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A free boundary problem for the localization of
eigenfunctions

G. David, M. Filoche, D. Jerison, and S. Mayboroda.

Abstract. We study a variant of the Alt, Caffarelli, and Friedman free boundary problem,
with many phases and a slightly different volume term, which we originally designed to guess
the localization of eigenfunctions of a Schrodinger operator in a domain. We prove Lipschitz
bounds for the functions and some nondegeneracy and regularity properties for the domains.

Résumé en Frangais. On étudie une variante du probleme de frontiere libre de Alt,
Calffarelli, et Friedman, avec plusieurs phases et un terme de volume légerement différent, que
I’on a choisie pour deviner la localisation des fonctions propres d'un opérateur de Schrodinger
dans un domaine. On démontre des estimations Lipschitziennes pour les fonctions associées
a un minimiseur, et des propriétés de nondégérescence et de régularité pour les frontieres
libres.
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1 Introduction

The initial motivation for this paper was to describe the localization of eigenfunctions for
an operator £ on a domain  C R"™. Let us assume that ||, the measure of €, is finite.
The typical operator that we consider is the positive Laplacian £ = —A, or a Schrodinger
operator L = —A 4+ V, with V bounded and nonnegative; in a forthcoming paper we may
also consider the bilaplacian A2,

In [F'M], a pointwise estimate for eigenfunctions for £ is found, which bounds them in
terms of a single function wy, namely the solution of Lwy = 1 on €2, with the Dirichlet
condition wy = 0 on R™ \ . Our first goal is to derive an automatic way, using wy, to
find subdomains W;, 1 < j < N, of 2, where the eigenfunctions of £ are more likely to
be supported. The work in [[')\] indicates that, roughly speaking, one seeks a collection of
disjoint W; C ©, 1 < j < N, such that wy is small on the boundaries of the W}, and it is
natural to try to measure “smallness” in terms of the operator L itself. Even though many
handmade or numerical decompositions of {2 based on wqy seem to give very good predictions



of the localization of eigenfunctions, we would like to have a more systematic way to realize
the decomposition.

The functional described below is intended to give such a good partition of {2 into sub-
domains, and it turns out to be an interesting variant of functionals introduced by Alt and
Caffarelli [AC], and studied by many others. In the present paper, we shall mainly study
the theoretical properties of our functional (existence and regularity of the minimizers and
regularity of the corresponding free boundaries).

Let us now describe the main free boundary problem that we shall study here; the relation
with wy and our original localization problem will be explained more in Section 2.

We are given a domain 2 C R", and (for instance) an operator £ = —A+V; assumptions
on the potential V), or other functions associated to a similar problem, will come later. We
are also given an integer N > 1, and we want to cut {2 into subregions W;, 1 < i < N,
according to the geometry associated to L. For this, we want to define and minimize a
functional J. But let us first define the set of admissible pairs (u, W) for which J(u, W) is
defined.

Definition 1.1 Given the open set Q C R™ and the integer N > 1, we denote by F = F ()
the set of admissible pairs (u, W), where W = (W;)1<;<n is a N-uple of pairwise disjoint
Borel-measurable sets W; C Q, and u = (u;)1<i<ny s a N-uple of real-valued functions u;,
such that

(1.1) u; € WH(R")
and
(1.2) u;i(x) =0 for almost every x € R™ \ W;.

Here W'P(R™), 1 < p < +00, denotes the set of functions f € LI (R™) whose derivative,
computed in the distribution sense, lies in LP(R™). We chose a definition for which we do not
need to assume any regularity for the sets W;, nor to give a precise meaning to the Sobolev
space VVO1 ’2(I/V,~), but under mild assumptions, the functions u; associated to minimizers will
be continuous, and we will be able to take W; = {a € Q; u;(z) > 0}. For the moment we
took real-valued functions, but what we will say will systematically apply when some of the
functions u; are required to be nonnegative. In addition, some of our results will only work
under this constraint (that u; > 0).

Our functional J will have three main terms. The first one is the energy

(1.3) E(u) :Z / |V, (x)|dx,

where we denoted by Vu,; the distributional gradient of u;, which is an L? function. It does
not matter whether we integrate on R™, 2, or W, because one can check that if u; € Wh2?(R")
vanishes almost everywhere on R™\ W;, then Vu; = 0 almost everywhere on R™\ W;. Indeed,
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by the Rademacher-Calderén theorem, w; is differentiable at almost every point of R™, with
a differential that coincides almost everywhere with the distribution Du;. It is then easy to
check that Du,;(xz) = 0 when x is a point of Lebesgue differentiability of R™ \ W}, hence, for
almost every R" \ W;.

The second term of our functional will be

(1.4) Mw=§;ﬂw@%@—mmmmm,

where the f; and the g;, 1 < i < N, are given functions on () that we may choose, depending
on our problem. We are slightly abusing notation here, because M (u) also depends on the
W; through the choice of functions we integrate against u? or u;, at least if the f; and g;
depend on i. The convergence of the integrals in (1.4) will follow from our assumptions on
the f; and the g;. For our initial localization problem, all the f; will be equal to the potential
V), and g; = 2 for all i.

We put a negative sign before u;(z)g;(z) so that the f; and g; will be nonnegative in the
most interesting cases, but we won’t always need both assumptions. When this happens, the
functions u; will also naturally be nonnegative, which will allow some specific arguments.

The last term of the functional is a function F'(W) that depends on the sets W;. We do
not need to be too specific for the moment, but our main example is to take a continuous
function of the Lebesgue measures |W;| of the W;. Thus our functional is

J(u,W) = E(u)+ M(u)+ F(W)

(1.5) — Z / Vo, () [*dz + Z /[ui(:):)2f,~(:v) — u;(2)gi(x)]dx + F(Wy, ... Wy).

We add the term F(W) to the functional to avoid some trivial solutions (typically, where
Wy = Q and all the other W; are empty). For some of our main results we shall put some
monotonicity assumptions on F', but for the moment let us merely say that a typical choice
would be

N
(1.6) F(W) =" a[Wj| + b|W;["*

i=1

for some o > 0 and suitable positive constants a and b, where the second term tends to make
us choose roughly equal volumes when we minimize the functional (see Section 13) and the
linear one ensures a certain non-degeneracy (see, e.g., a discussion after (2.9)).

The reader may also think about the case when we choose nonnegative bounded functions
¢, 1 <1< N, and we set

(1.7) Fow) =3 [
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which is the typical choice that people use for the functionals of [AC] and | -

We shall first prove that if the Lebesgue measure of 2 is finite, the f; are bounded and
nonnegative, and the g; lie in L?, there exist minimizers for J in the class F. See Section 3.

But the main goal of the paper is to consider a minimizer (u, W) for the functional and
establish, under slightly stronger assumptions, some regularity results for u (for instance,
Lipschitz bounds), and even the sets W; (all the way up to C'-regularity almost everywhere
when we are very lucky). Maybe we should say right away that although many of our results
also hold when n = 1 (but may not be interesting), we shall concentrate our attention on
n > 2 and can’t even promise that all our statements will make sense when n = 1.

Variants of our functional J have been studied extensively, starting with the very im-
portant papers [AC] and | |, where the authors wanted to study the regularity of the
boundary of the positive set {u > 0} of some PDE solution; see also | | for further results
on these free boundary problems. Similar problems were also raised, for instance to study
optimal shapes; see [HP], [BV].

There is an interesting difference between the present context and the situation of the
aforementioned papers, which is that we want to allow a number N > 3 of domains. When
N = 2 and the u; are nonnegative, as in most of the aforementioned papers, we can regroup
u; and us into one single real-valued function u; — us, and this is very convenient to pro-
duce competitors for u, for instance by taking the harmonic extension of the restriction of
up — ug to a sphere. This trick will not be available here, and will force us to be slightly
more imaginative in the construction of our competitors. See our description of harmonic
competitors in Section 6 for a more detailed discussion. Nonetheless, we shall still be able to
use a monotonicity formula, which was first formulated in | |, and which is a major tool
in the aforementioned papers. This will allow us to prove that u is Lipschitz, for instance,
and try to follow the same route as in these papers to prove some regularity results for the
Wi.

Let us describe the plan of this paper and the results that it contains. In Section 2 we
try to explain why we introduced the functional J above, what choices of the parameters
seem more interesting to us, and what the regularity results may mean in the context of
localization of eigenfunctions.

Recall that the existence of minimizers is proved in Section 3, in a quite general setting;
the main point of the proof is the fact that, by Poincaré’s inequalities, the energy term E(u)
controls the second term M (u). When F(W) is a continuous function of the volumes |W;|,
as in Theorem 3.1, we extract from a minimizing sequence a subsequence for which these
volumes converge, and we get a minimizer rather easily (without having to make the sets W;
themselves converge); the proof also works when F'(W) is a continuous and nondecreasing
function of the W;, (hence, for instance, when F'is as in (1.7) with nonnegative integrable
functions ¢;). See Corollary 3.5.

After a short Section 4 where we derive simple consequences of the Poincaré inequalities,
we check in Section 5 that if |2] < 400, the f; are nonnegative, and the f; and the g; lie
in LP(Q) for some p > n/2, and (u, W) is a minimizer for J in the class F, then the u; are
bounded. The proof uses simple bounds on the fundamental solution of —A. We put his



intermediate result here because it makes it easier to estimate various error terms later.

Many of our subsequent estimates will be obtained by comparing (u, W) with two com-
petitors that we introduce in Section 6. The first one is simply obtained by multiplying some
of the u; by a cut-off function that vanishes in a ball; the interest is that we may save on
the energy or volume terms. The second one is our substitute for the harmonic extension.
We want to define a smooth competitor with the same values of u on a sphere, and since
we cannot extend harmonically each component u;, we cut them off as above, except one for
which we can use a harmonic extension because we just created some space.

The competitors of Section 6 are used in Section 7 to prove that the u; are locally Holder-
continuous on 2 if in addition to the assumptions of Section 5, F' is a Hoélder-continuous
function of the W;, with an exponent g > "7_2 Here and below, the distance between W
and W’ is defined as the sum of the measures of the symmetric differences W;AW/; see
(7.1). The proof is arranged like Bonnet’s monotonicity argument for the Mumford-Shah
functional, but the estimates are not sharp and we only get a very small Holder exponent.

We show in Section 8 that if € is smooth (but in fact much less is needed), u is also
Holder-continuous all the way to the boundary 0f2.

Then we turn to the monotonicity formula. From now on, let us assume that the f; and
the g; are bounded, and that the f; are nonnegative. This formula concerns products of two
functions @, that are defined as follows. Choose an origin x, and denote by I the set of
pairs ¢ = (i,¢), where ¢ € [1, N] and € € {—1,1}. To each ¢ € I we associate the function
v, = (eu;)+ = max(0, eu;) (we shall often call v, a phase of u) and the function ®, defined
by

1 Vu,|*
(1.8) B, (r) = —2/ L

T JB(zo,r) |$ - x0|n
for r > 0. For ¢ # ¢ € I, set O (r) = Py(r)Py(r). This is just a minor variant of
the functional introduced by Alt, Caffarelli, and Friedman in | |, and we show that

®,, 4 is nearly nondecreasing near the origin when (u, W) minimizes J in F, at least if we
assume that || < 400, and F' is Hélder-continuous as in (7.1). See Theorem 9.1 for a
precise statement. The proof consists in checking that the functions v, and vy satisfy the
assumptions of a near monotonicity formula that was established in | |, and for this the
Holder estimates of Section 7 are useful. This result is also valid when zq lies on 02 or close
to 092, if Q is smooth (as in (8.1)), and then we use the results of Section 8 to check the
assumptions of [C'JK].

Once we have a control on the functionals ®, we can use a bootstrap argument to show
that u is locally Lipschitz. For local Lipschitz bounds in €2, we just need to assume that (in
addition to the previous assumptions) F' is a Lipschitz function of the W; (as in (10.2)); See
Theorem 10.1.

If in addition  is bounded and has a C'*® boundary for some o > 0, we show in
Section 11 that u is also Lipschitz near 0.

Notice that in general, we do not expect the sets W;, 1 < i < N, to cover, or almost
cover (). In fact, we will often make sure that F'(W) is a sufficiently large, or increasing
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function of each W;, so that if some part of W; is not really useful to make E(u) + M(u)
small, we may as well remove it and save more on the F'(W) term. In Section 12, we take
the opposite approach and find conditions on F’ and the g; that imply that the W; associated
to a minimizer (u, W) almost cover 2 and that u # 0 almost everywhere. Typically, this
means some decay for F' (so that adding a missing piece to the W; does not cost anything)
and the positivity of g;. See Propositions 12.3 and 12.4 in particular.

In Section 13 we show that if the f; are bounded and nonnegative, the g; lie in L? and
at least one of them is nonzero, and F' is given by (1.6) with a > %, b is large enough, and
a > 0 small enough, then the mininizers for J are such that u # 0 and |W;| < |©2|/10 for
1< < N.

In Section 14 we show that under mild conditions on F' (where we say that volume is not
too cheap), the number of indices ¢ for which |W;| > 0 is bounded, even if we allowed much
more components by taking N very large.

We then return to a general scheme in the study of free boundary problems. In Section 15,
we consider for instance uy 4, the positive part of w;, and we want to show that under
suitable non degeneracy conditions, it behaves roughly like the distance to the free boundary
0 = 8{1’; ui(x) > O}. The nondegeneracy condition that we will use is that, as far as the
volume term F'(W) is concerned, we can always sell small parts of W} and get a proportional
profit. That is, if A C W; has a small enough measure, we can remove A from Wi, and
maybe distribute some part of it to the W, ¢ # 1, in such a way as to make F(W) smaller
by at least A|A| for some fixed A > 0. See (15.1) for the precise condition. For instance, if
F is given by (1.7), we get this condition as soon as ¢;(x) > A 4+ min {O, q@(T), - ,qN(at)}
almost-everywhere on 2 (see (15.4)); when we have (1.6), we just need to take a > A and
b>0.

If we add this nondegeneracy condition to the other assumptions above, we get the desired
rough behavior of u; 4; see (15.6) and (15.7) in Theorem 15.1, (15.10) in Theorem 15.2, and
(15.40) in Theorem 15.3. We also get that the complementary region {ul < 0} is not too
thin near a point of d;; see Theorem 15.4.

In Section 16 we show that if W satisfies our nondegeneracy condition (we’ll also say that
Q1 = {uy > 0} is a good region), then d; = 9 is locally Ahlfors-regular and (uniformly)
rectifiable. The argument goes nearly as in [AC], and is based on the fact that when (u, W)
is a minimizer, Au; + C' is a positive measure (that we can also estimate). We use the
non degeneracy results of Section 15 to show that the restriction of this measure to 0, is
locally Ahlfors-regular (Proposition 16.1), compare it to the total variation measure D1g,,
show that €, is a set of finite perimeter, and get the rectifiability of 0; almost for free (as
the reduced boundary of €;). We also deduce from this a representation formula for Awu;
in terms of the density of that measure with respect to the restriction of H? to 0i; see
Proposition 16.2. Finally we check that 0€2; is locally uniformly rectifiable, with “Condition
B” and big pieces of Lipschitz graphs, because this follows rather easily from the results of
Section 15. See Proposition 16.3.

The Lipschitz bounds in Sections 10 and 11 allow us to define the blow-up limits of
(u, W) at a point, and the non degeneracy results of Section 15 will often be the best way to



make sure that these limits are nontrivial. Before we really get to that, we need a theorem
about limits. We take care of this in Section 17. We introduce a notion of local minimizer
for a functional J in an open set O, and prove that under reasonable assumptions, if we
have pairs (ug, Wy) of local minimizers in O of functionals Jj (associated to domains €,
and defined as J above), and if the uy converge to a limit u, then we can find W such that
(u, W) is a local minimizer in O of the natural limit functional J. See Theorem 17.1 and
Corollary 17.5.

We use this in Section 18 to prove that if (u, W) is a minimizer for J and u,, is a blow-up
limit of u at some point o such that u(zg) = 0, then (under some reasonable smoothness
assumptions, in particular on the volume term F' and on 2 if 2y € Q) we can find W,
such that (us, W) is a local minimizer (in an infinite domain, which is R™ when z; is an
interior point of €2, and otherwise is a blow-up limit of €2) of a simpler functional J. The
functional J,, is simpler because it does not have an M-term, and its F' term is like (1.7),
with constant functions ¢;. See Theorem 18.1 or Corollary 18.3.

In Sections 19 and 20 we find various situations where the blow-up limits of u at a
point are given by a simple formula with affine functions. The main result of Section 19 is
Corollary 19.4, where we get such an expression as soon as we can find two phases ¢ # ¥ € [
(as above) such that the Alt-Caffarelli-Friedman functional @, ,(r) that we use in Section 9
has a nonzero limit at » = 0. This is the case, for instance, if the nondegeneracy condition
of Section 15 is satisfied for (the indices ¢ that come from) ¢ and ¢, and the origin lies in
8{% > O} ﬁ@{vw > 0}. The proof is not surprising (all the ingredients were prepared in the
previous section) and is based on a careful study of the case of equality in the monotonicity
theorem of | |; see Theorem 19.3.

The main result of Section 20 is Corollary 20.3, which concerns the case when we cannot
find ¢ and ¢ as above, but the origin lies in 8{% > O} for some ¢ € I that satisfies the
nondegeneracy condition of Section 15. Then we use a result of | | to show that, in
dimensions n < 3, some blow-up limits of u are composed of just one phase v, which is the
positive part of an affine function.

We also show (in any dimension) that the conclusion of Corollary 19.4 or Corollary 20.3
holds when the origin is a point of 0, = 8{% > 0} where 0, has a tangent (and the
nondegeneracy condition holds). By Proposition 16.3, this happens almost everywhere on
0,. See Proposition 20.5 and Remark 20.6.

In Section 21 we summarize the situation: when all the regions satisfy the nondegeneracy
condition of Section 15, for instance, a given point zy € 2 can only lie in at most two sets
J, (at most one if o € 0N, and so there is a small neighborhood of z, where (u, W) is a
minimizer of a variant of the Alt-Caffarelli-Friedman functional with only one or two phases.
See Lemmas 21.1, 21.4, and 21.5. While we were preparing this manuscript, we learned
about a recent result of Bucur and Velichkov [BV], with a version of Lemma 21.1, obtained
by a completely different method (in particular a monotonicity formula with three phases).
We discuss this a little more in Section 21.

At the end of Section 21, we are left with a series of good sufficient conditions for u to have
blow-up limits composed of affine functions. These conditions imply the asymptotic flatness



of the free boundaries 0, which holds everywhere inside €2 under nondegeneracy conditions
and if n < 3, and only almost everywhere when n > 3; see Proposition 19.5 and Lemma
20.4. We do not continue the regularity study of the 0, that would normally lead to local
CYe-regularity, probably under additional nondegeneracy assumptions, but Lemma 21.1 says
that this now is a problem about functionals with at most 2 phases.

Section 22 can be seen as an appendix. We complete some of the proofs of Sections
19 and 20 with a standard computation of first variation, which we only do for the affine
blow-up limits of our problem, and then use the representation formula of Proposition 16.2
to show that, at points where u has a nice blow-up limit, there are Euler-Lagrange relations
between the values of the normal derivative of u on both sides of the free boundary, and
the multipliers that comes from the derivatives of F' in the corresponding directions. These
formulas are deduced from the corresponding formulas for the blow-up limits, which we
derived with the first variation argument. See Proposition 22.1.

Acknowledgements. The authors wish to thank D. Bucur, A. Henrot, M. Pierre, T. Toro,
B. Velichkov, for helpful discussions during the preparation of this paper.

The first author acknowledges the generous support of the Institut Universitaire de
France, and of the ANR (programme blanc GEOMETRYA, ANR-12-BS01-0014). The sec-
ond author was partially supported by the CNRS grant PEPS-PTI Thorgal. The third
author was partially supported by the NSF grant DMS 1069225, the Bergman Trust, and
wishes to thank Université de Paris Sud (Orsay) for a monthlong visit during June-July 2012.
The fourth author was partially supported by the NSF grants DMS 1220089 (CAREER),
DMS 1344235 (INSPIRE), DMR 0212302 (UMN MRSEC Seed grant), and the the Alfred
P. Sloan Fellowship. The fourth author would also like to acknowledge the support of the
CNRS and hospitality of Université Paris-Sud, Orsay, France, in Oct-Dec of 2012 and April
of 2013, when parts of this work were completed.

Frequently used notation.

B(x,r) is the open ball centered at x, with radius r

|A| denotes the Lebesgue measure of a set A

C' and c are positive constants that change from line to line; usually C'is large and ¢ is small.
WH2(R™) is the Sobolev space (one derivative in L?)

J(u, W) = E(u) + M(u) + F(W) is our main functional; see (1.3), (1.4), (1.5)

F = F(Q) is our class of acceptable pairs (u, W); see Definition 1.1

F (O, Q) is its variant for local minimizers in a domain O; see the start of Section 17

S, =0B(0,r)

W(Q) is the set of acceptable N-uples W see the beginning of Section 12

AAB is the symmetric difference (A\ B) U (B \ A)

Q; = {z € R"; u;(z) > 0} is usually strictly smaller than 2 and may be smaller than W;
I =[1,N] x {—1,1} denotes our set of phases, and we set

v, = [ew;]+ = max(0,eu;) and Q, = {x € R"; v,(z) > 0} for ¢ = (i,e) € I

®; and ® define our Alt-Caffarelli-Friedman functional; see (8.4)

®Y) and @Y, are their new names in Sections 19 and later; see (19.11) and (19.17)



P, and @, ., , are the same ones, along a blow-up sequence; see (19.13) and (19.18).

2 Motivation for our main functional

In this section we try to explain the connection between the functional defined in (1.5) and
our initial localization problem. Let us start with a domain 2 C R"™, which we may assume to
be bounded, and the operator £ = —A+V, with V bounded and nonnegative. For simplicity
of exposition, let us also assume that €2 is smooth (only for the duration of this section: the
relevant regularity conditions on {2, when necessary, are carefully tracked in the remainder
of the paper). Let wy be the solution of Lwy =1 on 2, with the Dirichlet condition wy = 0
on R™\ €. It is shown in [[')\] that the eigenfunctions of £ can be estimated pointwise by
the single function wy, so we can expect wy to give useful information on the localization of
the eigenfunctions.

Given an integer N > 2, we want to to split €2 into NV disjoint subregions W}, preferably
with a nice boundary I' = U;0W}, so that the values of wy on I' give the best control (on
wp and the eigenfunctions), and for this we want the restriction of wy to I' to be as small as
possible, in a sense that will be discussed soon. Numerical experiments suggest that when
we do this, the eigenfunctions tend to be localized inside the regions W;, even though the
precise mechanism why this happens is not clear to us. See [I'M].

One interesting way to require this smallness is be to minimize something like fF Wo,
plus the same volume term F'(W) as in the present paper. We shall not do this here, and
instead we shall encode smallness in a slightly more subtle and perhaps more natural way:
via the energy corresponding to the governing operator L. Let us associate, to any function
w € WH2(R™) such that w(z) = 0 almost everywhere on R™ \ Q, the energy

(2.1) Ey(w) :/Q|Vw|2—|—Vw2.

Given the closed set I' C €2, we want to define

Jo(T) = inf { Ey(w) ; w € WH*(R"), w(z) = 0 almost everywhere on R" \ ©,
(2.2) and w = wy on T'},

and for the moment let us assume that I' is composed of smooth hypersurfaces. Then it
is possible to define the traces on I' of the functions w and wy (just because they lie in
Wh2(R")), and thus give a sense to the phrase “w = wy on I'”.

Of course Jy() = 0 (take w = 0 in (2.2)), and so Jy(I') can be seen as the minimal
amount of energy that we need to pay, when we add the constraint that w = wy on I' to the
basic condition that w(x) = 0 a.e. on R™\ .

It does not make sense to minimize Jo(I') without any constraint on I', because the
infimum would be when I' = (), so we add a term F(W) to our functional, that depends
on I' (typically through the volumes of the components of 2\ I'), just to compensate and
avoid this case. Then we try to minimize Jo(I') + F(W). Using a reasonably smooth term F
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that depends on the volumes seems to be the mildest way to avoid degeneracy; for instance
requiring that the connected components of 2\ I' have prescribed volumes looks a little
too violent, even though it gives an interesting (but harder) mathematical problem. The
definition of F(W) will be discussed later. Assuming that this procedure can be justified
and that a minimizer exists, we denote the latter by w.

Anyway, it is expected that picking sets I' on which wq is small helps making Jy(I")
small, and our definition of smallness of wy on I' will be through the smallness of Jy(I').
An apparently simpler choice of Fy(w) would have been [, |w|? (after all, we started the
discussion with pointwise estimates on the functions themselves), but the constraint that
w = wy on I' does not really make sense with the weaker L? norm, or in other words the
infimum in (2.2) (say, on smooth functions w) would be zero. Working in the class W?(R")
and with the energy in (2.1) then seems to be the simplest reasonable choice, with an obvious
connection with our operator —A + V.

Next we continue with £ = —A + V), and show how to restate the minimization problem
for Jy more simply, in terms of the difference v = wy —w. Roughly speaking, the idea is that
viewing wg as a solution to Lwy = 1 on Q, with the Dirichlet condition wy = 0 on R™\ Q
and, trivially, wy = wy on I', and viewing w as a solution to Lw = 0 on 2, with w = 0 on
R™\ © and w = wg on I', we would have Lv = 1 on €, with the Dirichlet condition v = 0 on
R™\ © and v = 0 on I'. The latter problem is more natural to formalize and address in our

context, but let us first convert this reasoning to the language of minimization.
By (2.1),

(2.3) Ep(w) = Eg(wg —v) = /Q IV (wy — )| + V(we — v)?

— Ey(wy) + Eo(v) —2/Q<w,wo> —2/viw0,

where for us Ey(wy) is just a constant. Let us integrate by parts brutally; some justifications
will come soon. This yields

(2.4) —2/<V0,Vwo>:2/vAw0—2/ 0%22/1}1&00—2/0
Q Q o on Q Q

because the boundary term [, 50 v% vanishes since v = 0 on R" \ ), and where we use the

fact that (—A 4+ V)wy = Lwy =1 on Q. Then (2.3) yields
(25) E()(’LU) = Eo(w()) + E()(’U) - 2/ V.
Q

Concerning the integration by parts in (2.4), one way not to do it is to use the variational
definition of the function wy, i.e., the fact that it is the function f € W12(R") such that
f(z) = 0 almost everywhere on R™ \ €, and which minimizes [, |Vf]* + Vf? — 2f under
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these constraints. Since for all A € R, the function wy + Av also satisfies these constraints,
we get that

(2.6) / |Vwol? + Vwg — 2wy < / [V (wo + Av)|> 4+ V(wp + Av)? — 2(wg + ),
0 Q

which implies the result of (2.4) (just compute the derivative at A = 0).
So Jo(I') is the same, modulo adding the constant Ey(wy), as

Ji(T) = inf {/ Vo2 + Vo? —20; v € WH(R™),
Q
(2.7) v(x) = 0 almost everywhere on R" \ 2, and v = 0 on F}.

We can further simplify this and define J;(I') without our smoothness assumption on I" (so
far implicit in the understanding of what v = 0 on I" means). Denote by W;, i € I, the
connected components of Q\ T', set u; = Ly,v. If Q and I' are smooth and I is finite, then
the functions w; have traces from both sides of I', and, by a simple welding lemma (and
the definition of the traces), our constraint that v = 0 on I' implies that u; € WH(R"),
i.e., that the distribution derivative of u; does not catch an extra piece along I'. See for
instance Chapters 10-13 in [D], or rather the discussion near (4.13)-(4.18) where we do
similar manipulations near spheres.

Conversely, if the u; € WH2(R™) are such that u; = 0 almost everywhere on R™ \ W, it
is easy to see that v = ) u; satisfies the constraints in (2.7) (in order to prove that v = 0
on I, just compute the trace of u; from the side that does not lie in W;). In other words,

(2.8) Ji(T') = inf { Z/ [V |> 4+ Vu? — 2u; ; u; € WH(R™), uy(x) = 0 a.e. on R™\ W}
i Wi

This is exactly the term E(u) + M (u) of our functional (see (1.3) and (1.4)), with f; =V
and g; = 2 for ¢ € I. There is a small difference in the class of competitors. Here the W;,
i € I, are the connected components of {2\ I', while in our description of the functional, we
are allowed to regroup some of them into a single set. In principle, we shall take functions
F(W) that are convex, in such a way that regrouping two regions makes the functional
larger, because F(u) 4+ M (u) does not change, but F'(W) increases. So the only case when
we expect two components of 0 \ I' to be merged is when I has more than N elements,
and we need to regroup some of them because we added the constraint that we do not use
more than N sets. This difference should not disturb us much. If Q \ I has more than N
components, this may just be a sign that we chose N a little too small, and anyway putting
a constraint on the number of sets seems less brutal than putting a constraint on the number
of components (which we could have done instead).

The advantage of this new definition is that we don’t need to know that I' is smooth to
define J;(I"). This is why we used this definition in the introduction, and intend to keep it
in this paper. We still hope that, under mild conditions on our data, the minimizers will
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provide smooth enough boundaries I' so that J; also makes sense, but we shall not attempt
to check this and do the backward translation.

Notice that in the present situation we can restrict to nonnegative functions: our special
function wy is nonnegative, and all the interesting competitors for w or the u; are nonnegative,
because replacing u; with its positive part always makes our functionals smaller.

Recall that we also want to add a volume term F (W), that for instance depends on
the volumes |W;|. Our main goal for this is to encourage the functional to choose nontrivial
minimizers for which the W; have roughly comparable volumes, and in this respect the precise
choice of F' should mostly be a matter of experience. But we have no good reason to make
F' complicated, or to treat one of the component differently, so choosing

(29) F(W) =3~ F(W)

looks like a good idea. We may even brutally decide to use (1.6) for simplicity.

It is probably a good idea to choose f convex, so that the functional will prefer to choose
sets W; with roughly comparable volumes. At this time, we also prefer to choose f(t) > at for
some a > 0; this way, the non degeneracy assumptions of Sections 14 and 15 are automatically
satisfied for every i, so we get an upper bound on the number of nonzero functions u; (even
if we took N = +00) and a better description of the sets ; = {z € Q; u;(z) > 0}. Recall
that here the u; are nonnegative, so we do not care for {ul < 0}, and that €); is open because
u is continuous when (u, W) is a minimizer. For instance, we get that the 0€2; are uniformly
rectifiable (as in Section 16), and that a given point xy cannot lie on more than two sets 0€2;
(one if xy € 9N). In dimension n < 3, we even expect the boundary 0€2; to be smooth, but
we only show that 0€2; has flat blow-up limits at every point.

More directly, choosing f such that f(¢) > at is a way of making sure that if a piece of
W; is not so useful to make E(u)+ M (u) smaller, we may as well remove it and save on the
term F'(W). In terms of localization of eigenfunctions, this means that we introduce a black
zone Q \ |J, W;, where u = 0, and we bet that the eigenfunctions will not live in that zone.

Another option would be to try to force the W; to cover (2, for instance by choosing f
decreasing. Then, by the results of Section 12, we expect no black zone. If f is strictly convex,
the regions W; that do not have the smallest volume satisfy the degeneracy assumptions of
Section 15, and we get a better description for them. But not for the regions with the
smallest volume, just as in the previous case we do not get a good description of the black
zone.

We should insist on the fact that the regularity results that we get for the free boundaries
8{1’ € Q; tu(z) > O} are mostly a consequence of our choice of function £, not a corollary
of any localization property for the eigenfunctions. However the first evidence that we have
suggests that the eigenfunctions have a tendency to live in the regions computed by the
functional, and away from the black zone.

Let us also comment on the choice of N. If for instance F(W) = Y. f(|W;|) of some f
such that f(¢) > at (as above), the non degeneracy assumptions of Section 15 are satisfied,
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and we even get that there is a constant 7 > 0, that does not depend on N, such that
|W;| > 7 when |W;| > 0; see Proposition 14.1. Thus there is a bounded number of nontrivial
sets W;, regardless of our initial choice of N. In other words, even though we select N in
advance in our theory, as soon as N is large enough (depending in particular on a above and
|©2]), the minimizers will no longer depend on N and will not have too many pieces.

There are some sort of Euler-Lagrange conditions on the minimizers, that we could obtain
with a (heuristic) computation of first variation of the domains. For instance, along a smooth

boundary between §2; and €25, the normal derivatives % and % would need to satisfy the
relation
8u1 2 8u2 2
(2"~ (32" = -
(2.10) ) (52) = b - (W)

We do not do this first variation computation here, but in Section 22, we do it for the nice
blow-up limits of u, and get an almost-everywhere variant of (2.10) and similar formulas.
See near (22.14) (where the fact that \; = f'(|W;|) comes from (18.11) and (2.9)).

Starting with the next section, we shall forget about £ and the localization of eigenfunc-
tions and return to a more general expression for J, but of course the regularity results that
we shall obtain can be seen as an encouragement for the use of our functional in this context.

3 Existence of minimizers

In this section we prove the existence of minimizers for our functional J in the class F, under
the following mild assumptions. First we shall assume that

(3.1) 2 is a borel set, with || < +oo0,

where we use the notation |E| for the Lebesgue measure of any Borel set £ C R™. Thus we
don’t need €2 to be bounded, or even open. We also assume that for 1 <i < N,

(3.2) fi € L>(Q), fi(x) > 0 almost-everywhere, and g; € L*(Q).

We could be a little more general and only assume that f; and g; are in slightly larger LP-
spaces, and also allow f; to be slightly negative, but we don’t expect to use that generality,
and also we shall soon have more restrictive conditions on the g;. See Remark 3.4 at the end
of the section. Concerning the volume term, let us first assume that

(3.3)  F(Wy,...,Wy) = F(Wi|,...,|[Wx]|), where F :[0,]]]¥ = R is continuous.

We shall see at the end of the section how to deal with other types of functions F', including
the more classical definition of F(W) by (1.7); see Corollary 3.5. Now define F and J as in
Definition 1.1 and (1.3)-(1.5).

Theorem 3.1 Under the assumptions (3.1)-(5.3), we can find (ug, Wy) € F such that
(3.4) J(ug, Wy) < J(u, W) for all (u, W) € F.
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Proof. The proof will rather easily follow from the compactness of some Sobolev injections.
Let 2, F, and the f; be as in the statement, and set

. = inf W).
(3.5) m=inf J(u,W)

We shall see soon that m is bounded, but let us first observe that m < +oo: just pick u =0
and any acceptable disjoint collection W of subsets, and observe that J(u, W) < +oo. For
(u, W) € F, set

(3.6) E(u) = i I i / [

as in (1.3), where the last identity comes from the fact that u; = 0 a.e. outside of W, hence
Vu; =0 a.e. on Q\ W; too. The next lemma will show that E(u) controls the potentially
negative terms [, u;(z)g;(z).

Lemma 3.2 If E is a measurable set such that |E| < +oo and u € WY2(R"™) is such that
u(x) =0 a.e. on R™\ E, then

(3.7) /u2 < C\EP/"/ |Vul?,
E E
where C' depends only on n.
Proof. The lemma is a fairly easy consequence of the standard Poincaré’s inequality (on
balls and where we subtract mean values); for the sake of completeness, we shall add a short

Section 4 where we recall this inequality and prove Lemma 3.2 and its analogue on a sphere.
In the mean time let us refer to [HP’], Lemma 4.5.3. n

We are ready to check that m > —oo. For (u, W) € F and 1 <i < N, observe that

1/n 2 1/2
(3. | [ wate)ds| < fluligll < 0 { [ 19ul} il

by Lemma 3.2, and then
(3.9) > [t < cr,
—Ja

where C' now depends on the data Q2 and the ||g;||2. Since F(W) is bounded by (3.3), we
get that

J(u, W) = E(u)+ Z/[ui(x)zfi(fﬂ) — ui(x)gi(x)]dz + F(W)

(3.10)

v

E(u) — ‘ Z / ui(2)g;(x)dz| — C > E(u) — CE(u)'/? - C,
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because f; > 0. This is bounded from below; so m > —oo.

Return to the proof of Theorem 3.1. Let {(ux, W)}, £ > 0, be a minimizing sequence
in F, which means that

(3.11) lim J(ug, W) = m.

k—+o00
We want to extract a converging subsequence and show that the limit is a minimizer in F.
The following compactness lemma will help.

Lemma 3.3 Let Q be a measurable set, with finite measure |Q|, and denote by Uq the set
of functions u € W'*(R") such that u(z) =0 a.e. on R"\ Q and [, |Vul* < 1. Then Ug is
contained in a compact subset of L*(R").

Proof. We start with the case when €2 is bounded, because then we can use the compactness
of the Sobolev injection, as stated for instance in [Z], Theorem 2.5.1. Let B be a ball that
contains €2; it is well known, and easy to check, that Uy C W01’2(2B). By Theorem 2.5.1 in
7], it is contained in a compact subset of L*(R™), and the result follows.

Let us now treat the general case when || < +o0, which is probably almost equally well
known. Since L*(R™) is complete, it is enough to show that Uq is completely bounded in
L*(R™). That is, for each given € > 0 we want to show that Ug is contained in the union of
a finite number of L2-balls of radius «.

Let R > 1 be large, to be chosen soon (depending on ¢), and let ¢ be a smooth cut-off
function such that 0 < p(x) < 1forz € R, p(x) = 1for 0 < |z| < R, p(z) = 0 for |z| > 3R,
and |V(z)| < 2/R everywhere. Then write any function u € Ug as u = gu + (1 — ¢)u. Set
v = (1—¢)u, and notice that v € WH?(R"), with Vv = (1 —¢)Vu—uV (as a distribution),
so that [, Vo> < 2 [, |Vul> + 2 [, |ul}[Ve* < 2 [, [Vu? + 8R2 [, |[u|*>. By Lemma 3.2
and because u € Ug, we get that [ [ul* < C [, |Vul* (where C depends on ), and hence
Jo IVU]? <3 [, [Vul? if R is large enough.

But now v = 0 almost everywhere on B(0, R), so Lemma 3.2 applies with £ = Q\ B(0, R)
and yields [, |[v|?> < 3C|Q\ B(0, R)|*/™ < £%/4 if R is large enough. That is, ||(1 — ¢)ul|> =
lv]l2 < &/2.

Because of this, it is now enough to cover the set U’ = {ugp; u € UQ} by a finite number
of L*-balls of radius /2. But up € WH*(R"), with [, |V (up)[* < 3 by the same proof as
above, and in addition u € W, *(B(0,4R)), so Theorem 2.5.1 in [7] says that U’ is relatively
compact in L?(R™), hence totally bounded, and the relative compactness of Ug follows. B

Observe that by (3.10), E(uy) stays bounded along our minimizing sequence, so by
Lemma 3.3 the components u; ;, 1 < i < N, of uy stay in a compact subset of L?(R™). This
allows us to replace {(u, Wy)} with a subsequence, which for convenience we still denote
by {(ug, W)}, for which u;, converges to a limit u in L?(R"). This just means that for
1 <4 < N, the component u;j converges to u; in L?. By extracting a new subsequence if
needed, we can also assume that u, converges to u, pointwise almost everywhere. This is
more pleasant, because it will help in the definition of the W,. In the mean time, observe
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that u; automatically satisfies our constraint that u;(z) = 0 a.e. on R” \ Q. Similarly, if in
our definition of F' we added the constraint that some u; be nonnegative, this stays true as
well for our limit. Notice that

. < L. 12 — Yim
(3.12) lérgigof; . |V, il llir_rgigof E(ug)

by the lower semicontinuity of [, [Vu|*> when u converges (even weakly in L?) to some limit.
More easily,

2f = i 2 [
(3.13) Z /Q ui f; : Jm /Q Uik fi

because f; € L* and the w;j converge in L?, and

(3-14) ;/ﬂuigi: : kgrfoo/gulkgl

because g; € L?, so, with the notation of (1.4),

(3.15) M(u) = lim M(ug).

k—+o0
We also need to take care of the volumes. We don’t know how to make the characteristic
functions 1y, converge, but at least we can replace {(uy, W)} with a subsequence for

which each V;; = |W, x| converges to a limit [;. We want to associate to u a collection of
sets W; such that

(3.16) |W;| = kl_lgloo Vie=1
because then we will get that

(3.17) F(W):ﬁqwl\,...,\WND:kgrgooﬁ(m,k,...,vjv,w: lim F(W)y)

k—+o00

because F is continuous.

Let Z denote the set of z € Q for which u(z) is not the limit of the ug(z), or for some
choice of k and i, x € Q\ W, but u; x(z) # 0; then |Z] = 0 by definitions; it will be more
convenient to work in ' = Q\ Z.

Also set W/ = {z € &'; u;(z) # 0} and similarly, for each k, Wi, = {z € up(z) #
0}. By definition of ', W/, C W;, and hence the W/,, 1 <i < N, are disjoint (recall that
(up, Wy) € F)).
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If z € Wi, then u;(x) # 0 and hence u; (x) # 0 and x € W, for k large. In particular,
(3.18) the W/, 1 <i < N, are disjoint,

because the W/, are disjoint for each k. Also, Ty, < liminfy, o Iy, everywhere, and by
Fatou '

19 W= [ o < gt f g, = Yo 0 < iy (] =

Notice that ), l; < |Q| because for each k, >, V;; < |Q| (recall that the W, are disjoint
when (u, W) € F)). Hence we can add disjoint measurable sets to the W/ if needed, and
get new sets W;, 1 < i < N, such that W/ C W; C Q, the W; are still disjoint (see (3.18)),
and |W;| = [;, as required for (3.16).

We now check that with this choice of W = (Wy,..., Wy), the pair (u, W) lies in F.
The fact that u; € WH2(R") comes from the convergence of u;; in L?, and our uniform
bound for E(uy). We have that u;(x) = 0 for a.e. z € R™\ {2 by pointwise convergence, and
then w;(z) = 0 for a.e. x € R™\ W; by definition of W; D W/. So (u, W) lies in F. Since in
addition

(3.20) J(u, W) < lliminf J(ug, Wg) <m
—+o00
by (3.12), (3.15), (3.17), and (3.11), (u, W) is the desired minimizer. N

Remark 3.4 In Theorem 3.1, we can replace the assumption (3.2) with the following weaker
set of assumptions: for 1 <i < N,

(3.21) fi € L"(Q2) and g; € LP(Q),

as soon as we pickr >mn/2 and p > nz—fz ifn>2,andr >1andp > 1ifn =1, and (instead
of our assumption that f; >0)

(3.22) [ fi-llrr@) < e(r,n,Q, F)

with the same r, where f; _ denotes the negative part of f;, and where e(r,n,Q, F') is a small
positive constant that depends only on n, r, F, and |{)|.

Proof. We just sketch the proof because this remark is not so important (and probably
(3.22) is hard to use). For the different exponents, we just want to use better Sobolev
embeddings. We claim that Lemmas 3.2 and 3.3 still hold when we replace ||u||s with ||ul],,
as long as we take ¢ < % when n > 2 and ¢ < +00 when n = 1; we just need to know that
the Sobolev embedding is still compact with such exponents, and follow the proof above.
Thus, in the argument above, we can get the u; to converge in L?. We can choose ¢ to
be the conjugate exponent of p, and this gives enough control on the integrals [ w;,g; (as
in (3.14)). Or we choose ¢/2 to be the conjugate exponent of r, and we get a good control
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on [ ufk fi, as in (3.13). The other estimates are as as above, except that we also need to
replace (3.10) because (3.22) is weaker than our earlier assumption that f; > 0. So we keep
q/2 = r', the conjugate exponent of r, and say that

J(u, W) = E(u) + Z / [ui(2)* fi(z) — ui(2)gs(x)]dz + F(W)

> Bw-Y / @) i) =] 3 / wi(2)gi(z)dz| — ©
> B = O Wl il — CB@)' -

(3.23) = E(u) —CZHuZ-Hszi,_HT—0E<u>1/2 -C
>

E() = CY IVl lfi-ll. = CE@)'* —C
_ - 12 o> g - 12
> E(u) - CE(u)sup||fi-|l. = CE(u)"" = C = g E(u) - CE(u) "~ C

if ||f;—||» is small enough; then we can continue the argument as above, and the remark
follows. |

We mentioned earlier that Theorem 3.1 is enough for the application that we have in
mind, but since we feel bad about the case when our volume term F(W) is given by the
more standard formula (1.7), let us mention the following variant. We want to replace (3.3)
with the monotonicity condition

(3.24) F(W) < F(W') whenever W; C W/ for 1 <i < N,

whose effect is that we should try to take the W, as small as we can (all things being equal
otherwise). Notice that (3.24) is satisfied when F(W) = 37, [, g, as in (3.24), as soon
as the g; are nonnegative and integrable on (2. The integrability of the ¢; also gives the
continuity of F', which we define as follows.

Denote by AAB = (A\ B)U (B \ A) the symmetric difference between two sets A and
B; it W= (Wy,...,Wy) and W = (W], ..., W},) are N-uples of disjoint subsets of 2, set

(3.25) WAW' = [ Jw,aw; = (i \ W] u (W) \ Wi,
and then
(3.26) S(W, W) = [WAW'| = " |[W,AW]].

7

We say that the sequence {Wy} tends to W when limy_, ., 6(W, Wy) = 0, and then we
say that F'is continuous at W when F(W) = limy_, ;o F'(W}) when {W}} tends to W. In
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other words, F' is continuous when

(3.27) lim F(Wy) = F(W) whenever klim |[W;AW, x| =0 for 1 <i < N.
—+00

k——+o0

Here is the variant of Theorem 3.1 that we want to prove.

Corollary 3.5 Assume (3.1), (3.2), (3.24), and that F is continuous (as in (3.27)). Then
we can find (ug, Wy) € F such that

(3.28) J(ug, Wo) < J(u, W) for all (u, W) € F.

Proof. We proceed as in the proof of Theorem 3.1, except that instead of completing the
W/ to get sets W; such that (3.18) holds, we just keep W; = W/. The sets W, , "W/ converge
to W/ (that is, each [(W,, N W))AW]| = |W/\ W, x| tends to 0), because every z € W/ lies
in W; . for k large, and then

. e = lim 1 NW oo o WMWY < limin Lky s WNE
3.29 FW{ W]’V lim F(W, VVZ’ Wi, VVZ’ 1}; inf F'(W;, Wh,

k—+o00 —4o00

by (3.27) and (3.24). The rest of the proof is the same. |

4 Poincaré inequalities and restriction to spheres

We record here some easy properties of functions in the Sobolev spaces WP, 1 < p < +o0.
In particular, some consequences of the Poincaré inequalities (like Lemma 3.2 above), the
fact that the restriction of u € WP to almost every sphere S, = dB(0,r) lies in Whr(S,),
and a way to glue two Sobolev functions along a sphere.

We first recall the standard Poincaré inequalities. We shall find it convenient to use the
notation

(4.1) mBu:]iu:ﬁ/Bu

for the average of a function u on a set B, which will often be a ball. With this notation,
the standard Poincaré inequality for a ball says that if B = B(z,r) C R" and v € WP(B)
for some p € [1,+00), then v € LP(B) and

(4.2) ][ lu —mpul? < Cprp][ |VulP.
B B

We shall also use Poincaré inequalities on spheres, for which we want to use similar
notation. On the spheres S, = 0B(0,r), we shall systematically use the surface measure,
which we denote by o; we could also have used the equivalent Hausdorff measure H" !,
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but ¢ will be simpler and in particular we won’t need to worry about normalization in the
Fubini-like formula

(4.3) /B(O )f(x)dx = /OT s f(z)do(z)dt

which we shall use from time to time. We will use the notation o(FE) = |E|, for the surface
measure of a measurable set £ C S,., and

(4.4) Mo — ][E i = Ef‘o /E w(z)do(z)

when E C S, is such that o(E) > 0 and u is a measurable function at least defined on E.

It is easy to define the Sobolev spaces W1P(S,), 1 < p < +oo, for instance by making
smooth local changes of variable that sent surface disks in S, to disks in R®~!. We can then
define the distribution gradient Vyu for u € WP(S,), in such a way as to coincide with
the usual notion when u is smooth. We shall use the Poincaré inequalities on surface disks,
which says that if 1 < p < +o0, u € W'?(S,), and D = B(z,s) N S, for some choice of
r €S, and 0 < s < 2r, then

(4.5) ][ |lu —mpulPdo < Cps”][ |VulPdo.
D D

This can be proved just like (4.2) above; here C), does not depend on r, z, s, or u.

We shall now prove an analogue of Lemma 3.2 on the sphere dB(0,r). The proof will
also apply on R", and give a proof of Lemma 3.2. We state the result for all p, but we are
mostly interested in p =1 or 2.

Lemma 4.1 Set S, = 0B(0,7), let E C S, be a measurable set such that o(S, \ E) > 0,
and suppose u € WHP(S,.) for some p € [1,+00) is such that u(z) =0 for o-a.e. x € S, \ E.
Then

(4.6) /E|u|p§0prp%/ |Vul?

and, in the special case when o(E) < 30(S,),

(A7) / P < Cyor( / Yl

Here C,, depends only on n and p.

Proof. We start with the easier (4.6). Notice that |u(x) — mGu|P = |mGu|P almost every-
where on S, \ E (just because u(z) = 0). We average and get that

mGuP = o(S, \ E)™ / fu(z) — mGulPdo(x)
S, \E

o(Sy)

a(S,)
= S5\ B)

a(S,\ E) Js

lu —mGulPdo < Cpr? |Vtu|pda
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by (4.5); then

/|u|p < C’p/ [|u—m”Bu|p+|mj§u|p} < C’I',rp/ |Viul? + CplmGulPo(S;)
Sr

S

1..p (ST) P
(4.9) < oSS / IV uldo
by (4.5) and (4.8); (4.6) follows.

Now we prove (4.7). The proof will also work for Lemma 3.2. We shall use a covering.
Let x € E be given, and consider the density ratio d(x,t) = o(E N B(x,t))/o(S, N B(x,t)).
Notice that d(z,2r) = o(E)/o(S,) < 1/2if o(E) < 0(S,)/2. If x is a Lebesgue density point
of E (on the sphere), lim; .o d(z,t) = 1, and by continuity we can find ¢t = ¢(x) € (0, 2r) such
that d(z,t) = 1/2. Then use the Besicovitch covering lemma (see for instance [I']) to find
a set X such that the B(x,r(x)), z € X, cover the set of Lebesgue points of E (and hence,
o-almost all E), but Y~ 1pg,r@a) < C.

