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An optimal partition problem for the
localization of eigenfunctions

Guy David* and Hassan Pourmohammad

October 25, 2021

Abstract

We study the minimizers of a functional on the set of partitions
of a domain 2 C R" into IV subsets W} of locally finite perimeter in
Q, whose main term is Z;vzl fQﬂ@Wj a(z)OH" 1 (x). Here the positive
bounded function ¢ may for instance be related to the Landscape
function of some Schrédinger operator. We prove the existence of
minimizers through the equivalence with a weak formulation, and the
local Ahlfors regularity and uniform rectifiability of the boundaries

QN ow;.
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1 Introduction

The main theme of this paper is the elementary existence and regu-
larity theory for partitions of a domain €2 that minimize a functional
whose main term is the integral of a given function a on the total
boundary of the partition; see (1.3).

Its initial motivation comes from the localization of eigenfunctions
for Shrodinger operators £ = —A 4V on a domain 2 C R", in relation
to the so-called landscape function introduced in [FM]. The landscape
function (some times also called torsion function) is the solution w of
Lw = 1 on Q, with the Dirichlet condition w = 0 on R™ \ €, and
the main point of [FM] is that w often controls the eigenfunctions of
L, both in the sense that there is a pointwise inequality of the type
u(z) < Chw(x) when Lu = Au, but also because in many practical
cases w is localized in certain regions of €2, and the eigenfunctions wu,
with not too high eigenvalues, also turn out to be localized in the same
regions.

It seems interesting to find algorithms that, given w, find a col-
lection of regions where w is localized and hence it is hoped that the
eigenfunctions live too. Of course it is tempting do this by minimiz-
ing a functional. Most often, in practical calculations, various forms
of watershed algorithms have been used. The clear advantage of such
methods is that they are often very fast, but one can argue that in
some cases the description of valleys for —w is perhaps not optimal.

The issue was taken in [DFJM], where a minimizing process was
proposed involving the search for optimal free boundaries, as in the
Alt-Caffarelli-Friedman problem [ACF], and its regularity studied.
This gave interesting practical results too, but the functional was not
much used for the localization of eigenfunctions since then, because
the computations tend to be very long. Here we intend to use a dif-
ferent scheme that uses almost minimal partitions, i.e., relies on a
functional whose main term measures a weighted version of the total
area of the interfaces. This is simpler and more direct (and probably
can be computed much faster) than the free boundary problem, but
for some reason the authors of [DFJM] were distracted and focused
on free boundaries, and forgot about their initial attempt with surface



measure. The two approaches have common features, such as the use
of many phases (many subdomains in our partitions) and an auxiliary
term (here called G).

The choice of ¢ and G in relation with the localization of waves
will be discussed more in Section 2, but let us now describe the strong
form of the (slightly more general) functionals that we intend to study
in this paper. We are given a domain 2 C R”, and an integer N > 1
(a bound for the number of pieces that we want). We want to use a
functional F' (defined soon) to decompose €2 into disjoint subregions
Wi, 1 <4 < N. Our set of acceptable competitors will be the class
F = F(Q) of N-tuples W = (W, Wy, ... Wy), where the W;, 1 <i <
N, are Borel subsets of ) such that

N
(1.1) Q:UW,- and W; N W, =0 for i # j.

i=1
That is, we consider partitions of {2 into N Borel subsets, but we allow
some of them to be empty. [We will systematically use bold letters

to denote N-tuples.] Then we want to minimize on F the functional
J = Js defined by

(1.2) Js(W) = Fo(W) + G(W),

where the main term Fy involves the total weighted surface measure of
the interfaces, and G can be seen as a more stable bulk integral whose
main goal may be to prevent the minimization by trivial solutions.
For the definition of Fs, we give ourselves a positive function a on €2,
and set

N
= alx =Ly
(13) FW) =) /Q o AOH @),

where H"~! denotes the Hausdorff measure of co-dimension 1 (think
about surface measure) and OW; is (usual) boundary of W;. We could
also set

N
(1.4) aw) =an| Jow;
i=1
and use
(1.5) Fy(W) = / a(2)IH (@);
(W)
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as we shall see near Corollary 5.2, this is roughly equivalent.

Concerning the bulk part G(W), we shall explain in Section 2
why some term like this is needed to avoid too trivial solutions, but
the main properties that we need for our existence and regularity
results are that that the variations of G are smaller than the expected
variations of Fs. We will settle on the following Holder regularity in
terms of the W; (in the L! norm): we will assume that there exists an
exponent o € ("T_l, 1] and a constant C' > 0 such that

(1.6) |H(W) - HW')| < CY  [W;,AW/|%,
=1

where W = (W,...Wy) and W' = (W],...W}), we denote by
AAB the symmetric difference (A\ B) U (B \ A), and |A| stands for
the Lebesgue measure of the set A.

The main point of (1.6) is even weaker than this: we want to make
sure that when W and W' are the same except on some ball of radius
7, then |H(W)—H(W')| < Cr? for some 8 > n—1, so that minimizers
for Js are what we shall call quasi- or almost minimizers for Fy alone,
which is enough for our regularity results.

The strong functionals Js and Jg are simple to define, but it is well
known that existence results are then hard to establish directly, and
that for this it is better to use weak functionals, where the partitions
are defined in terms of sets of finite perimeter (Caccioppoli sets), and
the functional uses BV (bounded variation) norms. So we shall in-
troduce a related weak functional J,,, prove existence results for J,,
(see Section 3), and later on prove that this functional is equivalent
to our initial strong functionals, in the sense that modulo a little bit
of cleaning for the minimizers of .J,,, the weak and strong function-
als have the same minimizers. We shall do this in Section 5, after
we prove the basic (but very useful) Ahlfors regularity results for the
boundary associated to minimizers of .J,, (see Section 4).

After this, we will be allowed to use the equivalence of the weak and
strong functionals and discuss their regularity equivalently in either
setting.

Returning to the existence result (Theorem 3.1 in Section 3), we
will get it under the assumptions that €2 is bounded, a is continuous
and positive on 2, and the bulk term G is bounded and continuous
for the L!-distance of sets (see (3.4)).

Then the main estimate is probably the local Ahlfors regularity
of the boundaries of minimizing partitions. Think about the strong
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functional to simplify the discussion, but the properties are proved first
for the minimizers of .J,,. We will only prove local estimates in €2 (so
as to get more flexibility if needed and not worry about the regularity
of 2 or uniform estimates on a), and assume the Holder continuity of
the bulk term G (as in (1.6); see the main assumption (3.4)), and local
lower and upper bounds on a; see (4.7). Then we will get good local
Ahlfors regularity bounds (4.8) on the total (reduced) boundary (the
union of the (reduced) boundaries of the W;), that depend only on the
parameters at hand, but not the number N of pieces. See Theorem
4.2. We shall also prove Ahlfors regularity bounds on the individual
boundaries of the W;, but so far with bounds that depend on NN; see
Theorem 4.4.

The equivalence of weak and strong functionals will be proved in
Section 5, after we describe how to clean a minimizer W € F, to
replace the W; with equivalent open sets, whose boundaries dW; are
contained, modulo an H" !-negligible set, in the corresponding re-
duced boundaries 0*W;.

Section 6 contains the next expected step, where we prove that the
clean boundary (W) of a minimizer W is locally uniformly rectifi-
able, and even satisfies S. Semmes’ Condition B; the same is even true
for the individual boundaries OWf of the (equivalent open) pieces, but
with an estimate that depends on N. See Theorem 6.1. With a little
more work, we show that the VVZ.jj have a nice shape, in the sense that
some local isoperimetric inequality is satisfied in VViﬁ. See Theorem
6.2, and the discussion that follows on the fact that this means a local
John estimate (on the existence of thick curves that allow to escape
from a point of Wf.

In Section 7 we check that if in addition a is assumed to be (locally)
Holder continuous, the clean boundary (W) of a minimizer is a local
almost minimal set, as in [Al] and [Ta]. This allows one to use the
difficult regularity results obtained for such sets, and in particular, in
dimension n = 3, the beautiful local description of the Wf and (W)
of [Ta], where (W) is shown to be C'*4-equivalent to one of the three
minimal cones that show up in soap films.

We conclude the paper in Section 8 with a short list of open ques-
tions.

This paper is not the first one where functionals like Fs and F,, are
studied; for instance, they were used in [DS2] (but with only two pieces
W;), with similar uniform rectifiability results, to find big pieces of
uniformly rectifiable sets inside sets that satisfy a topological condition



and a conflicting upper bound on Hausdorff measure. And in [Le],
functionals like F,, were studied, but more subtle because the price
of the interface between W; and W; comes from functions a; j(z) that
depend on the pair (i,7). In this more complicated case the local
regularity results on the individual OW; are still unknown, even when
N =4.

