a trivial loop
(reduced to a point) inside V. By approximation, we can assume that I is a polygonal
loop. By simple manipulations (essentially, composing loops), we can reduce to the
case when I is simple.

After these reductions, let us try to surround I' by a curve in U. Each point of I’
can be surrounded by such a curve, by (30.2). By compactness of I, we can find a
finite collection of simple, polygonal curves «, in U, such that I' is contained in the
union of the bounded components of R? \ +,. Then we use the following lemma a
few times.

Lemma 30.4. — Let v, and 72 be two simple polygonal loops in the plane. Denote by
Q; the bounded component of R? \ ~;. If Q1 meets g, then we can find a simple
polygonal loop ~v3 such that v3 C v1 U vz and Q1 U Qs is contained in the bounded
component of R? \ 7s.

Of course we are abusing notation here, we do not distinguish between the loops
and their images. We shall leave the proof of this lemma to the reader. A probably
not optimal proof would consist in observing first that we can also assume that v;
and 7, only meet transversally, and then take for 3 the boundary of the unbounded
component of y; Uy, and follow the arguments in Section 23. O

After a finite number of applications of Lemma 30.4, we obtain a polygonal Jordan
curve v C U such that the whole I" is contained in the bounded component Q* of
R? \ v. By (30.2), Q* C V and, since * is simply connected, I' can be contracted in
Q*, hence in V. This proves (30.3).

Next we want to parameterize OV in a reasonable way. The most rapid option
would probably be to use the boundary values of a conformal mapping ¥ : D — V.
Indeed we would get that 9’ € H' (the Hardy space) because H!(8V) < +o0, if m is
chosen correctly ; in particular we would get that for these values of m the boundary
values of 1 on 0D would have a derivative in L!. Since we want to avoid giving
too many references to [Po], we shall use a somewhat heavier construction, based on
Section 23.
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Fix an origin 0 in U, choose a sequence €, that tends to 0 and such that &, <
15 dist (0,R*\ U) (to be safe), and do again the construction of the beginning of
Section 23, with G° = OV and € = ¢,. Choose disks B;, i € I(e,), and define
H (g,,) as in (23.2)-(23.6), but this time let U (e,,) denote the connected component
of R%2 \ H (e,,) that contains 0. Thus we are just exchanging the roles of 0 and oo,
but otherwise nothing changes seriously. Since G® = 9V is connected (by (30.3)), we
get that AU (e,) is composed of a single, piecewise C!, Jordan curve that we shall
call I'(n). See the description of OU (¢) after (23.7), and Remark 23.17; the proofs are
the same in the present situation.

Denote by £, the length of I'(n). It will be good to know that
(30.5) C 1<, <C forall n,

with a constant C that is allowed to depend on m and U, but not on n.

To get this, let us put a first constraint on m. We shall later put another simi-
lar constraint, but at the end of the argument we shall see how to get rid of both
constraints. In the mean time let us assume that

(30.6) Iy, does not meet G\ S
and
(30.7) H' (T, N B(0, M)) < 400 for all M > 0.

We shall see soon why (30.7) implies (30.5), but let us first check that
(30.8) almost-every m € R satisfies (30.6) and (30.7).

We already know from (28.7) that (30.6) holds for almost every m, and so it is
enough to take care of (30.7). Let us use the co-area formula (28.52) again, this time
applied to the constant function 1. We get that

(30.9)/ H'(T,, N B(0, M) N Q) dm = |Vw| dz
m B(0,M)\G

1/2
< B0, M)/ {/ IVwIQ} < 400,
B(0,M)~G

and hence H' (I';, N B(0, M) N Q) < +oo for almost-every m.

Note that when (30.6) holds, H!(I';, N B(0,M)NQ) = H!(T,, N B(0, M)),
because I', NG C S and H'(S) = 0 (by (28.6)). Thus for every (fixed) M,
H! (T, N B(0,M)) < +oo for almost-every m; (30.7) follows by taking a countable
union.

Now let us check (30.5). The analogues of Lemma 23.18 and (23.22) in our situation
are still valid, with Qg = V' (the component of R?\ 8V that contains 0). In particular,
every compact subset of V' is contained in U (g,) for n sufficiently large, and hence
diam (U(en)) > 3diam(U) > 0 for n large enough. This forces £, > 1diam(U) for
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n large, and the first inequality in (30.5) follows. [We may always remove the first
values of n.|

For the second part of (30.5) we return to the construction of H (e,) and U (e,,)
from the disks B;, i € I(en). Recall in particular that we chose our centers z;,
i € I (ep), sufficiently far from each other, so that

(30.10) the disks B} = B (z;,107%¢,,) ,i € I (¢,), are disjoint.

(See (23.3)). On the other hand
(30.11) H'(OVNB)) >1073¢, for all i € I (&,),

because B; and B are centered on G° = §V and 0V is connected (by (30.3)). Of
course we can safely assume that ¢, < diamdV.

From this and (30.10) we deduce that

(30.12) #1(en) < Y 10%,'H' (VN B)) < 10%, H' (3V),
iGI(En)
and then
(30.13) ln=H"(OU (e,)) < H'(8H (en)) < Y H'(0B;) < CH'(V)
lEI(€n)

because I'(n) = 8U (&,,) is a simple rectifiable curve, and by (23.6) and (30.12). This
proves (30.5).

Let 2, : S* — I'(n) denote a parameterization of I'(n) with constant speed. Let us
assume that
(30.14) zn preserves the trigonometric sense,
by which we mean that U (e,) stays on our left when we follow 2, (t) and ¢ runs along
S! in the trigonometric sense. Of course this can be arranged.

We know from (30.5) that the z, are Lipschitz, uniformly in n, and so we may
always assume that {z,} converges uniformly on S' to some Lipschitz function z.
[Otherwise, replace {¢,} with a subsequence.] Note that z (S') C oV, by (23.10).
Our next goal will be to prove that sub-arcs of z satisfy the main hypothesis (28.57)
of Corollary 28.55.

Since U is a component of R? \. T',,, w — m does not vanish on U and hence keeps
a constant sign there. Without loss of generality, let us assume that

(30.15) w(z) —m >0onU.

We want to check that

(30.16) (vo2)(t) > 0 for almost-every ¢ € Ry,
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where Ry = {t € S ; 2(t) € Q} is essentially as in Section 28, and where we abuse
notations slightly and identify S! with the torus to define derivatives. [We should
really have considered v o z (¢*), t € R, instead of v o z(t).]

Let t € S! be given, and set z = z(t). Suppose that 2 € . Then w is harmonic
near z. It is not constant near z, because otherwise it would be equal to m in
a neighborhood of z, and 2z would not lie in 0V C OU. Let us first assume that
Vw(z) # 0.

In this first case there is a small disk D centered at z such that I',, N D is an
analytic curve through z. Since 8V C U C I'y, and z € 8V, V cannot lie on both
sides of I';,, and hence

(30.17) VNnD=UND={z€eD; w(x)>m}
andoVND=8UND=T,ND.

Then I'(n)N D is, for n large enough, a slightly corrugated curve that goes along I'y,
and lies in V. [The other side of OH (&) is not contained in I'(n), because U (g,,) C V,
by (23.21).] See Figure 30.1.

Let us assume also that 2’(t) exists. Then 2/(t) # 0, because I'(n) was always
parameterized with constant speed > C~! (by (30.5)), and because we know what
I'(n) looks like in D. From (30.14) and our description of I'(n) and U (&,,) in D, we
deduce that U and V lie on the left of 2z, when one looks in the direction of 2’(t). We
also know that Ow/0n > 0 at z (with a unit normal which points towards U and V,
by (30.15) and because Vw(z) # 0 in the present case. Since w is conjugated to v
we get that Ov/07, the tangential derivative of v in the direction of 2'(t), is positive.
This proves (30.16) when Vw(z) # 0 and 2(t) exists.

T(n) = dU(e,)

Ue,), U,V —7—

I'(n)

*****

FiGure 30.1 FIGURE 30.2

Next consider the case when Vw(z) = 0. By Puiseux’s theorem, there is a small
disk D centered at z such that I';, N D is composed of a finite collection of analytic
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curves that converge to z in a starlike way. [See Figure 30.2.] Since 8V C 9U C 0Ty,
V N D is composed of some of the sectors delimited by I',,,. For n sufficiently large,
I'(n)ND is composed of a finite number of curves that follow pieces of I',,. Figure 30.2
gives a reasonably realistic possibility, but we shall not need to know the combinatorics
precisely. The main point is that since the curves I'(n) are parameterized at constant,
never too small, speed, there are only finitely many points ¢’ € S! such that z(t') = 2.
In other words, all points t € S! such that z(t) € Q and Vw(z(t)) = 0 are isolated in
S!, and there is only countably many of them.

Since z is Lipschitz, 2/(t) exists for almost every t. Thus our first case occurs for
almost every t such that z(t) € Q. This proves (30.16).

Let us now put our second restriction on m: let us assume that m satisfies the
condition of Corollary 28.55. As for our earlier conditions (30.6) and (30.7), this one
is satisfied for almost-every m.

For each choice of @ > 0 and b € R, the mapping v : [0,1] — T, defined by
v(t) = z (e"***%®) satisfies the condition of Corollary 28.55: 7' € L! ([0, 1]) because 2
is Lipschitz, and (28.57) follows from (30.16). The conclusion of the corollary is that
v(z(t)) = v(2(s)) for all choices of s,t € S*. In other words, v o z is constant on S!.

Since Ry is open by definition this can only be compatible with (30.16) if Ry is
empty. On the other hand, we claim that

(30.18) H' (2(s")) >o.

Indeed z, is the constant speed parameterization of I'(n) = dU (e,) which preserves
the trigonometric sense (as in 30.14)), and hence it has winding number 1 around
each point of U (¢,). Now we can apply Lemma 23.18 with Q¢ = V (see half-way
between (30.9) and (30.10)), and so V is the increasing union of the U (e, ). Therefore
z has winding number 1 around every point of V', and of course this cannot happen
if diam (z (S')) is too small. This proves our claim (30.18).

Because of (30.6) and the fact that z (S') C 8V C OU C I'r,, we now have that
(30.19) z(S')cGnl C S
because Ry is empty. Since H!(S) = 0 by (28.6), this contradicts (30.18).

So we finally reached the desired contradiction, but only under some additional
conditions on m. Fortunately, these conditions are satisfied almost-everywhere, and
so we proved that

(30.20) R? \. T',,, has no bounded component for almost-every m € R.

The other values of m are now easy to get. Let m € R be an exception to (30.20),
and let U be a bounded component of R? \ I',,,. As we said before , w — m keeps
the same sign on U, and we may assume without loss of generality that w > m on U.
Let 2y be any point of U, and choose m; such that m < m; < w(zo) and for which
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(30.20) holds. Denote by U; the connected component of 29 in R? \ I',,. As before
w — m; keeps a constant sign on Uy, and so w > m; on U; (because of zp). Thus Uy
does not meet I',,, and since it is connected and meets U, it must be contained in U.
Then U, is bounded, a contradiction with the definition of m;.

This completes our proof of Proposition 30.1. O

31. Almost-every I',, is composed of trees without endpoints
Let m € R be given, and suppose that
(31.1) H(I',, N B(0,M)) < +o0 for all M > 0.

We know from (30.8) that this is the case for almost-every m. Let us also suppose
that I',, # @, and let ', be a connected component of I',,. Let us first show that

(31.2) I'% is not bounded.

Suppose to the contrary that I'?, is bounded. We want to find a bounded Jordan
curve <y such that

(31.3) ~ does not meet I'y,,
and
(31.4) I'%, is contained in the bounded component of R? \ 7.

First we want to apply Lemma 25.3 with G replaced by I';,,. In the proof of that
lemma, we only used the analogue of (31.1) for G and the fact that G is rectifiable
(besides topological conditions). This is still the case here, because I'y, is rectifiable.
Indeed Ty, N G is rectifiable (since G is), and I';, N Q is an at most countable union
of analytic curves. [The case when w would be locally constant in a neighborhood of
some point of I'y, is excluded by (31.1).]

So we can apply Lemma 25.3 to I';, and its bounded component I'?,, and
we get a closed set G° C T, which is bounded, contains I',, and for which
dist (G°, ', \ G°) > 0.

Next apply apply the construction of Section 23 to surround G° by Jordan curves.
Choose the parameter ¢ in the construction so small that the surrounding curves do
not meet I',,. [See Remark 23.24 and in particular (23.26).] Since I', is connected,
it is contained in the domain bounded by a single surrounding curve +; this curve
satisfies (31.3) and (31.4), as required.

Because of (31.3), w(z)—m has a constant sign on v; let us assume for instance that
w(z) > mon~. Set mg = inf {w(z) ; = € v}, and choose m; such that m < m; < ms.
Denote by U; the component of R? \ T',,, that contains some given point of I'0 .
Since I'Y, is connected and does not meet OU; C [y, T 9n is contained in U;. Then
w(z) < my on Ui, because w(z) — my has a fixed sign on Uy, and U; contains I'0,.
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Then U; does not meet v (by definition of my), and so U; is contained in the bounded
component of R? \ v (by (31.4)). This contradicts Proposition 30.1; (31.2) follows.

Now we want to show that “I'C, is a tree”, by which we mean that

(31.5) {for all choices of z,y € I'? | there is a unique

simple arc I'y,(z,y) C T'9, that connects them.

For the existence, simply see Lemma 19.14, applied to I'? ; the condition (19.1) is
satisfied, by (31.1). To prove the uniqueness, let us assume that we have two simple
arcs 1 and 72 supported on I'? | and which connect the same points = and y.

It will be more precise to consider parameterizations (rather than sets). So for
i=1,2,7 : I; — T9 is an injective continuous mapping, and we want to show that
v1 and 2 are equivalent, i.e., that they can be obtained from each other by composing
with a homeomorphism.

If 1 (I1) C v2(L2), it is fairly easy to show that v; and 72 are equivalent. For
instance, we may compose both arcs with the inverse of v (which is homeomorphism
between 2 (I2) and I), and we are reduced to the case when 7, is the identity on I
and v; : I; — I is continuous, injective, and has the same endpoints. In this case v;
is a homeomorphism of I; to I, and our initial arcs 7; were equivalent.

So we may assume that we can find 21 € v1 (I1) N2 (I2). Let J C I; be a maximal
interval such that ~;(J) contains z; and is disjoint from <y, (I2). The two endpoints
of y1(J) lie in 72 (I2), and there is a (simple) sub-arc 3 of v2 that connects them.
We can glue 3 to the restriction of v; to J, and we get a (closed) Jordan curve v
supported on I'? . This is impossible, because the bounded component of R?\.y would
necessarily contain bounded components of R? \ I',,, in contradiction to Proposition
30.1. This proves (31.5).

Now we want to check that I'?, has no endpoints. Let us be more precise.

Lemma 31.6. — Assume, in addition to (31.1), that
(31.7) 'nNnGcCS.

For every simple, rectifiable arc v : I — T9  parameterized by arclength, we can
find a simple rectifiable arc 5 : R — I'% | also parameterized by arclength, and which
extends 7.

Note that (31.7) holds for almost every m, by (28.7). It is easy to show, just
by chasing definitions, that every < as above can be extended to a maximal interval
J D I, with an extension which we shall still denote by =y, and which is still simple,
supported on I'?, and parameterized by arclength. What we need to show is that
J=R.

So let us assume that J # R, and try to derive a contradiction. Without loss of
generality, we can assume that the final endpoint of J is 0.
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Since ~y is Lipschitz, it has a limit z9 at 0. If 0 € J, this means that the obvious
extension of v to J U {0} is not simple. Then zy € y(J), and I'Y, contains a loop; we
have seen just before the statement of Lemma 31.6 that this contradicts Proposition
30.1. So 0 € J. The same argument works for the initial endpoint of J, and so
J = [a, 0] for some a < 0, or J = (—00,0].

Let us call regular point of I'?, a point z € 'Y, such that for 7 > 0 small enough,
I'% N B(z,r) is a simple C'-curve through z and that crosses B(z,r). Let us check
that

(31.8) H'-almost every point z € FOm is a regular point of P?n.

By (31.7) and (28.6), we need only consider points of '), N\Q. But all points of I'S, NQ
such that Vw(z) # 0 are clearly regular points of I'?,, and there are at most countably
many points of I'%, N Q where Vw(z) = 0. [Such points are isolated in I'%,; note that
(31.1) does not allow w to be locally constant near a point of I'y,.] This proves (31.8).

Next we want to prove that
(31.9)
F?n ~ {z} has exactly 2 connected components when z is a regular point of F?n.

Let z be a regular point of 'Y, and choose a small disk B = B(z,r) such that
BNTY is a simple C! curve that crosses B. Then BNTY \ {z} has exactly two
components, which we call 7; and v,. By Lemma 19.2 and (31.1), T'9, is arcwise
connected, and so every point y € 'Y, \ {z} can be connected to z by a rectifiable
arc in T'%,. We can stop this arc just before it hits z for the first time, and we get a
rectifiable arc in T'9, \ {2} that connects y to 1 or 2. Thus 'Y, \ {z} has at most

two components.

To complete the proof of (31.9), we just need to check that «; and 72 do not lie in
the same component of I'?, \ {z}. If this were the case, Lemma 19.14 (applied to the
component in question, maybe minus a small disk centered at z to make it compact)
would give us a simple arc 3 supported on 'Y, \ {z} that connects 1 to 2. Then we
could add to ~s3 a little arc of I'Y, N B and obtain a (closed) Jordan curve contained in
I'%.. As we have seen earlier (for instance before the statement of Lemma 31.6), this
is impossible because of Proposition 30.1. This proves (31.9).

Return to Lemma 31.6 and our maximal arc v : J — 'Y . Note that J = {0} is
impossible, because I'?, is not reduced to {29} by (31.2), and hence it contains lots
of nontrivial simple curves starting from 2o = v(0) (by Lemma 19.14). Those curves
would of course be extensions of the trivial arc . Set

(31.10) J* = {t € int(J) ; ¥(¢) is a regular point of I', } .

Let t € J* be given, and set z = ~(¢). Since « is simple, v(J) \ {2z} has exactly
two components. Call v4 = ;4 (¢) the component that contains zp, and y— = v_(t)
the other one. Since 74 is connected and contained in I'?, \ {z}, it is contained in a
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component I'y =Ty (¢) of 'Y \ {z}. Note that I'; # I'_, because the two small arcs
v and 72 that compose B NTY, (in the discussion above) are contained, one in v,
and the other one in ~y_.

Lemma 31.11. — Ift is close enough to 0, 'y is bounded.

First note that our condition on ¢ may be needed. We expect I'?, to be an infinite
tree with possibly many branches, and we don’t want one of these branches to leave
from 4 between z and 2.

Let us assume that the lemma is false and try to get a contradiction. Choose a
first point ¢; € J* such that I'y (¢1) is not bounded. Let M be so large that the
whole arc of v between z; = <y (1) and 2y is contained in B(0,M — 1). Choose
y1 € T4 (t1) N~ B(0, M). We can connect y; to 29 by a simple arc & C I'; (t1). To see
this, first observe that if D is a small enough open disk centered at z, then 'y (¢;)\ D
is still connected and contains y; and zg. The point of the manipulation is that now
T4 (t1) N D is closed and we can apply Lemma 19.14 to it to get &;.

Denote by 21 the first point of v(J) when we go from y; to 2o along &;. Since & C
I'y (t1) and v (t1) C T'— (t1) # T'y (t1), 21 must lie on 4 (¢1) and hence 2} = v (¢})
for some t} > t;. If t{ = 0, we can extend v by adding to it a parameterization by
arclength of the arc of & between 21 and y;; since by definition of 2] this arc does not
meet y(J), our extension of v is still simple (and supported on I'?)). This contradicts
the maximality of J. Hence ¢t; < t] < 0.

Since we assumed our lemma to fail, we can find t2 € J* N (¢}, 0) such that I'; (t2)
is unbounded. As before, we choose y2 € T'y (t2) \ B(0, M), connect it to 2o by a
simple arc & C 'y (t2), and let 25 = v (t}) denote the first point of v(J) that we hit
when we go from ys to 2o along &. For the same reason as before, t2 < t}, < 0.

Let us continue this construction; we get sequences {t,}, {yn}, {€n}, and {¢],}; the
main point of the argument is that if £, denotes the arc of &, between y, and 2/,

(31.12) the arcs £/, are disjoint.

To see this, let k¥ < n be given. Then t; < t, < t, by construction, and so
2, = v (t},) € 7= (tn). The only point of & N(J) is z;. Since z; # zn = ¥ (tn), &
is contained in I, \ {z,}. Since &, is connected, it is contained in the component
of T'Y \ {z,} that contains z,. This component is I'_ (t,) because 2} € vy (t,) and
Y= (tn) CT_ (tn).

Similarly, 2/, € v (t,) because t,, > t,. The only point of &, N~y(J) is 2, and,
since 2!, # z, because t!, # t,,, & is contained in T, \ {z,}. Since it is connected, it
is contained in a single component of T'9, \ {2, }, and since it contains 2/, € v+ (t,) C
I'; (tn), this component is I'y (t,). Altogether & and ¢, lie in different components
of I'%, \ {z,}, and (31.12) follows.
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For each n, H' (¢, N B(0, M)) > 1, because &, starts at y, € R? \ B(0, M) and
ends at z/,, which lies in B(0, M — 1) because all the curve «y between z; = v (t;) and
2o = (0) is contained in B(0, M —1). [Also recall that t; < ¢/, < 0 by construction.]

From this and (31.12) we easily deduce that H! (I'y, N B(0, M)) = +o0 because all
the &/, are supported on I'y,. This contradicts (31.1). Lemma 31.11 follows from this
contradiction. O

Choose t € J* such that I'y = I'; (¢) is bounded, and let B be a small open disk
centered at z = (t) and such that ['Y, N 2B is a simple, C'-curve through 2B. Then
G° =T, \ B is compact, connected, and not empty (because it contains z¢) if B is
small enough.

Apply the construction of Section 23 (and in particular Remark 23.17) to G°. We
get a Jordan curve n such that

(31.13) G is contained in the bounded component of R? \ 7,
and
(31.14) e < dist (x,GO) < 2¢ for z € n.

where ¢ is the small parameter in the construction of Section 23, and (31.14) follows
from (23.10). See Figure 31.1 already. Note that

(31.15) dist (G°, T, \T4) >0
because these two sets are disjoint, G® is compact, and I',, \ I' is closed. Hence
(31.16) n does not meet G° U (T'y, ~T'y)

if we choose ¢ small enough, by (31.14). Then the only place where n may meet I'y,
is in B, on the little arc BNT, . See Figure 31.1.