Fix z € X and set D = B(z,t(x)) NS, The point of choosing t(z) as we did is that, as
n (4.8),

il = o(D\E)! [ ju—mpup
D\E
(4.10) = 20(D)_1/ |lu — mGulP < 2][ |lu — mGulP < QC’pt(x)p][ |Vul?
D\E D D
because u(x) = 0 almost everywhere on S, \ E, and by (4.5). Then, as in (4.9),

(4.11) / lul? < Cp/ lu — mGul? + CplmGulPo(D) < C’;t(x)p/ |Viul?
D D D

by (4.5) and (4.10). Observe that t(z)" ! < Co(D) = Co(S,NB(x,t)) = 2Co(ENB(z,t)) <
2Co(E) by various definitions. We now sum over = € X and get that

< / WGty [ VP
PAZEED S SUNCELD SULY N

zeX zeX

(412) S C O' ” n—1 Z/ ]]-B:Et |V{U|p < C 0'( ) / \Vtu\p
Sr

zeX

because the B(z,t(x)), © € X, have bounded covering. This completes our proof of (4.7);
Lemma 4.1 follows. L

Next we talk about the restriction of u € WP to almost every sphere S,. Let u €
W'licp (R™) be given, with 1 < p < 4+oc0. It is possible to define the trace of u on every sphere
S,; this looks fine, but the trace is a less regular object that will be difficult to control. What
we shall do instead is use arguments based on Fubini, and control the restriction of u on

almost every sphere, with often a better control.
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The following description is not hard to get, for instance by changing variables (so that
spheres become hyperplanes) and using Fubini; see for instance Chapter 10-13 in [D]. First,
for almost every half line L through the origin, u is equal almost everywhere on L to an
absolutely continuous, i.e., the integral of some locally integrable function on L.

Let us modify u on a set of measure zero, so that it becomes absolutely continuous (and
hence, continuous) on almost every half line through the origin. This way, for each r > 0,
we have a radial limit description of the restriction, as
(4.13) u(z) = Pm u(tz) for o-almost every x € S,.

—1

Next, for almost every r > 0,
(4.14) the restriction of u to S, lies in WP(S,),

and with tangential partial derivatives that coincide almost everywhere on S, with (or we
should rather say, can be naturally computed in terms of) the restriction of the derivative
Du to S,. This will be pleasant, for instance because we immediately get, by (4.3) and
Fubini, that

(4.15) / IV ulPdodp — / m (VU < / Y,
p=0JS, B(0,r) B(0,r)

where for the sake of the argument we introduced the tangential part m(Vu) of Vu.

It will also be useful to glue two Sobolev functions along a sphere. Suppose we have two
functions u; € WHP(B(0,7)) and uy € W'P(B(0,2r) \ B(0,7)). Again modulo changing u,
and usy on sets of measure zero, and by the same proof as for (4.13), we have the existence
of boundary values

(4.16) Uy (z) = lim wy(txr) and us(x) = lim wus(tx).

t—1— t—1+

for o-almost every x € S,. Now suppose that
(4.17) Uy (x) = Us(x) for o-almost every x € S,.

Then set u(z) = uy(z) for z € B(0,r) and u(x) = us(x) for x € B(0,2r) \ B(0,r). It is not
hard to check that

(4.18) u € WH(B(0, 2r)),

and of course its derivative can be computed locally, so it coincides with the derivative of
u; on the corresponding domain. That is, because of the absence of jump, the distribution
derivative of u does not have an extra piece on S,. The proof is not hard: for the existence
of the radial derivative, for instance, we integrate against a test function, use Fubini to
integrate on rays, write u as the integral of its radial derivative, and on each good ray do a
soft integration by parts (using Fubini). Again, see [D] for details.

Let us record a last estimate where we mix the values in B(0,r) and on S,.
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Lemma 4.2 Suppose u € WH(B(0,7)), and let u denote the boundary values of u on S,,
defined o-almost everywhere on S, as in (4.16). Then u € L*(S,), and

(4.19) Img @ — mpryul < Cr][ |Vul.
B(0,r)

Proof. Change u on a set of measure 0 so that u is absolutely continuous along almost all
rays. Then, for almost every y € S,, we get that for every p € (1/2,1)

1
(4.20) [uly) — u(py)| < 7’/ |Vul(ty)dt < 7“/ [Vu(ty)|dt
t=p 1/2<t<1
and hence, setting m = mpu,
(1.21) ) — ml < fu(py) |+ [ Vultg)ie
1/2<t<1
We average this over p and get that

(4.22) fa(y) —m| <2 /

1/2<t<1

ulty) — mldt + / Vu(ty)|dt.

1/2<t<1
Then we average on y € S, and obtain

[aly) — mldo(y) = ][ /1/2<K12|u<ty>—m|+r|w<ty>|

Sr

(4.23) < C lu(z) — m| + r|Vu(2)|,

z€B(0,r)

where the constant C' comes from a Jacobian, but which we control because we restricted to
t > 1/2. We apply Poincaré’s inequality (4.2), get that

(4.24) [a(y) — mldo(y) < CT][ Vul,

Sr B(0,r)

and use the triangle inequality to conclude from there. |

5 Minimizers are bounded

In this section we use a variant of the maximum principle to show that u is bounded when
(u, W) € F is a minimizer for the functional J and the following assumptions hold:

(5.1) Q] < +o0,
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and, for 1 <7 < N,

(5.2) fi € LP(Q2) for some p > n/2,
(5.3) fi(z) > 0 almost everywhere,
and

(5.4) gi(x) € LP(Q) for some p > n/2.

When n = 1, let us not allow exponents smaller than 1. That is, let us understand that (5.2)
and (5.4) mean that the f; and the g; lie in L*(Q2) when n = 1.

In this section we shall not be able to escape from using Sobolev exponents entirely, so
we decided to choose our exponents a little in the spirit of Remark 3.4. The reader may
assume that the f; are bounded and (in dimensions n < 3) the g; lie in L?; this will simplify
some estimates (as in Section 3) but unfortunately not all.

We keep the same conditions on the f; as in Remark 3.4, and this way we can compute
the terms [u?f; because u; € WH*(R™) and u; = 0 a.e. on R™\ Q; see Remark 3.4. Our
condition on the g; is stronger now because % > f—fz when n > 2. Thus we can also compute

The new constraint that now g; € LP for some p > n/2 is about right: we expect
Theorem 5.1 to fail when g; ¢ L™?; see Remark 5.2 at the end of this section.

Here we shall only assume that F' is bounded; then we may not have an existence theorem,
but this does not matter. We only need to assume that F' is bounded because we want a
bound on E(u) (see below); otherwise we don’t need information on F' because we shall not
modify the W; in the proof.

Theorem 5.1 Assume that (5.1)-(5.4) hold, that the volume functional F' is bounded, and
that (u, W) is a minimizer for J in F (see Definition 1.1 and (1.3)-(1.5)). Then u is
bounded, and we have bounds on the ||u;||o that depend only onn, N, p, a bound for F, and
the constants that arise in (5.1) and(5.4).

Proof. First we should observe that we have bounds on the energy E(u) of (3.6), which
depend only on n, N, p, a bound for F', and the constants that arise in (5.1) and (5.4). This
follows from (3.8) (with f;~ = 0 and where we never use estimates on the size of f;), and
a trivial bound for J(u, W) that we obtain by testing the function u = 0. We included the
assumption that F'is bounded precisely for this; otherwise, our estimates would also depend
on E(u).

We shall first do the proof in dimensions larger than 2, because of complications with the
sign of the fundamental solution of —A in dimension 2; the proof will have to be modified
when n = 2; we will take care of that near (5.21).

So let us assume that n > 3. We intend to show that each u; is bounded by comparing
it with a function v that we shall construct by hand. Fix i, and choose p € LP(R™), with
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llpllp < 1lgill, and such that p(z) = 0 for € R™\ Q but p(x) > |g:(y)|/2 almost everywhere
on € (we lose a factor 2 but we win a strict inequality). Then set

(5.5 o) = (px G)w) = [ Gla = wplw)dy
where G is the fundamental solution of —A. Here n > 3 so G(z2) = ¢,|z|?>" for some positive
constant ¢,. In dimension 2, we would get a logarithm, and we would not like that as much
because it takes negative values.

Let us first check that the integral converges, and even that for all x € R",

2p—n
" |1gillp-

(5.6) 0 <wv(z)=C|0

Let ¢ denote the conjugate exponent of p and r > 0 be such that |Q2] = |B(0,7)|. Observe
that since G is radial and decaying,

(5.7) / Gz —y)ldy < / G(2)1dz = C / 2|79 =2z
Q B(O,r) B(O,’r‘)

Recall that p > n/2, so p™' < 2/n, ¢! > (n—2)/n, g <n/(n—2), g(n —2) < n, and the
integral converges. We also get that [, G(z — y)%dy < Cr"~4"=2)_ Then by Holder

n—2
3

n_(p— 1_
(58) [0lloo < 11Gllamoamllolly < Cra™ " lpll, = Ol

i

which implies (5.6) because ||p||, < ||gil|,- We may as well assume that p < n, because the
result is easier otherwise. We shall need to know that

(5.9) Av=—p and Vv e LP(R")

and

(5.10) Vo € L'(R"), with r = ——
n—p

We start with (5.9); when ¢ is smooth and compactly supported, A(G * ¢) = —p (by our
choice of G), and V?(G * ¢) is obtained from —¢ by applying second order Riesz transforms.
These are known to be bounded on LP because p > 1 and we assumed that p < n < 400
(for this fact and the proof of (5.10), see [5]), so we get that ||V(G * ¢)||, < C||¢||,- Then
(5.9) follows by writing p as a limit in L? of test functions ¢.

So v lies in the Sobolev space W2*P(R"), hence Vv € WHP(R") C L", where 1/r =
1/p—1/n, and (5.10) holds. See for instance Theorem 1 on page 119 of [5].

Return to the proof of Theorem 5.1, still when n > 3. We shall show that u; < v almost
everywhere on 2 (hence on R”, since u; = 0 on R"™ \ ) and the proof will also show that
u; > —v (either change the sign of u; and g; in the functional, or modify slightly the proof).
Theorem 5.1 will follow because v is bounded by (5.6). Set

(5.11) w = min(u;,v),h =u; —w >0,
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and, for 0 <t < 1,
(5.12) U = u; —th = (1 —t)u; + tw.

We want to see whether replacing u; with w,; yields a better competitor. First observe that
for almost every z € R™ \ W;, u;(x) = 0 and hence w(z) = h(z) = us;(zr) = 0. Next,
v e W,22(R™), by (5.10) and because + = 2 when n/2 < p < n. Since both u; and v lie in

oc

WL (R™), so do w, h, and uy,;. Since their derivative vanishes a.e. on R™ \ W, we get that

(5.13) w, h, and uy; lie in W2(R™).

Notice also that if w; > 0, then w > 0 too, and (by (5.12) and because 0 < t < 1),
ug; > 0. Because of all this, if we replace u; with wu;, leave the other u; as they are, and

also keep the same sets W;, we get a new pair (u;, W) that still lies in F. By minimality,
J(uy, W) > J(u, W). We compute

J(u, W) — J(u,W) = E(u)— E(u)+ M(u;) — M(u)
(5.14) - / Vg2 — [Vl + a2, — 2] f; — e — uilgs:

then we use (5.12) and compute the derivative

Wy = —2/<Vui,Vh) —Q/huifi+/hgi
dt Q Q Q
(5.15) < -2 / (Vui, VI + / hg;
Q Q

because h and f; are nonnegative, and u;(x) > v(xz) > 0 when h(z) # 0. Notice that our
assumption (5.2) that f; lie in LP for some p > n/2 was useful to define [[u7; — uf]f; (see
Remark 3.4); now we used the main assumption that f; > 0 and we can forget about (5.2)
(and in fact f; altogether).

The derivative is nonnegative (because J(u;, W) > J(u, W)), hence

(5.16) 2/<Vu2-, Vh) < / hg;.
Q Q
We may now use the fact that Av = —p (by (5.9)), which means that

(5.17) /R(VU,V@ = —/n Avyp = /n pp

for every test function . Let us check that this remains true with ¢ = h. Denote by r’
the conjugate exponent of r = 2 in (5.10); thus 7/ = 2 < 2. Recall from (5.13) that

h € WH2(R™); thus h € W' (R™) (recall that h and Vh are supported on W; C Q), and we

27



can write h as a limit in W52 N W of test functions ¢g. Then the left-hand side of (5.17)
converges to [,(Vv, Vh), because Vo € L"(Q2) by (5.10).

For the left-hand side, we know that p € L, so it is enough to show that the ¢, converge
to h in L. But p/ < — because p > 7, so the desired convergence follows from the
convergence of the ¢, in W2, because the Sobolev exponent for W2 is 2% > - and by
the proof of Lemma 3.2. So (5.17) holds with ¢ = h, i.e.,

(5.18) /n<w, Vh) = / ph.

Set Z = {z € R"; h(z) > 0}. By (5.11), w(z) # w;(z) and hence w(z) = v(z) on Z.

Since Vh = 0 almost everywhere on R™ \ Z, we get that
/ ph / (Vu,Vh) = /(Vv, Vh) = /(Vw,Vh)
n n z z

(5.19) _ /n(Vw,Vh>:/n<V(ui—h),Vh> S/n<Vui,Vh)

(by (5.11) again, and because [ [Vh[* > 0). By (5.19) and (5.16)

(5.20) / 2ph < 2/n<Vui,Vh> = z/gwui,vm < /thi.

Recall that we chose p such that p = O on R"\Q and p > |g;|/2 everywhere on §2; since h > 0
by (5.11), we deduce from (5.20) that h(x) = 0 almost everywhere on €2, which precisely
means that u; < v almost everywhere on 2. A minor modification of the argument would
show that —u; < v too, and we have seen that this proves Theorem 5.1 when n > 3.

We now turn to n = 2. A fundamental solution of —A is now log(1/|z|), but since it
becomes negative for |z| large, we shall need to localize the argument above. Let i be given,
and also choose r so that |B(0,7)| = 2|2|. We will find a constant Cy (that depends only on
p > 1, Q| and ||g;||,) such that u; < Cy almost everywhere on B(0,r/2). The same proof
would also yield —u; < Cp, and since we can choose the origin arbitrarily, this will give the
desired L*> bound. We still choose p € L? such that ||p|[, < [|gillp, p = 0 on R™\ €, and
2p > |gi| on €, and set

(5.21) v(z) = /3(02 )G(a: —y)p(y)dy, with G(x) = clog(10r/|z|),

where ¢ is still chosen so that AG = —d (a Dirac mass); we added a constant to the
logarithm to make sure that v > 0 in B(0, 2r). Denote by ¢ the conjugate exponent of p and
observe that for x € B(0, 2r),

(5.22) / |G(x —y)|%dy < / |G(2)]9dz < / log?(10r/]z]) < C,
B(0,2r) z€B(0,4r)

B(0,4r)
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where C' depends on p and r, so by Holder
(5.23) [v(@)] < Cllplly < Cllgill, for @ € B0, 2r).

Now we want to choose a radius s € (r,2r) where we will do some surgery. We modify
u; on a set of measure zero so that (4.13) (the continuity of u; along almost all rays) holds.
We want the restriction of u; to S to be in W?; this is true for almost every s, because
u; € WH2(R™) (compare with (4.14)). We also require that

(5.24) \Vou;|Pdo < 100t [ |Vau|?,
S, R?

which by (4.15) and Chebyshev is true except for a set of measure at most /10 of radii s.
In addition, we chose s such that

(5.25) u;(y) = 0 for o-almost every y € S5\ Q2
(also true for almost every s, because u; = 0 almost everywhere on R™ \ W;) and
(5.26) (S, \ Q) > 1071 (S,)

which by Fubini holds for most s € (r, 2r) because

/ ' o(Ss\ Q)ds = [[B(0,2r)\ B(0,r)]\Q

=T

(5.27) > |B(0,2r)\ B(0,r)] — |92 > %\B(O, 2r)\ B(0,7)|

by (4.3) and because |B(0,7)| = 2|€2|. So we choose s with all these properties.

Here things will be simpler because n = 2; we could make the argument work in higher
dimensions (instead of adding a constant below, add the harmonic extension of the restriction
of |u;| to Ss), but let us not do that. By (5.24), we have that for almost all choices of z,y € S,

1/2
(5.28) i) — uwi(y)| g/ |Vtu,~|da§031/2{/ Vowifdor} < OV
Ss Ss

We apply this with some y € S, \ 2 and get that
(5.29) |ui(z)] < Cy for o-almost every x € S,

where C) depends on ||Vu,lls.
We may now define a competitor for (u, W), as we did near (5.11). First set

w(z) = ui(x) for x € R%\ B(0, s)

(5.30) w(x) = min(u;(z),v(x)+ Cy) for x € B(0,s),
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where v is as in (5.21) and C} as in (5.29). We want to show that
(5.31) w € WH(R?),

and we shall first check that

(5.32) v e WY (B(0,2r)) with Vv = VG x (Lpan)p)-

Recall from (5.21) that v = G * ¢, with ¢ = Lg2np € LP.
Let r be such that 1/r =1/p—1/2 < 1/2; since |VG| is a Riesz potential of order 1, the

Hardy-Littlewood-Sobolev theorem of fractional integration on page 119 of [5] says that for
any ¢ € LP(R™), |[VG| *|¢| € L", with

(5.33) [IVG] = [¢l|], < ClIwllp

Returning to ¢ = 1 (g2 p, we see that VG 1) € L" and, since r > 2, VG x¢ € L*(B(0,2r))
as well.

We still need to check that VG x v is the distribution derivative of v in B(0,2r). If ¢
were a test function, or just bounded with compact support, we could brutally differentiate
v = G x 1 under the integral, using the fact that |V G| is integrable near the origin, and get
that Vv = VG x ¢ (a continuous derivative). Unfortunately, ¢ is not bounded, but we can
write it as the limit in L” of a sequence of test functions v;. Then set v, = G * ¥; we just
observed that Vv, = VG * ¢y, and (5.33) shows that Vv, tends to VG * ¢ in L", hence in
L?(B(0,2r)). But v tends to v in L?*(B(0,2r)), more brutally because |G| is integrable near
the origin, and this implies that v € W1?(B(0,2r)), with Vo = VG % 1 (pair v against a
the gradient of test function).

So (5.32) holds, and by (5.30) this implies that w € W?(B(0,)), because the minimum
of two functions of Wh? lies in W12,

We also have that w € W'2(R?\ B(0,r)), again by (5.30) and because u; € W12(IR?).

We want to glue the two pieces, so we consider the radial limits of w on S;. From
R?\ B(0, s), this limit is equal to the restriction of u; to Sy (because u; is continuous along
almost all rays). From B(0, s), let us modify v so that it is also continuous along almost all
rays; then v+ C} has limits on S, that are larger than the values of u;, by (5.29) and because
v >0 on B(0,2r). Then the radial limit of w from B(0, s) is the same as for w;, the gluing
condition (4.17) holds, and (4.18) says that w € W1?(R?), as needed for (5.31).

Obviously w < u; (just by (5.30)), so h = u; — w is nonnegative, and null outside of Bs.
Now we follow the same argument as when n > 3, starting below (5.12). We still have (5.16)
for the same reasons, but we need to compute its left-hand side 2 fRn<Vui, Vh) differently.
We want to replace (5.17) with the fact that

(5.34) / (Vv, V) = / PLpo2ny
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for every test function ¢, which we expect to hold because v = G * pl (g2, should yield
Av = —pl a2 in the sense of distributions. And indeed (5.32) yields

/ Vo, Vi) — / (VG * pll s 2r), V)

(5.35) = [ PTG =), Ve,

where the double integral converges absolutely by (5.33). We apply Fubini, use the fact that

(5.36) / (VG(x — ), V() di = / (VG(x), Viplz + 1)) = —(AG, o + 1)) = o(y)

by definition of G (and because ¢ is a test function), and get (5.34). Then we wish to replace
© with b in (5.34), i.e., get that

(5.37) / (Vu, Vh) :/ ph.
n B(0,2r)

as in (5.18). Recall that h = u; — w, so h € WH3(R"). In addition, h = 0 on R™\ B, so the
Sobolev embedding theorem says that in lie in L? for every ¢ < +00. We choose for ¢ the
dual exponent of p (recall that p > n/2 = 1). Then we write h as a limit of test functions
0k, so that the Vi, converge to Vh in L? and the ¢, converge to h in L9. The identity
(5.34) for ¢y goes to the limit, because Vv € L? by (5.32) and p € L? by definition. So
(5.37) holds.

Set Z = {z € R"; h(z) > 0} as before, and notice that Z C B, (modulo a negligible
set). This time the definition of h yields w(x) = v(z) + C; on Z, and

/n ph = /n(Vv,Vh> = /Z(Vv,Vh> = /zW(w_Cl)’Vh)
(5.38) = /n(Vw,Vh> = /n<V(ui —h),Vh) < /n<Vui,Vh)

by (5.37), as in (5.19), and because VC} = 0. So the conclusion of (5.19) still holds, and we
may end the argument as before. This completes our proof of Theorem 5.1 when n = 2.
We are left with the easier case when n = 1. Recall that we have a bound on E(u) (see
the very beginning of the proof, and recall that we could take p = r = 1 in Remark 3.4);
then w; is Holder continuous, with bounds that depend only F(u), and since u; = 0 almost
everywhere on R\ Q, we get the desired L> bounds on the u; because || < +oo. [

Remark 5.2 The constraint that p > n/2 in (5.4) is not so far from optimal, in the sense
that the exponent n/2 cannot be made smaller.
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Let us just consider the case when N =1, f; =0, FF =0, and Q = B(0,1). It is not
too hard to check that the minimizer for J is the pair (u,(2), where u is the solution of
Au = —g;/2, with the usual Dirichlet constraint u = 0 on R\  (see (9.6) below for the
equation). Locally u behaves like G * g1, which in general is not bounded (even locally) when
g1 ¢ L™?; for instance, take g;(x) = |z|=2 near the origin and observe that G * g;(x) tends
to G * ¢1(0) = 400 when z tends to 0.

6 'Two favorite competitors

We shall soon start for good our study of the local regularity of minimizers for the functional
J, and in this section we present constructions of competitors that we shall often use to obtain
information on such minimizers. In particular, the second one (harmonic competitors) will
sometimes be a good replacement for the main competitor that people use when N < 2.

We are given a pair (u, W) € F (see Definition 1.1), and a ball B, and we want to
define other pairs (u*, W*) € F by modifying u and W in B (with v = «* and W = W* in
2\ B), and then compare them with (u, W) € F to get valuable information if (u, W) is a
minimizer.

The first pair will be called the cut-off competitor. We may as well suppose that B =
B(0,r) (by translation invariance of our problems), we give ourselves a number a € (0,1)
(often close to 1), and we choose a smooth cut-off function ¢ such that

p(t) =0 for 0 <t <ar
(6.1) 0<o(t) <1 for ar <t <r
' p(t) =1 fort >r
0<¢(t) <2(1—a)'r~! everywhere.

Then we pick any collection I of indices 1 <7 < N, and set

uf(x) = @(|z|)u;(r) wheniel

7

Here the simplest is to keep W* = W, because u(z) = 0 as soon as u;(x) = 0, but the fact
that u; = 0 in B(0,ar) allows us to modify some of the W; N B(0, ar) in some arguments.
Anyway, it is easy to see that (u*, W) € F; the only thing left to check is that u; € W12?(R")
for ¢ € I. But the definition of a distribution derivative yields

. T
(6.3) Vui(x) = o(lz))Vui(z) + ui(fﬁ)@/(\xl)m
which lies in L? because ¢’ is bounded and u € L?(B) (recall that v € W?(B) and use
Poincaré’s inequality (4.2)). We shall often choose a small number 7 > 0, and apply the fact
that (A+ B)? = A2+ B> +2AB < (1+1)A? + (1 + 77 )B? for A, B > 0 to get that for
r € B,

(6.4) (Vui (2)]? < (14 7)|Vu(2)]? +4(1 — a) (1 + 77 H)r 2 u(z) %
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This will typically be useful when we know that, by some application of Poincaré’s inequality,
[ |ui]? is small. Of course Vu}(x) = 0 when z € B(0,ar) (by (6.1), (6.2), and because i € I).
We now integrate and get that for ¢ € I,

(6.5) / |Vui|? < (1+7')/ |Vu2-|2—|—4(1—a)_2(1+7_1)7‘_2/ |ug|?.
B(0,r) B(0,r)\B(0,ar)

B(0,r)\B(0,ar)

Let us also record trivial estimates for the difference in the terms of M (u); for i € I,

| [nzhi= [

(6.6) < (/“ 2 f] < O3l 2] £,
B(0,r)

’/u;(gi_/uigi
Q Q

6.7) < l/“ tsgil < O™ % el Lol gt
B(0,r)

= | [, 0= eluErso|

= ‘/B(Oﬂ(l — o(|z]))ui(x)g:(x)

The next competitors that we want to introduce are obtained by extending the values of
uon S, = dB(0,7). Recall from the discussion near (4.13) that modulo modifying u on a
set of measure zero, we can assume that u is continuous along almost every ray, and (as in
(4.14)) that the restriction of u to S, is itself in W12(S,) for almost every r, with partial
derivatives that correspond to the restriction of the derivative Du to S,.

It will be easier to define our competitors for these radii r, because estimates for the
tangential gradient V,u on the sphere will often be useful to control the extension.

The simplest description is when N = 1 (and u = w; is allowed to be real-valued). We
assume that

(6.8) the restriction of u to S, lies in Wh2(S,)
(this holds for almost all r, by the discussion above), and also that
(6.9) B(0,7) C © (modulo a set of vanishing Lebesgue measure).

Denote by u the restriction of u to S,, and by u* the harmonic extension of @ to B(0,r),
obtained by convolution of w with the Poisson kernel. Also set u* = u(z) for z € R"\ B(0, ).
In this simple case the harmonic competitor (for the pair (uy, W7) € F, in the ball B(0,r))
is just the pair (u*, W*), where W* = W; U (2N B(0,7)). Let us check that (u*,W*) € F.
It is well known that when w € W2(S,), u* € W2(B(0,r)), and even

(6.10) / |Vu*|? = inf {|Vv|2; v e W"*(B(0,r)) and v =1 on S, },
B(0,r)
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where by v = @ on S, we mean that the radial limits of v on S, (which exist as in (4.13)
and (4.16)) coincide with @ almost everywhere on S,.. See for instance [D], Chapter 15 (and
use the maximum principle for the uniqueness of the harmonic extension u*). Also, u* itself
satisfies u* =@ on S, and it is the unique minimizer in (6.10).

The gluing condition (4.17) on S, holds, because we kept u* = w on R™ \ B(0,r), so
(4.18) implies that u* € W?(R"). Since we added the constraint (6.9), almost every point
of B(0,r) lies in W*, and hence u* = 0 almost everywhere on R™\ W* (because u = 0 almost
everywhere on R” \ Wj). If in addition we required that u; > 0, we still get u* > 0. So
(u*, W*) € F, and it is often a very good competitor to use, because of (6.10) and the fact
that u* is as smooth as possible in B(0, 7).

When N = 2, but we only consider nonnegative functions w;, there is a nice trick that
allows us to define the harmonic competitor. We start from u = (uy, us), and set u = u; —us,
which is now a real-valued function in W*(R"). For r as above (i.e. satisfying (6.8) and
(6.9)), we define w and u* as above. Then we set u* = (uj,u}), where uf is the positive
part of u* and u} is its negative part. The sets Z; = {z € B(0,r); u; > 0} are disjoint,
so we may set W = [W; \ B(0,r)] U [Z; N Q], and get disjoint subsets of 2. This gives a
pair (u*, W*), which lies in F as before (notice in particular that u; = 0 almost everywhere
on R™ \ W}, again by (6.9)). This trick has been used extensively in the literature, often
implicitly by setting the problem directly in terms of u = u; — us.

Unfortunately, this trick is not available when N > 3 (or when N = 2 and we use real-
valued functions). If we just extend the restrictions to S, of the u;, we get functions with
overlapping supports, and we will not be able to find sets W;* for which (u*, W*) € F. We
shall be able to circumvent this problem at a price; we shall decide that the main contribution
to our functional comes from one of the u; (say, u;), and we’ll make the other ones vanish
brutally on a slightly smaller ball. Of course this will only be useful in special situations,
where for some reason there is a dominant component ;. Let us do this; the competitor that
we will define now will be still referred to as the harmonic competitor of (u, W) in B(0, 7).
Suppose as before that B(0,r) C Q (asin (6.9)), and that (6.8) holds. Pick a € (0, 1) (rather
close to 1), and define ¢ as in (6.1). For i > 2, set

uf(x) = p(|z|)a;(rz/|z|) when x € B(0,r)
(6.11) uf(z) = ;i(x) when x € R"\ B(0,r).

This is not exactly the same formula as in the first part of (6.2), because here we only use
the values of u; on S, to do the extension, and this is why we prefer to have (6.8) (and often
some bounds on the norm in W'2(S,)). Notice that

(3

(6.12) u;(x) =0 when i > 2 and x € B(0, ar),

which will allow u; to be nonzero on the whole B(0, ar).

For u; we shall use a harmonic extension. Denote by u; the restriction of u; to S,, and
then by v; the harmonic extension of u; to B(0, ), obtained by convolution of @; with the
Poisson kernel. By (6.8), even though we do not know whether @; is continuous, we still
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have that v; € WH2(B(0,7)), and even that
(6.13) / |Vvi|? = inf {/ IVu|*; v e WH(B(0,r)) and v = on S, },
B(O,’r‘) B(Ovr)

with the same definition of the boundary condition v = u; as in (6.10). We set

ui(z) =up(x) when z € R"\ B(0,7),
(6.14) ui(z) = (ra/|z|) when z € B(0,7)\ B(a,r)
uwi(r) =wvi(a*r)  when z € B(0,ar).

Let us now define W* so that, with this definition of the u;,
(6.15) (u",W*) € F.

First we need to know that u; € W'?(R"). By construction, it is easy to see that u} €
WL2(0O) for O =R"\ B(0,r), O = B(0,7)\ B(0,ar), and O = B(0,ar), but we also need to
check the gluing condition (4.17) on the spheres S,, and S,, to make sure that Du} does not
have any extra piece on them. But this is the case, because we chose u; with equal radial
limits from both sides of these spheres.

We shall also assume that for 1 <i < N,

(6.16) u;(z) = 0 for o-almost every x € S, \ W;.

This is true for almost every r > 0, because u;(z) = 0 a.e. on R™\ W, so this extra
assumption will not cost us anything. Now set

(6.17) Wy =W\ B(0,r)]U{zeQnB(0,r)\ B(0,ar);z/|z| € Wi} U[QNB(0,ar)]
and, for i > 2,
(6.18) Wi =[W;\ B(0,r)]u{z € QN B(0,r) \ B(0,ar);z/|z| € W;}.

It is easy to see that these sets are disjoint and contained in 2. Let us also check that
uj(z) = 0 for almost every x € R"\W}. If x € R"\ B(0, r), this comes from the corresponding
property for u; (we did not change anything there). When = € B(0,r) \ B(0,ar), uf(zx) =0
because w;(rz/|z|) = 0, which itself holds almost everywhere by (6.16). When z € B(0, ar),
either 7 > 2 and u}(z) = 0 by (6.11) and because ¢(|z|) = 0, or else ¢ = 1, but then x lies
in the set B(0,ar) \ €2, which has zero measure by (6.9). As usual, if some of the u; are
nonnegative, so are the corresponding ;. This proves (6.15).

Let us also give a first estimate for fB(O " |[Vu*|2. Fori > 2 and x € B(0,7)\ B(0,ar),
the definition (6.11) says that Vu! has a tangential gradient Vu} such that |V,u}(z)|? =
o(|2))?(r/|2)) |V owi (rz/ |2)) > < (r/|2])?|Voui(rz/|2]) |, and a radial gradient V,u; such
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that |V,uf(z)]? = @' (Jz])?uwi(rz/|z])|* < 4(1 — a)?r~2u;(rz/|z|)|?. Thus

[oavae = [ v
B(0,r) ar JOB(0,t)

= /T /()B(Ot) [(T’/t)2|Vtui(m:/|x|)|2 +4(1 — a) 2y (ra 2] ] do () dt
o = [ [ rva@r + a0 - a2 ) (@) P do(e)de

< (1- a)raz_"/s |Voui|> +4(1 —a) tra™ . ||

This will be acceptably small (with a = 1/2) when [y [Vyu|* and [g [r~'u]* are small
(the second often following from the first one and Poincaré), or even (with a close to 1) if
Js [Viuil?* is not too large but [¢ |r~'u,[? is very small (which typically follows from Poincaré
if W; NS, is very small).

For ¢ = 1, the estimate for Vu! on B(0,7) \ B(0,ar) is simpler, because it only has a
tangential gradient, and |Vuj(z)|? = |Viui(z)]* = (r/|x\)2|Vtu1(rx/|x\)\2 (as above), so

(6.20) / IVui]? < (1 —a)ra®>™ | |Vaul?
B(0,r)\B(0,ar) Sr

The remaining part is

/ |Vui|? = a_z/ |Vv1(a_1$)|2:an_2/ Vo |?
B(0,ar) B(0,ar) B(0.r)
= it { [ e e WHRB0) ad v =u o 5.},
B(0,r)

(6.21) = " ?inf {/ Vol*; v € WH(R™) and v = u; a.e. on R™\ B(O,r)},
B(0,r)

by (6.13), and where we mentioned the last infimum because its definition no longer involves
radial limits; but this is the same by the gluing property (4.18).

Notice that ||uf]|sc < ||uilloo because the Poisson kernel is nonnegative and sends the
constant 1 to 1; then the proof of (6.6) and (6.7) also yields

(6:22) [ nzs= [

and

(6.23) ‘/Ufgi—/uigi
Q Q

_n
< Cr" e ||wil A fill

_n
< Cr" v ||uil| ol il p-
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Remark 6.1 When the u; are nonnegative, we could use the same trick as when N = 2 to
define a variant of the harmonic competitor that we just defined, but where we select two
main functions, say uy and us, and get rid of the other ones by the same cut-off argument.
That is, we would use the definition (6.11) for i > 3, and we would define u} and u} as
follows. We would group uy and us as the real-valued u = uy —us, denote by w the restriction
of u to Sy, call v the harmonic extension of u to B(0,r), define u* by a formula like (6.14),
and then cut it into its positive part ui and its negative part uy; we could still define Wy
and W3 so that (u*, W*) € F (with the other W} defined as in (6.18)). The estimates
(6.20)-(6.23) would have analogues too. But we do not seem to need this trick in the present

paper.

7 Holder-continuity of u inside ()

In this section we keep the same assumptions (5.1)-(5.4) as in Section 5, also assume that
the function F' in the volume term is Holder-continuous with an exponent [ > ”7_2, and
prove that if (u, W) is a minimizer for our functional J, then u is Hélder-continuous on the
interior of 2. We only see this as a first step towards interior regularity, which will allow
us to be more relaxed about the definition of {u; > 0} (see Remark 7.2 below), and more
importantly to use results of | | in later sections. But we intend to get more regularity
later on (under stronger assumptions). Also, we shall discuss the Holder-continuity of u near

0f) in the next section. Precisely, our Holder condition on F'is that for some § > ”7_2,
N

(7.1) F(Wy, Wa, . W) = WL Wy, W) < C 3 (Waaw)?
i=1

for some C' > 0 and all choices of N-uples (W;) and (W/) C QV, of disjoint sets, and where
AAB still denotes the symmetric difference (A\ B) U (B '\ A).

Theorem 7.1 Assume that (5.1)-(5.4) and (7.1) hold. There is an exponent o« > 0, that
depends only on n, N, 5 and p (from (5.2) and (5.4)), and a constant Cy > 0, that also
depends on || and the bounds in (5.2), (5.4), and (7.1), such that if (0, W) is a minimizer
for J in F (see Definition 1.1 and (1.3)-(1.5)), xg € Q and 0 < 1o < 1 are such that
B(xg,19) C €, then (possibly after modifying u on a set of measure zero)

(7.2) lu(z) —u(y)| < Cle —y|* forz,y € B(xo,70/2),

with C = Co+ Cord™{ oy [V}

Observe that we do not require €2 to be nice (or even open), but we compensate by
requiring that B(xg,79) C Q (and in fact, we only need this modulo a set of vanishing
Lebesgue measure, since modifying {2 on a set of measure zero does not change the problem).
We required 7y < 1 in order to obtain a constant C'in (7.2) that depends on rq as stated. Of
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course the fact that Cy does not depend on the specific choice of data, or of the minimizer,
but only on the various constants in our assumptions, is more important. Finally, the fact
that « depends on 8 and p hides an important defect of Theorem 7.1: even with p = 400
and 8 = 1, our proof will only give a very small exponent o > 0, while much more regularity
is expected.

A different proof of Theorem 7.1 may be given in a forthcoming paper, which is more
complicated but perhaps more natural, relies on a different monotonicity argument, and

most importantly works in the context of £ = (—A)?.

Our proof of Theorem 7.1 will follow the same rough outline as a proof of monotonicity for
the normalized energy that A. Bonnet gave in the context of the Mumford-Shah functional
[Bo]. But let us first observe that when n = 1, Theorem 7.1 holds with av = 1/2, just because
lu(z) — u(y)| = ‘f[w} Vu| < |z —y|?{ Jiow \Vu|2}l/2 by Holder’s inequality. So we may
assume that n > 2.

We fix zy (without loss of generality we shall immediately assume that zo = 0), and we
want to prove a differential inequality on the function E, where

N
(7.3) E(r)= / |Vul? = / |Vul? = / Z | V|2
B(zo,r) B(0,r) B(0,r)

1=1

By Fubini (and as in (4.3)),

(7.4) E(r) = /t :TO /y . \Vuldo(y)dt,

where we still use the notation S, = dB(0,7). Hence the derivative E’(r) exists for almost
every r > 0,

(7.5) E'(r)= [ |Vul]*do for almost every r > 0,
S,

and F is the indefinite integral of E’. Our main goal is to estimate E(r) in terms of E'(r),
and then integrate in r to get a good upper bound for E(r) for r small; the Hélder estimate
(7.2) will then follow easily.

Notice that E(r) is a nice quantity to work with, because the minimality of (u, W) gives
an estimate on F(r) each time we build a competitor for (u, W) in B(0,r). So let us do this.
We restrict to r < rg (and this way we get that B(0,r) C Q, as in (6.9)), and also assume
that (6.8), (6.16), and the conclusion of (7.5) hold (they all hold for almost all 7, and we’ll
only need almost all r to integrate the differential inequality).

We shall distinguish between two cases. Let € > 0 be small, to be chosen later; we start
with the case when W7 N 9B(0,r) is very large, more precisely

(7.6) o(S, \ W) < ea(S,),
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and we use the harmonic competitor (u*, W*) defined near (6.11). Since J(u, W) <
J(u*, W*) we get that

(7.7) E(r) = /B(O )|Vu|2 < /B(O )IVu*|2+ |IM(u*) — M(u)| + |[F(W*) — F(W)|

where M and F' are as in (1.3)-(1.5). Obviously W/ coincides with W; on R™ \ B(0,7), so
|[WrXAW;| < Cr™, and (7.1) yields

(7.8) |F(W*) = F(W)| < C Y |WyAW;|? < Crfr,

For the M-terms, we use (6.22) and (6.23) and get that

Z‘/ /U?fiﬂL‘/QU}kgi—/Quigz

(7.9) < O |ul Bl fillp + O P [l el lgillp < Cr 7,

[M(u") = M(u)]

IA

where we just used Theorem 5.1. Recall that Theorem 5.1 also says that the ||u;||%, are
bounded in terms of the various constants in the assumptions of Theorem 7.1; hence C' only
depends on these constants. This remark will also apply to the other constants C' in the
computations that follow.

We now use the energy estimates (6.19)-(6.20), plus the first part of (6.21), and get that

/ Vu*|? < Z (1—a)r / Vo> + 24(1 — a)_lra_"/ |~ |2
B(0,r) Sr i>2 r
(7.10) + a"_2/ Vo, |2

B(0,r)

where vy (defined below (6.11)), is the harmonic extension of the restriction @, of u; to S,.
Thus, by (7.7)-(7.10) and because a" 2 < 1,

(7.11) E(r) g/ Vo2 + A,
B(0,r)
with
N
A < CrPfrgCrTe 4 Z(l —a)ra |V |* + 24 L—a)tra™ | |r il
i=1 Sr i>2 Sr
(1.12) < Crf 4 O3 +C’(1—a)r/ Vol +C(1—a)! —IZ/ fua|?
Sr i>2

because we shall take a > 1/2. In addition, for ¢ > 2 (6.8) says that (the restriction of) w; lies
in W12(S,), and (6.16) says that u;(z) = 0 almost everywhere on S, \ W;. Set £ = S, \ W;
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if € S, \ E, then x € Wy, hence (by disjointness) = € S, \ W;, and almost always u;(z) = 0.
This allows us to apply Lemma 4.1 (with p = 2) and get that

(7.13) |u,~|2:/|ui|2 SCQO—(E)&/ |vtui|2302(sa(sr))n21/ IV s
Sr E E E

by (7.6) and (4.7). Recall also that we restrict to r such that the conclusion of (7.5) holds,
S0

(7.14) Z/ |V u,)? < Z/ V|2 :/ |Vu|? = E'(r);
i S i Sr S

then (7.12) yields
(7.15) A<CrP" +Cr"r + C(1 — a)rE'(r) + C(1 — a)‘lg%rE’(r).

Let 7 > 0 be small, to be chosen later. We choose a close to 1 (depending on 7), and then ¢
very small (depending also on a), so that (7.15) yields

(7.16) A< CrPm+ Cr" e 4 TrE(r),

and now we concentrate on [ B(O.r) |V |?. We shall just need an estimate on the norm of the
Poisson extension, from W?(S,) to W'?(B,), but since [5 , [Vvi|* is minimal (by (6.13)
or (6.21)), it will be enough to control the energy of some extension. Call u the restriction
of u; —mg u;y to S, and define v on B(0,7) by

(7.17) v(ty) = tu(y) for y € S, and 0 < ¢ < 1.

[We will not really lose much, because if we were to find the optimal extension, it would
happen to have the largest extension norm on spherical harmonics of degree 1, which happen
to have homogeneous extensions of degree 1.] Anyway, it is easy to see that v € W12(B(0, 1)),
with a gradient that we compute now. In fact, since v is homogeneous of degree 1, its gradient
is homogeneous of degree 0. So we compute it at y € S,. Its radial part is r~'u(y), and its
tangential part is just Viu(y). Then |Vo(y)|? = r—2u(y)? + |Viu(y)|?, and

/ Vol = / /|Vv|2do—dt:/ (t/r)"_l/ Vol2dodt
B(0,r) te(0,r) J St te(0,r) r

r

(7.18) = _1/ \wﬁda:f/ r 2 + |Viul?
S, nJs,

nrt

by homogeneity. We use Poincaré’s inequality on the sphere (exceptionally, with the right
constant!), which says that

1
1 2yt < —— 2
(7.19) [l < = [ v
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because fST- udo = 0. See for instance Exercise 76.21 in [D]. Then (7.18) and (7.19) yield
fB(O,r) [Vo? < Z-25 [o [Viul* and, since v 4 m§ uy has boundary values on S, equal to

u +m$g uy = up, the minimizing property of vy yields

[oaval < [ Weemgap= [ v
B(0,r) B(0,r) B(0,r)
T T r ,
(7.20) < L [ WP =5 [ VP < LB
S S n — 1

n—1 n —

by (7.14). We combine with (7.11) and (7.16) and get that

! 1) rE(r).

(7.21) E(r) < / Vo> + A< Crf" + Cr" s + (7 +
B(0,r) n—

This is our first differential inequality, valid at almost every r < ry such that (7.6) holds. If

(7.6), with i = 1 replaced by some other index ¢, holds, we do the same argument with u,

replaced by u;, and we still get the conclusion of (7.21).

When (7.6) fails for all indices, i.e., if o(S, \ W;) > eo(S,) for all i, we use another
competitor to get a similar differential inequality. This time we pick a very small v > 0, to
be chosen later, and we set

(7.22) u; (ty) =t"u;(y) fory € S, and 0 <t < 1.

On R™\ B(0,7), we keep u; = u;, as usual. It is easy to see, using again the gluing condition
(4.17) that uf € WH(R™ \ {0}). Its gradient is now homogeneous of degree v — 1, and we
compute it at y € S,. The tangential gradient is still V,u;(y), and the radial derivative is
yr~Yu;(y). Thus |[Vui(y)|* = |Viui(y)| + v*r2u;(y)?. The same computation as in (7.18)
yields

[ovar = [ [ vadea = [ e 9Pl
B(0,r) te(0,r) J St te(0,r) Sr
,rn+2'y—2

(7.23) = / |Vuj|2da:(; / V2l + |V
Sy Sy

(n+ 2y — 2)rn+2r=3 n+ 2y —2)

In particular the integral converges (recall that n > 2), and it is not hard to show that
uf € W2 near the origin. For instance, we can approximate 7 in (7.22) with functions that
vanish near 0, and take a limit.

Since (7.6) fails for 4, we can apply Lemma 4.1 to w;, with £ = W; N S, (by (6.16)). We
get that

Sy)
7.24 ui2:/uingrzL/Vuingrze_l/ V,u;|?
(7.24) Sr\ | E\ | RN E| Ui Sr\ #Ui |
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by (4.6). Set

1 C?

(7.25) )\:(n+27—2)+(n+27—2)5’

with the same constant C' as in (7.24). Then (7.23) yields

(7.26) / V]2 < )\r/ IV i) 2.
B(0,r) Sy

We sum over ¢ and get that
(7.27) / Vu* > < Ar | [Vl < rE'(r)
B(0,r) Sr

with u* = (uf,...,uYy), and by (7.14).
We now complete the definition of our competitor by choosing sets W C €2, so that
(u*, W*) € F. We keep W\ B(0,r) = W; \ B(0,7), and we take for W N B(0,r) the

intersection of {2 with the cone over W; N S,. The W/ are disjoint because the W, are

disjoint, and u; = 0 almost everywhere on R™ \ W; because (2 is almost contained in B(0,r),
and u;(y) = 0 almost everywhere on S, \ W; (by (6.16)). As usual, uf > 0 if u; > 0, so
(u*, W*) € F.

We complete the estimate with the F' and M-terms. As before, ||uf||co < ||il|oo, SO
(7.28)  [M(u) = M(w)] < Cr" #lwl %] filloe + Cr" 7 ||uil o] gil [, < O™ %,
as in (7.9); also, |WAW;| < Cr™, so (7.1) yields

(7.29) FOW) — F(W)| < O (WA < or,
as in (7.8). Since J(u, W) < J(u*, W*), we get (as in (7.7)) that
BO) = [ (vuP< [ vw e ) - M)+ [FW) - P(W)
B(O,T) B(Ovr)
(7.30) < / VU 4+ Cr 4 Orf < A E/(r) + Cr" 5 4 O
B(0,r)

by (7.27). This is our alternative differential inequality, which holds for almost every r such
that (7.21) fails for each 1.
Let us now check that we can choose ¢ such that

) )

We know that nf > n — 2 (see the definition of 3 near (7.1)), and n — % > n — 2 because
p>n/2 (see (5.4)). Next choose 7 so small that 74 -1 < -1 (no condltlon if n = 2); then

: n
(7.31) n—2<5<m1n<nﬁ,n—5 (
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-1
n—2< <7’ + ﬁ) , and this too leaves some room for §. This choice of 7 forces a to be
chosen close enough to 1, and £ small enough, but this is all right. We still need to check
that (n — 2)\ < 1; rewrite (7.25) as

2

e (e ) = (0 ) (1 )

even if we chose € very small, this expression becomes smaller than 1 when + is small enough.
So we choose 7 small, depending on ¢, and we can choose § as in (7.31). Notice that a, then
g, 7, and finally 0 depend on N, because (we think that) C'in (7.15) depends on N. With
all this new notation, (7.21) and (7.30) yield

(7.33) SE(r) < rE'(r)+ Cr" v + Cr® for almost every r < ro,

where C' also depends on constants like 9, but not on r or rq.
Now we want to integrate this differential inequality between r € (0,79) and ro. Set
f(r) =r79E(r); then f is differentiable almost everywhere on (0,7y), and

(7:34) J1(r) = =6r LB () + 1B () 2 —Cr T R

almost everywhere, by (7.33). We want to integrate this between r € (0,ry) and ¢ and get
that

flr) = flro) - / f'()dt < f(ro) +C/m R
(7.35) < flro) + Cr°[r" e + ]

(recall that by (7.31), the final exponents are negative). So we have to justify the first
equahty erte g( ) = r79 to simplify the algebra, and recall from (7.4) and (7.5) that
E(t)=E(r)+ f E'(s)ds for r <t < ry. Then set I = [r, 1] and compute

/Tof’(t)dt = /E(t)g’(t)+E’(t (t)dt

- (/ +/ME' (1,et) + (/IE’(t)g(r)+/IXIE’(t)g’(s)]ls<t)

(7.36) = E(r)lg(ro) — g(r)] E'(t)g'(s)dsdt
) )

+ +
= lg(ro) = g(r)] + g(r)[E(ro) — E(r)] + [E(ro) — E(r)]lg(ro) — g(r)]
= E(ro)g(ro) — E(r)g(r) = f(ro) — f(r)

where Fubini can be used because E’ and ¢’ are both nonnegative (or integrable). So (7.35)
holds. We multiply it by r° and get that

(7.37) E(r) =r0f(r) < f(ro) + Clr™ ™% 4+ = (r/ro) E(ro) + C[r" "% + 7).
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Since we shall use it a few times in the future, let us record what we just got: under the
general assumptions of Theorem 7.1, we just proved that

(7.38) / Vul? < (7“/7“0)6/ IVul? 4+ C[r" "% + 7" for 0 < r < rg
B(zo,r) B(zo,70)

as soon as B(xg,ry) C Q2 (recall that we immediately assumed that zo = 0, and see (7.3) for
the definition of F(r)).

Return to the proof; (7.37) is the energy estimate that we wanted, but we also want its
analogue for other centers. And indeed we can do the proof of (7.37), but with any other
origin z € B(0,2ry/3), and with radii 0 < r < r(/3, and we get that

(7.3 [ VP < ) B + O 4
B(z,r)

for z € B(0,2r9/3) and 0 < r < ry/3. Here C' depends on the usual constants, i.e., n, N, p,
2|, the ||fi||co and ||g;||p, and the two constants in (7.1). Incidentally, these constants also
control E(rg), by (3.10) (modified as in Remark 3.4 if p < 2) and because they easily control
J(u, W). But we may lose some information if we use this remark.

Anyway, let us rewrite (7.39) as

S—n-+2

2 1/2 . _5 1/2 2p—n
(r.40) r{ ’ )\w} < 0O(r), with 0(r) = "5 1y B(ro)] 2 + 5 4

24 Bn—n
2

and notice that by (7.31), the smallest exponent in (7.40) is

§—n+2
(7.41) a:++>0.