The authors want to thank Gian Paolo Leonardi for interesting
discussions on [Le| and the related problem of infiltration.

2 More on the localization of waves

In this section we justify the idea of using a functional like Js above
to decompose a domain () into regions where the eigenfunctions of
Shrodinger operators operator £L = —A 4V will tend to be supported.
We use the fact that these eigenfunctions are dominated by the land-
scape function w, i.e., the solution w of Lw = 1 on §2, with the Dirich-
let condition w = 0 on the boundary (see [ADFJM1, ADFJM2]), and
thus try to decompose €2 into nice regions W; where w is large, or
equivalently that look like valleys for the effective potential % The
paper [DFJM] contains a description of one of the ways, apparently
indirect, to find such a decomposition with the help of the free bound-
ary problem. Here we propose a more classical and simpler approach,
where we try to obtain that the boundaries OW; are both rather short
and tend to pass through the places where w is small by forcing the
decomposition to minimize a functional Js whose main term Fj is of
the form F,(W) = YN, Jarow, a(z)dH" (z) (as in (1.3)), where a
is a continuous functions that is small when w is small. For instance,
we could take a(z) = § + w(w), but we did not test options numeri-
cally and other choices could perform better. The reason for adding
a small constant § > 0 is that w is positive on §2, but vanishes on the
boundary because of its definition with a Dirichlet boundary condi-
tion. We usually do not want the region near 0f2 to play a special role
in the computations, so it seems reasonable not to look for trouble
by allowing a to be too small (we will see that our regularity esti-
mates may deteriorate where a is too small). On the other hand, the
standard regularity results for elliptic operators say that w is Holder-
continuous, and requiring a to be Holder continuous will be enough
for us, so we do not need to do special efforts here.

If we just minimize Fs, something stupid happens: the minimal



partition is just the trivial one where for instance W7 = Q and all
the other W; are empty, so that all the interior boundaries OW; N 2
are empty. This disturbed the authors of [DFJM] for some time, until
they realized that it is easy to add another piece of functional G(W)
that prevents this, by favouring partitions W for which the W; have
roughly equal volumes. So for instance, we could take

N
(2.1) HW) = Y h(wil),
j=1

where h is a nice function that tends to be convex. This is what was
added (for instance) to the free boundary part of the functional in
[DEJM]. We could also use the function w itself to replace the volumes
|W;| in (2.1) with some weighted integrals like fWi q(w(z))dx, for some
carefully chosen function ¢. We shall not try to optimize such choices
here; let us just observe that it is easy to ensure that they satisfy our
mild estimates on G.

Generally speaking, we did not do experiments and we shall not
try to optimize the various choices in the definition of Jg, but let us
observe that a nice possibility is to also allow a special region Wy in
the partition, that we could call the black region, and where in fact
w is quite small and we expect the eigenfunctions to be small too.
This region could be treated differently than the other ones, typically
by replacing the contribution |, - oW a(x)dH" ' (z) with a smaller one
like SH™~1(Q2NOW)) (we still want the boundary to be nice, so we put
a little bit of surface measure in the functional anyway, but maybe this
is not even needed because 2N 0W, will contribute indirectly because
it is covered by the other OWj).

We refer the reader to Section 2 of [DFJM] for a more detailed
description of our motivations in regard to the localization problem,
and the role of G(W).

3 The weak functional J,

We now introduce the weak form of our functionals F,, and J,,. We
consider a fixed bounded domain Q C R", and call P(2) the set
of Borel subsets W C 2 that have a finite perimeter in . This
means that the Borel function 1y (the characteristic function of W)
lies in BV (2), i.e., has bounded variation in Q. Or in other words,
the vector-valued distribution V1 is a finite measure (in ; we do
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not look at what happens on 9€2). We can write this measure as

V1w = vduw, where v is a Borel vector valued function and upwy is a

finite positive Borel measure on €2, often denoted by |D1y/| and called

the total variation measure of the (distribution) derivative D1y .
For any open set U C €2, we shall denote by

(3.1) Per(W,U) = juy (U) = /U D1y

the perimeter of W in 2. For this and other information on BV
functions and Caccioppoli sets, we refer to [AFP] or [Gi].

Since this will not cost us much, we shall also work with the set
Proc(2) of Borel sets W C Q such that the restriction of W to any
open set U CC Q (i.e., whose closure in R™ is a compact subset of )
lies in P(U). Those are also the sets W such that V1 is a locally
finite measure on (2; we can keep the same notation for py and its
description, even though s is no longer a finite measure.

Let N > 1 be given. Denote by F,, the class N-tuples W =
(Wy,...,Wx), where each W;, 1 < i < N, is a set of locally finite
perimeter in 2, and in addition

N
(3.2) Iy = Z Ty,
i=1

We write the fact that the W; form a partition of £ this way, to
insist on the fact that now we shall identify two subsets of ) that differ
only by a set of measure 0. That is, F, is in fact an equivalence class
modulo negligible sets. Our functionals Fy, and J,, will be defined on
Fuw, which means in particular that J,(W) = J,(W’) when W = W'
modulo sets of Lebesgue measure 0; this was not the case for Js; and
Fs.

We are now ready to define our functionals F,, and J, on F.
Let a : Q — (0,+00) be a positive function on Q. For W € F,,, we
systematically set W = (Wy,...,Wy), and use the positive (locally
finite) measure uw, = |D1y,| as above. Then set

N
(3.3) FuW) =3 /Q o(z)dpw, (z)

for W € F,; notice that F,,(W) may be infinite, but it is well defined.



As for G, for this section we shall simply assume that it is defined
on F,, and continuous for the L' distance. That is, set

N
(3.4) dist (W, W) = > |W;AW]|
i=1

where W = (Wy,... Wy), W = (W],...W},), and we let
(3.5) W AW, = (W; \ W) U (W] \ Wy);
we only require that for W € F,,

(3.6) lim G(Wg) =G(W)

k—+o0
when {W} is a sequence in F, such that limg_, , , dist (Wy, W) = 0.
Finally we set as expected

(3.7) Jo(W) = F,(W) + G(W) for W € F,y(Q).

Theorem 3.1. Let Q, a, G, and J,, be as above. Assume that )
is bounded, that a is continuous and a(x) > 0 on £, and that G is
bounded on F,, and continuous for the distance of (3.4). Then we can

find Wy € Fy () such that
(3.8) Ju(Wo) < Ju (W) for W € Fy(Q).

This will be a standard application of the compactness properties
of BV functions. We need the continuity of a here (or at least its lower
semi-continuity) because we want F,, to be be lower semi-continuous.

Let 2, a, G, and J,, be as in the statement, and set m = infwer, Ju,(W);
notice that m < J,,(Wyg) = G(Wyp) < +00, where Wy = (2,0,...,0)
and because F,,(Wgo) = 0. Let {W}} be a minimizing sequence in
Fw. We assumed that G is bounded because we do not want any use-
less complication; since €2 is bounded, this would easily follow if we
required G' to be uniformly continuous for the distance of (3.4), for
instance. Because of this, we can find M such that —M < G(W) < M
for W € F,,, and now for k large,

(3.9)
Fy(We) < Ju(Wp)+M <m+1+M < Jp,(Weo)+1+M < 2M +1,

where Woo = (Q,0,...0) is the trivial competitor with no bound-
aries. Thus we have a control on the boundaries. Write W, =
Wik, Whk)-



For each ball B C €2 such that 2B C (2, the continuity of a gives a
constant dg > 0 such that

(3.10) a(x) > ép for z € B.

Then for k large,

N N
(3.11) ZPer(Wi,k;B) < (i%fa)_lz/ a(x)dpw, , (x)
i=1 i

This means the functions 1y, , are a bounded family in BV (B). These
functions are also all bounded by 1 pointwise, and by a standard con-
sequence of the Poincaré inequality, they form a relatively compact
set in L'(B) (for the norm). Because of this, we can extract a subse-
quence, that we still denote by {Wy}, such that for every ball B as
above, functions 1y, , converge to a limit g; in LY(B). In addition, we
can even find a subsequence that converges pointwise, the limit g; does
not depend on B, it is the characteristic function of some W; C €,
and also ), Ly, = 1 almost everywhere.

Next we use the lower semi-continuity of the BV norm, which says
that for each ball B as above and each i, Per(W;; B) < liminfj_,, , Per(W; x; B).
In particular, W; € Pj,.(2) and hence W € F,,. But also, since a is
continuous (lower semi-continuous would have been enough here), we
also get that

(3.12) / a(z)dpw, (z) < lim inf/ a(z)dpw, , (x).
B k—+oco J g ’

This is also true, for the same reason, when we replace B by any open
set which is compactly contained in €2, and, by taking an increasing
sequence of open sets that exhausts €2, with B replaced by (2.