8 a

FiGURE 31.1

We are now ready to reach the desired contradiction. Since z is a regular point of
I't* and I'f* N 2B is a smooth curve that crosses 2B, we have a good control on what
the curve 5 looks like inside B. By construction, if ¢ is small enough, 1 crosses I'?,
exactly once, and transversally.
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Recall from our proof of (31.8) that H'-almost every point z € I'Y, is not only a
regular point of I'?,, but even a point of Q such that Vw(z) # 0. Thus we can assume
that our t € J* was chosen so that z = v(t) € Q and Vw(z) # 0 as well. In this
case (and if B was chosen so small that Vw # 0 on B), the restriction of w —m to n
changes signs at the point where 7 crosses I'?,. Since the rest of 7 does not meet I'yy,,
w — m does not change signs there. This is clearly impossible.

Recall that the present argument started when we assumed that we could find a
maximal arc v : J — I'?, as in Lemma 31.6, but with J # R. The contradiction that
we just reached completes our proof of Lemma 31.6. O

32. Our final description of the levels sets I',,

So far we have only assumed that
(32.1) 2 = R? \ G is connected

(in addition to (13.1) or (13.2), of course), and we have proved that for almost-every
m € R, I'y, is either empty or a union of rectifiable (by (31.1)) trees (i.e., with no
loops, as in Proposition 30.1), with infinite branches only (as in Lemma 31.6). Thus
I',, may a priori look like the sets suggested by Figure 32.1.

Note that Figure 32.1 strongly suggest that almost-every I'y, is actually composed
of finitely many Jordan curves through oo (the true trees with many branches being
exceptional). We shall only prove this under somewhat stronger assumptions on the
behavior of (v, G) at oo, and then there will be only one Jordan curve.

);\7}(:

FIGURE 32.1. A few level sets I'y,.

In this section we want to add a few hypotheses on the behavior of (v, G) at infinity,
whose effect will be to bound by 2 the number of branches of I, that escape to co.
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Under these assumptions, we shall show that for almost-every m € R, I'y, is either
empty or a single Jordan curve through co. Then we shall check that (in the second
case) v is strictly monotonous on the Jordan curve I'y,.

Let us first describe our additional hypotheses on (v, G). We do not try to give
optimal conditions here; the main point is to make sure that I'y, has at most two
infinite branches. First, we assume that
(32.2)

G has exactly one unbounded connected component, which we denote by Goo.
When (13.1) holds, this is always true, because G contains L and G \ L is bounded.

Let us use (32.2) to normalize w; we require that
(32.3) w(z) =0 on Goo-

[This is easy to get, because we can add a constant to w; also recall from Section 26
that w is defined and continuous on the whole plane and constant on each component
of G.] We also assume that

(32.4) for all m > 0, we can find arbitrarily large radii R such that I',,NOBr = @,

and
(32.5) {for all m < 0, we can find arbitrarily large radii R

such that I';, N dBg has exactly two points.

We shall see later that the hypotheses (32.1)-(32.5) are satisfied by (v, G) or by
(—v, G) when (v, G) looks sufficiently like a cracktip near co, and when (13.1) holds.
Let us not worry about this now, and continue our description of the level sets I'y,.

Proposition 32.6. — Suppose that (v, G) satisfies (13.1) or (13.2), and the conditions
(32.1)-(32.5). Then

(32.7) w(z) <0 for all z € R?

(32.8) Io:={2€eR?; w(z) =0} =Goo ,
and, for almost-every m < 0,

(32.9) T, is a rectifiable Jordan curve through oo.

Let us first check (32.7). Because of (32.4), all the connected components of Iy, are
bounded when m > 0. Since for almost all m > 0, (31.2) tells us that no component
of I';, is bounded, we see that I',,, = @ for almost-all m > 0. In other words, for
almost-all m > 0, w does not take the value m. Since w is continuous, it simply
cannot take any positive value, and (32.7) holds.

Now we want to prove (32.9), and we give ourselves m < 0 such that all the
conditions of Section 31 hold. Because of (32.5), Iy, is not empty. Then we can
apply Lemma 31.6 to a trivial arc, and we get a simple, rectifiable arc v : R — I'y,,
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parameterized by arclength. Because of (31.1), () cannot stay too long in a given
disk, and so

(32.10) lim [y(t)] = lim |7(t)| = +o0.

t—+o00
In other words, our simple curve I' = y(R) goes through oo.
To complete our proof of (32.9), we still need to check that I';, = I'. Note that for

R large, I' N OBR contains at least two points, because I' is simple and by (32.10). If
in addition

(32.11) I',, N OBR has exactly two points,
then
(32.12) I'N&Bg =T, N OBk.

Now suppose that I',, # I', and let z be a point of I'y, ~ I'. Apply Lemma 31.6 to
an initial arc reduced to {z}. This gives a rectifiable Jordan arc IV C I';,, that goes
through oo. For R large enough, I N 8Bg contains at least 2 points; if we choose R
so that in addition (32.11) holds (and we can do this with arbitrarily large values of
R, by (32.5)), we get that

(32.13) I'N8Bg = I'm N OBk.

Hence IY N 0Bg = I' N OB because (32.12) holds, and these two equal sets have
exactly two points. Call these points x and y. If R was chosen large enough, the arc
of IV between z and y contains z, which is not the case for the arc of I" between x
and y (by definition of z). This contradict (31.5). So we were wrong to suppose that
Ty, # T, and (32.9) holds.

We still need to prove (32.8), i.e., that
(32.14) w(z) < 0 on R? N Goo.

Let us first check that w(z) < 0 on Q. Since © is connected, w is harmonic on 2,
and w < 0 everywhere, the only other option is that w = 0 on 2, hence also on R2.
This is impossible here, for instance because it contradicts (32.5). Hence w(z) < 0 on
Q.

So we only need to exclude the case when w(z) = 0 on a component Gy of G,
Go # Goo. Because of (32.2), Gy is bounded. By Lemma 25.3, we can find a compact
set GO such that Gog € G° C G and
(32.15) dist (G°, G\ G°) > 0.

Then we can apply the construction of Section 23 to surround G° by a finite collection
of (bounded) Jordan curves that satisfy (23.10). If the parameter ¢ is chosen small
enough compared to the distance in (32.15), these Jordan curves do not meet G.
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Finally, since Gy is connected, we can find one curve v among our surrounding Jordan
curves such that

(32.16) Gy is contained in the bounded component of R? \ 1.
[The argument is the same as in Remark 23.17.] Set
(32.17) mo = sup{w(z);z € v}.

Then mo < 0 because « is compact and contained in 2, and we already know that
w(z) < 0 on Q. For my < m < 0, call 2, the connected component of R2 \T,, that
contains Go. Then w — m assumes a constant sign on €,,, and this sign is positive
because w = 0 on Go. Then Q,, does not meet v (by (32.17)), and €, is contained in
the bounded component of R? \ +, by (32.16). Thus we found a bounded component
Q. of some R? \ T',,,. This contradiction with Proposition 30.1 completes our proof
of (32.14), (32.8), and Proposition 32.6. |

Now we consider the variations of v along the Jordan curves of Proposition 32.6.

Lemma 32.18. — For almost-every m < 0 (32.9) holds, v has a continuous extension
to QUT,,, and this extension is strictly monotone on I'y,.

Let m < 0 be such that (32.9) holds, such that I';, NG C S (as in (28.12)), and
also such that we can apply Proposition 28.2. This is the case for almost all m < 0
by Propositions 32.6 and 28.2, and by (28.7).

Since I'y, C QU S, v has a continuous extension to Q U T, by (28.28).

Since I',,, is a Jordan curve, R2\.T',,, has two components, which we call Q; and 5.
By definition of I'y,, w(z) # m for all z € Q; U Q. Since €; is connected, w(z) — m
keeps a constant sign on ;. Because of (32.5), we know that w takes values > m as
well as < m, and so the signs of w(z) —m on ©; and on £ are different. So we can
assume that w(z) < m on Q1 and w(z) > m on Nq.

Let v : R — TI';, be a parameterization of I',, by arclength. Note that y(t) € Q
for almost all ¢ € R, because we have assumed that I',, NG C S, and H}(S) =0 (by
(28.6)). In fact, for almost every t, Vw(vy(t)) # 0, because the set of points z € Ty,
such that Vw(z) = 0 is at most countable. [See for instance the proof of (31.8).]

Let us choose the orientation of Ty, (or in other words, the direction of our pa-
rameterization by <) so that Qs lies on our left when we run along I'y,. It is not too
hard to check that the notion makes sense, i.e., that the condition that we get is the
same when we look at any regular point of I',. [One could for instance fix two such
points, smooth I';,, away from these points, and reduce to the simple case when I',,
is smooth and we can use continuity.]

Now it is easy to check that if ¢ € R is such that y(t) € Q, Vw(y(t)) # 0, and ~/(¢)
exists, then (vo~y)'(t) > 0. This just uses our condition on orientations, the fact that
~'(t) # 0, and the fact that w is conjugated to v.
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We can now apply Proposition 28.2 (because + is simple), or even Corollary 28.55,
to get that v o v is nondecreasing. To get that v oy is strictly increasing, we simply
note that there is an open dense set on I',, (i.e., the set of points z € I';, N Q such
that Vw(z) # 0) where v is strictly increasing.

Lemma 32.18 follows. O
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CHAPTER H

THE MONOTONICITY FORMULA
AND POINTS OF LOW ENERGY

33. Our tour of Gy

We shall need later to know how the boundary values of v vary when one turns
around a bounded (nontrivial) component of G.

In this section Gy is a fixed connected component of G, and we assume that Gy is
bounded and not reduced to a point. We want to describe a parameterization of Gy by
the unit circle that corresponds to the access from 2. The most natural one would be
the boundary values of a conformal mapping from C\ B(0, 1) to C\Gp ~ R?2\ Gy, but
we shall use constructions from the previous sections instead. The slight advantage
will be that we won’t have to use regularity properties of conformal mappings, and
that we’ll get a little more flexibility.

First choose a sequence {d,} which tends to 0, and for each n apply Lemma 25.3
to Go, with § = §,,. We get a closed set G° = G°(n) such that

(33.1) Go CG° C {z € G ; dist(z,G) < 6,}
and
(33.2) dy = dist (G°, G\ G°) > 0.

We could have forgotten about this first stage and done most of the argument below,
but it will be convenient later to have curves that surround Gy and do not meet G,
and this is the point to using G°. Set

(33.3) €n = Min (6,107 1d,),

and apply the construction of Section 23 to G® and with € = ¢,,. We get a collection
of curves I'/ that surround G, but because Gy is connected, there is a (unique) curve
I'(n) among the ' such that

(33.4) G is contained in the bounded component of R? \ I'(n).
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[See the proof of Remark 23.17.] Observe that

(33.5) dist (z, Go) < dist (z,G°) + 6, < 2en + 65 < 30,
for x € T'(n), by (23.10), (33.1), and (33.3). Also

(33.6) dist (T'(n), G) > e,

by (23.10), (33.2), and (33.3). In particular,

(33.7) I'(n) does not meet G.

Let us check that
(33.8) C™ < H'Y(I(n)) <C,
where C' depends on Gy, but not on n. The first inequality is trivial, by (33.4) and

the fact that diam Gy > 0. For the second one, let us even prove a bit more.

Lemma 33.9. — For all disks D = B(y, p) of radius p < 1,
(33.10) HY(T'(n)N D) < Cp
as soon as €, < pP.

The reader should not worry about the small restriction on p; we just decided to
get a constant C' that does not depend on p, and we want to use the local Ahlfors-
regularity of G.

It is clear that (33.8) follows from Lemma 33.9, because all I'(n) lie in a fixed
bounded set.

To prove the lemma we shall use the fact that I'(n) C 9U (e,,) C 0H (&,) by (23.9),
where H (¢5) = U,cq e, Bi as in (23.6). Set

(33.11) J={i€I(e,) ; OB; meets D}.
We want to control the size of J. First recall from (23.3) that
(33.12) the disks B} = B (z;,107%¢,) are disjoint.

Also, each disk B; is centered on G°, and so
(33.13) H'(GNB)) > C ey,
because G is locally Ahlfors-regular. [See (13.4).] Then
(33.14) H'(T(n)ND) < H'(8H (e,)ND) < Y H'(8B;) < 2m Y 7
ieJ i€
<dmen(#J) < CY H'(GNB]) < CHY(GN2D) < Cp
i€J
because 7; < 2e,, by (33.13) and (33.12), because all B] are contained in 2D (by

(33.11) and because €, < p), and by the upper bound in the local Ahlfors-regularity
of G. [See (13.4).] The lemma follows. O
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For each n denote by z, : S' — I'(n) a parameterization of the Jordan curve
I'(n) with constant speed. Chose z, so that it “preserves the trigonometric sense”,
by which we mean that z,(t) turns around the bounded component of R? \ I'(n)
counterclockwise when ¢ € S! turns around the unit disk counterclockwise, or that z,
has index 1 with respect to every point of that bounded component. By (33.8),

(33.15) 2y, is C-Lipschitz

with a constant that does not depend on n. Modulo replacing {6, }, {e»}, and {2z}
with subsequences, we can assume that

(33.16) {2z} converges uniformly on S! to some Lipschitz function z.
From (33.5) we easily deduce that z (S') C Go. Set
(33.17) R={teS'; z(t) is a regular point of G} .

Lemma 33.18. — R is a dense open subset of S' and H' (S' \ R) =0.

It is clear that R is open, since

(33.19) R' = {z € Gy ; z is a regular point of G}
is itself open in Go, and R = z~}(R’). By Proposition 13.11,
(33.20) H'(Goy~R)=0.

We want to transfer this to the circle. Let 7 > 0 be small. By (33.20), we can
cover Go \ R’ by disks Dy = B (ys, pe), £ € L, with

(33.21) <
LeL

Since Go \ R’ is compact, we can assume that L is finite. Set p = Min{py ; £ € L}.
For all n such that €, < p, set

(33.22) E! ={y€T(n); dist(y,Go ~ R') < p}.
Then
E, < |J B®Wepe+p) C | 2Dy,
teL teL
and so
(33.23) HY(E,) <Y H'(T(n)n2D) < C>  pe < O7
teL teL
by Lemma 33.9 and (33.21). Next set
(33.24) E, ={teS"; dist (zn(t),Go ~ R') < p} = 2, (EL,)

Then H! (E,) < Ct, because z, is a parameterization of I'(n) at constant speed, and
by (33.8). If n is also so large that ||z, — z||, < p, then SN\ R =271 (Go \ R') is
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contained in E,. This proves that H! (S! \ R) < Cr. Lemma 33.18 follows, since 7
was arbitrary. O

We shall need to know more about z near regular points.

Lemma 33.25. — For each x € R’', there are exactly two points t1,ty € S' such that
z (tz) =.

Recall that R’ is the set of points z € Gy that are regular for G. The lemma should
not be a surprise; we expect our tour of Gy to visit  twice, one time for each access
region to x.

For each x € R/, choose a small radius r(z) such that B(z,2r(z)) is a disk of
regularity, and denote by Q4 (z) and Q2(z) the two components of B(z, 2r(z)) \ G.

Choose points y;(z), ¢ = 1,2, in the middle of Q;(x). Since Q is assumed to be
connected, Q;(x) is contained in the unbounded component of R? \ G (the set Q) in

Lemma 23.18 and (23.22)). Hence (23.22) says that y;(z) € U (e,) for n large enough.
This implies that for n large,

(33.26) yi(z) lies in the unbounded component of R? \ T'(n).
See for instance (23.12).

Because G N B(z,2r(z)) is a fairly flat C'-curve that crosses B(z, 2r(z)), we have
a very good idea of what the set H (g,,) in (23.6) looks like inside that disk. Set
B(z) = B(z,r(z)). For n large enough, 0H (e,) N B(z) is the union of two slightly
corrugated curves I'}(z) and I'§(x) that roughly follow G° N B(z) = G N B(z), one
on each side, as in Figure 33.1.

_____

W
, G
M
’
R 1C B

T,

0

FIGURE 33.1

Since I'(n) C 0H (e,) (by (23.9)), and on the other hand I'(n) separates Gy from
y1(z) and y2(z) for n large (by (33.26)), we get that for n large,

(33.27) ['(n) N B(z) = 0H (e,) N B(z) =TT (z) UT5(z).
Because of this,

(33.28) {teS'; zu(t) € B(z)} = IT'(z) U I3 (x),
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where the sets
(33.29) IM) = 27 (07(a))
are disjoint intervals. From (33.8) and the fact that 2, runs along I'(n) with constant
speed, we deduce that
(33.30) C~r(z) < |IP(2)| < Cr(=),
and also that
(33.31) dist (I7(z), I3 (z)) > C~r(2),
because there are portions of I'(n) N B(z, 2r(z)) \ B(z) of lengths > r(z) that z, has
to go through between I7*(z) and IF(z).
For n large enough, I'?'(z) passes at distance < 3¢, from z. Hence we can find
t?(z) € I™(z) such that
(33.32) |2 (t7 (2)) — z| < 3en.
Extract a subsequence (that may depend on z) such that (after extraction) the
t?(z) converge to limits ¢; = t;(z). Then
(33.33) z (ti(z)) = =,
by (33.32), the uniform convergence (33.16), and the uniform Lipschitz estimate
(33.15). Note that t1(z) # t2(z), and even
(33.34) [t1(z) — to(z)| = C~1r(x),
by (33.31).

To complete our proof of Lemma 33.25, we still need to check that z~!(x) has at
most two points. Suppose that sq, sz, 53, € S' are such that 2 (s;) = z. Since 2y, (s;)
tends to x, we get that s; € I (x) UIF(x) for n large. [See (33.28).] In particular, two
of the s; lie in the same I;(z), and so they lie at distance < |I7*(z)| < Cr(z) from each
other (by (33.30)). Since we could have made this argument with any small value of
r(z), two of the s; must be equal. Lemma 33.25 follows. O

We shall need even more notation. For all z € R/, choose r(z) as above, and let
t1(z) and t2(z) be the two points given by Lemma 33.25. These are also the points
that we constructed in the proof of that lemma. Denote by [;(z), i = 1,2, the interval
of S! centered at t;(z) and with length C; 'r(z), where we choose C; so large that

(33.35) dist (I1(z), I(z)) > C; *r(x)
(which is easy to get, by (33.34)) and
(33.36) z(Ii(z)) € B(z,r(z)/2),

which we can arrange because z (¢;(z)) = = and z is Lipschitz.

SOCIETE MATHEMATIQUE DE FRANCE 2001



190 33. OUR TOUR OF Gop

Let us check that for n large enough,
(33.37) zn(t) € Qi(x) N B(z) for t € I;(z),

where B(z) = B(z,r(z)) as before, and maybe after exchanging the names of Q;(z)
and Qz(z) (the two components of 2B(z) \ G) or, equivalently, the names of t1(z)
and t2(z).

The fact that 2, (I;(z)) C B(z) for n large is an easy consequence of (33.36) and
the uniform convergence in (33.16).

To prove that z, (I;(z)) stays in the same component Q;(x) for n large, we use
the uniform convergence (33.16) and the fact that all 2, were chosen to turn around
Gy in the same (counterclockwise) direction. For instance, in the situation of Figure
33.1, we must run along I'?(z) from right to left and along I'3 () from left to right. If
m and n are so large that |zm, — 2,| < 1072r(z), say, zm (I1(z)) and 2, (I1(x)) must
lie in the same Q;(x). This proves our claim (33.37).

Next we want to transfer our notations to the circle. For each t € R (see the
definition (33.17)), set r, = r(2(t)), where r(z(t)) is as above. Then B (z(t),2r;) is
a disk of regularity for G. Define Q;(z(t)) and Q2(z(t)) as above, and choose the
indices so that (33.37) holds with t1(z) = t. Then set t* = t2(z), Q& = Qu1(2(2)),
QF = Qa(2(t)), It = I1(2(t)), and I} = I(2(t)).

Thus t* # t, z (t*) = 2(t), I; and I} are intervals of length C; *r; centered at ¢t and
t* respectively,

(33.38) dist (I, I}) > Cy vy,

(33.39) z (1) and z (I}) are contained in Go N B (2(t),7¢/2)
and, for n large enough,

(33.40) zZn (It) C Qe N B (2(t), 1)

and

(33.41) zn (I) C QN B (2(t),14) -

For t € R, denote by A; the line segment of length r; that starts at z(¢), is
perpendicular to G at that point, and lies in Q; except for its endpoint z(t). See
Figure 33.2.

Note that for n large,
(33.42) I'(n) N A¢ has exactly one point.

This follows from our good description of I'(n) near z(t); see near (33.27) and Figure
33.1. Thus we can define s, € S! by

(33.43) Zn (8n) € Ay,
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2 “s L 9B(x(1), 2r,)
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FIGURE 33.2
and then
(33.44) lim 2z, (sn) = 2(t),
n—0oo
by (33.5) (or our nice description of I'(n) near z(¢)). Let us check that
(33.45) lim s, =t.
n—oo

Suppose this fails. Then we can extract a subsequence for which nlergo Sp =8 #t.
Then 2(s) = z(t), by (33.44), the convergence of z,(s) to 2(s), and the fact that
Zn (Sn) — 2n(s) tends to 0 by the uniform Lipschitz bound in (33.15). Thus s = t*
by Lemma 33.25, and hence s, € I for n large. By (33.41), 2z, (sn) € Qf, which
obviously contradicts (33.43). This proves our claim.

We now have enough general information on our tour of Gy (i.e., the mapping z).
In the next section we shall use z to study the variations of (the boundary values of)
v along Gy.

34. Variations of v along our tour of Gy

We continue with the notations and assumptions of the previous section. In par-
ticular, Go is a bounded component of G, not reduced to a point, and z : S — Gy
is the (essentially 2-to-1) parameterization of Go constructed in Section 33. Here we
shall also use our assumptions of Section 32, because we want to apply Lemma 32.18.

Recall from (33.17) that

(34.1) R = {t€S"; z(t) is a regular point of G} .
By lemma 14.1 and the definitions before (33.38),
(34.2) v has a C! extension to Q; N B (2(t), 7).
Thus we can set
(34.3) u(t) = zli)rzr(lt v(z) for t € R.
z2€Q,
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Lemma 34.4. — The function u has a (unique) continuous extension to S. It is even
Héilder-continuous with exponent 1/2.

Note that since R is dense in S! (by Lemma 33.18), our extension is necessarily
unique (if it exists). Thus it will be enough prove that

(34.5) lu(t) — u(t')| < C |t —t'|'/* for t,t’ € R,

with a constant C' that may depend on Gjp.