We shall now check that (7.2) follows from (7.40), with this exponent «. This will be a
standard consequence of the Poincaré inequalities.
Fix i € [1,N], set © = u; (to save notation), and define u(z,r) fB( u for z €

B(0,2ry/3) and 0 < r < ry/3. Then

lu(z,r/2) —u(x,r)] = ‘][ u—u:)sr)‘g][ lu — u(z,r)|
B(z,r/2) B(z,r/2)
< ][ lu — u(x,r)| <Cr][ |Vul
B(z,r) B(x,r)
1/2
(7.42) < Cr{][ |vu\2} < CO(r)
B(z,r)

by Poincaré (see (4.2)), Holder, and (7.40). It follows from iterations of (7.42) that u(x) =
limy,_, 4 oo u(w, 27F) exists for all z € B(0,2r/3), and that

(7.43) [a(z) — u(z,27%) < CH(27%) when 27F < ry/3
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(also use the special form of 6 to sum three geometric series). Since u(x) = u(x) for every
point of Lebesgue differentiability for u, we see that replacing u with @ on B(0, 2r¢/3) will
only change its values on a set of measure 0, so it is now enough to prove that

(7.44) [a(z) —u(y)| < Cile -yl

for x,y € B(xo,70/2), and with the announced value of

1/2
(7.45) Ci=Co+ Cor(l]_"{ ][ |Vul2} ,

B(0,ro)

where Cy depends on the usual constants but not on rq < 1. It is even enough to prove this
when |z —y| < 7¢/10 (just use a short chain of points, and maybe multiply C' by 5). Choose
k such that 27772 < |z — y| < 27%71; then 27% < ry/3, and

[a(z) —a(y)] < [ae) —ule, 27+ Ju(z, 27770 = u(y, 277)] + |uly, 27°) - a(y)]
< ful@, 2757 —u(y, 270 + CO27F)
(7.46) < u(z, 277 =y, 27F)| + CO(|x — y)).
But, as in (7.42)
|U(QE‘, 2_k_1) - U(y, 2_k)‘ = ’ ][ U= U(y, 2_k)‘ < ][ |u - U(y, 2_k>|
B(z,2-k—1) B(y,27k)
< 2"][ lu —u(y,277)| < CQ_k][ |Vul
B(y,27F) B(y,27F)
1/2
(7.47) < 02—k{][ |Vu|2} < CO27%) < Ch(lz — y))
B(y,27%)

because B(z,27%"1) € B(y,27%). But

—-n 24+8n—n
2

(7.48) O(r) = g B(ro)) /> + 1 5 +r

<ol E(ro))'/ + 20

by (7.40), (7.41), and because r < g < 1 and 0 was the smallest exponent (by (7.31)), and

1/2 1/2
(7.49) B0 = [z [ ] e[ wap]
B(O,To) B(Oﬁo)
so (7.46) and (7.47) yield
a7 m « a l—a 2 1/2
(750)  [i) ) < Ol ) < Clo =yl 4 Cle =yl f - wul]
B(0,ro

which proves (7.44) with C as in (7.45). This completes our proof of Theorem 7.1. H
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Remark 7.2 Once we have Theorem 7.1, we can be a little more relaxed about the definition
of the W;. Suppose ) is open and that the assumptions of Theorem 7.1are satisfied. We know
that there is a locally Holder continuous function u that coincides with w almost everywhere
on Q (the local continuous functions provided by applications of the theorem on small balls
B C Q can easily be glued). Then we can work with the open sets

(7.51) Q; = {z € Q; u(z) > 0};

it 1s easy to see that the €; are disjoint, and the constraints that W; C Q and u; = 0 almost
everywhere on R™ \ W, just mean that ; C W;, modulo a set of vanishing measure. After
the next section, and under additional regularity assumptions on ), we will also know that
(if we set u =0 on R™\ ) u is also continuous across 982, and we will feel free to replace
u with u without saying.

8 Holder-continuity of u© on the boundary

In this section we keep the assumptions of Section 7, add a smoothness assumption on €2,
and prove that u is Holder-continuous on the whole R" when (u, W) is a minimizer for .J.
For the main statement, let us be brutal and just assume that

(8.1) Q is a bounded open set with C'' boundary.

But we shall see that the result holds under somewhat weaker assumptions; see Remark 8.3
at the end of the section.

Theorem 8.1 Assume that (5.1)-(5.4), (7.1), and (8.1) hold. There is an exponent o > 0,
that depends only onn, N, f and p (from (5.4)), such that if (u, W) is a minimizer for J
in F (see Definition 1.1 and (1.3)-(1.5)) there is a constant C > 0 such that (possibly after
modifying u on a set of measure zero)

(8.2) lu(z) —u(y)| < Cle —y|* forxz,y € R" such that |z — y| < 1.
As for Theorem 7.1, we even get that C' = Cy + Cory *{ fB(w o) |Vu|2}1/2, where C)

depends only on n, N, 5, p, and |Q)|.
Again the main difficulty for the proof will be to find § > n — 2 such that

(8.3) / |Vul* < Cor®
B(z,r)

for z € R™ and r > 0; the conclusion, with o = $(6 —n+2) will follow by the same argument
as in Section 7, near (7.41).

We would still be happy to prove that for x € R, E(r) = fB(Z,T) |Vul? often satisfies
a differential inequality, and there will be one main new case, when x € 0€). We cannot
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repeat the argument of Section 7 as it is, because we want to make sure that the function
u* that we build still vanishes on 2. There is a special case where we can still use our
second competitor, the one where we used a homogeneous extension of u, and this is when
QN B(x,r) is a cone centered at z. In the next proposition, which is the main ingredient
for Theorem 8.1, we will assume that €2 looks like a cone near the origin, and then we shall
get some decay for E(r).

Again let us center our balls at the origin. Let 7o € (0, 1] be given. We shall assume that

(8.4) 0 €00

and that there is a (measurable) cone I, centered at the origin, such that

(8.5) o(S1\T') > ea(5),

as well as a mapping @ : B(0, 2r¢) — R™, which is (1 + n)-bilipschitz in the sense that
86)  (I+n)tr—yl <|0(@)— @) < (L+n)|e—yl| forz,y € B0, 2r),

and for which

(8.7) ®(0) =0,

(8.8) ®(B(0,2ro) NQ) C T,
(8.9) O(B(0,2r) \ Q) C R"\ T,
and

(8.10) ®(B(0,2rq)) D B(0,3r0/2).

Here n > 0 is a small constant, that will be chosen in terms of e, and then (8.10) is quite
probably a consequence of the other, but we are too lazy to prove this.

This will be our main additional assumption of approximation by a good cone. When 2
is a C'' domain, as in the statement of Theorem 8.1, and 0 € d€, this property holds for 7y
small enough, and we can even take for I' an open half space. In addition, by compactness
of 0f), the same property holds with the origin replaced by any point x € 02, and for
0 < ryg < R, where R does not depend on z. We now state the main decay estimate.

Proposition 8.2 For each ¢ > 0, we can find n € (0,1/2) and § > n — 2, that depend only

onn, N, 5, p, and &, such that if (u, W) satisfies the assumptions of Theorem 8.1, and in
addition (8.4)-(8.10) hold for some choice of ro < 1, I' and ®, then

(8.11) / [Vu|* < 2(7"/7"0)5/ IVul? + Cyr" % + Cyr?”
B(0,r)

B(0,2r0)

for 0 < r < ry. Here Cy depends on the various constants in the assumptions, but not on ry.
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This will be our analogue of (7.38). For the proof we intend to conjugate by ® to simplify
the geometry, and then copy the the proof of (7.30)-(7.38) in Section 7.

Observe that because of (8.10) and (8.6), we can define an inverse mapping ¢ = ®~! :
B(0,3r¢/2) — B(0,2ry). This allows us to define v on B(0,3ry/2) by

(8.12) v(y) =u(¥(y)) fory e B(0,3ro/2).
Notice that
(8.13) v € W(B(0,3ry/2)

because u € W2?(R™) and ® is bilipschitz. See for instance [7]. Because of the geometry, it
will be preferable to work with the function v, and prove appropriate differential inequalities
on the energy

8.14 E(r :/ Vv|? = / V2.
(8.14) (r) B(O,r>| | Z B(O,@‘ \

So let (u, W) and r( satisfy the assumptions of the proposition, and let r < ry be such
that the restriction of v to S, lies in W'%(S,) (as in (6.8)), with derivatives that can be
computed from the restriction of Dv, and that

(8.15) v;(z) =0 for g-almost every = € S, \ ®(W;),

as in (6.16). These properties hold for the same reason as before (and by (8.13)). Let us
also assume that

(8.16) E'(r) = . |Vv|?

(which again holds a.e. as in (7.5)). We may now define v* by

(8.17) v*(z) = v(z) for z € B(0,3ry/2) \ B(0,r),
and
(8.18) v (tz) =t"v(z) for z € S, and 0 <t < 1,

where the small v will be chosen later, depending on . And then we set

(8.19) u*(z) =u(z) for x € R"\ B(0,5r/4),
and
(8.20) u“(z) = v*(®(z)) for z € B(0,4r/3),
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which is defined because ®(z) € B(0,3r/2) C B(0,3ry/2) (by (8.6) and (8.7)); the two
definitions coincide when = € B(0,4r/3) \ B(0,5r/4), because ®(x) € B(0,3r/2) \ B(0,r),
and by (8.17)).

We deduce from (8.13) that v* € W'2(B(0,3ry/2)) (as we did near (7.22)-(7.23)), and
then u* € W12(R") (because we have a whole gluing region B(0,4r/3) \ B(0,5r/4)). As
always, u; > 0 everywhere when u; > 0 everywhere. We now need to define sets W;* such
that

(8.21) (u*, W*) € F.
We keep
(8.22) Wi\ (B0, ) = W; \ &(B(0,r))

(where ¢p = ®~! as before) and set
(8.23) W Ny(B(0,r) = ¢(H;), with H; = {ty;y € S, N®(W;) and 0 <t < 1}.
The W} are disjoint, because the W; are disjoint and ¢ : B(0,7) — ¢(B(0,7)) is injective.

Next let us check that W C Q. Pick x € W}, If x € W* \ ¢(B(0,r)), then x € W; C
by (8.22) and the definition of F. Otherwise, x € ¥/(H;), so there exist y € S, N ®(W;) and
0 <t < 1 such that x = ¢¥(ty). But y = ®(z) for some z € W, z € B(0,3r/2) by (8.6) and
(8.7), y € T because z € W; C Q and by (8.8), ty € I' N B(0,r) because I' is a cone, and
finally z = ¥(ty) € Q by (8.9). So W/ C Q.

Finally, we claim that u}(x) = 0 for almost every x € R*\W/. Start when = € (B(0,r)).
Write x = ¢(z), with z = ®(x) € B(0,r). Further write z = ty, with y € S, and t < 1;
then y € S, \ ®(W;), because otherwise z € H; and x € W/*. If v;(y) # 0, then y lies in the
o-negligible set from (8.15) (we just saw that y € S, \ ®(W;)); then z = ty lies in a negligible
set too, and so does x = 1(z). Hence v;(y) = 0 for almost every z, and so v}(z) = 0 by
(8.18) and uj(z) = vi(P(z)) = vi(z) = 0 by (8.20).

We are left with the case when x € R™\ ¥(B(0,r)), and then x € R"\ W; by (8.22). But
we claim that

(8.24) u'(z) =u(z) for x € R"\ ¢¥(B(0,r)).

Indeed, if = € B(0,5r/4), ul(z) = v} (P(x)) = v;(P(z)) = wi(x) by (8.20), (8.17), and
(8.12). Otherwise, z € R™\ B(0,5r/4) and u}(x) = u;(x) directly by (8.19). This completes
our proof of (8.24), and we deduce from (8.24) that uf(x) = u;(x) = 0 for almost every
z e [R"\ W/ N[R"\ ¥(B(0,r))]. In turn (8.21) follows.

We now need to estimate various terms. Since all our functions are bounded and u* = u
on R™\ B(0,5r/4), we have the same estimates on the F' and M terms as in (7.28) and
(7.29). We still have that J(u, W) < J(u*, W*) and hence, as in (7.30))

[ < [ Ve M) - M)+ [FW) - F(W)
B(0,5r/4) B(0,5r/4)

(8.25) < / IVu*|? + Cr" " + Cro”.
B(0,57/4)
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By (8.24), the energy contributions of B(0,5r/4) \ ¢(B(0,r)) cancel and we get that

(8.26) / [Vu|? < / IVu*[> + Cr" e + OrPn
Y(B(0,7)) P(B(O,r))

We now change use our bilipschitz mapping to change variables. By (8.20) and (8.6),

(8.27) / V| :/ V(v o @) < (1+n>"+2/ Vv
P(B(0,r)) P(B(0,r)) B(0,r)

Then the proof of (7.23) (or (7.18)) yields

;
8.28 / Vo2 = —/ 20?4 |V,
(8.28) B(0,r) (n+2y-2) /s, '

We claim that v; = 0 almost everywhere on S, \ I'. Indeed, if y € S, \I' and = = ¢(y), then
x € B(0,2r)\ Q by (8.8), hence x lies out of W; and y = ®(x) lies out of ®(W;). Almost
always, v;(y) = 0, by (8.15). This, (8.5), and our assumption that v € W2(S,)) allows us
to apply (4.6) and get

(8.29) |vs]? :/ ]2 < C’rzs_l/ |V ;|2
Sy SN (W) S,

as in (7.24). We return to (8.28), sum over i (the pieces are still orthogonal because of
disjoint supports), use (8.29), and obtain as in (7.27), and with the same X as in (7.25), that

8.30 / VvH? = / |Vui? < Ar / |Vvi|? = )\7“/ V|2
(8.30) B(07r)| | ; o ; L Ve Ve

We complete the estimate with a change of variable in the other direction:

E(r) =/ Vv = / V(wo )2 = (1 + 7)™ / Vuf?
B(0,r) B(0,r) Y (B(0,r))

< (1 +n)”+2/ [V + Cr" e + Crfn
Y(B(0,7))

(8.31) < (1+ n)2"+4/ Vv 2 4+ Cr" v + Cr™"
B(0,r)

< (1+ 17)2"+4)\7’/ IVv|? 4+ Cr" v + CrPn

T

< (L4n)PHMNeE (r) + Cr" v + CrP"

by (8.12), (8.6), (8.26), by (8.27), (8.30), and (8.16). This is our analogue of (7.30), with
the only difference that we have the extra term (1 + 1)?"™. Also, we do not need to care
about (7.21) (there is no first case). Anyway, (n — 2)\ < 1 if 7 is small enough, depending
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on ¢ (see (7.32)), so we can choose 1 so small that (n — 2)A(1 +n)?"™ < 1, and then choose
0 such that

(8.32) n—2< 0 < min (nﬁ,n — ﬁ, (1+ 77)_2"_4)\_1)
p

(see (7.31)), and (8.31)) becomes
(8.33) SE(r) < rE'(r)+Cr" v + Crf",

This is the same as (7.33). We integrate this as we did before and get the analogue of (7.38):
(834 [ VP < (/) B + € )
B(z,r)

We complete this by a last change of variable: we are interested in

/ Vu@)lP < 1+ / Vv (y)]?
z€B(z,r) y€@(B(z,r))
(8.35) < (L4 / Vv (y)?
y€B(0,(1+nr))
< (L )3 fro) Elro) + 20 + rP7]

by (8.12), (8.6), (8.7), if (1+n)r < ry, and by (8.34). Since E(ry) < (1+n)"2 fB(O 2ro) |Vu|?
by the usual change of variable, (8.35) implies (8.11) when (1 + n)r < rg. The other case is
trivial (recall that ¢ is very small). This completes our proof of Proposition 8.2. |

We are now ready to prove Theorem 8.1. Let 2 satisfy (8.1). That is, 92 is a compact C*
embedded submanifold if codimension 1, and we can assume that €2 is locally on one side of
0Q); otherwise, remove the set of points of 92 which have © on both sides (this set is open and
closed in 09), without changing the problem. By compactness, we can find ry € (0, 1] such
that, for each z € 09, the set €, = Q — x satisfies the geometrical assumptions (8.4)-(8.10)
of Proposition 8.2. We can even take for I' a half space (and so e = 1/2).

Now let (u, W) be a minimizer, as in the statement of Theorem 8.1, and let x € 92 be
given. We can apply Proposition 8.2, with the value of ry that we just found, to a translation
by —z of Q, (u, W), and the data f; and g;. We get that (8.11) holds, so

(8.36) / Vu|? < 2(7“/7“0)6/ IVul® + Cyir" % 4+ CyrP?
B(z,r)

B(z,2r9)

for 0 < r < ry. The constant C; depends only on the various constants that show up in the
assumptions.

This shall take care of balls B(x,r) centered on 02. Now consider z € R™ \ 052, set
d(z) = dist (z,0R2), and choose y € 02 such that |x — y| = d(z).
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Let r > 0 be given, with r < r7/3. We shall need to discuss cases. If r > d(x)/2, just

observe that
[owur < vaP< [ |vu?
B(z,r) B(y,r+d(z)) B(y,3r)

< 2(37"/7"0)5/ IVu|? 4 3"Cyr" " » + 3"Cyr”

B(z,2r0)

(8.37) < C(r/ro)’ / IVul? 4+ C[r""» + 7"
B(z,2ro)

by (8.36), and where we do not need to keep track of the dependence in C;. So we may
assume that r < d(z)/2, and the only interesting case is when x € Q, because otherwise
B(z,r) C R"\ © and fB(Z,T) |Vul? = 0.

Let us first assume that d(z) < rq/3. The proof of (8.37), with r = d(z), yields

(8.38) / Vul? < C(d(x)/ro)‘s/ IVul? + Cd(z)""» + Cd(z)"".

B(z,d(z)) B(z,2r0)
Let us use the proof of Theorem 7.1, applied as usual after translating everything by —ux,
and with o = d(x), so that B(z,r9) = B(z,d(z)) C Q. In fact, we are only interested by
(7.38), which implies that

/ Vuf* < C(r/d(z)) / Vul? + O 5 4 1)
B(z,r) B(z,d(x))
< C’(r/ro)‘;/ IVul? + C(r/d(z))’[d(z)"" 7 + d(2)°"] + C[r" " + r®"]
B(x,2ro)
(8.39) < C(r/ro)° / |Vul? + Cr®
B(z,2r9)

by (8.38) and because § < min(n — 2, fn) and d(z) < ro/3 < 1/3.
In the last case when d(z) > r9/3, we also use the proof of Theorem 7.1, but with the
radius ro/3 (which is all right because B(z,7¢/3) C 2), and deduce directly from (7.38) that

/ [Vu* < 0(37“/7“0)5/ Vul? + Cr" 7 4 1]
B(z,r)

B(z,2r0/3)

(8.40) < O(r/ro)’ / Vuf? + O3 + ]
B(x,2r0)
because r < 1¢/3 by assumption.

Thus in all the cases we get the same conclusion as in (8.39), or better, which now holds
for all balls of radius r < r¢/3. This is not exactly as good as in (7.38), because the error
term C7° is a little larger. In fact if we want to really get (8.2) later, let us observe that we
can get that

(8.41) / Vul2 < C(r/ry)° / Vul? + O
B(z,r)

B(z,2rg)
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for some ¢’ > § (we just use a constant a little larger than ¢ in the estimates above that lead
0 (8.39)). The conclusion of Theorem 8.1, namely (8.2), now follows by the same proof as
for (7.2); see (7.41)-(7.50). H

Remark 8.3 The regularity assumption (8.1) that we put in Theorem 8.1 is really far from
optimal. First, we just use the boundedness of ) to have some uniformity in the approxima-
tion by cones. But more importantly, we do not need to have a good approximation by cones
at all scales r < ro. It would be more than enough, for instance, if for some choice of R > 0
and C > 0 and all x € 0N, the set Q2 — x had the approximation condition (8.4)-(8.10) for
all ro < R, except perhaps for ro in an exceptional set Z(x) such that fZ(x) dr/r < C. But
many other conditions would probably work as well.

9 The monotonicity formula

The Holder-continuity of u (Theorems 7.1 and 8.1) will allow us to apply a near monotonicity
result of | | that will be very useful, in particular for proving that u is Lipschitz inside
Q) and controlling blow-up limits.

We shall need slightly stronger assumptions on the data. We still assume that 2] < 400
as in (3.1)), that F is Hélder-continuous with exponent 3 > 2=2, as in (7.1), and that

9.1) fi € LP(Q), for some p > 5 and f;(x) > 0 almost everywhere on 2,

2) gi € L=(2)

and not just LP for some p > n/2); this is probably not optimal, but we should probably
at least require p > n. See Remark 9.2 When we consider balls that meet 0€), we shall also
assume 2 to be a bounded open set with a C'! boundary, as in (8.1).

A consequence of these assumptions is that we can change u on a set of zero measure to
make it Holder-continuous. We shall always assume that this modification has been done,
which will allow us to talk about the open sets Q; = {z € Q; u;(z) > 0}. See Remark 7.2.

Fix o € R", two indices i1,i2 € [1, N] and two signs 1,69 € {—1,+1}. Then define
functions v; and vy by

(9.3) v;(x) = [guy; (7)) = max(0, gju,,(2)) € [0, 4+00)

for j =1,2 and x € R". We always take different pairs (i;,;), so typical choices of the two
v; would be v; = (u1)+ and vy = (uy)_, or v; = (u1)+ and vy = (ug)y. Our complicated
notation is designed to accommodate both cases. Finally set

(
(
(see (5.2)-(5.3)), but this time we shall also require
(9.
(

1 |V’Uj|2 .
(9.4) Qi(r) == &= 2o dx for 7 =1,2 and ®(r) = O(r)Ps(r)
B(zo,r)

r2 T — xo|" 2

for r > 0. This is the function which will be nearly monotone. As we shall see later, the
integrals often converge because of (7.38) or (8.11).
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Theorem 9.1 Assume that (3.1), (7.1), (9.1), and (9.2) hold. Let (u, W) be a minimizer
of the functional J, and let xo and ro > 0 be given. If B(xg, 7o) is not contained in €2, also
assume (8.1). Then for all choices of (i1,€1) # (i2,€2) as above, and 0 <1 <1y,

2
(9.5) 0(r) < C(r2llgal 2 + 73llgi ] + @1(r0) + @a(ro) )
with a constant C' that depends only on n.

Proof. Our proof will mostly consist in checking that v; and v, satisfy the assumptions of
Theorem 1.3 in | ], which is perfectly fit for our situation. This result is in the same
spirit as in the initial monotonicity formula in | |. Tt looks a little less nice because (9.5)
is less precise than saying that ® is nondecreasing, but this allows more general situations
(as here), and will give almost as good consequences.

The first assumption of | ], that the v; be continuous, is a consequence of Theorems
7.1 or 8.1, and this is why we include (3.1), L” bounds on the f;, the Holder assumption
(7.1), and sometimes (8.1), which will not show up in the estimates. They also satisfy the
exclusion relation v;ve = 0, just because (u, W) € F (and u is continuous).

Next we want to show that for each i, u; satisfies the equation

1
(9~6) Au; = fiwi — §9i

in the open set ; = {x € R";u;(z) # 0} C Q. Here we restrict to €2; because in other
places we may not modify u; freely as we do in the proof below. Otherwise we proceed in the
most usual way. For each test function ¢ with compact support in €2;, we observe that if we
replace u; with u; +tp, t € R small, and otherwise change nothing, we get a new competitor
(ug, W). Thus J(u;, W) > J(u, W) for ¢ small. But J(u;, W) has a derivative at t = 0,
which is

(9.7) P 0) =2 (V0990 +2 [ fuse — [ s

(see (1.5) and recall that only u; changes). This derivative vanishes, so by definition of the
distribution Aw;,

(9.8) 0=2 /(Vui, V) + 2/fiuig0 — /giap = (—=2Au; + 2fu; — gi, ).

This holds for every test function ¢, and this gives (9.6). As an immediate consequence of
(9.6) and the definitions,

1 1
(99) A'Uj = EjAuij = gjfiuij - 55]'92'3‘ > _§||glj||00

in the sense of distributions, in the open set Q(j) = {z € R™; v;(z) > 0} C €.
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We want to take advantage of the normalization in | ], so we don’t apply the result
directly to the v;, but to w;(x) = A\;jv,(x¢ +roz), which are defined on the unit ball and such
that Aw;(z) = A\jr§Av;(xg 4+ rox) > —1if A\jr§lgi,]l < 2. A brutal, but acceptable choice
will be to take

(9.10) M=o =12 (T + |gilloo + 1902 loe) ™
with a very small 7 > 0 that will tend to 0 soon.

Notice that the w; satisfy all the assumptions of Theorem 1.3 in | |, in particular
because Remark 1.4 in | | says that since w; is nonnegative and continuous and Aw; > —1

on {w; > 0}, we get that Aw; > —1 (as a distribution and on the whole R"). Set

(0.11) B0 = [ » T de and B(p) = 1))
for 0 < p < 1; then by [CJK]
(9.12) B(p) < C(1+ B4(1) + Dy(1))%.

Also, a change of variable yields ®;(p) = A2r3®;(rop) for 0 < r < 1, and now

o(r) = 7“0_4)\1_2)\2_25(7“/7“0) < Cro_4)\1_2)\2_2 (1 + 51(1) + 52(1))2
(9.13) < Cry* ATPA (1 4+ A2r2®y (rg) + A2r2dy(rg))”
= ()\1_27’0_2 + (I)l(’l"()) + @2(7’0))2
because A\; = Ay by (9.10). Since A\ 2152 = r2(7 + |14, |loc + ||9is]]00)? by (9.10), we get that

(9.14) B(r) < C(r3(r + |lgislloo + llgizl[o0)? + @1 (r0) + Da(r))”.

We now let 7 tend to 0 and get (9.5); Theorem 9.1 follows. |

Remark 9.2 Our previous assumption than g; € LP for some p > n/2 is no longer enough.
In the simple case when N =1 and fi = 0, we get a solution u that satisfies Au = —%gl
locally (see (9.6) ), and that looks like G x g1, where G is the fundamental solution of —A (as
in Section 5). Then Vu looks like VGx gy (a Riesz transform of order 1). If we want to make
sure that u behaves like a Lipschitz function (this is what is suggested by the normalization
in (9.5)), we should probably require that Au = —%gl € LP, where p > n is larger than the
Sobolev exponent.

10 Interior Lipschitz bounds for u

In this section we make our assumptions just a bit stronger than before (we do not want
error terms much larger than "), and show that w is locally Lipschitz inside © when (u, W)
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is a minimizer for J. We shall take care of the Lipschitz regularity near 02 in the next
section.
We now assume that for 1 <i <n,

(10.1) fi>0ae. onQ, f; e L>(Q), and g; € L™(Q),

and we also require F' to be a Lipschitz function of W, i.e., that
N

(10.2) F(Wi, Wa, ..., Wx) — F(W, WL, ..., W&)’ <Y wAw|
i=1

for some C' > 0 and all choices of W;, W/ C Q, 1 <i¢ < N. As usual A denotes a symmetric
difference.

Theorem 10.1 Assume that |Q] < +oo (as in (3.1)), and that (10.1) and (10.2) hold.
Let (w, W) be a minimizer of the functional J, and let vo and ro € (0,1] be such that
B(z,2r9) C Q. Then

1/2
Vul?) e —y| for 2,y € Blao, o),

(10.3) lu(z) — u(y)| < 02(1 +][

B(xo0,2r0)

with a constant Cy that depends only on n, N, |Q|, and the constants in (10.1) and (10.1).

The main ingredient for the proof of Theorem 10.1 is Theorem 9.1, which we shall use to
say that when fB(x,r) |Vu|? is very large, then one of the fB(:c,r) |Vu;]? is much larger than
the other ones, which will allow us to use the harmonic competitor described in Section 6.

Before we start with the proof itself, let us describe a small decoupling trick that will
allow us to simplify our notation.

Lemma 10.2 [t is enough to prove Theorem 10.1 when, in the definition of F, all the
functions u; are required to be nonnegative.

Proof. Let J be our initial functional (for which we want to prove Theorem 10.1); we
want to construct new functional J, , defined on a new set j—iof competitors, so that the
minimization of J on F is equivalent to the minimization of J on F. Let I denote the set
of indices ¢ for which u; is not required to be nonnegative (in F). For each ¢ € I, decouple ¢
as two indices iy and i_; for ¢ € [1, N]\ I, just keep the same index i. This gives a new set
of indices, which we call I".

Define F as in Section 1, but with the new set I’ of indices, and the constraint that all u;,
i € I', are nonnegative. For the M-term of the functional, keep the f; and g;, i € [1, N]\ I,
as they were, and for i € I, set f; = fi_ = fi and ¢, 4+ = ¢;— = ¢;. Also define F by
setting W; = W; L UW, _ for each ¢ € I, and then substituting W, in the definition of F.
That is, if W is indexed by I’, we define W indexed by [1, N| by the rule above, and set

F(W) = F(W).
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All this gives a new functional .J defined on F. If (u, W) € F, we define a pair (1, W) €
F in the natural way: we keep u; as it is when i € [1,N]\ I, and when i € I we set
u; + = max(0, £u;) (the positive and negative part). We keep W; when i € [1, N]\ I, and
otherwise we set W; , = {:E € Wi ui(x) > 0} and W; _ = {:E € Wi ui(x) < 0}. Of course
we could have sent part of the set {x e Wi ui(x) = 0} in W; _, but this will not matter. It
is casy to see that this gives a pair (11, W) € F, and that J(u, W) = J(u, W).

Conversely, given (u, W) € F, we construct a pair (u, W) by setting W; = W, . UW, _
and u; = u;+ — u;— when ¢ € I, and changing nothing otherwise. It is easy to see that
(u, W) € F and J(1, W) = J(u, W).

Now, if we prove Theorem 10.1 for Jin F , it immediately follows for J on F, as needed
for the lemma. n

Of course Lemma 10.2 does not change the nature of our problem, it will just allow
us to simplify our notation. Notice however that things would not have been so easy if F
was required to be a strictly convex function of the volume in each variable, since the new
function F' is not.

Return to the proof of Theorem 10.1. Now assume that all the u; are required to be
nonnegative. We shall try to control quantities like

(10.4) E(r):/ |Vul? = / | V|2
B(0,r) Z B(z1,r)

and for the interior regularity, we shall concentrate on the case when 0 < r < rg for some ry
such that B(0,r) C Q. Let us also define, for 1 <i < N and 0 < r < ry,

B(0,r)

Let us now record what we get when we apply Theorem 9.1.

Lemma 10.3 Suppose B(0,79) C Q2 and ro < 1. Then

(10.6) P (1) B, (r) < 03(1 + ][

B(0,r0)

Vup)’

for0 < p<rgandl <i+# j < N. The constant C5 depends only on the usual constants,
i.e., n, N, |Q|, the || fillo (we would even get away with bounds on || fi||, for somep >n/2),
the ||gil|oo, and the Lipschitz constant in (10.2).

Proof. Set

(10.7) o,(r) :7’_2/3 [Vl

(0. "2
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for 1 <¢ < N and 0 < p < rg, observe that
(10.8) rTE(r) < @4(r)

because |z| < r in the integral, and that ®;(r) is the same number that we called ®,(r) in
(9.4), if we take zo = 0 there and (i;,¢;) = (4,+1). Thus Theorem 9.1 says that

2
(10.9) BB () € 0u(r)@;(r) < C(rdllgal 2 + 78llgillZ + ®i(ro) + 5(r0) )

for i # 7 and 0 < r < ry. We also need bounds on the right-hand side of (10.9), and indeed

1 Vu,|? 1 L .
i) = Vi <y (275 )2 | Vg
o B(0,r0) |x| k>0 To B(0,2=krg)\B(0,2=k—1rg)
< Crghy 2k / Vu?
£>0 B(0,2%r0)
W10) < oot [ g 2t 7))
k>0 B(0,ro)
= ey 2o [ a2t
k>0 B(0,r0)

by (10.7) and (7.38), and because with our new assumptions (10.1) and (10.2), we now have
p = +oo and § = 1. We do not really need this additional information here, but it simplifies
the formulas. Recall from (7.31) that § > n—2. Thus the sum over k converges geometrically,
and

(10.11) D;(rg) < Cro—”/ |Vul®> + C.
B(Oﬂ“())
Then (10.6) follows from (10.9) and (10.11). H

Notice that we can get upper bounds for fRn |Vu/|? in terms of the usual constants, by
(3.10), but when we cannot find a large ball B(0,79) C 2, we may need to content ourselves
with a small 7o, and get a large lower bound in (10.6).

We now state the main decay estimate in the proof of Theorem 10.1, which concerns the
case when u(0) = 0 (the notion makes sense because u is Holder continuous inside €2).

Lemma 10.4 We can find 7 € (0,107Y), that depends on n and N, and Cy, that also
depends on || and the constants in (10.1) and (10.2), such that if u(0) =0, 0 < 1o < 1 and
B(O>TO) C Q;

1
(10.12) ][ Vul? < C(r,79) + — ][ |Vul?
B(0.70) 10 /50,
for 0 < p <1, with C(7,79) = Cy(1 + T500m0) [Vul?).
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We see this as decay because in the most unpleasant situation when p=" [ B(0.) |Vu|? is
very large (10.12) will say that f,,  [Vu|* < %fB(O ,) [Vul?. We keep for later the case of
balls that are not centered on the set {u = 0}.

Proof. Let p < ry be given. Let M > 0 be a very large number, to be chosen later. Let us
first treat the easy case when

(10.13) ][ Vu|* < M.
B(0,p)
In this case, we just need to say that fB(O’Tp) |Vul? < 77 fB(O,p) |[Vul? < 77"M, and so
(10.12) holds if we choose
(10.14) C(r,ro) > 7 "M.

So we may now assume that (10.13) fails. Select 7 so that E;(p) is largest; without loss of
generality, we may assume that ¢ = 1. Since [, |Vu|? = E(p) = Z;VZI E;(p), we deduce
from the failure of (10.13) that for the largest term

(10.15) p "Ei(p) > N—l,o—"/ Vul> > C'M
B(0,p)
and hence, by (10.6), that
(10.16) p "Ei(p) <A fori>1,
with
2
(10.17) A= CM—103<1 +][ |Vu|2) .
B(0,rg)

Next we want to choose a radius r € (p/2, p), with a few good properties that will help us
define and use the harmonic competitor of Section 6. First we want the restriction of each u;
to S, to lie in WH2(S,), with tangential derivatives that can be computed from the restriction
of Vu to S,. This is easy to arrange, because it is true for almost every r € (p/2, p) (see the
discussion near (4.14)). Next,

(10.18) ui(z) =0 for 1 <i < N and o-almost every = € S, \ W;
(as in (6.16)), which is also true for almost all 7. Finally, we choose r so that
(10.19) Voul? < 2Np! / Vsl < 2NpE(p)

Sr B(O,p)

for 1 < i < N. The first inequality is easy to arrange by Chebyshev (use (4.15) with p = 2),
and the second one is trivial (see (10.4)). When ¢ > 1, we deduce from (10.16) and the first
part of (10.19) that

(10.20) / (V| < 2Np ' Ei(p) < 2Np" A,
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which is a much better estimate if we choose M large enough.

Let (u*, W*) denote the harmonic competitor that was defined near (6.11). The con-
struction has a parameter a € (0, 1), which will be chosen soon, close to 1. All the prereq-
uisites that were mentioned before (6.11) are satisfied, and in particular (6.9) holds because
B(0,7) C B(0,19) C Q. Since (u*, W*) € F (by construction, see (6.15)) and (u, W) is a

minimizer, we get that
(10.21) J(u, W) < J(u*, W").

The M-term of the functional is estimated as usual: by Theorem 5.1, ||u;]|c < C, with a
constant C' that depends only on the usual constants, and by construction (and the maximum
principle, or rather the corresponding properties of the Poisson kernel, for the harmonic
extension), ||uf]loc < [|tilloo < C. Then

(10.22) M (w) = M(u)| < C(luil B ]1filloo + [uil ol 1gillo) [ B0, 7)| < Cr™,

because u] = u; outside of B(z,r), and where again C' depends on the usual constants (see
the definition (1.4)). Similarly, the W} only differ from the W; in the ball B(0,r), so (10.2)
yields

(10.23) |[F(W) - F(W")| < Cr"

and (10.21) implies that
(10.24) / |Vul? < / IVu*|> + Cr™
B(O,’r‘) B((]’T)

(compare with the definitions (1.5) and (1.3)). Recall from (6.19)-(6.21) that

/ VueP :Z/ |Vu:|2+/ |w;|2+/ V2
B(0,r) B(0,r) B(0,r)\B(0,ar) B(0,ar)

i>2
N N
< (1—a)ra®>™ Z Vo +4(1 —a)'ra™ Z |72
i=1 v Sr i=2 Y Sr
(10.25) +a" / [V [?
B(0,r)

where v, still denotes the harmonic extension (to B(0,7)) of the restriction of u; to S,; see
above (6.13). For the first term, we just use (10.19) and get that

N

(10.26) (1—a)ra®™ Z . IVou|? < 2N(1 — a)a> "rp 'E(p) < C(1 — a)E(p)
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because r < p and we will choose a > 1/2. In fact, we will take a very close to 1 to make
this term small. We shall only be able to continue our estimates with the present competitor
when

(10.27) o(S, \W;) > eo(S,) for2<i<N,

where the small € > 0 will be chosen later. In the remaining case when (10.27) fails, we shall
use a different harmonic competitor; this will be somewhat easier, but will be done later,
near (10.56).

Our assumption (10.27) allows us to use the Poincaré estimate (4.6), with p = 2 and
E =5, NW; (recall (10.18)). We get that

(10.28) I, |* = 2/ | < Ce ™t | |Vl
S, S, MW Sy
For our second term, we use (10.28) and (10.20), and get that
N
4(1 —a) tra™" Z lru? < C(1—a) 12 |V1tuZ
/S,
(10.29) < O(l—a) ety A.

For this term, the two large constants (1 — a)~! and e~! will be neutralized by taking M

large enough and hence A very small. We drop a" 2 in the last term of (10.25), and get that

(10.30) / Vu*|? < / Vo> + Coy
B(O,’r‘) B(Ovr)

with

(10.31) ar = (1—a)E(p) + (1 —a) e p A,

Now recall from (6.13) that v; is the minimizer of [, ,[Vv|?, among functions v €

W2(B(0,r)) that coincide with u; on S,. Of course we can take v = u; in the definition, and
even v; = v1+t(u;—v1). Notice that [ B0 |Vvt|2 is a quadratic function of ¢, whose derivative

at t = 0 vanishes by minimality. We compute this derivative and get that f B(0 Vvh V(u, —
v1)) = 0. Hence, by Pythagorus,

(10.32) / Vo |? = / Vor +/ IV (s — )2
B(0,r) B(0,r) B(0,r)
We may now deduce from (10.24) and (10.30) that

/ V(- )2+ / Vo =/ Ve < / Vuf?
B(0,r) B(0,r) B(0,r) B(0,r)

(10.33) < / IVu*|> + Cr™
B(0,r)
S / |Vvl|2+0a1+0p".
B(0,r)
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We subtract [ B(0) VU1|2 from both sides and get that

(10.34) / |V (up —v1)|* < Cay + Cp"™.
B(0,r)
Next we need to find ways to say that Vv, is small near the origin. We claim that
(10.35) 7’_2/ lup — vy > < C/ IV (u; —v1))? < Cay + Cp™.
B(O,T) B((]’T)

The second part follows from(10.34). The most direct way to see the first part is to notice
that if we extend uy; — vy by setting (u; —vy)(x) = 0 for € R"\ B(0, ), we get a function of
Wh2(R") (see (4.18)) . Then by Poincaré’s inequality (for instance, apply (4.2) to B(z,2r)
and use it to control Mmp(z2,(ur — v1)), we get the claim. Or we can use Lemma 4.2 to
control mp(r(u1 — v1) and the apply Poincaré’s inequality (4.2) on B(0,7).

Next we want to use the (estimates that lead to the) Holder-continuity of u to control
u(z) — u(0) near the origin. Recall from (7.38) that for 0 < s <r,

(10.36) / Vu, |* < / Vul? < (s/r)‘;/ IVul|? + C[s" 7 + 5]
B(0,s) B(0,s) B(0,r)
< (s/r)’E(p) + C[s""7 + 5™ = (s/r) E(p) + Cs",

where C' depend on the usual constants, and the last equality comes from the fact that
p = +oo and § = 1 with our new assumptions (10.1) and (10.2). Set m(s) = J[B(O o ua for
s < r; the same proof as in (7.42) yields

mis/2) = m(s) = [ £ wm(s)|<f = mlo)
B(0,s/2) B(0,5/2)
<2 f qu-me|<Csf |vul
B(0,s) B(0,s)

1/2 1/2
(10.37) < Cs{][ |Vu1|2} < 0{32—"/ |Vu1|2}
B(0,s) B(0,s)
1/2
< 0{52—"(s/r)5E(p)+s2} .
By (7.31), the exponent § + 2 — n is positive, so Y, [m(27""'s) — m(27%s)| < +-00 and
1/2
(10.38) m(s) <3 [m(27*s) — m(27*s)| < 0{52—"(s/r)5E(p) + 52}
k>0

because wu; is continuous and u(0) = 0, by (10.37), and after summing a geometric series
whose main term is for £ = 0. Let 7 € (0,1) be small, to be chosen soon, and apply this
with s = 7p. This yields

(10.39) m(rp)? < CTT2 " p*"E(p) + C12p°.

62



We are interested in

(1040) Ul(O) :][ U1 :][ U,
B(0,7p) -

where both identities hold because v; is the Poisson integral of the restriction of u; to .S,.
Notice that

(1041) ’01(0) = ][ (%1 S ][ Uy +][ |U1 - ’Ul‘ = m(Tp) —|—][ \ul — U1|
B(0,7p) B(0,7p) B(0,7p) B(0,7p)

and that

112 . 112
Ffoom-ul = {f  w-w} zof{e [ -
B(0,7p) B(0,7p) B(0,7p)

1/2 1/2
(10.42) < c{(Tp)—n / (ur — 01)2} < c{(m>—"r2[a1 + p“]}
B(0,r)
by (10.35). Hence
2
v1(0)2 < 2m(rp)* + 2{][ lug — vl|}
B(0,7p)
< CTPEPE(p) + O + Cmp) "r2 oy + pm)
(10.43) < OB (p) 4+ Cr T p a4+ O p?

by (10.41), (10.39), and (10.42).

Recall that vy is the Poisson integral of the restriction of u; to S,, and its derivative is
simply obtained by differentiating under the integral sign. In addition, the derivative of the
Poisson kernel, say, from the unit sphere to the unit ball, is uniformly bounded in B(0,1/2).
This and the obvious invariance under dilations yield

(10.44) 1Vorlliesonss < Cr! ][ ] = Cr .
Sr Sr

But w; > 0 (this was our initial reduction, and if we did not do it we would just have been
working with uy 4 ), so fg |ui] = g w1 = v1(0), by (10.40). Therefore

][ Tl < V0 B < Co 201 (0)?
B(0,7p)

(10.45) < Ot ™E(p) + Cr " p "oy + CT

by (10.43). We add this to (10.34) and get that

/ |VU1|2 S 2/ |VU1‘2 +2/ ‘V(Ul —’Ul)‘2
B(0,7p) B(0,7p) B(0,7p)

< C’T",o"][ |V |2 + 2/ IV (uy — v1)]?
B(0,7p) B(0,r)
(10.46) < [CT°T2E(p) + Cay + Cp"] + [Cay + Cp"]
< O E(p) + Cay + Cp™.
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We also need to estimate the contribution of the other indices ¢ > 1, but fortunately

Z/ V| < Z/ |Vu,~|2=/ |Vu|2—/ V|2
B(0,7p) B(0,r) B(0,r) B(0,r)

i>1 1>1
< / |Vu*|2—|—0r"—/ |V, [?
B(O,T) B(Ovr)
(10.47) < / IVui|? + Cay + Cr™ — / Vu, > < Cay + Cr"
B(0,r) B(0,r)

by (10.24), (10.30), and the minimization property of v; (see (6.13) or (10.32)). Altogether
(10.48) / Va2 < Cr=*2B(p) + Can + Cp
B(0,7p)
by (10.46) and (10.47). We divide this by (7p)" and get that
][ Vu*> < Cr""p"E(p) + Ct "aup "+ Cr 7"
B(0,7p)
(10.49) = Ot ][ |Vul> + Cr"ayp " +C7"
B(0,p)

We need to compare this with the desired conclusion (10.12). To take care of the first term,
we just choose 7 so small that

(10.50) Ot < 307!
(recall from (7.31) that 6 > n — 2). The second term is

Ct"ap™ = Cr"p "[(1 —-a)E(p) + (1 —a) e p"A]
= C(l—a)rT™™p "E(p) +Cr (1 —a) ' !A
)

2
T ][ |Vul? + C77"(1 — a)_le_lM_le,(l + ][ \Vu|2>
B(0,p) B(0,r0)

by (10.31) and (10.17). We shall choose a so close to 1 (depending on 7, but not on M) that

(10.51) < C(l-a

(10.52) C(l—a)r™ <307

We do not choose a yet, because there will be a third case where a similar condition on a
will arise (in (10.67)).

For the second piece of (10.51), recall that M < fB(O’p) |Vu|? because we are in the
interesting case when (10.13) fails; hence the second piece is at most

2
(10.53) Cr (1 — a)—lg—lM—203(1 +][ |Vu|2> ][ |Vul?.
B(0,ro) B(

0,p)
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We promise that we shall choose € soon, and that it will not depend on M. Then we shall
choose M so large, depending on 7, a, and ¢, that

2
(10.54) Cr(1 — a)—lg—lM—203(1 +][ |Vu|2> <307
B(0,r0)

With all these choices, the two first terms of (10.49) are dominated by 107! fB(O ’) |Vul?
Then, in the present case, (10.12) holds as soon as we choose

(10.55) C(r,rg) >Cr™"

We are not finished yet, because we still have to deal with the case when (10.27) fails,
i.e., when we can find ¢ > 2 such that

(10.56) o(S, \ W;) < ea(8S,).

In this case, we shall also use the harmonic competitor defined in Section 6, but with u;
(rather that u1) as our preferred variable, and with the same parameter a as above (just to
simplify the discussion). Denote by (u*, W*) this new competitor. We still have (10.21)-
(10.24) for the same reasons (all our functions are bounded and we change nothing outside
of B(0,7)), but we estimate fB(o,r) |Vu*|? differently. For j # 4, including j = 1, we use
(6.19), which says that

(10.57) / Vuil? < (1—a)ra®™" [ [Vay[? +4(1—a)"'r / |t
B(0,r) Sr

By (10.18), u; is essentially supported in the small set W; N S, C S, \ W;, and (4.7) yields

(10.58) /S|r_1uj|2§0r_20(Sr\VVi)%/ |Vtu]‘|2§05%/s |V uj|.
Hence
J A R e R ML
B(0,r)
(10.59) < C[(1-a)+ (1 —a)'emT1] E(p)

because we shall choose a close to 1, and by (10.19). Next we use (6.20) to say that

T

(10.60) / |Vu; > < (1 —a)ra* / |V |? < C(1—a)E(p)
(0,r)\B(0,ar)
by (10.19) again. Finally, by (6.21),
(10.61) / |Vui|? = a" % inf {/ IVol*; v e WH(B(0,r)) and v = u; on ST}.
B(0,ar) B(0,r)
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A simple choice of v is given by the following extension. Set m = JCST- u;, and then

(10.62) v(ty) =m+t(u;(y) —m) fory e S, and 0 <t < 1.
This is the same extension that we used near (7.17), and the same computations as above
yield
/ Vo2 = / V(v —m)|* < C’r/ (172 (u; — m)? + |Vu|?]
B(0,r) B(0,r) -
(10.63) < Cr/ |Vu;|> < Cp™A

(see (7.18) and then use (4.2) and (10.20)). We combine this with (10.59), (10.60), and
(10.61), and get that

/ VaP < O -a)+(1—a) e E(p) + / Vu]?
B(0,r) B(O,r)
(10.64) < Cl1—a)+(1—a)tent]E(p) + Cp"A =: s,

where the last equality is a definition of ap. Then, by (10.24),

(10.65) / Vul? < / |Vu | + Or" < ay + Cr"
B(O,T) B(Ovr)

We keep the same 7 that we chose in (10.50), and notice that

][ Vu|* < CT_"p_"/ Vul> < Cr7"p "ap + C17"
B(0,7p) B(0,r)

= Cll-a)+(1- a)_IE%}T_”p_"E(p) +Cr " A+Cr7"
(10.66) < Cl(l-a)+(1- a)—lgnzl]f—n][ Vul? + CrA 4 O

B(0,p)

We may now chose a, satisfying the old constraint (10.52) and in addition
(10.67) C(l—a)T™™<307"

(with C' as in (10.66)). Then we choose €, depending on 7 and a, so that

(10.68) C(l—a)lemir™ < 307"
Next
2
Or ™A = CT_nM_103<1+ ][ |Vu|2>
B(0,r0)
2
(10.69) < CT_nM_203<1+][ |Vu|2> ][ |Vul?
B(0,r0) B(0,p)
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by (10.17) and because (10.13) fails, and now we choose M so large, depending on 7, a, and
e, that

2
(10.70) CT_nM_203<1+][ |Vu\2) <3071,

B(O,T’o)

in addition to the earlier similar condition (10.54). With all these choices, (10.66) implies that
fB(O’Tp) |Vul? < 107! fB(o,p) |[Vu|? + C77", and (10.12) holds if we choose C(7,79) > CT7".
We had a similar constraint in (10.55), but our main constraint on C(7,7) comes from
(10.14), which demands that C(7r,79) > C7 "M. In view of our constraints (10.54) and
(10.70) on M, we see that we can choose C(7,7() such that

|Vu|2> <c(1 +][ Vul?).

(10.71)  C(r, 7o) < CT737%(1 — a)—1/2€_1/2<1 +][
B(0,rg)

B(0,ro)

This completes our proof of (10.12), with the announced bound on C(7,79); Lemma 10.4
follows. n

Corollary 10.5 Let B(0,7¢) satisfy the assumptions of Lemma 10.4; then

(10.72) ][ [Vul* < C(1 +][ IVul?) for 0 <r <o,
B(0,r)

B(0,ro)

with a constant C' that depends on the usual constants.