We still need to prove that W is a minimizer, i.e., that J,(W) <
m. But we already know from (3.12) that F,,(W) < liminfy_,~ Fi,(Wg),
and since € is bounded, the fact that W;j converges in LY(K) to W;
for each compact set K and each index i implies that dist (W, W)
tends to 0 and, by assumption, G(W) = limy_, 1, G(W}). We sum
the two estimates and get that J,(W) < liminfy_, o F,(Wy) < m,
as needed. O
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4 The reduced boundary is Ahlfors reg-
ular

In this section, we introduce the reduced boundaries associated to an
acceptable partition W = (W1,...,Wy) € F,, and prove Ahlfors
regularity results for them when W minimizes J,,. We start with the
definition and basic properties of the reduced boundaries.

Each W; is a set of locally finite perimeter in §2, so it has a reduced
boundary, that we shall denote by 0*W; or simply 07, and which is a
rectifiable subset of Q (we still don’t look at what happens on 0f).
We refer to [AFP, Gi] for general information on reduced boundaries,
but let us recall the most important features. First of all, the total
variation measure py, = |D1yy,| is given by

where H%@l denotes the restriction to 9] of the Hausdorff measure.

More precisely, we know that for H"l-almost every z € 87, 9} has
an approximate tangent plane P;(x) at x, and there is a (measurable)
way to choose a unit normal vector n;(x) (in fact, pointing inwards)
so that

(4.2) Viw, = nl(x)’H‘%?l = n;(z)uw,,

where the gradient is in fact a vector valued distribution; we happily
mix gradients and differentials here.

By definition of J;, we have a nice asymptotic description of W;,
as being close to a half space bounded by P(x), and more precisely

(4.3) lig&)r‘”‘{y e W;NB(x,r); (y —z,n(x)) > OH
= }i_%r_"‘{y € B(z,r) \ W;i; (y —z,n(x)) < 0}‘ =0,

so that in particular W, and its complement both have Lebesgue den-
sity 1/2 at x. This information will be useful when we merge two sets
Wi locally, and need to compute the effect on the 0.

The 0; are our analogues of the 0W; for the strong functional, and
their union

(4.4) o =0"(W)=Jo;

el
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will be the first important object of study. Before we state our first
Ahlfors regularity result, let us say a bit more on the structure of 9*
and the 0.

Lemma 4.1. Let W € F,, be given. For H" '-almost every x € 0¥,
x lies in exactly two of the sets 0F, 1 < i < N. Consequently, the
functional F,, of (3.3) is also given by

(4.5) Fy(W) =2 / a(z)dH" ().

*

Indeed, it is classical (see [Gi]) that the reduced boundary 97 co-
incides, modulo a set of vanishing H"~!-measure, with the measure-
theoretic boundary of W; (in €), which can defined for instance as
the set Of of points of 2 where both W, and its complement have a
positive upper Lebesgue density; the main ingredient for this is the
fact that if x € af, the Poincaré inequality implies that the lower den-
sity of puw, at x is positive. Now if x € 0, then the definition says
that the density of W; at x is precisely 1/2, which means that we can
find j # ¢ such that = € 8?, hence, H" !-almost surely, = € 07. The
density at x of both sets W; and W; is 1/2 (by (4.3)), and so x does
not lie in any other 82 or J;. So almost every x € 0" lies in exactly
two sets 0, and now (4.5) is the same as (3.3). O

We now state our main Ahlfors regularity estimate.

Theorem 4.2. Let Q, a, G, and J,, be as above. Assume that ) is
bounded, and that G is Hélder continuous on Fy, for some exponent
o € (Z=11] (and for the distance of (3.4)), which means that there
exists Co, > 0 such that

(4.6)  |H(W) — H(W")| < C,dist (W, W) for W,W' € F,,

as in (1.6). Also let Q' C Q be open, and assume that we can find
0 > 0 such that

(4.7) d<a(z)<1 forxze.

Finally suppose that W € F,(2) minimizes Jy, in the class Fyu ().
Then there is a constant Cy. > 1, which depends only onn, §, o, and

Cy, such that for x € Q' Nd* and 0 < min(1, dist (x,0")),

(4.8) Ol <HYHO* N B(x,r)) < Cppr™ L.

ar
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We are mostly interested in ' = Q, but we want to allow the case
when a only satisfies (4.7) locally. The assumption that a(z) < 1 is
essentially a renormalization (we could also let a tend to +oc in some
places near OS2, but then we could apply the theorem to a slightly
different functional). Similarly, we take r» < 1 to be able to compare
the two pieces of the functional that have different homogeneities and
get a constant that does not depend on r (or W as long as it is a
minimizer). We do not need a to be continuous here (but then the
existence may fail).

We shall see later that (4.8) is important, first because it is the pil-
lar of the comparison between the strong and weak functional, but also
because its proof is the main initial ingredient for our other regularity
results. Later in this section, we will prove a local Ahlfors regularity
estimate for the 0} individually, (and even later look for more precise
regularity results for the 9;), but the constants will depend on N.

The proof below follows the same path as classical results in sim-
ilar settings; see for instance [DS2, Le]. We will see that somewhat
weaker minimality properties of W (of almost- or quasi-minimality)
are enough for the conclusion, which is why we will try now to single
out the main features of the proof.

We intend to test the minimality of W by constructing competitors
X € Fu(f), which coincide with W outside of a given ball B such
that B C €, and which will be obtained by pouring some sets BN W;
into other sets Wy. Set I = {1,2,..., N}; this will be more convenient
because we often want to cut I into subsets. Then let B = B(x,r) C
Q' be given, and also choose a proper subset Iy of I and, for each
i € Iy, a target index ((i) € I; := I\ I,. We want to pour each
Wi N B, i € Iy, into the target piece Wy;), and more precisely we
define a new competitor X = (Xy,...,Xn) by

(49) X, =W; \ B for i€ I

and

(4.10) X, =W, U ( U x mB) for £ € I,.
i€l t=0(i)

Note that the X; also form an almost-everywhere partition of €2,
like the W;, and X € F,, because we only moved the sets BN W, from
one component to another one, and it is known that finite unions or
intersections of sets of finite perimeters have the same properties. We

13



will need to check what happens to the various pieces of the reduced
boundaries 0.

We start with a description of the new total reduced boundary
0*(X) associated to X in B. We start with its restriction to (the
interior of) B. We are mostly interested in the case when z € 9] N 0}
disappears from 0%, i.e., no longer lies in any 0* X}, and this happens
(modulo a H"L-negligible set of exceptions) when i € Iy and j = £(i),
or symmetrically when j € Iy and ¢ = £(j), or when both i and j lie
in Iy, and £(i) = £(j). No point of 0*(X) = |J,c; 0* Xy appears in B,
so, modulo a set of vanishing 4" '-measure,

(4.11)

9*(XNB) C a*mB\<( U a;ma;(i))u( U ama;)).

i€lo (i,3)€15:57 and £(i)=£(j)

The other inclusion also holds (modulo a negligible set), but we don’t
need it so we leave its proof.

On Q\ B, the two sets 0* = §*(W) and 9*(X) coincide (because
we did not change anything in this open set), so we are left with the
set 0*(X) N OB to analyse. For this it will be easier to assume that
the following additional condition on B is satisfied: for each i € I,

(4.12) H" l-almost every point z € W; N OB (z,7)
is a Lebesgue density point for W; (in ).

For this property, we assume that we have chosen a representative W;
for each W;, so that ), Ty, = 1q; then (4.12) makes sense. The set of
radii » > 0 for which (4.12) holds may depend on our representative,
but anyway, for each choice of representatives W; and each choice of
x, the set of r € (0, dist (z,09)) for which (4.12) fails is negligible,
by Fubini and because almost every point of W; is a Lebesgue density
point for W;.

Return to 0* and 0*(X). Let r be such that (4.12) holds. By
assumption, H"1(0* N dB) = 0 (because the points of J; are points
of density 1/2 for W;, not Lebesgue points), but of course our cutting
procedure may introduce new boundaries for the X; on dB. In fact,
for x € 0B such that x € W; and x is a density point of W;, this
happens if and only if i € Iy, and then z € 9*(X;) N 0" (Xy(;)). That
is, modulo a H" !-negligible set,

(4.13) 0*NOB =0 and 9*(XN0B) = | J W;ndB,

i€lp

14



and more precisely

(4.14) 8*(XZ) NoOB =W,NoB foriec I

and

(4.15) *(X)noB= |J WinodB forlel.
i€lo;0(i)=~

We shall return to this when we compare Fi,(W) and F,,(X), but
let us first deal with the G-terms and compare G(W) with G(X).
Observe that since W and X coincide on the complement of B, (3.4)
yields

(4.16)
N N

dist (W, X) = Z |WinX;| < Z (|W;nB|+|X;nB|) <2|B| < Cr",
i=1 =1

and by (4.3)

(4.17) IG(X) — G(W)| < C, dist (W, X)* < C*Clur®™.