Let t,t' € R be given, with t # t. For n large, let s, € S! be defined by (33.43),
and similarly define s/, € S! by 2, (s},) € Ay. Then
(34.6) lim s,=t and lim s, =t

n—+00 n——+00

by (33.45). Denote by -, the shortest arc of I'(n) between 2y, (s,) and 2z, (s),). Then
(34.7) diamvy, < C|t' — t| for n large,

by (34.6) and the uniform Lipschitz estimate (33.15). Also, 7, does not meet G, by
(33.7). Let us verify that we can apply Lemma 21.3 here. We have checked earlier
that v (and even f = v+iw) satisfies the requirement (21.1); see (25.22), (25.23), and
the sentence that follows. Also, z = 2z, (s,) and y = 2, (s),) lie in a same component
of B\ G for some disk B of radius o = C |t — t|, by (34.7) and because v, NG = &,
this takes care of (21.2). The case when ry > 1 is not a serious problem because we
can cut 7y, into boundedly many pieces with diameters < 1; anyway we shall not care
about how the constant C in (34.5) depends on Gy. Altogether we can apply Lemma
21.3 and we get that

(34.8) [0 (2n (30)) — v (2 (L)) < C |t/ —t]/2,

with a constant C that does not depend on ¢,¢ and n.

Note that z,(s,) lies in Q; by definition, and tends to z(t) by (33.44). Then
v (2n (8n)) tends to u(t), by (34.3). Similarly v (2, (s,)) tends to u(t’), and (34.5)
follows from (34.8). This proves Lemma 34.4. O

Since the extension is unique, we can safely denote it by u as well. Here is the
main result of this section.

Proposition 34.9. — There is a decomposition S = ITUI~ into intervals with disjoint
interiors, so that

(34.10) u is strictly increasing on I,
and
(34.11) u is strictly decreasing on I™.
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Note that in (34.10) and (34.11), we use the order on I* that comes from the
trigonometric sense on S!'. Also, I* cannot be empty or reduced to one point, by
(34.10), (34.11), and the continuity of u.

To prove the proposition, we shall try to focus on the dense set R as much as we
can, to avoid complications with the parts of G that we do not control well. The
general idea will be that we can approach Gy with nearby level lines I',, where we
control the variations of v by Lemma 32.18. See Figure 34.1.
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FIGURE 34.1. The set Go and three level sets I', (including the central
one which contains Gp). The arrows indicate the variations of v.

We start with a local description, essentially on R.
Lemma 34.12. — For almost all t € S, u is differentiable at t and u'(t) # 0.

Since H! (S* \ R) = 0 by Lemma 33.18, it will be enough to consider points of R.
Let us first check that for each t € R,
(34.13) Vu(z) # 0 for H'-almost every € G N B (2(t),7:),
where Vu(z) denotes the continuous extension of Vv to Q; N B (2(t),r:) given by
(34.2). To prove this, we use the following classical result of F. and M. Riesz. [See
for instance Corollary 4.2 p.65 in [Gal.]

Lemma 34.14. — If the continuous function f : B(0,1) — C is holomorphic on
B(0,1), and if f(z) = 0 on a subset of positive H'-measure of dB(0,1), then f = 0.

The same result is easily seen to be valid on any simply connected bounded domain
of class C'*¢, & > 0, because we can compose with a conformal mapping. This uses
the fact that the conformal mappings from the unit disk to the given domain have
C! extensions to the closed disk, with a derivative that does not vanish on the circle.

See for instance Theorem 3.5 on page 48 of [Po].
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In the present situation we apply (the analogue of) Lemma 34.14 to the derivative
of v+ iw on a smooth subdomain of §2; whose boundary contains GN B (2(t), ;). We
do not get into trouble because of regularity, because G N B (2(t), 2r;) is in fact C1*¢
for all € < 1. See for instance Sections 6 and 7 of [Bo] for a stronger result.

Thus if (34.13) fails, we get that Vo = 0 on our smooth subdomain of €, hence
on the whole Q because we are currently assuming that  is connected. In general,
this would be enough to give a complete description of (v, G), as in Section 18. Here
we even assumed that (32.5) holds, and we get a contradiction. This proves (34.13).

Denote by dv/0T the tangential derivative along G of our extension of v. For the
moment, the precise sign of dv/97 will not matter, so we don’t need to orient G near
z(t). We have that
(34.15) %(m) # 0 as soon as Vu(z) # 0
(hence, almost-everywhere on G N B (2(t), r¢)), because v satisfies the Neumann con-
dition dv/dn = 0 on G N B (2(t),r).

We are now ready to prove Lemma 34.12. As was mentioned before, we may restrict
our attention to R, because H' (S \ R) = 0. For each ¢t € R, let I, be the small
interval centered at t¢ introduced before (33.38). Since R is a countable union of such
intervals I, it is enough to show that for all t € R,

(34.16) u'(s) exists and u’(s) # 0 for almost every s € I;.

From (33.40) and our description of the curves I'(n) in B (2(¢), r;) we easily deduce
that the restriction of z to I; is bilipschitz. In particular, it preserves sets of measure
0, and also

(34.17) 2'(s) # 0 for all s € I; such that 2/(s) exists.
For almost every s € I}, 2’(s) exists and so u/(s) exists also. Moreover, v/(t) # 0 as

soon as Vv(z(t)) # 0 (by (34.15) and (34.17)). This happens almost everywhere on
I, by (34.13), (33.39), and because the restriction of z to I; preserves sets of measure

0. This completes our proof of (34.16), and Lemma 34.12 follows. a
Set
(34.18) R* ={te R; +u'(t) > 0},

where our condition +u’(¢t) > 0 is meant to contain the differentiability of v at t, and
we identify S! with the torus to talk about the sign of u'(t).

Let mgo denote the constant value of w on Gy. We claim that for all t € R* we can
find a positive radius r; < ¢ such that

(34.19) + (w(z) —mo) < 0 for x € Q: N B (2(t), 1) .

Indeed Ov/07(2(t)) # 0 because u'(t) # 0 (and z is Lipschitz), and then
+0w/0n(z(t)) < 0, with a unit normal pointing towards Q;, because +u’(t) > 0, w is
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conjugated to v, and because all I'(n) were set to turn around Gy counterclockwise.
Then (34.19) holds, with a suitably small choice of r}, because Vw is continuous on
QN B (z(t), 7).

We shall later need to know that
{if t € R*, there is a neighborhood V of ¢ in S!

(34.20)
such that s € R* for almost all s € V,

where of course the point is that the set R* is the same for all s as the one for ¢.
To see this, note that £0v/d7(z(t)) > 0, if we choose the orientation of G near z(t)
correctly. Then £0v/97(2(s)) > 0 in a small neighborhood V' of ¢, because dv/9T is
continuous near 2(t). Then +u'(s) > 0 for all s € V such that 2/(s) exists, because
z preserves the orientation near ¢ (with our choice of orientation on G). Our claim
(34.20) follows.

Our sets R* are nice, because we have a good control of v on them, and
(34.21) H' ('~ (RtUR7)) =0,
by Lemma 34.12. However we cannot prove easily that they are both nonempty, and
so we introduce the slightly larger sets
(34.22) S* = {t € S' ; there is a sequence {s,} in S’ that converges to t and

such that + (w (zn (8n)) —mo) < 0 for infinitely many values of n}.
Let us check that
(34.23) R* C 5%

If t € R* and n is large enough, we can find s, € S' such that 2z, (s,) € A
(as in (33.43)). Then 2z, (s,) € Q: N B(2(t),r;) for n large (by (33.44)), and so
+ (w (2n (sn)) —mo) < 0 (by (34.19)). Since s, tends to t by (33.45), t € S* as
needed.

Lemma 34.24. — S¥ is not empty.

To prove this, it is enough to check that for all n
(34.25) inf {w(z) ; z€T'(n)} < mo <sup{w(z); z€T'(n)}.

Indeed (34.25) allows us to find s& € S! such that & (w (2, (s,)) — mo) < 0, and then
we can find a subsequence {ny} for which {s£ } converges to some limit t*. Then
t* € S*, as we can see by keeping the values s,jfk on our subsequence, and choosing

s, = t* for all other integers.

So it is enough to check (34.25). Suppose for instance that the first inequality fails,
so that w(z) > mg on I'(n). Choose m such that mg < m < inf {w(z2) ; 2 € ['(n)}.
Then the connected component of R? \ I',,, that contains Gy cannot meet I'(n) (be-
cause w(z) < m on that component), hence is contained in the bounded component
of R \ I'(n). This is impossible, by Proposition 30.1.
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The proof of the second inequality in (34.25) is similar. Lemma 34.24 follows. O

Now we come to the place where we shall use level lines and Lemma 32.18.

Lemma 34.26. — Suppose to € S~ and ty,t2,t3 € RT are such that

(34.27) to <ty <ty <tz <tyin S
Then
(34.28) u(t1) Su(te) <u(ts) oru(ts) <ul(tz) <u(ty).

By (34.27), we mean that when we start from ¢y and run along S' in the trigono-
metric direction, we hit ¢; first, then t5, then t3, before hitting ¢y again after one turn.
In particular, the points t; are all distinct.

To prove the lemma, we shall proceed by contradiction and assume that (34.28)
does not hold. Thus

(34.29)  wu(tg) lies out of the closed interval with extremities u (¢1) and u (t3) .

Set z; = 2 (t;) and A; = Ay, for 0 < 7 < 3. Also set
(34.30) A: = A; N B(z;,r),
where r is chosen so small that

(34.31) the disks B (z;,2r), 0 < i< 3, are disjoint,

(34.32) v (25) lies out of the closed interval with endpoints v (z7) and v (25)

for all choices of points z; € A;,1 < < 3,
and also that r < 7y, for 1 <4 < 3, where 74, is as in (34.19). The second property
is easy to obtain, by its analogue (34.29) and by (34.3). The last condition r; < 7,
implies that
(34.33) w(z) < mp on A U A UAS,
by (34.19) and because t; € Rt for 1 <14 < 3.

Now we want to choose a level set I'y,, m < mg, that passes close to the z;, i > 1.
Since w is continuous and w(z) < mg on AL, i > 1, w takes on A} all values of m < myg
that are close enough to mg. Hence

(34.34) [',, meets all A}, 1< <3,

as soon as m < my is large enough. We choose m like this, but also such that
(34.35) I',, is a simple rectifiable curve through oo,

and

(34.36) v has continuous extension to QU T'y,, which is strictly monotone on I'y,.

Lemma 32.18 tells us that this is possible.
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Denote by z},i = 1,2, 3, the point of A; NIy, that is closest to z;. Thus
(34.37) [2i, z) does not meet I'p,.

Let us now construct a simple arc v from 2; to 23. Let 4’ denote the arc of T',,
between z{ and z5. This makes sense because of (34.35). Our arc v starts from 2z,
follows the segment (21, 1] up to 2}, then follows 4’ up to 23, and finally follows [25, 23]
up to z3. It is easy to see that ~y is simple, but we shall not really need this fact. Also
note that

(34.38) w(z) < mg on v~ {z1,23},

by (34.33) and because w(z) = m < mg on ¥y’ C I'p,.

We also want to construct an arc 7, that almost connects zg to 22, and that does
not meet 7. The way we shall eventually get a contradiction is by showing that o
must meet 7, for topological reasons connected to (34.27).

First we want to choose a curve I'(n) very close to Gp. Recall from (33.42) that
for n large enough, I'(n) N A; has exactly one point y;. By (33.44), y; is as close to z;
as we want (provided that n is large). Thus, for n large,

(34.39) yi € (2,7]) for 1 <1< 3.

Denote by s; = s,,; the point of S! such that y; = 2, (s;). Then s; tends to t; (by
(33.45)), and so (34.27) yields

(34.40) to < 81 < 83 < 83 < ty in Sl

for n large.

Note that Gy is compact and does not meet I, (because w(z) = mg on Go, and
m < mg). Hence dist (Go,I'y,) > 0, I'y, does not meet I'(n) for n large (by (33.5)),
and even

(34.41) I',, lies in the unbounded component of R? \ T'(n),

because I';, is connected and unbounded.

Now denote by &, the point &, = 2, (s,) associated to tg € S~ as in the definition
(34.22) of S=. Thus N = {n ; w(&,) > my} is infinite, and s,, tends to ty. We choose
n € N so large that (34.39)-(34.41) hold, and also

(34.42) Sp < 81 < 83 < 83 < Sp on St.

Our argument will be simpler if we modify slightly I'(n) near &,. Recall from (33.7)
that I'(n) does not meet G, and so &, € Q. Also, w cannot be constant near &,; this
is forbidden by our hypotheses (32.1) and (32.5), for instance. By the maximum
principle, we can find points &), € Q such that w (£},) > w (£,), and that are as close
to &, as we want. Set m; = w (£,). Since we can always replace £/, with any point of
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[én, &), we have a continuum of values of m; to choose from. We decide to choose &/,
so that

(34.43) Iy, is a simple rectifiable curve through oo.
This is possible because of Lemma 32.18, even with the constraint that £/, be very
close to &, that will show up soon.

Note that

(34.44) m1 > w () = mo

because we took n € N.

Let us deform our parameterization z, of I'(n) in a small neighborhood of s, so
as to get a mapping z,, such that z/, (s,) = &,,. Since we can choose £/, very close to
&n, we can do this deformation without altering the main properties of 2z, and I'(n).
Let us require in particular that

(34.45) I'=2] (S') is a simple, piecewise C' Jordan curve,
(34.46) T',, lies in the unbounded component of R?> \ T’
(as in (34.41)),

(34.47) G lies in the bounded component of R? \ T,
(34.48) TNA; = {y)} fori=1,2,3,

and

(34.49) £ <y1<ya<yz<E&, onl,

which we can get because of (34.42). [Recall from just after (34.39) that y; = z,(s;)
for i > 1)

We are almost ready to construct our second curve 7. First choose a radius R so
large that

(34.50) GoUT(n)uT U~ C Bg.

Denote by v the arc of ', that goes from zj (our first point of I'y, N Aj) to oo,
without meeting /. This arc ~, exists, because (34.32) and (34.36) tell us that 25 lies
outside of the closed arc of I';, between 2] and z3, and this arc is precisely .

Our arc 7o is constructed as follows. [Also see Figure 34.2.] First we leave from
& € 'y, , and follow any branch of T'y,, \ {£,} until we hit 0Bpg for the first time.
Then we follow OBg (in any direction), until we hit vy for the first time. After this
we follow 7 back to the point 25, and finally we follow the segment A5 up to the
point y2 where we stop. Note that 7 and both branches of I'y,, \ {{/,} meet 0Bg,
by (34.50) and because they are unbounded. Let us check that

(34.51) ~o does not meet .
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First, I';,, does not meet +y, because w(z) < mo on v (by (34.38)) and w(z) > mg
on I'y,, (by (34.44)). Next OBg does not meet 7, by (34.50). Our curve 7, does
not meet v’ by definition, and it does not meet the other pieces [z;,2]), ¢ = 1,3, of
7, by (34.37) and because vy, C I'y,. Hence v, does not meet v. We are left with
the segment (25, y2], which does not meet v’ by (34.37) and does not meet the other
[2i, 2) by (34.31) and (34.30). This proves (34.51).

Let us check also that
(34.52) Yo is simple.

The arc of I';,, that starts o is simple by (34.43), it does not meet 0Bg (except at
its end) by definition; it does not meet 7} either, because vy C I'y, and m < m; (by
(34.44)), and it does not meet [yz, 25) by (34.33) and (34.44). So our arc of I'y,, does
not meet the rest of o, and (34.52) follows from the construction of the rest of ~o.

The situation at this point looks quite promising (in terms of getting the desired
contradiction). The curves 7o and v do not meet, but yet it seems from (34.49) that
they should. [See Figure 34.2]. We want to get our contradiction from the following
lemma.

FIGURE 34.2. It looks like 7o should meet ~.

Lemma 34.53. — Ifyo <y1 <y2 <ys <yo inL, v is a simple arc from yo to y2, 1
is a simple arc from y; to ys, and both arcs g, y1 lie in the unbounded component of
R2 <\ T except for their extremities y;, then vo meets 1.

To prove the lemma, we can use a conformal mapping from the unit disk to the
outside of I" (including co) to reduce to the following.

Lemma 34.54. — Iftg <t <ty <t3 <ty inS!, ny is a simple arc from ty to ty, M
is a simple arc from t1 to ts3, and both arcs are contained in B(0,1) except for their
endpoints, then no meets 1.
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We leave the proof of Lemma 34.54 to the reader (see Figure 34.3). Note that the
fact that our curves are simple is not needed, but allows a “simple” proof with the
Jordan curve theorem. This completes our discussion of the proof of Lemma 34.53. O

I3

I )
Yo ‘
h

Fi1GURE 34.3. The situations of Lemmas 34.53 and 34.54.

Let us return to the proof of Lemma 34.26. As Figure 34.2 suggests, we are not yet
in position to apply Lemma 34.53, because the curve I';,,, may cross I" a few times.
To fix this problem, set X = v, NI and

(34.55) Xt={zeX;z<y1<y2<ys<zonl}.

Note that &, € X, by (34.49). The last point of X (when we go along 7, starting
from ¢])) is clearly y,. Call ¢ the previous one. [It exists, because o does not meet
I" between 24 and y2 (by (34.48)), X is closed, and &/, € X]. Thus ¢ is the first point
of I' \ {y2} that we meet when we run along ~ backwards.

We have just seen that zo & (y2, 23], (34.46) tells us that 2o cannot lie on vy C 'y,
and (34.50) prevents zo from lying on Bg. Thus zg lies on the arc of T',,, that starts
Yo

First suppose that zo € X*. Call v{ the arc of o between zo and ys. Then
Y4 ~ {xo,y2} does not meet I' (by definition of o), and it is even contained in the
unbounded component of R? \ T' (call it Q,), because it contains a piece of OBg.
Also denote by +" the arc of v between y; and y3. Then 4" \ {y1,y3} lies in Qoo by
(34.48) and (34.46). Since zo € X, we can apply Lemma 34.53 and we get that
meets v"’. This obvious contradiction with (34.51) settles our first case.

So we may assume that 2o € X~ = X \ X*. Denote by 7o the arc of 7y between
& and zo. We already know that 7o is a sub-arc of I'y,,. Hence 79 does not contain
any y;, 1 <4 < 3, by (34.44) and (34.33). Hence dist (X N o, {y1,y2,y3}) > 0, and
the sets o N X+ and ng N X~ are both closed (because they are the intersections of
1o N X with the two components of T' \ {y1,ys3}).

Since &/, € X+ and no N X is closed, there is a last point z; € Xt when we run
along 79 from £, to zo. Note that z; # x, because o € X~. Since in addition
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10 N X~ is closed, there is a first point z2 of g N X~ after z;. Note that x5 is also
the first point of 7y N X after 1, by definition of x;.

Denote by 1 the arc of ny between z; and z2. Then
(34.56) 1 meets I' only at its endpoints,
by what was just said. Also,

(34.57) 7 is simple
by (34.43) or (34.52), and
(34.58) T <y <x2<ys<zyonl,

because z1 € Xt and 25 € X .

The easiest subcase now is when
(34.59) n~ {z1,Z2} C Qoo,

where Q. still denotes the unbounded component of RZ\.T". In this case we can apply
Lemma 34.53 to the curves 7 (from z; to z2) and v” (the sub-arc of y from y; to ys).
As was observed before, ¥’ \ {y1,¥3} C Qoo, by (34.46), (34.48), the connectedness
of 7, and the fact that it contains some points of v/ C T',. So (34.58) allows us to
apply Lemma 34.53, and we get that " meets 5. This is impossible, because n C 7o
and by (34.51).

In view of (34.56) the only case left when (34.59) fails is when
(34.60) n~A{z1, T2} C O,

where €, denotes the bounded component of R? \. T. In this case we want to use the
same sort of argument, but with arcs in €. Thus we want to connect y; and y3 by
an arc in O [See Figure 34.4.]

X1 Y3

=

N
FIGURE 34.4

Let 74 be a simple arc in Gy that connects z; to z3. Such an arc exists, by Lemma
19.14. Let 2 be the simple curve that starts from y;, follows [y1, 21], runs along ~}

SOCIETE MATHEMATIQUE DE FRANCE 2001



202 34. VARIATIONS OF v ALONG OUR TOUR OF Gqo

up to 23, and then follows [23,ys] up to y3. The two segments [2;,y;) do not meet I'
(by (34.48)), and neither does Gy (by (34.47)). Thus

(34.61) Y2~ A{y1,y3} C

(by (34.47) again). From (34.58) (34.60), (34.61), and the analogue for 2} of Lemma
34.54, we get that n meets v. But this is impossible, because w(z) = m; on 75
(because n C mo C ', ), w(z) < mo on 72 (by (34.33) and because w(z) = mo on
Go), and by (34.44). This contradiction in our last subcase completes the proof of
Lemma 34.26. O

Lemma 34.62. — Ifto € S~ and t1,t3 € RT are such that to < t; < t3 < to in S,
then u (t1) < u(ts).

This looks like a substantial improvement over Lemma 34.26, but the hard work is
done. Because of (34.20), there is a neighborhood V of ¢; in S! such that t € R for
almost all t € V. We choose t € Rt just a little past ¢;, so that

(34.63) to <t1 <t<ts<tpinSt,

and also so close to t; that

(34.64) w(t) > u(t1).

This is possible, because v’ (t1) > 0 by definition of RT (see (34.18)).

Let us apply Lemma 34.26 to our four points. We get that u(t) lies between u (1)
and u (t3) (with possible equalities), and the only option compatible with (34.64) is
that u (t1) < u(t) < u (t3). This proves the lemma. O

Lemma 34.65. — Iftg < t, <ty <tz <ty inS', we cannot have that to,t2 € S~ and
t1,t3 € RT.

Indeed, if we apply Lemma 34.62 with to < 1 < t3 < to, we get that u (t1) < u (¢3),
while if we apply it with to < t3 <t < t2, we get that u (t3) < u(t1). O

Denote by I* the closure of R* in S'. We know from (34.21) that I* U I~ = S!,
because R U R~ is dense.

First we want to get rid of the case when R~ = @&. Pick to ty € S7; this is possible,
by Lemma 34.24. Set J = S! \ {to}; J is an interval, and Lemma 34.62 tells us that
the restriction of u to RT N J is strictly increasing. Since R* is dense in J because
R~ = @, we also get that the restriction of u to J is strictly increasing. [Recall from
Lemma 34.4 that u is continuous.] This is impossible, because u is also continuous at
to.