Proof. Define a sequence {wy} by
(10.73) Wy = (Tkro)_n/ |Vu|* for k>0,
B(0,7%7¢)

and let C(7,79) be as in Lemma 10.4. Let us show by induction that wy, < 2C(7,79) + wp.
This is obviously true for £ = 0. Now suppose that it is true for k; Lemma 10.4 says that

(10.74) Wir1 < 107wy, + C(r,r9) < 10_1(20(7‘, T0) + wo) + C(7,7r0) < 2C(T,70) + Wo),

which proves our claim. That is,

(10.75) wip < 20(1,719) + wy < C(1 +][ [Vul?)
B(O,T’o)

for all k. The corollary follows easily, by comparing any r < ry with a slightly larger 7%r,. B
We shall now consider balls that do not meet the set {u = 0}. They will be easier to

deal with, because we can use the equation (9.6).
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Lemma 10.6 Suppose that 0 <19 <1, B(0,r9) C Q and u(z) # 0 for z € B(0,ry). Then

(10.76) Vu(a)| < Cro + 2"][ V| for € B(0,ro/2),
B(Oﬂ“())

with a constant C' that depends only on the usual constants.

Proof. Since u(0) # 0, we can find ¢ such that u;(0) # 0. Then we claim that u; > 0
on B(0,79). Indeed, the set V = {z € B(0,70); ui(z) > 0} contains 0 (recall that u; > 0
since Lemma 10.2), and is open in B(0,7y). But u;(z) = 0 for j # ¢ and 2z € V, because
w;u; = 0 everywhere (by (1.2) because u is continuous), so u;(z) = 0 when j # i and z lies
in the closure of V' in B(0,79), and since u(z) # 0, this forces u;(z) # 0. So V is closed too,
V = B(0,79), and this proves our claim.

So we can use (9.6), which says that

1
(10.77) Au; = fiu; — 5 9 in B(0, 7o)

Set h = 1B [ fitti — %gi]; by Theorem 5.1, h € L*(R"), with bounds that depend only
on the usual constants. Set w = G * h, where GG is the fundamental solution of —A; from
(10.77) we deduce that u; — w is harmonic in B(0,ry). At the same time, Vw = (VG) * h,
so Vw € L*>, and even

(10.78) |Vw(x)| §/

B(Oﬂ“())

IVG(z —y)llh(y)ldy < CHhHoo/ |z —y['""dy < C||hl]ocro

B(O,T’o)
forx € R™. If x € B(0,710/2),
Vu(z)] < |V(u—w)(@)] + |[Vw(z)| < [V (u—w) ()] + C|lh||wro
< ][ \V(ui—w)|+Cr0§2"][ V(i — w)| + Cro
B(z,r0/2)

B(z,r0)

(10.79) < 2n7[ V| + 27 [V oo + Cirp < 2n][ V] + Cro
B(z,r0) B(

SC,T())

because u; — w is harmonic in B(xz,79/2) C B(0,70); (10.76) and the lemma follow because
all the other u; vanish on B(0, ). n

After all these lemmas, we are now ready to prove Theorem 10.1. Let B(xg, 7o) be as in
the theorem, and let x be any point of B(xg, ). We distinguish between cases, depending
on the size of d(z) = dist (z, Z), where Z = {z € R"; u(z) = 0}.

If d(x) > ro/4, we notice that u(x) # 0 on B(x,r¢/4) and that B(z,7¢/4) C B(xo,2r) C
Q, apply Lemma 10.6 to a translation by —x of the minimizer (u, W), and to the radius
ro/4, and get that for y near x,

(10.80) IVu(y)| < Crg + 2"][

B(z,ro/4)

|Vu| §C+C][ |Vul.

B(zo,2r0)
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If 0 < d(x) < r9/4, choose z € Z such that |z — x| = d(zx), notice that B(z,ry/2) C
B(0,2ry) C €, and apply Corollary 10.5 to the translation of (u, W) by —z and with the
radius ry/2; then

(10.81) ][ Vul> < C(1 +][ Vul’) <C+C |Vul®.
B(z,2d(z)) B(z,r0/2) B(x0,2r0)

We now use the fact that u # 0 on B(z,d(x)) C B(z,2d(z)) C 2, apply Lemma 10.6 to the
translation by —x of (u, W) and with the radius d(z), and get that for y near z,

Vu(y)| < Cd(z)+ 2"][ Vul < C+C Vul
B(z,d(x)) B(z,2d(z))
1/2 1/2
(10.82) < C+C{][ \vu|2} < C+C{][ \vu|2}
B(z,2d(z)) B(zo,2r0)

by (10.81). In both cases, by the proof of Lemma 10.6, u is even C* near x, so we don’t need
to worry about the definition of Vu(z).

We are left with the case when d(z) = 0. We may observe that u(z) = 0 on the
corresponding set, and Vu = 0 almost everywhere on that set. But we can also restrict our
attention to the case when x is a Lebesgue density point for Vu, and use Corollary 10.5
(applied to the translation of (u, W) by —z and with the radius ry) to get that |Vu(z)|> =
limy s f, 0 VU SO+ C fp, ) VU S CHC i, [Vl

Anyway, we get that [Vu(z)| < C+C( fB(xO 2r0) |Vu|2)1/2 almost everywhere on B(xg, 7).
The Lipschitz bound in (10.2), and then Theorem 10.1, follow. [ |

11 Global Lipschitz bounds for © when () is smooth

In this section we prove that if € is a bounded open set with C'*® boundary and the
assumptions of Section 10 are satisfied, then u is Lipschitz.

Theorem 11.1 Assume that for some o > 0, Q is a bounded open set with a C'** boundary,
and that (10.1) and (10.2) hold. Then for each minimizer (u, W) of the functional J, u is
C-Lipschitz, with a constant C' that depends only on n, N, ||, «, the constants in (10.1)
and (10.2), and the C**® constants for OS2.

In fact, the theorem also holds if we replace our C**® assumption with the weaker
assumption that 9 is a Lyapunov-Dini surface, i.e., that it is C* with a Dini condition
on the modulus of continuity on the unit normal. As we shall see in the proof, this is
just because we want to know to know that if f is a smooth function on 0f2, its harmonic
extension to €2 is Lipschitz.

Remark 11.2 Theorem 11.1 may fail if Q is merely C*.
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Proof. To see this, consider the simple case when n = 2, 2 is a simply connected domain in
the plane, N =1, and f; = 0. Also take F(W) = 0. Let (u, W) be a minimizer for .J; since
N =1, we may write (u, W) = (u, W), with u = uy; and W = W;. Since making W larger
does not make F(WW) larger, we may assume that W = Q. Let us not put any constraint
on the sign of u; then by the proof of (9.6), we get that Au = —g/2 on Q. Now we do not
expect solutions of this equation, with Dirichlet boundary values on 0f2, to be Lipschitz if
Q is merely C*.

In fact, suppose that 0 € 0Q; even if Au = 0 in Q N B(0,r) for some r > 0, we do
not expect u to be Lipschitz near 0, so the regularity of ¢ is not an issue. To turn these
considerations into a counterexample, we shall use conformal mappings.

Let Q be a C!, simply connected domain in R? ~ C, with 0 € 99, and let ¥ be a
conformal mapping from €2 to the unit ball. A result of Caratheodory says that ¥ has
a continuous extension to €2; for this and other information on conformal mappings that
we shall use, we refer to [’]. It is also known that we can choose Q so that ¥ is not
Lipschitz in QN B(0, ), where B(0,r) is a small ball centered at 0. We can further arrange
that W is Lipschitz on a neighborhood Q \ B(0, ), simply by taking 02 smooth enough on
R?\ B(0,7/2) (the regularity of ¥ is a local notion). Denote by I'; a small arc of 9 that
contains 02 N B(x,2r) and by I's the rest of 0£2. We can make sure that 'y is not empty,
and we have a neighborhood V5 of I'y such that W is Lipschitz on V5 N €.

Now compose ¥ with a conformal mapping ®, from the unit disk to the upper half disk
{z € B(0,1); Im(z) > 0}, which we choose so that ®o¥(0) = 0 and PoW(I';) C [-1/2,1/2].
This last condition is easy to obtain, by composing ¥ first with a Mobius transform that
sends W(I';) to a small enough arc of circle, before we apply a standard conformal mapping
to the half disk.

Let v denote the imaginary part of ®oW; this is a harmonic function on €2, with vanishing
boundary values near 0, and yet it is not Lipschitz near I'; because its gradient is not bounded
(if it were, by Cauchy-Riemann’s equation the complex derivative of ® o ¥ would be too,
which is false by construction). To make v into an acceptable solution u, we multiply it
by h = ¢ o ® o ¥, where ¢ is a smooth radial function such that ¢(z) = 1 for |z| < 1/2
and p(z) = 0 for |2] < 2/3. Now u = vh is continuous on Q and vanishes on 9Q. It also
lies in W12(Q), because v € WH2(Q) (for these counterexamples, 9 is barely not Lipschitz),
and if we extend u by setting u = 0 on R?\ ©, we get that u € WH2(R?) by the proof of
(4.18). Also, g = —2Aw is a bounded function: it vanishes near I'y because h = 1 there,
and otherwise we compute A(vh) by the chain rule, and use the fact that Av = 0, Vv is
bounded, and A is smooth.

Finally let u denote (the first component of ) a minimizer for J, with the data g; we know
that Au = —g/2 = Awu on 2 (the reader may check that Au = —g/2 also as a distribution),
then @ — u is harmonic in 2, continuous on  (by Theorem 8.1 to be lazy), and null on the
boundary. By the maximum principle, u = v and u is not Lipschitz.

We are even so lucky that « > 0, so things do not get better if we restrict to nonnegative
functions. We expect that this lack of regularity is the general rule for C' domains, even
though our suggested example was fairly special. |
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The main new ingredient for the proof of Theorem 11.1 will be the following simple
estimate, obtained by the maximum principle.

Lemma 11.3 Let (u, W) be as in the theorem; then there is a constant C' > 0 such that
(11.1) lu(z)| < Cdist (x,00) forxz e Q.

The constant C' depends only on the C'T* constants for ), its diameter, and the ||g:||oo-

Proof. Assume, for the sake of normalization, that 0 € Q. Set hi(z) = —Ci|z|?, where

C) = 5= max;<i<n ||gil|s, and then let h be the harmonic extension of the restriction of hy

2n

to Q. That is, h is continuous on €2, h = h; on 052, and h is harmonic in €. The existence
of h is classical, and since h; is smooth and 9 is C'*® for some o > 0, we can apply
Theorem 2.4 on page 23 of [Wi] to get that f, is Lipschitz on Q, with estimates that depend
only on the C'*® constants for €, its diameter, and C;. The same theorem also applies,
and gives the same result, when 02 is a Lyapunov-Dini surface, as defined on page 18 of
[Wi]. Now set w = hy — h; by construction, w = 0 on JQ and Aw = —2nC on Q. By the
maximum principle, w > 0 on ).

Let us compare this with what happens for u; . = max(0, u;), 1 <i < N. We know from
(9.6) that Au; = fiui—%gi on the open set ; , = {:E € Q; u(z) > O}; Since w—u;+ =w >0
on 09; + and A(w —u; 1) = Aw — Au; < 0 on ; 1, we get that u; 4+ < w on Q; , and
hence trivially on Q. That is, u; +(z) < w(x) < Cdist (x,090) for x € Q, just because w is
Lipschitz and vanishes on €2. Of course the other inequality u; _(x) < w(z) < Cdist (z, 0Q)
would be proved the same way, and the lemma follows. |

Next we use Lemma 11.3 to prove a decay estimate for balls centered on 0. Still let
(u, W) be a minimizer, as in Theorem 11.1.

Lemma 11.4 We can find C > 0, that depend on the same constants as in the statement
of the theorem, such that if 0 € 082, then

(11.2) ][ Vul? <C for0<r<1.
B(0,r)

Proof. It is time for us to start using our first favorite competitor, the cut-off competitor
of Section 6. Let r € (0,1] be given, and denote by (u*, W*) the competitor given by (6.1)-
(6.2), with the simplest choice a = 1/2 and I = [1, N] (we cut of all the u;). Let 7 > 0 be
small, to be chosen soon, and recall from (6.5) that for 1 <i < N,

/ \Vuﬂ2 < (1+T)/ \Vui|2+4(1 —a)_2(1+7'_1)7"_2/ |ul\2
B(0,r) B(0,r)\B(0,r/2) B(0,r)\B(0,r/2)

< (1+47) / |V, |* + C’T_lr_Q/ ;]2
B(0,r)\B(0,r/2) B(0,r)

(11.3) < (1+71) / |Vu,|? + Cr~ "
B(0,r)\B(0,r/2)

71



because 0 € 02 and Lemma 11.3 says that |u;| < Cr on B(0,7). We also deduce from (6.6)
and (6.7) (with p = +00) that

(11.4) [ wirs = [

and

(11.5) )/Qu;*gi—/ﬂuigi

Recall also that we did not change the sets W;, so the volume term will not interfere here.
We sum over ¢ and use the fact that (u, W) minimizes J to get that

< Ol Il < O

< Or*[[uil|ol|gilloo < CT"

0 < J(u*,W*)—J(u,W):/
B(0,r)

= [ vwp [ upe Y [ wrh g - - il
B(0,r) B(0,r) i Q

(11.6) g/ \vu*|2—/ IVl +
B(0,r) B(0,r)

< 7'/ |Vul? —/ Vul? + Cr 1"
B(0,)\B(0,r/2) B(0,r/2)

by (1.5), (11.4) and (11.5), and then (11.3). We move [, [Vul? to the other side and
get that

(11.7) / [Vul” < 7'/ |Vul? + Cr71r" < 7‘/ |Vu? + Cr'r™,
B(0,r/2) B(0,r)\B(0,r/2) B(O,r)

Then we choose 7 = 27"~ ! and obtain

1
(11.8) ][ Vul? < —][ Yl + Co
B(0,r/2) 2 B(0,r)

for some Cj.
Now this holds for 0 < r < 1. When r = 1, we start with fB(O N |Vul? < C £, |Vu|* < Ch.

Then we easily prove by induction that fB(O 9-k) |Vul|? < Cy +2C, for k > 0; (11.2) and
Lemma 11.4 follow easily. |

|vu*|2—/B(O )\Vu|2+M(u*)—M(u)

We may now complete the proof of Theorem 11.1 a little as we did with the Holder
estimate near (8.36). We want to prove that

(11.9) ][ |Vu|* < C
B(x,r)
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for x € R" and 0 < r < 1. By invariance under translations, it follows from Lemma 11.4
that (11.9) holds for z € 92 and 0 < r < 1. Tt also holds when r > 1073, just because

(11.10) ][ Vul> < C |Vul* < C/ |Vul* < C,
B(z,r) B(x,r) Q

as before. So we can suppose that r < 1072 and z € R™\ 9.

Let z € R™\ 09 be given, set d(x) = dist (x, 0f2) and choose z € 02 such that |z — z| =
d(x). Also set d'(x) = min(d(x),1).

If r > 1072d(z), notice that B(x,r) C B(z,d(z) +r) and d(z) +r < 101r < 1, so

(11.11) ][ |Vul* < C][ Vul> < C
B(z,r) B(z,d(z)+r)

because the radii are comparable and we already know (11.9) for B(z,d(x) + r) So we can
assume that 7 < 1072d(z). Let us check that

(11.12) ][ Vul> < C.
B(w,d'(x))

When d'(z) > 1072, this follows from (11.10). Otherwise, the proof of (11.11) yields
fB(Ld,(m)) |Vul? < CfB(z,2d’(:v)) |[Vu|? < C, as needed for (11.12).

Recall that we are left with the case when r < 1072d(z) and r < 1073; thus r < 1072d'(x)
(because d'(x) # d(z) implies that d(x) > 1). We distinguish new cases, depending on the
value of dy (z) = dist (z, Z), where Z still denotes the zero set of u. Notice that 0 < d;(z) <
d(z), choose z; € Z such that |z; — x| = dy(x), and also set d}(x) = min(d;(z),1) < d'(x).

If » > 107'd, (), notice that B(z,r) C B(z1,di(z) +r) and dy(z) +r < 11r < d'(x) /4
(because r < 1072d/(x)). In addition, B(zy,d (z)/4) C B(xz,d (x)) C Q because |z; — x| =
dy(z) < 10r < d'(x)/10, so

][ |Vu* < 11”][ [Vul> < C(1 +][ [Vul?)
B(z,r) B(z1,d1(x)+r) B(z1,d'(z)/4)

(11.13) < C(1 +][ Vu]?) < C
B(a.d'(x))

by Corollary 10.5 and (11.12). Next we check that
(11.14) ][ Vul> < C.
B(z,d) (z))
If di(x) < 1072d'(x), we can apply (11.13) with r = dy(x) = d|(z) (precisely because

(x
then r < 1072d'(x)), and we get that fB(x,d’l(x)) |[Vul? = fB(:c,dl(x)) |Vu|? < C. If di(z) >
1072d'(z), then d}(z) > 1072d'(z) (because d’(z) < 1 anyway) and we immediately get that

73



JCB(x7d;§x)) |Vu|? < CfB(:c,d’(x)) |Vu|? < C, because d)(z) < d'(z) and by (11.12). So (11.14)
holds in both cases.

In our remaining case when r < 107'd; (), we notice that u # 0 in B(x,d)|(z)), so we
can apply Lemma 10.6 and get that

1115)  f  [VaP < [Vulfegey <CHf  VaP<C
B(z,r) B(z,d (z))
by (11.14). This completes our list of cases, and we get (11.9).
Once we have (11.9), we also get that |[Vu| < C almost everywhere (for instance at
Lebesgue density points for Vu), and then u is Lipschitz, as desired. This completes our
proof of Theorem 11.1. [ |

Remark 11.5 Our C'*, or Dini condition, is just here to get Lipschitz bounds on harmonic
functions on Q that are smooth on 0S); we clearly want to forbid corners pointing inside (for
instance, if 2 is the union of two half spaces through the origin), but a C** domain with a
few corners pointing outside would be all right.

12 A sufficient condition for |u| to be positive

We shall now start adding assumptions to our regularity assumptions, that will yield some
form of non-degenerescence results for minimizers of the functional J. Thus special properties
(mostly partial monotonicity properties) of our volume functional F' will start playing a role,
in this section and the next ones.

In this section we try to get minimizers (u, W) for which the W; almost cover the set €2,
and for which u; > 0 almost everywhere on W;. The first property will be easy to get, if F'is
decreasing (or not increasing) in some directions. The second one will be more interesting,
and we will give two conditions that imply that |[u(z)| > 0 almost everywhere on 2 when
(u, W) is a minimizer, both involving the positivity of some g; and the fact that F' is non
increasing in some directions. See Propositions 12.3 and 12.4.

We shall start with a (trivial) sufficient condition for the existence of a minimizer (u, W)
such that the W, almost cover €.

Some notation will be useful. Denote by W(Q) the class of N-uples W = (Wy,..., Wy)
such that the W; are disjoint Borel subsets of §2; thus our functional F' is defined on W((2).
Then let W = (Wy, ..., Wy) and W' = (W], ..., W) be given; we say that W < W’ when
W; c W/ for1 <i¢<N.

Also, we say that W € W(Q) fills Q when |2\ U}, W;i| = 0. The following lemma will
not be a surprise.

Lemma 12.1 Assume that for each W € W(Q), we can find W' € W(QQ) such that W <
W', W' fills Q, and F(W') < F(W). Then for every minimizer (u, W) for J in F (see
Section 1 for the definitions), we can find W' € W(Q) such that W < W', W’ fills Q, and
(u, W’) is a minimizer for J in F.
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Notice that the sufficient condition is satisfied if F' is a non increasing function of some
variable W; (when the other variables are fixed, and subject to the constraint W € W(Q2)).
When F is given by (1.7), it is satisfied when for each x € 2, we can find ¢ such that ¢;(z) <
0. The lemma is obvious, because if W’ is the N-uple associated to W by the sufficient
condition, it is clear that (u, W’) € F and J(u, W') = J(u, W)+F(W')—F(W) < J(u, W).

If we want to show that W fills Q for every minimizer (u, W), it is reasonable to require
some strict monotonicity.

Lemma 12.2 Assume that for each W € W(Q) that does not fill 2, we can find W' € W(Q)
such that W < W', W' fills 2, and F(W') < F(W). Then W fills Q whenever (u, W) is
a minimizer for J in F.

Again the sufficient condition is satisfied as soon as F' is a decreasing function of some
variable W;, i.e., if F(W’') < F(W) whenever W' € W(Q), W, c W/, |W/\ W;| > 0,
and W} = Wj for j # 4. This lemma also is obvious: if (u, W) is a minimizer and W’
does not fill 2, the hypothesis gives W’ € W(Q) such that (u, W’) € F (as before) and
J(u, W) = J(u,W) + F(W') — F(W) < J(u, W).

Notice that both lemmas are atypical in the world of Alt, Caffarelli, and Friedman free
boundaries, because when F' is given by (1.7), they tend to require ¢;(x) > 0, or even
¢i(x) > 0, for some i (that may depend on z, but even so).

In the context of eigenfunctions, it can make sense to assume that F' is a non increasing
function of the volumes, so as to get a partition of 2 by the W;. We still can add a convexity
assumption on F to try to get regularity properties on the W;, except those which have the
minimal volume. See Section 15.

Next we want to state sufficient conditions for u to be nonzero almost everywhere on ).
Of course, if we want this to happen, we need W to fill €2, and also each u; to be nonzero
almost everywhere on the corresponding W;. If our usual assumptions are satisfied, u is
continuous, and since u; = 0 almost everywhere on R" \ W, we also get that u; = 0 on
R™\ W;, and even on its closure. So the best that we can do is to make sure that u;(z) # 0
a.e. on the interior of W;, and then we will also need to show that the interiors of the W; fill
Q. A simple way to make sure that

(12.1) w;i(x) >0 on the interior of W;

(of course, if the definition of F allows positive functions ;) is to require that g;(x) > 0
almost everywhere on W;. Let us not check this for the moment because we shall prove a
more general result later; the general idea is that we first check that w; > 0 on W;, then use
the fact that J(u, W) does not decrease when we replace u; by u; + ty, where ¢ is a bump
function supported on a small ball contained in the interior of W;. But the argument seems
to require a bootstrap, that we shall do later.

Of course we could also assume that g; < 0 a.e. on W;, to get that u; < 0, but if g; =0
on W;, we shall get u; = 0. We may also get u; = 0 on large pieces of W; if we allow ¢ to
change signs and vanish on a small disk, or if our definition of F only allows nonnegative
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functions wu;, and we take g very negative somewhere. [Recall that we can always pick u;
in advance, and then choose g; = —2Aw; and f; = 0 to make a counterexample.] So the
assumption that g; > 0 on W; is reasonable. But remember that we shall also need to make
sure that the interiors of the W; almost cover ).

We are ready for a first statement. For this one, we require F' to depend only on the
volumes of the W;. That is, we suppose that there is a function F : [0, |Q|]" — R such that

(12.2) FE(Wh,...,Wy) = F([Wi,...,|Wx|) for (Wy,...,Wy) € W(Q).

Proposition 12.3 Assume that Q) is open, that the f; and g; are bounded, that F is given
by (12.2), that (u, W) is a minimizer for J in F, and that W fills Q). Further assume that

(12.3) gi(z) >0 for1<i<N and almost every x € €,

and that the definition of F allows all the functions u; to take positive values. Then u(x) # 0
almost everywhere on 2.

Recall that we say that W fills {2 when }Q \ Ufil VV,‘ = 0. Of course this is needed if
we want to have u(x) # 0 a.e. on Q (because u; = 0 a.e. on R™\ W,. If the hypothesis of
Lemma 12.1 holds, we do not need to assume that W fills €2, because Lemma 12.1 provides
W' such that (u, W’) is a minimizer and W fills ; we apply Proposition 12.3 to (u, W’) and
get the desired conclusion. Of course we then get that W fills {2 anyway, as a consequence
of the proposition.

We can see the proposition as a very weak regularity result on the free boundary set
Q\ {u(z) # 0}, since it says that this set is Lebesgue negligible.

We do not need to require any regularity on F , because our proof will only use competitors
for which the volumes of the W, do not change.

The statement allows some u; to be valued in R, while other ones are valued in R,. We
could also work with the assumption that €;g; > 0, with a sign that depends on j, provided
that we exclude again the ridiculous case when we require that ¢;u; < 0 (because, if €;g; > 0,
we can be sure that u; = 0 in that case).

We are happy with (12.2) for our initial setup with eigenfunctions, because we intended
to use such an F' anyway. When F' is given by (1.7), (12.2) requires all the ¢; to be constant,
and this may be a little too much to ask. So we state a second result, which will be proved
together with Proposition 12.2, and which is a little more flexible in this respect.

This time we select one index i (and for convenience we will pick ¢ = 1) and require
something like a negative half derivative of F' in the direction of that variable. More precisely,

we shall assume that there exist € > 0, that may even depend on the minimizer (u, W), such
that F(W’) < F(W) for every choice of W/ = (W, ..., Wy) such that

(12.4) W/ C W; and |[W; \ W/| <e for 2 <i <N,
and
(12.5) Wi =w | (U(Wi \ Wi’))-

i>2
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That is, we transfer small pieces of the W;, ¢ > 2, into W7; notice that this gives W € W(Q).
When F(W) = >, sz- ¢; as in (1.7), this property holds for all € as soon as ¢; <
min(qe, . .. qn) everywhere. When F' is given by (12.2), it holds as soon as

(12.6) F(Vi+ts+.. tn,Vo—to, ..., Vy—ty) < F(V4,...,Vy)

for some € > 0 and all choices of to, ...ty € [0,¢] such that 0 <¢; <V, for 2 <i < N.

We add another requirement, that the reader probably implicitly assumed already, that
F' is insensitive to zero sets, in the sense that F(W) = F(W') when the W; coincide with
the W/ almost everywhere, i.e. when |W;AW/| = 0. Notice that this is contained in our
continuity assumptions.

Proposition 12.4 Assume that Q) is open, that the f; and g; are bounded, that (u, W) is a
mainimizer for J in F, and that W fills Q2. Further assume that F is insensitive to zero sets
and we can find € > 0 such that F(W') < F(W) whenever W' satisfies (12.4) and (12.5),
and that

(12.7) g1(x) > 0 for almost every x € €,

and that the definition of F allows all the functions u; to take positive values. Then u(x) # 0
almost everywhere on 2.

The same sort of comments as for Proposition 12.3 apply here. In particular, if the
hypothesis of Lemma 12.1 holds, we don’t need to assume that W fills 2. The advantage of
picking ¢ = 1 first is that we just need to check that g; > 0.

We shall prove Propositions 12.3 and 12.4 at the same time, and the idea will be to add
a small bump function to one of the u; near a density point of {u = 0}. But some surgery
will be needed, so we shall first prove a lemma that applies to any minimizer (regardless of
our assumptions on F'), and says that the energy of u decays rather fast near such a point.

Lemma 12.5 Assume that the f; and g; are bounded, and that (u, W) is a minimizer for
J in F. Then let o € Q be a Lebesgue density point of the set Z = {x € R"; u(z) = 0}.
Then
(12.8) lim 7“_"_2/ |Vul? = 0.

r—0 B(IEO,T‘)
Proof. Let (u, W) and z( be as in the statement. Without loss of generality, we assume
that zp = 0. The general idea is that by Poincaré, u should stay very small near the origin,
and even smaller if fB(wO " |Vul|? is small; then the M-term of the functional should only
play a small role, and in turn there is no reason for the energy to be large to compensate.

In practice we shall repeatedly test (u, W) against the cut-off competitor of Section 6,
and use this to shows that fy, . [Vul? decays rapidly. We shall use the quantities

(12.9) 0:(r) =r"|{z € B(0,r); u;(x) # 0}
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and

(12.10) 0(r) = Zé’i(r) = r‘"‘{x € B(0,r); u(x) # 0}};

notice that our assumption that 0 is a Lebesgue density point of Z exactly means that
lim, 0 6(r) = 0. We shall restrict our attention to radii 7 so small that

(12.11) o(r) <n",

where the small number 7 will be chosen soon.

Fix such an r, and apply the analogue of (4.7) (with p = 2) to the ball B(0,r) (we
observed before that the proof of (4.7) that we gave on spheres also work on balls). We get
that

/ w2 < C}{xeB(O,r);ui(:c);éO}}i/ IV
B(0,r)

B(0,r)

(12.12) = Cr29i(r)i/ \Vui|2§C’r2n2/ V2.
B(0,r) B(0,r)

Now consider the cut-off competitor (u*, W) described at the beginning of Section 6. We
take I = [1, N] (i.e, multiply all the w; by ¢(|z|), as in (6.2)) and a = 1/2. Notice that we
do not even need B(0,r) to be contained in 2 for this one, because uf = 0 whenever u; = 0.
We now estimate the terms that we get from (6.5)-(6.7). Let 7 > 0 be small, to be chosen
soon; then (6.5), with p = 400, yields

/ |Vu;‘|2 < (1+7‘)/ |V * + 4(1 —a)_2(1+7'_1)7“_2/ ;]2
B(0,r) B(0,r)\B(0,ar) B(0,r)\B(0,ar)
< (1+7')/ \Vui\2+C’7'_1772/ | V|2
B(0,7)\B(0,r/2) B(0,r)

(12.13) < / V|2 + (7’ + C’T‘ln2> / |V |2
B(0,r)\B(0,r/2) B(0,r)

or equivalently

(12.14) / |vu;f|2—/ \Vui|2§—/ |vui\2+(7+cf—1n2)/ V.
B(0,r) B(0,r) B(0,r/2) B(0,r)

For the two M-terms, (6.6) yields
[reni <l [ P
B B(0,r)

| [wirs- [
Q Q
Crn? / |Vui|2
B(0,r)
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by (12.12), and (6.7) gives

1/2
‘/u gi — /uzgz < / lu;gi| < HgiHoo/ || SCT"/Q{/ Iui\2}
B(0,r) B(0,r) B(0,r)

1/2
(12.16) < Cmr”/2{/ \vuiﬁ} .
B(0,r)

Set E(r) = [, [Vul® as usual; we sum (12.15) and (12.16) over i and get that

(12.17) |M(u*) — M(u)| < Cr’n*E(r) + Crypr™?E(r)Y? =: n(r),

where the last part is the definition of 7(r). There is no difference in the volume terms,
because we did not change W, so the fact that (u, W) minimizes J yields

0 < J(u*,W*)—J(u,W):/ |Vu*|2—/ |Vul> + M (u*) — M(u)
B(O,T) B((]’T)

(12.18) g/ |Vu*|2—/ |Vul? + 7(r)
B(O,T) B(O,’f‘)

< —/ |Vul? + (T + CT_17]2> / (Vul? + 7 (r)
B(0,r/2) B(0,r)

by (12.17) and (12.14) (summed over 7). That is,
E(r/2) < (7‘ + CT_lnz)E(r) + 7 (r)
(12.19) < (7‘ + C’T‘lnz)E(r) + Crnr2E(r)/?

if r <1, say, so that the first term of (12.17) is smaller.
We now choose 7 so small, depending on 7 that will be chosen soon, that (12.19) implies
that

(12.20) E(r/2) < 27E(r) + 't 2 E(r)/2.
Let us rewrite this in terms of e(r) = r""2E(r); we get that

e(r/2) = 2"t " 2E(r/2)
= 2" 2rE(r + 3 E(r /2]
(12.21) = 222 e (r) 4 e e Hle(r) 2]
(

= 2"F3re(r) + 2" 2re(r) /2

Thus, if we set e, = e(27%r), we get the induction relation ej ., < 2""37e, + 2n+27'€]1€/2. If
7 is so small enough, then 2"™37 < 1/4, and e, 1 < ex/4 + 2"+27'ei/2. If e, > 22"+872,
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then 2n+27'6]1€/2 < er,/4 and 80 e 1 < e;/2. Otherwise, ex 1 < e./4 + 2n+27'6]1€/2 < 224672 4
22467 < 92n+7+ Tt is then easy to see that e, < 2277 for k large. In the present situation,
we can choose 7 as small as we want, and then we get that

(12.22) limr "?E(r) = lime(r) = 0;
r—0 r—0
this completes our proof of Lemma 12.5. |

We are now ready to prove our two propositions. We are given a minimizer (u, W) of J,
and we want to prove that u # 0 almost everywhere on €2, so we proceed by contradiction,
and assume that {:c € Q;u(x) = 0} has positive measure. Then we can find a Lebesgue
density point xg in that set, and we can even choose it so that for 1 <i < N,

(12.23) lim lg:(z) — gi(zo)|dz =0,

r—0 B(zo,r)
because this Lebesgue density property for g; holds for almost every x (see [M]), and

for all ¢ if we prove proposition 12.3, or for ¢ = 1 only if we prove proposition 12.4. Without
loss of generality, we may assume that o = 0 (just to save notation).

Now we want to try a slightly different competitor, with the promised bump function.
Let r > 0 be given, and denote by u* the cut-off competitor that we used in Lemma 12.5.
We want to use the fact that u* = 0 in B(0,r/2) to modify u* again in B(0,r/2) (and in
particular add a small bump function to some u;).

Let 1 be a smooth, nonnegative bump function, with compact support in B(0,1/3) and
[+ = 1. For the sake of Proposition 12.3, we choose the support of ¢ a little smaller, so
that

(12.25) {2 € B0,1/2); b(x) £ 0}| < %\B(O, 1/2)].

We first define a new function u®. We first select an index i. In the case of Proposition 12.3,
choose ¢ such that

1
(12.26) |W; N B(0,r/2)] > N|B(O,7‘/2)\.
For Proposition 12.4, choose i = 1. Then define u* by

(12.27) ul(z) = ui(x) +cry(x/r) for z € R
‘ ug(l’) = u;(x) for x € R™ and ] 7& i,

where the small constant ¢ will be chosen soon.
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We also need to define sets VV}. For both propositions, we keep
(12.28) W\ B(0,7/2) = W7\ B(0,r/2) = W; \ B(0,r/2)

for all j. For Proposition 12.3, we want to keep the same volumes, so we choose the Wf N
B(0,7/2) so that they are disjoint, that |VV}i N B(0,r/2)| = |W,; N B(0,r/2)| for all j, and
that W/ N B(0,7/2) contains {z € B(0,r/2); ¢¥(x/r) # 0}. This is possible, precisely by
(12.26) and because we chose the support of 1) small enough in (12.25).

For Proposition 12.4, the most efficient is to take W# N B(0,7/2) = B(0,r/2), and
WEN B(0,7/2) =0 for j > 1.

It is easy to see that the W/ are disjoint, that uf € W'2(R™), and that u! = 0 almost

)

everywhere on R™ \ W;. If r is small enough, B(0,r) C €, the VVZ-jj are contained in 2, and
(u¥, W#) € F; this was the reason why we required € to be open.

Now we estimate the functional, starting with the volume term. For Proposition 12.3,
we did not change the volumes |Wj], so by (12.2) F(W?*) = F(W). For Proposition 12.4, we
took some pieces of the W;, j > 2 and threw them inside ;. In fact, we also threw the set
B(0,7/2)\UX,W; in W1, but that since W fills , this set has vanishing measure. Thus W*
satisfies (12.4) and (12.5), modulo this set of measure zero that does not matter because we
assumed that F' is insensitive to zero sets, and if r is so small that |B(0,7/2)| < e. Thus we
get that

(12.29) F(W¥ < F(W)

in this case too.
We also modified the M-term a little, because we added cr?y(z/r) to u;. But

vd M) = [ etsade =t [ vt [ G

B(0,r/2) B(0,r/2)

< 0027‘4“‘—67’2/ U(x/T)g;
B(0,r/2)
(12.30) < et —ate() [ wtapmva® [ (bl - 90)
B(0,r/2) B(0,r/2)

— O — 2g,(0) 4+ Cor™ ]| ][ 19:(2) — g:(0)

B(0,r/2)

by (1.4), because u* = 0 in B(0,7/2), and by (12.27). For the energy term,

(12.31) /|Vuﬁ| /|Vu > =c*r / (Ve (-/r)]* = 02r2+"/ |Va|2.
B(0,r/2) B(0,1/2)
Hence, by (1.5) and because F(W*#) < F(W),

M (i / vaf - [ |vu

—cr?g;(0) 4 mi(r

J(u*, W¥) — J(u*, W)

IA

IN

(12.32)
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where

(12.33) m(r) = Cri + Ccr“"WHOO][

B(0,r/2)
Recall from (12.18) and (12.17) that if r is so small that (12.11) holds,

Ju,W*) — J(u, W) < —/ |Vu|2 + (7‘ + 07_—1772) / |Vu|2 + 7 (r)
B(0,r/2) B(0,r)

g5(2) — ga(0)] + CPr*n / Vol

B(0,1/2)

< (7’ + CT_17]2> / |Vul? + 7(r)
B(0,r)
(12.34) = (7‘ + 07_1772> E(r)+mn(r)
< (7‘ + 07_1772> E(r)+ Crn 7“"/2E(7’)1/2

(we also use the fact that r < 1 to control the first half of m(r)). We no longer need to
optimize too much, so let us choose 7 = 1 and even n = 1, and deduce from this that

(12.35) J(u, W*) — J(u, W) < CE(r) + Crr"?B(r)"/? =: my(r),

and where the last part is a definition of m(r). But (u, W) is a minimizer for J, so J(u, W) <
J(u¥, W#), which means that

(12.36) er? 1 gi(0) < mi(r) 4 ma(r),

by (12.32) and (12.35). Let us now check that we can choose ¢ > 0 so small that (12.36) fails
for r small; this contradiction will prove that our initial assumption that |{:c € Q;u(x) =
0}| > () was false, and the proposition will follow.

The first term of 7, (r) is Cc?r**™ = o(r?*t"). The second term is C'cr?*" JCB(O,T/2) lgi(x) —
9i(0)| = o(r**™), by (12.23). The last term, c*r** [, |, [Ve[?, is smaller than er®*g;(0)/2
if ¢ is small enough. It does not matter that ¢ depends on ¢;(0) or our choice of 1. For my(r),
we observe that since zy = 0 lies in the open set {2 and is a density point for {:E € Q;u(zr) =
0}, we can apply Lemma 12.5; we get that E(r) = o(r"™?); then m(r) = o(r"*?) too, which
is much smaller than cr?*t"g;(0)/2. So (12.36) fails for r small, and Propositions 12.3 and
12.4 follow. |

Notice that we have no margin in our last estimates, i.e., the decay exponent in Lemma 12.5
is just enough for our purposes. This probably means that since the amount of J that we
can save by adding a small jump function is of higher order, our boundedness assumption
on the f; and g; are about right.

13 Sufficient conditions for minimizers to be nontrivial

In this section, we check that if the volume functional is defined by
N
(13.1) F(W) =" a[Wj| + b|W;["*

i=1
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for some a > 2/n and suitable constants a and b, depending on €2, the f;, and the g;, then
the minimizers of our functional J are not trivial, in the sense that at least one function wu;
is nonzero, and |W;| < || for all .

For this we need some assumptions on {2, the f;, and the g;, which we shall not try
to optimize. Let us assume that (3.1) and (3.2) hold. That is, |Q2] < 400, the f; are
bounded and nonnegative, and the g; lie in L?. With these assumptions and F as in (13.1),
Theorem 3.1 says that J admits minimizers.

Our first result says that if b is large enough and (u, W) is a minimizer for .J, the W;
cannot be too large.

Lemma 13.1 Suppose Q, the f;, and the g; satisfy (3.1) and (3.2). For each choice of « > 0
and n > 0, we can find by > 0, that depends only on n, a, ||, the ||filloo, and the ||g;||2, so
that if F is given by (13.1) for some a > 0 and b > by, and (u, W) is a minimizer for J,
then

(13.2) (Wil <n forl1<i<N.

Proof. Let us first estimate the first two terms of J(u, W). Let (ug, Wy) denote the trivial
competitor for which u; = 0 and W; = () for 1 <7 < N. Then

(13.3) E(u)+ M(u) < E(u)+ M(u)+ F(W) =J(u, W) < J(uy, Wy) =0

by (1.3)-(1.5) and because F(W) > 0. Since f; > 0 by (3.2), (1.4) yields

(13.4) E(u) )< Z / wi()g(2)ds < Z 192l 2] i |-

By Lemma 3.2, |Ju||3 < C|QP*" [ |Vu;> < C|Q*"E(u), hence

(13.5) E(u) < ClO[V"E(u UQZHQ@H%

and so E(u) < €', where C' depends on the data as above. We return to (13.3) and notice
that for 1 <i < N,

(13.6) bW < F(W) < —M(u) < Z [1gilla][uill2 < C1QIY"E(u WZHQ 2 < C7,

=1

where C” depends only on n, ||, the || fi||oo, and the ||g;||o. The conclusion (13.2) follows
easily (for b > by and if by is large enough). |

The next result says that if at least one of the g; is nontrivial and @ in (13.1) is small
enough, the minimizers for J are nontrivial.
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Lemma 13.2 Suppose €, the f;, and the g; satisfy (3.1) and (3.2). Suppose in addition that
Q is open (and non empty) and that g; # 0 for some i. Then for each choice of parameters
a>2/n andb >0, we can find ag > 0 such that if F is given by (13.1) for some a € [0, a]
and (u, W) is a minimizer for J, then u # 0.

Proof. Here ay will also depend on ¢; in a more complicated way that its norm, through
the choice of a small ball where an average of g; is not too small.

For the proof we may assume that ¢ = 1. Let xy be a point of € such that g;(zg) # 0
and z( is a Lebesgue point for ¢, in the sense that
(13.7) lim i/ 11(z) — g1 () |dz = O:
B(zo,r)

r—0 r7m

such a point zy exists because (13.7) holds almost everywhere and g;(xy) # 0 on a set of
positive measure. As in Proposition 12.3, we required €2 to be open so that small bump
functions near z( yield competitors for J.

Let ¢ be a smooth radial bump function, supported in B(0,1) and such that [¢ =1,
and for r > 0, set

(13.8) pr(z) = Brio((z — o) /1),

where the small constant 5 will be chosen near the end of the proof. If r < dist (zo, R™\ ),
we can use @, to define an admissible pair (u, W) € F(Q2). That is, we take u; = ¢,
W1 = B(xg,r), and for i > 1 we take u; = 0 and W; = (J; it is then clear that (u, W) satisfies
the requirements of Definition 1.1.

We just need to prove that J(u, W) < 0 (if ag, 3, and r are chosen correctly), because
then u = 0 cannot yield a minimizer, no matter which choice of W we associate to it. So
let us evaluate all the terms in J(u, W). We start with the energy

(139) E(u) — / |v§0t‘2 — 527”2”vg0||§ < Cﬁ2,rn+2’
where we do not need to worry about the dependence of C' on . Let us also record that

(1310) F(W) = a‘B(l’o, 7”)| + b|B(x0’,,,)‘1+a < Car™ + Can(1+a)
The first part of M(u) is

(13.11) Z/Uffi = /wrfl < Ifillcllerlls = [ AillooBr*rllell3 < CB2" .
The remaining part of M (u) is
=Y fug = = [eon -0 [ o+ [ @@l - glalds

(13.12) < —Br"Pgi(zo) + ﬁr2||s0|loo/ l9(x) — g(wo)|dz.

B(zo,r)
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We shall take § small, with the same sign as gi(xy), and we want the negative term
—Br"™2g,(xg) in (13.12) to dominate all the other ones. Let us now choose our parameters
r, B, and ag so that this is the case. For the second term 8r2([¢||oc [y, 19(2) — 9(0)|d

of (13.12), this happens as soon as r is small enough, because of (13.7). For C3?r"™ in
(13.11), this is also true as soon as r is small enough (because we’ll take || < 1). The term
Cbr™1%) in (13.10) can be treated the same way, because o > 2/n.

At this stage we choose r so small that B(zg,r) C 2 and the terms mentionned above
are smaller than 8r"2g;(z)/10. Then we choose 8 small, so that F(u) < 8r"™2g;(z¢)/10,
and ag so small (hence depending on our choice of r) that Cagr™ < Br"™2g;(z)/10. Now
(13.9)-(13.12) imply that J(u, W) < 0 as soon as 0 < a < ag, and the lemma follows. H

14 A bound on the number of components

This short section answers a natural question on the implementation of our functional: even
if we choose to allow a very large number N of regions, will the functional naturally limit
the number of indices ¢ such that u; # 0 somewhere?

We shall check that under reasonable assumptions on [, there is a lower bound on the
volume of W; when u;(z) # 0 somewhere. If |Q2] is assumed to be bounded, this will give the
desired bound on the number of nontrivial components W;.

Let us state our main assumption for the index i = 1. We assume that there exist
an exponent 1 < p < ”T” and a constant A > 0 such that there exist disjoint subsets
Aq, Ay, ..., Ay of Wi such that

(14.1) F(ALWoU A, ..., Wy UAx) < F(Wh,...,Wy) — A|WLJP.

Thus we have the right to take away a part of Wy, dispatch some of it among the other
components, and this will make the volume form somewhat smaller. A simple special case
of this is when

(14.2) F(O,Wa,...,Wy) < F(Wy,...,Wy) — A|[W4]?,

where A|[W;|P is a minimum price that we had to pay for the volume |W;|. Even more
specifically, (14.1) holds if

N
(143) F(Wl,,WN) :ZCLZ‘WZ|+b2|WZ|2,

i=1

with a; > A > 0 and b; > 0.

If we do not assume anything, i.e., if volume is too cheap, the functional may decide to
have a tiny components W (even if this is not very useful), win something on the M-part of
the functional, pay less in the energy term if u; is small enough (the homogeneity of [ |Vu4|?
is higher than for [u;g;), and essentially not pay for it in the volume term.
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We shall only need (14.1) when W comes from the minimizer (u, W) (and then we will
get bounds on |W;| that depend on p, A, and n), but in general we do not expect to know
(u, W) in advance, so we may need to require (14.1) for all W € W(Q).

Our condition (14.1) is a simple form of the main nondegeneracy assumption that will
be introduced in Section 15.

Proposition 14.1 Let (u, W) be a minimizer for J, and suppose that |W1| > 0 and that
(14.1) holds for some choice of p € [1,"7”) and X > 0. Also suppose that fi and g, are
bounded. Then

2n
(14.4) (Wil = CH (|[gul]™™ + (LAY,
with a constant C' that depends only on n, p, and \.

Proof. The reader should not worry about the case when f; = g; = 0; the proof below will
just show that it does not happen. We construct a simple competitor that will be compared
to (u, W). Set u* = (0, ug,...,uy) and W* = (A, WWo U Ay, ..., Wy U Ay), where the A;
are the same as in (14.1). It is easy to see that (u*, W*) is an acceptable pair, i.e., lies in
the class F(2) of Definition 1.1; simply notice that the A; are contained in {2 because they
are contained in Wj. Thus J(u, W) < J(u*, W*), and when we remove the identical parts
of E(u) + M(u) and E(u*) + M(u*), we are left with

(14.5) / Vr? + 2fy — g + F(W) < F(W*) < F(W) — AW P,
Wi

by (1.4) and (14.1). Set E = [i,. [Vu|* and M = | [;;, u}fi — uig1], and then apply the

Poincaré inequality from Lemma 3.2; we get that

M§||f1Hoo/WU?+||gl||oo/W|ul| < Ol Wi P E + Cllga |l W21
1 1

n+42

(14.6) < CllAllooWAPE + Cll 1o W1 | 7 EY/?

and (14.5) yields

n+2

o E1/2.

(14.7) E+ AWiP < M < Ol filloclWi " E + Ol 1|00 W1

If C||f1lloo|Wi|?™ > 1/2, we are happy because (14.4) holds. Otherwise we simplify (14.7)
and get that

n+2

2n E1/2‘

(14.8) E+ 20 W1 [P < 20| g1 [0 W1

Set o = C|[g1||o|Wa| 2 ; then E —2aEY2 = (EV/2 —a)? —a? > —a?, so (14.8) implies that
INWL|P < 2aEY2 — E < o2, and hence 2X < |Wi| a2 < C2||gy| |2 |Wi|™+" 7. Then (14.4)

holds, and the proposition follows. |
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In fact the proof of Proposition 14.1 shows that the domain W; is not too thin, in the
sense that its Poincaré constant is fairly large. That is, denote by V(W) the smallest
constant such that

(14.9) / lul? < V(W1)2/”/ |V
W1 Wl

for every function u € WH2(R") such that u(x) = 0 almost every x € R™ \ W;. We make
V(W7) scale like a volume to simplify the computations below. Then we have the same
bounds as above for V (W7).

Corollary 14.2 Let (u, W) and Wy be as in Proposition 14.1; then

2n

(14.10) V(W) = C (llgil &7 + AN

with a constant C' that depends only on n, p, and .

Proof. Observe that
(14.11) V(Wy) < C|Wh,

for instance by Lemma 3.2; thus (14.10) is better than (14.4). But let us follow the argument
above. The proof of (14.6) yields

(14.12) M < (| filloV (W2)*"E + C|ga] oo WA V2V (Wh) Y EV2.

Then (14.7) becomes

(14.13) E+ AW P < M < O filloV (W) E + Cllga | oo WA Y2V (W) VBV
If C||f1]loV (W1)?™ > 1/2, we are happy as before, and otherwise we are left with
(14.14) E 4 2\ W1 [P < 20||g1] oo WA |2V (W)Y B2,

Then we set a = C|[g1]|so| W1 |2V (W)™ and the computation above yields

(14.15) INWL [P < 20EY? — E < o = C?||gu||A|Wa| V (Wh) 2/,

We assumed that p > 1, because it did not disturb and now we can say that

(14.16) C2|lgn| 2V (W)?™ > 2A WA [Pt > Ciav (W )P

and conclude as before. [ |

For the initial goal of the section, it is important to notice that our constant C' does not
depend on N. So, if |Q] < +oo the f; and the g; are bounded, and the analogue of (14.1)
holds for all 7 (all this with constants that do not depend on N), we get a bound on the
number of indices i such that |W;| > 0.
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Remark 14.3 In Section 15 we will get more precise lower bounds on the measure of W; N
B when B is s small ball centered on the boundary of {0y = {ul(x) > O}, but the more
complicated proofs will make the constants depend on N. Thus it seems that we cannot use
them to get easily the result of this section. On the contrary, because of the result of this
section, we can apply the results of Section 15 to an equivalent minimizer with N bounded,
and get that the constants of Section 15 do not depend on N.

15 The main non degeneracy condition; good domains

In this section we return to one of the main schemes of the study of free boundaries and
give a a sufficient condition for the positive part of the function u; associated to a minimizer
(u, W) to behave like the distance to the boundary of Q; = {z € Q; w;(z) > 0}.

This is a condition on F', which essentially says that we can remove any small part
A of W;, distribute some of it among the other W;, and win in F' an amount which is
proportional to |A|, and then all sorts of useful non degeneracy properties for u; and €;
follow. See Theorems 15.1, 15.2, 15.3, and 15.4 below.