Since W is assumed to be a minimizer,

(4.18)  Fp(W) = Ju(W) — G(W) < Jp(X) — G(W)
= Fp(X) + G(X) — G(W) < Fy(X) + COCor®™.,

Let us interpret this as a local almost minimality property.

Definition 4.3. Let v > 0 and the constant C., > 0 be given. We say
that W € F,(Q2) is a local almost minimizer for Jy,, associated to the
gauge function h(r) = C,r"~', when for each ball B = B(z,r) C ,
with v < 1, and each X € F,(2) that coincides with X outside of B,
(4.19) Fy(W) < Fy(X) + Cyr7rm

We picked a > "T_l precisely to make sure that v = an — (n —
1) > 0, so we just establishes in (4.18) that W is a local almost
minimizer for .J,, associated to the gauge function h(r) = C,r"~1,
with Cy = C“C,. This is the only minimizing property that we need
for Theorem 4.2 (and we shall no longer need G).

Next we compare Fy,(W) and F,,(X), and for this the only feature
of F,, that we need is the fact that § < a(z) <1 in @', which contains
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B and hence the symmetric difference between 9*(W) and 9*(X).
That is,

Fy(X) — Fy(W) = 2 / a(z)dH" (z) — 2 / a(z)dH" " (z)
0*(X)\o* (W) 0*(W)\0*(X)
(4.20)< 2H" 10" (X) \ 0F(W)) — 201" 1(8* (W) \ 0*(X))
and by (4.19) (we keep the notation v = an—(n—1) and C, = C*C,),

201" (0% (W) \ 0%(X)) < 2H" 1 (0"(X) \ 0" (W) + Fiu (W) — Fy(X)
(4.21) < 2H"THOH(X) \ 9F(W)) + Cyr !

or, with C/, = (20)~'C,,
(4.22) H"HO*(W)\O* (X)) < 67 H" 1O (X)\O* (W) +CLr7r™

This is a form of quasiminimality of W for the Hausdorff measure,
and we shall not need more than this for the proof of Theorem 4.2 (or
Theorem 4.4 later). What we will do is pick various choices of balls
B, sets Iy C I, and mappings ¢ : Iy — I = I \ Iy, and compute the
two sides of (4.22) to get valuable information.

For the proof of the upper bound in (4.8), we decide to pour all of B
into W1, say. That is, we take Iy = {1}, Iy = I \ I1, and take £(i) = 1
for i € Iy. We get a competitor X such that 0*(X) N B(z,r) = 0
(because in B(x,r) C Xi, so there is no boundary there), and of course
0*(X)NOB(x,r) C OB(x,r) trivially. Then H"~1(*(W)NB(xz,r)) <
H 1 (0* (W) \ 0*(X)) < C5~ 1"~ by (4.22), as needed.

For the lower bound in (4.8), we start with a ball By = B(z,ry) C
Q. we suppose that rg < 7g9, where the small constant 7oy will be
chosen soon, and that

(4.23) H" (0" N By) < erfy™!

for some small enough € (to be chosen soon), and we want to show by
induction that for k > 1, if we set 1, = 27%rg and By, = B(z, 1), we
also have

(4.24) H" YO N By) < sher?

with we shall choose s =277 € (0,1). Then we will produce a contra-
diction.
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We start with g, and choose p € (glLOO,ro) such that the security

condition (4.12) holds for p. This is easy to do because (4.12) holds
for almost every p. Set D = B(x, p), take a second copy D’ of D, and
glue the two copies along 0D to get a topological sphere D=DuD'.
We do this so that we can apply Poincaré’s inequality to D without
worrying about boundaries.

Next pick a proper subset Iy of I, and set W = UiEIo DN W,
Notice that W is a set of finite perimeter, in D as well as in 13, and
the union W of W and its copy W’ C D’ is also of finite perimeter.
Notice that *W N D C 0*, we have a similar inclusion for 9*W’' N D/,
and on 9D we have no contribution from 9*W, because by (4.12)
almost every point of 0D is a point of density 1 or 0 for W (in Q),
hence also for W (for 13, which we see locally as a tube around 9D’,
maybe with a slightly different metric). Thus W has no perimeter on
0D, and

(4.25)  H" YO D) = 2H""Y(9* D) < 2H"1(0* N By) < 2eri L.

The Poincaré inequality in D (proved exactly as in a ball or a sphere)
yields

i I .= 5o
(4.26) min(|W|,|D\ W) = §m1n(]W], |B\ W|)

by (4.25). We choose Iy so that |[W| < 1|B| (otherwise, pick the
complement I\ Ip), but [W| is as close to 5|D| as possible. Then the
minimum in (4.26) is |[W|, and we get that

(4.27) [W| < 06%7‘8 < 05%|D|‘

Recall that [W| = > .., [W; N DJ; if € is small enough, (4.27) says
that there is no W; such that &|D| < [W; N D| < $|D|, and hence
(choosing Iy as above) all the numbers |D|~!|W; N D| are very small,
except exactly one, which is very close to 1. Let us assume that
the large one corresponds to ¢ = 1, and now (4.26) or (4.27) (with
Iy =1\ {1}) means that

(4.28) ID\Wi| =Y [W;nD| < Cemr.
i>1
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We claim that we can choose a new radius r, with r; < r < p, such
that (4.12) holds for r and

(4.29)
H OB (e, )\ W) < (p— 1) / / A dy
ri<r<p J0B(z,r)\W1

= Clp=r1) ™ (B(w, p)\Blw,r))\Wa| < Crg ! [D-W1| < Cemir ™

where the first inequality is possible by Chebyshev, the second one is
a baby version of the co-area formula where we replace a bulk integral
by an integral on spheres, and then we use (4.28). The additional
property (4.12) does not disturb, because it holds for almost all r.

We use B = B(x,r) to apply the construction of a competitor
X € Fy described above, with Iy = I \ {1}. That is, all the small
components are poured into Wj. Notice that with this choice, 9*(X)N
B is empty (because now only X; meets B), and so

(4.30) H"Y(0%(X)\ 0% (W)) < H" (9" (X) N OB)
<H'H OB\ W) < C(she)mtpn !

by (4.14) and (4.15). Then by (4.22)

(4.31)
H"HO* N B(x,m)) < HTHO" N B) < H'THO(W) \ 9 (X))

< CH" MO (X)\ (W) + Clrgre ™" < Cenmtrg ™ 4 Clrgrp .

That is, 7, satisfies (4.23) with ¢ replaced by £, = Cem T + Clrg.
We are now ready to prove (4.24) by induction. First choose € so
small that CEﬁ < i. When n =1, we don’t need to do a choice; in
fact we could choose r so that the two points of 9B lie in W7, and then
the term Cem1 does not even exist; hence the strange power. Now
choose rgg so small that C’;rgo < ie. With these choices done, assume
that (4.24) holds for k (this is the case when k& = 0) and prove it for
k+ 1. By induction assumption, and the same argument as above but
starting from 7 and By, we get that rp4q satisfies (4.23), with

(4.32) eps1 = C(s"2) 7T + Ol < Ceniske 4 Cl 2]

1 1
< —gke+ 12_'”5 < gktle

4
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because we took s = 277 > 271, Thus (4.24) holds for all £ > 0, and
in particular
(4.33) lim p' "H" (0" N B(x,p)) = 0.

p—+00
We claim that this is impossible for = € 9*. Indeed for x € 9}, (4.3)
says that for p small enough, we can find two balls By, By C B(z, p), of
radius p/4, such that if m; ; denotes the average of 1y, on B;, j = 1,2,
m; 1 is as close to 1 as we want and m; o is as close to 0 as we want.
But by Poincaré’s inequality |m;1 — m;a| < Cp'™"uw,(B(z,p)), so
HY0* N B(x, p)) > pw,(B(z, p)) > C~1p" 1 in contradiction with
(4.33).

We may now summarize: we took B(x,r) as in the assumptions of
the theorem, assumed that (4.23) holds, and got a contradiction if €
and rgp are chosen small enough. So (4.23) fails, and (4.8) holds for
r < rgg. We can easily extend this to rgg < r < 1, say, simply by using
the result for rgp and multiplying the constant Cy, by Téo_ " (but the
true invariant statement is rather to assume that r < rgg and get the
first constant €). This completes the proof of Theorem 4.2. O

Theorem 4.2 is not always precise enough, because we also wish
to know that every Wj; is individually nice. The following statement
gives some initial information about this.

Theorem 4.4. Let 2, a, G, and J,, be as in Theorem 4.2. There
exists a constant Cy, which depends only on n, §, a, Cy, but also the
number of components W;, such that if Q' C Q is open, if

(4.34) §<a(r) <1 forxzec,

and if W € F,(Q) minimizes Jy, in the class F, (), then for 1 <i <
N,z € Q' Nd*W; and 0 < min(1, dist (z,08)),

(4.35) O™t <1 Ho*W; N B(x, 7).