The case when R = & is also impossible, by the same argument (involving sym-
metric versions of Lemmas 34.26 and 34.62).
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Fix points t_ € R~ and t; € R*. For each t € R*, t # t,, denote by J(t) the
connected component of St \ {t,¢,} that does not contain ¢t_. We claim that

(34.66) JE)NR™ =@ forallt € RT ~ {t;}.

Indeed R~ C S~ by (34.23), and then lemma 34.65 tells us that for all s € R~ \ {t_},

the two points s and ¢_ lie in the same component of S \ {t, ¢, }. This proves (34.66).
From (34.66) we deduce that

(34.67) JA)NI~- =g forte R {t.},

because J(t) is open and I~ is the closure of R~. Then J(t) C I'*, since S = [TUI~.

Thus every point of BT can be connected to ¢t by an arc in IT, It is connected,
and hence It is either a closed interval or the whole S!.

To exclude the last possibility, notice that since t— € R™, (34.20) gives a small
open interval V centered at t_ and which is H!-almost entirely contained in R~.
Then V C I~ and V does not meet any J(t), t € R* \ {t;}, by (34.67). Since V is
open, we get that VNIt =@ and I+ # S

Of course I~ is also an interval which does not get too close to t4 (for the same

reasons as for I'*), and I~ does not meet the interior of I, because it does not meet
any of the J(t),t € RT \ {t+} (by (34.67)).

To complete our proof of Proposition 34.9, we still need to check (34.10) and (34.11).
However (34.10) is an easy consequence of Lemma 34.62 (applied with ¢t = t_), the
density of Rt in I'", and the continuity of u. The verification of (34.11) would be
similar.

This completes our proof of Proposition 34.9. O

35. The monotonicity formula

The goal of this section is to prove a monotonicity formula similar to the one in
[Bo], and which will be used later to find lots of low energy points in G.

We keep the same hypotheses as in Section 32, and even add a new one. Recall
from (32.2) that we assume that G has exactly one unbounded component Goo. We
want to suppose now that

(35.1) G ~\ Gyp is bounded,
so that
(35.2) mo = inf {w(z) ; 2z € G}

is finite. [Recall that w is continuous.] Set

(35.3) Qo = {z € R? ;w(2) <myp}.
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Then € is open, and Qy C Q by definition of mg. For all z € Qo and r > 0, set

(35.4) By (r) = / Vol
T JQonB(z,r)

Proposition 35.5. — For all x € Qg, ®, is nondecreasing on (0, +00).

This is the main result of this section, but we shall also need to know about the cases
when @, is locally constant. Because of this, and even though the proof of Proposition
35.5 is very close to the argument in [Bo], we feel compelled to give a fairly detailed
proof. This is also the reason why we don’t want to derive the proposition from its
analogue on simpler domains 2,,, which would be easier to do.

Fix a point z € €y, and write ®(r) instead of ®,(r) to simplify. By Fubini, p(r) =

r®(r) is the integral of its derivative ¢'(r) = |Vu|?; so @ is differentiable
QoNOB(x,r)
almost-everywhere, its derivative is
1 1
(35.6) @ (r) = —=®(r) + = / |Vol|?
r T JQondB(z,r)

almost-everywhere, and ® is the integral of its derivative. Thus it will be enough to
prove that

(35.7) ®(r) < / [Vu|?
QoNIB(z,r)
for almost every r > 0. Let us integrate by parts a first time to get that
(35.8) o(r) = l/ v@dHl,
T JQondB(z,r) on

where n is the unit normal to 8B(z,r) that points outside of B(z,r). Thus dv/dn
will be the same thing as dv/dr. Let us (even) verify (35.8) by a limiting argument.
Set

(35.9) Qm = {2z €R?; w(z) <m}

for all m < mg. Of course Q,, C Qp C Q, and p is the increasing union of the Q.
Thus

1
(35.10) o(r) = lim — / |Vol?,
m<mg | JQmNB(z,r)
by monotone convergence. Let us also check that
0
(35.11) / v& dH! = lim v dH?
QoNdB(z,r) ON m2mo JQ,.ndB () ON

for almost every r > 0. Certainly (35.11) holds as soon as
(35.12) / lo| | Vo] dH? < +o0,
QoN8B(z,r)

and for (35.7) it is even enough to check that (35.12) holds for almost every r.
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Let us use the fact that H! (G N Bg) < +oo for all R; we get that G N dB(z,r)
is finite for H!-almost all choices of r (by a Fubini-like argument that we used a
few times before). For these values of r, dB(z,r) \ G is composed of finitely many
open intervals I, and on each of them the oscillation of v is at most | ;IVv|. Then

(35.12) holds as soon / |Vo|dH' < +o00. This is the case for almost all r,
8B(z,r)\G
by Cauchy-Schwarz and because / |Vv|? < 400 for all R.
Br~\G

This proves that (35.12), and hence (35.11), hold for almost all » > 0. It was also
possible to avoid the Fubini-like argument, and control the size of v on the potentially
infinite number of components of dB(z,7) ~ G by connecting each of them to a
reasonably large disk in Q. This would use Sections 20 (to connect components to
larger disks) and 21 (to control the values of v).

Because of (35.10) and (35.11), to prove that (35.8) holds for almost every r > 0
(which will be enough), it is enough to check that for almost-every m < my,

(35.13) / [Vu|? =/ v dH".
QmNB(z,r) QnnoB(z,r) ON

By proposition 32.6, we can restrict to the m < mg such that

(35.14) I, = w™!(m) is a rectifiable Jordan curve through oo.

When (35.14) holds, T'y, is even an analytic curve, because for m < mg the level
set I';, is contained in ©Q and w is harmonic on Q. Thus there will be no regularity
problem to integrate by parts. Also, w — m changes signs when we cross I';,, and
since the sign remains constant on each of the two components of R? \ T',,, one of
them must be Q,, and the other one {z ; w(z) > m}. In particular, 8Q,, = I',,. Let
us apply Green’s theorem on Q,, N B(z, 7). We get that

(35.15) / Vo) =/ v dH*,
QmNB(z,r) (QmNB(z,r)) on

because v is harmonic. Notice that dv/On = dw/dr = 0 on I'y,, because w is
conjugated to v and I';, is a level curve for w. Thus the only piece of boundary that
gives a contribution to the right-hand side of (35.15) is ,, NOB(z, r); (35.13) follows.

This completes our verification of (35.8) for almost-every r > 0.
Because of (35.8), it will be enough to prove that
1
(35.16) E / v am < / Vo2 dH!
T JaunoB(z,r) On QoNdB(z,r)
for almost all 7 > 0. (Compare with (35.7)).

To prove (35.16), decompose QoNIB(z, ) into its connected components I, j € J.
Thus I; is an open interval of 0B(z,) (or maybe the whole 0B(z,)).
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Denote by v, and vg the radial and tangential derivatives of v on Qo N dB(z,T).
Then

(35.17) / |Vo|? dH? =/ vde1+/ vg dH*
I; I;

I;

1/2 1/2
:=A2+B222AB=2{/ v,%dHl} {/ vgdHl} .
I; I

J

Now we use a classical result of Wirtinger.

Lemma 35.18. — Let I = [a,b] be an interval, and f a function on I such that f' €
L?(I) and [ f(z)dz = 0. Then

(35.19) /I F(@)2dz < (%)2 /1 (f'(@))? da.

Also, the only functions for which (35.19) is an equality are the multiples of the func-

tion fo(x) = sin [ =) — 7],

See for instance Theorem 2.58 in [HaLiPo).

Denote by o; the mean value of v on I;. If I; is an interval, Lemma 35.18 tells us
that

L)?
(35.20) /1 (v—oy)*dH' < |;—l /I v2 dH.

In the remaining case when I; = 0B(x,r), (35.20) is still true (and could even be
improved), because we can always remove a point from the circle and apply the
lemma to the remaining interval. [This amounts to forgetting a periodicity condition.|
Finally,

(35.21) /1 vr (v —ay) dH' < {/1 V2 dHl}l/z{/Il (v —a;)? dH1}1/2

J J
c{f o) "] )
I; s I
< @/ Vo2 B!
271' Ij

by Cauchy-Schwarz, (35.20), and (35.17).

So far we did not use any specific property of 9, but this will have to happen
when we prove that

(35.22) / vrdH! = 0.
I.

J
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Before we prove (35.22), let us say how to use it to complete our proof. By (35.22),
we can remove ¢ from the left-hand side of (35.21). We get that

!Ij| 2 1
(35.23 / -—dH1 § :/ vevdH' <Y L | |Vu|°dH
) QoNOB(zx,r) an " <7 271' I;

< Zr |Vv|2dH1 - r/ \Vof? dH,
jeJ I; QoNIB(x,r)

because Ov/On = v, by definitions, Qo N OB(z, ) is the disjoint union of the I;, and
by (35.22) and (35.21).

This is the same thing as (35.16). Thus Proposition 35.5 will follow from (35.22).

Now we want to prove (35.22). The argument will use the same sort of ingredients
as for the verification of the coherence of our definition of w in Section 22, and it may
even be that one can be deduced from the other. Let us first check that
(35.24) L= 1G,m

m<mg

where I(j,m) denotes the component of the center of I; (or any given point of I; if
I; = 0B(z,r)) in Q, NOB(x,r). This is easy, because Qp is the increasing union of
the Q,, m < mg, and then every compact subset of I; is contained in ,,, m < mg
sufficiently close to my.

Next we want to show that

(35.25) / v dH' = 0.
1(j,m)

If we can do this, (35.22) will follow at once, provided that [ B(a,r)~G |Vv|dH! <
+0o (so that we can apply Lebesgue’s dominated convergence theorem). Our conver-
gence condition is satisfied for almost all r > 0 (because || BrG |V]? < +oo for all
R), hence it will not disturb.

Also, it will be enough to prove (35.25) for almost-every m < mp. So we may
assume that (35.14) holds.

The easiest case is when I(j,m) = 0B(z,r). In this case I'y, does not meet
0B(z,r); it does not meet B(z,r) either (because it is connected and unbounded).
Then B(z,r) C Q, and

(35.26) / vy dHY = / O g = / Av = 0.
8B(z,r) 8B(z,r) ON B(z,r)

If I(j,m) = 0B(z,r) \ {y} for some y € dB(z,r), then I'y, N dB(z,7) = {y}
and I'y,, does not get inside B(z,r) (by (35.14)). In this case also B(z,r) C Q,, and
(35.25) is proved as in (35.26).

We are left with the case when I(j,m) is an interval of dB(z,r) with distinct
extremities a,b. Then a and b lie on 0Q,, = I'y,. Denote by v(a,b) the arc of Ty,
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between these two points, and by ~ the Jordan arc that we get by completing y(a, b)
by the arc I(j,m). [This is a Jordan curve because I(j,m) C €, does not meet I';, ]
Let Q* denote the bounded component of R? . I'. We claim that

(35.27) QF C Q.

[See Figure 35.1.] Indeed, the two open arcs of I';, that compose I';, \ y(a,b) do
not meet v = 9*, and so they are both contained in the unbounded component of
R? \ v (because they are connected and unbounded). Thus Q* does not meet I',.
Since w(z) < m near I(j,m), we get (35.27).

Now v is harmonic on 2* and Green yields
0
(35.28) 0 :/ Av = " dH! :/ 9 amn,
Q- 1

a0* on (j,m) on
because Ov/On = Ow/dT = 0 on I'y,. This proves (35.25). Proposition 35.5 follows,
as was said before. O

FIGURE 35.1

Now we want to discuss the case when @, is constant on some interval [ry, r2]. The
case when ®,(r) = 0 for any » > 0 is excluded here, because we assume that € is
connected and v is not constant. [See (32.1) and (32.5).]

Lemma 35.29. — If ®, is constant on some interval [ri,73], 2 > 11, then we can find
constants «, 3,00 € R such that
(35.30) G={z- pe'® s p> 0}
and
i0 12 . (8 =00
(35.31) v(z+re”)=a+pr sm(——2—>

for 0 —m < 0 < 6y+7mand 0 < r < +oo. Moreover = i(2<I>/7T)1/2, where ®
denotes the constant value of ®, on [rq1,72].

Suppose that @, is constant on [r1,r2]. Then (35.7) is an equality for almost all
r € (r1,72), and so are all the inequalities that compose (35.23).

Suppose this is the case for r. Then |I;| /2m = r for all the sets I; that give a
nontrivial contribution to the sum in (35.23). Note that there is at least one such

ASTERISQUE 274



35. THE MONOTONICITY FORMULA 209

interval (call it I'), because the right-hand side of (35.23) is positive (by (35.7) and
because ®,(r) > 0). Then |I| = 27r, which means that

(35.32) I={z+re?; p—m<O<by+m},
where 6y = 0p(r) may depend on r, or else I = dB(xz,r). In both cases, I is the only

component of Qo N OB(z,r).

Since the first inequality in (35.23) is an equality, (35.21) (for I; = I) is also an
equality. Since both sides of (35.21) are positive, we can simplify and deduce from
the second inequality that

I 2
(35.33) / (v — o)’ dH' = % / v dH?,
I ™ JI

and both sides of (35.33) are positive. Thus we are in a situation where (35.19) is an
equality. If (35.32) holds, Lemma 35.18 yields that

(35.34) v (z+re?) =a(r)+pB(r) sing—-—gM

Also, B(r) # 0 because both sides of (35.33) are positive.

for Gp(r) —m < 6 < Op(r) + 7.

In the remaining case when I = 9B(z,r), we can apply the same argument and
get (35.34) with any value of §y. This is of course impossible, because 3(r) # 0 and
hence v (z + r€*) has a jump on I C €.

Now we want to see how «a(r), 3(r), and 6y(r) depend on r. Rewrite (35.34) as
(35.35) v (z +re?) = a(r)+B(r) cos(6o(r)/2) sin(8/2) — B(r) sin(fo(r)/2) cos(6/2) ,

which holds for almost every r € (r1,r2) and then 8y(r) — 7 < 8 < 0p(r) + 7.

Let ro € (71,72) be such that Qy meets B (z,7r0). We know from (35.32) that this
is the case for almost all ry € (ry,72). Pick a little disk Dy centered on 9B (z,rq)
and contained in Qy. Then replace our initial interval (ry,r2) with a smaller, but
nontrivial interval such that 0B(z, r) meets 3Dy for all r in the new interval (ry,r2).
For all r € (rq,72) such that (35.35) holds, we can use linear algebra to recover
the coefficients a(r), B(r)cos(6o(r)/2), B(r)sin(6o(r)/2) from the values of v on Dy.
[In fact, a small number of values of § would be enough.] This proves that these
coefficients are (restrictions to a set of full measure of) smooth functions defined for
r € (r1,72). Then (35.35) holds for all r € (r1,rz) (by taking limits), and we can
differentiate in (35.35).

Since (35.21) is an equality, we must also have A% = B2 in (35.17), hence

(35.36) / vZdH! = / vadH' = 1 / |V)? dH?.
I I 2Jr
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Call @ the constant value of ®,(r) on (ry,r2). Since (35.7) is an equality (almost
everywhere),

(35.37) / Vo2 dH! = .
I
On the other hand, a direct computation with (35.35) or (35.34) gives that

(35.38) / vdH' = ZB(r)?,

I 4r
and hence

1/2
(35.39) B(r) ==+ (@> = Br'/?
s

with 8 = £ (2<I>/7r)1/2, as in the statement of Lemma 35.29. Of course the sign is
constant by continuity.

If we differentiate in (35.34) we get that

)

where h(f) is some linear combination of cos((8 — 6y(r))/2) and a constant, with
coefficients that may depend on r. In particular, h is orthogonal to sin ((6 — 6o(7))/2)
and

(35.41) / v2dH' = 7B (r)% + / h(6)?dH! = %3 + / h(6)?dH?,
I I I

by (35.39). When we compare this with (35.36) and (35.37), we get that h(f) = 0,
and then that a(r) and 6y (r) are constant.

(35.40) v (z+7e) =p'(r) sin(

This gives the same description of v as in (35.31), but only for r; < r < r5. The
general case follows easily, because 2 is connected and v is harmonic on Q.

When (13.2) holds, we immediately deduce the description of G in (35.30) from
(35.31), because (v, G) is a reduced minimizer.

When (13.1) holds, this brutal approach only gives that G = Gy U L, where Gy
denotes the half-line in (35.30) and L = (—o0, —1] is as in the definition of our modified
functional. [See Section 11.] However we must have dv/0n = 0 on L, and it is easy
to see that this can only happen when L C Gy. For instance, we can say that L must
be contained in a level set of w (since dw/d7 = 0 on L), and we can check that Gy is
the only level set of w that contains a line segment.

This completes our proof of Lemma 35.29. 0O

Remark 35.42 (on cracktips). — In the situation of Lemma 35.29, we can say a little
more, because many pairs (v, G) defined by (35.30) and (35.31) do not satisfy (13.1)
or (13.2).
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First, (35.30) and (35.31) can only define a global A\-minimizer (v, G) (as in (13.2))
when 3 = £+/2)\/m, which corresponds to ®,(r) = A. This was already observed in
[MuSh]; the point is that when 32 < 2\/m, we can make G a little shorter near  and
save more in length than we have to pay in energy, while when 32 > 2\/m we can
improve (v, G) by making the half-line G a little longer.

The situation for global A-minimizers in R? \ (—00,0] (see Definition 12.41) is
a little different. If G in (35.30) contains (—oo,0] strictly, then we still have the
constraint %2 = 2\/m as above, but if G = (—00,0], the argument suggested above
only gives the constraint 32 < 2)\/7 (because we are not allowed to make G shorter).

The situation for minimizers of the modified functional is similar. If G contains L
strictly, we get the constraint 82 = 2)\/m (where now A = b’ (H*(G \ L)), and when
G = L we only know that 42 < 2\/m. This can be seen directly, or we could use the
fact that blow-ups of (v, G) at the endpoint of L are A-minimizers in R? \ (—o0,0)
(by Proposition 12.42).

Of course the converse to these results, i.e., the fact that we listed all the con-
straints, is much less obvious, or else at least half of this paper is ridiculous.

36. GNOQy contains only regular and spider points

In this section and the next one we want to use the monotonicity formula and blow
up arguments to find lots of regular or spider points in G. We continue with the
hypotheses of the previous section, and even add two. Let us assume that

r—+oo T

1
(36.1) lim inf = / [Vo2 < A,
B(z,r)\G
where \ is as in the definition of a global A-minimizer when (13.2) hold, and X\ =
K (H'(G \ L)) (as usual) when (13.1) holds. Let us also assume that
(36.2) (v,G) is not a “generalized cracktip”,

by which we just mean that we cannot find z € R? and constants «, 3,6y € R such
that (35.30) and (35.31) hold. We use a slightly different name here not to conflict
with the slightly more restrictive definition of cracktips given in Section 1.

Proposition 36.3. — Under the hypotheses above, mo < 0 and every point of G N 0Q
is a reqular or a spider point of G.

See (35.2) for the definition of mg and Section 13 for regular and spider points.

We start with a few easy observations. Let z € Qg be given, and let &, be as in
(35.4). Proposition 35.5 says that ®, is nondecreasing, and so it has limits at 0 and
0o. Then (36.1) tells us that

(36.4) lim ®,(r) < A

r—00
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Set

(36.5) £(x) =}i_rﬂ) Q,(r)
Then (36.4) implies that £(z) < X. Let us check that
(36.6) £(z) < X for all z € Q.

Indeed, if £(x) = A, then ®,(r) is constant and Lemma 35.29 says that (v,G) is a
generalized cracktip. Since (36.2) excludes this case, (36.6) holds.

The main step in our proof will be to prove that ¢(z) = 0 (as in the next lemma).
This will be done in the rest of this section. Then we shall need to worry about the
difference between Q¢ N B(z,r) and B(z,7) \ G in the definition of ®,. This will be
done in Section 37. In both parts of the argument, blow-ups will be useful.

Lemma 36.7. — We have that £(z) = 0 for all x € Qp, except perhaps for x = —1
when (13.1) holds.

The case when (13.1) holds and z = —1 is a little special, and it will be easier to
treat it separately later.

Note that ¢(z) = 0 on  trivially, because Vv is continuous there. Thus we may
restrict to € GN Qo = G N N (since Qo C 2, as we checked just below (35.3).

Fix a point x € G N 9Qy. We shall proceed by contradiction and assume that
£(x) > 0.
Let {t,} be any sequence of positive numbers with

(36.8) lim t, =0.

n—-+00
Later on, {t,} will be associated to a (converging) blow-up sequence {(v,,Gr)} as
in Section 12, but for the moment we want to use the monotonicity formula and our
assumption that £(z) > 0 to study the behavior of v on the circles 9B (z,tnp) for
(almost every) fixed p > 0. Some amount of notation will be useful.

For each p > 0 and n > 0, denote by I(n) the longest component of QoNIB (z, t,p).
[In case of equality, choose a longest one at random.] Set

(36.9) I'(n) = {2 € 8B(0,p) ; thz+z € I(n)}
and
(36.10) fal(2) =t7Y2 v (tnz + ) — a(n))]

for z € I'(n), and where a(n) denotes the mean value of v on I(n). The definition
makes sense because I(n) C Qo C Q.

Lemma 36.11. — For almost every p > 0, we can find a subsequence {tn,} of {tn}
and constants 8(p) and B(p) such that:

(36.12) the compacts sets 8B(0, p) \ I’ (nx) converge to {—e)};
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(36.13)
{fn.} converges to f,uniformly on compact subsets of dB(0, p) \ {—ew(")},

where f is defined by

(36.14) f (pe”®) = B(p) sin(g—_;ﬂ) for 8(p) —m < 0 < B(p) + 7 ;
(36.15) aley? = 2242

The proof of this lemma will take some time. Clearly it will be enough to show
that for all choices of 0 < a < b < 400, almost all p € (a,b) have the property of the
lemma. So we fix a and b as above and restrict our attention to p € (a,b).

Denote by E the set of p € (a,b) such that, for all n > 0, ®,(r) is differentiable at
r = t,p, and the various equalities of Section 35 (that were only proved for almost all
r) hold with 7 = t,p. Of course H! ((a,b) \ E) = 0 and we can restrict our attention
tope E.