But let us first describe this condition. Without loss of generality, we shall restrict our
attention to ¢ = 1. We say that ¢ = 1 is a good index, or (with a small abuse of notation)
that Wj is a good domain, when there exist A > 0 and € > 0 such that, for each measurable
set A C Wi, with 0 < |A] < ¢, we can find disjoint subsets A; C A, 2 < j < N, such that

(15.1) FW,\ A, WoU Ay, ..., Wy UAy) < F(W) — \A].

Again, this means that if we have a small set A C W;, and we can somehow dispense with
it (typically, because it is not very useful for making E(u) + M (u) small, we can then give
some of it to the other regions W;, j > 2, throw out the rest, and we will win something
substantial in the F-term of the functional. We will see that for good regions of a minimizer,
due to the fact that the whole set W is really needed, we have some additional regularity
properties of u near the free boundary 8( {u1 #* O}))

Here are some simple sufficient conditions for W; to be a good region. First assume that
F(W) is a function of V.= (|Wy],...,|Wy]), i.e., that F(Wy,..., Wy) = F(|Wi],...,|[Wn])
for some function F : [0, Q|]¥ — R, as in (12.3). If F is differentiable at the point V (coming
from the minimizer (u, W)); then (15.1) holds (for some choice of A and ¢) as soon as
oF oF oF
57 0. 57 (V),...,aVN(V)).

Even more specifically, if F((Wh,...,Wx) = > 1c,«n Fi(|Wi]), and each F; is differentiable
at |[W;], then (15.1) and (15.2) hold as soon as

(15.3) FI([Wi]) >0 or F{(|[Wi]) > Fj(|W;]) for some j > 1.

In the more familiar context of Alt, Caffarelli, and Friedman where F(W) =) fW_ ¢; as in
(1.7), (15.1) holds as soon as

(15.2) (V) > in (

(15.4) ¢1(z) > A+ min(0, ¢2(x), ..., gn(z)) almost everywhere on §2
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(and often the ¢; are nonnegative and the condition becomes ¢; > A). Notice that if ¢ > A
everywhere, we do not need to compare ¢; with the other ¢;.

We state two similar nondegeneracy results now, which we distinguish because they have
slightly different assumptions, then prove them, and then state and prove other ones.

Theorem 15.1 Let (u, W) is a minimizer in F of the functional J, suppose that the data
fi and ¢ are bounded, and that (15.1) holds for some choice of X > 0 and & > 0. Also let
x € R" and r > 0 be such that u is continuous on B(x,r) and

(15.5) 7 < min(1,e"™) and B(z,r/2) meets the boundary of Qy = {z € Q;u(z) > 0}.

Then
(15.6) ][ ur 4 [* > err?,
B(z,r)

where we set uy y = max(0,uy), and
(157) |Ql N B(IL’,’T’)‘ > CQT”,

with constants ¢; > 0 and ¢y > 0 that depend only on n, X, || fillso, ||91]lec; and an upper
bound for £, .\ [Vur+|?.

The rest of the paper is full of sufficient conditions for u to be continuous (and anyway we
just ask this so that we can talk about the open set €2;), and ways to estimate fB(z " |Vuy|?;
we state the theorem like this to stress the small amount of information that we will use.

Theorem 15.2 Let (u, W) is a minimizer in F of the functional J, suppose that fi and ¢
are bounded and that (15.1) holds for some choice of A >0 ande > 0. Let x € R" andr > 0
be such that u is continuous on B(x,r), that (15.5) holds, and that for some Cy > 0, either

(15.8) uy s Co-Lipschitz on B(0,r),
or
(15.9) |B(0,7)\ | > Cytr,

or both. Then
(15.10) ][ Vu > > es.
B(z,r)

The constant cg depends only on n, X, || fillsos ||91]|c0, and Cy.
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These two results are standard in the context of Alt, Caffarelli, and Friedman; our proof
is slightly different because we try to rely more on the cut-off competitors, but it is not
surprising. Even the assumption (15.8) will not cost us much in practice, because we are
ready to assume that 2 is bounded and C'*® and apply Theorem 11.1, and also because the
conclusions of Theorem 15.2 are easier to use when we know that u is Lipschitz. In addition,
(15.9) would automatically hold if z € 90X and r is small, under very weak assumptions on
Q). Other than that, we shall not use the geometry of 2 in this section.

We shall prove the two theorems at the same time. The main ingredient will be a com-
parison with the cut-off competitor, which we shall use repeatedly with sometimes slightly
different estimates.

We shall start the proof with any ball B(y,r), which may be different from the ball of
the theorem, and we shall only assume that

(15.11) r <1 and |B(y,r/2)| <e¢,

where ¢ still comes from (15.1).

For simplicity, we shall assume that y = 0. We choose the following the cut-off competitor:
we select the first index ¢ = 1, take a = 1/2, define ¢ as in (6.1), and denote by u* the
function defined by uj(z) = ¢(|z|)ui(z) for x € Qy, uj(z) = ui(z) for z € R™\ Oy, and
u} = u; for j > 2. Another equivalent definition of uj is uj(x) = min(ui(x), p(|z|)ui(x))
(because 0 < ¢ < 1), from which the fact that uj € W?(R") is more obvious.

To define W*, we use the fact that u; = 0 on Q; N B(0,r/2) to change the W; to our
advantage. Since (15.11) holds, we can set A = Q; N W, N B(0,7/2) and choose As, ... Ax
so that (15.1) holds (we intersect with W) because formally €2; is only almost everywhere

contained in W7). Then we set W* = (W1 \ A, WoU Ay, ..., Wy UAy), and (15.1) says that
(15.12) F(W*) < F(W)—=)A|=F(W)—\QNB(0,r/2)|.
As in Section 6, it is easy to see that (u*, W*) € F, the integrals [ |Vu;|?, j > 2, stay the

same, and for 7 =1, fR”\Ql |Vuq|? stays the same, while the analogue of (6.5) for u; 4, with
a = 1/2 says that

[ v = [ v
Q1NB(0,r) B(0,r)

(15.13) < (1+471) / [Vup o |* +16(1+771) r—2/ luy 4 |2,
B(0,r)\B(0,r/2) B(0,r)\B(0,r/2)

where we can choose 7 > 0 as we like. That is,

[owar- [ wal s - e [ Vo
B(0,r) B(0,r) B(0,r/2) B(0,r)\B(0,r/2)

(15.14) +16(1 +771) r—2/ luy 4|
B(0,r)\B(0,r/2)
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Then we estimate the M-terms. Notice that only u; 4 changes, so

M) =M@ = | [ (@025 - v+ g
< ||f1||oo/ u%,++||gl||oo/ -
B(0,r) B(0,r)
1/2
(15.15) < g/ u%+_‘_crn/2{/ @)
BOr) BOy)

because 0 < |uj| < |uy| everywhere and by Cauchy-Schwarz. Since
0 < Ju, W) — J(u, W)
(15.16) = / |Vui? — / Vuy > + M(u*) — M(u) — F(W*) — F(W)
B(0,r) B(0,r)

by minimality, we deduce from (15.12), (15.14), and (15.15) that
(15.17) / [Vur o |* + A N B(0,7/2)] < a(r),
B(0,r/2)

where

alr) = 7 / Va2 + 16(1 + 771 / @, 4 M) — M)
B(0,r)\B(0,r/2) B(0,r)\B(0,r/2)

1/2
< 7'/ (Vuy o >+ [16(1 + 771 + Cr?] / rui, + Cr"/z{ / uf+}
B(0,r) B(0,r) B(0,r)

1/2
(15.18) < T/ Vs, | +C7'_1/ rY +C’7“r"/2{/ r‘zuiJr}
B(0,r) B(0,r) B(0,r)

because we shall take 7 < 1/2, and since r < 1. It will be easier to use this when (15.9)
holds, because then the analogue for the ball B(0,7) of the Poincaré estimate (4.6) yields

(15.19) /B(O )r—2ui+ < CCO/ Vuy 4 ?

B(0,r)

and (15.18) implies that

(15.20) alr) < (t+ CCOT_I)/

B(0,r)
when (15.9) holds. Similarly, set

(15.21) 0(r) =r~"[Q N B(0,r)| =r"|{z € B(0,r); uy(z) > 0}|
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almost as in (12.9); when 6(r) is small, we can rather use the analogue of (4.7) for the ball
B(0,r), which yields

(15.22) / rui | < CO(r )2/"/ |V 1|2
B(0,r)

B(0,r)

In this case, it is also our interest to revise our application of Cauchy-Schwarz in (15.15),
because we can say that

1/2
ol [ we < clnsonr{ [ )
B(O,T) B(OJ‘)

1 1 n 1/2
(15.23) < CO(r)itan 7“5“{ / |vu1,+|2}
B(0,r)
Thus we can win an extra 6(r)'/? in our estimate, and deduce from the proof of (15.20) that
n 1/2
(1524) alr) < (v + Cr0(r)?/") / [V P+ CO(r) 5 31 / Vun P}
B(0,r) B(0,r)

To be honest, we don’t really need this extra power if we are willing to take r small, but we
shall use it to show that we don’t need the extra power of r that we also get in the last term
of (15.24), and which we could use to make things small. Set

(15.25) e(r) = r_”/ (Vuy 4 ?
B(0,r)

to simplify our discussion, and let us show that there exists a constant ¢4 > 0 (that depends
only on n, || fi||so, and |[|g1||sc) such that

(15.26) e(r/2) + 0(r/2) < %( () +0(r)) i 6(r) < cu.
Indeed, we can use (15.24), and then

e(r/2) +0(r/2) = 2"7’_"{/(0 [T+ 180N I} <2 aa)
(15.27) < CA Y74 CT0(r)™)e(r) + CA0(r)2 T 2nre(r) /2

by (15.17), because we can safely assume that A < 1, and by (15.24). We drop the extra
power of 7, use the assumption that 6(r) < ¢4, and get that

(15.28)  e(r/2) +0(r/2) < CA 're(r) + CA T e(r) + CA e/ > (B(r)e(r)) 2.

We choose 7 so small (depending on \) that CA~'7 < 1/8, and choose ¢4, depending on 7
and A, so small that (15.28) yields

(1520)  e(r/2) +0(r/2) < 3e(r) + 700 < Jelr) + 3(elr) +6(),



(because ab < a® + b?), as needed for (15.26). Observe now that
(15.30) u1+(0) =0 if §(r) < ¢4 for r small enough,

because iterations of (15.26) imply that limy_, 8(27%r) = 0, which is impossible if u;(0) >
0 (recall that w is continuous).

We may now return to the proof of our two theorems. Let B(z,7) be as in any of the two
statements, and first assume that » < min(1,e"") but (15.6) fails. We want to show that
u1(y) < 0 for every y € B(x,r/2), and as before we may assume for simplicity that y = 0.
We want to apply the estimates above to the ball B(y,ry), with r; = (24/n)"'r. We choose
this strange formula for r; just to make sure that |B(y,r;/2)| < e since ™ < ¢ (as in our
assumptions). This way (15.11) holds for r;, we can use the estimates above, and we get
that

(15.31) e(r1/2) +0(r1/2) < 2"r7" A ta(ry)

by the first part of (15.27). Then, by (15.18),

1/2
ri"a(ry) < CT][ |Vu 4 |* + Ot ][ rug |+ Cr{ ][ r‘zuiJr}
B(0,r1) B(0,r1) B(0,r1)

1/2
(15.32) < CT][ |Vuy [+ Cr7! ][ rRug L+ Cr{ ][ r‘zuiJr}
B(z,r) B(z,r) B(z,r)

Set A = fB(m) |Vup 4 |* (recall that we are allowed to choose ¢; depending on A), and use
the fact that (15.6) fails. This gives
(15.33) r7a(ry) < CtA + Cr7ley + Cre)/?
and, by (15.31), e(r1/2) + 0(r1/2) < CAUrA 4+ 77 1 + rei?]. If we choose 7 > 0 small
enough, then ¢; even smaller, this implies that e(ry/2) + 6(r1/2) < ¢4. Then we can apply
(15.26) to the radius 71 /2, and get that e(r1/4) + 0(r1/4) < ¢4/2. We iterate the argument
and find that e(27%ry) + 6(27%ry) < 27%¢, for k > 1, hence lim,,60(p) = 0. And now
(15.30) says that u;(y) < 0 (recall that we assumed that y = 0 for simplicity).

Thus we proved that if » < min(1,e'/") but (15.6) fails, u; < 0 on B(z,r/2). This is
impossible under our assumption (15.5), so (15.6) holds.

We now prove (15.7) similarly. Suppose that r < min(1,e"™) but (15.7) fails, pick any
y € B(z,7/2), and assume by translation invariance that y = 0. Let £ > 0 be an integer,
that will be chosen soon in terms of A = g [Vui[*. Set r1 = (2y/n)”'r as above, and
observe that for 0 < j <k,

(15.34)  6(279ry) = 2" Qy N B(0,277r)| < C2Y97r7 "y N B(x, )| < C2%¢,y < ¢4

by (15.21), because (15.7) fails, and if ¢y is chosen small enough (depending on k).
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Thus we can apply (15.26) to the radii 277r;, 0 < j < k, and we get that
(15.35) 027 1)) +e(27F ) <278 H0(ry) +e(r)) < 27 ey + CA) < ey,

if k is chosen large enough. Starting from that point, we can use (15.26) to prove by induction
that 0(27771) +e(277r)) <277 (cy + CA) < ¢4 for j > k + 1, as we did below (15.33). Again
(15.30) says that u;(y) < 0, and we can conclude as above. This concludes our proof of
Theorem 15.1. |

Now we switch to Theorem 15.2, and start under the assumption (15.9). Suppose that
r < min(1,e"") and (15.9) holds, but that (15.10) fails, and pick any y € B(x,r/2). As
usual, assume that y = 0 for simplicity. Choose 7, as above; because of (15.9), we can use
(15.19), and hence

A(ri1/2) = 2" " N B(0,71/2)] < 2" "a(r)

1/2
< CT][ |Vuy 4|+ Cr? ][ rul 4 C’r{ ][ r_2ui+}
B(0,r1) B(0,r1) B(0,r1)

1/2
(15.36) < CT][ |Vu 4| +Cr? ][ T C’r{ ][ 7"_2ui+}
B(z,r) B(z,r) B(z,r)

1/2
< Clr+77'¢C) ][ [V 4 [ + 07“001/2{ ][ |VU1,+|2}

B(z,r) B(z,r)
< Clr+77'Cyles + C’T‘C’S/zc;,/2

by (15.17), (15.18), (15.19), and because (15.10) fails. In addition, e(r1/2) < CJCB(M) |V 4 |?
Ces < ¢4/2 by the definition (15.25) and because (15.10) fails.

We take 7 = 1/2, then choose c3 very small and get that 6(r;/2) + e(r1/2) < ¢4. Then
we can apply (15.26) iteratively, as we did twice before, get that u;(y) < 0, and conclude as
before. Again we managed not to use the extra r in the last term.

We are left with the case when we only assume that w; is Cy-Lipschitz, as in (15.8). Let
B(x,r) satisfy the assumptions of the theorem, and use (15.5) to pick y € B(z,7/2), with
u1(y) = 0. Then let n > 0 be small, to be chosen soon, and notice that |u;(z)| < Conr for
z € B(y,nr). Set m = fB(Z,T) uy +; then by Poincaré (see (4.2)),

m = u,+(2) — (U 4+(2) —m)| < U +(2 ur+(2) —m
ﬁwﬂ[ﬂ> (t1.4(2) = m)] éwﬂﬂ,muw,<> ]

< %m+f MA@—WSCMHw”f g1 (2) — ml
B(y,nr) B(z,r)

1/2
(15.37) < Conr+ C’n‘”r][ |Vu1,+|2}
B(z,r)

|Vuy 4| < Conr + Cn_"r{ ][

B(z,r)

< Conr+ Cn_"céﬂr

94



if (15.10) fails. Then, by Poincaré again,

][ lu > < 2m?+ 2][ lup 4y —m|* < 2m® + C’rz][ |V 4 |?
B(z,r) B(z,r) B(z,r)

(15.38) < 2mP 4+ Cries < CC’gnQTQ + O~ P egr?.
We shall choose c3 < 1 soon; then let ¢; be as in Theorem 15.1, with the bound fB(w " |Vu1,+|2 <
1. If we choose 7, and then c3 small enough (depending on this ¢;), we deduce from (15.38)
that fB(x " lui 4 |* < ¢r?, ie., that (15.6) fails. This is impossible, by Theorem 15.1, and
this contradiction completes our proof of Theorem 15.2. |

For the next nondegeneracy result, we assume that (15.1) holds and u; is continuous,
and compare u;(x) with the distance

(15.39) §(x) = dist (z,R"\ 1), where again 4 = {z € Q; us(z) > 0}.

Theorem 15.3 Let (u, W) is a minimizer in F of the functional J, suppose that u; is
continuous, that fi and g are bounded, and that (15.1) holds for some choice of A > 0 and
e > 0. For each Cy > 1, there is a constant cs > 0, that depends only on n, X\, ||fi|]so,
|91|00, and Cy, such that

(15.40) uy () > csmin(8(x), /™ 1)
as soon as x € 0y and wy is Cy-Lipschitz on B(x,(x)/2).

Our Lipschitz assumption looks complicated because it depends on §(z); of course the
simplest is to assume that u is globally Lipschitz, for instance because of Theorem 11.1, but
we should also be able to manage without smoothness assumption on 2. Indeed, u; > 0 on
B = B(z,(x)), so B is almost everywhere contained in € (because u;(x) = 0 on R™\ Q),
which means that {2 is equivalent to a set that contains B. Then we may use Lemma 10.6
to get local Lipschitz bounds on B(z, §(x)/2), which we can then use to get (15.40).

Notice also that if uy is C-Lipschitz in B(z,d(z)), we immediately get the opposite
inequality |ui(z)| < Cd(x).

Proof. The general idea will be that if a positive harmonic function is very small near the
center of the ball, it must also be small on average on the whole ball; if ui(x) is too small,
we shall try to approximate u; with such a harmonic function, show that the average of u?
on a ball is small, and use a cut-off competitor to conclude.

Let x € 2, be as in the statement; as usual, we can assume that z = 0 to simplify the
notation. Let » > 0 be small, to be chosen later. For the moment, let us just assume that

(15.41) r<d(x)/2.

This way, we know that u; > 0 on B(z,r), hence B(z,r) C  (modulo replacing €2 with an
equivalent domain, as above) and u; is Cy-Lipschitz near B(z,r). Notice that the restriction
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of uy; to S, = 0B(0,r) is Lipschitz, so we can define its harmonic extension uj to B(0,r)
more easily than in Section 6. Also set uj(x) = ui(z) for x € R™ \ B(0,7), take u; = 0 on
B(0,r) for j > 2, keep u as it was on R"\ B(0,r), and set W* = W. Thus (u*, W*) is a
simpler variant of the harmonic competitor of Section 6, we get that (u*, W*) € F at once
(because u} € W?(R™)), and we shall now see what the comparison yields. For the energy
part, the usual computation yields [5 . [Vuil® <[54, [Vui[* (because uj minimizes the
energy with the given boundary data; see (6.13)), and even

(15.42) / |V, |? — / |Vui|* = / |V (uy — up)|?
B(0,r) B(0,r) B(0,r)

because uj + t(u; — uj), t € R, is a competitor for uj, and by Pythagorus (see the proof of
(10.32)). There is no difference in the F-terms, and

M) =Ml = | [ (i sih - sie )

(15.43) < (1wt + wnillimmany + lolle) [ Jui = .

B(0,r)

If u1(0) > 1, we are happy because (15.40) holds with ¢5 = 1, so we may assume that
u1(0) < 1; then |ui(x)| < 14 Cyr on B(0,7), the same thing holds for u} by the maximum
principle, and hence

(15.44) [|(ur +wn) fill =By < 21+ Cor)l[filloe < C

if we forget to write the dependence on Cy and demand that » < 1. Thus

1/2
(15.45) uwmw-Aﬂmygc/’ hQ—uﬂgCWﬂ{/ m;—mﬁ}
B(0,r) B(0,r)
Next we claim that since uj = u; on S,
(15.46) / lut —ug|? < C’rz/ |V (ul —up)|?
B(O,T) B(Ovr)

because u} —u; € WH(R") (see near (4.18)) and by Lemma 3.2, or, if the reader prefers,
because Lemma 4.2 says that | fB(O’r)(u’{ —uy)| < Cr JCB(O,T) |V (uj — uy)|, and then by the
usual Poincaré inequality (4.2). In addition,

[ NP = [ vape [ v
B(0,r) B(0,r) B(0,r)
= J(u,W)—M(u) — J(u*, W) + M(u")

* n/2 * 2 1/2
(15.47) §|Mm)—Mmﬂ§&'{/ |%—m@
B(0,r)

< Crzt! V(ut —uy)? v
< Cr [V (ui — ui)|
B(0,r)
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by (15.42), because F(W*) = F(W) and (u, W) is a minimizer, and by (15.45) and (15.46).
We simplify and get that

(15.48) / |V (u;p — uf)|? < Or"t2,
B(0,r)

Let n > 0 be small, to be chosen soon. Then

(15.49) u(z) < u(0) 4+ Conr for z € B(0,nr),

hence

< u(0) + Conr + ][ lul — uq|

B(0,mr)

Ol = |f  u
B(0,nr)

< u(0) + Conr + n_"][ lul — uq|
B(0,r)

1/2
(15.50) < u(0) + Conr + n_"{ ][ luj — u1\2}

B(0,r)

AEs 2

< w(0) + Conr + C’n‘"r{ ][ |V (u] — uy) } <u(0) + Conr +Cn~"r
B(0,r)

because uj is harmonic, and by (15.46) and (15.48). In addition, uj = u; on S, and by

(15.41) uy > 0 on B(z,r) C 2y, s0 uf > 0 on S, and on B(0,r) (by the maximum principle).

So

(15.51) fomil=f  w=uwo
B(0,r) B(0,r)

and, by simple estimates on harmonic functions,

2
(15.52) ][ IVui|? < CT_Z{][ \u’l‘|} = Or~2u}(0)2
B(0,r/2) B(0,r)

Then
(15.53) ][ [V, [? < 2][ Vui]? + 2][ IV (u; —u})|? < Or~2u;(0)* + Cr?
B(0,r/2) B(0,r/2) B(0,r/2)

by (15.48). Set m = fB( ) UL By Poincaré,

0,r/2
(15.54) ][ |u; —m]?* < Cr2][ Vuy > < Cui(0)* + Crt,
B(0,r/2) B(0,r/2)

Let 7, > 0 be another small number, to be chosen later, notice that u;(z) < uy(0) + Comr
for z € B(0,m 1), and use this and Poincaré to estimate m:

m? = ][ m2§2][ u%+2][ |up — m/?
B(0,mr) B(0,mr) B(0,mr)

< 2<u1<0>+cow>2+21—"n;"7[ g — ml?
B(0,/2)

(15.55) < 2(u(0) + Comr)® + Cny "ui (0)* + Cgy
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by (15.54). Finally,

Ty
B(0,r/2)

IN

2m2+2][ luy —m|?* < 2m? + Cuj(0)* + Crt
B(0,r/2)

4(u1(0) + Comr)? 4+ Cny " (0)% + Cy "t
Cui(0)* + Cyir® + Cyy ™ (ua (0) + nr + 7]_”7‘2)2 + Cny "t
Crnp "ur(0)* + Onir® + Oy " + "y~ 2"t =2 rar),

(15.56)

IN AN IA

by (15.54), (15.55), and (15.50) and where the last identity is a definition of «(r).

We now have enough information to compare (u, W) with the cut-off competitor associ-
ated to B(0,7/2) and the constant a = 1/2. That is, we want to replace u; with a cut-off
function uj, defined by uj(z) = ui(x)p(]z|) as in Section 6 or in the beginning of this section.
We do not need to touch the u;, j > 2, because they all vanish on B(0,7/4). But we want
to take advantage of (15.1) to modify W. Let us assume, in addition to (15.41) and the fact
that » <1, that r is so small that

(15.57) |B(0,r/4)| < e

Observe that B(0,7) C €, C W) (modulo a null set), because u; > 0 there; we apply
(15.1) to A = B(0,7/4) N W4, and get disjoint sets A; C A, j > 2. Then set W* =
(Wi \ A, WoUA;, ..., WxUAy); it is easy to see that (u*, W*) € F, and (15.1) says that

(15.58) F(W*) < F(W) — MA| = F(W) — \|B(0,r/4)].

From (6.5) with 7 = 1 we deduce that

/ |V2f{|2 < 2/ |Vu1|2+C7’_2/ |y |2
B(0,r/2) B(0,r/2) B(0,r/2)

(15.59) < Crug(0))2 + Ot 4 Crta(r) =t B(r)

by (15.53) and (15.56), and where the last identity is a definition of (7). Concerning
M(u*) — M(u), even though we are now looking at a different competitor, we can still use
the estimates (15.43)-(15.45). We get that

1/2
M) =M@l < [ upmwf <ot [ -l
B(0,r/2) B(0,r/2)
. 1/2
< Cﬁ“{/ V(5 — )}
B(0,r/2)
. 1/2
(15.60) < CTEH{/ Vuil? + [V} < Crmp(n
B(0,r/2)
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by (15.45), Cauchy-Schwarz, Poincaré and the fact that u] = u; on 9B(0,7/2) (as in (15.46)-
(15.47)), and (15.59). Now

AB(O,r/4)| < F(W)— F(W¥)
= J(u,W)—J(U*>W*)+[M(U*)—M(U)]+/ Vil = |V [

B(0,r/2)
(15.61) < Cr*t B 4 B(r)

by (15.58), (1.5), because (u, W) is a minimizer, and by (15.59) and (15.60). The game now
consists in checking out the right-hand side of (15.61), and showing that all the terms that
we get, except those coming from wu(0), are much smaller than Ar™. For this we shall put
the additional constraint that r < ry, where ry depends on n, A, || filleo, ||91]|0c, and Co.

We first look at a(r) in (15.56). If we chose 1; small enough, then 1 small, and then rq
small enough, we get that a(r) < Cn;"r~2u(0)? + o(1), where o(1) is as small as we want.
The rest of 5(r) is

(1562)  Bilr) = ui(0) + O < Cr2u(0) + O + Oy + O

(see (15.59) and (15.50)), which is of the same type. Then (15.61) says that

< Cr7"MB(0,r/4)| < CrB(r)'/? + CA(r)
(15.63) < Crn " u(0) + Oy r2u(0)? + o(1)

which, if we choose our constants so that o(1) < A/2, yields 7~ 'u(0) > ¢ for some ¢ > 0.
Our constraints on r (namely (15.41), (15.57), » < 1, and r < rg) allow us to chose r >
C~'min(8(0),e/",1), and we obtain (15.40) (recall that we took 2 = 0). Theorem 15.3
follows. |

The last result of this section concerns the size of the complement of a good region where
(751 Z 0.

Theorem 15.4 Let (u, W) be a minimizer in F of the functional J, suppose that the f; and
the g; in the data are bounded, that F' is Lipschitz (i.e., (10.2) holds), and that (15.1) holds
for some choice of A > 0 and € > 0. For each Cy > 1, we can find ro > 0 and cg > 0, such
that if x € R™ and 0 < r <1y are such that B(z,r) C Q,

(15.64) u is Co-Lipschitz on B(x,r),
and B(z,r/2) meets the boundary of O = {z € Q; wi(z) > 0}, then
(15.65) [{z € B(z,r); ur(z) <0} > cer™

The constant cg > 0 depends only on n, the ||fi||s, the ||gil|oo, the Lipschitz constant for F
(in (10.2)) A, and Cy, and ro depends on these constants, plus e.
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The main case is probably when u; > 0. Then (15.65) implies that |B(x,r)\ Wi| > cgr”,
because the remaining set {x € Wi ui(x) < O} = {x e Wi ui(x) = 0} is negligible,
because otherwise we could just use (15.1) to send some of it to the other W; and some of it
to the trash, and make a profit.

We decided also to include the case when u; is real-valued, and then (15.65) also counts
the part of W where u; < 0.

We did not mention the case when B(x,r) is centered near 02, because even though the
result is still true in that case (if O is reasonably smooth), this is for the stupid reason that
B(z,r) \ Q is already large enough. So we shall restrict to B(z,r) C . In many cases, we
will be able to deduce (15.64) from Theorem 10.1, applied to B(x,2r) if it is contained in
€ but then Co will depend on [y . [Vul®.

Proof. The proof will be based on the following (admittedly vague) idea. We want to show
that u; is close to a harmonic function vy in some ball centered on 0€); if (15.65) fails, u
and vy should almost be positive. Theorem 15.1 says that u;, hence also vy, is reasonably
large on average, so the mean value property for v; says that it should also be large near
the center of the ball. But the closeby u; vanishes on that center (a contradiction). The
harmonic function v; will be the same one as in the harmonic competitor.

Let the pair (z,7) be as in the statement, and suppose in addition that (15.65) fails. By
assumption, we can find y € B(x,r/2) N0, and without lost of generality, we may assume
that y = 0. We first want to select a radius p € (r/4,7/2), with the following properties.
Since we want to use the harmonic competitor (with main function u,), we first demand
that the restriction of u to S, lie in W'?(S,), with a derivative that can be computed from
the restriction of Vu to S,, and with the usual estimates

(15.66) V2 < 20Nr‘1/ IV
B(z,r)

for 1 < i < N that we can easily obtain by Chebyshev. In the present case, we know that u
is Lipschitz, so we don’t need to be as prudent as usual about restrictions. We also require
that

(15.67) u;(z) =0 o-almost everywhere on S, \ W;
(as in (6.16)), which is true for almost every p, and that
(15.68) o({z € S,;ui(z) <0}) < 20cer™ .

We can also get this last condition, by Chebyshev and because we assume (15.65) to fail.

Define the harmonic competitor (u*, W*) as we did near (6.11) (but with the radius p);
notice in particular that the requirement (6.9) holds because B(0,p) C B(z,r) C €. This
time, we shall need to take a € [1/2,1) close to 1, to be chosen later. Notice that uj is given
in terms of a harmonic function v; (see (6.14) and above), and a good part of the estimates
that follow is aimed at showing that v; — uy is quite small.
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Let us first estimate F'(W*)—F(W). Recall the definition (6.17)-(6.18) of W*. For i > 2,
|[WAWH < |[W;| < cgr™ because up = 0 on W;. Also, [W\W;| < |W7| < B(0, p)\B(0,ap) <
C(1 —a)r™. Next, [Wy \ Wy < |B(0,p) \ Wy| < |B(0,p) \ B(0,ap)| < C(1 —a)r™. Finally,
Wi\ Wil < |B(0,p) \ Wi < [B(0, ) \ ] < cgr™. Thus by (10.2)

N
(15.69) |[F(W*) — F(W)| < CZ (W, AW | < Cleg+ (1 —a))r”

i=1
Notice that u;(y) = 0 because y € 0, and all the other w; also vanish somewhere in
B(y, p) (in fact, anywhere on B(y, p) N {)1), because (15.65) fails. Since u is assumed to be
Cy-Lipschitz on B(z,r), we get that |u| < Cr on B(0, p), and (by the maximum principle)
the same thing holds for u*. [We shall not keep track of the dependence of our constants on
Cy, or the other constants mentioned in the statement.] Then

N
(1570) (M)~ M@ <Y [ (el = @+ lgllela = 0] < €
=1 B(O,p)
For the energy part, we start with ¢ > 2. By (6.19),
(15.71) / |Vu; > < (1 —a)ra* |V |* +4(1 — a) ra |p 2
B(0,p) Sp

Sp

We continue as usual, but at this point we could also use the fact that u is Lipschitz on
B(0, p) to get the same conclusion. We want to use (4.7) with £ = S, \ Oy, so we first
observe that if z € S, \ E =S, NQy, then z € W; almost surely (by (15.67) for i = 1), so
z € S,\W;, and o-almost surely u;(z) = 0 (by (15.67) for i). So u;(z) = 0 almost everywhere
on S, \ E. Also, u1(2) <0 on E, so o(E) < 20cer™! by (15.68), and

(15.72) sl < Cp2o(E) /

S, S

2
|Vtu,| SCC(}”/ |Vtui|2

Sp

by (4.7) and

/ VP < Ol —a)+(1—a) e ] [ [Voul?
B(0,p)

Sp

< cli-a+a-aqg) [ v
B(z,r)

(15.73) < Cll—a)+(1—a) e T

by (15.71) and (15.66), and brutally because u is Lipschitz in B(0, p).
We have the estimate (6.20) for the exterior part of [ |Vuj|?, namely,

/ Vi < (- apat [ [Tl
B(0,)\B(0,ap) Sp

(15.74) < C(1— a)/ Vui* < C(1—a)r™
B(z,r)
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(by (15.66) again). The last term is

[owar = @ [ v
B(0,ap) B(0,p)
= it { [ [0 e WRB(0,p) and o= w5,
B(0,p)

(15.75) < a"_Q/ |V, [?
B(0,p)

by (6.21). Set A = [y [Vuil* =[5, [V01]? then by the minimizing property in (15.75),
the fact that vy +t(u; —vy) is a competitor for v; for all £, and the usual Pythagorus argument
(see for instance the proof of (10.32)),

(15.76) A= / IV (s — 1) 2
B(0,p)

But also, by the first line of (15.75) and because a < 1,

a"iA = a"_2/ |Vu1|2—/ |Vui|?
B(0,p) B(0,ap)
(15.77) < / |Vu1|2—/ (Vi |?
B(0,p) B(0,ap)

= [ wup- [ waps [ Vuif
B(0,p) B(0,p) B(0,p)\B(0,ap)

We now add the contribution of the other components. Notice that [, [Vui[* < [, [Vul?,
and fB |Vu1|2 fB 0 V0" > =i fB(Op |Vui|?. We replace and get that

(15.78) a"—2Ag/ |Vu|2—/ IVu* |2+Z/ |Vu;f|2+/ IVt |?
B(0,p) B(0,p) i>2 7 B(0.p) B(0,0)\B(0,ap)

Let us use the minimality of (u, W). Since u = u* on R" \ B(0, p),

/ |Vul|? - / Vu*|? = J(u) — M(u) — J(u*) + M(u*)
B(0,p) B(0,p)
(15.79) < M(u*)— M) < Cr"tt

by (1.5), the minimality of (u, W), and (15.70). Then
A < 2a"PA <Ot Z/ (Vi |? +/ |Vui|?
i>2 ¥ B(0.p) B(0,p)\B(0,ap)
(15.80) < Ot 4+ 0[(1—a) + (1 —a) ey 1]r +C(1 —a)r"
< Ol(l—a)+(1—a)teg = +r)r"

102



because we shall take a close to 1, and by (15.78), (15.79) (15.73) and (15.74).

We can now use this to show that u; is close to the harmonic function v;. Notice that
vy — uy lies in WH2(R™) and vanishes on R™ \ B(0, p) so Lemma 3.2 (or if the reader prefers,
Lemma 4.2 and the standard Poincaré inequality), implies that

(15.81) / s — o < c;ﬂ/ V(s — ) < Cr2A,
B(0,p) B(0,p)

by (15.76).

Next we want to apply Theorem 15.1 to B(0,p); the assumption (15.5) is satisfied,
because 0 = y € 9 and if ro < inf(1,e/") (recall that 2p < r < rg). So (15.6) says
that fB(O,p) ui > c1p® > c1r? /16, where ¢; also depends on Cy through an upper bound for

50,0 [Vur,+]?. Since in addition [ui(z)| < Cr for 2 € B(0, p), because u;(y) = 0 (see below
15. , we get that
(15.69)), we get th

017”

2
(15.82) < ][ uj , < Cr][ Uy ¢
16 B(0,p) B(0,p)

If (15.65) fails, we also get that

(15.83) ][ u,— < Crp " |{z € B(z,r); uy(z) <0}| < Cegr
B(0,p)

because |ui(z)| < Cr for z € B(0, p). If ¢4 is small enough compared to ¢;, we deduce from
(15.82) and (15.83) that

(15.84) ][ u; > C ey
B(0,p)

Next set m = fy, vi; we deduce from (15.81) that

‘m—][ ul‘ = ‘][ (v1 —uq) S][ |v1 — wy
B(0,p) B(0,p) B(0,p)

1/2
(1585) < {]i(o ) |U1 — U1| } < Cr(r_nA)1/2.
g

Let n > 0 be small, to be chosen soon, and observe that |ui(z)| < Cnp for z € B(0,np)
(because u1(0) = 0 and u is Cp-Lipschitz in B(0,p)). But fB(o v; = m because v; is
harmonic; then

lm| = ’][ vl‘SCnp+’][ (vl—ul)‘SCnr+][ lvg — uy
B(0,np) B(0,np) B(0,np)

(15.86) < Cnr+ 77_"][ vy — uy| < Cpr 4 Cry ™™ (r " A) /2
B(0,p)
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by the end of (15.85). Now (15.84)-(15.86) yield

C'_lcl S 7"_1][ Uy S 7"_1 m —][ (A1
B(0,p) B(0,p)

C(r"A)? + Cnp+ Cy~"(r A2

Cn+Cn"[(1—a)+(1-— a)_lcgf1 + r]1/2

+ r_1|m\

IN

(15.87)

N

by (15.80). If we choose 7, then 1 — a, then ¢g and 7y small enough (also recall that we need
to take ro < inf(1,eY™) to apply Theorem 15.1), we obtain the desired contradiction, which
proves (15.65). Theorem 15.4 follows. N

16 The boundary of a good region is rectifiable

Our assumptions for this section will be roughly the same as for Section 15. We shall assume
that

(16.1) the f; and the g;, 1 <1i < N, are bounded
and restrict our attention on an open ball By such that
(16.2) uy is Cy-Lipschitz on By

for some Cy > 0. As usual, previous sections give sufficient conditions for this to happen.
We shall also assume the Lipschitz condition (10.2), and that W is a good region for F, in
the sense that we can find € > 0 and A > 0 such that the nondegeneracy condition (15.1)
holds. And we start to study the regularity in By of the boundary of the open set

(16.3) Q= {z € Q;u(z) >0}

Maybe we should point out that 2; is the good free boundary to study, as opposed to the
larger set {u = 0}. Suppose that u; > 0 to simplify the discussion. On the other side of
)1, there may be other components, possibly not all good, and/or the black zone Q \ U;W;,
and these may be much less regular. Even when n = 2, N = 2, the u; are required to be
positive, and (u, W) is a local minimizer of the most standard Alt-Caffarelli functional with
q1q2 = 1 (or take g2 = 2 if you are afraid of a potential degeneracy), it can happen that £
and )y are smooth regions, with a black zone 2\ (€, U ) in the middle, with lots of thin
parts, cusps, and islands.

In this section we want to show that 0€); is a locally Ahlfors regular and (even uniformly)
rectifiable set. We shall also get a reproducing formula for Aw; , which will be used later,
once we have a better description of the blow-up limits of u. See Proposition 16.2.

For all this, we shall mostly follow the initial arguments of [AC]; this will be not be too
hard to do because, as soon as we have the nondegeneracy results of Section 15, the other
components u; ¢ > 2, only play a small role in the estimates. Set

(16.4) v=uy 4 =max(0,u) = ulg,.
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The hero of this section is pu, the restriction of the distribution Av to 0€; (see a correct
definition below). We shall prove that p is in fact a (positive!) locally Ahlfors-regular
measure, and this will help us prove that ; is locally a Caccioppoli set (a set with finite
perimeter), with a reduced boundary almost equal to 0€;. The local Ahlfors-regularity
and rectifiability of 0€2, and the representation formulas of Proposition 16.2 will then easily
follow.

Recall from (9.6) that in €, v = u; satisfies the equation Av = fiv — %gl; the official
definition of our hero p is the distribution

(16.5) = Ao [fiv— 2] Ta,.

2
Proposition 16.1 Let (u, W), W, and By satisfy the assumptions above (up to (16.3)), and
let p be the distribution defined by (16.5). Then u is, in By, a locally Ahlfors-reqular positive
measure whose support is 0§21. More precisely, there are constants C; > 1 and ro < 1 such
that

(16.6) Crirmt < u(B(z,7)) < Oyt

for x € 0 and 0 < r < rq such that B(x,2r) C By. The constant Cy depends on n, the
L*> bounds in (16.1), the Lipschitz bound in (16.2), the Lipschitz constant in (10.2), and the
constant A in that shows up in (15.1). The radius ro depends on these constants, plus the
e >0 from (15.1).

Proof. We start with the positivity. By (9.6), Av = fiv — g1 > —C in Q4 N By, where
C' is a large constant that we don’t even want to compute. Then Remark 1.4 in [ | says
that Av > —C'. That is, Av + C is a positive distribution, and this implies that it is also
a positive measure. Then Av and p are measures too. We want to check that these three
measures have the same restriction to 9€2; N By. Let us first check that

(16.7) 109 N By| = 0.

Suppose not. Then we can find a point zy € 9y N By, which is a Lebesgue density point
of 02y N By. We apply Theorem 15.1 to this point, with a very small radius r, and find
out that | N B(z,7)| > cor™ by (15.7). When r is small, this is not compatible with the
definition of a Lebesgue point for 0€2;; hence (16.7) holds.

It easily follows from (16.7) that the restrictions of our three measures to {2 N By are the
same; this shows that p is positive, like Av 4+ C, and we also get from this that in By,

(16.8) o is the restriction of Av to 0€)y,

just because the definition (16.5) makes it vanish on 92y, and the three measure vanish on
the open set R" \ Q;, where v = 0.

Next we want to check that u is locally Ahlfors-regular of dimension n— 1. We start with
the upper estimate. Let B(x,r) be as in the statement, and let ¢ be a nonnegative smooth
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function such that ¢(y) =1 for y € B(x,7), |[Vp| < Cr~! everywhere, and ¢ is compactly
supported in B(x,2r). Then

u(Ban) < [ edn= o)~ [ (fo- ol

<
< (A, @) + Ol B2, 2r)| < [V, V)| + Cr"
<

(16.9) OV ool IVl e ()™ + Cr™ < Crm™

because p is positive, by definition of p and of a distribution derivative (and because we
know that v is locally Lipschitz), and because |Vy| < Cr™!, |Vo| < Cp, and r < rg < 1.
This was shockingly easy, but positivity helped a great deal.

For the lower bound, we shall need to choose our test function more precisely and use
results of Section 15. Let us first choose an intermediate radius p € (0,7). If r is small
enough (depending on € in the condition (15.1)), Theorem 15.1 says that f,, ,uf . > cr?,
where u; ; = max(0,u;) = v and for some ¢; > 0 that depends only on the constants cited
in the statement of Lemma 16.1. In particular the needed bound on fB(Z,T) |Vuy|? follows at

once from our Lipschitz bound (16.2). By (4.3) we can choose p € (0,7) such that

(16.10) / v? > 7'_1/ v > O
OB(z,p) B(z,r)

But € 0, so ui(z) = 0, v(z) = 0, and so v < Cr on B(a,r), by (16.2). So f, 5, ,v* <
Cr fopap v and (16.10) yields

(16.11) ][ v>C
0B(w,p)

Notice that this forces p > C~'r, because faB(I v =< Cop (again because v(z) = 0 and by
(16.2)).
Let 7 > 0 be small (so that 7r < p in particular), and define a test function ¢ by

(16.12) e(y) = fly — ),

where f : [0, 4+00) — [0, 1] is defined as follows. We set f(t) =1 for 0 <t < 7r, f(t) =0 for
t > p, and, in the remaining region where 7r <t < p,

n—2 n—2 __ tn—2

(16.13) f(t) = . = & —— whenn > 2
and
(16.14) f(#) = (log(1/7)) *log(p/t) when n = 2.
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[Here is a typical place when we don’t really want to consider n = 1.] The point of this
choice is that f is continuous and f'(t) = —a,(7)p" 2t!™™ for 7r < t < r, where a,(7) is a
positive constant that we don’t need to compute. We would like to use the fact that

(ly o) 9o o)y

n— —nav
(16.15) ~ (e | =l S )y,
B(z,p)\B(z,TT) r

(Bv,g) = ~(V0,99) =~ [

B(z,p)\B(z,TT)

but ¢ is not a real test function, so we have to do something about it. There is no problem
with the other identities, because v is Lipschitz; in particular the second line just comes from
our specific choice of p. Rather than doing an approximating now, let us keep it for later.
In the mean time, let us still compute right-hand side of (16.15). Set g(t) = fé)B(x,t) v for

7r <t <r, and observe that ¢ is Lipschitz, with

(1616) (1) = 2 (f oo+ 0)do®) = f Fa+t0)in(e) =os) 0 [

L Or B(x,t) or’
so that
P / 1 P 1 81)
g(p) —g(rr) = / g'(t)dt = o (S1)~ / t —"/ o
t=Tr t=1r OB(z,t) OT
(16.17) = U(Sl)_l/ ly — x|1_"@ = —0(S1) an (1) PV, Vi)
B(z,p)\B(z,Tr) or

by the correct part of (16.15). Recall that g(p) > C~'r by (16.11), and that, since v is C-
Lipschitz, g(1r) < Corr. We choose 7 so small that this implies that g(p) —g(7r) > (2C)~'r.
Then (16.17) yields

(16.18) — Vv, Vo) = a(S1)an(r)p"*[g(p) — g(rr)] = C(7)""r"7,

because p > r/C.

Now we approximate . For n > 0 small, pick a function ¢, such that ¢, (y) = f,(|ly—=z|),
where f, is smooth, coincides with f except on the interval (77,7 +n), and yet |f;| < C(7,7)
for some constant C'(7,7) that does not depend on 1. Then

/ Vel 95 = Viay
B(z,mr+n)\B(z,T)

(16.19) < C|IVe = Volleo| Bz, mr +n) \ B(z,7)| < C'(1,7)n

IA

‘ <VU, V(p) - <VU, v¢ﬂ> ‘

because Vi, = Ve most of the time. So, if 1 is small enough (depending on 7 and r),
(16.18) yields

(16.20) —(Vv,V,) > (2C(r))'r" L
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But now ¢, is smooth, so (Av, ¢,) = —(Vv, Vy,) by definitions, and

2
(16.21) > (20(7)) 7Yt = Or™ > (40 (7)) e

W(Bz,r) > / it = (D, ) — / o — S 10,

because p is a positive measure and (we can very easily arrange that) 0 < ¢, < I, <
1B(z,r), then by (16.5), (16.18), and if ry is small enough. This completes our proof of (16.6)
and Proposition 16.1. [ |

Proposition 16.1 has a few consequences that we record now. Let B; C By be a strictly
smaller open ball. Since (16.6) holds for every ball of small enough radius centered on
01 N By, an easy covering argument shows that on By, p is equivalent to the restriction of
H" ! to O N By, in the sense that

(16.22)  C'H"HENOY) < u(E) < CH" 1 (ENJQ,) for every Borel set E C B;.

See for instance Lemma 18.11 on page 109 of [D]. In particular, H" (9 N B;) < +oo
(by (16.6)), and it is classical that in such a case, ) is a set of finite perimeter in By, with
Per(Qy; By) < H" (001N B;) < +o0. See for instance [(5i]. This means that the restriction
to By of the vector-valued distribution V1, is in fact a (vector valued) measure, whose total
variation, often denoted by Per({y; By), is finite. More precisely, we may write

(16.23) Vig, =nv

in B;, where v is the (total) variation of V1g, (a positive measure), and n is a measurable
function, with values in the set of unit vectors in R™ (the inwards unit vector, which is
defined v-almost everywhere). It is also known (see [(ii]) that inside By, v is in fact the
restriction of H"! to the reduced boundary of Qy, which is usually denoted by 9*€2;, and is
in general a Borel set that is strictly contained in 0€);. For instance, corners of an otherwise
smooth domain would lie in 9€2; \ 9*€y. Let us check that in fact

(16.24) H" " (Byn o\ 0"Q1) =0 and v =Hjy'.

The second affirmation will follow at once from the first one (since v is the restriction of
H"1 to 0*Qy), and for the first one let us first prove that for B; C By as above there exist
constants C' > 0 and r; > 0 such that

(16.25) v(B(z,r)) > C !

for x € 00 N By and 0 < r < ry. Indeed, for such B(z,r) (and if r; is small enough, in
particular so that B(x,2r) C By), (15.7) says that |Q; N B(z,r)| > cor™, and (15.65) says
that [B(z,r) \ | = |{z € B(z,r); wi(z) < O}} > cgr”. By the isoperimetric inequality in
B(z,r), we deduce from this that v(B(x,7)) = Per(Qy; B(z,r)) > C~'r" as announced.
Since v(B(x,r)) = H"1(0*Q N B(z,r)) < H" (0 N B(x,r)) < Cr*~! by (16.6), we
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see that v also is locally Ahlfors-regular, and hence equivalent to %\%?211 In particular,
H O\ 0*Qy) < Cv(09 \ Q) = 0 (because v is supported on the Borel set §*Qy),
which proves (16.24).

Notice that since the reduced boundary of a set with locally finite perimeter is always
rectifiable, (16.24) implies that

(16.26) 0y N By is rectifiable.

In fact, we can even prove that 0€2; is uniformly rectifiable in By, with big pieces of
Lipschitz graphs. See Proposition 16.3 below. But let us continue with the same program as
in [AC] and discuss a representation formula for g. We know from Proposition 16.1 and its
consequence (16.22) that p is absolutely continuous with respect to ’H%&ll, which is therefore
locally finite. A differentiation result for measures in R™ allow us to write

(16.27) p=hHte =hv
on By, where the density h can be computed by differentiation, i.e.,

B Bl
(16.28) M) = I T o M Ble, ) b w(Bla,)

for H" '-almost every z € 9Q; N By. See for instance [\] for this and the next discussion.
Now 9 N By is rectifiable, so lim, o r'™"H" 1 (0Q, N B(x,7)) = w,_1 for H" '-almost every
r € 9Oy N By, where w,, 1 = H"{(R"' N B(0,1)) denotes the H" '-measure of the unit
ball in R"*. We could also say that lim, ,o7'™"v(B(z,r)) = w,_; everywhere on 9%, by
definition of the reduced boundary, and get the same conclusion. Anyway, we deduce from
(16.28) that for H" !-almost every z € 901 N By,

(16.29) h(z) = —— lim (B, r)).

Wp—1 0

Also notice that in (16.5), the contribution of [flv—%gl] 1o, to small balls B(z, ) is negligible
compared to r", so (16.29) also says that

1 : 1-n
(16.30) h(z) = o ll_r)r(l) (A, L),
where the right-hand side makes sense because Au, . is a locally finite measure. Let us
summarize this and a little bit of the previous results.

Proposition 16.2 Let (u, W) be a minimizer for J, assume that the f; and g; are bounded
(as in (16.1)), that F is Lipschitz (i.e., (10.2) holds), and that Wy is a good region (i.e.
(15.1) holds). Also assume that uy is Lipschitz on some open ball By. Then, inside By, the
Laplacian of w, . = max(uy,0) can be decomposed as Auyy = p+ [frv — $91] Lo, where p
s a locally Ahlfors-reqular measure supported on 02y, and in addition p = h?—l%&ll, with a
density h that can be computed by (16.28), (16.29), or (16.30).
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The reader may wonder why we find it so interesting to have an expression of Au, 4 in
terms of its integrals on small balls. In some cases, for instance when we have a good control
on the blow-up limits of (u, W), it will be possible to estimate (Auy 1, 1p(,,)) and compute
it. See Section 22.