So none of the 9; can be too small locally. We did not need to
write the upper bound, because 0* is larger.

Remark 4.5. Unfortunately our estimate depends on N. The au-
thor’s bet is that the same result also holds with a constant Cy that
does not depend on N, but were not able to prove this. Similarly, there
should be an automatic requlation of the number of pieces, in the sense
that if Q has a reasonable shape (so that a Poincaré inequality holds
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in Q), and 6 < a(x) <1 in the whole Q, and W € F,(Q) minimizes
Jy in the class Fy,(Q), the number of pieces Wi such that |W;| > 0
should be bounded by a constant Ny that depends only on n, 6, a, Cq,
and geometric constants related to Q). A proof of this would need to be
more clever than the proof below, and bound the number of components
that really interact with a given one that we want to erase.

Remark 4.6. In [Le/, G. Leonardi proves an analogue of Theorem
4.2 in the more general situation where F,, looks like

(4.36) Fu(W)=a;; Y H"H0; N0},

i jEli#]

where the coefficients a; ; are symmetric (a;; = aj;) and satisfy a
condition inspired of the triangle inequality that prevents thin layers
of some Wy, to be incorporated between W; and W; so that the energy
of the interfaces diminishes. His proof is like the proof of Theorem
4.2, but with a beautiful extra argument of graph theory whose purpose
is to take into account the fact that when we pour W; into Wy, some
of the old boundary O] becomes a part of 0;, so that in the functional
Fw(W) the corresponding multiplying coefficients a; j are replaced by
agj. The same proof should also work with

(4.37) FuW)= Y / i),

i}
ijel,izj ” 9in9;

provided that the variable coefficients a; j(x) are also Holder continous.
We decided not to pursue this. As far as the authors know, it is not
known whether the natural variant of Theorem 4.4 in this context of
different coefficients holds, even with constant coefficients a; j and only
N =4.

The proof of Theorem 4.2 is easy (but the result is probably too
weak). We proceed as above, suppose that x € 9 and rop are such
that

(4.38) H"1(0F N B(x,ro) <erg™!,

just as in (4.23) but now we will allow £ and 7y to depend on N. We
choose p € (91%’, 7o) as above, so that (4.12) holds for p, and now want
to apply the same argument as above, but where we just poor some

part of W; alone into some other piece W,. We consider DB(z, p), add
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a second copy D’ of D to D as above, to make a topological sphere ﬁ
take W = D N W; and glue a second copy W' to make a set of finite
perimeter W D and apply Poincaré’s inequality in D. We get, just
as for (4.25), that

(4.39)  min(|W[,|D\ W) = lmm(!W! B\ W)

< CPer(W; B)#T = CH" Y(9;D)n1 < Cen1rl.
We start a discussion with the most likely case when |W| = |[W;ND| <
$ID|, which actually implies that |D|~'|W; N D| is very small. We
choose a new radius r, with 71 < r < p, such that (4.12) holds for r
and

(4.40) / dH" ' < (p—r)7! / / dH"dr
W;NOB(z,r) r<r<pJ W;n0B(z,r)
- C’(p—ﬁ)_l‘(WiﬁB(:E,p)\B(:E,ﬁ)‘ < Cry [WinD)| < Centtpnl

with the same justification as for (4.29). Recall from Lemma 4.1 that
modulo a H" l-negligible set, 9} is the union of the 8 N 95, J #1, s0
we can choose j # ¢ such that

(4.41) H"H0F N9 N B(x,r)) > N 'H"1(0f N B(z,r)),

and we decide to pour W; N B(z,r) into W;. In the previous construc-
tion this amounts to taking Iy = {i} and £(i) = j. Let X denote the
new competitor that we get; this time we do not add anyone to 0* in
B = B(z,r), but we remove the whole set 97 N 97 N B(x,r), so we
save at least the right-hand side of (4.41) there. As before, we add the
new piece W; N 9B to 9} and 9}, and we do not change 9* on Q\ B.
Altogether, (4.14) and (4.15) now yield

(4.42)

H*H0F (W) \ 0%(X)) > H" 1 (9f Nd; N B) > N"H"'(0; N B)

and
(4.43) H"LO*(X) \ 9" (W)) < H" 18" (X) N IB)

<H"Y OB\ W) < C(abe)mtpmt
by (4.14) and (4.15). Hence by (4.22)

(4.44)
H"H0; N B(a,m)) <H N9 N B) < N”H"‘l(a*( )\ 0%(X))

< ONH" (9" (X)\O* (W) +C Nrgry ™ < ONewtrg = +C! Nrgrg .
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That is, r1 satisfies (4.38) with ¢ replaced by 1 = Cen 1N + ClrgN.
This should of course be compared to (4.31); we see that we only had
to multiply the right-hand side by V.

Before we can conclude as above, we still need to say what happens
when |W| = |W; N D| > £|D|, i.e. when W; is the major part of D.
In this case we proceed exactly as in Theorem 4.2, i.e., choose r such
that (4.29) holds (with W; replaced by W;), pour all the other parts
W;NB, j # i, into W;, and get (4.31), which is even better than (4.44)
by a factor N.

So we managed to prove (4.44), and now we can copy the induc-
tion argument and the rest of the proof of Theorem 4.2; Theorem 4.4
follows. O

5 Clean representatives of weak mini-
mizers

In this section we take a minimizer W € F,,(§2) for the weak functional
Jw, for instance, and prove that we can clean it and get an equivalent
N-tuple W#, where the Wf are open. This will be used later to prove
that the weak and strong functionals are equivalent, and the argument
is rather standard in the business of weak functionals. We keep the
same notation as above concerning the reduced boundaries 9 = 0*W;
and 0 = U;0; C ). Most of the discussion in this section does not use

the form of the functional, but only local Ahlfors regular estimates for
0* like (4.8).

Proposition 5.1. Let W € F,,(Q2) be such that for every compact set

K C Q, there is a constant C > 1 such that fori € I ={1,2,...,N},
(5.1)

Crlr™ ' < H" YO NB(x,7)) < Cxr"™ fora € 9* NK and 0 <r < 1.

Then
(5.2) HHQNIF\NG) =0 foricl,

and we can find open sets Wiﬁ, 1 <i <N, such that fori eI,

(5.3) Wi \ Wi = Wi\ W;| =0
and
(5.4) QoW = Qn Wi\ W =77
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If we only know (5.1) globally for 0%, we get still (5.3) and (5.4),
and instead of (5.2) we at least have

(5.5) HHQNI*\ %) =0

Notice that the conclusion holds for minimizers of the weak func-
tional, or even when W lies in one of the classes of almost- and quasi-
minimizers alluded to in Definition 4.3 or near (4.22), since we then
have the conclusions of Theorem 4.2 or 4.4. Set

(5.6) ai:Qﬂa_;k and 8:Qﬂ§:Ui€[6i;

the main part of the proposition is (5.2) (or (5.5) if we only have (5.1)
for 0*), which we check now.

We prove (5.5); (5.2) would be the same (add an index 7). It is
enough to check that H" " 1(BNd\ 9*) = 0 when B is a closed ball
such that 3B C ). Notice that then we can apply Theorem 4.2 on
B. Let ¢ > 0, and set p = H|2Bma* Since by (4.8) p is a Radon
measure, we can find a compact set K C 9* such that u(2B\ K) < e.
Then let 7 > 0 be small, and for each z € 9 N B\ K, choose a small
ball B(z) = B(z,r(x)) such that 0 < r(z) < n/2 and B(z) N K = 0.
Now use the standard 5-covering lemma of Vitali: there is an at most
countable set X C 0N B\ K such that the balls B(z,r(x)/5), x € X,
are disjoint, but the B(z) cover 9 N B\ K. Since d = QN 0*, each
B(z,7(x)/10 contains a point y € 9*, and by (5.1) for 9%,

(5.7)
w(B(z,r(2)/5)) = p(B(y,r(x)/10)) = H""H(9"NB(y,r(x)/10)) = C ™ r(z)" .

Now

(58 D r@™'<C> uB /5)) < Cu(2B\ K) < Ce

zeX zeX

because the balls B(x,r(z)/5) are disjoint and contained in 2B \ K.
In terms of Hausdorff measure, this shows that H;~ YONB\K) < Ce
(for the definition of H}~ ! see chapter 4 of [Ma]) Since 7 is as small
as we want, we get that 7-[" L@NB\K) < Ce, and since ¢ is arbitrary,
H" 1 ONB\ K)=0; (5.5) follows.