From (35.6) and the sentence that follows it, we get that

btn,

(36.16) @ (bt) — B, (aty) = / &' (r)dr

r=aty

bin 1 2 1
=/ —/ |Vou|* = =®4(r) p dr.
atn T JQondB(z,r) r

For all n > 0 and p € (a,b), set

(36.17) o) = [ Vol?
QoNOB(z,tnp)
and
1
(36.18) Bn(p) = By (tnp) = — / |Vol?.
tnp QoNB(z,tnp)
Note that
(36.19) Bn(p) = i/ v i dH!
' " tnP JQondB(z,tnp) ON
for p € E, by (35.8). Also set
(36.20) An(p) = An(p) = Bn(p)-
Then (36.16) and the change of variables pt,, = r yield
b dp
(36.21) B, (bty) — s (atn) = / Bulp) L.
Note that
(36.22) An(p) >0 for p € E,
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by (35.7). Since liI_P @ (btp,) = 11111 ® (atp,) = £(z), (36.21) implies that
n—-4+00 n—-+00

f; An(p)dp/p tends to 0. Modulo extracting a subsequence from {t,} (which does
not disturb for Lemma 36.11), we can assume that

(36.23) / Bul0)%
Let us check that in this case
(36.24) llI}_‘l An(p) =

for almost all p € (a,b). Set
(36.25) Zn={p € (a,b); An(p)>27"}

and Z;, = U,,5, Zm- Then |Zy|,,,, < 27" by Chebychev, and |Z;,,,, < 2-ntl If
(36.24) fails, p € Z,, for infinitely many values of m, and hence p € Z/, for all n. This
proves our claim.

Now we fix p € E such that (36.24) holds and try to get the description of Lemma
36.11. Denote by I, j € J(n), the components of QN OB (z,tnp). Then

I;
(36.26) pz / 2V dH! < 27|Tt| / |Vo|? dH?,

by (36.19) and (35.23). Hence

(36.27) An(p) = / Vol = Ba(p)
QoNB(z,tnp)

22{1—’275"’}/ |Vol® > [1\4];:1{1—-2—75]—11)}] An(p),

by (36.17). Note that

(36.28) An(p) > Ba(p) = B¢ (tp) > £(z) > 0
by (36.22), (36.20), (36.18), (36.5), and our contradiction assumption. Hence the
minimum in (36.27) tends to 0, because A,(p) tends to 0 (by (36.24)).

Recall from just before Lemma 36.11 that I(n) denotes the longest of the I,
j € J(n). Then
) _

n—+oo 2mt, p

Set I*(n) = QN OB (z,tn,p) \ I(n). Thus I*(n) is the union of all the intervals I;,
j € J(n), other that I(n). For n large enough, {1 — |I;| /27 t, p} > 1/2 for all these
I;, and so

(36.30) /1 " Vof? = / Vo[? < 2A0(p),

3 i #I(n)

(36.29)

ASTERISQUE 274



36. G N0 CONTAINS ONLY REGULAR AND SPIDER POINTS 215

by the first inequality in (36.27). Hence

(36.31) lim |Vol? =0,
n—+oo I*(n)
by (36.24).
Next we want to analyze more precisely the contribution of I(n) to (36.26) and
(36.27). First recall from (35.21) and (35.22) that for all j € J(n),

ov ov |Ij| / 9 / 2
) — = —0j) o~ < T Sin
(36.32) / L / (v —ay) T [Vou|” < tnp : |V
IJ IJ J J
(where a; denotes the mean value of v on I;), and hence
ov 2
(36.33) / v=— < tnp/ [Vol|?,
I*(n) on I*(n)
1 17, 1 o
(36.34) Bn(p) = — v g~ W& +/ |Vo)?
tnp Jimyurcn) O tap Jimy O Jpmy-
(by (36.19) and (36.33)), and
1 ov
36.35 An(p) = An(p) — Bn(p 2/ Vol — — v —
(36.35) 0= 40)=Bu)> [ vl [ w

2 _1_ I_I._(n_)l IV'U|2 _/ v @
tnp 2n I(n) I(n) on

by (36.20), (36.17), (36.34), because I*(n) = QoNIB (z,t,p)~I(n), and since |I(n)| <
2mtnp.

Next return to (35.21). Set I = I(n) to save some space and denote by a(n) the
mean value of v on I (as before the statement of Lemma 36.11). Observe that

(36.36) /Iv g% = /1 (v — a(n)) v,

(with the notations of (35.21)), by (35.22). From (35.21) we deduce that
(36.37)

%AWMZ— Ivg—:i 2 {/Ivf}l/z{lﬁil [/Ivg]l/z— [/I (v—a(n))2]1/2},

because the right-hand side of (36.37) is the difference between two consecutive lines
of (35.21). Set

1/2 1/2
= v2 - v —a(n))? .
Then
(36.39) An(p) > H()| / v? 1/25
' " - thp I(n) " i
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by (36.35) and (36.37). We want to deduce from this that &, tends to 0. First note
that

(36.40)
lim / |Vo|? = hm An(p) = lim Byu(p) = hm D, (tnp) = £(z) > 0,
n—-+o00 I(n) n—-+400 n—-+00

by (36.17) and (36.31), (36.24) and (36.20), (36.18), (36.5), and our contradiction
assumption. Since

1 8’0 2
36.41 / Vol® = An(p) < — </ Vv
(36.41) [l a < [ vgi< [
by the first inequality in (36.35) and (36.32), (36.40) and (36.24) imply that
1 Bv
36.42 li —_ ={(z

Set

1/2 1/2
(36.43) an = { / vf} and b, = { / vg} :
I(n) I(n)

When we multiply (35.21) by 1/t,p, both sides tend to £(z) (by (36.42), (35.22),
(36.29), and (36.40)); hence

(36.44) lim apb, =€(—;2

n—-4o00

(look at the second line of (35.21)). On the other hand
(36.45) a2 + b2 = / |Vo|?,
I(n)
which tends to £(z) by (36.40). Hence (a, — b,)? tends to 0, and

(36.46) lim a2 = lim 5 = &)

n—-+oo n-—»+oo 2
We immediately deduce from this, (36.39), (36.24), and (36.29) that
(36.47) lim 6,

n—+o00
[Recall from the definition (36.38) and (35.21) or Lemma 35.18 that §, > 0.]

Let us renormalize all this, and then we shall take limits. Let I'(n) and f, be as
in (36.9) and (36.10). Thus f, has mean value 0 on I’(n), and it is almost optimal
for Lemma 35.18, in the sense that if we denote by f;, its (tangential) derivative,

1/2 1/2
Y _ T 2 —
(36.48) { [, 0 } Teo { L., fn} b
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(by (36.38) and a change of variables), while

. N2 _ f(:l:)
(36.49) Jm [ et=
(by (36.46) and (36.43)).
Let us check that for n large,
(36.50) 0B(0, p) \ I'(n) is not empty.

Otherwise, g(z) = fn(pz) would be smooth on the circle, we could write the Fourier
expansion

(36.51) 9(2) =Y ek 2",
k€EZ

and then

(36.52) lg'llz = 27{: K,

(36.53) lgl3 = 2wZ & <d'l;

because ¢g = 0, so that finally
2 - 2 - -
650 151 =7 101> o7 ol = 72 Al = () 13-

This is not compatible with (36.48) and (36.49) when n is large enough, because dy,,
tends to 0. Our claim (36.50) follows.

For n large, 0B(0, p) \ I'(n) is a nonempty closed interval of 8B(0, p), and (36.29)
tells us that its diameter tends to 0. Thus, modulo extracting a new subsequence,
we may assume that it converges to a point £(p) = —e®®(®) in AB(0, p). This gives
(36.12).

Modulo a third sequence extraction, we can also assume that {f,} converges to a
limit f, uniformly on every compact subset of I’ = B(0, p)~{&(p)}. This comes from
our uniform estimate (36.49) on || f}|l,, and the fact that all f,, have mean value 0.

To complete the proof of Lemma 36.11, we still have to check that f satisfies (36.14)
and (36.15).

First note that || f'||, < (¢(z)/ 2)1/ 2 by (36.49) and Fatou. On the other hand
'] (£(z) \1/2
Il = (52)

because { f,} converges to f uniformly on compact subsets of I, f, is also uniformly
bounded by (36.49) (and the fact that it has mean value 0), and then by (36.48) and
(36.49).

(36.55) Il = lim
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Thus f is one of the extremal functions in Lemma 35.18, and so f has the form
(36.14) for some 3(p). Finally (36.15) follows from (36.14) and (36.55) by a compu-
tation.

This completes our proof of Lemma 36.11. 0O

We may now return to the proof of Lemma 36.7. We want to use Lemma 36.11 to
show that limits of (v, G) under blow-ups at the point z are “generalized cracktips”.

Let us keep our initial sequence {¢,} that tends to 0, set

(36.56) Gn =t;1(G - ),
and define v, on R? \ G,, by
(36.57) Un(2) =t %0 (tnz + ).

Thus {(vn,Grn)} is the blow-up sequence associated to (t,) and the fixed point z € G
in (12.7) and (12.8). Let us assume that

(36.58) {(vn,Gn)} converges to a limit (u, K),

with the notion of convergence that was described a little before Lemma 12.4.

Note that we can always find sequences {t,} like this. In fact, Lemma 12.5 tells us
that for each sequence {t,} that tends to 0, we can extract a subsequence for which
(36.58) holds.

We want to use Lemma 36.11 to prove that (u, K) is almost a “generalized cracktip”,
and then get a contradiction because the cracktip is at best a generalized \'-minimizer
for the wrong value of \.

Let D be any compact disk contained in R? \\ K. Since dist(D, K) > 0 and {G,}
converges to K (by (36.58)), G,, does not meet D for n large. Moreover,

(36.59) Vv, converges to Vu uniformly on D,
again by (36.58). See the definition of convergence before Lemma 12.4.

Select an origin xp inside D, and set
(36.60) ap(n) =v, (zp) —u(xp).
Then (36.59) yields that

(36.61) vn(2) — ap(n) converges to u uniformly in D.

Denote by F' the set of radii p > 0 that have the property of Lemma 36.11. Also
set

(36.62) F(D)={p € F; 0B(0,p) meets the interior of D} .

Let p € F(D) be given. Define f,, by (36.10), but on the possibly larger (and more
natural) domain of definition dB(0, p) \ G,. Note that

(36.63) fn(z) = vn(z) — t71%a(n) on B(0, p) \ Gy,

ASTERISQUE 274



36. G N9 CONTAINS ONLY REGULAR AND SPIDER POINTS 219

by (36.57). Denote by {ny} the subsequence given by Lemma 36.11 (because p € F),
and let f be as in (36.14). Thus

(36.64) {fn.} converges to f on 8B(0, p) \ {—ew(”)}.

Set gk = Un, — ap (nk) — fn, on DN OB(0,p) (which does not meet Gy, for k
large enough). Then g; = t;kl/z (nk) — ap (nk) is constant (by (36.63)), and {gx}
converges to u — f on D N 3B(0,p) \ {e~"¥} by (36.61) and (36.64). Denote by

~vp(p) the (constant) limit. Thus

(36.65) p(p) =, lim {t;kl/%t (nk) — ap (nk)} ,
and
(36.66) u(z) = f(z) +1p(p) on DNAB(0,p) \ {—€P}.

Since u is continuous on D and f has a jump of size 20(p) # 0 at —e*?(®) (by (36.14)
and (36.15)),

(36.67) —e?®) & int(D).
Thus (36.66) and (36.14) yield
(36.68) u (o) = 8(p) sin( =Y 145 (0)

for all § € (6(p) — 7, 0(p) + 7) such that pe*® € D.

Now we want to study the dependence of our coefficients on p and D. As in
Section 35 (see between (35.35) and (35.36)), the coefficients 3(p)e**(®)/2 and vp(p)
can be computed (by linear algebra) from the values of 4 on any small interval of
DN OB(x,p). Then they depend smoothly on p (with D fixed). That is, we can find
smooth functions on {p > 0; dB(0, p) meets int(D)} that coincide with B(p)e?(0)/2
and vp(p) on F (D).

Note that 8(p)e®®(?)/2 does not depend on our choice of D, and even though vp(p)
may depend on D, v(p) = Ovp(p)/dp depends only on p, not on D. This is be-
cause, in the definition (36.65), the only dependence of yp(p) on p comes from the
t,—l,cl/zoz (nk), which do not depend on D.

Because of all this, the coefficients 3(p)e®®(¥)/2 and ~},(p) are defined and smooth
on the complement of

(36.69) Z={p>0; 8B(0,p) CK}.

This is because if p € (0,4+00) \ Z, we can apply the preceding arguments to a disk
C R? \ K centered on 0B(0, p). The reader should not be too impatient here; we
agree that Z must be empty, but we shall only prove it later.

Let p € F \ Z be given. To avoid convergence issues, assume that 0B(0,p) N K
is finite. We know that this is the case for almost all p, because H'(K) is locally
finite and by a standard Fubini-like argument. Note that 3(p) never vanishes, so we
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can find smooth determinations of 3(p) and 6(p) locally. Then we can differentiate
(36.68) with respect to p. We get that

(36.70) 2 (pe) = () sin(2=72) 4 1,00,
with
1, 6—6 ,

(36.71) ho(6) = 20/ (0) B(p) cos(L=22) 1110,
Then

Su 2 0+ 9y 2
36.72 —) dH! = — (pe*®
( ) /BB(O,p)\K(ap) " p/G(p)—‘lr op (pe )l a6

= 0o [ sin? (=52 )as + [ ny(0as

because h,(-) is orthogonal to sin (- — 6(p)/2). Since B(p) = + (2p€(sc)/7r)1/2, B'(p)? =
¢(x)/2mp and hence

ou\® o l(x) )
(36.73) =) dH' = =2 +p [ h,(0)%d6.
8B(0,0)~K \OP 2 0

We want to show that

(36.74) 0'(p) = vp(p) =0,

and so it will be enough to show that / h,(0)?df = 0, or that
0

2
(36.75) / (‘9—“) amt < 4.
8B(0,p)NK 6p 2

To get this we shall use the uniform convergence of Vv, to Vu on the compact
subsets of R? \ K, which comes from (36.58). Note that —e®®(?) € K, because
otherwise we could choose a compact disk D C R2 <\ K centered at —e®® and
contradict (36.67). Then (36.12) says that every compact subset T' of dB(0, p) ~ K
is contained in I’ (ny) for n large enough. Then

2 2 2
(36.76) / (3_“> = lim / <%> < liminf/ <53f-’"—k)
T \9p n—+oo Jp \ Op k—+00 J1i(n,) \ Op
2
= lim inf (ﬁ) = _(x_)
k=teo J1ny) \OP 2
because Vv, converges to Vu uniformly on T, by (36.9), (36.57) and a change of

variables (to get the second equality), and by (36.46) and (36.43) (applied to ny).
Since this holds for all choices of T', we get (36.75), and then (36.74).

Let Z be as in (36.39), and let I be a component of (0,+00) \ Z. We know from

(36.15), (36.74), and the remark before (36.69) that B(p) = =+ (2p£(z)/m)"/? (with a
constant sign) on I, and that e*() is constant on I. As for yp(p), we only know that
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vp(p) =0 on I, so that yp(p) is only “locally constant”. Let us be more precise. For
each connected component O of

(36.77) Vi={2eR*\K;|z| € I},

we can define yp(p) for all compact disks D C O and all p € F(D). Here again the
reader is probably shocked that we even consider the possibility that V; may not be
connected, but we just don’t want to prove immediately that this is impossible. Let us
check that yp(p) does not depend on D or p. First, (36.74) and the regularity of yp(-)
on F(D) imply that vp(p) = vp(p) for all choices of p,p’ € F(D). Also, it is clear
from (36.66) that yp(p) = vp/(p) whenever p € F and int(D)Nint(D')NOB(0, p) # 2.
From these two observations it is easy to deduce that yp(p) does not depend on D C O
or p € F(D). Altogether we found constants 8; = + (24(z)/ 7r)1/ % and 6; that depend
only on I, and a constant v» that depends on O as well, such that

(36.78) u (pe'’) = B p'/? sin (0 _291) 70

for all p € I and t € (81 — m,0; + ) such that pe? € O.

We are now fairly close to the desired contradiction. By (36.58), (u, K) is the limit
of some blow-up sequence of (v, G) at the point z. If (13.2) holds, Proposition 12.44
tells us that (u, K) is a global A-minimizer. If (13.1) holds and = ¢ L, then we can
use Proposition 12.12 to get the same conclusion, with A = b’ (H(G \ L)) as usual.
In the remaining case when (13.1) holds and = € L, note that x # —1 because we
excluded this case in the statement of Lemma 36.7; hence Proposition 12.42 says that
(u, K) is a global A-minimizer in R? \ R.

Let us first use this to show that Z is empty. The simplest proof at this point
is to say that R? \ K has no bounded connected component, by Lemma 15.1 and
Remark 15.8, but we can also proceed directly, as follows. Let z be any regular point
of K, and let B be a disk of regularity centered at z. [See Definition 13.6.] Call
2, and 2 the connected components of B\ K. On each Q;, u is given by (36.78),
for some values of the constants 5r,6;, and 7o that may depend on i. Because u

minimizes / |Vu|2 locally, its boundary values on K N B (with access from ;)
R2\K

satisfy the Neumann condition du/0n = 0. Then K N B is contained in a level set of
the conjugated function w defined by

‘ 096
(36.79) w (pew) = —B; p'/? cos ( 5 I)
for p > 0 and |6 — 67| < 7. These level sets are the half-line
(36.80) Ki={-pe® ; p>0},

and a collection of parabolas.

If Z was not empty, K would contain a circle 9B(0, R), Proposition 13.11 would say
that 0B(0, R) contains regular points for K, and then some nontrivial arc of circle
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would be contained in one of the level sets above. This is impossible, and so Z is
empty and there is only one interval I = (0, +00).

Now we can easily exclude the case when (u, K) is a global minimizer on R? \ R.
In this case also, almost every point of R is a regular point for K (or equivalently, is
the center of some small disk B such that K N B = RN B). We did not state this
fact yet, but the proof is the same as for (13.12) above. It only uses measure theory
and the local Ahlfors-regularity of K \ R. By the argument above, for almost every
point z € R there is a small interval of R centered at z which is contained in a level
line of w above, and hence in K. This is clearly false. So we can assume that

(36.81) (u, K) is a global A-minimizer (in R?).

Next we want to check that K = Ky, where K7 is still as in (36.80). From (36.78),
which now holds with fixed values of 8; and 6;, we easily deduce that K; C K.

Suppose that K is not contained in K. Since K is Ahlfors-regular, H! (K \ K1) >
0, and by Proposition 13.11 we can find a point z € K \ K which is regular for K.
Let B be a small disk of regularity centered at z. By the argument above, K N B is
contained in one of the level sets of w above, and so it is an arc of parabola.

We can find a competitor (&, K) which is strictly better that (u, K), as follows.
First, K is obtained from K by replacing K N B with the line segment with the same
endpoints. Call Q;, Qo the two connected components of B \ K, and ﬁl,ﬁg the
corresponding components of B \ K. On each Q;, u is defined by (36.78), with some
constant yo. We define u on ﬁi by the same formula, with the same constant; outside
of B, we keep u = u. It is easy to see that (u, K ) is an acceptable competitor for
(u, K). Note that we did not change the values of Vu; we simply added or subtracted
constants locally. Since Kis strictly shorter that K, we get the desired contradiction
with (36.81).

So K = K|, there is only one component O, and (u, K) is a generalized cracktip.
[Compare (36.80) and (36.78) with (35.30) and (35.31).] Now Remark 35.42 and
(36.81) imply that gy = + (2/\/71')1/2. But we already knew that gy = + (2€(x)/7r)1/2
(see just above (36.78)). Since we know from (36.6) that £(z) < ), this gives the
desired contradiction.

Our proof of Lemma 36.7 is now complete. O

Note that our argument fails when (13.1) holds and z = —1, because (u, K) is
a global A-minimizer in R? \ (—o0, 0], and Remark 35.42 does not exclude the case
when K = (—00,0] and % < 2)\/7.

37. Points of low energy (continued)

In this section we want to complete our proof of Proposition 36.3. The assumptions
are the same as in Section 36.
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Lemma 37.1. — The case when mgo = 0 does not occur.

Assume instead that mo = 0. Then Q = {z € R? ; w(z) <0} = R% \ Gyo, by
(35.3) and Proposition 32.6, and hence G = Gy (by (35.2)) and in particular G is
connected. Thus we could use [Bo|] and conclude immediately when (13.2) holds, but
it will be useful to review the argument anyway.

Sublemma 37.2. — If (13.2) holds, every point G is a regular or a spider point of G.
If (13.1) holds, every point of G \ L is a regular or a spider point of G.

Let € G be given, and suppose that z € G\ L if (13.1) holds. Choose a sequence
{tn} of positive numbers that tends to 0, and such that if {(v,,Gp)} denotes the
blow-up sequence defined by (36.56) and (36.57), then

(37.3) {(vn,Gpn)} converges to a limit (u, K).

See before Lemma 12.4 for the precise definition of convergence, and Lemma 12.5
for the existence of a sequence {t,} like this. Also note that

(37.4) (u, K) is a global A-minimizer.

by Proposition 12.12 or Proposition 12.44.

Let D be any compact disk in R? \ K. Then D C R%2\ G,, for n large, and {Vwv,}
converges to Vu uniformly on D, by (37.3). Hence

(37.5) /|Vu|2= lim /|an|2= lim t;l/ |Vo|?,
D n—-4oo D n—+oo T4+t D

by (36.57) and a change of variables. Since my = 0, Qy = R? \. G and hence
(37.6) T +t,D C Qo for n large enough.
Choose R so large that D C B(0, R). Then z + t,D C Qo N B (z,t,R) and

(37.7) t-1R™1 / Vol < @, (toR),
4ty D

by the definition (35.4) of ®,. By (36.5) and Lemma 36.7, ®, (¢, R) tends to £(z) =0
when n tends to +00. Hence | |[Vu|*> = 0, by (37.5), and u is constant on the

D
connected component of D in R? \ K (because it is harmonic).

Sublemma 37.8. — If u is constant on some connected component of R? \ K, then x
s a regular or a spider point of G.

Indeed (37.4) allows us to apply Lemma 18.1. We get that K is a line or a propeller;
it cannot be empty because it contains 0 (since z € G). Now Corollary 13.32 says
that z is a regular or a spider point of G, as needed. O
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We recorded this as a sublemma because it will be used a few times later. Note
that we only used (37.6), and the fact that ¢ L if (13.1) holds (through (37.4)), not
our hypothesis that mg = 0.

Sublemma 37.2 is an immediate consequence of Sublemma 37.8 and the preceding
discussion. O

Remark 37.9. — In our proof of Sublemma 37.2, we only used our hypothesis that
mo = 0 to get (37.6). When mg # 0, we can still say the following. Let z € G be
given, and suppose that z € G\ L if (13.1) holds. Let {t,} be a sequence of positive
numbers that tends to 0, and suppose that (37.3) holds. If there exists a compact
disk D (with positive diameter) such that (37.6) holds, then z is a regular or a spider
point of G. The proof is the same.