Notice that in very smooth cases, Au, ; is expected to be the jump of the normal deriva-
tive of u; 4 along €2y, which plays some role in the first variation of our functional .J.

Proposition 16.3 Let (u, W), Wy and By satisfy the assumptions of Proposition 10.2.
Then 0 is locally uniformly rectifiable in By, with big pieces of Lipschitz graphs. This
means that there are constants Cy > 1 and r1 < 1 such that, for each x € 02y and 0 < r < ry
such that B(x,2r) C By, we can find a Cy-Lipschitz graph T' such that

(16.31) H' 1T N N B(z,r)) > Cy ™t

The constant Cy depends on n, the L bounds in (16.1), the Lipschitz bound in (16.2), the
Lipschitz constant in (10.2), and the constant X in that shows up in (15.1). The radius rq
depends on these constants, plus the € > 0 from (15.1).

Of course Proposition 16.3 is a natural complement to Proposition 16.2; we would usually
not talk about uniform rectifiability unless 9€2; is locally Ahlfors-regular. A Cs-Lipschitz
graph is just the graph, in some set of orthonormal coordinates of R", of a real valued
Lipschitz function with a Lipschitz norm at most Cy. We refer to [D5] for more information
on uniform rectifiability.

Of course Proposition 16.3 is stronger that (16.26), even though this is not completely
obvious from the definition. The proof below does not use regularity properties of sets of
finite perimeters, so it could seen as an alternative route to (16.26), but in fact it relies on
heavy machinery too. We shall deduce Proposition 16.3 from the following lemma, which
says that 0€); satisfies the so called Condition B locally in By.

Lemma 16.4 Keep the assumptions of Propositions 16.2 and 16.5. Then there are positive
constants ¢y, cs, and o < 1 such that, for each x € 01 and 0 < r < 1o such that B(x,2r) C
By, we can points yy and y_ in B(xz,r) such that By, c;r) C B(z,r)NQy and B(y_, csr), C
B(z,7)\ Q1. The constants c; and cg depend on the same parameters as announced for Cy
above, and ry may also depend on €.

Proposition 16.3 is a direct consequence of Lemma 16.4, because any Ahlfors-regular set
E that satisfies Condition B contains big pieces of Lipschitz graphs. The condition was

introduced by Semmes [Sc], who proved that it implies the L2-boundedness of many singular
integral operators on E. The existence of big pieces of Lipschitz graphs were proved slightly
later; see [Daa] or [DJ]. Here there is a minor additional detail, which is that the references

above concern unbounded Ahlfors-regular sets, and we want a local version of these results.
This is not a serious issue; one check that both proofs go through (and we recommend the
shorter second one).
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So we just need to prove Lemma 16.4. Let B(x,r) be as in the statement; if r; is small
enough, we can apply Theorem 15.1 to B(z,r/2), and (15.6) says that fB(x,r/2) luy 4 |* > crr?
So we can find y, € B(z,r/2) such that u(y,)* > c¢;7?/4. But wyy is Cop-lipschitz
on B(xz,r), so uj(z) > 0if z € B(x,r) is such that |z — y,| < Cy'y/cr/2; that is,
B(ys, c7r) C Qy as soon as ¢ < 1 min(\/c;Cy ', 1).

We do not have such a good estimate on the other component R" \ Q;, but at least
Proposition 15.4 says that for B(x,r) as above (hence with r small enough),

(16.32) [{z € B(z,7); uwi(2) <0}| > cer™

It turns out that this is enough: the existence of the points y_ (again for r small enough, and
with a constant ¢g which is much smaller than c¢;) follows from (16.32) and the existence of
the points y, by a fairly simple porosity argument. Here is the idea. Suppose that for some
pair (z,7) we cannot find y_; we want to show that the set H = B(x,r/2) \ € is porous,
at least at the scales p € [csr,7/2]. Indeed, the fact that we cannot find y_ implies that
dist (y, 0§2;) < cgr for each y € H, so we we can choose z = z(y) € 0§ such that |z—y| < cgr,
and for each radius p € [egr, /2], we apply the known existence of points y, to the pairs
(y,p), and get a point y(y, p) such that B(y4(y,p),crp) C B(z,p) N C B(y,2p) \ H.
This is what we mean by porous at the scales p € [cgr,7/2]. It is known that porous sets (at
all scales) have vanishing measure, and are even of Hausdorff dimension smaller than n; the
proof of this fact also shows that |H| < n(cr7, cg)r™, with a function n which for each fixed
value of ¢; (the porosity constant) tends to 0 when cg tends to 0; then we take cg small and
contradict (16.32). We shall not include the details of the argument here, because they are
the same as in Proposition 10.3 of [D'T], for instance, which even concerns a similar situation,
and uses fairly close notation. |

17 Limits of minimizers

The main point of this section is not to give a general theory of limits, but mostly to allow
a description of the blow-up limits of a given minimizer at a point, and give a little more
information on the convergence to the blow-up limits. It will be convenient to work with the
following notion of local minimizers.

We are given an open set O, where we will work (and an open ball of R™ is our main exam-
ple), and a measurable set 2 C O, and we define F = F(O, 1) to be the set of pairs (u, W)
such that u = (uy, ... uy) is a N-uple of functions u; € W,2*(0), and W = (W, ... Wy) is
a N-uple of disjoint measurable subsets of {2 such that u; = 0 almost everywhere on O\ W;.
When we say that u; € W,22(0), we just mean that u; € W'2(B) for every ball B such that
BcCO.

We are also given a function F', defined on the set W(€2) of N-uples of disjoint measurable
subsets of 2, and measurable functions f; and g;, 1 < i < N, defined on O (but only the
values on ) matter). We shall assume that these functions are bounded; lesser assumptions,
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in particular on the g; (and then on the g, below) would be enough, but usually we shall
need these strong ones to check the other assumptions of the Theorem 17.1 anyway.

We say that a pair (u*, W*) is a competitor for (u, W) € F in O, relative to , when
(u*, W*) € F there is a compact set K C O such that (u*, W*) coincides with (u, W) in
O\ K. Then we say that (u, W) € F is a local minimizer for J in O. relative to 2, when

) [ 1vaP+ Y [ fiengl +FOW) < [ 9P Y [ (2 uia) - FW)

whenever (u*, W¥) is a competitor for (u, W) € F in O and K C O is a compact set
such that (u*, W*) coincides with (u, W) in O \ K. We would have liked to say that
J(u, W) < J(u*, W*), but these numbers may be infinite, so (17.1) is a good substitute for
this.

Local minimizers can be thought of as a substitute of minimizers under a Dirichlet con-
straint at the boundary of O (in a strong way, since competitors have to coincide with (u, W)
in a neighborhood of d0), where the Dirichlet data is not given in advance, and just comes
from the pair (u, W) itself.

Our definition is not perfect for large sets O, because we decided to use functionals F
that may not be local, so we are essentially forced to assume that F' is defined globally on
W(S2), and finite. For functions F' defined by (1.7), we should restrict F' to K and rewrite
(17.1) accordingly.

Even when O bounded, the definition allows the possibility that [, |Vul*> = 400, and
then we should use (17.1). But most often J(u, W) < +o00 and we can use the simpler form
J(u, W) < J(u*, W*).

Notice that the regularity results that we proved so far also hold, locally inside O, for
local minimizers for J in O, and with essentially the same proof. Let us say more specifically
what we mean by this in the case of Theorem 11.1. We claim that if 2 is smooth, F' is
Lipschitz, the f; and the g; satisfy (10.1) and (10.2), and (u, W) is a local minimizer for J
in O, then for each ball B(z,r) such that B(x,3r) C O, the restriction of u to B(x,r) is
Lipschitz, with bounds that depend only on n, N, the regularity constants for €2, L* bounds
for the f; and the g;, r, and initial bounds fB(x,2r) |Vu|? and |[ul|p(p(z,2r)- The proof just
consists in following the proof of Theorem 11.1. Probably, we could even dispense with this
last bound on ||u||z(p(z,r), but this is not the point of the remark.

Let us now set the notation for the next result. We are given an open set O (for instance,
an open ball), a sequence {€}r>o of measurable subsets of O, sequences {f;x} and {g;s}
of bounded functions on O, with f;; > 0 on O, and even a sequence of functions Fjy, defined
on the corresponding W(Q;). We shall assume that there is a constant Cy such that

(17.2) | fiklloo < Co and ||giklleo < Cp for every k,

and that there exist weak limits f; and g; on O, by which we mean that

(17.3) lim /fi7kS0:/fiQ0 and lim /gi,kSDZ/giSO
k—+o00 k—+o00
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for every continuous function ¢ with compact support in O.

We shall also make our life simpler, as in Section 3, and assume that Fj has a simple
form for which it will be easy to take limits. We shall start with the case when F} is coming
from a function of the volumes, i.e., when

(17.4) Fo(Wi, ..., Wy) = F.((Wil, ..., |[Wy))
for some function Fy : [0,]O]]¥ — R. We shall assume that |O| < 400, and that
(17.5) each Fj, : 0,]O]|]" — R is continuous, and the F}, converge uniformly to a limit F.

We required F}, to be defined on [0, |O[Y when [0, [Q]]Y would have been enough, so that
the F, ¢ have a common domain of definition. It costs us very little, because functions F L on
[0, [Q%]]Y would be easy to extend.

These functions F}, fit with the original motivation of the paper, but we shall also give a
statement for functions Fj, defined by (1.7), as in the standard setting of Alt, Caffarelli, and
Friedman, are possible. See Corollary 17.5 at the end of the section.

For the domains €2, we assume the existence of a measurable set ) such that

(17.6) kgrfoongk =1g in L'(O),

and the following weak regularity property of €2, which will be used to approximate Sobolev
functions by compactly supported ones. We suppose that for each compact set K C O, there
exist rg > 0 and cg > 0 such that

(17.7) |B(z,7)\ Q| > cr™ forx e KNOQ and 0 < r < rg.

In addition, (17.6) is a little too weak to prevent something that we don’t want: the ; may
have islands of O \ € inside them, with very small masses so that (17.6) does not see it,
but which become dense in 2. If this happens, it could be that the u, converge to 0 because
they need to vanish on O \ 4, but € is a nice ball for which some bump function will do
better. So we also assume that for each compact set K C O,

(17.8) kl—iﬁlooé(K’ k) =0, where §(K,k) =sup {dist (z, 0\ Q); z € K\ Q}.
Since the numbers §(K, k) are sensitive to adding small useless pieces to 0, we should
probably replace O \ Q by the smaller set Z(k) = {z € O; |ON B(z,r)\ Q| > 0 for r > 0}
before we check (17.8). It is easy to see that [(O \ Q) \ Z(k)| = 0, so Q; and O \ Z(k)
are equivalent for our functional. We do not need to take this precaution for €2, because it
is already included in (17.7). Finally, if the Qj satisfy (17.7) uniformly, then (17.8) follows
from (17.6); see the second part of the proof of Lemma 19.1 below.

These three assumptions sound weak, but remember that we shall need to assume more

regularity on the €2, if we want to make sure that the u, are uniformly Lipschitz, as in
(17.10).
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In addition to the data, we are also given a sequence of pairs (ug, Wy) € F(O,€)), and
we assume that

(17.9) (ug, Wy) is a local minimizer for J; in O, relative to Q,

where J;, is the analogue of J, but defined with the data Q, fix, ¢ix, and Fj. We assume
that for each compact ball B C O, there is a constant C'(B) such that

(17.10) uy, is C'(B)-Lipschitz in B,
and also that there is a function u € WH2(O) such that

(17.11) u(z) = lim ug(x) for z € O.

k——+o00

In practice, we shall obtain (17.10) by an application of Theorem 11.1, which means that
we will have stronger assumptions on the €2, and also explains why we don’t try to give
weaker assumptions on the g;, for instance. The existence of a subsequence for which the
weak limits in (17.3) and the limit in (17.11) will then be rather easy to get. But again we
do not try to give optimal assumptions here.

Theorem 17.1 Assume all the conditions above. Then we can find W € W(Qy) such that
(u, W) € F(O,Q) and (u, W) is a local minimizer for J in O, relative to 2. In addition,

(17.12) lim w =u in WH(B) for every ball such that B C O.

k——+o00

Proof. The first thing that we need to do is define sets W, so that (u, W) € F(O,), and
we shall proceed as in Section 3. Because of (17.6), we can find a subsequence {k;} for which

(17.13) lim 1o, (#) = To()

Jj—+oo

for almost every x € O.
Denote by Z the bad set of points x € O such that (17.13) fails, or there exists £k > 0
such that © € W, but w; (z) # 0; then |Z] = 0 by definitions. Next set

(17.14) Wi, ={z e W\ Z; uy(z) #0}
for each k£ > 0, and
(17.15) W) ={z € Q\ Z; uz) #0}.

Also set W' = (W], ..., W}); we want to show that (u, W’) € F(O, (), and then we will
obtain the desired W by adding an extra piece to some W/, when needed. Let us first check
that

(17.16) the W/, 1 <i < N, are disjoint.
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If z € W/, then x € Wy, (by definition of Z); hence the W}, are disjoint. Next, if z € W/,
then z € € for j large (because (17.13) holds), and w;,(z) # 0 (by (17.11)), so x € W],
for j large. Hence (17.16) holds.

In addition, we just proved that 1y, < liminf; ]IW{,kj everywhere, and by Fatou

(17.17) \W!| = /]lW_/ < liminf/]lw_r = liminf W/, | < liminf |W; . |.
v j——+oo ik j—+oo R j—+oo J

We also need to know that u;(z) = 0 almost everywhere on O \ W/, and indeed if u;(z) # 0
but z ¢ Wj U Z, then for j large, ui,(z) # 0, hence v+ € Wy, (because z ¢ Z), so
v € Q,, and then (by (17.13)) z € , which contradicts the definition (17.15). Notice
also that u € W?*(0), because u is locally Lipschitz by (17.13); thus we proved that
(u, W) € F(O,Q).

Observe that although our precise definition of W’ depends on the subsequence {k;},
this dependence is only through the set Z; since |Z| = 0, different subsequences would yield
slightly different, but equivalent sets W.

We may not be happy with the W/ because there may be a way to increase some of their
volumes and make F'(W) smaller, so we will replace the W/ with possibly larger ones. We
could try to make F(W) as large as possible (given the natural constraints), but in fact
making sure that the volumes of the W¥* go to the limit along a subsequence will be enough
for our purposes. Here is the place where we shall use the special form of the Fj.

Let us choose a new subsequence {k;}, which we even extract from the previous one, so
that

(17.18) li= lim [W;,,| exists for each i;
J—+oo
recall that we assumed that |O| < +oo. With this new information, (17.17) just says that
Wi <1
Recall that for each k, the W are disjoint and contained in € (because (uy, Wy) €
F(O,Q)); then D, Wi, | < || for each j and

/ o . ] . . —
(17.19) DIWIS Y li= Tim 3 [Wik| < liminf |9, | = 1),

7

by (17.6). We claim that we can chose disjoint measurable sets W;, 1 <1i < N, so that
(17.20) W/ cW,cQ and |[W;|=1 for1 <i<N.

Indeed, the W/ are disjoint and contained in € (see (17.15) and (17.16)), so we just need to
cut a part of 2\ (U;W/) into pieces, and add them to the W/ as needed. We could do this
with the [; replaced by any numbers such that [; > |[W/| and ). I; < |Q|, but the present
choice will be enough.

This is how we define W = (W, ..., Wx). Notice that
(17.21) (u, W) C F(O,Q)
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by construction, and our next task is to show that it is a local minimizer. That is, we are
given a competitor (u*, W*) C F(0O,Q) for (u, W) in O, and we want to prove that (17.1)
holds. As usual, the idea is to modify (u*, W*) into a competitor (uj, W) for (ug, Wy), k
large, and use the minimality of (uy, Wy) to get some estimates.

We denote by Ky a compact subset of O such that (u*, W*) coincides with (u, W) on
O \ Ky (as in the definition of competitors). Our construction will depend on four small
positive constants, g, €, d, and 7, that eventually will all tend to 0. Our first action is to
replace Ky with a larger compact set K, with Ky C K C O, and so large that

(17.22) 0\ K| < <.

This is possible, because |O] < 400 and by the regularity of the Lebesgue measure, and
this will be helpful when we control the volume terms of the functional, because whatever
happens in O \ K will not change this term much.

In the estimates that follow, we shall not mark the dependence of the various constants
on ¢y and K, but we will be more careful about ¢, d, and . We intend to choose ¢y and
K first, then ¢, then ¢, then 7, and our estimates will typically hold as soon as k is large
enough, depending on all these constants.

Set K¢ = {:c e R™; dist (z, K) < 5}; we restrict to € > 0 so small that K¢ is a compact
subset of O, and we decide to take

(17.23) u; =u, and W; = W, on O\ K°.

In the intermediate region K¢\ K, we want to do two things. First, we want to use a smooth
cut-off function ¢, such that

o(r) =1 for x € K&/?

o (z =0 for z € R™\ K%/3

(17.24) 0<p.(r) <1 for r € K¢\ K¢/?
V()] < 10e™!  everywhere

to interpolate between u; and u. But also, we want to replace u with a slightly smaller
function with coordinates v; = h o u;, where h is a smooth function such that

h(t) = t for |t| >26
(17.25) h(t) = 0 forlt| <9
0 <Kt < 3 forlt] <26

We should observe now that

(17.26) lim ||u — ug||peo(xey = 0,

k——+o00

i.e., the u;, converge to u uniformly on K¢; indeed, we can cover K¢ by a finite number of
compact balls B C O, and use (17.10) to get the uniform convergence in each B. Because
of (17.26), we can decide to restrict to integers k such that
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Then we set

(17.28)  uy,(z) = p(z)h(wi(z)) + (1 — - (7))up(x) forz € K*\ Kand 1 <i< N.
Let us abuse notation slightly, and rewrite this as

(17.29) u, =p.hou+ (1 —p.)u, onx € K°\ K,

where we now write A o u for the function whose coordinates are the h o u;. Observe that if
x € K°\ K is such that h(u;(z)) > 0 for some ¢, then |u;(x)| > §, hence uy; # 0 (by (17.26))
and, almost surely, z € Wy ;. So we may take

(17.30) Win (K°\ K) =W, N (K°\ K),

and we still get that uj;(z) = 0 almost everywhere on (K°\ K)\ Wy, Let us record the
fact that

(17.31) ui =hou=hou" on K/?\ K

because p. = 1 there and by definition of K D K.

Next we want to define uj on K. We would have liked to take uj; = h o u* (that is,
uy; = howu; for 1 <i < N), but it could be that hou* # 0 somewhere on O \ ), and this
is not allowed. [Recall that we only get from the definitions that u* = 0 on O \ Q.| So we
will have to kill h o u} near O \ € with another cut-off function. Let n € (0,£/100) be our
third small number, and let 1) be a smooth function such that

() =0 when dist (z,0\ Q) <7
(17.32) () =1 when dist (z, 0\ Q) > 2
' 0 <¢x) < 1 when 7 < dist (z, O\ 2) < 2n
Vip(z)] < 297!  everywhere.
We intend to take
(17.33) ul(z) = ¢¥(z) hou*(z) for z € K2,

with an overlap of domains that will be useful to prove that W’lif((’)), but then we shall need
to check that the two definitions coincide on K*/2\ K. We know that u* = u on that set,
by definition of K, so just need to check that 1(z) h o u(z) = h o u(z) on K2\ K. When
dist (z, O \ Q) > 27, this is clear because () = 1. Set

(17.34) H={re K/*; dist (z,0\ Q) < 2n}
If we show that

(17.35) lu(z)| <6 and hou(x) =0 for x € H,
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the second part will give the desired result.

The second part follows from the first one, because h(t) = 0 when [t| < §. For the first
part, let us back up a little and do a construction that depends only on & (we just want to
avoid any confusion about what our constants depend on). Let Y be a maximal subset of
K3/ \ Q whose points lie at mutual distances larger than £/100. For each y € Y, the ball
D, = B(y,&/10) is contained in K¢, so (17.10) gives a constant C, such that the uy, and
then u too, are Cy-Lipschitz on D,. Denote by C. the largest of these numbers; the notation
is fair because we can compute C. as soon as ¢ is chosen, and it will not depend on ¢ and 7.

Now let € H be given. First assume that B(z,n) C O\ Q; then u = 0 almost
everywhere on B(z,n). Since z € K*/*\ Q we can find y € Y such that |y — x| < /100,
so B(xz,n) C D, (recall that n < e/100), u is Lipschitz near =, and u(x) = 0. Now suppose
that B(x,n) meets €; since dist (x,O0 \ Q) < 2n, we can find z € 9Q N B(x,3n). By the
weak regularity condition (17.7), applied with a sufficiently small radius r, we can find a set
of positive measure A such that A C B(z,n) \ €2, and hence u = 0 almost everywhere on
A. Also, z € K*/4\ Q because 1 < £/100, so we can find y € Y such that |y — z| < /100,
and then A and z both lie in D, where u is C.-Lipschitz. Pick w € A, with u(w) = 0; then
u(zr) < Clr —w| < 4Cen < ¢ if i is small enough, depending on §.

This proves the first part of (17.35); as we saw before, the second part and then the fact
that the two definitions (17.33) and (17.31) coincide on K*\ K follow.

We now have a complete definition of u; on O, and let us check that
(17.36) u; € W (0).

loc

By definitions, it is enough to show that for each x € O there is a small ball B, centered
at z such that uj € W'%(B,); the verification would involve covering any open ball B such
that B C O by a finite number of balls B,, and then using a partition of the function 1 to
compute (Vuf, @) = — [u; Ve locally in the small balls.

When z € O\ K%*/3, we choose B, CC O so that B, C O\ K*/? observe that u} = u*
on B,, either by (17.23) or by (17.29) and the fact that . = 0 on B,, and just use our
assumption that (u*, W*) € F(O,Q) to get that ui € W?(B,). When x € K*/3\ K, we
choose B, C K¢\ K, notice that (17.29) is valid on B,, observe that the first piece ¢.(-)hou(-)
is even Lipschitz on B, (because of (17.10) and (17.11)), and get that uj € W'?(B,)
too. When x € K, we use (17.33), observe that u* € W2?(B,) by assumption, and then
that the composition with the smooth function A with a bounded derivative and then the
multiplication with 1), preserve this (see for instance [Z]). So (17.36) holds.

Next we complete the definition of W; by taking

(17.37) Wi, K =QnW:NK

and we want to check that

(17.38) (uy, W) is a competitor for (ug, Wy) in O, relative to €.

We already know that (uj, W;) coincides with (ug, W) on O\ K¢, so we just need to check
that (uy, Wy) € F(O,Q). The Wy, are disjoint: on O \ K, this is because the W}, ; are
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disjoint (see (17.23) and (17.30)), and on K we use the fact that the W, are disjoint. Also,
Wi C S (on O\ K, use the fact that this is true with the W} ;, and on K we forced it in

(17.37)). So Wi € W(). Since we know that uj, € W,2*(0), we just need to check that
(17.39) u;,,(z) = 0 almost everywhere on O \ W,

In O\ K¢, this comes from (17.23) (because (ux, W) € F(O,)). We checked this on
K*\ K, just below (17.30); so we are left with z € K\ W7,.

If x € K\ W}, then almost surely uf(z) = 0 (because (u*, W*) € F(O,)), hence
u; () = 0 by (17.33). Otherwise, (17.37) says that » € K N W\ W, = KN W\ @ C
KNQ\ Q. By (17.8), dist (z,0 \ Q) < §(K, k), which is less than 7 if k is large enough
(depending on K and n). By (17.32), ¥(x) = 0, and by (17.33) uj ;(x) = 0. This proves
(17.39), and (17.38) follows.

We shall now start comparing our various function; we start with an estimate of u; —u
on K°.

*

Lemma 17.2 We have that
(17.40) / IV (u} — u*)P? = o(1),

where by convention o(1) is a number that can be made as small as we want (once gy and K
are chosen) by choosing €, then 0, then n small enough, and taking k large enough.

Proof. We write [,. |V(u; —u*)|> = A, + A,, with
(17.41) A = / V(i —u)? and Ay — / V(s — a2,
Ke\K K

We start with A;. Recall from (17.29) that on K=\ K,
(17.42) u,—u =gp.hou+(l—gp)u, —u" =plhou—ul+ (1 —¢.)[ux —uj

because u* = u on O\ K by definition of K. This naturally gives a decomposition of
V(uj —u*), and then A, into four pieces. We start with

(17.43) Ay = / Ve lhou—uf? < / (100=-2)(96%) = o(1)
Ke\K Ke\K

by (17.24) and (17.25), and because we can choose § small, depending on K and e. For
the next piece, cover K by a finite number of open balls B; such that B; C O, and then
apply (17.10) and (17.11); we get that the uy, and then also u, are Lipschitz on the B;, with
uniform bounds, and so there is a constant C'x such that

(17.44) |Vug|* + |Vul? < Cx on K°.
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Our next term is
(17.45)  Aup = / AIV[hou -l < 9/ Vul? < 9CK| K=\ K] = o(1)
Ke\K Ke\K

by the chain rule and (17.25), and because the monotone intersection of the K¢\ K, when
e tend to 0, is empty. We continue with

(17.46) Ays = /

IVio|*luy, —ul? < 1005—2/ lu, —ul? < 100e726| K\ K| = o(1)
Ke\K

K\K
by (17.24) and because ||u — ug||e(xe)y < by (17.27). Finally,

(17.47) Ay, = /

(I=¢e)|V(m—u)|* < 2/ Vg +|Vul? < 20k K9\ K| = o(1)
Ke\K

Ke\K

by (17.44) and as in (17.45).
We are thus left with As. On the set K, (17.33) says that

(17.48) u,—u =¢hou —u" = (p—1hou" +[hou" —u,

which gives a natural decomposition of Ay into three terms. The most interesting one is
(17.49) Ay = / (Ve |%|h o u* %,
K

Notice that u* and h o u* vanish almost everywhere on O \ 2, because (u*, W*) € F(O, Q),
so we only need to integrate on K N Q. In addition, (17.32) says that Vi) = 0 unless
n < dist (z, O\ ) < 21, so we just need to integrate on

(17.50) H,={ze KNQ; dist (z,0\ Q) < 2n}.

Cover H, by balls B; of radius 47 centered on H,, and such the B; have bounded overlap.
Obviously

Az,ls/ |w|2|hou*|2s4n-2/ hou?
H”? H”?
<uy [ rowp <son? Y [
B — JB;

i /B
by (17.32) and (17.25), and now we shall use the weak regularity assumption (17.7) to
estimate |u*|?. For each j, B; = B(z;,4n) for some x; € H,. By definition of H,, x € Q
but dist (z;, O \ ) < 21, so we can find y; € 0 such that |y; — x;| < 2n. Notice that
y; € K* CC Q because z € K and n < ¢/100. If n is small enough (depending on K*¢)
we can apply (17.7) to B(y,,n) and get that |B(y;,n) \ Q| > ¢.n", where c¢. depends on ¢
through K*.

(17.51)
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Notice that this is the only place where we seriously use (17.7) (the previous time, we
just needed to say that u(x) = 0 on 9f2, in a place where u was in fact Lipschitz).

Anyway, return to A, and the analogue of (4.6) to u* on B;, with £ = B; N . We get
that

(17.52) / lu*|? = / lu*|> < C(4 \B E| / |Vu*|> < Cnc _1/ |Vu*|?.

We now return to (17.51), use the fact that the B; have bounded overlap, and get that

(17.53) Ay < Cn_zz/ lu*|> < Cel? Z/ Vu*|? < Cc;l/ |Vu* |2
i Y5 i 'Bi

U; B;
Recall that each B; contains a point y; € 0€2, and is centered on K; thus U;B; C Z(n), with
(17.54) Z(n) = {x € K?; dist (z,09) < 4n}

In addition, we claim that Vu* = 0 almost-everywhere on K/2095). Indeed, the Rademacher-
Calderén theorem says that for almost every z € K/2 N 9Q, u* is differentiable at z, with
a differential that coincides with the distributional derivative. It is easy to compute that
Vu*(z) = 0 for such an x, because by (17.7) every small ball centered at x contains a fixed
proportion of points of O\ €2, where u* = 0 almost everywhere because (u*, W*) € F(O, Q).
Because of this,

(17.55) Ay < Cce_l/ |Vu*|> < C’ce_l/ IVu*|> = o(1)
U; Bj Z(n)\oQ2

because |Vu*|? is integrable near K*/? and when ¢ is fixed and 7 decreases to 0, the set
Z(n) \ 02 decreases to the empty set.
The next term is

(17.56) Ayy = /K (- P|V(hou)P <9 / (1— P VuP

K

by the chain rule and (17.25). By (17.32), we integrate on the set {z € K ; dist (z,0\ Q) <
277}, but Vu* almost everywhere on O\ €2, because u* = 0 there, and also almost everywhere

on O N oL, by the same argument as for Ay ;. Thus we may integrate on the smaller set
{z € K;0< dist (z,00) < 2n}, and Ay = o(1) by the proof of (17.55). We are left with

(17.57) Az = / |V[hou* —u])”.
K
By (17.25), we only integrate on the set {z € K ; [u*(z)| < 2N4} (we added N to account

for the different coordinates of u*), and we can even remove the set where u*(z) = 0, because
V]hou* — u*| = 0 almost everywhere on that set. We are left with

(17.58) Ay —/ |IV[hou" —u’ / |Vu*|* = o(1)
{wer;0<ur @)<no } {eer;0<ur @)<ne }
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by (17.25) and because the intersection, when 9 tends to 0, of the domains of integration is
empty. This completes our proof of Lemma 17.2. |

Our next estimate is on the difference uj, — u* itself. We claim that

(17.59) /5 luj —u*|* = o(1).

We want the be a little less brutal that we have been so far, with respect to estimates
on K¢. Choose a new constant 1, that depends on K but not on ¢, §, or 7, so small that
K*®' C O, and observe that u is bounded on K¢ (cover K' by a finite collection of balls
B such that 2B C O, and apply (17.10) and (17.11). Then u is also bounded on K¢ for
e < €1, with a bound that does not depend on €, and by (17.26) we also get that |ug| < C
for k large, with a bound that does not depend on ¢, d, and . The fact that how large k
may depend on these constants does not matter.

We start our proof of (17.59) with the contribution of K¢\ K. On this set, u* = u by
definition of K, and uj is given by (17.29), so it is bounded as well. Thus

(17.60) / luf —u*|? < O|K°\ K| =o0(1)
K\K
and we are left with

(17.61) /K|u’;;—u*|2 < 2/}(}(@& /K\

by (17.33). The second integral is easily estimated, since |hou* —u*| < C'§ everywhere, | K| <
+00, and we can take § small. For the first one, we observe that it is enough to integrate on
Q (because hou* =u* =0on O\Q), and even on H, = {z € KNQ; dist (z, 0\ Q) < 27},
because otherwise 1(x) = 1 by (17.32). This is the same set as in (17.50), so the second
parts of (17.51) and of (17.53), and then (17.55), show that

/ } S / *2§CZ/ |u*|2§C’C€_1772/ |vu*|2
Hy 7 B

U; Bj
(17.62) < chln2/ |Vu*|? = o(1);
Z(n)\0

.2

either for the same reason as in (17.55), or because Z(n) C K°/? and we can use the extra
n? to make the right-hand side small. This completes our proof of the claim (17.59).

We are now ready to take limits. Let us assume that ¢ is chosen so that the boundary
of K¢ has vanishing Lebesgue measure. Since the boundaries 0K*® = {:c; dist (z, K) = ¢
e > 0, are all disjoint, this is the case for almost every . Recall that by (17.10) and (17.11),
the uy, converge to u uniformly on K. By the lowersemicontinuity of the homogeneous W12
norm on the interior of K¢,

(17.63) / |V, |? :/ |V, |? < liminf/ |V, 1|2
Ke Ks\aKs k—+o00 Ke
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for each i (recall that we can evaluate these norm by duality with compactly supported
smooth functions, and then use the uniform convergence to control integrals like [ K Wi kD).
Let us also look at the convergence of the M-terms. Write

< ‘ / ui (9 — gzk)‘ + ‘ / (u; — Uik)Gik

observe the second term tends to 0 because u; ; tends to u; uniformly on K and ||g; k||« < Co,
and the first term tends to 0 by (17.3) and because ||u; — u; k|| < 2Cy by (17.2) and u;1 k-
can be approximated in L'(O) by continuous compactly supported function ¢. Thus

)

(17.64) ‘/ Uigi — Wi kGik

(17.65) kgriloo ‘ /E Uigi — Wi kGik| = 0.
The same argument works for the [u?f; and yields

k—+o00 e ’
Set

(17.67) J_(u) = /Ks [\Vu|2 + Zuffz - Zuzgz}

(we leave the volume terms for later); we just checked that

(17.68) J_(u) <liminf J; _(ug),

k—+o00

where

(17.69) Jp— (i) = /Ks |:|Vuk|2 + Z ug fik — Zuzkgzk]

Next, by the minimizing property of (u, Wy), (17.38), and (17.23)

We may soon replace uj, with u*, because
| e (u) = Je—(u)] < / [V (uw; —u”)]* + C/K > (i = il + (i )* = ()]
(17.71) < o(1)+ C'/ luy —u*[(1+ [u*| + [u; —u*|) = 0o(1)

by Lemma 17.2, because |(uy,;)* — (uf)?| = |uj; — uf] Jug; +uf|, and by (17.59) and Cauchy-
Schwarz. In turn,

(17.72) It = L) = [ 37 [Pl fiad = ules = 9] = o)
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because only the M-term changes, by the weak limit assumption (17.3), and because 1 g-u*
and Tx-(u*)? can be approximated in L'(O) by continuous functions with compact support
in O (see the proof of (17.65)).

By (17.68), (17.70), (17.71), and (17.72),

(17.73) J_(u) < J_(u") — Fy(Wy) + F(W?) + o(1),

and we now need to worry about the F-terms. We want to use the continuity of F, so let
us estimate some symmetric differences between sets; for 1 <i < N,

(W AW < [(We 0 K)AWE N K)[ + [0\ K|
= [(Qen W7 N K)AWNK)[+]|0\ K|
(17.74) < |Q\ Q| +e0=0(1) +e9 =0(1)

by (17.37), because W C Q, by (17.22) and (17.6), and with the convention that o'(1) is a
number that can be made as small as we want, by choosing £ small, then choosing K and
the other constants, and finally restricting to k large enough.

We are ready to use the special form of Fj in (17.4) for the first time. Recall also that
by (17.5), the F}, converge uniformly to the continuous function F, so that

Fi(W3) = F(IWiploe o IWiakl) = FOWiLl - W) + o(1)
(17.75) = F(Wyl,...,[Wx]) +0(1) = F(W*) + (1)

by (17.74). We shall restrict our attention to k = k;, where {k;} is the subsequence that we
chose to get (17.18) and to define W. We get that

Fi,(Wi,) = Fo (Wil W) = (Wi |y W |) + 0(1)

J

(17.76) = F(ly,....Ix)+0o(1) = F(IWi],...,|Wy|) 4+ o(1) = F(W) + o(1)
by (17.18) and (17.20). Thus (17.73), restricted to the subsequence {k;}, yields
(17.77) J_(u) < J_(u") — F(W)+ F(W*) +d(1).

We may now let ¢y, €, 6, 1 tend to 0 in the prescribed order, let k; tend to +oo, and get
that J_(u) < J_(u*) — F(W)+ F(W*). This is the same thing as (17.1), with the compact
set K¢ (recall the definition (17.67) of J_, and that the pairs (u, W) and (u*, W*) coincide
outside of K by definition of K).

We just completed the proof of minimality for our pair (u, W),_but we still need to check
the strong limit property in (17.12). Let B be a ball in O, with B C O, and observe that
for each i,

(17.78) /|Vu,~|2:/ |Vui|2§1iminf/ |V i)
B B k—+o00 B
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because u is Lipschitz near B and by the lower semicontinuity of [, |Vu;|? (see the proof of
(17.63)). Suppose that for some 7,

(17.79) / |Vu,;|* — liminf/ |Vuir* =a >0,
B k——+o0 B

and run all the proof above with (u*, W*) = (u, W), and K D B. We can improve (17.63)
and write instead

/ Vu? = / \vuﬁ:/ |Vui|2+/|Vui|2
Ke Ke\OKe® Ke\(0K<UB) B
< liminf/ |Vui,k|2—|—liminf/ |Vu,-7k|2—oz
k—+o00 KE\(aKEUE) k—-+o0 B

(17.80) < liminf/ (Vuir* — a,

T k=400

where we have applied our lower semicontinuity estimate on the open set K¢\ (0K¢ U B).
We follow the rest of the proof, and eventually get an improved version of (17.77), that
says that

(17.81) J_(u)<J (u)—a—-FW)+FW*)+d(1)=J_(u) —a+d(1)

(because (u*, W*) = (u, W)). This is impossible, so [, |Vu;|* = liminf, o [5 |V, i|*.
We already know that Vu,; converges weakly to Vu; in L?(B), and the fact that the norms
converge now imply that the convergence is strong. This proves (17.12), and completes our
proof of Theorem 17.1. |

The following remark is probably more amusing than useful.

Remark 17.3 In Theorem 17.1, if the volumes |Wy.;| do not have a limit for eachi € [1, N],
then there are more than one minimizers, associated to the same function u, but with different
N-uples W. The values of F' for all these W is the same.

Let us be more specific. To each k, we associate the N-uple Vi = ([Wigl|,...,|[Wnk|)
of volumes. If the sequence {V;} does not have a limit in [0, |O|], then for each point of
accumulation V4, of this sequence, we constructed a minimizer (u, W) such that |W;| =V, «
for 1 <i < N. If W is another N-uple of W(Q) for which (u, W*) is a local minimizer, we
can use W to construct competitors for (u, W¥) and show that F'(W) < F(W%): we just
keep W in some very large compact set K, replace W by W¥ on O\ K, keep the same u,
notice that this still gives a pair in F(O, 2), and then let K tend to O. The same argument
shows that F'(W¥) < F(W) too.

Also recall that we defined sets W/, 1 < i < N. We first chose a sequence {k;} so that
the |Wiy,| converge to a limit /;, and given a point of accumulation Vo, as above, we could
easily choose the sequence so that [; = V; ». Then we constructed a pair (u, W') € F(O,Q),
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such that |W/| < ;. Finally we chose W above so that W; D W/ and |W;| = [;, and this was
useful to prove that (u, W) is a local minimizer. but we could have tried other choices, with
different measures.

Let V denote the set of N-uples V = (vy,...,vx) such that [W/| < wv; for 1 <i < N
and >, v; < [Q]. As was explained below (17.19), for each V € V we can find W* € W(Q)
such that W} = v; and W/ € W/ for 1 < i < N; then (u, W¥) € F(0,Q), and the local
minimality of (u, W) shows that (W) < F(W¥) (just use W to produce local competitors
for (u, W¥), as above. In other words, we get that

(17.82) F(W) = F(Vy) < F(V) for Ve V.

But recall that the class V depends on the point of accumulation V, through the the W/
and the subsequence {k;}.

Remark 17.4 The conclusion of Theorem 17.1 still holds, with the same proof, if instead of
assuming that (u, Wy) is a local minimizer for Ji in O, as in (17.9), we only assume that
this is asymptotically true on compact sets, i.e., that for each compact set K C O, there is
a sequence {ay.} that tends to 0, such that

(17.83) Ji(wp, W) < Ju(ul, W) + oy

for every competitor (uj, W) for (u, Wy) in O, relative to S, which coincides with
(uk,Wk) on O \ K.

Proof. Indeed nothing changes until (17.70), when we apply the minimality of (ug, Wy).
What we get instead is

(1784) Jk,_(uk) S Jk7_(u2) — Fk(Wk) —|— Fk(WZ) —|— g,

where the sequence {ay} is associated to the compact set K¢ (see (17.23)). Then we continue
the argument as above, with an extra term oy that does not disturb because it tends to 0. B

We promised to say a few words about the analogue of Theorem 17.1 in the context of
Alt, Caffarelli, and Friedman. Suppose, instead of (17.4), that the F}, are given by

N
(17.85) Fe(Wy,...,Wy) :Z/ Gix(z)dz,
i=1 i

where the ¢, , are nonnegative measurable functions. We shall assume that the ¢, ;, are locally
bounded, with uniform estimates. That is, for each compact set K C O, we assume that
there is a constant C'(K') such that

(17.86) 0<gg(x) <C(K) fork>0,1<i<N,and z € K.
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We also suppose that the g; ; converge weakly to locally bounded functions ¢;, by which we
mean that for each compact set K C O and each measurable set £ C K,

(17.87) / gi(x)dr = lim [ qx(z)de.

E k—=+oo |
We could have chosen compact sets E, or integrated the ¢;; and ¢; against continuous
function with compact support, without changing the notion (because of our L bounds).
We just picked the definition that we shall use.

Of course in many cases, |O| will be finite, the functions ¢;; will be uniformly bounded
(regardless of compact support), and the functional F} defined above will take finite values.
In the other cases, (17.85) and its analogue for the ¢; may be infinite, but we can define local
minimizers as we did before, except that we replace (17.1) by the simpler condition

(17'88) Z/ |vu2|2+u2f1 uigi + qi < Z/ |Vu;‘k‘2+ (u:)2fz _u;‘kgi+q@'-
—~ Jxkow, K

nw;r

That is, we say that (u, W) is a local minimizer for J in O if (u, W) € F(O, Q) and (17.88)
holds for every compact set K C O and every pair (u*, W*) € F(O, Q) that coincides with
(u, W) in O\ K. We define local minimizers for the Jj similarly, with €, the f;, ¢;x, and

Qi k-

Corollary 17.5 Assume that the hypotheses of Theorem 17.1 are satisfied, except that we
replace (17.4) and (17.5) with (17.85), (17.86), and (17.87), and we modify the definition of
local minimizers as above. Then we can find W such that (u, W) € F(O,Q) and (u, W) is
a local minimizer for J in O. In addition, (17.12) holds.

Our proof will really use the fact that the g;, are nonnegative (otherwise, we get the
problem that we may not extract a sequence for which the 1yy,, converge).

We shall no longer need the assumption that |O| < 4+o00. This is an advantage of choosing
a local functional F'; and the improvement is not a real one, because we can easily reduce
to the case when O is bounded by observing that (u, W) is a local minimizer for J in O if
and only if its restriction to O N B(0, R) is a local minimizer for J in O N B(0, R) for every
R > 0. We could not do this trick with our non local functional F' (but we could try to use
Remark 17.4 in some cases).

Proof. The proof is even simpler. We are happy to take W = (W], ... WY ), where the W/
are defined near (17.15), because taking larger sets may only make F'(W) larger anyway.

Then we repeat the same proof as before, except that we need to rewrite (17.70) and
modify the limiting argument (17.75)-(17.76). Instead of (17.70), the minimality of (u;, W)
is now expressed by

(17.89) Jp—(ag) < Jp—(ug) — Z/ %k x)dx + Z/ %k
i KenW;
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(compare with (17.88)). That is, we replace —F,(Wy) + Fr(W7) with the expression

(17.90) —Z/ Gi (@ dx+Z/ QZk
— JRW,

n (17.70), and then in (17.73).
Instead of (17.75), we restrict to K° and say that

N N

Z/KEOW* ¢ix(x)dr = Z/KEOW* ¢ix(x)dx + 0'(1)

i=1 i,k 1=

(17.91) = Z/ * x)dx + o'(1)

by (17.74) and (17.86), and then (17.87). For the analogue of (17.76), we use the subsequence
{k;} that defines W, = W/ and first say that

N
(17.92) / ¢ix(z)dr > gix(x)dz
; KenWi i, Z KeOW, &, \W;
because ¢; x(z) > 0. Next observe that

(17.93) Ly, = Ty <liminf 1y, < liminf Ty, oy

j—+oo ik j—+o0

by the remark above (17.17) and because W], C Wiy, (see below (17.16)). So Ly, =
lim; oo L, ,.Aw; and the right-hand side of (17 92) is

N N
>/ wrdr = S [ aate)de+ o)
i=1 7 KENW, p .OW; =1 Y KenW;
N
(17.94) = / gi(x)dx + o(1)
; KenWw;

by (17.87). We insert (17.91), (17.92), and (17.94) in the expression (17.90) as we did for
(17.75) and (17.76), and we get the following replacement (17.77):

(17.95) Jo(u) < J-(w) = 3 /KW Gt /K g+ o(1).

This is then enough to conclude as before. |
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18 Blow-up Limits are minimizers

We shall now apply the results of the previous section to describe blow-up limits of minimizers
of our main functional. In this section, we show that they are themselves local minimizers
of a simpler functional; in later sections, we shall use previous work in the context of [AC]
and | | to describe the blow-up limits more precisely, and then obtain some information
on the initial minimizers themselves.

In this section we start from a minimizer (u, W) for the usual functional J (see Section 1),
and choose an origin zy € R™ where we do the blow up. Here we shall just take xy = 0 to
save some notation. We give ourselves a sequence {ry}, with
(18.1) lim r, =0

k——~4o00

and consider the pairs (ug, Wy.) given by
(18.2) u,(z) = r; u(rr) and Wy, ='W

(i.e., Wiy, = r;, "W, for 1 < i < N). Notice the normalization of uy, which keeps the Lipschitz
constants intact.

Let us describe our main assumptions now, that will allow us to apply the results of the
previous section. First of all, we assume that

(18.3) u(0) = 0.

This is needed because we will require the u;; to have pointwise limits u ;, in particular at
the origin, and this will not hurt because otherwise (under weak assumptions that make u
Holder continuous) only one component W; is present near 0, and there is no free boundary
to study.

We also assume that there is a ball B(0, pg) such that for 1 <i < N

(18.4) fi = 0o0n B(0,p0), and |[|fil|zeeB0,p0)) + |19il| 220 (B(0,00)) < +00
and
(18.5) u is Lipschitz in B(0, po).

It is just as simple here not to say how we know that (18.5) holds, but recall that we could
obtain it by applying Theorem 10.1 (if 0 is an interior point of Q) or 11.1 (if 0 € 92).
Next let R > 0 be given, and assume that there is a Lipschitz function u,, on B(0, R)
such that
(18.6) U (z) = lim wug(z) for z € B(0, R).
k—+o00

Notice that if u is Cy-Lipschitz on B(0, pg), then uy is Cyp-Lipschitz on B(0, R) as soon as
re < R7'pg. Since u(0) = 0, it is easy to extract subsequences for which (18.6) holds for
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any given R, or even all integers R at the same time. Because of this, we shall often be able
to assume that u. is defined on the whole R™ and that u.(x) = limy_, 1 ug(x) for every
xr e R™

Since uy, is Cp-Lipschitz on B(0, R) for k large, u also is Lipschitz, and the convergence
in (18.6) is automatically uniform.

In some cases the origin lies on 0f2, and then we also need to worry about a limit for the
sets

(18.7) Qp =7, 'Q.

We shall essentially keep the mild assumptions of the previous section. Let us assume that
there is a measurable set Qo = Qoo g C B(0, R) such that

(18.8) Lo, = kl_i)lfoo]lB(O,R)ﬂQk = kl_i}foo]lB(o,R)mr,jQ in L'(B(0, R)),

as in (17.6), that for 0 < T' < R, there exist small constants rp > 0 and ¢ > 0 such that
(18.9) |B(x,r) \ Qoo| > cpr™ for x € B(0,T) N 0N and 0 < r < 7y,
as in (17.7), and that for 0 < T < R

(18.10) kETwé(k,T) =0, where §(k,T) = sup { dist (z, B(0, R)\ Q) ; € B(0,T)\ %},
as in (17.8) and to avoid tiny little islands of B(0, R) \ € in the middle of €2 that (18.8)
would not detect. Take 6(k,T) =0 when B(0,7T)\ Q. = 0.

If ) is very general, we cannot guarantee that we can find sequences for which such an €2,
exists, but fairly weak regularity properties of 2 will ensure all this. We give in Lemma 19.1
below a sufficient condition for this to happen, where we ask 0 to be porous near 0 (so
that we can find a subsequence and ), such that (18.8) holds), and {2 to satisfy (18.9) near
0 (so that (18.10) holds for Q).

In the mean time, notice that if 2 has a C' boundary near the origin, we don’t even
need to extract a subsequence and the limit is a half space. Notice also that the special case
when 0 is an interior point of 2 is still included here; the set Q. p = B(0, R) satisfies the
conditions above because Q; D B(0,r) for k large.

Next we describe our assumptions on the functional F'. We assume that there exist real
constants \;, 1 <1 < N, and a function €(r) defined for r small and such that lim,_,qe(r) = 0,
such that

(18.11) F(W) = F(W') = Y \[IWi 0 B, 7)| = (W0 BO, 7)) | < r7e(r)

i=1

for every N-uple W' = (W/,...,W}) € W(Q) such that W; \ B(0,r) = W/ \ B(0,r) for
0 <1i < N. Recall that W is the N-uple that comes from our minimizer (u, W).
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Thus, very near 0, we require F' to look a lot like the function F' defined by (1.7), with
constant functions ¢; = A;. Slightly surprisingly, we shall be able to content ourselves with
the error 7"¢(r), rather than (r)|WAW’| (which would vaguely correspond to requiring a
derivative of the special form suggested by (18.11) in some directions.

Let us give two examples where this condition is satisfied. Naturally the first one is when
F is given by the formula (1.7), with functions ¢;(x) that are continuous at x = 0. In fact, it
is even enough to take the ¢;(x) locally integrable, and to assume that 0 is a Lebesgue point
for each ¢;, in the sense that

(18.12) i Jgi(x) - g:(0)] = 0.
r—0 B(O,’f‘)

Indeed, if W = (W],...,W}) € W(Q) such that W;\ B(0,r) = W/\ B(0,r) for 0 <i < N,

Z /B( )[]lwi(x) = Lw; (2))gi(z)dx

Zqz [[W; N B(0,7)| — W/ N B(0,7)[] + E,

F(W) — F(W')

(18.13)
with

Bl = )i [, ) =t @ate) — a0

N

(18.14) <y / )~ a0)de = o)

i=1

Thus, (18.11) holds, with A\; = ¢;(0). Notice that we do not require the ¢; to be nonnegative.