Now define the W ,1 €1, by

(5.9) Wiﬁ:{xEQ\G; |B(z,7) \ W;| = 0 for some r > 0}.
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These are clearly open sets, and we claim that
(5.10) 2\ 0 is the disjoint union of the VViﬁ, iel.

Indeed, let x € Q\ 0 be given; by definition we can find » > 0 such
that B = B(x,r) is contained in {2 and does not meet 9*. Since the
W; cover €2, we can find ¢ such that [WW; N B| > 0. Now if |B\ W;| > 0,
we get for instance that [ _p yen [ Lwi@) —Lw,yldzdy = [WiNB||B\
W;i| > 0, and by Poincaré’s inequality pw,(B) = [z |D1w,| > 0. But
pw;(B) = H"1(dF N B) by definition of uw,(B) and (4.1), and this
contradicts the fact that B does not meet 9] C 9*. So z € Wiﬁ, and
(5.10) follows.

Next we check the equivalence (5.3). If x € W;, then almost always
(by (5.5)) x € Q\ 0, hence (by (5.9)) it lies in some VV]jj But z is
almost always a Lebesgue density point for W;, so j =i and x € Wiﬁ.
Conversely, if z € Wiﬁ, some whole ball B(z,r) is (almost) contained
in W;; but almost always z is a point of density of all the W; that
contain it, and this forces j = i. Hence x € W; (because 2 = U;Wj).

We still need to check (5.4). Let x € QN (‘WVZ.Tj = Wf \ Wiﬁ. Every
small ball B(x,r) meets Wf, so |W; N B(z,r)| > 0 (because Wf is
open). On the other hand, = ¢ Wf hence |B(z,r)\ W;| > 0 so, by
the same proof using the Poincaré inequality as before, B(z,r) meets
J5. So (‘WVZ-Tj C 0;. Conversely, if x € 0;, every ball B(x,r) meets 0.
If y is any point of B(z,r) N 0} and D is a tiny ball centered at y,
then |[WW; N D| > 0 and |D N W;| > 0 by definition of 9 (see (4.3)).
Then also ]VVZ-ﬁ ND| >0 and [DN Wf] > 0 by (5.3), and z € 8Wiﬁ.
Proposition 5.1 follows. U

The N-tuple W¥ does not exactly lie is our set F of strong par-
titions, because it is not a partition. But we can easily find a true
partition W € F, with the property that for i € I,

(5.11) Wi c W, cQnw?
and then, because 2 N an C 0 has no interior and by (5.4)
(5.12) QNOW; = QNow! = QN ar.

Now we can compute the strong functional. Of course G(W) is the
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same for J,, and Js, so we are left with

(5.13)
N N
W) = a(z n=lig) = a(z n=lig
mm-;émﬁmw (@) ;A@<Wﬁ<)

N —~
= a(x "—l(g) = F, ,
—;AW(WH()IWW

by (3.3), (5.12), and (5.2). The authors are not sure that there may
be circumstances where one can obtain (5.1) globally for * but not
separately for each 0, but if this is the case we can also use a variant
of Fs, namely

(5.14) FE(W) =2 /a o SO

where O(W) = QN (U;0W;) as above. For this one, even if we only
have (5.1) for 0%,

—~

(5.15) FAW) =2 [ ala)on™™ () = Fu(W),

by (5.5) and (4.5).
We are now ready to say that the weak and strong functionals are
equivalent.

Corollary 5.2. Let 2 be a bounded domain, a a continuous positive
function on Q, and G satisfy the Holder condition (4.6). Then the
functional Jy, of (3.7) has a minimizer on Fy, and the associated

cleaner partition W constructed above minimizes the functionals J
and Jg on F. In particular,

1 inf J,(W) = _inf JE(W)=_inf J,(W) = J,(W).
(516)  (jnf J,(W) = inf JI(W) = _inf J,(W) = Ju(W)
Also, if Wy is a minimizer of Js(W) or JA(W) in F, then it is also
a minimazer of Jy, in Fy,.

Notice first that the assumptions of Theorem 3.1 are satisfied, so
Jw has a minimizer in F,,. In addition, the assumptions of Theorem
4.4 are also satisfied, except for the fact that a(z) < 1 on £, which
is not needed for the local Ahlfors estimate (see the remarks below
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the statement of Theorem 4.2, or simply follow the proof), so the 0
satisfy the assumptions of Proposition 5.1, and we can construct the
clean representatives W# and W with the properties (5.14) and (5.15).
Then JE(W) = J,(W) = J5L(W).

Now it should be observed that for any W & P such that Js(W) or
Jt (W) is finite, the W; have locally finite perimeters, and J,(W) <
Js(W), Jt (W). This is because for any set A such that H"~1(A) <
400, A has a finite perimeter and 0*A C 0A; then we can use the
definitions and (4.5). Hence infwer Js(W) and infwer JE (W) are at
least as large as infwer, Ju (W) = Jy (\/7\\7) The rest of the corollary
follows. O

6 Uniform rectifiability and isoperime-
try

In this section we consider a minimizer W of the functional F;, on €,
and assume as in Theorems 4.2 and 4.4 that G is Holder continuous,
as in (4.6), and that on the open set ' C €2, we have the bounds (4.7)
on a.

We continue the description of the free boundary. In fact, we
shall find it more convenient to use the equivalent open sets WB of
Proposition 5.1 (defined by (5.9)), and the closed boundaries

(6.1) 8, =QNa =QNaW! and 0 =N = Ui

of (5.6) (see (5.3)). Recall from (5.2) that "~ H(QNdF \ 8F) =0, so
we are not adding any mass when we replace 9] with 0;, but having
a closed set is nicer. Because of Corollary 5.2, we could also have
considered a minimizer of J; or JE in F, and cleaned it as we have
cleaned weak minimizers in Section 5.

Recall that Theorems 4.2 says that 0 is a locally Ahlfors regular
set in €/, and Theorems 4.4 says that the individual 9; are also locally
Ahlfors regular sets in €', but with bounds that depend on the number
N of pieces too. Our next step is to prove that these sets satisfy S.
Semmes’ Condition B, and hence are locally uniformly rectifiable.

Theorem 6.1. Let Q@ C R", W € F,(Q), 9, and ' be as above.
There exists a constant C; = Cy(n,a,Cy,0) > 1 such that for x €
ONQ and 0 < r < min(1, dist (z,0Q')), we can find two indices
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1,7 € I, with i # j, and points x; € Wiﬁ and xj € W]@, such that

(6.2) B; = B(z;,C;'r) € W N B, r)
and Bj = B(z;,C{'r) C VV]jj N B(x,r).

Moreover, there exists a constant Co = Co(n,a,Cy, 8, N) > 1 such
that for x € 9; N, with i € I, and 0 < r < min(1, dist (z,09Q")), we
can find x; € Wf such that

(6.3) B(z;,Cy'r) € WAn B(x,r)

As before, it could be that (6.3) also holds with a constant Co
that does not depend on N, but we shall not prove this. Condition
B was introduced in [Se|, and by now we have various proofs of the
fact that for locally Ahlfors regular sets, it implies the local uniform
rectifiability of 0 (or of the individual 0;, with a worse constant), and
even that 0 or the 0; contain “big pieces of Lipschitz graphs”. See
[DS] for all the information that the reader could want on uniform
rectifiability; here we shall only consider this as good news, and shall
not comment further.

The proof will follow the same line as in [DS2]. We start with the
result with the two balls. Notice that we need N > 2 for (6.4) to hold,
but this is all right because if N =1, Q = W7 and 9 is empty.

Let (z,7) be as in the statement; without loss of generality, we can
assume that |B(x,r/2) N Wq| > |B(z,r/2) N Ws| > |B(z,7/2) N W;]
for ¢ > 2. Let us first show that

(6.4) |B(x,r/2) \ Wy| > er™

for some ¢ > 0 that depends on n, «, C,, and §. If not, pick p €
(r/4,7/2), as we chose r near (4.29), such that (4.12) holds for p and

(6.5)  H"YHOB(z,p) \ W1) < CrYB(z,r/2) \ Wi| < Cer™ L,

Then try the competitor X such that X; = W7 U B(z,p) and X; =
Wi\ B(x,p) for i > 1. That is, pour the W; N B(x, p) into W7. The
accounting is the same as near (4.30): we save 0* N B(zx, p), but we
may add B(z,p) \ Wi to 0%, and also add

(6.6)

|G(W)—G(X)| < Cpdist (W, X)Y = Cp2%W;NB(x, p)|* < CCrer™
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by (4.8). The minimality of W yields
(6.7)
H (0" N B(x, p))) < COTYH L (0B(z, p) \ W1) + CCL0~ e
S 05_160‘7""_1

because a > ”T_l If € is small enough, this contradicts Theorem 4.2,
o (6.4) holds.
We also need to know that W; is not too small, i.e., that

(6.8) |B(x,r/2) N\WE| = |B(z,r/2) "N Wy| > er,

where the first part comes from (5.3). If not, then for each i, | B(z,r/2)N
Wil < er™, and by Poincaré’s inequality on the double of B(z,7/2),
and as (4.26), we have that for for each i € I,
(6.9) |B(x,r/2) N W;| = min(|B(x,r/2) N W;|, B(x,r/2) \ W;|)

< CPer(W;, B(z,r/2))»1 < CH" (07 N B(x,r/2))7 1

and hence
(6.10) H"Y(8r N B(z,r/2)) > C7YB(z,r/2) N Wi|"+
= C7YB(xz,r/2)nW;) \B(az,r/2)ﬂW,~]_% > C_llB(x,r/2)ﬂWi]€_%r_l.