Let us return to the proof of Lemma 37.1. First assume that (13.2) holds. Let
v : I — G be a simple piecewise C! arc such that |y/(t)] = 1 almost everywhere
and for which the interval of definition I is maximal. Such a curve exists, essentially
by abstract nonsense. If I has an endpoint a € R, then 7(a) is easily defined by
continuity (even if a & I), because «y is Lipschitz. Sublemma 37.2 even allows us to
extend v beyond a, but this extension cannot be simple (because I is maximal). This
implies that G contains a loop, and then R? \. G has a bounded component. This is
not possible, by Section 15. Hence a does not exist, and I = R.

Because H! (G N B(0, R)) < +oo for all R, (t) tends to infinity in both directions.
Thus ' = 7(R) is a Jordan curve through oo, and R? \ G has at least two components
(because I' C G). This contradiction with our assumption (32.1) settles the case when
(13.2) holds.

We are left with the case when (mo = 0 and) (13.1) holds. Let us first check that
G = L. Suppose not, pick a point x € G\ L and let v : I — G ~ L be a simple,
piecewise C! arc through z, such that |y/(¢)| = 1 almost everywhere, and for which I
is maximal.

If I = R, then y(I) is a Jordan curve through infinity (because H! (G N B(0, R)) <
+o00 for all R, as above), hence R? \ G has a least two components, in contradiction
with (32.1).

So I has at least one endpoint a € R. As before, y(a) is defined because 7 is
Lipschitz. We claim that v(a) € L. Otherwise, Lemma 37.2 allows us to extend v a
little across a. Since I is maximal, the extension cannot be simple (because it takes
values in G \ L). Then G \ L contains a loop and we get a contradiction, as before.
So v(a) € L.

If I has two endpoints a, b € R, then v(a) and ~(b) both lie in L, and we get a loop
in G by completing the arc y(t) with the line segment [y(a),v(b)] C L.
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Thus we are left with the case when I has exactly one endpoint ¢ € R. We construct
a Jordan curve I" through infinity by gluing (/) with the half-line (—oo,v(a)] C L.
Of course T' C G, and so R? \. G has at least two components, in contradiction with
(32.1).

This series of contradictions proves our claim that G = L (when mo = 0 and (13.1)
holds). Let us check now that (v, G) is a generalized cracktip.

Set P = {z € C; Re(z) >0} and ¥(z) = v (2% — 1) for z € P. Then ¥ is harmonic
on P and satisfies the usual Neumann condition 8v/9n = 0 on 0P, because it is
locally energy-minimizing (by the invariance of our energy integrals under conformal
mappings). Also,

(37.10) / Va2 = / Va2 < CR?,
B(0,R)NP B(—1,R?)~L

because otherwise we could add 8B (—1, R?) to G and replace v with a constant in
B(—1,R?). We can extend ¥ by continuity on P, and then by symmetry on the
whole plane. We get a harmonic function ¥ on the whole plane; see the arguments
in Section 14 for more details in slightly more complicated situations. Let w be a
harmonic function such that v + ¢w is holomorphic. Because of (37.10), ¥ + @ is
a polynomial of degree at most 1, and a simple computation shows that (v,G) is
a “generalized cracktip” (with the definition just after (36.2)). This contradicts our
assumption (36.2).

This completes our proof of Lemma 37.1. O
We may now return to the main statement in Proposition 36.3.
Since mo < 0 and w(z) = 0 on Ggo (by (35.2)),

(37.11) 09 does not meet Goo.

For the rest of the proof, we let x € G N 0y be given, and we want to prove that
z is a regular or a spider point of G.

Pick a blow-up sequence {t,} such that liI_P t, = 0 and for which (37.3) holds.

n—-+00

Note that z ¢ L when (13.1) holds, by (37.11). Thus Proposition 12.12 or Proposition
12.44 tells us that (u, K) is a global A-minimizer (as in (37.4)). We want to show that
u is constant on some component of R% \ K, and then conclude with Sublemma. 37.8.
Note that we can extract as many subsequences as we like from {¢,}, because this
will not affect (37.3) or (37.4).

If we can find a nontrivial compact disk D C R? \ K such that (37.6) holds, then
we can use Remark 37.9 to conclude. So we may assume that this is not the case. Let
us see what this means. Set

(37.12) 0={2z; x+thz€Q}.
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Note that Qf is open. We may as well assume that the sets R% \ Qf converge to some
closed set R? \ Q%°, because otherwise we can extract a subsequence from {t,} and
make it true. If QF° is not empty, then it contains a nontrivial disk 2D, and it is easy
to check that D satisfies (37.6). Thus we may assume that

(37.13) the sets R? . QF converge to R2.

For each n, choose a point z, € Qg such that |z, — 2| < 27"t,. Set
(37.14) m(n) = w(z,) < mog.

Note that w takes all the values of m € (m(n), mo) on the interval [z, z,]. Because
of this, we may as well assume that m(n) has the properties of Proposition 32.6 and

Lemma, 32.18, since otherwise we could replace z,, with some other point of QyN[z, zy,].
In particular,

(37.15) ['m(n) is a rectifiable Jordan curve through oo.

Choose a point 2, € T'y,(n) VOB (,t,) and denote by &, the subarc of Iy, () from
zn, to z,. We may assume that

(37.16) €n C Ton(n) N B (z,tn) C Qo,

because otherwise we can replace 2, with an earlier point of &, N 9B (z,t,). Set
(37.17) o(z) = t;}(z — x) for z € R?

and then

(37.18) €n =9 (&)

Thus &, is a simple arc from ¢ (z,) to ¢ (2,), and

(37.19) & C B(0,1) ~ Gy,

by (37.16) and (36.56).
We shall need to distinguish between two cases.

Case 1. — We first assume that we can find > 0 such that, for infinitely many
values of n, there is a point y, € &, such that
(37.20) dist (yn, G) = ntn.

Replace {t,} with a subsequence, so that now y,, exists for all n, and even {¢ (yn)}
converges to some limit y* € B(0,1). [Note that |¢ (yn)| < 1, by (37.19).] Then

(37.21) dist (y*, K) > n,
by (37.20) and (37.3). [See also the definitions (37.17) and (36.56).] Set
(37.22) wn(2) = 672w (tnz + ) — 7w (tay* + )

on R2. Thus v, + iw, is holomorphic on R? \ G,,, because v + sw is holomorphic on
RZ\G.
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Denote by V the connected component of y* in R? \ K. From (37.3) we know that

(37.23) {Vw,} converges uniformly on compact subsets of R* \ K.

From this and the fact that w, (y*) = 0 for all n we deduce that {w,} converges
uniformly on compact subsets of V' to some limit weo; then u + {we is holomorphic
on V (because it is the locally uniform limit of functions v, + twy, + C, that are
holomorphic on the domains R? \ G,, ~ C \ G,,) We want to show that

(37.24) Woo(2) 2 00n V.
Let z € V be given. Because of (37.13), we can find points o}, € R? \ QF such that
(37.25) lim «) =z
n—-+oo

Set an = z+t,af. Then w(ay,) = mo > w (yn), because o, € R%\ QF, by definition
(37.12) of Qf, because Qo = {z; w(z) < mp}, because y, € &,, and by (37.16).
Hence

(37.26) wn, (ag,) > wn (¢ (Yn))
by (37.22). Next let us check that
(37.27) Woo(2) = hm wp(2) = hr_'r_l wn, (o)) .

The first equality is just the definition of we,. For the second one, note that if D is
a small compact disk centered at z and contained in V', then (37.23) implies that the
functions |Vwy,| are uniformly bounded on D. From (37.25) we deduce that o), € D
for n large, then that |wn(2) — wy (o) < C|z — |, which tends to 0. This proves
(87.27). The same proof also gives that

(37.28) L wn (0 (yn)) = Hm wa (y7) =0,

because y* = liT ¢ (yn) and by (37.21).
Now (37.24) easily follows from (37.26), (37.27), and (37.28).

From (37.24) and (37.28) we see that the harmonic function we, reaches its min-
imum on V at the point y*. Since y* is interior (by (37.21)), we is constant on V,
and so is u. We can conclude using Sublemma 37.8.

Case 2. — We may now assume that we cannot find n > 0 as in Case 1.

This means that

(37.29) bm =0,
n—-+o00

where

(37.30) Nn =t *sup {dist(y, G) ; y € £} = sup {dist U,Grn) ; ¥y € En}

(by (37.17) and (37.18)).

SOCIETE MATHEMATIQUE DE FRANCE 2001



228 37. POINTS OF LOW ENERGY (CONTINUED)

Recall from (37.19) that &, is a compact subset of B(0,1). Thus we can extract a
new subsequence from {t,}, so that {{n} converges to a limit £&. Then

(37.31) £ is a compact, connected subset of K N B(0,1).

Indeed, £ is connected because each §~n is connected, and §~ C K because of (37.29)

and the convergence of {G,} to K. The other properties listed in (37.31) are obvious.
Note that 0 € & because the initial point z, of &, = Lp_l(gn) lies at distance

< 27", from z. (See after (37.13)). Similarly, £ contains a point of dB(0, 1), because
z;, € 0B (z,t,) and z], € &,. (See after (37.15)).

Thus H'(£) > 1. On the other hand, (37.4) and Proposition 13.11 tell us that
almost-every point of E C K is a regular point of K. So we can choose a point y € E
such that 0 < |y| < 1 and y is a point of regularity of K.

Set B = B(y, 2r), where r is chosen so small that
(37.32) B is a disk of regularity for K and B C B(0,1) \ {0}.

Other similar constraints on 7 will show up in the next few lines.
For all n, denote by y, a point of G, that minimizes |y, — y|, and set B, =
B (yn,r). We claim that if r is chosen small enough, then

(37.33) B, is a disk of regularity for G, for n large enough.

To see this we want to apply Lemma 13.17. Denote by D the tangent line to
K at y. Since K is a C' curve near y, D satisfies (13.19) and (13.20) with G,r,e
replaced with K, 3r,e/3 (say), at least if r is small enough. Then for n large enough,
D still satisfies (13.19) and (13.20) with G, replaced with G,,2r; this follows from
the convergence of {G,} to K, as in (37.3).

To verify (13.18), consider the set A(6) = {z € B(y,3r) ; dist(z, K) > 6}, where
d > 0 will be chosen soon. Since A(J) is a compact subset of R? \ K, (37.3) says that
for n large,

(37.34) / V| < / IVu| + £ 73/2 < er/2,
A(5) A(5) 2

where the second inequality holds if r is small enough, because Vu has continuous
extensions on both sides of R? \ K near y. [See Section 14]. Besides

1/2
(37.35)/ Von| < { / |wn|2} By, 2r) ~ A(8)[V2
B(y,2r)\(GrUA(9)) B(y,2r)NGn

< Cr'/2|B(y, 2r) ~ A(6)V?,

by Cauchy-Schwarz, (13.5), and (36.57). The right-hand side of (37.55) can be made
as small as we want compared with 73/2, by choosing 6 very small. Hence the analogue
of (13.18) for Gy, and B (yn, 2r) holds (by (37.34) and (37.35)), we can apply lemma
13.17, and our claim (37.33) follows.

ASTERISQUE 274



37. POINTS OF LOW ENERGY (CONTINUED) 229

Denote by Q; and 22 the two components of B \ K. Fix an origin o somewhere
in the middle of Q; N %B , and denote by Q; , (respectively, Qs ) the component of
B, \ G, that contains (respectively, does not contain) «.

For n large enough, En passes at distance < 10727 from y, because y € E and E is

the limit of the curves &,. Hence for n large enough there is a sub-arc Eﬁl of En such
that

(37.36) £ Ccé&nB,
and
(37.37) € meets B (yn,7/50) and B (yn, 9r/10).

[See Figure 37.1].

Note that &, does not meet G, by (37.19). Hence it is contained in €, or in
Q2. Let us extract a new subsequence from {t,} so that £}, is contained in the same
Q; , for all n. Without loss of generality, we can assume that ¢ = 1, so that

(37.38) £ c Q. for all n.
Note that
(37.39) dist (2, Gpn) < p for z € £,

by (37.30). [See Figure 37.1 for a vague description of the geometric situation.|

FiGure 37.1

Define w, on R? by
(37.40) W (2) =t 2w (tpz + ) — £, %w (tpe + 2)
where « still denotes our origin in ;. Then
(37.41) Un + iwy, is holomorphic on R? \ G,

because v + iw is holomorphic on R? \ G.

Note that {Vwy,} converges uniformly on compact subsets of Qy, by (37.3). Since
in addition w,(a) = 0 for all n, {w,} converges uniformly on compact subsets of £
to a limit we, and u + {we is holomorphic on ©; (by (37.41)).
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By construction, w,, is constant on §~;l, because E,g C &, and by (37.16), (37.18),
and (37.40). Denote by m/(n) the constant value of w,, on &/,. Let us first check that
(37.42) Weo(2) = lim sup m/(n) for all z € Q1 N B (y,2r/3).

n—+o0o

Let z € 4 N B(y,2r/3) be given. By (37.13) we can find points z(n) € R? \ QF
such that {z(n)} converges to z. It is easy to see that z(n) € Q; ,, for n large enough
(essentially, by (37.3) and definitions). By the same argument as for (37.27), the
|Vwy| are uniformly bounded on some small disk around z, and hence

(37.43) Woo(2) = nﬂrilm wn(z) = nli»l}rloo wn(z(n)).

On the other hand 2(n) € R% \ QF, hence z + t,2(n) € R? \ Qo (by (37.12)),
w (z + thz(n)) = mo > m(n) (by definition of ¢ and (37.14)), and then wy(z(n)) >
m/(n) (by (37.40) and because m(n) is the constant value of w on &,). Now (37.42)
follows from this and (34.43).

To simplify our discussion, let us extract a new subsequence so that m/’(n) has a

limit m/(c0). [We do not exclude the unlikely case where m/(c0) = —oo a priori.]
Then (37.42) says that we(2) = m/(00) on Q1 N B (y,2r/3). If we do not have that
(37.44) Weo(2) > m’(00) on Q1 N B (y,2r/3),

then we can conclude, because wo.(z) = m’(00) on Q1 N B (y, 2r/3) by the maximum
principle, and then u is also constant on the component of R? \ K that contains €,
so that we can apply Sublemma 37.8 as usual. So we may assume that (37.44) holds.

Our plan is to deduce from (37.44) that for n large enough
(37.45) wn(z) > m'(n) on Q,, N B(y,r/10),

say. Since wn(z) = m/(n) on &, (by definition of m/(n)), this will contradict (37.37)
or (37.38), and we will be rid of our last case. Set

(37.46) O =M ,NB(yr/2).
Then 9, = 61 U 92 U 83, where

FIGURE 37.2
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(37.47) O =0 nNB(yr/2) CGp,
(37.48) O ={z2€MNM,nNOB(y,r/2) ; dist(z,K) > er},
(37.49) 93 ={2€ N n,NOB(y,r/2) ; dist(z,K) < er},

and the small constant ¢ > 0 will be chosen soon. [See Figure 37.2.]
Let us check that
(37.50) wn(2) > m/(n) on 8.

Indeed w(z) = m(n) < mo on &, (by (37.16) and (37.14)), and w(z) > mo on G (by
definition of mg). Then wy(2) is strictly larger on 8, C G, than its constant value
m/(n) on £.; this proves (37.50).

Note that 9, does not depend on n (for n large enough), and that it is a compact
subset of @y N B (y,2r/3). Then {w,} converges to wy uniformly on (the constant
set) Op. Since inf{weo(2) ; 2 € 82} > m/(00) (by (37.44)) and m/(00) is the limit of
the m/(n), we get that for n large enough,

(37.51) wn(2) = m/(n) on Os.
Near the middle of 92, we can do a little better. Choose a compact arc of circle
I C 8B (y,7/2) N Q4, which will not depend on €. Note that I C d for n large (and

if € is not too large). By (37.44), we can find § > 0 such that we(2) > m'(00) + 26
on I, and so

(37.52) wn(z) 2m/(n)+don 1
for n large enough.

Let 0 denote any of the two small arcs of circle that compose d3. We claim that
(37.53) |wn(2) — wn(2")| < CeY? for 2,2 € 8,

with a constant C that does not depend on n or . Because of the regularity of G,
near 9 (see (37.33)), (37.53) follows from the fact that

(37.54) |wn (2) — wn(2')| < Cp*/? for 2,2’ € D
whenever D is a disk of radius p such that 2D C Q; .

To go from (37.54) to (37.53), we can decompose O into a geometric series of
Whitney arcs of circles, to which we can apply (37.54). To prove (37.54) we simply
note that wy, is harmonic in 2D and [, |Vwn|? < Cp by (13.5). This proves (37.53).

Note that each arc @ has an extremity in d5. Therefore
(37.55) wn(2) = m'(n) — Ce'/? on 85
for n large enough, by (37.51) and (37.53).
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w, > m'(n) here

- -~

\ w, 2 m'(n) - cel?

N /\_/( w), 2 m'(n) here

T\
w, 2 m'(n) + & here

FIiGURE 37.3

For z € Q1 ,, N B (y,r/10) and E C 99, denote by w,(F) the harmonic measure
of E in the domain €2/, and centered at z. Then for n large

(37.56) wn(2) = m'(n)w, (81) + m'(n)w, (82 \ I) + [m/(n) + §]w. (1)
+ [m’(n) - 051/2] w, (63),

by (37.50), (37.51), (37.52), and (37.55). Then

(37.57) wn(2) —m'(n) > dw,(I) — Ce*%w, (83)

(because w, (092,,) = 1). It is clear that if € is small enough, w, (83) < w,(I) for all
z € Q1,» N B(y,r/10) (and n large enough). [See Figure 37.3.] Now we can choose €
so small (depending on ¢ in particular) that (37.45) follows from (37.57).

As was announced after (34.45), this allows us to get a contradiction in our only
remaining case. Proposition 36.3 follows. O
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CHAPTER 1

CONCLUSIONS

38. The final contradiction

In this section we continue with the same notations and assumptions as above, and
reach a contradiction. A precise recapitulation of what this means will be done in the
next section.

Let z9 € G be such that
(38.1) w (20) = mg :=inf {w(z) ; z € G}.

Note that my < 0 by Proposition 36.3, and that zp exists because w is continuous,
G \ G is bounded (by (35.1)), and w(2) =0 on Goo (by the normalization (32.3)).
Denote by Gy the connected component of 2¢ in G. Obviously, Go # Ggo (by (32.3)).

Our general strategy will be to check first that
(38.2) Go # {20},

and then use our description of the variations of v around Gy (in Section 34) and the
regularity of a good piece of Gy (as in Section 36) to find a regular or a spider point
of Gy where v does not jump. This will contradict the results of Section 16.

Let us first check (38.2). Suppose that Go = {20}. Then zg ¢ 99, because
otherwise Proposition 36.3 would say that zg is a regular or a spider point of G. Then
there is an open neighborhood V of 2 such that w(z) > mg on V. By Lemma 25.3,
there is a compact set G such that Go = {20} C G° C GNV and dist (G°, G\ G°) >
0. We can use the construction of Section 23 to surround G° by a Jordan curve
I' CQNV. [See in particular (23.10) (to show that I' C QN V is ¢ is small enough)
and Remark 23.17.]

Note that w is harmonic and > mg on a neighborhood of I'; hence the maximum
principle says that w(z) > mg on I'. [The other option is that w and v are constant
on a component of , but this is ruled out by (32.1) and (32.5), say.]
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Now choose m such that my < m < inf {w(2); 2 € '}, and let W denote the
component of 29 in R? \ T',,,. Then w(z) < m on W (by connectedness and because
w (2¢) = myg), hence W does not meet I' and is contained in the bounded component
of R? \ T. This contradiction with Proposition 30.1 proves (38.2).

Now we want to use our tour z : S — G of Gy and Proposition 34.9. Let us first
check that

(38.3) z2(t) €0 NG forallt eI,

where I is the interval of S! that shows up in Proposition 34.9.

Recall from a little bit after Lemma 34.65 that I is the closure of Rt in S!, where
R™ is the set defined in (34.18) and (34.1). Since z is Lipschitz, it is enough to check
that z(t) € 8 for t € RT. This last follows at once from (34.19). The reader should
not be shocked by this short proof: the reduction to the dense set R where z(t) is
a regular point is natural, and for these points we are essentially saying that if the
boundary values of v near z(t) (and with access from ;) are strictly increasing, then
Ow/On < 0 near 2(t) and z(t) is accessible from .

From (38.3) and Proposition 36.3 we deduce that

(38.4) 2(t) is a regular or a spider point of G for all t € I™.
Note that
(38.5) If = {t eIt ; z(t) is a spider point of G}

does not have any accumulation point (by (38.4) and because I is closed); hence I}
is finite.

For t € It \ I, 2(t) is a regular point of G and so t € R. We know from Section
33 (and in particular the discussion a little before (33.38)) that there is a unique point
t* € S, t* # t, such that 2 (t*) = 2(¢). [This point ¢t* corresponds to the access to
2(t) from the other region Q7]

Lemma 38.6. — Set I#* = It \ I and ¢(t) =t* fort € I*#. Then
(38.7) o(t) e STt C I for t € I*,
and ¢ : I* — I~ is continuous and strictly decreasing.

Of course the continuity of ¢ on I# does not prevent the existence of jumps at the
points of Ij. When we say that ¢ : I# — I~ is decreasing, we use the orders on the
intervals It and I~ that come from the trigonometric orientation of S!.

Let us first check (38.7). We claim that
(38.8) the restriction of z to I is injective.

Note that (38.7) will follow from this, because ¢(t) # t and z (p(t)) = 2(t), so that ¢
and ¢(t) cannot both lie on I*. The fact that S! \ It C I~ comes from Proposition
34.9.
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To prove (38.8), suppose that we can find a,b € It such that a < b (in I") and
z(a) = z(b). Set

(38.9) b’ =sup{t € [a,b] ; the restriction of z to [a,t) is injective},

where [a,b] and [a,t) denote the subintervals of I+ that the reader imagines. Then
b’ > a (in I't), because z is obviously injective in a small neighborhood of a (by (38.4)
and the construction of z). Also, z(b') € z([a,b’)) by definition of ¥’ (and because z
is injective in a small neighborhood of b’). Next set

(38.10) a' =sup{t € [a,b); 2(t) =2z(V)}.

Then o’ < b (in I'"), because z(b’) is a regular or a spider point (and by construction
of z). The restriction of z to (a’,’) is injective (by (38.9)), and z(a’) = 2(b"). Hence
Gy contains a loop and R? \ G has a bounded component. This contradiction with
Lemma 15.1 proves (38.8) and (38.7).