Our second example is when F is a function of the volumes, i.e., F(Z) = F(|Z1],...,|Zx|)
for Z € W(RQ), with a function F of N variables which is differentiable at (|[Wy|,.. ., |[Wy]).
That is, assume that near (|Wy|,...,|Wnl),

(1815)  F(vr,...,on) = F(WAl,. ., W) = Y X(ws — [W3]) + Zlvz Will):

i=1

then (18.11) holds, with the same numbers \;, because >, |v; — |[W;|| < Cr™ when Z = W
outside of B(0,r).

So our last assumption (18.11) is reasonably mild. Associated to €, and the );, there is
a functional J.,, defined on F(B(0, R), ) by

N
(18.16) (v,Z) Z/ Vol + ) Nl Zi
B(0,R) =1
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Theorem 18.1 Let (u, W) € F be a minimizer for the functional J of Section 1, and let
{rr} be a sequence such that limy_, ;o 7, = 0. Assume that (18.3)-(18.5) hold for some R > 0
and some Lipschitz function us, on B(0, R), that (18.8)-(18.10) hold for some Qs C B(0, R),
and that F satisfies (18.11). Then we can find W, such that (us, W) € F(B(0, R), Q)
and (Us, Woo) is a local minimizer for Jy in B(0, R). We also have that
(18.17) lim wu; = u,, in WH(B(0, R)).
k——o00

See near (17.1) for the definition of F(B(0, R), ) ) and local minimizers for J..; in the

present case, Jo, has no M-term and fB(O R) VU | < 400, so (17.1) can be rewritten as

(18.18) Joo (U, Woo) < Jo(V, Z),

and the local minimality of (U, Wo) means that (18.18) holds for every pair (v,Z) €
F(B(0, R), ) that coincides with (u.,, W) on some B(0, R) \ B(0,r), r < 1.
See Corollary 18.3 for the more natural rephrasing of this theorem with R = +o0.

Proof. Naturally we want to deduce this from Theorem 17.1 and Remark 17.4. Ironically,
we cannot use Corollary 17.5, even when F' is given by (1.7), because we assumed that the
¢; are nonnegative there. We first compute the functional Jj of which the pair (ug, Wy)
defined in (18.2) is a minimizer.

Lemma 18.2 [If (u, W) € F is a minimizer for J in the class F(Q2) of Definition 1.1, then
the pair (u, Wy,) is a minimizer for Jy, in F(Qy), where Q) = rk_lQ and Jy, 1s defined like J
in (1.5), except that we use the functions fix and g; ) given by

(18.19) fir(x) = rifilrex) and g;(x) = regi(ree)
and the functional Fy defined by
(18.20) Fo(Hy,...,Hy) =71 " F(reHy, ... ,riHy) =17, " F(ri,H).

Proof. Notice the extra powers in (18.19), which come from the scaling and the fact that
we base our normalization of Ji on the energy. For a general pair (u*, W*), define u} and
W; as we did for u, and Wy (in (18.2)). It is clear that (u*, W*) € F(Q) if and only if
(uy, W5) lies in F (), and that F(W3) is well defined by (18.20) (because r,H € W(Q2)).
Let us show that

(18.21) Jp(uy, Wi) =r."J(u", W¥);

the conclusion will easily follow. For the last term, this is just a consequence of the definition,
since Fi(W3) = r."F(W*) by (18.20). For the energy, we just change variables and get
that

E(u}) = / V2 = / Vg ()
(18.22) = /|(Vu*)(rka7)|2dx:7’,;"/|Vu*|2:r,;"E(u*).
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The M-term of the functional is computed similarly:
N
M) = 3 [ @ fasle) = uip(o)gia(a)lde
i=1

(18.23) = Z /[uf(rka:ffi(rkx) —u; (ryx)g;(rez)|de = v, " M(u")

because u () = r; 'u;(rpx) by (18.2), and by (18.19). Hence (18.21) holds and the lemma
follows. |

We return to the proof of Theorem 18.1. Let R > 0 be as in the statement. We want to
apply Theorem 17.1 and Remark 17.4 to the restriction to O = B(0, R) of our sequence of
minimizers (ug, Wy). We use the domains €, N O as our measurable subsets of O, and just
the fixed J, as our variable functional; of course the (uy, W) will only be approximate local
minimizers for J, and this is why we shall use Remark 17.4. Then (17.2) and (17.3) are
trivial (we take f; = fi, = ¢; = ¢;, = 0), (17.4) and (17.5) hold with ﬁk(vl, L UN) = DA
and F = Fy,, (17.6) is just a translation of (18.8), (17.7) is the same as (18.9), and (17.8)
follows from (18.10).

We will need to replace (17.9) by (17.83) but the uniform Lipschitz bound in (17.10)
holds by (18.5), and (17.11) follows from (18.6). This completes our list of easy verifications;
as soon as we check (17.83), Remark 17.4 will say that the conclusion of Theorem 17.1 holds
for the limit function u.,, and Theorem 18.1 will follow. Notice that the conclusion (17.12)
looks a little weaker than (18.17), but here u,, is Lipschitz on B(0, R) (by (18.5) and (18.6)),
80 limy,_, 100 Uy = Uy in WH2(B(0, R)) as soon as this happens in B(0,T) for every T' < R.

So we check (17.83), which means that we take a competitor (v, H) (previously called
(u;, Wy)) for (ug, Wy) in O = B(0, R), relative to Q; N O, and we want to show that

(1824) Joo(uk, Wk) S JOO(V, H) + AL,

for some ay, that tends to 0; we shall not need the dependence on the compact set K here.

Notice that the pair (uy, Wy) was actually defined on the larger set R, but (v,H) €
F(B(0, R), ) is only defined on B(0, R). This is easy to fix: set v(z) = ug(z) on R"\
B(0, R) and define H' by H] = H; U (W, \ B(0,R) for 1 <i < N. It is easy to see that
(v,H') € F() = F(R™, €4); in particular, the fact that v € WH2(R") is trivial, because
v coincides with uy in B(0, R) \ B(0,7T) for some T" < R, which gives enough room to glue
v € W,22(B(0, R) with u € WL2(R"). Notice also that (v, H’) is a competitor for (uy, W),

which implies that
(1825) Jk(uk, Wk) S Jk(V, H/)

Recall from Lemma 18.2 that

(18.26) Jp(v,H') = IVV|? + My (v) +r." F(r,H),
Qp
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where
(1827 M) =3 [ o) fisle) = gl

Let us remove the large constant

(18.28) Ak:/

Vw2 + / e () () — i (@) gip(2))de 4+ v F(W)
Qk\B(O,R) Qk\B(O,R)

from this; we get that

(18.29) Jp(v,H') — Ay = / IVv|* + M} (v) + ri" (F(rH) — F(W)),
B(0,R)

where

N
(18.30) M) =3 [ (P o) - ole)giao)lds

— JB(O,R)
Also, the special case when (v, H') = (uy, Wy) yields

B(0,R)

because ry W = W. We now estimate various terms. First observe that for = € B(0, R),
(18.32) Jur ()| = ri Hu(rz)| = rtfu(rer) —u(0)] < C
by (18.2), (18.3), and (18.5); similarly, uy is C-Lipschitz on B(0, R), so we easily get that
(18.33) | M. (ui)] < CLB(0, R)[(| fiklloo + g1kl lc) < Cr

by (18.19) and (18.4), and with a constant C' that does not depend on k.
Notice that we may assume that J (v, H) < J,(ug, Wy), because otherwise (18.24) is
satisfied for any oy > 0. This yields

(18.34) / Vv < Ju (v, H) + C < Joo (g, W) + c/ Vu 4+ 20 < ¢
B(0,R) B(0,R)

where our constants C' and C’ depend on the \; and R, but again not on k, and we used
again the fact that uy is C-Lipschitz. Recall also that the Sobolev function v — uy vanishes
outside of B(0, R), so the Poincaré inequality (3.7) yields

(18.35) / v —u|* < CRz/ V(v —wl?* <C
B(0,R

B(0,R
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hence [ 5 [v]* < C, by (18.32). Thus

(18.36) [Mi(v)] < (Il fiklloo + ||gz-,k||oo)/ (vl + V") < Cry.

B(O,R

Finally notice that H' coincides with W, outside of B(0, R), which implies that r,H' =
Wi = W outside of B(0,7,R). So we can apply (18.11), and we get that

(18.37) ry" (F(riH')—F(W)) = r,;"{ Z X[ HINB(0, ry R)|—[WiNB(0, ry R)|] +error}

with |error| < (rpR)"e(rgR). Since W; N B(0,7xR) = rx(W;x N B(0,R)) and rpH; N
B(0,r.R) = r(H! N B(0, R)) = ryH; by definition of H’, (18.37) is the same as

(18.38) r," (F(rH) — F(W)) = Z Ni[|Hy| — [Wie N B(0, R)|] + 1}, "error.
We may now put things together:

N
Jw(uk,Wk) — JOO(V,H) = / \Vuk|2 — ‘VVP — Z )\Z“HZ‘ — ‘Wz,k N B(O, R)H
B(0,R) i=1

/ Vug|® = [Vv]* = r," (F(rH') — F(W)) + 1, "error
B(0,R)

(18.39) = Ji(ug, W) — Jp(v,H') — M} () + My (v) + r; "error
< =M (ug) + My(v) 4+ r;"error < Cry + e(riR)

by (18.16), (18.29), (18.31), (18.25), (18.33), and (18.36). This proves (18.24), and we know
that Theorem 18.1 follows. |

Usually it does not hurt to treat all the balls B(0, R) at the same time, because extracting
a sequence from an original sequence {ry} so that (18.6) holds for every R > 0 is just as
easy, if we know that u is Lipschitz near 0 (as in (18.5)), as getting it for a single R. Here
is the corresponding statement.

Corollary 18.3 Let (u, W) € F and the sequence {ry} satisfy the assumptions of Theo-
rem 18.1 for each integer R > 0. Then the uy converge uniformly on compact subsets of R"
to a Lipschitz function U, : R* — RY | there is a measurable set Qo C R™ such that (18.8)
holds for every R > 0, and we can find disjoint sets W, oo C Qs with the following property.
Set Woo = (Wisos oo s Wio); then (Ua, W) lies in F(R", Q) and is a local minimizer
for Js in R™. In addition, (18.17) holds for all R > 0.

See the beginning of Section 17 for the definition F(R™ Q). The functional is still
defined as in (18.16), except that we would now integrate on R™; so, when we say that
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(Uoo, W) is a local minimizer for J, in R”, we mean as in (17.1), or rather (17.88) that if
(v,H) € F(R", Q) coincides with (us,, W) outside of a ball B(0, R), then

N
(18.40) / Vil + 3 M Wi 0 B0, )| g/ |w|2+ZMH N B0, R).
B(O,R) B(0

i=1 (0,R) i=1

We did not require directly the existence of a limit u., that works for all R, but it is easy
to see that if the uy converge in B(0, R) for every integer R, the limit does not depend on R.
This is our function u.,, and the fact that the convergence is uniform on compact subsets
of R™ follows easily from the fact that for each R, the uy, k large enough, are uniformly
Lipschitz by (18.5).

Proof. Compared to Theorem 18.1, there is just a small amount of new information here.
We already discussed the fact that the limit of the uy(x) does not depend on the radius R,
and that this limit is uniform on compact sets. We also need to say that, modulo sets of
measure 0, the limit set Q. on (18.8) does not depend on R either. It could be that if we
are too clumsy with the gluing of the various {2, the condition (18.9) does not hold any
more (on the whole R™). We do not need this to prove the corollary, and we could probably
easily fix this problem if it became an issue for some other question.

Finally, we also need to show that we can find a fixed W, that works for all R. One
way we can do this is to modify slightly our choice of W (starting a little above (17.18)).
Indeed the proof of (17.17) also yields that for Ax = B(0, R+ 1)\ B(0, R), R € N,

(1841) \Wi’ﬂAR\ < hIIllIlf“/VZ’]fJ ﬂAR|.
J—+o00

Then we extract a new subsequence {k;}, so that for each integer R, the limits [;p =
limy s oo [Wik, N Ag| exist (as in (17.17)), we still have an analogue of (17.20) in each
annulus, and this allows us to complete the W/, independently on each annulus, so that we
have a stronger form of (17.20) with |W; N Ag| = [; . With this construction, the restriction
of W to a given ball does not depend on R.

We could also use the fact that J,, has a special form to replace directly W’ with an
optimal choice, where we keep W; = W/ for all i, except perhaps for one iy for which
Aip 1s the smallest. If A\;; > 0 we still keep W;, = VVZ’O, but otherwise we take W;, =
w! )N [Qoo \ ( itio W/ )} Thls candidate works at least as well as our old one, and it is easy
to see that it does not depend on R (if we always choose the same ig). |

19 Blow-up limits with 2 phases

Our interest in the blow-up limits of our minimizers (u, W) comes from the fact that they
should be simpler to study, and their description should still provide useful information on
(u, W). We also intend to use the fact that since our blow-up limits are given by a more
standard Alt, Caffarelli, and Friedman formula, they were studied intensively and we can
use some of the results.
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In this Section we keep the same assumptions as in the previous one, add a minor regu-
larity property for {2 to make sure that we can apply Corollary 18.3, and study the blow-up
limits of u when we can find two different choices of pairs (i,¢), where i € [1, N] and € is a
sign, such that the functional ®(r) associated in Section 9 to the two functions (eu;)4 has a
nonzero limit when r tends to 0.

We will see that in this case, all the blow-up limits u,, of u at the origin are composed
of just two non-trivial affine functions defined on the two components of the complement of
some hyperplane H, and which vanish on H; the other components of u,, are null.

It will follow that O lies in the interior of €2, and that the other components of u are small
near the origin. See Corollary 19.4.

We will also see that in this case the natural free boundaries associated to u stay quite
close to hyperplanes in the small balls B(0,7). See Corollary 19.5. This is not such an
impressive regularity result, but we can get it without nondegeneracy assumptions like (15.1),
or the size of the ¢;(0) when F is given by (1.7) with functions ¢; that are nearly continuous
at 0 (as in (18.12)).

The main assumptions for this section are almost the same as for Corollary 18.3. We
consider a minimizer (u, W) for J and a sequence {r,} that tend to 0, we suppose that the
fi are nonnegative and bounded and the g; are bounded (as in (18.4)), that u(0) = 0, u is
Lipschitz near 0, and the uy, defined by (18.2) converge pointwise (or uniformly on compact
sets, this is the same) to a function u,, as in (18.3), (18.5), and (18.6), that we assume for
all R > 0.

We also systematically assume that the volume functional F' satisfies the regularity con-
dition (18.11).

When we want information for a specific blow-up limit of (u, W) at the origin, we shall
assume that that for each R > 0, there is a limit Q. = Q g, as in (18.8) and (18.10), and
that satisfies the weak regularity assumption (18.9). Then Corollary 18.3 will give a limiting
domain Q. (that does not depend on R, but this is not a surprise), and a N-uple W, such
that (uy, Wy) is a local minimizer for the functional J., in R", relative to Q. (i.e., in the
class F(R™, §)). We recall what this means near (18.40).

But for Corollary 19.4 we will need to know that for each sequence {ry} that tends to 0,
we can find a subsequence that satisfies the assumptions above. There is no problem with
the convergence of uyg, since u is Lipschitz near 0, but if € is too ugly near the origin, it
may be hard to find the Q2 r. For instance, the functions 1o, may converge weakly to the
constant 1/2. Let us give a condition which will prevent that.

Lemma 19.1 Suppose that there is a radius p > 0 and a constant 7 > 0 such that, for
x€dQNB(0,p) and 0 < r < p,

(19.1) |B(z,7)\ Q| > 1r"
and we can find y € B(x,r) such that

(19.2) dist (y, 0Q) > 77,
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Then for each sequence {ry} that tends to 0, we can find a subsequence and a measurable set
Qoo for which (18.8)-(18.10) hold for each R > 0.

It is amusing that we do not need to know on which side of 9€2 the point y lies. Of course
if we assume that dist (y,Q2) > 7r, we get (19.1) for free.

We included the lemma mostly for fun, and the the reader that would not be convinced
can skip and assume that  is a Lipschitz (or even C') domain near the origin; then the
existence of a good subsequence is really easy.

Proof. First we take a subsequence (which as usual we still denote by {ry}) for which the
boundaries 0€) of converge to a closed set Z locally in R", for the Hausdorff distance. This
just means that for each R > 0, the numbers dr tend to 0, where

(19.3) dp = sup { dist (z,0Q); z € Z} + sup { dist (w, Z) ; w € O},

and the existence of such a subsequence comes from the standard compactness property of
the Hausdorff distance.

Then we show that Z is porous. Let z € Z and r > 0 be given. Choose R such that
B(z,r) C B(0,R), and then k so large that dog < 7r/10 and 7R < p. Pick w € 09y such
that |w — z| < 7¢/10, and apply our second assumption to x = ryw € 92 N B(0, p) and
the radius rpr < p; this gives a point y € B(x,rgr) such that dist (y,9€2) > 7rir. Then
y' =, 'y lies in B(w,r) C B(z,2r) and dist (y/,0,) > 7r. Since dag < 77/10, we get that
dist (y/, Z) > 7r/2. Thus every ball B(z,2r) centered on Z contains a ball of radius 77/2
that does not meet Z, our definition of porous.

It follows that |Z] = 0 (if Z is porous, it cannot have a Lebesgue point of density). We
now need to say which part of R™\ Z lies in €, and which part lies in R™\ Q,, and for this
we shall extract a subsequence again. Let {y,}, j > 0, be a dense sequence in R™ \ Z, and
cover R™ \ Z by the balls B; = B(y;, dist (y;, Z)/2). For each j > 0, we define a sequence
{m;i}, k> 0. Set m;; =1 when B; C Qy, mj, = —1 when B; C R"\ Q, and m;;, =0
otherwise. Since dist (B;, Z) > 0, we get that B; N 0y, for k large, so m;; # 0 for k large.
We extract our new subsequence so that {m;,} has a limit [; for each j (which is therefore
either 1 or —1). Then we set Q, = szo;zjzl Bj and Qf = szo;lj:—l B;. Let us check that

(19.4) R™ \ Z is the disjoint union of Q. and QF.

Both sets are contained in R™\ Z because B; C R*\ Z for j > 0. If x € R"\ Z, then x € B,
for some j, and then z lies in the corresponding set. But if x € B; N B;, then for k large, B;
and B; are contained in € or R™ \ €, and this has to be the same set for both balls (the
set that contains x). So l; = [;, and our two sets are disjoint. So (19.4) holds.

Now we have a candidate (., and we just need to check (18.8)-(18.10). We start with
Let R > 0 and € > 0 be given, and choose a compact set K C B(0,R) \ Z such that
|K| > |B(0,R) \ Z| —e¢ = |B(0,R)| —e. Cover K by a finite number of balls B;, j € J.
Notice that for k large, B, is either contained in Qj (if [; = 1) or in R™ \ Q, (if {; = —1).
Now for each x € K, choose j € J such that x € B;;if [; = 1, then x € QN Q. If [; = —1,
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then z € (R™\ Q) NQF C (R \ Q) N (R™\ Q) (by (19.4)). That is K N Qy = K N,
and hence ||L1o., — 1o,||L1B0,R) < |B(0, R)\ K| < e. This holds for k large; (18.8) follows.
Next we want to deduce from (18.8) and (19.1) that

(19.5) |B(x,7) \ Qoo| > 727"r" for x € 00 and r > 0;

obviously (18.9) will follow (we even get some additional scale invariance).

Let x € 00, and r > 0 be given. Observe that x € Z, because otherwise x would lie
in one of the open balls B;, which cannot meet 02, because they are contained in €2, or
in OF C R"\ Q. For k large, we can find w € 9, such that |w — x| < r/2. Then (19.1),
applied to the ball B(ryw, rgr/2) (which is contained in B(0, p) for k large), says that

(19.6) Bz, r) \ Q| > |Bw,r/2)\ Q| = r"|Blriw, ror/2) \ Q| > 727",

But (18.8) says that |B(x, )\ Qs| = limy_ 1 |B(z,7) \ Q| so we take a limit in (19.6) and
get that |B(z,7) N \Q| > 727"r"; (19.5) and (18.9) follow.

For (18.10) we fix 0 < T < R and ¢ > 0, and show that for k large, §(k,T) :=
sup { dist (z, B(0, R) \ Q) ; 2 € B(0,T) \ Q4 }, < e. We may safely assume that e < R —T.
Pick x € B(0,T) \ €, and first assume that dist (z, Q) < €/2. Then dist (z,00) < /2
too, and if k is large enough (depending on € and R), we also get that dist (x, 0 ) < 2¢/3,
because Z is the limit of the 0. By (19.5) (applied to a small ball centered on Z N B(z, ),
Qo meets B(z,¢e), and dist (x, B(0, R) \ Q) < €, because x € B(0,7) and e < R —T.

When dist (z, ) > /2, we just say that

Qo N B(x,e/2)] = [N B(x,2/2) — [, — Lollzisom)
(19.7) = [B(z,¢/2)| = Lo, — Lo, llzis0,R) >0

if k£ is small enough (again depending on ¢ and R), then B(x,¢/2) meets 0, and we can
conclude as above. So 6(k,T") < e, and (18.10) follows.

Notice that our proof of (18.8) only uses the second condition (19.2), and that our proof
of (18.9) and (18.10) only uses the first one and (18.8). n

Return to the general case (without the assumptions of the lemma).

When u,, is the pointwise limit of a sequence {u;} as above (and this includes the
existence, for R > 0, of a limit Q, such that (18.8)-(18.10) hold) we shall say that it is a
regular blow-up limit of u (at the origin, associated to the sequence {r}); by a slight abuse
of notation (due to the fact that W, is not really determined by the sequence {r}), we also
say that (U, W) is a regular blow-up limit of (u, W). The reader should not worry, we
shall not use this terminology too much; we just want to insist on the fact that Lemma 19.2
below, for instance, only works for regular blow-up limits.

Our first result says that under the (other) assumptions above, the functionals ¢ intro-
duced in Section 9 are monotone, and their normalized versions for the u; go to the limit, so
that their analogues for u,, are constant on (0, +00), with the value L = lim,_,o ®(r). We
shall then study more carefully the case when L > 0, which is somewhat easier.
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Let us use again, and even expand slightly, the ugly notation of Section 9. The point is
that in the discussion below, the main objects will not be the functions u; themselves, but
their positive or negative part. Denote by I the set of pairs ¢ = (i,¢), where i € [1, N] as
usual, and € € {—1,+1} is a sign. For ¢ € I, we define the function v, by

(19.8) vo(x) = [eui(x)]+ = max(0, eu;(x)) € [0, +00) for z € R™.

We shall often refer ¢ as a phase, and to v, as a phase of u. Hopefully, the reader will not be
too disturbed by this additional notion, but otherwise the trick that we used for Lemma 10.2
can be applied here, to reduce to the situation where all the u; are required to be nonnegative,
and the notion of phase is useless (i.e., we could take I = [1, N]). Incidentally, the reader
may also want to remove from I the phases ¢ = (i,¢) for which we demanded that eu; <0
in the definition of F(Q2) (the class of admissible pairs). These phases will not really disturb,
but they are useless because v, = 0.
We want to take blow-up limits, so we set

(19.9) V() = 1 0 (1) = [euip(@)]+
for Kk > 0 and x € R" and, corresponding to k = 400,
(19.10) Vip oo = [EWi 00+

We shall now denote by ® the function that we defined in (9.4) in terms of v, with zy = 0.
That is, we set

1 Vu,|?
(19.11) @?0(7“) = —2/ Vo, | dx forr > 0.
T JB(o,r)

Notice that by (18.5) (our Lipschitz condition),

(19.12) Y (r) < ! / _C dr < C" for 0 < r < po.

T I 2

Also define the analogue of @g for K > 0 and k£ = oo, by

1 2
(19.13) Dy (1) = / Vosul”
B

r? Jpor |72
Lemma 19.2 For each r > 0,

(19.14) Pyoo(r) = lim @y p(r) = lim @ (rer).
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Proof. Fix » > 0 and for each € > 0, cut an integral as

Vo2 = |VUpool?
2@, 4 (r) — Dyoo(r)] = / [Vopsl® = [Vopoel]

B(0,r) || =2
[V, il + [ VUg 0ol n
< / ekl £ WWpoel (2 V042 = [Vopoel?]
v€B0r) || B(0,/)\B(0r)
1
(19.15) <c Ly / V0 l? — [Vopool’]
z€B(0,nr) || B(0,7)\B(0,nr)

because our functions are uniformly Lipschitz. The first term can be made as small as we
want, by choosing 7 small, and then the second term also, because (18.17) holds for every
R > 0, and says that Vo, ; converges to Vu, o in L*(B(0,7)). This is where we use the fact
that u., is a regular blow-up limit. This proves the first part of (19.14).

For the second part we just compute. By (19.9), (18.2), and (9.3), v,x(z) = 1 v, (re),
s0 Vu, k() = Vu,(ryx) and hence (setting y = rj2 in the integral)

1 v 2 1 v 2
(19.16) D, k(r) = —2/ Vo r(@) %’:g” dr = —2/ Vo )P _211¢(y)|2 rtdy = @g(rkr)
2 Jpor 17| 2 JB©mr) [Te Y™
for k > 0 and r > 0. Lemma 19.2 follows. [ |
We now come to the nearly monotone functional of Section 9. Pick two different indices

1,92 € I, and consider the product of the corresponding functions ®,. Our function ®
from (9.4) is now called

0 0 g0

(19.17) Dy = Py, O,

and we also set, for £ > 0 and k = oo

(19.18) Doy onk = Py 1 Py -

It was observed in the proof of Theorem 9.1 that the functions v, and wv,, satisfy the
assumptions of Theorem 1.3 in [C'JI{], and this was even the main ingredient in the proof.
Now we also know that u(0) = 0 (by (18.3)), and since u is Lipschitz near the origin (by
(18.5)), the additional size assumption in Theorem 1.6 of [C'JK] is satisfied. Then that
theorem says that the limit

(19.19) L1, pa) = lmm 09, (p) = lim @0, ()82, () exists.

It follows from Lemma 19.2 that the function @, o, o of (19.18) is constant, with
(19.20) Doy pp00(1) = L1, 2) for r > 0.

In this section we shall concentrate on the case when the limit L(pq, ¢s) is positive for
some choice of phases 1 # @s. This will be made easier, because the following theorem
gives a very good description of u,, when this happens. For this theorem we forget a
little minimizers and blow-up limits, and concentrate on pairs of harmonic functions with
essentially disjoint supports.
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Theorem 19.3 Let vy and vy be two nonnegative Lipschitz functions on R™ such that viv, =
0 everywhere, each vj is harmonic on the open set O; = {:5 € R"; vi(z) > 0}, and there is
a constant L > 0 such that

(19.21) Oy (r)Py(r) =L forr >0,

where we set

(19.22) o,(r) = l/ Vs

2 I 2"

Then there is a unit vector e € R™, and two positive constants a; and as, such that

(19.23) v1(z) = ay max(0, (x,e)) and vo(x) = as max(0, (x, —e)) for x € R".

Of course we shall use this when the two v; are phases of our blow-up limit u..; they are
harmonic because they minimize [ |Vuv;|? locally; see the proof of (9.6) with f; = ¢; = 0.

Proof. The fact that ®,(r)®y(r) is nondecreasing when v; and vy are nonnegative Lipschitz

functions such that v;v9 = 0 and v; is harmonic on O; was proved in | |, and we shall
follow their proof (Lemma 5.1 in | |), see where equality occurs in the argument, and try
to conclude from there. So we need to recall how the proof of | | goes.

We start with some notation. Set p(z) = |z| for x € R", and

()2
(19.24) A;(r) = r2;(r) z/ Mdfzz/ PV da
B(0,r) |I|n B(0,r)

for j =1,2. Set B, = B(0,7) and S, = 0B(0,r), and denote by o the surface measure on
S

Notice that S, N O; is not empty, because otherwise v; = 0 on S, hence also on B, (by
the maximum principle), and then ®;(r)®,(r) = 0 for r small; we excluded this in (19.21).
Now let 72a;(r) € (0,+00] be the square root of the Sobolev constant on S, N O;, i.e., the
smallest constant such that

(19.25) / lu|?do < rzozj(r)/ |V ul*do
SrNO; SrNO;

J

for a function u € W'?(S,) with compact support in S, N O;, and where V, denotes the
gradient on the sphere. This is the same thing as (5.4) in | |, except that we intend
to keep the dependence on r apparent, and we normalize a;(r) so that it is dimensionless.
Notice that a;(r) < 400 because the other domain meets S, so there is a nontrivial Sobolev
inequality. Naturally we want to apply (19.25) to the restriction of v; to S,, which in our
case even lies in W2(S,) for every r because it is Lipschitz. Of course it is not compactly
supported in S, N O;, but this is easy to fix, because v; is easy to approximate by such
functions (for instance, try u. = [v; —€]4), so we get (19.25) for v; as well.
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The proof will use the fact that

O
2/ PP VP < 27‘2_”/ ’Uj# + (n—2)r1_"/ 1)32»
i ™ p i

(19.26) 3—"/ 2 % 4 2)?]]2}
. = T _— n — —_—
s, L 7 dp r?
(see (5.2) in | ]). The reader may be surprised that this is only an inequality, but this

is because its proof uses the fact that Av; > 0 (as a distribution). Also, we only get it for
almost every r because some limit of integrals on thin annuli near S, is taken.

So we consider ®(r)®y(r) = r~1A;(r)As(r) and differentiate it. Here we do not even
care that ®,P, is the integral of its derivative; we know that the derivative is zero, and we
just need to compute it at almost every r. We get that

(19.27) 0 = —4r=3 Ay (1) Ag(r) + = AL (1) As(r) + 7~ AL (1) A) (7)
with,
(19.28) A(r) = /S P2V = TH/S Vo2

by (4.3). We divide by r=5A;(r)Ay(r) = r'L # 0 and get that

rAj(r) N rAy(r)

A(r) " As(r) =4

(19.29)

Then we evaluate each - T (( We choose numbers ;(r) € (0,1) such that

1 — B:(r)? .
(19.30) =807, _ g i)
a;(r) a;(r)
(see (5.4) in | ]; there is only one solution 3;(r) € (0,1), which is even computed seven
lines later in | |, but this is not the point yet). We write that
: v 1/2 1/2
Va(r) Js, ™ dp \/%( ) 572

by Cauchy-Schwarz, then use (19.25) to get that

wn L o)

and then use the fact that 2AB = A% + BQ, with
0 1/2
(19.33) / } “J and B = {/ 5j(r)2|vtvj|2} :
Sr

143




to get that
2B;(r) [ wv; Ov;

Vag(r) Js, T odp

We use (19.25) a second time, to say that

(19.35) 1_%7“()7“ / 5 _/ (1 — 8;(r))| Vs,

and then we add this to (19.34) to get that

a .
(19.34) <9AB< A1 B = / AR GRS

26,(r) [ e, 1- B [ 0P o
(19.36) ) Js, T dp P / 2 < f Vel =)

by (19.29). Because of (19.30), the left-hand side is equal to

p;(r) wovy Bi(r)  nsy
(19.37) NG [2T =) 2} NGl A(r),
where the last part comes from(19.26). Thus
(19.38) Q%Aj(r) < rAi(r).
Hence
039 A0y B0 )

Ay (r) As(r) = Joy(r) Voa;(r '

Then we compute the constants, and find out that

(19.40) 5 _ o,

a;(r)

where the numbers v;(r) are defined by

1
19.41 j j —2) =
(19.41) () ((r) +n = 2) )
see (5.8) and (5.9) in | ], and observe again that these numbers are dimensionless. Now

the situation is that for all choices of disjoint domains O; and O, that intersect the sphere,
the numbers 7;(r) are such that

(19.42) Y1(r) +72(r) > 2,
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from which | ] deduces that = ( ;+i E:;

that ®,;®, is nondecreasing. ThlS is roughly how one proceeds in | ].

2}8 + iég:; =4 (by (19.40)), so all the
inequalities above are in fact identities (the quantities in play are all positive), and we need
to derive information from that.

The fastest route would use an unpublished paper of W. Beckner, C. Kenig, and J. Pipher
[ | which says that when (1) +72(r) = 2, the two domains O, NS, are complementary
hemispheres. This helps greatly, but let us see what we can get easily.

Because we have equality in (19.31) (Cauchy-Schwarz), we get that the two functions -2

> 4 and (returning to variable r and integrating)

and % are proportional. That is, there is a constant ¢;(r) such that
P

Jv; v;
(19.43) 8—,0] = cj(r)f on O;NS,.
We don’t need to say almost everywhere, because both functions are smooth on O;, and we
know that 0 < ¢;j(r) < 400 because otherwise the left-hand side of (19.31) would not be
positive like the right-hand side. We can even compute ¢;(r); indeed (19.32) is an equality,
and A = B in (19.33) (because (19.34) is an equality), so

(19.44) \5%{/5 T2}1/2 B A /}8% 1/2

and hence ¢;(r) = \/B’—(’% = 7;(r) (by (19.40)). Notice that (19.43) holds for almost every
OCJ T
r > 0; let us use this to check that

(19.45) O; is a cone.

Pick = € O, write = 1€ for some £ € Sy, and consider h(r) = log(v;(r€)); we know that
h is defined and locally Lipschitz as long as r € O;, and (19.43) yields h'(r) = r~'¢;(r) =
r~1v;(r) almost everywhere. Since 7;(r) < 2, we get that h(r) > h(ro)| — 2|log(r/r0)| as
long as ¢ € O;. This gives a lower bound for v;(r§) and proves that in fact 7€ € O; for all
r > 0; (19.45) follows.

By (19.45), the numbers «a;(r), and then §;(r) and v;(r), do not depend on r. Then
we can solve the differential equation (19.43), and we get that v;(tz) = tVv;(z) for x € O;
and ¢t > 0. Since v; is Lipschitz near the origin and V,v; # 0 somewhere, v; < 1. Since
NMtr=2,n=r=1

Now we really need some information on Sobolev constants, and we shall use results from
[B7] (that are in fact a little posterior to | |). Fix a pole in zy € Sy, and denote by I';
the spherical cap centered at zp (meaning, the intersection S; N B, where B is a ball centered
at zp) such that o(I';) = o(O; N S1). Denote by o and v; the constants associated to I'; as
above. Then Theorem 5.1 on page 175 of [B7], with A(t) = 2, says the following things.
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First, if u € W2(S]) and u* denotes its symmetric rearrangement, then u* € W12(S))
and

(19.46) /|Vtu*|2§/ IV ul?.
ST S’l‘

Notice that if u is compactly supported in O; NSy, then u* is compactly supported in I';
since [ [u*]* = [ |ul? the definition (19.25) says that o < aj, and then 7 > 7; = 1 by
(19.41).

It is easy to check that o is a (strictly) decreasing function of (the volume of) I';, hence
7j is increasing. Also, 77 = 1 when I'; is a hemisphere (see later), hence o(I';) > o(S1)/2.
But o(I';) = 0(0O; N'S;) and the O; are disjoint, so o(I';) = o(O; N Sy) = 1 for both j,
v =7; =1, and a; = .

Notice that [ [v;|* = a; [ [Viv;]? because (19.35) is an equality for almost every r and
v is homogeneous of degree 1, hence by (19.46) and (19.25) for I';,

(19.47) Vou*|? < |Vul* = aj_l lv;|? = aj_l |v;|2 < aj_loz;/ |V ou* |
S, S, Si S1 S,

*

we know that a; = aj, so (19.25) is an equality for v;. So v is a Sobolev minimizer in a
half sphere. It is well known that then v} is a first eigenfunction for the Laplacian on the
sphere, and (because we can use a symmetry argument to reduce to the sphere) that it is
the restriction to Sy of an affine function. This is also how one computes that v; = 1.

Return to Theorem 5.1 of [B37]; its most important part is that its says that since (19.46)
is an equality for v;, v; is of the form v} o R, where R is a rotation. There are just two
assumptions to check: first, that A(t) is increasing (this is trivial because A(t) = t?), and
also that

(19.48) [{z € S1; v{(x) >0 and Vi = 0} =0,

which holds because v} comes from an affine function. So Brothers and Ziemer’s theorem
applies and says that both v; are also equal to affine functions on the sphere; we easily deduce
the representation formula (19.23) for the v; from this, because they are homogeneous of
degree 1, and Theorem 19.3 follows. |

Let us now return to our minimizer (u, W) and its regular blow-up limits. As was
said above, if u,, is as in the beginning of the section and we can find different indices
@1, 2 € I such that L(p1, ) > 0in (19.20), the corresponding functions v; = v, o satisfy
the hypotheses of Theorem 19.3 (because they are harmonic, see (9.6)), and so they are
described by (19.23).

Because of this, all the other functions v, ., ¢ # ¢1, @2 are null because, by definition
of the class F(R", (), they vanish almost everywhere on the sets where v, o > 0.

But Corollary 18.3 also says that (us, W4) is a minimizer for the functional J.,, which
means that (18.40) holds for all competitors of (u.,, W) in a ball B(0,R). We could
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simplify this and write it in terms of the single function v = v; — vy and usual Alt, Caffarelli,
and Friedman minimizers in R™, but let us not do this for the moment. Write p; = (i1,¢1)
and o = (i2,£2). We claim that because of this additional minimality property (where we
may move the free boundary),

(19.49) al — a3 =N, — \iy-
This can be proved easily, with a computations of first variation where we modify v; — vs.
The proof is classical, but we shall do it (later) for the convenience of the reader. See near
(22.10) We can also check whether making v; = vy = 0 near the separating hyperplane
would make things better, and the first variation computation for this gives the additional
constraints that

(19.50) a? > N, —min(0,Ay,..., Ay) and a3 > \;, — min(0, Ay, ..., Ay).
See near (22.12), and notice that most often all the \; are nonnegative, so we get the simpler

relations a? >\,
There is another relation, which is more a matter of definitions:

L(<p17¢2> = (I)AOMDQ,OO(l):(I)somoo(l)q)wl,oo(l)
_ {/ |WMM®W}{/ \me@W}
By T[T By T[T

2
(19.51) ::m”{/ P"}:@@a& _”M@wmm|
B(0,1)

by (19.20), (19.18), (19.16), and (19.23). So we can always compute a; and as, if we know
L(p1,p2) and the \;.

Let us gather a few easy consequences of this discussion on the minimizer (u, W) itself.

In the next statement, a blow-up limit of u is any function u., such that u,(z) =
limy,_ 4 oo r,;lu(rkx) for z € R™, for some sequence {r;} that tends to 0. Since u is assumed
to be Lipschitz near 0, such limits exist and the convergence is uniform on compact sets of
R™. We won’t need to say that u,, is a regular blow-up limit, because this will follow from
the assumptions of Lemma 19.1.

Corollary 19.4 Let (u, W) be a minimizer for J. Suppose that u satisfies (18.3) and
(18.5) that the f; and g; satisfy (18.4), that the domain S satisfies the two assumptions
of Lemma 19.1, and that F satisfies (18.11). Suppose in addition that there are phases
01 = (i1,e1) € I and py = (iz,&2) € I\ {1} such that

. 1 Vo, |? Vv, |?
(19.52) L(p1,2) = hm @gl(p)quQ(p) = lim {_/ | ¢_| / | soi| } 20
B(0,p B(0,p

o Lo 1872 S ol

(see (19.19) and (19.11)). Then
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(i) For each blow-up limit Uy, of u at 0, the functions v; = vy, oo = €Uy, 00]+ take the form
giwen by (19.23), with constants a; > 0 such that (19.49), (19.50), and (19.51) hold, and all
the other components vy oo, ¢ € I\ {1, P2}, of Us are null.

(ii) For each ¢ € I\ {¢1, 2},

2
(19.53) lim ®7 (p) := lim i/ [V, =0.
B

p—0 p—0 p2 0.p) |x‘”—2
(iii) the origin is an interior point of .

In (i), the coefficients a; in the description (19.23) do not depend on the blow-up sequence
{rr} because they can be computed in terms of L(p1,p2) and the );, but in principle the
unit vector e does. Unless we prove a better regularity result for u near 0.

Also, (iii) only says that 0 € int(€2) under our assumptions, which includes some weak
regularity assumptions on €. Probably (19.52) can happen when 2 has an inward cusp at
0, with a free boundary that continues in €2 in the direction of the cusp.

Proof. We included the assumptions of Lemma 19.1 to make sure that when u,, is a blow-
up limit associated to any sequence {r;} that tends to 0, the assumptions of the beginning
of this section (we were missing the conditions on ) are satisfied for some subsequence.
Then (i) is a consequence of the discussion above.

Suppose that (19.53) fails for some ¢ € I\ {¢1, 2}, and choose a sequence {ry} such
that
(19.54) lim ®°(r;) = limsup @&(p) > 0.

k—+oo 7 k—o0

Then use Lemma 19.1 to replace {ry} with a subsequence that satisfies the assumptions at
the beginning of this section. Of course u., stays the same for this subsequence, and (i)
gives two nontrivial components v, o, of u. Notice that

liminfs_ o [®° (ry)P° (r
hmlnfCDO (’l"k) D ' k— [ 4,01( k) 4p2( k)i|
k—+oo P! lim sup,_, o @gz(rk)

L(SolaSOQ)
lim supy,_, cbgz(rk)

(19.55) > O L(p1,02) >0

by (19.52) and (19.12), so

Lig.or) = Tmal(p)al, (p) = Tim @0(r)a, (ry)

p—0
(19.56) > C7'L(gp1, ¢2) liiri)sup (IDZ(p) >0
by (19.19), (19.54), and (19.55). Then the component v, o, of U is also given by a formula
like (19.23), which is impossible because the other two don’t leave any room for its support.

This proves (ii).
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Finally suppose that 0 is an interior point of 9€2. Then Lemma 19.1 gives a limiting
domain €., such that in particular |B(z,r) \ Q| > 0 for every ball B(x,r) centered on
00; see (19.5). But uy, = 0 almost everywhere on R"™ \ Q,, by definition of F(R", Q)
(see the lines above Lemma 19.1, and the first lines of Section 17. This contradicts that
description (19.23) of the v, o, proves (iii), and completes the proof of Corollary 19.4. B

We can find sufficient conditions for the condition (19.52) to hold. The main one will
use good domains and the nondegeneracy condition of Section 15, and we shall discuss it in
Section 21. Let us just say now that if

. . 0
(19.57) hrpn_gonf P, (p) >0
for 7 = 1,2 (and u is Lipschitz near 0), then (19.52) holds because we already knew from
(19.19) that the limit of the product exits. In general, if we merely assume that
(19.58) limsup @7 (p) > 0,

p—0 ’
this should not be enough to conclude. A priori it can happen that v, is dormant at some
scales (i.e., Vv, is very small), and revives at smaller scales, but never at the same time as

for the other phase s; then L(y1,p2) may be null, and we won’t find a blow-up sequence
that would show both phases.

The following proposition can be seen as a weak regularity result for the free boundaries
associated to phases that satisfy the conditions of Corollary 19.4. Set

(19.59) Q, = {z € R"; vy(z) >0} = {z € R"; eu;(z) > 0}

for ¢ = (i,¢) € I. Then let p; and ¢y € I be as in Corollary 19.4; we want to measure the
flatness of 0, U 02, in small balls B(0,r).

Proposition 19.5 Let (u, W) and the pairs @1 and oo € I satisfy the hypotheses of Corol-
lary 19.4. Then there exists numbers B(r) € [0,1] such that

(19.60) lim B(r) = 0

r—0

and, for r >0, a unit vector e = e(r) such that

(19.61) Vg, () >0 for x € B(0,r) such that (x,e(r)) > B(r)r,

(19.62) Vp, () >0 for x € B(0,r) such that (x,e(r)) < —p(r)r,

(19.63) (090, UO,) N B(0,7) C {z € B(z,r); |[(z,e(r))| < B(r)r},

and

(19.64) QN B(0,7) C {z € Bla,r); [(x,e(r))| < B(r)r} for o € I\ {p1, 91}
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Thus all the action is on the thin band where |(x,e(r))| < S(r)r. There may be a lot
of action though, because if volume for the other W; is cheap, lots of them may find it
convenient to squat some of that band. Even when we assume that all the regions are good,
there may be a part of the band that lies on Q \ U;W;.

As for the blow-up limits, we do not know whether the direction e(r) really depends on
r, but by lack of a better regularity theorem (which may be hard with the present degree of
generality), we have to assume that it does.

Proof. Let us first observe that Q,, N, = (), by definition if F if i; # 45 and by definition
of v, otherwise. So (19.63) is an immediate consequence of (19.61) and (19.62). Similarly,
Q, does not meet the Q, and (19.64) follows from (19.61) and (19.62).

Notice also that (19.61) and (19.62) are trivial when S(r) = 1, so the point is to show
that we may make it tend to 0.

We shall prove the proposition by contradiction and compactness. Suppose that we
cannot find the f(r) and e(r) as above; then we can find a positive number o > 0, and a
sequence {r} that tends to 0, with the following property. For each k, there is no choice of
a unit vector e such that (19.61) and (19.62) hold with r = r; and B(r) = «a.

Extract from {7} a subsequence for which the assumptions of Corollary 18.3 are satisfied;
we have seen at the beginning of the proof of Corollary 19.4 that Lemma 19.1 allow us to
do this. Then we get a blow-up limit u,, associated to our subsequence, which admits the
description of (19.23). This gives a unit vector e, which we may try in (19.61) and (19.62).
By definition of {ry}, this does not work well, so we get a point z; € B(0,7,) such that

(19.65) (xk,e(r)) > ary but v, (r;) =0,
or (a point x, € B(0,r) such that)
(19.66) (zp,e(r)) < —ar, but vy, (xx) = 0.

We extract a new subsequence so that we get (19.65) for all k, or we get (19.65) for all k,
and in addition y;, = r; 'z, has a limit y., € B(0,1).

Suppose for instance that (19.65) holds for all k. Then vy, x(yx) = 14 Ve, (Tryr) 7y g, (T4) =
0 by (19.9), and

(19.67) ‘Uso1700(3/00>| < ‘%1,00(%0) - Usomk(yw)‘ + ‘er17k(3/00> - Ugohk(yk”-

The first term tends to 0 because v, ~ is the limit of the vy, 5 in R", and the second term
because the v, ; are uniformly Lipschitz and y, tends to ys. S0 Uy, (¥ys) = 0. But
(yr, e(r)) = ri N {zp, e(r)) > a by (19.65), 80 (Yoo, €(1)) > av, which contradicts (19.23) (recall
that we set v; = v, o there). The case when (19.66) holds for all & would be treated the
same way, and Proposition 19.5 follows from the contradiction. |
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20 Blow-up limits with one phase

In this section we keep the same general assumptions as in Section 19 and study the blow-up
limits of u when all the limits L(¢1, @2) of (19.19) are null, but, say

1 2
(20.1) limsup @Y ; (r) := lim sup —2/ N dx > 0.
B(

r—0 r—0 T 0,r) ‘x|n_2
In fact, we shall rapidly assume that F' is Lipschitz and ¢ = 1 is a good index, i.e., that

(20.2) (10.2) holds and there exists A > 0 and € > 0 such that (15.1) holds.

The two go together because we want to apply Proposition 16.1, for instance. At this stage,
this is not so much to assume, because we shall see that if (20.1) holds and 0 is an interior
point of 2, then

(203) )\1 > l'Ilil'l(O, )\2, ey )\N),

where the \; are as in our assumption (18.11). In this case, (20.2) just amounts to requiring
a little bit more regularity on F' than we do in (18.11).

Then, if 0 is an interior point of €2, or at least €2 looks enough like cones near 0, we shall
be able to show that some blow-up limits u,, of u; at the origin are nontrivial, one-phase
minimizers of the standard Alt, Caffarelli, and Friedman functional (in R™ or in a cone),
that are also homogeneous of degree 1. See Theorem 20.2 below. When n < 3 and the cone
is R", it was proved in | | that the first coordinate of such functions us, is of the form
u(x) = a(xr)y = max(a(x),0), where a is affine, so this will give a good description of the
corresponding blow-up limits of u at 0 when n < 3 and 0 is an interior point of 2. See
Corollary 20.3.

The main ingredient for this section is a functional introduced by G. S. Weiss [\We], its
monotonicity properties, and what happens when it is constant.

We shall try to add assumptions as they are used. The initial assumptions for this section
are, as for most of Section 20, that

(20.4) u satisfies (18.3) and (18.5), the f; and g; satisfy (18.4), F' satisfies (18.11),

(20.5) the domain (2 satisfies the two assumptions of Lemma 19.1,

but for the main result we shall assume that 0 is an interior point of €2, in which case the
issue does not arise. We also assume that

(20.6) L(p1,p2) := lim (IDO% (p)@&z(p) =0 forg; €l and p; € I\ {p1}
p—0

(see the definitions (19.19) and (19.11)), and (20.1) or (20.2).
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Let us define the Weiss functional associated to u; . Set v = uy 4+ = max(0,u;) and
Q1 = {& € R"; uy(z) > 0} to save notation, and then define ¥ by

U(r) = r‘”/ |Vv|2+r‘”)\1|QlﬂB(O,r)\—][ tl—”/
B(0,r) 0<t<r 9B(0,t)

1 0
(20.7) - 7“_”/ Vo2 + 77"\ Q1 N B0, 7)] ——/ P e
B(0,r) B(0,r)

2
@‘ dodt
dp

2
. d—p(a:)‘ dx

for 0 < r < py (where py comes from our Lipschitz assumption (18.5)). Here A\; comes from
(18.11) and 3—; denotes the radial derivative of u (also written (Vu,v) in [We]), and there
is no convergence problem for the integrals, since u is Lipschitz near 0. This is the same
function as p on page 319 of [We], with Q(0) = A;.

Next let u,, be any blow-up limit of u at 0. That is, assume that there is a sequence
{rx} that tends to 0, such that u.(x) = limg_, r,;lu(rk:z) on R"™. As usual, set

(20.8) vp(z) = rp w(rpe) = ry g (rpr)] o for @ € R™,
(209) vef) = [ (@))1 = Jim_r"o(rsa)

for z € R™, and
(20.10) Qi = {z €R"; vy(x) >0} for k>0 and k = +oc.
We shall soon use the limit Weiss function ¥, defined on (0, 4+00) by

OVso

v () }2dzv

r

1
(20.11) W (r) = 7“_"/ |VUso? 4+ 77" A1 |Q1.00 N B(0,7)] — —/ ||t
B(0,r) B(0,r)

but let us first talk about the minimizing properties of u.