We sum this over ¢ € I, and get that
(6.11)

S HNO; O Bla,r/2)) > e mr Bla,r/2)) > e nn

el
By Lemma 4.1, almost every point of 0 lies in exactly two sets 9}, so
(6.12) H 10" N B(a,r/2)) > Cte nrm L,

which contradicts the upper bound in (4.8) if ¢ is small enough. So
(6.8) holds too.

Let 7 > 0 be very small (even smaller than ¢), to be chosen soon,
and set

(6.13) Z ={y € B(xz,r/2); dist (y,0) < 7r};
we want to show that

(6.14) |Z] < Crr™,
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where C depends on n, a, Cy, and §, and for this we choose a maximal
family {z;}, k € S, of points of Z at mutual distances larger than 47r.
Since the balls B(zg, 277) are disjoint, and each one contains a ball of
radius 77 centered at a point of B(z,3r/4), we see that the number
M = #5S5 of balls is such that

M < C Z(Tr)l_"’l-["_l(a* N B(zy,2717))
keK
C(rr) " H (9" N [ Uy, B(zk,277)])

<
< C(rr) "1 Y 0" N B(x,r)) < C(rr) " = Or'

(6.15)

by (4.8). On the other hand, by maximality of S, the balls B(zy, 57ry)
cover Z, so |Z| < CM(rr)" < Cpr™, as announced in (6.14).

If 7 is small compared to ¢, (6.8) implies that B(z,7/2) N Wf is
not contained in Z, so we can find z1 € B(x,r/2) N W) such that
dist (z1,0*) > 7r. Then B; = B(xz1,pr) C Wf N B(x,r) (see (5.4)).
Similarly,

(6.16)

S IB(a,r/2) nWH =Y Bz, r/2) NWi| = [B(x,r/2) \ Wi| > er”
1>1 1>1

by (6.4), so we can find z2 € B(z,r/2) N [ Uis1 VVZﬁ] that does not
lie in Z, and then By = B(xg, pr) is contained in the set Wi > 2,

77

that contains x5. This completes the first part of the theorem, with
Ci=r1 -1

Now we prove the second part. Let x € 9; N1 and r > 0 be as in
the statement. We first check that

(6.17) |B(x,7/2) "\W?| = |B(z,r/2) N Wi| > er™,

where now € > 0 is allowed to depend on N too. Indeed, if not we can
choose p € (r/4,r/2) as before, such that (4.12) holds for p and

(6.18)  H"YOB(z,p) N W;) < Cr Y B(z,r/2) N W;| < Cer™ L.

Then try the competitor X obtained by pouring W; N B(z, p) into
another component W; such that H"~1(9; N 95 N B(z, p)) is largest,
so that

n— * * 1 n— * *
H 1(aiﬂ8j N B(x,p)) > N;H Y07 N o N B(x,p))

(6.19) = %’H"‘l(@* N B(z,p))
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where we used again the fact that almost every point of 0* lies in
exactly two sets 7. Now the accounting is that we save HH(OF norn
B(xz,p)) (see (4.11)), we pay for the additional boundary dB(x, p) N
W, and also

|G(W) — G(X)| C, dist (W, X)*
(6.20) = C2%|W;N B(z, p)|* < CCue®r™™

IN

The minimality of W yields

H L0 N B(x,p)) < CNS'YH" YOB(x,p) \ W1) + C61Cherm®
(6.21) < CN§teopn

If € is small enough, this contradicts Theorem 4.4, so (6.17) holds. And
again this implies the existence of x; such that (6.3) holds, because
(6.17) says B(z,r/2)N Wiﬁ cannot be contained in the set Z of (6.13),
if 7 is chosen small enough (now depending on N too). Theorem 6.1
follows. O

We continue the description of the minimizer W by saying that
the open sets Wiﬁ have a rather round shape locally. We already know
from Condition B that they are not too small, since if z € 9; N &
lies at distance r from 99, we can find a ball of size C; ' min(1,r)
near x that is contained in W;. Now we want to say that near x,

VVZ.jj is also reasonably round, which we will express in terms of local
isoperimetric inequalities in VViﬁ. We shall use the notation of (3.1)

for local perimeters of sets.

Theorem 6.2. Let Q@ C R", W € F,(Q), 9, and Q' be as above.

There exists constants vg = vo(n, a, Cy, 0, N) > 0 and C3 = Cy(n,a, Cy, 0, N) >
1 such that if i € I and Z C VVZ-ﬁ is a set of finite perimeter such that

Z cc QY and |Z| < vy, then

(6.22) 1Z| < CsPer(Z; WF)wi.

We cannot allow |Z] to be too large, because Z could be the whole
set Wiﬁ, which is allowed to be large by the G-term of the functional..
Of course the usual isoperimetric inequality says that

n

(6.23) |Z] < CPer(Z)71 = CH" (8" Z) 7T,

so if (6.22) fails, this implies that Per(Z; W}) = H"1(9*Z N W}) is

very small compared to 7-["_1(8*_2), or equivalently that most of 0*Z
lies on 8VVZ~jj (recall that 0*Z C VVZ.jj because Z C Wiﬁ).
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So we assume that (6.22) fails, and construct a competitor X by
pouring Z into some other set W;. As usual, we choose j so that

H U O NaNd* ZNow)) > %E HH O N 9T NI Z N OW])
J#i

1 n—1/o% f

H N0 Znow))

V

(6.24)

because (5.4) says that 0*Z HQVVZ.ﬁ can OI/VZ-ti C QN7 (5.2) says
that almost every point of QN 0} lies on 9, and Lemma 4.1 says that
almost every point of J; lies on some other 7.

When we pour Z into Wj, we erase 97 N0; N9*Z N 8VVZ-jj from the
reduced boundary of both W; and W; (see the proof of (4.11)). We
also add the set 9*Z N W; to the reduced boundaries of W; and W,
and as usual

(6.25) IG(W) — G(X)| < Cydist (W, X)* = C,2%|Z|*

and the minimality of W yields
(6.26)
H O N0 NI ZNOWS) < CoTIH IO ZN W) + 6710, | Z)°

Recall that

n—1
n

(6.27) H" 0" Z N WH) = Per(Z; W) < (C5112])
because (6.22) fails, so
(6.28) H"~Y(9;N;N* ZNOW?) < C6~H(Cy Y| Z)) "% +C6'Cul 2|

In the other direction, recall that 0*Z N OWZ-ti accounts for at least half
of 0*Z, so altogether by (6.23) and (6.24)
(6.29)

n

Z%7 < e 97 2) < ONTH(C5 | 2)

n

" ONSTIC,| 2

We are allowed to take C3 so large, depending also on N and 9, that the
first term of the right-hand side gets eaten by the left-hand side. Also
o> "T_l, so the inequality fails if |Z] is too small. This contradiction
completes the proof of Theorem 6.2. O

The conclusion of Theorem 6.2, the fact that each Wiﬁ is a domain
of local isoperimetry, is really a regularity result. We claim that, to-
gether with the previous theorems 4.2 and 6.1 (local Ahlfors regularity
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and Condition B) for 0; it implies that each I/VZ-ﬁ is a local John do-
main. This means that every point of VVZ.jj that is sufficiently close to
9; (compared to the distance to the usual ') can be connected to a
Condition B ball (like B(z;,Cy 'r) in (6.3)) by a thick path. The cor-
responding global result was shown in [DS2], Theorem 6.1; the context
is similar, but a little different because of the specific situation, but
the proof of [DS2] can most probably be adapted to the local situation
here (with estimates that may deteriorate when we look at open sets
' C Q that tend to Q), to justify the fact that we do not give details
here.

7 Almost minimal sets

In this section we say that if we add to the traditional assumption
that there exists § > 0, that depends on a domain Q' C Q, such that
d < a(r) <1on Q, that a is also Holder continuous on €', then in
addition to the quasiminimality properties that we have been using so
far, we get that our free boundary 0 = QN 0* = QN U;jc;0*W; is an
almost minimal set, and enjoys more regularity properties. The point
of this paper is not to study these sets in general, so we shall content
ourselves with a verification of the almost minimality property, plus
two words about the additional properties that one can get.