To prove that ¢ is decreasing, let t;,t; € I# be given, with t; < tz in IT. Set A; =
Ay,, where Ay, is the line segment of length r;, that starts at z (¢;), is perpendicular
to G at that point, and lies in £, (except for its endpoint z (¢;)). See the definition
after (33.41), or just Figure 33.2. Similarly set Af = Ayq,).

Recall that z was constructed as the limit on S of parameterizations 2, of curves
I'(n). We know from (33.42) that for n large, I'(n) N A; has exactly one point. Call
this point y;, and define s; ,, € S! by 2y, (i) = yi. Similarly, for n large enough and
i = 1,2, T(n) N A} has exactly one point, which we call y} = z, (s} ,,).

Since t; # t2, (38.8) tells us that z(t1) # z(t2), and so the four points
t1,t2,¢ (t1),¢ (t2) are all distinct (because each z(t;) has exactly two inverse
images under z). We want to show that

(38.11) t1 <ta < @(t2) <@ (t1) <t inS?,

and as usual it will be slightly easier to proceed by contradiction. So let us assume
that (38.11) does not hold. Then

(38.12) t1 <ty <(t1) <(t) <t inS!,

because we know that t1,t2 € It and ¢ (t1),¢ (t2) € S* \ I*. Note that
(38.13) ngrfw Sn,i =t; and nHI—Poo Spi=1¢ (t:)

for ¢ = 1,2, by (33.45). Hence

(38.14) Sn1 < Sn2<Sh) <Shy<Sn1 onS!

for n large enough, and so

(38.15) Y1 <y2<y; <y; <y1 onI(n)
as well. Set
(38.16) Yi = [yi, 2 (8)] U [z (t:) , 7]
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for ¢ = 1,2. For n large enough, the simple curve 7; is contained in the bounded
component of R? \ T'(n), except for its endpoints y; and y;. Also v; N2 = &, by
(33.44) and because z (t1) # 2 (t2). We get the desired contradiction from (38.15) and
Lemma 34.54. [See Figure 38.1.]

T

Fi1GURE 38.1

Thus ¢ : I# — I~ is strictly decreasing. We still need to check that ¢ is continuous.
Let t; € I# be given, and let us just verify that ¢ is continuous from the right at t;;
the continuity from the left would be the same. Observe that in the argument above
|z (t2) — 2z (t1)] < C |t2 — t1| (because z is Lipschitz), and then |y5 — yi| < C' |tz — t1]
for n large enough (and ¢ close enough to ¢1) because G is a nice curve near z(t1). The
constant C’ may depend on t;, but not on n or to. Then |s},, — s} ,| < C” |tz — t1]
(because I'(n) is parameterized by 2, with constant speed, and we have uniform
bounds on its length), and hence |¢ (t2) — ¢ (t1)| < C” |t2 — t1] (by (38.13)).

This completes our proof of Lemma 38.6. O

Remark 38.17. — The only property of It that was used here is (38.4) (and the fact
that I* is a closed interval). Thus Lemma 38.6 still holds with It replaced with a
slightly larger interval It (that contains I in its interior).

Next we want to say a little more about the behavior of ¢ near points of Ig’ . For
each t € I, set

(38.18) P(t*) = limo(s).

The limits exist by monotonicity. If ¢ is one of the endpoints of I*, (38.18) still makes
sense, because we can define ¢ on It \ I for some slightly larger interval It D I,
as in Remark 38.17. It will be good to know that

(38.19) p(t) #e(t),

i.e., that ¢ has a nonzero jump at ¢t.

Let t € IS’ be given, and let t;,t; € I# be very close to ¢, and such that ¢; <
t < tp in I*. [If t is an endpoint of IT, replace I* with a slightly larger T+, asin
Remark 38.17.] Keep the same notations as in the proof of Lemma 38.6, in particular
concerning the intervals A;, A} and the points y;, ¥}, i = 1,2. [Also see Figure 38.2.]

ASTERISQUE 274



38. THE FINAL CONTRADICTION 237

FIGURE 38.2

For n large enough, the length of the shortest arc of I'(n) between y3 and yj is at
least C, where C does not depend on n or the choice of t1, ¢y (provided that they stay
close enough to t). Then |s‘1‘7n - 3§7n| > C' for n large enough (because z, is Lipschitz
with uniform bounds, see (33.15)), and hence |¢ (t1) — ¢ (t2)| = C’, by (38.13). This
proves (38.19).

Recall from Proposition 34.9 and Lemma 34.4 that we have a continuous function
uw on S!, which is strictly increasing on I* and strictly decreasing on I~. Set
(38.20) u*(t) =u(p(t)) fort € I* =1+t I
Lemma 38.6 tells us that u* is continuous on I#, and strictly increasing (as a compo-
sition of two strictly decreasing functions). Also, the jumps of u* at points of I are
strictly positive, because u is strictly decreasing on I~ (by (34.11)), because ¢ (t1)
and ¢ (t7) lie in I~ (as limits of points of I7), and ¢ (t*) < ¢ (¢7) in I~ (by Lemma
38.6 and (38.19)).

Extend u* to I't by taking

(38.21) u () =u(p(th)) = 1i1¥1+ u*(s) for t € I
Write It = [a,b]. Then u(a) < u(t) for all t € S* \ {a}, by Proposition 34.9. Thus
(38.22) u(a) < u*(a),

because p(a) # a if a € I#, and ¢ (a*) # a (because ¢ (a*) < ¢(a™) in I7) if
a € I} . Similarly, u(b) > u(t) for all t € S' . {b},

(38.23) u(b) > u*(b) if b e I*,
(38.24) u(d) > u(p(b7)) :sl_igl_ u*(s) if be I

(again because ¢ (b7) # b). Now set
(38.25) to = inf {t € (a,b) ; u(t) >u*(t)}
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the existence of tg, and also the fact that to € (a,b), are easily deduced from the
continuity of u and (38.22)-(38.24). If to € I#, we get that

(38.26) u” (to) = u (to)

because u and u* are continuous near t. If to € I, we get that u (to) > u* (to), by

(38.21) and because u is continuous. Since u* has a positive jump at to, we get that

(38.27) u(to) > lim u*(t),
t—tg,

0
and then u(t) > u*(t) for lots of points ¢t € (a,tp). This contradicts the definition of
to in (38.25); hence the only possibility is that to € I# and (38.26) holds.
Since ty € I#, z(tp) is a regular point of G, ty € R (see (34.1)), and
(38.28) u(to) = z—l.i%:‘)) v(z),
2€8Q,

as in (34.3). Similarly, ¢ (to) € R, and
(38.29) u* (to) = u(p(to)) = z_lbiigo)v(z).

z€Q7
Thus (38.26) says that v has no jump at the regular point z (to).

On the other hand, we are in position to apply Lemma 16.1, because Q = R? \ G
is connected (by (32.1)), and because Gy does not meet L when (13.1) holds. [Recall
from the first lines of this section that Gy is a component of G, and G¢ # Goo.]

So Lemma 16.1 contradicts (38.26). We are now reasonably happy. We made
various assumptions on a minimizer (v, G) (including that (v, G) is not a “generalized
cracktip”), and we finally got a contradiction. In the next section we shall sort out
what this means.

39. The main technical statements

Let us summarize in this section what we proved since Section (13). We started
with a pair (v, @), and we assumed that

(39.1) (v, G) is a reduced minimizer of the modified functional
(as in (13.1); see Definition 11.3), or
(39.2) (v, G) is a reduced global A-minimizer

(as in (13.2); see Definition 12.1). We also assumed that R? \ G is connected (see
(26.1), (32.1)), but in view of Lemma 15.1, it is equivalent to assume that

(39.3) R? \. G has only one unbounded connected component.
We further assumed that

(39.4) G has exactly one unbounded connected component Goo,
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and that

(39.5) G \ Gy is bounded

(see (32.2) and (35.1)). The next conditions concern the level sets
(39.6) I ={2€R?; w(z) =m}

of the function w constructed in Section 22. Recall that w is continuous on R? and
v + fw is holomorphic on R?2 \ G =~ C \ G. We assumed that w satisfies (32.4) and
(32.5), under the normalization (32.3) that w = 0 on Ggp.

Our final real assumption was that

(39.7) lim inf - / Vo> < A
B(z,r)\G

r—400 T

for z € R?, where A = &’ (H*(G \ L)) when (39.1) holds. (See (36.1)).

We finally assumed in (36.2) that (v, G) is not a “generalized cracktip”, and then
we got a contradiction. Recall from just after (36.2) that we call generalized cracktip
a pair (v, G) such that

(39.8) G = {z—pe; p>0}
and
(30.9) {v(a:—l—rw):a-l-ﬂrl/zsin(o—_z@)
for g —m <6 <0g+mand 0 <r < +oo,

for some choice of z € R? and o, 5,6y € R.

Let us summarize this in two statements. These are not definitive; in particular
Theorem 39.10 is not a good as Theorem 1.16.

Theorem 39.10. — Let (v, G) be a reduced global \-minimizer (as in Definition 12.1).
Suppose that (39.3), (39.4), (39.5), (32.3), (32.4), (32.5), and (39.7) hold. Then we can
findz € R?, a € R, and 6 € R such that (39.8) and (39.9) hold, with 8 = \/2\/7.

The only apparently new thing in this statement is the precise value of 3, but
Remark 35.42 tells us that § = +/2A/m, and the negative sign is excluded by (32.4)
and (32.5).

Theorem 39.11. — Let (v,G) be a reduced minimizer of the modified functional (as
in Definition 11.3). Suppose that (32.3), (32.4), (32.5) and (39.7) hold, with \ =
W (HY(G N\ L)) (and h as in (11.4)). Then we can findz € R, z > —1, a € R, and
0 < B < /2)\/m such that (39.8) and (39.9) hold with 6y = 0.

Here again the precision on 3 comes from Remark 35.42, the fact that we can take
0o = 0 and z > —1 comes from the constraint that L C G, and we did not need
to mention (39.3), (39.4), and (39.5) because they are automatically satisfied, since
G ~\ L is bounded by definition of a minimizer.
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40. Theorem 1.16 and a variant with blow-ins

In this section (v, G) is a reduced global A-minimizer (see definition 12.1); we want
to prove Theorem 1.16 and a variant with “blow-ins”.

Definition 40.1. — A blow-in of (v, G) is a pair (u, K) for which we can find a point
y € G and a sequence {t,} of positive numbers such that

(40.2) lim t, = +oo,
and
(40.3) {(vn,Gn)} converges to (u, K),

where v, and G,, are defined by (12.7) and (12.8) with y, = y, and the notion of
convergence is the one described before Lemma 12.4.

Note that blow-ins exist. Lemma 12.5 tells us that from each sequence {t,} we
can extract a subsequence for which (40.3) holds. Of course (v, G) could have lots of
different blow-ins, coming from different sequences. The notion will be useful because
Proposition 12.44 tells us that blow-ins of (v, G) are also global A\-minimizers, and in
some situations they may be simpler. Let us now state our companion to Theorem
1.16. We continue to call “generalized cracktip” any pair (v, G) such that (39.8) and
(39.9) hold for some choice of z € R? and a, 3,6 € R.

Theorem 40.4. — Let (v,G) be a (reduced) global A\-minimizer. Suppose that we can
find a blow-in (u, K) of (v, G) which is a generalized cracktip. Then (v,G) is a gen-
eralized cracktip.

Note that in this case we also get that 8 = £4/2)\/7, by Remark 35.42.

Also, it should be observed that if (v,G) is a (reduced) global A-minimizer and
we can find a sequence {t,} such that Jim ity = o0 and {t;'G} converges to a
half-line, then (v, G) is a generalized cracktip. This is because we can always extract
a subsequence of {t,} so that (40.3) holds for some (u, K) (by Lemma 12.5), and then
(u, K) is a global minimizer (by Proposition 12.44). Since K is a half-line, (u, K) is
a generalized cracktip (for instance by [Bo], but we could also use the Léger formula
in [Lé2] or the end of our proof of Lemma 37.1 (see four lines above (37.10))). Now
we can apply Theorem 40.4 and (v, G) is a generalized cracktip.

The rest of this section is devoted to the proof of Theorems 1.16 and 40.4. We
start with a simpler version of Theorem 40.4.

Proposition 40.5. — If (v,G) is a reduced global A-minimizer and all the blow-ins of
(v, G) are generalized cracktips, then (v,G) is a generalized cracktip.

Let us assume for convenience that 0 € G (otherwise, we could translate v and G).
Let us first define a function «(¢) to measure the closeness of (v, G) to cracktips at
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the various scales t. Denote by H) the set of generalized cracktips (i.e. pairs (v*, G*)
as in (39.8) and (39.9)), with the natural constraint 82 = 2\/m. For each t > 0, set

(40.6) G, =t71G,

(40.7) ve(x) =t~ 20(tx) for z € R\ Gy,

and then

40.8 y(t) = inf d(G:,G* +/ Vv, — Vv*| 3,
( ) ® (v*,G*)EH) { ( ‘ ) B(O,l)\(G,UG*)l ' l}
where

(40.9) d (G, G*) = sup {dist (2, G*) ; z € Gy B(0,1)}

+sup {dist (2,G¢) ; 2 € G*NB(0,1)}.
Lemma 40.10. — lim ~(t) =0.
t—+o00

It will be enough to check that
(40.11) lim 7 (tn) =0

n—-400

for every sequence {t,} such that (40.2) and (40.3) hold for some generalized cracktip
(u, K). Indeed, if v(t) does not tend to 0, then we can find {t,} such that (40.2) holds
and « (¢,) stays away from 0. Then we can extract a subsequence for which (40.3)
holds for some (u, K) (by Lemma 12.5), and the assumption in Proposition 40.5 says
that (u, K) is a generalized cracktip. Our claim follows.

So let {t,} satisfy (40.2) and (40.3) for some generalized cracktip (u, K), and let us

prove (40.11). Of course we want to try (v*,G*) = (u, K) in the definition of v (¢,).
The fact that

(40.12) lir_‘I_l d(G:,,K)=0
comes straight from the definition of convergence in (40.3). To estimate
(40.13) I = / Vs, — Val,

B(0,1)~ (G, UK)
we cut the domain of integration into two pieces A; and As. Set
(40.14) A; = {2z € B(0,1) ; dist(z,K) > 6} .

Note that for each choice of § > 0, A; is a compact subset of R2 \ K that does not
depend on n, so A; does not meet G;, for n large enough, and

(40.15) lim |Vvg, — Vu| =0

n—+00 A;
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because |Vu;, | converges to |Vu| uniformly on A;, by (40.3). On the other hand, if
Ay = B(O, 1) AN (th UKUAl),

1/2
(40.16) / |Vor, — Vu| < |42|*? {/ IV, | + |Vu|)2} < ClAoY? < C8Y2,
A2 A2

by Cauchy-Schwarz and (13.5). Thus we can make I,, as small as we wish (for n large)
by first choosing § very small, and then using (40.15). In other words, I, tends to 0.
This proves (40.11), and Lemma 40.10 follows. O

For each ¢t > 0, choose a pair (vf,G}) in Hy such that

(40.17) d(Gy, GI) + / Ve — Vol | < 29(2).
B(0,1)~(G:UG?)

Lemma 40.18. — Denote by x, the endpoint of G;. Then . ligl xy = 0.

Let us first check that there are arbitrarily large values of ¢ for which z; € B (0,1/2).
Choose any sequence {t,} such that (40.2) and (40.3) hold for some (u, K). Then K is
a half-line, by assumption on (v, G). Call z its endpoint, and set a = (1 + 2 |w|)_1, say.
Then {G¢, } converges to K (by (40.3)), and hence {Gq, } converges to aK. Since aK
is a half-line with an endpoint in B (0,1/2), and v (at,) tends to 0, z4, € B(0,1/2)
for n large.

Now observe that if z; € (0,1/2) and 2t < ¢’ < 4t, say, then

1

This is because Gy is very close to G, G}, is very close to Gy, and Gy = :—,Gt. This
estimate is quite rough, but because of Lemma 40.10 it is still enough to imply that

. lilll z¢ = 0, as needed. [Start with z; € (0,1/2) and iterate (40.19).] O
Lemma 40.20. — For each (small) 6 > 0, there is a to > 0 such that for each t > to,
(40.21) G:N B(0,1) \ B(0,0) is a C* curve.

Let § > 0 be given, and let t be so large that 2; € B(0,5/3). Let r = r(§) < 1072
be a small constant, to be chosen soon, and let B = B(z,r) be any disk centered on
G, with radius r, and such that

(40.22) B C B(0,1)~ B(0,25/3).

We want to apply Lemma 13.17 to B and the pair (v, G¢). Let D be the line
that contains G}. Then (13.19) and (13.20) hold if (t) is small enough (compared
with the constant e of Lemma 13.17), by (40.17). As for (13.18), observe that since
z; € B(0,6/3) lies at distance > §/3 from B, a direct computation with (39.9) yields

(40.23) / |Voi| < C(0)r? < €302
B\G} 2
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if r is small enough. Since

(40.24) / |Vve — Vuf| < 29(t)
B~(G}UGY)

by (40.17), (13.18) holds if (t) is small enough.

Thus we can apply Lemma 13.17, and we get that B (z,7/2) is a disk of regularity
for G;. Note that this holds for all choices of z € G such that (40.22) holds. Let us
also require that y(t) < 1072, say. Then Gy N B(0, 1) is so close to the line segment
G; N B(0,1) (by (40.17)) that we can easily deduce that
(40.25) G:NB(0,1/2) ~ B(0,6) is a C*-curve
from our local description of G;.

Of course (40.25) is not exactly the same as (40.21), but we can easily get (4.21)
by applying (4.25) to 2t and with 4/2. This proves the lemma. O

Remark 40.26. — As we already mentioned earlier, Lemma 13.17 actually gives more
regularity than what we stated: Theorem 4.8 in [Da], for instance, gives uniform C1+¢
bounds for some € > 0, and much more is true. Because of this, we even have that for
t > tog, G¢ N B(0,1) \ B(0,6) is a C'*¢ curve, with uniform estimates (that depend
on 9).

The proof of Lemma 40.20 also gives that for ¢ large enough and all radii p €
(1/2,1), G¢ N dB(0, p) has exactly one point. Hence

(40.27) G N 0B(0, p) has exactly one point
for p large enough, and consequently
(40.28) R? \ G has only one unbounded component,
as required in (39.3).
We also deduce from Lemma 40.20 (applied with § = 1/3) and some gluing that
(40.29) G ~ B(0,t9/3) is a C' curve that escapes to co.
Hence (39.4) and (39.5) are satisfied.

Next we want to check the conditions (32.3)-(32.5) on the level sets of w.

Let r > 0 be small (essentially as small as in the proof of Lemma 40.20 with
d = 1/4, say). For ¢ large, denote by z; the only point of G; N 9B (0,1/2), and set
Bt =B (Zt, T )

We know from (the proof of) Lemma 40.20 that if r is small enough, then for ¢
large B is a disk of regularity for G, and also G; N B; is a C'*¢ curve, with estimates
that do not depend on t large enough. [See Remark 40.26.] Denote by QF the two
connected components of B; \ G, with Q;" on the right of Gy N B; when one looks at
B; from the origin. We know from Section 14 that v; has a C*! extension to ﬁf (we
may have to replace B; with %Bt for this, but this does not matter), and the proof
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also gives a control on the continuity of Vv; on ﬁ;t which does not depend on ¢ (large
enough). Thus there is a function h(p) that tends to 0 (when p tends to 0%) such
that for ¢ large enough, and each choice of +,

(40.30) |Vu(x) — Vur(y)| < h(Jz — y]) when z,y € QF.

We claim that for ¢ large enough,

-4

where dv;/Or denotes the radial derivative of v; and 3 is the constant associated to
(vi,Gy) asin (39.9). Note that 3 = £4/2)/m, and the sign cannot depend on t (large
enough), because (40.17) would not allow such a brutal discontinuity of v}.

Because of (40.30), it is enough to prove (40.31) with the smaller constant |3| /20,
but only on the smaller set

(40.32) E, = {z€ 8B (0,1/2) N Qf ; dist (2,G¢) > p},

18]

40.31 <0

for z € 3B (0,1/2) N QE,

where the constant p is chosen so small that h(p’) < |8 /20 for p’ < p. Next

(40.33) %;Tt(z) - (?;: (2)| < Cp~24(t) for z € E;

(and t large enough), by (40.17) and the fact that Vv, — Vo is harmonic away from
G:UG;.

Now (40.31) follows from a stupid computation on dv;/dr near G5, and the fact
that the radius r of B; can be made as small as we want.

Suppose for definiteness that 8 > 0. If # < 0, we may as well apply our argument
to the pair (—v,G). Set

(40.34) wy(z) = t72w(tz) on R2 \ Gy;
thus vy + iw; is holomorphic on R? \ Gj.
From (40.31) we deduce that

Ow; g
. _— = —
(40.35) + 20 1

where dw; /00 denotes the angular derivative of w; (i.e., half of the tangential deriva-
tive).

Because of (40.35), and the fact that w(z) = 0 on Gy, wi(z) < —Or/4 at both
points of B (0,1/2) N 8B;. Since dw;/d0 is as close as we want to dw; /00 on
0B (0,1/2) \ B: (by (40.17) and the harmonicity of Vv — Vv, as for (40.33)), we
easily deduce from this that

on 8B (0,1/2) N QF,

(40.36) wi(2) < —% on 8B (0,1/2) ~ B..
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Set T'm,e = {z € R? ; wy(z) = m}. From (40.35) and (40.36) we deduce that

(40.37) I'm:NOB(0,1/2) = & for m > 0,

(40.38) To:NOB(0,1/2) = {z},

and

(40.39) I'm:NOB(0,1/2) has exactly two points when — % <m<0.

[We do not care about large negative values of m.] The desired estimates (32.4) and
(32.5) follow from this, because

(40.40) T NOB(0,t/2) =t {Pm Jvie OB (0,1 /2)} .

We still need to verify (39.7). Probably the most natural way to do this would be
to observe that if {t,} satisfies (40.2) and (40.3) then

(40.41) limsup/ [V </ [Vul?.
n—+oo JB(0,1)\Gn B(0,1)NK

Note that this is not the inequality that one gets by Fatou. We can get it by looking
closely at the proof of Proposition 12.44 (i.e., of the fact that (u, K) is a global A-
minimizer). The idea is that if (40.41) failed, we would be able to construct better
competitors for (v,G). Such competitors would be obtained by replacing (v,G) in
big disks B (0,t,) with dilations of (u, K), plus a small term to correct the slightly
different boundary values on 8B (0,t,). We would win a significant amount of energy
because (40.41) fails, and we would almost not lose on lengths or because of the
correction, by the argument in Section 12. In the present situation, it is just as easy
to prove a stronger variant of (40.41), as follows.