Because of Lemma 19.1, we can replace {r;} with some subsequence for which (18.8)-
(18.10) hold, and the we can apply Corollary 18.3. Thus there is a domain €, and a N-uple
W, such that

(20.12) (U, W) is a local minimizer for Jo, in F(R", Qy);
see near (18.40) for the definitions. We claim that because of (20.6)
(20.13) Uloo > 0 and u; o =0 for i > 2

if we chose {7y} such that

(20.14) lim inf @, (ry) > 0.

k——4o00

Of course we can find a sequence like this, by (20.1). And indeed, suppose that (20.14) holds.
Set 1 = (1,1) and let ¢ € I'\ {1} be given. By (20.14), liminf;_, o Y, (rxR) > 0 for each
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R > 1 as well (just because @) | (r.R) > R72® | (r},) by (19.11)); by (20.6), ®Y (rxR)® (1 R)
tends to 0, so ®) (rxR) tends to 0, and then Lemma 19.2 says that

(20.15) Ppoo(R) = lim @F(reR) = 0.
Then Vo, = 0 almost everywhere, and (20.13) follows.

Next we check that (20.3) holds if 0 is an interior point of ). Suppose not. Choose a
sequence {7} such that (20.14) holds, and then use Lemma 19.1 to get a subsequence such
that Corollary 18.3 applies, so that we get a local minimizer (1., W) as in (20.12). Notice
that here O, = R". Set ¢ = (1,1), and notice that @, (1) = limg_ 40 P(rx) > 0 by
Lemma 19.2, s0 1 o, > 0 somewhere.

We build a competitor for (U, Ws). Pick a ball B = B(0,r) such that u; . > 0
somewhere on 0B, then denote by u} the harmonic extension to B of the restriction of u; o
to 0B(0,r). Keep u} = u1 o on R"\ B, and also set u; = 0 fori > 2. Also set W = W, UB
and W = W, UB for i > 2. It is easy to see that (u*, W*) € F(R", Q) (because
Qs = R™ and by (20.13)). So (18.40) holds, even with R = r. Since >, N\;|Wf N B| =
M|B| < Y7, Ai|Wi s N Bl because (20.3) fails, we do not lose anything on the volume term,
and (18.40) yields [, |[Vui | < [5|Vui>. But u} is the only minimizer of [, |Vu|? with
the given boundary values on 0B, s0 u1 o = u} on B. This is not possible, because u(0) =0
and u3(0) > 0 (recall that u; o > 0 by (20.13), and that it is positive somewhere on 0B).

When 0 lies on the boundary, it is harder to say much; €2; may fill the entire region €2, be
harmonic (or satisfy the equation (9.4)) there, and naturally vanish at the boundary because
this was our initial constraint. In this case, (20.1) seems to reflect more on the shape of the
boundary than on the \;. But even in this case we shall decide to assume (20.2).

We return to the Weiss functional of (20.7) and (20.11) and prove that it goes to the
limit.

Lemma 20.1 Let uy, be a blow-up limit of u at 0, associated to the sequence {ry}. Suppose,
in addition to (20.4) and (20.5), that (20.2) holds. Then, maybe after replacing {ry} by some
subsequence,

(20.16) Uoo(r)= lim W(rgr) forr >0.

k——+o00

Proof. Because of Lemma 19.1, we can replace {r;} with some subsequence for which
(18.8)-(18.10) hold, and then we can apply Corollary 18.3. We get that there is a domain
s and a N-uple W, such that (20.12) holds, but this is not what we care about here, we
just need to know that for r» > 0,

(20.17) Ve = lim Vu, in L*(B(0,7)),

k—+o00
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as in (18.17). Then

r‘”/ |Vue|* = lim r‘”/ |Vup(z)*dr = lim 7"_"/ (Vo(ryz)Pdx
B(0,r) k—+o0 B(0,r) k—+o0 B(0,r)
(20.18) = lim (Vou(y)dy

k=400 J B(0,ryr)

by (20.8) and a change of variable, and similarly, for each small ¢ > 0,

1 Moo 1 _ 10 2
—/ ||t L(x)’ dr = lim —/ || ﬂ(:B)‘ dx
T JB(0,r)\B(0,e) dp k=400 T J B(0,r)\B(0,¢) dp
1 0 2
= lim —/ || —U(rkx)} dz
k=400 T | B(0.1)\B(0,e) dp
1 0 2
(20.19) = lim — / 2 %Y ()| da
k=400 kT | B0,k r)\B(0,rpe) dp

The small missing pieces are estimated with the Lipschitz norms, i.e.,

1 Ovss, 2. _C C
(20.20) o e e N
T JB(0,e) dp " JB(0e) r
and
1 v, 2, C C
(20.21) — 21" d—”(x)) dr < — i < 25
TET JB(0,rye) P TET JB(0,rpe) r

Thus the last term of the functional ¥ goes to the limit too, and the lemma will follow as
soon as we prove that

(20.22) "M\ 00 N B0, 7)| = khrf (rer) 7" A1 0 B(0, rgr)].
—+00

This is where the nondegeneracy assumption (20.2) will be useful. Set € = rk_lﬂl =
{x; v > O} and simplify (20.22); we just need to check that

(20.23) QN B0,7)| = lim |20 B0,7).
k—+o00

If v € Q) oNB(0,r), then vy (x) > 0, hence vi(x) > 0 for k large, and x € 4y , N B(0, r) for
k large. So 1, np(o,) < liminfy, 1o, B, and by Fatou

(20.24) 11,00 N B(0,7)] < lliminf 1. N B(0,r)].
—+00

Next set e, = ||voe — Vk||zo(B(0,r)) and

(20.25) Or = {2 € B(0,7); 0 < v(z) < 24}
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By definition, €, N B(0,7) C 4 o U Oy; if we prove that

(20.26) Jim O] =0,

we will get that

(20.27) limsup |2y, N B(0,7)| < |Q1.00 N B(0,7)| + limsup |Ok| = |21.00 N B(0,7)],

k——~4o00 k——+o0

and (20.23) and the lemma will follow.
Let us first use Theorem 15.3 to show that for k large,

(20.28) O C Ay :={y € B(0,r); dist (y,00 ) < Cey}.

Pick any = € Qy N B(0, po/2), where pg is still such that u is Lipschitz on B(0, pg). Set
d(z) = dist (z,R"\ ;) as in (15.39). Since u(0) = 0, we get that §(z) < py/2, hence u is
Lipschitz on B(z,0(x)/2). The other assumptions of Theorem 15.3 follow from (20.2) and
(20.4), so (15.40) holds. That is,

(20.29) uy(x) > esmin(6(x), ™, 1) for z € B(0, py/2),

where ¢ is a constant that comes from (15.1). Set y = 7} 'z; this yields that for y €
O N B(0, 7 po/2),

(20.30) ve(y) = 1 o(rey) = 1w (ry) = () > eyt min(S(rry), gt/m 1)
(by (20.8) and because u;(ry)). If k is large enough, this holds for y € Q ;, N B(0,7), and
in addition 6(ryy) = dist (ry, R* \ 1) < |rpy| < min(e'/", 1). That is,

(20.31) ve(y) > esry tdist (rry, R™\ ) = csdist (y, R™ \ Q1.4)

for y € Q1 N B(0,r); (20.28) follows because y € Q1 and v (y) < 2e when y € O.

Now we shall use the uniform local Ahlfors regularity of the 02 to estimate |Ax|. Let us
apply Proposition 16.1 to some the ball By = B(0, 1), where ry is chosen small so that the
assumptions of the proposition are satisfied. Notice that we did not forget to add (10.2) in
(20.2). We get a measure p such that the local Ahlfors regularity condition (16.6) is satisfied
for all balls B centered on d§2; such that 2B C By. Set py(A) =, "u(riA) for Borel sets
A (to preserve the homogeneity); then by (16.6)

(20.32) Cr'p"™" < u(B(y. p)) = r, " w(B(rey, rip)) < Crp™™!
for y € 00, = r;,'0Q and p > 0 such that B(y,2p) C B(0,r; 'rg). For k large enough,

this includes all the balls B(y, p) such that y € 0 N B(0,2r) and 0 < p < 3r. We shall
gladly restrict to such k.
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For each t € (0,7), denote by Y}, a subset of 92, N B(0, 2r), whose points lie at distances
at least ¢ from each other, and which is maximal with this property. The number of points
of Y, is easy to estimate, as

Wir < O By, 1) <Ot | Bly.t))

YEY 1 YEYy

(20.33) < Ot up(B(0,3r)) < Ct'—mpn !
by (20.32) and because the balls have bounded overlap. We apply this with ¢ = Cey, where
C'is as in (20.28), notice that the balls B(y, 2t), y € Y+, cover A, and deduce from (20.28)
that

(20.34) O] < Al < D IB(y, 2t)| < Ct"4Ys, < Ctr™ ™' = Cepr™™!

YEY ¢

for k large; Since g5 tends to 0 because the vy converge to v uniformly in B(0, ), (20.26),
then (20.23) and Lemma 20.1, follow. H

The next stage is to apply the monotonicity argument. The wiser thing to do would
probably be to restrict to the case when 0 is an interior point of €2, but we shall try to
include boundary points for some time. We shall assume that

(20.35) each limit set (2o, that can be obtained from 2 by applying Lemma 19.1 to
' a sequence {r} that tend to 0 is equal a.e. to an open cone centered at 0;

this is not very explicit because we did not really choose our notion of convergence for the
domains, but fairly weak conditions of approximation of {2 by cones at 0 would imply this.

Theorem 20.2 Assume that 0 € 9Q; = 9{z € R"; () > 0}, and that (20.2), (20.4),
(20.5), (20.6), and (20.35) hold. Then there is a sequence {ry} that tend to 0 such that the
blow-up limit v defined by {ry} exists, is non trivial, gives a minimizer of Jo as in (20.12),
and is homogeneous of degree 1.

By “exists”, we would just mean that the r~*u(r,z) have a limit, but (20.12) asks for
more anyway (a domain {2, and a partner W). Since all the components other than
(u1,00)+ vanish by (20.13), by nontrivial we just mean that u; o (z) > 0 somewhere.

Note that when 0 € 02, the assumptions of Theorem 20.2 put a nontrivial restriction
on the shape of €2 near 0, because the limit cone {2, needs to be large enough to host a
subdomain €); o, and a nontrivial positive harmonic function on € o, that vanishes on the
boundary and is homogeneous of degree 1. For instance, if 02 is flat at 0, Q, is a half
space, and there is just enough room to put such a harmonic function on §2.,. In this case,
we could prove that (u; o)+ coincides with an affine function on 2. The point is that the
Poincaré constant for € .. N 0B(0,1) is at least as small as for a half sphere, which gives a
control on the first eigenvalue of the Laplacian on € .oNIB(0, 1), and then on the existence
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of homogeneous harmonic functions on €2; .; we would get that the Poincaré constant is the
same as for the half sphere, then that €, .o N 9B(0,1) is a half sphere, 2 o is a half space,
and (uy )+ is affine on O o = Q.

Proof. Let us first check that (20.1) follows from (20.2). We claim that (15.1) and (20.4)
even imply that

1 2
(20.36) liminf 9 | (r) = lim inf — / M dx > 0,
B(0,r)

r—0 r—0 7’2

where the first part comes from the definition (19.11). Indeed if 0 € 9€; and (15.1) holds,
Theorem 15.2 applies to B(0,r) for r small, and says that

(20.37) lim inf][ |Vuy 4 |* > c3
B(0,r)

r—0

for some constant c3 > 0. But

@(l)l(r) _ i/ |VU1,+|2 d$> i/ |VU17+|2
’ 72 Jpos |2["? 2 SBT3

nn—2 nn—2
> Vel = Z{ [ w90
r B(0,r)\B(0,nr) r B(0,r) B(0,nr)
n—2
(20.38) > 77n / Vup > —Cn" 2 > ¢
r B(0,r)

for r small if we choose 17 > 0 small enough, depending on c3 and the Lipschitz constant in
(18.5). This proves (20.36).
Now we select a first sequence. Notice that our function ¥ from (20.7) is bounded, so

(20.39) L = limsup ¥(p)

p—0

is finite. We choose {7}, tending to 0, such that

(20.40) lim U(r) = L.

k——+o00

Then we find a subsequence for which we can apply Corollary 18.3; this gives a domain 2,
and a pair (us, W) that satisfies (20.12). By Lemma 20.1,

(20.41) Uo(l)= lim U(rpr) =L and VY (r)= lim Y(ryr) < L for r > 0.
k—+o00 k——+o00

Now we want to use the proof of Theorem 1.2 in [We] to show that

(20.42) U, is a nondecreasing function on (0, 400).
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There are a few differences with his statement and the present situation that we need to
discuss. First we need to modify a little our definition of minimizer for J.. Set w = u; .
We know from (20.13) that w > 0 and all the other components are null. Let @) > 0 be
defined by

(20.43) Q* = [\ —min(0, A, ..., An)] , -

Thus ¢ > 0 when (20.3) holds and @ = 0 otherwise. It turns out that the assumptions
(15.1) and (18.11) imply (20.3), so @ > 0, but we do not need to know this for the moment.
We claim that w is a one-phase ACF minimizer in ., with coefficient Q?, and we mean

by this that if w* € W,2?(R") is such that w* = 0 almost everywhere on R"\ Q, and there

loc
is a ball B such that w* = w almost everywhere on R™ \ B, then

(20.44) /B\Vw\2 +@Q*|{z € B; w(z) > 0}| < /B IVw*|* + Q*[{z € B; w*(z) > 0}|.

The verification is easy. Given a competitor w* for w, we construct a competitor for
(U, W), use the minimality of this pair, and conclude. That is, we observe that w?
is at least as good as w*, take u] = w’ and keep u; = 0 for i > 2. We keep W* = W on
R"™\ B, and on B we distinguish cases. If () > 0 and min(0, Ay, ..., Ay) = A; for some j > 2,
we take BN WY = BN{w* > 0}, W; = B\ W}, and all the other BN W; empty. If @ >0
and min(0, Az, ..., Axy) = 0 we take BN W} = BN {w* > 0} and all the other ones empty,
and if @) = 0 we take BN W} = B and all the other ones empty. It is easy to see that we
could hardly do better, and that the minimality of (1., W) yields (20.44); we spare the
details.

This definition is almost the same as the one used in [\We], and we are happy because @
is constant and our functional will be nondecreasing. It is true that Theorem 1.2 in [W¢]
is stated when Q., = R™, but its proof also works when (), is an open cone (and changing
2 on a set of measure 0 does not change the fact that w is an AFC minimizer). The main
ingredient of the proof consists in taking a ball B centered at the origin, and testing the
competitor w* which is equal to w on R™\ B, is continuous across 0B, and is homogeneous of
degree 1 on B. The proof uses the fact that w is Lipschitz (this simplifies the computations),
that w(0) = 0, and now we need to notice that w*(x) = 0 on R™ \ Q, because 2 is a cone.
The claim (20.42) follows.

From (20.41) and (20.42) we easily deduce that

(20.45) Uoo(r)= L forr >1;
we want to use this to show that
(20.46) Uoo (AZ) = Auo(z) for x € R™ and 7 > 0.

In fact, it is enough to prove this for w = (u1)+ and x in the cone 2y (because u,, = 0
almost everywhere on R" \ Q).
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Again we just follow the proof given in [We]. The proof of monotonicity shows that for
O0<s<r,

(20.47) U(r)—W(s) > A(s,r),

where the quantity

r t 8’(1]
20.48) A(s,r :/ t_3/ t/ —
( ) (5,7) t=s £€Q0NIB(0,1) [ a=0 ‘ 8p(

is nonnegative by an application of Cauchy-Schwarz in the a-integral. Here we know that
U(s) =W(r) for 1 < s <r, and we get that

(20.49) t/:o 3, ‘ { . ap “ (ag) da}2

for almost every ¢t € (s,r) and almost every ¢ € Qo N 0B(0,1). Thus for such ¢ and &,
(af ) is (almost everywhere) constant on [0 ,t]7 (20.46) easily follows from this (recall that
w is Lipschitz). Theorem 20.2 follows. |

{ ;O g—z(ag)daﬂ do(€)dt

When n < 3 and Q, = R”, the main theorem of | | says that the homogeneous
minimizer u,, that we produced for Theorem 20.2 has the following simple form: there is a
unit vector e € R™ such that

(20.50) U100 = Q@max(0, (z,e)) for z € R",

where @ is given by (20.43). Notice that this forces @) > 0 (which we could also have obtained
by comparing (15.1) with (18.3)), because u, is not null. Thus we obtained the following
result.

Corollary 20.3 Suppose that n = 2 or 3, that 0 is an interior point of 2, that 0 € 08, =
d{ui(z) > 0}, and that (20.2), (20.4), and (20.6) hold. Then there is a sequence {ry} that
tend to 0 such that the blow-up limit un defined by {ry} exists and is such that w; ., =0 for
i >0, and (20.50) holds for some unit vector e, with

(20.51) Q* =\ —min(0, Ay, ..., A\y) > 0.

Recall that the A\; come from (18.11). We removed the assumptions (20.5) and (20.35)
because they are trivial when 0 is an interior point of €).

The description of us, by (20.50) implies that the free boundary 9€2; has some flat blow-
up limits at the origin, as in the following.

Lemma 20.4 If {r;} is as in Corollary 20.3, then for each R < 0 there exist numbers
Br > 0 such that limy_, o, fr = 0 and

(20.52) |(x,e)| < Bpre for x € B(0,1,R) N OQy .
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Proof. Let R > 0 be given, and set €5 = ||u1,00 — U1k||Lo(B(0,2r) for & > 0. Thus ¢ tends
to 0. Let k > 0 and x € B(0,r,R) N 08y be given. Set y = r. 'y € B(0, R), and observe
that uy(y) = . 'uy(z) = 0. Thus u; o(y) < e, and by (20.50) (y,e) < Q7 'er. Thus
<SL’, €> < Q_lé’:‘k’/’k.

Now let n > 0 be small, and apply Theorem 15.1 to the ball B(z,nry). This is possible,
because we assumed that (15.1) holds and as soon as ry is small enough. We get that
fB(xmr) luy 4 |* > c1(nre)?, by (15.6). By Chebyshev, we can choose z € B(z,nry) such that
ui(z) > 01/2777’1« Set w = 1, 'y; then z € 7, ' B(z,nry,) C B(0,2R) and uy 4(w) = r;  uy(2) >
ci/zn. If k is so large (depending on 7) that &, < 01/277, we get that uy o(w) > 0, hence
(w,e) > 0 by (20.50) and (z,e) > 0 too. Then (z,e) > —nry for k large. This holds for
every n > 0; the lemma follows. |

Of course it would be better to know that all the blow-up limits of u are as u., above,
or that all the blow-up limits of 9€); are hyperplanes, but here the presence of the other
components 2, seems to make it harder to prove better estimates, even though their con-
tribution is small by (20.6). The situation will be better in Section 21, because none of the
other €, are allowed to touch 0.

Notice that the flatness of u and 0€); at some small scales is often the entry point for fur-
ther regularity results, but we do not know whether we still can prove such regularity results
without further assumptions on the other components. See the comments in Section 21.

There is another case when we can get the same control on the blow-up limit u,, as in
Corollaries 19.4 and 20.3, and this is when we know that the free boundary is flat at the
origin.

Proposition 20.5 Suppose that 0 € 98y, and that (20.2), (20.4), and (20.5) hold. Let {r}
be a sequence that tends to 0 and such that

(20.53) v(x) = lm [uyx(z)]+ ezists for x € R".

k——4o00

Also suppose that there is a unit vector e € R" and, for each R > 0, numbers By > 0 such
that limy_, o Bx = 0 and (20.52) holds. Then there is a constant a # 0 such that

(20.54) v(z) = max(0, (z,ae)) forx € R".

If in addition O is an interior point of Q and the ug(x) converge to some limit us(x), then
conclusion of either Corollary 19.4 or Corollary 20.3 holds.

Proof. Let {7} be as in the statement, and as usual we use Lemma 19.1 to replace it with
a subsequence for which we can apply Corollary 18.3 (see the discussion at the beginning
of Section 19). This gives a limit u, and a N-uple W, such that (u., W) is a local
minimizer for J, as in (20.12) and (18.40). Naturally, v = [t} ]+, S0 we look for a good
description of u.
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We want to use (20.52) and the nondegeneracy results of Section 15 to show that v > 0
on one side of the hyperplane H = {:B eR™; (x,e) = 0}, and v = 0 on the other side.

Let x € R™\ H be given, and choose R > 0 such that x € B(0, R/2) and 6 > 0 such that
B(x,26) € B(0,R)\ H. Then set x; = ryy. Thus zp € B(0,r,r) and dist (xy, H) > 207%.
If k is so large that B < ¢, (20.52) says that B(xy, drg) does not meet 9€2;. One possibility
is that B(zg,0r,) C R™\ Q; then u; < 0 on B(xy,dr;) and uyy, < 0 on B(z,d). If this
happens for an infinite number of values of k, we get that u; . <0 and v =0 on B(z,0).

Otherwise, for an infinite number of values of k, we get that B(zy,dry) C Q. We
want to apply Theorem 15.3 to the point zx. The assumption (15.1) comes from (20.2),
d(zg) = dist (zg, R™ \ Q1) < 7R (see (15.39) and recall that 0 ¢ €;), so u is Lipschitz on
B(x,d(zy)), with a constant that does not depend on k, by (19.5). Since d(xx) < 1R <
min(§'/", 1) for k large (recall that ¢ is a constant that comes from (15.1)), (15.40) says that
uy(wg) > es6(xr) > csmpd. Then uy p(x) = 7 ug(24) > c56. Since this happens for infinitely
many k, we get that uy (x) > ¢50 as well. In this second case, there is a small ball centered
at  on which u; o > 0. So, on each component of R" \ H, v = [uy |+ is either always
positive, always 0.

We claim that the case when u; o, < 0 on both sides of H is impossible. Indeed 0 € 0¢,
so for k large we can apply Theorem 15.1 to the ball B(x,r), and use (15.6) and Chebyshev
to find y, € B(x,ry) such that u(yg) > ci/zrk; we can then extract a new sequence so that
rk_lyk has a limit y., € B(0,1), and then u; 1(yoo) > u1(yx) — Clyoo — Yx| > ci/zrk/Q for k
large, hence uy (Yo0) > 0.

The case when u; o, > 0 on both sides of H is impossible as well. Indeed, if this happens,
Wieo = R" modulo a set of measure 0, then 0 is an interior point of §2 (because otherwise
(19.1) would give big chunks of R™ \ © in each small ball B(0,r), and this would stay true
for the limit {2, by (18.8). Then replacing u; o by the harmonic extension of its values on
0B(0,1) would be licit, and make a strictly better competitor than u; o, (notice that the two
are really different, because u,,(0) = 0), a contradiction with the minimality of (e, Weo).

Denote by U, the component of R™\ H where uy () > 0. We know that v = [u o]+ 18
harmonic on U, , because (U, W) is a local minimizer for J, and also that it is Lipschitz
and vanishes at 0. It is then easy to show that v is affine on U, (use a reflection to get a
harmonic function v in R", and then write the Poisson formula for Vo on huge balls to find
out that V20 = 0). So v is given by (20.54) for some a # 0.

We continue a little further. If (19.52) holds, we can apply Corollary 19.4, u,, satisfies
its conclusions, and we are happy (because the function u,, that we study now coincides
with the u,, that appears in the statement). Otherwise, for ¢; = (1,1) and each choice of
P2 # ¢1 and R > 0,

0 = Lipr,p2) = lim & (p)®7,(p)
p—0
(20.55) = lim @) (rxR) ), (rkR) = Dy, 0o(R) Py, 00(R)

k—+o00

by (19.19) and (19.14). Now &, o(R) = C > 0, by direct computation with (20.54), so we
are left with ®,, .(R) = 0, and hence u, = 0 (see the definition (19.13)). That is, u.
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is given by the same sort of formula as in Corollary 20.3, we just need to check that |a| in
(20.54) is the same as @ in (20.51), and this is where we need our extra assumption that 0
is an interior point of 2.

Indeed, otherwise it could be that 02 is smooth near 0, 2, N B(0,r) = QN B(0,r) for r
small, and the normal derivative of u along 0f2 is very large, due to a large pressure coming
from outside of B(x,r). In other words, we are not free to add space to £2; on the other side
of €2, so the first variation computation that leads to (20.51) is not available when 0 € 0.

So we assume that 0 is an interior point of 2, and then fact that (us,, W) is a local min-
imizer for the functional J (as in (20.12) and (18.40)), and the discussion near (20.43), show
that v is a one-phase ACF minimizer, associated to the possibly different @), = max(0, Q)
(see (20.43)), and to the domain Q. = R". In addition, Q)4 > 0 because (20.54) holds for
some a # 0, and if ), = 0 we can replace v by its harmonic extension near 0, win on the
energy, and not lose on the volume. So @ > 0 too. Finally, the fact that |a| = @ comes from
the fact that v is a one-phase ACF minimizer and a classical first variation computation.
See Section 22, near (22.10). H

Remark 20.6 An obvious defect of Proposition 20.5 (compared with Corollary 20.3 for in-
stance) is that we cannot be sure in advance that the assumption will be satisfied for a given
origin xo (so far called 0). But Proposition 16.5 gives a lot of points zo that it could be
applied to. Indeed, under the current assumptions (including (10.2) and (15.1) fori = 1),
Proposition 16.3 implies that O, has a tangent plane at H"1-almost every point xo. This is
not hard; it uses the fact that locally uniformly rectifiable sets have tangent planes at almost
every point. We could also use (16.26), and the fact that if a locally Ahlfors-reqular set has
an approximate tangent plane at some point, it has a true tangent plane at that point. See
for instance Exercise 41.21 in [D]. Anyway, Proposition 20.5 applies to almost every point
xo € 0 \ 0, and with any sequence {ry} for which the w, converges.

21 Local regularity when all the indices are good

In this section we suppose that all the concerned indices are good, and reduce the study of
our minimizer (u, W) near a point (say, the origin) to the study of minor variants of the
Alt, Caffarelli, and Friedman’s free boundary problems, with just one or two phases. Most
of the section here will follow at once from results of Sections 19 and 20.

More precisely, we shall still assume that

(21.1)  u satisfies (18.3) and (18.5), the f; and g; satisfy (18.4), and F' satisfies (18.11),
as in the previous sections, and now that, for each index i such that

(21.2) 0 lies in the boundary of {z € R"; u;(x) # 0},

there exist A > 0 and € > 0 such that

(21.3) the analogue of (15.1) for the index i holds.
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This is more brutal than in the previous sections, but not a shocking thing to ask; for
instance, this holds if F is given by (1.7) with ¢; > ¢ > 0, or by (1.6) with @ > 0 and b > 0,
where in both cases we can trade against the empty set. Of course this assumption will
simplify our life, because we won’t have to worry about phases of u that may be small near
0, but not really vanish.

When 0 is not an interior point of {2, we shall also assume that

(21.4) (2 satisfies the assumptions of Lemma 19.1.

With these assumptions, we can already reduce the number of phases that live near the
origin. For ¢ = (i,e) € I = [1, N] x {—1,+1}, set

(21.5) Q, = {z € R"; eu;(z) > 0},
and the denote by 1(0) the set of ¢ € I such that 0 € 0€,.

Lemma 21.1 Under the assumptions above, 1(0) has at most two elements if O lies in the
interior of Q, and at most one if 0 € O).

As we were preparing this document, we were informed of a recent result of D. Bucur
and B. Velichkov [BV] , which contains a result very similar to Lemma 21.1, although in a
slightly different context. Their paper is based on a 3-phase monotonicity formula, which
they manage to prove and use without knowing that their analogue of u is Hélder-continuous
(left alone, Lipschitz).

Proof. Because of (21.3), we know from (20.36) that

. . 0
(21.6) hrgl_gglf D, (r) >0 for p € 1(0).
We may assume that 7(0) contains (at least) two elements ¢ and yo. Notice that L(py, o) >
0 (see the definition (19.19)); then we can apply Corollary 19.4, and point (ii) says that
lim, o ®9(r) = 0 for p € I'\ {¢1,¢2}. By (21.6) again, such ¢ lie out of 7(0); hence I(0) has
at most 2 elements. In addition, part (iii) of Corollary 19.4 says that 0 lies in the interior of
Q); this completes our proof of Lemma 21.1. |

Notice that since the sets €, are closed, and touch 0 only when ¢ € I(0), there is a small
radius ro > 0 such that

(21.7) uy(x) =0 for x € B(0,79) and ¢ € I\ 1(0),

where u, = (eu;)4+ when ¢ = (4,e). Thus we get a small ball By = B(0,ry) where u has at
most two nonzero phases. We shall soon see that in this ball, (u, W) solves a simpler free
boundary problem.
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Remark 21.2 Our proof of Lemma 21.1 does not seem to give lower bounds for ro above.
But the following scheme, that occurred to us after discussing the results of [BV] with B.
Velichkov, seems to give such lower bounds. Suppose that Q,, meets B(0,7) for three different
phases @;; by (15.7), |Qp, NB(0,7)| > cor™ for 21 < r < C~'py, where py is as in (18.5). We
can use this to show that for many radiir, the two open sets Q, NOB(0,r) and Q,,NOB(0, 1)
have a significantly smaller joint measure than OB(0,r), which leads to a strict increase
(with estimates) for the corresponding functional @), = ® @) of Section 9. If T is small

17 P2

enough, we get that ®),  (27) is so small that this contradicts (15.10). Notice that for this,
the fact that u is Lipschitz and the quantitative nondegeneracy estimates of Section 9 would

be needed.

Remark 21.3 In the last sections, we have taken the fact that u is Lipschitz as a assump-
tion, but Theorem 10.1 (when 0 is an interior point) and Theorem 11.1 (when 0 € 02) give
sufficient conditions for this to happen.

Let us now formalize our claim that the restriction of (u, W) to By comes from a simpler
free boundary problem. We start with the simpler case when there are two true phases.

Case 1. Let us assume, in addition to the hypotheses above, that 1(0) = {1, 2}, with
@; = (ij,¢;). Recall that in this case 0 is an interior point of €2, and choose By so small that
By C Q.

Lemma 21.4 Set

(21.8) V= Up, — Upy = [E1Us ] — [E2Uiy ]+

and denote by F, the class of functions w € VVI})CQ(]R") such that w = v almost everywhere

on R™\ By. Then v is a minimizer in F, of the functional
(21.9) J(w) =G(w) + /( | IVwl|* + (wi)?fi, + (W) fiy = wigi, — w_gi,
B(0,r

where the f; and the g; are as in the definition of M in (1.4), we = max(0,+w) as usual,
and the volume term G(w) can be computed in terms of the sets

(21.10) At = {2z € By; +w(x) > 0}.
See (21.13) below for the formula.

Notice that the real-valued function contains all the information about u in By, by
definition of 7(0). The condition that w = v on R™\ By is our way of stating a Dirichlet
constraint on 0B,. We left the computation of G for the proof, because the formula is a
little ugly. But let us say now that when F'is given by (1.7) with nonnegative functions g¢;,
we can take

At A, —



Proof. Let us prove the lemma, and at the same time define G. The idea is simple: we
associate to each w € F, a competitor (u,, W,) for (u, W), test the minimality of (u, W)
on this competitor, and hopefully we shall get the desired inequality.

Due to our definition of phases, we shall need to distinguish between two main cases.
First assume that i; # i, and to simplify the notation, that ¢; = (1,+1) and ¢y = (2, +1).
The N-uple of functions associated to w is just u, = (wy,w_,us,...,uy) (notice that w is
also defined on R™ \ By), and a simple N-uple of sets W,, that we can take is given by

Ww,l = Aw,—l— U (Wl \ BO)v
(21.12) Wiyo = Ay U W2\ By),
Wyi=W;\ By fori>2.

It is easy to see that (u,, W) is an acceptable pair (i.e., that (u,, W,) € F(Q)); in particular
there is no gluing problem because w,,; = u; for ¢« > 2, and the W,,,; are contained in (2
because By C (2.

If ' is a nondecreasing function of the W;, this is the best that we could do. But in
some cases, we may prefer to use another element of the class H(w), where H(w) is the set
of N-uples W* = (W, ..., W}), where the W} are disjoint, and each W;* contains W, ;

and coincides with W; and W,,; on R™\ B,. Notice that (u,, W}) also lies in F(2) when
W* € H(w). We set

(21.13) G(w) = inf{ F(W*); W* € H(w)}.

Notice that G(v) = F(W), because (u, W) is a minimizer, hence F'(W) also minimizes F
in the class H(v).

We are ready to check the minimality of v. Let w € F, be given, and let (u,,, W}) be as
above. Call My the part of M(u) that comes from integrating outside of By; then

Jw) = G)+ / Vet + w21 — wrgn + 12 fo — 120
B(0,r)

(21.14) = F(W)+/ |Vup | +ud fi — wigr + uifa — usgo
B(0,r)

= J(u, W) — My < J(u,, Wy) — My = J(w)

because (u, W) minimizes J, all the other components of u and u,, vanish on By, and u,, = u
on R™\ B(0, R). This proves the minimality of v when ¢ = (1,+1) and ¢ = (2, +1).

When ¢; = (1,41) and ¢ = (1,—1), we just need to define u, and W, slightly
differently. We set u,, = (w, us, ..., uy),

(2115) Ww,l = Aw,—i— U Aw,— U (Wl \ B()) and Ww,i =W; \ By for ¢ > 1.

We then define H(w) and G and complete the argument as above. All the other cases can
be treated like one of these two, and the lemma follows. |
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The formula (21.13) is not very beautiful, but in many cases we may use the simpler
formula

(21.16) G(w) = F(W,), with W,, as in (21.12) or (21.15).

This is the case when F is given by (1.7) with nonnegative functions ¢;, and this is why we
get (21.11) (we may add a constant to G without changing the result). But for instance if
gy is negative and smaller than the all the other ¢;, the good choice of G is really G(w) =
wa,+(qZ’1 —qn) + wa,i(Qiz —qn)-

The proof above shows that Lemma 21.4 is still true (but may be less precise) with G
given by (21.16) as soon as F(W) = F(W,), and we claim that this is the case as soon as

(2117) |VVZQB()| =0 fOI'Z.#Z'l,Z.Q.
To check this, let us even show that for each good index i,
(21.18) W; ={z € R"; u;(x) # 0}

modulo negligible sets. Indeed, call V' the set on the right; we know that V' C W; almost
everywhere, because u; = 0 almost everywhere on R™ \ W;. If |IW; \ V| > 0, we can take a
subset of positive measure in W; \ V', use (15.1) to sell part of it to some other region, throw
the rest to the trash, and make a profit. This is impossible because (u, W) is a minimizer.
So (21.18) holds.

We use this, with ¢ = 4; or is, and (21.17), to see that W, = W (almost everywhere)
when we take w = v in (21.12) or (21.15). The claim follows.

We also deduce from (21.18) that (21.17) is automatic when all the indices ¢ (such that
W; meets By) satisfy (15.1).

In this case 1, the results of Section 19 are available. That is, all the blow-up limits of u
at the origin are given by pairs of affine functions, as in (19.23) and Corollary 19.4, and the
free boundary 9€),, U 0€2,, is flat near the origin, as in Proposition 19.5.

It can be expected that, modulo additional regularity and nondegeneracy assumptions on
F', the method of [C'1], [('2] yields a much stronger regularity result, namely that both free
boundaries 982, and 99, coincide with C'™* submanifolds in a neighborhood of the origin.
In the special case when u (or equivalently, v above) is harmonic on the €, , F' is given by
(1.7) with nonnegative functions ¢; such that ¢;, and ¢;, are both Lipschitz near 0, and, say
¢i,(0) > ¢;,(0) > 0, we can apply directly the results of [('1] and [('2], and the description of
the blow-up limits given by Corollary 19.4 is more than enough to say that v above is a weak
solution. Here we have a slightly different situation in a few respects, because v satisfies a
slightly different equation (coming from (9.6)), and F' is a little more general than in (1.7).
We do not expect major differences to come from our different equation (9.6), and it can
be imagined that if we replace (18.11) with a stronger form of approximation by volume
functionals of type (1.7), Caffarelli’s regularity results may go through. We shall not do the
verification here, but at least we know that the difficulties, if they exist, do not come from
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the fact that .J is a functional with many phases, or the fact that we would not have enough
control in the Lipschitz properties of u or the description of the blow-up limits.

Even if this works, we may still wonder about what happens when we do not assume the
additional condition that ¢;, (0) > ¢;,(0) > 0 (or similar ones on the \; from (18.11)), but
just that all the indices are good (as in (18.11)). Also, we do not know whether the presence
of additional phases ;, with low energy near 0 as in (19.53), may disturb the results above,
even when F' is as in (1.7) with smooth nonnegative (but not positive) coefficients ¢;.

Case 2. Let us now assume that I(0) has a unique element ¢, and let us assume for
definiteness that ¢ = (1,+1). For the moment, let us authorize the case when 0 € 912, and
let By be as in (21.7). We start with an analogue of Lemma 21.4.

Set v = (up)4 and

(21.19) F(Bo,Q2,v) = {w € W"*(R"); w =v a.e. on R"\ By and w = 0 a.e. on R"\ Q}.

We also add in (21.19) the requirement that w > 0, if we required that u; > 0 in the
definition of F (see Definition 1.1); otherwise, this is not needed.

Lemma 21.5 Suppose as above that (21.1)-(21.5) hold, and let By and F(By, ), v) be as in
(21.7) and (21.19). Then v is a minimizer in F, of the functional

(21.20) Ji(w) = Gi(w) +/ |Vw|* + w?f; — wg,
B(0,r)

where the f; and the g; are as in (1.4) and the volume term G, (w), which can be computed
in terms of

(21.21) Ay = {z € By;w(z) > 0},

is given by (21.22) below.

Proof. The proof is essentially the same as for Lemma 21.4. To each w € F(By,,v),
we associate u, = (w,us,...,uy) and W, = (A, U (W1 \ By), W2\ By,...,Wn \ By) (as
we did near (21.12)), and observe that (u,, W) € F(2), where this time we also need to
say that w > 0 if we required that w; > 0 in the definition of F(Q2), and u, = 0 almost
everywhere on R" \ Q, by definition of F(By, 2, v). Then we denote by H(w) the class of
N-uples W* = (W}, ..., W) such that the W} are disjoint and contained in €2, and each

2

W} coincides with W; on R™ \ Q and contains W, ;. Finally we set
(21.22) G(w) = inf{F(W*); W* € H(w)}

as we did before. Then we follow the proof of Lemma 21.4 and get the result. Also notice
that when |W; N By| = 0 for ¢ > 1, we may simplify the definition of GG, and merely take
G(w) = F(W,), as in (21.16). [
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Again we are in a relatively good situation to continue our investigation, with the func-
tional J, that has only one phase.

If we also assume that F' is Lipschitz (as in (10.2)) and (if 0 € 0Q) that the blow-up
limits of €2 are open cones {2, as in (20.35), then Theorem 20.2 says that some blow-up
limits of u at 0 are nontrivial homogeneous minimizers of a simple Alt-Caffarelli-Friedman
functional (J as in (18.40)), but in the perhaps complicated cone ).

If in addition n < 3 and 0 is an interior point of €2, this blow-up limit of u,, is given by
an affine function, as in Corollary 20.3 and (20.50), and we also get that the free boundary
0 is flat at the origin (but only along the corresponding sequence), as in (20.52).

Again, the situation is not perfect, because in addition to the potential difficulties of
Case 1 (connected to our slightly different equations for u, the more general F', and other
non-good phases that may float around), we may have complications due to the shape of 2,
and the fact that one-phase minimizers of the Alt-Caffarelli functional in R™, n > 4 are not
well understood yet. But we shall nonetheless quit here for the moment and pretend that
this is a general problem about free boundaries, and not a specific problem about N > 3.

Let us also mention that if we do not insist on studying u and the free boundary near a
specific point, Proposition 16.3 gives lots of points of the 0f2; where the blow-up limits of u
and 0f2; are controlled as in Corollaries 19.4 and 20.3. See Remark 20.6 and Proposition 20.5.
This is true in all dimensions, and the points where we can do this are also good candidates
for further local regularity, depending for instance on how the techniques of [('1] and [C2]
adapt.

Remark 21.6 Lemmas 21.1, 21./, and 21.5 seem to be give a fast shortcut to many of the
results above, especially if the technique of [BV] allows to prove Lemma 21.1 here. But this
would not give exactly the same estimates. First we would still need to check that the special
form of F' that we have does not disturb the usual Lipschitz and nondegeneracy estimates in
the one- or two-phase problems (they are badly needed), but also our estimates would depend
on the small radius ro which, with fast proofs, we won’t be able to estimate. Finally, we
can always hope to understand better the situation when some of the indices i do not satisfy
(15.1), and some of the long proofs above may prepare the way.

22 First variation and the normal derivative

We start this section with some first variation computations and the verification of the
formulas (19.49), (19.50), and (20.50). We first do a computation with one phase, consider

(22.1) v(x) = alz,e)y

for some unit vector e and some positive constant a, and try to find necessary conditions for

v to define a local minimizer of our functional J, in R™, or more simply to be a one-phase
ACF minimizer in R", as defined near (20.44).
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The typical small variations that we would try in general would be to add a small function
to v, but here it will be simpler to compose with a one parameter family of diffeomorphism,
because it will be easier to keep track of the domains. Let us choose coordinates in R™ so
that e = (0,...,1), and write the generic point of R" as x = (2, y), with 2/ € el ~ R"!
and t € Re >~ R.

We pick a nonnegative smooth bump function ¢ and for small ¢ € R define a diffeomor-
phism ®; of R™ by ®,(z) = = + te(x)e. Then we set

(22.2) vi(x) = v(®(2)) = a{®y(), €) 4

and compute the derivative of v;. Set O = {z € R"; (z,e) > 0} and O, = &;'(0) = {z €
R™; (P¢(x),e) > 0}; we just need to compute Vo, on Oy, because it vanishes on R™ \ O.
And for z € Oy,

8’015 8(1)15
(22.3) T = ale, ) = adytat g
where we used the Kronecker symbol 9, ,. Let B be a ball that contains the support of ;
observe that by (22.3), |Vu(2)|* = a?[1 + Qt%(z) + O(#?)], where O(?) is function which

is less than C't? and is supported in B. Then

(22.4) / |V |*> = a2/ |V |? = a2/ 1+ 2t O (z) + O(t?).
2B 2BNO; 2BNO; Oy

Notice that for ¢ small, 2B = ¢;(2B); then we set y = ®;(x), with y € 2B N O, notice that
dy = Jp,(z)dr = 1+ fx—i(x) (because the matrix of D®, is an identity matrix, plus a last

i

column composed of the %), SO
Ty

/2 vaP = / e 0% (0,1 (y)) + O()[1 + 22 (@ ()] dy

825'” aa:n
0 0
= a / 1+t (0, () + O()]dy = a? / 1+t (y) + O(%))dy
2BNO Oy, 2BNO Oy,
0
(22.5) = @*|2BN O +a2t/ P o).
28n0 0Ty
Set A = [,5-0 aaz—i; notice that A = — [, - ¢(z')ds’, and so we can choose ¢ so that
A < 0. The same computation as above also shows that
0
2BN O = / dx = / 1+t (07 ()] dy
2BNO; 2BNO Op
0
(22.6) = |2BNGy| —t/ —(p+0(t2) = 2BNO,| —tA+ O(t?).
28n0 OTn

If v is a one-phase ACF minimizer in R, associated to the constant Q?, (20.44) says that
for ¢ small

(22.7) /|Vv|2+Q2|2BmO|§/ Vo2 + Q2B N Oy,
2B 2B
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and by (22.5) and (22.6), this means that
(22.8) 0 < a’tA— Q*A +O(t?).

Since this holds for ¢ small (of both signs), we get that a* = Q2.

Thus, in (20.50), we had no choice about the value of @, it had to be given by (20.43),
where the \; are the same as in the definition of J, (see (18.40)), and the story is the same
for the end of the proof of Proposition 20.5.

We can do a similar computation for 2-phase functions. That is, let u,, be a local
minimizer in R” of the functional J,, that shows up in (18.40), and suppose that we have
two phases p1 = (i1,£1) and g = (49, 2) such that

(22.9) vi(z) = a1(z,e); and wvy(x) = ag(z,e)_ for z € R,

where we set v; = [Ejuijm]Jr, and with coefficients ai, a5 > 0. Then there is no place left for
the other phases of uy (so they are null), and also our only choice is to take W;, = {x €
Rn7 (—1)j<.§(7,€> > O} if 2 §£ 19, and Wi1 = WZ’2 = R" if 11 = 1s.

We can compare u,, with u,, o ®;, where &, is as above, and then use the definition
(18.40) of a local minimizer. Again we have no other choice than taking the sets ®; ' (W},).
We can compute both pieces [, |Vv;|? + A;,[2B N ®;'(W;,)| as we did before, and then
(18.40) yields

(22.10) 0 < ajAt — A\, At + a3 At — \, At + O(t?),
just as we obtained (22.8) above. That is, we obtain the necessary condition
(22.11) ai — a3 = N, — Ay,

which is the same as (19.49).

But we can also let ®; operate on v; alone, and let vy as it is, provided that the domain
O, = ®_1(0O) associated to the modification of v; stays inside of O, so that (v;); does not
interfere with vy. We can get that if ¢ > 0, by restricting to t < 0. This even leaves some
free space (the sets O\ O;), which we can attribute to the empty set, or any index i that we
may find suitable. That is, set \g = min(0, A1, ..., Ay); when we add O\ O, to some other
W, or just drop it, we win (A;; — Ag)|O \ O in the volume term.

The same computation as for (22.8) now yields

(22.12) 0 < aitA — (N, — Ao)tA + O(t?).

Now recall that A < 0, and also that we are only allowed to take ¢ < 0; then we only get the
inequality

(22.13) a? >N, — Ao = Ay, —min(0, Ay, ..., Ay).

The same argument also yields a2 > \;, — A\g. Those are the constraints that were noted in
(19.50).

170



It is possible to do the same sort of first variation computations near a minimizer (u, W),
assuming that everything is sufficiently smooth for us to make the computations. This leads
to Euler-Lagrange equations at the boundary, that can be stated as follows. On a (smooth

enough) piece of boundary that would separate two regions €, the normal derivatives %
satisfy

%)2 _ (%
on on
as in (22.11), where as usual we write ¢; = (i;,¢;) and v; = [gju;,]4. Similarly, one-sided
variations lead to the constraint

an
on

as in (22.13). And along a nice piece of 0€,,, that would lie inside of © and separate 2,
from a region where u = 0, we get that

vy
on
as in our estimate below (22.13).

Finally, along a (smooth enough) piece of 92 N 082, (where we would have €2, on one
side and R” \ 2 on the other side), we would get that (%)2 > Ay, —min(0, A, ..., Ax), by
the same one-sided variations as for (22.15).

We do not do the computation here, because they are similar, but just more complicated
than the computations above. But the following discussion will justify the equations (22.14)-
(22.16) on an almost everywhere pointwise level.

(22.14) ( ) =X — A

22

(22.15) (52) > A, — min(0, Ay, .., Aw),

(22.16) (52)* = A, —min(0, Ay, .., A),

Proposition 22.1 Assume that 0 is an interior point of Q, that 0 € 9, and that (20.2)
and (20.4) hold; in particular, i = 1 is a good index. Assume that we can find a blow-up
limit uy, of u at the origin such that

(22.17) U 0o(z) = alz,e) forx € R"

for some choice of a >0 and e € 0B(0,1), and that the limit

1
(22.18) h(0) = lim r'~"(Auy 4, Lpo.))

Wp_1 0

ezists. Then h(0) = a.

Recall that h(0) is the same as in (16.30), that the limit h(z) exists for H"1-every point
0 Nint(€2), and that h is the Radon-Nikodym density of p, the restriction of Awuy ;. to 0,
with respect with the restriction of H" ! to 9. See Proposition 16.2.

The first assumption says that there is a sequence {7} that tends to 0 such that the uy
defined by (18.2) tend to u... In general, u,, and e may depend on the sequence {ry}, but
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the proposition says that a does not. The case when a = 0 would not be allowed by our
assumption (20.2), because (20.36) says that liminf, o (ID?J(T) > 0, and then @, (1) =
limy— 400 @Y 1 (7) > 0 by Lemma 19.2.

Finally observe that if (20.2) holds, the assumptions of Proposition 22.1 (with 0 replaced
by zo) are satisfied at H" -every point zo € 9; N int() for which (20.4) holds, because
09, has a tangent plane at zg; see Remark 20.6 and Proposition 20.5. In this case, since
0€); has a tangent plane at zy, we even get that e does not depend on the blow-up sequence,
and that u;  has a normal derivative at z, equal to a. [The verification would need a little
bit of playing with (22.17), to get a coherent coherent choice of e, but this is easy and we
leave the details.]

Proof. Since we intend to take limits, let us replace 1p(,) by smoother functions. For
7 > 0 small, choose a smooth radial function ¢, such that

(22.19) Lpo1-r < ¢r < 1po,),

and then define ¢, by ¢, x(z) = goT(rk_lx), where 75, comes from our blow-up sequence. We
will use ¢, to approximate 1pg,,). Set v = uy 4 and vg(x) = rk_lv(rkx) to save notation,
and compute

A = 7™M Auyy, 0rp) = =1 (Vg 1, Vo) = =1 (Yo, Vo, i)
= = [ (Vola), (Ve ) e = — [ (Tutraw), Veer ()
@220) = - [ (Vo). Ve W)

Then we apply Corollary 18.3 (no need to extract a subsequence or apply Lemma 20.1 here,
because 0 is an interior point of Q), and get that (18.17) holds for all R. Hence

(22.21) lim A = — / (Vom, Vo) = — / (Vir oo s, Vipr).

k—+o00

Set H={z € R"; (z,e)} =0 and Hy = {z € R"; (x,e)} > 0. Then (22.17) yields

(22.22) lim A= —a | 27— a/ o
H

and by (22.19)

(22.23) (1—-7)"ta <

Now we estimate
(22.24) Ok =11 (A 4, 1s0m)) — Ak = (A (Lo, — Prk))-
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Recall from Proposition 16.2 that Auy y = p+[fiv — %gl]]lgl, where 4 is a positive measure
on 0§; and (we just need to know that) w = [fiv — %gl]]lgl is bounded. Thus

|5k| < T]i_n/(]lB(O,rk) - Qpr,k)d:u_l_rli_n/ |w|
B(0,rg)
(22.25) < "u(B(0,74) \ B(0, (1 = 7)) + Cry,

by (22.19). Also notice that for r small,

(22.26) [P (A 4, Do) — (B0, )| ="

for the same reason, which means that

(22.97) B(0) = —— Tim # " u(B(0, 1)

Wn—1 r—0

by (22.18). Then 7, "u(B(0,7%) \ B(0, (1 — 7)r})) tends to [1 — (1 — 7)" Hw,_1h(0), and
|0k| < C7 for k large. We may now put things together. For k large,

(22.28)  wotA(0) — af < Jwn_1h(0) — P (At s, Lo)| + [86] + [ Ak — womsal < O,

by (22.18) and (22.23). Since 7 is as small as we want, we get that h(0) = a; Proposition 22.1
follows. u
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