Definition 7.1. Let Q' C R"™ be an open set and E C § be closed
in . We say that E is an almost minimal set in ', with the gauge
function h, when for each ball B = B(xz,r) CC Q' and each Lipschitz
mapping ¢ : E — Q' such that

(7.1) p(y) =y fory € E\ B(y,r)
and
(7.2) o(y) € B(z,r) fory € EN B(x,7),

we have that
(7.3)  H"YENDB(z,r) <H" Y e(E)NB(x,r)) + h(r)r" 1.

Usually we only require the gauge function h to be nondecreasing,
such that lim,_,o+ h(r) = 0, and often at least a Dini condition at the
origin; here we will content ourselves with h such that h(r) < Cr? for
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some C' > 0 and 8 > 0. We tried to make the definition as simple as
possible; minor variants would exist. The notion is due to Almgren
[Al], and is not restricted to sets of co-dimension 1 as here.

We could have demanded the existence of a one-parameter family
of Lipschitz mappings ¢, 0 <t < 1, that connect the identity ¢g to
©1 = ¢, but since we decided to take ¢(y) = y outside of B(x,r), and
¢(y) € B(x,r) for y € EN B(x,r), the intermediate mapping defined
by ¢:(y) = tp(y) + (1 — t)y does the job.

Proposition 7.2. Let Q, F,, and J, = G+ Fy, be as above, and let
W be a minimizer of F in F,. Assume that  is bounded, that G
satisfies the Holder condition (4.6) and that on the open set Q' C €,
we both have (4.34) and that

(7.4) la(z) — a(y)| < Cslz —y”

for some B > 0 and some constant Cg > 0. Then 0 = QN 0*(W)
is an almost minimal set in ', with the gauge h(r) = Cr", where

v =min(8,an —n+ 1) and a constant that depends only on n, 9§, «,
B, Cu, and Cg.

Indeed, let W be as in the statement, set £ = 9 = QNo*(W), and
let B = B(z,r) and ¢ be as in Definition 7.1. We want to construct
a competitor X, and as usual we keep X = W on Q\ B. We need to
attribute the various pieces of B\ ¢(FE) to pieces W;.

Set F' = ¢(F), and denote by {U;}, j € J, the collection of con-
nected components of B\ F. Also set A; = I/Viﬁ N OB, i € I; this is
an open subset of B (because VVZ-jj is open), but it may be empty.
If A; is not empty, we denote by {A;x}, k € K(i), the collection of
its connected components. For each pair (i, k), there is a component
Hj(; ) such that, for every y € A;, all the points of B that lie close
enough to y belong to Hj(; x). We want to take

(7.5) Xi=W;\B)U U ( U Hj(@k))

i€l keK(7)

for ¢ € I, and the main verification that we have to make is that the
X; are disjoint, i.e., since the Hj(; ;) are contained in B, that for a
single component Hj, we cannot have j = j(i,k) and j = j(¢, k)
unless i = 7’

So we give ourselves pairs (i, k) and (¢, k'), with ¢ # i’. Thus A4;
and Ay j lie in different sets WZ-ﬁ and Wiﬁ,, and since 0 is the union of
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the boundaries of the Wf, we get that

(7.6) E = 0 separates A, j, from Ay j in Q.
It follows easily that

(7.7) E N B = 9 separates A, j from Ay in B

(otherwise there is a path in B\ E that connects a point of A;, to a
point of Ay js, and the same path contradicts (7.6).

Now extend the mapping ¢ to EU (Q2\ B) by taking ¢(y) =y on
Q\ B; it is easy to see that the extension is still continuous (although
one may find examples where it is not Lipschitz), and we can extend
it to a continuous mapping on 2, which is the identity on Q \ B and
maps B into B. Finally, we can define a continuous deformation {(;}
by ¢1(y) = te(y) + (1 — t)y that interpolates. Notice that ¢¢(B) < B
and ¢(y) =y on dB. We claim that because of this,

(7.8) F N B = (EN B) separates A; from Ay s in B.

See [Du], 7-XVII-4.3. But since our connected component H; of B\ F
would have access to both A;;, and Ay ./, we get a contradiction.

So the sets X; are disjoint. They do not need to cover, but we can
put the part of B that is not covered in, say Wi. By construction, the
total boundary 0(X) = QNU;X; is contained in (0\ B) U F', and now
we can compare. As usual, since we only modify the sets in B, we get
that

(7.9) |G(W)—G(X)| < Cy dist (W, X)® < 204|B(z,7)|* < CCur™

by (4.8). Observe that
(7.10)

a(z)H" (O (W)NB)— /

aly)dH" " (y)| < Cor 1"} (0" (W)NB)
o*(W)NB

and similarly for X. Hence
(7.11)  a(2x)[H" 0" (W) NB) — H" 10" (X) N B)] < Ay + Ao,
with
_ a n—1 o a n—1
@12 A= [ e - [ e
— Fu(W) = Fu(X) = Ju(W) = Ju(X) — G(W) + G(X)
< |G(W) — G(X)| < CCur™,
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and
(7.13) Ay = CerP [H" 18" (W) N B) + H" (9" (X) N B)].

I:f{}elcall that ’H|a* ’H|a while for X we have that 7-[‘8*( X) < ’H|a( X)"
en

(7.14) H" Y ENB(z,r)) - H"  (p (E) B(z,7))
=H""HO(W) N B(z,r)) - H"H(A(X) N B(z,r))
< H'THON(W)NB(x, 1) -H" (0" (X ) B(x,7)) < a(z) ™ (Ar+Ay).

If H*~Y(E N B(z,r)) < H" Y(p(E) N B(z,r)), (7.3) holds brutally.
Otherwise,

(7.15)
H L (X)NB) < HHIX)NB) =H" L (p(E)N
<H"YENB(z,r)) =H"H0*(X)NB) < Cr"?

by the easy part of Theorem 4.2, so Ay < CCsrPr"~1 and now (7.14)
yields

(7.16)
H" Y ENB(z,7r) <H" Y e(E) N Blz,r)) + alz) "L (A + Ag)
<H" N p(B) N B(z,r)) + C5 HCor™ + CCyrPrn=h).

Recall that na > n — 1 by assumption, so we get (7.3), with v =
min(8,nac — n + 1) > 0. This completes the proof of Proposition
7.2. O

There are not so many additional regularity properties that we
can prove with the help of Proposition 7.2. We could recover the
Ahlfors regularity and uniform rectifiability (with a different but more
complicated proof), but at least when n < 3 we can say more, and get
a good local description of W.

When n = 2, the only singularities that 9 = 9(W) can have in
Q) are propeller singularities, where three C177 curves of 9 meet at a
point xy € 0 with 27/3 angles. Then of course these curves bound
three different sets Wg Probably a direct proof would be much faster.

When n = 3, we also have a good description of the 2-dimensional
almost minimal sets, which was obtained by J. Taylor [Ta]. Near each
of its points, 9 is C'*%-equivalent to a minimal cone, and there are

35



exactly three types of minimal cones: the planes, the sets Y obtained
as an union of three half planes bounded by a line and that make
27 /3 angles along that line, and the T-sets that are obtained as images
by an isometry of the cone over the union of the edges of a regular
tetrahedron centered at the origin. In these cases too, W is locally
composed of 2, 3, or 4 sets W; bounded by the faces of 0.

It is amusing that in the case of [DFJM], no such behavior was
allowed; instead the functional managed to either have a smooth in-
terface, or have a small black region between the active W.

8 Further questions

Probably the most obvious question is whether the bounds of Theorem
4.4, and the ensuing bounds for the uniform rectifiability of the pieces
0; = 8VViﬁ, really need to depend on N. This is connected to the
question of self-regulation: even if we start from a large enough value
of N, do we get that if  has a nice shape and if (4.7) holds on the
whole €2, the number of nontrivial components W; (i.e., such that
|[W;| > 0) is bounded by a constant that depends only on n, a, Cy,
bounds for the diameter and regularity of €2, and §7

We did not pay attention to what happens near the boundary.
Probably, if we assume that (4.7) holds on the whole 2 and  has a
reasonable shape (Lipschitz should be more than enough), the results
of this paper stay true at the boundary. We decided to state the
results in a way that makes a discussion of what happens near the
boundary when a(x) is allowed to tend to 0 at a given rate near 0f2,
but we did not pursue this.

We do not expect much difference with the results of the present
paper with functions a(x) (integrands) that also depend nicely on the
direction of the tangent plane to the 0*W; at x. But we wish to
remind the reader that in the case of “infiltration” (see [Le]), when
a(x) depends also on the pair of components W; such that z € 9*W;,
the interesting question of whether the Ahlfors regularity property
holds in R? and with 4 components seems to be still open.
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