Lemma 40.42. — Set

(40.43) o(t) = / |V, — Vol |?
B(0,1/2)~(G:UG})

fort > 0. Then

(40.44) t_l}+m°o a(t) = 0.

The proof is a lot like our estimate in I, in (40.13). Set

(40.45) Ay ={z€ B(0,1/2) ; dist(z,G;) > 6}.
Note that dist (41, G UG}) > 6/2 for t large, and then
(40.46) |V, — Vi | < C61y(t) on Ay,

by (40.17) and because Vv; — Vv; is harmonic on R? \ (G; U G}). Then

(40.47) / |V, — Vi [ < C524(t)?2
A
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for t large, and the left-hand side of (40.47) will tend to 0, no matter which choice of
0 we make. Next consider A = B(0,p) \ (G: UG7) for 0 < p < 1/2. Then

(40.48) / |V, — Vi > < Cp,
Az
by (13.5). Finally set
(40.49) A3 =B (0,1/2) N (Gt UG; U A1 U Ap).
For each choice of p, there is a constant C(p) such that for ¢ large enough,
(40.50) [Vue| + Vi | < C(p) on As.

The estimate for |Vuvy| is very easy, because we have a formula for v}, and Lemma
40.18 tells us that x; € B (0,2/3) for t large.

The estimate for |Vv;| will be a consequence of Remark 40.26. First, we can find a
small radius r = r(p) such that for all z € G¢ N B(0,2/3) \ B(0, p), B(z,r) is a disk
of regularity for G; and

(40.51) |Vve(2) — Vg (2')] < Ci(p) for 2,2' € Q,
where 2 is any of the two components of B(z,r) \ G;. The proof is the same as for
(40.30).

For each choice of B(z,r) and Q as above, choose z € Q such that dist (z,G;) >
r/10. Then
(40.52) [Vui(2) — Vi (2)] < Criy(t) < 1
for t large enough, by (40.17) and harmonicity. Hence |Vu;(z)| < Ca(p), and (4.51)
yields
(40.53) |Vve(2')] < Cs(p) for 2’ € Q.
This proves (40.50) for all points of Ag that lie at distance < r/2 from G;. For the

rest of A3, we can use (40.17) (and anyway we won’t need them because § will be
chosen very small).

From (40.50) we deduce that
(10.54) [ 1Vua) = Vi P < Ol 1Al < 20(0)78

A3
(by the definitions (40.45) and (40.49) of A; and Ag3).
For each small € > 0, we can choose p so small that Cp < /3 in (40.48), and then
& such that 2C(p)26 < €/3 in (40.54), and since for ¢ large enough the right-hand
side of (40.47) is also smaller than €/3, we get that a(t) < € for t large enough. This

proves (40.44) and Lemma 40.42. O
Note that
. *12 A
(40.55) lim V| = =
t=+c Jp(0,1/2)~G; 2
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by (39.9), the fact that 42 = 2)/m, and Lemma 40.18. We omit the easy computation.
Then

2
(40.56) lim 2 / Vo2 =2 lim Vuel? = A,
t—+co t Jp(o,t/2)~G t=+o0 JB(0,1/2)~ Gy

by (40.7) and Lemma 40.42. In particular, (39.7) holds.

We completed all the necessary verifications. Theorem 39.10 applies, and (v, G) is
a generalized cracktip.

Proposition 40.5 follows. O
Proof of Theorem 1.16. — Let (v, G) be as in Theorem 1.16. Thus (v, G) is a global
A-minimizer (with A = 1, but this does not really matter) and there is a connected
component Ggo of G such that G \ Ggg is bounded. We want to show that (v, G) is

one of the easy solutions (where G is a line or a propeller and v is locally constant)
or a generalized cracktip.

Lemma 40.57. — If (u, K) is a blow-in of (v,G) (as in (40.2) and (40.3)), then K is
connected.

Let y € G and {t,} be such that (40.2) and (40.3) hold. We may assume that
y = 0, because otherwise we could translate G and v. Then

(40.58) K= lim G, = lim —l—G.

n—+o00 n—+oo ty,

We want to show that for each z € K \ {0}, there is a curve in K that goes from
0 to z. Fix x € K \ {0} and, for each n, denote by z, the point of Gy, that is closest
to z. Thus

(40.59) = lim z,

n—-+4oco

by (40.58), |tnzn| tends to +o0o by (40.2), and hence t,x, € Ggo for n large enough
(because G \ Gqo is bounded).

Fix an origin Zop € Gog, and apply Lemma 19.14 to G, To, and t,x,. We get a
simple rectifiable curve I';, C Goo that goes from Zp to t,z,. Set I, = t;'T',, and
¢, = H! (T',). We claim that

(40.60) {¢,} is bounded.

Suppose not. Then we can extract a subsequence from {t,} so that ¢, tends to
+00. Set

(40.61) 0n =sup{|z] ; z€T,}.

Then 6, tends to 4+oo as well, because diamy, > C~1£,, because fn C Gyo and by
(13.4). Set

(40.62) Ly, =TnU [t; %0, 0] ,
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and then choose a point 2, such that

(40.63) 2, lies in a bounded component of R? <\ ',
and
(40.64) |2n] > 6n — 1.

Such a point is easy to find. For instance we can choose a regular point &, of ', very
far from the origin, and try two points 2 in R2\.T,,, very close to &,, and on different
sides of T, (locally). The points zE cannot both lie in the unbounded component of
R? \ T}, for instance because the winding numbers of the closed curve I'* around
these points are different. We can even choose z,, out of G,,.

Note that (vn,Gr) is also a global A-minimizer, and so we can apply Lemma 20.1
to it. We get an escape path <, = v,,,, which is even defined on [0, +00) because of
Remark 20.5.

From (20.4) it is clear that 7, (s) eventually leaves the (bounded) component of z,
in RZ\T%. Set

(40.65) sp=inf{s > 0; v,(s) €}
and yn = Yn (). Then
(40.66) Yn €T3 \Tp, C [t; %0, 0],

because the image of ~y, does not meet I';, C G, (by (20.4)). Then |yn — 2n| = 6,/2
for n large, by (40.64) and because {z,} is bounded (by (40.59)). Hence s,, > C~14,
(by (20.3)), and dist (yn,Grn) = C~14, (by (20.4)). When 6, is too large, this is
incompatible with (40.66) and the fact that z, € G,,. Our claim (40.60) follows from
this contradiction.

Because of (40.60), we can find parameterizations f, of the curves I',, that are de-
fined on [0, 1] and Lipschitz with uniform bounds. Then we can extract a subsequence
of {f,} that converges uniformly on [0, 1] to some limit f. It is clear that f([0,1]) is
an arc in K that contains 0 and x. Lemma 40.57 follows. a

Let us now apply the main result in [Bo]. We get that all blow-ins of (v,G) are
generalized cracktips or trivial minimizers associated to lines or propellers as in (1.10)
and (1.11). [The case of the empty set is not possible by our definition of blow-ins
and because we implicitly assumed that G is not empty.]

If all the blow-ins of (v, G) are generalized cracktips, we can apply Proposition 40.5
and conclude. So we are left with the easier case when for at least one blow-in (u, K)
of (v,G), K is a line or a propeller. In this case Lemma 18.26 tells us that G is a line
or a propeller, and v is locally constant on each component of R? \ G.

This completes our proof of Theorem 1.16. O
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Proof of Theorem 40.4. — Let (v,G) be as in the statement, and let y € G and {t,}
be such that (40.2) and (40.3) hold and (u, K) is a generalized cracktip. We may
assume that y = 0, since otherwise we can translate v and G.

For t > 0, define Gy, v¢, and (t) as in (40.6)-(40.9). Thus (v, Gr) = (v4,,Gt,)
with these new notations. Also, (40.11) holds with the same proof as above.

If . 1ir+n v(t) = 0, then all blow-ins of (v, G) are generalized cracktips or minimizers

associated to lines, and we can conclude as in the proof of Theorem 1.16. We can also
follow quietly the proof of Proposition 40.5 and see that it works.

So we may assume that «(t) does not tend to 0. Let 7 > 0 be very small (to be
chosen later), and set
(40.67) tn =sup{t € [0,tn] ; ¥(t) 2 7}.
Then t, is well defined for n large (because 7(t) does not tend to 0, and if 7 is small

enough), and even

(40.68) lim t; =400

n—-+o00
(because t, tends to +00). We want to use {t}} to construct an unlikely blow-in of
(v, G). Modulo extracting a subsequence, we can assume that

(40.69) {(vex, G2 )} converges to some limit (u*, K*).
Denote by v* the analogue of the function v, but for the pair (u*, K*). That is, set

(v*,G*)E€Hx B(0,1)~(K*UG*)

(40.70) y*(s) = inf {d(K:,G*) +/ |Vui — Vv*[},

with the same conventions as in (40.6)-(40.9).

Lemma 40.71. — We have that
(40.72) v (s) < 7 for s > 1.

Let us first note that
t

(10.73) v (t) < (;

This is easy to check. If (v*,G*) € H) is a competitor in the definition (40.8)
of v(¢), then (v;‘ Ji> Gie /t) (with the same notations as in (40.6) and (40.7)) is a
competitor in the definition of (¢*), the distance in (40.9) is at most multiplied by
t/t* (because of (40.6)), and similarly the integral is multiplied by less than (¢/ t*)3/ 2,
The precise power will not matter anyway.

By (40.73) (with ¢ and t* exchanged) and (40.67), v (¢t%) > 7. Since 7 (¢,) tends to
0 and v (t) > 7 does not tend to 0, (40.73) also implies that

3/2
) ~(t) for 0 < t* < t < 4o0.

(40.74) lim bn _ +o0.

n—+oo t¥
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Next
(40.75) v(sty) <Tforl<sg i—?,
by (40.67). For each s > 1, "
(40.76) {(vsts,Gstz)} converges to (u, K2),
by (40.69). Then
(40.77) 7(s) < liminf 5 (sty) <,

by the compactness of our set H) of generalized cracktips, the obvious continuity of
d (G¢, G*) with respect to G, Fatou, (40.74), and (40.75). This proves the lemma.
O

For each s > 1, choose (175, I?s) € H) such that
(40.78) d (K3 R, + / IVu? — Vi < 2v°(s).
B(0,1)~ (K3 UK,)

Let us first assume that for s large enough,
(40.79) the endpoint %, of K lies in B (0,1/10).
If our constant 7 is chosen small enough, then for s large
(40.80) K!NB(0,1)\ B(0,1/4) is a C* curve.
The proof is the same as for (40.21) with § = 1/4.
From all this we easily deduce that
(40.81) K™\ B(0,s0) is connected for some sy > 0.
Then we can apply Theorem 1.16, and we get that

(40.82) (u*, K*) is a generalized cracktip or K* is a line or a propeller.

Let us try to prove (40.82) also when (40.79) does not hold for s large. First note
that if Z, € B(0,9/10) for some s > 1, then Z, € B(0,1/10) for 10s < s’ < 100s.
This is because (40.76) and (40.77) say that in the unit disk, K is very close to K
and K. s is very close to K3, = Z K. Of course we need 7 to be small enough here.

s’ =

Thus if (40.79) does not hold for all s > 10,
(40.83) Ts € R\ B(0,9/10) for s > 1.

In this case also we can apply the argument of Lemma 40.20 (but this time in
B(0,2/3), say, to stay sufficiently far from the points Z,), and we get that for all
s> 1,

(40.84) KN B(0,1/2) isa C* curve.

Then K* is connected, and we can deduce (40.82) from [Bo].
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Thus we proved that (40.82) holds in both cases. Recall that (u*, K*) is a blow-in
of (v,G). So if K* is a line or a propeller, G also is a line or a propeller. See the end
of the proof of Theorem 1.16 (starting a little below (40.66)).

We are left with the case when (u*, K*) is a generalized cracktip. Then
(40.85) Jim oy (t7) =0,

by (40.69) and (40.11). On the other hand, v (¢tX) > 7 (see a little below (40.73)).
This contradiction completes our proof of Theorem 40.4. O

41. Cracktips are global minimizers

In this section we complete our proof of (1.15).

In the first sections we have assumed that (1.15) fails, and then constructed a
modified functional (see Section 11) and a minimizer (v,G) of that functional. The
next stage is the following.

Lemma 41.1. — (v,G) is a generalized cracktip.

We already know from Proposition 11.5 that (v, G) is a minimizer of the modified
functional. It is reduced by construction, but otherwise we could always replace it
with a reduced minimizer. We want to apply Theorem 39.11, so let us check the
hypotheses.

We start with (32.3)-(32.5). Recall from (10.24) that v is the limit of some sequence
VR,,- |The pairs (vg,Gr) were themselves obtained as minimizers of some other
functionals Jg.] The convergence of {vg,,} is uniform on every compact subset of
R2 \ G and, since all our functions are harmonic, Vug, converges to Vv at least
pointwise. Then Lemma 10.14 implies that

(41.2) |Vu(z) — Vuo(z)] < Clz|™"

for all z € R? \ L such that |z| > 2Ry. Here ug is the reference cracktip function
defined by (2.2), and Ry is some constant. [It shows up in Proposition 5.1 for the first
time, but this does not matter here.]

We want to use (41.2) to study the variations of w (the conjugate function) on
OBp for R large. Denote by wg the function conjugated to uo and normalized by
wo(z) =0 on (—00,0]. Then

(41.3) wo (rcos @, rsind) = —/2/mr'/? cos (/2)

forr >0and — 7w <6 <.
From (41.2) we deduce that

(41.4) jw(z) — wo(z)| < C for |z| > 2Ry
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(because w and wy coincide on L). In particular,

-1/2
(41.5) w (Rcosé, Rsinf) < —

3m
fi < —
or |6 1

if R is large enough.

Another consequence of (41.2) is that w is strictly monotone on each of the two
arcs of dB(0, R) where 37/4 < 6§ < 7w and —7 < 6 < —3w/4. Therefore

(41.6) I'm, = {z; w(z) =m} does not meet dB(0, R) when m > 0,

(41.7) I'oN9dB(0,R) = {—R},
and
1/2
(41.8) I';, N 9B(0, R) has exactly two points when — g <m< 0.

In particular, (32.3)-(32.5) hold.

The last condition (39.9) holds, by (10.28) and because A = ' (H*(G \ L)) > 1 by
(3.3) and (3.5). So we can apply Theorem 39.11, and (v, G) is a generalized cracktip.
This proves the lemma. O

Note that the constant 8 in the representation of v by (39.9) must be \/2/_7r, for
instance because of (41.2). Thus (v,G) is a translation of our reference cracktip
(uo, K 0).

Suppose that G # L, i.e., that G = (—o0, 7] for some ¢y > —1. Note that (ug, Ko)
is a blow-up of (v, G) at zg: it is the limit of the sequence (v,, G,) defined by (12.7)
and (12.8) with y, = 2o and t,, = 27", say. Then Proposition 12.12 says that (ug, Ko)
is a global A-minimizer, and hence A = 1 (by Remark 35.42). Here we are working
under the assumption that (up, Kp) is not a global minimizer; thus the current case
when G # L is impossible.

We are left with the case when G = L, and unfortunately some energy estimates
will be needed to show that this case is impossible as well. The general principle is
easy: if we finally arrived to the minimizer G = L, then L itself should have been a
significantly better competitor than Ky = (—o00, 0] for our local functionals Jg, which
is not the case.

Recall that our pair (v, G) was obtained as the limit of minimizers (vg,,,Gg,,) of
the functionals Jg,,, for some sequence {R,,} that tends to +oo. [See a little under
(10.21) and (10.24).] Set

(41.9) B(m) = / Vor, 2,
B(0,Rm)~GRpm
and also call D,, = B(0,Ry,) and 9,, = 8B (0, R,) ~ L. We want to replace vg,,

with the simpler function u,, which is defined and continuous on D,, \. L, coincides
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with ug and vg,, on Op,, is harmonic on D,, \ L, and for which

(41.10) E'(m) = / [Vt |?
D,,\L

is minimal. Note that E(m) < E’'(m), because vg,, minimizes E(m) among continu-
ous functions on D,, ~ G R,, that coincide with up on Op,, and u, is such a function.

Lemma 41.11. — lim+ (E'(m) — E(m)) =0.
m-—-1+00

We want to use vg,, to construct a fairly good competitor for E'(m). This will
be easier after a conformal mapping. Set o(z) = (z 4+ 1)'/2 for 2 € C \ L, where
we choose the obvious determination of the square root, with values in the half-
plane P = {z: Rz > 0}. Set B= B (0, (Ro + 1)1/2> , where Ry is the constant of
Proposition 5.1. Then

(41.12) ¢ (Gr,, N L) C B,
by (5.2). Also,
(41.13) em =sup{Rz; 2 € ¢(Gr,, ~ L)}

tends to 0, because Gg,, tends to G = L.

Denote by H,, the isosceles trapezoid with vertices +2 (Rgy + 1)1/ 2; and Em L
(Ro + 1)/%4. [See Figure 41.1.] Choose a diffeomorphism 1 : 3B N P+ — 3B N P+

H ,, such that 1(z) = z near Pt N 9(3B) and
(41.14) |DY(z) —1d| < C €m on 3B P*.

FIGURE 41.1. The arrows indicate the action of 1.
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Set ¥ = vg,, op~! on ¢ (Dmm \ GR,,), and then & = Vo1 on ¢ (D, \ L). Finally
set u = U o on Dy, \ L. Then

(41.15) / IV3* = E(m),

by (41.9) and the conformal invariance of energy integrals. The composition with
1 does not change anything out of 3B, and multiplies the energy in 3B by at most
1+ Cep, by (41.14). Thus

(41.16) / Vi® < E(m) + C em / V2.
@(Dm~L) 3BNPt~Hp,

Also

(41.17) / var* = [ Vor, [ <,
3BNPt+~\Hn, ¢~ 1(3BNPt~\Hy)

by conformal invariance of energies, because ¢! (3B N P*) = B (-1,9 (R + 1)), and
by Lemma 4.12. We do not care if C is very large, as long as it does not depend on
m. Finally,

(41.18) / Vuf? = / Vil? < B(m) + C em.
DnNL @(Dm~\L)
Now u is an allowed competitor in the definition (41.10) of E'(m), and so
(41.19) E'(m) < / IVul? < E(m) + C em.
D \L

Lemma 41.11 follows, because €, tends to 0. 0
Next we want to compare E’'(m) with

(41.20) Eo(m) = / [Vuol?,
D~ (—00,0]

where ug still denotes our reference cracktip function. Let us use Green’s theorem on
Q = Dy, \ (—00,0] (as we did for (4.32)). We get that

(41.21) E’(m)—Eo(m)=/Q{|Vum|2—-|Vu0|2} =/QV(um—-u0)-V(um+u0)

=—/Q(um—uO)A(um+uo)+/aQ(um—uo)?—(um67;’-—u0).

Since A (upm +ug) = 0 on Q, upy —up = 0 on Iy, and 9 (um +ug) /On = 0 on
[=Rm, —1], we are only left with the double contribution of [—1,0] in the boundary
integral. On [—1,0], Oup/dn = 0, and Au,,/On shows up twice, with opposite values.
Thus

(41.22) E'(m) — Eo(m) = / Jump (U, — uo) —— 6um / Jump uo) —

— oy [ i ——‘9“5;(“3) d,
-1
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by (2.2). Set U (z) = up(z + 1). We shall see soon that u,, is a good approximation
to um,. At any rate,

0 ” 0
@z [ el e = 5T [ el @)
-1 _1

Set = sin?u—1,0 < u < 7/2, so that dz = 2sinu cosu, |:1c|1/2 = cosu, (z + 1)
(sinw)™!, and

-1/2 _

0 w/2 T
(41.24) / Iﬂvll/2 (z+ 1)—1/2 dz = / 2cos®u du = 3
1 0

Thus the main term in our computation of the right-hand side of (41.22) is 1.

The function w,, — %y, is continuous on D, L, harmonic on D,, \ L, and satisfies
the Neumann condition 8 (um — Upm) /On = 0 on L. Also,

(41.25) |(Um — Tm) (2)] = Juo(z) — uo(z +1)| < CR;M?

on O,,, by definitions and a crude estimate. By the maximum principle for
solutions of the Dirichlet-Neumann problem (i.e., because u,, — U, minimizes

/ |V (tm — Tm)|? for the given boundary data on 8,,,), (41.25) holds in Dy, \ L,
Dy~

and in particular on the circle B (=1, Rm — 1).
Define the auxiliary function f on D = {z € B(0, (Rm — 1)1/2) ; R(2) > 0} by

(41.26) F(2) = (um — Um) (° ~ 1).

Then f is continuous on D, harmonic inside, and satisfies the usual Neumann condi-
tion on the imaginary axis. We can extend f to B = —E(O, (Rm — 1)1/ 2) by symmetry,
and we get a continuous function on B which is harmonic in B. [See the argument
after (4.53) for more details.] Thus

(41.27) |Vf(z)| < CR,! on B(0,1),
by (41.25), and
(41.28) IV (tm — Tim) (€)] < C RZ} (€ +1)"% on B(-1,1)\ L,
by composing with £ — (£ + 1)1/2. We can plug this into (41.22), and we get that
0 _ ~
(41.29) |E'(m) — Eo(m) — 1| = ‘2\/2/7r / ||}/ %’%y—“m)(x)dx
-1
0
<C R;}/ 2 (@ + 1) 2 de < C R
-1

Altogether,
(41.30) lim |E(m) — Eo(m) — 1| =0,

m—+00
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because of Lemma 41.11. Since Jg,, (uo, Ko) = 1+ Eo(m) by (3.2), (2.1), (3.3), and
(41.20), we get that

(41.31) A (Rm) = Jr,, (o, Ko) — Jr,, (vr,,Gr,) < 1+ Eo(m) — E(m)
(by (3.2) and (41.9)), and hence
(41.32) limsup A (Rn,) <0,

m—+00
by (41.30).

On the other hand, A(R) is a nondecreasing function of R, by (3.2) and the fact
that Ug in (3.1) has more and more elements (so that (vg,Gr) € Ug/ for R’ > R,
for instance). Our assumption that (ug, Ko) is not a minimizer also implies that
A(R) > 0 for R > 1, as in (3.9) and (3.10). Thus limsup A (R,,) = A(1) > 0, in

m—+00

contradiction with (41.32).
This final contradiction completes our proof of (1.15). O
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